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Abstract

Imaging technique with high-sensitivity and high-spatial-resolution at single molecular level is
always a desired aspect to the researchers. In association with scanning probe microscopy and
surface-enhanced Raman spectroscopy (SERS), a new technology has shown the light of hope to
achieve what was thought as unachievable earlier, named tip-enhanced Raman spectroscopy
(TERS). An essential tip is used in TERS instead of rough metal film. This tip gives the
information of the topology of the target molecule by scanning probe technique and can magnify
the Raman signal largely without any special sample preparation. Between this metal tip and
surface, a ‘hot-spot’ is formed when the laser beam is applied. Conventionally in TERS theory,
Raman signal enhancement factor is approximately equal to the fourth power of the local field
enhancement factor at the ‘hot-spot’. In this thesis, the localized electric field in the vicinity of
the metallic tip of TERS was examined and the effect of different polarization of source in
mapping TERS was observed with Finite-Difference Time-Domain method (FDTD) simulation.
For this simulation, tip radius and distance between tip and substrate were kept constant and
incident wavelengths were varied. For the sake of simulation, Lumerical simulation software was
used because of its high accuracy.

Keywords: Tip-enhanced Raman Spectroscopy, Localized surface plasmon resonance, Spatial
resolution, enhancement factor, Finite-Difference-Time-Domain.
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1. Preamble

Raman scattering is an inelastic scattering of light. In 1928, Raman spectroscopy was introduced
by Sir Chandrasekhara Venkata Raman an Indian Physicist, together with K. S. Krishnan. For
this tremendous contribution in Physics, Sir C. V. Raman got Nobel prize in 1930.

Raman spectroscopy is a label-free technique (1) which means no additional molecule is needed
to detect the targeted one. As a result, Raman spectroscopy has a tremendous prospect in the
field characterization of materials. This systematic technique can be used to exposes knowledge
about the formation (3), electronic structure (4), permeability (5), structural and optical
properties (6) and also chemical bonding (7) of material through the observation of molecular
vibrations. The application of Raman Spectroscopy has a wide variety. Starting from food and
beverage to energy, geology, and environment to in situ analysis, polymers and materials to
nano-materials, semiconductors, and optoelectronics to art and museum (2). Having all those
potentials in the characterization of materials the scattered Raman signal needs to undergo a few
improvements to maximize our desired outcome. It is because inherently Raman scattering is
very weak. Various techniques are existing in the field to improve the Raman signal. Surface-
enhanced Raman spectroscopy (SERS) was introduced to improve the signal strength. SERS is
one type spectroscopy in which all the examining molecules need to be on the surface. The
enhancement comes from the Plasmon resonance of that surface. More particularly, the
improvement of Raman scattering happens by the molecules adsorbed on the metal substrates
(surface) (8). By SERS, multiple orders of magnitudes of Raman signal can be improved that is
why it is mainly used. SERS has a problem with its universality. For instance, the substrate is
needed to be remodeled and prepared again from scratch every time while performing SERS for
a particular molecule. The whole process is time-consuming and cost ineffective. The primary
reason behind changing the substrate every time is, the ultimate result differs from sample to
sample and the preparation of substrate has a significant impact on the outcome (1). Moreover, it
is not fruitful for a single molecule as it is difficult to detect the real signal by this technique in
real space (9, 12-14). Along with that, the samples prepared in SERS are likely to tarnish in the
air quickly which is a drawback again and results in an ambiguous result from our targeted
molecule which means Raman signal that is extracted can’t be distinguished whether it has come
from the intrinsic sample or the contaminated one (9-11).

Keeping all the above things in consideration, TERS was introduced to conquer the flaws which

1|Page



Optical Mapping of Tip-Enhanced Raman Spectroscopy (TERS)

were affecting a conclusive result in SERS.

TERS is the unification of surface enhanced Raman spectroscopy (SERS) and scanning probe
microscopy (SPM). This mechanism enables the chemical imaging of surfaces at the nanometer
length scale. In this technique, scanning probe microscope needs to have a high spatial resolution
to characterize Raman spectroscopy (15). TERS cancels out most of the flaws and introduces an
approach for computable SERS imaging with nanometer resolution. An essential tip is used in
TERS instead of rough metal film. This tip gives the information of the topology of the target
molecule by scanning probe technique. This tip can magnify the Raman signal mainly without

any special sample preparation (16).

1.2 Scope Of the Thesis

In this thesis, the localized electric field in the vicinity of the metallic tip of TERS will be
examined, and the conventional TERS theory will be verified with Finite-Difference Time-
Domain (FDTD) simulation. While doing so, graphene surface and tip will also be used along
with silver and gold. The justification behind using graphene is, it is highly promising material. It
has a very high electrical conductivity which may induce a very high enhancement.

The specific objectives of this thesis are structured as follows:

In chapter 2, basics from Raman scattering was delineated first. Then, the evolution of
enhancement techniques like SERS and TERS were described. Along with that, the underlying
mechanisms of enhancement was defined.

Chapter 3 belongs to the methodology. In this section, the justification and principles of the
Finite-Domain-Time-Difference method were described. Besides that, a brief idea about the
simulation software, Lumerical was given.

Results and discussions are covered in chapter 4. Here, the output of the simulations was
described with figures. A Proper explanation of the results was discussed in this area.

