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Abstract

The dielectric function of LaAlOs was extracted from the ellipsometry pa-
rameters ¢ and A using the pseudo dielectric function. Error propagation
was applied to 61 and dA, where de is obtained. This was necessary for
RefFIT to compute for chi-square x?. Fitting procedures were conducted
in RefFIT as illustrated in Section 3.1.3. The Lorentz oscillators obtained
from the LaAlOs fit were used as part of the fitting procedure for the gold
nanoparticles on LaAlOs3 substrate. The large x? and a significant percent-
age difference of € from 0.6 to 0.9 eV suggests the presence of anisotropy
in LaAlO3. We compare the experimental ¢; and €5 to the experimental
values and FP-LAPW by X. Luo et al. Using our experimental data as
well as the experimental band gap of LaAlOs3, the experiment €5 from X.

Luo et al. below 5.6 eV is inaccurate to a large extent.

vil



List of Figures

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

1.10

1.11

Structure of CALNN. Extracted from [1] . . . ... .. ...
(a) Atom has no net dipole moment. (b) Net dipole mo-
ment induced in the presence of an external electric field.
Extracted from [2] . . . . . ...
NaCl chain in the NaCl crystal. (a) No net dipole moment
per ion. (b) Net average induced dipole moment per ion in
the presence of an external electric field. Extracted from [2]
Electric Dipole Radiation in a dielectric. Extracted from [3]
The real and imaginary part of € plotted against the angu-
lar frequency of light log w with reference to the Lorentz
model.Extracted from [3] . . . . ... ..o
Reflection of p- and s-polarized light waves at an interface.
Extracted from [3] . . ... ... Lo
Representation of Electric field E and Magnetic Induction B
for Reflection and Transmission of (a) p- and (b) s-polarized
light waves. Extracted from [3] . . .. ... ... ... ...
Ellipsometry Measurement. Extracted from [3] . . . . . . ..
Coordinate System in Ellipsometry. Extracted from [3]
Polarization state for (a) A = 0° and (b) A = 180°. Ex-
tracted from [3] . . . . ..o

Cubic LaAlO;3 at 813 K. The atom in yellow, orange and

blue represents La, Al and O respectively. Extracted from [4] 13

viil



1.12

1.13

2.1
2.2

3.1

3.2

3.3
3.4
3.5
3.6
3.7
3.8
3.9
3.10

3.11

3.12

Alternating sublayers AlO, and LaO within a bulk LaAlO;
in the < 001 > directions. Atoms in yellow, orange and blue
are La, Al and O respectively. Extracted from [4] . . . . ..
Electronic Density distribution of rhombohedral LaAlO3 in

a (110) plane. Extracted from [5] . . . ... ... ... ...

RefFIT model parameters. . . . . . . . . .. .. ... ....

Experiment Setup of Gold Nanoparticle solution on LaAlO3

substrate. (a) Sentech SE 80 setup. (b) Sample on the mount. 17

1 and A of LaAlO3 substrate for 50°, 60°, 70° and 80° from
06t06.35eV.. . . . ..
€1 and €5 of LaAlOs substrate for 50°, 60°, 70° and 80° from
0.6to6.35eV.. . . . .
Fitting for Angle 60: Step 1. . . . . . . . .. ... ... ...
Fitting for Angle 60: Step 2. . . . . . . . ... ... ... ..
Fitting for Angle 60: Step 3. . . . . . . ... ... ... ...
Fitting for Angle 60: Step 4. . . . . . . . .. ... ... ...
Fitting for Angle 60: Step 5. . . . . . . . . .. ... ... ..
Fitting for 4 Angles: Step 5. . . . . . . . . ... ... ...
Percentage Difference for €; and €5 with respect to Angle 80.
€1 and € plotted as a function of photon energy (eV). Com-
parison of our experimental data points were made with the
experimental and FP-LAPW parameters extracted from X.
Luoetal. [B] . . ... ..
Pseudo Dielectric Function of Au NPs on LaAlOs substrate
with that of the LaAlO5 substrate. . . . . .. ... ... ..
Percentage Difference of the first experiment dataset ¢ and

A at 50°, 60° and 70° with respect to the second one. . . . .

