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a b s t r a c t
Ionic conducting metal oxide thin ﬁlms for Si-wafer based electroceramic devices are of high relevance to
allow for new applications, quicker response times, and higher efﬁciencies. Metal oxide thin ﬁlms are deposited via various processes on substrates. Depending on the synthesis method their microstructures differ on
an atomistic length scale in their anionic and cationic lattice displacement ﬁelds and packing densities. Local
changes in ionic bond strength can affect the oxygen migration barriers and ionic diffusion is no longer to be
assumed as equal to zero-strained bulk material. This article proposes lattice strain measurements to characterize the defect states of metal oxide thin ﬁlms that depend on their processing history and to correlate this
measure for atomistic disorder. It is suggested to discuss differences in ionic conductivity observed relative to
lattice strain and atomistic disorder in addition to other microstructure characteristics such as the grain size.
The interplay of grain size, degree of crystallinity, phase changes and ionic conductivity are discussed with
respect to lattice-strain for state-of-the-art ionic conducting thin ﬁlms, i.e. ceria or zirconia solid solutions.
Previous ﬁndings on the ﬁelds of compressive or tensile strain in epitaxial heterolayers or free-standing
membrane ﬁlms are discussed and compared with processing-dependent lattice strain of fully crystalline
ceramic thin ﬁlms of more than 200 nm in thickness. Finally, guidelines for processing of highly strained
ﬁlms with high ionic conduction are given for functional oxide thin ﬁlms in Si-based electroceramic devices.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Electrical conducting and dielectric metal oxide thin ﬁlms are
required for Si-wafer based electroceramic devices such as gas
sensors [1–3], micro-solid oxide fuel cell membranes [4–10] or
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oxygen pumps [11]. These devices typically consist of electroceramic
thin ﬁlms integrated on a Si- or glass-ceramic-based wafer substrate
in the form of a supported or free-standing membrane structure to
allow for high sensing or power performance. The major challenge
in this Si-based electroceramic device fabrication is the combination
of choosing adequate thin ﬁlm deposition techniques for the functional
layers, and compatible processes for the overall device microstructuring
[12]. Typically, the thin ﬁlms are deposited and post-annealed between
room temperature and 800 °C to avoid severe damage of the Si-wafer
substrate [13]. Whereas for ferroelectric and magnetic thin ﬁlms many
examples of the correlation between the strain state, their properties
and the low temperature processing are documented [14–20], ﬁrst

2

J.L.M. Rupp / Solid State Ionics 207 (2012) 1–13

knowledge on the interplay of strain and ionic conduction for electroceramic thin ﬁlms is just published [21–23]. Classic ionic conducting
electroceramic thin ﬁlms are yttria-stabilized zirconia and gadoliniadoped ceria in air. Their respective conductivity in air results from oxygen ions migrating via oxygen vacancies in the crystal lattice [24–26].
Recently, Kushima and Yildiz pointed out that the ionic diffusion migration barrier of yttria-stabilized zirconia can alter upon tensile lattice strain
through density functional theory and nudged elastic band computation
[21]. On an atomistic view lattice strain can affect the local change in
space along the ionic migration path and the interatomic bond strength
between the migrating oxygen and the nearest neighbor cation [21]. It
is important to note that strain can possibly weaken or strengthen
the interatomic bond strengths in a crystal lattice of: i. cation–cation,
ii. cation–oxygen vacancy, or, iii. oxygen vacancy–oxygen vacancy
[21–23]. Strong changes in the anionic and cationic lattice positions
through elastic stretching may even lead to local bond breaks or relaxations, oxygen trapping and reordering processes such as a new
phase formation or changes in non-stoichiometry. Lubomirsky and
co-workers reported that the strain states affect the presence of
oxygen vacancies and chemical bond strength through changes in
the elastic “Young's” modulus of free-standing undoped and doped
ceria thin ﬁlm membranes [27–33]. Neutron diffraction experiments
and reverse Monte Carlo modeling on undoped ceria by Hull et al.
[34], and on yttria- and scandia-doped-zirconia by Norberg et al.
[35] and Marrocchelli et al. [36] revealed that changes in ionic
bond strength due to lattice strain affect oxygen vacancy pair coupling along b111> direction in these CaF2 sintered ceramics. The

