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เอกชัย จงเสรีเจร ิญ : การเตรียมฟิล ์มบางหลายชั ้นโลหะออกไซด์ด ้วยเทคนิคสปัต            

เตอร์ร ิงและการหาลักษณะเฉพาะเพื ่อการประยุกต์ใช ้เช ิงแส ง (PREPARATION AND 

CHARACTERIZATION OF SPUTTERED METAL OXIDE MULTILAYER THIN FILMS FOR 

OPTICAL APPLICATION) อาจารย์ที่ปรึกษา : รองศาสตราจารย์ ดร.ประยูร  ส่งสิริฤทธิกุล , 

107 หน้า 

คำสำคัญ: ฟิล์มบางโลหะออกไซด์, ฟิล์มบางหลายชั้น 

โลหะออกไซด์เป็นวัสดุที่มีบทบาทสำคัญสำหรับการใช้เป็นวัสดุเคลือบเชิงแสงเนื่องจากมี

สมบัติที ่สามารถปรับเปลี่ยนได้หลายประการ เช่น ความโปร่งแสง ความมีเสถียรภาพต่อสภาวะ

แวดล้อมและสารเคมี เป็นต้น ไทเทเนียมไดออกไซด์และซิลิกอนไดออกไซด์คือวัสดุที่เป็นที่รู้จักอย่างดี

ในการนำไปใช้เป็นวัสดุเคลือบผิวเชิงแสง ในงานวิจัยนี้  ฟิล์มบางไทเทเนียมไดออกไซด์ถูกเตรียมด้วย

กระบวนการอาร์เอฟแมกนีตรอนสปัตเตอร์ริงแบบดั้งเดิมและแบบที่มีวิธี การรีแอคทีพแก๊สไทม์มิง 

(RGT) สำหรับฟิล์มบางไทเทเนียมไดออกไซด์ถูกเตรียมด้วยกระบวนการอาร์เอฟแมกนีตรอนสปัตเตอร์

ริงแบบดั้งเดิมนั้น ฟิล์มที่เตรียมได้ทุกชิ้นมีค่าการส่งผ่านที่สูงมากกว่าร้อยละ 85 ในช่วงแสงที่ตา

มองเห็น ค่าการส่งผ่านของฟิล์มมีแนวโน้มลงลงเมื่อเตรียมด้วยความดันขณะเคลือบที่มีค่าสูง ผลจาก

การวัดด้วยเทคนิคการดูดกลืนรังสีเอกซ์ (XANES) ฟิล์มบางทุกเงื่อนไขมีโครงสร้างเป็นการผสมกันของ

เฟสรูไทล์และอนาเทส และผลการวิเคราะห์โครงสร้างเฉพาะบริเวณ (EXAFS) พบว่าที่การเตรียมด้วย

ความดันต่ำจะส่งผลให้ระยะพันธะไกลกว่าที่การเตรียมด้วยความดันสูง 

 สำหรับการเตรียมฟิล์มบางไทเทเนียมไดออกไซด์ด้วยกระบวนการอาร์เอฟแมกนีตรอน   

สปัตเตอร์ริงแบบ RGT ที่ความดันขณะเคลือบและกำลังที่ใช้เคลือบคงท่ี เงื่อนไขการเตรียมที่ใช้สำหรับ

การศึกษานี้คือช่วงระยะเวลาที่ปล่อยให้ไหลเข้าและหยุดการไหลของแก๊สออกซิเจนเข้าไปขณะเคลือบ 

จากผลการวัดสมบัติเชิงแสงด้วยเครื่องวัดการดูดกลืนแสงชนิดแบบอัลตร้าไวโอเล็ตและแสงมองเห็น

พบว่า ค่าการส่งผ่านของชิ้นงานที่เคลือบจะแตกต่างจากชิ ้นงานที่ไม่ถูกเคลือบอย่างเห็นได้ชัด  

ตำแหน่งที่มีค่าการส่งผ่านสูงสุดของตัวอย่างที่ให้แก๊สออกซิเจนในช่วงที่สั้นกว่าจะมีตำแหน่งที่ค่าความ

ยาวคลื่นสูงกว่า และโดยเฉลี่ยแล้วค่าการส่งผ่านของชิ้นงานที่เคลือบจะมีค่าน้อยกว่าชิ้นงานที่ไม่ได้

เคลือบด้วยฟิล์มไทเทเนียมไดออกไซด์ ผลจากการวัดด้วยเทคนิค XANES พบโครงสร้างที่ผสมกันของ

เฟสรูไทล์และอนาเทส ซึ่งในการหาสัดส่วนของเฟสรูไทล์ต่ออนาเทสในโครงสร้างของฟิล์มจะใช้เทคนิค

การรวมกันเชิงเส้น ซึ่งผลที่ได้สอดคล้องเป็นอย่างดีกับผลจากการวัดด้วยเทคนิคการเลี้ยวเบนของรังสี

เอกซ์ นอกจากนี้ มีการแสดงผลจากการหาแนวโน้มของกราฟ EXAFS เพ่ือดูระยะของพันธะในฟิล์มที่

เตรียมได้อีกด้วย 
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Metal oxides are important role of the optical coating materials because of its 

tunable properties, excellent optical transparency, and chemical and environmental 

stability. Titanium dioxide and silicon dioxide are two well-known materials to produce 

the optical thin films. Titanium dioxide thin films were successfully fabricated via RF 

magnetron sputtering and reactive gas timing (RGT) sputtering. For RF magnetron 

sputter deposition, all samples exhibit a high transmittance (> 85 %T) in visible region. 

The transmittance tended to decrease as the working pressure increased. Refractive 

index depends on working pressure. Mixing phase of Rutile and Anatase were found in 

all films corresponding to XANES results. The fitted plots of EXAFS data in the R-space 

show that the bond length of the lower working pressure sample is greater than that 

of higher. 

By using RGT technique, TiO2 thin films were fabricated with fixed working 

pressure and power. The oxygen flow timing was varied. The transmittance spectra 

from UV-vis measurement of the RGT samples are obviously different from the 

spectrum of uncoated glass slide. The maximum transmittance spectra obtained with 

shorter oxygen flow timings exhibit longer wavelengths compared to those obtained 

with longer flow timings.  All of the investigated metal oxides lowered the optical 

transmittance of undeposited glass when applied as a single layer of TiO2 and the 

transmittance is slightly sensitive to in the film structure. The normalized Ti K-edge 

XANES result in fluorescence mode at different oxygen timing sequence are reported. 

The characteristics in pre-edge and white line regions reveal the rutile-anatase phase 

mixture. Linear combination fitting of XANES data exhibits that weight of TiO2 anatase 

and rutile depend on the oxygen flow timing which is good agreement between XANES 

and XRD results. Bond length between Ti – O and Ti - Ti were shown by EXAFS results. 
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CHAPTER I 
INTRODUCTION 

 
1.1 Background  
 Multilayer optical thin films have been coated on substrate in order to obtain 
desired reflectance and transmittance of specific wavelength of light and have wide 
range of applications such as anti-reflection coatings, high reflection coating, highly 
reflecting laser mirrors, dichroic mirrors, various kinds of optical filters, beam splitters, 
heat reflectors, solar cell covers and thin-film polarizers. Multilayer optical coatings are 
used to modify the interaction of light with a surface by utilizing the interference of 
reflections from multiple interfaces. The performance of an optical coating is highly 
sensitive to any variations of layer refractive indices and thickness. Accurate control of 
film parameters, thickness, composition uniformity and roughness, is necessary to 
accomplish the designed particular function of the coating stack (Hilfiker et al., 2019). 
It is important to know the thickness, optical and absorption properties of individual 
layer as a function of wavelength to predict the behavior of modern optoelectronic 
and optical devices (Sultan et al., 2015).  
 Metal oxide is an important role of the optical coating materials because of its 
tunable properties, excellent optical transparency, and chemical and environmental 
stability (Park et al., 2017). Common metal oxide coating materials are SiO2, TiO2, Al2O3, 
ZnO, Nb2O5, HfO2 and Ta2O5. Silicon dioxide (SiO2) and titanium dioxide (TiO2) are 
famous coating materials due to their excellent properties and producibility. Titanium 
dioxide films are widely used in various fields of applications, for example, gas sensors, 
photocatalysis, solar cells, optical devices, etc. They have high optical transmittance 
with high refractive index in the visible range, outstanding chemical stability, high 
photocatalytic activity, satisfied mechanical hardness and non-toxicity (Pjević et al., 
2015)
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Silicon dioxide is an inexpensive optical coating material with low refractive index, high 
transmittance from the ultraviolet (UV) to near infrared (NIR) region, good insulation 
and chemical and mechanical properties. It is widely used in optical multilayer films 
when coupling with a high refractive index material (Wang et al., 2018). In addition, 
SiO2 films are a key part of gate dielectrics in semiconductor industry because of their 
high resistivity, superb dielectric strength, large band gap, high melting point, and 
native, low defect density interface with Si (Šimurka et al., 2018). Hence, these are the 
reason that TiO2 and SiO2 films are suitable candidates for many optical applications.  
 Up to now, many methods such as electron beam evaporation, ion assisted 
deposition, ion beam sputtering, magnetron sputtering, sol-gel, evaporation, chemical 
vapour deposition, and so on are used to prepare TiO2 and SiO2 thin films on various 
types of substrates. Among these methods radio frequency (RF) magnetron sputter 
deposition has many benefits, for instance, excellent control of film quality and 
thickness over large deposition areas, good adhesion, density and uniformity (Braeuer 
et al., 2010). Therefore, rf magnetron sputtering has become an interesting technique 
for the preparation of controllable metal oxide films at low substrate temperatures 
(Jeong et al., 2004). Basically, the film thickness is adjusted by controlling the 
deposition rate and time. In order to control the refractive index of the optical films a 
method that has been proposed is varying the porosity of thin films. However, film 
porosity is not easy to reproduce, especially when using different experimental or 
industrial setups. Thus, control of composition is a more reliable possibility to tailor 
the film refractive index (Gracia et al., 2006).   
 In this work, the preparation of metal oxide single layer thin films with desired 
optical and structural properties for optical applications by using RF magnetron 
sputtering is studied and the various analytical techniques including synchrotron-based 
characterization methods are extensively used to characterize the prepared films. SiO2 
and TiO2 are two main focused metal oxide materials in this study and thin film 
multilayer of these two materials is designed and fabricated. 
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1.2 Objectives and structure of this thesis 
 In this work, the preparation of metal oxide single layer thin films with desired 
optical and structural properties by using RF magnetron sputter deposition is studied. 
The various analytical techniques including synchrotron-based characterization 
methods are extensively used to characterize the prepared films. Thin film multilayer 
of two kinds of material is designed and fabricated. The research objectives are 
described below. 
 - To prepare the metal oxide single layer thin films by RF magnetron sputtering 
on glass substrate with controllable refractive index and film thickness. 
 - To investigate the optical and structural properties of prepared films.  
 - To study the relationship between the preparation conditions and film properties 
especially refractive index and film thickness.  
 - To design and fabricate thin film multilayer with two kinds of material. 

 

1.3 Scope and limitations 
- RF magnetron sputtering is the deposition technique of metal oxide thin films 

for this work.  
- SiO2  and TiO2  are two main focus materials for metal oxide single layer thin 

film.  
- Optical properties of metal oxide thin films will be investigated by UV-Vis-NIR 

spectrophotometer and spectroscopic ellipsometer. 
- The film properties will be characterized by X-ray diffraction (XRD), scanning 

Electron Microscopy (SEM), Atomic Force Microscopy (AFM), X-ray Photoelectron 
Spectroscopy (XPS), X-ray absorption spectroscopy (XAS). 

- The effects of deposition parameters on the optical and properties of thin films 
will be focused. 
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CHAPTER II 
LITERATURE REVIEW 

 
In order to achieve the metal oxide thin film multilayer with desired properties 

for this work, a basic understanding of sputtering technology, metal oxide thin films, 
and thin films for optical applications are required. Additional background information 
is provided relating to the structural and optical characterizations of thin films. This 
information gives an overview of the fundamental knowledge for this study. 

2.1 Metal Oxide Thin Films 
Metal oxides play a significant role in many areas of physics, chemistry and 

materials science. The metal elements are able to form a large diversity of oxide 
compounds. Metal oxides have been wildly used in optical applications because of its 
tunable properties, excellent optical transparency, and chemical and environmental 
stability (Park et al., 2017). Common metal oxide coating materials are SiO2, TiO2, Al2O3, 
Nb2O5, HfO2 and Ta2O5. Silicon dioxide (SiO2) and titanium dioxide (TiO2) are the famous 
coating materials due to their excellent properties and mass production ability. 

