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Abstract 

 

The Search for Electro-Optic Materials for Integration in Silicon 

Photonics 

 

Jacqueline Geler Kremer, M.A. 

The University of Texas at Austin, 2018 

 

Supervisor:  Alexander A. Demkov 

 

The goal of this thesis is to illuminate the potential of transition metal oxides 

electro-optic materials for integration in the flourishing field of silicon photonics. The 

background information on the electro-optic effect is given, together with formalism of 

how a proxy parameter, such as the coefficient of thermal expansion, can be used to identify 

possible materials with high nonlinearities. The preparation of the surface of MgO as a 

substrate is thoroughly studied and a robust cleaning method is described. The study 

includes characterization techniques such as x-ray photoelectron spectroscopy (XPS) and 

atomic force microscopy (AFM) to ensure a contaminant-free and smooth surface. A 

successful growth by molecular beam epitaxy (MBE) of Sr0.56Ba0.44Nb1.99O6.4 thin film on 

SrTiO3 substrate is presented. The characterization of the thin film shows that it crystallizes 

in form of islands where at least four domains are present. As SrTiO3 can be integrated 

directly on Si (001), the integration of SrxBa1-xNb2O6 on Si is now possible. Future studies 

of SrxBa1-xNb2O6 are important for the advancement of it being used in silicon photonics.  
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1. CHAPTER 1: BACKGROUND AND INTRODUCTION 

The search for materials with high electro-optic coefficient for integration in silicon 

photonics is fundamental for the continuous innovation in optical technology. As it will be 

explained in this chapter there is a lot of promise in Si photonics as a means of future 

computing. The constant search for better materials is imperative and that is addressed in 

this thesis.  

In this chapter the relevant background information needed to understand this work 

will be presented. An introduction to the electro-optic effect in materials and what makes 

a material have a large electro-optic response is given in section 1.1. This is followed by a 

brief overview of silicon photonics, a discussion of the benefits of the applications, and the 

motivation behind the work in section 1.2. 

 

1.1  Electro–Optical Materials 

The search for electro–optical materials first starts by understanding what the 

characteristics of electro–optical materials are. The electro-optic effect will be explained 

with examples of materials that are currently used commercially as well as promising 

materials that show very strong electro-optic effects. By using proxy parameters of more 

commonly tabulated properties, such as the coefficient of thermal expansion, a table of 

potential candidate materials that show a high electro-optic response is then presented.  
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1.1.1 LINEAR ELECTRO–OPTIC EFFECT (POCKEL’S EFFECT) 

The electro–optic effect is the change of the index of refraction of a material due to 

the application of a static external electric field, E. The equation is presented in scalar form 

as [1]:  

 

 𝑛 (𝐸) = 𝑛0 −
1

2
𝑟𝑛0

3𝐸 −
1

2
𝜉𝑛0

3𝐸2, (1.1) 

 

where 𝑛 is the index of refraction as a function of 𝐸, 𝑛0 is the index of refraction with no 

electric field, 𝑟 is the Pockel’s coefficient, a component of the Pockel’s tensor, and 𝜉 is a 

component of the Kerr tensor. The linear electro–optic effect, also known as the Pockel’s 

is Eq. 1.1 keeping only the first and second term,  

 

 𝑛 (𝐸) = 𝑛0 −
1

2
𝑟𝑛0

3𝐸. (1.2) 

 

The Pockel’s effect is only present in crystals that do not possess a center of 

inversion. Due to crystal anisotropy, (from the lack of symmetry), the magnitude of the 

change in the index of refraction actually depends on both the direction of the external 

electric field and the direction of light propagation. A more general approach is to include 

the tensorial nature of the Pockel’s effect. To better understand the tensorial properties and 

the origin of the formulation, additional background information is necessary. 

We define the electric displacement, D, as follows  [2]: 

 

 𝑫 ≡ 𝜖0 𝑬 + 𝑷 (1.3) 
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where, 𝜖0 is the permittivity of free space, E is the electric field, and P is the polarization 

in a medium. The polarization in a non-linear medium can be written as a Taylor expansion 

with respect to the applied electric field,  

 

 𝑷 = 𝜖0 [𝜒
(1)𝑬 + 𝜒(2)𝑬2 + 𝜒(3)𝑬3 + ⋯] (1.4) 

   

where 𝜒(𝑖) are the first-order, second-order, and third-order, etc. electrical susceptibilities. 

The first-order susceptibility is related to the dielectric constant, while the second- and 

third- order susceptibilities describe non-linear effects. The linear electro-optic effect, or 

the Pockel’s effect, is related to the second-order susceptibility term, and this term is non-

zero only in non-centrosymmetric materials. 

 By taking a Fourier transform of the electric displacement and the electric field 

from the time dependent domain into the frequency, 𝜔 , domain, we get the relationship 

that can be written as [3]: 

 

 𝑫(𝜔) = 𝜖(𝜔)𝑬(𝜔). (1.5) 

  

Writing the equation out in terms of its components [4]: 

 

 [

𝐷𝑥

𝐷𝑦

𝐷𝑧

] = 𝜖0 [

𝜖𝑥𝑥 𝜖𝑥𝑦 𝜖𝑥𝑧

𝜖𝑦𝑥 𝜖𝑦𝑦 𝜖𝑦𝑧

𝜖𝑧𝑥 𝜖𝑧𝑦 𝜖𝑧𝑧

] [

𝐸𝑥

𝐸𝑦

𝐸𝑧

]. (1.6) 

  

Because D and E may not be aligned, the permittivity should be written as a tensor 

that can be further simplified as a symmetric matrix where 𝜖𝑥𝑦 = 𝜖𝑦𝑥, 𝜖𝑥𝑧 = 𝜖𝑧𝑥, and 𝜖𝑦𝑧 =

𝜖𝑧𝑦. From linear algebra, we know that a symmetric matrix can be rewritten in its principal 
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axes by the use of a basis transformation ((𝑥, 𝑦, 𝑧) → (𝑋, 𝑌, 𝑍)) and its eigenvectors as a 

diagonal matrix: 

 

 [
𝐷𝑋

𝐷𝑌

𝐷𝑍

] = 𝜖0 [
𝜖𝑋𝑋 0 0
0 𝜖𝑌𝑌 0
0 0 𝜖𝑍𝑍

] [
𝐸𝑋

𝐸𝑌

𝐸𝑍

]. (1.7) 

 

Considering the energy density, U, in the medium one can write (Griffiths Chapter 

4.4) [2]: 

 

 𝑈 =
1

2
𝑬 ∙ 𝑫. (1.8) 

 

Using 1.7 we can rewrite 1.8 as: 

 

 𝑈 =
1

2
[𝜖0𝜖𝑋𝑋𝐸𝑋

2 + 𝜖0𝜖𝑌𝑌𝐸𝑌
2+𝜖0𝜖𝑍𝑍𝐸𝑍

2]. (1.9) 

  

We can further rewrite 1.9 by substituting 𝐸𝑖 in terms of 𝐷𝑖, using again 1.7: 

 

 

 𝑈 =
1

2𝜖0
[
𝐷𝑋

2

𝜖𝑋𝑋
+

𝐷𝑌
2

𝜖𝑌𝑌
+

𝐷𝑍
2

𝜖𝑍𝑍
]. (1.10) 

 

Equation 1.10 has the form of an ellipsoid with a surface of constant energy density. We 

can rewrite this ellipsoid with coordinates X, Y, and Z as, 

 

 1 =
𝑋2

𝜖𝑋𝑋
+

𝑌2

𝜖𝑌𝑌
+

𝑍2

𝜖𝑍𝑍
, (1.11) 
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with 

 𝑋 =
𝐷𝑋

√2𝑈𝜖0

, 𝑌 =
𝐷𝑌

√2𝑈𝜖0

, 𝑍 =
𝐷𝑍

√2𝑈𝜖0

. (1.12) 

 

Therefore, the optical properties of a material can be characterized by its index 

ellipsoid, also known as an indicatrix. If we consider the ellipsoid from Eq. 1.11, and 

rewrite it as [1], 

 

 ∑𝜂𝑖𝑗𝑥𝑖𝑥𝑗 = 1

𝑖𝑗

 (1.13) 

 

then 𝜂𝑖𝑗 is the impermeability tensor defined as: 

 

 𝜂𝑖𝑗 = 𝜖0(𝜖
−1)𝑖𝑗, (1.14) 

 

𝜖0 is the permeability of free-space and 𝜖𝑖𝑗 is the dielectric permittivity tensor of the 

medium. This index ellipsoid, also known as the indicatrix, is formed by the indices of 

refraction of the medium. In this construction, the index of refraction of two polarization 

modes of an arbitrary wave in the medium can be found. The two modes are found by the 

major and minor axes of the ellipse that is formed when a plane that is normal to the 

direction of propagation of the applied wave crosses the ellipsoid in the center, as shown 

in Figure 1.1.  
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Figure 1.1: Index ellipsoid with axis intercepts at (nx,ny,nz). 

 

Following the steps presented by Boyd [4] and Saleh [1], it follows that 𝜂𝑖𝑗  can be 

written as a power series with respect to a static, or slowly varying, electric field, 𝐸𝑘, 

 

 𝜂𝑖𝑗 = 𝜂𝑖𝑗
(0)

+ ∑𝑟𝑖𝑗𝑘𝐸𝑘 + ∑𝜉𝑖𝑗𝑘𝑙𝐸𝑘𝐸𝑙

𝑘𝑙

+ ⋯

𝑘

 (1.15) 

 

From the definition of 𝜂, and still assuming we are in the principal axis coordinates, 

we know that: 

 

 𝜂𝑖𝑗 =
1

𝑛𝑖𝑗
2  . (1.16) 
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Focusing on the first two terms of the power series (Eq. 1.15), the Pockel’s effect, the third 

term corresponds to the Kerr effect. By looking at the change in 𝜂, we find 

 

 Δ𝜂𝑖𝑗 = Δ(
1

𝑛2
)

𝑖𝑗
= ∑𝑟𝑖𝑗𝑘𝐸𝑘 .

𝑘

 (1.17) 

 

To simplify the two-index notation into just one index, we use the compacted 

notation, known as Voigt notation, using the rules set by Table 1.1. 

 

 

 

 

 

Table 1.1: Contracted index (Voigt) notations.  

Using the indices provided in Table 1.1, we simplify Eq. 1.17 such that, i and j, are 

contracted into one index, m, 

 

i  

 

j  

1 2 3 

1 1 6 

 

5 

2 6 2 

 

4 

3 5 4 
 

3 
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 ∆ (
1

𝑛2
)

𝑚
= ∑𝑟𝑚𝑘𝐸𝑘 .

𝑘

 (1.18) 

 

Equation 1.18 can then be written explicitly in matrix form as 

 

 

[
 
 
 
 
 
 
∆(1/𝑛2)1

∆(1/𝑛2)2

∆(1/𝑛2)3

∆(1/𝑛2)4

∆(1/𝑛2)5

∆(1/𝑛2)6]
 
 
 
 
 
 

=

[
 
 
 
 
 
𝑟11

𝑟21
𝑟31

𝑟41
𝑟51

𝑟61

𝑟12

𝑟22
𝑟32

𝑟42
𝑟52

𝑟62

𝑟13

𝑟23
𝑟33

𝑟43
𝑟53

𝑟63]
 
 
 
 
 

[
𝐸1

𝐸2

𝐸3

]. 

(1.19) 

 

Where 𝑟𝑚𝑘 are the electro–optic coefficients, also known as the Pockel’s 

coefficients. Depending on the actual crystal symmetry many of the elements of the 

Pockel’s tensor are identically zero and/or become equal to one another. In the next section, 

the symmetry of the Pockel’s tensor is explained for relevant materials systems. 

 

1.1.2 POCKEL’S TENSOR FOR DIFFERENT SYMMETRIES 

Due to the different symmetries in crystals many of the Pockel’s coefficients are 

zero or need to be equal to one another. For crystals in the point group 3m, such as the 

commercial electro-optic material, lithium niobate (LiNbO3), the Pockel’s tensor is as 

follows [4]: 

 

 

𝑟𝑖𝑗 =

[
 
 
 
 
 
0
0
0
0
𝑟42

𝑟22

−𝑟22

𝑟22

0
𝑟42

0
0

𝑟13

𝑟13
𝑟33

0
0
0 ]

 
 
 
 
 

 

(1.20) 
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For crystals that have the point group 4mm such as barium titanate (BaTiO3), and strontium 

barium niobate (SBN), the Pockel’s tensor has the following form: 

 

 𝑟𝑖𝑗 =

[
 
 
 
 
 
0
0
0
0
𝑟42

0

0
0
0
𝑟42

0
0

𝑟13

𝑟13
𝑟33

0
0
0 ]

 
 
 
 
 

, (1.21) 

 

r42 is sometimes also called r51 since r42 and r51 are the same under this particular crystal 

symmetry. 

 

1.1.3 LITHIUM NIOBATE 

Lithium niobate is a ferroelectric at room temperature with a Curie temperature of 

1210 ℃. It has a trigonal crystal structure (Fig. 1.2) and is in the R3c space group [5]. 

LiNbO3 is the industry standard and the most widely used for an electro-optical material. 

The material displays electro–optic, ferroelectric, piezoelectric, elastic, photoelastic, and 

photo refractive effects. It is currently used in acoustic wave transducers, acoustic delay 

lines, acoustic filters, optical modulation, Q-switching of infrared wavelengths, second 

harmonic generators, beam deflectors, dielectric waveguides, memory devices, 

holographic data devices, among others. [5,6] The electro-optic coefficients that satisfy Eq. 

