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1 Introduction

In recent decades astroparticle physics, especially neutrino physics, has gained significantly more
interest because neutrinos, due to their tiny interaction cross section and their neutral charge, are an
important and promising messenger in astroparticle physics.

Neutrinos were postulated by Pauli in 1930 to preserve the conversation of energy and momentum
which was previously assumed to be broken in the beta decay. Since neutrinos rarely interact with
their environment, a direct observation is not possible. In 1956 C. L. Cowan and F. Reines succeeded
in detecting the electron antineutrino experimentally in a reverse beta decay. Subsequently, muon
neutrinos generated and detected in a proton accelerator in 1962 and in 2000, finally, the tau neu-
trino was measured [1]. However, there are still many open questions about neutrinos such as their
exact mass and their precise oscillation properties. Therefore, large neutrino detectors with different
types of operation principles have been built with the goal of understanding more about astroparticle
physics through the research of neutrinos.

One of those detectors is the IceCube Neutrino Observatory which was installed in Antarctica and
became fully operational in 2011. IceCube detects neutrinos indirectly by detecting the Cherenkov
light which is produced by secondary charged particles that are produced after a neutrino interaction.
The current detection volume is about one cubic kilometer and the detection medium is deep glacial
ice. The IceCube Neutrino Observatory has already celebrated several successes such as the detection
of two extragalactic neutrinos in the PeV energy range. Due to these successes several upgrades are
planned, namely the IceCube Upgrade and IceCube-Gen2. The IceCube Upgrade serves to extend
the energy threshold of IceCube down to the GeV level. A subsequent upgrade, IceCube-Gen2, is
expected to extend the detector volume by a factor of about eight which will improve the detector
efficiency in the high energy sector [2—4].

For these extensions, new optical modules have been developed to improve the precision of the de-
tector. The main component of these modules are the photomultiplier tubes and therefore these need
to be characterized and understood. The aim of this thesis is to build and commission an ellipsometer
which will later be used to analyze the photocathode of photomultiplier tubes to determine a relation-
ship between the thickness of the photocathode and the quantum efficiency. With an ellipsometer the
complex refractive index N and the thickness d of layers can be determined. Here, the ellipsome-
ter will be analyzed by measuring three different samples for two different methods of ellipsometry,
namely the null ellipsometry and the rotating analyzer ellipsometry.

In the following chapter 2, the property of neutrinos, the IceCube Neutrino Observatory and the
photomultiplier tubes are discussed in more detail. Afterwards, the theoretical basics, which are nec-
essary for the understanding the function of an ellipsometer, follow in chapter 3. In addition, two
different methods of ellipsometry are explained more extensively. After that, the experimental setup
of the ellipsometer is shown and the characterization of the single optical components is given (cf.
chapter 4). Then in chapter 5 the samples used for the analysis of the ellipsometer are explained
and the measurement results of the ellipsometer are shown and compared with the expected values.
Finally a short summary of the most important results and an outlook on possible improvements and
applications of the setup are given in chapter 6.






2 Neutrino astronomy

This chapter gives a general overview of the properties of neutrinos and their detection, as well as a
brief introduction to the IceCube Neutrino Observatory.

2.1 Neutrino properties

Neutrinos are elementary particles and belong to the leptons in the Standard Model of particle physics.
They can be divided into three flavors, which are related to the charged leptons, namely electron, muon
and tau neutrinos. In the Standard Model, neutrinos are considered to be massless. It was observed
that the flavor of the neutrinos is not conserved during propagation. From this follows that neutrinos
can change their flavor via an oscillation. Therefore, neutrinos are produced and interact as flavor
eigenstates but propagate as mass eigenstates. In order for neutrinos to oscillate they have to posses
mass, contrary to the assumption in the Standard Model [5]. However, their mass is very small with
an upper boundary of 1.1 eV and can be considered in some cases as negligible [6].

Besides their negligible mass, neutrinos are neutrally charged particles and can only interact via
the weak force. Accordingly neutrinos have a small interaction cross section and therefore interact
very rarely with their environment. This results in the impossibility of a direct detection of neutrinos.
Nevertheless they can be detected indirectly through secondary charged particles which are emitted
after an interaction of a neutrino. This also leads to the fact that neutrinos are an important messenger
for the search of cosmic ray sources in astroparticle physics because they are not deflected by galactic
magnetic field during their path to the Earth [5, 7].

2.1.1 Neutrino interactions

For neutrinos with energies greater than 10 GeV the interaction with nucleons (N) is dominated by
the deep inelastic scattering. Since neutrinos can only interact via the weak force, the interaction can
take place through two different interaction channels which depend on the gauge bosons of the weak
force. The interaction through the W-Bosons (Wi) is called charged current (CC) and the one via
the Z-Boson (Z 0) neutral current (NC). These two interactions can be represented by

+ 0
%+Nw—>ﬁ+X(CC), 3?1}+NZ—>52+X(NC), (2.1.1)

where 52 represents a (anti-)neutrino, ¢ the corresponding lepton flavor and X describes the created
hadronic particles which can be one or more. The produced charged particles can be observed in a
detector utilizing Cherenkov radiation [7].

2.1.2 Cherenkov radiation

If a charged particle with velocity v passes through a dielectric medium with refractive index n,
the medium is polarized by inducing temporary dipoles along the particle’s path. In this context, it
should be mentioned that the described polarization is not an excitation or ionization of the atoms in
the medium.
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Figure 2.1.1: Illustration of a Cherenkov cone emitted by a muon. Figure taken
from [8].

In case the velocity of charged particle is smaller than the speed of light in the medium ¢,, = =, the
electromagnetic field interferes destructively and cannot be detected. But if the velocity is greater, the
field interferes constructively and thereby photons are radiated. This radiation is known as Cherenkov
radiation.

The Cherenkov radiation is emitted in a cone shape along the path of the charged particle under
the Cherenkov angle ©~ (cf. figure 2.1.1). This particular angle is defined by the Cherenkov relation

O¢ = arccos <n—cv) , (2.1.2)

where c is the speed of light in vacuum [9].

The mentioned radiation is used for the indirect detection of neutrinos. For this purpose detectors
with a large detection volume and a transparent detection medium, such as water or ice, are built. A
large detection volume is required because of the small interaction cross-section of neutrinos. The
detection medium has to be transparent such that the Cherenkov radiation produced by the charged
particles is not absorbed. One possibility to detect the Cherenkov radiation is with the help of optical
modules consisting of one or more photomultiplier tubes (PMTs) [1].

2.2 IceCube Neutrino Observatory

The IceCube Neutrino Observatory is a Water-Cherenkov detector located at the South Pole. Its
instrumented volume includes approximately one cubic kilometer deep glacial ice. IceCube consists
of a total of 5160 digital optical modules (DOMs), each equipped with one 10” photomultiplier tube
(PMT) and placed on 86 strings at depths between 1450 m and 2450 m. The horizontal distance
between the strings is 125 m (cf. figure 2.2.1). With IceCube, neutrinos in an energy range of about
100 GeV to several PeV can be detected. From the amount of detected photons their direction,
energy, arrival time and flavor can be determined. In order to detect neutrinos with lower energies
(10 GeV - 100 GeV) eight additional strings were placed in the middle of the detector, referred as
DeepCore. The digital optical modules are located in a depth deeper than 1750 m and the horizontal
string distance is 72 m. In addition, the strings of the DeepCore are more densely instrumented with
a vertical module distance of 7 m as opposed to 10 m for the strings outside the DeepCore [2].
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Figure 2.2.1: Schematic of the IceCube neutrino telescope. The different installation
phases of the strings are represented by the colored markings. Figure taken from [2].

At the surface of the detector, 162 ice-filled tanks which are instrumented with DOMs, installed in
total of 81 stations, build up a cosmic air shower array called IceTop. In addition to its usage as an air
shower detector, it can also serve as a veto for atmospheric muons [2].

2.2.1 IceCube Upgrade and IceCube-Gen2

In order to improve the efficiency of the detector and increase the energy range of the detectable
neutrinos, two extensions are planned for IceCube, namely IceCube Upgrade and IceCube-Gen2.
Both extensions are illustrated in figure 2.2.2.

v Gen2-Radio ® Gen2-Optical ® IceCube ok IceCube Upgrade

Figure 2.2.2: Illustration of the planned extensions of the IceCube neutrino telescope.
Figure taken from [4].

Expected in 2023, as part of IceCube Upgrade, seven additional strings will be installed in the Deep-
Core, which will include a total of 693 optical sensors and will be installed in a depth of 2150 m
to 2425 m. The optical sensors will contain two new optical modules, firstly the multi-PMT optical
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module called mDOM and secondly the Dual optical sensor called D-Egg. The goal of this expansion
is to lower the energy threshold to about 1 GeV, to open the possibility for a better calibration of
the IceCube detector, to enable the tau neutrino detection and to increase the sensitivity to neutrino
oscillations [3, 4].

(a) (b)

Figure 2.2.3: (a) Representation of the mDOM and (b) of the D-Egg. Figures taken
from [10] and [11].

As shown in figure 2.2.3, multi-PMT modules were developed for the IceCube Upgrade. The mDOM
consists of 24 3”7 PMTs and thus has a better angular and directional resolution and a larger photo-
cathode area than the DOM. The D-Egg is equipped with two 8’ PMTs oriented up and down. The
directional resolution is therefore limited but narrower modules are possible which simplify insertion
into the ice and require less power consumption [4].

The second planned upgrade of the IceCube detector, IceCube-Gen2, will extend the detector by
three new parts, namely an in-ice optical array, a surface air shower array and an extended radio de-
tector array. The in-ice optical array is intended to install 120 new strings with 80 optical modules
with a horizontal distance of 240 m between them. This will increase the detection volume by a factor
7.9. The goal of the new in-ice optical array is to increase the energy range to EeV and to improve
the neutrino collection rate due to the expanded volume of the detector [4].

2.2.2 Photomultiplier tubes

The optical modules which are currently and will be used in the future for IceCube and its extensions
consists of one or more photomultiplier tubes (PMTs). A PMT detects light by converting the inci-
dent photons into an electrical signal. For this, the incident photons are absorbed by the photocathode
and can emit photoelectrons through the photoelectric effect (cf. figure 2.2.4). If a photoelectron,
also called primary electron, is released, it is guided by the focusing electrode and accelerated to the
first dynode. The primary electron is multiplied at this dynode and thereby secondary electrons are
produced. These electrons are further multiplied in the dynode system and finally registered at the
anode [12].

The photocathode of the PMT can be investigated by using an ellipsometer. Two types of photocath-
odes are distinguished, the semitransparent cathodes and the opaque cathodes. The semitransparent
ones are located on the inner side of the window (as shown in figure 2.2.4), while the opaque cathodes
are located on a metal electrode which is mounted in the inner side of the PMT [12, 13].
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Figure 2.2.4: Illustration of the structure of a photomultiplier tube and its operation.
Figure taken from [8].
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are shown. Figure taken from [13].
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Both types of photocathode consist of photoemissive semiconductors. The most common materi-
als for photocathodes are AgOCs, SbCs and bi- and trialkali compositions like SbKCs, SbRbCs,
SbNa,KCs. Each of these materials have a different sensitivity for different wavelengths which are
shown in figure 2.2.5. This spectral sensitivity characteristic shows not only the sensitivity of different
photocathode materials but also the uniform quantum efficiency p which describes the ratio between
the number of emitted photoelectrons by the photocathode N, and the number of incident photons
N, and is related by

Ne hCO
= —=5.,— 2.2.1
p N, EA g ( )

to the sensitivity of the photocathode Sy, y. Here cy is the speed of light in vacuum, e is the electron
charge, h the Planck’s constant and X is the wavelength [12, 13]. However, the quantum efficiency
also depends on the absorption of photons and the diffusion and emission of the electron created
by the photoelectric effect. For an electron to be emitted from the photocathode requires sufficient
energy. Nevertheless, the electron loses different amounts of energy before diffusing through the
photocathode, depending on the path length. If the path length is too long, the electron has not
enough energy to escape the photocathode. Therefore, it is important to establish the relationship
between quantum efficiency and photocathode thickness since the thickness has an influence on the
emission of the electron and thus also on the quantum efficiency. The ellipsometer will be used to
determine the influence of the thickness of the photocathode on the quantum efficiency [14].