2.1.1 Silicon Dioxide Thin Film 
Silicon dioxide, also known as silica and its chemical formula is SiO2, is a main 

compound extensively found in quartz and sand. Its atomic weight is 60.08 g/mol. 
Silicon dioxide is an oxide formed by Si+4 and O-2. The compound is mostly found in 
the crystalline form by a cation Si central, coordinated to 4 anion O, so that the 
structure of silica has a tetrahedral geometry. It also exists in amorphous solid or other 
crystalline forms as rhombohedral, hexagonal, cubic, nonclinical or ortorhombic 
geometry. The chemical structure model of silicon dioxide can be shown as the below 
figure. It is a transparent to gray, odorless, crystalline or amorphous solid, and insoluble 
in water and acid. Its melting and boiling point are 1600 ºC and 2230 ºC, respectively. 

 
 

 



5 

It has energy bandgap of 8.9 eV approximately. Its density is 2.65 g m/L. For 
the chemical properties, silicon dioxide is not very reactive compound since the 
polarity of molecule is zero. The Si forms two double bonds with the oxygen, so it is 
extremely stable. 

 

Figure 2.1 Chemical Structure Model of silicon dioxide. (Adapted from 
https://pubchem.ncbi.nlm.nih.gov/compound/24261). 

 
For using as coating material, silicon dioxide has an inexpensive price, low 

refractive index, high transmittance from the ultraviolet (UV) to near infrared (NIR) 
region, good insulation and chemical and mechanical properties. Coupling of silicon 
dioxide layer with a high refractive index material can be done for making optical 
multilayer films (Wang et al., 2018). In addition, SiO2 films are a important part in 
semiconductor industry due to their high resistivity, good dielectric strength, large band 
gap, high melting point, and native, low defect density interface with Si (Šimurka et al., 
2018). SiO2 band gap with the value of 8.9±0.1 eV were shown in Seguini ’s paper. 
There are several methods to produce silicon dioxide thin films, for example, DC and 
RF magnetron sputtering (Lee et al., 2006 and Jeong et al., 2004 ), ion beam sputtering 
(Wang et al., 2018), electrospinning (Raut et al., 2013), sol–gel (Dou et al., 2016), dip-
coating (Chi et al., 2011).  

Šimurka studied the optical and mechanical properties of amorphous SiO2 thin 
films deposited on soda-lime silicate float glass by reactive RF magnetron sputtering 
at room temperature. The sputtering chamber was evacuated to a base pressure lower 
than 1.2×10−4 Pa before starting the deposition.  

Moreover, in order to clean the surface of the silicon target before each 
deposition, 5 min of pre-sputtering was performed. The magnetron power remained 

O 

Si 

O 

 

https://pubchem/
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the same at 300 W during reactive sputtering. The deposition parameters of each 
sample are shown in Table 2.1. The dependence of the process pressure on the 
properties was examined. The film densities are strongly influenced by the process 
pressure and shift between 2.38 and 1.91 g/cm3 as the pressure changes from 0.27 to 
1.33 Pa.  

Table 2.1 Deposition parameters (Šimurka et al., 2018).  

Sample 
Pressure Argon Oxygen Deposition rate 

(mTorr) (Pa) (sccma) (sccma) (nm.min-1) 

S2 2 0.23 18.7 2.4 8.3 

S4 4 0.53 18.7 2.3 11.3 

S6 6 0.80 18.7 2.3 12.4 

S10 10 1.33 18.7 2.3 10.1 

aStandard cubic centimeters per minute 

 
Figure 2.2 shows the evolution of surface morphology with increasing process 

pressure. As can be seen, the arithmetic and root mean square roughness (Ra and rms) 
increase significantly with increasing process pressure. On the other hand, density 
exhibits opposite trend and decreases with the pressure from 2.38 to 1.91 g cm−3 (Table 
2.2). 
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Figure 2.2 Surface morphology of the films deposited at different process pressures 
(a) 0.27 Pa, (b) 0.53 Pa, (c) 0.80 Pa, (d) 1.33 Pa (Šimurka et al., 2018). 
 
Table 2.2 Roughness values (Ra and rms) of the SiOx films obtained by AFM, their 
thickness and density obtained by XRR) (Šimurka et al., 2018). 

Sample Pressure(Pa) Ra(nm) 
rms 
(nm) 

Thickness(nm) Density(g.cm-3) 

S2 0.27 0.20 0.26 269 2.38 ± 0.01 

S4 0.53 1.55 1.95 327 2.16 ± 0.01 

S6 0.80 2.40 3.00 298 1.98 ± 0.05 

S10 1.33 2.56 3.17 192 1.91 ± 0.01 

 

Figure 2.3 shows the Si 2p XPS spectra measured at the film surface referenced to 
C 1s at 284.8 eV. The result revealed a stable position of Si 2p (~ 103.2 eV) typical for 
stoichiometric O/Si = 2.0 ratio for films prepared at the pressure ranging from 0.53 to 
1.33 Pa. For the sample S2 deposited at the lowest pressure of 0.27 Pa, the Si 2p peak 
shifts to lower binding energy (103.0 eV) with substoichiometric O/Si = 1.8 ratio. Shift 
to the lower binding energies indicates the presence of suboxide structure suggesting 
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that the oxygen flow was not sufficient to fully oxidize the sputtered silicon resulting 
in SiO1.8 thin film. 

 

Figure 2.3 High-resolution Si 2p XPS spectra measured at the film surface referenced 
to  C 1s at 284.8 eV (Šimurka et al., 2018). 

For the optical properties Figure 2.4 shows the refractive index of the prepared 
films. As can be seen, the refractive index decreases with the increasing process 
pressure in the whole spectral range. Figure 4b illustrates the development of 
refractive index with the film density at the wavelength of 632.8 nm. The refractive 
indices of the films vary between 1.37 and 1.52 when density increases from 1.91 to 
2.38 g/cm3. All the films exhibit high transparency and do not significantly vary from 
the transparency of the glass substrate (Figure 4). Only approximately 1.3% lower 
transmittance in the visible light region was observed for the sample S2 deposited at 
the lowest process pressure (Figure 2.5). This decrease in transmittance can be 
attributed to the suboxide structure detected by XPS. 
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Figure 2.4 Refractive index of the films a as a function of the optical wavelength for 
samples S2, S4, S6 and S10, and b at 632.8 nm as a function of film density (Šimurka 
et al., 2018). 

Fujiyama et al. studied the effect of O2 partial pressure on the mechanical 
properties of SiO2 films deposited by rf magnetron sputtering using SiO2 target with a 
purity of 99.99%. Figure 2.6 indicates the deposition rate of SiO2 films as a function of 
the O2 partial pressure, where the flow rate of argon gas is 10 cm3/min. The deposition 
rate clearly decreases by 35% due to the addition of the O2 gas into the argon 
atmosphere. In addition, the rate is independent on the existence of O2 partial 
pressure. The composition of sputtered SiO2 films in pure argon gas is deficient in 
oxygen compared to that for bulk SiO2, but it is close to that of bulk SiO2 when oxygen 
gas with a pressure of above about 2×10-2 Pa is added. 
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Figure 2.5 Optical transmittance of the glass substrate and systems glass/film (Šimurka 
et al., 2018). 

 

Figure 2.6 Sputtering rate with added oxygen to that without oxygen for 1 mm film 
thickness deposited at 8×10-2 Pa as a function of oxygen partial pressure (Fujiyama et 
al., 2002). 
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Figure 2.7 The surface roughness (nm) and deposition rate (nm /min) (Left) vs. 
substrate temperature (K) (Right) vs. argon gas flow (sccm) (Kojima et al., 1999). 
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Kojima et al. studied grazing-incidence XRR characterization of as-grown SiO2 
thin films deposited on Si(100) substrates by rf magnetron sputtering with various 
substrate temperatures and gas flow rates. The results show that an increase of 
substrate temperature from room temperature to 763 K only slightly decreases the 
surface roughness (Figure 2.7). Comparatively, the surface morphology is strongly 
controlled by the gas flow conditions during deposition. The surface roughness 
increases almost linearly from 0.51 to 2.38 nm when the argon flow rate is increased 
from 8 to 50 sccm (Figure 7). The XPS results confirm that it is possible to prepare high-
quality SiO2 thin films by the sputtering method. 

2.1.2 Titanium Dioxide Thin Film 
 Titanium dioxide (TiO2) usually occurs in amorphous form and also in three 
crystalline polymorphs: anatase, rutile and brookite. The most abundant and most 
extensively studied polymorph is the rutile phase. Anatase and rutile phases are 
tetragonal in nature while brookite exhibits an orthorhombic structure (Figure 2.8) (Esch 
et al., 2014).  

 

Figure 2.8 The primitive cells of rutile, brookite and anatase (from left to right, Esch et 
al., 2014). 

TiO2 has melting and boiling points of 1840 ºC and 2900 ºC, respectively. For 
physical properties, titanium dioxide is an odorless and tasteless white crystalline 
powder. The bulk density of rutile phase is 4.13 g/cm3. It has a band gap of 3.0 eV 
(Zhang  et al., 2014). The rutile structure is very compact and thermodynamically most 
stable phase at all temperatures, and has higher refractive index than anatase (2.7 vs 
2.52, at 550 nm wavelength). Rutile phase exhibits better optical activity than anatase 
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and is used for antireflective and dielectric applications (Nair et al., 2014). Moreover, 
the rutile is widely used as a white pigment material due to good scattering effect that 
protects material from ultraviolet radiations (Nair et al., 2011).  

Titanium dioxide thin films are used in a wide range of applications, such as gas 
sensors, photocatalysis, solar cells, optical devices, etc. They have high optical 
transmittance with high refractive index in the visible range, outstanding chemical 
stability, high photocatalytic activity, good mechanical hardness and non-toxicity 
(Pjević et al., 2015). Different techniques can be used to fabricate TiO2 films, for 
example, DC and RF magnetron sputtering, chemical vapor deposition (CVD), Pulsed 
laser deposition (PLD), hydrothermal method and Sol-Gel (Wang et al., 2017).  

Kang et al. study the effect of crystallization in TiO2 thin films on optical 
properties characterized by transmittance measurements using UV-VIS 
spectrophotometry. TiO2 thin films with amorphous and anatase phases were prepared 
using an RF sputtering and a TiO2 (99.99%) target with a 5-cm diameter. Deposition 
process was performed at an RF power of 120 W. The TiO2 films were deposited on 
quartz substrates at room temperature for 120 min. The distance between the target 
and substrate was 10 cm and the sputtering gas was Ar (20 sccm). The base pressure 
of the chamber was less than 6.67×10−3 Pa, and the working pressure was 
approximately 1.33×10−1 Pa.  

Amorphous and anatase TiO2 films were obtained by post-annealing in a 
tubular furnace at temperatures of 550 °C for 120 min in air. Figure 2.9(a) – (c) show 
the surface morphologies of the TiO2 films with post-annealing. The grain growth 
indicating crystallization occurred when the film was postannealed at 550 °C, and the 

morphology with dense surface and no grain was obtained in the film post-annealed 
at 900 °C. Figure 2.9(d) shows the XRD pattern of the as-grown TiO2 film and TiO2 films 
post-annealed at 550 and 900 °C. 
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Figure 2.9 Surface morphologies of the TiO2 films with different post-annealing 
temperature: (a) as-grown film, (b) film post-annealed at 550 °C, and (c) at 900 °C. (d) 
XRD patterns of the as-grown film and films post-annealed at 550 °C and 900 °C (Kang 
et al., 2018). 

The optical transmission spectra of the TiO2 polymorph films were shown in 

Figure 2.10. The films have a high transmittance of ∼80%, and the fundamental 
absorption edge at a wavelength of approximately 360 nm. The absorption edge shifts 
slightly toward longer wavelengths with increasing post-annealing temperature (Figure 
10 inset). This results from the crystallization because of the post-annealing. 
Additionally, the optical constant spectra of the films showed a gradual change above 
3.5 eV. 
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Figure 2.10 Optical transmission spectra of TiO2 polymorph films (Kang et al., 2018). 

 

Nair et al. studied the optical parameters induced by phase transformation in 
RF magnetron sputtered TiO2 thin films which were deposited onto quartz substrates 
using a ceramic TiO2 target at a pressure of 0.01 mbar, a power of 300W and a substrate 
temperature of 573 K. Thermal annealing to the prepared film for 2 h at 873 K in air 
produced the formation of anatase phase, and a phase transformation to rutile with 
rod-like surface morphology was observed at 1073 K. The refractive index increased 
with increase in annealing temperature (Figure 2.11) because rutile is the optically 
active phase. 
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Figure 2.11 Plot of refractive index versus wavelength for as-deposited and annealed 
TiO2 thin films (Nair et al., 2014). 

