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ABSTRACT: XPS determination of the oxygen coefficient ko=2+x and ionic (U**, U** and U®*)
composition of oxides UO,.x formed on the surfaces of differently oriented (hkl) planes of thin
UQO; films on LSAT (AlylLasOs;:SrisTay) and YSZ (yttria-stabilized zirconia) substrates was
performed. The U 4f and O 1s core-electron peak intensities as well as the U 5f relative intensity
before and after the ***Xe®* and #*U%" irradiations were employed. It was found that the
presence of uranium dioxide film in air results in formation of oxide UO,.x on the surface with
mean oxygen coefficients ko in the range 2.07-2.11 on LSAT and 2.17-2.23 on YSZ substrates.
These oxygen coefficients depend on the substrate and weakly on the crystallographic
orientation.

On the basis of the spectral parameters it was established that uranium dioxide films
AP2,3 on the LSAT substrates have the smallest ko values, and from the XRD and EBSD results
it follows that these samples have a regular monocrystalline structure. The XRD and EBSD
results indicate that samples AP5-7 on the YSZ substrates have monocrystalline structure,
however, they have the highest ko values. The observed difference in the ko values, probably,
caused by the different nature of the substrates: the YSZ substrates provide 6.4% compressive
strain, whereas (001) LSAT substrates result only in 0.03% tensile strain in the UO, films.

129%e?** irradiation (92 MeV, 4.8 x 10* ions/cm?) of uranium dioxide films on the LSAT
substrates was shown to destroy both long range ordering and uranium close environment, which
results in increase of uranium oxidation state and regrouping of oxygen ions in uranium close
environment. 22U (110 MeV, 5 x 10", 5 x 10™, 5 x 10" ions/cm?) irradiations of uranium
dioxide films on the YSZ substrates were shown to form the lattice damage only with partial
destruction of the long range ordering.



INTRODUCTION

Uranium dioxide, UO, is the main form of nuclear fuel used in the present generation of nuclear
reactors. The knowledge and understanding of its in-reactor behavior and its stability under
subsequent storage and disposal conditions are of great technological importance.?

The heat generated at nuclear power plants comes primarily from the slowing down of
fission products with energies in the range 70 to 100 MeV. As a result, heat and radiation
damage are produced inside the fuel pellets.**>

Fresh fuel has close to stoichiometric (UO2.001) composition. However, under in-reactor
irradiation the fuel might develop an increased degree of non-stoichiometry.! Solubility and
dissolution of uranium oxide in aqueous environment strongly depends on uranium valence state,
as U(VI1) is more soluble than U(IV) by many orders of magnitude.® Hence, the degree of non-
stoichiometry in spent nuclear fuel has an important effect on its solubility and corrosion rate’
which governs the release rate of the majority of radionuclides.’

This work considers the explicit effect of radiation damage by fission fragments on non-
stoichiometry in spent nuclear fuel and outlines a methodology developed for determining the
degree of non-stoichiometry in UO,.y. For this purpose, thin films of UO, on LSAT (lanthanum
strontium aluminum tantalum oxide) and YSZ (yttria-stabilised zirconia) substrates were
produced and irradiated with Xe and U ions, respectively. The irradiated and unirradiated films
were analyzed by EDX (Energy Dispersive X-ray spectroscopy), XRD (X-Ray Diffraction),
EBSD (Electron Backscatter Diffraction), SEM (Scanning Electron Microscopy) and XPS
technique. The obtained results were compared.

Previous papers considered mechanisms of xenon transfer and its interaction with
uranium in UO,., (ref 9) theoretically, as well as the influence of defects'®** and pressure*** on
the ionic composition of these oxides. Adsorption energies of water on differently oriented
uranium dioxide planes were calculated.***>*

The work on the study of the electronic structure of uranium and its alloys and oxides
U054+, (x<0 and x>0) employed theoretical calculation results,?>* ?hotoelectron spectroscopy
(PES)**! and X-ray photoelectron spectroscopy (XPS) widely.®3#4° These techniques were
used to study films on various substrates.*®40°¢->8

Determination of uranium oxidation state and sample’s ionic composition employs the U
4f doublet split due to the spin-orbit interaction by AEq (U4f)=10.8 eV.*"*** The binding energy
(BE) Ep(U 4f7,) of the U 4f;, electrons in uranium and oxides grows as: ~377 eV (metallic U);
~380 eV (U*"); ~381 eV (U°"); ~382 eV (U°®").17°0553659806162° A gpacial attention was paid to
the study of mechanisms of structure formation, which leads to widening of main peaks and
appearance of extra structure in the spectra.’®>*% The XPS spectra of some oxides exhibit
typical shake-up satellites of about ~25% intensity of the basic peaks***®*®* The calculated
spectroscopic factors fans reflecting the fractions of the basic peak XPS intensities with the
deduction of shake-up satellite intensities for the U 4f and U 5f peaks are: fy4=0.83 and
fusi=0.86.°% Shake-up satellites are located from the basic peaks toward the higher BE by
AEe(U4f): ~7 eV (U*); ~8 eV (U™); ~4 eV and ~10 eV (U%").%°

Since the U 4f BE on the moving from UO; to UO3 changes by AEp~2 eV, one can
reliably determine uranium oxidation states for individual uranium oxides on the basis of the U
4f,;, BE and positions (AEsy) and relative intensities ls (%) of the shake-up satellites.**®°

The U 4f XPS structure is best resolved for the crystalline oxides. For complex
amorphous oxides UO,.y it is often difficult to segregate unambiguously the U 4f XPS peaks
containing shake-up satellites into separate components for reliable quantitative information on
uranium oxidation state and ionic composition of the studied oxide. Despite this, the XPS studies
of uranium oxides by authors of refs 38,47,50,60,62 employed the U 4f XPS peak decomposition
with shake-up satellite parameters in mind.
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It is known that the traditional method of determination of the oxygen coefficient ko=2+x
for UO,. based on the U 4f/O 1s XPS intensity ratio (with photoionization cross-sections or
experimental sensitivity factors in mind) does not give satisfactory results (see ref 49). It is due
to the fact that the O 1s intensity grows due to the presence of complex oxides UO,.x as well as
impurity oxides containing excess oxygen on the sample surface.

The valence electron BE range (0 - ~35 eV) in XPS of oxides UO2. changes significantly
as the oxygen coefficient grows.*® Thus, on the moving from UO, to y-UQs in the outer valence
molecular orbitals (OVMO) with BE range (0 - ~15 eV) a sharp U 5f peak disappears, and in the
inner valence molecular orbitals (IVMO) with BE range (~15 - ~35 eV) instead of a single
atomic U 6p3), peak two components appear.*>®* Such a splitting is due to the VMO formation
in y-U03.

