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A novel nano-structure is proposed to enhance extraordinary optical transmission from
a periodic array of nano-holes. The Plasmonic Bragg reflector works by recapturing
surface plasmons that are scattered off the edge of the array during the extraordinary
optical transmission process, and reflecting them back towards the array where they can
interfere with the light and enhance transmission. This reduces losses from a sub-
wavelength aperture array. The reflectors are positioned to reflect in-phase with the light
transmission. Polarization sensitivity of the plasmonic Bragg reflector is demonstrated.
Modulation of the transmission is achieved by varying the separation between the array
and reflectors. Isolation of adjacent structures on a plasmonic device by the use of the
Bragg reflectors is attempted.

Transmission and diffraction properties of quasiperiodic nano-hole arrays in a gold
film are studied. Resonant transmission is observed, whose values do not simply match
surface plasmon wave-vector values. Rotationally symmetric diffraction from the
quasicrystal nano-hole array. This diffraction is seen to be controllable by the
polarization of the excitation laser. Finite difference time domain calculations of the
quasiperiodic array are performed to better understand the origin of the observed
transmission resonances. Good agreement between theory and experiment is observed.
Calculations show the formation of near-field hot-spots over the structure.
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Chapter 1

Introduction

1.1 Sub-wavelength optics and plasmonics

Sub-wavelength optics and nano-optics refer to the branch of optics that deals with the
interaction of light and matter at dimensions smaller than the wavelength of light.
Miniaturization of photonic devices to sub-wavelength scales limited by the diffraction
limit [1]. Plasmonic devices have the potential to overcome this diffraction limit.
Plasmons are the oscillations of free electron gas at optical frequencies. Surface plasmons
(SPs) are the oscillation of free electrons at the interface of a metal and a dielectric. By
employing geometries of conductors and dielectrics, modes can be created at optical
frequencies with effective indices of refraction that are much larger than those of the
constituent materials themselves. Due to the high effective index and because these
waves are mediated by electrons rather than optical fields, confinement of light to
dimensions in the deep sub-wavelength regime can be achieved by plasmonics.
Therefore, plasmonics offers the ability to merge the progressively diminishing device
sizes, better than that of electronics, and the high speeds offered by photonics [2].

Plasmonics also offers the ability to densely integrate components.

SPs have been known to aid the transmission of light through sub-wavelength apertures
leading to extra-ordinary optical transmission (EOT). Due to the possibility of focusing
fields to very tight spots, localization of fields is possible. Due to the surface nature of
SPs, they can be harnessed in applications like surface enhanced Raman spectroscopy
(SERS) and surface enhanced fluorescence spectroscopy (SEFS). Due to their ability to
enhance local fields, SPs are very useful in applications that need very high field
intensities, such as second harmonic generation (SHG), whose performance varies as the
square of the field intensity, and sensing applications, where the sensitivity is affected by
the fields. EOT through sub-wavelength apertures and the high field intensities and

localized fields due to SPs , can make sub-wavelength hole arrays ideal substrates for all
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the above-mentioned applications such as SERS, SHG, and various other spectroscopic

and sensing applications.

1.2 Research objectives

While EOT, far higher than predicted is seen from periodic arrays of sub-wavelentgh
apertures, SPs that contribute to EOT also scatter away from the array. This scattering
constitutes a loss mechanism, and possible corss-talk between adjacent structures on the
same metal substrate. A novel structure is proposed to minimize loss due to this
scattering of SPs. These structures, named as plasmonic Bragg reflectors (PBRs)
eliminate loss by recapturing scattered SPs, and reflecting them back towards the array.
Here, the reflected SPs may interfere with the SPs leading to EOT, thus resulting in
enhanced EOT. In order to characterize the capability of these structures to confine SPs
as proposed, the structure is designed and fabricated, and tested. The possibility of using
PBRs to isolate structures on a plasmonic integrated circuit is explored.

In order to study the actual role of periodicity in EOT, quasiperiodic arrays of nano-
holes in a gold film are studied. Multiple transmission resonances are seen in the visible
spectrum from these structures. Since SPs propagate in the direction of polarization, the
polarization dependence of their diffraction is studied. Finite difference time domain
(FDTD) calculations of the quasicrystal are carried out to better understand the physics

behind the behaviour of the structure.

1.3 Organization of the thesis

Chapter 2 presents a review of the EOT phenomenon, its origin and the effect of shape
of nano-holes on the transmission. Important works on applications of nano-hole arrays
to spectroscopy and sensing are reviewed. The motivation behind studying the PBR and

quasiperiodic nano-hole arrays are presented
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In chapter 3, fabrication of the structures presented in this thesis is discussed. Scanning
electron microscopy (SEM) and focused ion beam (FIB) milling techniques are outlined.

Creation of structures using script files and stream file inputs to the FIB are explained.

Chapter 4 outlines the transmission and diffraction experiments carried out.

Experimental setups and methods are outlined.

In chapter 5, results of experiments on the PBR structure are presented. Polarization
sensitivity of the PBR structure is explained. Modulation of transmission by varying the
separation between the nano-hole array and PBR is shown. The possibility of using the
PBR for isolation is explored. Structures used in on-going isolation measurements are

presented.

In chapter 6, results of transmission and diffraction measurements on the quasicrystal
nano-hole arrays are presented. Transmission resonances are compared with the
resonances obtained by wave-vector matching of the Fourier components. Rotational
symmetry and polarization control of the diffraction pattern is demonstrated. Results of
FDTD calculations on this structure are shown. Formation of near field hot-spots is

demonstrated.

In chapter 7, possible avenues for future works are explored.

Appendix A and B contain the script file and input file used to fabricate the PBR
structure. Appendix C contains the script used to fabricate the quasicrystal structure. In
appendix D, components of the stream file are explained. In appendix E, the results of
attempts at polystyrene self assembly to form nano-hole arrays are presented. In appendix
F, results of optical trapping experiments attempted with surface plasmon resonance

(SPR) from nano-hole arrays is presented.



Chapter 2

Literature review

Introduction

This chapter outlines past works on EOT from nano-hole arrays, and some important
contributions from our research group and collaborators. In section 2.1, surface plasmon
resonance, and its excitation are explained in terms of material disperion characteristics.
In section 2.2, the extraordinary optical transmission phenomenon is discussed. In section
2.3, the effect of hole shape on the transmission properties is discussed. Effects of
elliptical and rectangular holes are explained. Polarization mechanisms are discussed. In
section 2.4, nano-holes for high local field intensities are touched upon. In section 2.5,
applications of nano-hole arrays in spectroscopic methods such as SERS and SEFS are
discussed. In section 2.6, the use of nano-hole arrays in SPR sensors is discussed. In
section 2.7, the motivation behind the PBR structure is presented. In section 2.8, the

reason for studying the quasipeirodic nano-hole array is explained.

2.1 Surface plasmon resonance

The excitation of SPs can occur by irradiation with photons. The excitation occurs
when the energy carried by the photons can be transferred to the electrons in the metal.
The fields possessed by the SP waves decay exponentially into the metal and the
dielectric. Within the metal, the decay length is dictated by the skin-depth, which is the
maximum depth of penetration of electromagnetic fields into the metal. Figure 2.1

schematically depicts SPs between a metal and a dielectric.
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Figure 2.1: Schematic depiction of SPs at the interface of a metal and a dielectric. SP waves

propagate in the x direction and decay along the z direction into both materials [3].

Excitation of SPs cannot be achieved simply by irradiating the metal surface with light.
This can be understood in terms of the material dispersion characteristics. Figure 2.2
shows the dispersion cirves of SPs at an air-metal interface, and the light line of air. It is
clear that the two curves do not have an intersection. For the excitation of SPs. The two
curves must intersect. As the SP dispersion always lies to the right of the light line of air,
either prism coupling or grating coupling is necessary for photons propagating in air to
couple into the SPs. When such coupling is achieved, the two curves will intersect. The

wavelength at which this coupling occurs is known the surface plasmon resonance (SPR).

The SP wave vector at resonance is given by [4]:

Ry 2.1)
En +8d

Where w is the frequency at SPR, c is the velocity of light, ¢, is the dielectric constant

of the metal and ¢, is the dielectric constant of the surrounding dielectric (in this example,

air).
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Figure 2.3: SP dispersion curves for the interface of a metal and air. The dashed line is the
light line of air. The curve represents the SP dispersion. o, is the plasma frequency of the

metal [3].
The wave-vector k of an electromagnetic wave propagating in a metal varies with
frequency w [5]:
a)2
k* = a)z,ug[l —a)—’z’ (2.2)

Where w, 1s the plasma frequency of the metal, x and ¢ are the permeability and

permittivity of the metal at w.

For frequencies below the plasma frequency, the wave-vector is complex. The complex

value of wave-vector, and hence dielectric constant indicates attenuation



2.2 Extraordinary optical transmission

In 1998, Ebbesen et al demonstrated EOT from a periodic lattice of sub-wavelength
apertures in an optically thick metal film [6]. This result was contrary to what is known
as the Bethe limit, which postulates that transmission through an aperture smaller than the

wavelength of light scales as:
a 4
T o« (—j (2.3)

where a is the radius of the sub-wavelength aperture and A is the wavelength of light

[7].

Subsequently, EOT was observed in isolated sub-wavelength apertures in metal films
as well [8]. Since these discoveries, considerable efforts have been directed towards
understanding the mechanisms behind the EOT phenomenon, as it held promise for a
myriad of applications including optical filters [9], non-linear optics [10], sub-wavelength

lithographic techniques [11] and spectroscopy [12].

Originally, the EOT phenomenon was attributed to the coupling between the incident
light and the surface plasmon polaritons (SPPs) or simply SPs. The periodicity of the

lattice imposes a Bragg condition for SPR which may be defined mathematically as:

2 )= plit + ) [t
&, + &y

(2.4)

where A* is the coupling wavelength for SP resonance, p is the periodicity of the

array and i, j are integers indicating the scattering order of the grating [6], [13].

The EOT phenomenon was observed in the visible range for metals that supported SPs,

and not observed for materials such as germanium, that do not support SPs.
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Subsequent studies indicate that the transmission resonances observed in the EOT
phenomenon were the result of a dynamical diffraction process [14] and diffraction of
evanescent waves [15]. It has been shown that in certain cases, SPs can have a negative
effect on transmission [16]. These studies show that although SPs may influence the EOT

phenomenon, they are not essentially causal to it.

The shape of the nano-holes makes them strongly sensitive to polarization of light [17].
The orientation of ellipses in the lattice also affects the polarization of transmission [18].
The shape also influences the position of the resonances [19, 20]. Elliptical holes with
greater ellipticity display greater polarization selectivity [17]. Studies on isolated
rectangular apertures showed that the cut-off wavelength and normalized transmission

increased with decrease in the shorter length [21].

The sub-wavelength properties of nano-hole arrays can be used in several applications
such as sensing and spectroscopy. SPR sensors can be used to sense sub-monolayer
amounts of molecules [22]. Nano-hole arrays are also ideal substrates for SERS and SHG

which relies on local field enhancements [12].

2.3 Effect of nano-hole shape

2.3.2 Elliptical nano-holes

The aspect ratio of nano-holes affects both the transmitted intensity and the
polarization[17]. Figure 2.3 shows the transmission for x and y polarization. X-
polarization was defined parallel to the (0,1) resonance direction of the array, which is
perpendicular to the major axis of the array. A clear reduction in the peak of the
transmission spectrum was observed when the polarization was changed form x to y

polarization.
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Figure 2.3: Intensity of light transmitted through elliptical nano-holes of aspect ratio 0.3. x-
polarization is perpendicular to the major axis of the ellipses, and parallel to the (0,1)

resonance of the array[17].