Grayeli Korpi et al. reported influence of the oxygen partial pressure on the growth 
and optical properties of RF-sputtered anatase TiO2 thin films. Titanium dioxide films 
with thicknesses around 300 nm were deposited on glass substrates by reactive RF 
magnetron sputtering using a pure TiO2 target at constant RF sputtering power (200 W), 
high working pressure (5×10-3 Torr) and room temperature. The details of samples are 
given in Table 2.3 which indicate that the surface roughness and crystallinity are 
noticeably dependent on the presence of small oxygen concentrations during the 
preparation. The grain size of the films and the surface roughness significantly decrease 
when the O2 addition is increased. Figure 2.12 shows the XRD patterns of TiO2 films 
deposited at different O2/(Ar + O2) ratios. These diffraction patterns show three well-
defined peaks corresponding to the planes (1 0 1), (2 0 0) and (2 1 1) of the anatase 
crystalline phase (JCPDS 21-1272). The intensity of the anatase peaks depends on the 
oxygen concentration in the chamber during sample preparation, increasing the peak 
intensities as the O2/(Ar + O2) ratio from 0 to 0.2, and decreasing again for O2/(Ar + O2) 
= 0.3. It was noticed that an excessive presence of oxygen during film deposition 
obstructs the crystallization of the anatase phase. 
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Table 2.3 Grain size (D), average surface roughness (Rave) and thickness calculated with 
the Sanepoel method of samples produced at various O2/Ar + O2 ratios (Grayeli Korpi 
et al., 2017). 

Samples O2/Ar + O2 ratio D (nm) Rave (nm) thickness (nm) 

1 0 144.2 18.9 304.12 

2 0.1 121.5 14.2 299.51 

3 0.2 26.0 3.4 295.94 

4 0.3 18.1 2.0 295.06 

 

 

 

Figure 2.12 XRD patterns of various samples produced at different O2/Ar + O2 ratios              
(Grayeli Korpi et al., 2017). 

For optical results, the transmittance spectra of the TiO2 films at various O2/Ar + 
O2 ratios are shown in Figure 2.13. The average transmittance of the different samples 
is approximately 85% in the visible region respecting to reference blank glass substrate. 
When the sample prepared under pure Ar ambient, the transmittance in visible light is 
decrease, probably due to its larger surface roughness. 
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Figure 2.13 Optical transmittance spectra of various samples produced at different O2/ 
Ar + O2 ratios (Grayeli Korpi et al., 2017). 

    

 

Figure 2.14 Ti2p (a) and O1s (b) XPS spectra of TiO2 thin films (Nezar et al., 2017). 
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Nezar et al. show that it is possible to deposit nanocrystalline anatase TiO2 thin 
films on both biased and unbiased glass substrates by controlling the sputtering 
conditions. Pure metal titanium target (99.99%) was used as a sputtering target. The 
sputtering gas and reactive gas were pure argon (99.99990%) and pure oxygen (99.99%) 
respectively. The voltage applied to the substrate was varied (0, −25, −50, −75 and 
−100 V) whereas all other deposition parameters were constant (sputtering power = 
250 W, deposition time = 60 min, working gas pressure = 2.66 Pa, 25% of oxygen flow 
rate, and room temperature). XPS results revealed that titanium atoms were present 
on the form of Ti4+ state corresponding to the chemical composition of TiO2 (Figure 
2.14). 

2.1.3 Other Metal Oxide Thin Film 
Besides SiO2 and TiO2, other metal oxide such as Al2O3, HfO2 and Ta2O5 are 

common metal oxide coating materials for optical applications. HfO2 and Ta2O5 films 
are one of the most important high refractive index materials from the ultraviolet to 
near-infrared region. Ta2O5 films are the preferred high-refractive-index materials in the 
field of ultra-low loss laser films, and HfO2 films are the preferred high refractive index 
materials in the field of high laser damage threshold films (Wang et al., 2017). Wang et 
al. studied the effects of hot-isostatic pressing and annealing post-treatment on HfO2 
and Ta2O5 films prepared by ion beam sputtering. In the aspect of optical properties, 
both post-treatment methods can increase physical thickness and reduce refractive 
index and extinction coefficient. Figure 2.15 shows effect of hot-isostatic pressing and 
annealing treatment on optical constants of HfO2 and Ta2O5 films  
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Figure 2.15 Effect of hot-isostatic pressing and annealing treatment on optical 
constants of HfO2 and Ta2O5 films (Wang et al., 2017). 

Kesmez et al. fabricated single layer and multilayer films consisting of SnO2, 
Ta2O5, SiO2, TiO2, indium tin oxide (ITO) and antimony tin oxide (ATO) by sol-gel dip 
coating technique. Table 2.4 indicates the light transmittance, thickness, refractive 
index and roughness of single layer films and light transmittance of multilayer films.  
Among the single layer films, porous SiO2 film had the highest light transmittance of 
95%. Figure 2.16 present the light transmittance plots of single layer films as a function 
of wavelength. It is obvious that the highest transmittance can be achieved in the SiO2 
film in the 300–900 nm region. All of the studied oxides except silicon dioxide resulted 
in a decrease in the light transmittance comparing with uncoated glass when applied 
in single layer form. This was expected, since the refractive indices of these oxides are 
higher than that of the glass. 

 

HfO2 

HfO2 

Ta2O5 

Ta2O5 
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Table 2.4 Light transmittance(Measured by Hazameter, at 550 nm), refractive indices 
and thickness values of single layer films and light transmittance values of multilayer 
films (Kesmez et al., 2018). 

Sample 
%Light 

Transmittance 
Reflective 

index 
Film thickness 

(nm) 
Roughness 
(rms)(nm) 

Bare glass 89.5 - - - 

SiO2 95 1.36 103 1.20 

Ta2O3 86.7 1.70 34 8.95 

ATO 87.1 1.64 38 11.46 

ITO 89 1.54 30 7.83 

SnO2 86.9 1.67 71 2.30 

TiO2 89.1 1.99 115 23.44 

ITO-TiO2-SiO2 97.5 - - - 

ITO-Ta2O5-SiO2 96.2 - - - 

SnO2-TiO2-SiO2 94.9 - - - 

SnO2-Ta2O5-SiO2 95.1 - - - 

ATO-TiO2-SiO2 80.4 - - - 
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Figure 2.16 % light transmittance spectra of single layer films ( Kesmez et al., 2018). 
 

2.2 Thin Films for Optical Applications 
2.2.1 Interference in thin films 
Basically, interference effects are commonly observed in thin films, such as thin 

layers of oil on water or the thin surface of a soap bubble. The varied colors observed 
when white light is incident on such films result from the interference of waves 
reflected from the two surfaces of the film. Consider a film of uniform thickness t and 
refraction index (RI) n. The wavelength of light 𝜆𝑛 in the film is 

𝜆𝑛 =   
𝜆

𝑛
                (1) 

where 𝜆 is the wavelength of the light in free space and n is the refractive index 
of the film material. Let’s assume light rays traveling in air are nearly normal to the 
two surfaces of the film as shown in Figure 2.17. Reflected ray 1, which is reflected 
from the upper surface (A) in Figure 17, undergoes a phase change of 180° with respect 
to the incident wave. Reflected ray 2, which is reflected from the lower film surface 
(B), undergoes 180° phase change because it is reflected from a glass that has a higher 
reflective index than that of film. Therefore, ray 1 is in phase with ray 2. We must also 
consider, however, that ray 2 travels an extra distance 2𝑑𝑐𝑜𝑠𝜃2 before the waves 
recombine in the air above surface A. If 2𝑑𝑐𝑜𝑠𝜃2 = 𝜆𝑛, rays 1 and 2 recombine in 
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phase and the result is constructive interference. In general, the condition for 
constructive interference in thin films is (Serway et al., 2014) 

2𝑑𝑐𝑜𝑠𝜃2   =  𝑚𝜆𝑛   𝑚 =  0, 1, 2, …                (2) 

Because 𝜆𝑛 =  𝜆/𝑛, Equation 2 can be written as 

2𝑛𝑑𝑐𝑜𝑠𝜃2   =  𝑚𝜆     , 𝑚 =  0, 1, 2, …              (3) 

If the extra distance 2𝑑𝑐𝑜𝑠𝜃2 traveled by ray 2 corresponds to a multiple of 
𝜆𝑛, the two waves combine out of phase and the result is destructive interference. 
The general equation for destructive interference in thin films is 

    2𝑛𝑑𝑐𝑜𝑠𝜃2   =  (𝑚 +
1

2
) 𝜆      , 𝑚 =  0, 1, 2, …    (4) 

 

 

Figure 2.17 Light paths through a thin film on glass  (https://en.wikipedia.org/wiki/Thin-
film_inter-ference). 

 

2.2.2 Multilayer thin films  
A multilayer coating consisting of m thin homogeneous and isotropic layers on 

a thick substrate is considered as shown in Figure 2.18. Normally, a film is considered 
to be thin in the case when full interference effects are observable in the reflected or 
transmitted light. At a boundary between two media, denoted by suffix 0 for the 
incident medium and by suffix 1 for the exit medium, the incident beam is split into a 

180 
o
 phase change 

 

https://en.wikipedia.org/wiki/Thin-film_inter-ference
https://en.wikipedia.org/wiki/Thin-film_inter-ference


24 

reflected beam and a transmitted beam. For normal incidence, we have the amplitude 
reflection r and transmission t coefficients are: (Macleod, H.A., 2010). 

𝑟 =   
𝜂𝑜  − 𝜂1

𝜂𝑜+  𝜂1
          (5) 

𝑡 =   
 2𝜂0

𝜂𝑜+  𝜂1
 ,                     (6) 

where 𝜂 is optical admittance. 

 

Figure 2.18 Schematic of a multilayer thin films (Fedulova et al., 2016). 

In order to avoid fundamental difficulties, the incident medium is considered to be 
absorption-free, which means 𝜂𝑜 is real, then the intensity transmission and reflection 
coefficients (transmittance T and reflectance R) are given by:  

𝑅 =   (
𝜂𝑜  − 𝜂1

𝜂𝑜+  𝜂1
) (

𝜂𝑜  − 𝜂1

𝜂𝑜+  𝜂1
)

∗
                (7) 

𝑇 =  
4𝜂𝑜Re(𝜂1)

(𝜂𝑜+  𝜂1)(𝜂𝑜+  𝜂1)∗
               (8) 

The reflectance of an assembly of thin films is calculated through the concept of 
optical admittance. We replace the multilayer by a single surface (Macleod, H.A., 2010), 
which presents an admittance Y that is the ratio of the total tangential magnetic and 
electric fields and is given by 
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     Y = C/B                 (9) 

Where   [
𝐵
𝐶

] =  {∏ [
𝑐𝑜𝑠𝛿𝑟 (𝑖𝑠𝑖𝑛𝛿𝑟)/𝜂𝑟

𝑖𝜂𝑟  𝑠𝑖𝑛𝛿𝑟 𝑐𝑜𝑠𝛿𝑟
]𝑞

𝑟=1 } [
1

𝜂𝑚
]           (10)

  

𝛿𝑟 = 2𝜋𝑁𝑑 𝑐𝑜𝑠𝜗/𝜆  (𝜗 is the angle between the ray and normal line to film boundary) 
and 𝜂𝑚 = substrate admittance. 

The order of multiplication is important. If q is the layer next to the substrate, 
then the order is 

[
𝐵
𝐶

] =  [𝑀1][𝑀2] ⋯ [𝑀𝑞] [
1

𝜂𝑚
]            (11) 

M1 indicates the matrix associated with layer 1, and so on. Y and η are in the 

same units. As in the case of a single surface, ηo must be real for reflectance and 
transmittance to have a valid meaning. By using the general characteristic matrix of an 
assembly of m thin layers, then the basic formulas for calculating spectral 
characteristics of a multilayer coating are given as follows:  

𝑅 =   (
𝜂𝑜𝐵−𝐶

𝜂𝑜𝐵+𝐶
) (

𝜂𝑜𝐵−𝐶

𝜂𝑜𝐵+𝐶
)

∗
             (12)

 𝑇 =  
4𝜂𝑜Re(𝜂𝑠)

(𝜂𝑜𝐵+𝐶)(𝜂𝑜𝐵+𝐶)∗
             (13) 

In order to design multilayer thin film for optical application, free or commercial 
software can calculate the performance of an assembly and help as a guideline before 
fabrication.  

In 2012, Han, K. et al. fabricated TiO2/SiO2 multilayer film structure by the sol–
gel synthesis with thermal treatment processes. Removing the hydrophobic alkoxy 
groups from the pre-deposited film surface is necessary to fabricate well defined 
multilayer film structures, as shown in Figure 2.19b. Figure 2.20 shows FE-SEM images 
of the 2nd TiO2 film surfaces including the contact angle photographs on the 1st SiO2 
films for the 250nm TiO2 film. The 1st SiO2 surface characteristics were varied with 
sintering conditions which affect the amounts of the residual ethoxy groups (Si(OC2H5)4 
used as a SiO2 precursor) on the surface (proved by FTIR spectra). The higher amounts 
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of the residual ethoxy groups on the surface, the lower the surface energy to overcome 
the surface tension of the coating solution (Figure 2.19a). The well-defined TiO2/SiO2 

multilayer essembly was successfully fabricated at a sintering temperature of 300 ◦C 
by forming a hydrophilic SiO2 layer with the heating-up period (Han, K. et al., 2012).  

