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Abstract

When creating 3D-Raman-maps of samples three problems occur due to
refraction at the sample surface: compression of the depth scale, loss of
signal and loss of depth resolution. A common way to avoid refraction is the
use of oil (with polymers) with a refractive index close to the sample’s or
water (with biological samples) and immersion objectives. This, however,
contaminates the samples and can even damage the sample, for example
by dissolution or diffusion into porous samples.

The first part of this thesis introduces four representative samples and
shows that depth scale compression of up to 47% occurs in measurements
in air compared to the ones in oil. The measurement in air of an ideal sample
shows an about 4 times higher loss of signal with depth compared to meas-
urements using immersion oil.

In the second part of this thesis, several approaches to prevent the con-
tamination of samples by oil are introduced. Of these, adhesive tape and a
silicone thin film have proven to be most practical and reliable. Both, adhe-
sive tape and a silicone thin film, successfully avoid loss of signal, compres-
sion and prevent the oil from contaminating the sample (contamination with
glue from the adhesive tape still occurs). In addition, both approaches can
easily be implemented for standalone Raman microscopes.

The final part of the thesis explores the possibility to extend the concept
of immersion objectives to the up-and-coming field of correlative Raman-
SEM-imaging (Scanning Electron Microscope). However, the approaches
from the second part cannot be used as the oil is still exposed to the vacuum
of the chamber and would evaporate. Therefore, additional approaches were
tried with the aim to enclose the immersion oil fully by some protective layer
that can also maintain good optical contact to the sample, which proofed to
be necessary. The “arc approach” has shown the highest potential. The arc
(a transparent, stiff polymer) as the basis holds the oil, is mounted on the
objective and provides the necessary downwards-pressure to ensure good
optical contact to the sample. To avoid air inclusions or vacuum bubbles the
arc’s side towards the sample is coated with an adaptive material. The com-
bined setup was unable to perform adequately, however, each part on its
own did yield promising results, which suggests that further research could
allow for 3D, confocal, refraction free and sample protecting Raman micros-
copy automatically and under high vacuum conditions.



Kurzfassung

Bei der Erstellung von 3D-Raman-maps von Proben treten aufgrund der
Brechung an der Probenoberflache drei Probleme auf: Kompression der Tie-
fenskala, Signalverlust und Verlust der Tiefenauflésung. Eine Ubliche Me-
thode zur Vermeidung der Brechung ist die Verwendung von Ol (bei Poly-
meren) mit einem Brechungsindex nahe der Probe oder Wasser (bei biolo-
gischen Proben) und Eintauchobjektiven. Dies kontaminiert jedoch die Pro-
ben und kann sogar die Probe beschadigen, z.B. durch Auflésung oder Dif-
fusion in porése Proben.

Der erste Teil dieser Arbeit stellt vier reprasentative Proben vor und zeigt,
dass bei Messungen in Luft eine Kompression der Tiefenskalen von bis zu
47% im Vergleich zu Messungen in Ol auftritt. Die Messung in Luft einer
idealen Probe zeigt einen etwa 4-mal héheren Signalverlust mit der Tiefe im
Vergleich zu Messungen mit Immersionsal.

Im zweiten Teil dieser Arbeit werden mehrere Ansatze zur Verhinderung
der Kontamination von Proben durch Ol vorgestellt. Von diesen haben sich
Klebeband und ein dunner Silikonfilm als die praktischsten und zuverlas-
sigsten erwiesen. Sowohl Klebeband als auch ein dinner Silikonfilm vermei-
den erfolgreich Signalverlust, Kompression und Kontamination der Probe
(mit Ausnahme von Klebstoffresten vom Klebeband). Dariber hinaus kdnnen
beide Ansatze leicht fur eigenstandige Raman-Mikroskope implementiert
werden.

Der letzte Teil der Arbeit untersucht die Mdglichkeit, das Konzept der Im-
mersionsobjektive auf den aufstrebenden Bereich der korrelativen Raman-
SEM-Mikroskopie auszudehnen. Die Ansétze aus dem zweiten Teil kdnnen
jedoch nicht verwendet werden, da das Ol noch dem Vakuum der Kammer
ausgesetzt ist und verdampfen wirde. Daher wurden zuséatzliche Ansatze



erforscht, mit dem Ziel, das Immersionsdél vollstandig durch eine Schutz-
schicht zu umschlie3en, welche allerdings auch einen guten optischen Kon-
takt zur Probe aufrechterhalten kann. Der "Arc-Ansatz" gezeigte das hdchste
Potenzial. Der Arc — ein transparentes, steifes Material dient als Basis, wel-
che das das Ol halt — wird in einem Bogen unter das Objektiv montiert und
sorgt durch die Krummung fur den notwendigen Abwartsdruck, um einen gu-
ten optischen Kontakt zur Probe zu gewahrleisten. Zur Probe hin ist am Arc
ein adaptives Material aufgebracht, um Lufteinschliisse oder Vakuumblasen
zu vermeiden. Der kombinierte Aufbau war jedoch nicht in der Lage, ein
zufriedenstellendes Ergebnis zu liefern. Jeder Teil des Aufbaus fur sich al-
lein allerdings schon, was zu der Annahme fuhrt, dass durch weitere Unter-
suchungen und Experimente eine automatische und unter Hochvakuumbe-
dingungen stattfindende dreidimensionale, konfokale, brechungsfreie und
probenschonende Raman-Mikroskopie ermdéglichen kdnnten.
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CHAPTER 1: INTRODUCTION

1 Introduction

Raman scattering or the Raman effect was discovered by Sir Chan-
drasekhara Venkata Raman, an Indian physicist in liquids and published
in 1928 [1]. It describes the inelastic scattering of photons from molec-
ular vibration. The shift of energy of the photons gives information about
the molecular composition which makes Raman spectroscopy an im-
portant tool for investigations of different kinds of materials and it has
many applications in physics, biology, chemistry and medicine.

A Raman microscope combines the molecular sensitivity of Raman
spectroscopy with the spatial resolution of an optical microscope, which
makes it possible to create a 2D map of the components of a sample.
This is done by measuring and evaluating a Raman spectrum in every
pixel of the map [2], [3]. The scanning confocal laser Raman microscope
used in this study allows for 2D mappings of the surface as well as depth
profiles and 3D mappings of the sample [4]. Depending on the used
laser, pinhole and few other parameters, confocal Raman microscopy
has a very high spatial resolution with lateral resolutions as low as 200
nm and a depth resolution as low as 500 nm [4].

A problem that specifically occurs with 3D-measurements and depth
profiles is refraction, as the materials to be investigated have a signifi-
cantly larger refractive index than the material between objective and
the sample (air in the standard setup; nair < 1.0003). Based on Snellius’
law, this difference leads to refraction at the sample surface and there-
fore compression of the depth scale and loss of both resolution and
signal [5]. Many samples such as polymers as well as the samples in-
vestigated in this study have a refractive index in the range of nsample =
1.3 - 1.6 [6].

One approach to avoid the occurring information loss through refrac-
tion in 3D confocal Raman spectroscopy is the usage of oil as filling
material [7]. The hence needed oil immersion objective is immersed into
the oil, which must have a refractive index similar to one of the samples
to be examined (for polymers around 1.5; for biological samples, water
is often used [8]). Hence, the sample must have certain properties such
as a sealed surface to prevent absorption and it must not dissolve in oil.
Additionally, the sample will be contaminated with oil, which in some
cases must be avoided. An approach based on introducing a protective
layer between the sample and the oil, to overcome these limitations, has

Contamination-free immersion approaches
for Raman microscopy 1/70



CHAPTER 1: INTRODUCTION

been suggested in the literature [9]. Expanding on this idea, in this the-
sis new approaches were developed and evaluated, some of which en-
able contamination-free, immersion, confocal Raman spectroscopy. A
special focus was also put on trying to develop a setup that could ensure
the necessary “refractive” contact as well as completely enclose the im-
mersion oil. This would be a rather useful tool in the relatively new field
of correlative Raman-SEM microscopy [4], [10], [11], allowing immersion
microscopy in the vacuum of an SEM chamber.

A variety of approaches have been tested, three of which yielded use-
able results. First, the unsuccessful attempts are explained briefly. After
that, the three solutions that worked adequately are discussed in more
detail. The simplest solution found, was to use customary adhesive tape
to shield the sample from the oil. This does not temper with the Raman
signal but of course, leads to contamination of the sample with glue. To
avoid the contamination with glue, a self-adhesive silicone thin film was
tried, which eliminated the contamination problem, but still is not suita-
ble for vacuum applications. The most complex approach using a self-
made device to hold a multi-layer foil (the top layer of which is the silicon
adhesive), was developed and proof of principle could be accomplished.
This third approach could potentially be included in an oil immersion
objective, potentially allowing for both more convenient measurements
and even use in vacuum.

Contamination-free immersion approaches
for Raman microscopy 2170



CHAPTER 2: BASICS

2 Basics

2.1 Raman spectroscopy

When photons hit a molecule, they are absorbed by it, elevating it to
a virtual state. The exited molecule goes back to its ground state emit-
ting a photon with the same energy. This is elastic scattering or Rayleigh
scattering [3] and is visualized in Figure 2.1.

In 1923, the Austrian theoretical physicist Adolf Smekal predicted in-
elastic scattering of light. The paper of Indian physicist Sir Chandra-
sekhara Venkata Raman (7 November 1888 — 21 November 1970) "Mo-
lecular Diffraction of Light” [1] describes this effect in liquids and it was
named after Raman (sometimes Smekal-Raman effect). Independently
discovered and published was the effect for crystals by Grigory Lands-
berg and Leonid Mandelstam [12].

