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Abstract

David Atkins

Novel Probes for Multimodal Imaging at the Nanoscale

Tip enhanced Raman spectroscopy is a technique which allows the user to retrieve
topographic, morphological and chemical information of a sample with single molecule
resolution, far beyond the Raman spatial resolution of conventional techniques. Its use-
fulness extends into many scientific fields, such as medicine, electronics and material
science. Conventional probes used to conduct TERS , where metal is deposited onto com-
mercial AFM tips, tend to be made of silver. This is due to silver having strong plasmon
resonances in the visible and near-infrared regime, alongside low optical losses and there
are well established processes for making them. The issue with these probes is that they
are commonly deposited one at a time and silver is known to grow a sulphide layer. This
sulphide film inhibits the electric field, shifting the plasmon resonance and limits the life-
time of these probes to 24-48hrs. The use of a conventional AFM tip as a substrate for
the plasmonic film is also problematic since the coupling of the far field radiation to the
tip plasmon occurs close to the tip and is facilitated by local roughness, leading to critical
and irreproducible alignment requirements for the illuminating beam. The issue of tip
contamination and lifetime may be eliminated by the use of gold instead of silver, at the
expense of plasmonic performance. The use of a long-lived metal allows the use of more
elaborate coupling methods based on plasmonic gratings or slot couplers fabricated by
focused ion beam milling or self-aligned plasma processing. Both techniques of silver
growth and gold coupler tip fabrication are irreproducible however, they do not have
nm resolution placement or techniques to ensure the same tip is made over again using
plasma or chemical etches. The work-around for this is to use a focused ion beam with
the benefit of very high resolution (nm), but each probe has to be milled one at a time.

A lot of effort goes into making these tips, where if one fails due to over/under etch or
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other reasons, another metal deposition or plasma processing has to occur as the tip is

scrapped.

A method for the wafer scale fabrication of novel TERS-AFM probes is presented.
The probes are based on the use of a grating to couple light from free space into the di-
electric of the tip at some distance from its apex, the grating allowing for the use of fixed
—angle illumination at a known position far from the tip. Waveguide to surface plasmon
coupling occurs near the tip and plasmons are then concentrated to the tip by a triangular
metal structure. The fabrication was successfully completed, although operation at use-
tul wavelengths was precluded by poor reproducibility of the probe dielectric thickness.
Development work on the fabrication of scanning electro-chemical microscopy probes,
where insulator adhesion to the metal electrode is a key issue, has also been been con-
ducted.

To test the TERS probes, novel calibration samples were made. These samples em-
ployed statistical and correlation alignment strategies with an e-beam lithography tool to
produce 70nm thick gold dots and dimers with separation distances of Inm and above
(Inm increments) in the x and y direction. Once coated with Raman Active molecules
this sample will be useful for testing of TERS probes, allowing the study of separation
distance vs. enhancement for different probe archetypes. A topography free sample with
interdigitated electrode active areas has also been developed for the test of Scanning Elec-
trochemical Microscope probes. This sample removes the introduction of topographic
artefacts from a SECM scan, whilst retrieving useful information on the electro-chemical

nature of the probes.

After extensive and rigorous testing, probes failed to exhibit local plasmonic en-
hancement at the available wavelength of the TERS systems. The lack of enhancement
was confirmed by extensive processing of the acquired data using baseline correction
and adaptive smoothness penalised least squares (asPLS) methods. For comparison of
the SERS and TERS spectra the data was also intensity normalised and cosmic rays re-
moved. This is attributed to poor control of dielectric deposition thickness preventing
phase matching of the guided light to the surface plasmon polariton: Possible solutions
are presented and their practicality discussed.
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1 Review

1.1 Instrumentation

1.1.1 Introduction

This section gives a general overview of microscopy and its development to incorporate
different sample types and extraction of various data types. A more in-depth investiga-
tion into the microscopy utilised within this project is then outlined, with a focus on the

development of the field.

1.1.2 Microscopy

Microscopy is a technical field whereby users can examine areas of interest outwith the
practical resolution range of a normal eye. Microscopy has proved its use within bio-
logical applications, from Hooke and van Leeuwenhoek [1] depicting the first image of
microscopic organisms (Mucor) in 1665-83, or Ruska and colleagues becoming the first to
visualize viruses (tobacco mosaic virus) with electron microscopy in 1939 [2], [3]. It also
extends it’s far reach into the semiconductor industry, where defects and impurities on
the surface can be seen, therefore optimising fabrication processes [4], the control over

which can affect the properties of the system it belongs to.

Control over a sample’s dimensioning can also be used to save materials, such as in
combustion processes where catalysts are used to reduce pollutants [5]. Only the outside
atoms in these catalytic materials are used, with a lot of atoms remaining inaccessible,
therefore control of dimensioning allows single noble metal layers for catalysis to be de-

veloped [6] and reduce material wastage.

Many natural occurring systems are also determined by their organisation and com-

position on the micro and nanoscale, like viruses and their ability to infect the human
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population [7] by altering its structure. Although vaccines were created long before peo-
ple even knew what caused disease, microscopy allowed us to determine what the infec-
tious agent was. It is now standard practise in determining the 3-d positions of atoms in
protein structures [8]. By understanding the structure of the infectious agent, drugs can be
designed to target them more effectively, from giving insight into their binding modes [9]
and interaction with the target protein, to understanding drug resistance from mutations
or structural changes of the target protein. This is a massive step up in medicine where
x-ray crystallography has commonly been used [10], however, this does not give an im-
age of the protein and you must grow a crystal first, which is a difficult task [11]. Viruses
can also be imaged using transmission electron microscopy [12], which helps identify un-
known infectious agents in differing outbreaks, like the bovine papilloma virus in cows
[13] and monkeypox in 2004 [14]. It is clear to see the benefits of microscopy within var-
ious fields, impacting the daily lives of humans, we therefore build microscopes to suit
various applications, which in turn drives what microscope/technique we use.

1.1.3 Optical Microscopy

Optical microscopy is a technique which typically uses visible light and lenses, or a singu-
lar lens, to magnify an image of a sample with a resolution not available to the naked eye.
In order for an image to be retrieved, the incoming light must interact with the sample.
The emitted light propagates in space follows relation 1.1 [15].

w=ck=c\/k3+k}+k2 =" (1.1)

Where c is the speed of light in vacuum and k is the wavevector. The refractive index
n, determines the speed at which light travels through a medium other than a vacuum
and follows relation 1.2 [16].

(1.2)

[SH[e

Where c is still the speed of light in vacuum and v is the speed of light in a material.

When modelling the propagation an electromagnetic wave, the angular spectrum
method may be used (Figure 1.1).
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FIGURE 1.1: The schematic diagram depicts the angular spectrum method
for wave propagation. This method decomposes a wave into plane waves,
propagates each plane wave and reconstructs the field.

The angular spectrum method describes how the electric field evolves along the z-

axis, from a source plane (z=0), to a detection point (z=(z)). The electric field at any point
(x,y,2) is given by relation 1.3.

+1nf
E(xy.2) // - Bk Jey, 0) exp! i 2) dicy (1.3)
in

Where E(kx, ky, 0) is the 2D Fourier transform of the field at plane z=0, and k; is the
longitudinal wavevector. The value of k; is given by relation 1.4

27t \ 2

Where 7 is the refractive index, A is the wavelength of light, k, and k, are the spatial

frequencies of the plane waves in the respective x and y direction. This relation shows

that the value of k; is the longitudinal wavevector component for each plane wave in the

superposition, however not all spatial frequencies contribute equally to the electric field
along z.
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For a wave to propagate, k, must be real and the following condition must be met:

12 4 k3 < 2 (1.5)

Reducing this to the x-z (k,=0) plane:

ky < =—— (1.6)

Spatial frequencies above this limit result in an imaginary k,. This corresponds to
an evanescent wave, which decays exponentially along z and does not reach the far-field.
Therefore, only spatial frequencies below this limit (features larger than approximatelyA /2n)
reach the far-field and limit the spatial resolution.

The spatial resolution of the system can be described as the minimum distance be-
tween two objects whereby they can be distinguished as two objects, rather than amalga-
mated into one. The spatial resolution of an imaging optical microscope follows the Abbe
criterion (1.7) [17]:

_ 0.61A

d=—G1 (1.7)

Where NA is the numerical aperture of the optical system, A is wavelength of the
light and 4 is the minimum resolvable distance between the two objects. With optical
microscopies using light sources within the visible optical wavelength, the lateral spatial
resolution is limited to around 0.2 ym [18], [19]. Therefore objects closer than this distance
cannot be distinguished from each other, unless they possess a difference in another op-
tical property such as colour.

Although resolution is dictated by the Abbe criterion there are techniques which can
surpass the imposed diffraction limit. We can increase the resolving power of a micro-
scope by using an immersion medium and appropriate objective. Utilising a lens with a
small focal length and high magnification, the objective is coated in an immersion oil, like
1-bromonaphthalene used in 1889 by Sigfried Czapski, leaving no air gap between that
and the specimen [20]. As the refractive index of oil is greater than 1, it can achieve a NA

value greater than 1, meaning an increase in the spatial resolution compared to air.

NA = nsinag (1.8)
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Where «g is one half of the angular aperture of the objective lens. Whilst using re-
lation 1.7, it can be understood that for a larger NA, the resolving distance between 2

objects decreases, therefore an increase in the resolution is observed.

1.1.4 Super Resolution

Although the Abbe criterion dictates what the resolution of conventional optical mi-
croscopy is, there are multiple techniques which can increase the resolution of the system
beyond the imposed limit known as super-resolution [21]. The development of super
resolution was such a grand feat, it won the Nobel Prize in chemistry in 2014 through
Eric Betzig, W.E. Moerner and Stefan Hell’s efforts. The three men developed super-
resolved fluorescent microscopy, which allowed optical microscopy to resolve features in
the nanoscale [22].

Super-resolution relies on optimising conditions at either the near-field or the far-
tield. Whilst in the far-field regime, two major techniques, known as deterministic and
stochastic super resolution, can extend the resolution far beyond the Abbe criterion. These
are fluorescence microscopy techniques, which allows fluorescent samples to be imaged.
Fluorescent microscopy is an essential imaging technique in cell biology to visualize any
tissue, cells, organelles and even macromolecular assemblies within cells [23].

1.1.4.1 Far-Field

One far-field technique to obtain super resolution is known as Stochastic Optical Recon-
struction Microscopy (STORM). STORM'’s operation relies on the stochastic activation of
synthetic fluorophores containing photoactive properties [24], and routinely delivers spa-
tial resolution of around 20-30 nm with standard optics and organic dyes [25]. STORM
makes use of single fluorophores “blinking” from a dark to a weakly emissive state, before
then quickly going back to a dark state or becomes deactivated by photobleaching [26].
To generate successful images, these fluorophores must be distributed far away from each
other so that only single molecules are activated when exposed to the light. The technique
then activates/deactivates each fluorophore until each molecule on the samples number
of photons is detected. The centroid positioning of each molecule is then statistically
titted, with the precision of this value being greater with the more photons it detects.
Taking multiple images within a diffraction limited area, a reconstruction of each indi-

vidual emissive molecule can therefore be constructed with mathematical models [25].
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Although wonderful for microscopy and for biological applications, image quality can be
compromised through photobleaching of molecules [26]. A diagram of a STORM system
is shown in Fig 1.2.

A) B)
Protein with a Activate
Fluorescent Dye and Localise

Switch Off epeat

Actmate

C)Repeated Imaging and Localise

of Sample

Image
Reconstruction

FIGURE 1.2: A) shows a protein labelled with a fluorescent dye. B) shows
how a low intensity laser activates the fluorescence state of the dye, where
titting algorithms find the centre of the protein. The protein is then put back
into a dark state typically with a high energy laser causing it to “blink”.
C) shows how the sample is then repeatedly imaged, activating and de-
activating molecules with a wavelength specific to the fluorescent dye used.
An image of the precise positionings of the fluorescence events is then recon-
structed to form a super-resolution STORM picture. [27]

Another setup which makes use of fluorophores nonlinear response to excitation,
is a deterministic super resolution technique known as Stimulated Emission Depletion
microscopy (STED). STED differs from STORM, as STORM uses mathematical models
of multiple diffraction limited images to create a reconstructed high-resolution image.
It instead selectively deactivates fluorophores by minimising the exposure area at the
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focal point, creating super high-resolution images [28]. In a conventional STED setup,
a Gaussian excitation beam is aligned with a STED beam in a spatially targeted region.
The STED beam de-excites fluorophores via stimulated emission and is in phase and/or
polarized to generate a ring shaped focal intensity distribution, with the zero intensity
value in the centre [29]. Although the intensity distribution is diffraction limited, the large
intensities saturate the stimulated emission transition and keep most of the fluorophores
at a ground state, apart from those located near the zero point. The region exposed,
or kept at an excited state, is below the diffraction limit and gets smaller with a larger
STED beam intensity, where the spatial resolution is determined by the fluorescent region
around the zero point and the signal to noise ratio. These resolutions have been quoted as
being down to 20 nm on cells [30], but is known to be prone to phototoxicity on live cells
[31]. There was also development on 3-D STED imaging, with Osseforth et al. quoting
a lateral and axial resolution of (=35 nm) and respectively whilst imaging colloids and
single fluorescent molecules [32]. These are of course dependent on the fluorophore and
its chemical environment [33]. A diagram showing the operation of a STED microscope

is shown in Figure 1.3.
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FIGURE 1.3: A) Shows excitation and depletion synchronized laser pulses fo-
cuses by an objective onto a sample plane. The focal points of the excitation
and depletion lasers are shown, with the zero-intensity value of the STED
laser highlighted. The depletion laser and excitation profiles are superim-
posed to reduce the effective point-spread function. B) depicts the short ex-
citation pulse (green) which causes fluorescence. It is then quenched (blue
region) due to the long STED laser pulse. C) shows a Jablonski diagram
of the excitation states during STED operation. Molecules get excited to S1
(fluorescent state) where they normally return to SO by spontaneous fluores-
cence emission. Stimulated emission of the excited state by the depletion
layer brings all excited fluorophores within the red ring down to the ground
state and prevents fluorescence emission. [34]
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1.1.4.2 Near-Field

It is possible to produce super resolution images without the need for fluorescence, but
such techniques require information from evanescent waves (near field) to do so. Evanes-
cent waves differ from propagating waves in that they have an imaginary wave vector
component. This causes an exponential decay of the electric and/or magnetic field am-

plitude as the distance from the source increases [35].

One method of achieving super resolution whilst making use of the near field was
discussed by J.M. Guerra in 1990, publishing an article on a technique known as photon
tunnelling microscopy (PTM) [36]. When light in a medium with a higher refractive index
(nl) is incident, beyond the critical angle, on a material with a lower refractive index (n2)
interface, total internal reflection generates an exponentially decaying evanescent field
extending beyond the boundary[37]. While there is no net transfer of energy across the
interface, by placing a material (n3) with a refractive index greater than or equal to n2
within the evanescent region, photon tunnelling is enabled by frustrated total internal
reflection (FTIR) [36]. Tunnelling increases exponentially with the height of the sample

with a homogenous refractive index, calibrated against a known geometry.

The original setup is discussed in more detail in a paper by Dyer [38]. The paper de-
tails the best operation on how Guerra used a reflective microscope with an objective lens
(NA>1), this lens is in contact with oil which is in contact with a transducer (glass). As
the angle of the incoming light is greater than the critical angle in this setup, TIR occurs
at the bottom side of the transducer, with none of it extending to the region of air below
the glass, only an evanescent wave. When no sample is present, a video camera captures
all the reflected photons as a bright light as there is no obstacles in the reflection path.
However, when a sample is brought near the transducer, the photons tunnel and no pho-
tons are detected at the point of contact whilst looking at the reflection microscope. These
images are grey scale intensities, which can be plotted with an oscilloscope to get some
3D images, with x and y being lateral positions and the z being the reflection intensity.
With real time imaging and green light, the sensitivity to height of this setup is 1 nm with
a lateral resolution of 150 nm [38].

1.1.5 Further Resolution Improvements

Another method to increase the resolution of a microscope is to use an excitation source

with shorter wavelengths, making it so that the Abbe limit is no longer a limiting factor.
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One way of doing this is to use high energy photons, like X-rays [39] or UV [40], or to use
heavier particles with a short de Broglie wavelength.

One common method is to use a scanning electron microscope (SEM), where the
excitation source is a beam of electrons scanned over a samples surface. It makes use
of the fact that an electron’s wavelength is known as the de Broglie wavelength and is
dependent on its momentum, with values typically being 0.0867-0.0388 A at 20-100 kV
acceleration voltages [41] (using CODATA values and neglecting relativity). In general,
the range of energies of an electron beam is low (<1 Volt in 100 kV to 300 kV), hence
why cold field emission is used for less thermal broadening. An electron microscope
can resolve features smaller than 1 nm [42], providing useful nanoscale interrogations of
features.

Although the resolution of a SEM provides great interrogative detail of substrates,
electron lenses suffer from chromatic and spherical aberrations so they operate at a low
NA. Chromatic aberration is where the long wavelength electron’s refraction by the mag-
netic and electrostatic lenses are different than the short wavelength electrons [43], and
spherical aberrations, where the electrons passing through the periphery of a lens are re-
fracted more than through the middle [44], causing it not to reach the same focal point

decreasing the spatial resolution.

Electron microscopy is especially useful when imaging conducting features, where
the electrons are free to move. On insulating materials, a build-up of excess negative
charges accumulate on the sample surface. Imaging at low kV ~1 kV can improve charg-
ing but still results in artefacts due to different charge state’s of different material. and
due to the lack of ability for electron flow, it exacerbates the accumulation of charge. In-
sulating samples can be imaged with limited artefacts with detectors such as operating
under low vacuum with a Helix detector using a FEI NovaNano SEM [45]. Whilst using
this detector, a small amount of water vapour is ionised by the beam which is then ionised
from taking an electron. This negative charge is then discharged by H20+ ions. Lower
accelerating voltages can also be used during SEM operation to reduce charging by de-
creasing the kinetic energy, thereby preventing the electrons from being embedded within

the sample whilst increasing the relative backscattered and secondary electron emission.

The ability of the focused electron beam to raster scan allows for features over a sam-
ple to be examined with high resolution. A SEM also offers another important advantage
in providing rich contrast. Contrast is a microscope’s ability to distinguish the interro-
gated feature from its adjacent background. A SEM has the ability to obtain topographic

and compositional contrast of a specimen, originating respectively from the generated
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secondary and backscattered electrons [46]. A SEM provides even more contrast mecha-
nisms, alongside the usual secondary electron and backscattered electron detection, but
can also perform auger electron spectroscopy (will be discussed in more detail in the next
section), potential measurement’s [47], cathodoluminescence [48] and electron beam in-

duced conduction [49], aswell as channeling [50].

Although a SEM provides nanoscale resolution and rich contrast, development of
a scanning transmission electron microscope (STEM) enhances these parameters further.
A STEM makes use of electrons passing through a thin, damage free sample <50 nm
[51]. If the sample is too thick then multiple scattering events take place, so the best
resolution is for thin samples. Researchers have worked on the development of STEM
and by correcting for the aberrations they have been able to resolve single gold atoms,

with a lateral resolution of 50 pm [52].

1.1.6 Spectroscopic Microscopy

Although obtaining dimensional and optical images prove useful with the discussed mi-
croscopy techniques, sometimes additional information is required. Spectroscopy is a
technical field which pertains to measurement of the electromagnetic spectra obtained
from the interaction of electromagnetic radiation (often light) and a specimen, with re-
spect to the frequency or wavelength of the incident radiation. One such technique
is known as electron energy loss spectroscopy (EELS). EELS is a form of electron mi-
croscopy, whereby a material is exposed to an electron beam with a narrow range of ki-
netic energy. EELS analyses the inelastic scattering of the incident beam’s electrons with
the thin sample’s electrons [53], producing detailed topographic and spectroscopic maps
with high spatial resolution and sensitivity [54], [55]. The spectra obtained from the ex-
amination provide detailed information about the chemical and electronic structure of the

sample’s atoms, their bonding states, band gaps, dielectric constant and much more [56].

Due to the interaction between the interrogating beam and the sample, the beam’s
electrons lose energy in the region of 0 eV to 3 keV [53]. A homogeneous magnetic field
perpendicular to the charged electrons has a dispersive nature, due to Lorentz forces.
Their deflection is monitored within an EEL spectrometer, counting the beam’s electrons
with respect to their energy. The two main regimes involved are core loss, where the loss
is greater than 50 eV, this technique obtains information from the beams interaction with
deep core states. A low loss regime (<50 eV) provides information on the optical proper-

ties of the sample through the excitation of low-lying states above the Fermi energy. The
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0 -100 eV region is dominated by Plasmon peaks [57]. Combining this technique along-
side TEM or STEM, we can retrieve high spatial and energy resolution images, dependent
on the diameter of the probe and spectrometer entrance aperture, with rich contrast, and
electronic and elemental analysis of a specimen. If the STEM — EELS system is spherical
aberration corrected, then the probe diameter no longer plays a significant part and the
spatial resolution is limited the delocalisation of the inelastic electron’s scattering [58],

with more delocalisation occurring for heavier atoms.

Another technique employed whilst combining microscopy with spectroscopy is Auger
Electron Spectroscopy (AES). The first principles defining the technique were discovered
by Lise Meitner in 1922-1923 [59], before further discovered again in 1925 by Pierre Auger
[60]. Auger witnessed the radiationless decay by electron emission within a cloud cham-
ber, when a monochromatic X-Ray source was incident on noble gas atoms. It should be
noted an inner-shell ionised atom can decay radiatively by the emission of X-Ray’s [61].

Using an electron gun source, AES provides amazing surface sensitivity as emitted
electrons have a short inelastic mean free path within a solid (dozens of A) or less than
10 A) in the 20-200 eV energy interval [62]. Therefore, whilst analysing a sample, the
escape depth is extremely small and the AES system is extremely surface sensitive with
depth resolution of the composition of around 10 A [63]. One drawback of having such
low energy Auger electrons is that if the surface is contaminated by a single atom thick
layer of oxide, or another contaminant, that is what will be detected. In order to prevent
this happening, the systems are set up with a ultra-high vacuum system (UHV), with
pressures lower than 10~7 Pa to reduce monolayer adsorption [64]. When the focused
electron beam is raster scanned over a sample, the system becomes a Scanning Auger
Microscope (SAM) technique where the intensity of the Auger peak is measured against
the background scattered electrons and mapped. Within SAM the lateral resolution and
shallow depth at which elemental composition is superior to that of other non-destructive
methods. With new generation Auger probes providing high lateral resolution (=10 nm),
depth (=2 nm) and ~0.1% energy resolutions[65].

Although EELS provides information on the optical properties of a sample, the sam-
ple must be thin making it difficult to handle or fabricate. AES must use a UHV chamber
and provides only surface information. If we want to use a thicker material and examine
more than the surface chemistry without the need for a UHV, another technique known
as photoluminescence (PL) spectroscopy can be used to determine the band gap of a ma-
terial [66].

PL is the phenomena seen whereby the spontaneous emission of a photon occurs
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through an electron relaxing from a higher energy state. PL is a two-step process in direct
band semiconductors, whereby enough energy from the incoming photon promotes the
samples electron to an excited state. If the excitation photons have energies larger than
the band gap of the interrogated substrate, an electron is excited to the higher state which
leaves behind a hole in the valence band [67]. Due to the molecular vibrations with the
environment, a large thermal loss is seen, where the electron and hole lose both energy

and momentum until they reach the conduction band or the valence band, respectively.

In materials which have a large binding energy, an exciton (bound state of an elec-
tron and hole pair) is formed, with the electron relaxing into a lower state through spon-
taneous emission. PL spectra can provide details on the optical band gap of a material,
which differs from the electronic band gap by the exciton binding energy. With standard
PL spectroscopy, the fluorescence signal emitted from the sample is dispersed with the
use of a grating monochromator with the spectrum imaged onto a CCD camera. The typ-
ical setup can give a spectral resolution of around 100 GHz, or 0.1 meV, within the visible

spectrum [68].

A similar arrangement is used to acquire Raman spectra. The main difference with
Raman is that the Raman signals are collected very close to the pump, so a spectrometer
with a very good rejection of nearby light is needed e.g. using multiple gratings and

apertures in series or using a holographic notch or Raman edge filter.

Raman spectroscopy is a non-destructive metrological technique, whereby a signal
containing information on the chemical identity and structure of a material is obtained
[69]. This signal takes the form of a spectrum of the vibrational states of the chemical
bonds of a sample. The spectrum also provides insight into the phase and polymor-
phism [70], intrinsic stress/strain [71] and the contamination/impurities of the sample.
The data is then compared against a library of known materials to determine which ana-
lyte/analytes are within the sample. This information is extracted from the spectral peaks
showing the intensity and wavelength position of the Raman scattered light. However,
in order to obtain a Raman spectrum, an inelastic scattering of incident photons, known
as Raman scattering, is required [72]. An energy diagram depicting Raman and PL spec-

troscopy is shown in Figure 1.4.

1.1.7 Scanning Microscopy

As the contrast, magnification and resolution on differing microscope techniques im-

prove, point-by-point measurements can become practical. A scanning technique is now
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FIGURE 1.4: Jablonski diagram showing the difference between the energy

levels of Stokes Raman Scattering and Fluorescence. The fluorescence shows

the spin state of an electron which relaxes back into the ground state and
emits a photon.

often used, whereby beam scanning or object scanning can paint a larger picture of a
sample surface, like that discussed with a SEM and STEM.

One such technique is to take the optical microscopy system and either beam scan or
object scan relative to the objective lens. The beam can be scanned with the use of rotating
mirrors, or using acousto-optic devices [73]. More common devices utilise a mechanical
stage which moves to generate the full image, producing a spatially invariant image over
the entire scanned area, leading to images with better contrast enhancement with digital

processing [74].

One such technique to employ the developed scanning optical technique is confocal
microscopy. This technique was invented by Marvin Minsky in 1955 [75], with the pri-
mary aim of generating a point source of light and rejecting out-of-focus light by using
a spatial pinhole. The diameter of the pinhole is inversely proportional to the NA of the
objective and proportional to the magnification between the pinhole plane and sample,
as well as the excitation wavelength [76]. The confocal microscope makes use of the il-
lumination and detection optics being focused onto the same diffraction limited point,
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where the different sections of the sample are interrogated at this region and build its im-
age onto a photomultiplier detector or camera. During operation there is a broad beam of
light constantly flooding the sample, but as it is not within the focal plane, it is spatially

tiltered and does not contribute much (if anything) to the resulting image [77].

The type of confocal microscopy can be further classified by how it scans. A common
method is laser scanning confocal microscopy (CLSM), whereby a laser is scanned across
the sample. The laser is targeted onto a pair of scanning mirrors whereby the beam is
swept incrementally in the x and y direction of a single field of view to produce an optical
section though the fixed pinhole and detector. A 3-D image can be reconstructed with
this method by changing the focal point and scanning, then repeating this over until all
optical sections of the sample are imaged [78]. When the optimal parameters and setup is
used, confocal laser scanning microscopy may reach 180 nm of lateral resolution and 500
nm of axial resolution [79]. However, spherical aberration caused by refractive index mis-
matches causes the axial resolution to be impaired. A diagram of a confocal microscopy
setup is shown in Figure 1.5.

mm | mmm— Confocal
s Pinholes

Dichoric Mirror

Objective
Lens
Area not in ¥ In-focus
Focal Plane 3 Plane

FIGURE 1.5: Schematic diagram of an confocal microscopy setup with the red

line showing the in-plane focus on the blue sample, with the dashed green

line depicting where the spatial filtering occurs due to out-of plane focusing
on the sample.

Confocal microscopy can be utilised for its resolution and provide more contrast and
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insight into cellular dynamics. The microscopy technique is also used in another tech-
nique known as Fluorescence recovery after photobleaching (FRAP). FRAP is a method
developed in the 1970’s for determining the kinetics of molecular diffusion through tis-
sues or cells with a reasonably easy setup [80]. The apparatus comprises of fluorescent
molecules and a confocal optical microscope. In this setup, fluorescent molecules are ir-
reversibly photobleached by focusing a high intensity laser onto the region of interest. If
this is successful and the molecules are mobile, the targeted area will lose all fluorescence
and be exchanged with fluorescently tagged molecules surrounding this region [81]. This
process is monitored, plotting the recovery of fluorescent intensity in the targeted area,
whether it is diffusive (passive) or active, with the fraction of molecules that are mobile
and the half time of recovery. The half time of recovery is a measure of the speed of the
molecule within the cell which can be useful in the study of proteins in whether they are
bound or free [82]. Within this system the resolution is limited as multiple channels must

be imaged within the recovery time.

Confocal microscopy can also be combined with spectroscopic techniques such as
Raman. A confocal Raman setup takes the benefits of a confocal microscope, in that op-
tical information from light collected out of the focal plane is rejected and optical and
spectroscopic information through a confocal pinhole is collected, whilst revealing spec-
troscopic information of the substrate with a Raman spectrometer. In a confocal Raman
setup, after the excitation light crosses through the confocal pinhole and a concave mirror,
it will reach the spectrometer where the incident light is separated by a grating. The grat-
ing within the spectrometer contains a periodic array of grooves on a reflective surface,
where when the incident light constructively or destructively interferes with it, depend-
ing on the wavelength of the light. This means that the collected light is reflected off the
spectrometer surface at varying angles. This wavelength-dispersed light is then projected
onto a photodetector, typically a CCD device, which contains a pixel array. This array is
divided into a sub array of pixels, where at each pixel a range of incident photon fre-
quencies is converted into one or more electrons which are proportional to the number
of absorbed photons. The spectral resolution of a confocal Raman setup is determined
by the width and density of the grating, spectrometer focal length, entrance slit width,
wavelength of incident light and the size of the pixels on the detector. 1 cm™! is gener-
ally acceptable for most Raman spectroscopy applications [83]. A diagram of a confocal
Raman setup is shown in Figure 1.6.

As with traditional optical (light) microscopy and scanning electron microscopy, we
can also use different wavelength or frequency sources to interrogate materials. Scanning

acoustic microscopy (SAM) is one such technique in which a transducer, mounted on
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FIGURE 1.6: Schematic diagram of an confocal Raman microscopy setup.

an acoustic lens, emits ultrasonic waves (>10MHz) to detect defects in a wide variety
of materials. It does so by monitoring the internal features layer by layer due to the
waves high penetrative power [84]. As the wave propagates through the interrogated
sample, it can be scattered, absorbed, reflected, or transmitted depending on the acoustic
impedance, where the echo is detected by the transducer.

The transducer in the SAM technique is raster scanned over the sample surface, col-
lecting the echo at each spatial coordinate with the depth information retrieved from the
signals time-of-flight. The main limitation of this technique is the frequency used, as it re-
duces the ultrasonic pulses get longer, however the absorption and scattering decreases.
The typical spatial resolution of this system is around 10 ym [85], [86], with the acoustic
images describing the elastic properties of the material through its acoustic impedance
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[87].

Scanning X-ray microscopy (SXRM), like optical microscopy relies on the wavelength
of the interrogating beam to resolve sample surfaces. The resolution of SXRM is roughly
five times better than visible light microscopy, with the top of the line being around 20-
30 nm (wavelength limited) [39]. An X-rays photon energy can be classified into two
regimes, with hard-X-ray photons having an energy greater than 4 keV [39], or the more
typical soft X-ray photon energies being around 100-1000 eV [88]. Both hard and soft
x-rays give amplitude/phase and X-ray absorption near edge structure contrast. Whilst
scanning, the SXRM typically uses focusing optics to form a focused spot, or microprobe,
onto a raster scanned specimen. The consequent image contrast comes from the different
absorption of X-rays of the different examined materials and recorded onto photographic

film, or a sensor such as a CCD camera [89].

When the focusing optics consist of Fresnel zone plates (circular gratings with radi-
ally increasing line densities), the light will diffract around the opaque zones. The spac-
ing between the diffracted zones allow the diffracted light to interfere constructively at
the desired focus zone. The Fresnel zone plates have been shown to work with hard X-
rays, producing fine focal spots of 7.8 nm FWHM for 9 keV photons [90]. Compared to
other techniques such as TEM, X-ray microscopy can use thicker samples with hard X-
rays transmitting through tissue areas up to 40-60 ym thick [91], and does not need any
sample preparation or a high-vacuum chamber.

1.1.8 Scanning Probe Microscopy

Much like other microscopic techniques, such as the FEM or FIM, a further increase in
resolution can be achieved whilst using a tip. To gain a large overview of a sample sur-
face and gain better contrast to the material, we can mechanically scan with a tip. One of
the first such tools that mechanically scans a tip to map the microtopography of metallic
surfaces was the topografiner [92]. Young et al. published their paper on the use of the
topografiner in 1972, where it uses a field emission current to compute the distance be-
tween the instruments tip and the sample. The topografiner is advantageous as due to its
non-contact technique of topographic mapping, reducing the mechanical damage to the
sample surface during a scan to nil, unless accidental contact is made. The topografiner
also has a long tip and a wide scan range, but is noise limited due to field emission cur-
rents being very noisy due to surface contamination, making it almost impossible to op-

erate in atmospheric conditions [93]. The topografiner setup has been documented in a
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2013 conference proceeding to retrieve almost a nanometre lateral spatial resolution [94].
The technique required the use of a polycrystalline tungsten tip, with a tip-sample dis-
tance of 5-40 nm within a UHV chamber. The tip was biased with a voltage of -20 and
-110V with respect to the anode, allowing primary electrons to be emitted from the tip. It
was then scanned parallel to the surface of the sample, with the scattered primary elec-
trons generating secondary electrons. Through monitoring the secondary electrons, the
electron current is measured to give details on what the sample topography is like and

provide rich contrast mapping of it.

The topografiner never broke through as a common tool, with very few papers on
it’s use, due to the success of scanning tunnelling microscopy (STM). Scanning tunnelling
microscopy also makes use of the mechanical scanning of a sharp tip and has no need
for the use of light or electron beams, it is basically the topografiner at low voltage. It
was first brought to the attention of the world in 1981 by two IBM scientists named Gerd
Binnig and Heinrich Rohrer, with the success of that and Ernst Ruska for the invention
of the SEM, winning them the Nobel Prize in Physics in 1986 [95]. STM was developed
after the first scanning probe microscopy imaging mode (the topografiner), but as stated
earlier, the use of which isn’t well documented due to the ultra-high-resolution capability
of STM (0.1 nm lateral and 0.01 nm depth resolution) [96]. STM works by scanning a sharp
conductive probe close to the surface (around 4-7 A) [97] of a conductive sample, with a
voltage applied between them to cause a tunnelling current to flow. As the tunnelling
current varies exponentially with the separation distance(d) as I « =2 [95] and k is the
decay constant, the atoms closest to the tip produce most of the overall tunnelling current.
Within vacuum tunnelling at a typical work function of 4 eV, the decay constant k takes
a value of roughly 1A~ for the majority of metals. This means that as the tip sample

distance increases by 1 A, the current decreases by an order of magnitude [98].

An STM typically works in two modes, constant height and constant current mode.
During constant height mode, the tip scans at a constant height above the sample surface
with the sample roughness causing the tunnelling current to change. This mode is only
possible for smooth samples [95]. Constant current mode utilises a feedback loop, contin-
uously manipulating the height of either the tip or the sample to ensure that the current
stays constant. This mode can be used on samples with a less planar topography, but
the input from the feedback system can be slow making for longer scans. STM provided
a method of obtaining novel contrast to the scanning probe microscopy family whilst
offering high resolution. The STM is highly sensitive to the the density of states of a sam-
ple, hence imaging semiconductors and superconductors are possible. This technique is
however limited to imaging conductors as it has a high density of electronic states at the
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Fermi level, facilitating a tunneling current. only A schematic diagram of a STM system

is shown in Figure 1.7.
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FIGURE 1.7: Schematic diagram of a STM system.

1.1.9 Tips

In the microscopic techniques described, we have seen better spatial resolution obtained
by changing the optics and wavelength. Utilising different spectroscopic techniques to
obtain more detailed information contrast on a specimen. Instead of relying on the vary-
ing the wavelength or lenses, the sample’s sharpness can be utilised to also retrieve high
resolution microscopy images. One of the first ways of achieving near atomic resolution
was invented by Erwin Muller in 1936 [99] known as Field Emission Microscopy (FEM).
FEM typically employs a screen within a UHV chamber and a sharp metallic tip. The tips
are made with a high melting point and strong metal such as tungsten [100]. The reason
the metals must be strong and have a high melting point is the high electric field seen
during FEM causes an exertion of mechanical stress on the tip, with large temperatures

also seen. Such measurements can image local variations in work function.

