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a  b  s  t  r  a  c  t

A  (111)  air-exposed  surface  of UO2 thin  film  (150  nm)  on  (111)  YSZ  (yttria-stabilized  zirconia)  before  and
after  the  Ar+ etching  and  subsequent  in situ  annealing  in  the spectrometer  analytic  chamber  was  studied
by XPS  technique.  The  U  5f, U 4f  and  O  1s electron  peak  intensities  were  employed  for  determining  the
oxygen  coefficient  kO =  2  + x of a UO2+x oxide  on  the surface.  It was  found  that  initial  surface  (several  nm)
had  kO =  2.20.  A  20 s Ar+ etching  led  to formation  of  oxide  UO2.12, whose  composition  does  not  depend
significantly  on  the  etching  time  (up  to 180  s). Ar+ etching  and subsequent  annealing  at  temperatures

◦

eywords:
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r sputtering
O2

hin film
urface chemistry

100–380 C in  vacuum  was  established  to result  in  formation  of  stable  well-organized  structure  UO2.12

reflected  in  the  U  4f  XPS spectra  as high  intensity  (∼28% of  the  basic  peak)  shake-up  satellites  6.9  eV
away  from  the basic  peaks,  and  virtually  did  not  change  the oxygen  coefficient  of the  sample  surface.  This
agrees  with  the  suggestion  that a stable  (self-assembling)  phase  with  the  oxygen  coefficient  kO ≈  2.12
forms  on  the  UO2 surface.

©  2017  The  Author(s).  Published  by Elsevier  B.V.  This  is an  open  access  article under  the  CC  BY license

onic composition

. Introduction

The data on UO2 stability, stoichiometric and ionic composition
re important for uranium ore extraction [1], spent fuel storage
nd disposal, as well as for remediation of uranium contaminated
nvironments [2–4]. Uranium oxide solubility depends strongly on
ranium oxidation state. U6+ compounds are much more soluble
han U4+ ones [5]. Therefore, oxidation state of uranium ions in
pent nuclear fuel correlates with solubility and corrosion rate [6],
hich determines the release rate of the majority of radionuclides

7].
Polycrystalline uranium dioxide is known almost always to con-

ain excessive oxygen. Its general formula is UO2+x (x > 0.01). As
xygen excess grows, UO2 cell shrinks to ax = 5.4690–0.12x [8]. For

xample, UO2.12 phase is suggested to correspond to stoichiomet-
ic composition of oxide U8O17 with a0 = 5.456 Å. UO2 oxidation in
he air starts with oxygen absorption on the grain surface. Oxy-

∗ Corresponding author. Present address: Department of Earth Sciences, Univer-
ity  of Cambridge, Downing Street, Cambridge, CB2 3EQ, UK.

E-mail address: apopel@cantab.net (A.J. Popel).

ttps://doi.org/10.1016/j.apsusc.2017.10.019
169-4332/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article
(http://creativecommons.org/licenses/by/4.0/).

gen included in UO2 lattice after diffusion can take intermediate
positions like (½00) in the edges and (½½½) in the center of the
unit cell. Getting these vacancies filled, the unit cell can reach the
composition of UO3, but at relatively low temperatures the actual
saturation limit does not exceed UO2.30 [8]. On the further filling,
the tetragonal phase forms. Intrusion of oxygen ions in UO2 lattice
accompanied by the UO2 lattice contraction is only possible if ura-
nium ions oxidize from U4+ to U5+ and U6+, i.e. uranium ionic radii
decrease as UO2

+ and UO2
2+ ions form [8]. Therefore, a complex

oxide UO2+x was  suggested to form on the surface of single crystal
UO2 film in an atmospheric air [9]. Stability of a cubic-octahedral
cluster U6O12 was theoretically studied [10]. This cluster can form
in non-stoichiometric oxides UO2+x. Such a structural stability is
inherited from the molecular cluster U6O12.

X-ray and other spectra determination of stoichiometric com-
position of standard complex oxides UO2+x require single crystal
uranium oxide films. This provides correct high-resolution spec-
tra and reliable results [9,11–13]. Therefore, the technique of

film preparation and study is a question of a special attention
[9,12,14–16].