Inelastic scattering can happen in two ways. If the molecule absorbing
a photon was already in an excited state it will drop back to its ground
state, releasing a photon with its incident energy plus the energy differ-
ence between the ground state and the excited state of the molecule.
This is called Anti-Stokes scattering (Figure 2.1). The Stokes scattering
(Figure 2.1) occurs when a molecule in its ground state is excited from
an inbound photon and drops down to a state above the ground state.
The exiting photon then gains the energy difference between the mole-
cules ground and final excited state. As it is more likely that molecules
are in their ground state, Stokes scattering occurs more often and is
used for Raman spectroscopy [1], [3], [12].

Virtual Y
energy

states
Al 1

Vibrational
energy states

Y—
1 ,
Infrared Rayleigh Stokes  Anti-Stokes

absorption scattering Raman Raman
scattering scattering

O N W

Figure 2.1: Representation of Rayleigh, Stokes Raman and Anti-Stokes Raman
scattering.

Contamination-free immersion approaches
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CHAPTER 2: BASICS

In classical physics, Raman scattering is explained through polariza-
tion [2], [13], [14]. Photons can excite molecules to a virtual energy state
by producing an oscillating polarization. These polarizations can couple
with other possible polarizations of the molecules. The number of pos-
sible polarizations is mainly limited by the degrees of freedom and elec-
tronic excitations. The degrees of freedom are given by 3N - 5 in linear
molecules and 3N - 6 in non-linear molecules, where N is the number
of atoms in the molecule [15]. Elastic scattering occurs, when the polar-
ization in the molecule, caused by the incident photon, does not couple
with these possible polarizations; the scattered photon will have the
same frequency, wavelength and therefore energy as the photon enter-
ing the compound. If the polarization in the molecule couples with an-
other polarization, the scattered photon differs in energy by the amount
required to excite the molecule. This difference can be positive or neg-
ative. If the material observed absorbs energy from the incoming pho-
ton, the scattered photon will have lost energy and undergone the al-
ready introduced Stokes Raman scattering. In the opposite case, when
the scattered photon has gained energy (and therefore the material has
lost energy), the scattering event is called anti-Stokes Raman scatter-
ing. The scattered photons can be collected and analysed to become a
Raman spectrum.

Approximately only 1 out of 10 million photons are scattered inelas-
tically [16]. Therefore, in Raman spectroscopy, a laser is used to excite
molecules. The elastically (Rayleigh) scattered photons are blocked by
a filter and inelastically (Raman) scattered Photons are measured by a
spectrometer equipped with a highly sensitive photon detector. An ex-
ample of a Raman spectrum can be seen in Figure 2.2 where Polyeth-
ylene was sampled.

Contamination-free immersion approaches
for Raman microscopy 4 /70
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Figure 2.2: Example of a Raman spectrum of Polyethylene:

(1) elastically scattered photons from the laser
(2) inelastically scattered photons - undergone Stokes Raman shift
(3) inelastically scattered photons - undergone Anti-Stokes Raman shift.

General settings can be seen in 9.2.

Settings specific to this measurement:
Laser intensity: 100%
Integration time: 1 sec

The peak at position 1 in Figure 2.2 represents the elastically scat-
tered photons that did not lose energy. The inelastically scattered pho-
tons in area 2 have lost energy and have undergone a Stokes shift,
where the energy was given to the observed material Polyethylene. In
area 3 the photons have gained energy, taking it from the sample and
have undergone an Anti-Stokes shift (Note that this spectrum was meas-
ured with a low-pass filter thus no Anti-Stokes photons can be detected;
the occurring counts come from background noise). The amount of en-
ergy the photons lost or gained is directly proportional to the indicated
inverse length unit: the wavenumber. The recorded spectra contain a lot
of information about the sample such as chemical composition, the
stress/strain stated, crystal symmetries and crystal quality [3], [17].

Contamination-free immersion approaches
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CHAPTER 2: BASICS

2.2 Raman microscopy

A Raman microscope uses a monochromatic and polarized light
source, usually a Laser, which is focused on a small area on the sample.
After scattering, the photons are collected with a lens (most commonly
backscattered through the microscope objective) and send through a
Raman spectrometer. An additional pinhole in a confocal setup limits
the scattering volume in the z-direction.

Fiber optic
ICCD

spectrometer

532 nm green laser -

Lens and
bandpass
filter

Notch filter

Figure 2.3: Sketch of a Raman microscope setup. Credit: [18]

A sketch of this setup is shown in Figure 2.3 for clarity. The actual
Raman microscope (The LABRAM HR 800) used for this thesis is intro-
duces in chapter 9.1 and can be seen in Figure 9.1 . With a Raman
microscope setup like this, it is possible to measure Raman point spec-
tra with microscopic resolution, by scanning the laser (analogue to a
confocal scanning microscope) mappings become possible [7].

Contamination-free immersion approaches
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2.3 Mapping

Images of light microscopes are taken by a camera. A spectral map-
ping is done by scanning over the sample pixel by pixel, measuring one
spectrum per pixel. The analysing software gives a colour code for
chemical compounds and draws or overlays a colour map, as illustrated
in Figure 2.4. This is done by either univariate methods (such as band
integration or band fits) or multivariate methods (such as CLS, PCS)

H Ki:

signal
intensity

i/

T N

Y o

AN NAA A

=

Figure 2.4: Visualization of how spectral images are created.

The scanning area does not have to be restricted to the surface. Sam-
ples transparent to the chosen wavelength of the laser can be measured
in three dimensions. With the right settings, voxels of the size of 1 um
in each direction can be recorded. If the sampled specimen has a re-
fractive index much greater than 1 (which is usually the case) refraction
will occur [5], [7], [20], [21].

Contamination-free immersion approaches
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2.4 Refraction

Refraction occurs when a wave changes the medium it is transmitted
in and is described by Snell’s Law. The mathematical form is
sinf;  n,
sinf, n,

1)

where 01 is the angle of incidence, 62 the angle of refraction and % is
1

the ration of relative indices of refraction of the two media where the
transition takes place. It describes that a wave with a single frequency
will change the direction of propagation depending on the angle of inci-
dent and refractive indices of the media participating. A sketch of this
phenomenon can be seen in Figure 2.5 . This is due to conservation of
energy and momentum which means, that the frequency must not
change. However, due to the change of medium, the phase velocity
changes and with it the direction of propagation [22].

J

Figure 2.5: Schematics of optical refraction. Image source: Wikipedia (CC).

In case of measurements beneath the surface of a sample, like in 3D-
maps of Raman microscopy, the point of origin of most of the Raman
shifted photons is at a deeper distance, than the software is calculating
with. In Figure 2.6 the dashed line represents the optical path neglecting
refraction. Due to a higher refractive index in the sample, the photons
are focused on a deeper point into the sample (solid line). The analysing
software, however, calculates with coordinates above the actual point,
the point where the photons would focus if no refraction had occurred.
Therefore, depth information is compressed which has been shown ex-
tensively in several papers by Everall [5], [7], [20], [21].

Contamination-free immersion approaches
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Additionally, resolution and intensity are decreased, sometimes to a
point where no useful information can be obtained [5], [7], [20], [21].
This can be avoided by filling the gap above the specimen with a sub-
stance, that has a refractive index in the range of the sample [20]. For
samples with a refractive index around n = 1,3 like biological samples,
water is used to decrease refraction losses. For samples with a refrac-
tive index in the area of n = 1.5 like polymers, immersion oil is used. In
any case, an immersion objective specially designed for its intended use
must be used.

When using immersion objectives and an immersion liquid refraction
can be reduced, ideally neglected. However, when using a liquid to fill
the gap consequences emerge. The contact of sample and liquid con-
taminates the sample, which in some cases, must be avoided. Addition-
ally, when specimen are porous or absorptive measurements cannot be
conducted as the liquid would trickle away and could no longer serve
for its intended purpose. Another occurring effect is the upwards ori-
ented pull caused by the surface tension of the liquid.

obejctive

air/vacuk /no =n,

sample: n,=1.3-1.6

optical path with refraction

— = = optical path w/o refraction

Figure 2.6: The optical path of the light beam emerging from the objective
through air or vacuum into the sample with a refractive index n1 = 1.3
- 1.6.

Contamination-free immersion approaches
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Several methods have been tried where an additional layer is intro-
duced to protect samples from immersion liquids [9]. The layer must
have a refractive index in the range of the sample. With now two phase
transitions an additional source of possible information loss is created,
however, if the refractive indices of the sample, protective layer and
immersion liquid match, the losses are small enough to be neglected.
Another crucial point is that there must be good contact between the
protective layer and the sample, which in [9] is realized by putting the
sample in a small vacuum apparatus with the protective layer on the top
side as seen in Figure 2.7 where the light blue line is the protective layer
containing a low vacuum.

obejctive

oil

optical path w/o refraction

- = = optical path with refraction

Figure 2.7: Representation of the experimental setup of [9] used to reversibly ap-
ply a protective film (light blue line).

The protective layer prevents contact of the sample with the immer-
sion liquid, however, in the relatively new field of correlative Raman
SEM microscopy there is an additional problem. The vacuum in the SEM
chamber will evaporate the immersion liquid. In this application, it is
thus necessary to find an approach that fully encloses the oil and is
vacuum stable, while still maintain good contact between the sample
and protective layer.

Contamination-free immersion approaches
for Raman microscopy 10/ 70



CHAPTER 3: SAMPLES

3 Samples

Introduced in this chapter are the four mainly used samples in this
study. Each sample is introduced separately, its advantages and disad-
vantages are listed and representative Raman spectra of the relevant
components of each are shown as well. A short visual introduction can
be seen in Figure 3.1.

