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Abstract
Design and Simulation of a Refractive Index Sensor Based on SPR and LSPR using Gold

Nanostructures

Armin Agharazy Dormemy, MASec.
Concordia University, 2020

In the last two decades, the unusual optical and physical properties of novel metallic
nanostructures (such as gold, silver, and aluminum) has been the subject of intense research
efforts. Surface plasmon resonance and localized surface plasmon resonance are two of the unique
phenomena in novel metals which can be used to create different kinds of sensitive sensors and
biosensors.

In this work, a refractive index sensor based on surface plasmon resonance is designed and
analytically investigated by a finite element method via COMSOL Multiphysics to detect
chemicals. The intensity, spectral width and sensitivity of the plasmonic signals are highly affected
by the shape, size, and configuration of the metallic nanostructures. Patterning the planar metallic
thin film with cavities or protrusion can result in obtaining a tunable sensitivity for the sensor. The
architecture of the nanohole/nanowire arrays leads to a nanostructure having multiple plasmonics
properties.

The simulation results show that the co-excitation of surface plasmon resonance and localized
surface plasmon resonance modes can enhance the sensitivity of the SPR-based sensors
significantly. To obtain this result, several cut lines through the metallic thin film were considered
and the variation of the electric field intensity along those cut lines is studied. To determine the
SPR and LSPR modes, the penetration depth of the plasmon field is characterized at

metal/dielectric interfaces.



After investigation of three models for the metallic layer (planar thin film, nanohole patterned
thin film, and protrusive thin film), it was concluded that the device made of 20 nm cylindrical
nanowire supported by a 40 nm thin film can result in the best performance parameters (in terms of
sensitivity, absorption, and accuracy). Eight substances with refractive indices ranging from 1.333
to 1.38 were used to obtain the calibration data of the optimum sensor. The linear characteristic of
the calibration curve shows that the sensor is able to detect unknown materials as a function of
resonance wavelength. This study is proposing a new way to show the duality nature of patterned

thin films to support both propagating and localized surface plasmon modes.
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Chapter 1
Introduction

1.1 Nanotechnology Enabled Sensors

Sensors based on nanostructures are becoming widely used in numerous fields such as medical
diagnosis, environmental monitoring, chemical and petrochemical industries, food and drink
processing, and industrial productions [1]-[3]. Low cost, reversibility, sensitivity, fast response
time, durability, high resolution, online monitoring, and low power are among the most important
requirements for ideal sensors. Although achieving a sensor with all the mentioned properties is
very hard, but with the help of nanotechnology, many sensors have been developed to satisfy
different needs of industry by employing different sensing mechanisms. Considering the
transduction mechanisms, we can classify sensors into six different categories: (1) optical sensors,
(2) electrochemical sensors, (3) electrical sensors, (4) mass-sensitive sensors, (5) calorimetric
sensors, and (6) magnetic sensors [4].

Among these methods, optical sensors have gained much attention among researchers because
of their low cost of fabrication, high speed, compactness, and the ability of real-time analysis.
Fluorescence, absorption, colorimetry, Raman, refractive index (RI), surface plasmon resonance
(SPR), and luminescence are the main sensing mechanisms used in optical sensing methods [5].
Surface plasmon resonance-based optical sensors have evolved as highly versatile and valuable
sensing tools as a label-free approach with high sensitivity. SPR is the collective resonance of
conduction electrons oscillating at the interface of materials with negative and positive
permittivity, i.e., metal and a dielectric material, stimulated by the p-polarized light on a certain

wavelength [6]. Kretschmann configuration, Otto configuration, and fiber optic approach are the

1



three main ways for utilizing SPR. The first two methods are prism-based, and consequently, they
are too bulky and not suitable for remote sensing. In addition to the mentioned privileges, other
advantages like narrower resonance peaks with high sensitivity and tunability have turned the fiber

approach into an attractive way for sensing applications [7].
1.2 Brief History

Since the first demonstration of surface plasmon resonance, in the early 1980s, the technology
and application of SPR sensors have been greatly improved. Due to the tunability of the optical
properties of metallic nanostructures, these types of sensors have been extensively used for
biosensing, surface-enhance Raman spectroscopy (SERS), chemical sensing, bioimaging, etc.
However, SPR was being used in some of the outstanding artworks from a long time ago. The
Lycurgus cup (dating from the 4th century A.D.) is one of the most famous examples. This cup (as
shown in figure 1.1) shows a green color when it is illuminated from outside and observed with
reflected light and shines in red when it is illuminated from inside in transmitting light conditions.
Moreover, as shown in figure 1.2, from the artworks that remained from the medieval periods, one
can understand that the artists have had good knowledge about the optical properties of metallic

nanoparticles to induce different colors in the stained-glass windows in churches and cathedrals

[8].




Figure 1. 1 (Adopted from British Museum Database [9]) “Lycurgus cup dating from the 4th
century A.D. The glass appears green when illuminated from the outside and purple-red when

illuminated from the inside.”

Silver - spheres ' 1
Size: 40 nm
Reflected color: Dark blue

Silver - spheres 2
Size: 80 nm
Reflected color: Celestial blue

Silver - spheres 3
Size: 100 nm
Reflected color: Shiny gold

Figure 1. 2 (adopted from Chang [10]) “Use of nanoparticles with different sizes to create

different colors in the stained-glass windows.”

1.3 Basic Knowledge of SPR and LSPR

1.3.1 Surface Plasmon Resonance in metallic thin films

As electromagnetic waves, surface plasmons (SPs) are transverse magnetic (TM), and as a
result, they need p-polarized light for excitation. The amplitude of the electric field associated with
a SP wave is maximum at the metal/dielectric interface and decays exponentially in metal as well
as in dielectric [11]. By solving Maxwell equations, it is found that the oscillations of SPs are

3



supported at the interface between the materials with positive dielectric constant and the materials
with negative dielectric constants such as gold (Au), Silver (Ag) and aluminum (Al) [12].
Moreover, to satisfy the boundary conditions, we should have |g,,| < &4 where &, and &, are
symbolizing the wavelength dependent dielectric constants of metal and dielectric, respectively.
The wave vector of light with a wavelength of A traveling with angle 6 toward the surface of a

medium with dielectric constant &, is defined as:

2 :
k, = 7”\/8_0 sin 6 (1)
To excite surface plasmons, the wave vector of the electric field component of the light at the

surface (kx) should be along the direction of wave vector of the surface plasmon (f) which results

in the dispersion relation for surface waves:

Bk = ko |2 =7 |2y @

£ Eq+em

where k, describes the propagation constant of the incident light. In other words, at resonance
condition, the frequency of the incident light matches the frequency of the electrons oscillations at
the metal surface [13].

To match the wave vector of SPs to that of the incident light, the wave vector of the light
should be changed. For that, the most common way is to use a dielectric material with n > 1 for
passing the light, and as a result, dispersion relations of the SPs and the evanescent field of the
incident light will intersect each other [14].

Considering the absorption, an imaginary part is introduced to the permittivity of metals which
allows the existence of guided modes even for |g,| > &;. Rewriting the propagation constant of
SPs in the complex form, when the magnitude of the real part of the metal’s dielectric function is

much greater than its imaginary part (|&',,,| > €"'),) results in:



— n! . o _ 2T £d€m . 2T e''m £4Em ~>

gq+eim €dtém

The imaginary part of the metal’s dielectric function leads to an imaginary part in the
propagation constant of SPs. B is associated with the attenuation of the SPs which is usually
characterized by the propagation length (L) which is defined as the distance in the direction of

propagation at which the energy of the SP decreases by a factor of 1/e:

1

L= W (4)

When a p-polarized light is incident on the interface of the metal/dielectric, a part of the light
gets reflected into the dielectric medium, and a part gets transmitted into the metal as an
inhomogeneous electromagnetic wave. This is referred to as the evanescent wave, which decays
exponentially. The evanescent wave gets coupled with the SP wave when the propagation
constants of both waves are equal, and it excites the SPs [15]. Penetration depth (&) of the
evanescent field defines the distance from the interface at which the amplitude of the evanescent
field decreases by a factor of 1/e. The electromagnetic field is maximum at the interface of metal
and dielectric and decays exponentially in a direction normal to the interface and is calculated from

the following equation [16]:

EdteEm
2

A
and 64 = po

)

Yl
5m—5

EqtéEm
Sdz

Em

From equation 5, it can be concluded that the decay of the electric field into the metal is much
shorter than the decay into the dielectric, as shown in figure 1.3, and by increasing the wavelength
of the incident light, penetration depth increases. The penetration depth into the metallic layer is in
the order of tens of nanometers, although it is in the order of half a wavelength in the dielectric

medium [17].



Dielectric

Metal

Figure 1. 3 (adopted from Nivedha [18]) “Exponential decay of field intensity of surface

plasmon mode in a metal and dielectric system.”

When the evanescent wave excites the SPs, the energy from the incident light transfers to the
SPs, which results in the reduction of the energy of the reflected light. As a result, by measuring
the normalized reflected intensity (R) as a function of wavelength of the light or incident angle, a

sharp dip is observed at resonance angle, 6,,, due to an efficient transfer of energy to SPs.

sp>
However, the position and sharpness of the dip are highly dependent on the thickness of the
metallic layer. In small thicknesses, the electron oscillations are damped due to the confinement
effects, and as a result, we cannot observe sharp dips in the spectra.