1.20 vary slightly depending on the source, but if we cite the highest values they are r42 = 

32 pm/V [7], r22 = 6.81 pm/V [8], r13 = 10.8 pm/V, r33 = 32.2 pm/V [8]. All these values 

are given for light at 633 nm. This means that the r33 element is the biggest change in the 

refractive index can be seen following equation 1.2.   
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Figure 1.2: Crystal structure of LiNbO3 

 

1.1.4 STRONTIUM BARIUM NIOBATE 

A promising material for use in electro-optic applications, and the focus of this 

work, is SrxBa1-xNb2O6 (SBN, SBN:10x). SBN is a propitious material due to its chemical 

tunability in the amount of Sr/Ba. This composition tunability leads to a range of values of 

the electro–optical coefficients of the material as well as of other properties. More details 

on the structure and properties of SBN can be found in Chapter 3. SBN has a tetragonal 

tungsten bronze structure for 0.25 < 𝑥 < 0.75 below its ferroelectric Curie temperature 

(Tc). The crystallographic unit cell has lattice parameters 𝑎 = 𝑏 ≈ 12.48 − 12.43 Å, 

and 𝑐 ≈  3.98 –  3.91 Å, and Tc  220 ºC – 60 ºC, for x ranging from 0.25 to 0.75  [9]. Above 

Tc the crystal is centrosymmetric, which prevents it from having an electro-optic response. 

Therefore, the stoichiometry of the material is very important when tuning for a high 

electro-optic response. The Pockel’s coefficient matrix for SBN:75 is: 
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 |𝑟𝑖𝑗| =

[
 
 
 
 
 

0
0
0
0

42.03
0

0
0
0

42.03
0
0

67.38
67.38

1340.94
0
0
0 ]

 
 
 
 
 

 𝑝𝑚/𝑉  (1.22) 

 

reported for a wavelength of light of 633 nm [10]. 

When taking the largest reported values for SBN and LiNbO3, the largest Pockel’s 

coefficient of SBN is 41 times larger than that of LiNbO3. This means that significantly 

less voltage is needed to yield the same change in refractive index, or conversely a 

significantly smaller optical path is needed to produce the same effect. 

 

1.1.5 OTHER NON – LINEAR OPTICAL MATERIALS 

An attempt was made to summarize the reported information for other materials 

that show promise for having a strong electro–optic effect. In Table 1.2 we report the 

highest component of the Pockel’s tensor, coefficient of thermal expansion, index of 

refraction, and the band gap for a range of materials. The main idea was to gather 

information on materials that exhibit both, large anharmonicity and are non-

centrosymmetric, as we will show these properties are closely related to the material’s 

electro-optic response. 

To show that nonlinearity comes from anharmonicity [11] we start by modeling a 

polar material in one dimension. We model the electron as having the following equation 

of motion, representing a simple harmonic oscillator with an added anharmonic term, 

where the electron is being driven by two electric fields, one from an optical wave, 𝐸(𝜔, 𝑡), 

and one from a static field, 𝛽𝐸(0) 
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 �̈� + 𝛾�̇� + 𝜔0
2𝑥 + 𝑣𝑥2 =

𝑒

𝑚
[𝐸(𝜔, 𝑡) + 𝛽𝐸(0)], (1.23) 

 

where 𝑥 is the displacement, �̇� and �̈� are the first and second time derivatives, respectively, 

𝛾 is the damping coefficient, 𝜔0 is the resonant frequency, 𝑣 is the parameter of 

anharmonicity, 𝑒 is the elementary charge, 𝑚 is the mass of the electron, 𝜔 is the frequency 

of the light wave, and 𝛽 is a parameter of the time independent electric field proportional 

to the static dielectric constant [11].  

Following Kurtz and Robinson’s calculations [11], first a coordinate change is 

needed: 

 

 𝑦 = 𝑥 −
𝑒𝛽𝐸0

𝑚𝜔0
2  (1.24)   

 

Then, the new equation of motion is: 

 

 �̈� + 𝛾�̇� + (𝜔0
2 +

2𝑒𝛽𝐸0𝑣

𝑚𝜔0
2 )𝑦 + 𝑣𝑦2 + 𝐾 =

𝑒

𝑚
[𝐸(𝜔, 𝑡) + 𝛽𝐸(0)] (1.25) 

and 

 

 𝐾 = [
𝑒𝛽𝐸0

𝑚
(1 +

𝑒𝛽𝐸0𝑣

𝑚𝜔0
2 )] (1.26) 

  

In this new coordinate system, it is clear from Eq. 1.25 that the resonant frequency is now 

different: 

 

 𝜔0
′ 2

= 𝜔0
2 +

2𝑒𝛽𝐸0𝑣

𝑚𝜔0
2  .  (1.27) 
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This new resonant frequency is a function of the static electric field, which means that the 

index of refraction is now a function of the electric field – a linear electro-optic effect, as 

shown below. 

 The only external force acting on our electron is from the net electric field, Enet. 

There is also a restoring force from the last two terms of Eq. 1.25: 

 

 𝐹𝑛𝑒𝑡 = 𝑒𝐸𝑛𝑒𝑡 − 𝑚𝜔0
′ 2

𝑦 − 𝑚𝑣𝑦2 = 0  (1.28)   

 

If we assume the displacement, 𝑦, is very small, that means that 𝑦2 is even smaller. To first 

order our solution is: 

 

 
𝑦 ≅

𝑒𝐸𝑛𝑒𝑡

𝑚𝜔0
′ 2 + higher order terms . 

(1.29)   

 

This electron displacement creates a dipole moment, p: 

 

 𝑝 = 𝑒𝑦. (1.30)   

 

In the simplest form, this means that the polarization, P, dipole moment per unit volume, 

is a function of 𝐸𝑛𝑒𝑡 and 
1

𝜔0
′ 2. 

From a solution for Eq. 1.25 it follows that polarization and linear susceptibility are 

defined [2,4,11]:  

 

 𝑷𝑁𝐿(𝜔) = 𝜖0𝜒𝑒
𝑁𝐿 𝑬(𝜔)𝑬(0)  (1.31)   

where,  
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 𝜒𝑁𝐿 = −
2𝑁0𝑒

3𝛽𝑣

𝑚2𝐷2(𝜔)𝐷(0)
  (1.32)   

 

𝜒𝑁𝐿 is the non-linear susceptibility and 𝐷(𝜔) = 𝜔0
2 − 𝜔2 − 2𝛾𝜔.  Kleinman’s result [12],  

 

 𝑟 =
4𝜋

𝑛4
𝜒𝑁𝐿 , (1.33)  

 

when combined with Eq. 1.29, Kurtz finds for the linear electro-optic effect coefficient. 

 

 𝑟 =
(𝑛2 − 1)2𝛽𝑣

2𝜋𝑛4𝑁0𝑒𝜔0
2  . (1.34)  

 

This simple result shows a connection between the Pockel’s effect and the 

anharmonicity term in the simple oscillator model.  

We see that the Pockel’s coefficient in this simple model is directly proportional to 

the anharmonicity parameter. Since large thermal expansion is a strong indication that the 

crystal is anharmonic, we may use the coefficient of thermal expansion as a proxy to 

indicate the anharmonicity and hopefully, a sizable Pockel’s effect in Table 1.2. 
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Oxide 
  

(10
-6

 1/⁰C) 

Tempe

rature 

(⁰C) 

r* 

(pm/V) 
n 

λ  

(nm) 
n

3
r 

(pm/V) 

Egap 

(eV) 
Sources 

Bi
12

SiO
20

 11.42 22- 502 5 2.54 630 82 3.2  [13] 

Bi
12

GeO
20

 6.3 15-125 3.5 2.15 480 35 3.2  [6,14] 

Bi
12

TiO
20

 14 725 5.8 2.578 633 99 2.4  [15–18] 

LiNbO
3
 14.8 27 34.0 2.2 1550 362 4.9  [5,6,19,20] 

LiTaO
3
 16.2 25 30.5 2.18 632.8 316 

3.41-

4.56 
 [21,22] 

BaTiO
3
 16.9 25 1640 2.38 700 22109 3.2  [20,23] 

SBN:60 13.42 20-50 235 2.31 510 2973 3.67  [24–26] 

SBN:75 11.74 20-50 1334 2.37 510 17390 3.88  [25,26] 

KNbO
3
 14 20-180 470 2.04 5300 3990 4.42  [20,27,28] 

MgO: 

LiNbO
3
 

   2.39 355  3.92  [29,30] 

β-BaB
2
O

4
 45 700 2.7 1.69 435.8 13 6.43  [31,32] 

LiB
3
O

5
 108.2 790 NF 1.68 253.7  7.78  [31–33] 

KTiOPO
4
 8.2   1.81 430  3.55  [34–36] 

RbTiOAsO
4
 14.5   1.86 1064    [37–39] 

BST 11* 700 230* 1.985 
1450-

1580 
2460 1.96  [20,40–42] 

PZT (19) 8 527 109* 2.52 633 1744 3.4  [20,43–45] 

BeO 9.6 20- 1020 NF 1.71 440  10.6  

κ-Al
2
O

3
 10.6 1425 NF 1.41 276  5.4  [46] 

PLZT 5.7 25 153* 2.86 633 3579 3.8 
 [20,45,47–

49] 

KNbTaO
3
      1.9x106   [20] 

*given r is the highest known component or reff 

Table 1.2: Potential materials with high thermal expansion coefficients and electro- optic 

coefficients to be studied. Columns of coefficient of thermal expansion and 

its temperature range, highest component of the Pockel’s tensor, index of 

refraction and the respective wavelength, figure of merit value n3r, and the 

band gap are presented.  
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1.2  Introduction to Silicon Photonics 

 

Photonics is the term coined to draw a parallel between information being 

manipulated by a stream of electrons – electronics – with information being manipulated 

by a stream of photons. The use of light to transfer and process information has its 

advantages due to the high speed of light compared to electrons. The effective use of light 

as a way of sending signals been in use on a large scale by the use of fiber optics for 

decades [50].  

 

1.2.1 SILICON PHOTONICS 

Photonic devices are used to manipulate light via its interactions with various 

materials. Exploring the way optical waves behave in different media can give us insight 

and a better understanding on how to develop new photonic devices. Using optics for data 

processing and transmission has many advantages over conventional electronics, including 

high throughput, more robust operation, lower power consumption, and lower overall 

weight. 

Silicon photonics combines the technology used in both the electronic and photonic 

realms. It is the development of optical processes and devices on a Si platform [51]. The 

main idea is to be able to integrate novel optical devices onto a silicon substrate and to be 

able to make such devices in a silicon chip fabrication facility, where there is already an 

entire industry that is very well-established. Although Si is not transparent in the visible 

range of the spectrum, it is in infrared for the wave lengths used in telecommunications. Si 

waveguides and other devices can be readily manufactured as Si processing is highly 
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developed. The main problem is that Si is not electro-optically active, due to its center of 

inversion, and as a result of that, complex devices need to be built.  

One of the needs for photonics, especially Si photonics, is due to the bottleneck 

created in traditional copper wires interconnects as a result of the increasingly high data 

transfer rates needed now [52,53]. Optical interconnects is one possible solution to this 

problem. Optical interconnects allow for extremely fast data transfers with no resistive and 

capacitive time delays compared to metals interconnects, improving the energy efficiency 

in these systems [53]. 

Complementary metal- oxide semiconductor (CMOS) technology is one of the 

most advanced technologies around and has a mature process for fabricating electronic 

devices on Si. It would take many years for other types of photonic materials systems to 

reach a similar level of technological maturity as the current level of Si electronics. Instead 

of starting from scratch in the photonics path, silicon photonics experts have been 

proposing to combine both technologies in order to grow more effectively. The use of Si 

in photonics allows for the use of the fabrication facilities for CMOS technology, reducing 

the overall cost of transitioning into the photonics realm. 

Silicon is transparent at the standard wavelengths used in the telecommunication 

industry, 1550 – 1650 nm, which allows for such light to be able to be sent through a silicon 

waveguide. Si also has a high index of refraction compared to SiO2, which allows the light 

to stay confined. Silicon waveguides are an important step toward Si photonics. However, 

sending signals from one place to another is just one part of the story. Having devices that 

can control the light signal is another major part. Specific aspects that are being 

investigated in the field of Si photonics are: waveguides, passive devices, modulators, 

detectors, light sources, and integration [54]. These devices allow for the development of 
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integrated photonic circuits (PIC) (Fig. 1.3). Applications of such devices are not limited 

to telecommunications, but also include reservoir computing and deep learning.  

 

 

Figure 1.3 
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Figure 1.3: Selected images represent a variety of Si photonic devices being 

investigated. a) p-n junction waveguide phase shifter in silicon-on-

insulator (SOI), above a schematic, and below a scanning electron 

microscope image. Reproduced with permission from [55] b) Schematic 

of an SOI integrated waveguide vertical coupler scheme with a optical 

diode detector [56] c) Silicon photonic wire with MZI sensors [57] d) 

Packaged silicon photonic integrated circuit (PIC) wire bonded to a 

printed circuit board [58] d) Transceiver chip developed by Luxtera 

considered to be the first CMOS photonics chip [59]  
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1.2.2 OPTICAL WAVEGUIDE ON BATIO3-INTEGRATED ON SILICON 

When including optical components into an electronic chip, one important aspect 

is to be able to transfer an electronic signal to an optical signal. The main property of a 

material that can be used to exploit this is the electro–optic effect.  

