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Abstract

Nanometallic structure®fficiently convert light to surface plasmepolaritons (SPPs)
localized to ultresmall volumes. Such structures can provide highly enhanced fields and are
of interest inapplications inolving plasmorenhanced nonlinear optics. In this study, the
devices consist of rectangular gold nanoantennas on a graphene layer oefsasBii3trate.

The nanoantennas are used to exploit SPPs to enhance the interaction between gndphene
light.

Specifically, gasmorenhancedkaman scattering from graphene is of interest. Here,
the nanoantennas are spectraligned with a Stokes wavelength of graphewath the
addition of a seconkhser sourcestimulatedRaman scattering can be abed The first laser
source pumps the sampleds atoms and mol ecul e
stimulates emission of a photon and relaxation to a higher mode of the grountrssateork
involves designing and constructing a stimedatind spontaneous Raman microscope and
also a reflectancmeasuremertbol. Within the framework of this thesi®aman scattering
enhancement in graphene based on plasmonic resonant enhancement of the Stokes emission
is demonstrategbroviding a maximumrosssectioral gain of approximately 500 per antenna
This work also shows the normalized reflectance response of the nanoantenna stéictures

different length and width and how their resonant wavelengths shift
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Chapter 171 Introduction

1.1 Introduction and Motivation

Metallic nanostructures and their interaction with light have been studied for their optical
properties for a number of yeaRlasmonic structures based woble metals specifically are

more widely studied due to themvorable opticabroperties around the visible frequency
spectrum. Plasmons are coupled oscillations of light and free electramsedatdielectric
interface and in bulk metal[1l]. Plasmons havdields that propagat®er resonate with
localization that may beeyond the diffraction limit. Surface plasmonics was instigated by a
prediction of electron energy losses for an electron keaversing ahin metal film under

the energy of bulk plasmorg].There are two essential pfaon excitationspropagating

SPPs andesonating (or localizedurface plasmons (LSPs). Noble metals can support SPPs
over the visible and infrared parts of the spectrum and are used for applications such as

nanophotonic waveguid¢3].

Surface fasmonsinvolve the colkective oscillation offree electrons in conducting
materials. Surface plasmons (SPs) are the electromagnetic waves couplega@xtitation
at the surface of a mefdl]. Plasmons have a few propertieat make them ide&br photonic
applications The most important ar&) their small spatial extension related to the wavelength
of light allowing for a better imaging resaiom; 2) their strong interaction with light, which
can allow e.g, the creation of colors through plasmons; 3) #teong opticalfield

enhancemerthat they can produdg].

SPPs can confine electromagnetic energies to-delkwavelength scales, which in
return can enhance lightatter interaction at nanoscal8$. The daracteristics of molecular
spectroscopy and imaging such as spectral intensity and spatial resolution can be altered by
plasmonic nanomaterials. Thisggeredthe development of optical spectroscopy techniques
such assurfaceerhanced Raman scattering (SER$). SERS has becomewvadely-used
spectroscopy technique with single molecule sensitivity and chemical specificity.
Furthermore, plasmonic metallic nanostructures can increasspé#tial resolution and the

strength of the BRS signal for detection. More specificallygraphenebased SERS ka



attracted considerable interest sintte can combine chemical and electromagnetic

enhanement to achieve single molecusansitivity.

At the endof chapterong the scope and organization of thisdiseare introduced.
Chapter twoprovides a general introduction to SERSsed on jtical nanoantenisaon
graphene. The general theory will be discussed while also providing some background on
previous stugks. The motivation behind this work wasftatherthe work of Ghamsaet al
[6] by building acustomRaman microscoperhich includesa stimulated Raman emission
arm. The work of Ghamsagonsisted of enhancing the graphene Raman signal by aligning
the resonance of the nanoantenna with that of the stoke wavelengths as opposed to pump

wavelengths.



1.2 Thesis Objective and Contributiors

The objective of this thesis is to build a Rammaitroscopethat can be slightly altered to

obtain three different measurementhich are

1. Normalized reflectance measurements
2. Spontaneous Raman measurements

3. Stimulated Raman measurements

The main focuses fothis work is to build a functioning Raman microscopéich includes
designing, acquiring andssemblinga custom setip and repeatng the measurements of
Behnood Ghamsari to enhance the graphene Raman signahavitantenna§6]. The
measurements are carried outgnaphene samples with gold nanoantenna arrays to enhance
the signal. The Raman microscopwist be sensitive enough tacquire aRaman signal
without the need of enhancement. One of the main contributions of this work is the stimulated
Raman microscope armhich uses a secondary Stokes soufde built spectroscopy tool

can have elements added or removed easily to result in different functionalities such as adding
a notch filter for antstoke measurements. The-ggtis controlled and data are acquired via

software written in LabVIEW.



1.3 Thesis Organization

The reminder of this thesis is organized as follows. The second clapittedi Bac kgr ound

and |iterature reviewo wil!/ di scuss the
conducted ¥ others related to this thesis. The third chapter entif@dtical Setup discuses

the Raman microscopand its design, which includdsur arms,as well as the various
software programsyritten to control the microscope and collect datdapterfour ertitled
fiMeasurements anBesult® will discuss briefly the device structure aitd fabrication
processthe experimental procedureevelopedand the measurements obtained. The thesis
ends inChapter five with some concluding remarks arsliggestions dr future work.

Followed by that is a few appendices containing relevant but not crucial information.
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Chapter 21 Background and Literature Review
2.1 Surface Enhanced Raman Spectroscopy

2.1.1 Introduction

In the last few decades laser spectroscopy has been a fast developing field. The technique has
an important role in biophysics/biochemistry ahe life science. Spectroscopy isised in
research, diagnosis of diseases and therapy cpntr&@pectroscopy allows the identification

and structural characterization of molecules without coming in contact with tthesmtle
molecules will not be damageaonsequentlyit has gainedsignificant interestfrom
researchers. Raman spectroscapya spectroscopic technique probing vibratioaad
rotationallevels of molecules providinigigh accuracystructural informatiorand tus it is of

high interestfrom a fundamental standpoint as well as for identifying chemical species
specifically The biggest disadvantage of Raman spectrosisofiye weak signals from the
Raman processhe magnitude of the crosection for the process in the orderop ¢ p 1

lower than thdluorescencerosssection[8].

The first account of Raman Spectroscopy study on electrochemical systems was
conducted by Fleischmann, Hendra and McQuillan in 19¥.3Theyobserved a strong and
potentialddependent Raman signals on thin284, HgBr2, and HgO films formed on
mercury droplets electrodeposited on platinum electrodes. These compounds have a good
Raman scattering signal, thus the experiment proved the pogdgithiRaman spectroscopic
measurements under the electrochemical environment. This was followed by Vanddbuyne
al. in 1975 reporting that they were able to obtain Raman signals of electrochemically radical
ions both in bulk electrolyte and diffusion layj@0]. This was due to the fact that normal
Raman scattering is too weak to be measured in thesgesin the thin diffusion layer. Thus,

the use of resonance Raman spectroscopy was iessemoost the detection sensitivity.

In mid to late 1970s it was discovered that molecules absorbed on a specially prepared
silver surface produce a Raman signal tha million times more intense than expected

through the contribution of Fleischmann and Van Duyrdg, [12]. This discovery of a high



gained attention after it was deduced that the high Ramansayaataused by enhancement

of Raman scattering (RS)his effect was name8ERS[13]. The enhancement factoisr
Ramanwere originally p it p 1t but laterthe enhancemergrew top 1 p 1 for dye
molecules in SERS experimeni@. This discovery was the starting point to design highly
sensitive surface diagnostic techniques applicable to electrochemical, biological and other
interfaces. Van Duyne whsuggestedhe acronym SER$L3] has stated in &llow up
publication [14] the claim that his group discovered SERS. He believes that the first
experimental observation of the phenomeastablishes its discovery.

The biggest contributor to the intensity enhancement is an electromagneticeéect

to the laser excitation of localized surface plasmons at metal surfaces, thus creating an
enhanced electric field (EJ15]. The incident and scatterefields are affected by
enhancements which results in a totghsil enhancement proportionaltte fourth power

'O . A motivating factor 6r SERS is its spatial resolution, where SERS can pravldeeral
resolution better than 1Am for metallic nanostructures. This resolution is two orasrs
magnitudebelow the dfraction limit, thus eliminating the need for a focusing leB&ERS

also has the advantage of higher specificity since the Raman spectrum is a result of vibrational

frequencies of molecules.

2.1 2 Raman Scattering

To observethe impacts of SERS, one m#® to discuss Ramascatteringfirst. Raman
scatteringis aprocessnvolving aphoton and a molecule. Incoming photafissnergy®

incident on a molecule are inelastically scattered and shifted in a frequency equivalent to the
energy associated with molecular vibration® , as can be seeinom Figure 1. This
frequency shift can occuo higheror lower energy levels relative to the incident photon. The
shift is dependent on whether the photon is incident on a molecule in the ground staie or in
excited vibrational statdOuring ground statenteraction, photons lose energy by exciting a
vibration, thus the scattered light will appear at a lower frequéncyknown as Stokes
scattering. In theecondcase photons interact with molecules in an excited vibrational state,

photons gain energydm the molecular vibrations. Thus, an &itokes scattered signal will



occur where the signal appears at higher frequencylt is important to mention that the
antistoke Raman shift is also responsible for a spectroscopy technique known asnCohere
Anti-Stokes Raman Spectroscopy (CARSRaman shifts are generally represented in
wavenumbelunits of inverselength), where the wavenumber is the difference between the
inverse of the excitation wavelength and the Raman spectrum wavelength such as

. I 2.1
8 A P P pTT, (2.1)

The Raman representation in wavenumber, suggests that for all excitation wavelengths
the Raman shift will be the samle.a more general view, the Raman scatleignal is an
electromagnetic wave which is induced by a dipole moment in the mol[@¢ulehis dipole
moment is generated by the incoming electric figldch produce the molecular vibration.

The induced dliole will oscllate atthe frequency of thencoming field but will also oscillate
at different frequencieselated to allowednolecular vibrationscreating the Stokes and anti

Stokes side bands.

The Raman process described above takes place spontgnetusther type of
Raman scattering is stimulated Raman scattering, which takes place when Stokestpabton
were previously produced or injected througging a secondaser enharing the Raman
signalby producing stokes photofaster In thestimulatedcase the Raman scattering rate is

increased and the pumped photons are more easily transitioned into Stokes [i6btons

In Figurelb, aschematic representation of fluorescence and RS in a meiggiven
where it can be seen that the fluorescencetspads broadband and does not specify
structural informationabout he molecule. On the other hand, Raman scattering probes
specificvibrational levels ofmolecule.Such levels depend on tatoms, their bond strength
and th& arrangemenin amolecule Thus, the Raman spectrum providespecific signature
of the moleculeandis narronbandspectrum | eadi ng t o what i's kno
fingerprinto of a subst afce.canbh®malpvwridgen St ok

as,
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where,, is the Raman cross sectic®D s the laser intensityandN is the number of

molecules in the probed volume.
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Figure 1 - a) Scattering process between molecule and photon , b) Schematic diagram of Fluorescence and Raman
Scattering7]

2.1.3 SERS mechanisms and SERS enhancement factors

Due to the sensitivity ofconventional Raman scattering beifigndamentallylow, the
applications of Raman scattering are limitddhus, the sensitivity enhancement of SERS
resulted irgreaterapplicationof Raman scattering.7]. SERSoccurs wheithe Ramarsignal
scatteredrom amoleculeis enhancedue b its proximity to a metal surfacdeenhancenens

by afactor ofalmostp 1have been observéti8]. In SERSsubstrates are covered in metallic
nanostructures. Itis a phenomanooted inthe enhancement tieelectric field surrounding
metalic nanostructurg Initially SERS was observedrom rough medl surfaceshowever,

metal nanostructures have rapidly become of significant interest for SERS applicBhisns



is due to the fact thatanostructureare much smaller than the wavelength of excitgtl®y,

they produce field enhancement and are controlled by design

Il tds i mportant to note t hadlogickfieldseof i ng
metallic nanostructuregnd that molecules interacting with metallic nanostructuresive
a new Raman processd crosssection.Specifically, he new Raman process has a larger
crosssection than the free Ramprocess The SERStokes poweb 0 can be altered

to describe the effects of metallic nanostructurdsias
0 0 0, VUL SHDUL s (2.3)

whered 0 andod U are the enhancement factofsthe laser and for the Raman scatter
fields. Also,, is the increased cros®ction of the new Raman process andis the

number of molecules in the SERS process.

The most important property of SERS is the absonp#ind scattering of light by
metallic nanoparticleat a resonanwavelength smaller than that of the exciting lighfithout
the presence of such particles the enhancement results are not classified 4203ER®
enhancemens dependent on the orientation of the SERS substrate with respect to the incident
laser polarization and directioWe assume thmetallic structuré¢o bea nanesphere with a
dielectric constant 0 ard diameter ¢i in a medium with dielectric constant as seen in
Figure2. The sphere is a distance d from a moleeutéchis exposed to a field O

O , whereO s the inadentfield andO is the field ofthedipolar surface plasmoresonance

inducedonthe sphere. The field enhancement factay is then given by7]:

- - i (2. 4)
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Similarly, the scattered stokes and astitkes will beenhanced if they resonate with the
dipolar surface plasmoresonancef the metal sphere. Thus, the enhancement factor of the

stokes signgbower"OU0 considering th@nhancement of tretokes and laser fields is given
by 7],
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Figure 2 - Schematic diagram of the concept of SERS

2.1.4 Applications of SERS

Despite the fact that thousands of papers have been published in regards to SERS, the
development of SERS in applications has been glevtotwo main hurdles. The first being

that for electrochemical SERS (ESERS) only three noble metals provide siguaifit
enhancements (Au, Ag, Cu), thus limiting the range of SERS applicatioh€£ven though
transition metals hava widespreaduse inelectrochemistry applications they have been
considered naiSERS active. Almost all of the early studies were performed with pyridine on
silver electrodes. Sincedh however, the effects hawbeen reported on otheurfacessuch

as silver, gold, copper, lithium, sodium, potassium, indium, aluminum, platinum, and
rhodium. Silver remains the most efficient and the most studied, however it oxigjueky

which can create limitations. The sadoobstacle is that high SERf8tive substrates suffer

from instability, leading to poor reversibility during ERERS measurement§he reason
reversibility isimportant is it allows one to repeat the measurements on the same area if
desired.Thus, makingt difficult to correlate the electrochemical data with SERS intensity. In
this chapter in a later section it will be discussed wiaphene is an appropriate substrate for
SERS.
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L. Gunnarssoret al investigated thsubstratesize and geometry dependerafehe
SERSsignalon molecules by fabricatingubstratesising electron beam lithography. They
fabricated arrays of silvestructures oflifferent shapes (cittar, triangular and square) with
sizesrangingbetween 100G 200 nm on Si waferg21]. They performed experimentaith
Rhodium 6G (R6Gdn these surface¥hey usedvio different excitation wavelengths, 514.5
nm and 632.8im. The more suitable one for R6G was 51dn% due to the fact that this
wavelength is close to being in resonance with the electronic transition of the molecule, thus
enhancing the Raman signal. However, the strong absorption of thensif#&am also lead

to an intense fluorescence background, thus decreasing thetsignuége ratio.

They observecdho enhancement of the Raman signal of R&Ghe Si surface oon
uniform silver films. It was also clear that the intensity of the signal ded@afeincreasing
separation between the silver particksce they no longer couplevith each othert was
alsoobserved that the peak heig¥dsproportional to the silver area or to the number of silver
particles in the laser spot. Finally, they concluded that the triangular shaped particles resulted

in a higher enhancement than titeer shapedue to the presence of corners.

Hongxing Xuet al determined the molecular vibrat®m a single hemoglobin (Hb)
protein. They achieved results by attaching the Hb proteins to immobilizedrGfiver
particles, thus allowing the use 0ERS. They obtained vibrational Raman spectra from the
Hb coatedsilver particleg22]. Single molecule spectroscopy (SMS) has the possibility to
identify how an individual molecule reacts to varying outer stimuli. Hence, delivering
important information inaccessible imsemble averaged measurements. In this paper the

authors found that the minimal aggregation number for effective SMS is the dimer.

The results indicated that the silver clusters were necessary to observe an effect and
that the Hb proteins actuallyobnd tre silverparticlesinto clusters. A comparison between
calculation and experiment indicates that electromagnetic field effects dominate the surface
enhancement, and that single molecule Hb SERS is possible only for molecules situated
between Ag particle3.he vibrational spectra exhibit temporal fluctuations of unknown origin

which appear to be characteristic of the single molecule detection limit. The surface

11



enhancement factor observed was p 1 which is mainly due to an increase of the

local electre field between the Ag particles.
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2.2 Optical Antennas

2.2.1 Introduction

Radiowave and microwave antennas are structures that transmit and receive electromagnetic
waves. Optical antennaalso known as nanoantennase a developing type of antenna used

in physical optics. They convert the energy of free propagating radiation to localized energy
and vice vers§3]. They utilize the properties of metal nanostructures at optical frequencies
to control the optical fields at the nanometer scale. Thd®ii® to enhance the performance

and the efficiency of photodetection, light emission, heat sensahgettroscopf23]. The

aim of nanantennas is to optimize the energy transfer between localized source or receiver

and the free radiation field.

Optical antennas have similar propertiesradiowave and microwave antennas,
however thg arepreferredin some applicatiodue to the nanoscale size and the resonance
properties of the metal nanostructusthe antennag24]. The main goal of an optical
antenna is similar to that of microwave araliowave antennas which is to enhance the
energy exchange between the receiver and therdidiation field. Theras an absence of
nanoantenrsin technology applicatiaas a consequencé their small sizevhich is of the
order of 10- 100 nm. Such small featuresrequire fabrication accuracy down to a few
nanometers, whictemains challenginfut is constantly improving with the development of
new machinesThe fabrication of nanoantersiaas been achieveingnanofabrication tools
such as electrondam lithography, ion beam milling and by bottom selfassembly
schemesThis section will summarize the important properties of optical antennas and their

applications.

2.2.2 History

The invention of optical antensavas motivated by microscopgnd spectroscopynlike

radio antennaswhich were developed as a solution to communication problems. In

13



microscopy an optical antenna allewhe focusing and localizing of laser radiation to
dimensions smaller than the difftaon limit. Edward Syngen 1928 proposed the use of

colloidal gold particles for concentrating optical radiation on a surface sample, thus
transcending the diffraction limit of optical imagif25]. This was then followed by John
Wessel in 1985 who suggested the use of gol
serves as an antenna that receives an incoming electric[26ld As a result he becantke

first to correlagé local microscopic light sources and a classical antenna. The discovery of

scanning tunneling microscopy and SERS were likely inspired by Viesseh.

The first eyeriment confirming John Wess8efotion of an optical antenna was
conducted ten years after the iniséhtement 1995 by Dieter Pohl and Ulrich Fischer who
used goldcoated polystyrene particles. They imaged a thin film with i@2@iameterholes
anddemonstrated spatial resolution of 58m. Another ten years following the suggestion of
optical antennas, antenna probes for +idd microscopy and optical trapping using laser
irradiated metal tips were proposed. Since then, many geometries ofaantemh as rods

and bowties have been studied [2].

2.2.3 Antenna Parameters and Advantages

A classical antenna consists of both a receiver and a transooitteected to dipolesource,

as shownin Figure 3. The receiver and transmitter are elemaéribsorbes or emittes,
respectivelysuch as atoms, ions, molecg/lguantum dat or a defect center in a solithat
interactwith optical radiatio through an optical antennBhe antenna also has the ability
modify the emissionpropertiesof the transmitter thusproviding a possibility of controlling
light-matterinteractionson a quantum level. Similarly, the properties of the antenna depend
on the receiver and transmitter properties. This section will discesdifferent antenna

parameters and advantages.
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Figure 3 - The transmitter is modelled by the dipgle and the receiver by the dipale [23].

2.23.1 Antenna Efficiency

As previously stated antennas are used to enhance the transmission efficiency from the
transmitterto thereceiver. Such enhancement is achieved through increagingtal amount

of radiationreleased by the transmitterofthe total power dissipated by the antefnshe
radiated powed  and power dissipated through the anteina, the antenna efficiency

can be written aR23],

0 0 (2.6)

An interesting property of the antenna s
transmittingor a receivingantenna, this property is known as antenna recipro&ityoptical

antenna is not just a strg scattereof resonator but it is defined as a transducer between free
radiation and localized ener§g3]. With that being said its efficiency can be described as the

degree of localization as well as the magnitude of transduced energy.

2.2.3.2 Directivity and Gain

The transmissioafficiency can be improwkby directing the radiation in the direction

of the receiver. The directivitpi s t he measur e of dirbceradiatadt e nna 6

1t



power in a specific direction [2]. It is the angular power density relative to aropsotr

radiator. The equation can be writtesy) a

where—ande« are the directions of observation in spherical coordinatesijad@ is the

angular power density. If the direction is not stated it is often considered that the direction is

that of maximum directivityO — 0wy b

The antenna gaitOis defined similar to directity, however instead of normalized

radiatel powerd it is defined by relative total powe&r. More formally

™ , (2. 8)

Both D and Gcan be given inecibelgdB). Thegainof antennas more accurately described
as the ratio of the power gain in a given direction to the power gain of a reference antenna in

the same directigrdue to the absence of isotropic radiators beyond simuldfpns

2.2.3.3 Aperture and Absorption crosection

The aperture oAnantenna is theeffective aeaover whichthe antenna interacts with the
incident radiation [2]

5 e - (2.9)

P SRR
o

whered s the poweincident on the antenrad | is the intensity of radiation from direction

(- polarized in directiot . An artenna increasethe opticalfield in its neasfield by

gathering field over an effective ardzor instance the efficiency of a photodetector can be

improved wha coupled to an optical antenfg7]. If O donates the field at the target with

the absence of an antenna, one can formally write the cross section of the antenna (antenna

aperture) as,
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Where,, is the absorption cross section in the absence of an antenna and E is the field of the
targetin the presence of an antenmwever this is not valid for optical antenndsre, the
superscript 6006 r ef erBothf and,t degendaobtheedinectienob f t h-
incidence - and the polarizatiod . Equation(2. 10) suggest that the absorption cross

section and aperture correlate to the intensity of the enhancementEaperimental studies

have proved that an intensity enhancememt of p Ttis attainable.

