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Micro-solid state energy conversion membranes:
influence of doping and strain on oxygen ion
transport and near order for electrolytest

Yanuo Shi,? Ifigo Garbayo,? Paul Muralt® and Jennifer Lilia Marguerite Rupp*®

Enhancing the efficiency of micro-energy conversion devices through engineering of the structure—
transport relationship is a prerequisite toward next generation micro-electrolysers and fuel cells. Here,
oxygen ion conducting free-standing thin films are key elements, forming buckled and strained
membranes for gas exchange and energy conversion. The electro-chemo-mechanics of free-standing
membranes vs. substrate-supported films are investigated as model device structures to study the
factors influencing the ionic transport, and answer the fundamental question: how strongly does solid
solution doping vs. lattice strain affect the defect-induced oxygen ion transport in buckled electrolyte
membrane films for solid state micro-devices? Importantly, we demonstrate that tuning the electro-
chemo-mechanics of doped ceria films can influence the ionic transport through the effect of opposed
strained volumes altering the clustering of oxygen vacancy defects. Strain is studied by comparing flat
substrate-supported films to compressive buckled membrane devices and observing subsequent
changes in atomistic near order via Raman spectroscopy. The buckling resulted in a significant increase
of the activation energy for ionic transport, greater than classical extrinsic doping. The power of electro-
chemo-mechanic engineering of ceramic films is demonstrated in finding the best strategy for
optimizing ionic conduction and thereby enhancing future performance in thin film electrolytes for
micro-energy conversion devices.

Introduction

The study, control and modification of functional thin films is
playing a core role on the optimization of “ionotronic devices”
for future energy and information harvesting such as minia-
turized solid oxide fuel cells,*™ solid-state batteries®® or resis-
tive random access memories.”** Classical strategies for tuning
of oxygen ion transport kinetics have focused on the structural
lattice modification of the oxide material through solid solution
doping which can influence both association and migration
energies."”® However, recent studies have also shown the rele-
vance of mechanical strain state changes as a new source for
modifying the electrochemical properties such as oxygen ion
transport and ion exchange for thin films.*** This involves
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improving oxygen ion mobility by generating defects such as
oxygen vacancies in heterostructures of electrolyte films,**7>%%”
suppressing phase changes to keep a fast oxygen conducting
phase,*® minimizing edge dislocations* or minimizing defect
associations.**** There is an increasing interest in studying
“electro-chemo-mechanic” coupling, ie the correlation
between ionic transport, chemical stoichiometry and mechan-
ical lattice strain, for the optimization of functional oxide film
materials.®**%

In the field of micro-energy conversion devices, doped ceria
and zirconia thin films are the state-of-the-art electrolyte
materials and have been intensively investigated.***” Classic
micro-solid state energy conversion device designs are mostly
based on the fabrication of functional free-standing
membranes for the electrolyte and electrode assemblies to
ensure gas access from both sides and, hence, chemical-to-
electrical energy conversion of the cells; i.e. micro-solid oxide
fuel cells or electrolysers.>***® In such a thin film membrane-
based device one cornerstone for its optimization is the fabri-
cation of a gas tight, highly conductive and thermo-mechan-
ically stable free-standing electrolyte film.*>*° Additionally,
improvement of electrode film performance is also critical. For
doped ceria and zirconia thin film electrolytes, it has been
shown that the mechanical properties of such free-standing
electrolyte membranes depend on multiple external
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parameters, such as the membrane aspect ratio,* buckling
geometry®* and the initial choice of film fabrication parameters,
e.g. atomic peening effects in physical vapor deposited films.>*
From a device perspective, optimization of the conversion
power is still a major issue for micro-energy conversion
membranes. By analyzing current power data published for
micro-solid oxide fuel cells, it can be concluded that even if the
same materials and cell designs are used the power output
currently varies from 26 to 1037 mW cm > when comparable
open circuit voltages were obtained at 500 °C.>** This is a major
issue and requires attention: one hypothesis is that unlike
classic large-scale ceramic cells, strain effects strongly influence
the transport properties of thin film components in these
devices. The effective compressive in-plane strain state may
modify the oxygen migration and association energies in doped
electrolyte films processed as buckled membranes. Importantly,
it has to be noted that often the strain states are not measured
or mentioned in the reports with respect to the electrolyte
membrane characteristics after processing for micro-energy
conversion devices. Being under high mechanical stress, the
manipulation of oxygen ion transport in the electrolyte may be
greatly affected by local strain fields in addition to the extrinsic
doping level. Such an effect would be comparable to current
investigations in heterolayers where strain fields are generated
intentionally through interface modulations in oxygen ion
conductors, e.g. ref. 15 and 53. For example, more than 3 orders
of magnitude increased conductivity was observed on tensile-
strained yttria-stabilized zirconia films compared to films under
compression, see reviews.'®'** Despite the progress, investi-
gations miss looking at the fundamental question of how vari-
ations in doping concentration (i.e. x in Gd,Ce; ,O, ;) and
atomistic strain affect changes in the strength of oxygen
anionic-cationic bonds, measured via Raman vibrational
spectroscopy of free standing buckled electrolyte film
membranes (relative to flat substrate-supported structures®).
The implication of these properties on the oxygen ion transport
is to be measured with respect to both the doping concentration
and strain, and may present new insights into future design and
enhanced performance of micro-energy conversion devices.

