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Abstract

The knowledge on the chemical and the structural properties of substances benefits strongly
from characterization methods that can provide access to the sample’s nanoscale building
blocks. Not only should the sensitivity of these methods approach a low detection limit up to
single molecule, but also the accessible spatial resolution must enable chemical imaging of
individual nanoscale features of the substances. High resolution imaging is often provided by
electron microscopes through methods such as transmission electron microscopy (TEM) and
scanning electron microscopy (SEM); nevertheless, these methods do not offer chemical
information. Surface-enhanced spectroscopy (SERS) was developed to improve the
sensitivity of the chemical measurements through placing the sample onto rough silver or
gold surfaces. However, in SERS, spatially resolved measurements are not possible since an
ensemble of nanoscale features give birth to the SERS effect. The challenge of the
simultaneous improvement of the spatial resolution and sensitivity was addressed indeed
through combining high resolution optical microscopy with high sensitivity of surface-

enhanced spectroscopy and was termed as tip-enhanced Raman spectroscopy (TERS).

In this thesis, the confined electric field in proximity of the nanoscale apex of the metallic
TERS tip is first investigated theoretically through finite-difference time-domain (FDTD)
calculations. The results were employed in optimization of the experimental TERS setup
which is utilized in this thesis. The power of TERS in high resolution detection of nanoscale
substances is then evaluated through TERS study of isolated single walled carbon nanotubes.
The accessible high resolution is also used to acquire insight into the impact of structural
strains on the molecular vibrations in silicon nanowires. The large surface sensitivity and
specificity of TERS is also evaluated through TERS mapping of the adsorption sites of
osteopontin phosphoproteins on the surface of calcium oxalate microcrystal which are

responsible for the formation of kidney stones in human body.
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near-field measurements, radial and linear polarization, finite-difference time-domain
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Chapter 1

1 General Introduction

1.1 Overview

The discovery of Raman scattering resulted from extensive studies of inelastic scattering
of light in liquids and solids by Indian scientist C. V. Raman in the early 1920’s. Also, in
1923, Adolf Smekal suggested that light could get scattered inelastically with
wavelengths shorter or longer than the original excitation wavelength.'” In 1928, C. V.
Raman presented the first Raman spectra and the resulting seminal manuscript reporting
this effect.’ He was honored by a Nobel Prize in Physics in 1930. Further development of
Raman spectroscopy was however marginal for years mainly because the Raman
scattering was typically too weak to be detected in absence of powerful light sources and
efficient detectors.* Much later, the discovery of laser in 1960 as well as the progress in

optical detection stimulated the continuous development of Raman spectroscopy.

Raman spectroscopy is an analytical method that reveals knowledge about structure,™

8-10

symmetry,” bonding in molecules or crystals®'” and also the electronic environment'' of

material through their vibrational fingerprints. Currently, Raman spectroscopy is

12,13

inclusively employed in various fields such as chemical analysis, ~ ° material

sciences,'*'° biomedical applications'®!” and even art-related investigations.'*"”
Noticeably, the inherent low efficiency of the inelastic scattering in Raman can be
counter-balanced using plasmonic platforms that enable enhancement of the signal by
several orders of magnitude. In this context, the use of localized surface plasmon
resonances is of particular interest with the goal to concentrate the light in the vicinity of
sharp metal structures that act as near-field of light.***' Plasmon resonances originate
from the optical response of the free conduction electron in noble metals to incoming
electromagnetic field. Consequently, a confined electric field will be generated within the
near-field of the metal surface. When a molecule is located inside this confined and

intensified electric field its Raman signal will get intensified since it roughly scales with

the forth power of the excitation electric field.**** The discovery of this phenomenon



gave rise to a revolutionary sensitive analytical method which was termed as surface-

enhanced Raman spectroscopy (SERS) in the early 1970s.2**

In SERS, the Raman scattering is typically enhanced up to a factor of 10° to 10'? through
locating the sample in close proximity to plasmonic metal nanostructures.”** SERS has
emerged as a powerful technique with applications within multidisciplinary fields and

with detection limits down to single molecule.**™'

Beyond the increased sensitivity of
molecules adsorbed onto a metallic surface, the use of plasmonic structures is also very
useful to improve the spatial resolution in optical microscopy and spectroscopy
measurements inherently limited by the diffraction limit of light.** This limit, known as
the Rayleigh criterion, is a function of the excitation wavelength, A,and the focusing
properties of the utilized microscopic objective.” This dependence implies that the
smallest distance that could be resolved in far-field measurement, including SERS, is in
the range of A/2 , which is typically about 200-300 nm under the ideal experimental
conditions.”* For this reason, many research groups have been developing new

approaches to use efficiently plasmonic nanostructures with the goal to improve the

lateral resolution of the surface-enhanced Raman measurements.

As early as 1928, Synge introduced the concept of illuminating the sample through a sub-
wavelength aperture in a metallic film which is brought into a few nanometers above the
sample surface with the goal to probe the near-field of the sample.*® In this new
configuration, the lateral resolution will no longer be dictated by classical optics laws but
by the dimension of the aperture. After the invention of the scanning probe microscopy
techniques such as scanning tunneling microscopy (STM) and atomic force microscopy
(AFM) in the 1980’s and the development of micro and nanofabrication techniques,
Synge’s ideas found new implications into the development of methods termed as
scanning near-field optical microscopy (SNOM) which allowed for microscopy and
spectroscopy measurements with lateral resolutions surpassing the Rayleigh’s diffraction
limit.***° Tip-enhanced Raman spectroscopy (TERS) was indeed developed on the basis
of scanning near-field optical microscopy in combination with near-field optics and

plasmonic effects.



In TERS, a metallic tip (usually silver or gold) with a tip radius of 10-20 nm is brought
into feedback with the surface of a sample using a typical atomic force or scanning
tunneling microscope setup. The power of TERS originates from the excitation of the
localized surface plasmon that is confined at the sharp apex of this metallic tip located
inside the focal region of a tightly focused laser beam.*’ The localized surface plasmon
resonances intensify the electric field in a small volume around the apex. The tip apex,
hence, acts as a nanoantenna that receives, intensifies and emits the excitation light. This
local confinement of the electric field enhances the Raman process and allows for
specifically investigating surfaces and interfaces and collecting Raman intensity map of
very small features with sub-20 nm lateral resolution.*' In TERS, the accessible
resolution is mainly determined by the size of the tip apex. In addition to the
improvement of the lateral resolution, TERS allows for sensitive analyses of very small
domains in the absence of any label (isotopes, fluorophores, etc.). Labeling could lead to
undesirable artifacts and misleading information in the Raman spectra of the sample, and
sometimes it requires the synthesis of exogenous fluorophores, which could perturb the
native organization of the biosystem of interest.** Therefore, the nature of TERS to be

label-free is specifically of interest for the study of biological samples.
1.2 Application of TERS in Material and Life Sciences

At present, there are limited alternatives to TERS measurements when simultaneous
structural and chemical analysis of nanoscale features and/or sensitive detection of very
low concentrations are needed. In life sciences, TERS abilities have been evaluated for
characterizing a large variety of samples by several leading research groups. Among
many examples where TERS is key to understand intimate processes in material and
biomaterials science, Deckert™ showed that TERS is a powerful tool for characterizing
the surface structure of individual amyloid fibrils that are associated with many
neurodegenerative diseases. Using TERS they located a-helix and -sheets along the
microscale fibrils as shown in Figure 1.1a. Deckert’s TERS measurements extend to
individual RNA strands,44 isolated mitochondria of yeast cells,45 various nucleobases,46
the lipids and protein domains of human cells,”’ viruses* and malaria-infected cells.*’ An

example of a malaria-infected cell along with its corresponding TERS spectra are



presented in Figure 1.1¢ and Figure 1.1d. Through scanning the surfaces of each of
these samples by the TERS tip, Deckert and his coworkers found valuable structural
details on the composition and the organization of proteins and nucleobases located on
the surfaces at the sub-micrometer scale. Meixner ef al.”’ investigated monolayer of calf
thymus DNA and improved the detection limit to a single DNA strand, opening an
innovative spectroscopic technique for the investigation of DNA-drug interactions.
Zenobi et al.”’ studied a single nanotape formed from B-amyloid peptide fragments by
TERS. Despite the weak scattering of these biological species, high sensitivity of TERS
enabled generating high resolution TERS images that match simultaneously obtained
STM topographic images as shown in Figure 1.1b.In a different study, they
demonstrated that TERS is the method of choice in investigating lipid monolayer on gold
surfaces, while emphasizing the non-destructive nature of TERS combined with a spatial
resolution better than 50 nm.>* Wood and his coworkers™ employed TERS to detect
DNA double strand breaks and provide information on the molecular events that occur at

each individual break site.

TERS has also found applications in interfacial and surface sciences. Deckert ef al.”*
showed that TERS is capable of dynamic monitoring photo-catalytic reactions onto
functionalized surfaces. In their study, a silver coated tip was used to enhance the Raman
process and to catalyze the photo-catalytic reduction of self-assembled monolayer of p-
nitrothiophenol molecules adsorbed on transparent gold nanoplates. In surface science,
Rzenicka et al.”” used TERS to investigate the molecular arrangement of 4,4'-bipyridine
and 4,4'-bipyridine N,N'-dioxide adsorbed on gold(111) thin film. They concluded that
4,4'-bipyridine adsorbs upright to the gold surface while it stabilizes the attachment by
coordinating one of the N atoms of the pyridyl ring with gold. They also concluded that
4,4'-bipyridine N,N'-dioxide adsorbs in a vertical configuration with the molecular

longitudinal axis parallel to the surface.
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Figure 1.1 Examples of recently published TERS studies (a) STM morphology of
insulin fibrils, TERS scanning along the dashed line has reveled a-helix and -sheet
domains. The image is adapted from reference 43 with permission from American
Chemical Society.” (b) AFM image of B-amyloid nanotapes (left bottom corner
inset) along with TERS image corresponding to the ring breathing mode. The
images are adapted from reference 51 with permission from American Chemical
Society.51 (c) AFM image of malaria-infected and non-infected cells (d) AFM image
of the highlighted area in (c) showing hemozoin crystals inside the infected cell along
with TERS spectra acquired with tip approached to or retracted from the cell
surface. Images in (¢) and (d) are adapted from reference 49 with permission from
American Chemical Society.* (e) confocal Raman image of carbon nanotubes
corresponding to the G band (f) TERS image of the highlighted area in (e). The
images in (e) and (f) are adapted from reference 56 with permission from American
Physical Society.’® (g) STM topographic image taken simultaneously with TERS
image of carbon nanotubes with 1.7 nm resolution. Images are adapted from

reference 57 with permission from Nature publications.57



In the field of material science, TERS has been widely used to characterize one-
dimensional structure such as CdSe,”® GaN°>’ and Ge nanowires.* Novotny,5 66162
Hartschuh,***'~%%% Maultzsch,°**® Williams®® and Kawata’®"* have made significant
efforts in TERS investigation of carbon nanotubes, initiating extensive and ongoing

contributions in this area.”*”®

The work of Novotny in large scale TERS mapping of a
self-organized carbon nanotube serpentine® is a great illustration of the high lateral
resolution of the method as presented in Figure 1.1e and Figure 1.1f. The near-field map
is obtained by integrating the intensity of the C-C stretching G band at 1580 cm™ which
resulted in resolution of 25 nm defined by the TERS tip radius. Recently, Kawata®’
reached 1.7 nm resolution in TERS mapping of carbon nanotubes through simultaneous
chemical and structural analysis by STM-TERS. The measurements are conducted at
room temperature and inside a dry nitrogen environment inside an enclosure and the gold
tip is illuminated in side illumination configuration by a 632.8 nm wavelength laser
which is polarized along the tip axis. In their work a strong plasmonic enhancement is
generated inside the nanogap between a clean gold tip and a gold substrate. STM image
of carbon nanotubes along with the corresponding TERS image are presented in Figure
1.1g. Other than one dimensional samples, TERS has been used successfully as a
nanocrystallographic technique for the study of a variety of crystalline nanomaterials

77,78

including GaAs and BaTiO; single crystals,””® and silicon/silicon oxide structures.”

1.3 Scope of the Thesis

The present thesis is organized as follows:

In Chapter 2, the theoretical background that is essential for thorough understanding of
the TERS underlying principles is developed. The principles of Raman spectroscopy are
first presented. Plasmonic properties of noble metals along with near-field optics are
described theoretically. Principles of TERS have also been approached theoretically
followed by a discussion concerning the enhancement phenomenon and the mechanisms

that are proposed to explain it.



The experimental aspects of tip-enhanced Raman spectroscopy are described in Chapter 3
providing technical details of the TERS setup and information on fabrication of the TERS
probes. The Chapter includes practical information about the laser polarization
consideration. The TERS experimental procedure used in this thesis and a section on

calculation of the enhancement factor in TERS are also included.

In Chapter 4 a series of numerical calculation are presented that were performed by
finite-difference time-domain (FDTD) method. Intensity and distribution of the electric
field around the apex of the TERS tip has been investigated for various illumination
configurations and different laser polarizations. Radially polarized light has been created
and integrated into FDTD software to account for longitudinal polarizations. The effect
of a transparent metal substrate as well as a tip-protection layer on the enhancement of

the electric field in TERS have been also covered.

Chapter 5 of this thesis focuses on the limit of spatial resolution that is accessible in the
utilized TERS configuration. For this purpose, isolated carbon nanotubes have been
mapped and the acquired dimensions for the nanotubes in TERS maps have been
compared to the high resolution AFM images of the same carbon nanotubes. The near-

field nature of the enhanced Raman signals is also investigated in this Chapter.

Chapter 6 contains the results for TERS study of isolated silicon nanowires on glass
substrate. High resolution of TERS has been employed to track the morphological
changes along single nanowires. The observed variations have been related to spectral
changes and optical responses in terms of the magnitude of the Raman shifts and the
broadening effect that it might cause to the spectra. Single straight and bent nanowires as

well as crossing wires have been studied in this Chapter.

Tip-enhanced Raman mapping of the surface of calcium oxalate monohydrate
microcrystals is another example of valuable information obtained by TERS and is
discussed in Chapter 7. The surface specificity and high sensitivity of TERS has been
used to map the specific adsorption sites of osteopontin posphoproteins over the distinct

facets of single crystals. This Chapter emphasizes that beyond the improvement of the



spatial resolution, the interaction of a metallic tip with a surface provides high surface

sensitivity and specificity.

In the conclusion Chapter, we give a critical view of the emerging fields where TERS can
be of interest as well as the possible technical improvements yielding better

reproducibility and better sensitivity of the TERS setup.
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Chapter 2

2 Principles and Theory of Tip-enhanced Raman

Spectroscopy

The design and development of an efficient setup for tip-enhanced Raman spectroscopy
(TERS) requires a thorough understanding of Raman spectroscopy and associated
enhancement processes that yield high sensitivity and high spatial resolution of Raman
measurements. The optical and spectroscopic principles of TERS are therefore presented

in this Chapter as a basis to support the research work that follows in this thesis.
2.1 Raman Spectroscopy: Theory and Selection Rules

The nature of the light-matter interaction is dictated by the correspondence between the
light wavelength and the energy required for vibrational or electronic transitions in the
molecule as depicted in Jablonski diagram in Figure 2.1. Absorption of infrared light
(IR) in the mid-infrared range (4-20 pm wavelengths) excites molecular vibrations within
the ground electronic state. UV-visible light (280-700 nm) promotes electrons to higher
energy levels followed by decaying through distinct pathways such as non-radiative
relaxation or fluorescence and phosphorescence emission." When the wavelength of
incoming light does not match the energy of an electronic transition, light gets scattered
by the illuminated molecules. The majority of the scattered photons are elastically
scattered with energies equal to the energy of the incident light. This scattering process is
called Rayleigh scattering. Meanwhile, a small number of photons (one out of 10° to 10®
photons approximately)*are scattered inelastically with optical frequencies different
from the incident light. The inelastic light scattering caused by molecular vibrations is

referred to as Raman scattering.”

In Raman scattering, the incident light interacts with quantized energy states of the
scattering molecules in two different ways. The incident photons can either lose or gain
energy upon Raman scattering. When the scattered light has lower energy as compared to

the incident light, the process is called Stokes Raman scattering while the radiation with
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higher energy is called anti-Stokes Raman scattering.* Anti-Stokes Raman peaks are
however less intense compared to the Stokes ones.” Upon Stokes Raman scattering, the
photons undergo a transition from lower energy level to a higher one. On the contrary, in
anti-Stokes Raman, energy transfers from the system to the incident light during a
transition from a higher energy level to a lower one. According to the Boltzmann
distribution, excited vibrational energy levels are less populated than the ground state.
Hence, anti-Stokes is less intense because the scattering occurs from less populated state.

The three forms of Raman scattering are depicted in Figure 2.1.
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Figure 2.1 Jablonski Diagram for various light-matter interactions

For Stokes and anti-Stokes scattering, the absorption and the scattering process happens
to and from an intermediate state which is a time-dependent superposition of molecular
electronic states and is usually termed as virtual state. Virtual states have energies that do
not match the energy of the existing electronic levels in the scattering system. It is only in
the particular case of resonance Raman scattering that the energy of the incoming source
of irradiation matches an existing electronic transition which will be discussed later in

this Chapter.

Theory of Raman spectroscopy is extended from classical view to fully quantum
mechanical approach.”™ The presented theory of Raman in this section is however,

adjusted to the level of knowledge which is required to understand the work in this thesis.
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In Raman spectroscopy, the quantity to be considered is the polarizability represented by

a second rank tensor (g ).

XX Xy Xz
@= ayx pag a)’z
axz azy aZZ (2 1)

Upon irradiation, the molecules that are promoted to a virtual state experience a change
of polarizability and, at the same time, a change in the relative position of their atoms.
The Raman effect can therefore be described as a function of the frequency of the

excitation light and its impact on the polarizibility tensor. The time-dependent ()

amplitude of the electric field of a laser at frequency ¥ has the following form:
E=E,col2rvt) (2.2)

The linear optical response of the scattering molecules to this incident electric field leads
to molecular vibrations at frequency ). The time-dependent polarizability changes due to

these vibrations have the following form:
&=, +d,cod2vt) (2.3)

@, is the polarizability at the equilibrium nuclear geometry. Consequently, a dipole

moment (z) is induced in the molecules through:
Li=GE (2.4)

Combining equations (2.2) to (2.4) leads to the following description of the induced

dipole moment:

fi=Ga,E,(1+cos2zv,t)cos2zv,t) 2.5)

=G, E, cos2zvt + (1/2)id, E, cos 2z (v, +v, )t + (1/2)é, E, cos(v, — v, )t
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Equation (2.5) explains the origin of the bands that appear in a Raman spectrum. The first
term is the Rayleigh scattering at frequency vy which matches the frequency of the
incident laser. The second term is anti-Stokes Raman scattering with blue shifted
frequency of 14+ Vv, . The third term is Stokes Raman scattering with reduced frequency
of1y—v,.Since the molecular vibration alters the relative position of the atoms, the
perturbation induced upon Raman scattering should be expressed in terms of deformation
of the polarizability with respect to a normal coordinate similar to:

0, =0’ cos2xv,t (2.6)

Qk is normal coordinate of vibrational mode at frequency ¥ with amplitude Q,? . For

vibrational mode %, the polarizability alterations with respect to the normal coordinate

can be expressed through expanding cover the normal coordinate in a Taylor series:

d=d,+ (@] 0, + l(ﬁ} 0 +... 2.7)
00, o 2000; ),

The first term in this expansion represents unperturbed linear optical polarizability; the

second and third terms are first and second order perturbations. This equation

demonstrates an essential selection rule for Raman: a vibrational mode is Raman active

only if there is a change of the polarizability of the molecule with respect to the normal

coordinates upon irradiation:

8—077&0 (2.8)
0 :

According to this selection rule, the change in polarizability, arising from a group of
atoms in molecule, should not get cancelled out by symmetric identical atoms in the same

molecule.

The polarizability tensor is symmetric because of the fact that the potential energy of the

system remains constant when two orthogonal fields are applied. In other words:
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U=E a,E =E -a E=a,=a (2.9)

yx

If a proper principal axis system is found, the polarizability tensor can be diagonalized

(off-diagonal elements become zero). In this case «_ ,a  ,«a_ will be the equivalent of

x> Py
the three semi axes of an ellipsoid. The polarizability ellipsoid will have the following

mathematical form:
(/e )+ (2 fa, )+ (/e )=1 (2.10)

Here the more polarizable direction in the molecular geometry corresponds to longer
axes. If the molecule has cylindrical symmetry two of these values would be equal. For
molecules of tetrahedral or higher symmetry, the three principal values are equal and the
ellipsoid becomes a sphere. During molecular vibrations, the shape of the polarizability
ellipsoid, its size and also its orientation in space might change. For Raman active totally
symmetric vibrations, the size of the ellipsoid should change and all off-diagonal
elements of the polarizability tensor should remain zero. For non-totally symmetric
Raman active vibrations though, the shape or orientation of the ellipsoid changes and

hence off-diagonal elements will appear in the polarization tensor.

Raman scattering efficiency can be evaluated by a parameter known as scattering cross-
section, O, ,. Classically the Raman cross-section is expressed as the ratio of intensity of

the scattered light to the incident photon density. The intensity of the scattered light is
proportional to the number of photons that get scattered per unit time. However, to
acquire a more accurate definition for Raman cross-section, the direction of the scattered
light which is dictated by the collection configuration of the experimental setup must be
considered. For this reason a differential version of the cross-section which is corrected

with respect to the collection angle is usually used:

%(mz/sr) @11



17

Q denotes the two dimensional solid angle expressed in steradian (sr). This deformation
of the Raman cross-section is useful for calculating the intensity of the scattered light (/).
For a given Raman mode, averaged over all orientations of the molecule in space, the

intensity can be estimated through:’

do.
[=—""5 L) 2.12
0 (2.12)

0
5Q denotes a small solid angle of collection which is related to the numerical aperture of
the collection microscope objective and s, shows the incident photon density with W/m’
units. In equation (2.12), the estimation of the Raman intensity requires a definition for
Raman cross-section. Technically classical approaches are unable to predict the intensity
of the mode and for these reason quantum mechanical approaches such as density
function theory (DFT) can be of interest.” In DFT the Schrddinger equation is solved for
a system of coupled electrons to give the wavefunction and therefore the electronic
structure of electrons for certain atomic position in a molecule.'’ For Raman scattering,
the deformation of the electron density within an electric field along x, y and z direction

can be calculated by DFT. The output suggests the following equation for a given Raman

mode with frequency ¥ and excited by laser frequency of ;"'

2 2 2 _ -l
d_a — T . 2h 45ak +7}/k (VO —Vk)4 1_exp hCVk (213)
dQ \ 45¢; \ 87cv, 45 k,T

& is the dielectric constant of free space which has the value of 8.8542x10"2F/m. his the

Planck’s constant with the value of 6.6261x107** m? kg/s and kg is the Boltzmann
constant with value of 1.38065x10 m”*kg s> K™'. The second bracket has the units of kg

m” and stands for zero-point amplitude of the Raman mode in reduced mass coordinates.
The third bracket shows the Raman scattering activity with units of C*s*m kg™ with C
indicating coulomb electrical charge unit. () and (y) are the isotropic and the anisotropic

contributions of the polarizability:



18

azi—(axx+ayy +azz) (2.14)

7 :% [(axx —ayy)z +(ayy —azz)z +(ar,, —axx)z] (2.15)

The forth bracket denotes the thermal population of the vibrational state. Substituting
equation (2.13) to (2.15) into (2.12) provides an equation for estimating the intensity of

different Raman scattering mode.
2.2 Resonance Raman

In resonance Raman scattering, the virtual energy level, to which the molecule is brought
upon excitation, is resonant with an existing excited electronic state. Such matching
between the energy of the incident excitation and an existing electronic excited state
leads to an increase of Raman signal from 3 to 6 orders of magnitude.'? The theory
behind resonance Raman is available in text books’ and in previously published

: 13,14
reviews. =’

Modern theories of resonance Raman are mostly based on the work of
Albrecht et al."> who treats resonance Raman as vibronic (vibrational and electronic)
spectroscopy. He proposed Frank-Condon (F-C) overlap and Herzberg-Teller vibronic

coupling as two mechanisms that explain the scattering intensity in resonance Raman.

In F-C approximation, because the nucleus is much heavier than an electron, the
electronic transitions occur without causing any change in the nuclear position in
molecule.'® For F-C overlap to be non-zero two conditions must be met.'”"'® First the
transition dipole moment of the resonant electronic transition should be non-zero. For this
to happen, the excitation wavelength should be about the wavelength of an intense charge
transfer or -7 type absorption band.'® Second, the overlap integral (F-C factor) between
the vibrational wavefunctions of the ground and electronic states be non-zero. This
happens when the potential energy minimum experiences a displacement along the

normal coordinate between the two electronic states.'®
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Herzberg-Teller vibronic coupling mechanism however, is influenced by interactions of
electrons with nuclear motions.”® The Herzberg-Teller mechanism plays a smaller role in
intensity of resonance Raman scattering and is observed only if F-C overlap is close to

ZE‘,I'O.21

From the empirical observation point of view, the molecules that undergo resonance
Raman upon changing the excitation wavelength, experience a change of equilibrium
conformation as they go from ground state to excited state. This phenomenon was
formulated by Hirakawa and Tsuboi and is valid for totally symmetric, asymmetric and
degenerate Raman bands.”*** As an example NH; goes from pyramidal shape in ground
state to plane in its lowest excited electronic state. The molecule undergoes an umbrella
motion upon this transition. It has been observed that the Raman band that corresponds to
this motion gets enhanced much more than the other Raman bands when proper

wavelength (351 nm wavelength) is used to excite the resonance conditions.

For single molecule Raman spectroscopy or tip-enhanced Raman scattering, resonance
Raman can be beneficial through providing additional enhancement of the Raman signal.
For example, TERS of isolated dyes molecules (Rhodamine, malachite green) dispersed

onto a surface are generally selected with the desire to probe single molecule.*** F

or
non-resonant molecules, only the localized surface plasmon resonances of the metalized

tip are responsible for the enhancement of the Raman scattering.
2.3 Plasmonic Resonances in Metal

The enhancement of the Raman scattering in near-field techniques such as surface and
tip-enhanced Raman spectroscopy constitutes a research field which belongs to a more
general theme of plasmonics. To acquire better understanding of TERS-related
discussions in this thesis, plasmon resonances in metal surfaces are introduced in the

following sections.
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2.3.1 Plasmon

The interaction of electromagnetic radiation with metallic nanostructures excites the
oscillation of the free conduction electrons of the metal out of phase relative to the
driving electric field.”® The oscillation causes a displacement of the free electrons with
respect to the positively charged lattice in metal, therefore, at certain optical frequencies;
the free electrons can sustain surface and volume charge density oscillations which are
known as plasmons. The physical process involved in plasmon resonance includes the
free motion of the metal conduction electrons within the bulk of the metal. Upon

irradiation by a laser with angular frequency of o, the free conduction electrons undergo
a displacement 7 (?(t) = l%efia’t)that generates a dipole moment z through g = er
where e denotes the electron charge and 7, denotes the electron position in absence of an
incident electromagnetic field. The generated dipole moment leads to a macroscopic
polarization P=n_ii where n,is the number of electrons per unit volume. Oscillation of

the metal free electrons occur at a certain frequency, @,, which is termed as plasmon

frequency and is defined as:*’

R S (2.16)

P27 \\m,e,

With g being the dielectric constant of free space and m, being the effective mass of an

electron.

