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Abstract 

Cerium oxide has been subject of numerous studies because of its current and potential uses in 

supercapacitors, solar cells, self-cleaning glasses and in catalysis. Use of ceria in self-cleaning 

glass, especially on the solar cells, has been of interest because of its innate hydrophobicity, high 

transparency and low misfit factor with silicon. 

This research work focuses on study and characterization of CeO2 thin films deposited on Si and 

glass substrates prepared in IFE. For the thin films of CeO2 with different thicknesses on Si, 

annealing was performed at four different temperatures at 400 ºC, 600 ºC, 800 ºC and 1000ºC for 

30 minutes in air and 40 minutes in vacuum. After annealing, for some of the samples, Silicon oil 

was deposited on their surfaces by placing in oven at 100 ºC overnight. To characterize the 

structure of the films, different techniques have been incorporated including Raman spectroscopy, 

polarized Raman spectroscopy (PRS), water contact angel (WCA) measurement, scanning electron 

microscopy (SEM), and X-ray diffraction (XRD).  

The results showed that annealing of the coating increased crystallinity and decreased the size of 

ceria grains. PRS studies demonstrate the polycrystallinity of CeO2 thin films is grown on single 

crystalline Si substrate. The model calculations were in good agreement with experimental data 

for single crystal. SEM images provided a good insight on morphology of the grains in the thin 

film and provided a measure of particle sizes. These results later confirmed by XRD studies and 

calculations based on acquired XRD patterns regarding the size of the ceria grains which indicated 

that by increasing the temperature the size of grains increased by increasing crystallinity. XRD 

tests carried out at UiS were combined with the data from IFE to provide a better picture of the 

changes in structure with annealing temperature. 
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Chapter 1  

 

Introduction 

1.1. Thesis purpose 

The goal of this thesis was to study and learn about CeO2 thin films. In particular, the effect of 

synthesis conditions on microstructure of CeO2 was studied. In addition, with an aim to increase 

hydrophobicity, CeO2 films were coated by PDMS after annealing in different conditions. These 

thin films are designed to function as self-cleaning coatings on solar cells. In this research we used 

a few techniques to study the surfaces, including Raman and polarized Raman spectroscopy, SEM, 

XRD, and WCA analyses.  

The second goal was to learn how to use the tools to best study and understand the surfaces and 

how to analyze the results obtained. 

1.2. Background 

Cerium-Oxide (Ceria) has attracted much attention due to its unique structure and physical 

properties and is of interest as a catalyst in multiple systems like vehicle emissions, as solid oxide 

fuel cell electrolyte material, gas sensors, optical coatings, high temperature superconductors, 

supercapacitors, and transparent materials in smart window technologies [1]. Because of similarity 

in lattice parameters, it is a potential material for silicon-on-insulator structures and a possible 

alternative for silicon in high temperature circuit boards [2]. CeO2 is an interesting buffer layer 

material for the growth of some overlayers on Si in devices which is because of the perfect 

matching with Si that cause to prevent heat diffusion. Ceria is especially interesting because it 

exhibits several remarkable properties due to its ability to switch between two oxidation states (4+, 

3+) corresponding to CeO2 and Ce2O3 respectively, while keeping a fluorite structure [3]. Various 

synthesis methods have been reported to prepare CeO2 nanoparticles including spin coating, sol-

gel, magnetron sputtering, evaporation deposition, spray pyrolysis, laser deposition, ion beam 

sputtering and self-propagating method. The effect of different synthesis parameters on the 

resultant features of CeO2 films, including the Raman spectra, has been investigated in several 

previous studies as summarized below. 
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Porqueras et. al. used electron beam deposition for preparation of CeO2 films and investigated 

the influence of oxygen flow rate on the structural and optical properties of prepared samples on 

different substrates. Their study shows that all the structural characteristics such as orientation and 

crystal sizes are sensitive to changing the oxygen pressure and or flow rate [1]. In another work, 

which used the same method, CeO2 films were prepared on glass substrates with different film 

thicknesses between 140 to 180 nm. These films showed excellent transparency in the visible 

region, while exhibiting low reflectance values in the UV region [2]. 

Elidrissi et.al., investigated the optical and structural properties of CeO2 thin films prepared by the 

spray pyrolysis. In this research work CeO2 was deposited on glass by using two solutions 

(CeCl3,7H2O and Ce(NO3)3). The thickness of samples determined to be 0.5-1 µm by using SEM. 

They found out that below 350°C, changing substrate temperature leads to having amorphous 

structure; however, by increasing the temperature to 500 °C crystals will be obtained. XRD results 

shows the obtained films were polycrystalline with cubic fluorite structure strongly oriented along 

(100). Surface morphology (grain size) was found to depend on initial solution and for Ce (NO3)3 

shows small grain size. The peaks acquired in Raman study are (465(Ce-O), 556(Si-O), 1100(Si-

O)). Films prepared from both precursors show about 80% transparency for visible and near 

infrared region [4]. In other work using the same method, cerium oxide nanoparticles were 

synthesized with cerium acetylacetonate, Ce (CH3COCHCOCH3)3 (Ce(acac)3). The resultant 

nanoparticles’ size was in the range of 4.2–20 nm and film thicknesses were in the range of 340–

790 nm, which were calculated from XRD patterns and SEM observation, respectively. The 

presence of two new peaks in 270 and 315 cm-1 in Raman Spectra of nanocrystalline CeO2 with 

smaller sizes indicates the nanosize effect and can be explained as surface phonon modes of 

nanometer CeO2. At the same time linewidth of peak 463 cm-1 decreases noticeably with increasing 

nanocrystals’ size. A red shift in Raman peak position was reported by decreasing the crystallite 

size down to 4.2 nm [5]. 

In a separate work on preparing CeO2 thin film on sapphire substrates, a polymeric precursor was 

used, and spin coating technique was employed. Preparation with this technique followed by 

drying and crystallizing the resulting film at temperatures in the range of 300 – 1200°C which 

leads to having a uniform distribution of grains with size ranges from 4 to 300 nm depending on 

the annealing temperature. The results showed that as the particle size decreases, the F2g mode of 

Ce–O symmetric vibration shifts from 464 cm-1 to 450 cm-1. For analyzing the Raman spectra, a 

spatial correlation model was used, and the disorder induced by the microstructure was defined by 

the correlation length as a function of grain size instead of half width or line asymmetry [6]. 

The influence of annealing at different temperatures on the microstructural changes of CeO2 have 

been also studied by Askrabic et.al. Studying structural and vibrational properties showed that by 

increasing annealing temperature, the oxygen vacancies change which has a significant effect on 

conductivity and oxygen storage of ceria. It was demonstrated that micro-strain effects dominate 

over size effects in annealed samples because of the significant change of oxygen vacancy 
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concentration with annealing. In this work a fine nanocrystalline powders of ceria was prepared 

by the self-propagating method at room temperature, using cerium nitrate as a precursor and then 

annealed in four temperatures from 200-500°C. The Raman peak located at 598 cm−1 represents 

vibrations induced due to the presence of oxygen vacancies (intrinsic vacancies), decreases in 

intensity by increasing annealing temperature which confirm the reduction of oxygen vacancies. 

In this work a new Raman peak was obtained at 480 cm-1, which classified as a probable surface 

mode induced by large defective structure and disorder in the CeO2 lattice [7]. 

The epitaxial growth of the CeOx on Si has been carried out by pulsed laser deposition in an ultra-

high vacuum (UHV) of 1.3×10-8 Pa. The XRD measurements exhibits a fine fluorite cubic 

structure with intense (100) and (200) peaks of cerium oxide. X-ray photoelectron spectroscopy 

showed the formation of Ce3+ in interface which decreases through thickness of the film and finally 

converts to higher capacity form of cerium, Ce4+, in surface. They also observed formation of SiOx 

in interfaces of non-passivated Si substrate (passivation was carried out with hydrogen to prevent 

formation of SiO). It also has been proven that O2 pressure has a significant effect on full oxidation 

and epitaxial growth of CeO2. In lower pressure the XPS spectra is more likely to be Ce+3 and 

higher pressure to be Ce+4 and at least a pressure of 5×10-5 is needed for fully oxide cerium [8]. 

Another synthesis method for production of cerium oxide (CeO2-x) nanoparticles is pulsed plasma 

in liquid (PPL). The XRD result exhibits the formation of pure cubic ceria however the lattice 

constant is slightly larger than the commercial ceria can be attributed to the small particle size and 

the high concentration of Ce3+ ions. On the same account, XPS analysis showed that the cerium 

oxide nanoparticles synthesized by the pulsed plasma liquid method had a higher Ce3+ proportion 

(42.2%) than some commercial powders. The produced cerium oxide nanoparticles showed better 

polishing characteristics of quartz glass, compared to commercial samples. These results may be 

due to the high Ce3+-ion or the small particle size [9]. 

In other research work, for the CeO2 thin film prepared with sol gel method, the red shift of 464 

cm-1 peak in Raman spectra and it’s broadening were explained by the combined effects of strain 

and phonon confinement induced by reducing particles size. They also calculated the lattice constant 

which increased by decreasing particle size. The temperature-dependent Raman spectra showed a 

red shift in the peak position and increase in the linewidth at increasing temperature in all of the 

samples with particle size of 6nm, 25nm and 5 µm [10]. In a recent study also using sol gel method 

on the behavior of cerium oxide nanoparticles of different sizes at different temperatures the 

absence of the Ce (III) oxidation state on the surface of CeO2 nanoparticles, even for particles as 

small as 2nm has been confirmed. It was also shown that the formation of hydroxyl groups at the 

surface affects the chemical performance of these nanomaterials. In this research work the CeO2 

nano materials synthesized by using Ce(NO3)3·6H2O. It was shown that the drying process did not 

have any influence on the phase crystallinity, morphology, and particle size distribution [11]. 

Reactive ion beam sputter is another useful technique for deposition of CeO2 thin films. The 

studying of effect of oxygen partial pressures and substrate temperatures shows a preferential 
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orientation of (220) up to a 200 °C which is changed to (200) at 400 °C and above. Substrate 

temperature maintained in the range of 50-500°C and it was shown that for the temperatures above 

300°C Raman FWHM decreases beside peak shift and XRD broadening which confirms the 

formation of nanocrystalline phase with better crystallinity [12].  

In another it was showed that the best crystallinity with a good morphology and a high resistivity 

has been obtained for a CeO2 layer deposited by magnetron sputtering and post-annealed at 

1000°C for 30s. The chamber pressure was 10-4Pa with a magnetron power of 60 W, anode-cathode 

distance was 3 cm and deposition pressure 10 Pa with the resultant film thickness of 530 nm. In 

this work RTA was done with a JIPELEC. It showed that by RTA the FWHM of Raman spectra 

decreases and the peak position shifts from 465.2 to 464.7 cm-1. Morphology study showed that 

the crystallite size remains constant for different RTA used [13]. 

In two connected articles, Schilling et al. used DFT model to calculate the Raman peaks for ceria, 

both in oxidized (Ce4+) and reduced (Ce3+) configurations. The calculated peak positions comply 

with the observed peaks for ceria powders acquired. A peak calculated at 250 cm-1 was attributed 

to surface mode of clean CeO2 (111) which was observed in experimental work. Vibrational bands 

in experimental test between 480 to 600 cm-1 were because of oxygen defects and Ce3+ ions. 

Characteristic peroxide (O2
2-) stretching vibrations peaks were calculated and observed at 800 to 

900 Cm-1 range. They also observed that with reducing crystallite size, there is red shift and 

broadening of characteristic F2g Raman peak around 464 cm-1. The defect features manifested at 

550 and 590 cm-1, were increased by decreasing crystallite size. Based on these two observations, 

Schilling et al. claimed that phonon confinement is the reason for this behavior. They used UV-V 

is spectroscopy to get the band gap of the transformations and used the data to check for quantum 

size effects. They pose that reduced ceria is deposited at the grain boundaries of oxidized ceria and 

as this prevails, increase of a band gap with decreasing particle size (quantum size effect) is not 

observed in their work. Interestingly, the depicted intensity of 595 cm-1 Raman peak (attributed to 

defects) had a inverse relationship with band gap (calculated from UV-Vis studies). Hence, the 

intensity of this peak can be used as a measure of quantum size effect [14] [15]. 

During numerous works done on CeO2 coatings and powders, it became apparent depending to 

deposition technique, different parameters have effects on the coating properties. In electron beam 

deposited coatings, all the characteristics were dependent on oxygen pressure and flow rate. The 

films prepared by this method showed great transparency (low reflectance). In spray pyrolyzed 

films, substrate temperature affected the crystallinity of structure. Also, surface morphology 

depended on the composition of precursor. In spin coated samples on sapphire, with decreasing 

particle size, a Raman shift in F2g mode of vibration is evident. In a self-propagated prepared 

coating, which underwent some heat treatment afterwards, increasing annealing temperature 

changes oxygen vacancy concentration which in turn causes changes in conductivity. Also, 

because of highly defective structure, a new Raman peak was obtained. In laser deposited samples 

in ultra-high vacuum, Ce3+ was reported to be formed at the interface (low oxygen) and the ratio 
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of Ce3+/Ce4+ was decreased gradually till the open surface. In this case, oxygen pressure was the 

main reason behind this trend in the layer and higher pressure leads to higher Ce4+ content and 

epitaxial growth. The sol-gel deposited coatings of ceria, showed a red shift in Raman peak which 

was attributed to the effect of strain and phonon confinement because of reduced particle sizes. In 

this case, lattice constant was increasing by decreasing particle size. With increasing temperature, 

the red shift and the peak width increased. In another sol-gel prepared coating, Ce3+ was absent for 

particles prepared at different temperatures. It was also concluded that drying process has no effect 

on crystallinity, morphology and particle size distribution. Coatings prepared by ion beam 

sputtering show preferential growth in (220) and then (200) directions. A decrease in FWHM of 

characteristic Raman peak of ceria was reported in higher temperatures along with similar decrease 

in FWHM of XRD peak of ceria. This is attributed to increased crystallinity. A magnetron 

sputtered coating prepared elsewhere showed very good crystallinity and desirable morphology. 

The desirable properties were obtained through a specific fast heat treatment (RTA). After heat 

treatment, FWHM of Raman peak of ceria was decreased and peak shifted to lower wave numbers.  

Magnetron sputtering is one of the preferred techniques to synthesize the thin film materials 

because the optimal plasma distribution can lead to a perfect adhesion of thin films to substrates. 