On the other hand, when the thickness of the metal gets larger than a certain value (usually
more than 70 nm), the dip becomes smoother as the evanescent field of the incident light reaching
the other side of the metallic film is very weak. Another issue with the thickness of the metal is the
ability of the sensor to differentiate between the changes in the refractive index of its environment.

When the metal layer is too thick, since the evanescent field cannot reach the other side of the film,

the sensor is completely insensitive to the changes of the refractive index of its surrounded media.



Moreover, when the metallic film becomes too narrow, because of the confinement effects and low
electron concentration, an appropriate differentiation between refractive index changes by the
sensor cannot be observed. As a conclusion, one can say that the value of R depends on the
combination of incident light frequency, angle of incidence, and the thickness of the metal layer.
Fresnel's equations can give the quantitative description of the minimum of the reflected
intensity R for the three-layer system p/m/s. Where “p” stands for high refractive index material,

€ 9
S

e.g., fused silica, “m” stands for the metal film with thickness “dn”, and stands for low index

dielectric medium, e.g., air, water, etc. The reflectivity R for p-polarized light is given by [12],

[16]:

2ikmzdm |2
_|rpmtrmse t*mzadm

(6)

1+7pmrmse?tkmzdm

where 7, and 7, are the amplitude of reflection coefficients for the silica/metal layer and

metal/air layer, respectively and are obtained from the following relationships:

_ kpzeém—kmz€q _ Kmz&s — Ksz&m (7)

and 7, =
ms kmz&s + Ksz&ém

rpm - kpze&m+ kmz€d
where &, and & are the dielectric constants of metallic and low index dielectric medium,
accordingly and k;, is the wave propagation vector in the z-direction, i.e., perpendicular to the

interface in the medium j, which is calculated from:

(52— k2 ®)

and k, is obtained from equation 1.

The wavelength dependence of the dielectric function of the fused silica is given by the

Sellmeier equation below:

azlz a3/12
/12—b22 + Az_b32 (9)




where  a; =0.696749, a, = 0.408218, a3z = 0.890815, b; = 0.0690660 (um), b, =
0.115662 (um), bz = 9.900559 (um) [19].

1.3.2 Surface Plasmon Resonance in metallic nanoparticles
When light is incident on a nanoparticle with a size that is much smaller than the wavelength of the
incident light, as shown in figure 1.4, the electromagnetic field of the light exerts a force on the
conduction electrons moving them towards the nanoparticle’s surface. Accordingly, it results in the
displacements of the electron gas with respect to their equilibrium position around positively
charged ions. As a result, a negative charge is accumulated on one side and a positive charge in the

opposite, creating an electric dipole [20], [21].

Electric field

I\ Metal sphere _

Figure 1. 4 (adopted from Szunerits [22]) “Displacements of the electron gas due to the

applied electromagnetic field in metallic nanoparticles.”

The displacement of the electron gas results in resonance in the oscillation frequency of electrons
called resonant frequency. Similar to any other linear oscillator system, when an alternating
exterior force is applied to the system, the system oscillates with the same frequency as the
external force, but the amplitude and phase will depend on both the force and the intrinsic

parameters of the oscillator. At the resonant frequency, the oscillating amplitude is maximum, and



the scattering processes lead to damping the electrons’ movements in the nanoparticles. Therefore,
same as the metallic thin films, when the frequency of the incident light matches the resonant
frequency of the electrons inside the nanoparticle, an absorption band can be observed in the

optical spectrum associated with the surface plasmons [23], [24].

The electromagnetic field extinction (the sum of absorption and scattering cross-sections) and the
resonant frequency of metallic nanoparticles are highly dependent on the shape, size, periodicity,
and type of the metal. The extinction cross-section (E(4)) of a nanoparticle in the electrostatic

dipole regime can be written as:

3
24 nzMa3£d/2 &

ED) = 2) (10)

Aln10 (er+xeq)?+e;

Where A is the wavelength of the incident light, a is the radius of the nanoparticle, &4 is the
dielectric constant of the surrounding medium, &, + ig; is the complex dielectric function of the
nanoparticle, M refers to the number of particles, and y is the shape factor, which is 2 in the case
of spherical nanoparticles, and it can increase up to 20 for high aspect ratio nanostructures [25],

[26].

Therefore, the position and value of the maximum absorption peak in the case of LSPR depend on
many parameters like particle size, inter-particle distance, shape of the nanoparticles, composition

of the nanoparticles, and refractive index of the sensing medium..

By comparing the decay length of the electric field in the case of SPR and LSPR (based on
equation 4), one can see that the decay length in SPR is 15~25% of the light’s wavelength.
However, the decay length of LSPR based sensors is around 1~3% of the light’s wavelength and

depends on the size, shape, composition of the nanoparticles as well [27]. As a result, applying



metallic nanostructures rather than using thin films results in generating localized surface plasmon
resonance (LSPR) which is more sensitive to local refractive index surrounding the nanostructures,
it is often used to detect molecular absorption on the surface of a material. LSPR results in non-
propagating surface plasmon resonance as the excitation is confined to the volume of nanoparticles
with a size much smaller than the photon wavelength. On the other hand, utilizing metallic thin
films can result in higher sensitivity to the bulk refractive index, lower cost of fabrication, and a

lower number of parameters affecting the sensor performance [28].

1.3.3 Surface Plasmon Resonance in complex metallic nanostructures
Utilizing complex nanostructures that benefit from the combination of localized and delocalized
surface plasmons (SPs) (such as micro/nano-patterned thin films) can enhance the device
performance. The sensitivity of the device can be tuned by changing the periodicity, size, and
shape of the structures [29], [30]. Nanovoid/Nanohole arrays, protrusive thin films, and thin film
gratings are the most famous examples of complex metallic nanostructures used in SPR based
sensors. Although increasing the complexity of the nanostructures from 1D (in the case of LSPR)
to 2D (in the case of complex nanostructures) increases the complexity of the plasmonic
properties, however, since these structures can lead to the co-excitation of both SPR and LSPR

modes, they result in the further enhancement of the surface plasmon field [31].

1.4 Objective of the Research

Although various SPR/LSPR sensors exist for different applications, development of new
sensitive and high-resolution SPR/LSPR sensors requires a deep understanding of the physics of

these phenomena. Moreover, since obtaining a high-resolution and sensitive sensor based on
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SPR/LSPR using experimental procedure can be costly and time-consuming, developing an
analytical way to simulate surface plasmon resonance can help the development and optimization
of these types of sensors greatly.

The goal of this research is to simulate surface plasmon resonance in complex nanostructures
using the finite element method (FEM). To achieve this goal, a refractive index sensor based on
SPR/LSPR has been designed and simulated using the nanostructures of gold in COMSOL
Multiphysics (wave optics module).

Three models of planar thin film, perforated thin film, and protrusive thin film were designed,
and the performance of the sensor has been investigated in terms of sensitivity, full width at half
maximum (FWHM), and figure of merit (FOM). Moreover, the physics of SPR and LSPR in
complex nanostructures in terms of the decay length of the magnified electric field at each
boundary has been studied. In the end, a user-friendly environment in COMSOL Application
Builder was developed to help to share this simulation with other researchers to design and
simulate their own sensor based on the parameters such as the thickness of the thin film, size of the

nanostructures, periodicity of the nanostructures, incidence angle of light, etc.

1.5 Organization of the thesis

There are five chapters in this dissertation which are organized in the following format:
Chapter II briefly describes the available platforms to create SPR/LSPR sensors to detect different
kinds of materials. The advantages and drawbacks of each of the platforms and their differences

are explored.
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In chapter III, the model design and the simulation results for the different types of nanostructures
are thoroughly discussed. The performance analysis of the modeled sensors to detect liquids and
gasses is studied in this chapter,

In chapter IV the optimum design of the nanostructures for SPR/LSPR refractive index sensor is
determined and its calibration data are provided. Moreover, the details about the developed
application for simulating SPR is discussed in this chapter.

In chapter V, conclusions are summarized, and suggestions for future research are given.

The other contribution of the author in the development of low voltage gas ionization tunneling

sensors using ZnO nanostructures is explained in Appendix I.
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Chapter 2
Literature Review: SPR/LSPR Excitation

Configurations

2.1 Classification of Sensing Methods

Based on the operation principles, sensors can be classified into two major groups of
physical and chemical sensors. In chemical sensors, the change in the resulting data can be
obtained by a chemical reaction between the sensing medium and the sensor. As a result,
irreversibility, and high dependency on the pressure, moisture, and temperature of the sensing
material are the main drawbacks of these types of sensors. On the other hand, physical sensors
work based on a physical reaction between the sensing material and the sensor, such as electron
tunneling, light absorption, etc. Therefore, they have overcome the disadvantages of the chemical
sensors [32], [33]. SPR based sensors are physical sensors that work based on the interaction of
the incident electromagnetic wave with the surface electrons of a highly conductive metal. The

following sections describe different platforms for the utilization of SPR in sensors.
2.2 Excitation of Surface Plasmons

Utilizing electrons or light are the main methods to excite SPs. However, approaches that use
light to excite SPs are more affordable, and they have been explored more frequently [34]. As
discussed in the previous chapter, to excite surface plasmons, the wave vector of the incident
light at the interface of the metallic nanostructure and the sensing medium, should match with
the wave vector of the SPs. As shown in figure 2.1, since for the same energy, SPs have a greater

wave vector compared to the incident light, they cannot be excited when the light is illuminated
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directly from the air, and the wave vector of the light should be augmented using some mediocre
media (with a refractive index of n > 1, such as a glass) or by changing the configuration of the
metallic nanostructure. As a result, various experimental techniques have been developed to
provide the necessary wave vector conservation such as prism coupling, grating coupling,
waveguide coupling, etc [35]-[40].

kg = sind
ok 1x = —sin
B

0]
2x :?
w
/ / k, =n—siné
c
(!)p

oo/ V2 }—f-F--
. B i w ’ £1&7

* c\]£1+£2

Intersection point

k

X
Figure 2. 1 (adopted from Rubio [23]) “Dispersion curves for surface plasmons, light in air

(k, = %), light in air at a certain incident angle (k, = % sin @), and light in a dielectric medium

such as glass at a certain incident angle (k, = n% sinf).”

