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Abstract

Remarkable data processing and transport capabilities provided by the development of
chip scale electronics and photonic technology have affected almost every facet of our
lives. The ever-increasing demand for faster data transfer and processing has driven
electronic technology to smaller, faster and more efficient devices. Plasmonics
exploits the unique properties of miniature metallic structures to control light at the
nano-scale, integrating with micro-photonic devices. Among many circuitry elements,
plasmonic-enhanced photodetectors are particularly promising, since the size of the
active semiconductor absorber is constrained laterally by the diffraction limit, and in

the longitudinal dimension by the finite absorption depth of the semiconductor.

In this thesis, we study three important plasmonic elements including plasmonic
gratings and specifically the plasmonic focusing property of curved gratings, dielectric
microspheres as the potential elements for replacing metallic nano-antennas, and
plasmonic enhanced graphene photodetectors for amplifying photocurrent generation

by graphene.

The ability of curved gratings to couple incident light into surface plasmons and to
focus the surface plasmons is investigated. It is demonstrated by simulation and

experiment that the focal spot of the curved gratings depends on the sector angle and
can reach as low as 300 nm (~ ;—"3) at a wavelength of 1, = 700 nm for sector angles

greater than 100°. The application of curved gratings in launching surface plasmons



XV

onto micro-stripline waveguides is investigated and it is shown that curved gratings
with small sector angles ~20 °* have 5% increased coupling efficiency in comparison
to linear gratings. For larger sector angles the coupling efficiency of the curved grating
decreases in comparison to linear gratings. In comparison to circular gratings that need
to be illuminated with circularly polarized light and also do not give access to the focal
spot because of the closed loop geometry, curved gratings can focus surface plasmons
with linearly polarized light and also give access to the focal region for further process.
In addition, the numerical aperture of curved gratings is defined for the first time based

on the curvature of the gratings.

The ability of dielectric microspheres with a rather high refractive index to couple
out propagating surface plasmons and radiate directionally is also investigated by
simulation and experiment. It is shown that TiO2 microspheres can scatter and radiate
propagating surface plasmons. It is also shown by simulation that such radiation can

be directional suggesting the dielectric microsphere as an antenna.

Finally, the photocurrent amplification of graphene photodetectors using
electromagnetic near-field enhancement of surface plasmons is investigated. We use
the novel idea of tunnelling light photons into surface plasmons at the graphene-metal
contact to enhance the photocurrent generation in a graphene gap-photodetector
consisting of two gold strips separated with a gap and covered with a graphene sheet.
Maximum photocurrent amplification of 8 was achieved at 730 nm wavelength of
incident light. The enhancement by tunnelling light photons through the evanescent

field of the incident light is valuable for photodetection and sensing. Such a



photodetector can be used as a plasmonic detector for plasmonic waveguides in a

plasmonic circuit.
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Chapter 1: Motivation and

Background

1.1 Motivation

Controlling the interaction of light with matter is of fundamental importance to a wide
range of applications in science and technology. Interest in the applications of light
has increased dramatically over the past century as mysteries concerning black body
radiation and line spectra led to the birth of quantum mechanics and consequent
developments such as the laser. Although metals are usually considered as mirrors, we
can also observe a fascinating physical phenomenon when light is absorbed by the
metal. Surface plasmons, (SPs) are oscillations of free charges (conduction electrons)
bound to the metal-dielectric interface. Surface plasmons enable us to couple light to
a metal-dielectric interface, manipulating coupled light in two dimensions and even
decoupling it from the interface, all on a nanometer scale. Surface plasmons have
greater momentum than the incident light, so that the associated electromagnetic fields
cannot propagate away from the metal-dielectric interface and the corresponding
normal component of their field decays exponentially in strength away from the
interface. Fig. 1-1 shows a schematic of surface plasmon oscillations confined at the
metal-dielectric interface to dimensions significantly smaller than the wavelength of

the light.
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The history of surface plasmons dates to the 1950°s when Ritchie presented his
pioneering work [1], but it has recently attracted renewed interest due to advances in
nano-scale fabrication technology. This in turn has enabled the nano-scale control of
surface plasmons for specific applications [2]. For instance surface plasmons are being
explored for their potential applications to integrate electronic and photonic devices

on the same chip [3].

Dielectric

Metal 500 nm -

Fig. 1-1 Electromagnetic field of surface plasmons bound to the metal-dielectric interface
as longitudinal oscillations of free charges on the nanometre scale. The image is from my
simulation of a glass-gold-air interface with surface plasmons, using COMSOL
The use of surface plasmons also facilitates the concentration of light in
subwavelength structures resulting in significant enhancement of the local electric
field. This has propelled the use of SPs in a range of nano-photonics technologies and

applications such as surface enhanced Raman spectroscopy (SERS) for detecting

single molecules [4, 5], biosensors [6], photovoltaics [7,8], and nonlinear optics [9].

The demand for faster information transfer has driven the silicon-based electronics
industry towards smaller, faster, and more efficient electronic devices over the past

five decades. Optical connectors may offer interesting new solutions for increased
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bandwidth and processing speeds, due to their huge data-carrying capacity. Optical
approaches may also be a key element for fast electronic computing systems, linking

high-speed computing cores.

Box1.1: Diffraction Limit

Large diameter dielectric waveguides support many modes, and as the core
diameter or thickness of the waveguide decreases, higher order modes are
eliminated until just the fundamental mode remains. The mode size decreases
until the lateral size of the waveguide (d), is approximately the wavelength of
the guided mode (d = A-). On further decrease of the waveguide lateral size, the
fundamental mode expands and penetrates into the surrounding medium of the
waveguide core. Finally, it evolves to become a plane wave in the surrounding
medium when the size of the waveguide is zero (d = 0), approaching the

diffraction limit for a dielectric waveguide.

The situation for surface plasmon waveguides and interconnects is quite
different. As the lateral size of a plasmonic waveguide decreases, the
fundamental surface plasmon mode experiences a strong monotonic increase in

localization.

However, there is a large size mismatch between electronic and dielectric photonic
components since dielectric photonic device sizes are limited to scales of the order of

a wavelength. In other words, dielectric photonic components are restricted to the



25

micro-scale by the diffraction limit (see Box 1.1 for more details), but this does not fit
well with nanoscale electronic technology. Surface plasmon-based technology
(plasmonics) can use the unique properties of nanoscale metallic structures to route
and manipulate light at the nanoscale. Plasmonics has been discussed as a candidate
technology to integrate electronic and conventional photonic devices on the same chip
[10, 11]. Several plasmonic circuitry elements have been investigated and
demonstrated practically, including plasmonic waveguides with different
configurations; micro-stripline waveguides [12], slot waveguides [13], nanowires [14],
Bragg mirrors [15], integrated surface plasmon multiplexers [16], plasmonic
modulators [17], interconnects [18], plasmonic lenses [19, 20], plasmonic nano-
antennas [21], and photodetectors[22-24]. In this thesis we have focused on the last
three components, discussing the related challenges for the ideal performance of each

component and also introducing new ideas and design to improve their performance.

In-plane focusing and concentration of surface plasmons can improve the field
enhancement effect with applications in plasmonic circuitry, sensing, and nonlinear
surface plasmons. Among many interesting plasmonic focusing elements, circular
gratings had been attracted a great deal of interest [19]. However, they need to be
illuminated by circularly polarized light to provide a single focusing spot and also
because of their closed loop nature are not able to integrate with other plasmonic
elements. In Chapter 4 of this thesis we introduce and investigate the ability of curved
gratings, as a sector cut of circular gratings, to focus surface plasmons in-plane, by
illuminating them with linearly polarized light. Of particular advantages of curved

gratings as plasmonic lenses are the ability to change the lateral distribution of
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concentrated surface plasmons and also access to the focal spot. The focusing
properties of curved gratings, such as the lateral focal spot size and intensity
dependence, are investigated in this thesis and the numerical aperture is defined and
proved by theory, simulation and experimental results. The application of curved
gratings for coupling surface plasmons into micro-stripline waveguides is also
investigated in Chapter 5. Prior to the study of the curved gratings the important
parameters of plasmonics gratings (groove depth and groove width) are investigated

and optimized for the design and fabrication of curved gratings, in chapter 3.

In another aspect, the interaction of light with metal nano-particles results in the
collective oscillation of the conduction electrons, known as localized surface
plasmons, leading to phenomena such as the subwavelength localization of
electromagnetic energy, creation of hot spots at the surface of metal nano-particles, or
the directional scattering of light from the structure [25]. Metallic nano-particles
operate as nano-antennas since localized surface plasmons enable efficient transfer of
localized electromagnetic energy from the near field to the far field and vice versa
[21]. Plasmonic resonances in nano-antennas allow unprecedented control of light-
matter interactions within subwavelength volumes, leading to many interesting
applications such as surface-enhanced fluorescence [26] and surface-enhanced Raman
spectroscopy (SERS) [27], single molecule detection [4], destruction of cancer cells
using resistive heating of resonant nano-particles [28], and even nano-photonic

circuitry [29].
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However, some important issues of the use of nanoscale metallic structures as
nano-antennas have recently been addressed [30-32]. First, the non-radiative
relaxation rates of metallic nano-structures can become dominant when an emitter is
placed in their vicinity, which destroys the advantages of localized surface plasmon
excitation [33]. Second, the angular distribution of the radiated power from the
metallic nano-antennas, that is, the directionality of the emitted radiation, depends on
the number of nanoparticles. In fact, the directionality of the metallic nano-antennas
requires coupling between the emitted light and the surface plasmon modes, which
demands a large number of metallic nanoparticles and translates to higher ohmic loss.
Although the metallic nano-antennas can be reduced to two nano-particles, this
decreases the directionality of their radiation [34]. To solve this problem TiO;
microspheres have been proposed and investigated as an alternative for metallic nano-
antennas since they have lower loss in comparison to metallic nano-antennas and can
emit directionally when positioned in the vicinity of a dipole emitter [30]. However,
the fabrication of TiO. —dipole emitters is a challenge in practice, because of the micro
and nano size scale of particles and the requirement for their precise positioning. In
this thesis we present our idea of using TiO2 microspheres as single dielectric emitters

to scatter and emit propagating surface plasmons in Chapter 6.

Finally, plasmonic-enhanced photodetectors are discussed and investigated.
Plasmonic-enhanced photodetectors are promising [35] as they offer the ability to
shrink the lateral dimensions of conventional photodetectors below the diffraction
limit to improve the signal to noise ratio rate, and also reduce the limitation on the

longitudinal dimension due to the finite absorption depth of the semiconductor. Several
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plasmonic nano-structures have been proposed and demonstrated to concentrate light
laterally and increase absorption within semiconductor materials to increase the speed
of photodetectors and decrease the required illumination power. In pioneering work
[22], Ishi et al. used a 10 pm-diameter concentric grating coupler to funnel surface
plasmons towards a central silicon photodetector. This coupler improved the detector
photo-response time by more than a factor of 20. However, here we focus on graphene
photodetectors and introduce novel ideas to enhance photocurrent generation in such

detectors in Chapter 7.

The unique optical and electronic properties of graphene, such as high
conductivity, light transmission and broad band response, suggests it as an appealing
material for photonics and optoelectronic applications, in particular, photodetectors
[36]. In graphene photodetectors based on photovoltaic effects one needs to separate
photo-generated electron-hole (e-h) pairs by built-in fields between separately doped
sections of graphene or at junctions where graphene is in contact with metals.
However, extraction of photo-electrons is normally inefficient as only a small area of
the p-n junction (the graphene to metal contact points) contributes to photocurrent
generation. In addition, although 2.3% absorption of incident light by graphene is very
high for a monolayer of atoms, it is very small in absolute terms[37]. Surface plasmon
field enhancement can increase the photoresponse of graphene-based photodetectors.
In this research we use the ability of curved gratings to focus surface plasmons in-
plane to enhance the photocurrent generation in graphene photodetectors, presented in
Chapter 7. The photocurrent enhancement of graphene photodetectors has previously

been based on the diffraction of light by nano-plasmonic structures, such as gratings,
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and nano-antennas [37-39]. However, our investigation led us to the novel idea of
using photon tunneling of light into surface plasmons to enhance the photocurrent of
simple graphene gap-photodetectors. Such a graphene gap-photodetector consists of
two gold strips with graphene overlaying the gap between them. This idea offers a new
range of graphene photodetectors in which the photocurrent is enhanced by coupling
the evanescent field of the electromagnetic waves into surface plasmons. For instance,
graphene gap-photodetectors on waveguides could use the evanescent field of the
waveguides for coupling surface plasmons onto graphene gap-photodetectors for

photodetection, plasmonic detection and sensing.

In the remained of this chapter further background on surface plasmons and on the

properties of graphene is provided.

1.2 Surface plasmons at a metal-dielectric interface

For the simplest case, consisting of an interface of a metal and a dielectric, the surface
plasmon dispersion relation, as a relationship between the surface plasmon wave
vector kg, and the related frequency o, can be derived by solving Maxwell’s equations
(Box 2.1 in Chapter two) and finding surface mode solutions under appropriate
boundary conditions [40-42]. For the metal-dielectric interface illustrated in Fig. 1-2,

the electric field at the interface is described by [41];
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dielectric (&4)

metal (&)

Fig. 1-2 Metal-dielectric interface with related dielectric constants

E=E,"* exp[+i(kxx T kyy — a)t)] Eqg. 1-1

in which + stand for y > 0 and y < 0, respectively. The damping of surface plasmons
in the normal direction to the interface (y axis) implies an imaginary k,. The wave-
vector (k,) lies parallel to the interface of the metal-dielectric (x direction) and can be

derived as;

_ /Em‘gd -
kx T ¢ Emteq Eq' 1-2

The dielectric constant of the metal is complex, with &, = &,,," + ig,,”. By assuming

&n' < |&,'| we obtain a complex k,., as k, = k,' + ik, with;

4 — 2 Em ’Ed 1/2 _
ke =2 (G2 Eq. 1-3

n — 2 E'm’gd 3/2 Em " _
kx c (sm’+sd) 2(em )2 Eg.1-4
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Forareal k,' one needs ¢, < |&,,’| and €, < 0, which can be satisfied for a metal.
The imaginary part of k, ( k,'") is also related to internal absorption (ohmic loss) of
the surface plasmons at the metal-dielectric interface. The propagation length (L)) of
the surface plasmons along the metal-dielectric interface is defined as the length after

which the intensity decreases to 1/e of its maximum value and it can be calculated as;
Lgp = (2k,/H)71 Eq.1-5

The graph in Fig. 1-3 is plotted in MATLAB by numerical calculation of the
dispersion relation [Eq. 1-2] for surface plasmons at a gold-air interface. The dielectric

constant of gold is calculated according to the Drude model with a plasma frequency
of w, = 8.9 eV, and inverse of relaxation time of y = % = 0.07 eV [43] (see Box 1.2

for more details). The dispersion relation shows two main features of surface
plasmons. First, it shows that the momentum of the surface plasmon modes is greater
than that of free-space photons with the same frequency, hikg, > hk,, in which k, =
W/ is the free-space wavevector. As a result, the dispersion curve of the excited
surface plasmons lies to the right of the respective light-line of the dielectric and air
(see Fig. 1-3). Second, the field perpendicular to the surface decays exponentially,
indicating the binding of electromagnetic waves at the metal-dielectric interface. As a
result, light illuminating the metal-dielectric interface cannot be directly coupled into
surface plasmons. Special methods must be used to provide the extra required
momentum for light photons to match the wave-vector of surface plasmons using

either photon tunneling in a total reflection geometry, or diffraction effects.
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Fig. 1-3 Dispersion relation of surface plasmons for a gold-glass interface. The graph is
plotted from a numerical calculation of the dispersion relation (Eg. 1-2). The dielectric

constant of gold is calculated according to the Drude model

1.2.1 Total internal reflection

The Kretschmann-Raether configuration, as shown in Fig. 1-4 (a), consists of a
dielectric prism in contact with a metal layer, and the metal-prism interface is

illuminated through the prism. Here, the projection of the wave-vector of the incident
light at the metal-dielectric interface (% JEprism Sind) apporaches the plasmon wave-

vector for angles greater than the total internal reflection angle. At this coupling angle,
the penetrating evanescent field through the metal layer can excite plasmon resonances

at the air-metal interface [41, 42];
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N I —) . i -
ks, = N P iaes J Eprism Sinb Eqg. 1-6

The coupling angle manifests as a sharp dip in the reflection at the prism-metal
interface, just above the critical angle, see Fig. 1-6 (b) and Fig. 1-8. However, the
coupling efficiency by the Kretschmann technique depends also on the thickness of
the metal layer. As the metal thickness increases, the tunneling width increases, and
fewer photons can tunnel through the metal-prism interface. For thicker metal layers,
surface plasmons can be excited in another configuration (Otto configuration [44]), in
which the prism is placed close to the metal surface, but not in contact with it, and
photon tunneling occurs through the air gap between the prism and metal surface, as

in Fig. 1-4 (b) .

(a) Propagating SPs (b)

——
‘ Propagating SPs
—
J S \

Fig. 1-4 Coupling surface plasmons by photon tunnelling (a) Kretschmann configuration
and (b) Otto configuration

To illustrate this technique, | present some typical measurements and simulations.
The dip in the reflection of the incident light due to coupling of surface plasmons at

the metal film on the prism was measured for a 30 nm-thick gold film (with a
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protective layer of 10 nm Zirconia (ZrO)) deposited on glass, as illustrated in Fig. 1-
5. The result was compared with a simulation of the same structure using COMSOL
software. Fig. 1-6 (a) shows the Kretschmann experiment setup and the measured dip
in the reflection is illustrated in Fig. 1-6 (b). The structure was illuminated at 4, =
642 nm and the graph shows that the dip (coupling angle) for this structure occurs at

0 =52"+1".
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Box 1.2; Drude Model

The Drude model is a simple but nevertheless very useful model that describes
the response of metals when exposed to an electromagnetic field. The model was
first proposed by Paul Drude [45]. In the Drude model, the optical properties of
metals over a wide range of frequencies can be explained by a plasma model,
assuming a free electron gas. The model assumes a damped oscillation of the

gas of free electrons between heavier, relatively immobile, positive ion cores;

m,i + myyr = —eE (B.1.2.1)

where y = 1/t describes a phenomenological damping term with t as the free
electron relaxation time, m, as the effective mass of the free electrons, e as the
free electron charge, r as displacement, E and w as the applied field and the

frequency of applied field, respectively.

Consider a harmonic time dependence of the driving field, E = Eje~'t.
Solving equation (B.1.2.1) with this field, and calculating the macroscopic
polarization, to determine the plasma frequency of the free electron gas, an, we
obtain the desired model for the free electron gas dielectric function; (see

reference [40] for more details);

2
O g, = | (B.1.2.2)

Eom

clw)y=1-

w?+iyw

where n, is the electron density.
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Fig. 1-5 Gold slab consisting of 30 nm gold (with a 10 nm protective layer of Zirconia)
deposited on glass
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Fig. 1-6 (a) Kretschmann measurement setup, (b) angle of incidence versus the intensity
of the reflected light shows the dip corresponding to the coupling of surface plasmons

By defining a real physical model, COMSOL Multiphysics internally compiles a
set of equations representing the entire model (see Chapter two, Methodology, for
more details). The software uses the finite element method (FEM) together with
adaptive meshing and error control to analyze the defined physical model. The
simulated structure is a 30 nm-thick gold film, with a protective layer of 10 nm
Zirconia, deposited on glass with a refractive index of n = 1.52 illuminated at A, =
642 nm, identical to the fabricated structure. The gold dielectric constant for this

wavelength is taken as € = ¢,," + ig,,,"" = —12.28 + i(1.12) from [46] (see Box 1.3
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for discussion on the dielectric constant of metals). The geometry and illumination of
the structure are illustrated in Fig. 1-7. In the simulation, the left and right sides of the
geometry have periodic boundary conditions. However, the top and bottom sides of
the geometry are active ports, operating as both the input (illumination) and output

ports.
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Fig. 1-7 Geometry of COMSOL simulation representing the Kretschmann configuration
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Fig. 1-8 Plot of calculated reflection of light through the output port against the angle of
incidence shows the surface plasmon coupling angle as a dip just above the critical angle,
which is at 8 = 45°

In Fig. 1-8, the calculated reflection through the active ports is plotted against the
illumination angle and it shows a dip at 8 = 51" in good agreement with the
experimental result. In addition, to demonstrate the coupling of incident light into
surface plasmons at this angle, the behavior of the near field at the gold-glass interface
was also investigated. The multiple dips in the calculated reflection against the

incidence angle before the plasmonic resonance dip can be attributed to planar guided

waves through the substrate [41].
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Fig. 1-9 Map of magnitude of the electric field, (b) the normal component (E,) of electric
field.

Fig. 1-9 (a) illustrates the magnitude of the near-field intensity while Fig. 1-9 (b)
shows the normal component of the near-field (E,). Both these plots show the
enhanced electric field bound at the gold-glass interface. This field enhancement is an
important characteristic of surface plasmons at a metal-dielectric interface. The field
enhancement is also shown in Fig. 1-10, where the normal component of the field
along a cutline (shown in Fig. 1-7) normal to the gold-glass interface is plotted. The

electric field shows an oscillatory behavior in the glass, but at the metal layer it is
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coupled to the metal dielectric interface with significant field enhancement at the

interface and exponential damping away from the interface.

Another method to couple light into surface plasmons is by diffraction of the
incident light. The main technique is using plasmonic gratings, which is one of the

major subjects of this thesis.
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Fig. 1-10 The normal component of the electric field (E,) along the illustrated cutline in
Fig. 1-7 (normal to the interface of gold-glass)
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Box 1.3; Dielectric Constants for Metals

For frequencies smaller than w, (w < w,) the dielectric constant of metals
derived by the Drude model has a negative real part, as well as an imaginary
part, which means metals retain their metallic properties. However, for
frequencies greater than w,, the dielectric constant is positive. The treatment
of the optical properties of metals assuming the free electron gas model (Drude
model) gives accurate results for the optical properties of metals in the infrared
wavelength region. For noble metals, interband transitions occur at visible
frequencies, which limits the validity of the model in the visible. In our
simulations, we use dielectric data obtained by experiment by Johnson and

Christy [46].

1.2.2 Plasmonic Gratings

Photon tunnelling methods require out-of-plane elements (prisms for instance) which
can be incompatible with desired lab-on-a-chip platforms and optoelectronic
technologies. Nano-metallic antennas can also couple light into surface plasmons, but
the antennas can suffer from high ohmic losses and low directivity of the radiation
pattern [30, 31]. Hence, plasmonic gratings appear to be a practical technique to

efficiently couple photons into surface plasmon modes on 2D platforms.
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In optics, diffraction gratings are a set of regularly-spaced parallel variations in the
refractive index, or periodic surface corrugations on an optical device. Metallic
gratings (see Fig. 1-11) scatter the incident light and provide the extra required
momentum for coupling light photons into surface plasmons. The wave-vector of the
incident light, k;,,, on a metallic grating couples into the crystal wave-vector of the

grating, G, whose modulus is given by;

G=2L Eq. 1-7

Agr

with A4, depicting the grating period, as illustrated in Fig. 1-11.

Light beam

Fig. 1-11 Diffraction grating where A, is the grating period, GW is the groove width of
grating, GD is the groove depth of the grating and 6 is the angle of incidence for the light
incident on the grating

Each diffracted order is associated with a wave-vector (k) given by;

k(m) = kin +m.G Eq 1-8

where m is the diffraction order. The incident light couples into surface plasmons

when the wave-vector of surface plasmons equals the in-plane wave-vector component
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of a particular diffracted order. With the plane of linearly polarized (in-plane
polarization) incident light parallel to the grating vector (G) equations 1-7 and 1-8

imply the following resonance condition;

ksp = =y 5in(8) + - Eq. 1-9

ar

in which A is the wavelength of incident light and 8 and n; depict the incident light
polar angle and the refractive index of the dielectric medium facing the grating surface,

respectively.

It is also possible to couple incident light into surface plasmons by dielectric
materials. Surface plasmon excitation and propagation in structures made of a
photoactive polymer layer deposited over a metal surface has been studied by
numerical methods (FDTD) by Karpinski et al. [47]. The coupling through a sinusoidal
surface relief grating formed on top of a polymer layer (deposited over a flat gold
layer) was compared with the coupling via the rectangular ridges of a grating etched
directly into the metal layer. Their optimized geometrical parameters for the polymer
relief grating suggest that the efficiency of the dielectric grating is comparable with

similar gratings made in metals.

Surface plasmons are tightly bound to the metal-dielectric interface and extend
only nanometer distances into the dielectric medium. Therefore, the geometrical
parameters of the plasmonic gratings affect both the efficiency and quality of incident
light coupling to surface plasmons. Coupling efficiencies in excess of 60% have been

predicted by theory and simulation, however, they require the use of elaborate
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geometries, such as slanted [48], sinusoidal [49], and variable-width grooves [50], that
are difficult to fabricate in practice. For instance, in reference [50] numerical
simulation by COMSOL was used to show 50% coupling of an incident light beam
with a free space wavelength of A = 476 nm and beam spot size of 1 um to surface
plasmons using an optimized geometry of a variable-width groove plasmonic grating.
Koev et al. [51] optimized two important geometrical parameters of surface relief
plasmonic gratings, the groove width (GW) and the groove depth (GD), to improve the
coupling efficiency of the gratings. Koev et al. assumed that the scattering of incident
light at the grooves increases monotonically with groove width and depth. Based on
this assumption they conclude that an optimized value of groove width and depth needs
to be selected so that the radiative surface plasmon propagation loss in the grating is
equal to the non-radiative absorption loss. After fabricating several gratings with
different groove characteristics to optimize the structures, they report their best
coupling efficiency of 45% for surface relief gratings. They also conclude that
increasing the groove width and depth improves scattering and increases efficiency.
However, very deep grooves would partly scatter out the coupled surface plasmons
and thus would decrease the coupling efficiency. In fact, they achieve the best results
for rather shallow grooves of 35 to 70 nm depth. They also show that choosing an
unsuitable groove size for surface relief gratings leads to a drop in the coupling

efficiency of an order of magnitude in comparison to the best achieved value.