Perovskites with a large electro–optic coefficient, such as BaTiO3 (BTO), have 

been integrated onto Si for two decades now, by a process pioneered by McKee et 

al. [60,61] But it was only in the last five years that it has been shown suitable for making 

active waveguides and devices to seamlessly link the electric to the photonic domains 

through the Pockel’s effect. [62–64] 

Two groups, one at Yale and one at IBM Research-Zurich, used a similar geometry 

to demonstrate how they achieved this effect. They have integrated BTO on Si by 

molecular beam epitaxy (MBE), a process described in Chapter 2. Then, on top of the BTO 

layer, the Si waveguides are patterned. By using grading couplers, they were able to focus 

laser light in and out of the chip. The light is then confined mostly in the Si waveguide due 

to the difference in the index of refraction between Si and BTO. However, some of the 

light leaks into the BTO layer, which is the part of the light that can be modulated by an 

electrical signal through the Pockel’s effect (Fig 1.4). 
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Figure 1.4: a) (left) Photonic racetrack resonator comprised of a Si waveguide on BTO 

integrated on Si. (middle) From top to bottom: Cross-sectional TEM 

image of racetrack resonator and simulations of TE and TM propagation 

modes. (right) Shows a high electro-optic response seen by a shift in 

resonant wavelength. Reproduced with permission [65] b) Cross-sectional 

STEM of integrated BTO modulator in a silicon photonics platform 

fabricated by wafer bonding in a back end of line process [66]. c) Multi-

level optical weights changed by short electrical pulses can be used as 

non-volatile ferroelectric storage [67]. d) Tunable multi-ring resonators 

incorporating BTO can be used as optical filters and can help remedy 

unavoidable fabrication imperfections through electro-optic tuning [68].  
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With this same technology, other devices such as racetrack resonators (Fig. 1.4a), 

Mach-Zehnder interferometers (MZI), and multi-ring resonators (Fig. 1.4d) can be 

produced [64,67,68]. Ring resonators and MZI can be used to modulate light transmission 

at specific wavelengths. By integrating these devices on a BaTiO3- Si stack, the Pockel’s 

effect in BaTiO3 can be used to improve the operating speed, losses, and power efficiency 

of these devices [66]. With optical resonance tuning, multi-ring resonators can also be used 

as optical filters and help remedy some inherent fabrication imperfections [68]. Racetrack 

resonators can also be used for non-volatile data storage (Fig 1.4c). The fact that BaTiO3 

is also a ferroelectric material allows for non-volatile information storage using the 

ferroelectric domain orientation. Racetrack resonators can also be used as the multi-level 

optical weights [67], for example, as a synaptic elements of optical neural networks. Brain 

inspired complex systems is a big field of Si photonics. Parallel computing neural networks 

have been increasingly crucial in software advancements. With Si photonics many of these 

computing technologies are being implemented directly in the optical hardware. [69] 

 

1.3 Summary 

 

With the understanding of the electro-optic effect, and proxy parameters that help 

us determine the anharmonicity of materials we can narrow the search for materials with 

high electro-optic effects. The need for advancement in Si photonics is incredibly important 

for computing technology to advance to the next stage. The use of the electro-optic effect 

in materials that can be integrated in silicon is a viable path for this to occur. There are 

many foreseeable applications for such materials, but there are likely many more that are 

yet to be developed. 
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2. CHAPTER 2:  INSTRUMENTS 

 

In this chapter, the details of each of the tools used are explained. We will start by 

giving the reasons why thin films are desirable, which will be followed by the description 

of the main tool for thin film growth in my work, molecular beam epitaxy (MBE), and a 

growth monitoring tool, reflection high energy electron diffraction (RHEED). Then, 

different tools used to characterize the grown films such as x-ray photoelectron 

spectroscopy (XPS), x-ray diffraction (XRD), and atomic force microscopy (AFM) will be 

introduced. 

 

2.1  Tools for thin film growth 

 

To grow epitaxial thin films, there are various tools that are used in order to transfer 

the constituent elements from the source material to the substrate. In this work, we utilize 

the technique of MBE, which can also refer to the entire reactor where epitaxial growth is 

achieved. MBE systems are typically equipped with a growth monitoring tool such as 

RHEED.  

2.1.1 THIN FILMS 

As explained in the previous chapter, the main idea of silicon photonics is to be 

able to integrate photonic devices with the existing silicon chip manufacturing technology. 

Thin films are layers of a material with thicknesses ranging from as small as a few unit 

cells up to a few microns thick. Epitaxy means the growth of crystalline films on a substrate 

where the crystal planes are well-ordered across the film/substrate interface. 
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There are a few different methods of depositing thin films such as sputtering, 

chemical deposition, pulsed laser deposition (PLD), atomic layer deposition (ALD), 

electron beam evaporation, and molecular beam epitaxy, to name a few, among others and 

their different variations. 

Properties of thin films may differ from those of the same material in bulk for a 

number of different reasons. These may include interface effects between the film and its 

substrate, film defects, and film strain. Other properties may differ in thin films compared 

to bulk by the mere difference in size in one direction of the material, such as the thickness. 

For a wide range of thicknesses, properties that are affected by film thickness include 

optical interference effects, quantum effects, and transport properties. 

 

2.1.2 MOLECULAR BEAM EPITAXY 

In the Materials Physics Lab, the MBE system is part of an interconnected multi-

instrument facility composed of several chambers connected by one long vacuum transfer 

line. The MBE system is a DCA Instruments custom built reactor that is kept under ultra 

high vacuum (UHV), ~5 × 10−10 − 1 × 10−9 Torr. To reach UHV from ambient pressure, 

first a mechanical pump is used until about ~1 × 10−1 − 1 × 10−2 Torr, then a Turbo 

pump is switched on until the pressure reaches about 5 × 10−4 Torr, and finally the 

chamber is switched over to the cryopump which will allow the system to achieve UHV 

pressures after a system bakeout. The MBE growth chamber (Fig. 2.1) is designed for oxide 

deposition. Six effusion cells with different metals in each, as well as oxygen and nitrogen 

plasma sources, are mounted on the chamber; four other materials can be evaporated by an 

electron beam. The two plasma sources are each connected to two gas cylinders (oxygen 

and nitrogen) whose flow into the chamber is regulated by precision leak valves. 
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Figure 2.1: Picture of the MBE chamber. 

 

For thin film growth, a substrate is needed. The substrate is the template material 

on which a thin film will grow on and base its crystalline structure. A very clean, free of 

contaminants, and atomically smooth surface of the substrate is required in order to achieve 

good film growth. For the growth of crystalline films, a single crystal substrate with lattice 
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parameters close to that of the film is needed. The geometry and the crystal structure of the 

substrate should be compatible with the crystal structure of the material to be grown, 

usually with similar lattice parameters. Choosing the appropriate substrate for the film 

growth requires several other considerations besides the lattice matching. The selection of 

the substrate for my growth will be explained in Chapter 3.  

The substrate is mounted in the middle of a disc-shaped sample holder that is made 

of molybdenum, a common metal used in UHV for its high melting point and chemical 

stability at high temperature. The sample holder is loaded into the substrate manipulator of 

the MBE located at the center of the growth chamber, which is free to rotate to allow for 

best thin film growth. Just above where the sample holder sits is a silicon carbide heater 

that allows the user to heat the substrate. The heater works by radiating heat directly onto 

the sample; there is a thermocouple positioned in between the sample holder and the heater 

that allows one to measure the temperature of the substrate.  

 

2.1.3 EFFUSION CELLS 

The Knudsen effusion cell (Fig. 2.2) is a device where metal sources are kept and 

heated. Each metal used for growth is placed in a crucible such that it’s able to withstand 

high temperatures without contaminating the source metal. The cell has an opening where 

the cone-shaped crucible sits. This opening is directed toward the center of the chamber 

where the substrate is located. The crucibles are oriented at an angle such that, when 

vaporized, the atoms or molecules travel directly to the substrate in ballistic fashion. The 

crucibles are heated by filament coils to a temperature such that the vapor pressure of the 

source produces the desired flux. 
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The effusion cells must have good thermal stability because small changes in 

temperature can result in substantial changes in the material’s flux and may significantly 

change the film’s stoichiometry and properties.  

There are physical shutters that either allow or prevent the evaporating atoms from 

escaping the crucible, acting as a physical barrier when closed. There is also a shutter called 

the main shutter that protects the substrate from being deposited on by any source. 

The MBE growth chamber is kept at a pressure of ~1 ×  10−9 Torr. At such low 

pressures the mean free path of particles is of about 1 km; consequently, when the metals 

are vaporized they rarely encounter another particle to scatter off of. The distance between 

the effusion cell, the substrate, and the chamber walls are all on the order of one meter, 

which means that metal atoms traveling to the substrate have a very low probability of 

interacting with any other particles between the crucible and the substrate. With the total 

pressure of the chamber being so low the source atoms are able to travel in a straight line, 

in a beam of atoms directed to the sample without interaction with other elements, as shown 

in Figure 2.2. When the oxygen plasma is switched on the chamber pressure increases 

which means that the mean free path of the metal atoms decreases.  
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Figure 2.2: a) Picture of an effusion cell. (inset) picture from above showing the 

heating coils. b) Schematic of evaporated metals traveling from the heated 

effusion cells to the sample surface. 

 

2.1.4 THIN FILM GROWTH MODES 

The growth of the thin film can be different, depending on how the arriving atoms 

interact with the substrate surface. These growth modes can be classified into three types: 

(1) step-flow, (2) layer-by-layer, and (3) island (multilayer) growth [70]. Step-flow is seen 

in homoepitaxy of Si where the Si atoms migrate to step edges of the substrate and the step 

has a perceived flow due to continuous growth. In a layer-by-layer deposition mode, also 

known as Frank-van der Merwe mode, the film is said to be grown in a two-dimensional 

manner. For a layer-by-layer growth to happen there must be a high surface mobility of the 

atoms, in order for them to descend into the same layer as opposed to creating a taller 

island. A second layer will only be grown after the first layer is completed. The third 
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method, is the island growth mode, also known as Volmer-Weber, where the material 

grows in a 3-dimensional manner by forming multilayered islands.  

The growth of thin film oxides by MBE is a reactive growth; atoms not only need 

to have certain surface mobility, but the metals also need to be oxidized. Due to a low 

pressure, the oxidation reaction may have an energy barrier, and the temperature of the 

substrate needs to be just right, so the metal does not re-evaporate. 

 

2.1.5 RADIO FREQUENCY (RF) PLASMA SOURCE 

For oxide thin film growths multiple metals as well as oxygen need to be present 

for the material to grow. The oxygen source can be either molecular oxygen, O2, or atomic 

oxygen, O. To get molecular oxygen one just needs to open the oxygen valve and it allows 

molecular oxygen to flood the chamber. But in some cases, in order to achieve the correct 

oxidation state for each element, and thus, the correct stoichiometry, the oxygen needs to 

be even more reactive; therefore, the atomic state of oxygen (e.g. from a plasma) is needed. 

In place of one of the effusion cells around the chamber there is an RF plasma source 

attached to an effusion cell port, which is connected to an oxygen gas line with a leak valve. 

The plasma source is operated at a frequency of 13.56 MHz, and the generated plasma 

induces some of the molecular oxygen in the plasma cavity to be ripped apart, creating a 

beam of both excited molecular and highly reactive atomic oxygen. In Chapter 3, different 

uses for oxygen plasma will be explained, such as for the MgO substrate cleaning, as well 

as for oxide growth. 
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Figure 2.3: Schematic of the MBE with the oxygen source present. This shows that like 

the effusion cells, the atomized and highly reactive oxygen also travels to 

the sample in a beam like shape. 

 

2.1.6 ELECTRON BEAM EVAPORATOR 

Some metals to be evaporated may have melting temperatures too high to be used 

in the effusion cells. Instead, we use an electron-beam (e-beam) evaporator for these 

metals. Niobium is one example of a metal that has a very high melting point of 2477 ºC. 

We use an electron beam guided to the source metal in order to heat it up, melt its surface 

and vaporize it to create a spray of metal atoms. The e-beam evaporator consists of a row 

of four pockets, in which a different metal is placed in each pocket (Fig. 2.4). The assembly 

can be translated such that the electron beam is guided directly to the middle of a particular 

pocket. A filament is heated creating an electron cloud and by the use of a high voltage 

source and magnetic fields the beam is accelerated and guided toward the metal source. At 

that point the electron beam striking the metal heats it until it melts and eventually creates 

a vapor of metal atoms directed toward the substrate, similar to the beam from the effusion 

cells.  
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Figure 2.4: Picture of electron beam evaporator track with a close-up of one of the 

metal pockets. 

 

2.1.7 CALIBRATING AND MATCHING FLUXES  

In order to make sure that the flux of atoms from each source is correct for the 

desired thin film stoichiometry, a Quartz Crystal Monitor (QCM) is used to measure each 

flux. This is a small quartz plate that can be moved to the center of the chamber and back 

out of the way. When moved in, it goes directly beneath the substrate in order to get an 

accurate flux measurement compared to the flux to the substrate. During this flux 

measurement procedure, the main shutter to the substrate is closed and one source is 

measured at a time. The QCM oscillation frequency changes due to small differences in its 

mass from the metals being deposited on the quartz. With the changes in frequency we can 
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find the additional mass of the deposited material. From the mass of the incoming atoms 

we can calculate the thickness of metal deposited per unit time. Typical values of metal 

deposition rates are in the range of 1 – 4 Å/min. 

As mentioned previously small changes in temperature of the sources can result in 

significant changes in the flux. Therefore, monitoring and measuring the flux needs to be 

done with care and, oftentimes, multiple measurements are needed.  

When growing oxide films, sometimes two or even three metals are needed. For 

example, for BaTiO3, Ba and Ti fluxes need to be matched and enough oxygen should be 

provided for the oxidation of the metals. For such growths there are different methods to 

get the correct stoichiometry. One method is co-deposition. This is when the fluxes of the 

sources are matched exactly to get the correct stoichiometry and the shutters for each source 

are left constantly open. Another method is called shuttering. This second method is when 

the shutter for each source stays open for just the amount of time needed to deposit exactly 

one layer of each metal at a time. Both methods have their advantages and disadvantages 

and for different thin films there might be a method that is more practical than the other.  