Design of the experiment

Through this study, we suggest a model experiment to funda-
mentally probe the implications of changes in the doping
concentration and lattice strain on the near order ionic structures
and the ionic conduction for electrolyte thin film membranes. It
is very well known that the difference in ionic radii between an
extrinsic dopant and host atom can be used to generate sites for
vacancies and ions to migrate. In general, the presence of any
doping atom has an effect on the lattice constant and thus
induces lattice strain, which becomes particularly significant
when working with thin films, as shown for zirconia and ceria-
doped materials.****** However, the implication of the doping
concentration changes on the local near order bond strength
changes, local buckling patterns of membrane films, and local
strain states are still to be investigated with respect to the ionic
transport for these electrolytes. Here we design a model
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experiment in which, on the one hand, the trivalent gadolinia
dopant concentration in ceria is systematically varied to modify
the defect association energy, and also the in-plane compressive
strain state is analyzed for two film structures, flat substrate-
supported films and buckled free-standing membranes (i.e. a real
device structure). The influence of doping and strain is studied
by observing changes in the oxygen ion transport and nano-
scopically on the near order for the oxygen anionic-cationic
bonds by AC impedance spectroscopy and Raman spectroscopy,
respectively. To the best of our knowledge, we are not aware of
studies looking at effects of changes in the doping concentra-
tion on oxygen ion transport and ionic near order changes for
real membrane device structures. These results contribute to
the fundamental understanding of how the doping and/or
strain variation influence the oxygen ion transport of functional
thin films. Importantly, the changes in the electro-chemo-
mechanics are studied for real buckled micro-energy solid-state
conversion devices integrated on a silicon chip-based device.
Thin ceria-based films with three different doping concen-
trations were fabricated: namely, undoped ceria, 10 mol% and
20 mol% gadolinia-doped ceria. For this, 270 £ 20 nm thick
films were deposited by pulsed laser deposition (PLD) at 400 °C,
over 200 nm thick Si;N, on Si substrates. Square shaped free-
standing membranes were released by etching the Si substrate
from the rear side and removing the Si;N, layer underneath the
ceria-based film by reactive ion itching (RIE) (see Fig. S1 of the
ESIT for further details on the fabrication process). Samples
with and without the etching step were processed and analyzed
to directly compare the strain and ionic transport properties of
[free-standing membranes and substrate-supported films.

Results and discussion

Fig. 1a demonstrates an exemplarily array of 36 free-standing
and pristine CeO,_, membranes fabricated on a SizN,/Si
substrate. We display in Fig. 1b an optical micrograph of a 350
pum x 350 pm wide and free-standing ceria thin film membrane.
In this image, the microelectrode design used in this work can
be observed. For both substrate-supported and free-standing
samples, 100 nm thick Pt microelectrodes were patterned by e-
beam evaporation using a shadow mask during the deposition.
This results in four symmetric Pt microelectrode pins separated
by a minimum distance of ~150 pm and a diagonal distance of
~210 pm. Fig. 1c shows a cross-sectional image of a free-
standing undoped ceria membrane, as obtained by focused ion
beam cutting and secondary electron imaging in a scanning
electron microscope. A dense CeO, film is visible as a free-
standing membrane and one of its top Pt electrode with good
adherence to the oxide.