The complete characterization of the electron oscillation requires solving the equation of
motion for electrons under the incident electromagnetic field which is outside the scope
of this thesis and has been studied in detail in the literature.”***** The equations that are
presented in the following sections to characterize plasmonic resonances are however

derived from these studies.
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2.3.2 Surface Plasmon

At the interface between a metal surface and a dielectric material such as air or glass,
plasmon takes the form of surface plasmon (SPs).” More precisely, surface plasmons
refer to collective oscillations of the electron density at the metal surface. Surface

plasmon is excited by the oscillating electric field of the incident light, therefore, higher

angles of incidence (wavevector k nearly parallel to the surface) couple most
efficiently.”’” Plasmonic oscillations at the interface between a metal nanostructure and a
dielectric can significantly enhance the optical near-field in close proximity of the metal
surface. As illustrated in Figure 2.2, surface plasmon appears as a combination of an

- 30
electromagnetic wave and surface charges.
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Figure 2.2 Illustration of propagating surface plasmon at the interface between

metal surface and a dielectric

The electromagnetic field present at the metal surface includes a transverse magnetic
field parallel to the interface. In addition the generation of the surface charge requires the
presence of an electric field normal to the surface. As a result, there will be an evanescent
surface plasmon field component perpendicular to the surface which gets enhanced near
the interface and decays rapidly with distance away from it into the two mediums.*® For
surface plasmon to be detectable at the interface between a metal and a dielectric, the
complex dielectric constant of the metal has to have a negative real and a positive

31,32

imaginary part, which is the case for noble metals.” ”* The dielectric function of four

noble metals, gold, silver, aluminum and copper are shown in Figure 2.3.Here the
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dielectric constants are calculated through the Drude model which is widely used to
characterize the motion of the free electrons inside an electromagnetic field.** Among the
metals illustrated in Figure 2.3, silver and gold are more common choices for exciting

surface plasmon in the UV-visible region.

100 100

- -

-100 -100

g(m)
e(w)

-200 -200

—Re(e —Re(s J— M T
-300 ( Au) (& ."\g} -300 Re(nCu) Re["gl}
e Imt::_,\_]} ==Ime,) ==Im(,)
-400 -400
400 800 1200 1600 2000 2400 2800 400 800 1200 1600 2000 2400 2800
Wavelength / nm Wavelength / nm

Figure 2.3 Complex dielectric constants of (a) gold and silver (b) copper and

aluminum according to the Drude model

In Figure 2.3a the imaginary part of the dielectric constant for gold and silver are quite
similar, however, small differences between these values at each wavelength results a

significant differences in the plasmonic behavior of the two metals.

propagation of the surface plasmon can be characterized by two wavevectors, one
describes its dispersion along the interface (k,) and the other one accounts for dispersion

normal to the interface on either side (k.):*°

k= 2F | Eafm (2.17)
YA \e, +e,

(kd”” )2 B 27 2 )
h _Ed’m(Tj —ksp (2.18)

A is the light wavelength and & and & are the dielectric constants of the dielectric and the

metal.?® Dielectric constant of a metal is a complex function with general form of
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g, = Re(gm)ﬂ' Im(gm) which implies that both £, and k. of the metal are complex. The

dielectric constant of the dielectric material is a real function while &, of it remains

complex according to equation (2.18).

The decay length of the plasmon field into the dielectric medium above the metal is of
the order of half of the excitation wavelength. The decay length in metal is however
smaller due to the screening effect of the free charges™ and is determined by the metal
skin depth.*® The real part of kg, contains the evanescent nature of the plasmon field. If
the dispersion of the plasmon is plotted, a momentum mismatch will be observed
between the surface plasmon (solid line) and the free space photons (dotted lines), as

illustrated in Figure 2.4 for the gold-air, silver-air, copper-air and aluminum-air

interfaces.
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Figure 2.4 Dispersion relation (solid line) and the propagating length (dashed line)
of a surface plasmon on (a) gold-air (b) silver-air (c) copper-air and (d) aluminum
air interface according to the Drude model. The propagation of light in free space is

shown by dotted lines in each case.



24

The momentum mismatch in these plots is compensated by the additional momentum
created through the evanescence nature of the surface plasmon. Evanescent waves are
standing waves that exponentially decay in space. The propagation length of these
evanescent waves along the interface is expressed as /;, in Figure 2.4 and can be

measured through the following equation:™

by = 21m(k,, ) [Relk,, )f P Im(e,

1 2 27 Re(e ))]2 (2.19)

By definition, the propagation length describes the distance along the interface over
which the surface plasmon gets dissipated due to damping of electron oscillation.
According to equation (2.19) and Figure 2.4, when Re(k,,) decreases, the surface plasmon
is less confined and decouples easily from the interface and turns into freely propagating
light. When Re(k,) increases, the surface plasmon becomes more localized and the
propagation length decreases due to resistive damping of the oscillation inside the

metal >

2.3.3 Localized surface Plasmon

Localized surface plasmon resonance (LSPR) gets excited when a surface plasmon is
confined to a nanostructure with sizes comparable to the wavelength of the light.27
Incident light will promote the free electrons of the metal nanostructure to oscillate
collectively with respect to the incident electric field upon which they experience a
change in their momentum. The collective oscillations create charge accumulation at the
surface. In addition, when these oscillations couple between neighboring nanostructures,
the electric field gets locally intensified inside the interparticle gaps. An example of
localized surface plasmon resonance generated within the gaps between gold

nanopyramids in hexagonal arrays is illustrated in Figure 2.5.*
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Figure 2.5 Illustration of localized surface plasmon in metal nanostructures (a) SEM
image of hexagonal arrays of gold nanopyramids created by nanolithography over
the glass surface (b) FDTD simulation of a single hexagonal array showing the
confinement of the electric field at the surface of the nanopyramids and inside the
gaps between the neighboring pyramids. The images are adapted from reference 34

with permission from American Chemical Society.34

There are two major effects associated with localized surface plasmons; i. the electric
field is strongly enhanced near sharp features of a metallic nanostructure yielding hot
spots and decays rapidly with distance, ii.the optical excitation is optimum at a certain

optical frequency which is typically in the visible-near IR region for noble metals.?’>**

Similar to propagating surface plasmon, the localized surface plasmon resonances are
dependent on the chemical nature of the metal, the dielectric constant of the surrounding
environment along with the optogeometric parameters of the particles or ensemble of

, : . : : 27,32
particles such as size, shape or interparticle distance.>”

Mie’s analytical solution to
Maxwell’s equations in the scattering and absorption of light by spherical particles is
usually utilized for the characterization of LSPR.>® According to the Mie theory, if the

particles are very small (d<<A with d being the diameter of the nanosphere), total
scattering (Gm ), extinction (Gex,)and absorption (o-abs )cross-section of a nanosphere can

2728323
be defined as:*"?%3237

o 187V Im(s,, )
T A [Rele, ) [+ [imle, )

(2.20)
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2 2
Cop = 32”4‘331/ ’ [RC (8m )_ Ea ]2 + [Im (8m )]2 (221)
/I [Re (gm )ng ] + [Im (gm )]
Gabs = Gext - Gsca (222)

According to the equations above, optical properties of metal nanoparticles are a function
of the dielectric constants of the metal and the dielectric environment as well as the
geometrical parameters such as the shape factor () and volume (V) of the nanoparticles.
These equations are typically used for estimating the optical response of systems with
LSPR. In addition, LSPR can be accumulatively increased when the interparticle distance
between the nanoparticles is small enough to allow for coupling of the neighboring hot

37,38
spots. 7

This description of the photo-induced electromagnetic field singularity over a metal
surface or in the vicinity of nanoparticles is essential to understand the enhancement
process in tip-enhanced Raman spectroscopy. The enhancement of Raman scattering in
TERS arises from the local confinement of the electromagnetic field at the TERS tip
apex. The apex of the TERS tip acts as a single nanoparticle and hence, the presented
equations in this section are valid for characterizing LSPR in TERS. Theoretical
investigations of TERS along with the parameters that alter the magnitude of LSPR in
TERS are presented in Chapter 4 of this thesis.

In summary, thorough understanding of plasmon and more particularly localized surface
plasmon is essential for the fabrication of active TERS probes in order to improve the
resolution and sensitivity of Raman scattering. Any controlled way to confine a plasmon
with defined characteristics (frequency, amplitude and phase of the field) at the extremity
of a sharp structure will be of tremendous interest for many applications in high

resolution optical microscopy.
2.4 The Near-Field Concept

In conventional microscopy and spectroscopy, an object is illuminated by an incident

light and the scattered or emitted light is then collected by a detector. Upon illumination
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the incident field E ., Induces a polarization current in the object which in turn gives rise

to an emitted field £,,,.”"In near-field optics however, two objects are considered, one is

referred to as the probe and the other part as the sample as illustrated in Figure 2.6 for a
TERS setup.

%near field®
.. sample surface

Figure 2.6 Illustration of the near-field concept in TERS setup. The TERS tip is

kept at around 1 nm distance above the surface by means of the feedback system.
When the apex of the TERS tip is placed inside the focal region of an incident laser
beam, the electric field gets confined in close proximity of the apex with 10-20 nm
diameters. The Raman scattering of a molecule which is placed inside this

intensified electric field will be enhanced.

In near-field microscopy, the probe is designed to have unique properties of metal
nanostructures at optical frequencies to exhibit a localized surface plasmon resonance.
When the light is incident on the probe, the incoming electric field periodically displaces
the probes electrons with respect to the positively charged metal ion lattice. Near
resonance, that charge oscillation gives rise to a greatly amplified electric field just
outside the probe where it is termed as near-field. In near-field measurements involving a
metallic tip, the probe acts as a nanoantenna which converts non-propagating field
components confined on the sample surface into propagating radiation.*’ This nanoscale

antennae acts as a receiver for the input light and an emitter for the output light to be
detected. £, emitted by the combined system contains information about the sample

properties. As a result, near-field measurements enable the retrieving of the small details
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of a sample through the localized light-sample interaction within the first 10 nm above

the surface.

Similar phenomenon is responsible for the enhancement of the Raman scattering in

TERS. The TERS tip acts as receiving and emitting antenna which localizes the radiation
on the sample and intensifies the molecule response as Raman scattering. High resolution
capacities of TERS can be therefore explained based on the principles of near-field optics
and more specifically evanescent waves that exist close to the tip apex. In TERS, the non-

propagating evanescent wave gets converted into propagating waves that are detectable in

far-field.*!

The mechanism of enhancement involved in TERS investigation of the near-field of zero,
one and two dimensional samples has been theoretically studied by Novotny et al.*’ and
Cangado ef al.”’ Generally in these studies, the electric field near the metal tip is assumed
to be axially symmetric** and locally interacts with the sample at a certain frequency. The
laser irradiated metal tip generates a local surface plasmon field which gives rise to a
screened Raman excitation field to generate a Raman dipole in the sample structure.
Estimation of the electric field magnitude caused by the tip at a certain spot on sample
surface leads to calculation of the enhanced Raman intensity through the ensemble
average of the square modulus of the local field intensity. One important relation
obtained from these theoretical studies is the distance dependence for near-field Raman
intensity that scales with (A+rn~p)'12, (A+rn~p)'10and (A+r,,~p)'8 for OD, 1D and 2D samples.

A and r;, denote the tip-sample separation and the tip radius respectively. These
findings have been utilized extensively to evaluate the near-field nature of the enhanced
Raman signal in TERS measurements.*****® A sample of which is presented in Chapter 5

of this thesis for TERS study of single walled carbon nanotubes.
2.5 Diffraction Limit in Optical Measurements

Optical diffraction implies the limit that restricts the lateral resolution of optical
measurements.”’ The origin of diffraction limit in optical microscopy can be understood

through an overview of the interferences of Airy patterns.*® An Airy pattern presents the
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distribution of a best focused spot of light made by a perfect lens with a circular apex.

Mathematically, an Airy diffraction pattern has the following definition:

. 2
- ]"[Mj (2.23)
vbsin o

1y 1s the maximum intensity of the pattern at the Airy disc center, J; is the Bessel function
of the first kind of order one, v=27/4, b is the radius of the aperture and « is the angle

of observation. The dark rings in Airy pattern are produced at zeros of the Bessel

function. An illustration of an Airy pattern is presented in Figure 2.7a.

Figure 2.7 Illustration of the diffraction limit problem and its dependence on the
relative positions of neighboring Airy patterns (a) shows the top and side view of
Airy pattern (b) demonstrates the diffraction limit (AX) to be the distance between
the center of the two Airy patterns when the first intensity minimum of each Airy
pattern is aligned with the intensity maximum of the neighboring one (c) For center-
to-center distances larger than AX the neighboring objects will be completely

resolved.

The diffraction pattern created by illumination of a circular aperture shows a bright area
in the middle which corresponds to maximum intensity and a series of concentric bright
rings with decreasing intensity at farther distances from the center. As it is illustrated in

Figure 2.7b, adjacent points are just resolved when the centers of their Airy patterns are
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separated by a minimum distance equal to the radius of the central disk in the Airy
pattern. This minimum distance is referred to as Ax in Figure 2.7b and also in the next
paragraph. The minimum value of Ax, required for two neighboring objects to be
resolved, corresponds to a situation where the first minimum in Airy pattern of one of the

objects is aligned with the maximum intensity in Airy pattern of the other object.

The diffraction-limited resolution theory was refined by Ernst Rayleigh®® in 1873 and
refined by Lord Rayleigh™ in 1896. The theory was used to estimate the smallest distance
between two objects to be distinguished as separate entities in an optical measurement. In

Rayleigh criterion the lateral resolution (Ax) is estimated by the following equation:

122

Ax=—
2nsina

(2.24)

This equation suggests that at each wavelength, Ax can be improved by changing the
surrounding media into one with larger index of reflection (n) and by choosing a focusing
lens with larger collection angle (@). The denominator in equation (2.24) is known as the
numerical aperture (N.4.) of the objective lens which indicates the focusing properties of
the lens. Microscope objectives with larger N.A4. values focus light more tightly and
efficiently. However, there is a limit for improving the diffraction limit in conventional
microscopy and spectroscopy. Ideal experimental conditions lead to roughly 200-300 nm
resolution in visible light region provided that a microscope objective with N.4.=1.4 (oil
immersion objective) is used. This limit is clearly not suitable for studying smaller

features are of interest.

In the last century, surpassing the diffraction limit of light to acquire higher lateral
resolution in microscopic and spectroscopic investigations has been the subject of many
researches. In 1928 Synge suggested scanning the surface of the sample by an opaque
metal screen with an aperture smaller than the wavelength of light which is illuminated
from the back.”" If the aperture is located within the near-field of the sample, a few
nanometers away from it, the resolution of the measurement is no longer limited by the

diffraction limit. The size of the aperture will indeed determine the limits of resolution in
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this case. This hypothesis built the basis for the realization of scanning near-field optical
microscopy (SNOM) in 1984 due to the progresses in nanoscale motion control provided

in scanning tunneling microscopy and atomic force microscopy.”>>

Aperture SNOM was the first generation of near-field optical microscopy. In aperture
SNOM an optical fiber with sharpened end is used as light source to scan the near-field of
the sample.”* The fiber is generally coated with a thin metal film, everywhere except at
the apex of the tip.”>”® However, the low throughput of SNOM and specially fiber probe
in combination with the low cross-section of the scattered Raman signal and the tedious
fabrication and thin film coating procedure delayed the development of SNOM-Raman
until 1994.°7 Clearly, the coupling of an intense light source was not a proper solution to
the low throughput problem since it would lead to local thermal effects that could damage
the integrity and subsequent resolution of the tip. The dimension of the uncoated part of
the apex determines the spatial resolution of aperture SNOM and since the fiber tips have
flatted apex, the optical resolution of the method was limited to about60 nm.>*’
Nowadays, hollow aperture probes are made using commercial AFM tips through
creating a hole at their apex by using advanced nanofabrication techniques such as
focused ion beam (FIB). Alpha300 S AFM tips fabricated by WITec™™ are an example of
these tips where an aperture (100 nm) is created at the apex of a hollow pyramid.
Nevertheless this type of approach is marginal and is rarely used for Raman spectroscopy

purposes.

It was later proposed that localized surface plasmon be employed through illuminating
the metallic tip of scanning tunneling microscopes (STM). In such a case, the tip would
act as a nanosource with light confined at its extremity. The idea was to enhance the
Raman scattering and to surpass the diffraction limit within the confined electric field at
the STM tip apex. This combination of SERS and near-field microscopy was first named
apertureless Raman near-field” and later, on the same principle, tip-enhanced Raman
spectroscopy (TERS). First spectroscopic applications of apertureless SNOM was
performed in 1999 in a two photon fluorescence study®' and in 2000 for tip-enhanced

62-64

Raman spectroscopy. Nowadays, it is also common to use atomic force microscope

(AFM) tips in conjunction with an AFM feedback mechanism. As opposed to STM based
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TERS setups, AFM feedback does not require the use of conductive samples, a feature
that makes TERS accessible for a larger variety of samples. Various TERS configurations

will be discussed in detail in Chapter 3 of this thesis. The different SNOM methods that

are mentioned above are however summarized in Figure 2.8:
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Figure 2.8 Schematic of various SNOM configurations (a) Principle of SNOM using
a small aperture on an opaque substrate (b) aperture SNOM with a coated optical
fiber attached to a tuning fork. The tip is shown in excitation mode but can also be
used for light collection purpose. (¢) aperture SNOM provided through making

hollow AFM probes (d) apertureless metallic tip, in close proximity of sample

surface.

2.6 Tip-enhanced Raman spectroscopy

In TERS measurements, a metalized (gold or silver) AFM or STM tip with a tip radius of
10-20 nm is brought in feedback with the surface of a sample.**** A laser source,
aligned to and focused on the tip, induces a locally resonant excitation of the surface
plasmons at the apex of the metal coated tip, which in turn provides an enhanced Raman
signal of the sample in proximity to the tip apex.°® The sample is then scanned point-by-
point over a surface providing a TERS map of that surface. The experimental and
technical aspects of the TERS setup are discussed in more details in Chapter 3. The
enhancement of Raman signal in TERS is usually discussed on the basis of surface-
enhanced Raman scattering (SERS). In both techniques, surface plasmon resonances in a

metal nanostructure give rise to an enhanced electric field in close proximity of the metal
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nanostructure which increases the sensitivity of Raman spectroscopy significantly.®” The
surface enhancement effect in TERS is a characteristic of the metal grains on the tip.
Proper laser photons are absorbed by these grains and excite surface plasmon by making
the surface electrons of the metal oscillate. If this plasmon excitation couples with the
sample which is located in close proximity of the tip, an efficient pathway to transfer
energy to the molecules vibrational modes would be formed.*> However, despite the
similarities, TERS has an important advantage over SERS since it combines high
sensitivity and molecular fingerprinting of SERS with nanometer resolution of scanning
probe microscopy (SPM). With TERS it is possible to directly get chemical information
about the sample without any need for special substrates. The enhanced Raman signals
originate from a few molecules that are located very close to the tip apex.®*® The TERS
tip moves laterally on top of the sample; therefore, it would be possible to bring the
enhancing tip to any desirable spots on the sample and image the surface with a lateral
resolution which is limited only by the size of the tip apex and the confined electric field

dimensions consequently.®®
2.6.1 SERS and TERS Enhancement Mechanism

The localized enhancement of electric field, which is essential for intensifying the weak
inelastic scatterings in Raman process and increasing the sensitivity of Raman
spectroscopy, originates from different sources such as the magnification of the incident
light, enforcement of the Raman scattering and modification of the scattering process.
The first two mechanisms are known to have an electromagnetic origin®”"*”"® while the
third factor is usually categorized as chemical mechanism.”®* These mechanisms,
involved in both SERS and TERS methods, are very well described in several review
publications by Moskovits and other researchers and will be briefly reviewed in the

. . 12,7,37,67,74,75
following sections. =

2.6.1.1 Electromagnetic Mechanism

Electromagnetic mechanism originates from the plasmon resonance of metal

83,84

nanostructure with the incident laser.”™" This mechanism has the most significant
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contribution to enhancement factor (yields 10* to 10® enhancement).*The metallic TERS
tip acts as optical nanoantenna that converts freely propagating optical radiation into
localized energy and vice versa.*’ For the sample in close proximity of nanoantenna, both
incident light and Raman scattering are enhanced the same way. Therefore the incident
and scattered light are increased about equally and the Raman signal increases roughly by
the forth power of local electric field. The maximum enhancement would occur if the
incident and scattered light are in resonance with the antenna. In larger distances from the
antenna the resonance would be broken.*® The enhancement of the electric field in TERS
is therefore, a combination of three different effects: the lightening rod effect, the

excitation of localized surface plasmon and the antenna resonance effect.

The lightening rod effect is related to the influence of the shape of the tip. The very sharp
apex of the metallic tip generates highly localized surface charge densities that enhance
the electric field locally at the sharp end of the metallic tip. The incident light drives the
metal free electrons along the polarization direction. Because the charge density is zero

inside a metal at any instant of time, charges accumulate on the surface of the metal.*®

As emphasized earlier in section 2.2.2, the surface plasmon is efficiently excited if the
wavelength of the laser matches the plasmon resonance(s) of the metal. Such plasmon
resonances depend on the material property and the shape of the tip. Sharper objects with

a higher aspect ratio generate stronger confined fields.***’

Excitation of the antenna resonance depends on wavelength of the incident laser and
would be initiated if the size of the tip apex is approximately equal to the half of the
radiation wavelength. In this case highly localized and enhanced electric field is observed

at the tip apex.*

As a combination of these effects is responsible for TERS effect, the material properties
of the tip and surrounding medium (including the choice of the substrate), tip shape and
size should be optimized in order to guarantee better results.*® A detailed description of
these parameters would be reviewed in Chapter 3. From the theoretical point of view,
since the electromagnetic mechanism arises from the plasmon resonance of the metal

surface, it is independent of the molecules that are probed by the metal tip, Therefore;
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classical electrodynamics methods such as Mie theory,*® discrete dipole approximation
(DDA)***° finite-difference time-domain calculations (FDTD)’!** can be utilized to
investigate the electromagnetic mechanism. In particular, FDTD has been used in this
thesis for investigating the distribution of the electric field around the TERS tip apex,
which is presented in Chapter 4 of this thesis.

2.6.1.2 Chemical Mechanism

The presence of the chemical mechanism was evidenced when enhancement of the
Raman scattering was observed even without using metals with plasmonic properties in
the wavelength region of interest” or when utilizing flat metal surfaces.”* Under these
conditions no electromagnetic enhancement is expected to be observed, therefore, a
different mechanism has to be responsible for the enhancement of the Raman scattering.
These mechanisms are typically categorized under chemical mechanisms and induce 10-
10* units of enhancement. Chemical mechanism consists in three different types of sub-
mechanisms as depicted in Figure 2.9a-c. Electromagnetic mechanism is also depicted in

this Figure for the purpose of comparison.”
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Figure 2.9 Illustration of different enhancement mechanism (a)-(c) demonstrate

three types of chemical mechanism while (d) shows electromagnetic mechanism
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Studies on non-electromagnetic enhancement mechanisms suggested that the resonance
between the incident laser and the metal nanostructure can induce a charge transfer
between the sample molecules and the metal nanostructure.*>*® For charge transfer to
happen, the metal and the sample molecule should be in direct contact. In other words,
charge transfer occurs only when the metal and the molecule are close enough for the
corresponding wave functions to overlap. The exact mechanism of charge transfer is not
fully understood. One of the suggested mechanisms was proposed by Pettinger.”” He
suggested that radiation excites plasmon resonances in the metal through which an
electron-hole pair is generated. The resonant metal transfers its energy to a molecule to
promote it to an excited state. The molecule inelastically sends the energy back to the
metal after it relaxes back to the ground state. At this point a photon will be emitted by
the excited surface plasmon. To explain the charge transfer HOMO and LUMO energy
states of the metal and the adsorbent should be considered. Originally, the energy
difference between HOMO and LUMO of the sample molecule is too high to be reached
upon illumination by laser. HOMO and LUMO of the metal however are at the same
Fermi energy level. It is believed that a sample-metal complex is formed when the

sample is in direct contact with the metal surface.”””

Formation of the sample-metal
complex facilitates a charge transfer from HOMO of the molecule to the LUMO of metal
and from there to LUMO in the molecule eventually as depicted in figure 2.9a. Hereby,
the Raman scattering cross-section is enhanced through lowering the energy gaps

between the bands and enabling an electronic transition of the molecule.

Beside the charge transfer phenomenon, resonance Raman is another source for chemical
mechanism.””'” The molecular resonance mechanism is very similar to resonance
Raman with the difference that the presence of a metal tip induces the resonance by
altering the excitation energy of the molecule and consequently through the tip altering
the resonance conditions. Therefore, although the resonance Raman is not a surface
effect, it should be considered due to the impact of the metallic tip on resonance Raman
enhancement.'* Resonance effects could create 10°-10° of the total enhancement under

proper conditions.
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As a third source for chemical enhancement, 10% or less contribution to total enhancement
is believed to arise from a phenomenon known as non-resonant chemical mechanism.
Non-resonant chemical mechanism is due to interaction between the ground state of the
sample molecules and the metal upon placing the sample in close proximity of a noble
metal. Quantum mechanical calculations suggest that this phenomenon is very sensitive
to size, charge, binding site and the molecule’s orientation with respect to the metal
cluster and also the separation between the two.”>'°"'%? In the special case of TERS,
depending on the relative orientation of the molecule and the tip, certain Raman modes

could or could not be excited while charge transfer or resonance conditions are absent.

It is noteworthy that charge transfer has only been observed in previously published
TERS study of adenine nucleobases'® and C6o64’104and not been detected for other

- . 105
nucleobases such as cytosine and thymine.

The effect is typically much more
pronounced in SERS measurements.'’® Chemical enhancement is excluded from the work
in this thesis because of two main reasons. First, it is very dependent on the sample;
second, it requires that the sample is in direct contact with the metallic tip. The TERS
studies that are reported in this thesis are performed in non-contact AFM mode, which
naturally does not allow for the chemical effect to alter the enhanced Raman scattering.
All the results presented in future Chapters are interpreted based on pure electromagnetic
enhancement. It is however noteworthy that the chemical and electromagnetic

mechanisms work together to produce the overall enhancement of the Raman scattering.

The contribution of each mechanism varies in various molecules.'?
2.7 Thermal Degradation of the Samples in TERS

The enhancement of the electric field within a very small area in vicinity of the tip apex
might generate heating upon TERS measurements and could cause morphologic changes

197198 studies have estimated an increase of several tens of

in the sample. Theoretica
Kelvin for TERS measurements. Experimental studies also have been performed by
measuring the ratio of Stokes and anti-Stokes Raman signals. For TERS study of a 50 nm
thick conductive polymer deposited on aluminum mirror, up to 100 K temperature

increase at laser power of 1 mW is measured.'” The study has revealed the dependence
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of the heating magnitude on the wavelength of the light and the optical response of the tip
consequently. Higher plasmon resonances of the tip cause higher confinement of the
electric field and more significant heating of the sample. In addition, they mention that
heating could be higher for samples that absorb larger amounts of the excitation light.

Nevertheless, many TERS studies on sensitive samples as well as cells,'*'!?