In Chapter three we also study the impact of grating groove width and depth on the
coupling efficiency for different kinds of plasmonic gratings (surface relief and trench

gratings) using COMSOL simulations. The results show that the optimum value of the
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groove width is half of the grating period, or equivalently, half the surface plasmon
wavelength (according to Eq. 1-2 and Eq. 1-9). This groove width satisfies the phase-
matching condition for constructive interference of the propagating surface plasmons
excited from different grooves when passing across other grooves. The groove depth
shows less sensitivity to phase and can be treated in terms of the scattering strength of

the incident light.

Bending the grooves of plasmonic gratings into a curve also changes their
performance. In references [19, 52] circular gratings are used to focus surface
plasmons into a focal spot at the center. The authors showed that to focus surface
plasmons using circular gratings, (see Fig. 1-12), the grating must be illuminated with
circularly polarized light in order to provide constructive interference between the
counter-propagating surface plasmons from all around the circular grooves. Linearly-
polarized light results in two hot spots along the direction of the light polarization and

the resulting surface plasmons are not focused at the center of the circular gratings.

(a)

NSOM tip

Quartz

Pttt x

Fig. 1-12 (a) Schematic of a circular grating and the experimental method to detect the
near-field intensity of surface plasmons (by NSOM), (b) scanning electron micrograph
from the circular grating [19]. The scale bar is 5 pm.
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Aligning the center of a circularly-polarized light beam with the center of the
circular gratings is a challenging process in practice. In addition, full circular gratings
are closed loops, and do not allow integration of coupled plasmons with other in-plane
plasmonic components. In Chapter four, we investigate the use of curved gratings as a
sector cut of complete circular gratings for coupling and focusing surface plasmons
with linearly-polarized light. We show coupling and focusing of surface plasmons by

curved gratings depending on their sector angle.

In reference [53] the application of semi-circular gratings for launching surface
plasmons into nano-stripline dielectric-loaded-surface plasmon waveguides was
investigated theoretically. Li et al. [53] showed that semi-circular gratings can focus
and couple the excited surface plasmon polaritons into a 500 nm wide dielectric-
loaded plasmonic waveguide with a spatial field distribution which is well-matched
with the waveguide mode. We also investigate the efficiency of launching surface
plasmons onto micro-stripline waveguides with curved gratings in Chapter five of this

thesis.

1.3 Graphene

Single or multilayer graphene is a two-dimensional (2D) form of sp? carbon atoms
arranged in a hexagonal honeycomb lattice. Graphene is the strongest material known,
with a Young’s modulus (stiffness) of 1 Terapascal and breaking strength of

42 Nm~!and it is a hundred times stronger than steel [54].
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Graphene has also unique electronic and optical properties. It is a zero-gap
semiconductor. The hexagonal honeycomb lattice of single atom thickness of graphene
is formed by the overlap of i state (valence band) and r*state (conduction band) at six
points, which are termed Dirac points [55]. At low energies the bands have a linear
dispersion expressed as E,; = nvyh|k|, with Fermi velocity v, = 10° m/s, n=1
conduction band and n = —1 valence band. The band structure can be considered as
two cones touching (see Fig. 1-13) at the Dirac points (Ep;.-qc), indicating the zero

band gap[56].

my/.— Fermi Level
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Fig. "1-13schematic of the band structure of graphene.

Graphene has also exceptional transport properties. The linear dispersion of
electrons in graphene implies that the charge carriers in graphene have zero rest-mass
and are treated as relativistic Dirac Fermions [57]. The charge carrier density
significantly affects the mobility. Charge carrier mobilities higher than 1,000,000

cm? V=151 for suspended, exfoliated graphene with no substrate interactions [58],
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and 100,000 cm? V~1s~1 for ultraflat graphene on boron nitride have been reached
[59, 60]. The latter is 10 x higher than that of InP HEMPT and 100 X higher than
that for Si. Depending on the nature and purity of insulators, such as amorphous SiO,,
the charges on insulator graphene have a significantly lower mobility in the range of a
few thousand cm? V~1s~1, However, besides this exceptional charge mobility in
graphene, the charge carriers have to be injected into and collected from graphene
through chemical doping or electrical gating (metal contacts). The resulting free
carriers arising from the doping (electrical gating or chemical doping) can reach
around 0.001 — 0.01 per atom, consistent with a doping concentration of 1 x 102 to
1x 103 cm™! [61]. A higher free carrier concentration of 0.1 per atom, which
translates to a chemical potential of Ef = 1eV, is achievable by solid electrolyte

gating [62]. However, these values are significantly smaller than that of 1 per atom for
noble metals. In the case of metal contacts, the charge carriers are transferred by
generating potential energy barriers due to different work functions of graphene and

metal.

At a finite doping, graphene has a characteristic absorption spectrum with its
different optical transition process (optical conductivity). At terahertz frequencies
(below 2ER) the optical transition is mostly attenuated to inter-band absorption of free
carriers (Drude peak response). At near-infrared to visible frequencies the linear
dispersion of the band results in direct inter-band transitions and light transmission
through free-standing single mono-layer graphene can be calculated by using Fresnel
equations. Assuming that only inter-band (vertical) transitions are allowed, the

transmission can be calculated as [63,64];
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T=0+na/2)?~1—na=0977 Eqg. 1-10

where « is the fine structure constant. This transmission is independent of the
illumination wavelength and shows that single mono-layer graphene absorbs 2.3% of
illuminated light. This is relatively large for a single atomic layer, but small in terms
of interaction of light with matter. This absorption can be modulated by an external
gate field, or in other words, by changing the doping of graphene [65]. In fact, the
electric field shifts the Fermi level from the Dirac point (AEr) and inter-band
absorptions within the range of 2AE} are blocked. Finally, in the mid-infrared regime
the optical conductivity is dominated by Pauli blocking. However, some residual
absorption which is detected in experiments is attributed to disorder. The characteristic

schematic of graphene absorption is illustrated in Fig. 1-14.
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Fig. 1-14 Characteristics of light absorption by graphene. The illustration is replicated
from reference [66]
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1.3.1 Characterizing graphene by Raman spectroscopy

Raman spectroscopy is an ideal tool for characterizing graphene since it is fast, non-
destructive, and has high resolution that can provide structural and electronic
information of graphene samples [67-69]. The Raman spectra of graphene layers
shows common features in the 800 — 2000 cm™? range with characteristic G and D
peaks around 1560 and 1360 cm™1, respectively. The G peak is related to high speed
E, 4 phonons at the Brillouin zone centre while the D peak corresponds to the breathing
modes of sp? atoms (six atom rings) activated with defects. However, the most
informative Raman spectroscopic feature is the second order D peak; 2D, which lies
at around 2700 cm™1. The 2D peak is always present in the Raman spectrum of
graphene samples since it originates from a process where momentum conservation is
satisfied by two phonons with opposite wave vectors and does not require defects for
activation. The Raman spectrum can be used to calculate the number of layers, doping

concentration, charge carrier mobility and edge effects.
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Fig. 1-15 Raman spectra of graphene and bulk graphite from reference [68]
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Fig. 1-15 compares the 514 nm G peak and 2D peak of the measured Raman
spectra of graphene and bulk graphite taken from reference [68]. The D peak is not
present in this spectrum, as for a defect-free sample, the D peak can be observed only
at the sample edges. The G peaks in graphene and graphite have comparable intensity,
however, the position of the G peak is 3 — 5 cm™! upshifted in comparison to that of
bulk graphite. Note that in Fig. 1-15 the intensities of the peaks are rescaled to show
identical peak intensities for the 2D peaks of graphene and graphite. The 2D peak of
the graphene sample is four times more intense than the G peak while the 2D peak of
graphite is lower in intensity in comparison to the G peak. In addition, the 2D line in

single or multilayer graphite is broader and is up-shifted.

Doping single layer graphene sheets also has a significant effect on their Raman
spectra. For both electron- and hole- doping, the G peak blueshifts with doping,
However, the position of the 2D peak can be redshifted or blueshifted, corresponding
to electron (n) or hole (p) doping [70, 71]. In addition, the full width at half maximum
(FWHM) of the peaks and also the ratio of the peak maxima of the 2D and G peaks
1(2D)/1(G) is a maximum for zero doping and decreases by increasing the doping level.
Therefore the ratio of the area (A) of 2D and G peaks (A(2D)/A(G)) is a good
representation of the doping level as it incorporates trends in the ratio of intensities
and FWHM of the 2D and G peaks. That is, a decrease in the ratio of A(2D)/A(G)

translates to an increase in the doping level of the graphene sheet [71-73].
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1.3.2 Graphene plasmonics

Graphene supports plasmons with unusual properties. Plasmons in graphene are
tunable by chemical doping or electrical gating. A sufficiently increased level of
doping pushes the inter-band threshold frequency (w;,:er) towards higher values and
consequently blocks the plasmon decay channel through inter-band losses which occur
via emission of electron-hole pairs (first order process). To deactivate the second order
process (the plasmon decay channel via emission of an optical phonon together with
an electron-hole pair), the photon frequency must be smaller than the optical phonon
frequency, hwo,p = 0.2V [56]. This can result in plasmons with low loss and
significant wave localization. As a result, the optical loss can be suppressed at mid-
infrared wavelengths for suitably doped graphene. The Drude model can be applied,
by assuming zero temperature (T = 0) as a good approximation for highly doped

graphene with Ef > kgT, to derive the dispersion relation of single graphene for the

transverse magnetic (TM) mode [56,74];

nh?ee(eqq+€q2)
ezEf

B(w) ~ 1 +-)w? Eq. 1-11

where f is the in-plane wave-vector of plasmons in graphene, e4;,and 4, are the
dielectric constants of the material below and above the graphene, t is the carrier
relaxation time and E is the absolute value of Fermi energy level. The carrier
relaxation time is proportional to the carrier mobility u from t = yEf/erz. The loss

of the propagating surface plasmons is proportional to the relaxation time, and is
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shown as the ratio of the real part of the surface plasmon wave-vector to the imaginary

part;

Eq. 1-12

This implies that the relaxation time must be quantified to estimate the loss of the

surface plasmons in graphene.

1.3.3 Graphene photodetectors

The unique optical and electronic properties of graphene, such as field control of the
graphene layers, high conductivity, light transmission and broad-band response
suggest that it is an appealing material for photonics and optoelectronics applications
such as solar cells [75,76], touch screens [77], and light emitting diodes [78]. In
particular, significant effort has been devoted to investigate the application of
graphene-based photodetectors. Graphene has a zero bandgap which enables photo-
excitation of charge carriers over a very wide energy spectrum from the ultraviolet
(UV) to terahertz (THz) spectral regimes. Graphene also exhibits low decay rates and
high mobility of charge carriers which results in ultrafast conversion of photons or
plasmons to electrical current or voltage [79,80]. Moreover, electrostatic doping can

control the optical properties of graphene [81,82].

Photo-detectors measure optical power by changing the energy of absorbed
photons into electrical energy. The dominant mechanism in most photodetectors is
based on the absorption of light photons to excite charge carriers from the valence

band to the conduction band, resulting in the flow of electric current. Several different
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mechanisms have been proposed and demonstrated to convert absorbed photons to
electrical signals. These include the photovoltaic effect, photo-thermoelectric effect,

bolometric effect, and photo-gating effect.

Graphene-based photocurrent generated by the photovoltaic effect is the result of
the separation of photo-generated electron-hole (e-h) pairs by the built-in electric field
between differently doped (p-type and n-type) sections of graphene or at junctions [83-
85, 36]. It is also possible to separate the e-h pairs by applying an external electric field
as a source-drain bias voltage (V,;,s). However, this can result in a large dark current

since graphene is a semimetal.

Different ways of introducing a built-in field include local chemical doping [86],
the use of split gates (with the ability to switch the doping between p or n) [83], or by
work-function differences between graphene and metals at their contacts (with fixed
doping at the contacts) [85,87]. For metals with a work-function higher than graphene
(4.4 eV) the doping at the contacts is typically p-type while the graphene channel can

be either p-type or n-type.

Graphene photodetectors based on any of the above-mentioned photo-detection
mechanisms suffer from several problems. The first is the low light absorption of
graphene monolayers. The 2.3% absorption is very high for a single layer of graphene
but very small in absolute terms. Furthermore, in the case of a built-in field caused by
the different work-functions of the metal-graphene contacts, extraction of the photo-
electrons is very inefficient since only a small area of the p-n junction contributes to

the current generation [37, 88-90].
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One method to increase the efficiency of the photo-response of graphene
photodetectors is to use the field enhancement resulting from the excitation of surface
plasmons via plasmonic structures. The combination of graphene with nano-structures
was first used to achieve surface-enhanced Raman scattering [91] and also to realize

strong field enhancement within sub-nanometre gaps [92].

Strong plasmonic enhancement of the photo-voltage by combining graphene with
plasmonic nano-structures (see Fig. 1-16) has been reported by Echtermeyer et al. [37].
Though these authors fabricated several different plasmonic nano-structures of
titanium and gold (3 nm Ti, 80 nm Au), they report the best performance using a

grating with 110 nm finger width, and 300 nm pitch.

(@) (b)

Fig. 1-16 (a) Graphene contact with a finger structure (plasmonic grating), longitudinal
and transverse light polarizations are shown with L and TR, respectively [37]. The scale
bar is 1 micron, (b) photo-voltage map of the structure

There was an observable enhancement of the photo-voltage at 457,488,514, 633,
and 785 nm wavelengths. However, the maximum enhancement of up to 20 times
occurs at the resonant wavelength of the nano-plasmonic structure. The wavelength

dependence of the enhancement is attributed to efficient field concentration in the area
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of the p-n junction by plasmonic resonances, and not just the geometric enlargement
of the junction for nano-structured contacts. The observed enhancement also shows a
strong dependence on the polarization of the incident light, proportional to cos?(8),

which also confirms the plasmonic enhancement of the photo-voltage.

Oligomer plasmonic nano-antennas (a nanomer consisting of eight disks
surrounding a central larger disk, see Fig. 1-17) fabricated on graphene have been used
to dope graphene by hot electrons from the excited surface plasmons [93]. A larger
doping efficiency is reported for n-type graphene in comparison to p-type graphene
for this configuration of nano-antennas. In addition, the doped carrier relaxation time
scale is of the order of microseconds, which enables its application as an active

optoelectronic material for photodetectors.

(a)

Fig. 1-17 (a)schematic of plasmonic oligomer nano-antenna on single layer graphene, (b)
scanning electron micrograph of array of antennas and (c) a magnified scanning electron
micrograph of one of the oligomer antennas [80]

Later the same research group [38] also demonstrated the use of the above-
mentioned oligomer antennas, sandwiched between two graphene monolayers as
illustrated in Fig. 1-18, as a graphene-based photodetector for converting visible and

near infra-red photons into electrons with an 800% enhancement of the photocurrent
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in comparison to a similar photodetector with graphene layers but without the

antennas.

i
: N
4N Sandwich
graphene

Fig. 1-18 schematic illustration of nano-antenna sandwiched between two graphene layer,
(b) optical microscopy image of the fabricated structure [38]

In a very recent research report [94] a planar graphene-based plasmonic
photodetector has been investigated, Fig. 1-19. In this device, a long narrow graphene
strip extended along the device structure to serve as a plasmonic waveguide. The
horizontally-coupled light into the graphene strip waveguides propagated as graphene
surface plasmon waves which excite electron-hole pairs at the junction with the
graphene photodetector. The Schotky-like barrier effect at the interface of the metal
and graphene photodetector resulted in the separation of electron-hole pairs by the
external electric field. At 1550 nm wavelength with 38 mW optical input power an
average of 3.16 pA photocurrent was recorded. This configuration is proposed for the

application of photonic integrated circuits.
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(a) (b)

Optical input \ Guapheneibbon
Graphene stripe for photodetector(PD)

for waveguide

Fig. 1-19 schematic view of the planar graphene-based photodetector, (b) fabricated
device, the images are taken from reference [94]

In Chapter seven we propose the use of single layer graphene integrated with

curved gratings to enhance photocurrent detection in such a device.

1.4 Light scattering by passive spherical particles

The near- and far-field description of scattering of light by very small particles was
developed historically in electrodynamics. However, until recently the near-field
description was not accessible experimentally. Advances in nano-photonics and
plasmonics have resulted in fascinating developments in the field of scattering of light
by small particles, including metal particles and surfaces, where the excitation of

localized surface plasmons leads to optical resonance phenomena [2, 95, 96].

Interaction of light with metallic nano-particles can result in subwavelength
localized surface plasmons as collective oscillations of the conduction electrons at the

interface of the metal nano-particles and the dielectric. Metallic nano-particles can



59

operate as nano-antennas and transfer the localized electromagnetic energy (surface
plasmons) from the near field to the far field and vice versa [25]. However, due to high
non-radiative relaxation rates of metallic nano-structures in vicinity of emitters and
also the dependence of the directionality of radiated power from the metallic nano-
antennas on the large number of nanoparticles, which increases the ohmic losses,
dielectric nano-antennas have been proposed and investigated as an alternative for

nano-metallic antennas [30, 33, 34].

Dielectric nano-antennas have been proposed and investigated as an alternative for
metallic nano-antennas [30]. Dielectric particles have lower loss in comparison to
metallic particles. It has been suggested that high permittivity dielectric nano-antennas
may support both electric and magnetic resonance modes. Furthermore, a judicious
combination of dipole emitters with high refractive index dielectric spheres has been
investigated to generate highly directional emission with negligible backward
scattering and no polarization dependence [31, 32-34, 97], and to efficiently collect

light without spoiling the emitter quantum efficiency [30].

Devilez et al. [30] demonstrated (with numerical calculations) directional radiation
by TiO2 microspheres in the vicinity of a dipole emitter. They showed that a TiO>
microsphere of 500 nm diameter can perform as an optical antenna and redirect the
dipolar radiated power into a narrow beam with an angular radiation distribution of
25 full width at half maximum over a large frequency bandwidth. In addition, they
demonstrated the presence of whispering gallery modes (WGM) as electromagnetic

resonances, resulting from the high refractive index of the microsphere. They also



60 Chapter 1: Motivation and Background

concluded that the WGM resonance does not reduce the strong directional properties
of the microspheres illuminated by the dipole. However, WGMs can slightly enhance

the radiative decay rates of the antennas.

In this research thesis, we investigate the interaction of TiO> dielectric
microspheres with the evanescent field of propagating surface plasmons. The majority
of this study was performed as simulation of the physical configuration, however,
experiments were also performed to show the radiation of the microspheres when

interacting with propagating surface plasmons.
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2.1 Simulations using COMSOL

Many reports on plasmonic phenomena rest on the results of simulations. Since
fabrication and characterization setups are quite challenging for nano-plasmonics,
simulating the performance of structures to optimize their characteristics, or even
investigating the underlying physical phenomena, can save time and money.
Furthermore, experimental results may be more easily interpreted using simulations of

near-field and far-field radiation from plasmonic structures.

This chapter concerns simulations of a variety of proposed plasmonic structures,
and these are also compared with experimental measurements in subsequent chapters.
The simulations have been done with the finite element method using COMSOL
software. Discretisation of domains of the structures is a critical aspect of the finite
element method simulations to increase the accuracy of the simulations and observe
appropriate plasmonic effects. Since the size of plasmonic structures is in the range of
several micrometres, it is important to make efficient models in order to decrease the
required time and memory. The first sections of this chapter discuss methods to
improve the efficiency and accuracy of models of plasmonic devices using COMSOL
software. In addition, it is also important to analyse the results of the models to confirm

the plasmonic effects and to optimize the characteristics of the structures.
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2.1.1 The Finite Element Method

To investigate the physical properties of surface plasmons for a simple configuration
we need to apply the Maxwell equations to the boundaries of a metal and a dielectric
appropriately. This requires us to obtain the propagating electromagnetic wave
equations from the fundamental Maxwell equations. By manipulating the Maxwell

equations, we obtain the Helmholtz equation [98];

V2E + ko?cE = 0 Eq. 2-1

The Helmholtz equation is the starting point for analysing the electromagnetic
modes of surface plasmons in different configurations. For simple structures, such as
the flat interface of a metal and a dielectric, it is possible to obtain analytical
descriptions for the propagating electromagnetic waves bound to the interface.
However, an analytical solution can be achieved only for a few simple problems, and
more complex geometries require numerical approaches to solve the corresponding

boundary-value problems.

The finite element method is a numerical technique to solve boundary-value
problems of mathematical physics with good accuracy [99]. The method was proposed
in the 1940°s and was first used in the 1950°s for structural design. It has been
developed and increasingly applied to engineering and mathematical problems from

that time.

On a physical boundary I' (Fig. 2-1 is an appropriate example of a physical

boundary, including all possible geometries such as straight line, curves and corners
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and loops enclosing a domain Q) a typical boundary-value problem can be defined by

the related governing differential equations as;

S

g

Il
\H

Eq. 2-2

in which O is a differential operator, u is the unknown quantity, and f is the excitation

or forcing function. On each boundary one must specify either:

1) The values that a solution (u) needs to take along the boundary of the domain
or Dirichlet boundary condition,

2) The value that the derivative of the solution (du/dn, with n normal to the
boundary) is to take on the boundary of domain, or Neumann boundary
condition,

3) The relationship between the solution and its normal derivative
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Fig. 2-1 An example of a physical boundary

The principle of the finite element method is to replace the entire continuous
domain 2 by a number of subdomains. In this way, the unknown differential function
is characterized by simple interpolation functions with unknown coefficients. As a
result, the solution is approximated with a finite number of unknown coefficients. At
the next step, by applying an approximation method, such as the Galerkin method, a
system of algebraic equations is obtained and the final solution is achieved by solving
the system of equations. There are different methods of approximations, however, the
Galerkin method is better suited for a general purpose program to deal with arbitrary
boundaries and many different problems, (see Box 2.2 for more details on the Galerkin

method and its related references).
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Discretization or
meshing
of domain

!

Selection of
interpolation
function

Approximation methodsto Solving the system
formulate system of equations of equations

Domain discretisation of the boundary (2 is the first and perhaps the most important
step, as the way the domain is discretised has an important impact on computer storage
requirements, calculation time and the accuracy of the calculated results. Discretisation
involves dividing the entire domain into small domains which are called elements. The
elements of a one-dimensional domain (a straight or curved line) are short-line
segments interconnected to form the original line. The line elements change to
triangles or rectangles for a two-dimensional domain. Rectangular segments are best
suited to rectangular sections and the triangular segments are best suited for irregular
geometries. The main discretisation elements in a three-dimensional geometry are
tetrahedral, triangular prisms, and rectangular bricks, all shown in Fig. 2-2. Among
these, tetrahedral segments are the simplest and more adaptable for arbitrary volume

domains.

Fig 2-3 shows how the arbitrary physical domain in Fig. 2-1 is properly discretised

at corners, straight lines and curves with triangular elements.
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Fig. 2-2 Geometrical elements for discretising physical domains (a) straight line for one
dimensional domains, (b) rectangles or squares for two dimensional problems, (c)
tetrahedral, triangular prisms, and rectangular bricks for three dimensional domains.

Fig. 2-3 Meshed arbitrary physical domain in Fig. 2-1 with triangular elements
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Box 2.1: Galerkin method

The second step of the finite element method numerical calculation is to select
an interpolation function to derive an approximation of the unknown solution
within an element. Usually, a polynomial of first (linear), second (quadratic)
or higher order is selected. By increasing the order of polynomials, the
accuracy of the solution increases, but it can lead to a more complicated
formulation. The third step is to formulate the system of equations by one of
the approximation methods. Among these approximations, the Galerkin
method is recognized to be suited for a range of problems.

The Galerkin method is a weighted residual method, which tries to find
solutions by weighting the residual of the differential equations. According
to equation 1-2, if we assume that @ is an approximate solution, then the

residual r (defined below) would be nonzero:
r=0u—-f+0

The best approximation of % must minimize the residual r at all points of
the domain, or in other words a weighted residual on the whole domain would

be zero:

Ri =fwird.(2 =)
X0)

in which R; denotes the weighted residual integral and w; are the
weighting functions. In the Galerkin method, the weighting functions are
selected to be the same as those used for the expansion of the approximate

solution. The Galerkin method is presented in detail in reference [99].
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2.1.2 COMSOL platform for modeling

COMSOL multiphysics uses finite element methods (FEM) to analyse and simulate
various physics models, in particular, coupled physical phenomena [100]. The radio
frequency (RF) and optics modules solve problems in the field of electromagnetic
waves, optics and photonics. The physics interfaces cover in-plane, axi-symmetric and
full 3D electromagnetic wave propagation, together with a full vector model analysis

in 2D and 3D.