In a paper published in 2022, Yanagisawa et al. [100] induced field emission by hold-
ing a metallic mesh (covering a phosphor screen) at ground, with a 250-350 nm radius
tungsten tip negatively biased. A high voltage was applied between the tip and mesh,
with large electric fields concentrated at the tip apex. These electric fields cause radial
electron emission from the solid to the vacuum, with a 2-D detector mapping the elec-
trons onto a macroscopic screen. The spatial resolution of this setup is said to be around
1-2 nm [100] with relatively low vibration, however only molecules that can withstand a

high electric field can be imaged.
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Erwin Muller continued on with his progresses within microscopy and by 1951 had
invented the field ion microscope (FIM) [101], with the first recorded observations of in-
dividual atoms published using this technique in 1955 [102]. FIM has similarities to the
FEM in that a sharp tip is used alongside a fluorescent screen, however with FIM the po-
tential held at the tip is positive and a gas is pumped into the chamber. The high electric
field at the tip due to its small radius causes the outer electrons of the gas to be stripped
away, forming ions. Any positive ions are repelled from the tip and accelerated towards
the fluorescent screen where the images of the surface are magnified by the curvature of
the electric field around the tip. As tightly packed atoms, as opposed to single atoms on a
surface, have a weaker field for ionisation, the surface of the tip can be mapped as a func-
tion of the electric field. For instance, single atoms poking through the arranged surface
would generate a larger field signal due to ionising the chambers gas more frequently
[63]. The results of the ionisation of the gas and tip atomic arrangement give us informa-
tion about the atomic structure of the tips, however producing black and white images
only on refractory metals which can withstand high electric fields without desorption. A
schematic diagram depicting the operation of a FIM is shown in Figure 1.8.
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FIGURE 1.8: Schematic diagram of the electron emitter tip and working prin-

ciple of the field ion microscope. The surface of the apex is projected onto

the phosphor screen by gas ions. The imaging gas ions are created over the

surface atoms covered by field-adsorbed gas atoms, the field-ionized atoms
are replaced by accommodating gas atoms.

The FIM provides useful information in determining the atomic structure of dislo-
cation and grain boundaries, and more recently some highly accurate 3D crystal lattice

reconstructions of Tungsten [103]. The downfall of this technique are the images provide
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little to no chemical information of the interrogated materials. Erwin Muller saw this as
an opportunity and introduced the world to the atom probe in 1967. The atom probe con-
sisted of a FIM with a single particle detection capability time-of-flight mass spectrometer
[104].

The atom probe functions by make use of the field-induced removal of an atom from
it's own lattice (field evaporation), as an effect of the induced polarisation of surface
atoms due to the intense electric field. As the field grows sufficiently large, an atom is
pulled away from the samples surface leaving behind an electron which is drained into
it (ionisation). The ion is then accelerated away from the surface by the electric field to-
wards a detector (electron multiplier tube in Muller’s case), lowering the ionic potential
[105]. In this case the tube was placed behind a small hole in the FIM screen, where the
atomic site to be interrogated is selected through the hole and ions fed into the spec-
trometer, where their mass-to-charge ratio is computed. The spectrometer feeds back the
information of what species is being imaged as well as a reconstruction of the imaging

sites geometry.

Whilst Muller predicted the atom probe would be useful in the study of alloys and
the chemical nature of precipitates [104], pulsed laser applications have been introduced
(as opposed to high voltage pulses) to induce field evaporation [106]. This improves
on the mass resolution compared to the energy spread caused by voltage pulsing, and no
longer requires a conductor (metal), opening up the species in which can be imaged [106],
importantly to include semiconductors [107] and superconductors [108].

1.1.9.1 Tip Fabrication

As the tip radius of these materials get smaller to gain atomic resolution (less than 15 nm
for some atom probes [109]), it becomes necessary to use nano and microfabrication tech-
niques to build these geometrically small parts. One such technique to fabricate atom tips
is using an electropolishing technique. Electropolishing has been developed for sharp-
ening non-porous metallic samples, where a small blank (small diameter wire) [110] is
started with to reduce potential polishing times. The first step is to take these blanks and
to them grind the surface to smoothen it out, compensating for non-uniformities whilst
ensuring little heat and stress is applied onto the material surface. It is also important
there is no polishing inhibitors like oxide films or contamination, so removal of these
films is necessary [111].
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A common electropolishing technique is known as the double-layer technique. This
technique makes use of an electrolyte floated onto a dense, chemically inert, immiscible
liquid [111] with a counter electrode, made of a noble metal, nearby. A DC power supply
provides a voltage between the blank sample and the counter electrode, with the speci-
men acting as an anode. As the current flows from cathode to anode, an electrochemical
reaction occurs whereby the metallic sample (anode) dissolves into the electrolyte. A
reduction reaction is formed in response at the cathode, where hydrogen generation is
usually seen [105]. When the appropriate temperature and voltage are used, the lumped
and protruding parts should dissolve faster, with the reaction products above the receded
areas forming a viscous resistive layer allowing for the gradual smoothing of the surface.
In samples like tungsten [111], where a layer of the reaction products is formed, an AC
current is applied whereby the frequency, with respect to applied voltage, can adjust the
polishing conditions.

As the analyte gradually etches away material from the centre of the specimen, it
starts to form a necked geometry. As the necked geometry at the air/electrolyte interface
gets gradually thinner, the mass of the bottom half becomes too large and the tensile force
causes the blank to fracture, leaving behind a needle like shape [111].

Direct chemical etching of a metal blank can also be used in a process known as
chemical etching. This relies on the material being placed directly into a chemical bath
and allowing the chemicals to etch away the material. This is however less common with
less control over the etch rates and hence finish, but more useful on gaining a better finish

on already needled semiconductor atom probe tips [112].

A well-used and documented technique of making tips suitable for the techniques
Muller pioneered is annular focused ion beam (FIB) milling. FIB milling is a destructive
technique, which uses a FIB to bombard a chosen surface with ions (often Gallium [113]-
[115]) to cause atom sputtering of the targeted surface. It is very useful to directly pattern
substrates, however, to make more conical features, like that of atom probe tips, annular
milling can be performed. This technique utilises an annular (ring shaped) scan with a
diameter larger than the specimen. The ion beam is orientated directly is above sub-10
pm diameter wires, fibres and electropolished needles [116], [117], which are mounted
in a copper tube [116]. Whilst concentrically exposing the material, the focused beam’s
current is gradually decreased with decreasing inner and outer diameters to reveal the
tinal sharp tip with a radius of around 50-150 nm. It becomes particularly useful when
milling down wedge-shape electropolished or blunt specimens [116], [118], [119], where
electropolishing rates change with different phases.
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The tips of the probes can be simply grown on as well. In 2006, Perea et al. patterned
a GaAs(111) wafer with EBL and a Au lift off procedure, creating Au catalyst discs. InAs
nanowires were then grown, using the Au as a seed in a quartz metal-organic vapor-
phase epitaxy (MOVPE) chamber. These long nanowires were then used within a local
electrode atom probe microscope, mapping the individual Au atoms within the InAs wire
and to map the interface between the catalyst and the nanowire with 0.3 nm resolution in

3 dimensions [120].

1.1.10 Atomic Force Microscopy

Considering the drawbacks of STM, Binnig, Quate, Gerber and Weibel went on to intro-
duce the Atomic Force Microscope (AFM) in 1986 [121]. An AFM system can operate on
various types of samples such as conductors, non-conductors and within various medi-
ums such as air, vacuum and water, with atomic scale resolution being achieved [122].
This flexibility is regarded as a major advantage compared to the STM system.

In an AFM system, a micron-scale cantilever with a micro-or nano-fabricated tip is
scanned in close proximity to the sample surface. The deflections of the cantilever are
measured and the z-axis positional information sent to a feedback controller. The con-
troller then adjusts the z-position of the cantilever to prevent tip damage through abrasion
on the sample surface. The x and y positions of the sample are scanned until interrogation
of the region of interest is finished. In commercial AFM systems the common method for
measuring the deflection is the optical lever method. The optical lever method first pub-
lished results with atomic scale resolution in 1990 by Rugar and Hansma [123], testing it
out on both conductors and insulators. A schematic diagram of an AFM with the optical

lever method is shown in Figure 1.9.

The optical lever method is relatively inexpensive to set up and requires a small mir-
ror fabricated onto the probe cantilever. In this configuration, a laser beam is directed
onto the cantilever’s mirror and is reflected onto a position sensitive photodetector (PSD)
where voltage is a function of displacement. Referring to the PSD in Figure 1.9, the fol-
lowing signals may be developed:

(A+B) — (C+D)
ABCD
(A+C)— (B+D)
ABCD

= Vertical deflection (1.9)

= Horizontal deflection (1.10)
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FIGURE 1.9: Schematic diagram of an optical lever AFM system.

As the cantilever deflects, the reflection of the laser beam changes and so the position
on the PSD changes. Therefore, the cantilever’s deflection is proportional to the measured
voltage and can be calibrated from a measured sensitivity value [124], the inverse optical
lever sensitivity [125], or by using a small mechanical lever as developed by Xie in 2008
[126]. Using these methods of calibration can be time consuming. The simplest way of
determining the interactive forces is if the spring constant of the cantilever is known, the

measured forces then follow Hooke’s law.

F = kAX (1.11)

Where F is the applied force (N), k is the spring constant(N/m) and AX is the change
in deflection of the cantilever from its original position(m). In order to achieve maximum
force sensitivity the cantilever must be as soft as possible. However, within most AFM

systems vibration noise is a limiting factor i.e. thermal noise, the Brownian motion of the
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cantilver [127]. In order to reduce the noise, the spring must be stiff with a resonant fre-
quency between 10-100kHz, all dependent on cantilever dimensions [128]. A compromise

must be made during probe fabrication to ensure good force sensitivity and low noise.

AFM is used within many scientific fields as a means of quantification. Although
many of the experiments in those fields do not require atomic resolution, it’s ability to do
so has aided advancements in research. In 2009, Gross et al. used an AFM to retrieve im-
ages of single atoms within an adsorbed molecule with atomic resolution [122]. Guedes
et al. used an AFM in 2016 to evaluate the risk of cardiovascular diseases within humans,
monitoring the binding force of erythrocytes and fibrinogen. They found that patients
with a larger binding force were more likely to be admitted into hospital with cardiovas-

cular complications [129].

1.1.10.1 Modes of Operation

As well as being able to operate within different media an AFM has 3 main modes of
operation, each useful for different purposes. In contact mode, the tip of the probe is in
direct contact with the samples surface at all times. Contact is maintained through either
monitoring the beam deflection, or more commonly, a control system whereby a feedback
loop corrects the z-position of the cantilever. Damage to the sample and tip is expected
through constant contact, which is known produce one of the many topographic artifacts
[130] on an image. When the sample is left in ambient conditions, a liquid meniscus layer
may form between the tip and sample. The capillary force gives rise to an attractive force

which pulls the tip into the sample, making it hard for the tip to be retracted.

As contact mode may damage the sample and the tip, it is often not the mode of oper-
ation for a delicate sample. An alternative to contact mode is tapping mode. Within tap-
ping mode the cantilever oscillates at its resonant frequency, or often, just off resonance if
amplitude of oscillation is the measurand, near resonance if by phase. The tip then repeat-
edly comes in and out of contact with the sample during a scan. During the tip-sample
interaction the resonant frequency, amplitude and phase of the cantilever changes with
respect to the cantilever-sample distance. Using a feedback controller, the cantilever’s
sample distance is controlled by either keeping the amplitude or phase of the oscillating
cantilever constant. As an example, as the tip touches the sample, the cantilever’s oscil-
lation amplitude decreases due to a restricted range of motion. Taking into account a set
point, where the amplitude is known, the feedback loop adjusts the tip-sample distance
to ensure a constant amplitude. The position of the tip is recorded as a function of the

tip’s lateral position with respect to the sample, where the scanned height represents the
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sample’s surface topography. Tapping mode has been shown to reduce damaging lateral
forces and was pioneered by Zhong et al. in 1993 [131]. A schematic diagram of an AFM
probe in tapping mode is shown in Figure 1.10 , whereby the "free" amplitude and the
reduced amplitude are shown.

REAVAV,

Original amplitude Amplitude reduced
(uut of contact) interaction)

FIGURE 1.10: Schematic diagram of the amplitude response to a tapping
mode experiment.

The final mode of operation is non-contact mode. Non-contact mode can be used
when the sample is delicate and the tip would cause irreparable damage. Within this
mode the tip is kept at a distance of roughly 5-15 nm from the sample [132]. A small oscil-
lation is applied to the cantilever, monitoring a change in amplitude, frequency or phase
of the cantilever in response to the force gradients on the sample. There are two main
forces whilst scanning, the attractive Van der Waals force and a static electric repulsive
force, both between atoms a short distance apart. There are also capillary, electrostatic
and magnetic forces within the attractive regime. The force between the tip and sample
in the repulsive regime is due to reduced screening of the nuclei from the displacement
of electrons. As the distance of the atoms on the probe tip and atoms on the surface is
reduced, the repulsive force becomes more dominant and force changes with growing
distance [133]. A schematic diagram of a typical force-distance curve of an AFM tip land-
ing on a surface is shown in Figure 1.11. The probe is raster scanned over the substrate,
recording the force as a function of position. A feedback loop is used to maintain a fixed
separation distance.
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FIGURE 1.11: Force distance curve of the interactions between the tip and
surface during an AFM scan.

1.1.10.2 Sensor Integration

Just like in scanning electron or optical microscopy, we can also integrate more sensors
onto the measuring device as well as change the physics of the measurement to retrieve
more physical characteristics of a sample in SPM. One method is known as scanning
capacitance microscopy (SCM). SCM is used to measure the spatial capacitance varia-
tions on semiconductors, whilst using a conductive coated tip, with Pt/Ir coatings being
widely used [134]-[136]. The tip is scanned and can generate a map of the local carrier
concentration [137] and doping-profiles of non-uniformly doped insulation coated sam-
ples [138]. The capacitance/voltage data retrieved from the scans must be converted into
the concentration of the dopants via a model [139]. This is important because how the
dopants are concentrated and localised, influences the electrical characteristics of a semi-
conductor sample, which becomes increasingly difficult to measure as the dimensions
shrink. Commercial SCM probes are known to observe capacitance changes of 107! F,
with a resolution of 10-20 nm [139].

Another scanning probe technique, with leading nano-characterisation probes de-
veloped with the University of Glasgow’s AFM group, is Scanning Thermal Microscopy
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(SThM). SThM makes use of thermocouples or resistance temperature detectors (RTD)
fabricated onto AFM probes. The probes allow for the spatial mapping of a substrate’s
temperature or thermal conductivity. This is determined through monitoring the voltage
changes of the probe as it conducts heat in active mode, or monitoring the tips resis-
tance changes as the tip contacts a heated substrate in passive mode [140]. As the tips
are scanned, topographic and thermal maps of the sample surface are resolved with a
resolution of roughly 50 nm [141]. As different materials and thicknesses have different
thermal conduction properties, the output of the scans provide a unique thermal contrast
at high resolution.

Scanning probe’s resolution don’t have to be limited to solid films, the substrates can
be immersed in fluid as in the case of scanning electrochemical microscopy (SECM). Scan-
ning electrochemical microscopy (SECM) is an electroanalytical scanning probe technique
used to measure the electrochemical behaviour of liquid /liquid [142], liquid /gas and lig-
uid/solid interfaces. When the sensor is combined with AFM, simultaneous imaging of
a substrate’s topography and surface reactivity can be mapped. During an SECM scan,
current flows through an ultramicroelectrode (UME) fabricated onto the probe’s apex.
The UME is fabricated to a nm or ym scale and of various geometries such as a disk, ring
or sphere. The probe’s tip is placed in close proximity to a conductive, semiconductive
or insulating substrate which is immersed in a solution. The tip and substrate are part
of a four-electrode electrochemical cell, with a bipotentiostat to control the potential and
current at both the tip and the substrate. Spatially resolved electrochemical signals are
retrieved by measuring the current at the SECM probe’s tip, resolved as a function of tip
position. The SECM signal is analysed based on the diffusion-limited current phenom-
ena [143]. After the scan, the information is compiled to make images of surface reactivity,
chemical kinetics and topography. A schematic diagram of a SECM system is shown in
Figure A.1.

As scanning probe microscopy develops, just like traditional microscopic techniques,
researchers build the microscopes and develop techniques to resolve the chemical and
physical characteristics of interest. It is clear to see as components get smaller for bet-
ter efficiency, the development of these techniques is critical in offering an insight into
what is going on. As the technology for Raman Spectroscopy is of great interest, and the
scanning probe technique offers great resolution and contrast over widespread areas, the
focus of this work is the development of scanning probes which can enhance a Raman
spectroscopy signal. The benefit of this archetype is that it can generate rich contrast,
whilst retrieving topographic maps of a sample’s surface, plotting the chemical species
alongside its surface profile.
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FIGURE 1.12: Schematic diagram of an SECM system.
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1.2 Optical Spectroscopy

1.2.1 Introduction

Optical spectroscopy is a technique used to study how electromagnetic radiation within
the UV, Visible or infrared wavelength interacts with matter. The linear absorption of the
electromagnetic radiation’s energy onto the interrogated area of a non scattering medium,
where the number of photons absorbed is directly proportional to the number of incident
photons, can be described by the Beer-Lambert Law [144].

I(x) = I1(0)expHa* (1.12)

Where -3, is the materials absorption coefficient (a function of the wavelength of the
light), I(0) is the incoming lights intensity, x is the thickness of the sample and I(x) is the

intensity of the transmitted radiation.

1.2.2 Raman Spectroscopy

As mentioned earlier, Raman spectroscopy is a non-destructive metrological technique
used to identify an interrogated material. In order to obtain a Raman spectrum, Raman
scattering is needed. Raman scattering requires the use of a light source, usually a laser,
which is directed onto the sample. However, the wavelength or frequency of the laser
directly affects the resolution of the spectrum. At short wavelengths (<400 nm) the laser
will produce strong Raman scattering, however, this can induce problems such as fluo-
rescence which will obscure the weaker Raman signal. As the wavelength increases, the
scattering gets weaker, and as such the optimal wavelengths for Raman spectroscopy oc-
cur within the visible and Near-Infrared (NIR) regime. Within the visible regime, there is
a trade-off between high Raman efficiency for a reduction in fluorescence. X-ray sources
can also be used [145], however for the purpose of this project, only light based sources

will be explored.

When the light source impinges on the sample, its photons interact with a sample’s
molecular vibrations. Each molecule’s vibrational modes depend on the orientation of the
atoms and their bonds, as well as the atomic mass and bond order of the atoms. The ex-
citation from the source’s photons will put the molecule into a virtual energy state. Once

the molecule comes out the virtual energy state, a photon is emitted. The emission causes
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an energy gain or loss from the source photons [146] to, or from, the sample’s molecular
bonds. This change in energy provides information on the vibrational modes of the sys-
tem, as the molecules are in a different vibrational state. Stokes and anti-Stokes scattering
are the two forms of Raman scattering. These forms of scattering have a gain and loss
in vibrational energy, respectively, upon exiting the material. Raman spectroscopy offers
benefits compared to Infrared (IR) spectroscopy, although both give information from the
vibrational modes of the molecule, in that the vibrational modes have low energy, hence,
long wavelength. A disadvantage of IR spectroscopy is that the spectra’s wavelength falls
within the mid-long range Infrared regime. The large wavelength range means that the
diffraction limit for focusing is poor. In contrast, Raman gives a spectrum that is close in

wavelength to that of the monochromatic source, allowing the light to be focused easily.

Raman scattering is usually very weak and the main form of scattering is Rayleigh
scattering. The Rayleigh scattered photons have the same energy as the incident photons
but exhibit a change in direction; they are "elastically scattered". The intensity of the

Raman signal is explained through relation 1.13 [147]:

p(t) =aE; (1) (1.13)

Where E;, .(t)=Epcos(wy,t). From relation 1.13, the induced dipole moment of an atom
is proportional to the enhancement of the polarizability, a, and the enhancement of the
electric field, E;nc. The greater the polarizability change the more intense the Raman scat-
tering. If the exposed atoms are vibrating at the frequency wy;,, the nuclear displacement
(g) can be described by the following relation:

q = qocos(wmt) (1.14)

Where cos(wy,t) has its usual meaning and g is the amplitude of the nuclear dis-

placements vibration. When g is small, the polarizability follows the relation:

« :a0+(g—g‘)oq+.... (1.15)

Where (g—‘z]‘)o is the derivative of the polarizability against the motion of the molecu-
lar vibrations at its equilibrium position and ay is the polarizability at equilibrium. Intro-
ducing all our relations together, assuming there’s an already vibrating molecule and all

amplitudes are equal, we arrive at the expression:
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p(t) =ochcos(w0t)-|—q0E0§(g—g)o (cos[(wo + wm)t] + cos[(wy — wm)t]) (1.16)

From equation 1.16 we can extract three separate terms with differing frequencies.
We extract of those with oscillations in them, cos(wg + wy,;)t describes Anti-stokes and
cos(wp — wy)t depicts Stokes scattering. Mathematically all three scattering phenomena
can be further simplified, following the Planck relation, integral to quantum mechanics.
Taking vp as the wavenumber of the laser and v, as the wavenumber for the vibrational
transition; the relation governing Rayleigh, Stokes and anti-Stokes scattering respectively
are described:

AER: —h(170) (117a)
AEs=-h(7y-7,) (1.17b)
t AEAs=-h(170+170) (117C)

From the first relation (1.17a), it can be determined that the energy of an incident
photon has an equal and opposite value, upon exiting the sample, during Rayleigh scat-
tering. The energy of the exiting photons for Stokes is higher (1.17b) and anti-Stokes
lower (1.17c) with their relations. The energy difference between the incident and inelas-
tically scattered photons is typically known as the Raman shift, with units of cm 1, where
1 cm~! is approximately 0.124 meV, Af is 29.93 GHz and AA at 633 nm is 633.04 nm [148].
The energy changes are depicted in Figure 1.13.
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FIGURE 1.13: Schematic diagram showing the energy levels of the three dif-
ferent scattering possibilities.
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1.2.3 Selection Rules

The selection rules in Raman spectroscopy determine which vibrational modes are Raman-
active and give rise to Raman scattering. For a Raman transition to occur, the molecular
polarizability must change as a molecule vibrates. The polarizability of a molecule de-
scribes how easily an electron cloud within an atom or molecule can be changed or dis-
torted in response to an electric field. An atom where the electron cloud is further away
from its nucleus has a larger polarizability than one where the cloud is close to the nu-
cleus.

These vibrations relate to symmetrical species which have a product of two transla-
tions. Symmetric vibrations lead to strong Raman signals and no IR signals. Asymmetric
and bending vibrational modes are possible but lead to weaker Ramans signals and quite
strong IR signals. If a molecule has both IR and Raman signals at the same frequency, if
one signal is strong, the other will be weak. An example of a triatomic linear molecule
with stretching vibrations is shown in Figure 1.14.

Although symmetrical and asymmetrical stretches show how atoms in a molecule
move relative to each other, whilst analysing crystals, it is important to understand both
the symmetry of the vibrational mode and the lattice vibration to interpret the Raman
Spectra. These lattice vibrations can be broken down into transverse and longitudinal
optical modes, where the modes refer to the direction of the lattice vibrations relative
to the propagation of the phonon, or electromagnetic wave. Within transverse optical
modes, the atomic displacements are perpendicular to the direction of propagation and in
longitudinal, the displacements are parallel. These distinctions become important when
analysing Raman spectra of crystals, where the intensities rely on both the symmetry
of the vibrational mode, the orientation of the crystal, polarization of the laser and the
direction where the scattered light is detected.
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FIGURE 1.14: Schematic diagram depicting the basis of Raman selection

rules. The symmetric stretch leads to a polarizability gradient as shown

by the blue area getting larger, but the dipole moment (y) is unchanged,

which means it is Raman active but IR inactive. The assymetric stretch has a

changed dipole moment, but polarizability is unchanged leading to it being
Raman Inactive but IR active.

1.3 Plasmonics

Plasmonics is a field of study of interest in nanophotonics and nano-optical systems. Plas-
mons are a collective oscillation of free conduction electrons in materials, and nearby con-
ductive particles, with fixed positive ion cores. When an electromagnetic source, in the
case of this work the source is light (optical oscillation), irradiates the free electrons in a
sample various phenomena can be observed depending on the photon’s frequency [149].

1.3.1 Dielectric Function of Metals

The dielectric function of metals and how they interact with the electromagnetic spec-
trum can be described by Maxwell’s equations of macroscopic electromagnetism [150].

Maxwell’s equations are:

VD=0 free, (1.18)
VxH=] 0 + 52 (1.19)
VXE=- 3 (1.20)

VxB= 0. (1.21)
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Where D is the electric displacement, B is the magnetic induction, p ¢, and J are the
densities of free charge and free current, E is the electric field and H is the magnetic field.

If the material is non-magnetic, linear and isotropic we arrive at the following:

D =€E + P = €,60E (1.22)
B = pumpoH = poH (1.23)
J=0E (1.24)

Where the relative permeability of the medium () is 1 for non magnetic materials, P
is the polarization, ¢ is conductivity, €y is the permittivity of free space, €, is the dielectric
value of the material and g is the magnetic permeability in vacuum.

As Maxwell’s equations have been described, when an external harmonic field is
applied to a metal, consisting of a plasma of n freely moving electrons, this will give rise
to a characteristic known as the plasma frequency (wp). The plasma frequency describes
a limit in which the electrons no longer move in response to the external oscillating field,
where their frequencies are typically in the UV regime for natural metals [151].

The oscillation motion of an electron (x) when an external electric field E is applied is
shown by the Drude model [152], starting with relation 1.25:

m %27;‘ +m %'y =-e Ejpe (1.25)

Where v is the damping factor to the free motion, or the collision frequency, e is
the electron charge and m is the mass of each electron. Assuming the same conditions
as equation 1.13, where the external field’s frequency will oscillate an electron with the
same frequency and x is the displacement, the following relation of electron oscillation
with relation to the E;;,. is as follows:

X(0)= 1z 7y Bine () (1.26)

Re-arranging equation 1.26, and introducing Maxwell’s equations we can determine

the polararization (P=-nex) induced by an electric field.

2
P=————_ _F 1.27
m(w? + iyw) (1.27)
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In the non-magnetic, linear and isotropic medium we use then introduce this relation

into equation 1.22 to get the electric displacement.

D = ¢y(1— E) (1.28)

eom(w? + iyw)

Whereby if you compare 1.22 to equation 1.28, the dielectric function of a metal can

be determined to be :

2
ne
=1- E 1.29
em(w) eom(w? + iyw) (1.29)

The plasma frequency within a metal can be related with:

wy =/ 2 (1.30)
This relation further simplifies equation 1.28 to:

w2

D=eci(l—-—" E 1.31
€o( (W? +iyw) ) (1.31)
and further simplifies equation 1.29:
2
w

 eom(w? + iqw)

Whereby the real and imaginary parts of the equation can be split up into equation
1.33, the magnitude of polarization, and equation 1.34, the phase-shift delay in dielectric
response, respectively.

w2

_ p
a=1- (i (1.33)
w3y
- P 1.34
€2 w(w? + 9?) (1.34)

As stated earlier, when the radiation frequency is below that of the plasma frequency

the radiation is reflected and when it is above the radiation is transmitted.
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At the plasma frequency the imaginary part of the dielectric function becomes pos-
itive with the real part becoming zero. We can calculate the plasma frequency using the
relation already described in 1.30, but is rewritten below:

ne2

wpy = (1.35)

€gm*

Where w) is the plasma frequency (rad/s), n is the free electron density (electrons
per unit volume), e is the elementary charge, €y is the vacuum permittivity and m* is
the effective mass of electrons in the gold (kg). Within a thin gold film, the free electron
density of gold is 5.9 x 10?® electrons/m?, the effective mass is taken as the electron mass
which is 9.109 x 10?® kg and the thickness is 70nm. The elementary charge can be taken
as 1.602 x 1071 C and ¢( can be approximated as 8.854 x 1072 F/m = 8.98 eV.

As can be seen from equation 1.35 these plasma oscillations depend on the electron
density of a conductive medium. These plasma oscillations are also known as Langmuir
waves, after Langmuir termed the phrase “plasma” when noting something of interest in
1916 [153], before then coining it in 1929 [154] whilst describing the collective electrical
properties in an ionized gas. After further research into the electron “gas” of metals and
semiconductors, it can be concluded that within these media a plasma oscillation is the
collective longitudinal excitation of the conductive electron gas [155]. These oscillations
are caused through the Coulomb interaction of their respective electrons. A plasmon is
the quanta representing these charge density oscillations.

1.3.2 Plasmon resonance

Plasmon resonance can be split into two phenomena of surface plasmon resonance (SPR)
and localised surface plasmon resonance. The terms are purely based on dimensions,
whereby when the resonance propagates along a dielectric interface of the metal, it is

known as surface plasmon resonance. A diagram depicting SPR is shown in Figure 1.15.

When the wavelength of the excitation field is greater than the geometric dimensions
of the sample, it is then referred to as localised surface plasmon resonance. Surface plas-

mons occur when a plasmon is constrained to a material’s surface.
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FIGURE 1.15: Schematic diagram of SPR.

1.3.2.1 Localised surface plasmon resonance

Localised surface plasmon resonance (LSPR) occurs due to electron charge oscillations
within metallic nanoparticles that are excited by light. The shape and size of the metal
nanoparticles play an important role on the strength of the enhancement. If the parti-
cles are too large and thick, an excitation of multipoles is created which will decrease
the enhancement efficiency [156]. If the particles approach the size of an atom, they can-
not enhance the electric field as there is no plasmon. A plasmon requires a collective
oscillation of the free electron gas i.e. more than one [157]. As such the substrate should
contain high uniformity between particles, have a high field enhancement and allow only
a dipole transition. A typical thickness of metal for optimal LSPR is between 10-100 nm
[158]-[160], this is strongly dependent on the metal, geometry and the target resonance
wavelength. It is these de-localisation and restoration of the free electrons around the ion
core that effectively makes a nanoparticle a dipole. A near field enhancement is exhibited
at the resonance wavelength [161]. A diagram depicting LSPR is shown in Figure 1.16
below :

When the nanoparticle size is much smaller than wavelength of light in the surround-
ing medium and typically of sizes less than 100 nm with visible light [162], it can be as-
sumed that the phase of the electromagnetic wave is constant over it. This is the regime
where LSPR occurs, and it is more pronounced for nanoparticles with effective diameters
between 2-20 nm [163] or up to about 30 nm [164], dependent on how they are made and
experimental conditions. For nanoparticles this small, the resonance is sharp due to the

entire nanoparticle responding coherently to the incident field, making it easy to detect
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FIGURE 1.16: Schematic diagram of LSPR in effect.

within spectroscopy and quantum/surface effects are not dominant. As the particles get
even smaller (<10 nm), quantum and surface effects become important. This can lead to a
shift in the plasmon resonance, or cause it to weaken or broaden, due to increased surface
scattering, a reduction in the free electron density and quantum confinement, making it

less useful within spectroscopic applications.

However, as the size of the particle increases even more from 30 nm (remaining
smaller than the wavelength of light), the particle’s polarizability also increases. The
larger particles have more free electrons and a larger region where collective oscillations
brought on by the electric field can occur, leading to a stronger LSPR response. However,
due to the larger size, radiative damping and surface scattering also increases, leading
to the resonance peak becoming broader and more sensitive to the surrounding environ-

ment.

1.3.3 Surface Plasmon Polariton

Generating surface plasmons can allow for great electric field enhancement and sub-
wavelength confinement, paving the way in biosensing [165] and nano-photonics [166].
Ritchie’s work on plasma losses in 1957 allowed us to determine that SP’s are in fact EM
waves, which can propagate along a metal/dielectric interface [167]. These SP’s oscillate
at the surface of the metal and then couple with incident photons, given the materials can
support the waves, to form something known as surface plasmon polaritons (SPP).

The polaritons occur at highly localised at an interface of a positive real relative per-
mittivity material (like a dielectric material) and a negative real relative permittivity ma-
terial (usually a noble metal like silver or gold) at the given frequency of light. If the size

of the negative real relative permittivity is not greater than the positive region, the light
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will not bind with the surface and hence won’t propagate along it. This is because the
EM waves consist of light waves, where its photons resonate with the free electrons of
metal, oscillating at the interface. It is this resonance between the incident photons and
oscillation of the plasmons which generate a SPP, where the negative real permittivity
(dielectric function) must be sufficiently negative to support SPP generation. The permit-
tivity of the metal typically follows dispersion models known as Drude or Drude-Lorenz

when operating within the visible regime. The metallic permittivity can be defined as:

2

. p
w(w +i7y) (136)

em(w) =1 “

Where w), is the plasma frequency and 7 is the scattering rate of the electrons.

As the SPP’s are highly localised, an enhanced electric field intensity can be seen
where it propagates, meaning its effects are susceptible to the conditions of the metal /dielectric
interface. These can be put to use in fields such as surface enhanced Raman spectroscopy
(SERS), where SPP generation has been seen to enhance a Raman signal by 4 orders of
magnitude than what it is without SPP’s [168], gaining a stronger signal and more com-
prehensive chemical fingerprint of lower concentration analytes [169]. This is all depen-
dent on the structure of the host and analysed material, like the period of a grating, rough-
ness of the surface and thickness of the metal. A diagram showing the excitation of a SPP
is shown in Figure 1.17:

Excitation g1z g1 Dielectric
Source - " e e*Z Decay
720 Y X JU\‘ Intensity
.
£2 Metal Zl

FIGURE 1.17: Schematic diagram of the excitation of a SPP.
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1.3.4 Surface Plasmon Polariton Excitation

To excite a SPP, a photon must match the frequency and momentum of the SPP. However,
when operating in air, a photon has less momentum and doesn’t match that of the SPP as
they have differing dispersion relations [170]. This is the reason why you cannot directly
couple a photon from air to a SPP. A dispersion relation details how light interacts at a
dielectric/metal interface, relating the incident photons wavenumber (momentum) to a
SPP mode’s frequency using Maxwell’s equations. It should be noted that there is no
normal solution for a TE mode, this is because it only has an electric field component in
the y and therefore can’t create SPP’s at an interface. These relations are detailed below
for a TM mode at a dielectric/metal interface [171]:

First, we derive the electric and magnetic fields from Maxwell’s equations:

HJ'(z) = AqePreh (1.37)
Hj(z) = ApelPre ks (1.38)
El(z) = iAzweoez kpe!Pe—hoz (1.39)
E(z) = —Al%oezeiﬁxekzz (1.40)
E"(z) = —iAlw(_:Oe1 kietPxeki (1.41)
El(z) = —Al%oeleiﬁxe_klz (1.42)

Where S is the wave vector of the SPP, €1 and ¢; are the relative permittivity of the
metal and dielectric respectively. Considering the wavevectors normal components and
the dielectric constants of the mediums, we can solve for the dispersion relation of SPP’s

(B):
. €1€2
B =ko,/ p——— (1.43)

Where the boundary conditions take the form of:

ky e
= (1.44)
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K = B —k3el (1.45)

k3 = B — k3e2 (1.46)

Figure 1.18 is a plot of k(,) (wave vector of the propagating wave in x) vs the angular
frequency of the wave. The gradient of this plot is known as the group velocity, this
represents the speed where energy or information carried by a SPP propogates along a
metal-dielectric interface. When the wave vector has a low value, the SPP behaves like a
photon before reaching an asymptotic limit known as the surface plasma frequency with
increasing k. If k(,) is plotted against w as in Figure 1.18, a light line where the angular
frequency is w = ck, and with the low k value of the SPP, you can see how it nearly touches
the light line before bending away due to an SPP having a shorter wavelength due to

evanescent decay [172]. A diagram of a SPP dispersion relation is shown in Figurel.18.
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FIGURE 1.18: Schematic diagram of a SPP dispersion plot.

1.3.4.1 Gap Plasmon

When the wavelength starts to get longer within the visible wavelength regime, a sur-
face plasmon polariton vs light dispersion curve shows the SPP curve trends closer to

the light line. This in turn means any SPP is less likely to achieve a large, enhanced
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tield. To generate large fields within these longer wavelength regimes and at any other
wavelength [173], two metal-dielectric interfaces can be placed very close to each other to
induce near-field coupling of SPP’s at each interface. These small regions contain guided
electromagnetic waves known as gap surface plasmons, which propagate with microme-
tre lengths [174] through transparent mediums between two very close metallic regions
[175]. The guided modes only exist with p-polarisation and lead to large field enhance-
ments within the dielectric which strongly enhance plasmon-enhancement interactions
like SERS [176] and TERS [177], confining light to within a subwavelength region [178].

Utilising metal-insulator-metal interfaces allows for strong mode confinement of the
near-field coupling. At these interfaces, we can determine the effective index which best
describes how strong the plasmonic mode is confined within the dielectric gap and the
phase velocity and attentuation of the gap plasmon, where a higher effective index means
a lower phase velocity a gap plasmon. The effective index is a measure of the ratio of the
velocity of light in a vacuum to the velocity of a plasmon mode, for a given polarization,

in the direction it is propagating within the system [179].

1.3.4.2 Integration of SPP’s

Surface-plasmon polaritons can confine and concentrate light, as well as localising a plas-
mon mode. Combining the localisation and concentration of optical energy, an enhance-
ment of the optical fields in nanometre scale regions can be seen. In the case of the
TERS probe design in this thesis, the concentration of the energy in these regions can

be achieved through plasmon nano-focusing and optical antennas.

An optical antenna, in this work, is a metallic nanostructure which allows for lo-
calised plasmon modes. When the nanostructures are exposed at their resonant fre-
quency, a resonant enhancement of the localised near field of the plasmonic mode can
be seen. Exploiting this phenomenon, light can be coupled into the local and enhanced

tield of the plasmonic mode.