On the other hand, it makes it possible to prepare the films in bigger size which in commercially 

preferable method. Changing the deposition parameters on CeO2 thin films features have been 

studied in resent works. Shi et. Al., evaluated the influence of bias voltage (negative voltage on 

substrate) on the morphology, wetting behavior, microstructure, mechanical and tribological 

properties of cerium dioxide (CeO2) on Si (100) substrates deposited by reactive unbalanced 

magnetron sputtering in an Ar-O2 gas mixture in the chamber pressure of 4×10-4 Pa. Applying a 

varying negative voltage on substrate from -20 to -160V, it was shown that the peak intensity of 

CeO2 (111) increased with increasing bias voltage and after reaching its maximum at −80 V, 

decreases significantly which is accompanied with the increasing of hexagonal Ce2O3 (101) peak 

around 30.4°. Studying surface morphology by SEM and AFM indicates that the smoothest surface 

was obtained at a bias voltage of −60 V. All deposited coatings exhibited a hydrophobic feature 

with the water contact angle around 100°, which was close to the value obtained from Teflon 

surface [14]. 

The effect of Radio Frequency (RF) power on the properties of magnetron sputtered CeO2 thin 

films on glass substrate at a pressure of 3 × 10−4 mbar of Ar atmosphere was studied by Murgan 

et.al. The power was changed between 150, 200 and 250 W and the measured film thicknesses 

corresponding to the RF power were 380, 470 and 590 nm respectively. The deposited CeO2 films 

showed a polycrystalline structure with two strong peaks for (111) and (220) in XRD 

measurements. With increasing RF power, a significant intensity increase was visible for (220) 

peak which point to the growth of CeO2 films in a particular order. Studying the optical properties 

of resultant films in the wavelength range 325–900 nm indicated that they are highly transparent 

in visible region and exhibit low reflectance in the ultraviolet region. With increasing thickness, 

optical band gap of the films decreased from 3.53 to 3.45 eV. Increase of RF power, beside 
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increasing of defects, increased the crystallite size from 6 to 9 nm and increased lattice parameter 

as well. However, it also led to increasing surface roughness from 2.9 to 7.7 nm as ascertained 

from AFM images and width and intensity of CeO2 peak at 466 cm-1. Whilst the peak for Raman 

active mode (F2g) was obtained at 465.4 and 466.0 cm-1 for the films prepared at RF powers 200 

and 250 W respectively, there was no significant peak for the films prepared at 150 W power. 

Existence of this peak confirms the cubic fluorite structure of resultant CeO2 which appeared in 

XRD experiments. RF power induced formations of flower like morphology were observed in 

SEM images [15]. 

The effect of deposition temperature (200-800°C), magnetron power (2-125 W), anode-cathode 

distance (2-6cm) and post deposition RTA on epitaxial growth and structural characterization of 

CeO2 thin films deposited by on-axis RF magnetron sputtering on Si (111) substrate has been 

studied in a different work. The films were prepared using Argon-ion as sputtering gas at 10-4 Pa. 

rapid thermal annealing (RTA) was performed in the range of 400-950°C. The XRD results reveal 

a non-textured target by exhibiting same results of powder and target. By increasing both the 

growth temperature and RTA, the FWHM of Raman peak decreases which is attributed to better 

crystallinity. While short anode-cathode distance, high RF power and higher growth temperature 

caused higher growth rate, the Raman peak position in 464 cm-1 did not change  [16]. 

The influence of the reaction gas composition during the DC magnetron sputtering process on the 

structural, chemical, and optical properties of CeO2 thin films was studied using X-ray 

photoelectron spectroscopy (XPS) analyses revealed that cerium is present in two oxidation states, 

namely as CeO2 and Ce2O3, at the surface of the films prepared at argon-oxygen flow ratios 

between 0-7%, whereas the films are completely oxidized into CeO2 as the aforementioned ratio 

increases beyond 14%. X-ray diffraction (XRD) studies confirmed that all thin films exhibited a 

polycrystalline character with cubic fluorite structure for cerium dioxide [17]. Annealing increases 

crystallinity, using RTA, crystallinity has increased. Other than that, synthesis methods have been 

effective in crystallinity. But annealing at longer temperatures have not been carried out before. 

SO, it was a question that using longer times, how crystallinity is affected.  

In this work we studied CeO2 thin films prepared using magnetron sputtering at different 

conditions on two different substrates of Si and glass in IFE. Annealing was performed on samples 

at four different temperatures for 30 minutes in air and 40 minutes in vacuum. The resulting 

morphology of all the films and hydrophobic properties of the CeO2/Si films was studied by 

Raman spectroscopy, SEM, and XRD. The effect of structural properties on Raman spectra, and 

in particular, on polarized Raman spectra were studied. Polarized Raman spectroscopy is a 

technique which gains information about orientation of crystals. In addition, the hydrophobic 

properties of the films were modified by coating the surface with PDMS. Water contact angle 

studies were performed, and the results were correlated with the morphological properties of the 

samples. 
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Chapter 2  

Theory    

In this section, theoretical bases behind the studied compound and the experimental tools and 

techniques employed in this study will be discussed. After a brief introduction about cerium oxide 

and magnetron sputtering as the thin film preparation technique, Raman spectroscopy which has 

been used for studying the structural properties of cerium oxide thin films before and after 

annealing (on two different substrates of silicon and glass), and PRS, the technique incorporated 

to gain information about orientation of the deposited ceria layer will be discussed. Lastly, a brief 

intro in SEM and XRD will be given. These techniques were used for better understanding of the 

thin film morphology, crystallite sizes as well as changes in lattice parameter after imaging. 

2.1. Cerium Oxide 

cerium (IV) oxide as a rare earth oxide is a yellow-white powder which also known as ceric oxide 

or ceria with the chemical formula CeO2. The most important feature of cerium oxide is its 

reversible conversion to a non-stoichiometric oxide. cerium (Ce) is the second element and the 

most common in the lanthanide series, and with atomic number of 58 is an important material with 

variety of applications in different fields, such as auto‐exhaust catalyst [18], oxygen sensors [19], 

fuel cells [20] [21], glass‐polishing materials [22], electrochromic thin‐film application [23], solar 

cells and biotechnology. Cerium is 5 times more abundant than lead and is 25th most abundant 

element in earth crust. 

CeO2 has fluorite structure (fcc) with the space group of Fm̅3m (No. 225), consists of a simple 

cubic oxygen sub‐lattice with the cerium ions occupying alternate cube centers as shown 

in Figure 2.1, 8-coordinate Ce4+ (represented by yellow balls) and 4-coordinate O2− (represented 

by red balls). At elevated temperatures by releasing oxygen, it produces oxygen vacancies in the 

structure which can be measured by different techniques such as XPS (X-Ray photoelectron 

spectroscopy) to compare the ratio of Ce3+ to Ce4+. 

  



 

15 

 

 

Figure 2-1: (a) and (b): eight-folds of cerium atoms and four-folds of oxygen atoms in CeO2 structure; (c) fcc 

structure for CeO2 [24]. 

Cerium normally has two types of oxides known as cerium dioxide (CeO2) with fluorite structure 

and cerium sesquioxide (Ce2O3) with hexagonal crystal structure as it is shown in Figure 2-2, 

however because of higher stability of CeO2 over Ce2O3, it is usually called cerium oxide. The 

Ce4+ oxidation state with [Xe]4f0 is usually considered more stable than [Xe]4f1 for Ce3+. 

 

 

Figure 2-2: (a) Fluorite structure of CeO2. (b) Hexagonal structure of Ce2O3. Grey color represents Ce atoms and red 

color represents O atoms [25]. 

 

Cerium oxide thin films are used extensively in electronic and energy related applications. Depend 

on the deposition technique and deposition parameters, type of substrate and composition, the 

microstructure of cerium oxide thin films can vary. By control of these parameters, epitaxial 

growth can be achieved or polycrystalline films with varying grain size from a few nanometers to 

micrometers can be prepared [26]. 

An ideal crystalline material consists of unit cells repeated in three dimensions indefinitely. Atoms 

are arranged in a crystal in symmetrical way. However, displacement of atoms from their position 

in the lattice leads to breaking symmetry of a perfect crystal. This can happen because of both 
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intrinsic and extrinsic defects. While extrinsic defects arise due to impurities or dopants, intrinsic 

defects may be produced because of the redox reactions between solid and surrounding 

atmosphere. The most important and stable defects of CeO2 is related to oxygen vacancies which 

are produced during reversible transition of Ce3+ to Ce4+ according to the formula below: 

 

O2-+2Ce4+ → 2Ce3+ +1/2O2 

 

Figure 2-3: Comparison of Ce3+ and Ce4+ structure and oxygen vacancies produced in Ce3+ structure [27]. 

When O2- ion leaves the structure as oxygen, two electrons are left in the crystal. These electrons 

can move through the structure and transfer electricity and heat. The motion of electrons in CeO2 

lattice can be considered a thermally mediated hopping mechanism [28]. This redox transition, 

between Ce3+ and Ce4+ can happen easily and this important property of CeO2 makes it a suitable 

candidate to be used as a solid electrolyte in solid oxide fuel cells as it shows high oxygen ion 

conductivities [29]. 

Increasing the rate of Ce3+/Ce4+ leads to increasing lattice distortion because of changing in Ce-O 

bond length. This is because of the change in the radius of Ce4+, 0.92 Å to 1.034 Å of Ce3+ which 

in turn causes a disturbance in local symmetry and overall lattice parameter.  

Oxygen vacancies have important effects on ceria crystals property mainly because of the catalytic 

activities arising from easier movement of oxygen in higher concentrations of oxygen vacancies. 

There are three low index lattice planes on cerium oxide surface namely as (111), (110), (100) 

which are shown in Figure 2-4. The order of stability, activity formation energy of oxygen 

vacancies, number of oxygen vacancies through these planes are summarized in below table [28] 

[29] [30]. Moreover, other factors like temperature and doping elements can influence on 

concentration of oxygen vacancies [31]. Zhou and Huebner have proposed a simple formula which 

correlates concentration of oxygen vacancies to the change in lattice parameter [32]. The idea is 

that as radius of Ce3+ is bigger than Ce4+, a higher portion of Ce3+ will make the Ceria lattice 

bigger, hence bigger lattice parameter. 
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Figure 2-4: a) fcc crystal cell of CeO2 structure. (b-d) the (100) or (200), (110), (111) planes of the CeO2 structure 

[33]. 

The formula is presented below 

√3

4
(𝑎´ − 𝑎0) = 𝑐 [𝑟𝐶𝑒3+ − 𝑟𝐶𝑒4+ +

1

4
(𝑟𝑉𝑂∘∘ − 𝑟𝑂2−)]    (2.1) 

In this formula, 𝑟𝐶𝑒3+ is the radius of Ce3+, 𝑟𝐶𝑒4+ is the radius of Ce4+, 𝑟𝑉𝑂∘∘ is the radius of oxygen 

vacancy, 𝑟𝑂2− is the radius of O2- ion and a´ is the lattice parameter of the sample. a0 is the lattice 

parameter of bulk CeO2 and corresponds to a supposedly 100 percent CeO2. All the parameters 

other than lattice parameter are constants. C is the ratio of Ce3+/Ce4+ and is related to vacancy 

concentration through this formula 

𝑉𝑂∘∘ = 𝑂2− ∗ 𝐶/4     (2.2) 

O2- is number of oxygen ions accompanying each cerium ion and in the fluorite structure of Ceria 

is equal to eight. Hence,  

𝑉𝑂∘∘ = 2𝐶      (2.3) 

And this gives us a measure of vacancies in our samples.  

Table 2-1: comparison of stability, activity, the number and formation energy of oxygen vacancies for low index 

planes of ceria 

Stability (111)> (110)> (100) 

Activity (100)> (110)> (111) 

Formation energy of oxygen vacancies (111)> (110), (100) 

Number of oxygen vacancies (110), (100)> (111) 
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In ceria nanoparticles, it has been shown that by decreasing particle size, more oxygen vacancies 

were formed [20] [34]. So, it is possible to achieve desired reactivity by controlling the size. 

Recently a detailed study on ceria nanoparticles proved a systematic lattice expansion with 

reduction in particle sizes down to nanometer ranges in comparison to the bulk CeO2 [35]. In the 

mentioned research work it was observed that in 1.1 nm CeO2 nanoparticles, the cerium atoms 

occupy reduced state, without changing the cubic shape to hexagonal lattice [35]. 

Quantum size effect have significant influence on optical properties of nanomaterials but not on 

physical properties (their optical absorption and emission can be controlled with the quantum size 

effect) which arises by the confinement of electrons within small size particles [36]. The quantum 

confinement effect becomes considerable only when the size of the particles decreases to the 

wavelength of the electron range. Breaking this word to quantum and confinement helps to have a 

better understanding of this effect confinement means to make discreteness by limiting the motion 

of electron to specific energy levels and quantum talking about the atomic area of particles. While 

the size of quantum dots is smaller than the Bohr radius, confinement occurs which causes to have 

discreet energy level instead of continuity. By decreasing particle size to nanometer range, 

confinement, and discreteness of energy level of the band gaps increases (widens up). To study 

the quantum size effect a model calculation based of Raman peak shift and Raman peak width, 

and it was shown that the decreasing the size leads to a red shift. In addition, the width of Raman 

peak enlarges as shown ion Figure 2-5 [37]. 

 

Figure 2-5: a) calculated Raman peak position for a layer of Si as a function of its thickness. The bulk Si frequency 

value is 521 cm-1. b) Calculated Raman peak width calculated as a function of the size. The lines show how the 

confinement enlarges the Raman peak for a single (1D) size-limited direction, for a two-dimensional (2D) size-

limited square wire, for a three-dimensional (3D) cube [37]. 



 

19 

 

2.2. Water contact angle  

Finding out and tuning surface wettability of ceramics has a vital effect in their usage in various 

applications. Hydrophobicity is often used for tuning the reactivity and mechanical properties of 

the surfaces, it also is useful for microfluids and thermal coatings [38] [39].  

Water plays a key role in self-cleaning properties of surface. The wettability of oxide surface in 

general, is a function of surface properties such as defects, energetic and lattice termination which 

deal with the water contact angle at the surface of material (ϴ), where (ϴ) is shown in Figure 2-6. 

