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Self-supported films of CeO1.95 display time-scale dependent elastic moduli, a phenomenon which has been
termed the chemical strain effect. In order to probe the possible structural origins of this behavior, extended
X-ray absorption fine structure spectroscopy and X-ray diffraction were used. Evidence was found that,
although this oxygen deficient ceria appears to maintain the fluorite structure on average, the mean Ce–O
bond length is shorter than the mean Ce–oxygen vacancy distance. This finding is consistent with
crystallographic data from more strongly reduced ceria in which the oxygen vacancies are ordered. By
studying strain induced structural changes, we show that it is possible to relate this lattice distortion to the
chemical strain effect. Similar conclusions were previously reached for films of Ce0.8Gd0.2O1.9. Since the ionic
radii of both Gd3+ and Ce3+ are larger than that of Ce4+, we suggest that when cation dopants are larger than
the host, ceria compounds containing a high concentration of oxygen vacancies may exhibit elastic anomalies.
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1. Introduction

Thin films of Ce0:8Gd0:2O1:9, one of the most important ionic
conductors [2–5], exhibit a number of elastic anomalies, i.e. both
spontaneous changes in the lattice parameters as well as inelastic
effects. The most striking of these is the ability to exhibit two different
elastic moduli depending on time-scale [1,6]. This phenomenon,
which has been called the chemical strain effect [6], can cause an
absolute change in volume of ~0.2% even if the external stress is
homogeneous [1]. As such, the internal reorganization of point defects
has been cited as a probable cause of the inelastic behavior (chemical
strain) rather than the more commonly observed stress gradient-
induced diffusion [7]. Recently, the local bonding in Ce0:8Gd0:2O1:9 was
studied by extended X-ray absorption fine structure (EXAFS) spec-
troscopy [8]. This work revealed that in Ce0:8Gd0:2O1:9, the cation–O
bond is shorter than would be expected on the basis of the X-ray
diffractionmeasurements of the average fluorite structure. Analyses of
the 1st and 2nd coordination shells of Ce and Gd provided evidence
that (1) the average distance from a Ce ion to an oxygen vacancy is
larger than the mean Ce–O bond length and that (2) supported the
theoreticalfinding that oxygen vacancies induced byGd-doping prefer
coordinationwith Ce ions rather thanwith Gd ions [9]. Furthermore, it
was found that in the presence of compressive strain of 0.3±0.1%, the
average Ce–O bond length is decreased by 1±0.5%. The rearrangement
of the Ce–O bond under strain was cited as a probable cause of the
elastic anomalies in Ce0:8Gd0:2O1:9.

The fact that it is the host cation, Ce4+, that is involved in producing
elastic anomalies led to the hypothesis that even pure ceria, if it contains
a large amount of oxygen vacancies, should display similar local lattice
distortion and, as a result, similar elastic anomalies. To test this concept,
we compared the Ce–O bond lengths deduced either from EXAFS or X-
raydiffraction (XRD) for oxygendeficient ceriafilms (CeO2−x). Ourdata
demonstrate that although oxygen deficiency results in an increase in
thedimension of thefluorite unit cell ofCeO2−x asmeasured byXRD, the
average Ce–O bond length contracts. In addition, we have indeed found
evidence of elastic anomalies in thin, self-supported films of CeO2−x,
which are similar to those previously observed in thin films of
Ce0:8Gd0:2O1:9 [1,6,10].

