
J. Chem. Phys. 152, 104704 (2020); https://doi.org/10.1063/1.5142619 152, 104704

© 2020 Author(s).

Irradiation-induced reactions at the CeO2/
SiO2/Si interface

Cite as: J. Chem. Phys. 152, 104704 (2020); https://doi.org/10.1063/1.5142619
Submitted: 15 December 2019 . Accepted: 16 February 2020 . Published Online: 09 March 2020

Pitambar Sapkota , Ani Aprahamian, Kwong Yu Chan, Bryce Frentz, Kevin T. Macon, Sylwia

Ptasinska , Daniel Robertson, and Khachatur Manukyan 

COLLECTIONS

Paper published as part of the special topic on Oxide Chemistry and Catalysis

Note: This article is part of the JCP Special Topic on Oxide Chemistry and Catalysis.

ARTICLES YOU MAY BE INTERESTED IN

Vibrational properties of CO2 adsorbed on the Fe3O4 (111) surface: Insights gained from DFT

The Journal of Chemical Physics 152, 104702 (2020); https://doi.org/10.1063/1.5136323

The water/ceria(111) interface: Computational overview and new structures
The Journal of Chemical Physics 152, 104709 (2020); https://doi.org/10.1063/1.5142724

Dielectric function of hybrid perovskites at finite temperature investigated by classical
molecular dynamics
The Journal of Chemical Physics 152, 104705 (2020); https://doi.org/10.1063/1.5133064



The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

Irradiation-induced reactions at the CeO2/SiO2/Si
interface

Cite as: J. Chem. Phys. 152, 104704 (2020); doi: 10.1063/1.5142619
Submitted: 15 December 2019 • Accepted: 16 February 2020 •
Published Online: 9 March 2020

Pitambar Sapkota,1,2 Ani Aprahamian,1 Kwong Yu Chan,3 Bryce Frentz,4 Kevin T. Macon,4
Sylwia Ptasinska,1,2 Daniel Robertson,4 and Khachatur Manukyan4,a)

AFFILIATIONS
1Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556, USA
2Notre Dame Radiation Laboratory, University of Notre Dame, Notre Dame, Indiana 46556, USA
3Department of Chemistry, University of Hong Kong, Pokfulam, Hong Kong
4Nuclear Science Laboratory, University of Notre Dame, Notre Dame, Indiana 46556, USA

Note: This article is part of the JCP Special Topic on Oxide Chemistry and Catalysis.
a)Author to whom correspondence should be addressed: kmanukya@nd.edu

ABSTRACT

The influence of high-energy (1.6 MeV) Ar2+ irradiation on the interfacial interaction between cerium oxide thin films (∼15 nm) with a SiO2/Si
substrate is investigated using transmission electron microscopy, ultrahigh vacuum x-ray photoelectron spectroscopy (XPS), and a carbon
monoxide (CO) oxidation catalytic reaction using ambient pressure XPS. The combination of these methods allows probing the dynamics
of vacancy generation and its relation to chemical interactions at the CeO2/SiO2/Si interface. The results suggest that irradiation causes
amorphization of some portion of CeO2 at the CeO2/SiO2/Si interface and creates oxygen vacancies due to the formation of Ce2O3 at room
temperature. The subsequent ultra-high-vacuum annealing of irradiated films increases the concentration of Ce2O3 with the simultaneous
growth of the SiO2 layer. Interactions with CO molecules result in an additional reduction of cerium and promote the transition of Ce2O3 to
a silicate compound. Thermal annealing of thin films exposed to oxygen or carbon monoxide shows that the silicate phase is highly stabile
even at 450 ○C.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5142619., s

I. INTRODUCTION

Cerium oxide (CeO2) has a cubic fluoride-type crystal struc-
ture. It has been widely considered for applications in catalysis1–9

and solid oxide fuel cell developments.10–13 In microelectronics,
CeO2 is an attractive gate layer with a high dielectric constant, dielec-
tric strength, and a moderate bandgap.14–18 CeO2 is also a non-
radioactive surrogate for investigating potential nuclear fuels19–23

because it has the same crystal structure as both uranium dioxide
(UO2) and plutonium dioxide (PuO2), exhibiting a similar irradia-
tion defect evolution mechanism.22

