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ABSTRACT

This thesis investigates the influence of the crystallographic orientation of the UO2 on

the oxidation process and phase transition into U3O8. The samples were prepared by

DC magnetron sputtering and a new sputtering system was constructed. A new method

to produce poly-epitaxial columns of UO2 with controlled grain size was developed and used.

X-ray characterisation of single crystal epitaxial thin films revealed the best long range order for

the (001) orientated samples. The truly polycrystalline character of the poly-epitaxial thin films,

without preferred orientation, was demonstrated by x-ray diffraction and electron backscatter

diffraction.

Utilising these idealised systems, fundamental studies have been conducted to explore the

oxidation behaviour of uranium dioxide. The in-situ oxidation studies performed on poly-epitaxial

UO2 revealed a fastest oxidation rate for (001) orientation, in contradiction to the literature data.

This discovery was further investigated using single crystal samples. In situ High Temperature-

Environmental Scanning Electron Microscopy observations showed disintegration of the UO2

structure after phase transition to U3O8, for the (111) and (110) oriented single crystal, while

there was no loss of integrity for the initially (001) oriented structure. Additionally, in-situ X-ray

diffraction studies revealed an epitaxial relationship between the (130) plane of U3O8, rotated 45°,

on the (001) plane of UO2. This was identified as a topotactical phase transition, with sigmoidal

nucleation and growth kinetics.

In conclusion, this thesis has discovered a new epitaxial relationship between the (001) plane

of UO2 and (130) plane of U3O8. This match was also attributed to the faster oxidation rate

observed for (001) oriented grains in polycrystalline systems, as possibly lower energy is required

for phase transition in this oxidation route. This new insight into the oxidation process of the

most common nuclear fuel can help improve the efficiency, reliability and safety throughout the

nuclear fuel cycle, and might potentially apply to other oxide systems.
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INTRODUCTION

G
lobal energy consumption is predicted to increase every year [1]. The main factors

responsible for the energy consumption growth are increase of the population and

increase of the energy consumption per head. The current estimation shows that

every year population will increase by 83 million people [2]. Furthermore, due to development of

electronics, average energy consumption for a single person will increase to power a laptop, a

smartphone, a smartwatch, a smartband, smart glasses etc.

A recent mathematical model [3], used to provide future estimates by taking into account

factors such as the development and adoption of new technologies to predict energy demand

showed that studies assuming near 100% renewable power by 2050 are flawed as they do not

sufficiently account for reliability of the supply. The lack of firm backup energy systems , such as

nuclear or power plants with carbon capture systems, would lead to so often fails of the power

supply system, making it deemed inoperable.

It is very important to meet the demands for energy in an environmentally friendly way. The

European Union is trying to increase the contribution of "green" renewable sources by law (30%

in 2030) [4]. However, renewable energy depends on weather conditions and time of the day, so

an stable source of energy with low carbon emission is required to cover the basics off peak needs

for energy. Nuclear power is the perfect candidate as it provides a reliable, carbon-free solution.

1



CHAPTER 1. INTRODUCTION

Nuclear power plants, according to data from April 2017, are working in 30 countries world-

wide with 449 nuclear reactors in total [5]. The number of nuclear power plants will increase, as

60 are curently under construction [6]. In 2014, nuclear power plants produced 11% of the world’s

electricity. The most nuclear energy is generated in USA, and countries such as: France, Slovakia,

Ukraine, Belgium, and Hungary where most than 50% of electricity generation comes from

nuclear power plants [5]. Amongst the 50 most polluted cities in Europe 33 are in Poland (the

biggest European nation to have never had nuclear power plants), where most energy produced

is by coal-based power plants [6, 7].

To produce energy, the nuclear power plant needs fuel, one of the most common fuels is

uranium dioxide. Uranium dioxide has been studied for more than 60 years, allowing the safe and

economic operation of nuclear power plants. A lot of research was focused on the oxidation process

of UO2, due to its importance throughout the full fuel cycle. This includes uranium mining and

storage, behaviour of uranium dioxide during operation in nuclear core, disposal and reprocessing

of used fuel.

This chapter will briefly describe the context of the PhD. Firstly the UO2 fuel cycle process will

by described, followed by a description of the fuel material. Higher oxidation states of uranium,

with current knowledge about the oxidation process will then be considered, highlighting the

influence of the crystallographic structure of uranium dioxide on the oxidation rate, which is

the one of main interest points of this thesis. A thin film approach as a surrogate to investigate

properties of the bulk material will be then reviewed. Finally an outline of the thesis will be

given.

1.1 Nuclear fuel cycle

Uranium is a naturally occurring element formed in supernovae. It is estimated that uranium

occurs in the Earth’s crust 40 times more often than silver, which makes it almost as common as

zinc or tin [8]. Uranium is at low levels in rock or sands, therefore not all deposits are economically

optimal for mining. The highest amount of uranium (29% of the world’s supply), can be found in

Australia, where the high grade ore can have 200 000 ppm of U [9]. A list of countries with their
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1.1. NUCLEAR FUEL CYCLE

Country Tonnes U Percentage of World
Australia 1,664,100 29%
Kazakhstan 745,300 13%
Canada 509,000 9%
Russian Fed 507,800 9%
South Africa 322,400 6%
Niger 291,500 5%
Brazil 276,800 5%
China 272,500 5%
Namibia 267,000 5%
Mongolia 141,500 2%
Uzbekistan 130,100 2%
Ukraine 115,800 2%
Botswana 73,500 1%
USA 62,900 1%
Tanzania 58,100 1%
Jordan 47,700 1%
Other 232,400 4%

Table 1.1: Recoverable Resources of Uranium 2015

recoverable uranium resources in shown in Tab. 1.1.

Uranium can be excavated in a traditional way like ores of other material. This include

underground and open pit mining. Underground mining is used typically to harvest the resources

stored deeper than 120m. For resources closer to the surface, pit mining can be applied. In this

case huge amounts of ground must be removed in order to uncover the uranium ore and to

prevent the pit walls from collapsing.

In 2014 more than a half of the uranium production became mined using a new technique

called In Situ Leach (ISL) or In Situ Recovery (ISR). This technique is also known as a solution

mining as the underground uranium oxide is dissolved and harvested at the surface in a solution.

To leach the uranium generally three solutions are used: hydrogen peroxide (Kazakhstan),

hydrogen peroxide with lower concentration together with sulfuric acid as complexing agent

(Australia), and alkali leach (USA). The last one is used in USA due to the presence of gypsum and

limestone, which consumes high amounts of acid. The factors limiting the use of this technology

are permeability of the orebody and the location to prevent contamination of the groundwater.

Once the ore is harvested it needs to be separated from the waste rock, before it is packed and

shipped. Then the ore is crushed and ground in a milled to form a fine slurry. Then is leached
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CHAPTER 1. INTRODUCTION

using sulfuric acid or alkaline solutions [10]. Apart of extracting uranium from the ore, the

leaching agent extracts heavy metals including vanadium, molybdenum, iron, lead, selenium and

arsenic. After drying and filtrating a final product called Yellowcake is formed. The Yellowcake

contains more than 80% of uranium, and the name comes from the color of the powder produced

in early mills, when it was contaminated with (NH4)2U2O7 [11]. Typical yellowcake contains

between 70% to 90% of triuranium octoxide (U3O8), and other oxides including uranium dioxide

(UO2) and uranium trioxide (UO3) [12].

Before the uranium from yellowcake can be used in nuclear power plant it has to go through

an enrichment process, as it contains only 0.7% of fissile isotope U-235. The rest of it is U-238

(which potentially could be used in fast-neutron reactors) and trace amounts of U-234. Before

the enrichment process happens, the milled uranium oxide is converted to one of two substances.

When the power plant dos not require enriched fuel, it is converted to uranium dioxide. The second

option, used for most of the reactors, is converting the leached U3O8 into uranium hexafluoride

(UF6) to make it suitable for the enrichment process.

To convert uranium oxide into uranium hexafluoride two methods can be used, a dry process

and a wet process. In the first one, uranium is simply calcined, then agglomerated and crushed.

In the wet procces uranium oxide is first dissolved in nitric acid to form UO2(NO3)2.6H2O, which

goes under countercurrent solvent extraction process in tributyl phosphate dissolved in kerosene

or dodecane. To collect uranium the organic extractant is used and washed by weak nitric acid

solution and then concentrated by evaporation, after which is calcinated in fluidised bed ractor

into UO3 [9].

Uranium trioxide from the wet process and crushed triuranium octoxide from the dry process

are then reduced to uranium dioxide. The reduction is done in hydrogen atmosphere in a kiln,

what represents the reactions shown on equation 2.3. After the reduction, UO2 is treated with

hydrogen fluoride (HF) in another kiln to convert into uranium tetrafluoride (UF4) as shown on

equation 2.4. Then the uranium hexafluoride (UF6) is produced using gaseous fluorine (2.5.
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1.1. NUCLEAR FUEL CYCLE

(1.1)

U3O8 +2H2 →3UO2 +2H2O

or

UO3 +H2 →UO2 +H2O

(1.2) UO2 +4HF →UF4 +2H2O

(1.3) UF4 +F2 →UF6

The UF6 can be enriched to required concentration of the fissionable isotope U-235 using

isotope separation methods. The most popular are gaseous diffusion (no longer in use [13])

and gas centrifuge, which are physical processes based on mass difference between U-235 and

other isotopes [14]. The U-235 atoms are about 1% lighter. New methods for separation are

under investigation including aerodynamic process [15], electromagnetic process [16], plasma

separation [17] and variety of laser based methods [18].

The gas centrifuge is a very economical method used since 1940s with a big development

in the 1970s-80s for nuclear fuels [16]. The UF6 gas is fed into a vacuum tube with a rotor

and spin rapidly. the example of such centrifuge is shown on picture 1.1. That allows heavier

isotopes to concentrate at the edge of the cylinder, while the U-235 will be near the center. Use of

countercurrent flow set up by a thermal gradient allows to be pulled axially the enriched product

with lighter molecules on one side and heavier on another.

Before enriched uranium which is a form of UF6 can be used in a power plant, it needs to

undergo a preparation process. The first step is to convert it back to UO2 powder. Then uranium

dioxide is pressed and sintered at high temperature to form ceramic pellets. The pellets are then

stacked inside corrosion resistance tubes forming the so called fuel rods [19]. The full nuclear

fuel assemblies are tailored for particular types of reactors, the picture 1.2 shows an example of

nuclear fuel assembly for Mitsubishi PWR rector.

Typically fuel is used for 18-36 months. During this time the amount of fission product will

increase making it no longer practical to use. In typical used fuel, the concentration of U-235 is
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FIGURE 1.1. Uranium centrifuges at the Urenco Group. Figure from [14].

FIGURE 1.2. Mitsubishi PWR nuclear fuel assembly schematic. Figure from [19]

about 1% with 0.6% of fissile plutonium and about 3% of fission products and minor actinides.

The most of it is still U-238 (around 95%). The used fuel after being removed from the reactor is

transferred inside a storage pond next to the reactor, as it emits radiation and heat. Ponds have

water shielding for radiation and also the heat is absorbed by water 1.3.
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1.2. URANIUM DIOXIDE

FIGURE 1.3. Storage pond at the UK’s Sellafield for the used fuel. Figure from [20].

Used fuel after several months or even years of storing in ponds has two possible paths. It can

be reprocessed by recovering fissile and fertile materials or can be prepared for long term storage

and final disposal. Recycling used fuels can increase the energy from the original uranium by

25%-30%. It also helps to reduce the amount of materials that needs to be disposed, as well as

the radioactivity level of it.

Throughout the fuel cycle, uranium is present in different oxide forms, with UO2 being

the most important. To ensure safe and efficient handling of this material, knowledge about

structures and properties as well as oxidation mechanisms are necessary. A brief review is

presented in the next section.

1.2 Uranium dioxide

Uranium dioxide has been extensively studied for more than 60 years. This oxide of uranium is

naturally occurring as a uranium ore product in the minerals pitchblende and uraninite [21]. The

UO2 exhibits only one structure, the cubic fluorite crystal structure as shown on Fig. 1.4, with an

Fm3̄m space group. The arrangement of the uranium atoms is a face centered cubic (fcc), with

a lattice parameter a=5.468 Å, the oxygen atoms are on a cubic sublattice with an edge length
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CHAPTER 1. INTRODUCTION

of 2.734 Å, which has been confirmed by recent neutron studies [22]. In that arrangement the

uranium atom occupy the (0,0,0) position, an the oxygen atoms the (1
4 ,1

4 ,1
4 ).

FIGURE 1.4. A diagrammatic representation of the cubic fcc structure of UO2. Uranium
atoms are represented in blue and oxygen atoms in red, arranged in the fluorite
structure with lattice parameter 5.468 Å.

The electronic configuration of uranium dioxide is [Rn]5 f 2, where uranium atoms are in the

+4 oxidation state, bonded to two molecules of oxygen. UO2 is thermodynamically stable, with a

melting point at 2865°C. The density of this material is 10.97 g/cm2 and the average molecular

mass is 270.027 g/mol.

The fluorite structure of UO2 allows it to tolerate a range of stoichiometry from hypostoi-

chiometric to hyperstoichiometric compositions due to its empty octahedral sites which can be

occupied by O−
2 ions forming the hyperstoichiometric UO2+x. The lower limit for maintaining the

fcc structure is UO1.16 at 2447°C, while the upper limit is UO2.25 at 1757°C [23].
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1.2. URANIUM DIOXIDE

1.2.1 Higher oxidation states

Uranium is strongly electropositive, therefore readily bounds with oxygen that is strongly

electronegative. Oxidation of uranium metal was observed even under UHV conditions (10−10

mbar), where an oxide layer was formed within three minutes [24, 25]. Oxides of uranium apart

of their application as a nuclear fuel, are also fascinating materials due to their dynamical

properties [26], valence orbital configuration [27] and elementary excitations [28].

Uranium possesses multiple oxidation states as shown in Table 1.2. The +2 oxidation state is

metastable, and the +3 oxidation state is possible but also very unstable and easily converts to

+4. The wide range of the oxidation states of uranium, from +2 to +6, result in the largest number

of oxides in the actinide series [23]. Here, only stoichiometric uranium oxide was discussed

and hyper-stoichiometric up to U3O8 will be discussed, which is the subject of this thesis. The

complexity of uranium - oxygen system, that have been studied for more than 60 years, can be

seen on Fig 1.5.

Table 1.2: Oxidation states of uranium.

Oxsidation state: +2 +4 +5 +4/+6 +5/+6 +6
Compound: UO UO2 U4O9 U3O7 U3O8 UO3

Uranium dioxide can undergo slow oxidation to its hyper-stoichiometric compound even in

air at room temperature, over a period of several years [30]. Small changes to surface layer

are observed after shorter period of time. Elevated temperature up to 300°C allows for faster

incorporated of oxygen into the fluorite lattice [31]. Additional oxygen ions are accommodated

at interstitial sites, which results in distortion to the original oxygen positions and creation of

vacancies. The fluorite-type arrangement can incorporate oxygen up to UO2.25, what is associated

with a light volume reduction [31], and formation of U4O9.

U4O9 exhibits three different phases with temperature [32, 33]. The β phase, which is stable

between 65 and 550 °C, of U4O9 [34] is shown on Fig. 1.6. The exact composition is actually

U128O286 [35], but for simplicity and consistency with literature convention in this thesis it will

be referred as U4O9. The β-U4O9 crystallizes in the I43d space group, with lattice parameter a =

21.76 Å. The conventional unit cell is built from a 4 x 4 x 4 repetition of the conventional unit cell

of UO2 [35]. The interstitial oxygens incorporated into this supercell form clusters. The shape
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FIGURE 1.5. The phase diagram of UO2-UO3. Figure reproduced from [29].

of each cluster is cuboctahedral, composed of 12 oxygen atoms at its corners. The position of

eight-atom oxygen cube in the fluorite-type structure is replaced by the cuboctahedron. Therefore

structure of β-U4O9 is created by incorporating 12 clusters into the 4 x 4 x 4 UO2 supercell

[36]. The α-U4O9 structure exists in low temperatures and it is similar to the β phase, where a

rhombohedral distortion reduces its space group from I43d to R3c [32]. The high-temperature

phase of U4O9, γ, is isosymmetric to the described β, with changes in the volume and structure

of the cuboctahedra [37].

Further incorporation of oxygen into the fluorite structure of UO2.25 leads to creation of

additional oxygen clusters and force a lattice distortion to tetragonal symmetry and formation of

U3O7. The 7/3 ratio system has three polymorphs, the tetragonal α-, β-, and γ-U3O7. Polymorphs

of U3O7 are called distorted phases, due to tetragonal distortions, where the relative changes
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1.2. URANIUM DIOXIDE

FIGURE 1.6. Crystal structures of the higher uranium oxides observed during oxidation
from UO2 to U3O8.From left to right: β-U4O9, β-U3O7 and α-U3O9. Uranium atoms
are shown in blue, and oxygen atoms in red.

|(a-a0/a0| and |(c-a0/a0| do not exceed 2% [38]. There are still uncertainties about the structures

of U3O7, and to classify their polymorphs the axial ratio c/a is used as the main parameter [39].

The structure showed on Fig. 1.6 is the structure of the most common β-U3O7 [40–42] [43] [44]

[45–48] with c/a ratio 1.03. The lattice parameters a and b are 21.5898 Å, while c is 22,229 Å.

The c/a ratio for α-U3O7 [39, 42–45] is reported to be close to 0.989, while for the phase γ-U3O7

the ratio is c/a = 1.016 [39]. Besides, intermediate U3O7 phases with c/a between 1.006 and

1.020 were reported [39, 41, 45, 49]. The phases of U3O7 are know to be very dependent on the

preparation technique and parameters [39].

As one can see there is a lot of similarities between structures of U4O9 and U3O7, which

makes them difficult to distinguish from one another [31, 39]. This aspect has been addressed in

detail by several authors [31, 32, 39, 45, 50–54]. In this thesis, where distinction was not possible,

the commonly used term U3O7/U4O9 will be applied.

The next stable structure formed when uranium binds to additional oxygen is U3O8. U3O8

exhibits an orthorhombic layered structure with two polymorphs α and β. The structure of

α-U3O8, observed throughout work in this thesis, is shown on Fig 1.6. The space group of this

structure is C2mm, with lattice parameters a= 6.716 Å, b= 11.96 Å, and c = 4.147 Å[55]. The
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oxidation state of U3O8 is a mixed valence of U(V)/U(VI). The ratio between U(V) and U(VI) was

suggested to be 1:2, but more recent studies [56] showed that opposite ratio, 2:1, which seems to

be the correct valence state of U3O8 [57].

The highest oxidation state of uranium is 6+, observed as UO3 structure. The UO3 system

has seven polymorphs, this structure will not be described here as only UO2 - U3O8 range is in

focus of this thesis. A detailed description can be found in the literature [58–61].

1.2.2 Oxidation mechanism

Understanding the oxidation process of uranium dioxide is very important, because of its rel-

evance to the dry storage and the ultimate disposal of spent fuel [50, 62–67], as well as fuel-

recycling processes [68] and UO2 powder storage [69]. This process has been studied for at least

60 years, providing a lot of information about UO2, to use it safely as nuclear fuel, but still some

questions are unanswered and some uncertainty exists.

The first studies focused on kinetics of the oxidation of uranium dioxide conducted by Aronson

et al. [41], showed that oxidation to U3O8 is a two step process. In the first step the tetragonal

oxide with composition UO2.34±0.03 is formed, followed by the second step where this structure

transforms to orthorhombic U3O8. This can be be written as:

(1.4) UO2 →U3O7/U4O9 →U3O8

The product of the first step is referring the intermediate phase U3O7/U4O9 where due to

previously described reasons, distinction is very difficult. Some earlier studies suggest that

metastable U3O7 is formed prior to stable U4O9 [45]. This was found to not be true by more

recent synchrotron studies performed by Rousseau et al. [70] on UO2 powder at 250°C, where

formation of the cubic U4O9 phase was observed before β-U3O7 was formed. The updated version

of Eg. 2.36 proposed by the authors is:

(1.5) UO2 →U4O9−y →β−U3O7 →U3O8
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In addition, kinetics were also studied by Rousseau et al. [70] using a method based on incre-

ments of temperature or pressure to verify the assumption of a single-limiting rate. Therefore, if

the oxidation rate is defined by:

(1.6)
dα
dt

=Φ(T,Pi)E(t)

where α is a dimensionless fractional conversion function of time, Φ function is a rate per

unit area (m−2s11) which depends on the nature of the rate-limiting step (diffusion, interface

reaction). The function E(t) (m2 mol−1) corresponds to the extent of the reaction zone where the

rate-limiting step is located [70]. The function Φ is time independent, but may be a function of

thermodynamic chemical potential of the reacting gases Pi, and temperature T. Therefore, this

equation can be verified using a method based on sudden changes of pressure or temperature.

Eq. 1.6 involves the fractional conversion (α) associated with a single reaction step. At least

two reaction steps were reported for oxidation of UO2, without possibility to deduce the fractional

conversion of each one separately from the weight gain curves, what lead Rousseau et al. [70] to

modify Eq. 1.6 to the variation of mass variation (∆m):

(1.7)
d∆m

dt
= n0Φ(T,Pi)E(t)

where n0 is a constant with the unity of a mass. This equation was tested by sudden increase

of temperature from 250°C to 280°C at different times, ti, during the oxidation of UO2 to U3O8.

Using Eq. 1.7, the rates before (R1) and after temperature jump (Rr), where calculated at different

time points ti. For the single rate-limiting step assumption the ratio Rr/R1 are equal to each

other for any time ti.

The data collected by Rousseau et al. [70] is shown on Fig. 1.7, and allowed to distinguish

four kinetic domains during the oxidation process of UO2 to U3O8. In the first domain, UO2 is

converted to U4O9 and the ratio Rr/R1 is constant and equal to 1.3. This confirms the single rate

-limiting assumption for this transformation. For the second domain, two reactions are occurring

simultaneously: remained UO2 is transformed into U4O9, while U4O9 is converted to U3O7. The

ratio of Rr/R1, due to the presence of three crystalline phases, is evolving from 1.7 to 6 within
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FIGURE 1.7. Weight gain curve and Rr/Rl ratios plotted against time, with kinetic
domains, related crystalline phases and chemical reactions. Figure reproduced
from [70].

this domain. Single rate-limiting assumption is not valid anymore and formation of oxygen defect

in U4O9, leading to formation of β-U3O7 is suggested.

The transformation to orthorhombic U3O8 from the tetragonal phase of U3O7 corresponds

to the third and fourth domains. In the third domain Rr/R1 is constant (7.6) verifying the rate-

limiting step. Crystallite sizes of U3O8 stay the same, which can not be explained by a nucleation

and growth mechanism. More studies are needed to fully understand what is happening in the

third domain. The last, fourth domain, is also unclear as the Rr/R1 decreases from 7.1 to 5.6,

indicating that the rate-limiting step theory is not applicable during entire transformation of

U3O7 to U3O8.

The dispute over which phase is formed first when UO2 is oxidized, the mechanism of U3O8

formation, is still under discussion. Allen et al. [71, 72] suggested that a three-dimensional struc-

tural relationship exists between UO2, and its oxidation product U3O8. This relation is between

hexagonal arrays of uranium atoms parallel to the (111) planes of UO2, and pseudohexagonal

arrays parallel to the (001) planes of U3O8. In their model UO2 is first transformed to U3O7 due

to additional interstitial oxygen atoms. In the next step, extra oxygen in the lattice leads to the

formation of monoclinic structures of U2O5. It is suggested that first β-U2O5 is formed followed
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by α-U2O5, which has a similar structure to U3O8.

By studying the crystalline distortion of interstitial oxygen clusters, called cuboctahedra,

Desgranges et al. [73] showed evidence of the possible transformation from α-U4O9 to U3O8, by

stretching those cuboctahedra clusters of oxygen. Those interstitial oxygen clusters are present in

both intermediate phases U3O7 and U4O9. In α-U2O5 these cuboctahedra sheets are considered

crumpled, due to mechanical stress from the surrounding atoms which want to maintain their

UO2 positions. Therefore, under shear transformation, these sheets could become the regular

sheets observed in layered U3O8 phase.

There are two conditions for the mechanism proposed by Desgranges et al. [73]. The first one

is that the crumpled sheets are in the same plane in order to create large domain of U3O8 when

the shear transformation occurs. The second one is that the energetic balance is in favour of

formation of U3O8, indicating the existence of minimum concentration of crumpled sheets. Which

one of these conditions is met, is considered to be influenced by parameters such as: grain size of

the specimen, temperature of oxidation, and doping of the UO2 compound [73]. Considering the

grain size, limitation was found to be under 1 µm, where the grains are small enough that the

disorientation of the crumpled sheets in U4O9 does not allow this shear transformation. Formation

of U3O8 directly from UO2 was suggested due to temperature effect on the cuboctahedra distortion.

This was explained by the increase of thermal motion with temperature which rarefies the UO2

layer, allowing the immediate shear transformation as an effect of formation of a cuboctahedron.

When the temperature is lower than 400°C, the conversion to U3O8 occurs after formation of

metastable U3O7 layer.

The metastable U3O7 layer is considered to be stabilised by tensile stress from mismatch

between the smaller U3O7 unit cell than UO2 [74]. In this scenario, the tensile stress in the U3O7

layer hinders the shear transformation of the cuboctahedra and more energy is required. The

shear transformation to U3O8 therefore can only take place after the tensile stresses concentrated

in the oxide layer is released by cracking of the U3O7 structure. Desgranges et al. stated that

the cracking of the U3O7 oxide layer is key to the development of U3O8 [73, 74]. Macro-cracking

of a sample surface associated with formation of U3O7 layer was also observed by Quemard et

al. [75]. Their studies performed on a UO2 single crystal linked this process with expansion
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of the sample after incorporating enough oxygen to deform the fluorite structure causing their

expansion. Studies of the expansion mechanism allow to offer a possible explanation of the typical

sigmoidal kinetics associated with the UO2 oxidation mechanism [75].

There are many parameters that affect oxidation rate of UO2 such as temperature, moisture,

and oxygen partial pressure [31]. Those conditions are given by the environment of the sample.

Other parameters are sample related such as physical state of the sample: powder, pellet or

a single crystal. When considering the influence of the sample structure, parameters such as

particle size for powder have to be taken into consideration, while for pellets grain size and

orientation can influence the rate [31].

The orientation effect was studied by Allen et al. [71, 72], using XPS, SEM and XRD. Single-

crystal specimens with polished surfaces cut parallel to the [111], [110] or [100] faces and

polycrystalline UO2 disc were oxidised in 1.2 mbar of oxygen at 300°C. It was found that the

reactivity follows the sequence [111] > [110] > [100] > [polycrystalline]. The rapid rate of oxidation

in the UO2 (111) was explained by previously mentioned epitaxial relationship with the U3O8

(001) direction. In contrast, for the [110] and [100] where there is no epitaxial relationship with

the U3O8 and for the polycrystalline material, lattice expansion is not readily accommodated.

Recent studies conducted performed on (001) and (111)-oriented single-crystal UO2 by Spur-

geon et al. [76] utilizing STEM, EELS, and first-principles calculations showed an unprecedented

large amount of interstitial oxygen distributed across gradient in the (001) surface. The stoichiom-

etry of nearly UO2.67, comparable with U3O8, was reported with maintained fluorite structure.

Those studies were performed on thin films, therefore authors suggested substrate induced

"clamping" that limits assosiated phase transition.

As shown, there is still a lot of uncertainty and discrepancies about the oxidation process of

UO2 to U3O8. In this thesis, a novel poly-epitaxial sample system was developed and used to

study the oxidation rate of different UO2 crystallographic orientations. The sample preparation

and characterization will be discussed in Chapters 3 and Chapter 4. The in-situ oxidation studies

on poly-epitaxial UO2 system will be discussed in Chapter 5, while the oxidation process for (111),

(110) and (001) single crystal in Chapter 6.
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1.2.3 Thin films

One of the main challenges while studying uranium dioxide is the handling of the radioactive

materials. This issue can be easily overcome by utilization of thin films as a low activity ex-

perimental surrogate for bulk systems. In addition to reduced radioactivity to a background

level, thin films offer possibilities to engineer samples on a scale that is practically impossible

in a bulk system. A thin film of UO2 can have a thickness from several Angstroms to a few

microns [77, 78] and can be single crystal or polycrystalline. Furthermore, it is possible to control

stoichiometry and dopant levels, and even induce strains along specific directions. As UO2 thin

films are structurally and chemically comparable to bulk materials, they are excellent to study

surface mechanisms of nuclear fuel such as oxidation and corrosion.

Thin films of uranium dioxide have been successfully produced using different physical and

chemical methods. Polycrystalline UO2 with a tower-like morphology were fabricated using an

aqueous electrodeposition utilizing uranyl salt as a precursor [79]. Another technique used for the

fabrication of uranium dioxide thin films is the sol-gel process, where uranyl acetate is dissolved

in alcohol and acid before at eleveted temperatures before spreading over the substrate [80].

Single crystal thin films were reported to be deposited using electron beam evaporation on 4H-SiC

substrates with Xe incorporated into the structure [81]. The best results in fabrication of a UO2

single crystal thin films are reported by using a reactive DC magnetron sputtering [78, 82, 83].

In order to fabricate high quality UO2 systems, a matching substrate is necessary. This

compability allows to reduce lattice stretch and structural defects. A variety of substrates were

tested [78, 81–83], with surprisingly good results reported for YSZ, were the lattice mismatch

between UO2 system and the substrate is 6.73 % [82, 83]. In this thesis, yttria-stabilized zirconia

(YSZ) single crystals were used, also, an special process for the modification of ceramic YSZ was

developed to fabricate poly-epitaxial thin films.

Recently, more interest in studies based on thin films is observed as they offer considerable

potential in isolating individual parameters with single variable. Isolated effects provide excellent

material for supporting theoretical models based on idealised systems, what is not possible when

performing experiments on complex bulk oxide materials [83–87]. This approach allowed to

investigate the role of crystal orientation in the dissolution of UO2 system. It has been showed
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by using engineered single crystal samples that the (001) and (110)-oriented films corrode at

comparable rates, while the (111) film was significantly more corrosion resistant [83].

Here we push the application of epitaxial system of UO2 even further by developing process

of controlling the grain size, and producing unique poly-epitaxial system. This system possesses

column structure of UO2 grains, reducing the three dimensional problem to two dimensions.

1.3 Thesis Outline

This thesis will present research conducted on the fabrication and use of uranium dioxide thin

films as a surrogate material for better understanding of UO2 for nuclear energy applications.

The techniques utilized during this experimental work are described in Chapter 2. Chapter 3

describes the method used for manufacturing uranium oxide thin films, together with a new

method for fabricating poly-epitaxial thin films. This chapter also provides information on the

construction of a DC magnetron sputtering system.

Chapter four focuses on the description of detailed post-deposition characterization of samples

used within this thesis. While Chapter 5 will focus on in-situ oxidation studies performed on

poly-epitaxial UO2, where influence of the crystallographic orientation on oxidation mechanism is

investigated. To even better understand the process of oxidation from UO2 to U3O8, single crystal

thin films are oxidised and characterized in-situ in Chapter 6 and a summary of the findings are

concluded in Chapter 7.
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METHODS

T
his chapter describes the principles of techniques and their application for the char-

acterization of uranium oxide thin films, used during this PhD. Those techniques were

divided into three sections: X-ray related techniques, Electron and Ion imaging, and

Scanning Probe Microscopy.

2.1 X-rays

X-rays are a form of electromagnetic radiation. They were discovered on 8th November 1895

[88] by Wilhelm Rontgen, after whom it is sometimes referred as Rontgen radiation. Although

X-rays were observed before, as early as 1785 [89], by William Morgan, there were just a type of

unidentified radiation.

The energies of X-rays are in the range of 100 eV to 100 keV, corresponding to a wavelength

ranging from 0.1 Å to 100 Å. Within this energy X-rays can be divided into two groups: soft

and hard X-rays. The soft X-rays have lower energies, below 5-10 keV and higher wavelength,

above 1-2 Å. They find application in soft X-ray microscopes [90]. The hard X-rays have higher

energy, therefore shorter wavelength, similar to the size of atoms. That makes them useful to

study the structure of crystalline materials. They can be also used for elemental analysis and
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FIGURE 2.1. The Electromagnetic Spectrum of photons. Figure reproduced from [91].

chemical analysis employing techniques such as X-ray photoelectron spectroscopy (XPS) or X-ray

fluorescence (XRF).

The relationship between energy and wavelength of a photon is represented by the following

equation:

(2.1) E = hc
λ

where E is photon energy, h is the Planck’s constant, c is the speed of light in vacuum and λ

is the photon’s wavelength. This Eq. 2.1 can be expressed in electronvolts, when the wavelength

is in micrometres as following:

(2.2) E(eV )= 1.2398
λ(µm)

2.1.1 Interaction with matter

When passing through matter X-ray may interact with it, resulting in change of intensity due to

two mechanisms: scattering and absorption. Depending on the process different information can

be extracted from the investigated material. Scattering involves two processes, namely: coherent

scatter and incoherent scatter. In absorption three phenomena can be distinguished: photoelectric

absorption, fluorescent x-ray emission and Auger electron emission.

The Fig. 2.2 shows two possible outcomes when an x-ray is scattered from an electron.

Coherent scattering (Fig. 2.2 (a)), known also as Thomson scattering, is a form of an elastic
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FIGURE 2.2. Schematic representation of X-ray scattering on an atom. (a) Coherent
scattering, when the incident energy and phase of the photon is equal to the
scattered photon. (b) Incoherent scattering, when energy was exchanged with an
electron resulting with a different energy and or phase of the scattered photon.

scattering. It occurs when the x-rays are scattered and the energy and phase of the of the incident

photon stay intact. This process was described by Sproull in 1946 [92] as follows "If the photon

bounces off a firmly bounded electron, like the inner electrons of a heavy atom like lead, the recoil

of the electron is not vigorous enough to shake it loose from the atom and it is unable to acquire

kinetic energy from the photon. Hence the photon emerges with the same energy and hence the

same wavelength as it had originally, and the scattering is coherent".

When the energy of the incident photon and or the phase is different to the scattered photo

we are dealing with so called incoherent scattering (Fig. 2.2 (b). It is a type of inelastic scattering.

If part of the energy is transferred the recoiling electron, the scattered photon energy is lower

than incident photon and it is called the Compton effect. When part of a charged particle energy

is transferred to a photon the inverse Compton scattering occurs. The change in wavelength (loss

of energy) can be described as follows:

(2.3) ∆λ= h
m0c

(1− cosφ)

where h is Planck’s constant, m0 is the mass of the electron at rest, c is the speed of light,
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and φ is the scattering angle in degrees. After converting to nm and putting values of constants

it can be expressed as:

(2.4) ∆λ= 0.243(1− cosφ)

The photoelectric effect occurs when an atom absorbs energy from an x-ray, and the excess

of energy is transferred into an electron. This electron is ionized and expelled from an atom

as shown on the Fig. 2.3 (a). The hole generated by the leaving electron can be filled in two

processes. The first one is the fluorescent X-ray emission, shown on Fig. 2.3 (b). In this process

characteristics lines Kα and Kβ are created by electrons from outer shells filling the holes. In the

example presented on the Fig. 2.3 (b) the lines are created by move of the electrons respectively

from L shell and from M shell. An Auger electron is emitted when the atoms liberate this electron

in order to relax to its ground energy state.

This processes find application in a wide range of analytical techniques used to investigate

the structural, compositional and chemical properties of examined samples. The main tech-

niques utilised throughout this thesis are X-ray Diffraction, X-ray reflectivity (XRR) and X-ray

Photoelectron Spectroscopy (XPS) and will be covered in next sections.

2.1.2 Sources / Production of X-rays

X-rays are produced whenever charged particles such as electrons or ions, hit a material. The

most popular source of x-ray for laboratory application is a x-ray tube source. As shown in Fig.

2.4, a typical tube source consists of cathode and anode.

The purpose of the cathode filament is to produce electrons. It is made out of a metal with

high melting point. Filament is negatively charged, therefore electrons accumulate on it. The

heat that is generated on the filaments causes thermionic emission. The rate of this process can

be controlled by filament current, as more electrons will generate more x-rays. High voltage is

used to create electric field that will accelerate electrons from cathode toward anode. To avoid

obstructions to electrons such as air molecules, anode and cathode are enclosed in a vacuum

chamber. Anode (target) is used to convert electron KE to X-ray photons. Anode usually consist of
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FIGURE 2.3. Schematic representation of absorption processes. The energy levels of
three lowest shells are indicated, the rest are merged into the continuum. (a) The
photoelectric absorption occurs when an X-ray photon is absorbed by an atom and
the electron is ejected from the atom due to the transfer of excess energy to the
electron. The hole created in this process can be filled in two ways: (b) Fluorescent
X-ray emission when photon is created as a result of the electron from an outer
shell filling the hole. In this example Kα line is formed when the electron travel
from L shell and Kβ for transfer of the electron from M shell. (c) Auger electron
emission happens when the atom liberate an electron and relax to its ground state
energy. Figure from [93].

a metal target, rotor, stator and a cooling system as most of the electrons energy is converted into

a heat.

23



CHAPTER 2. METHODS

FIGURE 2.4. The schematic ilustration of the X-ray tube, including main components.
Figure taken from [94].

X-rays are created by two different processes: Bremsstrahlung and characteristic emission.

Bremsstrahlung is produced due to the loss of kinetic energy when an electron decelerate

on the anode target. Bremsstrahlung has a continuous spectrum which can be seen on Fig.

2.5. The intensity increases starting from the minimum value for the wavelength that can be

calculated using Eg. 2.3. The characteristic x-rays are associated with the atomic structure of

targeted material. When high energy electrons hit the electrons on the two first shells, the holes

created during this process are quickly filled by electrons from higher energy levels. Emission of

characteristic x-ray photon is associated with this transition. When the transitioning ends on

the K shell it is called K line. Kα corresponds to transition from 2p to 1s and is usually higher in

intensity than Kβ associated with transition from 3p to 1s. Therefore, Kβ is typically blocked by a

filter with a metal having one proton less than the target material of anode. As the characteristic

emission is several orders of magnitude higher than the Bremsstrahlung, filters are used to also

remove it from spectrum. In our PANalytical X’pert diffractometer at the University of Bristol a

copper anode is used. The energy transition for copper from second to first level is equal to 8.04

KeV, what corresponds to a wavelength of Kα equal to 1.54 Å.
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FIGURE 2.5. Spectrum of the x-rays with Kα and β characteristic radiation. The dashed
line represents intensity of x-rays in UHV enviroment. Figure reproduced from
[95].

(2.5) λmin = c
vmax

= hc
E

The lab sources are limited in flux and wavelength, therefore special experimental equipment

was developed. The synchrotron radiation has several advantages over laboratory sources. The

wavelength can be optimized for a particular sample, and the radiation is extremely intense.

Collimated beam in the vertical sense, allows for much higher 2θ resolution [96]. Those facilities

offers also extensive experimental help from professional staff members.

The name of the synchrotron radiation comes from a specific type of particles accelerator.

Nonetheless, nowadays it used to describe radiation that travels at relativistic speed along curved

paths. To make that possible magnetic field is applied to force the trajectory of the beam. In

a storage ring electrons or positrons are kept circulating at constant energy. The storage ring
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FIGURE 2.6. Two types of insertion-devices. On the left is a wiggler and on the right in
an undulator. Figure reproduced from [97].

consists of curved and straight segments where particles are accelerated under ultra high vacuum

(UHV) conditions. In the curved section of the storage ring, bended magnets force the electrons to

stay in closed orbit, therefore, generating a continuous radiation spectrum. Insertion devices such

as undulators and wigglers (Fig. 2.6) are located in a straight section. The radiation produced

in those devices has different oscillation amplitude. In an undulator, electrons traversing a

periodic structure of dipole magnets are forced to undergo oscillations and thus to radiate energy.

The intensity of the radiation produced in an undulator is very hight and the amplitude of the

oscillation is very small, whereas in wigglers the amplitude of the oscillation is large and the

radiation from many wigglers add incoherently.

The term describing the quality of the X-ray beam is called the brilliance. It is a single

quantity combining all the parameters for possibility to compare X-ray beam from different

sources. Brilliance consist of amount of photons emitted per second, collimation of the beam

(given in milli-radian for vertical and horizontal direction), size of the source area, and fixed

relative energy bandwidth. Therefore, it can be expressed as follows:
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FIGURE 2.7. A comparison of brilliance produced by different sources. Figure repro-
duced from [98].

(2.6) Brill iance = Photons/second
(mrad)2 (mm2 source area) (0.1% BW)

The brilliance is a function of the photon energy, therefore, the brilliance produced by modern

undulators can be 10 orders of magnitude higher than the one produced from a Kα laboratory

source [98]. The Fig. 2.7 shows a comparison of the brilliance produced by different sources and

synchrotron facilities.
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2.1.3 X-ray Diffraction

X-ray diffraction (XRD) is a widely used, non-destructive scientific technique that provides crys-

tallographic information about samples. The information that can be extracted includes: phase

identification, crystal orientation, unit cell dimensions, crystallite size, strain characterisation,

determining lattice mismatch between film and substrate and many other parameters.

2.1.3.1 Background

In this section, theory behind the scattering on different systems is described. The discussed

system are: the electron, the atom, and the crystal. For the better understanding of X-ray

diffraction, a good starting point is the scattering of X-rays on the smallest particle of matter

capable to do so. In the case of X-rays, the scattering process occurs between an electrons

surrounding the nuclei of an atom and the photon. X-ray as a electromagnetic wave posses an

electric field which for a beam of monochromatic, polarised, plane radiation can be expressed as

follow:

(2.7) E = E0ei(ωt−φ)

where E0 is the amplitude of the wave, ω is the frequency, t is time and φ is the phase shift.

