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PROBLEM DESCRIPTION

Optical characterization of patterned surfaces consisting of GaAs nanowires using specu-
lar Mueller matrix ellipsometry and a regular unpolarised light scattering technique.

The project will aim at mapping out the complete polarimetric specular response of sur-
faces with GaAs nanowires including coated nanowires produced by a Molecular beam
epitaxy. The photonic crystal consisting of regular patterns of cylinders will be stud-
ied in addition to randomly positioned nanowires. Wires of various height will also be
studied.

The project is an experimental input to enable optical characterization of the dimension
and average distance of the wires, in addition to lattice defects and possibly also detect
the orientation of the hexagonal wire.

This experimental work will reveal the response that will be addressed in numerical work
in a parallel project.
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ABSTRACT

The purpose of this thesis is to preform ellipsometric measurements to investigate the
possibility of in situ characterization of nanowire growth. This will give an advantage
for scientist in the future when growing nanowires both economic and time saving. Since
ellipsometry is an accurate non-destructive technique, there are attractive possibilities
for characterization of morphology and optical properties, which could lead to improving
design of novel electro-optical devices. Seven different samples of nanowires were under
investigation using specular Mueller matrix ellipsometry. The nanowires mainly consist
of gallium arsenide (GaAs) grown on a Silicon (Si) substrate. Some core-shell structures
was also investigated. The ellipsometric measurements have been done on both random
and patterned grown nanowires, and characterized for different length and incidence an-
gles. The patterned samples can be considered as photonic crystals, where the azimuthal
orientation is displayed. There have previously been created a numerical algorithm to
simulate Mie scattering for GaAs nanowires, as well as specular reflectance for an effec-
tive medium approximation looking at an ensemble of nanowires. For high density grown
nanowires it is possible to detect similarities in behaviour between simulated and mea-
sured data for various incidence angles. It is possible to detect relatively high anisotropy
in the measured Mueller matrix for the nanowire samples.
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SAMMENDRAG

Formalet med denne oppgaven er & utfgre ellipsometri méalinger for & etterforske mu-
ligheter for sanntid malinger ved groing av nanotrader. Dette kan gi store fordeler for
forskere bade gkonomisk og tidsbesparende. Siden ellipsometri malinger er en ngyaktig
og ikke gdeleggende teknikk, kan det benyttes for & karakterisere morfologi og optiske
egenskaper til prgven, uten & gdelegge den. Dette kan veere et nyttig verktgy til & forbedre
elektro-optiske komponenter. Specular Mueller matrix ellipsometri har veert malt pa syv
forskjellig prgver med nanotader. Nanotadene bestar av GaAs, grodd pa Si substrate.
Malingene har veert gjort for bade mgnstrede og umgnstrede prgver, med ulike lengder.
Ulike innfallsvinkler har veert undersgkt. For mgnstrede prgver har ogsa den asimutiske
rotasjonen av prgven veaert gransket. Tidligere har det veert laget en numerisk algoritme
for simulering av Mie spredning pa en nanotrad. Dette har sa blitt utviklet videre til en
effektiv medium modell for & se pa en samling av nanotrader. Det er mulig & se likheter
mellom simulert og malte data. Malinger viser ogsa at prgvene bestar av relativ hgy
anisotropi.
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Thesis outline

This thesis consists of six parts: The introduction go through previous research and a
short history section about the discovery of nanowires and ellipsometry. A background
section give a superficial theory about the manufacturing method of the nanowires, in-
cluding growth and patterning techniques, as well as substrate structure. A section of
previous work is also included, which describe what the undersigned did in the project
thesis. A theory section explain relevant theory, focusing on electromagnetic wave prop-
agation. The experimental chapter explain the set up of the measurements, as well as
the buildup of the software algorithm. The results and discussions focus on ellipsomet-
ric measurements and software simulations. A comparison of the software simulations
with experimental measurements are discussed. A larger part will focus on the specu-
lar Mueller matrix measurements for investigating changes in behaviour for variation of
incidence angles and azimuthal rotation of the samples. The nanostructures are either
random grown or positioned in a hexagonal lattice.
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1. Introduction

Nanostructures has become the new revolutionary method for semiconductor manufactur-
ing. The fact that it is possible to fabricate and control small structures, thinner than a
human hair, could potentially improve current technology and take it to a higher level.
It is almost impossible to imagine what such structures can achieve inside different tech-
nological fields as for example in computer science, decreasing of energy consumption or
medicine [3]. This chapter start with a short history of the nanowires before some potential
applications are mentioned. Further a section of the history behind ellipsometry as well as
different fields for characterization is presented. An overview over the rest of the thesis is
presented, before the introduction end with some "crazy" ideas of problems super efficient
solar cells could solve in the future.

1.1 Nanowires

Nanowires are anisotropic nanostructures with thickness many times smaller than length.
They were first discovered by Wagner and Ellis in the 1960s [4], those were made of silicon
(Si) and grown with a vapor-liquid-solid (VLS) mechanism. Since the discovery scientists
have experimented with other materials and growth methods for producing new structures
for new applications [5], [6]. Particularly have semiconductor nanowires grown from ele-
mental groups: IV, II-VI and III-V been most investigated. Even though scientists have
grown nanowires since the 60s, their optical properties are still not completely understood.
Cao et al. |7], Bronstrup et al. [8] and Grzela [9] did characterization/simulation of scat-
tering and absorption on Germanium (Ge), Silicon and Indium phosphide (InP) nanowires
respectively. Even fewer have further extended the simulations of scattering and absorption
into an effective medium model [10].

In recent years has the growth of nanowires attracted extra interest among scientists.
Understanding the physics and chemistry behind these formations are essential for mapping
out their functionality. Scientists have successfully manufactured several electro-optical
applications of nanowires, such as lasers [11], light emitting diodes [12], [13], and solar cells
[14], [15].

The nanowires under investigation in this thesis are intended to be used in solar cells.
Research has already showed that nanowires increase the absorption of photons compared
to thin film solar cells [16]. In these days where global warming is such a high issue, sun
can be the new rescue for lowering the energy consumption of fossil fuels. If solar cells
can be efficient enough, they can be imagined to become the revolutionary method for
producing energy.



1.2 Ellipsometer

Just as important as the fabrication of nanostructures is the optical characterization of
these formations. It would be impossible to make or improve a successful nanoscale devices
without optical devices among them: Scanning electron microscope (SEM), Transmission
electron microscopy (TEM) and Atomic force microscope (AFM). One of the latest inven-
tions inside optical characterisation is the spectroscopic ellipsometry. Paul Drude can be
looked as the inventor of ellipsometry. He derived the equations for ¥ and A, as well as
reported the first experimental study [17]. The RC2 ellipsometer, which is the type used
in this thesis, was first invented by Collins before it was further commercialized by J.A.
Woollam Co. [18|. Ellipsometry is a very powerful technique due to the fact that it is
nondestructive, nonintrusive and noninvasive. It is possible to measure optical dielectric
constants and film thickness for material layers down to a size of 1 nm [18]. In the future
ellipsometry can therefore compete with more conventional optical characterization devices
for measuring sample properties.

With spectroscopic ellipsometry it is possible to characterize different types of samples,
such as bulk materials, thin films and multilayered systems. This measurements give
accurate characterization of surface roughness, interfaces and determination of the com-
plex refractive index. Further information about fundamental physical properties such as
morphology, crystallinity, chemical composition and electrical conductivity can be charac-
terized [3], [19], [18]. The main advantage is the direct evaluation of the complex dielectric
function e. By only measuring the ellipsometric angles of ¥ and A it is possible to the
derive the refractive index and the extinction coefficient [3]. A further explanation and
derivation of ¥ and A follow in section 3.4.

Since the nanowires consist of geometric asymmetry ellipsometric measurements can give
information about the effective dielectric constants and geometrical quantities. Even
though ellipsometry measurements mainly have been used in thin film measurements it
have been shown as a powerful technique to characterize anisotropic materials [20]. Re-
cently have nanostructures been investigated with ellipsometry measurements: Oates et
al. did ellipsometric characterization of silver nanorods, [21], [22], while Nerbg and Aas
reported ellipsometric measurements on GaSb nanopillars [23], [24], [25]. Aas did also
measurements on gold plasmonics [26] and Cu nanoparticles [27|. Fewer have reported
ellipsometric measurements on nanowires.

Another powerful capability is the possibilities of in situ (real time) investigation. Ellip-
sometry is already used to determine film thickness for thin film growth and monitoring
of etching depth [19], [18]. Even though no model exist for in situ characterization of
nanostructures, such as nanowires. A model, monitoring real time growth would give huge
advantages for scientist both economical and time saving.

1.3 Overview

This thesis is organised in 6 chapters, where chapter 2 gives a short introduction of growth
techniques as well as previous work. Chapter 3 explain relevant theory. Further chapter
4 describe the buildup of the algorithm and the realization of the spectroscopic Mueller
matrix measurements. Before results of the simulation and measurements are listed, fol-
lowed by comparison and discussion in chapter 5. In the conclusions an overview of the



most important results and outlook are summarized.

1.4 Solar cells in the future

With improved super efficient solar cells only fantasy can limit the field of use. With solar
cells we could imagine a zero-emission society and global warming will never more become
an issue. In the future even cars, trains and airplanes could run on solar energy. Not
only preventing global warming but could also be significant for other applications. For
example could we imagine the cover of the cell phones to be composed of solar cells, so the
battery could be charged when the phone lay in the sun. One of the main issues for speed
limits on the Japanese bullet train Shinkansen is the overhead power supply wire. This
wire gives limitation to the speed limit of the train, due to friction and wear. If the train
ran on solar energy this would no longer be an issue and these trains could travel even
faster. Engine fail out due to lack of gasoline have caused many airplanes to crash, like Air
Canada flight 143, Air Transat flight 236 and British Airways flight 38. These incidences
could all be avoided if the engines were supplied with solar energy from attached solar
cells on top of the fuselage. But the first step for make all these technologies possible is
to map out and understand the properties of some small components inside a solar cell;
called nanowires.






2. Background

Norwegian university of science and technology (NTNU) started to grow nanowires in 2006
with a Molecular beam Epitaxy (MBE), using a vapor liquid solid (VLS) growth method.
This chapter will provide a short introduction and theory for different techniques applied
for nanowire growth, as well as previous work. Since this thesis is all about characterization
of nanowires, and do not consist of any growth work, will therefore this part be short and
superficial.

2.1 Manufacturing method

All the nanowire samples in this thesis was epitaxialy grown with a Molecular beam epi-
taxy (MBE). The nanowires can either be arranged random or position oriented. In the
case of position growth nanowires, a patterning technique leave holes on the substrate at
desired locations. Thereafter the nanowires are grown inside the MBE chamber, where
the molecules will diffuse into these holes and build up layer by layer until they become
nanowires. There exist several techniques for manipulating the growth of the nanowires
into desired pattern. The pattern techniques utilized in this thesis was either electron
beam lithography or nanoimprint lithography.

2.1.1 Molecular beam epitaxy (MBE)

Molecular beam epitaxy is an epitaxial growth technique for depositing a layer of a ma-
terial on a crystalline substrate, like silicon (Si). The primary material deposited on this
crystalline substrate is GaAs, but can also be any other types of II1I-V semiconductors.
The substrate is placed in a chamber with ultra high vacuum. The source material is evap-
orated and fired against the substrate, by an electron gun. After hitting the substrate the
material is absorbed onto the surface, due to surface diffusion, the molecules move until
they find their energetically favorable location at the substrate, depending on the crys-
tal structure. It is possible to control the growth by building up ultra thin layers of the
evaporated material. By manipulating the atoms correctly, it is possible to grow different
kind of nanostructures like nanowires [1]. Epitaxial growth is the only growth technique
which gives high quality nanostructures on crystalline material for many semiconductor
materials.
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Figure 2.1: A sketch of a typical Molecular beam epitaxy chamber, with associated labeled
components. The figure is taken from cnx.org [1].

