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Chapter One Introduction and thesis plan

1.1 Introduction

In order gain understanding of light matter interactions, it is desirable to
create an environment of intense confined electromagnetic (EM) field in a small
volume. Two-dimensional (2D) photonic crystal (PC) technology can confine
light to volumes that are smaller than a cubic wavelength by introducing a
physical defect (such as one or more missing “holes”) known as a nanocavity into
a photonic crystal [1]. The optical properties of such structures can be precisely
controlled by nanoscale engineering design [2]. The majority of experimental
work on nanocavities is based on semiconductor and dielectric materials that emit
or absorb light at near infrared and telecommunication wavelengths, such as
Silicon (Si) or Gallium Arsenide (GaAs) [3-6]. However, there is growing
interest in structures that operate at other regions of the electromagnetic
spectrum, including visible wavelengths. 2D-PC working at visible wavelengths
are considered a promising tool to improve the performance of photonic devices,
such as nano scale lasers [7], biosensors [8], chemical sensors [9], and single
photon light sources [10]. Here, | focus on using silicon nitride (SiN) as a
platform material for the fabrication of 2D PC nanocavities. SiN possess a
number of important characteristics, such as transparency at visible wavelengths
with a relatively high refractive index (n = 2.1), photoluminescence emission
covering a wide spectra range, and a compatibility with silicon based
technologies.

Noble metal nanoparticles (NPs) are plasmonic structures that can also
create an intense confined electromagnetic field that is concentrated into a
volume smaller than the diffraction limit [11]. Here, the electromagnetic field is
produced by the oscillation of conduction electrons under the influence of an

external electromagnetic field. The generated EM field is restricted to a region
1



Chapter One Introduction and thesis plan

near to the nanoparticle and is known as a localized surface plasmon resonance
(LSPR) [12]. The LSPR peak position is tuneable and depends on number of
parameters, such as NPs size, shape, chemical composition, environment optical
properties and NP configuration [13]. Metal NPs have been widely explored for
various applications in fields such as biology [14], medicine [15], diagnostics and
therapy [16], EM field enhancement [17], photovoltaic enhancement [18] and
surface enhancement Raman spectroscopy (SERS) [19].

In this thesis, | make a detailed study of the interaction between the optical
fields in a nanocavity, and those of a plasmonic element placed within the cavity.
This represents one of the first studies to explore methods and technologies to
couple such types of excitation. The motivation here is to develop new ways to
funnel energy from a photonic structure into a plasmonic structure, potentially

providing a platform for new types of sensor devices.

1.2 Thesis plan

Chapter 2, discusses the fundamentals of two dimensional photonic crystals
(2D PC) nanocavities. The parameters that effect the properties of a 2D PC are
described. Light- matter interaction phenomena within a 2D PC nanocavity and

some applications are introduced.

In Chapter 3, the plasmon resonance of noble metal nanoparticles (NPs) and their
interaction with an applied electromagnetic field is introduced. A series of
analytical solutions of the plasmon resonance of NPs are given, together with
parameters that effect plasmon resonance. Some applications of plasmonic

nanoparticles are also presented.
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In Chapter 4, the fabrication process used to define a two-dimensional photonic
crystals and the printing of gold NPs within the 2D PC nanocavity processes are
presented. The experimental techniques and operational basis of the equipment

used in sample characterisation are described.

Chapter 5, discusses the optical properties of silicon nitride (SiN) based L3
nanocavities. The optimisation of a 2D PC nanocavity design to achieve high Q-
factor L3 SiN based nanocavities is introduced. It is shown that by modification
of the holes around the L3 nanocavity, it is possible to produce a significant

improvement in cavity Q-factor compared with an unmodified cavity.

In Chapter 6, the use of a silicon nitride (SiN) based L3 nanocavity PC as a
chemical sensor is demonstrated. A thin functionalized polymer layer (a
porphyrin based polymer known as PP1) is coated onto the surface of a SiN L3
nanocavity. It is shown that the PC nanocavity acts as an ultra- sensitive nano-
optical device to detect changes in the optical properties of a film at the cavity
surface, with a small change in cavity volume being detected as the polymer

swells in response to exposure to an acidic vapour.

In Chapter 7, the optical properties of an L3 nanocavity are discussed after
printing a single gold NP having a diameter of 150 nm onto the cavity surface.
The printing processes is achieved by using laser-printing method with the optical
properties of the structure being modelled using FDTD software. It is shown that
electromagnetic field energy that initially stored in the nanocavity is dissipated

through excitation of a localized surface plasmon.

In Chapter 8, electron beam lithography (EBL) is used to print metal nanodisks.
The optical properties of single and dimer nanodisks are then discussed. Dimeric

gold nanodisks are positioned with high accuracy inside an L3 nanocavity using
3
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the same technique, and their effect on the optical properties of the cavity is
studied. It is shown that the size and shape of the NPs influence their optical
properties of the cavity. The effect of the separation distance between the printed
dimer gold nanodisks on the nanocavity resonance is explored and again

compared with an FDTD model.

In Chapter 9, results are summarized and future work is suggested.
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Chapter Two

Two dimensional photonic crystal theoretical background

2.1 Introduction

A Photonic Crystal (PC) is an optical nanostructure in which the material
refractive index is varied periodically on a length scale compared to the
wavelength of light. The name “Photonic Crystal” is derived from “electronic
crystal”, in which the term “crystal” signifies periodic arrangement, with
“photonic” signifying the effect of structure design on photon propagation

properties.

When an electromagnetic wave (EM) passes through a two dimensional Photonic
Crystal (2D PC) structure it undergoes scattering at the interface between the
different dielectric regions. Such scattering can be coherent in certain directions
and frequencies. Due to the alternation of the dielectric constant, light at certain
frequencies travelling in certain direction will not be able to propagate through
the PC structure. The range of frequencies that are unable to propagate is known
as a photonic band gap (PBG). In 3D PC design it is possible to realize a region
of energies where light cannot propagate regardless of their direction and

polarization. This band gap is known as complete photonic band gap (PBG).

The forbidden energies can be strongly localized and highly confined by
introducing a physical defect such as a “cavity” inside a PC structure [1]. The
cavity then permits a perfect control of light propagation and radiation, which
can be used in many applications such as controlling the spontaneous emission
of emitter located inside a PC cavity [2], and to better study light-matter

interactions [3].
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2.2 Maxwell’s Equations in dielectric Medium

To understand the behaviour of EM waves that propagate through a dielectric

medium, we start with Maxwell’s equations, which are given by [4]:

V.E=0

—

Here, E and B are the electric and magnetic fields, D is the electric field

displacement, H is the magnetic induction field, and J and p are the electrical

current and charge densities respectively.

Let us assume that EM waves propagate through a dielectric medium (i.e. no free
charges and current densities p = 0, J = 0) that is non-dispersive or isotropic (e, u
are not function of frequency and not depend on the direction of propagation
respectively) and transparent (i.e. €(r) is positive and real). Therefore, both

electric field displacement and magnetic field can be within as:
D(®) = ¢, e®E®)

B(¥) = o p®H(T)
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Here: € and p are the permittivity and permeability respectively. The refractive

index n can be expressed as = \/ep , but for most dielectric media where p = 1

we can write n = /€. By substituting eq. 2.2 in to equations 2.1 we obtain:

VHF =0

5 dH(#t
VX B0+ g
GE(FE) e 2.3

VX H#t) + e,e(F) m

V.[eEF ] =0

Here, both E and H are time and space dependent functions, and can be written

using as:
H@# t) = HF)e @t
E(#t) = E(P)e it

Here, o is the angular frequency of the propagating wave.

The divergence in equations 2.3 is can be set to zero, and indicates that there are
no point sources of electromagnetic (light) inside the medium. By substituting

equations 2.4 in to equations 2.3 the curl equations of E(r) and H(r) become:
VxE®) —iwu,HF) =0

VX H@) + iwe,eE(#) =0

Rearranging equation 2.5 and substituting c = 1/,/eu, We get:

10
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1 . w\?% -
V x (8 =7 ><H(r)> = (?) H® ... 2.6

Equation (2.6) represents the master equation of electromagnetic wave propagation

through a dielectric medium. Equation (2.6) is an eigen equation, whose eigenvalues are

(w/c)? with the Eigen operator being V x (%)V X . Thus equation (2.6) can be written

as:

OH(r) = (%)2 e T 2.7

Here, O is a linear Hermitian operator and has the same form in all directions.

2.3 Photonic Band Structure

Photons that propagate through a homogenous and isotropic dielectric medium
are represented by the dispersion relation (o = ck/n), where, ® is photon angular
frequency, Kk is the photon wave vector (k=271/Ao), C is the velocity of light in
vacuum and n is the refractive index of the dielectric material. The dispersion
relation shows that the angular frequency (or photon energy) depends linearly on
the ratio between the wave vector and the material refractive index regardless of
direction inside the medium. In a medium in which refractive index varies with

the direction, the dispersion relation is different in each direction.

In a photonic crystal, there is a periodic modulation of the dielectric constant &(r)
in one, two or three dimensions as shown in figure 2.1, thus the dielectric (&(r))
function becomes a periodic function for multiples of a fixed step length called

the lattice constant a. Photons that propagate in such periodic structure are given

by.

11
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H(r) = ey, (1)

Here, H(r) is the wave function, u; (r) is periodic envelop function of the real
space lattice. Equation 2.8 is known as a Bloch function [5]. In Bloch theory, the

wave vector kr can be translated to the first Brillouin zone (BZ) in reciprocal

space.

1-D 2-D 3-D

Figure 2.1: one, two and three dimensional photonic crystals. Different

colours represented materials with different dielectric constant.

In a 2D PC having a hexagonal array of holes, there are three high symmetry
points in the BZ defined as I', K and M which are known as the irreducible BZ
as shown in figure 2.2. Therefore, the dispersion relation for photons propagating

through a 2D PC is dependent on this direction within the BZ.

12
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Irreducible BZ

First BZ

Figure 2.2: A hexagonal lattice and irreducible Brillouin zone (blue).

By substituting eg.2.8 into the master equation (eq. 2.6) we obtain:
. 1 w()]’
(ik +V) % [m (ik +V) x uk(r)] = u(r)

Here, (o(k)/c)? is an eignvalue of eignequation 2.9. The result of solving
equation 2.9 for K, inside the first Brillion zone in both the I'-M and I'- K
directions is a discrete set of eigenvalues (energies). By plotting the dispersion
relation in a periodic structure we can explain the emergence of a photonic band

gap (PBG) structure.

The effect of a PBG was first proposed by Yablonovitch and John (1987)
separately [6, 7]. Ho et al (1990) reported that a three dimensional (3D) diamond
lattice is a suitable candidate to create a photonic band gap [8], while
Yablonovitch experimentally fabricated a 3D PC working at microwave

frequencies [9].

Usually, 2D PCs are defined using a triangle or a square array arrangement of
air holes. Although both shapes have their own applications, a triangular 2D PC
has a wider photonic band gap (PBG) than does a square one. The reason behind

this is attributed to the greater symmetry and smooth Brillion zone of the

13

.29



Chapter Two Two dimensional photonic crystal theoretical background

triangular lattice [10-15]. Furthermore, a wide photonic band gap provides a
stronger light confinement [14, 15].

Generally, the optical modes in 2D PC structure are classified in to two sets;
transverse electric field TE-like modes and transverse magnetic field TM-like
modes [5]. For instance, in photonic crystal slabs the transverse magnetic field
TM-like modes, the electric field vector components (Ex and Ey) are confined in
plane direction, and corresponding (H;) field parallel to the z-axis as shown in

figure 2.3.

“mm E
LX (a) (b)

Figure 2.3: shows the orientation of electromagnetic field vector components for
in plane propagation in triangular lattice of air holes. (a) TM polarization (b) TE
polarization

To illustrate the optical properties of a PC the optical band gap position of a two-
dimension photonic crystal structure was calculated using Maxwell's equations
using a plane wave basis (MPB) method [16]. The parameters used in the
calculation were a lattice constant a = 260 nm, hole radius r =0.288a, slab
thickness 0.77a and a refractive index of the slab n = 2.1 (SiN). The electric (TE)
field is calculated in the X, y, z = 0 plane. The results of this calculation are shown
in figure 2.4, with a photonic band gap (PBG) predicted for TE polarized light
between 607.3 nm and 678.3 nm.

The photonic band gap of a PC design is most usually characterized by its

position and size. The PBG position is determined by the middle of photonic band
14
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gap wavelength. The PBG size is usually determined by the gap to mid-gap ratio
(AN, AE/E or Aw/m) and is expressed in the form of a percentage (e.g., a 20%

gap refers to AAM/A= 0.2). The (AMA) ratio is independent on the size of the PC

[5].

0.7
0.6
0.5

04 Photonic Band gap (PBG)

0.3 1

M

@
<
S "
1 S
021 P

0.1 1 X

0.0 . ;

r M K r
ka/2n

Figure 2.4: (a) Band diagrams for TE polarized light and photonic band gap for hexagonal
lattices of air holes (r = 0.288a) in dielectric SiN slab with n=2.1 and centre- centre periodicity
(lattice constant) a= 260 nm. The frequencies are plotted around the boundary of the irreducible

Brillouin zone (inset scheme). (b) Hexagonal lattice of 2D PC diagram showing lattice constant.
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2.4 Important parameters affecting photonic crystal properties

There are a number of important features and parameters that must be taken into
account when designing a photonic crystal with a specific band behavior. Figure

2.5 shows the main parameters that affect photonic crystal properties.

Lattice constant (a)

Hole radius (r)

Slab thickness radius (t)

Figure 2. 5: sketch of hexagonal 2D PC structure L3 nanocavity showing the parameters

effect on PC properties.

o Symmetry, or lattice shape. There are two main arrangements of 2D PC,;
square and triangular.

o Photonic crystal dimensionality. Refractive index periodicity
determines the dimensionality of the photonic crystal, with either one 1D,
two 2D, or three 3D dimensional lattice possible.

o The slab thickness. The optimum thickness of SiN based 2D photonic
crystal membrane is around 0.7a, where (a) is the lattice constant [17].
However, the slab thickness effects the mid-gap position of PBG [18, 19].
It has been observed that the frequency of the mid-gap increase with
decreasing the slab thickness.

o Filling fraction (FF): also known as packing fraction in solid state
physics [20]. This is defined as the fraction of the scattering object

compared to the total unit cell volume [21]. In most cases the hole size in

16
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a PC is proportional to the FF. The effect of the hole size scaled by r/a
ratio was studied using plane wave basis (MPB) method. The results of
such a calculation are shown in figure 2.6. It is found that by increasing
the hole radius from 0.269a to 0.288a both the mid-gap position and the
gap size also increase.

o Relative Refractive index (n) is the ratio between the high and low
refractive index materials of the periodic structure. The width of the band-
gap increases and shifts toward lower energy as the refractive index of
the slab increases [22]. In addition, PC modes are very sensitive to any
alternation of the environmental refractive index. This approach allows a
PC to be used as a refractive index sensor [23].

o Lattice constant is defined as the distance between two adjacent air holes
in 2D PC structure. Both hole size and the lattice constant are the most
flexible parameters that can be used to tune the PBG energy. However,
for a PC structure having a constant hole size, the peak position of the

cavity mode undergoes a red shift as the lattice constant increases. [24].

17



Chapter Two Two dimensional photonic crystal theoretical background
0'6'\/—/V
0.54 - N

g 0.4 N - - — — — — — e
S 0 3- O§
Tl & r/a=0.269
1.9
0.2 1 Mid-gap 1.89 eV
011 Gap size 9%
0.0 . .
r M K
ka/2n
054 —
o ] ]
R
®© .
s 931 & r/a = 0.288
024 P .
1 Mid-gap 1.93 eV
0.1 -
] Gap size 11%
0.0 . .
r
ka/2n

Figure 2. 6: A comparison of the position and the size of the photonic band gap of TE
polarized light and for hexagonal lattices SiN (n=2.1) based 2D PC having lattice

constant a = 260 nm, slab thickness 0.77a and hole size (a) 0.269a and (b) 0.288a

respectively.
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2.5 Light confinement in a two dimensional photonic crystal (2D

PC)

The confinement of light in an ultra-small volume of the order of (A/n)* can be
achieved by introducing a physical defect into a periodic structure. This defect
then acts as a “trap” for light within the optical band-gap.

As a consequence of the size of an optical nanocavity, light is confined in a small
volume that is defined by spatially integrating the total electric field energy and

normalizing it by the maximum electric field energy density [25].

v = W OEOP? av
max[e(r)|E(r)|* ]

Here, E(r) is the electric field strength and &(r) is the dielectric constant.

The criterion for effective light confinement in a small volume is the ratio
between the cavity quality factor Q and the spatial mode volume (Q/V). The Q
factor of a cavity is usually defined as the ratio between the stored radiation
energy inside the cavity and the output radiation energy per cycle [26], and can
be expressed in terms of line width of an optical mode at energy E (linewidth AE)

_ E _ W,
Q_AE_Aw

Equation 2.11 can be re-written as:

Ao
°=m
A high (Q/V) ratio leads to an enhanced spontaneous emission rate through the
Purcell effect [27].

In a two dimensioned photonic crystal there are two mechanisms by which light
is confined as shown in figure 2.7. The first is in-plane confinement in the (X, y)

direction. This confinement mechanism occurs as a result of the periodicity of
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dielectric layers around the cavity that acts as a distributed Bragg Reflector
(DBR) and increases the strength of light reflected toward the cavity. The second
is an out of plane or normal direction confinement mechanism. This mechanism
occurs as a result of total internal reflection (TIR) of the confined light waves
inside the cavity that propagate with a different angles of incidence. The waves
that propagate beyond the critical angle of the PC slab material undergo total
internal reflection (TIR) and are trapped inside the cavity. Therefore, light
confinement in the out of plane direction is limited by specific angle of incidence.
The total waveguide quality factor Qw can be divided in to two parts, in plane Qin
(parallel to x, y direction) and out of plane Qout in the z direction, as summarized
by equation.

1L_1 ., 1
Qw Qin Qout

By introducing a sufficient numbers of holes around the nanocavity, Qin can be
increased significantly [28], while the use of relatively thick waveguide slab can
offer high vertical confinement as suggested by Pugh et al [29].

Optical nanocavities have great scientific and engineering interest, such as
systems to generate large Purcell enhancements, [30, 31], as high-resolution
sensors [32], as threshold less nano lasers [33], ultra-small filters [34], quantum
information processing device [35], and devices to control light/matter

interactions at the nano-scale [36].
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Figure 2.7: sketch of 2D PC nanocavity shows light confinement directions, in-plane (red)

and out of plane (blue).

2.6 The quality factor and dielectric losses.

Confining light in a volume having a fraction of wavelength volume is not
straightforward, and presents a number of difficulties. One of the most important
difficulties is loss due to the total internal reflection. Indeed, light that is confined
inside a cavity is composed of many plane waves that are incident with different
angles at the air-slab interface. Light rays that do not fulfill the TIR condition
will escape from the slab surface. Such modes are known as the leakage field or
light cone. These leaky modes reduce the magnitude of the confined field within
the cavity. In order to store energy in the cavity efficiently, it is necessary to
increase the Q- factor. To achieve a high cavity quality factor, the leakage fields
can be reduced by modifying the periodicity of the holes around the cavity. This
can be achieved through a slight displacement of the holes around the cavity,

leading to significant suppression of the leakage fields [26].
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Experimentally, Q-factor determines the damping rate of an oscillating system,
i.e. a high Q-factor is an indication of low damping rate of the system and vice
versa [37]. Therefore, the cavity quality factor is dependent on the lifetime of the
cavity mode. Mathematically, Q-factor can be expressed as the number of optical
periods inside a cavity multiplied by 2w before the density of the stored energy

drops by a factor of e~ compared to its original value.

Assuming an electric filed is confined inside a cavity, the density of the stored
energy will thus decay by factor of e Xt where K is loss rate of the cavity can be

expressed as
U(t) = Uge Kt oo 2.14

Here, Uo is initial density of stored energy. From the definition of Q factor:

energy stored ui) w,
Q= _ = W0 T e 2.15
energy dissipated per cycle du(t) K
dt

Here, wois the angular frequency of light at the nanocavity optical mode [26, 37].
From equation 2.15 it can be seen that Q factor of a cavity is inversely
proportional to optical loss in the cavity. In addition, the identity between
equation 2.11 and 2.15 shows that the output cavity mode profile (see figure 2.8)
depends on the photon lifetime inside a cavity and thus the frequency broadening

of the cavity mode can be expressed as:

K=Aw= (FWHM) ... 2.16

Where FWHM is full width half maximum.