The IVMO formation in uranium oxides due to interaction of the U 6p and O 2s atomic
orbitals (AO) also results in formation of structure in other X-ray (emission, conversion, Auger)
spectra of uranium oxides.**®"%8% This structure parameters correlate with the uranium—oxygen
interatomic distances in axial and equatorial directions in uranyl compounds and serve for
quantitative determination of these compounds.>*>°

The peak of the U 5f electrons weakly participating in chemical bond in UO,. is
observed in the photoelectron™ and X-ray photoelectron®2°***%8% spectra around zero BE.
Spectra of compounds containing U(VI1) do not exhibit this peak.®* Therefore, the present work
for determination of the oxygen coefficient ko=2+x, uranium oxidation state and ionic
composition k(%) of the studied oxides UO,.x on the surface of single-crystalline films used the
technique developed on the basis of the dependence of the U 5f peak relative intensity Is; (rel.
units) on the oxygen coefficient ko.***>*

EXPERIMENTAL

Samples: Thin Films Production. Thin films of epitaxial UO, were produced by reactive
sputtering onto LSAT and YSZ substrates with three different crystallographic orientations:
(001), (110) and (111)."

A dedicated DC magnetron sputtering facility with UHV base pressure (10”° mbar) was
employed to grow the films. A depleted uranium metal target was used as a source of uranium. It
was kept at a power of 50 W by controlled direct current of 0.11-0.14 A and the corresponding
voltage of 350- 450 V, giving a growth rate of 0.9-1.1 A/s for films on the LSAT substrates, and
by controlled direct current at an average value of 0.15 A and the corresponding voltage of 330
V, giving a growth rate of about 1.5 A/s for films on the YSZ substrates. Argon was used as the
sputtering gas at a pAr in the range of 7 to 8 x 10> mbar. Oxygen was used as the reactive gas at
a pO; in the range 3.4 to 4.4 x 10> mbar for films on the LSAT substrates and at a pO, of 2 x
10> mbar for films on the YSZ substrates, except for sample OB6 for which a pO, was 3 x 10°°
mbar. The LSAT and Y SZ substrates were kept at a temperature close to 750 °C and to 600 °C,
respectively.

The substrates were one side polished single crystal LSAT or YSZ with dimensions of
10x10x0.5 mm supplied by MTI Corp, USA. LSAT has a cubic perovskite structure with
as4r=3.868 A" and UO, has a cubic fluorite structure with a,,,=5.469 A, both at room
temperature.” This results in the epitaxial relationship in which the (001) plane of UO, is rotated
by 45° in relation to the (001) plane of LSAT so that the (110) plane of UO,, with a d-spacing

Qyo,/V2=3.867 A, fits the LSAT (001) plane, with a d-spacing of 3.868 A (=a;sar), as was
described by Bao et al.” for a UO, film on a LaAlOs substrate. This causes the UO; lattice to be
only at a slight tension of +0.03% with respect to the substrate in-plane spacing. This 45°
rotation epitaxial relationship only holds between the LSAT and UO, (001) planes. YSZ has a
cubic fluorite structure with ays,;=5.139 A.” This results in the plane to plane epitaxial match in
which the plane of UO, is put at compression of -6.4% by the plane of YSZ. This plane to plane
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epitaxial relationship holds for the (001), (110) and (111) plane orientations. Table 1 summarizes
the produced samples. Sample pairs AP1/OB1 to AP4/OB4 were produced by cutting one
sample into two halves using a diamond saw for various studies.

It was identified by means of EDX and XPS analyses that the films of uranium dioxide
contain Nb. Based on the results from EDX, XRD, EBSD, SEM and XPS measurements, it is
suggested that Nb is present in the form of Nb,Os and is located in particulates, which
precipitated onto the substrates during growth of the films. The particulates can be seen in SEM
images (not shown) obtained at different angles. They have sizes down to 30 nm and are densely
populated. Niobium concentration was determined by EDX technique, with the point-analysis
spot size of 1-2 um in diameter, at different locations on the surface of the films (~3.5 wt%)
which agrees with the concentration values obtained from XPS (~5 wt%). Since the analysis spot
in XPS is an ellipse with the minor and major axes of 300 um and 700 um, respectively, it was
not possible to find an area free of niobium oxide. That is why Nb,Os lines were observed in
XPS spectra from the studied samples which had a relatively small width T'(Nb 3ds)=1.2 eV
and Ep(Nb 3ds2)=206.9 eV. This agrees with the fact that the oxidation state of Nb in the
samples is only Nb>*. The work by Fu et al.'® also shows that regions of UO, and Nb,Os are
formed during the oxidation of uranium-niobium alloy with oxygen. Niobium oxide is not
observed in XRD scans of the samples, possibly, due to its low concentration in the films. This
observation is consistent with the results obtained in the work by Strehle et al.,”® where the co-
deposition of U and Nd was performed onto YSZ substrates. The XRD scans did not exhibit any
difference between pure UO, and UxNd,O, samples, which can be related to the absence of the
crystal structure involving neodymium.

Crystallographic orientations for the UO, films were determined by means of XRD (6-20
scans with g rotation) and EBSD techniques (not shown). In addition, UO; films on the (001)
YSZ substrates, produced under similar conditions, were thoroughly characterized by Strehle et
al.” and it was shown that these films are single crystals. Since the epitaxial relationship and
lattice mismatch for the UO, films on the (111) and (110) YSZ substrates are the same as for the
UQO; films on the (001) YSZ substrate and based on the obtained XRD and EBSD results, it is
possible to suggest that these films are also single crystals. Based on the expected epitaxial
relationship for UO; films on the (001) LSAT substrates and the obtained XRD and EBSD
results, we are inclined to suggest that the films on the (001) LSAT substrates can be considered
as single crystals. As an example, Figure 1 illustrates a result of the EBSD study for sample AP2,
which confirms formation mainly of a single crystal with the surface orientation (001). Sample
AP3 provides similar results. Uranium dioxide films on the (111) and (110) LSAT substrates are
described as preferentially oriented.
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Figure 1. A triangular inverse pole figure for sample AP3 obtained from the EBSD study.

Film thickness for samples AP1 to AP4 was measured using transverse SEM on a cross
section of the sample. Focused ion beam (FIB)-SEM was used to measure film thickness for
samples OB6 and OB7 after they have been irradiated. Secondary ion mass spectrometry (SIMS)
was performed on sample OB6 (after it has been irradiated) to verify the thickness measured
with the FIB-SEM method and on sample AP6 to deduce its thickness, as it was not possible to
resolve the UO; film in the FIB-SEM study, possibly, due to a low electrical conductivity of the
film. Film thickness for samples AP5, OB5 and AP7 was estimated based on the growth rate
calculated from the measured film thicknesses for samples AP6, OB6 and OB7 and the
corresponding deposition times.

Table 1. Summary of the Produced Thin Film UO, Samples.

