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Emerging proton conductivity at the interface between insulating NdGaO3 and BaZrO3
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This article reports on the interplay between structural properties of the interface region and emerging proton
conductivity in thin films of insulating BaZrO3 perovskite deposited by pulsed laser ablation onto NdGaO3

wide-band-gap insulators. High-resolution transmission electron microscopy and surface x-ray diffraction reveal
the presence of a large number of misfit dislocations at the interface, allowing the full relaxation of the epitaxial
strain. An analysis of the x-ray diffraction patterns reveals strain relaxation that occurs over a thickness of about
3 nm, equally divided between the film and the substrate. Electrical impedance spectroscopy measurements
show a sizeable proton conductance that can mainly be attributed to the defective interface. Assuming that
proton conduction occurs in the interface layer, values of interface conductivity of about 0.5 S/cm at 650 °C
are estimated with an activation energy of about 0.86 eV. Experimental findings are explained assuming that the
defective interface layer can accommodate a very large concentration of carriers whose mobility is somewhat
hindered by the high concentration of structural defects at the interface.
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I. INTRODUCTION

A large variety of novel physical and chemical properties
can arise at the interface between different oxides stacked
in a single heteroepitaxial structure [1]. A short list of such
properties includes high-mobility two-dimensional (2D) elec-
tron gas [2], 2D superconductivity [3–5], and orbital and
magnetic reconstruction [6]. Moreover, in addition to the
electronic properties, ionic properties of interfaces between
oxides currently attract an increasing interest: in some cases,
a sizeable increase of the ionic/proton conduction, up to a
few orders of magnitude, was observed in superlattices where
a large number of layers were stacked in a sequence [7].
Such novel properties were attributed to different interface
phenomena that include epitaxial strain, occurrence of a reg-
ular network of interface dislocations [8–10], the presence
of space-charge regions induced by cation redistribution, and
interface selective doping (see, for instance, Guo and Maier
[11] for a review concerning halides and oxides).

In this framework, Sata et al. [12] investigated CaF2/BaF2

superlattices consisting of thin individual layers (a few tens
of nanometers) and observed an increase of about 2 orders
of magnitude in the overall in-plane ionic conductivity when
the individual thickness of the layers was reduced to about
20 nm. This effect was attributed to space-charge effects with
consequent accumulation of F− carriers at the interface. Ionic
conduction was also investigated in YSZ/R2O3 heterostruc-
tures [13,14] (YSZ denotes Y-doped ZrO2, while R2O3 refers
to Lu2O3, Y2O3, and Sc2O3, respectively). Three systems
were investigated: YSZ/Lu2O3 with almost zero mismatch
(i.e., close to coherent interface), YSZ/Y2O3 with a signif-
icant tensile stress, and YSZ/Sc2O3 films with a significant
compressive stress. In this case, the authors concluded that
the variation of the ionic conductivity could be attributed

to a change in the vacancy’s mobility caused by the elastic
strain rather than by a change in the carrier concentration.
Similarly, superlattices based on Sm-doped ceria and yttrium-
stabilized zirconia layers showed a significant increase of the
ionic conductivity [15]. Once more, tensile strain effects were
suggested to be at the origin of the observed conductivity
enhancement. More recently, the role of the network of misfit
dislocations in the proton conduction of the interface between
neodymium gallate and yttrium-doped barium zirconate was
investigated [16–18]. Surface x-ray diffraction (SXRD) mea-
surements carried out on this system showed that the strain
field related to the network of dislocations at the interface
depends on the annealing conditions, being larger in the case
of annealing in wet conditions as compared to annealing in dry
atmosphere. This result supports the role of the dislocations
cores as a reservoir for hydroxyl groups.

The whole set of studies quoted above indicates that
heterointerfaces and superlattices based on materials with
different lattice parameters represent a promising field both
for studying some fundamental aspects of ionic conduction
and for applications like fuel cells and surface catalysis or
water splitting [19]. However, some critical issues concerning
interfaces and superlattices must be considered before draw-
ing firm conclusions about ionic/proton conduction. Most of
the heterostructures considered above are highly mismatched,
namely, the constituent oxides have a different crystallo-
graphic structure and/or quite different lattice parameter val-
ues. This usually results in a fast relaxation of the mismatch,
through structural defects, leading to a loss of the structural
coherence, in the direction perpendicular to the interface,
within a few crystallographic unit cells (u.c.). Therefore,
transport properties in superlattices, made of a large number
of interfaces stacked in a sequence, can vary strongly along
the multilayer because of the progressive degradation of the