X

26



3.13 ¢ and A of AuNPs on LaAlO3 substrate for 50°, 60° and
70° from 0.5 to 6.5eV. . . . . ... L

3.14 Fitting for gold nanoparticles on LaAlO3 substrate at 60° . .

31



Chapter 1

Introduction

Gold nanoparticle can be used as a biosensor due to its rich localized surface
plasmon resonance properties and its functionalization properties. How-
ever, gold nanoparticles tend to aggregate when they are exposed to elec-
trolytes in the biological environment. In addition, functional groups that
bind strongly to gold are present. These will affect their colloidal stability,
where the gold nanoparticles lose their function as a biosensor.

Ligand shells are introduced as a capping agent to protect the gold nanopar-
ticles in the biological environment. A pentapeptide ligand, CALNN illus-
trated in Fig. 1.1 is used as the capping agent for the gold nanoparticles
based on protein folding considerations. The principle for the design is as
follows: The head of the ligand that is exposed to the environment is a hy-
drophilic group, while the tail of the ligand must be able to bond with the
gold nanoparticle. The design criteria establishes the need for the capping
agent to attach to the gold nanoparticle via a thiol group.

The side chain of Cysteine (C) has a thiol group that can form a covalent
bond with gold. Alanine (A) and Leucine (L) are chosen for position 2 and
3 due to their hydrophobic side chains for self-assembly. Taking into ac-
count the curvature of the nanoparticle, the side chain of Leucine is larger

than that of Alanine. Asparagine (N) is chosen for position 4 and 5 as



it is uncharged and hydrophilic. The negative charge at the C-terminus
provides repulsion to prevent aggregation of the nanoparticles.

CALNN stabilizes the gold nanoparticles against electrolyte-induced aggre-
gation, but increases the possibility of non specific binding with proteins
that are positively charged. In addition, ligand exchange with thiolated
pentapeptides occurs with this capping agent. The Mix-matrix ligand shell
is introduced to solve these issues. It is composed of 70 % peptidol H-
CVVVT-ol (V: Valine, T: Threonine) and 30 % ethylene glycol-terminated
alkane-thiol HS-C'; — EG4. With the Mix-matrix ligand shell, the resis-

tance to non-specific binding and ligand exchange improves drastically. [6]
1]
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Fig. 1.1. Structure of CALNN. Extracted from [1]

As mentioned earlier, the ligand shell are capped over the gold nanoparti-
cles via the thiols. To be more precise, this interaction is mediated through
the sulfhydryl (SH) functional group. It is crucial to understand the chem-
istry and structure of this interface, as they control the system properties
such as ligand-exchange reactions. Many efforts have been made to study
the sulphur-gold interface. However, the atomic level of this interface re-
mains elusive and controversial. [7] [§]

For this project, we would like to understand the sulphur gold interface
using spectroscopic ellipsometry. The peptide coated gold nanoparticles
solution is placed on the Lanthanum Aluminate (LaAlOj3) substrate, where
the complex dielectric functions is obtained. For this part of the project, we

would need to analyse the LaAlO5 substrate. Next, we analyse the citrate
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coated gold nanoparticles solution placed on the LaAlO3 substrate. Using
a simplified optical model, we extract the relevant optical properties of the
LaAlO5 substrate and citrate coated gold nanoparticles. This part of the
project would serve as a preliminary analysis, where we hope to obtain the

relevant directions for future work.

1.1 Principle of Optics

The propagation of light in a media could be described by the complex
refractive index as follows:

N =n—ik (1.1)

where n is the refractive index and k is the extinction coefficient. [3]

1.2 Dielectric

1.2.1 Dielectric Polarization

When an external electric field is applied in a dielectric, the spatial dis-
tributions of the electric charges undergo a slight modification. This phe-
nomenon represents a dielectric polarization, which is used to determine
the complex refractive index. There exists several types of dielectric polar-
ization such as the electric polarization and the ionic polarization.

Fig. 1.2 illustrates the electric polarization. In the absence of an external
electric field, the atom has no net dipole moment as the centre of mass of
the negatively charged electron cloud coincides with that of the positively
charged nucleus. When an external electric field is applied, the electron
cloud is displaced slightly away from the nucleus. This results in an in-
duced dipole moment.