CeO2 is capable of releasing and absorbing oxygen due to the
creation and annihilation of oxygen vacancies,24–28 with Ce4+ being
the preferential oxidation state. Upon heating, CeO2 releases oxy-
gen and anion-deficiencies are formed, which, in turn, increases
the diffusion rate of anions in the lattice and leads to enhanced
ionic conductivity. Both nanoscale CeO2 particles and thin films

exhibited higher Ce3+ concentrations than microscale CeO2 simply
from the increased surface area.28–30

Many model studies have been reported to investigate the gen-
eration and annihilation of oxygen vacancies using thin-film config-
urations.30–34 High-energy ion irradiation was proposed to tailor the
oxygen vacancy formation in cerium oxide thin films.19,21,22,31,35,36

For example, Zhang et al.22 and Edmondson et al.36 reported
the 3 MeV Au+ irradiation (up to an ion fluence of 6.4 × 1015

ions/cm2) of 300 nm thick nanostructured CeO2 samples deposited
on an oxidized silicon substrate at temperatures between 25 ○C
and 150 ○C. High-resolution electron microscopy imaging suggested
that the CeO2 layer is irradiation tolerant, even though the indi-
vidual grains undergo a temperature-dependent defect-stimulated
growth.36 Naganuma and Traversa used energetic Ar ion beam irra-
diation to tailor the Ce3+/Ce4+ ratio in a thin (5–15 nm) CeO2
layer deposited on a polymeric substrate.31 The results of x-ray
photoelectron spectroscopy (XPS) investigations suggest that the
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irradiated films contain nearly 80% concentration of Ce3+ due to
the formation of oxygen vacancies. Maslakov and co-authors35 irra-
diated CeO2 films (∼250 nm thickness) deposited on Si substrates
and bulk CeO2 samples with Xe ions at 92 MeV (up to a fluence
of 5 × 1015 ions/cm2). The irradiation increased the Ce3+ concen-
tration in the thin films more than in the bulk samples. Edmond-
son and co-authors21 reported on the formation of an intermediate
layer between CeO2 films and the Si substrate in 3 MeV Au+ irra-
diated samples. Electron microscopic investigation suggested that
this layer consists of Ce, Si, and O due to the interfacial mixing
between the CeO2 film and the Si substrate (or SiO2 surface layer).
Taken together, these works suggest that the role of ion irradiation
in tailoring the structure and generating oxygen vacancies of CeO2
is not fully understood. There is no complete understanding of the
influence of ion type, the layer thickness of CeO2, and the possible
effects of interfacial reactions between the films and substrates on
the vacancy generation mechanisms.

In this work, we investigate the effect of accelerated Ar2+

ion irradiation of thin (∼15 nm) CeO2 films deposited on the
oxidized silicon substrate. We use high-resolution transmission
electron microscopy (TEM), ultra-high vacuum XPS, and ambient
pressure XPS (AP-XPS) to probe the dynamics of vacancy gener-
ation and its relation to chemical interactions at the CeO2/SiO2/Si
interface.

II. EXPERIMENTAL DETAILS
The spin coating of colloidal CeO2 (99.5% trace metal basis,

Sigma-Aldrich) nanoparticles dispersed in water was used to deposit
CeO2 films on oxidized silicon. Si (111) wafers with 100 mm diame-
ter were cut into 8 mm × 8 mm pieces and successively cleaned using
acetone, ethanol, and isopropanol in an ultrasonic bath, followed by
drying in a high-purity argon gas flow. The silicon pieces were then
subjected to 5% air–argon plasma cleaning for 5 min. Preparation
then was proceeded by diluting 10 ml of colloidal CeO2 aqueous
solution with 30 ml of deionized water and then adding 1 ml of acetic
acid (Sigma-Aldrich, 99.95%) to the colloid. In each deposition, 50 μl
of colloidal solution was pipetted to cleaned silicon pieces. The sam-
ples were then spin-coated at 2000 rpm for 30 s. After deposition,
the samples were heated to 250 ○C for 15 min to remove the acetic
acid stabilizer.

Ion irradiation of the thin films was performed by the Ar2+

beam (1.6 MeV energy) up to a fluence of 1 × 1016 ions/cm2 using
the 5U single-ended accelerator at the University of Notre Dame
Nuclear Science Laboratory. Irradiation of the films was done at a
normal incidence over a uniformly scanned irradiation diameter of
10 mm on the samples. The ion flux was kept at ∼1011 ion/cm2 s
to minimize the beam heating effects. The Stopping and Range of
Ions in Matter (SRIM)37 calculations provided the projected ion
range to be ∼800 nm, showing that approximately 99.9% of the ions
pass through the CeO2 layer and only 0.01% were trapped inside
the film.

