
ARTICLES
PUBLISHED ONLINE: 15 JUNE 2015 | DOI: 10.1038/NMAT4278

The e�ect of mechanical twisting on oxygen
ionic transport in solid-state energy
conversion membranes
Yanuo Shi, Alexander Hansen Bork, Sebastian Schweiger and Jennifer Lilia Marguerite Rupp*
Understanding ‘electro–chemo–mechanics’ in oxygen ion conducting membranes represents a foundational step towards new
energy devices such as micro fuel cells and oxygen or fuel separation membranes. For ionic transport in macro crystalline
electrolytes, doping is conventionally used to a�ect oxygen ionic association/migration energies. Recently, tuning ionic
transport in films through lattice strain conveyed by substrates or heterostructures has generated much interest. However,
reliable manipulation of strain states to twist the ionic conduction in real micro energy devices remains intractable. Here, we
demonstrate that the oxygen ionic conductivity clearly correlates with the compressive strain energy acting on the near order
of the electrolyte lattices by comparing thin-film ceria-based membrane devices against substrate-supported flat structures.
It is possible to capitalize on this phenomenon with a smart choice of strain patterns achieved through microelectrode design.
We highlight the importance of electro–chemo–mechanics in the electrolyte material for the next generation of solid-state
energy conversion microdevices.

The increased electrochemical conversion efficiency and
reduced scale that thin-film structures bring to micro-
fabricated solid-oxide fuel cells1–4 and thin-film solid-state

batteries5 or performance enhancements in resistive random access
memories6,7 are often compromised by lowered transport kinetics
at reduced operation temperatures. At the low deposition and op-
eration temperatures required to ensure compatibility with today’s
silicon microsystem technology, oxide films remain in ‘metastable
states’ with lattice strain that is expected to affect local order and
therefore the transport properties of the conducting species8–10. In
addition, free-standing oxide film membranes on silicon structures
are subjected to additional mechanical deformations that may alter
charge transport and electrochemical device performances11,12. For
example, micro solid-oxide fuel performance varies in the range
of 26–1,037mWcm−2 at 500 ◦C and open circuit voltage, and so
far there is no satisfactory explanation for these large variations1,3.
Additionally, standard doped zirconia and ceria ionic conductor
films reveal a high variability in ionic conductivity depending on
processing8,9 but this cannot be explained solely by nanoscopical
changes in grain-to-grain boundary ratios.

An alternative explanation may be the electro–chemo–
mechanic13 coupling, the link between ionic charge carrier transport
(‘electro’), chemical stoichiometry (‘chemo’), and mechanical strain
acting on lattice structure (‘mechanic’). Very recently, electro–
mechanic modulations of ionic conductivity by strained interfaces
were reported for substrate-supported thin films, and chemo–
mechanic non-stoichiometry changes under strain were discussed
for film membranes under strain, although the electro–chemo–
mechanic coupling has not yet been pursued experimentally for
real microdevices.

The electro–mechanic modulations of ionic conductivity by
straining oxide volumes are reported for substrate-supported single-
or heterolayer films14–19. Here, the defect thermodynamics and
kinetics are tuned by imposing compressive or tensile strain
introduced by insulating monolayers on ionic conducting layers
in a heterostructure15. Interfacial strain can alter the conductivity

through changes in the hopping sites and frequencies due to
variations of the enthalpies of oxygen-vacancy migration and
association (see Supplementary Information 4). It was reported
for zirconia-based heterolayers with 7% tensile strain that the
conduction can be altered by up to eight orders ofmagnitude20. Even
though these findings are debated, a change in conduction as high as
3 orders of magnitude for strained thin films was confirmed8,14,18,21.
In contrast, compressive lattice strain is reported to reduce the
ionic conductivity and increase the activation energy of ceria- and
zirconia-based thin films14,21–25. Computation of the oxygen ionic
migration enthalpy changes for strained ceria resulted in the recently
reported strain-activated volume tensor model22,23. We confirmed
experimentally the ability of the model to accurately describe the
ionic transport–strain electro–mechanic interaction on the example
of strained Ce0.9Gd0.1O2−x/Er2O3 heterolayer micro-dots15. In the
literature most attention has been paid to modulating electro–
mechanic interaction through strained interfaces of substrate-
supported films, but their integration as free-standing membranes
in micro electrochemical silicon-based devices has still to be
undertaken. In essence, strain engineering has the potential to alter
ionic transport in electrolytes by far more than classic solid-state
doping, and requires attention.

