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diffraction and complex impedance spectroscopy measurements. Reduction/oxidation reactions produced large stress variations
(~2 GPa) in the structure. Atomistic simulation techniques were employed to investigate the mechanisms behind the observed
chemical expansion behavior, suggesting the possible roles of defect ordering upon cooling and heating. An alternative explanation
based on a metastable frozen in state of higher reduction is also considered. Similar phenonena, observed here in Pry,CegO2.s,
are expected to be applicable and of potential significance for other technologically important complex oxides such as perovskite-
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Non-stoichiometric oxides exhibit characteristics that are use-
ful for their application in sensors,' oxygen storage in three way
catalysts>® and solid oxide fuel cells (SOFC),*” due to their abil-
ity to change oxygen content with changes in environmental con-
ditions and their mixed ionic electronic conductivity. The rate of
oxidation/reduction of these materials is typically increased by mov-
ing to smaller dimensions, e.g. thin films or nanosized particles,
leading to more rapid sensor response, more efficient catalysis, and
lower SOFC resistance.®® Upon changes in temperature and par-
tial pressure of oxygen, pO,, the concentration of oxygen vacan-
cies and other point defects in these materials changes, resulting not
only in changes in electrical properties, but also in defect-induced
changes in lattice parameter, known as chemical expansion,'®!? aris-
ing from the corresponding change in cation radii and oxygen va-
cancy formation/annihilation.'* In thin films, residual stresses and
stress gradients can develop due to chemical expansion, as well as
other sources such as thermal expansion mismatch between film and
substrate, growth stresses and microstructural stabilization,'>'® po-
tentially resulting in decreased structural stability of thin film devices.
Lattice strain values, for example in Ce gGdj >0 g5 thin films, report-
edly vary between 0 and 7% depending on the film processing route
and degree of crystallinity.!” Lubomirsky and co-workers report that
strained free standing ceria thin film membranes exhibit changes in
oxygen vacancy ordering.’ Oxygen vacancy ordering is also deduced
based on neutron diffraction experiments and reverse Monte Carlo
modeling on bulk CeO,;,>' Ce;Y,O,.42,2*> and on several doped
zirconia systems.*>

In literature, there are numerous investigations focused on phase
equilbria and reduction/oxidation behavior of Pr,Ce;,O,; system.
For instance, phase equilibria in PrO,_; was studied in Refs. 26 and 27
and stability fields of different phases were determined. McCullough
produced PryCe; O, ; solid solutions, heat treated in vacuum, air and
oxygen, and reported the lattice parameters of the obtained fluorite
phases. According to the results, single phase PryCe; 4O, solid so-
lutions can be synthesized in the entire composition range if the heat
treatments are performed in air or under high O pressure.?® Zhou and
Gorte studied phase stability and redox properties of Pry,CesOs.s
and Pry 5Ce 50,5 solid solutions.?® They concluded that the observed
reduction properties are close to the expected behavior of the physi-
cal mixtures of pure oxides; the enhanced reduction observed for the
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solid solutions compared to pure CeO, stems from the fact that O
can be easily removed from praseodymia compared to ceria.>” More-
over, PryCe; O, solid solutions were produced and their reduction
tendency was compared to Zr,Ce; (O, and PryZr; (O, systems in
Ref. 30. Logan and Shelef investigated desorption, reduction and oxi-
dation behavior for Pr,Ce; 4O, system and influence of noble metals
(e.g. Pd) on these processes.! It was repored that the reduction pro-
cess is promoted in Prys5Cey450,.5 and PrgO;; by addition of Pd.?!
Similarly, Chun et al. carried out reduction experiments for Pd cat-
alyzed PryCe; 4O,; and concluded that the average temperature and
the degree of reduction can be controlled by adjusting the Pr/Ce ratio.*?