2.2.1 Prism Coupling

The main two methods that use prism coupling to excite SPs with the incident light are
Kretschmann-Raether and Otto configurations [14], [41]. Both of these methods use the
attenuated total reflection (ATR) approach through a prism coupler. In the Kretschmann-Raether
configuration, a thin metal film is sandwiched between a high refractive index dielectric prism
(such as glass) and air, and the incident wave is from the dielectric side. When an

electromagnetic wave propagating in the prism is made incident on the metal film, a part of the
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wave is reflected back into the prism, and a part of it penetrates through the metal [42]. This
penetrated wave decays exponentially in the direction perpendicular to the prism—metal interface
as an evanescent wave. If the metal film is sufficiently thin (less than 100 nm for light in visible
and near infrared (IR) part of spectrum), at a certain incidence angle, the evanescent wave
penetrates through the metal film and couples with the SPs at the outer boundary of the metal
film that creates the resonance condition [43]. Under the resonance conditions, a minimum is
observed in the reflected light when the evanescent field of the incident light is coupled to SPs.
In the Otto configuration, an air gap exists between the dielectric and the metal, where the
evanescent wave generated by ATR at the prism-air interface excites surface plasmons at the air-
metal interface. In this method, the arrangement of the air gap must be within the penetration
depth of the evanescent wave, which makes it unsuitable for practical applications [44]. Figure
2.2 shows the difference in the geometry of the Kretschmann-Raether and Otto configurations.

-polarized light -polarized light

Prism £,
Metal &

Prism &,

Dielectric &; SPs

AN\ Dielectric &, SPs
Metal &
Evanescent field Evanescent field
(a) (b)

Figure 2. 2 (Adopted from Sato [45]) “Configurations of the attenuated total reflection
(ATR) method: (a) Otto configuration and (b) Kretschmann-Raether configuration.”
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2.2.2 Grating Coupling

Diffraction effects at a grating pattern on a metal surface can result in the excitation of the
SPs. In this approach, as the incident light wave from a dielectric medium reaches to the rough
surface of a metal, SPs get excited, and they can propagate at the rough interface between the
metal and the dielectric, as shown in figure 2.3. The wavevector of the diffracted light from a
rough metal surface can be increased or decreased (based on its incident angle with respect to the
normal pf the average plane of the rough surface) and forming a series of diffracted modes.
When the incident light wave vector along the interface of a diffracted order is equal to that of
SPs, the excitation of SPs can be observed according to the coupling condition [46]:

ks, = nk sinf + mG (12)
Where m is an integer number and G = an is the reciprocal vector of the grating, being A the

grating period.
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Figure 2. 3 (Adopted from Homola [47]) “Excitation of surface plasmons by the diffraction
of light on a diffraction grating.”

The main advantage of the grating coupling approach is increasing the wave vector of the

incident wave to a high amount, which allows one to excite SPs without using a dielectric
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medium (e.g., glass). In other words, grating coupling enables direct excitation possibility and
allows us to direct the light beam without utilizing a dielectric medium (whose main role is
incrementing the wavevector of the light). However, existing of different diffraction orders and
interference of the reflected and diffracted beams increase the complexity of these kinds of

systems [48].

2.2.3 Waveguide Coupling

Distributed coupling between a dielectric waveguide and the surface plasmon mode in a
metal-coated waveguide is another approach to excite SPs. In this approach, as shown in figure
2.4, a mode of the dielectric waveguide propagates along the waveguide using total internal
reflection (TIR), generating an evanescent field at the waveguide/metal interface. This
evanescent field penetrates through the metal film and couples with the SPs at the outer

boundary of the metal [49], [50].

Dielectric

Wave guiding

Mode Substrate

Figure 2. 4 (Adopted from Fan [50]) “Excitation of surface plasmons by a mode of a

dielectric waveguide.”

When the propagation constant of the created evanescent wave is equal to the real part of the

propagation constant of SPs, coupling occurs. Optical fibers are one of the main platforms used
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for waveguide coupling, which benefit from the flexibility and low cost [51]. However, the main
disadvantage of these structures is the difficulty in the fabrication of uniform and complex

nanostructures on top of them.

18



Chapter 3
Model Setup and Simulation Results

3.1 Device Modelling and Simulation Setup

In this work, to model and simulate a refractive index sensor based on SPR, the wave optics
module of COMSOL Multiphysics is used. The model consists of a silica glass layer with a
permittivity (&) defined as a function of incident light wavelength (equation 9), and it is
designed based on Kretschmann configuration. A thin film of gold is placed on the top of the
silica glass layer, followed by the sensing medium with a known refractive index. The values of
the experimental refractive indices of gold as a function of the wavelength of the incident light
was imposed in the database of the COMSOL to be ensured about the reality of the results [52].

After testing the results of the simulations with different sizes of meshes, the maximum and
minimum element sizes were set to 5 nm and 1 nm, respectively. Figure 3.1 shows the effect of
the meshing size on the resulting spectra for the device made of a 40 nm thin film. As shown in
the figure, reducing the meshing size from the maximum size of 5 nm to 4 nm and minimum size
of 1 nm to 0.8 nm, does not change the results significantly, but it increases the simulation time
greatly. As a result, the meshing size was fixed on the maximum size of 5 nm and a minimum

size of 1 nm.
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Figure 3. 1 Effect of the meshing size on the resulting spectra of the sensor.

The geometrical configuration of the modeled device is shown in figure 3.2. As it is shown in
the figure, Floquet periodic boundary condition (FPBC) was imposed on all plane boundaries
along the z-axis of the structure to satisfy the “semi-infinite” condition for the excitation of SPs.
This boundary condition assumes that the designed unit cell is repeating periodically in the plane
of the gold thin film and creates an infinitely large model (compared to the wavelength of light).
On periodic boundaries, the electric field component of the light is defined as [16]

E = e Jkrr (12)

Where r is a vector perpendicular to the symmetry boundaries, and its magnitude is
proportional to the distance between the symmetry boundaries, which is automatically defined by

the software. The x and y components of the wave vector k. is defined as
kg = {kpx kpy} = {2—”\/5 cos 8,2z cos 9} (13)
F Fx» Fy 2 ) 2

where 0 is the angle between the incident light and the x-y plane, and ¢ is the permittivity of

the periodic mediums.
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Figure 3. 2 (After Agharazy Dormeny et al. [53]) “3D illustration of the designed unit cell

with dimensions of 20 nmx 20 nmx 2 pm. FPBC is imposed on all vertical faces of the cell.”

When the wave vector of the incident electromagnetic wave matches the wave vector of the
electrons oscillating on the surface of the metallic film, resonance occurs [13]. Hence to excite
SPs, it is required to have the components of the electric field acting along the metal-dielectric
interface. As a result, the excitation of the SPs can only be done using p-polarized incident light.
P-polarized incident light, which refers to as transverse-magnetic wave (Htvm) at port 1, is

defined as
Hpy = {0 e—j(ZTE\/s—S cos 6.x+27" £g sin6.z) 0} (14)

in which the terms &, A and @ are the same as defined in equations 9 and 13.

3.2 Simulation Results

3.2.1 SPR in Planar Thin Films

To effect of the metallic layer thickness on the device performance was investigated using
thin films with thicknesses of 20, 40, 60, and 80 nm in the mentioned design. To check the

performance of the sensor, glycerol with a refractive index of 1.357 was considered as the
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sensing medium, and the absorption spectrum with wavelengths ranging from 300 to 850 nm was
obtained.

Figure 3.3.a shows the absorption spectra of the mentioned devices. The observations
demonstrate two distinct regions in the spectrum, inter-band (IB) and SPR. Excitation of the
electrons from lower shells of the gold atom to the conduction band by the incident light creates
the IB region in near-UV wavelengths. In this region, the position of the peaks is not dependent
on the thickness, shape, and configuration of the metallic thin film [54], and they were
observable as we used the experimental data of gold refractive index in our model [55]. The
difference in the value of incident light frequency and plasma frequency is the main reason for
the occurrence of the IB region. When the frequency of the incident light is greater than the

plasma frequency (wy,), SPs radiate out of surface and they are called radiative SPs. Plasma
frequency can be obtained from the following relationship:

Ne?
p EoMe

(15)

where N is the concentration of free electrons, &, is the free-space permittivity and e and m,
are the charge and mass of an electron, respectively [56]. The existence of a SP on a
metal/dielectric interface is confined to wavelengths longer than a certain critical wavelength,
which depends on the plasma frequency and type of metal. For metals such as gold, silver, and
aluminum, this critical wavelength lies in the UV or visible region [13].