2.1.3 Frequency domain approach:

There are two main approaches to model time-varying electromagnetic waves. The
simpler approach is to calculate the evolution of the system with time. However, in the
case of very small time steps this method can be very time consuming, and demands
high memory capacity. For transient time problems, such as turn-on and turn-off

responses, it is necessary to calculate each time step.

However, by calculating the phasor form of the electromagnetic waves in the
frequency domain, one can efficiently simplify the solution and assume that all
variations in time occur as sinusoidal signals. The frequency domain computes the
response of a linear or linearized model exposed to a harmonic excitation at a defined
frequency. In electromagnetics, the frequency domain is used to compute the
transmission and reflection versus the frequency. All the models in this research thesis
are made in the frequency domain. The two crucial parts of any defined physical

system in the frequency domain are the meshing of the physical domain and definition
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of the domains of the physical system by ports, scattering boundary conditions and

perfect matching layers (PML).

2.1.4 Meshing criteria

COMSOL applies the finite element method to compute simulations of the behaviour
of a given device. In the finite element method, the accuracy of the solution depends
on the mesh size. As the mesh size is decreased, a more precise solution of the physical
equations is approached. However, any simulation is limited by finite computational
resources and time, and one can obtain an approximation of the real solution by
defining an optimized meshing size. In the frequency domain, acceptable results can
be obtained with a mesh size of the physical system of less than one third of the applied
free space electromagnetic wavelength. One needs to optimize the meshing of the
physical system to balance the simulation accuracy against the memory and time
available. In the simulations of this research thesis all the mesh sizes are less than one

fifth of the applied wavelength, and in most cases the mesh size is even smaller.

2.1.4.1 Domains of a physical object and ports

In frequency domain simulations, the domains of a physical system need to be defined
appropriately to allow electromagnetic waves to enter or pass through the domain.
Different ports and boundary conditions are defined for electromagnetic waves in the
frequency domain simulations for use in different situations. The main ports and
boundary conditions used in the simulations of this research project are input or output

ports, periodic boundary conditions, and scattering boundary conditions.
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Ports are used where electromagnetic waves enter or exit the system, for example
for excitation. The “periodic boundary condition” is used to make equal solutions for
boundaries which are equally shaped. In this thesis, the Kretschmann configuration for
coupling incident light into surface plasmons through a prism, and investigating the
plasmonic resonance at the gold-air and gold-glass interfaces, is simulated using
periodic boundary conditions for the right and left sides of the domains. One can use
scattering boundary conditions as transparent boundaries to let scattered waves exit
the domains with minimal reflections back into the unit cell. This boundary condition
is perfectly transparent for scattered waves that are at normal incidence to the
boundaries, and it partly reflects waves at oblique incidence angles. However, for most
simulations, this is an acceptable boundary condition. An alternative for this boundary
condition is to assume “perfect matching layers” which are absorbing layers that
attenuate all waves that are incident on the layer, with no reflections. The “perfect
matching layer” is a domain feature which allows the simulation of an infinite domain,
in which any wave can propagate and disappear without reflecting back into the
domain. Problems can arise in finite element simulations as one needs to limit the scale
of the domain to save time and memory for the simulation. As a result, there is a trade-
off between the use of scattering boundary conditions or perfect matching layers. For
perfect matching layers one needs to make an extra unit cell for the model domains to
cover the main unit cell. In this thesis, scattering boundary conditions are assumed for

the simulations.
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2.2 Near Field Scanning Optical Microscopy (NSOM)

The interaction of light with matter, such as a microscopy specimen, generates both
far-field and near-field components of light. The far-field component propagates
without restriction and is normally utilized in conventional optical microscopy, see

Fig. 2-4.

According to Abbe’s theory, the diffraction of light [101] at each point of the image
ultimately limits the spatial resolution of an image, which is affected by the wavelength
of the incident light, the numerical aperture of the condenser, and the objective lens.

In theory, conventional optical microscopy has a limit of resolution of approximately
half the wavelength of the illuminating light (% ~ 200 to 300 nm). The near-field

component is bound to the surface of the sample within a distance of less than a
wavelength and carries high spatial-frequency information about the object. However,
the maximum amplitude of the near-field component occurs only a few nanometres
from the surface of the object, and it cannot be detected by conventional microscopy

techniques [102].
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Fig. 2-4 Illumination of sample from the far-field and collection of the far-field radiation
of the sample

In near field scanning optical microscopy, a subwavelength tip is placed very close
to the surface of the nanostructure (much less than the light wavelength (A), as
illustrated in Fig. 2-5) to exploit the high spatial information from the non-diffracted

evanescent field [103].
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Fig. 2-5 The subwavelength tip scatters the near field radiation at the vicinity of the
sample, to be detected in the far field
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The concept of using near-field information for imaging was first introduced by
Synge in 1928 [104]. Synge proposed the use of a sub-micrometre aperture in a plate
to illuminate biological specimens at sub-micrometre distances above the aperture and
then detecting the light from the specimen from the other side with a microscope
objective. His idea was later implemented by different groups, Pohl et al. recorded
subwavelength resolution optical images (detecting 25 nm details) of a test object
using extremely fine apertures [105] followed by a report by Betzig et al. [106]
achieving 12 nm surface resolution using near-field interaction of a sharp tip with the
surface of a sample. The technique has been improving continuously and recently

three-dimensional scanning near field optical microscopy has been reported [107].

Surface plasmons are electromagnetic fields bound to a metal- dielectric interface.
Near field scanning optical microscopy (NSOM) exploits the high spatial frequency
information of the surface plasmons in the near field, to provide high resolution scans
of the nano-structure and field distribution at the structure. The NSOM technique has
been used widely to characterise surface plasmons and a good review of the principles

and applications of the technique can be found in reference [108].

2.2.1 NSOM instrumental configuration

Different techniques have been used for near field scanning optical microscopy [103].
In one technique, the sample is illuminated in the near field and the signal is collected
in the far field. It is also possible to illuminate the sample in the far field and collect
the signal in the near field, and in the third technique both illumination and signal

collection occur in the near field.
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The illumination or collection in the near field is through a near-field probe
consisting of an optical fibre with a subwavelength aperture smaller than 100 nm. Far-
field illumination and detection can be achieved using a microscope objective. Most
NSOM instruments combine their near-field high resolution capabilities with
conventional optical imaging modes by incorporating the NSOM into an inverted
optical microscope. This arrangement delivers the capability to combine topographical
data with the associated optical data, at sub-wavelength resolution. This is not
achievable with conventional microscopy because of the limitations of diffraction of

the focussed light.

2.2.2 NSOM instrumentation

The heart of a near field scanning optical microscope is the scanning system, which
must have very small position fluctuations and precise positioning accuracy (within 1
nm) [102]. It is necessary to maintain the near-field probe at a constant distance from
the sample surface so that first; any change in the optical response is attributable to the
topography of the structure and not the structure-probe distance variations, and second;
the probe is within the near-field domain, not contacting the surface. Such precise
control necessitates the entire NSOM system to be placed on a vibration-isolated table
to eliminate the transfer of vibrations into the NSOM system. In addition it is necessary
to use low-noise electronics and large dynamic range amplifiers to drive the piezo-

electric actuators of the probe.

An accurate tip-to-surface distance is achievable by using a controlled feedback

mechanism. The two main feedback mechanisms for positioning NSOM tips are
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optical methods which control the tip vibrations by interferometry, and the acoustic

tuning fork method.

The acoustic tuning fork method is based on shear-force feedback, in which the
probe is attached to a tuning fork, illustrated in Fig. 2-6 (a). The tuning fork oscillates
laterally at its oscillation frequency with an amplitude of a few nanometres. When the
probe approaches the surface of the structure, the interaction between the probe and
the structure dampens the amplitude of the oscillations, which results in a phase shift
of the resonance. The amplitude changes monotonically with distance within a range
of 0-10 nm from the surface of the sample, and this amplitude can be used in a

feedback loop to regulate the distance.

(a)

Electrical contacts

‘ /
/ b
Optical
fibre

Tuning Fork Probe

. tip
Sample surface

Fig. 2-6 (a) An illustration of the tuning fork [5], (b) NSOM head accommodated on
microscope stage
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The NSOM instrument (see Fig. 2-6 (b), NT-MDT NSOM head with controller
model BL222RNTF) that was used in this research project works with the shear-force
feedback mechanism, where the tip is maintained at a distance of 10 nm from the
sample surface. The NSOM head is accommodated on the stage of an inverted
microscope (Olympus 1X81) and scans in collection mode, so that the optical fibre tip
is above the sample and the illumination is through the microscope objective from

below the sample.






Chapter 3: Optimizing
Geometrical Parameters of

Plasmonic Gratings

Plasmonic gratings scatter light at the grating grooves and couple the light into surface
plasmons by providing the extra required momentum for the light photons. A more
detailed discussion of the theory of coupling surface plasmons by plasmonic gratings
is provided in Chapter one, and can also be found in the sources cited in that chapter.
For an optimized design of curved gratings its important to optimize the grating
parameters. This chapter concerns the optimisation of the grating geometrical
parameters to design an efficient linear grating which can be extended to curved

gratings.

The three important geometrical parameters of a plasmonic grating are the grating
period (A,4), groove width (GW) and the groove depth (GD). Efficient coupling of
surface plasmons by plasmonic gratings depends strongly on the choice of these
parameters. We used simple theoretical guidelines for selecting the period of gratings,
as discussed in Chapter one (Eq. 1-9). However, the role of groove width and depth
has received less attention, in general. Therefore, we concentrate on the impact of these

grating parameters on surface plasmon coupling.
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Giannattasio et al. [109] experimentally investigated the role of the width of the
grating grooves and they compared their results with theoretical calculations using
Fourier analysis of the grating profile. They used the leakage radiation of the coupled
surface plasmons to evaluate the coupling efficiency and concluded that the best
coupling occurs for a groove width of half of the grating period (A,/2). They also
indicated that the depth of the grooves would influence the coupling efficiency. Koev
et al. [51] have presented the impact of the characteristics of the grooves on coupling
surface plasmons using experiment and theory. They used decoupling gratings at a
distance from the coupling gratings to measure the coupling efficiency of the grating
and determined the optimal groove dimensions experimentally by using the input
grating intensity profile as an indicator of groove scattering strength. Moreover, they
showed that the grating efficiency can be more than an order of magnitude lower if the
groove dimensions are not chosen properly. Both of these reports concern surface
relief gratings, in which the grooves are milled into the gold layer to a depth less than
the metallic film thickness (Fig. 3-1 (b)). However, an alternative group of plasmonic
gratings in which the depth of the milled grooves is equal to the thickness of the metal
film on dielectric are termed trench gratings, (see Fig. 3-1 (a)). The selection of trench
grating parameters has received less attention than surface relief gratings, and is

presented in Section 3.1.1.

We assume that the coupling of surface plasmons to a curved grating obeys the
same physics as the coupling of surface plasmons to linear gratings. However, the

transverse magnetic component of linearly-polarized light drops proportional to the
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cosine of the angle between the polarization direction and normal to the grating

grooves at each point [110].

(a) (b)
air A air A
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Fig. 3-1 (a) Trench grating: the groove depth is equal to the thickness of the gold layer,
(b) surface relief grating: the grooves are partially milled into the gold layer and the
groove depth is less than the thickness of the gold

Two different kinds of plasmonic gratings are investigated and compared in this
chapter; surface relief gratings (Fig. 3-1 (a)) and trench gratings (Fig. 3-1 (b)). The
incident, free-space light beam scatters at the grooves of the plasmonic grating,
resulting in the local excitation of surface plasmons. For a specific wavelength of free
space light at the correct angle of incidence and groove spacing, the excitations at
different grooves interfere constructively, resulting in coupling of surface plasmons to
the metal-dielectric interface [19]. At normal incidence the period of the grating is
equal to the wavelength of surface plasmons; as a result, for A, = 810 nm excitation,
the grating period would be 4, = 790 nm. The simulations in this study are based on
sweeping three parameters: groove width and groove depth and the excitation
wavelength, to study the response of the grating at different wavelengths to the change

in grating parameters; groove depth and width.

These simulations are calculated and run using COMSOL software in the

frequency domain (Chapter 2). In order to simplify the calculations and also decrease
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the required time and memory, the study of these parameters is done with two-
dimensional models (2D) in which the third dimension, which is the length of the
grooves (or width of the grating), would be considered infinite. The results of these

optimizations provide the input parameters for the design of curved gratings.

3.1 Surface relief gratings

In a surface relief grating the grooves are partially milled into the gold film, Fig. 3-1
(b). Surface relief gratings are simulated in order to optimize their design parameters
and compare their performance with trench gratings. The simulation is accomplished
by illuminating a surface relief grating with six grooves from air (air-gold interface)
with a plane wave at normal incidence, Fig. 3-2 (a), at wavelength 4, = 810 nm with
dielectric constant; ¢ = —24.9 4+ i 1.55 [46]. The substrate material is glass with a

refractive index n = 1.52 and the superstrate is air with n = 1. The geometry of the

model is meshed with

20 (4.0 x 1071% m) < element size < §—3(1.6 x 108 m) for

2000

Ao
2000

the gold layer and the interface, and a coarser mesh (4.0%x1071%m) <

element size < %"(1.0 x 1077 m) for the remaining domains. We applied scattering

boundary conditions for all boundaries. This means emission passing out of the cell is
not reflected back into the cell (perfect absorption if the wave-vector of the incident
light is normal to the boundaries of the cell and partial absorption for oblique
incidence). The illumination port also extended over the grating length only, see Fig.

3-2 (a).
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The intensity of electromagnetic waves is proportional to the square of amplitude
of electric field (I o« |E|?). Since the various structures are made from the same
materials with different geometries, we define the intensity of the surface plasmons as
the square of the electric field amplitude of the confined electromagnetic waves at the
metal-dielectric interface (|E£|?). In order to compare the results of different structures,
the amplitude of the electric field of the illuminating light is selected to be the same

for all structures.

The intensity of the coupled surface plasmons shows instability in the vicinity of
the last grating groove, which can be attributed to the interference of the incident light
with the surface plasmon waves. As a result, the coupling performance is assessed as
the average of the intensity of the propagating surface plasmons at a position 11 um
from the last groove. This distance is less than the propagation length of surface
plasmons at this wavelength (Ls,a=g10nm) = 48 um), but at the same time offers good
stability for calculating the intensity of the surface plasmons. The average intensity of
the surface plasmons is calculated by integrating the intensity of the norm of the near
field along a cutline (with a length of twice the wavelength of the propagating surface
plasmons, 2 X Ag, = 1.58 um, at 10 nm above the gold-air interface) and dividing it

by the length of that cutline according to the following formula;

|El2g = 7= [} IE|%dx Eq. 1-1

X1—X3 "X

In which x;and x, are the starting point (11 um) and the end point of averaging

process (11 um + 1.58um = 12.58um).
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Fig. 3-2 (b) shows the point (green arrow) in the model cell in which the average
calculation starts in the simulation and the model cell. The cutline on which the

average is calculated is also shown in a red colour in the schematic.
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Fig. 3-2 (a) The intensity map shows propagating surface plasmons at the gold-air
interface, (b) the structure geometry with the red line showing the cutline where the
average surface plasmon intensity is calculated
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The simulation was swept for different groove widths (GW) and groove depths
(GD). The groove widths were calculated in terms of the period of the grating, as
Ay /m, inwhich m takes the values; m=1.2, 1.4, 2, 4, 6. The groove depths were swept

from 20 nm to 180 nm with 20 nm increments, Fig. 3-3.

The performance of the propagating surface plasmons coupled by the surface relief
grating is shown in Fig. 3-3 as the intensity of surface plasmons along a cutline at 10
nm vertical distance from the gold-air interface for five different groove widths (as
GW=4,/m) with groove depth of 60 nm. The instability of the coupled surface
plasmons at the beginning of their propagation along the gold-air interface is manifest
as ripples. However, after propagating for a short distance, the surface plasmons

become more stable.

x10° [

—m=1.2, GD=60 nm | |
—m=1.4, GD=60 nm | |
—m=2, GD=60 nm

m=4, GD=60 nm
—m=6, GD=60 nm

E|* (V/m)?

10 x10°

X-coordinate (m)

Fig. 3-3 Intensity profile along a cutline with 10 nm vertical distance from the interface
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In Fig. 3-4 each symbol-colour shows the change in the average intensity of surface
plasmons for a specific groove width versus the groove depth. The best coupling
occurs at a groove width of half of the grating period (GW = A,/2) at depths in the
range of 40 nm < GD < 60 nm and drops sharply for groove depths outside this
range. However, it again rises from GD = 120 nm and reaches another maximum at
GD = 180 nm. For other groove widths the coupling shows a monotonic increase in

the average intensity as the depth of the grooves increases.

4
x10% 9 —=—Ag/1:2
8- —e—Ag/1.4
7 —a— Ag/2
6-: +Ag/4
T\é gl ——Ag/6
>
o 44
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LA IR B R S N B ERL R R S |
0 20 40 60 80 100 120 140 160 180 200
Depth of grooves (nm)

Fig. 3-4 Surface relief grating illuminated from the air, the graph shows the average
intensity of coupled surface plasmons versus the groove depth (GD) for different groove
widths (GWs). Each GW is presented with a different colour-symbol

The justification for this behaviour is that for a groove width of half the grating
period, (half of the surface plasmon wavelength), the phase change of the surface
plasmons when passing across the other grooves is zero, resulting in constructive

interference of the coupled surface plasmons [19, 54]. However, the explanation of the
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coupling efficiency in terms of groove depth becomes more complicated. The groove
depth influences the coupling efficiency in two ways; by the scattering strength and by
the phase of the surface plasmons when passing across other grooves. For a groove
width of half the surface plasmon wavelength, the scattering is very weak at very
shallow grooves and thus coupling light into surface plasmons is not efficient. The
scattering increases dramatically with increasing groove depth (between 40 to 60 nm),
while the impact of the depth of the grooves on the phase change is negligible. This
gives the maximum value of the coupling efficiency. For deeper grooves, the scattering
further increases, with an increase in the dephasing of the propagating surface
plasmons passing over other grooves, and, consequently, the coupling drops sharply.
For depths greater than GD = 120 nm, the total added path to the propagating surface
plasmons by the groove depth (2 X GD = 2 x 180 nm = 360 nm) approaches half of
the surface plasmon wavelength (395 nm), resulting in constructive interference of
the surface plasmons. This manifests as another rise in the coupling of surface

plasmons at a groove depth of GD = 180 nm.

For other groove widths the coupled surface plasmons are out of phase when
passing over other grooves and the dominant effect in the surface plasmon coupling is
that the scattering strength of the grooves is clearly related to the groove depth. As a
result, by increasing the groove depth, the scattering of the incident light beam
increases, resulting in a monotonic increase of the intensity of the coupled surface

plasmons.
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Fig. 3-5 shows snapshots of the normal component and the intensity of the electric
field for different depths, but the same groove width. Fig. 3-5 (a) shows the weak
scattering of the light beam at very shallow grooves (GD = 20 nm) with the resultant
weak surface plasmons. In image (b) the scattering is increased and as the groove depth
is still small in comparison to the surface plasmon wavelength, the change in the phase
due to the depth is trivial and very strong coupling occurs. In (c) the scattering
increases but the dephasing of the surface plasmons at different grooves is quite
obvious. In (d) the scattering is still increasing and the increased depth approaches the
surface plasmon wavelength which decreases dephasing, and finally in (e) with
strongest scattering and better phase matching the plasmonic coupling improves again.
Images (f) to (j) show the intensity of the fields demonstrating that, by increasing the

depth of the grooves, the scattering improves despite the impact of the phase mismatch.
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Fig. 3-5 Snapshots of scattered light and coupled surface plasmons at the edges of the
grating grooves for GW = A, /2 and for groove depths swept from 20 nm to 180 nm
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Another aspect of grating characteristics is their response to different wavelengths,
that is, the bandwidth of the grating. To investigate this, the average intensity was
calculated for a range of wavelengths from 690 nm to 1050 nm, Fig. 3-6. All the
simulation parameters are the same as the previous simulation in the current section,
with optimized values for groove width and groove depth chosen according to the
results in Fig. 3-4 (GW = Ay/2 and GD = 60 nm). Although these optimized values
for the groove width and depth are a consequence of the grating period, which is also
the result of the selection of the incident electromagnetic wavelength, choosing them
as fixed parameters when sweeping the wavelength allows us to show the response of
a grating, designed for the best performance at A, = 810 nm, but under illumination

with other wavelengths.

A Data points measured
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Fig. 3-6 Bandwidth of surface relief grating, FWHM is estimated as the wavelength
response of the grating
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In Fig. 3-6, the full width at half maximum (FWHM) of the Gaussian fitted curve
Is estimated as the bandwidth response of the grating (150 nm). The grating shows the
maximum response at A, = 900 nm, not centred at the resonance wavelength of the
designed structure (810 nm), and is shifted towards larger wavelengths. This
behaviour may be explained because the increase in the wavelength increases the
absolute value of the real part of the dielectric constant of gold (&,) enhancing the
plasmon resonances at the gold-air interface and the propagation length of surface
plasmons and consequently an increment in the measured average intensity. In other
words, although by moving from A, =810 nm to A, = 900 nm, the incident
wavelength gradually becomes out of resonance with the grating periodicity, the

increase of the real part of the dielectric constant compensates for this.

3.1.1 Trench gratings

The main difference between trench gratings and surface relief gratings is that in trench
gratings, the depth of the grooves is equal to the thickness of the metal layer (gold in
this case), and the base of the grooves is the dielectric substrate. As a result, there are
two possibilities for illuminating trench gratings; from below the grating through the
substrate (dielectric with higher refractive index) or from above the grating (through
the dielectric with lower refractive index) and one may expect therefore a different

performance as compared with surface relief gratings, illustrated in Fig. 3-7.
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Fig. 3-7 Trench gratings illuminated from (a) below the sample through the substrate
(dielectric with higher refractive index (glass)), and (b) from above the sample (dielectric
with lower refractive index (air)).

In order to investigate and compare the performance of trench gratings in different
illumination conditions with surface relief gratings, two simulations were run to

compare the response to these different directions of illumination.

3.1.2 Trench grating illuminated from below the sample
(through glass)

Here, the grating is illuminated from below the structure with normal incidence at a
free space wavelength of 1, = 810 nm, and the grating period was chosen to be the
same as the surface relief grating (A, = 790 nm). The substrate material is glass with
refractive index (n=1.52) and the superstrate material is air with n=1, the same as for
the surface relief grating simulation. The width of the grooves depends on the grating
period as Ay /m, where m takes the values: m=1.2, 1.4, 2, 4, 6. The depth of the
grooves is the thickness of the gold layer, and to allow for different groove depths the
model sweeps the thickness of the gold layer from 30nm to 150 nm. The
measurement of the coupling strength is the same as for surface relief gratings,

calculated as the average intensity of the propagating surface plasmons along a cutline
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with length of twice the surface plasmon wavelength, 245, =2 X 790 nm, at a
vertical distance (10 nm) above the gold-air interface. The cutline again begins at

11 um distance from the grating, Fig. 3-2 (b).
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Fig. 3-8 Surface plasmon coupling as the average intensity versus the thickness of the
gold layer (depth of grooves) for different groove widths (GW=4,/m). The best coupling
occurs for m=2 and for a gold thickness of 100 nm

The graph in Fig. 3-8 shows that the best coupling occurs for a groove width equal
to half of the surface plasmon wavelength, that is half the period of the grating (4,/2),
and at a groove depth of around 100 nm. As a result, phase mismatch resulting from
the width of the grooves is consistent with the phase mismatch occurring in surface

relief gratings.

Fig. 3-9 shows that assuming a constant depth of grooves (GD=100 nm), increasing

the width of the grooves from GW=395 nm (m=2) to GW=658 nm (m=1.2) changes
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the amount of light that passes through the grooves with a resultant decrease in the
strength of the surface plasmons coupled to the gold-air interface. The coupled surface
plasmon intensity is represented as the bright light line along the interface labelled

with an arrow.
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Fig. 3-9 Intensity map of surface plasmons excited at 810 nm free space wavelength ()
stronger surface plasmon coupling for a groove depth of 100 nm and groove width of
395 nm (m=2) in comparison to (b) the same groove depth but a groove width of 658 nm
(m=1.2) in which most of the light passes through the grating to the air side. The bright
line at the interface of gold-air shows the propagating surface plasmons

However, as seen in Fig. 3-8, the groove width is not as critical as for surface relief

gratings. The average intensity of coupled surface plasmons is not strongly dependent
. LAy Asp Ag  3Asp . .

on groove width between; — =S GW < it In surface relief gratings, the

base of the grooves is gold while for trench gratings the base is glass. The additional
gold at the base of the grooves increases the phase delay across the grooves by

increasing the effective path length of the surface plasmons. However, overall, the
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coupling efficiency of trench gratings is approximately 2.5 times larger than for

surface relief gratings.

