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Abstrakt

Tato bakalaiskd prace se zabyvéa pouzitim Elipsometrie Muellerovych matic k charakterizaci
specialnich vzorku. To zahrnuje méfeni na elipsometru RC2 Woollam a nésledné zpracovani
naméfenych dat v softwaru CompleteEase. V této praci jsou zkoumdny 3 typy vzorku a to
systém tenkych vrstev Au/Cr na sklenéném substratu, vzorky Sn vrstev o tloustkach 10, 20, 50
a 110 nm na sklenéném substritu a anizotropicky BBO krystal. K charakterizaci vzorku bylo
potieba zvlddnuti specialnich technik Elipsometrie Muellerovych matic, jako je méfeni odrazem
skrze substrat, analyza simultannim fitem dat z nékolika riznych méfeni a méfeni a modelovani
anizotropickych vzorku. Vysledkem préce je vytvoreni optickych modelu popisujicich chovani

vzorku a popis dielektrickych funkei Au a Sn.

Klicova slova: elipsometrie, elipsometrie Muellerovych matic, BBO, Sn vrstvy, Au vrstvy,

odraz skrze substrat, CompleteEase, beta baryum borate, tenké vrstvy

Abstract

The bachelor thesis deals with use of Mueller matrix Ellipsometry for characterization of special
samples. It involves experimental measurement using RC2 Woollam ellipsometer and subsequen-
tal data analysis using CompleteEase software. Three types of samples are analyzed in this thesis,
Au/Cr multilayer on a glass substrate, Sn thing layers 10, 20, 50 and 110 nm thick on a glass
substrate and nonlinear BBO crystal. To characterize measured samples special techniques of
Mueller matrix Ellipsometry had to be understood, like measurement using glass-side illumina-
tion, simultaneous fit of several different data sets and measurement and modeling of anisotropic
samples. As a result of this thesis, the optical models characterizing samples‘ behaviour were

constructed and the dielectric functions of Au and Sn were described.

Keywords: ellipsometry, Mueller matrix ellipsometry, BBO, Sn layers, Au layers, glass-side

reflection, CompleteEase, beta baryum borate, thin layers
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List of symbols and abbreviations

Vectors and matrices ... bold

Scalars .. italic

BBO .. Beta baryum borate

MSE .. Mean square error

() .. temporal or spacial averaging

a® .. complex conjugate

Q) .. Kronecker product

W, A .. Ellipsomteric angles

EMA .. Effective medium approximation

€ .. the dielectric function

¥, ¢, 0 .. Euler angles
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1. Introduction

The ellipsometry has gone through rapid advancement in recent years with the development
of new generation of Mueller matrix ellipsometers. It is now possible to measure all Mueller
matrix elements in a matter of seconds. This fact allows the use of Mueller matrix ellipsometry
for the real time ex and in situ measurements of whole variety of samples, depolarizing and
anisotropic samples included. One of the most attractive applications of ellipsometry for industry
is the real time monitoring of the thin film growth, [1] or even more complicated systems as
nanoparticles [3] and nanotubes. [2]

Even though ellipsometry is a powerful analysis method, there are still limitations of its use.
In cases when many parameters of the system are unknown the analysis can prove to be rather
difficult and calculated data can be highly correlated. To overcome this problem, new approaches
are being developed. One of these methods is an analysis using the glass side illumination, as
has been shown in several published articles [4] [5] [6]. In this method the sample is illuminated
through the substrate and even samples with high surface roughness or thick oxide layers can be
analyzed.

In my thesis I discuss the theoretical background for data analysis of optical systems using
Mueller matrix ellipsometry and then analyse several samples, Au/Cr/glass multilayer, oxidized
Sn layer on glass substrate and anisotropic BBO crystal. The goal of measuring Au/Cr/glass
sample is to precisely describe the system and to obtain the dielectric function of gold layer for
further research. First, the glass substrate is modeled separately and then the data from regular
reflection, glass side illumination and transmission are fitted simultaneously to obtain the best
fit for the sample.

The second sample is oxidized Sn layer on the glass substrate. Sn has been recently re-
searched as one of possible catalysts during silicon nanowires synthesis for new generation of
solar cells. [7] During this process the metal catalyst is deposited on the substrate. Upon heating
the small metal droplets are formed from the metal layer. In the next step the vapour precursors

are introduced and it leads to incorporation of precursor inside the catalyst. Precursor then
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precipitates at the surface-catalyst interface and Si nanowires are grown. For the proper opti-
mization of Si nanowires the distribution and the density of metal droplets becomes important.
If we would understand the optical properties of Sn thin films and metal droplets, ellipsometry
could be used for an in situ analysis of growing Sn. This sample is also modeled by simultaneous
fit of the data from the regular reflection and glass side illumination, however its data analysis
is more complicated due to the high surface roughness and an oxide layer of unknown thickness.

The last sample to be analyzed in this thesis is an anisotropic BBO crystal widely used in
non-linear optics. The goal is to understand the data analysis of anisotropic samples and to
model its behaviour.

In the first section the basic physics of polarized light and propagation of light in anisotropic
media are described. Second section describes Mueller matrix ellipsometry, general approach and
dielectric function models used in data analysis. Depolarization effects, as they are significant
while measuring data through a thick substrate, are also described. In the third, fourth and fifth

section the data analysis of measured samples is performed.
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2. Theoretical background

2.1 Reflection and transmission of light at planar interface

Because ellipsometry measures change in polarization upon reflection from sample, it is
important to briefly discuss reflection and transmission of light. When light reaches interface
between two mediums of different refractive indexes, part of light is refracted and continues to

propagate and part of it is reflected. Refraction angle depends on well know Snell‘s law

n;sinf; = n;sinb,, (2.1)

Figure 2.1: Reflection and refraction on a planar interface [10]
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To describe reflection and transmission quantitatively, reflection and transmission co-

14



effiecients are defined.

_— E.p _ Mg cos 0; — n; cos b, (2.2)
PR n¢ cos 0; + n; cos 0y

o E, _ 2n,; cos 0; (2.3)
PE, ng cos B; + n;cos Oy’

_— E,q _ micos 0; — ny cos 0, (2.4)
SR ng cos 0; + ny cos Oy '
b = Fis _ 2n; cos 6; ’ (2.5)

E; n; cos 0; + ny cos Oy

These relations are derived using boundary conditions of Maxwell equations, which requires
that tangential components of E and H are continuous at the interface. As we can see, p-
(in the plane of incidence) and s-polarizations (perpendicular to the plane of incidence) behave

differently. Reflection and transmission are in general complex numbers

rp = |rplexp(idyp) 15 = |7s|exp(idys) (2.6)

tp = |tplexp(idyy) ts = |ts|exp(ides) (2.7)

From these equations we can interpret change of light upon reflection as change in amplitude
nad change in phase of reflected light. This distinction is crucial for ellipsometric measurements.
However, in reality we are only able to measure intensities, so reflectance and transmitance

must be defined.

I,
Ry =72 = |rp|? (2.8)
ip
IT’S
=g =il (29)
In the case of transmitance cross-sections also needs to be considered.
R(nicosby), o
T, = ———2|t 2.1
p éR(nz COoS 07,) ‘ p‘ ( 0)
R(nicosby), . o
Ty = ————L|ts 2.11
R(n; cosb;) 2 (2.11)

2.2 Jones calculus

Polarization of light can be understood as superposition of two waves oscillating in per-
pedicular directions. The Jones vector and Jones matrixes are usefull way of describing this
phenomenon. Supposing we have the monochromatic plane wave travelling in z-direction oscil-

lating along x and y axis. We can describe this state of polarization as

E, E.o exp(id,
J— _ 0 p( ) (2 12)
E, Eyo exp(idy)
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It is important to note that only fully polarized light can be described using the Jones vectors. To

calculate the intensity of light, we have to multiply the Jones vector with its Hermitian adjoint
I~J'J = E,E;+E,E] (2.13)

Upon interaction with the sample, light undergoes linear transformation. This interactions

can be easily described using Jones matrixes.