 

Figure 2.19 Schematics of (a) hydrophobic and (b) hydrophilic surfaces of the SiO2 film. 
The R represents alkoxy group remained after sintering on the SiO2 film surface. TiO2 

coating solution was applied to the SiO2 film surfaces to fabricate the multilayer 
structure (Han, K. et al., 2012). 

 

Figure 2.20 Examples of FE-SEM images of the 2nd TiO2 250nm film surfaces for (a) 
clear, (b) cracks, and (c) delamination morphologies. The inserted contact angles were 
measured on the 1st SiO2 films before deposition of the 2nd TiO2 film (Han, K. et al., 
2012). 
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2.2.3 Anti - Reflective Coating 
The optical phenomenon, reflection is born out of a transition in the medium 

in which light is travelling. The mathematical model or the vector method to deduce 
the condition for anti-reflection considers a single layer thin film (refractive index, RI = 
n) on a glass substrate (RI = ns) as shown in Figure 2.19. The interference effect is 
considered under the two following assumptions: (1) the reflected waves have the 
same intensity and one reflected wave per interface and (2) other optical interactions 
such as scattering, absorption etc. are negligible. Therefore, from Figure 2.21, if ray 1 
and ray 2, the two reflected waves, undergo a destructive interference, thereby 
cancelling each other, there would be no reflection. From this follow the two essential 
criteria for Anti-Reflection. The reflected waves are 𝜋 radians out of phase or the phase 
difference, 𝛿 is 𝑛𝜋/2. The thickness of the film (d) is an odd multiple of 𝜆/4  where 𝜆 
is the wavelength of the incident beam. As the equation governing phase difference is 
𝛿 = 2𝜋𝑛𝑑 𝑐𝑜𝑠𝜃/𝜆, substituting the value of  𝛿 and 𝑑, we get 𝜃 = 0, that is normal 
incidence. The reflectance at normal incidence is given by (Raut et al., 2011)  

𝑟 =   [
𝑛𝑎𝑖𝑟𝑛𝑠 − 𝑛

2

𝑛𝑎𝑖𝑟𝑛𝑠+ 𝑛2]
2

       (14) 

Where, ns, nair and n  are  refractive index of the substrate, air and film respectively 

 

Figure 2.21 Propagation of light rays through a single layer film on substrate (ns > n)         
(Raut et al., 2011). 
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As the objective is to achieve zero reflectance, R is set to zero and the refractive 
index of the film (n) is found to be √𝑛𝑎𝑖𝑟𝑛𝑠 . The fact that reflectance (R) proposed by 
Fresnel is dependent on the s and p-polarization of the light, the anti-reflective 
property is also analyzed on the basis of those parameters (Raut et al., 2011). 

2.2.4 High Reflection Coating 
For the metal multi-dielectric mirror coatings, the basic principle, illustrated in 

Figure 2.22, consists in enhancing the reflectivity of a metal film at a given wavelength 
band by exploiting interference effects in thin films. A high reflectivity (R) metal layer 
(Al: R ~ 92%; Ag: R ~ 96%) is overcoated with one or several pairs of transparent films 
of high (H) and low (L) refractive index. For this purpose, dielectric films like SiO2, MgF2 
(L-materials) or HfO2, Nb2O5, TiO2 (H-materials) are used. For the selection of the coating 
materials, properties like residual stress, adherence, resistivity to abrasion and 
humidity, and coating yield are of importance. The optical thickness of the layers is 
usually chosen to be 𝜆/4. The dielectric coatings lead, therefore, to a wavelength-and 
angle dependent modulation of the reflectivity. The larger the ratio of the refractive 
index of the LH pair, the higher is the peak reflectivity and width of the enhanced 
region. Adding LH pairs, optimized for the same wavelength, will increase the 
reflectivity but narrow down the useful range. The layer stack terminates usually with 
a H-layer (Braem et al., 2005). 

 

Figure 2.22 Schematic representation of a metal multi-dielectric mirror (Braem et al., 
2005). 
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Dubey, R. S. et al. fabricated of TiO2/SiO2 stacks based Bragg reflectors by using 
sol-gel spin coating technique. The prepared single-layer thin films of TiO2 and SiO2 
onto glass substrates were characterized for their optical constants. One-seven 
distributed Bragg reflectors (DBR) stacks of TiO2/SiO2 were prepared by tuning the 
process parameters. The refractive indices (by using Filmetrics, F20) of TiO2 and SiO2 
films are 2.2 and 1.4 respectively. By increasing of the number of DBR stacks, the 
reflectance increased with the shift towards higher wavelength range as shown in Figure 
2.23. 

 

Figure 2.23 Reflectance spectra of one-, three-, five- and seven-DBR stacks with their 
optical images (Dubey, R. S. et al., 2017). 

In Han, K. et al.’s study in 2011, multilayer structure consisting of H/L/H 
(TiO2/SiO2/TiO2) refractive index materials were prepared by sol–gel method and spin 
coating process (Figure 22). Film thicknesses were examined by spectroscopic 
ellipsometry (SE) and focused ion beam (FIB) techniques (Figure 2.24), and refractive 
indices of TiO2 and SiO2 single layer films were also measured by SE. Figure 2.25 shows 
the n and k values of TiO2 and SiO2 single layer films (Han, K. et al., 2011). 

Theoretical calculations and experimental data for the UV–Vis–NIR reflectance 
spectra from the multilayer film are shown in Figure 24. Experimental reflectance is in 
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good agreement with the theoretical prediction using constant refractive index for the 
NIR region, but it shows moderate deviation at the wavelength lower than 700 nm. It 
is possibly due to the large variation of the refractive index of TiO2, as shown in Figure 
23. The highest reflectance on the NIR region was obtained with the quarter-wave 

condition at λ=1000 nm (Han, K. et al., 2011).  

 

 

Figure 2.24 (Left) Schematic of a multilayer structure (Right) A FIB image (SEM) of a 
multilayer structure (Han, K. et al., 2011). 
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Figure 2.25 Optical constants (n and k) measured for (a) TiO2 and (b) SiO2 films                
(Han, K. et al., 2011). 
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Figure 2.26 UV–Vis–NIR reflectance spectra from calculations and experimental 
measurement at the quarter wave condition (Han, K. et al., 2011). 
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CHAPTER III 
EXPERIMENTS AND TECHNIQUES 

 
SiO2 and TiO2 single layer thin films will be deposited on glass substrates by 

custom-built RF magnetron sputtering of a pure SiO2 and TiO2 ceramic target 
respectively (diameter 3 inches) mm). Before each deposition, the sputtering chamber 
will be evacuated down to a pressure of 1 ×10−5 mbar (or lower). The film deposition 
carries out at room temperature. The substrate–target distance is about 15 cm. The 
sputtering target is continuously cooled by water. Pure argon is used as the sputtering 
gas and pure oxygen as the reactive gas. The effect of deposition parameters such as 
RF power and gas flow rate on the structural and optical properties of the samples 
will be studied.  

The phase analysis of the prepared samples was carried out using an X-ray 
diffractometer. The surface morphology will be examined by SEM and AFM. XPS will 
be used to characterize the stoichiometry of the films and to identify the chemical 
state of Si and Ti atoms. The optical constants will be measured by spectroscopic 
ellipsometer. The optical transmittance and reflectance will be obtained by UV-Vis-
NIR measurement. The local structure will be investigated by XAS. In particular, XANES 
gives information on oxidation state and site symmetry of Si (or Ti) and EXAFS gives 
detailed information on distances and coordination numbers of neighboring atom 
shells surrounding the Si (or Ti) atom. After getting desired optical properties of 
prepared single layer films and being able to control film thickness and refractive index, 
thin film multilayer of silicon oxide and titanium oxide materials is designed and 
fabricated. 

3.1 Thin films preparation  
3.1.1 RF Magnetron Sputter Deposition  
Sputter deposition is a vacuum coating process categorized in the type of 

physical vapor deposition (PVD). Sputtering process is a well-known film growth 
technique for the coating industry.
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The technique is based on ion bombardment of a source material (the target). 
Sputter deposition is a non-thermal vaporization process which uses a physical 
phenomenon to produce the microscopic spray effect. When an energetic ion strikes 
the surface of the target, atoms of that target material are ejected by a momentum 
transfer process. Sputtering working gas will be ionized and accelerated towards the 
target. The use of a magnetron allows trapping of the electrons by the magnetic field 
lines close to the sputtering target in a well-defined region. Therefore, electrons stay 
within the plasma for a considerably longer time, increasing the probability of ionizing 
the working gas. Magnetron sputtering cathodes can be run using AC or DC power 
supplies. The most common AC power supplies usually operate in the RF range at 
13.56 MHz in order to sputter also high insulating target materials like SiO2 or Al2O3 
(Bräuer et al., 2010).  

Basically, the sputtering target is actively cooled. The cold surface minimizes 
the amount of radiant heat in a sputtering system and this may be an advantage over 
thermal evaporation in vacuums, where the radiant heat load can be appreciable. The 
low level of radiant heat is one factor that allows thermally sensitive surfaces to be 
placed near the sputtering target. Cooling also prevents diffusion in the target, which 
could lead to changes in the elemental composition in the surface region when alloy 
targets are bombarded (Mattox, Donald M., 2010). 

Table 3.1 Sputtering yields by 500 eV ions (Mattox, Donald M., 2010).  

                                      Be (9)     Al (27)     Si (28)     Cu (64)     Ag (106)     W (184)     Au (197)      

He+ (4amu)                      0.24         0.16         0.13         0.24             0.2            0.01             0.07                  

Ne+ (20amu)                    0.42         0.73         0.48         1.8               1.7            0.28             1.08           

Ar+ (40amu)                     0.51        1.05         0.50          2.35        2.4 – 3.1          0.57              2.4 

Kr+ (84amu)                     0.48        0.96         0.50          2.35             3.1             0.9               3.06 

Xe+ (131amu)                   0.35        0.82          0.42         2.05             3.3             1.0               3.01 
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Figure 3.1 Some calculated sputtering yields (Mattox, Donald M., 2010). 

The sputtering yield is the ratio of the number of atoms ejected to the number 
of incident bombarding particles and depends on the chemical bonding of the target 
atoms and the energy transferred by collision. Table 5 shows some masses of gaseous 
ions and target materials and the approximate sputtering yield by bombardment at 
the energies indicated. Figure 3.1 shows some sputtering yields by argon ion 
bombardment as a function of ion energy. For off-normal bombardment, the 
sputtering yield initially increases to a maximum then decreases rapidly as the 
bombarding particles are reflected from the surface; this effect is called the “angle-of-
incidence effect”, as shown in Figure 3.2. The maximum sputtering yield for argon 
generally occurs at about 70 degrees off-normal but this varies with the relative masses 
of the bombarding and target species. The angle-of-incidence effect on sputtering 
yield, and surface mobility effects, can give rise to the development of surface features 
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such as cones and whiskers on the target surface. The sputtering threshold energy is a 
rather vague number that is the lowest energy of the bombarding particle that can 
cause sputtering. Generally, it is considered that incident particle energies of less than 
about 25 eV will not cause physical sputtering of an element. This is about the energy 
needed for atomic displacement in the radiation damage in solids (Mattox, 2010). 

 

Figure 3.2 Sputtering yield as a function of angle-of-incidence of the bombarding ion 
(Mattox., 2010). 

Magnetron sputtering emerges when a plasma is ignited in the presence of a 
rare gas (typically, argon) in the vicinity of the target surface. The plasma is stabilized 
by a magnetic field. The magnetic field thus developed traps the electrons in cycloids 
and keeps them circulating over the target surface in order to increase the dwell time 
of electrons in the gas and thereby raises the ionization probability. Magnetron 
sputtering sources have wide technical applications mainly in the thin film coating and 
processing industry. This versatile tool uses a plane solid target mounted close to an 
axial permanent magnet (Popok et al., 2011). Schematic diagram of mechanism of 
magnetron sputter coating machine is shown in Figure 3.3. 
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Figure 3.3 Schematic diagram of mechanism of magnetron sputter coating machine. 
(https://www.sciencedirect.com/topics/materials-science/magnetron-sputtering). 

 

The sputtering parameters which affect the properties of the resulting films are 
listed below: 

- The sputtering power – It influences the rate of deposition process 
- The applied voltage – It determines the maximum energy of the sputtered 

particles ejected from the target surface and the sputtering yield. 
- Sputtering gas pressure & Target- substrate distance – They control the mean 

free path of the sputtered particles and thereby the porosity, crystallinity and texture 
of the deposited thin films.  