The buckled free-standing membrane and the flat substrate-
supported film sample geometries are illustrated schematically
in Fig. 1d. By processing the same microelectrode patterns on
the buckled membranes and flat substrate-supported films, we
can compare two different strain states acting on the thin film
lattices. In addition to changes in the doping concentration,
this systematic variation of strain states makes these devices
a model case for studying relationships between the near order
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Fig. 1 (a) Optical image of 36 micro-energy conversion membranes with 6 x 6 array of free-standing buckled ceria membranes. (b) Optical
microscopy image of one single membrane, where the Pt microelectrodes can be identified. (c) Cross-sectional view of a free-standing ceria
membrane with the top electrode, accessed through focused ion beam cutting and scanning electron microscopy. (d) Schematic for free-
standing and substrate-supported thin film devices, with an integrated micro-top electrode suited for measurements of ionic transport and
determination of relative net strains in-between the electrodes. (e) Buckling patterns of the undoped and doped free-standing membranes

measured by optical profilometry.

changes in vibrational bonds, thin film buckling and ionic
transport. First, the buckling profile of the free-standing
membranes was studied as a function of its gadolinia doping
concentration by optical microscopy and subsequent buckling
analysis. Fig. 1e shows the buckling pattern of three represen-
tative free-standing membranes measured by optical profilom-
etry, corresponding to the three different doping levels studied.

3902 | J. Mater. Chem. A, 2017, 5, 3900-3908

In all cases, highly buckled membranes were obtained after
free-etching. However, the local buckling distribution over the
area of each ceria-based membrane varies respectively with its
doping concentration. While the buckling deformation of the
pristine CeO, membrane appears rather symmetric and
membrane-centered, for membranes with 10 mol% of gadolinia
doping or more the maximum buckling position along the

This journal is © The Royal Society of Chemistry 2017
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diagonal direction formed more asymmetric patterns. More-
over, the maximum out-of-plane deformation between the same
electrode pins on free-standing CeO,, CeyoGd 10795, and
Cey.sGdp.,01.9_x 18 9.0 + 0.09 um, 11.5 + 0.2 um and 14.6 £+ 0.3
um, respectively. The growing asymmetry of the buckling
patterns with respect to the doping concentration suggests that
the Poisson's ratio may not be a constant anymore in this state
and confirms that inelasticity has to be taken into account when
increasing the doping concentration of the films, i.e. the elastic
tensor is no longer symmetric for the cubic structures of the
ceria-based ionic conductor. Our finding agrees well with earlier
reports by Lubomirsky and co-workers,* on single membrane
films without top-electrode designs. Note that this observation
highlights a potential change of inelasticity and Poisson's ratio
with changing dopant amount in the thin film under strain.

Using the von Karman plate model,***>** the strain in the
buckled ceria-based films was quantified by analyzing the
buckling pattern of the membranes and the maximum out-of-
plane deformation between the microelectrodes, see ref. 3 for
details. Substrate-supported samples are assumed to have zero
net compressive strain (no deformation), and are taken as base
reference for the buckled film.? In-plane net compressive strains
0f 0.68 + 0.02%, 1.11 + 0.04% and 1.78 + 0.07% were measured
in the buckled membranes for the undoped, 10 mol%, and 20
mol% membranes, respectively. These compressive strains of
membranes result mainly from (i) the thermal expansion
mismatch of the thin film and substrate (films were deposited
by PLD at 400 °C), (ii) a compressive stress coming from the
atomic peening effect during film growth, typical of all vapor
deposition processes (see ref. 39 and 62-65 for detailed
discussion), and, importantly, (iii) the effect of solid solution
doping and changed elastic constants.