The depth of the grooves also has a more significant influence on the scattering
strength of the incident light beam than the phase of the coupled surface plasmons.
Fig. 3-8 illustrates the reduced sensitivity of the grating to the groove depth. For a
detailed illustration of the role of the groove depth, some snapshots of the simulations
illustrating intensity (|E|*), the normal component of the field (E, ), and the horizontal
component of the field (E,) for a fixed groove width (GW=4,/2) but different groove

depths are shown in Fig. 3-10.
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Fig. 3-10 Snapshots of the trench grating grooves illuminated from below for the same
groove width (GW=395 nm, m=2) to compare the effect of depth of the trench grating
grooves on coupling surface plasmons, (a) to (c) show the intensity of the electric field:
for very shallow grooves scattering is not efficient; the best scattering happens at 100 nm
but by going to deeper grooves the reflection of the incident light also increases from the
high walls of the grating, (d) to (f) show the normal component of field (E,) normal to
the interface, and (g) to (i) show the horizontal component of field (E,)

| §-200

Fig. 3-10 (a), (d) and (g) show that for very shallow grooves, very weak scattering

of the light beam at the grooves results in the passage of more light to the air and

consequently less coupling into surface plasmons. Increasing the depth of the grooves

improves the scattering, and more light is coupled into surface plasmons and

consequently less light passes through the grooves to the air, Fig. 3-10 (b, e, h).

However, for deeper grooves, the walls of the grooves become taller and the reflection
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of the incident light into the glass (substrate) increases. Some of the incident light
couples into surface plasmons at the glass-gold interface, decreasing the coupling of

the light beam into surface plasmons, Fig. 3-10 (c, f, i).

The bandwidth of the trench grating response when illuminated from below,

through the glass substrate, was also studied for a range of wavelengths from 600 nm

to 1050 nm.
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Fig. 3-11 Bandwidth of the trench grating when illuminated from below the grating
through the substrate with higher refractive index. The peak wavelength is g = 830 nm

The effective bandwidth of the trench grating is 50 nm smaller than the bandwidth
of surface relief gratings. The central wavelength is also shifted to A, = 830 nm, a

smaller wavelength than for surface relief gratings. This may be related to the full gold
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coverage of the grooves in the surface relief gratings which results in a broader

wavelength response and stronger scattering by the grooves.

3.1.3 Trench grating illuminated from above the sample
(through air)

Simulations of the illumination of a trench grating with the same grating characteristics
at 14, = 810 nm from above the sample through air show that the best width for the
grooves is still half the period of the grating, which gives the phase matching condition

for the coupled surface plasmons, Fig. 3-12.
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Fig. 3-12 Average intensity of surface plasmons coupled by trench gratings versus the
groove depth, for different groove widths. The grating is illuminated from above at its
resonance wavelength 1, = 810 nm for a grating period of A, = 790 nm. The graph
shows that the best coupling happens for GW=4,/m=395 nm for a groove depth of
around 200 nm
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The groove depth is swept from 20 nm up to 300 nm. The best coupling occurs for
a groove depth (gold thickness) of 200 nm, which is different from the results for the
trench grating when illuminated from below the glass substrate. The scattering
increases with increasing depth of the grooves, resulting in increased coupling.
However, unlike the case of illumination from below the glass substrate, for depths

greater than 100 nm, the coupling is a maximum for a groove depth of 200 nm.

Overall, the coupling when the grating is illuminated from air is 2.5 times less than
the identical grating illuminated from below the glass substrate (the medium with
higher refractive index) but similar to the coupling efficiency of surface relief gratings.
This change in the coupling efficiency is due to the difference in refractive index of

the illumination medium.

The bandwidth of the grating in this case is the same as the bandwidth of the trench
grating illuminated from below the structure through the glass substrate. The response
of the grating is calculated for wavelengths from 600 nm to 1050 nm for groove
widths of 4,/2 and a groove depth of 200 nm. The centre wavelength is 830 nm,
however, the response for the wavelengths above and below the peak wavelength is
slightly asymmetric, which is different from the case of illumination from below the

glass substrate, as shown in Fig. 3-11.
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Fig. 3-13 Bandwidth of the trench grating coupling response when illuminated from the
air. The bandwidth, as the full width of half maximum (FWHM) of the fitted Gaussian,
is 130 nm and the central wavelength is shifted to 1. = 830 nm, as in the case of the
trench grating illuminated from below the glass substrate

3.2 Conclusions

This investigation of the coupling efficiency of surface relief gratings and trench gratings
illuminated from the different dielectric media reveals that the strongest surface plasmon
coupling occurs for the trench grating illuminated from below, through the substrate (higher
refractive index), with a groove width equal to half of the grating period, (that is, half the
surface plasmon wavelength) at the gold-air interface, with a groove depth of
around 100 nm. The coupling efficiency of the trench grating illuminated through the air is
in the range of that for the surface relief grating and the maximum coupling efficiency of the

surface plasmons for both these cases is 2.5 times smaller than the maximum surface
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plasmon coupling efficiency in the case of a trench grating illuminated through the substrate

(higher refractive index).

Although all the gratings considered in this chapter are linear gratings, for curved
gratings, the coupled surface plasmons at each point of the curved gratings propagating
across other grooves are expected to behave in the same way as plasmons propagating across
linear grooves. However, in the case of curved gratings, the polarization of incident light
with the grooves at each point makes different angles with respect to the normal to that point,
thus is investigated in Chapter 4 in detail. The results of this chapter were used to determine

the best parameters for design and fabrication of curved gratings, as discussed in Chapter 5.






Chapter 4: Curved Gratings for
Coupling and Focusing Surface

Plasmons

Plasmonic focusing concentrates surface plasmons in 2D at a metal-dielectric
interface. Various plasmonic focusing structures have been demonstrated
experimentally, including engineered arrays of metallic nano-slits [111], an arc of
nano-holes [112], parabolic nanoparticle chains [113], diffraction gratings [114], and
an elliptical corral [115] with particular applications in wavelength division
multiplexing, spectral filtering, waveguide coupling, correction of divergent surface
plasmon beams and angular interferometry, respectively. Elliptically curved gratings
[116] and periodically corrugated wires have been proposed and investigated for
terahertz frequencies [117]. Single circular slits can also act as surface plasmon
focusing elements [118-120]. However, illumination with linearly polarized light
results in two high intensity spots along the polarization direction of the beam due to
destructive interference of counter-propagating surface plasmons at the centre of the
circle. In order to create a single spot at the centre of a circular slit, one needs to
illuminate the structure with radially polarized light to achieve constructive
interference of the surface plasmons at the centre of the circular slit. Building on this

result, it has been shown that circular gratings, consisting of several circular slits and
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illuminated with circularly polarized light, focus surface plasmons at the centre of the
concentric circles with a higher intensity due to the increased number of diffracting
slits [19, 52, 121]. In an alternative approach using linearly polarized light, focussed
surface plasmons may be created by placing two half-circular slits or corrals facing
each other and centred at the same point. However, the radius of the opposing circular
slits needs to be shifted by half of the surface plasmon wavelength, in order to provide
constructive interference of counter-propagating surface plasmons at the centre [122,

123].

The circular gratings need to be illuminated with circularly polarized light.
Although this problem can be solved in asymmetric circular grating structures, both
the circular gratings and asymmetric gratings make a closed loop which does not give
access to the focal spot for in-plane applications to use the benefits of the focused
surface plasmons. In this chapter, we study the use of curved gratings as sectors of full
concentric circular gratings, to focus surface plasmons, see Fig. 4-1. We show the
theory, simulation and experimental results that demonstrate the effect of the sector
angle of the curved gratings on the width of the focussed surface plasmons. The
“numerical aperture” of these plasmonic lenses is defined and it is shown that the

definition is in very good agreement with simulation and experimental results.
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Fig. 4-1 Trench curved grating (dark blue) as a sector cut (red dashed line) of full circular
gratings, the curved grooves are milled into a gold film on glass substrate
All these simulations are performed under illumination of the curved gratings with
linearly polarized light (p-polarized). This offers advantages in comparison to the
earlier results for full circular gratings, as efficient focusing of surface plasmons at the
centre of the full circular gratings is only achieved in practice if the centre of the
radially polarized beam is aligned with the centre of the circular slits. Furthermore,
curved gratings are positioned to one side of the focal spot and the region beyond the
focal point allows access to concentrated surface plasmons for further processes.
However, the depth of focus for such a plasmonic lens is larger in comparison to its

almost subwavelength width.

An alternative approach uses two curved gratings facing each other in a concentric
asymmetric configuration. The radius of each groove of the curved gratings is shifted
by half of the surface plasmon wavelength, relative to the opposite grating groove.
This structure leads to focussing of the surface plasmons with a significant decrease in
the length of the focal spot. The peak intensity at the hot spot is also enhanced
significantly in comparison to the single curved gratings, and to the asymmetric

configuration of single slits.
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The specific design of the curved gratings suggests their application for coupling
light into surface plasmons and launching the coupled surface plasmons onto
plasmonic strip-line waveguides. One would expect that a larger sector angle curved
grating, keeping constant aperture size, would collect more incident light and
efficiently launch surface plasmons onto plasmonic waveguides. The efficiency of
coupling surface plasmons by curved gratings in comparison to linear gratings is

discussed in Chapter 5.

Considering the above-mentioned advantages these structures can facilitate the use
of focused surface plasmons for applications in sensing, plasmonic photo-detectors,

nonlinear plasmonics, and even integrated nano-photonic circuits.

In this chapter, the performance of curved gratings to couple and focus surface
plasmons is investigated by simulations which are then compared with experimental
results. The numerical aperture of these plasmonic lenses is defined and compared with
the simulations and measurements. Finally, a design with two curved gratings facing

each other in an asymmetric configuration is investigated by simulation.

4.1 Investigating the performance of curved gratings

Curved gratings are taken as sectors of full circular gratings. At each point of the
grooves of the curved gratings, linearly polarized light (p-polarized) makes an angle

() with the normal to the grooves at that point, which is illustrated in Fig. 4-2.
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Fig. 4-2 Curved grating illuminated with linearly polarized light (p-polarization). At each
point of the grating the direction of polarization of the incident light would couple surface
plasmons in the direction of the grating vector at that point proportional to the angle
between them (). B is half the grating sector angle

The electric field of the coupled surface plasmons along the direction of the normal
unit vector to the grooves of the grating (the grating vector) is proportional to the
component of the polarization direction along the grating vector, that is, the cosine of
the angle between the grating vector and the polarization direction [124];

Esp(at each point X cos(a) Eqg. 4-1
of the grooves)

These electric fields interfere with each other in their path towards the centre of the
curved grooves, and, depending on the sector angle, they result in different surface
plasmon concentrations at different distances. As the sector angle is increased, the
focal point approaches the centre of the curved gratings. These sector-angle-dependent
distributions are very complicated to calculate analytically; therefore, COMSOL
software is used to simulate the structure and the resulting surface plasmon

distribution.
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4.1.1 Simulation

As the curved gratings are assumed to perform as plasmonic lenses, an identical
aperture size was chosen for each curved grating to facilitate comparisons, (see
Appendix A). In Chapter five, we investigate the efficiency of coupling surface
plasmons onto 3 um wide plasmonic stripline waveguides. Thus, the design aperture

of all the curved gratings was chosen to be 3 um.

Full circular gratings and curved gratings with different sector angles were
simulated assuming design parameters based on the results of the previous chapter.
Thus, trench gratings were selected as the best option for simulation and fabrication.
Near-infrared illumination with light at 4, = 810 nm was selected, as near-infrared
light sources were available, and the corresponding near-infrared surface plasmons
have reasonable propagation lengths. For normal incidence, the period of the grating

should be equal to the wavelength of the coupled surface plasmons, namely, A, =

Asp = 790 nm.

The width of the grooves is selected to be half of the grating period (4,/2), from
the results of Chapter 3, with a groove depth, GD = 100 nm equal to the thickness of
the gold layer (curved trench gratings). The structures are illuminated from below the
sample through the glass substrate (n = 1.5), with illumination by a plane wave at
normal incidence confined to the area of the grating, Fig. 4-3, with identical power per
unit area for all the simulations. This is to minimise spurious effects on the near-field

of the coupled surface plasmons due to the incident light beam.
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The superstrate is air (n=1). All the boundaries are defined as scattering boundary
conditions which means the incident electromagnetic waves, with wave vectors normal
to the boundary, pass through the boundary with minimal reflection back into the

simulation cell. The simulated structure is meshed in two steps. The thin 100 nm gold

, and the

vl

. . . . A .
layer is meshed with an element size given by; s element size <

I

L 2 . .
substrate and superstrate element size is given by; =< element size < =, in order to

achieve convergent results.

Y
[Mlumination port

Fig. 4-3 The simulation cell for a curved trench grating with sector angle of 180°. The
illumination by the plane wave is only on the area of the grooves, the rectangular port is
distinguished in the image with red arrows lines showing the direction of illumination
(upward, from below the sample through the substrate)

The number of grooves also influences the intensity of the coupled surface
plasmons. All gratings were simulated with seven grooves. Assuming the phase

matching condition is met, increasing the number of grooves of the circular gratings
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increases the intensity of the coupled surface plasmons. However, as the radius of the
largest grooves exceeds the surface plasmon propagation length, the advantage of
adding more grooves to the grating decreases [19, 52]. Additional grooves would
enhance the intensity of the coupled surface plasmons. However, this enhancement
also depends on the propagation length of the surface plasmons together with other
geometrical parameters such as the period, groove width and depth. These geometrical
parameters affect the phase and transmission of excited surface plasmons when
crossing other grooves leading to constructive or destructive interference of surface
plasmons at the focal spot. The impact of the number of grooves is discussed in Section
4.2, where it is shown that increasing up to seven grooves increases the surface
plasmon intensity at the focal spot. This also affects the required fabrication time and

the illumination area for coupling surface plasmons with the grating.

4.1.2 Simulation results
The simulation results show that when the sector angle of the curved gratings
increases, the coupled surface plasmons are concentrated in the front of the grating

(see intensity maps in Fig. 4-4).
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Fig. 4-4 (a) to (e) show the |E|?map and compare the distribution of coupled surface
plasmons due to the curved grating. With increasing sector angle, the coupled surface
plasmons are more concentrated and are focussed in front of the curved grating. The
white crossed dashed lines show the cutlines for the intensity profiles shown in Fig. 4-5

The intensity profile calculated at a height of 10 nm above the gold-air interface,

and taken on a horizontal cutline along the bisector of the gratings (horizontal white

dashed line in Fig. 4-4 (d)) is shown in Fig. 4-5 for each scheme in Fig. 4-4.

The frequent sharp peaks in the negative x-coordinate (before the larger peaks)
illustrate the scattering of the incident light and the resulting surface plasmons at the
grating grooves. The larger peaks at the positive and zero x-coordinate positions
correspond to the focussed surface plasmons. The sequence of the images for different
sector angles shows the decreasing horizontal dimension and increasing intensity of
the focussed surface plasmon spotsize with increasing sector angle. The variation of
the focal spot with increasing sector angle, was studied by measuring the intensity

profiles of the concentrated surface plasmons along a vertical cutline normal to the
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bisector of the gratings. These profiles are plotted for all the sector angles in Fig. 4-6,

to compare their evolution by sector angle.
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Fig. 4-5 (a) to (e) Intensity profile taken at 10 nm vertical height above the gold-air
interface, along the bisector of the curved gratings for different sector angles



113

x102
6 - o
] —20
. ——40°
——80°
] —120°
< 4 ——180°
=
S 31
o
L 2-
1 -
0 e T T T —
-1500 -1000 -500 0 500 1000 1500

Vertical cutline (along y) (nm)

Fig. 4-6 Intensity profiles showing the evolution of the width of the focused surface
plasmon spot-size coupled by curved gratings with different sector angles
The graph shows that by increasing the sector angle of the curved gratings the
width of the concentrated surface plasmons decreases while the intensity of the hot

spot increases. This is similar to the performance of optical classical lenses.

4.1.3 Fabrication of curved gratings

Experiments with curved gratings to demonstrate coupling and focusing surface
plasmons were made with devices fabricated with four different sector angles
(20°,40°,120°,180°). Identical aperture sizes (3 um) were selected for all of the
fabricated curved gratings. The period of the gratings was calculated assuming the
illumination wavelength 4, = 810 nm at normal incidence, which results in 4, =

790 nm. The width of the grooves was selected according to the results of Chapter

three, as half of the surface plasmon wavelength; GW = 22—" = %g = 395 nm. Although

the simulation shows that the best depth of the grooves and consequently the thickness
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of gold film is around 100 nm (for the case of a trench grating illuminated from below
the sample through the glass substrate), because of the availability of good quality gold
films (roughness < 5 nm) the gratings were fabricated into 30 nm gold films. This
thickness doesn’t change the performance of the curved gratings as plasmonic lenses
but would decrease the coupling efficiency. These 30 nm gold films were deposited
by ion-assisted deposition using an oxygen plasma-assisted thermal deposition system
[125], to ensure good adhesion, flatness and uniformity of the gold film on glass
substrate (refractive index, n = 1.5). All the gratings were fabricated with seven

grooves.

Focused ion beam (FIB), using a Zeiss Auriga 60 cross beam SEM with an Orsay
Canion FIB column, Fig. 4-7 (a), was used to mill seven grooves to 30 nm depth in
the gold layer, (see Fig 4-7 (b)). Characterization of the fabricated structures by SEM
shows the final grating period to be 770 nm, (revealing a 2.5% tolerance in

fabrication) and 30 nm groove depth (GD = 30 nm).

(b)

Fig. 4-7 (a) shows the scanning electron microscope (SEM) with the focussed ion beam
(FIB) column, (b) shows the scanning electron micrographs of the fabricated curved
gratings
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Using 3D COMSOL simulations, we calculated the wavelength response of the
fabricated structures (assuming the exact fabricated structural parameters) by

sweeping the simulation for a range of wavelengths from 600 nm to 930 nm.
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Fig. 4-8 intensity profile along the bisector of a 120° curved grating illuminated with a
range of wavelengths showing the change of intensiy of surface plasmons at the focal spot
according to simulation results
The bandwidth of the grating is measured according to the conventional full width
at half maximum (FWHM) of the fitted Gaussian curve to the response of the structure
to different wavelengths. Simulation results (see Fig. 4-8, and Fig. 4-9) reveal that the
bandwidth is centred at 1, = 780 nm with FWHM=100 nm ( 4, = 780 + 50 nm).
According to Eq. 1-9 and Eq. 1-2, for normal illumination (6 = 0) of surface plasmon
gratings the resonance wavelength of surface plasmons for a grating with period of

Ay =770 nmis at 4, = 790 nm which is very close to the simulation result of 1, =

780 nm in Fig. 4-9. However, during the conduct of the experiment we observed better



116 Chapter 4: Curved Gratings for Coupling and Focusing Surface Plasmons

signal collection by the NSOM tip at 4, = 700 nm and decided to illuminate the

structures at this wavelength.
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Fig. 4-9 Bandwidth of the curved grating (full width of half maximum (FWHM)) for a
grating period of 4, = 770 nm according to simulation resutls. The fitted Gaussian curve
is centred at 1, = 780 nm

4.1.4 Experiments

The performance of the fabricated curved gratings was studied by near-field scanning
optical microscopy (NSOM) with an appropriate optical coupling system as shown
schematically in Fig. 4-10. A laser source provided the excitation light at a
wavelength of 700 nm at approximately 1 mW, with 5 nm bandwidth, illuminating the
grating by a 10 x microscope objective from below the sample through the glass
substrate. The NSOM tip was positioned at ~10 nm height from the gold surface to

collect the evanescent field of the surface plasmons coupled by the gratings.
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Fig. 4-10 experimental setup for illuminating the fabricated curved gratings from below
(through the substrate) and scanning the near field of the coupled surface plasmons to
study their intensity distribution

Some NSOM scans for different sector angles are presented in Fig. 4-11. The
focusing is clearly evident for 120" sector angle. For the 180° sector angle, the

focusing is less clear, possibly due to the bright scattering from the grating area.

However, the focusing is clearly shown in the intensity profiles.

MAX

MIN

Fig. 4-11 NSOM scans for different sector angles of curved gratings taken with tip
distance of 10 nm from surface

In Fig. 4-12 (a), the NSOM image (256 x 256 pixels) for a 120"sector angle

grating shows the concentration of surface plasmons at the focal spot. There is a phase
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change in the image, which is attributed to irregularities of the hand-made NSOM
probe. 3D simulations with identical structural characteristics, Fig. 4-12 (b), shows the
near-field intensity map at a height of 10 nm above the gold-air interface, which

demonstrates the focusing of surface plasmons in good agreement with the NSOM

scan.
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Fig. 4-12 (a) intensity map of NSOM scan for 120° sector angle curved grating
illuminated at 1, = 700 nm illustrating the focusing of surface plasmons in front of the
grating, (b) 3D simulation of the near field intensity map for the same grating structure
illustrating the focusing of surface plasmons in front of the grating

In order to demonstrate the surface plasmon focusing, intensity profiles along a
horizontal cutline matched on the bisector of the grating (horizontal white dashed

cutline in Fig. 4-12 (b)) and at 10 nm vertical distance from the interface were

extracted and plotted for both the simulation (red dashed line) and experiment (black

solid line) in Fig. 4-13.
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Fig. 4-13 comparison of intensity profiles bgtween the experimental NSOM scan data and
the 3D COMSOL simulation for the 120 sector angle curved grating. The intensity
profiles are individually normalised to the maximum intensity value of each profile.

In Fig. 4-13 the scattering of the light at the grooves contributes to observed
oscillations in the positive x-coordinate and the focal spot occurs at the zero
position. The results show the concentration of surface plasmons at the focal spot,
although the field enhancement is relatively weak. This weak field enhancement is
due to the off-resonance of the illumination wavelength and the 30-nm groove
depth. According to the simulation result of Chapter 3 (Fig. 3-8) and wavelength
response of the curved gratings (Eq. 1-2, Eq. 1-9, and Fig. 4-9) a new simulation
was performed and showed that the most efficient coupling, and consequently the
best field enhancement at the focal spot, would occur for 100-nm gold thickness

(groove depth) when illuminated at the peak resonance wavelength (1, = 790 nm)

for the grating period of A4, = 770 nm, see Fig. 4-14.
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Fig. 4-14 (a) 3D simulation of near-field intensity map of 120 sector angle curved grating

with optimized structural parameters, (b) the intensity profile along the bisector of grating
The full width at half maximum (FWHM) of the intensity profile along a vertical
cutline (horizontal cutline in Fig. 4-12) passing through the focal spot is defined as the
width of the focal spot. Fig. 4-15 compares the simulation calculations and NSOM
measurement of the width of the focal spot for seven different sector angles and four
sector angles, respectively. It shows that by increasing sector angle, the width of the
coupled surface plasmons decreases and for sector angles of more than 100°, the
coupled surface plasmons are well focused at the focal spot of the curved gratings.

This decreasing width of the focal spot with increasing sector angle is analogous to the

performance of classical optical lenses.
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Fig. 4-15 The width (FWHM). of the curved grating focal spot is measured using
simulation and experimental data
In another experiment, a 120° sector angle curved grating is illuminated at three
different positions, (see Fig. 4-16). The NSOM scans show that the coupled surface
plasmons are directed along the grating vector (normal to the grooves at the spot). This
is also again analogous to the performance of classical optical lenses which bend the

light beams towards the focal spot.
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Fig. 4-16 illuminating the 120° sector angle curved grating on three different spots
illustrates the coupling of the surface plasmons along the grating vector at each spot. The
coupled surface plasmon intensity is proportional to the cosine of the angle between the
polarization direction and the grating vector (cosa?)
It was assumed in Eq. 4-1 that the electric field of the coupled surface plasmons at
each point of the grating grooves is proportional to the cosine of the angle between
the grating vector and the polarization direction at that point (e, in Fig. 4-2). As a

result, the intensity of the coupled surface plasmons along the grating vector at each

point (P) of the grooves would be proportional to;
Ip < cos?a Eq. 4-2

On integrating over each groove section, the total intensity of the surface plasmons

coupled by the grating through a given aperture is given by;
Liotar f_ﬁﬁ cos’a da Eq. 4-3

with S as half of the sector angle (as defined in Fig. 4-2).
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Fig. 4-17 Intensity of surface plasmons at the radial centre of the curved grooves
calculated by theory and COMSOL simulation
Fig. 4-17 compares the result of numerical calculation of Eq. 4-3 with simulation
results by COMSOL. The intensity for different angles are normalised to the intensity
of maximum intensity which occurs for the maximum angle 8 = 90°. Both graphs for
the numerical calculations and COMSOL simulations show that by increasing the
sector angle the intensity of the surface plasmons at the centre of curved gratings
increases. However, for angles smaller than 8 = 90° there is an offset for different
angles. It can be due to the fact that here it is assumed that while the surface plasmons
are concentrated in the radial centre of the curves, for smaller angles than § = 90°, or
in other words half-circular gratings, the surface plasmon distribution expands around

the focal spot.

In addition, as the sector angle of surface plasmons is increased, the coupling of
the surface plasmons increases. As a result, we define the numerical aperture (NA) of

these plasmonic lenses as;
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NA = [? cos?a da =22 1 B Eq. 4-4

In order to demonstrate the appropriateness of the defined NA, we plot the
reciprocal of the NA against sector angles in Fig. 4-18 (solid black line). The fitted
line closely agrees with the simulation and experiment results for the focal width,

analogous to the inverse of NA for classical optical lenses.
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Fig. 4-18 The black line is the reciprocal of the analytically defined numerical aperture
(NA) from Eq. 4-4, and it fits closely with the data from the simulations and experiments

Plasmonic lenses can couple and direct surface plasmons into the focal spot while
also allowing access to the focal spot for further processes. In addition, according to
Eq. 4-3, adjustment of the curved grating sector angle changes both the quantity and

quality (focusing) of the coupled surface plasmons.
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4.2 Impact of the number of grooves on the performance
of curved gratings

As the theoretical definition and results shows (Eqg. 4-4) the distribution of the
concentration of surface plasmons depends on the sector angle of the curved grooves
[19, 52, 118-123]. The simulation results also show that the change of the number of
the grooves does not affect the distribution of the concentration of surface plasmons.
However, increasing the number of grooves of a grating generates additional surface

plasmons and affects the intensity of the surface plasmons at the focal spot.