Finally, the thesis was wrapped up in the concluding sector referring some possible
improvements of TERS.
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2. Literature Review

2.1 Raman Scattering

2.1.1 Theory

From the previous chapter, we know that Raman scattering is inelastic. The meaning of inelastic scattering
is observable from the figure below. When an electron is excited by photons of applied light, it jumps from
ground state to higher sates. While scattering, there are various possible things might happen. To explain
Raman scattering, | have mentioned three of them here. From the figure delineated below, we can see an
elastic scattering of light namely, Rayleigh scattering. This scattering is responsible for visible lights and
falls under visible spectroscopy. After that, there are two inelastic scattering. They are Stokes Raman

scattering and Anti-Stokes Raman scattering. When a scattered photon has an energy lower than the applied

Figure 1: Energy Band diagram showing the spectroscopic transitions involved
with Rayleigh, and Raman scattering
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photon(light) by some quantum and electron comes back to the first vibrational state, Stokes Raman
scattering occurs which is also called positive Raman shift. On the other hand, when a scattered photon has
higher energy than the incident photon and it assigns the molecule at the ground state is called Anti-Stokes
Raman scattering or negative Raman shift as an alternative.

Raman scattering of a molecule is identical to the fingerprint of a human being. As we know, the
fingerprint is the most useful tool for distinguishingpeople from one another. Like that, the
organization of Raman spectrum is an intrinsic characteristic of a particular molecule which
means two different particles cannot have the same Raman spectrum (17). Raman can access the
chemical content of a molecule system through the observation of molecular vibrations (18).
Along with that, the whole process is label-free which means we do not need any alien molecules
to run the operation. Consequently, Raman exposes a considerable amount of possibilities in

front of us.

2.1.2 Applications of Raman spectroscopy

As we know Raman scattering can characterize a sample without labeling and destructing, it has
a wide variety of use in the field of biological materials, medicine, environment, nano-materials,

in arts and museums (2), Cell imaging (20,22), Tissue imaging (21-22), cancerdiagnosis.

Talking about biological materials, using Raman spectroscopy we can easily excerpt biological
information as it can measure the chemical structure of a molecule. “Fresh plant tissue, formalin-
fixed and fresh frozen mammalian tissue, fixed cells and biofluids” (22), etc. can be mapped by

Raman spectroscopy and later, those data are used to characterize.

Pigments are essential for coloring our clothes and paintings, varnishing our furniture, etc. The
present scientific way of detecting dye has problems. The sample amount has to very small, and
eventually, it gets destructed. On the other hand, as we know Raman Spectroscopy is no
destructive and label-free which make it the perfect technique for examining the pigment of color
with ease. Correspondingly, identification of pigment, date analysis or recognition of artifice can
be efficiently obtained by Raman Scattering. For instance, Raman spectroscopy was applied in a

wall painting of a profane figure found from Skopje fortress in Macedonia.
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Figure 2: Foundation of Skopje Fortress (left) and a paint of profane figure that was later examined
under micro-Raman spectroscopy(right)

The result found after applying the micro-Raman was fascinating. It provided the information
about the usage of organic and inorganic pigments which eventually proved that the Skopje

Fortress was reconstructed in the 19" century [23].

Usage in vitro fertilization (IVF) is another fascinating application of Raman scattering. Alistair
Elfick et al. have developed a non-destructive mechanism in quest of examining the features of
sperm to be used in fertility treatments at the University of Edinburgh. To evaluate the quality of
DNA, they applied Raman spectroscopy to investigate single sperm cells. After that, the
healthiest sperm can be used in an intracytoplasmic sperm injection. In this injection, a single
sperm is nominated and inoculated into the egg (24-25). The Alistair Elfick et al. team is hopeful
about theincrease of the chances of conception for the couples using in vitrofertilization (IVF) to
have children because of this method.

So, the above discussion is a clear indication that Raman spectroscopy has a lot to give us in the

field of material science, medicine, etc. through its outstanding characteristics.

2.1.3 Limitations

Along with all those potentials above, Raman scattering has some shortcomings too. That is,
Raman scattering is genuinely low. It is because, while measuring Raman scattering Stokes
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scattering is used which has a higher intensity than Anti-stokes scattering (19) but Stokes
scattering occurs at a lower energy than Rayleigh scattering. As a result, intrinsically Raman
scattering is very weak (10~7of total scattered light approximately). 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 the less populated state. We can

make the issue even more evident in the equations below:

h.N.(¥y —7,)* 45. a’? + 13.y2 E2
Lio¢ < (Stokes) = ( ; _”) 14 R 1[19]
8.&p%. .7, 45 1— o e
h.N.(¥y +7,)* 90. a? + 14.y%2  E?
Lios x (Anti — stokes) = @0 + %) L4 e, 2[19]

8.50%.¢.1, 45

If we observe their denominator, it is apparent that the denominator of equation one will always
be smaller than the denominator of equation 2. As a consequence, the total incidence of Stokes
scattering is greater than Anti-Stokes scattering. On the other hand, stokes scattering occurs at
lower energy than Rayleigh. As we use Stokes scattering while measuring Raman scattering, it
inherently becomesfragile for the above reason (19).

2.2 Basic Principles behind the enhancements

Figure 3: Interaction between metallic surface and dielectric and
the creation of surface plasmons (34)

2.2.1 Surface Plasmon

The intercommunication between electromagnetic waves and metallic tips increases the

oscillation of outer shell electrons of metallic tips. The increased oscillation has a phase

6
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difference with the incident electric field (31, 32). This new oscillation shifts the free electron in
comparison with the position of positively charged unit cell of the atom. At a particular
frequency, these free electrons can escape the surface and the whole volume’s charge density. At
this stage, they are called plasmons. At the gap between a metallic surface and dielectrics,
plasmon becomes surface plasmon (31,33). Alternatively, at the surface of the metallic structure

the total oscillations of the electron density are also called surface plasmons (31).