Fig. 1.3 illustrates the ionic polarization of a NaCl chain in the NaCl crys-

tal. In the absence of an external electric field, the dipole moment p, and
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Fig. 1.2. (a) Atom has no net dipole moment. (b) Net dipole moment
induced in the presence of an external electric field. Extracted from [2]

the dipole moment p_ have equal magnitude. This results in a zero net
dipole moment per ion. When an external electric field is applied in the
positive x direction, the Na™ ions are shifted in the positive x direction,
while the Cl~ ions are shifted in the negative x direction. This led to an
increase in the dipole moment p, and a decrease in the dipole moment p_,

resulting in a net dipole moment per ion.
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Fig. 1.3. NaCl chain in the NaCl crystal. (a) No net dipole moment per
ion. (b) Net average induced dipole moment per ion in the presence of an
external electric field. Extracted from [2]




Fig. 1.4 illustrates the electric dipole radiation in a dielectric. When light
wave propagates in the dielectric, electric dipole radiation occurs. The
sinusoidal ac electric field component acts as a time-varying electric field,
causing the electric dipoles to accelerate. This leads to the emission of elec-
tromagnetic radiation with the same frequency as the incident light wave
by the electric dipole.

The electric dipole at different stages when the time varying electric field
acts on the dielectric is illustrated in Fig. 1.4. In stage 1, the positive charge
is displaced upwards, while the negative charge is displaced downwards.
The displacement occurs at a greater extent in stage 2. The amplitude of
the electric field decreases in stage 3, leading to a smaller extent in the
displacement. In stage 4, there is no external electric field acting on the
dielectric, thus the centre of mass for the opposite charges coincide. In
stage 5, the displacement occur in a different direction as the direction of
the electric field changes. The acceleration of the electric dipole leads to

electromagnetic radiation in (g). [3][2]

Electric field E
I 2345

| e

Fig. 1.4. Electric Dipole Radiation in a dielectric. Extracted from [3]



1.2.2 Complex Dielectric Function

The complex refractive index is defined as:

N*=¢ (1.2)

where the complex dielectric function € is defined by

€ =€+ i€y (1.3)

From equation 1.1, 1.2 and 1.3, we obtain the real and imaginary part of e

e =n?—k? (1.4)

€a = 2nk (1.5)

Fig. 1.5 illustrates the real component €; and imaginary component ey of
the dielectric function plotted against the angular frequency of light logw.
The dielectric function in this figure is represented by the Lorentz model.
At low w, € is represented by the static dielectric constant €,. When w
is higher than the infrared region, ¢; is represented by the high frequency
dielectric constant €. At an even higher w, the value of ¢; is 1 (vacuum).
The atomic (ionic) polarization contributes to €5 - €, while the electric
polarization contributes to e, - 1.

The dielectric polarization is modeled by the oscillation of springs. Res-
onance oscillation occurs when the angular frequency of light and spring
coincides. This results in the absorption at light by the medium. This
is represented by the peak of e5. The resonant oscillation for atomic and
electric polarization is generally observed in the infrared and vis/uv region
respectively. €; is considered the polarization term, while ¢, is related to

absorption.



For metals, light absorption occurs due to the free carriers. The dielectric
function is represented by the dashed lines in Fig. 1.5. ¢; have negative
values below the plasma angular frequency w,. At lower w, the increase in

€9 is caused by the free carrier absorption. [3]

Infrared region  Visible/UV region

Atomic polarization

Electric polarization

.

Free-carrier
absorption

/

\ |
0 L k / >

)

Angular frequency of light log @

Fig. 1.5. The real and imaginary part of ¢ plotted against the angular
frequency of light log w with reference to the Lorentz model.Extracted
from [3]

1.3 Fresnel Equations

Polarization of light consists of p- and s-polarized light waves. Fig. 1.6
illustrates the reflection of p- and s-polarized light waves at an interface.
The electric field of p-polarized light oscillates within the plane of incidence,
while the oscillation of the electric field of s-polarized light is perpendicular
to the plane of incidence.

Fig. 1.7 illustrates the reflection and transmission of p- and s-polarized light

waves. This is represented with the electric field E and magnetic induction
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Fig. 1.6. Reflection of p- and s-polarized light waves at an interface. FEx-
tracted from [3]
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Fig. 1.7. Representation of Electric field E and Magnetic Induction B
for Reflection and Transmission of (a) p- and (b) s-polarized light waves.
Extracted from [3]

B. The subscript i, r and t denotes the incidence, reflection and transmis-
sion side respectively. At the interface, the boundary conditions require the
E and B components that are parallel to the interface to be continuous.
With the boundary conditions, the equations for the amplitude reflection
coefficients 7, and ry as well as the amplitude transmission coefficient ¢,
and ¢, could be obtained. These are known as the Fresnel equations.