2. Experimental

Substrate-supported 400±20 nm thick films of CeO2−x were
prepared by radio frequency magnetron plasma sputtering at room
temperature from a stoichiometric CeO2 target (Semiconductor
Materials, 99.95) onto (001) Si 275±25 μm thick wafers [10,11]
with pure Ar as a sputtering gas. The film thickness (400±20 nm)
was chosen such that the substrate supported films were thin enough
that they did not undergo delamination (below critical thickness),
while the self-supported films, described below, could retain struc-
tural integrity. Following the deposition, the substrate-supported
films were annealed in air for 10 h at 400 °C or 550 °C. The heating
rate was 10 °C/min and the cooling rate, 1 °C/min. The X-ray
diffraction (XRD) patterns of the substrate-supported films were
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Fig. 1. XRD patterns of CeO1.95 films: substrate supported; self-supported (not exposed
to oxygen plasma) buckled and flat. The diffraction pattern of the flat film was acquired
after heating to 150 °C. No differences in the peak positions are observed.
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acquired with a Rigaku TTRAXIII diffractometer (Cu Kα radiation)
operating in the Bragg–Brentano (θ–2θ) mode with 3° theta offset to
avoid the silicon λ/2 reflection at 2θ≈32°. The peak positions were
determined relative to the LaB6 reference byfitting the peak profile to a
pseudo-Voigt function and subtracting the Kα2 contribution. To
determine the lattice parameter of the films, the position of the
(422) diffraction peak was measured with a slow scan rate (0.01°/
min). The accuracy of the determination of the unit cell size for
diffraction angles 2θN80° was ±0.002 Å. The crystallite size of the
CeO2−x films was determined from the width of the XRD peaks and
was close to the grain size determined from images acquired by
scanning electron microscopy (LEO Ultra55) with pattern recognition
software. The stress in the substrate-supported films was deduced
from changes in the substrate curvature (accuracy 1/1200 m) [12,13].
Coarse grained powders were obtained from the stoichiometric CeO2

target.
After annealing, someof the substrate-supportedfilmswereconverted

into circular 100–150 μmdiameter self-supported tethered films by local
substrate removal with SF6-based deep reactive ion etching. The films
annealed at 550 °C were etched with oxygen in the plasma at the final
stage to ensure that they remained saturated with oxygen. The films
annealed at 400 °C were etchedwithout oxygen in the plasma to prevent
further oxidation. Self-supported films were subjected to heating and
cooling in the atomic force microscope NT-MDT similar to the process
described in Ref. [6]. Flattening time of the buckled films was measured
from the same initial height. The XRD patterns of self-supported films
were measured in the transmission mode through the etched region in
the Si substrate, so that only the signal from the self-supported regionwas
collected. Their analysis was performed as described above.

Raman spectroscopy measurements of the self-supported and
substrate supported films were performed with a Micro-spot
Renishaw Raman spectrometer with excitation wavelength of
633 nm. The average length of the Ce–O bond was deduced from the
a)
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Fig. 2. a) A self-supported film of CeO1.95 after etching (not exposed to oxygen plasma); b) th
state after three months of storage in a dry atmosphere at room temperature.
EXAFS data on the substrate-supported films, following annealing
either at 400 °C or 550 °C. The protocol for the Ce LIII EXAFS
measurements performed on beamlines X18B and X19A at the
National Synchrotron Light Source, Brookhaven National Laboratory
was the same as that described in Ref. [8]. Bond lengths were
determinedwith the IFEFFIT data analysis package (Ref. [8,14]). For all
R-space fitting with FEFF6, k3-weighting and the k-range from 2 to
9.5 Å−1 were used. No Fourier transform filtering was performed.
Fitting of the 2nd nearest neighbor distance in CeO2 is strongly
perturbed by multi-electron excitations and multiple-scattering due
to collinear three-atom linkages [15]. Therefore only the 1st cation
coordination shell was fitted, and the R-window for the fit was chosen
between ca. 1.8 and 3 Å, depending on the sample. The coordination
number of Ce-cation pairs was fixed at 8 for all films.