2.1.2 Electron beam lithography (EBL)

Electron beam lithography is a direct-write method for designing specific patterns on a
desirable sample. An electron gun accelerate and focus a beam of electrons against a
sample surface. Depending on the EBL device the beam is focused magnetically or electro-
statically. The technique is modified from a scanning electron microscope, and therefore
give possibilities to control high resolution patterns on the surface. Before the scanning
procedure begins the sample is coated with a photoresist film. After the electron gun have
scanned across the resist covered sample an etching process remove the resist and leave a
desired pattern on the sample. There are though some advantages and disadvantages using
an EBL technique: It gives very high resolution, only limited by electron scattering and
can be used on a high variety of materials, but it is slow compared to optical lithography,
and it is also very expensive [28|.

2.1.3 Nanoimprint lithography (NIL)

Nanoimprint lithography consist of two basic steps: A mold is pressed into a resist on top
of a substrate. The resist is heated up to its glass transition temperature so the mold shape
should easier be imprinted onto the resist. When the mold is removed a pattern is left on
the resist. An etching process transfer the pattern onto the substrate. Since nanoimprint
lithography does not use any energetic beam, it has several advantages compared to EBL,
such as no limitation due to electron scattering. NIL is also a faster and more economical
technique than EBL. It is therefore used in mass production of nanostructures [29].
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Figure 2.2: A picture of an Electron beam lithography equipment similar the one equipped
at NTNU-nanolab [2].

2.2 Nanowires and substrate structure

This thesis include characterization on different nanowires, primary consisting of GaAs
with different length and pattern. The nanowires were grown on p-type Silicon (111)
substrate, where the nanowires were grown along the [111|B direction, with homogeneous
diameters. On top of the Silicon substrate there is a thin layer of Silicon-oxide. For the
simulation, this oxide layer is disregarded, since it is very thin compared to the substrate
thickness and the length of the nanowires. There have been done measurements on both
patterned and random growth samples. The patterned samples are regarded as photonic
crystals. The nanowires are grown with a VLS method, with a droplet on top of each wire.
Surface roughness can be observed in scanning electron microscopy (SEM) images. The
light scattering and the reduction in specular reflectance depends on this surface roughness,
which is not included in the software simulations.

2.3 Previous work

Previously there has been created a software algorithm for simulation of scattering and
absorption looking at one single nanowire. Some results from this work have been included
in section 5.1.1, since it is important for further calculations. The far field Mie scattering
for one nanowires was later extended in an effective medium approximation, where we
look at an ensemble of nanowires, shown in section 5.1.2. The measurements was either
compared with scientific papers or experimental measurements to validate the authenticity
of the algorithm. The effective medium approximation did not work quiet well, and some
small corrections in the algorithm were applied later.






3. Theory

This chapter contain some background theory essential for understanding the principles
behind ellipsometry and for simulations of scattering and absorption on nanowires. The
chapter begin with the cornerstones in electromagnetic theory: Maxwell’s equations, and
further explain wave propagation and polarisation from these equations. The infinite series
of the scattering coefficient and effective medium theory will also be explained, as well as
theory behind ellipsometry. The major part of the electromagnetic wave propagation
theory are explained more thoroughly in Bohren and Huffman [30], while theory about
ellipsometry can be found in Fujiwara [19] and the handbook of ellipsometry [18].

3.1 Fundamental electromagnetic theory

Light can either be described as waves or electromagnetic particles, also known as photons.
These particles travel in an electromagnetic field consisting of both an electric component
and a magnetic component. When light propagate into an obstacle the electromagnetic
fields change behaviour, this is significant for the understanding and discovery of ellipsome-
try, but also fundamental for the software program created in this thesis. For understanding
the mechanism behind light interaction between an obstacle and the ambient medium the
electromagnetic fields have to be investigated, starting with Maxwell’s equations.

3.1.1 Maxwell’s equations

Maxwell equations are the fundamental equations for describing the properties of electro-
magnetic waves:

V-D = py,
VxE+ 98 =0,
v.B_o" (3.1)

oD
VXH:Jf‘i‘W,

where E is the electric field and B is the magnetic induction. A relation between the
magnetic field H and B, and a relation between the electric displacement D and E are
defined in equation (3.2).

D = ¢E + P,
H=3 M (32)
110

P is a notation for the electric polarization defined as the average dipole moment per unit
volume and M is the magnetization defined as the average magnetic dipole moment per
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unit volume. €y and pg are the permittivity and permeability for light travelling in vacuum.
py is the charge density and J¢ is the current density in free charges.

A relation between the electric and the magnetic fields are shown in equation (3.3).

Js =0E,
B =uH, (3.3)
P = ¢xE,

where o is the conductivity, u permeability and y the electric susceptibility. The coefficients
are assumed to be linear, homogeneous and isotropic in the medium.

3.1.2 Wave propagation in an arbitrary particle

When an electromagnetic wave interact with an arbitrary particle, consisting of a different
material as the surrounding medium, an interaction on the electromagnetic wave will occur.
Electric charges in the wave start to oscillate in the particle, and the electromagnetic
energy will reradiate in all directions. The characteristics of a wave propagated through
an arbitrary particle are determined by the amount of light scattered and absorbed in
the particle (scattering and absorption will be described more thoroughly in section 3.7).
Depending on the particles geometry (e.g. shape and size) and material (e.g. refractive
index) the amount of scattered and absorbed light alter. Figure 3.1 show a sketch of
an arbitrary particle, where (E,, H,) are defined as the electromagnetic fields inside the
particle, (Fy,, Hy,) are the electromagnetic fields in the ambient medium, surrounding the
particle, while (Es, Hy) are the scattered fields and (E;, H;) are the incoming incident fields
illuminated by and incident wave.

/
__—r

e

Figure 3.1: A sketch of an incident plane wave (E;, H;), propagating into an arbitrary
particle with scattered electromagnetic fields (Es, Hy). (Em,H ) and (Ep, H,) are the
electromagnetic fields in the ambient medium and the particle respectively.

By assuming the incident light to be plane harmonic waves with electric field: E; =
Eoe’k2t and magnetic field: H; = Hoe™ %! where we assume propagation in z-
direction for a certain time ¢, with a wave number k£ and an angular frequency w. The
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electromagnetic fields in the surrounding medium can be expressed as a superposition
between the incident and the scattered fields:

(3.4)

Maxwell’s equations will always be satisfied for plane harmonic waves with continues ¢ and
p. From the classical Maxwell’s equations (3.1) it is possible to derive the plane harmonic
Maxwell equations:

V-E=0,
V x E=iwuH,
VoH =0, (3.5)

V xH = —iweE.

By using equation (3.5) and the vector identity: V x (V x A) =V(V-A) -V (VA) and
change the arbitrary vector field A with the electromagnetic fields for the electric and the
magnetic field components, it is possible to derive the plane harmonic wave equation:

V2E + k2E = 0,

V2H + k2H = 0. (3.6)

Simple algebra can easy show that the the wave vector k, in equation (3.6), can be defined
as: k? = w?epu.

3.1.3 Boundary conditions

»Ez

Figure 3.2: A sketch of the electric field between the boundary of two mediums; 1 and 2,
corresponding to equation (3.7). n is the normal vector pointing out of the boundary.

When light propagates into a boundary between two different mediums the permittivity
€ and the permeability p are no longer continues. Therefore it is necessary to define a
relation between the electric fields and the magnetic fields at the boundary between those
two mediums, given in equation (3.7). The displacement and the magnetic induction
relations lays normal to the tangential plane, while the electric field and the magnetic field
relation acts parallel with the boundary.
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[Hz(x) — Ha(

[D2(x) — Dy (x)] - fi = ps, (3.7)
[B2(x) — Bi(x)] - i =0

It can be proved that the tangential component of E, and the normal component of B
are continues across the boundary. If there is no surface charge ps; and no surface current
density Js; the tangential H component and the normal component of D can also be
proved to be continues across the boundary. Some calculations and argumentation for
conservation of energy can prove that the electromagnetic fields are continues across the
boundary. Figure 3.2 illustrates the electric fields for a wave propagating in a certain
direction along the surface boundary, where 7 is the normal vector pointing out of the
surface.

3.1.4 Poynting vector

The Poynting vector: S = E x H express the transferred electromagnetic energy at all
points in an area. The most ordinary form of Poynting vector is the time-averaged, which
are used in harmonic fields:

1
<S >= JRe{E x H;}. (3.8)

3.2 Refractive index

The refractive index n, is a measure of the delay of light propagating in a specific medium
compared to light propagation in vacuum. The refractive index is defined as n = ¢, where
c is the speed of light in vacuum and v the velocity in the medium (v = ¢). When a
light wave propagate into a boundary between two mediums, some of the light will be
transmitted through the boundary and some will be reflected. Snell’s law and Fresnel
equations describe the amount of light which undergo these two processes. Therefore it
is possible to calculate the refractive index in the particle through a relation between the

transmitted and reflected angles.

The refractive index can also be defined as a combination of the permittivity (e,) and
permeability (p,) in the medium: n = /€., ~ /€, since p, is close to one for almost all
materials. A dielectric tensor can therefore be defined for a cartesian coordinate system,
which describes the anisotropy of a particle:

€&r = | €ye €y €y: | - (3.9)

In fact it is possible to rotate this tensor in an arbitrary direction, for a suitable geometry
with axes (&, 7,() by using the Euler rotation formula [31]:

e(x,y,2) = A9, 0,9)e(€,n, ) A(=¢, =0, =1). (3.10)
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The matrix A is given in Goldstein et al. [31]. By using correct angles between the particle
axes (§,m,() and the reference axes (z,y, z), and symmetry. It is nearly always possible to
write the dielectric tensor as a diagonal tensor:

e¢ 0 0
=0 ¢ 0]. (3.11)
0 0 e

3.2.1 Effective refractive index

Effective refractive index Ny is a measure of the overall delay for the propagating wave
in a medium. For our case nanowires lying on top of a substrate, where it is possible to
introduce an effective refractive index in the surrounding inhomogeneous medium.

Van Hulst [32] derive an expression of the effective refractive index:

Neffps=1—iSps - 2rNEk3. 3.12
ff.p, P,

Sp.s(0) denotes the scattering field for p- and s-polarised light respectively. & is the wave
vector and N is the amount of particles per unit volume. If the real and the imaginary
part of the scattering field is separated, equation (3.12) describes two effects:

Neffap7s = neff7p7s - Z'keffvas’ (313>
Neffps =1+ 2rNE > Im{Sp s}, (3.14)
Keffps = 27TNk_3Re{Sp,s}- (3.15)

The real part of the effective refractive index, equation (3.14), determines a phase shift of
the wave propagating in the medium, also known as dispersion, while the imaginary part,
equation (3.15), tell something about the attenuation of the intensity. The phase velocity

in the medium is now changed to ¢ = —<—,
Neff,p,s

3.3 Polarisation

A propagating monochromatic electromagnetic wave consist of both an electric and a mag-
netic field oscillating either parallel or perpendicular along the propagating wave. There
are two notations mainly used for defining polarised light: TE and TM or s- and p-
polarised. If the electric field propagates as a transversed wave, the wave is said to be
TE-polarised, while if the magnetic field propagates as a transversed wave, the wave is
said to be TM-polarised. P- and s-polarised light is defined by the oscillation of the elec-
tric field. If the electric field oscillates in parallel to the propagating wave, the wave is said
to be p-polarised, while if the electric field oscillates perpendicular to the wave it is said to
be s-polarised. In other words a TE-polarised wave and a s-polarised wave are identical,
while a TM-polarised wave is equal to a p-polarised wave. An overview over the p- and
s-polarised convention is shown i Figure 3.3.
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p-polarised s-polarised

Figure 3.3: A sketch of the orientation to the electromagnetic fields for a p-polarised and
a s-polarised incident wave. For example the electric field can either oscillate in the plane
with the cylinder axis or perpendicular to this plane. The same applies for the magnetic
field.