113,114 . 11 . .
3114 and viruses'"” are successfully done by using several hundred microwatts

bacteria
without sample destruction and without significant thermal damages. This can be
explained based on the lower absorption of light by transparent or semitransparent
biological species compared to the larger light absorption by a polymer film deposited on
aluminum mirror. Therefore a correspondence between the laser power and the
temperature increase cannot be established based on the results of reference 109 and the
heating effect has to be measured for each experiment separately. Meanwhile, thermal
effects should be carefully watched in TERS experiments and control tests should be

performed to evaluate the light induced damage after the TERS measurements are

performed.
2.8 Summary

The underlying principles of TERS were reviewed in this Chapter. In brief, Raman
scattering was defined as the inelastic scattering of light caused by laser induced
molecular vibrations in a medium. The low cross-section of this inelastic scattering can
be improved within plasmonic fields created at the surface of the noble metals upon
illumination by proper laser wavelengths. The phenomenon constitutes the basis for
surface-enhanced Raman spectroscopy, which provides a highly sensitive analytical
method to detect very low concentration of a large variety of samples. It was discussed
that the complex dielectric function of noble metals along with the dimension and size of
the metal nanostructures play key roles in excitation of their plasmon resonances. TERS
was then introduced as a revolutionary method that was formed on the basis of surface-
enhancement in an effort to surpass the diffraction limit in conventional microscopy and
spectroscopy. The confined electric field at the nanoscale apex of the metallic TERS tip
functions as a secondary nanosource of light, which enables the direct analysis of few

nanometer domains on the surface of the sample. The enhancement of the Raman
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scattering in SERS and TERS was analyzed on the basis of two mechanisms termed as
the electromagnetic enhancement and chemical enhancement. The former is believed to
play a dominant role in the accessible enhancement in TERS while the later is more
pronounced in surface-enhanced method where the molecules come to direct contact with
the metal surface. The TERS technique will be detailed from a more experimental and

technical point of view in the following Chapter.
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Chapter 3

3  Experimental Design and Technical Aspects for Tip-

enhanced Raman Spectroscopy

Tip-enhanced Raman spectroscopy is a promising technique for chemical analysis and
surface characterization offering a nanometer scale spatial resolution. Nevertheless, several
challenges prevent the widespread application of this technique. Fabrication of efficient
TERS probes is indeed one of the most critical challenges. The nanometer spatial resolution
in TERS measurements is mainly limited by the size and the shape of the TERS probe. An
optimized fabrication method is thus the key to prepare efficient and reproducible tips.
Moreover, the polarization of the incident light is an important factor to optimize the
enhancement in TERS measurements. The efficient excitation of the plasmonic resonances
occurs when the incident light has a component along the tip axis. This can be achieved more
easily in reflection TERS configuration by rotating the input polarization in the plane of
incidence. However, it becomes more complex when using a transmission TERS scheme. In
such case a radially polarized light source can be used to create a longitudinally polarized

component oriented along the tip axis.

This Chapter reviews the key components and technical aspects involved in development
of an optimized TERS setup. The Chapter summarizes the optimal parameters to achieve

high sensitivity and high spatial resolution in TERS experiments.

3.1 Technical Aspects

3.1.1  Methods for Controlling the TERS Probe Position

The enhancement of the electric field in TERS is confined in close proximity of the tip
apex. The dimension of the confined area ranges from few to tens of nanometers.
However, it has been theoretically' and experimentally” evidenced that the tip-
enhanced signal decays quite rapidly as the tip-sample distance increases. Owing to its
near-field nature, the intensity of the Raman signals decrease rapidly by extension of the

tip-surface distance.” Consequently, it is essential to precisely control the position of the
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tip with respect to the sample surface. To fulfill this purpose, the precise control over the
tip position (feedback mechanism) provided by scanning probe microscopy (SPM), is
ideal. Atomic force microscopy (AFM),*® scanning tunneling microscopy (STM)"’and
sheer force (SF)'*!! feedback controls are the three SPM methods that have mainly been
utilized in TERS. The feedback system, along with a piezoelectric sample scanner,
enables the scanning of the tip and its positioning on a particular region of the sample

with sub-nanometer resolution.
3.1.1.1 AFM Feedback

In AFM, the reflection of a laser beam from the cantilever backside is used as the
feedback parameter. The reflection of this laser allows one to monitor the tip-sample
distance and to maintain a constant interaction using a feedback loop. The feedback loop
is equipped by a piezoelectric tube that controls the tip position in xyz directions as

illustrated in Figure 3.1a.
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Figure 3.1 Illustration of different SPM feedback systems (a) AFM feedback with
tip oscillating vertically with respect to the sample surface (b) STM feedback with
tip oscillating laterally with respect to the sample surface (¢) shear force feedback
with tuning fork mounted vertically and the tip moving laterally with respect to the
surface (d) feedback mechanism with tuning fork mounted horizontally and the tip

oscillating vertically with respect to the sample surface
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The tip-sample interaction is enabled through various AFM modes such as contact and
non-contact (intermittent contact or tapping mode. Both contact and non-contact modes
are applicable for TERS measurements. The advantage of contact over non-contact mode
is the constant distance between the tip and the sample which results in a consistent
enhancement over the surface. On the contrary, in tapping mode the tip oscillates and its
distance from the surface changes constantly.'> However, upon each Raman acquisition
the tip oscillates several times during which the tip-sample distance ranges from a few to
tens of nanometers. As a result, the Raman signal is an average of contact and non-
contact signals. In general, lower interaction between the tip and the sample is expected
in non-contact mode, which is an advantage specially when working with delicate
samples and/or probes that are coated with a thin layer of noble metal. The time during
which the tip is in closer proximity (near-field) of the sample can be controlled by
optimizing the oscillation amplitude. In addition, near-field contributions can be
separately detected by synchronizing the laser with the time duration when tip is in near-
field of the sample and using a shutter to collect the signal only when the tip is in
sample’s close proximity."* In addition, by using fast detectors such as avalanche
photodiodes (APD) and a lock-in amplifier, optimization of the signal/noise ratio

becomes possible through discriminating the far-field from the near-field contribution."

There is however one important limitation involved with AFM based TERS setups
arising from the use of an internal laser diode located inside the AFM head and with
wavelength usually in the near-IR range. This light source used to maintain the feedback
between the surface and the tip restricts the choice of Raman excitation wavelength to
UV-visible due to the possible interference of the AFM laser with the detector of the
spectrometer. Nevertheless, the addition of filters can be useful to eliminate parasitic

wavelength of the AFM laser.
3.1.1.2 STM Feedback

In STM, the tip-sample distance is controlled through keeping a constant tunneling
current between a conductive tip and a conductive sample, as illustrated in Figure 3.1b.

The tip-sample separation in STM setups is in the sub-nanometer range, which is
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generally smaller compared to AFM feedback.'” Metal tips obtained by electrochemical
etching of gold or silver wires are generally employed. The fact that the substrate has to
be conductive restricts the choices of TERS optical configuration and the samples.
Nevertheless, the need for a conductive sample could be resolved by utilizing conductive
substrates which are typically metallic or carbon thin plates. Top or side illuminations
configuration is generally combined with STM feedback to be compatible with opaque
substrates.'* TERS optical configurations including top and side illuminations will be

discussed in detail in section 3.1.2 of this Chapter.
3.1.1.3 Shear Force Feedback

In shear force feedback systems, etched TERS metallic tip is mounted to a tuning fork
which usually oscillates horizontally with respect to the sample surface as illustrated in
Figure 3.1c¢. In such cases the feedback system holds relatively constant distance
between the tip and the sample which resembles contact AFM modes. This configuration
is mostly applicable for samples with low roughness and horizontal features. The tuning
fork is usually made from quartz crystals and resonates at a frequency in the range of 30-
100 kHz."" The oscillation occurs in the plane parallel to the sample surface and the
feedback is maintained by monitoring the change of the current induced to the tuning fork
by the tip-sample shear force interactions. The tuning fork itself is attached to a

piezoelectric tube as a part of the feedback loop.

It is also possible that the tuning fork is mounted horizontally with respect to the sample
surface (Figure 3.1d). Instead of shear forces, tip-sample interactions will be mainly

induced by Van der waals and electrostatic interactions in this setup.

An advantage of using a tuning fork scheme compared to standard contact AFM comes
from the fact that the choice of Raman excitation laser is not limited to UV-visible due to
the absence of feedback laser diode. In shear force setups however, the tip has to be glued
to the tuning fork where the quality of the gluing could result in a less stable and

reproducible feedback response with tip-sample separation in 5-30 nm range.'®"’
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3.1.2 TERS Optical Configuration

TERS setup is typically a combination of an AFM/STM microscope and a Raman
spectrometer together with selected irradiation wavelength. In TERS, a part of the
focused light gets localized at the tip apex and excites the Raman scattering of the sample
molecules in close proximity to the tip apex. The back-scattered light has to be collected
efficiently and analyzed with a spectrometer prior to detection with detector such as
charged-coupled device (CCD),"®" avalanche photodiode (APD)***! or photomultiplier
detector (PMT).**** Within the TERS setup however, different optical configurations,
can be utilized for illuminating the tip and the sample. The choice of the illumination
configuration might limit the type of samples that could be studied by a particular TERS

setup, as will be discussed in the following section.
3.1.2.1  Side lllumination

Side illumination is a strategy of choice for opaque samples or when the AFM system
does not offer access to optical component to irradiate or collect light.** In side
illumination, the laser is focused on the tip from the side and by using microscope
objectives with long working distance at an angle in 45-70° range relative to the tip

25-27

axis. This angle guarantees a laser polarization component along the tip axis as

required in TERS measurements. The collection is insured using the same objective in a

262831 or using a different objective on the reflected path®=* or

back-scattered geometry
from bottom using a different objective.”® Because the illumination is performed at a
defined angle, the laser focal point on the sample surface is not totally symmetric and
spread over a larger surface. Therefore, higher laser powers of 5-10 mW are usually used
to compensate the energy loss due to larger laser spot size.'* The low numerical aperture
of long working distance objectives (N.A. ~ 0.7 ) is a disadvantage to the efficiency of
the collection of the tip-enhanced photons. Metal surfaces have been successfully
employed as substrate to benefit from the further enhancements produced between two

dipoles formed by metal tip and a mirror dipole in metal substrate.”** Side illumination

configuration is illustrated in Figure 3.2a.
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Figure 3.2 TERS optical configurations (a) side illumination, the back-scattered
light can be collected either by the illuminating microscope objective or a different
one in transmission geometry. The two objectives are depicted in grey and green
respectively (b) top illumination, the back-scattered light can be collected either by
the illuminating microscope objective or by a different one in transmission geometry
The two objectives are depicted in grey and green respectively (c) illustration of
parabolic mirror-based top illumination configuration. Radially polarized laser is
focused by a parabolic mirror onto an etched gold tip connected to tuning fork (d)
bottom illumination geometry where both incident and back-scattered light is
collected by the same microscope objective (e) plasmonic TERS tip nanofabricated
through creating waveguides on the tip cantilever (f) etched gold tip with FIB
fabricated grating on its shaft. The tip is mounted on the tuning fork of a shear

force AFM.
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3.1.2.2 Top Axial lllumination

In top illumination configuration, axial illumination from the top is perpendicular to the

sample surface and is aligned along the apex of the tip.***

The non-angled illumination
in this configuration makes the focal point symmetric and therefore tighter focus is
achieved compared to side illumination. In addition, the reflecting illumination in top
setup allows for working on both transparent and opaque samples and it also is beneficial
for thick samples where the loss of light in transmission is high. With regards to
polarization considerations, as it would be discussed in section 3.3 and further in Chapter
4, radially polarized light with an electric field z-component along the tip axis are

beneficial for this illumination orientation. Top illumination is illustrated in Figure 3.2b.

In top illumination setup, the tip is located between the objective and the focal region;
therefore, the tip blocks a part of the incident light and a part of the detected signal. For
this reason, the focal dimensions of the laser and numerical aperture of the microscope
objective should be suitable for seeing the area around the tip and to collect the back-
scattered light more efficiently. A parabolic mirror-based setup is typically used in top
illumination configurations and has been illustrated in Figure 3.2¢. In these setups, a
radially polarized laser is focused by a parabolic mirror onto the tip. The numerical
aperture of these reflection objectives is between that of the side and bottom illumination

- - 27,3637
geometries and can be as high as 0.7.7">

3.1.2.3 Bottom Axial lllumination

In bottom illumination geometries, the light is focused by high numerical aperture
objectives on the sample and through a transparent substrate. Thin substrates such as thin
glass cover slips are generally used and the objectives are generally corrected with
respect to the thickness of the substrate. Indium tin oxide (ITO), quartz’® or transparent
gold plates® are other alternatives for glass substrates as long as the thicknesses are
compatible with a given microscope objective. In top illumination configuration, the
TERS tip is placed over the sample surface and inside the focal region of the Raman

excitation laser. Since the substrate and the sample are required to be transparent, AFM
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and shear force feedback systems are suitable for this optical geometry. In terms of the
choice for the microscope objective, if glass substrates are used, short working distance
microscope objectives can be utilized. Short working distance is usually the characteristic
of microscope objectives with high numerical apertures of 1.4. High numerical aperture
focuses the light more tightly into a smaller area which results in a decrease of
background signal. Oil and water immersion microscope objectives are from this
category. The same objective is usually used to collect the back-scattered light for

. 21,4041
detection.”™

In bottom axial illumination, the largest excitation of the plasmon resonances occurs
when the incident laser has a polarized component along the tip apex. Therefore,

243 or higher order laser modes such as radially polarized laser* are

longitudinal waves
mostly beneficial to this optical configurations. Bottom illumination configuration has

been illustrated in Figure 3.2d.
3.1.2.4 Advanced Optical Configurations

Beside the fundamental illumination configurations that are discussed above, other setups

are developed through optically manipulating the TERS tip.

Fabrizio et al.’ suggested that an adiabatic compression of the surface plasmon is
employed to conduct TERS measurements. Their approach is based on fabrication of
TERS tips with trapped waveguides which acts as a photonic-plasmonic device. The
waveguide is created on commercially available Si3Njy tips by using focused ion beam
(FIB) milling. The design of the waveguide on the tip, which is fully compatible with an
AFM system, is done in a way that the surface plasmon is focused towards the apex of
the tip cone. The operating principle of this device is illustrated on Figure 3.2e and the
SEM image of these tips is presented in Figure 3.3a. The geometric constrains of this
cantilever-based design, does not allow its application for opaque samples when bottom

illumination is applied.

Raschke et al.” proposed that adiabatic plasmon focusing is used through creation of a

grating on the shaft of an etched gold tip. In their setup an electromagnetically etched tip
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is mounted on an AFM tuning fork and the grating is generated on that via FIB milling.
In this configuration, the incident light gets focused onto the grating from the side and the
enhanced Raman scattered light gets collected from the apex of the tip in transmission
configuration. The schematic of this setup is depicted in Figure 3.2f and the SEM image
of these tips is presented in Figure 3.3b.

Figure 3.3 (a) SEM image of a trapped waveguide on SizN4s AFM cantilever. The
radius of the tip apex is 5 nm. The image is obtained from reference 34 with
permission from Nature publications.** (b) SEM image of an electrochemically
etched gold tip with FIB-cut grating on its shaft. The image is adapted from

reference 45 with permission from American Chemical Society.45

Despite the fact that the adiabatic tips have been successfully tested to study monolayer
of malachite green dye molecules® and silicon nanocrystals;** the time consuming and

costly fabrication methods restrict their applications.
3.1.3 TERS Experimental Setup

In the present thesis, the TERS setup is based on a commercial Raman spectrometer (600
gr/mm grating, HR LabRam, Horiba-Jobin-Yvon, Kyoto, Japan) connected to an inverted
optical microscope (IX71, Olympus, Tokyo, Japan) and interfaced with a 5 axis atomic
force microscope system (AFM, NanoWizard II Bioscience, JPK Instruments Inc.,
Berlin, Germany) to perform measurements in the bottom illumination configuration and

back-scattering collection geometry as shown in Figure 3.4.
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Figure 3.4 Scheme of the TERS setup used in this thesis. The linearly polarized laser
passes through a spatial filter to yield a homogeneous Gaussian spatial distribution
and then gets converted into a radially polarized light by a liquid crystal (LC)
polarization converter. The diameter of the radially polarized laser gets minimized
by means of a pair of convex-concave lenses before entering the microscope
objective. Next, the radially polarized laser gets focused onto the apex of the TERS
tip to excite the Raman scattering of the sample in proximity of the TERS tip. The
backscattered light from the sample gets collected using the same microscope
objective, passes through the notch filter to reject the incident wavelength and then
enters the spectrometer. Inside the spectrometer, a diffraction grating disperses the
light spatially, separating the distinct wavelengths. The dispersed light is then
detected by a CCD detector. A signal will be sent from the CCD to computer

software where the Raman spectrum is created.
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The AFM is equipped with a high resolution piezoelectric xy sample scanner as well as
an independent xyz piezoelectric actuator to independently control the tip position and to
hold the tip a few nanometers above the sample surface during TERS measurements. The
Raman signal of the sample is filtered from reflected laser or Rayleigh scatterings by
using a notch filter located prior to the spectrometer. With regards to the detection
system, a 0.8 m spectrometer equipped with a 600 gr/mm grating disperses the collected
light spectrally prior to detection. The spectral resolution achieved with this spectrometer
is typically 3-4 cm™. Alternatively, a 1800 gr/mm grating can be use to increase the
spectral resolution and diffraction efficiency; nevertheless the detected intensities will be
lower. A liquid nitrogen-cooled charge coupled device (CCD 1024x1600 pixels,
Symphony Horiba) with close to single photon counting capacity and high efficiency in
the visible range is also attached to this setup. When 600 gr/mm grating is used, the

obtained Raman spectra extends roughly over 1100 cm™ spectral range.
3.2 Fabrication of TERS Probes

The major challenge in performing successful TERS is to fabricate efficient and
reproducible TERS active probes. Two main factors should be considered when TERS
probes are designed. First, the required conditions to excite localized surface plasmon
should be fulfilled by choosing the right material with respect to the excitation
wavelength, second, the shape and size of the tip apex should be optimized to improve
the accessible spatial resolution.'**® The following sections discuss these issues in more

details.
3.2.1 Tip Material of TERS Probes

As discussed in Chapter 2, the localized surface plasmon resonance (LSPR) at the metal
interface gives rise to a field enhancement at the tip apex. The first factors to be
optimized are indeed the nature of the material that forms the tip and the dielectric
properties of the surrounding environment.*’ To do this optimization, the dielectric
constant of the tip material, the dielectric constant of the medium surrounding the tip or

the material underlying the metal coating™ on the tip must be properly selected according
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to the excitation wavelength. Polarization of the light*** has also a critical effect on

excitation of the LSPR which will be discussed later in section 3.3.

1.50

According to Le Ru et al.”” the ratio Ecphanced/Eo, With E,,..c.abeing the amplitude of the

enhanced electric field and £y being the amplitude of the incident electric field, becomes

very large if 6‘(0)) r-2g

medium*

&(w) denotes the dielectric function of the TERS tip at

frequency wand &, shows the dielectric function of the medium. This condition is

edium

fulfilled when Im(¢(»))~ 0 and Re(e(w)) = 2¢,,4 Im (¢(»)) and Re(¢(w)) are the
imaginary and real part of the dielectric function of the tip, respectively. Im(g(w))~ 0
guarantees that the dissipation losses are minimal and hence the imaginary part
determines the actual magnitude of the plasmon resonance. Im(s(w))~ 0 happens only in
materials with — 20 < Re(s(w))< 1 in the frequency range of interest.” Therefore, to
excite a strong optical response at a certain frequency, the dielectric function of different
material should be evaluated. To further discuss this effect, the real and imaginary part of
the dielectric function for gold, silver, copper and aluminum are presented in Figure 3.5.
The dielectric function values for these four metals are adapted from experimental values

reported in the literature.”'*
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Figure 3.5 (a) Real and (b) imaginary part of complex dielectric function for some
noble metals. The two charts are plotted based on the dielectric constant values
reported by Johnson & Christy for gold, silver and copper.51 Dielectric constants of

aluminum matches the values reported by Rakie.”
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The evaluation of dielectric functions, which are available in many textbooks "

along
with absorption/emission behavior of different metals and stability under ambient
conditions leads to the conclusion that silver and gold are expected to be the most useful
metals in visible range of light. However, it should be noted that the dielectric functions
of the two metals show significant difference within UV-visible region.”® The imaginary
part of the dielectric function for gold (similar to copper) has large values below 600 nm
wavelength and therefore, it significantly absorbs light in this region. Above 600 nm,
gold exhibits considerable plasmon resonance. Meanwhile, silver shows plasmonic
resonances over the whole visible range. Aluminum absorbs strongly over the whole
visible range while it is resonant in UV range and has low absorption down to a
wavelength of 200 nm. In the deep UV region, the dielectric function of aluminum shows

reasonably small imaginary part, whereas the real part stays negative.”°

Additionally, Re(&(w))~—2¢

‘nedivm 1Plies that the underlying material below the metal
coating could be altered to tune the plasmon resonance frequency of a tip.* Materials
with high refractive index as well as silicon (n=4.4) shift the surface plasmon towards
higher wavelengths. This has negative effect on overlapping of the excitation laser and
the surface plasmon in the TERS tip.’’ Substituting silicon tips with SiO, (n=1.5) or Si3Nj
(n=2.05) tips are useful for reaching higher enhancement in blue/green wavelength
ranges.”® Coating silicon tips with a low refractive index material such as AlF; or
Si0,°* below silver coating is an alternative way to change the plasmon resonance

frequency of silver tips towards blue/green spectral range. The effect of additional layers

on optical properties of coated tips has also been numerically predicted.’*’

In this thesis, the choice of the material for coating TERS probes is limited to gold with
excitation of 632.8 nm and silver with 532 nm. AFM tips are chosen to be commercially
available silicon tips for the majority of the work while nanocrystalline diamond tips are

utilized for the specific case study of silicon nanowires presented in Chapter 6.
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3.2.2 TERS Tip Geometry

The size, shape and the roughness of the metal coating deposited over the tip are
parameters that also strongly influence the enhancement of the electric field around the
apex. Since in TERS the spectral measurements originate from the tip apex, smaller tip
apex results in investigation of a smaller volume on the sample surface and therefore
increased spatial resolution.”*>* Additionally, sharper apexes experience larger charge
density which leads to larger local enhancement of the electric field. On the other hand,
since the tip dimensions are comparable with the oscillation wavelength of the electrons
inside the locally confined electric field, defects as small as the grain boundaries within
the metal thin film can change substantially the plasmon frequency. The amount of
defects and hence the sharpness of the apex could be controlled during the tip preparation
process only to some extent.'' This explains the low reproducibility of TERS active tips
and variation of LSPR for the tips of similar dimensions that are prepared using similar
procedures. This could be problematic since only stable plasmonic activity gives reliable
and reproducible enhancement of the Raman scattering and consequently a well resolved

chemical imaging.*®

Two different tip geometries are used in the current thesis depending on the experimental
requirement. The majority of the TERS measurements are conducted using tapping mode

NCL-silicon tips from Nanoworld™

. The SEM image of these tips is shown in Figure
3.6a. These tips are shaped like a polygon based pyramid with height of 10-15 pm. The
radius of the tip apex is in the 20 nm range. For TERS study of silicon nanowires ND-
DTIRL all diamond tips from Advanced Diamond Technologies' were used. Diamond
tips were used to prevent the interference of the Raman signal of the silicon cantilever
with the signal of silicon nanowires. These tips have a 3-sided pyramid structure with
pyramid height of 5-7 um and an opening angle wider than the one from the NCL tips.
The apex diameter is in 20 nm range. The large opening angle of TERS probes promote
the enhancement of the signal from the walls of the tip which leads to poor imaging

resolution as it will be discussed in Chapter 6 of this thesis. An SEM image of these tips

is shown in Figure 3.6b.
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Figure 3.6 SEM images of (a) silicon NCL tapping mode AFM tip (b) ND-DTIRL
nanocrystalline all diamond AFM tips

3.2.3 Fabrication Methods

Several approaches were proposed for the fabrication of TERS probes. Electrochemical
etching of metallic nanowires is often used for homemade setups or setups based on a
STM feedback or tuning fork based systems. Another approach is to deposit a thin layer
of metal by sputtering or electron beam induced metal vapor deposition on commercially

available AFM tips.** The two methods are briefly reviewed in the following sections.
3.2.3.1 Electrochemical Etching

For TERS probe preparation, gold or silver wires are materials that are generically
sharpened using electrochemical etching. To prepare gold tips, a voltage is applied
between the gold wire (typically 100 um diameter) and a gold ring electrode that
surrounds the wire, while both wire and the ring are immersed in concentrated
hydrochloric acid and ethanol (1:1 V/V) electrolyte. In a procedure proposed by Ren et
al.”a gold ring of about 8 mm diameter made of 1 mm thickness gold wire is placed on
the surface of the etchant solution in a way that % height of the ring is immersed in the

67-69 70 . - - :
or carbon’" rings are also widely used in etching

solution. Other than gold,*® platinum
of gold wires. A gold wire of 0.25 mm thickness is then immersed in the center of the
gold ring so that 2-3 mm of the wire is inside the etchant solution. Schematic of the

etching reaction is presented in Figure 3.7. Upon applying the voltage, a large surface
tension is formed between the ring and the gold wire which creates a meniscus on the

surface® as is depicted in Figure 3.7. The etching proceeds more quickly within this
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meniscus region. During etching, a downward flow of AuCly occurs along the wire which

results in a partial ion concentration gradient that decelerates the etching of the lower
portion of the wire. This leads into the necking of the wire near the meniscus as shown in

Figure 3.7."!

Cathudel Au anode TR,

Au anode
" cathode ring w \/.\Catnode ring-...,___

5 2 AuClI, AuCI,
Etching solution
HCI + C,H.OH p

Figure 3.7 The schematic diagram of the etching process for fabricating the gold
tips. The gold wire is immersed through a floating cathode ring into the etching
solution of HCI and ethanol. The anode (gold wire) and the cathode ring are

connected to an AC/DC current supply.

The mechanism of etching, which leads to dissolving of gold in concentrated HCl is

shown in the following half cell reactions:

Anode: 2Au+8CT ——3= 2AUCl, +6¢ (3.1)

6H,0"+6e- —» 6H,0+3H,

Cathode: (3.2)

Near the interface between the gold wire and the etching solution, the half reactions in
anode results in consumption of a large amount and the depletion of CI'. Simultaneously,
gold oxides will be formed on the wire, which passivates the gold surface and decreases

the reaction current consequently. However, more Cl' migrates from the bulk solution

towards the gold wire, which enforces the dissolution of gold oxide as AuCl, . This

would expose the bare gold surface to HCI and thus increases the reaction current. For

this reason the reaction current shows periodic changes upon the etching process. As the
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etching proceeds, the gold wire becomes thinner at a position below the meniscus until it
breaks and the lower part of the wire falls down. The voltage should be shut off at this

point.

Fabrication of ideal TERS tip requires that a proper voltage is applied to the etching
reaction. Proper voltage causes a stable reaction current oscillation and higher etching
quality. Ren ef al.*’ proposed that a voltage more positive than 1.4 V with respect to a
standard calomel electrode should be applied. Nevertheless, higher voltages would
accelerate the reaction rates and lead to formation of O, and Cl; side products. Gaseous
species cause bubbling which roughens the surface of the tip. Addition of ethanol
however, decreases the chance of bubbling’® because of the ethanol’s low surface tension
(22.27 mN/m, for water this value is 71.97 mN/m) and results in formation of smoother

gold surfaces.”

It should be noted that the utilization of a metal ring as counter electrode may cause some
technical problems during the etching process.” If AC voltage with frequencies higher
than 1 kHz is used, porous by-products will cover the ring as the etching precedes which
contaminates the tip. AC voltages with frequencies as low as 10 Hz should be applied to
avoid this problem.®® If the ring is placed inside the etching solution, it also produces
bubbles which may deform the shape of the tip. For this reason the ring should be kept on
the surface to help the bubbles evaporate into the air.”® In addition, the position of the
ring with respect to the wire may result in asymmetric etched tip. For the reason of these
difficulties, some researchers conduct the etching reaction in absence of any cathode ring.
Richards et al.” position the gold nanowire inside the etching solution in the center of a
bottomless beaker with holes on its walls to ensure an even distribution of ion flow

during the etching.

For silver tips two main etching methods are usually used. In the first method, the 0.25
mm diameter silver wire is immersed by 6 mm in 10-35% aqueous ammonia electrolyte
and a stainless steel plate is utilized as counter electrode. Etching reaction occurs when a
current flows through the electrolyte. No metal rings are required in this method. Here the

silver wire is manually removed with a 0.2 mm/min steps to form a cone on the body of
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the wire. After 10 min the removal is stopped and the etching continues until the lower
part of the silver wire inside the etching solution drops. Tip apex radius of 50-100 nm can
be achieved by this method.” In the second method, 60% aqueous solution of perchloric
acid and ethanol (1:2 V/V) mixture is used. The silver wire is immersed at the centre of a
silver ring that acts as cathode and as soon as a voltage of 1.5 V is applied the etching

reaction would begin. The apex size in this method ranges from 50 to 100 nm too.”