Plasmon nano-focusing gradually concentrates the SPP mode as it propagates along
a tapered waveguide, dependent on the polarization and symmetry. This is regarded as
a transport phenomenon, it does not have a direct relation between the interaction of the
incident light and the gold structures, but describes the SPP’s increasing energy concen-
tration and amplitude, along with the changing field localisation along the propagation
direction [180].
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An increase in the wavelength causes the critical taper angle to decrease, this is due
to the absolute value of the real part of the metal’s permittivity increasing [181]. In the
case of direct metal evaporation onto an AFM tip, it becomes possible to enhance the lo-
cal fields with the non-resonant "lightning rod" effect. The lightning rod effect makes use
of the sharp coated tips, where a high concentration of local charge densities enhances
the near field. As the laser most readily available on the instruments available for use in
this work is 633 nm, Au was chosen as it has a good enhancement effect within its range;
whereas a green laser most suits silver. Gold is also good from a processing perspective
as it does not get etched within any wet or dry processes used in the fabrication of probes
and can be stored for use at a later date without risk of damage to it’s optical properties.
Gold has a positive dielectric function below 500 nm, making it unsuitable for any surface
plasmon enhancement at these wavelengths. The drawback of using silver is that it tar-
nishes very quickly in air, meaning from the deposition of silver for use in TERS has to be
performed with a very quick turnaround, usually for use within the next day. Aluminium

becomes a better choice when operating in the ultraviolet and deep UV bands [182].

Pt is not used for SPP applications within the visible region (633 nm laser is used
in this work) as it has a low quality factor (Q) due to it’s high imaginary permittivity
[183]. For any material, a high quality factor indicates that it has less loss and a stronger
resonance property to induce a plasmonic response within the frequency range. Pd also
has a higher imaginary permittivity compared to Au and Ag [184], indicating how much
light is absorbed by the material, related to how it dissipates and stores energy, as the light
passes through it. If the permittivity is high, a large portion of the light is also converted
to heat. For SPP’s to propagate effectively, the oscillating EM field needs to travel along
the metal interface with minimal losses. The high permittivity value means that the wave

is damped as it propagates as the energy is continuously absorbed by the material.

Fabricating the antenna and a grating coupler onto a substrate, a plasmonic waveg-
uide is constructed. How a plasmonic waveguide performs depends on the mode con-
finement and the propagation distance of the excited mode. The mode confinement
serves as a ratio of how much of the field penetrates the metal compared to the dielectric.
If we penetrate more of the metal we have a better mode confinement, but we receive
more losses. Hybrid waveguides offer a compromise between mode confinement and

long propagation length [185].
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1.3.5 Grating Coupler

Although near field coupling provides large and confined plasmon modes, metal gratings
used within plasmonic materials have been extensively studied throughout the years, en-
abling coupling from far field sources, and inducing near-field localisation. The “anoma-
lies” associated with the interaction of light and gratings were first reported on by Wood,
who studied the reflectance spectra of a ruled metallic diffraction grating in 1902 [150].
Wood discovered dark and bright bands of TM light spectra, with the intensity chang-
ing over a very small spectral region but was unable to explain the physics behind it
[186]. It wasn’t until 1907, when Lord Rayleigh predicted the bright anomalies in the TM
spectra when the electric field is polarized perpendicular to the grating grooves [187]. It
was found that the scattered field is singular at a wavelength where one of the diffracted
orders emerges from the grating at an angle, where a shift in the available energy is ob-
served. We call this sharp dip in the reflectance a Rayleigh anomaly [186], [187].

In 1941 Fano [188] performed further research into these anomalies. It was theorized
that when the momentum of the radiation parallel to the grating surface is larger than
the incident beam’s radiation, it will become evanescent and diffract into a pair of sur-
face waves. These surface waves decay exponentially in the direction perpendicular to
the propagation. The interface between the metal and dielectric continuously reflects the
waves, exchanging energy and creating losses such as thermal loss. The electrons in the
metal will only resonate if the momentum approaches the real part of the metal’s per-
mittivity. If the permittivity has a negative value, it indicates that the normal component
of the electric field is in the opposite direction and allows for charge density variations.
Rayleigh’s anomaly is found to only occur with gratings with shallow trenches [188].

From then on, when the metal-dielectric interface has real and opposite signs, the
corresponding guided mode is known as a Fano mode. The Fano mode correspond to
the EM mode that propagates without loss along a metal-dielectric interface, where the
exponential field decay to 0 is seen in the y direction. If the dielectric constants of both
media are positive, Brewster modes are seen, these are not surface waves but radiative
plasma waves where K, and K are real. Fano resonance occurs when a discrete resonance

interferes with a continuum of other states.

It is known that launching a SPP into a gold antenna is not possible through direct il-
lumination. This is impossible due to a phase mismatch between the SPP and the incident

photon, meaning it cannot decay back into light either.
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There are two main solutions to ensure efficient coupling between the SPP’s and
propagating light. One solution utilises arrangements known as the Kretschmann and
Otto configurations. These configurations rely on the evanescent field produced by To-
tal Internal Reflection (TIR) at an interface between the smooth metal surface and sub-
strate, in turn launching SPP’s. The Otto and Kretschmann configurations utilise TIR to
achieve propagation, a guided mode in silicon nitride/dioxide is a totally internally re-
flected mode aswell, and are widely used. The Kretschamnn configuration has been used
for real time detection of SARS-CoV-2 in 2021 [189] and quantifying the influenza virus
for seasonal vaccines in 2010 [190]. Silicon Many more recent uses of these setups are
detailed in a book chapter by Shukla et. al [191]. A diagram depicting both the Otto and

Kretschmann configurations is shown in Figure 1.19.
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FIGURE 1.19: Diagram depicting the Otto and Kretshcmann configurations
to ensure SPP generation.[192]

Although these provide great insight to the power of SPP’s, they rely on smooth
surfaces to get the required reflections, the setup is bulky and consist of larger feature
sizes, especially in the case of binding sites for molecules to attach. To launch into smaller
features, a scattering structure such as a grating, can be used to generate the required

momentum onto the light and convert it from free space into SPP’s.

To add to the required phase and to avoid mismatch, a grating adds to the K vector.
The wavevector of a launched SPP by a grating is defined by equation 1.47, whereby a

match ensures coupling;:

27
Kspp,x = Kincident,x + "Kgratingx = Kincident,x + n% (1.47)
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Where Kjy igent » is the incident light wavevector, period of the grating is ag, and the
diffracted order n. As can be seen from equation 1.47, the grating adds a momentum
which is the same as the Fourier component of the grating period, where the coupling
bandwidth can be determined from the width of the first order spatial Fourier transform
[193]. It shows that to conserve energy and match momentum, at a different angle and/or
wavelength, the period of the grating must be altered. In order to determine the grating
coupling condition, reflectance spectroscopy can be used, whereby the grating coupling
condition appears as a resonance [194], [195]. Other methods such as patterning an input
and output grating and measuring the input/output of incident radiation can be used

[196], however it is much more time consuming.

At normal incidence, the grating period is equal to the plasmon wavelength to be
excited. With a wavelength (Ag) equal to 633 nm for our experiments and utilising the

gold dielectric interface, we use relation 1.49:

Period = 27
Kspp

= Aspp (1.48)

Which means that the period of the grating should match the excitation light wave-
length for efficient SPP excitation. So, In the case of a 633 nm laser the relation to use
is:

€4€n,

1.49
€4+ €, ( )

Aspp = Ao

Where the RI is n= 0.168 and k is 3.475, and €, is the real part of the permittivity of
the metal. Using Olmon’s paper [197]., we arrive at a value of €,, =-12.047 + 1.163i at 633
nm. Substituting the numbers into equation 1.49 we arrive at a value of 661.03 nm.

The coupling efficiency of the gratings can be low with SPP excitation efficiencies of
2.8% for longer wavelengths (10 ym) [198] or 50% at 600 nm with an optimal slit width
[198], with it even quoted in the range of 25 -30% [180]. In order to address this issue,
multiple researchers have looked into different defects to achieve a higher coupling effi-

ciency using single slits [199], nanoantennas [200] and gratings [201].
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1.3.5.1 SPP Taper Modes

Once the SPP is generated and the propagation direction is determined by the grating,
a confinement of the mode is required to ensure a large electric field at the tip apex. As
stated earlier, a gold taper as part of the antenna allows for a gradual concentration of the
SPP mode, inducing a reduction in the transverse dimensions of the mode. These modes
strongly dissipate as they go into the metal features. Whilst the gradually concentrate
along the propagation length, increasing the localisation, the dissipation increases. These
energy losses have been known to exceed even 90% [202]. Despite this, high localisa-
tion of SPP modes have been observed and utilising similar media to that of this project.
The probe’s antenna material is made of a stack consisting of a gold film surrounded by
an asymmetric (€, 7€nitrige) dielectric environment (air/gold/silicon nitride), which can
support local modes on different sides. As the taper is extended in the lateral direction
the SPP modes which can be excited are an asymmetric and symmetric mode [203].

The symmetric mode allows the plasmon propagation at the low refractive index
of the film. At either side of the metal the electric field has the same polarity, which in
turn make the surface charges have the opposite polarity. The asymmetric mode is the
opposite, where the mode is bound to a high refractive index side of the film. The surface
charges have the same polarity due to the electric field having opposite polarity either

side of the metal.

Looking into O. Lozan [204] and Verhagen et.al [205], we know it is possible to sup-
port asymmetric modes to focus the plasmon. Lozan used a glass substrate coated with
SU-8 as a sticky layer and gold tapered antenna. As expected, the launched SPP-mode is
dominant at the edges of the taper, with the profile broadening at the apex as the gold film
adsorbs. They monitored the hot spot absorption at the taper apex by illuminating a gold
slit coupler. The generated SPP’s propagated through a lateral tapered waveguide and
recorded a x30 enhancement of the local SPP adsorption at the apex [204]. Verhagen ex-
perimentally and computationally monitored a gold lateral tapered waveguide within a
symmetric and asymmetric environment. Within the asymmetric dielectric environment,
it was found to exhibit strong field confinement and concentration at the apex when the
SPP mode is propagating at the substrate side of the metal. The authors also showed that
the leaky mode (on the air/gold) side exhibited no concentrating behaviour. Their work
demonstrated no cutoff waveguide width when the SPP mode is propagating within the
substrate/gold medium, tightly bound to the gold with a large electric field build up at
the apex air side [180], [205]. It is important to note that as the SPP approaches the last

10’s of nm’s at the apex, it gradually slows down with a velocity v,. This parameter is
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proportional to the distance from the apex vy & wx [204], [206] . As the electric field scales

with vgl, the apex sees a large absorption proportional to x 2.

The final parameter which needs attention to ensure efficient mode concentration is
the SPP propagation decay length. The optimal length describes the distance from the
tip in which the SPP is formed to create the largest field enhancement. As we increase
the distance from the optimal length, the dissipation in the metal becomes larger and the
field enhancement decreases, we call this the decay length. Lozan et al. [204] realised
their optimal length to be around 10 ym for an 800 nm laser, as such the taper length was

decreased to account for the higher energy lower wavelength light.

1.4 Surface-enhanced Raman Spectroscopy

As Raman scattering is very weak, a technique was developed to amplify the signal with
the use of a metal surface as an antenna. Surface-enhanced Raman Spectroscopy (SERS)
is this technique and it is widely used to detect and characterise analytes adsorbed onto
suitable metal surfaces. Amplification of the Raman signal occurs due to the rough na-
ture of the metal surface. This surface can be fabricated from a change in metal depth
following the plasmon’s direction, using a cluster of colloids or electrochemical etching
of the surface [207]. The choice of metal is chosen by its plasmon resonance frequency,
where visible and near-infrared radiation wavelengths are generally used to excite Raman
modes. Silver and Gold are often used within SERS due to their resonance frequencies
falling within the visible and near-infrared wavelengths [208]. When the metal surface
is coated with an analyte and is excited with a laser, a polarizability change of the ana-
lyte occurs due to its molecular motion acting in a direction perpendicular to the surface.
This polarizability change leads to Raman scattering [209]. It should be noted that a SERS
spectrum of a molecule may differ from a classical Raman spectrum as the majority of
vibrational bands correspond to the vibrations of the closest bonds to the metal’s surface
and contact with the surface stops some vibrational modes. A Figure depicting SERS

occurring on a nanoparticle coated substrate is shown in Figure 1.20.

Within SERS, the light strikes the surface which causes local surface plasmons to
become excited. Whilst interrogating nanoparticles, the electric field is highly localised
at them and dissipates quickly into the dielectric background from the dielectric/metal
interface.
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FIGURE 1.20: Diagram depicting SERS in operation with metal nanoparticles
on a glass substrate, with an enhanced view of the particles.

The amplification of the Raman signal relies on an electromagnetic enhancement,
where within SERS this is caused by plasmonic resonances on a rough or ordered struc-
ture metal surface [210]. The reasoning behind this is that metals contain free electrons
travelling and transporting electric current. When the electrons are displaced within a
metal, a positive charge is left in its place. This positive charge exerts a restorative force
on the electrons and the interaction between them causes plasmons to oscillate when ex-
cited by light. The plasmons continue to oscillate at the plasma frequency until some
form of resistance stops them. If the light source (excitation source) has a frequency be-
low the plasma frequency without damping, it is reflected by the material as the electrons
in the sample screen the electric field of the light [211]. However, if the frequency of the
source is greater than the plasma frequency, the light is transmitted as the electrons can-
not screen the electric field fast enough [212]. The photon energy at the plasma frequency
is the plasmon energy, this can be approximated with the Planck-Einstein relation (1.50)
[213]:

Ep =hy/ 1 = hwp (1.50)

meg

Where ¢ is the elementary electric charge, m is the mass of the electron, n is the con-
duction electron density, i is the reduced Planck constant, €y is the permittivity of free

space and wp is the plasmon frequency.
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1.5 Tip-enhanced Raman Spectroscopy

Spectroscopic techniques such as Surface Enhanced Raman Spectroscopy are useful to
determine chemical structure and properties, however the spatial resolution of this tech-
nique is limited and it can’t be used to determine structures at the nanometre-scale. Tip-
enhanced Raman spectroscopy (TERS) combines the merits of scanning probe microscopy
(SPM) and Raman spectroscopy to give topographic, morphological and chemical infor-
mation of a sample with single molecule resolution [214]. In a TERS setup, the SPM tip
is coated with a metal in a similar way to that of SERS, mainly gold or silver, and is ex-
cited with a laser to excite local plasmons at the tip. The tip is then placed next to/in
the analyte of detection whereby the excited plasmons have an enhanced electromagnetic
tield, leading to Raman scattering at the tip. A diagram of a basic TERS system and the
its operation in shown in Figure 1.21 below.

Raman
Scattering

Excitation

Far Field

Silver Tip

Near Field

d substrate
P-Polarised Light

FIGURE 1.21: Schematic diagram of a TERS system.
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A drawback of TERS is that it has a weaker enhancement compared to SERS as it
cannot have multiple hotspots. The tip enhancement however follows similar princi-
ples to SERS, whereby the electromagnetic effect is the dominating enhancement factor
[215]. The electromagnetic field enhancement is due to a combination of localised sur-
face plasmon resonance and the lightning rod effect [216]. The lightning rod effect is a
phenomenon arising from the sharp edges of the metal having a higher field strength,
as explained by Gauss’ law. As the tip apex for a TERS probe is sharp, conductive and
plasmonically active, the surface charges are confined and concentrated, resulting in in-
tense Raman signals of molecules underneath the tip. The effect is however dependent
on the tip’s material, geometry and conductivity [214]. In order to further increase the
TERS enhancement, the tip could be brought within 1-2 nm of a plasmonically active
metal substrate using the AFM’s z-piezo. Controlling the gap between the tip and sub-
strate is demanding of the AFM system. However, as the tip contacts the substrate within
contact-mode, the feedback loop adjusts the tip height, so it maintains a constant deflec-
tion. At these distances the tip is in the repulsive force regime. These forces are sensitive
to topographic changes, meaning a small change in the topography will cause a cantilever
deflection and correction by the feedback loop. However, if this small gap is achieved it
allows for electromagnetic coupling of the tip and substrate to create a strong field inten-
sity and confinement. This gap-mode however comes at a cost of imaging artifacts [217]
such as light scattering from the tip, fluctuating enhancement factor over the interrogated
surface and tip degradation [218].

1.5.1 Selection Rules

Within both SERS and TERS, a surface selection rule governs the enhancement of the
surface electric field. The selection rule states that only the vibrational modes along the
direction of the surface electric field can be given sufficient enhancement [134]. An image
showing this in a SERS configuration is shown in Figure 1.22. The Raman intensity is
dependant on the sample’s adsorption configuration. The selection rule in Figure 1.22
only applies to the molecular vibrational modes with the relative direction of the electric
field.

Within TERS, the symmetry of the molecule can be lowered upon absorption onto
the surface and may activate some Raman silent modes [134]. As there is a large gradi-
ent in the intensity of the electric field within TERS, the intensity may change along the
vibrational modes. The change in intensity, especially present near a metal surface, may
increase/reduce the potential of the induced dipole asymmetrically, defeating the known
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FIGURE 1.22: Schematic diagram showing the surface selection rule for SERS.
As can be seen, there isn’t sufficient enhancement with the horizontal parti-
cles as the vibrational mode is'nt along the direction of the electric field.

selection rule’s terms [219]. The benefits of this is that previously undetectable molecules
can be detected, however, as the field and conformation are both complex and dependent
on shape, this makes reproducibility hard to achieve.

The plasma frequency of a gold thin film is 5.8 eV and silver is 3.735 eV [220]. This is
the frequency in which the collective oscillations of the free electrons in the material are at
a maximum. This is unfortunate as silver provides sharper and more intense resonance
peaks, as well as inducing better scattering than gold [221]. However, gold does still
provide sharp and intense peaks, be it not as strong as silver, and it is also less susceptible
to corrosion making it viable for longer term experimentation [222] and within a batch

fabrication technique.

1.5.2 TERS Tip

As with every SPM technique, a critical aspect of the system is the tip. Within TERS the
electromagnetic field is amplified and confined to the apex of the tip close to the sample’s
surface. As the tip-sample distance is on the order of nanometres, the diffraction limit
is not of any importance as the resolution of the Raman signals are dominated by the
localisation of the field. As with other SPM techniques the material, morphology, radius
and angle of the tips apex play a vital role on the spatial resolution of the images and with
TERS, the enhancement factor is also affected.
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1.5.3 Gap Plasmon in TERS

Whilst performing TERS, we can utilise a gap-mode enhancement (between a tip and
metallic substrate) to resolve with higher spatial resolution (tip geometry dependent) and

strong enhancement of Raman signals [223] in a small resonance volume.

If using an inverted microscope setup, two different enhancement mechanisms with
gap plasmons can be expected. If the probe is close to contact and If the thickness of the
Au on the substrate is lower than the skin depth (=20 nm [224]), light can pass through
the film and form a focus between the tip and the substrate to enhance the local electric
tield. Where a larger metal film is deposited, most of the light is reflected backwards
and only some of the light will match the SPP excitation angle to focus and enhance the
electric field in the gap. This has been demonstrated by Zhang et al., where a 45 nm metal
film excites a sharp SPP focus (known as a SPP virtual probe) on the metal surface, whilst
utilising an objective lens with a high NA to generate a very small optical focus [223]. The
extent of the gap resonance frequency is a function of the separation distance of the tip
and substrate, along with the geometry and metal of the tip. This approach allows both
a SPP and optical focus to generate a more longitudinal electric field, leading to greater

enhancement and resolution compared to a focused laser.

Using a side or top-down illumination configuration has the benefit that there is no
substrate in the incident path. The drawback is it is also not possible to use a high-NA
lens due to a typical short working distance which limits the orientation and positioning
of the probe, which may cause damage to the tip [225]. Focusing with a linear polarised
beam, normal to the surface, will enhance any Raman scattering close to the tip, radial
polarisation has been recorded to increase this interaction as well, through generating a
longitudinal mode at the laser focus [226], [227]. A schematic diagram of gap plasmon

formation is shown in Figure 1.23.
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FIGURE 1.23: Schematic diagram showing the formation of gap plasmon
when a Au TERS tip is irradiated with a top down/side illumination exci-
tation, with a Au substrate beneath it.

1.6 TERS Tip Design In This Work

As discussed in section 1.5, the intensity of the Raman signal is affected by the tip’s geom-
etry, material and conductivity. Noble metals only meet the surface plasmon resonance
condition within the visible to near-IR region, and as such the focus is on those. As the
current process for the batch fabrication of SPM probes at the University of Glasgow re-
lies on a release etch with a strong alkaline solution, the plasmonic antenna would have
to be made of gold. The probes could be made out of silver if it was encapsulated with
ICP-nitride within the facility, however, this would require a nitride dry etch of the tip,
putting the probes through further processing and damage. This would also require the
tips to be etched from both front side and back, with the tip facing down it is prone to
fracture. An oxide layer could also be used, but the intrinsic stress of the oxide has been
known to cause cracks within the release etch, this could cause the wet etch solution to
seep in and etch the silver. The etchant used is 1.4L of 25% TMAH and 350ml of IPA,
heated to 80 degrees for 2.5 hours. This etchant would react with silver and as such,
cannot be used within the probe fabrication.

In general a rough surface is required for TERS applications, allowing a localised elec-
tromagnetic field to excite the nearby interrogated molecules. A number of techniques
such as nano-particle deposition, electrochemical etching and focused ion beam milling
have been used to fabricate such rough surfaces. Geometric shapes vary within TERS lit-
erature, however, the potential designs for use in this project have been narrowed down to
three. The three geometric designs are known as a metal coated AFM probe, a campanile
structure or the use of a surface plasmon polariton waveguide structure. These struc-

tures have been proven to be efficient in obtaining an enhanced Raman signal, although
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each have their own set of drawbacks. Although the design’s breadth is restricted, the

geometry of each can be manipulated to provide an efficient enhancement.

1.6.1 Metal Coated AFM Probe

A TERS probe comprising a noble metal coated onto the tip is one of the more basic
designs. It comprises of a standard AFM probe with a Si3Ny or SiO, tip before having
around 20-100 nm of the chosen noble metal deposited onto it. As stated before, a rough
surface is preferred for localised enhancement and Atshushi Taguchi et. al. did so with
his metal grained probe [228]. With a regular probe, smoothly coated with a metal film,
the plasmon can propagate non-radiatively and decays over time [229]. Although the film
behaves like a waveguide, its electromagnetic field is still localised at the tip with some
enhancement due to the lightning rod effect.

In the literature, it is common to retrieve a value for the TERS enhancement as the
fourth power of the field enhancement at the tip’s apex [228], [230], neglecting the wave-
length shift from excitation. It was found that 4 nanoparticles separated by 1 nm on
the apex provide an enhancement factor of 8400, around 10 times larger than a single
nanoparticle. A basic diagram of this design is shown in Figure 1.24. The report also
shows that for both rods and spherical particles the optimum number is 4. When there
are 4 particles, the scattering intensity is strong. The large scattering intensity, compared
to a single particle, is due to the clustering of the particles behaving as an efficient cou-
pler with the incident light from the far-field and coupling out the scattered light to the
far-field. The particle that has the smallest tip-sample separation distance behaves as a
near-field antenna, this efficiently excites the sample’s interrogated molecules [228]. A
larger number of particles saw a decrease in the scattering intensity and the resonance
wavelength increases. The reduction in the scattering for the larger number of particles
can be explained by the propagation loss of the plasmons through the particle chain over
the larger distance [231]. Rods would be easier to replicate with the electron beam lithog-
raphy tool available within the nanofabrication facilities at the University of Glasgow. As
the enhancement decays through metal it is beneficial to reduce the thickness area of the
metal. The rods had a gap size of 4 nm also, with a width of 30 nm, length of 40 nm and
thickness of 40 nm to produce a near-field intensity enhancement of around 100 [228].
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FIGURE 1.24: Schematic diagram of the metal AFM probe’s tip with four gold
nanoparticles at the end.

1.6.2 Campanile Probe

A campanile structured TERS probe comprises a metal-insulator-metal tip, with a nanoscale
width gap within the metal and dielectric surface. A diagram of the structure is shown
in Figure 1.25. When fabricated correctly, broadband field enhancement and confinement
can be seen through the coupling of near and far-field electromagnetic energy [232]. In
this structure the plasmons are confined to the gap region, dictating the spatial resolution
and the electric field enhancement. The worry is that the edges on the taper may produce
a large amount of background scattering, however, this is insignificant as the signal is
collected through the gap into a collecting waveguide. These tips are usually attached
to an optical fibre which provides both the laser excitation and collects the signal [233].
The small gap can be fabricated at the University of Glasgow with the use of a focused
ion beam (FIB). With the aim of the project to batch fabricate the probes, FIB would not
satisfy these conditions as it exposes one probe at a time.

1.6.3 Surface Plasmon Polariton Waveguide

Within a setup using direct illumination of the tip apex, a reduction of the enhancement
can be seen [200]. This loss is due to a mode mismatch in the far-field excitation focus and
the near-field localisation. As a consequence, direct illumination causes background sig-
nals from the far field which can account for imaging artefacts and poor contrast. Surface
plasmon polariton (SPP) waveguides can be used within TERS tips as they are known for

their extreme near field confinement.
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FIGURE 1.25: Schematic diagram of a campanile TERS probe’s tip.

A SPP probe consists of regular trenches within the bulk of the tip, acting as a waveg-
uide towards the apex. The side of the probe is illuminated and the continuous change
in thickness of the grating allows the propagation of the SPP to focus into the tip’s apex.
The required period of the grating can be determined by the in-plane momentum con-
servation condition (2.1) and the SPP dispersion relation on the planar interface energy
conservation (1.15) [234]:

wr, :wksp (1.51)

ksp =k||+pi—g (1-52)

Within these relations, wy, is the frequency of light with the in plane vector compo-
nent k||, p is the diffraction order and ay is the period of the grating. The need for these
conditions shows that the resonance is an effect of the collective oscillation of the grating
and not the resonance of the tip [234]. The grating used in Berweger et. al.’s paper was

positioned 10 ym from the tip’s apex and had a period of 750 nm, close to the wavelength
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of the incident light. The constraint on the wavelength of the light can be extended by
manipulating the tip angle and the grating parameters on the tip. It was found that an-
gling the incident laser 25°, with respect to the flat of the grating, resulted in no far-field
background signals as the SPP propagation focused down to the apex. A diagram of this

setup is shown in Figure 1.26.
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FIGURE 1.26: Schematic diagram of a surface plasmon polariton TERS probe
tip, excited with an incident laser.

The simple geometric shape allows for gratings to be easily made, especially for batch
fabrication purposes. These gratings can be put onto thin dielectric tips for TERS pur-
poses, which will be discussed later. Large metal depositions and further etches would

compromise the structural integrity of the tip, causing critical failure and compromise the
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functionality of a dual-purpose probe, which is to scan as an AFM probe whilst operating
as a TERS antenna. The mode excitation critically depends on the geometry of the grat-
ing, especially on the depth and width of the metal parts. Within a grooved grating, the
required accuracy to create a controlled pattern is difficult to achieve, especially in terms

of batch fabrication.

It is notably easier to fabricate a slit in a bulk metal film by FIB, or lithography than
to fabricate well defined grooves. The addition of a metallic bottom on a grating can
cause a waveguide mode to be reflected off the bottom, acquiring a 180deg phase shift
on reflection [201]. These metallic backings allow for a large electric field at the edges,
which in turn excite the SPP’s. Despite having these options available, it is much simpler
to launch an EM wave into a thin dielectric (nitride) to cause a phase match like that of a

total internal reflection prism.

A table detailing the advantages and disadvantages of the three various probe archetypes
are outlined in Tablel.1.

Resolution| E-Field | Coupling | Broadband/ | Topographic| Far field/
(Spatial) | En- Effi- Single Fre- | Control Pump Ex-
hance- ciency quency citation
ment
Campanile| 60 nm 300 at | 50% Single Shear-force | Confined
[233], 650 nm mode opti- | feedback Pump
[235] cal fibre
METAL 14  nm | Over Not Broadband | Constant Far-field
[228] (depen- | 120 at | known tip-applied | back-
dent on | 550 nm force ground
particle
size)
SPP [200], | nm (de- | 20at633 | 785 nm | Both Shear-force | No far-
[234] pendent | nm excita- feedback field
on tip tion, 9% Raman
radius) at  the with
apex grating.
Dielectric | <10nm | 32at660 | Not Single Not known | Low
Waveg- nm known | frequency | (contact back-
uide mode) ground
[236] far-field.

TABLE 1.1: Table comparing the 3 main types of TERS probes
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1.6.4 Aims and Objectives

The main aim and novelty of this work is to design a method for the batch fabrication of
TERS probes, where the sensor is patterned by electron beam lithography. A large draw-
back of current TERS probes is the irreproducibility of data due to complex excitation and
readout scattering [237], [238].

Direct illumination of a probe tip is a common method of generating TERS signals
[239], this however can cause localised heating of the probe tip which leads to thermal
drift [240], morphological changes to the metal [239] and overall reducing measurement
stability. This method also generates a large amount of background light, making it
harder to separate out Raman signals due to the amount of fluorescence and elastic scat-
tering [239]. A novel approach to couple into the probe tip has also been designed, where
a grating is illuminated through the silicon nitride cantilever to match the momentum
and phase of a plasmon and generate an enhanced signal this way. This will couple the
external light and reduce the large background collected, increasing the signal to noise ra-
tio, as the Raman signals are weak compared to the background, and increase the spatial

resolution, near-field TERS signals become more distinct from the far-field.

Patterning the sharp tip also uses methods like Focused Ion Beam Milling [241],
where they are done one at a time or in low volume, costing operator time and differ-
ing tip shapes. Electron-beam lithography (EBL) allows for multiple design changes to
the antenna, over wide areas with high resolution. This means that the tip and antenna
geometry is reproducible and done so using uncontaminated materials in a resist based
process. As the probe fabrication is also wafer scale, it means if they work they are more
cost effective than commercial probes, generating hundreds of reproducible probes at the

same time.
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2 Probe Development

2.1 Introduction

This chapter outlines the techniques employed to fabricate the TERS probes. The same
base technology used to fabricate commercial SThM probes was employed within this
process. These fabrication methods are stable and a good basis to start a wafer fabri-
cation, having been extensively studied and improved on within the AFM group. The
process allows fabrication on a 3-inch wafer, with electron beam lithography to gain the
much-required lithographic resolution on high aspect ratio features, as well as the planar
parts of the probe chip. Electron beam lithography also gives excellent geometric con-
trol, which is important when designing a grating coupler. We know from the previously
fabricated SThM probes that the cantilever supports the optical lever method, providing
cantilever topographic feedback during scanning. The probe chips are of a conventional

die size, so they fit in most conventional AFM probe mounts.

Employing the batch fabrication methods of the SThM probes, the key distinction
made to the design is on the sensor lithography. All the processing issues arising from
making conventional SThM probes still exist, as it’s the same process, however methods
were undertaken to resolve these whilst fabricating. One such issue is that the back side
etch used to connect the back of the chip to the front is 320 ym deep, this removes most
of the base Si material and makes the final “release etch” much quicker and cleaner. In
doing so, this leaves behind a small amount of Si to hold the probes in place and makes
the wafer very fragile and causes handling issues. Techniques to mitigate this and prevent
wafer breakage are discussed further in this chapter.

2.2 Photolithography

Photolithography is a technique which is used to create detailed patterns on the probe
wafer. The technique utilises a 360 W Hg lamp, with a constant light intensity of 7
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mW /cm?, emitting broadband UV (230-450 nm) onto a sample. The sample is usually
coated with a photosensitive polymer dissolved in solvent known as photoresist, which
depending on it’s chemistry, can either be positive or negative. On exposure to light,
negative photoresist is further polymerised or cross linked, which in turn hardens it to
render it resistant to etching. The bonds in the positive photoresist do the opposite and
break down on exposure to the irradiative source and are less resistant to an etchant [242].
The resists used in this project to fabricate the probes are positive-toned and are known
as 51828 and AZ4562. In some exposures a "mask plate" is used, these allow the transfer
of a pattern onto the sample. A mask plate consists of plate with opaque features and
transparent surroundings, which (respectively) restricts and allows the radiation to go
through onto the photoresist coated sample. The mask plate’s features used within this
projected are patterned using EBL and wet etched, leaving the chromium design on a
quartz plate. The mask plate designs for these probes are shown in Figure 2.1.

2.2.1 Photolithography Alignment

Alignment markers play a vital role in the lithographic definition of features within this
work. These feature’s positions are known and any further definition, be it through EBL
or photolithography, is performed in relation to these feature’s coordinates. All of the
patterned features within this work were aligned in relation to etched silicon markers,
defined during the first photolithographic stages of the probe fabrication.

The importance of having good alignment before bulk micro-machining is paramount
as this allows the probes to be released from the wafer without much damage, rather than
eating into the probe body and for EBL and sensor alignment. The most important part
is that it ensures that the cantilever is centred and still attached to the probe tip. If there
is misalignment of the tip, it may not be attached to the probe body, making it a non-
functional SPM probe

The photolithographic tool used (SUSS MA®6) utilises a microscope to view the mark-
ers defined on the mask plate and on the sample. The focus of which can be manipulated
by moving the z of the microscope. The sample is housed on a chuck which is able to
move in the x and y direction with sub-micron accuracy, with a rotational accuracy of
half a degree. The photolithographic exposure mode used whilst fabricating the probes
is contact mode. This technique brings the sample into contact with the mask plate above
before exposure. The sample is thereby manipulated rotationally and in the x and y di-

rection until the alignment markers on the sample correlate with the alignment markers
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FIGURE 2.1: Diagram of the three mask plates used to define the features
on the wafer. The first level (A) defines the rotated square for the pyra-
mids aswell as the alignment markers for subsequent photolithography and
e-beam steps. The second mask (B) defines the etch mask of the backside of
the wafer. This lithography step leads to the bulk of the etching done on this
wafer. The final step (C) defines the front side of the probes chip, defining
the cantilever and the support bars. These support bars hold the probe onto
the wafer until the can easily be removed in the final wet etch.

on the mask plate. This allows the newly defined features to be in the position it was

supposed to be, relative to the first level’s markers.

The accuracy of the alignment will vary between machines, processes and operators.
One such phenomenon which also influences the alignment accuracy is known as chro-
matic abberation. Chromatic abberation will occur as the lens of the camera or microscope
is a prism. The light rays passing through will disperse, bending and the colour wave-
lengths seperate. This can lead to a dissolution of the image intensity profile and thereby
a reduction on the image resolution. The degree to which this effect takes hold depends
many factors such as the optical path and field size [243]. In order to prevent this, contact

mode photolithography is used during the photolithography stages in this work.

In general, we can see an alignment accuracy of around 5 ym for a skilled operator
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with well-defined alignment markers. This accuracy degrades with the thicker resist cov-
erage used on the cantilever definition level. This is due to the light from the microscope
refracting more and the topographic features having a different focal point than the flat,
giving various focal points between the mask plate and sample with a tolerance of around
10 um observed. As photolithography is also used to define the etched markers, we need
to have the same coordinate system on the mask plate as the EBL level, meaning that the
EBL field is distorted to conform to the photomask.

The probe process also requires the use of backside to frontside alignment, allowing
features to be defined on both sides of the wafer. The probe chip is defined on the back
side as well as the front side, with deep trenches formed by the side of the chip on the
backside side of wafer through an aggressive etch. The alignment of the front to the back
must be good enough to allow the chip location to match up and etched region to go
through the whole wafer at the end of the fabrication. The backside alignment technique
uses a camera to broadcast a live image through the chuck area where the mask plate
is first loaded. The camera position is moved in x and y until the marker region on the
mask plate is found and the image captured. The wafer is then loaded onto the chuck
with the front side face down, the camera can then locate the marker region defined on
this side from the initial etch. The image of the markers on the mask plate is looped
in with the live feed of the cameras observations on the front side. Manual alignment
using the micrometers is utilised so that the region of markers on the front side (live feed)
matches that of the still image of the mask plate. An image depicting photolithography

alignment with an etched marker substrate is shown in Figure fig:photoaln.
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FIGURE 2.2: Diagram showing how the photolithography mask has to align
with the etched markers on the substrate to align pattern layers.
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2.3 Electron Beam Lithography

2.3.1 Overview

Electron beam lithography is the lithographic defining process for all the high resolu-
tion features of the probe manufacture, as well as the calibration samples. In this project,
the lithographic tool utilises a high accelerating voltage (100kV) anode to directly pat-
tern features onto electron beam resist, compared to photolithography whereby UV and
photoresist is used.

2.3.2 Pattern Design

In order to define features onto the resist, the pattern’s dimensions are designed using
CAD. The designs of the photolithography layers and EBL patterns are written within the
same CAD file, which is helpful in assessing how the full patterned substrate will look
and determining placement of alignment markers. This means that the photolithography
masks can be written within the same tool as the direct exposure levels. The CAD file
can be taken and generated into commands understood by the machine, be it exposing a
mask plate design, which will be subsequently wet etched into a metal film, or directly

writing an e-beam layer.

The "resolution” is the address grid and sets the accuracy of the design placement of
the EBL tool, this is not the resolution of shapes patterned by the tool, but the granularity
of the beam position. The BSS is the size of the distance where the beam is moved to
fill a shape. The BSS is an integer multiple of the resolution known as the VRU. These
statements follow the relation in equation 2.1 below:

BeamStepSize(BSS) = VRU - Resolutiongrid (2.1)

2.3.2.1 Fracturing

The GDSII files outputted from the CAD software (L-edit) used to design the patterns are
input into a tool known as Layout BEAMER. The software transforms polygons (of any
shape designed using L-edit) into trapezoids in which the EBPG can recognise. As well
as doing this, BEAMER can also be used to define the field ordering, whereby the order

of structure writing can be specified within the writing field. BEAMER allows the user
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to "Follow Geometry" as opposed to the standard "Array Compaction" when designating
the writing path. The electron beam path of both orders are depicted in Figure2.3, where
a penrose pattern is being exposed.