Photoemission spectroscopy (PES) [11,17–19] and X-ray photo-
electron spectroscopy (XPS) [4,11,20,21] are widely used for ionic

 under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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haracterization of uranium oxides UO2+x. These methods are also
sed for uranium oxide surface characterization on various sub-
trates [11–13,22,23]. The work in Ref. [11] considers the U 4f and O
s XPS spectra structure of oxide row UO2+x under different etching
nd annealing conditions.

The determination of the uranium oxidation state employs the
pectrum of the U 4f-electrons [20,24]. The binding energy (BE) of
he U 4f7/2 electrons grows with an increase of the uranium oxida-
ion state in oxides [12,20,24–26]. A special attention was  paid to
he study of the mechanisms of structure formation, which leads to
idening of the main peaks and appearance of additional structure

n the spectra [20,27–31]. The XPS spectra of the U 4f-electrons of
ome oxides exhibit typical shake-up satellites [18,20,23]. Relative
atellite intensity Isat (%) is calculated as a ratio of satellite intensity
Is) to the basic peak intensity (Io) [11,23]. The mechanisms of the
hake-up satellite appearance are considered in Refs. [20,30]. The

 4f XPS structure is best resolved for single crystal oxide films. The
 4f spectrum from complex amorphous oxides UO2+x is often hard

o separate unambiguously into components. This does not allow
eliable quantitative information on uranium oxidation state and
onic composition.

The earlier paper (Ref. [32]) noted that Ar+ etching of the (111)
urface of the studied single crystal film caused a formation of an
-type semiconductive UO2-x phase. Upon a 527 ◦C annealing at

 × 10−6 mbar of O2 a p-type semiconductive UO2+x phase forms.
he UO2 phase is a Mott-Hubbard insulator [2].

A short-time etching causes an increase in the satellite intensity
t 6.9 eV in the U 4f XPS spectrum and appearance of the peaks
ttributed to metallic uranium form at the lower BE side from the
asic oxide peak. The O 1s, 2s intensity drops, and the U 5f intensity
rows during the etching [32–34].

The goal of this work was to study uranium dioxide surface after
tching and annealing. Therefore, the main attention was focused
n the main XPS parameters of both core and valence electrons
uch as: binding energy; structure of the inner and outer valence
olecular orbitals; intensities and position of shake-up satellites;

ntensities and widths of the U 4f, U 5f and O 1s peaks.
As a result, the structure of the XPS spectra of the valent and

nner electrons on the surface of uranium dioxide film was  stud-
ed in this work. For this purpose a thin (150 nm) UO2 film on the
SZ (yttria-stabilized zirconia) substrate was prepared and the XPS
tudy of the (111) surface of the film was done, the influence of Ar+

tching and annealing was studied. The film was studied before
nd after the Ar+ etching and annealing (in situ) at various times of
tching and annealing.

. Experimental section

.1. Thin film production

Epitaxial thin film (150 nm)  of UO2 with (111) surface orienta-
ion (Fig. 1) was produced by reactive sputtering onto YSZ (111)
ubstrate at the University of Bristol and thoroughly characterized
n Refs. [9,15]. A dedicated DC magnetron sputtering facility with
HV base pressure (10−9 mbar) was employed to grow the film.
he YSZ substrate was kept at the temperature close to 600 ◦C.

.2. X-ray photoelectron measurements

After contact with atmosphere UO2 thin film, denoted UO2+x,
ave been analyzed by XPS using a Kratos Axis Ultra DLD spec-

rometer. The quantitative elemental analysis was  performed for
he surface of the studied sample as it was described in [9]. The
rror in the determination of the BE and the peak width did not
xceed ±0.05 eV, and the error of the relative peak intensity was
Fig. 1. A triangular inverse pole figure diagram for sample AP7(0) obtained from
the EBSD study (Ref. [15]).

±5% [9]. The inelastically scattered electrons-related background
was subtracted by the Shirley method [35].

40Ar+ etching of 2 × 2 mm2 sample area was conducted at the
accelerating voltage of 2 kV and current density of 25 �A/cm2 at
2 × 10−9 mbar and room temperature for 20, 60, 120 and 180 s.
The sputtering took place in the same place consequently after
acquiring sequential group of spectra according to the scheme:
20 + 40 + 60 + 60 s (180 s in total). The etching rate under these
conditions for SiO2 was 7.1 nm/min. The ion flux was  kept at
∼1.5 × 1014 ions/(cm2 s).