Understanding chemo–mechanic interaction for free-standing
ionic conducting oxidemembranes under strain is a hot topic8,14,21,26.
In numerous technologically relevant micro energy converters,
an ionic conducting oxide thin film serves as a free-standing
(electrolyte) membrane, for example, in micro solid-oxide fuel
cells1,2. Here, fabrication of the device is achieved by free-
etching the substrate area underneath an electrolyte film forming
a strained and buckled ionic conducting membrane27–29. Very
recently, the residual stress and buckling profiles of free-standing
yttria-stabilized-zirconia membranes were investigated by optical
microscopy30,31 and interferometry11,32. Numeric simulations based
on the Rayleigh–Ritz or von Karman methods were used to
analyse the membrane stress patterns with respect to their
thickness11, buckling geometry32, membrane aspect ratio30, or
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Figure 1 | Micro energy conversion membranes with di�erent microelectrode patterns. Model systems to study electro–chemo–mechanics. a, Optical
micrograph of free-standing buckled Ce0.8Gd0.2O1.9−x membranes with various designs of top platinum microelectrodes on a Si3N4/Si chip. b,c, Optical
micrographs of two di�erent Pt microelectrode designs and arrangements on free-standing Ce0.2Gd0.8O1.9−x thin-film membranes. d, Schematic of a
free-standing electrochemical membrane device, for example, micro solid-oxide fuel cell, with an integrated model top electrode design for electric
measurements with respect to biaxial ‘net strains’ (buckling). e, Image of the 15× 15 mm Si3N4/Si chip with up to 16 Ce0.2Gd0.8O1.9−x thin-film
membranes with varied microelectrode designs and local compressive strain patterns (compared with a Swiss 1 CHF coin).

film deposition temperature31. It is reported that mechanical
compressive stress acting on ceria-based membranes can modify
the specific volume and shift the point defect equilibrium33–35.
Such chemical strain effects can influence the elastic modulus and
the overall ionic vacancy concentration and formation34,36. There
have been experimental efforts directed towards describing the
buckling and its impact on membranes, but it remains unclear
what effect these chemo–mechanics may have for the overall ionic
conduction. New fundamentals on electro–chemo–mechanics may
be the missing link, introducing strain as a new material parameter
accessible for tuning ionic transport in metal oxide membranes in
solid-state energy devices.

In the present work we explore the electro–chemo–mechanical
coupling of Ce0.8Gd0.2O1.9−x films by assessing the relative oxy-
gen ionic conductivity change for various compaction degrees
in oxide lattice strain by the use of Pt microelectrodes with
different geometries.

To demonstrate the role of strain on the conductivity char-
acteristics, free-standing buckled membranes are compared with