3 Ellipsometry

In the following sections the most important theoretical basics of an ellipsometer are explained, as
well as the basic design and two special types of ellipsometry.

3.1 Polarization of light

Light can be described as an electromagnetic wave. The electric field E and the magnetic induction
B of the electromagnetic wave are perpendicular to each other, as well as to the propagation direction.
The important parameter for the description of the light wave is the electric field as it describes the
polarization of the light wave. If the electric field has a certain orientation, the light wave is called
polarized.

(c) Elliptical polarization

Figure 3.1.1: Illustration of different light polarizations and their relative phase dif-
ferences § = d, — d,.. In these cases the complex amplitudes of the partial waves are
equal (E, o = E, o). Figure taken from [15].
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A monochromatic plane wave, which propagates along the z-axis in a right-handed coordinate system,
can be described by

E(z,t) = E,(2,t) + E, (2,1) (3.1.1)
= [Epo-exp(ilwt — Kz+6,)} - &4 {E,q-exp (i(wt — Kz +6,)] - 7, (3.1.2)

where E, ; and E,  are the complex amplitudes, w the angular frequency and K the propagation

number’. It is evident that the wave can be described by the superposition of two partial waves, one
in x-direction and one in y-direction. The phase of both partial waves is described by d, and 4,,. For
the description of the polarization of the light wave, the relative phase difference = (4, — d,,) and
the relative amplitude ratio of both waves are needed. To determine the polarization, the intensity
I = E(z,t)- E*(z,t) of the light is measured and normalized to I = 1. Because of this, only the real
part of the electric field is relevant [15, 16].

The polarization of the light can be divided into linear, circular and elliptical polarized. A light
wave has a linear polarization, if the relative phase difference is a multiple of 7w (§ = 0, %+, ...). In
this case, the electric field vector is aligned in one specific direction. If F, o = E,, , the electric field
vector is aligned at 45° as shown in figure 3.1.1 (a). If the relative phase difference is a multiple of
(0 = +£3, i%”) and also assumes that F, o = E, (, the light is called circular polarized. This results
in the electric field vector starting to rotate and thereby it can be distinguished between two types of
circular polarization. If the relative phase difference is positive, the light is right-circular polarized
(cf. figure 3.1.1 (b)). This means that the electric field vector rotates clockwise. If, on the other hand,
the relative phase difference is negative, the polarization is called left circular. Then, the electric field
vector rotates counterclockwise. In all other cases, the light is elliptically polarized. In figure 3.1.1
(c) it is shown for the case d = 7 and £, ; = E, o [15].

3.2 Jones vectors and Jones matrices

To be able to analyze optical measurements, a mathematical explanation is necessary. Such is given
by the Jones vectors and Jones matrices which are the topics of the next sections 3.2.1 and 3.2.2 .

3.2.1 Jones vectors

The Jones vector describes the polarization of light. It can be defined as a column vector

o _ Ew _ Ew,O exp (7'530>
Ble.t) = [Ey} B {Ey,(l exp (My)} 7 62D

which shows the electric field of the partial waves in x- and y- direction. It is assumed that the light
wave propagates in z-direction for a right handed coordinate system as discussed in section 3.1. The
equation can also be represented as follows

E, = |E,|exp (iA) (3.2.2)
E, = |E,|, (3.2.3)

where A = §, — §, is the phase difference between the partial waves. Elliptic polarized light can be
expressed by

sin (W) exp (iA)} (3.2.4)

Eelli = [ cos (\If)

"Here the propagation number is defined by K instead of k, because the complex refractive index is denoted by k.
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with tan (V) = JZLE which stands for the relative amplitude ratio. The parameter A and ¥ are also
Y

called the ellipsométric angles which are necessary for the determination of polarized light and will
be measured in the ellipsometry. The Jones vectors for linear polarized and circular polarized light
are shown in table 3.2.1 [15, 16].

Table 3.2.1: Representation of the Jones and Stokes vectors (cf. section 3.3) for
different light polarizations. Table taken from [15].

Polarization Polarization state Jones vector Stokes vector
E,
1
Linear polarization | 1
parallel to x axis E, [O] 0
0
E,
1
Linear polarization 0 -1
parallel to y axis E, [1] 0
0
E,
1
Linear polarization 11 0
oriented at 45° E — [ ] 1
X 1
V2 0
E,
Right-circular 1T 1
polarization — |:] 0
E. V2 i 0
1]
2 1
Left-circular 1 1 ’7 0 —‘
polarization E NG [—i] 0
x 2
V2 1]
E

1
Elliptical . . —cos 2y
polarization E. |:sm P exp(lA)] sin2yscos A
x cosy —sin2yssin A

Natural light
(unpolarized light)

SO O
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3.2.2 Jones matrices

The optical elements which are used in the measurements can be described by the Jones matrices.
Important components of ellipsometry are polarizers (analyzers) and compensators. A polarizer (an-
alyzer) can be used to convert unpolarized light into linear polarized light. The Jones matrix for a
linear polarizer P (linear analyzer A) is defined as follows

10
P=A= {0 0] . (3.2.5)

In this case the polarizer angle is parallel to the x-axis.

A quarter-wave plate has a fast and a small axis. Using this optical element can cause a phase differ-
ence between the electric field vectors because the light which is parallel to the fast axis propagate
faster through the quarter-wave plate than the light parallel to the slow axis. If a compensator C is
considered which has its fast axis parallel to the x-axis, the following Jones matrix can be applied

1 0
C= [0 exp (26)} , (3.2.6)
where ¢ is the phase shift caused by the compensator. The sample S can also be described by a Jones
matrix

_[sin(¢) exp (iA) 0
S = [ 0 cos <¢)] (3.2.7)

which contains the two ellipsometry parameter ) and A. To calculate the change of the polarization
of the light which is caused by the optical elements, the Jones matrices are multiplied with the Jones
vector of the incident light [15, 16]. Thus the effect of a polarizer is described as

E,=P-E,. (3.2.8)

If several optical elements are used and their axes are not parallel to the x-axis, a rotation of the
coordinate system is needed since the Jones matrices refer to the original coordinate system. This
rotation can be described by a rotation matrix R which is defined as follows

cos (o)  sin(«)

R(a) = —sin (a) cos(a)

(3.2.9)

For a positive a, the rotation is specified as clockwise [15]. As an example, when light is going
through a polarizer at an angle « and then through an analyzer parallel to the x-axis, then the light
measured by a light detector can be determined by

—

Eoi=A R(-a) P E, (3.2.10)

3.3 Stokes formalism

Another possibility besides the Jones vectors to identify the polarization of light is given by the
Stokes formalism. Besides totally polarized light, partially polarized and unpolarized light can also
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be described. The Stokes vector consists of four parameters that are defined as follows:

So=1I,+1, (3.3.1)
Sy =1, -1, (3.3.2)
Sy = Iyse — I_450, (3.3.3)
Sy =1Ig — I, (3.3.4)

where S, represents the total light intensity and S;_5 the relative intensity difference between differ-
ent states of polarization. .S; describes the relative intensity difference between linear polarized light
in x- (I,) and y-direction (I,). Also, S, shows the difference between linear polarized light, however,
for the angular alignments 45° (145-) and —45° (I_45°). The relative intensity difference between right
circular polarized (Ig) and left circular polarized light (/1) is specified by S;. Thus, four parameters
can be represented as a sphere, such as the one shown in figure 3.3.1. This is called Poincaré sphere.
The parameters S;_3 serve as axes of the coordinate system and S; defines the radius of the sphere.
The sphere can be used to characterize the polarization of light. If the sphere is considered as a globe,
then the light is linearly polarized at the equator and circularly polarized at the poles. Between the
equator and the poles the light is elliptically polarized [15].

Figure 3.3.1: Representation of the polarization of light in a Poincaré sphere. At the
equator the light is linear polarized and at the poles it is circular polarized. In between,
the light is elliptically polarized. Figure taken from [15].

If light is totally polarized, the length of the vector to the point P = (S, .S,, 53)T on the sphere
describes the total light intensity S, (cf. figure 3.3.2 (a)) and can be calculated with the following
equation:

SOQ == 512 + 522 + 532. (335)
The equation is changed to
So> > 517 + 857 + 857, (3.3.6)

if the light is partially polarized. Partially polarized light results in a distribution of points on the
sphere around the point P (cf. figure 3.3.2 (b)) because the polarization changes with time. For
unpolarized light the points on the sphere are distributed around the complete sphere, as shown in
figure 3.3.2 (c), because there is no specific polarization. With the Stokes parameters a degree of
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polarization p can be calculated by

\/ ST+ S5 + 53 aam

p= S

For p = 0 the light is unpolarized and for p = 1 it is totally polarized, whereas the light is partially
polarized for 0 < p < 1 [15].

S3 S3 S3
i i i

(a) Totally polarized light  (b) Partially polarized light (c) Unpolarized light

Figure 3.3.2: Pointcaré sphere for (a) totally polarized, (b) partially polarized and (c)
unpolarized light. Figure taken from [15].

In the Stokes formalism, like in the Jones formalism (cf. section 3.2.2), the optical elements are
represented by matrices. The Mueller matrix for a linear polarizer P (analyzer A) at an angle « is
defined as follows:

1 cos (2a) sin (2av) 0
1 2 .
P_A—L|c0s (2ar) ~ cos (2cr) sin (?a) 6052(204) 0 (3.3.8)
2 |sin (2a) sin (2a) cos (2a) sin (2av) 0
0 0 0 0
and for a compensator C at angle «
0 0 0

cos (2a)? + cos (8) sin (20)*  sin (200) (;os (2ar) (cos (6) — 12) sin (§) sin (2«)
sin (2a) cos (2a) (cos (6) — 1) sin (2a)” + cos (&) cos (2a)”  sin (§) cos (2a) |
— sin (§) sin (2«) — sin () cos (2a) cos ()

o O O

(3.3.9

where § is the phase shift caused by the compensator [16].

3.4 Reflection and Transmission

3.4.1 Reflection at an interface

If light, which is assumed to be a monochromatic plane wave, strikes the interface between two semi-
infinite media in an oblique incidence, a reflected and a transmitted partial wave are produced [16].
Figure 3.4.1 shows this schematically in a right-handed coordinate system.

The angle of incidence ¢, of the plane wave is equal to the angle of the reflected wave. To determine
the angle of the transmitted wave ¢y Snell’s law

Nl sin ((101) = N2 sin (902) (341)
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is applied. Snell’s Law gives the relationship between the transmission and incidence angles, as well
as the relationship between the refractive indices [N, N of the two media. The refractive indices are
complex and have the following form

N, =n; + ik;, (3.4.2)

where n; is the refractive index and k:j is the extinction coefficient of the medium [15].

MEDIUM 1, N, =n,+ik,
ip Erp
(p1 (Pq
E
is rs
X
¢,
MEDIUM 2, N,=n_+ik, e &
z

Figure 3.4.1: Illustration of the reflected and transmitted partial waves, if a monochro-
matic plane wave strikes the interface between two infinite media at an oblique inci-
dence. N; and N, are the complex refractive index of the two media. The indices
p and s describe, if it is p- or s-polarized light and the indices i, 1, t stand for the
incidence, reflected and transmitted light. Figure taken from [16].

The light wave can be divided into p- and s-polarized light. Whether the light is p- or s-polarized is
determined by the oscillation direction of the electric field. The oscillation direction of the electric
field of the p-polarized light is in the x-z plane, the so called plane of incidence. The oscillation of
the s-polarized light is perpendicular to the plane of incidence [15].