E, ' =JnE; + leEy Eyt =JnFE, + JggEy (214)
E;f _ Jin Jio| | B (2.15)
Eyf Jor Joo| |Ey

For example linear a polarizer along x axis can be described as

J=
0 0

When dealing with multiple transformation, the total transformation is obtained by

J = JpJp_1...Jo 1 (2.16)

2.3 Jones matrices of samples

In general, the Jones matrix corresponding to transformation by reflection off the sample is

described by

Erp _ |"ep Tps Eip (2.17)
E.s Tsp Tps Eis
For isotropic sample the matrix simplifies to
E r, 0 E;
Tl=1" ‘ (2.18)
E. 0 7| | E;

For example, if we assume incident light F;, = E;s = 1, reflected light will be transformed into

E.p _ | 0 |E; _ | (2.19)
E,. 0 7| |E; Ty

Matrix parameters can be calculated using thin layer optical models and then we can model

behavior of the sample.
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2.4 Stokes vector

Jones vectors are useful tool for describing totally polarized light but they can not describe
unpolarized or partially polarized light. To handle such states, the Stokes vector needs to be

used. Stokes vector has four parameters and deals with intensities.

So = IL+1,= (E,E:+ E,E), (2.20)
Si = I —I,= (E,Ef— E,E), (2.21)
Sy = Iigge — I a50 = (E,E: + E,EZ), (2.22)
Sy = Ip—1I=i(E,E; + E,E), (2.23)

where I, I, I 1450 and I_450 represents intensities of polarization in x, y, +45° and -45° direction.
IR and I}, represents intensities of right- and left-circular polarization states. For totally polarized

light the following equation must be satisfied

S2 =57+ 55+ 53 (2.24)
and for partially polarized light holds

S > S+ S5+ S3 (2.25)

It is convinient to describe degree of polarizazion as

\/m
,_ VS SIS 2.36)

So ’

Therefore, for totally polarized light p = 1 and for unpolarized light p = 0. Stokes vector and
its corresponding state of polarization can be also represented visually with the Poincaré sphere.

Last three parameteres of Stokes vector represent a point on the surface of the sphere, in
the case of totally polarized light, or point inside of the sphere in the case of partially polarized
light. Unpolarized light is described by the origin. Points on the equator of the sphere repre-
sent linear polarization states, points on the north hemisphere are left-elliptical states, on the
south hemispehere right-elliptical states and points on the poles represent corresponding circular

polarization states. The radius of the sphere can be normalized or defined as r = Sg.

2.5 Mueller matrix

Similarly as Jones matrices describe transformation of Jones vectors, Mueller matrices are

used to describe transformation of Stokes vectors. This 4 x 4 matrix is able to describes not only
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Figure 2.2: Poincaré sphere [11]

2y

51

transformation of fully polarized light, but can also describe depolarization effects of the sample.

Sy So Moo Mot Moz Mos| |So
S S My My My M;s| |S
} _gy |91 2 (Mo M Mo M| Suj (2.97)
S, So My My My Mas| |52
Eq 53] |[Mszo Mz Mz Mss| |S3]

2.6 Mueller-Jones matrix

In the case of non-depolarizing samples we can calculate the Mueller matrix from sample‘s
Jones matrix. Because Mueller calculus deals with intensities, we need to find transformations

of the interactions using Jones matrix components. From (2.40) we get
(B E;)™ ijkj L (EREF)™, (2.28)

For linear non-depolarizing sample we can write this equation as

cot = FC™, (2.29)
where
(EpEp) (opTpp)  (Tppdps)  (Tpspp)  (TpsTps)
EE% Jop % Jppd s Y B
O B e |V Ui Unei) Ui |
<E3E;> <JSPJ;p> <JSPJ;;S> <J88J;p> <J38J;s>
(ESE) | spdi) (Topdis) (TssTsp)  (Tssdis) |




C represents the coherency vector. This vector also fully describes any polarization state as it
containts second moments of electric field distributions. This vector can be easily transformed

to Stokes vector (x-axis aligned with p- and y-axis with s-)

(E,E: + B E?

S

.
(EpLy — ESE)
)

S = T = AC, (2.31)
(Ep B + ESE;
_z'(EpE;‘ — ESE;>_
where
10 0 1]
1 0 0 -1
A = . (2.32)
01 1 0
_0 1 —1 0 |
From these equations we obtain that
M=AFA™ = A(J @ J)A™L (2.33)

For isotropic nondepolarizing samples the Mueller matrix becomes

(1 -N 0 0]
-N 1 0 O
M ~ (2.34)
0 o C S
| 0 0 -5 C]
where
N = cos2¥ (2.35)
S = sin2¥sinA (2.36)
C = sin2V¥cosA (2.37)
C+iS
v A) = 2.
tan W exp(iA) TN (2.38)

2.7 Anisotropic media

In the case of the isotropic medium, the electromagnetic wave can be divided into two
arbitrary independent orthogonal eigenmodes, which propagate through the medium without

any change. However, this is no longer truth for an anisotropic medium where exists only two
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independent eigenmodes. Furthermore, the dielectric constant is different for both eigenmodes.

The wave equation for the anisotropic medium is
k3¢Eo — k*.Eg + k.(kEg) =0 (2.39)
where
k=kyx+kyy+k.z = ko (Nyx + Nyy + N.2). (2.40)

Let‘s assume an isotropic/anisotropic interface with coordinate system, such that N, is orthog-
onal to the interface and N, = 0. The anisotropic medium is then described by the dielectric

tensor &
€11 €12 €13
€= lea1 €22 €23 (2.41)
€31 €32 €33

and by substituting into (2.41) we get

e — Nj — N? €12 €13 Eos
€91 g29 — N2 €93+ N,N. | | Eoy| =0, (2.42)
€31 ez2+ NyN, 33— N Eo
where
Ny =sina.n (2.43)

« is the incidence angle and n is the index refraction of the isotropic medium. This equation has

non-trivial solutions only if det() = 0, so by solving

e33N7 + (e23 + €3Ny N2 — [e22(e33 — N;') + e33(e11 + N;) — €13631 — £23632] N2
—[(e11 — Nj)(e23 + €32) — e12831 — €23613] Ny N2 + €22[(e11 — N7 ) (33 — N7) — €12¢21]

—e19e21(e33 — V) — eseza(en — Ny) + 12631623 + 21613632 = 0 (2.44)

we get 4 N,; corresponding to 4 propagating waves in the anisotropic medium. Their polarizations

are
—e12(e33 — NJ) + e13(ez2 + Ny Nzi)
€; = C (533 — Nyz)(z-jll - Ny2 - Nz21) — £13€31 (2'45)
—(e11 = N2 — N2)(e32 + NyN.;) 4 31612
b; = (Nyy + N.iz) x e; (2.46)

20



where C is normalization constant such that e;.e; = 1. It is important to note, that this

expression cannot be used in cases with higher symmetry, when
(e11 — N = NZ) =0. (2.47)

This can be a problem escpecially during computer calculations and such cases must be handled

separately.

2.8 Yeh matrix method

Propagation of monochromatic plane wave in anisotropic layered media can be described by

4 x 4 matrix algebra. The boundary conditions require that

n—1) __ n n—1) __ n
EY = g, EMD = E() (2.48)

n—1) __ n n—1) __ n
g Y =g, 7D = g (2.49)

is satisfied everywhere in the medium. The electric field in nth layer can be written as

4
E = Epe;exp{ilwt — ko(Nyy + Nziz)]}, (2.50)
=1

thus the electric field at the (n-1)/n interface and the electric field at the n/(n+1) interface are

related in the following way.