fully substrate-supported and flat Ce0.8Gd0.2O1.9−x electrolyte films
for similar electrode patterns. Images of various Pt microelectrode
geometries on free-standing buckled membranes of Ce0.8Gd0.2O1.9−x
films, with a total membrane area size of 400 µm× 400 µm, on
a Si chip are shown in close-ups of the Si chip (Fig. 1a–c). For
all membranes, excellent electrode-to-oxide film adhesion proper-
ties are shown independent of the pattern geometry. The changes
in the Ce0.8Gd0.2O1.9−x electrolyte films’ buckling profiles are di-
rectly visible when comparing the different 4-point top Pt elec-
trode geometries (Fig. 1b,c). We observe a maximum buckling of
the Ce0.8Gd0.2O1.9−x film between the two inner electrodes of the
asymmetric arrangement (Fig. 1b), and at the middle of the mem-
brane for symmetric electrode placing (Fig. 1c). We show chip-
level microfabrication and reproduction of the membrane strain
patterns when comparing three membranes per row with similar
electrode patterns (Fig. 1a–c). A schematic of a Ce0.8Gd0.2O1.9−x
buckled membrane and the resulting biaxial compressive strain
acting on its atomistic positions is shown in Fig. 1d. The in situ
heated X-ray diffraction patterns of the Ce0.8Gd0.2O1.9−x films reveal
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Figure 2 | Probing electro–chemo–mechanics, the tie between oxygen ionic transport–oxygen anionic–cationic near order–strain. a,b, Top-view
microscopy visuals and three-dimensional profile images from optical profilometry as well as the corresponding schematic cross-sections of the
substrate-supported flat and free-standing membrane of Ce0.8Gd0.2O1.9−x thin films with top Pt microelectrodes. c, Arrhenius diagram of ionic
conductivity for the substrate-supported flat and free-standing membrane of Ce0.8Gd0.2O1.9−x under compressive strain. d, In situ light
microscopy-recorded high-temperature microstructure evolution showing mechanical compression of the Ce0.8Gd0.2O1.9−x membranes during electrical
conduction measurements at the respective temperatures indicated. e, Evolution of the local maximum mean strain and stress of the free-standing
Ce0.8Gd0.2O1.9−x film measured between the electrode-patterned membrane with respect to in situ heating in air. f,g, SEM micrographs of the FIB-cut
cross-sections for the substrate-supported Ce0.8Gd0.2O1.9−x films with top Pt microelectrodes on Si3N4/Si substrates (f) and for the case of a
free-standing membrane (g). h, Atomistic near-order characteristics: micro-Raman spectra of the F2g cationic–oxygen anionic stretching and phonon
scatter modes of the Gd0.2Ce0.8O1.9−x films with respect to substrate support and hilltops or valleys of the free-standing membrane.

a single (crystalline) phase with a characteristic thermal expansion
coefficient of 1.27×10−5 ◦C−1 for 20–600 ◦C (Supplementary Infor-
mation 1 and 2). A chip with 16 solid oxygen ion conducting mem-
branes with different microelectrode design and strain alterations is
presented in Fig. 1e.

We compare the buckling response and conductivity for an equal
set of Pt microelectrode designs located on top of free-standing
and substrate-supported Ce0.8Gd0.2O1.9−x thin films (Fig. 2). The
microelectrode pattern and flat surface of the Ce0.8Gd0.2O1.9−x
film are apparent from the optical and interferometry im-
ages of the substrate-supported film (Fig. 2a). For the free-
standing Ce0.8Gd0.2O1.9−x film, downward buckling and change in

out-of-plane deflection amplitude up to ωmax = 13 µm is found
(Fig. 2b). For both films, the lattice structure of the Ce0.8Gd0.2O1.9−x
is biaxially compressed: the membrane buckles to reach a new
metastable equilibrium with a net compressive strain resulting from
intrinsic stresses due to the chosen film growth conditions and
also extrinsic ones, that is, thermal expansion mismatch (substrate–
film)13,35,37,38 (Fig. 2b). In Supplementary Information 4, we detail
the nomenclature used in the following and exemplify the effect
of changing the residual net stress from tensile to compressive
for Ce0.8Gd0.2O1.9−x films by initial pulsed laser deposition tem-
perature choice. Only substrate-supported films under residual
compressive (in-plane) stress form buckled membranes because
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tensile stress leads to membrane cracking after substrate removal
(Supplementary Fig. 4).

To quantify the biaxial compressive ‘net strain’ of the membrane
Ce0.8Gd0.2O1.9−x films, we analyse their ‘first-order maximum strain’
measured between themicroelectrodes. The buckledmembrane can
be viewed as a compressed square plate with clamped boundaries
attached to the substrate with a critical buckling strain, εc, given by
equation (1) (ref. 11):