 

2.1.8 ADVANTAGES OF MBE 

There are many advantages to growing thin films by MBE as opposed to other 

methods. The MBE process is a physical evaporative reaction process where, as explained 

above, if there are enough atoms of each specific element present, and the temperature is 

optimal, the compound will form.  

Molecular beam epitaxy has a very high degree of control of the composition of the 

interfacial layer. Being in ultrahigh vacuum normally prevents the element sources from 
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reacting before reaching the sample surface allowing for high epitaxial control at the 

surface. The UHV also minimizes impurities that may get incorporated in the sample. 

MBE growth is inherently slow. This slowness, while a drawback in terms of time 

required to grow a film, can also be an advantage. MBE allows for a more controlled 

deposition, but it prevents one from growing thicker films in a short period of time. As a 

result, most of the time, thin highly ordered crystalline films are the ones usually grown 

using MBE. These films are typically said to by grown in a layer by layer fashion, because 

of the arrival rate of atoms to the surface. 

When working with ternary or quaternary compounds with variable phase, the control 

of fluxes is extremely crucial. The ability to change the flux precisely in order to get the 

correct ratio of each of the elements is essential when growing such compounds; MBE 

allows for such control. As a virtue of the highly controlled growth, MBE is a great system 

to study materials such as SrxBa1-xNb2O6, where the value of x strongly affects the observed 

properties but whose value can be controlled relatively easily. 

 

2.1.9 REFLECTION HIGH ENERGY ELECTRON DIFFRACTION (RHEED)  

One convenient tool used during growth is Reflection High Energy Electron 

Diffraction (RHEED). This tool is mainly used to check that the thin film has the desired 

crystallinity throughout the growth process. One reason this technique is used during 

growth is because of its ability to be used in real time and because of its surface sensitivity.  

To examine the crystallinity of the sample during the growth, a beam of high energy 

electrons (21 keV) is sent onto the surface of the sample. With a heated filament and the 

use of high voltage to direct and accelerate the electrons the electron beam is aimed at the 

sample with a small grazing angle of < 5°. This small angle ensures that only the surface 
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is probed and not the bulk of the sample, which allows the technique to be surface sensitive. 

Directly opposite to the incoming electron beam on the other side of the chamber there is 

a phosphor screen that displays the diffraction pattern from the sample. The image of the 

phosphor screen is captured by a camera which can be displayed through a software on a 

computer, as shown in Figure 2.5.  

 

 

Figure 2.5: Schematic of MBE system with a schematic of RHEED gun toward the 

sample at an angle of < 5. On opposite side of sample the diffraction 

pattern is shown on the phosphor screen and captured by a camera to be 

processed by a computer.  

 

 

To understand the RHEED patterns we see projected on our screen I follow 

Mahan’s and Hasegawa’s theoretical explanations [71,72]. Using a kinematic theory of 

light scattering we assume that the incident electron beam is the only one that produces the 

diffracted beam. What we observe is the interference pattern of the scattered light, and the 
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outcome is the diffraction pattern. First, we assume we have a perfect crystalline sample 

where the mesh is made up of periodic 2D array. 

 

 𝒃𝟏 =
2𝜋𝒂2 × 𝒏

𝐴
 (2.1) 

 

 𝒃𝟐 =
2𝜋𝒏 × 𝒂1

𝐴
 (2.2) 

 

 𝐴 = 𝒂𝟏 ∙ 𝒂𝟐 × 𝒏 (2.3) 

 

where the 𝒂1,2 and  𝒃1,2 are the basis vectors of the real and the reciprocal lattice 

respectively, and  𝒏 is a unit vector normal to the surface of our sample, 𝐴. 

Using the assumption of the reciprocal lattice we can use the Laue diffraction 

condition to show when constructive interference occurs. This condition also implies that 

there is only elastic scattering present and therefore |𝒌| is equal to |𝒌′|. The difference 

between the incoming, k, and outgoing, k’, wavevectors dotted with a real lattice vector, 

r, is equal to an integer, m, multiple of 2π. 

 

 (𝒌 − 𝒌′) ∙ 𝒓 = 2𝜋𝑚 (2.4) 

   

With the tools from the Laue condition, we can set up the Ewald sphere construction 

(Fig 2.6). The Ewald sphere is based on a geometrical interpretation of the diffraction 

conditions. We take |𝒌| to be the radius of a sphere that starts in the middle of the surface 

of the sample. Because we are only concerned with elastic scattering, we know that |𝒌′| is 

also equal to the radius, but it has a different direction. The intersection between the Ewald 
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sphere and the reciprocal lattice planes are the concentric circles displayed on the phosphor 

screen.  

 

 

Figure 2.6: Ewald spherical geometric construction of RHEED half circles. k is the 

incoming electron beam wave and k’i’s  are the outgoing wavevectors. 

 

However, unlike what is shown on Fig 2.6, we don’t quite see perfect half circles. 

What we do end up seeing are dots, or streaks along a semi-circle. These “dots” come from 

what are called the reciprocal rods. These are just a theoretical construction to illustrate the 

results. One way of thinking about the reciprocal rods is by assuming there are infinitely 



   

 

 37 

long rods normal to the surface of the sample and these extend out from each of the 

reciprocal lattice points. In our case the reciprocal lattice of a square real lattice is also a 

square lattice. Then, the intersection of the Ewald sphere and the reciprocal lattice rods are 

the “dots” or streaks we see on the phosphorous screen.  

The rods can be explained further by returning our focus to the Laue condition. In 

Figure 2.7a one can see that for all different (𝒌 − 𝒌′), when taking the dot product with 

respect to a real lattice vector r, they will all yield the same result. All these follow the 

Laue condition and one can see that for any (𝒌 − 𝒌′) with the tip falling directly 

perpendicular to the reciprocal lattice point the condition will be met. Fig 2.7b shows how 

the rods can display streaks on the screen, and in our picture, that means the intersection 

between the rod and the Ewald sphere is what we see on the screen. 
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Figure 2.7: (a) Reciprocal rod construction by having infinite number of possible k-k’ 

vectors. (b) Reciprocal rod and Ewald sphere construction together yields 

semi-circle patterns made up of dots or streaks. 
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2.2  Characterization tools 

 

After growth by MBE we need to make sure that what was intended to be grown 

was correctly grown. For this reason, there are a series of characterization techniques 

to ensure the quality of the sample. First, I’ll explain X-ray Photoelectron 

Spectroscopy, a technique used immediately after growth, to ensure the correct 

stoichiometry of the thin film. Then, I will touch on x-ray diffraction which is used to 

find the crystallinity and lattice parameters. Lastly, I will explain Atomic Force 

Microscopy that I used mostly to characterize the roughness of the substrates prior to 

thin film growth. 

 

2.2.1 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

The X-ray Photoelectron Spectroscopy (XPS) system we have in the Materials 

Physics Lab is a VG Scienta custom built system with an R3000 energy analyzer. Samples 

can be transferred in situ from the MBE chamber to the XPS chamber and kept under 

vacuum the entire time. XPS is a surface sensitive technique that uses x-rays to probe the 

sample to determine its composition. XPS exploits the photoelectric effect, theoretically 

formulated by Einstein in 1905, sending x-rays onto the sample and detecting the electrons 

that are expelled out from the sample. 

The sample is transferred in the system by a motorized manipulator arm so it can 

be set to an exact position every time. The main physical components of the equipment are, 

as shown in Figure 2.8, the x-ray source, monochromator, the sample manipulator, the 

analyzer, the detector, and the computer software to analyze the data.  
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Figure 2.8: Image of XPS system in Materials Physics Lab. 

 

In order to produce monochromated x-rays, first we start with an electron beam that 

is directed at a sheet of aluminum, causing x-rays to be ejected from it. This beam of x-

rays is then directed toward an arc shaped array of quartz crystals, which, after diffracting 

from them, creates a beam of monochromated Al K x-rays with a specific energy of 1487 

eV directed toward the sample. Once the monochromated x-rays reach the sample the 

photoelectric effect occurs. The x-rays penetrate the sample and kick off electrons 

(photoelectrons) with characteristic energies. Once the sample is bombarded with x-rays 

many photoelectrons are ejected from the first few layers of the sample, depending on the 
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escape depth of the sample material. The kinetic energy, Ek, of each of these photoelectrons 

depends on the binding energy of the designated electron, following the equation [73], 

 

 𝐸𝑘 = 𝐸𝛾 − 𝜑 − 𝐸𝐵 (2.5) 

 

where E is the energy of the incoming x-ray (a constant 1487 eV),  is the work function 

of the analyzer, and EB is the binding energy of the core electron. The sample itself is 

grounded, so that all the electrons that are ejected are being replenished immediately from 

the ground, if the sample itself is conductive.  

 If the sample is non-conductive, then the ejected photoelectrons cause the sample 

to become charged. For this reason, the system is also equipped with a flood gun. This is a 

source of low energy electrons that replenish the sample with electrons in order to keep it 

neutral during the experiment. Different parameters such as the percent of emission, 

electron energy, voltage of deflection and the filament current can be adjusted to get the 

correct stream of compensating electrons to the sample. 

 In order to distinguish the binding energies of the photoelectrons emitted from the 

sample, the electron energy analyzer is utilized. The analyzer consists of a series of 

electrostatic lenses whose voltages are adjusted  depending on which kinetic energy is 

being measured at the time, and it ensures that the photoelectrons are decelerated to have 

a specific pass energy by the time they reach the hemi-spherical analyzer as shown in Fig 

2.9. There, only photoelectrons with the allowed energy make it to the other side where the 

detector captures and counts how many have made it through.  
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Figure 2.9: Schematic of XPS. Shows incoming electron beam to aluminum foil 

creating x-rays that are sent in to the monochromator to select out only the 

Al K x-rays. These are sent to the sample and by the photoelectric effect 

(photo)electrons are ejected from the sample. The photoelectrons are 

focused and decelerated using electrostatic lenses and only the electrons 

with a certain kinetic energy called the pass energy make it through the 

hemi-spherical analyzer all the way to the detector. 

 

 The detector is made up of a multi-channel plate that acts as an electron multiplier 

that sends secondary electrons to a phosphor screen. A camera then records the number of 
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electrons impacting per second. The intensity values, shown as counts per second are 

directly related to how many electrons have made it through per unit time.  

 To run a scan, one must choose an energy window as well as the resolution. Then, 

depending on the resolution the equipment will spend more or less time for each energy 

point and it will go successively to the next energy point by changing the electron 

acceleration voltage corresponding to the chosen kinetic energy. Then only electrons with 

an allowed pass energy will be able to get through to the detector.  

 The data collected is controlled and displayed through a computer software. The 

data acquired comes as intensity (counts per second) as a function of binding energy. In 

order to easily analyze the data one should have a library or references to know beforehand 

the corresponding peak intensities for each element present in the sample measured. Each 

element, and material, has a distinct “fingerprint” XPS spectrum. This is because each 

element’s electrons have distinct binding energies related to where they are relative to the 

nucleus. An electron that is in the 1s shell of Mg will have a different binding energy than 

compared to the 1s shell of O, for example.  

 With this technique, we are able to identify which elements we have on the surface 

of our sample and how much of each is present.  

 

2.2.2 X-RAY DIFFRACTION (XRD) 

A characterization tool that is used extensively in thin film growth is X-ray 

Diffraction (XRD). Although it is a well-known and widely used technique for 

characterizing thin films and powder, for my work I did not use it extensively. XRD uses 

the same concept as RHEED in terms of diffraction, but it uses x-rays instead of electrons 

to give us information on crystallographic properties of our sample. The radius of each 
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Ewald sphere is inversely proportional to the wavelength of either the electron beam or x-

ray. The technique I used was in-plane and out-of-plane XRD. This is when an x-ray beam 

is sent onto the sample and the detector scans through a range of angles and displays the 

intensity of light diffracted at each angle. 

The theory behind XRD comes from elastic scattering, just like it was previously 

explained in RHEED. Bragg’s law states that the difference between the path length, 

2𝑑 sin 𝜃, of two incoming beams that scatter at adjacent crystal planes is equal to an integer 

multiple, n, of the wavelength, λ, 

 

 2𝑑 sin 𝜃 = 𝑛𝜆. (2.6) 

 

In Figure 2.10 the geometry behind Bragg’s law is shown. Usually the distance 

between crystallographic planes, d, is what we are searching for. The wavelength of the x-

rays, λ, is known and the angle, θ, is what we are scanning over. Constructive interference 

only occurs when the difference of path length is an integer multiple of the wavelength.  

This means that peaks in the XRD scan will only be present when Bragg’s law is satisfied. 
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Figure 2.10: Bragg’s condition shown schematically. The difference in path length of 

two waves in consecutive lattice planes must equal an integer multiple of 

the wavelength in order for constructive interference to occur. 

 

The same process could be used to obtain in-plane measurements. Now, instead of 

having the detector scan through out of plane angles, the detector is instead mounted on a 

special arm that allows one to scan through in-plane (azimuthal) angles. The exact same 

theory applies to these measurements, but with a different scanning geometry. 

 

2.2.3 ATOMIC FORCE MICROSCOPY (AFM)   

 

Atomic force microscopy (AFM) was used in this work in order to measure the 

surface roughness of the substrate before MBE growth. AFM is a microscopy tool 

different from optical microscopy because it does not focus light on a surface in order to 

image it. Instead, AFM uses physical scanning to map the surface as it physically moves 

according to the surface’s topography. 
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The instrument is made up of a few parts. The scanning can be done in ambient 

pressure and temperature, and it does not need to be in vacuum. The sample is placed on 

a stage that is isolated from outside vibrations. Then the scanning probe is placed over the 

sample and approached very closely to the sample surface. Within the moving probe 

there are a few important parts. Figure 2.11 shows a picture of the AFM equipment. 