2.2.3.4 Effective Wavelength

In microwaveantennas elements are proportional to the wavelengthusthe scaling of
dimensions are easily done based on wavelefgh depthin which the radiation penetrates

into the antennas material called skin depth and is negligible with a relevant langt
antennaThe skin depth is orders of tens of nanometers comparable with the dimensions of
the antenna. Thus, the classical design rules thatelibEatintenna parameters in relation to
wavelength are no longer valid optical antennas since the pémation of radiation intthe

metalis nonrtnegligible and plasmons can be supported thereon. For a simple nanoantenna
structure such as a monopole (rod) or a dipole (two coupled rods), thereeitective
wavelength.  which is characteristiaritten as[25],

L = (2. 11)
€ E —

where¢ and¢é are constants ant is the plasma wavelength. This suggdisat the optical

half wavelength is.  ¥¢, which is shorter than¥¢. The difference between the two optical

wavelengths is typically between v fold for most metals.
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2.2.3.5 Advantages of Optical Antennas

The main advantage of optical antennas is that they hasgeaturethat is approximately the
square of the wavelength. They also allow the coupliriggefadiation to very small volumes

with field enhancemen28]. The small volume could be&.g, an optoelectronic material
occupyingr@t ¢ It , thus allowing a fast response time. Optical antennas have also proved to
be polarization sensitive and can beedd to a desired wavelendtirough the manipulation

of the geometrieR23]. Depending on the design of the metallic structures of optical antennas
they can be directionally sensitive. These advantages allow the use of optical antennas in many

different applications to manipulate lightcacontrol interactions with matter

2.2.4 Applications of Optical Antennas

Research on optical antennasmstivated bythe high field enhancement, large absorption
crosssection and strong field localizatiofexampleapplicatiors of optical antenrainclude
antennas for photodetection and photovoltaices€applicatiors arepromising since optical
antennas increase the absorption csegion andonsequently théght flux that impinges
on a detector, giving it @otential signatto-noise advantage. Other applications include
antenna probes for nammaging. This is because optical antesmdnen used in scanning

probe arrangements will result in a spatésolutionon the 1650 nm scal¢23].

There exist many other optical antenna applications such as information processing,
to createa super bright single photon souraadfor nonlinear signal conversion. Thejfer
potentialadvantages ithedetection of lighthrough theipolarization dpendence unability
and fastresponse. They also have the ability to behave as a point detector while being
directionally sensitive[23]. Optical antennas have proved to be useful tools for many
applications, however the next section will focus on optical antennas used for local field

enhanement.
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2.24.1 Spectroscopy Based on Local field enhancements

The discovery of SERS and scanning tunneling microscopy lead to many theoretical studies
targeted at predicting the electromagnetic field enhancement neairidatyd metals which

led to the discovery of optical antenr@gl]. A functional antenna interacttrongly with
incoming radiation and leads to field localizataomd enhancemersuch localization is useful

for many experimental studies of local spectroscopy such as fluorescence, IR absorption and
Raman scattering. The vibrational spectra of Ramattesing define distinctive chemical

fingerprint of materials.

As previously discussed Raman scattering cross sectionp grep tordes of
magnitude smaller thahefluorescence of dye molecules making them harder to detect. Thus,
to attain a single mobeile sensitivity it is necessary to invoke enhancement mechanisms such
as resonance or field enhancement. A nearby optical antenna can amplify the Raman scattering
by enhancing the incoming and outgoing f&ldhich allows an enhancement proportional to
the fourth power of the field enhancem§gt]. Studies have shown thgapsin nanoparticle
clusters have a higher than average field enhancement, approxirpatelywhich is
sufficient to detect a single molecyi29], [30]. Using a weHknown antenna can also be used
in separating chemical and electromagnetic contributions in the Raman enhancement

mechanism.

Another approach to using optical antesimRaman scattering is by using metal tips
for pointby-point Raman spectroscopy, which is known as-¢iphanced Raman scattering
(TERS).Using TERS can enhance tRamansignalin therangeof p 1 p 1as was seen
by Anderson and ecwrorkers.Andersoret al used the theory of TERS to stuthgproperties
of carbon nanatbes[31], [32]. Similarly Dekertet al studied the significancef TERS in
biological material such as DNA and bacteria. Another experiment using TERS in
combination with scanning tunnelling was shown by Steidtner and Pettinger to detect a single

molecule[24].
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2.24.2 Optical Resonators

As mentbned optical antennas have been studied intensively for local field enhancement by
simulation and experiment. The simulations can be conducted bythsifigite-difference
time-domain (FDTD)methodto obtain the charge and field distributsoon the anénna.
Furthermore it can assess the difference enhancement magnitudes with different antenna
shape, length and sharpness. Crozier antlaréiers fabricated optical antennas using electron
beam lithography and found that the experimental efficiencies afab@ntenna were in
agreement with the FDTD simulati¢®3]. They showed that the resonant wavelength of the
antenna can be tuned by changing thgtlerf the antenna. Mousagi al. used 3D FDTD

to investigate gold nammonopoles and nardipoles in a piecewise inhomogeneous
background, containing a silicon substratela dielectricuppercladding They studied the
transmission, reflectance and afigtion responseof naneantennas with a change of length,
width, thickness and gdf4]. Increasing the length of the anteaned-shifts the resonances

of monopoles and dipoleshereasincreasing the width, thickness and gap cawddue-shift

of the responses.
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2.3Graphene

2.3.1 Introduction

Graphene isa 2-dimenstional(2-D) single atom thick sheetof carbon thathas gained
considerablanterest as a consequenckits attractive fysiochemical properties and the
discovery of an easy method to fabricate and identifglieetsSome of its properties include
the ability to create large area sheeth i g h Y o u n g ldigh themoat corlductsvity,
ease of mass produaticand high mechanical strend®b], [36]. Raman spectroscopy is an
essential part of graphene researgbedto identify the structural characteristics of the
materialwithout damaging the graphene lay#ris also used to uedstand the behavior of
electrons and phonons of graphene, the nurabdorientation of layergin the multilayer
case) the quality and type of the edgemd the effects of perturbatidB5], [37]. More
importantly Raman spectroscopsyable to identify unwanted pyoducs, structure damage,

functional groups and chemical modificatidB8].

2.3.2 Types of Graphene Samples

Graphene is a-D sheet ofi ] -hybridized carbon formed in a lattice honeycomb structure
where strong covalent bonds are formed between adjacent carbor{ 2@prisfferent types

of graphene can exist, it can be stacked to form 3D graphite, rolled to form 1D nanotubes and
wrapped to forms 0D fullerenes. Monolayer graphereQ), single layer graphiteontains

two carbon atoms A and B which create a tridag 22D network and are separated by a

distanced T T k | as shown irFigure4a.

The graphite structure is a 3D stacking of graphene sheets in a perpendicular direction
(c-axis) to the layer plane in an AB stacking arrangement such that empty centers of a the
hexagons on one layer have carbon atomhexagonatorner sites on the two adjacent
graphendayers ascan be seen iRigure4b [37]. Unlike the graphene sheet in graphite, the

unit cell consists of four carbon atonish® h® AT @& where the A structures are
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overlapping in the layers, as showrFigure4b where the black circles and dots represent the
lower carbon atoms and the grey circles dotb represent the upper carbon atoBigyer
graphene (2.G) structures are similar to graphene where they are stacked in an AB
arrangement but only two sheets of graphene are stacked, however they still exhibit the same
four atons per unit cell as sean Figure4b and c Tri-layer graphene (BG) structures are a
bilayer graphene structureith a third layer that has atom® overo and® overd as

seenin Figure4d. Similarly, four layer graphene {4G) structures are two bilayer structures

stacked on top of each other.

In the Brillouin zongreciprocal lattice) monolayer and bilayer graphene camta
point at the zone center(Dirac point), the M point in the middle of the hexagon sidesl
K and K& points at t he c oinkigunede dHe cdrnergoirtse x a g o

of the hexagon are not equivalent since they are not connected by the unit vector.

Graphene was mainly produced by mechanical exfoliation of graphite or using a
nondiamond precursor material which created maiter graphen¢37]. Later on samples
were mae from SiC methods, which resulted in graphene materials that had a significant
interaction with SiC substrate, thus resulting in different properties. Recently, more and more
experimental procedures are conducted by epitaxial chemical vapor depositiohgi@wth

of graphene on various substrates.

Figure 4 - a)The lattice structure of a single layer graphene with two carbon atoms A and , and unit eectodsom,
b)Top view of bilayegraphene c¢)The unit cells and thend wof bilayer graphened) The unit cells and theand wof
tri-layer graphene) The first Brillouin zone with points T connectidgo K, connectingpt o M, and TO6 connec

to M. Also, the twovectorscPand ¢Pare showr{37].
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2.3.3 Phonon Dispersion of Graphene

The phonon dispersion of monolayer graphend.®) consists of three acoustic
branchegA), the movement of atoms of the lattice out of equilibrium, and three optical (O)
branchesThese branches are due to the fact that monolayer graphene consists of two carbon
atoms A and B38]. A perpendicular atomic vibration to the graphene plane is a result of one
acoustic branch, klown as out of plane (0) phonon mod&g]. For two acoustic and two
optic phonon branches the vibrations arglene (i). All phonon modes correspond to two
directions transverse (T) or longitudinal (L) which are parallel and perpendicular vibrations
respectively in the AB carbecarbon direction38]. Thus, along the directiors®) and3uv,
the six phonon dispersion curves &®, iTO, oTO,iLA, iTA, and oTA phonon modes as

seen inFigureba.

Figure5b plots the Brillouin zone of graphene and shows the schematic of electronic
dispersionThe unique electronic structure of graphene makes it agggreemiconductdin
the undoped statéhus it can be considered a semeta). This is due to the conduction and
valence bands meeting at the Dirac pdBraphene consists of two atoms and thus six normal
modes, two are double degenerate, at the Brillouin zone centar 0 o ©
[44]. 0 andO are the translation plane§, is a phonon where carbon atoms move
perpendicular to the planes a@d is a double degenerateptane optical vibration and it is

the only one to denote Raman actij4{Q].
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Figure 5 - a) Phonon dispersion modes of graph&ig, b) Brillouin zones of grapherias].
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2.3.4 Raman Spectrumof Graphene and Graphite

The graphene layered structures are ideal for studying scanning probe microscopy, however
it is required to confirm the graphene thickness and the number of leyargatingthe use

of Raman spectroscopyhe most noticeable Ram&atures bmonolayer graphene is the G
peakwhich appears gt v Y&  and the'O (or 2D) peak at approximately x T . In

the case of defective graphene or at the edge of a graphene sample a third peak known as the
disorder induced Bhand at approximately half the frequency of tkepeak appears at

p o VAT , and thus will be referred t® bandas 2D from here of87]. Both the 2D and D
peaksdisplay dispersive behaviour. Thegeakwhich is the onlyonecoming from normal

first order Raman in graphene is relatethe double degeneratidO and LO)phonon mode

(O OUI i A é@ne Brillouin zone center. The 2D andpPaksare fromsecond order
processefvolving iTO phonons near the K points for the 2D band or iTO phonon and one
defect for the Bband[37].

The frequencies of the D and Zi2aksin the Raman spectra change based on the
incident laseenergyO . The D band frequengy shifts linealy to higher frequencies
with increasingO [37]. A double resonance (DR) process generates the dispersive
behaviour in the D and 2D bands. The wavevedoanssociated with D and 2D bands
measured from poir, would couplepreferentiallyto the wavevectal
K, in the DR process such thiae ¢'Q[37]. The DR process is seentire center anan the

measured at point

right side ofFigure6. The process starts with an electron of weagtork around theéBrillouin
zoneK absorbing photons of the ener@y . The electron is inelastically scattered by a
phonon or a defect of wavector aand energyD to a point in a circle around (related

to K by time reversal symmetry) point with waveveciir A The electron will then be

In the caseof the D band, the two scattering processre a result of one elastic
scattering by defects of the crystal and one inelastic scattering by the process of emitting or
absorbing a phonon as seerrigure6. In the event of the 2D the two processes are a result
of inelastic scattering and two phonons are involved, as seeigune 6. The DR process

connects points in circles around the inequivakerend 0 apoints in theBrillouin zone of
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graphene, known as an intervalley prod&3%. The intravalley process connects two points
belonging to the same circle around A agoint and is responsible for théD band

&« p @ cArt ). Not all DR processes result in strong 2D and D bands, only iTO and iLO
branches are seen in the intervabeyl intravalley processes, respectively. This is due to the

phonons strongly coupling to the electrons along the high symmetry dirg&Tijon

Figure 6 - Left: First order G band; Center top: One phonon second DR process fortiaad@ Center bottom: Gn
phonon second DPRand;Rght o Bwo phonon seceoelk dDedr Raman process for t he
Right bottom: Two phononsecendr d er Raman process for the triple GO6 proce
and KOo6[37poi nt

The graphene 2bandin a bilayer is made up of four components that form a
Lorentzian curve. This peak is a result of two phonons with opposite mamehe highest
optical branch neab . Figure 8 showsthat this peak changes in excitation and shifts as the
number of layers change. This is a result oflfieprocess that links phonon numbers to the

electronic band structurg4l]. In a DR process Raman scattering is a fourthrqodecess
requiring 4 transitions,

i. A laser induced excitation of an electrbale pair, this can bgeen inFigure
7a asthe transitiond© @
ii.  Exchange phonon momeem q for electronphonon scattering close K in
Figure7a as the horizontal transiti@d® o
ii.  Exchanggphononmomentum 1 for electronphonon scatteringlose tou g
in Figure7a as the horizontal transiti@®

iv.  Electron hole recombination Figure7aas the vertical transitio@© ¢
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The condition of DR is satisfied when energy is conserved in the transitions. The
exchanged phonon momentum q is determined by the DR conditions andultiegexD
Raman frequency is twice the frequency of the scattering pH8ihrigure7a and bshows
the dispersion along 0 0 U 3. The line transition at the bottom of the figure
correspods to thepeaks in the phonon distributidalfilling DR when the trigonal wrapping

is considered

In the bilayerthe interaction of graphene planes cauke$ and “ bandto split into
four bandswith varying splitting to the electrons and holes as seé&igre7b. This results
in the incident light coupling more strongly the two transitiong41]. However, thetwo
degenerate phonons will couple dé@ron bands. Thiexplainswhy bilayer graphene has 4
different peaks, the four processnvolve phonons with momentp hj ) h as seen
in Figure 7b. Strong phonon dispersion aroukdinduced by electrephonon coupling
engenderghe four wave vectors of different frequencigd]. The four corresponding

processes have momenta almost identical to the Raman s®jff ( difference).

b) Bilayer:

a) Monolayer: q = exchanged

phonon momentum ]_ l
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Figure 7 - Double resonance in single layer graphéag] https://doi.org/10.1103/PhysRevLett.97.187401

Observing the Raman spectrum Figure 8 i t i's evident t hat
graphene is different than that ofaghite. The changeas the G and 2D peaks in terms of
peak height and position determine the number of lajfgysre8a shows that th& peakof
a single layer graphene and a midijer (more than 10 layers) graphite haveamanshift

ofc vA  with approximately similar intensifysuch shift is a result of chemical doping
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[41]. Also atp o LAt the D peak is present in graphite suggesting defect in the structure,
it is however not msent in thegraphene layer thusdicating no significant defects. The
measured 2D peak is roughlyice more intense than the G peak. The-@&akhowever
shows a significant shape and intensity change from graphite to graphene. Thelsh#Din
peak § shownin Figure8b and c for two different excitation wavelengths as the number of
graphene layers changgkl]. This concludes that one can identify the number of graphene

layers by observing their Raman spectrum of thep2Bk.

T T T T 514'nm ' (b) 633 nm (c)
50000 _(a) G peak gl /\\ _J/\

2D peak = graphite

\
[
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>

:: [ ﬁ = J\ 10 layers ‘//\\"‘
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g L.__J__/\_J Z’ \“ 5 layers
Q ——/ " ()
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,)\ J\J L Al g . 1layer : "
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Raman shift (cm'1) Raman shift (cm'1) Raman shift (cm'1)

Figure 8 - a) Comparison of Raman spectra with excitation wavelength 514nm of bulk graphite and graphene, b) evolution
of 2D peak for excitation wavelength 514nm as the number of graphene layer decreases, c) evolution of 2D peak for
excitation wavelegth 633nm as the number of graphene layer decrgéiges
DOI:https://doi.org/10.1103/PhysRevLett.97.187401

2.3.5 Graphene Plasmonics

Silicon has been the main material used in electronicsisand strong interest in
photonics due tthe potential fothe monolithic integration of optidhiereon However, not
all photonic components can be siliebased, especially when there is a need for broadband
data transfefe.g, electreoptic modulation or photodetectioand when a wider range of
wavelengths is usedrhis is where the need foraphene igustified. The properties of
graphene allow multiplpotentialfunctions such as signal ession transmssion modulation
and detection. As previously discussegraphenehas a high thermal conductivity
(approximately 36 times higher than Si dfid times higher than GaAs), high optidaimage
thresholgand high optical nonlinearitidd1], [42]. The behaviouof graphene hasotivated

reseach on understanding the dynamics of hot electrons in the material and applications
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leading to plasmon attenuation. It can also be used in signal processing, light modulation,
sensing, spectral photometry, quantum optics and nonlinear photGnégghene plasmons
have only been observed at niRl and longer wavelengths and only recently have been

studiedat shorter wavelengths by using noble metal nanostrucfdggs

Graphene hagpowerful plasmonic material due to its unique optipabperties
discussed earliebut also its ability to be electronically tunable whensithighly doped
(through biasiny In the undoped statthe exciaition of dectronhole pairs in graphene
produces ax ¢®& b broadband absorptio@2].When dopedan optical gap opens with an
energy proportional to the applied bias voltaghis allows the opticadbsorptionto be
controlled by the doping level he optical behavior of graphene can be controlled by the
chemical ptentid * andthe Fermi levelO , where the change from dielectric to metallic
properties can be tuned by chemical doping and electric Jd@gGraphenelsoexhibits
high energy plasmons of limited tunability. Tunable plasmons were observed under IR and

THz frequencies in graphene, graphene ribbons, disks, rings and3jp[d2].

The optical condctance of monolayer graphene is independent of frequency in a range
of photon energie® T O k - o8ty p m m ,wherg isthe radian frequenc
is the electron chargend the unit of eV (electrewolt), ando is the Planck constarnbue to
this, the transmittance of monolayer graphene is also frequency independent and is formally
written as[42],

v ¢ O . (2.12)

where the fine structure constantis Qfo@oand®dar e Pl anckos constant
of light, respectivelyGrapheneresentshe strongest broadband absorption per unit mass of

any material. The reflectance however 8 1™ ¢ | Y p& p m which is
significantlysmaller than the transmittance. Thus, graphene can potentially replace indium tin

oxide as a transparent conductor.

The conductivity of graphene consists of the complex -inéerd and intrdoand

conductivities, and can be written as,

28



A \ Q (2.13)

where the inta-band conductivity and intdsand contributions are,

1 p (2.149)
” ” [13 OT "Q
' .. o0 PAOADAS Paoadmys @D
and p‘I N 27 (2.16)
" "¢t ¢ 9 ot
Here,, “QFc o, T andt are the relaxation rates associated wfithintra-band and

inter-bandconductivitiesrespectively. The above equations associateavith thechemical
potential of graphene (which can be controlled by chemical dopinglantfic gating) and
the frequency of the incident light. For higher quality graphene there exists Rbantiteerm

since’  mtdue to the absence of a band {&lp[42].

Bandfilling, blue shft of absorption and gain spectra of semiconductors with
increasing the concentration of carries, efettphoton energy is equivalent to transitions
that originates from states close to the Fermi surface gd3s 9] [43]. The optical

transitions of graphene can bategorised adllustratedin Figure9, :

1) Inintrinsic graphene a single photon absorptiam take place over a wavelength
range fromheinfrared tothevisible.

2) In ndoped graphene a photon with energy smaller g@nwill not be absorbed
because electroracanciesn the conduction bands are unavailable

3) In p-doped graphene a photon with energy smaller g@nwill not be absorbed
because there are no electrons available ivalence band
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Figure 9 - a)Intrinsic graphene b)+doped graphene c}goped grapherjé2]. Reprinted (adapted) with permission
fromQ. Bao and K. P. Loh, i Gr aphene eplheocttorna ncisc, dpe vaiscneosn,i oc sA C S
no. 5, pp. 36773694, 201Zopyright (2012) American Chemical Society.