εc=−4.365/(1+ν)(h/L)2 (1)

where ν is the Poisson ratio, L is the length between the elec-
trodes, and h is the film thickness. For the gadolinia-doped
ceria membranes fabricated in this study, a critical buckling
strain of εc=−1.21×10−6 is calculated, which is a factor of
two smaller than yttria-stabilized-zirconia membranes (respec-
tively εc=−2.1×10−6; ref. 11). The classic analysis describes the
first buckling mode for which the residual buckling strain, εr, is
larger than the critical strain (εr>εc). εr can be estimated for the
Ce0.8Gd0.2O1.9−x membranes from the maximum out-of-plane de-
flection amplitude, ωmax, between the inner electrodes, Le (ref. 39):

εr≈
σ0

E
≈

(
ωmax

0.52Le

)2

(2)

where σ0 is the residual stress and E is the elastic modulus of the
material (for example, 17GPa for Ce0.8Gd0.2O1.9−x ; ref. 40). The
calculated residual compressive strain of the Ce0.8Gd0.2O1.9−x
free-standing membranes increases to 0.46 ± 0.004%
(ωmax=13.01±0.01µm and Le = 370 µm) when compared with
the flat Ce0.8Gd0.2O1.9−x substrate-supported films (ωmax=0 µm) at
20 ◦C (Fig. 2a,b). This is in good agreement with another report
of −0.45± 0.01% strain for a membrane of comparable geometry
and chemical composition but without the application of top
microelectrodes33. (Further descriptions of strain states and theory
are provided in Supplementary Information 4.)

The electric conductivity was investigated to evaluate the role of
the residual strain on the Ce0.8Gd0.2O1.9−x membrane by comparing
the substrate-supported thin film and free-standing thin film
through the microelectrodes (Fig. 2c). The Arrhenius behaviour
reveals higher conductivity for the substrate-supported films at
low temperatures as compared with the same material as a free-
standing buckled membrane. The substrate-supported film had an
activation energy of 0.77±0.03 eV, which is in good agreement with
literature on Ce0.8Gd0.2O1.9−x pulsed laser deposited films measured
by microelectrodes8,9 and bulk pellets9,41,42.

The free-standing buckled membrane with a measured residual
compressive strain of −0.46± 0.004% had an activation energy
increase by almost 20% to the value of 0.93± 0.03 eV. To the best
of our knowledge, this is the first measurement of activation energy
changes under strain measured through microelectrode arrange-
ments for free-standing membranes and comparison to literature
is not possible. The predominant oxygen ionic nature of the con-
ductivity for the strained Ce0.8Gd0.2O1.9−x membranes is confirmed
by oxygen partial pressure-dependent conductivity measurements
(Supplementary Information 3). Examples of the electrochemical
impedance spectra are presented in Supplementary Information 5.

We experimentally confirm the computational predictions23 for
these real device structures: a hampered oxygen-vacancy migration
leading to an increased activation energy for Ce0.8Gd0.2O1.9−x fluorite
structures under compressive strain.

Additionally, the Ce0.8Gd0.2O1.9−x films are heated during con-
ductivity measurements demonstrating an increase of compressive
strain from −0.46 to −0.85 ± 0.02% for heating from 20 to
600 ◦C with 5 ◦Cmin−1 (Fig. 2d,e). The focused ion beam (FIB)-cut
scanning electron microscopy (SEM) cross-sections of the Pt

microelectrode and Ce0.8Gd0.2O1.9−x film interfaces and substrates
are shown after the electric and strain measurements for the
substrate-supported samples (Fig. 2f), and free-standing mem-
brane films (Fig. 2g). The cross-sections confirm a good adhe-
sion between the interfaces with no visible alteration after the
electric measurements.