LSAT (AP1-AP4) and
YSZ (AP5-AP7, OB5-
Sample OB7) substrate UO; film orientation (hkl) | UO, film thickness (nm)
crystallographic
orientation (hkl)
AP1 (111) (210)* 110
AP2 (001) (001) 140
AP3 (001) (001) 120
AP4 (110) (111) 140
AP5 (001) (001) 90
OB5 (001) (001) 150
AP6 (110) (110) 150
OB6 (110) (110) 150
AP7 (111) (111) 150
OB7 (111) (111) 150

Preferred crystallographic orientation of the as-produced samples

Sample Irradiations. Sample irradiations were performed on the IRRSUD beamline at
the GANIL accelerator, Caen, France. UO; films on the LSAT substrates (OB1-4) were
irradiated with 12°Xe®** ions of 92 MeV energy to a fluence of 4.8 x 10™° ions/cm? to simulate the
damage produced by fission fragments in nuclear fuel. The energy and mass of the ions used for
the irradiation is representative of the typical fission fragments.*> The flux was kept at around
1.3 x 10" jons/(cm? s) which caused heating of the samples to a temperature not exceeding 150
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°C. The samples were allowed to cool down to ambient temperature (around 19 °C) before the
beamline was brought to atmospheric pressure using nitrogen gas to minimize surface oxidation
of the samples. UO; films on the YSZ substrates were irradiated with *®U*!"* jons of 110 MeV
energy to fluences of 5 x 10* (OB5), 5 x 10™ (OB6) and 5 x 10** (OB7) ions/cm? to induce
radiation damage. The flux was kept at around 1 x 10% ions/(cm® s). The irradiation was
conducted at an ambient temperature of 16-17 °C. No heating of the samples was observed. The
beam line base vacuum was 6 x 10" mbar during the irradiations.

According to the SRIM-2012.03 software,’* the nuclear and electronic stopping, dE/x, for
92 MeV #*Xe?** jons in UO, is 0.26 and 24.6 keV/nm, respectively, and the projected range is
6.5 pm and for 110 MeV 2*®U*" ions is 0.96 and 27.4 keV/nm, respectively, and the projected
range is 6.7 um. A theoretical UO, density of 10.96 g/cm® (ref 5) was assumed in the SRIM
calculation. The SRIM results indicate that the *?Xe”** and *®U*!* ions completely penetrate the
UO; thin films (150 nm max) and the electronic stopping regime dominates the dissipation of ion
energy throughout the entire film.

X-ray Photoelectron Measurements. XPS spectra of UO,.x were recorded on a Kratos
Axis Ultra DLD spectrometer using monochromatic Al-Ka radiation (hv=1486.6 ¢V) at 150 W
X-ray gun power under 1.3x10" Pa at room temperature (Figure 2). The analyzed area was an
ellipse with 300 and 700 um minor and major axes, respectively. Binding energy scale of the
spectrometer was preliminarily calibrated by the position of the peaks of Au 4f;/, (83.96 eV) and
Cu 2ps2 (932.62 eV) core levels for pure gold and copper metals. The spectra were acquired in
the constant analyzer energy mode using a pass energy of 20 eV and a step size of 0.05 eV. The
equipment resolution measured as the full width on the half-maximum (FWHM) of the Au 4f,
peak was less than 0.65 eV. The binding energies (BE) were measured relatively to the BE of the
C 1s electrons from hydrocarbons adsorbed on the sample surface that was accepted to be equal
to 285.0 eV. The FWHMs are given relatively to that of the C 1s XPS peak from hydrocarbon on
the sample surface being 1.3 eV.>® The error in the determination of the BE and the peak width
did not exceed £0.05 eV, and the error of the relative peak intensity — +5%. The inelastically
scattered electrons-related background was subtracted with the Shirley method.”
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Figure 2. A survey XPS scan from a UO, film (sample AP3).



Ar* etching of 2x2 mm? sample area was conducted at the accelerating voltage of 2 kV
and beam current of 50 pA at 3x10” Pa and room temperature. The etching rate was 7.1 nm/min
for SiO, under these conditions. Thus, UO, film on the YSZ substrate (AP7) was Ar” etched at 2
keV and 3x10” Pa. The flux was maintained at about 3.1x10™* ions/(cm? s).

The quantitative elemental analysis was performed for several nanometer-deep layers of
the studied samples. It was based on the fact that the spectral intensity is proportional to the
number of certain atoms in the studied sample. The following ratio was used: ni/nj=(Si/S;)(kj/ki),
where ni/n; is the relative concentration of the studied atoms, Si/S; is the relative core-shell
spectral intensity, Kj/ki is the relative experimental sensitivity coefficient. The following
coefficients relative to the C 1s were used: 1.00 (C 1s); 2.81 (O 1s); 10.51 (Nb3d); 36.0 (U 4f7p;
see ref 76).

Determination of the Oxygen Coefficient ko=2+x and lonic Composition of Oxides
UO,.x. Once uranium oxide UO,4, contains uranium ions of different oxidation states, the U 4f
XPS spectrum is expected to consist of several peaks at different BEs. Usually, these peaks are
superimposed because of low equipment resolution. This widens and distorts the shape of the
main peak, which complicates its decomposition into components. The O 1s intensity in this case
is usually higher due to oxygen-containing impurities on the surface. This increases the error in
the oxygen coefficient ko=2+x determination, which is found from the U 4f/O 1s intensity ratio
with sensitivity coefficients in mind. In this case we can only yield a qualitative interpretation of
the results (Table 2, column 3).

Determination of uranium ions composition on the basis of intensities of U 4f-electron
lines was carried out based on the known parameters of the spectra of uranium oxides. Both the
primary and satellite peaks for U 4f were used in the fitting procedure. The binding energy of the
U 4f;;, electrons was taken as: ~380 eV (U*"); ~381 eV (U°"); ~382 eV (U®") and shake-up
satellites located from the basic peaks toward the higher BE by: ~7 eV (U*); ~8 eV (U*"):; ~4
eV and ~10 eV (U®") were used, as was described in Section I. Although, it is known that the
FWHM, T'(U 4f7/2), of U 4f;,-line decreases as: ~1.5 eV (U4+); ~1.4 eV (U5+) and ~1.2 eV
(U®), related to multiplet splitting and decrease of unpaired U 5f-electrons from 2 to 0, the
FWHM value of 1.4 eV was taken for fitting the U**, U and U®* curves to simplify the fitting.
The curve shapes were approximated by a mixed Gaussian (~80%) and Lorentzian (~20%)
function to get the best fit to the experimental curve. In the cases when some peaks were absent,
the initial % composition was determined based on the method of U 5f/U 4f;-electron
intensities (our suggested method), followed by an iterative fitting procedure to obtain a final fit.
The results obtained by the spectra fitting procedure are shown in the parentheses in Table 2 in
the fourth column.



Table 2. Surface Elemental Composition of the Epitaxial UO,.,* Thin Films, Peak Intensity of the U
5f Electrons®, Oxygen Coefficient ko® in UO,., Oxide, Composition of Uranium lons k(%) of
Unirradiated (AP1-7) and "*Xe*** (OB1-4), and ***U*"* (OB5-7) Irradiated Thin Films of Uranium
Dioxide.