Noble metals are considered the best available plasmonic materials, however they lack
the tunability and possess large Ohmic losses. Graphenevéioakows waveguiding at
infrared and terahertz frequenciessurface plasmons. Graphehaving a small chemical
potentialhas a negative over a large frequencyange and thus semiconductelike
behaviour allowing the guiding dfansverseelectric (TE) electromagnetic surface wave
Graphene having alge chemical potentiaibsa positive, and is more metdike allowing
the propagation of transverse magnetic (TM) electromagnetic SPP surfacg swaniar to
noble metal$5], [41], [42]. The dispersion relatioof SPPscan be written as

o 2 0 2.1
o (2.17)

o = P T §

Thefield profile of SPPs omgraphenas similar tothat ofsurface plasmonsn metal

films. The degree of confinement of SPP wasegraphene can be written[&$, [41], [42]:

1 ©O (2.18)
= - P9Il
where_ ¢*TYJQ and_ is thefreespacewavelength of light. There are difficulties

in exciting and detecting SPP wawasgraphene due to the wavevector mismatch between
graphene plasmons and fregace photonss for SPPs on metals, with similar solutions being
available €.g, prism or gratig coupling) Recentadvancements in graphene photonics

include graphene waveguidasdgraphene photodetectde?].
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2.3.6 Nanostructures on Graphene

Most graphene research has been directed towards the control of its unique properties through
doping and electric gatingMetalgraphene interactions have mostly been studied
theoretically. However, some calculatiof@ly theoretically)predict that goldwill dope
graphene in an-type manner while others have predicteg-type doping effec{44].
McCrearyet al predicted rtype doping for graphene with gold depositibat ptype doing

is predictedfrom Raman spectroscopy studies of ggldphene interactions. Others have
predicted that Au does not dope single layer graphene but bilayer graphene. Au is the most
widely used metal for graphene applications, thus obsethimgffect of gold on graphene
including its nucleation and coverage is essential to understand the interaction of graphene

and gold.

One dimensional nanostructures can scatter incident light which in return improves
absorption. However, the structurlesk conductivity for applicationso solar and energy
conversionThus, the use of a thin layer of graphene can improve the conductivity but also its
transparency does not affect the light absorption.eXe reporteda review on the methods
of fabricéion and characterization of 1D nanostructures on graphene as well as their efficiency

to convert and store enerffb].

Zanet al investigated the structural evolution of gold films evaporatedraphene
obtained though exfoliation or chemical vapor deposition (CV[a¥]. They found that
initially the size ofgold clustes increases as thinickness of depositeAu increass, and
beyond 1nm the goldfilm mergeandits density remais constant. Another way to modify
graphene is to dose it using hydrogen and fluorine. Hydrogenation breaks grajphbapds
and create$n bonds, thus opening a band gap. However, Zan and ceBogoticed that
gold does stick to hydrogenated graphene andobtdrcoverage thaon pristine graphene.

This can possibly be due to the fact that the hydrogenation process takes place mostly in
contaminagd areasthus causing gold to adhere more dffedly than it would on pristine

graphene.

Graphene with metallic nanostructurgselds nanocomposites that can serve a range

of applications including chemical sensors, energy storage, catalysis and hydrogen storage.
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The attachment of metallic nanopariglon graphene can lead to the inhibition of aggregation
of graphene sheets the dry state. This is done by nanoparticles functioning as spacers
between sheets of graphene and thus resulting in accessibility to both fawegraphene
sheet Goncalvet al conducted experiments that showed that the presence of axygen
graphene surfacereategeactive site for nucleation and growth of gold nanoparticjé6].

They were ableagrow the gold nanoparticles using chemical methodsa&gueous medium.
Furthermore, theistudies showed that graphera@ftgnanocomposites have the possibility of
producing SERS. This was testedh R6Gdye moleculesising 1064 1m laser source where
R6G molecules dsorbed on the nanoparticlgelded SERS signalsnhancd by afactor of

pmm pm8

Strengthening electrerich metal nanoparticles with graphene derivatives can regulate
the properties of the compound and result in applications in4aepat graphene field effect
transistors, SERS and catalydf@amatet al discussed the use of graphene oxide and other
metals for applicatiorn catalysis[47]. Jasujaet al. characterized the interaction of srow
flaked gold nanostructures on graphene using Resnatterind48]. They concluded that the
gold structures enhanced the Raman signal fgctor of2.5. It also reduced the band gap

from 320 to 173 me\ds well as control over the Schottky barf@rthe field effect transistors

Raman spectroscopy isan importanttechniqueto investigate the properties of
graphenelLi and colleaguescompared the Raman spectrum of graphene before and after
annealing (aplying heat and waiting for a slow cool down to remove strg&3)) They
showed that the D band in the spectrum after annealing was not present and thus no damage
to graphene occurred while annealindnile others tend to disagree on this mattowever,
it was also seen that the G and 2&ntls of graphene shifted to higher frequencies after

annealingoy approximatelyp A andp ™  respectively.
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2.4 SERS Studesof Graphene with Metallic Nanostructures

The integration of graphene with plasmonic structures received tremendous attention in the
past few years due tbe field enhancement with graphene that is enabled when light interacts
with nanostructuresMuch of the work on SERS has been directed towantreasing the
sensitivity of theSERS substrate and enhancing its biosensing abilities by changing its
geometry. Scarabeléit al presented the enhancement causethbgelfassembl} of nane
triangleswhich has promising applicatiori®0]. Funstonet al used nanorods in different
arangements, separat®mand sizesand deduced that the clogbe nanorods the better the
plasmon coupling51]. In this sectionthe combination of graphene, SERS and optical

antennas will be discussed by examining previogildies

Themain motivators for this thesis work wee work of Ghamsagt al [6]. We aim
to replicate tis work by building a spontaneous Raman microsamadding & additional
arm tocarryout reflectance measurements in situ and eventually investigatgatedStokes
emission Ghamsari and colleagues explored the use os&P@nhance the graphehght
interaction. They used gold naods as nanoantennas the form of arrayswhere the
nanoantenna length and widktlere variedpngraphene ofiY(Q on Y @ was found that the
different geometries of nanoantenmaeduce dferent resonant frequencies, thus providing
an arrayenhancement factaf 2 - 3, approximatelyas can beseen fromFigure 10. Aside
from being able to observe the graphene D, G and 2D pgaloatpriv XA @ x it
respectivelythe siliconu ¢ &  Si-Si bond peak and the silicon higgtorder 2Si peak at

aroundw x A  are also observed.

Ghamsarket al alsodiscussed the frequency pulling and line shaping of the graphene
spectradue to interaction with the nanoantenf]. Specifically, Ghamsaet al, showed
that theposition and linewidth of the @nd 2D Ramapeaksof monolayer grapheneere
altered from coupling to SPPghat resonateon nanostructuresit the Stokes emission
frequenciegand not the pump lagefhis is a result of increasing the optical density of state
at theStokes emissiofrequencyThe enhancement of the G and @&aksis asymmetric in
this case. This asymmetry is a result of the peaksbeing approximately 6Gm apartat a

pump wavelength of 632:18m. Not only did the couplingf SPP resonancedth the Stokes
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wavelengths change the intensity of the peak but also edsualfrequency pulling and line
broadening.The line shapeare not considerably altered when the nanometallic structure
resonance lies far from the Stokes wavelength, however the closer ties Stkelength is

the broader the peak and the more it shifts to lower wavenumbers.
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Figure 10- Raman Spectra of nanoantenna arrays of different lengtgare obtained from Behnood Ghamsari with
permission to reuse this thess [6].

Heeget al described the graphene Raman enhancement when graphene is suspended
between two gold nanodisks and partially extending into theycheitveen the disk&3].
They detected an enhancement factqr atoriginating from the cavity of the two disks when
the cavity was one order of magnitude smaller than the excitation wavelength. This
enhancement is a result of the suspension of graphene under tensile strain. However, if the
polarization is rotated the twdisks are decoupled and the enhancement dnppgactor of
20, which then allowed the probing of strained and unstrained graphene. The suspension of
graphene serves two purposes, first the suspension allowed the area of enhancement to be
shifted allowng more accuratevaluationand second the local strain resulting from
suspension allowed means of local detectlangeneralgraphene can bguspended using
various materialssuch as silverand with different nanoparticle geomes, providing

different means to locally probe using Raman spectroscopy.
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A more extensive study on the effects of cavities or holes for SERS with graphene was
conducted by Haet al (2012)[54]. They used Methylene blue (MB® study the SERS
response of the system that consisted of graphene on and off gold nanoholes. The nanoholes
and graphene were placed™iQQ. Bare graphene showed an enhancement factorpofpf
MB molecules due to chemical enhancements. However, ¢hebioed graphene and
nanostructure substratgroducedan enhancement factor ot@9 of MB in comparisonvith
bare nanostructures without graphene. Thus, they also concluded that applying graphene to
metallicSERSsubstratesan improve theensitivily of thesubstrate since it does not alter the

plasmonic properties of nanostructures significantly.

Instead of suspending graphene between two disks, covering graphene with
nanoparticles or covering nanoparticles with graphemebe doneXuarhua Liet al. used
graphene as a spacer between a silver layer and silver nanospheres on top of §s&phene
They were able to record one of the highest grapheaefieldenhancement of 1700 folds to
date. This enhancement was a result of the bulk metal and the nanopatrticles as opposed to
only one or the other. Similarly, Zhao showed that sandwiching grapletwedn silver
nanoparticles and graphene nanoparticles resulted in a very sensitive SERS detection with a
limit of p T M (molecular levelachieved56]. Another method of sandwiching graphene
was shown by Liet al where the substrate was bulk silver with™#if2 spacer topped by
graphene and slver disk [57]. They were able to achieve a maximum of 70% -thaaid
enhancement which was a result of the excitation oE&R&amagnetic dipole resonanoa
the nanostructurelhey were also able to tune the resonance wavelength of the absorption
bands resulting from the SPP and magnetic dipole by tuning the array periodaanging

the diameter of the Ag nanodisks respectively.

Khorasaninejadand colleagues showed that different shapes of nanasiactan
yield different SERS spectra fgraphend58]. The plasmonic structures consisted of silver
crescent and ring periodic nanoarrays on top of a gold mirror. The mirror is used to move the
hot spot to the top of the surface of the silver structures were the graphene lies. Theadobse
that the Raman intensity increased by a factor of 890 for thedR of graphene on crescents
as compared to graphene on silicon dioxide, which is a result of the electric field being highly

enhancedt the corners of the crescent. Also, there wasifgignt enhancement in the 2D
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peak however not astrongasin the Gpeak.The enhancement was different for the two
structures studied, where the ring structure showednMagslengthdependenceompared to
the crescenfThey also found that the diffenediameter of the rings and crescemisd also
the different spacing between the structunesulted in different enhancement factors,
possiblyleading toadditionalenhancementiueto the plasmonic structureds one would
imagine, the increase distance between the structures will result in a drop for thpeék

thus demonstrating the strongly confined surface plasmonic fields.

Split-ring resonators (SRSR are used to produce magnetic susceptibility in various
types of metamaterials (materials tdatnot exist naturally). SRR properties can be tailored
to fit adesiredapplication, such asensing, however they have two main limitations that limit
ther usefulnessFirsty, the structures(metallic) need tobe chemically compatible with
moleculesin a biosensing applicationr@m instance) Seconty, the vibrationafrequencies
of theSRR resonansand theargetmoleculesnustmatch thus limiting the size of the SRRs.
This resulted inSarauand colleagues to investigate the possibility of adding graptene
enhance SRRs maaé aluminum[59]. They were able to measure a Raman enhancement
factor of 75 per area of graphenehich indicatesstronginteraction between th@asmois on

the metamaterial surfa@ad graphene

Modifying SRR structurelsy adding graphene cgmoducemore transmittance. Novin
et al explored different SRRtructuresby usingan 80 nm thicKY'Qlayer as a substrate
coveredwith gold, graphene an®(QQ nanospheref60]. They deduced that the asymmetrical
formations of antennas resulted in different sensitivities in the X and Y polarizations of the
incident beam for antennas without graphene or nanospliemtsermore they showed that
graphene increased the transmissiorthe X and Y polarizatianwhich is a predictable
behaviour according tthe Kubo equations. The presence of napberical surfaces shifted
the antenna resonance to higher frequendies.benefis of graphene in this scenario arg:
It acts as a memlane covering the apertuiie; graphene haauseful chemical potential; and

i) varying the chemical potential can control the distance between two resonances.

Similar to Ghamsarét al. [6] who deposited golthanoantennasn graphene, Urich

and colleagues deposited nasl@nds of silver[61]. They observed the same effect of
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enhancement of graphene Raman peaks due to localized surface plasmons. “i$landmo
resulted in @00-fold enhancement of the Raman signal. An interesting observation on their
part was that prior to the silver deposition process tHmdof graphene was not detected
since this is only observed when the graphene has defects. However, after tlaidabric
process near the naiiglands a more pronouncedlibe was detected. This is most likely due

to damage caused to graphene dufatgyication.

Other worksimilar to that ofGhamsari andolleaguess the work of Grandet al
[62]. They reported the optical response oD 2periodic arrays of rectangular gold
nanopatches on graphene ofiQ2. They found yet again that nanopatches on graphene
produced Raman enhancemhdor the Gpeak and the 2{peak. Moreinterestingly they
suggested thate reflection spectrum of rectangular nanopatchexiucesa polarization
dependent response at normal incmkegis opposed to square patchHegurell (a) and (b)
show different reflectance respoader a nanoarrayas thepolarizationis changed by0
degreesresulting in &ifting resonance wavelength. In the same plot they also compared the
spectrum of single layer and trilayer graphene compared to no graphene. They found that the
higherthenumber of graphene layettie more the reflectance thfeV and H modes shiéd
to higher wavelengths. The shift is betwem® p 1 I, resultingfrom the fact that the
presence of graphene increases the absorption when the field is significantly erdranced
plasmonic resonances. This verifies that the plasmonic res@aeci®rced to interact with
the absorbing layer of graphene. Wainet al attempted to enhance the Raman scattering
from graphene by adding a graphene oxide substrate and silver p§@@jlddowever, they

were able to conclude that graphene oxide resulted in aaw8&8RKS enhancement.

Grande and colleagues discussed briefly that the Raman amplitude at the G and 2D
peaks maximize for nanoantennas of different geometries and therefore different resonance
wavelengths. The geometry dependence of the transmittancetaefle and absorptance
response of nanoantermnaas studied by Mousaet al, [34]. They found that increasing the
length of monopole antennas shifts the transmittance, reflectanedsoghtance resonances
to longer wavelengths. This shift is in correspondence with classical antenna theory where the
resonancehifts to longer wavelengths with increasmgtenna length. However, increasing

the widthof the antennadecreasgethe resonace wavelength. The physical lengibf the

37



monopole antenni related to the resonane@avelengthof the fundamental dipolar mode
but the relationship is not that which would be predicted by microwatenna theory
(& _ 7¢& ) becauseof the way in which the opticamonopole operateas it appears
longer than its physical leng#s a result of the field extendingpash e ant e[B4hads en

Thus,Mousaviand colleagues deduced that,
_ ¢h ¢ (2.19

where¢ is the effective refractive index obtained from modal analgéihe main SPP

mode resonating on the nanoanteramal the effective length is longer than the physical
lengtha The enhancement mechanism of the Raman sifngtaphenesuggest tha the
enhancement relies on the coupling of thg@dak and 2Epeakto the antenna resonance

which was found byshamsaret al [6] to bead ¢ d [ anda p Tt ipi respectively for a

pump wavelength op o io I. Raman enhancement due to resonant absorption at the pump
wavelength are seen as drops in the transmission spectrum. Finally, it was also concluded that
field enhancement depend on the locatiomxifitation on the monopole where the highest

enhancement are at the end of the monopole.
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Figure 11 - Reflectance spectra when the incident polarizations equatshay byo rtah different number of graphene

layers or no graphenfg?2]. Reprinted fromy. Grande et al ., AFabrication of doubl
arrays on graphene, 0 Appl ] withtheg mrmisdioe af AIP Publishing. . 102, no.
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Chapter 31 Optical Setup

3.1 Raman Microscopy System: Design and Implementation

3.1.1 Introduction

The transitios between molecular energy levels is a unique characteristic of a molecule. The
knowledge of these patterns is generally vasgful to identify the type and purity of
molecules. Raman technique is a spectroscopic method. Raman scattering describes the
inelastic scattering of photons by moleculed]. The scattered field by a thin film or set of
molecules contains reflection and/or Rayleigh scattéelds at the same wavelength as the
incident beam plus the spontaneous Raman field slightly shorter orlonger wavelength
(Anti-Stokes/Stokes)By applying two laser sourcestimulatedRaman scattering can be
achieved, where the first | aser source pump
states and the second one stim@amission of a photon and relaxation to a higher mode of

the ground state. Stimulated Raman scattering takes place when Stokes photons are injected
[16]. This will result in an increase in Ramacattering rate beyond the spontaneous Raman

scatteringate

The Raman microscope system, shown schematicalfigiure 12, focuses the pump
laser beam to a very small, ideally diffractibmited spot, on the sample. Tlseatteed
Raman field produced by the sample is tbeected to a spectrometer to measure the Stokes
shift. A second laser may be employed to achieve stimulated Raman scattering. The spatial
distribution of the Raman signal on the sample can be mdppesterscanning the sample
by a computecontrolled piezo translation stage. ThereftiheRaman signal can be acquired

for an array of points, thereby constructing a Raman image.

Thebeam emerging from tHest laser source should pass through an opticalpérop
to modulatdts intensity, the chopper is interchangeably placed between the two source based
on the measurements need&be modulation enables using the laokechnique, which has
been proved highly beneficial for measuring both spontaneous andlated Raman

scatteringvith a high signal to noise ratio

39



Optical Fiber

Fiber Collimator

Linear Polarizer { =

Half Wave Plate

Bi-Convex Cb

CCD Camera

Spectrometer

—] Plano-Convex

- Longpass
( Objective lens : Filter
- 51 p Plate BS

Fiberin a
chuck

Neutral Density Filter Optical Chopper
Aspheric
Condenser

Plano Convex Bi-Convex

Laser Line
Filter

Eye Piece

6 b=

Human Eye

) Plate BS

Vacuum Stage

- = -
Lock-in Amplifier \* Three Axis stage

Figure 127 Complete optical setup. BS: beam splitter, DMcloic Mirror, PD: photodetector

4C



Other means ofight modulation, such as electoptic or acoustaptic modulation, would
serve equally wel!/l i nstead of a chopper. To
beam is sent through a variable neutral density filter (NDF). The laser beam is thadezkp
inordertomatch he si ze of tehrancesabert@e; the objectivé lens, . fum,

will focus the beam to a small spot on the sample. The size of the focused laser spot is a crucial
factor in determining the spatial resolution of tineroscope, which is ideally limited by

diffraction for farfield probes.

To allow for stimulated Raman measurements with the same system, a dichroic mirror
is used between the beam expander and the objective lens to combine the second laser beam
into the optical path. Clearly, the second laser should have its own beam exfmaadam
match the objective lens diamet&he objective lens gathers the light reflected and scattered
from the sample, including specular reflection(s) of the laser beam(Reageigh scattering
as well as the Raman fields. By adding a beam splitter, half of the collected power is sent
towards the spectrometer for spectroscopy and the other half is directed onto atelbtiod
to measur e t he Acquinpletedtancedata dldng with therRarean data is

very useful for interpreting the Ramaignalespecially from inhomogeneous samples.

The gathered light for spectroscopy is directed into a spectrometry arm by passing
through the dichroic mirror used earliercimmbine two different lasers. This will separate the
beam paths of the pump laser and the Raman signal, the former does not contain any
information for Raman spectroscopy budyhinder measurement of the Raman signal due to
its much higher powerafdersof magnitude highgr To ensure complete rejection of the
unwanted pump laser line, a longpass filter is inserted, which allows only the Raman signal to

pass.

The system is designed as a confocal microstmpbtain high spatial resolution. This
involves passing the Raman signal through a pinhole before sending it spelserometer
The pinhole ensures that only the Raman signal from the illumipatied on the samplby
the pump laser will contribute to the measured signal in the spectrometer, eggodsible
contributions from neighbouring points. Finally, the signal is focused onto an objective lens
and coupled into a fiber. The beamds power i

using a intensifiedchargecoupled device (CCD) caara.
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By adding another beam splitter before the first plu#tector responsible for the
reflectivity measurements, half the beam goes to the photodetector and the other to the visual
access arm. The visual access does not affectutieidnality of the system but aids the
measurement procedure. It consists of an eyepiece and tube lens. The tube lens focuses the
beam converting it to a real object and the eyepiece inverts and magnifies the image for easier

visualization.However, the ser should always wear proper eye protection such as goggles.

3.1.2 Source and Neutral Density filter

The type of detection device used in thelgeinust be considered when choosanigser for

a RamammicroscopeOur spectrometefunctiors at wavelengthk less than 900 nrandis a
dispersive systen®ur intensified camera is based on a CCD array fabricataticion which

has adetection cubff wavelengthof 1100 nm Thus our detectionsystem operates at
wavelengths less than 900 nm with adseignatto-noiseratio (SNR). Systems for detection

at longerwavelengtl employ nondispersive Fourier transform (FT) detecti®®], or a
multiplexed spectrometerAnother point to consider when choosing a laser is the output
linewidth, which can rangdrom hundreds of reciprocal centimetres to much smaller than

pA . For Ramarspectroscopy laser linewidth op A is sufficient.

Thelaserusedim Raman microscope determines sev

function and design. For instance, it is wallown that Raman scattering intensugries

inversely with the fourth power of the wavelengtt,[66], [67]. That is, for a given sample,

replacing a 106éim pump laser with a 532m laser poth of which are popular choices for

Raman spectroscop§5]), will increase the scatterirggosssection by a factor of 16. This in

return meas that one requiresiacquisitiortime 16 times longer when using 106 asthe

pump comparedo 532nm. Such scaling is especially important in the Raman spectroscopy

of moleculesand thin films, where the scattering cragstion is intrinsically verygmall.
Thus,pumping atshorter wavelengthwill, in principle, providea higher Raman amplitude

for a given samplddowever,shortwavelength photons can also excite fluoresceémoaany

samples, which in turrtan obscure the Raman bands. Therefore, oednearinfrared
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wavelengths are widely utilized in Raman spectroscagyn acceptable scattering cross

sectionis accessewhile suppressing background fluorescejidd, [66].