We now examine the near order oxygen anionic-cationic
vibrational changes of the strained free-standing membranes
and flat substrate-supported films by micro-Raman spectros-
copy, Fig. 2. This offers the possibility of studying doping and
strain effects on the lattices and ionic bonding environments.
Fig. 2a illustrates the measuring configuration, and how
atomistic near order characteristics of membranes' local strain
state is characterized using Raman. For buckled ceria
membranes, the incident laser beam is focused to a point where
the incident beam is perpendicular to the bended surface under
in-plane compressive strain. For measuring the flat substrate-
supported films, the incident beam is also set perpendicular to
the surface. The cubic fluorite lattice structure of ceria and its
doped species reveal only one single allowed Raman vibration
mode, namely the F,, stretching vibration, which is highlighted
in the lattice schematic in Fig. 2a. The F,; Raman stretching
vibrational mode represents the local oxygen anionic-cationic
bonding of the thin films and is analyzed as a function of the
doping level and film strain state (substrate-supported and flat,
or free-standing and buckled). The Raman spectra of flat
substrate-supported and free-standing buckled ceria-based thin
films are compared in Fig. 2b, with respect to the gadolinia
doping concentration, as well as the spectrum of the Si-SizN,
substrate measured with an excitation laser wavelength of 633
nm and 300 g mm ' grating. The F,, mode peak is visible in all
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spectra from the thin films, appearing always in the range
between 463 and 466 cm™ ', which is in general agreement with
the literature on ceria-based bulk macro-pellets and substrate-
supported films.*****” Additionally, in the case of the flat
substrate-supported films, the peaks of the Si substrate are also
noted in the spectra.®® Finally, on the free-standing membranes
the second phonon scattering peak o at ~250 cm™ " was slightly
detectable for Ce,gGdp,019_x, While in the lower doped
samples phonon scatter peaks remained invisible.

First, we turn to the flat substrate-supported films to analyze
the changes in vibration of the F,, mode with respect to the
solid solution doping. Increasing the concentration of the
gadolinia doping up to 20 mol% results in the F,, wavenumbers
changing from 464.9 & 0.07 cm ™' t0 463.8 = 0.11 cm ™ ' and then
rising to 464.7 £+ 0.17 cm™', Fig. 2c. A similar trend was
observed for the case of free-standing membranes, but at
generally increased wavenumbers: the F,, peak moved from
465.1 £ 0.06 cm ™' to 464.2 & 0.01 cm™ ' then to 465.8 =+ 0.11
em™ ', Fig. 2¢. The changes in Raman frequency shift observed
here are in agreement with doping concentration changes in the
solid solution series similar to bulk ceria pellets with trivalent
rare earth dopants.*”*7°

Interestingly, the F,, peak measured on CeO,, CeqoGdy.1-
O1.95_x and CesGd 019, free-standing membranes pre-
sented shifts generally towards higher wavenumbers of +A0.2 +
0.09 cm™ !, +A0.4 + 0.11 cm™ ! and +A1.1 £ 0.20 cm™ ' when
compared with the flat substrate-supported samples, Fig. 2c.
Also, we clearly observe that the changes in the Raman shift
when turning a flat in-plane strained film to a buckled
membrane are larger for increased doping concentrations of
gadolinia in ceria; viz. when increasing the oxygen vacancy
concentration. Combined with the local strain obtained
through the analysis of membrane buckling by optical profil-
ometry, the relationship between the F,, peak shifts and strain
changes when releasing membranes was plotted as shown in
Fig. 2d. Shifts towards higher wavenumbers in Raman, ie.
positive AF,, in Fig. 2d, are typically associated with higher in-
plane compressive strain.>*>”* Additionally, we observe an F,,
peak broadening with increasing doping concentration, and
also when turning the originally flat to the buckled membranes
and lattices, see the analysis of full width at half maximum
(FWHM) in Fig. S2 of the ESL.} This observation is in agreement
with the earlier Raman literature of Aldinger and co-workers,
who noted broadening of the F,, peak in doped ceria materials
with decreasing thin film crystallinity and increasing structural
disturbances.”” In our case, the observed peak broadening
might reflect a higher defect density with increased doping, as
well as microstructural changes resulting from compressive
strain resulting from releasing the membranes.