Elemental k
No Sample | compositio | lust | ;o Llj%
: 2+ + + +
(hkl) N U0z | (0.001) | o.01)x U’ u® Ut
AP1 (210)° | UO,s 0.025 | 211 44 (45) | 45 (40) | 11 (15)
1 OB1 UOy7; 0.013 2.31 0.3 68 31
AP2 (001) | UOss 0.029 | 2.07 58 (60) | 35 (36) | 7 (4)
2 0oB2 U0, 0.025 2.11 44 45 11
AP3 (001) | UOss 0.028 | 2.08 52 (58) |39 (38) |9 (@)
3 OB3 UOss 0.023 2.14 33 52 14
AP4 (111)° | UOs0 0.027 | 2.10 48 (54) |42 (1) |10 (5)
4 OB4 UOss 0.021 2.17 25 57 17
AP5 (001) | UOs, 0.021 | 217 25 (47) |57 (48) | 17 (5)
5 | OB5(001) | UOs, 0.022 |2.15 32 (45) |53 (47) | 15 (8)
AP6 (110) | UOs, 0017 |2.23 13(37) | 64 (55) | 23 (8)
6 |OB6 (110) | UOs, 0021 |217 25 (44) | 57 (48) | 17 (8)
AP7 (111) | UOse 0.019 |2.20 18 (44) | 61 (48) | 21 (8)
OB7 (111) | UOs, 0.020 |2.18 23 (48) |59 (45) |18 (7)
T | AP7(AM) | UOLes 0025 | 211 42 47 11

®Elemental composition obtained on the basis of the core line U 4f;,, and O 1s intensities of
uranium dioxide and atomic photoionization cross-sections c: 0.70 (O 1s); 9.0 (U 4f7p).

"Peak intensity of the U 5f electrons measured as a ratio: lus= 1(U 5f)/I(U 4f,) without taking
into account intensities of the shake-up satellites.

‘Oxygen coefficient ko = 2+x in UO,.4 oxide found from Equation 1.

%Composition of uranium ions k (%) found by using Equations (4) — (6); the values obtained
based on dividing the U 4f;,, peak into components and intensities of the shake-up satellites are
shown in the parentheses.

*Preferred crystallographic orientation.

'Sample AP7 after the 180 sec Ar* treatment.

The oxygen coefficient ko=2+x and ionic composition of UO,.4 can be also determined
on the basis of the intensity of the peak of the U 5f electrons not participating in the chemical
bonding. The present work physically grounded this technique and considered it in more details
than before.*****° This technique considers oxygen ions bound with uranium ions immediately.
Adsorbed oxygen ions not participating in uranium-oxygen bonding do not affect the U 5f
intensity; however, they affect strongly the uranium/oxygen ratio on the surface, which
practically does not allow the traditional XPS quantitative analysis to be used. The U 5f electrons
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weakly participating in chemical bonding in uranium oxides are strongly localized and observed
as a sharp peak at the lower BE side from the outer valence band (see Figure 3). The XPS from
y-UOj3 not containing the U 5f electrons does not exhibit this peak.®* Since the U 5f BE is about
~3 eV lower than that of the low energy OVMO band edge (“quasi-gap”), one can suggest that
the U 5f intensity must decrease discretely as uranium oxidation state grows from U** to U>* and
U®, since the U 5f electrons transit from the localized state to the outer valence band. The U 5f
intensity must first decrease twice and then vanish (Figure 3). Indeed, this was observed in the
XPS of neptunium compounds, as neptunium oxidation state increased from Np(5f2)°>* to
Np(5f)°* (ref 50). Therefore, the U 5f intensity can be used as a quantitative parameter of the
number of U 5f electrons involved in chemical bonding in uranium oxides.

1.3
4

o Usf

T IVMO ovMO

Intensity (arb. units)

‘ HI
T T I T I T I T I T I
5

35 30 25 20 15 10

Binding energy, eV
Figure 3. A valence XPS scan from a UO, film (sample AP3). Vertical bars show the calculated spectrum
for the UOg' (O}, cluster reflecting uranium close environment in UO, (ref 42).

The relative U 5f intensity I; (rel. units) determined as the U 5f/U 4f;;, intensity ratio
without the shake-up satellites can be presented as dependence on the oxygen coefficient ko=2+x
(Figure 4). For synthetic and natural oxides it is:***°

I, =5.366 ko " (1),
which is in a good agreement with the dependence of the magnetic susceptibility on the oxygen
coefficient.>®’’. This agreement is not unexpected since the U 5f intensity is proportional to the
number of the U 5f electrons responsible for the magnetic properties.
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Figure 4. Dependence of the relative U 5f XPS intensity (I) on the oxygen coefficient (ko=2+x) for
UOux |1 (EQ.(1)); 12 (Eq.(2)); 15 (EQ.(3)); 0 — synthetic oxides; A, [J- uraninites; x — mixtures of UO, and
v-UO; (ref 45).

The value 1;(2)=0.0383 for UO, was found by the extrapolation of dependence (I,) at
ko—2 (Figure 4). It differs from the value 0.0372 found from (1). The value 1;(3)=0.002 is not
zero at ko—3 because it is difficult to describe the experimental curve (Figure 4) with the
analytical function (1). Therefore, at ko—2 and 3 the use of dependence (1) must lead to increase
of the error.

With 11(2) = 0.0383 in mind, a dependence of I, reflecting the expected change of the U
5f intensity on the oxygen coefficient ko for the mixtures of UO, and UO3 was built as:

I,=-0.0383 ko + 0.1149 (2).
This dependence is in a satisfactory agreement with the corresponding experimental data on UO,
and UOj3 mixtures (Figure 4). Decrease of I, as ko grows is due to the increase of concentration
of the U®" ions that do not contribute to the U 5f intensity.

The difference Al=I,—I; characterizes the decrease of the U** concentration in complex
oxides UO,. as ko grows. Having suggested that synthetic oxides contain only uranium ions of
formal oxidation states U**, U>*and U®" with electronic configurations U5f%, U5f* and U5f°
respectively, one can find a dependence of decrease of intensity |5 due to the U*" ions as ko
grows:

|3 = |2- 2(|2— |1) = 2|1 - |2 (3)
This dependence shows (see Figure 4) that as the ko grows from 2 to 2.35 the U** ions in UO5.x
vanish. This agrees with the XRD data showing that in synthetic oxides at ko—2.38 the UO,
structure containing the U** ions vanishes.”®

In this approximation, expressions (1-3) and Figure 4 enable to determine the oxygen
coefficient ko and ionic composition in UOy.y.

Indeed, if the value I, is known from the experiment, the values I, and I3 can be found
from (2) and (3), and fractions v (U™) of uranium ions of different oxidation states can be found
from:

vy (U*) = 15/0.0383 (4),

va (U™ = 2(1, - 14)/0.0383 (5),
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vs (U%) = (0.0383 - 1,)/0.0383 (6).

In this case we can obtain repetitive data agreeing with other studies results.® The data
obtained using expressions (1-6) are given in Table 2. In such an approximation the U>" state was
considered as a spectroscopic state for dependence of I; where the oxygen coefficients were
obtained using chemical methods.*® The U°* ions were suggested to appear in UO, (CaF,) lattice
due to increase of some of U-O interatomic distances without changes in the stoichiometric
composition of UO,. Physically it means that in the U(IV)O; phase another phase U(V)O; forms
without changes in oxygen content. It leads to disappearance of CaF, lattice in UO,. as the
oxygen coefficient grows, which agrees with the XRD data.” Therefore, in order to deduce the
oxygen coefficient ko from the ion fractions v; (4,5,6) one has to multiply by 2 (the number of
oxygens in UO,) the sum of fractions [vi(U*") + v»(U")] and to add the fraction vs(U®")
multiplied by 3 (the number of oxygens in UQO3) (see Table 2). The error in the fractions of
UO,.« ionic composition has to be taken into account.