The force exerted on a particle with charge q in the electric field E is given by F = qE. From the

second Newton’s law of motion we know that the forces F on an object is equal to the mass m

of that object multiplied by the acceleration a of the object: F = ma. Using those equations to

describe the acceleration that a wave of electric intensity E causes to the electron of mass me

and charge qe, can be expressed as follow:

(2.8) a = qe

me
E0ei(ωt−φ)

As this scattering is coherent, there is no change in the energy of the scattered wave, and the

phase of the incident wave and scattered is the same. Therefore, the electromagnetic radiation

emitted by accelerated charge will have the same frequency as that of the incident wave. In this
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case the oscillating electron becomes a source of spherical X-rays radiation [99], by scattering the

incident x-ray beam in all directions.

The electric field εr resulting from the acceleration a of a charge q at a point r far from that

field, is given by:

(2.9) εr = qasinθ
rc2

where θ is the angle between r and a, and c is the speed of light. If we consider a case where

an electromagnetic wave is linearly polarized, monochromatic, and hits free stationary electron.

Furthermore, if we consider that r is perpendicular to the oscillation direction and is in the

equatorial plane through the the electron, where point r is outside of the charge distribution

sphere, then the sin(θ = 90◦)= 1 and Eq. 2.9 can be expressed as [99]:

(2.10) ε0 = qa0

rc2 = q
rc2

qe

me
E0 =−

(
q2

e

mec2

)(
E0

r

)
The negative sign on the right hand side of the Eq. 2.8 means that the angle of scattered

radiation is 180°out of the phase with incident E

In the J. J. Thomson theory, so called Thomson’s scattering length or the electron radius r0

can be calculated from:

(2.11)
ε0

E0
=−

(
q2

e

mec2

)(
1
r

)
=− r0

r

It is one of the three related length scales, together with Bohr radius a0 and the Compton

wavelength of the electron λ0.

Scattering from an Atom

When the X-ray is scattered from two electrons the phase difference φ between scattered waves

is given by [93]:

(2.12) φ= (k−k′) · r =Q · r
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FIGURE 2.8. Scattering of an X-ray from two-electron system. The incident X-ray is
represented by k wavevector, with wavefronts showed as vertical lines. The scatterd
vector is represented by k′. As the scattering is elastic, the wavevector transfer,
Q can be represented as the phase difference betrween scaterred and incident
wavevectors. Figure reproduced from [93]

where k is incident wave, k′ is scattered, and Q is the wavevector transfer, as shown on Fig.

2.8. In this case the phase lag is the ration of z to the wavelength λ times 2π. As the scattered

wave retains its phase relationship to the incident wave and there is no change in the energy, the

scattering is coherent, and |k| = |k′|. Therefore, the wavevector transfer is given by:

(2.13) |Q| = 2ksinθ =
(

4π
λ

)
sinθ

The scattering form an atom is a superposition of scattering from all electrons in this atom.

This can be described using electron density function ρ(r). If we take a small volume dr, the

number of electrons in this volume will be equal to ρ(r)dr. Assuming that at all scattering angels

the full Thompson acceleration of the electrons is observed, the scattering amplitude from any

assembly of n electrons can be written as [93]:

(2.14) A(Q)=−r0
∑
n

eiQ˙rn

where, rn corresponds to the position of n-th electron. Therefore, total atomic scattering form

factor f 0(Q) can be obtained by integrating over r:
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(2.15) f 0(Q)=
∫
ρ(r)eiQ˙rdr

When Q approaches 0 the situation is simple, the phase vector is close to unity and the

integral over density of electron gives their total number: f 0(Q) = Z. On the other hand, with

increase of Q, the wavelength of the radiation decreases compared to the atom, what leads to

a case where the waves scattered from the different electrons interfere in a destructive way.

Therefore, f 0(Q)= 0 for Q →∞.

The Eq. 2.15 is true when the energy of incident X-rays is higher than the electron binding

energy. Otherwise, with the incident beam energy lower than the electron binding energy, the

electron response is reduced thus the scattering is reduced. This phenomena is used in resonant

scattering to probe the local electronic structure. Taking this into consideration, the atomic form

factor can be written as [93]:

(2.16) f (Q,ω)= f 0(Q)+ f ′(ω)+ i f "(ω)

where f ′ is the real part of the dispersion correction and f " is the imaginary part of the

dispersion correction.

Scattering from a crystal lattice

Scattering from a crystal can be considered as a scattering from regularly repeating array of

atoms. Therefore, a crystal can be described as three-dimensional lattice with atoms at each point

in the lattice. For that we can use a set of vectors Rn of the form:

(2.17) Rn = n1a1 +n2a2 +n3a3

where ni are integers, and ai are the lattice vectors defining the unit cell. A family of lattice

planes in crystal can be determined by three integers h, k, and l, which are called the Miller

indices [99]. Two important features are that the density of lattice points within each family is
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the same and that the planes are equally spaced. Therefore, the lattice spacing can be defined as

dhkl , and for the cubic crystal the lattice spacing is:

(2.18) dhkl =
ap

h2 +k2 + l2

where a is the lattice parameter [93]. If we consider Rn as the origin of the unit cell then the

position of the atom in the crystal is Rn + r j. Combining that with Eq. 2.14 the scattering factor

for entire crystal will be [93]:

(2.19) F crystal(Q)=∑
r j

F j(Q)eiQ˙r j
∑
Rn

eiQ˙Rn

where the first sum is the unit cell structure factor and the second sum is the lattice sum.

The unit cell structure factor is the scattering from the basis of atoms, therefore depends on the

Miller. If this term as a combination of h, k, and l is equal to 0 then scatering from this family of

planes are forbiden [99]. The second term, phase vector will be non-zero for:

(2.20) Q · Rn = 2π × integer

To solve this we can use lattice basis vectors in reciprocal space, which can be defined as:

(2.21)

a∗
1 = 2π

a1 · (a2 × a3)
a2 × a3 a∗

2 = 2π
a1 · (a2 × a3)

a3 × a1 a∗
3 = 2π

a1 · (a2 × a3)
a1 × a2

where the volume of the unit cell is a1˙(a2 × a3). Now we can define the reciprocal lattice by

set of vectors G:

(2.22) G = ha∗
1 +ka∗

2 + la∗
3

The vector Ghkl will be perpendicular to the h, k, and l planes. Solution to the Eq. 2.20 is

given by G ·Rn:

32



2.1. X-RAYS

(2.23) Q =G

therefore, the scattering amplitude F crystal(Q) produce a non-zero value when this equation

is fulfilled. This is known as the Laue condition for the observation of diffraction from crystalline

material. This condition can be visualised in two dimensions using the Ewald circle, or Ewald

sphere in reciprocal space [93], as shown on Fig. 2.9

FIGURE 2.9. The Laue condition portrayed with the Ewald sphere construction.

Wulff-Bragg’s condition

The Laue condition is exactly equivalent to the Bragg’s law. The Bragg’s (Wulff-Bragg’s condition)

law was proposed in 1913 by father and son [100], and rewarded the Nobel Prize in physics in

1915. To derive the Bragg’s condition a schematic representation of monochromatic X-ray beam

scattered at angle θ from an aligned planes of lattice separated by a length d, as shown on Fig.

2.10 can be used.
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FIGURE 2.10. Schematic of Bragg’s condition. The incident x-ray is labelled with yellow
colour, and scattered with red. The blue circles represent atoms aligned on planes
with separation d.

The path difference between the ray AC′ and the ray transmitted to B and reflected from it

can be expressed as (AB+BC)− (AC′). To get a constructive interference from those two waves,

the path difference in between them have to be equal to an integer value of the wavelength:

(2.24) (AB+BC)− (AC′)= nλ

where n is a positive integer, and λ is the wavelength of the incident wave. Therefore, from

basic trigonometry we can see that:

(2.25) AB = BC = d
sinθ

AC = 2d
tanθ

AC′ = AC ·cosθ = 2d
tanθ

cosθ = 2d
sinθ

cos2θ

Putting the Eq. 2.25 into the Eq. 2.24 we can rewrite it as:

(2.26) nλ= 2d
sinθ

− 2d
sinθ

cos2θ = 2d
sinθ

sin2θ

what simplifies to famous Bragg’s formula for observation of diffraction patterns:
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FIGURE 2.11. Schematic comparision of Bragg’s condition to Laue condition. Figure
reproduce from [101]

(2.27) nλ= 2d sinθ

As mentioned before this condition in real space is equivalent to the Laue condition in

reciprocal space what is shown on Fig. 2.11.

2.1.3.2 Instrumentation

The XRD data presented in this thesis was collected using both laboratory and synchrotron

instruments. Most of the measurements, including in− situ oxidation studies, were done on a

PANalytical X’pert diffractometer at the School of Physics (IAC), University of Bristol.
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The source of X-rays in the laboratory diffractometer is a rotation tube source with Cu

anode. The characteristic wavelengths for copper are Cu Kα1=1.54060 Å and Kα2=1.54443 Å. The

monochromator used in this equipment is a single crystal of Ge and the background of Kβ is

reduced by a Ni foil. To increase the resolution of the incident x-ray beam a set of divergence

and soller slits are fitted. The divergence slits control the equatorial divergence of the incident

beam, and thus, the area of the sample that is irradiated by the incident x-ray beam. The soller

slits reduce the axial (vertical) divergence, improving peak shape and the resolution in 2θtype

scans, especially at low scattering angles. Before the diffracted beam reaches the detector, an

anti-scatter slit is applied to reduce the diffusely scattered x-rays, and an additional set of soller

slits to further improve the resolution.

The schematic of the PANalytical X’pert diffractometer is shown on Fig. 2.12. The instrument

uses the Bragg-Brentano configuration, where the diffraction vector is always normal to the

surface of the sample, with an exchangeable sample stage in the middle of the diffractometer.

Multiple stages can be mounted including the Open Eulerian Cradle and the Anton Paar HTK

1200 high temperature oven.

The Open Eulerian Cradle stage has two motors χ and φ that allows to manipulate the

position of a sample. The first one can rotate the sample along the axis parallel to the beam

direction, and the second one can spin sample on the stage allowing to measure off-specular

diffraction peaks for single crystals.The second motor can be used also for adjustment of the

height, and it can be done manually or by using the software. Although, as the change of height is

associated with rotation of the sample, it has to be repositioned manually after using the height

adjustment by software.

The Anton Paar HTK 1200 high temperature is an environment chamber with a temperature

control. The chamber can operate in a pressure range from 10-4 mbar to 1 bar, although, to reach

the low pressure a turbomolecular pump is required. The chamber has a inlet, therefore, an

introduction of an ambient gas such as air, O2, N2, He, and other non-hazardous non-corrosive

gases is possible. The temperature can be controlled from room temperature 25°C to 1200°C. This

system allows to scan in 2θ range from 0 ° to 164 °.

The window foils in the hot stage are made of Kapton. Kapton is a polyimide mterial with high
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FIGURE 2.12. Schematic of the PANalytical X’pert diffractometer in the Bragg-Brentano
configuration with an exchangeable sample stage.

mechanical and thermal stability, has extremaly low absorbtion of X-rays and is relatively insen-

sitive to radiation damage [102]. Prior to any experimental work, old window was replaced with

a graphite foil and non-coated Kapton foil. This combination allow to work with a temperatures

higher than 1000°C, but the intensity of x-ray is decreased nearly by 15% due to the absorption

by the graphite window foil. Afterwards, as the temperature during the experiment would not

exceed 700°C, and visible cracks appeared on the graphite foil, the window was replaced with

a aluminium coated Kapton foil. That solution guarantees minimum absorption, but is only

suitable up to 1000°C.

The schematic of the experimental set-up developed for the XRD in−situ oxidation studies is

shown on Fig. 2.13. The evacuation of the chamber is performed through the KF vacuum flange

and includes components from number 3 to number 15. Pressure inside the chamber can be

measured using vacuum gauges (8). The gate valve (9) allows to isolate the set of the pumps from

the chamber, what is necessary before gas insertion. The gate valve (4) can be used to lock small

volume of a gas in between both gate valves (4 and 8), which then can be evacuated by opening
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FIGURE 2.13. Schematic of the experimental setup used for in-situ oxidation experi-
ments.

the valve (8) and keeping the valve (4) closed. This solution is particularly useful to lower the

pressure inside the chamber in a controlled manner.

2.1.3.3 Measurement

The PANalytical X’pert diffractometer can conduct three types of diffraction scans: specular ω - 2θ

scan, ω scan (rocking curve), and off-specular scans. Although, all three scans can be performed

only on the Open Eulerian Cradle stage, as the Anton Paar HTK 1200 high temperature chamber

can not read, nor record the φ rotation of the sample, therefore, off-specular scan is not possible

on that stage.

Longitudinal ω - 2θ scan

The most practical scan providing information about the composition and quality of the sample

is a specular high angle scan. This longitudinal, ω - 2θ scan in Bragg-Brentano configuration is

performed by moving both the source and the detector at a constant rate around the sample. In

this configuration the sample is stationary and the scattering vector Q, is perpendicular to the
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FIGURE 2.14. Schematic representation of x-ray scattering proses in a single crystal
sample (a) and polycrystalline sample (b).

sample surface. Therefore, ω = θ what means that only reflection from planes perpendicular to

the scattering vector will be observed.

In case of a single crystal sample, X-ray diffraction scan will only have contribution from a

single set of allowed (hkl) directions (Fig. 2.14(a)). Therefore, conducting a specular ω - 2θ scan

on a single crystal material with a cubic structure, where the [001] direction is perpendicular to

the sample surface, will shown only diffraction peaks within <001>. Although, presence of one

direction can suggest single crystal structure it is not a confirmation, as preferred orientation

might have very similar signal. In order to confirm if the structure is real single crystal, off-

specular diffraction scan must be conducted.

In a polycrystalline system ,with a random alignment of the crystallites, a portion of the

crystallites with each set of crystallographic planes will be perpendicular to the direction of the

scattering vector Q, as shown on Fig X. Therefore, by performing ω - 2θ scan of a polycrystalline

sample will give rise to all allowed crystallographic reflections. If a system has a statistically

high number of crystallites without preferred orientation, then the ratio between peak intensities

will correspond to the ratio between their structure factors. In that case the system is perfectly
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FIGURE 2.15. Example of an longitudinal ω - 2θ scan performed on 20 nm thick film of
UO2, showing Laue fringes.

polycrystalline. Additionally, for a polycrystalline sample it is possible to extract average grain

size from the ω - 2θ scan, using the full width half maximum (FWHM) of the diffraction peak.

A formula that relates FWHM with the mean size of the crystalline, τ, is called the Scherrer

equation:

(2.28) τ= K
λ

βcos(θ)

where K is a dimensionless shape factor, typically 0.9, λ is the X-ray wavelength, β is the

(FWHM) of the Bragg peak, and θ is the Bragg angle. However, this equation applies only to the

size of sub-micrometre crystallites.
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Other information provided by ω - 2θ scan is thickness of a thin film. This is only possible

for a very thin layer in a system with sharp interfaces. An example is shown on Fig. 2.15, where

the scattered intensity extends far beyond normally expected from a Bragg peak. The visible

oscillations are caused by constructive and destructive interference of the x-rays internally

reflected from successive interfaces. These so called Laue fringes allow to determine the layer

thickness of the thin film.

Off-Specular Scans

Off-Specular Scans are very useful in characterization of a single crystal sample, as they allow to

distinguish between the truly single crystal nature and the preferred polycrystalline system. This

scan is performed by setting 2θ to the position of chosen Bragg peak and adjusting an angular

offset to ω in the way that the Q vector becomes perpendicular to the chosen crystallographic

plane. In such a configuration, the symmetry of the off-specular diffraction peak can be measured

by rotating sample 360°in φ. A schematic illustration of that process is shown on Fig. 2.16 (a).

FIGURE 2.16. On the left (a) is shown schematic representation of the off-specular
scattering geometry, where wave vectors k and k’ are the incident and exit vectors
respectively. The sample is aligned so the Q vector is perpendicular with the crys-
tallographic planes, and the sample can be rotated in φ to measure the symmetry
of the off-specular diffraction peak. Example of (331) off-specular scan performed
on a (111) oriented thin film of uranium dioxide is shown on panel (b).
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An example of an off-specular scan is shown on Fig. 2.16 (b). The sample is a (111) oriented

single crystal thin film of uranium dioxide, and (331) off-specular scan was performed. To find

the omega offset, the angle between the specular (111) vector and the off-specular (331) was

calculated, which is 22 °. The expected 2θ position for (331) reflection in UO2 is 75.76 °, therefore

omega was set to half of the 2θ minus omega offset, which is 15.88°. By rotating the sample along

φ in 360°, expected three fold symmetry with peaks separated by 120°was confirmed indicating a

single crystal structure of the thin film sample.

Rocking Curve ω scan

To investigate the crystalline quality of the sample, a rocking scan can be performed. This scan

is conducted by aligning 2θ position on chosen Bragg peak and rocking along ω direction. This

configuration allows to scan for the misorientations in the crystallite alignment as the sample

mosaic spread is related to the full width half maximum (FWHM) of the curve. Therefore, for an

ideal perfect single crystal without any stain and defects, an extremely sharp peak for ω equal

half of 2θ would be expected. This would indicate a perfect long range alignment along specific

direction on which the rocking curve scan was performed.

In reality, materials are not free of defects or stains, especially epitaxial thin films. The

imperfection in the structure of epitaxial thin films, due to the mismatch with substrate, will

cause broadening of the measured rocking curve. An example of a rocking curve data collected for

20 nm thick (001) oriented single crystal of UO2 thin will is shown on Fig. 2.17. Two components

can be distinguished. The very sharp part exhibiting Gaussian distribution is associated with

orientational order over very long range distances, usually provided by good match with substrate.

The broad component that exhibits more of a Lorentzian distribution is related to the disorder

within the structure on short length scales associated with misorientated crystal domains [103].

2.1.3.4 Data processing

The peak fitting for XRD data has been carried out using Line-Profile Analysis Software (LIPRAS)

[104] software. LIPRAS allows for least-squares fitting of Bragg peaks in powder diffraction data

using a graphical user interface. Full description of the errors for all profile parameters can be
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FIGURE 2.17. Example of a rocking curve data showing contribution from a narrow
Gaussian component (blue) and broad Pearson VII (green) component. Overal fit is
represented by the red line.

generated by conducting Bayesian inference analysis on least-squares results using a Markov

Chain Monte Carlo algorithm. Information about the position, full width at half maximum

(FWHM), area, and intensity of each peak can be extracted. During the fitting procedure multiple

constrains can be applied to all parameters. Background can be fitted either separately using

polynomial or spline function, or included in the least-squares routine as polynomial. The peak-

shape functions offered by the software and used for fitting the data are:

Gaussian:

(2.29) G(x)=
C1/2

Gp
πH

exp(−CG x2)
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where H is the full width at half maximum (FWHM),

(2.30) x = 2θi −2θk/Hk

2θi and 2θk are the Bragg angle of the ith point and the calculated Bragg angle of the kth

Bragg reflection, Hk is the FWHM of the kth peak, and CG = 4ln(2)

Lorentzian:

(2.31) L(x)= C1/2
L
πH

(1+CLx2)−1

where CL = 2.

Pseudo-Voigt:

(2.32) PV (x)= ηG(x)+ (1−η)L(x)

is a linear combination of a Gaussian and a Lorentzian functions, where η is the pseudo-

Voigt function mixing parameter defining the weighting between the two functions.

Pearson VII:

(2.33) PV II(x)= Γ(β)
Γ(β)−1/2

C1/2
Pp
πH

(1+CP x2)−β

where Γ is the gamma function, and β exponent describes the tails of the function: β= 1 is a

Lorentz function and with increasing β the function resembles a Gauss function.

All of the functions presented are symmetrical and have their strengths and weaknesses in

terms of thei intrinsic profiles. Gaussian distribution of the diffraction intensity is best fitted

with the Gauss function, while for data with more pronounced tails the Lorentz function fits

better. The most widely used line-profile is the pseudo-Voigt function compromising the Gauss

and Lorentz function. The Pearson-VII function is similar to the Lorentz distribution with the

possibility to adjust the tails by varying the β parameter [105].

To account of asymmetry in a peak, an asymmetric function can be used. The LIPRAS software

offer a modification of the Pearson-VII function that allows for different integrated intensities on
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both sides of the function. The asymmetric Pearson-VII is described by the following equation

[106]:

for x < x0 aPV IIL(x)= NL

HL
p
π

Γ(βL)
Γ(βL)−1/2

(1+CP x2)−βL

for x ≥ x0 aPV IIR(x)= NR

HR
p
π

Γ(βR)
Γ(βR)−1/2

(1+CP x2)−βR

(2.34)

where NL and NR are the integrated intensities of the left and right side of the line-profile,

therefore, for x = x0 both equations will be equal.

After optimising the fit parameters in LIPRAS, the outcome was exported into Origin software,

which was used to produce graphs. The data was compared with diffraction patterns calculated

using VESTA software.

2.1.4 X-ray Reflectivity

X-ray reflectivity is a common analytical technique used to study thin films. The electron density

perpendicular to the surface of the samples can be probed using x-rays to obtain detailed

information about the thin film thickness, surface roughness and density.

2.1.4.1 Background

X-rays as electromagnetic waves experience refraction at interfaces between different media,

similar to propagating light. For the visible light Snell’s law is used to describe this phenomenon,

with the refractive index n in the range between 1.2 and 2 for transparent materials (glass

ranging from 1.5 to 1.8). In the case of electromagnetic waves, the index of refraction exhibits

resonant behaviour at frequencies corresponding to electronic transitions. Normal dispersion

were n increases with ω occurs on the low frequency side of a resonance[93]. Decay of n is

immediately observed above resonant frequency. Transition frequencies are usually lower than

x-ray frequencies, therefore, in the x-ray region the refractive index n < 1. Hence, the phenomena

of total external reflection occurs for glancing angles lower than the critical angle αc in accordance

with Snell’s law:
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(2.35) cosα= ncosα′

where α is the incident grazing angle and α′ is the refracted grazing angle.

To derive the refractive index for x-rays, lets start just with the scattering contribution. The

equation can be expressed as:

(2.36) n = 1−δ, with δ= 2πρer0

k2

where ρe is the electron density, r0 is the scattering amplitude, and k is the wavevector

related to the wavelength of the radiation by k = 2π/λ. Therefore, combining the Eqs. 2.35 and

2.36, the critical angle αc can be calculated for total external reflection α′ = 0°:

(2.37) αc =
p

2δ =
√

4πρer0

k

X-rays are also absorbed by the material. Attenuation of the x-rays in the medium follows

the characteristic 1/e =µ−1 length,where µ is the absorption coefficient. Therefore, the intensity

attenuation after travelling a distance z is e−µz, and the amplitude is attenuated by a factor of

e−µz/2.

If we now account the absorption process, the Eq. 2.36 can be rewritten as:

(2.38) n = 1−δ+ iβ, with β= µ

2k

By replacing the electron density ρe with the product of the atomic density ρat and the atomic

scattering length f (Q) from the Eq. 2.16, the refractive index becomes [93]:

(2.39) n = 1− 2πρatr0

k2

{
f0(0)+ f0(0)′+ f0(0)"

}
with β=− f "

(
2πρatr0

k2

)
The Fresnel equations and Snell’s law in the X-ray wavelength region can be delivered using

Fig. 2.18. For that, the wave and its derivative at the interface z = 0 must be continuous. Then,

the amplitudes are related in the following way:
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FIGURE 2.18. Schematic illustration used for deriving the Fresnel equations and Snell’s
law by requiring continuity at the interface of the wave and its derivative. Figure
taken from [93].

(2.40) aI +aR = aT

and

(2.41) aI kI +aRkR = aT kT

where aI , aR and aT are the incident, the reflected and the transmitted amplitudes respec-

tively, and kI , kR and kT are similarly the wavevectors. In the vacuum the wavenumber can be

denoted as k = |kI | = |kR |, and for the material as nk = |kT | [93]. The incident angle αI is equal to

the reflected angle αR , therefore: α=αI =αR . Whereas, the transmitted angle αT will be denoted

as α′. Taking into account the components of k parallel and perpendicular to the interface we get

respectively:

(2.42) aI kcosα+aRkcosα= aT (nk)cosα′
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(2.43) − (aI −aR)ksinα=−aT (nk)sinα′

By combining together equations 2.40 and 2.42, Snell’s law (Eq. 2.35) can be delivered.

Additionally, by considering Eq 2.40) and the perpendicular projection of k (Eq. 2.43 it follows

that:

(2.44)
aI −aR

aI +aR
= n

sinα′

sinα
u
α′

α

This can be transformed into the Fresnel equations for the amplitude reflectivity, r, and

amplitude transmissivity, t:

(2.45) r ≡ aR

aI
= α−α′

α+α′ t ≡ aT

aI
= 2α
α+α′

The intensity reflectivity, R, and the intensity transmissivity, T, are related to the amplitudes

as R = r2 and T = t2 respectively. Using Eq. 2.44 α′ can be decomposed into its real and imaginary

parts [93]:

(2.46) α′ ≡ Re(α′)+ iIm(α′)

from which the attenuation with increasing depth follows:

(2.47) αT ei(kα′)z =αT eikRe(α′)ze−kIm(α′)z

The fall of the intensity with a 1/e penetration depth Λ can be written as:

(2.48) Λ= 1
2kIm(α′)

For the X-ray diffraction and reflection phenomena, the wavevector transfers can be given as:
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(2.49) Q ≡ 2ksinαu 2kα Qc ≡ 2ksinαc u 2kαc

with their dimensionless counterparts:

(2.50) q ≡ Q
Qc

u
(

2k
Qc

)
α q′ ≡ Q′

Qc
u

(
2k
Qc

)
α′

For the small α and α′ the Snell’s law (Eq. 2.35) can be rewritten after multiplying both sides

by (2k/Qc)2, as:

(2.51) q2 = q′2 +1−2ibµ, with bµ =
(

2k
Qc

)
β= 2k

Q2
c
µ

For the critical angle αc the wavevector Qc will take the following form:

(2.52) Qc = 2kαc = 2k
p

2δ = 4

√
πρr0

(
1+ f ′

Z

)
Taking into consideration the wavevector form of Eq. 2.51, and the Fresnel equations for the

amplitude reflectivity and transmittivity from Eq. 2.45, in conjunction with the condition that

2k
Q2

c
µ ¿ 1, three different cases can be considered:

q ¿ 1 On these terms q′ is almost completely imaginary, with r(q)u−1 and Im(q′)u 1. As

the reflected wave is out of phase with the incident wave, which translates into a very weak

transmitted wave, called an evanescent wave. The penetration depth is minimal (1/Qc) and

independent of α for α ¿ αc

q = 1 Eg. 2.51 simplifies to q′ =√
bµ (1+ i). The incident and the reflected waves are in the

same phase. The penetration is b−1/2
µ times deeper.

q À 1 In this case Eg. 2.51 becomes Re(q′) u q and Im(q′) u bmu/q. The phases for the

incident and the reflected waves are the same. The attenuation of the intensity reflectivity is

R(q)u (2q)−4, with the penetration depth, αµ−1, therefore, there is almost complete transmission.

The behavior in those three scenarios is shown on Fig. X, where R is plot against Q. The total

external reflection of x-rays for q ¿ 1, where Q <Qc. The critical angle Qc =
p

2δ for q = 1, and a

q−4 dependence above it for q À 1 (Add The description of infinitely thick layer + graph for it)
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FIGURE 2.19. XRR for an infinitely thick sample, showing the reflectivity profile below
the critical angle Qc and decrease of the intensity equal to q−4

Reflectivity from a single layer

For a single layer of finite thickness deposited on an infinite substrate, X-rays interact with three

different media: the air, the sample and the substrate. Those regions are shown on Fig. 2.20 and

are numbered 0, 1 and 2 respectively. The beam will be infinitely reflected in the medium 1 from

the interface r12 and r10. The outcome of that will be an infinite sum starting from reflection at

interface 0 to 1 with amplitude r01. The next contribution will be from a wave transmitted from

medium 0 to 1, t01, reflected at the interface 1 to 2, r12, and then transmitted from 1 to 0, t10,

with a phase factor p2 = eiQ∆. Each next reflection will have transmission through the layer in

both directions combined with more reflections in the sample and higher phase factor. The total
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FIGURE 2.20. Schematic of the reflection and transmission in a finite layer of a material.
Total reflectivity as can be seen on panel (b) is the the sum of the infinite number
of reflections

amplitude reflectivity is given as following sum:

(2.53) rsample = r01 + t01t10r12 p2
∞∑

n=0
(r10r12 p2)n

This can be simplified as a geometric series
∑∞

n=0 xn = 1
1−x to produce:

(2.54) rsample = r01 + t01t10r12 p2 1
1− r10r12 p2

Using the relationships from Fresnel equation (Eq. 2.45), that: r01 =−r10 and r2
01 + t01t10 = 1,

this equation can be further simplified to give:

(2.55) rsample =
r01 + r12 p2

1+ r10r12 p2

The outcome of this equation is plotted in Fig. 2.21, and displays a periodic oscillation known

as Kiessig fringes [107]. The peaks and dips correspond to the interference of the waves scattered

in phase and out of phase respectively. The separation of the fringes is directly related to the

thickness of the sample, d(Å), by:
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FIGURE 2.21. Example of a single layer on infinitely thick substrate, showing oscilla-
tions caused by interference between the reflected waves, known as Kiessig fringes.

(2.56) d = 2π
L

where L is the period of the fringes given in Å−1.

Reflectivity from multilayers

To calculate the reflected intensity from multilayered systems on top of an infinitely thick

substrate a number of methods can be used. The general approach is to expand the single layer

model to account for multiple reflections and refraction. Although, an assumption that these
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effects are sufficiently small at angles far away from the critical angle has to be made. Therefore,

the multiple reflection and refraction can be considered in the region near αc.

A recursive method based on the single layer model (Eq. 2.55) was developed in 1954 by

Parratt [108]. This method accounts for a medium composed from N layers on an infinitely thick

substrate, where the first layer is the top layer and the N th layer is the bottom layer (the one

closest to the substrate). To each layer, j, the refractive index n j = 1−δ j + iβ j and the thickness

d j, can be assigned. The wavevector perpendicular to the surface, kz, j, which is determined from

the total wavevector for the j slab, k j = n jk. Moreover, the x component, kx, j dose not change

throughout all layers, what means that kx, j = kx for all j. Therefore, the kz, j can be calculated

from [93]:

(2.57) k2
z, j = (n jk)2 −k2

x

taking into consideration Eq. 2.49, that Q j = 2k j sinα j = 2kz, j the wavevector transfer for

each layer is:

(2.58) Q j =
√

Q2 −8k2δ j + i8k2β j

The reflectivity at the interface between the layer j and j+1 can be calculated from the

Fresnel relation, without including multiple reflections as:

(2.59) r′j, j+1 =
Q j −Q j+1

Q j +Q j+1

This equation can be used to calculate the reflectivity from infinitely thick substrate and the

bottom layer N, labeled as r′N,∞, where ′ stands for no multiple reflections. Above the substrate

the reflectivity between layer N and N +1 can be summarized by using model of a single layer,

with p2
j = eid jQ j , as[93]:

(2.60) rNx−1,Nx =
r′Nx−1,Nx

+ rNx,Nx+1 p2
Nx

1+ r′Nx−1,Nx
rNx,Nx+1 p2

Nx
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The reflectivity intensity for a multilayer sample on a infinitely thick substrate can be

calculated using this equation recursively for every layer from the bottom to the surface.

Rough interfaces

The reflectivity described previously for single and multi layer systems, was based on the

assumption that interfaces are sharp and flat. In real materials this assumption does not apply,

as usually inter-diffusion of atoms occurs on interface due to the energetics of the deposition

process and the relative difference in atoms size. Additionally, the finishing of a layer is not

perfectly flat in most cases and a vertical fluctuations in the layer thickness is present, that can

be interpreted as an interfacial roughness.

To account for those imperfections, the reflectivity from a multilayer with non ideal interface

is the product of the intensity from an ideal multilayer, RI (Q) and a factor associated with an

electron density gradient across the interface. Those changes can be modelled by summation of

the contributions of infinitesimally thin layers and the incorporation of a function, f (z) used to

describe the electron density profile, with allowed any induced phase changes. This gives the

reflectivity intensity for a graded interface as:

(2.61) R(Q)= RI (Q)
∣∣∣∫ ∞

0

(d f (z)
dz

eiQz dz
)∣∣∣2

This equation is also known as the master formula for the intensity reflectivity of a graded

interface [93], where the modulus squared term is the Fourier transform of the electron density

gradient. This term allows for the incorporation of an error function to describe the electron

density profile across the non ideal interface. The derivative of this function is a Gaussian and

the result of the Fourier transform of a Gaussian gives another Gaussian, therefore this formula

can be modified to:

(2.62) R(Q)= RI (Q)e−Q2σ2

where σ represents the thickness of the interfacial region.
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FIGURE 2.22. The effect of introducing a roughness to a model of 30nm UO2 layer on a
YSZ substrate. The black line shows ideal flat interface with no grading, the red
line represents model with roughness of 5 Å, while the blue line is model with 10 Å
of roughness. The reflectivity intensity decay faster with increased roughness.

By modelling the variation in the height of each layer it is also possible to account for the

roughness of an individual layer. Based on the Parratt’s recursive method [108] and method

proposed by Nevot and Croce [109] it was possible to implement an uncorrelated roughness by

varying the refractive index [110–112]:

(2.63) n j(z)= n j + (n j+1 −n j)F(z,σ j)

where the Fourier transform, F(z,σ j) is defined as:

(2.64) F(z,σ j)= 1

σ j
p

2π

∫ z

−∞
e(−z2/2σ2

j )dz
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By introducing a factor describing an uncorrelated roughness to the the reflectivity from an

ideal multilayer, an expression for reflectivity with rough interface is given as:

(2.65) R(Q)= RI (Q)e−Q2σ2
j

where σ j is the root mean square (rms) roughness. The contribution of the roughness given

by Eq. 2.65, is therefore identical to the contribution from the graded interfaces given by Eq. 2.62,

what is the source of the difficulty in distinguishing whether the effect is caused by a surface

roughness or a graded interface.

The influence of roughness in the interface on reflectivity profile is shown on Fig. 2.22. To

show that, a 30 nm layer of UO2 on YSZ substrates was modelled with three different roughness

parameters. The example with perfect flat interface without grading is represented by the black

line. As it can be seen with increase of the RMS from ideal scenario (black) to 5 Å(red) and then

to 10 Å(blue), causes the reflectivity intensity to decay faster.

2.1.4.2 Data processing

For processing the XRR data Gen X software was used [113]. This software uses the differential

evolution algorithm for fitting reflectivity data, and can be also used for analysing x-ray diffraction

data. GenX utilises Parratt recursion method as an in-built function for fitting specular x-ray

reflectivity data. To model the roughness of an interface a Gaussian distribution is used [109].

Furthermore, this software allows parameters such as instrument resolution and beam footprint

to be taken into account.

A model of the sample is crated using a layered structure. Each layer is described using four

parameters: layer composition, density, thickness and the interfacial RMS roughness. The density

used in Gen X is recalculated from g/cm3 to units per Å3

(2.66) dens = ρ(kg/m3

1.66054x103xuscatt

where uscatt is the total atomic mass of the elements defined in layer composition. The

first layer of a model is the substrate, with thickness set to be infinite. The starting parameter
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of substrate roughness is taken from the supplier information, and allowed to be fitted. The

structure of the thin film deposited on the substrate might be formed from a single layer or be

represented as a series of layers. The initial thickness of the layer is estimated based on the

calibration for deposition rate. All that information is then used to calculate and optimize the

modelled reflectivity intensity.

The optimisation is performed by varying the starting parameters of the model to minimize

the difference between the calculated model and the data. This method is highly effective and

allows to avoid local minima. To measure the difference between the calculated model and raw

data a figure of merit (FOM) function is used. The FOM is also used to calculate the error on each

fitted parameter, by finding the range of the parameter within 5% increase of the FOM.

2.2 XPS and UPS

X-ray photoelectron spectroscopy is a powerful technique for precise characterization of a sample

surface, known also as Electron Spectroscopy for Chemical Analysis (ESCA). It is a surface-

sensitive method for investigating the elemental composition of the outer 1-10nm of the sample.

This technique is very useful for studying oxide materials as in addition to information about

the chemical composition, it is also sensitive to element bonding environment, which allows to

determine the sample stoichiometry. XPS measurements of uranium dioxide polycrystalline thin

films have been conducted to probe the dependence of oxidation rate based on the crystallographic

orientation, as well to confirm the oxidation state of the samples. Therefore, in this section, the

basics of the operation and instrumentation will be described.

Introduction

X-ray photoelectron spectroscopy utilises the photoelectric effect to extract information about

the material and its bonding environment. This occurs when a sample surface is irradiated

with x-rays, and enough energy is transferred for photoelectrons to be emitted from the exposed

material. By analysing the energy of the released photoelectrons, information about the chemical

state of the sample is obtained.
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FIGURE 2.23. Schematic illustration of the photoelectric effect utilised in XPS.

Schematic of this process is shown on Fig. 2.23. If the incident x-ray posses energy higher

than the binding energy (BE) of the core electron, then this electron will be ejected from the

material when colliding with the x-ray. The kinetic energy (KE) of the released electron is related

to the binding energy and can be calculated using following equation:

(2.67) EKE = hv−φ−EBE

where h is Planck’s constant, v is the frequency of the electromagnetic radiation, and φ is the

work function of the material. The work-function is defined as the minimum energy needed to

remove an electron from a solid surface to the position far from the surface on the atomic scale

but still too close to the solid to be influenced by ambient electric fields in the vacuum.

This measurement is conducted in an ultra high vacuum environment (UHV) in order to

minimise the collision between the electrons that escaped from the sample and the gas molecules,

resulting in increased read out on the detector. The mean path of photoelectrons within the

material is also very limited due to inelastic collisions, recombination, excitation of the sample,

recapture or trapping in various excited states within the material. Therefore, most of the
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signal will come from the surface and the signal will be weaker exponentially with the depth,

disappearing after around 10 nm based on the source of x-rays and the investigated material.

Electronic structure

Each electron in a material can by described using a set of quantum numbers: n, l, and j. The

first number n, is the principal quantum number that describes the electron shell, or its energy

level. The values of n are natural numbers starting from 1, making it a discrete variable. The

second number, l, is the orbital quantum number (or angular quantum number), and defines the

electron sub-shell. The values of l are also discrete variable, and for l = 0, 1, 2, and 3, sub-shells

are labeled as s, p ,d, and f, respectively from their historical names sharp, principal, diffuse, and

fundamental. Orbitals can hold two electrons with the values s = ± 1/2. Therefore, the amount of

electrons that each sub-shell can hold is 2(2l + 1), and each electron shell can hold 2n2 electrons.

The last value, j, is the total angular momentum quantum number. This spin-orbit splitting

of different energy levels is defined as j = l+s. The graphic representation of the electronic

configuration is shown on Fig. 2.24

Consequently, j will have two values for l equal and above 1, while for l = 0, there will be

only one value of j. In case of uranium with 4 f configuration, the spin-orbit values will be j =

7/2 and j = 5/2, as the principal quantum number n = 4 and the orbital quantum number l = 3.

This can be denoted as 4 f7/2 and 4 f5/2, and the area ratio between those peaks will be 4:3, as they

have 8 and 6 electrons respectively.

Instrumentation

The main components of a typical XPS systems are: an ultra-high vacuum (UHV) chamber made

of stainless steel with a set of pumps, an x-ray source and an electron energy analyzer. More

about the UHV chambers and pumping system can be found in Chapter 5, and x-ray sources

were described previous in this chapter. The most common type of electron energy analyzer is the

concentric hemispherical analyser (CHA).

A schematic diagram of system with the concentric hemispherical analyser configuration is

shown on Fig. 2.25. The passage of electrons with specific energy to be counted is possible by
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FIGURE 2.24. Schematic representation of the order of filling of electron states, witch
marked principal quantum number n, and orbital angular momentum quantum
number l. Figure taken from [114]

utilizing two metal hemispheres. Potentials are applied to both of them allowing to generate

an electric field between them. Consequently, the kinetic energy of the electrons will decide if

they can travel through this potential and reach the detector, as the electrons with too high

energy will impinge on the outer hemisphere and with too low energy will be attracted to the

inner hemisphere.. By adjusting the electric field created between the concave, and the convex

hemispheres it is possible to scan for desired kinetic energies of electrons.

Before electrons ejected from the sample surface enter the CHA detector, they are focused

using a series of magnetic lenses. Two type of lenses can be distinguished, Constant Retard Ratio

(CRR) and Constant Analysis Energy (CAE), the second one is also known as Fixed Analyser

Transmission (FAT). In the first one, the initial kinetic energy of the electrons is reduced to a set

percentage by slowing them down and a scan is conducted by changing the voltage difference

between the hemispheres. In the second mode, the voltage applied to hemispheres is fixed and

a scan is performed by varying the retardation of the electrons. Constant energy resolution is
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FIGURE 2.25. Diagram of a system with a concentric hemispherical analyser used in
XPS measurements. Figure taken from [115]

achieved by using CAE mode, while constant resolving power is obtained with CRR.

Measurements conducted for this thesis were performed on three different systems. the first

one is the Bristol NanoESCA facility which uses an Al x-ray tube source with a ScientaOmicron

XPS Argus analyser. The other two systems are based at Diamond Light Source, and are Kratos

Axis Ultra DLD and Thermo Fisher Scientific NEXSA. Both systems are equipped with monochro-

matic Al x-ray sources and are capable to performing XPS mapping of the sample surface with an

image resolution close to 3 µm. All mentioned systems operate at UHV.