() p-polarization (b) s-polarization

Figure 3.4.2: Schematic description of the expression of light by the electric field E
and the magnetic induction B for p- and s-polarized light. The indices i, r, t stand for
the incidence, reflected and transmitted light. Figure taken from [15].
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The reflected and transmitted light can also be expressed by the electric field E and magnetic induc-
tion B as shown in figure 3.4.2. This results in the following boundary conditions

E;, cos (0;) — Eyp, cos (6;) = Ey, cos (6;), (3.4.3)

By, + By = By, (3.4.4)
for the p-polarized and

By cos (6,) — B;,cos (6;) = —B cos (6,), (3.4.5)

Eig + By = By, (3.4.6)

for the s-polarized light. The indices i, r, t stand for the incidence, reflected and transmitted light,
respectively. In a medium, it can be assumed that £ = - - B, where n is the refractive index and c the
speed of light in vacuum. If the equations 3.4.4 and 3.4.5 are rewritten by this assumption and inserted
into the respective boundary condition, the amplitude reflection r and transmission coefficient ¢ can
be determined. The coefficients are defined as follows:

E,  mjcos®; —n cosb, E,  ngcosb; — n;cosb,

e . = = 3.4.7
s E,  njcosb; + n cosb,’ ik Ey,  ngcos®; +n;cos b’ ( )
= By _ 2n; cos 6 7 b= Eyp _ 2n; cos 6; . (3.4.8)

E, n; cos 0; + n, cos 0, E; n, cos 0; + n; cos 0,

These coefficients are known as Fresnel coefficients and are valid for the complex refractive index. If
the coefficients are represented in polar coordinates

rp = |rplexp (idyp), rs = |rs| exp (idys), (3.4.9)
tp = ltp| exp (idyp), ts = [ts] exp (id), (3.4.10)

the light reflection and transmission is due to a change in phase and amplitude [15].

Figure 3.4.3 shows the behavior of the phases and amplitudes for an air/glass interface for differ-
ent angles of incidence. At the angle 6y the p-polarized light does not reflect |r,| = 0 and is called
the Brewster angle. Therefore, at this angle only s-polarized light is reflected [15].

Since s- and p-polarized light undergo different changes in phase and amplitude when reflected, the
amplitude ratio ¢ and the phase change A between s- and p-polarized light is used to express the vari-
ation in polarization state. The two parameters are defined by the ratio of the reflection coefficients:

o o EpEi
— =tan (Y)exp (—iA) = .
T (%) ( ) EEy

o (3.4.11)

For the description of the reflection coefficients in polar coordinates, the following definitions result:

7]
tan (¢) = |7}”, (3.4.12)
A =0 — Oy (3.4.13)

The thickness and the complex refraction index of the analyzed layer can be determined by the ellip-
sometry parameters v and A [15].
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Figure 3.4.3: The amplitude coefficient (a), the absolute value of the amplitude coef-
ficient (b) and the phase change (c) for the Fresnel coefficients at an air/glass interface
are shown for different incident angles. Figure taken from [15].

3.4.2 Reflection at a three layer system

An important component of ellipsometry is the determination of layer thickness. As an example, the
reflection at a three layer system, consisting of ambient, thin film with thickness d and substrate, is
considered. In figure 3.4.4 such a system is shown. Each layer has a different complex refractive
index. A part of the incidence light beam will be reflected at the surface (first beam) and the other
part will be transmitted into the thin layer. The transmitted beam can be reflected at the interface
between the thin layer and then transmitted at the surface (second beam). This beam and the first
reflected beam can interfere with each other because of the phase variation

2
8= %le cos (6,), (3.4.14)

caused by the passage of one wave through the thin layer. A\ corresponds to the wavelength of the
incident beam. As shown in figure 3.4.4, the beam repeats the reflection and transmission steadily,
resulting in an overlapping of several beams.
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Figure 3.4.4: The refraction r j;, and transmission ¢ ;;, coefficients for a three layer sys-
tem consisting of ambient, thin film and substrate are shown. d describe the thickness
of the thin film. Figure taken from [15].

This overlapping can be represented by the amplitude coefficients of the layers and so the amplitude
reflection coefficients r(y;o for a three layer system can be calculated. For this, each beam is de-
scribed by the respective coefficients and then added to the other rays. The resulting equation has the
following form:

To12 = To1 + t01t10T12 exp (—125) + ... s (3415)

where r(; specifies the first beam and the second summand the second beam. The equation 3.4.15
can be simplified to

to1t10m12 €xp (—i203) (3.4.16)
1 —rgyripexp (—125)

To12 = To1 +

using the series y = ﬁ With the correlations 75, = g and ty;t0 = 1 — 7'(2)1, the result is for the
amplitude reflection coefficient

o1 + 12 exp (—i2[3)

Tolg = 3.4.17
0279 4 or1e exp (—i2B) ( )
and for the amplitude transmission coefficient
tort —i2
torg = — 12 exp (~i25) (3.4.18)

1 + T107T12 €XP (—126) '

3.5 Principle of Ellipsometry

Ellipsometry is one of the optical methods used to determine surface properties, such as the refractive
index or thickness of layers or substrates. To be able to specify these properties, the change in polar-
ization of the light after reflection on a sample is examined. This change in polarization is described
by the two ellipsometry parameters 1 and A (cf. section 3.4.1) [15].
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Figure 3.5.1: Illustration of the general setup of an ellipsometer. P, Q and A stand for
the optical components polarizer, quarter-wave plate and analyzer. Figure taken from
[16] and modified.

Figure 3.5.1 shows the general setup of an ellipsometer. The unpolarized light from a laser is sent
through a polarizer (P) to get linear polarized light. Then, the light beam is passed through a quarter-
wave plate (Q) to obtain circularly polarized light before it is reflected at the sample. After the
reflection, the light beam goes through an analyzer (A) and the intensity of the light beam is mea-
sured with a photodiode [16].

There are many different ways to perform an ellipsometry measurement, two of the most widely
used methods are presented in the following sections.

3.5.1 Null Ellipsometry

Null ellipsometry is a common configuration as it can be done without extensive technical equipment.
The setup of a null ellipsometry (cf. figure 3.5.2) measurement is similar to the general setup.

Linear
\\ N

A

Unpolarized

Lin/ear

/
Source / Elliptical

——————
Sample

Figure 3.5.2: General setup of a null ellipsometry. The polarizer P and analyzer A are
rotated and the quarter-wave plate Q remains at one angle, usually 45°. Figure taken
from [16].

The goal of the null ellipsometry is to get linear polarized light after it is reflected at the sample which
is extinguished by the appropriate analyzer setting. If the setup is described by the Jones formalism
(cf. section 3.2)

—

E,.. = AR(4)SR(—C)CR(C)R(—P)PE,,, (3.5.1)

out
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the following equation results

E 4 =rycos(A) - [cos(C) cos(P — C) — pesin(C) sin(P — C)]

+7rgsin(A) - [sin(C) cos(P — C) + pc cos(C) sin(P — C)], (3:52)

where P is the polarizer angle, A the analyzer angle, C' the angle of the quarter wave plate and po
the phase shift of the quarter wave plate. If an intensity of zero (4 = 0) and a quarter wave plate
angle of C' = 45° are assumed, the following relationship between the two ellipsometry parameters
and the polarizer and analyzer angle arises

p=A(A>0) (3.5.3)
A=2P+ g (3.5.4)

with the help of equation 3.4.11. In order to determine the two ellipsometry parameters, null ellipsom-
etry only requires the angles of the polarizer and analyzer at which an intensity of zero is measured
[15, 16].

3.5.2 Rotating Analyzer Ellipsometry

Another type of ellipsometry is the rotating analyzer ellipsometry. Its setup is shown in figure 3.5.3.
The setup basically does not differ from the setup of the null ellipsometry (cf. figure 3.5.2), except
that the polarizer angle is not changed during the measurement, only the analyzer is rotating with an
angular speed of w.

Unpolarized
/ Lineoar Sinusoidal
’f ( 4/»5 ) Circular

Source or linear

S
QY Sample
(in or out)

Figure 3.5.3: General setup of a rotating analyzer ellipsometry measurement. The
polarizer P and the quarter-wave plate Q are at a specific angle and the analyzer A is
rotated. Figure taken from [16].

This results in a correlation of A = wt with time ¢ for the angles. If the setup is expressed by the
Jones formalism (cf. section 3.2)

—

E,.. = AR(4)SR(—C)CR(C)R(—P)PE,,, (3.5.5)

and it is assumed that the quarter wave plate is parallel to the x-axis, the following equation is ob-
tained

E 4 = cos(A)sin(y) cos(P) exp(i(A — 0)) + sin(A) cos(¢) sin(P). (3.5.6)
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Thus, the following equation results for the intensity

I= B,

cos(2P) — cos(21)
1 — cos(2P) cos(21))
= Iy [1 + acos(24) + Bsin(24)],

sin(2P) sin(21)) cos(A — 0)
1 — cos(2P) cos(21))

=1y |1+ cos(24) + sin(2A4) (3.5.7)

where o and 5 are the normalized Fourier coefficients. It can be seen that the intensity changes with
the analyzer angle A. The two Fourier coefficients can be rewritten in

_ tan(y)® — tan(P)’

= ) (3.5.8)
tan(y)? + tan(P)>
2tan vy cos(A — §) tan(P
g — Ztany cos(A — 9) tan(P) (3.5.9)
tan(¢)” + tan(P)
and the following relationships to the two ellipsometry parameters
1+a B
tan(y) = | tan(P)], cos(A —§) = ——— (3.5.10)
l-a V1-a?

are concluded. With the help of « and 3, the Stokes parameters (cf. section 3.3) can also be deter-
mined with the equations

o =5, B = Sy cos(d) — Sz sin(d). (3.5.11)

To obtain the values of S5 and S5, two measurements with different phase shifts § are needed [15].

3.6 Rotating Quarter-Wave Plate Stokes Polarimeter

To specify the polarization of light a polarimeter is required. There are many different types of
polarimeters. One of them is the rotating quarter-wave plate stokes polarimeter which consists of a
quarter-wave plate and a polarizer as shown in figure 3.6.1.

Detector

@

Linear polarizer

Linear retarder &

Figure 3.6.1: Illustration of the setup of a rotating quarter-wave plate stokes polarime-
ter. Here a left-handed coordinate system is used instead of a right-handed one. Figure
taken from [17].

With this optical instrument, the Stokes parameters (cf. section 3.3) can be determined with the
following equation

—

Sout = P(a) - C(8,1) - S, (3.6.1)
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where S;n and §0ut are the input and output Stokes vectors, P («) the Mueller matrix for the polarizer
with an angle « and C(6,t) the Mueller matrix for the quarter wave plate at angle ¢ and its phase
shift §. The Stokes formalism was used here instead of the Jones formalism because it can described
partial and unpolarized light.

linear polarization at 0° linear polarization at 45°

0.5 4

Intensity (a.u.)

right-circular polarization
1.0 -

elliptical polarization

0.5 4

Intensity (a.u.)

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Quarter-wave plate angle ¢ (°) Quarter-wave plate angle ¢ (°)

Figure 3.6.2: The theoretical expected intensity curves for different light polarizations
measured with a rotating quarter-wave plate stokes polarimeter are shown.

With this equation the intensity of the measured output beam can be calculated. If it is assumed that
the polarizer is at an angle of o = 0° and the phase shiftis = 7, following equation

1(Sy, Sy, Sy, Sa, g t,0) = % % (; + %Cos (4t)> + % sin (4t) — % sin(2t)  (3.6.2)
for the intensity results. It can be seen that the intensity depends only on the angle of the quarter-
wave plate. However, it must be noted that a left-handed coordinate system is used here and not a
right-handed one as before [17]. Figure 3.6.2 shows the theoretical expected intensity curves for dif-
ferent polarizations. The Stokes vectors shown in figure 3.2.1 are used as Stokes parameters. For the
elliptically polarized light, the ellipsometry parameters are chosen to be ¢ = 45° and A = 135°.
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4 Setup and characterization of the
ellipsometer

The following sections first describes the measurement setup and how to align and clean the compo-
nents. This is followed by the characterization of the optical components, the laser and the angle of
incidence.