RESULTS AND DISCUSSION

Determination of uranium oxidation state and UO,.4 ionic composition, as mentioned above,
employs both the traditional XPS parameters (BEs and peak intensities) and the structure
parameters of the core- and valence spectra such as: U 5f relative intensity; OVMO (IVMO) —
core level BE differences; spin-orbit splitting AEg (eV) and multiplet splitting AEns (eV);
dynamic effect — related structure parameters; relative positions of core-level shake-up satellites
AEg (eV).*° These XPS parameters allow getting information on uranium physical and chemical
properties in the studied samples.

The surface treatment with Ar* ions was not used during the XPS study of the films in
this work, as it is known that Ar* etching can change ionic composition of the surface. Since the
data from the surface etched by Ar* can be useful in discussing the results of the study of the
radiation damage of the uranium dioxide films, thus, for sample AP7 the effect of Ar* etching on
the surface composition was studied. It was found that after the 20 sec etching the C 1s intensity
became ~10 times lower, and the O 1s peak became single with T'(O1s)=1.2 eV. The U 4f
spectrum was observed as a spin-orbit split (AE¢=10.8 eV) of 1.8 eV wide doublet with
symmetrical peaks. Intensity of the shake-up satellites (Is=I¢/1o), equal to the ratio of the satellite
area (lst) to the area of the basic peak (l,), was observed to have 30% intensity at AEg1= 6.9 V.
This structure is typical for UO, (ref 50)]. After the 60-120-180 sec etching and staying for a
while in the spectrometer chamber (“annealing”) the XPS structure did not change significantly.
After the 180 sec etching the U 4f;, XPS exhibited a weak shoulder at the lower BE side
attributed to metallic U. For the 180 sec etching the oxygen coefficient ko was 1.98 based on the
U 4f and O 1s intensities. The same coefficient found on the basis of the U 5f intensity was 2.11.
The ionic composition of the sample was found to be: 42%(U*"), 47%(U°") and 11(U®") (Table
2). This unexpected result agrees with the fact that uranium oxides can self-organize and form a
stable lattice UO,., containing different phases.’®”® This must be taken into account in the
studies of irradiation of UO; films with xenon and uranium ions.

The survey XPS spectrum (Figure 2) provides important information on the studied
sample. It consists of peaks of included elements and is typical for uranium oxide. This spectrum
also contains the Auger peaks of carbon (C KLL), oxygen (O KLL) and the XPS peak at 207.1
eV identified as the Nb 3ds, peak of niobium in Nb,Os (ref 80). Niobium impurity formed
during the sample preparation. The Nb 3ps, peak of Nb,Os was observed at E,(Nb3ps/,)=362.7
eV. Despite the fact that the Nb 3py, peak of Nb,Os at Ep(Nb 3p12)=378.2 eV is superimposed
with the U 4f7, peak at Ep(U 4f7/2)=379.9 eV (Table 3), the Nb 3p;/, intensity does not contribute
significantly (within the error) to the U 4f;;, intensity since the Nb 3p;,, peak has many times
lower intensity than the U 4f;, one because the U 4f;;, photoionization cross-section is ~10 times
higher than the Nb 3py;; one,** and uranium content is many times higher than niobium content.
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The XPS spectra are shown in Figures 2,3,5,6 and 7, and the corresponding BE are given in

Table 3.

Table 3. Electron Binding Energy E? (eV), Line Width I'® (eV) in the Parentheses, Satellite

Positions AEsat® (eV) of Unirradiated (AP1-4 on LSAT and AP5-7 on YSZ) and *Xe*** (OB1-4)

and U (OB5-7) Irradiated Thin Films of Uranium Dioxide.

r
No | Sample g Ut Ut Uty o g
(hi) 0 ) y o
APL (210)7 | 1.2(12) | 379.7(1.4) | 380.9(L4) | 3822(L4) |21 | 529.8(1.0)
6.8(30) |7.9(2.1)
1
OBL  [13(1.2) 380.4(1.5) 16 | 530.1(L4)
AP2 (001) | 13(L2) | 379.7(1.4) | 380.9(14) | 3822(14) [ 2.3 | 529.7(L1)
6.8(2.0) | 7.9(2.0)
2
OB2 | 12(L2) 380.4(L.9) 19 [530.1(15)
AP3(001) | 1.3(1.1) | 379.9(1.4) | 38L.1(1.4) | 382.4(14) [ 2.2 | 530.1(1.0)
6.8(19) |7.9(2.1)
3 | oB3
1.0(1.2) 380.3(2.0) 20 | 529.8(14)
AP4 (111)7 | 1.2(1.2) | 379.7(1.4) | 380.8(1.4) | 382.1(14) [ 2.3 | 529.7(L.1)
6.8(19) |8.0(2.1)
4
0OB4 1.3(L.1) 380.5(L.8) 18 |530.1(14)
AP5 (001) | 1.6(L.0) | 380.3(1.8) | 381.4(1.8) | 383.3(18) |25 | 530.1(L.1)
6.1(21) |7.5(21)
> |0B5(001) |15(1.1) |380.1(15) | 381.2(L5) | 382.7(15) |25 | 530.1(1.1)
62(21) |7.7(2.1)
AP6 (110) | 16(L.1) | 380.2(1.6) | 38L4(L6) | 382.9(16) [ 2.4 |5302(12)
6.0(25) | 7.6(23)
° | 0B6(110) | 15(1.0) | 380.1(16) | 381.2(1.6) | 382.8(16) | 23 | 530.1(L1)
6.1(21) |7.7(2.1)
AP7 (111) | 15(1.1) | 380.0(15) | 381.2(1.5) | 382.7(L5) | 24 | 530.1(L1)
6.121) | 7.7(21)
7 | OB7(111) | L4(L2) | 380.0(L5) | 38L1(L5) | 382.6(1.5) | 24 | 530.0(L.1)
6.6(2.3) | 7.6(2.6)
AP7(Ar+)* | 1.2(1.6) | 379.8(1.6) | 381.5(1.7) 16 | 530.0(1.2)

#1-st peak — binding energy measured relative to the Ey, (C1s)=285.0 eV of hydrocarbons on the
sample surface.

®Line width reported relative to the I'(C 1s) =1.3 eV in the parentheses.
€2-nd peak — satellite energy AEgy relative to the basic peak.
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YPreferred crystallographic orientation.
*Sample AP7 after the 180 sec Ar" treatment.

Valence Electron Spectra Range. The valence bands of the studied samples were
observed in the BE range 0 - ~35 eV. They consist of the OVMO (0 - ~15 eV BE) and IVMO
(~15 - ~35 eV BE) ranges,*” (Figure 3). Peaks in the U 6p — O 2s BE range are relatively wide
and structured comparing to the corresponding core U 4f and O 1s ones (Table 3, Figures 5 and
6). This contradicts the Heisenberg uncertainty ratio 4EAt = h/2x, where AE is the natural width
of a level from which an electron was extracted, Az is the hole lifetime and h is the Planck
constant. Since the hole lifetime (4z) grows as the absolute atomic level energy decreases, the
lower BE XPS atomic peaks are expected to be narrower. In particular, if the O 2s level was
atomic, its FWHM would be lower than that of the O 1s peak being I'(O 1s)=1.0 eV (Table 3,
Figure 5), which contradicts the experimental data. Taking into account the data on UO, (refs 42
and 45), the O 2s and U 6p levels were shown not to be atomic, but the IVMO-related. The
calculated results of the electronic structure of the cluster UOg'?, representing uranium close
environment in UO,, are presented under the spectrum of valence electrons (Figure 3). These
results were obtained in approximation of the relativistic method of discrete variation (RDV).*
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Figure 5. An XPS narrow-scan O 1s from a UO, film (sample AP3).