 

 

Figure 2.11: Picture of Asylum Resarch AFM. 

 

The AFM tip is rastered in a straight line according to the settings set by the user and 

it will move back and forth along each line then once it goes back to where it started from 

it will take a small step perpendicular to the scanning direction on the surface, as shown 

in Fig 2.12. 



   

 

 47 

 

Figure 2.12: Schematic of AFM pattern for a given scan. Red and blue arrows 

represent forward and backward scanning on the same line and the black 

arrow represents the tip moving on the surface perpendicular to the 

horizontal scanning direction. 

 

To run a scan, the AFM tip has to be inserted. This is a very sharp, atomically thin, 

needle that touches the surface of the sample. As it runs in the designated pattern shown in 

Fig 2.12, it measures the height displacement of the sample at each particular point. The 

AFM tip is attached to a microcantilever that is free to move as the tip moves up and down 

with the surface. This change in the cantilever angle is determined by the reflection of a 

laser beam that is projected onto a split photodiode. This is a detector that has four 

quadrants. When the tip is at the “zero” level it should be calibrated such that it is in the 

origin of all four quadrants, but as the cantilever moves we see a deflection of the laser 

beam accordingly [74,75], as shown in Fig 2.13. 
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Figure 2.13: Schematic of AFM cantilever moving through surface. Laser deflection 

gives information on the surface height.  

 

 AFM is in general a powerful tool but in this work it was mostly used as a means 

to determine the roughness of the substrate surface to determine whether it was acceptable 

for thin film growth. Fig 2.14 shows a sample scan of MgO substrate with more images to 

be shown in the following chapter. 
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Figure 2.14: Sample AFM image of an MgO substrate. 
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3. CHAPTER 3:  GROWTH STRONTIUM BARIUM NIOBATE 

 

This chapter details how strontium barium niobate (SBN) can be grown on SrTiO3 

which itself can be grown on Si (001). First, a review of the past work on the growth of 

thin SBN films is presented along with some background information. Then, a summary 

of the work performed on choosing an appropriate substrate for the MBE growth of SBN 

is provided, followed by a detailed cleaning study performed on one such substrate, MgO. 

A completed manuscript for this study is in preparation to be submitted to the Journal of 

Vacuum Science & Technology B.  The chapter concludes with a description of the growth 

conditions for successful growth and characterization of the SBN film. 

 

3.1 SrxBa1-xNb2O6 Thin Film 

 

3.1.1 BACKGROUND ON GROWTH METHODS FOR SBN 

As was mentioned in Chapter 1, SrxBa1-xNb2O6 (SBN, SBN:10x) is a promising 

material for several applications. SBN was first reported in 1960 by Francombe in a study 

of structure and ferroelectricity comparing lead barium niobate and strontium barium 

niobate [76]. In the last few decades it has gained attention, especially in thin film form, 

because of its desirable electrical and optical properties. SBN has been grown by several 

groups using different growth methods. Thin films, approximately 4 m thick, were grown 

by a liquid phase epitaxy method in the 1980s and 1990s [77,78], with the goal of using 

them in optoelectronic devices such as optical resonators, devices for holographic 

storage [79], surface acoustic wave devices,  and in optical computing. SBN:60, the 
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congruently melting composition of SBN, was grown by a sol-gel method [80]  to study its 

ferroelectric and pyroelectric properties. Tayebati et al. reported Pockels coefficient of 

𝑟33 = 844 𝑝𝑚/𝑉 for SBN:75 films grown by pulsed laser deposition, the highest Pockels 

coefficient reported for a thin film at the time. Films as thin as 300 nm and as thick as 1.6 

m were grown by metal organic chemical vapor deposition in the 1990s [81,82] to study 

second harmonic generation and to characterize the film growth as well as its optical and 

electrical properties. In the early 2000s, SBN films were grown by Leroy et al. [83] by RF 

magnetron sputtering with the aim of integrating them as optical waveguides for signal 

processing.  

Many groups have been interested in SBN for a variety of reasons. The pyroelectric 

properties of SBN make it interesting in detecting infrared radiation; the material is isolated 

with a coating that transforms infrared radiation into heat and then into an electric 

signal [84]. The piezoelectric response of SBN has also been studied in order to use it in 

surface acoustic wave (SAW) devices [24]. In the late 1990s early 2000s there has been a 

lot of interest in the electro-optical applications of SBN, such as optical waveguiding [83] 

and second harmonic generation [82]. Recently, Melo and Araujo reported the growth of 

SBN:75 on a stack of Pt(111)/Ti/SiO2/Si by polymeric chemical method: the growth was 

to investigate the ferroelectric properties of SBN [85,86]. Tolmachev et al. grew SBN:50 

by RF sputtering also for its ferroelectric properties [87].  

One of the exciting features of SBN:x is how its properties depend on x. The stable 

compositional range of SBN:x is 0.25 < 𝑥 < 0.75. In this range, SBN has a tetragonal 

tungsten bronze structure that is shown in Figure 3.1. This tetragonal tungsten bronze 

structure is made of NbO6 octahedra that share corners making three kinds of interstitial 

sites possible [88]. The general formula for tetragonal tungsten bronze structure is AB2O6, 

in our case A can be either Sr or Ba, and B is Nb. In each conventional cell there are five 
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formula units of nine atoms each, containing a total of 45 atoms per unit cell. When below 

its ferroelectric Curie temperature, it has space group 4mm, the same group as BaTiO3. The 

range of stable stoichiometries allow for sites in the structure to either be empty or filled, 

as shown in Figure 3.1. Sites A1 are always filled by Sr, while sites A2 can be filled by 

either Sr or Ba. Because of this structural adaptability with varying compositions its lattice 

parameters also vary because of the difference in size between Sr and Ba atoms. Francombe 

shows the lattice constants as a function of x [76]. For 𝑥 = 0.25 − 0.75, 𝑎 =  𝑏 =

12.48 − 12.43Å and 𝑐 =   3.98 − 3.91 Å. This versatility also manifests itself in the 

optical properties of SBN. Due to changes in the structure, the dielectric constant of the 

material changes depending on the composition for the same range of x as above, 𝜀3 =

118 –  3400. The Curie temperature of SBN ranges from 220 to 60 ℃ , and the indices of 

refraction (with no applied electric field) also range from (2.314, 2.259) to (2.312, 2.299) 

for (𝑛0, 𝑛𝑒) for the same range of 𝑥 = 0.25 –  0.75.  
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Figure 3.1: Unit cell of SrxBa1-xNb2O6. a) Tetragonal tungsten bronze structure of SBN 

with NbO6 octahedra viewed at projection vector of (1 1 1) and an upward 

vector of (0 0 1). b) same structure viewed with the (0 0 1) vector out of 

plane and with the A1 and A2 sites displayed. 

 

The tunability and the high optical non-linearity of SBN makes it an exciting and 

promising material for electro-optic applications. The advantages of using MBE to grow 

such a material, as explained in Chapter 2, include the ability to gradually and controllably 

change x for comparison of thin films.  

In the next section I will go over the growth process and compatible substrates.  
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3.2 Substrates for Growth 

 

My main focus has been to grow SBN thin films and integrate them onto Si (001). 

The growth crystalline oxides on silicon is not trivial. There are methods of growing 

perovskites on Si that McKee et al. [61] reported in 1991 and since then several groups 

around the world have been able to optimize the method. One of these perovskites that can 

be grown on Si is SrTiO3. As SBN can be grown on SrTiO3, this opens a possible path to 

integration. But before growth of SBN on Si, a few steps had to be taken to ensure that a 

successful growth of SBN by MBE was even possible.  

For heteroepitaxy of oxides a compatible substrate is needed. When looking for a 

substrate for the growth of an oxide there are a few criteria to keep in mind. These include 

the lattice parameters, wettability, and growth condition compatibility. The lattice 

parameters of the substrate can be a deciding factor in whether or not an oxide will be able 

to grow epitaxially on a substrate and what orientation the oxide will grow with. The lattice 

parameters of the substrate give the oxide to be grown a template on which it can grow. 

Another important factor in growth is the wettability of the grown material on the 

substrate. The wettability depends on the interfacial energy, which is determined by the 

bonds that the thin film can make with the substrate at the interface [89]. The condition for 

wetting is the following:  

 

 𝛾𝑠 > 𝛾𝑓 + 𝛾𝑖𝑛𝑡, (3.1) 

 

where γ corresponds to the energy per unit area and the subscripts s, f, and int correspond 

to the surface, film and interface, respectively. Before starting a growth one can find the 
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surface energies of each material in order to know whether or not the thin film will wet the 

surface of the substrate. 

 The other important factor is the growth conditions. These are the temperatures that 

a substrate can withstand as well as the temperature a thin film needs to grow and 

crystallize. The growth conditions and the growth method need to be just right, in order for 

the elements to react and achieve the correct composition. The substrate needs to be above 

a certain temperature threshold for crystalline thin film growth to take place. The substrate 

must also be able to withstand that temperature while growth is taking place. This means 

that its sublimation and melting points must be high and its coefficient of thermal 

expansion must be within reasonable range. Ideally the coefficient of thermal expansion of 

a substrate is somewhat similar to the coefficient of the thin film. Then, after the growth is 

finished, the cooling down process would not strain the thin film causing it to crack or 

delaminate.  

For all these reasons there are two common substrates that we’ve found to be 

compatible with SBN growth, MgO and SrTiO3. Many SBN growth studies have been 

performed on MgO [82,83,87,90–94] substrates due to its reasonable lattice match and 

growth conditions, and there have also been reports of growth of SBN on SrTiO3 [95–97]. 

In the next two sections I will go over the SBN growth attempts made using each of these 

substrates. 
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3.3 MgO as a substrate- a cleaning study 

 

3.3.1 BACKGROUND ON MGO 

 

The need for a clean substrate surface is crucial in oxide thin film deposition. MgO 

is popular mostly because it is a low cost, easily acquired single crystal substrate. It has a 

low index of refraction (1.73) [98] and a high melting point of 2976 ºC [99]. In order to 

achieve epitaxial growth of a film, the substrate surface needs to be free of contaminants, 

such as, carbonates, hydroxides, adventitious carbon, including carboxyl groups, carbides, 

and it also has to be atomically flat. Unfortunately, MgO is hygroscopic, which makes it 

difficult to remove surface contaminants while keeping the surface atomically smooth. 

Studies have shown how water and other aqueous solutions can etch the surface of 

MgO [100–102].  

There have been multiple studies on preparing and cleaning the MgO 

surface [103,104,113–115,105–112]. The most common methods have been chemical 

etching [103,104,116] and annealing [106,108,111,114,115,117] as well as a combination 

of both [105,112]. The chemical etching procedure involves the use of phosphoric (H3PO4) 

or orthophosphoric (H3PO3) acids [103]. These chemical etching techniques remove 

surface layers in an anisotropic manner creating step edges of about 100 Å in height, these 

samples had a root mean squared (RMS) surface roughness1 of 36.7 +- 2.2 Å [105], which 

is not ideal for epitaxial film growth.  

                                                 
1 In a 2000 x 2000 Å2 atomic force microscopy (AFM) image 
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CO2 and H2O react with MgO forming MgCO3 and Mg(OH)2. Annealing the 

substrate at 700 ºC in 1 atm of ambient air reduces the amount of these contaminants, 

yielding atomically flat surfaces [106]. But, Aswal et al. showed that annealing also creates 

features on the surface of MgO that are temperature dependent [108]. Annealing MgO 

substrates at higher temperature yields larger MgO grains, and at a temperature of 1100 ºC 

yields a step-terrace surface [108]. In a study performed by Ikemiya et al. the morphology 

of the MgO (100) surface was shown to change from atomically flat to rough after a 1300 

K anneal due to nanocrystals forming on the surface [117]. Du et al. have discussed the use 

of Ar ion sputtering to “refresh” the MgO surface after annealing it to reduce the amount 

of H2O, CO2, as well as other carbon compounds on the surface [109]. Recently, a new 

study by Febvrier et al. has shown a comparison between the wet-cleaning procedures, 

including cleaning by detergent, on MgO [113]. A clear conclusion is yet to be made about 

the best and most efficient procedure of cleaning the MgO surface, but there is agreement 

that annealing MgO does improve surface roughness. 

Different methods of removing the contaminants from the surface of MgO were 

investigated. A systematic search for a good surface preparation and cleaning method of 

MgO has been performed. We use four methods for comparison: (i) solvent cleaning, (ii) 

ultraviolet light exposure for 15 minutes, (iii) annealing in ultra-high vacuum system, and 

(iv) exposure to oxygen plasma beam. Using AFM to determine the change in roughness 

of the surface due to each procedure, we show that we can keep the surface atomically 

smooth. We compare the efficacy of each method in removing contaminants using x-ray 
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photoelectron spectroscopy (XPS) to quantitatively determine the fraction of contaminants 

still left on the surface.  

3.3.2 STUDY DETAILS 

MgO substrates with orientation of ⟨100⟩ +/− 0.5° on surface and ⟨010⟩ +/− 1°  

on edge were used. Substrates of 10 mm by 10 mm by 0.5 mm in size (one side polished), 

were purchased from MTI Corporation with a typical purity >99.95%. The box of 

substrates is stored in a desiccator box to keep it away from moisture. Characterization of 

each sample is performed before and after each cleaning method experiment. 

 

First, AFM is performed followed by introducing the sample to the XPS chamber 

for a scan prior to any cleaning steps. Then, the sample is moved to a molecular beam 

epitaxy (MBE) chamber where Reflection High Energy Electron Diffraction (RHEED) is 

performed. In this chamber we also perform the in situ cleaning procedures, such as the 

oxygen plasma clean and substrate annealing.  