G (Y () D
e ) N PO T
etV el el el | | Y el el ey el
Ry AV > S B\ U B
exp(iko N d™) 0 0 0 EM
0 exp(iko N3 d™) 0 0 B
0 0 exp(iko N3 d™) 0 B
0 0 0 exp(ikoN P d™) | \ B{™
(2.51)
This equation can be written as
DY Y = pt pm g, (2.52)

where D" is the Dynamic matrix of nth layer and P™ is propagation matrix of nth layer.
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DM — yl Y2 y3 y4

(n) () _(n) ()

o o o

exp(iko NV d™) 0 0

: (n) 3(n)

pl) _ 0 exp(ikoN,y d™)) 0
0 0 exp(ikoN & d™)

0 0 0

(2.53)

(2.54)

Let‘s assume we have only a simple interface between two media. Then Eg is during propagation

transformed by

Eéo) — [D(O)]_l D(I)E(()l)

B = MEJV

My Mg Mg Mg
Msy May Moz Moy
M3z Mz Mg My
M3z Mgz M3z My

(2.55)
(2.56)

(2.57)

(2.58)

where M is total matrix of the whole multilayer system. The same approach can be used

for systems with more layers. From this matrix reflection and transmission coefficients can be

calculated.
= @ _ Mo M3 — Ma3 M3
E%O) 50— My M3z — My3Ms;
rop = E{lz; _ My M3z — M3 M3
By’ g0 My Mz — MigMsy
oo = Eiz; _ My Moz — Myz My
By g0 M1 Mzs — MigMz
o = E%z; _ MMz — MizMy
By | g0 M1 Mzz — MigM3y
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These coefficients can be now used to formulate the Jones matrix of the sample (2.17), from
which the Mueller-Jones matrix can be calculated (2.33). Anisotropic Mueller-Jones matrix is

no longer simple and requiers seven parameters to be fully described.
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3. Ellipsometric measurement and data

analysis

In ellipsometry, we irradiate sample with light waves and from the change of polarization
state we calculate the optical constants or different parameters of the sample. Change of polariza-
tion originates from different behaviour of p- and s-polarizations upon reflection. In traditional
ellipsometry the state of polarization is represented by two quantities, ¥ and A.

p =tan Vexp(iA) = v (3.1)

Ts

We can calculate ¥ and A from reflection coefficient as follows

U =tan !(|p|) = tan — (3.2)

A = arg(p). (3.3)

However, nowadays more advanced ellipsometers are able to measure directly Mueller matrix

elements of the sample.

3.1 Mueller-matrix ellipsometry

There are many types of ellipsometry instruments. Traditionally ellipsometry instruments
measured ¥ and A parameters. However, this approach is not sufficient to characterize depo-
larizing and anisotropic samples. In such cases Mueller-matrix ellipsomtery needs to be applied.
This technique allows direct measurement of Mueller matrix corresponding to the sample.

All ellipsometers consist of a light source, a polarization state generator (PSG) and a polar-
ization state analyzer (PSA). Spectroscopic ellipsometers also use monochromator/spectrograph
in their designs. Propagating light beam changes its state when going through PSG, upon re-
flection from the sample and then when it goes through PSA. The passing beam is modulated

before or/and after the sample and elements of Mueller matrix are calculated from measured
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intensity function. Generally, we can divide ellipsometers into two categories depending on how
the polarization state is modulated. Modulation can be introduced by phase modulation by
applying a mechanical stress, a magnetic or an electric field or by physically rotating optical

elements in PSG or PSA.

Figure 3.1: Three different rotating-elements designs [12]
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Collimator

There are many different designs but two configurations have been widely generalized [12],
due to their ability to access the full Mueller matrix and possibility of real time measurements,
the double rotating-compensator and photoelastic modulator design. Rotating compensator
configuration PCrSCRA consists of two compensators, one placed between polarizer and the
sample at the entry arm and the other between the sample and analyzer at the exit arm. They
rotate synchronously with each other at the specific frequency ratios, 5:1 where 1 = 1, ...,4. This

configuration allows to measure the full Mueller matrix in a single run. The ellipsometers based
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on photoelastic modulators consists four modulators placed between the polarizer and the sample
and between the sample and analyzer, which vibrate at different frequencies. The four modulator

configuration also enables to measure the whole Mueller matrix in a single run.

3.2 (General approach in data analysis

To analyze measured data accurately, the layered optical model, which corresponds to the
sample structure, must be built. Each layer is characterized by its thickness and optical constants.
Using created model ellipsometric data are generated and compared to measured data. The
agreement between measured and generated data is then improved by fitting some of the model
parameters and the results are evaluated. If the results are not acceptable, the model or its
parameters must be modified until better fit is acquired.

Data analysis in this thesis is done by CompleteEase software. Using this software even
more complex phenomena, such as surface rougness, graded layers, backside reflection, thickness
inhomogenities etc. can be modeled.

To quantify ” a goodness of fit” the MSE value is defined (definition according to the Com-

pleteEase manual)

n

> |(Nei = New? + (Cri = Ce)® + (Si = Sci)? | > 1000, (3.4)
i=1

1
3n—m

MSE =

where n is the number of measured wavelenghts, m is the number of fit parameters and N, C, S
are components of a Mueller matrix.

The most crucial process of data analysis is evaluating the fit results. To deem a model
acceptable, the following conditions must be met. The generated data must fit measured data,

model should be unique and fitted parameters physical.

3.3 Dielectric function models

In order to model a sample‘s behaviour accurately, it is necessary to obtain realistic dielectric

function of modeled layers from tabulated data sets or by using appropriate model.

3.3.1 Tabulated data sets

One approach is using tabulated data sets of used materials. This can be good starting
point, however one has to be cautious as optical constants of thin films often vary from their

bulk counterparts. Furthermore, thin films are often polycrystalline or amorphous and their
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optical properties vary according to their fabrication conditions. Other effects that can possibly
influence dielectric function are interfaces, which can cause different stress in the material, and
interface layers. Even though many problems can arise while using tabulated data sets, they are

still good starting point during data analysis.

3.3.2 Lorentz model

The Lorentz model is a classical model describing the solid as a collection of non-interacting
oscillators. It assumes that negatively charged electron is bound to the postively charged nu-
cleus by spring like force and oscillates in a viscous fluid. The incoming electric field induces
polarization and electron starts to oscillate.

o i
Megr = 7 gy

— mewpz — eFp exp(iwt) (3.5)

The first term on the right side of the equation represents the damping force of the viscous
fluid, where I' represents damping coefficient. The second term represents the restoring force
of the spring according to Hook's law (F' = —kz,wp = y/k/m and the last term represents the
electrostatic force. This equation describes forced oscillation of the electron at the same frequency

as the applied electric field. Assuming the solution will be in the form of z(t) = aexp(iwt) and

substituting it into the equation we get

eEO 1
- _ 3.6
“ me (W —w?) +iTw (36)
The dielectric polarization is expressed as P = gl = —eN.x(t), where N, is electron density.
From these equations we can express dielectric constant as
P N, jwt 2N, 1
e14 Ly Neaoxpliwh) eNe —— (3.7)
€0 eoEpexp(iwt)  eome (wf — w?) +ilw
2 2 2
e Ne (wg —w?)
= 1+ 3.8
° gome (Wi — w?)? + Mw? (3:8)
2N, r
g = 1457 - (3.9)

gome (w3 — w?)? + Mw?
As we can see the dielectric constant is function of the light‘s frequency and depends on the
resonant frequency of the particular material. Expressing the Lorentz oscillator as a function of

energy, we get

c(E)=e(E)=1+ (3.10)

Eg — E?+il'E
The Lorentz model is not used directly during data analysis in this thesis, however other

models derived from the Lorentz model are.
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3.3.3 Sellmeier and Cauchy model

The Sellmeier model can be applied to model transparent regions and it is derived from
the Lorentz model by assuming the dampening coefficient I' = 0. We get commonly known

expression

BX?
6261:A+m (311)

By further approximations we get Cauchy model for the refraction index

B ¢
n=At 5+ g (3.12)

3.3.4 Drude model

The Drude model is used for describing free carrier effects in metals and semiconductors and
is also derived from the Lorentz model, by assuming that electron is free and there is no force

holding it to the nucleus. Therefore wg = 0 and we get

e(B) = e(B) =1 — % (E ! ¢r> (3.13)

3.3.5 B-spline model

The CompleteEase softwares enables use of B-spline model [16] as alternative to both tab-
ulated data sets as to oscillator models. The B-spline model interpolates the dielectric function
by dividing spectral range into series of nodes. The dielectric function between nodes is then
interpolated by the basic spline curve. The resulting curve is produced by adding weighted func-
tions at each node. The B-spline model allows very flexible and continuous curves. Furthermore,
it allows to assume transparent regions, different node spacing, tie-offs beyond the measured
range and other options. It also allows use of Kramer-Kronig mode, when only €9 spectrum is

interpolated and €1 is calculated.