4.1 Ellipsometry setup

Figure 4.1.1 shows the basic setup of the ellipsometer being used. The ellipsometer consists of two
arms and a hexapodz. The left arm of the ellipsometer is firmly attached to the ground plate of the
ellipsometer. The right arm on the other hand is mounted on a rotation table® which is located under
the hexapod. This allows ellipsometry measurements at different incidence angles. The rotation table
can manually be moved by 360° but is limited to 6° when motorized [18].

Analyzer Bandpass Photodiode

‘,‘"I,

Figure 4.1.1: A picture of the general setup of the ellipsometer. The optical compo-
nents labeled in blue are mounted in motorized rotation tables and the optical compo-
nents described in green font are mounted in manually rotatable rotation tables.

*PI H-820 6-Axis Hexapod
?Standa 8MR170-190 - Motorized Rotary Stages
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Due to the fact that the hexapod is not mounted on the rotation stage but is supported by three feet,
the possible angles of incidence are limited to a range of 25° to 65°. The hexapod and the small rota-
tion table* mounted on it are used to align the sample or later the photomultiplier tube which enable
the measurement of different positions on the sample. The hexapod can be moved in the z, y and z
direction as well as with the angles ©,, ©,, and © . The small rotation table is motorized and can be

rotated 360° with an accuracy of 0.6" [19]. This allows an exact adjustment of the incident angle.

In order to align the components to the center of the rail, the required optical components for the
ellipsometer are mounted with slides on the rails of the arms. The optical components shown in fig-
ure 3.5.1 are assembled on motorized rotation tables. The mount was 3D-printed and designed to
ensure central fixation. The polarizer and the quarter-wave plate are attached on the fixed arm of
the ellipsometer in rotation tables’ with an minimal step size of 0.000 36° and a maximum angular
velocity of 16 °/s [20]. The analyzer was mounted in a different rotation table® with a maximum an-
gle velocity of 3000 ° /s and a minimal step size of 0.000 11° on the right arm of the ellipsometer [21].

There are two additional optical components, a polarizer and a quarter-wave plate, which are mounted
on the fixed arm (cf. figure 4.1.1 in green font). Their function is explained in section 4.3.3. These
two components are attached in manually rotatable rotation tables’ because their angle must be adjust
only once.

In the setup Glan-Thompson polarizers8 with a wavelength range of 350-2700 nm [22] and an achro-
matic quarter-wave plalte9 with a wavelength range of 400 - 800 nm [23] are used. The laser'® and
connected monochromator'' allow measurements with different wavelengths in the visible range.
The intensity is measured with a photodiode12 which is connected to a picoamperemeterB. Since
the measurements are not performed in a completely dark room and there can be light from other
sources than the laser, multiple precautions were taken to reduce the background. A bandpass filter'*
was installed in front of the photodiode and additionally a 3D printed box with a hole was placed
over both in order to cover them. For the bandpass 635 nm was selected as transmission wavelength
because at this point the laser has a high power density and it is in the wavelength range of the optical
components.

4.2 Alignment and cleaning

Two important steps that must be taken into account before any measurement are the alignment of the
setup and the cleaning of the optical components.

During the construction of the ellipsometer attention was paid that the individual components were
aligned with each other, for example that the center of the hexapod matches with the center of the
two rotation tables. The base plate was also balanced with a precision spirit level before and after the
assembly of the components. The balancing must be repeated when the construction has been moved.

*Standa 8MR151 - Motorized Rotation Stage

’PI M-060.DG

°PI V-610.998061

"Thorlabs RSP1D/M

¥B.Halle Nachfl. GmbH PGT 3.05

*Thorlabs AQWP05M-600

'"NKT Photonics SuperK Compact Supercontinuum Laser
""NKT Photonics LLTF Tunable High Contrast Filter
Hamamatsu S2281

PKeithley 6482

“Thorlabs FL05635-10
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Moreover, before each measurement the optical components were cleaned and aligned. Depend-
ing on the amount of surface contamination on the optics, different cleaning methods are useful. The
methods described in [24] were chosen for cleaning. If the optics are only dusty, a bellows or an air-
pressure spray is sufficient to clean them. If the contamination is more severe, the optical component
must first be freed from dust and then cleaned with a lens paper and ethanol. Gloves should be worn
during cleaning to prevent contamination caused by the hands. In addition, when cleaning with lens
paper, attention should be paid to not scratch the surface.

While aligning the optical components to the laser beam, care was taken to ensure that the laser
beam passes through the center of the optical components. The resulting back reflection by the opti-
cal components was adjusted to be as parallel as possible to the incident beam.

4.3 Characterization

Before an ellipsometry measurement can be performed, the ellipsometer has to be characterized. For
the characterization the optical components, polarizer, analyzer and quarter-wave plate, are specified
in relation to each other. This is performed because during the installation of the optical components
in the mounts and on the rotation tables a shift between the optical axis of the component and the
0° angle of the rotation table may have occurred. For these measurements, the polarizer which is
mounted in the manually rotatable rotation table was chosen as reference polarizer. All components
are characterized in relation to it.

Besides the characterization of the optical components, the polarization of the laser has to be de-
termined. As described in section 3.5 the laser light is assumed to be unpolarized light, whereas in
reality, the majority of lasers has a polarization. In addition, the angle of incidence of the laser on the
sample must be defined.

4.3.1 Polarizer and analyzer

First of all, the polarizer and the analyzer which are mounted on the motorized rotation tables were
characterized. To do the characterization measurement, the setup which is illustrated in figure 4.3.1
was used.

photodiode

rotating
polarizer

laser polarizer (Oo) (O - 360 )

Figure 4.3.1: Setup of the characterization measurement of the polarizer.

The first polarizer is the reference polarizer and is at an angle of 0°. Behind the reference polarizer,
the analyzer or polarizer to be investigated are placed. In the following, the latter is referred as
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second polarizer. During the measurement the rotation table of the second polarizer was rotated from
0° to 360° in 1° steps and for each step the intensity was measured. With the intensity curve, the
shift between the rotation table angle and the polarizer axis can be determined. It was expected that
the intensity reaches its maximum when both polarizer axes are parallel to each other. This should
be the case for polarizer angles of 0°, 180° and 360° of the second polarizer. Exactly the opposite
is expected when the polarizer is at the angles 90° and 270°, where the intensity should reach its
minimum or rather zero. This is the case because the two polarizer axes are now perpendicular to
each other. Thus, polarized light from the reference polarizer is extinguished because of the second
polarizer. The results for the polarizer and analyzer characteristic measurement are shown in figure
4.3.2. The measured intensity was fitted with Malus’s Law [15]

I =1Iycos(a+b)?+ec, 4.3.1)
where I describes the initial intensity of the beam before it transmits through the polarizer, o is the
angle of the second polarizer, b describes the shift of the polarizer to the rotation table and c the shift
because of the background. With this fit, the angle of the second polarizer, where the intensity reach
its maximum, can be obtained.
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Polarizer angle (°)

(a)

0

45 90 135 180 225 270 315 360
Analyzer angle (°)

(b)

Figure 4.3.2: Characterization measurements for (a) the polarizer and (b) the ana-
lyzer. The maximum intensity is normalized to 1.

The measurement with the polarizer (cf. figure 4.3.2 (a)) shows that there is a large shift between the
polarizer axis and the 0° of the rotation table because the maximum is at (84.19 4+ 0.01)° and not at
0° as expected. This displacement is too large to result only from mounting the optic in the mount
to the rotation table. Other possibilities could be that the marking of the polarizer axis on the optics
housing is incorrect or that the optics have been incorrectly built into the housing.

For the analyzer measurement (cf. figure 4.3.2 (b)) it can be seen that the maximum of the intensity
is near 0°. The shift is (0.60 & 0.02)° and probably results from installing the optic in its mount.
The shifts of the polarizer and analyzer axis to the axis of the rotation table must be taken into account
for the further measurements and were corrected in the control program for the rotation tables.

In both measurements, the minimum intensity was expected to be in the background region because
in the minimum the second polarizer theoretically does not transmit the light from the first polarizer
since both polarizer axes are perpendicular to each other. This can be observed in both measurements.
The minimum of the normalized intensity in the polarizer measurement is (6.3 & 0.4) -10~* and the
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background is (6.0 & 0.4) -10~* and for the analyzer measurement the minimum is (1.3 & 0.3) -10~*

and the background is (1.1 +0.4) 1074,

4.3.2 Quarter-wave plate

After the characterization of the polarizers the two quarter-wave plates were characterized. In this
measurement, two polarizers were placed perpendicular to each other with a quarter-wave plate in
between which is analyzed in the following (cf. fig. 4.3.3).

photodiode

polarizer (90°)

rotating
QwP
(0°- 360°)

laser

polarizer (0°)

Figure 4.3.3: Setup of the characterization measurement of the quarter-wave plate
(QWP).

The first polarizer in this setup is the reference polarizer at an angle of 0°. The second polarizer is
characterized in section 4.3.1 and set to 90°. For the intensity measurement, the rotation table of the
quarter-wave plate was rotated from 0° to 360° in 1° steps for the motorized rotation table and in 4°
for the manually rotatable rotation table. The shift between the fast axis of the quarter-wave plate and
the 0° of the rotation table can be again determined by the intensity curve.
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Figure 4.3.4: Characterization measurement for two quarter-wave plates, (a) one
mounted in a motorized rotation table and (b) the other one in a manually rotatable

rotation table.

The maximum of intensity is expected when the angle of the quarter-wave plate is shifted by 45° or
by —45° to one of the polarizer axes. From this results that at the quarter-wave plate angles of 45°,
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135°, 225° and 315° a maximum is expected. This is the case because the quarter-wave plate shifts
the phase by 90° and thus the polarized light from the reference polarizer is parallel to the polarizer
axis of the second polarizer. But if the fast axis of the quarter-wave plate is parallel to one of the
polarizer axes, the intensity is at its minimum.

In figure 4.3.4 the intensity measurement for both quarter-wave plates is shown. The intensity was
fitted with the following equation

I=a-sin(2(a—b)*+ec, 4.3.2)

where « is the quarter-wave plate angle, a a coefficient, b the shift of quarter-wave plate to the rotation
table and c the shift due to the background. It can be seen that in both measurements the position of
the maximum intensity features an offset by some degree from the expected 45°. For the quarter-wave
plate in the motorized rotation table the shift is (—7.98 4- 0.01)° and for the other quarter-wave plate
itis (—6.36 & 0.06)°. These shifts are a little bit larger than in the expected range between —4° to 4°.
A reason for the larger shift besides the mounting in the rotation table can be that the quarter-wave
plate itself could have a shift to its axis marked on its housing.

The minimum intensity of the quarter-wave plate should be within the order of magnitude of the
background and this is the case for both measurements. For the quarter-wave plate in the motorized
rotation table the minimum normalized intensity is at (4.3 +0.7)-10" " and the normalized back-
ground is at (2.2 +0.7) :10~*. For the other quarter-wave plate the normalized intensity amounts to
(8.5 4 0.2)-10~* and the normalized background to (2.0 & 0.2) -10™*.,

4.3.3 Polarization of the laser

As described in section 3.6 a rotating quarter-wave plate stokes polarimeter can be used to determine
the polarization of the used laser. The setup of such a polarimeter is illustrated in figure 4.3.5.

photodiode

polarizer (0°)

laser

rotating
Qwp
(0°- 360°)

Figure 4.3.5: Setup of a rotating quarter-wave plate stokes polarimeter.