To study the surface (the first ∼5 nm [36]) of the film, etching
and annealing of the sample were performed. Sample AP7(0) was
annealed in the spectrometer preparation chamber at 600 ◦C for
1 h in order to outgas the sample and the sample holder before the
experiment. The U 4f spectrum of UO2+x did not change significantly
after the annealing. Afterwards the sample was etched with argon
ions and annealed in the analytical chamber of the spectrometer.
During this process the XPS spectra were collected from the same
spot on the sample surface.

2.3. Determination of the oxygen coefficient kO = 2 + x of oxides
UO2+x

There are known two  methods for determining the oxygen coef-
ficient kO = 2 + x and ionic composition in complex UO2+x oxides
based on XPS data [20,37]. The first method uses line intensities
and binding energies of the inner U 4f- and O 1s-electrons with
photoemission cross-sections of these electrons. The magnitudes
of the photoemission cross-sections are determined by calculations
[38–40]. The second method is based on the relative intensity of the
U 5f-electrons line, which is equal to the ratio of U 5f- and U 4f7/2-
electron intensities. This technique is described in detail in Ref. [9].
In the current work we  provide only the main Eq. (1) for determi-
nation of the kO. The U 5f intensity I1 (rel. units) determined as the
U 5f/U 4f7/2 intensity ratio without the shake-up satellites can be
presented as:

I1 = 5.366 kO
−7.173. (1)

3. Results and discussion

As mentioned before, determination of uranium oxidation state
and UO2+x ionic composition employs both the traditional XPS
parameters (BEs and peak intensities) and the structure parameters
of the core- and valence spectra. These XPS parameters allow get-
ting information on uranium physical and chemical properties in
the studied sample. The XPS survey-scan of a (111) surface of UO2+x

single crystal thin film (150 nm)  on (111) YSZ (yttria-stabilized
zirconia) is shown in Fig. 2. It does not differ much from the cor-
responding spectrum of a (001) surface of UO2+x single crystal thin
film (120 nm)  on (001) LSAT (lanthanum strontium aluminum tan-
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Fig. 2. Survey XPS scan of UO2+x sample AP7(0).
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Table 1
Summary of the elemental (U, O) composition of the UO2+x

b film surface, intensity
line I1 of U 5f-electronsc, oxygen coefficient kO

c in UO2+x oxide in uranium oxide
sample AP7.

Sample (t, s)a Composition UO2+x
b I1

c (±0.001) kO
din UO2+x (±0.01)

AP7(0) UO3.62 0.019 2.20
AP7(20) UO2.51 0.025 2.11
AP7(60) UO2.19 0.023 2.14
AP7(120) UO2.06 0.024 2.12
AP7(180) UO1.98 0.025 2.11
AP7b (60)
380 ◦C, 1 h

UO2.53 0.023 2.14

AP7c (30)
100 ◦C, 30 min

UO2.83 0.025 2.11

AP7d (30)
250 ◦C, 30 min

UO3.10 0.024 2.12

a Ar+ etching time t (s) of sample AP7(t).
b Elemental (U, O) composition based on the intensity of the lines of internal U

4f7/2- and O 1s-electrons of uranium dioxide and the atomic cross-section photoef-

with the XRD data [42]. Formation of a stable self-organized phase
4+ +
ig. 3. XPS scans of valence electrons of the UO2+x film after Ar+ etching and 1 h
nnealing at 380 ◦C AP7(60).

alum oxide) in Ref. [9] despite the difference in the crystallographic
rientation of the surface and different substrate.

.1. Valence electron spectra range

Fig. 3 shows the spectrum of valence electrons of the AP7b(60)
lm after the subsequent 1 h annealing at 380 ◦C. The observed
tructure agrees satisfactorily with the calculation results for UO2
39]. The region of the valent electrons spectrum consists of two
arts.

The first part from 0 to ∼15 eV represents the structure related to
he electrons of the outer valence molecular orbitals (OVMO). The
econd part from ∼15 to ∼35 eV comprised by the structure of the
nner valence molecular orbitals (IVMO). The line at 1.3 eV is related
o quasi-atomic U 5f-electrons and its intensity proportional to the
umber of these weakly bound electrons (Fig. 3). It has a maximum

ntensity in the U4+(5f2)O2 spectrum and this line is absent in the
pectrum of U6+(5f0)O3 [20]. Usually, the intensity of I1 (rel. units)
s expressed as the ratio of the intensities of the I1 = U 5f/U 4f7/2
lectron lines. In this case, the oxygen coefficient (kO) on the surface
f a complex oxide UO2+x (Table 1) can be determined using Eq.

