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Abstract

The field of plasmonighas drawn a considerable amount of research interest for the past 2anears
now, plasmonis is a vital part of nhanophotonics. Numerous applications have been enabled by
plasmonic structures in a wide range of argasuding engineering, medicine, biology, food science

and environmental science. Among all the applications, the field of plasmonic sensing has made
remarkable progresand it continues to grow quickliPlasmonic sensors, empowered by cutédge
nanofabrication techniques, are offeriapelfree and robust sensing performance. In order to apply
the plasmonic sensor technology to even more areas angaddlproblems, one needs to optimize

and improve the sensor technology toward realizingdost, portable, and higherformance seinss

that can operate in unstable environments.

In this thesis, we propose and fabricate several nanostriasesl plasmonic sensors to improve
performance in variable environmental conditions and reduce the cost of characteriZd@fisst

two sensors are based on metallic imensional nanograting that can create Hjghlity factor
resonance features in visible wavelengtBeth sensors have the ability of sedferencing which

makes them suitable for working anunstable environment. Further, both sensors are highly sensitive

to the smalthanges in the local refractive index and are also capable of detecting surface attachments.
Last but not least, both sensors have simple structures resulting in ease of fabrication and operate in
visible and neainfrared regions which makes them excellent candidates fecésivapplications. To
demonstrate the sensors, we design and numerically evaluate the performance of the proposed
structures using Rigorous couple@ve analysis (RCWA) and Finitdifference tme-domain (FDTD)

methods. We also invegtited the effect of geometrical parameters on the performance of the sensors
and demonstrated that a photonic designer had many degrees of freedom to design for the proposed
devices to optimize the sensors for diverse applications. Secondly, we falbrécdésigned structures

using nanofabrication techniques such as electron beam lithography (EBL) aoif, l#hd we
experimentally confirm the different plasmonic motiestare excited in the sensor. We also optimize

the sensors to achieve desirable ItesuFinally, we characterize the fabricated sensors and
experimentally evaluate them in terms of sensitivity. The experimental results agree with the
simulationsand the sensors showed high performance as predicted during the design and simulations.
Based on the experimental results, the sensors can generate several resonance features in the visible to

nearinfrared range, in which at least one of these resonance modes is very sensitive to the changes in
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the surrounding refractive index and can be used as a sensitivity measurement point. On the other hand,
at least one of the resonance features is isolated from the surrounding environment and can be used as
a seltreferencing point. We propose that usimdf-seferencing, changes due to temperature can be
extracted. For some designs, the sensitivity values achieved in the experiments are even higher than the
valuesthat were predicted in the simulations. The fabricated sensors showed lots of potential for

realizing a lowcost platform for selfeferenced plasmonic sensor

The third proposed plasmonic sensigsigned and fabricated in this work, is a hybrid platform based

on titanium dioxide (Ti@ nanowire arrays integrated with plasmonic layers. The sensor can create a
very sharp resonance feature in reflections in the visible range, resultinthé&ooupling of plasmonic

modes and nanowire optical modes. While similar resonances have been demonstrated before in the
transmissione.g, with nanehole plasmonic arrays, to our knowledds is the first demonstration

of single peaked reflections. This résuin the generation of very vivid structural colors. After
designing and evaluating the proposed design using FDTD and RCWA simulations, we fabricate the
nanowire arrays usintpe dry etching technique and achieve highly ordered nanowire arrays. Further,
the structure is sensitive to the changes in the surrounding refractivewitex maksit suitable for

realizing lowcost colorimetric sensors requiring only a camera and image processing instead of

spectrometer. This wilippreciably reduce the ¢asf a sensing system
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Chapter 1

l ntroducti on

Plasmonic was unknowingly used hundreds of years ago by Roman glassmakers for making colorful
glass cups througiheincorporation of nanometallic particles in between two glass planes [1]. Stained
glass windows in European Cathedrals employed the same technique. Scientifically, the phenomena of
surface plasmon polaritons (SPPS3rafirst observed by R. W. Wood [2] in 1902 while he was
monitoring the spectrum of reflected | ight fron
discovery, plasmonics Badrawn a great deal of interest ahds now beome a vital part of
nanophotonics with a wide range of applicaticimeluding chemical and environmental sensing,
structural color generation, and kdetection [3,4]. Plasmonic sensors provide a robust andflateel
sensing platform that has immense potential to be used in a variety ofdigltisas cancer detection,

food safety, homeland security, ettnd has been recently used for rapid screening of C&9I[3].

Recent advancements in micro and ndabrication techniques, which resulted the precise
fabrication of thin film and nanostructures, have led to remarkable progress in producing and utilizing
plasmonic sensors for a variety of applications. Nowadays, plasmonic sensors exploiting both
propagating and localized surface plasmons arebtapd detecting analytes as small as a single
molecule. Although plasmonic sensing technology now seems to be quite mature, there are several
critical issues that current plasmonic sensors are suffering frhmeed to be addressed. In this
chapter, we discuss the history of surface plasmons and will try to elaborate on how plasmonics can be
helpful in building highperformance sensor technologies and artificial structural colors. Then, we will
summarize somef the critical issues that current plasmonic sensors are facing and will try to provide

a brief solution for them. At the end of the chapter, we explain our motivations and briefly discuss the

structure of this thesis.

1.1 Bulk Plasmons

The gtical properties of metals can be explainedi®plasma model for a wide range of frequencies.

In the plasma model, it is assumed that a gas of free electronswitimber of electrons per unit
volume moves against a fixed background containing positive ion cores. One can write the simple
motion equation of the plasma electrons in the presence of a time dependence electric field and derive

the complex dielectric function of free electron gas as fal@8]:



e( y=1 W2+pi g (1.1)
sz :ﬁ (1.2)
em

where w, is called the plasma frequenawd gis the collision frequencyvhich is in fact, the inverse

of electron relaxation time. Furtheg,it is the vacuum permittivityandmis the effective optical mass

of electrons. It should be mentioned thahieplasma model, the effect of lattice potential and eleetron
electron interactions are not consideraad only some aspects of band structusincorporatednto

the effective electron mass. thelossfree limit, in which damping is negligibleg is equal to zero

and equation (1.1) is simplified as folley#-8]:

e( w=1 % (1.3)

The equation (1.3) is the dielectric function of undamped free electron plasma. For plasma frequency,

equation (1.3) yielsito ¢( =0. Maxwell's equations can be employed to further understand the

meaning of this Maxwel | 6s equations can be effectively

i(Kor-ut)

with electromagnetidields. For the case of a plaedwave in the form ofe whenthereis no

external sour ce @ausslsagequationbDtDh= yidlos tojw-8]1 | 6 s

e( WK.E=0 (1.4)
Where K is the wavenumbeaand E isthe electric field. There are two solutions for equation (1.4) as
follows:
K.E=0 (1.5)
e( y=0 (1.6)

The first solution corresponds to a transverse walige the second solution corresponds to a purely
longitudinal mode. Thus, according to equation (1.3), at plasma frequepeaye longitudinal mode

existsin metals that corresponds to longitudinal collective oscillations of the electrons. The plasma



frequency can be assumed as the natural frequency of a free oscillation of the metal electrons. The
guanta of this charge oscillatianecalled bulk plasmons or volume plasmons[4

In conclusion, based on equation (1.3), for frequencies lower than plasma frequency, the real part of
thedielectric function of metal would be negative. In this situatbectronswill oscillate 180 degrees
out of phase with the incident wavkhis causes a strong reflection. If the light has a frequency higher
thanthe plasma frequency, which wouitbrmally bein the ultraviolet range fanoblemetals, the real
part ofthe dielectric constant of metals would be positive. In this situation, electrons cannot response
quickly to the driving force otheincident field. Thus, the electrons will not oscillate with the incident

light, and light will be absorbed or transmitted in theribéad transitions [48].

The effect of bulk plasmon was first observed by Ruthemann [9] while he was bombarding thin metal
films with fast electrons. By monitoring the energies otlefiected electrons, unexpected peaks at 16
eV intervalswere observedThis phenomenon was explained later by realizing that-lang
Coulomb interactions of valance electrons in the metal firadto longitudinal oscillations of the
collective excitations of the electron density. Due to the similarity of the phenomenon with the
electronic plasmascillation in discharged gathieword plasmon was used for the excitation8]4

At the end of this section, we should mention that the simple plasma model for describing plasmonic
phenomena has limitationsspeciallyin the caseof noble metals such as gold and silver. For noble
metals an extension to the plasma model is neeesgakcially for regions with frequencies higher than
plasma frequencyhereinterband transitions cause an enhancement in absorption. To mitigate this
limitation, the classical Drude model for the AC conductivity of metals can be linked to the simple
plasma mdel [4-8]. A huge advantage dlfie Drude model is that it can be easily incorporated into
time-domainbased numeri cal solvers for Maxwell 6s equ:
effect of restoring forceis taken into accountind a new model is developathich is referred to as
the DrudeLorentz model [48].

1.2 Surface Plasmon Polaritons (SPPs)

Surface electromagnetic waves (SEWS) are a specific type of electromagnetic waves that are bound to

the interface of two dissimilar media and contaitanescent electric fields such tkiatir magnitude

decays away from the interface. By solving Maxwe
for nonmagnetic media, only ppolarized surface wave can exist. Furtlierthe mode tde bound

to the surface, the normal component of the wavevector needs to be imagmelnyequires the two
3



media to have real permittivity values with opposite signs. Noble metals such as gold and silver have
negative permittivity in frequencies below the plasma frequency. Thus, an interface containing noble
metals and a dielectric can support a specific fofrausface electromagnetic waves called surface
plasmon polaritons (SPPs). An electromagnetic wave that propagates along the planar interface of a
dielectric and a metal is the simplest fornS¢fPs Such a wave decays exponentially into each media
when the distance increases from the interface.
boundary conditions, one can see that only a transverse magnetic (TM) wave can excite surface
plasmons orte interface between the metallic and dielectric material. This mearisetbkgctric field

must have a normal component to the surfae#[4

As discussed earlier, volume plasmons are the longitudinal oscillations of the collective excitations
of the charge density dhe plasma frequency of the metal. Surface plasmons are another type of

collective excitation of the electron density at a reduced frequa@;é;@ , Which only exiss at the

surfaceof two media Polaritons are referred to quamirticles formed fronthe coupling of the
electromagnetic fields with a fundamental excitation of the system. Here, the fundamental excitation
of the system is surface plasmand thus the related quasarticle is called surface plasmon polaritons
(SPPs) [48].

1.3 Surface Plasmon Resonance (SPR)

The general charge density oscillations induced by photons in the interface of two media with opposite
permittivity signs is called surface plasmon resonance (IRRjcally, SPR is the resonances caused
by propagating tymeof SPPsBys ol vi ng Maxwel | & s-dietectric interfacerasd f or

applying the boundary conditions, the wave number of SPP propagating xnditection can be

_w 460¢g
- $a0s ar

In the above equatioriy is the angular frequency of the incident lights the speed of light, and

obtained as follow[4-8]:

€ ¢, arethe real permittivity of metal and dielectric, respectivélie can also write down the SPP

wave vector, normal to the interface in tfienedium (= 1, 2) as follows [4-8]:
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If the k,; is purdy imaginary and positive, then the amplitudetaf SPP wave will have a form of
exp(- kzi|z|), and thewave will decay exponentially by increasing the distance from the interface.

This condition can be met #, + £it becomes aegative number. This can happen at the interface of

a noble metal and dielectric around the plasma frequency. However, the dielectric constant of a real

metal is a complex numheand thus bottk, andk,; will be complex.As a resultthe SPP wave will

also decay along the direction of the propagation (whisthire). Further, the imaginary part kf;

needs to be positive to insure the confinement of the wae indirection[4-8].
One can understand from the wave number of SPP in equation (1.7) that SPRs cannot be excited

directly by the incident light as the free space wave numobgﬂ’e% is smaller than that of SPPEhis
C

momentum mismatch can be solved by using prism coupling, diffractive grating coupliwave
coupling through optical waveguides or fiber. When a grating is employed, both TM and TE modes
can excite the SPPs-].

1.4 Localized Surface Plasmon Resonance (LSPR)

Localizing SPPs in the nanoparticles or nanostructures witlvaublength feature sizes can lead to
another type of collective excitation called Localized Surface Plasmon Resonance (EBBE&}the
geometry of the nanostructusapportshe additional momentum, LSPR can be excited directly by the
incident light, simplifying the set up for exciting the surface plasmons. Further, confining the collective
oscillations of electrons in nanostructures can intensify the local electromagnetics field and make it
several orders of magnitude stronger thanpharyincident field. The shape, location, and intensity

of the LSPR mode depend on the geometry and dimension of the nanostructures and surrounding

refractive index.



Understanding the optical properties of these nanopartanhels nanostructures crucial for
designing devices and materialglie theory can be used to predict LSPR modes in metallic
nanoparticlesMie theory, often referred to as Mie scattering theory, is a mathematical framework used
to describe the scattering of electromagnetic waves by spherical pamiddesheory provides a
mathematical framework for understanding how plasmonic nanoparticles interact with incident light,
leading to the calculatioof scattering and absorption propertiegrtivides an intuitive understanding
of the design and optimization of plasmonic nanoparticles for various applications in nanotechnology
and photonicsLet usconsidera spherical nanoparticle with a radiagmbedded in a surrounding
medium with refractive indexs;. The nanoparticle itself has a refractive index When light of
wavel ength & i s i nacdodingnd thewedheoryt theadteringerasssectioa | e
can be calculated as folley4-8]:

Where’Q —¢ is the wavenumber in the surrounding medium énéndc are the Mie coefficients

that depend on the size of the particle, the refractive indices, and the polarization of the incident light.
The scattering crossection represents the fraction of incident power that is scattered in all directions.
Further, the absorption cresection, which represents the fraction of incident power that is absorbed

by the nanoparticle, can be calculated #isvies [4-8]:

The absorption crossection is particularly important in plasmonics because it quantifies the energy
absorbed by the nanoparticle's plasmonic resonahlsedMie coefficientgan be computed by solving
a system of recursive equations based on the size paraw)edmd(the refractive indices. The size

parameter is defined §-8]:
W —& W (1.12)

Solving foré and Involves a series of equations known as the Mie coefficients equations, which
depend on the type of polarization (e.g., transverse electric (TE) or transverse magnetid/{@H!)).
theory reveals that when the particle size is on the order of the wavelength of the incident light,
resonance effects can ocauhere the light gets guided along the surface dudndaxcitation of
whispering gallery moded hese are called Mie resonandegrther,Particles with higher refractive
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indices generally scatter more light than those with lower refractive indices. A change in refractive
index can shift the Mie resonance peaks and affect the scattering and absorption spectra.

In summary, Mits theory provides a mathematical framework for understanding how plasmonic
nanoparticles interact with incident light, leading to the calculation of scattering and absorption
properties. It plays a critical role in the design and optimization of plasmanaparticles for various

applications in hanotechnology and photonics.

1.5 Plasmonic Sensing

Resonance conditions of both SPR and LSPR modes depend on the dielectric medium surrounding the
metal. Once the surrounding medium is changed or a target analyte is bound onto the metal, the
resonance conditions of both SPR and LSPR modes change. Thestyrigpthe fundamentals of

plasmonic sensing. In refractive index sensors, sensitivity is defineeBks [4

S= by (1.11)
Dn
in which / is the wavelength of SPP excitatj@mdn is the refractive indexOnce the local refractive
index is changed, the resonance wavelength of SPPs will change babe®nrde modeland thus
the sensitivity can be measured. To better evaluate the performance-b&S&fPsensors, figure of
merit (FOM) can be employed to express both the sensitivity and linewidth of the resonance peak as

follows:

FOM=—>_ (L.12)
FWHM

FWHM is the full width at half maximum linewidth. Thus, the sharper the resonance peak, the higher
the FOM. Improving both sensitivity and FOM is the main goal in designing plasmonic sensors.

1.6 Plasmonic Structural Colors and Colorimetric Sensors

Artificial structural colors, made from nanostructures, have drasonsiderable amount afiterest

due to their potential applications in color filters, imaging, and-hégoblution display technology [10].

Among all thediversetypes of nanostructures, swiavelength plasmonic arrays attracted even more

interest due to their ability to produce higgsolution colors and tunability in color generation [11]. As

discussedthe location and shape of the LSPR and SPR modes are highly dependent on the shape,
7



composite materials, and geometrical parameters of the nanostructures. Accordingly, absorption peaks
due to LSPR and SPR modes can happémeialtravioletvisible-near infrared range. One can design

the metallic nanostructure in a way that absorption enhancement happens in the visible range. Thus,
vivid colors can be generated using the plasmonic nanostructures. Since the shape and location of th
SPR and LSPR modes are dependent on the geometrical dimensions of the nanostructure, by tuning the

dimensionf the nanostructurea wide range of colors can be generated.