An electromagnetic wave can also be described through three different types of polarisation
shapes depending on the form of the oscillations to the electric and magnetic components:
Linear, circular or elliptical. Elliptical and circular (which is a special case of an ellipse)
polarised light are said to either be oriented clockwise (right handed) or counterclockwise
(left handed). If we imagine polarised light, linear or elliptical, propagating in a given
direction into a particle. Observed changes in the real part of the refractive index would
indicate a briefringent medium, while changes in the imaginary part indicate a dichroic
medium.

If the light source emit light in a polarisation, which have not a well defined shape (the
polarisation shape is not linear, circular or elliptical). This type of light is said to be
unpolarised. The majority of natural light is normally not polarised.

3.3.1 Jones vector

Polarisation describe the orientation in space for a propagating electromagnetic wave, usu-
ally expressed in a cartesian coordinate system as a time dependent harmonic field travel-
ling in 2-direction. # and ¢ express a superposition of the oscillating electric field:

E(Z, t) _ EOxei(wt—2ﬂ'z/)\+¢x)>~( + Eoyei(wt—27rz/)\+q§y)y, (3.16)

where )\ is the wavelength, w the angular frequency and ¢ a phase shift. In general are
there the amplitudes Ep, and Ep, and the phase difference between these two components:
¢ = ¢p — ¢y, which determine the shape of the polarisation. The magnetic field component
is typically disregarded due to p, =~ 1 for most materials. Commonly we express the
polarisation state of this arbitrary wave as a Jones vector:

[E.]  [Eope®s
3= [E] _ [E¢] . (317)
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When the light wave interact with another material a change in polarisation may occur
due to reflection and transmission properties in the material. A Jones transferring matrix
J describe the interaction between the incoming polarised wave and the outgoing:

Jout = I+ Jim, (3.18)

J= {‘; 2] , (3.19)

where the letters a, b, ¢ and d, in Jones transfer matrix equation (3.19), define the complex
transmission or reflection coefficients. Note that the Jones vector conversion is only valid
for fully polarised light.

3.3.2 Stokes parameters

Sometimes light is quasi-monochromatic, which means the light do not necessary need to
be a time harmonic monochromatic wave, but may have a finite band width and time
dependent electric field for the amplitudes and phases. Due to this time dependency the
Jones vector is also time dependent. This makes the Jones vector complex, and therefore
the Mueller-Stoke formalism was invented. By define the polarisation through intensities
and take the time average of the electric field the Stokes parameters are defined:

51 I L+1,
82 Q I, — 1
S3 U I+45o — I_45o ( )
54 \% Ip — Iy,

These parameters are measurable quantities, where s; is a measure of total intensity,
so is the difference between the intensities of linear x- and y- polarised light. ss3 is the
difference between linear polarised light of +45°and -45°relatively to the x-axis, while
s4 determine the difference between right handed and left handed intensity for circular
polarised light.

Degree of polarisation

In the "Handbook of Ellipsometry"[33| the degree of polarisation is defined as the length
of the Stokes intensities s3, s3 and s4 divided on the total irradiance(s;):

—VS%"FM' (3.21)

S1

Degree of polarisation =

If equation (3.21) is zero, the light is unpolarised, while if equation (3.21) is equal one, the
wave is totally polarised.
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3.3.3 Mueller matrix

The advantages with the Mueller matrix, rather than the Jones matrix, is the ability to
determine the state of polarisation of a scattered beam for an arbitrary incident wave,
which do not need to be fully polarised. Since light not necessary has to be polarised,
but can be for example partially polarised, random polarised or incoherent, such type of
light must be treated with the Mueller matrix. By taking a linear transformation of the
Stokes vectors for an incoming and outgoing wave it is possible to define a 4 x 4 Mueller
matrix:

Sout =M- Sina (322)

where M is the Mueller matrix, often normalised to the first element Mp;. This will also
be the case for this thesis, where all the plots of the Mueller matrix are displayed for
normalised values of M.

My Mis My My
Moy Moy Moz Moy
Mgy Msz Mss Mz
My Mgz Mz My

(3.23)

One important fact about the Mueller matrix is the possibility to describe the depolar-
isation property of the sample. If the Mueller matrix is non-depolarised it is called a
Mueller-Jones matrix. A relation between the Jones matrix and the Mueller matrix can
be derived from the direct product of J and its conjugate J*:

M=AJ®J)A?, (3.24)

where ® is the Kronecker tensor product and A is a vector for matrix inversion calculation
defined in equation (3.25). For further details of the derivation see Fujiwara [34].

(3.25)

S O ==

Interpretation of the Mueller matrix

It is important to be aware of that the Mueller matrix has some physical restrictions such
as for example it can never have gain (in other words the reflected light beam can never be
larger than the incident light beam). Over polarisation of the beam is also not possible. A
measured Mueller matrix can although be non-physical due to small measurement errors.
The first Mueller matrix element M7 describes directly the transmittance and reflectance
from the wave.

The Mueller matrix, among others, tells something about depolarisation, which Gil and
Bernabeu [35] define as:
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Zi MY — M121
P, = )Y ) 3.26
d \/ 3M121 ( )

If equation (3.26) is equal one it means we achieve non-depolarising, while if P; = 0 is
equivalent to completely depolarised light. Depolarisation may occur due to sample proper-
ties like: nonuniform film thickness, transparent substrate, sample roughness or instrument
properties such as spread in angular frequency of incident light, finite bandwidth of inci-
dent light and depolarisation from spectrograph. Another definition of the depolarisation is
defined by Chipman [36], where it is defined from the average degree of polarisation.

The Mueller matrix can also measure the degree of anisotropy in the medium. For an
isotropic material the Mueller matrix is simple and looks like equation (3.27), where N =
cos(2V), S = sin(2¥) sin(A) and C = sin(2¥) cos(A). N, S and C are constrained to the
relation: N2+ 52+ C? = 1, and can be used to measure the intensity. The Mueller matrix
elements Mo, M3s and Msy define the standard ellipsometry parameters.

1 -N 0 0
-N 1 0 O

Misotropic - 0 0 C S (327)
0 0o -5 C

If the sample under investigation have an anisotropic approach, the Mueller matrix becomes
slightly more complex, shown in equation (3.28). The definition of the different constants
can be fined in the "Handbook of Ellipsometry", page 244 [33]. Still we have a constrained
relation for the parameters: N2 + S% +C? + st + Cgs + Sgp + C’fp =1

1 —N — Qps Csp + G Ssp + 2
—N—Ols 1—043 — Olpg _Cs +gl _Ss +<2
M. ..: J— P 4 p 4 D 9
anisotropic Cps + fl _Cps + fl C 4 51 S 4 ,82 (3 8)
—Sps + &2 Sps + &2 =S+ B2 C—p

The larger differences between the values of M;sotropic, equation (3.27), and Manisotropic,
equation (3.28), the more anisotropic is the measured sample.

3.4 Ellipsometry

Ellipsometry is a polarimetric measurement technique, which determine changes in the
polarisation state between an incident light beam and the specular reflectance from a
sample under investigation. The two parameter that are measured is A and ¥, which are
related to Fresnel’s amplitude reflection equation:

™ _ tan(¥)e'>, (3.29)

Ts

where 7, is the p-polarised reflection and 7, is the s-polarised. The reflected intensity
recorded in the detector would have the form:

I=1y(1+acos2A+ Bsin2A), (3.30)
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where the ellipsometric parameters ¥ and A can be found taking the Fourier transform of
the recorded intensity:

U = arctan (3£2),
B (1*‘“)[3 (3.31)
A = arccos (im)

Ellipsometry is a polarimetric measurement technique, useful for characterize dielectric
properties of small structures, mainly used for thin films, but can also characterize nanowires.
Ellipsometry measure the change in polarisation between an incident wave hitting the sub-
strate and a scattered wave, reflected from the substrate. This reflected wave is also known
as specular reflectance.

An ellipsometer consists mainly of four parts: A light source, a polarisation state generator
(PSG), a polarisation state analyser (PSA) and a detector [19]. The sketch in Figure 3.4
show a setup of the components in the ellipsometer. theta; is the incident angle to the
illuminated light source and phi correspond to the azimuthal rotation of the sample under
investigation. Both PSG and PSA consist of at least a linear polariser and a phase retarder,
but can also consist of many more optical components depending on the complexity and
quality to the ellipsometer.

Figure 3.4: A sketch of a set up of an ellipsometer measuring specular reflectance on a
nanowires substrate at incident angle #; and azimuthal rotation angle ¢.

The ellipsometry angle A measure the phase difference between p-polarised and s-polarised
reflected light, while tan(¥) measure the magnitude ratio of the modulus of the amplitude
reflection ratio. By only measuring these two parameters it is possible to measure or char-
acterize among others: Film thickness, refractive index, surface roughness, crystallography,
interfacial (double layer) region, uniformity and anisotropy. Especially it is a very powerful
tool for measuring the refractive index of the sample, since the refractive index depends on
the light polarisation to the reflected material. Physical laws such as the law of interference
helps to calculate the film thickness and dielectric properties very precisely.

Advantages with ellipsometry in comparison with other optical characterisation techniques,
like TEM or SEM, is that it is non-destructive and non-invasive. Other advantages are
high accuracy and reproducibility of the measurements, it is very sensitive for nanoscale-
structure, and not very susceptible from light source fluctuations. There is also not neces-
sary to have any kind of a reference sample. Losurdo et al. [3] discuss the possibilities for
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accurate measurements down to a few nanometers. The main disadvantage is the fact that
ellipsometry is a model based technique, where a computer model should be established
before the determination of the optical properties. Regression analysis is used to fit the pa-
rameters of the raw data iteratively. For some samples, like samples with nanostructures,
may this be very complicated.

There are three types of ellipsometries: Standard, generalized and Mueller matrix.

Standard ellipsometry

The standard ellipsometry use Jones transferring matrix and Fresnel’s reflection coeffi-
cients, r, and rg for the different polarisations p and s, to measure the relative difference
in amplitude and phase between these reflection coefficients: p = p = tan(¥)e’®. The
Jones matrix for transformation between incident and reflected hght are only dependent
on Fresnel’s equations:

rp, 0
Jstandard ellipsometry — |:é) r :| . (332)
s

Generalized ellipsometry

Since there may exist a coupling between the polarisation states of p- and s-polarised
light, the generalized ellipsometry technique was invented. This is the case for anisotropic
materials. The generalized Jones matrix is obtained in the same way as for the standard
ellipsometry case with generalized ratios, but by measuring 6 angles of ¥ and A instead
of two.

r T

— pp ps

Jgeneralized ellipsometry — . (333)
Tsp Tss

For isotropic materials there are no coupling between the orthogonal polarization state,
which give zero values for the 7,, and the ry, coefficients. Then the generalized Jones
matrix would be similar to the standard ellipsometry Jones matrix, equation (3.32). The
off-block-diagonal elements in the Mueller matrix will then also be zero.