The material is considered as super hydrophobic when (ϴ) ~ 0º and super hydrophilic when (ϴ) > 

150º [40]. Determining WCA exhibits the ability of surface to self-clean. This angle is affected by 

roughness of surface and different models is introduced for describing the wettability of surface as 

young’s model, Wenzel’s model, Cassie-Baxter’s model [41]. 

 

Figure 2-6: Schematic representation of water adsorption on a CeO2 surface. 

Both hydrophobic and hydrophilic properties are used for self-cleaning surfaces. For hydrophilic 

surfaces, these contaminations are removed by sliding of water which spread out on the surface. 

For hydrophobic surfaces while the contaminations like oil are resistant, the water droplets are 

easily removed. Having low sliding angle allows the collected water on the surface to be removed 

commonly by gravity and it is useful for removing any water-based debris.  

 

Figure 2-7: Understanding the wettability of rare earth oxide ceramics from crystallographic orientation – surface 

energy relationships [41].  

CeO2 by having hydrophilic properties widely used in in catalysis and biomedicine in which the 

adsorption and wettability’s role become more significant [42]. Studies have shown that adsorption 
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behavior of various molecular and ionic species diverges significantly between the different 

crystallographic planes of CeO2 [38] [39] [40]. The most hydrophobicity is reported for CeO2 

(111) surface [43]. According to density function calculations it has been shown that CeO2 (111) 

surface was the most hydrophobic then followed by CeO2 (100), and CeO2 (110) surface [40] as 

shown on the Figure 2-7.  

This is in line with other works that suggest WCA of rare earth oxide epitaxial film surface depends 

on orientations in crystal with different surface energy as WCA (111) > WCA (110) > WCA (001) 

when SE (111) < SE (110) < SE (001) [41]. It means that there is a close relation between the 

crystallographic orientation, wetting property, and the surface energy as it is shown in Figure 2-8. 

 

Figure 2-8: Wetting properties of three rare earth oxide’s surface with different orientation. a) Water droplets on low 

index planes of YSZ, CeO2 and Er2O3 epitaxial films. (b) the relationship between Water contact angle and 

crystallographic orientation relationships. (c) the relationship between water contact angle with surface energy 

(normalized). It is shown that the surface energy is inversely proportional to the water contact angle. [41].  

 

For increasing hydrophobicity of the CeO2 thin films, they are coated with polydimethylsiloxane 

(PDMS) which will be discussed in next part.  
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2.3. Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane (PDMS), also known as dimethylpolysiloxane or dimethicone, is the 

simplest member of a group of polymeric organosilicon compounds that called silicones or silicone 

oils. It is formed by hydrolyzing (CH3)2SiCl2, which is a product of Muller–Rochow reaction 

between high-purity SiO2 and CH2Cl2 [44].  

PDMS has unusual rheological (or flow) properties. It is optically clear and, in general, inert, non-

toxic, and non-flammable [45]. PDMS with a low molecular weight is used as a lubricant, 

antifoaming agent, and hydraulic fluid. The structure of PDMS is presented in following figures. 

In the formula, Me means methyl group (CH3). The polymer is constructed by long chains of Si-

O-Si bonds as shown on the Figure 2-8. Because of strongly non-polar methyl groups connected 

to the Si, throughout the chain, PDMS is non-polar and strongly hydrophobic [46]. PDMS has a 

water contact angle >100 °C [47]. 

 

 

Figure 2-9: Molecular structure and bonds in PDMS [45] 

 

Polydimethylsiloxane (PDMS) is a low-cost hydrophobic polymer that can be used to coat solid 

surfaces in thin films to make them water-resistant. PDMS coatings can produce superhydrophobic 

surfaces when paired with dual surface roughness [47]. The Raman spectrum of the sample of 

PDMS is shown in Figure 2-10. 
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Figure 2-10: Raman spectrum of PDMS [47] 

The Raman active vibrational modes of PDMS Raman spectrum have been summarized in Table 

2-2. 

Table 2-2: Observed FT-Raman and INS wavenumbers for 58100 molecular weight PDMS [48] 

 

2.4. Magnetron sputtering  

For this research work the CeO2 thin films have been prepared in IFE using magnetron sputtering 

technique with different deposition parameters on two different substrates: single crystalline 

silicone and glass. The sputtering method is a useful technique for preparing semiconductors, 

metals, insulators, etc. The advantage of this technique having simple equipment, easy control, 

large coating area and strong adhesion. Magnetron sputtering process consists of ejection of target 
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material usually by an incident particle beam and sticking those onto a substrate as it is shown in 

Figure 2.11. 

Figure 2-11: Schematic diagram of magnetron sputtering. 

 

By producing magnetic field on the target, magnetic field and the electric field’s interaction 

increases the probability of producing ions when electrons collide with the argon atoms. The 

generated ions collide with the target surface under the action of an electric field to sputter the 

target. This process is common between two types of magnetron sputtering, direct current (DC) 

magnetron sputtering and radio frequency (RF) magnetron sputtering. During this collision 

between incident particles and targets material, part of the momentum transfers to the target atom, 

which leads to cascade process and following collisions of these detached atoms with other target 

atoms leading to sputtering of the target atoms close to the surface. In DC magnetron, a potential 

difference is maintained between the substrate and target, promoting the deposition. RF sputtering 

is the preferred method and an important advantage of that it is suitable for coating any material 

and there is no need for the target to be electrically conductive. 

2.5. Raman Spectroscopy 

For studying the origin of molecule spectra, the molecular transitions including electronic, 

vibrational and rotational transitions can be considered. These transitions occur in different time 

scales, and this leads to a separation in the energy of molecule as follows: 

𝐸 = 𝐸𝑒𝑙 + 𝐸𝑣𝑖𝑏 + 𝐸𝑟𝑜𝑡                                               (2.4) 

These energies originate from the motion of electrons in the molecule, the vibrations of constituent 

atoms and the rotation of molecule. When the molecule is placed in the electromagnetic field, there 

would be a transfer of energy from field if the incident energy equals the energy difference of two 

quantized states according to the Bohr's Equation.  

Δ𝐸 = ℎ𝜈                                                                      (2.5) 
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Where Δ𝐸 is the difference between the ground state and the excited state. By absorbing this 

energy, the molecule will be excited from 𝐸1 (initial vibrational level of electron) to a higher virtual 

energy state and when returning, emits energy. Depending on whether the emitted energy ℎ𝜈 equals 

to the absorbed energy or not, Rayleigh or Raman Scattering are expected.  

Vibrations transitions occur in 102 ~104 cm-1 range which are in infrared region, but not all the 

transitions between vibrational levels are allowed so the Raman active modes should be 

determined.  

Nowadays for producing strong, coherent, and monochromatic light in wide range of wavelengths, 

lasers are used as the as the light source of Raman spectroscopy. Laser light causes electronic 

polarization of the molecule, leading to a scattered light with the frequency of ν ± νi, where the νi 

is the vibrational frequency of the molecule. Then there would be a shift from incident light 

frequency ν that is what represented as Raman shift through this spectroscopic technique. For 

studying the origin of Raman spectra, assume the incident light with the electric field E and 

frequency of ν 

𝐸 = 𝐸0cos⁡(2𝜋𝜐𝑡)                                                       (2.6) 

Then the induced dipole moment of molecule radiated by this light will be  

𝑃 = 𝛼𝐸 = 𝛼𝐸0cos⁡(2𝜋𝜈𝑡)                                                  (2.7) 

where 𝛼 is called the polarizability tensor, which is a linear function of nuclear displacement q, 

where the molecule vibrating with the frequency 𝜈. 

𝑞 = 𝑞0𝑐𝑜𝑠2𝜋𝜈𝑖𝑡                                                            (2.8) 

𝛼 = 𝛼0 + (
𝜕𝛼

𝜕𝑞
)𝑞                                                             (2.9) 

Then from above equations we have 

𝑃 = 𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜐𝑡 +
1

2
(
𝜕𝛼

𝜕𝑞
)𝑞0𝐸0{cos[2𝜋(𝜐 + 𝜐𝑖)𝑡] + cos[2𝜋(𝜐 − 𝜐𝑖)𝑡]}            (2.10) 

where these terms represent Rayleigh scattering, anti-stokes and stokes scatterings, respectively. 

The obtained lines related to Stokes scattering regarding Maxwell-Boltzmann distribution law 

(MB) are stronger because as it is shown in Figure 2-11, in the anti-stokes lines the molecule 's 

initial state is 𝜐 = 1⁡and after scattering it reaches to the 𝜐 = 0 state. But for the stokes lines the 

initial state is 𝜐 = 0⁡which has larger proportion according to the MB law at room temperature and 

normal pressure and that is why these lines are stronger. The Eq. 2.10 indicates that the Raman 

shifts can only be observed for the vibrations that change the polarizability of the molecule. This 

is called a Raman active vibration. The the complicated vibrations can be shown as a superposition 

of normal vibrations. The kinetic energy of an N-atom molecules can be expressed as 

𝑇 =
1

2
∑𝑚𝑁[(

𝑑Δ𝑥𝑁

𝑑𝑡
)2 + (

𝑑Δ𝑦𝑁

𝑑𝑡
)2 + (

𝑑Δ𝑧𝑁

𝑑𝑡
)2]                                         (2.11) 
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By generalizing the coordinates such that 𝑞𝑖 = √𝑚𝑖Δ𝑥𝑖, the kinetic energy will be  

𝑇 =
1

2
∑ 𝑞𝑖

23𝑁
1                                                                    (2.12) 

For small values of displacements, located initially in equilibrium position, the potential energy 

by Taylor expansion be 

𝑉 =
1

2
∑ 𝑏𝑖𝑗𝑞𝑖𝑞𝑗
3𝑁
𝑖𝑗                                                               (2.13) 

By solving Lagrange's equation, the solution is given as 

𝑞𝑖 = 𝑞𝑖
0sin⁡(√𝑏𝑖𝑗𝑡 + 𝛿𝑖)                                                        (2.14) 

where qi
2 and 𝛿𝑖 are the amplitude and the phase constant respectively. As there is not any 

possibility for more simplifications, so it is needed to transform into a new coordinate as Qi using 

the below equation 

𝑞𝑘 = ∑ 𝐵𝑘𝑖𝑄𝑖𝑖       (2.15) 

The Qi are called the normal coordinates for the system. By doing all replacements in potential and 

kinetic energy formulas combined with Lagrange's equation the final solution will be 

𝑄𝑖 = 𝑄𝑖
0sin⁡(√𝜆𝑖𝑡 + 𝛿𝑖)      (2.16) 

such a vibration is called a normal vibration and the frequency of this vibration is 

𝜈𝑖 =
1

2𝜋
√𝜆𝑖      (2.17) 

Even though there are 3N-6 total normal vibrations possible, not all of them will be active in 

Raman scattering. The Raman scattering effect which has been derived classically is not able to 

completely explain the phenomenon. However, it can be well understood by using quantum 

mechanics with the energy transfer model. 

 

In a quantum mechanics theory, a photon is described as a quantum of light with the energy of  

𝐸 = ℎ𝜈     (2.18) 

where h is Planck’s constant and v is the frequency of the light. With the same way of introducing 

a photon, a phonon is a quantum of atomic vibration of the normal modes a lattice of a crystal with 

the energy of a phonon can be defined as having energy 

𝐸 = ℎ𝜈𝑣𝑖𝑏      (2.19) 

where 𝜈𝑣𝑖𝑏  is the frequency of the normal mode in the lattice. When the incoming light interacts 

with the atoms of the sample, it temporarily excites an electron to an unstable virtual state which 

is known as virtual absorption. The produced electron-hole pair recombine, returning the system 

to ground state and emitting a photon. 
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Incident light on the molecules interacts with their electronic cloud and can cause different modes 

of scattering. 

 

Figure 2-12: Rayleigh Scattering versus stokes Raman and anti-stokes Raman scattering [49] 

Intensity of Raman spectra is proportional to square of the incident light and the polarizability of 

the dipole: 

𝐼𝑆𝑡𝑜𝑘𝑒𝑠 ∝ (
𝜕𝛼

𝜕𝑞
)
0
(𝜔 − 𝜔𝑖)

4𝐸0
2,   𝜔 =

2𝜋

𝜆
𝑐, 𝐸 = 𝐸0 cos 2𝜋𝜐𝑡  (2.20) 

  Which is solved to: 

𝐼𝑛 = 𝐾𝐼0
(𝜐0−𝜐)

4

𝜇𝜐(1−𝑒−
ℎ𝜐

𝑘𝑇⁄ )
(45𝛼̅2 + 13𝛾2)    (2.21) 

Where K is the summarizing constant and a product of all other constant factors, I0 is the intensity 

of incident light and proportional to E2, ν0 is the frequency of incident light, ν is the frequency of 

scattered light which in Raman spectroscopy is stokes (or anti-stokes), μ is the reduced mass, h is 

Planck constant, k is Boltzmann constant, T is absolute temperature (in Kelvin), ᾱ is the mean 

value of polarizability tensor which comes from the averaging tensor over random orientations or 

isotropic part of the Polarized Raman scattering, γ2 is the anisotropic part of the polarizability 

averaged over all orientations. 
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Mean polarizability tensor, 𝛼̅, and anisotropic polarizability are functions of temperature. It is only 

natural to consider that, as temperature in fact is a measure of vibration of atoms or molecules. The 

relationships are: 

𝛼̅ =
𝑇𝑟(𝛼)

3
      (2.22) 

𝛾2 = 0.5[(𝛼𝑥𝑥 − 𝛼𝑦𝑦)
2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)

2 + (𝛼𝑧𝑧 − 𝛼𝑥𝑥)
2 + 6(𝛼𝑥𝑦

2 + 𝛼𝑦𝑧
2 + 𝛼𝑧𝑥

2 )]  (2.23) 

To find out about the nature of the outcome of Raman spectroscopy the first step is to understand 

the selection rules which give us the ability to distinguish between Raman active and inactive 

modes. As the only peaks that appears in Raman spectra belongs to the compounds with Raman 

active mode 

2.5.1. Factor group analysis 

In each normal vibration, each nuclei have a harmonic motion with same vibration frequency of 

other nuclei. But occasionally the direction of vibration can differ, which is called a degenerate 

vibration. If the molecule has an axis higher than two-fold, doubly degenerate and if it has more 

than C3 axis, triply degenerate vibrations occur. 

