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Room Temperature Phase Transition in CeO2 Nanocrystalline Films
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Abstract. The temporal evolution of the lattice parameter of oxygen deficient nanocrystalline cerium oxide films
was monitored by X-ray diffraction. It was found that films with lattice parameter of ≈5.47 Å upon deposition
undergo large spontaneous expansion, in which the size of the unit cell increases by ≈0.7% during the course of days.
The films with as-deposited lattice parameter larger or smaller than ≈5.47 Å do not show significant changes. This
behavior is consistent with the previously suggested hypothesis of an order-disorder transition of oxygen vacancies
and can be viewed as its direct experimental confirmation.
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Introduction

Development of miniature fuel cells capable of oper-
ating with different kinds of liquid or gaseous fuels is
seen as a possible future alternative for batteries. The
key element in such a fuel cell is a membrane of oxy-
gen ion conductive material. Demands of small size
and low operating temperature impose a limit of a few
hundred nm on the thickness of the membrane. There-
fore, nanocrystalline cerium dioxide based electrolytes
are the prime candidates for the membrane material
due to their high ionic conductivity and compatibility
with silicon [1–4]. The last feature is especially impor-
tant because it offers the possibility of fuel cells inte-
grated with Si-based microelectromechanical systems
(MEMS). Successful implementation of such systems
depends on an understanding of mechanical stresses
that, in the case of ion conductors, are linked to the
oxygen content [5–8]. Thus chemical [9, 10] and me-
chanical properties of nanocrystalline CeO2 are inter-
dependent.

It has been reported recently [11] that membranes
prepared from 1.5 µm thick nanocrystalline films of
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CeO2 may expand by ε = 1.4 ± 0.6% (Fig. 1) after
substrate removal. On the basis of the X-ray and opti-
cal data the authors suggested [12] that the membranes
that expanded contained two phases: fluorite CeO2−x

(a = 5.4113 Å [13]) and triclinic Ce11O20−y(a =
6.757 Å, b = 10.260 Å, c = 6.732 Å, α = 90.04◦,
β = 99.80◦, γ = 96.22◦ [14, 15]). The latter can be
viewed as a derivative of the fluorite phase with ordered
oxygen vacancies and a pseudo-cubic lattice parameter
of 5.47 Å. The partial specific volume of the triclinic
phase is smaller than that of the fluorite phase and con-
version of this phase into the fluorite phase should cause
a linear expansion of 0.7%. Then the observed abnor-
mally large lateral expansion of the membranes trig-
gered by substrate removal could be attributed to the
triclinic-to-fluorite phase transition. The authors com-
plemented the optical and XRD data with a thermo-
dynamic calculation which indicated that the strain at
the film-substrate interface can completely suppress the
phase transition. On the other hand, substrate removal
may lead to a rapid phase transition [11, 16]. Although
this hypothesis is consistent with all the experimental
data, no direct evidence was presented regarding any
change in the lattice parameter. One can expect that in
nanocrystalline films, stress associated with substrate
clamping will gradually relax. Hence, if the hypothesis
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Fig. 1. Optical microscopy image (top view) of the expanded mem-
brane. The height of the corrugation is 8–12 µm, corresponding to
a lateral expansion of ε = 1.4 ± 0.6%. Due to the relatively small
expansion the membrane adapts a single-dome shape, which is in
agreement with ref. [22].

is correct, over a long period of time the phase tran-
sition must occur in substrate-supported films as well.
The present study reports on real time observation of
lattice changes in nanocrystalline CeO2 films.

Experimental

Following ref. [11] RF sputtering was used to deposit
150 ± 30 nm thick cerium oxide films from a ceramic
target of nominally undoped (99.95%) CeO2 [17–19].
The deposition was performed at room temperature in
pure Ar at 2 × 10−2 mBar pressure on Si wafer sub-
strates. Without unloading the wafers from the vacuum
chamber a 30 nm thick MgO encapsulation layer was
deposited on top of the cerium oxide layer. The en-
capsulation layer was deposited by DC sputtering at
2 × 10−2 mBar of O2 for 3 min and provided a pore-
free barrier isolating the cerium oxide layer from the
atmosphere. In a separate experiment it was verified
that oxygen plasma oxidized CeO2 after exposure of
∼1 hour. The grain size of the cerium oxide layer was
determined by analyzing images obtained by scanning
electron microscopy (SEM). A Dektak3 surface profiler
was employed to measure the thickness of cerium ox-
ide and magnesium oxide layers. The bi-layer samples
were kept at room temperature and the lattice parame-
ter was monitored with a Rigaku D-max X-ray powder
diffractometer (XRD) as a function of time.

Fig. 2. SEM image of a cerium oxide film (without MgO capping
layer) prepared by RF sputtering in pure Ar. The average grain size
is 17 nm.

According to SEM (Fig. 2) the deposited films have
a grain size of ≈17 nm. The XRD pattern of the films
was consistent with that of CeO2 and Ce11O20 cerium
oxides [13, 15]. However, the close similarity of the
XRD patterns of the fluorite (CeO2) and triclinic phases
(Ce11O20) did not allow differentiation between these
phases. The (111) diffraction peak was the only one that
could be monitored with an accuracy of ±0.004 Å.