The orientation of the elliptical nano-holes was rotated relative to the lattice, and the
transmission spectra of light polarized linearly along several directions between x- and y-
polarizations were measured. It was found that the orientation of the electric field
polarization corresponding to the peak in transmission follows the orientation of the
ellipse. This is partly because the SP modes propagate parallel to the electric field
polarization[4], and the Bragg resonance from the array is aligned with the optical
polarization. Thus, the transmission was enhanced for polarization that is parallel to the

direction in which the ellipse orientation allows for enhancement of SP mode coupling.

While it is clear that the shape of the nano-hole influences its characteristics, it is not
the only factor playing a role. The orientation of nano-holes in the array also plays an

important role in determining the array’s characteristics[18].

Figure 2.4 shows experimental and calculated results to separate the effects of basis
and lattice contributions. Figure 2.4(a) shows scanning electron microscope (SEM)

images of arrays of elliptical holes and double holes. Figure 2.4(b) shows the variation of
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the (0,1) transmission peak, and polarization angle with basis rotation. Figure 2.4(c)
shows the variation peak transmission and polarization angle with basis rotation as

computed with FDTD simulations.

Elliptical nano-holes exhibit maximum transmission when the light is polarized
perpendicular to their major axis. On rotation of the basis, the corresponding polarization
angle followed the rotation of the basis, and not the lattice. Whereas, for the double holes,
maximum transmission for all angles was observed when polarized parallel to the (1,0)

lattice direction. The polarization in this case, followed the lattice and not the basis.
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Figure 2.4: Effects of basis and lattice orientation changes. (a) Scanning electron
micrographs of arrays of elliptical and circular holes with varying basis orientations within
the array. Lattice directions are defined. (b) Maximum transmission intensity and
polarization angle for ellipses and double holes. (¢) FDTD computed transmission and
polarization angle. Solid lines depict transmission intensity for ellipses (open squares) and
double holes (open circles). Dashed lines show polarization angle for ellipses (filled squares)

and double holes (filled circles)[18].
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2.3.2 Rectangular holes

The aspect ratio of rectangular holes strongly influences the optical properties of the
hole[19-21]. The works of van der Molen and Koerkamp experimentally studied arrays of
rectangular nano-holes to show that increasing the aspect ratio increased the cut-off
wavelength for a rectangular hole. Degiron observed the same for modes of an isolated

rectangular aperture[21].

For a rectangular waveguide made of a perfect electric conductor (PEC), the electric
field penetration into the metal is expected to be zero. The cut-off wavelength of the
lowest order mode is given by:

A=2 (2.5)

Where [ is the length of the long edge of the rectangle.

Numerical studies and rigorous electromagnetic computations on a waveguide mode of
a single rectangular aperture indicated that the observed increase in cut-off wavelength
occurs due to two contributing mechanisms: penetration of electric field into the metal,

and coupling of SP modes into the top and bottom edges of the hole [23].

Penetration of electric field into the metal allows for longer wavelengths inside the
hole, thereby increasing the cut-off wavelength. The cut-off wavelength for a rectangular

aperture in a real metal is given by[21]:

a\g,

cut—off =
arctan |—¢&, /¢,

At 750nm, the real part of the dielectric constant for silver is -27.8, which leads to a

A

(2.6)

14% increase in cut-off wavelength for a 270nm hole.

The coupling of SPs into the top and bottom edges inside the hole leads to an increased

effective index.
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Figure 2.5 shows the effective index squared calculated for the TEy; mode using the

effective index technique and FDTD simulations, for rectangle of various aspect ratios, as
indicated in the legend. Calculations were performed for hole widths down to 15 nm

where cut-off wavelengths increased up to 1260 nm.
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Figure 2.5: Effective index squared for TE,;; mode in rectangular holes in real metal and a
PEC computed using the effective index technique (curves) and rigorous electromagnetic

computations (points) [23].

It has also been found that there exists a Fabry-Pérot resonance that leads to a
maximum in transmission close to cut-off wavelength [23, 24]. In a rectangular
waveguide, there is an impedance mismatch between the modes in the waveguide and
free space mode. This impedance mismatch causes reflections. For a PEC waveguide,

there is a negative phase shift associated with this reflection, which is given as [25, 26]:

T =|r|exp(jp) = 0.25exp(j0.427). (2.7)
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For a rectangular nano-hole in a real metal, due to the presence of SPs, the amplitude of

the reflection coefficient is larger than expected. Therefore, the zeroth order FP resonance

exists for film thicknesses smaller than half the wavelength of light.
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Figure 2.6: (a) Plot of effective index as a function of wavelength. (b) Loss in the film as a

function of wavelength. Graphs are for a 270nm by 105nm hole in silver [24].

Figure 2.6 shows a plot of effective index and attenuation for a 270 nm x105 nm hole
in a silver film, with the dielectric constants of silver calculated using the Drude model
[27]. Figure 2.6(a) shows the effective index varying with wavelength, and also the fact
that it reduces close to zero at the cut-off wavelength of 792nm. It does not, however,

actually become zero. This is due to the finite loss of the film. Figure 2.6(b) shows the
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loss of the lowest order mode as a function of wavelength. Large attenuation is observed

beyond cut-off wavelength.
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Figure 2.7: Contour plot of transmission as a function of wavelength. The cut-off
wavelength, as calculated from Figure 2.6 is marked with a dashed line. Mode orders are

marked m=0,1 and 2[24].

Figure 2.7 shows a contour plot of transmission through the hole as a function of
wavelength. The zeroth, first and second order FP resonances are shown as peaks in
transmission. The zeroth order mode is found to exist at longer wavelengths, and for very
thin films due to the negative phase of the reflection between the modes in the hole and

free space.

The phase of reflection of the first order mode is calculated as [24]:

2 L
mﬂ—[mTeﬁj=¢ (2.8)

Where 7,, is the effective index obtained from a modal analysis of the structure

represented in Figure 2.6(a). The phase shifts so calculated were found to increase with
wavelength as silver becomes a better conductor, approaching the PEC case. The

resonances in the case of an isolated aperture correspond to the localized SPR (LSPR).
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2.4 Nano-holes for sub-wavelength focusing

Sub-wavelength hole arrays can enhance the optical transmission, and by changing the
shape and orientation of the nano-holes it is possible to tailor their optical properties.
Many applications require local field enhancements, rather than increased transmission.
These applications include SERS, SHG and other forms of nonlinear optics. The
overlapping double hole structure has been shown to be able to provide very high local
field enhancements required for many spectroscopic applications[28, 29]. The apex
formed at the point of overlap of two circular holes is analogous to the gap formed in
bowtie antennae [30] and optical antennae[31], which have also demonstrated strong

local field enhancements.

To characterize the properties of the double-hole apex structure, FDTD simulations of
the double-hole with different center-to-center spacings were performed. The diameters
of the holes were fixed at 200 nm, and six different separations of 0 nm, 90 nm, 130 nm,
190 nm and 250 nm were simulated. The case with 0 nm separation represents a single
circular hole, and the 250 nm separation represents a pair of isolated holes. With all other

separations, different apex gaps were formed[28].
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Figure 2.8: Variation of peak transmission with changes in the center-to-center spacing as

calculated using FDTD simulations [28].

Figure 2.8 shows the variation of peak transmission intensity with changes in the
center-to-center spacing. Maximum transmission was seen for a separation of 190 nm
which corresponded to an apex gap of 65 nm. The cases where the holes were either
completely isolated, or merged to form a single hole yielded results similar to past works
[6, 18]. The structures with apexes exhibited a different behaviour. Higher transmission
was seen in these structures. The highest transmission was seen for a center-to-center

separation of 190 nm. This corresponded to an apex gap of 65 nm.
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Figure 2.9: Measured peak transmission for different hole center-to-center separations [28].

Transmission measurements performed on fabricated double-hole structures with
similar separations as used in the simulations exhibited characteristics that agreed well
with the simulation results. Figure 2.9 shows the normalized peak transmission for
different separations. The maximum transmission was seen for 190 nm separation [28]. A
red shift was also observed in the transmission spectra with this separation. Although the
measured transmission was significantly lower due to imperfections in the fabricated

structures, such as blunter apexes, the trend observed agrees well with theory.

In addition to having significantly higher transmission than single circular holes, the
double-hole structure leads to high local field intensities in the apex gap [29]. The local
field intensity is important to applications like SHG because the SHG intensity varies as

the square of the field intensity.

SHG is not usually observed for centro-symmetric structures like bulk gold. For
structures with a broken symmetry, and rough surfaces, enhanced SHG has been
observed [32]. The presence of sharp apex points in the double-hole structure thus leads

to enhanced field intensities, and thus enhanced SHG.
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SHG measurements were performed on a number of double-hole arrays with different
center-to-center separations, varying from a single hole (separation of 90 nm) and two

isolated holes (separation of 250 nm). The sharpest apex was formed for the array with a

center-to-center separation of 220 nm.

The SHG intensity was found to depend strongly on polarization and the hole spacing
[29]. Figure 2.10 shows the variation of SHG intensity with spacing for two different
polarizations. X polarization was defined parallel to the major axis of the double-hole
structure, and y polarization was defined perpendicular to it, or aligned with the apexes.
A strong peak is seen in the SHG intensity for a hole spacing of 220 nm and y
polarization. This is almost 10 times the intensity for the 90 nm separation. Linear
transmission measurements showed a corresponding enhancement of 1.5 times.
Considering the squared dependence of SHG signal, this should correspond to an

enhancement of 2.25 times. However, an additional enhancement of 4.44 times was

observed.
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Figure 2.10: SHG intensity for x and y polarized input for different hole separations [29].

Figure 2.11 shows the y polarized field intensity near the apexes computed using

FDTD calculations for the hole separation of 220 nm [29]. The fields are calculated 5 nm
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above the sample surface. The field near the apexes increases by 4 times. This translates

to a 16 times enhancement in SHG signal.
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Figure 2.11: y polarized field intensity for hole separation of 220 nm computed using FDTD

simulations [29].

These findings indicate that the presence of sharp apexes can enhance local field
intensity. This makes the overlapping double-hole structure useful for non-linear

applications.

2.5 Nano-hole arrays in spectroscopy

Enhanced spectroscopic methods, such as SERS and SEFS, are very useful in chemical
analysis. These methods allow the detection of extremely small amounts of adsorbed
species, even achieving the ultimate sensitivity at the single molecule level [33]. The
enhancement in the field intensity resulting from sub-wavelength apertures can be
tailored by optimizing their fabrication parameters, such as shape, film thickness and
periodicity. Periodic arrays of nano-holes have been shown to be good substrates for
surface enhanced spectroscopic techniques such as SERS [34] and surface enhanced

fluorescence [35].
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For SERS measurements using the nano-hole arrays, a probe dye molecule was

adsorbed onto the array of nano-holes and the excitation laser was directed through the
back of the substrate. Therefore, the excitation laser needed to go through the nano-holes
to excite the molecules adsorbed on the gold surface and the scattering was measured in a

forward geometry [34].

Figure 2.12 shows the enhanced Raman spectra from three nano-hole arrays of
different periodicities fabricated on a gold film coated with 10 uM of oxazine 720 dye in
methanol. The enhancement is seen to depend upon the periodicity. The maximum
enhancement was seen from the array with periodicity 560 nm. At excitation wavelength,

this array exhibited maximum transmission.
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Figure 2.12: SERS signal from arrays of periodicity (a)560 nm, (b) 590 nm and (¢)620 nm.
The spectra are offset for clarity [34].