In the SPR region of figure 3.3.a, increasing the thickness of the gold layer induces a red-
shift in the position of the resonance wavelength. Among the devices investigated in this study,
the one with a 40 nm gold film showed the highest amount of absorption at the wavelength of

656 nm. Moreover, the device showed the best resolution (smallest FWHM) compared to the
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other devices. By increasing the thickness of the gold layer above 40 nm, the FWHM increases,
and its peak is lowered significantly.

The sensitivity of the sensor, Sy, is defined as

nmy _ 8Ares
Sn(o) = Sng (16)

where 81, is the amount of the redshift induced by the change in the refractive index of the
dielectric medium by éng [57].

Two dielectric materials (glycerol with a refractive of 1.357, shown by solid lines in figure
3.3.b, and pure water, shown by dotted lines in figure 3.3.b, with a refractive index of 1.333)
were considered to compare the sensitivity of the sensors made of thin films with 20, 40, and 60
nm thickness. The change in the position of the resonance peaks versus the refractive index of
the surrounding fluid is also shown in figure 3.3.b. As one can observe, in all the devices, as the
refractive index of the surrounding medium is increased, the resonance wavelength has a red-

shift. The sensitivity of the device made of the 60 nm thin film is the largest among the studied

devices, and it is equal to 1833 — compared to 1666 — and 833 —— for the devices modeled
RIU RIU RIU

with 40 and 20 nm thin films, respectively.

Although the sensitivity of the 60 nm-model was slightly higher than that of 40 nm-device,
the latter showed higher accuracy due to its lower FWHM. Therefore, the 40 nm-model was
chosen for further studies. The effect of the pattern of the thin film and its configurations on the
performance of a SPR-based device are explored in the following sections.

The electric field distribution at the resonance wavelength for the model made of 40 nm gold
thin film is shown in figure 3.3.c. The exponential decay in the value of the electric field in both
sides of the metal-dielectric interface confirms that the observed absorption is because of the

excitation of the SPs. The decay length of 204 nm is observed for this sensor. This value is
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defined as the distance, in which the electric field strength reduces to %37 of the peak amplitude

at the metal-dielectric interface [58].
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Figure 3. 3 (After Agharazy Dormeny et al. [53]) “a) The absorbance spectra of the designed
devices with gold thin film thicknesses of, 20, 40, 60 and 80 nm for detecting glycerol as the
sensing medium (n=1.357), b) The red-shift of the resonance wavelength of the sensors made of
20, 40 and 60 nm thin film of gold as the refractive index of the medium is increased from 1.333

(dotted lines) to 1.357 (solid lines), and c¢) SPR decay length of 204 nm toward the dielectric
region for the 40 nm thin film sensor (color legend shows the distribution of electric field in %

unit).”

3.2.1.1 Data Validation
In order to explore the verification of the results obtained for the thin films, it is necessary to
compare the theoretical results with the experimental ones. Figure 3.4 shows the experimental
results obtained by Suzuki et al. for different thicknesses of gold thin films for the detection of

distilled water [59].
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Figure 3. 4 (adopted from [59]) “Collection of typical SPR spectra for the distilled water.
The resonance wavelength shifts towards the longer-wavelength region as the gold thickness

increases, and the minimum reflectance and the FWHM vary with changing gold thickness.”

As shown in the figure, the minimum reflectance (maximum absorption) has occurred in the
same range as the simulations results showed. Moreover, increasing the thickness of the thin film
has resulted in red-shifting the resonance wavelength, as well as changing the FWHM of the

spectra.

Figures 3.5.a and 3.5.b show the experimental data obtained by Iga et al. to detect various
samples with refractive indices ranging from 1.333 to 1.398 [60]. In this work, a 5 nm layer of
Chromium is coated on the cladding of an optical fiber, and then gold thin films were coated on
the Chromium layer. In both figures, the results show that by increasing the refractive index of
the sensing medium from 1.333 to 1.357, the amount of absorption is increased, which agrees
with the theoretical data obtained using COMSOL in our work. Moreover, structures with 40 nm
gold films show higher absorption values compared to the ones with 60 nm thickness, which has
consistency with our simulation results.
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Regarding comparing the exact values of the absorption peaks, and the position of the peaks,
one should note that any small changes in the geometry and structure of the metallic films (such
as porosities, surface roughness, existing of other materials, etc.) or small changes in the
refractive index of the sensing medium can result in a change in the position and value of the
resonance peak. As a result, to investigate the correctness of the simulation data, it would be

better to notice the wavelength range in which resonance occurs, and the trend of the results.
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Figure 3. 5 (adopted from [60]) “Experimentally obtained SPR spectra for two different Au
thickness fiber sensors: thickness (nm) = (a) 40 nm, (b) 60 nm.”

3.2.2 Nanovoid and Nanohole Patterned Thin Films

In the second step, a thin film of gold with a thickness of 40 nm perforated with arrays of
cylindrical cavities is modeled to investigate SPR in thin films patterned with periodic structures.
In this model, cavities with a diameter of 10 nm were designed through the thin film, and the
effect of the depth of the cavities is investigated for four values of 10, 20, 30, and 40 nm. In this
context, “nanovoid” is referred to cavities in the metal film, which are supported on a continuous
thin film (with a depth of 10, 20 and 30 nm), and “nanohole” is referred to the holes with a depth
of 40 nm, which are created in a thin film. Two different materials with refractive indices of
1.333 and 1.357 were considered to study the sensing characteristics of the sensors.

Figure 3.6 shows the absorption spectra of the modeled devices. As it is seen, all the

perforated thin films result in higher intensity absorption peaks compared to that of the planar
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thin film. As the depth of the cavity increases, the absorbance is increased, and it reaches the

maximum value for the structure with 30 nm-nanovoids. The sensitivity values of 1750 % ,

1830 % and 2083 % were obtained for the sensors made of nanovoid with depths of 10, 20,

and 30 nm, respectively.
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Figure 3. 6 (After Agharazy Dormeny et al. [53]) “The absorption spectra of the devices
made from cylindrical nanovoid arrays with various depths of 10, 20 and 30 nm for the refractive

indices of 1.333 (dotted lines) and 1.357 (solid lines).”

The same study is performed for the sensor patterned with nanohole arrays, and the effect of
the conformation of the hole (cylindrical and cubic) is further investigated. The optical
absorption spectra of the devices made of a 40 nm thin film perforated with cubic holes (10 nmx
10 nmx 40 nm) or cylindrical holes (with a diameter of 10 nm) for two refractive indices of

1.333 and 1.357 is shown in figure 3.7. According to this figure, both sensors show

approximately the same sensitivities and accuracies. The sensitivity of 1916 % for the sensors

made of cylindrical nanohole marginally improved to 2000 % for sensors with cubic nanoholes.
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Figure 3. 7 (After Agharazy Dormeny et al. [53]) “The absorption spectra of the devices
made from cubic/cylindrical nanohole arrays for two refractive indices of 1.333 (dotted lines)

and 1.357 (solid lines).”

Comparing the field enhancements due to the excitation of the SPs at resonance condition
can help for further understanding of the physics of these phenomena. In this case, the electric
field profiles of the devices, which showed the highest sensitivity, are compared. The electric
field distribution of the 30 nm nanovoid-sensor is shown in figure 3.8.a. As one can see, a strong
coupling between the evanescent wave and the SPP modes occurs on the upper rim of the
nanovoid on the metal-dielectric interface.

Figure 3.8.b shows the variations of the electric field intensity over a cut line defined along
the z-axis of the modeled structure. The geometry of the device and the position of the
mentioned cut line are shown in the inset of the figure schematically. Considering the electric
field distribution shown in figure 3.8.b and comparing it with figure 3.3.c (SPR in a planar thin
film), it can be concluded that the device is supporting both SPR and LSPR modes. The first

peak in figure 3.8.b with lower intensity and higher decay length refers to SPR mode. The sharp
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peak at the metal-dielectric interface with a higher intensity (about one order of magnitude) and a
very small decay length refers to the excitation of the LSPR modes in the sensor [61].

As shown in figure 3.8.c, when the design of the nanostructure changes from nanovoid to
nanohole, localization occurs at both upper and lower rims of the hole, which results in higher
amounts of absorption (figure 3.7) compared to what showed by devices with nanovoid arrays
(figure 3.6). The field intensity graph along a cut line in the z-axis through the geometry is
shown in figure 3.8.d. The inset illustrates the position of the cut line schematically. Observation
of two sharp peaks at both of the gold interfaces indicates the occurrence of LSPR in both lower
and upper rims of the structure. By changing the position of the cut line in a way not to cut
through the holes (figure 3.8.e), the variation of the electric field shows only the SPR mode of
the device. By comparing the graphs shown in figure 3.8.d and figure 3.8.e, one can conclude

that the perforated thin films with nanohole arrays can support both SPR and LSPR modes.
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Figure 3.8 (After Agharazy Dormeny et al. [53]) “a-b) The Electric field profile in 30 nm-

nanovoid sensor at the resonance wavelength, (a) 3D unit cell (b) along a cut line as shown in the

inset. c-e) The Electric field profile in cubic nanohole-device at the resonance wavelength, (c)

3D unit cell, (d) along a cut line which passes through the film discontinuities (as shown in the

inset), (e) along a cut line (as shown in the inset) through the thin film. By comparing the graphs

shown in (d) and in (e), it can be observed that SPR occurs throughout the continues thin film,

while LSPR occurs at film discontinuity boundaries with sharp edges.”