Array Follow
Compaction Geometry

FIGURE 2.3: The image depicts the path the EBL path will take to expose a

penrose pattern. As can be seen in the Follow Geometry method, the beam

finishes what it is writing in the pattern and will then move off. The Array

Compaction beam path moves all across the pattern, half-finishing some and
then coming back.

Follow geometry groups features that belong together and exposes them successively
even when they cross field boundaries. This reduces the risk of overexposure due to drift,
i.e. the beam exposes some of the same pattern file, moves and returns to complete the
job. It also ensures any long structures where stitching may be an issue, like a waveguide,
are completed in one go even if they cross a field/subfield boundary. In this case the
Penrose patterns are written one at a time and there will be less error in pattern shape
due to drifting of the e-beam. The Penrose patterns will be used within the fabrication of

calibration samples where precise alignment is paramount.

The software used to set dose, spot size and pattern placement on the substrate is
known as C-JOB. C-JOB turns BEAMER’s outputted GPF file and turns it into a JOB file
which can be read by the EBPG. A process flow of this drawing to lithographic pattern on
substrate is shown in Figure 2.4 and a diagram of the EBPG column is shown in Figure
2.5.
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FIGURE 2.4: Process flow depicting the path and the software used to turn a

CAD file into a job which the EBPG can read and pattern. The software and

servers used are indicated in Blue below the rectangles and the operation

shown in the rectangles. The exported file from said operation is indicated in
red writing above the rectangles.
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24 E-beam Alignment

Many semiconductor devices require the use of multiple lithographic levels, be it to have
different metal thicknesses after-lift off around the devices or to have better proximity
control during exposures. These TERS probes require good alignment from the start,
without it the probe cantilever could be misaligned from the chip, affecting the spring
constant and the effectiveness of the cantilever to operate as an AFM probe. The grating
also must be close to the apex of the tip as the surface plasmon polariton can only prop-
agate for short distances before it decays. In a similar geometric design this is 10 ym for
an 800 nm laser [204]. The taper apex of the nanoantenna must also cover the apex of the
probe tip, this gives a large enhancement of the electric field whilst retrieving topographic
data at the same location, allowing for a TERS measurement to be taken. If the taper is
offset, the electric field would be localised elsewhere or not concentrate and leak out the

sides with no useful TERS measurements.

The process of alignment requires a marker feature, usually a square or cross, to be
put down with the first lithographic level. Any subsequent lithography will then use
these markers as a starting point to find where to expose with another lithographic level
with respect to this marker position. There can be misalignments on the patterns position
due to poor marker correlation, i.e. not finding enough markers or any at all. A figure of

these misalignments is shown in Figure2.6.

One such alignment error is translational misalignment. This is where the pattern
that has been exposed is offset vertically, horizontally, or both from the original patterned
feature. These can occur due to poor clamping of the substrate onto the sample holder,
causing drift or a shift of the sample’s positioning, or even surface charging from the elec-
tron gun, or column causing the beam to translationally shift with respect to the sample.
These occur very often due to sample loading, and it is imperative corrections are put in
place to find the true placement of the first pattern’s marker set.

Another error that can arise is rotational misalignment. These are also frequent and
occur during sample loading, where if the sample is clamped facing the wrong way, or the
wafer/piece flat is not making contact against the holder pins, then subsequent exposures

can cause a sheared exposure.

Scale errors are another kind of misalignment during e-beam lithography exposures.
These can occur if the height meter isn’t operating efficiently, or the sample thickness is
larger /smaller than prescribed. As the laser spot for the EBPG height meter is around

Imm in diameter, the readings for the height may not be as accurate as necessary and
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Keystone

FIGURE 2.6: Diagram of the various misaligned patterns caused by poor
marker correlation. The intended exposure is shown in red with the actual
exposure due to the misalignment shown in green.

adjustments to the lens-sample distance may be off. This is due to the thickness of the
sample significantly changing over smaller distances e.g. at the alignment marker blocks
or the probes tip. This is why fine structures are written on axis by translating the stage
before exposure. A schematic of the height meter in operation is shown in Figure 2.7.

Keystone errors occur when the sample to be exposed has a tilt offset from that of
when the alignment markers were put down. These cause significant shift in the align-
ment and care must be taken to clean resist off the back of samples (ensuring it has no
significant topographic difference from the first layer) and ensure the stage has no tilt.

When designing the layout of the lithographic features, there exists an ideal grid
of what you wish to see on your wafer after exposure. However, because of the many
errors discussed, distortions can induce errors on the coordinates of marker and feature
placement. Projective transformation is then used to account for these errors and map the
ideal, designated coordinates to the coordinates of what is already on the sample. These
are linear transformations which map the two sets of coordinates as any misalignments
are small enough to be regarded as linear, be it the tilt, positioning or even rotation. Any
bowing or bending of the wafer that occurs can also be approximated as linear due to
their small magnitude over a small sample area [244]. On the latest batch of 4” wafers,
this bow is <40 um, giving a 2 yum per mm slope at the wafer edge (worse case scenario).
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FIGURE 2.7: Diagram of the height meter of the e-beam tool in operation. It

shows how the detection of the substrate surface is done so via the reflected

laser onto the CCD array, where the lens-surface separation distance is calcu-
lated and dependent on the substrate height.

To convert between the displaced system and ideal system, the relationship between
the 4x and 4y coordinates of the previously exposed pattern and the ideal design (8 points
total) is determined as shown in Figure 2.6. This allows for a good alignment as it contains
enough information for the tool to compute a projective transformation. This is usually
taken from the corners of 4 markers as reference points, positioned on 4 corners of a
sample, this is to give good sensitivity to keystone distortions. Further markers can be
placed close to the exposure area, these are known as cell markers. These account for any
local variations on the sample, accounting for them and maximising the sensitivity to all
distortion classes. A problem with this scheme is that a single bad marker can lead to
misalignments on the order of 100 nm [245]. An example is whilst using a topographic
marker search, damage and anisotropic etching of a surface can give the appearance of a
perfect marker, but be in the wrong place.

To combat this, Thoms et al. [245] came up with an algorithm for the detection and re-
moval poor markers during a search in an EBL tool. Markers with a residual offset greater
than 3 standard deviations were considered outliers, with a box and whisker approach
also being used with an ordinary least squares method. This method was able to detect

outliers well especially placed around the edge of the sample uniformly. A trimmed least
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squares regression algorithm [246] consistently found outliers, from minimising the sum
of squares of a subset of the markers. Thoms found he could get 20 nm alignment accu-
racy on a patterned substrate with 50% poor markers, with positional errors between 100
and 300 nm [245].

2.4.1 Marker Detection

As described above, we can correct for local (cell) and sample size (global) misalignment
of a sample by mapping the relative positions of markers on a distorted sample from
an idealised one. These markers are commonly shaped like squares which are etched
into a sample or are composed of a noble metal. Noble metals are used as they have
a high atomic number and stay the same during processing. Their interaction with an
interrogating electron beam are governed by Rutherford’s scattering formula, whereby
the yield of backscattered electrons scales as the square of the atomic number [244], [247].
Note that backscattered electrons are elastically scattered by the substrate so have almost
the same energy as the incident beam.

The markers are detected with a backscatter detector of the e-beam tool, where the
beam scans over the marker and detects the backscattered electron signal as a function
of beam position. For a positive metal marker, the beam will scatter a lot on the sample
region, especially if it has a high atomic number. This means that when a large atomic
number material is surrounded by a material with a lower atomic number, the magnitude
of the total backscattered electron signal will be larger on the marker than around it. The
beam is scanned multiple times along the x and y axis of the marker edge, whilst taking
the average of the backscatter magnitude, or rate of change, to account for noise. This
provides a level of contrast required to detect a marker is in that position, calculating
where the marker centre is from the detected edges. An example magnitude trace of a

backscattered signal is shown in Figure2.8.

Another contrast phenomena which occur during marker detection is edge contrast.
This is where backscattered electrons have a high energy and probability of escaping
on a topographic feature. As the backscattered electron path on the topography differs
from that on the flat, the BSE detectors receive a signal differential from the BSE escape
points allowing for edge detection [247]. This phenomenon is seen on the etched markers
employed on probe wafers with a diagram depicting it shown in Figure2.9.

The drawbacks of using a marker, like a square, is the marker’s positioning is only

as useful as the edges that encompass it. This directly relates to how accurate the beam’s
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FIGURE 2.8: Diagram depicting how the magnitude of backscattered elec-

trons varies with a metal and a semiconductor sample. The trace at the bot-

tom shows how the magnitude of the backscattered electron signal increases
as the beam scans across the metal on the sample.

alignment will be, with an increasing number of edges you get a larger signal to noise
ratio but a longer interrogation time. This means the marker searches are slower which
leads to the beam drifting over time, degrading the search accuracy. The marker inter-
rogation also requires a large beam current to generate the larger signal to noise. This in
turn also exposes the resist and leaves the marker exposed after development, meaning it
is open to any further processing after the exposure and hence marker edge degradation.
This is why multiple alignment markers are required around the substrate whilst doing

multiple exposures, so a fresh marker can be used at each processing step.

As the machine’s determination of what is a marker is the difference in contrast, it
may pick up anything as a marker unless parameters are prescribed. One such parameter
is location of where to search for marker and it’s dimensions. Prescribing a search radius
and rough location, the electron beam scans the area receiving the signal of the backscat-
tered electrons. It determines, by the signal, if the measured contrast difference is equal
to that of the dimensions prescribed in the job file. A SEM image of the tool’s search of an
etched marker is shown in Figure 2.10 with the video signal in Figure2.11 .
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FIGURE 2.9: Diagram showing edge contrast in operation, illustrating how
the detector can visualise the marker edges.

2.4.1.1 Marker Correlation

A method of reducing marker degradation and misalignment known as correlation is
detailed within K. Docherty’s PhD thesis [244]. Within e-beam, marker correlation is the
measure of similarity of two functions, or a reference image file of the designated marker
with the image of the marker which is on the sample (distortions included) [248], [249].
Correlation takes multiple points between the images and measures this similarity with
the differing relative offset.

Marker correlation is not limited to the use of linear scans across edges which is
traditionally the method used to perform alignment using square markers. Any shape
with a well-defined centre may be used with preference given to shapes with many edges.
In 2009, Docherty et al [244], [248] pioneered the way for using Penrose patterns as image
correlation markers. The Penrose tiling is an infinite aperiodic pattern on a 2-D plane,
with any patch translationally unique to that area over a distance on the order of 12 times
the size of the patch. When used as alignment markers, patterns are made up rhombic and
triangular elements with 5-fold rotational symmetry, which means that when the e-beam
samples a region using a rectangular grid the pattern is incoherent with the sampling
grid. This incoherence means that whilst sampling occurs, a small change in position
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FIGURE 2.10: Captured SEM image of the ebeam tool’s search of an etched
marker.
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FIGURE 2.11: Captured plot of the e-beam video signal whilst scanning

across the dashed green line in the marker depicted in Figure 2.10. This

shows the contrast over the green area, and where the tool will determine

where the edges of a marker is. Index is the length of scan and value is the
intensity.

always makes a large change in the detected pattern, since some samples will always
be on an edge. Another attractive aspect of these markers is that the correlation process

is highly tolerant of damage to or defects in the marker and optimal in the presence of
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Gaussian noise (shot noise in this case). Penrose patterns are featured in this work in
section4.2, where it is paramount to achieve optimal alignment accuracy between gold
dots and dimers written as two separate exposures.

2.5 Etching

2.5.1 Dry Etch

Dry etching is a commonly used procedure during the batch fabrication process. In this
work, photolithography is used to define a feature and remove the resist, whilst selec-
tively masking the remaining parts before exposure with a RF plasma etchant. Depend-
ing on the gas selection and other process parameters (e.g. temperature, pressure, power)

a variety of side-wall profiles and chemical selectivity can be achieved [250].

The removal of material by dry etching can be done with a physical or a chemical
approach [251]. The physical approach employs the use of energetic ions from the plasma
source (usually a noble gas) to bombard the sample. The momentum transfer within this
process physically removes the material from the sample, resulting in a slow, anisotropic
etch.

The chemical approach occurs when non-noble gases are used, usually consisting
of a Halogen, with some fluorine-based gas for silicon samples as SiF4 is very volatile
[252]. When a plasma is struck with these gases, it induces the generation of free radi-
cals. These free radicals are directed towards the sample, are absorbed onto the surface,
and undergo localised chemical reactions. It should be noted that free radicals can also
transfer momentum with the surface and as such cause a physical reaction before any
chemical reaction. After the chemical reactions are finished, the by products of the reac-
tion desorb from the surface before diffusing back into the plasma. These by-products
are pumped out of the chamber if they are volatile, reducing the contamination within
the chamber. These reactions are typically anisotropic, especially when using a resist, di-
electric or metal hard mask. The processing parameters such as the process power and
pressure will generate differing degrees of anisotropy. The tools used within this work
are Oxford Instruments R.LLE. tools known as the BP80 and 80+, with staff at the JWNC
facility operating them, however process parameters must be determined by the user.
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Within this work, Fluorine-based gases are used to pattern into silicon nitride with
photolithography masks. Oxygen based plasma has routinely been used to remove or-
ganic contaminants off the substrate surfaces in a process known as “ashing”. These

parameters are highlighted in Sections 2.7 and 2.8.1.

2.5.2 Wet Etch

All the bulk silicon etching within this project has been performed with anisotropic alka-
line (hydroxide) etches. The chemical etches are used to “release” the final probes from
the wafer use TMAH. Removal of dry etching contamination and fabrication of the pyra-
mids, used to define the angle of the cantilever, were conducted with a 55 °C KOH and
IPA solution. More details on the pyramid fabrication of the probes and etch solution are
detailed within section 2.7. An image of the lithographic steps with a cross sectional view

of the accompanying etches of the material are depicted in Figure 2.12.
The basic chemical reaction with Si in an alkaline medium is shown below [141]:
Si+20H~ +2H,0 — SiOy(OH), 2~ +2H,

These etches are considered anisotropic since different crystal planes in the Si lat-
tice are etched at different rates. This arises from the Si atoms having differing bonding
strengths at differing crystal planes [253] and because KOH/TMAH Si etching is etch
rate limited and not diffusion limited. The choice of etchant chemistry delivers differ-
ent plane selectivity and surface finish, and as such must be chosen carefully. As the
fabrication of the released probes has been extensively studied by R. Lambert [141] and
pyramidal etches by A. Midha [254], the only necessary changes required was an increase
in etch time to account for the increase in silicon left over from the final dry etch and
release the probes from the wafer. The reasoning behind this will be discussed further in
section 3.3.1.

As these are chemical attacks of all exposed wafer material, a suitable masking mate-
rial is also required to etch the correct region. PMMA or photoresist masks are not suitable
as they are not durable within the etch, although short wet etches to hydrogen terminate
an exposed silicon area with HF or to perform a quick clean is possible. This body of work
utilises LPCVD silicon nitride as the masking material due to its good etch resistance to
both the TMAH and KOH solutions used. The masking material is patterned with the
use of photolithography and e-beam lithography (see Figure 2.12), where the cantilever
lithography was designed by myself. The time of the wet etches used to free the cantilever
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FIGURE 2.12: Diagram showing the photomask layers of the substrate with
a cross sectional view of the wet etches it undergoes beneath it.

and etch the backside were also determined by myself. The anisotropic etch of the (100)
silicon that is used in the project, with the LPCVD silicon nitride mask, results in sloped
silicon sidewalls. This is due to the {111} planes etch much slower than the {100} planes.
A slight undercut of the LPCVD nitride can also be seen in the {111} planes. A diagram
of this is depicted in Figure 2.13.
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FIGURE 2.13: Diagram showing a wet etched silicon substrate with silicon
nitride mask. The angle formed between the two planes is 54.7 °.

2.5.2.1 Wet Etch Kit

Two things are required for a stable wet etch. Firstly a constant temperature, or at least
good regulation, since the rate of reaction increases by . Secondly it is necessary to keep
the concentration of etchant constant, as if the solution is more concentrated than a pre-
vious etch, then it is expected that the etch rate will also increase. For the TMAH release
etch, the stability of the etch has to be within 5 ym in 300 ym and for the KOH pyramid
etch it has to be within 2 ym in 15 ym. A diagram of an example etch rate vs temperature
of <100> silicon and how it behaves with concentrated KOH or mixed with IPA is shown
in Figure 2.14. It shows as that with an increase in temperature, an exponential increase
in the etch rate of <100> silicon is seen. Although the etch rates of the {100}, {110} and
{111} planes etch rates increase exponentially with temperature, the {100} and {110} etch
at a much faster rate than the {111} plane.

This work made use of a wet etch kit, which hosts the etch solution in a 2L Pyrex
reaction flask. This flask then sits on top of a heated electro-mantle, where the tempera-
ture is regulated with an immersion thermometer connected to a temperature controller
regulating the power of the heating mantle. An earth leakage circuit breaker disconnects
power from the system in the event if a leak onto the heating element. At the etch tem-
perature, water can evaporate and hence change the concentration of the etchant, this
is corrected for with a Teflon cover with a steel clamp covering it to create a tight seal.
Any water vapour is cooled down with a reflux condenser placed into an opening in the
Teflon lid. Wafers are placed into a variety of Teflon holders dependent on sample size,
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FIGURE 2.14: Graph showing the etch rate vs temperature of <100> silicon.
All data was taken from a paper by Seidel et. al. [255]

held together with Teflon screws. The holder is hooked onto a corrosion resistant steel
rod which passes through the lid. This all together seals in the etchant ready for the etch
to begin. A diagram of the etch kit is shown below in Figure 2.15.
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FIGURE 2.15: Annotated photo of the etch kit which is used for the majority
of the wet etches within this work.

2.6 Base Level Fabrication

As the tip imparts the sensor functionality to the device, it’s importance is key to de-
vice operation. The fabrication techniques and design choices made to ensure the tip is
fabricated effectively will be discussed below.

With traditional AFM probes the most important factors to consider are spring con-
stant, quality factor, resonant frequency and tip sharpness. Within the fabrication pro-
cess, different materials and thicknesses can be used to suit the specific requirements of
the end-user metrologist. The geometry of the tip directly affects resolution, if it is not
small, it may produce a false reconstruction of the sample’s topography. An example of
this is shown in Figure 2.16. In order to produce accurate topographic mapping, the tip
geometry should be tapered to a point and the tip radius should be small, typically less
than 50 nm [256]. If the tip is not hard enough, the shape of the tip will change over time
causing irreproducibility and artefacts in the images obtained [130].
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FIGURE 2.16: Schematic diagram showing a topography trace of a poorly

resolved sample. It is apparent that the trace is not a true convolution as

there is no way to de-convolve the trajectory to achieve the true dimensions
of the sample.

Dealing with functionalised SPM, these factors are all still of great importance but
with more focus on other properties. During the fabrication of the probes it is imperative
to consider the compatibility of the chemicals and tools available to deposit or etch. De-
sign limitations are introduced by the chemical etchants, dry etch gases, surface adhesion
used within the fabrication process and the effectiveness when acting as an antenna. As
an example, aluminium can’t be used on the probes using the current process as in the
release etch the primary etchant is TMAH (Tetramethylammonium hydroxide), which
etches this material [257]. This could be prevented by doping the solution with silicon
and ammonium persulfate [258], but this would involve changing the chemistry of the
current high yield /robust process. Individual probes may have aluminium evaporated
onto them when they are freed from the wafer, this is however less efficient than within a

batch fabrication process.

2.7 Pyramid Fabrication

Design of the tip geometry for the probe wafers is based on KOH (Potassium hydroxide)
etching of silicon to reveal pyramidal structures. The pyramids provide a slope and solid
surface for patterning and defining the tip using EBL. The optimum etch parameters and
crystallographic orientations are given in the thesis by A.Midha [254]. A process flow for
the fabrication is tabulated below in Table 2.1 with Figure 2.17 to match.
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Process flow for pyramid fabrication
Step number Stage details
1 A 380 um thick double side polished 3" silicon wafer, with 40 nm silicon
dioxide and 60 nm silicon nitride on top is cleaned with acetone, methanol,
IPA (all within an ultrasonic bath) and an RO water rinse, respectively for 5
minutes each.

2 MCC 80:20 primer is applied before S1828 photoresist at 3 krpm for 30 s on
top of the back side.

3 Sample is baked at 90 °C for 30 minutes.

4 Front side of the sample is oxygen barrel ashed at 100 W for 5 minutes.

5 MCC 80:20 primer is applied before S1818 photoresist at 4 k rpm for 30 s on
top of the front side.

6 Sample is baked at 90 °C for 30 minutes.

7 Sample is exposed with a photolithography tool for 5 seconds with a 35 ym
alignment gap at hard contact.

8 Sample is developed in a 1:1 microposit:RO water solution for 75 seconds
before a 5 minute RO water rinse and nitrogen gun dry.

9 The sample is placed into the BP80 RIE. Using C,F¢ as the inlet gas with a
flow rate of 20 sccm, 23 mT pressure, 100 W power for 5 minutes.

10 The remaining resist is then removed using acetone, finishing off with an
IPA rinse and nitrogen gun dry.

11 The sample is placed into the RIE 80+ for an O, ash. The flow rate is 50 sccm
with a pressure of 50 mT, 100 W power and a time of 5 minutes to remove
surface contaminants.

12 The sample is added to a 20:1, RO water:48% hydrofluoric acid solution and
finished with an IPA rinse.

13 618.9 g of KOH pellets is dissolved in 1.5 L of RO water. 1.6 L of the final
solution is added to the kit, along with 400 mL of IPA where the mixture is
kept at a constant temperature of 55 °C. The sample is added for 69 minutes.

14 The sample is transported into a 5:1 RO:98% sulphuric acid solution. The
sample is then rinsed in RO water for 10 minutes before optical microscope
inspection.

TABLE 2.1: Table detailing the process flow for the fabrication of the silicon

pyramids.

The next step is to remove all the silicon nitride and oxide in the areas without resist,

using it as a mask. The wafer is placed into a reactive ion etching tool known as the BP80.

The etchant in the tool is CyFg, with a flow rate of 20 sccm, 23 mT pressure, 100 W power

for 5 minutes. The remaining resist is then removed by solvent cleaning, before being O,

plasma ashed. As this process is sensitive to resist residues, as to not mask or inhibit the

subsequent wet etch, both a wet procedure to dissolve the resist and plasma to remove

the remaining resist and any remaining solvent residues is required.
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FIGURE 2.17: Schematic diagram of the pyramid stages. A shows the pat-

terned resist square on the silicon nitride i.e left unexposed, with a side pro-

file of the diagram beside it. B shows that after the dry etch the non-masked

areas have been removed of silicon nitride and all that is left is a silicon ni-

tride rotated square. C is the result of the KOH wet etch with the silicon

con-caving towards the nitride cap. D is a SEM of the final result (the pyra-
mid) after the HF etch removed the silicon nitride cap.
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Before for the wet etch starts, the O, plasma removes the organic surface contamina-
tion. However, a native oxide grows on the surface of the silicon when exposed to air at
room temperature and standard humidity [259]. Removal of this oxide layer is achieved
through immersion in a 20:1, RO water : 48% hydrofluoric acid solution to produce a
hydrogen-terminated silicon surface. The wafer is then rinsed in IPA before being dried
with nitrogen to maintain the hydrogen terminated surface. The selectivity of the etching
between the silicon and oxide is around 500:1 [260], this leads to an induction time if the
oxide is not stripped, leading to a lack of reproducibility of the pyramid depth.

The sample is subsequentially placed into the wet etch kit where the constant tem-
perature allows for better control of the etch depth. A magnetic stirrer is added to the kit
to prevent bubble adhesion to the sample’s surface. Adding IPA to the mixture reduces
the etch rate in this direction and improves surface morphology [261] and smoothness.
The etch rate of the KOH-IPA mixture is roughly 250 nm/min in the (100) direction. Fur-
thermore, IPA is added to the etchant to prevent an "egg-timer" like geometry [254]. After
the etch is complete, any remaining alkali is neutralised through submersion in 5:1 RO
water:98% sulphuric acid. An etch depth of 1542 um is acceptable because the angle
does not change as this is dependent on plane selectivity. The plane selectivity of the etch
causes the rotated square area to twist, resulting in pyramids with (313) plane sidewalls.
The angle between the (100) surface and the sidewalls is 46.5 °. An angle greater than this
would make the sample interrogation easier and produce a higher aspect ratio, however,
with the directional nature of the metal evaporation tools, it is difficult to evenly coat high
aspect ratio features. The pyramids are not etched to a sharp point, as the side walls are
the only structures of interest, and a small silicon nitride cap (mask) still remains on the

top. A SEM image of successfully patterned pyramids are shown in Figure 2.18.

Once the wet etching process is complete, the removal of the silicon nitride cap is per-
formed. The nitride cap is removed by immersing the wafer in a 5:1 RO:48% hydrofluoric
acid solution for 50 minutes and is inspected with an optical microscope. If it passes in-
spection it is packaged up to be sent to an external source for a 400 nm deposition of low
pressure chemical vapour deposition (LPCVD) silicon nitride at Chalmers University of
Technology. The deposition results in a conformal coating of the dielectric all across the

sample, where the nitride on the walls of the pyramid will become the tip of the probe.

In the present work, the batch of silicon nitride deposited wafers came back with
a quoted average thickness of 315 nm with a 3.12% uniformity. The reduced thickness
decreases the spring constant, however this will make no difference to the TERS probes
operation as the mechanical resonant frequency is found and used after each tip is loaded.
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FIGURE 2.18: The image on the left shows an SEM image of the pyramids
with 0 © tilt and on the right is an SEM image of the same pyramid but with
a 30 ° tilt.

The results of the deposition, which was sent by Chalmers, is indicated in Figure 2.19.
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FIGURE 2.19: Image containing the deposition data recovered from the de-
position of the LPCVD silicon nitride at Chalmers.

2.8 Cantilever and Chip Fabrication

2.8.1 Cantilever Defintion

The stages of fabrication of the probe cantilever and chip are well established in produc-
tion of scanning thermal microscopy (SThM) probes. The SThM process utilises the exact
same pyramid fabrication techniques and the same deposition process of the LPCVD ni-
tride as detailed previously for the TERS probes. This section details how the cantilever
shape and exposure parameters of both the photo and electron beam lithography are dif-
ferent and why it was needed. Experimentation on the subsequent mow the grass stages to
release the tip from the cantilever were also conducted. Changes to times on the backside
etch were also undertaken. The main overall differences to this compared to SThM are
the sensor design and material for the production of the TERS probes.
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With the pyramidal structures coated with the low stress silicon nitride, the can-
tilevers are ready to be fabricated onto the sloped sidewalls. The processing that occurs
with the micromachined wafers, including the cantilever lift off and release is shown in
Figure 2.20.

The cantilevers are formed using a two stage lithographic process. The first stage
defines the outline of the cantilever using EBL, where a metal lift-off with 70 nm of evap-
orated NiCr is performed to allow the NiCr to act as a hard mask. The small spot size
used within the EBL level allows for sharp, high resolution patterning to ensure the tip
is sharp. The rest of the cantilever, as well as the probe chip is then defined using pho-
tolithography.

Although probes have been in development at the University of Glasgow since the
early 1990’s, defining the cantilever and sensor on AFM probes (Step 4 of Figure 2.20) is
difficult due non-conformal coating of spun resist. Spin coating does not properly coat
the pyramids, the topography causes the resist become non-uniform and thin across the
top of the pyramids (see Figure 2.21).]

The non-conformal resist spread would lead to a variation in the dose in the resist,
which in turn reduces the process latitude and gives different resolution in different ar-
eas. A thinner resist will also etch quicker in a plasma etch, meaning different selectivity
at differing points and a bi-layer resist, where the bottom resist layer is at least twice the
thickness of deposited metal, is required for a smooth subsequent metal lift-off (reduced
flagging). These issues lead to the development of a technique known as float coating.
The technique allows a solidified film of resist to coat the pyramids on the wafer. Through
the combination of the processes spin coat and float coat, EBL can be used on the pyra-
mids as the features are adequately coated [262]. The amount of float coats performed
has increased to 6, as the previous 3 produced insufficient coverage over the pyramids.

The technique of float coating is depicted in Figure 2.22.
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FIGURE 2.20: Diagram of the processing stages required in cantilever defini-
tion. Silicon is shown in grey, silicon nitride shown in green, NiCr is shown
in black and gold in yellow.
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FIGURE 2.21: Schematic diagram showing the poor coating quality of spun
resist over a pyramid.
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FIGURE 2.22: Schematic diagram showing the float coating procedure on the

pyramid wafer. The wafer is placed on a wire mesh and submerged in a 50:50

mixture of RO water from the refrigerator and RO water at lab temperature.

A droplet of resist is added and the solvent evaporates at room temperature.

The water is then slowly extracted, revealing a thin film of resist covering the
pyramids and wafer flat.[141]
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The difference in molecular weights of PMMA is exploited throughout all the EBL
definition processes where metal lift-off is undertaken. When the pattern is defined onto
the resist and metal is deposited, it undergoes a process known as lift off [263]. After
evaporation, the metal coats the resist, hot acetone peels back the remaining resist and
metal remains on the sample only in the developed region. A schematic diagram of this
process is shown in Figure 2.23
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FIGURE 2.23: An illustration of how lift-off works. In step a) the metal is

evaporated onto the sample surface, adhering to the resist and exposed sam-

ple surface. The sample is placed into 50 °C acetone for 4 hours whereby

the resist is removed. The arrows indicate the the peeling back of the resist.

Step b) shows the result of the lift off. Just the exposed area is left with metal
remaining.

Once the cantilever is patterned with the hard mask, the a photolithography layer is
put down to define the probe body and remainder of the cantilever. The mask design of
the photolithography layer is shown in Figure 2.12 within section 2.5.2. An optical image
of the cantilever once it has completed this stage is shown in Figure 2.24.

The wafers nitride is then subsequently dry etched with the RIE80+ tool with CHF3/02
as the etchant gases. The flow rate is 50/5 sccm respectively, with a 55 mT pressure and
150 W power which gives an etch rate of 24.99 nm/min. This stage requires a 150%

over-etch to ensure the cantilever is fully defined as this creates the base structure of the
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FIGURE 2.24: An optical image of the ebl defined NiCr cantilever on the
pyramid with the exposed photolithography mask layer joining it.

TERS tip. As this etch time is usually 24 minutes long for 400 nm of nitride (including
over-etch), the etch time would have to be reduced to 20 minutes and 13 seconds as the
maximum nitride thickness received from the Chalmers deposition was 337 nm on these
wafers. After the dry removal, the wafer undergoes a quick MF319 clean (2 mins) to
clean up any debris left over from the dry etch before the resist is subsequently stripped.
The NiCr is then cleared away with a 10 minute chrome etch to reveal a silicon nitride
cantilever on top of a silicon pyramid with the supporting probe body defined.

A quick KOH wet etch is then performed within a beaker for 5 minutes, leaving an
undercut under the cantilever to help lift-off of the sensor metal and remove any debris of
the etch in a process known as mow the grass (Figure 2.25). The etch solution is comprised
of 7m KOH (61.9g of KOH pellets and 150ml RO water), where it is completely mixed and
the wafer is submerged. The wafer is placed into the beaker as soon as the As this stage
requires a change from that of the standard SThM process flow due to perforation of resist
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at the tip, experimentation has to be conducted. Details of this stage and experiments are
discussed in section 3.3.4.

a2 mm | 2.00 kY

FIGURE 2.25: SEM image of a nitride cantilever post mow the grass, where
the KOH frees the nitride cantilever from the silicon pyramid.

The next stage is for the sensor to be patterned onto the tip. As this requires a more
in depth discussion pertaining to it’s function as a TERS tip, the details of the design and
fabrication can be found in Chapter 3.

After the sensor has been patterned, the last and final stage of this process for TERS
probes is the release etch. The wafer is placed into the etch kit filled with 80 °C TMAH
solution (1.4 L 25% TMAH: 350 ml IPA). Care has to be taken to ensure the wafer is ori-
entated so that surface tension acts perpendicular to the bending axis of the cantilever
beams. If this does not happen, the cantilevers will break off when getting removed
from the solution. The wafer is then carefully rinsed in RO water to neutralise the al-
kaline TMAH before being transferred to methanol. The wafer is lastly blow dried from
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methanol using nitrogen, which has a lower surface energy than water and IPA and evap-
orates more readily, ensuring the fragile wafer is safe. This then leaves a free-standing
silicon nitride cantilever with the patterned sensor on top of it, ready for use in TERS

probes.
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3 TERS Design

3.1 Introduction

Tip enhanced Raman Spectroscopy provides a powerful means of determining phonon
spectra with high sensitivity and sub-wavelength spatial resolution. Common probe de-
signs utilise a commercial AFM probe, the tip of which is then coated in silver as this is
known to generate a large enhancement of the electric field. These probes are effective
at generating a large enhanced Raman signal, however it is known to grow a sulphide
layer which inhibits the electric field and shifts its plasmon resonance, meaning the life-
time of these probes is usually 24-48hr after having the metal coated. Alumina can also
be coated on the outside of these probes to preserve the lifetime, however the coating is
susceptible to wear during scanning, especially at the apex of the tip which is where the
tield enhancement is required. Gold is a suitable alternative to silver in a batch fabrica-
tion process as it is resistant to oxidation and corrosion, crucial for maintaining the probes
integrity and performance over time. It exhibits SPR in the visible and near-IR regimes,
making it highly effective for enhancing Raman signals with common excitation sources,

albeit it’s enhancement is not as strong as silver.

A speculative advantage of gold over silver is that in biological applications, such as
the detection of ultra low level SARS-COV-2 [264], silver can be cytotoxic [265]. Although
prior art and the main fabrication processes for the design of probes is well understood
within the University, TERS probes have not been fabricated here.

3.2 Fabrication

As discussed in the first chapter, there are many ways of being able to fabricate a TERS
probe, with a notable way discussed by Huh et al. who electrochemically etched with a
20 nm radius Au probes with a yield rate of 85% [266]. These however are etched from
gold wire, where the end of the tip is the probe, meaning this is also done one at a time.
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There is also batch fabrication of ball bonding with force TERS probes with a 96% yield,
where the active tips are attached by stamping onto them [267]. These also do not have
great positional alignment, so the tip can be off centre from the probe, meaning any force
sensing will be not reliable, compared to using EBL where the alignment between layers
can be on the nm scale [268]. These tips also require side illumination coupling, meaning
the tips are constantly exposed to a laser whilst scanning, generating heat and degrading
the tip. A schematic of the ball bonding process is shown in Figure 3.1.

A B

Gold Wire
Released TERS Released TERS
Force and Probe ~"Probe (misaligned)
Ultrasonic . .
Ceramic Capillary
Gol - Gold Ball
Nltrlde!mede

150°C Si . 2B
Wafer u
FIGURE 3.1: A - Schematic of the release process using a ball bonder with
force. A gold ball is aligned over a cavity on the heated substrate. B - Force
from the ball and ultrasonic is applied onto the substrate, where the tip at-
taches to the probe body before being released to form a free standing probe.

The tip on the right had the alignment misjudged and the tip is not correctly
centred relative to the ball [267].

A reliable method of batch fabricating gold tips, which are reproducible, have a
longer lifetime (use SPP, isntead of direct illumination), have a reliable force sensing capa-
bility, and can be tunable to a specific wavelength (change period) is sought after within
this work. As discussed in Chapter 1.6, the surface plasmon polariton waveguide probes
were chosen to be fabricated. Following design discussions with the NPL and research
from Lozan et al. [204] and Berweger et al. [200], a combination of their principles on

waveguide-antenna on probes seemed a sensible design choice.