Results and Discussion

It has been found that as-prepared cerium oxide films
have a pseudo-cubic lattice parameter of 5.45–5.53 Å
depending on the deposition rate. For the samples
(N = 6) with lattice parameter either significantly
smaller or larger than 5.47 Å the lattice parameter was
essentially unchanged with time. The samples that ini-
tially had a lattice parameter of 5.47 ± 0.1 Å (N = 4)
showed a steady increase of the lattice parameter during
the course of days. This process is usually accompa-
nied by distortion of the shape of the (111) peak (Fig. 3)
indicating that following the growth of the lattice pa-
rameter the (111) peak is a superposition of two closely
spaced peaks. At the final stage (after ≈3 months) the
lattice parameter approaches a value of 5.51 ± 0.1 Å
(Fig. 4).

Since the radius of the Ce+3 ion is much larger than
that of Ce+4, oxidation of cerium oxide always causes
a decrease in the size of the unit cell [20]. Thus the
process occurring in the films could not possibly be an
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Fig. 3. (a) XRD spectrum of an as-deposited oxygen deficient cerium
oxide film overlaid with the standard XRD spectrum of stoichiomet-
ric CeO2 [13]. (b) The shape and position of the (111) peak in the
XRD spectrum of the as-deposited film (1) and the same film after
84 days (2).

oxidation process. In addition the presence of the MgO
capping layer prevents access of atmospheric oxygen
to the cerium oxide layer. Thus an increase in the lat-
tice parameter must be related to internal changes in
the structure of cerium oxide. Measurable expansion
of the lattice parameter is observed only if the initial
value is close to 5.47 Å, which is the size of the pseudo-
cubic cell of the triclinic phase Ce11O20. Furthermore,
the increasing lattice parameter always stabilizes close
to 5.51 Å, which is the unit cell dimension of an oxy-
gen deficient fluorite structure with a stoichiometry of
CeO20/11.

The observed behavior can be explained as follows.
According to the phase diagram constructed for the
temperatures above 600 K [21] the fluorite phase and
triclinic phase can coexist at 600–700 K and a single
phase fluorite region is limited to a very narrow range
of mean oxygen content x = 0 − 0.02 in CeO2−x . This

(a)

(b)

Fig. 4. (a) Shift in the position of the (111) peak for two samples
of cerium oxide films covered by MgO capping layers. (b) Relative
change of the lattice parameter with time. The sample prepared with
the lattice parameter of 5.47 Å undergoes a large lateral expansion,
whereas the sample prepared with lattice parameter > 5.48 Å remains
practically unchanged. After ≈90 days no further changes in the
lattice parameter were observed.

implies that the pseudo-cubic lattice parameter of any
mixture of the fluorite phase and the triclinic phase
must be within a range of 5.42 Å (CeO1.98)–5.47 Å
(Ce11O20). The pseudo-cubic lattice parameter above
5.47 Å should not exist because the next oxygen defi-
cient phase Ce7O12 has a distinctively different struc-
ture and XRD pattern. Experimentally observed XRD
patterns correspond to a pseudo-cubic lattice parameter
of 5.42–5.51 Å, which indicates that at room temper-
ature the triclinic and the fluorite phases do not coex-
ist, or coexist in a vary narrow range of mean oxygen
content.

After deposition the films may have a phase com-
position different from the equilibrium composition
for given mean oxygen content. If an as-deposited film
contains predominantly the fluorite phase with or with-
out a small amount of the triclinic phase, redistribution



608 Kossoy et al.

of oxygen among the grains of the fluorite phase cannot
cause significant changes in the mean lattice parameter.
This is so because the size of the unit cell depends lin-
early on the oxygen content [20]. The lattice parameter
for such samples can be anywhere between 5.4113 Å
(stoichiometric CeO2) to 5.52 Å (oxygen deficient
fluorite CeO20/11). If a film contains only the triclinic
phase, then no further evolution is expected because
atmospheric oxygen cannot penetrate through the MgO
capping layer. If the major component of a film is the
triclinic phase but the film contains also a significant
amount of the fluorite phase, then oxygen diffusion
from the fluorite phase may cause the oxygen content
in the triclinic phase to increase above CeO20/11. Once
this happens a disordering of the oxygen vacancies
will occur and the triclinic phase transforms into the
fluorite phase, leading to a sharp increase of the lattice
parameter from ≈5.47 Å (triclinic phase Ce11O20)
to ≈5.51 Å (oxygen deficient fluorite CeO20/11).
Depending on the initial amount of the fluorite phase,
the process continues till complete or partial transfor-
mation of the triclinic phase. In the latter case the film
contains a mixture of two phases with the composition
of each of them close to CeO20/11, which agrees with
the double-peak shape of the (111) XRD peak.

In conclusion, the data presented here are consis-
tent with the previously suggested hypothesis [12] of
an order-disorder transition of oxygen vacancies and
can be viewed as a direct experimental confirmation.
The experimental data also suggest that if there is a co-
existence region of the fluorite and the triclinic phases
at room temperature it must be very narrow.
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