Motivated by the observed change in ionic conduction relative to
the ‘net strain’ measured on these materials, we further investigate
how this electro–mechanic interaction is correlated with the
relative atomistic lattice position changes in the material. It is
important to note that the net strain studied refers to the first-
order maximum strain measured between the device electrodes.
One can additionally observe a smaller amplitude second-order
‘waviness’ that superimposes the in-plane ‘net compressive strain’
(Fig. 2b). We turn to micro-Raman spectroscopy to locally resolve
the anion–cation near order, by measuring the F2g stretching mode
for the substrate-supported and buckled Ce0.8Gd0.2O1.9−x films43
(Fig. 2h). Here, the incident beam is perpendicular to the surface;
that is, the out-of-plane component of the strain shows the biggest
contributions. Based on the strain tensor theorems (Supplementary
Information 4), conclusions can be drawn for the in-plane strain.
We report a characteristic wavenumber of 462.7 cm−1 for the F2g
cation–oxygen stretching mode for the substrate-supported and
flat Ce0.8Gd0.2O1.9−x films. The effective near-order change relative
to the direction of buckling, perpendicular to the surface, could
successfully be determined for the free-standing membrane by an
average net shift of the F2g mode to 464.1 cm−1. We conclude
that all free-standing membranes show compressive in-plane strain
on an atomistic level compared with the flat substrate-supported
film, in agreement with profilometry measurements. The second-
order strain alterations are determined by measuring shifts of the
F2g Raman mode in the ‘hilltops and valleys’ that superimpose
the overall downward buckled membrane (Fig. 2h). An increase
by +0.7 cm−1 (red shift) is measured on the bottom of a valley
and, in congruence, a decrease of −0.7 cm−1 (blue shift) on the
hilltop is measured with a spatial resolution of 850 nm for the
compressively strained membrane. Literature analysis of a high-
pressure study44 reveals that the shifts by 0.7 cm−1 for the free-
standing Ce0.8Gd0.2O1.9−x membranes would correspond to an
effective compressive strain of ∼1.3%. Unlike X-ray diffraction,
Raman is a direct measurement of the near-order change by
oxygen anion–cation vibrations; we rank it as a significant
descriptive characteristic for ionic transport modifications under
strain—connecting lattice near-order bond changes to transport
and strain.

We can, for the first time, locally resolve the near-order changes
in the atomistic position of the fluorite structures for substrate
and self-supported membranes of Ce0.8Gd0.2O1.9−x relative to the
compressive strain imposed. The experimentally observed shifts in
the F2g mode represent the changes in anion–cation near order
under strain. This pinpoints the changes in the oxygen ionic mi-
gration space around a vacancy and potential shifts in the dopant–
host association energies. Both contributions would actively modify
the oxygen ion conduction activation energies as reported under
compressive strain for the Ce0.8Gd0.2O1.9−x membranes versus flat
films in Fig. 2h. (See Supplementary Information 6 for additional
Raman data.)

Based on the observation that compressive lattice strain alters
the ionic conductivity of a free-standing Ce0.8Gd0.2O1.9−x film
when compared with its substrate-supported counterpart, the next
question addressed is how various microelectrode geometries on
top of the films may be employed to modify the strain between
electrodes and subsequently the ionic transport. In Fig. 3a–c, the
microelectrode designs a, b and c fabricated on the Ce0.8Gd0.2O1.9−x
membranes are compared through optical microscopy, optical
profilometry and SEM. The largest buckling is located at the
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Figure 3 | Microelectrode designs to tune strain patterns of oxygen ionic conducting energy conversion membranes. a, Di�erent Pt microelectrode
designs ‘a–c’ on Ce0.8Gd0.2O1.9−x free-standing membranes. b, The optical profilometry illustrates the surfaces of the free-standing membranes with
respect to the applied microelectrode design. c, Top-view SEM micrographs with respect to the applied microelectrode design. d, Comparison of the
activation energy of ionic conduction for the self-supported, compressively strained, membranes with various microelectrode designs relative to the
same electrode designs measured on supported, flat thin-film structures. The according strain characteristics (and stress) are specified for reference
measurements at room temperature based on the maximum out-of-plane amplitude between the electrodes accessed. e, In situ measured strain (stress)
evolution between electrodes with respect to temperature based on maximum out-of-plane amplitude determined between the electrodes.