The propagating surface plasmons gain a phase change when passing across other
single grooves. Constructive interference of the coupled surface plasmons when
passing across other grooves depends on the period of the grating and the other
geometrical parameters, particularly, the width of the grooves. It is shown in Chapter
3 that for a multi-groove linear grating, the best coupling for normal-incidence light
occurs when the period of the grating exactly matches the surface plasmon wavelength
and the width of the grooves is half of the surface plasmon wavelength or half of the
grating period. The wavelength response of the curved gratings (Fig. 4-9) illustrates
that the curved grating period determines the constructive interference of the excited
surface plasmons at each groove, analogous to the linear grating ones. As a result, in
this discussion we neglect the role of phase changes for the propagating surface

plasmons across other single grooves.



126 Chapter 4: Curved Gratings for Coupling and Focusing Surface Plasmons

Fig. 4-19 curved grating illustrating the number of grooves and other geometrical
parameters

With an increase in the number of grooves, the radius of the curves approaches the
surface plasmon propagation length and the field enhancement at the focal spot of the
curved gratings is reduced due to damping of the surface plasmons at the gold-air
interface. In addition, the length of each groove is increased. This increase is
proportional to the radius of the groove, and the sector angle of the curved gratings.
The intensity enhancement does not rise linearly with increasing sector length. It is
shown in Chapter four that the generation of surface plasmons at each point of the
grooves is proportional to the square of the cosine of the angle between the light
polarization and the groove vector at that point (cos(a)). However, since all the
grooves have identical sector angle, by integrating over sector angle the cosine term
results in the same multiplication factor. In addition, by normalising the length of the
added grooves to the length of the first groove with the smallest radius the sector angle
factor is omitted. First, we assume that the electromagnetic field is proportional to this

ratio as ((R + mA,)/R) and as a result the intensity enhancement is proportional to
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the square of this ratio, see Fig. 4-19. The accuracy of this assumption is examined as

the first step, and then is used to study the effect of increasing the number of grooves.

By considering the fact that for large sector angles (23 > 100°) the coupled surface
plasmons are focused at the centre of the curved gratings, the analytical expression for
the intensity enhancement (1) of surface plasmons at the focal spot (centre of the curved

gratings) is proportional to the following terms;

2(R+mAg)

2
() o (F220)" T2m e Eq. 4-5

where m is the groove number, R is the radius of the first groove with smallest radius,
Ay is the grating period, and [ designates the propagation length of surface plasmons.
When surface plasmons propagate across other grooves their intensity would be
modified by a transmission coefficient (T). Therefore the total transmission coefficient
when surface plasmons cross multiple grooves is accounted by T™ in which

m designates the groove number.

In order to derive this analytical expression, we consider illumination of a curved
grating at A, = 810 nm. The propagation length of the surface plasmons at the gold-
air interface is [ = 45 pm at this wavelength. At the first step we consider the ideal
situation of full transmission of surface plasmons across other grooves with T = 1.
The graphs in Fig. 4-20 demonstrate the intensity enhancement versus the groove
number for two different expressions of the function; when the ratio (R + mA,)/R is
taken as the correct form of the expression (1) and when the square of the ratio of the
radii is considered (2). In graph (1), at around the 25th ring the added intensity reaches

its maximum value. However, in graph (2) this maximum value is reached at 57th



128 Chapter 4: Curved Gratings for Coupling and Focusing Surface Plasmons

groove. In theory, one expects that for an ideal situation of complete transmission of
propagating surface plasmons across other grooves, the enhancement of the surface
plasmons continues to increase with additional grooves until the radius of the grooves
reaches the propagation length of the surface plasmons. Beyond this radius the
intensity enhancement reduces. Considering the propagation length of surface
plasmons at this wavelength, this groove number is [ = 45 nm = 0.790 nm X m
which results in m = 57. This value is exactly the one that is achieved by the square

R+mAg
R

2
of the ratio of radii (( ) ) in graph (2). Thus the proposed form of the intensity

enhancement in Eq. 4-5 is consistent with simulations.
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Fig. 4-20 The proportionality of the enhanced intensity versus the groove number is
plotted for (1) (R + mA,)/R and (2) for ((R + mA,)/R )?

Fig. 4-21 also shows the change in the groove number that creates the maximum

intensity enhancement of surface plasmons at the focal spot for T = 0.9 & 0.8. With a
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decrease in the transmission of the propagating surface plasmons, the groove number

of the maximum enhancement decreases, as expected.
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Fig. 4-21 Enhancement of the intensity for transmission factors less than 1: showing a
very strong dependence on the transmission factor
In addition, calculation of the total intensity enhancement at the focal spot requires the

sum of the intensity enhancement of all the grooves. As a result we have;

2(R+mAg)

2
N T Eq. 4.6

In Fig. 4-22 the behaviour of the total field enhancement for an ideal transmission

of propagating surface plasmons (T = 1) is illustrated.
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Fig. 4-22 Change in total intensity by groove number for an ideal transmission (T=1)

Fig 4-22 shows that even up to 100 grooves the field is enhanced, though the slope
of enhancement changes somewhere between 50 to 70 grooves. Decreasing the

transmission coefficient dramatically changes the effective number of grooves,

illustrated in Fig. 4-23.
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Fig. 4-23 Change in total intensity by groove number for transmission factors less than
one (T=0.8, 0.9)

The COMSOL simulation is also used to investigate the effect of adding grooves
to the curved gratings. The simulation is accomplished for a curved grating with sector

angle of 28 = 120°. The grating period is chosen Ay =790 nm (to be illuminated at

Ao = 810 nm) with groove width of half of the grating period and depth of 100 hm
according to the optimized values for grating coupling efficiency, in order to minimize
the influence of the phase factor in the calculations. Due to the limits of memory and
running time, up to seven grooves are considered for the grating. The simulation data
show that by increasing the number of grooves up to seven, the intensity of the focal
spot increases, see Fig. 4-24. Considering both the milling time of fabricating the
curved gratings and also the beam spot size for an efficient grating illumination, this

number of grooves was chosen to be fabricated.
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Fig. 4-24 Increase in intensity by increasing the number of grooves (3D) simulation

However, the images in Figs. 4-4, 4-5, 4-8, 4-11, 4-12, and 4-13, show that the
length of the hot spot (depth of focus) is larger for smaller sector angles. Fang et al
[122] showed that breaking the symmetry of the two faced slits results in focusing
surface plasmons at the centre of the structure. Gjonaj et al [123] have also shown that
the depth of the focused surface plasmons decreases dramatically. Now we apply the
concept of breaking the symmetry of two faced curved gratings to decrease the spotsize

of the focused surface plasmons and further enhance the intensity at the hot spot.

4.3 Curved gratings in a symmetry broken configuration

Circular slits and circular gratings have been proposed and investigated as plasmonic
lenses to couple and focus surface plasmons at their centre [19, 52, 118-123].
However, the use of circular gratings to focus surface plasmons requires illumination

with radially-polarized light. This setup is challenging in practice as one needs to align
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the centre of the radially-polarized light beam to the centre of the circular slits. In this
section, the performance of circular gratings under illumination by linearly-polarized
light (p-polarized) is investigated and then the symmetry-broken configuration of
curved gratings for focusing surface plasmons to a single spot is proposed. This
investigation is performed by 3D simulations of the structures using COMSOL. The
simulation details are identical to those used for investigating curved gratings, so the

details of the simulation are omitted.

4.3.1 Circular gratings with a linearly polarized light beam

Illumination of a complete circular grating with linearly polarized light (p-polarized)

results in two hot spots on the diameter of the curved gratings along the direction of

the light polarization.
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Fig. 4-25 Intensity map of surface plasmons coupled by complete circular gratings.
Illumination by linearly polarized light (polarization direction indicated by the arrows on
the figures) results in two hot spots along the direction of polarization on the diameter of
the circles, A4, = 790 nm, 4, = 810 nm
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In Fig. 4-25, the intensity map of the near field of a normally-illuminated complete

circular grating illustrates the double hot spot phenomenon along the polarization

direction and its change when the polarization direction is rotated by %

The linearly-polarized light (p-polarized or TM polarized) is scattered at the
grooves of the grating, and excited surface plasmons are directed towards the centre
of the circular grating. However, for each pair of oppositely placed points on the

grooves, the coupled surface plasmons propagate in opposite directions and the normal

components of their evanescent fields acquire a % phase difference relative to each

other that results in destructive interference. The in-plane components of the
evanescent field of the surface plasmons are in phase and result in constructive
interference [110]. Fig. 4-26 illustrates the map of the magnitude of the normal and in-
plane components of the near field, E, and E,, respectively, and their related profiles
along a cut line in the direction of polarization (x-axis) passing through the centre of
the structure. The destructive interference of the normal components results in two
intense lobes adjacent to the centre of the structure, while the constructive interference
of the in-plane components is shown as the central peak with two smaller lobes on the

sides.

In addition, a comparison of the magnitudes of E, and E, in Fig. 4-26 reveals that
the normal component of the evanescent field of the surface plasmons is around four
times stronger than the in-plane component. Consequently, E, constitutes 97% of the

total intensity (|E|?) of the evanescent field of the surface plasmons. The illumination
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of the circular grating by linearly-polarized light (p-polarized) results in two hot spots

adjacent to the centre of the circular rings, as shown in Fig. 4-27.
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4.3.2 Symmetry broken curved grating configuration

Asymmetric curved gratings are designed with two facing curved gratings in a
symmetry broken configuration in which the centre of each groove of the curved
gratings is shifted half of the surface plasmon wavelength relative to the opposite

groove, as shown in Fig. 4-28.
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Fig. 4-28 Two facing curved gratings in a symmetry broken configuration; the radius of
the concentric gratings are shifted half of the wavelength of the surface plasmons for
providing the phase matching condition for the normal component of the evanescent field
of surface plasmons (normal to the plane of the image)

Illumination of a symmetry broken configuration grating with linearly polarized
light, results in the coupled surface plasmons being focused at the centre of the
structure. Fig. 4-29 (a) shows the focused surface plasmons from a single curved
grating illuminated with linearly polarized light, and (b) illustrates the performance of
curved gratings in focusing surface plasmons when two curved gratings facing each
other in the symmetry broken configuration are illuminated at 1, = 810 nm with

linearly polarized light. The sector angle of each grating is 160° (28 = 160°), which
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results in highly focused surface plasmons with a small focal spot width. The other

details of the gratings are identical to those used for the curved gratings in the previous

sections.
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Fig. 4-29 (a) curved grating with sector angle of 28 = 160" illuminated with linearly
polarized light (along the x-coordiante) shows the focusing of surface plasmons. The two
facing curved gratings in a symmetry broken configuration focus surface plasmons at the
centre of the curved gratings, (c) shows the change in the intensity profile (along the x
axis) for both the curved gratings and double sided curved grating in an asymmetric

configuration

A comparison of the intensity profile of the hot spot on a horizontal cut line along

the bisector of the curved gratings (the x-coordinate in Fig. 4-29 (c)), reveals that the

length of the hot spot (depth of focus) decreases considerably from 800 nm for a



138 Chapter 4: Curved Gratings for Coupling and Focusing Surface Plasmons

single curved grating to 240 + 60 nm for the asymmetric double-sided configuration
of the identical gratings. In addition, the intensity of the peak of the hot spot is
enhanced for the asymmetric configuration, resulting in a very sharp focus of the

surface plasmons.

Moreover, it is possible to control the intensity of the focal spot for the asymmetric
configuration by changing the number of the grooves. Fig. 4-30 shows that by
increasing the number of the grooves of the asymmetric curved gratings, the intensity
of the peak of the sharp focal spot increases. This design offers another approach to

manipulate the focused surface plasmons.
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Fig. 4-30 Intensity profile along x-coordinate in Fig. 4-21(the bisector of the asymmetric
curved grating configuration), for different number of grooves (slits) per each curved
grating



139

4.3.3 Conclusion

We have shown that curved gratings (sectors from full circular gratings) focus coupled
surface plasmons at their radial centre. The width of the focused spot changes with
changing sector angle of the gratings. Based on this, the numerical aperture (NA) of
these surface plasmon lenses is defined and the reciprocal of the defined NA versus
the sector angle fits closely to the measured focal widths, demonstrating the accuracy

of the definition of NA for these curved gratings.

The performance of the curved gratings under illumination with linearly polarized
light (p-polarized), is in contrast to the focusing properties of full circular gratings
which require illumination with radially-polarized light. Radial polarization
illumination is challenging in practice as it needs alignment of the centre of the beam
with the centre of the circular gratings. In addition, for curved gratings, the focal spot
is positioned to one side of the curved grating, allowing access to it for further
processes, while for full circular gratings, the focal spot is surrounded by the circular
grooves. These properties facilitate the application of these structures in sensing,
imaging and even nonlinear plasmonics. The use of these curved gratings for
plasmonic waveguides may not be suitable as the results of the next chapter do not
show any appreciable advantages for coupling surface plasmons onto plasmonic

waveguides.

However, the length of the focused spot of the surface plasmons (depth of focus)
from the curved gratings is larger than the width of the focus. It is shown that by
placing two curved gratings in front of each other in a symmetry-broken configuration,

it is possible to focus the surface plasmons at the centre of the structure with
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significantly decreased depth of focus. Moreover, the intensity at the peak of the hot

spot increases, depending on the number of the grooves.

The asymmetric configuration results in further enhancement of the performance of

curved gratings as plasmonic lenses, particularly for detection and sensing.






Chapter 5: Integrating Curved
Gratings with Plasmonic Micro-

Stripline Waveguides

With many potentially useful applications in signal processing, there is a goal to
develop efficient plasmonic waveguides with subwavelength confinement and long
propagation lengths. However, efficient coupling of free-space light into the
propagating plasmonic modes of plasmonic waveguides is a significant challenge for
this area of nano-photonics. In fact, to couple light into surface plasmon modes of a
surface plasmon waveguide, we must overcome the momentum mismatch between
surface plasmon modes and free-space light at the same frequency. Plasmonic gratings
can provide the additional momentum to couple the light into surface plasmons and
plasmonic waveguides [51]. The main challenges for the design of plasmonic gratings
are the efficiency of coupling light into surface plasmons and launching these surface

plasmons in a single direction.

In this chapter, we investigate the coupling of surface plasmons by curved gratings and
linear gratings onto micro-stripline waveguides, and compare the performance of the
two kinds of gratings in terms of the propagation length, the efficiency of coupling,
and the directionality of the launched surface plasmons. Micro-stripline waveguides

are obtained by limiting the lateral width of metal-slab waveguides which leads to
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lateral confinement of propagating surface plasmons and consequently, creates a more

complex spectrum than for slab waveguides [126].

The specific curved grating design suggests they would be suitable to integrate as
couplers for plasmonic waveguides. However, for large sector angles of curved
gratings, they are not very efficient to couple surface plasmons onto micro-stripline
waveguides for two reasons; first, for larger sector angles the coupling of the incident
light into surface plasmons drops by the cosine (cos(«)) of the angle between the
normal to the grooves and the tangent to the light polarization (p-polarization), and
second, the focusing of the launched surface plasmons onto the strip-line waveguide
results in shorter propagation lengths since the focused surface plasmons are not well

mode matched to the waveguides, and are scattered out.

5.1 Simulations of the integration of curved gratings with
plasmonic waveguides

To compare designs for the integrated configuration of curved gratings with micro-
stripline waveguides, an identical aperture size was set to 3 um for all sector angles.
The aperture size of the linear grating was also 3 um. These aperture sizes are selected
for coupling surface launching surface plamsons onto 3 um micro-stripline
waveguides. The width of the stripline waveguide is selected according to the
experimental results in reference [127]. Weeber et al. show that asymmetric gold
stripline waveguides with 3 um width, or even smaller, support micro-stripline surface
plasmon modes at exciting wavelength around 800 nm, with strong lateral mode

confinement within the width of micro-stripline waveguide. They also investigate the
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effect of waveguide thickness and show that unlike the symmetric stripline
waveguides, the gold thickness does not affect the mode configuration of the

asymmetric stripline waveguides.

The curved gratings were designed to be illuminated at 4, = 810 nm. As a result,
the period of the gratings was selected to be A; = 790 nm (See Eq. 1-9) with groove
width of half the grating period and 100 nm groove depth, equal to the thickness of
the gold layer, for five periods. The selected parameters of the curved gratings are
chosen according to the grating parameters calculated in Chapter three. The gold
stripline waveguide was 3 um in width and 100 nm in thickness. The boundaries of

the simulation cell were scattering boundary conditions, with a meshing element size
in the range of '51 < element size < %for the grating, waveguide, and the surrounding

medium.

Grating couplers facilitate experimental alignment for launching surface plasmons
onto plasmonic waveguides. The performance of linear gratings for coupling surface
plasmons onto plasmonic waveguides have been investigated widely [51, 128-130].
Here we investigate the efficiency of coupling surface plasmons onto micro-stripline
plasmonic waveguides using curved gratings and comparing with the efficiency of

linear gratings. Therefore, a linear grating with analogous parameters; period of A4, =

790 nm, illuminated at A, = 810 nm with five periods, a groove width of half of the
grating period, and depth of 100 nm, was also simulated. The resulting maps of
intensity and out-of-plane field components for the linear grating integrated with a

micro-stripline waveguide are presented in Fig. 5-1.
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Fig. 5-1 Intensity map (]E|?) and normal field component map (E,) for a linear grating
integrated with a 3 pm width and 100 nm height micro-stripline plasmonic waveguide
The simulation of the integrated configuration of the curved gratings with micro-
stripline waveguides for very large sector angles showed that there is no appreciable
propagation of focused surface plasmons by the waveguides as the coupled surface
plasmons are highly focused at the focal spot inside the waveguide. However, the
simulations for the smaller sector angles show propagating surface plasmons on the
micro-stripline. As a result, four sector angles; 20°,40°,60°,80°, were selected to
study the performance and efficiency of coupling incident light into propagating
surface plasmons by curved gratings as shown in Fig. 5-2 (a)-(d). Each pair of images
includes the intensity map (| E|?) and the z component of the confined electromagnetic

field (E,) for various sector angles of the curved gratings.

Inspection of the images in Fig. 5-1 shows that even for the integrated linear
grating, the coupled surface plasmons are concentrated near the beginning of their
propagation on the waveguide. As the plasmons propagate along the waveguide, the
wavefront of the propagating surface plasmons evolves to become a plane wave as the

mode is established.
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This effect also occurs in the case of curved gratings integrated to micro-stripline
waveguides. In moving from the smallest (20°) to the largest angle (80°), the coupled
surface plasmons become more concentrated when they are launched at the beginning
of the waveguide, resulting in an increased curvature of the wavefront. However, as
the plasmons propagate along the waveguide, the curvature of the wavefronts
decreases and the surface plasmons evolve into plane waves. The figures show that,
by increasing the sector angle and consequently the focusing of coupled surface

plasmons, the apparent propagation length of the surface plasmons decreases.
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Fig. 5-2 (a)-(d) Intensity (JE|?) map and normal field component (E,) map for the
integrated curved gratings with micro strip-line waveguides with four different sector
angles.

The propagation of the surface plasmons launched by the curved gratings with

different sector angles is compared in Fig. 5-3. This shows that with increasing sector

angle, the surface plasmon propagation length decreases. The intensity profiles are
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taken along the bisector of the gratings, where the symmetry axis of the waveguides is

along the x axis, at a height of 10 nm above the waveguide surface.

5.1.1 Comparison of propagation length and coupling efficiency
Different approaches are followed to compare the propagation of coupled surface

plasmons on micro-stripline waveguides launched by the linear and curved gratings

with different sector angles.

Initially, the propagation lengths of the surface plasmons coupled onto the micro
strip-line waveguides by the linear gratings and curved gratings with different sector
angles were measured from the simulation data. The simulation results show that the
effective propagation length of surface plasmons coupled by the linear grating is
4.8 um. The propagation lengths of surface plasmons coupled by the curved gratings
with different sector angles were measured. Fig. 5-3 shows that with increasing sector
angle of the curved gratings the surface plasmon propagation length of decreases in
comparison to the linear grating surface plasmon propagation length.

—s=— Propagation length (relative to linear grating)
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Fig. 5-3 Ratio of the propagation length of the curved grating surface plasmons to the
linear grating surface plasmons
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In addition, we measure the coupling of surface plasmons by the linear grating and
compare it with the coupling of surface plasmons by the curved gratings with different
sector angles. For the quantitative comparison of the coupling of surface plasmons by
different gratings, the intensity of the surface plasmons was measured over an area
with a width equal to the waveguide width and a length twice the surface plasmon
wavelength, starting where the grating contacts the waveguide (red parametric surface

in Fig. 5-4).
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Fig. 5-4 A 20°sector angle curved grating integrated with a micro-stripline waveguide.
The intensity was measured over a parametric surface (red rectangle) with a width equal
to the width of waveguide and a length of twice of the surface plasmon wavelength
The ratio of the measured intensity of the coupled surface plasmons from the
curved gratings with different sector angles to the intensity of the surface plasmons
coupled by the linear grating was measured and is plotted in Fig. 5-5 (red squares).
Fig. 5-5 shows that by increasing the sector angle of the curved gratings the intensity

of the surface plasmons coupled into the waveguide increases compared with the

intensity of the surface plasmons coupled into the waveguides by the linear gratings.
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Fig. 5-5 Quantitative comparison of the intensity of the surface plasmons coupled onto
the micro-stripline waveguides by the curved gratings with different sector angles
We attribute the decrease in propagation length and also the increase of the
coupling of surface plasmons by the increase of curved grating sector angle to the
focusing property of the curved gratings; as the sector angle increases, the coupled
surface plasmons are more focused onto the waveguide, and this leads to the surface
plasmons diverging as they propagate in the waveguide. This divergence results in the
excitation of different modes of the propagating surface plasmons along the
waveguides, with different propagation lengths. This effect is shown in the intensity
and normal field component maps in Fig. 5-2. Fig. 5-6 also shows the distribution of
the magnitude of the normal component of the fields (|E,|) at 8 um distance from the
grating, on a cut plane normal to the waveguide, demonstrating the evolution of the
launched surface plasmons to different modes by changing the sector angle of the

curved gratings.
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Fig. 5-6 Map of the normal field component of the surface plasmons on a cut plane normal
to the micro-stripline waveguide. The waveguide cross section is distinguished with
dotted black lines. () is for a linear grating coupled to a waveguide, (b) and (c) are for
curved grating with sector angles of 20° and 80°, respectively

In addition it is also expected that the intense coupled surface plasmons at the

beginning of the waveguide do not propagate efficiently along the waveguide. Because
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of the greater NA and surface plasmon divergence with the larger sector angles, the
propagating surface plasmons partly diverge and are scattered out at the edges of

micro-stripline.

The intensity of the surface plasmons at a distance equal to the propagation length
of the launched surface plasmons from the linear grating was measured for the
integrated configuration of the linear grating and for the curved gratings with different
sector angles. This was performed by measuring the intensity of the propagating
surface plasmons over an area identical to the dimensions of the previous parametrized

surface (red parametrized surface in Fig. 5-7).
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Fig. 5-7 The parametrized surface (red rectangle) at the end of the propagation length of
propagating surface plasmons coupled by the linear grating
The intensity of the surface plasmons coupled from the curved gratings integrated
to the waveguide relative to the surface plasmons coupled from the linear grating
integrated to the waveguide is calculated and plotted (blue squares in Fig. 5-4). Fig. 5-
4 shows that for the 20°and 40" sector angle curved gratings, the intensity of the
coupled surface plasmons that propagate over a 4.8 um distance (the propagation

length of the surface plasmons on the waveguide with the linear grating) is comparable



153

with the intensity of the surface plasmons coupled by the linear grating. While this
appears contrary to the former calculated propagation length for these sector angles,

consider that the propagation length was calculated according to its definition as the
distance by which the intensity of surface plasmons drops to § of its maximum value.

Since a fraction of the surface plasmons are lost because of the focusing and increased
divergence, the propagation length appears smaller. Consequently, for larger sector
angles, as the focusing becomes more confined, losses due to the divergent surface

plasmons increase.

To summarize the above comparisons, we note that by increasing the sector angle
of the curved gratings an increased surface plasmon intensity can be launched onto the
micro-stripline waveguides through a given acceptance aperture. However, for the
small sector angles (20°and 40°) the intensity of the coupled surface plasmons after
one propagation length of the surface plasmons coupled by the linear grating was
comparable to the intensity of the coupled surface plasmons on the waveguides from
the linear grating. For larger sector angles, the launch efficiency of the surface
plasmons increases but due to the surface plasmon focussing, a considerable fraction

of the surface plasmon intensity is lost due to the increased divergence.

5.1.2 Energy efficiency
The energy efficiency of coupling light to surface plasmons is directly related to the
efficiency of coupling surface plasmons compared with the light collecting area of the

gratings. In effect, for gratings with identical surface plasmon coupling effectiveness
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and identical illumination power density of the grating region, the gratings with

smaller areas are more energy efficient.