0 50 100

X (um)
(b) Cross-section of the Polymer-Multi-
(a) Silicon waver embedded at 45 layer-foil consisting of different pol-
angle; no surface abrasion. ymers on a PET carrier Foil. Thick-

ness about 52 pm

(c) Poly(styrene-co-divinylbenzene) (d) Silicon waver, embedded at 45° an-
beads. Average size 8-9 um. gle, surface abrasion fabricated
with sandpaper (smallest grain size
10 pum)

Figure 3.1: The Four mainly used samples.

Contamination-free immersion approaches
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CHAPTER 3: SAMPLES

3.1 Si45 - Silicon waver embedded at 45° degrees

Silicon has a strong and clear Raman signal, which can be seen in
Figure 3.2. A clean, polished silicon waver was taped on a carrier piece
of metal, embedded, sanded and polished, so both the metal and the
silicon are accessible on the clean and polished surface. In Figure
3.1 (a) the sample (from now on referred to as Si45) can be seen with
the metal piece embedded at a 45° angle to the surface. Its geometry
predicts, that for every distance on the surface away from the edge, the
silicon signal must be detected in the same distance beneath the sur-
face. Otherwise, refraction and therefore compression has occurred.
The specimen is robust and reproduced fast and easily. A downside of
the Si45 is, that it does not represent realistic samples, as such are
often fragile and usually return little signal.

2500 —si
2000 |

1500 2520 counts at 519 cm™ 2

1000 ]

Intesity / counts

500 7

500 1000 1500 2000 2500 3000
Raman shift / cm™

Figure 3.2: Raman Signal of Silicon. Literature value: 520 cm-1 [23].The small
bands are higher order vibrations and due to the embedding resin.

Settings: Laser intensity: 100%
Integration time: 0,02 sec

Contamination-free immersion approaches
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CHAPTER 3: SAMPLES

3.2 PMLF - Polymer-Multi-Layer-Foil

To simulate more realistic samples a polymer-multi-layer-foil was pro-
duced. Its cross-section is displayed in Figure 3.1 (b). The Raman spec-
tra of the different materials used as well as a representation are dis-
played in Figure 3.3. On a PET (5) carrier foil four layers of (1)
polymethylmethacrylate (PMMA), (2) polystyrene (PS), (3) PMMA, (4)
PS were successively liquefied in a solution, applied with a doctor blade
and dried. This polymer-multi-layer-foil (from now on referred to as
PMLF) has a total thickness of about 52 ym from the beginning of (1)
until the end of (4). PMLF represents samples which are commonly an-
alysed in industry applications, where parameters of interest could be
thickness, composition and transition properties. The downside of this
sample is its 2D restriction. Strictly speaking a 1D scan in z-direction is
enough to learn its architecture and detect possible compression, how-
ever, a 2D-scan is more representative and can show slight irregulari-
ties in the total or single thickness of the layers.

3500
3000 | — PMMA
£ 2500
c
8 2000
1500 |

/ cou

1000 |

Intesity

500

500 1000 1500 2000 2500 3000
Raman shift / cm™

Figure 3.3: Raman Signal of PET, PMMA and PS.

Settings: Laser intensity: 50%
Integration time: 0,5 sec

Contamination-free immersion approaches
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CHAPTER 3: SAMPLES

3.3 PSuB - Poly(styrene-co-divinylbenzene) micrometer Beads

To truly have a 3D structure a sample was manufactured. This sample
should have geometries with defined sizes. They must be larger than
the minimal resolution of the used Raman microscope of about 1 pm
and smaller than about 15-20 um to have at least one full view in the
obtained 2D and 3D images.

The company Aldrich! provides industrially manufactured beads of
Polystyrene-co-divinylbenzene, with an average size of about 8-9 um as
seen in Figure 3.1 (c) where the beads were imaged with an infinite fo-
cus microscope. These beads were embedded in epoxy resin? like in
Figure 3.4 (a) and slices of about 15 um were cut with a diamond knife
using an Ultramicrotome Laica. The slices, also seen in Figure 3.4 (a)
must be handled with care but pasted on adhesive tape handling is sim-
plified. An SEM image of the PSuB-sample - not embedded - can be
seen in Figure 3.4 (b). The beads vary in size between about 1-20 um
ideal for a test sample for 3D-Raman-mappings.

0.0pm:
Numme

(a) Embedded PSuB powder and dia- (b) SEM image of the PSuB sam-

mond knife cut, 5 pm slices on a ple —
glass substrate. not embedded.

Figure 3.4: Prepared PSuB and SEM image

1 www.sigmaaldrich.com
2 Spezifix 40, www.struers.com
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CHAPTER 3: SAMPLES

These polystyrene micrometer beads (from now on referred to as
PSuB) represent a realistic sample with 3D structures underneath the
surface. The spectrum of the beads can be seen in Figure 3.5. The
downside of this sample is its complex preparation and fragility.

300 |- —PSuB |
250 7
i)
5 200 |
Q
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)
o
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Raman shift / cm™
Figure 3.5: Raman spectrum of the PSuB.
Settings: Laser intensity: 25%
Integration time: 1 sec
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3.4 Si45-abr -
Silicon waver embedded at 45° degrees with abrasive surface

Some samples have an abrasive surface. To simulate such samples
the sanding procedure of a second Si45 sample was halted before the
polishing process which results in an abrasive surface. The last sand-
paper used had a grain size of about 22 um. A 2D surface scan executed
with an Infinite Focus microscope can be seen in Figure 3.6. It shows
that the sample (from now on referred to as Si45-abr) has surface abra-
sions with height differences of up to 2 um. The silicon waver embedded
at 45° angle allows for immediate information of compression. Its Ra-
man spectrum is the same as the one of Si45 and can be seen in Figure
3.2. The purpose of this sample is to test, if a good contact optical con-
tact can be assured even for rough surfaces.
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Figure 3.6: Surface scan of Si45-abr along the red line conducted with an infinite
focus microscope. Height difference up to 2 um.
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CHAPTER 4: MEASUREMENTS WITH AND WITHOUT OIL-IMMERSION

4 Measurements with and without
oll-immersion

Due to refraction, spectra beneath the surface appear from a com-
pressed distance. This will be demonstrated in this chapter by display-
ing measurements of the samples conducted in air and comparing them
with the method of using immersion oil. Additionally, the measurements
in this chapter serve as a benchmark for all approaches tested.

The most commonly used way to avoid refraction is to fill the space
above the sample with a drop of immersion oil (noil ® nsampie) 0N the spot
to be examined and immersing an immersion objective in it. This re-
duces the difference in refractive indices to a level, where the occurring
compression is minimal. The used immersion oil for this study is from
the company Reichert in Vienna. The refractive index of np = 1,516 is
within the range of the examined samples and reduces refraction so it
can be ignored, as is demonstrated by the example of the Si45 sample.

4.1 Si45

The most conclusive visualization of compression can be observed
with the silicon waver embedded at a 45° angle where compression di-
rectly shows in the angle of the detected silicon surface. The left image
in Figure 4.1 was taken with oil to avoid refraction and therefore com-
pression should not occur. It is evident that the silicon waver is indeed
detected at a 45° angle: 60 um away from the edge the signal is detected
at the same distance, 60 um into the sample.

The right image in the same figure shows the result obtained without
oil in the gap which results in the optical path being refracted and giving
a compressed signal. The expected signal of silicon in 60 um, 60 um
away from the edge is hardly detected at a depth of about 30 um below
the flat surface, which gives a compression of about 47%. Additionally,
the signal over depth drops with a more than three times higher rate
than when measured directly with oil. These results agree with the cal-
culation/demonstrations by Evrall [21].

Contamination-free immersion approaches
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Figure 4.1: Signal of the embedded Si45

The top two images show the 2D-scan of the Si45 sample
measured with (left) and without oil (right) as refraction pre-
vention.

The image at the bottom shows the intensity of the silicon
signal over depth, measured with (blue line) and without oil
(green line). The dashed red line is a linear fit over a given
range to determine the average signal loss over depth.

4.2 PMLF

The polymer-multi-layer-foil is also a very clear representation of the
occurring compression. The two results, obtained with and without oil to
prevent refraction, are displayed at the top in Figure 4.2. The top two
images use the same scale and show the three materials used in the
composition: PS, PMMA and PET.

The image at the bottom shows the intensity of the materials in this
composition over depth. For these graphs, the corresponding 2D map
of PMLF (top image) was averaged over each row and normalized to the
maximum of each material, for clarity.

Contamination-free immersion approaches
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The 2D maps clearly display the occurring compression due to the
absence of oil. The thickness of each individual layers, as well as the
total thickness, are compressed in the map measured without oil. The
thickness obtained with the measurement without oil, at air is less than
30 um which results in a compression of more than 40%. This is con-
firmed by the bottom image of Figure 4.2 where the signal loss of PS
and PMMA from the first to the second occurrence is significantly larger
in the measurement with oil than without oil. Also, the position of each
peak is closer to the surface at z = 0 which is evidence of compression.
Additionally, the smearing of the transitions between the lower layers
visible in the bottom of Figure 4.2, is evidence of a loss of resolution.
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Figure 4.2: Signal of the PMLF.

The top two images show the 2D-scan of the PMLF sample measured
with (left) and without oil (right) as refraction prevention.