There is a considerable need for portable sensor technologies which arestolightweight, and
simple to use. Plasmonic structural colors can be effectively used to makedobeolorimetric sensors
[12]. In plasmonicstructuralcolor generatorsSPRand LSPR modesarein the visible range Any
change inthe surrounding refractive index will change the excitation properties of surface plasmons
and thus alter the location and shape of SPR and LSPR resonance features. As a result, reflected and
transmitted colors from the nanostructure will change due to theyeha the surrounding medium. If
the changes in the coloasebig enough, it can be detected by the naked eye and thus make the readout
of the sensor very simplnd lowcost In the previous works, the color generatfas been done by
removing some wavelengths from the reflected spectra. These are the wavelengths where LSPR modes
are excited and are thus absorbed within the plasmonic structure. As such, color changes are not very
predictable or linear. Alternatively,was also shown through diffraction in nanowire arrays that if we
can have singlpeaked reflections, the color changes become linear with refractive index ctigjges [
So, a question naturally arises whether we can achieve gieglked plasmonic strucis since

plasmonic peaks have the highest sensitivity to both bulk and surface sensing.

1.7 Nanowires Integration with Plasmonics

Nanowires (NWSs) are ordimensional nanostructures with typical lerggih the order of micragand

diametes on the order of tens to several hundred nanomdgrsitroducing a new class of materials,

NWs can overcome the limitations of conventional bulk or thin film devices. Basedioohémical
composition and electronic properties, nanowires can be dividied metallic, dielectric and
semiconductor nanowires. Although each type of nanowire has various applications, metallic and
metallic - dielectric nanowires,through exploiting surface plasmon polaritdrgve shown great
potential for realizing plasmonighotonic waveguides. Metallic nanowires can confine the light at the
surface in a few nanometers and propagate the light with surface plasmon polaritons and thus overcome

the diffraction limits that dielectrimanowires face However, high surface loss of plasmonic

8



transmission limits the performance of subwavelength optical waveguides made of metallic NW arrays.
Accordingly, by optical coupling between metallic and dielectric nanowires, pheqitagmonic
hybrid waveguidefaveshown high performance with a relatively lower transmission[li&sl5].

Integration of NW arrays with plasmonics resulted in kpginfformance hybrid photorjglasmonic
waveguides. However, there are few works discussing the sensitivity properties of such hybrid
structuresand the recent works are rather associated with complicated strudt@fekdt are not
suitable for lowcost sensing applications. There are numerous benefits while integrating NW arrays
with plasmonics for sensing applications. Firstly, the fabrication techniques of NW arrays are now quite
mature and thus precise, flexible, and tunable fabrication is possitlkich ensures the desirable
optical properties. Furthethe highly sensitive nature of plasmonic nanostructures can improve the
performance of current NWased sensors. Last but not least, coupling the optical modes of NW arrays
with plasmonic modes can lead to Fano resonancestlaungl sharp resonance features, which is

essential for higlyuality seners.

1.7.1 Optical Modes in Nanowire Arrays

When nanowire arrays are placed in a periodic lattice, several types of optical modes can get excited
within a nanowire arrayzurther,asingle nanowirén anarray can interact with neighboring nanowires

through neafield coupling.This creates wavelengttependent funneling of light into the nanowire

Also, for larger diameters, FabBerot (FP) modes can get excited in nanowire arrays where nanowires

act like a cavity. Moreover, nanowires can confine the light in wavelengths comparable to their
diameers which leads to the excitation of the bound modes or leaky modes, depending ordtfie cut
conditions.To integrate nanowires with plasmonic, it is crucial to understand and predict the optical

modes in nanowire arrays. Understanding these misdaesssible through analyzing the nanowire
arrays using Maxwell 6s equations and mat hemati c:

mode which will help us later innderstandinghe excited modes within our proposed struct{tés

1.7.1.1 Hybrid Modes

Modal excitation within cylindrical waveguides is primarily driven by the phenomenon of total internal
reflections along the cylinder's periphery, following a helical path. Consequently, in cylindrical
waveguides, it's challenging to completely elimindte zcomponent of the electric and magnetic

fields. As a result, radial modes are denoted as hybrid HE and EH modes. This characteristic is



particularly prominent in semiconductor nanowires, where there exists a substantial refractive index
difference Moreover,dueto thesmalldimensions of nanowires, the resonant modes within them tend
to exhibit leakage and more effective interactions with the external environment, sometimes even

coupling with one anothgt7].

Solving Hel mholtzés wave equation in cylindric:
magnetic field relations iz direction. Theny andt component s can be derivedc
equations using component. Thenodified Bessel function afhe second kind K,) describes the

guided modes outside the nanowiji@sd the expression for the electric field1ig]:
o 6 0 aiQ (1.13)
o 6 v aiQ (1.14)
Where 6 andd are constants and can be eliminated using the boundary condifiegnthe

azimuthal componenanda ¢ Q 1 ,inwhich¢ is the refractive index of the material.

On theother hand, Hankel functiomg) physically describes the leaky mod&3]:
oM 6 O aiQ (1.15)

Magnetic fieldexpressions can be derived similarly.

1.7.1.2 Photonic Crystal Modes

Because of the wetirganized arrangement of nanowires, alterations in their absorption properties can
occur as a result of the presence of photonic crystal modes. These modes arise from the excitation of
Bloch modes, a consequence of the periodic symnoftihe nanowires. They can lensidered
analogous to the perturbation of energy lewdlatomsin crystals compared to the energy levels of
individual atomsPhotonic crystal modes can enhance the absorption in nanowire arrays and further

increase the quality factor of the resonance feaftls

1.7.1.3 Fabry-Perot Modes

FabryPerot modes in nanowire arrays represenogatical phenomenon that occurs within periodic
arrays of nanoscale cylindrical structures. These arrays act as a collectiv®Eadimesonator, where
longitudinal interfaces of the nanowires asthighquality mirrors, reflecting and transmitting light.

The resonance conditions are defined by the array's periodicity, the nanowire diameter, and the

10



surrounding medium's refractive index. These modes lead to unique optical properties, such as spectral
filtering and enhancement, making nanowire arrays valuable in applications like photonic crystals,
optical sensors, and metamaterials. Harnessing tladsg Ferot modes allows for precise control over
light-matter interactions at the nanoscale, paving the way for innovative devices and systems in

nanophotonics and beyond.

1.8 Current Issues with Plasmonic Sensors

Recent advancements in nano and micro fabrication technigueshabled the possibility of the
production of highperformance, highly sensitivand highefficient plasmonic sensors. These sensors
have been employed in a wide range of applications and are showing promising potential to be the
solutionto many challenges in the future. Although the technology of plasmonic sensors seems to be
mature enough, there are several issues that plasmonic sensors are fagivitjetoheve limited their
practical aplications The next generation of plasmonic sensors sieege able to provide satisfactory
sensing performance while mitigating these problems. In this section, we will name some of the

important issues with the current plasmonic sensors and will try to pragiation for each issue.

1.8.1 Inaccuracy in Unstable Environments

Plasmonicand structural color sensors are highly desirable for detecting the analyte concexitration

gas and liquidand they play a significant role in the aredidood safety, healthcare, biomedical
diagnosis, and environmental monitoriri22]. Further,the high sensitivity and decent figure of

merit of the current plasmonic sensors make them unigue in the area of sensing. However, in practice,
they are oftewvulnerable to changes in the local environmental factors due to their high sensitivity. For
instance, variations in the temperature, humidity, and vibration of the environment can influence the
shape and location of SPR and LSPR modes and caussiether measurements. Further, in practical
applications, light intensity fluctuations can manipulate the optical response of the surface plasmons
and significantly reduce the accuracy of the measurements. Thus, current plasmonic sensors are only
limited to thase applications that are less involved with environmental variafitresrext generation

of plasmonic and structural color sensors need to be immune to environmental variations and should
be able to provide accurate results under complicated and unstable envieo@ueima sensor should

have the ability of multparameter sensingandselffor r ect i ng. I n one werd, t

referencedo.
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1.8.2 Expensive and Bulky Readout Technology

Another issue with the current plasmonic sensors is the bulky and expensive spectroscopic laboratory
instrumentation required for the sensor readout. As discussed earlier, depending on the shape, size,
composite materiajand local refractive index of the nanostructure, absorption enhancement due to the
surface plasmon resonance can happen in the UV to NIR range. Any changes in the local refractive
index lead to a shift in the resonance wavelength of the surface plasviamitoring the shift in the
wavelength of the plasmon resonance can be done using spectroscopic instrumentations. In fact, in
many biological, chemical, and medical sensing applications in which plasmonic sensors are being
used, sensor readout is being done using spectroscopic equipwhétt usually consistof a
broadband light source, bulky lensesid photodetectorg\ithough spectroscopic readout is quite
accurate, it makes the sensor bulky and expensive and thus limits the applications of plasmonic sensors.
Future plasmonic sensorsed to be robust, lowost, and lightweight. To this end, one can design the
nanostructure and its composite materials in a way that the plasmonic absorption enhancement happens
in the visible spectrum. This condition is normally met in the nanostruatonggining gold and silver.

In this situation, any change in the local refractive index will change the resonance conditions of surface
plasmons andthus, the location and shape of SPR and LSPR modes in the visible spectrum.
Accordingly, reflectecand traasmitted color from the nanostructure is expected to change the

local refractive index is changed. This feature of plasmonic sensors has enabled a new platform for
developing plasmonic colorimetric sensors. These types of sensors are promising candidates for the
future lowcost and lightweight sensors. If th@or changing due to the binding analyte is large enough,

the sensor can be readt by the eye. However, to further extend the applications of the sensor, a
smartphone camera can be employedirfaage acquisition and analysis. Even if the changes in the
colorarenot big enough foasimple readout by the eye, the entire sensing and readout setup would be

much less complicated when working in the visible spectrum.

1.8.3 The High Cost Associated with Complicated Geometry

The geometry and material composition of the nanostructure can greatly influence the excitation
conditions and sensitivity of the plasmonic sensbosachieve extremely sensitive plasmonic sensors
with narrow resonance features (high FOM), various types of nanostructures with complicated
geometries have been developed. Although, in many reports, extremely high selis@ivity/RI1U)

and figure of meri{1°/RIU) have been achieve@3, 24, there are high fabrication costs due to the
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complicated geometries of these nanostructures. Thus, high fabricatiecaogte another limiting
factor for future plasmonic sensors. To minimize the fabrication costs of plasmonic sensets; easy

fabricate geometries need to be proposed while the performance remains satisfactory.

1.9 Motivations and Structure of the Thesis

Although plasmonics has showenormous potential for providing lowcost, portable, high
performance, and accurate sensing technology, it is still suffering from several important issues that
need to be mitigated in the next generation of plasmonic sensors. In this thesis, we design, fabricate,
and characterize several edsyfabricate plasmonic sensors and structural colors that have the ability

of selfreferencing and, at the same time, can provide satisfactory performance in case of sensing and
figure of merit Selfreferencing of a sensor is defined as the ability of that sensor to correct the errors
generated by changes in environmental factors or experimental issues by measuring a reference within
the same measurementgdod example ofelf-referencing sensoris pulse oximeteravhich measure

the transmission ithe presece of pulse and navf blood pulse and in its absenddis way it is able

to correct skin color, different sigef fingers,anddifferent muscle properties among different human
beings. Thus, selfeferencing provides one of the most accurate ways of measuring an unkvewn.
propose and demonstrate such asafrencing sensowebelieve that the fabricated sensors are-cost
effective and can provide a platform for higbrformance plasmonic sensing under unstable

environmental conditions.

In chapter two, we will propose and evaluate two sirt@iabricate plasmonic sensors based on
gold nanostructures with sekferencing capability that can show higérformance properties for
biochemical sensing. The structures are numerically simulsdied) finite difference time domain
(FDTD) and rigorous coupled wave analysis (RCWA) methibeseffects of possible variations in the
structures during the fabricatiare discussedand the performance of the sensors is predicted. In
chapter three, weill discuss the fabrication details of the sedferencing plasmonic sensors based on
the gold nanostructures. During the fabrication process, different structural variations were considered
to achieve the optimal desigmvhich provides higiperformance sensing and sedferencing
capabilities. In Chapter 4 we will characterize the fabricated sedferencing sensors and
experimentally evaluate their sensing performance. In addition, we will compare the performance of
the different structures and furthavestigate the colesensing performance of the sensorhapter

5, we will propose and evaluate a hybrid plasma@inowire structure that is able to produce high
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quality-factor resonance features and has potential application in structural color generation and
sensing. The structure is based on titanium dioxide nanowires capped with a layer, afhgdids

able to match the plasmonic modes with the optical modes in nanowires and thus generate high quality
factor resonance features. The structure will be evaluated by FDTD and RCWA simulatidns
different variations of the design will be simulated in order to understand the performance of the
structure. In chapt six we will provide the fabrication and characterization details of the hybrid
nanowireplasmonic structure and will evaluate the performance of the nanowires in terms of different
color generations. Further, the sensing performance of the structube wikperimentally evaluated.

In Chapter 7 asummary and conclusion of this work will be presented, along with suggestions and

recommendations for future works.
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Chapter 2

SedReferencing Plasmonic Array S

As discussed in the previous chapter, next generation of plasmonic sensors need to be immune to the
environmental variations and they should provide accurate results under unstable conditions. In
addition, the design of the sensors must be simple, sabhiedtion costs are minimized. Further,
sensor must operate in the visible range and also provide high Q resonance features, so the high
performance and lowost readout is ensured. Accordingly, in this chapteewa selfreferencing
plasmonic platform iproposed and analyzed. By introducing a thin gold layer below a periodic two
dimensional nangrating, the structure supports multiple modes including localized surface plasmon
resonance (LSPR), surface plasmon resonance (SPR), andHeasibtyesonance$hese modes get
coupled to each other creating multiple Fano resonances. A coupled mode between the LSPR and SPR
responses is spatially separated from the sensor surface and is not sensitive to refractive index changes
in the surrounding materials or sace attachments. This mode can be used forreselfencing the
measurements. In contrast, the LSPR dominant mode shifts in wavelength when the refractive index of
the surrounding medium is changed. The proposed structure is easy to fabricate usingooahvent
lithography and electron beam deposition methods. A bulk sensitivity of 429 nm/RIU is achieved. The
sensor also has the ability to detect nanometer thick surface attachments on the top of theVgrating.
demonstrate that the sensor can also detewtmeter thick surface attachments on the top of the
grating.

2.1 Introduction

Over the last decade, surface plasmonic sensors havelesemstrated in the area of biochemical
sensing 25], medicaldiagnostics [8], environmental monitoring?7], food safety 28], water testing

[29], and homeland security3(]. In recent yearsperiodic metallic structures have been used to
generate Fanoesonances resulting from the interference between the plasmonic mode and broad
optical modes31i 34]. This results imarrowing of the resonance, increasing the quality factor (Q),
and increasing the wavelength shift due to refractive irth@xge, thereby increasing the sensitivity

of the sensorf34i 36]. Periodic nanostructures like splihg resonator$37], ring nanocavities3a],

disc nanocavities39], nanoclusters4(], and crescentg]l] allow for the excitatiomf localized surface

plasmons. Sensitivities of up to 725 nRIU have been realized in these structudsd, [and surface
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attachment of nanometscale layers can be detected makhmse sensors very promising in sensing

related applicationf43]. A figure of merit (FOM) defined as sensitivity (8ivided by the spectral
l'inewidth (ma) has been u&leUsingtFano esomapcesst@@Mafi f f er e n
72/RIU has been demonstrat&9][ In a previousvork, a plasmonic sensor was demonstrated which

also created vivid structural coloq. The colors changed as thefractive index of the surrounding
mediumchanged, and detection could be achieved by using a simple camesarlith&re employed

a twodimensional periodic structure éop of a conducting layer creating a Fano resonance between

the localized surface plasmon resonance (LSPR) and Fabry Perot modes. Similar structural color
sensors were also demonstrated using ftaips fabricated on a plastic substrgté]. Such sensors

provide a promise of bringing loaostapplications to the fore.