Software and data analysis

X-ray photoelectron spectroscopy data in this thesis was analyzed using CasaXPS peak fitting

software. This software offers the possibility for both spectral and imaging data processing. Before
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performing the fitting operation, data was calibrated as specified in each data section, due to the

difference in the work function φ of the electron spectroscopy analyser.

From the numerous backgrounds offered in CasaXPS, to fit the background of the data

presented in this thesis, the Shirley method [116] was used due to the nature of the uranium

peaks. The essential feature of the Shirley algorithm is the use of the integrated areas of the

peaks, An, to calculate the background intensity [117]

(2.68) IBG = Imin +κ A2

A1 + A2

where κ is the step in the background. The peaks regions were fitted using Gaussian/Lorentzian

peakshapes, typically with mixing ratio of 30:70, respectively.

Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet Photoelectron Spectroscopy (UPS) is based on the same principle as XPS. The differ-

ence between those two techniques is the energy of the ionising radiation. While in XPS high

energy photons (higher than 1keV) are used to induce the photoelectric effect, UPS utilises

photons with energies of 10s of eV. To produce ultraviolet photons gas discharge lamps are used,

usually filled with helium gas that have photon energies of 21.2eV and 40.8eV for He I and He II

respectively.

UPS is sensitive to the valence band region as most core level photoemissions are inaccessible

due to lower energy of the photons. Two types of experiments can be conducted using UPS:

electronic workfunction measurement and valence band acquisition.

The molecular orbitals from which valence band photoelectron are ejected posses a high degree

of hybridisation. This causes the shifts in peak binding energy more varied and subtle compared

to the core level photoemission peaks. Therefore, those spectra are not used for quantification,

but mostly for material characterisation. Collection of of both XPS and UPS valence bad spectra

is extremely useful as the ionisation cross section of an orbital is dependent on the incident

photon energy. UPS is also more surface sensitive, as lower incident photon energy results in

lower kinetic energy of emitted photoelectrons, therefore information in UPS measurements

comes from approximately 2-3 nm from the sample surface.
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Another surface property that can be examined using UPS is workfunction. The workfunction

is extremely sensitive to any variation in the composition and structure at the surface, including

atmospheric contamination. The workfunction is obtained by measuring the difference between

the Fermi Level and the end of the spectrum on the low kinetic energy. Typically a small bias of

5-10 V is applied to the sample surface to deconvolute the workfunction of the material from the

internal workfunction of the spectrometer.

The UPS measurements of uranium dioxide thin films were performed at the Bristol Na-

noESCA facility and the data was analyzed using IgroPro and Fiji software.

2.3 Electron Microscopy

Electrons are subatomic particles with negative electric charge. They were discovered in 1897

by J. J. Thomson and his team of physicists [118]. With a much shorter wavelength than visible

light, electrons are perfect candidates for microscopy techniques. Through this PhD, multiple

electron microscopes and imaging techniques were used to study uranium dioxide thin films. In

this section basics of the electron generation, their interaction with matter and microscopes will

be described.

2.3.1 Electron emission sources

Electrons can be emitted from a solid cathode via two processes: thermionic emission and field

emission [119]. In the first process, a filament material is energized by resistive heated, so

electrons have enough energy to overcome the material work function barrier and be emitted

from the surface of the filament. In the second process, field emission is based on reducing the

work function barrier so electrons can tunnel through the potential barrier.

A typical material used in the fabrication of thermionic emission filaments is tungsten as

it has the highest melting point and lowest vapour pressure of all metals, moreover its price

is very low. Schematic of thermionic source with tungsten filament is shown Fig. 2.26. The

disadvantage of this solution is short lifetime compared to other sources due to gradually loss of

mass caused by evaporation. Also, it has lower image resolution as in high operating temperature
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their beam spread is broader with lower brightness. Therefore, when the higher special resolution

is required, a single crystal of lanthanum hexaboride (LaB6) and cesium hexaboride (CeB6) are

used as sources, as shown on Fig. 2.26. They need lower temperatures to emit electrons, what

improves beam spread and provides higher brightness. Their lifetime is significantly higher as

those materials are less volatile than tungsten. The current of thermionically emitted electrons

is described by Richardson’s equation:

(2.69) J = A(1− r)T2e(− eϕ
kT )

where J is the current density, A is the Richardson constant, r is the zero-field reflection

coefficient for incident electrons, T is the absolute temperature and ϕ is the work function. T =

absolute temperature

FIGURE 2.26. Illustration comparing the various electron emission sources. For
thermionic sources the Wehnelt cylinder focuses the electrons as they flow to-
ward the anode. In a field emission source, the first anode accelerates the electrons
whereas the second anode focuses them. Figure taken from [120].

Field emission sources (FEGs) use a strong electrostatic field to induce electron emission[120].

This solution requires an extremely sharp tip, with a radius lower than 50 nm, fashioned from

a source material, where high-energy electrons can escape due quantum mechanical tunneling.

The image quality is enhanced, as brightness is much better due to the emission area which
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is in nanometers rather than in micrometers as in thermionic source. The lifetime of FEG is

the highest from all the sources, the only disadvantage of this source is its price, as it requires

ultra-high vacuum environment to sustain an electrostatic fields. The current in field emission

sources can be calculated from the following Fowler-Nordheim-type equations equation [121]

(2.70) J =
(1.55x10−6E2

ϕ

)
exp

(−6.86x107ϕ
3
2Θ(z)

E

)

where E is the field strength and Θ(z) is the Nordheim elliptic function:

(2.71) Θ(z)= 3.62x10−4 E
1
2

ϕ

Amongst FEG sources, two types can be distinguished cold sources (cFEG) and Schottky

FEG. In the second type, the field emission is thermally enhanced combining advantages of

thermionic and field emission sources. This is achieved by coating a sharp tip of tungsten with

zirconium oxide, the potential barrier is lower and less thermal heating is required to start

emission. Although, generally the Schottky emitter offers higher brightness, they have shorter

lifetime than cFEG and at lower voltages the resolution is also lower due to a larger energy

spread.

2.3.2 Electron beam - sample interaction

When a focused beam from a thermal field emission gun or FEG hits the surface of a specimen

a variety of physical processes occur. Those scattering events transfer energy from the electron

beam to the sample atoms. The path they can travel within the solid is therefore limited as

well as alternation of the direction. This interaction produces the backscattered electrons (BSE),

secondary electrons (SE), and X-rays [122]. By collecting and processing those signals, information

about the sample topography, composition, crystal structure or even local magnetic and electric

fields can be extracted. Those processes can be generally divided into two subgroups similarly to

the x-rays: inelastic and elastic scattering.
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2.3.3 Inelastic scattering

In inelastic interaction a variety of processes change the energy of the incident electron beam.

The energy transfer between the sample atoms and the beam produces a multitude of signals

that can provide useful information about the material. The detailed explanation can be found in

[122]. Here only brief description is provided:

Secondary electrons: Those electrons are primary located in outer-shell therefore are

weakly bounded and easy to eject and form secondary electrons. Due to low binding energy

of few eV, only signal from the top layers of atoms (10 nm) can be detected. The observation

of those electrons allows to create a topographical image of the sample in high resolution,

allowing detection of surface features.

X-rays: When electrons that are tightly bound in inner shell are ejected, their vacancy is

filled by the relaxation of an electron from a higher orbital, which subsequently results in

emission of characteristic X-rays.

Auger Electrons: X-ray emitted from the sample can further interact with electrons. If

energy from the x-ray is transferred to another electron causing its ejection, this ejected

electron is called an Auger electron.

Breaking Radiation: The deceleration of the beam electron in the electrical field of the

atoms leads to production of a broad continuum of X-ray energies called Bremsstrahlung

radiation.

Plasmons: When incident electrons interact with conducting metallic solids, the energy

transferred can induce collective oscillations in the free electron gas. These oscillations are

called plasmons.

Phonons: The electron-sample interaction can cause heating of the specimen. The increase

in the vibrational energy can be transmitted throughout the sample, what is referred to as

phonons.

Cathodoluminescence: In case of a semiconductor, incident electrons can promote elec-

tron from valence band in to the conduction band. The relaxation from this configuration
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will emit a photon with an energy equal to the semiconducting band gap.

2.3.4 Elastic scattering

Simultaneously with inelastic scattering, elastic scattering occurs. In this event there is no

transference of energy between the specimen atoms and the incident beam. Due to interaction of

the electron beam with the positively charged atomic nucleus a Coulomb repulsion occurs, so the

electron beam is deflected by the electrical field of an atom. Result of this is the change of the

original trajectory on to a new path[122].

The probability of elastic scattering strongly depends on the atomic number Z of a specimen

material and on the energy of the electron. Higher nuclear charge has bigger cross-section, thus

probability of scattering incoming electrons is greater. For this reason heavier materials with

high Z appear brighter when imaged. Apart of using elastically scattered electrons to probe the

topography of the sample, they can be used for diffraction studies similar to x-rays. Adjustment

of the incident electron energy allows to tune its wavelength into inter-atomic region. Those

electrons can then be used to produce electron diffraction patterns, providing crystallographic

information.

2.3.5 SEM

Scanning Electron Microscope is an excellent tool to investigate surface, composition, crystallo-

graphic orientation, and other physical and chemical properties of thin films. This instrument

creates magnified images of a specimen using a beam of high-energy electrons (1-30keV) and

rastering across the specimen surface. Schematic of a typical SEM is shown on Fig 2.27. After

an electron being ejected from an electron source and accelerated to high energy, the beam is

reduced successively when passing through apertures, electrostatic and.or magnetic lenses, and

electromagnetic coils. This focused beam of electrons scan sequentially discrete locations on the

specimen creating an image.

Two main signals are used for investigation of the sample surface are backscattered electrons

(BSEs), which were deflected by the atoms in the sample, and secondary electrons (SEs) that

escaped from the sample surface after bombardment from incident beam electrons. The majority
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FIGURE 2.27. Schematic of an SEM. Figure taken from [123].

of the secondary electrons are ejected from the specimen surface with energies below 5 eV. To

measure those signals one or more detectors can be used. The most popular is the Everhart-

Thornley (ET) detector [124], that can detect both the secondary electron and the back-scattered

electron. However, the ET detector is mostly used for the secondary electron, and a separate
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detector, insensitive to SEs, is dedicated for backscattered electrons.

Energy dispersive X-ray analysis (EDX)

Characteristic x-rays emitted upon interaction of the electron beam with the sample atoms can

be measured to provide information on the elemental composition of a sample. This technique

is called Energy dispersive X-ray analysis (EDX). The unique atomic structure of each element

allows to easily identify it. However, due to the materials used in the construction of the detector,

analysis of elements with masses typically greater than sodium might not be possible.

The lithium-drifted silicon [Si(Li)-EDS] detector was the original type of EDS [125]. This

detector has a layer of p-type silicon crystal covered with uniform thin layer of gold, which acts

as an electric contact to the semi-conductor. To reduce the migration of indium and lithium

dopant in silicon, cooling with liquid nitrogen during operation is required. When an x-ray

photon is absorbed in the active volume of Si, an electron from inner atomic shell is ejected. The

ejected photo-electron undergoes inelastic scattering within the Si crystal. This generates an

electron-hole pairs, and by applying potential between the entrance surface electrode and the

back surface electrode it is possible to produce a charge. This process requires around 3.6 eV

energy per electron hole pair, therefore for a Mn K-L3 photon (5.895 keV) 1638 electron-hole pairs

are created, generating a charge of 2.6 x 10-16 coulombs [122].

Although it might be possible to detect atoms with a mass grater than lithium, the crystals

are held in high vacuum shielded with an 8 µm thick window of beryllium. This window stops

any x-rays with energies lower than 0.8 keV, therefore quantification is accurate for mass higher

than sodium. A newer construction, the silicon drift detector design (SDD-EDS), is based on

the same detection physics, the difference is in the rear surface electrode. Collection channel

created out of the nested ring electrodes with a small central anode, allows to bring free electrons

deposited anywhere in the detector volume to the central anode for collection.

The system used for EDS measurement in this work was Zeiss Sigma HD VP Field Emis-

sion SEM with EDAX EDS detector, and data was analysed using software provided with the

equipment (APEXTM Software for EDS).
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Electron backscatter diffraction (EBSD)

Electron backscatter diffraction (EBSD) was developed for orientation determination and phase

identification purposes.The diffraction patterns are obtained by illuminating a highly tilted speci-

men with an electron beam. The backscatter electrons are produced due to inelastic interaction of

the incident electron beam with the sample atoms. In conventional EBSD system backscattered

electrons are detected from a sample volume, while in transmission-EBSD (TKD) the patterns

are formed by the transmitted electrons through a very thin sample.

In both cases, part of the electrons scatters inelastically losing a small amount of the original

energy satisfying the diffraction condition of the sample crystalline planes. Electrons that escaped

from the region closer to the sample surface, create the EBSD pattern. The first to describe these

patterns was Kikuchi, after whom they are called Kikuchi patterns [122]. The Bragg conditions

for diffraction will be satisfied for some of the backscattered electrons. The accelerating voltages

used in the SEM (10-30 kV) will produce electrons with short wavelength, resulting in a small

Bragg angle (below 2°). The typical Kikuchi patterns with effect of the acceleration voltage are

shown on Fig. 2.28. The Kikuchi bands appear as nearly straight lines, and with increase of the

acceleration voltage the Kikuchi bands are narrower due to decrease in the Bragg angle.

FIGURE 2.28. Example of Kikuchi patterns recoreded at different acceleration voltage,
(a) 5 keV and (b) 40 keV. Figure reproduced from [122].
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The EBSD measurement were conducted at acceleration voltage of 30 keV and aperture of

120 µm using Zeiss Sigma HD VP Field Emission SEM with EDAX EBSD detector. To analyse

the data OIM AnalysisTM software was used.

Variable Pressure Scanning Electron Microscopy (VP-SEM)

The regular SEM must operate in high vacuum environment, therefore typically the sample

chamber pressure is around 10−6 mbar. This is necessary to sustain stable operation of the

electron source, which has to operate in high vacuum otherwise the gas molecules will diffuse

to the gun and the increase of pressure might cause an unstable operation and lead to gun

failure. Most of the conventional SEM is equipped with a separate pumping system for the gun

to prevent this event. Another reason for operating in low pressure is the integrity of the beam,

as the electron beam will scatter elastically and change trajectory while encountering gas atoms,

deviating out of the focused beam. The Everhart-Thornley secondary electron detector can not

operate also above 10−3 mbar, due to bias of +10 000 volts or more applied to the scintillator.

In higher pressure gas will ionize between the scintillator and the Faraday cage (+250 V), and

electrical arcing might damage the detector.

The study of insulating materials requires deposition of conductive coating to provide dis-

charging patch for the electrical charge that develops on the surface after interaction with the

electron beam. Not all materials can be covered, especially if the specimen will be used for

further studies or fabrication processes. This case applied to annealed and polished ceramic

YSZ substrates, where putting a conductive layer of different materials was impossible as the

substrate was later used for growth of epitaxial uranium dioxide thin films. Imaging of this and

similar materials without need of coating become possible due to the development of the variable

pressure scanning electron microscope (VPSEM).

The VPSEM uses a differential pumping system that allows to increase the pressure in

specimen chamber even up to 25 mbar, maintaining high level of imaging [122]. The ionized gas

atoms allow discharging of uncoated insulating sample. Multiple gases such as oxygen, nitrogen,

and argon or even water vapor can be used, not only to allow insulating sample characterization,

but also to conduct in-situ experiment watching changes of the sample in "real time".
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The microscopes with such capabilities used throughout this thesis were the Zeiss Sigma HD

VP Field Emission SEM located within the School of Physics (IAC) at the University of Bristol

and the High Temperature - Environmental Scanning Electron Microscope FEI Quanta 200 FEG

ESEM at the Institut de Chimie Separative de Marcoule (ICSM) in Marcoule, France.

High Temperature Environmental Scanning Electron Microscope (HT-ESEM)

Working at elevated temperatures with ambient pressure under SEM has been a long lasting

goal for many researchers and remains to this day a difficult technique to operate efficiently

[126]. From two detectors used in a conventional SEM, the ET and the backscattered electron

detector, only the first one can be used in high temperatures. The second one due its sensitivity

to light illumination has no use because of the black body emission associated with temperature.

Furthermore, in closer distance to heat it semiconductor properties would disappear. Due to those

reason only the ET detector is linked with the furnace inside an SEM system.

Generally two ways are used to heat the sample in the SEM chamber, leaser heating (LASEM)

[127] and resistive heating. The first one is useful if local heating of the sample is required to

study specimen response to thermal shocks. Special care have to be taken to protect the detector

from extreme thermal electron emission and gas emission from the specimen [126]. Laser can be

also used to heat an entire sample holder providing simultaneously heating for the entire sample

[128]. The maximum reported temperature achieved by this solution is 1700°C [129]. The second

solution, resistive heating, usually compromise of heating element made out of refractory metal.

This type of heating provides heating to the entire sample, and a temperature of even 2500°C can

be achieved [130].

Another issue while operating at high temperatures is emission of thermal electrons, which

intensity can be calculated using equation 2.69. The challenge is to separate the thermo-ionic

emission, that can be higher than the signal coming from the interaction of incident beam with

the sample, from the secondary electron emission. The best solution is to use a suppression grid or

a shielding system for filtering the electrons energy. Biased applied to the suppression grid allows

to stop thermionically emitted electrons and let pass higher energies possessed by secondary

electrons. The shielding system protects also the detectors from light emission [126].
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The microscope used for in-situ oxidation studies presented in this thesis was High Tempera-

ture - Environmental Scanning Electron Microscope FEI Quanta 200 FEG ESEM at the Institut

de Chimie Separative de Marcoule (ICSM) in Marcoule, France, operated by Renaud Podor.

Transmission Electron Microscope (TEM)

Transmission Electron Microscopy (TEM) uses information from high-energy electrons that are

transmitted through ultrathin specimens, rather than electrons scattered from sample surface as

in SEM. The same sources of electrons can be utilised in TEM, including lanthanum hexaboride

(LaB6) crystals and FEGs. However, the acceleration voltage is much higher than SEM, and

typically its range 80-300 kV. The energy of the electron beam limits the thickness of the sample

that can be investigated, based on the material the upper thickness is around 100 nm [131].

Construction of a Transmission Electron Microscope is similar to a beam set-up in SEM,

a schematic is shown on Fig. 2.29. The key components of the system are the electron gun,

electrostatic lenses to focus the electrons before and after the specimen, and a transmitted

electron detection system [132].

In TEM, the two mainly used imaging modes are: bright-field (BF) and dark-field (DF). In the

first mode the incident beam, after passing through a sediment, is filtered by aperture placed

in the back focal plane of the objective lens, therefore only direct beams are recorded. In areas

with lower diffraction the resulting image will be brighter. Therefore areas which are thicker,

have heavier atoms or a crystalline area have denser packing will appear darker. In the second

mode, dark-field (DF), the direct beam is blocked by the aperture and the diffracted beams are

let through to create the image. As the diffracted beam strongly interacted with the sample,

information about particle size, stacking faults and planar defects can be extracted.

Due to high energy of the electrons used in TEM their wavelength is extremely short, around

hundred times smaller than the spacing between atoms in a solid. This allows to observe

diffraction of electrons as some of them will be scattered under angles determined by the crystal

structure of the sample, and rest will pass without deflection. This measurement is performed

by changing the objective aperture to the diffraction aperture. The diffraction apertures have

different sizes allowing to choose the area of the sample to record the diffraction pattern. This

73



CHAPTER 2. METHODS

FIGURE 2.29. Schematic of components in a Transmission Electron Microscope. Figure
taken from [132].

technique is therefore called Selected Area Diffraction (SAD) [in some literature refereed as

Selected Area Electron Diffraction (SAED)].

Generally three types of the selected area diffraction pattern (SADP) are observed, based on

the crystal structure of the specimen. For a polycrystalline system with randomly distributed
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grains, signal visible as rings formed from spots will be observed. If the specimen is amorphous

then halos will be visible. In case of a single crystal material, sharp spots arranged according to

the symmetry of and the d spacing of the crystal will be recorded. Similar to x-ray diffraction,

Bragg’s law can be use for determining the d spacing of the analysed area of the sample.

Another feature offered by the transmission electron microscope is high-resolution imaging

(HRTEM). The HRTEM is an extremely powerful technique allowing for direct imaging of the

atomic structure of the sample with point resolution of around 0.5 Å, from which the d spacing

of the lattice can easily be extracted. Images are obtained by using a large objective aperture

allowing a direct beam and some diffracted beams to pass through. Multiple images taken

at different angles for the sample sample allow to create a 3D map what is called electron

crystallography.

The TEMs used in this thesis was a Jeol 1400 TEM placed at School at Chemistry, university

of Bristol, operated by Dr Sean Davis. The software used for data analysis was Gatan Digital

Micrograph.

Scanning Transmission Electron Microscopy (STEM)

Basic transmission studies of a specimen can be also performed in a SEM microscope (STEM). A

scanning transmission electron microscope, has additional detectors usually a passive scintillator-

photomultiplier placed below the sample that can collect signal that passed through the specimen.

Same as in TEM, bright-field and dark-field images can be created. The detector in this microscope

will produce images only from inelastically scattered electrons as elastically scattered electrons

will not reach the detector. Therefore, Rutherford scattered electrons are collected and there is a

direct correlation between the local contrast and the atomic number Z. This technique is known

as high-angle annular dark-field imaging (HAADF) or Z-contrast imaging.

Possibilities of conducting STEM mesurments are offered and were used on FEI Helios

NanoLab 600; Dualbeam microscope with three-axis micromanipulator upgraded with Kleindiek

Nanomanipulator, EDX system Oxford Instruments (XMax-50), platinum deposition and selective

carbon mill.
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2.3.6 Focused ion beam (FIB)

Focused ion beam (FIB) system offers possibilities of imaging samples similar to SEM, but instead

of the focused beam of electrons, a beam of focused ions is used. Bombarding the sample surface

with ions will produce secondary electrons and secondary ions which can be used for creating an

image. Destructive properties of ions can be also used for patterning the surface or preparing

thin foils for further studies. Apart of imaging and sputtering, a precise sputtering deposition of

various materials from their gas form such as platinum is possible.

Ion source

Most of the FIB instrumentation uses gallium as a metal source of ions. Gallium has low melting

temperature, low volatility and low vapour pressure what makes it perfect to use as an ion source.

In gallium liquid metal ion source (LMIS), gallium is flowed to the tip of a tungsten needle. The

tip of the needle is extremely small with a radius lower than 5 nm. By application of high voltage

between the tip of the needle and an extraction plate causes ionization of the gallium atoms and

field emission.

The acceleration voltage applied to the LMIS is typically in range from 1 to 50 kV, and ions

are focused on the sample surface by use of electrostatic lenses. Higher ion energy increases the

sputtering rate of atoms from the sample surface. Modern sources, equipped with Xenon plasma

beams have much grater sputtering rates.

Ion Interactions

Ions have greater mass than electrons which results in increased destructive capabilities. When

an energetic ion from the incident beam is injected into a sample it can be deflected due to the

interaction with the electron charges and the atomic nuclei. Due to its high energy, ion can knock

atoms off their position within the lattice. The knocked off atoms can posses enough energy to

knock another atoms off from their positions. The atoms that have been knocked from their

atomic positions can reoccupy a lattice position or interstitial position. If the lattice site after

losing an atom is not reoccupied, vacancies are created. Both defects are considered as damage to

the crystalline structure of the specimen.
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As the cascades collision continue it will reach the surface of the sample where atoms might be

knocked into the vacuum. Due to loss of material in this process its called sputtering. Part of the

incident ions will end up within the sample structure. This phenomena is called ion implantation.

When ions enter or leave the specimen, secondary electrons are generated and can be utilised for

producing an image of the sample surface. The range that gallium ions can travel within sample

is extremely limited due to its very heavy weight. Typically when acceleration voltage of 30 kV is

used, the maximum distance is lower than 50 nm and it depends on the atomic number of the

target material.

Deposition with FIB

Another possible process utilizing FIB is chemical vapour deposition (CVD). The ion beam

induced deposition takes place when a gas, such as cyclopentadienyl trimethyl platinum (IV)

[C5H5Pt(CH3)3 or tungsten hexacarbonyl [W(CO)6] is injected into the vacuum chamber and

allowed to chemisorb onto the sample. This gas can be decomposed to volatile and non-volatile

components by scanning an area of the sample with the beam of ions. The non-volatile part will

remain on the sample surface. Small contamination from implantation of gallium ions, carbon

deposition from the gas or oxygen if the vacuum level is no ideal, is possible.

Dual beam microscope

Modern microscopes with focused ion beams, like the one one used in the course of this thesis FEI

Helios NanoLab 600, comprises of two-column systems. Both SEM column and FIB column are

placed on one chamber as a configuration that their beams are focused precisely on the sample

spot on the sample. This solution allows to image sample without damage using SEM as well

as observed the milling process performed by the FIB. Another advantage is the capability of

producing 3D images by sequential SEM imaging combained with FIB milling.

The construction of a FIB system is very similar to the SEM. The main difference are the

lenses, as the mass of the ions is much higher than the mass of the electrons. The magnetic lenses

used in SEM are not strong enough, therefore are replaced with electrostatic lenses which are
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supplied with high voltages to focus energetic ions due to their relatively large mass to charge

ratio [122].

The dual beam system FEI Helios NanoLab 600 used in this thesis for STEM was also used

for patterning areas on the polycrystalline uranium dioxide sample prior to the EBSD mapping.

In case of the sample used for XPS mapping, in addition to marks made on the sample surface,

platinum was deposited in those regions as an extra indication of the position on the sample

during XPS scanning.
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3
MATERIAL AND SAMPLE PREPARATION

T
his chapter will focus on materials and processes used for the fabrication of uranium

dioxide thin films. Firstly, two ultra high vacuum equipment are described. The existing

DC magnetron sputtering system, and construction of a new instrument for the purpose

of this research. The second part focuses on the material and a choice of substrate, as well as the

substrate preparation process to produce poly-epitaxial systems.

3.1 Reactive DC magnetron sputtering

The Reactive Direct-Current Magnetron Sputtering systems used in this research are located at

School of Physics (IAC), University of Bristol. DC or Direct Current Sputtering is a Thin Film

Physical Vapor Deposition (PVD) method of coating surfaces. In this approach, a target material

is bombarded with ionized gas molecules ejecting sputtered atoms to form the plasma. Such

vaporized atoms are deposited then on the substrate (and other areas of equipment) as a thin

film.

A schematic of the reactive DC magnetron sputtering system is shown on Fig 3.1. Prior to

the deposition process, an Ultra High Vacuum environment inside the chamber is required to

minimize sample contamination and allow the sputtering gas to reach the target. Usually argon
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gas is used due to its relative mass and ability of converting the kinetic energy upon collisions

with the target material. Typically a negative potential of several hundred volts is applied to the

target material using a high impedance DC power source. Plasma is formed by the electrically

neutral atoms of argon gas that is ionized as a result of the collision with the negative bias of the

target surface. The sputtering cycle is maintained by the secondary electrons created during the

ejection of the target material, and further ionization of the neutral argon ions. In the meantime,

the ejected particles from the target are deposited on the substrate to produce a thin layer from

the sputtered target material.

The sputtering deposition rate is defined as the number of particles deposited on cm2 per

second. This rate is mainly controlled by the pressure of the sputtering gas, as well as the power

supplied to the gun cathode. The relation between the power supplied to the system and the

increase of the deposition rate is linear. Manipulation of the rate by a change of argon pressure is

a more complex process a higher the gas pressure means that more ions hitting the target and

more sputtered particles are created. On the other hand, increasing the amount of molecules,

increases the back-scattering process, causing less particles to be deposited on the substrate.

Therefore, these two effects have to be considered to find the optimum parameters, while the

changes to the deposition rate are easier to adjust by the power supply settings.

A faster deposition rate can be achieved by placing magnets behind the negative cathode. In

that way the electrons are trapped over the negatively charged target material, increasing the

access of the sputtering gas to the target materials. As the result of that, the deposition rate

can be increased approximately hundred times and lower ignition pressure is required. This

technique is called as magnetron sputtering.

To grow multi-layers or alloys, one of the possible approaches is a system with multiple

guns. This solution allows to deposit materials one after another to form layer over layer, or

to co-sputter at the same time to form an alloy material. An alternative solution, not suitable

for multi-layers, is to use a pre-fabricated alloy material as a target. The disadvantage of such

solution is the poor control over the stoichiometry of the growth sample. Another possibility

especially useful to growth oxides and nitrides is to use a reactive sputtering.

In reactive sputtering process, in addition to the pure argon acting as a sputtering gas, an

80



3.1. REACTIVE DC MAGNETRON SPUTTERING

FIGURE 3.1. Schematic diagram of reactive magnetron sputtering. Magnets are confin-
ing plasma above the surface, what increase the probability of gron ions to collide
with the target and eject sputtered material. The ejected atoms are deposited the
on heated substrate. Figure from [133].

additional gas is injected/fed into the system, in this case the reactive gas is oxygen to allow the

formation of uranium dioxide. The advantage of this solution is its possibility of controlling the

partial pressure of oxygen, what allows to react with the metal atoms and control the final thin

film stoichiometry.
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3.1.1 Existing DC magnetron sputtering system

The existing reactive DC magnetron sputtering set-up at the University of Bristol, School of

Physics (IAC) is shown on Fig 3.2. This system was used to grow thin films samples for the

work presented in this thesis. The kit operates at ultra high vacuum environment with the

base pressure in the order of 10-10 mbar. To maintain this level of vacuum without the need

of performing bake-out often, and avoid contamination, this system uses a loading chamber

attached to the main chamber. In between chambers there is a manual vacuum gate valve, that

is open during the tranfer of a substrate from the loading chamber to the main chamber, and

then to take out the sample with a thin film back to the loading chamber. The typical pressure

of the loading chamber, before opening the separation valve, is in the order of 10-8 mbar. To

generate this level of vacuum both chambers are first evacuated using lubricant free scroll pumps

to achieve pressure of 10-2 mbar. Then turbomolecular pumps are used, with the scroll pumps

backing them up.

To avoid water vapor building on the walls of the chambers, and other contamination from air,

chambers are vent using nitrogen gas. Substrates are mounted on a recess area in a molybdenum

holder using clips made out of the same material. Those holders are then transferred into the

loading chamber, upside down, so the gravity force works against the possible contamination. The

loading chamber can host up to four molybdenum plates with substrate at the same time, this

solution reduces the risk of contamination, the time needed to grow multiple sample and helps to

save the venting gas, by reducing the amount of time that chamber is exposed to atmospheric

pressure.

Substrates located inside the loading chamber, can be moved into the main chamber after

reaching the required vacuum level (10-7 mbar - 10-8 mbar). In order to do that, a magnetic arm

with three pin ending is used. This arm is suitable to operate inside an ultra high vacuum system.

The construction of the arm head consists of three pins in triangle configuration, preventing the

substrates plates from falling down during the transfer. Substrates are moved into the main

chamber using this arm and the picked up by the holder inside the main chamber, then arm is

pulled back, and the valve between the main chamber and the loading chamber is closed.

This system is also equipped with a Reflection high-energy electron diffraction (RHEED)
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FIGURE 3.2. Photo of the reactive DC magnetron sputter deposition kit located at the
University of Bristol, within the School of Physics. The top left shows the RHEED
reading of a single crystal substrate. The plasma crated during the deposition
process of ytterbium is shown on top right photo.

set-up as shown on Fig 3.2. A typical RHEED system consists of an electron gun (source) and

fluorescence screen, and requires a pressure lower than 10-5 mbar [134, 135]. As it can be seen on

Fig 3.2 the fluorescence screen is mounted in the front of the sputtering system, and the source

is on the opposite site. The RHEED system is used to characterize the surface of crystalline

materials by striking beam of electrons at it at a very small angle. As electrons interfere with the
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position of atoms, a pattern will be visible only for crystalline surfaces.

The RHEED is very useful for the growth of thin films as it is sensitive only to the atoms at

the sample surface [136]. Although, this system was not used for qualitative assessment of the

sample crystallinity, it is an excellent tool to verify if the material is a single crystal. In the case

of single crystals, nice spots will be visible, such spots will change their position while the sample

is rotated. Therefore, for the growth of epitaxial single crystal thin films, RHEED was used prior

and after the deposition, that allow to check if the substrate is a single crystal and later to verify

if the growth film is also a single crystal.

Inside the main chamber, the substrate is located under the home-made heating system.

The heater has a resistive heating wire made out of 0.5 mm thick niobium wire, bent into an

spiral shape inside an alumina tubing. The temperature of the heater was calibrated using

using infrared thermography (IRT) for a multiple setting of the current applied to the heating

element. The temperature was measured at the sample spot not directly on the heater, to know

the actual temperature that helps with the nucleation of the deposited material. This heater

construction allows to reach temperatures of up to 1000°C, what is more than enough for growing

UO2 structures, which is usually in the range of 500-700°C. The possibility of heating substrates

to previously mentioned temperatures allows for growth of high quality epitaxial single crystal

thin films.

Once the substrate is heated to the required temperature, a reactive and an sputtering gas

can be introduced to the main chamber. As the system operates at ultra high vacuum, those

gases have to be dosed in a very small quantities. In order to do that, leak valves are used. A

typical leak valve consists of a movable piston with a flat sapphire that forms a seal with the

captured metal gasket. Movement of the sapphire is controlled using a threaded shaft-and-lever

mechanism, that allows to dose the pressure in range from atmosphere to below 10-11 mbar.

Based on the material to be grown, different reactive gases can be used. In the case of uranium

oxides, pure oxygen gas was used. The typical pressure to manufacture UO2 was around 2 x

10-5 mbar, and was adjusted prior to the introduction of the sputtering gas. Then, argon, the

sputtering gas, was dosed to obtain a pressure around 7.3 x 10-3 mbar.

The sputter deposition rate is calibrated by depositing a target material in known conditions
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for fixed amount of time, usually 300 seconds. From the economical point of view, a glass substrate

is used. The thickness of the calibration sample is accurately measured using x-ray reflectivity,

from which the rate is extracted. The value of the sputtering rate is usually in the range of 1 - 2

Ås-1, where metals are close to the lower end and oxides rates are higher.

Once the required sample thickness was deposited, the sample was left to cool down and

in case of single crystals a RHEED measurement was conducted. Then using the magnetic

arm sample was transferred back into the loading chamber. When all samples were ready in

the loading chamber, it was vented using nitrogen gas, and samples were placed in individual

membrane boxes.

Vacuum generation

For many scientific instruments, including characterization and deposition equipments, a very

clean and ultra high vacuum is required for proper operation. In the deposition system the degree

or quality of vacuum is not only important from the operation point of view, a lower pressure

environment helps to minimize the contamination providing a better control over the sample

composition. Vacuum in science can be sub-divided into five arbitrary categories with different

pressure ranges as shown in Table 3.1.

Vacuum Pressure range (mbar)
Low/Rough 1 - Atmospheric
Medium/Fine 10-3 - 1
High Vacuum (HV) 10-7 - 10-3

Ultra-high vacuum (UHV) 10-12 - 10-7

Extreme High Vacuum (XHV) lower than 10-12

Table 3.1: Five pressure ranges

To generate a low/medium vacuum multiple pumps can be used. To avoid contamination and

reduce maintenance, as those pumps have to work 24/7, dry solutions are used in our laboratories.

The most common pump is a dry scroll pump. As the name says, that pump uses two interleaving

scrolls to pump out gases as shown on Fig 3.3. A common solution is to fix one of the scroll, while

the other orbits eccentrically without rotating. Another possibility is to co-rotating the scrolls

in synchronous motion and with offset centers of rotation. This technology allows to create a
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vacuum up to 1 x 10-2 mbar, what is enough to start up a turbomolecular pump [137].

FIGURE 3.3. Graph presenting pump classification used to generate vacuum, together
with their pressure working range. Figure reproduced from [138]

A turbomolecular pump is used to provide and maintain high vacuum [137]. The principle

behind these pumps is that momentum can be given to the gas molecule in a desired direction,

using rotating solid blades. A typical turbomolecular pump consists of stacks of multiple pairs

of quickly rotating rotor blades and stationary stator blades, as shown on Fig 3.3. Rather than
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taking the gas out, this pump increases energy of the gas molecules. The upper stage captures the

gas and successively pushes it into the lower levels until it reach the backing pump. To increase

the efficiency of this process, blades need be thin and robust at the same time.

FIGURE 3.4. Schematic of a scroll pump on the left, showing the process of pumping
out gases. On the right schematic of a turbomolecular pump. Figure from [139]

Modern turbomolecular pumps use magnetic bearings. This solves the problem of oil contami-

nation and reduces friction, but also have a disadvantage. The limited clearance between rotor

and stator combined with magnetic bearing is very intolerant due to material expansion with

temperature, therefore an efficient cooling system is required. Turbo pumps operate at very high

speed, hundreds of rpm, providing a vacuum down to 10-7 mbar, with possibility to improve it by

couple orders of magnitude.

A desktop solution allowing to pump straight from the atmospheric pressure, down to the

UHV is available on the market, and were used during the work done in this PhD. Such set

consist of a turbomolecular pump supported with a diaphragm pump. The working principle of

the diaphragm pump is similar to the cylinder in a combustion engine. When the diaphragm

moves up, the volume of the chamber increases, the pressure decreases and the gas is drawn

into the pump. Then the volume decreases, increasing the pressure and forcing out previously

trapped gas. Diaphragm pumps are also lubricant free, but they can only provide a low level
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vacuum, therefore there are combined with specific turbomolecular pump.

In order to achieve even lower pressure inside the deposition chamber, a bake-out process can

be applied. During the bake-out the temperature of the equipment is increased to evaporate gases

absorbed on the walls inside the chamber. This can be done using bake-out tapes in combination

with high current filament light bulb located inside the chamber. This procedure is extremely

useful, if the main chamber was exposed to the air i.e for a maintenance. Typically bake-out

takes from one to three days, and the evaporated gases are continuously pumped out using

turbomolecular pump to further increase the vacuum from 10-7 mbar to 10-10 mbar.

Measuring the pressure

Multiple solutions are used to measure the level of the vacuum inside the equipment. As some of

them work only for specific range of the vacuum, it is important to understand the physics behind

them and the way they operate in order to avoid damage the the gauge. Often the measured

range of the vacuum overlaps for certain gauges, what allows to combine them in order to build

a so called full-range gauge. The examples of gauges and the range of the vacuum they can

operate/measure is shown on Fig 3.5. Here we will only focus on the gauges used within the work

associated with this thesis.

The most common gauge is using thermal conductivity to measure the pressure in the vacuum

system, and was named after his inventor Marcello Pirani [140]. The Pirani gauge consists of

a metal filament (usually gold plated tungsten or platinum). This filament is suspended in the

gas and kept at constant temperature. The heat can be transferred to the surrounding in four

ways: gas conduction at high pressure (E ∝ dT/dr, r is the distance from the wire), gas transport

at low pressure (E ∝ P(T1 −T0/
√

T0 ), thermal radiation (E ∝ (T4
1 −T4

0), and due to end losses

associated with the support structure. Therefore, reduce of the gas pressure will reduce the

number of molecules responsible for heat transfer and wire will lose hear slower. Measuring

the voltage needed to keep the sensor at constant temperature will give indirect indication of

pressure. In this case, the thermal radiation losses and the end losses are constant [141].

Two additional approaches are also possible, both are based on measuring the change in

resistance as a function of pressure. The first one operates with the constant voltage on the
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FIGURE 3.5. Graph presenting different technologies and their measuring ranges of
the vacuum. Figure reproduced from [138]

bridge, while the other one keeps the current constant. The measurement range for the Pirani

gauge is between 5 x 10-4 mbar to 1 000 mbar. Although, the reading below 1 x 10-3 and above

100 mbar is associated with lower accuracy ± 50% of the reading.

To measure accurately the pressure below 1 x 10-3 mbar, a Cold Cathode gauge (CCG) can be

used. The cold cathode ionization vacuum gauges consist of a cathode and an anode. It uses a

crossed electric and magnetic field to trap the electrons. The typical values for the high voltage

are from 2 - 6 kV, and for the magnetic field 1 - 2 kG. Due to field emission, negatively charged

electrons leave the cathode and move towards the anode with high velocity; on their way, neutral

gas molecules are ionized, which ignites a gas discharge. By measuring the gas discharge current,

the pressure can be indirectly investigated. The cold cathode can measure pressure from 5 x 10-9

to 1 x 10-2 mbar, and the gauge should not be activated above 0.1 mbar as it might get damaged.

A common way out is to mount both, the Pirani and the cold cathode gauges in the same

device, therefore a wide spectra of the pressure can be measured. This solution benefits also from

only one housing required, allowing to mount another vacuum equipment if the space is limited.

In this work PKR 251 and PKR 261 FullRange gauges from Pfeiffer Vacuum company were used.
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When the pressure level is below 5 x 10-9, another method to measure the vacuum is required.

Similar approach to the CCG is used in hot cathode gauge (HCG). The main difference is the

way of ionization, while in the CCG electron plasma circulated in crossed magnetic and electric

fields is responsible for this process, in the HCG ionizing electrons are accelerated, by suitable

electrodes into an ionizing space, from a thermionic cathode. For example, in a Bayard-Alpert

configuration electrons are boiled off from a hot filament and accelerated towards a cylindrical

grid cage. On their way, the electrons ionize some of the gas molecules, and resulting cations are

collected by a wire located at the center of the ionization volume. The collector current is lineary

releted to the gas pressure, at a constant temperature, what makes it easy for the calibration

process. Modern designs allow to measure pressure in range from 10-11 mbar to 0.1 mbar.