Settings: Laser intensity: 25%
Integration time: 1 sec
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CHAPTER 4. MEASUREMENTS WITH AND WITHOUT OIL-IMMERSION

Admittedly each layer of the PMLF has a different refractive index and
therefore each transition results in refraction, which could be an addi-
tional source for occurring compression. The fact that measurement with
oil yield spectra with hardly any signal loss or compression over depth
contradicts this. Additionally, the differences in the refractive indices of
the materials are very little and can, therefore, be neglected. The liter-
ature refractive indices? are listed below:

e Polystyrol (PS): nes = 1.5916
e Polymethylmethacrylat (PMMA): npuma = 1.5916
e Polyethylenterephthalat (PET): NPET = 1.5750

3 https://refractiveindex.info
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4.3 PSuB

The PSuB represent a realistic and three-dimensional sample. Meas-
urements were conducted with a Laser intensity of 25% to avoid possi-
ble burning of the sample caused by the laser. To compensate for the
resulting lower signal, the acquisition time was increased to 1 sec per
spectrum to obtain a clear signal, distinguishable from the background
noise, even in great depths. To display several different beads and their
variation in size and depth a large volume had to be measured. A cubic
grid of width sizes of 40 um in each horizontal direction and 50 pm in

the z-direction was chosen. With a step size of 1 ym in each direction,
with the given acquisition time and two accumulations per spectrum the
total time to conduct the measurement added up to about 48 hours. With
the finding of previous measurements and limited time available on the
measurement instruments, it was decided to conduct measurements on
the PSuB-sample with oil only, as further complications and therefore
an even longer measurement time due to the loss of signal, resolution
and depth compression is expected. Also, a best-case benchmark
seemed sufficient for this sample. The 3D representation of the results
with oil can be seen in Figure 4.3 where the three-dimensional structure
is evident. Only the data from the embedded beads is visualized. Their
raw data was interpolated to better visualize the round shape. Together
with the optical images in Figure 3.1 & Figure 3.4 the shape and size
distribution of the beads can be confirmed.
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Figure 4.3: 3D image of the PSuB.
Settings: Laser intensity: 25%
Integration time: 1 sec

4.4 Si4d5-abr

The Si45-sample (without abrasive surface) in Figure 4.4 shows clear
spectra, even in depth of 100 pm. The measurements of the Si45-abr-
sample, however, yielded usable data only, when measured with oil as
a filling material. The corresponding image can be seen in Figure 4.4,
where the calculated compression is about 7% which is within a reason-
able error range.

Due to the inability to obtain data with this sample measured in air, it
was concluded, that the abrasive surface greatly complicates refraction
and reflection on the surface, therefore reducing the useable signal to
a point that renders mappings practically impossible. This also means
that this sample is a particularly interesting test case for all tested ap-
proaches.
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Figure 4.4: Signal of the sample Si45-abr compared to Si45.

Top left image shows the measurement of the SI45.
Top right image shows the measurement of the Sl145-abr sample.
Bottom image shows relative intensity over depth of each measurement.

Settings: Laser intensity: 25%
Integration time: 1 sec
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5 Oil-contamination-free approaches

In the previous chapter, it could be concluded, that it is necessary to
prevent compression and some benchmarks for the main samples have
been set. So far this has been done with immersion oil. When using oil,
the problem of refraction can be minimized but with its introduction,
other problematic factors occur, such as contamination or even damage
of the sample. In this chapter, all the approaches, both successful and
unsuccessful, are discussed, but first, some fundamental requirements
need to be introduced.

Firstly, the surface tension of the oil results in an upward oriented
force lifting any sample or setup that is not heavy enough to withstand
this force or is not fixated to the table of the microscope sufficiently.
This means that in normal immersion microscopy the sample must be
fixated somehow, but also that any setup for contamination-free immer-
sion must either exert a downwards force or have enough adhesion to
the sample surface. If this is not or not sufficiently the case, then there
will be no good contact between the setup and the sample surface and
thus refraction will occur.

As explained earlier, an introduced protective layer must have a re-
fractive index similar to the sample’s index and must be highly transpar-
ent to avoid loss of intensity. Additionally, any used immersion objective
has a given working distance dw and can obtain a signal from depths of
distances up to dw deep into the sample. The additional layer with thick-
ness d,; reduces this available distance of measurement in the z-direc-
tion. With thinner protective layers more examinable space is available.
Alternatively, an objective with a larger working distance can be used.
The objective used in this study had a working distance of dw = 200 um,
therefore any setup must be under 200 um of thickness.

These conditions are essential to any measurement of this thesis. An
overview of how the subsequently introduced methods performed can
be seen in Table 5.1, with essential conditions marked in orange. Con-
ditions met are marked with an v/, conditions not met are unmarked,
unchecked conditions are marked with ? and conditions that, in the eyes
of the author, are potentially accomplishable are marked with ~.
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Table 5.1: Essential and optional conditions for protective layers.

condition not met

v condition met

? condition not checked

~ condition potentially accomplishable
I/m/h subjective surface adaptability low / medium / high
I/m/h subjective practicability low / medium / high

approach
. _adhesive | silicone | ! ) oil | arc
condition PE foil 5 i box wax gelatine ' bubble  bag . i
tape | foil | | sphere plain | silicone | FSB
adhesion R ~ o~

essential| N,y = Neampe
thickness < 100 um
contamination free
removable
optional | vacuum applicable
surface adaptability
practicability

Listed in the same table, marked in blue, are optional conditions im-
proving a measurement considering different aspects. Some samples
must not be contaminated. An additional layer of any kind will prevent
contamination from the immersion liquid, however, the layer itself might
contaminate the sample. If a sample must not be contaminated, it usu-
ally is to be returned to its origin after examination and therefore, any
additional layer must be removable. Considering nowadays more fre-
guently used correlative Raman-SEM microscopy, vacuum applicability
was also evaluated. Any approach with loose or evaporable material is
unfit for vacuum usage. Some samples have surface abrasions. Taking
these into account, the approaches were evaluated in terms of surface
adaptability from low (l) through medium (m) to high (h). The additional
layers and different approaches present varying additional effort to set
up. Listed last is a subjective assessment of each approach’s practica-
bility ranging from low (I) through medium (m) to high (h) practicability.
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5.1 PE foil

All-purpose PE foil with a thickness of about 7 um (available in every
hardware store) is thin enough to allow decent measurements. It is
transparent in the targeted frequencies, impenetrable for oil, does not
contaminate samples as it has no additives that could dissolve out, con-
taminating the sample and it is easily removable. The only essential
condition that is difficult to meet is to prevent the PE from being pulled
up by the oil. Therefore, the PE foil must be fixated. Attempts to fixate
the foil with adhesive tape, outside the optical path have been per-
formed, failing to neglect the presence of air in the optical path.

A workaround was attempted by stretching a large enough piece of
the foil on the upside of the glass substrate to avoid wrinkles, fold it to
the lower side and twist it, so the foil wraps around the sample on the
glass substrate holding it in place and shielding it from oil. An image of
a piece of PMLF-sample with the PE foil wrapped around can be seen
in Figure 5.1. This approach, however, failed to achieve good contact
consistently and/or for a long enough time for meaningful measure-
ments.

protective
layer: PE

sample: PMLF

Figure 5.1: Customary PE all-purpose foil used to protect a sample of PET.

To test if the PE foil is potentially applicable (transmission and re-
fractive index), it was taped to a glass substrate with double adhesive
tape to receive a setup consisting of glass, glue, carrier foil of the ad-
hesive tape, glue, PE foil and then oil from bottom to top. The results
can be seen in Figure 5.2 where the intensity of each material’s signal
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is displayed over depth relative to its maximum. One can see, that with
the chosen settings of measurement the signal in depths greater than
about 30 ym decreases in intensity. The task was to verify if a PE foil
could be used to protect a layer from oil, which, if applied thoroughly,
can be confirmed, as the signal beneath is clearly obtainable. The prac-
ticality was assessed to be low as attaching the foil without air inclu-
sions proofed to be cumbersome and the upwards pull of the oil prove
impossible to be overcome consistently. This, however, let to the con-
clusion that a thin layer sticking to the sample would be a simple and
reliable approach. Therefore, adhesive tape was tested next.

relative intensity of
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Figure 5.2: Intensity of the Raman signal of all parts of PE on double adhesive
tape relative to the maximum of counts of each part. The top bar indi-
cated the thickness and area where each part should be.

Settings: Laser intensity: 25%
Integration time: 1 sec
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5.2 Adhesive tape

Customary adhesive tape usually consists of a carrier layer on top of
a layer of glue was tried successfully next. It is cheap, readily available
and highly transparent in the required frequencies. Additionally, with a
thickness of 50 pm, it is thin enough so that the used immersion objec-
tive with a working distance of about 200 pum can examine samples in
depths of up to 150 um.

The adhesive nature of the tape is useful to hold small samples in
place and the carrier layer shields the sample from oil. Preparation is
easily done by placing the sample on a glass substrate and fixating it
with adhesive tape. Figure 5.3 shows this setup, which must be fixated
to the table of the microscope as the surface tension of the drop of oil
is strong enough to lift the whole setup including a glass substrate.
Fragile samples or samples that must not be contaminated are not
suited for preparation with adhesive tape due to its glue. Vacuum ap-
plicability is not given as the oil would evaporate. Small surface abra-
sions in the range of the thickness of the tape can be adapted to with
the glue. The results of these measurements are discussed in chapter
6.1. The disadvantage of the approach with adhesive tape is the con-
tamination of any sample with glue. Therefore, other methods have been
tried where contamination is avoided. The idea was to find a contami-
nation-free adhesive foil.

Figure 5.3: Customary adhesive tape applied on a glass substrate to hold the
sample PMLF in place.
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5.3 Silicone thin film

The ideal protective layer is thin, transparent in the desired frequen-
cies, can hold the sample in place without glue or contaminating the
sample otherwise, is removable and does not need long or complex
preparation.