In summary, substantial shifting towards high wavenumbers
in the oxygen anionic-cationic F,, bond vibration peak position
and peak broadening (quantified via FWHM) were detected
when the thin films were turned to free-standing buckled
membranes. E.g. the F,, peak is increased to 465.8 & 0.11 em ™!
for net compressive strains up to 1.78 £+ 0.07% for Ce, gGdy -
0,9, free-standing membrane. Spectral changes observed
when comparing substrate-supported and buckled membranes

J. Mater. Chem. A, 2017, 5, 3900-3908 | 3903
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Fig. 2 Atomistic near order characteristics of substrate-supported and free-standing gadolinia-doped ceria thin films through micro-Raman
spectroscopy with respect to solid solution doping. (a) Schematic view illustrating the near order bonding and probing directions via Raman
spectroscopy. The Raman active F,4 bond is highlighted as well as strain tensor directions. (b) Raman spectra of flat substrate-supported and
buckled free-standing ceria-based films with respect to the doping concentration. The cationic—oxygen anionic Raman F4 single modes, as well
as o 2™ order phonon scattering on the free-standing Ceg §Gdo »O1.9_x Mmembrane, are indicated. (c) Comparison of the Raman F,q cationic—
oxygen anionic stretching mode peak center of ceria-based films as a function of the Gd doping concentration. (d) Measured shifts on the Raman
Fogq peak comparing flat substrate-supported and buckled free-standing films as a function of the net compressive strain change measured by

optical profilometry.

could relate to the presence of the tensile Si;N, layer present on
top of the Si substrate,® which would reduce the overall
compressive strain in the substrate-supported films, but would
have negligible influence on the free-standing membranes.
Additionally, doping also affects AF,, and the broadening of the
peaks. In general, this might reflect changes in the order of
oxygen vacancies in the sub-lattices under different strain
levels, which would be more significant with increased doping.
This conclusion might be supported by the observation of
additional phonon scatter modes o appearing in the Cegg-
Gdy 019, free-standing membranes.* However, to the best of
our knowledge we cannot compare these novel Raman insights
on the role of the 2™ order phonon scattering on oxygen

3904 | J Mater. Chem. A, 2017, 5, 3900-3908

vacancies to other literature on ceria-based materials under
mechanical stress, but report that we only observe this effect in
the spectra of the Cey gGdy 019 free-standing membrane.
Motivated by these results we turn now to the effect of
doping and compressive lattice strain on oxygen ion transport
of buckled and flat doped ceria thin films. The ionic conduc-
tivity for the different ceria-based films with different doping
concentrations was measured in-plane between the two oppo-
site microelectrodes Pt2 and Pt4, see Fig. 1b. Electrolyte ionic
resistivity was obtained through electrochemical impedance
spectroscopy,” detailed in ESI S3.t Fig. 3a represents an
Arrhenius plot of the ionic conductivity for the free-standing
and substrate-supported doped ceria films with respect to

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Strain—ionic transport interactions on substrate-supported
films and free-standing membranes of CeO,, Cep9Gdp10195 x
(GDC10) and Ceg gGdg »019_ (GDC20). (a) Arrhenius type diagrams of
the in-plane total ionic conductivity for the substrate-supported films
and free-standing membranes with respect to the doping concen-
tration. (b) Activation energy of total ionic conductivity as a function of
the doping concentration for the flat substrate-supported and buckled
free-standing membranes. (c) Activation energy of ionic conductivity
vs. net compressive in-plane strain for flat reference substrate-sup-
ported films and buckled free-standing membranes, with respect to
the doping concentration.
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dopant concentrations ranging from 0 to 20 mol%. We first turn
to study the effect of doping for the ceria-based thin films and
exemplify on the substrate-supported films: when the dopant
concentration is raised from 0 to 10 mol%, the activation energy
(E,) is reduced from 0.85 + 0.03 €V to 0.77 + 0.01 eV. Mean-
while, further increasing of the doping concentration to 20
mol% results in an activation energy of 0.79 + 0.01 eV, see
Fig. 3b. The activation energies measured here for the three
different substrate-supported thin films match previous refer-
ences on spray pyrolysis, flame spray and PLD processed films
studied with respect to extrinsic doping of gadolinia.'>**”*
Similarly, the free-standing membrane activation energies
present the same evolution, i.e. from 0.95 £ 0.04 eV to 0.88 +
0.02 eV and 0.92 + 0.02 eV for doping concentrations 0 mol%,
10 mol% and 20 mol% of gadolinia, respectively, with activation
energies that were generally greater when compared with
substrate-supported films. In summary, we measure an
optimum doping concentration at 10 mol% of gadolinia for
which in-plane conductivity is the highest; this trend holds
within the series of the flat substrate-supported films, as well as
for the buckled free-standing membranes, Fig. 3a.