For this experimental geometry, when the laser wavelength coincides with the surface
plasmon resonance, enhanced transmission for normal incidence is observed. Hence, an
increase in the number of laser photons reaching the gold-air interface is expected under
resonance conditions. This allows for an enhanced field at the surface. The enhanced
local field is required for any surface-enhanced spectroscopic method. Therefore, the
strongest Raman signal is expected for the array that has enhanced transmission closest to

the laser wavelength. This is in agreement with the experimental results.
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The enhanced transmission and local field intensity of sub-wavelength apertures in a
metal film can be used to excite a fluorescent material adsorbed on the surface. Higher
fluorescence sensitivities are achieved when fluorescence spectroscopy measurements are
performed on sub-wavelength hole arrays [35]. Several nano-hole arrays with different
periodicities were spin-coated with polystyrene (PS) doped with varying concentrations
of Oxazine 720 fluorescent dye. The excitation laser was directed at the back of the
substrate and the extraordinary transmission of light through the nano-holes led to the dye
being excited. Enhanced fluorescence, and consequently, high fluorescence sensitivities

were observed at SPR conditions.

Figure 2.13 shows the measured fluorescence enhancement as a function of periodicity.
Seven different square arrays of circular holes with 100nm diameter and different
periodicities were fabricated. The fluorescence spectra obtained indicated quite clearly
that the fluorescence efficiency was array dependant. The highest fluorescence intensity
was obtained for the 553nm array, which was the array that exhibited maximum

enhanced transmission at the laser wavelength. The enhancement factor was found be 82.
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Figure 2.13: Enhancement factor in the fluorescence for arrays with different periodicities.

Arrays were spin coated with a PS film dopes with 9.6 uM of Oxazine 720 [35].
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A non-linear relation was found to exist between the transmission and integrated
fluorescence. This was attributed to secondary enhancements due to Oxazine emission

[35].

2.6 SPR sensors based on nano-holes arrays

Most SPR sensors that are commercially available operate based on total internal
reflection using what is known as the Kretschmann configuration [36]. Here, SPR is
excited via prism coupling. The excitation is beamed onto the metal film by means of a
prism of high refractive index. On the other side of the metal film is the analyte medium.
The dispersion in this case depends on all the three media. Based on the analyte used, the
reflection spectrum will shift. The dip in the reflection spectrum corresponds to the SPR

of the ensemble of media.

The SPR sensor based on arrays of nano-holes operates based on transmission rather
than reflection [37]. This is useful because the transmitted and measured signals are
collinear. The setup is therefore easier to align. Also, when nano-holes are used for
sensor applications, the resulting localization of the analyte can directly benefit from the
local field intensities and optical properties of nano-holes, thus making nano-hole sensors

useful.

A sensor based on arrays of nano-holes on a gold film was used to monitor binding of
organic and biological molecules [37]. Several arrays of different periodicities with hole
diameter of 200nm were fabricated. The slides were immersed in a ImM ethanoic
solution of 11-mercaptoundecanoic acid (MUA) for a period of 24 hours. The surface
was then dried, and the normal transmission spectra were measured. The surface was then
further modified by bovine serum albumin (BSA) which adsorbed on top of the MUA

monolayer.
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Figure 2.14 shows the normalized transmission spectra of normally incident white light

though one of the arrays of nano-holes. The transmission spectrum through the array of
nano-holes prior to the surface modifications shows a sharp resonance at 645nm. After
surface treatment with MUA, the same array showed a shift in maximum transmission to
650nm. An additional shift to 654nm was observed after the BSA protein was adsorbed
on the MUA surface.
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Figure 2.14: White light transmission spectra through the nano-hole array for (a) clean gold

surface (b) gold treated with MUA and (c¢) gold-MUA surface with adsorbed protein [37].

Microfluidic devices enable the manipulation of the small quantities of chemicals
generally used in biomedical analyses. So-called lab-on-chip or micro total analysis
systems promise increased quality and quantity of analytical tests, with decreased time

and cost requirements [38].

Sensors based on the nano-hole arrays have been integrated into microfluidic devices to
form efficient sensing devices [39]. Figure 2.15 shows a schematic representation of the
SPR sensor chip. A number of nano-hole arrays, 20um by 20um, with hole diameter
100nm and different periodicities were fabricated on a gold film. Microfluidic channels
were constructed by soft lithographic methods, and aligned over the sensor array

substrate. The two microfluidic configurations enabled single solution experiments over
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multiple arrays as well as the generation of concentration gradients across a set of similar
arrays. Glucose solutions of known refractive index were used to determine the
sensitivity, 333nm/ RIU (refractive index unit). Employing the set of nanohole arrays, the
device was applied to detect microfluidic concentration gradients as well as surface

binding during the assembly of cysteamine monolayer-biotin-streptavidin surface groups.

Figure 2.15: Schematic representation of nano-hole arrays used in microfluidic sensor chip
[39].

Multiple arrays of nanoholes, differentiated by periodicity, may be integrated and used
as SPR chemical/biological detectors in a microfluidic chip format. Combining the
unique optical properties of nano-hole arrays with microfluidic processing and control

presents several opportunities in bio-sensing.

Double hole arrays have also been implemented in real-time biosensors, to detect the
formation of a self assembled mono-layer of 11-amoni-1-undecanethiol hydrochloride,

and adsorption of protein on the surface [40].
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Although sensors operating on transmission are easier to align and implement, sensors

operating based on the Kretschmann configuration are known to be more sensitive.

2.7 Motivation behind PBRs

The transmission of light through an isolated sub-wavelength aperture in a metal film
was observed to be enhanced with the introduction of appropriate surface structures [41-
44]. The enhancement from these surface structures came about from resonant modes
being set up between the hole and the surface structures. Such enhancements were seen in
from single holes surrounded by periodic square and circular dimples [43], and from sub-

wavelength slits flanked by periodic gratings [41, 42, 44].

The surface structures performed two funstions: enhancing the transmission through
the aperture, and improving the beaming angle [41, 42, 44]. The enhancement in
transmission arises due to resonance of modes between the surface structures and the
aperture. The position of the resonances is determined by the geometry i.e. the periodicity
of the surface structures. The low beaming angle obtained on the exit side is due to the
scattering of SPs and subsequent re-emission by the surface structures surrounding the

aperture. In the absence of the corrugations, a large beam divergence angle was observed.

In a metal film with periodic arrays of nano-holes, near field studies exhibit scattering
of SPs off the edge of the nano-hole array excited by a coherent light source [45]. The
scattered SPs were seen to have coherent propagation distances of tens of microns. This
scattering and propagation of SPs constitutes a loss mechanisms because the SPs that
must contribute to the EOT through the array scatters away. Further, in the context of a
densely integrated plasmonic device, this scattering represents corss talk, which could be

detrimental to the functioning of the device.
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The PBR structure is proposed to minimize this loss: it consists of periodic surface
corrugations which have a periodicity equal to half the array’s periodicity. Thus, the
structures fulfill the Bragg reflection condition, and when optimally desgned, can

enhance EOT through the array by recapturing scattered SPs.

2.8 Motivation behing quasiperiodic nano-hole arrays

The EOT phenomenon through nano-hole arrays has long been thought to rely on the
periodicity and translational symmetry of the array. Quasiperiodic structures do not
exhibit any translational symmetry, but display other interesting symmetries.
Quasiperiodic arrays of sub-wavelength apertures in metal films have been shown to
exhibit enhanced transmission [46, 47]. Arrays of quasiperiodic nano-holes also show
formation of tightly focused hot-spots of light, which has a lot of potential in
spectroscopic and sensing applications [48]. Two-dimensional dielectric quasicrystals
have been shown to exhibit bandgaps for both TE and TM polarizations [49], which is
contrary to belief that a regular periodic lattice is fundamentally important to the

existance of a bandgap.

In order to explore the properties of plasmonic quasicrystals, quasiperiodic arrays of
nano-holes in a gold film are studied. The unique rotationally symmateric diffraction
pattern is analyzed. In order to better understand the physics of the quasicrystal, FDTD

calculations are performed of the quasicrystal structure.

2.9 Conclusions

In this chapter, past works on EOT from nano-hole arrays were discussed. The origin
of the EOT, and some important effects of the SPR phenomenon were presented. Some

important applications of nano-hole arrays in spectroscopy and sensing were discussed.
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Chapter 3

Fabrication

Introduction

This chapter describes the fabrication of the nanostructures studied in this research.
Section 3.1 describes the focused ion beam (FIB) milling process. Section 3.2 describes
the fabrication procedures and parameters for fabrication of nano-hole arrays using FIB.
Section 3.3 describes the creation of stream files used to control the CAD interface of the
FIB. Section 3.4 outlines the fabrication of the PBR structure. Section 3.5 describes the

fabrication of the quasicrystal nano-hole array structure.

3.1 Scanning Electron Microscopy and Focused lon Beam milling

Scanning electron microscopy is a versatile technique used for non-destructive
topographical analyses of materials’ surfaces at the nano-scale. In its simplest form, a
scanning electron microscope consists of a metal electron source. The source is made to
emit electrons either under high temperatures (thermionic emission) or extremely high
fields (field emission). The most commonly used electron source is a Tungsten filament
because of its high melting point and low vapour pressure. Once electrons are emitted,
they are deflected by one or more sets of condenser coils to scan the surface of the
sample in a raster fashion. Secondary electrons are emitted from the sample when
electrons impinge on it. These secondary electrons are collected by a detector, amplified

and the signal digitally reconstructed to form an image of the sample’s surface.

Focused ion beam milling is a mask-less lithography technique commonly used for the

fabrication of micro and nano-scale structures. The working of a FIB is similar to the
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working of a SEM. The source in a FIB is a liquid metal ion source (LMIS) in a reservoir
attached to a Tungsten needle. The liquid metal flows to the tip of the needle where ion
emission is achieved by high voltages applied to the electrodes. The emitted ions are then
focused similar to electrons in a SEM. When the high energy ion strikes the sample,
etching of the substrate material is achieved. Most FIB systems in use allow for in-situ

fabrication and imaging using FIB and SEM respectively.

The focus and astigmatism correction are important aspects of using the SEM and FIB.
Proper focusing is important to any imaging technique. Astigmatism is the uneven spread
of the spot due to imbalanced focusing fields. The result of astigmatism is an elliptical
spot rather than a circular one. SEM images appear distorted as a result of beam
astigmatism. Astigmatism in FIB will lead to imperfections in the shape of the milled

structures, for example a circular hole will be milled as an elliptical hole.

3.2 Fabrication parameters

Accurate control of the etch pattern, etch depth etc can be achieved with the FIB.
Various parameters controlling the FIB are the accelerating voltage, beam current,
magnification and beam dwell time. All milling done in this research was carried out at
an accelerating voltage of 30kV and a magnification of 5000%. At this magnification, the
spot size of the FIB was 7.14 nm. This was measured by calibrating the FIB spot size.
Using the tools in the CAD interface, a spot corresponding to a single pixel was milled at
5000%. Subsequently, an SEM image of the milled pixel is taken, and using the

measurement tools in the interface, the size of the spot was determined.

The etch depth is controlled primarily by beam current and beam dwell time. The beam
current dictates the intensity of the ion beam, and can be set from a menu in the FIB
interface, as can the accelerating voltage and magnification. The beam dwell time is

simply the amount of time the ion beam scans a particular pixel. The longer the beam
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scans a pixel, the more material gets etched away. Figure 3.1 shows the differences in

etch depth obtained by different beam dwell times

Figure 3.1: SEM of nano-hole array flanked by partially milled gratings. Difference in etch
depth is achieved using different dwell times, seen as the difference in depth between the

holes and gratings.