Figure 5.4: left: ELASTOSIL® Ultrathin silicone film -
right: 50 p m thick silicone foil placed on a glass substrate with
tweezers

The previously introduced adhesive tape foil fulfils these conditions,
expect that some glue contamination remains on the sample. Silicone
has an adhesive nature due to Van der Waals forces. A thin film of it
fulfils all the above mentions conditions and is applied rather easily. The
company Wacker* provided testing samples of ELASTOSIL® Ultrathin
silicone film, with thicknesses of 20, 50, 100 and 200 uym in folders as
seen in Figure 5.4. The silicone thin film was delivered on a 100 um
thick PET carrier foils which will be of importance later.

A piece can be cut with a scalpel to fit over a sample. Putting it on
top of a sample on a glass substrate, even with tweezers, proofs to be
difficult to handle due to its adhesive nature and it sticking to itself. Its
adhesive nature, however, minimizes the air inclusion and lets it stick
to the glass to hold itself and the sample in place and shield off oil. The

4 http://www.wacker.com
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substrate then needs to be fixated to the table to prevent pulling. Vac-
uum applicability is not given as the oil would evaporate. The silicone
foil, however, failed to adapt adequately to surface abrasions when
tested on the Si45-abr sample.

To show no residue is left when this silicone thin film is applied (in
contrary to adhesive tape), a piece of film was placed on a polished,
clean and flat standard silicone waver. An optical image of the used SI-
waver can be seen in Figure 5.5. The image in Figure 5.6 shows the
same waver after applying the silicone foil and removing it. Evidently,
no significant changes before and after applying a silicone thin film oc-
cur, confirming that it does not contaminate samples.
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Figure 5.5: Optical image of a Si-waver before applying the silicone thin foil.
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Figure 5.6: Optical image of a Si-waver after applying the silicone thin foil.

A couple of further attempts without any vacuum applications in mind
will now be discussed briefly. Unfortunately, none of them have proven
to be useful.
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5.4 Membrane box

A customary membrane box is readily and cheaply available in nearly
every lab. It has two thin membranes in a stable frame that is transpar-
ent, can hold samples in place and prevents pull from the oil. The low
weight of the box, however, will not prevent the oil from lifting the whole
box, wherefore it hast to be taped down. The membrane of the box was
not investigated and the detailed specifications including refractive in-
dex are unknown.

objective

Figure 5.7: Customary membrane box to be cut open to allow direct contact to
membrane with immersion objective. A plain silicon waver has been
placed between the two membranes.

To make room for the oil immersion objective that must be in close
proximity to the sample, the boxes lid was cut open with a rotary grinder.
The used box with a piece of silicone waver between the box’s layers
can be seen in Figure 5.7 where a representation of the objective is
visualized. The box, taped on a glass substrate to fixate it and prevent
pull from the surface tension of the oil, fits on the table of the Raman
microscope and represents a potentially fast, easy and cheap solution.
In theory, the optical path is now entirely in media with similar refractive
indices: Leaving the objective, into the oil, onward to the upper mem-
brane layer and then into the sample. However, when placed inside a
box none of the chosen samples could yield adequate data. It was con-
cluded that either the membrane or the setup is insufficient to serve as
a suitable approach. Theoretically, the preparation and handling of the
box could have been high but was cumbersome at best. Further re-
search into the membrane box was omitted.
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55 Wax

Customary wax was thought to seal off the sample from oil, hold it in
place on a substrate and adapt to surface abrasions. To prevent pull
this substrate must be attached on the table. The used wax melts easily
above Tmeit = 40 °C and can be dripped onto a sample or a substrate. If
the sample withstands the temperatures in this process and will not soak
up the wax, this preparation can be undone, and the sample reused.
Wax can also be thin-coated to achieve a layer below 200 um - which is
necessary for the used objective to still obtain a signal from the sample.
The limiting factor here, the oil immersion objective, could be ex-
changed with a different immersion objective with larger working dis-
tance to elude this problem. First attempts with regular candle wax failed
due to its non-transparent solid states. It was thought, that thin enough
applied wax through spin coating would let enough light pass to allow
measurements. Several attempts have proven otherwise. Few addition-
ally tried waxes showed the same behaviour. Further research into
waxes on paraffin or different basis was omitted.

5.6 Gelatine

The same way as wax, regular gelatine used in cuisine can be thin-
coated onto a sample. It is mostly transparent (even when dried), re-
movable and does, at first appearance not react with samples. For sam-
ple preparation, the instructions on the packages are followed and the
obtained solution is spin-coated onto the sample. Overhanging parts
can be removed with a scalpel and the glass substrate where the sample
rests, fits into the table of the microscope. Measurements were unsuc-
cessful due to not thin enough applied gelatine. In several experiments,
the gelatine could not be applied thin enough onto samples to allow
measurements with the available objective. This is most likely due to
strong forces within the solution resulting in large junks (compared to
the wanted thickness) that spread unevenly across a surface it is ap-
plied on. An immersion objective with a large enough working distance
to penetrate up to several mm of gelatine could potentially yield data,
assuming gelatine in this thickness does not absorb or scatter too much
light. Additionally, its removal proves to be difficult, which is a knock-
out criterion for some samples. Further research on gelatine as a pro-
tective layer was omitted.
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5.7 Vacuum application

All previously introduced approaches provide no application for usage
in extreme low-pressure environment or vacuum, which is needed for
the new generation of correlative Raman-SEM microscopes. In this
chapter, all approaches that were developed with vacuum applicability
in mind are discussed. The basic idea is always to fully enclose the oil
droplet to prevent its evaporation.

5.7.1 Oil sphere

To avoid evaporation, the idea was to enclose the drop of oil in a way
it is not exposed to vacuum and cannot contact the sample to contami-
nate it as displayed in Figure 5.8. In the field of “molecular kitchen” in
cuisine, edible oils, like olive oil can be processed to form little spheres
to imitate caviar. Similarly, it was thought to harden the outer layers of
the immersion oil with a chemical process to conceal the still liquid oil
in the middle. This would give easy to handle spheres, simply put on top
of the sample, giving a removable, refraction free path. The chemical
process was thought to alter the oil in a way, that the outer shell would
not contaminate the sample with oil, be flexible enough to adapt to the
objective and potential surface irregularities and have a similar refrac-
tive index as the oil inside the sphere. There are two ways for specifi-
cation: basic or direct spherification® and reverse spherification®. For
the basic method, a liquid with sodium alginate is submerged in a bath
of calcium to form spheres. This method, however, does not work with
oil, as the spherification does not stop at any desired time and will
harden the whole drop of oil. This itself would not exclude this method
for this purpose but the inability of sodium alginate to dissolve in oil
does.

5 http://www.molecularrecipes.com/spherification-class/basic-spherification
6 http://www.molecularrecipes.com/spherification-class/reverse-spherification/
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sample:

n=13-1.6

optical path w/o refraction

- = = optical path with refraction

Figure 5.8: Optical path with chemically altered oil-sphere.

The second method, the reverse spherification, potentially can func-
tion as a protective, non-refracting layer. Here the sodium alginate is
dissolved in water, the bath to drop the oil into. The liquid to be spheri-
fied must contain calcium. This method produces spheres that have a
hardened shell with a liquid state inside, as only the outer layers of the
liquid containing calcium can react with the sodium alginate and solidify.

First attempts with edible oil were successful and produced small
spheres. When tried with the necessary immersion oil, only bulky, cum-
bersome forms were achieved. Several trials could yield none to little
better results. None of the produced spheres or more accurately blobs
were able to yield reasonable results. After consulting with chemical
experts at the Technical University and Karl-Franzens University of
Graz it was concluded, that the approach to obtain spheres of immersion
oil could potentially work, but would need extensive research and trials.
A large problem was stated to arise from the needed properties listed in
Table 5.1, especially the refractive index, which must be in the range of
common samples (nsample = 1.3 — 1.6). The chemical approach would in-
clude polymer chains with lipophilic and non-lipophilic ends. The crea-
tion of a solution with said polymer chains is beyond the limits of this
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thesis and outside of the author’s field of expertise. Therefore, this ap-
proach was ended.

5.7.2 Bubble

The idea of the approach, from now on referred to as “bubble”, is to
enclose the oil completely, so it cannot contaminate the sample. Addi-
tionally, this would prevent evaporation and allow measurements under
low-pressure conditions. With this it was thought to create an optical
path as seen in Figure 5.9, where the light is constantly propagating in
matter with a refractive index in the range of the sample. The grey part
in this image represents the device holding two transparent layers that
enclose the oil. Between the two layers is a gasket (the black part of the
image), which seals the connection between the two layers.

obejctive

sample: n,x13-1.6

optical path w/o refraction

- = = optical path with refraction

Figure 5.9: Optical path through bubble filled with oil, retainer lateral.

This approach is closely aligned to the one introduced in the 2009
paper Confocal Raman Microspectroscopy: A Non-Invasive Approach
for in-Depth Analyses of Polymer Substrates [9]. An additional layer was
introduced to capsule the oil and prevent evaporation of the oil. A device
was built in the workshop of the Institute for Electron Microscopy to hold
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two PE foils. It can be seen in the top left image of Figure 5.10. A metal
ring with an inner diameter larger than the objective’s diameter to fit
inside and move in x- and y-direction, with a ring plate attachable on
top. In between the base and the plate, two PE foils are placed, with an
O-ring between them. The grey part in Figure 5.10 is a gasket which
holds the two foils apart and serves as an entry point through which a
needle can be injected to fill the space in between with oil. The created
bubble can be placed on top of the sample. The pressure inside the
bubble is thought to push onto the sample, hence avoids all air inclu-
sions between the bubble and the sample and can adapt to possible
surface irregularities of the sample.