3.2.3 Protrusive Thin Films

To study the effect of the protrusive features on the performance of the sensor, two shapes of

cubic and cylindrical protrusive features were placed over a 40 nm thin film. In this model,

arrays of gold nanowires are implemented above the 40 nm gold thin film. The effect of the
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height and shape of the nanowires (cylindrical or cubic conformations) was studied by
investigating the performance of the sensors made of 10, 20, 30, and 40 nm gold nanowires. The
same method mentioned in sections 3.2.1 and 3.2.2 was used to investigate the refractive index
sensitivity of the device for two materials with refractive indices of 1.333 and 1.357.

Figure 3.9 shows the absorption spectra of the devices made of cylindrical nanowires with
various lengths. As one can observe, comparing to the results in the previous sections, the
resonance wavelengths are shifted toward the IR region. Moreover, as the height of the
nanostructure is increased, the resonance wavelength is red-shifted. However, considering the
FWHM of the sensors, as the height of nanowires increases, the accuracy of the device is
decreased. The same study was performed for the cubic nanowires, and the detailed results of the

models based on the absorption spectra of the sensors are presented in table 3.1.
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Figure 3. 9 (After Agharazy Dormeny et al. [53]) “Absorption spectra of the sensors made of
nanowires with various lengths of 10, 20, 30 and 40 nm supported by 40 nm thin film for two

materials with refractive indices of 1.333 and 1.357.”
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Comparing the results obtained from the cylindrical and cubic nanostructures, structures with
cylindrical nanowires show higher sensitivity than those with the cubic nanowires at the same
height. Furthermore, increasing the height of the nanowires up to 30 nm increases the sensitivity
of the sensors. When the height of the nanowire goes above 30 nm, the sensitivity of the device
shows a decreasing trend for both cylindrical and cubic geometries. In this study, the highest
sensitivity achieved for the sensors made of protrusive thin films was 4916 nm/RIU for the
device containing 30 nm cylindrical nanowire supported by the 40 nm thin films.

Considering the obtained results (sensitivity and FOM) for all the designed structures (planar
thin film, nanovoid/nanohole array patterned thin film, and protrusive thin film), the device made
of 20 nm cylindrical nanowires can be considered as the optimum design for the detection of

liquids since both the sensitivity and FOM values are high for this device. FOM is defined as the

ratio of sensitivity to the FWHM of the device (S”/ FwHM)» and it is given as 1/RIU. This

parameter considers the capability of a given device to sense a given change in the location of
the maximum of absorption. In addition to the cylindrical and cubic nanostructures presented in
table 3.1, to investigate the effect of shape of the nanowires (with an equal length), two types of
pyramidal structures with aspect ratios of 1 and 0.5 were also considered. The performance
parameters of all of the designed structures (with a thin film thickness of 40 nm and nanowire
length of 20 nm) are shown in table 3.2, and the electric field distributions at the resonance
wavelength are shown in figure 3.10. As can be seen in table 3.2, cylindrical nanowires can be
still considered as the optimum structure for the proposed sensor. Consequently, to narrow down
our investigations, further studies are performed only on this model, which will be discussed in

the next chapter.
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Table 3.1 (After Agharazy Dormeny et al. [54]) Detailed results based on the absorption spectra

Cylindrical
ylndnea 4916 2391 0.525
2333 78.13 0.662
Cubic

Table 3.2 Detailed results based on the absorption spectra

Cylindrical 4750 111.45 0.949

o 0 o
x10%° x10% x10%°
25 lﬂ\
2
: ;
15
: 15
y 1.
1
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Figure 3. 10 “The electric field intensity for the protrusive thin films with different shapes of

nanowires. The length of all the nanowires are 20 nm and the electric field distribution has been

taken under resonance condition for the refractive index of 1.333.”
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3.3 Gas Detection Feasibility

In all the previously mentioned sections, the obtained data are as a result of testing the
designed devices to detect liquids (water and glycerol) as the sensing mediums. However,
SPR/LSPR-based sensors can also be used to detect various gasses. Similar to other sensing
materials, size and configuration of the metallic nanostructure is the main parameter that affects
the sensitivity and absorption of the sensors. In this part, the same structures used for liquid

sensing are used to explore their capability in detecting gasses.

To check the performance of the device in detecting gasses, the sensing medium has been
changed to air (n=1.000293) and Carbon dioxide (n=1.001), and the absorption value and
sensitivity of the configurations mentioned in the previous sections have been studied. Figure
3.11 shows the absorption spectra of the devices made by a planar thin film, nanohole patterned
thin film, and protrusive thin film (with various lengths of nanowires) for the refractive index of
1.000293. As shown in the figure, no absorption peak was observed for the sensors made of
planar thin film and thin films with nanohole patterns. The reason is, since for the detection of
liquids the absorption peaks are in the range of 600 nm to 750 nm, the resonance peak has a blue-

shift and it does not appear in the range of 350 nm to 1000 nm wavelengths.

On the other hand, for the sensors made of protrusive thin films, since the resonance
wavelength in the case of liquid media is in the range of IR, the blue-shift resulted by reducing
the refractive index, brings the absorption peak to the visible range. As one can observe in figure
3.11, increasing the height of the nanowires can results in an increase of the resonance

wavelength, as well as increasing the amount of absorption.
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Figure 3. 11 Absorption spectra of the sensors made of planar, perforated, and protrusive

thin films for gas detection.

In order to measure the sensitivity of the mentioned devices, two refractive indices of
1.000293 and 1.001 were considered. Due to the small difference in the refractive index values
of the mentioned gasses, it was needed to increase the resolution of the simulations by reducing

the steps of the sweeps. As shown in table 3.3, increasing the length of the nanowires results in

improving the sensitivity of the sensors. In these cases, the sensitivity has risen from 424.3 %

(for 20 nm nanowire) to 848.6 % (for 40 nm nanowire).

Table 3. 3 Detailed results based on the absorption spectra for gas sensing

Absorbance (a.u.)
NW height Sensitivity
(nm) (%) RI =1.000293 RI=1.001
20 424.33 0.0555 0.0558
30 565.77 0.1368 0.1375
40 848.66 0.2356 0.2366
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3.4 Conclusion

In this chapter, the simulation steps of the refractive index sensor based on SPR/LSPR were
discussed. Three models for the configuration of the metallic thin films (planar thin film,
perforated thin film, and protrusive thin film) were considered, and the electric field distribution
and absorption spectra of all the devices were investigated.

Initially, it was demonstrated that the thickness of 40 nm for the metallic thin film could
result in the best performance (in terms of absorption value, sensitivity, and accuracy) among
planar thin films so, the rest of our studies was based on devices made of the 40 nm thin films. It
was shown that in devices with perforated thin films, as the length of the nanovoid increases,
higher absorptions and larger sensitivities can be achieved. In the case of protrusive thin films, it
was observed that they shift the resonance wavelengths to the IR region. Moreover, they provide
better performance for the devices compared to those made of planar or perforated thin films. It
was concluded that 40 nm protrusive thin films with 10x20 nm (diameter % length) cylindrical
nanowires could result with devices with best performance in terms of sensitivity, absorption,
and FWHM.

In this work, the physics of SPR and LSPR was studied using the electric field profile of each
of the mentioned configurations. As expected, it was observed that in planar thin films, just SPR
occurs. However, the electric field profile showed that in nanovoid/nanohole patterned thin
films, both SPR and LSPR modes could be excited.

To continue our investigations, the effect of shape of the nanowires on the performance of
the SPR/LSPR-based devices was investigated, and it was concluded that cylindrical nanowires

could exhibit the best performance among the structures studied in this work.
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Finally, the feasibility of using the same nanostructures to detect gasses was discussed.
Devices made of planar thin film, nanohole patterned thin film, and protrusive thin film were
investigated in this part. It was demonstrated that the devices with planar and perforated thin
films do not show any absorption peaks to detect air and carbon dioxide. However, devices made
of protrusive thin films showed some shallow peaks and it was observed that as the length of the

nanowires increases, the performance of the sensor is improved.
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Chapter 4
SPR Study of devices with Protrusive

Nanostructures

4.1 Light Propagation in Protrusive Nanostructures

The electric field distribution at resonance wavelength for the sensor made of 40 nm gold
thin film with 20 nm cylindrical nanowire is shown in figure 4.1.a. As the figure shows, the
electric field is enhanced around the nanowire rims. The plane view of the electric field intensity
on a cross-section of the unit cell is shown in figure 4.1.b and 4.1.c. Figure 4.1.b shows the upper
rim of the metallic nanowire, and figure 4.1.c demonstrates the lower rim, where the nanowire
connects to the thin film. As it is seen, the field enhancement is stronger at the upper rim

compared to the lower rim.