22



Chapter Two Two dimensional photonic crystal theoretical background

It is known that optical losses inside a nanocavity can result from absorption or
scattering or experimental imperfections introduced during the fabrication
process that reducing the total Q factor of a nanocavity. Therefore, the total Q
factor for a nanocavity can be represented by the sum of the waveguide and

dielectric material Q factors and expressed as [38]:

1 _ 1 N 1
Qvotar Qw Q4 e 2.17

In order to increase the total nanocavity Q factor it is important to use materials
having low optical losses, as well as employing techniques to suppress leaky

modes.

K= (FWHM) =A®

Intensity (a.u)

Figure 2.8: spectral line of output mode shows the frequency distribution vs. photon

energy and the (FWHM)
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2.7 Light inside a cavity

In the early years of last century, Albert Einstein proposed that light matter
interactions could be divided in to three processes: spontaneous emission,
stimulated emission, and photon-absorption. Each process is described by a
probability [39]. Assuming a two level system containing states with a density
(number per unit volume) N1 and N, the probability by which transitions

between states can be expressed as:
spontaneous emission W,; = A,1N,
stimulated emission W,; = By1p, N>
stimulated absorption W;, = B;,p,N;

Here, A and B are Einstein’s coefficients, and p,, is the energy density per unit

angular frequency interval in the region containing N> states in the upper level

and N states in the lower level.

Equations 2.18 indicates that spontaneous emission occurs when an electron in
an excited state returns back to the initial or ground sate, accompanied by the

emission of a photon.

However, it was observed that the rate of spontaneous emission of an excited
state is dependent on the electromagnetic environment. Therefore, great interest
has been given to structures in which electromagnetic environments can be
controlled such as micro- cavities and optical resonators [40]. By careful design,
cavities can be created that can trap light for significant time periods and have a
controllable optical density of states, making it possible to modify light—-matter

interactions.
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2.8 Enhancement of spontaneous emission inside a cavity.

We now consider the spontaneous emission rate of a two level atomic system
placed in a confined electromagnetic field. Atom field interaction leads to
coupling between states of 1 and 2, and their population is said to be “dressed”
by the electromagnetic field with angular frequency which is known as the Rabi

frequency. The Rabi frequency can be expressed in term of electric field strength

E,and dipole moment i by the following expression [41]:

Eo
=& 2.19
9 h

=l

However, the strength of coupling g between an emitter located inside a confined
cavity electromagnetic field is determined by two dissipative processes. The first
is the decay rate of light inside the cavity that is represented by K, and as
discussed earlier, it is related to the cavity Q factor and the cavity resonance

frequency using

The second process is the spontaneous emission I' rate of an atom in which a
photon is emitted out of the cavity mode resonance. We can also express the

coupling strength as a function of the cavity mode volume V [42]:

g =l(hw )1/2 ...... 221

n \2g,V
Here, n is the index of refraction of the medium inside the cavity.

In the case of an atom coupling to a number of modes inside cavity, the integrated

probability of a transition to each single cavity mode can be calculated by
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applying Fermi’s Golden Rule which states that the spontaneous emission rate I

is proportional to the optical density of states, p (®), using [43]:
2T = -] 2
Ty = 5 (fIE- i)

Fermi’s Golden Rule describes the enhancement or suppression of optical
transitions. Purcell predicted that the spontaneous emission rate of a cavity could
be enhanced by placing an atomic transition at resonance in a cavity [27]. The
ratio between cavity spontaneous emission rate and bulk spontaneous emission
rate (I'rree) can be used to calculate the enhancement of EM field (I'cav) inside a

nanocavity as expressed using [44, 45]:

poTew _ 3 (g)3g< E..Ji ) y DAy 293
l-‘free 4m2\n) V |Emax|-|l_i| 4’(1_101117)2 +Al%av o

It is known that the photonic bandgap in a photonic crystal (where the
electromagnetic density of states is zero) can be used to suppress spontaneous
emission [6]. In equation 2.23 at the point of maximum spatial and frequency
alignment between the two-level system and the cavity mode, (i.e. the atomic
transition frequency equal to the cavity resonance i.e. (A=Acav), When the position
of the emitter is located at the maximum electric field) a significant enhancement
of electromagnetic field inside the cavity is achieved and is expressed by the

Purcell factor [46]:

3 /N0
F=m<g> V ............. 2.24

It is clear from equation 2.24 that electromagnetic field enhancement is
dependent on the Q/V ratio of the nanocavity. A PC nanocavity can confine light

in a very small volume, and it is possible to align the emitter dipole moment and
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vacuum field to achieve good coupling. Cavities that have a high Purcell factor
are desirable for many applications such as low threshold nano-cavity lasers [47]
and single—photon sources [48]. Cavity spontaneous emission rate has been
enhanced by 75 time using GaAs based an H1 cavity [49]. Recently, spontaneous
emission rates have been enhanced by 25 times using a GaP based S1 cavity
having a Q-factor of 3800 contain a diamond single NV centers located inside
cavity [50]. High Purcell enhancement (around 90) was demonstrated using a H1
SiN based nanocavity [51]. High Q/V characteristics make a PC with nanocavity
an attractive system to study light-matter interactions [6] in both the strong and

weak coupling regimes.

2.8.1 Weak coupling

As discussed in section 2.8, the strength of atom-cavity coupling depends on
photon dissipation rate for the photon (K) and the emitter decay rate (I'). When
the strength of coupling is less than K and I i.e., g << (K, I) the system said to
be weakly coupled. This is irreversible process, in which the atomic excited states
decay rapidly and the emitted photon is coupled into the continuum and escapes
from the cavity. In the weak coupling regime, spontaneous emission can be
suppressed or enhanced on resonance by the Purcell effect or by increasing the

Q/V value [52].

2.8.2 Strong coupling

In this regime, the strength of coupling is greater than the dissipation (K) and the
emitter decay rate (I'), i.e., g > (K, I'). This means that there is a high probability
that the emitted photon from excited atom is again reabsorbed by the atom, rather

than decaying incoherently. Thus, a reversible exchange of energy between an
27
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excited atom and the cavity is predicted until the correlation between them

eventually vanishes. A cavity with large Q/V ratio (where g X \/%) is important

to satisfy the strong coupling condition. The emitted spectrum of the coupled
system shows two resonance peaks that are split by Rabi frequency. A strong
coupling between quantum dots QDs and L3 type cavity mode at room
temperature was demonstrated by Yoshie et. al [53]. Also photoluminescence
(PL) emission was also used to evidence a QD-cavity anti crossing as the
temperature was tuned through the L3 cavity mode [54]. Mujumdar et al showed
that the two-level system of a series of QDs can be dressed by a strong pump

laser [55].

2.9 Nanocavity applications

In communication applications, a fiber optics based PC was used as an efficient
tool to transfer light with low losses for long distance and even through sharp
bends [56, 57]. The high speed, compactness and low power consuming
properties of PCs nanocavity also make them a good candidate for applications
such as optical integrated circuits [58].

Due to the high Q/V ratio property of a PC nanocavity, the high spontaneous
emission enhancement rate [59, 60] makes them a good platform for use in low
threshold nanocavity laser devices [61].

The ability of integrating PCs nanocavities on one chip, makes them a promising
system for applications such as biosensors [62, 63] and chemical sensors [64]. In
addition, the PL output of a PCs nanocavity is sensitive to changes in the local
environment, making them useful as sensor for refractive index changes [65, 23]

and relative humidity sensors [66, 58].
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Chapter three
Plasmonic nanoparticles: theoretical background

3.1 Introduction

Noble metal nanoparticles (NPs) having sizes between 1 and 100 nm have
unusual characteristics that result in unique properties that are not observed in
ordinary materials [1]. A long time ago (before the optical properties of metallic
nano metal were understood) artists in the Roman Empire (4th century AD),
imbedded gold and silver nanoparticles into glass to create brilliant colours as
exemplified by the Lycurgus cup [2]. This cup appears red or green depending
on the illumination as shown in Figure 3.1. Analytical measurements shown that

the particles used in the artwork had size in the range of 15-100 nm [3].

Figure deleted due to copy right

Figure 3.1: Lycurgus cup, from reference [2]

As will be discussed below, the size of the NPs determines their colour and
appearance [4]. The colour of a collection of NPs results from the interactions
between the incident light and the NPs through absorption or scattering
processes. These processes result from the presence of a plasmon resonance (PR)

which is defined as the collective oscillation of the free electrons in the
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conduction band of the NP under the influence of an external incident
electromagnetic field [5]. In this chapter, the plasmon resonance of metal NPs
and their interaction with an applied electromagnetic field is introduced.
Analytical solutions such as Mie theory [6] of plasmon resonance of NPs as well
as environmental effects that effect resonance frequency will be discussed.
Finally, the applications of plasmonic nanoparticles will be briefly presented.
These include Raman Spectroscopy (SERS) [7], bio sensing [8], dark-field

microscopy [9] and in plasmonic photonic crystal nano cavities [10, 11].

3.2 Localized Surface Plasmon resonance (LSPR)

A surface plasmon resonance (SPR) can be defined as the collective oscillation
of the electron cloud in the conduction band of a noble metal particle which is
stimulated by an incident electromagnetic field. The condition of resonance is
achieved when the frequency of the external field matches the natural oscillation
frequency of the electrons inside the metallic nanoparticle [13] as shown in

Figure 3.2.

External electric field component

Electric field inside NP

A 7

Polarized electron cloud

Figure 3.2: Scheme of the light interaction with a metallic NP. Electric dipole created by
the accumulation of positive and negative charges under the influence of the exciting

electric field of the light.
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The electromagnetic field produced by the oscillating electron cloud is localized
and does not propagate far from the NP surface, and hence the plasmon resonance
of a metallic NP is known as a localized surface plasmon resonance (LSPR).
Because of this, metallic nanoparticles can confine or squeeze electromagnetic
energy into a volume smaller than the diffraction limit (1,/2n)3. Here, n is
medium refractive index and is expressed using n = /& [5]. For gold NPs, the
plasmon resonance exist at visible wavelengths and so their bright colours are a

consequence of the absorption and scattering of incident light.
3.3 Metallic nanoparticles inside an electromagnetic field

The interaction of metal NPs with an electromagnetic field can be described using
Maxwell equations as given in equations 2.1 along with specific boundary
conditions to give us an appropriate analysis of the nature of the plasmon

resonance.

For a metallic NP, we can use boundary condition appropriate for linear, isotropic

and non-magnetic media. For electrical displacement D and magnetic field B, the
displacement includes a term describing the dielectric constant &(®). This term is
dependent on the angular frequency of the EM field, and is generally described

as complex function.

Following equation 2.2, we can write down an expression
(@) = £1(w) + igy(@) e 3.1
Similarly, the refractive index of a medium can be described using
ilw) = n(w) + iQ

Using n = /e, it is straightforward to show
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g =n%>-0Q% 3.3
&y = 2n) 3.4
&g 1
n2=?1+§ 512+522 ................. 3.5

Here, Q is the extinction coefficient and determines the absorption of the
electromagnetic waves propagating through the medium. For a light beam
propagating through a medium, its intensity is attenuated exponentially as

defined by Beer’s law:
I(x) = [,e~%

Here, a is absorption coefficient and is linked to extinction coefficient by:

From equations (3.4) and (3.7) it is clear that the imaginary part &, of the

dielectric function determines the magnitude of the absorption. For £1 > &, the
real part of the refractive index (n) determines the decrease in the phase velocity
of a propagating beam inside a medium. In addition, the absorption losses depend

on the conductivity of the material o (®) which is related to the imaginary part of

the complex frequency-dependent dielectric function by &, = U(w)/go (w). For

a metal, these losses occur close to the surface (within a distance of 10s of nm)

over a region called the penetration depth [14].
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3.4 The optical properties of metals and metal nanoparticles.

To understand the response of metallic NPs to an applied electromagnetic field
and the parameters that determine such a response, a number of theories and
analytical solutions have been developed. These are discussed in the next
sections. These allow the optical properties of metals to be understood over a

wide range of frequencies.
3.4.1 Free gas (Drude-Sommerfeld) model.

Consider a gas of free electrons each having a charge e and a number of free
electrons per unit volume N oscillating against a background of heavy fixed
positive ion cores. The electrons oscillate under the influence of an applied
electromagnetic field E (t) = Eo exp (-iot), with their motion being damped as a
consequence of collisions. The collision frequency is described using y = 1/,
where 1 is the relaxation time of the free electron gas (typically T = 10 "4 sec at
room temperature). We start with the equation of motion for an electron gas in

an applied external field
mej(:' + meyx = —e E(t) ................. 3.8

The solution of this equation is

x(t) = E(t) rrvvrrreeeee 3.9

m,(w? + iyw)

The electron gas that is displaced around the fixed ion-core background

generates a polarization (P) given by

This can be related to the dielectric constant € by
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D=50E+P=gogE .................

Using equations (3.9), (3.10) and (3.11) the dielectric function of the free electron

gas can be obtained [16-17].

Here, &(w) is a complex dielectric function and wp is the bulk plasmon

frequency, w, = Ne?/m,é,. For gold, @p= 13.8x10" Hz and y = 1.075x10" Hz

[7]. For high frequencies, the damping rate (y) can be neglected and equation 3.15

is reduced to.

w2
sw)=1 —w—z

The metal gold for instance has a plasmon resonance at visible wavelengths, and

has a dielectric function as function of incident wavelength as shown in figure

3.3.

Figure deleted due to copy right

Figure 3.3. Permittivity of gold as a function of wavelength. Figure taken from

reference 17.
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It can be seen that the real part totally dominates the dielectric function and it is
negative. This implies that light at such frequencies can only penetrate a very
small distance into a metal. The imaginary part represents energy dissipation by
inter -electron motion [18]. However, the damping rate constant vy is directly
proportional to the Fermi velocity Vr and inversely proportional to the electron

mean free path [ and is given by [19]:

3.4.2 Interband model

The Drude-Somerfield model describes the free electron gas contribution to the
dielectric response, but neglects the contribution of inter band transitions of
bound electrons inside the metal. However, photons at high energy (especially
above 2.25 eV) can excite inter-band (valance band) electrons to higher lying
conduction bands. The material dielectric function can be therefore described

using an interband model [18, 20]:

8((J'))l'nterband =1+ (wg — wz) ol 3.18

Here, @, = Ne?/m,g, , N is the density of bound electrons and # is the bound
electron damping rate. The difference between the Drude and interband models
occurs at the resonance frequency mo, Where the imaginary part of the dielectric
function increases sharply, leading to a high damping rate. For gold NPs, as
shown in figure 3.4 the dielectric function is obviously following the interband
transition model for wavelengths below 650 nm. While for wavelengths above

650 nm the Drude model is dominated the dielectric function behaviour. To
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describe experimentally obtained the metal dielectric function contributions both
interband (equation 3.18) and Drude models (equation 3.15) have to be taken in

to account in the metal dielectric function.

Figure deleted due to copy right

Figure 3.4: the effect of interband electrons on the gold dielectric function. At resonance

frequency the dielectric function increases rapidly [20]

3.4.3 Mie theory

The plasmon resonance of a metal sphere interacting with an incident plane wave
was first calculated by Gustav Mie [6]. Mie solved Maxwell’s equations to
calculate the extinction cross section by assuming a metal sphere with a given
radius imbedded in a linear, isotropic, homogeneous medium. The amount of
light removed from the incident light is known as the extinction cross section and
occurs through two processes: scattering and absorption. The cross section for
these processes are shown in figure 3.5. The solution of the internal and scattered
fields can be expanded into a set of normal modes represented by vector
harmonics [5]. The extinction cross section of a spherical NP is given by the
following expression [1]:
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2 oo
Oext = §2L=0(2L +1).Re(a, +b,) - 3.16

Here:
L (B) Yi () —n¥(nB) Wi (B)
LT LAY B -V P E B . 3.17

_n¥, () ¥, () — Y. (nB) ¥, (B)
LT g (B) W, (nB) — ¥, (nB) E, (B)

Here, S is the size parameter § = % - where 4, is the incident wavelength with

o

respect to vacuum, and n,n, the refractive index of the medium and the
surrounding medium respectively. L is index (0, 1, 2, ...), and ¥ and & are the
cylindrical Bessel-Riccati functions. The derivation of the equation can be found
in reference [21]. FDTD software has been used to calculate the extinction,
scattering and absorption cross section based on the solution of Mie equation in

three dimensions for a 150 nm gold nanoparticle as shown in figure 3.5.
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Figure 3.5: FDTD calculation shows the contributions to NP total scattering cross

section from absorption and of a spherical 150 nm Au NP in water.
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3.4.4 Dipole approximation (DA).

A dipole approximation (DA) can be applied to particles having a size that is
comparatively less than the wavelength of the applied electromagnetic field. At

visible wavelengths, this corresponds to particles having a diameter of ~50 nm.

For 2r << A (where r is the radius of the particles and A is the wavelength of the
light in the surrounding media), the extinction cross-section depends only on
contributions from the electric dipole [12, 22]. The Mie theory, outlined in

equation 3.16 reduces to the following relationship [23].

_ o .32 &1 (w)
Qext =9 c Em |74 [81((1)) n ng(w)]z n [82((1))]2 ... 3.18

Here, V is the volume of a spherical particle, o is the angular frequency of the
exciting light and c its velocity, €n is the dielectric function of the surrounding
medium, €1, € are the real and imaginary parts of the material dielectric functions

respectively. Equation 3.18 is originally derived from the sum of scattering and

absorption cross sections Qgxt = Qups + Qscar [5] Where.

EPTEMN 3.19
Qups = 4k r31m(%’;—2;)
e —e |
Tem| oL 3.20
= 8m k*ré | 22—
Qscat gp + ng

It is clear from equations 3.19 and 3.20 that both the absorption and scattering
cross sections are scaled by the particle radius r [5]. For particle radius r << A,
the absorption cross section dominates over the scattering cross section, and thus
the extinction cross section Qext~ Qabs. INdeed, the scattering contribution can

usually be neglected for gold and silver particles with r <20 nm [24]. Figure 3.6
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plots of FDTD calculations of Mie scattering for gold spheres with varying radius

(17, 25, 37, 50, and 75 nm). The results show the scattering contribution can be

neglected for particles below r =~ 25 nm, while it exceeds the absorption cross

section at r > 50 nm.
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Figure 3.6: FDTD calculation using Mie theory, showing the extinction, scattering and
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3.4.5 Mass-and-spring model

Although the qusi-static solutions of Mie theory are able to describe the
interactions between the incident field and a metal nano particle, they are less
successful in describing the optical response of non-spherical particles. To
understand the physics of non-spherical plasmonic particles, a mass-spring model
was developed [25, 26]. This model assumes that the displaced electron cloud
around a heavy positive charged nucleus under the influence of an external field
could be expressed as simple harmonic oscillation. This is similar to a classical
mass connected to spring of spring constant G, as shown in figure 3.7. To
estimate the restoring force on the charge carriers that accumulate at the opposite
ends of a nanoparticle (displaced by a distance Ax), they can be considered as
point-like charges. At the resonance frequency, we start from the equivalence of

the restoring force and Coulomb force equations, thus;

F(Ax) = —
(4x) 2me, d

Here n is the charge carrier density, A is cross-sectional area and e is the
elementary charge. By solving equation 3.21, the resonance frequency ores Of the

plasmon on an elongated particle can be expressed as.

where, R is the nanoparticle aspect of ratio.
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@ 2

$ax
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Figure 3.7: Mass-and-spring model for a plasmonic resonances: (a) Sketch of an
elongated plasmonic particle with charge accumulated at its ends. (b) The oscillation can
be represented by an effective spring constant Aand an effective mass /7 of the moving

electron cloud.