If an electromagnetic wave is applied in the surface plasmons, their oscillations increase
significantly. This increased oscillation can increase the electric field at the vicinity of two

metallic surface and dielectric material.

Figure 4: Localized surface plasmon observed on nanoholes place on
a thin gold film

2.2.2 Localized surface plasmons
Localized surface plasmons are special kind of surface plasmons. Surface plasmons become
confined when metallic nanostructures are smaller in proportion to the wavelength of the applied

electromagnetic wave (34).
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2.3 Fundamentals of SERS its limitations

2.3.1 Theory

Figure 5: Schematics diagram of Surface enhanced Raman spectroscopy

From the discussion of the Raman scattering, it is evident to us that Raman spectroscopy single-
handedly can solve numerous problems and open up a lot of unknowns in front of us. At the
same time, from Boltzmann distribution along with the equation 1 and 2, we are well aware of
the limitations of intrinsic Raman spectroscopy. Due to the above reasons, the applicability of

Raman scattering was restricted for many years. As a consequence, to use Raman scattering
more efficiently enhancement techniques appeared in the course of time. In the 1970s, a
breakthrough happened in the field of Raman spectroscopy. The first enhancement mechanism
was inventedat that occasion. Chemistry World, a monthly chemistry news magazine published
by the Royal Society of Chemistry published an article in 2015 named as “SERS and the rise of
the Raman empire.”It said, “We should remember that the discovery of surface-enhanced
Raman spectroscopy (SERS) was a historic breakthrough which has been helping save lives in
the field of healthcare and finding use in applications such as medical diagnostics, food safety,
national security, environmental monitoring, fine art preservation, financial security and rapid

screening.lt deserves more recognition” (35).
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Through SERS an enhancement factor of 10® — 10'2is obtainable. The mechanism of SERS has
remained abstruse from the very beginning of its discovery. The total enhancement mechanism
is described as a product of two different mechanisms. It is becauseRaman scattering is directly
proportional to the induced dipole moment. On the other hand, the induced dipole moment is the
product of Raman polarizability and the magnitude of the incident electromagnetic field. As a
consequence, we need both chemical and electromagnetic enhancement mechanism to describe
SERS concisely (36). The contribution of chemical enhancement mechanism is about a factor of
100. In this mechanism, a charge-transfer state is formulated in the vicinity of the metal surface
and adsorbate molecules (38,39). The charge-transfer state electrons become excited and move
from a lower energy level to a higher energy level(37). Charge-transfer state increases the path
of resonant excitation which eventually increase the probability of Raman transition. Chemical
enhancement mechanism is highly dependent on surface and the molecule that is used while
experimenting. A specific molecule must be directly adsorbed on a particular roughened surface

to obtain chemical enhancement.

Electromagnetic enhancement mechanism is responsible for the enhancement of the magnitude
of the SERS originating from the local field and the scattered field. Electromagnetic mechanism
depends on the LSPR described in the previous chapter. A hot spot is created at the node of
surface-sample molecule by LSPR which can generate enhancement factor from 10° — 101°
(34).

Enhancement factor is the ratio of normalized SERS signal and normal Raman signal. It is used
as the increasing indicator of enhancement. Theoritically, it is said the enhancement factor is
E*(36). Mathematically, it looks like the following,

I
SERS /NSERS

NRS/NNRS

EFsgps = e (3) (34)

Where, Nygs andNsgps are the number of molecules participating in normal Raman spectroscopy

and SERS signals. Whereas, Iyps and Igpgrs represent the intensities of SERS and normal Raman
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spectroscopy signals.

2.3.2 Applications

As we know that SERS can produce enhancement factor from 10> — 10'°, it has impact on

various fields. Some of them are briefly discussed in this section.

Biosensors
As SERS is highly sensitive technique, it is used as to produce biosensors. This sensor can
collect data and later can identify them very efficiently. It can collect data of the diseases like

Cancer, Alzheimer, Parkinson’s etc. in an efficient way (40).

Arts and archeology

SERS plays an important role in preserving the ancient art and archeological things like,

Figure 6: An watercolor painting by Winslow homer named ‘For to be a farmer’s boy’. (a) (upper
part) painting as it seen now-a-days and (b) how it is developed by SERS analysis. In (b) and (c) the
analysis of pigments are shown. It was taken from Elsevier with permission. License number:
4252890682286 (40)

paintings.

It is to essential to bear in mind that, in old paintings the concentration of chemicals is very low

10
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and also has a small amount quantity. So, we have to have a technique that can identify the
pigments from that little amount. SERS is capable of doing that. It can easily identify natural

pigments and glazes (40). As a consequence, SERS has become a popular tool in this field.

2.3.3 Limitations

Overcoming the diffraction limit of light and achieving subnanometer resolution with SERS is
very challenging. As a consequence, SERS cannot provide subnanometre resolution.

Another major limitation of SERS is, it is not possible to detect the correspondingconformation
of molecular vibrational state, but it is immensely valuable. For instance, to understand the
molecule, to produce Nanomachine, to improve the performance of biological molecules, to
produce molecular memory or logic devices, etc., the analysis of vibrational states works as an
essential tool.