The valence bands of the studied samples AP1-7 and OB1-7 are formed mostly from the
U 6s,6p,6d,5f,7s,7p and O 2s,2p electrons. The OVMO structure is mostly formed from the U
6d,5f,7s,7p — O 2p interaction, while the IVMO structure is mostly formed from the U 6s,6p — O
2s-interaction.”>* The IVMO-related structure of the studied samples is a superposition of the
IVMO-related structures of different uranium oxides. Although complicated, this structure
provides the qualitative and quantitative information on the UO,. physical and chemical
properties™ (Figure 3).

For example, intensity of the sharp (I'(U 5f)=1.1 eV) single peak of the weakly bound
quasiatomic U 5f electrons observed at AE,(U 5f)=1.3 eV is an important parameter. The relative
U 5f intensity (ly sr) found as a ratio of the U 5f to the U 4f;, intensities according to Expression
1 allows oxygen coefficients (ko,%) to be calculated for uranium oxides UO,. (Table 2). With
Expressions 2-6 in mind, it allowed to find the relative content of uranium ions (k) of different
oxidation states U*", U and U®". These data are given in Table 2 for each sample. This table
also contains crystallographic (hkl) indices of the uranium dioxide films and elemental
composition of UO,., found based on the O 1s and U 4f7, peak intensities and the corresponding
sensitivity coefficients. The ionic composition of the surface found based on the results of

decomposition of the U 4f spectrum into the constituent elements (Figure 6,7) is presented in the
parentheses.
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Figure 6. XPS narrow-scans of U 4f from UO, films: a) unirradiated surface (sample AP3); b)
after 12°Xe?" irradiation (92 MeV, 4.8x10"® ions/cm?, sample OB3).

The environment influence causes formation of a complex oxide UQO,. on the surface of
the single crystal UO, film. As a result, oxygen is observed at the surface of the films at 530.1
eV BE participating in a metal-oxygen bond (Figure 5, Table 3). The oxygen coefficient changes
from 2.8 to 3.9 in the UO,. oxide (Table 2) and exceeds possible values (from 2 to 3) for this
parameter even with accounting oxygen in Nb,Os. Therefore, it is difficult to determine the
oxygen coefficient in a UO,.4 oxide based on the core peak intensity of oxygen and uranium.
This agrees with the previous work results.* However, the ko values found based on the U 5f
intensity are in a satisfactory agreement with the results obtained based on decomposition of the
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U 4f spectrum for the cases, e.g., AP2, when resolution of the U 4f spectrum is relatively good
(see values in the parentheses in Table 2). These values confirm experimentally that
determination of the oxygen coefficient ko based on relative U 5f intensity for UO,., has
sufficient physical justification.

This complex oxide contains three different uranium ions. Results for films AP1-4
formed on the LSAT differ from those for AP5-7 formed on the YSZ. Content of uranium ions
of different oxidation states in samples AP2,3 is comparable within the measurement error (see
Table 2). Samples AP2 and AP3 should have the same structure and to a higher extent are single
crystalline based on the XRD data. The higher content of U*" ions and the lower content of U°*
and U®" in AP2 compared to AP3 can be explained by a higher (approx. by a factor of 5) carbon
content on the surface of film AP2 as compared to AP3. Possibly, this carbon coating inhibits
further oxidation of the film. Samples AP1 and AP4 contain 2.8 and 3.9 oxygens per one
uranium atom with Ep(O 15)~529.8 eV bonded with metal (Table 3). Despite this, the ko values
for AP1 and AP4 are similar. By going from AP2,3 (UO, (001)) to AP4 (UO, preferential (111))
the value of ko increases.
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Figure 7. XPS narrow-scans of U 4f from UO; films: a) unirradiated surface (sample AP7); b)
after *®U®" irradiation (110 MeV, 5x10* ions/cm?, sample OB7).

By going from samples AP1-4 to AP5-7 an increase in ko values, concentration of U°*
and U®" ions and a decrease in U*" ions content is observed. Despite the difference in
crystallographic orientation of the films in samples AP5-7 the amount of oxygen remains
constant on them within the experimental error (Table 2). Herewith, the value of ko increases in
line AP5 (UO, (001)), AP7 (UO, (111)) and AP6 (UO, (110)) for which concentration of U**
decreases and concentration of U>* and U®" ions increases.

129%e?** irradiation (92 MeV energy, 4.8 x 10 jons/cm? fluence, penetration depth ~ 6.5
pm) of UO; films (OB1-4) on the LSAT substrates was conducted in order to simulate the
damage from nuclear fission fragments in nuclear fuel. Mass and energy of ions used for the
irradiation are typical for fission fragments. The U 5f intensities, oxygen coefficients (ko) and
ionic compositions (k, %) are given in Table 2 for each sample. In all cases the '?°Xe?*
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irradiation causes a severe damage. This conclusion can be drawn from the facts that the
structure disappears in the U 4f spectrum and the O 1s XPS peak grows significantly due to
substrate oxygen in island formations with low uranium content on the substrate. This results in
strong changes in UO,.x composition (Table 2).

For example, the surface of unirradiated sample AP3 has the following elemental
composition relative to uranium atom: U o0036Cy1s. The surface of complementary Xe irradiated
sample OB3 has the following composition: U;00O15Tazg Cie7. Calculations of the elemental
compositions involved only the O 1s intensity at 530.1 eV, the Ta 4f intensity and the total C 1s
intensity. The change in the surface composition can be explained by the fact that the single-
crystalline film was severely damaged by Xe ions, and atoms of, for example, tantalum and
oxygen from the substrate emerged to the surface. As a result, uranium oxide on the surface
became amorphous. This led to decrease of intensity and destruction of the U 4f spectrum, which
is employed for the quantitative ionic analysis on the basis of the U 4f BE. Since in the U 4f and
U 5f BE ranges XPS peaks of other elements involved are absent, although the U 4f peak is low-
intense and not structured, the technique suggested in this work (see Section C) allows an
evaluation of uranium ionic composition in the studied sample (Table 2), which make this
technique original.

The U 4f fine structure reflecting the OVMO structure vanishes since the chemical bond
changes significantly (Figure 6b). In this case determination of the oxygen coefficient and ionic
composition on the basis of the U 4f and O 1s intensities (traditional for XPS) is practically
impossible. However, the technique based on the U 5f intensity, as it is shown in this work,
allows one to evaluate the oxygen coefficient and ionic composition (Table 2). This is possible
because the U 5f and U 4f photoionization cross-sections are high, which means that the U 5f
and U 4f peaks are intense, and the U 5f and U 4f BE ranges do not contain peaks of other
elements.®*

The 2°Xe®** irradiation results in a significant decrease of U** content and increase of
U and U®" content (Table 2). It is especially noticeable for OB1 where U*" ions are practically
absent. Since the solubility of uranium ions strongly depends on the oxidation state (U®* more
soluble than U** by several orders of magnitude), the absence of U** in sample OB1 is supported
by a higher content (~by a factor of 100) of dissolved uranium ions in deionised water as
compared to samples OB2-4.