3.3.6 Effective medium approximation

The multilayered optical systems often include interface layers such as surface rougness,
inohomogenous oxide layeres etc. Such layers can be analyzed by applying effective medium
theories. The effective medium (EMA) dielectric function is based on dielectric functions of two

or more composite materials. There are free most common effective medium approximations,
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which can be jointly expressed as

(e) —en
() +ven

€5 —€n

—_— (3.14)
€j + YER

= > f
J
where (¢) is the dielectric function of the effective medium, ¢, is the dielecric function of the
host medium, ¢; is the dielectric function of the j-th consituent, f; is a volume fraction of j-th
constituent and « is factor related to the shape of the inclusions. The different models then
differ only by the choice of the host material. Lorentz-Lorentz assumes air as the host material
and so €, = 1. The Maxwell-Garnett assumes that host material is the material with highest
constituent fraction and the Bruggeman model assumes the host material is the effective layer

itself, e, = (¢). During data analysis in this thesis the Bruggeman model was used.

3.3.7 Kramers-Kronig relations

The real and imaginary parts of the dielectric function are not independent, but must satisfy

Kramer-Kronig relations.

2 ' DI
er(w) =1+ P/ %dw (3.15)
™ 0o W —w
2 o0 -1 .
o(w) = — 22 p / alw) -1, (3.16)
T 0 w —w

The fact that physically correct models must satisfy Kramers-Kronig relations has to be taken

into account while modeling dielectric functions of materials.

3.4 Depolarization effects

Even though the CompleteEase software can model depolarization effects, it is important
to understand their causes and approaches used to include these phenomena in optical models.
In cases when a sample depolarizes light, there is no direct relation between Jones and Mueller
formalism and sample has to be described using Mueller matrices. Depolarization effect of the

sample can be quantified using quadratic depolarization index

(3.17)

There are several reasons for depolarization upon reflection:
e backside reflections

e thickness non-uniformity
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e surface roughness
e incident angle variation
e wavelength variation

The depolarization by backside reflection is caused by the long optical pass length through the
substrate. This unables us to define the phase of light at the interface, as it changes with time,
and we need to regard this light as incoherent. Subsequent incoherent integration of the light
coming from the backside and the one reflected from the surface results in partially polarized
light entering the detector. This phenomenon can be amplified by thickness non-uniformity.
The light from one part of light spot experiences different thickness than from the others and
if incoherent condition holds, it undergoes different change of polarization. Reflected light is a
superposition of different polarization states and this results in the quasi-depolarization upon
integration by the detector. When surface roughness is high, multiple reflections can occur before
light reaches detector and some amount of light is scattered and never reaches the detector.
Multiple polarization states are also generated in this case. Incident angle variation has similiar
effect, as it also generates different states, and it can be an issue especially when focusing probe
is used. Depolarization originating from wavelength variation is introduced by monochromator.
Monochromators are not perfectly monochromatic devices so different wavelengths are measured

at the same time by the light detector.

Figure 3.2: Depolarization by backside reflection [13]
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There are several methods that can eliminate unwanted depolarization effects. Backside
reflection can be easily eliminated by roughening the back surface, coating it with black paint
so light will be absorbed or using index-matching liquid to couple the substrate with similiar

material and basically removing the interface. Thickness non-uniformity can be minimized by
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focusing the light beam to lower spot size, but it can lead to higher incident angle variation.
Huge surface roughness can be removed by polishing the sample, but it may lead to damaged
interface layer which needs to be accounted for in our calculations. However, sometimes we
cannot optimize sample structure. In such cases depolarization has to be included in our optical
model.

In the case when sample acts as simple depolarizer, its Mueller matrix can be decomposed

as

1

M=pM;+(1-08)D=pM;+(1-7) ) (3.18)

o o o O
o o o O
o o o o

0
0
—O -

where M represents Mueller-Jones matrix and g is fraction of polarized light. In case of the

isotropic sample the Mueller matrix is

M= , (3.19)

where

Ng = BN, Cs = BC, S = f3S, (3.20)

(N2 +C% + S%) = B2 (3.21)

Similiar approach can be used for modeling thickness non-uniformity. In this case every

parameter needs to be integrated over the distribution of thicknesses. For example

Ns= [ {(D)N(DYD. (3.22)
Dy

co= [ {(p)C(D)D. (3.23)
Dy

ss= [ 1(D)s(D)D, (3.24)
Dy

where D is the thickness, f(D) is the distribution function of the thickness.
Treating depolarization caused by backside reflection is slightly different. Light passing

through thick substrate can no longer be treated as coherent and it needs to be incoherently
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added with light reflecting from the surface of substrate. This causes depolarization.

S, = S.+Si=M,S, (3.25)
Se = M.S, (3.26)
S; = M;S, (3.27)
M, = M.+ M, (3.28)

where S, is Stokes vector representing reflected light, S is Stokes vector representing incident
light, S. is Stokes vector representing light reflected from thin layer and S; is Stokes vector
representing light reflected from the back of the substrate. M, is Mueller matrix of the whole
sample and M, and M; are Mueller matrices of corresponding transformations. For example,
let‘s consider an optical model made of one thin layer well within the coherent condition and

thick transparent substrate satisfying incoherent condition.

Figure 3.3: Backside reflection model [13]
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Reflection coefficient of the ray of light reflection from coherent thin layer will be

1 — r91rl0exp(—i2k,1d)

27
where k, = Tnl cosa and light is propagating in z direction. Coefficients 701,712 etc. are

calculated using Fresnel equations. There will be different coeflicients for p- and s-polarizations.

Jones matrix of the ray reflecting from the surface thin layer is then

92 0
Jo= |7 NE (3.30)
0o r



In the next step the Mueller-Jones matrix is calculated, as was discussed in the previous chapters.

The Jones matrix of second ray is given as

920 | |exp(—ikz2d) 0 230
P =

0 % 0 exp(—kzad) 0 72
exp(—ik,ad) 0 200 (3.31)

0 exp(—kyod)| | 0 20

s
where k, = Tng cos o and
202 _ t01412 exp(—ik,1d) (3.32)
1 — r12p0l exp(—i2k,1d)’ '

120 _ 19421 exp(—ik,1d) (3.33)

1 — 210 exp(—i2k,1d)

Again, Mueller-jones matrix is calculated and Mueller matrix describing the whole system is then

obtained.

M, = M, + M; (3.34)
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4. Au/Cr system on the glass sub-

strate

The first sample analyzed in this thesis is Au/Cr multilayer on SF-10 glass substrate. It is a
commercial sample fabricated by company Accurion for the purpose of a using it as a structure
for the surface plasmon sensor. The structure according to the manufacturer is 44,8 nm thick gold
layer and 2 nm thick chromium layer upon SF-10 glass substrate. The goal of my measurement
is to test, whether assumed structure holds and to obtain the dielectric function of the gold layer.
All data were measured using RC2 J.A. Woollam ellipsometer and analyzed using CompleteEase

software.