In the present study, we investigated, by in-situ X-ray diffraction
(XRD) measurements, the variation of strain-free lattice parameter
and residual stress in Prg,Ce 50,5 (PCO) thin films, deposited onto
(111) 8 mol% Y,03 doped ZrO, (YSZ) substrates and highlighted
the connection between the widely studied redox properties of the
system and the resulting stress build up in thin film structures for the
first time. An anomalous expansion starting at ~325°C was observed
only upon the initial heating of as-prepared films. Additionally, an
anomaly in electrical conductivity measurements (on a Pry;Cey 9055
thin film) was also observed during the initial heating in the same tem-
perature range. Further heating/cooling cycles resulted in reversible
conductivity and expansion behavior. Atomistic simulations are used
to probe the origin of the anomalous behavior. Similar phenonena
observed here in PCO, are expected to be applicable and of potential
significance for other technologically important complex oxides such
as perovskite-structured materials.*

Experimental

For XRD, a PCO thin film (nominal thickness ~490 nm) was
deposited onto a (111) YSZ single crystal substrate by pulsed laser
deposition (PLD) using a KrF excimer laser, emitting at 248 nm,
as discussed in prior work.* The energy per pulse, repetition rate
and target to substrate distance were 400 mJ/pulse, 8 Hz and § cm,
respectively. After reaching a background pressure of less than 9
x 107 Torr, the film was deposited at 725°C under 10 mTorr O, pres-
sure. Thereafter, the PCO thin film was cooled to room temperature
under an O, pressure of 6-7 Torr, to aid in oxidation of the film.

The 20-w scans (20 is the angle between the incident and the
diffracted X-ray beams; w is the angle between the incident beam and
the specimen surface) were carried out by a high resolution four-circle
Bruker D8 Discover diffractometer, equipped with a Gobel mirror,
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Eulerian cradle, 3-bounce Ge 022 analyzer crystal and a scintillation
counter, using Cu Ko, radiation. The parallel beam condition, useful
for elimination of various error sources such as sample displacement
error, flat specimen error and sample transparency error, was satisfied
by use of the combination of Gobel mirror and the analyzer crystal. An
Anton Paar DHS 900 heating stage, capable of heating the specimen
from room temperature to 900°C, was mounted to the sample stage
during in-situ measurements under ambient pressure.

The interplanar spacing of (111) planes was measured at two incli-
nation angles, \, (i.e. the angle between the diffraction vector and the
specimen surface normal), 0 and 70.5°. The residual stresses (o;,) and
strain-free lattice parameters (ay) were obtained by crystallite group
method since the PCO films are epitaxial.>>>® Itis noted that the single-
crystal elastic constants in Ref. 37 for CeO, were employed in this
study to calculate the strain-free direction and o;,. The specimen was
heated from 30°C to 875°C and cooled back to 30°C (i.e. so-called
a heating/cooling cycle) two times, consecutively. The first heating
and the final cooling steps were 45°C (i.e. between 30°C and 75°C);
all the remaining temperature steps were 50°C upon both heating and
cooling.

Electrical conductivity measurements were performed using a
Novocontrol Alpha-A impedance analyzer with an AC amplitude of
50-300 mV and frequency range of 0.1 Hz to 1 MHz. Due to issues
of film cracking when Prj,Ce( 30,5 was deposited by PLD on elec-
trically insulating sapphire substrates, Prg;Ce9O,.s thin films were
used instead for electrical measurements. Au interdigitated electrodes
with 100 wm spacing were deposited on the film surface by sputter-
ing a pattern defined by photolithography, thereby obtaining a film
resistance on the order of 0.1 G2 at room temperature.

In this work a combination of Density Functional Theory calcula-
tions, within the DFT+U framework, and potential-based molecular
dynamics simulations, was used. The interaction potential used for the
molecular dynamics simulations is known as the DIPole Polarizable
Ion Model (DIPPIM) and includes a pair potential (a Buckingham
term plus Coulombic interactions), together with an account of the
polarization effects that result from the induction of dipoles on the
ions. The parameterization and testing of this model were reported
in a previous publication.’® The accuracy of this model was found
to be similar to that of DFT calculations, and the lower computa-
tional cost allows the performance of longer simulations on bigger
systems. The lattice parameters for the studied systems were obtained
by performing molecular dynamics simulations with 3 x 3 x 3 su-
percells in an NPT ensemble, at the required temperatures. Barostats
and thermostats were used as described by Martyna et al.*® and the
external pressure was set to zero. The lattice parameters were typically
averaged over long trajectories (~0.1 ns).