TEM and XPS techniques were used to characterize the post-
irradiated samples. Cross-sectional slices from irradiated materials
were taken for TEM analysis using a Helios NanoLab 600 system
as previously described.38–40 A protective platinum layer (10 μm
× 7.5 μm × 2 μm) was deposited on the film surface before
taking cross-sectional slices. Colloidal CeO2 was diluted with

deionized water and drop-casted on a Cu 300 mesh TEM grid.
The structure evolution of slices and colloidal CeO2 was con-
ducted with a Titan-300 (FEI). An AP-XPS instrument manufac-
tured by SPECS Surface Nano Analysis GmbH, Germany, was used
for conducting room temperature (RT), ultra-high-vacuum anneal-
ing (up to 500 ○C) and in situ ambient pressure measurements
of irradiated films during CO oxidation reaction. The descrip-
tion of the AP-XPS instrument was described in detail,41 and it
was also used previously to investigate H2O and O2 interactions
with other oxide nanomaterials.42 An Al Kα x-ray beam of the
photon energy of 1486.6 eV was generated from an aluminum
anode in a microfocus x-ray source equipped with a quartz crys-
tal, which monochromatizes the x-ray beam. The beam passed
through a silicon nitride window, which maintains the pressure dif-
ference between a reaction cell (∼3 mbar) and an analysis chamber
(∼1−10 mbar) while allowing the x ray to reach the sample with-
out losing the beam intensity during ambient pressure measure-
ments. All the ejected photoelectrons passed through a skimmer
with an orifice of diameter 300 μm before entering differential
pumping stages, followed by a hemispherical analyzer, where the
kinetic energy of the photoelectrons was analyzed. Collected pho-
toelectrons were analyzed in the fixed analyzer transmission mode
and finally counted with a 1-D delay line detector consisting of nine
micro-channels. The high-resolution spectra were collected at 20 eV
pass energy and calibrated by adjusting the binding energy position
of the main Ce 3d5/2 peak (peak v) at 882.7 eV, which corresponds
to the Ce4+ oxidation state.5 In AP-XPS experiments, 1 mbar of O2
and 2 mbar of CO were introduced into the reaction cell with the
help of leak valves that could precisely control the pressure of the
introduced gases.

Gas-lines were flushed with these reactant gases and argon
before introducing them into the cell to ensure that they were free
of contaminants. For XPS measurements, thin film samples were
clamped to the molybdenum sample holder plate, while powder
samples were hand-pressed over stainless steel foil, which was then
clamped to the plate. Heating of the film was achieved with thermo-
ionically emitted electrons that hit the rear side of a molybdenum
sample holder plate, while the temperature was measured with a
K-type thermocouple attached to the front side of the plate. The
temperature was controlled by tuning the emission current and
accelerating voltage of the thermo-ionic electrons.

III. RESULTS
A. Morphology and microstructure of films

Figure 1(a) shows TEM images of the CeO2 deposited on a
TEM grid, demonstrating that the particle sizes of colloidal CeO2
are below 5 nm. The electron diffraction pattern [inset in Fig. 1(a)]
reveals that the nanoparticles are also highly crystalline. A scan-
ning electron microscope (SEM) image (plane view) of the as-
prepared sample shows the porous CeO2 layer deposited on the
substrate [Fig. 1(b)], with the thickness of the CeO2 layer to be
of 16 nm ± 1 nm determined by a cross-sectional SEM image
[Fig. 1(c)].

Figure 2 shows the plane view SEM images of the irradiated and
annealed samples. The plane view images of two irradiated samples
[Figs. 2(a) and 2(b)] exhibit some porosity similar to the samples
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FIG. 1. Colloidal CeO2 nanoparticles
deposited on a TEM grid (a), a plane
view (b), and a cross-sectional SEM
image (c) of the CeO2 film deposited on
the Si substrate. The inset in (a) displays
an electron diffraction pattern of CeO2
nanoparticles.

before irradiation [see Fig. 1(b)]. The ultra-high-vacuum annealing
at 500 ○C changes the microstructure and creates some channel-
like features along with some relatively large pores on the surface
[Fig. 2(c)].

Figure 3 displays cross-sectional TEM images of non-irradiated
(a), irradiated [(b) and (c)], and annealed (d) samples. All images
show the existence of a thin amorphous interlayer between the Si
substrate and the CeO2 film. At least 20 TEM images were taken for
each sample from different areas to obtain the thickness distribu-
tion of the SiO2 interlayer. Figure 3(a) shows that the non-irradiated
CeO2 film has an approximately ∼16 nm thickness with a random
texture.