However, an issue with surface plasmon sensors isdlegitivity toenvironmental changes like
temperature, fluidluctuations, humidity, and fluctuations in the intensity ofitft@dent light. In many
applications, the sensing chip has tgplaeed far away from the light source and the detection system
[47, 48], and due to the long distance required for light propagation, the light intensity fluctuates as a
result of thermalvariations along the path. Thus, the detection accuracy whidone through
measurement of wavelength, angle, or intensity of light suffers. ygyldcessful commercial optical
sensors like oximeters use a gelferencing measuremdgd]. If one can add another resonance peak
in the surfacelasmonic sensor which does not change in the presetioe détectants, then that peak
can be used to seléference theetection. Such seteferencing has been demonstrated in optical fiber
sensors§0, 51] and photonic bandgap sensdg][

However, there are only a few reports for geferenced plasmonic senso8g,[53/ 57]. Zhang et
al. demonstrated a structure by placing a-dingensional plasmonic grating on topabthin metallic
layer B3]. While they only investigated thatructure numerically for high Q nature due to excitation
of Fano resonances, two resonance peaks were observed, attddhee can in principle be used for
selfreferencing.However, both the resonances shifted with changing the refractive index of the
surroundig medium but at differemaites. Cheng8] proposed and simulated a double Fano resonance
structure using different cavity modes in a metallmveguide resonator. The structure is difficult to
fabricateand couple light into and thus is not appropriate forémstapplications. A similar structure
was demonstrated ibh] where selreferencing was achieved using extraordirteapsmission from
metallic onedimensional gratings operating at longer wavelengths. Further, the quality dadher

peaks wasot high, partly due to the fabrication variations in the-dimeensional slits. In another
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recent work, thdirst experimental demonstration of a sedferenced plasmonic sensor was done using
a onedimensional metallic gratingshich guides multiple transverse modad][ This resulted irtwo
surface plasmon resonances (SPR) being supportedstrdbtire, one dhe top of the grating surface
and the other ahe bottom of the surface. Since the bottom SPRbiscoupled tdhe detectant, its
wavelength shifts minimally when the refractive index of the surrounding material changes. The
sensitivity of 470 nm/RIU and FOM of 31/RIU was achieved using thg SPR. While easier to
fabricate than previous structures, safreferencing peak is not very well defined and difficult to
isolate in the spectrum which will limit the accuracy of dadf-referencing measuremern another
work [56], dielectricgrating on top of a silver thin film was proposed and numerically analyzed. The
structure supported an LSPR peak 4650 nm and longange plasmonic peak at ~ 1464 nmbirk
sensing, the peak at 1550 nm changed at a rat®8®hm/RIU, and the peak at 1464 nm shifted at a
rate of20 nm/RIU.However light sourcesand spectrometeis this wavelength band are expensive

making the sensor not suitable for lewst applications.

In this chapter we propose and numerically evaluate a structure consisting of a periodic nano
plasmonic grating on top of a metallic plasmonic 4filim sandwiched in between a dielectric. The
proposed structure is very easy to fabricate with the smallest featuréasgsthan 200 nm while
creating very wetdefined high Q peaks. The structure supports LSPR modes within the grating, Fabry
Perot modes within the dielectric layer and LSBIRR coupled modes within the thin film. This allows
a designer t@ontrol many parameters allowing optimization of the structure for different applications
very easily. We optimize the structure for sensing in water like mediums and achieve a sensitivity of
429 nm/RIU and FOM of 8 /RIU using the LSPR mode resonancesR-ISBHRR coupled mode
resonance does not shift at all as the refractive index of the surrounding medium changes and thus, this
resonance can be used for geflerencing. Further, The LSP&PR couplegnode has a very high Q
of 143 making it very suitable far selfreferencing peak. To our knowledge, this is the first report of
high Q mode which is isolated from the top of the sensor and hence, its resonance does not change
when the analyte changes. We also show that the sensor is sensitive enough tdldatethyer of
surface attachment on the top surface of the detectorchdperis organized as follows. In the next
section, we discuss the proposed design and analyze the different optical modes supported in the
structure. We then discuss how the resaegreaks are excited when different geometrical parameters
are changed. Finally, the sensitivity of the sensor for both bulk and surface sensing applications is

analyzed.
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2.2 Proposed Design

The proposed seleferenced Plasmonic sensor is schematically showkigure 2.1 The device
consists of a twalimensional periodic grating structure placed on a dielectric spacer layer. Further,
both these layers are placed on a thin metallic film that can support an SPR mode. For the design in this
paper, gold is being consideredaasetallic film due to strong polaritons which can be exci&&g00]

in it, its stable nature over timé]], and its ease of deposition through electron beam evaporabers.
structure is designed on a lawmest glass substrate. This provides enough refractive index contrast for
exciting the SPR modes in the gold layleigure 2.1.b, cshows the thredimensional view of the

sensor. A primary design criterion considered was the ability to easily fabricate the device and thus, a
cube nanostructure and a cylinder nanostructure geometry were considered. Both these shapes can be
very easilyfabricated with projection lithographg2)], ultra-violet lithography 63], and electron é&am
lithography p4]. The twadimensional grating is also easier to fabricate thardimensional grating
because of the difficulty to make long narrow lines as straight as po3siblavedimensional grating

will also be polarization independeqf the two shapes studied, the cylindrical shape is the easiest to
fabricate because of the lack of sharp corners. The proposed structure allows the excitation of LSPR in
the top dimensional grating, LSPR in the interface between the goldgnativty andthe delectric

spacer, SPR in the thin film surrounded by the spacer layer and the substrate, asReFRztbmodes
between the two gold layers in the spacer layer. In the composite structure, these modes may couple

with each other and hence, create multiplediaesonances.

The various parameters which are important in the design include the nanostructure width and height;
dielectric refractive index and height, and tfilm thickness. By changing these parameters, the
excitation and coupling of the modes can be controlesed on the application. Thus, the structure
gives many degrees of freedom to the designer to optimize the performance. The structure can be
designed to have at least two peaks in the absorption spectra and correspondinglydeskariti the
reflecions pectra. These resonances should happen in
modes. A design is developed where one resonance frequency is extremely sensitive to the variations
of the surrounding material and another resonance frequency isetelynsensitive to the changes

in the surrounding material. Thus, the structure can allow forekefencing the measurements.

Similar structures have been proposed to increase the sensitivity and Q of the resonance mode. For

example, in $7], gold nanediscs were placed on a gold film with a silicon dioxide spacer between
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them. The structure excited various modes including propagating surface plasmon, localized surface
plasmon, and cavity modes. However, the resonances at all these wavelengths shifted with bulk
refractive index change and hence, the structure is not sufi@bselfreferencing. The goal of the

work was to increase the sensitivity of the structure without anyefelfencing considerations.

Nano-Cube Width

Gold jNano-Cube Height
Dielectric _TDie]ectric Height
Gold Film Film Thickness

Substrate Substrate Height

Dielectric S Dielectric
Gold Film Gold Film

Substrate Substrate

(b) (c)

Figure 2.1. Schematic diagram of the proposed structure, (a) the longitudinal cut view of the structure, {thribresonal
view of the nanggrating structure with cubic geometry and (c) thd@aensional view of the nangrating structure with
cylindrical geometry

To understand the various optical modes which are excited and the resonances which are created, the
structure was simulated using Rigorous Coupled Wave Analg§isniethod using commercial
software p6]. Dielectric properties of gold were extracted from the experimental da&vjinThe
structure was simulated in three dimensions and to account for its periodic nature, periodic boundary
conditions were used in the transverse plane to create a cell containing one gold nanostructure. The

incident light onhe gold nangrating is assumed to be a plane wave incident on the structure normally.
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Convergence studies were done on the number of harmonics used in the simulation and 12 harmonics
were chosen. Further, some of the sample results were verified using simulations with finite difference

time domain method to ensure accuracy.

The structure was optimized to sense changes in the refractive index when the surrounding medium
is water. Design criteria was to create well defined resonance peaks with high Q. Once optimized, it
was observed that this design criterion also had the s$tiglemsitivity. Such a sensor would have
applications in biochemical sensing because the surrounding refractive index is nearly that of water
[25]. Given these design considerations, for the cube-gaating, the optimized design has a nano
grating heightdielectric height, and gold film thickness all equal to 40 nm. Naating width and
pitch are set to 200 nm and 400 nm, respectively. Furthermore, the refractive index of the dielectric
layer is 1.8 (at 630 nm wavelength) and water is considered agrtbeinding material (n=1.33 at 630
nm wavelength). The refractive index of the spacer layer played a very important role in isolating the
selfreferencing peak of the sensor from the surface. Silicomixge (SiON) as a dielectric material
can achieg a refractive index of 1.8 (while having very low loss) by changing the concentration of
oxygen and nitride during the deposition and have been used for photonic circuits preG@usly [

SiON is very easy to grow with plasreahanced chemical vapor deposition (PECVD). Absorption and
reflection spectra of the optimized structure with cubes as nano gratings are shHeégurén2.2a

There are three peaks in the absorption spectra of the structure at wavelengths of 637 nm, 757 nm, and
945 nm. In order to analyze and understand the reason for absorption enhancement of light in these
wavelengths, the distributions of the magnetic figtgl, were calculated and are showrfrigure 2.2b-

d, respectively. As seen Figure 2.2k at a wavelength of 637 nm, the majority of the light field is
concentrated in the center of the dielectric layer. This peak results from aFebtymode in the
structure where the top and bottom gold layers are acting as two mirrors. TheéPEatitrynode also

creates a cavitgnhanced LSPR on the bottom part of the rgmading and an SPR mode on the top

part of the thin film. Most of the field is concentratedhin the structure, and thus, high sensitivity is

not expected when the refractive index of the surrounding medium changes.

At a wavelength of 757 nm, as seerFigure 2.2¢ strong LSPR mode is excited on top of the gold
nancegrating and has some coupling to the SPR modes at the interface of the dielectric layer with gold
film. This creates a Fano resonance where most of the field is localized in the surrounding medium and
hence, this wavelength peak should be sensitive to changes in the surrounding refractive index. For

discussion purposes, the mode is referred to as LSPR dominant mode. Compared to the previous work
20



where a metallic mirror was used just below the agrading, the sensitivity is expected to be slightly
lower because there is coupling to the SPR md8E The quality factor, Q, for the resonance is 14.
Finally, the field distribution at a third resonance peak at a wavelength of 945 nm is demonstrated in
Figure 2.2d As seen in the distribution, very strong SPR modes are excited in the interface of gold
film and substrate resulting in a narrow dip in reflection spectra of the structure high quality

factor of 143. Further, there is hardly any field in the surrounding medium indicating that the resonance
should be insensitive to the surrounding medium. The high Q of the peak makes it ideal for self
referencing measurements as the location of the wébke easily determined experimentally. The
mode is referred to as SPR dominant mode in the discussions.
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Figure 22. (a) Absorption and reflection spectra of the optimized rgnmating structure with cubic geometry,-dp

distribution of Hy for three resonance frequencies of the4gaatingstructure with cubic geometry

21



Figure 2.3a demonstrates the absorption and reflection spectra of the optimized structure with
cylinders as nangratings instead of cubes. In this structure, four resonance features can be seen in the
reflection spectra at wavelengths of 637 nm, between 733 nnmn758nd 944 nm. To understand this
behavior, the distribution of the magnetic fieJd|, at these resonance wavelengths were calculated
and are shown ifrigure 2.3b-e. As in the cube, the absorption enhancement of the light field at a
wavelengh of 637 nm is mostly due to FabRerot interferences. Irigure 2.3cat the wavelength of
733 nm, strong LSPR and SPR modes are excited on top of the goldrating and interfaces of the

gold film with dielectric layer and substrate layer, respectively.

This excitation was not observed in the nanube geometry. At the wavelength of 750 nm, LSPR
mode is excited on top of the nagmting and SPR mode is excited in the interface between the gold
and dielectric layer. There is some excitation of the SPR mate interface between the gold spacer
layer and the substrate. This feature looks like the resonance feature at the wavelength of 757 nm for
the cube. On the other hand, in the absorption characteristics, the highest absorption is observed at 733
nm and a single peak is observed. This is because of the strong localization of the field both in the
cylinder and the thin film resulting in the incident light being absorbed in both layers. For the 750 nm
resonance, the transmission is larger than at 733-nnther, the SPR mode for the cylindrical structure
is stronger than the nafmobe geometry. Looking at the field distributions, we expect the sensitivity of
750 nm optical mode to be significantly larger than that of the resonance at 733 nm.

However, we also expect the sensitivity of the cylindrical structure to be smaller than that of the
nanccube structure because of the lightning rod effect. At the wavelength of 944 nm, again very strong
SPR modes are excited on the interface of the goid with the substrate layer and caused a
considerable increment in the light absorption at wavelength of 944 nm. Moreover, a very narrow dip
is created in the reflection spectra with a higlality factor of 118. Thus, setéferencing should be

achievedeven with the simple cylindrical geometry.

The field distributions in both the structures demonstrate that LSPR, SPR andPE&dirgnodes are
excited in the structure and further, they couple with each other to create Fano resonances. This allows
the structure to support multiple aptaks in rdéction spectra and each is expected to have a different
sensitivity to the variation of the surrounding material. Hence, arefeifenced sensor should be

realizable with the structure
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Figure 2.3. (a) Absorption and reflection spectra of the optimized structure with cylinders agraimgs, (be) distribution
of Hy for four resonance features of the optimized structure with cylinders as nano gratings

While the proposed structure is simple to conceptualize, as seen above there are complex interactions

between the different optical modes and the various parameters need to be carefully optimized to
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achieve a selfeferencing peak which is optically isolated from the analyte. For example, the refractive
index of the dielectric layer plays an important layer. If the refractive index of the dielectric layer is 1.5
(e.g. the dielectric layer is siliconoide instead of SiON), then the sedfferencing peak is observed
when the surrounding medium is air but not observed when the surrounding medium is water.
Achieving a seHlreferenced peak which does not shift with wavelength is unique to the proposed
structure and has been achieved by careful optimization. The effect of geometrical parameters is

described in detail in the next section.

2.3 Effect of Geometrical Parameters

It is instructive to understand how the wavelength, strength, and Q of the resonance peaks depend on

the various geometrical parameters. Simulations were done for theub@@eometry by changing

the height of the nangrating, dielectric height, and thieickness of the gold thin film. The reflection

spectra for these different cases are showfigare 2.4ac. As seen irFigure 2.4awhen the nano

grating height is increased, there is not much effect for the Fdmgt resonance until a thickness of

60 nm, above which the resonance becomes very weak. The Q of the3FRRouplednode

becomes higher when the nagiating height is decreased. However, the coupling to SPR mode
becomes stronger as the najrating height is decreased, thereby, the expesteditivity should

decrease. Thus, for thigork, we chose 40 nm as the optimal thickness for the grating where the Q is

high and LSPR mode is stronger than SPR mode. One can increase the sensitivity by increasing the
nanoegrating height to 60 nm at thexd o f l ower Q. The resonance wa
thickness of 40 nm but increases 0.7 nm per 1 nm increase in the thickness after that.- The self
referencing peak doesndt change si-gratingfThepant | v du
is very well defined above a height of 30 nm and maintains high Q over the wavelength range simulated.

As seen irFigure 2.4b, when we change the thickness of the dielectric spacer, {SFHRcoupled
mode is strongest between 30 hB0 nm. It also shifts to longer wavelengths with increasing thickness.
When the dielectric spacing layer is thicker than 60 nm, the resonancarestedpnto two components,
similar to what was observed in the cylindrical geomeiitye selfreferencing peak again is well

defined over the range simulated and doesndt shi

As seen irFigure 2.4¢ the gold film thickness plays particularly important rolen the definition
of a selfreferencing peak. The sgieak referencing is well defined for golf film thickness ranging
between 25 nm and 45 nm. This peak becomes very weak as the thickresses$urther. The Fabry
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Perot peak centered in the dielectric layer does not have much effect above a gold thickness of 35 nm
which is expected as the gold layer is mainly acting as a mirror there. For theSFS®PRoupled
resonance, the SPR excitation is stronger for film tléskrbetween 20 nim50 nm. Above 50 nm, the

SPR effect becomes constant and LSPR part plays an important part. This is again expected as the
bottom layer starts to act more like a mirror with increasing thickness. However, with this thickness,
the selfreferencing peak is not well defined, and while the sensitivity of the sensor may increase, self

referencing is not achieved.
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from 20 nm to 90 nm, (b) dielectric height is changing from 20 nm to 90 nm, and (c) thickness of the gold film is changing

from 20 nm to 90 nm

2.4 Bulk Sensing

The first sensing application that was considered was when the refractive index of the surrounding
medium changed. The device was simulated for refractive index varying in the range from 1.33 to 1.40.

Figure 2.5ashows the reflected spectra from the ranbe geometry as the refractive index changes
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and Figure 2.5b plots the change of resonance wavelength as the refractive index of the medium
changes. A nearly linear shift in the wavelength is observed for the LSPR dominant mode and a
sensitivity of 429 nm/RIU is achieved. The FOM for the resonance is 8 /RIU. Tibgiagy is only

slightly lower than nancubes on a metal where the LSPR dominant mode was designed to be on the
top surface 45]. The SPR dominant resonance at 945 nm does not shift at all with changes in the
refractive index. The stahiji of the SPR dominant resonance with changes in the surrounding index
makes it useful for selfeferencing purposes. For example, if the temperature changes, it is expected
that both Plasmonic peaks will shift because of the changes in the refractivefitide gold layer and

the dielectric. Thus, by monitoring the shift of wavelength in the 945 nm resonance, one can correct for

any temperature changes.