Mueller matrix ellipsometry

If the sample under investigation is smooth and isotropic it is not necessary to measure
the spectroscopic Mueller matrix. In fact it is enough to use generalized ellipsometry, but
since this is not the case for nanowires, where depolarisation occur, a full spectroscopic
Mueller matrix should be considered. The Mueller matrix is obtained from measuring
the Stokes parameters. Depending on the material of the sample under investigation an
isotropic Mueller matrix(eq. (3.27)) or an anisotropic (eq. (3.28)) Mueller matrix can be
recorded.
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3.5 Effective medium theory

Imagine we have a layer of heterogeneous material with a surface roughness consisting of
many small nanostructures, such as nanowires. If these structures are smaller than the
wavelength of light it is possible to approximate this layer as an effective medium layer
and estimating a complex effective refractive function for this layer, illustrated in Figure
3.5.

Eambient € .
a ambient

S —

Figure 3.5: A sketch of nanowires on top of a substrate modelled as an effective medium
layer, with corresponding effective refractive index €.ff. medium and thickness d. €qmpient
and €gypstrate are the dielectric properties for the surrounding medium and substrate re-
spectively.

For modulating the reflected electromagnetic fields, for an infinite thick substrate a global
4 x 4 transfer matrix T is introduced. This transfer matrix describes the total response of
the substrate with nanowires.

Ty T2 Tiz Tia
To1 Toe Toz Toy
T31 T3p T33 T34
Ty Ty Taz Ty

(3.34)

The transfer matrix in equation (3.34) is obtained from the product of all the partial
inverted matrices Tj, given in equation (3.35). T, = eh0Ad ig the partial transfer matrix,
which describes the linear translation of the effective medium layer, with corresponding
thickness d, derived from the differential equations of first order of Maxwell equations by
Berreman [37].

N

T = L ][ Tip(~di)ILy- (3.35)
i=1

The matrix L, ! is an incidence matrix describing the ambient medium, defined in Fujiwara
(p. 234) [19]:

0 1 —(ngcos)™t 0
_ 1 0 1 (ngcosf)™t 0
1_ = a 7
Lo = 2 | (cost)™t 0 0 n—la (3.36)
—(cos )™t 0 0 L

a

ng is the isotropic refractive index to the surrounding medium and 6; is the incident
angle from the illuminated beam. The exit matrix for the substrate L is assumed to be
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isotropic:

0 0 cosfy O
1 0 0 0
Ly= —ngcosfy 0 0 0f’ (3.37)
0 0 ns O
where cosfy = , /1 — (Z—Z sin 0;) is calculated from Snell’s law, and ng is the refractive index

of the isotropic substrate. The exit matrix is calculated from the total transmitted field
within the substrate as a linear combination of eigenvectors. A is the characteristic matrix
coefficient:

e ey 0 1- 4
Te,, Tess €zz
0 0 -1 0
A (3.38)

€z 28 — € k2 +e,,28 —¢ 0 ke vz

vre, e Np Tt Eyze — Eyy Te,,

€ z €
€xx — €xz éj €xy — €xz ezy 0 —ky EZ

The dielectric components are defined for a cartesian coordinate system given in equation
(3.9). k, is the x-component of the incident wave vector: k, = n,sin6;. The complex
reflection coefficients, equation (3.39) are obtained from the transfer matrix, equation
(3.34), a full derivation is shown in Schubert [38].

o = PATETATE,
Tps = Tﬁ%g:%j%i» (3.39)
— T21T33:T23T31’ ’
R

P T11T33—T13T51

Tss

The complex reflection coefficients, in equation (3.39) returns the generalized Jones matrix
for the transfer matrix:

J= [rpp Tps] . (3.40)

Tsp Tss

The Jones matrix can be transformed into the Mueller matrix by using equation (3.24).

3.6 Photonic crystal

Photonic crystals are periodic nanostructures, like nanowires, attached like periodic crystal
lattices, with alternating refractive index. The photons are affected by the nanostructures
and their dielectric material, in such case that for some frequencies there will be absolutely
zero transmission. This is called the photonic band gap. If defects are introduced in the
crystal, it is possible to control and manipulate the spontaneous emission for an incoming
propagation wave, in such case that optical devices can be constructed. Photonic crystals
can be classified into one, two or three dimensions depending on the periodicity for the
alternating material [39].

An ensemble of positioned nanowires can be regarded as a two dimensional photonic crystal,
since they are periodic in two dimensions and homogeneous in the last direction. The
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alternating dielectric constants consist here of air and the refractive index of the nanowires.
Still are commercial application based on two dimension photonic crystals limited, but one
can imagine potential use in a wide range of application such as polariser, fiber, light
emitting diodes, etc [39].

3.7 Extinction, Scattering and Absorption

When an electromagnetic light wave propagate into an arbitrary particle, an interaction
occur between this particle and the light wave. The light wave can undergo three different
types of interaction: Extinction, scattering or absorption. The amount of light which
undergoes the different kind of processes depends on the particle size, shape, refractive
index, etc.

3.7.1 Extinction

Extinction is characterised as the difference between the intensity of the incoming incident
light and the intensity for the continuing propagating wave in same direction after inter-
action with the particle. Usually would the outgoing wave experience loss of intensity, but
can also experience a gain for some materials. Due to conservation of energy extinction
gives a relation between the amount of absorbed and scattered light:

Extinction = Absorption + Scattering. (3.41)

3.7.2 Scattering

Light is said to be scattered if the incident light wave propagating into an obstacle is re-
distributed in all other directions than the propagating direction. Scattering occur due to
differences in the refractive index in the material and the surrounding medium. Depend-
ing on the properties of the obstacle we can define different types of scattering: Elastic
scattering occur when the wavelength of the illuminated light is the same as the scattered,
and the energy is conserved. Mie theory and Rayleigh theory are based on elastic scatter-
ing. Inelastic scattering is scattering where the radiated light have an other wavelength
than the incoming, such as in fluorescence. Quai-elastic scattering is shift in wavelength
of scattered field due to change in position for the object, like in Doppler effect.

Not only does scattering types depend in change of wavelength but can also defined by
the photons behaviour: Multiple scattering occur when light hit the obstacle, scatterers,
before it hits for example the boundary of the obstacle and undergoes a new scattering
process, where light return backwards to the first scattered field and undergoes a sub-
sequent scattering. The photon could in this case also undergo an absorption. For the
simulations of the nanowires, we assume only single scattering, where photons move into
an obstacle and scatter one single time. This is a good assumption for strong absorbing
or low density medias, since there exist a high probability for photon excitation in such
medias. Another assumption is that we look at incoherent scattering, where the scattering
fields are separated into random directions.

22



Depending on the ratio between the particle and the wavelength it is possible to approxi-
mate incoherent scattering into three different types of elastic scattering approximations:
Mie-theory, Rayleigh theory and Rayleigh-Gans-Debye theory. Since the nanowires have
approximately the same size as the wavelength of light, this thesis will mainly focus on the
Mie theory.

Mie Scattering

Mie theory describes interaction of a plane wave incident on a particle for particles with
approximately same size as the wavelength, in case of this thesis wavelength of visible
light. These particles primary should be circular or cylindrical, since the solutions of the
radiated field, and the angular field, should be separable. Mie scattering explains optical
phenomenas such as rainbows, due to refraction between sun light and water molecules.
For the software simulations of the nanowires, which are approximated as cylinders, Mie
theory is used for calculating the scattered electromagnetic fields.

The electric fields for both the incident wave (E;) and the outgoing scattered wave (Eg) can
be split up into a parallel and a perpendicular field component. A linear transformation
between these two electric fields define a 2 x 2 scattering matrix S:

<§ﬂ> > @i g?) (gﬂ> ' (3.42)

The components in the scattering matrix S are dependent on the scattering angle 6 and
azimuthal angle ¢ for cylindrical geometries. By applying the time average Poynting vector
from equation (3.8) for any arbitrary points surrounding the particle, S can be written as
a superposition of Poynting vectors between the incident beam .S5;, the scattered wave S
and the extinct interaction between the incident and scattered wave Seg;.

S=2S5;+ 55+ Seut (3.43)

Rayleigh scattering

Rayleigh scattering is an approximation of the Mie theory for scattering of light beams
many times smaller than the wavelength. For example do Rayleigh theory describe the
reason for why the sky is blue, due to light scattering between the light from the sun and
the small air molecules in air.

3.7.3 Absorption

Absorption occur when an incident beam with electromagnetic energy hit an obstacle and
undergo a transformation into other energies, like for example thermal energy. Absorption
can be detected by measuring the difference between the incoming electromagnetic wave
energy and the outgoing wave energy after interaction with the particle. Only materials
with a complex refractive index, corresponding to the specific wavelength can undergo an
absorption process.
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3.8 Calculation of the electromagnetic fields for nanowires

The following section provides the mathematical calculations for the electromagnetic fields
when the incident wave undergoes an interaction with one nanowire, approximated as a
cylinder. The characteristic hexagonal shape of the nanowires, and the droplet on top,
are disregarded in the calculations. We also assume single scattering and disregard both
multiple and back scattering.

3.8.1 Single core nanowire

For calculations of the electromagnetic fields for a single homogeneous nanowire we look
at one infinite long cylinder an use Mie theory to obtain the scattering series. We assume
a monochromatic electromagnetic wave propagating into the cylinder at oblique incidence.
The calculation of the extinct and scattered fields can be solved from Maxwell’s equations
for cylinder coordinates. The solution is based on expansion of the electric and magnetic
field components, of the incident and scattered light, into infinite series of cylindrical vector
harmonics. By applying boundary conditions at the interface between the different medi-
ums a relation between the electromagnetic fields are obtained. The complete derivation
can be found in Bohren and Huffman [30].

Figure 3.6 define 6; as the angle between the cylinder axis and the incident wave vector
(E;, H;). ¢ is defined as the azimuthal angle between the x-axis, in the coordinate system,
and the projection of the incident wave vector into the plane perpendicular to cylinder
axis. Due to the cylindrical symmetry, the scattering fields (Es, Hg) are independent of
the azimuthal angle.

When the incident light wave propagate into an infinite long cylinder the incident elec-
tromagnetic fields are dependent of the polarisation of the wave. For example the electric
field can either be parallel to the xz-plane (p-polarised light) or perpendicular (s-polarised
light).

3.8.2 Calculation of incident electric field parallel to xz-plane

The incident electric field E; can be expand into the orthogonal vector harmonics M, and
N,
o

Ei= > [AMY + BNV (3.44)

n=—oo

where A,, and B,, are constants, which are determined by using the orthogonality principles

for the vector harmonics and the cylindrical Bessel functions. The solution of the constants
are calculated to be A, = 0 and B,, = ios(i;%)i . The incident electric field consist therefore

o0
only of one vector harmonic component: E; = 3 EnNgll). The Maxwell equations
n=—00
for plane harmonic waves, equation (3.5), gives an relation between the electric and the
. 00 \n
magnetic field components: H; = =& > EnMgll), where F,, = Bo(=)

wp 4 ksin6; -
n=—00
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Figure 3.6: A sketch of the defined coordinate systems for an oblique incident wave (E;, H;)
on a single cylinder for both cartesian and cylinder coordinates. The scattering fields are
noted Fy, H,.

On a similarly way it is possible to calculate the scattered fields for the electromagnetic
waves:

Es=— Y EnbuNY +ianMPY),
m= (3.45)
Ho=2% Y B buMY +ianNY).

By applying boundary conditions given in equation (3.7), it is possible to calculate expres-
sions for the scattering coefficients a,; and by, given in equation (3.46) and (3.47).