XPS is used to compare the amount of contaminants on the surface of MgO and 

AFM is used to evaluate the roughness of the surface. RHEED was used in select samples 

to assess the crystallinity and quality of the surface. 

The samples on which only oxygen plasma and annealing were performed, were 

characterized with in situ XPS and they were not exposed to ambient air between the 

procedure and the XPS characterization. The exposure to oxygen plasma is performed in 

the MBE chamber, where the sample was held in the middle of the chamber at a 

temperature of 200 ⁰C, as measured by a thermocouple. First, the O2 pressure is increased 
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to  1.5 × 10−5 Torr manually. The plasma is then ignited and the power is ramped up to 

its operating power of 250 W, where a high brightness mode of the plasma is reached. The 

sample is exposed to the oxygen plasma for a designated amount of time. The annealing 

steps are also performed in the MBE chamber using a silicon carbide heater. 

For the samples where a wet cleaning procedure was performed, to be explained in 

the next section, reintroduction into the UHV system was necessary. We ensure the glass 

beakers are thoroughly cleaned and introduce the sample to each solvent by sonicating it 

for ten minutes at room temperature. After the cleaning procedure, the sample is dried with 

high purity nitrogen gas and reintroduced to the UHV chamber, where XPS and RHEED 

can be performed. Each sample is then removed from the ultra-high vacuum system in 

order to perform AFM. 

 

3.3.3 AS-RECEIVED MAGNESIUM OXIDE SUBSTRATES 

 

Before each experiment, an AFM scan of the sample surface is performed to 

confirm that the sample “out of the box” is relatively smooth, with an RMS roughness2 

value of 0.29 ± 0.15 nm. Figure 3.2 shows AFM images of an atomically smooth MgO 

substrate sample out of the box. The as-received substrates sometimes have small surface 

particles as shown in Figure 3.2. These particles vary in size but, are on the order of up to 

1 μm in radius and up to 12 nm in height. Without any processing done to the surface, they 

                                                 
2 In a 20 x 20 μm2 AFM image 
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are sparse and dispersed throughout the sample. In some samples these particles are not 

seen at all.  

 

Because MgO is an insulating substrate, photoemission results in charging, and the 

use of a flood gun is necessary for every XPS scan. The typical values of the flood gun 

parameters were: emission at 32%, electron energy of 7.5 eV, 40 V deflection and 29 – 33 

 

Figure 3.2. AFM scan of as-received MgO.  a) 20 x 20 𝜇𝑚2 scan shows a mostly 

smooth surface with a few particles. b) 5 x 5 𝜇𝑚2 shows a smaller area 

scan with the same vertical scale. 
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% maximum filament current. When calibrating the scans from each run, we used the 

established Mg 2p peak binding energy of 50.25 eV for MgO, as referenced in the NIST 

XPS database [118]. The as received sample has distinct C 1s peaks that come from 

carbonates and adventitious carbon. The peak at 289.9 eV is from CO3
2-  [119] and the peak 

at lower binding energy of 285.9 eV (and its shoulder peak at 287.1 eV) is from 

adventitious carbon (Fig 3.3). The two broad peaks at even lower binding energy are Mg 

KLM Auger peaks [120–122]. The two XPS components that we want to focus our 

attention on are the CO3
2- and the adventitious carbon, which can be due to a combination 

of hydrocarbons and carbide surface layers. Adventitious carbon is typically observed on 

any solid surface that has been exposed to ambient conditions. In the O 1s scan, one clearly 

sees two peaks. The stronger one corresponds to the bulk oxide at a binding energy of 530.5 

eV, while the weaker one at a higher binding energy of 532.6 eV is a contribution from the 

surface and is most likely coming from the oxygen in MgCO3. Another possibility could 

be the OH groups on the surface of the oxide.  
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Figure 3.3: a) XPS scan of C 1s peaks. Carbon contribution of magnesium carbonate is 

with the highest binding energy of 289.9 eV followed by adventitious 

carbon peaks at 287.1 eV and 285.9 eV followed by the magnesium KLM 

auger peaks.  b) XPS scan of O 1s peaks. Higher binding energy peak 

corresponds to surface layers, possibly the oxygen contribution of 

magnesium carbonate. The lower binding energy comes from the bulk 

oxide peak. 

 

RHEED was performed to explore the crystallinity of the surface. Two directions 

were studied: [010] and [011]  (Fig 3.4). The [010] image was taken slightly off axis due 

to shadowing by the sample holder when directly on axis. Both directions show well-

ordered surfaces without surface reconstruction.  

In the ⟨011⟩ direction, additional horizontal streaks correspond to extra scattering 

from the small miscut angle.  
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Figure 3.4: RHEED images of MgO substrate a) in the ⟨010⟩ direction and b) ⟨011⟩ 
direction. 

 

The primary goal of any substrate cleaning procedures is to produce a low surface 

roughness, while removing the contaminants on the surface, which are MgCO3 and 

adventitious carbon in the case of MgO. We pursue two cleaning approaches, ex situ and 

in situ. Table 3.1 gives a summary of the results. The surface roughness reported in the 

table is an average taken for scans of several different  20 𝜇𝑚 × 20 𝜇𝑚 areas after the 

listed procedure but before any annealing was done for the sample (except for sample i-

D1). The remaining carbon value was obtained by taking the sum of the area of all three C 

1s components, as explained above, before and after the procedure for each sample, 100% 

meaning no change in the surface carbon and 0% meaning carbon is below the detection 

limit. The last column indicates whether the C 1s signal in XPS was eliminated and whether 

the surface roughness was similar to the as-received samples for those samples that were 

annealed after their designated procedures.  
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Sample Procedure Roughness 

[nm] 

Carbon 

Remaining [%] 

Anneal 

Improvement 

(XPS/ AFM) 

eA1 Acetone, IPA, DI water 4.23 50% Yes 

eA2 Acetone & IPA 0.36 84% Yes/ Yes 

eA3 Hexane 1.61 100% Yes/ No 

eB1 UV/ Ozone treatment 0.70 60% Yes/ Yes 

iC1 Oxygen plasma 45 min 

250W 

0.10 0% – 

iC2 Oxygen plasma 90 min 

250 W 

0.24 0% – 

iC3 Oxygen plasma 45 min 

300 W 

0.16 0% – 

iD1 Anneal 950⁰ 0.19 0% – 

 

 

 

*From XPS there was no carbon left on the surface but surface roughness was not 

completely healed. 

Table 3.1: Comparison of the methods used for cleaning MgO. The MgO samples out 

of the box have an average surface roughness of 0.29 nm. All roughness 

value were obtained from a 20 x 20 μm2 scan. 

 

3.3.4 EX SITU CLEANING EXPERIMENTS 

 

The e-A series of samples focuses on the effectiveness of various solvent cleaning 

methods. These solvent cleaning methods have been used in the preparation of many other 

substrates and have been shown to work effectively in removing the contaminant carbon 

layers. The most common solvent cleaning procedure is to sonicate the substrate in acetone, 

followed by isopropyl alcohol followed by deionized water, as performed for sample e-A1. 

Due to MgO’s hygroscopic properties this experiment was done for the sake of 
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completeness, with the thought in mind that introducing water would not be beneficial. 

From AFM we could see that after the cleaning there were particles on the surface with 

radii of roughly 130 – 170 nm and with heights of about 2 – 17 nm and the roughness had 

a RMS value of 4.232 nm. Due to the hygroscopic nature of MgO a similar solvent method 

was used but without the last deionized water step. Figure 3.5 shows AFM images of 

sample e-A2 after the procedure. The surface is covered with very small particles. The 

roughness RMS was 0.360 nm, practically equivalent to the roughness of the sample out 

of the box; but, when comparing the amount of carbon left on the surface and looking at 

the overall granularity of the AFM image this shows that the sample is not clean (Fig 3.5 

a). These particles could be a sort of organic granules that become present after organic 

solvents, such as acetone and isopropyl alcohol are introduced. The granules are similar 

but much smaller to the original granules in the samples out of the box. These grainules 

are similar to the ones reported by Aswal et al. [108] and reported to be Mg(OH)2 and 

MgCO3. (Fig 3.6).    
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Figure 3.5: AFM images of the same sample (eA2) a&b) after acetone and IPA 

sonication shows a rough surface c&d) after anneal shows a smooth 

terraced surface. 
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Figure 3.6: XPS scan of the same sample (eA2) a) C 1s and b) O 1s after acetone and 

IPA procedure c) C1s and d) O 1s and after anneal. 

 

Sample eA3 was used to explore a solvent cleaning using a non-polar solvent, n-

hexane. N-hexane is also an organic compound but it has no oxygen, it is a compound 

comprised of only carbon and hydrogen. N-hexane, similarly to the use of acetone and IPA, 

is used to remove hydrocarbons. Sonication in n-hexane did not do much to the surface, 

except to create more MgCO3 particles. From XPS there was roughly the same amount of 
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carbon present after the procedure compared to before, and from AFM there were more 

particles present after the procedure, with radii ≅  0.24 𝜇𝑚 and a height =  9.34 𝑛𝑚.  

Sample eB1 was the only other sample where the cleaning was performed ex situ 

but without solvent cleaning. A dry cleaning method of UV light/ozone was used by putting 

the sample under a UV light box, and creating an ozone rich environment. The mechanism, 

in which the UV light decomposes organic compounds, has been well studied [123]. Ozone 

is a soft etch process, similarly to reactions when exposing the samples to oxygen plasma. 

In our case, for sample eB1, there was still a significant amount of contaminants on the 

surface after the UV/ozone exposure; there was 60% of the carbon left and there were 

particles on the surface with radii of  0.27 𝜇𝑚 and a height of 2.7 𝑛𝑚.   

One final vacuum annealing step for each of the samples that were cleaned ex situ, was 

performed to see if it heals the surface in terms of RMS roughness as well as to see if it 

gets rid of the contaminants. For all four samples, eB1 – eA3 there was a clear improvement 

of both quantities. From XPS there were no carbon 1s peaks present after annealing for all 

four samples. From AFM scans the surface was healed with the surface roughness 

comparable to that out of the box for samples eA1, eA2, and eB1. For sample eA3, the 

surface roughness was considerably lower, but there were more step edges creating a larger 

RMS roughness.  

3.3.5 IN SITU CLEANING EXPERIMENTS 

 

One sample, iD1, was only subject to the annealing step. This sample went through 

the characterization prior to any procedure, and right after the XPS, an annealing was 
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performed in situ. The thermocouple temperature reading was 950 ºC and the sample was 

held at that temperature for 45 minutes. Then, the temperature was ramped down to 200 ºC 

and the sample was brought back to the XPS chamber to perform another scan. This 

procedure yielded similar results to the previous annealed samples eA1 – eB1, with a small 

surface RMS roughness of 0.194 𝑛𝑚 and no carbon peaks detected by XPS. The main 

mechanism of the removal of MgCO3 at high temperature follows the chemical reaction, 

 

 𝑀𝑔𝐶𝑂3 → 𝑀𝑔𝑂 + 𝐶𝑂2 (3.2) 

 

The adventitious carbon, since it is not considered to be bonded to the surface, becomes 

volatile at high temperatures and leaves the surface. 

We also used an alternative to annealing the samples, in case of temperature 

sensitive samples. We used an oxygen plasma source to expose the surface of MgO to 

atomic oxygen. In the iC series of samples we achieved results similar to annealing, based 

on XPS and AFM measurements. For all these samples the surface preparation is done in 

the same ultra-high vacuum system as XPS, and therefore characterization before and after 

the procedure is done in situ. For sample iC1 we exposed the sample to oxygen plasma for 

45 minutes while having the high brightness mode of the oxygen plasma at 250 W. More 

details on this sample will be given in the next section. The mechanism of removing the 

contaminants in these samples is similar to that at high temperature (Eq. 3.2). Atomic 
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oxygen and molecular oxygen are used as catalysts3, to a spontaneous reaction in the 

following manner,  

 

 𝑀𝑔𝐶𝑂3 + 2𝑂 → 𝑀𝑔𝑂 + 𝐶𝑂2 + 𝑂2. (3.3) 

 

As for the adventitious carbon, the oxygen plasma helps remove the volatile carbon by 

means of a physical etching reaction. 

The treatment on sample iC2 and iC3 was to see the effect of power and amount of 

time of the oxygen plasma exposure. Sample iC2 was exposed for 90 minutes at the same 

power as iC1 at 250 W. This sample showed no C 1s signal from XPS. In the AFM scan 

the surface showed features, small particles, similar to the ones present before doing 

anything to the surface. It is unclear as to what these particles are made up of; they are 

about 0.6 μm in radius and about 5.5 nm in height (Fig 3.7). One possibility is that these 

particles can be formed as soon as the sample is exposed to air, and may be dependent on 

the humidity of the ambient air.  

 

                                                 
3 They are both reactants and products 
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Figure 3.7: a) AFM of sample iC2 with b) line profile of particle features after cleaning 

procedure. Showing a height of 5.6 nm and a radii of 0.6 μm. 

 

In sample iC3 we see something similar to sample iC2. Here the main changes in 

the procedure of the oxygen plasma were that we ramped up the power to 300 W, and the 

exposure time was kept at 45 minutes. XPS shows that there is no carbon left on the surface, 

as well as no surface oxygen. Similar features, but this time, smaller, appeared on the 

surface. Figure 3.8 shows how on the same sample one can see a 20 𝜇𝑚 × 20 𝜇𝑚 area (Fig 

3.8 b), where no particles are present, while there is another area where small particles on 

the order of 0.1 μm in radius and about 1.2 nm in height are present and cover the entire 

area. Figure 3.8 c shows a line profile encompassing a few particles. The RMS roughness 

for each of these scans are 0.128 nm and 0.185 nm, for a, and b, respectively.  
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Figure 3.8: AFM scan of sample iC3 a) area where no particles are found b) area where small 

particles are dispersed. c) line profile as displayed on (b) shows small spikes 

representing the height and width of the particles. 