The Density Functional Theory calculations were performed with
the Vienna Ab-initio Simulation Package (VASP),***! with the Pro-
jector Augmented Wave (PAW) method. The Generalized Gradient
Approximation (GGA) with the Perdew-Wang 91 (PW91) exchange-
correlation functional and an energy cutoff of 400 eV were employed.
A Hubbard term was also added, U = 5 eV, to properly describe the
localized nature of the Ce** felectrons. The slab method was used
to simulate surfaces (160 atoms). All the calculations were carried
out using the Brillouin zone sampled with a (3 x 3 x 1) Monkhorst-
Pack mesh k-points grid. These settings are in line with those previ-
ously used in the literature*? and convergence tests were performed
to make sure that the results are well converged with respect to these
parameters.

Results and Discussion

Figure 1 demonstrates that the 490 nm thick PCO thin films grew
epitaxially on the (111) YSZ substrates. Only {111} planes of the film
are parallel to the substrate surface (cf. Figure 1a) and there are three
peaks at {r = 54.7° in the 200 pole figure of the PCO film, consistent
with the angle between the (111) and (200) planes (cf. Figure 1b).

Figure 2 shows the evolution of the strain-free lattice parameter,
ay, for PCO as a function of temperature during two consecutive heat-
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Figure 1. (a) The 26-w scan and (b) the 200 pole figure of the PCO film on
(111) YSZ substrate.

ing/cooling cycles. An increase of a, with increasing temperature, 7, is
observed. For this class of materials, this is usually due to two sources:
(i) pure thermal expansion of the unit cell caused by the asymmetry of
the potential energy curve,*®* and (ii) chemical expansion of the unit
cell due to oxygen loss from the lattice,'>"'* according to Reactions 1
and/or 2, written in the Kroger-Vink notation**

1

2Prs, + 405 < VG + 505+ 2Prce + 30} (1
1

2Ceg, +40p « Vg + 505 +2Ceg, +30;, 2]

In PCO, chemical expansion arises upon the reduction of Pr*+
and/or Ce** cations to their respective 3+ valence states.'%'* The
equilibrium equation for Reaction 1 is given by

/ 121yee 1/2
[Prs 12[03] kT

where terms in brackets represent concentrations, K, is a constant, k
is the Boltzmann constant, 7 is temperature, and H, is the enthalpy
for reduction. A similar equation can be written for Reaction 2. Due
to a lower H, for Reaction 1 (~1.9 eV), Pr** reduces to Pr’* at lower
temperatures and higher pO, (e.g. air) as compared to Reaction 2
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Figure 2. The strain-free lattice parameter, ag, versus temperature, 7.
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Figure 3. The residual stress, o/, versus temperature, 7.

(H, ~4.8 eV) for Ce** reduction.'>*4® Therefore, within the temper-
ature range and pO, (air) of our experiments, 30-875°C, bulk chem-
ical expansion arises entirely from the reduction of the Pr** cations
and formation of oxygen vacancies,'? in addition to possible oxygen
vacancy ordering processes, discussed later.

Upon the 1% heating cycle shown in Figure 2, the strain-free lattice
parameter, ao, increases linearly with 7 up to 325°C; then, a slight
bump in a, is observed in the temperature range between 325 and
575°C and, finally, above 575°C, the curve resumes an approximately
linear trend with steeper slope. The 1 cooling curve (open squares)
overlaps with the 1% heating curve (closed squares), except for the tem-
peratures between 325 and 575°C, corresponding to the bump feature
(cf. Figure 2). Afterwards, a 2" heating/cooling cycle is performed
(corresponding to closed and open circles in Figure 2, respectively)
with ay values following the same trend observed during the 1% cool-
ing segment of the 1** heating/cooling cycle. The repeatable a curves
are nearly identical to the data reported for stress-free, nanocrystalline
powders, heat treated under air, as described in Ref. 12.