The average thickness of the SiO2 interlayer between CeO2 and
Si is ∼1.92 nm for the non-irradiated samples. The irradiated film
with 1 × 1014 ion/cm2 fluence exhibits similar morphology as the
non-irradiated sample [Fig. 3(b)]. The amorphous layer is slightly
thicker (2.05 nm) than the one in the non-irradiated sample. The
CeO2 films irradiated with 1 × 1016 ion/cm2 fluence is less porous
when compared with the other two samples [Fig. 3(c)]. This film
also exhibits randomly oriented large grains closer to the surface.
The average layer thickness for the SiO2 interlayer is 2.47 nm. After
annealing, the CeO2 film becomes uneven [Fig. 3(d)]. The SiO2 layer
is also uneven and significantly thicker (3.29 nm) in this sample.
Energy-dispersive x-ray spectroscopy (EDXS) elemental distribution
of this sample confirms that this layer consists of Si and O (Fig. S1
of the supplementary material). Figure 3(d) also shows that irradia-
tion and subsequent annealing result in significant growth of CeO2
grains close to the surface. Based on these results, we can suggest
that irradiation facilitates the interfacial reaction between the film
and substrate, evidenced by the increase in average thickness of the
interlayer.

Figure 4 shows high-resolution TEM images of the same films.
The image for the non-irradiated sample confirms the presence of
randomly oriented CeO2 crystallites [Fig. 4(a)]. The Fast Fourier
Transform [FFT, inset in Fig. 4(a)] processing of the TEM image

clearly shows the rings responsible for the (111) and (220) orienta-
tions. The irradiated sample with 1 × 1014 ion/cm2 fluence shows
similar rings [Fig. 4(b)]. However, the sample irradiated with 1
× 1016 ion/cm2 fluence shows significant differences [Fig. 4(c)]. The
CeO2 layer has two distinct sublayers: a crystalline surface layer
(with the thickness of ∼10–12 nm) and a second amorphous inter-
layer (3–4 nm) close to the SiO2 layer. TEM and FFT images also
provide evidence of some radiation-induced grain growth in the
crystalline section of the CeO2 film. In the irradiated then annealed
(500 ○C) samples, the thickness of the second amorphous layer is
∼5 nm [Fig. 4(d)]. A FFT image suggests the presence of rela-
tively large grains with an improved crystalline structure. These
findings based on TEM images indicate that ion irradiation and
post-irradiation annealing create a complex amorphous structure
at the CeO2/SiO2/Si interface. On the other hand, ion irradiation
induces a grain coarsening at the surface of the CeO2 layer, which
becomes more pronounced after post-irradiation ultra-high-
vacuum annealing.

Figure 5 displays selected area electron diffraction (SAED) pat-
terns and normalized radial intensity profiles extracted from the pat-
terns for colloidal CeO2 as well as irradiated and annealed CeO2/Si
samples. The profiles were generated from electron diffraction pat-
terns using a standard method described elsewhere.43 The SAED
pattern and the profile for colloidal CeO2 (profile a) indicate a typi-
cal polycrystalline structure. The intensity profile for colloidal CeO2
also matches well with the simulated powder diffraction pattern
of CeO2 (PDF No. 65-2975). This result indicates that the CeO2
nanoparticles are in a single-phase with a cubic fluoride-type crystal
structure. The intensity profiles for irradiated and annealed samples
(profiles b–d) exhibit broad lines of a Pt protective layer (deposited
for TEM sample preparation purposes) along with some diffraction
lines for CeO2. It should be noted that the diffraction measure-
ments were performed in a way to avoid taking the signal from
the silicon substrate. These profiles show that increasing the radi-
ation dose reduces the intensities of CeO2 peaks. The profiles for the

FIG. 2. Plane view SEM images of irradi-
ated and annealed CeO2/Si samples: (a)
irradiated with 1 × 1014 ion/cm2 and (b)
1 × 1016 ion/cm2 fluences as well as the
annealed sample irradiated with 1× 1016

ion/cm2 fluence (c).
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FIG. 3. Cross-sectional high-resolution TEM images of CeO2/Si films: non-irradiated (a), irradiated with 1 × 1014 ion/cm2 (b) and 1 × 1016 ion/cm2 (c) ion fluences, as well as
annealed (d) after irradiation (1 × 1016 ion/cm2), and thickness distributions of the interlayer measured from TEM images.

irradiated and annealed sample show that the intensity of (111)
and (311) peaks increased slightly. These results confirm that the
irradiation causes amorphization of some portion of CeO2 while
subsequent heating increases either the crystallinity or size for the
remaining CeO2 grains.