11
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Figure 7: Schematic diagram of Tip — enhanced Raman spectroscopy

2.4 Fundamentals of TERS and its advantages
2.4.1 Theory

The notable mechanisms which play a pivotal role - the EM and CHEM mechanisms - in the
augmentation of TERS experiments. The global TERS community have made great strides in
their understanding of the quantum mechanical phenomenon of the enhancements in TERS,
which has the potential of paving the way for elevated lateral resolution. The factor that causes
the augmentation field that is engaged in EM for TERS is the sharp tip, which differs from that
of SERS, metal surface in that case. The structure of the tip paves way for a significantly
elevated number of surface charges at its summit, causing highly spatially localized
electromagnetic fields. The field intensity sees a further increase as it advances towards the tip at
a closeness range of (1-2 nm) to a plasmonic substrate. In the space between the tip and the
substrate, the tip and surface plasmons collectively generates a spatially confined field. This
phenomenon is popularly called the gap-mode effect. In between the narrow space in the
tipsubstrate system, the augmentation which occurs there obeys a d” (-10) dependence, where d

represents the distance which is in between the tip and the substrate.

The tip material and the structure along with the incident laser polarization, focus, relative angle
and wavelength, among other factors, are responsible for governing the nature of the restricted
field. The various recent theoretical studies, which have made attempts to investigate EM for
diverse tip-substrate structure and material incorporation in the hunt for an optimal apparatus,

have applied finite-difference time-domain (FDTD) modeling and analytical theory. The tip has

12
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been illustrated as an idealized smooth surface in all cases. The structure at the bottom of the tip
which is an approximation of roughly the last 100 nm in FDTD simulations is considered (41).
Instead of the more continuous plasmon excitation profile which is observed in limitless
structures considered in analytical models, the following strategy shows us the numerous discrete
resonator-like plasmon multipoles. Nevertheless, an LSPR beginning from the round tip summit
from the wavelengths in the UV region can be perceived in all cases. Just about recently, Yang et
al (41, 42). and Kazemi-Zanjani et al (41, 43) have applied FDTD to explain the localized
augmentation of tips in the existence and non-existence of metallic surfaces. Both studies exhibit
that field augmentation is concentrated at the summit of the tip when the surface is dielectric, and
spatial restriction of the gap plasmon begin to be observable in the existence of a metallic

surface.

Meng et al. used FDTD, along with experiments, to show that EM augmentation of up to 10"5
can be obtained using an uncovered AFM tip just to stress on the significance of the selection of
materials on the EM in TERS. The phenomenon can be accredited to the lightning rod effect
(44). They also proposed what they thought to be the most favorable configuration for Au-coated
AFM tip-substrate system. They discovered that a 5 nm layer of Au on a Si AFM tip bring about
the best augmentation when they improved the efficiency of the tip, incident field, and substrate.

The result balanced tip sharpness, and therefore resolution, with the augmentation (44).

It should be taken into account that accepted TERS electrodynamic models should incorporate
both the incident as well as the outgoing fields. Schatz and Ausman (45) revealed that dipole
reradiation can be the cause to a far-field spatial in homogeneities in the detector signal. When
the incident radiation together with the detector are non-orthogonal, these factors become more

noticeable.
Depending on different types of scanning probe microscopy, TERS can be divided into two

types. They are briefly described in the following two sections.

2.4.2 AFM-Based TERS

13
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Diffraction limit always hinders us from getting the ultimate resolution of an object through
optical microscopy. Over the years after, a vast amount of researches scientists have come out
with some legit solutions. Atomic-force microscopy (AFM) or scanning force microscopy (SFM)
is one of them. It is a type of scanning probe microscopy (SPM) which measure the resolution in
sub-wavelength range, and the result is almost 1000 times better than the diffraction limit. While
performing AFM, a metallic tip is used to get the results by touching the surface, and the tip is
attached to a cantilever which is prepared by a piezoelectric material. Usually, the apex of the tip
is very sharp and the diameter is about 5nm or less. These tips are coated with metal,

commonlyby thermal evaporation under high vacuum (13) or electroless plating (14) techniques.

2.4.3 STM-Based TERS

In STM systems, the probe tips are made of solid metal, usually gold and Silver. It also utilizes
gold substrate to control the tunneling current and the tip—sample separation. The apex of the tip
is typically about 10 nm, the length is several tens of micrometers, and the tip surface is fairly
smooth (46). Therefore, a STM tip can be best considered as a long smooth nanocone, which is
not the best nanostructure to enhance visible light, because it is too long compared to the
wavelength of the excitation light. However, the proximity of gold substrate in STM creates a
metallic nanogap between the tip apex and the substrate, and a strongly enhanced hot spot is
created within the nanogap (47-49). Thus, a strong enhancement is achieved in STM-based
TERS, which is also benefitted from the high spatial resolution associated with the STM
technique. The tip plays dual roles by enhancing the light field and by controlling the tunneling

current, which in turn controls the tip—sample separation, however, within the range of a few

Figure 8: Figure: Different configurations of AFM based TERS (a) source is in the backside (b)
illuminating from the side and (C) source is placed on the top.

14



Optical Mapping of Tip-Enhanced Raman Spectroscopy (TERS)

nanometers. This is not bad for usual TERS measurements, but in some applications, it might be
necessary to control the tip— sample separation with larger values. The recent advances of STM
techniques also allow high-vacuum and low-temperature measurements, (50) which is
advantageous for better stability as well as for observing samples at low temperature. Further,
one can easily control the incident polarization to either parallel or perpendicular to the tip axis,
if the incident light is at a grazing angle. On the negative side, since the sample is placed on a
reasonably thick metallic substrate, which is opaque to the incident light, it is not possible to use
the transmission mode with backscattering configuration in STM (46). One therefore needs to
utilize the reflection mode with side illumination and side collection configuration. Since this
configuration requires a lens with long working distance, it is not possible to use objective lenses
with high-NA, and hence it is not possible to tightly focus the incident light on the tip apex.
Some groups have used an interesting optical system for STM, where, instead of a lens, they use
a parabolic mirror to focus the incident light to the tip apex as well as to collect the Raman signal

(50,51). This configuration allows them to slightly improve the size of the focus spot.