3. Results and analysis

3.1. Stress and strain in thin films of CeO2−x

According to XRD data, both self-supported and substrate-
supported films were crystalline and appear to be in the fluorite
phase (Fig. 1). The as-deposited substrate-supported films of CeO2−x

were under compressive stress of 200–800 MPa. The presence of
compressive stress correlated with the presence of in-plane compres-
sive strain of ≈1.00±0.05%, deduced from the dependence of the
position of the (422) X-ray diffraction peak on the inclination angle.
The position of this peakwas also used to estimate the oxygen content
in the films using the relationship between the lattice parameter and
the stoichiometry given in Ref. [3]. The oxygen content of the as-
deposited substrate-supported films can only be estimated approxi-
mately due to the presence of compressive strain: 1.90±0.02%
(henceforth CeO1.90 films). The stress and strain in substrate-
supported films following annealing in air at 400 °C were below the
detection limits (strain b0.04% and stress b30 MPa). The oxygen
content of these films was estimated to be 1.95±0.01 (unit cell size
5.435±0.002 Å). These films are henceforth termed CeO1:95. For the
substrate-supported films annealed at 550 °C the unit cell size was
5.414±0.002 [16], which is close to that of stoichiometric ceria
(henceforth CeO2 films). The SEM-derived grain size of all films was
within the range 20–45 nm (85% by volume). The self-supported films
prepared from the substrate supported CeO1:95 films expanded and
buckled (Fig. 2a), adopting a dome-like shape immediately upon
removal of the substrate. The degree of expansion (film-windowmisfit
strain) was determined by the shift in the microscope focus and is
equal toumf=0.045±0.01%,which is slightly above the upper limit for
the buckling threshold for these films ≈0.035%. (It should be noted
that the buckling strain is independent of the elastic modulus [17].)
This value is close to the uncertainty of the XRD-based strain
measurements. However, according to these data, the relaxed biaxial
modulus of the films cannot exceed 30 MPa/umf=64 GPa, which is
much smaller than the biaxial modulus of bulk CeO2 (236 GPa [3]).
b)
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Fig. 3. a) Normalized EXAFS spectra for CeO2 powder (left) and k3 weighted fine structure curve (right); b) Fourier transform magnitudes of the Ce LIII edge EXAFS spectra of CeO2

powder and a thin as-deposited film of cerium oxide (CeO1.9); c) data and FEFF6 fit for the coarse grain powder spectrum.
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3.2. Ce–O bond length in thin films of oxygen deficient ceria

Fig. 3a shows the normalized Ce LIII EXAFS spectrum for coarse
grained CeO2 powder, alongwith theweighted fine structure function,
k3χ(k). The Fourier transform magnitudes of these data as well as of
those for a thin, as-deposited film of CeO1.9 are compared in Fig. 3b.
For the case of reduced ceria, we note that the EXAFS signal originates
from both the Ce3+ and Ce4+ absorbers, and therefore the spectrum
corresponds to the weighted average of both valence states. Fitting
FEFF6 theory to the CeO2 powder data was performed for both the
imaginary and real parts of the Fourier-transformed EXAFS spectra
and the results are shown in Fig. 3c. The best fit value of the mean Ce–
O bond lengthwas LEXAFSCeO2

=2.340±0.009 Å. The same value was found
for the thin films of stoichiometric ceria. The EXAFS result also agrees
with the Ce–O bond length deduced from the XRD measurements of
the films (Fig. 4) (LXRDCeO2

=2.343±0.001 Å), assuming that ionic
Ce-O
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Fig. 4. Comparison of the XRD-derived and EXAFS-derived cation–anion bond lengths
obtained for coarse grain powders and thin films of ceria (data from Table 1).
positions correspond to those of the perfect fluorite structure. The
XRD-derived Ce–O bond length for the substrate-supported CeO1:95

films (LXRDCeO1:95
=2.353±0.001 Å) is significantly larger than that of

CeO2 films LXRDCeO1:95
NLXRDCeO2

(Fig. 4) as would be expected [3]. However,
the EXAFS-derived average Ce–O bond length in the CeO1:95 films
(LEXAFSCeO1:95

=2.334±0.006 Å) is significantly shorter than that derived
from the XRD data. Similarly, the EXAFS-derived average Ce–O bond
length for the CeO1.90 film (LEXAFSCeO1:90

=2.319±0.007 Å) is much shorter
than that derived from the XRD data (LXRDCeO1:90

= 2:369F 0:004 )).