N could replace n in the equation, which results in a complex amplitude

coefficient. The amplitude reflection coefficients r, and r, are expressed as



_ Nfcos®; — (N; — sin6;)
NZ cosO; + (N2 — sin?6;)

(1.6)

Tp

[ N[

cos 0; — (N2 — sin?6;)

cos 0; + (N2 — sin?6;)

rs =

N [SIES

(1.7)

where 6; is the angle of incidence, Ny; = %, N; and N; are complex refractive

index for the transmission and incidence side respectively. [3]

1.4 Principles of Spectroscopy Ellipsometry

Fig. 1.8 illustrates the ellipsometry measurement, where the amplitude ra-
tio and the phase difference between p- and s- polarizations (¢, A) are

measured. Fig. 1.9 illustrates ¢» and A in the coordinate system.

Sample

(nk)
=P

Fig. 1.8. Ellipsometry Measurement. Extracted from [3]

The measured (1, A) are defined as

p = tany exp(iA) = v (1.8)

s
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Fig. 1.9. Coordinate System in Ellipsometry. Extracted from [3]

L J

]

(a) (b)
Fig. 1.10. Polarization state for (a) A = 0° and (b) A = 180°. Extracted

from [3]
1.5 Pseudo Dielectric Function

The pseudo dielectric function (e) represents the dielectric function of a
perfect substrate with infinite thickness. It can be calcuated from the
ellipsometry parameters in (1.8):

(€) = sin’0; (1.9)

1—\2
1 + tan?6; (_p)
1+p

(€) = (1) —ie2) (1.10)

10



1.6 Dielectric Function Model

1.6.1 Lorentz Model

Lorentz model represents the motion of the electron with respect to the

nucleus as a spring. It is represented by

2
w
e(w)=1+ L

1.11
w2 — w? + iyw ( )

where w,, w, and 7, denotes the plasma frequency, resonance frequency
and the line width of the oscillator respectively.

We approach the limit 0,00 and obtain
w2
€s = e(w — 0) :1+w_§ (1.12)

€o = €(w —> 00) =1 (1.13)

Combining (1.11), (1.12) and (1.13), we obtain

2
W
_ p
€g —€oo+w—g (114)
2
W
(W) = oo + 5o (1.15)

2 1
Wi — W+ 1y,w

1.6.2 Sellmeier Model

At w << w,, 7, approaches zero in the region where e, is approximately

zero. From 1.15, the Sellmeier model is expressed as

wQ

€(w) = €00 + = (1.16)

2 _ 2
w2 —w

11



1.6.3 Data Analysis Procedure

An optical model is constructed for the sample. Next, the dielectric func-
tion for the different layers are selected or modeled. The modeel spectra is
fitted experimental spectra, and the fitting error is calculated. Chi-Square

x? is calculated with the following equation:

M

0y 1/2
_ 1 pew““’j) - pcal(hvj)
= AT {Z e st } 1

where M and P are the number of measurements and analytical parameter

respectively. This could be applied to ¢, A and (€) as well.

The procedure aims to minimize the fitting error. When this value is large,
the optical model is revised. A different dielectric function could be applied
as well. The optical parameters are determined when the fitting error is

minimized. [3]

1.7 Lanthanum Aluminate

Lanthanum Aluminate (LaAlO;) has a perovskite structure, and serves
as a common substrate material.Fig. 1.11 illustrates the cubic structure
of LaAlO5 at 813 K. At room temperature, the structure of LaAlO3 is
rhombohedral. This phase transition is attributed to the rotation of Al-Og
octahedra along the (111) cubic unit direction. The La atoms are 12 fold
with respect to the O atoms. The lattice parameters of LaAlO3 are a = b
=5.370 A and ¢ = 13.138 A.

We could view LaAlO3 as an alternating sublayers AlO, and LaO as il-
lustrated in Fig. 1.12. The valence of La and Al is 3+, while that of O is
2-. Therefore, the valence of AlOy and LaO sublayers are +1 and -1 re-
spectively. By splitting the valence equally to the top and bottom surface

of the sublayers, the regions between the sublayers have zero valence. As

12



Fig. 1.11. Cubic LaAlO3 at 813 K. The atom in yellow, orange and blue
represents La, Al and O respectively. Extracted from [4]

a result, the valence is unbalanced at the surface, which gives rise to the

polar nature of LaAlOs.