1) and other equations of the technique described in Ref. [9]. For
xample, for sample AP7(0): I1 = 0.019; kO = 2.20 and k(%) equals to
8% (U4+), 61% (U5+) and 21% (U6+) [9].
fect �: 2.81(O 1s), 36.0 (U 4f7/2).
c The intensity of the line of U 5f-electrons measured as a ratio: I1 = IU5f/IU4f 7/2.
d Oxygen coefficient kO = 2 + x in UO2+x oxide calculated from Eq. (1).

The spectrum structure of the OVMO electrons is observed as a
line with a maximum at 4.5 eV and with a width � (OVMO) = 4.2 eV
(Fig. 3). In the region of binding energies for the electrons of IVMO
there are three widened lines with maxima at 17.3 (3.7), 22.4 (4.3)
and 28.1 (2.8) eV. In Fig. 3 these lines are formally assigned to U
6p3/2-, O 2s- and U 6p1/2-electrons. If these lines were from the elec-
trons of atomic levels, then the ratio of their intensities would have
been approximately equal to the ratio of photoionization cross-
sections �(U 6p3/2)/�(U 6p1/2) = 2.89 [40]. However, the ratio of the
intensities of these lines is equal to 5.67 (Fig. 3). This difference
arises from the fact that these lines represent the spectrum of the
IVMO electrons.

Ar+ etching is known to remove the surface atoms and to break
the chemical bonds and the crystal structure [38]. In this case the
XPS structure of the valence and the core electrons changes sig-
nificantly. For example, the XPS of the solid VIA elements exhibits
a single ns-peak [41] after an Ar+ treatment instead of two IVMO
peaks due to the ns-ns overlapping.

A short-time Ar+ etching of AP7(0) leads to increase of the U 5f
intensity, as well as the U 5f peak widening and shift to the lower
BE side (Tables 1 and 2) due to the increase of the U4+ concentration
and decrease of the U5+ and U6+ concentration on the surface.

After the 20 and 60 s argon treatment the OVMO XPS of AP7(0)
exhibits the structure with three peaks at 4.5, 6.6 and 9.1 eV, and
the IVMO bands narrow (Fig. 4). During this treatment the oxygen
coefficient kO decreases, as compared to the initial sample AP7(0)
(Table 1). In the beginning of the etching the U 5f intensity I1 (Fig. 4,
Table 1) and FWHM � (U 5f) (Table 2) grow and then remain con-
stant within the measurement error. The subsequent annealing at
100

◦
C to 250 ◦C leads to narrowing of the U 5f peak (Fig. 4, Table 2)

but does not affect significantly its intensity (Table 1). The anneal-
ing at 380

◦
C leads to narrowing of the U 5f peak and widening of

the OVMO bands to the values corresponding to the initial sample
AP7(0).

On the basis of this, one can suggest that the 180 s Ar+ treatment
of the UO2+x film on the (111) YSZ substrate in the spectrome-
ter chamber leads only to formation of self-organized stable UO2+x
phase with the oxygen coefficient kO ≈ 2.11. This agrees with the
formula UnO2n+1 for stable oxides at n = 8 (kO = 2.125) [8]. The
annealing of the samples leads to narrowing of the U 5f peak but
does not affect significantly its intensity. This suggestion agrees
containing the An ions during the Ar etching was observed for
NpO2 [43] and PuO2 [44] films. Ar+ etching of AmO2 film leads
mostly to formation of the Am3+ ions on the surface [45].
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Table  2
Summary of the Ar+ etching time t (s), binding energies Eb

a (eV), FWHMs  � (eV)b, relative intensities of the: O 1s-peak of the basic nO1s
c and impurity n

′
O1s

d oxygen; nC1s
e

and Ar+ etching time t(s).