3.3. Inelastic effects in self-supported CeO1:95 films

Following substrate removal, the self-supported films prepared
from CeO1.95 films become buckled. The misfit compressive strain
measured from the buckling height and window dimensions is
umf=0.045±0.01%. However, upon heating to 150–200 °C for a few
minutes (see Fig. 2), the films flatten and remain flat upon slow
cooling (b2 °C/min), maintaining their mechanical integrity. Three
months storage at room temperature is sufficient to restore them to
their initial buckled state (Fig. 2b). This cycle can then be repeated:
Table 1
Fitting results for the 1st coordination shell of Ce in ceria films and powders.

Sample Composition Ce–O distance
from XRD, Å

Lattice
parameter, Å

Ce–O distance
obtained
from EXAFS, Å

Powder CeO2 2.343±0.001 5.411 2.340±0.013
As-deposited
film

CeO1.90 2.366±0.002 5.465 2.319±0.007

Film annealed
at 400 °C

CeO1.95 2.354±0.002 5.437 2.334±0.006

Film annealed
at 550 °C

CeO2 2.344±0.002 5.413 2.340±0.009
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heating–flattening–storage–spontaneous restoration of the buckled
state. As a control, we observed that the self-supported films of CeO2

do not buckle upon substrate removal but rather display a linear
thermal expansion coefficient γ=8.3 ∙10−6 K−1 upon heating be-
tween 70 °C and 130 °C (Fig. 5). They are buckled only as long as they
are kept at the elevated temperature. During subsequent storage at
room temperature, they remain flat and do not exhibit elastic
anomalies. These data for the CeO2 films confirm that the room
temperature behavior of the CeO1.95 films cannot be attributed to
oxygen loss, since below 300 °C in air, loss of oxygen is not expected to
take place [18,19].

From the dependence of the time of flattening from a given
height (h) of the self-supported CeO1.95 films versus the inverse of
the temperature to which they are heated, one can deduce [1] that
the activation energy of the process responsible for the volume
reduction is 1.2±0.2 eV (Fig. 6). This is very close to the value
observed for the self-supported Ce0.8Gd0.2O1.9 films [1]. Further-
more, if a self-supported CeO1.95 film in the “flat” state at room
temperature is subjected to rapid heating (N10 °C/s) to a temper-
ature T (150–200 °C), it becomes buckled, a state which lasts for a
few tens of seconds. The height of buckling, h, produced by the
rapid heating, follows h2∝T−Tbuckling (cf. Fig. 3 in Ref. [6]). After a
few tens of seconds in the buckled state the films flatten. As
described above, upon slow cooling (b2 °C/min) from 150 to 200 °C,
the self-supported CeO1.95 films remain flat and retain mechanical
integrity; however, sufficiently rapid cooling (N10 °C/min), causes
film disintegration. Also in this regard, the behavior of the self-
supported CeO1.95 films is analogous to that of the self-supported
films of Ce0:8Gd0:2O1:9 described in Refs. [1,6,10].

We note that the expansion described above cannot be attributed
to uptake/loss of water because: (1) X-ray photoelectron spectrosco-
py does not detect changes in water content; (2) significantly higher
temperatures (N350 °C) are necessary to cause water desorption from
the ceria surface [18]. The expansion also cannot be attributed to a
major structural modification because the Raman spectra presented in
Fig. 7 do not show any changes in the F2g line, which is sensitive to
phase transitions in oxygen deficient ceria [20].