A +1/2
AlO, o_—o_o +i
N +1/2 _ g

-1/2

) =
L an

+1/2 =0
L 12

N +1/2 -0
A '1.{2

: -l-lj?. =0
//\ A _11(2
wo Q= y—Q +
Yoy

Fig. 1.12. Alternating sublayers AlO; and LaO within a bulk LaAlO3 in
the < 001 > directions. Atoms in yellow, orange and blue are La, Al and
O respectively. Extracted from [4]

LaAlO3 has two types of polarization. The electric polarization is con-
tributed by the La, Al and O atoms, while the ionic polarization is con-
tributed by the (LaO)* and (AlO,)~ sublayers. In Fig. 1.13, electronic

density distribution of rhombohedral LaAlO5 was illustrated. We observe

13



a mixture of charge density between La-O and Al-O atoms. There exists a
strong directional bonding for Al-O, while the bonding for La-O is weaker
due to the relative sparse hybridizations. This directionality suggests an
anisotropic property. In addition, the bonding behavior of LaAlO3 consists
of ionic and covalent nature. This is based on the Mulliken charges and

bond population of LaAlOs. [4] [5][9]

Fig. 1.13. Electronic Density distribution of rhombohedral LaAlO3 in a
(110) plane. Extracted from [5]

14



Chapter 2

Methodology

2.1 Data Analysis of Lanthanum Aluminate
substrate

The ellipsometry parameters ¢ and A for the LaAlO3 substrate were pro-
vided by Dr. Teguh Citra Asmara. The measurements were taken with
Wollam V-VASE Spectroscopic Ellipsometry using reflection mode at room
temperature with a polarizer angle of 45°. The angle of incidence were 50°,
60°, 70° and 80° from the sample normal. The data was taken within an
energy range of 0.60 - 6.50 eV. For 60° and 70°, the data points from 6.35
to 6.5 eV data were not present in the data as the reflected intensity was
too low for detection. The light beam spot size was about 1 to 3 mm in
diameter. The sample was aligned until the light beam was focused on the
surface of the sample. Any side tilting was minimized.

The bulk crystalline LaAlOs sample was obtained from CrysTec GmbH
with 99.99% purity. The sample was one-sided polished to minimized back
reflection. The orientation, surface dimension and thickness was (001), 10
mm by 10 mm and 0.5 mm respectively.

The dielectric function € was extracted from the ellipsometry parameters

1 and A using the pseudo dielectric function approach. de; and de; were

15



obtained by applying error propagation to d¢ and dA. RefFIT was used
to fit the experimental dielectric function to the Lorentz model. Analysis

were conducted with the experimental and fitting parameters.

2.2 RefFIT

RefFIT is a software designed by Dr. Alexey Kuzmenko to fit optical
spectra. It is based on the Levenberg-Marquardt algorithm of chi-square x>
minimization, where it balances between the 'gradient descent’ and ’inverse
Hessian’. The experimental spectra is fitted to a dielectric function model
with adjustable parameters, where the variation of parameters are driven by
chi-square x? minimization to obtain the best fit between the experimental

and model data points.

4 Model1 — O *

Eint e Fix all | Save |
VDF>>| Load |

Lorentzians

#] wo | wp | G | 5 | GAwg
1] 100 100] 10] 1 01]
Add |Flemnve| | |

Fig. 2.1. RefFIT model parameters.

RefFIT uses (1.15) as its fundamental dielectric function model. Fig. 2.1
illustrates the RefFIT model parameters. [, represents high frequency
dielectric constant e,. The Lorentz oscillator parameters W,, W, and G
are w, w, and v, in (1.15) respectively. They are measured in inverse
centimeters (cm ™). Lastly, S represents :—é in (1.14) describing the atomic

polarization.

16



The parameters above are representative of the Lorentz model. Special
optical models and dielectric function models exist as well, where special
inputs are used. One have to take note that the meaning of the parameters

are different depending on the model.