There is a variety daseroptions to provide coherent light in this range of wavelengths
including diode lasers and gas lasers. Gas lasers normally provide stable narrow emission lines
[65]. This property is particularly desired for Raman spectroscopy, since the measured
spectrum is the convolution of the actual Raman band with the laser lineshape. Gas lasers,
furthermore, have very good inherent beam quatigmely single transverse mode beams
with low divergence angles. They are also easily convection cf@déd On the other hand,
diode lasers are very compact and consume less power than most other lasers. However, diode
lasers lack the inherent wavelength stability and high beam quality of gas lasers. For instance,
their output beams often possess elliptical profiles and are highly divergent, both necessitating
some form of beam shapirand collimation Note that obtaining a high spatial resolution
requires diffractiodimited spots, which can be achieved by focusavg-divergence (ideally
collimated) beams. These lasers also require temperature stabilization and precise control of
the driving curren{68], as the output power is directly proportional to the drive current.
Strong amplified spontaneous emission (ASE) is another issue with diode lasersnukich

be suppressed by additional filtering for Raman spectroscopy appieg8j, [69].

In aHelium-Neon (HeNe) laser,the lasing transition is a neon atoifhe process of
lasing in a HeNe laseris more efficient tham an ion laser. The Helium ions and electrons
carry the current in the Hie laser tube and the energyrisnsferredo the Ne atom§5].
One disadvantage of Hée lasers compared to ion lasers is thatoutput optical power is
much lower ranging from 0.5 to 100 mW at 632.8 nm. The higher the power of-iKe He

biggerthe systema 50 mWor moreHe-Ne laseiis generallylarge and inmnvenient

As mentioned earlier an important consideration in Raman spectroscopy is the
narrowness of the linewidth of the laser. SinceNeis based on ggshase atoms the output
linewidth is sufficiently small and the frequency accuracy is superior. FurthermefgeH
lasers also exhibit a variety of atomic emission lines from the DC discharged that need to be

filtered out.
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Thus, with respect to the attainable spectral and spatial resolution, stability and
robustness, ease of use, and ,cas632.8 nm Hé\e laserwas chosen for developingur
Confocal Raman Microscope. Due to the small cemdion of Raman scattering, it is
advantageous to use laser beams with powers in the range of teWé bfowever, it should
be pointed out that a highly focused laser beampeaduce very high power densities, which
may damage the sample. Furthermanemping at 82.8 nm results in Raman scattering in
the 633 to 815m wavelength rangdor graphenevhich is sensitive enough for most silicon
CCDs [6], [65]. A 21 mW HeNe laserwas selected from Thorlabs (HNL210L). More

information on thespecifications of tis laser are included iAppendixA.

To control the power of the laser input to the microscope, \Dd&y be used directly
infrontd t he | aser6s out put -lAs@ @ltertiswtilized, alleiveng e a
for attenuation in steps of 0.1, 0.2,0.3,0.4,0.5,0.8, 1, 2, 3 and 4 optical densjtwli2Bh)

correspondto a transmittance ranging from 79.43% to 0.01% accorting
"W pT P B 1

where T is the transmittance (in percentafjgte that even after maximum attenuatiois
necessary to wear/aOD safety goggle to protect the eygsthe experimentalistThe main
purpose ofthe NDF is to reduce the power of the laser in order to praiecteedes,the

sample or sensitive equipment.

3.1.3 Laser Wavelength Filtering

Lases generally produce lighbutput at wavelengths other tharattof thelaser line itself.

This is more commdy seenin gas lasersdi i HOQ 0 ‘Qbecause they emit atomic

lines (plasma lines)and solidstate laserswhich can interfere with the Raman scagter
signal. Thus, the lasers require a bandpass or a-lasefilter to reduce wvantedlaser
spectra. Although the extraneous emission is a few percent of the total power of the laser, the
Raman scattered light is weak and even the smallest amount-tefsiiog light from the laser

may cause interferencénitially this laser was not included in the design but was found later

to be essentigb5]. The elastic scattering from suemission maye apparent in the Raman
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light spectraSuchaspectumwith the use of a mirror in the optical setup is sedfignrel3

below:

He-Ne interference Spectrum
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Figure 13-He-Ne interference pattern near the expedaeabhenepeaks of the system. Data collected from Thorlabs
HNL210L HeNe using Princeton instrume@CDs camera and spectrometer. This spectrum is elegith the presence
of a laser filter.

A laser/interference filter can remove the interference lines of tiddHaser. An OD
of 3 is adequate for Raman applications. However, the OD can be increasealie of 6 by
the use of multiple cavities. It is important to have a higher OD level where the Raman shifts
are present. Furthermore, the OD away from the excitation wavelength increases with
wavelength, meaning it may not functiadequatelywhen clse to the laser linf65]. The
bandwidth of the filter igivenasthefull width at half maximum (FWHMbf the transmission
curves. As the FWHM decreage peak transmission also decreattess creating a tradeoff

betweermaximum laser power and spectral purity.

Interference filters also differ in the maximyower tolerancédamage may occur at
high laser powejsand sensitivity taheincident angle. However since the-Ne laser being
used has a power of less than one watt damage is unlikely. The filter used in this application
is a laser line filter (Thabs FL632.83) with a center wavelength @to& m@1 | and a
&7 ( - o w1 I. This filter was chosen since the OD at higher wavelength is closer to

5 and the FWHM is wide enough to make sure the laser power is maximized but not too wide
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thatit would allov unwanted interference. The transmission and OD data of the fiifimeis

in Appendix B

3.1.4 Objective Lens

An objective lens is one of the most important optical components that determines the
functionality and performance of an optical microscope. The basic design of an objective lens
depends on whether the image distand®ii® or infinite, and whether aompensating versus

a fully corrected systems desired The ideal diffractioflimited objective generates an

infinitely small object point. The diffractiehimited laser spot, whose size depends on the

l ensdé numerical apertufe) (NAanahidmwavehenged
of an i mage. For a s pe63.8nmcthe ifracteorimitedaspoe | e n g t

size is inversely proportional to the numerical aperture of the lens according to

o PRC TExML (3.2)
VO LU O
where,
06 &£zi Q&h (3.3)

with &€ being the refractive index of the imaging environment, usually air—asdhe half
angle of the light cone gathered by the lens, as sliogure14.

The resolution 'Y of the microscope, which is the smallest resolvabitadce

between two objects, also depends on the numerical aperture of the lens as

_ } o (3. 4)
¢ 006 ¢ 1 OFEf

Furthermore, the brightness of an image scales with the square of the numerical aperture.

Thus, a large numerical aperture is highly desired since it will provide a small diffraction
limited spot diameter, good resolution, and a bright image. The downfall of having a large
numerical aperture is a small working distance. The working distadeéingd as the distance

from the front of the lens to the objeCiften a large working distance is necessary because
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the lens needs to be kept at a safe distance from the sample to prevent damage to the sample
and lens. Defocusing the objective chandes ihtensity distribution and size of the image
point[70]. It also results in ant@rnating bright and dark spdi&iry disks). The waveoptical

depth of fieldis the zone of acceptable sharpness in the field plankaAgeof depth of field

will occur if the image is defocused only ¥ 0 6 by moving the sample further and closer

to the lens

The primary role of an objective lens is to magnify the details of the sample under
study, thus they become visible to the obsereey, eye or camera. However, the lens
magnification should not exceed the threshold of empty magnification, where further
magnification will not increase the resolutipfiL]. A high magnification will result in a dim

image, since the light gathering power ratio of an objective lens is scaled b

6o (3.5)
0 & QE Q000 OO Qf ¢

Thus, a reasonable choice of magnification is 20X, which allayemdmagnification without

having a large effect on the brightness of the image

The focal surface of an imaging system should ideally be a flat plane. Any deviations
from aflat focal plane, known as spherical aberration, krthie imaging qualityTheimage
seen through a microscope generally blurred at the edges is an example of the effect of
spherical aberration. Spherical aberratamturswhen paraxial rays have a diféat focal
length from peripheral ray§0]. Spherically ground lenses will haveacél distance that is
shorter for peripheral rays than for paraxial. In order to avoid spherical aberration;@Eaemi
or plan objective lens could be used. A sgan lens will provide a flat imagen the optical
axis and becomes less focused and filmther outward, normallyproducingan image with
80% flatness. On the other hand, a plan objective lens will maintain the flatnesswuvef

the image.

Objective lenses with finite image produce a real image directly. On the other hand,
infinitely dedgned objective require the use of a tube lens for a real image. The quality and

resolution of the image improves as the laser spot produced by the objective becomes smaller.
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Given a collimated input, this task can be straightforwardly accomplished lgyarsinfinity
corrected objective lens and a large NA as can be seen from eqg{@&®)nin contrast to

finite objective lenses that map an object to a conjugateimeaye, an infinitycorrected
objective |l ens maps the obj ec[f2]. Thas,wingaini nf i n
infinity-corrected lens focuses the input collimated beam and ensures that the output beam
diverges very little with increasing distance.igwill allow the beam exiting the lens to be
almost collimated. Infinitycorrected lens systems alldle addition of a variety of analytical
components to the microscope and provide Hojgality images. Infinity or parallel beams are

also notffected bythe thickness afomponents inserted to the pathlong as they are parallel

to the plandield pathfiled [70]. The alignment between the tube lens and objective remain
the same as well as the location of ithage point. Thus, an infinitgorrected lens is chosen

over a finite lens.

Objective Lens

Par focal

N
A
Wor ki ng Di s |
4 \ 4 F |
T ), F0C a

|
Figure 14 - Objective lensvorking distance anchumericalaperture

Due to the wvariation of a matieroptiaal 6 s r e
dispersion, the focal point of a lens is displaced for different light colors. This phenomenon is
referred to as chromatic aberration, and is another important limiting factor in imaging

systems. Chromatic aberration is the wavelength dependttieeabjective lens. It is cause
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by two factors 1) The fact that the refractive index for optical glass varies with wavelength
thusthe focal point of different colors lies at different longitudinal points on the optical axis
and 2) the fact thatll colors are focused on the same plaoethe focal points are not placed

along the same optical axig0]. The second type of chromatic aberration is only visible at

the edges of the first fringes, which can affect the resolution of the image.

There are three major classes of objective lenses with different degrees of correction
for chromatic aberration, namely achromat, fluorite (sempochromat), and apochromat. An
achromat lens is the least expensive and provides chromatic aberration correction for red and
blue and single color spherical aberration correction. Similar to an achroreat [@norite
lens corrects for red and blue colors for chromatic aberration. However, they also provide two
color spherical aberration correction within the range of the greatest spectral sensitivity for
the human ey¢73]. In addition, fluorites transmit ultraviolet light more efficiently since
instead of glass they are made outofting edge glass formulations that are made up of
materials such as flospar €alcium fluoritg or a syntletic replacementApochromatic
objective lenses provide the highest level of correction for chromatic aberration, and are often
much more expensive. They are chromatically corrected for three colors of red, blue, and
green, and spherically corrected fofeatst two color$73]. Achromat lenses have the smallest
NA, while apochromats have the largest possible NA, which in return means a shorter working
distance[70]. For Raman spectroscopy and phot@roscopy the lens needs to be able to
correct for applications that approach the nisfiared end of the visual color spectrum. Thus,
an infinity-corrected plarfluorite objective lens seems an appropriate choice for Raman

spectroscopy, providing reasonable balance between quality and cost.

The choice of an infinicorrect plan fluorite lens narrows down the available options
of numerical gerture and magnification. The chosen Thorlabs RMSRE&Xobjective lens
has a magnification of 20X and a numerical aperture of 0.5. This objective is corrected for
chromatic aberrations at four wavelengths and spherical aberrations at also four wavelengths
The working distance of the objective lensis@iin and t he i nput apertu
cm, producing andeal spot sizef Q P& T ‘¢ daccording to equatiof8. 2) if the beam
fills the entire aperture of the lens. Ndtetthe working distance sufficientfor the samples

used since they are not 3D and are not living orgaswstier, thus allowing a closistance
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This specific fluorite objective lens is correctdour wavelengths, has a high sigialnoise

ratio, high resolution and is very efficient in photomicrography.

3.1.5 Beam Expansion

An objective lens achieves the diffractibmited spot size only if a Gaussian beantirely

fills the input aperture. Unddilling a lens, in general, allows for stray reflections inside the

lens which will reduce spatial resolution and the peak irtierigiore importantly, since the

effective NA of an undefilled lens is less than its nominal value, the obtained focused spot

will be larger than the diffractiehmit size. On the other hand, overfilling a lens will partially

cut the laser beam. Theredoy t he exci tation profile on the
be perfectly Gaussian, resulting in diffraction as seen by fringing patterns in the output beam.
Because the power distribution of diffracted beams is highly@aumssian and they possess

high divergence angles, overfilling the objective aperture should be strictly aJ@igd
While filling the objectivebs aperture by 1
and msalignments, 80% coverage is often a reliable design target, albeit at the expense of

slightly larger spot size.

There is often a size mismatch between the laser beam output and the objective
entrance pupil. In our system, the former isfrii while the atter measuresdm. Therefore,
the laser beam should be expanded while keeping it collimated to meet the desired coverage
ratio of the objective entrance pupil. Also all lasers have a divergence dragleéNL210L
has an a divergence angle of 1rhEad, which can be corrected using a beam egparA
small divergence angle over a small travel distance will not result in a large collimation
problem(a beam isiever perfectly collimatednd a divergence angle of O is not achievable

in practice.

There are two common methods for expanding collimated beams, naheely
Keplelian and Galilean configurations. A Keplami configuration consists of two positive
lenses that are separated by the sum of their focal lengths, as illustritgdreil5. In this

scheme, a btonvex lens, where both surfaces are convex, first focuses the incident beam to
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a point between the two lend@4]. As the beam propagates beyond the focus it will diverge
and eventually reaches the desired diameter. A gtangex lens, where one side is convex
and the other is plane, is inserted at the other end vatbahvex side facing the incident light

to collimate the beam. The existence of a real focal point in a Keplerian system provides the
opportunity of inserting a pinhole in order to remove unwanted higher spatial modes and to
align the laser beam to the gef72]. It should also be pointed out that the resulting beam in
this configuration is inverted. Due to the azimuthal symmetry of a Gaussian beam, however,

the inversion does not affect the performance of the Raman microscope.

Alternatively, a Galilean beam expancconsists of a positive and a negative lens. In
this configuration, the negative lens first diverges the incident beam, so that the output beam
is originated from a virtual focal point behind the I4A5]. Once the desired beam size is
reached, the second lens will again collimate the beam. Here, there is no focal point between
the lenses, allowing for a more compact design for the same magnification as kealkep
design. Nevertheless, the Galilean beam expansion method requires a perfectly collimated
beam at the input. The HNL210L laser with its finite divergence angle oinrda® does not
automatically fulfill this requirement of perfect collimation. Moveo, the possibility of
inserting an aperture in the Keplerian beam expansion design is beneficial for a Raman

microscope. Therefore, a Keplerian configuration is adopted.
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|
r 1
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{ A J
| |
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Figure 15 - KeplerianBeam Expansion

In order to expand the beam diameter to approximately 80% of the entrance pupil of

the objective lens, the required magnification ratio is
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where’Qand™Qare the focal lengths of the-bonvex and plangonvex lenses, respectively,
andO andO denote the diameter of the input and output beams. To make the system
compact, the shortest possible focal lengths leading to a magnification of 1b48 bk
used. Using a btonvex lens with focal length 3@m and a plan@onvex lens with focal
length 300mm the magnification ratio using equatii# 6) becomes:

O Qo nad 3.7

) T~ — B
a O "Q omnma P

The distance separating the lenses is, therefore!Q "Q o av & The accuracy with
which the distance betwa the two lenses is fixed is critical in order or guarantee that the
output beam is perfectly collimateNote, the focal lengths of lenses are limitedwdhat is

available frommanufactures;

The new magnification ratio will change the output diametexpproximately 7 mm.
This beam diameter is equivalent to filling ~70% of the objective lens aperture, which leaves
sufficient margin to avoid beam clamping and provides a theoretical diffrdotided spot

size ofQ ¢® T ¢ Ydusing equatioif3. 2).

To implement the Keplerian beam expansion into the setup the laser should be fixed
and aligned to the lenses. The first lens, thednivex lens, is fixed and the second lens, the
planoconwex lens, is moved untitearperfect collimation is achieved. When the distance
between the two lenses is greater tharci®3the output beam diverges veapidly. On the
other hand, if the distance is smaller tharcB88the output beam converges. The pwihere
the beam doesnd6t seem to converge or diverg
focal points of both lenses coincide. The diameter méaperfectly collimated beam is the
same whether measured immediately at the output or at anaddgdar distance. The latter
will be affected by the finite divergence angle associated with the laser beam. To test the
collimation of the beammirrors can be used to bounce the beam across the room and achieve

a far enough distance. Another methoblyisising a shearing interferometer (Thorlabs S1100).
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Laser alignment could significantly affect the quality and resolution of the reflectivity
and Raman spectroscopy measurements. In order to ensure that the beam is perpendicular to
the lenses antthat thelenses are aligned with each other and the laser, a cage systieihbe
implementedFurthermore, théle-Ne laser can be mounted into the cage system using a cage
system adapter plate. A slight tilt in the laser mounting will be more evident afteraire be
expansion and even more so when observed through the magnifying objective lens. If there is
a tilt in the laser or the cage system the laser beam will not be foousgtie whole sample.
To further examine if there is a tilt in the setup, at leastitises (apertures) could be used,
one in front of the first lens and the other at the very end of the system. This method of testing
can be donelsewhere in theetup in front of every element. It is also importardrtsurethat

the lensesremounted mto the cagsystemwith no tilt.

Due to the mismatch between the refractive index of free space and lenses,
approximately 4% of the light will be reflected at each surface of the lens. Therefore, uncoated
lenses can produce a total light transmissioapgroximately 92% for visible/neamfrared
light [76]. This could lead to ghost images, hazardous reflectionsaaaduction in the
transmittance of the syster@ince this particular system contains many lenses, it is useful to
use antireflection coatings (AR§) to maximize the efficiency of light transmittance and
preventthe generation of unwanted ghost beams. ARl reduce the reflectance of each
surface from 4% to 0.5%, whialesultsin 99% transmittancgr6]. For a single layer ARC,

the index of refraction of the thiSRC film should be equal to
[ T T 8 (3-8)

The most suitabl&RC spectral range for the excitation arm of the microscope i185000

nm since the H&le emission occurs this range.

3.1.6 BeamRouting

A stimulated Raman system consists of two laser sources, a pumfHesée lase), and a
Stokes laserjn our case selected assapercontinuum (SuperK)source with a tunable

bandpass filteBoth laser beams are combined using a dichroic m{pdf), as can be seen
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in Figure 16 [77]. The combined beam wilhén hit the sample after passing through the
objective lens. The Hble, SuperK and Raman beams vethergefrom the sampleand
propagateo the dichroic mirror. The dichroic mirror has different reflection and transmission
properties at different wavelerigt, which allow specific wavelengths to completely (~98%)
pass through while blocking other wavelengths. Dichnairtors sparate light spectrally by
transmitting and reflecting light as a function of wavelengthong-pass mirror heia high
reflectionbelow the cutoff wavelength and high transmission above it. Due to the properties
of the dichroic mirror (Thorlabs DMLP650R) only the reflections from the SuperK and the
Raman signal will pass through the mirror, timparting fltering to the reflectedeam. The
transmission and reflection curves of the dichroic mirror are plottefippendix C.The

specifications of the mirror are

Transmission Band'Y pu BY Wt P 6851 1600 nm

Reflection Band'Y w T BY wu b 4007 633 nm

Tablel - DMLP650R Reflection and Transmission

Where”Y andY are the absolute transmission and reflectaespectively, andy and

'Y are the average transmission and reflectance respecteelseflectivity measurements

a dichroic mirror delivers the highest percentage of laser power onto the sampleaUsing

crosseebeam geometrjor the two beams allows measurement of Raman shifts as small as

the sum of two lasdmewidths

Additional beam splitters (Bspare requiredo guide the beam into the phdatectoy
eyepiece and into the spectrometer arm, as can be deiguial6. A beamsplitterseparates
the optical patks of the incident and reflected beams on the sample. There are two common
types of beam splitters, the cube and the plate. Due to the structure of a cube beanit splitter
canproduce a ghost image that could interfere with the measurearatitsan also result in
an elliptical beamOn the other hand the beam transmitted from the beam splitter plate will
be shifted due to the thickness of the beam splittdlowing S n e | | @& sefrattianl his
howevercanbe counteracted by using anotheram splitter plate in the oppos#egleto

restore the laseo its original position. The plate beam splitter usenleis a 50:50 beam
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splitter (BSW26R) the measuredransmission and reflectance curves are b#cin

AppendixD.

Beam From

BS1 50:50 Plate SuperK Arm

Beam Splitter

Beam to Spectrometer Arm

Dichroic

Mirror Beam From HeNe Arm

—
BS3 50:50 Cube

Beam Splitter

BS2 50:50 Plate Beam Splitter

Beam To Eyepiece Or Gold plated Si Mirror

= == = =

Beam To
Photodetector Objective
lens
'«— Sample
Vacuum

Three Axis
stage

Figure 16 - Beam Routing, Solid lindsincident beam from SuperK or Hée laser, Dashed lineReflected Beam for
detection

From Figure 16, the routing path of the beam using various beam splittersaand
dichroic mirror issketchedThe HeNe and Supd&t beams are combined using the dichroic
mirror and thenincident on the samplafter passg through the objective lens. The besam
arethen reflected baclas sketched by théashed arrow ifrigure 16, to reach the visual

accessrm and the spectrometer arm. The visual access arm furtherma thsdieam using
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a cube beam splitter for the eyepiece and for the photodetector that is attachdddk ithe

amplifier.

The disadvantagef using many beam splitters is that the powollected by the
spectrometer or by the photodetector is far less than the original povezging from the
sampledue to splitting and dumping some of the lighhis poses a problem when trying to
find the Raman signal since it is a very weak sigHalvever, if the spectrometer used is of
high efficiency the Raman signal will still be strong enough to be observetelhéicialto
replace the beam splitter labeled B8Zigure 16 with a partial mirror, e.g, agold-plated
silicon piece whenconductingRaman measurements. The reagperfect mirror isnotused
instead is to still allow a faint but visible image to be seen through the eye piece, thus viewing
and focusingon the sampleemainspossible. This replacement when needed will double

(approximately) the signal routed to the spectrometer arm comfmeadakam splitter.