4. Discussion

CeO2− x is known to expand upon reduction [3], with the fluorite
lattice constant displaying a linear increase between x=0–0.1, as
would be predicted by Vegard's law. This increase has been attributed
to the difference in atomic radii of the Ce3+ and Ce4+ ions and/or the
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Fig. 5. Determination of the thermal expansion coefficient of a self-supported CeO2 film.
Thefilm-window strain,u, was calculated from the buckling height, h (measuredbyAFM),
and film diameter, 2L, as a function of temperature. The difference between the thermal
expansion coefficient of the film and that of the Si window Δγ=6 ∙10−6 K−1 is
determined from the linear slope in the temperature range above 70 °C. According to
thismeasurement the thermal expansion coefficient of thefilm is γ(CeO2)=Δγ+γ(Si)=
8.3 ∙10−6 K−1, which is smaller than for bulk CeO2 (11–12 ∙10−6 K−1) but close to that
obtained for self supported films of Ce0.8Gd0.2O1.9 [1].
difference in the volume of the oxygen vacancy as compared to that of
the oxide ion. That Vegard's law is obeyed even in the presence of a
phase change, leaves open the question of whether or not CeO2− x can
be regarded as a simple solid solution of Ce2O3 in CeO2. Nevertheless,
the expansion of the ceria lattice upon reduction implies that the
average cation–anion distance, as calculated from diffraction data,
must also increase. However, as detailed above, using EXAFS to study
local bonding distances shows that in CeO1.95 the average Ce–O
distance (LEXAFSCeO1:95

) is in fact smaller than the XRD-derived cation–anion
distance (LXRDCeO1:95

). One would expect that for a single phase material,
the average first nearest neighbor bond length would be close to the
XRD-derived values. The observed difference may be attributed to the
presence of 2.5% oxygen vacancies which do not contribute to the
EXAFS-derived cation–oxygen distances but do affect the XRD-
derived average first nearest neighbor distance. If we assume a
perfect fluorite lattice with randomly distributed oxygen vacancies,
and follow Ref. [21], it is possible to estimate the average cation–
vacancy distances, as

LCe–Vac;CeO1:95
= LXRDCeO1:95

− 1:95 = 2ð Þ⋅LEXAFSCeO1:95

� �
= 1−1:95 = 2ð Þ

= 3:10F0:28)
ð1Þ

and

LCe–Vac;CeO1:9
= LXRDCeO1:9

− 1:9= 2ð Þ⋅LEXAFSCeO1:9

� �
= 1−1:9= 2ð Þ

= 3:32F0:26)

ð2Þ

The values of the displacements inferred from Eqs. (1) and (2)
are unreasonably large, particularly in view of the ionic radii
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Fig. 7. Representative Raman spectra of a CeO1.95 substrate-supported film annealed at
400 °C and flat/buckled self-supported films of the same sample. No significant changes
in the F2g peak are observed, indicating absence of major structural changes.
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rCN=8
Ce4+ = 1:11), rCN=8

Ce3+ = 1:28) and rCN=4
O2− = 1:24) [22]. Therefore we

must conclude that, given the absence of crystallographic data for CeO1.9

and CeO1.95, our assumption of perfect fluorite symmetry for the films of
reduced ceria cannot be correct. This is consistent with the fact that any
deviation of the anion sub-lattice from the fluorite structurewould not be
readily detectable by XRD since the atomic structure factor of oxygen is
less than 1/6 that of Ce and the largest contribution of oxygen ions to the
amplitude of the XRD peaks does not exceed 24% (220 and 200 peaks).

It is known that at the stoichiometry of Ce11O20 (CeO1:82), ceria
transforms into a triclinic P-1 phase with ordered oxygen vacancies
[23,24], while the powder diffraction pattern remains close to that of a
fluorite phase [25]. These crystallographic data show that the
tetrahedron of Ce ions surrounding an oxygen vacancy is more
expanded than that surrounding an oxygen ion. The four nearest
neighbor Ce ions relax outward from the oxygen vacancy by
approximately 0.2 Å with respect to the perfect fluorite positions,
while the oxygen atoms of the second coordination layer move
inwards toward the vacancy by 0.3 Å [24,26] The regions between the
empty tetrahedra experience significant compression. Our data are
consistent with the presence of such a coordination defect, yet the
distance estimates given in Eqs. (1) and (2) must be viewed only as
qualitative indicators of the local lattice distortion.