Changing the aspects of polarizability ellipsoid (size, shape, or orientation) contributes to whether 

a Raman mode is going to be active or not. This is because according to Eq. 2.7 induced dipole 

moment and electric filed are in the vector form however the polarizability is a second rang tensor 

governing x y z axis.  

Selection rules basically depend on molecule´s symmetry which is defined by the spatial 

arrangement of nuclei. Based on spatial symmetry of molecule it has a set of defined symmetry 

elements and belongs to a point group (combinations of two or more symmetry elements when 

there are more than one symmetry element). The spatial symmetry of a compound is denoted by 

the space group which in total there are 230 different space group. Schonflies notation is commonly 

used when talking about point groups and site symmetries. To find out about the Raman active 

modes, understanding of Mulliken symbols as “A”, “B”, “E”, “T” in addition to “1”, ”2”, “g”, “u” 

subscripts is necessary. A one-dimensional (singly degenerate mode) representations are indicated 

with A/B while E and T(F) denotes the two-dimensional (doubly degenerate) and three 

dimensional (triply degenerate) representations.  

The “1”, “2” subscript indicates the symmetric or anti-symmetric modes with respect to a rotation 

around a two-fold axis (C2) normal to Cn and “g” or “u” depending on the mode is symmetric or 

anti-symmetric with respect to the inversion through center.  
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To summarize the capital letters indicates the degeneracy and symmetry with respect to principal 

axes while the subscripts indicate the symmetry with respect to mirror plane or inversion centers. 

In factor group analysis, first step is to find the positions of atoms in unit cell and site symmetries. 

The compound discussed in this thesis work, cerium oxide, consists of cerium and oxygen atoms 

which belongs to the following point groups (in Schonflies notation) respectively: 

(1) Td: Three perpendicular C2 axes, four C3 axes, a σd through each pair of C3 axes (σd introduces 

a plane of symmetry). 

(2) Oh: Three perpendicular C4 axes, four C3 axes, and a center of symmetry, regular cubic 

molecules where they consist of p-fold axis of symmetry (Cp).  

 

Figure 2-13: Example of molecules belongs to Td, Oh point groups [50]. 

The next step is to find the linear function related to the point group in character. Using correlation 

between point group and site symmetry to find out how the irreducible representations transforms, 

will ended up with finding Raman active mode.  

2.5.2. Polarized Raman Spectroscopy 

Many optical applications require an understanding of polarization and the ability to manipulate 

light polarization. However, polarization is an important feature of light that impacts even optical 

systems that do not measure it directly. 

The electric field of light oscillates perpendicularly to the direction of propagation. However, if 

its direction fluctuates randomly in time, it is considered as unpolarized light like sunlight but if 

it is well defined it is called polarized light which can be classified into three types. The classical 

plane wave solution of the electromagnetic wave equation for the electric fields is 

𝐸(𝑟, 𝑡) = |𝐸|𝑅𝑒{|𝜑⟩𝑒𝑥𝑝[𝑖(𝑘𝑧 − 𝜔𝑡)]}                     (2.24) 

Where E is the amplitude of field, 𝜔 is the angular frequency and |𝜑⟩ is polarization state in x-y 

plane  

https://en.wikipedia.org/wiki/Classical_physics
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                                         |𝜑⟩ = (𝜓𝑥
𝜓𝑦
) = (𝑐𝑜𝑠𝜃exp⁡(𝑖𝛼𝑥)

𝑠𝑖𝑛𝜃exp⁡(𝑖𝛼𝑦)
)                         (2.25) 

1. If⁡𝛼𝑥 = 𝛼𝑦, the polarization will be linear, and the electric field of light has one component 

which is oscillated in a single plane along the direction of propagation (Figure 2-14 c) 

2. If 𝛼𝑥, is rotated by 𝜋/2 with respect to 𝛼𝑥 without changing the amplitude, the polarization 

will be circular. The electric field of the light rotates in a circle around the direction of 

propagation and includes two linear components that are perpendicular to each other 

(Figure 2-14 b) 

3. If the 𝛼𝑥 be different from 𝛼𝑦 and the amplitude be different also that would be elliptical 

polarization which is the combination of two linear components with different amplitudes 

and/or a phase difference that is not π/2 [50] (Figure 2-14 a). 

 

Figure 2-14: States of polarization in (a) elliptical polarization, (b) circular polarization, (c) linear polarization [51]. 

PRS gives a spectrum with a polarization either parallel (I||) or perpendicular (𝐼⊥) to the 

polarization of the incident light is achievable which provides useful data for acquiring 

information about the orientation of molecules in crystals, polymers, and liquid. PR provides the 

option to investigate the changes in molecular structure of liquids in interfaces with solids, 

compared to the same liquid as an isotropic sample.  Liquids are considered isotropic samples in 

PR. Isotropic samples are randomly oriented samples, like liquids and microcrystalline powders. 

Raman scattered light is made up of light with polarizations that are both parallel to and 

perpendicular to that of the excitation light. Both components are recorded in the same spectrum 

during typical Raman measurements. In contrast, polarizing filters are employed to measure the 

Raman spectra of each component independently during polarized Raman measurements [52]. 

PRS of single crystals are different than liquids. Single crystals are considered anisotropic samples. 

This means that unlike in a liquid, where molecules are positioned arbitrarily in space, chemical 

bonds in a crystal are all orientated in specific directions, and not all Raman bands can be identified 

from a single crystal face. As a result, when viewing a single crystal face, one should not expect 

to find all Raman modes, especially if the crystal face is a crystallographic X, Y, or Z axis face. 

This means that not every vibration mode is visible in single crystals placed in the instrument. 

Sample may need to be placed in another direction and investigated again.  

When comparing parallel and perpendicular polarized Raman spectra obtained from single crystals 

to parallel and perpendicular spectra obtained from a liquid sample, there is a significant 
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difference. In a liquid, you sample all orientations of the molecule in space, whereas in a single 

crystal, all chemical bonds are oriented in space according to the crystal class to which the 

compound or element belongs [53]. 

In this research work PRS was used for studying the orientation of CeO2 crystal and Si single 

crystal which is used as the substrate layer. The polarized Raman spectra are formed by inserting 

a polarizer within the beam path between the sample and spectrometer, allowing the Raman 

polarization to be chosen by the user. The polarization of the beam can be changed by 

inserting polarizing optics between the laser and the sample. There is also the option of 

polarizing scattered light which depends on the possibility with the instrument.  

Depolarization ratio is defined as Eq. 2.26 

𝑝 = 𝐼⊥/𝐼∥                         (2.26) 

Where 𝐼⊥⁡ is the intensity of Raman band perpendicular to light beam and 𝐼∥is the intensity with 

parallel polarization to the laser light. Depolarization ratio allows for determination of the 

symmetry of the vibrational mode. If 𝑝 = 3/4 then it depolarized and is considered as non-

symmetric vibration, however if 𝑝 < 3/4 then the vibration is polarized and is symmetric in 

nature. 

Regarding the familiar rule for Raman active vibrations according to Eq 2.24, changing the 

polarizability is the main requirement for monitoring the Raman Peak. 

p=αE                                                  (2.27) 

Where α is the Raman polarizability tensor which is fixed relative to position of atoms and 

directions of the bonds.  The symmetry and orientation of the sample and the polarization of light 

as two effective factors of Eq 2.24 are also significant factors in the Raman peak intensity as 

𝐼 ∝ |𝑒𝑖𝑅𝑒𝑠|
2                                      (2.28) 

Where 𝑒𝑖 is the incident wave polarization and 𝑒𝑠 is scattered light polarization and R (or α) is 

the Raman tensor(s). For the face centered cubic crystal structure there are three degenerate 

tensors as 

𝑅𝑥 = [
0 0 0
0 0 𝑑
0 𝑑 0

]⁡, 𝑅𝑦 = [
0 0 𝑑
0 0 0
𝑑 0 0

] , 𝑅𝑧 = [
0 𝑑 0
𝑑 0 0
0 0 0

]    

The parallel and cross polarization produced by changing scattered light polarization as below: 

𝑒𝑖 = (1⁡0⁡0⁡) 

𝑒𝑠
∥ = (1⁡0⁡0⁡) 

𝑒𝑠
⊥ = (0⁡1⁡0⁡) 
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Figure 2-15: Illustration of the incident/scattering polarization on a polycrystalline sample. 

To describe the orientation of a rigid body vs. fixed coordinate system, Euler angles (θ, φ, χ) can 

be used where their exact position is showed in Figure 2-15. Considering Euler angles (𝜑𝑥𝑦𝑧), the 

Raman tensor in Cartesian system of coordinates associated to the crystal frame transforms into 

that of the laboratory via  

𝑅𝑥𝑦𝑧 = Φ𝑥𝑦𝑧𝑅Φ̅𝑥𝑦𝑧                       (2.29) 

Several Cartesian coordinates to be described as follows: 

1. XYZ which is the observer’s axis system which is fixed in space and its origin translating 

with the crystal center of mass 

2. xyz which is the crystal axis system 

Assuming the molecular center of mass is fixed, the Euler angles describing the orientation of x, 

y, z axis in the XYZ coordinate system has been shown in Table 2-2.  

Θ and φ are ordinary polar coordinates and χ is the angle in xy plane measuring the rotation 

clockwise about z axis. 

Table 2-3: Rotating to nonrotating axes as function of Eulerian angles 

 X Y Z 

x cosθcosφcosχ - sinφsinχ cosθsinφcosχ - cosφsinχ -sinθcosχ 

y -cosθcosφsinχ - sinφcosχ -cosθsinφcosχ + cosφcosχ sinθsinχ 

z sinθcosφ sinθsinφ cosθ 

 

https://en.wikipedia.org/wiki/Orientation_(geometry)
https://en.wikipedia.org/wiki/Rigid_body
https://en.wikipedia.org/wiki/Coordinate_system
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Figure 2-16: Euler angles position related to laboratory coordinate system (XYZ) and crystal coordinate system 

(xyz) 

 

These results come from the basic definition for rotation around three principal axes. A rotation 

of θ radians about the Z-axis is defined as 

𝛷𝑧(𝜃) = [
𝑐𝑜𝑠𝜃 −𝑠𝑖𝑛𝜃 0
𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃 0
0 0 1

] 

A rotation of φ radians about the X-axis is defined as 

𝛷𝑥(𝜙) = [
1 0 0
0 𝑐𝑜𝑠𝜙 −𝑠𝑖𝑛𝜙
0 𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝜙

] 

A rotation of χ radians about the Y-axis is defined as 

𝛷𝑦(𝜒) = [
𝑐𝑜𝑠𝜒 0 𝑠𝑖𝑛𝜒
0 1 0

−𝑠𝑖𝑛𝜒 0 𝑐𝑜𝑠𝜒
] 

Sequence of rotations can be represented as the matrix product which is known as rotation matrix 

𝛷 = 𝛷𝑧(𝜃)𝛷𝑥(𝜙)𝛷𝑦(𝜒)                            (2.30) 

However, as matrix multiplication does not commute, the order of the axes which one rotates about 

can change the result. So first we rotate about the z-axis, then the x-axis, and at the end about the 

y-axis.  
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2.6. SEM 

Scanning electron microscope (SEM) uses high energy focused electron beam for producing 

images from different type of samples and gaining the information about topography and 

morphology, texture, chemical composition, crystallography, and orientation of materials. The 

main components of SEM are Electron gun, Electromagnetic Lenses, Scanning coil, Vacuum 

chamber and detector [54]. During the exposure of light on sample a few interactions occur which 

is shown in Figure 2-16. Secondary electron (SE) with the energy range less than 50 eV are the 

main means of viewing image in SEM. These electrons are produced by inelastic scattering 

interactions with primary electrons ejected from conduction or valence bands of the specimen 

atoms. Due to their low energy, these electrons originate from within a few nanometers below the 

sample surface and interact with the top surface of the specimen so mainly affected by the 

topographic features of the sample.  

 

Figure 2-17: Types of interactions of incident electron beam in SEM. [55] 

The elements with higher atomic number because of producing stronger electromagnetic field 

attracts more electron atomic number, the element creates a stronger field which through an elastic 

interaction reflects lots of electrons and leads to brighter image. On the other hand, light elements 

reflect less electron that causes them to look darker in SEM images. As it is shown in Figure 2-18 

in a distance of D/2 above and below the best focus point the dimeter of the beam becomes bigger 

than the pixel diameter and the overlapping of signals from the pixels leads to overlap of image. 

According to Eq. 2.31 Depth of field, D is proportional to the working distance and final aperture 

size: 

𝐷 ∝
2𝑝

𝛼
                 (2.31) 

𝛼 ≈ 𝑡𝑎𝑛𝛼 =
𝑟

𝑊
⁡⁡⁡⁡,⁡⁡⁡𝑟 = 𝐴/2              (2.32) 

Where α is the divergence angle and r, the radius of aperture. It is expected that by decreasing 

aperture size or increasing the working distance, the divergence angle decreases which leads to 
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increasing the depth of field. However, by increasing the work distance the number of electrons 

interacting with sample decreases which can be solved by increasing the accelerating voltage. 

However, by increasing accelerating voltage which is proportional to interacting volume it will 

penetrate more inside the sample. 

 

Figure 2-18: Region of image in effective focus [56] 

SEM spatial resolution refers to the smallest observable object in the image. When working with 

high magnifications, the resolution should be high enough to distinguish the objects in small 

ranges. For increasing the resolution, the beam diameter should be as small as possible to reduce 

the probability of overlaps of signals coming from adjacent areas.  

Beam diameter drives from Eq. 2.32 where k is a constant, i is the current beam, E0 is the 

accelerating voltage, and α is divergence angle 

𝑑 = 𝑘√
𝑖

𝐸0
.
1

𝛼
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑜𝑟⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑑 = 𝑘√

𝑖

𝐸0
.
𝑊

𝑟
                    (2.33) 

It is expected that by increasing accelerating voltage or divergence angle the beam diameter 

increases too which leads to increasing the resolution and since the divergence angle is dependent 

on work distance and aperture size, these factors may also have an effect on resolution.  

SEM has the power to provide details about the morphology of matter. The high resolution 

available in modern SEMs provides the option to gain considerable information about what is the 

structure, how small are the grains or crystallites and how the crystals are oriented. Specifically, 

“Channeling Contrast” which is also called “Orientation Contrast” can be used to get resolutions 

based on the orientation of crystals in the sample [54]. 