4.1 Substrate analysis

Before measuring the actual sample, analysis of the substrate without films was conducted.
The ellipsometry data were measured from both sides of the sample by colimated and focused
beam and by transmission. Reflection data were measured at the incidence angles ranging from
40 to 80 degrees with 5 degree step. All measurements were done with 80 seconds acquisition
time and the spectrum ranging from 0,729 to 6,425 eV. Afterwards the substrate was modeled
by a simple substrate/roughness model. All data were fitted simultaneously and the dielectric
funcion of the substrate was modeled by B-Spline (figure 4.4). The fit showed good agreement
(figure 4.1 and 4.2) with measured data with the mean square error (MSE) 2,971.

Table 4.1: Comparison of calculated and tabulated [8] indices of refraction of SF-10 glass

E [eV] | Tabulated value | Calculated value

1,0096 1,6984 1,6979

3,0903 1,7776 1,7658
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Figure 4.1: SF-10 side 1 fit
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Figure 4.2: SF-10 side 2 fit
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The model expected different roughness on both sides of the sample, 6,22 on one side and
4,44 on the other side. It is important to note that calculated roughness is only approximate and
all we can say is, that there is thicker roughness on one side than on the other. This conclusion

was then confirmed by AFM (atomic force microscopy, table 4.2).

Figure 4.3: SF-10 dielectric function
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Table 4.2: AFM results

Sample Roughness

SF-10 side 1 | 21,67 nm

SF-10 side 2 7,3 nm

4.2 Au/Cr system analysis

For the analysis of the actual sample the tabulated [9] dielectric functions of Au and Cr were
used as initial values and the dielectric function of Au was then fitted to obtain more accurate
data. The initial approach was to gain the data characterizing Cr and Au separately by using
beams focused on the glass-Cr and the Au-air interfaces. However this approach proved to be
less precise than simultaneously fitting the data from the transmission intensity, the front-side
reflection and the glass-side reflection measurements (the ellipsometry data are measured by
reflection off the sample through the subsrate and are not influenced by the surface layers).
However, the data from the focused beam measurement were still used to validate model results.
First the simple roughness/Au/Cr/Glass model was used. The Au dielectric function was fitted
using B-spline model with tabulated [9] starting values. This model showed a good fit, however
even better results (figure 4.5 - 4.7) were obtained by incorporating Intermix layers (EMA layer
made of neighboring layers in 50/50 ratio) in Cr/glass and glass/air interfaces (figure 4.4). This
result corresponds to the surface roughness of substrate, as the model calculated 5.12 nm on
one side and 11,03 nm on the other side in agreement with results obtained by analyzing the
substrate alone. All fitted parameters and their results can be seen in figure 4.4.

The dielectric function of gold was then also modeled using oscillator model (Drude + 2 Tauc-
Lorentz oscilators). The resulting fits and dielectric funtions were compared (figure 4.8, table
4.3). The dielectric function of Cr (figure 4.9) was not fitted because of the lower sensitivity of
model to its dielectric function. Fitting also Cr dielectric function would result in high correlation

in the data.
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Figure 4.4: Au/Cr/SF-10 multilayer model
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Figure 4.5: Au/Cr/SF-10 multilayer front-side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 4.6: Au/Cr/SF-10 multilayer glass side fit
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Figure 4.7: Au/Cr/SF-10 multilayer transmission intensity fit
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Figure 4.8: Au dielectric function comparison
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Figure 4.9: Cr dielectric function
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Table 4.3: Comparison of fits for different optical constants of gold
Au (Palik) [9] | Au (B-spline) | Au (Osc)
MSE 22,753 13,774 13,779
Roughness 1 nm 1,95 nm 2,19 nm
Au thickness 46,82 nm 42,34 nm 42,31 nm
Cr thickness 1,48 nm 1,75 nm 1,75 nm
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4.3 Conclusion

Obtained results agree with expectation. The system consists of 42,3 nm thick gold layer with
2 nm surface roughness (44,8 nm expected), 1,75 nm thick chromium layer (2 nm expected) and
SF-10 glass substrate with different roughness on both sides. Different dielectric functions of Au
are compared in the figure 4.8 and the fit results in the table 4.3. We concluded, that simultaneous
fit of both-side Mueller-matrix ellipsometry together with normal incidence transmission data
gives a good sensitivity to both upper and lower interface of the thin absorbing film on both side

of the glass substrate.
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5. Thin layers of Sn deposited on

corning glass substrate

In this section the series of Sn layers deposited on corning glass substrate are analyzed, with
the nominal thickness of 10, 20, 50 and 110 nm. The goal is to characterize a dielectric function
of the Sn layers. All data were again measured using Mueller matrix ellipsometry from both sides
of the sample and in transmission intensity mode. The same RC2 J.A. Woollam ellipsometer is
used and data analyzed by the CompleteEase software. The reflection data were measured at
the angle of incidence ranging from 45 to 70 degrees, with 5 degree step in the spectral range

from 0,729 eV to 6,425 eV.

5.1 Substrate analysis

First, the substrate was characterized. We had at our disposal a sample of a substrate
glass with its dielectric function already characterized by different laboratory. For the data
analysis the simple roughness/substrate model was used. All data were fitted simultaneously
using multi-data analysis feature of CompleteEase software with a simple roughness/substrate
model. However, the data showed a slight variation between measured and generated values
while using attached dielectric function. For better match with measured data, the corning glass
dielectric function was fitted by a Tauc-Lorentz oscillator. The MSE improved from 6,591 to
1,139. It shows, that the attached dielectric function does not describe analyzed glass well. In
figures 5.1 to 5.3 the data fits are shown and in figure 5.4 the calculated and attached dielectric

functions of the subtrate are compared.
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Figure 5.1: Corning glass front-side fit using fitted dielectric function

(a) NCS elements fit

Variabéa Angle Spectrascoplc Ellipsometric (VASE) Dats

(b) Depolarization fit

Variabés Angle Spectroscoplc Elipsometric (VASE) Dats

= 12 ons L
§ LT o2
g =t L
L] HooD
- g f.
&0l nooe §
& oo B0 | g 4
£ 03 B | *®
. 00 e
.5 -G L
3] 14 0 30 4.0 =0 6.0 T.0 ea 1o 0 3.0 44 5.0 60 TQ
Ersienizy (o) Enargy (2V)
Figure 5.2: Corning glass back-side fit using fitted constants
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Figure 5.3: Corning glass transmission intensity fit using fitted dielectric function
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Figure 5.4: Attached and fitted dielectric function comparison
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An interesting effect was observed during the data analysis (can also be observed at the S
element of the Mueller matrix, figure 5.1a and figure 5.2a). The pseudo dielectric function of
the sample varied for different angles of incidence at higher energies. This difference is slightly
above measurement error and can be modeled by different roughness for every incident angle. It
points to the presence of thin interface layer showing an anisotropic behaviour. This layer could
originate from manufacturing process, where some dopant diffused into the glass or it could be a
damaged layer created during polishing of the glass. However, this effect is very small and does

not effect following measurements.

5.2 Sn-110 nm

Next, the 110 nm thick Sn layer was analyzed. This sample is thick enough, for all the light
to be absorbed, so the back and the front side of the sample has only one common parameter
influencing its response, the Sn dielectric function. Furthermore, Sn layer thickness does not
need to be fitted, as its value does not change the optical response of the system. However, the
problem with this sample is a big surface roughness and surface oxidation. The AFM results
showed 31 nm roughness (figure 5.5), which is beyond the correct applicability of EMA roughness
approximation.