Cnvn - BnDn
— Zn'n " Pnn 3.46
L=V, D2 (3.46)
W, B, —iD,C,
= 3.47
but = v +iD2 (347)
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The constants B,,, C,,, D,,, V;, and W,, are defined as following;:

By, = ([m?¢ T} (0) n(C) — ndn(n) (O],
Cy, = ncos0;nJn( Q) (55

D,, = ncos Hian(n)H,(ll) C)(n—2 - 1), (3.48)
Vi = Clm2¢ T, () HAY (€)= nn(m) i (),

W = iC[nJn () Hi 2 (C) = ¢4 () HD (C)),

where ¢ = wzsinb;, n = xv/m? — cos?260; and v = ka. The magnetic permeability is ap-
proximated to be the same in the cylinder and the surrounding medium, and therefore
disappear from equation (3.48). .J,, and J), are the Bessel function and its derivative, while

H7(L1) and H;L(l) are the Hankel function of first kind and its derivative. a is the radius
of the cylinder, while m is the ratio between the refractive index of the material and the
ambient medium.

3.8.3 Calculation of incident electric field perpendicular to xz-plane

For a s-polarised incident wave the electric field can be expand into vector harmonics
consisting of only M,,:

Ei=—i Y EMY. (3.49)

n=—oo

By using the same argumentation as for section 3.8.2, the scattered electric field can be
written as:

Ec= Y EufianMy +baNY). (3.50)

n=—oo

By again applying boundary conditions for the interface between the two mediums, equa-
tion (3.7), the scattering coefficients a2 and b, can be solved:

AV, —iC,D,,
g = —ndn T Wnlin 3.51
an2 WV, +iD2 ( )
C, W, +iA, D,
buz =~ D? (3:52)

The constants B,,, Cy,, Dy, V,, and W, are similarly defined as in equation (3.48), while the
constant A, is defined in equation (3.53). The variables ¢ and 7 is also defined the same
as previous.

Ay = —i¢[CT, (1) Tn(C) = 0 Jn(0) 5 (C)]- (3.53)

3.8.4 The scattering matrix for an infinite long cylinder

The scattering coefficients can be expanded into infinite series:
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o
S1 =bo1 +2 ) byicos(nd),
n=1
o0
Sa =ap2 +2 ) apacos (nd),
0o 1 (3.54)
S3 = —2i > apysin (nd),
n=1

54 = -2 Z bng sin (TL(I)) = —Sg,
n=1

where S1, S2, S3 and Sy correspond to the different components in the scattering matrix
defined in equation (3.42). n is the order of the cylindrical vector harmonics and ® is
the outgoing specular angle, indicating a phaseshift between the incoming and outgoing
wave: ® = 1 — ¢. The scattering coefficients relates to the amplitudes of the incident and
scattered electromagnetic fields. For example aq; is proportional to the electromagnetic
field, while a1 is quadrupolar and so on.

3.8.5 Calculation of scattering coefficients for a core-shell nanowire

Nanowires are not necessarily grown of a single material, but may be radially grown con-
sisting of two different materials for among other increasing the yield. This core-shell
structure will change the optical properties of the electromagnetic fields due to differences
in refractive index between the two mediums.

The solutions for the scattering coefficients are based on the same calculation principles as
for a single nanowire with expanding of cylindrical vector harmonics for p- and s-polarised
light, but the solution become more complex due to an extra interface for the propagating
wave. We look at an infinite long concentric cylinder, with oblique incidence, with same
coordinate systems as in Figure 3.6, but with an extra shell. Instead of calculating the
scattering coefficients from the cylindrical vector harmonics, are the numerical simulation
based on the calculations from Gurwich et al. [40]. This solution of the scattering fields are
based on a recursive algorithm for infinite layers of a concentric cylinders. The scattered
field for p-polarised light is given to be [40]:

(3.55)

]

§2LoL3 — 9yn2 cos? C( )2’
gj(vjz- —1)¢éncos(T, (&)L

1
b= , 3.56
nl Z§2L2L3 — gjn? cos? ((v]2 —1)2 (3:56)

while the scattered field for s-polarised light are:

9;(v; = 1)éncos (T (€) L

n 3.57

n2 = §2L2L3 — gjn? cos? C(v - 1) (3:57)
€2L4L3 — gjn?cos? ((v? —1)?

bn2 = Tn(€) 5 L ”2 . (3.58)
§2LaL3 — gjn® cos? ((v5 — 1)

n is the number of layers, in this case n=2. The definition of the rest of the constants
and functions can be fined in Gurwich et al. [40]. The validity of this algorithm compared
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to the exact physical calculations of the Mie theory are also discussed in the paper, and
seems to fit good with experimental theory.

3.8.6 Efficiencies and cross section

Cross section is a measure of light intensity, removed from an incident light beam, by a
unit area. The cross section gives an indication about how large a non-resonant particle
in the light path must be, before it blocks a fraction of the incident light intensity. The
cross section is derived from the ratio between the energy W and irradiance I. Due to
conservation of energy the extinct cross section Ceyt is the sum of absorbed cross section
Caps and Cleq:

Cext = C'zzbs + CSC(M

3.59
W;mt — W}Lbs + W;ca' ( )

The efficiency Q describes the fraction of light extinct, scattered or absorbed by the ob-
ject. Q is expressed as the ratio between the cross section and the geometrical cross
section:

Qext = Cgt )
Qsca = S22, (3.60)
Qabs = Cg)s

)

where G is the geometrical cross section area, to the particle, projected onto a plane
perpendicular to the incident wave. For example a scattering efficiency equal one, means
that the intensity of the incident light, removed due to cylinder scattering is the same as
the intensity removed by a non-resonant particle with same dimension as the cylinder. In
an infinite cylinder G corresponds to the diameter d of the cylinder per unit length.

Since the cross section of scattering and absorption for an infinite long cylinder is infinite we
look at the efficiencies for infinite cylinders per unit length. Cross section and efficiencies
depend on the polarisation of the light. The derivation of the efficiencies with polarisation
parallel to xz-plane(p-polarised) and perpendicular to the xz-plane(s-polarised) can be
found in Bohren and Huffman (p. 204) [30].

Qsca,l = %(’b01|2 +2 21(‘bn1|2 + ’anl‘Q))v
Qezt,l = %Re<‘b01|2 +2 Z bnl)a

=1 (3.61)
Qsca,Q = %(’CLOQ’Q +2 Z (|an2’2 + ’bn2|2))7

n=1

00
Qext,Q = %Re(‘QOQ‘Z +2 Z anQ)a

n=1

where 2z = kr. The cross section can be found from equation (3.60), with G is equal to the
diameter(G = 2r), and the absorption efficiencies can be calculated from the conservation
of energy relation, in equation (3.59):

Qabs 1= Qext 1— Qsca 15
’ ’ ’ 3.62
Qabs,Q = Qeact,Q - Qsca,Q- ( )
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For unpolarised light the efficiencies can be written as an average between the two polar-
isations: Q; = %(le + Qu2). Where x describe the different types of light interaction.
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4. Methodology

This thesis can be divided into two individual parts. First a software algorithm was cre-
ated to simulate scattering and absorption looking at one single nanowire, before effective
medium theory was applied to calculate the specular reflectance from a bunch of nanowires
on a substrate. This algorithm have further been extended to deal with a core-shell struc-
ture for nanowires made of two different materials, a core of GaAs and a shell of AlGaAs.
The second part, and also the main part of this thesis is about polarimetric characteri-
zation of nanowires. The Mueller matrix is measured in the specular direction with an
ellipsometer. The wires under investigation have either been random grown or positioned
with a fixed distance in between each other. Mainly GaAs wires have been investigated,
but also some core-shell structures, with a shell consisting of AlGaAs or GaAsSb have been
under investigation, as well as varying the length of the nanowires.

4.1 Implementation of software algorithm

For simulation of the far field of the Mie scattered electromagnetic wave, some simplifica-
tions have been made. First it was assumed that the nanowires have a cylindrical shape,
instead of a hexagonal. This is a normal approximation of a nanowire, which also can
be viewed clearer in the SEM pictures, Figure 4.7 and Figure 4.6, where it is not easy to
see whenever the nanowires have a cylindrical or a hexagonal shape. First at very close
distance the characteristic hexagonal shape is detectable. In Figure 4.5 is easier to see the
characteristic hexagonal shape. The nanowires are also grown with a droplet on top due
to dissolution of Gallium and Arsenide vapor into the solid under the vapor liquid solid
growth technique. The droplet can be neglected from the calculations since we assume
infinite long nanowires, which is a good approximation for diameters many times shorter
than length.

In the calculation of the scattering matrix (eq. (3.54)) and the efficiencies (eq. (3.61))
infinite long sums appear. The program deal with these infinite expressions by stopping
the addition when the sum converges for large enough values of n, which happen when the
sum of the scattering coefficients a,1 + b,1 + ano + by2 are significantly small.

4.1.1 Implementation of a core-shell structure

After assuring that the scattering simulation works for a nanowire solely consisting of one
material. The program was further extended to deal with a core-shell structure, where the
nanowires consist of two different materials. There are some combinations of core-shell
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nanowires which are more attractive than others, such as GaAs and AlGaAs, since they
have approximately same lattice constant, which minimize the strain.

The scattering coefficients was first tried implemented by calculating the physical electro-
magnetic fields for both TE and TM polarisation, similar to the single core nanowire, but
for concentric cylinder with one shell. Since this was not done in neither Huffman [30] or
Van Hulst [32], it turned out to be difficult to solve correctly. Therefore the scattering field
implemented into the software from a recursive algorithm made by Gurwich et al. [40].
This recursive algorithm works for infinity amount of shells. The validity of this algorithm
compared to the actual physical calculated electromagnetic fields are further discussed in
the same paper, and seem to be reliable. By using the scattering coefficients from Gurwich
et al. with two shells, the scattered far fields for a concentric cylinder was added to the
software simulations. The expressions for all the scattering components and the derivation
can all be found in [40].

4.1.2 Simulation of specular reflectance using effective medium the-
ory

Whenever the nanowires consist of a core-shell structure or not, the implementation of the
specular reflectance of an ensemble of nanowires is the same. The only difference will be in
the scattering components of the electromagnetic fields, for s and p polarised light, due to
differences in refractive index between the core and the shell. The effective medium theory
was implemented from Berreman-Schubert formalism, for an ensemble of nanowires lying
on top of an semi-infinite thick substrate.

The simulations looks solely at the scattered far field from an incident light beam, which
interact on a single nanowire. Even though the distance between the nanowires are small
enough such that it should occur some scattering interaction between the wires, we as-
sume the distance is far enough such that multiple scattering is negligible and only single
scattering occur. Since the substrate, the nanowires are grown on top of, is substantially
thicker than the length of the nanowires, we can assume the substrate to be semi-infinite
thick.

The effective refractive indices are calculated from equation (3.12), for both p- and s-
polarised light. The p-polarised effective refractive index is calculated from the scattering
infinite series 1, in equation (3.54): S, =51, while the s-polarised effective refractive index
is calculated from the scattering infinite series S, in equation (3.54): Sg=Ss.

The scattering matrix S is dependent of incident angle 6;, the azimuthal incident angle ¢,
scattered angle ©, scattered azimuthal angle ®, radius r and wavelength A. For simplicity
we assume a specular relation between the incidence and scattered angles: ® = m — ¢ and
© = 7 — 0;, so the scattering matrix is only dependent of r, ;, ¢ and A.

The amount of particles per unit volume N was estimated after measuring average distances
between the nanowires and average length of the nanowires from SEM images. Notice that
the nanowires are no longer approximated to be infinite long in the effective medium
approximation, but have a finite length d. For making a more precise estimation of the
nanowires, grown on top of a substrate. it could be more suitable to estimate N through
the volume filling fraction of GaAs nanowires.