 

3.3.6 MGO: A CLEAN SUBSTRATE  

 

A good example of a clean surface of MgO is sample iC1. In this sample we can 

see that according to XPS there are no more contaminants present in the carbon scan. Figure 

3.9 a shows a complete removal of all forms of carbon from the surface, where only the 

Auger peaks are present. There is a very small amount of surface oxygen present in the O 
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1s scan. Figure 3.9c shows a typical Mg 2p scan, the peak that is used as reference at 50.25 

eV. 

 
 

Figure 3.9: XPS scans of a clean MgO surface. a) C 1s region, where no carbon is 

present, only magnesium Auger peak. b) O 1s region, main component is 

from bulk oxide and shoulder is a contribution from a small amount of 

surface oxygen present. c) Mg 2p region, component is from bulk oxide.  

 

 The AFM scans of this same sample, iC1, show a smooth surface with its typical 

terraces. The 20 ×  20 𝜇𝑚2 scan shows a RMS roughness of  0.101 𝑛𝑚 and the 5 ×

 5 𝜇𝑚2 scan shows a RMS roughness of 0.243 𝑛𝑚. No particles or distinct features are 
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present. We can see the typical MgO step edges that are around 0.23 𝑛𝑚 in height, which 

is roughly half a unit cell (Fig 3.10).  

 

Figure 3.10: AFM images of a clean MgO sample iC1. RMS values are 0.101 nm and 

0.243 nm for the 20 x 20 μm2 and 5 x 5 μm2, respectively. 
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The study on cleaning the surface of MgO served as a comprehensive stand-alone 

work. It was an opportunity to research a solution to a problem that we encountered of the 

contaminated surface and its roughness. With further research we decided to pursue the 

growth of SBN on an STO substrate as explained in the next section. 

 

 

3.4  SrTiO3 as a substrate 

In this section an overview on the use of SrTiO3 as a substrate is given, followed 

by a detailed description and discussion on the growth of SBN on SrTiO3. 

 

3.4.1 STRONTIUM TITANATE 

For the growth on SrTiO3 (STO), single crystal substrates from MTI Corporation 

were used with a (100) +/- 0.5⁰ orientation and an edge orientation indication of <001> +/- 

2⁰. At room temperature STO has a cubic perovskite structure and is in the symmetry group 

Pm3m with lattice parameters 𝑎 = 3.905 Å [124]. STO has a para to ferroelectric 

structural phase transition at Curie temperature 𝑇𝑐 = −168 ℃ [125] To prepare the 

substrate for growth a simple solvent degreasing procedure was used: sonicating the sample 

for 5 minutes each in acetone, followed by isopropyl alcohol, and lastly in deionized water. 

Before introducing the substrate in UHV the sample is completely dried using high purity 

N2 gas. 

Strontium titanate has also been grown epitaxially on Si by MBE [60,89,134,126–

133], which can enable the integration of other crystalline oxides on Si. Many such 

functional oxide materials have already been integrated on Si using an STO 

buffer [126,127,135,136].  
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It has also been shown that SrTiO3 has some potential downsides when used as a 

substrate for oxide growth. SrTiO3 reacts readily with many metals even in the presence of 

oxygen gas [137]. The potential reaction, however, is not necessarily a downside; it 

depends on the target applications. I contributed to a study by Posadas et al. [137] where 

different metals were deposited by MBE on an STO substrate at various temperatures, 

specifically, the case of Sr metal on STO. It was shown that many metals scavenge oxygen 

from STO forming an oxygen-deficient conductive layer in STO that may be detrimental 

for certain applications of the thin film. 

During growth it is important to supply enough oxygen to limit the oxygen 

scavenging from STO. STO has a small lattice mismatch to SBN, as low as < 1%, 

depending on the growth orientation. More details on the growth orientation will be 

presented in the next section. For those reasons and due to its small lattice mismatch along 

the c axis of SBN, SrTiO3 is a very good candidate for growth of SBN. 

 

3.4.2 SBN GROWTH ON STO 

The substrate was loaded in the MBE chamber with a base pressure of ~1 × 10−9 

Torr. Prior to growth, the main shutter was kept closed while all the sources necessary for 

growth were checked, ramped and calibrated.  

For the growth of SBN, Sr and Ba were supplied from effusion cells, oxygen was 

supplied by the RF plasma source, and Nb was from the e-beam evaporator. Due to higher 

variability in evaporation rates from the e-beam evaporator, as explained in Chapter 2, for 

a given emission current, the Nb flux needs to be stabilized and measured prior to each 

growth run. A typical Nb flux using an emission current of 195 mA is in the range of 1.0-

1.1 Å/min, as measured by a QCM positioned just below the substrate. Once the Nb flux 
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has been determined, the Ba and Sr effusion cells are set to temperatures that would 

produce a matching flux appropriate to the target stoichiometry. Both Sr and Ba cells were 

kept at their operating temperatures for about 30 minutes before growth to stabilize the 

fluxes.  

In this growth a co-deposition as well as shuttering procedure are performed; these 

methods are explained in Chapter 2. The Nb e-beam shutter stays open for the whole time 

while the Sr and Ba are only opened for a given time depending on the composition desired. 

This ensures that there are the correct ratios of each of the metals that reach the surface. 

The rates for both Sr and Ba were set to one monolayer per minute, which is equivalent 

to 6.78 × 1014 𝑎𝑡𝑜𝑚𝑠

𝑐𝑚2 𝑚𝑖𝑛
, with corresponding effusion cell operating temperatures of 452.4 

ºC and 640.6 ºC for Sr and Ba, respectively. In order to match a Nb flux of 1.05 Å/min, 

first we assume that one Nb monolayer is 1.2 Å, which means that one monolayer would 

take 68 seconds. Keeping the ratio of Sr:Ba of 1:1 and (Sr + Ba):Nb of 1:2, then, Sr and Ba 

have to open for 16.9 seconds each. From earlier test samples it was empirically found that 

due to the high oxygen pressure in the chamber during growth, the nominal Sr and Ba 

fluxes are reduced (observed as an excess of Nb in the film). This was remedied by 

reducing the amount of Nb to 80% of the measured value. The opening of the Sr, and then 

the Ba, as well as pausing with only the Nb open, for a given time is defined as one loop, 

therefore, the loop time was changed to 54 seconds.  

Once the three metal fluxes are at the target rates, the oxygen plasma is turned on. 

The forward power is set to 100 W and the oxygen valve is opened, keeping track of the 

chamber pressure. The oxygen valve is opened until the chamber pressure reaches ~5 ×

10−5 Torr, which is the point where the plasma typically ignites into the low brightness 

mode. The pressure is then lowered back to 1 × 10−5 Torr while the forward power is 

ramped at a rate of 10 W/min, until it reaches 250 W. With this power and 1 × 10−5 Torr 
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of pressure, the plasma is “kicked” into the high brightness mode by increasing the pressure 

in the chamber to 5 × 10−5 Torr for a few seconds. Once the high brightness mode is 

ignited the oxygen pressure is lowered again to a value of 1 × 10−5 Torr, after which 5 – 

10 minutes is needed for the oxygen plasma source flux to reach steady state conditions. 

Once all components are ramped up to their operational levels, the sample is heated 

to the growth temperature of 850 ℃, and left for 5 minutes to stabilize before initiating 

growth. The target composition for this growth was Sr0.5Ba0.5Nb2O6; this composition was 

used as a first attempt for its simple Sr/Ba ratio. This means that the same amounts of Sr 

and Ba need to be deposited and twice as much Nb as Sr and Ba combined. In other words, 

the ratio of Sr:Ba should be 1:1, and Nb: (Sr + Ba) should be 2:1. The oxygen plasma 

ensures that there is more than enough oxygen in the chamber in order for each of the 

metals to react and take their correct oxidation states.  

During growth, the manipulator is continuously rotated so that a uniform film is 

deposited. The Nb shutter stays open the entire time and the growth loop allows for the Sr 

shutter to open for 16.9 seconds and then to close, followed by the Ba to open for 16.9 and 

then to close followed by a pause of 20.2 seconds before restarting the loop and opening 

the Sr shutter again. This loop ran for 60 iterations, before closing all the shutters, including 

the main shutter. Then an annealing step was performed while there was still oxygen in the 

chamber. The sample temperature was ramped up to 950 ℃, at 30 ℃/min and held at that 

value for 10 minutes. After oxygen annealing, the sample heater was set to 200 ℃, and all 

the other sources were shut off or brought to their idle state.  

After growth in the MBE chamber, RHEED was performed to check if the sample 

crystallized. Figure 3.11 shows RHEED image of the sample after growth and annealing.  
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Figure 3.11:  RHEED image of SBN growth on STO a) [310] direction of SBN b) 

[100] direction of SBN. 

 

The RHEED image shows a three dimensional diffraction pattern indicative of 

epitaxial island growth. The lateral periodicity between the brightest spots of Fig 3.11a 

corresponds to the [310] direction of SBN with a real space atomic spacing of ~7.81Å, 

which is twice that of the (310) planes. Figure 3.11b corresponds to the [100] direction of 

SBN with a real lattice spacing of ~5.47Å, which is roughly that of the (200) planes.  The 

pattern also shows at least two domains that have a slight rotational offset. This is seen due 

to the horizontal duplication of some of the diffraction spots.  

Immediately after growth, the sample was then transferred to the XPS chamber 

without air exposure. Scans for O 1s, Ba 3d, Sr 3d, and Nb 3d regions as well as a survey 

scan were performed. Figure 3.12 shows the XPS spectra obtained.  
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Figure 3.12:  XPS scan of SBN grown film a) O 1s b) Sr 3d c) Ba 3d and d) Nb 3d.  

 

The XPS show mostly Nb5+ with a small amount of underoxidation, as seen from 

the lower binding energy shoulder of the Nb 3d scan. There also appears to be two types 

of Sr, which may be an indication of a slight Sr excess. XPS can also be used to determine 

the composition of the sample. The Sr 3d peaks were at binding energies 133.4 and 134.1 

eV, the full-width half maximum (FWHM) of the peaks was 1.1 and 1.8, respectively, with 

the spin splitting at 1.7 eV. The Ba 3d peak is at 780.4 eV with FWHM of 1.7 eV, Nb 3d 

has a peak at 207.6 eV and FWHM of 1.5 eV, and the O 1s peak is at 530.5 eV with FWHM 

of 1.6 eV. We can estimate the composition of the film by comparing the integrated area 
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of each spectrum and normalizing it by the relative sensitivity factor (RSF)4 for each 

component. Each peak, depending on which energy level it corresponds and the element 

itself has a calibrated RSF. Using these values we can find the ratio of one element 

compared to another and find the relative composition.  

From the XPS spectra, a film composition of 68.04% oxygen, 4.73% Ba, 5.97% Sr, 

and 21.26% Nb was found; this yields a chemical composition of Sr0.56Ba0.44Nb1.99O6.4. 

This is very close to the target composition of Sr0.5Ba0.5Nb2O6 which demonstrates that, 

with further optimization, MBE is a viable method for growing these complicated multi-

cation compounds that have previously only been grown by sputtering or pulsed laser 

deposition.  

Knowing that the film is crystalline with a definite orientation from RHEED and 

that the composition was very close to the target, out-of-plane and in-plane XRD were 

performed to further elucidate how the film crystallized. AFM was also performed on the 

sample to measure its surface roughness and morphology. Due to a very small film 

thickness of nominally 70 Å the out of plane XRD scan will mostly give information on 

the substrate and not much on the thin film. From the shoulders of the out-of-plane STO 

peaks there are some peaks corresponding to SBN. The out-of-plane XRD scan for the 

sample is shown in Figure 3.13 and we can clearly see the peaks from STO (1 0 0), (2 0 0), 

and (3 0 0). The shoulder on the left of STO (100) at 22.5° is the (310) peak of SBN and 

correspondingly the shoulder of STO (200) is the (620) peak of SBN. 

 

                                                 
4 RSF values are tabulated values found by empirical means. 
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Figure 3.13: Out-of-plane XRD full 2θ scan. 

 

To more clearly see the crystallographic orientation of the film, we perform an in-

plane scan where the substrate contribution is significantly smaller due to the grazing angle 

of incidence. A scan along the [310] direction of the STO substrate was done and is shown 

on Figure 3.14. When comparing this scan with powder diffraction patterns of SBN from 

Pearson’s Crystal Database one can match each of the peaks present. There are four clear 

peaks that match the (4 0 0), (6 0 0), (8 0 0), and (10 0 0) planes of SBN:47. The last peak 

also has contributions from STO (3 1 0) planes. 
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Figure 3.14: In-plane XRD of SBN on STO in the [310] direction of STO. 

 

Due to the tetragonality of SBN and the cubic form of STO, SBN can grow with 

several different possibilities on STO. Su et al. [97] have developed a comprehensive 

analysis of this system on their growth of SBN:50 by PLD. The lattice constants of STO 

are 𝑎 = 𝑏 = 𝑐 = 3.905 Å and that of SBN:50 are 𝑎 = 𝑏 = 12.46 Å and 𝑐 = 3.952 Å. 