consequences were a hampered ionic diffusion and reduction of the
ionic conductivity. This was explicitly reported for a high nonstoichiometry in ceria, and for substitution of the solute scandia in
the zirconia lattice by yttria of larger ionic radii size. In general,
these very recent reports demonstrate that the oxygen migration
barrier of classic ionic conducting electroceramics such as zirconiaor ceria-based materials can vary with respect to lattice strains.
A suitable working hypothesis for electroceramic thin ﬁlms is that
the choice in the processing route, e.g. temperature, oxygen partial
pressure and chemistry conditions affects the local variations of
ionic bond strengths in the crystal lattices giving rise to different
levels of lattice-strain. Speciﬁcally, lattice-strain describes the long
range isotropic displacement ﬁelds of the atoms in a material
[37–39] and is also often referred to as “microstrain” in literature
[40–42], Fig. 1a. In strained regions the cationic and/or the anionic
lattice positions can be off-centered compared to a zero-strained
bulk ceramic. These processing-related different levels of lattice strain
in a thin ﬁlm can impose: (i.) compressive, (ii.) tensile, or (iii.) mixed
states with local compressive and tensile regions over the different
unit cells of a polycrystalline ceramic thin ﬁlm. Lattice strain in ionic
conducting thin ﬁlms can potentially alter the total ionic migration
barrier i.e. through (i.) re-ordering of oxygen vacancies relative to
cationic positions, or (ii.) formation of oxygen vacancy pairs along
speciﬁc unit crystal directions. Also, interatomic bond braking upon
high non-elastic strains has to be taken into account.
To measure the lattice strain of an electroceramic thin ﬁlm the following techniques may be considered: state-of-the-art experimental
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Fig. 1. Schematic view of anisotropic- and isotropic-strain ﬁelds for ionic conducting metal oxides. Lattice strain describes the isotropic long range atomic displacement ﬁelds and
local variations in ionic bond strengths in metal oxide thin ﬁlms relative to processing history [43], a. In contrast anisotropic-strain ﬁelds are clearly tensile or compressive, and
therefore directed, b and c. The following examples are given for lattice strain: (a) Metal oxide ﬁlms reveal different amounts of lattice strain dependent on the thin ﬁlm processing
and annealing conditions. The strain is distributed over the grain–grain boundary microstructure and represents a long range isotropic displacement ﬁeld. We report in this article
on literature examples where strain is increased for low temperature processed ﬁlms, and ionic conductivity increases. Typical ﬁlm thicknesses considered are ﬁlms with at least
more than 200 nm in ﬁlm thickness. Examples for anisotropic strain: (b) Substrate supported free-standing metal oxide ﬁlm membrane. In latter the membranes start to buckle
upon the strain from the interface increasing locally the strain in the buckled ﬁlm part. Changes in the point defect concentrations under strained membranes are reported
[29,30,72]. (c) An anisotropic strain ﬁeld occurs through lattice misﬁt as in the case for i.e. epixatially grown heterolayer interfaces of metal oxides ﬁlms of different materials.
Changes in the electric transport are reported, see i.e. recent review for details [76].
This graph c is adapted according to Korte et al. [131].
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technique to determine the lattice strain is to measure the overall offcentering of the long-range cationic order through X-ray diffraction,
see i.e. Brown and Lukens [40], or recent advanced descriptions by
Stukowski [43] or Forest and Sievert [44]. In the case of X-ray diffraction Williamson–Hall plots [45] are an established technique in which
the full width of half maxima of X-ray peaks are related to their
diffraction angles through the Scherrer and Wilson equation [37,38].
Advantageous of lattice strain determination through X-ray
diffraction is the common equipment access for laboratories, and
the possibility to study strain evolvement versus temperature and
time through in-situ heating. It may be considered as a drawback
that the here measured strains describe mostly the off-centered cationic
disorder for a metal oxide thin ﬁlm, and speciﬁc strain-related changes
in the anionic lattice are not directly measurable. One may also consider
to study strain through the anisotropic Raman peak proﬁle ﬁts of F2g lattice vibrations such as the O–Ce–O or O–Zr–O stretching modes for
cubic symmetries, see i.e. Ref. [46]. Neutron diffraction is the most elegant experimental technique to investigate lattice strain and correlate
these to changes in the anionic and cationic lattice order for a metal
oxide relative to its processing history. However, literature examples
for lattice strain measurements on zirconia- and ceria-based metal
oxide thin ﬁlms based on neutron diffraction are still missing.
It is important to note that the interaction of ionic diffusion,
changes in elastic properties, phases and also interfacial-strain was
discussed earlier for interfaces in polycrystalline bulk ceramics i.e.
by the group of Schmalzried and Backhaus-Ricoult [47–50]. However,
the overall thin ﬁlm processing-related strain ﬁelds and their implications on ionic motion for polycrystalline metal oxide ﬁlms are not discussed. Till now most of the authors attribute the differences in the
electric characteristics of ionic conducting thin ﬁlms to variations in
the grain size through changes in the grain–grain boundary volume
ratio [51–56]. I.e. ceria-based thin ﬁlms show differences up to 30%
in their activation energy of conductivity, several different orders of
magnitude in their electrolytic domain boundary and up to one
order of magnitude difference in total conductivity depending on
their processing [57,58]. In contrast, zero-strained microcrystalline
ceria bulk ceramics processed through calcination and sintering
reveal only a minor processing dependence of the electric properties
[30,59]. It is interesting to note that similarly broad differences in
ionic transport are also reported for perovskites, zirconia- and
titania-based materials for thin ﬁlm processing [11,53,54,60,61].
However, the link between grain size, lattice-strain state and ionic
transport remains unclear for the given examples of state-of-the-art
ionic conducting oxide thin ﬁlms.
Even though reports on the atomistic disorder and lattice-strain of
polycrystalline ionic conducting thin ﬁlms and their processing history are rare (Fig. 1a), one may learn from literature on the interplay of
strain ﬁelds and ionic transport on epitaxial heterolayer interfaces
(Fig. 1b) and free-standing polycrystalline thin ﬁlm membranes
(Fig. 1c). The major difference between processing related latticestrain in polycrystalline ceramic ﬁlm and strain at heterolayer interfaces or in free-standing membranes is in the strain tensor components and its consequence in giving isotropic or anisotropic strain
ﬁelds, see Ref. [62] for details. For a polycrystalline ﬁlm an overall
total isotropic strain is measured through experimental techniques,
which comprises all local strain ﬁelds and general off-centering of
ions. In contrast strains at heterolayer interfaces and in freestanding ﬁlm membranes are always anisotropic; these anisotropic
strains are clearly tensile or compressive.
Examples for anisotropic strain in literature: (i.) Ceramic
heterolayer interfaces consist of two different materials coherently
grown thin ﬁlms of 1–60 nm single ﬁlm thickness [63]. The strain is
anisotropic and directed through the heterolayer interface because
it results from the lattice misﬁt at the interface of the two coherently
grown ﬁlms. State-of-the-art material systems for heterolayers are
yttria-stabilized zirconia (YSZ)/SrTiO3[63,64], YSZ/Lan2O3 (Lan = Lu,
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Sc, or Y) [65], YSZ/gadolinia-doped ceria (CGO) [66,67] or CGO/
SrTiO3[68,69]. The choice of the heterolayer material decides whether
a compressive or tensile strain occurs. The strongest increase of ionic
conductivity, namely by eight orders of magnitude, have been
reported for 7% interface strain in coherently grown SrTiO3–YSZ–
SrTiO3 heterolayers of 1 to 10 nm thickness by Garcia-Barriocanal in
2008 [64]. The authors emphasize that the tensile strain leads to a
highly disordered oxygen plane at the interface of the ﬁlms with
superior ionic conductivity compared to classical ionic transport in
sintered microcrystalline bulk ceramics. Cavallaro et al. contributed
in 2010 that the interface orientation of YSZ and SrTiO3 epitaxial
ﬁlms plays a crucial rule in the overall conductivity enhancement
[70]. Sillassen et al. reported three order of magnitude conductivity
increase for YSZ–SrTiO3 heterolayers due to a combination of misﬁt
dislocation and elastic strains [71]. Throughout the last two years
high strains that improved the electrical conduction through
heterolayers were proven to be promising, even though the reported
values of Garcia-Barriocanal, Cavallaro et al. and Sillassen et al. could
not be reproduced so far by other groups. Nevertheless, it has been
conﬁrmed by several authors that up to 4% strain can be realized,
leading to an increase of ionic conductivity by at least one to two
orders of magnitude for heterolayers based on YSZ [63,65], and CGO
[68,69]. (ii.) A very recent ﬁeld, to observe the impact of stress on
anisotropic-strain and ionic diffusion are free-standing polycrystalline
thin ﬁlm membranes. In these experiments ceramic membranes are
free-etched on a Si-wafer substrate and subjected to thermal heat
treatments. Due to the thermal expansion mismatch between the
substrate, i.e. Si, and the ceramic material the membranes start to
buckle (compressive stress) or tighten (tensile stress) depending
upon temperature. The membrane reacts on the external stress with
anisotropic strain, whereby the unit cells of the membrane ﬁlm
close to the substrate vary towards those near to the air interface.
Depending on the thermal expansion mismatch of substrate and
ceramic thin ﬁlm material a compressive or tensile strain situation
may be present. Lubomirsky and co-workers reported as pioneers in
the ﬁeld that opposing or relaxing stress on the free-standing distorted lattices of ionic conducting metal oxide thin ﬁlm membranes
affects the migration of the oxygen ions named as “chemical strain effect” [29–32]. Membranes can relax the internal strain through point
defect association–dissociations such as the formation and dissociation of gadolinia–oxygen vacancy clusters in Ce0.8Gd0.2O1.9 − x with
respect to temperature and time [27,31,72,73]. Recently, the ﬁrst
studies were published on the strain values of free-standing
zirconia-based thin ﬁlm membranes on Si-wafer substrates [74,75].
In all of these studies vacuum-based thin ﬁlm techniques such as
sputtering or PLD were used. The impact of the initial thin ﬁlm processing method choice on the anisotropic strain characteristics of
the membranes has not been investigated so far.
In view of applications as functional ionic conducting electroceramic
layers in Si-wafer based electroceramic devices tensile or compressive
strained heterolayers or stressed thin ﬁlm membranes are highly
encouraging as these are oxide systems with high ionic conductivity
of one to two orders of magnitude [11,24,79]. However, these have
common drawbacks for realization of fast ionic conducting layers: The
strain ﬁelds are always directed and anisotropic. Fast ionic diffusion
pathways will always be perpendicular to the heterolayer surfaces or
to the surface of a free-etched membrane. This strongly limits the
design ﬂexibility of Si-based electroceramic devices, as only crossionic conductivity of the ﬁlms in the device may be used during operation. Thermal long-term stability of strained heterolayer interfaces and
free-standing ﬁlm membranes is critical in these ﬁelds: in a recent
report it was pointed out that interdiffusion at epitaxial SrTiO3/YSZ
heterolayers affects the strain and electric characteristics [70].
Moreover, “chemical strain” in membranes led to stress compensation
by reordering and clustering of point defects, and thereby, unstable
material systems.
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Polycrystalline single thin ﬁlms of more than 200 nm in ﬁlm thickness offer a unique situation to study the interplay of structural disorder and lattice strain for ionic diffusion with respect to ﬁlm
processing. Lattice strain can be investigated besides the impact of
other conventional microstructure characteristics such as grain size,
amount of interfaces or degree of crystallinity. In contrast to strained
heterolayer interfaces the strain ﬁelds in polycrystalline thin ﬁlms are
isotropic extending over the whole thin ﬁlms' grain–grain boundary
microstructures. The overall strained volume is larger for the polycrystalline ﬁlms compared to the interface restricted compressive or
tensile strain i.e. in heterolayer interfaces with single ﬁlm units of
conventionally some nm in thickness. Despite the potential of
lattice-strained polycrystalline ceramic thin ﬁlms for fast ionic diffusion pathways it remains unclear how strongly the actual lattice
strain levels can be affected through thin ﬁlm processing and
annealing. Knowledge on experimentally determined strain values
for standard ionic conducting thin ﬁlm materials is missing in current
literature. Their atomistic changes on anionic and cationic positions,
their local ionic bond strength and implications on oxygen vacancy
diffusion relative to strain and processing history are unknown for
thin ﬁlms.
This present manuscript investigates the interplay of the ionic
conductivity and lattice-strain with respect to ceramic thin ﬁlm processing on base of current literature. For this, a state-of-the-art ionic
conducting material in air namely gadolinia-doped ceria is selected
as a case example. Only, those reported papers that are focused on
minimum measured microstructural characteristics and electric
conductivity or ionic diffusion measurements are considered.
Ce0.8Gd0.2O1.9 − x thin ﬁlms are focused as these are single phase and
the doping level is high.
The single phase nature of ceria-based material is perfect for these
fundamental considerations as the material cannot compensate for
low lattice packaging densities or high internal strains by phase
change. The only option for this material to compensate high strain
energies is through bond braking, defect reordering such as oxygen
vacancy pair formations of hampered mobility, possibly leading to
changes in non-stoichiometry. The contrast is the case for phasepolymorph zirconia-based materials: Kushima and Yildiz [80], Heiroth et al. [81,82] and Scherrer et al. [83] conﬁrmed through modeling
and experiments that YSZ thin ﬁlms react upon lattice strains (>3%)
with reordering of nearest neighbor cations and phase change between cubic and t″. It can be concluded that ﬁrstly, single phase material such as ceria-based ones cannot react with phase
transformation for high strains or disorder levels. Secondly, high doping levels of 20 mol% gadolinia in ceria result in high overall ionic
strengths of the material system. Through the high dopant concentration enough oxygen vacancies are introduced into the ceria lattice to
assure a predominant ionic conductivity in air up to temperatures of
1000 °C [57,59]. It was conﬁrmed experimentally by Birringer and
co-workers that space charges do not affect the total conductivity
for gadolinia doping levels larger than 2 mol% in ceria [84,85]. This
is in agreement with the space charge studies of Maier and coworkers for doped and pure ceria [86–90].
In all previously outlined literature examples of strain and ionic
diffusion (Fig. 1) artifacts such as the substrate inﬂuence need to be
critically discussed. It is known that for small ﬁlm thicknesses especially in the range of less than 100 nm: (i.) the substrate may oppose
additional anisotropic strain affecting the electric properties of a ﬁlm,
see i.e. recent review by Santiso and Burriel [76], (ii.) short circuiting
through the substrate may take place modifying the effectively measured electric conduction of a ﬁlm, see i.e. recent publication by Kim
and co-workers from the KIST micro-Solid Oxide Fuel Cell team
[77], and (iii.) or chemical inter-diffusion between the substrate and
a ﬁlm may change the original thin ﬁlm composition, its strain and
electric conduction [78]. Therefore, only those papers are discussed
where the thin ﬁlms reveal at a minimum 200 nm in ﬁlm thickness,