3.3 Stream files

The CAD interface of the FIB system allows accurate control of the pattern etched.
Most commonly, this is done in two ways. A bitmap image of the pattern to be etched can
be fed into the interface along with beam current and dwell time. The CAD interface then

translates this bitmap into pixel coordinates to be milled, based on the greyscale.

Another method of pattern definition is through stream files. A stream file is essentially
a series of pixel coordinates compiled into a data file along with the beam dwell time in
ns. When fed into the interface, the stream file dictates the x and y coordinates to be

scanned by the ion beam. At a magnification of 5000%, the field of view consists of
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4096x4096 pixels, and each pixel corresponds to 7.14 nm. A stream file can be produced

by a script file which can be programmed to read an input file containing the dimensions
of the structure, the periodicity and required dwell times. The script can then generate a
4096x4096 matrix that holds values of either 0 or the required dwell time for that
position. The coordinates of the matrix elements that are greater than zero can then be

extracted and fed into stream file along with the beam dwell time.

The stream file is typically organized as follows:
e ‘s’- This is the first character in the stream file. This character indicates that a
stream file follows
e Loop: This number indicates the number of times the stream file has to be looped.
e Count: This is the total number of pixels that have to be milled. This number has
an upper limit of one million.
e Beam dwell time X coordinate Y coordinate: These are specified for every
pixel to be milled.
The parts of a typical stream file are presented in Appendix A.

In order to etch completely through the sample, one of two different methods can be
adopted. The ion beam current and dwell time can be increased until the sample is etched
all the way through. Alternately, the beam dwell time and the number of loops can be
changed. This option is usually preferable because a very high beam current can lead to a
larger spot than acceptable, leading to large levels of dimensional distortion. The number

of loops is determined after a number of calibration runs.

Whether the sample has been etched through or not can be determined by the contrast
in the SEM image, or by energy dispersive spectroscopy (EDS) analysis. When milled
correctly, for a scan area covering a hole and some surrounding gold, EDS analysis will
show gold, silicon and oxygen. A spot in the hole should show only silicon and oxygen,

as glass is SiO;.
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The substrate used for FIB milling was a commercially available 100 nm thick gold
film evaporated on a 3 mm thick glass slide. A 5 nm thick chromium film is provided for
adhesion. The chromium film has previously been shown to suppress surface waves on

the gold-glass interface [18].

The script files used to generate the streams for fabrication were written in Matlab.
Matlab was chosen because of ease of use, portability of scripts and the capability to
preview the pattern before fabrication. Figure 3.2 shows an image of the pixel matrix

used to create the quasicrystal nano-hole array.
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Figure 3.2: Preview of pixel matrix used to create the stream file for the quasicrystal nano-

hole array.
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3.4 Fabrication of plasmonic Bragg reflectors

Figure 3.3 shows scanning electron micrographs of an array of circular holes flanked

by Bragg reflectors. The reflectors take the form of partially milled lines and dimples.

The PBR structure is fabricated essentially by pre-setting two different beam dwell
times for the array and the reflectors. The array dwell time is set at 3000 ns in order to
enable milling completely through the gold film. The dwell time is set at 50 ns for partial

milling of the gold film. The reflectors take the dimensions of the holes in the array.

The reflectors are placed a half wavelength or periodicity away from the edge of the
array, and have half the periodicity of the array. Other separations of the reflectors from
the array, up to a wavelength, were also fabricated. Structures consisting only of the
reflectors, without the hole array were fabricated to characterize their optical

transmission.

Arrays of holes of diameter 150 nm with periodicity 800 nm were fabricated. The
arrays were 15 umx30 um. The reflector layers spanned 7.5 umx30 um, and were placed

on either side of the array.



Figure 3.3: Scanning electron micrographs of nano-hole arrays flanked by (a) Dimpled

PBRs and (b) line PBRs. The scale bar corresponds to 2pum.

In addition to arrays with reflectors on two sides, 15 umx15 pm arrays flanked by
reflectors on all sides were fabricated as well. Figure 3.4 shows a SEM image of a
15 pumx15 pm array of nano-holes of diameter 150 nm and periodicity 800 nm. The array

is flanked by PBR layers on all four sides.
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Figure 3.4: SEM of a 15Spum x 15 pm array of nano-holes of diameter 150 nm and
periodicity 800 nm flanked by PBRs on four sides.

The Matlab scripts used to fabricate the PBR structures are presented in Appendix B
and C.

3.5 Quasicrystal array fabrication

The quasicrystal array is based on a Penrose tiling of a plane with thick and thin
rhombuses [50]. The thick rhombus has an acute angle of 72° and the thin rhombus has
an acute angle of 36°. The side lengths of both rhombuses are equal. The Penrose tiling
fabricated has a five-fold rotational symmetry. Figure 3.5 shows a Penrose tiling with

five-fold rotational symmetry. Holes are placed at the vertices of the rhombuses.
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Figure 3.5: Penrose tiling with thick and thin rhombuses, with five-fold rotational

\

symmetry[51].

The positions of the vertices were determined using the deflation technique [52]. An
image file was created with the vertex points. A Matlab script was then used to load this
image, and treat it as a vector of colour map data. The vector was then scaled to create
matrices with positions of the centre of each hole. Stream files for milling quasicrystal
nano-hole arrays with rhombus side length d (periodicity) of 700 nm, 800 nm and 900 nm

were then generated from these matrices.
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Figure 3.6 shows SEM images of a quasicrystal nano-hole array with holes of 150 nm

diameter and a periodicity of 700 nm, taken at two magnifications.

CETE 3 LT M N T e e WA et v v
-L .« o ¢ o e q
o g iy 0--..0 sv.'-.v S S ey [ ] 'y . [ 3 3 ®
-.‘ . . - . - .- . £
SR ool b s h .".'.‘..... » . .« o
. .. k- el e b o T T T
e ¢ - L . ¢ . o
- - g LI . = + v - - L S -y - . = ..--.'
SR s T LT L P L e e B [ ] .. L
FECRT G mee cepd vl e TS elae 4 . - Y . » .
o LR e T Er .. awt oae e o
BacEr S B e S et gt e by ol R .o. [ Y L 2 [ ™ & [ L ]
- L L - . - " - . L{ . ...l' . .
e e e e e e e e e es [ ] P
C g b o R ey i T R e [ ] ™ [ [ ] ™
R ey e e At aie % e et e e Faty at
Frlv e Pl pai B e .... - . i - o . . [ .,. . . .
e - = . " t, . LS . A
L b S R B SR SR R Sk P . . . o
- - .. - Wl g e e e
csb ek esiesigt Meldia ittt bl e b g il o Ol P * o . e
v - [ Ll L S . . - L - - - . .
% L % L Lo bR SRR e el LHE S L . . . .. ™ [ . -
T C R R SRR T ¥ .
e i T e * o e ® e @
A . F R . = - .
e e R L e SR T P L L L ] L
- . . . - .
R M S g S e Ly PR . . L L 3 L ™ v g L ]
G e e Lo e L Ut r
i e A R S S e O . ¢ e o .'l .‘
. e - - P S Bt
ok -.4'-‘ - - ’-- .-' L .-. .t' PR S [ 3 - [ 3 [ ] [ ]
..’ I..'.. ... .-. - '....- .'I.l . . . .' . . . .,
L L - - . . . - - Lo .. - L -
. . . L - . Wt st . .
T et ow "o e . s . . - . .
PR SRR R T T S T T e B LLIRCE . e
Pl PV PO Sai i P S | ® @ L * @
e S LA e COHE A 3 o T s & a

Figure 3.6: SEM images of a quasicrystal nano-hole array with holes of 150 nm diameter

and a periodicity of 700 nm.

The Matlab script used to fabricate the quasicrystal structure is presented in Appendix

D.

3.6 Summary

This chapter outlined the processes and methods used for fabrication of nano-hole

arrays. Concepts of FIB and SEM were briefly described. Commonly used fabrication

parameters were discussed. The working of stream files and the CAD interface of the FIB

were outlined. Specifically, fabrication of PBR structures and quasicrystal nano-hole

arrays were discussed.
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Chapter 4

Transmission and diffraction experiments

Introduction

This chapter outlines the experimental methods used in this research. Section 4.1
describes the linear transmission measurements, explaining the components used. Section

4.2 outlines the setup for diffraction measurements.

4.1 Linear transmission measurements

Figure 4.1 shows a schematic representation of the experimental setup used to measure
the linear transmission spectra of the nano-hole arrays. A broad-band halogen lamp is
used as the illumination source. A combination of a 20x microscope objective and an iris

is used to focus the incident beam to a spot of diameter 30um.

The sample is mounted on a XYZ translation stage to allow for freedom in moving the
sample. The transmission spectrum of the nano-hole array is collected by a fiber-optic
coupled UV-Visible spectrometer. The spectrometer fiber is held by a XYZ translation

stage which helps optimize the fiber position to collect zeroth order transmission.

A linear polarizer is used to define the polarization state of the incoming beam.
Imaging of the sample and the beam spot is done using a CCD camera to ensure accurate

focusing. The entire ensemble performs the function of an optical microscope.

The integration time for the spectrometer scan, number of scans to average are set on

the spectrometer interface. Dark noise correction is also done on the interface.

In order to reduce noise, a function was written in Matlab to perform adjacent average

smoothing of the raw spectral data with a moving window. The width of the window was
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set according to the noise in the signal. A higher noise level would require a wider

window for effective noise reduction. All spectra were normalized to the source

spectrum.
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Figure 4.1: Linear transmission measurement setup. S: Spectrometer, FO: Fiber Optic,

NHA: Nano-Hole Array, MO: Microscope Objective, P: Polarizer, BS: Beam Splitter,
L: Lens, CCD: CCD camera.
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4.2 Diffraction measurements

Figure 4.2 shows a schematic representation of the diffraction measurement setup. A
He-Ne laser is the source of illumination. This is focused onto the sample using a 20x
microscope objective. A linear polarizer is used to alter the polarization state of the
incident beam. A CCD camera is used to image the sample, which is mounted on a XYZ
translation stage. The post holding the sample can be rotated to give the sample various
tilt angles allowing for non-normal incidence of the beam. The diffraction pattern is
observed on a translucent screen. Images of the diffraction pattern are taken using a

digital camera.

COMPUTER cep
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—
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XYZ o NHA
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Figure 4.2: Schematic diagram of the diffraction setup. S: Screen, NHA: Nano-Hole Array,
MO: Microscope Objective, P: Polarizer, BS: Beam Splitter, L: Lens, CCD: CCD camera.
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4.3 Summary

Experimental setups for transmission and diffraction measurements were described.
Methods for transmission spectra measurement, normalization and noise reduction were

outlined.
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Chapter 5

Plasmonic Bragg reflectors

Introduction

In this chapter, the experimental results and analysis of the plasmonic Bragg reflector
(PBR) structure are presented. In section 5.1 the motivation behind the development of
the PBR structure is presented. In section 5.2, linear transmission measurements showing
enhanced EOT from arrays with PBRs. The polarization dependence of the PBR
structures is studied and dimpled and line PBRs are compared. In section 5.3, arrays with
PBRs placed at different separations from the array are compared. In section 5.4, linear
transmission measurements of nano-hole arrays flanked by PBRs on all four sides are

presented.

5.1 Motivation

Resonances observed in EOT from nano-hole arrays are dictated by the periodicity of
the array [6]. SPs scattering off the edge of nano-hole arrays have coherent propagation
distances of tens of microns [45]. This is useful if coupling between adjacent structures
on plasmonic integrated circuits is required. If coupling is not required this constitutes
unwanted cross talk. The scattering and propagation of SPs away from the array also

constitutes a loss mechanism, as the SPs are a part of the EOT phenomenon.