For the setup the quarter-wave plate, which is mounted in the motorized rotation table, and the ref-
erence polarizer were used. The quarter-wave plate was rotated from 0° to 360° in 1° steps during
the intensity measurement while the polarizer staid at 0°. Figure 4.3.6 shows the measured intensity
which was fitted with equation 3.6.2 (cf. section 3.6).
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Figure 4.3.6: The intensity curve measured with the rotating quarter-wave plate
stokes polarimeter plotted against the angle of the quarter-wave plate

In comparison with the illustrations in figure 3.6.2, it can be seen that the laser is elliptical polarized.
A more accurate statement can be made with the Stokes parameters determined by the fit. The Stokes

parameters are listed in table 4.3.1.
Table 4.3.1: Stokes parameters of the laser determined by the fit.

Stokes parameter ‘ So ‘ St ‘ So ‘
‘ 1.6426 + 0.0003 ‘ 0.1003 £ 0.0004 ‘ 0.2423 £ 0.0005 ‘ —0.2490 £ 0.0002

Fit
In this case the laser is partially polarized light because Sg is greater than the sum of the squares of
the Stokes parameters S7 + Sa + S5 = 0.1308 + 0.0002 (cf. section 3.3).

S3

In the theoretical introduction in section 3.5 the light of the laser is assumed to be unpolarized. To
remove the polarization of the laser, the light is transformed into circular polarized light before it
passes the polarizer. To obtain circular polarized light, the light has to go first through a polarizer and
then through a quarter-wave plate, where its fast axis is shifted by 45° to the polarizer axis. For this

reason, the two additional components mentioned in section 4.1 are needed.

To control if the light is circular polarized after going through the two components a second polarizer
was set behind the components. If the second polarizer rotates from 0° to 360° and the intensity is
measured, a constant intensity is expected. During the measurement it could be observed that the
intensity is still angle dependent. Because of this the aforementioned measurement was repeated with
different quarter-wave plate angles in a range from 42.5° to 48° in 0.5° steps to acquire the quarter-

wave plate angle where the intensity change the least.

In figure 4.3.7 (a) the measurement results for a quarter-wave plate angle of 45.5° is shown and it
should be noted that the intensity is angle dependent as mentioned before. In figure 4.3.7 (b) the
difference between the intensity maximum and minimum for the different quarter-wave plate angles
were plotted. The data were fitted with a parabola to get the quarter-wave plate angle where the
intensity varies the least. The minimum variation of (7.460 + 0.001) % is located at an angle of
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(45.43 +0.01)°. Due to the accuracy of the rotation table an angle of (45.5 4 0.1)° was set for the

next measurements.
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Figure 4.3.7: (a) Measured intensity curve for a quarter-wave plate angle of 45.5°.
(b) The intensity difference between the minima and maxima of the intensity curve
plotted for all measured quarter-wave plate angles, fitted with a parabola.

4.3.4 Incident angle

Another import parameter which has to be well-defined for an ellipsometry measurement, is the in-
cident angle of the laser beam on the sample. The accuracy of the incident angle should be more
accurate than 0.1°. To determine the incident angle a plate with three pinholes of diameter d of
0.7mm, 0.6 mm and 0.5 mm was manufactured. The setup for the determination of the angle of

incidence is illustrated in figure 4.3.8.

sample
mounted
on
rotation
table

hamj °’

pinhole

L= 40cm

Figure 4.3.8: Illustration of the setup for the determination of the incident angle.

First, the sample was mounted on the rotation table and the plate with the pinholes was added to the
beam path with a distance of L = (40.0 = 0.1) cm from the sample. For this purpose, the pinhole
with a diameter d = 0.7 mm was used first. Then the sample was rotated with the rotation table until
the reflected beam of the sample is guided back through the pinhole. This was repeated for the two
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smaller pinholes. Afterwards, it was possible to determine the maximum possible angle a between
the incoming and the reflected beam. The resulting relationship between the distance L, the pinhole
diameter d and the angle o

tan (a) = - (4.3.3)

an (o) = — 3.
L

was used for this purpose. For a pinhole diameter of d = 0.5 mm « is (0.07 £ 0.01)° which satisfies
the desired accuracy of the angle of incidence. It should be noted that this procedure must be repeated

for each sample because not all of the samples can be mounted exactly the same way on the rotation
table.
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5 Ellipsometry measurements

In this chapter the three analyzed samples are introduced and the results for two different ellipsometry
methods, null ellipsometry and rotating analyzer ellipsometry, are shown. The goal is to reproduce
the known properties of the samples. For each angle of incidence at the sample the two methods were
measured in direct succession such that both measurements took place under the same conditions and
thus the results are comparable. All measurements were performed using a laser with a wavelength
of 635 nm and in a dark laboratory tempered to 18 °C. Before a measurement could be performed,
the laser was turned on for two hours, after which the laser intensity output is constant.

5.1 Samples

Three samples with different materials and layer thicknesses were analyzed to determine the perfor-
mance of the ellipsometer. All samples consist of a three layer system for which the refractive index
and the thickness of the layer to be examined are known.

The first sample which was analyzed was a compact disc (CD). The CD was chosen because of
its optical properties which are well known. The structure of a CD is illustrated in figure 5.1.1.

Dise surface

$

1.2 ,
o Music track

12% Am

A

Label side

Figure 5.1.1: The illustrated layer system of the CD sample. Figure taken from [25]
and modified.

It consists of a 1.2 mm thick polycarbonate layer which has a complex refractive index of Ny, =
1.5803 + 0i [26] at a wavelength of 635 nm. Underneath this layer is a layer of aluminum with a
complex refractive index of N, = 1.4622 + 7.5592i [27] at 635 nm in which the information of
the CD has been stamped. Since it is not possible to recognize where a pit or a land is located, the
measurement was performed in the blank part. In this part the CD does not contain any information
and therefore the CD in this part does not have any pits and is therefore flat. After the aluminum
layer comes a thin varnish and the label of the CD [25]. These two layers are not important for the
measurement because aluminum is highly reflective and can therefore be assumed as the substrate,
whereas the polycarbonate is the layer in the three layer system.
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a) b)
Silicon dioxide :|:285 nm Bilayer graphene :|:0_7 nm

Silicon Silicon carbide

Figure 5.1.2: The illustrated layer system of the a) silicon dioxide layer on silicon
sample and of the b) bilayer graphene layer on silicon carbide sample. The illustration
is not true to scale.

The second sample15 analyzed was a silicon dioxide (SiO,) layer on a silicon crystal (Si) (cf. figure
5.1.2 a)). The layer thickness of the silicon dioxide layer is 285 nm and has a complex refractive in-
dex of 1.457 + 0i at 635 nm. The complex refractive index for the silicon substrate is 3.877 + 0.019i
at 635 nm [28]. The two refractive indices were determined from the respective dielectric function e
of Si0, and Si. The dielectric function consists of

€ = €1 + 169, (5.1.1)

where ¢, is the real part and €, the imaginary part of the dielectric function. €¢; and €5 are related by
the following equations

€ = n? — k:2, €y = 2nk (5.1.2)

to the refractive index n and to the extinction coefficient k. From this relationship the following
equations are obtained for the refractive index n and the extinction coefficient k [15]

(5.1.3)

The third sample15 is bilayer graphene on a silicon carbide (SiC) substrate (cf. figure 5.1.2 b)).
The bilayer graphene is (0.7 = 0.4) nm [28] thick and has a refractive index of n = 2.55 £+ 0.01 and
an extinction coefficient of k¥ = 1.71 £ 0.01 [29] at 635 nm. Silicon carbide has a refractive index
of n = 2.6336 [28] at 635 nm. As for the second sample the refractive indices of the substrate were
determined with the dielectric function.

5.2 Null Ellipsometry

The samples were first analyzed using null ellipsometry. The setup for this method was build as
shown in figure 3.5.2. The aim of the null ellipsometry is to determine the angle of the polarizer P
and the angle of the analyzer A where the intensity reaches its minimum (cf. section 3.5.1). To obtain
these two angles, a full scan from P = 0° —360° and A = 0° — 360° in 5° steps for each combination
with a quarter-wave plate at an angle of 45° was measured. The full scan thereby serves to identify

15Kindly provided by U. Wurstbauer
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the region where the minimum is located. Afterwards, this region was measured again with a mini-
mum scan. A minimum scan is the same measurement as before but in a smaller region with smaller
step size. As several minima can be detected in a full scan, an arbitrary region was chosen for the
minimum scan. To get the angles of the polarizer P and analyzer A at the intensity minimum it was
fitted with a bivariate normal distribution.

After the values of P and A were determined, a Python program was used to calculate the complex
refractive index N and the thickness d of the examined layer. The Python program was developed
by Fausto Frisenna during a collaboration with the DFG Research Training Group 2149'°. It calcu-
lates the two ellipsometry parameters ) and A from the polarizer and analyzer angle using equations
3.5.3 and 3.5.4. With the two ellipsometry parameters the p parameter is calculated using equation
3.4.11. Apart from the calculation with the ellipsometry parameters, p can also be determined by the
reflection coefficients for s-polarized rg and p-polarized r,, light. This p calculated via the reflection
coefficients is described in the following by p. In order to calculate p or the reflection coefficients,
the refractive indices of the ambient, the substrate and the layer as well as the thickness of the layer
are required. Because the refractive indices of the ambient and the substrate are known, they are pre-
defined in the Python program. The complex refractive index N and the thickness d of the layer are
defined as variables within a limited value range. If the extinction coefficient k for the investigated
sample is zero, this coefficient was predefined and only the refractive index n and the thickness d
were defined as variables.

In order to be able to determine these variables, the Python program minimizes the difference be-
tween p and p, in other words the difference between measurement and theory, with the help of a
minimization function by calculating the variables combination with the smallest difference. Then
this combination of variables gives the complex refractive index N and the thickness d of the ana-
lyzed layer.

Several uncertainties must be taken into account when calculating the complex refractive index and
the thickness of the layer. Besides the general background in the laboratory, which is already con-
sidered before the fits of the measured data, uncertainties like the wavelength range of the laser,
the accuracy of the rotation table and the uncertainty of the angle of incidence are also considered.
Therefore, the minimization is performed several times by sampling these parameters from a gaussian
of standard deviation equaling their uncertainty. The resulting complex refractive index N and the
resulting thickness d are the mean value of all performed minimizations.

5.2.1 Compact Disc

The Compact Disc (CD) sample was analyzed with the null ellipsometry for different incident angles
in a range of 30° to 60° in 5° steps. As mentioned before, a full scan and a successive minimum scan
were done for each incident angle. The full scans for the incident angles are shown in figure 5.2.1.

Since the angle of incidence has an influence on the polarization change of the light due to the reflec-
tion on the sample, it is expected that the pattern of the full scan differs or that the minima shift. These
assumptions can also be seen in the full scans. By comparing the full scans of all incident angles, it
can be recognized that the pattern changes from a rather dotted pattern at an incident angle of 30° to
a rather diagonally striped pattern with a slightly dotted pattern at 40° angle of incidence to a, once
again, rather dotted pattern with diagonal stripes at an incident angle of 55°.

16https ://www.uni-muenster.de/Physik.GRK2149/index.html
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Figure 5.2.1: The full scans for the null ellipsometry measurement of the CD sample
at incident angles of 30°, 35°, 40°, 45°, 50°, 55° and 60°.
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Thereby, it can also be seen that the minima shift diagonally to the lower left respectively to smaller
polarizer and analyzer angles. But at an incident angle of 55°, it is shown that the minima are shifting
back to the upper right an then for an angle of incidence of 60° they shift again to the lower left. The
expectation was that the pattern changes in a certain way for higher incidence angles, for example
that the minima shift in the same direction, here to the lower left. This is not true for an incident angle
of 55°. A reason for this could be that the measurements for the incident angles of 55° and 60° were
repeated due to an error in the first measurements and because of this it could have happened that
not the exact same position on the CD sample was measured. Therefore, it is difficult to compare the
data. However, if only these two measurements are considered, the shift of the minimum to the lower
left can be seen again.