The electrochemical etching of the tips can be performed by using alternating (AC) or

. 65,67,69,70,75-77
direct current (DC).”"">"™

When DC voltage is applied, the electrochemical
potential gradient around the tip controls the etching process through controlling the ionic
motion of the electrolyte. Under DC voltage, mass transfer from the vicinity of the tip is
controlled by convection and electrochemical potential gradient such as diffusion and
migration.”® This process can however be haphazard and slow and therefore, sharpening
of the tip may not necessarily occur in a clear and directional manner. On the contrary,
under AC voltage a bubble will form during one half cycle which will be directionally
forced upward by buoyancy. The etching rate is indeed controlled by the flow of this
driving stream which removes the etched material from the vicinity of the tip. As
opposed to normal etching where the bubble flow moves towards the tip shank, the flow
moves away from the etched part of the tip which provides better conditions for
formation of the tip. The presence of this bubbling flow has been evidenced through

optical microscopy.”’ Nevertheless, when gold rings are used, AC voltages can be

problematic due to the potential etching of the ring.”

SEM image of a gold tip fabricated through AC and DC electrochemical etching of gold
nanowires done by Marion Bouchet, a former member in our research group, is presented
in Figure 3.8. The gold tip produced through applying 2.4 V AC voltage with 3 kHz
frequency and 70 psec/impulsion pulse rates is shown in Figure 3.8a. The method
however yielded low reproducibility. Electrochemical etching of a gold wires using 2.4 V
DC voltage resulted in fabrication of gold tip similar to the one shown in Figure 3.8b
with good reproducibility. (1:1 V/V) mixture of HCI (37%) and ethanol (96%) was

utilized as the etching solution in these series of experiments.
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Figure 3.8 SEM image of gold tip etched inside the etching solution of (1:1 V/V) HCI
and ethanol using (a) DC and (b) AC voltage

Despite the fact that the etching process could be controlled through optimizing the
voltage and etchant mixture, it is not easy to combine these tips with the commercial
AFM microscopes. The etched tip should be mounted to a tuning fork or dither
piezoelectric in a way that the total added mass of the tip and the glue is minimal.
Additional mass could potentially cause damping of the tuning fork (or dither
piezoelectric) resonance frequency and influence the maintenance of the feedback
sensitivity.”* Electron beam induced vapor deposition or sputtering of metal onto the
commercially available AFM tips is a widely used alternative for fabrication of TERS

active tips, which will be described in the following section.
3.2.3.2 Metal Vapor Deposition

Using this approach metal islands are created on the tip through thermal evaporation of
the metal, which is induced by an electron beam inside a vacuum chamber.*’ Metal
islands are essential for creating the proper hotspots at tip apex, which are necessary for
TERS activity. Nevertheless, it has been shown that the presence of one metallic grain on
the tip end may not guarantee the TERS activity and a cluster of nanoparticles might be
necessary.*® However, if the cluster is too large it would have negative effects on the
resolution of the TERS measurements even though the tips are TERS active. As a result
there should be a balance between the thickness of the evaporated metal and the effort to

get metallic islands at the tip end. 30 nm thicknesses have repeatedly resulted in good
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yield of producing active probes with proper apex sizes of sub-50 nm.**®* The deposition
rate however should be experimentally tuned in accordance with the deposition
conditions and more specifically the distance between the metal source and the tip inside
the deposition chamber. This is because the source temperature could have a significant
effect on morphology and quality of the resulting film through inducing annealing of the

coating.

In the current thesis, electron beam vapor deposition was utilized to coat the non-contact
tapping mode AFM probes with gold or silver. The vapor deposition was done in the
nanofabrication laboratory at the university of western Ontario. The coating of the tips was
conducted by electron beam induced thermal vapor deposition of around 5 nm titanium used
as an adhesion layer followed by 30 nm of gold or silver inside a vacuum chamber. The
deposition rate was set to 0.1 A/sec to acquire a homogeneous layer of metallic grains .

Figure 3.9 shows the SEM images of the resulting coated tips.

Figure 3.9 SEM images of silver coated silicon tips (NCL tapping mode tips,
NanoWorld™). The coated layer includes 5 nm of titanium and 30 nm of silver. (a)-
(d) present different magnification of the same image. A metal island of around 30

nm diameters is formed at the tip apex as presented in (d).
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As shown in Figure 3.9d, thermal vapor deposition provides a single silver island at the
tip apex when optimized deposition conditions are applied. The silver grain size at the tip

apex has a diameter of around 30 nm.

Typically one out of every five tips that got metal coated for the TERS measurements of
this thesis exhibited TERS activity. This is despite the fact that they are all prepared
simultaneously and under the same conditions. The yield is however acceptable when

compared to the previously reported results in literature.*¢*>8483

3.2.3.3 Advanced Fabrication methods

There are some alternative techniques to electrochemical etching and vapor deposition.

One of these methods includes attaching a gold nanoparticle to the end of an AFM tip and

further tailoring of the particle by ion beam milling.***” Bow-tie antennas®**’

90,91

and tip-on-
aperture techniques™ ~ are developed based on this method, however, they are expensive
and time consuming and hence not practical."°SEM images of these two tips are

presented in Figure 3.10.

1000nm

Figure 3.10 (a) Top view SEM image of bow-tie optical antenna at the apex of an
AFM tip. The image is obtained from reference 89 with permission from American
Physical Society.*®(b) Side view SEM image of a tip-on aperture nanoantenna. The
image is obtained from reference 92 with permission from American Chemical

Society.91
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In a different method, colloidal particles as isolated metal islands are formed at the tip
apex through immersing the tip inside a colloidal solution of the metal.”>** A
nanoparticle of diameter in range of 20-80 nm is deposited onto the tip apex.
Enhancement of the Raman signal in using the mentioned tips were evaluated by TERS
study of Rhodamine 6G”* and p-aminothiophenol monolayer adsorbed on 20 nm silver
thick films.”” In general, picking and attaching the nanoparticle to the tip makes the

fabrication method challenging.

Sculpturing the metal nanowires by focused ion beam (FIB) milling is also an alternative
method for fabrication of smooth tips;’* however the method is slow and costly and could
result in unwanted ion implantation.”” An example of FIB fabricated tips is illustrated in

Figure 3.11a.

Figure 3.11 (a) SEM image of a TERS gold tip fabricated by focused ion beam (FIB)
method. The image is obtained from reference 95 with permission from Annual
Reviews.”(b) SEM image of a template-stripped gold tip. The image is obtained

from reference 97 with permission from American Chemical Society.96

Template-stripped gold pyramids are another way for fabricating TERS tips with sub-20
nm resolution.”® The template basis of the method enables mass production of uniform
tips. Using a 100 nm thick Si;N4 mask on a silicon wafer, large openings (tens of pm's)
are created in the silicon nitride with standard photolithography exposure, development

and etching. This opening defines the area of further etching in silicon. A subsequent
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chemical etch in potassium hydroxide creates inverted pyramids.”” Coating the inside of
the inverted pyramid by thin metals layer produces pyramidal tip apexes of sub-10 nm
diameter and 70.52° opening angle. The pyramids are then attached to a thin tungsten
wire to be used in AFM setups. A sample SEM image of these tips is shown in Figure

3.11b.

3.2.4  Reproducibility and Lifetime of TERS tip

Chemical degradations such as oxidation or adsorption of molecules or mechanical wear
damages are two main sources that limit the lifetime of the TERS tips. Chemical
degradation is usually caused through reaction of ambient gases with the metal coating of
the tip. For example, silver coated tips are very reactive under ambient condition due to
their reaction with the oxygen and sulphur from atmosphere. Formation of oxides and
sulphides on the silver layer alters the plasmon resonance which results in the loss of the
enhancing properties within 24 h after the coating process.”® Gold tips have longer
lifetimes and could remain active for weeks; however, due to higher absorption they
exhibit less enhancement of electric field in visible light range. To avoid chemical
degradations, all the coated tips (silver or gold) used in current thesis were used within 24
h of preparation. In addition, after removal of the coated tips from the deposition
chamber, the tips were stored in desiccators that were purged with nitrogen to minimize

contact with more reactive ambient gases.

Mechanical wear damages are typically caused upon usage and result in removal of the
metal coating from the tip apex.”® Mechanical degradations can significantly alter the

shape of the tip apex. An example is shown in Figure 3.12.
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200 nm

Figure 3.12 Mechanical damage of the silver coating layer after several scans with

non-optimized feedback parameters

The peeling of the metallic coat is usually due to the fact that the coating does not stick
properly to the tip which results in the loss of sensitivity in TERS tip after conducting a
few scans. Mechanical resistance of the tips could be enhanced upon coating with an
additional thin layer of alumina or silicon oxide as reported in literature.” However such
protective layer may be detrimental to local enhancement as it will be discussed in

chapter 4.

To decrease the chance of mechanical damages in the current thesis, AFM scans were
conducted using certain parameters which minimize the tip-sample interaction. The AFM
scan prior to TERS measurements were performed with low scan rates (~ 0.2 Hz/line)
and low driving forces. Since these settings typically have negative influence on the
resolution of the acquired AFM scans, higher quality AFM images were in some cases
collected after the TERS measurements were completed. Overall, the TERS parameters
must be adapted to the type of sample under investigation and spatial resolution may be

affected by the type of sample as much as the type of tip used.

It is also noteworthy that pollution of the tip during scanning can lead to artifacts in AFM
and Raman imaging and therefore, must be avoided. These artifacts are usually caused

through picking up a piece of the sample by the tip upon scanning. Clearly, a
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contaminated tip will result in observation of Raman spectra that do not correspond to the
probed spot on the sample. To avoid misinterpretation of the Raman spectra, a single

spectrum should be acquired on a clean spot where no sample is present.
3.3 Laser Polarization

The dominant contribution towards the enhancement in tip-enhanced Raman spectroscopy
arises from a large enhancements in electric field strengths, as the external electromagnetic
field couples to localized surface plasmon resonance (LSPR) of the metal tip with dimensions

1% The enhancement magnitude meanwhile, depends

smaller than the wavelength of the light.
strongly on the polarization of the incident laser with respect to the tip axis.*** In a light

source such as laser beam, the electric field, E, and magnetic field, £, oscillate perpendicular
to each other and perpendicular to the propagation direction, k. Electric field interactions with

the TERS tip in backscattering configuration are summarized in Figure 3.13 for both a

transverse mode and a radially polarized mode of light.

a b

Figure 3.13 (a) Interaction between a metalized tip and Gaussian transverse
polarized mode creates no component along the tip axis (b) interaction between a
metalized tip and radially polarized mode generates a field component along the tip

axis
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When a transversely polarized laser is focused using low numerical aperture microscope
objectives, the output laser is approximately a Gaussian beam with electric and magnetic
field transverse to the propagation direction. By using high numerical aperture objectives, the
focus is tight and limited by the diffraction limit to about A/2 and the resulting electric field
predominantly keeps original transverse polarization. However, a more careful observation of
the individual polarization components of the focused electric field shows some weaker
components polarized along the tip axis and along the propagation direction. As developed in
Chapter 4, these z components localized in two main lobes around the tip are weak but can be
used effectively to enhance the field at the apex of the tip as long as the tip is located in one
of these two lobes. However, since most of the electric field component are polarized
transversally, it will drive the free electron of the metal tip from left to right (Figure 3.13a)
resulting in a net field close to zero at the center of the tip apex.'”" In this case, diametrically
opposed points on the tip surface have opposite charges and the apex of the tip remains
uncharged and no field enhancement would occur.'® In the present thesis, whenever a
linearly polarized light has been utilized, the TERS tip has been located inside one of the two
charge accumulation lobes located at the opposite sides of the tip. The detailed description of

the two charge density lobs is discussed in Chapter 4 of this thesis.

3.3.1  Experimental Setup to Generate Radial Polarization

Several approaches have been used to generate a radially polarized mode. Quabis ez al.’”

used four segmented half waveplates to generate a radially polarized beam. Each of these
four half waveplates are orientated in a way that their optical axis rotates the incoming
electric field to the points in the radial direction. Saito et al.’”’ employed a radial waveplate
which was made by orienting eight segmented half waveplates with optical axes in different
directions in order to generate radial polarization. These approaches however, suffer from the
complexity of fabrication including the cutting and assembly of the waveplate segments.
More importantly, the resulting waveplate is effective at a single wavelength which restricts
the application of the setup. Recently a liquid crystal (LC) modulator was developed
(Arcoptix ™, Switzerland) to generate a radially polarized beam that can be tuned for a wide
range of wavelengths between 350 to 1700 nm. The general configuration of LC modulators
is shown in Figure 3.14. LC modulators consist of a polarization convertor (8-cell), a phase

compensator that allows A/2 phase step between the upper and the lower half of the 0-cell and
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a twisted nematic cell to rotate the entrance polarization by 90° and permit to switch between

the azimuthal and the radial polarization for the output light (Figure 3.14).

/ radially or
azimuthal

incident linear
polarization

—

phase twisted o-cell
compensator nematic cell
Figure 3.14 Liquid crystal polarization modulator configurations. Linearly
polarized light enters from the left first into the phase compensator. The electric
field vectors might be rotated by the nematic cell and the light will exit with a

radially or azimuthally polarization from the 0-cell.

The top half of the phase compensator (black line across the phase compensator in
Figure 3.14) has an electrode that permits changing of the inclination angle of its liquid
crystal molecules, which changes its extraordinary refraction index. By applying a bias
on the electrode the retardance is reduced compared to the bottom half where the
retardance stays constant. As a result, the light phase in lower half of the compensator is

different from the upper half by a A/2 step.

The function of the twisted nematic is also based on the precisely controlled realignment
of liquid crystal molecules between different ordered molecular configurations under the
action of operating voltages. When the nematic cell is switched off, light does not
experience any polarization rotation. A switched-on nematic cell however, rotates the

polarization by 90° angle.'™

In 6-cell, the entrance and the exit plates are linearly and circularly rubbed, respectively, and
the cell axis is at the direction of the linearly rubbed entrance plate (see 6-cell in Figure
3.14). A linearly polarized beam that enters the 0-cell has an electric field parallel or
perpendicular to the cell axis. The polarization conversion for each of the two inputs is

summarized in Figure 3.15. Light with polarization perpendicular to the cell axis will be
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radially polarized when it exits the cell (Figure 3.15a). ™ If the polarization of the input light

is parallel to the cell axis, the output light will be azimuthally polarized (Figure 3.15b).

radial polarization

azimuthal polarization

Figure 3.15 (a) radially (b) azimuthally polarized light generated by 0-cell.

The experimental setup used in this thesis to generate radial and azimuthal polarization
consists in the following elements. A liquid crystal convertor along with other optical
elements such as mirrors, pinholes, lenses and optical spatial filters are utilized. An optical
spatial filter is a combination of a microscope objective and a pinhole. The relative position
of the objective and the pinhole should be optimized to create a homogeneous Gaussian and
parallel beam. Any convergence or divergence of the laser beam must be corrected in the
light path. A pair of converging and diverging lenses (convex and concave lenses) is utilized
to downsize the beam diameter by a factor of two. Smaller beam cross sections are more
easily matched with the entrance aperture of high numerical aperture microscope objectives
in TERS setup. Adjustable diaphragms are used to homogenize the beam by cutting out the
interferences of back reflected light from the various optical elements. Additional lenses and
pinholes might be necessary in order to minimize the size of the beam diameter before it
enters the microscope. A CCD camera can be used to evaluate the quality of the laser
beam during installation of the setup. An optical image of the radially polarized output of

the above setup at the CCD camera and also at the focal point of 1.4 numerical aperture
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oil immersion objective is presented in Figure 3.16. These images correspond to a
radially polarized 632.8 nm red laser (Figure 3.16a and c¢) and 532 nm green laser
(Figure 3.16b and d).

Figure 3.16 Radially polarized (a) 632.8 nm laser projected at a CCD camera before
reaching the microscope objective(b) 532 nm laser projected at a CCD camera
before reaching the microscope objective(c) 632.8 nm laser focused by a x100 oil
immersion objective with N.A.=1.4 (d) 532 nm laser focused by a x100 oil immersion

objective with N.A.=1.4

As shown in Figure 3.16c¢ and d, a high numerical aperture microscope objective could
decrease the beam diameter at focal point to around 1 um. Imperfections in the shape of the
beam (more specifically in Figure 3.16d) is due to phase imperfections caused by the
multiple optical elements located on the optical path. It is noteworthy that the middle part of
the doughnut which appears black in Figure 3.16¢ (dark in Figure 3.16d) contains the z
component of the polarization. Although the intensity of this component is less than the xy
components (bright areas in same image), it would get magnified by several orders of

magnitude once the TERS tip interacts with the center of this doughnut mode.
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3.3.2 Polarization Sensitive Raman Spectroscopy Experiment

Focusing a radially polarized light by a high numerical aperture microscope objective
generates a polarization component in z direction. Meanwhile, azimuthally polarized light
would only have polarization components in xy plane. As a result, performance of the LC
polarization modulator in generating radial and azimuthal polarization can be evaluated
through z polarization sensitive Raman spectroscopy. Z polarization sensitive Raman
components are barely detectable in conventional measurements by linearly polarized
laser due to the absence of significant polarization component in z direction at the focal

point.'®

For z polarization sensitive Raman measurements, o-quartz plate'® was utilized as a test
sample. a-quartz is a piezoelectric crystal with D3 symmetry. Group theory predicts 27
normal modes for this symmetry group from which four would be totally symmetric (4;
modes) and eight would be doubly generate (£ modes). Four 4, modes are infrared-
active. The remaining three are acoustic modes. £ modes are simultaneously infrared and
Raman active with peak frequency and intensities proportional to the sample orientation
with respect to the laser polarization. Out of 27 normal modes, two 4; and two E modes
are typically detectable by Raman in the UV-visible region.'”” the Raman tensor for these

modes has the following forms:'*

A E, E,
a 0 0 0 O 0 -c -d
0 a O -c -¢c 0 O (3.3)
0 0 b 0 d 0 -d 0 0

Incident polarization in z direction influences the tensor components o, (E)), 0,y (Ey) and
0:(A4;). On the other hand, the expected Raman signal intensity of each vibrational mode
is determined by the multiplication of three factors: the incident light intensities, the
corresponding Raman tensors and the detection efficiencies.'”” Therefore, the three
Raman modes would have different intensities due to various contributions from z

component and a difference in detection efficiencies between o, 0.y and a,. For
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example, 4, is the most intense Raman peak of o-quartz at 464 cm™ while the peaks at
359 cm'l, 394 ¢cm™! and 450 cm™ with contribution from 0Lz, O and oy, respectively,
have much lower intensities. For the current measurements, z-cut a-quartz sourced from
AGoptics™, was polished to a size of 20x20 mm® with a thickness of 200 um. In z-cut
crystals, the z axis of the crystal is along the thickness of the plate. The sample was
mounted on the sample stage in a way that the z axis of the crystal was parallel to the
propagation direction of the incident light. To collect the Raman signal of the a-quartz,
A=632.8 nm He-Ne laser was used as the excitation source. The sample was set on a xy
piezoelectric stage above a x60 water-immersion microscope objective with N.4.=1.20
which also collected the back-scattered light. The signal was guided to a spectrometer
equipped with 600 gr/mm grating and was detected using a liquid nitrogen-cooled CCD

detector.

The pure z polarization components of the Raman spectra of a-quartz can be extracted
from polarized Raman measurements. On the basis of the calculations done by Y. Saito
et.al,'™ the Raman intensity generated by a radially polarized light, contains 36%
transverse polarization contribution (I, +ly) at the focal point, which should be removed
from the Raman spectra to extract the contribution of the z polarization components. This
is based on the fact that Raman intensities are proportional to the intensity of the incident
light. The values for I, and I, which are the incident light polarization intensities at the

sample plane can be found in reference 109 (Kano et. al.).'®

To experimentally extract the z component contribution, the Raman spectrum of a-quartz
was obtained through illumination by azimuthally polarized light. 36% of the Raman
intensities in the collected spectra were subtracted from the Raman spectrum collected
after illuminating the a-quartz by radially polarized light. Figure 3.17a shows the Raman
spectra of a-quartz obtained with radially and azimuthally polarized laser. The spectrum
in Figure 3.17b shows the z component contribution. The results of Figure 3.17 are in
good agreement with previously published studies on polarization sensitive Raman
allowing one to confirm that the setup developed is functioning well with an efficient

radially polarized beam.
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Figure 3.17 (a) Raman spectra of the a-quartz obtained with radially and

azimuthally polarized laser (b) Z component of a-quartz Raman spectra
3.4 TERS Experimental Procedure

To conduct TERS measurements in the described TERS setup, the sample should be
deposited onto a transparent substrate which also does not absorb significantly the Raman
excitation laser used for the study. Thin glass or amorphous quartz cover slips are
generally ideal for this purpose due to their compatibility with high numerical aperture oil
immersion objectives. The sample should be deposited on the substrate in a way that it is
facing upwards. This is the only way that the TERS tip approaching from above could
sense the sample surface in bottom illumination TERS configuration. The TERS

procedure will be described in detail in the following sections.
3.4.1  Alignment of the TERS Tip to the Laser Focal Region

Since the enhancement of the Raman process in TERS originates from the local
excitation of the surface plasmon at the tip apex, the tip must be perfectly centered with
respect to the irradiation source. Consequently, it is essential to determine the position of
the tip apex on the cantilever in order to align it with respect to the focal point of a tightly
focused excitation laser. Two approaches can be used to perform such alignment that is

summarized in the following sections.
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3.4.1.1 Tip Alignment by Rayleigh Scattering Collection

In this method the TERS tip is scanned over the tightly focused Raman laser while it is in
feedback with the sample surface. As the laser illuminates the tip it gets back-scattered.
The back-scattered light gets collected by a photodiode which is connected to an input
channel on the AFM controller box.'” This generates an image of the cantilever similar

to what is shown in Figure 3.18.

Rayleigh scattering

Figure 3.18 Tip alignment based on the collection of the Rayleigh scattering from
the cantilever. (a) and(b) are images of an area around the tip apex proximity

recorded with different zoom.

As it is shown in Figure 3.18, the tip apex position appears as a bright spot on the
acquired image reflecting a higher scattering center. Smaller scan area and lower scan
rate in general create images with better qualities where the tip apex position is estimated
to be at the center of an area with 200 nm diameter (Figure 3.18b). It is noteworthy that
this bright area indicates the coupling of near-field scatterings into the far-field. Hence,
similar spots might be detected simultaneously from other positions on the cantilever that
should not be mistaken for the tip position. Since the tip is typically located in a
symmetrical distance from the edges of the cantilever, the optical images of a larger area
on the cantilever, similar to the image in Figure 3.18a, should help to discriminate other
bright spots from the tip location. Meanwhile, if the tip position is not determined
correctly and it is mistaken by a second bright spot on the Rayleigh scattering image, no

TERS activity will be observed.
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3.4.1.2 Tip Alignment by Raman Spectra Collection

An alternative method for alignment of the tip with respect to the Raman laser is to
collect the Raman spectra of the cantilever. In this method, the vertical deflection image
of the cantilever is first collected, which shows the overall shape of the cantilever as well
as the approximate tip position (Figure 3.19a). Once the rough position of the tip is
found, Raman spectra of an area on the cantilever around the tip position are collected.
The collected Raman spectra are then used to generate a Raman map of the cantilever
(Figure 3.19b). The creation of the map is done through integration of the area below a
characteristic peak in the Raman spectrum of the cantilever. For example for silicon tips
the intense peak at 520 cm™, corresponding to the first optical phonon mode of silicon, is
used. On this color coded map that indicates the variation of intensity of the 520 cm™

mode, the position of the apex appears as a most intense pixel.

700

vertical deflection

© s)un ‘qJe / Ajisuajul uewey

Figure 3.19 Tip alignment by Raman spectra collection (a) image of the cantilever
generated by light reflection caused by vertical deflection of the tip upon interacting
with the laser (b) Raman map generated by integrating the Raman intensity in the
[515-525]cm™ spectral range. The pixel with the larger intensity indicates the tip
location (indicated by a dashed circle in (b)).

This method is more time consuming compared to Rayleigh scattering alignment.

However, for some probes such as the diamond tip used in Chapter 6 of this thesis, the tip
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alignment is done based on the Raman map of the cantilever due to geometrical

restrictions that limit the quality of the Rayleigh scattering image.

Once the tip apex is located, the cantilever is immobilized in the corresponding x and y
positions while the z axis is still active to maintain a constant feedback between the tip
and the sample. The sample is mounted on its own piezoelectric stage and is scanned to
obtain the TERS spectra. It is noteworthy that during the alignment process, the position
of the cantilever in z direction also gets optimized. For this purpose the thickness of the
sample must be taken into account. If the thickness of the sample is more than 50 nm, the
alignment process could not be done on the substrate because the z position of the tip
during the TERS measurements on the sample surface would be different from the
alignment process. For this reason, when working with thicker samples, tip alignment
must be carried out on top of the sample surface. However, for thinner samples, doing the
alignment on the sample surface or on the substrate should not cause a significant
inaccuracy. Extra care should be taken to ensure that the cantilever position in xy
direction does not alter during the experiment. For this reason, mechanical vibrations

should be minimized in the room where the TERS measurements are being performed.

3.4.2 TERS Spectra Acquisition

Once tip alignment is performed, the first step of the TERS experiment will be to scan the
surface of the sample by AFM. The AFM scans should be done with the proper settings
and parameters that minimize the interaction between the tip and the sample. This will
decrease the chance of damaging the tip coating or breaking the sharp end of the apex

prior to the TERS measurements (see section 3.2.4).

After the AFM image is acquired, selected area or points on the surface can be
investigated by TERS. For this purpose, the spot of interest moves to the apex position in
a way that it is placed between the apex and the microscope objective inside the focal
point of the Raman laser. As the laser reaches the tip, it gets intensified at the apex where
the sample is placed few nanometers below it. The Raman scattering is then intensified
inside the enhanced electric field and collected in back-reflection mode. Tip-enhanced

Raman acquisition on an area over the sample surface creates a Raman image of that
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particulate area with high surface sensitivity and high spatial resolution. An illustration

for TERS mapping over the sample surface is shown in Figure 3.20.

= erS W

oscillation z

direction
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Raman scattering

excitation bedgy towards spectrometer

Figure 3.20 Illustration of TERS mapping process. After the AFM image of the
sample is collected, an area over the surface will be mapped. The mapping area is
divided into small pixels and a Raman spectrum will be collected from each pixel as
it moves to the close proximity of the TERS tip apex. The mapped area is shown by

a white dashed mesh in this figure.

3.4.3 General Considerations

To guarantee that the tip maintains its activity upon TERS measurements, the near-field
nature of the observed Raman spectra must ideally be checked. As it was discussed in
Chapter 2, the intensity of the enhanced signal should decrease as the tip-sample distance
increases. Within a few nanometers distance from the surface the near-field contribution
should rapidly vanish. Since the z position of the tip is well controlled, Raman
measurements can be done for distinct tip-sample distances. This feature is suitable for

tracking the signal decay.
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More AFM scans of the sample can be performed by the same tip after the TERS
measurements are finished. Since the nanoscale damages on the tip apex no longer cause
a concern, scanning parameters can be optimized to acquire higher quality AFM images
of the exact area, which is investigated by TERS. Under optimal conditions, the

oscillation amplitude of the tip does not need to be minimal.

At the end of the measurements, a Raman spectrum should be obtained as the tip
approaches a clean spot on the glass substrate. This is to guarantee that the tip is not
contaminated by the sample. No Raman peaks should be observed in the acquired Raman

spectrum at this stage.

Ideally the tip should be characterized by scanning electron microscopy to evaluate the
quality of the coating and the apex condition. SEM imaging however, should be avoided
prior to the TERS measurements. It is been reported in the literature that hydrocarbon
contaminations that are formed on the surface in open air are usually present in the SEM
chambers. Silicon oils from the diffusion pump and the grease of vacuum seals and
fingerprints are other sources of impurity that might enter the chamber.''® These
impurities will not be necessarily removed by ultra vacuum. During electron irradiation,
hydrocarbon molecules are cracked and carbon double bonds are form. The double bond
carbons undergo polymerization by cross-linking, and a carbon-rich contamination film
grows over the tip coating which alters the plasmon resonance of the tip and therefore,

should be avoided in TERS measurements.