EOT has been observed in isolated sub-wavelength holes and slits when surrounded by
periodic surface corrugations [41-44]. When an isolated hole is surrounded by partially
milled grooves or dimples, resonant transmission is observed, with the resonance
wavelength dependent on the periodicity of the surface structures [43]. An isolated slit
flanked by grooves shows both enhanced transmission [41] and improved beam

directionality [42]. In these works, periodic surface structures are used to enhance the
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transmission through apertures. However, the resonance wavelength is dictated by the
surface structures. For an array of apertures, the resonance is dictated by the periodicity
of the array. Any means to enhance EOT from an array should cause no change to the

resonance wavelength.

Here, surface structures with half the array’s periodicity are used to flank the array and
enhance EOT. Because these structures have half the array’s periodicity, they satisfy the

Bragg condition, and hence the name plasmonic Bragg reflectors.

5.2 Transmission enhancement and polarization dependence of PBRs

Figure 5.1 shows the transmission spectra of the nano-hole array flanked by reflectors
on two sides for horizontal polarization. Horizontal polarization is perpendicular to the
orientation of the PBR layers. The array has a periodicity of 800 nm, and so has a (1,0)
resonance at 870 nm and a broad (1,1) resonance at around 700 nm. These resonances
arise from the gold-air interface. Resonances on the gold-glass interface are suppressed
due to the lossy chromium layer [18]. Enhancement of the nano-hole array’s EOT is seen
with the introduction of the PBR layers with negligible change in the resonant
wavelengths. With the line PBRs, there is a very small blue shift in the transmission peak
at 870 nm. Considering the experimental error from noise, and systematic variations in
the FIB spot size, this small blue shift, of less that 10 nm can be attributed to a difference

in the reflection characteristics of the dimples and lines.

The peak transmission is measured from the minimum around 850 nm, commonly
attributed to the Wood’s anomaly, to the peak at 870 nm. The resonance at 8§70 nm is

considered because although it is narrower than the (1,1) peak, it is greater than it.

The resonance at 870 nm is enhanced by nearly 2 times due to line PBRs and nearly 1.8
times due to the dimpled PBRs. For the (1,1) resonance, the dimpled PBRs show slightly

lesser enhancement than the line PBRs.
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The enhancement of transmission occurs because the waves reflected by the PBRs are
in-phase with the surface wave propagating from the holes in the array. This leads to

maximum constructive interference.

There has been no observed influence on the transmission spectrum from the
illumination of the PBRs. In samples with only the PBRs, and no hole-array, no
transmission was observed. The illumination of the PBR is not phased-matched in order

to couple light that is incident normal to the surface towards the array.
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Figure 5.1: Transmission spectra of 800 nm arrays, with and without PBRs for horizontal

polarization.

Figure 5.2 shows the transmission spectra of the array with and without PBRs for
vertically polarized input. For vertical polarization, the array has a smaller (0,1)
resonance because of the smaller extent of the array in this x direction. For this

polarization the dimpled PBRs show negligible enhancement. While the line PBRs still
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show significant enhancement, this enhancement is more pronounced for the (1,1)

resonance than for the (0,1) resonance.
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Figure 5.2: Transmission spectra of the 800 nm array with and without PBRs for vertically

polarized light.

The SPPs generated at the edge of a nano-hole forms a dipole-like scattering pattern,
where the SPP propagates in the direction of the electric field polarization for normally
incident light [53, 54]. There is no light scattered perpendicular to the direction of the
electric field polarization and that the maximum scattering occurs in the direction of the
electric field polarization. A similar pattern is expected from the dimples. The lines

scatter most efficiently for polarization perpendicular to its edge.

The enhanced (1,0) EOT for horizontal polarization comes form surface waves being
generated at the nano-holes (leading to EOT) and then propagating in the direction of the
electric field of the normally incident light. These surface waves are normally incident on

the PBRs and they are reflected off the dimples or the lines. Subsequently, the reflected
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surface waves are transmitted through the hole-array, in-phase with the EOT. The
dimples give strong reflection because they have strong back-scattering of surface waves;
therefore, the enhanced EOT is strong for both the arrays with the lined and the dimpled
PBRs. For the (1,1) transmission and horizontal polarization, the dimples do not have as
strong scattering at the 45 degree angle of this resonance, so their enhancement is

reduced.

For the vertical polarization, the (0,1) EOT resonance sees no enhancement since the
surface waves propagate in the vertical direction after the normally incident light is
scattered from the holes, and so they do not impinge upon the PBRs. For the (1,1)
resonance, there is a component of the surface waves at 45 degrees which propagates
towards the PBRs and its reflected component is at -45 degrees. For the dimples, this
reflected component is perpendicular to the incident wave, and so it does not exist in the
dipole approximation. Therefore the dimples do not show enhanced EOT for the (1,1)
resonance and y-polarization. For the lines, there is still a reflected component and so

enhanced EOT is observed.

While the dimpled PBR has periodic-variation in the y-direction, the spacing is
different from the x-direction. Therefore, if the dimpled PBR has a corresponding (1,1)
resonance, it would be at a different wavelength to the (1,1) resonances of the hole-array.
Therefore, this is not expected to enhance the EOT, and negligible enhancement was

actually observed.

5.3 Variation of spacing between array and PBRs

Figure 5.3 shows the normalized peak transmission at 870 nm for different separations
of the PBR layers from the hole array. The periodicity of the nano-hole array is 800 nm.
Maximum transmission occurs when the PBRs are placed a half wavelength (400 nm)

away. The minimum occurs close to when the reflectors are a wavelength away.
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When the reflectors are placed a half wavelength away, the waves reflected by the
PBRs and the surface waves propagating from the holes are in phase. Therefore, they

interfere constructively and lead to maximum transmission.
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Figure 5.3: Transmission of nano-hole array at 867 nm with different separation of

reflectors layers from array.

A roughly sinusoidal trend in the peak intensity is seen with spacing, with period equal
to the array’s periodicity. Thus, by judicious placement of the PBR layers, modulation of

the transmission intensity can be achieved

5.4 Arrays flanked by PBRs on four sides

Figure 5.4 shows the transmission spectra of a 15 umx15 um array of holes with
periodicity 800 nm, with and without PBRs. The resonance at 870 nm is enhanced by
1.5%, while the resonance at 800 nm is enhanced by nearly 2x. Again, the position of the
resonances showed no significant change with the introduction of the PBRs. The PBRs in

themselves did not exhibit any transmission.
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Due to the symmetry of this structure, the polarization dependence exhibited by arrays

with PBRs on two sides is not seen here.
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Figure 5.4: Transmission spectra of nano-hole array without and with reflectors on all four

sides.

5.5 Isolation between nano-hole arrays

In order to determine the ability of the PBR structure to isolate adjacent arrays on a
single substrate, two identical arrays were milled, separated by 1, 2, 3, 4 and 5 layers of
line PBRs. Arrays without the PBRs, separated by un-patterned gold substrate were also
fabricated. Figure 5.5 shows an SEM of the arrays separated by four layers of PBRs, and
arrays with the same separation, without the PBRs. The arrays had holes of diameter

150 nm, and a periodicity of 700 nm. The arrays each covered an area of 7.5 umx30 pm.
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Figure 5.5: SEM of two arrays of periodicity 700 nm (a) separated by four PBR layers (b)
separated by a spacing corresponding to four PBR layers, without PBRs.

The separation between the arrays is given by:
d:(n+1)% (5.1)

Where #nis the number of PBR layers and A is the periodicity of the array.

For odd values of n, this separation corresponds to an integral multiple of the
periodicity, and hence a constructive interference of SPs from each of the arrays. For an
even number of reflector layers, this corresponds to a destructive interference between

SPs from the arrays.

Figure 5.6 shows the white light transmission spectrum of two arrays separated by a
spacing corresponding to five and four PBR layers, without and with PBRs. Figure
5.6(a) shows the constructive interference between two arrays separated by five layers of
reflectors, and figure 5.6(b) shows the destructive interference between arrays separated

by four PBR layers.

The effects of constructive and destructive interference is clear in the intensity of the
(1,0) transmission resonance peak at 780 nm. The peak is higher when the arrays are
separated by five PBR layers, than when the arrays are separated by four PBR layers.
There is a 50% reduction in the peak intensity in the case with four PBR layers when

compared to the case with five layers. With the introduction of PBRs, the case with four
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PBR layers shows a 30% increase in the peak intensity, while the case with five PBRs

shows a 10% reduction.

Since the PBRs are known to actually enhance transmission through arrays, the
reduction in intensity in the case with constructive interference indicates that the PBR
actually reduces the interference between the arrays. There are clearly two mechanisms at
play in this study. First, there is an enhancement in the transmission of each of the arrays
with the PBRs, as is evident in the four PBR sample. Secondly, the interference between

the arrays is decreased in the five PBR case.

Since both arrays transmit, it is not easy to isolate the two mechanisms here. A
straightforward inference as to whether the PBRs isolate adjacent arrays cannot be made

with this experiment.
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Figure 5.6: Transmission spectra of two arrays of nano-holes with periodicity 700 nm with

separations corresponding to (a) five and (b) four PBR layers, with and without PBRs.
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In order to better isolate the two effects, a structure is required to enable excitation of
SPs without actually transmitting. The excited SPs can then propagate to an array
fabricated in the vicinity. The intensity of transmission of propagated fields can then be
studied to characterize the isolating capabilities of the PBRs. Figure 5.7 shows an SEM of
an ensemble of a dimple array and hole array separated by PBR layers. SPs can be
excited at the dimples by a coherent source. By properly polarizing the source, the SPs
can be made to propagate towards the holes. This structure is currently being measured

for isolation properties.

Figure 5.7: SEM of an ensemble of a dimple array and hole array of periodicity 700 nm

separated by four PBR layers currently being studied for isolation properties.

5.6 Summary

Surface structures are presented to enhance EOT from nano-hole arrays. These
structures have a periodicity equal to half the arrays periodicity, forming a Bragg
reflector. They enhance EOT by recapturing scattered SPs and reflecting them back
towards the array in phase with EOT light. The PBR structures show a high degree of
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polarization dependence. Modulation of transmitted intensity is achieved by varying the
separation between the array and PBRs. The polarization dependence of the PBR
structure is eliminated by placing PBRs all around the nano-hole array. PBRs may be

used for isolation of adjacent plasmonic devices.

5.7 Conclusion

In this chapter, the transmission spectra of nano-hole array with and without PBRs
were presented. Enhancement in the transmission resonances due to the PBRs was seen.
Modulation of the enhancement was seen with variation of the spacing between the array
and the PBRs. Polarization sensitivity of the PBR structure was demonstrated. The
polarization sensitivity can be overcome by placing PBRs all around the array, thus
making the structure symmetric.

The PBRs enhance the EOT from a nano-hole array by reflecting the surface waves
propagating away from the array in the direction of excitation, thus confining surface
waves within the array. On a plasmonic integrated circuit, this can be used to effectively
isolate adjacent structures by confining the surface waves from a structure within itself.
This can help reduce unwanted coupling or cross talk between adjacent structures on a

densely integrated chip.
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Chapter 6

Quasicrystal nano-hole arrays

Introduction

In this chapter, experiments conducted on quasiperiodic nano-hole arrays are discussed.
In section 5.1, the motivation behind the studies on the quasicrystal structure is presented.
In section 5.2, the transmission resonances of the quasicrystal nano-hole array are
discussed. In section 5.3, diffraction from the quasicrystal array is shown and polarization
selectivity of the diffraction pattern is demonstrated. In section 5.4, results of FDTD

calculations of a quasicrystal nano-hole array are presented.