As reported previously, the presence of substrate-imposed
compressive strain increases the lattice distortion [8] and therefore,
in CeO1:9 films, the observed decrease in the Ce–O bond length is likely
the combined result of both oxygen deficiency and compressive
strain. In the case of Ce0:8Gd0:2O1:9 [8], EXAFS data were able to show
that the average distance from oxygen to the Ce4+ host cation
decreases when the film is compressed, while the distance from
oxygen to the dopant Gd3+, which has the larger ionic radius,
rCN=8
Gd 3+ = 1:19), rCN=8

Ce4+ = 1:11) [22], remains unchanged within the
measurement uncertainty. As noted above, EXAFS cannot be used to
distinguish the interatomic distances relative to Ce3+ from those
relative to Ce4+. However, since the ionic radius of Ce3+ is even larger
than that of Gd3+, we expect that in the case of oxygen deficient ceria,
it is only the Ce4+ host cations that relax outward from an oxygen
vacancy. This supposition is supported by DFT calculations [26] that
show that the Ce3+ ions are energetically unlikely to be in the first
coordination layer of an oxygen vacancy.

We therefore summarize the scenario for the chemical strain effect
as follows. Thin films of oxygen deficient ceria display local structural
distortions that are quite similar to those observed in Ce0:8Gd0:2O1:9. At
room temperature, the cations and the anions shift with respect to
each other so that Ce ions are observed tomove away from the oxygen
vacancies, locally distorting the symmetry. The fact that self-supported
films of CeO1:95 spontaneously buckle at room temperature suggests
that this shift of the Ce ions results in an initial volume increase.
Heatingdecreases the repulsion between theCe4+ ions and the oxygen
vacancies, thereby restoring the more symmetrical environment and
leading to film flattening. The activation energy deduced from the film
flattening time is comparable to that measured for the self-supported
Ce0:8Gd0:2O1:9 films [1]. This suggests that the microscopic processes
jointly responsible for local distortions and elastic anomalies are
similar for both oxygen deficient and Gd-doped ceria.

We note that the concentration of the oxygen vacancies in CeO1:95

is only half of that in Ce0:8Gd0:2O1:9. Nevertheless, CeO1:95 and
Ce0:8Gd0:2O1:9 exhibit similar elastic behavior. We suggest that a
plausible reason for the proportionally stronger effect in CeO1:95 is the
fact that theCe3+ ion is significantly larger thanGd3+ (rCN=8

Ce3+ = 1:28),
r CN=8
Gd3+ = 1:19), rCN=8

Ce4+ = 1:11) [22]). Using Rietveld analysis of
synchrotron XRD data from a series of doped ceria samples, Yashima
and Takizawa [27] showed that the extent of positional disorder, local
distortion and resulting lattice strain in doped ceria is indeed
systematically related to the size difference between the host Ce4+

and the triply ionized dopant cation.We suggest that different onsets of
interaction of these local distortions may explain why oxygen deficient
ceria loses fluorite symmetry and becomes triclinic [24] already at 9%
oxygenvacancies (CeO1.82),whereasCe1−xGdxO2−x=2 losesmacroscopic
fluorite symmetry only at Ce1−xGdxO2−x=2, x=0.4 ([28]).

5. Conclusions

Combined EXAFS and XRD measurements provide evidence that
oxygen deficiency in substrate-supported ceria films results in a
decrease in themean Ce–O bond length and an increase in the average
Ce–oxygen vacancy distance. Using crystallographic data for reduced
ceria with ordered oxygen vacancies, we interpret these results as
being due to expansion of the empty cation tetrahedra which leads to
compression in the region of the oxygen containing tetrahedra. A
qualitatively similar local distortion was observed in Ce0:8Gd0:2O1:9.
Self-supported films of oxygen deficient ceria CeO1:95 exhibit elastic
anomalies with activation energy comparable to that observed in
Ce0:8Gd0:2O1:9, indicating that the same microscopic mechanism leads
to local structural distortion in both cases. These findings also support
our previous suggestion [8] that pure and doped ceria compounds
containing a large concentration of vacancies will exhibit elastic
anomalies when the trivalent cation is larger than Ce4+ .
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