3.5 Estimation of the Enhancement Factors in TERS

The enhancement factor (EF) of the electric field in TERS is the ratio between the

electric field intensity in presence (£4,) and absence (£)) of the TERS tip:14

Etip
EF = (3.4)
EO

The total enhancement in TERS originates from the enhancement of the excitation laser

and enhancement of the Raman scattered light. The enhancement factor for each source
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will be EF,,,, =E" /E*" and EF,

laser tip

= Ejm JEf™™ | respectively. E;~ and

E ™" are the incident and scattered electric field at the tip apex where E e and
E[™" are the incident and scattered electric field when the tip is absent.'"!

On the other hand, light intensity is proportional to the square of the electric field

strength. Therefore, the magnitude of the enhancement factor for excitation laser and

Raman scattered light would be EF,> and EF,

laser Raman >

respectively. As a result, the total

enhancement in TERS would be:

= EF? xEF?

TERS laser Raman (3 . 5)

EF

Equation (3.5) is especially useful to determine the enhancement factor obtained in
numerical simulations.''? To calculate the enhancement factor achieved in an experiment,
two factors should be determined. On the one hand, the spectroscopic contrast C which is
a comparison between the Raman peak intensities when the tip is in contact (in near-field
of the sample) and the intensities when tip is retracted (in far-field of the sample). This

contrast is often described as:*®

C — Inearﬁeld — Iincontact — ]relmcted (36)

] Sfarfield ] retracted

The second factor is the geometry factor that is critical to evaluate the contributions of
the far-field and near-field scattering volumes. Due to the relatively large dimensions of
laser cross-section, even when high numerical objectives are used, the investigated area
in far-field is much larger than the area that is illuminated by the tip in near-field. For this
reason the difference between the illuminated volumes in near-field and far-field should
be considered for the estimation of the experimental enhancement factor. In case of very

thin samples the volume could be replaced with area of the illumination. The far-field

2
rlaser

scattering originate from the entire focal region of the laser therefore, 4, ;. =7er X 7
with 7. being the radius of the laser cross-section. The area from where the near-field

signal arises can be estimated as 4,,,..,; = rt; x 7 with r,; being the radius of the tip.'*
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By considering the source volume, the enhancement factor of TERS can be defined

through the following equation:

A arfie
EFpps =C e (3.7

nearfield

A wide range of TERS enhancement factor from 10 to 10® has been reported in the

. 20,26,113,114
literature so far.=>"

Nevertheless, for a reliable comparison of various experiments,
the method used for calculation of the enhancement factor should be carefully
considered. Since the Raman intensity varies with the scattering cross-section of the
sample, this enhancement has to be considered with caution because it is sample

dependent.
3.6 Determination of the Spatial Resolution

As mentioned earlier, one of the key strengths of TERS is the ability to provide high
lateral resolution beyond the diffraction limit. One of the main experiments that can be
conducted to evaluate the effectiveness of a given TERS tip is indeed to estimate the limit
of resolution provided by each tip. To do this, the sample surface should be mapped
along a few lines. Through mapping shorter lines, more spots can be scanned in a shorter
time. In general, a long acquisition period increases the uncertainty of the acquired results
due to the possibility of the tip or sample drifting.*® Several points on each mapping line
are defined in a way that, together with the separation between the lines, the spots
separation remains under 10 nm in both x and y direction. A Raman spectrum is then
collected from each spot. The intensity of an arbitrary Raman peak in the acquired
spectra should then be considered. By averaging the peak intensity from corresponding
pixels, a distribution peak similar to the Boltzmann distribution will be generated. Full
width at half maximum height of such peak is typically taken as the resolution limit of the
conducted measurement.''' An example of this is presented in Chapter 5 where TERS

measurements on single walled carbon nanotubes have been performed.
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3.7 TERS Peak Assignment

TERS peaks are commonly compared to conventional Raman peaks; however, presence
or absence of peaks as well as their intensities should be closely investigated. Although
the positions of the Raman bands are usually similar in TERS and conventional Raman,

the intensity of the individual bands can vary significantly.'"®
3.7.1  Polarization Considerations

The main consideration for interpretation of the observed peaks is related to the change in
Raman selection rules due to the local polarization of the confined electric field. Local
polarization components which occur upon tip-laser interaction are the source for
observed alteration of the selection rules. For Raman modes that are sensitive to the
polarization direction, depolarization of the light at the tip apex is an important source for
intensity variation or sometimes absence of the peak in TERS spectra. Electric field
gradient in Raman (EFGR) spectroscopy explains this phenomenon. Raman spectra of a
sample that experiences a strong electric field gradient exhibit different selection rules
and intensities as compared to regular Raman. This effect is more likely when a sample is
placed near a metallic structure. In such a case where the electric field changes along the
length of an atomic bond, the generated Raman signal depends on the polarizability times
the field gradient rather than the polarizability times the field magnitude.''® Gradient field
induced Raman requires that the vibration has a component along a direction where the
electric field gradient is the largest. This the case for the z component of the electric field
enhanced at the apex of the TERS tip.* Raman modes with components along the z
direction should show a change of intensity as the tip-sample distance changes.
Therefore, the vibration cross-section for these modes should be enhanced in accordance
with the local strength of the z component of the electric field and should not be observed

in far-field detection where the z component is absent.""”

3.7.2  Tip Contamination

Tip contamination is also misleading for the interpretation of the TERS spectra. As

mentioned in section 3.4.3, a control TERS spectrum should always be acquired on a
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clean substrate after the TERS measurements are done. This would ensure that the tip has

not picked up any molecules during the measurements.
3.7.3 Local Annealing and Heating

Since in TERS the laser is focused onto a very small area on the sample surface, it is very

likely that the temperature increases within this area. This has been experimentally''®'*

and numerically'>>"'** investigated. Sample heating could cause sample degradation and
the appearance of Raman signal of carbon species. Raman spectra of carbon show two
broad peaks at 1350 cm™ (D band) and 1580 cm™ (G band).”'** However, the temporal,
spatial and thermal extent of heating is not clear yet. Also, in contrast to conventional
Raman microscopy, measurement of the anti-Stokes/Stokes scattering might not
necessarily lead to a precise temperature control in TERS experiments. The reason for
this is that the TERS enhancement might not be always the same for the Stokes and anti-
Stokes measurements especially if they are measured in two separate steps and therefore
the enhanced signals in two cases are not necessarily compatible.'* Overall, TERS

measurements should be conducted with minimum laser intensity and short acquisition

times to avoid possible thermal damages on the sample.
3.7.4  Other Sources of Misleading Peaks

For some specific samples there is often a broad band background in TERS spectra
whose origin is not completely determined. Inelastic scattering from metallic tip and
enhanced fluorescence and other plasmon dependent photoluminescence from the rough
metal surface are among the potential origins of the mentioned background.”’ As a source
of misleading Raman peaks, two peaks in the range of 220-240 cm™ are also reported and

assigned to molecular oxygen chemisorbed on defect sites of silver coated tips.'2*'?’

3.8 Conclusion

In summary, combining scanning near-field optical microscopy with vibrational
spectroscopy has provided a high spatial resolution along with spectroscopic fingerprints

which makes TERS a unique method for investigating the nanoworld. Nevertheless, the
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high resolution and sensitivity would not be guaranteed unless technical details are
closely considered. Polarization of the excitation laser, the material of the metal tip, the
nature of the environment surrounding the tip and the material underlying the metal
coating along with experimental precautions considering the relative position of the tip-
laser and tip-sample are among the factors that strongly influence the success of the any
TERS measurement. Meanwhile, TERS still faces challenges with respect to the tip
fabrication process. The magnitude and reproducibility of the enhancement, lateral
resolution and the lifetime of the TERS tip are among the issues that remain problematic.
A universal and inclusive application of the method suffers from the lack of reliable tip
fabrication methods with the goal to increase the tip’s TERS activity and the yield of tip-
to-tip reproducibility. This low reproducibility restricts the direct comparison between the
TERS studies that are performed in different research works unless the Raman contrast
and the lateral resolution are considered. In addition, interpretation of the results requires
careful assignment of the observed peaks, as it is discussed in section 3.7 of this Chapter.
With this regard, a TERS database would be of great value; however the variability of the
different TERS setup makes this possibility rather difficult. Despite all the challenges,
TERS has shown great potential for chemical imaging of the surfaces of a large variety of
the samples. If the measurements are conducted under the same condition using the same
tip, quantitative experiments are also possible in TERS. The large enhancement of the
Raman process, which is accessible in TERS explains several companies’ efforts to build
integrated TERS systems that are applicable for less experienced users. Horiba Scientific,
Renishaw, Bruker, AIST-NT, NT-MDT and Nanonics are among these companies. The
present research work in following Chapters is focused on the application of TERS in

material and biomaterial research.
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Chapter 4

4  Localized Enhancement of Electric Field in Tip-
enhanced Raman Spectroscopy Using Radially and Linearly
Polarized Light'

In the present Chapter, finite-difference time-domain (FDTD) calculations are used to
characterize the distribution of the electric field in the vicinity of a sharp silver or gold
cone with an apex diameter of 10 nm. The simulations are utilized to predict the intensity
and the distribution of the localized enhancement of electric field that occurs in tip-
enhanced Raman spectroscopy. A comprehensive comparison of the enhanced electric
field induced by a radially and a linearly polarized light in both gap mode and
conventional TERS setup is performed. For this purpose, a radially polarized source is
created and integrated into the FDTD simulation software. For the linear polarization,
both axial and side illuminations geometries are considered whereas radial polarization is
investigated only in axial illumination. In addition, the optical effect of a thin protective

layer of alumina on the enhancement of the electric field has been investigated.
4.1 Introduction

The enhancement of the electric field in TERS depends critically on various parameters
such as the polarization of the excitation beam,' the metallic nature and the geometry of
the metallic tip™* as well as the sample substrate.” So far, finite-difference time-domain
modeling of the electromagnetic field has been applied successfully to optimize TERS
parameters such as the length and the radius of the tip, the material of the tip and the tip-
sample distance.”” Here, we use FDTD to precisely estimate the impact of both radially

and linearly polarized sources on the enhancement of the electric field. While linearly

1 . . . . .
A version of this chapter has been published in [Opt. Express,(2013), 21, 25271.]. Reproduced with
permission of the Optical Society of America
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polarized source is commonly used for TERS,*!! radially polarized modes are of great

interest to conduct TERS experiments in axial illumination geometry.'*"

Laser beams with radial polarization provide unique focusing properties including a

strong electric field component along the tip axis generated at the focal point.'®!” T

n
TERS, a polarization component of the incident light along the tip axis induces a strong
surface charge density at the sharp apex of the metallic tip which is a prerequisite for
local enhancement of the electric field." To conduct the presented calculation, a radially
polarized source is designed and integrated into the FDTD modeling. The choice of the
material for simulated tip and substrate is limited to silver and gold as they are the two
popular metals that were successfully tested for TERS measurements in UV-visible
range.'"'®2 The presented simulations are performed at two distinct wavelengths of 532
and 632.8 nm, in order to excite the LSPR of silver and gold tips, respectively. These

parameters also match our practical TERS experimental conditions.*'*

Furthermore, we
analyze how a thin protective layer of alumina alters the confinement of the enhanced
electric field. Although such protective layer extends the lifetime of the metallic tip by
preventing the rapid oxidation and mechanical wear under ambient conditions, it also

interferes with the local enhancement. >’

4.2 Finite-Difference Time-Domain Method

Different models have been developed to numerically and theoretically investigate the
enhancement of the electric field around metallic nanostructure. In general in order to
calculate the enhanced electric field around a metallic nanoparticle or the TERS tip,

either Maxwell’s or Helmholtz’s equations have to be solved which could be done by

using the following classified methods.*®

i. Semi-analytical methods; where the field equations are solved exactly within certain
domains. The adjustment of the boundary conditions takes place through approximated
solutions by discretization of boundary points and minimization of the errors. The
multiple multipole program (MMP) is among these methods. In MMP, electric and

magnetic fields within individual homogeneous domains are developed by a series
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expansion in spherical wavelength vectors, called multipoles, using known analytical
solutions of Maxwell’s equations. The amplitude of these fields is then solved by a
generalized point matching method (GPMM). In general, the scattering problem is

described as a set of linear differential equations.*’>*

ii. Semi-numerical methods are another approach where the boundary conditions are

exactly determined and field equations within a domain are solved approximately. In this
method the area is discretized. FDTD and finite element (FE) methods are two examples.
In FDTD**! method Maxwell’s equations are discretized directly in time and space. The
boundary conditions between the discretizing elements for space are exactly adjusted and

E3*3% which is a

each rectangular block in the interior of the domain is interpolated. In F
frequency domain method, Helmholtz’s equations are discretized in the space domain.
This method uses continuous domain which is divided into polygons that are called sub-

domains.

As mentioned earlier, finite-difference time-domain approach is employed in this thesis
to conduct the presented calculations of this Chapter. So far, FDTD has performed as a

34-36
Maxwell’s

reliable method for solving Maxwell’s equations in complex geometries.
equations describe the situations where the variation of the electric field with time
depends on spatial variation of the magnetic field. An electromagnetic field in a medium
can be described by four vectors of the electric field strength, E , the electric

displacement, D, the magnetic field strength, A and the magnetic flux density, B .
These vectors are differentiable over the radius vector of any given point position in 3D
space, R , and time, . These differential equations indeed form the basis of the

Maxwell’s equations:

—

-2 vx A= R) @)

OB _
—+VxE=0 42
py (4.2)
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V.B=0 (4.4)

p(t, E)is the volume density of electric charge in a medium and j(t,i?) is the volume

density of electric current that shows the density of charges that pass in unit time through
a unit area. (V x) is the curl operator and can be applied to a vector in order to measure
its degree of local spinning (also known as rot or rotation function) in 3D space, as it is
shown in the following definition:

S LA AN AN (A (45)
oy 0z 0z Ox oy Ox

V= (171 7, 173) is an arbitrary vector with components which are each a function of the

variables x and y and z. [ ,} and k are the unit vectors in x, y and z direction respectively.

(V ) denotes the divergence function that shows the presence of a source or a sink for a
three dimensional vector at a given point. In Cartesian coordinates divergence has the

following definition:

v, ov, oV,
+—+
ox oy 0oz

V.V =

(4.6)

Similarly, the Maxwell equations describe how variation of the magnetic field with time
depends on spatial variation of the electric field. This could be summarized in the

following six equations:’’

E 7 H
%:_l[_affz 9 yJ 4.7)

OE, _l(aHx B aHz] 438
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OF. __1[0H, o, 49)
ot el ox oy '
OH, _ 1[0 OE, (4.10)
ot ul oy oz '
oH, _1[0E, 0k, (@.11)

— E —
oH 1(0E, oE, @.12)

H and E are the magnetic and electric fields ande and x denote the dielectric constant
(permittivity) and magnetic constant (permeability) of the medium, respectively.
(H.H,,H) and (E, E, E:) are the three components of the magnetic and electric field in
Cartesian coordinates, respectively. The partial derivatives in these equations are solved
through central difference method in FDTD.

flacth)=flx—h) _ flx+h)—flx—h)

/) =lim=—— ~ 5 (4.13)

Therefore, partial derivatives in Maxwell’s equations in time ¢ could be rewritten as

general forms of:

Ax Ax
(i pfity
ik T (” 2 j ! (’ 2 j .14
ox Ax
A. . Ay A. . Ay
af‘(i,j,k)_f[l’”z’kj_f[”f_z’kj
_ (4.15)
oy Ay
Az Az
; 3 ',k Az 3 ',k—f
@f’(iaj,k):f(l‘] +2j f(l] 2j (4.16)
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Similarly, for temporal derivatives at time 7 + 1/ 2:

{+1/2 -’ .,k +1 " -’k_ t-’ .,k
o ;;J )_ /6 )Atf(lj ) win

It is through solving equations (4-1) to (4-12) that FDTD provides time-domain
information, offering insight into electrodynamics of the system.>* In FDTD, the
electromagnetic field and structural materials of interest are described on a discrete mesh
composed of so-called Yee cells as demonstrated in Figure 4.1. Maxwell’s equations are
solved discretely in time, where the time step used is related to the mesh size through the
stability criterion. This technique is an exact representation of Maxwell’s equations in the

limit that the spacing mesh goes to zero.

X

Figure 4.1 Illustration of standard Cartesian Yee cell used for FDTD. The electric
(Ex Ey, E;) and magnetic (Hy, Hy, H,) field components are distributed about this
cell. The electric field components originate from the edges of the cube and the

magnetic field components come out of the faces.

To simulate the TERS tip, a silver or gold rounded-tip cone with the tip diameter of 10
nm, and a cone angle of 25° is utilized. These parameters are estimated based on SEM

images of typical tips that are used in TERS measurements (See Chapter 3). To illustrate
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gap-mode geometries, a film of silver or gold with 5 nm thickness is introduced inside the
simulation area and located 1 nm below the cone apex. The simulation area is set up as a
3D system of 100x100x126 nm® surrounded by the perfectly matched layer (PML)
boundary, wide enough in order to limit its impact on the resonance of the system. A
spatial mesh of 0.15 nm and a temporal mesh of 2.8x10'%sec are set which guaranteed
numerical convergence of the results. The optical constants of alumina are described by
Palik,”’ the one of silver and gold are obtained from CRC.*® All the calculated and
reported intensities are normalized with respect to the intensity of the incident light. The
calculation of the total electric field intensity (|E|%) and its distribution was obtained from
the sum of its polarized components (|E,| +|Ey|2 +|E.|%). All the calculated and reported

intensities are normalized with respect to the intensity of the incident light.
4.3 Results and Discussion

431 Polarization Modulation for FDTD Simulations

As mentioned earlier, the polarization of the incident laser plays an essential role in the
intensity and the distribution of the enhanced electric field at the tip apex.' To further
investigate this impact, linearly and radially polarized light in different TERS

configurations have been considered in this section.
4.3.1.1 Radial Polarization

A radially polarized light has polarization vectors oriented radially in the transverse plane
with respect to the propagation direction as it is shown in Figure 4.2a. Under a tight
focusing of a radially polarized light by a high numerical aperture lens, the focal
longitudinal electric field (E£;) and the focal transverse electric field (E£;) could be

expressed by the following equations in polar coordinate:>

E.(p,z)= ZiT P(H)cos%(ﬁ)sinz(H)Jo(Kp sin 6 )exp (ixz cos 0)d @ (4.18)
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E,(p.z)= P(H)cos%(ﬁ)sin (26)J,(xp sin @ )exp (ixz cos 8)d @ 4.19)

O = R

p 1s the transverse size of the beam which is usually defined by the value of P=X"+Y2, o
is the maximum focusing angle and could be calculated by a=sin™ (N.4./n), n is the index
of refraction.x=2mn/A,f1is an angle between p and z at each point in space and Jpand

Jidenote the Bessel functions of the first kind with the orders of zero and one. P(6) is the

pupil function of a Bessel Gaussian beam:
P0)=J,(2p,sind/ sina)exp(— B2 sin® §fsin’ a) (4.20)

Where=3/2 is the ratio of the pupil radius to the beam waist.*’

Herein, a script that solved the equations (4.18) and (4.19) was created to describe a
focused radially polarized light inside the simulation area. The script was written in
Matlab programming language and integrated into FDTD. This light source has been
utilized for the corresponding calculations that are reported here. The transverse and

longitudinal electric field components of the described beam are shown in Figure 4.2a

and Figure 4.2b in 3D and 2D presentations.
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Figure 4.2 (a) Transverse component of a focused radially polarized beam (b)

longitudinal component of a focused radially polarized beam in 3D and 2D

presentations

The transverse component of a radially polarized beam consists of several concentric

rings with variable intensities and a minimum intensity at the middle (Figure 4.2a). The
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longitudinal component (Figure 4.2b) of this beam is another set of concentric rings with
overall intensities lower than the transverse component and with a maximum intensity at
the center. The enhancement phenomenon that occurs in TERS originates from the
interaction of the longitudinal component of the focused light with the apex of the sharp

metallic tip.

It is noteworthy that the integration of a radially polarized light for calculation of the
electric field distribution around a silver nanosphere at 532 nm was previously done by
Du et al. in 2011. Using Full-Wave software, they created a homemade radially polarized
light by the superposition of a left hand circularly polarized beam with a right hand one.”*’
They focused the radially polarized beam by setting an initial equivalent phase function
of lens in the source file instead of the objective lens to save computational memory.
However, this approach requires the integration of circularly polarized light which is not
provided in the Lumerical software that is used in this thesis for conducting FDTD

simulations.
4.3.1.2 Linear Polarization

In a linearly polarized electromagnetic wave, the electric field vectors are oriented along
a single direction inside a plane perpendicular to the propagation direction of the wave.
The top and side view of the total electric field of a focused linearly polarized light along
with their corresponding longitudinal components are shown in Figures 4.3a, 4.3b and
4.3c, 4.3d respectively. Here the Gaussian light has been focused by passing a 1 mm
diameter beam consisting of 1500 plane waves through a thin lens of 5 mm diameter and
1.2 numerical aperture. For the presented simulations where the structures of a few
nanometers (less than 20 nm) are studied, a focused Gaussian beam was replaced with a
plane wave that is provided in the FDTD software. Here, a special case of a plane wave
known as total field scattered field (TFSF) was used to prevent the possible couplings
with the boundaries of the simulation area. TFSF separates the computation region into
two distinct regions; one contains the total field which is the sum of the incident field and

the scattered field while the second region contains only the scattered field.
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Figure 4.3 Electric energy density of the total field of a focused linearly X polarized
light in (a) top and (b) side view (c) longitudinal field of a linearly x polarized light

in top and (d) side view.

The top view of a focused Gaussian beam consists of several concentric rings in xy plane
with a maximum intensity in the middle (Figure 4.3a). From the side view, the beam
would be relatively elongated in the direction of propagation along z (Figure 4.3b). The z
component of the electric field in a focused Gaussian beam has two lobes in the direction
of propagation with zero intensity in the middle (Figure 4.3c and 4.3d). This minimum
intensity results in the absence of significant excitation of plasmon resonances at the tip
apex if the tip is located in the center of the focal region. However, tip-enhanced Raman
should be observed more significantly in case the tip is located inside one of the two

lobes of the excitation laser.
4.3.2  Normalization of the Electric Field Intensity

All of the intensities that are reported in coming sections are normalized with respect to
the intensity of the incident light. For simulations where a plane wave has been utilized,

the intensity of the source is by default equal to 1 as a presumption in FDTD program.
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Therefore, for all the simulations performed by a linearly polarized light, the FDTD
output for intensities is already normalized to the intensity of the source. In case of
radially polarized sources however, the intensity of the source should be determined in
accordance with the FDTD output after the source is created. After the source intensity,
|E,|*, is determined, the estimated electric field magnitude for each simulation, |E|*, was

normalized to the source intensity through |E|*/|E,|*.
4.3.3 FDTD Calculation of the Electric Field

4.3.3.1 Effect of Polarization on the Enhancement of the Electric
Field

The effect of different polarizations of the excitation beam on the magnitude of
enhancement and the quality of the distribution of the electric field in TERS
measurements has been investigated. This is done through comparison of the electric
field at the tip apex as the tip is illuminated by linear and radial polarizations. A linearly
polarized source was set to propagate once along the tip axis and once perpendicular to it.
In TERS experimental geometries, the former is known as axial illumination while the
latter is termed as side illumination. In side illumination the light propagates
perpendicular to the tip axis and consequently it will be polarized along the tip axis while
the polarization of light in axial illumination is perpendicular to the tip axis. Similar
simulations have been performed using the described radially polarized beam. The results
of the linear axial illumination, linear side illumination and radial axial illumination are
represented in Figures 4.4a and 4.4d, Figures4.4b and 4.4e, Figures 4.4c and 4.4f,
respectively. These results correspond to simulation of a silver tip illuminated by a 532

nm wavelength and gold tip illuminated by 632.8 nm wavelength light.
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Figure 4.4 Electric field distribution at the 10 nm apex of (a) a silver tip illuminated
at 532 nm by linearly polarized light along the tip axis (b) a silver tip illuminated at
532 nm by linearly polarized light perpendicular to the tip axis (c) a silver tip
illuminated at 532 nm by radially polarized light along the tip axis (d) gold tip
illuminated at 632.8 nm by linearly polarized light along the tip axis (e) gold tip
illuminated at 632.8 nm by linearly polarized light perpendicular to the tip axis (f)
gold tip illuminated at 632.8 nm by radially polarized light along the tip axis

As shown in Figure 4.4a and 4.4d, axial illumination of the tip by linearly polarized
beam results in an overall electric field intensity of zero at the center of the apex. Here,
the electric field is intensified in two areas located on two sides of the tip with respect to
the tip symmetry axis. When the tip is illuminated from the side with a linearly polarized
light, (Figure 4.4b and 4.4e) the electric field is confined at the tip apex. Side

illumination is specifically useful when opaque samples are of interest. However, only
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microscope objectives with long working distances and therefore low focusing power
could be used in such setups. The creation of an intensified electric field at the tip apex
can also be obtained through axial illumination with a tightly focused radially polarized
light. The longitudinal component of the electric field in this case is significantly

enhanced at the tip apex position. (Figure 4.4c and 4.4f)

It is noteworthy that the horizontal line that appears bellow the tip in Figure 4.4¢ and
Figure4.4f should not be confused with an external object. In fact the radial source is
imposed in a plane whose position appears as a line in final images. The radial source
must be focused so that a longitudinal component appears at tip apex. The longitudinal
focal volume therefore is extended along the z direction and the focal plane is located at
the horizontal line. Clearly, this line is not observed in all simulations where none

focused beam has been utilized (Figure 4.4 a, 4.4b, 4.4d and 4.4e).
4.3.3.2 Gap Mode Tip-enhanced Raman Spectroscopy

To compare the gap mode TERS to the conventional TERS measurements, the near-field
optical effects of a thin metallic substrate on the electric field distribution has been
investigated. In gap mode TERS the electric field experiences an additional enhancement
inside the gap that is formed between the metallic tip and a thin metallic substrate.** To
illustrate the gap mode, a metal film of 5 nm thickness was placed 1 nm below the tip
apex and was extended through the side and bottom walls of the simulation area. Total
field scattered field source was used as a source of linearly polarized Gaussian beam
while the radially polarized beam was generated externally. The results of these
simulations have been presented in Figure 4.5. Figures 4.5a-4.5d show the results for
axial illumination by linear polarization, Figures 4.5e-4.5h present the side illumination
by linear polarization and Figures 4.51-4.5L correspond to the axial illumination by the
radially polarized light. The tip and the metal substrate were set to be either gold or

silver. The illumination wavelength was chosen with regards to the tip material.
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illuminated at 532 or 632.8 nm, respectively, (a)-(d) by linearly polarized light along

the tip axis in 1 nm separation from a gold or silver substrate (e)-(h) by linearly

polarized light perpendicular to the tip axis in 1 nm separation from a gold or silver

substrate (I)-(L) by radially polarized light along the tip axis in 1 nm separation

from a gold or silver substrate
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Noticeably, the presence of thin layer of metal gives rise to a more localized confinement
area around the tip apex (Figure 4.5) when compared to the conventional TERS setup
(Figure 4.4). In addition, the simulations show an increase of the intensity of the electric
field concentrated around the tip apex in the gap between the tip and the metal substrate.
A closer look at these results reveals that the simulations predict a larger enhancement
factor inside the gap generated between a silver tip and a gold substrate rather than the
one created between the silver tip and the silver substrate. This phenomenon might be
related to the fact that silver, which has extinction coefficient of 3.5 at 532 nm
wavelength, adsorbs a larger part of the incident light rather than gold with extinction
coefficient of 2.1 at the same wavelength. This absorption weakens the excitation beam
that reaches the tip apex. The absorption of the light by the silver substrate can be quite
high that breaks the observed trend for the confinement factor of the electric field. An
example of this exception is the silver tip illuminated in axial illumination geometry
where the enhancement factor decreases from 8 in conventional TERS geometry (Figure
4.4a) to 7 within the gap produced between the silver tip and the silver substrate (Figure
4.5b). A similar effect is observed for gold tip in vicinity of a silver substrate. The
enhancement factor decreases from 10 in conventional TERS geometry (Figure 4.4d) to
8 within the gap produced between the gold tip and the silver substrate (Figure 4.5¢).
Silver has larger absorption of 632.8 nm light with extinction coefficient of 4.02 at this
wavelength. Gold has an extinction coefficient of 3.02 at 632.8 nm wavelength which
decreases the amount of light that reaches the gold tip in gap-mode. Also, the absorption
of 632.8 nm light by gold restricts the expected additional enhancement due to the
presence of a gold nanoplate in close proximity of the gold tip. The enhancement factor
for the illumination of a gold tip by 632.8 nm light in conventional and gap—-mode TERS
show the same value of 10 in the conducted simulations. However, this phenomenon was
observed only for axial illumination with linearly polarized light therefore this could also
be due to the direction of the polarization with respect to the tip axis.The simulation
results for different combination of gold and silver tip and substrate in various

illumination geometries are summarized in Table 4.1.
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Table 4.1 Comparison of the electric field enhancement at the apex of silver or gold

tip in 1 nm distance from thin gold or silver substrate

Tip | Sub. | /nm | Config. | [E*/|E}| | Tip | Sub. | nm | Config. | |E*/|E¢’|

Ag - 532 | axial-radial 720 Au| - 633 | axial- radial | 1656

Ag | Au | 532 |axial-radial | 11510 | Au | Ag | 633 | axial-radial | 5317

Ag | Ag | 532 |axial-radial | 6340 | Au| Au | 633 | axial-radial | 6661

Ag - 532 | Side-linear 82 Au - 633 | Side-linear 161

Ag | Au | 532 | Side-linear 322 Au | Ag | 633 | Side-linear 273

Ag | Ag | 532 | Side-linear 302 Au | Au | 633 | Side-linear 305

Ag - 532 | axial-linear 8 Au - 633 | axial-linear 10

Ag | Au | 532 | axial-linear 10 Au | Ag | 633 | axial-linear 8

Ag | Ag | 532 | axial-linear 7 Au | Au | 633 | axial-linear 10

4.3.3.3 Impact of Alumina Protective Layer on the Electric Field

Enhancement

The effect of a protective layer was investigated by adding a 1 nm thick alumina to the
surface of the metallic cone. The thickness of the protective layer has been estimated
according to the previously published studies.** Other than aluminum oxide, silicon
dioxide has also been experimentally utilized as a protective layer.”* For the experimental
point of view, both aluminum and silicon oxide layers can be easily generated.
Aluminum layer can be created through deposition of metal vapor at very low pressures
(107 Torr) using a single conventional vacuum chamber designed for evaporation of
metal.”> Oxidation of this layer under ambient condition will generate the alumina layer
later. SiO,layers are deposited by vapor coating technique such as plasma enhanced
chemical vapor deposition (PECVD).**Other dielectrics with high mechanical resistance
properties can also be used as protective layer. The impact of a protective layer has been
studied in three different geometries where the alumina coated silver tip was brought to a
1 nm distance from the gold substrate and illuminated using a linearly polarized beam in

axial and side illumination as well as a radially polarized beam in axial geometry.