As the metallic antenna is remotely excited, the incident light background compared
with the direct excitation of plasmon resonances, where the source is generated at the
observed sample, is not really an issue. The wavelength range of the excitation source
can also be broad with remote excitation as it is based on the propogation of SPPs, unlike

resonance-based effects [269].
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3.2.1 Design Criteria

The first part of the system sees incident light going into the nitride cantilever. If the light
is incident on the tip along the axis perpendicular to the sample, then it enters the tip at
an angle of 56.5 ° to the normal of the silicon nitride surface. This is due to the angle of
the probes being 46.5 © and the probe mounting on their holder adds an additional 46.5 °
to the normal. When the wave enters the silicon nitride it will bend towards the normal
of the tip and as it leaves the silicon nitride it bends away from the normal. For an angle
of incidence from the nitride to the air, total internal reflection occurs when the angle of
refraction is greater than 90. Following Snell’s law of refraction [270], the smallest angle
of incidence which total internal reflection occurs is known as the critical angle. Taking
the measured refractive index value of the silicon nitride (1,,1,i4. = 2.267) the critical angle

can be calculated with the following relation:

0(crit) = Sin~( ) = 26.15° (3.1)

Myitride

This means that for an illumination angle less than 26.15 °, some of the light is re-
fracted and exits the silicon nitride. For any angle greater than this, all of the light will
undergo total internal reflection. Total internal reflection will carry the light along the
probe, however the angle of the wave in the nitride may not match what is needed to
generate a SPR. The angle of incidence from the light in the nitride onto the gold sensor

for surface plasmon resonance can calculated by the following relationships:

2
o

B=Koy/x img —1.04 x 107m " (3.3)
m

Where ¢, is the permittivity of gold (-12.047) and A is the wavelength of incident

Ko (3.2)

light (633 nm), Kj is the wavenumber of incident light and f is the propagation constant
of a plane wave. The wavelength of light in nitride is given by:

Ao

nitride

Anitride = = 279nm (3.4)

Using these relationships, the angle at which the in-plane component of the incident

light’s wavevector matches the SPP propagation constant can be realised:
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Mg
Oine = sin™ () — 27.40° (3.5)

p

As the light travels towards the grating, it scatters and adds a K value of :

A

K, — nitride 36

8" d (3.6)

Where d is the period of the grating (nm). In order to calculate the angle before

scattering of the grating, where the intention is to match the light coming out the grating
to the spr angle (27.407 °), the following relation can be used:

Sinbiy; = Sinfiye — Koy (3.7)

Where 6;,,; is the angle of the light as it propagates within the nitride, before it inter-
acts with the grating. The light will enter the nitride from air at an angle, where the angle

of the beam is decreased by Snell’s law. This follows this relation:

Sinbext = SinbincNyitride (3.8)

Where 6,,; is the external angle (air) which would refract into 6;,; within the nitride.
The path the laser will take throughout the TERS probe is shown in Figure 3.2. Where the
incident angle is drawn as 56.50 ° (NPL side illumination angle). The light is unpolarised

in the NPL setup, meaning only the TM component will couple and excite SPR.
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FIGURE 3.2: Diagram depicting the beam path of the laser with a 56.50 ° in-

cident laser angle. The beam enters and is transmitted at 21.57 °. The grating

scatters the light through diffraction and adds Kg,, where the diffraction an-

gle is 27.40 °. The light then undergoes total internal reflection as the diffrac-

tion angle is greater than the critical angle (6(c,;;))of 26.15 °. As the angle of

diffraction matches the angle to generate a SPR in gold, a surface plasmon is
generated at the apex.
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In order to calculate the internal nitride angle, the grating equation is used[271].
These are described in Equations 3.9 - 3.11.

Ao
sin(Biny) = sin(Binc) + m%lde (3.9)
Form = +1: N
sin(Bing) = sin(Binc) + “i%ide (3.10)
Form = —1: A
sin(Oint) = sin(finc) — “i%ide (3.11)

Here, m denotes the diffracted order. The term m=0 (zero-order) refers to direct
transmission or reflection of incident light. The term m = 1 corresponds to the first-order
diffracted beam on one side of the zero-order beam, m=-1 is the first-order diffracted
beam on the opposite side.

With these relations it becomes possible to calculate the angle of incidence required
to match an SPR angle of (27.407 °), after it has undergone total internal reflection. Taking
the grating period as d and the n of nitride is 2.269 at 633nm, the results are tabulated for
a diffraction order of m=1:

Grating Period (nm) sin(6;,;) 0ext (deg) Angle to Vertical Z-axis

250 -0.655 - -
350 -0.337 -49.84 106.35
450 -0.159 -21.25 77.75
550 -0.047 -6.12 62.63
650 0.031 4.04 52.47

TABLE 3.1: Table of the Coupling Angles for the TERS Grating Coupler with
m=1

As can be seen in Table 3.2, for a 650 nm period the incident light has to be 52.45 °
from the angle of the z-axis. The 550 nm grating period excitaion angle from the z at 62.61
° has been drawn in Figure 3.3 for clarity.

The same calculations are done to find out the excitation angles for a diffracted order

m=-1.

These tables will be used during experimentation at the NPL, for the differing ge-
ometries, so that a SPR match can be made and effective TERS can be achieved.
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FIGURE 3.3: Diagram depicting the angles of illumination for the TERS probe
with a 550 nm period.

Grating Period (nm) sin(6;,;) 0ext (deg) Angle to Vertical Z-axis

250 -0.655 - -

350 -0.337 49.84 6.67
450 -0.159 21.25 35.26
550 -0.047 6.12 50.39
650 0.031 -4.04 60.55

TABLE 3.2: Table of the Coupling Angles for the TERS Grating Coupler with
m=-1

3.2.2 Design

With the surface plasmon polariton waveguide archetype of probe, nanofocusing to a
sharp tip is of utmost importance. The sharp tip allows for the probe to take use of the
lightning rod effect, efficiently enhancing and confining the electromagnetic field whilst
allowing for high spatial resolution. With the tip in close contact or contact over the
surface, a tightly coupled tip will emit light over a broad continuum [272].

With this the design parameters were set and are shown in Figure 3.4 and in Table
3.3 below.

The width of the grating was determined through trigonometry and the number of
metallic bars remained constant at 7, as any more would take a lot of the gratings off
the angled part of the cantilever (where they are needed) and onto the flat part of the
cantilever where they are of no use.
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FIGURE 3.4: Schematic diagram of the TERS design paramaters.

A dose test was conducted to find out the best option for not only coverage of tip, to
test the alignment of the EBPG on the etched markers and figure out the clearing dose of
the resist. A metal lift off with 1 nm NiCr and 70 nm of gold was subsequently done as
imaging in PMMA can be challenging due to charging.

SPR is typically strongest when the gold film is around 40-50 nm, giving high sen-
sitivity and sharp resonance dip at a gold-dielectric interface [273]. Films thinner than
20 nm often show a lack of distinct resonances due to damping and incomplete film for-
mation [273]. In this case, the metal isn’t thick enough to absorb the energy of light and

generate plasmon oscillations.

For TERS enhancement, the optimal thickness of the gold coating to achieve the high-
est enhancement is in the range of 60-80 nm [274], with Wang et al. using a 70 nm thick
film [275]. As such, the coating for the probes was designed to be 70 nm thick.

The testing of 4 geometries was employed to ensure this with:
e 10 nm thick line with overexposure.
e 30 nm thick line with overexposure.

e 30 nm tip overlap.



Chapter 3. TERS Design 105

Design specifications of the TERS tips
Opening Angle (°) | Grating period (nm)
450
550
650
750
450
550
650
750
450
550
650
750

15

25

35

TABLE 3.3: Table detailing the TERS probe design parameters.

e 50 nm tip overlap.
e Normal alignment exposure.
A diagram of these design strategies is shown in Figure 3.5.

The results of the dose test, while looking at normal alignment (perfect placement),
showed misalignments of the sensor metal on the silicon nitride tip of around 350 nm in
the x. This was not adequate as the metal would not coat the apex of the probe and so
another lithographic run was done where the pattern was shifted 350 nm in the x, within

the cjob file, to compensate for the misalignment. The results are shown in Figure 3.6.

The results of this concluded that a normal alignment was not possible with these
probes and so a patterned overlap of 30 nm would allow for sensor metal to cover the
apex. The 50 nm overlap would still work, however it takes up a larger surface area,
meaning the taper of the sensor material would be more compromised. The thick lines
would also work, however it again compromises the taper geometry of the sensor, which
would not concentrate the electric field as well as a shaper taper would. The results of a
350 nm shift in the job file with a 30 nm overlap at the apex, which will be used in the
tinal design is shown in Figure 3.7.

Taking into consideration the result of the dose test and alignment strategy, using a
2nA beam with a dose of 2100 1C /cm? was the best option. The results of which produced
Figure 3.8 below.
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FIGURE 3.5: Schematic diagram of the alignment strategies which could be
employed on the sensor lithography pattern files.

FIGURE 3.6: The SEM image on the left shows the patterned sensor metal on

the apex of the probe with a misalignment of 350 nm. The SEM image on the

right shows a misalignment of 175 nm where the pattern was shifted 350 nm
within the job file.
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SU8240 15.0kV 14.3mm x40

FIGURE 3.7: A SEM image of the finalised ebl job pattern. The job file was
shifted 350 nm in the x and exposed a 30 nm overlap.

As can be seen in Figure 3.8, the overlap leaves the tip with a bit more metal than
desired, however it does leave the full apex covered in metal. This is the most important
aspect as when the tip comes into contact with a surface, the resulting sensor will be in
contact with the surface, allowing for a high spatial resolution image.
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SU8240 15.0kV 14.2mm x4.50k SE(UL)

FIGURE 3.8: The image depicts an SEM image of a successfully fabricated
TERS probe, post lift off.

3.3 Fabrication issues

This section provides details on the changes made to the traditional SThM fabrication

process due to complications arising from the cantilever definition stages.

3.3.1 Back side etch

As discussed in Chapter 2.2.1 the backside etch is critical in reducing the time required
in the slow release etch. The main issue with the original timing was the etch took 320
pum of silicon off the surroundings off the probe chip, leaving 60 ym. When the wafers
were being clamped in the ebeam tool or metal evaporation tools, cracks would often
nucleate. This would leave the structural integrity of the wafer compromised and result
in unwanted pieces breaking from a full wafer. It is possible to further process these part
pieces, and this has often been done, however it is not ideal for a batch fabrication process.
An example of such cracks, which happened when clamping in the ebeam tool is shown
in Figure 3.9. As a result the backside etch time was reduced to ensure only 300 ym of
silicon was etched, providing an extra 20 ym of silicon at the price of a 30% increase in
the release etch time.
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FIGURE 3.9: An image of the wafer with a crack over the surface caused by
over-clamping. The area where the wafer is cracked is outlined in the red
box.

3.3.2 Alignment

As this is a batch fabrication process of over 200 probes, FIB milling of individual probes
is out of the question. This however means that the alignment of the e-beam process
needs to be good enough to coat the tip apex, and this can be challenging with deep
etched Si markers. One way to combat this would be to use traditional metal markers,
put in place and used for the cantilever definition as well as the plasmonic structure so
that their positions in relation to the same marker. The issue of this is that the adhesion
layers present within the JWNC are Ti and NiCr, of which would be etched away with
the chrome etch and the KOH mow the grass stages. The last option was to use Ni as an
adhesion layer. These were tested on flat probes and put through the same chrome etch
but were etched away. It was therefore decided to trust the tool’s alignment capabilities
and remain with the silicon markers.

3.3.3 Photolithography

During the cantilever photolithography stages, a bi-layer of AZ4562 photoresist with a
thickness of around 14.25 pum is spun on the wafers to allow coverage of the pyramids.
This resist is very viscous and requires a rehydration stage before exposure.

This resist undergoes reflow when subjected to a post development bake, leading to
mechanical distortions of the pattern [276]. The extent of the distortion is dependent on
factors such as the yield stress, coefficient of thermal expansion and surface tension of
the resist. It is necessary to bring this resist above the glass transition state to improve its
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thermal and physical resistance in the subsequent dry etch stages. The previous reflow
parameters were problematic in that when examined optically, the alignment from the
photolithography stage and e-beam stage could look perfectly fine. The resulting dry
etch stage would etch through any misaligned area, rendering probes which require a
tully intact cantilever useless. An example of said misalignment is shown in Figure 3.10.

Misalignment
Photolithographically Defined

E-beam Defined

Cr kT

Bt ol et R s ol e

FIGURE 3.10: SEM image of probe which is misaligned between the pho-
tolithography and ebeam levels.

In order to combat this, the geometry of the cantilever was changed during the e-
beam stage, where the pattern was made to have a larger overlap with the area of the
resist. The consequence of this added time onto the job, however would aid the preven-
tion of misalignment and provides a higher success rate of fully intact tips at this later

fabrication stage. The cantilever differences in CAD are shown in Figure 3.11.
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110.000 ; 104.000

120.000 | 120.000

FIGURE 3.11: Screenshot of the CAD drawings of the old (A) and new (B)

cantilever designs. The e-beam pattern is made larger to increase the overlap

with the photolithography level but maintains the sharpness and extent of

the cantilever, at the expense of increased exposure time. All dimensions are
in microns.
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3.3.3.1 Reflow temperature study

The next stage was a short study on how the temperature of the bake would effect the
reflow. Resist reflow is a thermal treatment applied to a photoresist after patterning. The
resist is baked above it’s softening temperature (110°C) causing it flow and reshape due
to surface tension. This phenomena leads to change in the resist profile and dimensions

as shown in Figure 3.12.
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FIGURE 3.12: A schematic diagram depicting how the resist profile changes
upon reflow. This is a positive resist, leaving the exposed pattern either side
of the graph. It can be seen that for a higher temperature bake, the exposed

region is no longer what was prescribed (lithography), as the reflowed resist
flows into it.

The current process brings the resist above the softening temperature but in doing
so, the corners at the exposed region become more round and change the dimensioning
of the prescribed lithography. This means that the overlap between the metallic e-beam
defined mask and photoresist mask may reduce or the resist may become so much smaller
that a gap appears between the two.

In this stage of the process, the cantilever is defined with a NiCr hard mask, with
the photolithography region aligning to it prior to nitride dry etching. So if the masked
region becomes shorter due to reflow, this means that the subsequent etch will remove the
nitride from the gap between the smaller photo defined area, and the NiCr mask, leading
to a gap in the material like as shown in Figure 3.10 in the previous section. A study was
conducted in order to correct for this, meaning the new resist edge profile is straighter,
resilient to the subsequent etch and dimensioning is matching that of the lithography. The
process would still be bringing the polymer above its softening temperature but reducing
the reflow effect in 3 instances and one just below the softening temperature.
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In order to achieve this, 4 wafer pieces taken from a fractured wafer were used during
this study, instead of using a full wafer. The wafers were exposed, developed and the
post exposure bake was taken at different points. There were three temperature points
studied during the experiment which were 90, 100, 110°C, baking for 20 minutes in the
oven. The last piece was baked with at the standard 120°C on top of the EBL cantilever
stage to indicate where things align. Optical images of the cantilever post bake are shown
in Figure 3.13.

100 pm

FIGURE 3.13: Optical images of the cantilevers post bake with the reflow

areas highlighted. A-D, follows 90-120°C in 10°C increments respectively.

The areas within the red lines show a shaded dark area where the resist has
reflowed. All dimensions are in microns.

In Figure 3.13 the reflow of resist can be seen within the red lines, it appears as dark
shadows. Figure (D) shows the 120°C bake on top of the EBL defined hard mask. As
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the temperature increases the reflow area increases as the material becomes less viscous.
Especially at 110°C, the resist profile does not resemble what the lithography prescribed,
which could lead to a break in the resist as it is dry etched. This means that the metal
hard mask to pattern the cantilever under the resist would also be insufficient as a gap
would be formed between the metal and the resist as seen at 120°C, leading to a break
in the etched cantilever. This means that the function of the probe would be hindered as
it’s structural integrity is compromised. However, it is apparent that even from the lower

temperature at 110°C that the reflow is too much.

At at temperature of 100°C (Figure (B)), it was deemed more than sufficient in fab-
ricating the cantilevers, as the profile resembles the lithography resulting in the images
shown in Figure 3.14. These indicate that the modification to post bake temperature and
design improvement were successful and in turn will reduce the error incurred by mis-

alignment and large reflow.

FIGURE 3.14: The image on the left shows a SEM of the tip area which has

been etched through after the new 100°C bake. The image on the right shows

an optical image of the cantilever region after the modified bake. The pyra-
mid appears dark in the optical image as it is a bright field image.

3.3.4 Mow the Grass

As discussed in section 2.8.1, the mow the grass stage is required to release the cantilever

from the pyramid. The consequence of this action is that when the resist has been float
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coated on, the sharp tip sometimes breaks through the resist rendering it useless in the

intended regions for exposure.

In order to combat this, an experiment was set up to determine the time in which the
cantilever was released enough from the pyramid during the wet etch, but not so much

so that it would perforate the resist.

3.3.4.1 Setup

In order to achieve results resembling that of a real sample, an old-design wafer with
misaligned cantilevers was used. This wafer was no longer of use but the tip structures
such as silicon nitride thickness and pyramids resembled a continuing live sample. The
wafer was firstly cleaved into 8 seperate pieces. As it was believed the etch timing may be
too long (9 minutes), the wet etch timings ranged from 1-8 minutes in 1 minute intervals.
The next stage was to tell if the resist was compromised, so the basic spin coat and float
coat procedure was performed. As the resist is electron sensitive, the resist would be ex-
posed when checked using the SEM. This crosslinks the resist and makes it impossible to
remove. In order to prevent this from happening a 20 nm Al contrast layer was deposited
onto the resist. After optical inspection the samples then underwent a lift off. This would
remove any of the remaining resist but the exposed area, or area that wasn’t coated with
resist would still have Al remaining. An image showing this process is depicted in Figure
3.15. A collection of SEM images of this stage are shown in Figure 3.18, with a table of the
process flow shown in Table 3.4.
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FIGURE 3.15: A - The silicon nitride cantilever is released by a timed KOH

etch. B - A bi-layer of PMMA is spun before 4 float coats onto the sample,

where a protruding tip perforates the resist. C - 20 nm Al is deposited onto

the sample before SEM images are taken. D - The sample is then placed into

50 °C acetone to undergo a lift off, where any perforations of the resist around
the tip are visible as there is now Al there.

3.3.4.2 Mow the grass results

It can be seen in Figures3.16-3.18 that we have perforated the resist in nearly all the etch
cases, especially at the top of the pyramid. This in essence means that 3 float coats aren’t
enough, and more of it would be required to ensure adequate coverage of the pyramid. 6
float coats were used and resist status was monitored throughout the project. However,
in terms of the wet etch, a significant undercut of the nitride cantilever can be seen even
after 1 minute. To make sure the nitride is freed from the pyramid, a 4 or 5 minute KOH
etch was conservatively chosen. As can be seen in Figure 3.16, the 5 minute etch has
definitely freed the cantilever at the base and is suitable for further processing.
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Process flow for the mow the grass study
Step number Stage details

1 A 380 ym DSP previously processed silicon probe wafer, with 400 nm sili-
con nitride on top is cleaved into 8 pieces. They are cleaned within 80 °C
nanostrip solution for 20 minutes, before being neutralised in RO water.

2 Sample is oxygen barrel ashed at 150W for 5 minutes.

3 61.89g of KOH pellets is dissolved in 150mL of RO water in a petri dish. The
samples are then added 1 at a time for a range of times from 1-8 minutes in
1 minute intervals.

4 The samples are then placed into a 5:1 RO:98% sulphuric acid solution. The
sample is then rinsed in RO water for 10 minutes before optical microscope
inspection to ensure a visible undercut.

5 Steps 1 and 2 are then repeated.

6 8% 2010 PMMA is spin coated on the samples at 2500rpm for 30s on the
pyramid side.

7 Samples are baked in the oven at 180 °C for 15 minutes.

8 4% 2041 PMMA is spin coated on the samples at 2500rpm for 30s on the
pyramid side.

9 Samples are baked in the oven at 180 °C for 15 minutes.

10 1.5% 2041 PMMA with a molecular weight of 410MDa is float coated onto
the sample.

11 Samples are baked in the oven at 180 °C for 15 minutes.

12 Steps 10 and 11 are repeated 3 more times.

13 The samples are oxygen barrel ashed at 80W for 30 seconds.

14 20 nm of Al is evaporated onto the resist surface.

15 The samples are then inspected individually on the SEM.

16 Samples are then placed into 80 °C acetone for 2 hours, before being rinsed
with IPA and dried.

17 The samples are then inspected individually on the SEM.

TABLE 3.4: Table detailing the process flow for mow the grass study.

3.3.5 Results and Discussion

Improvements to the existing process of fabricating probes allow for more efficient and re-

liable batch fabrication of the wafers. Although the cantilever dimensioning adjustments

increase the write time of the e-beam tool, with using an optical microscope to align with

a photolithography level after e-beam, a rework of the wafer is much more costly in terms

of fabricator and facility time. This would also introduce more opportunities for contam-

ination of the wafer and more time spent in tools than necessary. A shorter time in the

wet etch in the mow the grass stage allows the necessary geometry to continue on, whilst

reducing perforation of resist, as there is less detached surface area for it to break through.
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It can be seen that even at the reduced etch times perforation does occur, but this is due to
poor coverage of resist to begin with. As the number of float coats have been increased,
this will be corrected for to ensure high contrast lithography followed by a smooth lift-off
of the patterns defined by the resist and edge of the silicon nitride tip.
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FIGURE 3.16: Collection of SEM images of the tips on the pyramid post mow
the grass with no resist or Al. The numbers reference the wet etch time, i.e. 1
is 1 minute, 2 is 2 minutes.
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FIGURE 3.17: Collection of SEM images of the tips on the pyramid post mow

the grass. The figures have the float coated resist on them with a layer of Al

acting as a charge conduction layer. The numbers reference the wet etch time,
i.e. 1is 1 minute, 2 is 2 minutes.
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Aluminium where resist was perforated at the tip.

FIGURE 3.18: Collection of SEM images of the tips on the pyramid post resist

lift off. If there is metal there on the image, it means the resist was perfo-

rated after the float coat to allow the Al to stick to the surface. The numbers
reference the previous etch time, i.e. 1 is 1 minute, 2 is 2 minutes..
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4 Calibration Samples

4.1 Topography Free Sample for Scanning Electrochemical
Microscopy

41.1 Introduction

Scanning probe microscopy (SPM) scans can result in high resolution topographic im-
ages, however the combination of extremely short range force distance dependence and
extended tip structure may lead to artefacts in that the measured topography is not a
simple function of the sample shape [277]. Topographic artefacts in contact mode arise
because the tip is not a sharp point, and so the point of contact on the tip between the
tip and sample can vary. There is usually only one contact point at a time, unless its a
double or fractured tip, so this can change discontinuously at the edge giving a jump in
the image. Henceforth, the image is not a linear convolution and the image will not be
topographically equivalent to the sample. An image of a topographic artefact is shown in
Figure 4.1

Fabricating the tips for a scanning electrochemical microscopy (SECM) probe must
take the artefact’s influencing factors into consideration. If the probe’s tip, with the work-
ing electrode, is too blunt then the resolved features will not be true to their actual ge-
ometries. This would mean the use of a small electrode on a spiked tip, which can get
into the small gaps, and having the rest of the probe well insulated so the signal is just
from the very end.

During a scanning electrochemical microscopy scan, the topographic changes on a
sample restrict the resolution of electrochemical and topographic imaging due to the
chemical complexity of the solid-electrolyte interphase. The probe-sample distance within
the system affects the diffusion rate of the analyte surrounding the electrode, and as such,
the SECM system has analytic difficulty in distinguishing the constituents of the solid-

electrolyte interphase from topographic artefacts. The solution to the problem, which
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FIGURE 4.1: Schematic diagram showing an AFM scan of an etched sample.
It can be seen (grey) that the resolved topographic dimensions is a lot larger
than the real dimensions.

is to be explored in this part of the work, is based on the observation that if a sample
has minimum topography i.e. "topography free", the electrochemical activity of a sample
could be resolved, without the introduction of topographic artefacts. Hence such a sam-
ple enables robust separation of the intrinsic electrochemical spatial resolution from the
spatial resolution of topographic artefacts coupling into electrochemical contrast.

4.1.2 Design

It is desirable to utilise a topography-free type sample to characterise any SECM device,
eliminating any topographic artefacts in the electrochemical scan. As a fundamental part
of the SECM sample design, contact pads able to pass nano-amps of current with the
ability to make external connections to the sample were added. Contact pads with the di-
mensions of 500um? were chosen, made square for simplicity and effectiveness and large
enough to be analysed by the Probe-Station. The wires connected to the pads were de-
signed to be 20 ym thick and 4 mm long, allowing for a permanent connection to be made.
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A region of interdigitated nano-electrodes comprised the useful part of the sample as this
is where the analyte’s electrochemical activity is to be monitored using a nano-scale tip.
As the electrodes are interdigitated, there is an increase in the effective area and a reduc-
tion in the overall surface area compared connected electrodes. The electrode’s finger
width and length were designed to be 30 nm and 400 nm respectively, with an increasing
spacing between fingers of 50, 70 and 90 nm. The gap variance between the electrodes
can be used to determine optimal spacing to retrieve accurate and precise electrochemical
behaviour of analytes. The electrode pairs were arranged parallel to one another so that
if one pair failed open circuit, it would still allow the other electrode pairs to still pass
current. A CAD screenshot of the final design is shown in Figure 4.2 and a close-up of
how the electrodes are patterned is shown in Figure 4.4 and 4.3, all numbers have the

units of a micrometre.

500 pm

FIGURE 4.2: This image shows a CAD screenshot of the full topography free
sample design.

The design was patterned using the Vistec VB6 electron beam lithography tool oper-
ating at 100 kV. The machine allows the electrodes to be patterned with high resolution
and contrast. A disadvantage of electron beam lithography is that the backscattered elec-
trons can expose more areas of the resist than originally prescribed, and as the electrodes
are narrowly spaced, may cause them to merge. This phenomena is known as the prox-
imity effect [278] and is depicted in Figure 4.5 below:
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FIGURE 4.3: This image shows a CAD screenshot, zoomed in towards the
connecting wires for the interdigitated electrodes.

1 pm

FIGURE 4.4: CAD screenshot of the final connecting wires going to the inter-
digitated electrodes.

Gallium Arsenide (GaAs) was the chosen substrate to be patterned on due to its ease
of wet etching and availability. GaAs is easily etched with weak etchants which do not
etch gold or nitride and will become a sacrificial layer in the final fabrication step. Gold
was chosen to be the electrically active material on the substrate due to it’s resistance
to corrosion in electrochemical experiments as well as device processing, good electrical
conductivity, availability, weak chemisorbing properties, low stress and high corrosion
resistance. The insulating material (silicon nitride) was used as it had a resistance to the

etchant and normal electrochemical reagents.
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FIGURE 4.5: Schematic diagram depicting the proximity effect. The backscat-
tered electrons cause a larger clearance region of the resist than prescribed on
the sample.

4.1.2.1 Fabrication

Previous fabrication of a topography free sample was conducted by Yunfei Ge et al. [279].
The sample’s use was to determine SThM'’s real tip-sample interactions and had boasted
sub-2 nm topography. During his process, contamination of the surface after the release
etch may have occurred, as well as incomplete wet etching. Therefore, care was taken to
etch for longer than the previous process. The fabrication process conducted is shown in
Table 4.1 and a visual aid shown in Figure 4.6

On top of the gold features, 400 nm of low stress silicon nitride was deposited. The
nature of of the silicon nitride film used to insulate the electrodes is a key experimental
variable and has a strong effect on device yield. The low stress nitride came from the
ICP 380 tool located in the JWNC. From work done by [279] it was found that this tool’s
nitride was the only one to produce viable samples, the others showed signs of cracking
and poor adhesion. SUS8 is added at step (c). This provides a supporting layer to bond
the quartz support to the device layer layer’s. The quartz is then added to the sample
so it can stick together, providing a rigid mechanical handle to the substrate. It should
be noted that the quartz piece was solvent cleaned with opticlear, acetone, methanol, IPA
and RO water, respectively in an ultrasonic bath for 5 minutes each. The sample was then
flood exposed with a photolithography tool known as the MA6 for 150 seconds.
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FIGURE 4.6: Fabrication stages of the topography free sample. Within the

first stage (a), the GaAs had the patterned gold placed on top of it. Step (b)

had ICP 380 silicon nitride deposited on it, whilst step (c) had a bi-layer of

SU8-3050 spun on the silicon nitride face. In step (d) clean quartz was placed

upon the SUS, acting as a rigid mechanical handle, before wet etching away
the GaAs and leaving the topography free sample in step (e).
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Process flow for the SECM calibration sample

Step number

Stage details

1

A 400 pym SSP GaAs wafer was cleaved with a diamond scribe into 20x20
mm? pieces. The samples are then cleaned with acetone, methanol, IPA (all
within an ultrasonic bath) and an RO water rinse, respectively for 5 minutes
each

All resist (AR-P 632.06), with a molecular weight of 50 kDa, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 110 nm.

(6]

Sample is baked at 180 °C for 10 minutes.

All resist (AR-P 679.01), with a molecular weight of 950 kDa, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 30 nm. The total
thickness is now 140 nm.

Sample is baked at 180 °C for 10 minutes.

Sample is exposed with the VB6 to give the desired pattern. The pads
and electrodes had a dose of 650 uC/ cm?, however the beam size was
InA and variable resolution unit (VRU) of 2 for the electrodes and the
pads/connecting wires had a beam size of 64nA and a VRU of 32.

Sample is developed in a 23 °C 2.5:1 MIBK:IPA solution for 30 seconds be-
fore an IPA rinse and nitrogen gun dry.

Sample is oxygen barrel ashed at 80W for 30 seconds.

5 nm of Ti and 45 nm of Au is evaporated onto the substrate before being
soaked in a 50 °C acetone solution for 2 hours.

10

The remaining resist is then removed using fresh acetone, finishing off with
an IPA rinse and nitrogen gun dry.

11

400 nm of low stress silicon nitride was deposited on top with the use of the
ICP380 tool in the JWNC.

12

SU8-3050 was spun onto the sample (nitride face) at 500 rpm (with 100
rpm/s ramp) for 5 seconds, succeeded by a speed of 2000 rpm for 30 sec-
onds.

13

Sample is baked at 65 °C for 10 minutes before being baked at 95 °C for 2
hours.

14

A second layer of SU8-3050 was spun onto the sample (nitride face) at 500
rpm (with 100 rpm/s ramp) for 5 seconds, succeeded by a speed of 2000
rpm for 30 seconds. This allows for a more uniform coat and reduced edge
bead effects than a single coat.

15

Sample is baked at 65 °C for 10 minutes before being baked at 95 °C for 4
hours.

16

Whilst the sample is still hot, a piece of quartz is placed onto the front face.

17

Sample is then flood exposed with a photolithography tool for 150 seconds
(quartz side up).

18

Sample is hard baked at 65 °C for 2 minutes before being baked at 95 °C for 2
hours. This step is repeated a total of 3 time to evenly distribute the thermal
load, ensure uniform curing and allowing good adhesion to the quartz, after
which the sample should be allowed to cool until at room temperature.

19

Sample is wet etched in a citric acid : hydrogen peroxide (5:1) solution, sit-
ting at 30 °C with the rotational speed of the holder at 80 rpm for at least 48
hours.

20

Sample is rinsed in RO water for 10 minutes before being dried with a ni-
trogen gun.

TABLE 4.1: Table detailing the process flow for the fabrication of the SECM
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The SUS8 is exposed so the SU8 molecules become cross linked, giving it a high stabil-
ity to chemical damage. The sample is post baked to complete the polymerisation process.
In step (e) the sample is wet etched in a 30 °C citric acid : hydrogen peroxide (5:1) solu-
tion, with agitation, for a minimum of 48 hours. This stage removes the sacrificial GaAs
substrate and leaves the exposed gold and silicon nitride surfaces at the same height as
the original polished surface of the GaAs wafer.

4.1.3 Results and Discussion

The resulting SEM image of the electrode fingers is shown in Figure 4.7 alongside an AFM
scan of one of the finalised finger pairs.
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FIGURE 4.7: The image on the left shows an SEM image of the interdigitated
electrodes fabricated with the VB6. The figure on the right is an image of an
AFM scan conducted on the sample.

As can be seen from the AFM scan in Figure 4.7, a successful sample has been pro-
duced with a maximum height of 14.5 nm between conducting and non-conducting re-
gions. Detailed scans of the sample performed by F. Richheimer of the NPL confirmed
that other regions to have sub-5 nm topography [280]. The scans will be able to provide
data of not only the electrochemical resolution but topographic resolution aswell, giving
insight into further development with SECM probes. However, due to de-prioritisation
of the SECM work at the collaborating institution, development of this sample was not
pursued further.
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4.1.3.1 Reflections

During the first few attempts of fabricating the sample, the interdigitated electrodes would
merge into one due to a growth in the exposed area compared to the written are because
of exposure by the backscattered electrons. The degree of backscattering is dependent on
the substrate, resist and the properties of the beam. The exposure produced by the beam

can be modelled using Monte Carlo simulations or measurements.

Proximity error correction (PEC) is used to account for the backscattering to give the
desired pattern shape [281]. It takes the data gained from the Monte Carlo simulation and
the PEC learns the dose profile for single pixel exposure, also known as the point spread
function (PSF). It then adjusts the dose at certain points, leading to the intended geometry
being patterned. An example of a failed device fabricated without PEC is shown in Figure
438.

TN 2.3 X500k SEL

FIGURE 4.8: Image of the interdigitated electrodes merging together, it
should be like Figure 4.7.

In order to generate better adhesion to the nitride and thus, a reduction in topogra-
phy, an adhesive such a NiCr could be put on the top layer (on top of the gold). This
is different compared to the standardised sample, with NiCr being the metal being the
adhesive bottom layer of the sample.It is also critical that the curing temperature of the
SU-8 remains stable during baking as to reduce stress formation as the solvent evapo-
rates, this can lead to cracking and delamination of the SU-8. Care must be taken with
manual handling of the III-V material as they are fragile and can break very easily. These
samples also have a limited lifetime, when exposed to air they must be used immediately
or immersed in electrolyte as to not form an oxide layer and inhibit the effectiveness of
the device. Within a closed/sealed vacuum container they can be kept indefinitely after
using the fabrication methodology presented.
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A 33.3% total yield (1/3 samples) was successfully fabricated. The yield can be im-

proved upon by following the careful considerations presented.

4.2 Correlation Aligned Sample

As the second part of the project was to fabricate TERS probes, a calibration sample for
these probes was also required. The probes could make use of this sample by interro-
gating a small gap between two metal structures, giving an intense EM enhancement
which should remain consistent amongst all probes. These gaps are made to resemble
plasmonic gap antennae, which in theory could be fabricated onto a TERS probe (EBL
alignment and dosing permitting). A method for designing dots and triangles separated
by nano-scale gaps using a correlated alignment method was used. The process was car-
ried out in three lithographic stages, one for the markers and the other two for each of the
dots. By defining the dots on seperate levels, constraints induced through resist collapse

are removed.

The design for the sample had 200 nm dots defined using L-edit [282]. These dots
were at first manually designed as rectangles to reduce beam writing time, however, these
turned out as very sharp rectangles and not dots. The maximum frequency for the new
tool, EBPG5200, was also capped at 100 MHz due to the machine crashing upon writing
at frequencies above this, therefore, finding the correct grid size to fit in with these pa-
rameters was critical. The final challenge was that of thermal expansion and relaxation
of the gold. As a usual bake for PMMA is done at 180°C to take the resit above the glass
transition temperature to make it amorphous, it can be assumed that the gold will diffuse
under these conditions. This poses a problem when aiming for 1 nm gaps. Therefore, for

the final lithographic level it was proposed to expose unbaked resist.

4.2.1 Design and Fabrication

In the design, it was proposed to have a geometry like a dimer structure (similar to a
TERS probe design) and dots. A dimer is where two separate geometries of the same
size are coupled due to the minute separation distance. The chosen diameter for the dots
was set at 200 nm and 200 nm from base to tip on the triangles. As the EM enhancement
for the gap plasmon between the two metallic structures decreases rapidly with growing
separation due to the dipole field decay factor (1/d)!? [283], where d is the separation

distance, it is imperative to have a small gap size between patterns.
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Although small circular dots are easy to write using single pixel exposure at each
period of the beam step size (BSS) for sizes less than 100 nm in diameter, dots larger than
this are more troublesome. Due to the Gaussian nature of the electron beam’s spot, by

drawing a 200 nm circle you will end up with a feature larger than this.

The other issue is the writing time. The two main delays on writing dots are the stage
and shape delays. Taking into account movement and settling time for each shape, and
as we want a small gap increment (1 nm) between dots, the VRU would have to be 1. This
significantly increases writing time compared to writing a big rectangle with a large VRU

at high beam current, however it would give the accurate shape placement required.

4.21.1 Alignment

In order to achieve a gap size of ~1 nm, smaller than the minimum size using a single
exposure due to mechanical collapse of the resist, each half of the dimer is fabricated
seperately, since resist collapse places no limits on the position of a structure. The align-
ment between levels has to be of order gap size i.e. >1 nm. Therefore, the alignment
technique is critical and have been employed [244], [284].

For the correlation markers, Penrose patterns are fabricated to be used within each
cell. Penrose patterns are infinite aperiodic tilings of the 2D plane comprised of 2 shapes.
The translational aperiodicity gives the Penrose tiling an advantage [285] when used for
markers as each local area is unique within the complete pattern. The full geometries of
the tile are triangular and rhombic which are incoherent with the Cartesian pixel address-
ing of the exposure tool because of the 5-fold rotational symmetry. The benefit of this is
that a small change in the sampling position causes a large change in the detected pattern
at any value offset, without significant variations in sensitivity with position as would be
obtained using an alignment pattern based on a rectangular sampling grid. The pattern
is also only roughly 50% full of shapes with similar size, leading to a large number of
potential edges for the tool to detect [285].

Polygonal markers are still designed within this substrate for global alignment, how-
ever, these are more likely to get edge defects such as flagging, rough edges and rat bites
[244]. The global polygonal markers are used alongside the Penrose markers in the corre-
lation process as the correlation process can only cope with a maximum initial error of 2
um. These markers give a good initial point for the alignment process. When fabricated
correctly, the Penrose marker will not be hindered by edge defects as there are vastly more

edges for detection [244]. Penrose tiles have been used to get an alignment accuracy of
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0.63 nm and as such, are perfect for this application [268]. An image of a Penrose marker

is shown in Figure 4.9.
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FIGURE 4.9: SEM image of a Penrose marker used for the correlation search.

The next alignment technique corrects for any misalignment from marker searches
or any drift within an e-beam tool that is of the order of a few nanometres. The technique
is useful when a sparse array of gaps between patterns is required. A notable publication
by Steinmann et al. used the technique to produce 1.3 = 0.7 nm gap spacing between
electrodes [286]. The same technique has been employed for these patterns, whereby
the two sets of feature’s alignment varies systematically over an array so that adjacent
features differ in alignment by 1 nm. This is simply done by differing the period of one of
the features by 1 nm in x and y in Vernier. An image of the technique is shown in Figure
4.10.