Another connected matter to the orientation is Water Contact Angle (WCA). This is important 

when hydrophobicity is desirable. As the orientation of the crystals means how the atoms (or ions) 

are arranged on one specific surface, including density of atoms in that specific plane, this basically 
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affects WCA and hydrophobicity which is reported for cerium oxide [57]. So, to observe 

orientation and grain size as well we were motivated to do some SEM tests. 

2.7. XRD 

X-ray diffraction method which allows to have a better visualization through matters specially in 

large thickness and size and widely used for studying the real structure of crystals developed based 

on Braggs law. According to this law the path difference between x-ray beams scattering from 

adjacent planes can be deduced from Eq. 2.34 [58]. For having a constructive interference between 

these scattered beams, the path difference should be an integer multiple of wavelengths, which 

gives the Bragg equation. 

𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃      (2.34) 

 

Figure 2-19: Bragg diffraction. Two rays with known wavelength and phase reach a crystal and scattered off from 

different layers. θ is the incident beam angle and d is the inner plane distance [58]. 

d is the inter planer distance and θ is the incident beam angle. To predict the possible 

diffraction direction, for a specific incident wavelength and a cubic crystal with a unit cell 

size and inter-planar distance d, all the possible Bragg angles to have diffraction from the 

planes (hkl) achieve from Eq. 2.3. 

1

𝑑2
=

ℎ2+𝑘2+𝑙2

𝑎2
       (2.35) 

𝑠𝑖𝑛2 𝜃 =
𝜆2

4𝑎2
(ℎ2 + 𝑘2 + 𝑙2)     (2.36) 

CeO2 lattice constant is 5.407 Å with the lattice parameters of (a=b=c). It has a symmetry 

of 𝐹𝑚3̅𝑚 (full space-group symbols F4/m3̅2/m. Periodic arrangement of atoms and 

electrons present are responsible for scattering and over- all scattering from crystal is the 

sum of scattered beam from all electrons [59] [60]. 

Any atom with specific atomic number Z has a definite power of scattering which is called 

scattering factor f which is the sum of scattering amplitude from all presented electrons in 

the atom (or ion). In CeO2 with a fluorite fcc crystal structure there are four cerium atoms 
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and eight oxygen in each unit cell which need to be considered in finding form factor as a 

combination.  

 

Table 2-4: The atomic factor coefficients for Ce4+ and O1- ions [61] 

Element A1 b1 a2 b2 a3 b3 a4 b4 c 

O1- 4.19 12.86 1.64 4.17 1.53 47.02 -20.3 -0.01 21.9 

Ce4+ 20.32 2.65 19.81 0.22 12.12 15.79 0.14 62.23 1.59 

 

In calculation of form factor according to the formula below, some scatterings will be 

destructive and cancel out each other which is known as extinction rules [62]. 

𝐹ℎ𝑘𝑙 = 𝑓𝑛𝑒𝑥𝑝(2𝜋𝑖(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛))     (2.37) 

In an FCC crystal, considering the position of atoms, if all (h, k, l) be odd or all even there 

will be non-zero solution for Eq. 2.37, otherwise it will be zero because of destructive 

scattering and at the end there will be no diffraction. Diffraction condition is achievable by 

replacing (x, y, z) with the position of ions in FCC structure and then expanding the above 

formula of structure factor will lead to these conditions: 

ℎ + 𝑘 = 2𝑛, ℎ + 𝑙 = 2𝑛, 𝑘 + 𝑙 = 2𝑛 

This means that the plane indices shall not be mixed (only all odd or all even indices are 

allowed diffractions). This is applicable for both Ce and O ions separately at the same 

time and therefore there is no diffraction if these conditions are not met. More 

specifically for CeO2 crystal, by substituting the position of Ce and O ions as the values of 

(xn, yn, zn), the general formula will be simplified more. The result of calculations 

summarized in Table 2-5. 
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Table 2-5: structure facture for allowed planes in diffraction 

h2 + k2 + l2 (h,k,l) 2θ multiplicity sin θ/λ f (Ce4+) f (O1-) F2 (hkl) 
Normalized F2 

(hkl) 

1 100 16,38 6 0,09 51,97 7,99 0 0,00 

2 110 23,25 12 0,13 50,06 7,20 0 0,00 

3 111 28,57 8 0,16 48,39 6,57 299791 0,45 

4 200 33,11 6 0,18 46,9 6,05 225210 0,34 

5 120 37,15 24 0,21 45,54 5,68 0 0,00 

6 121 40,85 24 0,23 44,37 5,25 0 0,00 

8 202 47,52 12 0,26 42,17 4,65 358098 0,54 

9 221 50,60 24 0,28 41,27 4,40 0 0,00 

9 300 50,60 12 0,28 41,24 4,40 0 0,00 

10 130 53,55 24 0,29 40,37 4,18 0 0,00 

11 113 56,39 24 0,31 39,57 3,98 601426 0,91 

12 222 59,14 8 0,32 38,84 3,81 200477 0,31 

13 230 61,81 24 0,33 38,15 3,65 0 0,00 

14 123 64,42 48 0,35 37,51 3,50 0 0,00 

16 400 69,48 6 0,37 36,35 3,24 130867 0,20 

17 232 71,94 24 0,38 35,82 3,13 0 0,00 

17 410 71,94 24 0,38 35,82 3,13 0 0,00 

18 330 74,37 12 0,39 35,31 3,03 0 0,00 
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Chapter 3  

Methods 

3.1. Sample preparation 

3.1.1. CeO2 on Glass substrate 

The samples were provided as thin films on glass substrate with different parameters including 

thickness, O2/Ar ratio, total pressure, and deposition rate using magnetron sputtering technique in 

IFE Oslo. 

Table 3-1: Description of the CeO2 on glass substrate samples (IFE) 

Sample No Thickness (nm) O2/Ar Total pressure (Pa) Deposition rate (nm/min) 

58 100 50/160 0.5 5 

59 200 50/160 0.5 5 

55 400 50/160 0.5 10 

56 600 50/160 0.5 10 

60 50 50/160 0.5 5 

61 50 24/160 0.5 5 

62 50 11/160 0.5 5 

63 25 50/160 0.5 5 

64 25 24/160 0.5 5 

65 25 11/160 0.5 5 

70 100 11/160 0.25 5 

71 50 11/160 0.25 5 

72 50 8/160 0.25 5 

73 50 6.5/160 0.25 5 
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3.1.2. CeO2 on Si substrate 

For this research work CeO2 thin films on Si substrate which were prepared in IFE in Oslo were 

used. The CeO2 samples were provided as thin films of different thickness on Si support (N-doped 

silicon monocrystalline wafers (100 plane index). These flat samples with the regular size of 1×1 

cm2 as shown in Figure 3-1 annealed in four different temperatures (400°C, 600°C, 800°C, 

1000°C) for 30 minutes. Then for increasing hydrophobicity of samples they have been covered 

by Polydimethylsiloxane (PDMS) by placing in oven simultaneously with samples for 17 hours.  

 

Figure 3-1: CeO2 thin films on Silicon substrate (IFE) 

Table 3-2: Description of the CeO2 on Si substrate samples (from IFE) 

Characteristics Batch 101 Batch 102 Batch 103 

Deposition pressure, Pa 0.5 0.25 0.5 

O2/Ar ratio 50/160 7/160 50/160 

Thickness 

(profilometer), nm 

200 400 50 

Heat treatment in air, ℃ 400, 600, 800, 1000 400, 600, 800, 1000 400, 600, 800, 1000 

Heat treatment in 

vacuum, ℃ 

400, 600, 800 

(Delamination at 1000) 

400, 600, 800, 1000 400, 600, 800, 1000 

Number of various 

samples in a group 

2 (with and without 

HC) 

2 (with and without 

HC) 

2 (with and without 

HC) 

Reference +  + + 
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3.2. Raman Spectroscopy 

RENISHAW inVia Raman microscope system was used for the Raman studies of this research 

work. 

 

Figure 3-2: RENISHAW inVia Raman microscope system 

 

 

Figure 3-3: Schematic image of Renishaw Raman microscope set up 

It is equipped with three laser sources with 532nm 447nm and 630nm wavelengths. It also includes 

a set of mirrors, shutter, pinhole filter for turning the red laser from a line to spot, mirrors to direct 

the laser up and into the microscope, microscope with an objective it focuses the light with an 

objective in the sample and hopefully inelastic scattering occurs which is collected with the same 

objective, filter rejects the incident light and Rayleigh scattering  and to transfer inelastic scattering 

light, lens focuses onto slit, diffraction grating and a CCD for recording images. 
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3.2.1. CeO2 on glass support 

The samples consist of CeO2 thin films on glass support were studied with 532 nm laser, x100 

magnification, 100 % laser power, 100s acquisition time. Several spectra per sample were obtained 

to ensure reproducibility.  Measuring in the different parts of the sample, ensure sample 

homogeneity. The spectra were very similar, also in intensity if the focus did not change. The 

achieved spectra in WiRE (5.5 version) analysed with Origen software. 

3.2.2. CeO2 on Si support 

Renishaw inVia Raman microscope was used for Raman studies to find PDMS on surface of the 

CeO2 thin films. The samples were measured with 532 nm laser, x50 (or x100) magnification, 10-

100 % laser power, 10 s acquisition time. Several spectra were obtained to ensure reproducibility 

and homogeneity. 

3.3. Calculation methods (Polarized Raman curves) 

At first step, we used MATLAB and simulated the intensity of scattered beams using Euler angles. 

The simulated curves were compared to the experimental ones. The PRS for Si supports were also 

obtained for method validation. Considering the three low index planes of CeO2 and the Si (100), 

the calculations was mainly focused on (100),(111) and (110)planes. first assuming crystal axes 

(xyz) were exactly aligned with lab frame coordinates (XYZ). This of course can be verified later 

as the results of the experiments are obtained. For this plane, z and Z are parallel and angle θ is 

equal to zero. Similarly, χ is also zero. And the angle φ changes as we rotate the sample. Next, as 

the strongest peak in XRD patterns was (111) so the second assumption was this plane. Euler 

angles for this plane were calculated using the cosine rule. The following rule is used to calculate 

the angle between two planes in crystals (cubic structures): 

𝑐𝑜𝑠𝛼 =
ℎ1ℎ2+𝑘1𝑘2+𝑙1𝑙2

√(ℎ1
2+𝑘1

2+𝑙1
2).(ℎ2

2+𝑘2
2+𝑙2

2)

                            (3.1) 

This leads to choose (54.74, φ, 54.74) as Euler angles of (111) plane. and (45°, φ, 0) for  

(110) plane. The model calculations have been shown in Figure 3-4 to 3-6. 
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Figure 3-4: Calculated results for polarized Raman experiment for (100) plane of cubic structure crystal 

 
 

Figure 3-5: Calculated results for polarized Raman experiment for (111) plane of cubic structure crystal 
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Figure 3-6: Calculated results for polarized Raman experiment for (110) plane of cubic structure crystal 

 

PRS (backscattering geometry) is used to determine orientation of the crystal. The incident light 

reaches the sample aligned with Z-direction and scattered back in the same direction 𝑍̅⁡and it has 

a default polarization in X direction (in our set up), however the polarization of scattered light is 

tunable by using polarizer. So, to have a perpendicular (𝑍(𝑋𝑌)𝑍̅) and parallel (𝑍(𝑋𝑋)𝑍̅) 

polarization where the (*(AA)*) indicate the polarization of incident light and scattered light 

respectively, a polarizer or a polarizer plus a one-half wave plane have been selected from analyzer 

kit of the instrument to change the polarization axis. 

Figure 3-7: Raman spectroscopy set up after inserting polarizer and ½ wave plane 

CeO2 on silicon (100) substrate have been studied with this method for finding about the 

orientation of CeO2 crystal(s). The test samples have been taken from a group which have been 

annealed in different temperatures (400°C, 600°C, 800°C, 1000°C) in two different environments 

(air, vacuum). At the same time, we took SEM images of the same samples for having better 
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understanding and comparison. Raman scattering was taken by inVia Raman microscope by 

Renishaw Inc. It has a polarization option which enables the control of both laser and spectrometer 

polarization (polarizer/analyzer). 532 nm (green) DPSS (Diode pumped solid state) laser which is 

polarized in x-direction by default with 5-10% power was used for polarized Raman studies. A 

low power laser used because of the strong peak of Si and otherwise it became over scale, as we 

wanted to keep both Si and Ceria peaks in the spectra as modelling of experimental Si spectra was 

used for comparison. A 50X objective was used for focusing laser spot onto the c-plane (001) 

faced surface.  

The rotation of the sample was performed as follows: a circle was drawn on a blank sheet of paper 

and equally divided. The marked Ceria/Si sample was mounted on the fixed still slide and then 

was placed on the two marked paper sheets. Each time the sample was rotated by 10 (or 45) degrees 

in sequence and totally rotated by 180 degrees around the c-axis of the crystal. This makeshift 

setup is illustrated in Figure 3-8 (a). 

Five rotational degrees used (0°,45°,90°,135°,180°). To reduce errors, Raman measurements have 

been done in four different positions for each rotational degree. Variation in Raman intensity of 

F2g mode both in Si support and CeO2 films with the variation in Raman light polarization (parallel, 

perpendicular) / sample position depends on the mutual orientation of crystal axes and Raman 

light. 

 

Figure 3-8: a) Schematic procedure of Polarized Raman experiment’s set up. b) Sample mounted on angle marked 

blank plate inside Raman chamber 
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3.4. XRD 

X-ray diffraction patterns were obtained using D8 Advance Eco Bruker instrument in flat plate 

Bragg-Brentano geometry. The instrument was equipped with Cu-source with the wavelength 

1.54Å and 0.6 mm divergence slit. cerium oxide thin films were fixed with Vaseline on the 

holders and mounted on the rotating sample stage (Figure 3-9). By selecting desired diffraction 

angle in software, the diffraction patterns were achieved.  

 

 

 

 

 

 

 

 

Figure 3-9: XRD for crystal characterization. a) D-8 Bruker b) CeO2 thin films placed on holders located under x-

ray light. 

3.5.  WCA 

To measure the water contact angle with the surface of CeO2-PDMS thin films, the samples were 

fixed on a flat plate and labeled. A drop of Distilled water was placed on the samples using a 

micropipette to have a fixed volume of water (100μm). A high-resolution camera is used for taking 

the images. This experiment was repeated two times to eliminate the errors. Two important point 

which must be considered are to take the images instantaneously after inserting water drop to avoid 

change of drop shape because of evaporation in room temperature and second to use micropipette 

instead of simple pipette for taking the same amount of water. 

a 
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Figure 3-10: a) WCA experiment’s set up. b) Sterile water drops on the CeO2-PDMS thin films 

IC measure software is used for accurate angle measurements on images. As the effect of cleaning 

materials as ethanol on PDMS, were not clear for us we were not able to clean the contaminations. 