Secondly, we assess whether there is an effect of lattice strain
on the ionic transport of the undoped and doped ceria thin
films. To exemplify that, the activation energy of ionic transport
was plotted in Fig. 3c versus the membrane net compressive
strain measured by optical profilometry between the electrodes.
It can be observed that the activation energy of ionic conduction
increased in all doping cases when the originally flat substrate-
supported films turn into buckled free-standing membranes:
a maximum of +A0.13 eV was observed for the Ce, §Gdy,01.9_x
free-standing membrane for a +1.78% net compressive strain
when compared to the flat substrate-supported film. Slightly
smaller changes in activation energies were also measured for
the less strained films of Ce,9Gdy 10195, and pure ceria:
+A0.11 eV and +A0.10 eV, respectively. These findings reveal
that not only does altering the doping amount significantly
affect the total ionic conductivity, but also the engineering of
lattice strain patterns in these oxygen ion conducting
membranes affects the overall transport strongly via significant
changes in the migration activation energy.

Conclusions

In conclusion, this work analyzed the effect of compressive
lattice strain and extrinsic doping on the Raman vibrations and
related ionic transport properties of gadolinia-doped ceria
micro-energy conversion membrane-based device structures. It
has been shown that when changing the net compressive lattice
strain up to 1.78%, changes in the local near order F,, oxygen-
cationic bonds are observed as the ionic bond strength
increases, indicated by measurable Raman peak shifts. Purely
analyzing the effect of doping, the wavenumber of F,, mode
decreases when moving from undoped ceria to 10 mol% doped,
for increasing again to higher wavenumbers with increasing
doping (to 20 mol%). However, when releasing the films to free-
standing membranes (i.e. changing the strain state) higher
wavenumbers are observed for all the doping concentrations.
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Larger shifts (AF,,) are found when increasing the doping
concentration, and a maximum of A1.1 cm™* was measured on
the 20 mol% ceria film between substrate-supported and free-
standing films. Furthermore, lattice strain measurably affects
the activation energy of the total ionic conductivity, and cannot
be neglected for engineering principles in these ion conducting
membranes. We measure an increase of the activation energy
when converting the flat substrate-supported films to buckled
free-standing and compressively strained membranes (i.e. up to
+A0.13 eV for 1.78% strain in 20 mol% doped ceria). We explain
this based on careful Raman analysis of the vibrational bond
changes in terms of F,, cationic-oxygen anionic stretching
mode. Such Raman measurements are still unique within the
field of oxygen ion transport membranes and their general
validity should be further confirmed by studies in other mate-
rial systems. However, this study indeed highlights an impor-
tant potential technique to measure changes in the oxygen
vacancy sublattice upon strain on micro-device structures with
functional ionic conductors. Analysis of the symmetry of
buckling patterns for the free-standing membranes was addi-
tionally in line with earlier observations by Lubomirsky et al.,*
where an increased asymmetry is measurable for increasing
doping concentration and defect ordering under compressive
strain. This suggests that the elastic properties of such stressed
ceramic membranes may no longer be treated as constant and
highlights a potential change of inelasticity and Poisson's ratio
with the changing dopant amount in the thin film under strain.

Through this work, net compressive strain changes up to
1.78% demonstrated in the given model case strongly influence
the activation energy of ionic transport and ionic near order
bond changes, whose impact is comparable to tailoring the
doping concentration up to 20 mol% for ceria films. For future
engineering and designs of micro-energy conversion and
storage devices, strain engineering has a competing role and
can actively be used as a tool to maximize the compressive in-
plane strains to allow for fast conduction in the out-of-plane,
tensilely strained electrolyte directions. In addition, numerous
studies have shown a clear change in the oxygen reduction
reactions with respect to strain state of single cathode films to
tune the losses.'®*7>7® Here we contribute to the discussion on
showing the importance of engineering not only the electrolyte
doping composition, but also its strain state, which represents
a promising basis upon which to optimize future Si chip-based
energy conversion complex devices for real micropowering
systems.