’F ‘ v
egﬁ” | I| ! o —

F
protective

lay®r: PE

—

injection needle -~

Figure 5.10: Bubble explained

Left top: Dismantled manufactured device to hold two PE-foils
as a protective layer and a gasket in between.

Left bottom: Conceptional drawing of the device with a sample
underneath.

Right: bubble device in use with an injection needle through
gasket to adjust oil level inside the bubble.

The distance between the sample and the objective is rather large
with about 2 cm. The used immersion objective with a working distance
of < 200 um is insufficient to conduct measurements with a fully filled
bubble. Therefore, the bubble was filled with very little oil, so the dis-
tance suffices the objective. This, however, neglects the purpose of the
filled bubble, to build pressure on the sample and avoid air inclusions.
Attempts to obtain a signal were unsuccessful probably due to air inclu-
sions. The sample was jacked up to minimize the distance from the
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specimen through the bubble to the objective, however, even with dif-
ferent settings or filling levels, no conclusive data could be obtained. An
objective with a larger working distance or a device with a significantly
smaller distance between the objective and the sample might work. As
such an objective was not available and the production of this device
was rather cumbersome the approach was labelled "potentially success-
ful”.

5.7.3 Bag

Tomba and Pastor introduced a protective layer between sample and
oil, with the sample in a vacuum to suck the layer to the sample [9]. The
Bubble approach was intended to enclose the oil entirely and achieve
lack of air and an optical path with homogeneous refractive index with
the pressure from within the bubble. The idea of the bag approach is to
connect the protective layer (PE foil) to the objective. The foil should be
stretched, avoiding wrinkles. The oil inside the bag provides a pad that
is adaptive to surface irregularities and reduces air inclusions. A repre-
sentation can be seen in Figure 5.11 where the oil (light green) is held
by a protective layer (dark green) which is held by a ring (grey) closely
attached to the objective.

|
sample: : n=13-16

optical path w/o refraction

- = = optical path with refraction

Figure 5.11: Optical path through the bag
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The preparation is somewhat cumbersome. The self-made Teflon ring
with a small strip inside fits tightly into a notch on the objective. It was
manufactured in the institute’s workshop and can be seen in the left
image of Figure 5.12. With a piece of PE-foil, a bag was formed, and
immersion oil put inside. The ring holding the bag was mounted on the
objective and the foil stretched tightly to have a small oil bag. Only little
adjustments can be made to tighten and stretch the foil before it breaks,
SO preparation must be done meticulously.

immersion
oil

Figure 5.12: Teflon ring for the Bag approach

The Teflon ring in the left image has a strip left when milling that
snaps into the notch on the objective. Between ring and objective, a
thin layer of PE foil is placed and a drop of immersion oil at the bot-
tom forms a contamination and refraction free approach. The whole
setup in the right image is brought into contact with the sample to
conduct measurements.

With this setup, displayed in the right image of Figure 5.12, measure-
ments were conducted on a flat Si-wafer, and the results can be seen
in Figure 5.13. The red line shows that the signal can be obtained, how-
ever, it is widened and still detected in depths of about 30 um to an
amount of about 20% of the maximum detectable signal. Displayed in
comparison is the signal obtained directly with oil where the 20% mark
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is reached at depth of about 9 ym. This was the reason to halt further
research into this approach. The fact that signal can be obtained, how-
soever bad in quality, led to the label "potentially successful” of this
approach. It is thought that with a more sophisticated implementation
this method could serve as an approach to allow refraction and contam-
ination- free, potentially in a vacuum, measurements in confocal Raman
spectroscopy.

Some downward force seems to be necessary to ensure good contact
between the foil and the sample. This was originally intended to be
achieved by increased oil pressure in the bag. However, regulating the
oil pressure accordingly was not possible in this simple design and fur-
ther issues with the stability of the PE-foil might arise. Consequently, a
similar approach including the attempt of a mechanical downward force
was tried.

Si waver measured
— with bag
— directly with oil

P
w06
[0}
k=
[ 0.4
0.2-
0 | | | | | |
-5 0 5 10 15 20 25 30 35 40
z/ pum

Figure 5.13: Spectrum of flat and polished silicon waver measured with the bag
approach in comparison to the same sample measured directly with
oil.

Settings: Laser intensity: 100%
Integration time: 0,1 sec per spectrum
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5.7.4 Arc

During the trials, it was concluded, that a certain force towards the
sample is necessary to have enough connection between the protective
layer and the sample for proper measurements. This can be achieved
by a material that, in addition to all the necessary conditions from Table
5.1, is rigid enough to provide said pressure. It is mounted to a self-
made device (grey part in Figure 5.14) that fits on the objective and can
hold a strip of transparent foil, so it forms a downwards facing arc. The
open sides (z-axis (out of the picture) in Figure 5.14) are problematic
for vacuum applications as any oil inside would evaporate. However, if
the tests in atmospheric pressure turn out to be successful, closing the
sides and protecting the oil from vacuum should be manageable. To
achieve surface adaptability, additional soft outer layers could be intro-
duced.

sample: n=13-16

i
. s
= -
LA L]
[Nl
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¥
1
1
1

optical path w/o refraction

= = = optical path with refraction

Figure 5.14: Optical path through oil held by an arc mounted with a frame to the
objective.

The quest remains which materials would be suitable for the outer
shell of the arc. To achieve vacuum applicability, surface adaptability
and the necessary downward force a stiff silicone film would be suitable,
but plain, stiff silicone below a thickness of 100 um could not be found.
However, examining the earlier mentioned carrier foil (5.3) on which the
silicone foil was delivered, the combination of the stiff PET and the thin,
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adaptive silicone foil was thought to do just that. The delivered PET foil
has a thickness of 100 um. With the working distance of the oil immer-
sion objective of 200 um, 100 um remain available.

Figure 5.15: Frame for the arc approach

The frame holding the arc is mounted on the objective with a drop of
immersion oil between the arc and objective. The image shows the
loosely fixated arc. Measurements are conducted with the arc as
tight to the objective as possible to have as little working distance
occupied as possible.

The first version of the arc approach was done by cutting the silicone
thin film, together with the foil it was delivered on, which was thought is
plain PET. This strip was then placed into the holding device seen in
Figure 5.15. Several measurements failed and no meaningful data was
obtained.

The two components are known to not alter the laser. PET from liter-
ature and silicone from 5.3. So, the combination should work just fine.
As the silicone foil was tested already, it was concluded, that the carrier
foil must alter refraction and prevent successful measurements. The
next logical step was to test the PET of the carrier foil on its own.

PET on its own does not have an adaptive surface for applications on
samples with abrasive surfaces, however, it does provide the stiffness
to achieve the necessary downward pressure when mounted in the arc
device. The PET carrier foil without the silicone thin film, however, did
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not yield any meaningful data, either. It was theorized that the curvature
of the arc could interfere with the Laser beam.

To test the general capability of functioning as a protective layer, the
PET carrier foil was tested on its own — without the mounting device.
Due to the thickness, this film cannot be wrapped like the PE foil, hence
it is cut in the desired size and must be fixated with adhesive tape out-
side the optical path to hold the sample in place and shield it from oil
like displayed in Figure 5.16. None of the examined samples yielded
conclusive data with PET as a protective layer. Several variations in
how the foil was fixated were tested, however, this setup was unable to
yield any usable data. This is in contradiction to literature knowledge of
PET as it should be permeable to the light of the frequency of the laser.

PET sample: PMLF

adhesive Tape

Figure 5.16: Sample protected with 100 ym PET, fixated with adhesive tape on an
object slide.

Based on these findings, it was tested, if the foil alters the optical
path. Therefore, the laser focus was tested. When focused on a clean
and flat silicon waver, the laser, when adjusted correctly, should be fo-
cused in a small circular spot like it can be seen in Figure 5.17 (a). To
yield usable data, the laser must be focused like this. However, when
the PET thin layer was placed in the optical path, the focus could not be
adjusted, and the best settings resulted in a diverged spot as seen in
Figure 5.17 (b), which cannot produce any quality data.
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(a) The green laser (w = 532.16nm) (b) The green laser (w = 532.16nm)

focused on a clean silicon waver. focused on a clean silicon waver
through a PET foil of 100 p m
thickness.

Figure 5.17: Comparison of the laser focus, when focused on silicon waver
through air to when focused through air and a 100 um thick PET
layer.

After more thoroughly examining the obtained spectra of the PET foil,
it was found that the composition must have additional ingredients,
probably for the intended purpose of serving as carrier foil for silicone
that allow an easier separation of the foil from the carrier PET. The
exact ingredients and recipe of the production of their PET-like material
are kept secret by the producing company. When pure PET was exam-
ined the expected behaviour occurred. It was thus concluded that a new
approach using a self-made layer system might be useful.
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A PET foil of 100 um thickness served as carrier foil on top of which
liguefied polymers were deposited and spread with a doctor blade
method to create a defined thickness of 50 um. Four different layer sys-
tems were created to test different adaptive layer materials. Many
thanks go to the Institute of Analytical Chemistry and Food Chemistry
of the Technical University of Graz, under the supervision of Borisov,
Sergey, Assoc.Prof. kand. They were kind enough to manufacture these
four different layer systems with the doctor blade method, each on top

of a 100 uym thick PET carrier foil:

Si33 - Silicon 33% in Cyclohexan

HyTh - 6% HydroThane 5-93A in Chloroform

Sty-THF - 15% Styrene-Butadiene ABA Block in Tetrahydrofuran
Sty-Ch - 15% Styrene-Butadiene ABA Block in Chloroform

These four multi-layer systems were tested the same way as PET.
Flat on a sample, not mounted on the arc holding device. The layer consist-
ing of Styrene- Butadiene was unable to yield any data. This was true for
both preparation methods: dissolved in Tetrahydrofuran and in Chloro-
form. The layer consisting of HyTh, also was unable to produce mean-
ingful data. It was theorized that both, Styrene-Butadiene and Hy-
drothane alter the laser beam and disallow for quality data, however, no
tests were conducted to determine the exact behaviour of the material.