The nanowires are assumed to be oriented in z-direction with symmetrical behaviour in x-
and y-direction, in the cartesian coordinate-system. It is possible to look at the cylinder as
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an anisotropic uniaxial crystal with the permittivity tensor similar to equation (3.11). The
tensor will have an extraordinary permittivity axis for €, and the ordinary permittivity
axis for e and ¢,. We divide the incoming beam into a parallel (p-polarised) and a
perpendicular (s-polarised) component, and assume that one polarisation propagate in
the z-direction, while the other propagate in the x-y-direction. This define a new complex
refractive tensor, €., for p- and s-polarised light expressed in equation (4.1). €, corresponds
to the dielectric function for s-polarised light and €, the dielectric function for p-polarised
light, calculated from the effective refractive index:

es 0 O
=10 e 0]. (4.1)
0 0 ¢

The ambient medium is assumed to be vacuum. A total transfer matrix T is calculated
from equation (3.35) and describe the total response of all the entire layers of film, where
we in this case only look at one layer. The Jones matrix can be calculated from the complex
reflection coefficients (eq.(3.39)) and then converted into an isotropic Mueller matrix.

4.2 Ellipsometry measurements

For the optical characterization of the samples a J. A. Woollam Co. ellipsometer was
used. The ellipsometer characterize the samples via a variable multichannel dual rotating
spectroscopic Mueller matrix ellipsometer (RC2). A collimated light source illuminating
150 W from a Xenon-lamp with spectral range between 210 nm and 1690 nm. The detector
system consist of a combination of Si and InGaAs spectrographs. Focus probes with 80
mm focal length, were attached to minimise the beam spot size to approximately 0.3 mm.
The measurements were preformed between incidence angles of 30° to 80°, and by change
in the azimuthal rotation from 0° through an entire loop of 360° of the incidence plane.
The measurements were preformed for an acquisition time of 20 seconds per spectrum.
The M;; elements have all been normalised to the total intensity of the first element M.
A picture of the set up can be seen in Figure 4.1.

During the measurements, the ellipsometer camera was used to detect possible scratches
and errors on top of the substrate. Measurements on these area was therefore avoided.
Figure 4.2 show the illuminated beam spot on sample SC504 for different incidence angles
and azimuthal rotations. The location of scratches and defects can clearly be spotted on
the morphology of the sample. The matte areas are places where the nanowires were not
affected of defects.

Before any sample measurements were done, a straight through measurement on air was
used to check the quality of the calibration. An isotropic test wafer of 25nmSiOy/c —
Si was also used to check the quality of the calibration, as well as the quality of the
alignment.

4.2.1 Sample description

The samples under investigation in this thesis have mainly been GaAs nanowires grown on
top of a p-type Si(111) substrate, grown with a Molecular beam epitaxy at 640°C along the

33



Figure 4.1: The laboratory set up of the ellipsometer with attached focus probes. The
incoming light is illuminated from the source in the right part of the picture and the
detector is seen on the left side. A sample is mounted on a standard stage i the middle,
and investigated for an incident angle of 65°

[111|B direction with homogeneous diameters. The nanowires were either random grown
nanowires or positioned oriented. Some nanowires were grown with a core-shell structure
consisting of GaAs as core material and a shell of GaAsSb or AlGaAs. Different SEM
images of each samples was used to estimate an average length, diameter and distance
between the wires. By either calculating the Fourier spectra of top view SEM pictures
(seen in Figure 4.3, or measuring length and angles between the nanowires.

For the power spectra in Figure 4.3 it is possible to detect hexagonal symmetry. The stripes
indicate disorder in the sample. A perfect hexagonal lattice should have a DC point in the
center with dots around, which are difficult to detect from the images.

Table 4.1, summarize a list of SEM measured average values and standard deviation, for
different samples, used to measure the specular Mueller matrix ellipsometry in this thesis.
We have been looking at nanowires with different length between around 4 pm to under
1 pum. The height was measured from bottom of the nanowires to the bottom of the
droplet at the top of the wires, while the distance between the nanowires was measured
from the middle of the nanowire to the neighbouring nanowire at different locations of the
sample.
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Figure 4.2: A picture of the beam spot on sample SC504 for different Incident angles (6;)
and azimuthal rotations (¢): a) Beam position at §; = 45° and ¢ = 0°. b) Beam position
at 0; = 45° and ¢ = 180°. ¢) Beam position at #; = 65° and ¢ = 0°. d) Beam position at
0; = 65° and ¢ = 180°.

Sample | Growth type | Length [um| | Radius [nm| | Distance [um] | Material
SC504 | Pattern 1.4 +0.1 58 £5 1.0 £ 0.1 GaAs

SC507 | Random 3.8 £0.3 52+ 7 0.6 +0.2 GaAs

SCh34 | Random 0.6 £0.2 35 £7 0.6 £0.1 GaAs

SC538 | Pattern 23 £0.1 69 + 6 09 =£0.1 GaAs/GaAsSb
SCHh60 | Random 0.7£0.1 32+4 0.3 £0.1 GaAs

SCH70 | Pattern 3.2+0.1 198 £ 13 1.0 £ 0.1 GaAs

SChT71 | Pattern 3.1+£02 168 £ 15 1.0 £0.1 GaAs/AlGaAs

Table 4.1: An overview over average measured length, radius and distance in between the
nanowires, as well as standard deviation. These values was later used in the numerical
simulations for emulating the samples as close as possible. The nanowires are either grown
random or positioned in a hexagonal pattern. Sample SC538 and SC571 have two materials,

which means they are grown in a core-shell structure.
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Figure 4.3: The calculated Fourier spectra for a top view SEM image, Figure 4.4 for sample
SC5H71. It is possible to detect the hexagonal symmetry, as well as dots in the center. The
stripes indicate some disorder in the lattice.
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Figure 4.4: A top view SEM image for positioned growth core-shell nanowires, sample

SCh71.
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Figure 4.5: A tilted SEM image at 30°from top view for positioned growth core-shell
nanowires, sample SC571.
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Figure 4.6: A tilted SEM image at 30°from top view for positioned growth nanowires,
sample SC507.
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Figure 4.7: A tilted SEM image at 30°from top view for positioned growth nanowires,
sample SC504.
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Figure 4.8: A tilted SEM image at 30°from top view for positioned growth nanowires,
sample SC560.
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5. Results and discussions

This chapter display the results for both numerical simulations and measured spectroscopic
Mueller matrix ellipsometry. The simulated and measured Mueller matrix will be compared
and discussed, as well as the optical properties of the samples for a complete azimuthal
rotation.

5.1 Software simulations

The algorithm can be divided into two parts, first calculating the scattering fields looking at
one single nanowire, thereafter include effective medium theories to look at an ensemble of
nanowires. Part of the effective medium theory algorithm was created by Post. Doc. Lars
Martin Sandvik Aas [41] for his doctoral thesis. All simulations use the full dispersion
properties of the complex refractive index for GaAs or Si with vacuum as surrounding
medium.

5.1.1 Absorption and scattering for a single nanowire

The cornerstone of the algorithm is to calculate the scattering matrix of the far field to
one single cylinder. Before the algorithm could be extended to include effective medium
calculations it was import to be sure to have correct calculated scattering fields. Since it
was not possible to acquire any measurements of absorption or scattering looking solely
at one nanowire, the results have been compared with scientific papers: Grzlea [9] did
simulations of absorption and scattering on Indium-phosphide (InP) nanowires. While
Cao et al. [7] and Bronstrup et al. [8] did the same for Germanium (Ge) and Silicon (Si)
respectively. By changing the refractive index of GaAs, in the algorithm to any of the above
mentioned materials, it is possible to reproduce exactly the same results as any of the above
mentioned papers. This gave a strong indication of correct calculated scattering fields. The
scattering and absorption efficiencies can be plotted by varying either wavelength of light,
the nanowire radius or incident angle:

Scattering and absorption efficiencies as function of radius and wavelength

For all the absorption efficiencies in Figure 5.1b), d) and f) it is clearly seen that the
nanowires support the Mie resonances. The resonance modes lays tighter for increasing
values of the radius. Even though the Mie resonance increases the highest absorption
efficiencies are located at small radii, at first resonance mode. There do not exist any
absorption over the band gap energy, £, = 1.42 eV for GaAs, where the imaginary part of
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Figure 5.1: Simulated scattering (left part of the figure) and absorption (right part of the
figure) efficiencies as function of radius r and wavelength A. The incident angle 6; is set to
45°. a) Scattering efficiency for p-polarised light. b) Absorption efficiency for p-polarised
light. ¢) Scattering efficiency for s-polarised light. b) Absorption efficiency for s-polarised
light. a) Scattering efficiency for unpolarised light. b) Absorption efficiency for unpolarised
light.

the refractive index is zero. This correspond to a wavelength A = 873 nm, for longer wave-
lengths the material is transparent. The same behaviour follows for other semiconductors,
like Si, Ge and InP at their specific band gap wavelength.

The scattering efficiencies in Figure 5.1a), ¢) and e) it is also possible to detect the band gap,
where there are a slightly change in color. The scattering efficiencies does not decrease
for increasing wavelength over the band gap, since the real component of the refractive
index is constant, but also due to zero absorption. The extinction efficiencies will also
increase for zero absorption. The resonant modes for the scattering efficiencies lay wider
between each other, than for the absorption efficiencies. The resonant modes arise due to
the wavelengths in the cross section of the cylinder match their circumference. p-polarised
light seems to absorb and scatter more than s-polarised according to the efficiencies.
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Figure 5.2: Simulated scattering (left part of figure) and absorption (right part of figure)
efficiencies as function of radius r and incident angles #;. Light is illuminated at a wave-
length X\ of 600 nm. a) Scattering efficiency for p-polarised light. b) Absorption efficiency
for p-polarised light. c) Scattering efficiency for s-polarised light. b) Absorption efficiency
for s-polarised light. a) Scattering efficiency for unpolarised light. b) Absorption efficiency
for unpolarised light.

Scattering and absorption efficiencies as function of radius and incidence an-
gle

From Figure 5.2 we can observe that both scattering and absorption efficiencies are zero
for small incidence angles, due to light illumination nearly parallel to the cylinder axis.
For certain radii the absorption efficiencies are not very sensitive to the incident angle.
They are nearly constant, due to the lowest orders of the resonance modes join each others
and contribute with the cylinder axis. This is very promising for photovoltaic components,
such as solar cells where it is beneficial to absorb light in as broad range of incident
angles as possible. This also imply that some specific radii are more beneficial for making
photovoltaic applications than others.

Scattering and absorption efficiencies as function of incidence angle and wave-
length

Since there is a natural symmetry between incident angles of 0°-90° and from 90°-180°,
due to the cylinder geometry, Figure 5.3 is displayed for angles between 0° and 90°. The
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Figure 5.3: Simulated scattering (left part of figure) and absorption (right part of figure)
efficiencies as function of incident angles 6; and wavelength A. The radius r of the nanowire
is set to 100 nm. a) Scattering efficiency for p-polarised light. b) Absorption efficiency for
p-polarised light. ¢) Scattering efficiency for s-polarised light. b) Absorption efficiency for
s-polarised light. a) Scattering efficiency for unpolarised light. b) Absorption efficiency for
unpolarised light.

band gap wavelength can easily be observed at A = 873 nm. For longer wavelengths,
the absorption efficiencies become zero, while the scattering efficiencies increase abruptly.
At small angles, where light is illuminated parallel with the cylinder axis the absorption
efficiencies are zero. For angles around 45°, and higher, we can observe an increase in the
absorption efficiencies, and small differences in these values.