3.5 The effect of particle size

Nanoparticles are a collection of atoms bound together having a size intermediate
between that of a single atom and a bulk material [27]. The quantum size of a
metallic nanoparticle gives rise to a distinctive optical response and
electrodynamic interactions. For instance, solutions of colloidal noble metal
nanoparticles have different colours, such as silver, gold, and copper [28].
Generally, the response of a NP surface plasmon resonance frequency (SPR)

depends on its size.
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In a semiconductor nanoparticle (a quantum object) the onset of the first electron
transition shifts to higher energy (i.e. the band gap size increase) as the particle
size is reduced [29]. Similarly, for metal NPs, the separation between the energy
levels (conduction and valance bands) increases sharply as the particle size is
decreased. In addition, in particles smaller than the mean free path of conduction
electrons, the damping constant vy increases resulting from the collision of free
conduction electrons with the boundaries of the particle [30]. This effect reduces
the intensity of the SPR [31]. Figure 3.8 shows the change in the dielectric

constant of gold NPs as a function of particle size.

Figure deleted due to copy right

Figure 3.8: Dielectric function of gold illustrates the size effect [19]

For large NPs (having a radius of more than 20 nm), where several plasmon
resonance bands are degenerate, the NPs are described as a multipole rather than
a dipole (as used to describe small NPs) [28]. Here, as the particle size increases
in comparison with the wavelength of the incident light, the dipole approximation
model is no more valid. Rather the SPR wavelength becomes dependent on radius
r. In addition, higher order SPR peaks appear at lower energies resulting in a red

shift as shown in figure 3.9 (a) and (b) [32] as a consequence of phase retardation
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[17, 33, 34]. Also the contribution of the scattering cross -section increases
significantly as the particle size increases (see section 3.4.4 figure (3.6)). Figure

3.9 (a) shows the red shift of the extinction cross section as a function of the

particle size. IEEEE————
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Figure 3.9: (a) FDTD calculation showing red shift of extinction cross section peak with

increasing particle diameter from 5 nm to 200 nm. (b) Particle diameter increases from 200

nm to 400 nm, and multimode extinction cross section peaks appear.

Note that the dielectric function values in all Mie calculations have been taken

from data produced by John and Christy [35].
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3.6 The effect of nanoparticle Shape.

In addition to size effects, the shape of a NP has a significant effect on its optical
extinction, absorption and scattering spectrum peaks as shown in Figure 3.10.
The sharp ends of a NP can result in high charge accumulation via strong
enhancement of SPR [36], as has been observed in nanorods [37] and stars [38].
For nanorod or cylindrical shaped NPs, the extinction resonance band is split into
two bands that corresponded to electrons oscillating parallel or perpendicular to
the major axis (long axis) of the NP [12, 19, 22, 36]. A high resonance frequency
band referred to as transverse plasmon modes, results from electrons oscillating
in a perpendicular direction to the long axis, with the other low resonance
frequency band referred to as a longitudinal plasmon that results from electrons

oscillating parallel to the long axis [12, 40].

Figure deleted due to copy right

Figure 3.10: Normalized extinction, absorption, and scattering cross sections for three different

shape of Ag nanoparticles in a vacuum [40].
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For elliptical particles having a fixed length, the longitudinal plasmon modes are
red-shifted as the aspect ratio (the ratio between long to short axis see figure 3.11)
increases [17, 33]. The plasmon resonance is dependent on NP shape and can be
described using extended Mie theory known as Gans theory. This describes the
depolarization factor along each axis of a nanorod or spheroid particle depending
on its aspect ratio. A red shift is observed for longitudinal plasmon modes as the
aspect ratio increases, while the transverse plasmon modes undergoes a small

blue shift [12, 22, 33, 36]. This is shown in Figure 3.12.

e —

Figure 3.11: illustrate the axes of ellipsoid shape, here A is the long axis B and C are the short axes.
For A > B = C the aspect of ratio = A/ B.

Figure deleted due to copy right

Figure 3.12: Normalized absorption plasmon resonance spectra of Au nanorods of different
aspect ratio. The figure shows the high sensitivity of longitudinal modes to a change in the

aspect ratio [41].
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3.7 The effect of the surrounding medium.

The dipole approximation (DA) (equation 3.21) indicates that the dielectric
constant of the surrounding medium around a metal NP plays a significant role
in determining both the intensity and the plasmon resonance peak position [23,
33]. For particle sizes within the DA approximation, Okamoto et.al, showed that
the peak position of the absorption cross section for a 20.2 nm gold NPs
monolayer is increased and red shifts as the refractive index of the host
environment increases [42]. This effect is shown in Figure 3.13. This result has
been confirmed theoretically by applying DA calculation to 10 nm gold NP

immersed in liquids also with various refractive indices [43].

It has also been shown that the longitudinal mode of a (60 x 20) nm gold nano-
ellipsoid, undergoes a red-shift as the refractive index of the environment
increases [33], as shown in figure 3.14. The SPR wavelength is thus highly
sensitive to surrounding media and can be used to construct plasmonic chemical

and biological sensors [44].

Figure deleted due to copy right

Figure 3.13: the absorption cross section of a 20.2 nm gold colloid monolayer immersed

in liquid samples of various refractive index [42].
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Figure deleted due to copy right

Figure 3.14: Calculated absorption cross section of a gold nano ellipsoid with varying
medium dielectric constant. The inset shows a plot of the maximum of the longitudinal

plasmon band as a function of the medium dielectric constant [33].

3.8 Some applications of Noble metal nanoparticles.

There are many applications of noble metal nanoparticles in different fields
which are highlighted briefly. The development of synthesis methods to fabricate
metallic nanoparticles opens a wide range of potential applications. The most
developed applications of plasmonic NPs are in biology. Gold is a material of
choice for biological applications due to its inert character (resistance to
oxidation), with its plasmon resonance existing at visible frequencies [12].
Moreover, noble metal NPs can be synthesised having a size similar to other
biological structures, such as DNA chains, bacteria and biological cells. This
enables them to interact with such structures and to act as therapeutic agents [45,
46]. For instance, metal NPs are used widely in cancer diagnosis and
photothermal therapy [47, 41]. In photothermal therapy, the extinction resonance

peak which positioned at infrared wavelengths can be used to heat up localized
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cells, permitting cancerous tumours to be eliminated [48, 49]. Metal NPs can also
be used as a fluorescent label for imaging of biological tissues instead of using
organic or inorganic dyes. Here, the long life time and reduced excitation power
are an advantage [50]. Metallic NPs have also been used as biosensors [51, 52],

bio detectors [53] and in drug delivery applications [54].

The plasmonic excitation of noble metal NPs have high local electric field
intensity. This permits them to be used to detect a single molecule by enhancing
the Raman scattering cross sections, a process known as Surface Enhanced

Raman spectroscopy (SERS) [55, 56].

Metal NPs have also been used to increase the efficiency of photovoltaic devices.
This was achieved by promoting total internal reflection inside an active layer by
trapping the photons using their large optical scattering cross section [57, 58].
Thin film composites of noble metal NPs have also been developed for use as a
selective optical absorber [58, 59]. Metal NPs having sharp ends, such as so—
called bow-tie shapes can be used to achieve extreme field enhancement and
produce extreme ultraviolet light (EUV) down to 47 nm [60]. Finally, a hybrid
plasmon- photonic crystal resonance has been demonstrated as biochemical
sensor. This technique has shown to reduce the size and cost of a biochemical
sensor and can be used as an alternative to the traditional optical spectrometer for

resonance spectral measurements [61, 62].

In summary, in this chapter, I have discussed the basic physics of plasmon
resonance in metallic nanoparticles, and have highlighted the different physical
methods used to describe their optical dielectric properties. These results are used

in the rest of this thesis, particularly in chapters 7 and 8.
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Chapter four

Experimental methods

4.1 Introduction

In this chapter the fabrication and characterization of two-dimension photonic
crystal nanocavities (2D PC NC) is discussed. This technique involves E-beam
lithography and dry etching. The PC NCs are characterised using far field
spectroscopy. The deposition of gold nano structures inside a cavity is also
discussed. Here, two techniques have been used, optical printing using a focused

laser and electron beam lithography (EBL).
4.2 Cavity substrates

Optical nanocavities (NCs) were fabricated onto a freestanding silicon nitride
(SiN) membrane purchased from Silson Ltd. The membrane was prepared at
Silson Ltd by depositing a thin layer of silicon nitride onto a 381 pm thick silicon
wafer. The sample was then chemically etched to produce a freestanding SiN
membrane (or SiN window) as shown in figure 4.1. The size of the SiN window
used was 0.5 X 0.5 mm? having a refractive index and thickness of 2.1 and 200
nm respectively. Such thin membranes are very fragile; therefore, great care

needs to be shown in handling samples during the fabrication process.

Figure 4.1: A schematic diagram of a freestanding SiN membrane
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4.3 Electron Beam Lithography (EBL)

Lithography is a process whereby a desired structure or design is transferred to a
surface. Depending on the required feature size, the radiation source used to
create the image can be thermal, optical or electron beam radiation. For instance,
optical lithography can be used to print features having sub-micron size. EBL can
be used to create features having a size of tens of nanometres [1]. EBL techniques
also have the advantage that a pattern can be changed and improved readily in
the system software, unlike optical photolithography where physical mask-plates
are needed. This therefore reduces costs and time delays associated with mask
production. However, EBL is a serial technique in which patterned features are
written pixel-by-pixel, therefore exposure may consume many hours when
writing large and complex designs. Also EBL systems are expensive and highly

complex, and require substantial ongoing maintenance to optimize performance.

In this thesis EBL is used to create photonic crystal nanocavities. The machine
system used (Raith-150) was housed in the Centre for Nanoscience and

Technology at the University of Sheffield as shown in figure 4.2.

Raith-150 software has its own built-in design tools based on the GDSII format.
The GDSII editor allows basic structures to be drawn such as circles, polygons,
open paths, single dots and filled rectangles. The advantage of using the GDSII
editor is its ability to build small structures and collect them together into a final
design form. Moreover, it can arrange different elements of a structure into levels,

which allows more flexibility to control the surface dose rate.
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Figure 4.2: EBL system at the Centre for Nanoscience and Technology University of
Sheffield

Three main layers were used in designing photonic crystal nanocavities
(PC NCs). The first was a “text” layer. This layer was used to label the PC NC
properties. The second layer was the PC NCs design, while the third layer was
known as “manual marks” and was used to determine the border of membrane
area. An image of the PC NC design on a SiN membrane is shown in figure 4.3.
The EBL exposure parameters that have been used in this work are shown in

Table (4.1).

Table 4.1 EBL parameters used for PC fabrication

E-beam energy (KV) E-beam current (uA) | Dose (UC/ cm?) | Dose factor

30 0.038-0.04 240 1.3
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Figure 4.3 SiN membrane window containing 12 PC NCs

4.4 Sample preparation

Before depositing a resist layer onto the sample surface, it must have cleaned to
remove any surface contamination or dust particles. Firstly, the sample is rinsed
in heated acetone, followed by isopropyl alcohol (IPA). It is then dried using a
N gas jet. Finally, the sample is placed on a hot plate at 100 °C for one minute

in order to evaporate any residual solvent.

4.5 E-beam resist

To achieve high resolution using e-beam lithography, polymethyl-methacrylate
(PMMA) resist was used having a molecular weight of 950kDa. Before the
sample was coated with the e-beam resist, it was first baked on a hot plate for one
minute at 100° C. The PMMA resist was then spun on to the SiN membrane for

30 seconds at speed of 3500 rpm, creating a thin PMMA layer of thickness =~ 200
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nm. The substrate was then baked on a hot plate at 180 °C for 10 minutes in order
to harden the resist by removing any residual solvent. Finally, the sample was
ready for electron beam exposure.

There are two types of an EBL resist; positive and negative. In a positive
photoresist, the area exposited to the e-beam becomes soluble in a developer and
can thus be used to produce positive image of the exposed pattern. In a negative
photoresist, the area exposited to the e-beam becomes insoluble in a developer
and can thus be used to produce negative image of the exposed pattern as shown

in figure 4.4.

Electron beam exposure

(a) (b)

Figure 4.4: (a) a positive resist and (b) a negative resist

4.6 Proximity effect

During the lithography process, the scattering of the focused electron-beam
effects the resolution of the features that are written into the resist. There are two
mechanisms by which the e-beam is scattered. The first is forward scattering of

the e-beam in the resist material. This broadens the beam diameter and affects
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the size of the printed pattern. The second scattering mechanism is back
scattering. Here, the electron beam reaches the surface of the substrate and
undergoes back scattering. As a result, areas that are nearby the incident beam
are also exposed, leading to a reduction in the received dose access the exposed
area [2]. The combination of both types of scattering are called proximity effects.
Proximity-effect-correction (PEC) is achieved by employing Monte Carlo
simulation methods that compute electron trajectories penetrating both the resist
layer and substrate. However, the energy density absorbed in the resist as a
function of acceleration voltage and resist thickness can be modelled to adjust
the electron-beam dose to achieve a suitable exposure [3, 4] as shown in figure

4.5.

Figure deleted due to copy right

Figure 4.5: Monte Carlo simulation of electron scattering in a PMMA resist on a silicon

substrate at (a) 10 kV and (b) 20 kV. Figure reproduced from [5]
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4.7 Resist Development

To transfer a pattern into the resist, the sample is developed in a solution
called a developer. It is important to choose a high resolution developer to ensure
that the side-wall of resist features are vertical. There are two parameters that
effect the side walls of the resist features; excessive e-beam dose and inadequate
or excessive resist development. On exposure, the resist becomes soluble in the
developer solution. A common developer for PMMA is MIBK: IPA 1:3 (methyl
isobutyl ketone: isopropyl alcohol) solution. To develop the PMMA, the sample
is immersed for 30 seconds in a developer solution after which it is dried with a

N2 gas jet for 30 seconds.

4.8 Dry etching

An etching process is used to transfer the patterns written into a resist after
development on to the sample surface. There are two type of etching processes;

wet and dry etching.

In wet etching, a chemical solution is used to remove the substrate material not
covered by the patterned resist. Although this method is cost effective with high
selectivity, it is not suitable for etching small sized features (sub tens of
nanometres). In a dry etching process, a chemical reaction of gasses or plasmas
are used to remove unwanted material using a high-energy ion beam. Therefore,
this technique is the optimum choice to create features sizes of sub-tens of
nanometres. There are additional advantages to using a dry etching technique,

including:
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-
1

Isotropic etching (equal etching rates in both vertical and horizontal
directions) or anisotropic etching (etching proceeds faster in one plane than
in another).

2- High selectivity between etched and non-etched layers.

3- Automated process and better control.

4- No inadvertent elongation during the etching process.

5- Reduced handling of hazardous acids and solvents.

There are however few disadvantages to the dry etching technique, including:

1- Use of toxic and corrosive gases.

2- Use of expensive equipment.

Generally, dry etching is divided into two major types. One type of process relies
on non-plasma based etching using fluoride or interhalogen gases. This process
is used to etch Si, has high selectivity to resist layers, and does not require
plasma-processing equipment. A second type of dry etching is called plasma
based etching. This technique needs a RF field to drive the highly reactive
chemicals toward the target. There are a number of plasma based dry etching

processes:

1- Physical etching, based on bombarding the target by energized ions or atoms,
leading to dislocation of atoms in the substrate (here the energy of the ions
produced exceeds their binding energy).

2- Chemical etching, based on chemical reaction between atoms radicals and
ions with atoms in the substrate. The chemicals are absorbed by the substrate
leading to chemical reaction and desorption of by-products or volatile

products.

71



Chapter Four Experimental methods

3- Inductively Coupled Plasma etching (ICP).

4- Reactive lon Etching (RIE).

4.9 Plasma system (ICP and RIE).

ICP and RIE can achieve fast etch rates, uniformity, clean chemistries, high
vertical profile, and low device damage [6]. Oxford Instruments Ltd. supplied the
Inductively Coupled Plasma (ICP) and Reactive lon Etching (RIE) etcher used.
The gases used to etch silicon nitride (SisN4) are either fluorine and/or chlorine
based gases such as CHF3 [7, 8]. This process creates radicals and ions, which

react with Si in SisN4 to convert it to volatile products [9].

The RIE chamber is supplied with two coils as shown in figure 4.6 (a). These
coils create an electromagnetic field inside the chamber through the radio
frequency (RF) (13.56 MHz) currents that flow in the coils. For low pressure gas
flows rate, these coils produce a plasma (electron, ions and radicals) as well as
directing, accelerating ions and electrons inside the chamber toward the surface
of the substrate [7]. The free radicals enhance chemical reactions with atoms in
the substrate while the energetic ions enhance the anisotropic etching of the
substrate surface [10].

In addition to the RF coils, the ICP system includes a 2.54 GHz plasma source
to increase electromagnetic induction and generate a high density of ions [11] as
shown in figure 4.6 (b). The gas recipes for both RIE and ICP are illustrated in
Table 4.2. The residual PMMA that remain after the etching process is then
removed using an oxygen plasma asher tool. The whole fabrication process used
to create a two dimensional photonic crystal L3 cavity is summarized in figure

4.7.
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Figure 4.8 (a) and (b) shows a number of scanning electron microscope (SEM)
images of SiN based photonic crystal L3 nanocavities that were fabricated. The
creation of holes having a circular shape is an indication of the existence of
straight side-walls and thus high cavity quality factor. This can be attributed to
using a high EBL beam energy (30 kV) and a dry etch technique. Figure 4.8 (c)
and (d) shows SEM images of the topside and the underside of a typical PC.
Analysis of this image suggested that holes had a size of 140 nm at the top of the
membrane, a value reduced to 119 nm for holes at the bottom side, corresponding
to a taper angle of 5.42°. This angle is considered to be typical with that reported
in previous work on SiN based PC nanocavities, where taper angles were reported
ranging from 4° to 8° [12]. Excessive taper angles are the main reason that some

of the structures studied in this thesis had a relatively low Q factor.

Table 4.2 the recipes of ICP and RIE used in this work

Tool | Gas | Rate (sccm) | Pressure(mTorr) | RF Power (W) Etching
time(min)
ICP | CHF3 30 35 480 20
RIE | CHF3 30 35 70 16
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Figure 4.6: schematic of (a) RIE, (b) ICP tool
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SiN window 1. Suspended SiN membrane supported

200 nm in a Si wafer.

PMMA
The sample is coated with a 180 nm
thick of PMMA layer and then baked
at 180 °C for 10 min.
EBL
| |
1

EBL.

0 0

(=)

0

4. The sample is developed in MIBK: IPA
(1:3) solvent for 30 sec.

2.
\ 3. An L3 nanocavity design is
' exposed onto PMMA layer using

5. The L3 nanocavity 2D PC design is

transferred into the SiN membrane

using RIE etching.

Figure 4.7: Schematic illustrating the fabrication of a 2D PC L3 nanocavity.
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Figure 4.8: (a) and (b) Scanning electron micrographs (SEM) images for two type of L3
nanocavities design used in this work. (c) and (d) SEM image of top and bottom surface of a
typical structure, used to estimate the verticality of the hole side wall. The white spots that
appear in (b) and (c) are residual PMMA resist
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4.10 Photoluminescence (PL) Spectroscopy

Far field optical spectroscopy was used to explore the optical properties
of the nanocavities. The system used is shown schematically in Figure 4.9.
Fluorescence spectroscopy was performed using a diode pumped solid state
(DPSS) laser at 532 nm focused through a 100X long working distance objective
lens (6 mm) having a 0.77 numerical aperture (NA) to a 2.5 um diameter spot on
the cavity surface. A neutral density filter was used to control the intensity of the
incident beam. The objective lens was mounted on a three-dimensional piezo
motor stage (Piezosystem Jena Tritor 100, Micro XYZ Positioner stage NV 40/3s
controller) allowing the lens to move relative to the sample. The sample was
excited at normal incident angle and the emitted photoluminescence PL collected
at the same angle. The emitted PL from the structure was passed through a
polarizer and long pass filter with a cut-off wavelength at 532 nm to reject the
excitation laser, before it entered the spectrometer. The emitted light from the
structure was directed to a spectrometer (Jobin Yvon Triax 320) through a 0.08
mm wide slit, which controled the spectrometer resolution. Inside the
spectrometer, light was dispersed (analysed) using two different gratings having
1200 and 300 line/mm giving spectral resolution of 0.07 and 0.3 nm respectively.
Finally, the dispersed light was imaged onto a nitrogen cooled CCD. A white

light source was used to align the laser spot on the PC.
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Figure 4.9: A schematic of the PL system used.
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4.11 Dark field spectroscopy

Dark field spectroscopy was performed using an inverted microscope with oil
immersion lens, as shown in Figure 4.10. This microscope was used to measure
the scattered radiation from gold nano disks printed on SiN membranes. A small
drop of immersion oil (n = 1.515) was dispensed on the sample and the sample
was placed face down on the microscope stage. The objective lens was brought
into contact with the oil on the sample. The NA of the objective (0.5) is less than
that of the condenser lens (0.8-0.95) so only the scattered light is collected. The
dark-field scattering measurements was done with the assistance of Mr. Alastair

Humphrey and Prof. Bill Barnes at the University of Exeter.