6.1 Motivation

Quasicrystals provide interesting symmetries, even though they do not have a regular
repeating pattern like other crystals. This makes quasicrystals useful for the manipulation
of light, for example, for achieving rotationally invariant photonic band-gaps [49]. A ten-
fold rotational symmetry has been observed in the diffraction pattern from a dielectric
Penrose lattice [55]. Sharp resonances have been observed in the terahertz
electromagnetic transmission through quasicrystal patterns of apertures in a metal [47].
Transmission resonances have also be observed in the optical regime in silver foils [46].

In the near-field, quasicrystal arrays have been used for subwavelength focusing [48].

These works did not study the diffraction properties of the quasicrystal. While
rotational symmetries have been observed in diffraction patterns of quasicrystals, the
properties of the diffraction from quasicrystals have not been studied. In this chapter,
transmission spectra of quasiperiodic nano-hole arrays are presented, along with

polarization control of diffraction from quasicrystals.
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6.2 Transmission of quasicrystal nano-hole array

Figure 6.1 shows an SEM of the quasicrystal structure, and the transmission spectra of
three quasicrystal nano-hole arrays. The side lengths of these Penrose rhombs were
700 nm, 800 nm and 900 nm. Transmission resonances for the 700 nm array were
observed at 766 nm, 670 nm and 526 nm. The resonant wavelengths may be computed

using the Fourier components of the stream file used to generate the structure and the

1 =2 /M 6.1)
G\e,(4,)+¢,

where A, are the resonant wavelengths obtained from wave-vector matching to the

relation

Fourier components, G , of the crystal structure and ¢4, &, (4,) are the relative permittivity
values of the dielectric on top of the gold, and the gold itself [4, 27]. When so computed,
the resonant wavelengths fall at 720 nm, 620 nm and 500 nm. The resonances are clearly
affected by the dispersion of the metal. Otherwise, the resonance at 526 nm would be
expected at 383 nm if it were half the value of the longest wavelength as computed from

the Fourier components.

In addition to the dispersion of the metal, due to the contribution of the quasiperiodic
nature of the array, the prediction of the resonance positions is not straightforward. Other
factors also contribute to the resonances such as resonance from within the holes [21] and

evanescent waves at the surface of the metal [15].
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Figure 6.1: (a) SEM of the quasicrystal nano-hole array, scale bar corresponds to 2 pm.
(b) Transmission spectra of quasicrystal nano-hole arrays of periodicity 700 nm, 800 nm

and 900 nm.
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Further understanding of the origin of the resonances may be obtained from the near
field studies using FDTD calculations, as these have the capability of handling large

structures [56].

6.3 Diffraction from quasiperiodic nano-hole array

Figure 6.2 shows the far field diffraction pattern of the quasicrystal nano-hole array,
and the Fourier transform of the stream file used to fabricate the structure. A ten-fold
rotational symmetry is observed in the pattern, which conforms to the Fourier transform.
A 36 degree angle is seen between diffraction lobes, which matches the data
corresponding to the Fourier transform, and the diffraction patterns previously seen for
Penrose lattice structures with five fold rotational symmetry [55]. The three distinct rings
of the diffraction patterns have lobes making angles of 31 degrees, 39 degrees and

51 degrees with respect to zeroth order transmission direction.

Figure 6.2: (a) He-Ne diffraction pattern from a quasicrystal nano-hole array, with angles

made by the rings of lobes marked. (b) Fourier transform of corresponding stream file.

The diffraction pattern obtained was small. Therefore, to better resolve the observed

pattern, a small angle of incidence was used. By doing this, only a portion of the
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diffraction pattern was observed. The lobes seen in this partial pattern oriented
themselves along the direction of polarization of the incident beam. When the
polarization was rotated, the most intense lobes of the diffraction pattern rotated along
with the axis of polarization to re-orient themselves along the new direction of

polarization.

This polarization dependence of the diffraction pattern becomes more apparent with a
larger angle of incidence. Figure 6.3 shows the diffraction pattern observed form the
700 nm quasicrystal array for two angles of non-normal incidence. Figures 6.3 (a) and (b)
show the diffraction patterns for a very small angle of incidence, for orthogonal
polarizations. Figures 6.3 (c) and (d) show the pattern for a larger angle of incidence for
orthogonal polarizations. As seen in Figure 6.3 (c¢) and (d), a smaller portion of the entire
diffraction pattern is observed with a larger incidence angle. The lobes seen in the partial

pattern under this condition are only those that lie along the direction of polarization.

The polarization-dependent control of the diffraction pattern can be explained in terms
of the excitation of surface waves or SPs with different polarizations. It has been
demonstrated that SPPs scattered from nanoholes have directional symmetry that is
aligned with the polarization of the incident beam [53, 57]. The surface waves aligned
with the input polarization are responsible for the diffraction pattern observed; thereby
the polarization determines which lobes of the quasicrystal diffraction pattern are excited.
This phenomenon is particularly interesting for quasicrystals because of their high-order
rotational symmetry — the diffraction pattern orientation corresponds directly to the
polarization of the incident beam. A similar rotation of the diffraction pattern was not
observed for a square array of nano-holes and has not been reported for electron

diffraction patterns of quasicrystals [58].



Figure 6.3: Partial diffraction patterns from the 700 nm quasicrystal nano-hole array for (a)
and (b) small angle of incidence (c) larger angle of incidence. The direction of polarization

in each case is indicated by arrows.

The polarization control of diffraction from a quasicrystal is unique, as such control of
diffraction patterns has not been reported so far for optical diffraction in two dimensional

dielectric quasicrystals [55] or in electron diffraction of quasicrystal [58].
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6.4 FDTD analysis of quasicrystal nano-hole arrays

FDTD analysis of quasicrystals is a useful method to obtain better insight into the
physical mechanisms behind the observed characteristics, because FDTD analyses have
been proven capable of handling intense electromagnetic problems such as arbitrary

structures [56].

FDTD simulations of the 700 nm quasicrystal array were set up with 20 nm grids in the
X and Y directions and a 3 nm grid in the Z direction, which is normal to the gold

surface. The 3 nm grid was chosen to better capture the exponentially decaying SP fields

[24]

Figure 6.4 shows the transmission spectrum of the 700 nm array as computed using
FDTD calculations. The experiment showed transmission resonances at 526 nm, 670 nm
and 766 nm. The computed resonances fall at 550 nm, 650 nm and 750 Nm. There is a
fourth resonance at 850 nm which is not seen in the experimental spectrum. It can be
explained that the fourth resonance is lost in the experimental noise threshold. The
positions of the other three resonances agree quite well with the computed resonance

wavelengths.
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Figure 6.4: FDTD computed transmission spectrum of the 700 nm array. Four resonances

are seen at 550 nm, 650 nm, 750 nm and 850 nm.

Figure 6.5 shows the far field pattern computed at 632 nm for horizontally polarized
input. The higher intensity of the lobes aligned with the input polarization is clearly seen
from the diffraction pattern. A similar alignment of intense lobes was seen for the far

field computed for vertically polarized light.
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Figure 6.5: FDTD computed far field diffraction pattern at 632 nm for horizontally
polarized input. Lobes aligned with the direction of polarization are seen to be more intense

than others.

Figure 6.6 shows plots of field intensity versus position at the 650 nm resonance
wavelength. The excitation was horizontally polarized, or polarized along the x direction.
The field intensity of the three components of the surface wave namely, E, Hy and E,
fields are plotted. It can be seen that some holes display higher field intensities than other
holes. This leads to hot-spots in the structure where intense focusing of fields occurs.
This can be used for applications like SERS. Hot-spots are also observed for the anti-
resonances, which does not occur for periodic structures. For isolated holes, FDTD
caulculations will show high field intensity corresponding to the LSPR, and not for other

wavelengths.
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Figure 6.6: Field intensity Vs position for the quasicrystal structure, at the 650 nm
resonance. The fields are plotted for horizontal or x-polarized input (a) E, field intensity, (b)

H, field intensity and (c) E, field intensity.
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6.5 Summary

Resonances in the transmission through quasiperiodic nano-hole arrays were seen. The
resonant wavelengths are strongly influenced by the dispersion of the metal in the optical
regime, and are not predicted by simple SP wave vector matching. Anticipated ten-fold
rotational symmetry is seen in the diffraction pattern, with angles of 36 degrees between

adjacent lobes.

A unique polarization dependence is seen in the partial diffraction pattern obtained for
non-normal incidence. The lobes of the partial pattern follow the polarization of the

excitation beam.

FDTD calculations of the quasicrystal structure were performed. Computed
transmission resonances show good agreement with experiment. The polarization
dependence is seen in the computed far field pattern. Near field plots show formation of
hot spots at the resonant and non-resonant wavelengths, with certain holes in the array

showing more intense fields than others.

6.6 Conclusions

In this chapter, experimental and theoretical results on the quasicrystal nano-hole
structure were presented. Resonant transmission was observed. Polarization control of the
diffraction pattern was seen. Good agreements were obtained between the theoretical

model and experiment.
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Chapter 7

Conclusions

The PBR structure has been shown to enhance EOT by reflecting the SPs scattering
away from the array. This structure confines SPs to the extent of the array. It is capable of
minimising loss in the form of scattered SPs. The PBR structure was seen to exhibit
polarization sensitivity. Modulation of transmission was achieved by varying the

separation between the array and PBRs.

The results presented in chapter 5 have been published.

e P. Marthandam and R. Gordon (2007), “Plasmonic Bragg reflectors for enhanced
extraordinary optical transmission through nano-hole arrays in a gold film”,
Optics Express, Vol. 15 Issue 20, pp. 12995-13002.

e P. Marthandam and R. Gordon (2007),”Plasmonic Bragg reflectors for sub-
wavelength hole arrays in a metal film”, Proceedings of the 20" Annual

meeting of [IEEE LEOS, October 2007, Lake Buena Vista, FL.

In order to further study the PBR structures, the effect of reflectors’ depth, and number
of reflector layers could be analysed. An efficient way to measure the PBR layers’ ability

to isolate arrays needs to be developed.

The PBRs can be made to increase local field intensities of isolated apertures. They

could thus be used in sensing applications.

The unique ability to control diffraction from the quasicrystal nano-hole array by
changing input polarization was demonstrated. The formation of hot-spots within the

array, with some holes having higher field intensities than others was observed.

The experimental results presented in chapter 6 have been presented as a paper and

accepted for publication:
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o P. Marthandam and R. Gordon, “Polarization controlled diffraction from a

quasicrystal nano-hole array in a gold film”. Accepted for publication in Journal

of Optics A.

The polarization sensitive properties can be used in the detection of polarization state
of a system. For a structure with five-fold symmetry, the lobes of the diffraction pattern
are separated by 36 degrees. By fabricating structures with higher orders of rotational
symmetry, this step can be reduced greatly, and the system used as a polarization

detector.

The hot-spots formed under resonance conditions can be put to use in spectroscopic

applications like SERS, and in sensors.
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Appendix A

Stream files
A stream file fed into the CAD interface of the FIB will have an extension of .str. A

typical stream file will start like this:

s

6

384120

50 17 23

50 17 25

50 17 27

50 17 29

50 17 31

50 17 79

50 17 81

50 17 83

50 17 85

50 17 87

50 17 135
50 17 137
50 17 139

The first character indicates that what follows is a stream file.

The number that follows is referred to as loop count. This indicates how many times
the FIB will have to loop the stream file. In this case, it means that the machine will mill
each pixel specified in this stream file six times.