All full scans have in common that the pattern repeats itself every 180° no matter which axis of
the scan is considered. This is expected because the position of the polarization axis of the polarizer
as well as the analyzer is repeated every 180°. But it can also be seen that the intensity of the maxima
varies. This can have several causes. On the one hand, the back reflection of the optical components
may not be absolutely parallel to the incident beam which can lead to intensity fluctuations when
rotating the rotation stages. On the other hand, the beam can move minimally due to the rotation of
the optical components and thus a different position on the sample is measured which can also lead
to intensity fluctuations. From these observations follows that, as expected, the angle of incidence
has an effect on the polarization of the light and thus the patterns of the scans and the locations of the
minima change for different angles of incidence.

After each full scan a minimum scan was measured. One example of a minimum scan at an inci-
dent angle of 45° is shown in figure 5.2.2.
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Figure 5.2.2: The minimum scan for the null ellipsometry of the CD sample at an
incident angle of 45°. The red contour lines indicate the fit with a bivariate normal
distribution.

The red contour lines indicate the fit with a bivariate normal distribution. The polarizer angle and
analyzer angle at the minimum given by the fit are listed in table 5.2.1 for all measured incident
angles. Since the pattern of the measurements for the incident angles 30° to 50° look similar, it was
always tried to measure the same minimum. This was not possible for the measurement at an incident
angle of 50°, so for this measurement another minimum was scanned. It can be seen that the measured
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minimum shifts diagonal to the bottom left the higher the incident angle is. This was expected because
as described before, the change of the incident angle results in a shift of the minimum. This can also
be seen for the incident angle of 55° and of 60°. Here the measured minimum shifts to the lower left,
since these measurements were redone as mentioned above.

Table 5.2.1: Values of the polarizer angle P and of the analyzer A for different angles
of incidence at a minimum intensity resulting from the minimum scans of the null
ellipsometry for the CD sample.

Incident angle | Polarizer angle P | Analyzer angle A
(30.00 £ 0.07)° (69 £ 2)° (331 £ 2)°
(35.00 + 0.07)° (57 £1)° (326 +1)°
(40.00 £+ 0.07)° (46 £+ 2)° (323 £ 2)°
(45.00 + 0.07)° (29 £ 3)° (315 +4)°
(50.00 £+ 0.07)° (100 £ 1)° (35 £1)°
(55.00 + 0.07)° (130 £ 2)° (40 £ 2)°
(60.00 £+ 0.07)° (115 £ 2)° (35 £2)°

With the angles shown in table 5.2.1 and the help of the previously described analysis program, the
complex refractive index N and the thickness d of the polycarbonate layer can be determined. Since
the extinction coefficient of polycarbonate is k£ = 0, it was not included as a variable but as a param-
eter in the analysis program.

The values calculated from the analysis program for the refractive index n and the thickness d of
the polycarbonate layer are shown in table 5.2.2 for all incident angles. As explained in section 5.1, a
complex refractive index of N = 1.5803 + 0i at 635 nm and a thickness of 1.2 mm are expected. The
determined refractive indices and thicknesses of all incident angles agree with the expected properties
of the layer.

Table 5.2.2: Values of the refractive index n and of the layer thickness d of the poly-
carbonate layer of the CD sample for different angles of incidence resulting from the
null ellipsometry.

Incident angle | Refractive index n | Layer thickness d
30.00° 1.581 + 0.004 (1.21 +0.03) mm
35.00° 1.580 + 0.003 (1.20 £ 0.01) mm
40.00° 1.583 + 0.008 (1.197 + 0.009) mm
45.00° 1.582 4+ 0.001 (1.20 £ 0.02) mm
50.00° 1.581 + 0.004 (1.199 £ 0.003) mm
55.00° 1.580 £+ 0.001 (1.200 £ 0.001) mm
60.00° 1.581 +0.003 (1.199 £ 0.003) mm

expected value 1.5803 1.2mm

Nevertheless, it can be observed that the uncertainties of the different measurements vary strongly but
the values are in the same order of magnitude. This may be due to the evaluation program since the
average of all minimizations is taken as the result and the standard deviation as the uncertainty. Figure
5.2.3 shows the calculated refractive index of the individual minimizations as well as the average and
the standard deviation for the angles of incidence of 35° and 55°. It can be observed that there are
significantly more strong deviations from the average value for an incident angle of 35° than for the
mimizations at 55°. Therefore, the uncertainty of the refractive index for the incident angle of 35° is
larger than for 55°. This effect, that some measurements have clearly more stronger deviations than
other is not only the case in this measurement but is also evident in all following measurements.
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Figure 5.2.3: The calculated refractive index of the individual minimizations as well
as the average and the standard deviation of them for the angles of incidence of 35°
and 55°.

5.2.2 Silicone dioxide/ silicone sample

The silicone dioxide (Si0,) / silicone (Si) sample was analyzed at one incident angle, namely at 45°.
Since the sample is very small, it was mounted on a microscope slide that could be more easily fixed
in the setup. As with the CD sample, first a full scan was performed to determine the location of the
minima. The full scan is shown in figure 5.2.4.
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Figure 5.2.4: The full scan of the silicon dioxide / silicon sample for the null ellip-
sometry at an incident angle of 45°.

It can be seen that the pattern repeats as expected every 180° and also that the intensity varies between
the different maxima. These variations can occur for back reflections in the setup which influence the
intensity measurements at different polarizer and analyzer angles. For the minimum scan the angles
region from 0° to 90° for the polarizer and analyzer was measured in 1° steps.
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Figure 5.2.5: The minimum scan of the null ellipsometry for the silicon dioxide /
silicon sample at an incidence angle of 45°. The red contour lines indicate the fit with
a bivariate normal distribution.

The minimum scan and the bivariate normal distribution fit, to get the position of the minimum,
are shown in figure 5.2.5. In table 5.2.3 the polarizer and analyzer angle at the minimum and the
ellipsometry parameters calculated from them with the equations 3.5.3 and 3.5.4 are listed. In table
5.2.4 the expected and measured values for the refractive index n and the thickness d of the silicon
dioxide layer are shown.

Table 5.2.3: Values of the polarizer angle P, of the analyzer A and of the two ellip-
sometry parameters ) and A for an angle of incidence of 45° at a minimum intensity
resulting from the minimum scan of the null ellipsometry for the silicon dioxide /
silicon sample.

Incidentangle (°) | P(°) | A(°) | ¥ (°) | A
45.00£0.07 [ 52+2 | 46+£1 | 45.00£1.49 | 19444

Table 5.2.4: The measured and expected values of the refractive index n and the thick-
ness d measured with the null ellipsometry for the silicon dioxide / silicon sample.

‘ n ‘ d (nm)
measured value | 1.48 £0.07 | 279 £ 7
expected value 1.457 285

The refractive index n and the thickness d were calculated with the help of the analysis program
described in section 5.2 and the values from table 5.2.3. It can be seen that the measured value of
the refractive index is higher and for the thickness the measured value is lower than the expected
ones. However, they are still within the uncertainty region of the expected values. The range of
the uncertainty of the refractive index does include the expected refractive index and the expected
thickness is also in the range of the uncertainty of the measured thickness. However, the uncertainty
of the measured thickness is large. The difference between the values may be due to beam deviations
of the back reflection because of an imperfect alignment. Another reason could be the thickness of
the silicon dioxide layer because in comparison to the analyzed layer of the CD, the thickness is
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significantly smaller. Maybe the alignment components before the sample respectively of the beam
must be even more precised.
5.2.3 Bilayer graphene / silicon carbide sample

As for the silicon dioxide / silicon sample, the sample with the bilayer graphene on silicon carbide
(SiC) was measured at an incident angle of 45°.

45° incident angle

1.0

0.8
— ey
c G
s 0.6 £
2 E
: 3
N 8
= 3
E 04 £
z

0.2

0 45 90 135 180 225 270 315 360
Polarizer angle (°)

Figure 5.2.6: The full scan for the null ellipsometry of the bilayer graphene / silicon
carbide sample measured at an incident angle of 45°.
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Figure 5.2.7: The minimum scan for the null ellipsometry of the bilayer graphene on
silicon carbide sample measured at an incident angle of 45°. The red contour lines
indicate the fit with a bivariate normal distribution.

It can be seen in the full scan (cf. figure 5.2.6) that the pattern is repeating every 180°. As with the
other samples, the intensity of the maxima varies and is not the same as expected. To analyze the
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sample a minimum scan in the polarizer and analyzer region from 30° to 70° with a step size of 1°
was performed with the corresponding results shown in figure 5.2.7. With the help of the bivariate
normal distribution fit, the angles of the polarizer and analyzer for the position of the minimum shown
in table 5.2.5 were determined and the ellipsometry parameters 1) and A were calculated from them.

Table 5.2.5: The value of the polarizer angle P, of the analyzer A and of the two
ellipsometry parameters i) and A for an angles of incidence of 45° at a minimum
intensity resulting from the minimum scan of the null ellipsometry for the bilayer
graphene / silicon carbide sample.

Incidentangle ) | P(®) | A | v () | A
45.0+£0.7 [ 46+2[39+2[39£2 | 18244

With the values from table 5.2.5 and the analysis program which is explained in section 5.2, the refrac-
tive index n, the extinction coefficient k£ and the thickness d of the bilayer graphene were determined.
The results for these parameters and the expected values are listed in table 5.2.6.

Table 5.2.6: The measured and expected values of the refractive index n, the ex-
tinction coefficient k and the thickness d measured with the null ellipsometry for the
bilayer graphene / silicon carbide sample.

‘ n ‘ k ‘ d (nm)
measured value | 2.43 +£0.02 | 1.89 £0.03 | 1.26 £+ 0.09
expected value | 2.55£0.01 | 1.71£0.01 | 0.7+04

It can be seen that the measured values are in the assumed range of the expected values but for the
refractive index n the expectation is higher and the expected value is not within the uncertainty range.
For the extinction coefficient %k the calculated value is higher than the expected value and also the
expected value is not within the uncertainty range. The calculated thickness d is not in the uncertainty
range of the expected value and the value is higher than expected. These difference can be again
attributed to beam alignment and back reflections as for the other samples. Another reason could
be the step size of the minimum scan that the chosen step size is too large. If a smaller step size is
chosen, the minimum can be determined more precisely for more accurate results.

5.3 Rotating Analyzer Ellipsometry

The rotating analyzer ellipsometry was the second method used to analyze the samples. The setup
was constructed along the principle illustrated in figure 3.5.3. The setup of the rotating analyzer el-
lipsometry was build and including a quarter-wave plate.

During the measurements the analyzer was rotated at an angular velocity of w = 11.25 g and the
intensity was recorded. This angular velocity was chosen because at higher velocities the photodiode
records too few measurement points and so the data can not be analyzed well later. The quarter-wave
plate was set to 0° for all measurements and the polarizer angle was varied. The measurements were
performed for polarizer angles in a range of 30° to 60° in 5° steps. The measured intensity curves
were fitted with the equation 3.5.7 and with the help of the fit the ellipsometry parameters ) and A
were determined. Furthermore, with these parameters the complex refractive index /N and the film
thickness d were calculated using the analysis program described in section 5.2. The difference to
the analysis program is here that 1) and A are directly read into the program to calculate p and is not
calculated first as in the null ellipsometry.
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5.3.1 Compact disc

The Compact Disc (CD) sample was not only measured for different polarizer angles but also for
different incident angles as in the null ellipsometry.
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Figure 5.3.1: The intensity curves of the rotating analyzer ellipsometry for the CD
sample measured at different polarizer angles P at an incident angle of 60°. The data
is fitted with equation 3.5.7.