Collimated
white light

Condenser lens e ——

14/ Scattered field

anoparticle

Obijective lens
NA=0.5

Figure 4.10: Dark field scattering spectroscopy system
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4.12 Printing gold nanoparticles on Silicon Nitride substrate

To create plasmonic structures, metal nanoparticles were patterned onto
dielectric substrates. Here, two techniques were used to deposit gold nano
particles on a structure of interest. The first method used optical printing as
described in section 4.12.1 to place single gold NPs onto a cavity surface [13].
Gold were also dimers patterned directly into a nanocavity surface using electron

beam lithography (EBL) as discussed in section 4.12.2.

4.12.1 Optical printing method

Single Au NPs were patterned onto the surface of a nanocavity using a
modification of an optical printing technique [13]. This work was done with
assistance of Jaekown Do at Ludwig-Maximilians-University Munich. Figure 4.11
(a) shows a schematic of the system used to pattern the NPs. Here, the nanocavity
was placed under a dark-field microscope (DFM) and a drop of an aqueous
dispersion of 150 nm Au NPs was deposited on the cavity surface. On entering
the region illuminated by a 1064 nm Gaussian beam, a gold NP first experiences
a radial force (resulting from the absorption and scattering forces) that brings it
towards the beam centre. The NP then experiences an axial force (known as a
gradient force) that pushes it toward the region of highest beam intensity, i.e.
toward the substrate (see calculated force map in Figure 4.11(b). The magnitude
of the absorption and scattering forces are however lower than the gradient force
resulting from the small absorption and scattering cross section of a 150 nm
spherical Au NP at 1064 nm. Figure 4.12 shows a successful printed gold NP

inside L3 nanocavity.
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Figure deleted due to copy right

Figure 4.11: (a) Schematic figure of the experimental setup used to pattern Au NPs onto the
nanocavity surface. (b) Calculated force map (in units of pN) acting on a single spherical

gold nanoparticle (150 nm diameter) at the focus of a 1064 nm CW laser. Figure taken from

reference [14].
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Figure 4.12: Au NP of 150 nm size printed onto L3 nanocavity surface using an optical

printing method. Figure taken from reference [14]

4.12.2 Electron beam lithography (EBL) printing method.

The nanofabrication of gold nanoparticles on a silicon nitride membrane using
EBL uses a process that is similar to the fabrication of photonic crystals. The
fabrication steps are illustrated in figure 4.13. A thin layer (~ 180 nm) of a high
resolution and electron-sensitive PMMA resist was coated on a freestanding
silicon nitride membrane, and then baked at 180° C for 10 minutes. It was then
patterned using EBL to create the region in which the metallic dimers will
eventually located. The exposed resist was developed and removed selectively
using (MIBK: IPA) developer. A thin layer of gold (80-100 nm) was then
deposited at a rate of (5 nm / sec) thermal evaporation to cover the sample.
Finally, a piranha (H2SOs+ H.02) acid solution was used to lift-off the
remaining resist to leave holes filled with metal as shown in figure 4.14. It is
important to note that a number of gold nanostructures did not survive the lift-
off process as shown in figure 4.15. To solve this problem, two actions were
developed. The first involved creating shallow holes (= 10 nm) on the SiN

membrane surface using ICP through the resist. This tended to help to fix the
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NPs in position. In addition to this, a thin layer of titanium (typically less than 5
nm) was used as adhesion layer. It was found that a thick layer of titanium

increased the attenuation of the surface plasmon [15]. Chromium (Cr) was also

explored for this purpose [16].

1. Suspended SiN membrane supported by Si

wafer

2. Sample prepared for EBL exposure by coating with
PMMA and baking it at 180 0C for 10 min.

3. After EBL exposure, the nanodisk dimer design
is transferred into PMMA by developing the
sample in MIBK:IPA developer.

4. Shallow 20 nm holes created in the membrane

using ICP.

5. Thermal deposition used to deposit a thin layer
of Ti (=5 nm), followed by 100 nm of gold.

6. The PMMA resist and the excess metal are
removed using piranha solution leaving the

nanodisk dimers stuck to the sample surface.

Figure 4.13. Schematic illustrating the fabrication steps to create gold nano structure on a SiN

membrane. 33
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Figure 4.14: (a) An array of printed gold nano disk dimers on SiN membrane.

(b) Magnified image of gold nano disk dimers.

0.0 um 0.5

Figure 4.15. AFM image of missing gold nano disk dimers a SiN surface removed during the

lift-off process.
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4.13 Printing gold nanodisk inside L3 nanocavity using EBL
method.

To print gold nano structures into an L3 nanocavity requires high (sub-micron)
precision, and registration between process steps indeed, it has been necessary
to combine two fabrication processes: namely two dimensional photonic crystal
L3 nanocavity (2D PC L3 NC) fabrication and printing of gold nanostructures.

To create the hybrid photonic-plasmonic nanocavity, the structure was designed
using CAD tools. Four specific marks (crosses) were made around the area in
which the L3 nanocavity would be printed. Each part of the structure was then

arranged in a layer as shown in Figure 4.16.

Layer 1
| ayer 2
Working area | ayer 3

Corner marks Nanodisk dimers

2D PCL3NC

Figure 4.16: (a) Schematic of printed nanodisk dimer inside L3 nanocavity showing the reference

marks around the working area. (b) & (c) showing optical microscope images of SiN membranes

containing a series of printed PC arrays and a magnified view of a single PC array respectively.
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The placement of the corner markers around the working area is critical to allow
the position of the dimer to be located, then allowing the L3 nanocavity to be
printed around the nano dimer with high accuracy. Thus both gold nanodisk and
corner marks are printed first followed by the L3 NC fabrication. Finally, a
plasma asher was used to clean the sample surface and remove any
contamination or residual resist. A successfully printed pair of gold dimer
nanodisks is shown in figure 4.17 (a). As discussed previously, the printing of
gold nanostructures requires two fabrication stages, therefore there is a high
probability that they are removed or shifted from their position, as shown in
figure 4.17(b) & (c). In addition, a slight shift of the position nanostructure

location (as identified by the corner marks), can lead to large mismatch between

the NC and the dimers as shown in figure 4.17d.

a | D

Figure 4.17: (a) A successful attempt to printing gold nanodisk dimers inside L3 NC. (b) and (c) a
structure in which one of the printed gold nanodisks has been displaced far from the cavity or when
both of them were removed during lift-off process. (d) Shows a structure in which there is a large

unintentional mismatch between the location of nanodisks dimer and the nanocavity centre.
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4.14 Langmuir-Schaefer film deposition method (LS)

The ability to combine organic molecules in a nanoscale cavity permits a system
to be created that is electrically and optically active. Such components can then
be used as chemical sensors [17, 18] and detectors [19].

The Langmuir-Schaefer deposition technique is a method used to deposit one or
more monolayers of a material from an air-liquid interface onto a solid substrate.
Here, a thin film is formed by dipping a solid substrate in a floating material
either horizontally (Langmuir-Schaefer) or vertically (Langmuir- Blodgett) [21]
as shown in Figure 4.18. The advantage of the L-S and L-B deposition
techniques are a high control of film thickness, homogenous deposition over a

large area and the deposition of multilayers of different materials.

(@) I 1 (b)
:

— 4 ) g
! Monolayer Monolaver \}\'-}-

Figure 4.18: scheme a) Langmuir-Schaefer b) Langmuir- Blodgett monolayer
deposition

4.15 Monolayer formation

Organic compounds can be divided into two categories; water soluble
compounds (polar) and non-soluble compounds (nonpolar) [17]. Polarity arises
due to the non-uniform (asymmetrical) distribution of charges across the

molecular structure, resulting in the formation of a permanent electric dipole
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moment. The best example of a polar compound is water. Here, two hydrogen
atoms share electrons with an oxygen atom having a strong electron-
withdrawing tendency. This causes a separation between charges and results in
a permanent electric dipole. When a component is dissolved in water, solvation
occurs as a consequence of the interaction between the dipole moments of the
solvent and solute. In contrast, dipoles on symmetrical molecules in which the
distribution of charges between two atoms are equally shared, such as C-C and
C=C, do not result in the formation of dipoles. Most of such non-polar
compounds are therefore insoluble in water at room temperature.

In the Langmuir-Schaefer deposition method, it is necessary to identify a
material in which the molecules have a hydrophilic and a hydrophobic
component. The molecules can arrange themselves at an air water interface, with
the hydrophilic head immersed in the liquid and hydrophobic tail extending into

the air [20] as shown in figure 4.19.

Hydrophobic tail

Hydoropglic?eado Water

Figure 4.19: surfactant arrangement at air water interface.

A monolayer film can be transferred onto a substrate using the Langmuir-
Schaefer (or Langmuir- Blodgett) technique, leading to reduction in the number
of the molecules at the air-water interface. A constant density can however be
maintained at the surface by compressing the surfactant through controlling the

surface pressure [17].
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4.16 Atomic force microscope (AFM)

An atomic force microscope (AFM) is an imaging instrument that is capable of
recording high-resolution image of a surface at sub-nanometre length scale in
both horizontal and vertical directions. Here, a Veeco-Dimension 3100 was used,
operating in tapping mode as shown in figure 4.20. AFM works by measuring the
alternation in the reflected laser signal produced as a micron-sized sharp tip scans
cross a surface. A silicon cantilever was used having force constant of 40N/m
and resonant frequency between 200—400 kHz. In tapping mode, a piezo stack
excites the cantilever causing the cantilever to oscillate vertically. Although, the
cantilever oscillates continuously with same energy (in which energy is supplied
by a piezo stack), the tip deflects as it touches the surface. As a result of this
deflection the reflected laser beam, or “return signal” (when imaged onto a
photodiode) generates an electronic signal that reveals information about the
vertical height of the specimen surface [22]. This process is detailed

schematically in figure 4.21.

Figure 4.20: Veeco-Dimension 3100 AFM device at the University of Sheffield
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Figure deleted due to copy right

Figure 4.21: AFM tapping mode shows the deflection of the cantilever and return signal

from sample surface [22].

4.17 Finite Difference time domain (FDTD) modelling

Finite Difference time domain (FDTD) is a computational electrodynamics
modelling method. It was first introduced by Kane Yee in his original paper in
1966 [23], while the FDTD acronym was first named by Allen Taflove in 1980
[24]. This method is a time-traveling algorithm used to solve Maxwell’s curl
equations on a discretized spatial grid. FDTD calculations start by dividing the
structure into a small discrete grid (smaller than smallest feature in the structure).
As the space between the grids is decreased the resolution of the output result
increase. Maxwell’s curl equations are solved in a relay manner; the electric field
E is solved at a given instant of time, followed by the magnetic field with the
process being repeated until the time steps are have finished. In this work, the
optical properties of nanocavity structures were calculated using the 3D FDTD

code (CrystalWave) produced by Photon Design Ltd [25].
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Chapter Five

The Optical properties of L3 nanocavities optimizing the Q-

factor of SiN based Structures

5.1 Introduction

Two-dimensional (2D) photonic crystals (PC) defined into a thin dielectric slab
are of significant interest for their ability to control the propagation of light. By
introducing a physical defect (cavity) into a photonic crystal, the light field can
be localized within an extremely small volume [1, 2]. Cavities that confine light
can be used to generate a number of quantum electrodynamic (QED) phenomena,
such as enhancement of spontaneous emission [3], Rabi-splitting [4] and low-
threshold lasing [5].

The majority of previous work on microcavities has focused on the use of
materials having high refractive index, such as, Si and GaAs [6-11]. These
materials are transparent at near infrared spectral regions and have strong optical
absorption at viable wavelengths. In contrast low refractive index materials such
as polymers (i.e. PMMA, polystyrene, etc) are transparent at visible wavelengths,
but result in large optical losses when used as the dielectric medium for a PC
cavity and thus result in low Q factor. Therefore, to create nanocavity device
working at visible wavelengths, it is necessary to use a transparent material that
is transparent in that region having a relatively high refractive index (to provide
adequate optical confinement). Materials that here so far been explored for
visible operation in nanocavities include GaN and AIN, that emit at violet-green
wavelengths [12, 13]. Red emission can also be generated using InGaAIP [14].

Furthermore, PCs based on materials, such as diamond [15] and SiN [16, 17]
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have been used to generate multimode emission in the yellow to red spectral
region. In comparison to I11-V semiconductors, the processes used to fabricate
silicon-based PhCs are fully compatible with complementary metal-oxide
semiconductor (CMOS) technology. This potentially provides low
manufacturing costs and makes them easier to integrate with electronic
components on the same chip [17- 19].

This chapter explores the use of SiN as a flexible platform to design a PC
nanocavity at visible wavelengths. The parameters that affect the cavity optical
modes will be presented and discussed. Finally, a modified PhC L3 cavity design
used to optimise cavity Q factor will be presented. It is found that by modifying
the air holes around the cavity, the Q- factor of the fundamental mode increased
significantly to 890; a fourfold improvement in comparison with an unmodified

cavity.

5.2 Silicon Nitride Slabs.

Silicon nitride (SiN) is a chemical component of silicon and nitrogen. It is
transparent at visible wavelengths and has a refractive index in the range from 2
to 2.2, as shown in figure 5.1[20]. SiN also has broad PL emission peaking around
605 nm, with a full width at half maximum of ~ 215 nm as shown in figure 5.2.
SiN is a material that is with compatible CMOS technology and has been
explored as a promising material system especially for photonic applications such
as photonic crystal nanocavity design [21-25]. Generally, optical confinement in
a 2D PC slab within a nanocavity can be achieved by two mechanisms; laterally
though the photonic band gap produced by air holes (DBR-like), and vertically
through the total internal reflection at the slab-air interface. The total quality

factor of a cavity (neglecting intrinsic absorption), is determined by the radiation
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loss out of the cavity surface. This radiation loss can be reduced by selecting
relatively high refractive index materials [26] or through modifying the design of

holes around the nano-cavity [27, 28].

Adawi et al. [26] demonstrated that L3 nanocavities could be created from
materials having a refractive index between 1.6 to 3.4. For cavities having no
modifications to the shape or location of the holes surrounding the cavity,
calculations predicted that the cavity quality factor increases super linearly with
the refractive index of PhC membrane. For instance, by increasing the slab

refractive index from 1.6 to 3.4, the Q-factor increased from 300 to 3900.

Makarova et al. [17] explored the emission from Si-rich SiN PC membranes.
They showed that an L3 nanocavity having optical modes between 600-800 nm
with quality factors in the range of 200—300 underwent a sevenfold enhancement

of PL in comparison with bare Si-rich SiN membrane.
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Figure 5.1: The refractive index of SizsNa4
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Figure 5.2: Photoluminescence (PL) emission of SiN membrane having a thickness
of 200 nm.

5.3 SiN Slab thickness

The photonic band gap (PBG) of a 2D PC operates over a certain frequency range
with light undergoing complete reflection as a consequence of diffractive
interference at the interface between the air holes and the dielectric medium.
Generally, PC properties can be characterised by the dispersion diagram of the
electromagnetic waves that propagate through the PC structure, as well as by the

transmittance and reflectance spectrum of the PC slab [29].

Slab thickness has a great impact on the size of the PBG and its position [30]. For
instance, if the PC slab is too thick, the higher-order modes will overlap with the
lower- order modes, and will prevent the formation of a PBG (see figure 5.4). If

the slab is too thin, the cavity modes strongly couple with leaky modes at air-slab
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interface, leading to weak light confinement within the cavity [31]. Johnson et al.

estimated an optimum slab thickness (t) using the following equation [31]:

1
t~e—, — e

20’)gap—bottom\/E

Here, the thickness is in units of (a), where a is the lattice constant, wgap—pottom1S
the angular frequency in (a/c) unit, and c is speed of light. € is the effective

dielectric constant.

Pisanello et al. [3] investigated effect of SiN slab thickness on the photonic band
gap of the 2D PC. It was shown that the PBG exists for t = 0.7a and disappears
when the slab thickness is increased to 1.55a. Figure 5.3 shows the effect of PC
membrane thickness on the PBG size calculated using plane wave basis (MPB)

method.

Ina 2D PC, it is important to select a free standing membrane thickness in which
the reflectivity is greatest at the wavelengths corresponding to the desired
photonic band gap wavelengths [29]. Here, a 200 nm thick suspended SiN
membrane has been used, with the reflectance spectrum covering the visible
spectrum (450 nm to 750 nm) and peaks at 540 nm. Reflectivity was calculated
using the complex-matrix form of the Fresnel equations [32] as shown in figure

5.4.
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Figure 5.3: (a) Photonic band structure has a well-defined (PBG) for the structure thickness
t =0.77a. (b) The thickness increased to t = 1.55a the PBG disappear the high-order modes

overlap with low order modes.
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Figure 5.4: the reflectance of 200 nm thick SiN membrane

5.4 Design of an L3 Two Dimensional SiN Based Photonic
Crystal Nanocavity

The structure that has been explored in this chapter is the so-called L3 nanocavity
(three missing holes in a row) defined in a hexagonal 2D PC membrane. This
type of cavity was used first explored by Akahane et al [1], and was based on a
Si PC membrane having side holes around the cavity that were shifted out from
the centre by a fraction of the lattice constant parameters. Experimentally, a Q-
factor 45,000 was obtained for a shift in side holes of S = 0.15a, with the Q factor
being around 10 times higher compared to the unmodified cavity. Peng et al [33]
studied a GaAs L3 nanocavity with an imbedded single layer of InAs quantum
dots as an active internal light source. They explored a structure that supported a
multitude of modes, and showed experimentally for end-hole displacements s =

0.15a the Q- factor increased from 1600 to 2500 respectively.
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In this work, the L3 nanocavity 2D PhC with modified air holes was
investigated as shown in figure 5.5, and the effect of a shift in side holes of the
cavity on the mode position and Q- factor was explored. The PhC structure used
in this work was based on a SiN (n = 2.1) membrane of thickness t = 0.77 a,
lattice constant a = 260 nm and hole radius r = 0.288a. Here, the lateral PC

structure size was 38a X 30a with the L3 nanocavity located in the centre of the
PC. The whole PC structure size was chosen to be larger than 28a < 14+/3a, in

order to avoid lateral (in-plane) losses due to the weaker lateral confinement [19].
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Figure 5.5: A schematic diagram of the L3 nanocavity having a hexagonal lattice
of air holes of lattice constant @ = 260 and radius 7 = 0.288a. The slab thickness

ist=0.77aand Sis the cavity side hole shift.

5.5 L3 nanocavity modes

For the design shown in figure 5.5, FDTD calculations confirmed that an
unmodified cavity (S = 0) L3 nanocavity can support a number of confined
modes. This result agrees well with other calculations obtained using a guided
mode expansion method (GME) [34] and the plane wave expansion (PWE)
techniques [33, 35]. The cavity modes exist at visible wavelengths (between 626
nm and 666 nm) as shown in figure 5.6. As a result of the 2D PC being defined

into SiN slab, an optical bandgap only exists for TE-modes with light confined
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within the PC cavity having Ex, Ey and Hz field components [36]. Figure 5.7
shows the L3 cavity field distributions of the highest order M1 mode
(fundamental mode). The FDTD calculation also indicates that the fundamental
mode M1 has the highest Q factor, and is clearly spectrally separated from the
other modes (see figure 5.6). The fundamental mode is of significant interest in
a range of applications, such as, nanocavity lasers [37] and for the selective
excitation of quantum dots embedded within the cavity [38, 39]. | will therefore
focus on the fundamental mode throughout this study of the optical properties of

the modified L3 cavity as discussed in section 5.6.4.
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Figure 5.6: FDTD calculation shows multimode emission from an unmodified (S=0) L3

nanocavity, lattice constant a = 260 and radius 7 = 0.288a. The slab thickness ist =0.77a.

Here M1 is the fundamental mode.
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Figure 5.7: FDTD calculation of unmodified L3 cavity field distributions of the

fundamental mode M1. The image dimension is 4um x 4pm.