Figure 2.5cplots the reflected spectra for the cylinder geometry as the refractive index changes.
Again, the resonance at 944 nm does not shift. The longer wavelength LSPR dominant dip shifts
linearly with a change of refractive index and has a sensitivity of 46RIkimThe field distributions
had predicted the reduced sensitivity because of the stronger SPR coupling in the mode as compared to
the nanecube geometryThe shorter wavelength LSPR dominant dip shifts very little and only has a
sensitivity of~ 100 nm/RIU. For this asymmetric Fano resonance, the resonance frequency can be
defined as the midpoint between the longer wavelength dip (750 nm) and the peak (741-Ti8p) [

The linewidth is defined as the difference between the dip and peak (9 nm in this case). Using this
method, Q was estimated to be 82. Simulations indicate that even the cylindrical geometry has enough
sensitivity for practical applications for bulk sergwhile being very easy to photolithograph. One can

increase the sensitivityy using other shapes but at the cost of complex fabrication.

2.5 Surface Sensing

Plasmonic sensors are used for detecting monolayer attachment to the siBfatg 75. The
sensitivity of the sensor to the attachment of nanometer layers was also investigated. Layers with
thickness ranging from 1 to 10 nm and with a refractive index of 1.5 were placed only on top of the
grating layer (as would be the case for surface latteats) and the reflection spectra simulated. The
surrounding refractive index was that of water as is normally the case in most biochemical sensing. The
refractive index of the surface attached layer of 1.5 was chosen because most biological materials hav

a refractive index close to iT§].
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Figure 25. (a) Reflection spectra of theanograting structure with cubic geometry when refractive index of surrounding
materials varies from 1.33 to 1.4, (b) variations of the resonance wavelength of the culgcatiawgs as the refractive index
of surroundings changes, (c) Reflection speatithe nanegrating structure with cylindrical geometry when refractive index

of surrounding materials varies from 1.33 to 1.4 and (d) variations of the resonance wavelength of the cylindigecatingao

as the refractive index of surroundings changes
A typical DNA has a layer thickness betweed 8m. Thus, if the sensor can detect shifts in this

range, it would be suitable for DNA hybridization experimeRigures 2.6a b plot the change in the
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reflection spectra and the change in the resonance wavelength, respectively for different thickness

layers for the nancube geometry. For 1 nm layer thickness, a 0.5 nm shift in resonance wavelength
for the LSPR dominant mode is observed. For 10 nm Ewyekness, the shift is 4 nm. The sensitivity
matches well with other Plasmonic senso8] [and is suitable for monolayer attachments of

biomaterials. Corresponding results for the cylindrical geometry are shdviguires 2.6¢ d.
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Figure 26. (a) Reflection spectra of the nageating structure with cubic geometry when thickness of surface layer varies

from 1 nm to 10 nm, (b) variations of the resonamagelength of the cubic nargratings as the thickness of the surface layer

changes, (c) Reflection spectra of the ngrating structure with cylindrical geometry when thickness of surface layer varies

from 1 nm to 10 nm, and (d) variations of resonanaeelength of the cylindrical nargratings as the thickness of the surface

layer changes.
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The sensitivity for the cylindrical geometry is nearly 2.5 times lower tinatrof the cube structure.
This was expected because of the weaker LSPR in the cylindrical geometry for the resonant mode.
While for bulk sensing, the cylinder was still good, and had only slightly lower sensitivity compared to

the nanecube; its sensing is rob lower for thin films.
2.6 Lessons from Simulations and Fabrication Tolerances

2.6.1 Gold Film

As mentioned, 40 nm thick gold layer would be deposited on the glass substrate -bhemg e
evaporator. Ebeam evaporation ha®2 nm resolution T7], so the gold film thickness can vary from

381 42 nm. The effect of gold film variations was investigated and was summarized eaFiguia

2.4c It was observed in that figure that when the gold film has a thickness of 25 nm to 45 nm; the self
referencing peak is very well defined. Thus, the fabrication errdmaf will not have much effect in

the selfreferencing peak. On the other hand, LSPR dominant peak will have a higher Q if the
fabrication error leads to a thicker gold film as showRigure 2.4c However, if the gold film is less

than 40 nm, the Q will slightly decrease. In conclusion, small variations in gold film thickness will not
have a considerable effect on the output of the sensor and control of this layer beyond what is already

availableis not critical to the success of the project.

2.6.2 Dielectric Layer
PlasmaEnhanced Chemical Vapor DepositidhHCVD) will be used to deposit 40 nm thick SiON

layer on top of the gold film. PECVD also have 1 nm resolution and thus again we can have a variation
from 39 nmi 41 nm in the thickness of the dielectric layer. The dependency of the resonance features
on the didectric layer thickness was summarizedFigure 2.4h As seen in this figure, when the
dielectric layer thickness is between 30 nm to 50 nm, the LSPR dominant peak is very strong, and the
Q of the peak renias almost constant. Only the resonance wavelength will slightly shift when the
thickness is changing from 30 nm to 50 nm. Also, the SPR dominant peak is very well defined for
dielectric thickness higher than 30 nm. As a result, the small fabricatios ertbickness of dielectric

layer is not going to change the resonance features of the sensor.

Another parameter that is critical is the refractive index of the dielectric layer. As mentioned, the
dielectric layer should have a refractive index of 1.8. SiON can have a refractive index in the range of

1.46 to 2.1 by changing the concentration of @ty@nd nitride. However, there can be error in
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achieving the exact refractive index of 1.8. For the sensor to work as designed for water as a solvent,
the refractive index needs to be controlled from (1.75) to (1e&&%)bserved during the simulations.

This requires a control of approximately 10% in the ratio of the oxygen to nitrogen in the dielectric
[7 . While this is a |arge error and we should
of refractive index while the layer is being growrihie cleanroonas the PECVD is not equipg&vith

an insitu ellipsometer. So this could be a major issue while fabricating the devices.

This risk can be mitigated by tuning the refracting index of surrounding meditieastfor the
demonstratiorpurposes As mentioned, the sensor was optimized when the surrounding medium is
water with a refractive index of 1.33 to target biochemical processes. We will be using Cargille
refractive index fluids for characterizing the sensor for bulk sensing. Cargillelilngsbeen designed
for refractive index matching and we can get refractive indices varying from 1.0 to 2.1 in steps of 0.01.
Further, thes@luids are highly stable. Thus, if we cannot achieve the exact refractive index of 1.8 for
the SiON, we are able to tune the surrounding refractive index in a way that the refractive index
difference between the dielectric and surrounding medium remamssant and we should still be able
to measure the seléferencing peak.

2.6.3 Lithography

Lithography of the last layer which is the grating structure can have some issues. As electron beam
lithography will be used to generate the cubic and cylindrical nano gratings on top of the dielectric
layer, negative charges may gather in the dieleatdccause beam distortion and thus leads to pattern
distortion. Also, creating sharp edges for the cubic structure may be hard because of the proximately
effect due to this build up charge. We can usedrdiging techniques to eliminate the charging éffec

in the dielectric layer. For example, a thin layer of alumimura conductive polymeran be coated on

top of the resist and then removed after the lithography step. Another method willidedifferent

pattern exposures which has been shown to reduce charge bii@lupli$o, achieving ideal sharp

edges in the cubic structure would be hard in presence of charge buildup and we will get fewer sharp
edges. This will lead to a reduction in the concentration of localized plasmons on the edges and thus a
reduction in Q of the LSPR mode. Further, due to the surface roughness the Q will be decrease
compared to the simulationSince there are no sharp edges in the cylindrical structure, we expect to

achieve decent cylindrical patterf®wever, again surface roughness can cause a reduction in Q. Thus,
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we have proposed the two structures to fabricate and test. Between them we can understand the optical
interactions and the effect of shape in the plasmon resonances.

Since we would try to achieve a decent cubic pattern with sharp features, we might have to enhance
the electron beam dose to a certain amount. We will run a dose test and will try different electron beam
doses to find the right dose for our structure. Gtheeelectron beam dose is higher than a threshold
value, we should be able to achieve highly ordered patterns. However, our purpose would be to find
the minimum electron beam dose that give us highly order patterns along with sharp features. Condition
of achieving sharp features might force us to enhance the dose to a higher amount than the threshold
amount, which is required for an ordered pattern. This will cause the cubic patters to be larger than the
targeted patterns. We can mitigate this problenmabyi¢ating cubes with smaller size and then achieve

cubes with 200 nm side length.

2.6.4 Grating Layer

For both structures, the thickness of the grating layer would be 40 nm. For cubic structure, the width of
the cube would be 200 nm and for cylindrical structure, the diameter would be 200 nm. Again, we
expect to see almos2 nm error in the thickness of the nano gratings. The effect of nano grating
thickness on the resonance features was already investig&tigdiia 2.4a As seen in this figure, the
selfreferencing peak is very well defined for grating thickness above 30 nm and does not change
significantly when the grating thickness changes. However, decreasing the grating thickness less than
40 nm will increase the Q of LSPR dominant mode and will decrease the sensitivity and vice versa.
Small changes in the thickness is not going to significantly ggndhe LSPR mode resonance
conditions. Also as mentioned, the width of nano grating is 200 nm, and it is big compared to the
fabrication error of:2 nm. Thus, small variations in width of nano grating during the fabrication, is not
going to change the rasance conditions of the sensor. Further, we will be testing different widths as

part of design variations.

2.7 Limitations of the Simulations

We have used simulations to develop the understanding of the proposezfeseticing plasmonic
sensor. However, there are some limitations which these simulations do not completely account for.
First, the refractive index of the dielectric spacer lagea iconstant value of 1.8 in the complete

wavelength range. However, there will be chromatic dispersion in the dielehtdswill changehe
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performancef thedevice The chromatic dispersion of the grown dielectric was measured and will be
considered in Chapter 4 when the experimental results are discussed. Second, the simulations do not
account for any adhesion metals that may be required in between gold anceteebtdgw it. The
adhesion metals have optical losses which can affect the Q of the modes. These will again be considered
in Chapter 4. Finally, the simulations also neglect the surface roughness in different layers which should
also reduce the Q of the structure. Nevertheless, the simulation results presented in this chapter do

provide a guidance to design experiments and study the proposed structure.

2.8 Conclusions

In this chapter we propose a new structure for a saiéferenced Plasmonic sensor. By introducing a

thin gold film that can support an SPR mode, various coupled modes are excited in the structure. The
LSPR dominant mode shifts when the surrounding index or surrounding matehiahged while the

SPR dominant mode remains insensitive to the surrounding medium. Two -tirfigigicate
geometries were analyzed. Bulk sensitivity of 429 nm/RIU and the ability to detect surface attachment
of 1 nm monolayers was achieved witltwbic geometry. The structure was analyzed for different
geometrical parameters and thickness of the gold thin film played the main role in excitation of the self
referencing resonance peak. The parametric analysis also shows that the design is fablaration

and promises a good practical platform for realizingsaffrenced Plasmonic sensors.
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Chapter 3
Fabricati onReffetdédmrciSed fPIl asmonic Sens

Gol d Mamai ng Arrays

In this chapter, the experimental details about the fabrication of theefEkéncing sensors proposed

in Chapter 2aredescribed. These sensors are based on goldgrating arrays containing natwoibes

and nanecylinders that can support multiple plasmonic and F&ayot modegrigure 3.1shows the
fabrication steps for the proposed plasmonic sensors and considieafemnetal deposition and e
beam lithography followed by lifoff process. The fabrication steps for both sensor arrays are similar
with only the ebeam lithography pattern being different. Both sensor structures are fabricated at the
same time on one sampbnd during the lithography, different masks are designed to create different

patterns of nangubes and naroylinders. The next sections discuss these fabrication steps in detalil.

\ E-Beam Deposition

Glass Substrate

(Ti +Au)

PECVD
(SION) or (SiN)

Spin Coating and Baking

E-Beam Lithography /
(Cylinder Nano-grating) \

E-Beam Deposition
(Ti +Au)

U UJ

Lift-off
(PG Remover Bath)

£\ N

E-Beam Lithography
(Cube Nano-grating)

/
> (PMMA A4 + Electra92)
\
/

E-Beam Deposition
(Ti +Au)

Lift-off
(PG Remover Bath)

Figure 3.1. Fabrication steps of the proposed seferencing sensors based on cubic and cylindrical-geatongs.



To understand the important physical parameters and their effect on the performance of the proposed
sensors, we have studied different variations related to the structure of the sensors. These variations
include two different dielectrics for the spacer layhree different shapes for the nagratings and

various physical dimensions related to the gratings and the |3iibke 3.1summarizes the variations

we studied during this experiment. In total, 150 different designs were fabricated and studied.

Table3l.Summary of the sensordés variations studied

Par amet el Variati on

Di el ectric € Si ON, Si N
Grating sh Cube, Cylinder, E

Lattice sp 4010600 nm in ste

Cube Side Lert
Diameter/ Tri 170 nm, 180 nm, 20
Length

To study these variations, different arrays were fabricated on a single sample. Asa§ 50teum
x 100 um with a particular design were fabricated with a spacing of 100 um between the arrays. This
allows for minimal variation of other parameters like the refractive index of the substrate or the
refractive index of the dielectric spacer laymtween different arraysllowing us to confirm and

improve the theoretical models developed in Chapter 2.

3.1 Glass Substrate

Since a SPR mode needs to be excited in the thin metallic film, the refractive index and the absorption
of the substrate need to be low. The two options available were either first growing a thick silicon
dioxide layer on a silicon substrate or using a glassmuesCorning EAGLE GX glass substrate with

a dimension of 25nmx 25mmx 0.7 mmwas chosen as the substrate. The Corning EAGLE GX glass
has low loss in the visible spectrum, excellent environmental durability, and high chemical resistance
[80]. Table 3.2shows the refractive index of the glass substrate measured at different wavelengths
provided by the manufactureB(]. As discussed in Chapter 2, a refractive index of ~1.5 is needed to
support the SPR mogdand thus, Corning EAGLE GX is ideal as the substrate. It is also-adsiv

substratecosting $10 per wafeeven in small volumes. Only a small part of the substrate at the center
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(~ Immx 3mm) was used. The size was chosen for ease of handling during the fabrication émd also
ensureuniformity of the processes within the small central area of the wafer.

Table 32. The efractive index of the glass substrate at different optical wavelergfihs [

Optical VRefractd.i

435.8 n 1.5198
467.8 n 1.5169
480 nm 1.5160
508.6 n 1.5141
546. 1 n 1.5119
589.3 n 1.5099
643.8 n 1.5078

3.2 Electron Beam Physical Vapor Deposition (EB-PVD) of the Gold Film

Electron Beam Physical Vapor Deposition (EBD) is a thin film depositiotechnique used in the
manufacturing of advanced coatings for various industrial applications. In this process, a material
source is heated to a high temperature in a vacuum chamber, and an electron beam is directed onto the
source, causing it to evaporated form a vapor plume. The vaporized material then condenses on the
substrate surface, resulting in a thin film with precise microstructural control. THRVBEBechnique

offers advantages over conventional physical vapor deposition methods due tditjtscabreate

columnar microstructures, low thermal stress, and improved adherence to complex geddigtries [

EB-PVD was used to deposit 40 nm gold film on the glass substrate. The samples were installed in
an upsidedown rotating stage inside an Intlvadbeam deposition chamb@?2]. To improve the
adhesion of the gold layer @ghe glass substrate, a 3 nm thick Titanium (Ti) layer, with a deposition
rate of 0.5 A per second, was first deposited on the substrate before depositing the gold layer. Noble
metals such as gold adhere poorly to the substrate due to their low chemicatyd&8iivThis leads
to some penomenasuch as peeling and tintependent device performance deterioration. However,

Ti is known to be more chemically reactive compared to noble matalghusit chemically binds to
the substrate and improves the adhess@h It should be noted that the optical properties of Ti were
not considered in Chapter 2 and may affect the excitation of the plasmonic¢emzddally the Q of

the resonancedue to its high optical loss. These properties will be considered in the next chapter when
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we discuss the experimental results. The 40 nm thick gold film was deposited with a deposition rate of
1 A per secondA tape test was done to test for the adhesion of the film to the sebScatch 3M

tape was applietb the film and peeled off. There was no peeling of the metal with the removal of the
tape demonstrating that the adhesion of the film was adequate.

During the ebeam deposition, the final gold layer thickness given by the crystal monitor in the
Intlvac system was 40.2 nm. Further, from the latest recommissioning report of the equipment, there
was a 5% error between the targeted value and the achadidel value. This measurement was from
the center of a 100 mm silicon wafer. Our samples were always installieel center of the stage in
the chamberand considering the dimension of the samplesnigbx 25 mmj, we can conclude that
there was5% eror from the targeted value. Thus, the film thickness lies in the range4ff B81. As
seen in Chapter ih Figure 2.4 when the gold film has a thickness of 25 nm to 45 nm, the self
referencing peak is very well defined. Thus, the fabrication error of 2 nm will not have mucloeffect
the selfreferencing peak. On the other hatitk LSPR dominant peak will have a higher Q if the
fabrication error leads to a thicker gold film.