3.1.7 Photodetector

A detector is required to collect the reflectivity measurements as well as the Raman
spectroscopy measurements. A phdétector (PD) converts light into current; this is a result

of the phobns beingabsorbed in the phaletector. Nonetheless, during the absence of light
there is still some current due to the presence of noise. When choosing a photodetector the
main concern is the signad-noise ratio and the resolution of the signal. For the refiegti
measurements the reflected power is strong, thus easier to collect. Sensitivity plays an
important role in the selection of photodetectors. However, in the spectrometer arm the Raman
signal is weak, thus needing a more efficient method of gatheergjghal. Requirements of

the detector include wavelength range of the light, response timghanatensity per unit

area.

Photodetectors operate by the transition of an electron from a lower déengbip a
higher energy state due to the absorptiophaitons[78]. Energytransitions are categorized
into five types 1) Photoconductive or photovoltaic: Electrons transition from valence to

conduction bands. 2) Photoelectiidectrons transition frontheconduction band to vacuum.
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3) Polarization: Electrons transitido virtual energy stageas the index ofefraction and
polarization changén other words, it uses material tints a polarization sensitive refractive
index to detect the photons of a desired linear polarizatjddhonorinvolvement Electrons
reachhighlevelswith the assistance of phoreid) Other: Energy is converted to other forms
[78].

There ae a variety of photodetectors; the most common are photodiodes and
photomultiplier tubes (PMT). The photocathodes in a PMT are not uniformly serngiive
This nonuniform behaviour can lead to gain and regional differences in noise and sampling
efficiency. On the other hand, a photodiode has uniform sensitivibssi¢he aperture and
uniformity will lead to better spatial resolutiome. minimum separation required to
discriminate between two objects. Thus, a photodiode is a suitable choice for our system when

it comes to the reflectivity measurements.

Compared tayallium-arsenide and galliurarsenidephosphide, silicon has a much
better quantum efficiengyangng from 80 to 90 percenbver the wavelengths of 350nto
900nm[78]. In comparison to other devices PIN silicon photodiodes have the advantage of a
higher response speed, lower dark current, lower capacitancbeti@dlinearity. Thus, the

lower dark current increases t8dlR

PIN photodiode detectors are ideal because they are cost effaneneasily
miniaturized attributes that are wedluited to our setip. They are however not as sensitive
asavalanche photdiodes APDs) and PMB. Photodiodes operate eitharthe photovoltaic
or photoconductivenodes. Th@hotovoltaic mode requires a large change of voltage to detect
the intensity of light, thughe photoconductive nte is better suited. In thehptoconduate
mode the increasa the reversebiascurrentis detected as the photocurrertten a photon is
absorbed in the depletion regipr8]. Only electron holgairs near the depletion region
contribute o thephotocurrent. A PIN photodiodéncorporates an intrinsic region between
doped PandN regions whiclincreassthesize ofdepletion region restihg ina better signal
absorption efficiency. Furthermore, it has a lower junction capacitance, reducing the RC time
constantputincreassthe carriettransit time, which in return limits the response time of the
device.Good tradeoffs exists between these design goals, although in owpsspeed of

operation is not a limiting factor.
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The photedetectorselected Thorlabs PDA106A) is a silicorbased PIN photodiode
for light signals in the spectreangeof 400 to 1100hm, with an electricabandwidth of 1.5
MHz. This bandwidth is sufficienfor our needs (chopped light)t also has internal
preamplifier stages with switchable gain in steps ofx710 dB (low-noise transnpedance
amplifier followed by a voltage amplifierThis is especially useful if the signal power is low.
This photedetector also has@& & diameteraperture, consequently allowirfigll beans
to be collectedIn fact,one of the main reasons a Si APD was not used is due to the small
aperture sizef the detectothus eliminating the need to use a focusing lens and minimizing
the number of requirelgnseslt is also important to mention that this specific pho&tector
was chosen due to the fact that it was available in théntabever alifferent photedetector
might be just as efficienThe responsivity of a photodiode can be calculated by finding the

ratio between the photocurrens) and the incident light power (P), writternt as

(3.9)

C-z| ®)

The responsivity curveersuswavelengthof the detector selected is givamAppendix E

(rangeof 0.3- 0.6 A/W). This photodetector is used for reflectance measurenieatsr set

up.

The Raman signas too weak to be collected by the PDA1Q@letector. The signal
power is in the same ranges the noise in thdetector thusnaking it unidentifiable An
intensified CCD camer#s used in the spectroscopy arm that can detewtn to single

photors. This is further discussed 8ection3.1.11.

3.1.8 Lock-in Technigue and Light Modulation

In addition to using a lomoise photodiodea lock-in techniqueis utilizedto enhance the
SNR even further. In theorg,lock-in amplifier measures the amplitude of a sinusoidal wave

w:

O WE o (3. 10)
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whereg| ¢“"Q To be able to extract a signal from the kaclamplifier a reference input
voltage is used which is synchronized with the source light. This allows thénleckplifier

to collect any signal that is synchronized with the modulation and igngtieiag else.

In the lockin amplifier used(Scitec Instruments Ltd#20 dual lockin), the noise
power is equal to the noise power density times the measurement bandiwéltinise power
density is a result of shot noigéich is set by the detector, hilie bandwidth of the signal
can be controlledThe HeNe laser beanis intensitymodulated using a choppémodel
SR540 chopper controllgrand the PD signal is sent to the lankamplifier. A narrowband
filter is placed around the reference frequerniog, the chopper frequency, to limit the
bandwidth. The chopper operates at frequeimcythe rangefrom 400 Hz to 3.7 kHz

(specificationgyiven in AppendixF).

The higher the reference frequency the more noise tharaakplifier can filter. This
is dueto the fact thatn order to separate noise components figignal it needs to be
modulatedat what is known as a signal frequency, thus allowing the signal to have a different
frequency than that of noise. The lowpass filter which follows the multipdierconsequently
reject any frequency components that are more than a fraction of a Hertz away from the signal
frequency thus removing the AC components from the sighbk lowpass filter also serves
to narrow the bandwidth of the amplifidrhe block dagram of the lowpass filter is seen in

Figurel7[79]. Theinput amplifier is a voltage amplifier combined with some other filters.

The remaining blocks ithediagramof Figurel7 allow the enhancement anetdction
of the signal. The referenaagnal provides thereference frequencgnd the phase shifter
allows synchroniationin phase of the reference with the input sigidle phase sensitive
detector is a multiplier circuite§ & ¢ ). Finally the outpt amplifier is a low frequency

amplifier.

The lockin amplifier is a voltage amplifieand in combination with the photodetector
produces anoutput proportional to the intensity of incident light. dtoducesa very
narrowbandsignalwhich automaticallyfollows small changes ithe modulating frequency
[79]. Theopticalinput is fed o the photodiode as a chopped square signal. The changeable

time constant of a loekn amplifier is the time constant of the lowpass fitte€onsequently,
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the bandwidth of the lowpass filter is B®&1/(t). For a low time constant ¢hvoltage will
respond quicky to changes but it will not be as stable as it is for a larger time constant.
Therefore, the time constant should be adjusted to provide a stabtapashdeading. The
longer thedata collectiordelay of the lockin amplifierthe better the quality of the signal. The
data collectiordelay should be at least ffd&d larger than the time constant. In other words
for a 10ms time constant theata collectiordelayshould bel5 ms. Clearly, the higher the
time constant the betténe resolution of the signal. Neverthelg®ss,100 msto 300 ms time

constargthe system yields adequate reflectivity measurements without adiayeollection

delay time.

l nput Am Out put Ar
SignaIO—>—J L L—'—D—‘OOutput
Bandpas Lowpass

Ref erl exrpp@re

Phase S
Ref erence

Figure 17 - Lockin Amplifier block diagram (420 Dual Phase Leick

The gain and sensitivitgf a lockin amplifier are inversely proportionale. Gain=
1/ Sensitivity. Thus, the higher the sensiti)\
to make ste that the gain is not oversaturating the signal, which could result in a signal cut
off. The lockin amplifier convers an AC signal intoa DC signalusingan adjustable narrow
bandpass filter. This will result in a phase sensitive bandwlieligctiorby reducing the phase
content falling outside the interest of the bandwidtie bandpass also modifies the response

of the unit so it only detects signals at the reference frequency.

There are two channels in the leickamplifier that producéhe output. They are in

the form of x and y voltages, where

M O 0Ei — (3.11)
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And, A & i QE — (3.12)

assuming there is no noise or signal shifts The magnitude of the reflectivifyr&pmrtional

tow :

YOH O ® (3.13)

o
and, OAL =
w

(3.149)

The values of XandY should not exceed pws i nce t hat 6s the maxi
the lockin amplifier, or else the output will be aveaturated. After the signalfisoduced by
the lock-in amplifier it is collected bycomputerdata acquisition (DAQ) card for further

processing as will be discuskm Section3.2, AppendixG and AppendixH.

3.1.9 Visual Access

To complement the Raman microscope with visual access to the sanmigle jsrequired for
alignment to the focused laser spoyi@wing microscopes constructedusingthe existing
objective lens by utilizing a tube lens and an eyepiece as can be $egurel8. Whenthe
He-Ne laser is collimated, after passingaiigh beam expansi@s describeth Section3.1.5,

it is focused using the infinitgorreced objective lensThe laser beam exiting the entrance
pupil of the objective lens collimated soa tube lens is used to focus the beam and convert

it into areal image.

The infinity-corrected propertgf the objective lendoes not limit the focal length of
the tube lendecause the beam is collimated, so the tube lenbeatacecanywhere along
the beamat any desired distance withoaffecting the magnifiation of the image.
Nevertheless, a longer focal length will result in a much taller microscope making it harder to
use. The image produced by the tube lens is inverted, thus an eyepiece is used to correct for
the inversion.The eyepiece provides further agnification of 10X to the sample without
affecting the brightness of it. The distance between the eyepiece and the tube lens is the sum

of their focal length as that of the Keplerian beam expansion where the two focal points meet
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in the middle. The achroat doublet lens AC25200-A is suitable as the tube lens for it
adequately corrects for chromatic aberraod hasa focal length of 200nm.

L=200mm
Inﬁnitespacer | 1 Eve Pi
I ye Piece . E
- WF 10x/22 ummj ye
[ | ‘ Eé
RMSX20-PpF AC254-200A Intermediate Image

Achromatic Doublet position

Figure 1871 Visual Access Arm

It is essential to align the focal point of the objeetiens with that of the eyepiece in
order for the microscope to function properly. First, the exact focal point of the objective lens
is found. This is done by placing a mirror underabgectivelensinstead of the samplé the
mirror is 2.1mm away fom the objective len@vorking distance of the latter), théme focal

length and object distance are the same. This can be seen using the image formation equation,

P (3.15)
5

i Ny @)
=1

where f is the focal length, p is the object distance and g is the image digtahdeor a

collimated laser beam the image distance q is infinity thus,’Q ¢&® 1 [ 8Additionally,

the magnification factor i& - Tt It can be observed that the beam size khnvhen the

mirror is brought close to the lens until it reaches a point where it expands again. When the
beam is collimated the tube lens is added to the system and the focal point of the objective
lens is aligned to that of the eyepiece. The distanaedeest the tube lens and eyepiece is the

sum of the two focal lengths. With some eyepieces that consists of many lenses the focal point

of the system is inside the eye piece.
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3.1.10 Supercontinuum Arm

Making the system functional in stimulated Raman measurements requires a pump laser and
a secondargource tunable tdifferent wavelengthto coincide with the tkes wavelengths.

The secondargource usedhere isa supercontinuunsource with a tunable hdpass filter

(NKT photonics SuperK Extreme Supercontinuum Las&he supercontinuurproduces

white lightand tunable bandpass filters coveringuage of wavelengths from 400 to 1840

are availableFor the purposes of stimulated Ranmagraphenendto measureeflectance
responsg, a wavelengtlin therange 0f500to 1100nm isrequired This requiretwo acouste

optic tunablefilters for the supercontinuum:he first coveringa rangefrom 400to 700 nm

and the second from 640 1100nm. It is impotant to note that near the eafitherange of

an a&ousteoptic tunable filter the beam qualitydegrades. Furthermore, the beam
characteristics including power and diameter change with wavelength. As a result, the system
is optimized in the midpoint of éhrange and further optimized at various poagneeded.

The beam is coupled inta polarisatiormaintaining singlemode optical fiber. The

specification ofour fibers are:

Fiber ID Wavelength Mode Field NA Measured at
Range Diameter (MFD) wavelength

FD4-PM 750-1100nm @t 0.12 850nm

FD1-PM 450-800nm ot i 0.12 630nm

Table2 - Fiber Specifications

The main purpose of the supercontinuum arm is to deliver a linearly polarized and
collimated beam to th@ample through the objective letasconducted stimulated Raman and
normalizedreflectance measurementdowever, there are two problems to solve before
sending the beam tihe objective lens. Firgt the beam should be linearly polarized lie t
same orientation asny nanstructures on the sampeg( nan@ntennag andsecondy the

beam should covapproximately 9670% of the objective lens surface.
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Figure 19 - SuperContinuum Arm

To tackle the issue of polarization a set of polarizers and aviaakt plate are used as
can be seen iRigure19. The first difficulty with the polazation is that the orientation of
polarization of the beam exiting the fibenist precisely knownThus the desiregholarization
is set and fixed using tH@st polarizer, horizontal in this case, and the fiber is rotated until
maximum power i®bsewed from the output of the polarizeks see irFigure20, a half wave
platewith fast (F) and slow (S) axes as indicatedandwiched between two polarizers. After
fixing the first polarizer the half wave plate is mounted on a rotatiagnt Therotations of
the mountcauses the polarization to rotate to twice the angle ofalieMave plate. Thus, a
9(* polarizationrotationis achieved by rotating the plate it av angle to incoming beam.
Finally, the last polarizer is used to further guarantee that the output beam is polarized in the
desired direction. Having the half wavéaie and the second polarizer in a rotatingunt
allows thepolarization of the bearto be easily changed heJones matrix of such system
[80], [81] is:
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(3.16)
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Figure20- A half wave plate sandwiched between a pair of polarizers

One must note that the choice of the tedfve plate is limited by the cost and the
market available halivave plates. In this case an ideal half wave plate would have been the
Thorlabs SAHWPOBI-1700 since it works for a wide range of wavelengths. However, it is 3
times more expensive than the one chosen and the one used still provides satisfactory results

for the current work.

As discussed ifsection3.1.6, a dichroic mirror is placed between the primary light
source (HeNe) arm and theupercontinuum arm t@ombinethe two beams. Similby, to the
primary light source arm theupercontinuunbeam should be expanded to cover at least 80%
of the objective lenaperture. The beam from teapercontinuunis coupled into aacouste
optic tunablefilter, which is then coupled into a fiber (FEBPM or FD4PM depending on
wavelength). The beam from the fiber has a large divergence angle thus a fiber collimator is
needée. The numerical aperture of the NIR and IR fiber is 0.12, making the acceptance angle
of the fiber[82]:
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— OET66 ™McrncwQ (3.17)
Thedivergence angle:is
006 Mp¢ ¢OEF ©— 1&ULOJ (3.18)

Referring toFigure21, given a divergence angle of a beggnthe beam size will changeitiv

distancd following:
(@) 0 oOAE — (3.19

For the visible rangéhe fiber collimator F220AP®33is used. Tielensin the fiber
collimatoris approximately 8..nm away from the entrance slit of the fiber andliaimeter
7.2mm. The beam entering should be smaller than the diameter ditecollimatorlens
and using equatiof8. 19),

0O O &OAd — TmBindy upii OAd t&§vo  (3.20
p& ¢ i pi

This compleswith the requirement of the beam size being smaller than that ehthence

aperture of théber collimatorlens.

Similar to finding a fiber collimatorfor the visiblerange the calculations are repeated

for the NIR fiber. The fiber collimator F220AP@50, the lens is approximately 8.5tm

away from the entrance slit of the fiber and of diameter 7.2mm. Thus, the beam entering

should be smaller than the diameter of thresland using equatidB. 19) we find:

(@) 0 o0AE — (3.2
minud ywdi OAd t§uvo
P& ¢ Uig
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Figure 21 - Beam Diameter over a certain distance
The fiber collimator F220AP®33 has an output diameter®©f ¢& d . Thus,

as previously seen iBection3.1.5 to cover 80% of the objective lens surface ringuired

beam magnificéon according to equatidi3. 6) is:

b pAi (3.22
&gl T® op WL
0

P p—nnn&co (3.23)
Q orm

where'Qand™Qare the focal lengths of the-bonvex (ThorlabsLB175B) and planeconvex

(Edmund Optics 6750) lenses, respectively. The new magnification ratio will change the
output diameter to be approximately 7.95 mm. SiryiJahe fiber collimator F220APB850

has an output diameter &  ¢8t @ | . Using the same lenses, the output diameter when

the second fiber collimator is used is approximately 6.79 mm. The most saitélkeflection

coating pectral range for theupgercontinuum arms 650to 1050nm since i tdos th

range for this arm.

3.1.11 Spectroscopy Arm

The Raman signal reflected back from the microscope is directed to a third arm in the system
dedicatedor spectroscopy. To analyze the spectrum of the Raman signal, a monochromator

or a spectrometer is used. A spectrometer has an entrance slit andséinasdtis composed
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of a diffraction gratings and a motorized rotating stage. The grdifingctslight of different
wavelengths into different directions. As the grating is rotated by the motorized stage in front
of the input slit, different wavelenigg will be directed towards the output slit. A photodetector
can register the output power as a function of time. According to the rotation speed, delay,
and the grating, different time slots can be mapped to the corresponding wavelength which

was then dected to the output slit and onto a form of detector, such as photodiode or CCD

camera.
L=F +F,=60 mm
|
|
ACL2520-B LA1422B
pheric Condenser Plano Convex 2 Z
]D Fiber f
P5S
FEL0650 thole Objectivelens
Longpass Newport 40X
Filter F2—40mm F1—20mm 0.65NA

Spectrometer

Figure 22 - Spectrometry Arm

3.1.11.1 Laser Rejection Filter

The (elastic) Rayleigh scatring from illumination bythe HeNe laseror supercontinuum
source $ many orders of magnitudes brighter than the Rgmeaks Consequently, a filter is
used to eliminate as mudi this spectralcontent as possible from tliaman signal. The

beam is first passedrtbugh a long pass filter in order to reject any other wavelengths but the
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Raman bands which are redshifted with respect tgotimep laser. The filter useds the
FELO650and itcuts off at 6501m.

To further clean the signal from unwanted beams, such@s geams and stray light,
andprovide ahigher spatial resolutigra confocal scheme may be employed. To do so the
Raman beam is focused and passed through a s&wab,um diameter, pinhole as a spatial
filter. Note that only the beams originated la¢ taser spot on the sample surface will be
focused to the pinhole. Thus, the spatial resolution will be primarily determined by the
diffraction-limited spot size produced by the objective lens. The reflection of the laser spot
itself is already blocked bihe longpass filter. Similar to covering the objective it an
entrance pupil, in order to avoid clamping the beam and causing diffraction, the pinhole has

to be slightly undefilled, for example by covering approximately#h in diameter.

To reducespherical aberration when focusing the beam onto then%inhole, an
aspheric condenser lens (Thorlabs ACL2R)(s used as opposed to admnvex lens. A
wavelength of 700hm corresponds tthe strongest Ramareakof graphene if excited by a
He-Ne at632.8nm[6]. Thus, assuming a wavelength7é2 nm for the beananda 4um spot

size the numerical apertuie

, P& ¢ .. P& G XOkI (3. 24)
Q 55 w UOo T[I' T™®] oCTp
. . O - WA - (3.29
00 —— W Q ——e d |
¢Q q TI&OCTB@

Clearly, a larger focal length will increase the spot size.
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3.1.11.2 BeantContraction and Fiber Coupling

As can be seen iRigure22, after the beam passes through a filter andspheric condenser

the beam is focusetthrough a pinhole. The beans ithen collimated using a placonvex

lens. The collimated beam is followed by an objective lens (Newport 40X 0.65NA) with an
aperture diameter of /im. The input beam is the same collimated beam focused on the first
objective lenswith 'O x 1 I, asin Section3.1.5. Hence, to cover 80% of the objective

lens surface the beam magnification according to equégi@) is:

pul i

qJT['lf X p T (3.26)
X! |
0

b 2 Cm - (3.27)
Q 11

where Q and "Q are the focal lengths of the aspheric condenser and -ptaneex lenses
(Thorlabs LA1422B), respectively. The new magnification ratio will change the output
diameter to approximately 3.5 mm. Similarly to the other arms it is useful to usefiattion
coatings (ARG) on the element® maximize the efficiency of light transmittance and prevent
thegeneration of unwanted ghost beams. The most sukdb&spectral range fahis arm

of the microscope is 650 1050nm since the Raman signal is in that range.