centre of the membrane independent of microelectrode design.
Increasing the distance between the electrodes from 100 µm to
370 µm increases the out-of plane deformation for our model
designs such that a> b> c. The design of electrode affects the
buckling condition and strain distribution of the Ce0.8Gd0.2O1.9−x
membranes. To quantify the implication of net compressive
strain on the Ce0.8Gd0.2O1.9−x membranes’ ionic conductivity, the
activation energies are compared. The ionic conductivity is shown
for the different microelectrode design (a to c) and electrodes
tested (numbered) for the free-standing and substrate-supported
Ce0.8Gd0.2O1.9−x films (Fig. 3d). The activation energy of ionic
conductivity of the free-standing membranes does slightly increase
with the effective strain measured between the electrodes and
can be tuned through the electrode design pattern: the activation
energy value increases from 0.93 to 1.01±0.04 eV with increasing
compressive strain from −0.46 to −2.70± 0.002%. As a proof-of-
concept, identical microelectrode design patterns a–c were used
for measurements of the flat substrate-supported Ce0.8Gd0.2O1.9−x
films. We confirm a mean activation energy of ionic conduction

of 0.74± 0.03 eV independent of the microelectrode design for
zero-strained and flat films, in which ‘zero strain’ means no strain
from deformation of thin film. The corresponding Arrhenius plots
are presented in Supplementary Information 7.

The experimental evidence presented for the increased
conductivity due to compressive strain supports earlier density
functional theory-based calculations of the effect of strain on lattice
and oxygen ionic transport in the fluorite structures22,23. This effect
can be explained by extended formation of vacancy–dopant clusters
that have been reported with increasing compressive strain in such
structures9, and changes in the oxygen ionic migration enthalpy
that are due to the varied atomistic lattice positions22,23. We confirm
electro–chemo–mechanic interactions through a combination of
near-order cation–oxygen anion analysis by Raman and electric
transport measurements relative to strain in Ce0.8Gd0.2O1.9−x model
structures and devices.

It is interesting to note that the choice of the microelectrode
design pattern alters the effective compressive net strain and
therefore can tune the activation energy by up to ∼0.27 eV
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profilometry. b, The corresponding computed curvature and strain pattern. Here, k denotes the curvature and ε denotes the local strain.

(in-plane); which is of interest for device engineering to actively
manipulate the electro–chemo–mechanics beyond classic doping
strategies. For such devices, understanding and engineering
microelectrode designs to tune the overall net strain but also
second-order buckling patterns and local strain distribution of
the ionic conductor may be the key to new performances. We
exemplify and use the wafer curvature technique to calculate the
local strain distribution in the area between the Pt electrodes on the
free-standing membrane (Fig. 4). Conventionally, the net stress of
the whole membrane is calculated from Stoney’s equation45,46

σ =
hs

2Esk
6(1−vs)hGDC

(3)

where k is curvature, Es is Young’s modulus of the substrate, νs is the
Poisson ratio of the substrate, hs is thickness of the Si substrate, and
hGDC is the thin-film thickness. Here, it is assumed that the influence
of the insulating silicon nitrate layer is negligible compared with the
bendingmoment of the substrate. By assuming elastic deformations,
Hooke’s law can be used to convert stress in the membrane to strain,
that is, ε=σ/EGDC. We exemplify the analysis by the experimental
optical profile measurements of a free-standing Ce0.8Gd0.2O1.9−x
membrane with top Pt microelectrodes of design b measured at
room temperature (Fig. 4a). The in-plane spatial resolution of
the optical profilometry measurements is 1.66×1.66µm. A strain
value, ε, is computed for each pixel (using the parameters:
vs=0.3, hGDC=240 nm, hs = 380 µm, EGDC20=16GPa (ref. 47),
and Es=165GPa (ref. 48)) yielding a strain pattern distribution
over the entire membrane as shown in Fig. 4b. We provide the
corresponding strain computation code open-source (see Methods
for access). It is interesting to note that the effective strains for
valleys and hilltops can range from −2% to 2% depending on the
locality of the Ce0.8Gd0.2O1.9−x membrane (see also Supplementary
Information 8). The optical profilometry measurements agree well
with the Raman analysis of the second-order buckling modes and
demonstrate the power of both complementary techniques to locally
resolve strain patterns in the solid-state membranes relative to
microelectrode design.