The angle of incident was changed from 30° to 60° in 5° steps. In figure 5.3.1 a section (0° to 720°)
of the measurement with an incident angle of 60° for the polarizer angles of 30°, 40°, 50° and 60°
are shown as an example. As the polarizer axis of the rotating analyzer has the same orientation
every 180° an intensity curve with maxima and minima which repeat every 180° and 90° apart was
expected. If the measurements are compared, it can be seen that the maxima shift towards left the
larger the polarizer angle becomes. Also the amplitude of the measurement changes. This behavior
continues for larger polarizer angles. This was expected because by changing the polarizer angle
the polarization of the light hitting the sample and therefore, the polarization of the light after the
reflection is also changing for different polarizer angles. This results in different intensity curves with
different amplitudes and maximum positions, too. However, in some measurements it has been noted
that the maxima have different intensities. As in the null ellipsometry, this can be traced back to the
alignment of the beam and the back reflections. The measurement data was fitted with the equation
3.5.7 in section 3.5.2. From this fit the ellipsometry parameter ¢» and A can be determined. The
ellipsometry parameter for each measurement are listed in table 5.3.1.

If at first the measured values for the same angle of incidence but different polarizer angles are com-
pared with each other, a certain behavior of the ellipsometry parameters 1) and A in connection with
the polarizer angle becomes apparent. Both parameters change with different polarizer angles and
also the effect is different for different incident angles. This effect was expected because when the
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polarizer is rotated, the polarization of the light hitting the sample changes and thus ¢ and A also
have different values.

If the measurement had been performed for polarizer angles from 0° to 360°, then the ellipsome-
try parameters ¢ and A would repeat every 180° since the polarizer axis has the same orientation
every 180°. Thus, a sine-like curve of the 1) and A values would be expected when plotted against the
polarizer angle. This curve changes for different angles of incidence since not only the polarizer angle
has an influence on the polarization but also the angle of incidence. Therefore, the measurements with
different incident angles do not allow to expect to show exactly the same behavior with the change of
the polarizer. This can be seen very well when comparing the data for the different incident angles.

Table 5.3.1: The two ellipsometry parameters 1) and A determined for the CD sample
for different polarizer angles at different incident angles.

Incident angle (°)

Polarizer

o 30.00 35.00 40.00 45.00 50.00 55.00 60.00
angle (°)

o

342.40 £ 0.01 | 341.33 +0.01 | 340.94 4+ 0.01 | 340.424+0.01 | 340.47 +0.01 | 330.09 +0.01 | 329.05 £ 0.01
108.6 £ 0.2 | 122.16 +0.04 | 129.16 = 0.03 | 148.39 £ 0.04 | 169.53 £0.02 | 172.06 £0.01 | 151.51 £0.01
341.68 £0.02 | 340.41+0.01 | 340.224+0.01 | 339.81 +0.01 | 340.01 +0.01 | 329.66 + 0.01 | 328.57 £ 0.01
106.3+£0.3 | 126.1240.04 | 134.31 £0.03 | 152.76 £ 0.04 | 172.55 £0.02 | 171.59 £0.01 | 150.43 £0.01
341.09 £0.02 | 339.563 £0.01 | 339.71 +£0.01 | 339.54 +0.02 | 340.04 £ 0.01 | 329.67 £ 0.01 | 328.54 £ 0.01
109.0+£0.3 | 132.23 +£0.04 | 140.91 £ 0.03 | 158.40 £ 0.04 | 176.82 £0.02 | 171.06 £ 0.01 | 149.40 £ 0.01
340.23 £0.03 | 338.48 £ 0.01 | 339.18 = 0.01 | 339.42 +0.04 | 340.41 £ 0.02 | 330.03 £0.01 | 328.80 £ 0.01
117.74+£0.2 | 140.89 £0.01 | 149.67 £ 0.03 | 165.54 £ 0.05 | 182.74 £0.03 | 170.40 £0.01 | 148.21 £0.01
338.70 £ 0.04 | 336.85 4 0.01 | 338.26 & 0.01 | 339.21 +0.04 | 340.98 £ 0.02 | 330.75 £ 0.01 | 329.29 £ 0.01
130.9+£0.1 | 152.26 £0.03 | 161.04 £0.02 | 175.33 £0.06 | 190.50 £ 0.04 | 169.63 £0.02 | 146.72 £ 0.02
335.65 £ 0.04 | 333.86 £0.02 | 336.29 £0.02 | 338.29 £0.05 | 341.18 £0.03 | 331.99+0.01 | 330.23 +0.01
146.7£0.1 | 165.39£0.03 | 175.24 £0.02 | 187.82£0.06 | 201.12£0.06 | 168.75 £0.02 | 145.01 £0.03
330.36 £ 0.04 | 328.89 £0.02 | 332.31 £0.02 | 335.45£0.06 | 339.80 £0.04 | 333.83+£0.03 | 331.61 +0.02
162.51+£0.06 | 179.14 +£0.02 | 190.29 £ 0.02 | 202.4 £0.1 213.5£0.1 | 167.42+£0.02 | 142.86 £0.05

30

o

o

35

o

o

40

o

o

45

o

50

o

o

55

o

o

Delbe|belbebelbebe
/-\/‘\A/\A/\A"B/-\/‘\/—\/‘\Af\

60

o

If now the values for the same polarizer angles but for different incident angles are considered, it can
be seen that up to an incidence angle of 50° the values of ¢ change only minimally and that ) gets
smaller for higher incident angles. The ellipsometry parameter for the incident angles of 55° and 60°
can not be compared to the results of the other incident angles because as mentioned in section 5.2.1
the measurements for these incident angles were redone because of an error in the first measurements.
Furthermore, it can be seen in the full scans of 5.2.1 that the measurements slightly differ and so it
could be the case that not the same spot on the CD sample was measured. But ¢ gets also smaller
for higher incident angles, if only the measurements for an incident angle of 55° and 60° were con-
sidered. A increases up to an angle of incidence of 50°, but for the two measurements for an angle
of incidence of 55° and 60°, A gets smaller. The change of ¢) and A again can be explained by the
influence of the angle of incidence on the polarization.

Table 5.3.2 lists the refractive indices and layer thicknesses of the polycarbonate layer calculated
from ellipsometry parameters for different polarizer angles at different refractive indices. It is clear
that there is no particular behavior for different angles of incidence and different polarizer angles.
This also was expected since the same values for thickness and refractive index should actually come
out for each measurement. As described in section 5.1 a refractive index of n = 1.5803 at a wave-
length of 635 nm and a thickness of 1.2 mm for the polycarbonate layer were expected. All measured
values are within the expected values with their uncertainties. However, it is noticeable that the mea-
surements for incident angles of 55° and 60° give significantly better results which are closer to the
expectations and have smaller uncertainties than the other incident angles. This could have its cause
in the alignment of the laser beam. The back reflection may have better aligned at this angle of inci-
dence. On the other hand, it could also have to do with that these measurements are redone and that
there are slightly alignment changes in comparison to the other measurements.
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Table 5.3.2: The resulting values for the refractive index n and the thickness d of the
polycarbonate layer of the CD sample calculated for different angles of incidence.

Incident angle (°)
Polarizer 30.00 35.00 40.00 45.00 50.00 55.00 60.00
angle (°)
20 n 1.60£0.04 | 1.59+0.06 | 1.60+0.07 | 1.580+0.004 | 1.60+£0.07 | 1.581 & 0.003 1.581 =+ 0.003
d(mm) | 1.19+£0.04 | 1.1940.06 | 1.18£0.07 | 1.200+£0.003 | 1.19+0.06 | 1.19940.004 | 1.200 +0.003
35 n 1.6+0.1 | 1.60+£0.06| 1.59+0.05 | 1.580=+0.002 | 1.580 4+ 0.004 | 1.580 =+ 0.007 | 1.5802 = 0.0005
d(mm) | 1.16 £0.09 | 1.1940.05 | 1.18£0.06 | 1.200 == 0.002 | 1.200 £ 0.004 | 1.209 = 0.001 1.200 + 0.001
40 n 1.61 £0.07 | 1.59 £ 0.04 1.61 £0.06 1.59 £ 0.02 1.60 £ 0.09 1.580 4+ 0.001 1.5798 £ 0.0032
d(mm) | 1.184+0.07 | 1.19+0.04 | 1.17+0.08 | 1.19+£0.05 | 1.194+0.05 | 1.200 =+ 0.001 1.201 = 0.004
45 n 1.62+0.09 | 1.59+0.02 | 1.58+0.02 1.60 £0.08 | 1.59=+0.05 1.58 £ 0.01 1.580 =+ 0.001
d(mm) | 1.16 £0.09 | 1.1940.02 | 1.20 +0.01 1.1840.05 | 1.1940.05 | 1.20140.008 | 1.2020 = 0.0010
0 n 1.59+0.02 | 1.61+0.07 | 1.60+0.07 | 1.59+0.04 | 1.59+0.04 | 1.5808+0.0008 | 1.580 =+ 0.001
d(mm) | 1.19+£0.01 | 1.174+0.08 | 1.20 £ 0.01 1.1840.06 | 1.1940.03 | 1.200+0.002 1.200 = 0.001
55 n 1.62 £ 0.09 1.6 +0.1 1.60 £ 0.07 1.60 £ 0.07 1.59 +£0.04 1.581 4+ 0.003 1.580 4+ 0.002
d(mm) | 1.17+0.08 | 1.17+0.08 | 1.191 £0.040 | 1.18£0.06 | 1.194+0.04 | 1.199 = 0.004 1.200 = 0.002
60 n 1.6+0.1 | 1.58+0.02| 1.59+004 | 1.60+0.05 | 1.582+0.008 | 1.580 = 0.004 1.579 £ 0.005
d(mm) | 1.17+£0.07 | 1.1940.05 | 1.19+0.05 1.1840.05 | 1.2040.01 1.200 4 0.003 | 1.201 4 0.005

In addition, some measurements show stronger variations of intensities at the maxima than other
measurements. This could also have an influence on the fit and the ellipsometry parameters and thus
also on the calculated refractive index.

5.3.2 Silicon dioxide/ silicon sample

The silicon dioxide (SiO,) / silicon (Si) sample was measured at an incident angle of 45° and for
polarizer angles from 30° to 60° in 5° steps.
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Figure 5.3.2: A section of the measured intensity curves of the rotating analyzer
ellipsometry for the silicon dioxide on silicon sample measured at different polarizer
angles P at an incident angle of 45°. The data were fitted with equation 3.5.7.
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In figure 5.3.2 a section (0° to 720°) of the rotating analyzer ellipsometry measurement for the sam-
ple with polarizer angles at 30°, 40°, 50° and 60° are shown. The measured data were fitted with the
equation 3.5.7 from section 5.3. When comparing the data, it can be seen that the change of the po-
larizer angle has an influence on the amplitude and the position of the maxima of the intensity curve.
This was also expected since the change of the polarizer leads to a change of the polarization of the
light hitting the sample. Thus, the light passing through the analyzer also has a change in polarization
and for this reason the intensity curve changes.

The ellipsometry parameters obtained from the fit are shown in table 5.3.3. The values ¢ and A
change for different polarizer angles. This is in line with the expectations since in the measured
data the amplitude and the position of the maxima of the intensity change as described before. This
behavior also shows the influence of the polarization changes due to the polarizer angle.

Table 5.3.3: The two ellipsometry parameter 1) and A for the silicon dioxide on
silicon sample determined for different polarizer angles at an incident angle of 45°.

Polarizer angle (°) P (°) A (°)
30 325.002 + 0.002 | 178.691 + 0.005
35 324.862 + 0.002 | 174.834 £ 0.003
40 324.745 +0.002 | 171.283 4+ 0.004
45 324.624 + 0.003 | 167.893 £ 0.007
50 324.395 + 0.005 | 164.439 £+ 0.010
55 324.124 4+ 0.008 | 160.61 £ 0.01
60 323.76 £ 0.01 156.23 4+ 0.02

From the ellipsometry parameters the refractive index and the thickness of the silicon dioxide layer
can be determined with the analysis program. The resulting values are listed in table 5.3.4. A refrac-
tive index of n = 1.457 at a wavelength of 635 nm and a thickness of d = 285 nm, as described in
section 5.1, was to be expected.