Finally, the Raman signal entering the objective lens needs to be focused into a
multimode fiberhaving ap @t i core diameter. Thus, fan djective lens with numerical

apertureof 0.65 the spot size at tliecal distance of & | | according to equatiof8. 2) is:

P& ¢
(Ve

(3.29)

Q o® gl
The fiber is mounted on a fiber chuck orstage and is moved until the optimal coupling
position is found using a spectrometer or power meter on the other end. The fiker is th
coupled into the spectrometer which uses a CCD camera as a detector and is controlled using
a computer. The fiber is glad on a stage to allow fine tuning of the coupliNgte that a

largecore fiber resufin easier capling but also allowmore stray light to enter the system.
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3.1.11.3 Spectrometer

For a spectrometer to measure Raman signals efficiestiypitldopea t e i np Mosti onmgd e
mode. This means that photons incident on the detector are converted to electrons that are
counted by different methods. The main purpose of a spectrometer is to study electromagnetic
spectra, or the wavelength composition of ljgbtiich it does by the aid of diffraction grating

and a detector at the other end. The detector of choice for Raman spectroscopy is some form
of CCD camera. The spectrometer used hetke®rincetoninstrumers IsoPlaneSCT320

spectrometewith a CCD resolution of 0.08 nm

The beam enters the spectrometer through a slit, this slit determines the resolution of
the image. The smaller the skidth the higher the resolution but also the higherdhance
of notcollecting the incident lightAfter the beam enters it is reflected using a miardo the
diffraction grating. Most spectrometers have more than one grating setting with different blaze
angle The higher the blazanglethe smaller the speetirange but the higher the resolution.
Light reflected fromthe diffraction grating splitanto multiple beamsalong different
directions based on wavelength. This allows the CCD camera to collect the different beams
into a spectrumThe CCD used is also from Princeton instruments and is théAX4:

p T ¢ 1¢ L.¢rhe wavelength range of the CCD is from 200 nm to 900 nm and has a
¢ o ¢ @l pixelsize.

3.1.11.4 CCD Camera

CCD cameras are a popular choice for Raman spectrastiopyise of coolingncreases the
sensitivity[78]. The cooler the system the more sensitive it becomes. The Princétax®|

CCD camera used iour setup allowsthe camerdo becookedupto ¢ 18 electronically.

A CCD is an array of metahsulatorsemiconductor (MIS) or metalxide
semiconductor (MQ) padsheld at a positive potential that have the ability to detect, store
and transfer chargé5], [78]. Each pad createsveell that attracts photoelectrons and holds
them in the region of positive potential. The basic idea of photodetdwiers detecting a

photon in silicon by generating an electioole pair. When a photon hits a silicon one of three
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things can happenheé photon passes through the silicon, the photon reflects back or the
photon is absorbed in the silicon if the energy is higher than the silicon band gap. The incident
photon should provide enough energy to exceed the band gap of silicon at 12100 nm. Longer
wavelength photons pass through the silicon without detection, however for Raman
measurements of graphene the range is between 200 to 1100 nm which is the detection range
of the CCD.

The most common structure of CCDs is a MOS capacitor formed by a onedal
polysilicon gate above the dielectric and a semiconductor b@BlvThe MOS capacitor is
charged by the photogenerated carriers. The gate is also biased to place the semiconductor
into inversion. In equilibrium the electrons, minority carriers, would invert the silicon under
the gate, however for CCD this neweccurs because instead it transfers the accumulated
carrier from the well before the well fills up. The potential well are detectors that collect and
hold the photoelectrons produced by incoming photons. Each well forms an array and each
column of well orresponds to a different wavelength. When a photon is absorbed an electron
hole pair is created and it is stored in the gate until a charge is transferred. To transfer change
the MOS structure is positioned next to other MOS strudefgs[78]. Charge is then

transferred by either using three sets of clocked gates or an asymmetric well structure.

The biggest noise source in O€is the thermal generation of minordsrriers[78],
howeverother sources of noise include cosmic rays, transfer inefficiency and fluctiration
the generation of carriers. Another source of noise is stray light fromrethiensof the lab
entering either the fiber or the entrance slit. More advanced spectrosystems have
different functions that can reduce the background noise, apply flatfield subtraction and

remove cosmic rays, this will be further discussefiaation3.2.3.
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3.2 Software

To increase the efficiency tfhe microscope durindata collection multiple LabVIEW codes
were created and utilizedl'he piezo controller, lockn amplifier and supercontinuutaser
wereall be controlled usingabVIEW, while the spectrometer is controlled using LightField.
The Piezacontroller controls the movement of the stage and theiloaknplifier utilizes a
DAQ card that acquires the information and sends it to the Tissrsection will discusand

outlinesthebasic concepts of these code®l how they operate.

3.2.1Piezo Controller and Lock-in Amplifier

To collectand send datéo the optical setup, LabVIEW is utilizedThe LabVIEW code
receives and sends data to the Piezo controlled §kagrlabs MDT630B andit collects data
from the lockin amplifier using aDAQ card (model CB37f-HVD). The piezocontroller
(Thorlabs BPC30gis a3-channel controller, however the third channel being the z axis is
fixed with the objective lens at the focal point, thus onthannels (X and Y) are controlled.
The code consists of multiple nested loops where it scam$ in one direction and then
moves one stegassigned by the usei the next, consequently @ m o 1t scan is
completedn a raster scanning manné&very timethe stage moves one step, it collects data
from the DAQ card which reads measurements from the loak amplifierreadings that are
obtained through the photodetecfbne code specifications are further discussed in Appendix
G.

3.2.2 Supercontinuum catrol

Another code was constructed to control the SuperK laser while also obtaining areal scans of
the desired ared.he SuperkExtreme laser has an external RF driver and two different filter
boxes. The filter boxes have three fiber delivery system that deliver the signal either through
free space, but with a large divergence angle or through a fiber. The desired laser wavelength
400-1100nm is split over two different filter boxes. The first from 4000nm and the second
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from 6431100 nm. The laser and RF filter need to be turned on physically using a switch and
a key. Following that the laser can be fully controlled using tk& NMhotonics software or
LabVIEW including turning on the emission and the RF powée code moved the stage in

one step size and then scanned the full desired wavelength range of the desired filter box. The
movement of the stage similar of that of Se@n 3.2.1. The code specifications are further

discussed in Appendix H.

3.2.3 Spectrometer control

For the spectrometer arm the software Lightfields provided by Princeton instruments.
There are a few features in the software that have proven to hg inséfe data collection
process. The exposure time, the time between the start of the acquisition and end of the
acquisition, allows for a more sensitive and more accurate measurements. Initially one starts
with a higher exposure time until the signabpimized to be high enough for exposure, 20
secondsvas needed for this study. Fugtmore, the intensifier gain can be used to intensify
the signal i f ités too weak. The number of

used to obtain a moreeurate response that can later be averaged out.

One of the most useful features that are applied before acquisitions are the background
subtraction and the flatfield correction. The background correction is used when the light
source is turned off to ohih the average background noise and remove it from the response
signal. An ideal sensor would be uniformly illuminated and have all pixels producing identical
signals in a f1l at uni form manner . However,
variationsof random noise, dark current and gain. Thus, flatfield correction normalizes and
adjussthe image so the variations in the pixels is accounted for. The relation between flatfield
and background correction i© A x A A A E C ONEOD A B AiBallyl, @notherfunction is
the cosmic ray removal which removes high localized spikes after the data is collected and

before its stored.
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3.3 Image of Optical setup

In Figure23 One can see the optical setup as a whole in the lab. This setup is collated to the
sketch seen iRkigurel12 and explained throughout chapter 3. Notice how a cage system was
used to ease the alignment of lenses to each other, to the lasers and other components in the
setup.
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Figure 237 Image of optical setup in the lab. The system continues to another room where the spectrionetedis
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Chapter 41 Resultsand Measurements
4.1 Device Structures

In this study arrays of gold monopole nanoanterofadifferent resonant frequencies are
fabricated on graphene ¢éxploreRaman enhancemeot grapheneCVD grown graphene is
asingle layer of graphite with a2 honeycomb lattice structufas described in Chapter. 2)
The devicespurchased from Graphene Supermargensist ofsingle layer CVD hexagonal
Boron Nitride filmcovering a 285 m-thick thermallygrown siliconrdioxide layer on a 500

nm thick single crystal silicosubstratgp-doped)as &etchedin Figure 24. The silicon was
grown on an Rplane 506nm-thick sapphire substratézabrication of thenanoantenna
structures is achieved viectronbeam é-bean) lithography, evaporation and héff on
CVD grown grapheneThe structures consist of multiple arrays of 22 nm thick rectangular
gold nanorods of different lengtlisand widthsd . The nanoantennas are arranged over the

surface following pitch p and Ghe nanoantennas were fabricated by Anthony Olivieri.

Figure 24 - Nanoantenna structurexf length |, width w, thickness t and pitch p anfb3g].
DOI:https://doi.org/10.1103/PhysRevB.91.201408

The graphene S#5i wafers are first annealed at a temperatuie af3t in ambient
conditions for two hoursThe first step in fabricating the struadsris to use a generic mask
for nanoantennas to create alignment marks. To create the alignment marks a photosensitive
bi-layer composed of LOR1A and of S1805 is spiated on to the sample and used as a
positive resist. After the Hayer resist is spumto the waferandthe mask isapplied by
inserting the wafer into a mask aligner. This is followe@kyosing thevaferto UV light for

4.5 secondsvhile in the mask is placed on top of the wdtéie S1805 layer is sensitive to
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UV light). This is followed by developing the wafer using Microposit-BIFL Developer for
two minutes and 50 seconds.

The developing process will create a pattern engraved into theesigilayers. A
layer of 22nm gold isthendepositedon the patterned wafeand developedi-layer resist,
then removed usg a lift-off process by dipping the wafer in PG remover for 20 min. It is then
cleaned using acetone and IR#dis ready for ebeamlithograph. Ebeam lithography ishe
process of writing pattes into thin films of electron sensitive material by using a finely
focused electron beafB3]. The combination of electrical scanning and interferometrically
monitored mechanical motioof the substratallow for very complicated pattesnto be

generated with great precision.

To preparethe wafer for the ebeam lithographya bi-layer of ploy(methyl
methacrylatePMMA is spun into the wafefPMMA is an ebeam sensitive polymerYhe
first layer is of lower dengt PMMA of 495k molecular weight (MW) covered by higher
density layer of 950k MW PMMA, with the lower layer having larger thicknBssh layers
were baked gb y 1tfer one hour and cooled to room temperature before any further handling.
The implementationf a bilayer of high molecular weight (HMW) and low molecular weight
(LMW) PMMA is essential because it results irdesirableundercut pattern profilafter
developing asketchedn Figure25c andd. This is due to thhigh MW layer developing less
rapidly. An undercut prevents the formation of structure along the resist sidesalisthe
metal is depositeds sketchedh Figure25a andb resulting in a thicker metal layer around

the edges of the structures.

b)

Figure 2571 a) One layer of PMMA on the wafer aftebeam exposure. b) Deposition of gold on one layer of PMMA a
wing like structure appears. cHiyer PMMA with a more dense PMMA on top aftdream exposure. d) Deposition of
gold on a bilayer PMMA, the desired nanoantenna pattern is observed

PMMA 950K
PMMA 495K
Au

Graphene
Si0,

Si
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After coding, the wafer is loaded into theleamlithography systemand thedesired
pattern designed usiRpithe-line layout softwares uploaded The alignment marks are used
to alignthe wafer to thee-beamlayout and a 30k\Acceleratiorvoltage is appliedvith an
aperture ofp 11 , where higher voltage means higher resolution. Thean will thus
expose all the areas of the wafer containing nanoantenna structures. The sample is then
unloadedand baked for one hour ab & . It is then developed using a mixture of Methyl
isopropyl ketone (MIPK) antsopropyl alcohol IPA) ata ratio of 1:3 at 18 . The ebeam
breaks the molecular chainsPMMA and the developing process removes everything from
the regions where the chairfsolecules were broken. This will creatpattern which allows
the deposition of gold usingvaporatiorin a 22nm thick layer~inally, the wafer is placed in
an acetone bath at it 3which is sonicated at 30 kHz for one mintiteremove the excess

gold from all the areas of the wafer except for diesirednanoantenna structures.

Each nanoantenna is part of an array covering an arearot, 111 , which contains
T T T Tnanoantennas uniformly distributed with an average pitgh-ofj =500nm along
both directions. The length of the nanoantennas varies from 50 to 180 rimeanwlidths
from 30 to 45 nmn step sizeof 10 and 5m, respectivelyfollowing thelayoutmgp shown
in Figure26. The layout creates a combination of different nanoantenna sizes that will resonate
at different wavelengths. The differeesonantvavelengts will ensure that somarrays with

overlap spectrally and enhante graphendraman signal at the desired wavelength.
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Figure 2671 a) Layout of nanoantenna arrays on the wafer. There are three different sets of arrays with different base dose
factor. b) Layout of one nanoantenna array with the base factor coefficient in each array w and | are the desired width and
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Different dose factors (Ddf were used to carry out thebeam exposure, also yielding

different antenna geometries and sizes. Toseds determined in part by the exposure time

and the beam current, and consists of the numbdectrens per unitr@adelivered If the

dose is too

high

t he

pattern

i s

sever el

accuracy, the correct dose is found through experimentdigare27 shows a SEM image

of awell-formednanoantennaComparing théength and width to the designed emeveals

a 6to 8 nm increasen these dimensionsyhich is takennto consideration when designing

the layout of the structures.
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Sample ID = _

perator = Maryam WD ={11:6 mm . Detector = inLens 100 nm
Date 28 Nov 2017 ‘Mag 3 117.15 K X Gun Vacuum =1.66e-009 mbar
Time :11.16:34]  EHT 4 10.00 k. System Vacuum = 9 58e-007 mbar

Figure 271 a) SEM image of fabricated array 5C Layout structure, T 1% ah T § dand
a wt af U ) ¢ & b) A close up of a single nanoantenna at magnification 500X

Furthermore to evaluate the quality of tfebricated devicesan atomic force
microscope (AFMwasused to measure the roughness of the sample as well agcktmess
of the nanoantennas. As can be seen frogure 28 the surface is roughnegarithmetic
average of the absolute value of the surface height deviagasured from the mean plane
for the area off the nanoantenna, labeled in greely, is & wlp I. Another way is to
characterise roughness ism@asureY whichis the root mean square average of the height

deviation measured from the mean image planethis caseon the nanoantennd

p® p loI. Similarly, the roughness on the nanoantenna, labeled ifred,c& 1 | and
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'Y o8t p b . One can also netthat the thickness of the nanoantenfiam Figure29 is
approximatelyo ¢ & Qi with the surface roughness taken into account

which compares reasonably well with tthesignedsalueo ¢dq |l
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4.2 Experimental Procedure

The optical setumlescribedin Chapter3, was used to obtairvarious measurements. It is
designedvith the intent to conduct three different measurements with slight or no alterations
required. Currently all arms of the optical setup are functioning efficiently and effectively
separately and have not be tested as a whole sySteencan obtain normaéd reflectance
graphs, spontaneous and stimulated Raman spétdra. we describe the methods and the
results obtained for the reflectance responses and the spontaneous Raman scdttering

stimulated Raman experiments are relegated to future work.

4.2.1 Normalized Reflectance Response Experimental Procedure

Similar to classical antennas, the spectral resonahe@ opticalantennadepends on the
geometry of thestructure Antenna length, width and thickness are all known crucial
parameters in nanomopoles, nanodipoles, and nanobowf{®4]. The optical system used

to obtainnormalized reflectance resporse shown inFigure30.

The sourcaused to measutthe reflectance resporsis the super continuuisource.
The supecontinuum source tuned to the desired wavelength or wavelength range tsng
LabVIEW code discussed irBection 4.2.2.Using the tunable filter, three different
wavelengths are used to couple into the fiber and alighglm inthe optical system. A few
wavelengths are used tptimisethe coupling efficiency since the beam divergence and
behaviour changes as the wavelbdnthanges. This is due to tbeticalfiber andcomponents
in the setup exhibiting wavelengtlependencel hus, multiple wavelengths result in the best

beam profile and focus possilger the entiravavelength spectrum used.

The half waveplate and thepolarizers are used to ensure that the laser beam is
polarized in the same direction as the nanoantentiearrays placed on the stagjace they
are polarization sensitivé\fter the beam is expanded, collimated and focusediiitcident
ontothe samfe. Thereflectedsignal is then collected by the photodetector and sent to the

computer through the loelk amplifier. The measurements can be completeddayining
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overac 1T 0 T & area including the substrate and finding the ratithe reflectancedrm
the nanoantennas to that from the substveitech takes around 30 houmsith minimal to no
system variations over the time perjatepending on the time delay data acquisition
Alternatively an average of five or more points on the nanoantamag and off the
nanoantennarraycan be used to find the ratio between thetw® f | e cwhiehmtan ¢akes

20 minutes or less.

Optical Fiber
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> »

=&&’ Optical Chopper
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@ ll'._ Ul b Plate BS
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E F.. — Sample
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Figure 307 Normalized Reflectance Optical setup
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4.2.2 Spontaneous Raman Experimentdrocedure

This part of the setup works like a classgabntaneouRaman spectroscopy system by using

the pump HeNe laseronly (the Stokes laser arm isnused) The He-Ne laser polarizatiors

first aligned to that of the nanoantennas. The beam frotaske is guided through the optics

to the objective lens and consequerho the sampleThe spontaneously emittdgaman
signalpas&sthrough the spectrometer arm and eventually into the spectrometer and camera
for detection and analysis. The dichraiirror and longpass filter are used to block the He

Ne beam from entering the spectrometer and saturatihgvitever they can be removed to

align the optics in the spectrometer arm andure that the beaoouples into the fiber.Once

a Raman signalis detected, thecoupling to the fiber can be reoptimised (the Raman
wavelength is sufficiently different from the Hde laser wavelength twausing a slight shift

in the ight pathand focal points

Camera Spectrometer

Laser Line Filter

p i 2 /
Objective lens Pinhole Longpass F ilter Bi-Convex »~

Fiber in a chuck Plano Aspheric Plano He-Ne
Convex Condenser Convex
Neutral Density
Eye Piece Filter
@ a0\ Plate BS
Human Eye Tube Lens

Objective lens
Sample
Vacuum Stage

Three Axis stage

Figure 31 - Spontaneous Raman optical setBf: beam splitter, DM: Dichroic Mirror



4.2.3 Stimulated Raman Experimental Procedure

The final objective of the optical setup is to produce stimulated Raman scattering (SRS). SRS
enhances the scattered signal becagsscattered light is a few magnitudes higher than that

of spontaneous Raman scattering. The process uses two light sources, a pump at a constant
frequency and a Stokes at scanned frequencyombined to amplify the Stokes Raman

signal whenincidenton the sample. The Hee light is used as the pump source and the
tunable super continuumsourceas theStokessource.The experimental procedure of the
stimulated Raman setup uses all aspects of the setup, as Bepmaér12in Section3.1, with

the exception of the photodetector since the spectrometer is the detection tool needed for the

Raman signal.
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4.3 Normalized ReflectanceResponses

4.3.1 Introduction and I nitial Quality M easurements

Nanometallic structures are essential to the conversion of li@RRdocalized to ultrasmall
volumes. Such structures can provide highly enhanced fields, strong confinement and high
surface sensitivity, so they are of interest in many applicatiocsidimg plasmorenhanced
nonlinear opticq3], [6], [52], [84]. The nanoantenngeometrical lengtha and width 0

are varied, while keeping the thickngss ¢ ¢ | fixed aswell as the vertical and horizontal
distance N} between the nanoantennas 2B array to change the spectral position of the
resonance. Before acquiring the normalized reflectance response it is essential to quantify the

quality of the beam and of the reflectance obtained.

Figure32shows an amascanofatr 0 p v p yl square gold patch 100 nm in
thickness fabricated by-teeam lithography, metal evaporation and-dift on a Si wafer
fabricated by a PhD candidate Ma&ullmyotBourgeois The scatter imag@) is the result of
obtaining data from the photodetector and moving the stage over an asem @f 11
containing the squar&urthermore the two bottom imag@sand c)show the linecuts along
the horizontal and vertical axes. As further analysis, the reflectance ratio obtained

experimentally can be compared with the theoretical results, as discussed further below.

From Figure32b one can approximate tif'Q Gaussian beam diameter by finding
the derivative of the line ciB5]. This derivativels Gaussian fited andcan be seen iRigure
33 for the right ad left side of the knife edge. From #ise plotsone can deduce thErQ
beam diameter by finding the maximwhthe Gaussiarit and dividing it byQ . Using both

edgegesulsin a beam diameter of approximately

ecu vd o p8ug ATAB I p @ @l (4.2)
P& @l
By observingFigure32it is evident that the beam diameter or the spotagpears to

be different in the x and y directia This is due tdhe energy diffracted into the shadow
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region when incident rays are pdel to the surface of an edge, vertex or cofB6ét. Thus,
the knife edge technique is polarization sensiwel thus onecannot deduce the beam
diameter in both directions by examining a singular polarizaBatanis[86] discussed that
the normalized amplitude pattepnoduced byan incidenthard polarization (parallel to the
edgeg is almostisotropic (radiating in all directiog), which in turnblurs the imageln this
case, the beam is horizontally polarized, meaningalatcularbeammay appeaelliptical

in a line scan alonthe ydirection as a result afiffraction fromthe edgesA theoretical and

experimental comparison of the reflectance from the gold structure is calculated below.

1) Reflecancei Theoretical

The experimentateflectancemeasurements d thick gold film (100 nm)on silicon are
compared tdaheoryusingthe computedeflectiors from the airAu and airSi systems The
complex refractive index for golis 1 ™ Yo x K& p o §8F] and the complex
refractive index of silicon i& o) Y ¢ E 8t p [88] at the wavelength of 632.8 nidsing

the Fresnereflectionequationthe reflection coefficienin air from these systems are:

| ™ YoX K& pop @ - (4.2
O = ~ = L oE@ o TTuU
1 myoxE®pope PPV
2 s T o (4. 3)
. 1T o®ycE8pwp . (4. 4)
O 7 7 o® U CE8Lp op ™ OWMNEFTPULVW
2 s ™WT YU (4.5)
Thus, theratio of the reflectances,
2 4.6
2 > CEmXQ (4.9
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2) Reflectanceé Experimental

After completing the setup, an areal scan of a thick gold layer iib@0on siliconwas
measuredas seen previously ifigure 32. The higher amplitudeare due to a stronger
reflection from the gld film, and the loweones fromsilicon. Thus, the refleanceof gold

and silicon are approximately

2 d ﬂ8(wxcﬂ8(lbtlﬂn8(wcx (4.7)
) o n&pim&ﬂxgwpcw (4.8)

Forming the ratio of the reflectance from the Au surface to the Si switzlds:

2
2 5 C® oo (4.9)

Comparing the theoretical and experimera#ibs, yieldghe error inour measurements which
is:
%WODAOEI AEDAADAOEAAI (4. 10).

b %00l © — —— . O TTI
° 4EAT OROEAAP
In the next sectiomneasurements as tkesign parameters of the nanoanteraras

variedis carried out by varying one design parameter at a timen@aduring theesponse of

theantennasResults are presented for monopole antenn8edtiors 4.3.2 and4.3.3.