and, strain and electric measurements were undertaken in a temperature regime where the substrate (i.e. sapphire or MgO) does not
show interdiffusion with the ceria-based thin ﬁlm.
It is also important to note that the lattice strains of the ﬁlms compared through this manuscript were conventionally determined
through X-ray diffraction through Williamson–Hall plots [45] as
described earlier in this chapter. This signiﬁes that predominantly
the cationic displacement ﬁelds through grain–grain boundary are
experimentally probed in these ﬁlms.
Finally, it can be concluded that changes in the ionic conduction of
Ce0.8Gd0.2O1.9 − x thin ﬁlms are classiﬁed in this review as pure function
of structural differences related to thin ﬁlm processing and annealing
history. Neither phase changes, nor space charges, nor substrate inﬂuence for too small metal oxide ﬁlm thicknesses, nor differences in strain
determination techniques are supposed to affect the here reported ionic
conduction characteristics of the material in air.
This manuscript investigates the impact of processing on lattice
strain and ionic transport of metal oxide thin ﬁlms on the material
example of gadolinia-doped ceria (Ce0.8Gd0.2O1.9 − x, CGO) in air.
In the ﬁrst introductory part, literature on the impact of strain on
ionic conduction of electroceramic thin ﬁlms is reviewed, the deﬁnition of lattice strain and its experimental determination is presented,
working hypothesis why thin ﬁlm processing can affect lattice strain
states and ionic migration is raised, and boundary conditions for the
discussion of own experimental data relative to literature are set for
this study. The second part reviews the impact of the original thin
ﬁlm method choice and processing on the thin ﬁlm microstructure,
chemistry and lattice packing. In the third part, a well known working
hypothesis in literature that the electric characteristic scale as a function of “grain size” through variation of the grain to grain boundary
volume is discussed. In the fourth part, the role of processing related
disorder on electric characteristics is reported. Lattice-strain is proposed as a new measure to account for the differences in processing
related changes in local ionic bond strength of the crystal lattices.
First summary on quantitative lattice strain changes relative to processing method and history is given relative to literature. Point
defects, different degrees of crystallinity and changes in crystallographic density are discussed. In the ﬁfth part the impact of lattice
strain on ionic diffusivity for polycrystalline thin ﬁlms is discussed.
The sixth and penultimate part focused on initial reports relating
the local chemistry over grain–grain boundary to the lattice strain
state of CGO thin ﬁlms. Finally, engineering guidelines for processing
of high ionic conducting thin ﬁlms through lattice-strain for Si-based
electroceramic devices are given in the concluding remarks.
2. The choice in ceramic thin ﬁlm method: impact on microstructure
The techniques in the preparation of metal oxide thin ﬁlms can be
separated into two major groups, namely: the vacuum-based
techniques in which the thin ﬁlms are deposited from a sintered pellet
target, and the precipitation-based techniques based on organic or
aqueous solvents. The major differences between both classes of
these thin ﬁlm processing techniques are the degree of disorder introduced during deposition. Atoms are deposited directly from an ablated
sintered pellet target under reducing vacuum conditions in the case of
vacuum-based techniques, whereas oxide ﬁlms are deposited over a
pyrolysis reaction in case of most precipitation-based technique. As a
result mostly crystalline and often slightly reduced ﬁlms are deposited
for the vacuum-based techniques, and purely amorphous and oxidized
ﬁlms often with hydroxyl- and carboxyl-residuals are deposited for
precipitation-based techniques [91].
Literature reports on processing of gadolinia-doped ceria thin
ﬁlms through vacuum-based techniques like physical vapor deposition
[92], pulsed laser deposition (PLD) [86,93] or RF-sputtering [94–97],
as well as precipitation-based techniques such as chemical vapor deposition [98,99], atomic layer deposition [100,101], spray pyrolyis
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[91,102,103], sol–gel [54,104,105] or ﬂame spraying [106]. Typical
ﬁlm thicknesses of the thin ﬁlms are between 200 and 500 nm and
the ﬁlms are mostly deposited on electrically insulating substrates
such as sapphire or MgO for future electric characterization
[13,79,107]. For example, the microstructures of Ce0.8Gd0.2O1.9 − x
thin ﬁlms processed through vacuum- and precipitation-based
techniques are displayed in Fig. 2.
Precipitation-processed thin ﬁlms grown by ﬂame spray and spray
pyrolysis are presented in Fig. 2a [106] and b, respectively. Both, ﬁlms
were originally deposited in X-ray amorphous state and were crystallized to full crystallinity through post-annealing at about 1000 °C. The
thin ﬁlms show isotropically grown grains of no preferred orientation
embedded in a dense thin ﬁlm matrix with sharp grain boundaries
and grains around 80 nm in average grain size. In contrast, the
vacuum-based thin ﬁlm examples processed by PLD, Fig. 1c [108]
and d [109] reveals a preferred growth direction of the grains perpendicular to the substrate. Typical column widths of the PLD
Ce0.8Gd0.2O1.9 − x thin ﬁlms are around 80–100 nm. Latter columns
are slightly separated by voids, see for example the PLD ﬁlm processed by Joo and Choi [109] (Fig. 2d). The difference to isotropic grains
of precipitation-based microstructures such as the spray pyrolysis thin
ﬁlm in Fig. 2b can be recognized in the in-plane views of the dense microstructures with no voids at the triple points of the grains.
The selected microstructure examples illustrate the high variety in
crystallization and grain growth ranging from isocrystalline to columnar microstructures for a single material, gadolinia-doped ceria, with
respect to processing method choice. The impact of ﬁlm processing on
microstructure can be studied in the ﬁeld of micro-Solid Oxide Fuel
Cell membranes. These Si-wafer based electroceramic devices rely
on gas-tight and ionic conducting electrolyte thin ﬁlms. Until now,
only the fuel cells based on precipitation-based techniques such as
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atomic layer deposition (ALD) [4,8,110], or combinations of a bilayer
structure through a precipitation-based spray pyrolysis and a
vacuum-based PLD ﬁlm [6] resulted in theoretical open circuit voltage
and promising power-output. Microstructures of single vacuumprocessed electrolyte ﬁlms through sputtering [111,112] or PLD
[113,114] showed always columns leading to gas-leakage and insufﬁcient fuel cell performance. The initial choice in thin ﬁlm processing is
of relevance for the ionic bond strengths and packaging density of the
grains, their connectivity and growth, all of which requires careful
consideration for ionic conductors.
In Table 1, the ﬁlm thicknesses, characteristic grain shapes,
average grain size, degree of crystallinity and lattice strain are
summarized with respect to measured electric conduction properties
for Ce0.8Gd0.2O1.9 − x thin ﬁlms on the basis of literature. Concerning
the microstructures it can be noted that most authors characterize
the grain size of the thin ﬁlms, but do not report on the degree of
crystallinity of the thin ﬁlms. The thin ﬁlms may exhibit besides crystalline also amorphous residual phases which can affect the ionic diffusion pathways of the material. First reports on measured lattice
strain data exist for Ce0.8Gd0.2O1.9 − x thin ﬁlms from Kargeorgakis et
al. [106], Suzuki et al. [115] and Rupp et al. [116].
The impact of grain size, lattice strain and the degree of crystallinity
on the ionic conductivity in air is discussed in the following parts.
3. Grain size effects in nanocrystalline thin ﬁlms — an approach to
explain ionic diffusion differences in thin ﬁlms?
In literature, the grain size is often discussed as a size-effect to affect the ionic conductivity of ceria-based materials [51,53,117,118].
Especially, in thin ﬁlms the average grain size is often only one
tenth or a third of the overall ﬁlm thickness, and grain boundary