108

Electric Field Intensity

e 5 SEBERERN 100 0
|EI*/|E,*~5 |EI*/|E,[*~159 |EI*/|E,|*=5706

Ag

A]203 |

l{

0 10 20,0 10 200 10 20
X/ nm : X/ nm ' x/ nm

Figure 4.6 Electric field distribution at the 10 nm apex of a silver tip protected with

1nm AL Oj; layer and illuminated at 532 nm by (a) linearly polarized light along the

tip axis (b) linearly polarized light perpendicular to the tip axis (d) radially

polarized light along the tip axis, in 1 nm separation from a gold substrate

According to Figure 4.6, adding 1 nm of dielectric protective layer decreases the
intensity of the enhanced electric field by 50%. The observed decrease could originate
from a shift in the frequency of the surface plasmon resonance as discussed in Chapters 2
and 3. This shift in the plasmon resonance of the tip/substrate junction reduces the
enhancement of the local electric field at a certain wavelength. Therefore, if protective
layers are deposited, the plasmon resonance frequency should be tuned accordingly prior
to any TERS measurement. Additionally, the presence of the alumina dielectric layer can
cause destructive interference of the incident light and the scattered electric field from the
different interfaces. However, experiments have proven that for both alumina and silicon
dioxide protected TERS tip, the improvement of the lifetime of the tips does in general
compensate for the loss of the TERS enhancement. A protective layer increases the
lifetime of the tip by protecting it against oxidation and mechanical wear damages. It is
noteworthy that as far as the protective layer does not alter the morphology of the tips, it

has no negative impact on the spatial resolution of the measurements.**
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4.4 Conclusion

The influence of the incident laser polarization, choice of the tip material and the
presence of a thin metallic substrate in distinct configurations for tip-enhanced Raman
spectroscopy was investigated in this Chapter. We conclude that by utilizing a thin film
of transparent gold or silver as a substrate for TERS measurements, a considerable
increase in the detection sensitivity can be achieved. Regarding the polarization of the
incident light, we conclude that for a linear input polarization, a side illumination is
preferable with polarization axis oriented along the tip axis. Meanwhile, axial
illumination by radial polarization promotes a significant confinement of the electric field
which is ideal for tip-enhanced Raman measurements. However, the exaltation depends
on the optical properties of the junction formed by the metallic tip and substrate. A
hetero-metallic junction formed by a silver tip and a gold thin film appears to be very
efficient. These investigations are in good agreement with a recent study in our research
group where the impact of a thin film of gold as substrate along with radially polarized
Raman laser is experimentally investigated in TERS detection of a monolayer of
molecules.”? Additionally, we demonstrate that adding a thin protective layer to the TERS
tip to reduce oxidation and mechanical wear decreases the intensity of the electric field

by 50%.
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Chapter 5

S Tip-enhanced Raman Spectroscopy of Single Walled

Carbon Nanotubes; Imaging beyond the Diffraction Limit

In this Chapter the spatial resolution of the TERS setup is estimated using isolated single
wall carbon nanotubes (SWCNT) as a reference object. Carbon nanotubes are of critical
and specific interest to determine the spatial resolution of the TERS setup due to their
large Raman scattering cross-section, which makes them ideal nanostructure for Raman
studies. Near-field Raman images of isolated carbon nanotubes are collected and utilized
for the estimation of the lateral resolution. In addition, the near-field nature of the
collected Raman signals is evaluated through measuring the Raman signal decay with

respect to the tip-sample separation.
5.1 Introduction

Since their discovery in 1993, carbon nanotubes have been intensively studied in many
research fields due to their unique mechanical and electronic properties and their
potential use in nanotechnology.’* Depending on their diameter and chirality,” carbon
nanotubes exhibit metallic or semiconductor properties which makes them a material of
interest in many optical and electronic applications. Metallic nanotubes have applications
as molecular quantum wires® or single electron transistors.” Semiconducting properties of
carbon nanotubes are useful for creating field-effect transistors.® Carbon nanotube have

10-12
L,

also found applications as scanning probes,” hydrogen storage materia as a carrier

13,14

for drug delivery'>'* and have been utilized as transducers for biosensing applications."

The building block of carbon nanotube is a single layer graphene sheet that has been
rolled up into a cylinder. Graphene itself is composed of carbon-carbon bond with sp’

hybridization with two atoms per unit cell as it has been demonstrated in Figure 5.1:
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Figure 5.1 Illustration of the unit cell in single layer graphene. There are two
szcarbons in each unit cell and the overall structure consists of unsaturated
hexagonal carbon cycles with carbon-carbon double bonds. a; and a, are the unit

vectors.

Each single walled carbon nanotube is defined by two geometrical integers that are
typically denoted by (n,m) and contain information about how the graphene sheet has
been rolled up.* The relation between (1,7) and the axis around which rolling of
graphene occurs has been illustrated in Figure 5.2. The main axis of the product cylinder
is determined by a certain combination of n and m. If m=0 the final nanotube will have
zigzag structure, if n=m armchair nanotubes are formed. Other combinations of the two
integers will result in chiral carbon nanotubes. An example of the chiral structure has
been illustrated in Figure 5.2. In this case the graphene sheet is rolled in the direction of

X with the resulting nanotube having its main axis perpendicular to X.

Figure 5.2 Correlation between the n and m integers and the structure of carbon
nanotube. Rolling of the single layer graphene in the direction of X or any

combination of the two integers results in unique structural and physical properties
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In addition to the structural impacts, » and m determine whether the nanotube has
metallic or semiconductor properties. If n=m the nanotube is metallic, otherwise it shows

semiconducting behavior.”

So far, extensive experimental and theoretical studied have been performed to acquire
thorough understanding of the electronic, optical, vibrational and mechanical properties
of carbon nanotubes.”” In this context, Raman spectroscopy,'®"” SERS? and more
specifically TERS?' has appeared unrivalled due to their sensitivity and spatial resolution.
This is due to the fact that in sp’ carbon compounds as well as three dimensional
graphite, two dimensional graphene or one dimensional carbon nanotube, Raman
scattering gets coupled with an optical absorption to and emission from an excited
electric state when proper excitation energy is used. The coupling is termed as resonance
Raman scattering which is described in details in Chapter 2 of this thesis. The resonant
nature of Raman scattering from carbon nanotubes makes their scatterings detectable
even if one single nanotube is present. The intense Raman signals from carbon nanotubes
in addition to their well defined cylindrical structure makes them ideal for the estimation
of the spatial resolution in TERS measurements. So far, lateral resolution better than 1.7
nm is reported in literature for TERS study of carbon nanotubes specifically.”* High
resolution imaging of TERS enables nanoscale investigations such as the tracking of
semiconductor to metal transition at the junction of two crossing carbon nanotubes,> or

detection of the defects along a single carbon nanotube.”*

The most intense Raman mode of carbon nanotube is known as G band which consists of
longitudinal optical (LO) and transverse optical (TO) phonon modes. LO causes
vibrations along the cylinder main axis and TO occur along the circumference of
hexagonal rings where both happen on the outer surface of the cylinder. LO and TO
peaks appear in the range of 1550-1605 cm™with TO modes appearing in lower
frequencies, however their position change with the diameter and metallicity of the
tubes.”® The other source of the Raman peaks for carbon nanotube is referred to as
radial breathing mode (RBM). RBM is related to the cylindrical shape of the tubes and
involves vibrations along the radial direction. The energy required for these vibrations are

related to the cylinder diameter and the (n,m) indices,'® therefore, RBM related Raman
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peaks typically appear in a range of 120-350 cm™ depending on geometrical properties.*®
Defects or disorders in carbon nanotubes are the sources for Raman peaks that are known
as D bands which appear in 1250-1450 cm™'range depending on the excitation laser
energy. The defects are in general caused by in-plane heteroatoms, vacancies or grain
boundaries and in general they lower the crystalline symmetry of the tubes. D bands
show second order overtones at frequencies around twice the frequency of D bands which

are referred to as G' bands.”’

The close dependency of the Raman signals on the structure of carbon nanotubes can be
used as a useful characterization method. Frequency shifts of the RBM modes for

example, provide information about the diameter of the tubes through w,,, =227.0/d
where w,,, is the frequency of the RBM Raman shift and d denote the tube diameter.*

(n,m) integers can also be determined through the frequency of the RBM mode in Raman
spectra of carbon nanotubes.'® D band at around 1350 cm™ can be used as a sign for the
presence of defects in the structure.”” The shape of the transverse stretching G band at
around 1590 cm™ demonstrates the metallic or semiconductor properties of the carbon
nanotubes.” According to the reported studies, G peak is assigned to TO and G™ to LO
phonon modes of metallic nanotubes where the opposite is true for semiconductors. In
addition, the G' band at around 2700 cm is highly influenced by electron energy
dispersion of carbon nanotubes and therefore, can be used for detecting possible dopants

31
across the nanotube’s structure.

In this Chapter, we make use of isolated SWCNT to test the potential of our TERS setup
for high resolution Raman imaging and to determine the resolution limit of our

- - - . 21,3234
measurements on a reference object, as suggested in the previous studies.”

5.2 Experimental Section
5.2.1 Sample Preparation
The raw single walled carbon nanotubes were purchased from Raymor Nanotech™ (Lot

no. raw RN-020) and purified based on the procedure suggested by S. Giordani ez al.”

The procedure involves three steps which are described in the following section.
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5.2.1.1 Nitric Acid Treatment

200 mg of the raw-SWCT were dispersed into 680 mL of 7 M HNOjs by sonication for 20
min. The reaction mixture was then put into a 1 L round bottom flask equipped with a
condenser and the system was heated to 100 °C for 4 h. Subsequently reaction was
quenched with 1000 g of ice. The dispersion was then filtered through a Milipore system
(0.2 um Isopore™ filter) and washed with distilled water until the filtrate pH became
neutral. A further 5 L of distilled water were used to wash the sample after the
neutralization while the SWCNTSs were never allowed to dry. Within this step a large
percentage of possible metallic catalyst residues that were used for the synthesis of the
carbon nanotubes will be removed.*® Depending on the synthesis method the catalysts

can range from MgO®’ to Al,O5*® or nickel cobalt yttrium.*

5.2.1.2 Hydrogen Peroxide Treatment

The nitric acid treated SWCNT’s were dispersed into 400 mL of 10% H»O, by sonication
for 5 min inside a 1 L round bottom flask. The flask equipped with condenser was heated
to 100 °C for 1 h; subsequently the reaction was quenched with 1600 g of ice and stand
for 12 h. The SWCNTs were then washed with 2 L of distilled water and filtered over 0.2
um Isopore™ filter. Again it is essential to not let the solid dry. During oxidation by
hydrogen peroxide, a part of carbonaceous impurities will be etched away and the
majority of the oxygenated defects on the walls of the SWCNTs will be converted into
carboxylic acid moieties.® It is been reported in literature that the oxygenated groups are
created by treatment of SWCNTSs with nitric acid’® and are mostly located on
carbonaceous fragments adsorbed onto the SWCNTs rather than on the side walls of the

nanotube.*

5.2.1.3 Sodium Hydroxide Treatment

The oxidized SWCNTs were dispersed in 400 mL of 2 M NaOH by sonication for 5 min.
The reaction mixture was heated to 100 °C overnight in a 1 L round bottom flask
equipped with a condenser. The day after, the reaction mixture was cooled to room
temperature and the SWCNTSs were washed with 200 ml of 2 M NaOH and filtered
through 0.2 pm Isopore™ filter. After the filtrate pH became neutral, 2 L of distilled
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water, 400 mL of 1 M HCI followed by extra 2 L of distilled water were used for further
washing of the SWCNTs. The solid was dried at 40 °C under vacuum for 2 days; a 26%
yield was obtained. During this step, the carboxylated part of the carbonaceous impurities

would be converted into more soluble salts and get removed.

After the carbon nanotubes were purified, they were dispersed in water and the resulting
mixture got homogenized ultrasonically for about 15 min. A few droplets of the
homogenized mixture were transferred onto clean glass cover slip. After the water was
evaporated the samples were washed by quick dipping of the glass cover slip into clean

distilled water.

5.2.2 TERS Experimental Details

The TERS setup that is used in the present study is described in detail in Chapter 3. The
polarization of a linearly polarized laser beam (A=632.8 nm, He-Ne laser) was first
modified to generate radially polarized light using the optical setup that is also described
in Chapter 3. The radial beam was focused on the sample by a high numerical aperture oil
immersion microscope objective (PlanAPO Olympus, N.4.-1.4, x100). The backscattered
light was collected by the same microscope objective. To minimize the thermal effects
the power of the laser at the focal spot was limited to about 300 pW. Topographic images
and TERS spectra were acquired in non-contact AFM mode using gold coated AFM tips
(NCLS50 Nanoworld Inc.; resonance frequency 170 kHz, force constant 48 N/m). Gold
coating was done inside a vacuum chamber through electron beam thermal evaporation of
25 nm of gold. Prior to gold, a 5 nm titanium adhesion layer was deposited on the AFM
tip inside the same chamber. At the end of each TERS measurement, a TERS spectrum
was acquired on clean glass cover slip to test for possible contamination of the tip. In
addition, an AFM scan was carried out on the same spot where TERS measurements
were performed. This was done to evaluate any thermal or physical damages on the

sample surface.
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5.3 Results and Discussion

Carbon nanotube sample on glass cover slip were first characterized by conventional
Raman spectroscopy and AFM microscopy prior to TERS measurements. AFM image
and Raman spectra acquired through illuminating the sample by radially polarized

A=632.8 nm laser are presented in Figure 5.3.
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Figure 5.3 (a) AFM image of carbon nanotubes on glass cover slip. Evidenced by the
inset cross-section curve, carbon nanotubes with sub-15 nm diameter are perfectly

resolved (b) Raman spectrum of carbon nanotubes in far-field configuration

As the diameter of the nanotubes in AFM image in Figure 5.3a suggests the sample
consists nearly mono dispersed carbon nanotubes on glass substrate. The peak assignment
for the observed Raman spectrum in Figure 5.3b is in accordance with the information
provided in section 5.1. The peak series at around 200 cm™ correspond to the radial
breathing mode bands (RBM). 1322 cm™ is the D band of single walled carbon
nanotubes. The two intense peaks at 1541 and 1591 cm™ originate from the two G bands

(TO and LO respectively). 2632 cm™ is the G' band which is the overtone of D band.
5.3.1 Estimation of Lateral Resolution

The lateral resolution of the TERS measurements was evaluated through near-field
mapping of the nanotubes. Figure 5.4a shows the near-field Raman map of a SWCNT
that is created by integrating the G band in the collected spectra using the [1400-1684 cm’
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' spectral range. An area of 120x120 nm>has been mapped with a step size of 12 nm in
both x and y direction, Acquisition time was set to 10 sec per pixel. Three sample spectra
corresponding to three pixels inside the Raman map is presented in Figure 5.4b. The
AFM topographic image of the mapped nanotube along with a topographic cross-section
curve that indicates the height of the nanotube is presented in Figures 5.4c and Figures
5.4e respectively. Figure 5.4d shows average Raman intensity profile which is generated

from the map in Figure 5.4a.
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Figure 5.4 (a) Near-field Raman intensity map of SWCNT (b) TERS spectra of three
arbitrary points on the TERS map (c) AFM topographic image of the SWCNT (d)
averaged Raman cross-section obtained from the Raman map in (a), (d) topographic

cross section obtained over the dashed line in (¢)
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The estimated width in AFM image of Figure 5.4e shows about 50% deviation from the
height of the studied nanotube due to a convolution by the tip shape. Nevertheless,
comparison of the widths (FWHM) of the SWCNT in AFM image of Figure 5.4¢ (30
nm) and an average width from the Raman map (40 nm) indicates high lateral resolution
far beyond the diffraction limit and consequently the near-field nature of the Raman
signals. Despite the fact that the estimated width in AFM image is convoluted by the tip
shape*! while the dimensions estimated in Raman map is chemical signature, AFM is
showing higher resolution in this measurements. We believe that unfavourable scattering
effects at the edges of the SWCNT and nanometer drifting of the sample during the
mapping process cause deviation from the results that are estimated by AFM topography.
Similar Raman map was acquired after the tip was retracted from the sample, however, it
was lacking Raman contrast because same signal intensities was recorded everywhere
inside the mapped area. Considering the size of the mapping area and the similar Raman
intensity observed at the mapped pixels, the resolution obtained in far-field measurements
most definitely exceeds 120 nm (10 pixels, 12 nm each) which indicated the diffraction

limit of conventional spectroscopy.

To avoid the potential drifting of our AFM system and more accurately estimate the limit
of resolution in TERS measurements, we decreased the measurement duration by limiting
the Raman spectroscopy to a single line that crosses the carbon nanotube. Consequently
more spots with smaller step sizes can be measured within a shorter time range while the
unfavourable scattering from the edges of the nanotubes will be reduced. The resulting
Raman spectra collected along the white dashed line in Figure 5.5a were used to
generate the Raman cross-section curve in Figure 5.5b. The separation between the
consequent spots along the dashed line was as small as 1 nm and the acquisition time for
each spot was set to 30 sec. A polynomial fit is used to more accurately estimate the half

width at maximum height of the intensity peak in Figure 5.5b.
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Figure 5.5 (a) AFM image of an isolated carbon nanotube with 15 nm diameter as
shown in the inset topographic cross-section curve (b) Raman intensity profile along
the dash line in orthogonal direction to the SWCNT’s main axis while the tip is
approached to (TIP-IN) and retracted from (TIP-OUT) the sample. The lateral

resolution is estimated to be around 20 nm according to the fitted curve.

The collected spectra and the resulting cross-section curve in Figure 5.5b suggest a
lateral resolution of ~20 nm for TIP-IN measurements where the TERS tip has
approached the surface of the sample. This is in good agreement with the estimated
height by AFM image of Figure 5.5a, therefore, an improvement of the resolution is
achieved when compared to the results of Figure 5.4. As it is shown in Figure 5.4b, the
Raman contrast along the mapped line was completely lost as soon as the tip was
retracted from the surface of the carbon nanotube (TIP-OUT measurements). However, a
constant large far-field distribution is observed with intensities close to the highest
intensity that was detected in near-field measurements. This large far-field contribution
can be explained by resonant behavior of SWCNT but at the same time can originate
from undefined background carbon impurities or neighboring carbon compounds. In
addition, the TIP-IN data show a non-symmetric shape on one side of the SWCNT, the
exact source of which is not known at the moment. Similar to the previous discussion, the
presence of carbon impurities or neighboring carbon compounds is a possible reason for

this observation.



122

A similar experiment was performed on a different carbon nanotube using a different
gold coated AFM tip to check the reproducibility of the results. Here the separation
between the spots along the mapping line (white dashed line in Figure 5.6a) was set to 1
nm and the Raman spectrum from each point was acquired within 30 sec. The Raman
intensity profile obtained from this measurement is presented in Figure 5.6b. Similar to
Figure 5.5, a polynomial fit is used to more accurately estimate the half width at

maximum height of the intensity peak in Figure 5.6b.
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Figure 5.6 (a) AFM image of a nearly isolated carbon nanotube with 10 nm

diameter as shown in the inset topographic cross-section curve (b) Raman intensity
cross-section along the dash line in orthogonal direction to the SWCNT’s main axis
while the tip is approached to (TIP-IN) and retracted from (TIP-OUT) the sample.

The lateral resolution is estimated to be around 20 nm according to the fitted curve.

As estimated by the AFM image in Figure 5.6a the diameter of the carbon nanotube
along the mapped line is around 10 nm. TERS Raman cross-section however estimates
the diameter to be around 20 nm and the Raman contrast was lost as soon as the tip was
retracted as it has been shown in Figure 5.6b. Despite the fact that the lateral resolution
is still well beyond the diffraction limit, the difference between the results of Figure 5.5
and Figure 5.6 demonstrate the influence of the tip quality on the limit of accessible
resolution in similar measurements. Low reproducibility of the tip coating process results

in TERS tips with variable apex sizes and consequently different performances.
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Nevertheless, similar resolutions in both measurements of Figure 5.5 and Figure
5.6along with the SEM image of the coated tip which was presented in Chapter 3 (Figure
3.9) estimates an average20-30 nm diameter for the TERS tips that are utilized in this
thesis. Therefore, spatial resolutions higher than 20 nm cannot be expected in TERS
measurements conducted using such tips. On the other hand, the diameter of a single
walled carbon nanotube is expected to be less than 2 nm, therefore according to the
height of the studied carbon nanotubes in Figures 5.4, 5.5 and 5.6, the three
measurements should have been performed on a bundle of SWCNT’s. This suggests that
the lateral resolution could reach a limit beyond 20 nm if a completely isolated carbon
nanotube is present. This however is not easy to achieve when the sample is prepared by
drop casting of SWCNT solution on glass and more sophisticated sample preparation

methods are needed.
5.3.2  Near-Field Origin of the Enhanced Raman Signals

The near-field origin of the observed Raman signal in TIP-IN measurements was
evaluated by measuring the decrease of the enhanced Raman signal as a function of tip-
sample distance. As the theoretical discussions in Chapter 2 predict, it is expected that the
Raman intensities decay quickly as the tip-sample distance increases. In this experiment
the tip was positioned over an arbitrary spot on carbon nanotube and a Raman spectra
was collected first as the tip was in approach position (TIP-IN) with the sample. The
separation between the tip and the sample was then increased with the step sizes of a few
nanometers and a Raman spectrum was collected for each position.The distance between
the sample and the tip varied between 0 to 1000 nm. The results of this measurement are

presented in Figure 5.7. The intensity of the G band is utilized for generating this curve.
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Figure 5.7 Dependence of the Raman intensity of the G band on the longitudinal tip-
sample separation. The squared points show the experimental data and the dashed

line shows a fitted line over these data.

According to the resulted curve presented in Figure 5.7, for tip-sample separations below
150 nm the signal decays quit rapidly with the distance increase. At around 150 nm half
of the Raman intensities are lost and 500 nm distance from the sample surface all the
near-field contributions disappear. Much shorter decay rates of 11 nm has been reported
in a TERS study of CdSe nanowire done by A. Hartschuh et al.”” where at distanced
above 30 nm the near-field signal was no longer detectable. Generally, it is expected that
the longitudinal confinement be consistent with lateral resolution of the TERS
measurements and the tip radius. Nevertheless, the low reproducibility of the TERS tips
do not allow to acquire similar resolution through different TERS tips even though they
are produced under the same condition. Therefore, we believe that the slow decay rate of
the enhancement originates from poor quality of the TERS tip that was utilized for this
specific measurement. The influence of the far-field contributions should also play a

considerable role.
5.3.3 Estimation of the Enhancement Factor

To estimate the enhancement factor for the G band and the conducted experiments in
general, the intensity of the Raman band in TIP-IN and TIP-OUT position should not

only be compared but also corrected with respect to the illuminated area in each of the
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two cases. For the mapping of Figure 5.4, the Raman intensity of TIP-IN case is around
9 times larger than the results acquired from TIP-OUT measurements. To normalize the
intensities with respect to the ratio of the detected area, the method suggested in reference
22 is used.*” The carbon nanotubes are generally longer than the focus area; therefore, the
area probed for far-field measurements can be estimated as a product of the tube diameter
(~9 nm) and the focus diameter (~1pm) to be 9000 nm”. The probed area in near-field
will be then the product of the tube diameter and the tip apex diameter (~20 nm) to be
180 nm”. Similar to the discussion of section 3.5 from Chapter 3, the following equation

can be used for calculation of the enhancement factor:

] A arfiel
EFTERS — _TP-IN Jarfield (5.1)

1T1P70UT Anearﬁeld

Where I7p.;vand Irp.oyrdenote the Raman intensities in TIP-IN and TIP-OUT
measurements and A eqrfieia and Azusieia Show the probed areas in two cases. This results in
an enhancement factor of ~450 for the conducted measurement in Figure 5.4. This value
are comparable to enhancement factors reported in the literature for similar TERS
experiments, ranging from 10 to 10 but most recent studies converge towards a

normalized enhancement factor in the 10? range.*>*

5.4 Conclusion

We conclude that TERS provides a powerful method for nanoscale Raman imaging with
around 20 nm lateral resolution. The achievable resolution however, is strongly sensitive
to the TERS activity and apex size of the tip utilized for the measurements. The high
resolution chemical maps along with AFM topographic images opens up new
possibilities in characterization of nanoscale feature on carbon nanotubes such as
structural strains,® intertube junctions® or the adsorption position of molecules along the
surface of the tubes.”” Nevertheless, reproducibility of the TERS experiment is tip-
dependent and sharper tips would presumably lead to a better lateral resolution with our

setup and similar excitation conditions.
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Chapter 6

6 Tip-enhanced Raman Imaging and Nanospectroscopy

of Etched Silicon Nanowires?