For surfaces of the unirradiated films on the YSZ substrates (AP5-7) a significant
decrease of U*" content and increase of U* and U®* content compared to AP1-4 on the LSAT
substrates was observed (Table 2). One of the reasons for this is the change in composition and
structure of the lattice in the YSZ substrates compared to those in the LSAT substrates that can
influence formation of a different number of defects during the growth of UO, single crystals.
The YSZ substrates differ from the LSAT substrates by the fact that they put the UO, films at
compression (-6.4%) due to lattice mismatch between the films and the substrates. This might
lead to creation of defects in the UO, films. The LSAT substrate in (001) orientation gives a
minor mismatch of 0.03% by putting the film at tension.

2831 (110 MeV, fluence 5x10%, 5x10™ and 5x10'? ions/cm?, penetration depth ~6.7
pum) irradiation of OB5-7 films on the YSZ substrates was also performed in order to study the
effect of accumulating radiation damage. The surface elemental composition of UOz., U 5f
intensities, oxygen coefficients (ko) and ionic compositions (k, %) are given in Table 2 for each
sample. 2*U*" irradiations do not cause a severe damage of the films (Figure 7b). This is mainly
due to low fluencies. The surface elemental composition of the UO,.4 films, including carbon
content, does not change within the experimental error.

However, the >®U!* irradiations cause changes in the ionic composition of the samples
(Table 2). The oxygen coefficient (ko) decreases compared to that for the unirradiated counter-
parts. U** concentration grows, while U®* concentration decreases. The error in determination of
the composition of uranium ions based on decomposition of uranium peaks into components
increases due to blurring of the structure in the U 4f spectra. After the irradiation the composition
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of uranium ions on the surface of samples OB5-7 equalizes, what is observed during formation
of stable (metastable) forms of UO,.y, which is also observed after the Ar* etching of samples
AP7 (Ar") (Table 2).

These data show that within the measurement error uranium quantitative ionic
composition weakly, but depends on the crystallographic orientation.

Core Electron XPS Range. Hydrocarbons and water molecules that contain oxygen
adsorb on the surface of the samples during the handling. The surfaces of the studied samples, as
was already noted, were not cleaned with Ar* ions in order not to destroy its initial structure.

The O 1s spectrum of the studied samples consists of a relatively sharp peak at Ey(O
15)=530.1 eV, I'(O 1s) = 1.0 eV (AP3) that is typical for crystalline UO, (Figure 5, Table 3). At
the higher BE side from the basic peak two low-intensity peaks at 531.1 eV and 531.9 eV of the
surface oxygen were observed. The first peak can be attributed to the OH™ group, the other one —
to the CO3* group. After the *2°Xe?®" irradiation the O 1s intensity grows significantly due to the
substrate oxygen (see Table 2). This causes a significant change in UO,. surface composition.
The U irradiations affect the XPS structure to a smaller extent.

Results of the quantitative analysis on the basis of the U 4f and O 1s intensities show that
the number of oxygen atoms in UO,.y Is greater than 2.8. For example, for sample AP3 it is 3.6,
and for OB3 — it is 15. The corresponding ko values calculated on the basis of the U 5f intensity
2.08 and 2.14 (Table 2). After the ?*Xe?** irradiation of samples OB1-4 the oxygen coefficient
ko grows, U** content drops, U** and U®* content grows. After the *®U®" irradiation of samples
OB5-7 the oxygen coefficient ko decreases, U** content grows, U" and U®* content decreases.
The penetration depth of xenon and uranium ions is ~6.5 um. Since the film thickness ~150 nm,
the ions penetrate through the film and stop in the substrate, thus, makes impossible to observe
the xenon lines in the spectra. The xenon ions destroy the lattice, but since the fluence of
uranium ions is low, uranium ions only rearrange the oxygen lattice that result in a more stable
structure.

Despite the presence of hydrocarbons and oxygen-containing compounds, uranium
dioxide core-electron XPS peaks are observed relatively intense and well resolved.

Thus, the U 4f XPS spectrum was observed as an intense spin-orbit split (AE=10.8 eV)
doublet (Figure 6a,7a, Table 3). This spectrum is structured and widened due to the presence of
uranium ions of different oxidation states and contains up to 30% of intensity from the shake-up
satellites. The presence of the shake-up satellites indicates the long-range ordering in the films.
Destruction of the long-range order leads to vanishing of the structure and satellites (Figure 6b).
Since the U 4f spectrum can contain the shake-up satellites at: ~7 (U*"); ~8 (U°"); ~4 and ~10 eV
(U®), %290 this spectrum is complicated and structured (Figure 6a,7a). Having suggested that the
samples contain three types of uranium ions (U**, U, U®") and calculated their quantitative
compositions on the basis of the U 5f relative intensity, the U 4f spectra were decomposed into
components. The criteria of accuracy of this decomposition were the difference of the total area
of the calculated and the experimental peaks and the best match with the data obtained on the
basis of the U 5f intensity (Figure 6,7, Table 2). Poor resolution of the XPS spectra can lead to a
high error. Results of this decomposition are given in the parenthesis in Table 2. In some cases
they differ significantly from the data obtained on the basis of the U 5f intensity. Parameters of
the peaks and satellites for uranium ions are given in Table 3. The peaks of uranium ions of
different oxidation states were suggested to have the same FWHMSs. The smallest FWHM was
I'(U 4f;,)=1.4 eV. The narrowest U 4f peak was expected from the U(5f°)®* ions that do not have
the U 5f electrons responsible for the possible widening due to the multiplet splitting.

Indeed, for reference samples of PbUO, and BaUO, the U 4f;, peaks are 1.1 and 1.2 eV
wide, respectively. So, having neglected the U 4f;, multiplet splitting, one can expect the U 4f;,
peak of the monophase UO, (CaF,) single crystal to be 1.1 eV wide. Therefore, the total FWHM
of the U 4f;, peak I'(U 4f;;) measured relative to I'(C 1s = 1.3 eV) is an important qualitative
characteristic (Table 3). Depending on the concentrations of included uranium ions in the studied
films, the shape of the U 4f peak will change. Qualitative correlation of the total U 4f;, FWHM
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with concentrations of uranium ions of different oxidation states has to be observed. Thus, for
OB1,4 films U* concentrations are significantly lower, and the I'(U 4f;,) are also lower
comparing to those of AP1,4 films (Table 2,3).

The C 1s spectrum of the studied samples consists of the basic peak at E,=285.0 eV
attributed to saturated hydrocarbons, the peak at 286.5 eV attributed to carbon connected with
oxygen and the peak at 288.7 eV associated with the COs* group on the surface (Figure 8). After
the 2Xe?** irradiation the C 1s intensities grow. **®U"* irradiation practically does not cause
any changes in the C 1s intensity.
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Figure 8. An XPS narrow-scan of C 1s from a UO, film (samples AP3).