Fig. 2. Literature examples on the microstructures of Ce0.8Gd0.2O1.9 − x thin ﬁlms processed through precipitation- and vacuum-based thin ﬁlm methods. (a) TEM bright-ﬁeld crosssection of a precipitation-processed ﬂame spray ﬁlm, (b) SEM cross-section and top-view of a precipitation-processed spray pyrolysis ﬁlm, (c) SEM cross-section of a vacuum-processed PLD ﬁlm, (d) SEM cross-section and top-view of a vacuum-processed PLD ﬁlm. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 200 nm.
Reprinted with permission from Wiley for images (a) and (c) [106,108], personal data of the author J.L.M. Rupp for images (b), reprinted with permission from Elsevier for (d) [109].
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Table 1
Literature review on Ce0.8Gd0.2O1.9 − x thin ﬁlms with respect to their processing, microstructure characteristics and electric conduction properties. The abbreviation PLD denotes
the thin ﬁlm deposition method of pulsed-laser-deposition.
Thin ﬁlm microstructure

Thin ﬁlm electric properties

Ref.

Thin ﬁlm
processing
method

Film
thickness
(nm)

Grain
growth

Average
grain size
(nm)

Degree of
crystallinity
(%)

Lattice
strain
(%)

Electrical
conductivity at
500 °C (S/m)

Electrical conductivity
activation energy (eV)

Oxygen partial pressure
of EDB at 700 °C (atm)

PLD

500–1800
200
400

Columnar

40–90 (column width)
40–80 (column width)
46
55
75
80

–

–

0.0002
0.0001–0.0002
0.06
0.05
0.04
0.0003

0.86
0.74–0.86
0.8
0.88
1.05
0.95–1.05

10− 19
10− 19
–
10− 17
–

[109]
[124]
[58]
[57,58]
[58]
[107]

11
15–20
36
20
25
35
29
59
76

100

1
0.22
0.015
0.16
0.13
0.075
1.2
0.9
0.2

0.01

1.05
1.2
1.35
0.76
0.85
1.1
0.77
0.85
1.04

–

[115]

10− 14
–

[106]

RF-magnetron
sputtering
Sol–gel

100

Flame spray

400–500

Spray pyrolysis

300

350

Isotropic

Isotopic

100

[58,116]
10

b)
CeO2:20Gd

-2

11nm
15nm
20nm

10

PO2=1atm

800

600

400
46 nm
55 nm
75 nm

8
7
Ei=1.0eV

-3
1.2eV

In σT [SK/m]

log σi (S/cm)

1000

9

36nm

6
5
4
3

-4
1.3eV

0.8 eV

2

1.0 eV

1
CGO PLD

Ei±0.05eV
-5
0.7

0.8

[57,58,116]

T [oC]