The layer system consisting of silicone applied on PET as a carrier
foil was the only composition tested that yielded quality data. The re-
sults are discussed in 6.3.
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6 Results and discussion

Following the last chapter, where the oil-contamination free ap-
proaches were introduced the results obtained on the test samples from
chapter 4 are shown and discussed in this chapter in the same order as
they were introduced.

Comprehensive results on several main samples were achieved by
the adhesive tape and silicone foil approaches. Additionally, results on
the Si45 wafer were achieved by the arc approach which is also dis-
cussed in this chapter.

A summary of how well these approaches worked can be seen in the
following Table 6.1.

Table 6.1: Compression overview of oil-contamination free approaches

Compression
sample
approach Si45 PMLF PSuB Si45-abr
adhesive tape ~ 55% = 40% ot = 57%
computable
- . o not not
silicone foil = 95% =-80% conducted computable
. ., |mot not not
arc - PET +silicone | = -8,0% conducted conducted conducted

6.1 Adhesive tape

Adhesive tape is applied on a sample, either on a glass substrate or
on a sample embedded in resin, on top of which a drop of immersion oil
prevents refraction with the oil immersion objective immersed in the oil.
All setups must be fixated to the microscope’s table to prevent pull from
the oil’s surface tension.
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6.1.1 Si45 with adhesive tape

The obtained signal of the Si45 sample measured with adhesive tape
as contamination protection can be seen in Figure 6.1 where it is com-
pared to the results measured directly with oil. The tape and glue can
clearly be distinguished in the 2D scan in the top right image, as well as
in the graph on the bottom of the figure where the spectra over depth
are displayed (dashed line). Also drawn is the spectrum of the Si45 ob-
tained through measurement directly with oil (solid line). Both methods
display a similar loss of intensity over depth. The top left image of the
figure shows the 2D scan of the Si45 measured directly with oil - it is in
scale to its neighbour. The compression was calculated through the
depth angle, relative to the compression of the Si45 measured directly
with oil and is about 5% which is within tolerable range and can be con-
sidered negligible in many applications. The information loss was cal-
culated by a linear fit through the 45° part of the Sl-waver as seen in
the bottom part of Figure 6.1. The calculations show an almost constant
count over more than 70 um with and without tape as a protection
method. This means that adhesive tape is — at least for an ideal sample
—capable of protecting samples from oil. The contamination of the sam-
ple with glue, however, remains.
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Figure 6.1: Comparison of Si45 with(out) tape and oil

The top two images show the 2D-scan of the Si45 sample
measured directly with oil (left) and with adhesive tape and

oil (right) as contamination prevention.

The image at the bottom shows the intensity of each mate-
rial’s signal over depth, measured with oil (dashed line) and

with adhesive tape and oil (solid line).

Settings: Laser intensity:

Integration time:

6.1.2 PMLF with adhesive tape

100%
0,1 sec per spectrum

The PMLF sample protected with adhesive tape yielded data dis-

played in Figure 6.2. The 2D scan obtained with adhesive tape is in the
top right image with the reference - PMLF directly with oil - left to it.
Seen in the bottom is the intensity over depth of both measurement
methods where the different layers are clearly distinguishable. The
thickness of each layer matches the values determined on the cross-
section.
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The graphs of both measurement methods of PMLF show hardly any
difference in loss of intensity which is in line with the results in the pre-
vious chapter. The calculated compression is within tolerable limits with
4% compression relative to the measurement done directly with oil. Ad-
hesive tape, therefore, is capable of protecting not only ideal samples,
as shown in the previous chapter, but also samples consisting of layers.
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Figure 6.2: Comparison of PMLF with(out) tape and oil

The top two images show the 2D-scan of the PMLF sample meas-
ured directly with oil (left) and with adhesive tape and oil (right) as
contamination prevention.

The image at the bottom shows the intensity of each material’s
signal over depth, measured with oil (dashed line) and with adhe-
sive tape and oil (solid line).

Settings: Laser intensity: 100%
Integration time: 0,21 sec per spectrum

Contamination-free immersion approaches
for Raman microscopy 49 /70



CHAPTER 6: RESULTS AND DISCUSSION

6.1.3 PSuB with adhesive tape

The Raman Signal of the PSuB can be seen in figure 3.3.3. 15 pm
thick slices of embedded beads were protected by adhesive tape and
were investigated to generate a 3D-map. The results can be seen in
Figure 6.3 where the left image shows all areas present in the prepared
sample. The oil in the top is coloured brown, tape below is blue with its
glue in green below. It was concluded that the small yellow fragment
between the oil and tape layer is unknown residue which was not inves-
tigated further. Beneath the protective layers of the adhesive tape lies
the resin (yellow), embedded in which are the PSuB. Zooming in to the
PSuB, digitally removing all other layers and interpolating the edges of
the beads results in the right image of Figure 6.3. One can distinguish
the different beads and estimate their rough sizes to be below 10 um.
With this sample, however, the calculation of a compression relative to
the measurements with oil only are impossible, therefore disallowing
statements of information loss and compression. As the previous two
chapters have shown, that adhesive tape does not alter with the meas-
urement and the rough shape and sizes of the beads could be distin-
guished these results confirm that adhesive tape can be used for three-
dimensional samples as well.
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z@®o.opm) .
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X (60.0 pim) | X (60.0 pm)

Figure 6.3: PSuB with adhesive tape — 3D model

The left image shows a 3D map of the PSuB, embedded and
cut into 15 um slices, protected by adhesive tape and meas-
ured with oil. The red parts are the beads, resin is yellow,
glue is green, tape is blue and oil is brown. Also seen is an
unknown fragment, not investigated further - the yellow part
reaching from the tape into the oil.

The right image shows only the enhanced, interpolated
PSuB.

Settings: Laser intensity: 50%
Integration time: 1,2 sec

6.1.4 Sl45-abr with adhesive tape

The obtained signal of the Si45-abr sample measured with adhesive
tape as contamination protection can be seen in Figure 6.4 where it is
compared to the results measured directly with oil. The tape and glue
can clearly be distinguished in the 2D scan in the top right image, as
well as in the graph on the bottom of the figure where the spectra over
depth are displayed (dashed line). Both methods display a similar loss
of intensity over depth. The top left image of the figure shows the 2D
scan of the Si45 measured directly with oil — even though the axis is
halved they are in scale to the top right image as the ratio of the z and
x-axis is constant. The compression was calculated through the depth
angle, relative to the compression of the Si45 measured directly with oil
and is about 5.7% which is within tolerable range and can be considered
negligible in many applications. It also is similar to the compression
found in the Si45 sample in chapter 6.1.1. Information loss could not be
calculated due to the blurring. The surface abrasions of the sample can-
not be distinguished; however, the purpose of this measurement was to
show that adhesive tape will neglect any gas inclusions which would
lead to refraction. This could be confirmed.
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Figure 6.4: Comparison of Si45-abr with(out) tape and oil

The top two images show the 2D-scan of the Sl45-abr sample
measured directly with oil (left) and with adhesive tape and oil
(right) as contamination prevention.

The image at the bottom shows the intensity of each material’s
signal over depth, measured with oil (dashed line) and with adhe-
sive tape and oil (solid line).

Settings: Laser intensity: 50%
Integration time: 1,2 sec
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6.2 Silicone thin film

The silicone thin film was delivered on a carrier foil which was intro-
duced in chapter 5.3. It can be cut and placed on top of the sample to
be examined, either directly on the embedded specimen or laying on a
glass slide. Listed in the subsequent chapters are the results of the
scans conducted with this silicone thin film as a protective layer on the
used samples.

6.2.1 Si45 with silicone thin film

The silicone thin film was used to protect the Si45 sample. The results
can be seen in Figure 6.5, where, again, the top left image is the refer-
ence measurement of Si45 measured directly with oil. The top right im-
age represents the sample protected with the silicone thin layer and in
the bottom image the signal over depth of both variations is displayed.

The intensity loss of the reference measurement in the bottom image
(solid line) is almost identical to the measurement including the silicone
thin layer (dashed line) and is constant and about zero for more than
70 um. The calculated compression, relative to the measurement done
directly with oil is about 10%.

This shows that the silicone thin film, like adhesive tape, is capable
of protecting an ideal samples and this without the disadvantage of glue.
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Figure 6.5: Comparison of Si45 with(out) silicone and oil

The top two images show the 2D-scan of the Si45 sample meas-
ured directly with oil (left) and with the silicone thin layer and oil
(right) as contamination prevention.

The image at the bottom shows the intensity of each material’s
signal over depth, measured with oil (dashed line) and with the
silicone thin layer and oil (solid line).