4.2.1.2 Fracturing

As the requirements for placement are extreme, great care is needed in definining ow the

structures are exposed. BEAMER allows the user to "Follow Geometry", meaning that it



Chapter 4. Calibration Samples 134

1nm gap

L L1

¢
T 8 & ¢

o® oo O

0® o o° ¢
. First lithographic level . Second lithographic level

FIGURE 4.10: Schematic drawing of the dots arrayed out with the alignment
technique employed.

will write one pattern at a time opposed to multiple at the same time. If the dots and
Penrose patterns are written one at a time there will be less error due to drifting of the

e-beam during the exposure of a complete field of a structure.

4.2.1.3 Fabrication

The steps used to fabricate the global and Penrose markers on the sample is outlined in
the Table 4.2 below. The Penrose markers took a dose of 800 #C/cm?, VRU of 4 and 1nA
beam to write. The global cross and square markers took a dose of 800 #C/cm?, VRU of
32 and 64nA beam to write.

The next stage was to fabricate the dots and triangles within the boundary of 4 Pen-
rose markers and the use of the alignment markers. The first layer of dots was arrayed
out with a period of 10 yum with a VRU of 1, dose of 1250 #C/cm? and a beam size of
InA. The first layer of triangles was also arrayed out with a period of 10 ym, but with a
VRU of 2, dose of 1150 uC/ cm? and a beam size of 1nA. The 10 pm separation distance
is a nice optical separation so that each dot pair can be interrogated without crosstalk in
a conventional optical microscope. The process from Table 4.2 stays the same for this de-
velopment, starting from step 2. However, the thickness of metal changes from 5 nm of
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Process flow for the TERS calibration sample
Step number Stage details

1 A 400 um SSP silicon wafer with 315 nm of silicon nitride on top was cleaved
with a diamond scribe into 20x20 mm? pieces. The samples are then cleaned
with acetone, methanol, IPA (all within an ultrasonic bath) and an RO water
rinse, respectively for 5 minutes each

2 All resist (AR-P 632.09), with a molecular weight of 50 kDa, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 200 nm.

3 Sample is baked at 180 °C for 10 minutes.

4 All resist (AR-P 679.01), with a molecular weight of 950 kDa, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 30 nm. The total
thickness is now 230 nm.

5 Sample is baked at 180 °C for 10 minutes.

6 Sample is exposed with the EBPG to give the marker layer pattern.

7 Sample is developed in a 23 °C 2.5:1 MIBK:IPA solution for 30 seconds be-
fore an IPA rinse and nitrogen gun dry.

8 Sample is oxygen barrel ashed at 80W for 30 seconds.

9 5 nm of NiCr and 75 nm of Au is evaporated onto the substrate before being
soaked in a 50 °C acetone solution for 2 hours.

10 The remaining resist is then removed using fresh acetone, finishing off with
an IPA rinse and nitrogen gun dry.

TABLE 4.2: Table detailing the process flow for the fabrication of the TERS

calibration sample’s markers.

NiCr to Inm of NiCr. The reasoning behind this is to limit the interference from the NiCr

as it is known to dampen the plasmon, which should be negligible at 1 nm, but to have

just enough as to act as an adhesive between the gold and substrate. SEM images of the

fabricated patterns are shown in Figure 4.11.
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FIGURE 4.11: The image on the left shows an SEM image of a dot fabricated
with the EBPG. The image on the right is an SEM image of a triangle fabri-
cated with the EBPG.

The last stage, and the most crucial, was to recreate the same triangles and dots but
array them out with a period of 10.001 ym. The problem with this stage however is the
resist bake. At 180 °C, the previous layers features are susceptible to thermal activated
diffusion and recrystallisation which can shrink the features by a few nanometres. This
poses a problem, as even a few nanometres reduction in the feature size could result in the
1 nm gap size between structures becoming several. Therefore, a dose test was conducted

to see if it was possible to do high resolution lithography with unbaked resist.

Following the exact same stages as the second layer, however not baking the resist,
the first dose test sample was written on again. Writing on the previous dose test sample
would also allow the further inspection of the previous layers dots and triangles. Multiple
SEM images of the dose test was taken, however, only the best will be reported on here.

The images are shown in Figure 4.12.
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FIGURE 4.12: The image on the left shows an SEM image of a dot fabricated
with the EBPG on unbaked resist. The image on the right is an SEM image of
a triangle fabricated with the EBPG on unbaked resist.

Surprisingly, the dot had turned out circular in geometry and with more time de-
veloping the process, the pattern could potentially work with an unbaked resist. The
triangles however, did not turn out well. The image depicted above was the only one
showing any sign of a triangular geometry, the rest were not visible.

As the dots were the only ones to turn out, a proposal to do a long, low temperature
bake was employed. Baking above the glass transition temperature of the resist (108°C)
at 120°C seemed a reasonable temperature to bake at. As the solvent diffusion rate in the
PMMA is related to the square root of time, a short bake will not do, therefore a 30 minute
bake was proposed. The sample was prepared using the same techniques and dose as the
second layer job, however, both resists spun were baked at 120°C. The results of this is

shown in Figure 4.13.

As shown in Figure 4.13, the small gap between the dots can be achieved with good
alignment. The next stage would be to test them, expecting a large increase in the elec-
tric field intensity. The Raman system was however lately moved from the NPL, to a
system in the University of Glasgow where a transparent sample is required to test the
above sample. The substrate material was therefore switched from Silicon-Silicon nitride
to a 160 ym glass slide. The resist spin and cleaning requirements remained the same,
however when fabricating with glass a charge conduction layer is required. In order to
accommodate this, after the resist spin but before exposure, 20 nm Al was deposited onto
the sample. After exposure this Al layer is then removed using a MF319 solution for
30s, when the sample is then therefore subjected to development and metal deposition as

normal.



Chapter 4. Calibration Samples 138

X800k SE(UL)

FIGURE 4.13: SEM image of a dot pair separated by 3 nm. Smaller gaps were
obtained but imaging them in the SEM was challenging

4.3 TERS Flat Probe

After the designs of the TERS probes were chosen, it was decided that having the sensor
on a flat sample would give some preliminary results on reflectance and an idea on the
enhancement that would come from the device. The setup of the AFM at the NPL takes
a while to assemble and align and the other spectrometer-microscope available is a top-
down illumination tool. The manipulation of the setup for the probes is time consuming,
hence it was felt to be useful to use these flat samples to provide data before the finished
probes were tested.

4.3.1 Flat Probe Fabrication

As the flat probes were to resemble what kind of enhancement is seen from an actual
probe, the design parameters were to be kept similar to that of the probes themselves.
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The grating period and waveguide opening angle followed the same geometries of the
probes, alongside every other dimension. Glass substrates with the same sensor design,
including material stack (no silicon or silicon nitride) were fabricated too, these could be
used within the TERS experiments. The process of designing the flat probes is shown in
Table 4.3 below.

Process flow for the flat probe sample
Step number Stage details

1 A 400 um SSP silicon wafer with 400 nm of silicon nitride on top was cleaved
with a diamond scribe into 15x15 mm? pieces. The samples are then cleaned
with acetone, methanol, IPA (all within an ultrasonic bath) and an RO water
rinse, respectively for 5 minutes each

2 All resist (AR-P 632.09), with a molecular weight of 50k Da, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 200 nm.

3 Sample is baked on a hotplate at 180 °C for 3 minutes.

4 All resist (AR-P 679.01), with a molecular weight of 950k Da, is spun on the
front side at 4000 rpm for 60 seconds to give a thickness of 30 nm. The total
thickness is now 230 nm.

5 Sample is baked on a hotplate at 180 °C for 3 minutes.

6 Sample is exposed with the EBPG in the shape of the sensor design pattern.

7 Sample is developed in a 23 °C 2.5:1 MIBK:IPA solution for 30 seconds be-
fore an IPA rinse and nitrogen gun dry.

8 Sample is oxygen barrel ashed at 80W for 30 seconds.

9 1 nm of NiCr and 70 nm of Au is evaporated onto the substrate before being
soaked in a 50 °C acetone solution for a minimum 2 hours.

10 The remaining resist is then removed using fresh acetone, finishing off with
an IPA rinse and nitrogen gun dry.

TABLE 4.3: Table detailing the process flow for the fabrication of the TERS
flat sample.

Due to the sample being flat and not up a pyramid, which a probe would be, the
clearance dose is reduced by 30%. The dose is reduced because the areal exposure on
the slope is reduced. The clearance dose of the resist for the design was 1400 uC/cm?,
with a beam step size of 2 and a beam current of 2 nA. Each sensor design was arrayed
out in 300 um? squares, large enough for the scan range of the AFM and the reflectance
spectrometer’s microscope’s field of view. The period of each sensor was kept at 3 um,
keeping the plasmon interference with each sensor to a minimum whilst not allowing the
dominant signal to be returned be that of the silicon. Gold squares and antennae with the
coupler filled in were fabricated as references for the reflectance measurements, maintain-
ing the 300 ym? array size. Images of one antenna archetype following the fabrication are
depicted in Figure 4.14 below.
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FIGURE 4.14: SEM image of the 25 ° opening angle, 350 nm period antenna.
4.3.1.1 Summary

The planar probe substrates with and without the grating component were successfully
fabricated without any yield loss. The substrates will be interrogated using linear spec-
troscopy. The linear spectroscopy results of these structures shown in Figure 4.14 are
contained within Section 5.3.
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5 Experiments

5.1 TERS experimental setup (NPL)

The first tests whilst using the probes were conducted whilst at the NPL. The NPL house
a TERS setup which is built to give quantitative measurements of a TERS enhancement
[287]-[289]. Thus makes it the perfect place to measure a potential enhancement out of

the probes.

5.1.1 Spectrometer

As with all TERS set-ups, the spectrometer is one of the most important parts. With
the Raman signal being so small and close to the wavelength of the pump, how well
a spectrometer operates is based on how it blocks out the signal of the pump from the
Raman signal. The NPL use a Horiba Labram Evolution HR 800 spectrometer, which
uses an edge filter specific to each wavelength. This filter removes the Rayleigh scattering
component and measures the Raman Stokes shift from around 100 cm 1 [83]. The spectral
gratings installed on the system were 150, 300, 600 and 1800 lines /mm.

5.1.2 Optical Alignment NPL

As this setup was configured by the NPL, the optical alignment from the probes and
spectrometer excitation to detection required extensive manual adjustment and operator
expertise. All alighment and measurements taken were performed by S. Wood, with me
working with him to configure the system to take the measurements I wanted to make.
The whole alignment procedure of the side illumination excitation follows the path of the
collimated beam before finally arriving at the long working distance objective, around 30
degrees from the sample plane, for collection/excitation. To ensure the beam follows the
correct path, 2 mirrors are put in place. These mirrors act as a periscope, redirecting the
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optical path, and are mechanically tilted and rotated to ensure that the beam is collinear

and centred on the objective’s optical axis. This setup can be viewed in Figure 5.1.

To ensure the beam is properly centred, 2 optical irises are put in the beams path,
replacing that of the far field objective. The optical irises are mounted with a custom-
made part for the NPL, where they a fixed centrally to ensure it is where the objective
should be. The irises are separated with one close to the sample and one further back,
whereby a small change in the angle detects poor collinearity. The irises start in a fully
open position and are slowly closed, adjustment of the mirrors is made to ensure the beam
is still centred and the maximum amount of light is transmitted onto a laser detector card
as the opening shrinks.

Further fine tuning of the reflected beam/incoming beam was also previously done
by S. Wood where a mirror is placed where the objective lens/detector card would be.
An Iris is placed in the centre of the laser path coming out from the spectrometer, where
if it’s in the centre, the collimated beam will reach the new mirror. The periscope mirrors
are then adjusted slightly as to have the reflected beam pass into the spectrometer along
the same path as the excitation beam. If the angle is offset, the beam will diverge and
not reach the spectrometer. This fine tuning is depicted in Figure 5.2. With the spectrom-
eter running under continuous acquisition, the peak intensity of the Rayleigh scattering
should be at a maximum if correctly aligned. Further adjustments of the mirror should be
made until the maximum is achieved. The same is done with the silicon reference sam-
ple, making sure the peak Raman signal is maximised. This last stage however has its
downfall as it relies on the sample properties remaining constant from a previous known
perfect alignment. For a further breakdown of the alignment from start to finish, see F.
Richeimer thesis [83].

5.1.2.1 SPM setup

With the TERS probes successfully fabricated it was time to test them to see if we get an
enhancement, and if so, what magnitude. The first SPM kit to be used was housed at the
NPL, a custom built AFM (Combiscope 1000, AIST-NT) with optically aligned optics. It
houses a 3-axis piezoelectric scanner, allowing for better control on the scans and easier
alignment. The laser for the AFM itself had a larger wavelength, 1300 nm, as to not
interfere with the other optical coupling introduced by the spectrometer.

During the experimental stage the 100x (0.7 NA) magnification objective was pre-

ferred, however during the beam alignment a reduced magnification was used in order



Chapter 5. Experiments 143

AFM ObjedtVe]

Probe Mpuﬁ%&ﬁ r'—

'J:f‘ \ ;\ M‘Trgoﬂ Wl

- - & ...—
Mirror 3

Side- Objecfive-tens. | , ”
I ’I
.o I} i .

Stage

~ 7
/// TERs Objective /,:,":’/ Ii ‘\-\“\
// Probe Lens g ii \
(\ A*q“f:’ P:’ Mirror 3 /
\\\ Sample Mirror 1” ::,:t:#:: Spectrometer /
e _—
MH“""-—-—-E_____‘__‘_‘LHH_H #_Fr###’rﬂ____/"

—_——

FIGURE 5.1: The top image shows an annotated photograph diagram of the
optical setup for the NPL. The bottom image shows a schematic diagram of
the periscope setup and how light travels to the sample.

to gain a wider field of view. The coupling angle for the laser path was roughly 30° and

beam was redirected with the use of mirrors.
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FIGURE 5.2: Fine alignment of the NPL setup. The image on the left shows

the two optical irises in place to ensure the beam is centred. These Iris replace

where the objective lens goes. The image on the right shows a third iris being

added to ensure the beam is centred on the way back from the beam path,
ensure it is centred going back into the spectrometer.

5.2 NPL Results

The first comparative results of examining a probe were undertaken by F. Richeimer. This
test was to use an already fabricated SThM probe, which has the same dimension and
angles, representative of any TERS probes and mount it within this TERS setup. A Raman
map was taken of the tip apex and of the silicon sample. An Image of the results taken by
the NPL and sent via email to myself is shown in Figure 5.3.

| _;i.;'nple 2 IJm
- ' Au Stripes
< 300
g 200 '
) 100 r—— L—-M
| | |
3 T ——

0 500 1000 1500
Raman shift l[r;m'1)

FIGURE 5.3: Image on the left shows the Raman Spectrometry data of a

mounted SThM probe, just above a Silicon sample. The image on the right

shows the PL intensity, with the darker shade (red) giving a lager fluores-
cence.

These results indicate that the Raman Spectrometer is working as should be, we start

to see a strong Si peak at 520 cm ™!

, in orange, which is expected. But the image on the
right also shows a strong background fluorescence of the gold, indicated by the white

arrows. This doesn’t give much insight into it’'s TERS capabilities as fluorescence and



Chapter 5. Experiments 145

Raman are differing phenomena. It does however show us that the gold is absorbing
photons and emitting them at a higher wavelength within this setup. So, if a gold tip was
brought into contact, it will be capable of absorption, but surface plasmon resonance still
must occur to generate Raman scattering. This experiment however does prove that we
can image a tip of the same geometry in the NPL setup, retrieve a spectroscopic signal
off it and scan with it. To make them functional as SPP probes, a metallic grating of a
relevant period will allow the k vector of the light and k of a plasmon polariton to match
allowing for propagation. Achieving the current excitation angle of this grating proved
challenging due to the reduced freedom with the “periscope” mirrors in this setup shown
in Figure 5.1 and 5.2.

Although the diffraction angles of the gratings were determined based on the infor-
mation provided by the NPL, modification of the system to accommodate the required
incidence angle was not permitted, due to the technically capable person leaving and the
desire of others in NPL to leave the system in a fixed state to support its work on cali-
bration. Knowing this, some probes were taken and tested to see if we could generate a
plasmon within this setup. The results are shown in Figure 5.5.

The Si substrate, with statistically and correlation aligned gold dots sample was used
during experimentation. A Raman active molecule (Raman Reporter) adhering to the
metal would be required to see an enhanced Raman signal off this sample, as gold is
not Raman active. A lack of availability of any Raman active molecules within the facility
meant the experimentation had to be done without one, but the silicon substrate provides
a good Si background signal.

Within the AFM measurements, the normal force and lateral force relate to the me-
chanical deflection of the probe’s cantilever. When the spectrometer laser is directed onto
the tip, the laser is typically visible within these signals as a crosstalk, these signals can

be used to determine if the laser is in the correct position.

The first point is to find the resonance frequency of the probe to ensure it has a peak
and can perform in tapping mode, which it has. This is shown in Figure 5.4. Of the
various resonances observed, the large resonance at 220kHz was used due to its large
peak and tapping mode was found to operate at this frequency.

After alignment the laser was then positioned onto the cantilever as shown in Figure
5.5, before performing Raman maps of the tips when out of contact, then re-aligning when
close to contact.
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FIGURE 5.4: Frequency vs vibration magnitude plot of the TERS probe’s can-
tilever.
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FIGURE 5.5: Camera image of the green laser on the TERS probe cantilever.
A sketch of the TERS probe has been overlaid to make the image clearer.

As can be seen from the normal and lateral force images (Figure 5.6) and the video
image (Figure 5.5), we do in fact have the laser location right for scanning or achieving
a TERS signal. The laser is visible within these areas. With the Raman map indicates
a slight fluorescence at the top left, this is interestingly an area where a metal “flag” is.
This metal is not attached to the cantilever, but rather the metal already existing on the

substrate. There are no features, apart from the flag, that show there is a plasmonic signal.
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FIGURE 5.6: Left image shows the lateral force signal and middle is the nor-

mal force signal, indicating we are in the correct position. The laser is turned

on and is visible on this region. The image on the right shows the results of a
Raman spectrum map of this area.

To investigate whether the background fluorescence from the gold was masking evi-
dence of plasmonically generated fluorescence, the grating density was changed from 600
gr/mm to 300 gr/mm, reducing the dispersion to give a lower spectral resolution but a
larger spectral range, providing a larger “search” area. The tip was also changed, to see if
the tip was an issue. Using the same 532 nm laser, approaching the tip to the sample the

areas are examined.

The lateral and normal force images do resolve the grating and the tip of the Au
structure. There is still no plasmonic signal however except from the metallic flag.This is
all to be expected as we cannot couple from the angles set up with the NPL system. A red
laser (633 nm) was attempted on probes, however this still made no difference.

Following these results, it was concluded that the NPL tool was inadequate to inves-
tigate the operation of the TERS probes. Freedom to move mirrors, change angles and
have more time available on a tool were required. The flexibility of doing this was not
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FIGURE 5.7: Left image shows the lateral force signal and middle is the nor-
mal force signal. We can see the illumination of the grating area. The image
on the right shows the results of a Raman spectrum map of this area.

feasible with the available setup, with modification of the system to accommodate the
required incidence angle not permitted. It was therefore decided to abandon this setup
as we could not do any more, and attempt to continue the work with a new setup at the

University of Glasgow, where more flexibility was offered.

5.2.1 Linear Spectrocopy

After undertaking TERS experiments at the NPL, the analysis indicated no significant
fluorescence from a direct illumination from the laser sources apart from areas of metal
flags. This raised the question of whether the gold behaved optically as expected and
testing of this was required. As plasmon generation relies on the absorption of light into
metal (in this case gold), one way to test gold’s absorption is through linear spectroscopy.
These tests would determine if the gold were absorbing similarly to samples used in
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published papers, with an outlook of absorbing close to 633 nm which is needed with the
laser used for TERS.

5.2.1.1 Polarisation Microscope

The microscope used for these experiments had an unpolarised broadband light source
(50 W Tungsten halogen lamp) which was passed through a collimating lens. The pro-
pogating light was then vertically polarised with a Glan-Thompson calcite polariser, where
it was then diverted by a 50:50 beamsplitter. The beam then passed through a 10x objec-
tive lens with a 0.3NA, where a reasonable FOV can be achieved. A 50x objective lens
was available, however as the tool is widely used, then 10x remains in place with a seper-
ate microscope used for the higher magnification experiments. The reflected light then
passed back through the beamsplitter, another polariser and then another 50:50 beam-
plsitter. One path was sent to a camera, whereby images of the sample surface can be
seen and microscope alignment can be checked. The focus can be manipulated with the
z stage micrometer, and tilt and rotation done with seperate micrometers to ensure the
reflected beam is normal to the sample surface. The other path was then sent to a spec-

trometer. An image of the setup is shown in Figure 5.8.
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FIGURE 5.8: An annotated diagram showing the setup of the polarisation
microscope.
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5.2.1.2 Reflectance Spectroscopy

Using the polarisation microscope setup, reflectance spectroscopy can be performed. As
the antennae are pointed in one direction, keeping the polarisation plane in line with the

tip apex. An image showing the polarisation plane in relation to the antenna is shown in

Figure 5.9.
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FIGURE 5.9: SEM image of antenna design with (A) and without (B) the grat-
ing coupler. The direction of polarisation where the measurements are con-
ducted is shown in red.

The measurements are taken off the array of the antennae discussed in section 4.3,
with the structures without the waveguide, gold square and the backing substrate used
as background measurements. The relative reflectance of the sample can be understood
with the following relation:

Iantennae

RelativeReflectance = (5.1)

IBuckground

As the feature size is on the microscale and much larger than the wavelength of vis-
ible light, this means the interaction between the conduction electrons of the gold and
incident light no longer support the resonant condition needed for LSPR. Plasmon gen-
eration would have to be supported via a propagating mode, such as using the grating
and matching the momentum and energy of the incoming light wave vector. The nature
of the machines setup during experimentation meant that we couldn’t change the inci-
dent angle, meaning it is will not match the momentum and energy required to induce a
propagating plasmonic response.
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The first measurement of this experiment was to check the polarisation, taking a mea-
surement with the polarisation following the antenna apex and the other 90deg relative to
it. A shift in the peak intensity wavelength should be visible with the path of polarisation.
Keeping the polarisation in-plane, testing was performed on the planar probe samples.
A flat gold square was patterned as a reference; however, a gold square is highly reflec-
tive and not close to the true representative dimensions of the probe’s antenna. Using
the dielectric as a reference was not a close representation either, however it provided a
reference on what is being absorbed by the metal vs. what was being absorbed by the
silicon/silicon nitride. The planar SPR waveguides (without the grating) would provide
a good reference for the grating devices, being of similar dimensions and made of the
same material with surrounding dielectric, and were used as such.

The measurements were taken of the structures with a period of 250, 350, 450 and
550 nm. The first row had a cone opening angle of 15°, with a second-row angle of 25 and
third 35°.

5.3 Linear Spectroscopy Results

Each geometric pattern was imaged 2 times and comparisons of the data set was per-
formed to see if there were any significant errors. The first geometric profiles to be ex-
amined consisted of a NiCr adhesive layer with 70 nm of gold on top of a silicon nitride
topped silicon substrate. These are to mimic the foundation of the probe’s tips. These are
then compared against a similar period structure but without a grating to form a compar-
ison. The results of this is in Table 5.1.

Examining the data we can see a trend of the resonance frequency falling at around
600 nm, which is close to the optical excitation of the red laser. This is to be expected as the
reflected resonance of gold is around this point [290], this is due to the metal’s electrons
oscillating over a larger area and hence lower frequency. Due to the size of the features
and the fact the excitation laser is normal to the surface, any local plasmons or SPP’s will
not be excited, and this is seen from the tabulated data. Some of the raw data plots of the

structures relative to the patterns without a grating are shown in Figure 5.10

This plot also shows that there is a lack of plasmonic activity as the dip in reflectance
is over a broad wavelength with a low intensity reduction, where as a surface plasmon
response has a sharp dip [291]. Only 7 - 12 % of the light is being absorbed by the gold
features with the grating relative to that of the solid body. This will also include instances
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Opening angle (deg) Period (nm)  Average Peak = Average Relative
Wavelength (nm) Reflectance

15 350 609.01 0.90
15 450 634.31 0.87
15 550 578.66 0.90
25 250 586.89 0.86
25 350 598.30 0.86
25 450 600.06 0.94
25 550 641.68 0.96
35 250 640.91 0.90
35 350 598.40 0.86
35 450 642.18 0.85
35 550 591.40 0.90

TABLE 5.1: Table of the varied coupling angle device’s reflectance, relative to
the similar devices without a grating

Opening angle (deg) Period (nm) Average Peak  Average Relative
Wavelength (nm) Reflectance

15 350 617.90 1.17
15 450 595.99 1.20
15 550 618.66 1.21
25 250 602.27 1.24
25 350 602.49 1.26
25 450 598.70 1.32
25 550 612.69 1.34
35 250 616.30 1.33
35 350 617.90 1.31
35 450 612.01 1.39
35 550 619.38 1.42

TABLE 5.2: Table of the varied coupling angle device’s reflectance, relative to
the surrounding silicon nitride capped silicon substrate.

where the incident light will be scattered off the grating and not collected from the spec-
trometer. The 450 nm period with the 35 degree opening differs (has a positive peak) due
to the relative pattern not being on the sample due to spacing issues. This means it was
taken relative to the next available feature, for 450 nm this was the 350 nm period’s rela-
tive pattern. The other positive dipped plot (550 nm 35 degree opening) was found to be
this way as well, however this measurement was retaken to see if the dip remained the
same, which it did not. The experiment was repeated again which agreed with the other
retaken measurement, indicating it was a measurement error. The main indication is that
the wavelength does not properly scale with the period of the grating, however we can
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NiCr adhesive layer on silicon/silicon nitride sample
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FIGURE 5.10: Plot of the relative reflectance spectra of various period and
cone angled patterns relative to the patterns without a grating

see a larger wavelength for a wider cone angle due to more gold being there.

Taking this data forward, we can conclude that optically the gold is in fact absorbing
within the bandwidth of the laser used at the University of Glasgow. In continuing this
research, it would require an angled laser to couple and then generate and propagate a
SPP, or some roughness of the tip to generate a LSPR.
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5.4 TERS Setup (University of Glasgow)

5.4.1 Optical Alignment

As the equipment at the University of Glasgow is commercial, and not made in house,
alignment of the system is less complex than the NPL system. To begin experimenting
with probes, the optics need to be aligned to visualise what is happening within the sys-
tem. As with any TERS setup, the first part of the procedure was to set up the AFM,
ensuring that the probes could withstand contact and not fracture with the misaligned
etched slit in the cantilever. The probes were clamped with a retention clip on a sapphire
pedestal within the AFM head, ensuring the tip is over the edge and facing the user. An
image of the holder is shown in Figure 5.11. The AFM head must be positioned 2mm or
more from the sample to ensure that the tip does not crash into the sample whilst loading.

The laser is then positioned onto the cantilever, where a camera shows a live feed of
the optical path to the cantilever. The microscope used a conventional quadrant photodi-
ode force detection system and was operated in tapping mode with a maximum scan size
of 100x100 ym?.

The sample surface is imaged with an optical viewing system with a rough resolution
of 3 ym and 4.5 mm field of view. With the device array total size of 300 #m this should be
enough to resolve the area of the device placement, but not any individual nanostructures
(200 nm or below). It utilises an optical microscope with a CCD camera attached to the
output, with a manual coarse and fine focus. A lamp feeds light through a fibre optic cable
to the base of the microscope, where it in turn illuminates the area beneath the objective
lens. As the lamp is broadband light, the lamp must be turned off during the Raman scans
otherwise the spectrometer CCD detector becomes over-saturated and prevents reliable
Raman intensity measurements over the broadband wavelength. The microscope beam
path is focused onto the sample surface like a periscope, with the beam path positioned
directly onto an auxiliary mirror. This mirror redirects the path towards the viewing
mirror attached to the AFM head which in turn show the top side of the probe, with the
sample area beneath and surrounding it. As it is a periscope setup, this made the coarse
positional viewing of the sample difficult, as if any of the mirrors were rotated slightly out
of place, you would potentially see none of the sample. This means that a more noticeable
region, like a sample edge or large metallic feature, has to be placed directly below the

focal path of the objective lens and try to achieve a coarse focus whilst adjusting the mirror
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FIGURE 5.11: Image of an AFM probe mounted onto the AFM head. The
probe tip is facing the reader (out of the page).

position to generate a focused image of the sample surface. A schematic diagram of this

setup is shown in Figure 5.12.

5.4.2 Spectrometer alignment

Raman spectra were recorded using a NT-MDT NTEGRA Raman microscope [292] with
a 633 nm laser excitation (35mW power) with varying accumulation times. The laser is
a HeNe, with a Gaussian TEM00 mode. The laser was coupled into a fibre; however, the
stray light is filtered within the laser casing. The laser signal is further filtered within
the spectrometer system as the beam splitters and reflectors are dichroic. Excitation and
collection of Raman scattered light was done using a x20 objective with an estimated spot
size of 790 nm, where it is magnified to appear on a 100 ym aperture for spatial filtering.
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FIGURE 5.12: Schematic diagram of the optical viewing system of the AFM
setup.

During the Raman measurements, maximum transmittance of the ND filter was applied
as a reduction in the light means a lower Raman intensity. A reduction in transmittance
was applied whilst aligning the laser so alignment of the laser to the features was easier.
The pinhole diameter was set as 100 um, this filters out the analysis volume so that the
Raman scatter is only obtained from the focal plane. A reduction in the pinhole provides
better axial resolution as it blocks out the out of focus scatter, however the Raman scat-
ter intensity at the detector is too low and would take significantly longer to achieve an
accurate spectrum. The diffraction grating was set as 600 lines/mm, with a larger den-
sity causing a larger spread over the CCD and hence increase spectral resolution. As the
expected peaks for the materials were expected over a large spectral range, a larger den-
sity is not efficient. The selected density provides a trade-off in the spectral resolution,
having it at a moderate level, whilst maintaining a moderate spectral range (1855cm ™!
for 600 lines/mm grating). To check the polarization of the laser, the polariser input on
the spectrometer was changed to allow for the differing polarisers installed in the sys-
tem to change the spectra of a 400 nm thick silicon nitride coated silicon substrate. After
checking polariser 1-6, there was no change to the spectrum and the light was therefore
found to be unpolarised. This means only the TM component will couple and excite SPR,

reducing the efficiency and enhancement of the probes as the TE light cannot match the
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phase matching condition for excitation of SPR at the metal-dielectric interface [293]. The

resolution can be calculated by examining a sharp silicon peak at 520cm~!, taken with

this spectrometer in Figure 5.24.
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FIGURE 5.13: Raman plot of a silicon sample with a large peak at 520 cm !
due to centring the laser paths. This plot cannot be post-processed to remove
any cosmic rays.

The Si peak has a minimum intensity of 837, with a maximum of 2539 cnts. Subtract-
ing the values we get a value for the total height of the peak (making 837 the origin) =
1702, this is the maximum. Taking half the value we get a value of the FWHM is 851.
Adding 851 onto the spectrum minimum, a value of 1688 cnts is that spectrums FWHM
value. The wavenumber value either side of this intensity is interpolated = 526 — 515,

giving a spectral resolution of roughly 11cm™1.

The spectrometer setup makes use of a photomultiplier tube (PMT). The PMT is very
fast and sensitive, but it is a single channel detector used to measure the reflected light
and produce a scatter diagram. This makes no spectroscopy measurements. As a photon
strikes the PMT’s photocathode, it dislodges an electron. The electric field within the PMT
causes the electron to accelerate towards a dynode, where the collision releases several
new electrons which are accelerated into another dynode [294]. This process continues
through the dynode chain until it finally reaches the anode. The initial photocathode
current I. at the end stage has been amplified to I.E" [295], where E is the secondary
electron emission coefficient and 7 is the number of dynodes. The quantum efficiency of
the photocathode typically does not exceed 40%. The typical electron gain of the electron
multiplier is 10°, where the current can be measured directly. The PMT does have a lower
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quantum efficiency compared to that of a CCD detector, but if a photon does generate an
electron, it will be detected. As the optical setup is scanning, the PMT is very useful in

determining the positioning of the laser in an efficient manner.

A linear process called photon counting can be used to generate a better signal /noise
ratio (SNR) of the current signal and discriminate what is a true representation of a Raman
signal or noise. The PMT used will generate one current pulse per electron. If these pulses
come faster than the response time it is not possible to detect single photons. The SNR
of this process is also shot noise limited where the current pulse rate is proportional with

intensity.

In this case the PMT is used to collect a fast image of the Rayleigh scattering, where
a larger signal is present for an in-focus laser on a metallic surface. The actual Raman
spectrum was recorded whilst using an Andor Charge Coupled Device (CCD) camera,
cooled to -60°C. Then the Raman Scattered light is dispersed out of the grating, it is put
onto the long axis of the CCD. Each element of the CCD will detect light in differing
cm~! points, with the first at the low edge of the spectrum and the last the highest [294].
To improve the SNR, collection of the spectrum can be restricted to a region where there
is a large spectral signal. An annotated photograph of the spectrometer setup used for

the Raman measurements at Glasgow is shown in Figure 5.14.

Figure 5.14 gives an oversight of the laser path through the spectrometer, with the
laser beam starting at an input unit, going through 2 mirrors (not shown in the image)
and coming out the top. The beam path starts by going through the adjustable neutral
density filter and then to the beam expander, where it is automated and gives control of
the beam diameter and collimation. The beam path then passes through 2 mirrors before
being directed onto the edge filter. The filter then reflects the laser and passes it onto
the measurement head lens and then onto the sample. The reflection of the laser from
the sample is recorded with 2 mechanisms. The first way is through the laser optical
setup, where a confocal image of the sample from the laser is recorded. This occurs by
the reflected light coming back the way, reflected from the sample and through the mea-
suring head, reflected from the edge filter and into a mirror. Only 3% of the total light
passes through the next mirror and into the reflection unit, where a lens focuses the beam
through the pinhole and into the PMT to produce a scatter image. The next mechanism
is the spectral optics, where a confocal image of the sample is taken by the light of sec-
ondary radiation. Raman light is emitted from the sample and then collimated by the
measuring head, before passing through a glass prism and then bandpass filter. The light
is then focused and directed onto the adjustable pinhole at the monochromator entrance,
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FIGURE 5.14: An annotated photograph of the spectrometer setup at the Uni-
versity of Glasgow.

where diffraction gratings separate the light into spectral components, which is then read
by the CCD camera.

5.4.3 Raman Measurement Setup

From the previous NPL measurements and initial experiments on the new setup, obtain-
ing an enhanced Raman spectra from a plasmonic mode was put to one side. Determining
if the setup produced a reliable Raman signal of a known quantity was the first step. The
tirst sample to be interrogated was a 380 pum thick silicon piece coated with 400 nm of
silicon nitride. As the sample is not transparent, the focus of the laser would be on the
bottom side of the sample (side closest to the objective). The sample z-stage was adjusted,
through manual (coarse focus) and motorized (fine focus) control, until the PMT signal
was at a maximum, indicating the maximum number of photons are getting reflected into
the detector.
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As the silicon base is crystalline, a high intensity peak is expected at a Raman shift
of 520cm 1. This is due to silicon only having one first order Raman active phonon, with
the peak at the long wavelength transverse optical phonon mode. This mode is the result
of the lattice vibrations within the silicon crystal displacing perpendicularly to the lights
path [296].

The first few measurements were taken at an accumulation time of 1s, where the
signal to noise ratio is low, which was just enough to determine if the objective was cen-
tred in the laser path. The x and y position of the objective is controlled via motors and
was adjusted from a position which was completely out of the laser path into the laser
path, then back out of the laser path in the other direction. The x and y positional values
were noted as a function of intensity until such a time the 520cm ! silicon peak was at its

maximum, indicating the laser path is centred.

The low stress silicon nitride layer has a peak at 520cm ™!, which is the first-order
transverse optical phonon mode of the Si-Si bonds within the crystalline silicon lattice
[297]. The material vibrational mode has absorbed energy and moved to a higher energy
state, with the low energy and longer wavelengths indicating Stokes scattering. The in-
tense 520 cm~! peak from this vibrational mode makes the silicon containing substrate a

great calibration for the Raman measurements.

5.5 Raman on Gold dots

As the statistically and correlated aligned sample was still with the NPL and made on a
silicon substrate, new dot samples were fabricated. These fabricated gold dots are under-
stood to be an electric dipole. When the frequency of the propagating light matches that
of the eigen vibrations of the dipole, the resonance can create an increase in the local near
tield. This is known as a localised surface plasmon resonance (LSPR) [225].

When a plasmon is excited by light, the electrons within the metal start to oscillate
with an increase in potential energy of the dipole’s electric field. The absorption spectra
peaks become maximised when the energy of the oscillating electrons become large. The
positioning of the peaks (wavelength) are determined by the geometry of the metal, the
type of metal and its properties and dielectric constant of the surrounding substrate [225].

A diagram of this is shown in Figure 5.15.