5.6 Experimental results and discussion

5.6.1 Optical Prosperities of the SiN Based L3 Nanocavity

Before exploring the effect of modification of the holes around the cavity
on its optical modes, the unmodified (S = 0) L3 cavity was first studied. The
structure constructed and modelled had a lattice constant a = 260 nm, hole radius
and slab thickness r = 0.288a and t = 0.77a respectively as shown in figure 5.8.
Generally, L3 cavities based on a high refractive index slab material have four
modes as observed previously [17, 19]. Far field optical spectroscopy was used
to study the nanocavity optical properties. The peak of the optical mode measured
experimentally was compared with the calculated modes. The FDTD calculations
indicated four modes, two of them mainly polarized in x-direction (denoted as
M2 and M3) and in the y-direction (denoted as modes M1 and M4), respectively
as shown in figure 5.9 a. The corresponding PL emission spectrum from an L3
SiN nanocavity was recorded from two different areas; either inside the cavity
region, or out of the PC structure as shown in figure 5.9 b. The SEM image shown

in the inset indicates the points at which the spectrum was recorded. It can be
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seen that, sharp and intense optical modes can be seen from area A, while no
optical peaks were recorded from area B or the bare SiN substrate area C. This
enhancement of the optical field from area A results from the high optical field
confinement inside the L3 nanocavity. Comparing the peak intensity of the
modes with the surrounding background photoluminescence, it appears that
modes M and M at 653 nm and 627 nm have enhanced emission intensity

compared to bare SiN by a factor of 3 and 6 times respectively.

ik,

Figure 5.8: SEM image for unmodified L3 nanocavity

5.6.2 Fundamental mode position vs. air hole size and lattice
constant

The hole size of 2D PC nanocavity is an important parameter, as it controls mode
wavelength. Indeed, a small deviation in the hole size from that intended by just
a few nanometres can result a shift of tens of nanometres in the mode wavelength.
For example, by changing hole diameter by 4 nm will tune mode wavelength by

around 10 nm at 1550 nm [40].

I have explored a large variety of different PC structures, varying the hole radii r
from 0.23a to 0.32a, where a = 260 nm is the lattice constant. Figure 5.10 (a)
shows y- polarization peaks as a function of hole radius. It can be seen that the

peaks shift toward smaller wavelengths as the hole radius is increased. This
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allows the peak corresponding to the fundamental cavity mode to be tuned within

the visible spectrum from 632 nm to 682 nm.

a M3 — FDTD

M1

Intensity (a.u)

550 600 650 700 750
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Figure 5.9: (a) FDTD calculation for unmodified L3 nanocavity, here a =260 nm, r = 0.288a
and t = 0.77a. (b) PL emission spectra recorded at the positions marked A, B, and C on the

SEM image shown in the inset.
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Such experimental results are in good agreement with the FDTD calculation as
shown in figure 5.10 (b). Here it is found that increasing the hole radius by around
5 nm results in a 10 nm shift in the fundamental mode peak position. A similar
conclusion was reached by Barth et al using 2D PC L3 nanocavity SiN based

having a lattice constant a = 270 nm [19].

The position of the fundamental mode also can be controlled by changing the
lattice constant [27]. Figure 5.11(a) shows the PL emission spectra from PCs
having various values of lattice constant. Here the hole radius of the PhC structure
was set at 0.288a (as determined from SEM measurement) with the lattice
constant being tuned from 240 nm to 290 nm. PL measurements on such
structures indicates that the position of the fundamental mode varied linearly
from 599 to 728 nm with increasing lattice constant. The FDTD calculation
plotted in figure 5.11(b) shows good agreement with experimental results. Here
the red shift of the fundamental mode with lattice constant indicates an ability to

tune the PhC nanocavities wavelength.
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Figure 5.10: (a) shows a red shift in the fundamental mode (M1) peak position with
reduced PhC hole radius. (b) Comparison between experimental measurements and FDTD

calculations for the fundamental mode peak position as a function of air hole radius.
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Figure 5.11: (a) Red shift of the fundamental mode M1 peak position with
increased PhC lattice constant. (b) Comparison between experimental
measurements and FDTD calculation for the fundamental mode peak position as

a function of various lattice constant.
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5.6.3 The effect of side holes of the fundamental cavity mode.

As mentioned previously, light confinement within a 2D PC L3 cavity
results from two mechanisms; laterally by the periodic air holes and vertically by
total internal reflection (TIR). In a small cavity, and at the cavity-air interface it
is hard to satisfy the TIR conditions as the confined light consists of large number
of plane wave components having different directions of wavevectors (k). Light
can escape to air clad from the cavity slab as the TIR condition is not fulfilled as
indicated by shaded region in figure 5.12 (e) (f). In contrast, light is strongly

confined when |k//|is larger than 2z /Ao,

By moving the side holes of a cavity by a small amount, the k// vector
components that couple into the leaky regions are relatively reduced (see figure
5.12 (e) (f)), and the electric field decays more gently into the surrounding PhC
structure, leading to reduced vertical losses as shown in figure 5.12 (c) and (d)

[1, 28].

5.6.4 Position of the Fundamental mode and Q factor vs.

cavity side hole shift

The effect of shifting the cavity air hole on the mode wavelength of the 2D
PhC L3 nanocavity was explored. The first holes along the cavity long axis were
shifted outwards from S = 0 to S = 0.22a. The experimental values of the
measured Q-factor of the fundamental mode M1 as a function of the cavity side

hole shift was determined by a Lorentzian fit to the polarised PL emission
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spectrum where Q = A/AX, where A is the mode wavelength and A is its full

width at half maximum as in plotted in Figure 5.13(a).

Figure deleted due to copy right

Figure 5.12: (a), (b) schematic of unmodified and modified L3 nanocavity respectively. (c), (d)
electric field profile within the cavity (e) and (f) the spatial FT spectra respectively for the

fundamental mode of a cavity modified by S = 0.15a [taken from 1].
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Figure 5.13: (a) Q-factor and (b) peak position of the fundamental mode as a function of
the cavity side hole shift. The inset in part (a) shows the PL spectrum corresponding to a

cavity having the maximum Q-factor. The red line in part (b) is the calculated wavelength

of the M1 cavity mode calculated using FDTD.
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Here, it was found that the highest Q-factor of 260 could be obtained for a side
hole displacement of S/a = 0.18. This value of Q-factor is in reasonable
agreement in comparison with previous works on SiN based L3 nanocavities [17,
19]. This value can however be increased significantly to 1375 as reported
Murshidy using the same parameters with a slightly difference in hole size [41].
The main reason for the observed reduction in the cavity Q- factor seen here result
from the taper angle of the 2D PhC air holes that surround the cavity. As
discussed previously, the taper angle in this structure was estimated to be 5.4°
(see Chapter four). It has been observed that increasing taper angle by one degree
reduces the Q-factor value by over 10 % [42, 43] or by 40% for a 5° taper-angle
[19]. Increasing the taper-angle of the air holes reduces cavity structure symmetry
in the vertical direction which couples TE- like modes (in plane) and TM- like

modes (out plane), breaks their orthogonality and causes propagation losses [42].

Figure 5.13 (b) illustrates the relation between the peak position of the cavity
mode wavelength and the side hole shift. It can be seen that as the cavity side
holes shift outwards, the position of the mode peak undergoes a small red shift.
Notably, there is a small deviation between experimental results and calculated
values (shown using red line); a result that probably results from disorder within

the 2D PC air hole lattice.
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5.7 Towards higher Q-factors.

High Q-factor nanocavities are of a significant interest, as high Q/V ratio
nanocavities can create a significant enhancement in the spontaneous emission
rate of a surface emitters via the Purcell effect [44]. A number of different designs
have been introduced to create a high Q-factor 2D PhC nanocavities.
McCutcheon and Loncar fabricated a SiN based nanobeam PhC nanocavity in
which the cavity had an ultra-small mode volume of 0.78(\/n)® with a Q-factor
exceeding one million [25]. Y-J Fu et al, fabricated a H1 nanocavity in a GaAs
PhC membrane [21] with Q-factor of 11,700 achieved by modification of the six
nearest cavity holes. The highest value of Q factor of 318,000 was reported by
Tanabe et al using a single point defect between two coupled waveguides [45].
Barth et al [19] designed an L3 nanocavity SiN based with experimental Q factor
1500 by resizing the two long axis cavity air holes. They also investigated double-
heterostructure cavities using the same material, creating cavities with a Q factor
of 3400 [22]. Adawi et al [46] fabricated SiN L3 nanocavity having modified side
holes and achieved a Q factor of 2650. It was concluded that this high Q value
resulted from the small taper angle of the PhC holes. Indeed, this considered as a
high value for such a low refractive index material (n = 2.1), while Q-factor can
reach 12,000 as reported by Rivoire et al using high refractive index material
such as GaAs (n = 3.43) [47]. Recently, Lai et al fabricated a modified Si based
L3 nanocavity (n = 3.46) where the five nearest edge holes were shifted outwards
along the cavity axis [48]. They recorded a Q-factor of 2 x 10 which represents
the highest Q factor value yet reached using such design. Finally, Sekoguchi [49]

reported the highest Q factor value of 9 million using Si based PhC formed by a
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line defect of 17 missing air holes with the lattice constant varying along in the

cavity long axis direction every two periods.
5.7.1 High Q-factor Cavity Design

To increase a cavity Q-factor, there are two mechanisms that can be
explored; either increasing the PhC slab refractive index [26] or by modification
of the air holes around the cavity [1, 19, 28]. Here, the modification of air holes
surrounding an L3 nanocavity was selected. Figure 5.14 (a) shows an SEM image
of an L3 2D PC nanocavity introduced into a SiN slab having lattice constant a
= 260 nm, slab thickness of t = 0.77a, and the air hole radius of r = 0.278a. The
radius of the four boundary air holes along the ‘long-edge’ above and below the
cavity was reduced to 0.24a, with the radius of the three air holes at the ends of
the cavity reduced to 0.192a. Figure 5.14 (b) shows a schematic of the modified
air holes around the cavity highlighted using blue and green circles respectively.
The first air hole at the ends of both sides of the cavity is displaced away from

the cavity centre by a distance of S in the range (0 < S/a < 0.28).
5.7.2 The Optical Properties of a Modified L3 Nanocavity

The PL emission spectrum of a modified L3 nanocavity for non-
displaced (S/a =0) air holes is shown in figure 5.15. As it can be seen, there are
five modes located within the TE bandgap of the PC membrane, three of them
polarized mainly in y-direction (the short cavity axis modes) M1 (the
fundamental mode), M3 and M5. The others are mainly polarized in x-direction
(the long cavity axis modes) M2 and M4. It is clear that the x and y polarized
modes are well separated, a result that can be attributed to a reduction in the taper

angle of the air holes surrounding the cavity and increased vertical symmetry of
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the slab structure. Thus both TE-like and TM-like cavity modes become more

distinct [43, 44] and higher Q-factor modes are realised.
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Figure 5.14: (a) SEM image of the SiN based modified L3 photonic crystal nanocavity.
(b) A schematic diagram of the location and design of the air holes around the modified

L3 nanocavity

115



Chapter Five The Optical properties of L3 nanocavities optimizing
the Q-factor of SiN based Structures

The first long edge air hole in both cavity side are now displaced by a distance
of S in the range (0 < S/a <0.28). Figure 5.16 shows the experimentally measured
PL of the cavity modes polarized in y- direction. It can be seen that there are
three modes that appear at 682, 650 and 623 nm (M1, M3, M5). It can also be
seen that these modes shift towareds longer wavelengths and their intensity drops

grdually as the shift of the air holes increses.
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Figure 5.15: PL emission of modified L3 nanocavity with non-displaced air hole (S/a = 0).

Modes are well defined for both polarisation directions.
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Figure 5.16: PL emission of modified L3 nanocavity. The y-component are linearly

polarized and red shifted as a function of air —hole displacement.

The measured emission spectra of the y-polarized mode was compared
with the result of FDTD simulation as shown in figure 5.17 (a). It can be seen
that the FDTD emission spectrum contains three optical modes at 678, 653 and
640 nm. Despite the improvement in the side wall taper angle, the high Q-factor
indicated by calculation is not achievied in practice. It is very likely that
imperfection and disorder during the fabrication procesess is responsible for the
deviation. Indeed, FDTD calculations indicate that mode M1 should have a Q-
factor of 1,050; a value reasonably close to the measured value of 890. This close

agreement suggests a high vertical confinment in our cavity structures.
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Figure 5.17 (b) shows a plot of the calculated electromagnetic field
amplitude of the X, Y and Z components at the nanocavity surface for the
fundamental mode M1. It clear that the fields associated with the M1 mode are
confined within the cavity region. For an L3 nanocavity, the Y component of the
electric field distribution of the fundamental mode M1 has a field maxima (anti-
node) at the cavity centre. In contrast, the the electric field distribution of the X
component has a field minma (node) at the cavity centre [1]. Therefore, mode

M1 is completley Y -polarized.

The measured Q-factor of the fundamental mode M1 as a function of the end-
hole shift is plotted as shown in figure 5.18 (a) . This was determined
experimentally from the polarised emission spectra using a Lorentzian function
to determine the full width half maximum linewidth A/AA. The inset shows the
emission spectra of the highest Q-factor (M1) cavity constructed. Here, the
emission is fit to a Lorentzian function having a line width of 0.77 nm. We find
that the Q-factor increases with increasing side hole shift, with the highest cavity

Q-factor of 890 being obtained at S/a = 0.28.

Figure 5.18 (b) shows the relation between the peak position of the mode
wavelength as a function to the side hole shift. It can be seen that as the cavity
side holes are shifted outwards, the mode peak position undergoes a small red
shift. The experimental data is compared to FDTD calculations, and it can be
seen that only reasonable agreement is obtained due to imperfections in the

fabrication of the 2D PC air holes.
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Figure 5.17: Comparison between the emission spectra of the measured Y-component modes and

the simulated spectrum calculated using FDTD modelling. (b) Electromagnetic field distribution
at the cavity surface at wavelengths corresponding to the fundamental mode M1.
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Figure 5.18: (a) Q-factor and (b) peak position of the fundamental mode as a function of
the cavity side hole shift. The inset in part (a) shows the PL spectrum corresponding to a
cavity having the maximum Q-factor. The red line in part (b) is the calculated wavelength

of the M1 cavity mode calculated using FDTD.
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5.8 Summary and Conclusions

Tuning the output spectra of an L3 nanocavity by resizing and changing the
lattice constant of the PhC holes was studied both theoretically and
experimentally. It was found that by reducing the hole size or increasing the
lattice constant of 2D L3 nanocavity PhC, the optical modes can be red shifted.
To create a high Q- factor L3 nanocavity, two mechanisms were explored; the
first involved shifting the first hole on the both side of the cavity long axis
outward from S = 0 to S = 0.22a. It was found that the cavity Q-factor of the
fundamental mode M1 increased gradually to a value of Q=260 at 654 nm, for a

side hole displacement of S/a = 0.18.

The second mechanism explored was modification of the size of the holes
surrounding the L3 nanocavity. Here, the first hole on the both sides of the cavity
long axis was displaced away from the cavity centre by a distance of S in the
range (0 < S/a <0.28). This red-shifted the fundamental mode M1 increased the
Q-factor to 890 at a mode wavelength peak position of 683 nm. The Q-factor

increased fourfolds in comparison with an unmodified cavity.

Similar structures to this will be explored for a range of applications in

subsequent chapters in this thesis.
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Chapter Six

A chemical sensor based on a photonic-crystal L3 nanocavity

defined into a silicon-nitride membrane

6.1 Introduction

The small modal volume of a nanocavity combined with a strongly localized
electromagnetic field provides an effective means to detect small changes in the
local dielectric constant of the surrounding medium [1, 2]. This can be used to
detect the binding of specific biological material [3-8] to a cavity surface, with
such changes being detected through a shift in the wavelength of the various
cavity modes. For a full review of the literature on this subject, the reader is
referred to reference [9]. The majority of previous work on this subject has
explored devices that utilize a silicon on insulator (SOI) chip as the medium into
which the PC and cavity is defined. Here the combination of a high refractive
index silicon layer (n = 3.5) positioned above a low index silicon oxide cladding
(n = 1.5) provides tight optical confinement in the silicon, creating an effective
waveguide structure for light around 1.3 to 1.5 pm.

Whilst SOl-based structures clearly offer the advantages of effective
optical confinement and a well-developed platform for lithography, their
operation at infra-red based wavelengths make them less sensitive to refractive-
index changes resulting from the selective binding of many organic (carbon-
based) materials. This is because organic materials often have a higher refractive
index at UV or visible wavelengths (i.e. close to an electronic transition) [10]. It
is clear however that the increased sensitivity to large changes in refractive index

obtained by sensing materials at visible wavelengths will come at the price of
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reduced cavity Q-factor, as the dielectric materials used to construct the cavity
have lower refractive index and thus confine light less effectively [11].
Furthermore, the reduced refractive index of the cavity dielectric will also
necessitate that such cavities operate in air rather than in an agueous environment.
This is in contrast to systems based on SOI, where the high refractive index
contrast between silicon and water permits the formation of photonic crystals
having an optical band-gap even when the structure is immersed in water. This
will clearly limit the type of materials that could be sensed by a nanocavity
operating at visible wavelengths to those carried by air. Nevertheless, there are
plenty of applications for air-based detectors, such as the detection of air-borne

pollutants, pathogens or explosive materials etc.

In this chapter, the use of low Q-factor nanocavities built using the material
silicon nitride (SiN) are explored as optical sensors. It is demonstrated that such
cavities can be used to detect the surface deposition of a molecular monolayer -
corresponding to the binding of as little as 0.35 fg of material to the cavity
surface. It is then demonstrated that by incorporating a thin functionalized
polymer layer at the surface of a SiN L3 nanocavity, small changes in cavity
volume can be detected as the polymer swells in response to exposure to an acidic
vapor. It is argued that such SiN-based structures show promise as chemical and
biochemical sensors having a sensitivity that is in many cases comparable to
similar structures constructed using SOI. This chapter is partly based on work

reported in the paper Deasy et al. [12], on which | am a second author.
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6.2 Using Lumogen Red as a testbed

To explore the response of a nanocavity to a precise change in the thickness of a
thin-film deposited onto a cavity surface, the Langmuir-Schaefer (LS) technique
was used to deposit sequential monolayers of the molecular dye Lumogen Red
(figure 6.1) onto the surface of cavity (1) with high precision. Note that the
deposition of the Lumogen Red and the measurement of the optical properties of
the L3 nanocavity were done in conjunction with Dr. Kieran Deasy* and Dr.

Stuart Brittle™

Figure 6.1: Chemical structure of Lumogen Red

The area per molecule of the LS deposited films was determined from an
isotherm recorded during the compression of the Lumogen Red monolayers on
the water sub-phase (see figure 6.2). Using this, the area subtended by each
molecule at the water surface is calculated to be 1.5 nm2. Spectroscopic
ellipsometry was also used to determine the thickness of a single Lumogen Red
monolayer and its average refractive index and these were found to be 1.2 nm

and 1.65 respectively.

1 Current address: Light-Matter Interactions Unit, OIST Graduate University, 1919-1 Tancha, Onna-son, Okinawa 904-0495, Japan.

** . Department of Physics and Astronomy, University of Sheffield, Sheffield, S3 7RH, United Kingdom.
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Figure 6.2: isotherm for monolayer compression of Lumogen Red

Lumogen Red has been explored previously in optical nanocavities [13, 14]
and micropillars [15]. Lumogen Red is highly photostable, absorbs light
efficiently at wavelengths below 600 nm, and emits fluorescence with high
quantum efficiency from 575 nm to 750 nm, with a maximum at 600 nm [15]. In
these experiments, Lumogen Red was used as it can be easily deposited on a
surface with monomolecular precision, with its strong, red-fluorescence emission
permitting the effect of a surface molecular layer on the optical mode wavelength
of a SiN L3 nanocavity to be studied. Like many organic materials, Lumogen
Red is expected to have a relatively low relative permittivity and thus acts as a
reasonable model for a biomolecule [16]. Note however, a practical
implementation of such cavities as a sensor would not include Lumogen Red.
Rather, this can be achieved by coating the cavity surface with a material whose
optical properties can be modified in response to chemical species present in their

surrounding environment.
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6.3 Experimental methods

To deposit functional organic films onto the nanocavities, the material of interest
was dissolved in chloroform and spread on a clean water (Elga PURELab Option
>15 MQ cm) subphase surface in a NIMA BAM Langmuir trough. After
evaporation of the chloroform solvent, the film was compressed to a surface
pressure of 15 mN/m whilst a LS deposition was performed. Here the substrate
was held almost parallel to the surface of the water and was then lowered until
the entire surface of the substrate made contact with the liquid. It was then
retracted vertically, with a molecular monolayer being transferred to the
substrate. This process was repeated sequentially, with as many as 16 monolayers
being deposited onto the nanocavity. Note, that as the substrates are retracted,
they were deliberately tilted such that any remaining water drops on the surface
could easily run off and be collected in one corner. The optical properties of the
material of interest were explored using a M2000v, J.A. Woollam Co.
ellipsometer, which permitted film thickness and refractive index to be
determined by employing a Cauchy model to fit W (the ratio of the amplitude of
the incident and reflected light beams) and A (the ratio of the phase lag of the
incident and reflected light beams). Spectroscopic ellipsometry was also used to
characterise the change in refractive index and thickness as the film was exposed
to an acidic vapour. Here a cotton bud was dipped into an acidic solution and

held in close proximity to the cavity surface or a coated organic film.
6.4 L3 Cavity design.