a
%10 . a
b) %1010 C) x10%0

14
Upper rim Lower rim

1.2

0.4

0.2

Figure 4. 1 (After Agharazy Dormeny et al. [53]) “Electric field distribution in a 20 nm-

nanowire sensor over, a) The unit cell b) Upper rim and c¢) Lower rim”
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Similar to the perforated thin films discussed in the third chapter, the implementation of the
metallic nanowire arrays on a metallic thin film can result in the co-excitation of SPR and LSPR
modes. The electric field distribution along a cut line through the modeled device structure (the
position of the cut line is shown in the inset of the figure) is shown in figure 4.2. As shown in the
figure, considering the z-coordination of the structure, the position of the SPR peak is at the
lower rim of the nanowire, where it reaches the thin film. By comparing the SPR peak of this
device with that of the 40 nm planar thin film shown in figure 3.2.c, it can be concluded that the
electric field variation has a similar behavior of the conventional SPR. The sharp peak in figure
4.2 is due to the LSPR mode excitation of the sensor, which can enhance the electric field

significantly with a few nm decay lengths.
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Figure 4. 2 (After Agharazy Dormeny et al. [53]) “The Electric field profile of the sensor
made of 20 nm nanowires supported by 40 nm thin film at the resonance wavelength along a cut

line as shown in the inset.”
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The calibration curve of the device made of 20 nm nanowires on a 40 nm thin film is shown
in figure 4.3. The graph demonstrates the resonance wavelengths of the sensor for different
refractive indices (various sensing materials) and determines the sensing capability of the sensor.
Selected substances are purified water, propane, water, ether, glycerol, acetone, acetic acid, and
propyl with refractive indices of 1.333, 1.34, 1.346, 1.35, 1.357, 1.36, 1.37 and 1.38,
respectively. The linearity in the calibration curve demonstrates that the sensor is capable of
identifying the refractive indices of unknown mediums as a function of resonance wavelength.
As can be observed in the figure, as the refractive index of the sensing medium increases, the
shift in the resonance wavelength is significantly enlarged. This results in higher sensitivity of
the sensor for the mediums with higher refractive indices. The slope of the linear fit to the
calibration data shows the average sensitivity of the sensor, which is 5847.2 nm/RIU for the

studied materials.
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Refractive index

Figure 4. 3 (After Agharazy Dormeny et al. [53]) “The calibration curve of the resonance

wavelengths as a function of refractive indices of selected substances. The linear line fitted our
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data with R2 of 0.9854. The average sensitivity of 5847.2 is calculated by the slope of the

curve.”

4.2 Development of the Simulation Software

To reduce the barrier for sharing the simulation platform with people who want to model and
simulate their device and see its performance, a COMSOL-based application has been created in
the application builder module of COMSOL Multiphysics. In this application, people can change
the simulation's parameters such as size of the nanostructures, thickness of the thin film,
refractive index of the surrounding medium, etc., and they can observe the result without any
prior knowledge of COMSOL. This application provides the opportunity to share the simulation
file with people who do not have any information about COMSOL, and they can customize their
design for a SPR sensor by just changing the design parameters.

Figure 4.4.a-e shows different windows of the created application. As shown in figure 4.4.a-
d, the user can easily define the optical parameters like angle of incidence, refractive index of the
sensing medium, and the wavelength range in which they want to sweep the wavelength.
Moreover, in the geometry part, the user can change the geometrical factors of the device such as
depth and width of the unit cell, thickness of the metallic thin film, and height and diameter of
the nanowire. These features allow one to change their design as they want without any
knowledge of COMSOL. As shown in figure 4.4.b, by pressing the ‘Mesh’ button, the
application automatically creates the appropriate mesh, and by using the ‘Compute’ button, it
starts to solve the equations and generates the electric field distribution and the absorption

spectrum as shown in figures 4.4.c and 4.4.d.
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Chapter 5

Conclusion, Contributions and Future Works

5.1 Conclusion and Contributions

In this work, for the first time, we modeled and simulated a refractive index sensor based on
surface plasmon resonance and localized surface plasmon resonance using COMSOL
Multiphysics.

To model the device, a silica glass medium was considered and covered with a layer of gold
thin film, followed by a dielectric material (used as the sensing medium) at the top of the
metallic layer. The performance parameters of the sensor in terms of sensitivity and accuracy
were studied as a function of the thin film thickness and its patterned surface. Moreover, the
effect of shape of the nanostructures in the case of protrusive thin films on the performance of
the device was studied. The investigations showed that patterned metallic thin films could result
in the excitation of both SPR and LSPR modes, and consequently, it affects the sensitivity of the
device. The absorbance spectroscopy of the investigated models showed that the devices made of
20 nm cylindrical nanowires supported by 40 nm thin film results in the best results in terms of
sensitivity and FOM for the detection of liquid substances.

Furthermore, the applicability of the mentioned nanostructures to be used for gas detection
was studied. It was observed that planar and perforated thin films do not show any absorption
peaks. However, protrusive thin films can be used to detect gasses. It was shown that as the
length of the nanowire increases, the performance of the device is improved.

Several substances with various refractive indices were used to measure the resonance

wavelength of the device; the variation of resonance wavelength with respect to refractive
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indices was plotted. The linear behavior of the plot indicates that the sensor is capable to identify

the media with unknown refractive indices.

5.2 Future Works

To improve the obtained results in this research, further investigations can be done to
study the effect of the size and periodicity of the patterned structures on the thin film. The
investigations can be extended in the following areas:

e As shown in the third chapter, size and configuration of the metallic thin films
highly affect the sensitivity, accuracy, and light absorption of the devices. Due to the
hardware limitations, in this work, we were not able to increase the size or periodicity of
the studied structures. Hence, it is recommended to perform the same studies in the larger
dimensions to observe the performance of the SPR-based devices.

e Although the data validation has been performed for the planar thin films and
discussed in chapter 3, it is suggested to fabricate the complex nanostructures
investigated in this work (perforated and protrusive thin films) and compare the
experimental results with the theoretical data.

e In this research, all the simulations were performed using “stationary” conditions
in COMSOL. Although “stationary” analysis can help us significantly to investigate the
device performance and understand the physics of SPR and LSPR, it is recommended to
perform the “time-dependent” analysis as well to study the electric field variations from
the very first moment that light reaches to the metallic nanostructures until the time it
gets magnified and passes the nanostructures. This study can help for further

comprehension of the physics of SPR and LSPR in complex nanostructures.
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e One of the interesting features of COMSOL which can be used for future studies
is its “Multiphysics” feature which can help to combine the Optics module with other
modules (like Chemical Species Transport module) to simulate the reactions of chemicals
at the surface of the metallic nanostructures which can result in improving the

performance of the sensors.
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Appendix I
Development of low voltage gas ionization
tunneling sensor based on p-type ZnO

nanostructures

6.1 Introduction

As explained in chapter 2, the principle of operation of physical sensors is based on a
physical reaction between the sensing medium and device, such as electron tunneling, light
absorption, etc. Gas ionization sensors (GIS) are one of the physical sensors which work based
on the fingerprinting of the ionization characteristics of the gasses. These sensors are made up of
two conductive parallel plates, which are oppositely charged. When a voltage is applied between
the plates, the breakdowns of gasses occur. These breakdowns are usually in the range of a few
thousand volts, and the breakdown voltage depends on the type of the gas. By advancing the
nanoscience, nanomaterials found their way in GIS. It was found that the required voltage for the
sensor (breakdown voltages of gasses) can be significantly reduced by implementing grown
nanowires between the two parallel electrodes. Based on the ionization energy and the discharge
current of the target gas, GIS can identify a wide range of gasses and they can be calibrated
based on either breakdown voltages (gas ionization breakdown sensors, GIBS) or tunneling
currents (gas field ionization tunneling sensors, GFITS) [62]-[64].

In this chapter, the development of a GFITS based on p-type semiconductor zinc oxide
(ZnO) nanowires is reported. Due to the applied voltages across the parallel electrodes, gas

atoms get polarized near the positively biased nanowires’ tips, and gas atoms’ electrons tunnel
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into the nanowires by the field gradient. Among semiconductor materials, the physical properties
of ZnO have been at the center of researches for many fields. This semiconductor has a direct
wide bandgap of 3.37 eV, and is non-toxic, chemically stable, and biocompatible. Recently, ZnO
nanowires have been widely explored to be used in sensing applications, including gas sensors.
The distortion of the atomic potential towards the high electric field gradient for an atom in
the vicinity of a p-type semiconductor is schematically shown in figure 6.1. The field effect of
the localized electric field at the tip of the nanostructures results in the upward band bending of
the atomic potential. In this case, due to the direction of the electric field from the anode to the
cathode, holes get accumulated at the surface of the anode, and the surface becomes degenerately
p-type. The tunneling of the electrons can only occur in the unoccupied states of the host. As a
result, using degenerate p-type semiconductors, which have a large number of available empty
energy states in the valence band above the Fermi level, can increase the tunneling probability
significantly. Moreover, as stated earlier, the magnitude of the electric field and tunneling
probability have a direct relationship. Hence, using high aspect ratio nanowires can amplify the
electric field significantly and results in the increasing of the tunneling probability [65]. In order
to have electron tunneling, the gas particle must be at a critical distance from the electrode
surface. The critical distance is defined as [66]:
d=U;—(0+0,)/E (17)
Where d is the critical distance, U; is the ionization potential of the atom, @ is the work
function of the semiconductor, @4 is the amount of band bending which is proportional to the

penetrated field, y is the semiconductor’s electron affinity, and E 4. is the vacuum energy level.
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Figure 6. 1 (After Agharazy Dormeny et al. [2]) “Deformation of the atomic potential due to

enhanced electric field at the vicinity of nanowires tips.”