Settings: Laser intensity: 100%
Integration time: 0.05 sec

6.2.2 PMLF with silicone thin film

The results of the measurement, where the PMLF sample was pro-
tected by a silicone thin layer can be seen in Figure 6.6, where, again,
the top left image is the reference measurement of Si45 measured di-
rectly with oil. The top right image is the sample protected with the sili-
cone thin layer and in the bottom image, the signal over depth of both
variations is displayed.
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The intensity loss of the reference measurement in the bottom image
(solid line) is within the expected range. The loss of intensity in the
measurement including the silicone thin layer as protection is evident
and significantly larger than the loss of intensity in the reference. In
addition to fewer counts of photons, a different depth origin can be ob-
served. Unexpectedly, the signal was not compressed but stretched.
This can be seen in the 2D scan, where the PET layer starts in a depth
of about 55 ym instead of the expected 50 um like in the reference, as
well as in the bottom graph. Here the layers measured with silicone
seem to have a greater thickness than when measured directly with oil.
The measurement conducted with a silicone thin foil as protective layer
seems to stretch the optical path by 8%, however, it is possible that the
sample does not have consistent thickness which was not investigated.
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Figure 6.6: Comparison of PMLF with(out) silicone and oil

The top two images show the 2D-scan of the PMLF sample
measured directly with oil (left) and with a silicone thin layer
and oil (right) as contamination prevention.

The image at the bottom shows the intensity of each mate-
rial’s signal over depth, measured with oil (solid line) and
with a silicone thin layer and oil (dashed line).

Settings: Laser intensity: 100%
Integration time: 0.9 sec

6.2.3 PSuB with silicone thin film

As noted in Table 6.1, the test for the sample PSuB with the silicone
thin film as a protective layer was not conducted. This is since the vol-
ume necessary to display the sample with an ample volume, as well as
the protective layer and some of the oil is rather large. The scanned
volume for this sample protected with adhesive tape (chapter 6.1.3) was
60 x 60 x 80 um. With the necessary integration time of 1.2 seconds and
2 accumulations for noise reduction, the measurement time results in 8
days of constant measurement (not accounting for movement-time of
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the stage nor preparation). The microscope was not available to be oc-
cupied for another measurement of this length. The purpose of the sam-
ple PSuB was to have a realistic, three-dimensional representation of
samples and if protective layers would allow for measurements of such.
The measurement conducted with adhesive tape as protective layers
was able to confirm that.

6.2.4 Sl45-abr with silicone thin film

The results of the measurement, where the Si45-abr sample was pro-
tected by a silicone thin layer can be seen in figure 6.2.4, where the top
left image is the reference measurement of Si45-abr measured directly
with oil. The top right image is the sample protected with the silicone
thin layer and in the bottom image, the signal over depth of both varia-
tions is displayed.

The bottom image shows, that the embedded silicon yields a similar
relative intensity to the measurement directly with oil up to a depth of
about 15-20 um. However, the 2D map shows a different image, with a
poor quality and wrongly identified contributions, probably due to a bad
contact and complex refraction/reflection on the rough sample surface.
The silicone thin film appears to be unable to adapt adequately to sur-
face roughness.
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Figure 6.7: Comparison of Sl45-abr with(out) silicone and oil

The top two images show the 2D-scan of the Si45-abr sample
measured directly with oil (left) and with the silicone thin layer and
oil (right) as contamination prevention. The image at the bottom
shows the intensity of each material’s signal over depth, measured
with oil (red line) and with the silicone thin layer and oil (blue
line).

Settings: Laser intensity: 100%

Integration time: 1.25 sec

6.3 Arc

The initially tested arc, consisting of the silicone thin film on its deliv-
ering foil PET, yielded no quality data. From the 4 manufactured com-
positions (PET as carrier foil, different adaptive materials towards the
sample) the only composition yielding quality data was the setup with
33% Silicon applied in a solution of Cyclohexan.

The resulting 2D map can be seen in Figure 6.8 where in the top right
image all layers are distinguishable. This measurement was performed
with the layer flat on the sample and not mounted in the arc holding
device. It is in comparison to the measurement of Si45 done directly
with oil (same scale) and the compression is about 8%, calculated
through the depth angle. The bottom image in the same figure shows
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the mean intensity over depth of both maps the reference is a dashed
line and the layers of the setup with PET and silicone are solid lines.

The intensity over depth shows a larger signal of silicon when meas-
ured with the layer system then the reference. However, the 2D map
shows that the signal is detected over a large depth which means the
layers disperse the detected signal which would usually be a disqualifier.
However, the purpose of this approach was to show if PET with an addi-
tional layer could be used to protect a sample, which can be confirmed. Un-
fortunately, for practical purposes, the PET-silicone layer system remains insuffi-
cient. Measurements with the silicone thin film on PET in the arc did not
yield any data, probably due to additional refraction effects arising due to
anisotropy in the bending foil, which compounds with the already limited
performance of the foil on its own.

= ofl
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Figure 6.8: Comparison of Si45 with(out) flat sil33 and PET and oil.

The top two images show the 2D-scan of the Si45 sample measured
directly with oil (left) and with the arc material consisting of silicone
and PET (right) as contamination prevention not in the arc device
but flat on the glass slide.

The image at the bottom shows the intensity of each material’s sig-
nal over depth, measured directly with oil (dashed line) and with the
flat arc and oil (solid line).

Settings: Laser intensity: 50%
Integration time: 1,6 sec per spectrum
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7 Outlook

Considering the results of the arc approach, a measurement tech-
nique could be developed, that allows for refraction and contamination-
free, 3D, confocal Raman microscopy conducted in a vacuum and pos-
sibly automatically.

For this goal, further research would be needed to solve the refrac-
tion/defocusing issue arising from the many layers of the arc. The stiff
layer in the arc approach provides the necessary pressure towards the
sample, and the second layer adapts to the sample to neglect air inclu-
sions. If, for example, a polymer could be found, that can provide said
pressure, is adaptable to the surface, has a refractive index of the sam-
ple to be investigated and is thin enough to allow the used objective to
gather photons from the area to be examined, automatable measure-
ments could be possible.

If this setup could be enclosed to the objective and hence shield the
oil from the vacuum, this setup could also be used in correlative Raman-
SEM microscopy.
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8 Conclusion

The refraction in three-dimensional, confocal Raman spectroscopy
due to phase transition is known in scientific circles. The resulting com-
pression and increasing loss of information over depth were shown in
this study. The most demonstrative case is a silicon waver embedded
at 45° (Si45). The silicon yields a strong Raman signal and the angle of
embedding gives immediate information on compression due to the
change of angle. The resulting compression was calculated to be about
47% and the average loss of signal was 3.9 times higher when meas-
ured with air, instead of oil (Figure 4.1) as compression prevention.

Several different approaches were tried with only two of them proving
to be potentially usable (overview in Table 6.1): the adhesive tape and
a silicone thin film of 20 uym thickness. When applied on samples the
adhesive tape showed compression of 5.5% and 4% on the Si45 and
PMLF sample respectively. The loss of intensity over depth were similar
compared to the results obtained directly with oil. The adhesive tape is
the most practical approach found. It is easy to apply, reliable and read-
ily available. However, the contamination of the surface with glue re-
mains an issue.

The second protective layer - the silicone thin film - showed similar
behaviour. Compression of the measurement of the Si45 was about
9.5%. The compression of the second sample was negative, meaning
stretching of about 8 % occurred.

The adhesive silicone thin film eliminates the glue contamination is-
sue of the adhesive tape at the cost of being somewhat more difficult to
handle, less reliable on rough surfaces and of course less available then
regular adhesive tape.

Both refraction prevention methods (adhesive tape and silicone) need
little preparation but are not applicable under low pressured conditions,
such as in a chamber of an electron microscope where recently, more
frequently Raman microscopes are included.

Given the recent development of correlative Raman-SEM micro-
scopes, approaches were tried to allow 3D, confocal, refraction free,
immersion microscopy even in a vacuum. The general idea is to enclose
the necessary oil to the objective. This was done by a device holding a
stiff layer that encloses the oil and provides necessary pressure towards
the sample - the arc. Without an adaptive layer towards the sample,
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however, successful measurements were not achieved. A thin silicone
layer provided better adaption, yet no results were obtained. It was con-
cluded that the curvature arising through the arc holding device distorts
the Laser. When flat on a sample, the stiff silicone layer yielded data. It
is in the author’s opinion that the arc approach should eventually allow
3D, confocal, refraction free and sample protecting Raman microscopy
automatically and under high vacuum conditions. This approach, how-
ever, would have to be adapted significantly calling for further research.
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9 Appendix

9.1 Setup

The Raman microscope used in this thesis is a LABRAM HR 800 Ra-
man microscope which can be seen in Figure 9.1. It uses a red Laser
(wavelength: 632,81 nm, power: 16 W) by default, but can introduce
external Lasers. Mostly used in this thesis was the green Laser (wave-
length: 532,16 nm, power: 50 W from the company Laser Quantum’. The
resolution of the microscope depends on the used grating. By default,
the LABRAM HR has two gratings; their resulting resolution (depending
on the used laser) can be seen in Table 9.1. With this setup a Raman
spectrum of a sample, in the place the Laser beam is focused can be
taken.

Figure 9.1: A LABRAM HR 800 Raman microscope which was used for this the-
sis, located at FELMI/ZFE Technical University Graz, Austria.

" www.laserquantum.com
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Table 9.1: Resulting resolution of the LABRAM HR 800 Raman microscope de-
pending on used La-ser and used grating.

Grating

Laser 3001 /mm 18001/ mm
red (632,81nm)| 5cm’/px | 0,9 cm™/px
green (532,16 nm)| 3cm™/px | 0,37 cm™/px

9.2 Measurement parameters

Every spectrum presented in this thesis was obtained with the follow-
ing settings unless otherwise noted.

Laser: green (532,16 nm)

grating: 300 /mm

slit: 100
General settings: pgje- 200

accumulations: 2

oil objective: 100x

For each individual measurement and sample, the Laser intensity and
integration times were adjusted accordingly to be suited to the material
and receive similar intensity count.

Settings that differ from spectrum to spectrum are listed below each
figure.
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