The number that follows this is the total number of pixels to be milled. This is limited

to one million.
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Each line following this has three numbers. The first number is the beam dwell time in

ns. The two other numbers specify the x and y coordinates of the pixel to be milled.
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Appendix B

Script file for array with line PBR on two sides
%%%%%%%6%%0%0%0%%%%%%%6%%%6%6%%%%%%%%%%0%0%%%%% %% %%
% Filename: PBRScript.m

% Author: Pramodha Marthandam

% Date created: 12 June 2007

% Structure details: Array of circular holes, about 15umX30nm, flanked

% by gratings, with half the periodicity of the hole array
%%%%%%%6%%%%0%6%%%%%%6%%%6%6%6%%%%%6%%%%0%6%%%%% %% %%

%Defining the nanometer to pixel conversion factor

NPixCon=7.14;

% Pixel Matrix
PixMat = zeros(4096,4096,"uint16");

% Opening the file input.txt and reading dimensional parameters

num = textread('input.txt','%u%*["\n]');

% Extracting the parameters from the input file

% Hole diameter

Dia=num(1);

% Resonance wavelength (periodicity)

Per=num(2);

% Dwell times of hole and grating

BTimel=num(3);



BTime2=num(4);

% Pixel skip factor
PSkip=num(5);

% Conversion from nanometers to pixels
DiaPix=uint16(Dia/NPixCon);
RadPix=DiaPix/2;
PerPix=uint16(Per/NPixCon);

Rad=uint16(Dia/2);
ArrayMid=4096/2;

XX=0;
for y=(10+RadPix):PerPix:4096
for x=(ArrayMid/2 +RadPix):PerPix:(ArrayMid+(ArrayMid/2))
PixMat(x,y)=BTimel;
if (x>XX)
XX=x;
end
for yPix=y:PSkip:(y+RadPix)
for xPix=x:PSkip:(x+RadPix)
a=xPix-x;
b=yPix-y;
if (((yPix-y)"2+(xPix-x)"2)<=(RadPix"2))
PixMat(xPix,yPix)=BTimel;
PixMat((x-a),yPix)=BTimel;
PixMat(xPix,(y-b))=BTimel;
PixMat((x-a),(y-b))=BTimel;
end

end



end
end
end
x=XX;
x1=(ArrayMid/2)+RadPix;
ArrayMid=x1+(XX-x1)/2;

for m=(x+(PerPix/2)):(PerPix/2):4096
for xPix=(m-RadPix):PSkip:(m+RadPix)
for yPix=10:PSkip:4096
PixMat(xPix,yPix)=BTime2;
X=xPix-ArrayMid,
if ((ArrayMid-X)>0)
PixMat((ArrayMid-X),yPix)=BTime2;
end
end
end

end

% Number of pixels to be milled: To be less than a million

PixCount=0;

for x=1:4096
for y=1:4096
if (PixMat(x,y)>0)
PixCount=PixCount+1;
end
end

end
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OutFile=strcat('PBRGR',int2str(Rad),'P',int2str(Per),' BT1',int2str(BTime1),'BT2',int2st

r(BTime2),'.str");
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',5);
fprintf(fid,'%u \n',PixCount);
for x=1:4096
for y=1:4096
if (PixMat(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',PixMat(x,y),x,y);
end
end

end

fclose(fid);

Script file for array with dimple PBR on two sides
%%%%%%%%%%6%0%6%%%%%%6%%%6%6%6%%%%%6%%%%0%6%6%%%%%% %%
% Filename: PBRScript.m
% Author: Pramodha Marthandam
% Date created: 12 June 2007
% Structure details: Array of circular holes, about 15nmX15nm, surrounded
% by dimples, with half the periodicity of the hole array
%%%%%%%%%%0%0%%%%%%%6%%%6%6%%%%%%6%%%%0%6%%%%% %% %%

%Defining the nanometer to pixel conversion factor

NPixCon=7.14;

% Pixel Matrix
PixMat = zeros(4096,4096,"uint16");

% Opening the file input.txt and reading dimensional parameters



num = textread('input.txt','%u%*["\n]');

% Extracting the parameters from the input file

% Hole diameter

Dia=num(1);

% Resonance wavelength (periodicity)

Per=num(2);

% Dwell times of hole and grating
BTimel=num(3);
BTime2=num(4);

% Pixel skip factor
PSkip=num(5);

% Conversion from nanometers to pixels
DiaPix=uint16(Dia/NPixCon);
RadPix=DiaPix/2;
PerPix=uint16(Per/NPixCon);

Rad=uint16(Dia/2);
ArrayMid=4096/2;

XX=0;
for y=(10+RadPix):PerPix:4096
for x=(ArrayMid/2 +RadPix):PerPix:(ArrayMid+(ArrayMid/2))
PixMat(x,y)=BTimel;
if (x>XX)
XX=x;
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end
for yPix=y:PSkip:(y+RadPix)
for xPix=x:PSkip:(x+RadPix)
a=xPix-x;
b=yPix-y;
if (((yPix-y)"2+(xPix-x)"2)<=(RadPix"2))
PixMat(xPix,yPix)=BTimel;
PixMat((x-a),yPix)=BTimel;
PixMat(xPix,(y-b))=BTimel;
PixMat((x-a),(y-b))=BTimel;
end
end

end

end
x=XX;
x1=ArrayMid/2 +RadPix;

ArrayMid=x1+(XX-x1)/2;

for mx=(x+(PerPix/2)):(PerPix/2):4096

for my=(10+RadPix):(PerPix):4096
for xPix=mx:PSkip:(mx+RadPix)
for yPix=my:PSkip:(my+RadPix)
a=xPix-mx;
b=yPix-my;
if (((yPix-my)"2+(xPix-mx)"2)<=(RadPix"2))
if ((((2*ArrayMid)-(mx-a))>0) && (((2* ArrayMid)-xPix)>0))
PixMat(xPix,yPix)=BTime2;
PixMat(((2* ArrayMid)-xPix),yPix)=BTime2;
PixMat((mx-a),yPix)=BTime2;
PixMat(((2* ArrayMid)-(mx-a)),yPix)=BTime2;
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PixMat(xPix,(my-b))=BTime2;
PixMat(((2* ArrayMid)-xPix),(my-b))=BTime2;
PixMat((mx-a),(my-b))=BTime2;
PixMat(((2* ArrayMid)-(mx-a)),(my-b))=BTime2;
end

end

end
end
end

end

PixCount=0;

for x=1:4096
for y=1:4096
if (PixMat(x,y)>0)
PixCount=PixCount+1;
end
end

end

OutFile=strcat('PBRDR',int2str(Rad),'P',int2str(Per),'BT1",int2str(BTime1),' BT2',int2st
r(BTime2),' .str");
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',5);
fprintf(fid,'%u \n',PixCount);
for x=1:4096
for y=1:4096
if (PixMat(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',PixMat(x,y),X,y);



end
end
end
fclose(fid);

Input file for PBR structure
150 : Hole diameter (nm)

800 : resonance wavelength (periodicity)
3000 : Hole dwell time (ns)

100 : Grating dwell time (ns)

2 : Pixel skip

80
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Appendix C

Script file for PBR all around the array
%%%%%%%6%%%6%0%%%%%%%6%%%6%6%%%%%%6%%%%0%6%%%%% %% %%
% Filename: PBRScript.m
% Author: Pramodha Marthandam
% Date created: 13 Sept 2007
% Structure details: Array of circular holes, about 15umX15um, surrounded
% by gratings, with half the periodicity of the hole array
%%%%%%%0%%%6%0%6%%%%%%6%%%0%6%6%%%%%6%%%%0%6%%%%% %% %%

%Defining the nanometer to pixel conversion factor

NPixCon=7.14;

% Pixel Matrix
PixMat = zeros(4096,4096,'uint16");

% Opening the file input.txt and reading dimensional parameters

num = textread('input.txt','%u%*["\n]');

% Extracting the parameters from the input file

% Hole diameter

Dia=num(1);

% Resonance wavelength (periodicity)

Per=num(2);

% Dwell times of hole and grating

BTimel=num(3);



BTime2=num(4);

% Pixel skip factor
PSkip=num(5);

% Conversion from nanometers to pixels
DiaPix=uint16(Dia/NPixCon);
RadPix=DiaPix/2;
PerPix=uint16(Per/NPixCon);

Rad=uint16(Dia/2);
ArrayMid=4096/2;

XX=0;
YY=0;
for y=uint16(ArrayMid-ArrayMid/2 +RadPix):PerPix:(ArrayMid+(ArrayMid/2))
for x=uint16(ArrayMid-ArrayMid/2 +RadPix):PerPix:(ArrayMid+(ArrayMid/2))
PixMat(x,y)=BTimel;
if (x>XX)
XX=x;
end
if (y>YY)
YY=y;
end
for yPix=y:PSkip:(y+RadPix)
for xPix=x:PSkip:(x+RadPix)
a=xPix-x;
b=yPix-y;
if (((yPix-y)"2+(xPix-x)"2)<=(RadPix"2))
PixMat(xPix,yPix)=BTimel;
PixMat((x-a),yPix)=BTimel;



PixMat(xPix,(y-b))=BTimel;
PixMat((x-a),(y-b))=BTimel;
end
end
end
end
end
x=XX;
y=YY;
x1=(ArrayMid/2)+RadPix;
ArrayMid=x1+(XX-x1)/2;

xStep=uint16(PerPix/2 *cos(45*pi/180));
yStep=uint16(PerPix/2 *sin(45*pi/180));
xMin=uint16(ArrayMid-ArrayMid/2 +RadPix);
yMin=xMin;

xMax=x+xStep;

yMax=y+yStep;

yml=uint16(ArrayMid-(Y'Y-ArrayMid));
ym2=YY;
PSkip=PSkip+1;
for xpix=uint16(XX+PerPix/2):uint1 6(PerPix/2):4096
xm=uint16(ArrayMid-(xpix-ArrayMid));
I=xpix-ArrayMid,
yl1=ArrayMid-I;
yI2=ArrayMid+l;
for x1=(xpix-RadPix):PSkip:(xpix+RadPix)
for y1=(yl1-RadPix):PSkip:(yl2+RadPix)
if (x1>0 && y1>0)
PixMat(x1,y1)=BTime2;
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a=yl-ArrayMid;

y2=uint1 6(ArrayMid-a);

b=x1-ArrayMid;

x2=uint16(ArrayMid-b);

if (x2>0 && y2>0)
PixMat(x2,y2)=BTime2;
PixMat(x1,y2)=BTime2;
PixMat(x2,y1)=BTime2;

end

end
end
end

end

xml=uint16(ArrayMid-(XX-ArrayMid));
xm2=XX;

for ypix=uint16(Y Y+PerPix/2):uint1 6(PerPix/2):4096
l=ypix-ArrayMid;
xl1=ArrayMid-I;
x12=ArrayMid+l;
for y1=(ypix-RadPix):PSkip:(ypix+RadPix)
for x1=(x11-RadPix):PSkip:(x12+RadPix)
if (x1>0 && y1>0)
PixMat(x1,y1)=BTime2;
%PixMat(y1l,x1)=BTime2;
a=x1-ArrayMid;
x2=uint16(ArrayMid-a);
b=y1-ArrayMid;
y2=uint16(ArrayMid-b);
if (x2>0 && y2>0)
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PixMat(x2,y2)=BTime2;