So, the effect of probable contaminations and environmental hydrocarbons on the results should 

be considered. 

3.6.  SEM 

In this research work, Zeiss Supra 35VP Field Emission Gun Scanning Electron Microscope (FEG-

SEM) (Figure 3-11 c) has been used to analyze the samples and the CeO2 samples were coated 

with Pd first, for making the samples conductive.  

The thin films which mainly consists of cerium oxide nanoparticles were deposited using 

magnetron sputtering on silicon in 1x1 cm2. The sample pieces were cut from original samples to 

fit on holders of SEM chamber. As Ceria is non-conductive a 15 nm thick Palladium coating was 

applied on the samples to make them suitable for electron beam. Leica EM ACE600 coater (Figure 

3-11 b) has been used for sputtering coating. This essential technique increases the signal to noise 

ratio by increasing the number of secondary electrons that can be detected from the surface of the 

specimen to be detected with the SEM detectors. 

Coated samples were placed in the high vacuum SEM chamber and Secondary Electron (SE) 

imaging was used to study the morphology and size of the Ceria particles. The different 

magnifications have been used to gain better insight observation.  

The working distance of 10mm was chosen for imaging when using secondary electron detector 

however a working distance of 5mm used while using “in lens” detector which leads to better 

resolution. It was useful for films with smaller particle size to be clearer. For having better 

comparisons, the images were taken with 1000x, 5000x, 50000x and 80000x magnifications. The 

particle sizes of a few samples were measured using imagej tool to compare with results from XRD 

pattern. 
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Figure 3-11: a) Two samples in SEM holder fixed with conductive carbon tape. b) Leica EM ACE600 coater c) 

Zeiss Supra 35VP Field Emission Gun Scanning Electron Microscope at UiS, 15 kV acceleration voltage, 30-μm 

aperture is used for Getting images with SEM. 
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Chapter 4  

Results and Discussions 

4.1. Factor group analysis 

CeO2 crystal with a cubic fluorite structure corresponding to the space group Oh
5 (Fm3̅m) which 

belongs to 225 group number. It consists of Ce and oxygen atoms which are positioned at (0,0,0) 

and (1/4,1/4,3/4) respectively with site symmetries of Oh (m3m) and Td (43m) [63]. Then refer to 

character table related to Oh and Td, the translation modes are F1u and F2 which using correlation 

table transforms as F1u and F2g mode.  

Table 4-1: Positions of Ce and O atoms in ceria crystal [63] 

Element Wyckoff x y z Point group Site symmetry 

Ce 4a 0 0 0 m ̅3 m Oh 

O 8c ¼ ¼ ¾ ̅4 3 m Td 

Using the character table of Oh
5, Group theory predicts a triply degenerate Raman active optical 

phonon (F2g symmetry) and one infrared-active optical phonon (F1u symmetry), which presents 

either LO or TO character (with different wavenumbers) depending on the relative 

propagation/polarization directions of the mode [64]. The F2g band located at 464 cm-1 belongs to 

symmetrical stretching vibration of the Ce–O8 unit [65] a weak band around 1180 cm-1 

corresponds to the LO mode (Raman inactive and 595 cm-1 labelled as 2LO. The TO mode is 

located at 272 cm-1. Other second-order features at 264, 366, 550, 600, 676, 935 cm-1 were assigned 

to phonon overtones from the X and L points on the Brillouin-zone boundary [66]. Annealing in 

vacuum at high temperatures can possibly produce Ce3+ species (with hexagonal D3d Ce2O3 

structure as the extreme case). Ce2O3 has peaks as 409, 189, 103 cm-1 as it is shown in Figure 4-1 

[67]. 
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Figure 4-1: Raman spectrum of Ce2O3 [67] 

4.2. Raman study of CeO2 films on glass substrate 

The purpose of this study was to investigate the effect of various synthesis parameters on the 

Raman spectra of CeO2 and thus on their microstructure. Furthermore, quantum effects for the 

thinnest films could have been expected. To have a better comparison of peak intensity, the 

experimental data were normalized to the main reported peak of glass (around 1100 cm-1) as it is 

shown in Figure 4-2. 

Figure 4-2: Raman spectra of crystalline and fused quartz and a glass microscope slide [68]. 
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Figure 4-3: Normalized Raman spectra for samples with different parameters for (a): full range of energy (b): 

expanded view of CeO2 peak. Name of graphs includes parameters respectively (sample number, thickness, O2/Ar 

ratio, pressure, deposition rate). 

In Figure 4-3, the Raman spectra of all the samples with different properties as thickness and 

deposition parameters is illustrated, however for better review of achieved Raman spectra, 

comparisons are divided into three main groups based on change of only one parameter of 

thickness, O2/Ar ratio and total pressure. Some small peak shifts of ceria have been observed in 

samples prepared with different parameters. 

4.2.1. Dependency of Raman peak shift and intensity on film thickness 

 

Figure 4-4: Thickness vs. normalized intensity for all samples. Samples with same thickness shows similar 

intensities irrespective of their different deposition parameters 

In Figure 4-4 CeO2 Raman peak intensity vs. film thickness has been represented. Almost all 

samples with the same thickness have similar intensities and by increasing film thickness the 

intensity increases as well. This behavior is expected as a direct consequence of the increased 
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sample volume and thus the number of scattered photons. The only exception is sample 55 with 

400 nm thickness. It is suggested that this behavior can be because of experimental errors or defects 

on the sample. For this set of experiments laser light with 100% power have been used. For 

eliminating probable saturations that seems to be around 600 nm films, one suggestion could be 

decreasing the power. The saturation can be related to the used objective lens and beam spot size 

as well. Introducing the light with smaller spot size means covering less volume of the sample in 

focal point and that leads to less saturation. 

Raman spectra was performed for all samples and then graphs with one variable were compared 

to better understand the results. However, in few cases there are more than one variable that is due 

to the problems in the construction step. Figures 4-5a) and e) show the dependance of the peak 

position on the sample thickness for the samples prepared at 50/160 O2/Ar ratio and 0.5 Pa 

pressure. We can see that all the samples demonstrate a red shift from the 464 cm-1 equilibrium 

position of CeO2 powder [69]. The shift is the smallest (-4.5 cm-1 for the thinnest sample and is 

larger -5.5 cm-1 for the thicknesses > 50nm) although the difference is very small. This shift 

indicates the increase in the Ce-O distances, i.e., increase in the lattice parameter for these films 

where the latter can be caused by introducing larger Ce3+ cations or by defects [10]. Red shift is 

also characteristic for smaller particle sizes for powdered samples as discussed in literature [70]. 

Thus, it can be suggested that at these synthesis parameters thicker samples possess somehow 

smaller particles with perhaps larger lattice spacing. The shift does not depend on the deposition 

rate (5 nm/min on Figure 4-5 a) vs. 10 nm/min on Figure 4-5 e)). For the same pressure (0.5 Pa)  

At lower O2 concentration (24/160 O2/Ar ratio, Figure 4-5 c) we observed similar shifts indicating 

that such O2 concentration difference (50-24 O2 relative concentration) does not make a 

considerable effect on the microstructure of the resulting films, but the shift is already smaller for 

the 11/160 O2/Ar ratio and the thinnest sample, -2.3 cm-1 (Figure 4-5 d).  

Figure 4-5 b shows that for the samples prepared with the lowest O2 concentration (11/160) and at 

the same time at lower pressure of 0.25 Pa, the shift is smaller being -3.3 and +1.3 cm-1 that could 

evidence negligible lattice parameter modification and larger particle size of the films.  The effect 

of these parameters is further investigated separately. 
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Figure 4-5: comparison of CeO2 peak intensity for samples with different thicknesses. Other parameters are same for 

each group. There are some shifts and intensity changes in ceria peak. 
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4.2.2. Dependency of Raman peak shift on O2/Ar ratio 

To single out the effect of O2/Ar ratio on the ceria peak shift, we compared the samples which had 

changes in O2/Ar ratio while the other deposition parameters kept same. The evaluation of further 

data showed that changing the O2/Ar ratio in lower total pressure (0.25 Pa, Figure 4-6 (a) has less 

significant effect on peak shift from the 464 cm-1 ceria peak demonstrating +1.3 to - 2.6 shifts 

without a clear dependance on the concentration. It can be seen from Figure 4-6 (a,c) that there are 

shifts about 3 cm-1 between samples prepared in 0.25 Pa and 0.5 Pa with the larger shifts from 464 

cm-1 for the latter group. Thus, it seems that the largest shifts are induced on the samples prepared 

at larger total oxygen concentrations. By comparing Figures 4-6 (b) and (c) it can be deduced that 

variation in O2/Ar ratio has more effect on samples with less thickness. 

 

Figure 4-6: comparison of CeO2 peak intensity for samples with different O2/Ar ratio. Other parameters are same for 

each group. There are some shifts and intensity changes in ceria peak. 

Sample 64 demonstrates also the features at 550 and 595 cm-1 that originate from O2− vacancies 

and replacement of cerium (IV) atoms by cerium (III) atoms or impurity atoms in the bulk, 

respectively [70]. Note also that this sample has the largest shift from the 464 cm-1 position. The 

new peak can also be related to quantum size effect in smaller size nanoparticles [10]. It is 

suggested that the thinner films might demonstrate quantum size effects similarly to nanoparticles. 

As it can be seen in Figure 4-7, in CeO2 nanoparticles, decreasing crystallite size increases FWHM. 
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FWHM vs. crystallite size follows an inverse relationship. It is proposed that these changes arises 

from the smaller phonon mean path and hence life-time in smaller particles (confinement). It is 

also suggested that failures in structure play a role in broadening the peak. Observed red shift is 

attributed to the effect of strains arising from curvature of nano crystals. In addition, a weak peak 

near 560 cm-1 is stronger for smaller particle size [10]. So the new peak in the Raman spectra of 

64 sample could be related to quantum size effect 

  

Figure 4-7: Normalized Raman spectra of ceria nanoparticles and the bulk material. a) the full range of energy 

studied, b) expanded view. It is showing that the peak position, linewidth, and line shape is changing with respect to 

particle size [10]. 

4.3. Raman study of CeO2 on Si substrate  

The aim of studying this group of samples was to understanding wheatear PDMS peaks (shown 

on Figure 2-10) could be detected by RS in addition to learning about redox transition of cerium 

oxide. To subtract the effect of the strong peak of Si (substrate) at 521 cm-1 on our observations, 

the measurements divided in two separate regions, below 480 cm-1 and above 800 cm-1.  
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Figure 4-8:Comparison of Raman spectra of samples annealed in different temperatures (a) left hand side without 

PDMS (b)right hand side with PDMS. Reference samples are plotted inside. 
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Figure 4-8 illustrates the higher range of Raman spectra for CeO2 samples on Si Substrate. They 

are divided in two main groups of the samples including PDMS on the surface which are place in 

left side of the Figure, and the samples without PDMS which are place in right side of the Figure. 

Each column consists of three separate figures which is ordered up to down by the batch number 

of 101 (200nm), 102 (400nm), 103 (50nm). 

 A few Strong and weak peaks was appeared in the Raman Spectra which appears in Figure 4-8. 

Silicon has only one first order Raman active phonon located at the Brillouin-zone. The first order 

Raman (stokes) spectrum consists of one strong peak at 520 cm-1 arising from the creation of the 

triply degenerate, long wavelength transverse optical phonon (TO). The second order spectrum is 

much weaker with features ranging from 0 – 1050 cm-1 (around 301 and 976cm-1). Higher order 

features, assigned as 3TO and 4TO scattering, are evident in the 1400 –1600 cm-1 and 1800–2000 

cm-1 region of the spectrum and combination bands can be found around 1000 -1250 cm-1. While 

this provides a rich spectral photonic landscape for silicon, the intensity of these bands makes it 

more difficult to observe the weaker spectral features considered in this work [71]. The sharp 

transition at ~2330 cm-1 comes from ambient nitrogen (molecular) gas. The band at ~1450 cm-1 is 

assigned as the third order silicon TO phonon, the ~1550 cm-1 band arises from molecular oxygen. 

Analyzing the data from Raman spectra indicates the absence of peaks related to the Ce2O3 (shown 

on Figure 4-1) and PDMS (shown on Figure 2-10). However, there are some shifts in Raman peak 

for the samples which are annealed in vacuum and air. In the lower range of spectrum which is 

shown in Figure 4-9 there are two main peaks belonging to Si (302 cm-1) and CeO2 (464 cm-1) 

 

Figure 4-9: Comparison for spectra obtained for different batches coated with PDMS, with reference samples and 

the samples annealed in different temperatures (in lower range below 480 cm-1). From left to right the Raman 

spectra of batch 102, 101 and 103 with 400, 200 and 50 nm thicknesses. 
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Figure 4-10: Raman spectra for 101, 102 and 103 batches (without PDMS) annealed in air (left hand side) and 

vacuum (right hand side). The peak shifts identified on each graph. 

The peaks in the lower range of Raman spectra are normalized to the Si Peak in 302 cm-1 to 

eliminate the experimental errors. The plot in Figure 4-10, indicates a shift in the ceria peak located 
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in 464 cm-1 both for the samples which annealed in air and vacuum. The reason for these peak 

shifts can be related both to the production of Ce2O3 and oxygen vacancies and also applied strains 

in the crystal structure because of CeO2 crystal growth. 

When annealing the samples in vacuum because of leaving oxygen from the vacuum chamber 

(p<3.5Pa), more oxygen vacancies will be produced and the amount of Ce2O3 in the structure of 

the nano film will be increased, which because of the larger lattice parameter and weaker bond in 

Ce2O3 it leads to decreasing the vibration frequency and making a red shift in Raman peak [72]. 

During annealing in air because of presence of a great amount of oxygen, increased reactions with 

CeO2 particles in high temperature causes to growth of CeO2 crystals which leads to produce some 

strains in the system, however by annealing in air the oxygen vacancies decrease which cause a 

blue shift in the Raman spectra [72].  