As the size gradually decreases, the intensity of the LSPR response and half-width

change increases, the frequency remains in a similar position [298]. It is known that the
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FIGURE 5.15: Schematic diagram showing a localised dipole surface plas-
mon.

electric field is weakly enhanced at the centre of the particles with an enormous increase
towards the edges. This is due to edge and skin effects from electron conduction, brought
on by the optical frequency [299].

Taking inspiration from a paper by Rahaman et al., 50 nm thick Au nanocylinders
were created [299] with a 1 nm NiCr layer to induce LSPR. The starting substrate was
a 160 ym thick borosilicate glass slide with an average refractive index of 1.51 at 633
nm [300], which was then coated with bi-layer PMMA and exposed with a 2nA electron
beam. The VRU of this exposure was 4 with a 1200 #C/cm? clearing dose. The dots had
varying diameters of 200, 100, 50 and 25 nm. The gaps between the dots were prescribed
to range, but the substrate ended up having varying diameter dots with a consistent 250
nm spacing, with the consistency of the period being the most important thing. A SEM
image of the 200 nm dots with the consistent spacing shown in Figure 5.16. The larger
spacing meant faster write times due to a reduction in the infill in the sample area, so
processing was quicker, and there was no interference from any proximity of the electron
beam, which would hinder the clean geometry of the devices. This also left a large enough
gap that the microfabricated tips could resolve with AFM as those have a radius of less
than 100 nm. These are arrayed out in 300x300 ym blocks, which is easy enough for the

AFM camera to visualise and then scan over when the maximum scan range is 100 pm.

To test testing if the dots were patterned correctly, the sample had 20 nm Al evapo-
rated onto them to act as a charge conduction layer before being examined with a SEM.
Another sample with the same exposure did not have Al coated so there was no residue

remaining, allowing for any further processing.

As can be seen in the images (Figures 5.16 - 5.17) the dot features have turned out with
the expected feature size, with the edge having a ~20° due to the mask hole shrinking as
gold builds up on the resist. In the 50 nm dots image (Figure 5.17), edge effect contrast
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can be seen due to the electrons being emitted more at the edges of the dots compared to
that of a flat region, where the incident electrons scatter into the sample. This provides
an additional contribution to the secondary electron signal making it brighter than the
flat region. The proximity effect was prominent whilst writing the 25 nm diameter dots
(Figure 5.18) features of a gap less than 250 nm and therefore saw features merging, these
would not be useful because the measurements trying to be taken assumed a uniform
pattern of identical dots. In terms of TERS this means it wouldn’t matter which site we
were at, the measurements taken would be identical and the dependence of the TERS
enhancement vs dot diameter could be monitored, without further near-field interactions
such as gap plasmons taking effect. Regardless of the dot diameter, a TERS response
could still be seen and used to validate the probes. Having a set period also plays well for
SERS, as the spot size is larger than an individual dot, the influence of the SERS response
again can be tuned with the period and not due to defects on the sample. This means
that when comparing a TERS vs SERS enhancement, the resulting spectral intensity is
entirely dependent on the enhancement method and not sample structural dependence.
A proximity effect correction could not currently be placed on the e-beam exposure as it
had not been set up to run on the tool yet, with the features fabricated still good enough
for testing.

SU8240 1.0kV 3.5mm x15.0k

FIGURE 5.16: SEM image of the 200 nm gold dots with a 250 nm gap between
them.
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FIGURE 5.17: SEM image of the 50 nm gold dots with a 250 nm gap between
them.

As the gold dots themselves are not Raman active, a material is needed to coat the
gold dots to provide a measurable Raman response to the field enhancement. To do
this, the sample was immersed in a 3 mM methanol solution of 95% biphenyl-4,4’-dithiol
(BPDT) (Sigma-Aldrich) for 24 hours to form a self assembled monolayer. This BPDT
binds onto the dots (nano-cylinders), and acts as a Raman reporter of the near field inten-
sities. Raman spectra were recorded using a NT-MDT NTEGRA Raman microscope with

a 633 nm laser excitation with varying accumulation times.

The Raman shift values corresponding to the vibration of the BPDT are taken from
M. Kartau’s thesis [195]. Where the BPDT spectroscopic data retrieved from M. Kartau’s
thesis was taken on the same tool, with the same bottle of BPDT and same excitation

source. The corresponding values and assignments are shown in Table 5.3.
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SU8240 1.0kV 3.5mm x1.00k

FIGURE 5.18: SEM image of the 25 nm diameter dot area. The image shows
that as there is no proximity correction, the dots have merged into one, forc-
ing an area of individual dots to turn into a large rectange.

Peak (cm 1) Assignment
411 C-5 Vasym
542 C-S Usym
703 Out-of-plane skeletal
774 Ring deformation
830 C-H Out-of-plane
1015 Ring Deformation
1084 Ciring-S in-plane
1200 12 C-H in-plane
1285 Inter-ring C-C stretching
1474 C-C stretching
1589 C-C stretching

TABLE 5.3: SERS peak positions and relative assignments. Data taken from
M. Kartau’s thesis [195].
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FIGURE 5.19: SEM image of a failed 50 nm diameter dot area. Proximity

correction was also not applied in this area resulting in an overexposure of

features where they have begun to merge and increase from the prescribed
diameter.
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5.6 Raman Results

5.6.1 Spectroscopic Processing

All processing of the raw spectra was done with a Python package named RamanSPy
[301].

As the Raman spectrometer used has a CCD detector, spikes caused by cosmic rays
can appear on the spectra. Upon analysis of the data, these spikes can hinder the de-
tection of smaller Raman modes and skew the plotted axes due to their large, positive,
narrow bandwidth peaks. An example spectrum with cosmic rays and no post process-

ing removal is shown in Figure 5.20.

200nm Dots 100s Spectrum (No Filter)

2000 —— Raman Spectrum

1800 A

1600 -

Intensity (a.u.)
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1000 -

! ! ! : ! ! !
250 500 750 1000 1250 1500 1750
Raman shift (cm=1)

FIGURE 5.20: Raman plot of 200 nm diameter dots coated with BPDT. This is
a Raman plot without the removal of any cosmic Rays.

A cosmic ray removal filter was selected to run within the package and utilises a
Whitaker Hayes algorithm to carry out modified z-score filtering [302]. It utilises the
use of z-scores, which is a determination of how far the next iterations value is from
the average of median absolute deviation. The code extrapolates the spectral information
from a .txt file, calculates the median and median absolute deviation Raman intensity, and
uses the difference between consecutive, equally spaced, spectrum points to calculate a
z-score, in this case a kernel size of 3. A threshold is then set in place to indicate whether a
value is within range or is a cosmic ray, this value was set as default (8). For the threshold

to detect the cosmic rays, an absolute z-score value is calculated. For the elimination of
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the cosmic rays, the intensity values are interpolated at each detected wavenumber by
calculating the mean of the surrounding values. The cosmic rays are then removed and
smoothed off by applying a moving average filter. An example of the cosmic ray removal
applied to the same data in Figure 5.20 is shown within Figure 5.21.

200nm Dots 100s Spectrum (Whitaker Hayes Filter)
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T T : . T T T
250 500 750 1000 1250 1500 1750
Raman shift {cm™1)

FIGURE 5.21: Raman plot of 200 nm diameter dots coated with BPDT with
the cosmic ray filter applied.

Each SERS and TERS spectra are also baseline corrected using an adaptive smooth-
ness penalised least squares (asPLS) method [303]. This method adaptively determines
the smoothness of the baseline, taking the difference between the original signal and
the fitted baseline signal, using an iterative process rather than applying a fixed global
smoothing parameter. The Rayleigh scatter was also removed from the spectra as this
doesn’t contain any information on the Raman of the substrate. It is important to note,
all the parameters were kept the same within the processing of all the spectra (all pro-
cessed the same way, with the same parameters). Using the same data in Figure 5.20, the
outcome of the basline correction and cosmic ray removal can be seen in Figure 5.22.

Each acquisition for the SERS and TERS spectra was then further intensity normalised,
before the processing of the data, to compensate for measurement time. This ensures that
the spectral intensity is proportional to the signal rate rather than the total counts over
the acquisition.

A copy of the algorithm used to modify the images is in the appendix (B).



Chapter 5. Experiments 168
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FIGURE 5.22: Raman plot of 200 nm diameter dots coated with BPDT, with
the cosmic ray removal filter and asPLS correction applied.

5.7 AFM Results

The first experiment was to perform AFM measurements using the microfabricated TERS
probes as this is a necessary part of performing TERS microscopy. Utilising a scan rate
of 0.5Hz, a TERS probe was scanned over the 200 nm dot area with the resulting image
shown in Figure 5.23.

The results from the AFM scan show that although the cantilevers are mechanically
imperfect (see Figure3.10 in chapter 3.3.3), AFM is still possible with these probes. The
200 nm dots are well resolved, but also show the difference in thickness of the evaporated
metal surface. The vertical gaps between dots are smaller than the horizontal ones, re-
flecting the asymmetry of the tip but the image is convincingly free of double tip artefacts.
This is highlighted by the fact that the grain structure at the top of each dot is different.
Due to the cut out on the probe and general scanning, the probe is prone to twisting which

can also distort the resolved features, but also not visible within this image as well.

As we know the TERS probes are capable of topographic resolution, testing to ensure
that they can enhance a Raman signal is the next step. To achieve this, the first experiment
was to make sure the spectrometer is producing reliable Raman Spectroscopy results of
standardised samples. The first excitation was just an un-patterned 380 pm silicon sample
with 400 nm of silicon nitride on it.
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FIGURE 5.23: AFM scan of the 200 nm dot features with a fabricated SPP
TERS probe.

This substrate was chosen as it was readily available and silicon nitride is known to
be transparent within the visible regime [304], [305]. This means the excitation sources
laser will pass through with little absorption due to the materials low extinction coeffi-
cient (k< 10~%) [306]. The silicon substrate is highly absorbing within the visible regime.
Geist et al. measured the extinction coefficient of a 13 ym thick silicon film as 0.01564 and
the absorption coefficient as 3105 cm~!, ata wavelength of 633 nm [307]. The penetra-
tion depth is calculated as the reciprocal of the absorption coefficient, where the intensity
drops to 1/e of what it initially was [308]. This means that the 633 nm laser for use
in the Raman experiments would essentially pass through the silicon nitride and will be
exponentially attenuated by the silicon, with a characteristic penetration depth of approx-
imately 1/3105 cm~! = 3.22 um. Although there is little absorption of the silicon nitride,
it can still scatter light due to vibrational modes within the material. However, the large
peaks of the Si will still be clearly visible for aligning the system and that is the purpose
of the substrate.

The integrating time for the scan is 100 s, which has shown to give a good SNR,

however, can incur more cosmic rays. Fine adjustments of the laser path were made,
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moving the x and y objective using the motors until the Raman peak was at a maximum
(2500 units). This system does need re-aligning at the start of the day and after moving to
a different site, this is due to small changes in topography of a sample surface at different
sites and needing to adjust the spectrometer laser so that it is in focus on the sample
surface and giving the largest PMT voltage. A Raman spectrum of the silicon sample
with a centred beam is shown in Figure 5.24.
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FIGURE 5.24: Raw Raman plot of a silicon sample with a large peak at 520
cm~! due to centring the laser paths.

Figure 5.24 shows a weak peak at 300 cm 1, this is a second-order Raman feature
arising from acoustic phonons in silicon [309]. The 520 cm ! is the the first-order trans-
verse optical phonon mode of the Si-Si bonds within the crystalline silicon lattice. The
950 cm~! is indicative of a asymmetric stretching mode [310].

As the light was therefore centred and able to pick up a spectrum, the glass slide with
the gold cylinders and BPDT was loaded onto the sample stage. With the AFM head in
place, the mirror attached to it allowed the confocal microscope to have a live image of
the sample surface, if the illumination intensity was high. The laser spot was monitored,
and sample moved until the required region was illuminated. The focus of the laser was
then monitored with the PMT signal, a low PMT signal indicated we were not in focus
with the top side (where the cylinders are) of the sample. The Z of the sample stage was
moved until the PMT signal was at a maximum, with further fine tuning done within the
software. A Raman scan (moving the sample) was then performed, taking Raman spectra
with an acquisition time of 10 s per site with a step size of 150 nm. If the PMT is in focus,
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then the scan would resolve the gold dots. The spectrum of this Raman map is shown in
Figure 5.25.

14 16 1.8 2022 24 10°

61 61.5 62 625 63 63.5 64KM

FIGURE 5.25: Master Raman plot of the PMT signal. It indicates small glow-
ing dots.

The Raman software interpolated between measurements to give a high resolved im-
pression, this means that any cosmic rays gave a massive value and obscures the smaller
resolved dot values. The image was reprocessed and does show random dots of around
100 nm but on a defined 250 nm grid, which indicates it is registering the dots, but it also
has very bright areas of cosmic rays. This means that a 150 nm step size for the PMT scan
has under-sampled a 250 nm grid, leading to a random brightness of the original image
as it interpolates between measurements. The 10 s integration time during the scan is also
very small, which is enough time to also pick up some cosmic rays. A Raman acquisition
of the sample dots covered with BPDT was the better option. To further on with SERS, a

100 s integration time single acquisition of the 200 nm dots is shown in Figure 5.26 below:

Examining Figure 5.26 we can see multiple peaks in the spectra pertaining to the
BPDT. The prominent peaks shown at 1084, 1285 and 1592 cm~1 are indicative of a vibra-
tion of the BPDT. The intensity is influenced by the coupling of the molecule’s aromatic

7T
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SERS Spectrum of 200nm Dots
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FIGURE 5.26: SERS plot of the 200 nm dots coated with BPDT with 100 s
integration time.

-electron system of phenyl rings, coupled with its chemical bond with sulfur to the metal
surface [311]. The band at 1084 cm~! is assigned to an in-plane aromatic ring vibration
with a significant contribution from the C-S stretching mode. The band at 1285 cm ™! is
assigned to the C-C bonds connecting the two phenyl rings stretching. The final band
at 1592 cm~! corresponds to the aromatic C-C stretching mode within the phenyl rings

[311].

The 412 cm~! band is assigned to the C-S v,5,, mode, meaning the C-S bonds of the
di-thiol molecule stretch and contract in opposition to each other. The C-S (Vsym) stretch
is assigned to the 545 cm~! band, where the C-S bonds stretch and contract at the same

time and in the same direction [195].

Following this demonstration of SERS the function of the TERS probes was investi-
gated. The first stage of after scanning with the tip was to scan the PMT to look for any
indication that the tip was there.

Looking at the PMT scan in Figure 5.27 we can start to see regions where a drop in the
PMT voltage is visible, this is the region that would indicate that a TERS probe or metal
is there. Because of the limited objectives available, a 20x was the best magnification
possible at this stage. The laser was focused on this area and looking at through the top
objective camera we could visibly see the laser on top of the probe (Figure 5.28).
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FIGURE 5.27: PMT scan of the region where the SPP TERS tip would be. Scan
is also above 100 nm dots with a 500 nm PMT step size
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FIGURE 5.28: Camera picture of the video feed on the spectrum screen. It
shows the laser of the spectrometer and probe aligned onto the tip.
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A SERS of the area was then taken, so as to have a baseline of the Raman (Figure 5.29
SERS of the area was then taken, so as to have a baseline of the Raman, before bringing
the tip into contact.

SERS Spectrum of 100nm Dots
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FIGURE 5.29: SERS spectra of 100 nm dot sample coated with BPDT. The
integration time is 100 s.
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FIGURE 5.30: Raman spectra of the TERS tip in contact, with the SERS spec-
trum of the 100 nm diameter dots overlayed. The integration time is 100 s.

Examining Figure 5.30, it is clear to see the peaks from the SERS scan is more en-

hanced (x1.5 at 1589 cm~!) than the TERS scan. It is however picking up very similar
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modes seen with the SERS scan, albeit with a reduction in intensity, meaning the chem-
ical identity and molecular environment of the BPDT are unchanged. From this data it
can be concluded that both techniques are probing the same species and environment,
however, there are no observable chemical or physical perturbations due to the tips prox-
imity. The reduction in intensity means that from engaging with the tip has provided no

tip-induced electromagnetic enhancements with the bottom illumination setup.

Multiple tips were attempted with even differing sites to get a direct illumination
enhancement off the SPP TERS probes as can be seen in Figure 5.31 and 5.32.

Overlayed TERS and SERS Spectra of 200nm Dots
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FIGURE 5.31: Raman spectra of the TERS tip in contact, with the SERS spec-
trum of the 200 nm diameter dots overlayed. The integration time is 100 s.

A change from a red laser to blue was even attempted (Figure 5.33), but due to the
plasmon resonance of gold being further from the wavelength of blue light, the back-

ground noise is very prominent.

As can be seen by Figures 5.31, 5.32 and 5.33, we cannot retrieve a TERS enhancement
of the gold dots with these probes, no matter the site, nor laser wavelength. However, the
100 nm dots do show a band at 1198 c¢m !, which is C-H in-plane assignment [195]. It
also shows a band at 1010 ¢m~!, which is assigned to aromatic ring deformation [195]
(bending and stretching) of the bi-phenyl rings. As this cannot be seen with the BPDT
coated 200 nm and 50 nm dots, it confirms the enhancement and appearance of bands
vary with nanoparticle size and helps dictate SERS visibility for some vibrational modes.
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FIGURE 5.32: Raman spectra of the TERS tip in contact, with the SERS spec-
trum of the 50 nm diameter dots overlayed. The integration time is 100 s.
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FIGURE 5.33: New tip in contact with BPDT coated 100 nm diameter dots
with a 473 nm laser. Integration time is 100 s.

The results with the 633 nm laser suggests the gold structure supports plasmonic
enhancement at this wavelength, allowing for more resolved Raman peaks. At 473 nm
(Figure 5.33), the gold is off-resonance and provides a weak electromagnetic enhance-

ment, resulting in higher background fluorescence and spectral broadening. It does not
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align with what is shown whilst using the 633 nm laser, where the results align with lit-
erature [195], [311]. It was concluded the 473 nm is not useful for this specific application
as it is not able to generate reliable Raman spectra of the sample and will not enhance the

signal, using the probes, as it is off-resonance.

The groove density is sitting at 600 gr/mm, reducing the groove to 150 gr/mm gives
a broader spectrum. This attempt increased the spectral range but decreases the resolu-
tion. With TERS the 600gr/mm grating should be more than enough to resolve a TERS
signal where a SERS signal is apparent, the probes are however just quenching any Ra-
man signal. Further testing of whether the probes can couple through the SPP grating is
not possible due to the probe mount and the spectrometer exciting and collecting through
a bottom illumination mode. Experiments were therefore performed to try and determine
the root cause of this behaviour and if possible, to determine whether any operating mode
would allow these probes to perform TERS.

5.8 Troubleshooting

As the fabricated TERS probes were not retrieving an enhanced Raman signal, even
though the tips were directly illuminated onto the apex, further research into the root
cause was undertaken. One analysis of the problem was to perform EDX on the probes
and see if the deposited metal was gold. A tip which wasn’t scanned and deemed in
worse condition under visual inspection was used for this analysis. This tip was from
the exact same wafer the scanned tips were from and therefore the metal stack would be
consistent. It just wouldn’t be used for scanning due to a break in the metal, which would
cause any plasmons to leak at the break. Images of the tip with a varying contrast per

different examined material is shown in Figure 5.34.

The EDX analysis has concluded that the sensor material is Au, with a silicon nitride
cantilever. The spectrum also picks up an Al signal, this is from the holder the probe is
clamped to when under analysis. The next step was to set up a probe for TERS with a
differing tip geometry. This would rule out that the shape is preventing the enhancement
of the electric field or generating plasmons. The NiCr adhesion layer was removed from

these probes as it is known to quench a Raman signal [312].

To do this, RFESPW Si probes were taken out of a wafer. Using an evaporator, the
tips of the probes were coated in 42 nm of gold, this should give a tip radius of 50 nm.
This radius was based off of research by Yang [293], whereby a Si tip coated with Au
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FIGURE 5.34: Both pictures show SEM images with EDX analysis of a micro-

fabricated TERS tip. The image on the left has the Si, N, and Au channels on

it, where it indicates the tip material is Silicon nitride with a gold sensor. The

image on the right just shows the isolated Au channel, indicating that the tips
are made from gold.

having a radius of 5 nm gives a large electric field enhancement due to the lightning rod
effect but starts to decrease until 15 nm, whilst testing on a gold substrate. The radius
of the commercial probes is not guaranteed to be 8 nm, with a max radius of 12 nm, and
with a 10% overshoot/undershoot of metal evaporation, the chances of achieving below
15 nm (2 nm evaporation) and having it adhere are very slim. The next highest electric
tield enhancement (at around 200) from his paper with a red laser is 50 nm, whereby a
drop in the enhancement isn’t seen until 100 nm radius or the thickness of the Au is larger
than 80 nm. These results also line up with Meng et. al. [274] where he saw the strongest
enhancement (4000) of a gold coated silicon substrate with a Si tip, boasting a resonant
frequency of 616 nm whilst having a radius of 50 nm. This is however just short of his
ideal gold thickness of 50-100 nm. Meng et. al., however, noticed a strong enhancement
at 30 nm Au thickness and proved that with an increasing thickness of gold (up to 100
nm), TERS can be achieved due to the dipole-dipole coupling effect between the tip and
substrate. An image of the probe before coating and an image of the gold coated RFESPW
probe are shown in Figure 5.35 and 5.36.

In using these coated probes, the apex is small enough to allow for high aspect ratio
features to be interrogated, and within range of Yang’s research [293] to generate a greater
electric field enhancement. There is also no adhesion layer, this means there is no sticky
layer to dampen any potential enhancement, providing a solid experimental basis into
whether we can get a TERS enhancement through this setup.

Furthering on from this, the probes were put into the TERS setup and ready to do an
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FIGURE 5.35: SEM image of the RFESPW probe.

FIGURE 5.36: SEM image of the RFESPW probe after being coated with 42
nm of Au.
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AFM scan. The 200 nm diameter dots were scanned at 0.5Hz to give the resulting image

in Figure 5.37.
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FIGURE 5.37: AFM scan of the BPDT coated 200 nm diameter dots with a
0.5Hz scan rate.

Looking at Figure 5.37 we can see that the RFESPW probes can still resolve the gold
features well, even whilst coated with gold. Comparing to Figure 5.23 earlier we can see
that the topography on top of the dots would be a result of the evaporation. The rough
surface does provide a good location for the BPDT to bind too.

As the probes can perform AFM, more experimentation on determining if an en-
hanced Raman signal was conducted. The tip was engaged into contact with the BPDT
coated 100 nm dots, and a Raman spectrum taken with a 100 s integration time. Another
spectrum was run straight after without touching any of the controls to find out if there
is any drift within the system. The results of these are overlayed in Figure 5.38.

As can be seen from Figure 5.38 and comparing it to the previous SERS of the 100
nm dots (Figure 5.29), the lower wavenumber Raman modes are there, however it is not
enhanced. At the 1588 cm™! band, it is almost half as weak. As the integration time is
100 s in Figure 5.38, it is entirely plausible that the tip is drifting whilst the scan is being
undertaken. Not to an extent whereby no enhancement will be detected but enough that
the integration picks up the less intense values and adds this to the final value as the laser

misaligns.

Comparing Figure 5.30 to this, which was the SERS of the 100 nm dots vs the at-
tempted TERS, the most pronounced difference in peaks is the silicon signal. This indi-
cates the tip could’ve been damaged, exposing more of the Si, or that the spectral data

is not consistent due to a potential drift or spectrometer problem. To find out more, the
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FIGURE 5.38: Overlayed Raman scan of the RFESPW tip in contact with the
BPDT coated 100 nm dots with the other scan acquired straight after. Inte-
gration time was 100 s.

equipment was kept as is with the tip in contact and left untouched for an hour to evalu-
ate any drift in the system. The results of this are shown in Figure 5.39.
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FIGURE 5.39: Spectrum of the same site as taken in 5.38, overlayed with the
Raman spectrum taken 1 hour after without touching the controls.

Comparing Figure 5.38 with 5.39 we can see how the spectral map is now missing
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Raman modes without even touching the equipment. This indicates that the laser is drift-
ing as well as is the tip. This could even indicate slight drift between the 100 s integration
time; however, this is necessary to develop a good SNR.

Another tip was loaded and landed onto the substrate to determine if the pressure
threshold was too high to detect contact, and then to see if we could get an enhanced
signal with these even if the tip was damaged. The results of this are shown in Figure
5.40.
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FIGURE 5.40: Spectrum with a new gold coated RFESPW tip in contact with
the 100 nm dots. The integration time is 100 s.

As can be seen in Figure 5.40, another strong silicon peak is shown, indicating we
are on the tip. However, as the Raman signal is one of the strongest modes, the landing
pressure of the probe could be damaging the tip. The pressure could not be reduced any
further as the NTEGRA wouldn’t register a lower pressure as a deflection, then it could
not scan. A SEM investigation of the tips was performed to see how badly damaged the
probes are after landing. These are shown in Figure 5.41 and 5.42.

As can be seen in Figures 5.41 and 5.42 the probes have been severely damaged
through landing and scanning. This has led to the removal of the gold apex of the probe,
revealing the Si underneath which explains why there is a large Si peak. It means that the
probes can’t perform TERS as is due to tip damage.

One of the microfabricated TERS probes from this project were also interrogated with
a SEM to see the damage on them after use within the Glasgow setup.
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FIGURE 5.41: SEM image of a gold coated RFESPW probes after scanning.

As can be seen in Figure 5.43 and 5.44 the TERS probes have been able to withstand
the scanning and contact of the experiments. Figure 5.43 gives a better contrast of the
area as it uses backscattered electrons, and some rough bumps along the end of the an-
tenna can be seen. This would become leakage points for the SPP and would dampen
any enhancement received at the end due to a less than optimal propagation mode on the
surface. It is not known if this bump arose from the silicon nitride beneath the surface of
the gold, which would also dampen any mode contained between the gold and dielectric
as well. Figures 5.43 and 5.44 do indicate that there is still metal at the end of the probe
and protruding, which means that it theoretically should be able to produce an enhance-
ment through direct illumination of the apex as the tip has no visible signs of damage.
The experiment using the referenced paper as a guideline had the tips damaged upon
contact, it is feasible that the damage caused lead to a loss of enhancement at the apex.
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FIGURE 5.42: SEM image of a gold coated RFESPW probes after landing.
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FIGURE 5.43: SEM, with the gaseous analytical detector, image of the mi-
crofabricated TERS probe (350 nm period 25 degrees opening angle) after
performing Raman Spectroscopy.
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FIGURE 5.44: SEM image, with the helix detector, of the microfabricated
TERS probe (350 nm period 25 degrees opening angle) after performing Ra-
man Spectroscopy
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5.9 Conclusion of Experiments

Through experimental observations it was found that the microfabricated TERS probes do
not have any visible plasmonic activity. The testing throughout this work concluded that
the fabricated TERS probes don’t enhance a Raman signal through direct illumination.
The initial intention was to use them so that they could be remotely excited via the grating
but the angle of the incident lasers on both Glasgow and the NPL’s system wouldn’t allow
for that. To test the theory, a side illumination, bottom illumination, spectrometer, and

laser changes have been performed.

At the NPL there was a slight fluorescent enhancement, however this was found
to be a metallic flag. The microfabricated TERS probes chosen showed no sign of any
plasmonic fluorescence with both a green and red laser, with grating changes and laser
intensity changes. To check that the gold was in fact absorbing and behaving as expected
optically, linear spectroscopy was performed. These results concluded that the metal was
tine. EDX was also conducted on the metal which determined it was gold.

At Glasgow, the bottom illumination setup gave excitation from another angle. We
could start to identify Si peaks on the probes, however comparing with the SERS spec-
trum of the same area, the probes were quenching the signal. A change of probe to that
of literature were performed, which also omitted a signal damping adhesion layer, how-
ever damage to the tips upon landing broke the metal off the tip and could no longer
keep in contact with the samples. Any signal that was taken did not show any sign of
enhancement, much like that of the microfabricated probes. Modifying the laser wave-
length, changing the grating density, and making sure everything was aligned at every
stage did not make a difference to the enhancement.

5.10 Epilogue

Looking at the probe archetype designed, and the results which show no plasmonic ac-
tivity, a look into the behaviour of the dielectric guided mode was undertaken. In this
design, a wave in the nitride couples into a plasmon in the sensor end because the wave
is propagating at a matched k-vector in the nitride and in the plasmon, just like a prism
coupler. The grating scatters the free space light into the nitride at an angle large enough
to give TIR, but small enough to match the plasmon k-vector. This happens at an angle of
27.407°, this is depicted in Figure 5.45.
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Wavelength in nitride (A,)=278.9nm
Thickness of nitride=315nm

Coupling angle for plasmon = 27.407°
n of nitride = 2.27
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Path length = (2 x 2.27 x 315nm x sec(27.407°)) / A, = 5.77
Path length = DESTRUCTIVE INTERFERENCE

FIGURE 5.45: Diagram depicting the TIR path of the light within the nitride

with the TERS gold sensor apex at the top. The optical path length equation

and result indicates that the path shows destructive interference within the
nitride

As the wave propagates along the slab waveguide, it bounces back and forth as it
goes along. There is then interference between the waves going from top to bottom of the
nitride, to the bottom up. Only when the path length within this back and forth round trip
is a whole number of wavelengths can the wave propagate. As can be seen from Figure
5.45, this does not happen for the probes as fabricated and the interference is destructive
(partial constructive). Anything that is not constructive gets supressed at every reflection
and acts as a filter. Propagation at other wavelengths can occur at the resonant angle
for plasmons. This in turn means we need a specific thickness of nitride for light at a
particular wavelength to hit the gold to couple into a plasmon and if not, the light will

leave the waveguide and never couple into a plasmon.

From the original design choice, we would need a nitride thickness of 327.22 or 272.69
nm (nearest values) to reach a whole number and not achieve destructive interference.
With the current LPCVD nitride deposition the uniformity and control over deposition
thickness is not great (3.12% uniformity and 21% less than specified) with a mean value
of 315 nm, instead of 400 nm.

Without the changing nitride thickness, the existing probes could still work. How-
ever, the wavelength of the excitation light would need to be tuned to match the mode
of the dielectric waveguide, then illuminate at the angle which gets the grating to match
the plasmon k-vector and provide total internal reflection in the nitride. This means that
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the normal fixed wavelength edge or notch filters within the spectrometer will no longer
serve their purpose as we change the excitation wavelength, so either a triple axis spec-
trometer for improved rejection of the pump will have to be used or one would need to
replace the notch filter with one at a custom wavelength. A tunable laser would also be
required. Tunable lasers are esoteric and even if it all functions, when the probes run out,
the microscope is possibly derelict. Since the uniformity of the deposited nitride is poor,
despite the fabrication of a whole wafer of probes, few probes will work out of a batch at
any specific wavelength.

There is also the possibility of making this a single mode by using a thinner can-
tilever. To calculate this we take the normalised frequency (v-number) as less than 2.405

for a single mode [313]. The equation for the v number is [314] :

_ 2md

V= T ncorez - ncladdingz (5.2)

Where the excitation wavelength is 633 nm, d is the thickness of the silicon nitride layer,
Ncore 18 the refractive index of the core (nitride) and 71¢1544ing is the refractive index of the
surrounding air. Rearranging to solve for d being less than 2.405 [313]:

(633  2.405)

(271) x /(2272 — 12) (5.3)

< 118.7nm

d<

Therefore, for a single mode operation within a planar silicon nitride waveguide
at 633 nm would require the dielectric to be approximately 118.7 nm thick. This will
however make the probes less stiff, meaning it is more susceptible to thermal and en-
vironmental vibrations and the ability to detect small forces and displacements is com-
promised making it hard to scan. This method also relies on a fluorine based isotropic
dry etch of the probes to etch the material down to this thickness or rely on some part
of the wafer achieving this thickness during deposition, using the lack of uniformity to
an advantage. This will then affect the yield as all other thicknesses are redundant and
it becomes hard to tell which thickness is which. The dry etch approach will also under-
cut the gold, which is a good thing as it provides better access of the metal towards the
substrate surface. An easy way to tell if the thickness is correct would be to SEM the tip
and measure the thickness using the in-built measurement tool. This is also reliant on the
SEM'’s distance measurement being calibrated correctly and free of charging, as this can
affect where the user perceives where the dielectric starts and ends. Another downside

is the handling of the fragile probes may be an issue as the tips are prone to breaking.
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The thinner nitride on the probes would also decrease the tip radius, leading to a higher
spatial resolution probe and better electric field enhancement at the end, but more prone
to breakage throughout. An alternative would be to fabricate very thick cantilevers, so
that the modes are closely spaced in wavelength and the waveguide behaves more like
a bulk glass prism. For a multimode waveguide with modes space at half degree angles
around the plasmon angle the waveguide would need to be of order 27 ym thick, which
is impractical.

A grating could also be fabricated in the gold so that coupling can be done directly
into the metal. This would resemble something like Ropers et. al made [234], where local
field enhancements of 10 were seen with a excitation source centre wavelength of 800
nm. The issue with this is the range of a SPP is about 20 ym in gold at 633 nm [315], so
it then becomes optically harder to discriminate between pump light and scattered light
and gives a smaller target for the laser to illuminated, but much more likely to be reliable.

Thermal oxidation growth of silicon dioxide would seem a better alternative, allow-
ing for highly reproducible thickness and reproducible optical properties. The downside
of this is it is an inherently high stress material, making it prone to crumpling, however
fabricated probes using silicon dioxide with a very high yield have been made at the
University of Glasgow before by Zhang et.al. [258], [316]. Care has to be taken when
growing the dielectric as the oxidation rate of different crystallographic directions is dif-
ferent, so testing of the growth is needed, however this means we can get precise control
of the thickness from the oxygen diffusing through the oxide to get to the silicon. Since
diffusion slows down (time « thickness?), once you get to a certain thickness the diffu-
sion slows down to make it very reproducible. At the temperatures for thermal oxidation
(900°C), oxygen will also get rid of contamination.



192

6 Summary and Outlook

6.1 Introduction

Tip enhanced Raman Spectroscopy continues to be a leader in high resolution, high sensi-
tivity measurement tools in realising phonon spectra. As plasmonic technology develops
into discovering new ways of enhancing the electric field at the end of a noble metals, the
actual probe development for TERS has been left behind. Much to the large enhancement
achieved with commercial and in-house made silver probes, the manner in which they
are made (sputter coating/evaporating singularly or a few at a time) leaves a lot to be
desired with reproducibility issues between probes. The selection of silver also means
that the probes must be used almost immediately as it begins to form a sulphide layer
over time, preventing any large enhancements as it grows. Although batch fabrication is
possible and proven, control over the antenna dimensioning is left to wet etch techniques,

which aren’t stable.

Within the AFM group, scanning probe technology has been continually advanced
into a commercial, reliable process flow where using this as a base line, provided a great
starting point for the batch fabrication of these probes. This thesis has presented the
ability to batch fabricate TERS probes, whilst having precise control over the sensor di-

mensions using e-beam.

The following sections in this chapter will summarise the conclusions from each part
of this work, whilst having an outlook on the future work required to develop this tech-

nology further.

6.2 Calibration Samples

The topography free substrate has provided a method of taking a SECM measurement
whilst removing any tip-related artefacts. It proves to be an excellent substrate in deter-

mining a tip’s sensor sensitivity without being influenced by topography. The substrate
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pattern consisted of decreasing separation interdigitated electrodes, however as it was a
direct write EBL technique, this pattern could be modified to suit the user’s needs/sample
archetype. The resulting AFM scans of this sample had sub-12nm topography and even
less than 5nm in regions whilst under interrogation. The issue with this sample is the life-
time to use, it must be used within a quick timeframe as to prevent/minimise any oxygen
growth or particle growth which could inhibit the redox reaction it will undergo when in
use. Nitride adhesion was also an issue. Future work to improve this sample could see
an adhesion layer, like NiCr, being evaporated onto the gold to adhere to the nitride. This
sample can be progressed, especially for future use on SThM or SECM probes to make the
reliability much better through improving adhesion and temperature control of the SU-8
bakes. This sample was however not used for TERS as to bind a Raman active molecule
onto the gold requires some surface roughness to initiate the binding. The main purpose
of this sample is in the reduction of topography.

Further on from this, a new sample for TERS was devised and put into production.
These samples utilised correlated alignment, whilst using EBL to generate cylinders and
triangles onto a Si substrate. The alignment technique makes use of the fact that the align-
ment of the EBPG is never perfect, nor repeatable (as no marker is the exact same), so if
the patterns are arrayed out like a vernier, one can compensate for the variable alignment.
The generated substrate has some features with less than 3nm separation between them,
which would mean a large electric field can be generated between the pairs and would
be a fantastic sample for TERS. However, it becomes more challenging to distinguish fea-
tures below this distance, as it is near the resolution limit of a SEM. STEM could be a
viable option in examining features below this separation distance, however this would
require a much smaller sample size (about 5mm?, which is also thin (<50nm), which then
becomes an issue of it not being good enough for TERS due to potential damage from the
tip and the required manual handling of the sample.