B. Chemical states of films
Figure 6 shows the fitted XPS Ce3d and O1s spectra of non-

irradiated, irradiated, and annealed thin films at room temperature
under ultra-high vacuum conditions. Multiple scans were collected
for each core level, and the final spectrum was obtained by averag-
ing the intensities from all those scans. The Ce3d spectra were fitted
after subtracting the U2 Tougaard44,45 background with five doublets
labeled v and u corresponding to the spin–orbit splitting of the 3d5/2
and 3d3/2 states, respectively, while the O1s spectra were fitted with
four peaks after subtracting the Shirley background (see the supple-
mentary material for more details). Each of the fitted peaks had a
Gaussian/Lorentzian shape with a mixing ratio of 7:3. The peaks
were assigned based on previous works,5,46–48 and their positions,

areas, and full-width half-maxima are listed in Tables S1 and S2 of
the supplementary material. The doublet pairs uo-vo and u′-v′ are
assigned to the Ce3+ state, while other pairs u-v, u′′-v′′, and u′′′-v′′′

are assigned to Ce4+. The Ce3d spectra for all the CeO2 films show
the presence of Ce in both oxidation states, i.e., +3 and +4. In Fig. 6,
the Ce3d spectra [spectra (b) and (c)] clearly show that ion irradia-
tion increases the relative contribution (47.8% and 59.9%) of Ce3+ in
the films (low dose and high dose irradiated, respectively) compared
to the non-irradiated samples [spectrum (a)], which shows only
16.6% of Ce3+ at room temperature. The irradiated and annealed
film [spectrum (d)] exhibits even higher concentrations (60.6%) of
Ce3+ than the one at room temperature.

The peaks A and D in the O1s spectra are assigned to Ce–O
(529.7 eV ± 0.3 eV, lattice oxygen) and to Si–O (532.8 eV ± 0.3 eV)
bonds in CeO2 and SiO2, respectively.46 The peak B (531.0 eV
± 0.3 eV) is attributed to oxygen vacancies, which are produced
when Ce2O3 is formed, while the peak C (532.1 eV ± 0.3 eV) is
assigned to cerium silicate. For the irradiated films, insignificant
changes are observed for the lattice oxygen peak in the O1s spec-
tra [spectra (f)–(h) in Fig. 6] in comparison to changes in the peaks
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FIG. 4. High-resolution TEM images and FFT patterns of selected areas of the
CeO2 layer for the initial CeO2/Si (a), irradiated with 1 × 1014 ion/cm2 (b) and
1 × 1016 ion/cm2 (c) fluences, as well as annealed (d) after irradiation (1 × 1016

ion/cm2).

corresponding to Ce4+ in Ce3d. This is because of the inelastic mean
free path of photoelectrons from the O1s core level (∼15 Å) is larger
than that from the Ce3d core level (∼11 Å). Thus, the signal from
the O1s photoelectrons is collected from deeper layers compared to
the signal from more surface-confined Ce3d states. The results from
the XPS analysis suggest that irradiation and annealing of CeO2 thin
films deposited on Si induce chemical alterations, which are more
pronounced at the surface.

FIG. 5. Diffraction profiles calculated from selected area electron diffraction pat-
terns (insets) for colloidal CeO2 (a), the samples irradiated with 1 × 1014 ion/cm2

(b) and 1 × 1016 ion/cm2 (c) fluences, as well as (d) annealed after irradiation (1
× 1016 ion/cm2).

The O1s spectrum for the non-irradiated films contains both
types of oxygen vacancies, indicating the formation of Ce2O3 and
cerium silicate in the sample. The presence of the cerium silicate
species in the non-irradiated sample can be attributed to an interfa-
cial reaction that could take place during heat treatment of samples
after spin coating (see Sec. II). The relative intensity of the oxygen
vacancy peak to that for cerium silicate increases for both irradi-
ated samples [spectra (f) and (g)] compared to the non-irradiated
one [spectrum (e)]. Moreover, the increase in ion fluence leads to
an increase in oxygen vacancy relative to cerium silicate. The rel-
ative contribution of oxygen vacancy to cerium silicate in the O1s
spectra becomes even more intense after the combined irradiation
and annealing treatment [spectrum (h)], during which the cerium
silicate peak gradually decreases with increasing temperature (see
Fig. S2 of the supplementary material) and completely disappears at
500 ○C. The O1s spectra for the vacuum annealed irradiated sample
also show a contribution from the Si–O bond in SiO2 (peak D). The
appearance of this peak can be related to two factors: the increasing
thickness of the SiO2 interlayer, as evidenced by TEM images (see
Figs. 3 and 4), and the local decrease in the CeO2 layer thickness
due to the formation of channel-like features in the film [Figs. 2(d)
and 3(d)].