In view of our previous results,'>! the approximately linear be-
haviors of a; in the 30-325°C and 575-875°C temperature ranges can
be ascribed to thermal expansion and thermal plus chemical expansion
of the PCO thin film, respectively. However, the origin of the observed
bump in ay, between 325 and 575°C, is not clear. Understanding the
origin of variations in the lattice parameter of thin films is of great
importance, since such variations might lead to large stresses in the
film lattice and therefore to mechanical failure of the devices in which
this material is used. For instance, the variation of residual stresses
in the PCO film with temperature is reported in Figure 3. While o
at 30°C is approximately 1 GPa tensile, it is released upon heating to
~650°C and, then, increases up to 1 GPa in the compressive direction
at 875°C. Such high stress levels, especially at elevated temperatures,
may create strong driving forces for mass transport processes and
affect the mechanical stability of the PCO thin film.

In order to better understand whether the anomalous bump is re-
lated to a change in defect concentration and/or mobility, electrical
conductivity measurements were performed on similar thin films. In
Figure 4, the conductivity increases with temperature, but at 420—
480°C, the rate of increase is reduced, and above this temperature
range, it increases again, leading to the indicated bump. Further cool-
ing and heating cycles do not show this anomalous feature. When
heating in air, the electrical conductivity of PCO is proportional to
the concentration of electronic and ionic defects as well as their ther-
mally activated mobilities,*” therefore, conductivity may increase in
the bump region upon heating from 1) a decreased reduction enthalpy
(see equation 3) of the post-deposition metastable structure as com-
pared to the annealed material, leading to a higher concentration of
conducting defects, 2) a higher concentration of defects frozen-in to
room temperature from the highly energetic deposition conditions and
subsequently annealed out, and/or 3) an order/disorder of frozen-in de-
fects, affecting both concentration and mobility of defects, discussed
below.

At the relatively low temperatures of the present measurements, to-
gether with the high concentration of oxygen vacancies which may be
frozen-in during film fabrication, defect ordering can be expected.?!

Table 1. Lattice parameters for the DCO and OCO systems and
relative contraction caused by O vacancy ordering. These values
were determined by potential-based molecular dynamics

simulations.

Lattice Lattice Lattice
[Vl Parameter OCO Parameter DCO Contraction [%]
1% 5.4298 5.4315 0.032
1.5% 5.4323 5.4351 0.050
2% 5.4359 5.4390 0.056

Furthermore, given the previously suggested relationship between
oxygen vacancy ordering and chemical expansion,**® the effect of
oxygen vacancy ordering/disordering on lattice parameter was there-
fore investigated using atomistic simulations. Since defect ordering
tendencies are usually driven by electrostatic and steric effects,? ex-
pected to be similar for reduced Ce and Pr (both elements having the
same valence states (44 and 3+) and nearly identical ionic radii*),
simulations were performed on pure ceria (i.e. no Pr dopant). Two
CeO,; systems were studied, one with randomly distributed O va-
cancies and Ce**, with ions allowed to relax locally (i.e. no dif-
fusion) at 100 K (termed disordered ceria, DCO). The second sys-
tem was obtained by annealing the DCO system at high temperature
(~2000 K), followed by slow cooling to 100 K. Due to the higher tem-
peratures and slow cooling, O vacancies diffused, resulting in an or-
dered phase refered to as ordered CeO,_s (OCO). In OCO, the O vacan-
cies tend to be nearest neighbor to Ce**, next nearest neighbor to Ce**
and preferentially order with respect to each other along the (111) di-
rections, consistent with the reports on similar systems.?>>* As shown
in Table I, the lattice parameter for OCO is consistently smaller than
DCO, meaning that O vacancy ordering leads to a contraction of the
lattice parameter, in agreement with prior investigations.*’

The results obtained from experiments and atomistic simulations
can be combined to provide a possible explanation for the anomalous
bump observed in Figures 2 and 4. Turning back to scenario 3), a large
concentration of disordered, frozen-in defects may have formed upon
the highly energetic PLD film fabrication which were not sufficiently
annealed out during the mild post-processing treatment. Upon heating
(and thus overcoming kinetic limitations), the defects are believed to
begin to order above 450°C, consequently resulting in a decrease in the
rate of expansion. Additionally, upon heating in this region, the film
will oxidize, thus removing frozen-in defects as well as contributing to
areduced expansion rate. Finally, the annealing away of frozen-in de-
fects results in the observed reversibility with further heating/cooling
cycles.