From the in-plane XRD of the SBN film, the average a = b lattice constant is 12.46 Å. The 

c lattice constant of SBN (𝑐𝑆𝐵𝑁) is close to the lattice constant of STO, with only a 1.1% 

strain that allows for epitaxial growth of SBN on STO. The relationships for epitaxial 

growth according to Su et al. [97] are:  

 

 |𝒂𝑺𝑻𝑶| ≈ |𝒄𝑺𝑩𝑵| (3.4) 
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 (|𝒂𝑺𝑻𝑶|)𝟐 + (𝟑|𝒂𝑺𝑻𝑶|)𝟐 = (|𝒂𝑺𝑩𝑵|)𝟐 (3.5) 

 

With a simple permutation between the three 𝑎𝑆𝑇𝑂, being 𝑎𝑆𝑇𝑂, 𝑏𝑆𝑇𝑂, and 𝑐𝑆𝑇𝑂, then 

there are expected to be six different possibilities in which SBN can grow epitaxially on 

STO. From our XRD results we can definitively say that the following two arrangements 

are present. 

 

 |𝒄𝑺𝑻𝑶| ≈ |𝒄𝑺𝑩𝑵|  

(|𝒃𝑺𝑻𝑶|)𝟐 + (𝟑|𝒂𝑺𝑻𝑶|)𝟐 = (|𝒂𝑺𝑩𝑵|)𝟐 
(3.6) 

and, 

 

 |𝒄𝑺𝑻𝑶| ≈ |𝒄𝑺𝑩𝑵| and  

(|𝒂𝑺𝑻𝑶|)𝟐 + (𝟑|𝒃𝑺𝑻𝑶|)𝟐 = (|𝒂𝑺𝑩𝑵|)𝟐 
(3.7) 

 

We have verified the existence of the second orientation by taking the in-plane 

XRD scan of the [130] direction of STO, which shows the same spacings as the [310] 

direction. This confirms that both of these orientations are present in the film, confirming 

the presence of the second rotationally shifted domain in the RHEED pattern. These two 

film orientations are shown schematically by overlaying a unit cell of SBN on an STO 

lattice as shown in Figure 3.15a. Figure 3.15b shows that there should be a relative rotation 

of 18.4º between the STO cubic unit cell and the SBN tetragonal cell. 
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Figure 3.15: Schematics of SBN on STO for models by Su et al, reproduced with 

permission [97]  

 

AFM was also done on the film to determine the surface roughness and 

morphology. Figure 3.16a shows a 20 × 20 𝜇𝑚2 image of the sample with a height scale 

of 10 nm. At this lateral size the sample looks relatively uniform with a surface roughness 

RMS value of 2.53 nm. One can see that the film surface looks granular when taking a scan 

of a smaller 5 × 5 𝜇𝑚2 area (Fig 3.16b). This is more easily seen in the 1 × 1 𝜇𝑚2 image, 

where it is clear that the film was formed by the coalescence of many small islands growing 

from multiple nucleation sites as opposed to one big crystal, as the island growth mode 

explained in Chapter 2.  

 



   

 

 86 

 

Figure 3.16: AFM of SBN on STO showing island growth of SBN. a) 20 ×  20 𝜇𝑚2 

scan area b) 5 ×  5 𝜇𝑚2 scan area c) 1 ×  1 𝜇𝑚2 scan area d) line profile 

of SBN islands. 

 

A line graph (Fig 3.16d) across Fig 3.16c shows that these islands are on the order 

of 0.12 𝜇m wide and 7.2 nm tall. The average height of each of the island is on the order 

of the thickness of the film. This confirms that the growth proceeded in an island growth 

mode crystallizing independently at many nucleation sites and slowly growing laterally 

together. 
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We have demonstrated the growth of SBN on STO via MBE. The film has the 

epitaxial relationship [100]𝑆𝐵𝑁||[310]𝑆𝑇𝑂 . Both RHEED and in-plane XRD confirm the 

presence of two rotational domains. AFM shows that the film grew as small independent 

islands that start to coalesce as the film grows thicker. This growth shows promise that a 

stable epitaxial form of SBN can be deposited on STO. Using the developed process for 

growing STO on Si, integrating SBN on Si is, in principle, a straight forward process. 
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4. CHAPTER 4: CONCLUSION AND FUTURE WORK 

 

In conclusion, the search for materials with high electro optic response that can be 

integrated in silicon is not nearly close to being over. With the approach suggested in 

Chapter 1, one can narrow down a list of materials by looking at the coefficient of thermal 

expansion that can be related to non-linear optical response.  

With the objective of integrating oxides with high non-linear electro optic response 

on silicon, the growth of SrxBa1-xNb2O6 was pursued. SBN, a promising material with 

Pockel’s coefficients, as high as 844 pm/V, this makes it attractive for applications in Si 

photonics.  

SBN growth on MgO was considered and it led to a cleaning study on the surface 

of MgO. The cleaning study showed that oxygen plasma helps the surface of MgO to rid 

of contaminants such as carbonates and surface oxygen while keeping a smooth surface. 

The study also showed that annealing the substrate can help with healing the surface if 

prior cleaning steps were approached such as solvent cleaning, or UV treatment. 

Growth of SBN on STO by MBE was achieved, which potentially offers a way to 

integrate on Si (001). An SBN thin film crystallized in at least two different orientations 

and it had an island type growth. The film, being too thin never actually made it to be one 

whole crystal and instead small islands with height on the order of the nominal film 

thickness were seen by AFM.  

This work has potential to be continued by first growing thicker films of SBN on 

STO. A measurement of the Pockel’s response of the film can then be performed and 

further integration of the film directly on Si using an STO buffer layer will be the final 

step. 
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The integration of electro-optically active oxides on Si for use in Si photonics is a 

promising field. The high electro-optic effect and the ferroelectricity of SBN shows great 

potential for electro-optic modulators. As shown in this thesis, it also has the potential for 

Si integration. 
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[90] S. Schwyn Thöny, K. E. Youden, J. S. Harris, and L. Hesselink, Appl. Phys. Lett. 

65, 2018 (1994). 

[91] M. Cuniot-Ponsard, I. Saraswati, S. M. Ko, M. Halbwax, Y. H. Cho, and E. 

Dogheche, OSA 6, 4 (2014). 

[92] Y. B. Yao, W. C. Liu, C. L. Mak, K. H. Wong, H. L. Tam, and K. W. Cheah, Thin 

Solid Films 519, 52 (2010). 

[93] D. Trivedi, P. Tayebati, and M. Tabat, Appl. Phys. Lett. 68, 3227 (1996). 

[94] P. Tayebati, D. Trivedi, and M. Tabat, Appl. Phys. Lett. 69, 1023 (1996). 

[95] K. Nishio, N. Seki, J. Thongrueng, Y. Watanabe, and T. Tsuchiya, J. Sol-Gel Sci. 

Technol. 16, 37 (1999). 

[96] A. Infortuna, P. Muralt, M. Cantoni, and N. Setter, J. Appl. Phys. 100, (2006). 

[97] D. Su, A. Infortuna, P. Muralt, N. Setter, and M. Cantoni, J. Mater Res. 22, 157 

(2007). 

[98] R. E. Stephens and I. H. Malitson, J. Res. Natl. Bur. Stand. (1934). 49, 249 (1952). 

[99] C. Ronchi and M. Sheindlin, J. Appl. Phys. 90, 3325 (2001). 

[100] A. Sasahara, T. Murakami, and M. Tomitori, J. Phys. Chem. C 119, 8250 (2015). 

[101] K. Refson, R. A. Wogelius, D. G. Fraser, M. C. Payne, M. H. Lee, and V. Milman, 

Phys. Rev. B 52, 10823 (1995). 

[102] I. Giner, O. Ozcan, and G. Grundmeier, Corros. Sci. 87, 51 (2014). 

[103] A. G. Fitzgerald and R. Engin, J. Mater. Sci. 9, 339 (1974). 

[104] B. H. Moeckly, S. E. Russek, D. K. Lathrop, R. A. Buhrman, J. Li, and J. W. 

Mayer, Appl. Phys. Lett. 57, 1687 (1990). 

[105] S. S. Perry and P. B. Merrill, Surf. Sci. 383, 268 (1997). 



   

 

 94 

[106] H. Zama, Y. Ishii, H. Yamamoto, and T. Morishita, Jpn. J. Appl. Phys. 40, 465 

(2001). 

[107] M. Rickart, B. F. P. Roos, T. Mewes, J. Jorzick, S. O. Demokritov, and B. 

Hillebrands, Surf. Sci. 495, 68 (2001). 

[108] D. K. Aswal, K. P. Muthe, S. Tawde, S. Chodhury, N. Bagkar, A. Singh, S. K. 

Gupta, and J. V. Yakhmi, J. Cryst. Growth 236, 661 (2002). 

[109] J. Du, S. Gnanarajan, and A. Bendavid, Supercond. Sci. Technol. 18, 1035 (2005). 

[110] N. Verbrugghe, D. Fasquelle, and B. D. Députier, J. Vac. Sci. Technol. B 35, 

031204 (2017). 

[111] J. Du, S. Gnanarajan, and A. Bendavid, Phys. C 400, 143 (2004). 

[112] S. Benedetti, P. Torelli, P. Luches, E. Gualtieri, A. Rota, and S. Valeri, Surf. Sci. 

601, 2636 (2007). 

[113] A. Le Febvrier, J. Jensen, and P. Eklund, J. Vac. Sci. Technol. A Vacuum, 

Surfaces, Film. 35, 021407 (2017). 

[114] O. Robach, G. Renaud, and A. Barbier, Surf. Sci. 401, 227 (1998). 

[115] M. G. Norton, S. R. Summerfelt, and C. B. Carter, Appl. Phys. Lett. 56, 2246 

(1990). 

[116] R. K. Kang, K. Wang, J. Wang, and D. M. Guo, Appl. Surf. Sci. 254, 4856 (2008). 

[117] N. Ikemiya, A. Kitamura, and S. Hara, J. Cryst. Growth 160, 104 (1996). 

[118] R. Jerome, P. Theyssie, J. J. Pireaux, and J. J. Verbist, Appl. Surf. Sci. 27, 93 

(1986). 

[119] A. Chakradhar and U. Burghaus, Surf. Sci. 616, 171 (2013). 

[120] J. C. Fuggle, L. M. Watson, D. J. Fabian, and S. Affrossman, J. Phys. F Met. Phys. 

5, 375 (1975). 

[121] R. Hoogewijs, L. Fiermans, and J. Vennik, J. Electron Spectros. Relat. Phenomena 

11, 171 (1977). 

[122] L. Ley, F. McFeely, S. Kowalczyk, J. Jenkin, and D. Shirley, Phys. Rev. B 11, 600 

(1975). 

[123] J. R. Vig, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 3, 1027 (1985). 

[124] A. A. Demkov and A. Posadas, in Thin Film. Silicon, edited by V. Narayanan, M. 

M. Frank, and A. A. Demkov (World Scientific, 2017). 

[125] S. Piskunov, E. Heifets, R. I. Eglitis, and G. Borstel, Comput. Mater. Sci. 29, 165 

(2004). 

[126] K. Eisenbeiser, J. M. Finder, Z. Yu, J. Ramdani, J. A. Curless, J. A. Hallmark, R. 

Droopad, W. J. Ooms, L. Salem, S. Bradshaw, and C. D. Overgaard, Appl. Phys. 

Lett. 76, 1324 (2000). 

[127] D. M. Schaadt, E. T. Yu, V. Vaithyanathan, and D. G. Schlom, J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. 22, 2030 (2004). 

[128] S. B. Mi, C. L. Jia, V. Vaithyanathan, L. Houben, J. Schubert, D. G. Schlom, and 

K. Urban, Appl. Phys. Lett. 93, 1 (2008). 

[129] J. W. Reiner, A. Posadas, M. Wang, T. P. Ma, and C. H. Ahn, Microelectron. Eng. 

85, 36 (2008). 

[130] G. J. Norga, A. Guiller, C.Marchiori, J. P. Locquet, H. Siegwart, D. Halley, C. 



   

 

 95 

Rossel, D. Caimi, J. W. Seo, and J. Fompeyrine, Mat. Res Soc. Symp. Proc. 786, 

E7.3.1 (2004). 

[131] G. J. Norga, C. Marchiori, A. Guiller, J. P. Locquet, C. Rossel, H. Siegwart, D. 

Caimi, J. Fompeyrine, and T. Conard, Appl. Phys. Lett. 87, 262905 (2005). 

[132] G. J. Norga, C. Marchiori, C. Rossel, A. Guiller, J. P. Locquet, H. Siegwart, D. 

Caimi, J. Fompeyrine, J. W. Seo, and C. Dieker, J. Appl. Phys. 99, 084102 (2006). 

[133] F. Niu and B. W. Wessels, J. Cryst. Growth 300, 509 (2007). 

[134] M. Choi, A. Posadas, R. Dargis, C. K. Shih, A. A. Demkov, D. H. Triyoso, N. 

David Theodore, C. Dubourdieu, J. Bruley, and J. Jordan-Sweet, J. Appl. Phys. 

111, 064112 (2012). 

[135] M. D. McDaniel, A. Posadas, T. Q. Ngo, A. Dhamdhere, D. J. Smith, A. A. 

Demkov, and J. G. Ekerdt, J. Vac. Sci. Technol. A Vacuum, Surfaces, Film. 31, 

01A136 (2013). 

[136] Z. Yu, J. Ramdani, J. A. Curless, C. D. Overgaard, J. M. Finder, R. Droopad, K. 

W. Eisenbeiser, J. A. Hallmark, W. J. Ooms, and V. S. Kaushik, J. Vac. Sci. 

Technol. B 18, 2139 (2000). 

[137] A. B. Posadas, K. J. Kormondy, W. Guo, P. Ponath, J. Geler-Kremer, T. Hadamek, 

and A. A. Demkov, J. Appl. Phys. 121, 105302 (2017). 

 

 