2.3 Experiment Setup of Gold
Nanoparticles

Fig. 2.2 illustrates the experimental setup. Using a pipette, two drops of
the citrate coated gold nanoparticles solution were placed on the LaAlO3
substrate. A tweezer was used to transfer the sample onto the mount.
Measurements of 1 and A were taken with Sentech SE 80. The angle of
incidence were 50°, 60° and 70° from the sample normal, and the data was
taken within an energy range of 0.49 - 6.50 eV. The sample was aligned
until the light beam was focused on the surface of the sample. Any side
tilting was minimized. 2 sets of measurements were collected from this

setup.

Fig. 2.2. Experiment Setup of Gold Nanoparticle solution on LaAlO3 sub-
strate. (a) Sentech SE 80 setup. (b) Sample on the mount.

17



2.4 Preliminary Analysis of Gold
Nanoparticles

During the first set of measurements, we observed a reduction of volume
in the gold nanoparticle solution. A second set of measurements was con-
ducted, where we observed a ’stain’ of gold nanoparticles solution instead
of the initial two drops of gold nanoparticle solution. The second set would
be a more consistent setup during the measurements for the different angle,
as compared to the first set. The ellipsometry parameters were compared
between the two data sets. Using the second set of measurements, we at-
tempt to fit ¢ and A of gold nanoparticle solution on LaAlO3 substrate in
RefFIT.

18



Chapter 3

Results and Discussion

3.1 Lanthanum Aluminate substrate

Fig. 3.1 illustrates the ¥ and A of LaAlO3 substrate from 0.6 to 6.35 eV. For
1, we observe an increasing trend with photon energy for 50° and 60°, and a
decreasing trend for 70° and 80°. For A, we observe a decreasing trend with
photon energy for 50° and 60°, and an increasing trend for 70° and 80°. The
polarization state at A = 0° and 180° is linear as illustrated in Fig. 1.10.
The linear polarization deviates towards an elliptical polarization as photon
energy increases. For 70°, A deviates towards an elliptical polarization to

a greater extent from 4 eV.

3.1.1 Pseudo Dielectric Function

By applying (1.8) and (1.9), (¢) for LaAlO3 substrate can be determined.
Fig. 3.2 illustrates ¢; and ey of LaAlO5 substrate from 0.6 to 6.35 eV. We

observe an increasing trend for €; and es.

3.1.2 Error Propagation

The §(e1) and 0{ey) were calculated from the error propagation of ¢ and

dA using equation (3.1) to (3.6). This will be used for the y? calculation
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in RefFIT.

s = (A (AL )

2
ofe) = 2sin 6, cosf; |1 + tan? 6, (1—_p)
1-p\’ '
+2sin? 6; tan 0; sec? 6, (_p)
IL+p
0le) = —4sin® 6, tan® 6; [ L= p3] (3.3)
p (1+p)
- dp 2 dp 2
2_:; = sec? 1 expiA (3.5)
Jp . :
DA tan ¢ exp iA (3.6)

3.1.3 Fitting for Angle 60

Using RefFIT, we fit the experimental dielectric function € to the Lorentz
model. Fig. 3.3 to Fig. 3.7 illustrates the approach used for fitting. The
graph illustrates the plot of Epsilon (e, €3) against wavenumber. The
wavenumber is obtained using 1 eV = 8065.6 cm~!. The green line, blue
line, black square and red square denote ¢; model, e model, €; experiment
and ey experiment respectively.

We begin by fitting a Lorentz oscillator in Step 1. The experimental data
did not fit well to the model from 45000 cm~t. x? was 67168, where €;
contributes significantly to the value. An additional oscillator was added

in Step 2, and there was a decrease in x? to 38897. We observe an in-
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creased contribution to x? by €. To improve the fitting in Step 3, we
added the parameters of IR-active optical phonons provided in Infrared
Lattice Dynamics of Lanthanum Aluminate by Travis et al.[10] The 5 sets
of parameters are illustrated in 3.5, where they are highlighted in red. In
RefFIT, the red parameters are fixed. x? decreases significantly to 1184.22.
In Step 4, we allow the parameters of the optical phonons to vary, limited
to a range of 0 to 1000. In addition, two more oscillators were added for
fitting. x? decreases slightly to 1079.56. The first five oscillators belong to
the variation of parameters from the optical phonons. The w, for the next
four oscillators are 46230, 7504, 7504 and 67835. These are 5.7, 0.9, 0.9
and 8.4 eV respectively. w, = 5.7 and 8.4 eV are above the experimental
band gap of LaAlO5: 5.6 eV.[12] These could be associated with the optical
transition of Or,-2p to La-4f, 5d. [11] w, = 0.9 eV should not exist, as €
below the band gap is very close to zero.