Many different models were tested, simple Sn/Roughness, Sn/SnO3/Roughness, EMA con-
sising of Sn/SnOy etc. The best fit was achieved while using a model incorporating intermix
layer between Sn and SnOg layers and surface roughness on top (figure 5.6). The Sn optical
constants were fitted using B-Spline model with tabulated initial values [9]. For the SnO; layer
the dielectric function provided in CompleteEase software was used (figure 5.8b). Fitted param-
eters with their results can be seen in figure 5.6 and the resulting MSE was 7,955. The obtained
dielectric function (figure 5.8a) is more realistic in energy region up to 4 eV, where the glass

substrate starts to absorb and the light no longer reaches the Sn layer in the glass-side reflection
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configuration (can be seen in figure 5.7b as the big shift in the data around 4 eV). However, even
below this region the data are higly correlated as the thick oxidized roughness is at the limit of

EMA models.

Figure 5.5: Sn - 110 nm AFM results
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Figure 5.6: Sn - 110 nm multilayer model
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While using substrate constants characterized in previous section the depolarization data
(figure 5.9) showed variation between measured and generated data. These data are influenced
only by two factors, the substrate dielectric function and its thickness. As the thickness would
have to change by 0,5 mm to account for the data, the dielectric function of the glass has to
vary from the previous measurement. By fitting the Tauc-Lorentz parameters a good match was
achieved. This shows that provided glass has slightly different properties than the glass used for
Sn layers deposition. Here obtained substrate‘s dielectric function was later used for all other Sn

samples. Both dielectric functions are compared in figure 5.10.
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Figure 5.7: Sn - 110 nm multilayer fit
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Figure 5.8: Sn and SnOs dielectric functions
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Figure 5.9: Sn - 110 nm multilayer glass-side depolarization fit

(a) Depolarization fit using the dielectric func-

tion of provided substrate
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(b) Depolarization fit using fitted dielectric

function
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Figure 5.10: The dielectric function of provided substrate and fitted dielectric function compar-

ison
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5.3 Sn - 50 nm

Again, many different models were tested as for 110 nm layers. The best fit was obtained
for similiar model as was used for 110 nm layer (figure 5.11) and the same parameters were
fitted. In this case, the light penetrated through the sample. The Sn thickness had to be added
as a fitted parameter, what resulted in higher correlation between the fitted parameters. The
same dielectric functions of SnOy layer and substrate are used. Intermix layer between Sn layer
and substrate was fixed, due to high correlation with other data and its value was chosen by
experience with different fits. The Sn dielectric function needed to be fitted again (figure 5.14b).
Similiar trend was also observed with thinner layers and is discussed later. It appears that
dielectric function of Sn changes with changing thickness of material. The model resulted in

MSE 7,147 and fitted parameters with their results can be seen in figure 5.11.

Figure 5.11: Sn - 50 nm multilayer model

Inchede Surface Roughness = QM Roughness = 31,22 nm (fif)
Layer # 2 = Sa02 (Genose) Thickness # 2 = 1,20 nm (fit)
lintermix Thickness = 13.49 am (1)
Layer # 1= B-Spline Thickness & 1 = 43.57 nm (fit)
intermix Thickness = 2.00 nm
Substrate = J Substrate Thickness = 1.0000 mm
Interrnix Thickness = 050 nm
Angle Offset = 0,000
- MODEL Options
Include Substrate Backside Correction = QN
Transmission SE Data = OFF Reverse Direction = GFF
#f Back Reflections = 3.000 % 1st Reflection = 100.00
Model Calculation = |deal
- Multi Sample Analysis
Agd Fit Parameter Delete Al Parms
Data Set Reverse Direction Transmission SE Data

»

B QFF DFF
#i On QFE
#3 QEE ol ]

45



In figure 5.12a we can see that calculated data fits well for lower energies, but starts to
diverge around 5 eV. This is the same effect observed at 110 nm thick layer and again shows
smaller sensitivity of the model at region, where the substrate starts to absorb. Data from the
front-side of the sample still did not show any depolarization (figure 5.12b). The data obtained
from the glass-side of the sample showed a good fit (figure 5.13) The transmission data did not
match the data well (figure 5.14a), however the transmitted intensity was very small and very
sensitive to even small changes in the fitted parameters. The better fit could be obtained by

weighted fit, but this resulted in substantial increase of MSE.

Figure 5.12: Sn - 50 nm multilayer front-side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 5.13: Sn - 50 nm multilayer glass side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 5.14: Sn - 50 nm transmission intensity fit and dielectric function

(a) Transmission intensity
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(b) Sn - 50 dielectric function
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The same model (figure 5.15) and same fit parameters showed the best fit again. Fitted

values can be seen in figure 5.15. MSE was 8,982. Sn thickness is now small enough to allow

depolarization even from the front-side of the sample and the model fits relatively well with the

measured data (figure 5.16b). In the case of 110 and 50 nm samples the glass-side reflection data

were very similar, however now they start to change and they become sensitive even to oxidized

surface layer (figure 5.17a). The Sn dielectric function had to be fitted again (figure 5.18). For

this sample the transmission data were not measured and are not available for analysis.

Figure 5.15: Sn - 20 nm multilayer model
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Figure 5.16: Sn - 20 nm multilayer front-side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 5.17: Sn - 20 nm multilayer glass side fit
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Figure 5.18: Sn - 20 dielectric function
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5.5 Sn - 10 nm

The same model (figure 5.19) showed the best fit again and its MSE was 8,227. The surface
roughness fit showed 3,96 nm. It is thin enough, for an EMA model to be accurate. However, the
fit showed 24,94 nm Sn thickness (figure 5.19), which varies substantially from the nominal value.
Similiar trends in the data behaviour as were observed in the 20 nm thick sample continues and

fits very well (figure 5.20 - 5.22) with the model. The depolarization from the front side of the
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sample increased (figure 5.20b) and the glass-side data were even more sensitive to the surface
layers (figure 5.21). Transmission data (figure 5.22a) fitted well. The Sn dielectric function
changed again (figure 5.22b).

Figure 5.19: Sn - 10 nm multilayer model
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Figure 5.20: Sn - 10 nm multilayer front-side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 5.21: Sn - 10 nm multilayer glass side fit

(a) NCS elements fit (b) Depolarization fit
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Figure 5.22: Sn - 10 nm transmission intensity fit and dielectric function

(a) Transmission intensity (b) Sn - 10 dielectric function
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5.6 Discussion

The multilayer optical model used for the data analysis is not ideal representation of the
oxidized surface roughness and high correlation between the data is present. However, the data
fits relatively well, especially for energies up to 4 eV, where the substrate starts to absorb and the
glass-side data are no longer sensitive to higher layers. The data shows a systematic change of Sn
dielectric function as a function of the layer thickness (figure 5.23). This behaviour corresponds
to the presence of different phases of Sn [17]. The dielectric function of 10 nm thick layer is
characteristic by its interband transition around 2,4 eV corresponding to the semiconducting
a-Sn, whereas the dielectric function of 110 nm sample is similar to the bulk 5-Sn behaviour [9].
However, the transition between o and § phase is not clear. More complex models, incorporating
different growth mechanisms by EMA and graded layers were tested, but no good fit was achieved.
For further study, more samples, preferably stored in protective atmosphere to deny surface

oxidation, would be needed.

Figure 5.23: Comparison of Sn dielectric functions
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6. Anisotropic BBO crystal

BBO (low-temperature 3 phase of BaB2Qy) is nonlinear optical crystal widely used in non-
linear optics. It has trigonal crystal structure and belongs to R3c space group. It is manufactured
using top-seeded solution growth (TSSG) technique [19]. BBO crystals have a number of advan-
tages for many applications in nonlinear optics. They have wide transparency optical region (189
- 3500 nm), broad phase-matching range, large nonlinear coefficients and high damage thresh-
old [18]. Due to their optical properties BBO crystals are used for fourth and fifth harmonic
generation of Nd-based laser systems, SHG of tunable Ti:sapphire lasers, optical parametric
oscillators etc.