-1
dg=9nm

− 16

precipitation-processed thin ﬁlm (spin coating) to a vacuumprocessed (PLD) thin ﬁlm. This comparison reveals that processing
related chemical impurities are unlikely to cause the observed decrease
in activation energy with increasing grain size of the ﬁlms. Two
completely different processing approaches lead to a similar qualitative
ﬁnding. Nevertheless, none of the studies clariﬁed the reasons for the
change in electric properties beyond speculations on grain size effects.
Literature-reported activation energies of ionic conductivity (air)
are summarized with respect to average grain size and thin ﬁlm processing method for Ce0.8Gd0.2O1.9 − x thin ﬁlms in Fig. 4. All ﬁlms analyzed revealed ﬁlm thicknesses of 200 to 500 nm, and electric
measurements were taken out in air. Systematic studies varying the
average grain size through different temperature annealing prior to
the electric measurements are indicated with dashed lines. The
degree of crystallinity is determined as fully crystalline in case of
the spray pyrolyzed and fame sprayed ﬁlms [58,106,121]. However,
it remains unknown for all other references, see Table 1.

volume increases relative to the grain volume with decreasing grain
size. Adapted from Christie and Berkel's “Brick layer model” for bulk
ceramics from the 90s [119] it is assumed that a decrease in the
grain size in an ionic conducting thin ﬁlm would systematically lead
to an increase in grain boundary conductivity, i.e. discussions by
Suzuki, Kosacki and Anderson on ceria and zirconia [54,55,115,120].
The authors reported that decreasing the overall grain size of
Ce0.8Gd0.2O1.9 − x spin coated thin ﬁlms from 36 to 11 nm in average
decreased the activation energy of conductivity in air from 1.3 to
1 eV while increasing the ionic conductivity by one order of
magnitude, see Fig. 3a. This tendency was reported to be independent
of the concentration of the dopant. Investigations on PLD and spray
pyrolysis Ce0.8Gd0.2O1.9 − x thin ﬁlms conﬁrmed similar qualitative
ﬁndings. Decreasing the grain size from around 80 to 40 nm led to a
decrease in the activation energy of 1 to 0.8 eV. The ionic conductivity
increased around one order of magnitude, see Fig. 3b [58]. It is to be
noted that the examples selected from literature, see Fig. 3, compare a
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Fig. 3. Arrhenius diagrams of ionic conductivity of Ce0.8Gd0.2O1.9 − x thin ﬁlms with respect to average grain size and temperature. The thin ﬁlms were processed by (a) the
precipitation-based method of spin coating and (b) by the vacuum-based method of pulsed laser deposition. Please note that the average grain sizes of the ﬁlms are indicated
in nm for (a) left side besides the electric data, and for (b) in the legend. Both ﬁlms were larger than 350 nm in total ﬁlm thickness, see Table 1 for further microstructural details.
Data were reprinted with permission from Elsevier for (a) [115] and (b) [58].
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Fig. 4. Literature review: activation energy of electric conductivity in air of
Ce0.8Gd0.2O1.9 − x thin ﬁlms with respect to grain size and thin ﬁlm processing route.
State-of-the-art Ce0.8Gd0.2O1.9 − x sintered bulk ceramic pellets reveal a constant and
grain size independent activation energy of 0.78 eV in most cases [132–134]. Please
note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 200 nm,
see Table 1. Data of electric conductivity refer for spin coating processed ﬁlms to Suzuki
et al. [115], Kargeorgakis et al. [106], Rupp et al. [58], PLD1 to Joo et al. [109], PLD2 to
Chen et al. [124], PLD3 to Rupp et al. [58] and RF sputtering to Chipdelli et al. [107].
The abbreviation PLD denotes the thin ﬁlm deposition method of pulsed-laserdeposition.

The following conclusions can be drawn on the basis of this review
for Ce0.8Gd0.2O1.9 − x thin ﬁlms (Fig. 4):
1. Studies describe that the activation energy reduces with decreasing
average grain size of a thin ﬁlm. This tendency holds for differently
processed thin ﬁlm-grain size studies, vacuum- as well as precipitation ﬁlm processing. Within a study with one choice of thin ﬁlm processing method up to Δ0.3 eV scatter in activation energy of
conductivity are reported for a total change in the average grain
size of Δ30 to Δ50 nm.
2. Comparing the different studies it remains clear that similar grain
sizes do not result in similar electric characteristics. For example
the activation energy of ionic conductivity scatters between 0.8
and 1.4 eV for an average grain size of 40 nm with respect to the
ﬁlm processing method choice. Consequently, differences up to
Δ0.5 eV in activation energy of conductivity exist dependent on
the thin ﬁlm processing method chosen for a similar grain size in
literature. The smaller the grain size the larger becomes the scatter
in the reported activation energies of ionic conductivity.
3. The scatter in the activation energies of ionic conductivity is not
even method speciﬁc. Precipitation-based ﬁlms do not show comparable electric characteristics for different processing methods,
e.g., spray pyrolysis, ﬂame spray, and spin-coating. This is also in
agreement with ﬁndings for vacuum-processed ﬁlms.
4. Ce0.8Gd0.2O1.9 − x sintered bulk ceramics reveal typical activation
energies of 0.78 ± 0.05 eV [59,122,123], whereas in this review
we ﬁnd that thin ﬁlms show activation energies of 1.1 ± 0.3 eV.
The scatter for the electric conduction properties of the material
Ce0.8Gd0.2O1.9 − x is to be valued as high for thin ﬁlm processing,
and electric conduction of the material has to be considered to
vary by up to one order of magnitude dependent on the processing
method.
In Table 1, the electrolytic domain boundaries (EDBs) are
reviewed with respect to thin ﬁlm processing PLD [57,109,124], sol–
gel [115] and spray pyrolysis [57] for Ce0.8Gd0.2O1.9 − x ﬁlms. All
reports agree that a predominant ionic conduction takes place in
the material for electric measurements in air. The EDBs vary method
speciﬁcally from 10 − 14 to 10 − 19 atm for 700 °C, and reﬂect the high
variance in electric transport characteristics for thin ﬁlms dependent
on the chosen ﬁlm processing method. According to Mogensen et al.
[59] and Eguchi and co-workers [122] the EDB at 700 °C remains at
10 − 21 atm independent on the processing of sintered bulk ceramics.
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It can be concluded on the basis of this literature review that the
broad changes in activation energy of conductivity in air represent
predominantly changes in the ionic diffusion characteristics of thin
ﬁlms. It is not possible to reasonably ascribe the scatter in activation
energy of 1.1 ± 0.3 eV to pure scaling laws such as the commonly
named “grain size effect”. Similar grain sizes do not result in comparable electric characteristics for the material.
The ionic conductivity of ceramic thin ﬁlms such as the given
example of Ce0.8Gd0.2O1.9 − x (air) is a strong function of the thin
ﬁlm processing.
It is proposed to take into account changes in the local ordering of
atoms after thin ﬁlm processing and annealing and differences in the
ionic bond strengths and varying defect levels for discussion of ionic
conductivity in thin ﬁlms. In the following, lattice-strain is discussed
as an additional microstructural parameter to account for this besides
grain size and crystallinity.
4. Characterizing disorder in thin ﬁlms: lattice-strain as a measure
The choice in processing method and thermal history of a ceramic
thin ﬁlm affects the degree of crystallinity, the overall packing density,
and internal ordering of atoms. The resulting displacement ﬁelds can
be classiﬁed in terms of the lattice strain. Please note that the different
possibilities to measure lattice strain on thin ﬁlms were discussed in
the introductory part (Section 1) of this manuscript.
It is reported in the literature that decreasing the grain size of a
thin ﬁlm results in an increase of the overall lattice strain (microstrain). In Fig. 5, the evolution of strain with respect to grain size is
plotted for spin coated ceria-based thin ﬁlms with respect to doping
[115,120]. Decreasing the average grain size from 100 to around
10 nm increases the lattice strain of the thin ﬁlms by one order of
magnitude. In the given study the strain was determined via the
Scherrer and Willson equation analysis of XRD data [37,38]. Recent
Raman investigations conﬁrmed that high lattice strains determined
by XRD are clearly correlated to widened ionic bond length and larger
amounts of defects on the example of sprayed undoped ceria thin
ﬁlms [46]. The widening of ionic bond length was measurable
through a red shift and the increased defect concentrations through
the asymmetry of the Raman active F′ mode reﬂecting the Ce\O(8)
bond units.
Reported actual lattice strain values vary between 7% [116] and 0%
depending on the thin ﬁlm processing choice and the degree of crystallinity of Ce0.8Gd0.2O1.9 − x thin ﬁlms, see Table 1. The strain of
Ce0.8Gd0.2O1.9 − x thin ﬁlms varies during the crystallization, as well
as for differently annealed fully crystalline states. In Fig. 6, examples
of ceria-based spray pyrolysis thin ﬁlms are given in which the degree