- Reactive gas mixture – It affects the film stoichiometry. 
- Substrate temperature – It controls the density of the thin films and also the 

behavior of film growth with respect to crystallinity. 
- Bias-voltage to substrate – It determines the growth of the layer. 

 

 

https://www.sciencedirect.com/topics/materials-science/magnetron-sputtering
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By controlling preparation conditions, the films with desired properties can be 
obtained from sputtering technique and it has high potential to be tunable. 

 

 

 

 

 

 

 

 

Figure 3.4 RF magnetron sputtering system at BL6, SLRI. 

3.1.2 Reactive Gas Timing Sputter Deposition  
 In the gas-timing approach, the flow of the sputtering gas is purposefully 

controlled via an on-and-off sequence. This technology has been used on our 
sputtering machine to produce high-quality crystalline thin films at ambient 
temperature and low RF power. Without any annealing treatment following deposition, 
high-quality crystalline thin films may be produced using this method (Klaitabtim, D. 
et al., 2008). In general, the deposition rate and film characteristics are determined by 
the amount of reactive gas given to the system. When a film is deposited in metallic 
mode, the sputtering rate is high, and the resulting film is substoichiometric and rich 
in metallic elements. At high O2 reactive gas in oxide mode, the film stoichiometric 
and deposition rate are poor because the target is covered by an oxide or nitride layer, 
a phenomenon known as the poisoning of sputtering target effect. To obtain both a 
high deposition rate and stoichiometric film, it is desirable to optimize the O2 flow rate 
in transition mode. However, it was discovered that the deposition in the transition 
mode was unstable owing to the "hysteresis effect." The reactive gas-timing (RGT) 
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approach was an alternate deposition process in which the fluxes of the sputtered or 
reactive gases were purposefully regulated by an on-off sequence. It has been claimed 
that this technology successfully enhanced the standard reactive magnetron sputtering 
process by enabling the control of film composition at high deposition rates at low 
temperatures. Figure 3.5 shows Schematic representation of argon and oxygen mass 
flow rate versus time used for depositing TaO thin film by the conventional reactive 
sputtering and RGT techniques (Chittinan, D. et al., 2019). The Reactive Gas Timing 
magnetron sputtering system at NECTEC is shown in Figure. 3.6. 

 

 
 
Figure 3.5 Schematic representation of argon and oxygen mass flow rate versus 
time used for depositing TaO thin film by the conventional reactive sputtering 
and RGT techniques (Chittinan, D. et al., 2019). 
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Figure 3.6 Reactive Gas Timing magnetron sputtering system at NECTEC. 
 

3.2 Thin films characterization techniques 
Several different techniques will be used to analyze or characterize the film 

samples fabricated in the magnetron sputtering system. It has already been established 
that understanding the crystallographic phase composition, surface morphology, 
chemistry, and lattice defect structure is important to the research purposes for which 
the system was made. The importance techniques used to examine these qualities 
will now be summarized. 

3.2.1 X-ray diffraction (XRD) 
X-ray diffraction is a common material characterization technique that provides 

detailed information about the crystallographic structure, chemical composition, and 
physical properties of materials. It also allows for identification of crystal orientations 
and interatomic spacing (d(hkl)). Subsequently, XRD results were showed relationship 
between intensity of diffraction plane peak and 2𝜃 which come from incident X-ray 
direction. In plane X-ray waves, are used for this technique because wavelength is on 
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the same length scale as interatomic spacing and lattice parameter values. X-ray 
diffraction data is analyzed by using Bragg’s equation (3.1) as shown in following. 

For explanation of XRD equations, there are incidents’ X-ray wave in the same 
plane that incident to atomic structure plane (s1, s2 etc.). Then, based on natural of 
EM wave, interval between ab+ bc = nλ including de+ef = mλ where n and m are 
counting number. Figure 3.4 showed this relationship for plan and adjacent plan. 
Moreover, useful trigonometry theory, we can show sin 𝜃 = ab/d(hkl), and sin 𝜃 = 
bc/d(hkl). For above, we will get this equation as shown in Equation 3.17.   

  𝑛𝜆 = 2𝑑(ℎ𝑘𝑙)𝑠𝑖𝑛𝜃              (3.1) 

and the angle of reflection for a particular set of lattice planes (hkl) is given as 

2𝜃 = 2sin−1(
𝑛𝜆

2𝑑(ℎ𝑘𝑙)
)              (3.2) 

where n is n is the order of reflection, 𝜆 is the wavelength of x-rays, d(hkl), is the 
characteristic spacing between the crystal planes of a given specimen, and 𝜃 is the 
angle between the incident beam and the normal to the reflecting lattice plane. 

 

 
Figure 3.7 Schematic representation of Bragg’s Law for XRD. 
 

In this work, XRD measurement were performed using XRD (BRUKER, D8 
ADVANCE) with Cu 𝐾𝛼 radiation at a wavelength of 1.5406 Å from a generator operating 
at 40 kV and 40 mA. 
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Figure 3.8 XRD (BRUKER, D8 ADVANCE) at SUT. (http://cste.sut.ac.th/2014/?p=1920) 

 

3.2.2 Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) produces images of surface sample by 

scanning the surface with a focused beam of electrons as shown in Figure 3.9. The 
principle of SEM is based on the interaction between an incident electron and the 
solid specimen. This interaction can produce signals that contain information about 
the surface topography and elemental composition of the sample. SEM images are 
produced by collecting two types of electrons which are backscattered electrons (BSE) 
and secondary electrons (SE). The secondary electrons are originated from atoms on 
sample surface that interact as inelastic collision with the electron beam. On the other 
hand, the backscattered electrons are the primary electrons which are reflected after 
elastic interactions between the electron beam and atoms. They are originated from 
deeper regions of sample surface. The BSE and SE carry different types of information. 
BSE image is highly sensitive to differences in atomic number such that the higher the 
atomic number and the brighter the material appears in the image, while SE image can 
provide more detailed surface information. 
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Figure 3.9 Schematic diagram of (a) basic SEM components and (b) different types of 
SEM signals. 
 

In this study, SEM image were provided using SEM machine from Zeiss 
AURIGA FE-SEM/FIB/EDX located at SUT. 

 

 
Figure 3.10 SEM machine (Zeiss AURIGA) located at SUT(http://cste.sut. ac.th/). 
 
 
 

 

http://cste.sut/
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3.2.3 X-ray Absorptions Spectroscopy (XAS) 
X-ray absorption spectroscopy (XAS) measures the energy-dependent fine 

structure of the X-ray absorption coefficient near the absorption edge of a particular 
element. From XAS principle, electron was ejected by x-ray source which enough 
energy for exciting. A typical XAS System is mainly divided into two parts simply input 
system and output system. Input is electron gas ionized signal at incident chamber (I0). 
Output is electron ionized signal at transmitted chamber (It). The electron X-ray 
absorptions can be explaining by following equations: 

 

     𝜇𝑥 = 𝑙𝑛(𝐼0/𝐼𝑡)             (3.3) 

       Where:   𝜇  is transmission coefficient  

     𝑥 is thickness of film 

     𝐼0  is incident light intensity 

     𝐼𝑡 is transmitted light intensity 

 

 

 

 

 

              

 
Figure 3.11 The principle for XAS spectra (BL-5.2 SLRI). 
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XAS with synchrotron radiation is used for studying the local structure of atomic 
material. This technique can be analysis chemical state, structure of considering atom, 
bond length, pattern of atom or type of neighboring atoms etc. XAS technique does 
not destroy the sample and can be applied in many researcher types. The XANES 
region can be explain the oxidations from edge-shift position and EXAFS explain the 
local structure.  

Figure 3.12 Theoretical and algorithm for XANES and EXAFS spectra (BL-5.2 SLRI). 

The region very close to the absorption edge is characterized by transitions of 
the photoelectron to unoccupied bound states. XANES is therefore sensitive to the 
chemical bonding, exhibiting for example characteristic features for different oxidation 
states of the absorbing atom. The XANES features are also influenced by strong 
multiple scattering effects which depend on the three-dimensional geometry of the 
crystal structure. This provides a means of distinguishing between different crystal 
phases. Theoretical calculations of the fine structure in this region are complex and 
the accuracy of such simulations is still limited although significant progress has been 
made over recent years. Therefore, analysis typically compares the measured spectra 
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to those of known standards and quantifies the ratios by which these standards are 
present in the sample using linear combination fitting. Often, the XANES region is also 
referred to as the near edge X-ray absorption fine structure (NEXAFS) (Schnohr et al., 
2015). 

 

Figure 3.13 Energy range of (a) XANES and EXAFS spectra (b) K-space spectra and (c) 
R-space spectra (BL-5.2 SLRI). 

For photon energies higher than ∼30eV above the edge, the photoelectron is 
promoted to a free or continuum state. EXAFS is thus independent of chemical 
bonding and depends on the atomic arrangement around the absorber. It contains 
information about the coordination number, interatomic distances and structural and 
thermal disorder around a particular atomic species. EXAFS does not require long-
range order and is applicable to a wide range of ordered and disordered materials 
therefore providing a powerful tool for structural analysis. Theoretical calculations of 
the fine structure in the EXAFS region have also improved enormously during the last 
two decades and simulations with sufficient accuracy are now available. Nevertheless, 
the measurement of suitable standards still constitutes an important part of the 
experimental procedure (Schnohr et al., 2015). 
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Figure 3.14 SUT-NANOTEC-SLRI beamline setup (BL5.2), SLRI. 

 

3.2.4 UV-Vis-NIR spectroscopy 
UV-Vis-NIR spectroscopy is a common, quantitative optical spectroscopic 

analysis technique which utilizes the absorption of optical radiation for studying the 
electronic transitions in molecules and solids. When electromagnetic radiations 
emitted by a light source in ultraviolet ( 𝜆 = 200-400 nm), visible ( 𝜆 = 400-800 nm) 
and near infrared ( 𝜆 = 800-2500 nm) regions are absorbed by electrons in molecules, 
they undergo electronic transitions from valance energy level to higher energy levels 
in which process, the photons are destroyed. This results in optical absorption which 
depends upon the wavelength of the incident photon. The basic condition for 
absorption to occur is that the energy of the incident photon should be equal to or 
greater than the energy bandgap which obeys allowed transition. The absorbance (A) 
is given by the Beer- Lambert law as 

 

A = - log ( I/Io) = -log ( %T)                      (3.4) 
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Where Io and I are the intensities of light rays before and after passing through the 
sample, then the ratio ( I / Io) is called as transmittance. 
 

 
 

Figure 3.15 UV-vis spectrophotometer at SUT (http://cste.sut.ac.th/2014/?p=945). 
 
 3.2.5 Spectroscopic ellipsometry 
 Spectroscopic ellipsometry, a nondestructive and noncontact optical 
technique, is an effective method for evaluating the thickness and optical constants 
of barrier layers during and after deposition. Ellipsometry studies the variations in the 
state of polarization of light resulting from its reflection off a surface. ellipsometry is 
sensitive to submonolayer surface covering due to the fact that variations are 
monitored rather than the absolute intensity of light. As a non-invasive and non-
destructive technique, ellipsometry requires just a low-power light source and, as a 
result, does not interfere with the majority of processes, making it a useful instrument 
for in situ investigations (Gonçalves, D. et al., 2002). Configuration in spectroscopic 
ellipsometry and schematic diagram of a polarizer-sample-rotating analyzer 
ellipsometer are shown in Figure 3.13 and 3.14 respectively. Spectroscopic 
ellipsometry detects the change in the polarization state of light when it is obliquely 
reflected off of a thin-film sample, as seen in Figure 3.13. This shift in polarization is 
represented at every wavelength by two parameters: 𝛥 (phase difference), and 𝛹 
(amplitude ratio). These two parameters are connected to the Fresnel reflection 
coefficients (rp and rs) for the sample according to the formula 
 
                            𝜌 =  𝑡𝑎𝑛 𝛹𝑒𝑖Δ  =  𝑟𝑝/𝑟𝑠                       (3.5) 
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where rp and rs offer information about the optical constants of the sample. 
 
 In the case of a phase-modulated ellipsometer, which is the device used to 
gather the raw data presented below, the observed parameters Is and Ic are linked to 
and as follows: Is = sin 2 𝛹 sin𝛥 and Ic = sin 2 𝛹 cos𝛥. In order to examine and, or Is 
and Ic data, a film structure-representative model must be developed. The sample's 
attributes, such as thickness and optical constants, may then be determined by using 
regression analysis to a model of the sample. Spectroscopic ellipsometry is useful for 
a variety of applications due to the fact that extra study of the optical constants can 
provide additional information about the sample, such as its composition, crystallinity, 
band gap, and roughness. Spectroscopic ellipsometry can be conducted either in situ 
or ex situ, depending on the sample or substance being investigated. 
 