3.3 Deposition of the Dielectric Spacer Layer Using PECVD

Plasma Enhanced Chemical Vapor Deposition (PECVD) is dithirdeposition technique used to
deposit thin layers of different materials on substrates. In PECVD, a plasma is generated from a
precursor gas mixture in a lepressure environment, typically avacuum chamber. The plasma
provides energy to break down the precursor molecules, leading to the formation of reactive species,
such as ions, electrons, and radicals. These reactive species then react with each other or with the
substrate surface to degit a thin film with desired propertie84-86]. PECVD has the advantage over
thermal CVD in that it can operate at lower temperatures, reducing the risk of damaging temperature
sensitive substrates and enabling the deposition of materials with high melting points. PECVD can also
produce films withrinproved conformality due to the directional nature of plasma sp8di&§]. Low-

pressure CVD (LPCVD) operates at low pressure and moderate temperatures, allowing for higher purity
films. However, it may notd suitable for depositing certain materials, especially those with complex
chemistries. PECVD, on the other hand, offers a broader range of material deposition options, including

silicon-based films and dielectric84-86].

For our sensor, PECVD was used to deposit a dielectric layer on top of the gold film using Oxford
PlasmalLab System 100. As mentionehapter 2, the refractive index of the dielectric spacer layer
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plays a significant role in separating the LSPR and SPR modes. By setting the refractive index to 1.8
in FDTD simulations, two separate modes were observed in visible and near IRs.régeorlso
mentioned that silicon oxynitride (SION) can achieve a refractive index of th8wsible region and

can be a potential candidate for the spacer layer.

In order to deposit SiON, we needed to develop our own recipe in Oxford Plasma Lab System 100,
as no recipe existed for SiON in this instrument, in the Quantum Nano Fabrication and Characterization
Facility (QNFCF) of the University of Waterloo. The opti®d recipe uses a mixture of 5% silane
(SiH4) diluted in nitrogen (B as the silicon source, nitrous oxidex(N as the oxygen source, and
ammonia (NH) as the nitrogen source. This combination provides high process performance while
maximizing the operainal safety of the system by reducing the explosion risk associated with silane.

Table 3.3shows the optimized process parameter range for the PECVD deposition of SiON.

Table 33. Process Parameter Range for deposition of SiON using PECVD system

Process Par amet
(5% 4S9 HYPp—N>
NBR—> fl ow 20 scc

N20—> flo
No—>f |l ow 600 scc
Presssre
R. F. -p&wer
Temper-a»urie4d 0G0

The temper at ur anditha SiONwag defositedsing PECVD on a 100 mm silicon
wafer. In order to acquire the deposition rate and the refractive index of the SiON, the sample was

examined using a Woollam 42000 ellipsometer.

The Woollam M2000 ellipsometer probes the sample with S apdlBrized light and measures the
relative change in phase and intensity between these two reflected components of the light. The
ellipsometer compares the measured data with a model that describes the optical properties and
thickness of the thin film. Thellipsometer uses advanced mathematical models, such as the Cauchy,
TaucLorentz, or CodyLorentz models§7], to describe the optical behavior of the materials being

analyzed. By fitting thex@erimental data to the model, the ellipsometer extracts information about the
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film's thickness, refractive index, and extinction coefficient. All three models, for most of the materials
and substrates, are included in the ellipsometer software. The user can choose any available
mathematical model for the test. Each model providesrabparameters that the user has the freedom

to activate. For example, the user has the freedom to include the surface roughness parameters when
doing a measurement. A decent model with appropriate parameters will give a nice fit to the

experimental dataith a very low Mean Square Error (MSE).

Through examining the deposited SiON film with the ellipsometer, the deposition rate of SION was
found to be approximately 53 nm/min with a standard deviation uniformitp@8% on a 100 mm
silicon wafer. The only model available for the SiON in the ellipsometethed3ody-Lorentz model.
Figure 3.2shows the SiON optical model and fitted curves using the measurement extracted from the
ellipsometer. As can be seen, a very fine fit from the measurements (green and red lines) is achieved
for the optical model (black lines). The MSE for this fit was foundetd.7. In general, an MSE of 10
or less provides reliable information regarding the thin film. Thus, the modified bptaxdel for the
SiON was a decent mogeind we could trust the data extracted from this model.
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Figure 3.2. The SiON optical model wd#ted to the measured data wihellipsometer. A decent fit has been achieved with
an MSE of 4.7.

The refractive index curve of the deposited SiON, extracted tisa1®Qody-Lorentz model irthe
ellipsometer, is shown ifigure 3.3 As seen in this figure, in the range of 400 nm to 1000 nm
wavelength, the refractive index value changes between 1.83 to 1.74. In developing the understanding
of the proposed structure through simulations, a refractive index of 1.8 was used for théagpace
In the simulations, the chromatic dispersion seen experimentally was not considered. This may again
affect the pdormance of the resonancesspecially in the Q of the LSPR mode. The effect of the
chromatic dispersion of the SION will be considered in Chapter 4 when the experimental results are

discussed.
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Figure 3.3. The efractive index of the deposited SiON using PECVD extracted asintlipsometer.

Based orFigure 3.3 approximately after 440 nm wavelength, the value of the refractive index drops
below 1.8. Although the range of the measured refractive index provides the necessary conditions for
the excitement of two modes, in order to make sure that modes are skpachteoth have adequate
quality factors, we also decided to deposit a different dielectric layerwitiher refractive index on
a separate sample. One option was tuning the process paramétersuofent recipe for the SiON in
the PECVD system. It is possible to increase the refractive index of the ISi@hhancing the flow of
NHs; and also controlling the ratio of Sitil, [88, 89. However, this option was going to be time
consuming. Another option was to use a recipe for silicon nitride (SiN) that existed in QNFCF. This
was tried first. According to this recipe, SiN
with a deposition rate of 19.8 nm/mifable 3.4shows the process parametershefPECVD system
during the dposition of SiN. Further, the refractive index of SiN extracted uamgllipsometer is
shown inFigure 3.4 The refractive inderanges from 1.89 to 1.8®&hich is close to the value we used
in simulations and yet higher than that of SION. Thus, by using two different spacer layers on two
different samples, there &higher chance for exciting two separate modes further, it allows us to
study experimentally the importance of the refractive index of the spacer layer and its effect on the

resonance excitations.
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Table 34. Process Parameters for deposition of SiN using PECVD system.

Prodeagsamet ers Dur
( Si HHIN— (®039¢cmf
Pressmnr® mTorr

R. F. peow#erWatt s
Temperabur

1.88

1.854

Refractive Index

1.83

T T 1
400 500 600 700 800 900 100¢
Wavelength (nm)

Figure 3.4. The efractive index of the deposited SiN using PECVD extracted asiefiipsometer.

3.4 Deposition of the E-beam Resist

The samples were spaoated with 950 Koly (methyl methacrylate) (PMMA) A4 resist at a speed of
4000 rpm. Subsequently, the samples were baked

final film thickness of approximately 250 nm.

Due to the presence of the dielectric layer underneathltbam resist, there was a significant chance
of building up charges ithe dielectric. During Electron Beam Lithography (EBL), a charge bujd
issue can arise due to the interaction of the electron beam with the insulating -onssdsting
materials used as substrates. When the electron beam strikes the surface of thakse ihneaerdeposit
charges, causing an accumulation of electric potential. This chargeupuwiteh significantly affeche
accuracy and precision of the lithography process. It leads to undesired deflection of subsequent

electron beam shots, resulting in distorted patterns and misalignment of features. To mitigate this issue,
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various techniques are employed, such as using conducting substrates or implementing charge
dissipation layers, which help to dissipate the accumulated charges and maintain better control over the
electron beam trajectory. To avoid the charge budgprollem, PMMA Electra92 was spicoated at

a speed of 6000 rpm on top of the photoresist. Electra92 is a conductive protective coating that is used
for dissipation of dbeam charges on insulating substrates. Electra92 can be easily removed after

lithography byDI water.

3.5 Electron Beam Lithography and Lift-off

Electron Beam Lithography (EBL) was used to pattern the gold-geatimgs of the final layer. Using

EBL allows us to have precise control over the size and spacing between the grating structures. EBL is
a highresolution lithographic technique used in roiand nanofabrication processes to create precise
patterns and structures. EBL uses a focused beam of electrons to write patterns directly onto the
substrate with extremely high resolution. It offers-samometer precision, making it ideal for cutting

edge research and development in nanotechnology. The unparalleled nature of the EBL, where patterns
are created sequentially rather than in parallel, holds significant advantages. This approach enables the
easy incorporation of multiple unique designs oimgle sample, making it exceptionally useful during

the experimental design phase. Although optical lithography is a highly parallel process and can achieve
high throughput at relatively low cost, as the feature sizes decrease, diffraction limits thioresol

optical lithography, and it faces challenges in achievinglflinm resolution. On the other hand,
nanoimprint lithography can achieve high resolution, comparable to EBL, but in a more parallel
manner. However, challenges remain in terms of naddddéation, defect control, and material selection

for largescale commercial implementation.

EBL was done at 20 kV using RAITH1%0 lithography system. Periodically arranged patterns
containing naneubes and nanoylinders were designed using RAITHBIComputer Aided Design
(CAD) software. We also designed nagratings arrays with triangular cressctiors, to see if the
sharper corners in triangle patterns can help to excite stronger plasmonic fields. The step size of the e
beam was set to 10 niend the aperture size was 20 um. Each array was designed to have a 100 um x
100 um dimension tatfwithin the 100 um write field. Also, arrays were separated by 100 um distance
to make sure each array can be measured independently during the characterization. Five different
values of 400, 450, 500, 558nd 600 nm were chosen for the pitch. For rautmes, nanaylinders
and triangles, five different values of 170, 180, 200,, 22@ 250 nm were chosen for the width,
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diameterand side length, respectivelyhe patternedsamplesveresoakedn DI waterfor 2 minutes

to removethe Electra92PMMA anddriedwith nitrogen Then, the samples were developed in Methyl
isobutyltketone (MIBK) and isopropyl alcohol (IPA) solution in 1:3 proportions respectively for 30
seconds and then IPA as a stopper for 30 seconds and then dried with nitrogen. Then, the samples were
installedin the Intlvac ebeam deposition chamber. Again, a 3 nm thick Ti layer was deposited as the
adhesion Iger, along with a 40 nm thick gold layer. Finally, {6ff was done by soaking the samples

in a PG remover bath overnight.

During the lithography, we had to experimentally determine the exact amourbeafne dose
required for our patterns.-ifeam dose is a critical exposure variable and controls the number of
electrons per unit area of exposure. Based on the existing radipe QNFCF, the requiredb®mam
dose for developing PMMA on a silicon substrate was 200 p€/the ebeam dose needed to be
changed around this number to determine the right dose for our structure. We started from 180 uC/cm
for the ebeam dose and eatime increased the dose by 20 pC#c@ubic nanegratings, witha SiON
spacer layewith a side length of 200 nm and lattice spacing of 400weneexamined during the dose
test. A matrix containingenidentical nanecube arrays was designed in CAD software in which the
first array had m e-beam dose of 100 uC/énand the last array hach @&beam dose of 280 uC/ém
We changedthe ebeam dose around the optimized amount to see which dose works best for our
structure. We limited the first experiment to 10 differefieam doses to have a reasonable exposure
time. In case a satisfactory structure was not achieved, a secondnexpiesould be designed with
higher ebeam doses to find the right dose. Weeaniaterested in the minimum amount dbeam dose
that can give us cubic gratings that are highly orderedadride same timdnave very sharp features.
Minimizing the ebeam dose ensures the minimum difference between the targeted cube sizes and
fabricated ones. Further, it minimizes the exposure ,tiwigich leads to cost reduction. After
development in MIBK and IPA and depositing the final gold layer, thefifftvas done. Finally, the
sample was examined usiag§canning Electron Microscopy (SEM) s For the ¢oeam doses less
than 200 pC/crf) no pattern was observed in SEMgure 3.5a-e shows the SEM of the fabricated
nanocube arrays with 200, 220, 240, 26Md 280 uC/crhe-beam doses, respectively. As seen in
Figure 3.53, for an ebeam dose of 200 uC/@monly a few cubes are observed, and no periodic
arrangements can be seen. As tiiam dose was increased to 220 uC/@m seen ifrigure 3.5,
an array of cubes was observed. However, the cubes were not completely formed. As the dose was

increased to 240 and 260 uC/&ras shown ifFigure 3.5candd, respectively, the shape of the cubes
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was improved however, still some defects can be seen. By enhancingltbare dose to 280 uC/ém
as seen ifrigure 3.5e, highly ordered cubic arrays are achieved.

Figure 35. SEM images of naroube arrays with differentleeam doses of (a) 200 uC/&ntb) 220 uClcrd, (c) 240 uClcri,
(d) 260 pC/criand (e) 280 pC/cin
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As a result, an-beam dose of 280C/cn? was chosen to pattern the natnube arrays. As the pitch
was increased to 550 nm and 600 nm, thea@m dose needed to be enhanced to 300 [fdfcorder
to form a highly ordered cubic array. For smaller pitchssitteere is proximity effect where exposure
in one nanecube affects the exposure of the neighboring ones. Thus, a lower dose is required. This
effect becomes smaller as the pitch is increa¥bd. ame ebeam dose values were used for both
samples with BN and SiN spacer layers. Some of the representative cubic arrays with SION spacer
layer are shown ifrigure 3.6a-d, with 170 nm side length and 400 nm pitch, 180 nm side length and
450 nm pitch, 220 nm side length and 400 nm pitch, and 250 nmesigdh and 400 nm pitch
respectively.
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Figure 3.6. SEM images of Some of the representative cubic arrays with (a) 170 nm side length and 400 nm pitch, (b) 180
nm side length and 450 nm pitch, (c) 220 nm side length and 400 nm pitch, and (d) 250 nm side length and 400 nm pitch.
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Figure 3.7 shows a microscopic image of the cubic arrays taken by an optical microscope. Each
array has a dimension of 100 100 um and it is separated from the other arraysatip0 pum
distance. The top left array is for the nambes with 170 nm side length and 400 nm pitch. As we go
to the right side, the pitch values increase to 450, 50Q,a680600 nm. As we go to the bottom, the
side lengthl of the nanaubes change to 180, 200, 23aAd 250 nm. As seen kigure 3.7, each array
reflectsa different structural color, showing that the reflection speatheing manipulated due to the

excitation of different plasmonic modes within each array.
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Figure 3.7. A microscopic image of the cubic arrays taken by an optideloscope.

Similar values of doeam doses were used for patterning the gratings with circular and triangular
shapesFigure 3.8a,b shows SEM images of two nawglinder arrays with diameters of 200 and 250
nm, respectively. The pitch is 400 nm for both arrays. As seeigime 3.8, highly ordered gold naro
cylinders are achieved microscopic image of the naroylinder arrays with different diameteaind
pitch is shown irFigure 3.9. As can be seen, every array is reflecting a different color, showing that

different surface plasmon modes are being excited within the arrays.
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Figure 3.8. SEM images of two nanoylinder arrays with diameters of (a) 200 and (b) 280 respectively. The pitch is 400

nm for both arrays.
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Figure 3.9. A microscopic image of the cylindrical arrays taken by an optiteloscope.
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Figure 3.10a-d shows the nangratings with triangular crossections.Figure 3.10ais for
equilateral triangles with side lengtbf 180 nm and 450 nm pitch. Figure 3.1(b-d, the pitchis 400
nm, andtheside lengths are 200, 22ihd 250 nm, respectively. As seetfrigure 3.103 the triangular
array is not completely formed.
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Figure 3.10. SEM images of equilateral triangles with side lesgth(a) 180 nm and 450 nm pitch, (b) 200 nm and 400 nm
pitch, (c) 220 nm and 400 nm pita@nd (d) 250 nm and 400 nm pitch

A similar issue was seen with SEM for triangular arrays with 170 nm side $e@gtb way to solve
this problem was to try higher values ebeam doses and find the right dose for these two lengths.
However, as we will see in the next chapter, even for triangular arrays with 250 nm side length, the
plasmonic effect is very vek, and thuswe were sure that for 170 nm and 180 nm side length

wouldnot get strong plasmonic resonances and thus we decided to not try higher doses for the triangular
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arrays with 170 and 180 nm side lengths. As seéiguares 3.1 andc, for the side lengths of 200
and 220 nm, the triangular arrays are formed, and the shape of the tisatiesicceptable. Further,
as the side length is increased to 250 nifigure 3.10c, a highly ordered triangular array with sharp
corners is achieved.