5.1.2 Simulations of specular reflectance using effective medium the-
ory

The simulated specular reflectance for ensembles of nanowires are simulated as function of
wavelength A and incidence angle ;. All Mueller matrix elements are normalised to M.
The input values used in the simulations was decided from cross-section SEM measure-
ments. These input values are based on average values of the radius, length and distance
in between the nanowires measured several places across the samples, summarized in Table
4.1. For establishing more accurate input values it should be considered to calculate the
geometrical quantities from probability density functions using curve fitting, instead of
using average values.
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The amount of particles per unit area, N is calculated for the density of nanowires along
the 111-direction, across the substrate. In the SEM images, in particular Figure 4.7, it
can be spotted that not all nanowires are laying in the 111-direction but some have been
broken and lay nonvertically during growth process. These nonvertical nanowires result in
lower density, which give a inconsistency value for the calculation of N. A more accurate
way to estimate the density of nanowires would be through counting all the nonvertical
and all vertical nanowires an estimate the density through the volume filling fraction for
the nanowire material.

For random growth ensembles of nanowires it was very difficult to determine exact distance
between the nanowires, since this distance vary a lot across the sample. Some neighbouring
nanowires could lay very close to each other, while some could lay very far between each
other. This can be seen in Figure 4.8 and Figure 4.6. Therefore it became difficult to
estimate a suitable value for the amount of particles per unit area N, and therefore also
difficult to find a simulation that correspond exactly to the measurement sample.

Long random nanowires (SC507)
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Figure 5.4: Simulated Mueller matrix of specular reflectance for random growth nanowires.
The data are represented in a color map plot. The length of the nanowires are set to 3.8
pm, while the distance between the nanowires are 0.6 pm. The nanowires consist of pure
GaAs with a radius of 50 nm.

Figure 5.4 shows the simulated specular reflectance for a random growth high density
nanowire sample, as a function of incidence angle 6; and wavelength A, corresponding to
sample SC507. The radius was set to 50 nm, the height to 3.8 um, and distance between
the samples to be 0.6 um. The off-block-diagonal elements are all zero corresponding to
an isotropic Mueller matrix, similar to equation (3.27). The Mie resonance modes can be
observed for the block-diagonal elements, except for Mss. At short wavelength, under the
band gap wavelength of GaAs, the resonance modes interact with each other resulting in
numerical noise. In Figure 5.4 can we observe that the amplitudes decrease toward zero
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for decreasing incidence angles, while increasing wavelength increase the distance between
the resonance modes.
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Figure 5.5: Simulated Mueller matrix of specular reflectance for random growth nanowires.
The red solid line represent the incident angle of 45°, while the blue solid line represent
the incident angle of 65°. The length of the nanowires are set to 3.8 pum, while the distance
between the nanowires are 0.6 ym. The nanowires consist of pure GaAs with a radius of 50
nm. Since the Mueller matrix is isotropic some elements have similar values independent
of incident angle and only the blue line is visible in the Figure.

For easier comparison with simulations was the simulated spectroscopic Mueller matrix
plotted as a function of wavelength for a given incidence angle of 45° (red lines in Figure 5.5)
and 65° (blue lines in Figure 5.5). In Figure 5.5 it is possible to observe the characteristic
oscillations for the block-diagonal elements (except for Msy) for both incidence angles. We
can observe smaller amplitudes, but more frequent oscillations, for the incident angle of
45° compared to an incident angle of 65°.

Figure 5.6 shows the real and imaginary components to the calculated effective refractive
index as a function of wavelength for p- and s-polarised light. The red line represent the
effective refractive index for s-polarised light, while the blue line represent the effective
refractive index p-polarised. For long wavelength we can observe the effective refractive
index to become similar for p- and s-polarised light. The real components are close to one,
which is beneficial for broadband and light coupling. The imaginary components are close
to zero.

Positioned core-shell nanowires(SC571)

Figure 5.7 shows the simulated specular reflectance for core-shell positioned nanowires.
These nanostructures consist of a shell of GaAs with a radius of 100 nm from the cylinder
center, and a shell of Aly3Gag.7As with a radius of 170 nm from cylinder center. These
radii were estimated from growth time ratios between the thicknesses of the core and the
shell. This gave an inaccurate estimation of a core of 100 nm and a shell thickness of 35
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Figure 5.6: Calculated effective refractive index for p- and s-polarised light as function of
wavelength A for incidence angles of 45° (a) and ¢)) and 65° (b) and d)). The red solid
line represent the effective refractive index for s-polarised light, while the blue solid line
represent the incident angle for p-polarised light. The length of the nanowires are set to
3.8 pm, while the distance between the nanowires are 0.6 pym. The nanowires consist of
pure GaAs with a radius of 50 nm.

nm around the core. The length of the wires was set to be 3.1 um, and since these wires
are positioned grown, the distance between the nanowires are fixed to 1.0 pm. Still we
can observe simulations of an isotropic Mueller matrix. There are larger differences in the
amplitudes of the block-diagonal elements, and the resonance modes are more difficult to
detect compared to the resonance modes for core nanowires, Figure 5.4.
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Figure 5.7: Simulated Mueller matrix of specular reflectance for positioned grown core-shell
nanowires. The data are represented in a color map plot. The length of the nanowires
are set to 3.1 pum, while the distance between the nanowires are 1.0 um. The nanowires
consist of a core of GaAs with a radius of 100 nm and a shell consisting of AlGaAs with a
radius of 170 nm from the center
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Figure 5.8: Simulated Mueller matrix of specular reflectance for position grown nanowires.
The red solid line represent the incident angle of 45°, while the blue solid line represent
the incident angle of 65°. The length of the nanowires are set to 3.1 pm, while the distance
between the nanowires are 1.0 pm. The nanowires consist of a core of GaAs with a radius
of 100 nm and a shell consisting of AlGaAs with a radius of 170 nm from the center. Since
the Mueller matrix is isotropic some elements have similar values independent of incident
angle and only the blue line is visible in the Figure.

Again is the Mueller matrix displayed as function of wavelength for a given incidence angles
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of 45° (red lines in Figure 5.8) and 65° (blue lines in Figure 5.8). It can be observed for
a specific wavelength, around the band gap wavelength of GaAs, an abrupt decrease of
amplitudes of the oscillations, especially for shorter incidence angles. This can be seen as
a separation of the scattering resonance in Figure 5.7, were some resonant modes stop and
some new are established. This behaviour is caused by change in complex refractive index
between the core and the shell of the nanowires. Still do the resonance modes lay wider in
between each other for increasing incidence angles and wavelengths.

In Figure 5.7 it is possible to observe the band gap wavelength for both GaAs and AlGaAs.
Since the band gap of Alg3GagrAs(E, = 1.796eV) are higher than GaAs (Ey, = 1.42eV),
which corresponds to a short wavelength for Aly3Gag7As (A = 690nm) than GaAs (A =
873nm). This will lead to more amount of light scattering at shorter wavelength for the
AlGaAs shell. Above the band gap wavelength of GaAs both core and shell do not absorb
light and the scattering increases even more.

5.2 Ellipsometric measurements

By using a J. A. woollam Co. RC2 ellipsometer measurements of the spectroscopic Mueller
matrix was preformed as function of wavelength and variation of incidence angles. All
measurements included in this thesis are done with focus probes, even though some mea-
surements without focus probes were preformed for comparing the differences in results
and accuracy. Pictures, taken with the ellipsometer camera, were helpful for detecting
scratches and defects on the substrates, shown in Figure 4.2. It was therefore avoided to
do measurements at these areas, since it may lead to inaccurate readings. For curiosity it
was preformed some measurements at scratchy areas, which gave far from expected Mueller
matrix compared with the measurements on good locations.

There were problems in measuring long nanowires, like sample SC507, because they absorb
too much of the illuminated beam and the intensity of the reflected beam became very low.
This can become a problem for in situ measurements if the wires become too long, since
no light will be detected at a certain length. Thick nanowires, with high radii, as sample
SC570 and SCH71 was also very difficult to measure, due to the fact that they also absorb
too much light. The SEM images do also reveal surface roughness between the substrate
and the nanowire layer, which would lead to additional light scattering and reduction in
reflection.
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Spectroscopic Mueller matrix ellipsometry by varying incident angle (SC507)

Figure 5.9: Measured Mueller matrix of specular reflectance for random growth nanowires,
for sample SC507. The data is represented in a color map plot as function of incidence
angle and wavelength. The length of the nanowires was measured to be 3.8 um, while the
distance between the nanowires were 0.6 pm. They consist of pure GaAs with a radius of
50 nm.

The average height of the nanowires for sample SC507 were estimated to be 3.8 pm with
a standard deviation of +0.3 pm. The radius was estimated to be 52 nm with a standard
deviation of =7 nm. The average distance between the wires was more difficult to estimate.
Since the nanowires were random grown, the distance deviate a lot, an average distance
was determined to be 0.6 ym with a deviation of £0.2 pm.

From Figure 5.9 we can observe noise for short wavelengths and short incidence angles, due
to difficulties in detect high intensities for short incident angles. At wavelength above the
band gap wavelength it is possible to detect the resonance modes, similar to the simulated
in Figure 5.4.
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Figure 5.10: Measured Mueller matrix of specular reflectance for random growth nanowires,
for sample SC507. The data are plotted for as function of wavelength and for an incident
angle of 45° The length of the nanowires was measured to be 3.8 um, while the distance
between the nanowires were 0.6 ym. They consist of pure GaAs with a radius of 50 nm.

M11 M12 M13 M14
1 : : = :
0
1 ]
M21 M22 M23 M24
1 -
. m
-1 L | L L L
M31 M32 M33 M34
1 -
0 w/v\/
-1 L k| L L L
M41 M42 M43 M44
1 5 5
0 \\ﬂ/\]vv
-1 L k| L L L k|
210 950 1690 210 950 1690 210 950 1690 210 950 1690
A Anm] A Anm|

Figure 5.11: Measured Mueller matrix of specular reflectance for random growth nanowires,
for sample SC507. The data are plotted for as function of wavelength and for an incident
angle of 65° The length of the nanowires was measured to be 3.8 pum, while the distance
between the nanowires were 0.6 um. They consist of pure GaAs with a radius of 50 nm

The measurements are noisy for short wavelength in UV range in Figure 5.10 and Figure
5.11. This is an indication of The characteristic oscillations can be observed in the block
diagonal elements for longer wavelength. It is also possible to detect anisotropy in the
off-block diagonal elements.

By comparing with simulations in section 5.1.2, there can clearly be observed differences in
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amplitudes and frequency of the oscillations for both incident angles. The resonance modes
are not similar either. There are some indication of interruption in the measured reflected
values. This could be explain due to surface roughness, inaccuracies under growth or mea-
surements, as well as sample defects on measured areas. There are also some weaknesses
in the algorithm, that will be discussed later. Since light scattering on a surface occur
more easily for shorter wavelengths, it is possible to detect depolarisation in the measured
Mueller matrix in Figure 5.10 and Figure 5.11. Small amount of noise can be observed for
the shortest wavelength in UV range. This observed noise is caused by the xenon lamp,
due to rapid decrease in light intensity in the UV region for high energies [19].

In Figure 4.2 it is possible notice change in beam spot on the sample at changes of incident
angles. At 45°the beam is nearly circular(Figure 4.2a) and c)), while for 65°the beam
shape has become slightly more elliptical (Figure 4.2b) and d)). For even higher incident
angles the beam becomes even more elliptical. The reflected light can clearly be seen to
be diffused more for higher incident angles, and may be more difficult to be detected by
the detector.