Fig. 5. Evolvement of strain with respect to grain size in sol–gel gadolinia-doped and
undoped thin ﬁlm. The thin ﬁlm was 350 nm in ﬁlm thickness according to the authors
[115].
Data were reprinted with permission from Elsevier for (a) [115].
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Fig. 6. The given literature example on a precipitation-processed thin ﬁlms deposited by spray pyrolysis reveals the transition from amorphous to biphasic amorphous–crystalline
to ﬁnally full crystallinity during crystallization of an originally amorphous ceria-based thin ﬁlm. (a) STEM image of a FIB cut cross-section of a Ce0.8Gd0.2O1.9 − x thin ﬁlm (annealed
for 0 h at 600 °C) [135], (b) evolvement of the XRD (100) peak during crystallization for a CeO2 − x thin ﬁlm with respect to post-annealing [125], (c) STEM analysis of the grains of a
CeO2 − x thin ﬁlm for an isothermal dwell at 600 °C for 0 and 20 h [125]. Lattice plane ordering proceeds with increasing dwell time [125], (d) Corresponding TEM diffraction patterns to (c) [125]. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 300 nm, see Table 1.

of crystallinity varies with respect to thermal history after ﬁlm deposition. In the given examples the crystallization is monitored through
in-situ XRD and accompanying TEM studies of the grains in ceriabased ﬁlms. In the XRD the ongoing crystallization may be followed
over temperature through the peak sharpening of the (100) reﬂex
of the cubic lattice from an amorphous halo. The STEM example
shows the on-going atomic ordering in the bright ﬁeld mode and
corresponding diffraction pattern of single grains in the ﬁlm for
isothermal hold from biphasic amorphous–crystalline to full crystallinity
of the ﬁlms.
In Fig. 7, the evolvement of lattice strain is plotted over time and
temperature during crystallization of Ce0.8Gd0.2O1.9 − x spray pyrolysis
and ﬂame sprayed thin ﬁlms. Grain size evolution is given as well to
discuss the interplay of crystallization–strain–grain size evolvement
for a thin ﬁlm. The obtained data conﬁrms again that a decrease in
grain size is always accompanied by increased strain of the thin
ﬁlms. It is further shown that the residual strain values differ for
equal post-annealing conditions, as these are processing method speciﬁc. For example strains of 7 and 0.4% are reported for a spray pyrolysis and ﬂame sprayed ﬁlm for similar chemistry at 600 °C.
Interestingly, the strains of the ﬁlms can always be fully relaxed to
0% by heating the thin ﬁlms to temperatures above 1000 °C. In the
temperature ﬁeld between room temperature and 1000 °C the actual
strain values are related to the thermal history (heating rates, isothermal holds, etc.). It was recently conﬁrmed in the case of sprayed ﬁlms
that within this temperature range the material's crystallization is ongoing in parallel to grain growth and strain reduction [121]. Biphasic
amorphous–crystalline ﬁlms relax during an isothermal hold in their
lattice strain to a constant value following an exponential decay
function [116]. Differential scanning calorimetry (DSC) studies conﬁrmed that the relaxation times coincide with the transformation of
these biphasic amorphous–crystalline microstructures to full crystallinity during an isothermal hold [121,125]. Grain growth follows on

for the biphasic states through self-limited grain growth kinetics
[116]. For temperatures high enough to assure full crystallinity
through heating (usually above 1000 °C for ceria-based ﬁlms) zero
strain is measurable and conventional parabolic grain growth kinetics
driven by the grains' curvatures prevail [116,125]. Recently, Time–
Temperature-Transformation (TTT) diagrams were proposed to map
and predict on the basis of experimental result the evolvement of
the degree of crystallinity for metal oxide thin ﬁlms such as ceriabased ionic conductors. The TTT-diagram of a Ce0.8Gd0.2O1.9 − x
processed spray pyrolyzed thin ﬁlm is displayed exemplarily in
Fig. 8. The crystallization rates of the material and best thermal processing routes to assure a speciﬁc degree of crystallinity can be determined
with respect to temperature and time through the isocrystalline lines as
indicated in the TTT diagram. Details on establishing experimentally
TTT diagrams for metal oxide thin ﬁlms are reported in Ref. [121].
On the basis of these TTT-diagrams different lattice strain states
can be deﬁned for thin ﬁlms through isothermal dwells for times
long enough to assure full crystallinity. An important side remark is
that the strong changes in strain during crystallization mirror the
on-going strong changes in ionic bond strengths in a dense solid
state ﬁlm. The evolution of ionic conductivity is discussed for fully
crystalline thin ﬁlms with different levels of lattice strain in the
following part of this manuscript.
5. Lattice strain and ionic diffusion in fully crystalline thin ﬁlms
On the basis of the Arrhenius diagrams of ionic conductivity in air
the activation energies for CGO thin ﬁlms were extracted, and
compared to measured lattice strain through XRD, see Fig. 9. For
this, studies were chosen in which the ionic conductivity was measured at lower temperature than a previous isothermal annealing
step at which full crystallinity and a constant lattice strain value
was established. Only precipitation-based thin ﬁlms made by spin-
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Fig. 7. Evolvement of strain and average grain size of Ce0.8Gd0.2O1.9 − x thin ﬁlms with respect to temperature and time for the precipitation-based processing methods: (a, c) spray
pyrolysis [116] and (b, d) ﬂame spray [106]. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 300 nm, see Table 1.
Data were reprinted with permission from Elsevier for (a, c) and from Wiley for (b, d).

coating, ﬂame spray and spray pyrolysis can be compared since strain
data on vacuum-processed ﬁlms are currently missing in literature.
The following conclusions can be derived for the ionic diffusion
measured in air of CGO thin ﬁlms:

fully discussed crystalline ﬁlms. This again demonstrates how
important the local change in space along the ionic migration
path and the interatomic bond strength between the migrating
oxygen and the nearest neighbor cation are.