Another constraint used to evaluate the fitting is 1.14. Using Einf and S
in RefFIT, we are able to obtain €,. The value will be compared with the
accepted values ranging from 19 to 25.[10] For step 4, e, = 5.88 deviates
from the accepted range. For step 5, two additional oscillators were added.
x? decreases to 694.354. The value of €, is 6.33, and the w, for the addi-
tional peaks are 0.6 and 1.2 eV. Fitting ends at Step 5, as the y? starts to
increase when extra oscillators were added.

x? for Step 4 and 5 might be lower than that of Step 3, but the existence
of w, below the band gap as well as the deviation of €, from the accepted
range makes the fit infeasible. For step 3, w, of 8.3 and 9.0 eV are above
the band gap, and the value of ¢, is 23.8. This will be a more appropriate

fit compared to the other steps.
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Fig. 3.5. Fitting for Angle 60: Step 3.
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Fig. 3.6. Fitting for Angle 60: Step 4.

Fig. 3.7. Fitting for Angle 60: Step 5.
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3.1.4 Fitting for 4 Angles: 50, 60, 70, 80

A similar approach is applied to the fitting for 4 angles. Fig. 3.8 illustrates
the fitting for 4 angles at the fifth step. x? did not decrease significantly,
with a magnitude of 10°. The major contributer comes from e, especially
at 80°. From the x? contribution and Fig. 3.1, we conducted fitting for 50°
and 60° followed by 70° and 80°. x? for 50° and 60° reduced drastically to
9218, whereas that of 70° and 80° remains at 10°. This might suggest a

presence of anisotropy in the LaAlO3 substrate.
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Fig. 3.8. Fitting for 4 Angles: Step 5.

3.1.5 Presence of Anisotropy

Fig. 3.9 illustrates the percentage difference for €; and €5 with respect to

80°. The percentage difference is calculated as follow:

& — &

Azl 100% (3.7)
el + €] /2

where €} is €; at 80°, and i is 50, 60 and 70. The percentage difference for
€9 18 measured as well.
The percentage difference for € is up to 2.25 %. €; for 50°, 60° and 70° with

respect to 80° is precise to a large extent. For e,, the percentage difference
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is greater than 10 % from 0.6 to 0.9 eV. In general, the percentage difference
is largest for 50°, followed by 60° and 70°. Anisotropy might be present,

especially between 0.6 to 0.9 eV. This is suggested from Fig. 1.13 as well.

N
()]
T

Angle 70
Angle 60
Angle 50

N
o
T

—
()]
L -

&y
w
T

Percentage Difference for & (%)
—
o
T

o
o
—
E
-8
2
1

w
L |
1

o
L2 |
1

= = NN W W
[== S |
T
||

Percentage Difference for e, (%)

o ;o
T

o
-
M
w
B
(&)}
(o]
~

Photon Energy (eV)

Fig. 3.9. Percentage Difference for ¢; and e, with respect to Angle 80.

3.1.6 Chi-Square Analysis

x? acts as a metric for iterative fitting. The lowest x? provides the most
reliable results, although this is not always true. A good fit does not trans-
late into a feasible model. Other forms of constraint could be implemented
to justify the reliability of the results obtained. Our fitting procedure gave
us the lowest x? value of 694 for 60°. In general, a value of 1 for x? repre-
sents a good fit. In this context, we can treat the LaAlO3 as an anisotropic

substrate to refine the analysis and further minimize 2.
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3.2 Comparison with First-principles study

by Xin Luo et al.

Fig. 3.10 illustrates the graph of €; and e, plotted as a function of photon
energy. The literature ”First-principles study of the electronic and opti-
cal properties in rhombohedral LaAlO3” by X. Luo et al. obtained the
experimental €; and €5 and plotted them against the theoretical €; and e,
computed with the FP-LAPW (Full-Potential linearized augmented plan

wave) method in the framework of the density functional theory.
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Fig. 3.10. € and €; plotted as a function of photon energy (eV). Comparison
of our experimental data points were made with the experimental and FP-
LAPW parameters extracted from X. Luo et al. [5]

We compared our experimental €; and e, with the literature in the photon
energy range of 4 to 6.35 eV. An increasing trend was observed for €;. The
expt Xin Luo data points deviate from the FP-LAPW Xin Luo data points
to a greater extent as compared to our experimental data.