3.6 Summary and Conclusion

In this chapter, a detailed description of the fabrication steps of theef@incing plasmonic sensors

was provided. Two different dielectric spacer layers were deposited on two different samples using
PECVD to make sure at least two separate plasmmadeswere achieved. A recipe was developed

for SiON inthe PECVD systemand an acceptable range for the refractive index of the deposited SiON,
compared to the one we used in simulations, was achieved. Further, SiIN was deposited on another
samplewhich provides a higher range of refractive index compared to SiON., @tsaries of veam

dose tests were done to find the appropriate dose for differentgnativags with various sizes and

lattice spacing. Finally, several arrays with different cisestions and pitch values were patterned
using EBL, and highly ordered nargrating arrays with circular, cuhiand triangular crossections

were achieved through the iiff process.
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Chapter 4

Characteri zat iRerd eofentchegSde&llfasmoni c Ar

In this chapter, we discughe experimentaloptimization and characterization of the fabricated
plasmonic sensors for excitation of different plasmonic modes and for the bulk sensitivity. As
mentioned in the chapter 3, cubic and cylindrical arrays with different variations were fabricated on
two different samples wh the SION and SiN dielectric spacer layer. The sensors are designed to excite
at least two resonance features in the visible to near IR wavelengths range. Further, the thickness of
each layemand the size and spacing of the grating layers are optimized to achieve Fano resonances,
resulting from the coupling of LSPR, SPR and Fabeyot modes. It is expected that at least one of the
modes shifts with the change of the surrounding refractivexindd another mode becomes isolated

from the surrounding environment. It is noted that at first, we ran experiments to understand and
confirm the theoretical predictions of mode excitements. Using that understanding, wiethen
optimized the sensor xhievethe highest performance in terms of bulk sensitivity.

4.1 Reflection Measurement

The measurements of the reflection spectra were done using benchtoly Bdid film measurement

system [90]. F4QJV excites a sample with a broadband light source spanningvitied, visible and
nearinfrared wavelengths from 190 nm1100 nm, and themeasures the reflection in a confocal
setting. It uses these reflected spectra to determine the thickness of thin films. In our experiments, we
use this capability to measure the reflection spectra and see how it changes as different refractive index
fluids are used. F40V uses a confocal setting and the exact spot to be measured is seen through a
microscope camera. The lens and thus, the beam spot can be changed all the way from 1000 mm to 10
mm using 5X to 100X microscope objectives. Since we want tasute many different designs, it
makes it experimentally efficient and economical to put them in closely spaced arrays requiring only a
single fabrication run. However, since periodic nature of the structure is also important for its operation,
the spot sie has to be large enough to excite multiple nanogratings. We used a 15X microscope
objective to create a beam spot larger than 16 microns. This choice was confirmed by measuring the
reflectance spectra with different microscope objectives and makinghgugpectra was similar to

larger beam spots. Further, at this low magnification, the presence of longitudinal fields is still low [91],
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and the beam can be approximated as linearly polarized. This should allow experimental results to

match simulations where plane wave approximation is.used

4.2 Refractive Index Liquids

To evaluate the sensing performance of the array, a series of Cargille index 8@\vdsre employed,

each having a known refractive index. These refractive indices ranged froni B8, twith increments

of 0.01. This range was chosen as the refractive index of water lies within the range. We had designed
the sensors to work optimally with water as the surrounding medium. Cargille fluids -hesed

liquids which are very stable, thino polarity and thus, the constituents do not electromigrate near gold
surfaces. As such, the experiments exhibit high measurement repeatability when compared to
conventional solutions used for sensor characterization like sodium chloride or gR@ose [

4.3 Effect of the Dielectric Spacer Layer

As mentioned in chapter 3, SiON and SiN were deposited as spacer layers on two different samples, in
order to make sure that sufficient refractive index difference is created for exciting at least two modes
in the visible to near IR range. To see the eftddlielectric spacer layers, both samples were tested
using F40UV while the surrounding refractive index was 1.B8ure 4.1ashows the reflection
spectra measured fromanccube arraysvith 200 nm side length and 400 nm pitch, with different
dielectrc spacer layergigure 4.1balso shows the reflection spectra measured fromahecylinder
arrayswith 200 nm diameter and 400 nm pitch with different dielectric spacer layers. These two
geometries are the optimized arrays we designed in chapter 2. As $égurén4.1a two plasmonic
resonance features are excited for both cubic arrays with different spacer layers. The resonance features
of the cubic array with SiN spacer layer are slightly red shifted compared to the cubic array with the
SION spacetayer. This is due to the higher refractive index of the SiN spacer layer and follows the
trend we had observed in simulations. At this wavelength range, the real permittivity of the gold is
negative and decreases (the absolute value increases) as ttengthuscreaseswhen the refractive

index of the dielectric layer is higher, at resonance the real permittivity of the gold must decrease, in
order to satisfy the resonance conditions of the surface plasmons at the interfaces of dielectric layer
with gold layers. Therefore, the resonances will happen at a higher wavelength to match the gold
permittivity with the dielectric permittivity. As seen igure 4.1a a very weak resonance dip is also
happening around 600 nm wavelength. This resonance was also observed during the simulations in

chapter 2 as seen igure 2.2g at 637 nm wavelength and is a Fabwrot (FP) mode, coupled with
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the LSPR mode. Compared to the simulations, the mode is blue shifted and also weakened, due to
several reasons. Firstly, the FP mode is happening at a different wavelength due to the presence of the
Ti adhesion layers. Further, chromatic dispersion oftallayers especially the dielectric layer as
compared to the simulations and the small thickness variations of the deposited layers also change the
results. In the simulations, we had just used a single value of refractive index for the spacer layer for
al wavelengths. That was an approximation. There are also experimental reports [94, 95] regarding the
effect of adhesion layers on the variations of resonance wavelength of plasmonic modes which match
the blue shift we observe. With regards to the modegoeieakened with a reduction of Q, a few
reasons include the surface roughness, variations in the thickness and refractive index of different layers

and also not achieving perfectly sharp corners in the-nahes
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Figure 4.1. Reflection spectra measured from nayrating arrays with two differemlielectric spacer layers of SION and SiN
for (a) cubes with 200 nm side length and 400 nm pitch, and (b) cylinders with 200 nm diameter and 400 nm pitch.

Another mode is being observed around the 700 nm wavelength. As discudsaaté®, this mode
is an LSPR dominant mode in which is coupled with the SPR modes of the underneath layers. This
mode was observed on 757 nm wavelength during the simulations. However, like the FP mode, the
LSPR dominant mode is also blue shifted and weakdoedo the same reasons mentioned abdve.
third mode is excited around the 800 nm wavelength. This mode is the SPR dominant mode which is
due to the strong plasmonic modggeiting excited in between the gold film and glass substrate, coupled
with the SPR and LSPR modes happening on the top layers. During the simulations this mode was

observed in NIR region at 945 nm wavelength. The mode is also blue, shifted to theetgdieand
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weakened (qualitative reduction in Q). These results show that indeed, all the predicted modes in the
simulations are being excited. However, all the modes are blue shifted and have a lower quality factor
as compared to the simulations. The structure weagyded to completely isolate the SPR dominant

mode from the surroundings. However, the chromatic dispersion happening for the dielectric spacer
layer changes this situation and the structure may not be optimized for achieving our goals. Thus, it

becomesmportant to experimentally study the variations to find the optimal solutions

For the nanaylinders, as seen iRigure 4.1b, again two major plasmonic modes are excited for
both arrays with SION and SiN spacer layers. A very weak mode is happening just below 600 nm
wavelength which is an FP mode coupled with the LSPR modes, as observed during the simulations.
The LSPR dominannode, happening between 600 nm and 700 nm wavelength, is divided into two
modes, suggesting that full Fano resonance is not achieved This was also predicted during the
simulations in chapter 2 for neoptimized structures, (seéigure 2.3a) The mode excited in the lower
wavelength is coupled with an SPR mode in the substrate, while the mode in the higher wavelength is
not coupling with the substrate. This will cause the lower wavelength mode to move slower when the
surrounding index changesompared to the mode in the higher wavelength when the refractive index
of the surrounding medium is changed. For the LSPR dominant mode, the arrays with the SiN spacer
layer have a stronger resonance compared to the Si@M @lso, the mode is slightly red shifted
when the spacer layer is changed from SiON to SiN. Finally, the SPR dominant mode is happening

around 800 nm wavelength which is blue shifted as well compared to the simulations

ComparingFigure 4.1aandb together, the cubic arrays are able to excite a stronger LSPR dominant
mode compared to the cylindrical arrays. This was observed in simulations, and it is due to stronger
plasmonic effect happening in the sharp corners. However, the SPR dominard maidery different
for the cubic and cylindrical arrays, since this mdaighly dependent on the SPR mode happening

in thin gold layerand less dependent on the LSPR modes happening in the grating layer.

In conclusion, both SiON and SiN spacer layers provide sufficient refractive index for exciting two
separate plasmonic modes in the visible range. Further, the expected modes are being observed in the
spectra. Comparing the experimental results with theulsitions, the modes are blue shifted and
weakened. These results gave us confidence to experimentally optimize the strésjueesients
were designed to study the effect of lattice separation, size and shape of the nanostructures and are

described next

52



4.4 Effect of Pitch Variations

Nanograting arrays were fabricated with different lattice spacings of 400, 450, 500, 550 and 600 nm.
To see the effect of pitch variations, natube and naroylinder arrays with side length and diameter

of 200 nm respectively, were tested for the sample with the SION spacer layer. The surrounding
refractive index was set to 1.33gure 4.2a, bshows the reflection spectra for different pitch values

for nanecubes and nanoylinders, respectively. The reflection spectra for the underneath layers, off
thearrays is also shown. As seerFiigure 4.2 for both shapes, as the pitch increases, the resonance
wavelengths shift to longer wavelengthitis was predicted by the simulatiofsirther, both modes

get weaker as the pitch increases. This is duketceduced neafield coupling between neighboring
nanostructures and the reduction in the surface area of the gratirg) Tdyefeads to a reduction of
absorption in surface plasmons in the top layers. For both shapes, after 500 nm pitch, more than two
plasmonic modes can be observed which is due to the separation of the modes that were previously
creating Fano resonances. As a result, these separated modes are weaker and have lower quality factors.
Also, for pitch values above 550 nm, a mode is gettingtexzkdetween the 600 nm and 700 nm
wavelengths which is very similar to the mode in thetlpad reflection spectra. This shows that the

near field coupling is negligible for these pitches and the arrays are allowing the light to transmit
without absorfion for shorter wavelength. For the purpose of sensitivity, we are mainly interested in

those arrays that can produce Fano resonances with higher Q. Thus, a pitch below 500 nm is needed.
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Figure 4.2. Reflection spectraneasured from nangrating arrays with different lattice spacing for the sample with SiON

spacer layer for (a) cubes with 200 nm side length, and (b) cylinders with 200 nm diameter.
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4.5 Effect of Cube Side Length and Cylinder Diameter

Cubic and cylindrical arrays were fabricated with five different side lengths and five different diameters

of 170, 180, 200, 220 and 250 nm, respectiveigure 4.3a, bshows the reflection spectra for the
nancecube arrays with SION spacer layer and different side lengtlfsgime 4.3a, bthe pitch is 400

nm and 450 nm, respectively. The surrounding index was also 1.33. As sEgur@ 4.3 by
increasing the cube side length, the LSPR dominant mode gets stronger, and its resonance wavelengths
shifts to longer wavelengths. The reason for the modes getting stronger is increasietbrearpling,
increased surface area of the cubes andatxm of more surface plasmonslowever, the SPR
dominant mode igualitatively strongefor 220 nm side length as compared to the2BGside length.

The SPR dominant mode is a Famsonanceand theconstituent resonancegems to be getting
separated in wavelength as the side length increases to 250 nm and thus the Q decreases. In chapter 2,
the optimized cubic structure with 200 nm side length, has the highest Q for both plasmonic modes.
However, as can be seenHigure 4.33 the cubic array with 220 nm side length is generating two
plasmonic modes with the highest Q compared to the other arrays with similar pitch and different side
length. The reason for this is the small changes in the thickness of different layers, the Ti adhesion
layers and also the chromatic dispersion of the dielectric layer, which changed the resonance conditions
and led to the reduction of Q for the cubicagrwith 200 nm side length. For the cubic arrays when the

pitch is increased to 450 nm pitch, as seeRigure 4.3b, when the cube side length is less than 220

nm, more than two dips is observed in the reflection spectra for the LSPR dominant modeaFisis m

that the arrays need further optimization in order to create Fano resonances from these modes. Once
the side length reaches 220 nm, two strong plasmonic modes are being generated from the Fano
resonances of LSPR and SPR modes. As the side lengthsesr® 250 nm, both modes get stronger

and also shift to longer wavelengths. Compaifinigure 4.3aandb, arrays with 400 nm pitch are
creating stronger plasmonic modes and thus the cubic array with 220 nengjtewhilefor 450 nm

pitch, the optimal dsign moves to 250 nm side length. Qualitatively, it appears that the 400 nm pitch
designprovidesthe highest Q for both LSPR dominant and SPR dominant modes and should be optimal

for selfreferencing sensor. Nevertheless, we will also study the sensitivity of both the pitches.

Figure 4.3c, d shows the reflection spectra for the cylindrical shapes with 400 nm and 450 nm pitch,
respectively. The spacer layer is SiON, and the surrounding refractive index is 1.33. Foylimaiso
arrays with 400 nm pitch, as seerfigure 4.3c, the strength of the LSPR dominant mode increases
as the diameter increasaqyehaviorsimilar to the cubic arrays. Further, the resonance wavelengths of
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the modesarered shifted. For the 200 nm and 250 nm diameter arrays, the LSPR dominant mode
consists of two modes, which was discussed in the previous section. However, as the diameter increases
to 250 nm, these modes combine together completely and thus genenatereséaance with higher

Q. For the SPR dominant mode, the highest Q is obtained for the cylindrical array with 200 nm
diameter. As the pitch increases to 450 nm, as showigime 4.3d, for each cylindrical array, several
dipsarecreated in the visibleange. Although by increasing the diameter of the r@tinders, some

of the modes combine together and create Fano resonances, even for the highest diadestene

still not fully combined, and the structure needs further optimizations.
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Figure 4.3. Reflection spectra for the sample with SiON spacer layer for (a) cubic arrays with 400 nm pitch and different side
length, (b) cubic arrays with 450 nm pitch and different side length, (c) cylindrical array4@ithm pitch andlifferent

diameters, and (d) cylindrical array w40 nm pitch andifferent diameters.

Figure 4.4ad shows the reflection spectra of the sample with the SiN dielectric spaceFigyees

4.4a, bbelong to the cubic arrays with different side length and 400 nm and 450 nm pitch, respectively.
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Further,Figures 4.4c, dare for cylindrical arrays with different diameters and 400 nm and 450 nm
pitch, respectively. As the side lengths and diameters change, the reflection spectra vary similar to the
sample with the SiON spacer layer. However, it seems that the cubic @ha0® nm pitch and 200

nm side length is showing a higher Q for the SPR dominant mode compared to the other cubic arrays.
The LSPR dominant mode is still stronger for the cubic array with 220 nm and 250 nm side lengths.
For the clindrical arrays, the array with diameters of 200 nm with 400 nm pitch, is performing better
than other arrays in exciting the SPR dominant mode. The LSPR dominant mode turns into a fine Fano
resonance once the diameter reaches 250 nm, as sEgjuiia 4.4¢c However, the selfeferencing

SPR dominant mode weakens. For cylindrical arrays with 450 nm piEgure 4.4d several modes

are excited separately and thus the structure is not suitable for achieving Fano resonances
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Figure 4 4. Reflection spectra for the sample with SiN spacer layer for (a) cubic arrays with 400 nm pitch and different side
length, (b) cubic arrays with 450 nm pitch and different side length, (c) cylindrical arraydG@ithm pitch andlifferent

diameters, and (d) cylindrical array w40 nm pitch andifferent diameters.
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4.6 Performance of the Triangular Arrays

As discussed in chapter 3, equilateral triangular arrays were also fabricated with different side lengths
and lattice spacings, in an effort to achieve stronger plasmonic resonances due to the presence of sharp
corners in trianglegsigure 4.5a, bshows the reflection spectra of the sample with SION spacer layer

with equilateral triangular arrays with side lengths of 220 nm and 250 nm, respectively. The arrays
were tested for different pitches and the surrounding index was set to 1.33. As Bigemard.5 for

shorter wavelengths, triangular arraj®w the light to pass through them, and the reflection spectra

has a minor resonance similar to the reflection from the off the pads. This resonance belongs to the
surface plasmons excited in the gold film underneath. For longer wavelengths, some weakenodes a
observed, however, compared to the cylindrical and cubic arrays, these modes have much lower Q, and
the triangular arrays are not showing any advantage over the cubic and cylindrical arrays. The reason
for this poor performance in regard to the mode excitation, despite the sharper corners, is the smaller
surface area of the triangles compared to the cubes and cylinders. One can achieve stronger plasmonic
modes by either increasing the side length ofribadles or decreasing the lattice spacing. Both actions

will require further experiments during the lithography for finding the righe@m dose. Thus, we

gave priority to the cubic and cylindrical arrays that were already working and did not go faitirard

the triangular shapes.
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Figure 45. Reflection spectra of the sample with SION spacer layer with equilateral triangular arrays with side lengths of (a)

220 nm and (b) 250 nm, for different lattice spacings.
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4.7 Bulk Sensitivity

To further optimize the structuresancgrating arrays were tested for the bulk sensitivity when the
surrounding refractive index was subjected to change. Cargille refractive index liquid were used with
different values from 1.33 to 1.39 and the reflection spectrum of each array was measgdte
F40-UV. After applying the Cargille oil to the sample, appropriate tfffeminutes) was given to the

oil to spread over the sample. After each test, samples were cleaned with IPA and Acetone, multiple
times,and dried with nitrogen, and then the next oil was applied.