BBO crystals have negative unixial optical symmetry. It is described by sellmeier equation

(A, pm) in the following way

0,0185720
2 ’ 2
= 2,7366122 —0,0143756 )\ 6.1
o= t X _o0.0m78746 (6.1)
0,0128445
2 ’ 2
= 2,3698703 —0,0029129)\ 6.2
Te N2 0,0153064 (6.2)
Figure 6.1: BBO dielectric function
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In this part of my thesis I calculated reflection coefficients of BBO/Air interface using Yeh's
matrix method for special alignments of optical axis and then created a program using MATLAB

software to calculate reflection coefficients for general rotation of the crystal.
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6.1 Optical axis aligned with z-axis
The total matrix M of the interface will be given by

M = [D i) ' Dpo

where
1 1 0 0
NnCcosS —n COoSX 0 0
DAZ'T =
0 0 NCOS N COSQ
0 0 -n n

The crystal electric field in the crystal is described by following equaion.

go— Nj — N2 0 0 Eo,
0 eo— N2 N,N, Eoy| =0
0 NyN. e.—NZ2) |Eo.

To calculate propagating eigenmodes

det() = (e0 — N — N2)[(e0 — N2)(ee = N) = N;NZ] =0

Naa2 = *y/eo— N2
eolee — N2
Na4 = =+ M
Ee
1 0
e1=10 by =Nipxe1= | N,y
0 N,
1 0
ez2= |0 bz = N3 x ez = | -N,;
0 N,
0 —€eN3
ez = |e,. Ng bs = N3 x eg3 = 0
~N,N.3 0

(6.9)

(6.10)

(6.11)



0 EeNz?)
e4= e, —N7| ba=Nyxes=| 0 (6.12)
NyN.4 0

With e and b vectors calculated the dynamic matrix of BBO crystal can be constructed.

1 1 0 0
N,1 —N. 0 0
Dpso=| "+ 77 (6.13)
0 0 Ee — N?f Ee — Ng
0 0 _ECNZ3 EeNz?;
Now, the total matrix of the interface is known and by using (2.60 - 2.63) reflection coefficients

can be calculated.

Figure 6.2: The calculated reflectivity of Air/BBO interface, optical axis aligned with z-axis
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6.2 Optical axis aligned with y-axis

The same approach is used to calculate reflection coefficients of y-axis alignment. However,

this time the homogenous equation is in form

g0 — N2 — N2 0 0 Eoq
0 ee— N2 NyN, Eo,| =0 (6.14)
0 NyN. e—N2/| |Eo:

and

N.ag = +4/e0— N2 (6.15)

ge(ee — N2)

N34 = =+
€0

(6.16)



Figure 6.3: The calculated reflectivity of Air/BBO interface, optical axis aligned with y-axis
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6.3 Optical axis aligned with x-axis

The same approach is used once again to calculate reflection coefficients of x-axis alignment.

The homogenous equation takes form

ge— N} — N? 0 0 Eo,
0 eo— N2 NyN, Eoy| =0 (6.17)
0 NyN. e —N;/) | Eo:

and

Nzl,2 = :t\/Ee_Ng (618)
Nz374 = :tw/Eo—Ng. (619)
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6.4 General alignment

We can see that in the case of alignments, where the optical axis is aligned with a coordinate
axis, the s, and rps coefficients vanish, however eigenmodes experience different index of refrac-
tion every time. This fact is very useful during the data analysis. When the cross-polarization
coefficients vanish, non-diagonal elements of Mueller matrix also vanish. This realization can
be very helpful while determining the orientation of optical axis. At general orientation of the
crystal, the cross-polarization coefficients do not vanish and their behaviour will influence ellip-
sometric response. Upon changing the angle of incidence coefficients also change and they will
produce slight shift in the ellipsometric data. Upon rotating the sample the reflection coefficients
also change, however they will show a periodical behaviour. Calculated coefficients then can be

used to construct Jones and corresponding Mueller-Jones matrix.

Figure 6.5: The calculated reflectivity of Air/BBO interface, ¢ = 90°,0 = 29° ¢ = 40°
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Figure 6.6: The calculated reflectivity of Air/BBO interface, ¢ = 90°,0 = 29° ¢ = rotated,

angle of incidence 40°
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6.5 Measurement

The measurement was carried out on the BBO-605H sample [18]. It is 2 mm thick BBO
crystal with § = 29,2° ¢ = 90° orientation. Instead of the created MATLAB program, the
CompleteEase software was used for the data analysis, due to the presence of more complex
phenomena. First, the transmission was measured. In the figure 6.7, we can see dense interference
in the data, typical for anisotropic materials, resulting from the phase difference of propagating

eigenmodes and following polarization conversion at the second interface.

Figure 6.7: BBO Mueller matrix - transmission data,
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We can observe 2 phenomena. First, the amplitude of oscillations decreases with increasing
energy. This is due to the finite bandwidth of the light detector and can be modeled in the
CompleteEase software. Then there is a change in the trend of amplitude behaviour of the
oscillations around 1,2 eV. This corresponds to the change of the CCD camera used during the
measurement, which has different bandwith then camera used for higher energies. In the figure
6.8, both parts of the spectrum were modeled with different bandwidth parameters. We can see,
that bandwidth 8 nm fits the data well up to 1,2 eV, where bandwidth 2 nm needs to be used.
Only N,C and S elements of the Mueller matrix are shown for better illustration.

By modeling the frequency of oscillations, the thickness and orientation of the crystal was
determined. The thickness was 2,1045 mm, ¢ = 88° and 6 = 29,25° (catalog values: 2 mm,
¢ = 90° and 0 = 29,20°). The data fitted well as we can see in figure 6.9, however slight
shift was observed when rotating the sample. This is caused by slight variations of the optical
constants, as the oscillations are very sensitive to their value. This time the off-diagonal elements

are chosen to demonstrate the effect.
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Figure 6.8: BBO NCS elements - modeling of different bandwidth
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Figure 6.9: BBO off-diagonal elements - modeling the frequency of oscillations
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The last interesting effect observed is the deviation between the measured and calculated
data for higher energies (around 6,25 eV). This deviation points to the begining of the absorbtion,

which the used Sellmeier model is not able to describe (figure 6.10).

Figure 6.10: BBO NCS elements - deviation for higher energies

Spaciroscopls Dofa At 000"

= D&
]
003

[ICIEEYeTeTereTu Ty

0.00

.03
610

.20 630

Enrgy [2¥)

830

Next, the reflection data were measured. However, the precise behaviour of the sample was
not possible to model, due to the presence of unknown coating. According to the catalog [18],
there are 1 or 2 protective layers to prevent the absorbtion of HoO by the BBO crystal, for

mechanical protection and to act as anti-reflection coating. In the measured data (figure 6.11)
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we can see 2 types of behaviour, the general shape of the curves and oscillations. The general
shape is the result of light‘s interaction with the coating, however the oscillations are result of

cross-polarization interactions during the backside reflection at the BBO crystal and could be

modeled.