The cavities explored were designed using a finite difference time domain
(FDTD) engine (Crystalwave software supplied by Photon Design Ltd.), and

were constructed such that the fundamental cavity mode was located at
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approximately 650 nm [13]. Two different cavity designs were explored; cavity
(1) was defined into a PhC having a hole diameter of d = 0.6a, with the holes at
the end of the cavity long-axis shifted outwards by S = 0.24a, see Figure 6.3(a).
Such techniques have been shown to reduce leaky modes from the cavity and
thus improve cavity Q-factor [13], with the structures explored here having a Q-
factor of ~ 1,500. In cavity (2) the four holes along the long axis of the cavity had
a hole diameter of d = 0.5a, with the first three holes at either end of the cavity
having a diameter of 0.4a and shifted by S1 =0.22a, S2 = 0.025a and S3 =0.18a
respectively (as shown in Figure 6.3(c)). Here, the cavity Q-factor was lower at
~1,000. The distribution of the fundamental cavity mode as calculated using the

FDTD model is plotted in Figures 6.3 (e) & ().

6.5 Effect of Lumogen Red monolayers on L3 nanocavity mode

wavelength

The photoluminescence (PL) emission from nanocavities was studied
following excitation using a CW laser (A = 442 nm). All measurements were
made in air. By setting the spectrometer grating to zeroth-order, the system can
also be used to create a direct, real-space fluorescence image of the nanocavity
surface. This is shown in Figure 6.4 for a nanocavity before and after being coated
by a series of Lumogen-Red molecular monolayers. It can be seen that a bright,
emissive spot is detected in the center of the image that corresponds to the
nanocavity region. The edge of the photonic crystal region is similarly bright,
with emission resulting from enhanced optical scattering. In all cases, this image

is used to define the region on the CCD detector over which emission was
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recorded, allowing the optical properties of the nanocavity to be probed whilst

limiting its sensitivity to the surrounding (non-cavity) regions.
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Figure 6.3: (a) and (c) show SEM images of L3 nanocavities (1) and (2) respectively fabricated
into a 200 nm thick SiN membrane. Parts (b) & (d) show a schematic of the two types of L3
nanocavities used in these experiments (described in the text as cavity (1) and cavity (2)
respectively). Parts (e) & (f) show an FDTD simulation of the Ex and Ez fields confined within

the cavity respectively. Figure taken from reference [12].
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Figure 6.4: (a) & (b) show PL intensity images of the PC and nanocavity before
and after coating with a number of Lumogen-Red monolayers. Here, the colour-
scale of both images are normalized to the peak emission intensity. Figure taken

from reference [12].

Figure 6.5 shows a series of PL spectra recorded from nanocavity (cavity 1)
coated with an increasing number of molecular monolayers of Lumogen Red.
Here, data is plotted around the wavelength of the fundamental cavity mode
around 650 nm. Note, even in a cavity with no Lumogen Red present,
luminescence from the cavity mode is still detected; an effect that originates from
the weak intrinsic fluorescence of silicon nitride. It can be seen that the
wavelength of the fundamental mode undergoes a red-shift as the number of
monolayers increases, going from 650.8 nm when the cavity is coated with a
single monolayer to 654.0 nm after 16 monolayers have been deposited. The
intensity of the peak emission detected from the nanocavity and the peak
emission wavelength is plotted as a function of the number of LS films deposited
as shown in figure 6.6(a) and (b) respectively. Here, the peak intensity
(wavelength) was obtained from the peak-to-peak of a Lorentzian function fit to
each of the features shown in figure 6.5 after an emission background had been

subtracted to account for the intrinsic fluorescence of the SiN.
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Figure 6.5: PL spectra for a Lumogen Red coated nanocavity as a function of

the number of LS deposited monolayers. Figure taken from reference [12].

It can be seen that the luminescence emission is approximately linear as a
function of the Lumogen Red layer thickness. To understand the origin of this
dependence, FDTD modeling (not shown) was used to calculate the average
value of the electromagnetic field throughout the organic layer. The model
suggests that the average electromagnetic field intensity within this layer is
approximately constant (to within £ 12%) over the range of film thicknesses
explored here. This indicates that no significant changes in the coupling
efficiency of the fluorescence emission to the cavity mode can be expected. It

can be concluded therefore that the linear increase in luminescence observed as
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a function of Lumogen Red layer thickness simply results from the fact that there
is progressively more material at the nanocavity surface whose fluorescence is
able to couple to the confined optical field. It can be seen in figure 6.6 (b) that
the cavity mode undergoes a red-shift as Lumogen Red monolayers are deposited
onto the cavity surface. Such a change in cavity mode wavelength results from a
change in the overall thickness and effective refractive index of the nanocavity
and surrounding photonic crystal. Similar effects have been previously observed
following the deposition of materials such as xenon [17] or Al,O3 [18] onto a
nanocavity surface or by using reversible refractive index changes in
photochromic films to tune nanocavity wavelength [19].

The effect of the organic surface layer on the optical mode-structure of the
cavity can be modeled using an FDTD model. Using this, the cavity mode
wavelength was calculated as a function of the number of Lumogen Red
monolayers using measured values of monolayer thickness (1.2 nm) and
refractive index (n = 1.65) as input as shown in Figure 6.6 (b). This is plotted
against measured cavity mode wavelength, with a good agreement achieved

between the model and the experimental data.
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Figure 6.6: Part (a) shows the peak intensity of the Lumogen Red (LR) emitted via
the fundamental cavity mode as a function of the number of molecular monolayers
deposited onto the cavity surface. Part (b) shows the measured wavelength of the
fundamental cavity mode of a nanocavity coated with Lumogen Red as a function
of number of deposited monolayers. Data is compared with the results of an FDTD

calculation plotted on the same wavelength scale. Figure taken from reference [12].
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6.6 Detection limit vs. number of monolayers.

Returning to figure 6.5, it can be seen that as the thickness of the surface
layer increases beyond a certain critical level (around 50 nm), the cavity mode
starts to broaden appreciably. Indeed, the FDTD model indicates that the FWHM
of a cavity coated with a 15 nm thick layer having a refractive index of ~1.80
increases from 1.04 to 3.44 nm as the thickness of this surface layer is increased
to 60 nm. Such a broadening will clearly act to limit the effectiveness by which
subtle changes in film thickness can be followed, and thus SiN L3 cavity are most
appropriately used in conjunction with thin (< 50 nm) organic films.

The ability of the silicon-nitride based nanocavities to act as a simple
optical sensor is therefore evident. The width of the cavity mode resonance in the
cavities is 0.45 nm, and if a limit of detection sensitivity is detected as being half
the cavity mode linewidth, then such structures should be sensitive to a mode
shift of 0.225 nm. Using a simple linear fit, it is found that a spectral shift of 0.22
nm occurs following the deposition of a single Lumogen Red monolayer. This
shift coincides with limit of detectability, indicating that the cavities can be used
to detect films having an average thickness of a single monolayer. The surface
area of the cavity is estimated to be 3 x 10° nm?. This area is defined as the
surface-area enclosed within the 10 holes that surround the cavity medium
(defined by a line that runs through the centre of each of these holes). By
estimating that each Lumogen Red molecule subtends an area of 1.5 nm?, it is

estimated that the cavity has a detection sensitivity of ~ 0.35 fg.
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6.7 Using an L3 nanocavity as a Chemical Sensor.

In the following sections, an L3 nanocavity is explored as a simple
chemical sensor. Here, the cavity is combined with a porphyrin based polymer
and is used to detect an acidic vapour. As it is shown below, the optical properties
of porphyrin are strongly modified by exposure to acidic vapour and they are
found to be an ideal material to incorporate within a L3 nanocavity for sensor

applications.
6.7.1 Porphyrins

Porphyrins are macrocyclic molecules, having a structure that consists of four

pyrrole rings as shown in figure 6.7.

Figure deleted due to copy right

Figure 6.7: The chemical structure of the basic porphyrin ring [20]

Porphyrins have a high degree of conjugation and contain a large number of
highly delocalized electrons [21], resulting in intense absorption at visible
wavelengths. This feature makes such materials useful as sensor materials,
particularly in sensors that detect changes in optical properties. The most
common example of a porphyrin is an iron containing Porphyrin which is known
as a heme. This component plays an important role in transporting oxygen in the
blood. Porphyrins also have other important applications in other biological

processes such as photosynthesis [22].
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A series of porphyrins combining metal ions have been previously
synthesized and explored [23]. Metalloporphyrins, can be synthesized by
replacement of the two inner pyrrole (N-H bond) protons in a Porphyrin
macrocyclic by a metal ion [24]. Porphyrins and metalloporphyrins act as a
flexible system that can be used in different applications [25]. For example,
metalloporphyrins have been used in photochemical processes especially
photodynamic therapy (PDT) [26], and as chemical sensors for detecting

different gaseous species [27-29].

6.7.2 Selection of Porphyrin materials as a chemical sensor to

detect acid vapours.

In order to develop a nanocavity sensor, the optical response of a series free-
based porphyrins and metalloporphyrins was explored on exposure to an acidic

vapour.

The structure of the metalloporphyrins is shown in figure 6.8. Here, porphyrins
containing Au, Co, Pt and Mg ions were explored, with bulky side groups
attached to the molecule to aid solubility and reduce aggregation. A porphyrin
based polymer called PP1 was also explored. The structure of polymer PP1 is
shown in figure 6.9. PP1 is copolymer of tetraaminophenyl porphyrin and

diaminodurene with the fluorinated dianydride (with x = 5%).
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Figure deleted due to copy right

Figure 6.8: The chemical structure of metallized EHO (5, 10, 15, 20-Tetrakis (3, 4-bis
(2-ethylhexyloxy) phenyl)-21H, 23H-porphine), Au EHO and Mg EHO Au [30]

Q F,C.__.CF 2H; CH, NH

Figure 6.9: chemical structure of PP1 [12]
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Here, the incorporation of the porphyrin moiety gives additional benefits from
both the porphyrin ring itself and its amine substituents. Amines are readily
protonated by acidic materials such as trifluoroacetic acid (TFA). The repulsion
between the resultant ionized species is expected to cause the polymer to swell

as well as change its refractive index.

To explore the use of porphyrin based compounds as sensor materials, a series of
thin film were fabricated using spin coating on to a Si wafer. The thickness of the
metalloporphyrins films were around 3.6 nm, with the PP1 thickness being 5.4
nm. Films were then exposed to a TFA vapour, for periods of up to 40 minutes,
with the change in film layer thickness and refractive index being recorded using
a spectroscopic ellipsometer. The exposure process was achieved by using a gas
flow control system that connected to the ellipsometer. The dynamic change the
thickness of a series of metalloporphyrins and the PP1 polymer as a function of
vapor exposure time is shown in figure 6.10. The rate at which film thickness
changed indicates that the material PP1 undergoes the most rapid swelling when
exposed to the acidic vapor. Indeed, it can be seen that most porphyrins explored
reach saturation point after 3 to 4 minutes after exposure, while increases in PP1
film thickness continued over the entire espouse process, with changes in
thickness by as much as 10 nm evidenced. The origin of the different swelling

rates is at present unknown.
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Figure 6.10: the increase in thickness of different polymer-based porphyrins. The high
degree of responsiveness of PP1 is clearly evident in compression to the other polymers
testbed.

6.7.3 PP1 layer thickness vs. vapor exposure

The result shown in figure 6.10 indicates that the PP1 polymer undergoes
a large expansion on exposure to an acid vapor, making it a good candidate for
application as a sensor material. It is apparent that the rate of swelling partially
slows as a function of time following the initial exposure. Previous work suggests
that changes in the optical properties of such films on exposure to a test gas
saturates over a time-scale between 2 and 10 minutes [30, 32]. It is estimated that
full swelling saturation time for a PP1 film is around 50 minutes (see figure 6.10),
although as is shown below, a measurable response from the sensor is obtained

after a TFA exposure of less than 30 seconds.
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To confirm the results of the ellipsometry, the thickness change of a PP1 film
was measured using AFM after it was exposed to TFA vapour. Here, a small
scratch was made in a PP1 film with a series of images recorded at different times
during the exposure as shown in figure 6.11. The results of the AFM
measurements are in close agreement with ellipsometry measurements as

illustrated in Table 6.1.

Table 6.1 Comparison of thickness change measurements recorded using

ellipsomtery and AFM
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Figure 6.11: AFM images of a PP1 film during exposure to a TFA vapour.

Here, scans were recorded after (a) 10 min, (b) 30 min and (c) 60 min.
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6.8 Using an L3 nanocavity as a chemical sensor.

The results presented in section 6.2 demonstrated the ability of L3 cavities to
act as a sensitive system to monitor changes in the thickness of an organic film
deposited onto their surface. In the following sections, we develop this concept,
and explore the optical properties of an L3 cavity coated with a thin film of PP1.
To combine the PP1 polymer with a nanocavity, the LS technigue was again used.
Fluorinated-polyimide polymers have previously been explored for their sensing
ability in simple thin-film format, with changes in spectral-position and intensity

of fluorescence used to detect water, ethanol and isopropanol vapour [16].

6.8.1 Experimental results

In figure 6.12, the PL emission following laser excitation is plotted for an
uncoated nanocavity and a nanocavity that was coated with 5 monolayers of PP1.
Before coating the nanocavity, it is found that the fundamental cavity mode is
located at 657.3 nm. After the LS deposition of the PP1, a strong peak is seen at
663.5 nm that originates from PP1 emission that is coupled into the fundamental
cavity mode. In the same plot, the PL emission from the same cavity is shown
after it has been exposed to a TFA vapor for 3 minutes. Note that the local TFA
concentration during this exposure process was neither controlled nor measured.
It can be seen that this exposure results in a red-shift of the cavity mode
wavelength by (1.3 + 0.3) nm to 664.8 nm. This change most probably results
from a change in molecular conformation of the porphyrin polymer as a result of
protonation of the amino groups. It appears that this red-shift is reversible; by
heating the structure to 70°C in air for 5 minutes and then cooling it to room-
temperature, the cavity mode blue-shifts to 663.3 nm. This process effectively
‘re-sets’ the optical sensor by raising the PPl above its glass transition
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temperature and facilitating the escape of trapped TFA. This then results in a re-
ordering of PP1 molecular structure to its equilibrium conformation. Note that
previous work has shown that this process is repeatable over at least 10 cycles
[33], and that porphyrin polymers have a high degree of stability and that

degradation is insignificant over the period of an entire year [34].
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Figure 6.12: shows the PL emission from a nanocavity that has been coated with PP1.
Here, data is shown for a cavity both before and after TFA vapour exposure. Data is also
shown for the vapour-exposed cavity after it had been heated to 70°C and then returned to

room temperature. Figure taken from reference [12].

6.8.2 Modelling cavity response.

FDTD calculations can be used to confirm the effect of the swelling of the PP1
polymer on the optical properties of the cavity. As input into the model, an L3
structure is assumed based on cavity design 2 as described earlier, with the cavity
defined into a PhC made from a dielectric having a refractive index of 2.05. Onto

this structure, a layer of various thickness is modelled having a refractive index
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of 1.779 (approximating the PP1 layer) to determine the shift in the cavity mode
wavelength. The results of the model are shown in figure 6.13, where the change
in the simulated cavity mode wavelength is plotted as a function of surface layer
thickness. It is predicted that the cavity mode wavelength undergoes a linear shift

as the surface layer thickness increases.
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Figure 6.13: shows the result of an FDTD model that describes the shift in the cavity
mode wavelength as a function thickness of the PP1 surface-layer. Figure taken from

reference [12].

Experimentally, a shift in cavity mode wavelength of (1.3 + 0.3) nm is detected,
which the FDTD calculation indicates equates to a change in PP1 thickness of
3.25 nm. Using the ellipsometer measurements shown in figure 6.14 it can be
seen that the PP1 film swells by 3.8 nm after a 3 minute TFA exposure (with its
refractive index increasing from 1.779 to 1.798 (refractive index data not
shown)); a value in good agreement with the thickness change determined on the
basis of the shift in the cavity-mode. Any difference between the calculated and

measured values is most easily accounted for by small changes in the refractive
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index of the PP1 layer that occur as it swells that are not taken account in the
calculations. Again using the half-width of the cavity mode linewidth as a limit
for the detection resolution, it is estimated that a minimum change in the
thickness of the PP1 surface layer of (1.4 + 0.3) nm can be detected. Note that
the model indicates that if the thickness of the PPI surface layer is instead fixed
at 15 nm, a wavelength shift of A1 =0.34 nm is obtained for a change in refractive

index of An = 0.02.
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Figure 6.14: shows the increase in thickness of a control PP1 5 monolayers deposited
on a silicon wafer using LS method as it is exposed to a TFA vapour over 30 sec.

Here, thickness is determined via spectroscopic ellipsometer.

6.9 Conclusions

It has been shown that a SiN based nanocavity can be used to detect the
deposition of a molecular monolayer onto its surface, and the swelling of a

nanometer-thick porphyrin-based polymer film on a nanocavity surface as it is
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exposed to an acidic vapour. Despite the fact that the nanocavity has a relatively
low Q-factor, it is found that it has comparable sensitivity (in terms of its ability
to detect the binding of fg quantities of material bound to the cavity surface) as
other SOI-based nanocavity systems that operate at near infra-red wavelengths
[9]. This sensitivity comes from the fact that the cavities operate at visible
wavelengths (~ 650 nm) where the refractive index changes of the materials is
relatively larger. It was also demonstrated that by coating the surface of the cavity
with a thin-film of a porphyrin-based polymer, a swelling of the polymer could
be detected through a shift in the cavity mode wavelength as the structure was
exposed to an acidic vapor. The work demonstrates the applicability of silicon-
nitride based photonic crystal nanocavities as simple optically-based chemical
sensors. Indeed, other work has shown that porphyrin based materials have been
used to selectively recognize a variety of different materials, including dopamine
[35] and mercury (Il) [36]. Sensors utilizing other polymers that undergo
swelling can be envisaged to detect vapors such as chloroform [37] or ammonia
[38]. To increase the sensitivity of the sensors further, it may be possible to coat
or pattern a cavity surface with a molecular imprinted polymer (MIP) [39]. This
technique can be used to imprint a surface thereby allowing it to selectively
recognize and locally concentrate a particular molecular species. It is expected
that by developing techniques to selectively pattern different MIP films or
functionalized organic materials on a nanocavity surface, it will be possible to
create a series of cavities integrated onto a single substrate that can selectively
detect a range of target materials, permitting such structures to form the basis of

an artificial nose.
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Chapter Seven

Photonic-crystal L3 nanocavities containing plasmonic

nanoparticles fabricated using a laser-printing technique

7.1 Introduction

Confining light in a volume commensurate with its corresponding
wavelength is a key component in the growing field of nanophotonics. A
nanocavity can permit control over the interactions of light with matter, allowing
quantum electrodynamic effects to be used in a range of emerging optoelectronic
devices [1, 2]. Such systems are of more than purely fundamental interest;
nanophotonic structures can act as ultra-fast, ultra-compact laser devices [3], and
when connected by optical waveguides in a photonic crystal could act as active
communication elements, for example acting as single photon light-sources for

quantum communication [4].