(i.) Decreasing the strain increases the overall activation energy of
ionic conductivity independent of thin ﬁlm method. Comparison of the ionic conductivity for 500 °C reveals that high strains
of the material always correlate to high ionic conductivities of
the material in air. This signiﬁes that the more distorted the
cubic lattice of the ceria-based thin ﬁlm, the more facilitated
is the ionic diffusion.
(ii.) Extrapolation of the activation energies to 0.01% of strain in the
material results in similar high activation energies around
1.4–1.45 eV independent of thin ﬁlm processing route. A similar tendency may be seen in the total ionic conductivity comparing the spray pyrolysis and ﬂame spray thin ﬁlm. Here,
the ionic conductivity would equal to 0.035 S/m at 500 °C for
approximately 0.04% of strain.
(iii.) The total ionic conductivity in air varies for fully crystalline
ﬁlms of low strain values of 0.08 to 1%, up to one order of magnitude in its value. Data for biphasic or amorphous ceria-based
thin ﬁlms are almost inexistent in the literature up to now. However, on the basis of the ﬁrst TTT-diagrams for the case of CGO
spray pyrolyzed ﬁlms, and available data on strain during time–
temperature post-annealing it is to be predicted that ionic conductivity will change even more drastically for biphasic amorphous–crystalline, or amorphous ﬁlms as these can tolerate
higher lattice strains of up to 7% compared to the herein before

The lattice strain represents a suitable measure to reﬂect the ionic
bond environment of a thin ﬁlm material and its characteristic
processing-related amounts of defects. Ionic diffusion characteristics
of a thin ﬁlm can be correlated to the thin ﬁlm characteristic lattice
strain ﬁelds for full crystallinity. The lattice strain represents an important measure to account for changes in ionic conductivity due to
processing-related differences in packing densities or local ionic
bond strength differences besides common microstructural measures
such as grain size. Grain size alone is not a suitable parameter to discuss processing-related differences in diffusion of ionic charge carriers for thin ﬁlms. Therefore, lattice strain measurements are
suggested as an additional and important argument to account for
changes in ionic migration barriers for thin ﬁlm processing.
6. Lattice Strain vs. local chemistry for fully crystalline thin ﬁlms
An open question is whether the local chemistry over the grain–
grain boundary interfaces of a fully crystalline ﬁlm varies with respect
to the lattice strain state. A highly strained crystal lattice reveals local
differences in ionic bond strengths and the dopant distribution and
oxygen vacancy concentrations over a grain can no longer be assumed to be homogeneous. Strain-related changes in the ionic bond
strengths can have severe consequences for the crystal lattice such
as oxygen migration barrier changes, the hampered or promoted
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formation of oxygen vacancies. As a consequence the cations can reduce or oxidize. Recent synchrotron diffraction studies on the impact
of strain on SOFC cathodes of the (La,Sr)CoO3 − x family concluded
that chemical cation ordering associated to changes in oxygen vacancy concentration and cationic mobility can evolve upon strain [23].
First-principle calculations conﬁrmed that tensile strain affects the defect chemistry such as the active formation of oxygen vacancies in
these perovskite-systems [22]. Given these ﬁndings in the ﬁeld of
perovskites it is likely to assume that strains can affect the chemical anionic and cation concentration proﬁles of ceria-based thin ﬁlms. First
experimental studies have probed the chemical proﬁles through
grain–grain boundaries of CGO thin ﬁlms for a PLD vacuum-based ﬁlm
[126], and a ﬂame sprayed precipitation-based thin ﬁlm [106], are
shown in Fig. 10. Both ﬁlms had fully crystalline microstructures,
whereby the vacuum-processed ﬁlms revealed columnar microstructures, and the precipitation-based one grains of globular shape. In case
of the ﬂame sprayed ﬁlm the lattice strain value was measured to be
around 0.05% through XRD, for the PLD ﬁlm the strain state is not
reported. However, it can be assumed based on this literature review
that the PLD ﬁlm reveals a comparable strain state, see Fig. 9 and
Table 1.
Comparison of the chemical proﬁles measured by line scans of either
ELNES or EDX in STEM shows that the vacuum-processed ﬁlm shows no
variation of the chemical components of Ce3+, Ce4+, or Gd 3+ over two
columns of 50 nm in column width. In contrast, the precipitationprocessed ﬁlm exhibits an increased Ce3+ concentration in the grain
boundary at constant Gd 3+ level over the grain–grain boundary
structure.
It can be concluded that the local chemistry at the grain–grain
boundary of CGO thin ﬁlms depends on the processing history and
grain microstructure evolvement. What is unclear is whether these
local differences in the reduction of the ceria can directly be attributed
to the lattice strain. Till now there are no reports on the active atomistic
changes of the cationic relative to the anionic ordering with respect to a
thin ﬁlms' lattice strain. Neutron diffraction experiments on ionic conducting thin ﬁlms relative to their processing history may give important insights on the real atomistic changes under strain and their
impact on ionic diffusion. Further, neutron diffraction experiments

b) 0.12
Ionic Conductivity at 500°C, S/m

Fig. 8. Time–Temperature-Transformation (TTT)-diagrams for the originally amorphous Ce0.8Gd0.2O1.9 − x thin ﬁlms processed through spray pyrolysis. The plots display
the thermokinetics of crystallization of the original amorphous thin ﬁlms indicated by
the degree of crystallinity in percentage. The important key temperatures for their
crystallization are the deposition temperature (Td) and the crystallization peak temperature (Tp). The C-type curves indicate the minimal heating rate required to reach
the speciﬁc degree of crystallinity as given. These TTT diagrams can now be used to
predict the crystallization degree of a thin ﬁlm for pure isothermal or non-isothermal
annealing, as well as their combination, and may give suitable guidance for the introduction of these thin ﬁlms in electrochemical MEMS devices, e.g. as electrolytes in
micro-Solid Oxide Fuel Cells. See Ref. [121] for details. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 300 nm, see Table 1.
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Fig. 9. Ionic conductivity characteristics with respect to lattice strain state and thin ﬁlm
processing of Ce0.8Gd0.2O1.9 − x (air): (a) activation energy, and (b) ionic conductivity at
500 °C. Original data of electric conductivity and strain measurements refer for spin
coating processed ﬁlms to Suzuki et al. [115], Kargeorgakis et al. [106], and Rupp et
al. [58,116]. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger
than 300 nm, see Table 1.

relative to changed grain–grain boundary ratios of a ﬁlm may allow
for ﬁrst assumptions on the interplay of strain ﬁelds and chemical
changes at real interfaces.
7. Concluding remarks
The importance of lattice strain for the electric conduction of stateof-the-art ionic conducting oxide thin ﬁlms is discussed and proposals are given for the use of functional thin ﬁlms in Si-wafer
based electroceramic devices. Metal oxide thin ﬁlms are deposited
directly in dense form but differ in their atomic displacement ﬁelds
over grain–grain boundaries and packing densities due to the thin
ﬁlm processing route and thermal history. The ionic diffusion is sensitive to the atomistic disorder and speciﬁc ionic bond strengths of a
thin ﬁlm. Lattice strain can alter the ionic migration barriers through
changes in ionic bond strength between anions and cations, their
reordering, or in an extreme case bond braking at high strain.
In this article the impact of thin ﬁlm processing on the ionic
conductivity is discussed through the concept of anisotropic- and
isotropic-strain ﬁelds. To do so gadolinia-doped ceria thin ﬁlms are
focused as these are predominantly ionic conductors in air which
remain always single phase even upon high strain ﬁelds. The role of
thin ﬁlm processing – vacuum vs. precipitation-based techniques –
and post-annealing on the electric characteristics such as the ionic
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Fig. 10. STEM microstructures and chemical probing with respect to grain microstructure for a Ce0.9Gd0.1O1.9 − x vacuum-based thin ﬁlm processed by PLD and a Ce0.8Gd0.2O1.9 − x
precipitation-based thin ﬁlm processed by ﬂame spraying: (a) STEM-image of thin ﬁlm microstructure, and ELNES positions presented by small arrows in the image relative to two
adjacent columns. Ce3/Ce4 states are presented in the energy losses for a thin ﬁlm deposited by PLD [126]. (b) STEM-image of thin ﬁlm microstructure, and STEM EDX line-scan on
the CeL, GdL and OX proﬁles over a grain–grain boundary-grain structure for a thin ﬁlm deposited by ﬂame spraying [106]. Please note that all thin ﬁlm examples reveal ﬁlm thicknesses clearly larger than 300 nm, see Table 1.
Data were reprinted with permission from Elsevier for (a) and from Wiley for (b).