The error in the quantitative elemental and ionic analysis of the studied samples grows
because the XPS spectra of the core levels exhibit extra structure due to the multiplet splitting
and secondary electronic processes (many-body perturbation and dynamic effect). Since the
many-body perturbation results in shake-up satellites at the higher BE side from the main peaks,
satellite intensities can be partially taken into account. The dynamic effect can be hardly taken
into account, but its probability is pretty low in the considered spectra. All of the above can
increase the error in the elemental and ionic analysis by about +5%.

This work evaluated the oxygen coefficient for oxides UO,.4 on the basis of the U 4f;,
and O 1s intensities (Table 2 and Figures 5 and 6). As was mentioned above, oxygen adsorption
at the surface makes practically impossible a correct evaluation of the oxygen coefficient for
UO,. (see Table 2). Since the ratio no/ny of oxygen, no, and uranium, ny, number of atoms
changes in the range 2.8 to 3.9, thus, clusters with an excess of oxygen can form on the surface.
Treatment with Ar® ions of the surface of sample AP7 for 120 sec leads to removal of the
excessive oxygen and the value (UO1 gg), found based on the U 4f;;, and O 1s intensities, is close
to 2.0 £ 0.1. However, the value of ko found based on the U 5f relative intensity electrons
reduced only to 2.11 and not to 2.00 as should be expected. This is related, possibly, to the fact
that annealing of the sample did not take place to restore its UO, (CaF,) lattice presence in a
vacuum of the chamber.

The »Xe®* irradiation of the uranium oxide films damaged the surface significantly.
The U 4f spectrum smears and the shake-up satellites vanish. This confirms the disappearance of
the regular crystal structure in the samples (Figure 6b). In this case, the ionic analysis of the
film’s surface is practically impossible on the basis of the U 4f and O 1s parameters. A
significant decrease of the U 5f intensity takes place due to the change in the surface ionic
composition. Despite a severe damage of the surface, it is possible to evaluate the ionic
composition on the basis of the U 5f intensity. Thus, the U*" content drops while the U** and U®*
content grows significantly (see Table 2). On the basis of these data one can conclude that
129%e?* irradiation leads to both the long-range order destruction and to the short-range order
destruction of the uranium close environment, which results in increase of uranium oxidation
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state and restructuring of oxygen ions in the uranium environment. The #*U%" irradiations lead

to a partial long-range order destruction and formation of lattice defects. X-ray diffraction study
showed that the ion irradiations resulted in diffraction peak broadening due to a decrease in the
size of coherent scattering domains that is consistent with destruction of the long-range order.

OKLL Auger Spectral Structure of Uranium Dioxide Film (AP3). The valence band
XPS of uranium dioxide film (AP3) and the calculation results were used for a qualitative
explanation of the Auger O KLL spectra structure from this film (Figures 3 and 8).

The O KLL Auger spectrum of Al,O3, where the O 2s shell participates weakly in the
IVMO formation, consists of three well resolved low structured ~9 eV wide components
reflecting the OKL,.3L,3 (O 1s « O 2p), OKL;L,.3 (O 1s < O 2s,2p) and OKL,L; (O 1Is « O
2s) electronic transitions.® Relative intensities of these peaks given as the ratios of Auger peaks
intensities to the O 1s XPS peak intensity are important fundamental values. They allow a
quantitative comparison of partial electronic densities, for e.g., of the O 2p states on oxygen ions
in different oxides.®

The O KLL Auger spectrum of uranium dioxide film (sample AP3) measured in this
work consists of three structured bands (Figure 9). This structure is partially due to the oxygen-
containing impurities on the sample surface. Despite this fact, a qualitative interpretation of this
spectrum is possible. In the O KLL Auger spectrum of AP3 the OKL,.3L,3 (O 1s «— O 2p) peak
at 973.8 eV and I'~3.7 eV reflects the density of the filled O 2p states (Figure 9). The FWHM of
this peak qualitatively agrees with the sum of the XPS O 1s FWHM (I'=1.0 eV, Figure 5) and the
O 2p band FWHM (I'~4.4 eV, Figure 3). The OKL;L,3 (O 1s « O 2s,2p) band reflecting the O
2p and O 2s densities of states (DOS) is structured. The OKL;L; (O 1s « O 2s) band reflecting
the O 2s DOS is also structured due to participation of the O 2s electrons in the VMO
formation. This band is ~15 eV wide, which is comparable with the IVMO XPS band FWHM.
This confirms the participation of the O 2s AOs in the IVMO formation (Figures 3 and 8). These
results agree with the Auger O KLL results for UO, (ref 83).
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Figure 9. An Auger spectrum of O KLL from a UO, film (sample AP3).
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CONCLUSIONS

XPS determination of the oxygen coefficient ko=2+x and ionic (U**, U>* and U®") composition of
oxides UO,. formed on the surfaces of differently oriented (hkl) planes of thin UO, films on the
LSAT and YSZ substrates was performed. The U 4f and O 1s core-electron peak intensities as
well as the U 5f relative intensity before and after the **Xe”** (92 MeV, fluence 4.8x10%
ions/cm?) and U (110 MeV, fluence 5x10*°, 5x10™ and 5x10' ions/cm?) irradiations were
employed.

It was found that the presence of uranium dioxide film in air results in formation of oxide
UO,.4x on the surface with mean oxygen coefficients ko from 2.07 to 2.11 on the LSAT and from
2.17 to 2.23 on the YSZ substrates. These oxygen coefficients depend on the nature of the
substrate and weakly on the crystallographic orientation.

On the basis of the spectral parameters it was established that uranium dioxide films
AP2,3 on the LSAT substrates have closest to stoichiometric values of the ko, and from the XRD
and EBDS results it follows that these films have a regular single crystal structure. The XRD and
EBSD results indicate that uranium oxide films one the YSZ substrates have single crystal
structure, however, they have the highest oxygen coefficient ko. This difference, possibly, related
to the different nature of the substrates.

The *#Xe”®" irradiation (92 MeV, fluence 4.8x10" ions/cm?) of uranium dioxide films
on the LSAT substrates was shown to destroy both long range ordering and uranium close
environment, which results in increase of uranium oxidation state and regrouping of oxygen ions
in the uranium close environment. The 28U irradiations (110 MeV, fluence 5x10%°, 5x10** and
5x10 ions/cm?) of uranium dioxide films on the YSZ substrates was shown to form the lattice
damage only with partial destruction of the long range ordering. This is mainly due to low
fluencies. However, the #8U%"* irradiations caused changes in the ionic composition of the
samples: an increase in U** concentration and a decrease in U®" concentration were observed,
hence the oxygen coefficient (ko) decreased compared to that for the unirradiated counter-parts.
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An effective technique for determination of ionic composition (U*", U, U®") and oxygen
coefficient in UO,.x was introduced and developed. This method is based on the U 5f and U 4f
XPS peak intensities. The suggested technique allowed a determination of the surface ionic
uranium composition and the oxygen coefficient in heavily **Xe®®** irradiated (92 MeV,
4.8x10" jons/cm?) uranium dioxide thin films, when the traditional approach was impossible to
be employed.
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