3.2 Chamber construction

Fabrication of metallic samples and oxides samples in the same system is not optimal and requires

additional steps, especially when switching from the oxides growth to metals. To overcome this

issue and limit oxygen exposure to the main sputtering system, a new system was designed

and built by myself as a part of this PhD. This allows to have designated systems, one for the

fabrication of oxides thin films and one for the deposition of metallic layers. Another benefit is the

increased amount of samples that can be fabricated. This sub-chapter describes the design and

construction process, which took two years, and includes information about the material choices.

A crucial part of each deposition equipment is the main chamber, where the process of sample

growth will take place. Chambers are usually made of stainless steel as it does not impede

the desired degree of vacuum pressure in the vacuum system. Multiple variation of austenitic

stainless steels can be used for vacuum applications such as 304, 304L, 304LN 316, 316L and

316LN. Other benefits of using stainless steel are: corrosion resistance, ease of machining and

manufacturing, mechanical strength, temperature tolerance and long life.

Vacuum chambers can be manufactured in different shapes including box shape, spherical

and cylindrical. An important feature is also the amount and location of the port, to allow the

installation of the necessary components for providing and measuring vacuum, deposition and
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FIGURE 3.6. The schematic of the stainless steel main chamber used for the construction
of a new deposition system. This system has eight connection, which are designated
for different applications.

characterization of the material. From economical reasons, due to very limited budget, in this

project old / second hand component were used where possible. As the main chamber a cylindrical

vessels made of stainless steel, with unknown history was used. Inside of the chamber was

cleaned using acetone and quality of the knife edges on the connection was verified.

The schematic of the new DC magnetron sputtering system is shown on Fig. 3.6. As shown,

the main chamber has eight connections which will be described in this chapter. The first section

is designated for a sample holder, the second section allows to see what is happening inside the

chamber. The third section at this moment is blank, with a possibility for further installation.

Transport of substrate/sample from/to main chamber is done using section four. The gun used

for sputtering is attached in section 5. The sixth section is used for measuring vacuum level and

insertion of gases. The heating system is attached in section 7. The last section (8) is used for

chamber evacuation.
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To design the components for the new sputtering chamber Fusion 360 software on a free

education license was used. The Fusion 360 is a 3D Computer-Aided Design and Drafting (CADD)

software with a Computer Aided Engineering (CAE) and Computer Aided Machining (CAM)

tools. At the design stage, prototype parts designed with this software were usually exported to

the FlasPrint software, and printed using a plastic 3D printer (name company of the printer).

Final parts were manufactured by the Mechanical Workshop, Faculty of Science at University of

Bristol.

As a sample carrier a commercially available flag style holder was used. The outline of

the holder is shown on Fig. 3.7. This sample plate is made out of molybdenum, which makes

it suitable to work in extremely hight temperature and under ultra hight vacuum condition.

Molybdenum (Mo) is a silvery-grey metal with atomic number 42. The widespread use and

popularity of molybdenum in vacuum applications is due to its wide range of properties. The high

melting point at 2620°C and low thermal expansion 4.8 µm/(m x K) (at 25 °C) combined with

low vapor pressure makes it perfect where high temperatures in UHV are present. Furthermore,

this material has high thermal conductivity and is highly resistant to corrosion. High elastic

modulus allow to machine it to required form and shape. In this project, commercially available,

high piurity (99.9%) Mo was purchased from Goodfellow Cambridge Ltd. (UK).

The design of the sample holder is shown on Fig. 3.8. The most limiting factor in design of the

sample holder is the diameter of ConFlat (CF) 40 flange through which it must pass. The internal

diameter of such a flange is 35mm, therefore, the sample holder has to be smaller than that. To

meet this requirement a 3mm thick and 34mm in diameter disc was used. At the middle of the

disc a space to hold flag type sample holder, and a part of the edge for loading and unloading

the sample, were cut out. This holder was then welded to a U shape narrow plate, in a way to

match the position of the loading arm, and allow for smooth sample transportation. In order to

achieve that, the disc was rotated 30 degrees relative to the U shape. The top middle point of the

U plate have a 6mm hole for a road. The M6 road is 20cm long ending with a 4cm of a thread

which combined with two nuts and washers allow for height adjustment. All those components

were made out of 316 stainless steel.

Stainless steel 316 is a corrosion resistance steel alloy, with a maximum of 1.2% carbon
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FIGURE 3.7. The drawing of commercially available molybdenum flag type holder used
in the construction of the new deposition system. Reproduce from [142].

by mass and a minimum of 10.5% chromium. The minimum of 10.5% chromium provides a

temperature resistance to 700°C. The 300 series of austenitic stainless steel contains chromium

and nickel, and it is the largest group and the most widely used. The 316 steel in addition contains

2-3% of molybdenum, what increases corrosion resistance, improves resistance to acids, and

increases strength at high temperature. The resistance at high temperature is very important in

case of the sample holder, as temperature during the deposition process can reach up to 750°C.

Type 304 and 316 can withstand temperatures up to 920°C, what is perfect for application in this

chamber.
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FIGURE 3.8. The drawing of a sample holder. It is a 3mm thick and 34mm in diameter
disc with a spacing at the middle to fit the flag type sample holder. The material
used to make this holder is 316 stainless steel.

When the sample holder was welded to U shape plate and attached to a M6 rod, it was

mounted on a rotary motion CF40 feedthrough allowing for a 360°rotation. All that was then

attached to a bakeable Linear Shift Mechanisms, allowing for a movement along 2cm, what was

necessary for picking up a substrate from the loading arm, and later for returning the sample on

the arm. All those component were made out of stainless steel.

Section two is located above all the other connections (excluding the top connection, number

one), providing a perfect view on the meeting point of the remaining sections. This connection

therefore was used as a viewpoint. To make it possible while maintaining an ultra high vacuum
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environment inside the chamber, a CF63 vacuum viewport was mounted. It is a standard bakeble

viewport made of borosilicate and fused silica. The view provided by this port is necessary for

sample manipulation, during the loading and unloading process. In addition, visual inspection of

the processes occurring inside the chamber is possible. Currently, there is no viewport shutters to

prevent deposition of the material on the glass, what gradually will contribute to the decreasing

of the transparency of this viewport. (But it will be mounted in the nearest future).

The section 3 is located below the view port, around 30°to the right and it is perpendicular

to the main chamber. In the current configuration an electrical CF 40 feedthrough with two

molybdenum pins (LewVac UK, FHM-2-28-40KF), able to conduct current of 28 A per pin, is

mounted. The length of those pins was adjusted in order to mount a halogen light bulb at the end

of them, and to provide light inside the chamber with limiting exposure of the light bulb to the

deposited material. This source of light can also produce a lot of heat what is very useful during

the equipment bake outs.

The future plans for this connection assume additional use of it for the in-situ Raman

spectroscopy. That requires an optical feedthrough, that can transfer laser into the sample

surface and bring signal back to the external Raman system. In this case, the feedthrough would

have to be under the sample in order to collect signal from the substrate/deposited material, and

remove during the deposition process to not block the patch of the ejected molecules.

The transfer of the substrate/sample takes place through section 4. This section is located at

the same hight as sections 3, 6 and 7 and the size is CF 40. At the end of this section is a loading

chamber, separated from the main chamber by a ultra high vacuum manual gate.

Loading chamber

The schematic of the loading chamber is shown on Fig 3.9. The Mini UHV gate valve (2), allows

to vent the loading chamber to atmospheric pressure, while maintaining ultra high vacuum

environment inside the main chamber. The main bit of the loading chamber is the 6-way stainless

steel CF 40 cross. To the bottom of this cross a O-ring seal PKR 251 (Pfeiffer Vacuum) full range

gauge is connected, allowing to read pressure level from 5 x 10-9 mbar to 1 x 103 mbar.

The vacuum inside the loading chamber is generated using Pfeiffer HiCube 80 connected to

95



CHAPTER 3. MATERIAL AND SAMPLE PREPARATION

FIGURE 3.9. The schematic of the loading chamber for the new DC magnetron sputter-
ing system.

the 6-way cross by a CF40 bellow. The HiCube 80 is a turbo pumping stations using an integrated

diaphragm pump as a backing pump for the turbomolecular pump. This combination allow to

reach a vacuum pressure of low 10-8 mbar, what is sufficient for a loading chamber to be open to

the main chamber.

Transfer of the sample is done using a quick accesses CF 40 door with O-ring sealing. A flag

type sample holder is mounted on a specially designed arm head. The view inside the chamber

for this operation is provided by the view port mounted on the top of the 6-way cross.

The section 5 which is located at the bottom of the main chamber is used for a deposition

source, which in this case can be a DC magnetron gun or an evaporator source.

The section 6 is used from gas inlets and measuring the vacuum level inside the main chamber.

To read the pressure level a full range gauge PKR 261 (Pfeiffer Vacuum) with metal seal is used.

Same as the PKR 251 model, allows to read pressure level from 5 x 10-9 mbar to 1 x 103 mbar, with

the difference in the sealing component what makes is suitable to use even for lower pressure

that can not be measure with it. An additional gauge installation is planned, and it will be an ion

gauge allow to read pressure values below the PRK 261 limits.

Two types of gases can be distributed into the chamber using mounted sapphire leak valves.
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The first one is connected to the source of the sputtering gas, which is argon. The gas is provided

by BOC company, it is a research grade N5.5 (99.9995% purity) argon in a 2L cylinder with a

0.3m3 content. Cylinder has a BS3 valve into which a regulator is connected. The connection

between the regulator on the cylinder and the leak valve is made using a Swagelock stainless

steel 4mm pipe, with two Swagelocks, one behind the regulator, and one in front of the leak valve.

The second valve has no gas connected right now, but can be used for any gas desired during the

sample deposition.

The limitation that applies to the heating element is size of the elements holding the sample

holder, which is 32 mm. Therefore, the with of the heater is only 30 mm as shown on Fig 3.10. To

compensate this limitation and allow for more heating wire, the length of the heater was deigned

to be 50 mm. Furthermore, price and availability of the materials from which heaters is made

also limits the size to 50 mm. In this rectangle configuration 30 x 50 mm as spiral 1 mm wide

and 1.5 mm deep tranches were made to fit a total of more than 50 cm of niobium wire.

The thickness of the main part of the heater is 6 mm, what allowed not only for comfortable

mounting of the heating wire but also provides enough space to mount a thermocouple inside. In

order to be able to measure the temperature a 25 mm deep hole with 2 mm diameter was drilled

on the side of the heater for the K type thermocouple. The material used to make is part of the

heater is MACOR.

MACOR was developed by Corning Inc. and it is a white ceramic which can be machined with

ordinary steel or carbide tools [143]. The typical composition for MACOR is 46% silica (SiO2), 17%

magnesium oxide (MgO), 16% aluminium oxide (Al2O3), 10% potassium oxide (K2O), 7% boron

trioxide (B2O3), 4% fluorine (F), with a density of 2.52 g/cm3. The tight-tolerance capabilities

of this material allows to use it with complicated shape design, in this case the trenches for

the heating wire. MACOR is stable up to 1000°, and can be used continuously up to 800°what

meets the requirements for growing uranium oxides. It is a good thermal insulator, therefore,

perfect to use a material for the back of the heater. This ceramic is an electric insulator, what is

required form a material to be a body for a resistive heater. The low outgassing, and possibility of

degassing before use, together with non-wetting properties make it perfect for ultra high vacuum

plication [144]. All MACOR material used in this thesis was bought from GoodFellow Inc.
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FIGURE 3.10. The drawing of the heater main body. This part is made of 6mm thick
MACOR. The trenches for niobium heating wire are 1mm wide,1.5mm deep, with
a length of 31-35mm. The spacing in-between lines for Nb wire is 1mm. The body
has three holes with 2mm diameter, used to asseble the main body with a bottom
plate, and attach to heater arm. On the side of the heater is a 25mm deep hole
with 2 mm diameter for a K type thermocouple.

The design of the bottom plate of the heater is shown on Fig. 3.11. The dimensions of the plate

and the positions of the holes for screws match with the main body of the heater. This plate is
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FIGURE 3.11. The heater bottom plate is a simple rectangle 30x50mm with a three
holes 2mm in diameter to match the heater main body for an easy assembly.

directly in-between the heating element and the substrate, therefore, high thermal conductivity

and possibility to machine are required from a material for this part. MARCOR due to low

thermal conductivity can not be used, and another material was found to be suitable.

Shapal is a combination of two different traditional ceramics: aluminium nitride and boron

nitride, unlike MACOR a glassy ceramic material. Although, it can be machined into a variety of

shapes using ordinary tools, whilst retaining many of the advantages of traditional aluminium

nitride. Shapal has much higher thermal conductivity 92 W/mK, compare to MACOR 1.46 W/mK,

at room temperature. The material used to fabricate the bottom plate was Shapal Hi-M soft from

GoodFellow Inc, which is a new improved version of Shapal-M soft released in 2012.

Prior to mounting heaters component into the holding arm shown on Fig. 3.13 , those

component should be assembled together. Niobium wire should be placed inside the tranches in

the main body, and then covered with the bottom plate. To fix those part together M2 molybdenum

screws were used, due to properties of this material.

The U shape part of the holding arm shown on Fig 3.13 is made of 3mm thick MACOR sheet.

This component has 2mm diameter hole to match those on the bottom plate and main part of the

heater. Additional two holes of the same diameter were made for a possible connection between

power supply wire and the heating wire. The 4 mm hole at the central part allows to adjust the

height of the heater by changing the position of the nuts used to couple the U shape arm head
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FIGURE 3.12. The left image (a) shows assembly of the main heater part and bottom
plate with niobium wire inside. On the right image, the heater is mounted on the
U shaped part of the arm holder.

FIGURE 3.13. Drawing of the U shaped component responsible for connecting the main
heater parts to the heater arm. This component is made of 3 mm thick MACOR,
and has a set of 2mm diameter holes for the heater attachment, and a 4 mm wide
hole for an adjustable mounting to the heater arm.

with the adjustable part shown on Fig 3.14.

The component shown of Fig 3.14 and Fig 3.15, are made of stainless steel, as there is no

need for use of MACOR. MACOR was used for other components due to its good isolating and

thermal properties. Those two component are assembled together using two M4 bolts and nuts.

The first component can move in the space between two plates in the second component. This
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FIGURE 3.14. Drawing of the rectangular stainless steel 316 plate with 10x60x1mm
detentions. The top 4mm hole is used to mount the U shaped part responsible for
holding the main heater part. After adjusting the length, this part is fixed with
two M4 nuts and bolts to the part shown on Fig. 3.15

solution allows to adjust the length that the heater is inserted into the main chamber, what is

necessary for any adjustments.

The left part of the component visible on Fig 3.15 was mounted on to a CF63 to CF16 zero

- length reducer flange made out of stainless steel, using a stainless steel vented screw. Such

a type of screw is also known as a Vacuum Screw, due to their application in vacuum systems.

They prevent from creating virtual leaks, which cannot be found using lead detection method. A

virtual leak corresponds to a trapped volume of gas at the base or below the tip of a blind-tapped

hole. To eliminate possibility of creating virtual leaks, the vented crews features a hollow core

and/or cut on the sides of the screw. This solution is applied also to the washers.

Mounting the arm to the reducer using the vented screw allows for tilting adjustment if

needed, or to dismount and mount another component into the flange what would not be possible

with welded parts. To supply the power into the heating wire and measure the temperature

inside the heater an CF16 electrical feedthrough is used. This feedthrough has two copper pins

allowing to provide enough heating power, and a chromel pin with a alumen pin to collect readout

from the K type thermocouple inside the heater.
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FIGURE 3.15. Drawing of the arm part attached to the flange. This part is made out of
SS316. The length of adjustable part is 50 mm and thickens of the plates is 1mm
with a 1 mm gap in between them for insertion of the part shown on Fig. 3.14.

The fully assembled heater can be seen on Fig. 3.16. The left photo (a) shows the heater in

actual orientation that will be placed above the sample holder inside the main chamber. All the

wires were isolated using alumina tubing, and connected either by placing wire in-between the

nut and the screw (for the thermocouple), or by using inline barrel connectors (power for the

heating wire). The up-side-down view on the heater is shown on Fig. 3.16 (b).

The power source for the heater is the RS PRO 1 Phase 2.4 kVA Variac (890-2872) providing

adjustable current from 0 to 10 A. The heat generated by the resistance of the niobium wire can

be measure by mounted K type thermocouple. To read the temperature the handheld RS PRO

RS41 Digital Thermometer with 1 K type input is used.

A thermocouple consists of two dissimilar electrical conductors welded together to form

an electrical junction. Due to the thermoelectric effect a temperature-dependent voltage will
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FIGURE 3.16. The fully assembled heater is visible on panel (a). Both set of wires, for the
heating and for the thermocouple are covered/isolated using alumina components.
The figure (b) shows the heater in up-side-down position.

be created, and this voltage can be translated into the temperature reading. One of the most

common type of the thermocouples is called K type. This tape of thermocouple is made of a

chromel (approximately 90% nickel and 10% chromium) and alumel (approximately 95% nickel,

2% aluminum, 2% manganese, and 1% silicon) wires. This inexpensive construction allows to

measure in a wide range from -200 °C to + 1350 °C. Another advantage of this solution for growth

of oxides is its their ability to operate very well in oxidizing atmospheres.

The vacuum inside the main chamber is generated and maintained using bigger CF100? 120?

connection placed at the other side of the chamber, opposite to the connection 6. Prior to starting

the turbomolecular pump the chamber is evacuated to −2 mbar base pressure using a dry pump.

The pump used in the main chamber of this equipment is nXDS Scroll Pump (Edward) model

10i. The benefit of using such a pump, is that it does not require any lubricant preventing cross

contamination and providing clean and dry vacuum. Furthermore, the maintenance of the pump

is reduced to a minimum, as for example it does not require change/refill of oil, the parts that

wear-off are tip seals. The nXDS10i model can pump 10 m3

h , with a continues inlet pressure of

200 mbar. The nominal rotation speed is 1800 rpm, what generates a noise level of 52 dB(A). The

pump can be remotley controled using a RS232 or RS485.

Once the turbomolecular pump is switched on, the main roll of the scroll pump is backing the
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turbomolecular pump. The outlet of the pump is connected using a flexible hose to the exhaust

line on the wall. The exhaust line terminate outside the building, therefore, the laboratory air is

not contaminated by any gasses used during the operation of the sputtering equipment. Currently

the equipment operates at vacuum level lower than 5 x 10-9 mbar. Although, the correct value

can not be measured due to limitation of the full range gauge.

In order to achieved such a UHV environment a bake-out of the equipment is conducted.

That involve use of a baking tape set to 120 °C combined with the halogen light bulb mounted

in section 3. The sputtering system is left for couple hours, until there is no visible change in

pressure, and the allowed to cool down to room temperature.

Turbomolecular pumps generate heat as they compress gasses, and therefore must be cooled.

Based on the pump, different cooling methods can be used, in this case, a water cooling is required.

Cooling block was fixed to the turbomolecular pump using a thermal conductive paste and screws.

The inlet and outlet of the cooling block was connected to the 18 °C water circuit. The flow rate is

adjusted using a acrylic flow meter FL-2051 (Omega) to be around 0.5L/m.

The sections previously indicated on schematic drawing on Fig. 3.6, are now shown on photos

(a) and (b) Fig. 3.17. The first section (1) allows for sample rotation and hight adjustment.

The viewpoint (2) is covered with aluminium foil for bake-out and to prevent dust deposition.

Connection to the loading chamber (4) can be seen on the right side of the main chamber. The

gun/evaporator connection (5) goes through the top of the trolley to the lower part (Fig. 3.17 (c)).

The bottom part of the trolley hold desktop turbo pump used for the loading chamber and the

primary scroll pump for the main chamber. Also, the Argon cylinder is attached to one of the

support and rest on the bottom part. The deposition gas is connected to section (6), where also a

vacuum gauge is mounted. The turbomolecular pump (8) used to provide UHV in main chamber

is visible on Fig. 3.17 (b). The heater section (7) is placed on the left side of the main chamber.

The view inside the chamber with switched on heater, without light, is shown on Fig. 3.17 (c).
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FIGURE 3.17. Photos of the new sputtering system (a-c) with numbered sections. Panel
(d) shows heating element during operation at hight temperatures.

3.3 Depleted uranium

Uranium used for the fabrication of sample for the purpose of this thesis is the depleted uranium

(DU) metal. Depleted uranium has a lower content of the fissile isotope U-235 than natural

uranium. The amount of this fissile isotope in DU is lower than 0.3%, while natural uranium

contains about 0.72%. As most radioactivity comes from the U-235 isotope, use of the DU allows
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to decrease the level of radiation to around half of its value. This makes it easier and safer to work

with, and to transport to external facilities. As thin films already have extremely low activity,

this concern mostly the bulk starting material.

The starting material used as the depleted uranium metal target is a disc 2 inches in diameter

and 6 mm thick, purchased from Goodfellow company. Prior to mounting the sputtering target on

the gun, a cleaning process is required. If the surface of the target has a lot of contamination or

is tarnished from prolonged use, a good solution is to polish the surface. Based on the starting

quality of the surface, different silicon carbide grade of polishing paper can be used. Usually

starting from P180, and systematically reducing to P1200 as a final step.

Before the target is placed inside the main chamber under ultra high vacuum conditions,

exposure to the air is unavoidable. This can lead to oxidation of the uranium metal and formation

of an oxide layer on its surface. To remover this contamination, as it can influence the quality and

the stoichiometry of a sample, guns are sputter cleaned for around 30 minutes before proceeding

with any sample deposition process. The sputter cleaning takes place also each time when the

chamber has been vented.

3.4 Substrate choice and preparation

The structure of uranium dioxide is well known and was studied using both x-rays and neutron

techniques. It is a cubic fluorite structure (cF12 in Pearson notation), where each uranium is

surrounded by eight oxygen atoms. The coordination geometry of UIV is cubic, with oxygen

O2- atoms in tetrahedral geometry. Therefore, UO2 space group is Fm3m, No. 225. The lattice

constant at room temperature for a stoichiometric cubic uranium dioxide is 5.47 Å.

To grow high quality samples of UO2, using a DC magnetron sputtering system, a matching

substrate is required. A good match between the thin film and the substrate helps to reduce

lattice stretch and structural defects. Based on the experience from the research grumps using a

reactive DC magnetron sputtering system at the University of Bristol, at the University of Illinois,

and at the Institute of Transuranic Elements, suitable substrates were identified. In the work of

Bao et al. [78] match between (001) oriented thin film of UO2 and the (001) oriented substrates
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of calcium fluoride (CaF2) and lanthanum aluminate (LAO) was reported. The yttria-stabilized

zirconia (YSZ) substrate to growth a (001) single crystal of UO2 was reported by Strehle et al.

[82]. Later all three orientations (111), (110) and (001) of YSZ were used by Rennie et al. [83] to

produce single crystals of UO2 for corrosion studies.

Yttrium Stabilised Zirconia (YSZ)

Yttria-stabilized zirconia (YSZ) is a ceramic material in which the crystal structure of zirconium

dioxide is stabilized at room temperature by an addition of yttrium oxide. The name of this

compound related to the oxides it consists of, zirconia (ZrO2) and yttria (Y2O3). Pure zirconia

has monoclinic crystal structure at room temperature. The phase transition to cubic structure

is observed above 2370°C, after the formation of tetragonal structure at around 1173°C. The

melting point for zirconium dioxide is 2715°C.

Making a cubic zirconium dioxide stable at room temperature is therefore challenging, as

each phase transition is associated with a large volume change. To achieve stability of the cubic

structure over wide range of temperatures, the Zr4+ ions are replaced with with slightly larger

ions. In this case the ions of zirconium with ionic radius of 0.82 Å, are substituted with 17 %

larger ions of Y3+, hence the name.

Different effect are obtained, based on the amount of the stabilizing material. The system

ZrO2 - Y2O3 has been extensively studied for more than 60 years. Mostly YSZ with less than

7 mol% Y2O3 was used in the early publications. The amount of yttria in the range of 2-6

mol% produce the partially stabilized zirconia. A fully stabilized cubic YSZ is possible with a

Y2O3-content of >7 mol%.

Substrates used to grow samples in this thesis were 8 mol% - Y2O3 stabilized YSZ from MTI

company. The lattice constant provided by the supplier is 5.125 Å. Therefore the lattice mismatch

between the UO2 and YSZ substrate in this case is 6.73 %. The epitaxy relation in this system is

shown on Fig 3.18, for each three principle orientation (111), (110) and (001).

Apart of providing an epitaxial match for the three principle orientation, YSZ can be also used

as a scaffolding for a polycrystalline UO2 with a controlled grain size. This is a very important

property, as the UO2 nuclear fuel is polycrystalline. The size of the grains is in range of tens of
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FIGURE 3.18. Schematic of the three principle cubic orientations (100), (110) and (111)
and the epitaxial match between UO2 and YSZ substrate. Oxygen atoms are shown
in gray, uranium atoms in blue and YSZ atoms in orange. The lattice mismatch is
the same in each case at 6.3 %. Figure from [83]

micrometers, while the thickness of a film is measured in nanometers, which allows to create

columns of UO2 that will exactly match the structure of the ceramic YSZ substrate.The example

of this application is shown on Fig 3.19

Using the columnar approach to fabricate samples allows to reduce the three-dimensional

problem into a two-dimensional one. This opens new possibilities to study the influence of the

grain orientation, and grain boundaries on the mechanical, electrical and other properties of the

UO2. In this scenario, the total length and concentration (area) of the grain boundaries can be

easily measured using a SEM, as all the grain boundaries are visible on the surface. In a 3D

approach that would not be possible, as often the grain boundaries inside the material can’t be

measured without destroying the sample, and even then it would not be as precise as in the

columnar case.

Grain size of the epitaxial UO2 can be controlled by modifying the YSZ substrate. In a

columnar system, if spot measurements such as XPS or Raman are conducted on a specific grain,

the signal will contain only information for this specific crystal orientation, as there are no other

grains below to contribute to the signal. Combining EBSD mapping with other techniques allows

to precisely measure the difference in the behaviour of the grains, based on their orientation .
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FIGURE 3.19. Schematic of a polycrystalline sample as a three-dimensional material (on
the left), where the contribution to the measurement comes from all the grains and
grain boundary. On the right a columnar approach, allowing precise measurement
of the grain boundaries, and signal coming only from specific orientation of the
grain.

Another unique property of the YSZ/UO2 is previously mentioned latices mismatch, where

the YSZ unit cell is smaller than UO2. The importance of that fact is in behaviour of the

UO2 while oxidising to U4O9. The lattice constant shrinks due to incorporation of oxygen from

5.47 Åto 5.44 Å, and the increase of oxygen to UO2.25 happen even at room temperature and

air atmosphere. Therefore, the UO2+x structure relaxes while oxidizing, and this process is

energetically favourable.

3.4.1 Annealing, polishing, cleaning (Substrate modification)

Intense temperatures and radiation fields present within a nuclear reactor induce substantial

differences in crystallinity across the uranium dioxide fuel pin [145]. The resultant large grain size

distribution as a function of position within a fuel pin, teamed with a poor thermal conductivity

and large temperature gradients requires full understanding of the heat transfer mechanism in
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the predominant fuel worldwide. Additionally, variations in grain boundary density influence

rates of corrosion, an important consideration for the safe storage of spent nuclear fuel [146].

To investigate these effects, polycrystalline yttria stabilised zirconia substrates, that provides

a cube-on-cube epitaxial match for UO2 for all crystal, can be annealed to mimic the size of the

grains within a nuclear fuel prior, during and after operation.

Annealing is a heat treatment process, where the material is exposed to high temperature

during prolonged time. Atoms are able to migrate, due to increased energy, in the crystal lattice

and the number of dislocations decreases. The material progresses towards its equilibrium state,

as heat allows to break bonds by providing the needed energy. This process in metallurgy can be

divided into three steps [147]. The first step, recovery, happens at the lower temperatures and

reduce the amount of dislocation within material, not affecting the grain size and shape. The

next stage is recrystallization, where nucleation of grains occurs. Once this process is finished

and the sample is still exposed to high temperatures, the third stage, grain growth take place.

Lateral grain sizes of the YSZ substrates was increased by annealing them in tube furnace.

This process was carried out in air atmosphere, at 1600 °C. The heating ramp rate was set to

15 °C/min, and the same rate was used for cooling down process after annealing at 1600 was

finished. While there was no difference between set point and actual temperature during the

heating stage and annealing stage, a noticeable difference of 10-100 °C was observed during

cooling down at temperatures below 300 °C. At lower temperatures, the furnace was unable to

lose temperature quickly enough to follow the set point. The substrate was left in the oven until

room temperature was reached. Due to changes in the grain size and shape, roughness of the

material increased, and it was necessary to minimize this effect. In order to obtain a smooth and

clean surface, required for sputtering of high quality polycrystalline thin film of UO2 using DC

magnetron sputtering system, polishing and cleaning processes were applied.

Resin encapsulation

Before the polishing process, the sample has to be encapsulated in resin. In our laboratories two

types of resins are available, hard (hot) and soft (cold). The hard one has better conductivity

which makes it more suitable if the sample will be characterized by electron microscopy, however

110



3.4. SUBSTRATE CHOICE AND PREPARATION

due to its process (as the process involve pressure and temperature) it is not recommended to

use with YSZ substrates as it causes cracks, and material is no longer suitable to be used for

deposition at the DC magnetron sputtering system at University of Bristol.

Two soft resins from Struters are accessible in our laboratory: ClaroCit and EpoFix. ClaroCit

is an acrylic resin with short curing time ( 20 min.), EpoFix is a epoxy resin with much longer

curing time (12h), and better shrinkage properties. For the YSZ substrate the recommended

mounting is ClaroCit systems, which consists of two components: a hardener (curing agent) and

a resin.

All the operation should be handle using gloves or tweezers. Prior to the mounting of the

sample in resin, both the sample and the mounting cup have to be clean and dry. Each surface

must be free from grease, moisture and any other contaminants for the best possible adhesion.

To mount the sample following items are needed: ClaroCit powder, ClaroCit Liquid, two

mixing cups, wooden stick and mounting cup. The ratio of powder to liquid is 20:12 by weight

or 5:2 by volume, as the density of powder is 0.66 g/ml and liquid is 0.95 g/ml. To obtain the

best results using weighting method is recommended. For mixing amounts smaller than 20g of

powder it may be necessary to add a few drops of the liquid. Mounting procedure is following:

• Place the sample facing down in the centre of the mounting cup

• Weight the required amount of the ClaroCit powder in mixing cup

• Weight the required amount of the ClaroCit liquid in mixing cup

• Pour the powder into the liquid while stirring

• Stir for around 90 seconds (without introducing air into mixture)

• Immediately pour the mixture to the mounting cup

• Leave at room temperature for at least 20 minutes (more time might be required for bigger

mounting cups)

Three stages from this process are shown on Fig 3.20. On the first picture 20 mm moulds

were cleaned using isopropanol and dried out, then samples were placed in the center. In the
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second step, resin was pure and sample were left to set (Fig 3.20 (b). Mould with removed lids

and visible encapsulated substrates are visible on Fig 3.20 (c).

Alternatively, it is possible to use just one mixing cup and add liquid to the powder while

measuring it weight on the scale. However, adding powder to the liquid is recommended for better

homogeneity of the resin mixture.

FIGURE 3.20. Different stages of substrate encapsulation. Panel (a) substrates loaded
into clean forms. In the next stage (b) resin is pure into the form and felt overnight.
Encapsulated substrates, ready for polishing process, are shown on panel (c).

Good practice is to add additional for on the top of the substrate, so it adheres better to the

bottom of the mould. This can be achieved by simply placing a stainless steel nut over it. That

would prevent resin getting under the sample, and forming additional layer that needs to be

removed prior to grinding/polishing the area of interest. Additionally, it will prevent substrate

from moving while resin is pure and is setting. If the sample has possibility to move, it can end

up being tilted in the fixed resin, making polishing process much more difficult and final product

having a gradient of thickness. Alternatively, the sample can be fixed to the bottom using a SEM

carbon stick, as the glue leftovers from this process will be removed/polished anyway.

Grinding/Polishing

As some stages of the grinding and polishing process requires to rotate the sample by 90°, or keep

it at the same position, it is important to have a reverence points on the sample. Good practice is

to engrave a compass rose on the back of the sample as shown on Fig 3.21 (a) with red colour.

Another difficulty faced during grinding and polishing, especially when holding sample by

hands, is to evenly apply force during those processes. This might cause again gradient to the
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FIGURE 3.21. Schematic of two very useful steps applied to a sample encapsulated
in the resin. On the left (a) schematic of up-side down sample, where compass
rose is engraved on resin, allowing to control sample rotation during the polishing
grinding process. Before grinding/polishing of the substrates it is beneficial to
remove softer resin from around the top edges (next to the sample) as shown on (b).

thickness of the sample, but what is more important the surface will not be homogeneous. The

entire polishing process is done in steps, therefore, if some area of the sample was not exposed

to the same conditions (force applied), the next steps will be only beneficial to the part of the

sample. To help with this obstacle, the top edge of the soft resin should be grinded, so the area

of the sample is mostly exposed to the grinding/polishing material, as shown on Fig 3.21 (b).

It is important not to damage the sample during this process. The best is to use for this step

sandpaper grade P600. The same procedure of creating bevels can be applied to the opposite side

of the sample to remove any resin imperfections (the meniscus) making it more comfortable to

grab with fingers.

After creating bevels sample should be thoroughly cleaned using detergent and finger-

scrubbing to remove any adherent debris created during this process. The cleaning process

have to be done every time when the sample is to be polished by a finer paper grade. Otherwise,

the coarse debris can be transfer between grinding platters, contaminating them. As a result,

sample surface will be damaged, and it will be necessary to go back to previous grades and repeat

polishing process.

The only way to know what is happening with the sample surface during the grinding/polishing
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process is to look at it with naked eye and under optical microscope. This should be done regularly,

especially before going to a finer paper grade. To make this process easier, a good practice is to

rotate sample 90 °each time the paper grade is changes, and only by 180 °while using the same

paper. In this way, line/tranches done by the SiC grains digging only in one direction, will be

orthogonal to the previous steps. Therefore, if marks from the previous process are still visible,

more grinding/polishing is required. In that case it is important to not increase pressure, what

will only increase the depth of smear, but to increase the polishing time. Sometimes , based on

the material and paper grade it might be necessary to repeat this process few times, each time

slightly reducing pressure to improve surface finishing. Furthermore, peripheral and central

area should not be used for polishing.

Based on the polishing process applied to the YSZ substrates by supplier MTI Corporation

(USA), different SiC grades of paper were used as a starting point. Two possible finishing are

available from supplier, one side polished (can be used straight for deposition) and fine ground. In

both cases, if substrates were annealed in order to increase grain size, their roughness changed

as well and polishing is required. For the fine ground polished substrate a P800 Silicon Carbide

grinding paper was used, followed by P1200, P2500 and P4000. The first stage of polishing process

for one side polished YSZ was P1200, fallowed by P2500 and P4000. Time needed for each step

was usually between 3 minutes to 20 minutes. The polishers used during this stage are shown on

Fig 3.22 (a).

In order to further reduce the roughness of the sample, the surface can be polished using

diamond polishers. The ECOMETs polishers are shown on Fig 3.22 (b). Each of them use diamond

paste with different size starting from the left the grade of diamond paste are 3um, 1 um, 0.25

um and 0.1 um. The three polishers with higher grades, use MasterTex polishing cloths fitted to

wheel, while the last one is fitted with MicroCloth.

Cleanliness plays extremely important role during the process of polishing with diamond

pastes. Prior to polishing, the sample should be clean thoroughly to remove possible SiC con-

tamination and other debris from previous stage. Then it has to be cleaned after each step of

polishing when changing to the finer-grade polisher to avoid transfer of coarser diamond grains.

The sample has to be dried after each cleaning, as water is not good for diamond polishing.
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To clean the sample, surface should be first sprayed with lubricant (oil), and then rubbed

with a finger (using gloves during entire process) to mobilise debris into the oil. Then a drop or

two of washing-up liquid should be applied to form an emulsion with the dirty oil. Diamond is

hydrophobic, and will be carried away in the emulsified oil droplets, when rinsed well under the

tap water. To help drying, and avoid deposition of minerals for the water, surface should be rinsed

using isopropyl alcohol. The use of acetone is not recommended, as it would soften the resin used

for encapsulation.

The polishing process using diamond polishers is almost identical to the one for coarse

grinding on SiC papers. Although, the force applied to the sample can be lower to allow lubricant

oil under the sample. The best results are obtained by moving sample inwards and outwards. To

polish the YSZ substrates, a bit of paste (1 cm long for syringe) was added on the cloth together

with oil, and then the sample was polished for 5-10 minutes, adding lubricant when required.

FIGURE 3.22. Pictures of the grinders/polishers at the School of Physics (IAC), Univer-
sity of Bristol. From the left (a) grinder/polisher Buehler Metaserv with two rotors
with exchangeable coarsest papers. ECOMETs polishers using a diamond paste
are shown on picture (b). From left to right the grade of Diamond paste are 3um,
1 um, 0.25 um and 0.1 um. Vibro-Polisher used for the final polishing step of the
sample, with colloidal silica ( 20 nm diam.) is shown on picture (c).

The last step of the polishing process involves use of a Vibro-Polisher. Vibratory Polisher is a

machine designed to provide a high quality polished surface, suitable for surface sensible tech-

niques such as AFM or EBSD. This procedure can be applied also as a final step for preparation

of the substrate for the DC magnetron sputtering deposition.

The device consists of a bowl containing the polishing cloth with colloidal silica suspension,

mounted on a triad of springy angled beams. During operation, an electro-magnet bends the
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beams, what causes the bowl to lift and rotate slightly. The inertia of the ground and the

encapsulated sample (with extra weight added on top) increases the contact-pressure between

the sample and the cloth, increasing the abrasive effect of colloidal silica. When the magnetic

field disappears, the bowl is pulled down by the mounting beams faster then gravity. The sample

moves, as it is thrown in the air with a tiny rotation and then it lands slightly further forward on

the cloth. The polishing happens always at the same relative direction, as the imparted rotary

action causes sample to orbit in the Vibro-polisher with a constant radial orientation.

To prepare the Vibro-Polisher, first 75 ml of Milli-Q water are added into the the bowl to wet

the cloth. In the next step, 50 ml of Colloidal Silica are added and mixed with water inside the

polisher. This result in a homogeneous 0.5 mm thick film of cloudy liquid over the cloth. Samples

are mounted into Buehler pucks of different diameter, depending on the resin pot size used for

encapsulation, available puck sizes are: 25, 30, 40 and 50 mm. Resin with the sample must have

their edges still bevelled as shown on Fig 3.21 (b), otherwise the efficiency of this process will

be lower and the file time of the polishing cloth will be reduced. The pucks have a grab screws

on the sides to fix the sample. The top point of the sample surface should be around 3 mm from

the pucks in order to prevent abrading the puck and lifting suspension into them. The final step

before placing puck with a sample inside the Vibro-polisher is to add weight on top of it.

YSZ substrates for this studied were polished using the method described in this section on

the Vibro-Polisher shown on Fig 3.22 (c). The magnitude of vibration was kept constant for all the

substrates, by setting always the amplitude to 50 %. The total polishing time using Vibro-Polisher

was longer than 24 h in each case, resulting in high quality polished surfaces.

Cleaning

A clean surface of the substrates is indispensable for the fabrication of high-quality thin films

using PVD on substrates. Contamination might adversely affect the thin film growth, causing

reduced adhesion strength to the substrate, defects and dislocation or lead to undesired chemical

reactions with either the substrate material or the deposited film. Contamination can occur in

various forms e.g. : as particles, absorbed gases and closed films [148].

Prior to the film deposition, different cleaning procedures can be applied to remove contami-
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nants. Most of the cleaning procedures established and optimized of several decades [148, 149],

focus on effective cleaning of silicon but can be applied to other materials as well. For the mi-

croelectronics application, the standard cleaning procedure of Si substrates was developed by

Kern and Puotinen in 1970, and named RCA (after the Radio Cooperation of America) [150].

Another possibility to clean substrates surface is use of UV-ozone treatment, this method was

developed by Vig in 1985 [151]. On the other hand, this method might cause an increase of the

thickness of oxide layer on a silicon surface [152]. Another more efficient way of eliminating

organic contaminant [153] than UV-ozone treatment, is oxygen plasma cleaning [154].

The methods mentioned above involve the use of acids (RCA) or special devices. Even though,

new contaminants can be introduced from the cleaning equipment, used chemicals and even

ambient conditions in laboratory, during the cleaning process itself. Furthermore, handling and

transporting the substrates after cleaning have to be done very carefully in order to maintain a

very clean surface.

Taking into consideration all of the above information, a method developed by Menon et al.

[155] was modified and used to clean the YSZ substrates. This method involves using the common

laboratory solvents (acetone and ethanol), an ultrasonic bath, and is easy to handle as no acids

are required. Once the polishing is finished, the substrate is still encapsulated into a resin. To

soften the resin and be able to remove the sample, entire specimen should be immersed in acetone

and left in an ultrasonic bath for one hour. After that time, the resin should be soft enough to

scalpel out the substrate. Leftovers of the resin should be disposed to designated bins, as pouring

it down the sink will block it.

The sample in addition to the debris from polishing process, will also have some remainings

of the resin. Those contamination will prevent from the epitaxial growth of the UO2 on the

YSZ, therefore it is necessary to make this surface as clean as possible. The first stage is to

ultrasonicate substrate in acetone for 1 hour to remove bigger resin contamination of the sample.