The energy efficiency (the grating efficiency (y)) of the various gratings was
determined as the ratio of the coupled surface plasmon intensity in the waveguide for

gratings integrated to stripline waveguides (C,), assuming a definite aperture size,

compared to the grating area (4,);

__ coupled surface plasmons onto the waveguide Cqg
light collecting area of the grating Ag

Eq. 5-1

Consequently, the relative coupling efficiency of the two kinds of gratings (y;-) can

be calculated as follows;

C A
]/T=ﬁ=i1><iz Eq5-2
Y2 Cgz Ag1

As a result, to calculate the coupling efficiency of the curved gratings relative to
the linear gratings, the calculated intensity of the coupled surface plasmons from the
curved gratings relative to the surface plasmon intensity from the linear grating, is

multiplied by the ratio of the linear grating area to the area of the curved grating.

These values were calculated from the intensity of the coupled surface plasmons
on a parametrized surface on the waveguide. The results of section (5.1.1) above
concerning the propagation of the coupled surface plasmons due to the curved gratings
suggest that it is appropriate to use a parametrised surface beyond the propagation
length of the surface plasmons coupled by linear gratings as a reference for the

measurement. As a result, the intensity was measured over the area of a parametrised



155

surface with dimensions identical to the previous ones positioned at a distance of
5.8 um along the waveguide, beyond the propagation length of the coupled surface
plasmons from the linear gratings onto the plasmonic waveguide. This calculated
relative efficiency is plotted as a graph against the sector angle of the curved gratings
in Fig. 5-8.
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Fig. 5-8 Relative efficiency of the coupled surface plasmons from curved gratings
integrated to micro-stripline plasmonic waveguides compared with the coupled surface
plasmons from linear gratings integrated to an identical plasmonic waveguide (y;.)

Fig. 5-8 shows that for curved gratings with sector angles equal to or smaller than
40° (28 < 40°), the energy efficiency of the curved gratings is comparable to that of
linear gratings. For larger sector angles, though the increase in sector angle results in

increased grating area, the energy efficiency is smaller for two reasons;

» First, focusing of the surface plasmons by the grating results in loss of a fraction

of the coupled surface plasmons scattered by the edges of the grating and,
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» Second, in Chapter four it was shown that the coupling of surface plasmons at any
point on the grooves of the curved gratings drops proportional to the square of the
cosine of the angle between the light polarization at that point and the normal to
the groove at that point (grating vector), cosa?. However, for linear gratings, the

coupling is proportional to the area of the grating.

In addition, for curved grating with sector angle of 20°the efficiency is slightly
larger than that of linear grating. In fact, for very small sector angles the limit of
cosa is equal to 1 and the slight increase in the area of the grating results in the
increase of the coupling efficiency of the small sector angle curved grating in

comparison to the linear grating.

5.1.3 Directionality of surface plasmons coupled by curved and
linear gratings

Inspection of the images of surface plasmons coupled by the curved gratings to the
micro-stripline plasmonic waveguide in Fig. 5-2 reveals that the coupling of surface
plasmons in the backward direction (Fig. 5-9) decreases with increasing sector angle
of the curved gratings. However, the image in Fig. 5-1 also illustrates equal backward

and forward coupling of surface plasmons by linear gratings.
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Fig. 5-9 The arrows illustrating backward and forward directions; the red curved
parametrised surface illustrates the area over which the intensity of surface plasmons is
measured, The width of the area is twice the wavelength of surface plasmons but with
equal sector angle to the sector angle of the curved grating

For a quantitative comparison between the ratios of the forward to backward
coupling of surface plasmons by curved gratings, the intensity of the coupled surface
plasmons over the parametrised surface in Fig. 5-6 was measured and then the ratio of
that average intensity to the intensity over the curved parametrised surface in Fig. 5-9
(the red surface) was calculated for different sector angles. This curved parametrised
surface has a width equal to twice the wavelength of the surface plasmons and an equal

sector angle to that of the curved grating.
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Fig. 5-10 Ratio of forward coupling to backward coupling by curved gratings as a function
of sector angle
The calculated ratios for the different sector angles are plotted in Fig. 5-10. The
graph shows that though the backwards area (red region in Fig. 5-9) is always larger
than the forwards area (red region in Fig. 5-6), for increasing sector angle of the curved
gratings, the ratio of the forward coupling to the backward coupling increases, so that

the coupling becomes partially directional.

The forward coupling to backward coupling ratio is also measured for the linear
grating by measuring the intensity over two identical parametrised surfaces (identical
to the one in Fig. 5-6) but at both sides of the grating. This ratio is equal to one, which

means for linear gratings the forward coupling is identical to the backward coupling.

To conclude, curved gratings couple surface plasmons more directionally in
comparison to linear gratings. Comparing different sector angles of the curved gratings
we note that the small sector angle curved gratings have slightly better coupling

performance in comparison to that of the linear gratings. The 20° and 40° curved
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gratings have improved coupling performance with a coupling efficiency comparable

to that of the linear grating, and improved directionality.

5.2 Conclusion

The coupling of surface plasmons by curved gratings onto micro-stripline plasmonic
waveguides was investigated, based on the effectiveness of coupling through the
grating aperture, the propagation of coupled surface plasmons as a function of the
sector angle of the curved gratings, the efficiency of coupling and the directionality of
coupling. These parameters were compared to the same parameters for linear gratings

when integrated to identical waveguides.

In conclusion, curved gratings with small sector angles 20°and 40° show
comparable coupling efficiency to the linear gratings and suggest increased
directionality. We determined that there is no significant advantage in using the curved

gratings for launching surface plasmons onto micro-stripline waveguides.






Chapter 6: Interaction of
Propagating Surface Plasmons

with TiO2 Microspheres

The excitation of localized surface plasmons by metallic nano-particles leads to some
interesting effects such as subwavelength localization of electromagnetic energy,
creation of hot spots at the metal nano-particle surface, or directional scattering of light
out of the structure [21, 25]. The latter effect results in the realization of nano-antennas
which can transfer the localized near-field electromagnetic energy to the far field.
However, the directional radiation of metallic nano-antennas requires an engineered
configuration of a large number of nano-structures, which can result in a higher ohmic
loss. Dielectric microspheres with high refractive index have been suggested as useful
alternatives for metallic nano-antennas. Most previous studies have concentrated on
the coupling of dipole emitters to high refractive index microspheres to generate highly
directional emission. Reference [30] presents calculations showing TiO2 microspheres
can operate as dielectric antennas by redirecting and radiating the dipolar emission of

a dipole in the vicinity of the microsphere.

The aim of this chapter is investigating the interaction of propagating surface plasmons

with dielectric microspheres and the potential application of dielectric microspheres to



162 Chapter 6: Interaction of Propagating Surface Plasmons with TiO3...

redirect the propagating surface plasmons as dielectric antennas. We first simulate the
performance of TiO2 microspheres, with a diameter of around one micron (= 1 um)
and a rather high refractive index of n = 1.8, in decoupling and radiating the
evanescent field of propagating surface plasmons. We then show the experimental
result of far-field detection of TiO2 microspheres interacting with propagating surface

plasmons.

6.1 Simulation of TiO2 microspheres interacting with
propagating surface plasmons

The interaction of propagating surface plasmons with a TiO2 microsphere was
investigated. We simulated propagating surface plasmons (excited by the
Kretschmann configuration) on a 30 nm gold layer on glass, to interact with 950 nm

diameter TiO2 microspheres in their propagation path.

COMSOL multiphysics was used for 2D and 3D simulations of the interaction of
TiO2 microspheres with propagating surface plasmons. The 2D simulation considered
a finite part of a 30 nm gold film on glass substrate (with several wavelength thickness)
immersed in air, as illustrated in Fig. 6-1. In the simulation, the gold-glass interface
was illuminated at the coupling angle, and measured by sweeping a range of angles for
each wavelength. This is the same situation when the gold/glass sample is illuminated
through a prism, as in the Kretschmann configuration. The TiO2 microsphere was

placed at 4 pum distance from the illumination port.
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of power flow, along a circular parametric line centred at the centre of the microsphere.
The aperture size of the radiation was determined as the full width at half maximum
(FWHM) of the far-field radiation time-average power distribution for a range of

wavelengths from 530 nm to 830 nm. The radiation aperture is plotted against the

gold

4

SPs
VaVaV VY,V

r‘f TiO, Microsphere

glass

air

[Mlumination port

Fig. 6-1 An illustration of the simulation geometry. The gold film is illuminated through
half of the glass substrate at the surface plasmon coupling angle

The far-field radiation pattern of the microsphere was measured as the time average

illumination wavelength as shown in Fig. 6-2.
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Fig. 6-2 Measured radiation aperture size (defined as full width at half maximum) versus

a range of wavelengths
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The plotted radiation aperture size indicates that the scattered radiation from
surface plasmons exciting the TiO2 microsphere is directional and depends on the

illumination wavelength.

In addition to the radiation aperture size versus wavelength, the peak of the
radiation power flow versus wavelength is also plotted in Fig. 6-3. This shows the peak

power reaches its maximum at 1, = 760 nm.
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Fig. 6-3 Peak of power flow versus the incident light wavelength

The decrease in the radiation aperture size along with the increase in the peak of
the radiation power towards longer wavelengths corresponds to increased
directionality at longer wavelengths. In Fig. 6-4 (a and b) the angular distribution of
the microsphere radiation for 4, = 760 nm is compared with the angular distribution

of radiation for A, = 560 nm. The comparison shows that radiation aperture at A, =
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760 nm is smaller than that at 1, = 560 nm. However, the peak radiation power is

higher at the longer wavelength (1, = 760 nm).

The TiO2 microsphere effectively decouples the propagating surface plasmons,
radiating the energy directionally. The increase in the peak of the radiated power can
be attributed to the effect of the complex dielectric constant of gold at different
wavelengths (depends on the dispersion relation of gold) and consequently the initial

surface plasmons power decreases by wavelength.
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Fig. 6-4 Angular distribution of radiation by TiO2 microspheres at two different
wavelengths (a) at 4, = 760 nm and (b) 4, = 560 nm
Incident light at the gold-air interface at 1, = 760 nm (with dielectric constant of
e = —20.9 + i 1.29) exhibits stronger surface plasmon coupling at the total internal
reflection coupling angle and longer propagation length (L, = 38 um) in comparison

to the coupled surface plasmons at 1, = 560 nm, with a dielectric constant of ¢ =
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—6.7 + 1 1.94 and propagation length of Lg, = 1.6 um. In Fig. 6-5 the difference of
the coupling of surface plasmons at these two different wavelengths is illustrated by
simulations of similar structures (gold / glass substrate immersed in air) in the absence
of the TiO2 microsphere. In order to compare the intensity of the evanescent field of
the surface plasmons at the position of the microsphere, the average intensity of the
evanescent field of the surface plasmons along a cut line with a length identical to the
diameter of the microspheres is measured. This shows 36% decrease in the intensity

of surface plasmons by moving from 1, = 760 nm to A, = 560 nm.
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Fig. 6-5 Comparison of the intensity and propagation length of surface plasmons coupled
at two different wavelengths (a) A, = 760 nm and (b) 1, = 560 nm

However, the change in the radiation aperture size is related to the decoupling and

redirecting of propagating surface plasmons out of the gold-air interface and can be
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attributed to the dispersion of the microspheres at different wavelengths. The
interaction of propagating surface plasmons with 2D dielectric optical components
such as prisms has been demonstrated by Drezet et al. [131]. They show 2D dielectric
components redirect the in-plane component (parallel or E,.) of the evanescent field of
the propagating surface plasmons, though the exact mechanism of this kind of

redirection may be very complicated.
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Fig. 6-6 Interaction of a TiO, microsphere with propagating surface plasmons coupled at
two different wavelengths 1. = 760 nm and A. = 560 nm; (a) and (b) show redirection
and decoupling of the E,, field component of the propagating surface plasmons at 4, =
760 nm and A, = 560 nm respectively, (¢) and (d) show the corresponding zoom-in
images, and (e) and (f) show the power flow from the TiO, microsphere at A, = 760 nm
and 4, = 560 nm wavelengths

The presence of a TiO2 microsphere changes the direction and momentum of the

in-plane component of the field (E,) resulting in the out-coupling of propagating

surface plasmons into air. In Fig. 6-6 the redirection and out-coupling of surface

plasmons is illustrated at two different wavelengths (1, = 760 nmand A, = 560 nm).
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Fig. 6-6 (a) and (b) show the change in direction of the E, component of the
propagating surface plasmons when decoupled and radiated by TiO2 microspheres.
The directionality of the out-coupled field is also obvious from the field map intensity
contrast. Fig. 6-6 (c) and (d) show zoom-in images of the same field map to highlight
the redirection of the E, component of the field at the interaction point of the
propagating surface plasmons with the TiO2 microsphere for the two different
wavelengths of incident light. In Fig. 6-6 (e) and (f) the time-average power flow of
the field is illustrated. Fig. 6-6 (a) to (f) show qualitatively the broadening of the
radiation aperture and decrease in the radiated power (along with the decrease in the
coupling of the surface plasmons) for the smaller wavelength. In addition, the zoom-
in image of the interaction of the propagating surface plasmons with the TiO>
microsphere at the shorter wavelength (1, = 560 nm in Fig.6-6 (d)) illustrates the E,
component along the circumference of the TiO2> microsphere, which resembles the

resonance modes of the evanescently coupled field into a microsphere.

In order to investigate the excitation of whispering gallery modes in TiO>
microspheres, the interaction of microspheres with propagating surface plasmons was
simulated with an incident light wavelength of 1, = 760 nm, and three different

microsphere diameters; D = 1.2 um, 1.6 um, and 2.0 pm.
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Fig. 6-7 Radiation pattern of TiO, microspheres at 4, = 760 nm for three different
microsphere diameters; (&) D = 1.2 um, (b)) D = 1.6 um, (¢) D = 2.0 um
In Fig. 6-7 (a), (b), and (c) the radiation pattern from TiO2 microspheres with three
different diameters shows that the diameter of the microspheres can influence the
radiation pattern of the decoupled surface plasmons. For diameters of D = 1.2 um
and 2.0 um, the radiation patterns change as follows; the side lobes become larger and
the main peak becomes slightly wider, but the angle of the peak of the radiation power
does not change in comparison to that for the microsphere with D = 950 nm.
However, for the TiO, microsphere with D = 1.6 um, the angle of the emitted
radiation becomes twice that from the D = 950 nm microsphere but the radiation

aperture size is slightly smaller than that for the case of D = 950 nm. Inspection of
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the E, field map in Fig. 6-8 (a), (b), and (c) reveals that the only difference between
the TiO2 microsphere with diameter of D = 1.6 pum and for the microspheres with
D = 1.2umand D = 2 um is the manifestation of cavity resonance modes inside the

D = 1.6 um microsphere, with increased radiation power peak angle and a slightly

narrower radiation aperture size.
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Fig. 6-8 Distribution of the E, component of the field for TiO, microspheres with three
different diameters (a) D = 1.2 um (b) D = 1.6 um (c) D = 2.0 pm. The incident light
isat 1, = 760 nm

In addition to 2D simulations, 3D simulations of the interaction of the decoupling
and radiation of propagating surface plasmons through the TiO2 microsphere was also

performed in order to observe the direction and distribution of the radiation. The
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configuration of the 3D simulation is very similar to that for 2D simulation, and the
illumination was from below the sample (through the left half of the glass substrate).
The boundaries were selected as for the boundaries in the 2D simulation and the
incident wavelength was 1, = 760 nm. Fig. 6-9 (a) shows the map of the E,
component of the field. The propagating surface plasmons are decoupled by the TiO>
microsphere and the radiation aperture is illustrated with the blue hot spot at the surface
of the particle. The power flow is also presented in Fig. 6-9 (b) with the red hot spot
as the radiation aperture on the surface of the particles. However, these images are
surface field maps and do not show the propagation of the electromagnetic field
through the air. In order to demonstrate the radiation of the electromagnetic field
through the microspheres a parametrized surface was defined to surround the
microsphere, at a far field distance (= 24,), to map the far field E,, component and the
average power flow through the microsphere. This is illustrated in Fig. 6-10 which (a)
shows the directional emission as a red hot spot on the parametrized surface and (b)
shows the corresponding power flow illustrated as a red hot spot on the parametrized

surface.
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W /m?)

Fig. 6-9 3D simulation of TiO, microsphere on gold slab. The propagating surface
plasmons are coupled by illumination through glass substrate at the correct coupling angle
for A, = 760 nm. (a) shows the E, field map and with a blue hot spot as the radiation
aperture and (b) shows the time average of the power flow map with a red hot spot as the
radiation aperture on the surface of the microsphere
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Fig. 6-10 The same simulation as Fig. 6-9; (a) the E,, field map on a parametrized surface
at a radial distance of around =~ 24, demonstrating the radiation from the microsphere
illustrated as a red hot spot on the surface, (b) the time-average power flow on the same
parametrized surface demonstrating the radiation of the microsphere as a red hot spot on
the surface
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6.2 Experimental results

In order to demonstrate the decoupling and radiation of propagating surface plasmons
into air through TiO, microspheres, amorphous TiO2 microspheres® with refractive
index of n = 1.8 and average diameter of D = 950 nm were deposited on 30 nm gold
on glass cover slips. The scanning electron micrographs of the particles show uniform

microspheres with average diameter of D = 950 nm, see Fig. 6-11.
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Fig. 6-11 Scanning electron micrograph of TiO, microspheres. The white scale bar is

1 um

The sample of deposited microspheres on gold film was mounted on a microscope

stage to couple surface plasmons onto the gold-air interface using a microscope

! Microspheres are purchased from MKnano (division of M K Impex Corp.)
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objective (Kretschmann technique). The experimental set up was effectively a leakage
radiation microscopy set up in which the microscope objective played the role of
prism. The objective was contacted to the glass side with immersion oil and an off-
axis light beam launched through it allowed the excitation of the propagating surface

plasmons at the correct angle, see Fig. 6-12.
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Fig. 6-12 Illustration of the experimental configuration using a microscope objective to
support the coupling of surface plasmons. The propagating surface plasmons were
brought close to TiO2 microspheres to facilitate their interaction
Light (1, = 760 nm) was launched into the objective from the back aperture of
the microscope and the leakage radiation and interaction of the propagating surface
plasmons were imaged by the microscope camera. However, the radiation of the

particles was also detected by the over-stage imaging system, as illustrated in Fig. 6-

13 (a).

In order to detect the radiation from the TiO2 microspheres, an imaging system,
consisting of a 50 X microscope objective integrated with two plano-convex lenses

and a compact CMOS camera (1280 x 1024 pixels), was mounted by a 3D
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microcontroller over the microscope-sample stage. In Fig. 6-13 (b) an image of the

imaging system mounted over the microscope stage is shown.
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Fig. 6-13 (a) Experiment set up using the microscope and (b) photograph of the imaging
system mounted over the microscope-sample stage

To obtain distinct single TiO2 microspheres, the microspheres were suspended in
water and small droplets of the solution were placed on the gold film. Although many
of the microspheres aggregated on the gold surface, it was possible to find some single
microspheres by scanning the surface of the gold with the microscope. The images

taken by the microscope CCD camera (from below the sample) show that the
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propagating surface plasmons, close enough to the single microspheres?, were
suppressed by the TiO2 microspheres and the microspheres become very bright (the
bright point distinguished by red arrow in Fig. 6-14 (a) ). In Fig. 6-14(b) the intensity
profile of the part () is illustrated which shows an appreciable enhancement of the

intensity at the TiO2 microsphere.

% The size of the microspheres is around one micron which means it is possible to observe them by
optical microscope. However, there is still possibility of clumping some smaller size particles to make
a particles around 1 microns. The SEM images show that majority of the particles have size around 1
micron and there are a lot of single particles on the sample. | have also repeated the experiment for
several different samples, particles.
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Fig. 6-14 (a) Interaction of single TiO2 microsphere with propagating surface plasmons
observed through microscope objective, (b) the intensity profile of part (a)
The images taken by the CCD camera from above the sample also show the
radiation of the decoupled surface plasmons into air from the TiO> microspheres
excited by propagating surface plasmons, see Fig. 6-15. The white spot indicated by

an arrow in Fig. 6-15 (a) shows the radiation from a single TiO2> microsphere. The
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large beam spot is the result of the transmission of part of the incident light through

the very thin (30 nm) gold layer.

To test whether this radiation can be attributed to the interaction of the TiO:
microsphere with propagating surface plasmons, the polarization of the incident light
was rotated 90° (changed from p-polarization to s- polarization) while the position of
the beam and the microsphere were unchanged. The image of this situation recorded
by the CCD camera from above the sample, is presented in Fig. 6-15 (b). This shows
that, by changing the polarization of the incident beam, the radiation from the
microsphere extinguishes. In fact, by changing the polarization, the incident light does
not couple into surface plasmons and consequently the TiO2 microspheres cannot

decouple and radiate surface plasmons.

Fig. 6-15 The far field detection of the radiation of single TiO, microspheres by the
imaging system above the microscope-sample stage (2) incident light with p-polarization,
(b) turning the polarization 90° (s-polarization) no microsphere radiation is seen as the
incident light cannot couple into propagating surface plasmons



181

6.3 Conclusions

Directional radiation of propagating surface plasmons by TiO2 microspheres with
refractive index of n = 1.8 and diameter of D =950 nm was investigated by
simulations. TiO2 microspheres were shown to operate as dielectric antennae for
decoupling the propagating surface plasmons to produce directional radiation. The
radiation was investigated for a range of surface plasmon wavelengths (530 nm to 830
nm) and it was shown that for all the wavelengths the microspheres decouple and
radiate the propagating surface plasmons directionally. The radiation aperture size
decreases for larger wavelengths. The directionality and out-coupled power of the
radiation also depends on the size of the microspheres. The simulation results also
show that for fixed incident-light wavelength, microsphere diameters can influence the
directionality and power of the radiation, because of the cavity resonance modes inside

the microspheres.

The radiation from the microspheres adjacent to the propagating surface plasmons
was confirmed experimentally. However, the experimental set up did not allow
effective measurement of the directionality of the radiation, and this is proposed for
future investigation. Though some configurations using dielectric microspheres as
antennas with metallic dipoles in the vicinity of the microspheres, have been proposed,
this configuration is challenging to fabricate. However, the use of TiO2 microspheres
on plasmonic platforms interacting with propagating surface plasmons is feasible with
most plasmonic set ups, and the radiation from the microspheres could have

applications in detection and sensing.






Chapter 7: Plasmonic Enhanced

Graphene Photodetectors

Graphene is a promising material for photodetection due to its remarkable optical,
electronic and mechanical properties, as mentioned in the Introduction. These
include its gapless semiconductor band structure that provides exceptionally
broadband photo-generation of charge carriers, the high optical absorption of 2.3%,

relative to its monolayer thickness, and the record-breaking electron/hole mobility.

The aim of this project is to use the strongly enhanced electromagnetic near-field
associated with surface plasmons to amplify the photocurrent generation of

graphene-based photodetectors [37, 132].

There are two different ways of coupling light photons into surface plasmons,
by diffracting the light beam through plasmonic structures and by tunnelling light
photons into surface plasmons using evanescent field of light (Chapter 1). We apply
two different structures to exploit both techniques to couple light photons into

surface plasmons to detect.

The first set of structures using coupling based on diffraction, consisted of
plasmonic gratings with different geometries to compare the role of grating

geometry for photocurrent enhancement of graphene.

The second structure is a trench or a gap, between two gold strips to excite

surface plasmons at the edges of the gap at the surface plasmon resonance angle in
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which the light photons are coupled into surface plasmons by tunnelling photons
through the evanescent field. These photodetectors on waveguides can employ the

evanescent fields for photodetection, plasmonic detection, and sensing.

In both cases the existence of a junction is essential to spatially separate the
excited electron-hole (e-h) pairs [133, 134]. In the case of the gratings the grating
electrode is separated by a gap from the opposite gold electrode or the grating’s
interdigitated forks are connected to separate electrodes. For the case of the

graphene gap-photodetector, the gap plays the role of the junction as well.

7.1 Graphene on plasmonic nano-structures

7.1.1 Design

The exact mechanism of photocurrent generation by graphene is still in debate,
however, it is well known that a p-n junction is required to separate the photo-
generated charge carriers. Such p-n junctions often occur close to the metal
contacts, due to the difference in work function of metal and graphene [90, 135]. It
has also been shown that plasmonic structures can enhance the photodetection
charactristics of graphene by placing the plasmonic structures close to the contact
boundary of metal and graphene [37]. We use the focusing property of the curved
gratings (Chapter 4, [20]), to focus surface plasmons to a sharp edge which is also
the border of the graphene-metal contact, structure (2) in Fig. 7-1. In order to
compare the performance of the enhanced graphene photodetection by curved
gratings with other possible structures, a linear trench grating is designed (structure

(1) in Fig. 7-1) which sends the surface plasmons to two contact lines above and
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below the grating. The third structure is also an inter-digitated grating (structure (3)
in Fig. 7-1) which also increases the number of contact lines of the metal-graphene.
A comparison between the performance of linear and inter-digitated gratings with
the curved gratings enables a judgement on the advantages of focusing surface
plasmons to a small detector area by the curved gratings. Positioned to the left and
right of the three detectors, are large open spaces that should act as non-plasmonic
graphene photodetectors. The top and bottom sectors of the detector were
electrically isolated, with graphene to provide the electronic connection between

the two electrodes.
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Fig. 7-1 Three designed plasmonic nano-structures for harvesting light and using the
benefits of the energy confinement and field enhancement of plasmonic resonances to
enhance the photo-detection performance of graphene sheets (1) linear grating with
two collecting arms (2) curved grating, (3) inter-digitated linear grating, the gold
colour shows the 100 nm gold layer and blue parts show the open spaces (air-glass)

All the gratings are designed to operate at A, = 1550 nm for normal incidence
light. The resulting grating period (according to Eq. 1-9) is A4, = 1540 nm for all

of the structures. The groove width of the structures is also considered half of the
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grating period (GW =%= 0.77 wm) as a result of optimizing the grating
parameters in Chapter three (optimizing plasmonic grating geometrical
parameters). It was shown in Chapter five (integrating curved gratings with
plasmonic micro-stripline waveguides) that the linear gratings couple incident light
in both backwards and forwards directions. As a result, two collecting arms are
considered for the linear grating (structure (1) in Fig. 7-1) to collect the photo-
carriers excited with surface plasmons in both sides of the grating while the
interdigitated grating (structure (2) in Fig. 7-1) would collect the photocurrent at

each period of the grating.