In this work, the electrodeposition method was used to fabricate p-type ZnO nanostructures
on different substrates. Fabricated nanostructures are implemented as the anode in GIS, and the
structure of the device and its performance are discussed. It was observed that the high aspect
ratio flower-like nanostructures of Ag-doped ZnO grown on gold substrates can result in the

largest enhancement factor among the structures discussed in this study.

6.2 Experimental Setup

6.2.1 Fabrication of Nanowires

A three-electrode electrochemical cell setup was used to fabricate ZnO nanowires. This setup
is made of up the substrate as the working electrode, platinum wire gauze as the auxiliary
electrode, and a saturated Ag/AgCl reference electrode. The potentiostatic mode with applying a
constant cathodic voltage to the working electrode was used to perform the electro-deposition of

the nanostructures. P-type (100) silicon (with resistivity between 5-10 Q.cm) and gold-coated
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silicon wafers (Si wafer with 500 um thickness coated with 1000 A gold, Sigma-Aldrich) were
used as substrates, and they were cut in 2 x 2 cm? pieces. Isopropyl alcohol was used to clean
gold-coated substrates, and p-type Si wafers were cleaned by the RCA technique. In order to
make the electrolyte, 5.4 mM solution with an equal amount of zinc nitrate hexahydrate,
Zn(NO3)2.6H2O (Fisher Chemical), and hexamethylenetetramine, C¢Hi2Ns, (Alfa Aesar) was
used.

0.026 mM of silver nitrate, AgNO; (Fisher Scientific), was added to the electrolyte to
produce p-type ZnO semiconductor [67]. The process was then continued by 20 minutes of
stirring the solution at a constant temperature of 75 °C (using an oil bath). The concentration of
the electrolyte was kept constant using a condenser during the experiment.

Substrate material, duration of the deposition, temperature, applied voltage, and
concentration of the electrolyte are the main parameters affecting the morphology of the
synthesized nanostructures. These parameters and their effect on the resulting morphology of the
nanostructures are investigated in the previous studies [68]. It was observed that for fabricating
uniform arrays of nanowires on the substrate, a cathodic voltage of 1 volt is required to be
applied on the substrate during the growth process. In order to provide an appropriate growth
rate, the temperature of the electrolyte was kept constant at 75 °C throughout the growth process.
Increasing the temperate results in the growth of thicker nanowires which are not suitable for gas
sensing applications. For both substrates (Au and Si), the growth process time was varied
between 60, 120, and 180 minutes. Hereafter, these samples are referred to as Au-60, Au-120,
Au-180, Si-60, Si-120, and Si-180, respectively.

To investigate the elemental analysis of the grown nanostructures, Energy-dispersive X-ray

spectroscopy (EDXS) was used. Figure 6.2 depicts the results of the element analysis for p-type
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ZnO (silver doped ZnO nanowires). As shown in figure 6.2.a-c, the distribution of O2, Zn, and
Ag elements is almost uniform over the fabricated structures. In addition, as shown in figure

6.2.e, the EDXS spectrum shows the existence of 0.65 atomic% of Ag dopants in the structure.

ﬂ) b)

Figure 6. 2 (After Agharazy Dormeny et al. [2]) “EDXS and mapping analysis of fabricated
Ag-doped ZnO NWs. a) Distribution of oxygen, b) Distribution of Zinc, ¢) Distribution of Silver
dopants, d) Studied site, €) Spectrum analysis shows 51.42 atomic% Zn, 47.93 atomic% O and
0.65 atomic% Ag.”
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The transmission electron microscope (TEM) images and elemental analysis of individual
nanowires from samples Au-180 and Si-60 are shown in figure 6.3. By comparing figure 6.3.a
and 6.3.b, it can be observed that due to the growth process time, the dimensions of Si-60 sample
(Figure 6.3.a) is less than Au-180 (Figure 6.3.b). The tips of the nanowires, size, and distribution
of silver nanoparticles over ZnO nanowires are shown in the insets of the figures. The EDXS
results of both samples are shown in figure 6.3.c, which confirms the existence of silver in the

structures.
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Figure 6. 3 (After Agharazy Dormeny et al. [2]) “TEM analysis of individual nanowires. a)
Nanowire from Si-60 specimen. b) Nanowire from Au-180 specimen. ¢) Elemental analysis from
the areas shown in the insets of the pictures. The existence of Copper and Carbon in the resulting

spectra is due to the TEM grid used for the analysis. (The data is collected on FEI Tecnai 200 kV
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Cryo-STEM microscope located at the Facility for Electron Microscopy Research at McGill

University.)”

6.2.2 Fabrication of Gas Sensor

Figure 6.4 depicts the structure of the gas sensor schematically. The anode of the sensor
consists of the fabricated ZnO nanowires, and the cathode is made of aluminum-coated Si wafer.
A high-temperature resistant double-sided tape with a thickness of 100 pm was used to separate
the electrodes. The sensor was then placed in a gas chamber. Before inserting any gas inside the
chamber, the chamber was vacuumed to 10~ Torr. Then, each gas was introduced and the I-V
characteristic of the sensor was obtained for each gas using HP4155 parameter analyzer. In this
study, the device was tested for Argon (Ar), Nitrogen (N3), and Helium (He) gasses under low
pressures (10 Torr). To obtain the I-V curve, the voltage was swept between 0 V to 100 V with

steps of 0.5 V and a delay of 1 second.

Gas chamber

Figure 6. 4 (After Agharazy Dormeny et al. [2]) “Schematic of the gas sensor. The figure in
the magnified section represents the tip of a nanowire and the tunneling of the valence electron

of the gas into the anode and repelling the positive ion toward the cathode. The carriers will be
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neutralized through the external circuit shown in the schematics and the current of SMUs are

being recorded.”

6.3 Results and Discussion

6.3.1 Enhancement Factor

When a voltage difference is applied between the two parallel plates, a uniform electric field

is generated, which is known as the applied macroscopic field and is defined as:

v
Eapp = E (18)

Where V' is the applied potential, and d is the distance between the parallel plates. By
implementing one-dimensional nanowires on one of the electrodes, a nonlinear electric field Eiqc,
at the vicinity of the tips of the structures is generated, which has a larger magnitude than the

applied macroscopic field [69]. The field enhancement factor is defined as the ratio of Ej,. to

Eapp:

— Fioc (19)

"~ Eapp

The performance of the GIS sensors is highly dependent on the field enhancement factor.
By increasing the local electric field at the tip of the nanowires, the field enhancement factor
increases. This increase in the value of [ intensifies the rate of the gas ionization, and
consequently, reduces the breakdown voltage of the sensor. To calculate the field enhancement
factor, various analytical studies have been previously reported [69], [70]. However, in all these
studies, B can only be calculated for one single nanowire. In a GIS structure, there are thousands
of nanowires that can affect the electric field distribution and magnification. As a result, to
optimize the design and structure of the device, it is required to know the average field

enhancement factor of the whole structure, P However, due to the different constructive and
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destructive interferences of the induced electric field at the tip of the nanostructures, and a large
number of nanowires, Analytical calculation of Bl is a non-trivial task. Estimation of Bt can be
done using the slope of the gas discharge graph (I-V curves) in the ohmic region of the curves.
The discharge characteristics of gasses in a GIS with parallel electrodes (uniform electric field)
are shown in figure 6.5. Due to the ionization of the gas atoms by cosmic radiation, each gas has
positive ions and free-floating negative electrons. In the ohmic region, as a voltage difference is
applied to the parallel electrodes, electrons start migrating to the anode and the positive ions
migrate to the cathode. This migration is due to the current generated by the traveling radiation-
generated charged particles. In this region, as the applied voltage increases (as the electric field
magnification increases), the induced current gets amplified. By increasing the voltage, the
current gets saturated (in the saturated region). This means that all radiation-generated particles
are attracting to the electrodes. In the Townsend discharge region, as the applied voltage
increases, the current raises exponentially. At this stage, the amplitude of the electric field is high
enough to result in the acceleration of the electrons and ionizing collisions. Finally, when the
electric field magnitude is large, breakdown occurs. At this voltage (Vv), the discharge can be

maintained only by the ionizing collisions without any external ionization source [62].

Iy
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Figure 6. 5 (After Agharazy Dormeny et al. [2]) “Discharge characteristics in uniform fields

between the parallel plates.”

Since there is an almost linear characteristic between the current and voltage in the ohmic
region of the I-V curves, all the B factor investigations have been done in this region. Figure 6.6
shows the I-V curves of the parallel plate capacitor (PPL) and fabricated sensors in their ohmic
region under vacuum conditions (10 Torr). To estimate B, the slope of each curve in the

ohmic region was calculated and divided by the slope of the PPL device as

__ Slopepevyice
Beot = Sopepestce 20)

Another important parameter about the physical phenomena inside GIS shown in figure 6.6 is
about the difference between the GIBS and GFITS based on the curvature of the graphs. As can
be seen in the figure, for the PPL device, the I-V curve moves downward as the applied voltage
is increased, indicating the transition from ohmic region to saturation region (refer to figure 6.5).
However, for the other devices, the I-V curves (GFITS based on nanowires), the curves move
upward, which shows the transition from ohmic region to tunneling region, which is discussed in

the next section.
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Figure 6. 6 (After Agharazy Dormeny et al. [2]) “Estimated enhancement factor (Btol)
generated by nanostructures in the fabricated devices. Left vertical axis corresponds to solid lines
showing the enhancement factor of the devices made by Au-120, Si-60 and Si-180. Right vertical
axis corresponds to those of made by Au-60 and PPL. Trend lines show the slope of each curve.
The slope of PPL graph is shown by “R”, which is used as a reference to calculate S;,; of the

nanowires.”