Thereby, the compressive strain per membrane area can be
controlled to keep the atomistic positions in equilibrium, facilitating
ionic transport without strong defect clustering and fast migration
pathways for energy conversion membranes. This is an important
strategy to engineer and twist the electro–chemo–mechanics for
energy conversion membranes and thin-film devices based on
Ce0.8Gd0.2O1.9−x materials.

Conclusions
This work shows that electro–chemo–mechanics can actively be
used tomanipulate the cation–oxygen anionic near-order structures
through strain to tune the oxygen ionic transport kinetics of
ceria-based electrolytes. The model experiments and results

presented here demonstrate that the oxygen ionic transport of
Ce0.8Gd0.2O1.9−x electrolyte films is affected by mechanical strain
and can therefore be substantially altered by the design of
Pt microelectrodes. Compressive net strains between electrodes
observed by optical profilometry of up to ∼−2.7% can vary
the activation energy of ionic conductivity by ∼+0.27 eV for
Ce0.8Gd0.2O1.9−x films. We have also developed a code that maps
the second-order strain distribution superimposing the first-order
strain in the membrane by the wafer curvature technique. The
trend for local strain is qualitatively similar to the strain determined
from lattice anionic–cationic bond strength changes by Raman
spectroscopy, and demonstrates this tool as a strong complementary
method for mapping the strain distribution in thin solid films.

The experimental findings onmaterials of strain–ionic transport
alteration rationalize earlier computational reports of defect clus-
tering and reduced ionic migration energy for compressive strain
acting on the fluorite structures22,23. Furthermore, we demonstrate
a proof-of-concept for the manipulation of a material’s electro–
chemo–mechanic coupling through microelectrode design pattern
alterations in realistic micro electrochemical energy conversion de-
vices. The implication of tuning the ionic conductivity of an elec-
trolyte through effective local strains engineered in themembrane is
similarly powerful to using classic solid-solution doping of the host
lattice. It can be concluded that the power data published for micro
solid-oxide fuel cells1,3 result from strong variations in their electro–
chemo–mechanics depending on the mechanical stress forces in the
lattice of the ionic conducting electrolytes at equivalent open circuit
voltage and temperature conditions.

On the basis of the fundamentals established and the hands-
on demonstration through microelectrode model experiments and
computations, it can be recognized that the effective ‘net strain’
on the lattice of the ion conductor membranes directly alters
its activation energy and the absolute conductivity between the
electrodes of a membrane. It is advisable to keep tensile lattice
strains at a maximum for the out-of-plane direction of gadolinia-
doped ceria film electrolytes to accelerate the ionic diffusion in
future micro electrochemical conversion devices such as fuel cells,
electrolysers, and new types of resistive sensor or memristor.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Material synthesis. Ce0.8Gd0.2O1.9−x ceramic targets were synthesized and sintered:
Ce0.8Gd0.2O1.9−x powders (Sigma-Aldrich) were pressed uniaxially and isostatically
at 440 bar for 2min to form a pellet. The pellet was heated to 1,400 ◦C at
3 ◦Cmin−1, sintered for 4 h, and then cooled at 5 ◦Cmin−1 to room temperature.

The substrates used were, in all cases, double-side-coated 200 nm thin
low-stress Si3N4-coated silicon wafers with a (100) wafer orientation (4-inch wafer,
380 µm thick). The Si3N4 was deposited by low-pressure chemical vapour
deposition (Ceramics Laboratory, EPFL).

Pulsed laser deposition (Surface Technologies) was used to deposit thin films
on the wafers using the synthesized targets with a KrF excimer laser with a
wavelength of 248 nm at an energy of 40mJ per pulse and a frequency of 10Hz.
The effective spot size was 6mm2. After reaching the background pressure of
4×10−5 mbar, the thin film was deposited at 400 ◦C and 0.0267mbar O2 pressure.
By this recipe 240±10 nm Ce0.8Gd0.2O1.9−x thin films were obtained after 22,000
pulses. This thickness was used for all sample depositions on Si3N4-coated
silicon chips.