%PixMat(y2,x2)=BTime2;
PixMat(x1,y2)=BTime2;
PixMat(x2,y1)=BTime2;
%PixMat(y2,x1)=BTime2;
%PixMat(y1,x2)=BTime2;
end
end
end
end
xml=uint16(xm1-PerPix/2);
xm2=uint16(xm2+PerPix/2);

end

PixCount=0;

for x=1:4096
for y=1:4096
if (PixMat(x,y)>0)
PixCount=PixCount+1;
end
end

end

OutFile=strcat('PBRR',int2str(Rad),'P',int2str(Per),'BT1',int2str(BTime1),'BT2',int2str(
BTime2),'.str");

fid=fopen(OutFile,'w+');

fprintf(fid,'%c \n%u \n','s',6);

fprintf(fid,'%u \n',PixCount);

for x=1:4096
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for y=1:4096

if (PixMat(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',PixMat(x,y),x,y);
end
end
end

fclose(fid);

PixCount2=0;

for x=1:4096
for y=1:4096
if (PixMat(x,y)==BTimel)
PixCount2=PixCount2+1;
end
end

end

OutFile=strcat('ArrayR',int2str(Rad),'P',int2str(Per),'BT1',int2str(BTime1),'BT2',int2str
(BTime2),'.str');
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',6);
fprintf(fid,'%u \n',PixCount2);
for x=1:4096
for y=1:4096
if (PixMat(x,y)==BTimel)
fprintf(fid,'%u \t %u \t %u \n',PixMat(x,y),x,y);
end
end
end

fclose(fid);
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PixCount3=0;

for x=1:4096
for y=1:4096
if (PixMat(x,y)==BTime2)
PixCount3=PixCount3+1;
end
end

end

OutFile=strcat('REFR',int2str(Rad),'P',int2str(Per), BT1',int2str(BTime1),'BT2',int2str(
BTime2),'.str");
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',6);
fprintf(fid,'%u \n',PixCount3);
for x=1:4096
for y=1:4096
if (PixMat(x,y)==BTime2)
fprintf(fid,'%u \t %u \t %u \n',PixMat(x,y),x,y);
end
end
end

fclose(fid);

Input file for PBR all around the array
150 : Hole diameter (nm)

800 : resonance wavelength (periodicity)
3000 : Hole dwell time (ns)
50 : Grating dwell time (ns)



2

: Pixel skip
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Appendix D

Script file for quasicrystal structure
%%%%%%%6%%%6%0%%%%%%%6%%%6%6%%%%%%6%%%%0%6%%%%% %% %%
% Filename: Penrose.m
% Author: Pramodha Marthandam
% Date created: 13 July 2007
% Structure details: Penrose tiling with five fold rotational symmetry
% by gratings, with half the periodicity of the hole array
%%%%%%%6%%%6%0%0%%%%%%6%%%6%6%6%%%%%6%%%%0%6%%%%% %% %%
%Defining the nanometer to pixel conversion factor

NPixCon=7.14;

% Opening the file input.txt and reading dimensional parameters

num = textread('input.txt','%u%*["\n]');

dia=num(1);
BTime=num(2);

PSkip=num(3);

rad=uint16(dia/2);

% Conversion from nm to pixel
DiaPix=uint16(dia/NPixCon);
RadPix=uint16(rad/NPixCon);

pm_raw=zeros (465,622,'uint16");
for x=1:465
for y=1:622
if (cdata(x,y)==0)
for xx=(x-3):(x+3)



for yy=(y-3):(y+3)
if (xx>0 && yy>0)
cdata(xx,yy)=1;
end
end
end
cdata(x,y)=0;
end
end
end
for x=1:465
for y=1:622
if (cdata(x,y)==0)
pm_raw(x,y)=1;
end
end

end

sc700x=uint16(3102/465);
sc700y=uint16(4102/622);

sc800x=uint16(3542/465);

sc800y=uint16(4685/622);

sc900x=uint16(3981/465);
sc900y=uint16(5267/622);

pm700=zeros(4096,4096,'uint16");
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pm800=zeros (4096,4096,'uint16");

pm900=zeros (4096,4096,'uint16");

for x=1:465
for y=1:622
if (pm_raw(x,y)==1)

if (((20+(x*sc800x)) <4096) && ((20+(y*sc800y ))<4096))
pm800((20+(x*sc800x)),(20+(y*sc800y)))=5*pm_raw(x,y);

end

if (((20+(x*sc700x)) <4096) && (((20+y*sc700y ))<4096))
pm700((20+(x*sc700x)),(20+(y*sc700y)))=5*pm_raw(x,y);

end

if (((20+(x*sc900x))<4096) && ((20+(y*sc900y )<4096)))
pm900((20+(x*sc900x)),((20+(y*sc900y))))=5*pm_raw(x,y);

end

end
end

end

for X=1:4096
for Y=1:4096
if (pm800(X,Y)==5)
for xPix=X:PSkip:(X+RadPix)
for yPix=Y:PSkip:(Y+RadPix)
a=xPix-X;

b=yPix-Y;
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if ((xPix-X)"2 + (yPix-Y)"2)<= (RadPix"2))
if (X-2)>0 && (Y-b)>0)
pm800(xPix,yPix)=1;
pm800((X-a),yPix)=1;
pm800(xPix,(Y-b))=1;
pm800((X-a),(Y-b))=1;
end
end
end
end
end
end

end

for X=1:4096
for Y=1:4096
if (pm900(X,Y)==5)
for xPix=X:PSkip:(X+RadPix)
for yPix=Y:PSkip:(Y+RadPix)
a=xPix-X;
b=yPix-Y;
if ((xPix-X)"2 + (yPix-Y)"2)<= (RadPix"2))
if (X-2)>0 && (Y-b)>0)
pm900(xPix,yPix)=1;
pm900((X-a),yPix)=1;
pm900(xPix,(Y-b))=1;
pm900((X-a),(Y-b))=1;
end
end
end

end
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end
end

end

for X=1:4096
for Y=1:4096
if (pm700(X,Y)==5)
for xPix=X:PSkip:(X+RadPix)
for yPix=Y:PSkip:(Y+RadPix)
a=xPix-X;
b=yPix-Y;
if ((xPix-X)"2 + (yPix-Y)"2)<= (RadPix"2))
if (X-2)>0 && (Y-b)>0)
pm700(xPix,yPix)=1;
pm700((X-a),yPix)=1;
pm700(xPix,(Y-b))=1;
pm700((X-a),(Y-b))=1;
end
end
end
end
end
end

end

PixCount700=0;
PixCount800=0;
PixCount900=0;

for x=1:4096
for y=1:4096



if (pm700(x,y)>0)
PixCount700=PixCount700+1;
end
end

end

OutFile=strcat('QCR',int2str(rad),'SP700.str");
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',1);
fprintf(fid,'%u \n',PixCount700);
for x=1:4096
for y=1:4096
if (pm700(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',BTime,x,y);
end
end
end

fclose(fid);

for x=1:4096
for y=1:4096
if (pm800(x,y)>0)
PixCount800=PixCount800+1;
end
end

end

OutFile=strcat('QCR',int2str(rad),'SP800.str");
fid=fopen(OutFile,'w+');

fprintf(fid,'%c \n%u \n','s',1);

fprintf(fid,'%u \n',PixCount800);
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for x=1:4096
for y=1:4096
if (pm800(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',BTime,x,y);
end
end
end

fclose(fid);

for x=1:4096
for y=1:4096
if (pm900(x,y)>0)
PixCount900=PixCount900+1;
end
end

end

OutFile=strcat('"QCR',int2str(rad),'SP900.str');
fid=fopen(OutFile,'w+');
fprintf(fid,'%c \n%u \n','s',1);
fprintf(fid,'%u \n',PixCount900);
for x=1:4096
for y=1:4096
if (pm900(x,y)>0)
fprintf(fid,'%u \t %u \t %u \n',BTime,x,y);
end
end
end

fclose(fid);
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Appendix E

Polystyrene self assembly

The experiment presented below did not yield satisfactory results. This section is
presented for the benefit of those attempting self-assembly on gold substrates. Self
assembly of polystyrene spheres (PS) was attempted to find a way to controllably
fabricate arrays of nano-holes. An aqueous suspension PS of Ium diameter, with a
standard deviation of 0.14um was used. The PS colloid was purchased from Bangs Labs
Inc. Various dilutions of the master suspension (10% by weight) were made to find out

which concentration yielded a self assembled mono-layer (SAM).

A dilution of 0.001% by volume of the master suspension in ultra-pure water yielded a
single layer PS. Figure E1 shows an SEM of the gold slide with a single layer of PS.
Fairly good ordering of PS is seen. However, due to hydrophobic nature of the gold
surface, proper wetting of surface was never achieved. Due to this, clumping of PS within
the mono-layer is seen. Most literature shoes formations PS SAMs on hydrophilic

materials.



Figure E1: SEM of 0.001% of PS. Single layer formation is seen.

A combination of bottom-up approach of PS self assembly and top-down approach of
FIB was attemped. In order to obtain an ordered assembly of PS, a series of grooves of
width 1um were milled using FIB. The thickness of the gold film used was 100 nm, and
the diameter of PS was 1um. Due to the fact that a 100 nm trough was too shallow for

holding the PS, proper settling os PS in etched grooves was not achieved.
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Appendix F

Optical trapping with nano-hole arrays

The experiment outlined below did not yield satisfactory results. It is documented for

the benefit of future attempts.

Due to the high field intensities at the surface of a metal film arising from SPR of
nano-hole arrays, it is possible that trapping of dielectric particles can occur. Optical
trapping of PS of diameter 1um was attempted using arrays of double holes milled on a
gold on glass slide. The double hole arrays were used because they have high local field
intensities at the apexes. Five arrays with periodicities 380 nm, 430 nm, 490 nm, 545 nm
and 580 nm were used with a He-Ne laser (A=632.8 nm). The laser was incident on the
glass substrate side. PS suspension was dropped on the gold side, and a cover slip was

dropped to enable imaging of the gold slide using a CCD camera.

Figure F1 shows a schematic of the setup used in the trapping experiments. When the
laser is turned on, it is incident on the nano-hole arrays. When the periodicity of array,
and the SPR coincide with the laser wavelength, a strong electric field is expected to be
setup on the surface, This field is expected to have an exponential decay away from the

gold surface. This evanescent field will cause trapping of particles in the array.

The experimental data recorded was the number of particles in within the array versus
time. Figure F2 shows the number of particles within the array versus time. Before the
laser is turned on, there few particles within the array. A random drift of particles in the
suspension was seen. A balance was observed between particles entering the array, and
particles leaving the array. Once the laser was turned on, particles were seen to be
attracted towards the array. The number of particles entering the array was seen to be
greater than the number leaving it. This led to a buildup of particles in the array. After a
certain time, the number of particles in the array is seen to reach a saturaion level, beyond

which no further increase was seen.



CCD - CCD Camera

FL - Focusing Lens

MO- Microscope Objective
CS - Cover Slip

H,O + PSS — Water + Poly-

styrene Spheres
CCD Au + NHA — Gold + Nano-

Hole Arrays
SiO, — Glass Slide

FL <—— M- Mirror

Cs
MO @e® g0 | H ,O+PSS
/I _]Au+NHA
Si02
=
M He-Ne Laser

Figure F1: Schematic of trapping setup.
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Figure F2: Particle buildup in the array with time, when laser is on. An initial increase in
the number of particles in the array, followed by a saturation, and subsequent decrease is

seen.

Although a buildup was seen, with this data, and experimental conditions, conclusions
could not be drawn as to the mechanism behind the particle buildup. The imaging of the
CCD showed agglomeration of particles within the boundaries of the array, but the
resolution was insufficient to determine whether the spheres were attracted to the gold

surface due to SP fields, or to the cover slips due to the hydrophobic nature of PS.
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