During this time, it is important to check on the process as the temperature will increase and the

solvent will evaporate. As the rise of the temperature help the process, evaporation should be

avoided as results of that will be re-setting of the resin. Once this step is finished, sample should

be rinsed with acetone, and again ultrasonicate for additional 45 minutes in clean acetone.
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In the next step to further remove organic contaminants, substrates were submerged in

ethanol and left in an ultrasonic bath for one hour, then rinsed with ethanol. The same steps

were followed with isopropanol. Once the substrate was subsequently cleaned using those three

solvents, the surface was dried using flow of clean warm air to prevent build up of residues.

3.5 Sample Growth

For the growth of samples all substrates have been purchased from MTI Corporation (USA).

Prior to shipment substrates undergo sophisticated polishing and cleaning processes resulting in

extremely smooth and clean surface on an atomic level. Each substrate is individually packed in

protective atmosphere. Therefore, no additional cleaning process is required if the substrates

are not annealed, and can be used straight for deposition. Otherwise the substrate undergo

the processes described in the previous section. To avoid any additional contamination during

substrate handling, gloves and tweezers cleaned with isopropyl alcohol are used. Final samples

are stored separately in membrane boxes from Agars Cientific (UK).

Samples in this thesis were fabricated using the existing reactive DC magnetron sputtering

system. Substrates were mounted on special molybdenum holders and loaded into the loading

chamber. First, in order to be able to open this chamber, the pumping system was switched off

and the chamber was vented using nitrogen gas, to prevent any contamination from air. The

stage inside the loading chamber allows placement of four molybdenum holders at once, reducing

the amount of times that the chamber has to undergo the venting/pumping process.

Before moving to the main chamber for deposition process, a couple of preparation steps were

done. Firstly, to achieve an ultra-high vacuum environment, thereby reducing the final sample

contamination, the chamber was baked out as described in section 3.1 . Secondly, an out-gassing

process was applied to the heater, by increasing it temperature 100 °C above the temperature

used for sample deposition. A higher temperature is kept for an hour to allow desorption of the

contaminants built up on the heater elements.

Another step undertaken before deposition to minimise any contamination is gun cleaning.

Although the target material, which in this case is uranium metal, is polished prior to mounting
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inside the chamber, it is exposed briefly to air. Due to the high reactivity of uranium metal, an

oxide layer is formed on the top, and there is a chance for another contamination during the

target change process. To overcome this issue, the gun was sputter cleaned for 45 minutes prior

to sample growth.

Once all the steps and measures were taken to prevent any sample contamination, samples

were fabricated. In order to do that, substrates were transferred using magnetic arm from the

loading chamber to the main chamber, after opening the manual gate valve in-between those

chambers. In case of single crystal substrates a RHEED measurement was taken at this step of

the process. Then substrates were gradually preheated to the required temperatures and left for

45 minutes to let the temperature stabilise. A partial pressure of oxygen (usually 2 x 10-5 mbar)

was introduced into the chamber. In the next step, argon sputtering gas, was let inside and the

pressure of argon was adjusted using a leak valve to be around 7.3 x 10-3. Then 50 W power was

applied to gun to start the deposition process for required amount of time. Detailed parameters

for each sample are listed in Table 3.2.

In case of single crystal growth a RHEED measurement was done once the growth sample

reached the room temperature again. The sample was taken out of the main chamber to the

loading chamber using the magnetic arm. From the loading chamber samples were transferred

into the membrane boxes.
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4
POST-DEPOSITION SAMPLE CHARACTERISATION

B
ased on the deposition parameters and substrates it is possible to grow uranium diox-

ide samples with different crystal structures. That includes polycrystalline structure

with grain sizes from nanometers to tens of microns, and single crystals of specific

orientations. This chapter will focus on the characterisation of UO2 thin films grown using DC

magnetron sputtering. XRD characterisation has been conducted on all samples to determine the

structural properties of the fabricated films. Where possible, thickness of the sample was mea-

sured using XRR, grains and their orientation were characterised with EBSD for polycrystalline

samples, and off-specular diffraction was conducted for single crystal samples.

4.1 Growth mechanisms

The first studies on thin film formation processes are dated to at least the 1920s [156]. The concept

of formation of nuclei that grow and coalesce was presented from research at the Cavendish

Laboratories by Lewis at. al.[157]. Interest in thin-film growth led to the development of new

techniques that allowed for the fabrication of materials in a new way, pushing forward in the

study of functional complex oxide materials [158], such as UO2.

The three major thin film growth mechanisms are shown on Fig 4.1, those are (a) Volmer-
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Weber (or island growth), (b) Frank-Van der Merwe (or layer-by-layer growth), and (c) Stranski-

Krastanov growth.

FIGURE 4.1. Illustrations of the three basic growth processes (a) Volmer-Weber (island),
(b) Frank-Van der Merwe (layer-by-layer), and (c) Stranski-Krastanov growth.
Frigure taken from [159].

The first of the illustrated processes on Fig 4.1 (a) is Volmer-Weber, island growth occurs when

the smallest stable clusters nucleate on the substrate and grow in three dimensions forming

islands. This happens in systems where the bonding energy between atoms in the deposit is much

higher than between the deposited atom and the substrate material. This behaviour is typically

observed in the fabrication of metals on insulators, and is rarely observed in the growth of oxide

films.

The opposite characteristics are exhibited in in Frank-Van der Merwe. Here the growth of the

smallest stable nucleus take place overwhelmingly in two dimensions resulting in the formation

of planar sheets. The bonding energy of the atoms to the substrate is much stronger than the

bond to each other. Once the first monolayer is completed it is covered with a second layer, which

is less strongly bonded. The decrease in the bonding energy progresses with every layer until the

bulk bonding strength is reached. This layer-by-layer process involves single-crystal epitaxial
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growth of oxide thin film. The recent development around the ability to control deposition through

this and other similar growth modes, allows for unprecedented control of oxide materials down to

the single (or even half-) unit cell level [159].

The Stranski-Krastanov growth mechanism is an intermediate combination of the aforemen-

tioned modes. In this layer-plus-island model, after initial formation of one or more monolayers,

subsequent layer growth can transition from two- to three-dimensional growth and islands

are formed. This transition is associated with a decrease in binding energy, characteristic of

layer growth, which can be caused by film-substrate lattice mismatch, as the lattice strain de-

creases with each layer. This sort of growth is very common and has been observed in multiple

metal-metal and metal-semiconductor systems.

A more detailed description of the aforementioned growth models, including thermodynamic

models can be found in the book: Materials Science of Thin Films [156]. In the end, during the

deposition of the material on the substrate, nucleation and growth can occur in a number of

ways based on the kinetics of the system. Therefore, parameters such as growth temperature,

deposition rate, pressure, etc., can be used to control the thin films.

Epitaxial growth

Epitaxial growth refers to the formation of a single crystal film on top of a single crystal

substrate. The name comes from Greek epi - placed or resting upon and taxis - arrangement,

as the deposited material adopts the crystallographic structure of the substrate. Two types of

epitaxy can be distinguished: homoepitaxy and heteroepitaxy. In the first case a substrate is

made out of the same material that will be used for deposition. The films fabricated in this way

have very high quality and are free of defects.

Heteroepitaxy is the second type of the epitaxy, where the substrate and the film are different

materials, but there is a relation between their structure allowing them to coexist in their forms.

One of the simplest examples in show on Fig 4.2, (a) it is a direct cube on a cube, while (b) is also

a cubic match, but with a 45 ± rotation.

The difference between homoepitaxy and heteroepitaxy is demonstrated on Fig. 4.3. The very
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FIGURE 4.2. Epitaxial relation, (a) shows a direct cube on cube match and (b) shows a
cubic match with a 45 °rotation.

good match between the substrate and the films results in a nearly perfect lattice match, which

is characteristic for the first type of epitaxy as shown on Fig. 4.3 (a). A more complex scenario is

achieved when the film and substrate materials are different and the lattice parameters have a

slight mismatch. The strained-layer epitaxy is shown on Fig. 4.3 (b). This scenario occurs when

very thin films have the same crystal structure regardless of substrate mismatch. The relaxed

epitaxy is illustrated on Fig. 4.3 (c). The materials might have different crystal structures, and

the lattice mismatch is larger than in the previous example.

Epitaxy has crucial importance not only in the laboratory for growth of single crystal samples

for better understanding of the material properties, but also in industrial applications such as

solid-state device processing. Therefore, a perfect epitaxy is an extremely desired system and a

lot of work has been conducted in this field [156].

Defects

A perfect crystal, where all the atoms are at rest on their correct lattice position in the

crystal are extremely rare. Real systems have some interruptions of regular patterns. These

imperfections have a thermodynamic origin, as the material will try to reach the minimum of
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FIGURE 4.3. Different types of epitaxy, (a) homoepitaxy with excellent substrate-thin
film match (b) strained-layer epitaxy (c) heteroepitaxy.

Gibbs free energy [160]. Generally those defects are categorised based on their dimensionality:

point defects (0-dimensional), line defects (1-dimensional), surface defects (2-dimensional) and

volume defects (3-dimensional).

FIGURE 4.4. Three types of the point defects:(a) vacancies created in a lattice, (b) a
Schottky defect and (c) a Frenkel defect. Figure taken from [161].

In the 0-dimensional defects an unoccupied atom position within a crystal lattice creates

a vacancy or vacant site. This imperfection exists only or around a single lattice point and is
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not extended in space in any dimension. Three types of these defects are shown in Fig 4.4, (a)

vacancies in a lattice, (b) a Schottky defect and (c) a Frenkel defect. They may occur as a result of

imperfections in the original crystal growth or they may be formed from thermal vibrations at

higher temperatures as the increase in thermal energy increases the probability of individual

atoms to move from their original position to a lower energy position. In this case a distortion to

the lattice planes is observed, as atoms surrounding the vacancy tend to be closer to each other. If

there are two or more of vacancies they may condense into di-vacancy or tri-vacancy states [161].

FIGURE 4.5. Examples of the (a) substitutional and (b) interstitial atoms. Figure taken
from [161].

Closely related to vacancies are the Schottky defect and the Frenkel defect, shown on Fig.

4.4 (b) and (c). In the first case, an anion-cation pair is displaced from its position in an ionic

compound creating a vacancy of the charged pair. In the second case, the smaller in size cation

can migrate to another lattice position creating a vacant an interstitial defect. In both cases the

overall electrical neutrality is maintained.

An interstitial defect can be created by atoms occupying positions between the atoms of the

ideal crystal, as shown on Fig 4.4 (b). This defect can also cause distortion to the lattice planes,

as interstitial atom tends to push the surrounding atoms farther apart, what is usually the case

in self-interstitial. If the interstitial atom is an impurity and is smaller than the original atoms,

distortion to the lattice plane might not occur.

Impurities may not only take interstitial place in a crystal structure, but also substitute
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an atom on original position, as shown on Fig 4.4 (a). Foreign atoms usually act as centres of

distortion due to their different atomic radii and different electronic structure. Therefore, those

impurities may considerably distort the lattice.

In the one-dimensional defect, the most important are dislocations. A dislocation is a distur-

bance between two substantially perfect parts of a crystal, usually caused by stress or strain

being applied to a material. The two basic types of dislocations, which typically coexist in the

structure are: edge dislocation and screw dislocation.

The lattice distortion resulting from an edge dislocation, shown on Fig. 4.6 (a), can be described

using the Burgers vector. This vector informs about the magnitude and direction of the defect.

In this case the Burgers vector lies perpendicular to an edge dislocation. An edge dislocation

consist of an extra row of atoms above or below the slip plane, so called positive edge dislocation

and negative edge dislocation respectively. This defect causes a distortion in the adjacent lattice

planes, and can change the position. When a shear stress a negative dislocation moves to the left

and positive to the right, therefore the movement is in the direction of the Burgers vector.

A screw dislocation is parallel to its Burgers vector,as shown on 4.6 (b) , and the movement

happens in the perpendicular direction to its Burgers vector [161]. The distortion has a helical

shape, as the name suggest, with both paths possible: right-hand and left-hand. It continues as a

helical arrangement of atoms around the core, rather than a series of parallel planes.

While the edge defect originates from the mismatch between the film and substrate lattice

parameters and slight mismatch in the orientation of the adjacent atoms row in the epitaxial

crystal growth, the screw dislocation might be created during crystallization if there is a twisting

in the stacking sequences of atoms. Edge dislocations are very common in epitaxial thin films of

UO2 deposited on YSZ due to 6.3% of lattice mismatch between those structures as they reduce

the surface energy. The highest amount of the defect will therefore be at the interface area, and

will decrease with the film thickness. The stain will follow the same relation, as the energy gain

from dislocation will become less favourable.

Two-dimentional defects are regions between homogeneous crystal areas with a distinct

interface and include grain boundaries, tilt boundaries, twin boundaries, stacking faults, coherent

and incoherent precipitate interfaces [161].
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FIGURE 4.6. Schematic ilustration of Burgers vectors used to ilustrate (a) an edge
dislocation and (b) a screw dislocation. Figure taken from [161].

Grain boundaries are a part of polycrystalline samples as those planar imperfections separate

crystals of different orientation. They are created at the area where two or more growing grains

meet, and their structures are imperfect with a transition zone not aligned with any grain. Atoms

at the grain boundaries have higher free energy and are in highly distorted and strained position

compared to undisturbed atoms inside the crystal.

Other surface imperfections are tilt boundary and twist boundaries that might be regarded

as a set of edge dislocations and screw dislocations respectively. When a surface imperfection

separates two parts of a crystal with the same orientation and the angel between them is very

low, they are called twin boundaries.

The crystal morphology, mechanical strength and catalytic properties can be also significantly

128



4.1. GROWTH MECHANISMS

affected by the surface finishing [162]. For any ionic or even partly ionic crystal, the surface can

be classified into one of three categories shown on Fig. 4.7.

FIGURE 4.7. Schematic illustration of Tasker’s classification of ionic crystal surfaces.

Type 1 is a neutral surface due to stoichiometric proportion of cations and ions in each plane.

Type 2 overall charge of the system, is neutral due to symmetrical arrangement of charged

planes.

Type 3 a dipole moment is present in the repeat unit perpendicular to the surface due to a

charged surface.

This plays an important role in thin epitaxial films where the most of the material is its

surface. It makes the thin film the perfect candidate for conducting surface studies.

The last type of the defects is very rare for thin film materials and is more common for

bulk materials. Those three-dimensional imperfections are volume defects formed by aggregates

of atoms or vacancies. The volume defects are precipitates, inclusions and pores/voids. More

information about them can be found in [161].

As shown in this subsection, the structure of the final thin film can be complex, with a

different combination of defects. In general thin films can have the following structures [159]:
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Perfect Epitaxial, usually homoepitaxy where a single crystal film grown on the substrate

made of the same material.

Nearly Perfect Epitaxial, only limited imperfections are present at the interface of the

substrate and the film single crystals.

Textured Epitaxial, mosaic structure of epitaxial material deposited on a single crystal

substrate.

Perfect Polycrystalline, crystalline grains are randomly oriented in all directions.

Textured Polycrystalline: crystalline grains have preferred orientation in a specific

direction.

Amorphous: no long range order is observed within the structure.

Therefore it is important to characterise deposited thin films prior to conducting any experi-

ments, which will be described in the rest of this chapter.

4.2 RHEED

Reflection high-energy electron diffraction (RHEED) system described in Chapter 4 was used

in-situ during the growth of the films. In the case of a single crystal material the RHEED pattern

will consist of sharp spots, which will undergo systematic variations upon the sample rotation,

consistent with the crystalline symmetry. Signal can be also observed in the form of rings for a

sample with preferred orientation, whereas due to the sensitivity there is no visible signal for a

polycrystalline structure. Furthermore, for an amorphous thin film no pattern will be observed.

Therefore, RHEED measurement was conducted only while growing single crystal structures.

Signal from the substrate and from the film was observed for samples: SN1493, SN1494, SN1495,

SN1535, SN1614 and SN1627. As this method does not provide any specific information with

higher precision than x-ray characterisation, it was used only as an indication. An example of the

observed pattern is shown on Fig 4.8. The panel (a) on the left shows the signal obtained from

the YSZ (001) substrate prior to deposition. Measurement of the substrate is not only conducted
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FIGURE 4.8. Example of the RHEED measurment conducted on YSZ (001) substrate
(a), and (b) on the thin film of uranium dioxide grown on this substrate.

to verify its structure but also to assure that the system is fully operational prior to sample

investigation. The signal from the thin film of uranium dioxide grown on this substrate is shown

on Fig 4.8 (b). Those measurements performed at Sh = 8 mm and at the power setting 27kV and

1.44A.

4.3 Sample characterisation

X-ray characterisation

Post-deposition characterisation of the samples used in this thesis was done using PANalytical

X’pert diffractometer at the School of Physics (IAC), University of Bristol. This equipment was

previously described in Chapter 3. Unless stated otherwise, the open eulerian cradle stage was

used for the measurement as it provides higher precision of sample alignment than any other

available stage in our laboratory. Prior to any measurement, the x-ray tube source was bred using

the software provided with the equipment which ramps up voltage in steps up to 70 kV. All the

diffraction measurements were taken at a generator operating at 40 kV and 40 mA. Whereas,

to prevent the detector from damaging with a high intensity x-ray beam, for the reflectivity

measurement at very low angle (usually below 1.2 °) the power was reduced to 30 kV and 10 mA,
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or a copper absorber 0.1 mm was placed in front of the source.

The same alignment procedure was used for all samples. In order to be sure that sample is

placed at the middle of the beam, and signal comes actually for the sample not the stage a half

cut procedure was conducted. Firstly, the position of the source and the detector is placed to 0 (θ

= 0°), and copper absorber is placed in front of the x-ray source. Then, the intensity of the full

beam, without sample, is measured. Sample height is then adjusted until the intensity is half of

its initial value.

In the next step the omega offset was found by setting 2θ to 0.2°and scanning along ω for

the maximum of intensity. Once this was done, and the omega offset was applied, the chi motor

was varied to make sure sample is not tilted with respect to the source and the detector, and the

maximum intensity again was found. As those alignment might influence each other, those set

of steps were repeated until there was no changes observed to the position of maximum of the

intensity.

Electron microscopy

Since the demonstration of SEM principle by Knoll in 1935 [163], and the construction of the

first true SEM in 1938 by von Ardenne [164], a huge development have been made in the field of

electron microscopy [122]. Modern microscopes allow to create magnified images which provide

microscopic-scale information on the size, shape, composition, crystallography, and other physical

and chemical properties of a sample.

Proper sample preparation plays an important role in obtaining the required information

when using scanning electron microscopy (SEM). the surface of the sample should be as clean

as possible, therefore to maintain that, samples were stored in special separate boxes and

were handled with tweezers and gloves. Another important feature to consider are conductive

properties of the specimen. If the sample surface is not well conductive a conductive film coating

can be used. Although uranium dioxide is a ceramic, its conductive properties are good enough to

perform electron imaging without a conductive layer on top of it. To mitigate sample charging, as

the YSZ substrate is not a good conductor, a bridge using a silver paste between the surface of
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the thin film and the aluminium SEM stub was made prior to imaging all the samples. Also the

sample was fixed to the stub using silver dug.

A variety of electron microscopes are available at the University of Bristol. At this stage of

sample characterisation two of the microscopes placed at the School of Physics (IAC) were used.

The first one is a dual beam system FEI Helios NanoLab 600 with three-axis micromanipulator,

equipped with a Field Emmission Gun (FEG) as an electron source, and Focused Ion Beam (FIB)

of the Ga+ ions. This microscope was used for marking the region of interest on the sample

surface.

The second system is Zeiss Sigma HD VP Field Emission SEM with EDAX and EBSD

(AMETEK-EDAX). This system was used for mapping the grain orientation of previously marked

areas. All the maps were taken at accelerating voltage of 30 kV and aperture open to 120 µm

to provide enough signal for the EBSD. The acquisition step varied depending on the sample.

The diffraction data acquired from EBSD was processed using OIMTM software, to produce

crystallographic orientation and phase maps from predefined surface areas using an automated

mapping routine.

4.3.1 Single crystal samples

X-ray studies of a single crystal material allow to extract additional information in comparison to

polycrystalline systems. For a single crystal sample only rise to the allowed diffraction peaks will

be observed in the longitudinal ω−2θ, that allows for an alignment of the sample to the actual

lattice planes if there is even a small parallel mismatch between those planes and the sample

surface. Furthermore, rocking curves on a specific Bragg’s peak can be conducted to investigate

the texture (mosaic) of the sample.

The single crystal nature of a sample can be truly confirmed by conducting perpendicular

scans to the sample surface, in addition the the in-plane diffraction. Those scans were performed

by aligning 2θ on a specific Bragg peak and then setting an angular offset to ω, in the way

to make the Q vector perpendicular to the off-specular peak. After the alignment, the sample

off-specular symmetry was measured by rotating it 360°in φ.
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Sample SN1493: (111) UO2 / (111) YSZ

FIGURE 4.9. X-ray measurements of sample SN1493 (111) single crystal of UO2. Panel
(a) shown the longitudinal ω−2θ scan with visible (111) Bragg peak. Associated
rocking curve is shown on panel (b). The off-specular (311) scan with three fold
symmetry is presented on panel (c). The projection of the off-specular vectors onto
(111) plane is displayed on panel (d).

The data collected for a single crystal of (111)-oriented UO2 thin film (SN1493) is shown on

Fig 4.9. The first plot (Fig 4.9 (a) is a high-angle diffraction pattern showing reflections only

from two single crystal structures, the YSZ substrate and the UO2 film. This profile was modeled

using two asymmetric Pearson VII function for the (111) Bragg peak of the UO2, and the peak

arising from the (111) YSZ substrate. The central positions of the Bragg peaks were extracted to
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calculate the (111) inter-planar distances which are 3.20±0.03Å and 2.97±0.02Å for the UO2

and YSZ respectively.

The corresponding rocking curve to the (111) Bragg peak is shown on Fig. 4.9 (b). The profile

was fitted using two functions. The long range order expressed as the middle sharp peak was

fitted using a Gaussian function, while the broad part was fitted by Pearson VII component. The

FWHM for the sharp component is 0.078±0.005°, and for the Pearson VII the m=2.16 and the

FWHM is 0.663±0.005°. The (331) off-specular reflection measurement is presented on Fig. 4.9

(c) showing expected three fold symmetry from the projection of the off-specular vectors onto the

specular plane Fig. 4.9 (d), indicative of a single crystal thin film.
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Sample SN1494: (110) UO2 / (110) YSZ

FIGURE 4.10. X-ray measurements taken for sample SN1494. The longitudinal ω−2θ
scan is shown on panel (a). The associated rocking curve with the (220) UO2 Bragg
peak is presented on panel (b). The confirmation of a single crystal structure by
taking (422) off-specular scan is shown on the panel (c). The projection of the
off-specular vectors onto (110) plane is displayed on panel (d).

The next sample SN1494: (110)-oriented single crystal thin film of UO2 was characterised in

the same way, and the collected data is presented on Fig 4.10. The longitudinal ω−2θ scan of (220)

Bragg peaks for uranium dioxide and yttria-stabilized zirconia are shown on Fig 4.10 (a). The

data is represented by black circles and the fit by the red line. To fit this data a Gaussian function

an an asymmetric Pearson VII were used. The lattice spacing of (110) planes was calculated from

extracted central Bragg peak positions, and was found to be 1.94±0.03Å and 1.82±0.02Å for the
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sample and substrate respectively.

Fig 4.10 (b) presents the corresponding rocking curve pattern of sample SN1494 , measured

at the (220) Bragg peak for UO2. To fit the rocking curve profile Pearson VII function was used,

and the FWHM was found to be 1.44±0.01°. The lack of the strong narrower Gaussian component

indicates worst long range alignment of the crystal structure, and a significant amount of stress

and defects. The measurement of the (422) off-specular reflection for UO2 structure is shown on

Fig. 4.10 (c). The theoretical calculation (Fig. 4.10(d)) matches very well with the obtained data

and confirms a single crystal structure.
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Sample SN1495: (001) UO2 / (001) YSZ

FIGURE 4.11. X-ray characterisation of sample SN1495. Panel (a) shown the high angle
with the (002) Bragg peaks of UO2 nad YSZ. The rocking curve associated with the
(002) Bragg peak for UO2 is shown on panel (b). The (024) off-specular scan with
a four fold symmetry is presented on panel (c). The projection of the off-specular
vectors onto (001) plane is displayed on panel (d).

Measurements taken for the sample SN1495, which is a 100 nm thin film of uranium dioxide

(001)-oriented single crystal, are shown on Fig 4.11. The high angle scan showing reflection only

from (002) Bragg peaks of UO2 and substrate is shown on Fig 4.11. Data was fitted using a

Gaussian function and an asymmetric Pearson VII function, and central Bragg peaks positions

were extracted. The calculated lattice distance for UO2 and YSZ, was found to be 5.46±0.02Å
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and 5.15±0.02Å respectively.

The rocking curve measurement corresponding to the (002) Bragg peak of UO2 from sample

SN1495 is shown on Fig 4.10 (b). To fit the data, two functions were used a Gaussian and a Pearson

VII. The FWHM of the sharp component fitted with Gaussian function is equal 0.044±0.005°, and

the broad Pearson VII FWHM was found to be 0.588±0.005°. The off-specular measurement of

(024) is shown on Fig 4.10 (c) showing four fold symmetry with a peak distance of 90 °as expected

from the off=specular vectors (Fig 4.10 (d)), once again indicating a single crystal material.
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Sample SN1535: (001) UO2

The specular and off-specular XRD scans taken for sample a 100 nm thin film of (001)-oriented

uranium dioxide (SN1535) are shown on Fig. 4.12. The longitudinal measurement demonstrates

the presence of a single crystallographic (001) orientation of both the thin film and the substrate.

To fit those peaks a Pearson VII and an asymmetric version of this function were used, respectively.

Based on the fit, the central Bragg positions were extracted and the lattice parameter was

calculated for the UO2 5.45±0.01Å and the YSZ substrate = 5.16±0.02Å. To confirm that SN1535

is a single crystal an off specular scan, indicative of a single crystal material, of (024) plane was

conducted for the substrate and the thin film as shown on Fig 4.12 (b). The distance between

peaks is 90 ±1 °and its a four fold symmetry as expected (d). The position relative to each other

between thin film and the substrate indicates that it is a cube to cube match.

FIGURE 4.12. X-ray characterisation of 100nm thick sample SN1535. On the left (a)
is a longitudinal ω−2θ that showed only expected (002) Bragg peaks assigned to
cubic structure of UO2 and YSZ. On the right (b) are (024) off-specular scan of of
the thin film and the substrate, indicating a single crystal structure of both, with
expected four fold symmetry. Furthermore, the UO2 fluorite structure sits exactly
at the YSZ cubic structure.
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Sample SN1614: (001) UO2 / (001) YSZ

In order to determine the parameters of the SN1614 sample, XRR measurements were performed,.

Fig 4.13 (a) shows a longitudinal ω−2θ scan with visible Kiessig fringes, evidence of a smooth

interface between the substrate and the thin layer of uranium dioxide film. This XRD profile was

modeled using a series of Gaussian function, and an asymmetrical Pearson VII was used to fit

the sharp Bragg peak arising from the (002) YSZ substrate.The central Bragg peak positions

were extracted from those fits, which allowed to calculate specular lattice parameters for the thin

film and substrate, which are 5.47±0.03Å and 5.15±0.02Å respectively.

Rocking curve corresponding to the (002) UO2 Bragg peak is shown on Fig 4.13 (b). To fit the

profile of the rocking curve two functions were used. The middle sharp part associated with long

range order was modeled using a narrow Gaussian fit, where the FWHM is 0.083±0.005°. An

asymmetrical Pearson VII component was used to fit the broad part of the rocking curve, where

the m = 4.11 and the FWHM is 1.503±0.005°.

The starting thickness and roughness of the SN1614 sample was determined by conducting

x-ray reflectivity measurement and fitting data using GenX software. The data is shown on

Fig 4.13 (c) as open black circles and the fitting model is represented by the red solid line. The

thickness of the SN1614 UO2 thin film was extracted from the fit as 192.3±0.3Å with a surface

roughness of 4±1Å, and YSZ substrate roughness is 2±1Å.
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FIGURE 4.13. X-ray measurements of sample SN1614 prior to the oxidation experiment.
Panel (a) shows the longitudinal scan of the (002) UO2 Bragg peak, (b) shows the
corresponding rocking curve measurement taken at the (002) Bragg peak. Panel
(c) shows the x-ray reflectivity measurement of the SN1614 sample, and (d) shows
off-specular rotational phi scans for the (420) crystal plane of the UO2 thin film
and the (420) crystal plane of the YSZ substrate. Open black circles represent the
data points and the solid lines shows the fits.
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Sample SN1627: (001) UO2 / (001) YSZ

Sample SN1627, thin film of UO2 on YSZ substrate, was characterised prior to the oxidation

experiment using x-rays, in order to determine the starting parameters of the sample. Fig 4.14

(a) shows a longitudinal ω−2θ scan. This XRD profile was modelled using two asymmetric

Pearson VII functions to fit the Bragg peak arising from the (002) UO2 thin film and (002) YSZ

substrate. The central Bragg peak positions were extracted from those fits, what allowed to

calculate specular lattice parameters for the thin film and substrate, which are 5.44±0.03Å and

5.15±0.02Å respectively.

The rocking curve profile of the (002) Bragg peak for the sample SN1627 is plotted on 4.14 (b).

To fit the data two functions were used, Gaussian with FWHM of 0.061±0.005°for the sharp part

related to long order of the structure, and Pearson VII with FWHM of 1.518±0.005°for the broad

part associated with defects and stress within the thin film.

The XRR data was fitted using GenX software to find the thickness of the UO2 thin film, as

well as the roughens on the substrate-thin film interface and thin film-air interface. The thickness

of the sample was found to be 47.5 ± 0.3 nm with sample-substrate roughness of 4.3±0.8 Å, and

the roughness of the UO2 layer was 14±4 Å.

The truly single crystal nature of the sample was confirmed again by performing scan of (024)

off-specular reflection for both the thin film of UO2 and YSZ, shown on 4.14 (d).
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FIGURE 4.14. X-ray measurements of sample SN1627 prior to the oxidation experiment.
Panel (a) shows the longitudinal scan of the (002) UO2 Bragg peak, (b) shows the
corresponding rocking curve measurement taken at the (002) Bragg peak. Panel
(c) shows the x-ray reflectivity measurement of the SN1614 sample, and (d) shows
off-specular rotational phi scans for the (420) crystal plane of the UO2 thin film
and the (420) crystal plane of the YSZ substrate. Open black circles represent the
data points and the solid lines shows the fits.
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EBSD assessment of single crystals

Although, EBSD can be used to complement the XRD analysis of the single crystal [165]

material and has shown a good correlation for assessment of UO2 thin films [166], it does

not provide extra information to that obtained from XRD. Another disadvantage of EBSD

for characterisation of single crystals compared to XRD, is the volume of the sample that is

examinable. In the first case a small surface area of the sample is investigated, while x-ray

diffraction of thin film allows to access almost entire volume of the sample, when investigating

very thin films.

FIGURE 4.15. The inverse pole figure maps of sample (a) SN1493 , (b) SN1494 and (c)
SN1495, which are respectively (111), (110), and (001) oriented single crystals of
UO2, including triangular IPF diagrams.

An example of an EBSD data collected for a single crystal UO2 thin film is shown on Fig. 4.15.

Areas of three samples representing the main orientations of fluorite structure of uranium dioxide

(111), (110), and (001) were scanned and their triangular Inverse Pole Figure (IPF) diagrams are

shown below. As expected in each sample signal only from one orientation is present, within the
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Structure factor
intensity

Integrated
measured intensity

Theoretical
lattice spacing (Å)

Calculated
lattice spacing (Å)

(111) 100% 100% 3.16 3.18(±0.03)
(002) 35.81% 34(±3)% 2.73 2.73(±0.04)
(220) 46.97% 48(±4)% 1.93 1.93(±0.02)

Table 4.1: Comparison between theoretical structural form factor intensities and lattice spacing
to values obtained from the measurement.

entire area. This shows that the ROI is has a single crystal nature, what was previously observed

in XRD data.

4.3.2 Polycrystalline samples

The polycrystalline character of a sample can be assessed using x-ray diffraction, it gives a good

estimation about the volume composition of the sample. For samples with a grains at nano-

scale it is also possible to calculate the average size of crystallites using the Scherrer equation.

This equation is no longer valid when the grain size becomes larger than sub-micrometre, and

alternative techniques to measure the grain size are required. The perfect tool to use for that is

the Electron Backscatter Diffraction in the Scanning Electron Microscope (SEM).

A typical XRD specular scan for a poly-epitaxial UO2 thin film deposited on YSZ substrate

using DC magnetron sputtering system is shown of Fig. 4.16. The first three observed peaks in

UO2 fcc structure (111), (002), and (220) were calculated using Vesta software and are labelled

with green color. The reflection associated with the substrate and the sample stage are in blue

and pink respectively.

The observed intensity was compared against theoretical values in table 4.1. Very good

agreement between the calculated and the theoretical data indicates a good distribution of poly-

epitaxial grains, without any preferred orientation. Furthermore, the positions of the peaks were

used to calculate the spacing between the close-packed planes of U atoms for (111), (002), and

(220). Those values are also in very good agreement with the literature values.

The EBSD in polycrystalline material not only allows for assessing the grain size but also to

determinate the grains orientation. In comparison to XRD, here a specific area on a sample surface

can be mapped, so the orientation of the grain in ROI is known. That allows to study the influence
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FIGURE 4.16. The longitudinal measurement of a poly-epitaxial UO2 deposited on YSZ
substrate. The calculated data for ideal polycrystalline UO2 using Vesta software
is shown in green, with reflections labelled. The reflection from YSZ substrate are
in blue, while peaks from the sample stage are in pink.

of the crystallographic orientation of grains in the material properties within polycrystalline

systems. By marking the region the EBSD, maps can be linked with other techniques providing

additional information, as well as assessing resistance to corrosion and oxidation based on the

orientation of the specific grains.

Sample SN1191: UO2 / YSZceramic

A thin film of uranium dioxide was deposited on a pristine ceramic YSZ substrate, forming

a 160 nm thick layer of polycrystalline UO2 SN1191. To investigate the influence of the grain
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orientation on the oxidation properties, an area of 200 x 200 µm2 with a good representation of

all possible orientations in a cubic system was chosen. In order to examine the exact same area

prior and after the oxidation experiment, a dual-beam microscope was used for marking. The

crosses visible in corners of Fig. 4.17 (a) were used to mark the area, while dots made next to

them were used to find the orientation of the sample.

After preparing the region of interest the sample SN1191 was transferred back to the FEG-

SEM for further investigation. Previously created markings allowed to easily find the ROI and

conduct mapping using the EBSD detector. Very precise map against the cubic structure of

stoichiometric UO2 was made. The inverse pole figure (IPF) map showing the orientation of the

grain is shown on Fig. 4.17 (a), where red color is associated with [001] orientation, green with

[110] and blue with [111].

FIGURE 4.17. EBSD data collected for sample SN1191. On panel (a) is a inverse
pole figure map of the grains. Graph (b) shows the grain size distribution with
an average grain diameter of 13.28µm and standard deviation of 4.49µm. The
distribution of the grain orientation is shown on panel (c), which exhibit random
distribution expected from a polycrystalline material.

The distribution of grain orientations is shown on Fig. 4.17 (c), and it exhibits properties of

a very good polycrystalline material with random distribution, as all orientations are present
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without any preferred orientation. The grain size distribution is shown on Fig. 4.17 (b). The mode

value for the grain size is 17.4 µm, while the average grain size was found to be 13.28 µm with

the standard deviation of 4.49 µm.

Grain boundaries were found using the same software, and skeletonized image is shown on

Fig. 4.18. The grain boundaries are considered any pair of points with misorientation exceeding

1°, and was divided into three groups. The first group , red, is formed by boundaries with

misorientation higher than 1°but lower than 5°. Green colour was used to mark boundaries

within the range of 5°- 15°, and the blue colour cover grain boundaries above 15°.

FIGURE 4.18. Skeletonized version of Fig. 4.17 (a) showing grain boundaries of ROI on
sample SN1191. Low angled boundaries (1°- 5°) are marked with red colour, green
is used for misorientation is range 5°- 15°, and blue for high angled boundaries
(15°- 180°). Total length of grain boundaries is 8.35 mm.

The misorientation of the vast majority of the grain boundaries (93%) exceeds 15°. The length

of those boundaries was found to be 7.74 mm. The second most common boundaries are in range

from 1°to 5°, contributing 0.34 mm to the total length, which is about 4%. The rarest grain

boundaries in sample SN1191, representing only around 3% are classified between 5°- 15°, with

0.27 mm length. The total length of all boundaries is 8.35 mm.
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Sample SN1498: UO2 / YSZceramic

Electron Backscatter Diffraction is know to damage soft materials [167]. Although, uranium

dioxide is a ceramic material, prolonged exposure to highly energetic electron beam focused on

small area leads to permanent damage of the sample surface. Another side effect is the deposition

of carbon in the scanned area, which also was observed through this thesis during XPS mapping

of the sample surface. Accelerating voltage is an important parameter for damage in the sample

structure, while acquiring high quality EBSD patterns, along with other parameters such as

beam current, dwell time, step size, and vacuum level.

FIGURE 4.19. EBSD data collected for sample SN1498. On panel (a) is a inverse pole
figure map of the grains in selected area measured in lower resolution to limit
exposure time in order to reduce damage and contamination to the sample surface.
Graph (b) shows the grain size distribution with an average grain diameter of
13.57µm and standard deviation of 4.85µm. The distribution of the grain orien-
tation is shown on panel (c), which exhibit random distribution expected from a
polycrystalline material.

In order to maintain a good quality pattern and minimize any damage and contamination

that might occur during surface mapping, the step size and the exposure time for the sample

SN1498 was significantly reduced, while keeping the same acceleration voltage of 30 keV. The
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IPF map of the marked area on sample SN1498 is shown on Fig. 4.19. The average grain size

was found to be 13.57 µm with a standard deviation of 4.85 µm (Fig. 4.19 (b)), which is very

similar to the size of the grain in sample SN1191, as both samples were grown on unannealed

YSZ substrate. The truly polycrystalline character of the sample is indicated by the triangular

IPF diagrams shown on Fig. 4.19 (c).

Due to limited resolution it was not possible to produce a good quality skeletonized version of

SN1498 EBSD map. Therefore, because of similarities in the average grain size and distribution

to sample SN1191 it was assumed that the grain boundaries density was also very similar.

Sample SN1545: UO2 / YSZceramic

Sample SN1545 was grown on re-polished YSZ substrate from the sample SN1184 in order to

obtain bigger grains of uranium dioxide. This substrate was annealed at 1600°C for 12h. The

thickness of the UO2 layer is estimated to be around 100nm. Dual-beam microscope system was

used to mark an area of 200 x 200 µm2, using crosses and dots for orientation which is visible on

Fig. 4.20 (a).

The inverse pole figure map with grains orientation is presented on Fig. 4.20 (a), from which

the grain size was extracted. The average grain diameter is 41.7 µm with standard deviation of

13.5 µm, which is expected as the sample was grown on the same substrate as SN1184 with 45

µm grain size. The distribution of the grains size is plotted on Fig 4.20 (b). The representation of

the grains orientation is shown on Fig 4.20 (b), as only a limited amount of the grain is inside the

ROI, it is possible to see the reflection of that on the triangular IPF diagram.

To find the grain boundaries, the EBSD map recorded for the SN1545 was skeletonized,

as shown on Fig. 4.21. The total length of the grain boundaries was found to be 2.43 cm, and

within this length the 2.43 mm (89%) are boundaries with misorientation higher than 15°. The

contribution of boundaries marked with green colour to the total length, is around 7% which

makes its length equal to 0.2 mm. The smallest fractions are boundaries with misorientation is

range from 5°- 15°, which length is 0.1 mm.
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FIGURE 4.20. EBSD data collected for sample SN1545. On panel (a) is a inverse pole
figure map of the grains in selected area. Graph (b) shows the grain size distribution
with an average grain diameter of 41.7µm and standard deviation of 13.5µm. The
distribution of the grain orientation is shown on panel (c), which exhibit random
distribution expected from a polycrystalline material.

FIGURE 4.21. Skeletonized version of Fig. 4.20 (a) showing grain boundaries of ROI on
sample SN1545. Low angled boundaries (1°- 5°) are marked with red colour, green
is used for misorientation is range 5°- 15°, and blue for high angled boundaries
(15°- 180°). Total length of grain boundaries is 2.74 mm.
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4.4 Summary

Structural analysis of samples performed in this Chapter has shown that reactive DC magnetron

sputtering deposition technique combined with correct choice of a substrate material results in

high quality epitaxial and poly-epitaxial thin film. The fabricated single crystal thin films of

UO2 on single crystal YSZ substrate, showed that the (001) oriented films have the best mosaic,

based on the rocking curve profiles. The single crystal nature of all the single crystal sample was

confirmed by performing off-specular scans.

The rocking curve scans of the UO2 single crystal thin films, centred on their peak and

normalized, are plotted on Fig. 4.22. From the data collected for the films with the thickness of

100 nm, SN1493, SN1494, SN1495, the best long range order is observed for the (001) orientation,

where the narrow FWHM is most pronounced indicating less stress and defects, followed by wider

FWHM of (111) and (110). Furthermore, while the thickness of the film decreases from 100 nm

(SN1495), to 50 nm (SN1627), and finally to 20 nm (SN1614), the ration between the narrow

Gaussian component to broad Pearson VII component increases.

The XRR measurement of thinner (001) oriented single crystals of UO2, SN1614 and SN1627,

showed that the sample surface is extremely smooth. The thinner sample with thickens of 19 nm

had roughness around 0.5 nm, while the 47 nm sample had roughness below <2nm. Furthermore,

a very smooth interface was observed for sample SN1614, giving rise to Kiessig fringes.