Sample (etching time, s) Eb(� ) U 5f Eb (� ) U 4f7/2 � U 4f7/2 Eb (� ) O 1s nO1s n’O1s nC1s

AP7(0) 1.5 (1.1) 380.0 (1.5) 2.4 530.1 (1.1) 3.62 0.53 3.01
381.2 (1.5) 531.4 (1.1)
382.7 (1.5) 532.2 (1.1)

AP7(20) 1.1 (1.5) 379.7 1.8 529.9 (1.3) 2.51 0.26 0.18
6.9 sg 531.5 (1.3)

AP7(60) 1.1 (1.5) 379.8 1.6 529.9 (1.2) 2.19 0.28 0.17
6.9 s 531.5 (1.2)

AP7(120) 1.2 (1.6) 379.8 1.5 530.0 (1.2) 2.06 0.32 0.01
6.9 s 531.4 (1.3)

AP7(180) 1.2 (1.6) 379.8 1.6 530.0 (1.2) 1.98 0.31 0.01
6.9 s 531.4 (1.5)

AP7b(60) (380 ◦ C, 1 h)f 1.3 (1.2) 380.0 1.8 530.2 (1.1) 2.53 0.56 0.91
7.0 s 531.5 (1.5)

AP7c (30) (100 ◦ C, 30 min)f 1.3 (1.5) 380.0 1.7 530.2 (1.3) 2.83 0.43 0.27
6.9 s 531.5 (1.5)

AP7d (30) (250 ◦ C, 30 min)f 1.3 (1.2) 380.0 1.7 530.1 (1.1) 3.10 0.58 0.57
7.0 s 531.4 (1.5)

a BEs are given relative to the Eb(C 1s) = 285.0 eV.
b FWHMs  are given in the parenthesis relative to the � (C 1s) = 1.3 eV.
c The number of oxygen (nO1s is oxygen at 530.1 eV, n’O1s is impurity oxygen at 531 eV) and carbon atoms per one uranium atom.
d The number of oxygen (nO1s is oxygen at 530.1 eV, n’O1s is impurity oxygen at 531 eV) and carbon atoms per one uranium atom.
e The number of oxygen (nO1s is oxygen at 530.1 eV, n’O1s is impurity oxygen at 531 eV) and carbon atoms per one uranium atom.
f Annealing temperature and time.
g Shake-up satellite.
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ig. 4. XPS scans of valence electrons of sample AP7(t) before and after Ar+ etching
t  different time.

.2. Core electron XPS range

The C 1s XPS spectrum of UO2+x surface consists of the basic peak
t Eb = 285.0 eV (saturated hydrocarbons) used for BE calibration
46]. Peaks at 286.2 and 287.1 eV are due to hydrocarbon bound
ith oxygen, and a peak at 288.8 eV is due to the carbonate group

O3
2− or carboxyl group COO− on the surface (Fig. 5). After the

0 s Ar+ etching the C 1s intensity drops significantly (Table 2).
The O 1s spectrum of the initial sample AP7(0) consists of a

elatively sharp basic peak at Eb(O 1s) = 530.1 eV, � (O 1s) = 1.1 eV
nd two low-intensity peaks at 531.4 eV and 532.2 eV with relative
ntensities of 79%, 15% and 6%, respectively. The peak at 531.4 eV can
e attributed to the hydroxyl group, and the second one at 532.2 eV

 to the CO3
2− group (Fig. 6a, Table 2). The quantitative analysis

ased on the core U 4f7/2 and the basic O 1s (530.1 eV BE) peak
ntensities yielded the oxygen coefficient of 3.62, which exceeds

he expected value of 2 (Tables 1 and 2).

The BE of the O 1s basic peak after the etching did not change
ignificantly (Figs. 6b and c, Table 2). In the beginning of the
Fig. 5. XPS narrow scan of C 1s on the surface of AP7(0).

etching the O 1s FWHM slightly increased and afterward did not
change significantly, while the intensity of the basic O 1s peak
(nO1s) decreased (Table 2). The hydroxyl-related O 1s peak intensity
(n’O1s) at 531.4 eV, in the beginning of the etching dropped notice-
ably and afterward changed insignificantly (Table 2). The amount of
oxygen of the basic peak at ∼530.0 eV BE on the surface can exceed
significantly the coefficient of 2 as in UO2 (Table 2). The anneal-
ing after the etching leads to the increasing of the hydroxyl-related
peak intensity, while the BE of the O 1s-electron does not change
(Table 2).