Methods

Sample microfabrication

Two kinds of gadolinia-doped ceria samples were used in this
experiment: flat substrate-supported thin films and buckled
free-standing membranes. To fabricate the substrates, 200 nm
thick low-stress SizN, layers were deposited on both sides of
a (100) silicon wafer (4-inch, 380 pm thick) by low pressure-
chemical vapor deposition (LP-CVD, Ceramics Laboratory,
EPFL). For the substrate-supported films, the ceria-based thin
films were directly deposited by pulsed laser deposition (PLD) in
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such substrates. Meanwhile, for the case of free-standing
samples, the Si;N, coated silicon wafers were patterned on one
side by photolithography to define the membrane areas. Then
the Si;N, was etched only on that side by reactive ion etching
(RIE, Oxford Instruments RIE 80+) and the wafer was immersed
on a KOH (20 mass%) solution at 90 °C for 7 h to etch the Si and
form free-standing Siz;N, membranes on the opposite side.
Siz;N, membranes were then used as substrates for the deposi-
tion of ceria-based thin films by PLD. Finally, the SizN, layers
underneath were removed by a 2"¢ RIE step from the rear side
and the ceria free-standing membranes were released. A more
detailed fabrication flow to obtain ceria-based free-standing
membranes is described in S1 of the ESI{ and ref. 3.

Target preparation and thin film deposition of functional
films

270 + 20 nm thick films of the three different materials were
deposited by PLD (Surface Technologies, Germany), using a KrF
excimer laser with a wavelength of 248 nm. Laser energy was set
at 0.67 ] cm ™2 and targets were ablated at a frequency of 10 Hz.
The substrates were heated up to 400 °C during deposition and
pressure was kept at 0.03 mbar inside the chamber under
a constant flow of O,. For all PLD thin film depositions, ceramic
targets fabricated by the authors were used. To fabricate targets,
commercial CeO,, Gdy1Cep.90195_x and Gdy,Ceys01.9_x
powders (Sigma-Aldrich, Switzerland) were first pressed uni-
axially (440 bar for 2 min), and then isostatically pressed (22
kbar for 2 min) in order to form dense pellets. The pellets were
heated to 1400 °C at 3 °C min ™, sintered for 4 hours, and then
cooled with 5 °C min~" to room temperature. The final relative
theoretical density of the CeO,, Gdy1Ce 90105 » and Gdg,-
Cepg019 x PLD targets was 81.3%, 88.8%, and 89.4%,
respectively.

Strain, microstructure and structural characterization

An optical profilometer (Sensofar, Schaefer-Tec AG) was used
for measuring the surface profile of the buckled membranes
and flat films. Micro-Raman spectroscopy was carried out on
a WITec Alpha300 (Germany) equipped with a 633 nm wave-
length laser for excitation, a 300 g mm ™" grating, and lateral
resolution of 515 nm. At least 5 Raman measurements on the
center of the thin film (different positions) were performed for
each sample, and the mean value of Raman peak centers was
calculated after fitting etch spectra by the Gaussian function.
The elastic scattering peak was used to calibrate results of each
spectrum under 300 g mm ' grating. Cross-sections of the free-
standing membranes were obtained by focused ion beam
milling using a scanning electron microscope (SEM) equipped
with a Ga" ion beam column (FIB-SEM, Zeiss NVision 40), and
were imaged in SEM secondary electron mode (LEO 1530,
Germany).

Microelectrode processing and electrical characterization

100 nm thick Pt microelectrodes were deposited over the
functional free-standing membranes and/or substrate-sup-
ported films by electron beam evaporation using specially
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designed shadow masks during deposition (physical vapor
deposition, Evaporation Plassys II). For micro-electrical char-
acterization, a custom-made microprobe station was used
(Electrochemical Materials Group, ETH Ziirich, Switzerland and
Everbeing Taiwan). The station was equipped with a hotplate for
controlled heating up to 550 °C, in situ microscopy and vide-
ography, electrically shielded micro-manipulators suitable for
electrochemical impedance spectroscopy, thermocouple posi-
tioners, and a gas flow control system to regulate the atmo-
sphere of the sample. A Reference 600 (Gamry Instruments,
USA) was used to measure resistance via AC impedance spec-
troscopy, and all measurements were performed between the
diagonal pins of the microelectrodes design shown in Fig. 1b
(labelled as Pt2 and Pt4). Further details can be found in ESI
S3.t We add more insights into the fabrication process of the
membranes and reproducibility in ESI S4.F
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