The above case does not, however, explain the intitial lower temper-
ature onset of the increase in lattice parameter (chemical expansion)
versus the later thermal cycles. As an alternative explanation, scenario
1), the post-deposited material exhibits a meta-stability with enhanced
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Figure 4. Electrical conductivity upon two heat/cool cycles of a 117 nm thick
Pro.1Cep.9O2-5 film deposited on a (0001) oriented Al,O3 substrate. A “bump”
in conductivity is observed upon the first heat at the same temperature range
as that observed in strain-free lattice parameter and stress data (Figs. 2 and 3).
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Figure 5. Snapshot of the ceria slab used to evaluate the vacancy formation
energy for vacancies at different layers of the slab.

reducibility (decreased H, in equation 3), leading to an increase in
oxygen vacancy concentration at lower temperatures upon heating,
with consequent chemical expansion and increased conductivity, as
compared to the stable, reversible case. Like before, upon heating to
higher temperatures, the metastability is annealed away, leading to the
observed reversible behavior upon later thermal cycling.

A potential source of apparent enhanced reducibility is a large
fraction of interfaces, which due to their low crystallinity are known
to be more reducible than the bulk.® To investigate this source, a
simulation was used to obtain information about the influence of
crystallite size (proportional to interface/bulk fraction) on O vacancy
concentration (see Figure 5 for a snapshot of the ceria slab used to
evaluate the vacancy formation energy for vacancies at different layers
of the slab). In Table II, it is clear that energies required for defect

Table II. Vacancy formation energies for O vacancies from
different distances from the surface. These values were calculated
using DFT+U calculations.

Layer Eyac [eV]
1 2.57
2 2.36
3 2.54
4 3.11
5 3.05
6 3.18
7 3.04
8 3.11
9 2.99
10 3.20

Bulk 3.06

formation are decreased near the CeO,(111) surface, with values away
from the surface converging to the bulk value. However, in HTXRD
measurements on PCO powders (also exhibiting the above anomolous
lattice parameter behavior), crystallite size was not observed to change
in the region where the anomalous expansion occurs.”® Therefore, the
metastability may stem from another source, under investigation.

Conclusions

As demonstrated, thin films of non-stoichiometric complex oxides
are prone to large volume changes when they are in contact with
oxidizing and/or reducing atmospheres. These volume changes, ac-
companied by the development of residual stresses in the structure
due to clamping of the film to the rigid substrate, may severely af-
fect the mechanical stability of the thin film. Therefore, these volume
variations must be well understood in order to guarantee a long life
for the components produced from these materials. In this study, the
thermo-chemical expansion and associated residual stresses and elec-
trical conductivity in PCO thin films were measured by in-situ X-ray
diffraction and impedance spectroscopy measurements, respectively.
An anomalous bump was observed both in the lattice expansion and
electrical conductivity versus temperature curves. Atomistic simula-
tion techniques were employed to investigate the mechanisms behind
the observed anomalous chemical expansion behavior, suggesting the
possible roles of defect ordering/upon cooling and heating. An al-
ternative explanation based on a metastably frozen in state of higher
reduction was also considered. Irrespective of the source of these
anomalies, reduction/oxidation reactions were observed to produce
large stress variations (~2 GPa) in the structure, with potential for
major impact on properties or film fracture. Similar phenonena, ob-
served here in PCO, are expected to be applicable and of potential
significance for other technologically important complex oxides such
as perovskite-structured materials.
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