 
 
Figure 3.16 Configuration in spectroscopic ellipsometry for a determined incidence 
angle (𝜃, degrees). The changes of amplitude (𝛹, degrees) and phase (𝛥, degrees) of 
the reflected elliptically polarized light are measured by the detector (Soult, M.C. et 
al., 2022). 
 

 



50 

 
 
Figure 3.17 Schematic diagram of a polarizer-sample-rotating analyzer ellipsometer 
(Gonçalves, D. et al., 2002). 
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CHAPTER IV 
RESULTS AND DISCUSSION 

 

4.1 TiO2 thin films prepared by RF magnetron sputtering 
  Titanium oxide thin films were deposited on n-type Si (100) and glass substrates 
with using 99.9% pure TiO2 ceramic target (diameter of 3 inches) by rf magnetron 
sputtering at BL 6, Synchrotron Light Research Institute (Public Organization); SLRI. The 
film deposition carries out at room temperature and the substrate–target distance is 
about 8 cm. Pure argon was used as the sputtering gas. Before each deposition, the 
sputtering chamber will be evacuated down to a pressure of 8.0 ×10−5 Pa (or lower). 
The 1.5 cm×1.5 cm substrates were firstly cleaned by plasma cleaner (diener 
electronic, Pico 300w) with O2 gas for 20 min and then dried by pure N2. The pre-
sputtering process was done for 5 min to remove the unwanted oxide of the target 
surface. Firstly, in order to choose the operating power, the RF power was varied from 
40 to 100 Watt with fixed working pressure.  

The crystal structure was determined using the X-ray diffraction technique. An 
analytical method is X-ray diffraction. approach based on crystallized crystals and X-
ray diffraction. It is employed to characterize the structural properties of various 
materials. The X-rays are diffracted by the orderly arrangement of atoms in crystals. A 
detector will record the diffraction patterns that are produced as a consequence. The 
refraction pattern is caused by the structural arrangement of atoms. The relationship 
between pattern and the atomic structure causes the scattering providing data on the 
crystal and chemical composition the physical characteristics and makeup of various 
materials. It might be also utilized for quantitative investigation of mineral and other 
combinations Crystallization stages. (Stabrawa, I. et al., 2019) 

 



52 

In the case of thin layers with thicknesses in the nanoscale range, unfortunately, the 
XRD method has a limited sensitivity to the layer structure, hence this measurement 
technique provides insignificant information. This is due to the X-ray beam's passage 
within the object. This is due to the X-ray beam's passage within the object too short 
for conventional Bragg angles to produce X-ray reflections from the sample. An 
insufficient layer-to-substrate signal ratio is the issue. 

 

 

Figure 4.1 XRD results of the titanium oxide thin films with different power. 

 The XRD pattern of TiO2 deposited by RF magnetron sputtering with different 
RF power shown in Figure 4.1 reveals the presence of amorphous structure in all 
samples. It is due to there is no peak indicating to TiO2 structure. In Figure 4.1, the 
broad peak at 2𝜃 around 26 o was found which is the signal from substrate (glass slide).  
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  After fabricating with various RF power, the power 60 W was chosen and 
working pressure is the subsequent variable preparation condition. The RF power was 
fixed at 60 watt and the deposition time for all condition was 4 h. During the sputtering 
process, the substrate holder was rotated with an unchanged speed. The working 
pressure was varied from 2.2 to 16.8 Pa. The prepared thin film microstructure has 
examined by x-ray diffraction (XRD, Bruker D2 Phaser) with scanning range from 20o to 
80o. The surface morphology of the film samples was measured by FESEM (Zeiss, 
AURIGA). AFM (Park Systems, AFM XE-120) was used to analyze the surface topography 
of the samples at room temperature. Optical properties were investigated by UV-visible 
spectrophotometer at room temperature and spectroscopic ellipsometry. The XRD, 
AFM, UV-Vis measurements were done at The Center for Scientific and Technological 
Equipment (CSTE), Suranaree university of technology and spectroscopic ellipsometry 
at Thailand's National Electronics and Computer Technology Center (NECTEC). 
Moreover, the local structure was measured at Ti K-edge by XANES and EXAFS in 
fluorescence mode at SUT-NANOTEC-SLRI beamline (BL5.2), SLRI. XANES data was 
analyzed by ATHENA software package. 

  SEM and AFM images of the titanium oxide thin films with different working 
pressure are shown shown in Figure 4.2. The SEM images of all samples except 2.2 Pa 
reveal the smooth surface which is confirmed by AFM results (Figure. 4.2 right). For 2.2 
Pa sample, the particles with a size smaller than 5 nm were distributed across the 
surface.  
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Figure 4.2 SEM (left) and AFM (right) images of the titanium oxide thin films with 
different working pressure. 
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Figure 4.2 (Continued) SEM (left) and AFM (right) images of the titanium oxide thin 
films with different working pressure. 

 
Measurements of spectral transmittance and ellipsometry were made to 

associate the variations in the films' stoichiometry and crystallinity with their optical 
characteristics. For samples from the various sputtering pressure, Figure 4.3 displays 
the transmittance spectra of the films that were deposited on glass substrates. All 
samples exhibit a high transmittance (> 85 %T) in the visible and near IR region. The 
transmittance tended to decrease as the working pressure increases except for 2.2 Pa 
sample. 

Generally, amorphous films have a lower index of refraction than crystalline 
films. Rutile structure has the greatest refractive index among all TiO2 phases due to 
its greater density. In Figure 4.4, the spectral refractive indexes of all samples obtained 
from ellipsometry measurement are presented. Besides, the refractive indices at 550 
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nm wavelength were 1.64, 2.00, 1.95, 1.54 and 1.50 for the samples with sputtering 
pressure at 2.2, 4.1, 7.9, 12.4 and 19.5 respectively. 

 

 
Figure 4.3 Optical transmittance of the titanium oxide thin films deposited on glass 
with different working pressure. 
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Figure 4.4 Refractive index in the 250–1650 nm wavelength range for the titanium 
oxide thin films with different working pressure. 
 
Table 4.1 Thickness of TiO2 thin films prepared by RF magnetron sputtering at 
different working pressure. 

sample thickness (nm) 
sample1_60W_2.2 
sample2_60W_4.1 
sample3_60W_7.9 
sample4_60W_12.4 
sample5_60W_19.5  

3.15 
2.78 
2.22 
2.86 
2.83  
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The thickness of a single-layer film can be examined by using spectroscopic 
ellipsometry. The thickness of TiO2 thin films prepared by RF magnetron sputtering at 
different working pressure is shown in table 4.1. The thickness of all fims is less than 5 
nm. Therefore, the greatest deposition rate (for the condition with 2.2 Pa) is only about 
0.013 nm/min. To produce TiO2 thin films with this technique and condition, it is not 
suitable due to the limitation of the deposition rate. Since the thickness of all films is 
extremely small, so, the XRD spectra in Figure 4.1 shows only the signal from substrate. 

The Ti K-edge XANES spectra of the titanium oxide thin films with different 
working pressure is presented in Figure 4.5. The XANES features of the above prepared 
thin films were compared with the standard spectra of Ti foil, rutile and anatase TiO2. 
In principle, X-ray absorption spectrum is widely divided into three different regions: 
pre-edge, edge, and post-edge. Basically, it has been known that thinner samples 
create a sharper absorption step and a fast-declining tail (Sahoo, M. et al., 2015). In 
Figure 4.5, the sharp absorption step and a rapidly decaying tail are observed for all 
samples indicating that all specimen is thin layer. It is known that XANES carry 
information on the local symmetry and co-ordination number surrounding the core 
metal atom whose K-edge is being investigated. Since X-ray absorption spectra are 
frequently defined in terms of scattering events, it has been conclusively shown in the 
scientific literature that multi scattering events dominate the pre-edge area and single 
scattering events dominate the extended region of X-ray absorption spectra. In the 
review of Takashi Yamamoto, the influence of local symmetry on the assignment of 
pre-edge peaks has thoroughly described (Takashi Yamamoto, 2008). The spectra of Ti 
foil, anatase and rutile are obviously different. For the anatase structure, the three pre-
edge peaks transitions but only two pre-edge peaks are noticed. Anatase's spectrum 
has two prominent peaks at around 4984 and 5004 eV, while rutile's spectrum has 
three prominent peaks at 4987, 4992, and 5004 eV. This is well consistent with the 
literatures (Zhang, H. et al., 2008 and Kurenkova, A. Y. et al., 2020). The white line seen 
above the edge in this investigation is indicative of the mixed phase between rutile 
and anatase phase. 
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Figure 4.5 XANES spectra of the titanium oxide thin films with different working 
pressure compared with the standard spectra of Ti foil, rutile and anatase TiO2. 
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Figure 4.6 EXAFS spectra fitted using ARTEMIS in R-space of the titanium oxide thin 
films with working pressure of 2.2 and 12.4 Pa. 
 

The co-ordination number and radial distances of the atoms in various co-
ordination spheres are then calculated using (R) versus R (radial distances) plots. The 
fitted plots of EXAFS data in the R-space fitted using ARTEMIS of the titanium oxide 
thin films with working pressure of 2.2 and 12.4 Pa are present in Figure 4.6. The real 
space fittings were carried out between 0 and 3.5 Å. Ti-O coordination is responsible 
for the first peak at 1.22 and 1.37 (for 2.2 Pa and 12.4 Pa respectively) in the Fourier 
transform spectrum is shown in Figure 4.6. Additionally, it indicates that the bond 
length of the lower working pressure sample is greater than that of higher. 
 Due to the restriction of the deposition rate, this sputtering system and these 
conditions are unsuitable for the production of TiO2 thin films. New technique is need 
to be used to fabricate thin layer with good deposition rate. The reactive gas-timing 
(RGT) approach has been introduced as an appropriate technique for metal oxide thin 
film deposition using an RF-reactive sputtering system. During deposition, the energy 
per atom and reactivity of reactive gases such as O2 can be increased by halting the 
gas supply for a sequence period. By adjusting the pause period, the film's composition 
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may be fine-tuned (Lertvanithphol, T. et al., 2019). It has been added to traditional 
reactive sputtering deposition to enhance the capacity to regulate structural and 
optical characteristics in certain metal oxynitride compounds and to facilitate 
crystalline development at low substrate temperature (Boonkoom, T. et al., 2015). 
 

4.2 TiO2 thin films fabricated by Reactive Gas Timing (RGT) magnetron 
sputtering 

TiO2 single layer thin film samples were deposited on a silicon wafer (100) and 
glass substrate using Reactive Gas Timing (RGT) DC magnetron sputtering equipment 
(AJA international, Inc.; ATC 2000-F). Argon with a high level of purity (99.999 percent) 
and oxygen (99.999 percent) were added to the chamber as sputtering and reacting 
gases, respectively, into the chamber. Two inches of diameter Titanium metal target 
(Kert J. Lesker) was placed at a distance of 90 mm from the substrate. Before 
deposition, the pressure in the deposition chamber was reduced to 1x106 Pa using 
mechanical pump (ALCATEL) and then turbomolecular pump (Shimazu, TMP-803-LM). 
Furthermore, the silicon substrate underwent a 10-minute cleaning process using argon 
plasma to eradicate any surface impurities. Additionally, the Ta target was pre-
sputtered in an argon plasma environment to erase an excessive coating of oxide on 
its surface. The power employed during the deposition process remained constant at 
100 watts. Furthermore, the partial pressures of all gases were around 1.25 millitorr. 
Titanium dioxide (TiO2) thin films were fabricated utilizing two different methods: 
reactive gas-timing (RGT) and standard reactive sputtering. The procedures for creating 
these films are given below. By employing the RGT approach, the influx of O2 into the 
chamber oscillated during the deposition process, but the flow rate of Ar remained 
consistent. The oxygen flow timing was adjusted at intervals of 3, 27, and 57 seconds, 
while the pause duration for oxygen flow remained constant at 3 seconds. During the 
deposition process, the working pressure consistently maintained a nearly constant 
value of 0.3 Pa. The name "CONV" sample denotes thin films of TiO2 that are fabricated 
using typical reactive sputtering deposition technique. The GT 57-3s sample pertains 
to the films that were created by depositing them with an oxygen flow length of 57 
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seconds and a switching stop oxygen flow duration of 3 seconds. The crystallinity of 
the produced films was assessed by employing grazing-incidence X-ray diffraction 
(GIXRD) with a Rigaku Ttrax III instrument. The analysis was conducted within the 2θ 
range of 20o–70o, with intervals of 0.02o. The structural property was investigated using 
Raman spectroscopy (the Thermo Scientific DXR Smart Raman). The X-ray absorption 
near-edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) 
measurements were conducted in fluorescence mode at the SUT-NANOTEC-SLRI XAS 
Beamline (BL5.2) at the Synchrotron Light Research Institute (Public Organization) in 
Thailand. The Ti K-edge XAS data were normalized, processed, and analyzed by 
eliminating the background using the ATHENA and ARTEMIS tool, which is part of the 
IFEFFIT package. The EXAFS data was used to fit models developed from the FEFF 
program in order to obtain detailed information about the local structure around the 
titanium atoms.  
 Figure 4.7 shows cross-sectional SEM images of TiO2 thin films deposited using 
conventional and RGT technique with different oxygen flow timing. The thickness of 
all sample is around 100 nm. As shown in Figure 4.7, the morphology of all films is 
noticeably nano-column shape. The untilt column structure for conv samples is well 
arranged and perpendicular but the others have not well columnar arrangement. It 
means that RGT technique affect to structural formation of thin films. 
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Figure 4.7 Cross-sectional and Top-view SEM images of the titanium oxide thin films 
with oxygen flow timing. 
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Figure 4.7 (Continued) Cross-sectional and Top-view SEM images of the titanium oxide 
thin films with oxygen flow timing. 
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Figure 4.7 (Continued) Cross-sectional and Top-view SEM images of the titanium oxide 
thin films with oxygen flow timing. 
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Figure 4.8 is a plot of %T as a function of wavelength. The deposited thin films 
are highly transparent and colorless. The blank glass slide was used as a reference, 
having the highest average transmittance percentage (90%) throughout visible range. 
The transmittance spectra of the RGT samples are obviously different from the 
spectrum of uncoated glass slide in term of edge position and feature of transmittance 
spectrum. The oscillations in the transmittance spectra are present in all RGT samples. 
The transmittance spectra over the entire visible range for all RGT films have good 
agreement with the published literature (Kang, M. et al., 2018). The maximum 
transmittance spectra of the shorter oxygen flow timing show a red shift. The highest 
transmission band edge can be estimated to be 330 nm approximately. The maximum 
transmittance peaks of conventional, GT 57-3s, GT 27-3s and GT 3-3s films are around 