4.7.1 Cubic Nano-gratings, SiON Spacer Layer, Pitch 400 nm

Figure 4.6ae shows the reflection spectra of the cubic arrays with different surrounding refractive
index and side lengths of 170, 180, 200, 220 and 250 nm, respedfigrlye 4.6is for the sample

with SiION spacer layer and 400 nm pitch. For comparison, when the surrounding was air, the reflection
from each array and off the arrays were also measured. For cubic array with 170 nm side length in
Figure 4.6a two major modes are excited and are labelled on the figure. The modes are expected to
red shift by increasindhe surrounding refractive index, unless a mode is strongly coupled with SPR
modes of the underneath layers dnelFanoconditionschange By changing the surrounding index

from n=1.33 to n=1.34, the resonance wavelengths of the modes are blue shifted. This means increasing
the surrounding index, changes the dominancy of the LSPR and SPR modes. In this situation, the
resonance wavelengths aret going to simply red shift as the mode coupling conditions are being
changed. In simple terms, the Fano resoesrce still being created atite constituent modes shift
differently with changing refractive index. Once the surrounding index is increased above 1.34, mode
1 starts to red shift in resonance wavelength and thus the-ti8fRant Fano resonance is achieved.

Mode 2 also starts to shifed in wavelength, but the shift is slower than mode 1

Another weak mode is also observed between modes 1 and 2, and as the side lengths of the cubes
increased to 180 nm and 200 nm, as sed¥figare 4.6b, crespectively. With increasing refractive
index of the surrounding medium, this weak mode moves toward mode 2 and eventually create a Fano
resonance. For the cubic array with 180 nm side lendilgime 4.6b, similar to the 170 nm side length
cubes, the resonance wavelengths start to red shift for both modes when the surrounding refractive
index goes above 1.34. Compared to the 170 nm side length cubes, the quality factor of mode 1 is
increased and mode 2 se®to be shifting slower, suggesting that thelenis getting isolated from the

top region. For the cubic array with 200 nm side lengBidare 4.6¢ the quality factors of both modes
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are increased compared to the smaller size cubic arrays. Further, it seems that the Fano resonance of
mode 1 is almost created and the LSPR mode is becoming the dominant mode, and thus the resonance
wavelength of mode 1 is red shifting when the refradtinkex increases from n=1.33. However, in

mode 2, the SPR mode becomes the dominant mode only when the surrounding index increases to 1.35
and the mode gets isolated from the top. After this, this mode does not shift in wavelength with increase

in the surronding refractive index.

For the cubic array with 220 nm side lengthFigure 4.6d, the quality factors of the modes are
enhanced, compared to the smaller size arrays, suggesting that the Fano resonance conditions have
improved. The resonance wavelength of mode 1 is red shifting with the surrounding index increment,
which shows the domancy of the LSPR mode. For mode 2, once the surrounding refractive index
reaches 1.35, the mode is perfectly isolated from the top and does not change with refractive index
which implies on the coplete dominancy of the SPR modes. For the cubic array with 250 nm side
length inFigure 4.6e theresonance of mode 1 is qualitatively stronger as compamoddel in the
array with 220 nm side length. Further, mode 1 is red shifting with the increase of the surrounding
index which shows the dominancy of the LSPR mode. On the other hand, mode 2 has lower Q compared
to mode 2 in the array with 220 nm side lengtrewltthe surrounding refractive index is 1.33. As the
refractive index is increased, a stronggsonance is achieved. However, it is still less than that of the
array with 220 nm side lengttDue to this reason, even for a surrounding index of 1.35, the mode is
not perfectly isolated from the top and shifts slightly in wavelength as the surrguatiimctive index
is increased. These results suggest that side lengths of 220 nm provide the best design for our goals
where we have a sensitive LSPR dominant mode and an isolated SPR dominant mode when the

surrounding refractive index is 1.35 or higher

For quantitativelymeasuring the sensitivity of the sensors, we only consider those arrays with high
Q resonance features and strong Fano resonances, which in this case are cubic arrays with 200, 220 and
250 nm side lengths, shown Higure 4.6¢e, respectively. As the experimental data is very noisy,
firstly we used Savitzkysolay algorithm to smooth the da®6]. The SavitzkyGolay algorithm is a
digital signal processing technique used for smoothing and differentiation of noisy data. This method
aims toenhance the quality of data by removing kiggguency noise while preserving the essential
features of the signal. It operates by fitting a polynomial function to a small window of neighboring
data points and then using this polynomial to estimate tlo®tsiad value at the center point of the

window [96]. While it has never been used in plasmonics characterization before to our knowledge, it
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Figure 4.6. Reflection spectra of the cubic arrays with different surrounding refractive index and side lengths of (a) 170 nm,
(b)180 nm, (c) 200 nm, (d) 220 nm, and (e) B&@ respectively. for the sample with SION spacer layer and 400 nm pitch.

has beersuccessfullyapplied to spectroscopy data for machine learning especially in food analysis
[97]. After smoothing the data, we calculated the first derivative of the reflection spectra for each array

with different surrounding indes Any local minimum and maximum in the reflection spectra will
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appear in the first derivative as zero. In this way, we can calculate the senatouatyately Figure

4.7a-e shows the first derivatives of the reflection spectra with different surrounding indices and
corresponding changes in the resonance wavelengths of mode 1 and mode 2, for the cubic arrays with
side lengths of 200, 220 and 250 nm. Mode 1 and Mode 2 aitethimethe first derivative curves and

the wavelengths at which the derivative goes to zero. We notice the features become more apparent in

thefirst derivative curves and this shows that this method can be powerful in analyzing sensors.

For the cubic array with 200 nm side lengthFigure 4.7g b, by fitting a line to the mode 1
resonance wavelengths, the sensitivity is found to be 223 nm/RIU. Further, mode 2 is isolated from the
top when the surrounding index is 1.35 and 1.36, but it moves again when the surrounding index
increases to 1.39. Howex, it moves much slower compared to mode 1, because of its strong
dependency on the SPR modes. As we discussed earlier, when the surrounding refractive index
increases higher than 1.35, modestdmes an LSPR dominant Fano resonance and thus its resonance
wavelength red shifts with the surrounding index increment. This also can be $égarn4.7b in
which after a refractive index of 1.35, the resonance wavelengths of mode 1 are almost perfectly located
on a line. This suggests that mode 1 is stabilized as an LSPR dominant mode. If we calculated the
sensitivity of mode 1 by only considering thersunding indices of 1.35 and higher, the sensitivity
enhances to 285 nm/RIBor the cubic array ith 220 nm side length iRigure 4.7c, d, the sensitivity
of mode 1 is estimated to be 161 nm/RIU, which is lower than the array with 200 nm side length.
Further, mode 2 is completely isolated from the top once the surrounding index passes 1.35. If we
measure the sensitivity of mode 1 for refrae indices higher than 1.35, the sensitivity increases to
226 nm/RIU. For the cubic array with 250 nm side lengtRigure 4.7e, f, the sensitivity of the mode
1 is found to be 117 nm/RIU. Further, mode 2 is Wbdting slowly with the surrounding index
increment and seems to be almost isolated from the top when the surrounding index pasHessk. 36.
results suggest that the bulk sensitivity of mode 1 is higher when the side length is smaller, opposite to

what would be expected if onheafrfield coupling was dominant.

During the design and simulations of the nanbes, we were able to achieve a sensitivity of 429
nm/RIU. Looking at the sensitivity values we achieved in the experiments, it seems that the sensors are
not performing as expected. We were expecting to aehg lower sensitivity compared to the
simulations, due to the reduction in Q and changes in the refractive index of the spacer layer and
thickness of deposited layers. However, because our simulations were able to predict many details

correctly, we beliegd the sensors must be able to achieve a sensitivity value close to the simulations.
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Figure 4.7. (a, c, e)First derivatives of the reflection spectra of the cubic arrays with 200, 220 and 250 nm side length
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By taking a better look atigure 4.6, we realize that some parts of the reflection spectra are moving
faster than the other parts. For example, the left side of mode 1 is moving faster than the right side of
it. It seems that, as we go to the longer wavelengths, the dependency of mode 1 on the LSPR modes of
the grating layer gets weaker. Thus, as we go to the longer wavelengths, the sensitivity decreases until
we reach mode 2 and the mode gets completelytézbfeom the LSPR modes of the top layer. Thus,
to reveal the full sensing potential of the sensors, we need to select a point on the left side of mode 1,
where the LSPR mode is dominant. There is a local maximum between 600 nm to 700 nm wavelengths
for all of the arrays irFigure 4.6. This local maximum is created due to the existence of twoodips
its bothsides. One dip on its left side, around 600 nm wavelength, due to the excitation e SRRP
coupled mode and the other dip on its right side, due to the excitation of arRSFFRRiode (mode 1).
Looking at the shape of this local maximum, the quality factor of the peak is very similar to the quality
factor of mode 1, and thus its resonance frequency seems to be an appropriate measurement point for
sensor These local maximums are also labelled on the first derivative curfrgire 4.7a, c, eltis
clear from the first derivative curves that the local maximum is moving faster than ntagéhgr the
changeof wavelengthwith refractiveindexis morelinearthanif theresonancef model is considered.

Figure 4.8ac shows the resonance wavelengths of the local maximum for different surrounding
refractive indices, for the cubic arrays with 200, 220 and 250 nm, respectively. For each figure, a line
is fitted to the points for measuring the sensitivity of the arrayseen in this figure, sensitivityplues

of 227, 291 and 367 nm/RIU are achieved for the cubic arrays with 200, 220 and 250 nm side length,
respectively. These values are much higher than the sensitivity of mode 1. For the cubic array with 250
nm side length, a sensitivity of 367 nm/RIUaishieved which is close to the one we predicted during

the simulations. The sensitivity of mode 1 can be increased by further optimizing the structure in a way

that the LSPR mode is pushed to the center of mode 1.

Figure 4.9 shows the reflected colors from the cubic arrays with SiON spacer layer and 400 nm
pitch, with different surrounding refractive indices. When moving to the right side of the figure, the
surrounding refractive index increases, while moving from top totndtie cube side length increases.

The colors were captured from the center of the arrays while the sample was being tested under F40
camera. As seen iRigure 4.9 changing the surrounding from air to n = 1.33 causes a perceptive
change in theeflectedcolors, for all the arrays. This is due to the excitation of the strong plasmonic
modes while the surrounding index is 1.33, which manipulates the intensity of the reflection spectra.

When the surrounding index changes in the range of 1.33 to 1.39, witierays reflect different colors
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which shows the dependency of these plasmonic modes on the size of the nanostructures and also
surrounding medium.
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Figure 4.8a-c. Resonance wavelengths of the local maximum for different surrounding refriadiiefes, for the cubic arrays
with 200, 220 and 250 nm, respectively.

4.7.2 Cubic Nano-gratings, SiON Spacer Layer, Pitch 450 nm

Figure 4.10ae shows the reflection spectra of the sample with SiION spacer layer, and cubic arrays

with 450 nm pitch and side lengths of 170, 180, 200, 220 and 250 nm, respectively. The reflection
spectra were measured while the surrounding refractive index was chfigadthe cube side length

is smaller than 220 nm, a third mode is excited in between mode 1 and mode 2. As the side length

increases, the third mode moves to the longer wavelengths and gets coupled with mode 2 and creates a
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Figure 4.9. Reflected colors from the cubic arrays with SiON spacer layer and 400 nm pitch. Moving from top to bottom, the
cube side length increases, and from left to right, the surrounding refractive index increases.

stronger mode with higher Q. This transition can be clearly sd€égune 4.10ae. Further, after a side

length of 200 nm, the FESPR mode around 600 nm wavelengiatsstronger and its quality factor
increaseslin regard to the Q of the modes, the cubic array with 250 nm side lerfgitiune 4.1Gis
performing better than other arrays. When the surrounding refractive index changes, different parts of
the reflection spectra start to shift with different speeds. In shorter wavelengths, the depentiency of
curves on the LSPR mode of the grating layer is higher and thus the reflection curves move faster.
longer wavelengths, the SPR modes of the underneath layers get stronger and thus the modes move
slower with the change in surrounding refractive index. Once the side length reaches 25Qmen and
surroundingrefractive index goes higher than 1.35, the-ssférencing mode is completely isolated

from the surrounding environment, as seeRigure 4.1(Ce. It can be seen that the local maximum on

the leftside of the mode 1 is movirigster than the mode 1 and thus is a suitable feature for examining

the sensing performance.

Figure 4.11a-f shows the first derivatives of the reflection spectra for different refractive indices and
the changes in the resonance wavelengths of mode 1 and 2 and the local maximum, for the cubic array
with 200, 220 and 250 nm side length, 450 nm pitch and SiONszger. Mode 1 and 2 and the local
maximum are labelled iRigure 4.11a, c, f For the cubic array with 200 nm side length Fidgure
4.114a, b, the sensitivity values of the mode 1 and the local maximum are very close together and are

223and 224 nm/RIU, respectively. Mode 2 is shifting slowly and is not isolated from the top yet.
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For the 220 nm side length igure 4.11c, d the sensitivity of mode 1 is approximately the same

as the cubic array with 200 nm side length, however, the sensitivity of the local maximum is increased
to 267 nm/RIU. Mode 2 also seems to be getting isolated from the top, when the surrounding index
increases to 1.35 and higher. For the cubic array with 250 nm side lenigihjuie 4.11e, f the
sensitivity of mode 1 is slightly increased to 225 nm/RIU, compared to other arrays. The local
maximum is shiftingnuch faster and a sensitivity of 343 nm/RIU is achieved. Mode 2 seems to be
slowly moving when the refractive index increases but for refractive indidbe rangeof 1.36 and

1.39, the location of the mode remains constant which suggests the complete isolation of the mode from

the surrounding environment.

Reflected colors from the cubic arrays while the surrounding index was changing, is skayunen
4.12. When the cube side length increases, change is the reflected color is sensible for all the
surrounding indices. However, when the surrounding index changes in the range of 1.33 to 1.39, the
change in the color is not much, since some parts of the reflaatrves slowly red shift and there is

not much change in the intensity of the reflection curves.
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Figure 4.12. Reflected colors from the cubic arrays with SION spacer layer and 450 nm pitch. Moving fronbtifoin,
the cube side length increases, and from left to right, the surrounding refractive index increases.
4.7.3 Cubic Nano-gratings, SiON Spacer Layer, Pitch 500 nm

In the sample with SiON dielectragpacer layer, those cubic arrays with lattice spacing values higher
than 450 nm were showing plasmonic modes with lower Q, compared to the arrays with 400 and 450
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nm pitch values. The only array with decent resonance features was the cubic array with 250 nm side

length and 500 nm pitchrigure 4.13ac shows the reflection spectra with different surrounding

indices, first derivatives of the reflection spectra and changes in the resonance wavelengths of the

modes, respectively, for the cubic arrays with 250 nm side length and 500 nm pitch. AsFsgerein

4.133 three major resonance features are excited in the reflection spectra and are labelled as mode 1 to

3. Refearing to the simulation results thapter2, mode 1 is attributed to an #SPR coupled mode

which is now much stronger compared to the ones we observed in the cubic arrays with 400 and 450

nm pitch values. Mode 2 is an LSPR dominant mode and mode 3 is an SPR dominant mode. As can be

seen in theeflection spectra, by changing the surrounding refractive index, the modes start to shift to
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Figure 4.13. Reflection spectra with different surrounding indices, first derivatives of the reflection spectra and changes in

the resonance wavelengths of the modes, for the cubic arrays with 250 nm side length and 500 nm pitch, respectively. The

spacer layer is SiON.
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longer wavelengths with differeapeedsFurther, it seems the local maximum on the left side of mode

1 and the local maximum between mode 1 and 2 are moving faster than the three modes and can be
used as the measurement points for the sensitivity. The higher sensitivity of the local maximums
compared to thenodescan be seen in the first derivate curveRigure 4.13, where the local
maximums and modes are labelled. Finally, the sensitivity of the modes and local maximums are
calculated irFigure 4.1%. Mode 1 and 2 are showing 194 nm/RIU and 222 nm/RIU sensitivity values.
Local maximum 1 and 2 are also showing 395 nm/RIU and 332 nm/RIU sensitivity values. The
sensitivity of the local maximum 1 is very close to the value we achieved in the simulatidies for
cubic arrays with 200 nm side length and 400 nm pitch. This higher sensitivity compared to the
optimized design in simulations shows that the existence of the adhesion layers and difference in the
refractive index and thickness of different layerss lthanged the optimized design during the
experiment and now the highest sensitivity is achieved for a different side length and pitch value. The
selfreferencing mode, mode 3, is also moving slowly when the surrounding refractive index changes
and seem® be almost isolated from the top when the surrounding index is higher than 1.35. Reflected
colors from the array while the surrounding refractive index was changing, is shévwguia 4.14.