A number of reports detail the development of nanoscale metallic
structures that support defined plasmonic modes [5, 6-10]. By placing two
metallic nanoparticles onto the surface of a photonic-crystal cavity, it was shown
that luminescence from a localized plasmon supported between the nanoparticles
could be efficiently coupled into a cavity-mode [6]. Other work has
demonstrated that a metallic nanorod grown on a nanocavity surface can act as
an antenna to focus light to the apex of the nanorod [7]. This effect was utilized
to create a platform to detect Raman emission from a single quantum dot placed
at the nanorod apex. A tapered metallic waveguide defined on the surface a

photonic crystal cavity has also been used to perform nanoscale chemical
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mapping on a patterned Si / SiO> surface [15]. Here, it was argued that the
photonic crystal cavity was able to collect light from an external laser and focus
it to create surface plasmon-polaritons that propagated along the metallic
waveguide. Taken together, these results suggest that (depending on their
particular morphology and geometrical arrangement) plasmonic nanostructures
defined on a nanocavity surface can either harvest light and couple energy (via a
plasmon) to a cavity, or otherwise extract energy from a photonic crystal and
convert it to a plasmon. Such effects may form the basis of new types of laser
[11], with hybrid photonic-plasmonic crystals predicted to support optical modes
having very large Q/V ratios [12]. Recently, Yi et al. showed that in a Si based
hybrid plasmonic-photonic system, the Q factor of a L3 nanocavity is dependent
on the relative position of the metal NP with respect to the cavity electric field
distribution [9]. It was found that, the emission from the metal-NP dominated
the nanocavity emission when it was located at the electric (or magnetic) field
maxima (antinodes). Other work by lwanaga et al. described the contraction of
a stacked complementary (SC) plasmon-photonic crystal that acted as an
efficient optical trap [13]. It was shown that coupling between plasmonic
resonances and photonic guided modes resulted in the fabrication of a system

having a large density of states and a high-quality factor.

In this chapter, the optical properties of printed gold nanoparticles (Au NP)
has been explored within an L3 nanocavity. Here, an optical printing technique
was used to place single 150 nm Au NPs within a cavity. Measurements of cavity
mode linewidth made before and after NP patterning indicate a clear interaction
between the cavity mode and the plasmonic modes of the NP. The experimental

results are supported using FDTD calculations, and show that electromagnetic
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energy stored within L3 nanocavity is dissipated through excitation of a localized
surface plasmon. It is also demonstrated that such interactions are sensitive to the
exact location of the NP within the cavity, with the interaction being maximized
when the NP is placed over a region of high electromagnetic-field amplitude. The
work presented in this chapter is based on the results of a collaboration with a

group at Ludwig-Maximilians-Universitdt Minchen (LMUM) published in a

paper by Do et al [14], of which | am second author.

7.2 The optical characteristics of a single gold nanosphere

As the plasmonic elements in the structures, spherical Au nanoparticles were
used having an average diameter 150 nm as shown in TEM image figure 7.1, and
were patterned onto the nanocavity surface. The extinction spectrum of these NPs
in water is shown in Figure 7.2. The spectrum is characterized by a broad dipolar
plasmon resonance centred at 642 nm and by a quadrupolar plasmon resonance
peaking at 545 nm; an observation consistent with other measurements on similar
spherical gold colloids of similar size [15, 16]. Such NPs are an ideal system in
order to explore the coupling of plasmonic and optical modes, as the dipolar mode
is sufficiently broad to allow an effective overlap with the fundamental cavity

mode wavelength that is positioned around 670 nm.
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200 nm
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Figure 7.1: Transmission electron microscopy (TEM) image of the 150 nm spherical

gold nanoparticles used in this work. Figure taken from [14]

7.3 Optical printing technique

An optical printing technique has been used to place individual NPs in to an L3
nanocavity. This is a simple method having a high degree of control over the
deposition of NPs onto a substrate surface. The simplicity of this technique
results from the fact that it does not involve multiple steps to treat the substrate
surface with patterning chemicals. In contrast, it can print individual NPs directly
from a colloidal suspension onto a substrate with precision of tens of nanometers,
and can additionally be used to control NP orientation using polarized light. The
technique relies on optical forces (see section 4.12.1) in order to pick up an
individual NP from the colloidal suspension, guide it toward the printing position,
and then finally fix it on the substrate surface through van der Waals forces by
overcoming the surface electrostatic repulsion force [17]. Optical printing is thus
a promising technique that can be used in the production and development of

various nanoscale devices and circuits. Despite such advantages, the technique
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has a number of limitations when used to print a single gold nano sphere within

a L3 nanocavity SiN based PhC, as discussed in section 6.4.2.
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Figure 7.2: The extinction spectrum of the gold colloid measured in water.

7.4 Printing single gold nanosphere onto L3 nanocavity surface

An optical printing technique was used to accurately position a gold
nanoparticle (NP) onto a sub-micrometer sized defect of an L3 photonic
nanocavity. In this work, Jaekwon Do? did the optical printing of Au NP inside
L3 nanocavity process, was done by using the experimental setup described in

section 4.12.1.

Dr. Jaekown Do. Photonics and Optoelectronics Group, Department of Physics and CeNS

Ludwig-Maximilians-Universitat Minchen (LMUM), Munich , Germany
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7.4.1 Silicon Nitride as a platform for gold nanoparticle printing

Silicon nitride (SixNy) was used as the cavity dielectric as it is transparent
at visible wavelengths. Such transparency makes it an ideal material to be used
in conjunction with gold NPs that have a plasmon band peaking at visible

wavelengths [18-20] (see Chapter 5).
7.4.2 Limitations to the laser printing technique

Two processes limit the patterning resolution. Firstly, during the printing
process the NP experiences Brownian motion that causes a time-dependent
fluctuation of the particle position in the focus of the printing laser. This effect is
however relatively small and results in a fluctuation in position of the printed
particles by a few 10's of nm [18]. A more significant process that limits the
absolute printing resolution to around 1um results from the accuracy by which a
specific point on the surface (e.g. the centre of the nanocavity) can be aligned

with the focus of the patterning laser.

While it is not possible to accurately control the relative position of an Au NP
within an individual nanocavity, it was found that the positioning accuracy of the
laser printing technique is sufficiently good such that ~ 50% of patterned cavities
contained a single Au NP within the cavity defect. It was also found that optical
printing technique could cause localized heating to both gold NPs and the SiN
membrane (possibly melting them) when using printing laser at visible

wavelength.
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7.5 Experimental Results

The interaction between the plasmon supported by a single gold NP and
the fundamental mode of an optical nanocavity was explored. Figure 7.3(a)
shows a series of SEM images of 8 individual L3 nanocavities patterned with
single Au NPs. In Figure 7.3(b) the fluorescence emission from the nanocavity is
plotted that was generated from the cavity highlighted with a red-frame in part
(a) both before (black-line) and after (red-line) laser-printing a single 150 nm Au
NP. The observations presented here are representative of the general findings

from at least 8 independent patterned cavities.

It can be seen that the fundamental cavity mode (having a peak wavelength of
687 nm) has a linewidth of 3.3 nm (corresponding to a Q-factor of 210). This
value is broadened to 5.8 nm, red-shifted by 4 nm and reduced in amplitude by
approximately 3.6 times by the presence of the printed Au NP. The interaction
between the optical modes of the cavity and the Au NP can be understood using
finite difference time domain modeling (FDTD) performed using MEEP software
[19]. Figure 7.3(c) shows the results of the FDTD simulations for a nanocavity
with, and without a 150 nm Au NP. It can be seen that there is a good qualitative
agreement between the simulations and the experimental data, with the mode
broadening and red shift reproduced in the calculations. Note however the
spectral mismatch between the simulated and measured cavity most probably
results from a combination of slightly non-uniform hole spacing, the effect of
hole taper and a slightly different lattice constant than expected. The narrower

linewidth predicted by the model results from the fact that incoherent scattering
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due to surface roughness and imperfections in the photonic crystal are not taken

into account.

] T T = tIy ;

1.0 2 1.04 C C:z:ty\?v?tr{goldNP—
S

0.8 08 -
8

0.6 E‘ 0.6 _
e

0.4- < 0.4
o
s

0.2 € 0.2 4
I}

0.0 T T T 0.0 1 T T

600 650 700 750 80! 650 660 670 680 690

Wavelength (nm) Wavelength (nm)

Figure 7.3: (a) SEM images of a series of nanocavities containing optically printed 150 nm
gold nanoparticles. Parts (b) and (c) show respectively measured and modelled nanocavity
emission for the top left cavity (highlighted with a red frame) before (black line) and after (red

line) laser-printing the 150 nm Au NP. Figure reproduced from [14].
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7.6 Theoretical calculations

The FDTD calculations were performed in collaboration with Dr. David
Coles® . Damping and broadening of the cavity mode can be interpreted as
resulting from a dissipative mechanism by which the EM field stored in the cavity
drives the NP plasmon at the cavity mode frequency. This conclusion is reached
based on FDTD simulations. Here, the time-dependent decay of the
electromagnetic field and its interaction with the NP has been explored as shown
in Figure 7.4. Here part (a) shows the calculated decay of the field at the centre
of the cavity dielectric as a function of time for an ‘empty’ nanocavity and a
nanocavity containing an Au NP. It can be seen that the presence of the NP
reduces the lifetime of the EM field from 204 fs to 112 fs indicating that energy
stored within the cavity is partially dissipated by driving the NP plasmon at the
cavity mode frequency. Part (b) plots the EM field distribution throughout the
cavity and NP system at a series of different times up to 500 fs following initial
excitation. It can be seen that following the build-up of the field (taking ~ 150
fs), the EM field extends throughout the nanocavity and NP system and has a
complex (non-trivial) distribution over the surface of the NP. This indicates that
the EM field has in fact excited a superposition of different NP plasmon
resonances. Time-reversal symmetry suggests that the reverse process should
also be possible in which energy initially stored in a plasmon is then able to excite
the optical field within the cavity. As shown in Figure 7.3 (a), a single Au NP can

be printed onto a nanocavity surface, however the accurate positioning of the Au

3 Dr. David Coles. Now at Department of Materials, Hume-Rothery Building University of
Oxford Parks Road, Oxford
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NP within an individual nanocavity is less straightforward. To assess the effect
of such uncertainty in position FDTD simulations were performed in which the
location of the NP is systematically varied along the nanocavity long-axis (i.e. as
a function of x for y = 0). In Figure 7.4 (c) the linewidth of the cavity mode
emission is plotted (dependent on the degree of electronic interaction between
the NP plasmon and the cavity) as a function of NP position, with data plotted as
a function of lattice constant a. In addition, the electromagnetic field intensity (|
Ey |) and the data overlaid on a background that shows the | Ey | field intensity
across the (x, y) plane of the cavity on the same length-scale was plotted. It can
be seen that the linewidth of the cavity emission is closely correlated with | Ey |,
indicating the high degree of position sensitivity that is required to maximize the
electromagnetic interaction between the plasmon and the cavity mode. The NPs
used have the peak of their dipolar plasmon mode positioned to shorter
wavelengths (642 nm) than the fundamental cavity mode — although there is still
substantial overlap resulting from its broad linewidth. To understand the effect
of the energetic-mismatch, the interaction efficiency between the cavity and the
NP was explored as a function of the energetic position of the cavity-mode. The
simulations were achieved by varying the photonic-crystal lattice constant while
keeping the relative hole size the same. This is shown in Figure 7.4(d), where is
plotted the percent change in the linewidth of the NP-cavity emission (red
squares) as a function of cavity-mode wavelength. For comparative purposes, the
calculated extinction spectrum of a 150 nm spherical Au NP is also shown in
Figure 7.4 (d), (black curve). Note in these simulations, the relative location of
the NP is fixed at the centre (surface) of the nanocavity. It can be clearly seen

that the cavity mode broadens significantly as it comes into resonance with the
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peak of the dipolar-plasmon resonance, indicating stronger electromagnetic
dissipation. For completeness, the effect of a 150 nm dielectric particle is plotted
having the same optical constants as Polystyrene on the cavity mode. As
expected, it can be seen that such a particle has a negligible effect on cavity mode
broadening, indicating that interactions between the cavity mode and a nearby

dielectric particle are relatively limited.
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Figure 7.4: (a) FDTD modelled time-averaged dependent |Ey| component of the cavity mode E-
field at the centre of the nanocavity with (red line) and without (black line) a 150 nm gold
nanoparticle placed centrally on the cavity surface. (b) |E.| component of electromagnetic field at
the cavity mode wavelength (673 nm) through a cross section of the nanocavity- nanoparticle
system at various time delays after excitation of the system. (c) Solid line: |Ey| component of the
cavity mode E-field as a function of position in x, where a is the photonic crystal lattice constant.
Open circles: % increase in cavity linewidth as a function of the gold nanoparticle position in y.
Background shows |Ey| field distribution in the area of the cavity defect on the same scale. (d)
Extinction spectrum of a single 150 nm gold nanoparticle as calculated using FDTD (black solid
line). Red squares and black diamonds show the modelled percentage change in TE cavity mode
linewidth for a 150 nm gold and 150 nm polystyrene nanoparticle respectively placed centrally on

the cavity surface as a function of the cavity mode wavelength. Figure reproduced from [14].
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7.7 Conclusions

An optical printing technique was used to place single 150 nm Au
nanoparticles within an L3 nanocavity. Measurements of cavity mode linewidth
made before and after NP patterning indicate a clear interaction between the
cavity mode and the plasmonic modes of the NP. This is confirmed using FDTD
simulations that show that energy initially stored in the nanocavity is dissipated
through excitation of localized surface plasmons. The simulations performed also
demonstrate that such interactions are sensitive to the exact location of the NP
within the cavity, with the interaction being maximized when the NP is placed
over a region of high electromagnetic-field amplitude. It is possible that by
utilizing the ability of metallic and core-shell NPs to enhance fluorescence
intensity [21, 22] by control over radiative rates, [23] it will be possible to harness
such structures to design new types of low-threshold laser. The aqueous-based
all-optical printing technique used to assemble a hybrid photonic-plasmonic
nanostructure represents a significant advance, as it is much faster than serial
pick-and-place or nano manipulation techniques that have been previously used
to fabricate such structures, and importantly it could even be parallelized [32] to
simultaneously position nanoparticles in multiple cavities. This process could be
utilized to pattern (for example) inorganic nanocrystals and nanodiamonds into a
nanocavity to create single photon emitters. Furthermore, this vertical printing
technique eliminates the necessity for cavities to be designed with manipulation
in mind, with NP printing possible in a range of different structures and
architectures. Despite the fact that the technique does not allow accurate
positioning of a NP within a single nanocavity, it allows single NPs to be loaded

into a nanocavity. This ability will permit plasmons on a single NP to be directly
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and selectively excited using relatively simple optical techniques. By using a
waveguide structure defined into a PhC it should be possible to couple in a
controllable fashion to a series of nanocavities that each contain a NP. Indeed,
the strong attachment of the laser-printed Au NPs to the cavity surface suggests
that photonic-NP structures could be integrated into a microfluidic device,

opening up new possibilities as chemical and biochemical sensors.

However, the limitations of using optical printing technique to print gold NPs
within SiN based L3 nanocavity have been discussed in section 7.3.2. For this
reason, attention then focused on the development of efficient alternative
techniques to place more accurately plasmonic NPs in a nanocavity. To do this
electron beam lithography was developed as an efficient printing technique. As
is shown in the following chapter this does not affect the optical properties of the
plasmonic NPs and caused no physical damage to the cavity membrane, it can
also be used with high precision to define NPs having different size and shape in

a cavity.
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Chapter Eight

The fabrication and characterization of gold nanoparticles and
nanoparticle dimers and their incorporation into photonic

nanocavities

8.1 Introduction

The ability to directly fabricate plasmonic nanostructures allows increased
control over their optical properties. A complex arrangement such as coupled
nanodisks can generate a localized and intense electromagnetic field, with the
field being strongly enhanced in the gap between the particles. Here, the field
produced is known to be highly sensitive to the local environment, allowing NP
dimers to be used in many applications such as structures to enhance Raman

scattering [1, 2], and as biosensors [3].

In this chapter, the optical response of isolated nanoparticles and nanoparticle
dimers are studied. The effect of printing gold nanodisks inside an L3 nanocavity
is then explored experimentally and by modelling. It is concluded that plasmonic
dimers can have a significant effect on the optical properties of the confined
electric field within L3 cavity. It is also shown using FDTD modelling that the
field intensity can be significantly enhanced between the coupled dimer in
comparison to that in an empty cavity or between nanodisks fabricated on a
planar surface. This suggests that such plasmonic-photonic structures may be of

potential interest as novel types of laser devices.
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8.2 Single gold nanodisk.

To investigate the energy of localized surface plasmons (LSP) as a function of
gold NP size, an array of single nanodisks was fabricated on a silicon nitride layer
using EBL. All gold nanodisks had the same shape (ellipsoid) and the same height
(=100 nm). They were arranged in a square array having a lattice constant of 3
pm as shown in figures 8.1(a) & (b). The distance between the individual
particles was far enough to reduce inter-particle interactions and also enables a
single particle to be isolated and measured. In the experiments described, the long
axis length, which is referred to as the nanoparticle size, was varied between 170
and 355 nm. SEM images were used to characterise the size of the NPs along the
X and Y axis. Two mechanisms were used to determine the height of the NPs in
the out of plane dimension (Z-axis). Firstly, the deposition crystal sensor that was
fixed inside the thermal evaporation chamber was used to obtain an estimate of
the thickness of the evaporated material. Secondly, AFM scans were used to
directly image the NPs as in shown in figure 8.1(c). The gold nanodisks printed
onto a SiN membrane were divided into three sets depending on their size and
aspect ratio. The first set includes NPs having a size of 210, 230, 250 and 300 nm
with an aspect ratio of 2.2. The second set included particles having sizes 280,
325 and 355 nm with an aspect ratio of 2.5. The last set was for particles having
sizes of 170 and 190 nm with an aspect ratio of 1.6. Figures 8.2(a) and (b) show
dark field measurements of scattered light from individual NPs and FDTD
calculations respectively of scattered light from particles in the first set. Figure
8.2 (c), (d) and (e), (f) similarly plots measured and calculated scattering for the

second and third sets of NPs.
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Figure 8.1: (a) Schematic illustrating the gold nanodisk dimensions. (b) SEM image of
an array of printed single gold nanoparticles on a (3um x 3um) lattice, (¢) AFM image of

a nanoparticle having a height of 100 nm.

In all cases, experimental scattering spectra are measured over the wavelength
range 500-900 nm due to the spectral sensitivity of the spectrometer. FDTD
calculations were however performed over a much wider range (up to 1200 nm).
For all NPs, we observe a resonance between 650 and 800 nm. Our calculations
indicate a scattering peak between 600 nm and 1000 nm. In most cases, we find
reasonable agreement arrangement between measurements and theory, however

in some cases a scattering peak is predicted at significantly longer wavelength
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than is observed experimentally. The reason for this discrepancy is not

understood.

Nevertheless, both experiment and modelling indicated that the peak position of
the scattered light red-shifts as the particle size increases as shown in figure 8.2
and summarized in figure 8.3(a) and (b). This result shows the ability to tune the

optical properties of metal NPs by changing their size.

For relatively large nanoparticles (as discussed in chapter two), the phase
retardation of the oscillating electrons plays an important role in the
determination of plasmon resonance [4], and the resonance peak undergoes a red-
shift and it has a multimode character. In addition, for non-spherical
nanoparticles, the SPR is modified and can be considered different from that of
a spherical nanoparticle [5, 6] as longitudinal and transversal polarizations do not
produce equivalent resonances. These modes mainly correspond to free electrons
oscillating parallel or perpendicular to the NP long axis [7]. Additionally, the
peak position of the scattered field is affected by the relative orientation of a
nanoparticle and the excitation field. It has been observed that light scattered
from the long axis of nanorods tends to be at red wavelengths, while it tends to

be at green wavelength when scattered from the short axis [8].
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Figure 8.2: (a), (c), (e) Experimental measurement and (b), (d), (f) FDTD calculation of the

scattered resonance peak position for the first, second and third set of NPs. Here, the first,

second and third NP sets had an aspect ratio 2.2, 2.5 and 1.6 respectively. It can be seen

that scattered light moves towards the red as the particle size increases.
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Figure 8.3: (a) Experimental measurement and (b) FDTD calculation of the peak

scattering resonance position for different particle sizes having different aspect ratios.