Microfabrication of thin-film membranes. In a first step, the Si3N4-coated silicon
chips were patterned on one side by photolithography to define the membrane
areas with the photoresist ma-N 1420. Following development, the exposed portion
of the Si3N4 was removed by reactive ion etching (Oxford Instruments RIE 80+).
After removing the remaining photoresist by acetone, the wafer was exposed to a
KOH (20% w/w) solution at 90 ◦C for 7 h, whereby free-standing Si3N4 membranes
were formed. In the second step, pulsed laser deposition was employed to deposit
the Ce0.8Gd0.2O1.9−x thin films onto the Si3N4 membranes. Subsequently, the Si3N4

layers were removed and free-etched at the targeted Ce0.8Gd0.2O1.9−x membrane
areas by a second reactive ion etching step. We detail the microfabrication of the
membranes in Supplementary Information 9.

Strain, microstructure and structural characterization. In the experiments, the
surface profiles of the buckling membrane and flat films were obtained by an
optical profilometer (Sensofar, Schaefer-Tec AG). In situ heating experiments were
carried out with a special heating stage (Linkam PS 92 and PS 1500 systems) up to
temperatures of 600 ◦C.

To identify the Ce0.8Gd0.2O1.9−x phases, in situ heated X-ray diffraction patterns
(Bruker D8) were measured using Cu Kα radiation and a stepped heating rate of
5 ◦Cmin−1 between patterns, with each taken at a constant temperature.

Micro-Raman spectroscopy spectra (WITec CRM200) were acquired by a
high-resolution microscope, equipped with a 532 nm wavelength excitation laser
and a spectral resolution of 0.7 cm−1.

Microstructure cross-sections were investigated for the substrate-supported
and free-standing Ce0.8Gd0.2O1.9−x membranes by a FIB scanning electron
microscope (Zeiss NVision 40). The gallium beam-induced deposition of the C
protection layer and then subsequent milling were carried out at 30 kV and 300 pA.
Scanning electron microscopy (SEM, LEO 1530) was used to analyse the surface
tomography of the substrate-supported and free-standing membranes at 3 kV. A
Dektak surface step profiler (Dektak XT Advanced, Bruker) was used to test the
reproducibility of the growth recipe and control possible deviations of the film
thickness from the design parameters.

Microelectrode processing and electrical characterization. The microelectrodes
were deposited by electron beam evaporation (Physical Vapour Deposition,
Evaporation Plassys II) through a shadow mask, resulting in film a thickness of
100 nm, detailed in Supplementary Information 9.

Electrical characterization was performed in a custom-engineered microprobe
station (Electrochemical Materials ETH Zurich Switzerland and Everbeing Taiwan)
equipped with a hotplate for controlled heating up to 550 ◦C, a camera for in situ
microscopy and videography, electrically shielded micromanipulators suitable for
electrochemical impedance and temperature positioners, and a closed and
controllable atmosphere with gas flow control. Electrical characterization was
carried out with a Keithley 6517B with an applied d.c. voltage amplitude of 5mV.
Additionally, electrochemical impedance spectroscopy (Gamry Reference 600) at
200mV and over a frequency range from 1Hz to 1MHz was used. The electrolyte
and electrode responses were separated by using a d.c. bias up to 3V as detailed in
Supplementary Information 5. Temperature was measured with K-type
thermocouples mounted on micromanipulators and a Keithley 2601B. A part of the
steering and computing software is offered open-source in
http://www.electrochem.mat.ethz.ch/opensource/index.

Computation of strain distribution in a free-standing membrane.We developed
a program in MATLAB to compute, from the optical profilometry data of the
free-standing membranes, the local strains based on a wafer curvature technique.
The strain, ε, in each pixel is the sum of the strain components in the x and y
directions. First, the data are smoothed with the MATLAB built-in local regression
function SMOOTH with the method LOESS and a span of 10%, which provides a
smooth curve with a least-squares quadratic fit. Second, the curvature is
determined by the second-order derivative of the smooth curve. A curvature value
is thus assigned to each element and the stress or strain can be determined by
Stoney’s equation (see equation (3)). We provide the corresponding strain
computation as open-source code at http://www.electrochem.mat.ethz.ch/
opensource/index.
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