7.1.2 Fabrication

The structures were fabricated in 100 nm gold film as trench gratings, so that the
depth of the grooves is the same as the thickness of the gold film (100 nm). The 100
nm gold films were deposited with ion-assisted deposition using an oxygen plasma-
assisted thermal deposition system [125], to ensure good adhesion, flatness and
uniformity of the gold film on the glass substrate (refractive index n = 1.52). The
structures were fabricated into the 100 nm gold film with focused ion beam (FIB),
using Zeiss Auriga 60 cross beam SEM with an Orsay Canion FIB column. The
three different fabricated gratings have the same number of grooves (seven grooves
each) with average 9% error in the fabrication, Fig. 7-2 shows the SEM images of

the structures with scale bar.
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20 pm Signal A=SE2  Mag= 971X 16 Mar 2015 17:03:12 m
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Fig. 7-2 Scanning electron micrograph of the fabricated structure. The bright parts
show gold and the dark region shows glass substrate. The scale bar is 20 pm

Fig. 7-3 The fabricated structure showing the isolated square gold film island
(illustrated with the dashed red line) and the rest of gold film in which the structure is
milled. The two separated regions are wire bonded by using silver glue
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The plasmonic structures are at the edge of the gold film. An isolated square
gold pad is also in front of the structures which can be connected to the opposite
gold pad by the graphene layer deposited over the gold. The graphene layer
connects the structured region to the square island electrically to enable
transmission of the photocurrent excited by the plasmonic gratings. The two
separated gold regions are wire bonded with silver glue to connect the structures to
measuring instruments. Fig. 7-3 shows the sample with the isolated square gold film

(illustrated with red dashed line) and the remaining gold film.

The 1 x 1 cm single layer graphene sheets were purchased. According to the

manufacturer’s production data sheet, the graphene layers are grown on copper

foil®.

3 ACS Material (Advance Chemical Supplier), http://acsmaterial.com/product.asp?cid=96&id=118



http://acsmaterial.com/product.asp?cid=96&id=118

189

PMMA

@ | Graphene

Polymer

0
" PMMA )

Graphene
@ Water
Polymer

e &

Transferred ont@ther Substrate
PMMA

@ Graphene

Other Substrate

Ac*ne

Graphene
@ Other Substrate

Fig. 7-4 Four steps graphene trivial transfer; (1) the graphene on polymer substrate is
separated from the holder base, (2) immersion of the separated part into deionized
water floats the graphene layer with PMMA coating on top of the water, (3) the floated
part is deposited on the substrate and (4) the PMMA coating is washed out by acetone.
Image taken from the manufacturer website*

4 ACS Material (Advance Chemical Supplier), http://acsmaterial.com/product.asp?cid=96&id=118



http://acsmaterial.com/product.asp?cid=96&id=118
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The copper layer is etched and the graphene layer is coated with PMMA. The
resulting graphene layer was deposited on the sample with the “four steps trivial

transfer method” according to the illustrations in Fig. 7-4.

The existence of the graphene sheet on the structures was demonstrated in two
different ways; by optical images and by the electrical properties. Fig. 7-5 shows
the optical images of the graphene sheet on the sample. The horizontal white arrow
in both Fig. 7-5 (a) and (b) indicates the borders of the graphene layer on the gold
film, while the vertical white arrow in Fig. 7-5 (a) shows the structures and also the
gap that separates the gold panels. The faint contrast between the regions with
graphene and without graphene sheets demonstrates the presence of the graphene

sheet at the desired position.

Fig. 7-5 Optical images of the graphene sheet on the sample (a) the horizontal white
arrow indicates the border of the graphene sheet on gold, and the vertical white arrow
shows the structure and the long groove milled to disconnect the gold pad from the
structures milled into the rest of gold film, (b) the white arrow shows the borders of
the graphene sheet on the gold film as a faint contrast between the gold film without
graphene and graphene on the gold film.
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According to the information provided by the manufacturer, the resistance of
the graphene sheet is 600 Q/Sq. After depositing the graphene sheets across the

grating structures and the opposite disconnected gold pad, the presence of the
graphene sheet was tested by measuring the resistance of the graphene. Infinite
resistance was measured before the graphene deposition showing the complete
disconnection between the two separated regions. However, after deposition, there
was 700 Q resistance between the two gold regions showing the transfer of charges
across the two separated regions. This charge transfer, together with the optical
images, demonstrates the deposition of the graphene sheet across the fabricated

plasmonic structures and the opposite gold pad.

7.1.3 Experiment
The sample was loaded into the microscope and illuminated through the

10 xmicroscope objective. Fig. 7-6 shows a schematic of the experimental set up.

Wires
Photodetector [
Photocurrent
measurement
Microscope
objective

CCD l]"s%\/ﬁrror

Fig. 7-6 Experimental set up for characterizing the enhanced plasmonic graphene
photodetectors
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The first measurement was performed by a photocurrent measurement
instrument (Keithley programmable electrometer, model 617). In the absence of
illumination, no photocurrent was observed in response to microscope or room light
illumination. With a super-continuum laser source (Fianum) operating at both
infrared and visible wavelength ranges, with a power of 1 mW at 1550 + 100 nm,
no photocurrent could be detected when the focused illumination light was scanned

across each of the detectors and the gap between the electrodes.

The bias voltage was then swept from -10 V to 10 +V whilst the photocurrent
was examined and dark current was recorded. The dark current was found to be
quite large so that there was no detectable photocurrent by illuminating the
structures. There was some hysteresis when varying the bias voltage. The graph of

the measured current vs bias voltage in the absence of the illumination is shown in

Fig. 7-7.
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Fig. 7-7 measured current versus the bias voltage, with no illumination. The dashed
line shows the linear fit to the data points
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The graph in Fig. 7-7 gives 16.3 k Q) as the resistance of the graphene sheet
bridging the two gold sections. However, besides some hysteresis when changing
the bias voltage, there was no significant change in the measured current versus the

bias voltage under illumination of any part of the structures.

The large dark current is unlikely to be from thermal sources and it is attributed
to the relatively large area of the graphene sheet. The graphene sheet can be
considered as a 2D layer, with length L and width w. Ohm’s law relationship for a

2D sheet can be written as;

174
I=t= Zr==t Eq. 7-1

where V is the applied electrical potential, p the resistivity of the graphene layer, L
the length of the graphene sheet and w is the width of the graphene sheet across the
gap. This relationship shows that by decreasing the width of the graphene sheet the

dark current would be reduced.

A second sample was fabricated according to the fabrication process described
for the previous sample. A 10 X 10 mm graphene sheet was deposited on the
sample across the structure and the microscope images showed some folding and

wrinkling of the graphene sheet.
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Fig. 7-8 The extended graphene sheet on the left hand side of the structure was
scratched by a sharp needle to decrease the width of the graphene sheet that connects
the two gold regions

In order to decrease the dark current, manual changes were made on the second
sample, scratching a gap between the two gold pads by a sharp needle to eliminate
the connection through the graphene sheet between the two gold regions. The
scratched part is shown in Fig. 7-8. The resistance measurement between the two

electrodes for the second sample also showed 700 Q between the two gold pads.

The photocurrent measurement on the second sample also showed high dark
current similar to the first sample, and no change when illuminating the structures
and the gap between the structures. However, during the sample characterization
when changing the bias voltage from 0 to 5V the dark current dropped dramatically.
Inspection of the sample with the microscope revealed voltage breakdown across
the interdigitated structure because of high field concentration, as shown in Fig. 7-

9.
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Fig. 7-9 The broken down inter-digitated structure due to the applied voltage

7.1.4 Characterization of sample by Raman spectroscopy

The fabricated sample was also characterized using Raman spectroscopy to
demonstrate the existence of graphene on the sample and required regions. The
spectroscopy was done using a Renishaw Ramascope 2000. The system is a
compact Raman microscope that is used to collect Raman spectra with collection
optics based on a Leica DMLM microscope. The samples were placed beneath a
50 X microscope objective and were excited by laser light at 785 nm, directed
through the microscope. The backscattered light was collected along the same
optical path as the incoming laser. Raman scattered light passed through a notch
filter, and then to a grating with 2400 groove/mm which disperses the scattered light

over a CCD array detector.
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Fig. 7-10 Renishaw Ramascope 2000

The first Raman spectrum was taken from the gaps between the two gold pads.
This was expected to be electrically connected via the deposited graphene on the

sample, shown in Fig. 7-11.
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Fig. 7-11 (a) shows the exciting beam spot (marked in red) and position on the
graphene on glass, (b) shows the Raman peaks of graphene on spot (1)
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In Fig. 7-11 (a) the position of exciting laser beam spot is shown with a red dot
on the optical image of the sample. Two Raman peaks were identified for graphene
on spot (1); the G peak at 1577 cm-1 and the 2D peak at 2593 cm-1, shown in Fig.

7-11 (b).
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Fig. 7-12 (a) shows the laser beam spot position at the gap between the sharp corner
of the structured gold region, and the opposite gold electrode

The second Raman spectrum was also taken from the glass side but in the gap
between the structured gold region and its opposite gold electrode, shown with a
red circle in Fig. 7-12 (a). The plot of the Raman signal for spot (2) reveals the G
peak at 1578 cm-1 and the 2D peak at 2604 cm-1. This is good evidence of the
presence of the graphene sheet on the glass. In each of the Raman spectra, the 2D

peak is greater than the G peak, which is a signature of single layer graphene [68].

The broader peak at 1353 cm-1 is related to the emission spectrum of the glass

when excited at 4,,. = 785 nm. The Raman spectrum for the same sample but in



198 Chapter 7: Plasmonic Enhanced Graphene Photodetectors

a spot with no graphene sheet (far from the structure domain) is shown in Fig. 7-

13, and shows the presence of the broad peak.
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Fig. 7-13 Raman spectrum of glass excited at 4,,. = 785 nm

Besides the graphene on glass region, a large area of the graphene sheet is
contacting the gold regions, including the structured domain. The Raman spectrum
of the graphene on gold for a spot very close to the structures is shown in Fig. 7-14
(@) and this is compared with the Raman spectrum of the gold layer without the

graphene sheet, Fig. 7-14 (b) .
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Fig. 7-14 (a) Raman spectrum of graphene on gold manifesting the G and 2D peaks,
(b) the Raman spectrum of gold layer without graphene
A comparison of the Raman spectra in Fig. 7-14 (a) and (b) indicates that the
peak at 1585 cm-1 is the graphene G peak and the peak at 2604 cm-1 is the graphene
2D peak. The ratio of the intensity of the 2D peak to G peak (1(2D)/1(G))and also
the ratio of the areas of the 2D peak to G peak (A(2D)/A(G)) are smaller for the
graphene on glass (spot 1, Fig. 7-14) in comparison to the graphene on gold (Fig.

7-14 (a)). This indicates that the graphene on gold has a higher doping level [69].

In order to investigate the photo-activity of the graphene layer deposited on the
structures, the Raman spectrum for seven spots along the bisector of the curved
grating with 4 pm steps were measured and plotted in Fig. 7-15 for excitation

wavelength of 4., = 785 nm with a beam spot size of approximately 1.5 microns.
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Fig. 7-15 Normalized Raman spectra at different spots along the bisector of the curved
grating measured with excitation wavelength of 4,,. = 785 nm. The first spot is at

the 0 y-coordinate and the excitation position moves with 4 pm step size along the y
coordinate. The bisector of the grating is approximately at the position of G peaks
Inspection of the Raman spectra demonstrates the evolution of the G and 2D
peaks as the excitation beam spots move. In particular, for the spectra taken at 4 um
and 8 um, the graphene Raman G and 2D peaks become greater than the respective
peaks in other positions, indicating the higher photo-activity of the deposited
graphene at the curved grating grooves. In order to compare the activity of the
deposited graphene quantitatively, the ratio of the area of 2D peak to G peak, and

the ratio of the intensity of the 2D peak to G peak are measured by curve fitting to

each peak and the results are presented in Fig. 7-16.
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Fig. 7-16 The ratios of the area (left vertical axis) and intensity (right vertical axis) of
the 2D peak and G peak of the Raman spectra in Fig. 7-15 for different excitation
positions along the y coordinate of the curved grating bisector
The graphs in Fig. 7-16 show that the graphene on the grooves of the curved
grating has the minimum ratio of the area and intensity of the 2D Raman peak to
the G Raman peak, indicating a higher doping level on the grating grooves. This
shows that the graphene sheet deposited on the structures is photo-active. Also the
evanescent field of the surface plasmons at the grooves of the grating can enhance

the photo-generation of charge carriers in the graphene consistent with previous

results in [37].
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7.2 Photocurrent enhancement of graphene gap-
photodetectors by photon tunnelling of light into
surface plasmons

As discussed in Chapter 1, the plasmonic field enhancement is the result of
confinement of electromagnetic field of the incident light onto metal-dielectric
interface. This is achieved by coupling light photons into oscillations of free charges
(conduction electrons) bound at the metal-dielectric interface. One of the techniques
for coupling light into surface plamsons is tunnelling of light photons into surface

plasmons using a prism in the Kretschmann configuration [42].

In Kretschcmann configuration, illuminating the prism at angles greater than total
internal reflection angle enables coupling of light photons into surface plasmons by
photon tunnelling through the evanescent field. This can be used to enhance the
photocurrent response of the graphene-gap photodetector attached on the prism,
Fig. 7-23. The graphene-gap photodetector consists of two gold strips with a gap
between. The graphene sheet is deposited across the gap and the gold strips, see

figure 7-17.

7.2.1 Graphene gap-photodetector fabrication
The graphene gap-photodetector consists of two gold strips (30 nm thick gold
film). The gold strips are 400 um wide, deposited on glass (refractive index of glass

Ngiass = 1.52). The gold strips are separated from each other with a 40 um gap
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made by scratching the gold strips with a scalpel. This structure is shown in Fig. 7-

17.

" gold strip

Fig. 7-17 Graphene gap-photodetector consists of two gold strips with a gap a 40 pm
between

The graphene sheet is deposited on the gap using the “trivial transfer method”
graphene  sheets purchased from  Advanced Chemical  Supplier
(http://acsmaterial.com/product.asp?). On immersing the structure in water below
the floating PMMA-coated graphene sheet, the graphene adheres to the gap and

gold strips, and cam be lifted out of the water, see Fig. 7-18.

t Water
—

Fig. 7-18 Depositing PMMA coated graphene sheet on the gap and gold strip



204 Chapter 7: Plasmonic Enhanced Graphene Photodetectors

After depositing the PMMA-coated graphene sheet on the structure, the sample
is left for a few hours to dry and then the PMMA layer is dissolved by acetone. The

wires are bonded by silver paste and fixed to the substrate with epoxy adhesive.

7.2.2 Raman spectroscopy characterization of the structure
Raman spectroscopy was used to prove the existence of the graphene on the
structure and also characterizing the doping level of different parts of the graphene

sheet, including the contact points with gold and the suspended parts on glass.

The spectra were taken using Renishaw Raman spectrometer 2000, by

illuminating 5 different spots on the structure through a 50 X objective at 1, =

532 nm.
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Fig. 7-19 (a) The beam position at 5 different spots, (b) Raman spectrum for each spot
according to the beam position in (a), The ratio of the area (A) of G peak to 2D peak,
representing the doping level at each spot
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Fig. 7-19 (a) shows 5 spots in which the Raman spectrum of the graphene sheet
on the structure is collected. Fig. 7-19 (b) shows the related spectrum of each point.
The 2D peak at ~2670 cm™? is sensitive to the lattice constant of graphene and
thus allows the use of the 2D peak shift direction to determine the electron or hole
doping of graphene [70]. The redshift of the 2D peak corresponds to the electron
doping of the graphene (n doped), and the blueshift corresponds to hole doping (p
doped). Considering the position of the beam (Fig. 7-19) and the related 2D Raman
shift in Fig. 7-19 (b) it is concluded that the graphene sheet at the contacts and over

the gap make a unipolar P* — P — P*condition as shown in Fig. 7-20.

Contact Contact

Fig. 7-20 Schematic of the doping type of graphene-gold junction (P*) and graphene
over the gap (P) according to the 2D Raman peak shift in Fig. 7-19

As discussed in Chapter 1(introduction) the decrease in the ratio of the area of
2D peak to the area of G peak shows the increase in doping level. Here, the inverse
of the A(2D)/A(G) is shown in Fig. 7-19 (c) to demonstrate the increase in the

doping level of the graphene sheet at the edges of the gold stirps.
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7.2.3 Experiment and results
We use the Kretschmann configuration to couple light photons into surface
plasmons. The fabricated photodetector is brought in contact with a prism (N-BK?7,

n = 1.52) with immersion oil, see Fig. 7-21.

Fig. 7-21 Kretschmann configuration for coupling light into surface plasmons at the
graphene gap-photodetector
The experiment is performed in three steps. In the first step the attenuated total
internal reflection is measured for the 30 nm-thick gold film to measure the surface
plasmon coupling angle of the gold film. The procedure for this measurement
consists of illuminating the gold film (without graphene) through the prism at
different angles and then measuring the reflection of the incident light through the
prism. The surface plasmon resonance angle occurs just after the total internal
reflection angle and manifests as a dip in the reflection, Fig. 7-22 (a). This
measurement is performed for five different wavelengths including: 1, =
730 nm, 690 nm, 650 nm, 610 nm, 570 nm. The measurements show that by
increasing the wavelength of the incident light (p-polarization), the surface plasmon
resonance angle increases and becomes wider, see Fig. 7-22 (a). The width of the

surface plasmon dip is proportional to the loss of the surface plasmons and a wider
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surface plasmon resonance dip means implies attenuation of the surface plasmons
on the gold [136]. In addition, the calculated values for the wavelength of surface
plasmons, from the measured surface plasmon resonance angles, according to Eq.
1-6, is in good agreement with the predicted surface plasmon wavelength using Eq.

1-3, see Table 1.

—— 730 nm (p-polarization) —— 610 nm (p-polarization)
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Fig. 7-22 (a) The reflection against angle of incidence for the godl film illuminated
through prism, (b) shows the the reflection against the angle of incidence for graphene
on gold film, and (c) shows the photocurrent versus the angle of incidnece
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Table 1. Calculated (4,) according to Eqg. 1-3 and Eq. 1-6 (using gold dielectric
constant from reference [46] and measured surface plasmon resonance angle from Fig.
7-22, respectively)

Ao
(nm)

730
690
650
610

570

Since the graphene sheet also covers the gold strips, the surface plasmons at the
graphene-gold contact are expected to enhance the photocurrent generation.
Consequently, the second experiment measures the shift of the surface plasmon
resonance angle of the graphene on gold contact, Fig. 7-22 (b) and Table 1. The
results show that introducing the graphene sheet on the gold layer shifts the surface
plasmon resonance angles from A8° = +0.5" to +1.1° for 4, = 730 nm to A, =
570 nm, respectively, which corresponds to 7 nm blue shift of the surface plasmon

wavelengths on average, according to Eq. 1-6.

Finally, to measure the photocurrent, a chopper at frequency of 400 Hz

modulates the incident light beam and is locked-in to an amplifier (Stanford

Agp

(Eq. 1-3)
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Research Systems SR510), see Fig. 7-23.
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Fig. 7-23 Schematic of experimental configuration for measuring photocurrent

Chopper

The results show that for p-polarized incident light, with incident angles greater
than the total internal reflection angle, the photocurrent enhances and reaches its
maximum value at around the plasmon resonance angles for each wavelength, Fig.
7-22 (c). At the same time by switching the polarization of the incident light to
transverse electric (s-polarization), the photocurrent is not enhanced at the
plasmonic resonance angles and it decreases monotonically with a small gradient.
The maximum enhancement of the photocurrent occurs for 4, = 730 nm with an

amplification factor of 8.

In addition, the results show that by moving to shorter wavelengths, the
enhancement peak becomes wider. This is consistent with the increase of the width
of the attenuated total internal reflection dip for the surface plasmon at shorter
wavelengths. As mentioned above, the increased width of the surface plasmon
resonance dip means a higher attenuation of the surface plasmons which also means

that the surface plasmons are more confined to the gold-dielectric interface. As a
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result, we attribute the increase of the photocurrent peak and width to the stronger
interaction of the surface plasmons with the graphene sheet, resulting from the
higher confinement of the surface plasmons to the gold-graphene-air interface.
Moreover, photothermal effects also may play a role in this phenomenon. Higher
attenuation means increased ohmic losses in the gold layer which may contribute
to a thermoelectric current in the graphene. Structures with a graphene sheet
deposited across the gold strips and the gap has more advantages for their
thermoelectric effect coupled with the deposition of graphene on a Si substrate.
Freitag. et al. [137] showed that photocurrent in suspended structures is one order
of magnitude higher than the supporting structures, and they attributed this to the
elimination of a dominant electron cooling channel via the surface phonons of the

polar substrates.

The photocurrent response of the graphene gap-photodetector changes the sign
as the incident beam position moves along the gap. When the incident beam is
positioned close to the left edge of the gap, the photocurrent increases from zero to
its maximum value and then gradually decreases as the beam is moved towards the
right until it becomes zero when the beam illuminates the centre and both edges of

the gap symmetrically, shown in Fig. 7-24.
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Fig. 7-24 Asymmetric photocurrent by moving the incident light along the gap

Moving the beam further to the right results in increased photocurrent, but with
the opposite sign relative to the photocurrent generated at the left side. The
photocurrent reaches its maximum (in absolute terms) when the beam illuminates
the right edge of the gap. Moving the beam further to the right results in zero
photocurrent. This asymmetric photocurrent response has been observed and
discussed in graphene transistors with the applied gate bias [134, 138]. However,

we are not using a gate voltage for the photocurrent measurement of our structure.

The dependence of the photocurrent on the intensity of the incident light is also
measured for all the applied wavelength. The graphs in Fig. 7-25 shows the linear

behaviour of the photodetector in response to the change of incident light intensity.
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Fig. 7-25 Photocurrent dependence on the intensity of the incident light

In addition, the intensity change in shorter wavelength has a greater gradient in

comparison to the longer wavelength.

7.3 Conclusions

The fabricated plasmonic structured graphene photodetectors including the curved
grating and interdigitated gratings show a high level of dark current, which did not
allow measurement of the plasmonic-enhanced photocurrent by the device. We
attribute the dark current to the very large area of the graphene sheet in comparison
to micro-scale plasmonic structures. However, Raman spectroscopy of the
photodetectors shows the photo-activity of the deposited graphene layers and also
the plasmonic enhancement of the graphene photo-excitation along the grooves of
the plasmonic grating. The graphene gap-photodetector generates photocurrent

when the gap of the photodetector is illuminated with light, and shows enhancement
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of the photocurrent when the light photons are tunneled into surface plasmons by
illuminating the gap at the surface plasmon resonance angle through a prism.
Switching the polarization of light from transverse electric (s-polarized) to
transverse magnetic (p-polarized) shows a comparative amplification of 8 at the
illumination wavelength of 730 nm (for a 40 um gap), which gives evidence for the
role of surface plasmons in the enhancement of the photocurrent. Such a graphene
gap-photodetector can be fabricated on waveguides to use the evanescent field for

photodetection, plasmonic detection, and sensing.






Chapter 8: Conclusion

This project aimed to design and characterize three important plasmonic structures:
plasmonic lenses, antennas, and photodetectors, due to their importance in plasmonic
circuitry and also other applications, such as sensing. The first structures is gratings
and curved gratings, for applications such as launching surface plasmons onto micro-
stripline waveguides, enhancing the photodetection performance of graphene
photodetectors and sensing. some important parameters of grating geometry are
investigated in this thesis and the results are used to design curved gratings.
Additionally, the capability of dielectric microspheres to decouple propagating surface
plasmons and produce directional radiation is investigated. Finally, plasmonic-
enhanced graphene photodetectors are investigated using two different approaches; the
plasmonic coupling property of gratings with a diffracting light beam, and the use of
evanescent electromagnetic fields. This chapter presents the conclusions of the work

completed in this thesis and suggestions for possible future work and improvements.