4.3.2 Length

The fabricated nanoantenna arrays are very useful to enhanegraghiene interaction. This

can be concluded from the strong resonance observed from the reflectasegements
obtained for nanoantennas on graphene, as shawgure34. The normalized measurements
shown are reflectance ratios "6f Y . One can deduce that for nanoantennas of
fixed width and thickness, the resonance wavelength shifts to longer wavelengths as the length

of the nanoantennas increasEse shift is expected by correspondence to classical antennas,
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where resonance occurs gvhthe antenna length is roughly half a wavelength. Increasing the

length thus increases the wavelength at which the antenna is resonant.

FromFigure34it is seen tht nanoantenna arrays containing antetorager than 114
nm anda width of 47 nm, have a very small reflectance rdtigure 36 showsthis more
clearly by showing tht nanoantennas longer than 114 nm do indeed resonate at 950 nm and
somewhere beyond 1050 nm, howeveeresonance ratis low andthe signal is noig This
suggeststhat Raman scattering will not be enhancggnificanty when using such
nanoantenna arrays. It is worth noting that as the nanoantennas become longer the distance
between them in the horizontal axis also becomes smaller but the distance between them in
the vertical axis will stay the saniBhis means that usythe laser in the vertical polarization
would change the pitch p and q of the nanoantennas. Thus, even the antennas that follow a
square geometry instead of rectangular will have a shift in their resonance when the
polarization is changed oy tdegreesTheeffects of changing theitch o the nanoantenna
on thereflectance is investigated in more detail[34], where theauthos concluded by
simluation th& changing the pitch and mailg it smaller would increasing the coupling
between adjacent antennas, thus the response. For a square pitgh wgeered shift would
occur.

Theoretical reflectance ratios were computed $aba Siadat Mousavi (a PhD
candidate irour lab) to compare wit the measurements Bigure34. Sheadoptedhe same
nanoantennghicknessandwidth, allowing the length to vary, and disposes them 6¥itQ
on Si, neglecting thgraphene. Thaeglectof graphene is due to the lack of cartgtional
power to achieve theequired modehccuracyfor the one atom thicgraphendayer. One can
see fromFigure 35 that thetheoreticalresonance response follows the sanead as tle
measured experimentasponseThere is a slight shift itheresonance frequency wihican
be explainedby the neglect of graphene in the model and by possibly different optical
parameters for the nanoantennas metal (Au) compared to the bulk valukermore, the
fabricatednanoantennas are not perfabey haveslighty roundedthe caoners as can be seen

in Figure27, and slight variations in length
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Figure 34 - Normalized reflectance response of arrays of nanoantennas of differing length. The width and thickness of the
nanoantenna are w=47.65 nm and t= 22 nm. The Ratio on-&hasyis theY TY

Nanoantenna arrays of different length - Simulations
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Figure 35 - Theoretical results of change of length and fixed widtha4Yand thickness of t=22 nobtained using
Lumerical bySaba Mousavi
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One can briefly described how the simulation process was cawuiestcording to
Saba Mousavi using Lumerical. An infinite array is constructed by riegaae array cells
along x and y with pitch p and g, respectively in accordance to the actual design discussed in
Section 4.1. An spolarized plane wave with magnitude /tVilluminates the array from the
top normal to the incidence. The FDTD method is usedmdth T@® 1@ 1 | mesh in the
region around the nanoantennas was wused for
[89]. The reflectance plane was locate@ { | above the interface. The mesh dirsiems
revealed & ¢ Perror, which was considered acceptable considering the structural response
of the structure. The transmittance was calculated to be,

(4. 11).
YQ o Yd Q XiF YD Q Xi

Whered " is the Poynting vector at the monitor and source location, f is the frequency and
S is the surface of the reference pl3#]. Then the reflectance can be calculated from the

same equi#on by changing S to the reflectance plane R.

Nanoantenna arrays of different length

T T T T T T

L=151.2 nm
L=200.15 nm

1.1

1.08

substrate

/R

1.06

antenna

1.04

Ratio of R

1.02

650 700 750 800 850 900 950 1000 1050
Wavelength [nm]
Figure 3617 Two nanoantennas arrays of antennas longer than 114nm. The Ratio eaxisas/theY 7Y
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4.3.3 Width

The width of thenan@antennas isa second design parameter. Considering the system
response to changes in widih shown inFigure37, one notes that increasing the latter blue
shifts the reflectance resonances. Furthermore, it is evident that the amount of shift decreases
as30 fO decreasesThis trend is a result of the decreasing with an increase of width.
Thus using the relatn _ ¢0 €& that was discussed in equation 2.19 previously, this
will cause a blue shift in the resonance wavelengthe.same points about pitch discussed
in Section4.3.2apply here. Additionally, to compare the experimental results to th&atya
Mousaviproduced computations as a functiomadth in asimilar maneras done in &ction
4.3.2,as seen irkigure 38. Comparing the theoretical and experinamesults,it can be
observedhattheory and experiment follow the same trerdiswever, as mentioned earlier
the lack of graphenia the computationgherouncedantenna cornersnd the slight variation

in the widthcan alter the exact resonance position.

Another important thing to mention is that if the polarizati@rechanged in the other
(perpendiculardirection, the nanoantennawd still resonate. However, since the length
and width are transposed the nantennas wuld be shorter andider, resulting in them
resonatingat a short wavelengtt6%0 nn). This means that all nanoantennas will resonate

even in the opposite polarization of the design.
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Nanoantenna arrays of different width

W=39.54 nm
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Figure 37 - Normalized reflectace response of arrays of nanoantennas of differing width [3]. The length and thickness of
the nanoantenna are 1=84.82 nm and t= 22 nm. The Ratio on-dx&ys theY TY
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Nanoantenna arrays of different width - Simulations
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Figure 38 - Theoretical results of change of width and fixed length=85 nm obtained using Lumerg&ab&Wmousavi
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Another example of an area scan for nanoantenna of léngth & ¢ | and width
O T & g I ata wavelength of 760 nm can be seefFigure 39. If one compares the
substrate to the nanoantenna array intensity it is equivalent to fhiguoé37. Thus,one can
conclude that this nanoantenna array does in fact resonate at 760 nm since the intensity of the

nanoantenna i®werthan that of the substrate.

Y direction in um

0 5 10 15 20 25 30
X direction in um
Figure 397 Area scan nanoantea array at 760 nm, of nanoantennas of length 84.82 nm and width 42.72 nm
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4.4 Spontaneous Raman Measurements

This part of the work focuses on the spontaneous Raman spectrum obtained from the optical
setupfor nanoantennas on graphene. \é@mpae our resultsto those obtained with a
commercialWiTec Alpha 300A Raman spectrometer system. The first parti®bécton
comparsgraphene and Silicon Raman peasdiscussed iBections2.1 and2.4. The second
partdetermines thenhancemenn grapheneRaman scatteringue to overlapping gtallic

nanostructures of different geometries.

4.4.1 Graphene on Si

Whilst building the optical setup, the optics in the spectrometer arm were aligned to the He
Ne light. As a result, trying to find the Raman signal of graphene iniiechallenging due

to the mismatch of the focal points, reflectance angles and thknegs of the signal. The
Raman scatterinfjom Sihowever known to have a much higlstrengththan the graphene

D, 2D and G peak. Therefore, the most efficient wapgbmise alignments in the sap

(particularlycoupling the fibeto thefocal pointon the sampleis to start with the Si peak.

The SiSi bonds are widely recognizeas producinga sharp and intense peak at
x u ¢ & Raman shift. Si also hashigherorder silicon peak (Bi) nearwx A . The
two silicon peaks can be seerfiigure40, labeled Si and-5i, respectivelyasobtained from
our optical setup. At this step one can adjust the coupling of the fiber to the objective lens to
attaina nearoptimal system that is coupled to the Raman sigrfidhe samples opposed to
thereflected pumpaser line.

Finally, to acquire maximum Si powehe focal point of the laser spot on g&mple
is moved iteratively until a maximum signal is reach@&dis is due to the fact that different
wavelengthdocus at different point§oumplaser versus Raman sighalhe WiTec system
required the same adjustments to the focal paBitin ourconstructed system, After
maximizing the Si signal the graphene G and 2D peak started appearing as can be seen in

Figure4l The Si and graphene Raman shifts for acietion wavelength of 632.8m are
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by Ghamsaret al, [6]) as shownn Figure41 suggests that the results are in agreement.

Following the sameapproachto optimise acquisition of th&i Ramansignal we
optimised the acquisition of tliggaphene Raman signal. Thus, pezostage was utilized to
allow for finer movements. Thisasrequiredbecausé¢he devicecomprises many layerthus

different layers have different focal poinEurthermore, graphenevsry thin thus requiring

OCpuadl, wuvggA Og@px&g i, pvww © xmad i, and
¢ @A O x garty I. Comparing this to data obtainadingthe WiTec toolalso used

a more precise focusing approach. It was found that from the point of maximum silicon peak

intensity to maximum graphene peak intensity difterence in focaheight (z direction) is

about v@t i

t owar ds t he

top of

t h

e sampl e.

|l t 6s

measurementsur main attentionwas on the 2D peak. This is due to the fact that all carbon

material exhibit a peak @t v ¢  butonly grapheneloesat¢ ¢ vAul . The graphene

Raman peaks aft@ptimising the signal acquisitiazan be seen iRigure42.

Intensity [Arb. units]
® ® o N » o

N

N

Figure 407
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| Y: 1.513e+04 - |
m J\
500 1000 1500 2000 2500 3000
Raman Shift (cm™)
1 1 1 1
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Raman signal of graphene and Si when the Si signal is maximized by changing the focus of the laser

97



Maximized Si Signal - WiTec
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Figure 41 - Raman signalvhen Si is maximized by changing the focus, obtaisedy theWiTECsystem
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Figure 42 - Raman signal of graphene and Si when the graphene signal is maximized by changing the focus of the laser

1
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As previously done, the Raman spaat obtained from the setwan becompared to
that obtained using the WiTec instrumegtcomparind-igure42 with Figure43. During the
WiTec measurements the sigaahuisition optimisatiowas based on maximizing the G and
2D peaks simultaneously. Note that the intensity bars will change based on numbersof pixel
gate time and the post processing calculations, thus they are only used for ratio observation

and not for comparison purposes since the units are arbitrary.

Maximized Graphene Signal - WiTec

4100 | .
Si Peak

4050 7

4000 7

3950 - 7

3900 |- .

3850 T

3800 T

Intensity [Arb. units]

3750 [ 2D Peak -

3700 H 2-Si Peak 7
G Peak

3650

500 1000 1500 2000 2500 3000
Raman Shift (cm'1 )

660 680 700 720 740 760 780
Wavelength [nm]

Figure 43- Raman signal whegraphene is maximized by changing the focus, obtained through WiTEC

To have an efficient and comparable Raman microscopmrtomercial onesthe
integration time should be fairly short. This allows the adjustment of the focal point and fiber
coupling morerapidly with an almost instantaneous spectrum response. If the response time

is longer than 1 second the system is lacking in speed.

The comparison of the shape and Raman shift of the four peaks can befSgenen
44, Figure45, Figure46 and Figure47. From which one can conclude that the experimental

results agree with the WiTec results.
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Figure 44 - Comparing Si peak obtained from WiTech with that obtained from this built setup
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Figure 45 - Comparing 2Si peak obtained from WiTech with that obtained from this built setup
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Figure 47 - Comparing graphene 2D peak obtained from WiTech with that obtained from this built setup
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For graphene, the ratio of the intensity of the 2Bka® that of the G peak should be:
% e c (4. 12).

which is indeed observed by comparifgure 46 with Figure47. As previously discussed

[38], the D peak from graphene is only seen when there are impurities or imperfections in a

carbon material. Others have also noticed thgperfectiors occur more prominently in

samples that have gone through the process of fabrication and annealing. The D peak was

observed around thiegions bearingabricated nanoantennas seen ifrigure48. The figure

only shows one row of the CCD camera since the signal is very week and would be

overpowered by the Si Peadnd averaging all the rows will reduce the visibility. The peak

was found at wavelength wip | or Raman shifp ¢ afp as the literatur would suggest

for graphene.

Graphene D Peak

7 T T T T T —
2-Si Peak
6 - -
@5 -
c
>
s ,1 |
<
2
2
b5 3
=
2
1
L 1 1 L 1
800 1000 1200 1400 1600 1800 2000
Raman Shift (cm'1)
670 680 690 700 710 720 730

Wavelength [nm]

Figure 48 - The graphene D peak near the nanoantenna region
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The last quality and verification check conducted was testing a sample that only

contained Si without the addition of graphene to proe tiine signals seen previously were

in fact a result of graphene. The expected spectrum would contain the two Si peaks without

any other peaks in the spectrum. This can be sefeigume49.

Intensity [Arb. units]

<104 Si Sample - No Graphene

T T

L Si Peak -

2-Si Peak

500 1000 1500 2000 2500 3000
Raman Shift (cm™)
1 1

650 700 750 800
Wavelength [nm]

Figure 49 - Raman signal of a silicon sample without the presence of graphene

4.4.2 Nanoantenna&Enhancementper Array of Graphene RamanPeak

The final part of this study is showing the effect of metallic nanostructures gmuapkene

Raman signal. Nanoantennas with varying lengths and widths were used to show such effects,

(signal enhancementon the graphene 2peak Here we investigate thease where the

nanoantennas resonate in coincidence with the Stokes emission (2D peak), following

Ghamsarkt al [6], as opposed to thmore commorapproach oaligning the nanoantennas

spectrally with thggumplaser
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Figure50is a representativepectrumof the effect ofmetallic nanostructuresAs the
nanoantenna resonance wavelength approachesn7@be wavelength of the 2D peak far
pump laser at 632.8 nm), a brdadtureappears in the spectrum over the rangéséfto 700
nm, due to the high reflectivity of metals, Au in shcase, and multiple Raman signals at
different wavelengths. When measuring nanoantennas that are either very long or very short
the spectrum looked more like that leigure 42 becauseahe nanoantenna resonance was
further from the 2D Raman shift &gure34 andFigure37 would suggest.

«10° Raman Signal on L=84.82 W=47.65 NA
T T T T T T
2 — -
@2
=45t i
=}
£
<
= 1t 1
(2]
c
2 2D Peak
£
0.5 1
O 1 1 1 1 1 1
500 1000 1500 2000 2500 3000
Raman Shift (cm™)
1 1 1
650 700 750 800

Wavelength [nm]
Figure 50 - Nanoantenna spectrum from 645 to 800 nm ; NA=Nanoantenna

Eight arrays ohanoantennas of differeféngthsbut fixed width of0 1T g U |
were utilized taevealdifferent enhancement factors, as showhigure51 andFigure52. If
one compares those two figuresRigure 34 it is clearthat as the optical resonance of the
nanantenna approach 760 nm the enhancement factor increases. It can be seen that for
nanoantennas of lengtijs® d | andp Tl | that the base to peak intensity is from 0.8
to 5.2. Thus, themaximum enhancement factor seen is approximately 6.5 compared to
graphene without nanoantenna structurésrthermore, another way to represent the

enhancement factor as a function of length and wavelength is seguia53.
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Figure 51 - Nanoantennas of different lengths L=xx nm and fixed width w=47.65 nm
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Figure 52 - Nanoantennas of different lengths L=xx nm and fixed width w=47.65 nm
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Figure 53 - Narmoantennas of different lengths L=xx nm and fixed width w=47.65 nm

Comparing the two longest nanoantenna 2D saé¢atthe bare graphene spectrum it
is clearthat they provide little to no enhancement as seéngare 54. Furthermore, it was
seen inFigure 36 that longer nanoantennas have a very small resonance ratio and those may
not provide enhancement. Also these nanoantennas resonate somewhere near 950 nm and
longer, thus much further than 760n. A final observation is that when using longer
nanoantennasr when using no nammtennas the 2[peaksplits resolves intbwo peaks in
accordance to the literatuf88]. However, itwas observedthat the two peaks are more
prominentfor multilayergraphener whenit has impurities. Cancad al suggested that the
two peals arise from the convolution of an infinite number of pd@R$. The two gaks have

been assignetthe nomenclaturdD(1) and 2D(2) at 760.24 nm and 762.38 fins. important
to mention that the granularity of the wavelength is a step sim®oi .
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Raman Enhancement using Nanoantenna
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Figure 54 - Nanoantennasf longer length and fixed width w=47.65 nm with comparison to lack of nanoantennas

Four arrays ofmnanoantennas different widthsbut fixed length were utilized to
investigatethe enhancement factors stsownin Figure55. The length of the nanoantersna
was selectedssthe one that showed the highest enhancement féctogy & g . It can be
seen that for awidth ab 1 & d I the enhancement factor is approximately 8.2 that of
bare graphene without nanoantennas. This observation also agreEgwig37, suggeshg

that this array resates closest to 760 nm.

Thus it is clearthat the nanoantennas create enhancement in the 2D peak. The
nanoantenrs of dimensions0 Y& d (AT @A 1t & d | produced the largest
enhancementactor of up to* Y& and is the sethat that resonateslosest ® 760 nm as
expected. The enhancement factor as a functioamdantennéength and widths plotted n
Figure56 andFigure57 respectivelyFurthermore, comparing the enhancement factors from
the work of Ghamsaet al.[6], it is evident that for the similar structures they only observed
an enhancement factor or32using the Witec instrument. Thus, one can argue that the
designed and catructed Raman microscope provided better enhancement through

nanoantennas.
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Figure 557 Nanoantennas of different width w=xx nm and fixed length L=84.82 nm
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Figure 567 Enhancement factor curve as a function of length and width W=47.65 nm
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Enhancment factor as a function of Width
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Figure 57 - Enhancement factor curve as a function of width and length L=84.82 nm

4.4.3The Scattering Gain

The overall size of the nanoantennads ar e
enhancement. In plasmonic most applications require an array of nanostructures. Thus, from
the enhancement factors of the nanoantenna arrays one should consider thenesrhigmer

unit cell. Since nanoantennas are essentially antennas the plasmonic enhancement is
equivalent to the scattering gai [6]. This can be d@fed as the ratio of effective scattering

crosssectiond and the geometric cross section

0
! . 0 o (4.13)

Where,0 is the Raman radiated power from anpatterned array ana and from a unit cell

of antenna arra§ . This can be calculated for an array of dimensionsp & d | and0
T & d Ias,



0 4. 14
o P! & p vuvmhtli vl (419
! T&d i ywdi

Figure 58 shows the scattering cross section as a function of length for the 2D peak. It is

T WL

evident that the scattering cross section gain is as high as 350 for a single nanoantenna.
Similar, Figure59 shows the scattering cross section as a function of width for the 2D peak.

Thus, it is evident that the maximum scattering cross section achied@8l. is

Scattering Cross Section Enhancement Factor
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Radiation Gain (Sg)

100

50

0 | 1 | 1 | I —
0 20 40 60 80 100 120 140 160 180 200

Nanoantenna Length [nm]

Figure 581 Scattering Cross section enhancement for different length nanoantennas with width wai7.65
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Figure 59 - Scattering Cross section enhancement for different width nanoantennas with length iw84.82
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Chapter 51 Conclusion

5.1 Thesis Conclusion and Contributions

In conclusion, all arms of the spectroscopy tool were shown to work effectivegffamently

for the fabricated devicedemonstrating the usefulnesfghe tool. The devices used comprise
arrays of rectangular Au nanoantennas of lehgeidth w and thickness, on graphene on
SiO2/Si. The antennas are arranged over the surfaceviajopitchp andqg. Fabricationvas

achieved using-beam lithography, evaporation and-kfif on CVD grown graphene.

The stimulated Raman arm was utilized to conduct reflectance measurements on
different nanoantennas of different geometries. It was seen that for a constant width, as the
length increases the optical resonance shifts towards a higher wavelength. Aigrnas
the width increases and the lengdmainsconstant the resonance movewadads shorter
wavelengths. It was concluded that a nanoantenna of dimersions® d | AT &

T & qd I resonated closest to the wavelengtly ap Tt i. The significance of¢ ™ drests
in the second part of the thesighis is the wavelength of tf#D Ramarpeakof graphene for

an excitation wavelength af o@1 I.

The constructed systeimcapable of capturing Raman scattbsignals fom both Si
and graphene with high @uracy and comparabbguality to a commercialWiTec Raman
microscope. The G and 2D peaks for graphene were visilpevatdw and¢ ¢ vAL
respectively, which is equivalentto @1 [ and< x @& | for an excitation wavelength
of 632.8 nm.

Finally, enhancementf the Raman scattering was achieved by exploiting surface
plasmon polariton®n nanoantennas enhance the interaction between graphene and light.
The enhancement was established exclusively by the resonant Stokes eavisdepping
spectrally and spatially witAhu nanoantennas. It was found that as the optical resonance of
the antenna approaches 760 nm the enhancement factor for the 2begameé largeiThe
enhancement factor foranoantenrsof dimensionsx Y& d (AT ® 1 & d | was

approximately 8.per antennarraycompared to bare graphesed a scattering cross section
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gain of~500Q This scattering cross higher than the one obtained by Ghamsaal, which

was approximately 16[®].