Particles are divided into three sets depending on their aspect ratios 1.6 (blue crosses),

2.2 (black squares) and 2.5 (red circles). The results show that the scattered peak

position redshifts linearly with increasing particle size.
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The longitude band modes of elongated NPs generally undergo a red-shift as the

particle size and the aspect ratio increases, as wyes X

x|~

, where R is the aspect

ratio (see chapter three, equation 2.25). This effect can be explained according to
a mass-spring model. As the aspect ratio and the particle size increases, the
separation between the ends of the particle increases, and thus the restoring force
of the oscillating charges at the ends of particle (determining the oscillation
frequency) is reduced [9, 10]. In other words, the oscillating charges suffer less
damping [11] and the retardation effect increases as the particle size increases [5,

12].

It found that, the intensity of scattered field increases as the particle size
increases (see chapter three section 3.5). Here, both calculations and
measurements show a near field enhancement of the scattered field for all sets of

gold nanodisks as the particle size increases, as illustrated in Figures 8.4 (a), (b).

8.3 Gold nanodisks dimers.

A high enhancement and strong localized optical near field can be created in a
small volume by arranging a small gap between two or more metallic
nanoparticles. For a very small gap (a few nanometres) between sharp antennas,
an ultra-tight confinement and extreme near field enhancement can be achieved,
known as a hotspot. Such hotspots can be used to study light matter interactions
[13]. To explore the optical response of a pair nanoparticles, an array of dimer
nanodisks were printed on a SiN membrane surface using EBL as shown in
figures 8.5 (a) and (b). Experimentally, gold nanodisk dimers were created

having a long axis length of 165 nm, an aspect ratio of 1.54 and a height of 100
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nm, with such nanoparticles being separated by 70, 100, 155, 170 and 210 nm as

shown in the SEM image in figure 8.5 (a).
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Figure 8.4: (a) Calculated and (b) dark field measurements of scattering intensity
from individual gold nanodisks having different sizes. It is clear that the scattered

field intensity is enhanced as the particle size increases.

Although EBL is a powerful tool to fabricate features around 100 nm, the

fabrication of smaller particles can be challenging. The reason for this is the fact
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that unexposed PMMA resist between the particles can receive a large electron
beam dose [12]. This means that the PMMA in the gap becomes dissolved during
the development process and consequently the gap between the nanodisks
becomes filled with a thin gold layer. This results in the dimers actually having a
dumbbell shape [14] as shown in the SEM image in figure 8.5 (b). In this case,
we characterized the total length of the connected dimer as being twice the

particle length (L) plus the contact length (2L+D) as illustrated in figure 8.6.

Figure 8.5: SEM image for separated nanodisk dimers part (a) and

dumbbells part (b)
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D

Figure 8.6. Schematic illustration of the nanodisk dimer length (L) and

separation (D) between them

Dark field scattering measurements of gold dimer nanodisks indicate that the
plasmon scattering resonance exhibits a red shift with decreasing separation as
shown in figure 8.7 (a). This result is confirmed by previous studies [12, 15-21].
Specifically, we find that the peak resonance red-shifts by = 75 nm as the distance
between the coupled dimer decreases by 140 nm (from 210 nm to 70 nm). Figure
8.7 (b) is an SEM image showing the variation of separation between the metal
NP dimers. Experimentally it is observed that the peak resonance becomes highly
sensitive to small variations in the distance as the gap between the dimers is
decreased [21]. Figure 8.7(c) summarizes the red shift in the peak resonance as

the distance between the decreases.

The red shift in plasmon energy with decreasing separation can be explained
through the spring-mass model [22, 23, 24] (see Chapter 3 section 3.4.5).
Coupling between NPs occurs through introducing an extra spring in the gap that
separates between them. This extra spring is produced as consequence of mutual
charge induction on the opposite side of the particles, which produces a restoring
force that modifies the oscillation frequency [9, 10]. As the distance between the
dimers decreases, the charges on both sides of the gap that oscillate in-phase due
to the induction effect will be highly localized and strongly attracted to each
other. Phenomenologically, the red shift in the plasmon energy can be resulted
from the reduction of the effective restoring force of the spring in the gap that
leading to reduce the spring oscillation frequency [16, 25].
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Figure 8.7: (a) Dark field scattering spectra of nanodisk dimers as a function of end to end
separation. It can be seen that the peak red shifts as the separation distance between metal
NPs decreases. (b) SEM image showing NP having variation in separation. (c) Experimental
data showing the peak of the scattering wavelength as a function of separation between the
metal dimers.
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Moving the dimers into contact forms a dumbbell shape as shown in
figure 8.8 (inset SEM image). In this case, the oscillating electrons tunnel through
the region between them, resulting in a nonlocality of the charge distribution
which effects the local dielectric constant [26]. Here, the scattering peak is
dependent on the total length of the connected dimer, and acts as single particle
rather than a separated dimer. Consequently, as the length of connected area

increases, the scattered peak position undergoes a red shift as shown in figure

8.8.
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Figure 8.8: Dark field scattering spectra of connected gold nanodisk dimers as a function
of dimer length. The scattered peak resonance can be seen to red shift as the dimer length

increases.
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The strength of the scattered field is also affected by the separation between metal
dimers. It is observed that the intensity of the scattered field increases
dramatically as the separation between the coupled particles is reduced as
illustrated in figure 8.9. Here, it is found that the intensity increased 5 fold as the
separation reduced from 210 nm to 70 nm. This large enhancement in the electric
field confined between the dimers occurs as a result of large accumulation of

charge around the inter-particle gap [27].

In addition, a slight increase in scattering intensity (by 1.3 times) from the
dumbbell shaped dimers is observed experimentally with increasing dimer
length; a result of increases in the extinction cross section [27]. Other studies
have shown that the “neck™ area can also help concentrate the electric field in a

small spatial region [14].
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Figure 8.9: the intensity of scattered field gold nanodisk dimers as a function of the

separation length. It can be seen that the intensity increases rapidly as the separation

between dimer NPs decreases.
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Here, we find that, dimeric NPs can scatter the incident light more intensely than
a single NP. For example, relative scattering efficiency was measured from a
single NP having a length of 170 nm with an aspect ratio of 1.6, and a nanodisk
dimer having a length of 165 nm and an aspect ratio of 1.54 separated by 70 nm.
It was found that the intensity of scattered field from the dimer was a factor of 2
times larger at A = 666 nm and increased to a factor of 5 at A = 800 nm in
comparison with that of a single NP. It appears therefore, dimer NP
configurations produce a greater light-matter interaction and can potentially act

as structures in which there is a high local field intensity.

To exploit this effect, we have explored the interaction between the light confined
in an L3 nanocavity and a plasmonic dimer. This study is the subject of the

following sections.

8.4 Gold nanodisk dimers printed inside L3 nanocavity using

EBL.

Dielectric photonic crystal nanocavities can confine light within a small volume.
As demonstrated above, metal NPs can confine a surface plasmon close to their
surface, but with such structures having a low quality factor. Attempts have been
made to combine plasmonic nanostructures with PC nanocavities [29-33]. Such
hybrid structures are predicted to enhance the local EM field; however, this is

often accompanied by a reduction in the quality factor of the system [32].

In this work a hybrid plasmonic/photonic crystal system is explored. The effect

of placing gold nanodisk dimers into a cavity having different NP separations on
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the wavelength and intensity of cavity mode is discussed. Our measurements are

compared with an FDTD model, with a reasonable agreement demonstrated.
8.5 Experimental methods

A silicon nitride based two dimensional photonic crystal L3 nanocavity was
fabricated using EBL, and was defined into a hexagonal lattice having a lattice
constant of 260 nm with a hole size of 142 nm. The thickness of the SiN slab was
200 nm. PL measurements of the cavity showed multi resonance peak modes

polarized along both the long and short axis.

Gold nano disk dimers were patterned into the cavity having a long axis of 160
nm, an aspect ratio of 1.53 and a height of ~100 nm. The distance between the
dimers was varied from 40, 60, 80 to 120 nm. Figure 8.10 shows an SEM image
of gold nanodisk dimers printed onto an L3 nanocavity. The fabrication of such

structures is explained in chapter 4 section 4.13.

PL measurements were made on representative cavities without gold nanodisk
dimers, and cavities that contained the dimers. As a further check, the Au dimers
were then removed from the nanocavities using a mixture of concentrated nitric

and hydrochloric acid in a volume ratio of 1:3, and the cavity emission was re-

measured. PL measurements of an L3 nanocavity without any nanodisk dimers
indicated that the cavity supported four optical modes; M1 and M4 polarized in
the Y direction and modes M2 and M3 polarized in the X-direction as shown in
figure 8.11 (a). The experimentally measured cavity emission is compared with
FDTD calculations (performed by Dr. David Coles University of Oxford) as

shown in figure 8.11 (b).
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Figure 8.10. (a) Schematic and (b) SEM image of printed gold nanodisk dimer on an L3 nanocavity.
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8.6 Results and Discussions

The effect of the gold nanodisk dimers on the optical modes of the L3 nanocavity
was explored by comparing the emission from the cavity either with the dimers
or after they had been removed using an acid wash. Both FDTD calculations and
experimental measurements are used to probe the optical properties of the cavity
as a function of the relative spacing between the particles as shown in figure 8.12
(@) and (b). Here, we plot measured and modelled emission for a cavity with and
without the dimers respectively. It can be seen that the model suggests the cavity
modes tend to merge as the separation between the dimers increases, as shown in
figure 8.12 (a). Note that due to the effects of broadening, mode M3 cannot be
observed experimentally. Experimentally measured spectra are confirmed
qualitatively by FDTD modelling, which shows that modes M2 to M4 are only

poorly resolved and have a high degree of overlap.
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Figure 8.12: (a) FDTD, (b) measured optical mode from L3 nanocavity with and without gold dimers.
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To quantify the effect of the gold nanodisk dimers on the cavity modes, we have
explored the position of modes M1 and M2 before and after the gold nano disk
dimers are fabricated into a cavity. Here, we determine a wavelength shift AA,
where (AL = A cavity with dimers —A cavity) With this shift plotted as a function of the
separation distance. Experimentally we find that the peak position of the
fundamental mode M1 (Y- polarization see figure 8.13 (a)) is slightly red shifted
in cavities containing NPs. Note however, this effect is small in comparison to
the uncertainty of the experiment, and thus we conclude that this effect is
probably not significant. In contrast, mode M2 (X-polarization) makes a
progressive blue-shift towards shorter wavelengths as the dimer separation

increases as shown in figure 8.13 (b).

We find however that the FDTD model (as shown in figure 8.12 (a) and (b))
indicates that the wavelength of modes M1 and M2 are expected to be slightly
blue-shifted in cavities containing the plasmonic dimers compared with ‘empty’
cavities, and that the mode wavelength is not expected to change appreciably
with particle separation. Despite some difference between the model and
experimental observation the relatively small shifts observed here suggest that
the plasmonic dimer is not expected to significantly modify the photon mode

structure (energy or spatial extent) within the cavity.

The effect of placing plasmonic dimers inside a nanocavity can be further
explored by measuring the change in the line width and thus Q-factor of the cavity
modes. The Q-factor of a cavity containing plasmonic particles is known to be

affected by the orientation of the particles in the cavity [29], their position with
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respect to the EM field maxima within the cavity [33] and their relative

separation.
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Figure 8.13: The shift in the peak position of modes M1 (part (a)) and M2 (part
(b)) on addition of a nanoparticle dimer. Data is plotted as a function of dimer

separation.
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We can relate the cavity Q-factor to the cavity photon lifetime () using [34]

_ Q4
T TIc

T

Where A is the cavity mode wavelength. From this, we can calculate the change
in relative photon lifetime in the cavity as a function of dimer separation. We also
predict photon lifetime within the cavity using our FDTD model as shown in
figure 8.14 (a) and (b). Our model predicts that when the gold nanodisk dimer is
orientated parallel to the corresponding cavity polarization, (mode M3 see part
(b)), the cavity photon lifetime is reduced as the particle separation is reduced
due to increased scattering and absorption by the dimer [33]. In contrast, mode
M1 is polarized in a direction orthogonal to the dimer long axis, and thus the
cavity photon lifetime is not predicted to undergo a significant reduction at
reduced dimer separation, as shown in figure 8.14 (a). This suggests a reduced

coupling between mode M1 and the plasmonic resonance [29].

We have also calculated the intensity of the E-field between the dimers (X and
Y-polarized mode) with respect to the bare cavity and also dimers printed onto a
bare SiN substrate as shown in figure 8.15 (a) and (b). For the X-polarized cavity
M3 mode (see part (b)), we find that the EM field between dimers is enhanced
significantly at small particle separation and decreases with increasing
separation. We find that the field reaches its highest value at a particle separation
of 30 nm as shown in figure 8.15 (b). This value is 8 times higher than that
between dimers printed onto a bare SiN substrate. The model suggests therefore
that orienting a plasmonic nano dimer to the photonic field polarization can create
an electromagnetic hot spot between dimers having a relatively small separation.

We believe therefore that, a hybrid metallic dimers / PC nanocavity system could
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be used as a platform to fabricate optical devices to create a high near-field
intensity which could potentially be used to control light-matter interactions at
nanometre length scales. In contrast, the intensity of the EM field of the Y-
polarization cavity mode (figure 8.15 (a)) between dimers is attenuated at small

particle separations and increases by around 3.5 times with increasing separation.
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Figure 8.14: the reduction in the cavity mode lifetime with presence of dimers into an

L3 nanocavity for (a) Y-polarized mode and (b) X-polarized mode.
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8.7 Conclusions

Electron beam lithography has been used to print single and dimeric gold
nanodisks on a bare SiN substrate. It was shown that the scattering plasmon
resonance of single gold nanodisk red shifts and its scattering intensity increases
with increasing particle size. In contrast, reducing the separation between the
gold nanodisk pushes the scattering plasmon resonance to longer wavelengths

and increases their scattering intensity.

The optical properties of hybrid plasmonic-photonic crystal L3 nanocavities are
explored. Two cavity modes are selected for study; M1 polarized in the Y
direction and M2, M3 polarized in the X direction. It is found that the energy and
wavelength of the cavity modes are only weakly affected by the separation of the
coupled dimers. The peak position and the photon lifetime of mode M1 does not
undergo significant changes when nanoparticle dimers are introduced, which

suggests reduced coupling between this mode and the plasmon resonance.

In contrast, mode M2 (X-polarization) shifts towards shorter wavelengths as the
particle separation increases and the M3 mode photon lifetime is slightly reduced
as the particle separation is decreased. This suggests a coupling between the

optical mode and the plasmon resonance of the dimer.

FDTD calculations also confirm a coupling between a plasmon resonance and a
cavity mode when they are polarized in the same direction. For small separations
between the dimers our calculations indicated a significant enhancement of the

EM field between the dimers when placed into an L3 nanocavity.

We believe that the structures fabricated here may form the basis of a new types

of plasmonic/photonic laser. This would require some high gain material (e.g. an
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organic semiconductor) to be incorporated into the cavity. Our concept is based
on other work in which plasmonic nanostructures are used to create a high
localized EM field within an ultra-small volume and thereby enhance lasing
action. For example, studies showed that using an array of Au or Ag metal can
improve the lasing action of an active medium by enhancing their rate of
spontaneous emission [35, 36]. Unlike an isolated plasmonic NP, high ohmic
losses at optical wavelengths can significantly be reduced by using a hybrid
plasmonic dielectric waveguide system. Oulton et al [37] showed that a 5 nm gap
between a CdS nanowire and an Ag layer can enhance the spontaneous emission
rate by up to 6 times resulting a strong mode confinement and threshold-less
lasing. In our study we find a field enhancement of up to 8 times between gold
nanodisks can be achieved when they are introduced into an L3 nanocavity. Here,
we propose that this high field enhancement could be combined with the optical

feedback of an L3 cavity to make an efficient low-threshold nano-scale laser.
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Conclusions and Suggestions for Further Work

9.1 Conclusion

In this thesis, two major topics were addressed. Firstly, the optical
properties two-dimensional photonic crystal (2D PC) L3 nanocavities were
discussed as well as routes to use such structure a chemical sensor. Secondly the
optical properties of plasmonic nanostructures were described with such areas
then brought together through the development of hybrid plasmonic-photonic

nanocavities.

In Chapter 5, | investigated a number of parameters that affect the
photoluminescence (PL) emission from SiN based L3 nanocavities, including the
size of PC air holes and the lattice constant. It was found that by reducing the size
of the air holes (D) and increasing the lattice constant (a) of 2D PC, the cavity
modes can be shifted toward longer wavelengths. Two different approaches were
discussed to increase the Q-factor of the nanocavity. The first approach involved
shifting the long axis air holes at both ends of the cavity. By shifting the holes
away from the cavity, the Q-factor of the cavity reached a value of 260 at 653.8
nm, for a side hole displacement of 0.18a. The second approach involved
modifying the size of air holes around the cavity. The results showed that the Q-
factor increased to 890 at mode peak 682.5 nm by shifting first two air holes
along the cavity axis by 0.28a. This permitted a significant improvement in EM
field intensity within the cavity to be gained in comparison with an unmodified

cavity.

In Chapter 6, | explored the use of a SiN based nanocavity to follow the
deposition of a nanometre-thick porphyrin-based polymer (PP1) film onto a

cavity surface. This then permitted changes in its thickness resulting from
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swelling as it was exposed to an acidic vapour to be detected through a shift in
the cavity mode wavelength. It was found that the cavity modes red-shifted in a
linear fashion as the layer thickness was increased, with a minimum change in
the thickness of the PP1 surface layer of (1.4 + 0.3) nm detected. In addition,
FDTD calculations were used to confirm the experimental results and model

changes in thickness and refractive index.

In Chapter 7, an optical printing technique was used to place single 150
nm gold nanoparticle (Au NP) within an L3 nanocavity. Measurements of cavity
mode linewidth made before and after NP patterning indicate a clear interaction
between the cavity mode and the plasmonic modes of the NP. The experimental
results were again confirmed using FDTD calculations, and showed that energy
initially stored in the nanocavity is dissipated through excitation of localized
surface plasmons. The model also demonstrated that such interactions are
sensitive to the exact location of the NP within the cavity, with the interaction
being maximized when the NP is placed over a region of high electromagnetic-

field amplitude.

In Chapter 8, gold nanodisks was printed onto a SiN membrane and into
and L3 nanocavity using electron beam lithography (EBL). The optical properties
of printed single and dimer gold nanodisk on bare SiN membrane were
investigated both theoretically and experimentally. Results showed that the
scattering plasmon resonance peak wavelength is strongly dependent on the
particle size and aspect of ratio. While the separation between gold nanodisks
dimer effects on the plasmon resonance peak position, in which it red shifted with
decreasing the separation between coupled dimer. Finally, dimeric gold

nanodisks with varied separation were placed inside an L3 nanocavity. It was
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found that the optical properties of the cavity modes influenced by the nanodisks
dimer orientation according to cavity polarization as well as the separation

between them.

9.2 Future work

In this work, the physics and applications of PC L3 nanocavities have
been explored. Further improvement in the ability of such cavities to react to
changes in their local environment will be facilitated through the constructing of

the structures having increased Q-factors.

Here, | believe that using different designs to modify a PC nanocavity
with reduced sidewall (taper angle) of the PC air holes will have a great impact
on the cavity Q-factor. By using such high Q-factor cavities together with
positioning the intended sensor elements e.g. plasmonic elements, quantum dots
controlled nanoparticles using high precision lithographic patterning techniques
(e.g. dip-pen lithography) within the cavity will significantly increase the sensor
capabilities of such PC L3 nanocavities. Such technigues can also be used to
enhance the spontaneous emission rate of a single emitter (for example a single
molecule) located at the maximum field of the optical mode within the cavity,
with such quantum emitters having applications as an efficient nanoscale light

Sources.

Noble metal nanoparticles (NM NP) can provide significant
enhancements of electromagnetic near fields. The intensity of such fields can be
tuned by size, shape, and nanoparticle arrangement. Electron beam lithography
is an efficient, flexible tool that enables the size and shape of NPs to be directly

defined. A significant EM field enhancement within ultra-small volumes is
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expected for a metal NPs printed within an L3 nanocavity when cavity the mode
matches the NP peak plasmon resonance wavelength. Therefore, | believe that a
hybrid plasmonic-PC device will potentially provide a method to easily create
optical systems to study light-matter interactions or create sensor based devices

using surface enhancement Raman spectroscopy (SERS).
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