Figure 6.11: BBO chosen Mueller matrix elements - reflection data
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Without including finite bandwidth of the detector, the oscillations are very dense, as we
can see in figure 6.12. The actual behaviour of the sample is then modeled by including finite
bandwidth. The oscillations are becoming blurry for smaller energies. This effect is the same as

the one observed in transmission data and depends on the bandwidth.
Figure 6.12: BBO M43 element - modeling the backside reflection

(a) Only backside reflection included (b) Backside reflection + bandwidth 2,5 nm
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Another interesting behaviour was observed (figure 6.13). At rotation 0°, the top off-diagonal
elements oscillates, while the bottom off-diagonal elements appears to vanish. At rotation 180°
they switch, the top elements vanishes, while the bottom elements oscillates. This behaviour was
modeled by the orientation of the crystal where ¢ = 88°. The elements only appear to vanish,
due to the inaccuracy of the measurement. This also confirms the observed orientation of the

crystal during transmission measurement. It varies around 2° from the catalog value.
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Figure 6.13: BBO Mueller matrix - vanishing of the off-diagonal elements
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7. Conclusion

In this thesis the spectroscopic ellipsometry was used to characterize special samples. In
the second chapter, the mathematical description of polarized light and its transformation by
the sample was shown. Jones and Mueller calculus were presented. The behaviour of light in
an anisotropic medium was described and the 4 x 4 matrix formalism was demonstrated as a
method to calculate response of an anisotropic layered system. In the third chapter the Mueller
matrix ellipsometry and general approach in data analysis were described. Different dielectric
function models used during the data analysis were then presented and in the last section of the
third chapter the depolarization modeling and its causes were discussed.

For the experimental part of this thesis, the Au/Cr/SF-10, Sn layers on glass substrate and
anisotropic BBO crystal samples were measured with RC2 Woollam ellipsometer and analysed
using CompleteEase software. For Au/Cr/SF-10 sample, the substrate was analyzed first using
simultaneous fit of the front-side reflection, glass-side reflection and transmission intensity data.
The analysis showed different surface roughness from both sides, this was confirmed by AFM. The
same process was repeated for the actual sample. The Au dielectric function was fitted using
different models and results were compared (figure 4.5, figure 4.9, table 4.3). The calculated
structure agreed with expectations.

For the Sn layers, the substrate was again analyzed first. 1 had in my disposal dielectric
function of the substrate analyzed by different laboratory, however the data did not fit the actual
glass and the dielectric function was fitted to better match the data (figure 5.4). Furthermore,
during the analysis of the actual samples, data showed, that glass used as substrate for deposition
of Sn was slightly different from the one provided (figure 5.9 and 5.10) and was fitted again. Then
the samples were analysed. Simultaneous fits of the front-side reflection, glass-side reflexion and
transmission intensity were conducted for all samples. The model showed relatively good fit, even
though the oxidized surface rougness was present. However, the Sn dielectric function changed
with thickness (figure 5.23). This was due to the presence of « and /3 phases of Sn. The more

complex models incorporating EMA composing of both phases or graded layers were tested,
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however they did not match the measured data.

Last, the BBO crystal was analyzed. The reflection coefficients for different crystal orienta-
tions were calculated and the MATLAB program able to calculate sample‘s reflection in general
orientation was created. However, for actual data analysis the CompleteEase software was used,
due to the presents of backside reflection and more complex phenomena. The transmission of
the sample was measured and then succesfully modeled (figure 6.8 - 6.10). Then the reflection
data were measured and analyzed. There was a problem with an unknown protective coating
influecing the shape of the measured data. Even though the precise behaviour of the sample
was not possible to model, the typical effects caused by anisotropic BBO crystal were succesfully

modeled (figure 6.12 - 6.13).

61



8.

1]

[5]

[6]

References

KOSTER, G. a G. RIJNDERS (eds.). In Situ Characterization of Thin Film Growth. Wood-
head Publishing, 2011. ISBN 978-1-84569-934-5.

LI, Lingjie, Dongxia YAN, Jinglei LEI, Yuling HE, Jing XUA, Nianbing LIB a Shengtao
ZHANGA. Investigation Of Initial Stage Growth Of Anodic Zro2 Nanotubes By Spectro-
scopic FEllipsometry. Electrochemistry Communications. 2014, (Volume 42), 13-16. DOI:
doi:10.1016/j.elecom.2014.02.004.

BEYENE, H. T., J. W. WEBER, M. A. VERHEIJEN, M. C. M. van de SANDEN a M.
CREATORE. Real time in situ spectroscopic ellipsometry of the growth and plasmonic prop-
erties of au nanoparticles on Si02. Nano Research. 2012-08, (Volume 5), 513-520. DOI:
10.1007/s12274-012-0236-z.

GASPERA, Enrico Della, Stefano SCHUTZMANN, Massimo GUGLIELMI a Alessandro
MARTUCCI. Spectroscopic ellipsometry analyses of thin films in different environments: An
innovative “reverse side” approach allowing multi angle measurements. Optical Materials.

2011, (Volume 34), 79-84. DOI: doi:10.1016/j.optmat.2011.07.014.

YAMAGUCHI, Shinji, Yoshio SUGIMOTO a Hiroyuki FUJIWARA. Characterization of
textured SnO2:F layers by ellipsometry using glass-side illumination. Thin Solid Films. 2013,
(Volume 534), 149-154. DOI: doi:10.1016/j.tsf.2013.02.018.

YAMAGUCHI, Shinji, Yoshio SUGIMOTO a Hiroyuki FUJTWARA. Ellipsometry analysis
of a-Si:H solar cell structures with submicron-size textures using glass-side illumination.

Thin Solid Films. 2014, (Volume 565), 222-227. DOI: doi:10.1016/j.tsf.2014.06.025.

MISRA, Soumyadeep, Wanghua CHEN, Martin FOLDYNA a Pere Roca i CABARRO-
CAS. A review on plasma-assisted VLS synthesis of silicon nanowires and radial junc-
tion solar cells. Journal of Physics D Applied Physics. 2014, (47), 21. DOIL: 10.1088/0022-
3727/47/39/393001.

62



8]

[14]

[15]

[16]

[17]

18]

[19]

Refractivelndex.info Refractivelndex.info. [online]9.4.2016 [cit. 2016-04-09].Dostupné z:
http://refractiveindex.info/?shelf=glass& book=SF10& page=SCHOTT

PALIK, Edward D. Handbook of Optical Constants of Solids.Orlando: Academic Press,
1998. ISBN 978-0-12-544415-6.

[online]. [cit. 2016-05-15]. Dostupné z: http://4.bp.blogspot.com/-
Q1rQHsPmJk4/TosORNTuTql/AAAAAAAAFRO/sO4VP3EuV s/s1600/reflections+4.png

Inductiveload - Own work, Public Domain,. In: Wikipedia: the free encyclopedia [on-
line]. San Francisco (CA): Wikimedia Foundation, 2001- [cit. 2016-05-15]. Dostupné z:

https://commons.wikimedia.org/w/index.php?curid=4251521

TOMPKINS, Harland a Eugene A IRENE. Handbook of Ellipsometry (Materials Science
and Process Technology). William Andrew, 2006. ISBN 0815514999.

FUJIWARA, Hiroyuki. Spectroscopic Ellipsometry: Principles and Applications. Wiley,
2007. ISBN 978-0-470-01608-4.

AZZAM, R.M.A. a N.M. BASHARA. Ellipsometry and Polarized Light. 3rd reprint 1999.
North Holland, 1988. ISBN 0444870164.

YEH, Pochi. Optics of anisotropic layered media: A new 4 x 4 matrix algebra. Surface
Science. 1980, 96.1-3, 41-53. DOI: 10.1016,/0039-6028(80)90293-9.

JOHS, Blaine a Jeffrey S. HALE. Dielectric function representation by B-splines. Physica
status solidi (a). 2008, 205.4, 715-719. DOI: 10.1002/pssa.200777754.

LUTH, Hans. Solid Surfaces, Interfaces and Thin Films. Berlin: Springer Berlin Heidelberg,
2010. ISBN 978-3-642-13591-0.

Thin  BBO  Crystals for SHG  [online]. [cit. 2016-05-15]. Dostupné =z
http://eksmaoptics.com/femtoline-components/femtoline-nonlinear-laser-crystals /thin-

bbo-crystals-for-shg-of-ti-sapphire-laser-wavelength /

CHUANGTTIAN, Chen, et al. Nonlinear Optical Borate Crystals: Principals and Applica-
tions:. Wiley-VCH Verlag GmbH, 2012. ISBN 978-3-527-41009-5.

63