475, 530, 560 and 596 nm respectively and the highest light transmittance value is  
%96. When placed as a single layer of TiO2, all of the examined metal oxides reduced 
the optical transmittance of undeposited glass. This was expected given that the 
refractive indices of these oxides are greater than that of the glass.  

 
 

 
Figure 4.8 Optical transmittance of the titanium oxide thin films with different oxygen 
duty cycle.  
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Figure 4.9 GIXRD results of the Titanium Oxide thin films shows the variation of 
anatase/rutile ratio depending with different duty cycle of oxygen gas. 
 

Figure 4.9 illustrates the GIXRD patterns of the Titanium Oxide thin films 
fabricatedby conventional and RGT technique with different gas-timing sequence 
conditions. Two prominent peaks corresponding to the rutile and anatase crystalline 
phases of TiO2 are seen. The diffraction pattern of all films exhibits a composite 
structure consisting of both anatase and rutile phases. The intensity of the anatase and 
rutile peaks is found to be dependent on the preparation condition. The rutile phase 
is the predominant phase in the conv., GT27-3s, and GT 3-3s films. For only GT 57-3s 
sample, the structure has anatase phase being dominant with a preferred orientation 
along (101) direction. Considering with the aforementioned UV-vis result, the 
transmittance of TiO2 thin films is sensitive to slight variation in the stoichiometry of 
films. In addition, Raman spectroscopy was employed to further analyze the phase 
distribution of anatase and rutile on the surface of the film. According to the data 
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presented in Figure 4.10, all samples showed the presence of Raman bands associated 
with both the rutile and anatase phases. The Raman analysis supports the XRD analysis, 
indicating that the films that were created consist of a combination of rutile and 
anatase phases. The Raman-active modes of the anatase phase may be observed at a 
frequency of 140 cm−1, which corresponds to the Eg vibration mode (Wang et al., 
2008, Choi et al., 2005). Furthermore, Figure 4.10 displays the presence of rutile bands 
at around 435 and 616 cm-1 (Savio et al., 2012). As seen in Figure 4.10, the Raman 
spectra of the film exhibit a significant peak at 520 cm−1, accompanied by a smaller 
feature at 300 cm−1, both of which suggest the presence of the silicon substrate (Carta 
et al., 2015) . 

 
Figure 4.10 Raman results of the Titanium Oxide thin films with different oxygen timing 
sequence. 
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Figure 4.11 The normalized Ti K-edge XANES spectra of TiO2 thin films prepared by 
conventional reactive and RGT technique at different oxygen flow timing (the enlarged 
view of spectra in pre-edge and white line regions showed in inset). 
 

Figure 4.11 displays the normalized Ti K-edge XANES spectra obtained from 
TiO2 thin films made using both traditional reactive and RGT techniques. The spectra 
were taken at room temperature and include varied oxygen timing sequences, as well 
as reference samples of standard rutile and anatase TiO2. X-ray Absorption Near Edge 
Structure (XANES) is not only sensitive to the oxidation state of individual atoms, but 
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also to the immediate chemical environment around these atoms. The distinction 
between the spectra of anatase and rutile is widely recognized. The XANES analysis 
validates that the anatase spectrum exhibits two distinct peaks, while the rutile 
spectrum displays three distinct peaks. Figure 4.11 has an inset that shows a magnified 
picture of the spectra in the pre-edge and white line areas. The XANES spectral feature 
is regarded as an intermediary characteristic situated between anatase and rutile. The 
presence of both the pre-edge and white line in the XANES spectra of all samples 
indicates a mixing of the rutile-anatase phase. This finding is consistent with previous 
XRD and Raman analyses (Kim et al., 2000, Matsuo et al., 2005). The features and 
placement of the shoulder's rising edge for all samples are nearly indistinguishable. 
The characteristics appear to resemble rutile more than anatase. However, all spectra 
exhibit very similar features, making it challenging to assess them based on their 
spectral properties. This suggests that titanium has a relatively comparable electronic 
state in all compounds. Linear combination fitting (LCF) is the most straightforward and 
effective approach for processing XANES data. The LCF technique involves creating 
unknown spectra by modeling the X-ray absorption spectrum using a linear 
combination of known species. The ratios of anatase to rutile, determined using the 
LCF approach, are presented in Table 4.2. The Ti K-edge XANES spectra of TiO2 thin 
films in this investigation were accurately represented by a linear combination of 
anatase and rutile spectra. The weight percentage of the anatase phase ranges from 
28% for the TiO2 GT3-3s sample to 55% for the TiO2 GT57-3s sample. In contrast, the 
percentage of rutile phase varies from 45% for the TiO2 GT57-3s sample to 72% for 
the TiO2 GT3-3s sample. The findings indicate that only the GT 57-3s condition exhibits 
a structure mostly composed of the anatase phase, whereas the other conditions have 
a greater proportion of rutile content. The XANES result is consistent with the 
previously described XRD finding for the proportion of anatase and rutile. When the 
gas-timing ratio is altered, there is a considerable shift in the phase composition of TiO2 
films (Boonkoom et al., 2015). 
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Table 4.2 Weight of TiO2 Anatase and Rutile in TiO2 thin films with different oxygen 
flow timing and R-factor obtained from the linear combination fitting of XANES data. 
 

Sample R-factor Weight of TiO2 Anatase Weight of TiO2 Rutile 

TiO2 conv 

TiO2 57-3 

TiO2 27-3 

TiO2 17-3 

TiO2 7-3 

TiO2 3-3 

0.004065 

0.004573 

0.005902 

0.009895 

0.005327 

0.005775 
 

0.4389 

0.5492 

0.4495 

0.4809 

0.4603 

0.2823 
 

0.5611 

0.4508 

0.5505 

0.5191 

0.5397 

0.7177 
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Figure 4.12 (1-6) Ti K-edge EXAFS (weighted by k2) from experiment (blue line) and 
fitting (red circle) of TiO2 thin films prepared by conventional reactive and RGT 
technique at dferent oxygen flow timing. Model fits to the experimental filtered EXAFS 
in the k-space are also shown (insets). 
 
 

 
Figure 4.12 displays the normalized absorption spectra of Ti K-edge EXAFS. An 

analysis of the X-ray absorption spectroscopy (XAS) spectra of undoped TiO2 thin films 
can provide insights into the specific arrangement of neighboring atoms around a 
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titanium (Ti) atom. This investigation focuses on the detailed oscillation patterns seen 
above the absorption edge energy, specifically around the Ti K-edge, and is conducted 
using fluorescence mode at room temperature. The background in the x-ray absorption 
data was subtracted, and the EXAFS spectrum was extracted as a function of the wave 
vector (k). The Figure 4.12 (insets) displays the k2 weighted (k) of TiO2 thin films in the 
EXAFS analysis.  

The EXAFS data at k2(k) were subjected to Fourier transformation to get the 

radial distance, χ(R), for the purpose of making a quantitative comparison. The initial 

prominent peak in the |χ(R)| spectra relate to the oxygen atoms that are closest in 
proximity, while the subsequent peak belongs to the titanium atoms that are the next 
closest in proximity. The data fitting process considered the alternating routes of single 
and multiple scattering within a radius of 4 Å from the Ti core atom. The atomic 
distance, denoted as d, and its variance, 𝜎2, which represents structural disorder, are 
adjusted significantly to provide the best match within the R-range of 0.8 to 3.4. Table 
4.3 presents a concise overview of the fit results. The text presents the structural 
parameters, Debye-Waller factors; 𝜎2, R-factor and amplitude reduction of the best 
EXAFS fit, which were calculated using non-linear least-squares fitting. The calculations 
and fitting indicate that the TiO2 coating exhibits a combination of anatase and rutile 
structures. The initial peak, observed at approximately 1.4 Å, is attributed to the 
scattering of Ti−O due to the presence of oxygen atoms coordinated with six nearest 
neighbors around the Ti atom. The second peak, located at around 2.7 Å, is a result of 
the scattering of Ti−Ti, corresponding to the cations in the second nearest neighbor 
position. These data are consistent with a prior X-ray absorption spectroscopy (XAS) 
research of nanomaterials based on TiO2 (Schneider et al., 2015). It is important to 
observe that the anatase structure contains four neighboring cations in this particular 
shell, whereas the rutile structure only has two. Hence, the proportion of rutile and 
anatase phases has an impact on the bond lengths within the film structure. An analysis 
of the local structure using EXAFS indicates that the gas timing method can cause steric 
strain, leading to changes in the lengths of Ti-O and Ti-Ti bonds and an increase in 
structural disorder (Carta et al., 2015, Schneider et al., 2015). 
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Table 4.3 EXAFS-derived structural parameters for TiO2 thin films. 
Sample Shell N R(Å) 𝜎2 S𝑜

2 R-factor 

1. TiO2 conv 

Anatase Ti – O 4 1.92207 0.01616 0.76 1.6054 % 

Ti – O 2 1.98204 0.01667 0.76 

Ti – Ti 4 3.04851 0.00626 0.76 

Ti – Ti 4 3.75054 0.00770 0.76 

Rutile Ti – O 4 1.96807 0.00085 0.294 

Ti – O 2 2.00845 0.00087 0.294 

Ti – Ti 2 2.97519 0.00083 0.294 

Ti – Ti 8 3.61709 0.00101 0.294 

2. TiO2 57-3 

Anatase Ti – O 4 1.90993 0.01538 0.673 1.2795 % 

Ti – O 2 1.96952 0.01586 0.673 

Ti – Ti 4 3.02926 0.00567 0.673 

Ti – Ti 4 3.72686 0.00698 0.673 

Rutile Ti – O 4 1.96726 0.00174 0.327 

Ti – O 2 2.00763 0.00178 0.327 

Ti – Ti 2 2.97398 0.00389 0.327 

Ti – Ti 8 3.61561 0.00473 0.327 
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Table 4.3 (Continued) EXAFS-derived structural parameters for TiO2 thin films. 
Sample Shell N R(Å) 𝜎2 S𝑜

2 R-factor 

3. TiO2 27-3 

Anatase Ti – O 4 1.91600 0.01159 0.640 2.0797 % 
 Ti – O 2 1.97577 0.01196 0.640 

Ti – Ti 4 3.03888 0.00749 0.640 

Ti – Ti 4 3.73869 0.00922 0.640 

Rutile Ti – O 4 1.98005 0.01034 0.360 

Ti – O 2 2.02068 0.01055 0.360 

Ti – Ti 2 2.99332 0.00617 0.360 

Ti – Ti 8 3.63912 0.00751 0.360 
5. TiO2 7-3 

Anatase Ti – O 4 1.91415 0.01592 0.686 2.0924 % 
 Ti – O 2 1.97387 0.01642 0.686 

Ti – Ti 4 3.03594 0.00817 0.686 

Ti – Ti 4 3.73508 0.01005 0.686 

Rutile Ti – O 4 1.96971 0.00382 0.314 

Ti – O 2 2.01012 0.00390 0.314 

Ti – Ti 2 2.97768 0.00523 0.314 

Ti – Ti 8 3.62011 0.00636 0.314 
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Table 4.3 (Continued) EXAFS-derived structural parameters for TiO2 thin films. 
Sample Shell N R(Å) 𝜎2 S𝑜

2 R-factor 

6. TiO2 3-3 

Anatase Ti – O 4 1.93753 0.01526 0.652 2.8508 % 
 Ti – O 2 1.99797 0.01574 0.652 

Ti – Ti 4 3.07302 0.00741 0.652 

Ti – Ti 4 3.78070 0.00912 0.652 

Rutile Ti – O 4 1.98094 0.00770 0.348 

Ti – O 2 2.02159 0.00786 0.348 

Ti – Ti 2 2.99466 0.00447 0.348 

Ti – Ti 8 3.64076 0.00543 0.348 

 
4.3 SiO2 films fabricated by custom-built RF magnetron sputtering 

In order to prepare the metal oxide thin films, RF magnetron sputtering system 
locating at SLRI are designed and constructed (Figure 4.13). First of all, the basic need 
is trying to make the system as clean, or free of contaminants, as possible for 
maintaining a good vacuum. The work included the procurement of standard and 
custom-order components which the team used in the construction. In the actual 
construction of the custom-built system, it is necessary to get professional help and 
supports from multiple people from SLRI.  