In this Chapter, TERS is used to investigate the influence of strain in isolated and
overlapping silicon nanowires prepared by chemical etching of a (100) silicon wafer. An
AFM tip made of nanocrystalline diamond and coated with a thin layer of silver is used in
conjunction with an excitation wavelength of 532 nm in order to probe the first order
optical phonon mode of the isolated [100] silicon nanowires. The frequency shift and the
broadening of the silicon first order phonon are analyzed for distinct nanowires that are
disposed in straight, bent or overlapping configuration over a microscope cover slip. The
TERS spatial resolution is close to the topography provided by the nanocrystalline
diamond tip and subtle spectral changes are observed for different nanowire

configurations.
6.1 Introduction

Owing to their superior electronic, optical, mechanical, thermal and chemical properties,
silicon nanowires (SiNW) have been investigated for a wide range of potential
applications. Silicon nanowires exhibit excellent photo-catalytic activity,' and due to their
direct path of charge transfer,” they can be used as anode materials and improve the
storage capacity of lithium ion batteries.’ In the field of photovoltaics, SINW-based solar
cells can achieve efficient absorption of sunlight by using only 1% of the active material
required in conventional solar cells.* Also because of their poor thermal conductance,
silicon nanowires could act as efficient thermoelectric materials.’ However, these
physical properties are sensitive to the nanoscale variations in the crystalline structure of

the nanowires. For example, it has been reported that surface roughness influences the

A version of this chapter has been published in [Sensors (2013), 13, 12744.]. Reproduced with permission
from the Multidisciplinary Digital Publishing Institute
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thermoelectric performance of silicon nanowires.® Therefore it is essential to develop
characterization techniques that provide insight into the structure of the nanowires on a
nanometer scale. In this context, Raman spectroscopy serves as a powerful
characterization technique with sensitivity to the crystal lattice structure. The shape and
the frequency shift of the Raman peaks may reveal useful information about the
crystallinity, the amorphicity, the induced mechanical strain and even about the diameter
of nanoscale silicon nanowires.”® Therefore, Raman spectra of silicon nanowires are of

great value for understanding the properties of isolated nanowires.’”

Despite the fact that previous studies provide very useful information about the silicon

nanowires, they all lack specificity due to their limited spatial resolution. Measurements
acquired from far-field conventional measurements are an average of the bulk properties
that results in the loss of the spatial information and the knowledge of the distribution of
defects.'” In an attempt to surpass this problem, TERS opens up many new possibilities,

including better spatial resolution and better surface sensitivity."’

TERS is not limited by the diffraction limit of light'* and it has reached 1.7 nm lateral
spatial resolution, which provides significantly sharpened optical details of the

sample."*!*

In addition, due to a localized surface plasmon resonance which is confined
at the apex of the metallic tip, TERS can provide detailed spectroscopic information from
a functionalized surface or an interface with a high specificity. Nevertheless, due to the
enhancement of the longitudinal field by the metal tip'"> and the possible depolarization
effects from the TERS probe, polarized TERS measurements are limited as opposed to
conventional confocal Raman spectroscopy where full polarization measurements are

accessible for both excitation and scattered signals.'*'®!”

In this Chapter, isolated [100] nanowires have been dispersed onto glass cover slip and
studied under the TERS setup using a silver coated nanocrystalline diamond AFM tip.
The spatial and spectral resolution accessible in the TERS setup allows for the precise
assignment of the vibrational frequency shifts and the change of FWHM (full width at
half maximum) in silicon Raman signal to the strain induced in silicon nanowires due to

the structural variations. It this study we have made use of nanocrystalline diamond tips
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to prevent the interference between the silicon signal of nanowires and the silicon signal
from the most common silicon based AFM tips. Alternatively, other tips made of SizNy,

oxidized silicon or modified glass tips can be used in similar studies.'®
6.2 Experimental Section

6.2.1  Sample Preparation

Silicon nanowires were synthesized following the method proposed by Zhang et al."” N-
type (phosphorous doped) silicon wafers with a thickness of 525 pm, a resistivity of 1.5
Ohm.cm and a (100) orientation were cut into smaller pieces and then cleaned with
acetone, ethanol and water in a subsonic device to remove a part of the organic
impurities. Next, the silicon pieces were cleaned at room temperature by immersing them
for 10 min in a 3:1 (v/v) Piranha mixture of H,SO4 (98%) and H,O, (35%) followed by
immersion in a 5% HF solution for about 3 min. The mechanism of action for Piranha for

removing carbon impurities is summarized in equations (6.1) to (6.3):
H,S0,+H,0, —» H;0*+ HSO, + O (6.1)

N/ \ /

c=—c¢ +O. e C=—0 + ——C

¢ \ c \ (6.2)

C=—0 +—=C + 20 —» 0—C—0 +——C +2C

g \ (6.3)

The mechanism of action for HF to remove silicon dioxide is shown in equations (6.4)

and (6.5)
SiO, + 4 HF — SiF, (g) + 2 H,O (6.4)

SIOQ +6 HF —» HQSIF() +2 H20 (6 5)
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The surface of the silicon pieces will be hydrogen terminated in HF aqueous solution.
Such surfaces have enhanced stability under ambient condition and can be handled in air

for a longer time.

On the next step, silver nanoparticles were deposited on the wafer pieces by dipping the
silicon wafers into silver coating solution of 4.8 M HF and 0.005 M of AgNOs; for one
min. After a uniform layer of silver nanoparticles were formed, the silicon pieces were
washed with water to remove extra Ag ions. The silicon pieces with the uniform layer of
nanoparticles were then etched in an etchant solution composed of 4.8 M HF and 0.4 M
H,0, for 40 min. 4.8 M HF acts as a strong oxidizer to initiate the electroless oxidation of
silicon. In an exchange reaction, silicon is oxidized to form soluble hexafluoride complex
and silver ions are reduced by electron transfer from the valence band of silicon.
Reduction of silver creates nanoclusters of silver that forms a galvanic cell with
uncovered silicon areas.The corresponding half reactions are summarized in equations

6.6 to 6.8:%°

Agh+e — Ag (6.6)
HyOr + 2 H 42 ¢ —— 3 2HyO  coovvvvmeenneeiiiinnnnns (6.7)
Si+ 6F —» SiF62' +4¢ (6.8)

The nanoclusters of silver catalyze the etching reaction, sink below the surface and leave
behind columns of one-dimensional silicon nanostructures. After the etching step, the
samples were washed with water and the Ag catalyst clusters were removed by
immersion in a 1:1 (v/v) solution of HNOj3 and H,O followed by an immersion in 5% HF
solution. Finally the wafers were washed with water to remove remaining corrosive HF
from the wires. This procedure results in formation of nanowires oriented normal to the
surface of the (100) wafer, with [100] direction, diameters ranging from 40 to 200 nm
and lengths varying from 10 to 50 um. To isolate and disperse the synthesized wires, the
surface of the silicon wafer pieces was gently scratched by a razor blade and the

scratched powder was transferred into ethanol. The resulting solution got homogenized
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ultrasonically for about 10 min and then a drop of this solution was transferred onto a

clean glass microscope cover slip.
6.2.2 TERS Setup

The TERS setup used in this study is as described in chapter 3. The linearly polarized
incident laser beam (A = 532 nm, Compass 315 M laser, Coherent, Santa Clara, CA,
USA) was focused on the sample with a high numerical aperture oil immersion
microscope objective (PlanAPO Olympus, N.4.=1.4, x100) which collects the
backscattered light as well. The power of the laser at the focal spot was set to about 300
uW to rule out temperature induced spectral fluctuation. AFM topography was acquired
in non-contact AFM mode using nanocrystalline diamond tips. For TERS experiments
nanocrystalline diamond AFM tips were exclusively used (ND-DTIRL-4 All-Diamond
tip, typical oscillating frequency of 240 kHz and a force constant of 30 N/m, Advanced
Diamond Technologies, Inc., Romeoville, IL, USA) and were coated with 5 nm of
titanium followed by 20 nm of silver by means of electron beam thermal evaporation of
silver inside a vacuum chamber. The coated tips were used within a day after coating

before oxidation degrades the thin silver layer.
6.3 Results and Discussion

6.3.1 Raman Characterization of Silicon Nanowires

Raman spectra of a single silicon nanowire and a bulk (100) silicon wafer were acquired

prior to the TERS measurements. The two spectra are shown in Figure 6.1.
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Figure 6.1 First order optical phonon Raman peak of silicon nanowire and (100)

silicon wafer

In the absence of internal or external stress, in back scattering geometry, the triply
degenerate first order optical phonon modes of silicon (1 LO, 2TO) result in a single
Raman peak at 521 cm ' for a silicon wafer while it shifts to 518 cm ™' for a 60 nm
diameter silicon nanowire. Furthermore, the Raman peak shows a significant broadening
with FWHM of 10 cm ™' as compared to 2.5 cm™' for bulk silicon wafer. This spectral
variations and a qualitative investigation of the phenomena was previously reported in
literature.® In brief, when the crystalline sizes decreases, momentum conservation will be
relaxed and Raman active modes will no longer be limited to the center of the Brillouin

zone.

For silicon sample subject to stress, the characterization of the phonon modes (LO or TO)
by Raman spectroscopy depends on the sample crystallinity, the orientation of the crystal
with respect to the incident polarization but also the directivity of the stress (uniaxial or
biaxial) and its sign (compressive or tensile). For negative uniaxial (compressive) stress
along the [111] direction of a silicon wafer, the triply degenerate optical mode split into
two Raman peaks with wave vectors parallel (singlet) or perpendicular (doublet) to the
strain direction.”"** In backscattering geometry, only the singlet mode can be observed
and the optical-phonon frequency can be predicted with respect to the unstrained silicon

lattice.??
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6.3.2 TERS Tip Alignment

Similar to the procedure of section 3.4.1.2 of Chapter3, vertical deflection images
(Figure 6.2a) and Raman intensity maps of the silver coated nanocrystalline diamond
AFM cantilever (Figure 6.2b) have been utilized to find the position of the tip apex.
Raman intensity map is generated by integration of the Raman signal scattered by the

nanocrystalline diamond tip shown in Figure 6.2cin 1207-1653 cm ' spectral ranges.
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Figure 6.2 (a) Vertical deflection image of the nanocrystalline diamond tip and
cantilever coated withS nm titanium and 20 nm silver (b) Raman intensity map of
the same tip. The three edges of the tetrahedral pyramid can clearly be
distinguished (c) Raman spectra of a nanocrystalline diamond tip (d) Geometry of

the nanocrystalline tetrahedral diamond tip, o = 125.24° and o’ = 79.34°

The vertical deflection image (Figure 6.2a) and the Raman scattering of the tip (Figure
6.2b) both show clearly the tetrahedral structure of the tip. Scans of the tip over smaller

area are then performed to optimize the signal and tune the position of the tip.

It is noteworthy that the Rayleigh scattering method was not used for alignment of the

TERS tip because of the difficulty in recording sharp scattering images of the
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nanocrystalline diamond tip, presumably due to the wide angles formed by the tetrahedral
tip of 125.24° and 79.34° along the Y and X axes, respectively. The tetrahedral tip and its
wide angles along the X and Y direction are depicted in Figure 6.2d.

After the position of the tip was found, the tip cantilever was immobilized at the defined
x-y position in Figure 6.2b with the highest Raman intensity that corresponds to the tip
position and laser focal point simultaneously. In Figure 6.2b some intense Raman spectra
located along the sharp edges of the tetrahedral pyramid can also be observed. However,
the shape of the Raman map together with the vertical deflection image clearly reveals
the tip position located at the crossing point of the three edges, allowing one to determine
accurately the position of the tip. It should be noted here that the Raman signature of the
nanocrystalline diamond would be different from a diamond material containing large
diamond grains and rich in graphitic phase.”> TEM observations on the nanocrystalline
diamond have shown agglomeration of nanoscale diamond grains with steep grain

boundaries and no amorphous phase between them.

After immobilization of the tip, preliminary AFM images of the nanowire were acquired
in order to select the points to be probed. Minimum interaction between the tip and the
sample was used in order to avoid any wear of the metallic coating of the tip. This weak
interaction may result in poor AFM image qualities. Sharper topographical images of the
wire of interest were generally collected using either the same tip or using a non-coated

tip once the TERS measurements were finished.
6.3.3 TERS Imaging of Silicon Nanowires

After the AFM image of the silicon nanowires were acquired (Figure 6.3a), TERS
spectra of various nanowires were collected in non-contact mode by moving the sample
in the xy plane using a piezoelectric stage. Here the Raman spectra of the each nanowire
were collected when the TERS tip was in proximity of the wire (TIP-IN) and when the tip
was withdrawn from the sample (TIP-OUT). The Raman spectra were collected by step-
scanning the isolated wire with a 250 nm step in the x and y directions. Smaller scan
steps were avoided at this stage to prevent the considerable increase of the mapping time

duration. By integration of the first order optical phonon silicon Raman signal in the
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collected spectra, Raman intensity map of the silicon nanowires were generated for both
TIP-IN and TIP-OUT measurements. The maps are presented in Figure 6.3b and Figure
6.3c, respectively. The acquisition time for collecting the individual Raman spectra was

set to 1 sec/spectrum.
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Figure 6.3 (a) AFM image and topographic cross-section of the studied silicon
nanowire. The AFM image was recorded with a non-coated tip after the TERS
experiments. The lateral resolution of the AFM cross-section is poor compared to
the height resolution presumably due to the wide opening angle of the tip apex
shown in Figure 6.2d (b) near-field (TIP-IN) Raman intensity map of the silicon
nanowire showing the variation of the silicon Raman signal intensity (c) far-field
(TIP-OUT) Raman intensity map of the silicon nanowire. For (b) and (c) the spectra

were integrated over the 511-534 cm_lspectral range.

According to the Raman map shown in Figure 6.3b, the TERS tip has just slightly
improved the lateral resolution of the mapping when compared to the Raman map which
was generate from the far-field signals in Figure 6.3c. We suggest two reasons for this
observation: i. the wide opening angle of the tip promotes the enhancement of the signals
not only from the apex of the tip but also from the side walls which are also coated with
silver. This has negative influence on the lateral resolution of the TERS measurement; ii.
250 nm mapping steps increase the chance of undesirable reflections from the edges of
the nanowires which makes distinguishing of the boundaries more difficult. Nevertheless,
the far-field map in Figure 6.3c is less homogeneous implying that the near-field

contribution is important to provide a good sensitivity to probe the full wire. With regards
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to the AFM image that is presented in Figure 6.3a, the estimated height of the nanowire
corresponds to the nominal diameter of the single nanowire (~60 nm) while the lateral
cross-section of the wire shown as an inset of Figure 6.3a isabout ~300 nm due to the
convolution with the geometry of the AFM tip. This image was acquired after the TERS

experiments were performed.
6.3.4  Estimation of Accessible Spatial Resolution

As mentioned above, the relatively large size of the mapping area makes the collection
process of the spectra lengthy if the separation between the individual points in the map
decreases. On the other hand, thermal effects that might be induced during a long
illumination process reduce the reliability of the acquired results. Nevertheless, it is
difficult to estimate the spatial resolution reached in the near-field measurements through
analyzing the data acquired using 250 nm mapping steps along the nanowire due to the
uncertainty caused by reflection of the laser from the edges of the wire. Furthermore the
measurements acquired with the tip approached to the sample include the far-field
contribution that significantly broadens the spatial resolution especially when the
experiment is conducted under by short acquisition time and low signal/noise detection
ratio. For this reason, we have scanned three short lines on a random section of a
nanowire with smaller step sizes and in the orthogonal direction with respect to the long
axis of the wire. The acquisition time was set to 15 sec/spectrum. The lines are shown in
Figure 6.4a. Each of the three lines were 3 um long and the step between each individual
spectra was set to 30 nm in both x and y direction along the lines. By integrating the
silicon peak intensity for each pixel of the map and averaging the intensity values for
corresponding pixels in these three lines, the spatial resolution limit of our experiment
was estimated. Figure 6.4a shows the AFM image of the corresponding nanowire along
with the topographic cross-section curve. Variations in the intensity of the silicon Raman
signal with TIP-IN and TIP-OUT averaged along three lines are presented in Figure6.4b
and Figure6.4c. The two dashed curves in these figures present the experimentally
measured Raman intensities of the total field (TIP-IN) and far-field (TIP-OUT) while the
solid curves are the Gaussian model which is fitted on the experimental data points. In

this experiment, when the tip is close to the sample the signal is significantly higher
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(6000 counts) compared with the case when the tip is retracted (250 counts). The optical
contrast defined by C = (I oy — 1 TIP—OUT/ I TIP—OUT) in this case will be around 20. The

spatial resolution for this experiment was estimated by taking the average silicon peak

intensity values in corresponding pixels of the three lines.
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Figure 6.4 (a) AFM image of a single silicon nanowire and the topography cross-
section of the same nanowire (b) total Raman signal when the metal tip approaches
the sample. The full width at half maximum indicates a spatial resolution of ~450
nm as compared to a topographical cross-section of ~300 nm provided by the AFM.
(c) the optical cross-section obtained in far-field measurements provides a full width

at half maximum of 1200 nm and significantly lower Raman intensities.

As it could be observed in Figure 6.4b, ~450 nm resolution was obtained for near-field
that matches the dimensions of the wire predicted by the topographic cross section curve
(~300 nm) more closely. Note that due to the difference of signal between the two
experiments (TIP-IN versus TIP-OUT), the removal of the far-field contribution from the
experiment where the tip has approached the sample does not improve the spatial
resolution. We believe that any variation from the actual size of the wire is due to the
geometry of the tip (wide opening angle) and possible inhomogeneities of the metal
coating of the TERS tip. As shown in Figure 6.4c, the far-field spectra predict a
resolution of ~1200 nm which corresponds roughly to the dimension of the laser focal

spot.
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6.3.5 Estimation of Enhancement Factor

The determination of the local enhancement factor is more delicate since it implies a
good knowledge of the volume of the tip that participates to the enhancement. To
estimate the TERS contrast of the current experiment, a series of Raman spectra were
acquired at selected locations on the surface of the SINW with an acquisition time of 10
sec/spectrum. The TERS spectrum of the silicon nanowires along with the Raman spectra

obtained with TIP-IN and TIP-OUT of the [100] nanowire are shown in Figure 6.5.
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Figure 6.5 Raman spectra with metalized tip positioned in the optical near-field and
in the optical far-field of the sample. The difference of the two spectra indicates the

enhancement induced by the metallic tip.

Here, the TERS spectrum is obtained by calculating the difference between the two

experiments conducted with the tip close and far from the sample. In addition to the
improvement of the spatial resolution, a contrast ratio (C = (I e — Lo {)UT/ L {)UT)) of

(C~3—4 was achieved. This value differs from C~20 obtained in the previous experiment
(Figure 6.4). Such variation may arise from the difference of activity between the
different tips used in this study. The observed enhancement originates from the LSPR of
the TERS tip which is highly sensitive to the shape of the tip and the quality of the metal

24
coating.
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6.3.6  Lattice Strain Influence on Spectral Fingerprints of

Nanowires

The influence of the lattice strain on vibrational frequency shift and FWHM of silicon
Raman signal was studied by TERS. Bending is a source of lattice strain and previous
studies have revealed a conductance enhancement in bent nanowires.”> We studied the
effect of this strain on the first order optical phonon Raman peak of silicon nanowires by
collecting the TERS spectra at selected positions over a bent silicon nanowire. The AFM
image of this bent structure is presented in Figure 6.6a, while Figure 6.6b shows the
TERS spectra obtained from different locations on this structure assigned to the

nanostructure variations.

3x10*

——Paint 1 b

----- Point 2

ts

" - Point 3
£25x10 SO el 5

y ! arb. un

]
=
(=]

1.5x10°

Raman Intensit

+

*
(=]

10°
488 4956 504 512 520 528 536 544
Wavenumber / cm”

0 Height / nm 300

Figure 6.6 (a) AFM image of a bent silicon nanowire (b) TERS spectra collected

along the nanowire in position 1-4

In Figure 6.6b the TERS Raman spectra show over 2 cm 'shift towards lower
frequencies and a slight broadening for the bent portion of the nanowire (points 2,3) as
compared to the straight portions of the wire (points 1,4). The broadening effect
originates from the fact that nanowires experience compressive strain on the inner side of
curvature and tensile strain on the outer side.”® Compression leads to a positive frequency
shift of phonon modes, whereas tension induces a negative shift and together, the two
produce a broadening.”® The broadening effect disappears as towards the straight ends of
the bent wire and the Raman peak appears at 518 cm 'again. This bending strain that

causes lattice strain is proportional to the ratio between the diameter of the nanowire and
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the radius of the curvature of the bent nanowire.”* Therefore, our results indicate that a
simultaneous tensile and a compressive strain not only causes a frequency shift of the
silicon molecular vibrations, but also it results in broadening of the corresponding Raman
peak. Similar observations are also reported for ZnO nanowires.”” For ZnO nanocrystals
the compressive and tensile stress are shifting the LO phonon to higher and lower
frequencies, respectively. These results could also be compared with high resolution
transmission electron microscopy investigations of Zheng et al.*® In their work it has
been reported that the neutral-strain axis was shifted from the compressive zone to the
tensile region and that significant strain variation along the bending axial direction in the
compressive region was revealed. The measured TERS spectra however, did not show
significant changes along the bending direction which could be due to insufficient spatial

resolution.

Finally the spectral variations due to potential strains induced by crossing were
investigated. Crossed nanowires play an important role in fabrication of the nanodevices
and it has been shown that overlapping crossed silicon nanowires make good electrical
contact with each other and create electrical junctions which exhibit good diode
behaviour.”® To investigate the presence of strain in the nanowires, the AFM image of
two arbitrary crossed nanowires was first obtained (Figure 6.7a). The TERS spectra of
different spots on the crossed wires were then collected. The results are shown in Figure

6.7b. The acquisition time was 10 s for each of the acquired spectra.
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Figure 6.7 (a) AFM image of two crossed silicon nanowires (b) TERS spectra

measured on points 1-3
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As it is shown in Figure 6.7b, the Raman signal of silicon, which appears at around 518
cm 'for a single silicon nanowire, does not experience significant spectral shift or a
change in FWHM, suggesting that no significant strain is necessarily induced in the

nanowires as a result of crossing.
6.4 Conclusion

In this Chapter, TERS of isolated nanowires were investigated using a nanocrystalline
diamond tip coated with silver. Despite the low aspect ratio of the AFM tip used in this
study, the TERS results show a lateral resolution close to the AFM cross section. We
believe that higher aspect ratio AFM tips should lead to higher spatial resolution which
correlate better with the diameter of a single nanowire estimated by AFM. Since the
mechanical, electrical, optical and thermal properties of silicon nanowires are sensitive to
the structure of the wires, the TERS technique could provide reliable insights into the

influence of morphology on any of these properties.
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Chapter 7

/  Label-free Mapping of Osteopontin Adsorption to
Calcium Oxalate Monohydrate Crystals by Tip-enhanced

Raman Spectroscopy’

In the ectopic biomineralization of calcium oxalate kidney stones, the competition
between calcium oxalate monohydrate (COM) formation and its inhibition by the
phosphoprotein osteopontin (OPN) plays a key role in COM stone forming processes. To
get more insights into these processes, tip-enhanced Raman spectroscopy is used to
provide surface-specific information about the adsorption of OPN to faces of COM
crystals. As TERS works label-free and non-invasively, it is an excellent technique to
study the distribution of adsorbed proteins on crystal faces at the sub-micrometer scale. In
this Chapter, we generated Raman intensity maps indicating high surface specificity and
a distinct variation in relative peak intensities. The collected TERS spectra show that the
OPN preferentially adsorbs to edges and faces at the ends of COM crystals (order: '/
{121} edge >{100} face >{100}/{010} edge = {121}/{010} edge >{010} face) providing

also relevant information on the inhibition of crystal growth.
7.1 Introduction

The use of TERS in the biochemical and biophysical sciences is particularly attractive as,
unlike other techniques (e.g., fluorescence spectroscopy and microscopy), it allows for
sensitive analyses of very small areas of a sample at a high spatial resolution and in the
absence of any label. As mentioned earlier, labelling could lead to undesired artifacts and
misinformation, and sometimes requires the synthesis of endogenous fluorophores, which

could perturb the native organization of the biosystem of interest.”

3 A version of this chapter has been published in [J. Am. Chem. Soc. (2012), 134, 17076.]. Reproduced
with permission from the American Chemical Society
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So far TERS has been successfully tested to open insights into many biological systems
such as RNA® and DNA strands™ isolated cells®® and viruses.” The present Chapter
focuses on the use of TERS to study the interactions of the phosphoprotein osteopontin
(OPN) with calcium oxalate monohydrate (COM) crystals. The latter is the most common
mineral phase of kidney stones (<75%), while OPN is believed to be a potent inhibitor of
kidney stone formation.'® A perspective view of a COM penetration twin (main habit in

physiological environments) is shown in Figure 7.1.

Figure 7.1 Perspective view of a faceted COM penetration twin depicting the main

crystal faces of calcium oxalate monohydrate

The formation of oxalate stones in the urinary system involves the nucleation, growth,
and aggregation of these crystals; a complex process that depends on many parameters
such as the diet and water intake of the subject.'’ However, low molecular weight (e.g.,
citrate) and macromolecular inhibitors play an important role in regulating these
calcification processes. Members of the latter category are the Tamm-Horsfall protein
(THP) and OPN.'*">OPN, which is part of the body’s defence mechanism against

pathological calcification,'* is proposed to be a potent inhibitor of stone formation.

To test this hypothesis, effects of a variety of OPN peptides and the parent protein on

COM growth inhibition were analyzed."”™'® In vitro, OPN is adsorbed onto COM

11,19,20 -

inhibits their growth,ﬂ'23

crystals, and prevents crystal aggregation..24Atomic force
microscopy of growth steps, for instance, has shown that OPN adsorption to {010} faces
is more selective than adsorption to {100} faces.” Very recently, the adsorption pattern
of OPN isoforms to COM crystals was studied using a combination of confocal

171825 These investigations have shown

fluorescence and scanning electron microscopy.
that fluorescent-labelled OPN preferentially adsorbs to the edges between the {100} and

{121} faces, and, after longer adsorption times, to {100} faces. Adsorption to {010} and
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{121} faces was not evident. The preliminary structure of OPN is summarized in Table

7.1.