The XPS results indicate that irradiation predominantly cre-
ates oxygen vacancies due to the formation of Ce2O3, rather than
silicates. The subsequent annealing of the irradiated films increases
the oxygen vacancy even more along with the simultaneous growth
of the SiO2 layer, which can be formed by oxygen diffusion from the
film to the substrate. Thus, this promotes the oxidation of silicon and
the growth of the SiO2 interlayer.

C. Chemical states of films and powders under
operando conditions

We performed AP-XPS studies of the CO oxidation on irra-
diated and non-irradiated samples to evaluate the generation and
annihilation of oxygen vacancies. This reaction has been shown to
be an accurate probe of oxygen mobility in CeO2 at high tempera-
tures.3,49,50 CO oxidation is also known to proceed via the Mars–van
Krevelen mechanism on the CeO2,49,50 involving the removal of sur-
face lattice oxygen by CO and consequent annihilation of vacancies
by gas phase oxygen. We performed the in situ CO + O2 reaction
using AP-XPS to follow the dynamics of oxygen vacancy formation
and to probe the chemical reactions at the CeO2/SiO2/Si interface.

The Ce3d spectra of the non-irradiated sample indicate a minor
decrease in the contribution of the Ce3+ valence state at temper-
atures up to 400 ○C, while it suddenly rises at 500 ○C during CO
+ O2 reaction [see, for example ,the relative intensities of u′and v′ in
Fig. 7(a) and Fig. S5 of the supplementary material]. The O1s spectra
also show a gradual decrease in the cerium silicate intensity at tem-
peratures up to 400 ○C, while at 500 ○C, the oxygen vacancy intensity
increases in conjunction with the disappearance the cerium silicate
contribution [Fig. 7(c)]. This indicates that film oxidation occurs
below 400 ○C, whereas above this temperature, the oxygen vacancies
form due to the CeO2 →Ce2O3 transformation.

The Ce3d spectrum [Fig. 7(b)] for the irradiated sample
(1 × 1016 ion/cm2) shows a significant difference in peak intensities
in comparison with that for the non-irradiated annealed films. The
Ce3d spectra for both irradiated and non-irradiated samples show
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FIG. 6. Fitted room temperature, ultra-high-vacuum Ce3d and O1s spectra for CeO2 thin films deposited on Si: non-irradiated [(a) and (e)], irradiated with 1 × 1014 ion/cm2

[(b) and (f)] and 1 × 1016 ion/cm2 [(c) and (g)] fluences, as well as those samples annealed in vacuum at 500 ○C [(d) and (h)] after irradiation (1 × 1016 ion/cm2).

a similar shape and trend during annealing up to 400 ○C. Thus,
the Ce3d spectrum [Fig. 7(b)] is evidence of a significant con-
centration of Ce3+ due to the vacancies created by ion irradia-
tion at room temperature. Interestingly, the temperature increase
from room temperature to 200 ○C leads to a sudden increase in the

peaks attributed to Ce4+. Moreover, the increase in a peak contri-
bution for Ce4+ also indicates that the film oxidizes at temperatures
below 400 ○C.

When the annealing temperature reaches 500 ○C, the sample
transforms rapidly, abruptly reducing the surface to Ce3+ [Fig. 7(b)

FIG. 7. AP-XPS spectra of Ce3d and O1s core level for [(a) and (c)] the non-irradiated sample and [(b) and (d)] the irradiated (1 × 1016 ion/cm2 fluence) sample at different
temperatures from room temperature (RT) until 500 ○C in the presence of 1 mbar O2 and 2 mbar CO.
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FIG. 8. Evolution of Ce3d (a) and O1s (b) spectra obtained for the irradiated (1 × 1016 ion/cm2 fluence) samples in the second cycle of annealing in the presence of 1 mbar
O2 and 2 mbar CO or after evacuation of CO or O2 (“cutoff” curves).

and Fig. S5 of the supplementary material]. The increasing overall
contribution from lattice oxygen in the O1s spectra up to 400 ○C
[Fig. 7(d)] also supports the oxidation of the sample below this tem-
perature. At the same time, the contribution from cerium silicate
decreases relative to the oxygen vacancy peak. However, the cerium
silicate to oxygen vacancy contribution rises at 500 ○C, similar to an
increase of the Ce3+ contribution in the Ce3d spectra. These results
suggest that silicate species become dominant at 500 ○C during
CO + O2 reaction in the irradiated samples.