The initial idea and design of the optical setup a@guiredrom Behnood Ghamsari.
However, duringny construction of the setup there wagnificantaddition and removalfo
components adeemednecessaryThe structures were fabricated by Anthddivieri and
designed by mysefbllowing G h a ms et al i[6). astly, he simulations werprovidedby
Saba Saidat and the Witec measurements acepeiredwith the assistare of JaspreetValia.

All other results shown in this élsis were obtained by myself including the reflectance
measurements, SEM measurements, Raman measurements and Raman enhancement

measurements

The tool constructed can be used favide range of applications and can be shared
amongst researchers in thé léhus serving as &ol beneficialto several projectsin

conclusion, the novelty of this work can be summarized as follows,

1 The construction ofh new functioningsetup for spontaneous and stimulated
Raman scattering measurements.
The construction of aetup for normalized reflectance measurements.
Acquirednormalizedreflectance measurements from namt@nnas on graphene.
Successfully meased enhanced Raman scattering frographene using

nanoargnna arrays with a scattering gain-as0Q
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5.2 Future Work

After constructing the spectroscopy tool and showing its effectiveness for reflectance
measuremeriand enhancespontaneouRaman scatteringhe next step is texploit the full

utility of the tool to conducttsnulated Raman measurements. Furthermore, there are a
plethora of devices to conduct stimulated and spontaneous Raman experiments on, ranging
from, but not exclusive to, different shapes of metallic nanostructures on graphefer¢émdif
materials osubstrates. Another useful and easy addition is the utilization of a notch filter to
explore the antBtokes signalemitted from thedevice. The extension of the optical setup to

add more pump laser sources can also prove to be bahifiother Raman applicatispor

one can utilize the supercontiungource with filteringas a pump insteaaf aprobe
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Appendices

The appendices section includes information that can be useful for the reader but are
not important enough to include in the main body of this thesis work. Thisrséctnainly

specifications of the used equipment.

A. He-Ne laser: HNL210L

The HeNe laser specification supplied by Thorlab are sedrable3 [90].

Item # HNL210L HNL225R
Wavelength 632.8 nm
Min Qutput Power (TEMoo, 633 nm) 21.0 mW 22.5 mW
Min Polarization Ratio 500:1 Random
Beam Diameter (TEMoo, 1/e? points + 3%) 0.70 mm
Beam Divergence (TEMo, + 3%) 1.15 mrad
Mode Purity (TEMuoo) >95%
Longitudinal Mode Spacing 257 MHz
Max Noise (RMS) (30 Hz to 10 MHz)* 0.5%
Max Drift with Respect to Mean Power, £20%
Over 8 hr
Max Mode Sweeping Contribution 1%
Beam Pointing Stability (25 °C)

From Cold Start <0.20 mrad

After 15 min Warm-up <0.03 mrad
Operating Voltage (100 V) 3800 VDC
Operating Current (0.1 mA) 6.5 mA
Max Starting Voltage 10 kVDC
Physical/Mechanical Characteristics HNL210L HNL225R
Max Warm-up Time (95% power) 20 min
Expected Operating Lifetime >40,000 hr

Storage Lifetime

Indefinite (Hard-Sealed)

Static Alignment

Center to Outer Cylinder within +0.01".
Parallel to outer Cylinder within +1 mR

Laser Head Weight

2.6 Ibs (1.2 kg)

Environmental HNL210L HNL225R
Temperature, Operating -40t0 70 °C
Temperature, Non-operating -40to 150 °C
Altitude, Operating 0 to 10,000 ft
Altitude, Non-Operating 0 to 70,000 ft

Relative Humidity (non-condensing) 0to 100%

Shock

25 g for 11 ms, 10ngor1 ms

Safety

HNL210L

HNL225R

CDRH/IEC 60825-1 Class

I1b/3B

Table3- HNL210L HeNe laser specifiations
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B. Laser Line Filter: FL632.8-3

The transmittance curve of the laser line filter obtained from Thorlabs as degnlif91].

@1" Laser Line Filter, CWL = 632.8 + 0.6
nm, FWHM =31+ 0.6 nm
100 10.0
§ 80 - Plot Area 80 Z
E 60 — 6.0 % —Y%Transmission
7 a . .
E 40 - a0 E — Optical Density
§ 20 - 20 8
0 : . S YY)
200 700 1200 1700 2200
Wavelength (nm)

Fig. 1 -Transmittance of laser line fér

C. Dichroic Mirror; DMLP650 R

The transmittance and reflectance curves of the dichroic mirror obtained from Thorlabs as
seen inFig. 2[92].

Polarized Light

100 S
80 ! r ) [\‘\ O\
‘ ' I\ R NN
° 60 = I Ve VA ——Transmission (P-Polarized)
40 i Reflectance (P-Polarized)
I ﬁ ) . . ——— Transmission (S-Polarized)
20 __} r\\ Fa ‘k S .
\ M ;/ \,f Reflectance (S-Polarized)
0 - "T T — T
200 700 1200 1700 2200

Wavelength {(nm)

Fig. 2 - Transmittance and reflectance curveshad dichroic mirror
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D. Beam Splitter: BSW26

The transmittance and reflectance curves of the beam splitter obtained from Thorlabs as seen
in Fig. 3[93].

350-1100 nm 5:50 Plate Beamsplitter Reflectance

100
— % Reflectance (S-
Polarized)
80
= % Reflectance (P-
st Polarized
S 60
E = % Reflectance
E 40 (Unpolarized)
=
20
0
300 800 1300 1800 2300

Wavelength (nm)

Fig. 3 - Transmittance andeflectance curves of the beam splitter



E. Photodetector: PDA100A

Thephotodetectospecification supplied by Thorlab are seeifable4 [94].

Performance Specifications?
0 dB Setting 40 dB Setting
Gain (Hi-2) 151 x 10° V/IA +2% | Gain (Hi-2) 1.51 x 10° V/IA 2%
Gain (50 Q) 0.75x 10° V/IA +2% | Gain (50 Q) 0.75 x 10° V/IA +2%
Bandwidth?® 2.4 MHz Bandwidth* 225 kHz
Noise (RMS) 254 pVv Noise (RMS) 799 pv
NEP (@ Ap) 2.7.x 10" WhHz | NEP (@ Ap) 3.55 x 10" W/VHz
Offset 5 mV (10 mV max) | Offset 18 mV (15 mV max)
10 dB Setting 50 dB Setting
Gain (Hi-2) 475x 10° VIA £2% | Gain (Hi-2) 475 x10° VIA £2%
Gain (50 Q) 2.38 x 10* V/IA £2% | Gain (50 Q) 2.38 x 10° V/IA £2%
Bandwidth* 1.6 MHz Bandwidth* 78 kHz
Noise (RMS) 261 pVv Noise (RMS) 998 pVv
NEP (@ Ap) 1.1 x 10" WAHz NEP (@ Ap) 242 x 10" WHHz
Offset +6 mV (12 mV max) | Offset +8 mV (15 mV max)
20 dB Setting 60 dB Setting
Gain (Hi-Z) 1.5x 10* VIA £2% | Gain (Hi-Z) 1.5 x 108 V/A £5%
Gain (50 Q) 0.75x 10* V/IA £2% | Gain (50 Q) 0.75 x 10% V/A £5%
Bandwidth* 860 kHz Bandwidth* 20 kHz
Noise (RMS) 349 pv Noise (RMS) 1163 pVv
NEP (@ Ap) 8.91 x 10" WAHz | NEP (@ Ap) 1.22 x 102 WHHz
Offset 6 mV (15 mV max) | Offset 8 mV (15 mV max)
30 dB Setting 70 dB Setting
Gain (Hi-Z) 475x10* VIA £2% | Gain (Hi-Z) 4.75x 10° VIA £5%
Gain (50 Q) 2.38 x 10" V/IA £2% | Gain (50 Q) 2.38 x 10° V/IA 5%
Bandwidth* 480 kHz Bandwidth* 5.9 kHz
Noise (RMS) 561 pv Noise (RMS) 1490 pVv
NEP (@ Ap) 4.65x 102 WHHz | NEP (@ Ap) 9.73 x 10" W/WHz
Offset 8 mV (15 mV max) | Offset +30 mV (Max)

Table4 - PDA Thorlabs photodetector specification
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F. Optical Chopper: SR540

Chop Frequency

Frequency Stability
Long Term Frequency Drift

Phase Jitter

Frequency Display

Frequency Control

vVCO

Reference Modes

Dimensions

Power

Warranty

The opticalspecification supplied by Thorlab are seeiable3 [95].

SPECIFICATIONS

4 Hz to 400 Hz with 6 slot blade.
400 Hz to 3.7 kHz with 30 slot blade.

250 ppm/°C typical.
<2%, 100Hz < f < 3700 Hz

0.2° rms from 50 Hz to 400 Hz.
0.5° rms from 400 Hz to 3.7 kHz.

4 digit, 1 Hz resolution, 1 Hz accuracy.
10 turn pot with 3 ranges:

4Hzto 40 Hz

40 Hz to 400 Hz

400 Hz to 3.7 kHz

0 to 10 VDC. Control voltage overrides frequency dial.

Switch Left BNC Right BNC
up f inner f

middle 5xf f

down f + finner f — finner
Controller 77"x51"x18"

Chopper Head2.8"x2.1"x 1.0"
Blade Diameter 4.00"

100 /120/220/240 VAC
50/ 60 Hz
12 Watts

Electronics - One year parts and labor on materials and
workmanship.

Chopper Motor - Ninety days parts and labor on materials and
workmanship.

Table5 - Optical Chopper Specifications



G. Lock-in and piezo control code Supplementary material

This sectiondiscusseshe overall functions of thck-in and piezo controller code
and then examaseachsectionof the coden more depthFigure60, serves as the outline for
the LabvVIEW codethatcontrok the stage andcquires data from tHeck-in amplifier using
the DAQ cardTo begin the user inputs the different required data such as the axis parameters,
communication ports for DAQ card and whether the scenmethods transposed or not.
After the data is entered the code createsdhaired data arrays and calculate ibeessary
number of loopsSubsequently, a series of loops are followed to move the stage and collect
the data while also displaying tindothe usein real time To end the code the stage is moved
back to the original position to allomepetition of thesample scarlhe code can alsecord
the data in .txt file and abort the connections with piezo contralidrDAQ At any point if

there is an eor the program will abort anthe user can also manually abort.

Coput 0ata >—K_ D P Creste Data Aray)
Q\\_ »47/;/( \.\\ /( "" % < )
Criove stage Bacey——I Record Data >— End Connection D

— — ~

ock diagram for controlling the loak amplifier and piezo controller while obtaining
data from the DAQ card

Figure 60- Overdl LabVIEWcode bl

Figure61 is thefront panel of the BBVIEW code. On the left side of the figure the
required data parameters and instructions are displayed. The current location and voltage of
the piezo controllers are also displayed on the top porGoaphs are plotted while being
collected from the DAQard on the Xvoltage and Yvoltage intensity graphs while being
stored in the appropriate arrays. After the c@lexecuteda final graph of the Roltage

intensity is plotted.
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1) Select DAQ chanels (ai0 and ail)
DAQ Chanels

% Dev1/2i0

2) Select ¥ start, end and step positions
Start Position ¥ End Positien Y Step Size ¥
i o E[] |
3) select X start,end and step positions
Start Position X End Position X Step Size X

- )

4) select Transpose if desired

Error - X Piezo Error - ¥ Plezo —
[status  code 0 05 0 15 0 B 00
o X Direction

status code ‘

Teanspose 2
>

5) Select delay 25+

--0.11379

Delay (ms) :
% EE

6) Click start and run code i 152

Start

7) Click cancel on the screens that pop up

¥ direction A Direction

Figure 61 - LabVIEWfront panel for controlling th lockin amplifier and piezo controller while obtaining data from the
DAQ card

The input parameterst the system arbuilt to detect human error before the code is
executedFigure61 shows the required axis parameters, aistagoint an endooint and a
step size for both axes in micromet€he limitations of the stage allows a travel distance of
¢ 1t &in both directonsandthe actuatoref the stageadd an extrg 1 d making the total
travel distance f1 &in both directions. Thus, as a preliminary step the code will check if the
total distance is smaller or equal ta'3ain both axs. InFigure62 one can see that as a
starting point the code tests if either step size of the axis is equal to zero and if so, the code is
aborted and an error message is displayed. If the isodot aborted and the starting point is
smaller than the ending point the code checks if the step size is bigger than zero. On the other
hand, if the starting point is bigger than the ending point the code checks if the step size is
negative. The code ilvallow the use of reahumbers not only integer§vhen the code
satisfies one of theonditions for both aasthe program moves to the next stagestafting
communication withthe Piezo controller.
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Figure 62 - x and yaxis parameters loop

The Piezo contller has a built in ActiveX LaABIEW component. ActiveX is a set of
Microsoft technologies that allows the reuse of code to build the required computing program
for ones needs. The piezo controller ActiveXkimwn as MG17Piezo. For eacheaxthere is
a different communication port and thus a different serial nunfligure63 shows the flow
of information to the piezo @m obtaining the serial number to identifying closed or open loop
and starting control. The user has the option of scanning in-th@sxfirst or yaxis by
transposing the scaimg method If the transpose is chosen the serial numbers of the piezo
controlers is switched around to make the rest of the code the same regardingghesea

This can be seen in LabVIEWgrmat inFigure64.



Serlal Number X axis: integer Serlal Number Y axis: Integer
+ X _axis_serial : Integer +Y_axis _serial : Integer

X_axis_serial=TempY
Y_axis Serial=TempX

End Program

Figure 63 - Piezo Controller communication

[ T

b pfPosiio ” pl123!
o Lso
rrostr]
m ) vk!

Figure 641 Piezo controller simple get position loop

After the communication is started with the piezo controller the rest of the code is
implemented such as, creatitige array, moving the stage, and collecting and recording the
data. The code than will terminate the connection with piezo controller before the execution
ends.
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In order to create the data arrayigfhconsists of four columns, the aysssition and
the xand y voltages of the loek amplifier, the number of rows and the number of loop
iterations iscalculated The LABVIEW code will concurrently find the number of x and y
loop iterationdabeledas Nxand Ny respectively as shownHkigure65. Since the stage can
move in the negative direction itdés importa

and sart position.

Figure 65- Find number of iterations and create array

After the number of loops required to move the stage in a raster scan is found the stage
will start by finding the y or x axis position depending on the trassstatus. The code will
then connect to the piezo controller and move the stage accordingly as $eguar@66.
Moving the stage will consist of two nested lodbe, outer loop maasit in the first direction
by onestepand the inner loop moving the full travel distance in the other direction. Not only
will the inner loop move the full scan area it will furthermore connect to the DAQ card and
collect the data frm the 2D data channels providing the x and y voltage readings from the
lock-in amplifier at every afto position.There is a delay of data collectiaichworks with
the lockin amplifierstime constant as discussedsection3.1.8 Thedata is then recorded in

the data array and the x and y voltage intensity graphs are displayed to the user.

After the stage travels the full array distance in the inner loop axis another loop is

createdor the stage inner axis to move back to the origaasition. Subsequently, the code
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will go back to the main loop and move one step size until Ny or Nx loops are completed
depending on the outer loop axis. After this point theput data array should include

0 & U arows. The nature of data collectiomay require multiple areal scans of the same
region. Thus, before the code is terminated the stage must go back to the original position.
This is done similar to moving the stage forward except position steps are subtracted from the
current position insted of added, as can be seelfrigure67. After the stage moves back to

the original position the data is recorded and exported and all connections are terminsited. Th
code is used to obtain measurements from the photodetector while keeping the laser position
fixed but moving the sample which the stage is on. The sample on the stage is held together
using a vacuum pump to avoid unwanted stage movement due to thegshiattie stage or

surrounding area.
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Figure 667 Moving the stage in a raster scan fashion. If the code is transposed the x and y axis are switched around.
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First axis Second axis

Y_Piezo change
pasition == Current
Y position

X_Plezo change
position == Current
X position

Figure 67 -Moving the stage back to the orgil position
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H. SuperK control code supplementary material

This sectiondiscusseshe overall functions of th&uperK codeand then examas
eachsectionof the coden more depthNKT photonics provides a LabVIEW and C codeg tha
can be implemented into other codes. The LabVIEW code is used as a subVI in another
LabVIEW code in order to control the stage and lockamplifier while scanning the
wavelengthFigure68 shows the front panel of the provided LabVIEW code and how it can
be implemented into another VI. The register is responsible for deciding what is controlled in
the laser, for example 90 is for the first wavelength peak since tim@mnemore wavelength
can be chosen simultaneously.

VISAin WVISA out
% [~ %
ot in error out
status  code status  code POrtParameters sy
| g Fi VISA in VISA out
source source InParameters st e QutParameters
= ’7, error in =4 &= error out
PartParameters InParameters OutParameters |
OpenPort Destination ~ Datatype Source =
- LB Bytednay .—I o o
ucu% o String Destination (hilo) g 1 iad
e o fo S|
@ RW, Register Cicl6 dder: of modde = Read/vate )
Readwite r e;ﬂu I K ; - — A
-— I TelegamType  CAC enar Sl 0 i { Destination |
Baudrate wiiteMotRead atu— I 1] - N {
115200 = Teloganficcsived v i AN
Wait A ] . e S v = r—— -
A aloadintinay e = f
D O e E— Lo
. Anay PaylosdBytedniay | 5o e (S .
d k "JD - go Datatype [0 mean: bytess
B

Figure 681 a) SuperK front panel provided by NKT photonic. b)NKT code used as subVI

H.1 Scanning the stage and a wavelength range usindpVéEW

Similar toAppendk G overall block diagram of the codessenin Figure69. The program
will similarly start by collecting data from the user, connecting to the Piezo con{fatiere
63) and creating the array. This is followed by a set of three nested loops to move the stage in
a raster scan motion and scan the desired wavelength span. It will than end by moving the

stage back to the original position and ending the cororeatith the Piezo controller and the
laser.
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Figure 69 - Overall LabVIEWcode block diagram for controlling the lo@k amplifier, piezo controller and SuperK while
obtaining data from the DAQ card

Figure 70 is the front panel of the L&EW code controlling the SuperK and
acquiring data from the DAQ car@®n the left side of the figure the required data parameters
and instructions are displayed. The current location and voltage of the piezo controllers are
also displayed on the top pami. Finally, graphs are plottédl real timeon the Xvoltage and
Y -voltage intensity graphs whildso storing the data theappropriate arrays. After the code
is fully executeda final graph of the Rvoltage intensity is plotted. This front panel imgar
to that ofFigure61 with the addition of a step for the laser communication port and error. The

graphs will plot the intensity of the last wavelength in thrayar

Similarly, the code will check if the input data parameters are meaningful before the
remairder of the code is executed. This is done in a similar approach as tRauoé 62.
Furthermore, if the wavelength is out of range of the filter or laser being used the program
will halt and display an error to the user. The wavelength of the laser changes and stabilizes
in less than 50ms, however a bigger wavelengtaydisl desired to prevent any errors in the

data collection.
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In order to create the data array which congis&scolumns, the wavelength, theegx
position and the x and y voltages of the laclamplifier, the number of rows and the number
of loop iteratons is faund for all three loops. The LEMEW code will concurrently find the
number of x and y loop iterations known as Nx and Ny respectively as shéwgune71 as
well as the number of wavelength iterations Nw. Since the stage can move in the negative
direction Iitdés important to find the absol ut

number of rows is the number of all three iterations multiplied.

After the number of loops required to move the stage in a raster scan istifieund
program will then connect to the piezo controller and move the stage accordingly as seen in
Figure72. Moving the stage will consist of two nested loops, the outer loop moving it in the
first direction by one point and the inner loop moving the full travel distance in the other
direction. However, inside the loop is another loop fer wavelength. Thus, the stage will
move one point in the y direction (or x if its transposed) and one in the x direction and travel
the full wavelength distance before moving again in the x direction. Not only will the
innermost loop move the full wavelghgange it will furthermore connect to the DAQ card
and collect the data from the[2 data channels providing the x and y voltage readings from
the lockin amplifier at every ¢hw position and wavelength. During the acquiring of data
there is a delay hich functionswith the lockin amplifier time constant. The data is then
recorded in the data array and the x and y voltage intensity graphs are displayed to the user

for the last scanned wavelength.



Make sure all equipment is turned on including,
- Lock-in amplifer

- Photodiode

- Stage Vaccum

- Piezo Controller

- Chopper
- Laser:
1) Turn the SuperK on, including emission
and RF power
2) Select a specific wavelength (at max power)|

using the software for SuperK
3) Close the SuperK software

1) Select DAQ chanels (si0 and ai1)
DAQ Chanels

% Devt/ai0 v

2) Select Y start, end and step positions in microns

Start P
el

End Position ¥
o

sition ¥

3) select X start.end and step positions in microns

Start Position X End Position X Step Size X
i m
5) Select delay for stage and number of scans
Delay (ms

W

6) Start, end and step of wavelength in nm

Start Wavelength  End Wavelength

Step Wavelength
ST =
T R !

(D
7) Select delay for Laser

Delay Laser (ms)

-

8) Choose visa in for laser (COM3)

VISAIn VISA Out
x s %
onor out
status ccpe P
g/ Ko T

9) For first time turn on close all pop up windows
10) Track current wavelength and current position
Curtent Wavelength  Current X Position  Current ¥ Position

| 0 0

11) Close the code first and than turn off machines when done

Figure 707 LabVIEW front @nel for controlling the lockn amplifier, piezo controller and SuperK while obtaining data
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Figure 71 -Creating Arrays for controlling the SuperK, leckamplifier and stage
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After the stage travels the fudistance in the inner loop axis another loop is present
for the stage inner axis to move back to the original position. Subsequently, the code will go
back to the main loop and move one step size until Ny or Nx loops are completed depending

on the outer lop axis. After this point the data array should inclid® 0 @ 0 0rows.

Figure 72 - Moving the stage in a raster scan fashion while scanning the desired wavelength span. If the code is transposed
the x and y axis are switched around.
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