While the single crystals were mainly investigated using x-rays, for the poly-epitaxial system

XRD was used to show the distribution of the different grains. Due to fcc structure of the UO2,

the most preferred orientation should be (111) . This is not valid for the poly-epitaxial system

used in this thesis, where the truly polycrystalline system is observed.

As due to the columnar character of the grains, and their size bigger than few microns, the

average grain size characterisation based on Scherrer formula was not possible. To access the

size and orientation of grains in region of interest, EBSD mapping was performed. The table 4.2

shows the average grain size collected for samples with different substrate annealing time.

The size of the poly-epitaxial grain of UO2 can be controlled from around 13 µm, for an

unannealed substrate, up to 42 µm for substrate annealed for 12 h at 1600°C. Possibly the grains
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FIGURE 4.22. Normalized rocking curve profile for single crystal samples. Data is
represented by circles, and fitting by a straight line. For clarity offset was applied,
and each second measurement point is shown.

Annealing time 0h 2h 12h
Average grain size (µm) 13.3 31.6 41.7
Standard deviation (µm) 4.5 12.8 13.5

Table 4.2: Average grain size of UO2 thin film deposited of YSZ substrate annealed at 1600°C for
given amount of time.

could be even bigger after longer treatment. By controlling the average grain size, the density of

the grain boundaries can be also controlled from 68.5 mm per mm2 to 208.75 mm per mm2. It

was also found that the majority of the grain boundaries (around 90%) are high angled boundaries

with angles in range 15°- 180°. The ability of controlling the average grain size, therefore the

density of the grain boundaries, provides excellent opportunities to study its influence on the

oxidation or corrosion properties of UO2.
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This chapter has shown that DC magnetron sputtering is perfect for growth of UO2 epitaxial

and poly-epitaxial system on YSZ substrates. High quality single crystals with all three orienta-

tions were successfully fabricated, along with poly-epitaxial UO2 columns with controlled grain

size. Properties of each sample are shown in table 4.3.
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5
OXIDATION OF POLY-EPITAXIAL UO2 THIN FILMS

T
his chapter describes a series of experiments to measure the effect of the crystal

orientation on the oxidation rate in UO2. Specially developed poly-epitaxial samples

were utilised to reduce the three dimensional problem into two dimensions. Samples

were oxidised in-situ using x-ray diffraction, scanning electron microscopy and x-ray photoelectron

spectroscopy.

5.1 Introduction

Parameters that affect the rate of UO2 oxidation can be divided into two groups, ambient condi-

tions such as temperature, moisture, oxygen partial pressure etc. and the physical parameters,

including grain size (or particle size in case of powders), density of the pellet, and orientation

effects that will be further investigated in this thesis.

The temperature at which oxidation of UO2 is performed not only influences the rate of

reaction, but also affects the final stoichiometry of the material. It has been shown that due to

the extremely low activation energy, chemisorption of oxygen onto UO2 occurs rapidly even at

temperatures as low as -183°C [168]. Oxidation at low temperatures, below 50°C, gives results

similar to those obtained at high temperatures but changes are only observed at thin surface
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layers, due to extremely slow bulk diffusion of oxygen ions in such lower temperatures. For fine

powder, 50 nm grains, a 5 nm layer with final stoichiometry of UO2.16 to UO2.18 corresponding to

an oxidised U4O9 was found [169]. At higher temperatures, above about 100°C and below 250°C,

the rate of oxygen diffusion is high enough to cause bulk oxidation to U3O7/U4O9 [31]. Above

250°C, bulk formation of the orthorhombic U3O8 is observed.

The first study that focused on the effect of grain size on the rate of oxidation were conducted

on sintered UO2 pellets and gave ambiguous results [170, 171]. Uncertainty arose from the

correlation between the sample density and grain size, therefore it was not clear whether the

observed effect was due to grain size or sample density. Generally a negative correlation between

grain size and the initial oxidation rate was observed. It was reported that for samples with grain

sizes below 5 µm the oxidation rate increases with decreasing grain size, and above that size and

for single crystals the reaction rate is the same [31]. In contradiction, in oxidation of used fuel

performed by Thomas et al. [50] they show a similar behaviour for all samples regardless of the

fuel type, burnup, grain size, fuel particle size or air moisture. From those unexpected findings, it

was later suggested [31] that due to the big grain sizes of examined samples, (up to 30 µm) the

effect of grain size may have been obscured by sample-to-sample variations in the oxidation rate.

To investigate further the effect of grain size, single crystals were studied, as those samples

can be considered equivalent to material having only a single grain. Studies on small single

crystals showed similar behaviour to sintered pellets [172]. Experiments performed on single

crystals by Wang [173], showed very slow rates of oxidation for [111] oriented slice of UO2 in

comparison to a sintered polycrystalline UO2. In contrast, Allen et al. [71, 72] showed different

oxidation rates between all three main orientation of cubic UO2 and a polycrystalline sample

[111]>[110]>[100]>[polycrystalline].

The evidence of preferred-orientation effects on oxidation of UO2, was shown also by Taylor

et al. [49], their XRD data suggests that UO2 grains with the (100) plane parallel to the sample

surface form rather U3O7 with [100] parallel to the surface, not the [001]. The effect was related

to the minimization of stress in the oxidised surface layer. This is in agreement with evidences

published by Teixeira and Imakuma [65], where they found that the activation energy for the

formation of U4O9 on UO2 was significantly lower in the [100] direction than in [311], 90 kJ/mol
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and 117 kJ/mol respectively. The data was later re-analysed by McEachern and Taylor using

thin film model, and they reported no significant differences between the activation energy for

oxidation in the two crystallographic directions [174].

There is still uncertainty and inconclusive models in the literature about the preferential

oxidation in specific orientations for UO2, and many of them are contradictory. One of the

factors influencing the data and what might lead to inaccurate conclusions is the quality of the

investigated sample.

Apart from the studies related to the influence of the crystallographic orientation on the

oxidation of uranium dioxide, the impact of the orientation on the dissolution of analogous fluorite

structures [175–178] as well on the dissolution of UO2 [83] was reported in the literature.

The simulation and experiments performed by Maldonado et al. [175] have shown that the

relation between the surface energy of any Miller-indexed plane and the surface energy of those

reference planes, is dependent on the fluorite surface structure only. Those studies were conducted

on CeO2 and CaF2, which showed a correlation between the trends of dry surface energies and

surface stabilities during dissolution, apart from having different chemical dissolution processes.

The effect of surface orientation on dissolution rates in CaF2 was studied by Godinho et al. [176],

and has revealed that the (111) is the most stable plane, while (112) is the least stable plane and

dissolves 33 times faster. It was stated that the surfaces that expose both Ca and F atoms in the

same plane dissolve faster.

Dissolution of polished fluorite surfaces with different orientations has been directly observed

utilizing atomic force microscopy [177]. A new model of dissolution was proposed that highlights

the importance of considering surface defects and crystal orientation during dissolution. High

densities of defects are observed at the grain boundaries, and it has been shown by Corkhill et al.

[178], that preferential dissolution occurs at grain boundaries. Furthermore, from utilizing CeO2

and ThO2, it has been demonstrated that the boundaries with high misorientation angles are

dissolving faster than those with low misorientation angles. More recent studies performed on

single crystal thin films, allowed to investigate the role of crystal orientation in the dissolution of

UO2 system. It has been revealed that the (001) and (110)-oriented films corrode at comparable

rates, while the (111) film was significantly more corrosion resistant [83].
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For the studies performed in this chapter, high quality thin films of UO2 were fabricated

using DC magnetron sputtering. A poly-epitaxial match between YSZ and UO2 was utilized to

bring the three dimensional problem into two dimensions by growing columns of UO2 on YSZ

grains. Sample were accessed using x-rays and electrons and in-situ oxidation experiment were

performed.

5.2 In-situ XRD

The main aim of the in-situ XRD oxidation experiment was to investigate the influence of the

crystallographic orientation of UO2 on the oxidation process, and to find the time and parameters

such as temperature and oxygen pressure at which UO2+x undergoes a phase transition from

fluorite structure (fcc) to tetragonal structure (U3O7). Then, if possible, further transformation

into orthorhombic U3O8. In order to investigate this, in-situ oxidation in HTK 1200 chamber

inside a Philips X’pert pro diffractometer was conducted. Prior to performing this experiment,

an specially engineered poly-epitaxial sample of UO2 (SN1191) was characterised, and EBSD

map on marked area was performed as described in Chapter 5. The estimated thickness of the

uranium dioxide layer was 160 nm.

The uranium oxide thin film was mounted on a sample stage using thermally conductive

paste. After sealing the sample stage in the chamber, the chamber was pumped out first using

an scroll pump and then using a turbomolecular pump overnight, to reach 1.2 x 10−4 mbar. The

experiment was conducted in two steps. In the first step the sample was exposed to 100 mbar of

oxygen at 150°C, posteriorly the temperature was increased to 250°C and left under the vacuum.

The experimental set-up at that time did not allowed to refill oxygen without braking the vacuum.

The second step involved increasing oxygen pressure to 200 mbar and was conducted at two

temperatures: 150°C and 300°C.

During the first part of the experiment, before the sample was exposed to oxygen, the

temperature was increased slowly in steps to stabilise both the temperature and the pressure.

Once the 150°C point was reached, the sample was left under the vacuum to check if under

those conditions any changes will be visible. After 3h no changes were observed and oxygen
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was introduced to the system. The sample was first exposed to oxygen for 5 min, then oxygen

was pumped out, and a scan was conducted. Fig. 5.1 shows the changes to the crystallographic

structure over total exposure time. Further exposure of the sample to oxygen, for additional

40min and 80min, did not show any changes. The sample was then left at 100mbar of oxygen

atmosphere overnight (18h) with continuous hour long scans, nevertheless changes were not

observed.

Figure 5.1: XRD patterns of SN1191 sample showing oxidation at 150°C in atmosphere of 100
mbar of Oxygen. Time shown on the graph is total exposure time to O. Data points are represented
by circle, while strait line shows fitting envelope. Vertical dotted lines shows centres of the UO2
peaks at the beginning of the oxidation. Additional peak at higher angles in columns for (220)
and (311) comes from the sample stage.

Data collected during this part of the experiment are displayed on Fig. 5.1 as open circles.

To fit this data LIPRAS [104] software was used utilizing pseudo-Voigt function, and the fit is

represented by the straight line. Different colours were used to show changes after exposing the
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sample to 100 mbar of O2 at 150°C, where black is the starting point, red, blue and pink show

data collected after 5 min, 15 min and 40 min respectively. For clarity, data for (111), (002), (220)

and (311) Bragg peaks of UO2 were separated to columns. The vertical dotted lines were added

showing the center of the peak before oxidation to exhibit the changes within time.

Tracking changes to both (220) and (311) reflections was more challenging due to overlap

with the sample stage reflection while oxidised. General shift in the peaks towards higher 2θ

can be observed for all peaks as the degree of non-stoichiometry increases, being particularly

remarkable for the (200) reflection. This phenomena is associated with shrinking of the lattices

parameter, which is well reported in literature [43, 179–183]. It should follow the Vegard’s law in

the hyperstoichiometric range, and expression:

(5.1) a0 = 5.4696−0.1495x

was proposed by Alekseyev et al.[184] for homogeneous UO2+x powder for x<0.38. This was

later found not to hold in region of x from 0.17 to 0.22 [179], and will be discussed later in this

chapter.

The presence of additional peaks near the (200) and (311) reflections has been attributed in

literature to both the U3O7 tetragonal phase and to the U4O9 cubic superlattice [40, 185, 186],

and related to the formation of cuboctahedral oxygen clusters [39] due to the difference in spatial

arrangements between U4O9 and U3O7 polytypes clusters and their subsequent lattice distortion.

With increasing of the oxygen amount x in the system their contributions became more relevant.

This phenomena is not observed here and the presence of additional peaks is attributed to

presence of additional material (the sample stage). The lack of those satellites peaks might be

connected with the nature of the material. Here a thin film sample of UO2 is oxidised, allowing

for the entire volume of the sample to reach the same stoichiometry, while in data presented

in literature, powder samples might have oxides only on the outer shell, thus signal from both

structures can be present at the same time, visible as a satellite peaks.

No further changes to the sample structures were observed in 100 mbar of oxygen at 150°C

after 40 minutes, what suggests that this time was enough to oxidise 160 nm of UO2 to U4O9/U3O7.
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Even after 18 hours the position of the peaks remained unchanged. To allow further oxidation, the

temperature was increased to 250°C, and the system was left for an hour to let the temperature

stabilise. As system did not allow for replacement of the empty oxygen source, without cooling

the chamber to room temperature and breaking the vacuum, the sample was kept overnight at

250°C at vacuum pressure of 4 x10−4 mbar. Fig 5.2 shows the scans taken at the starting point

and after 1h, 2h, 4h, 8h and 16h respectively.

Figure 5.2: Changes in structure of SN1191 sample after increasing temperature to 250°C and
keeping under vacuum of 4 x 10−4 mbar. Reduction of the structure is observed. For the (220) and
(311) vertical dotted lines were added, when deconvolution of the UO2 signal from the sample
stage peak became possible.

The same procedure was applied to fit the data. The vertical dotted lines indicating center of

the starting point for the (200) and (311) reflections were added after 4h and 1h respectively, as

only after that time deconvolution of the peaks become possible. The opposite trend is observed

at at 250°C and vacuum 4 x 10−4 mbar, the peaks are shifting back to lower angles indicating
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reduction of the U4O9/U3O7 back to UO2.

The center of the Bragg peaks position was extracted from fittings of both data sets, and

used to calculate the lattice parameter, using an x-ray wavelength of 1.5406 Å associated with

Cu Kal pha1 . The left panel on Fig. 5.3 shows changes to the lattice parameters for (111), (002),

(220) and (311) over time given in minutes. The data in red circles might not represent the real

position of the Bragg peak associated with UO2+x structure as it overlaps with reflection from the

sample stage and the deconvolution of the peaks was not possible, instead lattice parameters

were calculated based on the central position of one combined peak.

FIGURE 5.3. Changes in lattice parameter as a function of time for (111), (002), (220)
and (311) planes of UO2+x during (left) oxidation at 150°C in 200 mbar of O2, and
(right) reduction at 250°C and vacuum 4 x 10−4 mbar. Data points in red circles
are not measured from de convoluted peak of UO2+x, but from overlapping peak of
sample stage and the thin film.

The shrinking of the lattice parameter is observed for all the grains while the oxidation
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proceeds. No significant changes are observed after 15 minutes, indicating that at 100 mbar of O2

at 150°C, this time is enough for the 160 nm of UO2+x thin film to absorbed maximum amount of

oxygen into its structure. The decrease expressed in Å and % of the lattice parameter for each

of the measured Bragg reflection is presented in table 5.1. The most significant changes to the

lattice parameters are observed for the (002) reflection, which is 1.21%, followed by (220) and

(311), and the smallest change of 0.54 % is observed for the (111) reflection.

(111) (002) (220)* (311)*
Contraction in Å 0.015 0.03 0.017 0.014
Contraction in % 0.54 1.21 0.89 0.88

Table 5.1: Changes to lattice parameter of UO2 in measured reflections, expressed in Å and
percent during oxidation of thin film at 150°C. The most remarkable changes are observed for
(002) orientation. * were due to the presence of the sample stage reflection, precise analysis was
not possible.

The decrease of the lattice parameter is related to formation of U4O9 and U3O7, but due to the

similarities between those two structures [187] and uncertainties about their crystal structure

[31, 41, 45, 73], combined with limited resolution of the equipment, distinguishing between those

two phases was impossible. One of the possibilities, based on recent work by Rousseau et al. [70]

where it was shown that the the cubic U4O9 phase occurs prior to the formation of tetragonal

U3O7, could suggest oxidation of the thin film to the tetragonal structure. Findings of Rousseau

et al. [70] are in contradiction to the previously published data [41, 46, 172], where formation

of U4O9/U3O7 was assumed to happen at the same time. In spite of that, the shift of the peaks

(Fig. 5.1) to the higher angle, indicate a decrease of the lattice parameter (Fig. 5.3), reported in

literature as the first step of the oxidation from UO2 to U3O8, where U4O9/U3O7 is formed [70].

The change of the lattice constant for the powder sample of UO2 after oxidising to UO9/U3O7

reported by Rousseau et al. [70] is 0.7%, is consistent with data shown in Tab. 5.1.

Exposure of the sample to a vacuum of 4 x 10−4 mbar at 250°C resulted in reduction of

the sample oxidation state. The associated changes to the lattice parameters are shown on the

right panel on Fig. 5.3. The same issue with overlapping peaks was encountered for the (220)

and (311), which translates into a greater analytical error indicated with * in Tab. 5.2. As it
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is hard to conclude changes observed in the (220) and (311) reflections, due to the previously

mentioned issue, changes along (111) and (002) point out a significant difference in oxidation and

reduction based on the crystallographic orientation of the grains. In both cases changes to the

lattice parameter for (002) are doubled.

(111) (002) (220)* (311)*
Expansion in Å 0.008 0.013 0.0142 0.045
Expansion in % 0.25 0.48 0.73 0.28

Table 5.2: Changes to lattice parameter of UO2 during reduction performed under high vacuum
at 250°C. The most remarkable changes are observed again for (002) orientation. * were due to
the presence of the sample stage reflection, precise analysis was not possible.

The difference between the time needed to oxidise and reduce a thin film of UO2 is significant.

Full transition from UO2 to U4O9/U3O7 is observed in less than 40 minutes , while exposing the

sample to 100 mbar of oxygen at 150°C. This suggest much faster kinetics of oxidation under the

given conditions when compared to reduction process observed in vacuum pressure of 4 x10−4

mbar at 250°C which took more than 16 hours. Therefore, if sample with specific stoichiometry is

required, the reduction process would give more control and more accurate result.

The EBSD maps of the ROI on the investigated sample (a) before and (b) after oxidation

are shown on Fig 5.4. The difference in the resolution between these two maps is caused by

the acquisition time. The first scan was taken overnight for 14h, while the second scan due

to the equipment availability and to limit oxidation of the sample in atmospheric condition,

was captured within 2h. The structural changes associated with oxidation of cubic UO2 to

smaller cubic U4O9 and tetragonal U3O7 should negatively influenced the accuracy of measured

data which is expressed by a confidence index (CI). As during this experiment due to lack of

oxygen while the sample was exposed to 250°C, reduction was observed resulting in very similar

stoichiometry compared to starting stoichiometry of the sample, no changes to CI were observed

as expected.

This XRD and EBSD data show that oxidation of poly-epitaxial thin films of UO2 to U4O9/U3O7

is a reversible process, without any damage to the sample structure. The reduction process from

even higher oxide such as U3O8 has been extensively studied in many investigations [188–195].
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Figure 5.4: EBSD inverse pole figure map of the poly-epitaxial uranium dioxide thin film sample
SN1191, (a) before the in-situ oxidation, and (b) after the oxidation. The difference in quality is
purely related to the scanning time, which was much shorter after oxidation as no changes were
expected.

Studies were mostly conducted on powder and pelletized U3O8 material, by thermal treatment in

a reducing atmosphere. Many of the researches have been made in the hydrogen or hydrogen-

containing gas atmospheres [188–191], while others studied this process in Ar and CO2. Here

is shown that reduction of thin films is also possible to almost stoichiometric UO2 just under

vacuum condition at elevated temperatures. The data obtained for the thin film agrees with

literature, demonstrating that uranium oxide thin films can be used as a surrogate material for

its bulk equivalent.

Studies conducted by Quemard et al. [75] show that when UO2 (111) single crystal is oxidised

at 300°C in air for 10h to form U3/O7, cracking of the sample is observed. Here, where very

similar conditions are used, no cracking is observed for any grains, including the ones near the

(111) orientation. The difference is probably in the physical state of the sample, where a bulk

single crystal have the oxide layer of U3O7 with a thickness of 1 µm. This layer is almost a

magnitude greater that the thickness of the thin film used in this experiment (0.16 µm). Another
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Figure 5.5: First step of second experiment. Sample SN1191 exposed to 200 mbar of Oxygen at
150°C. Unique behaviour of UO2+x when system contracts then expands and again contracts is
observed in first 15 minutes.

important factor is the substrate, which provides poly-epitaxial match with UO2 which could

stabilise its structure, and prevent from cracking.

During the second step of this experiment sample SN1191 was exposed to 200 m bar of oxygen

at 150°C. This time, after short exposure to oxygen at high temperature for 5 minutes, a small

shift towards a lower angle is observed, associated with expansion of the lattice constant. This

unique behaviour of UO2+x system was previously reported in the literature [179], and changes

to the lattice constant as a function of extra oxygen are shown on Fig. 5.6

As mentioned previously, the lattice contraction should follow the Vegard’s law in the hyper-

stoichiometric range, and for UO2 the Eq. 5.1 was proposed. This does not hold for the 0.125

< x < 0.17 region where a lot of discrepancies arose in reported values [179, 181, 184]. For the

intermediate region 0.13 < x < 0.17, uncertainty concerning the variation of the lattice constant
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FIGURE 5.6. Changes in lattice constant as a function of x for different UO2+x. Figure
reproduced from [179].

was reported already by Lynds et al. [181]. Scattered results in this region did not allow to fit the

whole hyperstoichiometric region with one Vegard equation, and authors proposed two different

equations, above x = 0.17 and below x = 0.13. This was attributed to a transition detected at x =

0.125, based on analysis of the partial molar free energy of oxygen in UO2+x [196]. Scarce values

in this region were also reported by other researchers [180, 182, 184].

Detailed studies performed by Elorrieta et al. [179] demonstrated that in the region 0.13 < x <

0.20 the lattice constant of UO2+x increases, and they proposed the following equation to describe

this change:

(5.2) a0 = 5.4133±0.0005+ (0.196±0.003)x, (0.13< x < 0.20)

which agrees with previously published lattice parameters in this region, and also shows that

a single linear equation is not sufficient to describe entire 0 < x < 0.25 region. After the region
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described by Eg. 5.2, above 0.2 < x, the lattice constant in region associated with U4O9-y seems to

follow again Vegard’s law-like behaviour, which is shown as a dashed line on Fig. 5.6.

The changes observed during in-situ XRD oxidisation of UO2 thin films to the lattice param-

eter showed on Fig 5.10, agree with the results reported in the literature [179, 180, 182, 184],

where a small increase in the lattice constant is observed, just before it decreases again when

approaching U4O9/U3O7 structures.

The same behaviour is observed for data shown previously on Fig. 5.1 and now on Fig. 5.5. The

difference between the time needed to achieve maximum concentration of oxygen in the sample

between the first oxidation experiment (less than 40 minutes) and now (less than 120 minutes),

is probably caused by lower starting stoichiometry of the sample in two cases. This would also

explain why in the second oxidation experiment it was possible to observe a unique expansion of

the structure in region 0.13 < x < 0.17. This would indicate that the starting stoichiometry was

below this point. Another less likely possibility, is that in the first part, this expansion point was

missed due to a faster reaction rate.

Overnight oxidation of SN1191 in 200 mbar of oxygen at 150°C for more than 16h did not

show any further changes after 2h exposure, therefore the temperature was increased to 300°C

to allow the investigation of phase transition into orthorhombic U3O8 structure. As shown in

previous steps on this experiment, the reduction of this film sample is observed when heated

up to 300°C under vacuum of 5 x 10−4 mbar, therefore, to minimise this effect the turbo pump

was not used during the heating up stage, and when the system was allowed to equilibrate for

1h. After the temperature of the system stabilised at 300°C, alignment of the XRD set-up was

conducted again to compensate for the thermal expansion of the sample stage.

A higher temperature allowed further oxidation of the SN1191 sample to U3O8. XRD scans

were taken for 19.5h overnight every 30 minutes in 2 theta range 25-70°. Data collected during

that time is presented as circles on Fig. 5.7. Due to the difference in thermal expansion between

the uranium oxide sample and sample stage, observation of (220) reflection became possible again.

This was not true for the (311) reflection, where deconvolution of the peaks was not possible,

therefore data for this peak is not presented. To fit the peak shape a pseudo-Voigt function was

used, and the fit is represented by the straight line.

170



5.2. IN-SITU XRD

FIGURE 5.7. XRD patterns showing oxidation of SN1191 into U3O8 in 200 mbar of
Oxygen at 300°. General decrease of UO2 signal, and increase of U3O8 is observed.

Further structural changes after 21h are shown on Fig. 5.8. Scans were taken for 44h in total.

In this series of measurements, scans were 1h long and 2 theta range 10-70° to allow observation

of additional U3O8 reflection around 21/22 ° in order to distinguish between alpha and beta

structures of U3O8. Furthermore, the (002) reflection completely disappeared, therefore, is not

shown anymore on Fig. 5.8.

General decrease in the intensity is observed for (111), (002) and (220) reflection assigned to

the UO2+x structure as the cubic/tetragonal structure undergoes phase transition to orthorhombic

structure of U3O8. At the same time, as expected, intensity for reflections associated with

formation of U3O8 increase. To better illustrate this process, an area under each peak was

extracted, normalised and plotted against time as shown on Fig. 5.9. The data was fitted using

logistic function.
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FIGURE 5.8. Further oxidation of SN1191 including (001) phase of U3O8. No signal was
observed for (002) UO2.

The kinetic of oxidation from UO2+x to U3O8 presented on Fig. 5.9 are in good agreement with

the sigmoidal nucleation-and-growth mechanism described in literature for this phase transition

[31, 41, 41, 45, 46, 70, 70, 73, 172, 187]. The induction period, where the initial rate of oxidation

is very low, takes place during first the 10 hours of the oxidation process. After this time, the

oxidation rate gradually increases to a maximum, and this linear region [31] is observed from

around 13 hours to 21 hours. When the reaction approaches completion, it tails off finishing after

44 hours with full sample oxidised to U3O8.

Data presented here is in contradiction to what was reported by Allen et al. [71, 72], where

the oxidation rate of UO2 was suggested to be highest for the (111) orientation due to epitaxial

relations with U3O8, followed by (110) and slowest for (001). The (001) oriented grains within

the SN1191 sample oxidised quickest, and no signal was observed after 23 hours. There was not
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FIGURE 5.9. Integrated area of peaks against time of oxidation in 200 mbar of O2 at
300°C. Data was fitted using logistic function. Characteristic sigmoidal kinetics
for nucleation and growth of U3O8 are observed. The data for (001) U3O8 was not
fitted as signal was not measured from the beginning of the oxidation.

much difference between kinetics observed for the (111) and (110), that disappeared after around

37 hours and 33 hours of oxidisation respectively. This might suggest that there is some relation

between the (001) orientation of cubic UO2 and some plane of orthorhombic U3O8.

Using data from the second in-situ XRD oxidation experiment (Fig. 5.5, Fig. 5.7, Fig. 5.8)

center of the Bragg peaks were extracted and lattice parameters based on the Cu Kal pha1

wavelength were calculated, which is shown on Fig. 5.10. The panel (b) shows changes to the

lattice parameter over time while oxidising UO2+x in 200 mbar of O2 at 300°C to U3O8. In

contradiction to what has been observed at 150°C (Fig. 5.10 (a)), where due to the incorporation
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FIGURE 5.10. Changes in lattice parameter as a function of time during second in-situ
XRD oxidation experiment in 200 mbar of oxygen at (a) 150°C and (b) 300°C
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of oxygen into cubic structure of UO2+x/U4O9 followed by possible distortion to tetragonal U3O7

the lattice parameter shrinks, here (Fig. 5.10 (b)) lattice parameter for already fully oxidised

U4O9/U3O7 does not change. Furthermore, as expected, no changes are observed to the lattice

parameter of U3O8. The first two points for the (130) reflection for U3O8 are slightly off compared

to the rest, as due to very low signal to noise ration caused by a very small amount of U3O8

contributing to the signal at the beginning of phase transition.

After completing the in-situ XRD oxidation of sample SN1191 to U3O8, the sample was

investigated again using SEM. The images taken from the sample surface after oxidation are

shown on Fig. 5.11. The panel (a) shows the surface of the sample, within the ROI, before

oxidation. Flat sample area with grain structure and markings made using DB system are visible.

The same area captured after oxidation is shown on panels (b), and view from the top on panel(d)

where crosses and dots were used for marking are easily visible. The flake structure can be seen

under higher magnification on Fig. 5.11 (c). Due to disintegration of the sample EBSD mapping

was not possible.

The disintegration of the thin film was caused by the volume expansion of 36% [179] associated

with the phase transition from UO2 to U3O8. This a well known effect that leads to loss of the

UO2 matrix integrity [31][70]. Previously reported structures of U3O8 after oxidising from UO2

showing "popcorn" morphology for powder form of the sample and "cauliflower" appearance is

observed for pellets [75]. In this studies a "flake" structure is most likely caused by the thin film

nature of the starting material.

To verify if the observed structures on Fig. 5.11 (b-d) are related to the uranium oxide or are

of different origin, an Energy-dispersive X-ray spectroscopy measurement was taken. The result

of the EDX mapping is shown on Fig. 5.11 (e), where the yellow colour represents uranium. As it

can be seen, a strong signal is observed from flakes, while the areas where uranium was, etched

using ion beam (dots and crosses) to mark the region for EBSD, are black and no uranium signal

is present within them. This in addition to the XRD signal that represents the entire sample,

showed locally that the new structures contains uranium.
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FIGURE 5.11. After oxidation, "flake" like morphology is observed under SEM on entire
surface of SN1191 sample(b-d). Energy-dispersive X-ray spectroscopy (e) shows in
yellow signal from uranium. Artistic visualisation of the structure as "uranium
autumn leaves" is shown on panel (f).
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5.2.1 Flakes studies

Unlike x-rays, the electrons interact readily with the sample limiting the thickness of the

specimen to around 100 nm for a typical TEM. The thickness of the starting UO2 thin film

was around 160 nm, accounting for the volume expansion associated with phase transition into

orthorhombic U3O8, the thickness of the flakes obtained after oxidation should be around 218 nm.

This is too thick for TEM imaging, unless the material also breaks in the horizontal direction. In

order to investigate the structure of the flakes, they were gently scratched from the YSZ substrate

onto a copper TEM grid.

The copper grid with uranium flakes was first investigated in STEM mode on Dual-Beam

system. Multiple images with different magnification in bright-field, dark-field and high-angle

dark-field modes were taken, selected images are shown on Fig. 5.12. The first panel (a) shows

an overview of the copper grid at low magnification. Dark field version of this area was chosen

to show as it provides strong Z-contrast, and uranium flakes can be seen as white spots on the

copper grid. View on the single grid is shown on Fig. 5.12 (b) and (d) in bright field and HAADF

modes respectively. Multiple flakes with different size are observed, also a lot of cracking and

defects within their structure. An image of the biggest flake under extreme magnification in dark

field mode is presented on Fig. 5.12 (c). it shows that within a single flake, other smaller grains

and cracks are present, which could be related to stress inside the structure caused by expansion.

The data collected in STEM mode on the DB system suggested that it might be possible to

conduct TEM imaging on the flakes. The TEM measurements were performed by Sean Davis

at the Chemistry Imaging Facility, School of Chemistry, University of Bristol, using Jeol 1400

TEM system. The images of a single flake are shown on Fig. 5.13, as presented on image (a) at

lower magnification when the entire flake is visible, the central area is too thick to see its atomic

structure, but when zooming into its edge (b) the thickness decreases unrevealing the structure

of the material. Multiple nano grains are visible on image (c) and (d) with planes of atoms.

An image showing edge of a flake with clear boundaries between grains and nice alignment

of atoms with some of the grains is shown on Fig. 5.14. Examples of boundaries are shown with

a red dashed line. Multiple nanograins are visible what indicates the polycrystalline nature of

the sample. Gatan software was used to extract inter-planar spacing from areas of three grains
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FIGURE 5.12. Scanning transmission electron microscope (STEM) images of flakes
obtained by oxidising UO2 thin film to U3O8. Image (a) in dark field mode shown
overview of the copper grid with uranium flakes. Single grid with specimen is two
different modes is visible on image (b) and (d). Nano structures and cracks can be
observed under higher magnification within a flake, as shown on image (c).

labelled with yellow colour. The following procedure was applied: Fast Fourier transform (FFT) of

the ROI was performed, followed by masking the area around the two symmetric brightest spots.

In next step inverse FFT processing was used to create an image from which profile of repeating
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FIGURE 5.13. TEM investigation of a U3O8 flake. Micron size flake is shown on image
(a), with thick internal area. The edges of the flake are displayed on panels (b-d),
where planes of atoms arranged within nano grains are observed.

patterns was extracted. Distance between ten peaks was measured to minimise the error.

It was found that the inter-planar spacing is in range 3.28 - 3.45 Å for first ROI, 3.40 - 3.58 Å

for the second ROI and 2.62 - 2.92 Å. This data was compared with the d-spacing of U3O8 and it

was found that first two regions match well with d-spacing of 3.42971 Å (130), while the third

matches with 2.64346 Å (131). This agrees well with the x-ray diffraction data and confirms the

polycrystalline structure of the U3O8 flakes created from oxidising the UO2 poly-epitaxial thin

film.

The quality of the selected area (electron) diffraction pattern (SADP) was affected by the

thickness of the sample, and its ability to only collect signal from the edges. An example of the

SADP collected from the edge of a U3O8 is shown on Fig. 5.15. The presence of multiple spots
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FIGURE 5.14. The lattice fringes of U3O8 observed on the edge of a flake. The red
dashed lines show boundaries between nano size grains. Analysis of the distance
between atoms within areas in yellow boxes suggest (130) orientation for the area
1 and 2, while the third area matches with (131) orientation of U3O8.

d spacing (Å)
SADP Figure 5.15 U3O8
4.21 ± 0.11 4.149 (001)
3.45 ± 0.09 3.43 (130)
2.67 ± 0.07 2.643 (131)

Table 5.3: Calculated values of the d spacing measured from the rings shown in Figure 5.15,
compared with values for orthorhombic U3O8.

aligned in circles indicate polycrystalline character of the specimen. Gatan Digital Micrograph

software was used to analyse the d-spacing for the observed rings. The value was extracted from

the center of the spot, and error was calculated based on the diameter of the spot. This data,

compared with lattice spacing for different planes in U3O8 is shown in Tab. 5.3.

The crystallite size of polycrystalline U3O8 was also calculated using the Scherrer equation.
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FIGURE 5.15. Selected area electron diffraction patterns (SADP) of two different flakes.
First one (a) is a good representative for most of the investigated material, where
polycrystalline pattern is observed. Crystal structure of orthorhombic U3O8 crystal
is visible on image (b).

The highest intensity Bragg reflections (130) of U3O8 were used for this calculation. The average

grain size was found to be 25 ± 2 nm, which is in very good agreement with the size of the grain

observed under TEM.

The polycrystalline character of the flakes was confirmed using a combination of x-ray

diffraction and electron microscopy techniques. Furthermore, flakes are made out of U3O8, which

was expected as oxidation of UO2 in presence of oxygen at elevated temperature leads to formation

of U3O8, and observed in XRD, TEM, and SADP data.

5.3 In-situ HT-ESEM

The in-situ XRD oxidation of poly-epitaxial UO2 thin films revealed that grains with (001) orien-

tation oxidises faster than (111) and (110). Furthermore, even thin films epitaxially stabilised

by substrate cracks and lose integrity while transforming to U3O8, due to volume expansion.

To further investigate this process, and answer a new question, such as where the cracking

starts and what is the influence of the grain size in addition to its petrographical orientation, an

oxidation experiment in-situ High Temperature - Environmental Scanning Electron Microscope

(HT-ESEM) was conducted.
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The HT-ESEM used in this experiment was FEI Quanta 200 FEG ESEM (Thermo Fisher

Scientific) at the Institute de Chimie Separative de Marcoule (ICMS) in Marcoule, France, and

was operated by Renaud Podor. This system uses a field emission gun for imaging, which can

be performed in different modes, including environmental mode with a gas pressure in range

between 0.1-7 mbar. The chamber is fitted with a furnace stage allowing to increase temperature

up to a 1200°C, while continuously scanning the sample surface.

The sample used in this experiment was SN1498, a poly-epitaxial 100 nm thin film of uranium

dioxide grown on a ceramic YSZ substrate. Detailed characterisation of the sample was described

in Chapter 4. Within the sample, an area of 200 x 200 µm was marked using a dual beam

microscope, and later orientation map of the ROI was created using the EBSD system on the

FEGSEM. To minimise the damage from the electron beam and carbon deposition from the EBSD

mapping process, a fast scan with lower resolution was performed.

In order to conduct in-situ oxidation of the SN1498 thin film of UO2, the sample was placed

on the HT-ESEM stage. As the microscope operates in environmental mode, there was no need

to create an electric bridge between the sample stage and the surface of the sample, as the

discharging process is maintained by the oxygen gas. The sample was then gradually heated at

oxygen partial pressure of PO2 = 350 Pa. Images of the sample surface were taken every 3 to 5

seconds, at a constant acceleration voltage of 20kV.

Selected images taken during this in-situ oxidation experiment are shown in Fig. 5.16. The

first image (a) was taken at 23°C just after finding and focusing on the ROI. Micron size grains

of UO2 are clearly visible with crosses and dots marking the area. The next image on Fig. 5.16

(b) shows the surface of the sample at 257°C, at this stage oxidation to U3O7/U4O9 could be

taking place. Unfortunately, there was no possibility to investigate those changes, as the only

indication is cracking of the structure while formation of U3O8 occurs. The slightly different

contrast between the grains visible on image (a) compare to image (b), can not be treated as an

indicator, due to the field of view and instrumental contrast being adjusted during the experiment

to compensate for thermal expansion. Furthermore, a small cracking of the sample reported for

formation of U3O7 [74] at the surface of UO2 were not observed before in XRD measurements,

where the U3O7/U4O9 presence was confirmed by lattice constant.
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FIGURE 5.16. Images of 100 nm thick poly-epitaxial thin film sample SN1498 of UO2
taken using FEI Quanta 200 FEG ESEM during the in-situ oxidation experi-
ment at different time and temperatures. The surface of the sample at RT is
visible on image (a). Possible oxidation to U3O7/U4O9 is shown on image (b). The
start of the oxidation is marked with red circle on image (c). The images (d) and
(e) show further oxidation, and final view on the sample surface is shown on
image (f). Time is counted from first signs of cracking. Images were taken at am-
bient pressure of oxygen PO2 = 350 Pa, and acceleration voltage 20 kV. (Video:
https://figshare.com/s/db53671f400c57e695a9 )

The slightly different contrast between the grains visible on image (a) compare to image

(b), can not be treated as an indicator, due to the field of view and instrumental contrast being

adjusted during the experiment to compensate for thermal expansion.

First signs of the thin film disintegration were observed at 623°C and from that point in time

the heating power was kept constant. After 2 minutes the temperature stabilised at 642°C. The

area where the cracking started is indicated with a red circle on Fig. 5.16 (c). This image was

taken after 72s from the first signs of oxidation at 633°C. The next images (d), (e) and (f) on Fig.

5.16 show further oxidation associated with phase transition to U3O8, where nucleation starts at
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multiple points and spread within the thin film sample. The last image (f) shows the completed

process, when no more changes were observed and the entire sample was assumed to be U3O8.

FIGURE 5.17. Kinetics for the oxidation of poly-epitaxial SN1498. The data values
extracted from images are represented by black circles, while sigmoidal logistic fit
is shown as red line. A typical sigmoidal nucleation-and-growth mechanism for
formation of U3O8 is present.

To find the kinetics for the HT-ESEM in-situ oxidation of poly-epitaxial UO2 to U3O8, the Fiji

ImageJ software was utilised. When UO2+x undergoes phase transition to orthorhombic U3O8, an

increase of the volume by 36% causes loss of integrity. The percentage of the damaged area to the

entire area of the image was extracted from a series of scans. First, to account for the difference

of intensity related to the small tilt of the sample, background of each photo was subtracted using

the Gaussian-blurred version of the image. The data points obtained from this process against
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time are shown on Fig. 5.17.

Typical sigmoidal nucleation-and-growth kinetics for the formation of U3O8 are observed in

good agreement with the literature[31, 49, 64, 169, 171, 197–202]. The slightly longer induction

period observed for around the first 190s compared to the XRD data, can be related to the starting

stoichiometry of the sample. Furthermore, due to different time frames there could be not enough

time to fully oxidise the sample to U3O7/U4O9 prior to the phase transition to orthorhombic

structure. The maximum oxidation rate is observed between 240-300s, and after that time it

slows down to finish after 360s.

Kinetics of in-situ HT-ESEM oxidation of uranium dioxide thin films cannot be directly

compared to the data collected using the XRD due to differences in three main parameters. First,

the starting stoichiometry of the poly-epitaxial UO2 sample, the thin film during the in-situ XRD

is first fully oxidised during the extender treatment at 150°C in oxygen atmosphere forming

U3O7/U4O9. In HT-ESEM is not possible to investigate the stoichiometry of the sample before the

phase transition, as the only indication is the disintegration of the sample associated with the

formation of U3O8. In addition, due to pressure limitations of 7 mbar inside the ESEM chamber

it was not possible to perform experiments at 200 mbar of UO2, which was the pressure used

in in-situ XRD studies. Furthermore, due to limited availability of the HT-ESEM equipment

and reduced amount of oxygen, temperature had to be increased further than 300°C in order to

initiate the phase transition from cubic to orthorhombic system of uranium oxides.

Based on the EBSD map of the sample ROI, and SEM image taken during the oxidation

experiment, an overlay was created and is shown on Fig. 5.18. The cracking process was analysed

frame by frame in order to identify points where the disintegration of the UO2 matrix begins.