conductivity or the electrolytic domain boundary and on microstructural characteristics such as lattice strain, grain size and habitus, or
the degree of crystallinity are reviewed. Only ﬁlms with more than
200 nm in ﬁlm thickness are considered in this paper to keep the impact of substrate on the overall ﬁlms' lattice strain as low as
considerable.
Literature review reveals that decreasing the grain size leads to
increased lattice strain and measurable widening of the ionic bond
lengths for a metal oxide thin ﬁlm such as Ce0.8Gd0.2O1.9 − x. The actual percentage value of lattice strain is a thin ﬁlm processing characteristic which varies also through the thermal annealing history and
possible on-going crystallization processes. Therefore, lattice strain
values determined for fully crystalline and biphasic amorphous–crystalline ﬁlms require a clear demarcation. Fully crystalline thin ﬁlms of
Ce0.8Gd0.2O1.9 − x differ up to 3.5% in lattice strain depending on the
thin ﬁlm method chosen and annealing temperature. The history of
post-annealing is crucial for the actual lattice strain of the thin ﬁlm.
Low annealing temperatures dwells between 300 and 600 °C result

in high lattice strains, whereas high temperature dwells above
1000 °C can even decrease the strain to zero percent. It is important
to note that isothermal holds (>10 h) below 1000 °C are required
in most literature cases to guarantee full conversion of amorphous
to full crystallinity which results in constant strain values for
Ce0.8Gd0.2O1.9 − x thin ﬁlms. Time–Temperature-Transformation
(TTT) diagrams give suitable engineering guidelines on the thin ﬁlm
characteristic transformation to full crystallinity for lattice strain
engineering. Biphasic amorphous–crystalline ﬁlms change their lattice
strain values actively during crystallization. Since there is much
more scope for lattice defects during crystallization while the lattices
are still quite soft, higher lattice strains are reported compared to
fully crystalline structures. Changes of the lattice strain of 7–1% are
given in the literature for Ce0.8Gd0.2O1.9 − x with respect to deposition
method and annealing. Zero-strain is never achievable for biphasic
thin ﬁlm microstructures. Crystallization is mostly active during pure
heating (3–10 K/min) of deposited thin ﬁlm microstructures up to temperatures of 1000 °C and for low isothermal dwell times (b5 h).
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The actual degree of remaining in amorphous phase of a thin ﬁlm
at deposition and its residual strain values are high for lowtemperature precipitation-based deposition methods such as spray
pyrolysis, ﬂame spraying or sol–gel.
The strain levels of single-phase Ce0.8Gd0.2O1.9 − x thin ﬁlms differ
from those of oxide ﬁlms undertaking phase changes. The ﬁrst MonteCarlo simulations and experimental studies on the phase-polymorph
yttria-stabilized zirconia revealed that these ﬁlms change their nearest
neighbor cations to compensate for strains higher than 3%. Thus, it is to
be concluded through this review that Ce0.8Gd0.2O1.9 − x thin ﬁlms can
tolerate much higher strains and distortions to study the impact on
ionic diffusion than other state-of-the-art phase-polymorph ionic
conductors.
When comparing with the metals literature we ﬁnd that up to 2%
of lattice strains are standard for metal thin ﬁlms [127–130]. The lattice strain values of up to 7% here reported for the example of a single
phase metal oxide are high and show the capability of ceramics to
withstand high strains in the crystal lattices.
The ionic conductivity of thin ﬁlms is found to vary with respect to
ﬁlm processing on the given example of Ce0.8Gd0.2O1.9 − x. It is shown
that plots of activation energy of ionic conductivity vs. lattice strain correlate with the differences in ionic diffusion. A strong scatter of 1.1 ±
0.3 eV in activation energy of ionic conductivity (air) can be summarized for Ce0.8Gd0.2O1.9 − x thin ﬁlms in literature. Fully crystalline
ﬁlms show variances of up to one order of magnitude and a difference
of Δ0.6 eV for lattice strain of 0.05–1%. In this instance, the variance in
the ionic transport characteristics is largest for broad differences in
lattice strain. Extrapolation of the activation energy to almost zero
strain (0.01%) results in a processing independence and high activation energy of ionic conduction of 1.45 ± 0.05 eV. It can be concluded
that for ceramic thin ﬁlms, differences in the strain state exist, and
that the local disorder affects the ionic transport. Strained ionic conducting thin ﬁlms differ substantially from zero-strained sintered
bulk ceramics.
The well-known literature hypothesis that the ionic conduction of
a metal oxide is a pure scaling function of the ambient grain size on
the nano-range cannot be conﬁrmed through this literature review.
Plotting literature data of differently processed Ce0.8Gd0.2O1.9 − x
thin ﬁlms with respect to grain size it could be clearly revealed that
similar grain sizes neither result in similar ionic conductivity nor in
comparable activation energies. It is therefore strongly proposed to
consider lattice strain as a new additional microstructural measure
for characterizing the real local disorder states after ﬁlm processing
and annealing history in the future besides conventional ones such
as grain size. Open question remains at this point how strain alters
the ionic migration barrier on an atomistic level. Is it related to pure
decrease in oxygen vacancy mobility of single vacancies, or do we
have to take into account pairing of vacancies and hampered motion
of clusters under strain? It is encouraged to assemble experimentally
wise atomistic information relative to strain states for thin ﬁlms. One
may consider neutron diffraction experiments to probe the oxygen
vacancy positions, or detailed Raman investigations to probe ionic
bond length changes of the cation–anion interactions in the lattice
relative to strain in future.
Electroceramic applications based on functional ionic conducting
ﬁlms integrated on Si-wafers beneﬁt from careful consideration of
the evolution of strain and degree of crystallinity during ﬁrst heatup and device operation. Highly strained fully crystalline thin ﬁlms
of increased ionic transport can be realized for Si-based electroceramic devices through reduction of the overall processing and operation temperatures over the range of 100 to 500 °C. Important is to
deposit ﬁlm thicknesses of the ionic conductor of more than 200 nm
to avoid strong substrate impact on overall lattice strain states. It is
reported through this paper that the ionic diffusion kinetics can be
improved by up to one order of magnitude through distinctive
thin ﬁlm processing choice through lattice strain. In contrast to

anisotropic-strained heterolayers the strained ﬁlms of more than
200 nm in thickness are especially advantageous since the strain is
isotropically distributed over the full volume of the ﬁlm. In this case
the lattice strain is no longer an interfacial substrate-ﬁlm artifact.
The strain is deﬁned by the local change in ionic bond strength
given through the initial thin ﬁlm processing history. Thus it can be
concluded that lattice strain is not interface misﬁt related as for heterolayers. This allows more ﬂexible Si-based electroceramic device
designs using the cross- as well as the in-plane ionic conduction
characteristics of functional ﬁlms in future.
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