Surrounding Refractive Index

>

n=1.33 n=1.34 n=1.35 n=1.36 n=1.39

Figure 4.14. Reflected colors from the cubic array with 250 nm side length and 500 nm pitch, for different surrounding
refractive indices. The spacer layer is SiON.

In summary, the cubic arrays in the sample with the SiON spacer layer are exhibiting acceptable
performance compared to the simulation results. The quality featersof the LSPR dominant modes
are very close to the ones we achieved during the simulations, however, the qualityelaesmf the
SPR modes are lower compared to the simulations. Further, some of the cubic arrays of this sample are
showing comparable sensitivity values to the simulation results. However, since the LSPR dominant
modes wereshowing uneven sensitivity on both sides of the Fano resonance, the highest sensitivity
values were achieved by choosing the resonance wavelength of a local maximum adjacent to the LSPR

dominant mode.
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4.7.4 Cylindrical Nano-gratings, SiON Spacer Layer, Pitch 400 nm

As mentioned in chapter 3, during the lithography of the grating layers, rectangular and circular
patterns were designed on the same sample with the SiON spaceFigyes. 4.15ae shows the
reflection spectra with different surrounding refractive indices, for the cylindrical arrays with 170, 180,
200, 220 and 250 nm diameter, respectively. The pitch is 400 nm, and the spacer layer is SION. For
cylindrical arrays with 170 and 180 ndiameter, two modes are excited in the reflection spectra.
However, the f the modes are not very high, and it seems the structure needs further optimization
to enhance the Q. Also, mode 1&2 both are shifting as the surrounding refractive index changes. As
the diameter increases to 200 nnfrigure 4.1%, Q of both modes increases and the Fano resonances
are very well matched. Mode 1 is red shifting as the surrounding index increases. However, mode 2 is
moving slower compared to mode 1 amnpletasolation from the top has not been achievediyet.
the array with 220 nm dmeter inFigure 4.15d, compared to the 200 nm diameter array, the Q of
mode 1 is increased and Q of mode 2 is decreased. Also, the resonance wavelength of mode 2 seems to
be isolated from the top as the surrounding refractive index changes. For the array with 250 nm
diameterthe Fano resonances in mode 1 amdezeparating and thus Q is decreased. Mode 1 is now
divided into two different modes as we observed the same phenomenon in the simulations for the 200
nm diameter. Although the Q of mode 2 is decreased, the mode seems to be isolated from the top as the

surounding refractive index goes higher than 1.35.

To further investigate the sensing performance of the sensors, the first derivatives of the reflection
spectra for different refractive indices and the changes in the resonance wavelengths of the modes as a
function of the surrounding refractive index atewn inFigure 4.16af, respectively. Again, we are
only measuring the sensitivity of those arrays which are showing higher Q, which are cylindrical arrays
with diameters of 200, 220 and 250 nm. For the cylindrical array with 200 nm diamieigguria 4.16a,

b, mode 1 and mode 2 are labelled in the first derivative curves. For this array, we are not using the
local maximum for the sensitivity measurement since the Q of the local maximum is lower than mode
1, and the resonance wavelength of mode 1 seems toudegnfaster than the local maximum. Mode

1 shows 407 nm/RIU sensitivity to the changes in the surrounding refractive index. During the
simulations, we achieved 400 nm/RIU sensitivity for the cylindrical arrays with 200 nm diameter. Thus,
for the cylirdrical arrays, it seems that the resonance conditions of the LSPR dominant Fano resonance
is changed in such a way that the dependency of mode 1 on the LSPR modes of the top layers is
increased, compared to the simulations. Thus, despite the cubic aitre28@nm side length showing
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much better performance in simulations, surprisingly the cylindrical array with 200 nm diameter has
higher sensitivity compared to the one we achieved in simulations. It seems that the chromatic
dispersion of the spacer layer along with the Ti adhesigrdagnproved the dominancy of mode 1 to
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Figure 4.15a-e.Reflection spectra of the cylindrical arrays with different surrounding refractive indices and diameters of 170,

180, 200, 220 and 250 nm, respectively. The dielectric spacer layer is SION and the lattice spacing is 400 nm.
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the LSPRs of the top layer and led to an enhancement of the sensitivity. We also achieved very decent
cylindrical patterns due to the lack of sharp features and thus, the mode evolution experimentally is
closer to that predicted by the simulations. . MBdgalso slowly moving with the change of refractive

index which means it is not completely isolated from the top. For the cylindrical arrays with 220 nm
diameter in Figurd.16c, d the sensitivity of the mode 1 is decreased to 255 nm/RIU compared to the
200 nm cylinders. However, mode 2 is almost isolated from the top and is moving very slowly as the
refractive index changes. For the cylindrical arrays with 250 nm diametagure 4.16e, f again the
sensitivity of the mode 1 is reduced to 96 nm/RIU. Again, smaller nanostructures are giving higher
sensitivity, which demonstrates that just the proximity effect is not sufficient to explain the modes
within the structureHowever, as the local maximum happening on the left sideocofel has a very

similar quality factor tomodel, we can now use it as a measurement point for the sensitivity. As a
result, the sensitivity of the local maximum is measured to be 198 nm/RIU which is higher than the
sensitivity of the mode 1 for the same array. Also, the isolation of theefetbening mode (mode 2)

is improved compared to the arrays with smaller diameter, however, the Q of the mode is decreased.
Figure 17 shows the reflected colors from the cylindrical arrays as the refractive index changes.
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Figure 4.17. Reflected colors from the cylindrical arrays with SION spacer layer and 400 nm pitch. Moving from top to

bottom, the cylinder diameter increases, and from left to right, the surrounding refractive index increases.



4.7.5 Cylindrical Nano-gratings, SiON Spacer Layer, Pitch 450 nm

Figure 4.18ae shows the reflection spectra with different surrounding refractive indices, for the
cylindrical arrays with 170, 180, 200, 220 and 250 nm diameter, respectively. The pitch is 450 nm, and
the spacer layer is SiON. For the cylindrical arrays with 170 a@dhdBdiameters ifigure 4.18a, b

three modes are excited in the reflection spectra. However, the quality factors of all the modes are very
low and further optimization is needed to achieve decent resonance features. As the diameter increases
to 200 nm inFigure 4.18&, the Q of mode 1 increases and Q of modes 2 and 3 remains the same. For
the cylindrical array with 220 nm diameter fingure 4.181, the Q of mode 1 further increases and

mode 2 and 3 get combined together and create a strong Fano resonance. Further, a 4th mode is excited
within the structure which is a FabBerot mode combined with LSPR. As the diameter increases to

250 nm inFigure 4.18&, the quality factor of the modes is further improved.

Corresponding first derivatives of the reflection spectra and changes in the resonance features versus
the surrounding refractive index are showirigure 4.19af, for the cylindrical arrays with 200, 220
and 250 nm diameter. For the cylindrical array with 200 nm diamekégime 4.193 b, the sensitivity
of mode 1 is 108 nm/RIU. Further, mode 3 is also sensitive to the changes in the surrounding index
with a sensitivity of 177 nm/RIU. This high sensitivity of mode 3 proves that this mode is an LSPR
dominant mode and thus mode 2 should be an SPR dominant mode. Due to the low Q of mode 2, the
sensitivity of this mode is not calculated. For the cylindrical array with 220 nm diamétaguire
4.1, d, the sensitivity of mode 1 is increased to 151 nm/RIU. Further, mode 2 and 3 are combined
and create a Fano resonance which its resonance wavelength shifts slowly with the change of
surrounding index. This proves that mode 2 is a SPR dominant mode anit ncombined with
mode 3, creates a Fano resonanageithalso an SPR dominant mode. As the diameter increases to 450
nm, as seen iRigure 4.1%, f, the sensitivity of mode 1 increases to 430 nm/RIU. This value is higher
than the value we achieved for both cylindrical and cubic arrays during the simulations. This high
sensitivity again proves that the chromatic dispersion of the dielectric spageh&syimproved the
sensitivity performance of the cylindrical arrays. However, the quality factor of mode 1 is not very high
which suggests that the figurerakrit is not very high. Mode 2 & 3 is shifting slowly with the change
of the surrounding refractive index, however the complete isolation from the top is not achieved.
Reflected colors from the array are also showFigure 4.20for different refractive indices. Once the

surroundings are changed from air to 1.33, the change in the reflected colors is sensible for all the

75



arrays. However, as the refractive index increases from 1.33, the color change is not very sensible since

there is not much change in the intensity of the reflection spectra, as segure4.18ae.
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Figure 4.18a-e.Reflection spectra of the cylindrical arrays with different surrounding refractive indices and diameters of 170,

180, 200, 220 and 250 nm, respectively. The dielectric spacer layer is SION and the lattice spacing is 450 nm.
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Figure 4.20. Reflected colors from the cylindrical arrays with SION spacer layer and 450 nm pitch. Moving from top to

bottom, the cylinder diameter increases, and from left to right, the surrounding refractive index increases.

To summarize the performance of the sample with SION spacer layer, based on the results, we can
claim that the cubic arrays are showing resonance features with higher quality factors which is a result
of stronger field confinement in the corners of theesulDn the other hand, cylindrical arrays show
higher sensitivity compared to the cubic arrays, due to the decent circular patterns that were achieved
during the lithography. Further, the chromatic dispersion of the dielectric layer has improved the
sensivity performance of the cylindrical arrays, while the cubic arrays were showing lower

performance compared to the simulations, due to the chromatic dispersion.

4.7.6 Cubic Nano-gratings, SiN Spacer Layer, Pitch 400 nm

Figure 4.21ae shows the reflection spectra of the cubic arrays with the SiN spacer layer, with side
lengths of 170, 180, 200, 220 and 250 nm, respectively, for different surrounding refractive indices.
The pitch is 400 nm. For the cubic array with 170 nm side lengtigire 4.213 two major modes

are excited which are labelled as mode 1 and 2. Further, another weak mode is excited between mode
1 and 2 which getsombinedwith mode 2 as the side length of the cubes increases to 180 nm, as seen
in Figure 4.21b. Also, the local maximum which is located on the left side of mode 1 is moving faster
than mode 1 for both arrays and thus its resonance wavelength can be a measurement point for the
sensitivity. For the cubic arrays with 200 nm side lengtRigure 4.21c, the quality factors of both

modes are enhanced. Mode 1 is red shifting with increasing the surrounding refractive index while
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mode 2 is isolated from the top as the surrounding index is higher than 1.34. It is also clear that the
local maximum on the left side of mode 1 is moving faster than mode 1. For the cubic array with 220
nm side length ifrigure 4.21d, the strength anthequality factors of both modes are slightly improved
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Figure 4 21a-e.Reflection spectra of the cubic arrays with different surrounding refractive index and side lengths of 170, 180,

200, 220 and 250 nm, respectively. The dielectric spacer layer is SiN and the lattice spacing is 400 nm.
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compared to the array with 200 nm side length. However, the isolation of niugfg2nsvhen the
surrounding index is above 1.35. For 250 nm side lengkhgare 4.21d, mode 1 is much stronger

than the ones in smaller length arrays. However, mode 2 Fano resonance is separated to two modes and
the Q is decreased.

Figure 4.22af shows the first derivatives of the reflection spectra and changes in the resonance
wavelengths of the modes versus surrounding refractive index, for the cubic arrays with 200, 220 and
250 nm side lengths. For the cubic array with 200 nm side lendgtigime 4.223 b, sensitivity of
mode 1 is 169 nm/RIU. However, the local maximum on the left sigdeodkl is showing a higher
sensitivity of 293 nm/RIU, which suggests that the LSPR mode of the top layer is stronger around the
resonance wavelength of thedd maximum. Further, the resonance wavelengtmade2 seems to
be completely isolated from the surroundings when the refractive index is 1.35 and higher. This array
is showing slightly higher sensitivity compared to the cubic array with 200 nm side length in the SiON
spacer sample which had a sensitivity2@7 nm/RIU. This shows that the higher refractive index of
SiN compared to SiION has improved the dominancy of the LSPR modes of the top layer in the
reflection spectra. For the 220 nm side lengtRigure 4.2Z, d, the sensitivities of mode 1 and the
local maximum are 108 and 317 nm/RIU, respectively. Increasing thd side &engths to 220 nm,
reduced the sensitivity of the mode 1 and enhanced the sensitivity of the local maximum. Also, mode
2 is almost isolated from the top for surrounding refractive index of 1.35 and higher. Compared to the
sample with SION spacer layand identical cube length which had a sensitivity of 291 nm/RIU, the
sensitivity is slightly increased which is similar to thenol we observed in 200 nm side length array.

For the cubic array with 250 nm side lengthFigure 4.22, f, the sensitivity of the mode 1 is almost

zero which suggests that mode 1 is now an SPR dominant mode and is almost isolated from the
surrounding environment. However, the sensitivity of the local maximum is further increased compared

to the smaller sizereys and is 422 nm/RIU. This is the highest sensitivity that we achieved for the
cubic arrays in both samples so far and is slightly lower thaséhsitivity value we achieved in
simulations for the cubic array with 200 nm side length and 400 nm pitch. This suggests that firstly, the
higher refractive index of SiN layer, compared to the SiON layer, has improved the separation of the
modes,and thus led to an enhancement of the sensitivity to a value very close to the simulations.
Secondly, the existence of the adhesion layers and chromatic dispersion of the spacer layer has changed

the plasmonic excitation conditions and the maximum seitgits hgopening for the cubic array with
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250 nm side length, while the highest sensitivity was achieved in 200 nm side length during the

simulations.
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Figure 422. (a, c, e)- First derivatives of the reflection spectra of the cubic arrays with 200, 220 and 250 nm side length
respectively, for different surrounding indices and, (b, e, f) changes in the resonance wavelengths of mode 1 and 2 and the
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400 nm.
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Figure 4.23 shows the reflected colors from the cubic arrays with the SiN spacer and 400 nm pitch,
for different refractive indices. Different colors are reflected from the arrays which show the
manipulation of the reflection spectra due to the plasmonic mode egoitem
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Figure 4.23. Reflected colors from the cubic arrays with SiN spacer layer and 400 nm pitch. Moving from top to the bottom,
the cube side length increases, and from left to right, the surrounding refractive index increases.

4.7.7 Cubic Nano-gratings, SiN Spacer Layer, Pitch 450 nm

Figure 4.24ae shows the reflection spectra of the cubic arrays with the SiN spacer layer, with side
lengths of 170, 180, 200, 220 and 250 nm, respectively, for different surrounding refractive indices.
The pitch is increased to 450 nm. Three major modes are exciti fonbic array with 170 nm side
length, as shown iRigure 4.24a However, the quality factor of the modes is low, and the structure
needs further optimization to improve the Q. By increasing the side length to 180Figuria 4.2,

the Qof mode 1 is slightly increased and mode 2 is shifted toward longer wavelengths and is getting
close to mode 3. Once the side length is increased to 200 Figuire 4.24, a fourth mode is excited

in shorter wavelengths which is an-EBPR mode. The Q of mode 1 is also increased and mode 2 &

3 are almost combined and creating a Fano resonance. Further enhancement of the cube side length to
220 nm has improved the strengtid quality factors of mode 1 and mode 4, as showigure 4.24.

Also, the Fanoasonance, resulting from the combination of mode 2 & 3, is completely formed and the
resuling mode is almost isolated from the top as the refractive index is 1.34 and higher. Also, it can be
seen that the local maximum between mode 1 and mode 4 is moving faster than other parts of the

curves. For the cubic array with 250 nm side lengffiguire 4.24, the quality factors of all the three
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modes are enhanced. For this array, therefdirencing mode is fully isolated when the refractive index
is 1.36 and higher. First derivatives of the reflection spectra and changes in the resonance wavelengths

versus the surrounding refractive index, stiewn inFigure 4.25a-f.
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Figure 425. (a, c, e)- First derivatives of the reflection spectra of the cubic arrays with 200, 220 and 250 nm side length
respectively, for different surrounding indices and, (b, e, f) changes in the resonance wavelengths of mode 1 and 2 and the

local maximum, coesponding td-igure 25a, ¢, erespectively. The dielectric spacer layer is SiN and the lattice spacing is
450 nm.
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