The U 4f spectra are given in Fig. 7. After the 20 s Ar+ etching of
sample AP7(0) the U 4f spectrum changed significantly, and the fur-
ther etching up to 180 s did not cause any significant changes (Fig. 8,
Table 2). Firstly, after the 120 s etching a small shoulder associated
with the ions of oxidation state lower than U4+ at the lower BE side
from the basic U 4f7/2 peak appeared at 377.0 eV (Fig. 8). It slightly
grows after the 180 s etching.
Previously this peak was  attributed to metallic uranium [11].
Secondly, the XPS peaks narrowed significantly and simpler struc-
ture of the satellites was  observed (Figs. 7 and 8). This indicates a
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ig. 6. XPS narrow scans of O 1s: a) initial AP7(0); b) after 60 s Ar+ etching; c) after
r+ etching and 1 h annealing at 380 ◦C AP7b(60).

hemical bond and a long-range ordering in the lattice that self-
rganized after the etching in the spectrometer chamber (Fig. 7b).
ince the U 4f spectra in this case do not show any explicit peaks
ttributed to different oxidation states of uranium ions (U4+, U5+,
6+), the decomposition of the spectrum into components is diffi-
ult. Therefore, a formal decomposition was done for a qualitative
onsideration of the ionic composition, and the ionic composition
as evaluated only on the basis of the U 5f relative intensity. The
echnique described in Ref. [9] yields that the considered phase
eside the U4+ ions, contains U5+ and U6+ ions.

As it was mentioned above, evaluation of the oxygen coefficient
n UO2+x on the basis of the core U 4f7/2 and O 1s intensities is com-
Fig. 7. XPS narrow scans of U 4f: a) initial AP7(0) [9]; b) after 60 s Ar+ etching; c)
after  Ar+ etching for 60 s and 1 h annealing at 380 ◦C AP7b(60).

plicated because of adsorbed oxygen-containing molecules on the
surface (Table 1, Figs. 6 and 7). A significant difference in the oxygen
coefficient obtained on the basis of the O 1s/U 4f7/2 intensities and
on the basis of the U 5f relative intensity was  observed (Table 1).

In order to prepare the sample surface, as it was mentioned, the
Ar+ etching and subsequent annealing of the AP7(0) sample were
used. A 1 h annealing of the AP7(0) sample in the spectrometer
preparation chamber at 600 ◦C did not bring any significant changes
in the XPS spectra comparing to the initial spectrum (Fig. 7a,

Table 2). A 60 s Ar+ etching lead to formation of oxide UO2.14 on
the AP7(60) surface, which agrees with the composition UO2.19
(Table 1). The further 1 h annealing in the spectrometer analytical
chamber at 380 ◦C leads to formation of oxide UO2.53 on the surface
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Fig. 8. XPS narrow scans of U 4f of sample AP7(0) after Ar+ etching t(s).

P7b(60), which leads to the narrowing of the U 5f peak, widening
f the U 4f peak and increasing of oxygen and carbon concentra-
ions on the surface, but does not cause a change in the oxygen
oefficient kO of AP7b(60), as compared to AP7(60) (Tables 1 and 2,
ig. 7c). The U5+-attributed shoulder 1.2 eV away from the basic
eak and shake-up satellite appear (Fig. 7c, Table 2). The satellite
arameters are sensitive to the ionic composition changes on the
urface.

After another 30 s etching oxide UO2.30 formed on the AP7(30)
urface. The subsequent 30 min  annealing at 100 ◦C, 150 ◦C, 200 ◦C
nd 250 ◦C under 3.8 × 10−8 mbar in the spectrometer chamber
eads to the similar changes in the XPS spectrum of AP7c(30)
Tables 1 and 2). The U 5f intensity I1 and oxygen coefficient change
nsignificantly.

An increase of the oxygen content on the surface during the
nnealing is difficult to explain by oxygen diffusion from the bulk
f UO2+x. It is known that oxygen diffusion in UO2 is low [47].
hat is why the oxygen from the ‘bulk’ would not have time to
each the surface during the annealing [48]. Moreover, the film
ith a thickness of 150 nm does not contain that much of exces-

ive oxygen. Apparently, during the annealing stage oxygen and
xygen-containing compounds (CO [34], H2O [49]) desorb from the
alls of the spectrometer and adsorb from the surrounding envi-

onment on the surface of the sample. Supposedly, this results in
ormation of complex clusters UOy

n− like U(CO3)2 and U(OH)4 on
he surface, whose O 1s BE is ∼531.5 eV (Tables 1 and 2).