Table 5.3.4: The measured refractive index n and the thickness d of the silicon dioxide
layer for different polarizer angles and at an incident angle of 45°.

Polarizer angle (°) | refractive index n | thickness d (nm)
30 1.496 + 0.007 272+ 6
35 1.477 £ 0.006 270+ 6
40 1.477 £ 0.005 274+ 7
45 1.475 + 0.007 273+ 7
50 1.477 £ 0.005 274+ 7
55 1.476 + 0.007 276 + 8
60 1.475 £ 0.007 277+ 8
expected value 1.457 285

It can be seen that the refractive indices for the measurements are about 0.02 to 0.04 higher than
the expected refractive index. Nevertheless, the calculated thickness deviates significantly from the
other measurements and has a large uncertainty. The thickness is about 8 nm to 15 nm smaller than
expected. This behavior can have several causes. On the one hand, the polarizer angle change can
change the orientation of the beam on the sample and the position of back reflections and therefore,
the alignment deteriorates. On the other hand, this also can occur by the fit or by the analysis program.
Another possibility could be the sample itself because its thickness can vary along the surface of the
sample and maybe the measured values could be in the range of this variation.
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5.3.3 Bilayer graphene / silicon carbide sample

Analog to the silicon dioxide / silicon sample (cf. section 5.3.2) the bilayer graphene on silicon
carbide (SiC) sample was measured for different polarizer angles at an incidence angle of 45°. A
section (0° to 720°) of the obtained data for the polarizer angles of 30°, 40°, 50° and 60° is shown
in figure 5.3.3. Once again, it can be seen that the intensity curve for the different polarizer angles
changes in amplitude and position of the maxima. This also can be explained by the polarization
change of the light due to the change of the polarization angle.
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Figure 5.3.3: A section of the intensity curves of the rotating analyzer ellipsometry
for the bilayer graphene on silicon carbide sample measured at different polarizer
angles P at an incident angle of 45°. The data were fitted with the equation 3.5.7.

The two ellipsometry parameters ¢ and A were determined by a fit with the equation 3.5.7 from
section 5.3. The results are listed in table 5.3.5. As for the other rotating analyzer ellipsometry mea-
surements the two ellipsometry parameters change, if the polarizer angle is changed. This is also
caused by the polarization change of the incoming light on the sample and thus also was expected.
From the ellipsometry parameters the refractive index n, the extinction coefficient k& and the thickness
d of the bilayer graphene can be determined. Expected was a refractive index of n = 2.55 £ 0.01, an

extinction coefficient of £ = 1.71 +0.01 and d = (0.7 £ 0.4) nm for the thickness as described in
section 5.1.

The measured parameters are listed in table 5.3.6. For the refractive index n it can be seen that
the measured values are about 0.04 larger than the expected value. Furthermore, comparing the val-

ues for different polarizer angles, it can be seen that the values of the refractive index n differ only
from the third decimal place.
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Table 5.3.5: The two ellipsometry parameters ¢ and A for the bilayer graphene on
silicon carbide sample determined for different polarizer angles at an incident angle

of 45°.
Polarizer angle (°) P (°) A (°)
30 330.973 + 0.003 | 189.259 4+ 0.007
35 330.916 + 0.003 | 185.097 £+ 0.007
40 330.911 4+ 0.004 | 181.315 %+ 0.008
45 330.912+0.005 | 177.57 £0.01
50 330.868 + 0.008 | 173.69 £+ 0.01
55 330.84 £ 0.01 169.55 4+ 0.02
60 330.79 +£0.02 164.26 4+ 0.03

However, the measured values are not within the uncertainty range of the expected refractive index.
This is as well for the case for the measured extinction coefficient. For the extinction coefficient k the
expected value is about 0.1 smaller then the measured values. The thickness d, on the other hand, is
in the expected range of the expected thickness due to the large uncertainty of the expected thickness
but does not include the expected value in its uncertainty range.

Table 5.3.6: The measured refractive index n, the extinction coefficient k& and the
thickness d of the bilayer graphene for different polarizer angles and at an incident

angle of 45°.
Polarizer angle (°) | refractive index n | extinction coefficient k thickness d

30 2.598 £+ 0.008 1.61 £0.02 (1.1 £0.2) nm
35 2.599 4+ 0.004 1.61 +£0.02 (1.1 £0.2) nm
40 2.597 £ 0.007 1.61 £0.02 (1.1 £0.2) nm
45 2.598 £ 0.009 1.602 £ 0.008 (1.1 £0.2) nm
50 2.595 £ 0.009 1.62 £ 0.03 (1.1 +£0.2) nm
55 2.59 + 0.02 1.62 +£0.03 (1.2 £0.2) nm
60 2.60 & 0.01 1.61 +£0.02 (1.1 +£0.2) nm

expected value 2.55£0.01 1.71£0.01 (0.7+£0.4) nm

These deviations may have to do with the measurement itself. This means that the alignment of the
beam is still too inaccurate for this layer thickness and therefore back reflections, for example, have a
large influence. This can be as well seen in the measured data because the intensity of the maxima is
varying. On the other hand, it can also be due to the evaluation analysis program since in contrast to
the two other samples, a third parameter (k) is now taken into account and if one of these parameters
shows a general deviation for all polarizer angles, this has an influence on the other parameters.
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6 Summary and outlook

The aim of the work was to construct, characterize and commission an ellipsometer. It will be used
in the future for the analysis of the photocathode of a photomultiplier to investigate the relationship
between the photocathode thickness and the quantum efficiency of the photocathode.

For calibration, the ellipsometer was used to examine three different samples with well-known prop-
erties, such as the complex refractive index and the thickness of the layer. The first analyzed sample
was a CD with a polycarbonate layer (1.2 mm). The second sample was a silicon dioxide layer with a
thickness of 285 nm on a silicon substrate. The third sample consisted of bilayer graphene on silicon
carbide and has a thickness of (0.7 + 0.4) nm. Each of these samples were examined with null ellip-
sometry and rotating analyzer ellipsometry at an incident angle of 45°. In the case of the CD sample,
the measurement was performed also for other angles of incidence.

However, before the samples could be analyzed, the individual optical components of the ellipsome-
ter had to be characterized. The angular displacement between the polarizer axis or the fast axis of
the quarter-wave plate and the 0° position of the rotation table were determined and subsequently
corrected. The polarization of the laser was also determined using a rotating quarter-wave stokes
polarimeter. It was found that the laser emits partially polarized light. Since unpolarized light is
required for the measurement, the light was converted to circularly polarized light using a polarizer
and quarter-wave plate so that the light appears unpolarized to the polarizer. The last parameter to
be characterized was the angle of incidence. After characterization, the angle of incidence had an
uncertainty of 0.07°.

Similarly, the subsequent null ellipsometry and rotating analyzer ellipsometry measurements show
the same behavior for all samples. In the full scan of the null ellipsometry the intensity pattern repeats
every 180° since the polarizer axis and analyzer axis are in the same position after 180°. However,
intensity fluctuations can be also detected at the maxima. This can be caused by back reflections and
imperfect alignment. The CD measurements shows that the intensity pattern changes for different an-
gles of incidence and that the position of the minimum shifts. This was expected because the change
in the angle of incidence changes the change in the polarization of the light after reflection. This
also has an influence on the ellipsometry parameters 1) and A, whose values also change for different
angles of incidence.

In the rotating analyzer ellipsometry also the same behavioral properties between the samples were
observed. Here intensity curves were recorded for different polarizer angles. These intensity curves
change their amplitude and their position of the maxima for different polarizer angles. Here, too, the
ellipsometry parameters 1) and A change for different polarizer angles and as in the null ellipsometry
also for different incident angles. This is because these two changes have an effect on the polarization
of the incident light and the polarization of the reflected light, respectively.

For both types, however, it is noticeable that the calculated values of the complex refractive index and
the thickness of the investigated layer for thinner samples deviate relatively more from the expected
values than for the thicker samples. Nevertheless, all measured values were in the order of magnitude
of the expected values. This deviation may be due to the alignment of the ellipsometer since back
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reflection has a significantly greater influence on the measurement of thin samples. The diameter of
the laser beam may also be a reason why the thick layers were measured more accurately. However,
when comparing both types of ellipsometry, it is noticeable that both produce similar results, except
for the bilayer graphene on silicon carbide sample. There the rotating analyzer ellipsometry gets
better results for the refractive index n. This could be due to the chosen step size for the minimum
scan because if the step size is chosen smaller, the minimum is determined more precisely and so the
results should be more precise.

The advantage of the null ellipsometry is that it is easier to determine the ellipsometer parameters
1 and A than in the rotating analyzer ellipsometry. But the rotating analyzer ellipsometry is signifi-
cantly faster than the null ellipsometry.

Since the setup will later be used for photocathode analysis, it needs to be further optimized and
analyzed for thinner samples since the photocathode has a thickness of about 20 nm [30]. The setup
could be extended with angular adjustable mounts for the optical components to align back reflec-
tions even better and to investigate the effect of the better alignment. Also the used analysis program
would have to be extended to a four layer model because the photomultiplier has a layer system of
air (ambient), glass (first layer), photocathode (second layer) and vacuum (substrate). This extension
should be tested with a known four layer system sample. In addition, a photomultiplier tube has
a curved surface. This must also be taken into account in the calculation or the photocathode of a
photomultiplier with a planar window is examined first. Another problem could be back reflection of
the dynode system of the photomultiplier tube. To investigate this influence, a photomultiplier tube
without and with dynode system could be investigated to figure out the effect of the back reflections
of the dynode system.

All in all, the measurements reflect that the construction and analysis of the ellipsometer was suc-
cessful and that this ellipsometer can be used for photocathode analysis in the future with a few
extensions and additional measurements.
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7 Appendix

7.1 Laser intensity

In figure 7.1.1 the laser intensity, as measured by the photodiode17 without bandpass and 3D-printed
box, is plotted against the time. It can be seen that the intensity decreases strongly in the first 100 min
and is constant after 120 min. Because of this the laser is turned on for at least two hours before a
measurement is started.
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Figure 7.1.1: The laser intensity plotted against the time.

7.2 Laser power density spectrum

Figure 7.2.1 shows the laser power density spectrum of the laser which was used in the measurements
at 635 nm as mentioned in chapter 4.1.

"Newport 818-UV
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Figure 7.2.1: The power density spectrum of the SuperK Compact Supercontiniuum
Laser used in the measurements. Figure taken from [31].

7.3 Dielectric function and refractive index

In section 5.1 the dielectric function ¢ = €; + i€q is used to calculate the complex refractive index
N = n + ik of silicon crystal and silicon dioxide. In figure 7.3.1 the dielectric function for silicon
which was used for the calculation is plotted against the photon energy and the wavelength. In figure
7.3.2 the refractive index n and the extinction coefficient k for silicon for different photon energies
and wavelengths are shown.

The data of the dielectric ¢, the refractive index n and the extinction coefficient %k are interpolated
linearly to obtain the complex refractive index or rather the real and imaginary part of the dielectric
function for a wavelength of 635 nm (1.95eV) at which all measurements were performed. This is
indicated by the red line.

In figure 7.3.3 and 7.3.4 the same plots are shown for the dielectric function ¢, the refractive index n
and the extinction coefficient k of silicon dioxide and in figure 7.3.5 and 7.3.2 for silicon carbide.
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Figure 7.3.1: The dielectric function of crystalline silicon c-Si plotted against the
photon energy and the wavelengthy. Data taken from [28].
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Figure 7.3.2: The refractive index n and the extinction coefficient & of crystalline
silicon c-Si for different photon energies and for different wavelengths. Data taken
from [28].
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Figure 7.3.3: The dielectric function of silicon dioxide SiO, plotted against the pho-
ton energy and the wavelength. Data taken from [28].
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Figure 7.3.4: The refractive index n and the extinction coefficient & of silicon dioxide
SiO, for different photon energies and for different wavelengths. Data taken from
[28].
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