6.3.2 Characterization of the Gas Sensors

To investigate the [-V characteristics and the breakdown voltages of different gasses, two
types of vertically-aligned and flower-shaped nanostructures are implemented as the anode of
GIS, and the performance of the sensors for different gasses are studied.

6.3.2.1 Vertically-aligned Nanowires

Considering the curves of Si-60 and Si-180 devices in figure 6.6, it can be concluded that
since the enhancement factor for both sensors is almost the same (§ ® 1000), increasing the time
of the fabrication does not have any significant effect on the field-enhancement property of
nanowires. The SEM images shown in figure 6.7.a (for Si-60 device) and 6.7.b (for Si-180

device) confirm these observations. As shown in the figures, by increasing the duration of the
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growth process, just the density of the nanowires has been increased, and the aspect ratios of the
structures are almost the same. It is worth mentioning that due to the interference of the electric
fields at the tips of the nanostructures, the higher density of the nanowires may not necessarily

increase the B factor [70].
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Figure 6. 7 (After Agharazy Dormeny et al. [2]) “a) SEM image of Si-60 ZnO nanowires
shows the average length of 1 um. b) SEM image of Si-180 nanowires shows approximately the

same average length as of Si-60.”

The field ionization curves of the sensor made up of Si-60 as the anode are shown in figure
6.8. The test has been performed at room temperature for He, N2, and Ar at the pressure of 10
Torr. The transition from the ohmic region to the tunneling region is clearly shown in the figure.
In the tunneling region, the current increases very rapidly with respect to the applied voltage.
The sudden rises in the current at a voltage between 50 to 60 volts are called “quasi-breakdown”.
At the quasi-breakdown voltage, the magnitude of the electric field is so high that all the gas
molecules approaching the tips of the nanostructures become ionized. Due to this reason, at this
voltage, many ions are generated and the quantity of the positive ions on the cathode electrode
increases. As a result, an internal electric field in the opposite direction to the applied field is
generated, which reduces the total electric field inside the chamber and slows down the field
lonization rate.

Our observations showed that, as expected, Si-60 and Si-180 devices show similar tunneling
currents and quasi-breakdown voltages. The reason for this phenomenon is the similarity in the
field enhancement factor of these sensors (figure 6.6). The effect of the gas pressure on the
breakdown voltage of the sensor made up of Si-60 sample is illustrated in figure 6.9. For this
test, helium gas with pressures of 0.01, 0.1, and 1 Torr is used. As clearly shown in the figure, by
increasing the pressure of the gas, the breakdown voltage is increased, and the sensor can

differentiate between various pressures.
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Figure 6. 8 (After Agharazy Dormeny et al. [2]) “Field ionization (I-V) graphs for the sensor
fabricated with Si-60 sample. Approximately above 20 volts, the current increases steeply which
can be defined as the tunneling region. The curves also show quasi-breakdown voltages that can
be used as calibration data for the gas sensors. The transition from ohmic to tunneling region is

magnified and shown in the inset.”
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Figure 6. 9 (After Agharazy Dormeny et al. [2]) “I-V characteristics of the device fabricated

with Si-60 sample for He under different pressures.”

6.3.2.2 Flower-like Nanostructures

For the nanostructures grown on gold-coated silicon, our observations show the field
enhancement factor is highly dependent on the duration of the growth process. When the
duration of the experiment is 60 minutes (Au-60 device), Pt was about 1.4, and it did not display
field ionization currents due to the insufficient field enhancement. However, increasing the
growth time to 120 minutes (Au-120 device), resulted in increasing the P01 factor to around 3.8 x
104, and 7.62 x 10° for the Au-180 sample (this sample is not shown in figure 6 as its ohmic
region happens to be below 0.5 volts). As the duration of the experiment was exceeding 60
minutes, “flower-like” ZnO nanostructures were forming, and the increase in the enhancement
factor can be attributed to the formation of these structures. The SEM images of Au-120 and Au-
180 devices are shown in figure 6.10.a and 6.10.b, respectively. The repeated growth of 2D ZnO

nanosheets has resulted in the formation of the flower with hexagonal shapes [71], [72].

TMG 10.0kV 19.9mm x5.00k SE

(a)
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(b)

Figure 6. 10 (After Agharazy Dormeny et al. [2]) “SEM images of “Flower-like” structures
a) Au-120 (the inset figure shows background nanowire layer with 2 um length) b) Au-180 (the

inset figure shows background nanowire layer with 2.5 pm length).”

As mentioned earlier, high aspect ratio ZnO flowers and increasing the effective surface area
due to the flower-like structures are the main reasons for large field enhancement factors for Au-
120 and Au-180 devices. The constructive interferences of the electric field around the flower-
like nanostructures is another important parameter affecting the P! factor. These constructive
interferences are due to the spherical alignment and orientation of the nanowires. Field ionization
curves of the sensor made up of Au-180 sample, for He, N2, and Ar at the pressure of 10 Torr
and room temperature are shown in figure 6.11.a. Due to the very large value of the P, the field
ionization tunneling current reaches the current compliance of 30 mA within 6 volts for all three
gasses. Consequently, it would be difficult to observe the changes in the tunneling current values
and specifying some calibration points. As a result, for this device, the logarithmic graph was

used to clearly show the transition point from the ohmic region to the tunneling region. The
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logarithmic I-V characteristic of this device is shown in figure 6.11.b (for the same gasses in the
same condition). As can be clearly seen, the knee point, which shows the transition from the

ohmic region to the tunneling region, can be used as the calibrating data for this sensor.
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Figure 6. 11 (After Agharazy Dormeny et al. [2]) “a) -V characteristics of the device made
by Au-180 for Ar, He, N> at 102 Torr. b) Log I vs V of the device. The knee point is used to

calibrate the devices.”

6.3.2.3 Numerical Simulations of the Field Enhancement Factor

As mentioned previously, there are two main reasons responsible for the large enhancement
factor of the flower-like ZnO nanostructures. First, in flower-shaped structures, most of the nano-
rods are emanated from the center, which amplifies the electric field in several steps [73]. As a
result of this type of geometry, at the tip of the flower-like nanostructures, the electric field gets
more magnification compared to those with arrays of parallel nanowires. Secondly, when the
nanowires are grown very closely, the interference of induced electric fields at the tip of the
nanostructures will usually reduce the effective electric field [70]. As shown in figure 6.10, since

the distance between the tips of the nanowires in flower-like structures is much larger than those
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of vertically aligned nanowires, destructive interferences become much smaller in flower-shaped
nanostructures.

To study the effect of shape of the nanostructure on the electric field magnitude in GIS,
models were developed to compare the field enhancement in flower-like nanostructures with
those of vertically aligned nanostructures. In these models, we have just considered the general
shape of the nanostructures, and small protrusions or whiskers on the surface of the structures are
neglected.

To simulate the sensors, two devices with the same parameters used in practice (vertically
aligned and flower-like ZnO nanostructures) were modeled in COMSOL Multiphysics
(electrostatics module), and electric field inside each device was measured. The geometry of the
model, containing two parallel silicon plates as cathode and anode in the Argon environment and
ZnO nanostructures on the anode, is demonstrated in figure 6.12.a. To induce an electric field, a
voltage of 55 volts was applied between the electrodes and the local electric fields generated
between the plates, and at the tips of the vertically aligned and flower-like nanowires are shown
in figure 6.12.b and 6.12.c, respectively. By comparing these figures, it can be observed that the
maximum electric field in vertically aligned nanowires is equal to 1.31 x 10" Vm''. While the
maximum field observed in flower-shaped nanostructures for the same applied voltage is 7.79 x
107 Vm™! (around 6 times higher). The analytical results are in good agreement with what we

observed in the experimental results.
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Figure 6. 12 (After Agharazy Dormeny et al. [2]) “a) Geometry of the designed model. b)
Electric field contours generated around the tips of the free-standing nanowires. ¢) Electric field
contours generated around the tips of the flower-like nanostructures. The insets in figure 6.12.b

and 6.12.c show the tip of the nanostructures where the electric field is maximum.”

6.4 Conclusions

In this chapter, the growth of the ZnO nanowires on p-type silicon and gold-coated silicon
substrates using the electrochemical deposition technique was explained. The fabricated
nanostructures were applied as the anode of a miniaturized GFITS, and the device was used to
detect N2, Ar, and He gasses under low pressures. For the devices made from p-type silicon
substrates (Si-60 and Si-180), the results showed that the tunneling current starts at around 20 V,
and a quasi-breakdown between 50-57 V can be observed for all the target gasses, which can be
used as calibrating data for these structures.

For the devices made from gold-coated silicon substrates, the ZnO nanostructures had
flower-shaped morphologies, and as a result, these devices showed the lowest onset voltages. In
these devices, by applying 0.5 V, the field ionization current starts, and it reaches the 30 mA
compliance current at voltages between 3 to 5 volts (depending on the target gas). The numerical
simulations in COMSOL demonstrated that the amplification of the local electric field in flower-
like nanostructures is much larger than that of vertically aligned nanowires, which is consistent

with the experimental observations.
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