The works already done in the sputtering system construction are listed below: 
- Installed additional turbomolecular and roughing pumps and compact full 
range gauge (Pfeiffer Vacuum PKR 251). 
- Placed sputtering magnetron gun with ceramic target. 
- Installed the cooling system for magnetron gun. 
- Set and tested RF power supply connected with matching box.  
- Optimize the parameter of the sputtering system 
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Figure 4.13 View of entire sputtering system (In the rack, A = Turbopump Controller, 
B = RF Power Supply (600 W) and C = Matching Box. 
 

The custom-built RF magnetron sputtering was used for preparing SiO2 thin 
films by using 3-inches SiO2 target without substrate heating. Figure 4.14 presents 
transmittance of the Silicon Oxide thin films prepared by custom-built RF magnetron 
sputtering with different sputtering pressure. The result reveal that lower pressure 
causes lower %T which are colored. Working pressure was varied between 1.0 -3.0 
pascal. The sample with working pressure of 3.0 Pascal have the highest average 

transmittance percentage (82%) in entire visible range. The average transmittance 
percentage that less than 80 are found in case of 1.0, 1.5 and 2.0 Pa (50 W). For the 
samples with different RF power (50, 100 and 150 W), it is found that higher power 
introduces lower transmittance, as shown in Figure 4.15. 
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Figure 4.14 Transmittance of the Silicon Oxide thin films prepared by custom-built RF 
magnetron sputtering with different sputtering pressure. 
 

 
Figure 4.15 Transmittance of the Silicon Oxide thin films with different sputtering 
power. 

 

 



79 

Figure 4.16 presents XRD Spectrum of the Silicon Oxide thin films deposited at 
50W, 0.8 Pa for 90 min. XRD spectrum from the Figure 4.16 exhibits an amorphous-like 
nature. Top-view SEM micrographs of the Silicon Oxide thin films deposited at 100 and 
150 W is shown in Figure 4.17. The result show that higher power exhibits bigger size 
of particle on the film surface. SEM micrographs of the Silicon Oxide thin films with 
different sputtering pressure and time are respectively present in Figure 4.18 and 4.19. 
Unsmooth surface is observed in almost samples because of unstable plasma. There 
are dust-like deposited on surface as shown in Figure 4.18 and 4.19. 

Since the optical property (%T) and deposition rate is not appropriate and 
plasma during deposition is unstable. Therefore, another technique is introduced to 
produce SiO2 layer. RGT technique was chosen for this study due to high deposition 
rate (1 nm/min approximately). 

 
Figure 4.16 XRD Spectrum of the Silicon Oxide thin films deposited at 50W, 0.8 Pa for 
90 min. 
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Figure 4.17 Top-view SEM micrographs of the Silicon Oxide thin films deposited at 100 
and 150 W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18 SEM micrographs of the Silicon Oxide thin films with different sputtering 
pressure. 
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Figure 4.18 (Continued) SEM micrographs of the Silicon Oxide thin films with different 
sputtering pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.19 SEM micrographs of the Silicon Oxide thin films with different sputtering 
time. 
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4.4 TiO2+SiO2 Multilayer Thin Films 

SiO2 layers were deposited on Si wafer, glass slide and TiO2 thin film using 

reactive RF magnetron sputtering technique in combination with gas timing method. 

Sputtering target was a 2- inch Si metal target (Kert J. Lesker, 99.99%). Argon (Ar) and 

Oxygen (O2) with 99.999% purity were used as sputtering and reactive gases 

respectively. Deposition was performed at room temperature with the base pressure 

of 5x10-6 Torr and working pressure of 3x10-3 Torr. RF power was fixed at 120 W. Ar and 

O2 flow rate of 20 and 10 were used during deposition process. Argon plasma cleaning 

of 10 min was perform before every deposition. Deposition time was varied. (15, 30, 

45 and 60 min). SiO2 layer coated on pre-deposited TO2 film with different conditions 

(conv, 3-3, 7-3 and 57-3). Cross- section SEM micrograph of the Silicon Oxide thin films 

deposited on Si wafer shows the thickness of 100 nm (Figure 4.20). 

 
SiO2 deposited on Si wafer 60 min

100 nm

 
 

Figure 4.20 Cross- section SEM micrograph of the Silicon Oxide thin films deposited on 
Si wafer shows the thickness of 100 nm. 
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Figure 4.21 Optical transmittance of Silicon Oxide layers deposited on glass substrates 
with different deposition time. 

 

 
Figure 4.22 Transmittance of 15 min Silicon Oxide layers deposited on various TiO2 
films. 
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Figure 4.23 Transmittance of 30 min Silicon Oxide layers deposited on various TiO2 
films. 

 

 
Figure 4.24 Transmittance of 45 min Silicon Oxide layers deposited on various TiO2 
films. 
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Figure 4.25 Transmittance of 60 min Silicon Oxide layers deposited on various TiO2 
films. 

 
Figure 4.21 – 4.25 illustrates a function of wavelength vs percent T. The 

deposited thin films are clear and colorless. In terms of edge location and 
transmittance spectrum characteristics, the transmittance spectra of all samples are 
noticeably not different. There are oscillations in the transmittance spectra in all 
samples. The transmittance spectra over the full visible spectrum for all RGT films are 
in excellent accord with the existing literature (Kang, M. et al., 2018). The shorter 
oxygen flow time causes longer wavelength shift in the maximum transmittance 
spectrum as same result found in previous study. It is found that the maximum 
transmission band edge is changed to at around 360 nanometers. The maximum 
transmittance peaks of SiO2 coated on different condition of TiO2 films are altered. In 
the visible region, the light transmittance of SiO2-TiO2 multilayer films was greater than 
that of a single layer TiO2 film, as seen in Figure 4.26 comparing with Figure 4.8 of 
transmittance vs wavelength. These multilayer thin films can be used in anti-reflection 
coating and filter applications.  
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Figure 4.26 Optical transmittance of various deposition time Silicon Oxide layers 
deposited on various TiO2 films. 

 
The normalized Si K-edge XANES spectra of Silicon Oxide layers with different 

deposition time compared with SiO2 powder standard is illustrated in Figure 4.27. 
XANES feature reveal SiO2 structure. Sputtering time have no effect to XANES spectral 
characteristics, not only for different deposition time but for various pre-deposited TiO2 
layer coated with SiO2 layer also. From Figure 4.27 -4.29, the gas-timing approach has 
not considerably altered the XANES spectra of these films. 
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Figure 4.27 The normalized Si K-edge XANES spectra of Silicon Oxide layers with 
different deposition time compared with SiO2 powder standard. 

 
Figure 4.28 The normalized Si K-edge XANES spectra of 60 min silicon oxide layers 
deposited on various TiO2 films. 
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Figure 4.29 The normalized Si K-edge XANES spectra of different deposition time SiO2 
layer coated on TiO2 films prepared by conventional reactive sputtering. 
 

In Figure 4.30 presents Si K-edge EXAFS (weighted by k2) from experiment (black 

line) and fitting (red circle) of SiO2 layers coated on TiO2 films prepared by conventional 

reactive and RGT sputter technique at different oxygen flow timing. The result shows 

that the bond length of these films has not been significantly influenced by the gas-

timing method. 
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Figure 4.30 Si K-edge EXAFS (weighted by k2) from experiment (black line) and fitting 

(red circle) of SiO2 layers coated on TiO2 films prepared by conventional reactive and 

RGT sputter technique at different oxygen flow timing. 
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CHAPTER V 
CONCLUSIONS 

 
Titanium oxide mixed-phase thin films were successfully fabricated via RF 

magnetron sputtering and reactive gas timing (RGT) sputtering. For RF magnetron 
sputter deposition, the prepared TiO2 films are ultra-thin (less than 5 nm). In the visible 
and near-IR spectrum, all samples exhibit a high transmittance (> 85 %T). Except for 
the 2.2 Pa sample, the transmittance tended to decrease as the working pressure 
increased. Refractive index depends on preparation condition (working pressure). 
Mixing phase of Rutile and Anatase were found in all films corresponding to XANES 
results. The fitted plots of EXAFS data in the R-space show that the bond length of 
the lower working pressure sample is greater than that of higher. 

By using reactive gas timing (RGT) sputtering technique, TiO2 thin films were 
fabricated on a silicon and glass substrates at fixed working pressure and power. The 
oxygen flow timing was varied between 3 and 57 s and the stop timing was kept at 3 
s. Cross-sectional SEM images reveal that the morphology of prepared TiO2 thin films 
have noticeably nano-column shape. The transmittance spectra from UV-vis 
measurement of the RGT samples are obviously different from the spectrum of 
uncoated glass slide. The maximum transmittance spectra of the shorter oxygen flow 
timing show a longer wavelength. Conventional, RGT 57:3, RGT 27:3, and RGT 3:3 films 
have maximum transmittance peaks at about 475, 530, 560, and 596 nm, respectively, 
and the maximal light transmittance value is 96%. All of the investigated metal oxides 
lowered the optical transmittance of undeposited glass when applied as a single layer 
of TiO2. The GIXRD diffraction pattern and Raman spectra of all films exhibits mixed 
anatase and rutile structure. The XRD results also show that the intensity of the anatase 
and rutile peaks varies on the preparation conditions.
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 Considering with the UV-vis result, the transmittance of TiO2 thin films is 
sensitive to slight variation in the film structure. The normalized Ti K-edge XANES result 
in fluorescence mode at different oxygen timing sequence including the spectra of 
reference samples are report. The characteristics of pre-edge and white line regions of 
all films reveal the rutile-anatase phase mixture. Linear combination fitting of XANES 
data exhibits that weight of TiO2 Anatase and Rutile in TiO2 thin films depend on the 
oxygen flow timing which is good agreement between XANES and XRD results. Bond 
length between Ti – O and Ti - Ti were shown by EXAFS results.  

TiO2+SiO2 multilayer thin films were fabricated. Transmittance of TiO2+SiO2 
multilayer is different from SiO2 single layer. XANES and EXAFS results are analyzed. In 
the visible area, the light transmittance of SiO2-TiO2 multilayer films was larger than 
that of a single layer TiO2 film. The shorter oxygen flow duration results in a larger 
wavelength shift in the spectrum of maximum transmittance. These multilayer thin 
films are suitable to be used for anti-reflection coating and filter applications. 
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APPENDIX 
 

Influence of Deposition Pressure on Local Structure, Optical and Structural 
Properties of SputteredSilicon Oxide Thin Films 
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Abstract 

Titanium oxide thin films were prepared by an RF magnetron sputtering by using TiO2 
ceramic target. Under the deposition condition i.e. the RF power of 60 watt, deposition 
time of four hours and the deposition pressure was varied from 2.2 – 16.8 Pa, the 
deposited thin films had shown amorphous structure. The local structure of the 
prepared thin films was measured at Ti K-edge by x-ray absorption near-edge structure 
(XANES). Surface morphology was investigated by scanning electron microscopy (SEM) 
and atomic force microscopy (AFM). 
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Their optical properties such refractive index and optical constants were investigated 
by a spectroscopic ellipsometry. Its optical transmittance spectra were obtained by an 
UV-Vis measurement. Finally, discussion related on the influences of deposition 
conditions on the structural and optical properties of the deposited films was made. 
 
Keywords: Titanium oxide, Optical thin film, RF sputtering. 
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