The conclusions of this thesis can be divided in three main sections. The first
section discusses the characteristics of plasmonic gratings and particularly curved
gratings. The second section investigates the interaction of propagating surface
plasmons with dielectric microspheres, and the third section is based on the application
of plasmonic electromagnetic field enhancement for amplifying photogeneration by

graphene photodetectors.
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8.1.1 Characterizing plasmonic curved gratings

First, the parameters of surface relief gratings and trench gratings were optimized
(based on FEM simulations) for the best coupling efficiency under normal incidence
illumination. The results show that efficient coupling occurs for a trench grating
illuminated through the substrate (higher refractive index), with a groove width equal
to half the grating period that is half of the surface plasmon wavelength at the gold-air
interface. In addition, it is shown that the depth of the grooves has a significant effect

on the coupling efficiency of the gratings.

Based on some of the results of the optimization, the proposed curved gratings, as
a sector of full circular gratings, were designed and fabricated. The results show the
coupling of linearly polarized (p-polarized) light to focused surface plasmons at the
radial centre of the grating. The focal width of the focused surface plasmons changes
with the sector angle of the curved gratings and it is shown by experiment and

simulation that for curved gratings with a sector angle larger than 100°, the focal width
Ao . o .
reaches 300 nm, or ﬁ with 4, as the free space wavelength of the incident light on

the grating. Furthermore, the sector angle-dependent focusing property of the curved
gratings motivates the definition of the numerical aperture (NA) for these plasmonic
lenses. The numerical aperture for curved gratings is defined in this thesis, and its

accuracy is demonstrated using simulation and experimental results.

It has been shown that circular gratings can also focus surface plasmons at the
centre of the gratings [19]. However, circular gratings need to be illuminated with

radially-polarized light to obtain a single focal spot, which is challenging to align in
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practice, and they do not allow in-plane access to the focal spot. The two key
advantages of the curved gratings in comparison to full circular gratings are: the ability
to focus surface plasmons using linearly polarized light (p-polarization) and in-plane
access to the focal spot for further processing. In addition, it is demonstrated in this
thesis that using a symmetry-broken configuration of two curved gratings enhances
the focusing of the surface plasmons to a single spot, with a smaller focal width and

depth and increased focal spot intensity.

Finally, the use of curved gratings for launching surface plasmons into micro-
stripline plasmonic waveguides is investigated. It is shown that for very small sector
angles the coupling efficiency of curved gratings is comparable to linear gratings when
integrated with micro-stripline waveguides (for 20°sector angle the coupling
efficiency is 5% more than the coupling efficiency of linear gratings). However, due
to the nonlinear relationship between the sector angle of the curved gratings and their
focusing properties, for larger sector angles, the curved gratings show reduced

coupling efficiency in comparison to linear gratings.

8.1.2 Interaction of surface plasmons with dielectric
microspheres;

Plasmonic resonances or localised surface plasmons exciting metallic nano-particles
give rise to some intriguing effects, such as the subwavelength localization of
electromagnetic energy, creation of hot spots at the surface of metal nano-particles, or
the directional scattering of light out of the structure [139], enabling the metallic nano-
particles to operate as nano-antennas [21]. However, nano-metallic antennas have high

ohmic loss and affect the quantum efficiency of the emitters in their vicinity [30].
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In this thesis it is demonstrated that TiO2 microspheres can scatter propagating
surface plasmons and radiate them directionally, suggesting their application as an
alternative for metallic nano-antennas. In addition, the effect of the diameter of the
microspheres on their radiation is investigated and it is shown that for fixed incident-
light wavelength, the microsphere diameter can influence the directionality and power
of the radiation, because of the cavity resonance modes inside the microsphere
(whispering gallery modes). Dielectric microspheres may find application in sensing

and plasmonic-enhanced photodetection.

8.1.3 Plasmonic-enhanced graphene photodetectors

Surface plasmon-based technology has the potential to effectively integrate nano-
electronic and micro-photonic devices [3]. Plasmonic enhanced photodetectors are
particularly promising plasmonic elements, since the size of the semiconductor
photodetector is constrained in the lateral dimension by the fundamental diffraction

limit and in the longitudinal dimension by the finite absorption depth [35, 36].

In this thesis, plasmonic-enhanced graphene photodetectors are fabricated to use
the electromagnetic near-field enhancement of surface plasmons to amplify the
photocurrent generation by graphene photodetectors in two different approaches. The
first approach is using the diffraction and focusing property of plasmonic curved
gratings to enhance graphene photodetection performance. The large dark current
measured in the device did not allow the detection of the plasmonic-enhanced
photocurrent. However, Raman spectroscopic characterization of the fabricated

samples shows the photo-activity of the deposited graphene and also shows the
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enhancement of the photo-generation of charge carriers by plasmonic enhancement at

the grooves of the grating.

The second approach uses the evanescent field at attenuated total internal reflection
angle of the incident light to couple light photons onto the graphene-gold contacts to
benefit the photocurrent enhancement of the surface plasmons. The results shows
maximum photocurrent enhancement by a factor of 8 at a wavelength of 730 nm when
the polarization of the incident light is switched to transverse magnetic (p) from

transverse electric (s).






Appendix A

The aperture size of the curved gratings is the length of the chord of the first groove
sector. As a result, having identical aperture size for different sector angles implies
having a different radius for the first groove of the curved gratings. The schematic

shows a curved grating with sector angle of 2.

Fig. A-1 Schematic of a curved grating with aperture size of ¢ (the chord of the first

groove)

Here ¢ shows the chord length of the first groove (the aperture size) and m designates

the groove numbers in order.

The radius of the first groove (R) starts at;

c/2

= m Eq A-1

Consequently the radius of the next groove can be calculated as;

r =R+ mi, Eqg. A-2
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Abstract The ability of curved gratings as sectors of con-
centric circular gratings to couple linearly polarised light into
focused surface plasmons is investigated by theory, simula-
tion, and experiment. The experimental and simulation re-
sults show that increasing the sector angle of the curved
gratings decreases the width of the lateral distribution of
surface plasmons resulting in focusing of surface plasmons,
which is analogous to the behaviour of classical optical
lenses. We also show that two faced curved gratings, with
their groove radius mismatched by half of the plasmon
wavelength (asymmetric configuration), can couple linearly
polarised light into a single focal spot of concentrated sur-
face plasmons with smaller depth of focus and higher inten-
sity in comparison to single curved gratings. The major ad-
vantage of these structures is the coupling of linearly
polarised light into focused surface plasmons with access
to, and control of, the plasmon focal spot, which facilitate
their potential applications in sensing, detection, and nonlin-
ear plasmonics.
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Introduction

Engineered metallic nanostructures have the ability to confine
and manipulate electromagnetic waves as collective oscilla-
tions of free electrons at a metal-dielectric interface at
nanometre length scales, known as surface plasmons [1].
The capability of surface plasmons to concentrate electromag-
netic fields with high local field intensities has attracted atten-
tion for novel nano-photonic technologies in sensing [2—4],
photo-detection [5—7], nonlinear optics [8—10], and nano-
photonic devices and circuitry [11—13]. Surface plasmons also
show a larger effective propagation constant than light, neces-
sitating specific techniques for coupling photons to surface
plasmons. The coupling methods are in principal based on
either photon tunnelling, for example, total internal reflection
by prisms, or diffraction via tailored plasmonic structures,
such as gratings and nano-antennas.

Plasmonic gratings have emerged as one of the best prac-
tical techniques to efficiently couple photons into surface plas-
mons on 2D platforms [14]. In addition, because of the highly
confined electric field of plasmons to the metal-dielectric in-
terface, tailoring the geometry of the gratings provides the
opportunity to manipulate the surface plasmons. Here, we
show the capability of curved gratings, as sectors of full cir-
cular gratings, to focus the coupled incident linearly polarised
(p-polarised) light into surface plasmons.

Plasmonic focusing concentrates surface plasmons in 2D at
a metal-dielectric interface. Various plasmonic focusing struc-
tures have been demonstrated experimentally, including
engineered arrays of metallic nano-slits [15], an arc of nano-
holes [16], parabolic nanoparticle chains [17], diffraction grat-
ings [18], and an elliptical corral [19] with particular applica-
tions in wavelength division multiplexing, spectral filtering,
waveguide coupling, correction of divergent surface plasmon
beams, and angular interferometry, respectively. Elliptically

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-015-0031-2&domain=pdf

Plasmonics

curved gratings [20] and periodically corrugated wires have
been proposed and investigated for terahertz frequencies [21].

Single circular slits can also act as surface plasmon focusing
elements [22—24]. However, using linearly polarised light results
in two high-intensity spots along the diameter of the circular slits
in the polarisation direction of the beam, due to destructive
interference of counter-propagating surface plasmons at the cen-
tre of the circle. In order to have a single spot at the centre of a
circular slit, one needs to illuminate the structure with radially
polarised light for constructive interference of counter-
propagating surface plasmons at the centre of the circular slit.
Further, it has been shown that circular gratings, consisting of
several circular slits, can focus surface plasmons to the centre of
the concentric circles when illuminated with circularly polarised
light [25-27]. Due to the increased number of circular concentric
slits in circular gratings, the focused surface plasmons have a
higher intensity in comparison to a single circular slit. Linearly
polarised light may also be coupled to focus surface plasmons
by placing two concentric half-circular slits or corrals facing
each other. However, the slit radii need to be mismatched by
half of the plasmon wavelength, to provide phase matching and
enable constructive interference of the counter-propagating sur-
face plasmons at the centre of the gratings [28, 29].

Curved gratings are sectors of full concentric circular grat-
ings, as illustrated in Fig. 1. Here, we investigate the ability of
curved gratings to focus surface plasmons. A key requirement
of plasmonic focusing elements is the ability to control the
width of the lateral distribution of the coupled surface plas-
mons. We present simulations and experimental results that
demonstrate the effect of the sector angle of curved gratings
on the width of the focussed surface plasmons, when they are
illuminated with linearly polarised light (p-polarised). In com-
parison, full circular gratings offer efficient focusing of

surface plasmons to the grating centre when radially polarised
light beam is well-aligned with the radial centre of the circular
slits, which can be challenging in practice. Furthermore, the
curved gratings are positioned to one side of the focal spot and
the region beyond the focal point allows access to concentrat-
ed surface plasmons for further processes. An alternative de-
sign uses two facing curved gratings with identical sector an-
gles in an asymmetric concentric configuration (with the cor-
responding groove radii mismatched by half of the surface
plasmon wavelength). This design can focus surface plasmons
to a smaller longitudinal spot size, with higher intensity in
comparison to the single-sector curved gratings. Considering
these advantages, these asymmetric double curved grating
structures have potential applications in sensing, detection,
and nonlinear plasmonics.

Fabrication and Experimental Results

Four different sector angles, 20°,40°, 120°, and 180", each with
seven grooves, were selected for the fabrication of the curved
gratings. The inner groove radius was selected so as to maintain
a constant effective aperture size of 3.0 pm for each structure.
The 30-nm-thick gold films were deposited on a glass substrate
(refractive index n=1.5) by ion-assisted deposition using an ox-
ygen plasma-assisted thermal deposition system, to ensure good
adhesion, flatness, and uniformity of the gold film on the glass
[30]. The curved gratings were fabricated with grooves milled
through the full thickness of the gold layer. Focused ion beam
(FIB) etching, using a Zeiss Auriga 60 CrossBeam scanning
electron microscope (SEM) with an Orsay Canion FIB column,
was used to mill the grooves into the gold layer. Figure 1 shows
SEM micrographs of the fabricated curved gratings.

Fig. 1 SEM micrograph of fabricated curved gratings for four different sector angles
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Fig. 2 Schematic of NSOM experimental setup

Characterization of the fabricated structures by SEM shows the
final grating period A,,=770+10 nm with groove width (GW)
of half of the grating period (GW = i =385 nm).

The performance of the fabrlcated curved gratings is
studied by near-field scanning optical microscopy
(NSOM) with an appropriate optical coupling system as
shown schematically in Fig. 2. The excitation light had a
wavelength of 700 nm with ~5 nm bandwidth, illuminat-
ing the grating by a 10x microscope objective from below
the sample through the glass substrate. The NSOM tip
was positioned at a height of 10 nm from the gold surface
to collect the evanescent field of the surface plasmons
excited by the gratings.

In Fig. 3a, the NSOM image (256x%256 pixels) for a
120" sector angle grating shows the focused surface

plasmons. There is a phase change in the image, which
is attributed to irregularities of the handmade NSOM
probe. 3D simulations of the curved gratings were also
performed using finite element methods (FEM) and adap-
tive meshing by COMSOL. The simulation parameters
were identical to the fabricated structure and experiment
parameters. Figure 3b shows the near-field intensity map
at 10 nm vertical height above the gold-air interface,
which demonstrates the focusing of surface plasmons in
good agreement with NSOM scans. Focusing is also evi-
dent in the near-field intensity profiles along the bisector
of the gratings (along the horizontal dashed cutline in
Fig. 3b) for both the NSOM scan (black solid line) and
the 3D simulation (red dashed line) as shown in Fig. 4.
The intensity profiles are normalized to the maximum val-
ue of intensity of each line. In both cases, scattering of
the light at the grooves contributes to observed oscillations
in the positive x-coordinate and the focal spot occurs at
the zero position. The results show the concentration of
surface plasmons at the focal spot, although the field en-
hancement is relatively weak. This weak field enhance-
ment is due to the off-resonance of the illumination wave-
length and the 30-nm groove depth. Later optimization
simulations showed that the most efficient coupling, and
consequently the best field enhancement at the focal spot,
would occur for 120-nm gold thickness (groove depth)
when illuminated at the peak resonance wavelength (A=
790 nm) for the grating period of A,=770 nm, see
Fig. 9.

The width of the focal spot is defined by the full width
at half maximum (FWHM) of the intensity profile along
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Fig. 3 NSOM scan a compared with simulation intensity map, b showing the focusing of coupled surface plasmons for 120" sector angle curved

gratings
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Fig. 4 Intensity profile along the bisector (x-axis in Fig. 6) of the
simulated and experimental gratings (both with grating period of A,,=
770 nm) determined at a 10-nm vertical height from the gold-air interface

the normal to the bisector of the gratings passing through
the peak of the focal spot (along the vertical dashed cut-
line in Fig. 3b). Figure 5 compares the simulation calcu-
lations and NSOM measurement of the width of the focal
spot for different sector angles. With increasing sector an-
gle, the width of the coupled surface plasmons is de-
creased; for sector angles over 100°, the coupled surface
plasmons are well focused at the focal spot with a mini-

mum spot size of 300 nm, which is (2)\—) The decreasing

width of the focal spot with increasing sector angle is
analogous to the performance of classical optical lenses.
These plasmonic lenses can couple and direct surface plas-
mons into the focal spot allowing access to the focal spot
for further processing.

In contrast to the excitation of linear gratings, for curved
gratings, the p -polarised light makes different angles with the
normal to the grooves at each point, as shown schematically in
Fig. 6. As a result, the amplitude of the surface plasmons
arising from each point of the grooves drops as the cosine of
the angle between the light polarisation and the grating vector
(cos()) [31]. Consequently, the total intensity of the coupled
surface plasmons through the aperture of the grating is pro-
portional to

I‘Y,,cxffﬁcosz (o) dx (1)

where [ is half of the sector angle of the curved grating, and «
is the angle between the plane of the linearly polarised beam
(p -polarised) and the normal to the grooves at each point, as
shown in Fig. 6.

Equation (1) shows that increasing the grating sector
angle increases the coupling of the incident optical field
to the surface plasmons by the curved gratings. In ad-
dition, the experimental and simulation results show that
by increasing the sector angle the width of the focus of
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Fig. 5 Measurement and simulation for the vertical width of the focal
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(red circles), and reciprocal of the effective NA (black line) which is
consistent with the experimental and simulation results

surface plasmons decreases. As a result, we define the
effective numerical aperture (NA) of the curved gratings
as

sin (28) _ 8

=B @

0
NA = [ycos* (a) da y) >

In order to show the appropriateness of the effective nu-
merical aperture, its reciprocal versus sector angle is plotted in
Fig. 5 (solid black line). The inverse matches closely to the
simulation and experiment data points of the focal width,
analogous to the inverse of the numerical aperture of classical
optical lenses.

Fig. 6 Schematic of curved grating with sector angle of 120°. The
linearly polarised light makes an angle of « at each point with the
grating grooves
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Investigating Plasmonic Grating Parameters
by Simulation

Grooves of a plasmonic grating scatter linearly polarised light,
(p -polarisation), to provide the required extra momentum for
the photons to be coupled into surface plasmons. The efficien-
cy of the scattering is mostly dependent on the groove char-
acteristics—the period, width, and depth of the grooves (A,
GW, and GD). Detailed discussion of plasmonic gratings can
be found elsewhere [32, 33], so here, we discuss the influence
of the width and depth of the grating grooves to optimize
curved gratings parameters. While the width of the grooves
predominantly affects the phase delay between excited surface
plasmons from different grooves, the groove depth influences
the scattering [25, 32]. To save computer memory and time,
we simulate linear gratings, with groove depth equal to the full
thickness of the metal layer as shown in Fig. 7a, to optimize
the grating parameters.

In order to optimize the effect of groove width and depth
for efficient coupling of photons into surface plasmons, 2D
simulations of linear trench gratings were calculated using the
finite element method (FEM) and adaptive meshing by
COMSOL. The selected grating period for the simulation
was Ag,=770nm, and the grating was illuminated at normal
incidence from below through the substrate (glass with refrac-
tive index n=1.5). The illumination wavelength was calculat-
ed according to the resonance wavelength of the plasmonic
gratings under normal incidence (first order) [32]:

2w

kg = —— 3
S Agr ( )
in which &, is related to the illumination wavelength;
2 [ EpEq
kyp =~—|—" 4
DY <€ m+ Ed) ( )

with g,, and ¢, as the dielectric constants of metal (gold) and
dielectric (air), respectively.
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Fig. 8 Wavelength response of the curved grating from simulations 30-
nm-thick gold film on glass with 120° sector angle

As aresult, the grating was illuminated at A\. =790 nm with
the gold layer dielectric constants (g,,) of €, =—23.3+i1.46
taken from Johnson and Christy [34]. The model geometry
was meshed by a maximum element size smaller than \o/8
for the dielectric and smaller than \-/50 for the thin metal layer
to ensure convergence. Figure 7b shows the average near-field
intensity of surface plasmons calculated along a short cutline.
Each coloured line and symbol relates to data for a specific
groove width corresponding with a fraction of the grating
period.

The selected groove widths for the fabricated structures
were equal to half of the period of the gratings. The graph in
Fig. 7b shows that the most efficient couplings for all the
groove depths occur for a groove width of half of the grating
period, or in other words, the surface plasmon wavelength

(GW = ATg = %” = 385 nm ). In fact, at this width, the phase
change for the excited surface plasmons propagating across
the other grooves would be zero, resulting in constructive

interference of surface plasmons [25].

b —=—A, /1.2

—e—A 14
—A— A2
—p Ag,/4

—+— A6

T T

T Ll L} T Ll T L} 1
20 40 60 80 100 120 140 160 180 200 220

Depth of grooves=gold thickness (nm)

Fig. 7 a Trench grating illuminated through the gold substrate (material with higher refractive index); b average intensity of coupled incident light into
surface plasmons versus the depth of grooves (GD). Each colour symbol shows a different groove width (GW) as a ration of the grating period (Ag,/m)
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In addition, Fig. 7b shows that maximum plasmonic coupling
takes place at groove depths of 120 nm for all groove widths.
The depth of the grooves in the case of trench gratings mostly
influences the scattering of the incident light beam. For small
depths, the scattering is not efficient, but for deeper grooves,
scattering increases. However, very deep grooves would also
scatter out the excited surface plasmons as radiation, reducing
the coupling. Although the 30-nm groove depth of the fabricated
trench curved gratings decreases the efficiency of coupling of
the incident light into surface plasmons, it does not affect the
performance of curved gratings as plasmonic lenses.

The number of grooves also influences the intensity of the
coupled surface plasmons. Assuming the phase matching condi-
tion is met, increasing the number of grooves of circular gratings
increases the coupled surface plasmon intensity. However, by
increasing the radius of grooves beyond the propagation length
of the surface plasmons, the influence of added grooves to the
grating decreases and approaches to zero. A detailed discussion
of the role of the number of grooves can be found elsewhere [25,
27]. Our simulation also shows that for the curved gratings with
period equal to the surface plasmon wavelength and groove width
of half of the grating period (consistent with phase matching
when illuminated at normal incidence), increasing the number
of grooves to seven increases the intensity of the focal spot.

Using 3D COMSOL simulations, we also tested the wave-
length response of the curved gratings, in order to compare with
the resonance wavelength of linear gratings through Eq. (3).
The simulated curved grating period is identical to the period
of the linear grating and fabricated structures (A, =770 nm).
The groove width is equal to half of the period of the grating,
and the thickness of the gold layer (groove depth) is also iden-
tical to the thickness of the fabricated curved grating (30 nm).
The wavelength response of the grating is illustrated in Fig. 8
with maximum response of the grating at \,.x=780 nm, very
close to the calculated value of resonance wavelength (A=
790 nm) for linear gratings with identical grating period (Ag,=
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770 nm), with an estimated bandwidth of 100 nm as the full
width at half maximum (FWHM) of the fitted Gaussian curve.
Additional simulations show that for a fixed resonance wave-
length, 1 % change in the period of the curved gratings results in
5 % decrease in the intensity of the focal spot.

This simulation shows that the selected wavelength for the
illumination of the structure in the experiment is not the reso-
nance wavelength which results in less efficient coupling of inci-
dent light into surface plasmons. However, it does not affect the
performance of the curved gratings as plasmonic lenses and only
results in weaker NSOM signals through near-field scanning. The
ideal situation of a 120" sector angle curved grating with opti-
mized values of structural parameters for grating period of Ag,=
770 nm (GW = “ = 385 nm, gold thickness=GD=120 nm),
and illuminated at A. =790 nm was also simulated, see Fig. 9a, b.
Figure 9a shows the intensity map of the near field and Fig. 9b
exhibits the intensity profile along the bisector of the grating
(along the horizontal dashed cutline). They show the focusing
of surface plasmons with higher field enhancement at the focal
spot in comparison to Fig. 3b, 4, due to the optimized parameters.

The focal spots from the curved gratings are not perfectly
circular and are stretched to some extent. For the polarisation
direction of the incident light along the bisector of the curved
grating (x -direction), the depth of focus is along the x -axis.
While we carefully aligned the direction of polarisation of the
incident light along the bisector of the curved gratings, simulation
shows that for misalignment of the polarisation angle relative to
the curved grating bisector, the depth of the focus rotates slightly.

Asymmetric Faced Curved Gratings for a Tighter
Focusing of Surface Plasmons

Although curved gratings focus surface plasmons, the depth
of their focal spot is long in comparison to the width of the
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Fig. 10 Schematic for two faced curved gratings centred at the same
point and in a symmetry-broken configuration

focal spot. This can be seen in Figs. 3 and 4. To address this
problem, we studied arrangement of two curved gratings
centred at the same point facing each other to focus surface
plasmons using linearly polarised light, as shown in Fig. 10.
The radius of the grooves of each curved grating is mis-
matched half of the period of the surface plasmons relative to
the opposite grating in order to provide the phase matching
condition for counter-propagating surface plasmons to inter-
fere constructively. Fig. 11a, b shows the 3D simulation of a
single curved grating and an asymmetric double-sided curved
grating for 160° sector angle with A,,=770 nm, illuminated at
A.=790 nm and with groove width of half of the grating
period. The oval shape focal spot in single curved grating
(Fig. 11a) changes to a small dot with higher intensity, dem-
onstrating a significant decrease in the longitudinal distribu-
tion of plasmons at the focal spot (Fig. 11b). A detailed com-
parison is shown in Fig. 12 in which the intensity profile along
the bisector of the gratings is plotted. It shows that the longi-
tudinal width is changed from 800 nm for the single curved

grating to 260 nm (:%) for the asymmetric double-sided

x107®

Fig. 11 Simulation of the
performance of a single curved
grating and b asymmetric double-
sided curved gratings with six
grooves
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Fig. 12 Comparison of the longitudinal intensity profile along the
bisector of the single curved grating and asymmetric double-sided curved
gratings with six grooves

curved grating with a significant enhancement in the intensity
of the hot spot in comparison to the focused surface plasmons
from the single curved gratings. However, the width of the
focal spot does not change.

Conclusion

The capability of curved gratings to couple linearly polarised
light to focused surface plasmons is investigated by theory and
simulation and demonstrated experimentally. It is shown that
controlling the sector angle of the curved gratings offers an
additional tool to manipulate the width of the lateral distribu-
tion of surface plasmons. Moreover, curved gratings are posi-
tioned on one side of the focused surface plasmon spot,
allowing the access to the concentrated surface plasmons for
additional processes. Although illuminating a circular grating
with radially polarised light provides a sharp high-intensity
focal spot, it requires careful alignment of the beam with the
structure, which is challenging in practice. In addition, the
closed geometry of the circular gratings would limit their
application.
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The focal spot of the curved gratings is not symmetric:
consisting of a longer longitudinal focal depth compared with
the width of the focal spot. However, it is shown that facing
two curved gratings in an asymmetric configuration, and illu-
minating with linearly polarised light along the bisector of the
curved gratings results in a very sharp focal point, similar to
that obtained from the full circular gratings when they are
illuminated with circularly polarised light. Curved gratings
are amenable to planar architectures with potential applica-
tions in nonlinear plasmonics, plasmonic detectors, and
sensing.
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