For €;, the expt Xin Luo data fit closely with the FP-LAPW Xin Luo data
from 6.5 to 7.5 eV. Below 6.5 €V, the value of € is approximately 2. The
experimental bandgap of LaAlOs is 5.6 eV [12], therefore absorption ceases

to exist below 5.6 eV. The extinction coefficient k will be very close to zero.
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Since €5 = 2nk, we should observe a value that is approximately zero for
€2 below 5.6 eV as depicted by our experimental data. €5 of expt Xin Luo

below 5.6 €V is inaccurate.

3.3 Gold Nanoparticle Solution

3.3.1 Loss of Gold Nanoparticle Solution

The experiment was set up according to Section 2.3. The initial plan was to
collect a set of measurement at 50°, 60° and 70°. During the measurement,
we observe a decrease in the volume of gold nanoparticle solution. This led
to a variation in the film thickness. To overcome this problem, the solution
was left to dry up till a stain was formed. We proceed with the second set of
measurement with the new setup. To ensure that the gold nanoparticles are
present in the stain, we compare the pseudo dielectric function of Au NPs
on LaAlO3 substrate with that of the LaAlO3 substrate before we proceed
with any analysis. As illustrated in Fig. 3.11, we observed differences in
the spectra. The difference signifies the presence of the gold nanoparticle
on the LaAlOs substrate.

Next, we calculate the percentage difference of 1) and A between the two
sets of measurement. Fig. 3.12 illustrates the percentage difference at 50°,
60° and 70°. From the percentage difference, it can be concluded that
the solution and the stain produce different spectra. The second set of
measurement is more reliable, as the film thickness does not vary during

the experiment.

3.3.2 Ellipsometry Parameters

Fig. 3.13 illustrates v and A of AuNPs on LaAlOs3 substrate from 0.5
to 6.5 eV. We observe a greater variation in the ellipsometry parameters,

compared to Fig. 3.1. This is due to the optical interference present in a
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thin film. This increases the difficulty in the fitting process.
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Fig. 3.13. ¢ and A of AuNPs on LaAlO5 substrate for 50°, 60° and 70°
from 0.5 to 6.5 eV.

3.3.3 Fitting for Angle 60

Using a thin film on substrate optical model, we attempt to extract the rele-
vant optical data of citrate coated gold nanoparticles on LaAlO3 substrate.
Fig. 3.14 illustrates the fitting procedure conducted in RefFIT. Using code
-33, Model 1 represents the two layer optical model. The 1st row shows the
angle of incidence: 60° as well as the polarizer angle: 45°. The second and
third row denotes the gold nanoparticles and LaAlO3 respectively. Their
dielectric functions are represented by Model 2 and 3 respectively. Model 2
illustrates the dielectric function in Fig. 3.5. The parameters are fixed for
the LaAlO3 substrate. We are unable to fit the experimental parameters

to the model.
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Fig. 3.14. Fitting for gold nanoparticles on LaAlO3 substrate at 60°
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Chapter 4

Conclusion

The dielectric function of LaAlOs was extracted from the ellipsometry pa-
rameters using the pseudo dielectric function. Fitting procedures were
conducted in RefFIT as illustrated in Section 3.1.3. The lorentz oscillators
obtained were used as part of the fitting procedure for the gold nanoparti-
cles on LaAlO5 substrate. The optical model must be improved to obtain
a better fit. The large x? and a significant percentage difference of €5 from
0.6 to 0.9 eV suggests the presence of anisotropy. The experimental ¢; and
€2 were compared with the literature by X. Luo et al.[5]. Based on the
experimental band gap of LaAlOs3, the experiment ¢, from X. Luo et al.

below 5.6 eV is inaccurate.

4.1 Future Work

This project serves as a preliminary analysis, where we obtain the relevant
direction for future work. The optical model for the gold nanoparticles
on LaAlO3 substrate could be improved with the Maxwell Garnett model.
This will be a 4 layer optical model, where the surface layer and the interface
of the gold nanoparticles solution are added. In addition, we have treated
LaAlOs3 as an isotropic substrate. An anisotropic approach for the LaAlO;

substrate could improve based on the above analysis.
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