2.4.4 Application of TERS in life sciences

Biological Samplers

Even though the biological samples has become more difficult to figure out , TERS analysis of
biological compounds has provided us with a very detailed properties of the technique.
Furthermore, a lot of elementary properties of TERS originally became clear after studying

samples like these (52).

Cells bacteria and viruses
TERS was used in 2006 to analyze biological samples such as epidermal cells . where we could
figure out various surface composites regardless of the labels (53).

Primary studies on models which has biological significance for example alginate fibers (bio

film) and lipid mixture were thought of as a convenient for the establishment of a database that
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allows analysis of these factors in complex biological samples (53, 54-56). The studies also
make it clear that even in small volume the weak Raman scatters are being determined by the use
of TERS. regarding this, more caution should be taken while measuring bacterial membranes,
where there is a danger of tip contamination, so the experiments must be controlled (57). Even
while working in dynamic mode miniscule fragments can also be picked up with ease due to this
fragile texture .

To get rid of tip contamination , Budich et al proposed that the measurements are controlled on
uncovered substrate . The contamination of the tip can be associated with both forming
carbonaceous species and collecting sample molecules. these carbon samples also hinder the
experiment and must be remove as it will decrease the quality of the sample signals (56).

TERS can also be used to measure same distant points of surface of the cell. it was revealed that
using the spectral finger prints from the proteins and lipids we can figure out these molecules and
picture how are they distributed. (58). In comparison to far field Raman spectroscopy where
bands at 3000 per cm can figure out lipids, TRES is not very effective in that spectral region. In
a little wavenumber region (such as 532-488nm for silver and 633-785nm for gold tips) the
excited surface plasmons on the TERS tip are most effective when the absorption maximum of
the nano particles is equal to the Laser wavelength. SO the bands greater than 2500 per cm
doesn’t encounter a strong signal amplification. as a result, spectral finger print area is being
focused (52). Even with these obstacles being present, Opilik et al. Showed that greater

wavenumber areas are accessible and C_H bands could be observed on by lipid layers.

TERS is not strong enough to detect components that are buried, unless its amplified. Molecular
Variation on cell membrane couldn’t be identified without degrading the sample if wasn’t for
this specificity of the surface. It was shown by tests on wound healing processed cells that a
more detailed image can be found by using organic analysis with near field results (60).
Investigation of Inter cellular compartments requires the preparation of cell section. Using this
Wood at al. was able to access haemozoin crystals produced from part of cells that r infected by
malaria (59). the capability to pinpoint this compound seemed to be very effective for later
studies where it requires tracing of anti-malarial drugs that are preferably not detectable to

haemozoin.
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Protein Based materials

Even excluding the requirement of a gap-mode configuration, the spatial resolution and
sensitivity of TERS allows the investigation of an amyloid fibril at sub protein level. STM was
used to picture the classification of amino acid. Scanning the surface allowed us to see the
presence of phenylalanine that could be projected on nanotubes from beta-amyloid (61, 62)
fragments.There are more similarities of TERS spectra of nucleobases that was showed in the
Domke’s work and SERS than with far field Raman Spectra, whereas Rasmussen’s recording of
TERS spectra had more similarity with SERS spectra, and neither of the band position shifts and
bandwidth broadening.Data taken on samples of nucleobases with higher complexity n homo
polymer RNA and DNA single strand and showed that there is a change in spectra when there is
movement along the strand (52,63,64). As a consequence of TERS being specific, it was possible
to assign various nucleobases on the DNA molecules (52, 64,65) or the deduction of the position
between adenine and thymine (52, 66). Moreover, a rough idea of the molecule tip design
depending on little change in the spectral of adenine — thymine base pair was enabled because of
susceptibility and specificity of TERS.

2.4.5 Advantages of TERS over SERS

In order to detect vibration and chemical information of molecules, the most proficient technique
could be availed is ‘SERS’. It provides advantageous features over low Raman scattering.
However, this technique was further enhanced latter on as it showed few limitations on its
processes. Firstly, SERS signals of random adsorbed molecules are the stretched out entities of
mean vibrations (67). Particular SERS (SM-SERS), (68, 36) have alteration resulting from
different bonds of the molecule entering in and out of the vicinity of hot spot. Many groups are
only capable of controlling adsorption of a molecule chemically at a specific locus of
nanoparticle. However, it is next to impossible to identify bond of the molecules associated with
Raman signal received if theoretical simulations are considered. Adding insult to injury, all of
the SM-SERS experiments have been investigated based on statistical analysis. It’s really tough

to see a particular molecule in an aimed target. Making it difficult to attain absolute resolution of
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a molecule in real space (68-70). Furthermore, the samples are vulnerable to get contaminated in
air, which might distort analyzed result of identified target molecules. For instance, photo-
bleaching or signals from other impurity molecules adsorbed on the samples(71,72).Hence,
making it very difficult to distinguish whether a Raman signal is emerged from the target

molecules or contaminated from unwanted sources which might give false interpretations.

In order to vanquish the short scope of substrates and spatial resolution in SERS, researchers put
their effort to gear up and enhance the scope of SERS. It was first witnessed when Wessel in
1985 first show cased the concept of tip-enhanced Raman scattering (TERS). TERS is the
unification of surface enhanced Raman spectroscopy (SERS) and scanning probe microscopy
(SPM)(73).