We also conducted the second cycle of annealing from room
temperature to 450 ○C with CO + O2 gas mixture flow to evaluate
the stability of silicate species. Figure 8 shows both the XPS spec-
tra from the second cycle obtained for the films after evacuation to
vacuum and cooling down to room temperature from the first cycle
of the experiment. The spectra for both Ce3d and O1s remained
unchanged during this entire cycle of annealing in the gas mixture.
Moreover, the chemical state of the film is resistant to annealing up
to 450 ○C in the presence of either CO or O2 (O2 cutoff or CO cut-
off, respectively, in Fig. 8) In addition, the contribution from cerium
silicate relative to oxygen vacancy in the O1s spectra is observed
to increase further, suggesting some changes at the film/substrate
interface.

We also investigated the CO oxidation on the irradiated and
non-irradiated CeO2 samples in the form of compressed powder
(without Si substrate) to understand the role of the substrate. This
also allowed confirming the origin of peaks in the O1s spectra, espe-
cially peaks B and C preliminarily assigned to oxygen vacancies and
cerium silicate. The Ce3d (Fig. S3 of the supplementary material)
and O1s (Fig. S4 of the supplementary material) spectra from these
samples indicate that powders behave differently than thin films.
The surface of these powders, either irradiated or not, is oxidized
and exhibits high concentrations of Ce4+ oxidation state even at
500 ○C (Fig. S5 of the supplementary material). Moreover, O1s spec-
tra can be fitted with only two peaks, as shown in Fig. S4 of the
supplementary material. Since there is no possibility of the forma-
tion of cerium silicate in powder samples, peak B can arise only due

to the formation of Ce2O3. Nevertheless, these results confirm that
among the two peaks (peak B and peak C, both contributing to Ce3+

in O1s spectra of thin films), a lower binding energy peak (peak B)
is attributed solely to oxygen vacancy due to the formation of Ce2O3
and a higher binding energy peak (peak C) arises from cerium sil-
icate. The shift in the binding energy of the O1s spectrum at room
temperature is attributed to local potential difference created due to
the inhomogeneous distribution of nanoparticles on the surface (see
the experimental section). At higher temperatures, these nanoparti-
cles get sufficient thermal energy to diffuse on the surface, thus rear-
ranging themselves and forming a homogeneous distribution, which
removes the shift observed in the binding energy of O1s spectrum at
room temperature.

IV. DISCUSSION
The interfacial reactions between the CeO2 films and Si sub-

strate were observed in prior studies during post-deposition heat
treatment without using ion irradiation. For example, Preisler et al.48

used the XPS technique to reveal the effect of temperature on the
interfacial reaction between the CeO2 films (3–4 nm) on a Si sub-
strate. Ultra-high-vacuum annealing showed no chemical changes
below 570 ○C. The Ce4+

→ Ce3+ transition was observed in the
570–620 ○C interval. Yoo and co-authors51 investigated annealing
of a 10–15 nm thick polycrystalline CeO2 layer in an oxygen atmo-
sphere and also showed the existence of an amorphous SiO2 layer
between the CeO2 film and the Si substrate.

Iordanova and co-authors52 reported a magnetron sputtering
deposition of CeO2 films (100–140 nm) on a silicon substrate heated
to 700 ○C. Annealing of samples at 1100 ○C resulted in the formation
of CeO2, Ce2O3, and SiO2 polycrystalline phases. The authors also
showed that CeSi and CeSi2 compounds formed during annealing.
Luo and coauthors53 also reported high vacuum annealing exper-
iments with CeO2 films (with a thickness of ∼80 nm) deposited
on Si substrates. They noted that the increase in the temperature
to 730 ○C led to an increase in Ce3+ concentration. However, the
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complete Ce4+
→Ce3+ transition was not observed, even following

long annealing times, up to a few hours.
Pagliuca et al.46 deposited CeO2 films (1–3 nm) with differ-