Spectroscopic Mueller matrix ellipsometry by varying incident angle for a core-
shell structure (SC571)

Since the nanowires in sample SC571 absorb to much light it was difficult to measure the
spectroscopic Mueller matrix shown in Figure 5.12, and the results are not comparable.
This was a little disappointing, because it would be interesting to compare the simulated
Mueller matrix for a core-shell structure with the measured.
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Figure 5.12: Measured Mueller matrix of specular reflectance for position grown core-shell
nanowires, for sample SC571. The data is represented in a color map plot as function of
incidence angle and wavelength. The length of the nanowires was measured to be 3.1 pm,
while the distance between the nanowires were 1.0 um. They consist of pure GaAs as core
material and AlGaAs as shell. The total radius is 168 nm.
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5.2.1 Differences between simulations and measurements

Since the nanowires samples show relatively high anisotropy it may be considered to simu-
late the specular reflectance for an anisotropic Mueller matrix. This may give more equal
behaviour and amplitude values for simulated and measured data. SEM measurements
gave variations in the geometrical quantities of the nanowires, and therefore it was difficult
to estimate a accurate value for the amount of particles per unit area, N. Especially it
was difficult to find a suited distance between the wires for random growth samples, but
it also clearly possible to see from the SEM images, that the radii and height vary across
the sample. The droplet on top of the nanostructures may also be significant.

Since the nanowires are epitaxial grown in different arrangement, such as hexagonal or
random, it is difficult to determine the distance between the wires. For hexagonal lattice
structures the distance between the wires are around 1 pm. However for a random lattice
structure, the distance between the nanowires vary a lot more, some lay very close to each
other (about 0.3 pm), but some can lay as far as over 1 pm. This makes it difficult to
determine an average distance between the wires.

The simulation assume p-polarised light to propagate in z-direction while s-polarised prop-
agate in x-y direction. This is a terrible assumption for incoming illuminated light at
oblique incidence. This assumption lead to wrong values for calculation of the dielectric
tensor. The simulation should therefore follow a coordinate system, where the z-direction
is aligned dependent on the incident angle, and the substrate with the nanowires should
be rotated with respect to the illuminated beam using Euler rotation.

Among others Figure 4.8 and Figure 4.6 it is possible to observe some significant surface
roughness, this roughness will affect the reflection measurements of the illuminated beam.
This can also give significant changes in amplitude as well as the detection of anisotropy
in the Mueller matrix.

Depolarisation of sample is the main reason for measurement errors. The morphology
of the sample is therefore important, the more surface roughness, the more depolarised
sample, which will experience an increase in measurement errors. There may also exist
small errors in the measurement due to bad calibration of sample. Partly polarised light
is also more difficult to measure and contribute to an arise in measurement errors. Partly
polarised light is generated due to surface roughness and thickness inhomogeneity across
the film surface.

The amount of light recorded by the detector do also change for variation in the incident
angle. The shape of the beam change and lead to a elliptical shape for increasing incident
angle. For high enough angles would more of this reflected beam be diffused away from
the detector.

Ideally it should be done calibrations for every incident angle under an incident angle scan
for providing the most accurate results. The calibration was only done for one incident
angle (65°), which could lead to measurements errors.

Measured spectroscopic Mueller matrix ellipsometry upon change in azimuthal
rotation of the sample

For mapping out the symmetry of patterned nanowires, the spectroscopic Mueller matrix
was measured as function of azimuthal rotation. The nanowires can be regarded as a two
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dimensional photonic crystal with GaAs and air as the alternating dielectric layers. We
selected to study the spectroscopic data for a complete loop (0°-360°) with step of 10° and
for incidence angles of 45° and 65°. The symmetric features can be observed in Figure
5.14, where we can observe a periodicity of six. This indicates that the nanowires are
aligned in a hexagonal lattice structure. For more detailed investigation the sample was
also measured for an azimuthal rotation between 0° and 90°, with a step of 2°. This can
be seen in Appendix .

The sample SC504 consist of positioned nanowires at a fixed distance of 1.0 ym with a
standard deviation of 0.1 um. The average length was measured to be 1.4 ym with a
standard deviation of 0.1 um. The radius was 58 nm with a deviation of 5 nm.
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Figure 5.13: Measured spectroscopic Mueller matrix for an incident angle of 45°, and
complete azimuthal rotation ¢ of sample SC504 between 0°-360°. The data is presented in
a polar color map, where the radius represent the wavelength A in nm. The data is ranged
from 210 nm, at the circle center, to 1690 nm, at the outer edge. The azimuthal rotation
is given by the polar angle. The beam position is shown in Figure 4.2a) and c¢).

There were some problems measuring the substrate for rotating angles due to some sig-
nificance differences between 0° and 180°. Therefore measurements on an isotropic silicon
wafer was done to check the validity of the measurements. This show minimal differ-
ences for the Mueller matrix for difference in the azimuthal rotation angle between 0° and

180°.

Even though the off-block-diagonal elements are significantly smaller than the block-
diagonal elements in Figure 5.13 and A.4, it is clearly posible to observe some anisotropy
in the samples. This contradicts the assumption of an isotopic material for the simulated
Mueller matrix.

A periodicity of six for a complete loop of azimuthal rotation correspond to a periodicity
of 60 degrees. By looking at SEM pictures and calculating degrees and length between
the nanowires it is possible to detect a hexagonal pattern. It is also possible to detect a
hexagonal lattice from the Fourier power spectra. The power density spectra for sample
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Figure 5.14: Measured spectroscopic Mueller matrix for an incident angle of 65°, and
complete azimuthal rotation ¢ of sample SC504 between 0°-360°. The data is presented in
a polar color map, where the radius represent the wavelength A in nm. The data is ranged
from 210 nm, at the circle center, to 1690 nm, at the outer edge. The azimuthal rotation
is given by the polar angle. The beam position is shown in Figure 4.2b) and d).

SC5H71 is shown in Figure 4.3. We can observe a hexagonal symmetry with some disorder
in the lattice. The power spectra for SC504 show even more disorder (this power spectra
is not included in the thesis). From Figure 4.7 it can be spotted many fallen nanowires.
The nanowires are also grown in very low density. This gave problems in measuring the
incidence angles, and the reflection from substrate dominate these measurements.

It is possible to detect the rayleigh anomalies phenomena for the periodic grating structures
in Figure 5.13 and Figure 5.13. This phenomena observed due to the holes, were the
nanowires are grown out of, and not the nanowires themselves. From the SEM pictures,
Figure 4.7 we can see that the nanowires are grown at very low density. The incidence
angle measurements reveal also poor measurements, with few oscillations. By add a model
of the under layered substrate it can be shown that the substrate is reflected more than
the nanowires.Even so the azimuthal rotation show a nice and periodic grating.
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6. Conclusion

In this thesis we have modulate the specular reflectance for illuminated light at oblique
incidence for an ensemble of nanowires with effective medium theory, for single nanowires
and for core-shell structures.

By comparing simulated Mueller matrix, based on cylinder scattering and effective medium
theory, with measured spectroscopic Mueller matrix it is possible to detect similar be-
haviour, although anisotropy is observed. There are major differences between the values
of measured and simulated data. This could be due to variations in geometrical quantities
of the wires, which makes it difficult to estimate a good value for the amount of particles per
unit area. A more precise way would maybe be to estimate the density through the volume
filling fraction, which also distinguish between fallen and vertically grown nanowires.

There is a weakness in the simulations, since ¢, is assumed to be in the z-direction and
€s in the x-y direction, even for an oblique incidence light wave. An improved effective
medium model is therefore necessary.

Even so the possibilities of modelling the nanowires based on effective medium theory, with
a corresponding scattering matrix, looks like a good assumption, which can further be used
for in situ characterization. A problem occur when the nanowires become too long or too
thick, and they absorb too much light, and give inaccurate measurements.

For the investigation of positioned growth nanowires, it is possible to detect a high amount
of anisotropy for the samples, even for samples with low density of nanowires. This show
that the small correction in calculation of an isotropic Mueller matrix, in the algorithm,
deviate more than expected.

6.1 Future work

For the computer simulations of the Mueller matrix it would be interesting to extend
the program such that the algorithm not only calculate the Mueller matrix for an isotropic
medium, where the off-block-diagonal elements are zero, but in fact calculate the anisotropic
Mueller matrix. Even though this is a small correction, measurements show that the
nanowire sample are anisotropic and therefore should be compared with anisotropic simu-
lation instead of the isotropic.

It should also be made an ellipsometric data model in the complete ease software for fitting
the experimental data as close as possible with simulations. The data model should be
based on the simulations of effective medium theory and corresponding effective refractive
indexes. This would be in great value for easier understanding the interpretation of the
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measured spectroscopic Mueller matrix as well as possibilities for in-situ measurements of
nanowire growth.
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A. Additional measurements

This section of the appendix contain results from the remaining samples, which are not
displayed and discussed in the result and discussion chapter of this thesis.
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Figure A.1: The measured spectroscopic Mueller matrix for an incident angle of 45°, and
an azimuthal rotation of the sample between 0°-90°.The beam position is shown in Figure
4.2a) and b).
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Figure A.2: The measured spectroscopic Mueller matrix for an incident angle of 65°, and
an azimuthal rotation of the sample between 0°-90°. The beam position is shown in Figure
4.2¢) and d).

Sample SC504 is a positioned grown sample consisting of pure GaAs nanowires with a
measured length of 1.4 + 0.1 pm, radius 58 + 5 nm and a distance 1.0 + 0.1 pm.
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A.2 SC538
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Figure A.3: Measured spectroscopic Mueller matrix for an incident angle of 45°, and
complete azimuthal rotation ¢ of sample SC538 between 0°-360°. The data is presented in
a polar color map, where the radius represent the wavelength X\ in nm. The data is ranged
from 210 nm, at the circle center, to 1690 nm, at the outer edge. The azimuthal rotation
is given by the polar angle.
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Figure A.4: Measured spectroscopic Mueller matrix for an incident angle of 65°, and
complete azimuthal rotation ¢ of sample SC538 between 0°-360°. The data is presented in
a polar color map, where the radius represent the wavelength X in nm. The data is ranged
from 210 nm, at the circle center, to 1690 nm, at the outer edge. The azimuthal rotation
is given by the polar angle.

Sample SC538 is a positioned grown core-shell sample consisting of GaAs int the core and
GaAsSb in the shell. The length was measured to be 2.3 & 0.1 pm, radius 69 + 6 nm and
a distance 0.9 &+ 0.1 pm.
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A.3 SC560
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Figure A.5: Measured Mueller matrix of specular reflectance for random growth nanowires,
for sample SC560. The data is represented in a color map plot as function of incidence
angle and wavelength.

Sample SC560 is a random grown sample consisting of pure GaAs nanowires with a mea-
sured length of 0.7 + 0.1 pm, radius 32 + 4 nm and a distance 0.3 + 0.1 pm.

67



A.4 SC570

M,y M,

.
My, My,
: .

1690

|

950

Arm]

[

210

a
A~ .
= |
=

My,
T

Alnm]

I
M,

210 - -
My, My My,

1690

950

Alnm]

\l‘

1
0 £
-1

30.0 52.5 75
Il

1
0
-1
1
1HO
-1
1
0
-1
My
1
0
-1
.0

52.5
o[

2950 52.5 75. 30.0 52.5 75.
o7 0[°]

Figure A.6: Measured Mueller matrix of specular reflectance for random growth nanowires,

for sample SC560. The data is represented in a color map plot as function of incidence
angle and wavelength.

Sample SC570 is a positioned grown sample consisting of pure GaAs nanowires with a
measured length of 3.2 + 0.1 pm, radius 198 £ 13 nm and a distance 1.0 £ 0.1 pym.
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