Spatial resolution can be improved using a pointed metal tip while the enhancement factor can
still be maintained to identify a distinct molecule. Finally, in 2000 Zenobi, Kawata, Anderson
and Pettinger separately presented TERS results. This brought about the feasibility of TERS.
(74) TERS dragged further interest from then onwards amongst the researchers around the world.
Several groups came across single molecule detection and mapping (75), using Raman signals at
single molecular level resolution. But initially the best outcomes were only at the entire
molecular resolved level. This was insufficient to identify the particular region of molecules.
Subsequently enormous stress was made to extract better resolution, (75, 76) and furthermore
TERS was improved into nano-imaging method for surface science, including at the sub-

molecular level. There are considerable review papers relating to that. (66, 79).
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3. Methodology

There are different types of models are developed in the course of time to solve electromagnetic
differential equations. Generally, Maxwell’s and Helmholtz’s equations are solved in the time
domain to discretize the outputs. For this particular thesis, finite difference time domain method

was used because it gives a wide range of outputs from a single simulation.

3.1 Finite-Difference-Time-Domain

In this section, the mathematical formulations behind FDTD method is described shortly.

Maxwell’s equations are solved in time domain for dielectric materials (27):
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oD Vx H
_ = X
ot

D(w) = g& (W)E(w)

oH 1 .
—=— —VXE
at Ho

Here,

H, represents the magnetic field
E, represents the electric field and

D, represents the displacement field
while €, (w) is the complex relative dielectric constant ( &,(w) = n?, where n is the refractive

index).

In 3D, Maxwell’s equations have six different field components. They are: Ex, Ey, Hz, Hx, Hy,

Ez. If we assume that, in the z- direction the dimension is infinite then we can write (27):
Er(w’xlyfz) = gT(wlx’y)

aE_aﬁ_o
0z 0z

Then Maxwell’s equations are divided into transverse electric and transverse magnetics which

can be solved in only x-y plane (28):

TE: Ex,Ey,Hz

TM: Hx,Hy,Ez

After reducing the Maxwell’s equations, the TM equations look like (29) :

ob, O0H, Ody

at  ox ox

DZ (w) = &&r (w)Ez (w)
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0H,  10E,
ot o dy
0H, 1 0E,
ot up Ox

In FDTD method, different field components are solved in a discrete way in different position of
Yee cell like the figure above. The electric field components are placed in the edges and

magnetic field components are placed in the walls of Yee cell (29).

For this thesis, a tip of 80 nm was used. The radius of the tip was 10 nm and the cone angle was
25°. The substrate’s dimension was 350 nmx 350nmx 10 nm. Ag CRC and Au CRC materials
were used in terms as tip and substrate. Two mesh was used, they were named as: ‘mesh gap’
and ‘mesh’. Where, mesh gap was used in between the tip and substrate. On the other hand,
‘mesh’ was used to cover all the other area. The size of the mesh gap was dy= 1nm, dy = 1nm, d,
= 0.4 nm. The calculation of the electric fields was done by summing all the magnitudes from all

three directions. Normalized electric field, [E]* = [E4* + |Ey[* + |E.|* (31).

3.2 Brief description of Lumerical

Introduction

Figure 9: Yee cell (27)
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The objective of the thesis was to investigate a tip and then tip and substrate simultaneously for
mapping the Tip-enhanced Raman spectroscopy and observing the effect of the polarization of
the sources.

After installing and opening the FDTD solutions software, four windows opened each
introducing its own perspective. The upper left window indicates XY view while the upper right
window indicates the 3D view of the particle. The lower left window indicates the XZ view and

lower right window indicates the YZ view.
Simulation region

The background index was kept default to 1. Simulation time was kept 25fs and the dimension
was 3D. The dimension of the simulation region was set to 400nm x 400 nmx 268 nm. In the
mesh settings, mesh accuracy was set to 2 because the higher order of the mesh accuracy
requires more memory and time. After that, in order to lowering the memory and time the
boundary condition was manipulated. Boundary condition at the minimum of the x axis was set
to Anti-symmetric but in the maximum side it was set to perfectly matched layer. In the
boundary of minimum y, the condition was symmetric but at the maximum boundary it was set
to perfectly matched layer. At the minimum of z axis, the condition was metal and the
maximumof z, the boundary condition was set to perfectly matched layer.

Mesh

FDTD Solutions in Lumerical uses a rectangular, Cartesian style mesh to calculate the
fundamental quantities like electric and magnetic fields at its each points. The smaller the size of
the mesh, the higher the required memory. In this thesis, two meshes were used to simulate. They
are ‘Mesh gap’ and ‘Mesh’ by name. The dimension of override meshes the ‘Mesh gap’ was

1nm x 1 nm x 0.4nm and ‘Mesh’ was 5nm in override mesh dimension.

Objects
For the sake of simulation two materials were used from the Lumerical library. They are Silver
(Ag CRC) and Gold (Au CRC).

Source
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Total field scattered field source was used as the illuminating source. The reason behind using
this is, it can distinguish the scattered field from the total field which makes the whole task lot

easier.

Monitors

To preserve the simulation data and observe the enhancements, different 2D monitors were
appointed. One was normal to the Y-axis and another normal to the X-axis. Dimension of the
monitors were same. Depending on different simulations, their wavelengths were changed time

to time.

4. Results

4.1 Impact of polarization in FDTD simulations
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The polarization of the source beam plays an important role in the electric field in the vicinity of
the tip. The intensity and distribution depend on it. Linearly and radially polarized sources in

different TERS configurations have been considered to examine the effect.