Composition of Ceria is best described as CeO2-x. This means that the oxide layer is a combination 

of CeO2 and Ce2O3. There are oxygen vacancies in the structure as well to compensate for the 

electrical neutrality of the film. That are expected to have Raman features at 550 cm-1 and 590   

cm-1 [73] [70].  Oxygen can diffuse into and out of the layer by hopping through these vacancies. 

When CeO2 is heated either in air or vacuum, diffusion of oxygen ions through microstructure is 

accelerated as diffusion is a temperature-controlled process. However, the direction of diffusion 

will be different when annealing in air or vacuum. In air, the atmosphere has a higher concentration 

of oxygen than the CeO2 layer and there will be a net flux of oxygen absorbed in the layer. These 

oxygen ions will combine with oxygen vacancies in the structure and change the Ce3+ to Ce4+ to 

compensate for their extra charge. This process is reducing concentration of vacancies. Ce3+ has a 

larger radius than Ce4+ (because it has lost one electron less) and having more Ce3+ in the structure 

produces a strain. Also, the bound between Ce4+ and oxygen is shorter compared to the bound 

between Ce3+ and oxygen and the vibration frequency will be different. When ceria is heated in 

air, oxygen gets in and there will be less Ce3+ and less strain. When it is heated in vacuum, oxygen 

gets out, concentration of vacancies increases, and there will be more strain in structure [63]. The 

full width half maximum of the Raman peak of ceria at 464 cm-1 have been measured. As it is 

shown in Figure 4-11, FWHM of Raman F2g signal dependent on the inverse crystal size for ceria 

samples (101 and 102 batches with 200 and 400 nm respectively) annealed in air and vacuum. 

Increasing the annealing temperature, the particle sizes increased as it is calculated based on XRD 

patterns and is summarized in Table 4-6, then the FWHM of ceria Raman peak decreases as the 

consequence of increasing particle sizes [70]. 



 

59 

 

 

Figure 4-11: FWHM of Raman peak vs. inverse crystalline size which have been calculated by XRD data (have been 

done in IFE) for batches 101 and 102 (200 and 400 nm thickness respectively) annealed in air and vacuum. FWHM 

decreases by increasing particle sizes which is the consequence of increasing annealing temperature. Depicted 

trendlines are least square fits. 

 

4.4. Polarized Raman Spectroscopy (PRS) 

The experimental results which came from the Raman spectra after each definite rotation (10° or 

45°) compared with simulations of three low index plane of CeO2 crystal ((100), (110), (111)) are 

shown in the Figures below. These measurements were done with the purpose of figuring out the 

orientation of CeO2 crystal. PRS is a useful analytical tool which can be used to identify crystal 

structure, differentiate between single crystals and polycrystalline materials, and determine 

orientation of the crystal and degree of disorder. This is especially true for single crystals. 

The results of measurements which obtained both for the samples annealed in air and in vacuum 

shows that the silicon peak (F2g) at 521cm-1 (filled dots) fits with the simulation results of 

orientation in (100) plane and as we are aware of the Si single crystal orientation (100) which is 

used as a substrate for growth of CeO2 crystals, this serves to confirm that our method is reliable 

to identify the orientation of the single crystals. . The samples after annealing follow the pattern 

better than the sample before annealing (reference sample) which can shows the efficiency of the 

annealing in ordering the single  
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Figure 4-12: Calculated curves (empty circles) and experimental results (filled circles) of intensity variation for the 

Si peak (F2g) (521cm-1) vs. crystal rotation at parallel (blue) and perpendicular (red) polarizations. They all are in 

good agreement with the simulated pattern for orientation in (100) plane. Left hand side Figures are the samples 

annealed in air and the right side are the samples annealed in vacuum respectively. The test samples are arranged 

according to the annealing temperature from top to down. The experimental results fit well with the simulations. 
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crystals orientation. This was repeated for all the samples which were annealed in different 

temperatures and for the reference sample as well. Figure 4-12 illustrates the simulation performed 

using MATLAB. The experimental results from Si Peak at 520 cm-1 in different rotational angles 

fitted well on the calculation results of the Si (100) plane which confirms the capacity of this 

method in finding the orientation of single crystals. In Figure 4-13 the experimental results have 

been drawn over the calculation result for (111) plane which seems to be a better match compared 

to (100) and (110) planes. It can be said that misfits with the calculation patterns in most of the 

test samples is because of the polycrystallinity of CeO2 film on Si substrate. This deduction is in 

agreement with the observations of SEM images. The right and left drawings belong to samples 

annealed in vacuum and air in respectively. Contrary to the Si crystals, patterns acquired for ceria 

don’t follow the definite patterns that is simulated for (100) but are closer to (111) plane. The 

calculation patterns including the experimental data for Reference sample have been shown in 

Figure 4-14.  
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Figure 4-13: Calculated curves (empty circles) and experimental results (filled circles) of intensity variation for the 

CeO2 peak (F2g) intensity (464cm-1) vs. crystal rotation for parallel (blue) and perpendicular (red) polarization.  Left 

hand side Figures are the samples annealed in air and the right side are the samples annealed in vacuum respectively. 

The misfit of experimental results with calculations shows polycrystallinity of CeO2 layer. 
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Figure 4-14: Calculated curves (empty circles) and experimental results (filled circles) for reference sample. a) 

calculation results for (100) plane and Raman peak of Si (F2g) intensity at 521cm−1 by the perpendicular and parallel 

polarization of light in Raman set up. b) the experimental results of CeO2 peak (F2g) (464 cm−1) of reference sample 

vs. crystal rotational angle. Experimental data (filled circles) fit better with the calculations (empty circles) for 

silicon on (100) plane but for CeO2 the best fit is on (111) plane (The rest of unfitted results has not provided in the 

figures). 

4.5. WCA 

The water contact angle measurements have been examined to test the difference between the 

samples coated with PDMS and uncoated ones. For these measurements distilled water have been 

used to avoid producing contamination. The surface was not cleaned before water deposition. The 

samples were placed on a flat table and a high-resolution camera was in front of the samples. One 

drop of distilled water has been placed on all the samples and the picture was taken. WCA was 

measured by using IC measure software package which provides powerful tools for the manual 

measurement of circles, lines, and angles.   

Table 4-2: WCA measurements for the CeO2-PDMS samples annealed in air 

 
101 

 400 °C 600 °C 800 °C 1000 °C 

PDMS 115 54.14 126.57 93.18 

NO PDMS 94 87.80 130.54 118.30 

102 PDMS 113 117.10 125.23 106.41 

NO PDMS 101 126.71 130.91 123.17 

103 PDMS 91 104.53 129.70 120.70 

NO PDMS 89 116.6 130.24 100.63 

 

a b 
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Table 4-3: WCA measurements for the CeO2-PDMS samples annealed in vacuum 

101  400 °C 600 °C 800 °C 1000 °C 

PDMS 63.43 113.84 104.90  

NO PDMS 88.85 132.88 136.67  

102 PDMS 94.45 115.82 118.39 125.31 

NO PDMS 108.65 128.42 135 108.43 

103 PDMS  111.50 116.36 93.65 

NO PDMS  130.63 132.54 112.62 

 

Table 4-4: WCA measurements for the CeO2-PDMS reference samples without annealing 

REF 101 PDMS 89.61 

NO PDMS 94.97 

REF 102 PDMS 107.24 

NO PDMS 99.78 

REF 103 PDMS 134.08 

NO PDMS 142.14 

4.6. SEM 

Based on the results of WCA measurements we decided to acquire SEM images of the samples 

which exhibited biggest differences in water contact angles (WCA) with PDMS and without that. 

The results obtained from SEM showed a polycrystalline structure of ceria deposited on Silicon 

which approves the obtained results with polarized Raman spectroscopy studies. 

To summarize the results, it was decided to compare only images with same magnification. So, 

first, structure of reference sample with no annealing, with and without PDMS was compared.  

 

Figure 4-15: SEM images of reference samples (no annealing) with and without PDMS for the Batch 101. 
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Figure 4-15 displays micrographs of reference sample 101 with and without PDMS. There is no 

specific difference between these two samples, however, it can be said that there is some overlap 

of a materials similar to liquid over the ceria particles in the sample with PDMS which can be 

considered as dirt particles. In both pictures, ceria nanoparticles are segregated and not forming an 

intact continuous layer. The particles are mostly in triangular shapes however because of the small 

sizes the exact shapes are not distinguishable. The approximate size of particles has been measured 

using imageJ software for the images with better resolution and bigger particle sizes 

After heat treatment (annealing), there was a change apparent in the oxide layer. In Figure 4-17, 

air annealed samples with and without PDMS have been compared. All the micrographs are with 

a magnification of 80KX. As it can be seen, the segregated ceria particles have started to cover the 

surface. Also, there is a relationship between annealing temperature and particle size, as the images 

can be compared (all at same magnification). At 400 °C the particles are small which grow bigger 

as temperature increases. Another interesting thing is the change in the shape of nanoparticles. Up 

to 600 °C, there are triangular shapes governing the surface; at 800 °C, this has been changed to 

spherical particles. 

At 1000 °C there are a bigger size of particles which we attribute this to agglomeration of ceria 

particles. Agglomeration leads to potential delamination and destroying layer as continuous layer 

of sample annealed at 800 °C is replaced by segregated agglomerates of particles at 1000 °C. As 

it is shown on Figure 4-16, the measured distribution of particle sizes in Sample 103 annealed in 

1000 °C, is in the range of few hundred nanometers which is different from the results from XRD 

patterns. In Table 4-5 the particle size for the mentioned sample is in the range of 42nm. This big 

difference supports the agglomeration hypothesis. Similar result is observed for the 101sample 

annealed at 800 °C in air. The particle size is bigger than the sizes calculated from XRD patterns, 

and the shape of particles is spherical which is common in agglomeration. 

 

 

 

 

 

 

 

 

 

 

Figure 4-16: Particle size histogram measured by image j based on SEM image of sample batch 103 prepared at 

1000 °C in air 
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The calculated particle sizes based on the SEM images have been summarized in Table 4-5 which 

are in good agreement with the results from Deby Sherer formula, with two exceptions mentioned 

where agglomeration happened. 

Table 4-5: Particle size measured using image j tool based on SEM images 

Samples 

annealed at: 

800 air  800 vac 600 air 600 vac 400 air 400 vac ref 

Particle size 60nm  45nm 17nm 25nm - - - 

 

Because of small size of particles in ref sample and the sample annealed in 800 °C, the particle 

size measurements using this method was not achievable. 
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Figure 4-17: SEM images of air annealed samples with and without PDMS at magnification of 80KX 
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To compare properties of images prepared at vacuum in different annealing temperatures, Figure 

4-18 is. All the samples are images at 80 KX magnification and on some of them PDMS have been 

applied.  

 

Figure 4-18: SEM images of vacuum annealed samples with and without PDMS at magnification of 80KX 

As it can be seen in Figure 4-18, there is a homogeneous layer of ceria crystals covering the surface, 

while in reference sample, there were segregated particles. There is no agglomeration like air 

annealed samples at 800 °C. Moreover, the shape of particles remained triangular up to same 

temperature. Size of the nanoparticles increased by temperature. There is no meaningful difference 

between samples with and without PDMS. The ample annealed at 1000 °C was delaminated and 
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it appears there is a change in that temperature range responsible for this which worth further 

studying. 

Using special high-resolution detector, we were able to acquire very good images which tell a lot 

about microstructure of the samples. These images are presented in Figure 4-19.  

 

Figure 4-19: High resolution SEM images of samples annealed in air (without PDMS) and vacuum (with PDMS) at 

800 °C (101 batch, the films with 200nm thickness) higher size images are presented in appendix A. 

Comparing two micrographs, it can be concluded that vacuum annealed sample has a smaller 

particle size, and the shape of particles are trigonal. In air annealed sample, agglomeration has 

started, and the shapes of the particles are changing to spheres. The increase in particle sizes leads 

to broadening of Raman peak as it is shown in Figure 4-11. The intensity of ceria peak decreased 

when annealing in vacuum which can be related to decreasing Ce4+ to Ce3+ ratio.  

4.7. XRD measurement 

Three sets of samples have been prepared as mentioned in the methods section. These sample 

coded as 101 (200nm), 102 (400nm), and 103 (50nm) have been prepared using different 

sputtering parameters and conditions. The samples have been studied using X-ray diffraction to 

investigate the effect of deposition parameters on the ceria layer deposited. Figure 4-20 represents 

the diffraction patterns of these three reference samples.  
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Figure 4-20: XRD patterns for reference samples,101, 102 and 103 (no annealing is performed). 

As can be seen, sample 102 has the highest intensity for the ceria representative peak at 

approximately 28°. This can be attributed to the deposition parameters used for this series of 

samples.  

The next step was to study the effect of heat treatment (annealing) on the properties of deposited 

layers. This was carried out for three sets of reference samples in different temperatures and media 

as described in the methods section. The results of X-ray diffraction studies on samples 101, 102 

and 103, annealed in different temperatures and in different (vacuum and air) atmospheres are 

presented in Figures 4-21 to 4-23. 
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Figure 4-21: XRD patterns for batches 101 samples annealed in vacuum and air. Results for the vacuum-1000℃ 

sample is missed because of the sample delamination (received from IFE). 

 

Figure 4-22: XRD patterns for batches 102 annealed in air and vacuum conditions (received from IFE). 
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Figure 4-23: XRD patterns for batches 103 annealed in air and vacuum. (The patterns obtained at UiS) 

Numbers in parentheses above the upper graph in each subplot represent crystallographic planes 

after indexation. Figure 4-23 represents the XRD patterns of the 103 samples which is obtained in 

UiS. All three sets of samples have fcc – fluorite type structure which is the crystal structure of 

ceria (CeO2). XRD patterns of samples 101 and 102 were acquired at IFE.  

As it can be deduced from the patterns acquired for 101 samples, for samples annealed in air, width 

of ceria (111) peak is decreased with increasing temperature. This is inversely proportional to the 

crystallite size, and it is expected to have a smaller crystal size where there is a wider peak. This 

can be attributed to the higher diffusion in elevated temperatures which will result in crystal growth 

and bigger crystallite sizes. 

Same claim can be made regarding 101 samples annealed in vacuum, however annealing at 1000 

°C has resulted in the surface layer of ceria to be peeled off. This can be attributed to different 

causes, like conversion of CeO2 to Ce2O3 which will cause the oxide layer being disconnected 

from Silicon substrate because of crystal lattice mismatch and strains.  
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Samples of batch 102 annealed in air, show similar trend as 101 air annealed samples and the 

crystallite size is decreased by increasing temperature. The justification is same, and this is 

attributed to higher diffusion rates and crystal (grain) growth.  