During annealing of AP7(60) narrowing of the U 5f peak and
idening of the U 4f peak AP7b (Table 2, Fig. 7c) can be explained

5+ 1
y an increase in the U (5f ) concentration and a decrease in con-
entration of the U4+(5f2) containing two uncoupled U 5f electrons
see AP7(60) and AP7b(60), Table 1). However, from the data for
amples AP7(60) and AP7b(60) it follows that the kO practically
 Science 433 (2018) 582–588 587

does not change on the annealing (Table 2). The U 5f and the U 4f
FWHM turn out to be more sensitive to the ionic compositions of
the studied samples.

The 30 min  annealing of sample AP7(30) at 100 ◦C leads to the
growth of the oxygen concentration on the surface (AP7c(30)) and
does not affect significantly the oxygen coefficient kO compared to
AP7(20) (Table 1). The U 5f peak FWHM does not change and the
peak shifts towards the higher BE range (Table 2), while � (U 4f7/2)
does not change much.

The further 30 × 3 = 90 min  annealing of sample AP7c(30) at 150,
200 and 250 ◦C leads to changes in the oxygen concentration on the
surface of sample AP7d(30), the oxygen coefficient is comparable
to the kO in sample AP7c(30) (Table 1). The U 5f peak narrowed
(Table 2), while � (U 4f7/2) did not change.

The considered data show that annealing at 100–250 ◦C after
Ar+ etching does not lead to any significant changes of the oxygen
coefficient and ionic composition of the UO2+x film. The etching
leads to formation of self-organized stable UO2+x phase with oxygen
coefficient kO ≈ 2.12 resulting from the surface relaxation in the
vacuum. Practically, on the surface (∼5 nm [31]) of single crystal
UO2 film the structure UO2 (CaF2) was not observed. A stable oxide
UO2.12 forms on the surface. These data agree with the results of
the study of (111) UO2 single crystal surface [48].

According to the goal of this investigation, the main XPS param-
eters described in Introduction were studied. Thus, the measured
mean U 4f7/2 BE being 380.0 eV and the mean O 1s BE being
530.1 eV (Table 2) are in a good agreement with the data in Ref.
[11]. The OVMO and IVMO structures being typical for uranium
dioxide (Fig. 3) agree well with the relativistic calculation results
[39] and the data of other studies [20]. The mean shake-up satel-
lite position 6.9 eV and intensity 28% agree with the data of other
work [11]. Since uranium U4+ ion outer electron configuration is
6s26p65f2, the presence of two  uncoupled U 5f electrons must
lead to the multiplet splitting and widening of the core peaks
like the U 4f one [28]. For the U6+ ions with the configuration
U6+6s26p65f0 not containing the U 5f electrons such a splitting
is absent in the U 4f XPS. In this case the U 4f7/2 FWHMs  for
BaU6+O4, PbU6+O4 and Bi2U6+O6 are 1.2, 1.1 and 1.2 eV, respec-
tively [46]. The U 4f7/2 FWHM for etched and annealed samples is
higher (Fig. 8, Table 2). One of the reasons of the U 5f peak widening
after the etching and narrowing after the annealing of the AP7(0)
sample can be the disappearance of the U5+ ions with the config-
uration U5+6s26p65f1 after the etching and their appearance after
the annealing.

4. Conclusions

The XPS study of the (111) UO2+x single crystal film surface (sam-
ple AP7(0)) on a YSZ (111) substrate was carried out. The film was
studied before and after the Ar+ etching and annealing (in situ) at
various times of etching and annealing.

XPS determination of the oxygen coefficient kO = 2 + x of oxide
UO2+x formed on the UO2 film surface was performed on the basis
of the U 4f and O 1s core-electron peak intensities, as well as on the
basis of the dependence of the U 5f relative intensity on kO = 2 + x
for synthetic and natural uranium oxides.

The short-time Ar+ etching of the AP7(0) surface removes the
excessive oxygen and forms the stable self-organized phase until
the oxygen coefficient remains kO ≥ 2.0. The evaluation yields for
this phase the kO ≈ 2.12. On the basis of the spectral parameters
(binding energy; structure of the inner and outer valence molecular

orbitals; intensities and position of shake-up satellites; intensities
and widths of the U 4f, U 5f and O 1s peaks) one can conclude that
this phase (UO2.12) contains mostly the U4+ and U5+ ions with some
U6+ ions also present.
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