Those locations are marked with red dots. From a total of 28 points where the cracking started,

21 points were located on the grain boundaries. This suggests that not only the crystallographic

orientation of the grain has to be take into consideration while study phase transition into

U3O8, but also the size of the grain, which translates to the density of the grain boundaries in a

polycrystalline material.

Dissolution studies performed on surrogate materials [178], showed preferential dissolution

of grain boundaries and faster dissolution rate was linked with highly misoriented boundaries.
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FIGURE 5.18. Inverse pole figure (IPF) map of the ROI on sample SN1498 was
overlay with SEM image take during oxidation experiment. Red spots indi-
cates locations where cracking related to formation of U3O8 started. Video of
the oxidation process with overlay EBSD map available on the following link:
https://figshare.com/s/98d896ba98b8364dbf6c

The defect-rich nature of grain boundaries was also associated with rapid oxidation, followed by

simultaneous intragranular oxidation throughout the sample [31], what is observed in presented

data.

Further analysis showed that the oxidation reaction prefers mostly smaller grains, with

orientations close to (001). Faster oxidation of the (001)-oriented grains indicates that volume

expansion associated with phase transition to U3O8, would first occur at those grains leading
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to increased stress at the grain boundaries resulting in preferential cracking, what have been

observed. This is also in good agreement with the importance of the particle size effect reported

previously [169]. Those studies were performed on powder samples, where this effect is easily

predictable as the smaller particle sizes, the larger surface area for the reaction to take place. For

a bulk representative, such as UO2 sintered pellets, this process is much slower [185] because

samples have small surface areas. As the structure of poly-epitaxial thin film is much closer to a

sintered pellet than to powder UO2, the data collected in this experiment is mostly compared

with the studies conducted on pellets and single crystals.

Early studies [171, 197] conducted on CANDU, AGR and LWR pellets showed a negative

correlation between grain size and the oxidation rate of whole pellets. This was supported by

more rapid oxygen diffusion along grain boundaries than into UO2 grains, therefore oxidation

proceeds initially along the grain boundaries and is followed by intragranular oxidation. This

model is in very good agreement, with the data collected during the in-situ HT-ESEM oxidation

of where 75% of the cracking associated with oxidation starts at the grain boundaries.

Contradictory results were presented by Wood and Bannister [198], where a positive corre-

lation between the initial oxidation rate and grain size was suggested. However, the density of

the samples was not taken into consideration, and a correlation in data with the density was

observed. As the density of the sample is also very important [31], it is not clear whether the

observed correlation is due to grain size or sample density. Further studies performed by the

same authors [198], showed that with decreasing grain size the reaction rate increases, but only

for samples with grains smaller than 5 µm . For single crystals and samples with grains larger

that 5 µm, the oxidation rate was the same. The average grain size of the SN1498 sample is 13.57

µm with a standard deviation σ=4.85.

Nevertheless, in all studies presented for formation of U3O8 from U3O7/U4O9 [31, 49, 64, 169,

171, 197–202] it is certain that it proceeds by a nucleation and growth mechanism, as shown in

this experiment (Fig. 5.17). This indicated that poly-epitaxial thin films are a good surrogate

material for studies of bulk representatives of UO2, but due to their unique structure can provide

more insight into the oxidation process.

Regardless of grain size, it was found that the cracking and spalling processes begin mostly at
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the boundaries of the grain close to (001) orientation. This is in good agreement to the XRD data

presented earlier in this chapter, showing larger changes in the lattice parameter along the (001)

grains (5.3) and faster oxidation rate for this orientation (5.9). Both data sets collected during the

in-situ experiment are in disagreement with the model presented by Allen et al. [71, 72] with

following oxidation rate rates [111]>[110]>[100]>[polycrystalline].

5.4 XPS mapping

Determination of UO2+x stoichiometry based just on the XRD pattern can be complicated, as has

been demonstrated in the in-situ XRD section. The lattice constant of UO2+x does not simply

follow Vegard’s law-like behaviour in the whole hyperstoichiometric range, and three different

equations are required to describe changes to the lattice constant. As shown on Fig. 5.6 the

same lattice constant can be observed for three different stoichiometries. Furthermore, XRD

provides information about volume of the sample, and without specific equipment diffraction on a

single grain is not possible. However, small changes to the stoichiometry can be measured using

different techniques such as Raman spectroscopy [179] and XPS [203]. Throughout this thesis

both techniques were investigated, but only XPS data will be briefly discussed.

Actinide oxides have been studied for almost 50 years using XPS [203, 204], as this technique

provides detailed information on the surface composition and chemical state of the near-surface

which has immediate contact with its surroundings and consequently mediates most reactions.

As uranium has multiple oxidation states and often a combination of them is observed in the

XPS spectrum, a simple comparison of the binding energies (BEs) of core level is not enough to

determine oxidation states of uranium. Fortunately, other features in the XPS of U allow for

determination of the oxidation state.

In addition to comparing core level BE, a lot of information can be extracted from the most

sensitive line which is the the 4f line. The shape and the broadening of this line and possibly

the emergence of distinct multiplet structures provides information about bonding environment

of uranium [203]. Small changes to the stoichiometry of uranium dioxide can be observed in

the intensity and energies of satellite lines relative to an associated primary peak. This is also
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independent from the absolute binding energy and the experiment was mainly focused on this

method for determination of uranium oxidation state.

The U satellite peaks have an inter-atomic origin expressing final states due to transfer of

electron(s) from the dominantly ligand 2p bonding orbital into open uranium 5f or 6 d shells

[203]. The most prominent satellites come from the primary spin-orbit split 4f7/2 and 4f5/2, where

the stronger 4f7/2 peak position is in range 379.8 to 380.1 eV [205]. The separation between the

peaks and satellites for tetravalent uranium was reported to be in the range 6.6-7.1 eV, based on

the oxidation state [203].

Furthermore, recent work conducted by Ilton at el. [206] showed that small changes in

uranium oxidation states can be extracted using XPS of a shallow core level. In addition to data

from the 4f line, researchers focused also on the U 5d and 5p multiplet structures, as those peaks

are very sensitive to the oxidation state. Oxidation states for U, determined using the 4f and 5d

lines were strongly correlated, showing that both can be used to investigate small changes in

stoichiometry of UO2+x in range 0 < x < 0.3.

Combination of XPS methods for precise determination of UO2 stoichiometry combined with

the unique columnar sample structure of UO2 thin films fabricated for this thesis offers new

possibilities for the investigation of crystallographic orientation influence on the oxidation rate.

The sample SN1545, 100 nm thin film of poly-epitaxial UO2 grown on YSZ substrate using

DC magnetron sputtering, previously characterised in Chapter 5, was used for purposes of this

experiment.

Prior to XPS mapping the sample was reduced in-situ XRD at hight temperature under

vacuum, in order to obtain almost stoichiometric UO2. Then, the sample was transported in air

atmosphere to Diamond Campus, where the first XPS mapping was conducted. After that, it

was transported back to Bristol, where in-situ XRD oxidation was performed. The sample was

slightly oxidised to UO2+x, were 0.5< x <1.5, so the limit of UO2.25 was not reached, otherwise

due to limited solubility of oxygen all grains could have the same stoichiometry. Then sample

was transported back to Diamond, where post-oxidisation scanning followed by in-situ reduction

under vacuum at elevated temperature was conducted.

To calibrate the lines of the integrated U 4f peaks, integrated carbon 1s lines from all 10
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FIGURE 5.19. XPS data collected from 10 different grains before oxidation (black), after
oxidation (red), and when in-situ reduced (blue). The IPF EBSD map indicated
were the signal was collected.

areas were used. Fitting was performed in Origin using a Gaussian function. The small shoulder

at higher binding energy on C 1s peak before oxidation might suggest presence of a small amount
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FIGURE 5.20. Integrated signal from all ten grains for (a) C 1s peak used for data
calibration to 284.8 eV, and (b) signal from U 4f with satellites indicating UO2+x.

of carbon oxide. Raw data with fitting of the carbon peak is shown of Fig. 5.20 (a). The position of

carbon 1s was calibrated to its reference value of 284.8 eV.

Data at each stage was collected from ten different grains within the ROI, as shown on the
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IPF map on Fig. 5.19. The data collected before oxidation is plotted using black colour, after

oxidation with red, and scan succeeding in-situ reduction with blue color. Signal to noise ratio

was unfortunately not enough to distinguish discrete changes between signals coming from grain

with different orientations. Therefore, integrated intensities from all grains were plotted Fig.

5.20 (b), where positions of satellites could be only extracted from signals after annealing under

vacuum.

Common practice prior collection XPS data for a sample, is annealing under vacuum which

allows to reduce surface contamination, such as from oxygen or carbon. Due to the nature of this

experiment, this was not possible as the stoichiometry of the sample would be highly influenced.

The effect of applying this step can be visible first in reduced intensity of the C 1s peak on Fig.

5.20 (a), and increased signal from uranium dioxide visible as blue line (Fig. 5.20 (a)).

This experiment could be improved in two ways. The first improvement is related to the

sample, if bigger grains could be fabricated that would allow for investigation of larger spot size,

resulting in higher data output. The second possible improvement is the use of x-ray source with

much higher brilliance, such as the one available one at the synchrotron facilities. Better statistic

would allow for detailed analyses of the 4f and 5d line with their peak-satellites separation for

each single grain, giving an inside to the oxidation rate based on the crystallographic orientation.

5.5 Discussion

The transformation of UO2 into U3O8 is a two step reaction UO2→U4O9/U3O7→U3O8 [199–201].

In the first step regular cubic fluorite structure of uranium dioxide accommodates additional

oxygen atoms in its structure. That leads to the displacement of lattice oxygen atoms from their

ideal lattice position and this is observed until UO2.25 (U4O9) [207][208]. Further oxidation leads

to a distortion of the unit cell by interstitial oxygen atoms, and change of a unit cell from cubic to

tetragonal (U3O7). The second step of the reaction, accommodation of a higher amount of oxygen

atoms results in a phase transition to orthorhombic U3O8 [209].

Recent synchrotron studies suggest four distinct kinetic time domains for oxidation from UO2

to U3O8 [210]. The crystalline phases associated with these domains are also identified. In fact,
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the first kinetic domain corresponds to the reaction of UO2 into U4O9; the second one is linked to

the two simultaneous reactions, UO2 into U4O9 and U4O9 into U3O7. And finally, the transition

from U3O7 into U3O8 corresponds to the third and fourth kinetic domains.

In the case of the oxidation of UO2 powders, it is generally accepted that the first stage of

oxidation is the incorporation of small quantities of oxygen into the fluorite-type lattice to form

hyperstoichiometric UO2+x. Then, the oxidation of UO2 powders involves U3O7 formation. In

the literature, two tetragonal phases are reported, α-U3O7 and β-U3O7, which only differ from

their c/a ratio, respectively 0.989 and 1.031 [202][49][64]. Typically, α-U3O7 is considered as the

normal result of the oxidation at temperatures less than 200°C [3], whereas β-U3O7 appears at

temperatures higher than 200°C. Finally, the oxidation of powders proceeds only from β-U3O7 to

U3O8, and not from α-U3O7 [211].

In the first step of oxidation, attributed to the formation of U4O9 and U3O7, a pseudo-parabolic

weight gain curve is observed, indicating a diffusion-controlled mechanism [31]. To model this

kinetics a finite difference algorithm was proposed [212]. In studies conducted on poly-epitaxial

thin films of UO2 in this Chapter it was impossible to extract kinetics of this process, as due to

a very thin layer of material the entire volume of sample was oxidised in less than 40 minutes.

Such short time did not allow to collect enough data points without interfering with the sample

stoichiometry.

Studies conducted by Taylor et al. [185] performed on sintered UO2 disc using XRD proffered

orientation effect, were (001) oriented grains of UO2 oxidised preferentially to (100) rather

than (001) parallel to the sample surface. The rate of U3O7 formation from oriented slices

of UO2 were studied by Allen et al. [71, 72], showing the highest rate in the following order

[111]>[110]>[100]>[polycrystalline]. The data collected during in-situ oxidation of UO2 thin films,

showed the most pronounced changes to the (001) oriented grains, while oxidising the sample to

U4O9/U3O7. As mentioned previously, extraction of kinetics in the first stage of oxidation was not

possible.

The data collected in the first stage of oxidation (Fig. 5.3) is in good agreement with non-

Vegard character of changes observed to the lattice parameters as a function of x in UO2+x system

reported by Elorrieta et al. [179]. The lattice constant first shrinks in region below x = 0.13 , and
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then slightly expands for 0.13 < x < 0.17 before shrinking again for x above x = 0.17.

The stoichiometry of UO2+x sample could not be identified at the end of oxidation at 150°C,

due to similarities between U4O9 and U3O7 structures. Although recent studies suggest cracking

of the UO2+x matrix when a layer of U3O7/U4O9 is formed [75]. Those macro-cracks were observed

as soon as the oxidised layer of initial UO2 reached a critical depth of about 0.4 µm, more than

twice the thickness of the SN1191 sample used in this chapter, where not a single crack was

observed under SEM microscopy. Studies performed on single crystal UO2 by Desgranges et al.

[74], showed that cracking is observed when a critical depth of U3O7 oxidised layer is reached.

The lack of the cracking in 160 nm thick poly-epitaxial film of UO2, when oxidising U3O7/U4O9,

confirmed by the shrink of the lattice constant can be explain in two ways. Firstly, the sample is

too thin to form a critical thickness of oxidised layer to initiate cracking caused by the mismatch

in unit cell parameter between the layer and initial UO2. Secondly, the thin film is grown on YSZ

substrate, which might stabilise the UO2+x structure and prevent damage.

The in-situ XRD oxidation of the SN1191 sample to U3O8, revealed that grains with (001)

orientation oxidise faster than (111) or (110), in contradiction to what was reported by Allen et al.

[71, 72]. The XRD data are with good agreement to what was later observed under HT-ESEM,

where grains with orientation close to (001) started disintegrating as first. Both techniques

showed a unique behaviour for (001)-oriented UO2. The kinetics of this process observed for

both samples using different methods, are in very good agreement with data presented in the

literature, where sigmoidal nucleation and growth mechanism of formation of U3O8 is reported.

194



C
H

A
P

T
E

R

6
UNIQUE PHASE TRANSITION DURING OXIDATION OF SINGLE

CRYSTAL UO2

T
he previous chapter of this thesis showed that (001) oriented grains of uranium dioxide

behave differently than (110) and (111), as the oxidation rate was higher, in contradic-

tion to literature data. To further explore the effect of orientation and better understand

the phenomena observed in the(001) system, data from three differently oriented single crystals

(100), (110) and (111) are presented.

6.1 Introduction

Majority of the studies on oxidation of uranium dioxide has been performed utilizing powder or

polycrystalline solid [31, 205]. In those systems, effects associated with surface to volume ratio

and grain size/grain boundary density have to be taken into account. To isolate the effect of the

crystallographic orientation on the oxidation rate of UO2, single crystal materials can be used.

Until today the work comparing three main orientations present in cubic (Fm3̄m) UO2 was

done by Allen et al. [71, 72]. In their work, single-crystal specimens were polished and cut

parallel to the [111] [110] and [001] faces. Those samples were oxidized in 1.3 mbar of oxygen

at 300°C, together with a polycrystalline disk of UO2 for comparison. Utilizing XRD, XPS and
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SEM they found that the reactivity follows the sequence [111]>[110]>[001]>poly. The fast rate of

oxidation in the UO2 [111] direction was explained by the epitaxial match with the [001] direction

of U3O8, and the slowest rate for polycrystalline system was explained with low tolerance for

accommodation of lattice expansion.

Due to the epitaxial relationship between the U3O8 [001] direction and the UO2 [111], a

lot of studies were later performed and mostly focused on the [111]-oriented single crystal

[86, 205, 213, 214], without providing proper comparison with remaining orientations. Since the

studies conducted by Allen et al., the effect of crystal orientation on oxidation behaviour was not

further investigated, and techniques for characterisation and methods for UO2 fabrication have

been improved and developed.

In this chapter, specially engineered single crystals of UO2 were studied using in-situ tech-

niques. The quality of the thin films was characterised in Chapter 5. Those systems provide

excellent material for studies due to their very smooth surface and very good crystallinity. Firstly,

in-situ data collected using HT-ESEM is presented, followed by a detailed investigation utilizing

x-rays.

6.2 HT-ESEM experiment on single crystals

To investigate the effect of the crystal orientation on the oxidation process of UO2 fuel in case

of failed GDF, a specially engineered set of single crystals was used. Those samples: SN1493,

SN1494, SN1495 were characterised and described in Chapter 5. They represent all three

different crystal orientations possible in a cubic system: (111), (110) and (001), which are observed

in a nuclear fuel. The experiment was conducted at specially designated High Temperature -

Environmental Scanning Electron Microscope (FEI Quanta 200 FEG ESEM) at the Institut de

Chimie Separative de Marcoule (ICSM) in Marcoule, France.

6.2.1 Experimental set-up

The recent development in the field of scanning electron microscopy, nowadays, allows for obser-

vation of materials at high magnification with a high depth of field and recording images at the
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same time [126]. The standard SEM is restricted by sample requirements, such as conductivity

to prevent sample charging, and to be stable under vacuum conditions. Furthermore, it is only

possible to image a sample before and after treatment, such as oxidation. The new environmental

electron microscopes, equipped with a hot stage, help to overcome some of those issues.

Figure 6.1: Photo (a) view on the FEI Quanta 200 FEG HT-ESEM (Thermo Fisher Scientific,
Massachusetts, USA) based at ICSM in France. The heating stage, inside the microscope, with
the mounted sample is shown on (b).

High Temperature Environmental Scanning Electron Microscopy (HT-ESEM) allows to work

with samples that have lower conductivity as charge can be partially neutralized by gas molecules.

The hot stage makes it possible to heat the sample to 1500 while still imaging the surface [215].

Combination of the possibilities to heat up a specimen and change the environmental conditions

by allowing oxygen gas inside the microscope, make it an excellent tool for in-situ oxidation

studies. Allowing for detailed observation of the sample surface changes during the oxidation

process.

The microscope used in this experiment was a HT-ESEM at the Institut de Chimie Separative

de Marcoule (ICSM) in Marcoule, France, model: FEI Quanta 200 FEG ESEM, Thermo Fisher

Scientific, Massachusetts, USA. It is a scanning electron microscope fitted with a field emission

gun electron source to provide high imaging resolution. This microscope operates in different
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modes including environmental mode that allows to use air, pure O2 or a mixture of O2 and N2.

The pressure range inside the ESEM chamber can be in range between 10-750 Pa. The sample

size is restricted by a 5mm circle, as shown on Fig 6.1 (b). The furnace can heat the sample up to

1200°C and be investigated under magnification between x130 to x100 000.

Procedure

The standard size of the substrate used in this experiment was 1cm×1cm×0.5mm, which is

the suitable size of the substrate holder to use with the DC magnetron sputtering system. The

hot stage at the ICSM in Marcoule, France on the FEI Quanta 200 FEG ESEM allows only to

mount samples that fit inside a 5 mm circle. Therefore, thin films of uranium had to be cut to

make the oxidation experiment possible. In order to precisely cut a hard ceramic material, such

as YSZ, and reduce damage to the thin films on top of it a diamond wire saw at the University of

Bristol was used. Samples were cut first into two parts around 1cm×0.3cm and 1cm×0.7cm.

And next, the smaller part was cut into 3 additional rectangles.

Samples were stored in air in separate membrane boxes and transported to France. The

insertion was performed in air. Samples were heated up under an atmosphere of oxygen of 350

Pa. Fig 6.1 shows images of the microscope chamber at room temperature, 300°C, and 800°C.

Once the signs of the oxidation were visible, heating was stopped. A sample edge region, to study

flat surface, be able to focus and see the edge effects, was continuously monitored for the entire

length of the experiment and images were recorded every 3 to 5 s. All pictures were recorded

with the same magnification of x250, corresponding to an area of 512 x 470 µ m2.

Figure 6.2: Images of the FEI Quanta 200 FEG ESEM chamber taken at different temperatures:
(a) room temperature, (b) 300°C, and (c) 800°C.
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The Fiji ImageJ [216] software was used to analyse the surface changes during the sample

treatment. The sample surface cracking due to oxidation and further expansion of the crack

propagation was monitored by measuring the percentage of the damaged surface to the entire

ROI. Background of each photo was crated using the Gaussian-blurred image version of the

image. So extracted background was then subtracted from every image. To enhance the contrast

between the oxidised and the pristine areas of the sample, a series of find edges and smooth

function were used. In the next step Gaussian-blurred or Medina filters were applied. In the final

step, the areas were found by choosing a threshold level in the image values contract, allowing

the pristine region to be below the threshold.

6.2.2 In-situ HT-ESEM Oxidation

6.2.3 Results

Sample SN1493: (111) UO2 / (111) YSZ

The in-situ HT-ESEM oxidation of a 100 nm single crystal (111)-oriented thin film of UO2 was

performed at oxygen partial pressure of PO2 = 350 Pa. The acceleration voltage was kept constant

at 20 kV and images were taken every 3 to 5 s. Fig 6.3 shows the pictures taken before oxidation

started and at different stages of the oxidation process. The first image of the sample SN1493 Fig

6.3 (a) shows surface of the sample with visible edge, and the rough edge of the YSZ substrate.

The area with a small dust particle was chosen in order to be able to focus the microscope. As the

temperature was very low (close to room temperature), shielding of the detector was not required.

Therefore the brightness/contrast looks slightly different than on the other images, were due to

high temperatures (above 500°C) the detector shielding was necessary.

The fist signs of the oxidation were visible at temperature of 568°C. A tiny crack appeared

almost at the center of the ROI. Heating was stopped and the temperature stabilised at 585°C for

the rest of the experiment. This crack can be see on Fig 6.3 (b). Then another crack appeared and

the oxidation started spreading from those cracks causing disintegration of the sample due to

volume expansion associated with phase transition from UO2 to U3O8, which is shown on Fig 6.3

(c). With time, more cracks appeared and disintegration process accelerated which can be seen on
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Figure 6.3: Images taken using FEI Quanta 200 FEG ESEM during the in-situ oxidation of
the sample SN1493 at different times. The surface of the (111)-oriented single crystal of UO2
thin films before oxidation is visible on image (a). Beginning of the oxidation and the associated
cracking is shown of image (b). The two fronts of the disintegration from two cracks are presented
on image (c). Image (d) shows disintegration process, when some of the fronts met and when
still new cracks appear. The situation when most of the oxidation fronts are terminated is
shown on image (e). The surface after complete oxidation is presented on image (f). Images
were taken at ambient pressure of oxygen PO2 = 350 Pa, and acceleration voltage 20 kV. (Video:
https://figshare.com/s/9fee93dad9473a5b68f2 )

Fig 6.3 (d). Once most of the oxidation fronts met, which is shown on Fig 6.3 (e) the disintegration

process was retarded. The sample surface after complete oxidation is visible on Fig 6.3 (f). The

total time needed for this process was 9m 16s, and on the visible area of 512 x 470 µ m2 of UO2

the total amount of cracking point is 20.

Using the Fiji ImageJ [216] software kinetics of the reaction were extracted by finding the

percentage of the disintegrated area. The percent of oxidised area against time for (111) oriented

thin film of UO2 (SN1493) is plotted of Fig. 6.4. To fit this data the logistic function was used,

where the logistic growth rate of the curve, k was found to be 0.0143 ± 0.0003, with midpoint

xc = 391 ± 2. The kinetics found during the in-situ HT-ESEM oxidation for SN1493 follow
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Figure 6.4: Percentage of the disintegrated area associated with the U3O8 against the time for
SN1493 (111) oriented UO2. Black circles represent the data, and their size is associated with the
error. The logistic fit is represented by solid red line. Sample exhibits sigmoidal kinetics, typical
for this reaction.

the well known mechanism of sigmoidal nucleation-and-growth of U3O8 reported in literature

[70, 172, 197, 217–222], with clear initial very low oxidation followed by increase of oxidation

rate up to a maximum, and decrease when the reaction approaches completion.

Sample SN1494: (110) UO2 / (110) YSZ

The same procedure was applied to sample SN1494, the (110)-oriented single crystal thin

film of uranium dioxide. Sample was loaded into the microscope chamber and heated up at

oxygen ambient pressure of PO2 = 350 Pa. Images of the sample were taken every 3 to 5 s at the

acceleration voltage of 20 kV. In order to be able to focus well on the smooth surface of UO2 thin
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film, an edge with couple tiny particles was chosen as region of interest. The total visible area of

the thin film sample was 515 x 470 µ m2.

Figure 6.5: Images of sample SN1494 taken at different stages of HT-ESEM in-situ oxidation
experiment. The fist image (a), taken at 165 °C, shows the area of the sample prior to the
cracking. The seven first points were oxidation started are shown on image (b), the temperature
at that point was 528 °C. Cracking fronts from those points are shown on image (c), where
most of the sample is still intact. The surface of the sample after almost 14 m is presented
on images (d), were some of the oxidation fronts terminated and still new oxidation fronts
are emerging. Most of the cracking fronts is complete after 18 m what is shown on image (e),
although some part of the sample is still undamaged. The total disintegration of the sample is
visible on the last image (f), the time required for that to happen was 23 m and 12 s. (Video:
https://figshare.com/s/05408e5fd48e60f2bc66 )

The image of the sample before insertion of the detector shielding is shown on Fig 6.5 (a). The

temperature inside the chamber is 165 °C and no signs of oxidation are visible. The first cracks

caused by oxidation were noticed at 519 °C, and it started at few spots within seconds. Fig 6.5 (b)

shows the sample surface just after 1 m, at 528 °C, where 7 oxidation centres are observed. The

progression of the cracking fronts, after around 3 m, from those points can be seen on Fig 6.5

(c). The next image Fig 6.5 (d) taken after 13 m 43 s after oxidation started, at 528 °C, shows
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termination of some of the cracking fronts and appearance of new oxidation points. After 18 m

most of the sample was disintegrated into flakes, and some regions were still undamaged which

is presented on Fig 6.5 (e). The fully oxidised structure of the sample SN1494, where all the thin

films disintegrated into flakes is visible on Fig 6.5 (f). The total time necessary to fully oxidise an

area of 515 x 470 µ m2 of the (110)-oriented single crystal of UO2 thin film at oxygen pressure of

PO2 = 350 Pa. and temperature of at 528 °C was 23 m and 12 s.

Figure 6.6: Kinetics for the oxidation of (111) oriented UO2 to U3O8. Black circles represent the
data, and their size is associated with the error. The logistic fit is represented by solid red line.
The sigmoidal mechanism does not fit well, especially during the induction period.

The same procedure utilizing Fiji ImageJ software was used to extract the oxidation rate for

SN1494, the (110) oriented single crystal thin film of UO2. The kinetics of this reaction do not

agree with the sigmoidal nucleation-and-growth formation of U3O8, which can be seen of Fig. 6.6.

The same logistic function that was used to fit well the data for the (111) oriented sample does not

match the data obtained for (110) oriented UO2, suggesting influence of the crystal orientation
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on the oxidation rate. Furthermore, the time needed to fully oxidise this sample (SN1494) at 528

°C is 2.5 times longer than time needed for the SN1493 at 585°C.

Sample SN1495: (001) UO2 / (001) YSZ

The last sample SN1495 (001) oriented single crystal of UO2 was also exposed to oxygen

ambient pressure of PO2 = 350 Pa, and heated up while taking images each 3 to 5 s at 20 kV

acceleration voltage. Again, an area on the edge of the sample, with tiny contamination (dust/

leftovers from cutting process) was chosen for better focusing purposes. The total investigated

area was 512 x 472 µ m2, which can be seen on the Fig 6.7 (a) image of the sample prior to the

oxidation process.

Figure 6.7: Images of sample SN1495 taken during in-situ HT-ESEM oxidation experiment.
Surface of the sample before oxidation is visible on image (a). The first signs of oxidation (b) are
visible at the edge of the sample at 521°C after 1m and 23s. With time, further oxidation is visible
at the sample edge, and formation of triangular shapes is observed (c). The image (d) taken after
4m 23s was enhanced (e) using CLAHE method, to show formation and growth of triangular
shapes. Surface of fully oxidised sample after enhancing contrast with CLAHE is shown on image
(f). (Video: https://figshare.com/s/c29794e503fbe7fdcb20 )
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This time, changes caused by oxidation were not as pronounced as in the two previous cases.

Therefore, it was not possible during the experiment to clearly state at what point the oxidation

started and to stop the heating. As a result, the final temperature that the sample SN1494

was exposed to was 701°C. Even at such a high temperature, there were no signs of thin film

disintegration. The only cracking can be observed at the edge of the sample, where a single

crystal structure might not be maintained and a lot of defects are present. The first signs can

be spotted on Fig 6.7 (b), very close to the edge, and spreading along the edge over the exposure

time. Changes in the main area of the sample as a darker triangles are shown on Fig 6.7 (c) and

(d). To better illustrate those changes Fig 6.7 (e) was created by enhancing the brightness and

contrast of Fig 6.7 (d), by using Fiji software. The final image of the oxidation experiment of the

sample SN1495 is shown on Fig 6.7 (d). The local contrast on this image was enhanced using the

Contrast Limited Adaptive Histogram Equalization (CLAHE) method [223].

The sample SN1495 (001) behaved in a completely different way than SN1493 (111) and

SN1494 (110). Excluding the thin line at the edge on the thin film, no other part of the surface

exhibited any signs of cracking. The UO2 underwent transformation from fluorite cubic structure

to orthorhombic structure of U3O8 maintaining the structure integrity, even due to the volume

expansion associated with this phase transition. The nature of observed changes suggest creation

of (130)-oriented domains of U3O8 single crystal.

6.2.4 Discussion

The role of the crystallographic orientation on the oxidation behaviour of uranium dioxide was

investigated in-situ using HT-ESEM, on three specially engineered epitaxial thin film samples

with different crystal orientations: (001), (110) and (111). For each sample a series of images over

time of exposure were recorded along with temperature and oxygen pressure inside the chamber.

Images were recorded at acceleration voltage of 20 kV and magnification of x250. Experiments

were conducted at ICSM in France on FEI Quanta 200 FEG HT-ESEM.

The in-situ oxidation of samples SN1493 (111), SN1494 (110) and SN1495 (001) showed that

the initiation starts at different temperatures. The lowest temperature to initiate the oxidation

process was observed for sample (001) oriented sample at 518 °C. Signs of oxidation could be

205



CHAPTER 6. UNIQUE PHASE TRANSITION DURING OXIDATION OF SINGLE CRYSTAL
UO2

visible at the edges of the sample where high amount of defects were present and material did

not adhere well to the substrate. Another indication were the visible changes after enhancing

contrast of the images. Those appeared as small triangles/pyramids and increased their size until

their edges met, which was shown on Fig 6.7 (e-f). The time needed to oxidise the ROI of 515 x

470 µ m2 was 8 minutes and 9 seconds. The second orientation to exhibit signs of oxidation was

(110), and the cracks in the structure started appearing at 528°C. As the sample surface was

smooth and without visible defects in the spots where the cracking started, it might suggest that

the oxidation starting points were random. The total time needed for full disintegration of the

sample surface of 515 x 470 µ m2, was 23 m and 12 s. For the (111) oriented sample no signs

of oxidation were visible until the temperature inside the chamber reached 568 °C. A similar

process, with different dynamic, to (110) oriented sample was observed, this sample started

oxidising at random points from which cracking was progressing. A total time of 9m and 16s was

needed to fully oxidise the sample.

This experiment showed that two different oxidation mechanisms can be distinguished. The

first one shared between (111) and (110) crystal orientation of UO2, where the volume expansion

of 36% associated with formation of U3O8 leads to disintegration of the structure. Outbreak

of cracking are observed at multiple random spots, from which it spreads to the entire sample

surface. Although, the dynamic in those two cases is different, what is shown on Fig 6.8. This

figure presents percentage of the oxidised area of the sample to total area of the sample. As it can

be seen, (111) oriented sample exhibits first the induction period, where the cracking spots start

appearing followed by increased oxidation rate up to the maximum when the oxidation progresses

from those points and disintegrates the structure. By the end, when most of the cracking fronts

are terminated, and only a small area of the sample remained intact, the process slows down and

the oxidation curves tails off.

As shown on Fig. 6.6 the logistic function used to describe the kinetics of nucleation-and-

growth mechanism for U3O8 from (110) single crystal of UO2 does not fit the data well, and was

substituted with the linear fit divided into three regions. The first region, called the induction

period, was set to be from 0 to 470 seconds and fitting with linear function gave the slope of 0.049

± 0.003. The second region with the fastest oxidation rate was set for fitting in range 570-1060
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Figure 6.8: Comparison between the oxidation kinetics observed for (111) (circles) and (110)
(squares) oriented single crystal of UO2. For clarity, only each third data point is shown for the
(110) oriented sample. The fits are represented with straight lines, where red is for logistic fit and
blue for linear. The first sample exhibits sigmoidal growth, while the second exhibits different
behaviour at the induction period, and the total time need for oxidation is much longer.

seconds , and the slope was 0.106 ± 0.018. This indicated that oxidation in this region is 2.16

times faster than at the beginning of the process. The third region 1150-1447 had a slope of 0.042

± 0.008, which is very similar to the starting rate.

A unique behaviour is observed for the (100) oriented epitaxial thin film of UO2 on YSZ

substrate. The sample does not disintegrate while exposed to oxygen at high temperatures,

instead formation of domain is observed. This suggests that the volume expansion associated

with formation of U3O8 can be accommodated in the new structure without loss of integrity. This

specific orientation was further investigated using a hot stage mounted on x-ray diffractometer

for in-situ studies, what is described in the next part of this chapter.
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6.3 In-situ XRD oxidation

6.3.1 Experimental set-up

The in-situ oxidation experiments were performed using a PANalytical X’pert diffractometer

at the School of Physics (IAC), University of Bristol. The X-ray source of this diffractometer

has a coper node, and set of filters, allowing only two Cu wavelengths Kα1 = 1.54060Å and

Kβ1 = 1.54443Å. The environmental chamber used for those studies was Anton Par HTK 1200,

with possibility to heat up sample up to 1200 °C under a vacuum, and with an inlet allowing for

a gas insertion. The detailed description of this set-up can be found in Chapter 3.

Figure 6.9: Set-up of the sample holder for Anton Paar HTK 1200 chamber.

Samples were mounted in the way shown on Fig 6.9. First on the ceramic sample holder for

Anton Paar HTK 1200 chamber, a Corning EAGLE XG Glass Substrates (MTI) was stuck using

heat conducting grease (Anton Paar) and a lot of pressure was applied to make sure that the

substrate sits as flat as possible. Such sample elevation is required, otherwise the sample surface

level would be below the level of the sample stage holder, and x-ray reflectivity measurements
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as well as precise alignment of the sample would not be possible. The angle between the glass

substrate and the sample was around 45 °, to facilitate sample removal process.

To mount the sample on the glass substrate again, the heat conducting grease was used, and

special care was taken to make sure that the sample sticks as flat as possible to the sample holder.

As there is no possibility to control the spinning of the sample stage, samples were aligned in

between x-rays source and detector, in the way to make observation of off-specular vectors from

(001) oriented thin films of uranium dioxide possible.

Procedure

Prior to the oxidation studies, all samples were characterised on the Open Eulerian Cradle

stage, for better quality of the data due to higher x-ray intensity and possibility of aligning

sample in χ. Once the sample was mounted on the sample holder, the holder was inserted into

the chamber, and secured using four screws. The system was pumped out first for around an hour

using an oil pump and, additionally overnight with a turbomolecular pump to reach a vacuum of

low 10−4 mbar. Then samples were heated up to the required temperature, and additional time

was allowed to let the temperature stabilise. During heat up, the chamber was always under

vacuum, provided at lest by a rotary pump.

When the temperature stabilised, another alignment of the experimental set-up was required

due to the thermal expansion of the components. Height of the sample was adjusted using half-cut

method, and new omega offset was applied every time. Then a series of scans were taken to define

the starting parameters at each temperature, before introducing oxygen gas to the chamber. After

letting oxygen into the system, scans were taken every hour.

At the end of the XRD in-situ oxidation experiment, oxygen was pumped out and samples

were cooled down under vacuum at room temperature. The hot chamber was then replaced with

the Open Eulerian Cradle stage, and a series of scans were conducted in order to determine the

final parameters of the samples with higher quality, than the quality obtained at the hot stage

set-up.
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6.3.2 Oxidation and characterization of (001) UO2

The mechanisms proposed for the phase transition from UO2 to to U3O8, after initial formation

of U3O7/U4O9 shows a volume expansion of 36% [179]. In studies conducted to this day, this

volume increase is associated with loss of the UO2 matrix integrity [31, 70]. Although, as shown

previously the (001) oriented epitaxial thin film of UO2 on YSZ substrate, does not disintegrate

after exposure to oxygen at elevated temperatures.

This suggests an epitaxial relation between hyperstoichiometric UO2 and U3O8, that allows

for coexistence of one phase on another. The mechanisms proposed by Allen et. al. [187] indicate

a relation between the cubic close-packed (111) plane of UO2 and the (001) basal plane of the

layered orthorhombic U3O8. However, these models are not satisfactory due to symmetry break

in the hexagonal uranium sub-lattice of the (111) plane [224], and does not match the system

observed in previous HT-ESEM studies.

To further investigate the unique behaviour of the (001) oriented single crystal thin film

of UO2, grown using a DC magnetron sputtering system, on YSZ substrate, a series of XRD

in-situ experiment were performed. The primary goal of this experiment is to find the epitaxial

relationship between (001) oriented UO2 and U3O8, which will be described in the first part of

this section. The second objective is to provide detailed description of the kinetics and mechanism

behind the formation of U3O8 without loss of integrity to the sample matrix.

Fig. 6.10 shows XRD data collected for a 50 nm thick film of (001) oriented single crystal

UO2 before (a, b), and after oxidation (c, d). As shown on a longitudinal ω−2θ scan prior to

oxidation (Fig. 6.10 (a)) only two peaks with high intensity are present, corresponding to (002)

reflections from UO2 and YSZ. This XRD profile was modelled using two asymmetric Pearson

VII functions to fit the Bragg peak arising from the thin film and YSZ substrate. The central

Bragg peak positions were extracted from those fits, which allowed to calculate specular lattice

parameters for the thin film and substrate, which are 5.46±0.03Å and 5.15±0.02Å respectively.

The single crystal character of the sample is suggested by presence of only one reflection

family, with high intensity. To confirm that this system is a real single crystal an off-specular

scan was performed and the data is shown on Fig. 6.10 (b). The peaks exhibit expected four fold

symmetry with 90°spacing, and relative position of the peaks from the sample and the substrate

210



6.3. IN-SITU XRD OXIDATION

Figure 6.10: XRD scans of 50 nm (001) oriented thin film of UO2 (SN1627) before and after
oxidation. The first longitudinal ω−2θ scan (a), shows high intensity peaks for (002) reflections
from both, the thin film and the substrate. The off-specular scan with four fold symmetry (b),
confirms it single crystal nature. Scans taken after oxidation (c) and (d) show formation of single
crystal orthorhombic U3O8 with 45°rotation to the substrate planes.

showed a cube on cube match.

The high angle scan of the same sample, taken at open eulerian cradle stage and after the

oxidation experiment at room temperature are shown on Fig. 6.10 (c) and (d). The new peaks

arising close to 26°and 53.4°were fitted using Pearson VII functions, while for the sharper peak

from the substrates a pseudo-Voigt function was used. Based on the central Bragg peak position

from those model, the lattice spacing was calculated for the U3O8 which was 3.428±0.006Å and

1.713±0.006Å and those peaks were assigned with the (130) and the (260) planes respectively.

The values reported for bulk material [225] are 3.429Å and 1.714Å, which is in great agreement
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with the data from the measured samples. The position of Bragg reflection associated with the

YSZ substrate remained unchained giving the same lattice parameter of 5.15±0.02Å, what

indicates no changes to the substrate during the oxidation process.

The off-specular scan shown on Fig. 6.10 (d) reveals two very important details about the

formation of U3O8 from (001) oriented single crystal of UO2. Firstly, the presence of off-specular

reflection indicates a single crystal nature of orthorhombic (130) α-U3O8 structure. This is

observed for the first time, that a single crystal of UO2 can undergo non destructive phase

transition to a single crystal of U3O8. Secondly, the epitaxial relationship between the (00l) YSZ

and (130) U3O8 planes was extracted from this scan and the average separation angle between

film and substrate was found to be ∆φ=45°.

Illustration of this epitaxial relationship is shown on Fig. 6.12. Its a view on the (001) plane

of UO2 (blue dash line), where uranium atoms are represented as gray spheres. Two possible

arrangements of the (130) plane of the U3O8 structure on the (001) plane of UO2 are indicated by

the red and green dashed lines. Due to very similar structures of UO2 and YSZ, the same model

applies also to the epitaxial relation between (001) YSZ and (130) U3O8.

The calculation conducted for UO2 with lattice spacing of 5.47Å shows that the strain between

U3O8 and UO2 on the shorter axis is 1.07 %, while on the longer axis is 7.26 %. That suggests

this is more preferential than on the YSZ structure, where the associated stain would be 7.36 %

and 13.93% respectively. Furthermore, when the cubic UO2 structure absorbs oxygen forming

U4O9/U3O7 shrinks, and if we take the values measured even at 150°C 5.41Å, the strain in

between this layer and U3O8 is slightly higher 2.2 % and 8.46 %. Therefore, from the strain point

of view, the preferential way of U3O8 structure is on UO2. The lowest stress would be obtained for

the cubic structure with lattice spacing of 5.86Å, in which case the strain would be -5.65 % and

0.13 %, where minus indicates that bottom layer is wider than the U3O8 shorter axis on (130)

plane.