Samples annealed in vacuum show same trend although interestingly the intensity of the peaks is 

not reduced much with decreasing temperature. This can be a promising sample and annealing 

condition, if smaller size crystallites are preferred. Sample annealed at 1000 °C also kept its 

integrity in batch 102 which can be justified by the better adhesion of the surface layer to the 

substrate and possibly a mixed oxide layer with a CeO2 layer at the interface with Silicon substrate 

and Ce2O3 layer near the outer surface at the interface with vacuum.  

103 batch samples prepared in air, show similar increase of peak width with decreasing 

temperature as 101 and 102 air samples. Sample annealed at 800 °C show less intensity of Ceria 

characteristic peak and there is no apparent reason for that. Samples annealed at 600 °C and 400 

°C show similar trends and it can be deduced that similar mechanisms are in operation in both 

temperatures. Whereas, in 800 °C there is a not yet explained change. Sample annealed at 1000 °C 

shows the narrow sharp peak accompanied with higher crystallinity which in this case means 

higher grain sizes possibly because of grain growth at higher temperatures.  

Vacuum annealed 103 samples provide some insightful data. First, the highest intensity is at 600 

°C and the smallest size will probably be the sample annealed at lowest temperature like other 

batches. However, the characteristic peak of ceria at approx. 28° is vanished in the sample annealed 

at 1000 °C. This is an interesting find and can be attributed to the possible conversion of CeO2 to 

Ce2O3. This needs to be investigated further in future works as this potentially provides a route to 

prepare controlled CeO2 / Ce2O3 concentrations in samples, useful for sensor applications among 

other things. 

The peak at 2θ ≈ 33° appears as combination of signals from CeO2 (200) and Si (200) planes. The 

reflection from the latter is forbidden for the ideal Si-crystal and which showing up may indicate 

lattice distortion of the substrate [32]. The lattice parameter was found according to the Bragg’s 

law (for the first diffraction order):  

𝜆 = 𝑑𝐻𝐾𝐿 sin 𝜃      (4.1) 

where 𝜆 = 1.5406⁡Å – wavelength for the Cu-Kα radiation, 𝑑𝐻𝐾𝐿 – distance between two planes 

HKL. The lattice parameter was calculated based on the position of peak (111). The crystallite size 

for each sample was estimated based on the Debye-Scherrer approach: 

𝐵 =
𝐾∗𝜆

𝛽∗cos𝜃
      (4.2) 

Where K=0.9 and β = FWHM of the peak. We use the FWHM for the peak at the minimum 2θ 

angle which is around 28°, which is (111), to minimize effect of the microstrain. Microstrain in 

the lattice causes broadening of the peaks which effect increases continuously over θ.  

Using this method, Lattice parameter and crystallite sizes for different samples, annealed in 

different temperatures, in different media can be calculated using equations (1) and (2) 
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respectively. It shall be noted however that Debye-Scherrer formula is not a precise and reliable 

method, but the numbers calculated are comparable in same experimental setup. The results of 

calculations are presented in following tables. 

Table 4-6: Summarized results on the lattice parameters of CeOx thin films (IFE and UiS) 

  
Lattice parameter, Å 

25℃ 400℃ 600℃ 800℃ 1000℃ 

Annealing 

in air 

Ce 101 5,409 5,432 5,417 5,405 5,409 

Ce 102 5,463 5,448 5,424 5,409 5,414 

Ce 103 5,465 5,451 5,426 5,407 5,405 

Annealing 
in vacuum 

Ce 101 5,409 5,429 5,408 5,419 - 

Ce 102 5,463 5,458 5,413 5,406 - 

Ce 103 5,465 5,488 5,504 5,554 - 

 

Table 4-7: Summarized results on the crystalline size of CeOx thin films (IFE and UiS) 

  
Crystallite Size, nm 

25℃ 400℃ 600℃ 800℃ 1000℃ 

Annealing 
in air 

Ce 101 9 19 18 30 46 

Ce 102 8 11 12 18 43 

Ce 103 5 6 9 13 42 

Annealing 

in vacuum 

Ce 101 9 17 19 23 - 

Ce 102 8 12 15 21 - 

Ce 103 5 6 9 13 42 

 

The change in lattice parameter and crystallite size with the annealing temperature is represented in Figure 

4-24, 4-25, 4-26 for samples 101, 102, and 103 respectively. 

 

Figure 4-24: Lattice parameter and crystallite size of ceria vs. annealing temperature for 101 batch. 
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Figure 4-25: Lattice parameter and crystallite size of ceria vs. annealing temperature for 102 batch 

 

 

Figure 4-26: Lattice parameter and crystallite size of ceria vs. annealing temperature for 103 batch 

 

For batch 101, annealed at air, there is a minimum in lattice parameter in 800 °C. The minimum 

for vacuum annealed 101 samples is also at 600 °C. This is interesting because from 

thermodynamics we know that with increasing temperature, there will be more movement of atoms 

and their average distance and hence the lattice parameter will increase. This observed decrease 

means the minimum interstitials in the structure and most perfect crystalline structure of Ceria. It 

can be said that extra oxygen ions in the structure are released at this temperature. After 800 °C, 

lattice parameter increases which can be attributed to the effect of temperature and increasing the 

vibration of atoms, and what is expected normally when heating a solid. The release of oxygen 

ions is easier when there is no external pressure, hence release is achieved at a lower temperature 

in vacuum. These deductions are not solid as the tests were conducted on only 5 temperatures. 

Tests shall be carried out at more temperatures and more samples be tested so that the data becomes 

reliable.  

The crystallite size increases with increasing annealing temperature, which is expected. There is 

however a sharp increase after 600 °C which may be because of activation of other diffusion 

mechanisms at higher temperatures. Crystal growth is expected at this temperature. 
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Samples from batch 102, annealed in air, display same decrease in lattice parameter with increasing 

temperature up to 800 °C similar to 101 air annealed samples. And the conclusion is same. Vacuum 

annealed samples however have a different trend. There is no increase after 600°C, whereas the 

slope or the rate (of oxygen ion release) decreases. As told earlier when comparing reference 

samples, 102 seems a more robust and stronger layer than 101 and it can be assumed that oxygen 

release is becoming difficult as diffusion through this compact layer is much more difficult.  

The crystallite size of the air annealed samples shows a sharp increase after 800 °C compared to 

600 °C for samples 101. This can be attributed to the more compact layer which makes diffusion 

more difficult and requires higher temperatures to activate more rapid diffusion mechanisms. This 

increase in the slope is attributed to the governance of grain growth compared to grain nucleation. 

Interestingly, sizes of vacuum and air annealed samples up to this temperature are roughly similar.   

In samples of 103 batch annealed in air, a continuous decrease in lattice parameter with increasing 

annealing temperature was observed. This has been attributed to the inward diffusion of oxygen 

through ceria layer and decrease in concentration of oxygen vacancies. As oxygen vacancies 

decrease, Ce3+ ions in the structure undergo the redox reaction and oxidize to Ce4+. This is 

accompanied with a reduction in the radius of the Cerium ion off course which in turn leads to 

reduction of the Ce-O band length, or average distance, decreasing lattice parameter.  

Vacuum annealed 103 samples show a different trend. Lattice parameter increases steadily with 

increasing annealing temperature, with a sharp increase at 600 to 800 °C. This is however in line 

with the expectations as higher temperature promotes outward diffusion of oxygen into vacuum. 

This is accompanied with an increase in oxygen vacancy concentration and Ce3+/Ce4+ increase. As 

explained, Ce3+ has a higher radius than Ce4+, which leads to higher bond length and bigger lattice 

parameter [72]. It is suggested that he sharp increase in the 800 °C because of activation of more 

diffusion routes. 

In 103 samples, increase in crystallite size with temperature, follows the same pattern of 102. The 

rate of increase after 800 °C which is the point where slope or governing mechanism changes is 

higher for 103, meaning that diffusion is easier in 103 compared to 102. This can be attributed to 

102sample being more compact and diffusion in that samples being more difficult. Crystallite sizes 

for vacuum annealed samples are almost same as air annealed samples up to this turning point and 

follow a straight line suggesting a diffusion-controlled mechanism.  

By increasing the temperature, the FWHM of Raman spectra decreases as a consequence of 

increasing the particle sizes which is shown in Figure 3-25 or decreasing the induced defects and 

strains. The calculated particle sizes using XRD pattern are in the same range as the obtained 

particle sizes using SEM. However, the obvious difference in samples annealed at 1000°C and 

800°C can be related to agglomeration. The results from different characterization techniques are 

in good agreement with each other. 
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Chapter 5  

    Conclusion 

 

In this thesis work, the goal was to investigate Cerium Oxide thin films. Thin films have been 

prepared using magnetron sputtering on two substrates, Silicon and glass. Samples were prepared 

in Institut for Energi Teknik (IFE) at Oslo. Samples coated on glass were prepared to study the 

effect of changing coating parameters of magnetron sputtering and to see if there is a quantum 

effect in small sizes. In these series of tests, after getting the Raman spectrum for each sample, it 

was concluded that modifying parameters like film thickness, deposition rate, oxygen to argon 

ratio, and pressure will result in Raman peak position change or its broadening. 

These tests were repeated a few times for each sample to study the repeatability of the tests and 

prevent errors as much as possible. 

However, modified parameter were not comparable after categorization of samples, because more 

than one parameter was changed between samples. This presented a difficulty in analyzing the 

results and making conclusions. Although, it can be said that with increasing deposition pressure, 

FWHM decreased and there was a shift in Raman peak. This finding is in accordance with 

previously reported results elsewhere.  

With reduction in film thickness, a blue shift in Raman peak was expected. This di not happen and 

in some of the samples, there was a blue shift and in some a red shift and some samples didn’t 

show any shifts at all. No meaningful relation between film thickness and Raman peak shift cannot 

be reported. 

Samples coated over Silicon, were heat treated after deposition and then put in an oven for 17 

hours near PDMS so that a surface film of PDMS is deposited on them and potentially increase 

hydrophobicity. These samples were studies using Raman spectroscopy afterwards to see if PDMS 

can be identified on the surface. However, there was no success in identification of PDMS on 

sample surfaces. Two theories were suggested to explain this, first is that PDMS layer is not thick 

enough to be identifiable by Raman studies. The other suggested reason was that if PDMS has 
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remained on the surface of the layer in the timeframe from application to the test time. To check 

these hypotheses, one drop of a silicone oil (similar to PDMS) were put on the surface and the 

Raman spectra was acquired with the oil drop on the surface and also after removing of the oil.  

The peaks with silicone oil were vanished after the oil layer was cleaned with a tissue. So, it was 

concluded that if there was silicone layer on the surface, there could have been an effect in Raman 

spectra and the prepared samples had their layer removed due to the time between sample 

preparation and testing. These studies need to be conducted again to check repeatability. More 

specifically, oven treatment with PDMS oil can be retried and the freshly prepared samples to be 

see if there is an oil layer on the surface. 

Effect of heat treatment (or annealing) on the properties of thin films was also studied. In the 

studies, it was observed that increasing annealing temperature of the samples, reduces the FWHM 

of the peaks. This can be attributed to the increase in crystallinity and crystal size.  

All of the samples annealed in air and also in vacuum displayed a red shift in peaks. For air 

annealed samples this can be explained by the increase in strain at the interface of Ceria and 

substrate. For vacuum annealed samples, annealing will be accompanied by release of oxygen 

from structure and conversion of CeO2 to Ce2O3. Ce3+ has a larger radius and band length of Ce-

O will be larger which results in a red shift.  

Water Contact Angle (WCA) was another test conducted on the samples. This test was suggested 

to check existence of PDMS on sample surface. After testing (putting water droplets on sample 

surfaces and measuring contact angle on the photos taken), the results indicated that there are 

meaningful differences between samples. It was proposed that the reason is because of the surface 

morphology of the samples. To understand the root for this difference in behavior, a series of SEM 

studies on sample surfaces were conducted. 

SEM studies started with the idea of recognizing differences between surfaces containing PDMS 

and without that. However, other results also obtained including the effect of increasing annealing 

temperature in increasing particle (grain) sizes. Increasing annealing temperature resulted in 

increasing particle sizes. In- samples annealed at 1000°C, agglomeration of particles was evident. 

Increasing annealing temperature also accompanied with an increase in ordering of the layer. 
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Records of previous works in IFE, and the WCA measurements conducted at UiS, showed 

meaningful differences between surfaces coated with PDMS and bare CeO2 surfaces. Previous 

works carried out elsewhere suggested that WCA is dependent to crystal orientation and a 

hypothesis was proposed about effect of orientation of surface ceria layer on WCA and to study if 

there is a preferential orientation in ceria layer. To study this, PR has been used. 

In the first step, simulation of possible, expected patterns were carried out using MATLAB. The 

simulation was conducted for three lowest index planes of FCC structure: (100), (110), (111). 

Polarized Raman studies were carried out using a makeshift setup to measure the angle of the 

sample towards the beam. Details of the setup explained elsewhere in this document. Acquired 

data from the tests were fitted against simulated patterns and for the samples coated on Si substrate, 

the measured and simulated data complied. Si substrate was a single crystal with a (001) plane and 

the data acquired for Si peak was a very good fit with the simulated model. However, for ceria 

there was no such agreement for ceria with simulated peak and it was concluded that the ceria 

layer is polycrystalline with a preference in (111).  

The last part of the research was XRD studies to complement the data from IFE, which lacked a 

few samples. Using XRD patterns, existence of ceria layer, was confirmed and lattice parameter 

was calculated and using Debye-Scherrer formula, size of crystallites estimated. The results 

generally complied with previous results from SEM and Raman studies. 
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Appendices 

Appendix A: High resolution SEM Images 

 

 

Figure A-1: High resolution SEM image of sample annealed in vacuum at 800 °C with PDMS (101 batch, the films 

with 200nm thickness). Figure 4-19 is same image with smaller size. 
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Figure A-2: High resolution SEM image of sample annealed in air at 800 °C without PDMS (101 batch, the films 

with 200nm thickness). Figure 4-19 is same image with smaller size. 
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Figure A-3: High resolution SEM image of sample annealed in air at 1000 °C with PDMS (103 batch). Figure 4-17 

is same image with smaller size. 

 