4.1.1 Radial Polarization

Figure 10: a) Top view of the radially polarized source, b) Perspective view of the
source. White encompassed region denotes the simulation region.

In a radially polarized source, the polarization vectors are oriented radially in the transverse

plane with respect to the propagation direction.

The white encompassed area reperesents a focused radially polarized source inside the FDTD
simulation region. Many concentric rings with different intensities and lowest intensity at the
middle form the transverse component of theradially polarized source. On the other hand, the
longitudinal component also consists of rings with fewer intensities than the transverse
components. The enhancement comes from the interaction between the longitudinal component
and the apex of the tip. In FDTD package of Lumerical there is no radially polarized source. That
is why, four linearly polarized TFSF sources were integrated to make a single radially polarized

Source.
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4.1.2 Linear Polarization

Electric field vectors in the linearly polarized source are oriented along only one direction of

Figure 11: Linearly Polarized Total Field Scattered Field light
source. White boundary represents the simulation area

Figure 12: Electric field density of normalized total field polarized in x-direction (a)
top view (b) side view.

propagation.

The figure above shows the top view and side view of a Gaussian source which is consisted of

several concentric ring having the highest intensity in the middle.

4.2 Normalization of Electric Field Intensity

Every electric intensity in the next section are normalized. 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. 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
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intensity through |E |2/|Eq|?.

4.3 FDTD Calculations of Electric field

As we know that there is an important effect of polarization on the enhancement of electric field
and overall TERS measurements. For investigating that effect, linearly and radially polarized
beams were used in this experiment. After doing all the experiments the electric field
enhancements were compared that are found from linearly and radially polarized sources to

come to a conclusion.

4.3.1 Effect of linear polarization on enhancement factor on tip only
A total field scattered field source was used to examine the effect of linear polarization. It was

placed perpendicular to the tip, the direction of propagation was along the vertical line of the tip.

Figure 13: Electric field distribution at the apex of the tip. Tip radius is 10nm, height is 80nm
and linearly polarized light source along the tip axis (A) Ag tip with normalized enhancement
factor 24 at 532 nm wavelength (B) Ag tip with normalized enhancement factor 18 at 550 nm
wavelength (c) Ag tip with normalized enhancement factor 26 at 632 nm wavelength (D) Au tip
with normalized enhancement factor 108 at 532 nm wavelength (E) Au tip with normalized
enhancement factor 95 at 550 nm wavelength and (F) Au tip with normalized enhancement
factor 29 at 632 nm wavelength.
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The source was placed along the z-axis and the direction was backward. The amplitude of the
source was normalized (amplitude was set to 1). The simulation area of the source was set to 350

nmx350 nmx220nm. After running the simulation the following results have been found.

In the figure we can see that, due to linear polarization of the source there is no enhancement in
the middle of the tip rather electric field in the two sides of the tip are enhanced. This phenomena

happens for both silver (Ag) and gold (Au) tip.

4.3.2 Effect of radial polarization on enhancement factor on tip only

Four total field scattered field sources were integrated to form a radially polarized source. For

this, the transverse components of all the sources were oriented 35° apart from each other. This

Figure 14: Electric field distribution at the apex of the tip. Tip radius is 10nm, height is 80nm and
radially polarized light source along the tip axis (A) Ag tip with normalized enhancement factor 974
at 532 nm wavelength (B) Ag tip with normalized enhancement factor 225 at 550 nm wavelength
(c) Ag tip with normalized enhancement factor 4451 at 632 nm wavelength (D) Au tip with
normalized enhancement factor 1011 at 532 nm wavelength (E) Au tip with normalized
enhancement factor 947.81 at 550 nm wavelength and (F) Au tip with normalized enhancement
factor 6989 at 632 nm wavelength.

source was then used to examine the effect of radial polarization. It was placed perpendicular to

the tip, the direction of propagation was along the vertical line of the tip. The source was placed
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along the z-axis and the direction was backward. The amplitude of the source was normalized
(amplitude was set to 1). The simulation area of the source was 350 nmx350 nmx220nm. After

completing the simulation, the following images have been found.

In the above figure, when the source is polarized radially the enhancement occurs at the middle
of the tip. Though, the significant amount of enhancement occurred in the image (F) the
confinement is very low here. On the other hand, in figure (B) the confinement is better.

4.3.3 Effect of linear polarization on enhancement factor in the Gap mode:
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In this mode, all the aspects of the source and tip were kept same. In addition to that, a substrate

was introduced which has a dimension of 400 nmx400 nmx 10 nm. The following results were

found after running the simulation.

Figure 15: Electric field distribution at the apex of the tip in the gap mode. The distance between the
tip and substrate is about 1nm. Tip radius is 10nm, height is 80nm and linearly polarized light source
along the tip axis (a) Ag tip with normalized enhancement factor 62 at 532 nm wavelength (b) Ag tip
with normalized enhancement factor 37 at 550 nm wavelength (c) Ag tip with normalized
enhancement factor 82 at 632 nm wavelength

Figure 16: Electric field distribution at the apex of the tip in the gap mode. The distance between the
tip and substrate is about 1nm. Tip radius is 10nm, height is 80nm and linearly polarized light source
along the tip axis (a) Ag tip with normalized enhancement factor 155 at 532 nm wavelength (b) Ag tip
with normalized enhancement factor 137 at 550 nm wavelength (c) Ag tip with normalized
enhancement factor 75 at 632 nm wavelength
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From the above images it is obvious that Ag-Ag combination has the highest enhancement factor

Figure 17: Electric field distribution at the apex of the tip in the gap mode. The distance between the tip and
substrate is about 1nm. Tip radius is 10nm, height is 80nm and linearly polarized light source along the tip
axis (a) Au tip with normalized enhancement factor 301 at 532 nm wavelength (b) Au tip with normalized
enhancement factor 207 at 550 nm wavelength (c) Au tip with normalized enhancement factor 311 at 632

nm wavelength.