As there were no Raman Active molecules available at the NPL, nor a standardised
or microfabricated TERS tip, these samples could not be tested. For future work, actually
coating these samples with a Raman active solution would be imperative to be useful as
a TERS substrate. The separation gap could be plotted against enhanced Raman in an ex-
periment, which could then be used as a calibration for future TERS probes. This sample
could also not be used in Glasgow as it was Si based and the setup uses bottom illumi-
nation, meaning the light doesn’t sufficiently propagate through the back of the sample
to the gold top surface. To compensate for larger variances the sample had & 45nm vari-
ation in prescribed positioning, this could be reduced to 4+ 20nm as the variation was

within 20nm, meaning that less surface area would be wasted. Due to the large surface
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area it also made it very difficult to spot where the smaller separation dimers were. To en-
hance the viability of making this sample standardised, the & 20nm prescribed separation
plus a SEM investigation would be required. The analysis would reveal the positioning
of the smaller separated features, they would then be noted and then using e-beam, a
box/arrow or any identification feature could be written onto the sample to highlight
this region. This would make it much easier to locate before performing any separa-

tion/enhancement plots.

6.3 Wafer Fabrication

The main goal of this project was to batch fabricate TERS probes, whilst using EBL to de-
tine the sensor and control the differing dimensions. This has been achieved. By micro-
scope inspection all of the tips survived the wet etch, along with the probe chip, meaning
a high reliability process of fabricating probes was developed. Although the process was
built off of an existing process, issues such as the large reflow of the resist, and the "mow
the grass" stage causing the tips to perforate the coated resist were combatted to make
the process even more robust. It still remains to be seen if float coated resist is as reliable
as resist coating a wafer should be, however work is underway by others to remove this

technique and replace it with a more conventional alternative.

6.4 TERS

6.4.1 Silicon Dioxide Probes

If utilising a thermal oxidation growth of silicon dioxide, it is imperative that the thickness
of oxide will allow for constructive interference and the angles still allow for SPR. In order
to determine the interference mode the refractive index of the material must be known.
The refractive index of silicon dioxide is 1.457 [317] for a 633nm laser, as it is oxide we
can assume this is reproducible (unlike nitride where the stoichiometry is defined by the
growth conditions). Using the equations defined in section 3.2.1, the critical angle for
oxide and angle of incidence for SPR match can be calculated.

0(crir) = Sin_l(”oxide) = 43.34° (6.1)
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)\ .
Oine = sin™ 1 (L) = 45.79° (6.2)

p

The thickness of the oxide has to be expressed in terms of angular tolerance for the
plasmon. Using data given by Daniyal et. al. [318], which shows plasmon admittance at
a 2° range for a 50nm gold film excited by a 633nm laser, the phase of the guided modes
can be calculated. The first step of this is to get the average thickness of oxide across the
wafer, to do this, the data from the nitride deposition at Chalmers was used to give an

idea of uniformity. This data is expressed in Table 6.1.

Measured thickness (nm) Average Thickness (nm)

337.6 -

331.7 334.65
325.8 328.75
320 322.9
314.1 317.05
308.2 311.15
302.3 305.25

TABLE 6.1: Table of measured silicon nitride thickness values and average
values.

As stated earlier, there is a range of admittance which means that for every average
thickness, there is a max, min and average value of this angle. These angles are tabulated

below:

Angle Min (°) / Rad Angle Average (°) / Rad Angle Max (°) / Rad
44.79 / 0.78 45.79 / 0.80 46.79 / 0.81

TABLE 6.2: Table of plasmon admittance angles with values of 6;,. £+ 1°

For ease whilst using the formula to determine the phase of the guided modes, the

sec of the angles (; oslﬁinc) are then tabulated:

sec Angle Min (Rad) sec Angle Average (Rad) sec Angle Max (Rad)
1.41 1.43 1.46

TABLE 6.3: Table of sec6;,. values of the thickness value limits.

The path length and phase of the oxide values can then be calculated using the fol-

lowing relation:
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OPL =2 xn*d *sec(0nc) (6.3)

Using this data, the excitation wavelength needed at the required thickness for a path
difference of 2 wavelengths between the interfering waves (N=2) can be calculated. The
relation for doing so is as follows:

OPL

)\inc — T (6-4)

The results of using these relations at the various thickness is tabulated below:

Average Thickness (nm) OPL min (nm) OPL ave (nm) OPL max (nm)

334.65 1373.96 1398.40 1424.16
328.75 1349.74 1373.75 1399.05
3229 1325.72 1349.30 1374.16
317.05 1301.70 1324.85 1349.26
311.15 1277.48 1300.20 1324.15
305.25 1253.26 1275.55 1299.05

TABLE 6.4: Table of path length with the corresponding average thickness
values.

This data can then be used to calculate the corresponding wavelength which will give
constructive interference (N=2), within the acceptance angle range of SPR (6;,,, & 1°), for

the thickness variations across a wafer.

Average Thickness (nm) Ay, (M) Agge (NM)  Ayyay (nNm)

334.65 686.98 699.20 712.08
328.75 674.87 686.87 699.53

322.9 662.86 674.65 687.08
317.05 650.85 662.43 674.63
311.15 638.74 650.10 662.07
305.25 626.63 637.77 649.52

TABLE 6.5: Table of incident wavelength required for light to guide within
the oxide with it’s corresponding average thickness values.

As can be seen from Table 6.5, even with oxide, at these thicknesses we do not attain
constructive interference anywhere across a wafer. This means that a change to the thick-
ness is needed to achieve it. If a uniform dry etch is performed, or the growth is reduced
by 20nm and the uniformity is kept the same, the same calculations can be performed
until a match is found. This is shown in Table 6.6.
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Average Thickness (nm) Ay, (M) Agge (NM)  Ayyay (nNm)

314.65 645.93 657.41 669.52
308.75 633.81 645.09 656.97
302.9 621.80 632.86 644.52
297.05 609.80 620.64 632.07
291.15 597.68 608.31 619.52
285.25 585.57 595.99 606.97

TABLE 6.6: Table of incident wavelength required for light to guide within
the oxide with it’s corresponding average thickness values after a perfectly
uniform 20nm etch.

Examining Table 6.6, it can be seen that we are at exactly the red laser wavelength
(632.8nm) for 302.9nm. No other values are within the range, so it is assumed that the
thickness variation to excite at 633nm with constructive interference is less than the dif-
ference between the nearest average thickness values (308.75 - 302.9 = 5.85nm). Now if
the plasmon admittance is decreased to +0.5° and say the tolerance between thickness

values is 2nm with a 10nm range, the following values are found:

Average Thickness (nm) Ay, (M) Agge (NM)  Ayyay (nm)

298.9 618.98 624.51 630.18
300.9 623.12 628.68 634.40
302.9 627.26 632.86 638.62
304.9 631.40 637.04 642.83
306.9 635.54 641.22 647.05
308.9 639.69 645.40 651.27

TABLE 6.7: Table of incident wavelength required for light to guide within
the oxide, where the angle of a SPR match tolerance is 45.79 +0.5°.

Looking at Table 6.7, a 302.9nm thickness of silicon dioxide is perfect as the average
wavelength is 632.8nm. The thickness of 300.9nm still works with a HeNe as it is at the
maximum end but could be even slightly thinner.The 304.9nm thickness also works as
the minimum wavelength is just a bit less than 632.8. This gives an average range of 4nm
thickness tolerance to a 45.79 4-0.5° plasmon admittance, which means the thickness of
the oxide has to be uniform to 1.64 % whilst the average stays as 302.9nm.

Now to calculate the excitation angle from air into the silicon dioxide so that a 45.79
+0.5° plasmon admittance can be achieved.

This means that for a 302.9nm thickness silicon dioxide probe wafer, with 1.64 % uni-

formity, can produce a plasmon at the tip apex, when the plasmon admittance is 45.79
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Grating Period (nm)

sin(f;,1) Oext (deg) Angle to Vertical Z-axis

250
350
450
550
650

-1.02 -
-0.52 -49.79
-0.25 -21.22
-0.07 -6.1
0.05 4.06

106.30
77.73
62.61
52.45

TABLE 6.8: Table of the Coupling Angles with respect to period for a silicon
dioxide TERS probe with m=1

Grating Period (nm) sin(6;,;) 0ext (deg) Angle to Vertical Z-axis

250
350
450
550
650

1.02 -
0.52 49.79
0.25 21.22
0.07 6.1
-0.05 -4.06

6.72
35.29
50.41
60.57

TABLE 6.9: Table of the Coupling Angles with respect to period for a silicon

dioxide TERS probe with m=-1

+0.5°, when excited at the angles given in Table 6.8 and 6.9 under the "Angle to Vertical

Z-axis" column.

The same can be done for a thicker deposition for oxide, where 132nm more oxide
is grown on the wafer. For a 3rd order mode, plasmon admittance of 45.79 +0.5° and

2nm tolerance, the wavelength that will allow constructive interference with respect to

thickness is calculated:

Average Thickness (nm) Ay, (Nm)  Agpe (M) Aygy (NM)

450.9
4529
4549
456.9
458.9
460.9

622.50
625.26
628.02
630.78
633.54
636.30

628.06
630.84
633.63
636.42
639.20
641.99

633.76
636.58
639.39
642.20
645.01
647.82

TABLE 6.10: Table of incident wavelength required for light to guide within
oxide, where the angle of a SPR match tolerance is 45.79 £-0.5°.

From Table 6.10, it can be seen that for a thicker oxide and a higher mode there is

a larger increase in the thickness values which match the wavelength with constructive

interference. The 450.9nm thickness has a maximum wavelength value of 633.76nm, and
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it also matches 456.9nm within the thinner end of the specification. This gives a thickness
range of 6nm, so a thicker oxide will also increase the chances of phase matching even if
there is a slightly lower uniformity (more tolerance).

6.4.2 Silicon Nitride Probes

After discovery that the silicon nitride TERS probes would have destructive interference,
some calculations can be done to determine the thickness the silicon nitride has to be to
have constructive interference. This is a least cost method, whereby probes that are on
the wafer this now can still be utilised.

Using the data given by the Chalmers on the deposition of the current nitride, av-
erage thickness values are taken. These values are displayed in Table 6.1 in the previous
section. If the incident angle for plasmons is 27.4°, with a tolerance of £1°, then the wave-
length range for the thickness variation of the nitride to allow for constructive interference
are shown in Table 6.11.

Average Thickness (nm) Ay, (M) Agge (NM)  Ayyay (nm)

334.65 562.56 567.57 572.84
328.75 552.64 557.56 562.74

322.9 542.81 547.64 552.72
317.05 532.98 537.72 542.71
311.15 523.06 527.71 532.61
305.25 513.14 517.70 522.51

TABLE 6.11: Table of incident wavelength required for light to guide within
the current nitride probes, where the angle of a SPR match tolerance is 45.79
+0.5°.

The average wavelengths vary from 568 to 517nm across the wafer. If the 322.9nm
thickness is examined, it means for the full range of wavelengths for exciting a plasmon,
at one thickness slot it will fail for the next thickness slot. This data however does provide
an interesting point, if the thickness of nitride on a probe was between 311.15-317.05nm,
then it could potentially be excited by a green laser (532nm at the NPL). This could explain
why there was a sign of fluorescence on the StHM probe when tested in the NPL setup,
the thickness matched the wavelength for constructive interference. It was capable of
exciting a plasmon in Pd, which means the enhancement of gold should be greater as it

has a lower damping of plasmons, just there was no phase match.
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Etching and using a lower order mode (2) can cause the scatter to get worse, however
a match at 633nm can be achieved. The results of the calculations where a uniform 74nm
etch was carried out and the SPR match tolerance is still 45.79 +0.5° are calculated in
Table 6.12.

Average Thickness (nm) A, (NM)  Agge (M) Aygy (NM)

260.65 657.25 663.09 669.25
254.75 642.37 648.08 654.10

248.9 627.61 633.20 639.08
243.05 612.87 618.32 624.06
237.15 597.99 603.31 608.91
231.25 583.11 5588.30 593.76

TABLE 6.12: Table of incident wavelength required for light to guide within
the current nitride probes after a 74nm uniform etch, where the angle of a
SPR match tolerance is 27.440.5°.

By reducing the thickness we get mode matching at one thickness (248.9nm) but
not at any of the others. The etching is really critical in being able to get constructive
interference. Comparing this with oxide, because it has a lower refractive index, the oxide
has more room for a thickness variation (6nm). It is important to note that the phase
shift upon reflections was neglected in the calculations for both oxide and nitride, hence
the values for thickness are not the exact ones to be used in a device. However, the
calculations are used to determine how practical the fabrication of the TERS probes would
be by giving the correct constraints on the variation of film thickness.

6.5 Implementation

As stated earlier, the nitride can be dry etched to remove material. The silicon dioxide
would have to be grown by thermal oxidation techniques. Data available from the wet
oxidation furnace at the JWNC in Figure 6.1 shown below:

Thermal oxidation seems the better choice for the probes in the future, especially
since the control over thickness and uniformity is much better. With a very thick layer the
dielectric will become largely multimode, then it may not matter about the uniformity as
there will always be a matched mode. If the decided route was to use a wet oxidation
technique and 4.88um is the desired thickness, then the data from the JWNC suggests
it can generate thicknesses of around 4.8ym with 0.95% uniformity, which is a lot better
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Alm of 5 pm = 5000 nm

Oxide Thickness in nm vs. Position Oxide Thickness in nm vs. Position
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FIGURE 6.1: Results of wet oxidation growth of silicon dioxide with a target
growth of 5ym. The image comes from an email conversation with D.Paul
and J.Weaver[319].

than the current PECVD process. The number of guided modes can be calculated using

the following relations:

2mtd
V= - n? —nj =14.33 (6.5)
Where the cladding is air n; = 1, A is 633nm, d is the dielectric thickness and the
refractive index of oxide n; = 1.45. The maximum number of modes that can propagate
in a slab waveguide is calculated with the V number, the modes which will propagate

within a symmetric slab waveguide can be determined with the following:

14.
m < % +1=556 (6.6)

Which means there are 5 guided mode orders at 633nm, the fundamental m=0 and
m=1,2,3 and 4. Each mode order has a TE and TM mode, but only TM couples to plas-

mons, so there are 5 available modes.

Dry oxidation is another method of oxide growth, this is usually much more reliable
but very slow. The results from the JWNC dry oxidation growth of dioxide is depicted in
the Figure 6.2 and 6.3 below:

The results from a dry oxidation run indicate that the thickness uniformity is much
lower than the current silicon nitride LPCVD growth and the proposed wet oxidation
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Dry Oxidation: 3 hour recipe without rotation

Left
Orientation in furnace Top . Bottom

Right

53.4 +20.0 nm (£ 37.5%) §9.8 £ 25.2 nm (£ 42.1%) 451 £ 7.7 nm (£ 17.1%)

FIGURE 6.2: Results of dry oxidation growth of silicon dioxide within
the JWNC. The image comes from an email conversation with D.Paul and
J.Weaver[319].

Dry Ox: 3 hour recipe with rotation

411254 nm (£ 13.1%) 47.0 £ 11.5 nm (£ 24.5%) 40.8 £ 5.33 nm (£ 6.5%)

Top Bottom

Right

FIGURE 6.3: Results of dry oxidation growth of silicon dioxide within
the JWNC. The image comes from an email conversation with D.Paul and
J.Weaver[319].



Chapter 6. Summary and Outlook 203

growth. The minimum thickness variation of this process is 6.5%, however it is opti-
mised for 5nm thick oxide and not larger growths and not used very often. The wet
oxidation process is more heavily used for thicker layers and more than likely has less
contamination.

Reproducibility of the oxide growth (wet) will have to be investigated. Thermal gra-
dients within the tube can also cause the thicknesses to be non-uniform [320], so place-
ment (horizontal or vertical) of wafers will have to be investigated so that a conformal
growth can be achieved. As discussed earlier we can oxide within a 5.85nm range of
302.9nm, however measuring this would be a challenge, especially as the oxide will be
on a pyramid slope. One possible way of measuring at the end would be to take a side
profile SEM image of the probes after release etch. Assuming the calibration of the scale
is exact on the system, an evaluation of the nitride thickness can be determined, whereby
the Helix detector could be used to reduce charging.

Another method would be to have pyramidal witness wafers (during the first depo-
sition), these would have in-house grown PECVD nitride and oxide to start (reduction of
cost compared to external deposition), go through the same process with the same spec
limits and have oxide deposited at the same time as the other wafers. These are essen-
tially sacrificial, so they could be scribed and cleaved to reveal a side profile of oxide on
pyramid. However the oxide could delaminate due to cleave damage. The same would
have to be done for a trim etch, so this would bring the total to 2 wafers. One for initial

measurements, second after trim etch.

Ellipsometry spectroscopy is another technique which could be used to measure the
dielectric on the pyramid, appropriate optical models would have to be employed to
account for the slope on the pyramid[321]. However trial and error on film thickness
measurements would have to be employed so that the model would be suitable for live

wafers i.e. ensure it is accurate.

AFM could also be used as a measurement tool. After the cantilever dry etch and
chrome etch, the step height of the tip apex onto the pyramid could be measured to give
an estimate of film thickness around the probe. A trim etch could be employed after this

stage.

TMAH does also etch silicon dioxide, it is found that a wet growth of oxide etches
faster than dry and the etch rate is higher for lower concentrations[322]. The exact etch
rate of the TMAH and IPA solution at 80° would have to be evaluated on test material so

this could be accounted for in the growth.
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Fabricating a slit coupler or a grating would be more reliable as the fabrication would
start to rely on lithographic definition as opposed to growth and etching of dielectric
layers. As the growth starts to get large to make the probes multimodal, the topographic
spatial resolution of the tip could achieve would decrease (have more material). But as
stated earlier, the range of a SPP in gold is limited (20pm in gold at 633nm [315]), so it
then becomes optically harder to discriminate between pump light and scattered light

and gives a smaller target for the laser to illuminate.



205

A Appendix

A.1 Previous probes

A.1.1 Introduction

Although this body of work is based on TERS. The first half of the project considered
SECM probe fabrication as the main process to improve on, and improving on the func-
tionalised probe process[323]. The issue with SECM was mainly pinholes in the dielectric,
this provides an area for the analyte to seep in and attach to the gold, which is not neces-
sarily at the apex of the probe. A lot of work was done on finding a suitable replacement

of the dielectric. This work is detailed below.

A.1.2 Scanning Electrochemical Microscopy

Scanning electrochemical microscopy (SECM) is an electroanalytical scanning probe tech-
nique used to measure the electrochemical behaviour of liquid/liquid[142], liquid/gas
and liquid/solid interfaces. When the sensor is combined with AFM, simultaneous imag-
ing of a substrate’s topography and surface reactivity can be mapped. During an SECM
scan, current flows through an ultramicroelectrode (UME) fabricated onto the probe’s
apex. The UME is fabricated to a nm or ym scale and in various geometries such as a
disk, ring or sphere. The probe’s tip is placed in close proximity to a conductive, semi-
conductive or insulating substrate which is immersed in a solution. The tip and substrate
are part of a four-electrode electrochemical cell, with a bipotentiostat to control the po-
tential and current at both the tip and the substrate. Spatially resolved electrochemical
signals are retrieved by measuring the current at the SECM probe’s tip, resolved as a
function of tip position. The SECM signal is analysed based on diffusion-limited current
phenomena[143]. After the scan, the information is compiled to make images of surface
reactivity, chemical kinetics and topography. A schematic diagram of a SECM system is
shown in Figure A.1.
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Bipotentiostat
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FIGURE A.1: Schematic diagram of an SECM system.

Since the introduction of SECM, a large amount of research has been undertaken into
improving the modes of operation for the system, especially for nm scale measurements.
The four main modes that are used and developed for different applications include feed-
back, generation/collection (G/C), shielding and potentiometric.

In potentiometric mode, the potential of the probe must be calculated at an open
circuit. The tip behaves as a passive probe, whereby the activity of the reactant species is
reflected on its potential. The probe is unable to produce or generate species and as such,
is limited with its chemical detection range. One such method is to coat the tip with a PH
sensitive layer. Within a potentiometric mode experiment, the PH of the layer changes to
suggest a reaction is taking place. The system allows for either the current or potential to
be measured as a function of position[324].

Feedback mode is the most frequently seen, whereby the tip current is the only thing
monitored. Feedback mode was first demonstrated in 1989 primarily by Bard and Kwak’s
work[325], [326]. In a bulk solution, the oxidised species is reduced at the tip to generate
a steady-state current. When the tip is in close proximity to a conductive substrate, im-
mersed in solution, the reduced species then oxidises onto the conductor’s surface. This
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regenerative cycle produces an increase in the tip’s current and is known as positive feed-
back. An image of this regenerative cycle is shown in Figure A.2. In contrast, when an
insulator is examined, the oxidised species cannot regenerate and diffusion at the elec-
trode is blocked. This cycle causes a reduction of the tip current and is known as negative
feedback. Feedback mode has also been used to map topography and electrochemical
activity within porous membranes[327]. The tip is in contact with the membrane, with
no amperometric signal until it enters the solution filled pore. Upon entering the pore
a signal is seen due to the diffusion-controlled oxidation of the solution, displacing the
solution and extending the region of electrochemical activity. Feedback mode has also
been successfully used to study heterogeneous catalysis[327].

SECM Probe

)R

i
.

Mediator

| e

Gold electrode

FIGURE A.2: A schematic diagram of a redox cycle within an SECM experi-
ment.

If the species can’t be easily generated at the tip and the product can’t be easily moni-
tored, the shielding method is used. The same reaction occurs at the tip and the substrate,
so the tip current is decreased i.e. the tip becomes shielded and competes with the sub-
strate for the same reactant. This phenomena is called hindered diffusion. The reactant is
studied by how well the substrate competes with the tip for consumption[328]. Hindered
diffusion can also be used to map topography in this mode

In generation/collection (G/C) mode both the tip and substrates current is moni-
tored, with either one being a generator or collector. In tip generation/substrate collec-
tion (TG/SC) mode, the tip is used to generate a reactant that is detected at a substrate
electrode. The potential is held at the tip whereby the reaction occurs, the substrate will
be held at a different potential where the product of the tip’s reaction will react and be
"collected". This mode is commonly used in determining homogenous chemical reaction
rates[329]. The opposite mode, where the tip is the collector (SG/TC), is commonly seen
in studies of reactions at a samples surface[329].
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In SECM experiments the probe is out of contact, relieving the constraints for it to
be as hard as commercial AFM probes. Its resonant properties are also unimportant as it
will not operate in tapping mode and in solution. The attention then turns to the electrical

performance, complete insulation coverage and most importantly, the sensor geometry.

A.1.3 Insulators

One of the most important aspects of an SECM probe is its insulator. The insulator coats
the working electrode to limit the area of a redox reaction. This allows for the acquisition
of a potential without galvanic contact to the body of the remaining electrode, improving
electrode life and defining the spatial resolution of the microscope. As the insulator is
such a key component to the system, care must be taken to ensure complete coverage of
the probe (except the very tip and bond pads) with no pinholes. Pinholes are topographic
defects within the insulator which allow electrochemical reactions to occur at this region,
which is remote from the tip, therefore producing inaccurate results.An example of a
pinhole formation is shown in Figure A.3. In this figure, the insulator can’t fully cover
a particle on top of a substrate and a void is left in-between the substrate and deposited
material. As there isn’t complete coverage and a gap is left, the pinhole forms a parasitic
electrode at some distance from the tip.

FIGURE A.3: Schematic diagram showing the formation of a pinhole. The
particle is shown in red and insulator shown in blue. A void between the
particle and deposited insulator is illustrated, this is known as a pinhole.

As discussed earlier, the fabrication methods to produce SPM probes are well es-
tablished; however, the probes are not normally coated with an insulator. Experimental
results and literature concerning the poor adhesion of an insulator onto metal shows this
to be a major hurdle, with the formation of pinholes also playing its part[330]. As the
probes go through over 30 fabrication stages until insulator deposition and the number
of wafers are limited, it is too costly to test insulator adhesion at the final steps. As a
result, these tests on small samples are described in the next section, where the cluster

ICP-CVD deposition of silicon nitride proved to be the best at adhering to metal.
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A.2 Planar Probe

A.21 Processing

As the insulation tests were conducted on geometric shapes similar to that of a probe, and
the micromachined wafers are too valuable for testing on, it was proposed that small sam-
ples undergo the same fabrication stages, without the pyramids. These fabrication stages
will also provide a means of getting used to the processing required before upscaling.

As the global and cell markers are fabricated in the early stages of the microma-
chined wafers, i.e. before the external LPCVD silicon nitride deposition, new markers
would have to be made for the planar test samples. The markers consisted of nine 750um
crosses and seventy-two 30um? boxes made from 5nm titanium (Ti) and 70nm of gold
(Au).Titanium was chosen as the adhesive layer as there is a chrome etch later on in
the process, which would etch away the NiCr. Gold is chosen as the top layer for it’s
high atomic number, useful for marker contrast in backscattered electron detection. The
markers were placed outside the probe’s chip to avoid interference with the pattern and
unintentional marker search exposure. The planar probe processing is intended, as far as
possible, to follow the process steps on the micromachined wafers.

A.2.2 Fabrication

In order to fabricate the test samples, a 400um SSP silicon wafer with 300nm of silicon
nitride was cleaved into 20x20mm pieces using a diamond scribe. These samples were
the foundation for the subsequent dose tests and final lithographic stages. Each sample
was solvent cleaned for five minutes each using acetone, methanol, IPA and RO water

consecutively.

From previous insulation tests[331] it was found that a NiCr-Au/Pt stack with ICP-
CVD silicon nitride, from the ICP380 tool within the JWNC, yielded the most promising

results. Henceforth, these were put into action during the planar probe tests.

Due to the triangular geometry of the cantilever, it is hard to modify sensor geometry
from previously made probes by Dobson et. al.[332]. The reason for this difficulty is the
cantilever tapers to a point, making the final exposed area triangular in shape (see Fig-
ureA.4). Within Dobson’s work, the success rate of fabrication for the probes is around
80% and produced stable topographical and electrochemical images. Although the suc-
cess rate is high and the probes are batch fabricated, the insulator-metal adhesion problem



Appendix A. Appendix 210

was not tackled in this work and poses a problem for wafer reproducibility. In addition
to the poor adhesion, the method used to connect the probe to the system used various
layer of conductive paint and nail varnish, a limited exploitation of the technology. Tack-
ling this, the sensor’s metal, dielectric material and thickness are available to modify to

increase the success rate, without making changes to the cantilever shape.

From previous work on the insulator release tests, it was found that platinum pro-
duced better adhesion to the subsequent insulation layer and was therefore used. Plat-
inum and gold are excellent conductors when used as electrochemical electrodes, how-
ever, gold did not adhere well to the silicon nitride insulator.

For deposition of the insulator, the ICP380 tool was used. 80nm of silicon nitride
was deposited on top of all the sample +/- 5nm. The problem with exposure during
the next phase, where a gap is made in the insulator at the very tip and bond pads so
current can flow, is that PMMA etches roughly 2.5 times faster than the silicon nitride.
To overcome this, the resist layer is made as thick as possible, given the need for high
resolution, but care taken to ensure the exposed regions are fully developed. The tip
resistor and etched region jobs did however employ Elvacite. The last two lithography
levels of the sensor design and electrochemical aperture in the insulator was float coated
despite the fact that the test probes are planar. It was important to test the fabrication
using the same resist stack as that used to fabricate the final devices, giving an idea on tip
resolution and experience on the fabrication techniques. The process followed is shown
in Table A.1.

An image of the sensor and probe body post lift-off is shown in Figure A 4.

FIGURE A .4: The image on the left shows an image of the platinum tip with
its gold connecting wires. The right hand image shows bond pads and start
of the connecting wires for the probe.
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As can be seen from Figure A .4, all areas for deposition were successfully fabricated
with high resolution. The balloon shape at the end of the probe on the left hand image
was intended to enhance the lift-off process as it hangs over an etched end. This does
not pose a problem for experimentation as only the area exposed post deposition will be

electrically active.

It should be noted that the bars surrounding the probe body were deliberate and due
to photolithography and etching. These silicon-silicon nitride bars become very fragile
during the release etch, and as such, make cleaving out the probe’s from the wafer much

easier.

A.2.3 Results and Discussion

The results of the dry etch are shown in the microscope image’s in Figure A.6 below. It
can be clearly seen in the image that an etch was successful with a visible cut but also a
clean gold surface on the pads. For confirmation, a Dektak scan was undertaken whereby
it confirmed a 80nm difference between the pads and the region surrounding. There are
regions with a slightly larger difference, however this can be put down to contamination.
For further confirmation of this value, an AFM scan could be undertaken. The results in
Figure A.5 suggests that the insulator remained intact and the etchant did not get through
the PMMA.

The most crucial part is that the insulator remained on the probe body post wet-etch,
which it did. The next step for these tests was to fabricate the probes with the ICP 380
silicon nitride and NiCr-Au/Pt stack and to see if there was any improvement to the
fabricated yield and to test their electrochemical response. The flat probes could also be
tested to see if they are behaving as expected electrochemically, however the topographic
spatial resolution is limited as they don’t have protruding tips and they would have to be
scribed and cleaved out of the substrate (to test them individually). This part of the project
did not progress any further as the collaborators were more invested in the fabrication of
TERS probes.
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FIGURE A.5: A Dektak scan of the bond pads to connecting wires. It clearly
shows that there is a difference in height between the etched pads and insu-
lated wires.
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FIGURE A.6: The image on the left shows an image of the bond pads with
connecting wires, the cut between them shows the nitride etch. The right
hand image shows the probes cantilever and sensor post-dry etch.
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Process flow for the sensor fabrication
Step number Stage details
1 A 400pum SSP previously processed silicon sample, with 300nm silicon ni-
tride on top is cleaned with acetone, methanol,IPA (all within an ultrasonic
bath) and an RO water rinse, respectively for 5 minutes each.

2 Sample is oxygen barrel ashed at 100W for 5 minutes.

3 8% 2010 PMMA with a molecular weight of 84kDa is spun at 2500rpm.

4 Sample is baked at 180°C for 15 minutes.

5 4% 2041 PMMA with a molecular weight of 410MDa is spun at 2500rpm for
30 seconds.

6 Sample is baked at 180°C for 15 minutes.

7 1.5% 2041 PMMA with a molecular weight of 410MDa is float coated onto
the sample.

8 Sample is baked at 180°C for 15 minutes. Step 7 and 8 is repeated once more
after this.

9 The sample is exposed with the VB6 to produce the designed sensor geom-
etry.

10 Sample is developed in a 23°C 1:1 MIBK:IPA solution for 30 seconds before
an IPA rinse and nitrogen gun dry.

11 The sample is then oxygen barrel ashed at 80W for 30 seconds.

12 The sample then has 8nm of NiCr and 40nm of Pt evaporated onto it, before
being soaked in a 50°C acetone solution for 2 hours.

13 The remaining resist is then removed using fresh acetone, finishing off with
an IPA rinse and nitrogen gun dry.

14 The sample is oxygen barrel ashed at 100W for 5 minutes.

15 The front face of the sample has 80nm of silicon nitride deposited on it with
the ICP380.

16 Steps 1-6 are repeated.

17 1.5% 2041 PMMA with a molecular weight of 410MDa is float coated onto
the sample.

18 Sample is baked at 180°C for 15 minutes. Step 14 and 15 is repeated two
more times after this.

19 The sample is exposed with the VB6 to produce the designed tip etch and
bond pad areas.

20 Sample is developed in a 23°C 1:1 MIBK:IPA solution for 30 seconds before
an IPA rinse and nitrogen gun dry.

21 The sample is then oxygen barrel ashed at 80W for 30 seconds.

22 The sample is dry etched within the RIE 80+. The process required C2F6 as
the etchant gas, flowing at 20sccm with a pressure of 23mT, with the tool
operating at a power of 200W for 3.5 minutes at 22 °C.

23 The sample is then cleaned with acetone, methanol IPA (all within an ultra-
sonic bath) and an RO water rinse, respectively for 5 minutes each.

24 The sample is then oxygen barrel ashed for 10 minutes at 150W.

25 The sample is then wet etched in a 80°C solution comprising of 1.4L of
TMAH and 350mL of IPA for 2.5 hours. The sample is then neutralised
in RO water before being dried from methanol with a nitrogen gun.

26 The sample is then cleaved into individual probes.

TABLE A.1: Table detailing the process flow for the fabrication of the sensors

on the planar probe.
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B.1 Raman Cosmic Ray Detection and Spectra Processing

Script

import pandas as pd
import numpy as np
from scipy.signal import find_peaks

import matplotlib.pyplot as plt

# File paths and acquisition times
ters_path = " #insertname.txt"
sers_path = " #insertname.txt"

100

100

acq_time_ters

acq_time_sers

import ramanspy as rp

def load_and_process(path, acq_time):

df = pd.read_csv(path, delimiter=";", skiprows=3, header=None)
x = df.iloc[:, 0].values

y = df.iloc[:, 1].values

y_counts_sec = y / acq_time

spectrum = rp.Spectrum(y_counts_sec, x)

pipeline = rp.preprocessing.Pipeline([
rp.preprocessing.misc.Cropper (region=(120, None)),
rp.preprocessing.despike.WhitakerHayes (),
rp.preprocessing.baseline.ASPLS(),

D
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return pipeline.apply(spectrum)

# Process both spectra

processed_ters load_and_process(ters_path, acq_time_ters)

processed_sers load_and_process(sers_path, acq_time_sers)

# Extract data for plotting and peak finding
ters_x, ters_y = processed_ters.spectral_axis, processed_ters.spectral_data

sers_x, sers_y = processed_sers.spectral_axis, processed_sers.spectral_data

# Find peaks

ters_peaks, _ = find_peaks(ters_y, height=0.2, prominence=0.5, distance=10)

sers_peaks, _ = find_peaks(sers_y, height=0.2, prominence=0.5, distance=10)
# --- Plot as a single y-axis ---

fig, ax = plt.subplots(figsize=(12, 6))

# Plot both spectra
ax.plot(sers_x, sers_y, label=" #insertname", color=’orange’)

ax.plot(ters_x, ters_y, label=" #insertname", color=’blue’)

ax.set_ylim(-0.25, 3.5)

ax.set_ylabel ("TERS Intensity (counts/sec)")
ax.set_xlabel("Raman shift (cm$~{-1}$)")
ax.set_title("TERS Spectra #insertname")

# Peak annotation parameters

line_height_sers = (max(sers_y) - min(sers_y)) * 0.03
line_height_ters = (max(ters_y) - min(ters_y)) * 0.05
tolerance = 3

# SERS annotation: 1589 horizontal, others up/left
for i, peak in enumerate(sers_peaks):

x_peak = sers_x[peak]

y_peak = sers_y[peak]

# Special case: 1589 horizontal annotation

if abs(x_peak - 1589) <= tolerance:
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ax.annotate(

f"{x_peak:.0f}",

xy=(x_peak, y_peak),

xytext=(x_peak + 40, y_peak),

textcoords=’data’,

arrowprops=dict(arrowstyle="->", color=’orange’, lw=1),
ha=’left’, va=’center’, color=’orange’, fontsize=8,
rotation=0

)

continue

# Special case: 1627 (text to right)
if abs(x_peak - 1627) <= tolerance:
ax.annotate(
f'"{x_peak:.0f}",
xy=(x_peak, y_peak),
xytext=(x_peak + 40, y_peak),
textcoords=’data’,
arrowprops=dict(arrowstyle="->", color=’orange’, lw=1),
ha=’left’, va=’center’, color=’orange’, fontsize=8,
rotation=0
)

continue

# Default annotation for other peaks: slightly up and left or right with offsets
y_offset = line_height_sers * (7 if 1 /4 2 == 0 else 9)
ax.annotate(

f'"{x_peak:.0f}",

xy=(x_peak, y_peak),

xytext=(x_peak - 30, y_peak + y_offset),
textcoords=’data’,

arrowprops=dict (arrowstyle="->", color=’orange’, lw=1),
ha=’right’,

va=’bottom’,

color=’orange’,

fontsize=8,

rotation=0
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# TERS annotation: 1048 up, 1079/1280/1585 northwest, 1623 up/right, others up

for i, peak in enumerate(ters_peaks):

x_peak = ters_x[peak]

y_peak = ters_y[peak]
if abs(x_peak - 1048) <= tolerance:
ax.annotate(
f"{x_peak:.0f}",
xy=(x_peak, y_peak),
xytext=(x_peak, y_peak + line_height_ters x 2),
textcoords=’data’,
arrowprops=dict (arrowstyle="->", color=’blue’, lw=1),
ha=’center’, va=’bottom’, color=’blue’, fontsize=8,
rotation=0
)
continue
elif any(abs(x_peak - t) <= tolerance for t in [950, 1079, 1280, 1585]):
ax.annotate(
f"{x_peak:.0f}",
xy=(x_peak, y_peak),
xytext=(x_peak - 40, y_peak + line_height_ters * 1.5),
textcoords=’data’,
arrowprops=dict(arrowstyle="->", color=’blue’, lw=1),
ha=’right’, va=’bottom’, color=’blue’, fontsize=8,
rotation=0

)
continue
elif any(abs(x_peak - t) <= tolerance for t in [1623]):
ax.annotate(
f'"{x_peak:.0f}",
xy=(x_peak, y_peak),
xytext=(x_peak + 40, y_peak + line_height_ters * 1.5),
textcoords=’data’,
arrowprops=dict (arrowstyle="->", color=’blue’, lw=1),
ha=’right’, va=’bottom’, color=’blue’, fontsize=8,

rotation=0
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)

continue

ax.annotate(

f"{x_peak:.0f}",

xy=(x_peak, y_peak),

xytext=(x_peak, y_peak + line_height_ters * 2),
textcoords=’data’,

arrowprops=dict(arrowstyle="->", color=’blue’, lw=1),
ha=’center’, va=’bottom’, color=’blue’, fontsize=8

)

ax.legend(loc=’upper left’)
plt.tight_layout()
plt.show()
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