6.3.3 Detailed in-situ studies of phase transition from (001) UO2 to (130) U3O8

For a better understanding of the oxidation process responsible for the formation of (130) single

crystal, layered orthorhombic U3O8 from (001) oriented single crystal of cubic UO2, a series of
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Figure 6.11: Schematic representation of epitaxial relationship between the (001) plane of UO2
and the (130) plane of U3O8. Atoms of uranium are represented by the blue spheres, and oxygen
atoms by the red spheres.
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Figure 6.12: Atoms of uranium are represented by the gray spheres. Blue dash lines show the
cubic structure of the UO2 (001) phase. The red and green lines represent possible arrangement
of the (130) plane of U3O8 on top of UO2.

samples were oxidised in-situ. Those samples were SN1535, SN1614 and SN1627, with thickness

of 100nm, 20nm and 50nm respectively. Samples were characterised by conducting high angle

scan, off specular scan and rocking curves. In addition and where possible, x-ray reflectivity

measurements were performed.

In the first step of the in-situ oxidation experiment, samples were exposed to 150°C. The

temperature was increased up to 150°C in 15°C steps with the chamber evacuated all the time

using oil and turbo pump. When temperature reached 150°C, the system was left under vacuum

for an hour to let the temperature stabilise. The scan taken at 150°C prior to introduction of

oxygen into the system is shown on Fig. 6.13 with black colour. The red and blue colours show

the diffraction pattern collected after exposing the sample to 200 mbar of oxygen for in total 10

minutes and 30 minutes, respectively.

To fit the data an asymmetric Pearson VII function was used, and the lattice spacing was

calculated based on the central positions of the Bragg peaks. The lattice parameter was found

to be 5.46±0.01Å for the sample at 150°C prior to oxidation. The data measured after exposing

the sample to oxygen for 10 minutes (red) was fitted using two peaks. The first one associated

with leftovers of UO2 structure that did not oxidized yet into U4O9/U3O7, gave the same lattice

spacing as the starting point as expected. From the second component of the fit envelope related
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to the U4O9/U3O7 structure, the lattice spacing was calculated to be 5.41±0.02Å. This behaviour

is typical for oxidation of UO2 which lattice spacing shrinks with increasing the amount of

oxygen absorbed into the structure. The measurement taken after 30 minutes of the sample

being exposed to 200 mbar of oxygen at 150°C (blue colour), shows the full transition from UO2

to U4O9/U3O7 .

The higher angle data collected from the (004) Bragg peak was modelled also taking into

account contribution from Kα2 = 1.5444Å additionally to Kα1 = 1.5406Å, as the difference at the

peak spreading at high angles becomes more noticeable. That was labelled as a short dot line and

dot line respectively.

A general trend with peak position moving to the higher angle is observed. This is associated

with shrinking of the cubic UO2 lattice parameter due to incorporation of additional oxygen and

formation of U4O9, then transition to tetragonal structure of U3O7. As it can be seen on Fig.

6.13 10m is not enough to fully oxidise the thin film and two phases are visible. Half an hour

was sufficient to incorporate the maximum possible amount of oxygen into the sample structure

at 150°C. Further exposure of the sample at this conditions did not show any changes to the

structure.

The possibility of obtaining two cubic structures of uranium oxide with different stoichiometry

is important from a semiconductor point of view. Based on oxidation level of UO2+x it can be either

p-type or n-type material. As only part of the sample thin film has higher amount of oxygen, that

leads to creation of n-p junction.

Oxidation of UO2 to U3O8 is a two step process, where in the first step the tetragonal oxide

of composition UO2.34 ± 0.03 is formed [41]. This was observed for the UO2 thin film samples at

temperatures below 300°C and pressure 200 mbar of oxygen. Due to the limited resolution of the

equipment, huge similarities between the U4O9 and U3O7 structures [187], and uncertainties

about their crystal structure [31, 41, 45, 73], it is almost impossible to distinguish between those

two phases. The recent model proposed by Rousseau et al. [70] indicates that formation of the

cubic U4O9 phase occurs prior to the formation of tetragonal U3O7, in contradiction to what was

previously reported [41, 46, 172]. Nevertheless, the shift in the XRD to the higher angle (Fig.

6.13) indicate a decrease of the lattice parameter, what was calculated to be 0.67 ± 0.05 %, and it
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Figure 6.13: XRD patters of the sample SN1535 collected at 150°C. Data in black colour represents
scans taken prior to oxidation. The red colour shows the pattern obtained after 10 minutes of
exposure the sample to 200 mbar of oxygen, with contribution from UO2 (green dash line) and
U4O9/U3O7 (purple dash line). The fully oxidised sample to U4O9/U3O7 after 30 minutes is
represented by blue colour. Data points are indicated as circles, while the line represent the fit
model. Panel (a) shows data for (002) Bragg peak and panel (b) for the (004) Bragg peak. To fit the
(004) peak two Cu wavelengths were taken into consideration Kα1 = 1.5406Å and Kα2 = 1.5444Å
represented as short dot line and dot line respectively
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is in consistent with the 0.7% reported in literature [70] for the first step of the oxidation from

UO2 to U3O8.

Until that point of transition from UO2 to U3O8, the oxidation of (001) oriented UO2 thin

film follows what have been reported in literature, and described in Chapter 6, without any new

insights. This also indicates that thin films can be used as surrogate material to study the bulk

behaviour of nuclear fuel.

In the next step, the temperature of the chamber was raised up to 250°C, and after letting

the temperature stabilise the sample was realigned and exposed to 200 mbar of oxygen. Scans

were taken every hour, but no changes were observed under those conditions even after 16 hours,

therefore, the temperature was increased again. The new temperature was set to be 300°C.

Once the experimental set-up reached and stabilised at 300°C, it was realigned to compensate

the thermal expansion of the components. The 200 mbar of oxygen were introduced into the

system, and a longitudinal ω−2θ was taken every hour. Data from the different time points

for (002) and (004) Bragg peaks for cubic UO2+x, together with (130) (260) reflections from

orthorhombic U3O8 are presented on Fig. 6.14

The slits setting for the experiment were adjusted in the way that only signal from a material

with good crystal structure, such as single crystals, will be visible. At the beginning of the

oxidation process a small reflection associated with the (130) Bragg peak for U3O8 structure

started appearing at around 26°, while there was not much change observed at the (002) reflection

from the UO2+x structure. Significant change to the structure of the sample occurs after around

two days, when the decrease of the UO2+x structure intensity is noticeable and the signal for the

orthorhombic U3O8 becomes much stronger. The positions of diffraction peaks for both structures

do not shift during the progressive transformation.

This experiment was conducted for 11 days, during which, the phase transition for uranium

oxide from cubic to orthorhombic was observed. Although, the process took a long time, afterwards

a small contribution from the (002) Bragg peak associated with the UO2+x was observed. This

can be attributed to the oxygen permeability at given conditions to reach the lower levels of the

sample, or what is more likely to the stabilisation of the cubic UO2+x due to the epitaxy from the

YSZ substrate and migration of zirconium.
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Figure 6.14: XRD in-situ oxidation of (SN1535) [001] UO2 single crystal at 300°C at 200 mabr of
oxygen. This graph focuses on four main areas where crystal planes associated with [001] single
crystal hyperstoichiometric cubic structure of UO2 and [130], [1̄30] of orthorhombic U3O8 are
observed. For clarity, not all the data are shown.

To find the kinetics of the oxidation process, the area of the Bragg peaks was used. The

increase of the (002) UO2+x and decrease of the (130) U3O8 peaks is indicative for the rate at
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which single crystal of U3O8 is formed. From similar data to the one presented on Fig. 6.14,

but for a 50 nm thick film of (001) UO2 thin film, the peaks area was extracted using LIPRAS

software. The area with associated error against time is shown on Fig. 6.15.

Figure 6.15: Normalised area of the Bragg peaks of UO2+x (brown) and U3O8 (purple). Open
squares represent the data with associated error bar, and straight line is fitting done using
Logistic functions. Kinetics of changes in both oxides exhibit sigmoidal behaviour.

To model the sigmoidal behaviour of the data, the logistic function given by [226] was used:

(6.1) f (x)= L
1+ e−k(x−xm)

where xm is the midpoint, L is the curve’s final value, and k is the logistic growth rate of the

curve. This function was applied to increasing intensity from the U3O8 layer.

As formation of U3O8 is linked with decrease of UO2+x, which is related to the area of those
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peaks, proportion between them can be established. If the amount of U3O8 at a given time is

expressed by percentage from 0% to 100%, then for sigmoidal growth given by Eq. 6.1 the amount

of UO2+x should decrease according to 100%-%U3O8 . Therefore, the changes in the peak area of

UO2+x can be modelled using dose-response logistic relationship given by:

(6.2) f (x)= L+ L0 −L
1+ ( x

xm
)p

Where L0 is the initial value.

The mechanism proposed by Aronson et. al. [41] for formation of U3O8 assumes nucleation-

and-growth of U3O8 after initial formation of UO2.34 with rate limited by diffusion of oxygen

through the uranium dioxide lattice. This assumption is supported by two experimental facts.

The presence of the induction periods or plateaus and the fact that the second step of the reaction

begins before the first step is finished at higher temperatures. Therefore, if the the activation

energy for growth is lower than for nucleation, the rate of nucleation increases more rapidly

with increasing temperature than the rate of growth does. To model the rate of this conversion

to orthorhombic U3O8, Aronson et. al. [41] suggest expressions proposed by Johnson and Mehl

[227]:

(6.3) α= 1−exp(−π
3

NvG3t4)

where α is the the fraction of the converted material, Nv is the rate of nucleation, G is the

isotropic growth rate of 3O8 nuclei and t is the time. The more general formation of U3O8 has

also been described by Avrami-Erofeev equation [228–230]:

(6.4) − ln(1−α)= ktn

where n and k are empirically determined constants. Later, kinetics of the U3O8 formation re-

vised and expanded by McEachern et al., using a two-dimensional model to describe simultaneous

nucleation and growth processes on a sintered UO2 disk:
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(6.5) α(t)= exp
{
− πκt3

3
+ π2κ2t6

180
− 11π3κ3t9

45360
+ 5π4κ4t12

399168

}
where κ= K2

gKN

where Kg is the linear increase of the U3O8 circular islands and KN is the nucleation rate.

Those models for nucleation-and-growth mechanisms assume a constant rate of nucleation, where

more sophisticated models including time-dependent nucleation, multistep nucleation or U3O8

grain-size limitation could describe the process in more detail [231]. Nucleation-and-growth are

generally in good agreement with data collected for the oxidation of coarse powders and sintered

pellets [31], but the sigmoidal reaction kinetics observed for oxidation of UO2 microspheres did

not fit this model [217].

Furthermore, parameters such as the surface roughness of polished UO2 can influence the

rate of U3O8 nucleation. A more general approach to describe kinetics was recently proposed by

Rousseau et al [70]:

(6.6)
dα
dt

=Φ(T,Pi)E(t)

where Φ is the growth rate per unit area and it is time independent but may be a function of

temperature and thermodynamic chemical potential of the reacting gases Pi, and Ecorresponds

to the reaction zone where the rate limiting step is located [70]. However, the thin films system

used in this experiment is different to the pellet or powder samples and those equations might

not be the most optimal to describe the kinetics of non-destructive oxidisation mechanism for

(001) oriented single crystal of UO2 to (130) single crystal of U3O8. Therefore, an alternative

equation to describe the growth rate of U3O8 is proposed based on the logistic model with respect

to time:

(6.7)
dα
dt

= d f logictic

dt
= −kLe−k(t−tm)

(1+ e−k(t−tm))2

Consequently, the mechanism proposed for oxidation of (001) oriented single crystal of UO2

exhibit sigmoidal kinetics, as well as (111) and (110) sample (Fig. 6.8), which is generally accepted

for this process [70, 172, 197, 217–222]. The difference between some of the studies and models
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presented in literature is the starting stoichiometry of the sample. Where the entire process

of transformation from UO2 to U3O8 is taken into consideration, the initial curve has slightly

different kinetics as overlapping formation of U3O7/U4O9 and U3O8 is observed. In the case

presented in this chapter, the first step of oxidation is finished, as shown on Fig. 6.13 where

U3O7/U4O9 structure is formed with excess of oxygen. Therefore, kinetics are only associated

with formation of (130) single crystal of U3O8, which provides more details about this step of

oxidation.

The suspected mechanism for conversion of a single crystal UO2+x to a single crystal of U3O8,

is formation and growth of a layer U3O8 on top of UO2+x. This can be verified by performing

in-situ XRR scan while oxidising the sample. If the system is layered, signals associated with the

interface between UO2+x and U3O8 will be present, in addition to thin film/substrate and air/thin

film interfaces.

The XRR results of (001) UO2 thin film sample exposed to 200 mbar of oxygen at 330°C are

shown on Fig. 6.16. Prior to that, the sample was first oxidise at lower temperatures (150-200

°C) to fully convert into U3O7/U4O9. Scans were taken approximately each 48 minutes. The first

scan, for clarity was labelled as 0 minutes, where in reality data was collected in between 0 to 48

minutes, therefore a small amount of U3O8 is already present. The data (open circles) have been

also offset for clarity together with associated fit (solid lines).

The first information that can be extracted from Fig. 6.16 is change in the critical angle of

the sample. The critical angle is the point on which and above total reflection of incident X-rays

occurs, therefore provides information about the average electron density of the layer. The lower

the electron density of a material, the lower the critical angle. At the beginning of the oxidation,

critical angle is at what is associated mostly with UO2. With time the critical angle shifts to the

lower angle as the electron density of the sample decreases, and reaches minimum value which

is associated with the electron density of U3O8.

The XRR data also provides information about the sample thickness. A general trend in

decreasing the fringe separation is observed as a function of oxidation time. As discussed in

Chapter 3, the fringe separation will decrease with thicker layers, what is observed in this case.

The total thickness calculated of the starting point is 474 ± 7 Å consisting of 446 ± 6 Å UO2
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Figure 6.16: XRR measurements taken during in-situ oxidation of 50 nm thick (001) UO2 single
crystal (SN1627) at 330°C at 200 mabr of oxygen. Data is represented by open circles and
modelled fit with straight line, colour indicates exposure time. Intensity offset between scans was
applied for clarity and not all the data are shown.

and 28 ± 1 Å U3O8. Small changes to the thickness are observed until 1440 minutes where the

sample composition is estimated to be 435 ± 6 Å UO2 and 33 ± 1 Å U3O8. The scan taken after,

at 1680 minutes of oxidation shows significant changes attributed to formation of U3O8 and

associated volume expansion with this process. The parameters for the final points are 630 ± 1 Å
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U3O8 and a very thin layer 9 ± 1 Å with electron density between UO2 and YSZ.

As the oxidation of the UO2 and phase transition to U3O8 proceeds, the total thickness of the

film increases. This is attributed to the volume expansion associated with the phase transition

from a cubic/tetragonal system of UO2/U4O9/U3O7 to orthorhombic U3O8 [31]. Therefore, the

thickness of the U3O8 layer, DU3O8 , and the total thickness of the film, Dtotal are a function of

the thickness of the UO2 layer:

(6.8) DU3O8(DUO2)= (D0 −DUO2)αphase

and:

(6.9) Dtotal(DUO2)= DUO2(1−αphase)+αphaseD0

where the αphase is volume expansion associated with phase transition.

Higher error in XRR data is present during in-situ oxidation scans. The first two factors

come from the experimental set-up. The lack of a motor at the hot stage for alignment of the

sample along χ axis, results in misalignment and loss of intensity. Furthermore, 5% to 10% of the

x-ray beam intensity is absorbed on the kapton/aluminium foil windows used on the hot stage.

Another factor is associated with scan set-up during in-situ experiment. Oxidation of uranium

oxide sample is an ongoing process at high temperatures as with presence of oxygen the sample

will oxidise and under vacuum conditions reduction of the sample will occur. Therefore, there is

no possibility to stop this process to take a scan and a balance between scan resolution and time

and probing period has to be made. Shorter scans allow to probe the state of the sample more

often, but at cost of the resolution. Additionally, the status/structure/composition of the sample

will be changing while the scan is performed resulting in additional error.

This sample was therefore analysed performing XRR measurements on the Open Eulerian

Cradle stage before and after oxidation, and data is presented in Fig. 6.17. The displayed XRR for

sample before oxidation (Fig. 6.17 (a)) was modelled using three layers: the YSZ substrate, a very

thin layer of mix between YSZ and UO2, and the main layer of the sample as UO2. Each layer
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Figure 6.17: XRR measurements taken during using the Open Eulerian Cradle stage (a) before
and (b) after oxidation. Data is represented by open circle and fit with straight line. Sample after
oxidation is thicker by 36.4% and exhibit three beating frequencies associated with formation of
three layers of different electron density.

was defined by the material density (rYSZ, rmix, rUO2) given in atoms per Å2, the layer thickness

(tYSZ, tmix, tUO2) in Å, and the average roughness of each interface (sYSZ, smix, sUO2) in Å. The

calculated density for substrate was 0.028 atoms per Å2, the thickness was defined as infinity,

and roughness was found to be 4.3 ± 0.8 Å. The density of the mixed layer was fitted to be slightly

higher than the substrate but lower than UO2, limiting the thickness to 10 Å, and roughness was

found to be 2.3 ± 0.2Å. The main layer of the sample, UO2 was fitted with density of 0.025 atoms

per Å2, the thickness was found to be 47.5 ± 0.3 nm.

The data collected after the in-situ oxidation experiment (Fig. 6.17 (b)), was modelled using

four layers: the substrate, mixed layer, and two layers of U3O8 first with slightly higher density
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than the second one. Substrate density was kept the same, and roughness was allowed to be fitted

to accommodate for any material diffusion on the interface due to elevated temperature, and

was found to be 5.8 ± 0.5Å. The mixed layer was allowed to be fitted, giving a density between

substrate and UO2, the thickenss was found to be 13 ± 1 Å and the fringe beating was marked

with blue colour. The density of the first U3O8 was found to be 0.0057 atoms per Å2 with a

thickness of 62 ± 4 Å and roughness of 15 ± 4 Å. The top layer of U3O8 was found to be 553 ± 4 Å

thick with density of 0.0053 atoms per Å2 and roughness 22.2 ± 0.5 Å. In total the thickness of

the sample was found to be 639.4 ± 5 Å, which results in volume increase in the vertical direction

of 36.4% what is with very good agreement with the value of 36% reported in the literature [31].

Reduced electron density on the interface between the YSZ substrate and the bulk of the

uranium oxide thin film can be caused by a few factors. Firstly, the migration of zirconium from

the substrate to the thin film, zirconium with much less electrons than uranium would substitute

uranium, decreasing the electron density. This exchange of atoms might occur during both, the

deposition process when uranium atoms hit the heated substrate with high kinetic energy and

high temperature of 500°C and above of the substrate increases the chance of implementation of

uranium to the structure. Another factor allowing for the atoms migration on the interface is

the high temperature used during the XRD in-situ experiment. The lower density of the electron

can be caused also by grading and roughness of the interface itself. The observed decrease of the

electron density in the area near the substrate is more likely to be resultant of all those effects.

Nevertheless, the collected XRR data during and after the in-situ oxidation clearly indicates

the existence of a very thin layer, thinner than couple nanometres, between the substrate and

the bulk of the thin film. The electron density of this layer is slightly higher than the SLD of the

YSZ substrate, and at the same time lower than the SLD of the uranium dioxide. This suggests

that the composition of this layer is a mix of ZrO2 and UO2. As the highest oxidation state of

zirconium is +4, the incorporation of zirconia into position of UO2 atoms at very limited range

might stabilise this very thin layer from further oxidation. This explains why at the final scan

(Fig. 6.17) performed with higher accuracy/precision, a very thin layer is still clearly visible.

Recent studies of oxygen defects in UO2+x conducted by Spurgeon et. al. [76] using scanning

transmission electron microscopy and electron energy loss spectroscopy suggest that excess
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oxygen can be incorporated at far greater levels than previously thought while still maintaining

the cubic structure. Furthermore, they showed that there is no evidence for a large scale transition

from the fluorite structure. The sample oxidised in their experiment had the same orientation

(001), as the sample with unique behaviour described in this chapter. The in-situ XRR data (Fig.

6.16, generally agrees with the work presented by Spurgeon et. al. [76], although there is no clear

evidences for a formation of the fluorite structure closer to UO2.67 at the area near the sample

surface.

In addition to performing the specular and off-specular scan of the (001) oriented UO2 sample

before and after oxidation, a rocking curves scan was also conducted to investigate the mosaicity

of the sample. The data collected prior to the oxidation experiment, on (002) UO2 Bragg peak

is shown on Fig. 6.18. To fit the profile (red) two functions were used, Gaussian (blue) for the

narrow component and Pearson VII (green) for the broad part. The FWHM for the sharp part is

0.072±0.002 and for the wide part is 1.52±0.02 with m = 3.94.

Figure 6.18: Rocking curve measurements taken for (a) the (002) Bragg peak of UO2 before
oxidation, and (b) scan of the (130) Bragg peak of U3O8 formed after oxidation of the sample.
Significant broadening from (a) 1.52±0.02° to (b) 4.91±0.03° is observed. Data is represented by
open circles and fit models by straight lines.

The rocking curve profile for the (130) Bragg peak of U3O8 after oxidation is shown at Fig.

6.18 (b). To fit this data a Pearson VII function was used, giving the FWHM of 4.91±0.03 °. No

sharp Gaussian component is observed which could suggest that there is not a good long range
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arrangement of atoms. The very broad FWHM would also indicate a high mosaicity of the sample.

The change from a narrow FWHM observed for (002) UO2 Bragg peak to very broad profile

of the (130) U3O8 Bragg peak indicates a worse alignment of the crystallites. This might be

connected with formation of large domains observed in HT-ESEM experiment (Fig. 6.7), and was

further investigated by performing SEM scan of the sample surface before and after oxidation.

The images of UO2 taken before oxidation are shown on Fig. 6.19 (a) and (c).

Figure 6.19: SEM images of 100 nm thick film of (001) oriented UO2 (SN1535). Images (a) and
(c) show the surface of the sample before oxidation, with different magnification. Very smooth
surface is observed on both, what is with agreement with XRR data. Images on the right, (b)
and (d), show sample after oxidation to single crystal of (130) U3O8. Contrast of both images
was enhanced using Fiji software. Image (b) shows possibly domains of single crystal, what
can be associated with broadening of the rocking curve. Boundaries are shown under higher
magnification of image (d).
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Before oxidation, the sample exhibited a uniform homogeneous and extremely flat surface,

which can be seen at lower magnification on Fig. 6.19 (a) where also a bit of charging effect

is present. To show the flatness of the sample better, image shown on Fig. 6.19 with 100 000x

magnification was taken, showing extremely flat surface what finds in confirmation in XRR data,

where roughness is lower than 5Å. The images taken after oxidation, of U3O8 are shown on Fig.

6.19 (b) and (d). Based on those images, it is suspected that domains are formed, with at least

two types of defects.

As shown on Fig. 6.12, the (130) plane of U3O8 can be arranged on (001) plane of UO2

in two different ways rotated by 90°with respect to each other. Because of that formation of

areas/domains might be possible, which is probably observed on the Fig. 6.19 (b), where the

domains might be visible as areas with different shades of grey. This would also explain the

formation of shapes visible on the images taken during the in-situ HT-ESEM oxidation experiment

(Fig. 6.7) where first one of the possible orientations is formed and expands until it meets the

front of the other domains. This would be also in agreement with well known model of nucleation

and growth of U3O8.

As a consequence of this model, two different boundaries within the U3O8 would be possible.

The first type of boundary, shown with yellow colour on Fig. 6.20, would be formed between two

domains where unit cells of U3O8 are rotated by 90°with respect to each other. The second type

would be defect within the same domain, where unit cells are parallel to each other but shifted

by a half of unit cell in longer axis, what is shown on Fig. 6.20 with purple colour. That could

explain defects visible on Fig. 6.19 (d).

Generally, the presence of such domains and at least of those two types of defects in a single

crystal structure would lead to a very broad profile of a rocking curve due to a high mosaic spread.

Therefore, this would explain the huge broadening of the rocking curve after oxidation of UO2 to

U3O8 shown of Fig. 6.18
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Figure 6.20: Atoms of the uranium are represented by the gray spheres. Blue dash line show the
cubic structure of the UO2 (001) phase. The red and greens lines represent possible arrangement
of the (130) plane of U3O8 on top of UO2. Panel (b) shows possible creation of the U3O8 on the
surface structure of (001) UO2.

6.4 Discussion

The orientation of uranium dioxide has significant influence on its oxidation mechanism, which

has been shown by in-situ experiments using XRR, XRD and HT-ESEM. The oxidation of the

(110) and (111) leads to the disintegration of the thin film structure, and formation of U3O8 flakes
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as can be seen on Fig 6.3 and Fig 6.5. Although, the final effect of the sample exposure to high

temperatures in atmosphere of oxygen leads to total film destruction in both cases, the dynamic

of the process seems to be slightly different. Both orientations follow sigmoidal nucleation-

and-growth kinetics for the formation of U3O8 reported in literature [70, 172, 197, 217–222],

and volume expansion causing formation of the so called "popcorn" morphology [31]. The (111)

oriented thin film of UO2 exhibits more clearly a visible mechanism where the initial rate of

oxidation is very low, called the "induction period", followed by a gradually increasing oxidation

rate, named sometimes the linear region, and finally the curve tails off as the reaction is almost

completed [31]. In the the (110) oriented sample those stages are less pronounced, and there is no

clear distinction between the induction period and the linear region. The temperature at which

the oxidation initiates is also different 568°C and 528°C for (111) and (110) respectively. The

difference in temperatures could have also influenced the kinetics of the oxidation process.

The evidence that the formation rate of U3O8 is dependent on the crystallographic orientation

of UO2 was shown by Allen et al. [71, 72]. Single-crystal specimens with polished surfaces cut par-

allel to the [111], [110] or [100] faces, were studied in 1.3 mbar of oxygen at 300°using XPS, SEM

and XRD. They found that the reactivity follows the sequence [111]>[110]>[100]>[polycrystalline],

which is with good agreement to the data collected during HT-ESEM oxidation experiment for

(111) and (110) single crystals. The rapid oxidation rate in the UO2 [111] direction was explain

by epitaxial match with the [001] direction of U3O8. They proposed that ordered interstitial

oxygen clusters in the fluorite structure may be related to the (UO2)O5 pentagonal bipyramids

in the layer orthorhombic U3O8 structure and that the changes in the oxygen lattice are the

driving force for the formation of U3O8. This led them to conclusion that the rapid rate is due

to the relative ease with which the lattice can expand in the direction normal to this surface.

The slower rate for other directions and polycrystalline samples was assigned to lack of readily

accommodation of lattice expansion. This theory does not match with the oxidation of (001) UO2

single crystal to (130) U3O8, as this system also exhibits an epitaxial match.

A unique behaviour is observed for the (001) oriented sample of UO2 thin film. During the in-

situ HT-ESEM oxidation experiment, apart of the volume expansion, no cracking/disintegration

of the sample was observed. The film transformed from a single crystal of (001) UO2 to a nice
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thin film of U3O8. After enhancing contrast, and using CLAHE processing it was possible to see

domains of the U3O8, and their expansion until full phase transition of the sample.

The further investigation of oxidation mechanism for the (001) UO2 system utilizing x-ray

diffraction revealed growth of the (130) α-U3O8 single crystal phase. The off-specular taken after

oxidation showed that this layered orthorhombic structure is 45°rotated to cubic UO2/YSZ. Based

on this relationship, it was calculated that the crystallographic b-axis of the U3O8 is oriented at

30.7° with respect to the cubic vertical axis. (ref to figure)

Due to similarities between the UO2 structure and the YSZ structure, it is possible to grow

epitaxial single crystal thin films. This could also suggest the relation between the (001) UO2,

could hold for the (001) YSZ. The confirmation of the theory that (130) single crystal of U3O8 is

formed on (001) oriented single crystals of UO2 can be found in both, the XRD and XRR data

collected during in-situ oxidation experiments. The longitudinal ω−2θ scans taken during the

oxidation of the sample show the coexistence of both structures at the same time. This scenario

is only possible if there is an epitaxial relationship between structures, otherwise formation of

polycrystalline material or loss of the material integrity would be observed. The x-ray reflectivity

profile during the oxidation, shows presence and growth of U3O8 layer on top of UO2+x.

The calculation conducted for UO2 with lattice spacing of 5.47Å shows that the stress between

the U3O8 and UO2 on the shorter axis is 1.07 %, while on the longer axis its 7.26 %. That suggests

this is more preferential than on the YSZ structure, where the associated stress would be 7.36

% and 13.93 respectively. Furthermore, when the cubic UO2 structure absorbs oxygen forming

U4O9/U3O7 shrinks, and if we take the values measured even at 150°C 5.41Å, the stress in

between this layer and U3O8 is slightly higher 2.2 % and 8.46 %. Therefore, from the stress

point of view, the preferential way of the U3O8 structure is on UO2. The lowest stress would be

obtained for the cubic structure with lattice spacing of 5.86Å , in which case the stress would be

-5.65 % and 0.13 %, where minus indicates that the bottom layer is wider than the U3O8 shorter

axis on (130) plane.

Once the oxidation of (001) UO2 to (130) U3O8 is finished, a very thin layer that could be

associated with the (002) peak form a cubic structure with lattices parameter close to UO2 is still

observed in the XRD scan. Furthermore, XRR scan performed after the oxidation shows presence
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of an extremely thin layer with scattering length density lower than one expected from UO2, and

at the same time higher scattering length density than YSZ. This might suggest formation of a

buffer layer in between the YSZ substrate and the (130) U3O8.

Formation of this buffer layer with reduced electron density when compared to UO2, can occur

during the sample growth process and during the oxidation experiment. Deposition process in-

volves high temperatures at which the substrate is held and high kinetic energy of the sputtering

material that hits the substrate. In this case uranium can be implemented into the YSZ structure

and zirconium can migrate to UO2. This might result in formation of a very thin layer of mixed

ZrO2/UO2, with electron density between the values for pure layers. Migration of atoms at the

interface might also occur during the oxidation process due to elevated temperatures. Presence of

the zirconium atoms in UO2 structure would not only reduce the electron density, but also can

stabilise the cubic structure preventing oxidation of uranium dioxide to U3O8.

Formation of U3O7/U4O9 from UO2 involves a slight volume reduction, which was associated

with lattice parameter shrinking by 0.7%, and calculated from data presented in this chapter to

be 0.67 ± 0.05%. This stage of the oxidation of UO2 to U3O7/U4O9 is in very good agreement with

literature [31, 41, 41, 45, 46, 70, 70, 73, 172, 187]. In the second stage, at elevated temperatures,

the thickness of the sample increases with formation of the orthorhombic phase. This distinctly

different crystal structure [232] has a density that is 23% less than that of UO2 what leads to

36% net volume increase [233]. The thickness of the sample was investigated before and after the

oxidation to U3O8, the calculated increase of the thickness from that data is 36.4% which is in

very good agreement with the ratio of 1.36:1 between the crystallographic volumes per uranium

atom in U3O8 and UO2 [233].

The kinetics of the U3O8 formation were extracted by fitting (002) UO2 Bragg peak area

and (130) area of the Bragg peak for U3O8 against time. The difference between some of the

data provided for oxidation kinetics in literature is the starting oxidation of the sample. Firstly,

there is lack of overlapping formation of U3O7/U4O9 and U3O8, as commonly observed for UO2

powders. In this case, thin film accommodated oxygen to form U3O7/U4O9 when exposed to 200

mbar of oxygen at 150°. Secondly, a thin layer of U3O8 is already presence during the initial scan.

This results in missing the induction period where oxidation is very low, and showing only the
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following linear behaviour ended with the curve tailing off at the end of the process, which is

typical for the sigmoidal kinetics. The data was fitted using logistic growth curve. Combining

the HT-ESEM data collected for (111) and (110) orientations with XRD data for (001) it can be

seen that all three main orientations follow the sigmoidal nucleation-and-growth kinetics for the

formation of U3O8.

Figure 6.21: The schematic representation of the changes to the structure of a (001) thin film of
uranium dioxide when exposed to oxygen at different temperatures

The schematic of the oxidation process from (001) oriented thin film of UO2 to (130) oriented

thin film of U3O8 is shown on Fig 6.21. At the starting point (a) most of the uranium dioxide

is closed to stoichiometry. The surface of the sample can be slightly oxidized to form hypersto-

ichiometric UO2+x, as the UO2 oxidises slowly even at room temperature when exposed to air.

In the next stage (generally at temperatures below 300°C) (b) when the sample is heated up to

150 °C and exposed to oxygen, formation of U4O9/U3O7 occurs. Two phases of uranium oxide

can be observed for the time until the sample fully oxidised (c) to U4O9/U3O7. At this tempera-

ture, formation of higher oxides is impossible. To force oxidation further, to U3O8 an increase of

temperature up to 300 °C is required. Again, two phases can be distinguished, associated with a

cubic/tetragonal crystal system and orthorhombic structure, which coexists at the same time due

to epitaxial relationship. At the end of the oxidation, a thin layer which is probably a mix of the

zirconium and uranium dioxides remains between the YSZ substrate and the (130) U3O8 thin

film, which suggested by the XRD and XRR data combined with stress calculations.

The oxidation process where (001) oriented single crystal of UO2 undergoes phase transition

into (130) oriented single crystal of U3O8, could be classified as a topotactic transition. In the

topotactic reaction, the orientations of the product crystals are determined by the orientation
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of the initial crystal [234]. This process of topotactic phase transitions has been reported for

other oxides including cobaltites, ferrites and manganites [235–237]. In manganites usually

stable perovskite structure can be topotactically transformed to a layered vacancy ordered

brownmillerite structure.

The similarities between the mentioned materials exhibiting the topotactical transformation

and reported here formation of (130) U3O8 from (001) UO2, can be found is their structures. The

perovskite structure has also cubic symmetry, therefore the mechanism for accommodation of

oxygen might be similar. Both final structures Brownmillerite an orthorhombic U3O8 are layered

structures. This might suggest that the mechanism for topotactical phase transition from cubic

like structure to a layered structure might be common or similar for a variety of oxides following

those criteria.

The preferential formation of (130) U3O8 structure can be found in work of Sont et al. [238].

They observed formation of columnar U3O8 grains while oxidizing the UO2 pellets in air at

900°C. The layer of columnar grains showed a single U3O8 phase, where the intensity of the (001)

reflection is anomalously diminished but those of the (130) and (260) reflections are enhanced.

Authors attribute this effect to the accommodation of the transformation-induced strain in this

preferred orientation not as shown here to the epitaxial relationship.

235





C
H

A
P

T
E

R

7
CONCLUSIONS

U
nderstanding the fundamental properties of nuclear fuel, such as the oxidation mech-

anism, is necessary for improvements to safety and economic efficiency. Uranium

dioxide is the most commonly used nuclear fuel, and has been extensively studied

utilising various techniques to probe its chemical, structural, and mechanical properties at

different stages of the fuel cycle. Earlier research in this area was based on a real "bulk" fuel

sample, where the complexity of the system lead to general conclusions based on many factors

that could not be measured separately. More recent studies based on thin films showed promising

results that, due to reduced complexity, are an excellent comparison to theoretical studies.

A thin film approach was used to study the oxidation of UO2 to U3O8. In order to fabricate

those samples, a reactive DC magnetron system was used. The construction of the UHV depo-

sition system was described in Chapter 3. The new one-gun system offers standard deposition

capabilities, with the possibility to mount a system for in-situ optical characterisation of the

deposited material, such as Raman spectroscopy.

The (111), (110), and (001) oriented single crystal samples were grown on YSZ substrates,

which have been previously reported to provide excellent epitaxial match. This approach was

developed even further to produce, for the first time, poly-epitaxial thin films of columnar UO2,

with controlled grain size. The special substrate preparation technique, based on annealing of
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the YSZ system in order to achieve the required grain size, was developed and is described in

Chapter 3.

Samples grown on different substrates at various conditions, specified in Chapter 3, were

characterised using x-ray reflectivity (XRR), x-ray diffraction (XRD), and electron backscatter

diffraction (EBSD). X-ray reflectivity allowed to measure precisely the thickness of the thin

films, which can be controlled with Angstrom precision, as well as interfacial roughness and

electron density profiles for samples below 100 nm. The single crystal character of the sample

was confirmed by XRD measurement, that not only allowed to identify the orientation, but also

the quality of the crystal structure by performing rocking curve scan, and epitaxial matches by

conducting off-specular measurements. It was found that the best quality structure with long

range order is observed for (001) oriented single crystals of UO2.

The XRD characterisation of the new poly-epitaxial system of UO2 deposited on YSZ, revealed

a polycrystalline system without preferred orientation. Due to size and nature of those samples,

it was not possible to estimate the average grain size of UO2 utilizing the Scherrer equation. This

was performed using electron backscatter diffraction (EBSD), which showed excellent quality of

the columnar grains, and demonstrated that those systems can be easily fabricated with grains

ranging from 10 µm to 50 µm. In areas were long precise mapping of the surface was conducted,

unwanted carbon deposition was observed using XPS mapping, and small damage from electron

beam was also observed under SEM.

The poly-epitaxial UO2 thin films were oxidised in-situ using hot stage mounted on x-ray

diffractometer, and high temperature environmental scanning electron microscope. The first

experiment conducted on 160 nm thin film showed that the oxidation process from UO2 to

U3O7/U4O9 is reversible just under elevated temperatures at high vacuum conditions. The most

significant changes during both oxidation and reduction processes, were observed to (001) oriented

grains. Also, it was not possible to oxidise the poly-epitaxial thin film further than U3O7/U4O9 at

temperatures below 300°C. No cracking was observed at the sample surface at any point of this

experiment.

The second XRD in-situ experiment performed on the sample at 300°C allowed for formation

of U3O8. During this experiment a unique behaviour of UO2 where lattice parameter does not
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simply follow Vegard’s law was observed. By investigating kinetics of this process it was found that

(001) oriented grain oxidised to U3O8 faster than (111) and (110), which is contradictory to data

presented in the literature. All the orientations followed the well-know sigmoidal nucleation and

growth mechanism. The electron microscopy studies of the sample after oxidation to U3O8, showed

a flaky structure. Those flakes were further investigated using TEM, and their polycrystalline

U3O8 structure was confirmed.

The in-situ HT-ESEM oxidation of poly-epitaxial UO2, showed that cracking of the structure

associated with volume expansion during phase transition from fluorite structure to orthorhombic

U3O8, exhibit sigmoidal kinetics . Further investigation involving grain orientation and bound-

aries showed that loss of the sample matrix integrity begins mostly at grain boundaries, and

grain with orientation close to (001) are affected firstly.

Following the unique behaviour of the (001) oriented grains, single crystal systems were

explored for better understanding in Chapter 6. Investigation of the oxidation mechanism under

ESEM showed a small difference between the (111) and (110), which could originate from the

sample starting conditions or oxidation temperature. Generally, oxidation kinetics with three

distinguished regions are observed. The oxidation gradually increases from a slow initial rate in

the induction period, to a maximum in the linear region, tailing off as the reaction approaches

completion. The (001) oriented sample exhibited unique behaviour when oxidised to U3O8, no

surface disintegration was observed, instead, formation and growth of pyramid-like shapes was

observed.

The extraordinary mechanism for formation of U3O8 from (001)-oriented thin films of UO2

was further investigated by in-situ XRD. Data indicated formation of (130)-oriented single crystal

of α-U3O8, was confirmed also by performing off-specular scans. The epitaxial relation was

found between the U3O8 and cubic structure of YSZ/(UO2+x) as a 45°rotation. This indicates

a topotactical phase transition from (001)-oriented single crystal UO2 to (130)-oriented single

crystal α-U3O8. This is the first time such a transition has been detected in the uranium oxide

system.

Extracting the kinetics of the unique phase transition from SEM images was not possible,

although nucleation and growth of U3O8 areas were observed. The in-situ XRD oxidation allowed
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to demonstrate that the nucleation-and-growth mechanism is true. The process follows the

sigmoidal kinetics observed for formation of U3O8.

The thickness of the initial UO2 film and final U3O8 layer was accessed using x-ray reflectivity.

Calculated XRR profiles showed increase of the thickness by 36.4%, which is in very good

agreement with previously observed 36% of net volume increase for phase transition from

cubic/tetragonal UO2+x to layer orthorhombic U3O8.

The topotactical growth of (130) U3O8 has a lot of defects, these can be seen as domain

boundaries under SEM. Formation of those boundaries was associated with existence of two

identical ways, rotated 90°relatively to each other, that U3O8 can fit on UO2. This also gives a

significant rise to the broadening of the rocking curve between initial UO2 and final U3O8 sample

state.

Strain calculation and final XRR profile also indicates existence of buffer layer between the

YSZ substrate and (130) oriented U3O8. This very thin buffer layer with electron density between

UO2 and YSZ could form during the deposition process, followed by additional migration of UO2

to YSZ when samples were oxidised at high temperatures.

There are two important consequences of this work:

1. Fabrication of poly-epitaxial samples with engineered grains, allowing to reduce 3-dimensional

problem to 2-dimensions. This is very useful for studying the influence of orientation and

grain boundaries on water fuel interaction, thermal conductivity, fission products migration

or radiation damage.

2. We have shown that the epitaxial relation between UO2 and U3O8 proposed by Allen

et al. is not valid, nor the oxidation rates for different crystal orientations. We report a

new topotactic transition between (100)-UO2 and (130)-U3O8, which has an implication

on faster oxidation rate observed for (001)-oriented uranium dioxide, compared to other

crystallographic orientations. This oxidation route shows the lowest energy mechanism

for transforming from one oxide crystal to another with higher anion valence state; this is

important for the U-O system, but could be applicable across a variety of other metal-oxides.
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