Figure 18: Electric field distribution at the apex of the tip in the gap mode. The distance between the
tip and substrate is about 1nm. Tip radius is 10nm, height is 80nm and linearly polarized light source
along the tip axis (a) Au tip with normalized enhancement factor 431 at 532 nm wavelength (b) Au tip
with normalized enhancement factor 1228 at 550 nm wavelength (c) Ag tip with normalized
enhancement factor 322 at 632 nm wavelength

at 532 nm wavelength, for Ag-Au the highest enhancement factor is 137 at 550 nm wavelength
and the highest enhancement factor is 156, at 550 nm wavelength Au-Au has the highest
enhancement factor and lastly Au-Ag has the enhancement factor of 431 at 532 nm wave length

which is the highest.
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4.3.4 Effect of radial polarization on enhancement factor in the Gap Mode

The same radially polarized source and tip-substrate were in this section. After running the

simulation for about 15 minutes for each, the following figures have been found.

Figure 20: Electric field distribution at the apex of the tip in the gap mode. The distance between the tip and
substrate is about 1nm. Tip radius is 10nm, height is 80nm and radially polarized light source along the tip
axis (a) Au tip with normalized enhancement factor 15414 at 532 nm wavelength (b) Au tip with normalized
enhancement factor 9169 at 550 nm wavelength (c) Au tip with normalized enhancement factor 82008 at 632

nm wavelength.
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Figure 21: Electric field distribution at the apex of the tip in the gap mode. The distance between the tip and
substrate is about 1nm. Tip radius is 10nm, height is 80nm and radially polarized light source along the tip axis
(a) Ag tip with normalized enhancement factor 9173 at 532 nm wavelength (b) Ag tip with normalized
enhancement factor 3303 at 550 nm wavelength (c) Au tip with normalized enhancement factor 13197 at 632 nm
wavelength.

Figure 19: Electric field distribution at the apex of the tip in the gap mode. The distance between the
tip and substrate is about 1nm. Tip radius is 10nm, height is 80nm and radially polarized light source
along the tip axis (a) Au tip with normalized enhancement factor 7286 at 532 nm wavelength (b) Au
tip with normalized enhancement factor 6160 at 550 nm wavelength (c) Au tip with normalized
enhancement factor 13224 at 632 nm wavelength

Figure 22: Electric field distribution at the apex of the tip in the gap mode. The distance between the tip and
substrate is about 1nm. Tip radius is 10nm, height is 80nm and radially polarized light source along the tip axis
(a) Ag tip with normalized enhancement factor 15383 at 532 nm wavelength (b) Au tip with normalized
enhancement factor 3437 at 550 nm wavelength (c) Au tip with normalized enhancement factor 81998 at 632 nm
wavelength.

From the above images it is obvious that Au-Ag combination has the highest enhancement
at632.8 nm wavelength, for Au-Au the highest enhancement is 82008 at 550 nm wavelength and
the highest enhancement is 13197, at 550 nm wavelength Au-Au has the highest enhancement
and lastly Au-Ag has the enhancement factor of 81998 at 532 nm wave length which is the
highest.
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4. Discussion

Figure 23: All the enhancement factors at 532 nm wavelength.

the previousall the results were shown in details. In this section with the help of graphical
representation, the results were discussed thoroughly.
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Figure 25: All the enhancement factors at 632 nm wavelength.

By a close inspection, it can be observed two common things in all of the illustrations above.
They are, radial polarization increases enhancement factor than linear polarization in a
significantly large amount. In addition to that, whenever Gold (Au) is used as substrate it

enhances signal more than a Silver (Ag) substrate.

The result can be justified by the use of absorption coefficient. Absorption coefficient can be

written as
(78), : :
Figure 24: All the enhancement factors at 550 nm wavelength.
Absorption
4nn
T e (4) (78)

Where, n is the refractive index, A is wavelength and k is the extinction coefficient.
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calculated with the help of the data from (78) and presented in tables below:

Table 1: Absorption Coefficient of Silver (Ag)

Wavelength Refractive index (n) | Extinction Absorption
coefficient(k) coefficient (o)
532 nm 0.129 3.25 0.595
550 nm 0.126 3.45 0.626
632 nm 0.140 4.15 0.589
Table 2: Absorption Coefficient of Gold (Au)
Wavelength Refractive index (n) | Extinction Absorption
coefficient(k) coefficient (o)
532 nm 0.402 2.54 0.149
550 nm 0.306 2.88 0.215
632 nm 0.166 3.15 0.377

From the tables we can see that, at 532 nm wavelength Ag has an absorption constant of
0. 595.Whereas, at the same wavelength Au has an absorption constant of only 0.149. The same
trend goes on for 550 nm and 632 nm wavelength. As a result, when, Au as substrate it is
absorbing less and scattering more light than Au. That is why, every time Au gives more

enhancement than Ag
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4. Conclusion

Through the simulation localized electric field in the vicinity of the metallic tip of TERS was
examined and the effect of different polarization of source in mapping TERS was observed.
From the observation, it can be concluded that, radial polarization is more effective for
enhancing the local electric field because it gives better enhancement as well as better
confinement which is ideal for tip-enhanced Raman spectroscopy. Another observation is, Ag
and Au both plays an important role in increasing the enhancement factor but Au gives more

enhancement due to its low absorption constant.
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