Table 7.1 Preliminary structure of OPN

Amino acid Class R side-chain group | /backbone
Glycine Hydrocarbon H- 6
Alanine Hydrocarbon CHs- 21

Valine Hydrocarbon (CHj3),CH- 15
Isoleucine Hydrocarbon (CH3),CH,CH;- 6
Leucine Hydrocarbon (CH3),CH,CH,- 19
Serine Alcohol HOCH>- 55
Threonine Alcohol HOCH(CHj3)- 12
Methionine Sulfur H;CSCH,CH,- 2
Asparagine Amide H,NCOCH,- 7
Glutamine Amide H,>NCOCH,CH,- 15
Arginine Basic HN=C(NH,)NH(CH,)s3- 9
Lysine Basic H,oN(CH»)4- 18
Histidine Basic HN=CHNH- 15
Phenylalanine Aromatic CsHsCH,- 6
Tyrosine Aromatic HOC¢HsCH>- 5
Tryptophan Aromatic CsH4HNHC=CH,- 1
Proline Secondary amine H,CCH,CH,- 15
Aspartic acid Acidic HOOCCH,- 42
Glutamic acid Acidic HOOCCH,CH,- 33

We demonstrate for the first time that a tip-enhanced chemical fingerprint of adsorbed
OPN to COM faces results in a detailed, semi-quantitative and complete adsorption
profile of the phosphoprotein (phosphorylated recombinant rat bone osteopontin, p-
OPN) to COM crystal faces. This is carried out in non-contact AFM mode and without

the requirement of fluorescent label. The findings of this Chapter demonstrate the utility

of this novel approach to study protein mineral interactions, and provide important

insights into the adsorption behaviour of OPN, which could be used to develop new

strategies for therapeutic intervention of pathological calcification.
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7.2 Experimental Section

7.2.1 Chemicals and Solution Preparation

For crystallization of calcium oxalates, reagent grade sodium oxalate (Na,C;Oy4; J. T.
Baker), calcium nitrate tetra-hydrate (Ca(NOs),-4H,0; J. T. Baker), sodium chloride
(NaCl; J. T. Baker) and sodium acetate (CH;COONa, anhydrous; Sigma) were used to
prepare calcium and oxalate stock solutions as previously described.”® Recombinant full-
length rat osteopontin (recOPN) was expressed as an N-terminal His-tagged protein
following a protocol used for recombinant bone sialoprotein.”” The purified protein was
analyzed by MALDI-TOF mass spectrometry (MALDI-TOF MS; Bruker Reflex III) and
a molecular weight of 36 050 g/mol determined. Phosphorylation of recOPN occurred by
treating recOPN with protein kinase CK2a expressed as a GST-tagged protein following
a protocol by Saad et al.*® MALDI-TOF MS revealed that the molecular weight of
phosphorylated recOPN (p-OPN) is 36 694 g/mol. The mass difference between recOPN
and p-OPN (644 g/mol) corresponds to 8.05 phosphate groups. To verify identity, protein
content and purity, SDS-PAGE and amino acid analysis (Alberta Peptide Institute,
Edmonton, Canada) were used. For adsorption experiments, an aqueous stock solution of

2 mg/mL (54.5 uM) p-OPN was prepared.
7.2.2  Crystallization and Adsorption Experiments

COM formation was initiated by modifying a method previously established.'” In brief,
custom-made Teflon block (Figure 7.2) containing three bottomless reaction wells
(diameter, 9 mm; height, 10 mm) was sealed by o-rings (Viton) with optical cover glass

(Fisher, 22 x 22 mm, No. 1) and clamped using a microscopic slide as bottom cover.
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Figure 7.2 Schematic (not to scale) of a reaction well-containing Teflon block for the

growth of COM crystals

Before assembly, the cover glass was treated in 7 wt % NaOH solution at 60 °C for 20
min to increase negative charge and pit densities of the substrate surfaces in order to have

29-31 rpy. +
This treatment was

the crystals stick better to the surface of the glass cover slip.
necessary to prevent crystals from moving during atomic force microscopy scans. All
components of the assembly were thoroughly rinsed in doubly distilled H,O with
sonication for 5 min before use. For crystallization, the reaction assembly and all reaction
solutions were preheated to 37 + 0.2 °C. Thereafter, oxalate solution was added to the
wells followed by water and calcium solutions (total volume of 500 puL) and the assembly
incubated (Ultra Tec WJ 501 S) at 37 £ 0.2 °C for 3 h. The final concentrations were
[Ca®"]=[C,04*]=1 mM, sodium acetate 10 mM and sodium chloride 150 mM. For some
reactions, pH measurements were carried out immediately after mixing the solutions; the
pH was always between 6.65 and 6.75. For adsorption experiments, crystal growth
solutions were exchanged by low-supersaturated calcium oxalate solutions
([Ca*"1=[C,0471=0.06 mM, preheated to 37 °C + 0.2 °C) followed by the addition of 0.4
mg/mL p-OPN to the wells containing preformed crystals. The total volume was again
500 pL. After allowing adsorption to the crystals for a period of 60 min (37 £ 0.2 °C),
cover glass samples were rinsed with deionized water, air-dried and stored in a

desiccators until further use.
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7.2.3 TERS Experimental Details

The TERS setup used in this study is described in Chapter 3. To conduct the Raman
measurements, linearly polarized coherent laser beam (A = 532 nm, Compass 315 M
laser, Coherent, Santa Clara, CA, USA) was focused on the sample using an objective
with a high numerical aperture (Olympus PlanAPO, N.4=0.95, x100). The same
objective was used to collect the backscattered light. The laser intensity at the sample was
adjusted to 300uW. AFM scans were conducted in non-contact mode using silver coated
AFM tips (NCL20 NanoWorld Inc.; resonance frequency 170 kHz, force constant 48
N/m). Silver coating (30 nm layer) was carried out by electron beam thermal evaporation
of the metal in a vacuum chamber. The coated tips were used within the day of coating.
5-10 coated tips were used for each face of crystals, whereas an average of 1 in 5 tips
provided large enhancement. At the end of each experiment, a TERS experiment with the
tip in proximity to the glass surface was performed to test for a possible contamination of

the tip.
7.3 Results and Discussion

At first Raman reference spectra of both the phosphoprotein and the calcium oxalate

crystals were acquired which is shown in Figure 7.3.
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Figure 7.3 Raman spectra of the phosphoprotein p-OPN and COM crystals. The
acquisition times were 120 sec for p-OPN and 20 sec for the COM crystal using
similar irradiation conditions. The spectrum of the protein is multiplied by a factor

of 10.



151

The most intense Raman peak of p-OPN appears at 1465 cm ™' which overlaps with a
main peak of COM at 1464 cm™'. The presence of OPN could however be distinguished
from COM by monitoring the intensity ratio for the wavenumbers 1464 cm™' and 1487
cm . The latter Raman peak is assigned to COM only. Therefore, the larger the ratio
L1464/11487 15, the larger is the amount of proteins adsorbed onto the crystal surface. The

peak assignments for both OPN and COM are shown in Table 7.2.

Table 7.2 Raman peak assignment for p-OPN and COM crystals

p-OPN (cm™) | COM (cm™) | intensity band assignment
503-595 W 0-C-O bending™
608 W C-O bending of amide VI band>
761 m Indole systematic breathing mode of; 5Trp,34
systematic stretching of O-P-O
800-900 m Systematic C-N-C stretching™
850-950 m C-C stretching™
915 m C-C stretching of side chains™
1050 s C-C stretching of side chains™
Systematic P-O stretching vibration,*® C-N
1062 m . . .34
stretching of side chains
1187 W CO-OC stretching mode,”” Amide III**
1250-1350 W Amide III bending anc}lgstretching of
backbone
1300-1500 s Systematic C-O stretching™
1425-1475 S CH, scissoring or CH; systematic stretching”
1550-1750 | 1550-1750 | m Asymetric C-0 s g Amide Lin

To investigate the adsorption pattern of OPN on the surface of the COM crystals, we
collected TERS maps of both p-OPN adsorbed to {100} faces and p-OPN adsorbed to
{010} faces. The mapping was performed first within selected areas of 10x10 pm?” near
the extremities of the crystals. The lateral separation between adjacent pixels inside the
mapping region was set to be 250 nm. For each crystal face, collection of Raman signals
was carried out sequentially keeping the metallic AFM tip in feedback with the surface of
the sample. Prior to scanning, the TERS tip was aligned to the focused excitation beam
for each crystal face analyzed. Spectra for maps were acquired using a laser power of
300uW at the sample plane for 1 sec. Once all spectra were collected, two sets of maps
were generated by integrating the Raman peaks at 1464 cm™' (of COM and p-OPN;
Figure 7.4b and Figure7.4c) and the peaks at 1487 cm ™' (of COM only; Figure 7.4e and
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Figure7.4f). We then evaluated the p-OPN distribution on the {100} and {010} crystal
faces by calculating the intensity ratios of 1464 cm 'and 1487 cm™' peaks for four
selected points on each of the two crystal faces. The four points (black dots) are shown in
Figure 7.4b and Figure7.4c, while the spectra and associated ratios are shown in Figure

7.4g and Figure7.4h.
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Figure 7.4 TERS maps of p-OPN adsorbed to {100} and {010} crystal faces. The
color bars represent Raman intensity. Blue and white colors indicate weak and
strong Raman signals, respectively. (a and d) Integration area used to generate the
maps in (b and c) and (e and f), respectively. (b and ¢) Maps resulting from the
integration of the 1465 cm™' peak on {100} and {010} faces (signal of COM and p-
OPN), respectively. (e and f) Raman intensity maps resulting from the integration of
the 1487 cm™ peak of {100} and {010} faces (COM only), respectively. (g and h)
Raman spectra of four spots (see (b) and (c)) selected from maps on {100} and {010}

faces, respectively.
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In these maps, each collected signal includes both the near-field contribution from the
crystal surface together with the far-field bulk signal from the crystal. TERS of {121}
faces was not performed, as these faces are not accessible for the tuned AFM/Raman
laser setup. Figure 7.4b and Figure 4.7c shows variations in intensities of the Raman
peak at 1464 cm™' for {100} and {010} faces as well as the crystal edges. Other bands of
OPN such as 761 cm 'and 1062 cm ™' were too weak to be exploited. The measurements
indicate the presence of p-OPN and slight changes in thickness of the adsorbed protein
layer, which also results in changes of COM intensities. Comparing the TERS spectra of
the two maps shown in Figure 7.4 b and Figure 7.4¢ indicates, by variations in intensity,
that the phosphoprotein tends to adsorb more to the extremities of the crystal. From these
data, it is apparent that p-OPN adsorbs preferentially to the edges between {100} and
{121} faces and, rather marginally, to the {010}/{121} edges. In addition, more intense
Raman signals at {100} faces suggest that p-OPN adsorbs more selectively to {100} than
to {010} faces. This outcome confirms recent findings by Hunter and co-workers, who
report that high Ca®" densities on {100} faces promote the adsorption of the acidic

phosphoprotein. '

Moreover, adsorption of p-OPN to the edges might be an effect of
surface energies.'®'” To provide additional evidence for the presence and selectivity of
adsorbed p-OPN on COM faces, single spot TERS measurements (four at each crystal
face) and calculations of intensity ratios (I 464/11437) Were carried out for each spot. On the
{100} face, these ratios were between 2.7 and 6, and for the spots on the {010} face,
ratios between 0.4 and 1.4 were calculated (the higher the ratio the higher the OPN
concentration, see above). Particularly for the {100} face (Figure 7.4g), large ratios near
the crystal edges were measured (points 1,2,4). For the face itself (point 3), a ratio of 2.7
was received. This value is relatively high compared to those measured for the {010}
face (Figure 7.4h). In addition, the {010}-ratios are more homogeneous and show a
lower affinity for p-OPN to {010} faces. In general, the adsorption profile found for p-
OPN is in good agreement with results achieved in previous studies using confocal
fluorescence microscopy.'’ There is, however, one important difference. The semi-
quantitative results derived in the present study clearly show that p-OPN does not only
adsorb relatively strong to {100}/{121} edges, a fact also reported by Taller et al.,'"but

also to {100} and (marginally) to {010} faces. In contrast, confocal fluorescence
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microscopy used by Taller ef al. showed very weak (if at all) and undistinguishable
binding to {100} and {010} faces.'” Indeed, Hunter ef al. have reported slight OPN
adsorption to {100} faces but no protein binding to {010} faces, as well.** Therefore,
using the sensitivity of TERS allowed us to specify the selectivity of OPN adsorption
with very high accuracy, finally indicating an order of adsorbed p-OPN of {100}/{121}
edges >{100} faces >{010} faces. On the basis of the p-OPN concentration used (0.4
mg/mL) in the present study and the treatment of the samples after adsorption (rinsing the
crystals and removing excess of p-OPN [desorption of physisorbed protein]), it is
proposed that the p-OPN layers detected by TERS are strongly bound (chemisorbed)
protein. In contrast, Taller et al. used very low concentration (1 pg/mL) to study the
selectivity (chemisorption) of OPN binding in situ.'” Both methods reveal binding
affinities to COM edges and faces which are quite comparable, with the obvious
difference that TERS is more sensitive. The fact that Hunter ef al. found more OPN
bound to {100} faces than Taller ez al. suggests an effect of the adsorption time.'
Using the same in situ method, Hunter et al. adsorbed for >90 min, whereas Taller et al.
used 60 min, like the present study. It is assumed that these longer treatments applied by
Hunter ef al. resulted in higher adsorption rates of (physisorbed) OPN to {100} faces.?
Moreover, the adsorption profile found in the present study directly mirrors the growth
inhibition profile reported in recent studies.'”'®* These studies indicated strong
interactions of the protein with {100}/{121} edges, weaker OPN effects on {100} faces
and marginally affected {010} faces when COM was grown in the presence of higher
concentrations (5 pg/mL). Another advantage of TERS (compared to conventional
fluorescence microscopy) is the possibility to highly resolve variations in surface
roughness, ability similar to that of AFM (Figure 7.6e and Figure 7.6f). Using the 1487
cm ' peak of COM investigations indicates that the {010} face shows more homogeneity

rather than the {100} face.

To clearly demonstrate the TERS effect, Raman spectra were collected at several
locations on both crystal faces using an acquisition time of 600 sec per point (Figure
7.5). For these measurements, the tip was either kept in the near-field position of the
surface (typically 1-10 nm) or in the far-field above the surface (~ 1 pm). After

measurements, TERS spectra (blue color) were derived by calculating the difference
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between the Raman spectra acquired in near-field (green color) and the far-field (red
color). The three spectra of one spot over the surface of a random crystal (Figure 7.5b) is
shown in Figure 7.5a. As the TERS spectra represent Raman signals originating from the

crystal surface rather than the bulk, they contain a high contribution of signals from the

adsorbed p-OPN.
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Figure 7.5 (a) Raman spectra of adsorbed p-OPN on COM faces along with (b)
AFM images of {010}face of COM. The green, red, and blue spectra correspond to
the near-field, far-field, and TERS spectra, respectively.

Figure 7.5 shows that a spectrum with higher intensity is obtained (green spectra) when
the AFM tip is in near-field position also indicating a higher sensitivity of the near-field
mode. The adsorption pattern found by TERS is therefore extractable by performing both
near-field and far-field maps. The resulting TERS (blue spectra) is, in turn, the intensity
difference between the spectra collected in far-field and in near-field, respectively. This
method provides qualitative insights into features of the crystal surface and gives an idea

of the tip enhancement factor. In the following, we would have a brief look at this effect.

According to the mechanism introduced in Chapter 3 for estimation of the TERS
enhancement factor, the optical contrast can be calculated as the ratio between the
intensities of the near-field and far-field.*' To consider the geometrical dimension of the

focal point and the AFM tip, the ratio between the area of the diffraction-limited focal

SPOt, Aty = Fier ™ With 7iaser being the radius of the focused laser”' and the area from

2 7 where T1ip 18 the radius of the

which the near- field signal is generated 4,0 = 7;,
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tip®”® should be calculated. The TERS enhancement factor can then be calculated

according to EFy s = (I nearfield / 1 s dXAfWe,d / Anearﬁe,d).Considering a laser spot diameter

of 275 nm and a tip diameter of 20 nm, we obtain Ay, fies~0.06 umz and A earfiela~3% 107
um’, respectively. At the best, a spectroscopic contrast factor of 1.5 can be determined
from the difference of intensities between the near-field and the far-field Raman spectra
(Figure 7.5a, peak at 1464 cm ™). This yields to an enhancement factor of EF~300. This
value could be compared to enhancement factors reported in the literature for similar
TERS experiments, covering a wide range from EF = 14 to 10® (using comparable setups

and experimental conditions, but different samples).>***

To further investigate the TERS enhancement effect and distribution patterns of p-OPN
on surfaces of crystal faces (rather than the edges), we performed mapping of 20x5 pm?
areas on the crystal surface using the conditions described above (acquisition time, 1 sec;
laser power300uW at the crystal surface). For the final maps, integration of the 1464
cm ' peak was carried out. The maps shown in Figure 7.6 correspond to a region in the
middle of the crystal with the tip either in the near-field of the sample (Figure 7.6b,
Figure 7.6e) or in the far-field (~ 1 um above the sample; Figure 7.6¢, Figure 7.6f).

TIP-IN Map TIP-OUT Map 22

TIP-OUT Map

sjun ‘que | Ajisuaju| uewey

Figure 7.6 (a,d) AFM images of {100} and {010} faces. Raman intensity maps of p-
OPN adsorbed to an {100} face: (b) in TERS, (¢) in standard Raman mode. Raman
intensity maps of OPN adsorbed to an {010} face (e) in TERS and (f) in Raman
mode. For both modes, the scanned area was set to be 20x5 pmz, using 330 nm steps

along both directions. This results in a total of 900 measuring points.
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Intensity maps of larger areas measured in near- and far-field (Figure 7.6) provide more
information about the overall distribution of p-OPN adsorbed to crystal faces. In general,
these maps validate the results and the data that was described earlier (Figure 7.4). It is,
however, important to note that OPN also shows tendencies to adsorb to the edges
between {100} and {010} faces of COM (Figure 7.6b, Figure 7.6e), a result not detected

in previous fluorescence studies.
7.4 Conclusion

In summary, we have demonstrated for the first time that tip-enhanced Raman
spectroscopy could provide valuable insights into the adsorption behaviour of OPN on
calcium oxalate monohydrate crystals without any need to label the protein. Despite the
fact that some factors such as the quality of the metal coating of the TERS tip could
influence the spatial resolution of this technique, our findings provide valuable insights
into the adsorption pattern of the phosphoprotein to COM crystal faces. On the basis of
the results of this study, OPN tends to adsorb preferentially to {100}/{121} edges at the
ends of the crystal and, less preferentially, to {100} faces. We also observed some
adsorption to {010}/{121} and {100}/{010} edges. The final adsorption pattern found
shows the preference: {100}/{121} edge >{100} face >{100}/{010} edge = {121}/{010}
edge >{010} face. The fact that the {100} face exhibited more adsorbed OPN than the
{010} face is presumably related to the higher Ca®" ions density on the {100} face.
Adsorption to the edges might be a result of higher surface energies in these regions. In
general, it was shown that TERS is a label-free, highly sensitive and non-invasive
technique, which is able to show detailed information of the adsorption pattern of
proteins, a method also useful for studying other systems such as self-assembled, layered

or arrayed structures.
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Chapter 8

8 Conclusion and Outlook

In this thesis, we have investigated tip-enhanced Raman vibrational spectroscopy on both
theoretical and experimental aspects as a potential technique to probe nanostructures. The
main emphasis was directed towards the optimization of the TERS setup with the goal to
conduct a higher spatial resolution spectroscopic investigation of the nanoscale features
along with a better surface specificity. Improved sensitivity and specificity of TERS
makes it a unique approach with unprecedented spatially resolved optical measurements

that can be applicable to a large variety of materials and biomaterials.

Theoretical analysis of the plasmonic confinement at the vicinity of the metallic apex of
the TERS nanotip in Chapter 4 was conducted by finite-difference time-domain
simulations. The simulation results revealed a strong dependence of the electric field
confinement to the polarization of the incident laser. The intensified electric field is larger
if the nanotip is illuminated by a radially polarized laser when compared to illumination
by a linearly polarized light. In addition, thin metallic substrates with plasmonic
properties at the wavelength region of interest showed to have significant impact on the
magnitude of the field enhancement and the local confinement of the electric field around
the tip apex. Protection of the TERS tip through a thin alumina coating on top of the
metal surface was found to occur to the detriment of a decrease in plasmonic responses of
the tip. The next logical step with this regard would be to study the influence of the
protective coating on the dielectric function of the TERS tip and the consequent tuning of

the excitation wavelength.

The TERS mapping of carbon nanotubes in Chapter 5 was an important step in estimating
the limit of the accessible spatial resolution in a TERS setup where a radially polarized
laser illuminates a gold coated silicon tip in transmission bottom illumination
configuration. Sub-20 nm resolution was obtained upon these measurements but yet the
reproducibility of these experiments was dependent on the tip activity. Such tip activity
suffers strongly from the low tip-to-tip coating reproducibility in general. In addition in

the case of carbon nanotubes, the resonant behavior of the nanotubes with respect to the



161

incident light generates a large far-field contribution to the total detected Raman signal.

Hence, we suggest that the efficiency of TERS benefits significantly from two strategies:

i. A universal method for preparation of effective TERS tips since thermal evaporation
suffers from random coating process with low chance of creating metal nano-islands at
the apex of the tip. Electrochemical etching of metal wire appears to be a method of
choice for the production of metallic tips. Nevertheless, the attachment of the etched
nanowires to a tuning fork makes the method more vulnerable to reproducibility.
Modification of commercially available AFM tips in terms of the tip material seems to be
the straightest forward way of providing access to TERS tips with relatively consistent
TERS activity. The mechanical resistance of such metallic tips might be addressed
through utilizing plasmonic alloys for the entire AFM probe. Meanwhile, focused ion
milling of the TERS probe seems to be a promising approach provided that new

instrumentations allow for rapid and less costly operations.

ii. The detection sensitivity of TERS measurements could be improved through
employing a lock-in method in order to discriminate the far-field contribution from the
near-field at the frequency of the tip oscillation. It was mentioned in Chapter 3 that
synchronizing a pulsed laser with the time duration while the TERS tip is in near-field of
the sample in addition to the employment of fast detectors that solely collect the near-
field signal is a promising method to enhance the chemical sensitivity. The
instrumentation of such fast and efficient setups is however the major challenge. From
these observations, we believe that integrated TERS setup as a commercially available
instrument is inevitable if broad applications of TERS are of interest. Nevertheless TERS
setups will most probably never be fully turnkey instruments and must be designed for a
specific range of applications. A TERS setup for biological investigation will be different
from a TERS setup dedicated to nanostructures located onto a non-transparent surface.
However the greatest feature of these setups is the possibility of conducting simultaneous
AFM and Raman spectroscopy which yields simultaneous topographic images and tip-

enhanced Raman spectra.
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The work in Chapter 6 illustrated an application of TERS spectroscopy in studying the
impact of structural strains on the molecular vibrations of nanostructures such as silicon
nanowire. This allows distinguishing the local properties of individual spots on the
surface of a sample from the bulk properties; a feature which could open new ways into
the engineering of nanodevices and nanocircuits. The application of TERS to the
chemical and biochemical analyses is also of great value. The study of kidney stone
microcrystals in Chapter 7 was an important demonstration of TERS potential in
nanoscale mapping of microscale surfaces with nanosteps without requiring further
manipulating and labeling of the species that are present. This application along with all
the great examples of TERS high performance in life sciences seem to offer TERS as a
powerful complementary technique to medical diagnosis methods such as NMR and MRI
scanning. Nevertheless, the shortcoming of TERS as a surface restricted method remains

unresolved.

As a natural extension of the work, beyond all the critical issues mentioned above,
conducting TERS measurements inside an isolated and more controlled environment can
be of interest to push the limit of detection and to better understand some fundamentals.
Not only the thermal and mechanical isolation of the TERS setup provide protection
against positional drifts of the tip-sample junction, but also the tip and the sample can be
isolated from the ambient substances under vacuum conditions. In this context, ultrahigh
vacuum TERS (UHV-TERS) appears to be the next logical step towards efficient
spectroscopy down to single molecule detection preventing oxidation of the tip or the
sample, and eliminating the presence of residual water layer at the surface. All sample
preparation and tip cleaning process occurs in-situ and inside an ultrahigh vacuum
chamber yielding atomically clean surfaces. The development of UHV-TERS is still in its
early stages and an example of it is the recent work from J. G. Hou (University of
Science and Technology, China) where the doubly-resonance enhancement of the
excitation laser and the Raman scattering is employed to achieve sub-1 nm resolution in
TERS mapping of single meso-tertrakis (3,5-di-tertiarybutylphenyl)-prophyrin (H, TBPP)
molecule on the Ag(111) surface. In their recent work published in Nature,' STM-
controlled TERS experiments are done by exciting the plasmon resonances of a

electrochemically etched silver tip by p-polarized 532 nm wavelength laser in side
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illumination configuration inside an ultrahigh vacuum (10™'° Torr) and low temperature
(80 K) chamber. In this setup, the resonance of the nanocavity plasmon formed inside the
tip-substrate gap, is spectrally matched to the molecular vibronic transitions. The doubly-
resonant process involves efficient resonant excitation through spectral overlap between
the nanocavity plasmon, the Raman laser and the molecular vibronic excitation in
addition to significant scattering enhancement by spectral matching between the
nanocavity plasmon resonance and the molecular vibronic scattering. The doubly-
resonant conditions allowed Hou and his coworkers to excite large plasmonic
enhancement of the single molecule Raman single even when very small photon flux (0.8
mW laser power) was used. The TERS map and TERS spectra of single H,TBPP

molecules are shown in Figure 8.1.
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Figure 8.1 (a) STM image of sub-monolayer of H; TBPP molecules on Ag(111). Two
isolated single molecules on the right, three-molecule cluster at the center and a
densely packed monolayer island on the left are observed. The blue area in this
image shows the Ag(111) surface (b) Experimental TERS mapping of single
molecule generated through intensity variation of the 817 cm” Raman peak (¢)
Height profile of a line trace in the inset STM image (d) TERS intensity profile of
the same line trace in the inset TERS map (e) TERS spectra of different spots on the
STM image presented in (a). The acquisition time was 3sec for all the recorded
spectra. The images are adapted from reference 1 with permission from Nature

publications.
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Similar methodology was recently utilized in R.Van Duyne’s research group
(Northwestern University, USA) in an effort to acquire molecular resolution information
of site-specific binding of copper phthalocyanine (CuPc) adlayer on Ag(111) surfaces. In
their setup UHV-TERS measurements are conducted in room temperature using an
electrochemically etched silver tip in combination with 632.8 nm wavelength laser which
is polarized along the tip axis in side illumination configuration. A recent manuscript
published in Nano Letters” summarizes their work and the future directions of UHV-
TERS. Each TERS spectrum obtained in their study however originate from a monolayer
of the adsorbent which contains 2.3x10* CuPc molecules according to the authors. It is
noteworthy that the first concurrent STM topography and TERS spectroscopy under
UHV condition was reported by J. Steidtner and B. Pettinger in 2007-2008.** The authors
report single molecule sensitivity however the TERS spectra acquired in their work
shows only one or two Raman peaks which is not sufficient for the full characterization
of the molecules. In their work, sample preparation was done outside the UHV chamber
which might have negative influence on the results due to possible surface
contaminations. With further technical improvements in future, the ultrahigh sensitivity
and spatial resolution of UHV-TERS method can provide insight into interfacial
phenomena such as the catalysis processes, surface functionalization and organization
and can also bring new information about the electric field gradient effect at the tip-

sample junction.

Finally, plasmonic couplings seem to be compatible with other analytical optical methods
ranging from vibrational Raman and infrared spectroscopy to fluorescence’ and photo
luminescence.® The local enhancement of the light-matter interaction expands the
detection sensitivities of these methods far beyond the conventional limits. In the field of
infrared spectroscopy, tip-enhanced infrared nanospectroscopy has emerged as an
alternative and complementary analytical method providing nanoscale resolution along
with the molecular fingerprints. A great example of this is the method was recently
proposed by M. A. Belkin.” Their method is based on the fact that the absorption of a p-
polarized mid-infrared laser pulses by a sample monolayer deposited onto a gold surface
with side illumination configuration causes microscopic volume increases due to the

molecular vibrations. The expansion of the monolayer (polyethylene glycol) causes
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forces acting on a gold coated AFM tip positioned in contact with the molecules. This
applied force causes a small cantilever deflection which gets amplified by a lock-in
amplifier connected to the AFM system. The detection mechanism for the cantilever
deflections relies on the matching of the repetition frequency of IR laser pulses with the
bending resonant frequency of the cantilever. As a result of this synchronization which is
possible with quantum cascade lasers, a plot of the amplified cantilever deflection signals
versus the wavelength of the laser will be generated. The produced peak in these spectra
represents the vibrational fingerprints of the sample under mid-infrared illumination. The
authors report a spatial resolution of about 25 nm under ambient conditions which
corresponds to the setup detection sensitivity of around 30 molecules. Recently
developed on the same basis, ANASYS Instruments Company has combined the
capabilities of AFM with the ones from nanoscale infrared technique using optical
parametric oscillator (OPO)as a tunable laser source in the mid-infrared range. In the new
Lorentz Contact Resonance (LCR) instrument that they have designed, differentiation
between multiple compounds through simultaneous AFM microscopy and compositional

nanoscale infrared mapping is made possible.

In conclusion, integrated instruments capable of conducting simultaneous topographic
and chemical analysis of the various substances with detection resolutions comparable to
their sub-nanometre building blocks appears to be the future for a variety of applications
ranging from material science to catalysis and surface chemistry. All these techniques
involve the use, the tunability and the tailoring of surface plasmon which appears to be

the key element for further improvement in high resolution optical microscopy.
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