ent thicknesses on thermally oxidized silicon (500 nm SiO2 layer
thickness). They suggested that the reaction between CeO2 and
SiO2/Si produces a silicate phase with a sub-nanometric thickness.
Vorokhta and co-authors54 suggested that the presence of native
SiO2 on the Si substrate hinders the interaction between the CeO2
film (1–20 nm) and the Si substrate. Anandan and Bera also showed
the presence of both Ce4+ and Ce3+ oxidation states in CeO2 films
(with about 25 nm thickness) deposited on Si substrates.55,56 Based
on XPS analysis, they suggested that Ce2O3 and SiOx or cerium sili-
cate type species were formed at the interface. Vacuum annealing at
400–600 ○C resulted in an increase of the Ce3+ concentrations due to
the enhanced interfacial reaction.

The CeO2 deposited in films as previous studies were mainly
prepared by using reactive evaporation of metallic Ce in low-
pressure oxygen environments at high temperatures (200–500 ○C).
Such a process could facilitate mutual diffusion and accelerate chem-
ical mixing at the film and substrate interface, even during deposi-
tion. In this work, we attempted to minimize the interaction between
the film and substrate during the deposition process by using the
spin coating of colloidal CeO2 at room temperature, followed by a
short heat treatment to remove acetic acid present in the colloidal
solution. Our XPS analysis showed the presence of only a small
amount of silicate compound after such a preparation. The effect
of sample preparation in this work is minimized, and all interfacial
interactions can, therefore, be attributed solely to ion irradiation and
annealing.

Our results suggest that irradiation causes amorphization of
some portion of CeO2, at the CeO2/SiO2/Si interface, and creates
oxygen vacancies, even at room temperature. Edmondson et al.21

also reported similar Au+ ion irradiation-induced amorphization
at the CeO2/SiO2/Si interface and the formation of an intermedi-
ate layer between CeO2 and Si. Their results, however, suggested
that a silicate compound forms during the irradiation. Our XPS
analysis indicates that Ar2+ irradiation predominantly creates oxy-
gen vacancies due to the formation of Ce2O3 rather than the for-
mation of a silicate compound. Irradiation in our case only leads to
limited mixing between Ce2O3 and SiO2, although we do observe
a thin secondary amorphous layer formed at the interface (Fig. 4).
The subsequent ultra-high-vacuum annealing to 500 ○C of the irra-
diated sample increases the concentration of Ce2O3 (Fig. 6) with the
simultaneous growth of the SiO2 layer. We can, therefore, suggest
that under our experimental conditions, oxygen diffuses and oxi-
dizes the Si atoms. The difference in the interaction mechanisms
can be attributed to the relatively higher Au+ ion energy (3 MeV)
used in the work of Edmondson and co-workers.21 However, our
work shows that a beam with lower energy promotes the forma-
tion of lattice vacancies, while only limited chemical mixing takes
place. Interactions with CO molecules during the in situ ambient
pressure XPS experiments caused an additional reduction of cerium
and promoted the transition of Ce2O3 to a stable silicate compound.
Therefore, more CeO2 is reduced by the introduction of CO at
∼500 ○C during the first cycle of annealing under CO + O2 reaction
conditions. The removal of lattice oxygen by CO leads to the forma-
tion of Ce2O3 confirmed by the abrupt change in the Ce 3d spec-
trum [Fig. 7(b)]. Vacancy annihilations from the gas-phase oxygen,

however, do not take place due to the formation of a stable amor-
phous silicate compound, as evidenced by a significant increase in
the peak intensity attributed to oxygen vacancy in the O1s spectra
[Fig. 7(d)]. The second cycle of the CO + O2 reaction shows that
this process is irreversible and that the silicate phase is stable in all
investigated temperatures (Fig. 8).

V. CONCLUSIONS
In summary, we performed a systematic study of irradiation-

induced structural transformations on the interfacial interaction
between CeO2 films and SiO2/Si substrates. The results of this work
suggest that high-energy Ar2+ irradiation causes amorphization of
some portion of CeO2, at the CeO2/SiO2/Si interface and creates
oxygen vacancies due to the formation of Ce2O3 at room temper-
ature. The ultra-high-vacuum annealing of the irradiated samples
increases the concentration of Ce2O3 with the simultaneous oxida-
tion of silicon and growth of the SiO2 layer. Interaction with CO
molecules during the ambient pressure XPS experiments causes an
additional reduction of cerium and promotes the transition of Ce2O3
to a stable silicate compound.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional TEM images,
energy-dispersive x-ray spectroscopy (EDS) mapping, and XPS
spectra.
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