2475-9953/2019/3(10)/103606(7) 103606-1 ©2019 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.3.103606&domain=pdf&date_stamp=2019-10-24
https://doi.org/10.1103/PhysRevMaterials.3.103606


FRANCESCA ZAROTTI et al. PHYSICAL REVIEW MATERIALS 3, 103606 (2019)

structural quality as the distance from the substrate increases.
In superlattices the transport properties should then be deter-
mined as a function of the distance from the substrate with
a spatial resolution high enough to highlight the role of the
interfaces. In order to understand the cause of this increase
in conductivity, the transport properties of the interface be-
tween an ordered substrate and a single overlayer have to be
determined accurately. This procedure has been applied for
understanding the “electronic” properties of individual inter-
faces that present electronic features qualitatively different
from those of the constituent layers (i.e., 2D electron gas [2] or
2D superconductivity [5]). The same approach is more critical
when applied to the study of the ionic/protonic conduction
of an interface. In the latter case the expected changes in
the conductance can be quite small in comparison with the
contributions from the substrate and the film.

In the present paper, we investigate the conduction proper-
ties of a single interface between a NdGaO3 (NGO) substrate
and a BaZrO3 (BZO) film. The two compounds have both a
cubic perovskite structure (actually pseudocubic in the case
of NdGaO3, see Supplemental Material (SM) [20] and Fig. 1
of [18] for a discussion about the true structure), but with a
large difference in the value of the cubic lattice parameter
(0.424 nm for BaZrO3 [21] vs 0.386 nm for NdGaO3 [22]).
Both compounds are undoped and, consequently, they are
expected to be insulators, either electronic or ionic. On the
contrary, electric measurements show a sizeable conductance,
particularly high in wet atmosphere, because of the interaction
between the two constituent layers. A careful investigation
of the structural properties of the interface through high-
resolution transmission electron microscopy (HRTEM), x-ray
reflectivity (XRR), and SXRD allowed relating the transport
properties with a defective layer at the interface between
the two compounds whose thickness is in the nanometric
range.

II. EXPERIMENTAL

BZO films were deposited on 5 × 5 mm2 NGO [(110)-
oriented] substrates by the pulsed laser deposition (PLD)
technique. NGO was chosen as substrate for its relatively wide
band gap and low electronic conductivity. BZO targets were
prepared using a powder synthesized by solid-state reaction.
Starting materials of BaCO3 (99.9%, Sigma-Aldrich), and
ZrO2 (99.9%, Sigma-Aldrich) were mixed with distilled wa-
ter, and then a ball miller was used at a speed of 300 rpm for 12
h. After milling and drying, powders were calcined at 1450 °C
in air for 8 h. During the heating and cooling processes,
samples were heated or cooled to the desired temperature at
a rate of 7 °C/min in order to obtain the BZO perovskite
compound. The PLD apparatus is based on the use of a KrF
excimer pulsed laser source (Compex Pro 110 F, λ = 248 nm)
operated at 10 Hz with an energy density of 2.25 J/cm2. The
growth temperature was held at a value of about 800 °C, while
the O2 pressure in the chamber was 5 Pa with a constant O2

flux of 50 sccm. The thermal contact between the sample
holder and the substrate was provided by Ag paste. The
target-to-substrate distance was kept at 60 mm. BZO films
with different thicknesses, ranging from 2.5 to 500 nm, were
deposited under the same growth conditions.

The HRTEM analysis was performed by JEM-2100Plus
multipurpose transmission electron microscope, combining
the optics of the original JEM-2100 with an advanced control
system for enhanced ease of operation.

The x-ray data were collected at the ID03 SXRD beamline
of the European Synchrotron Radiation Facility, ESRF, in
Grenoble, France [23]. The incident beam was fixed at an
energy value of 16.5 keV, and it was focused at the sample
position to be 100 × 50 μm2 in the directions parallel and
perpendicular to the sample surface, respectively. A 2 × 2 2D
Maxipix detector was used for the experiment. Each pixel of
the detector was treated as an independent detector, and the
diffracted intensity was then projected in the reciprocal space
by using the BINOCULARS software [24].

XRR measurements were carried out at the SixS (Surface
Interface X-ray Scattering) beamline of the SOLEIL syn-
chrotron facility in Paris, France, by using monochromatic
x rays of 15-keV photon energy [25]. Specular rods were
examined using WINROD software [26,27].

Electrochemical impedance spectroscopy (EIS) [28] mea-
surements, performed in order to study the transport properties
of the films, were carried out using a frequency response
analyzer coupled with a dielectric interface. Impedance was
measured in dry air and in wet H2 atmospheres in the tem-
perature range between 400 °C and 650 °C. The frequency
range was 5 MHz–10 mHz with an amplitude AC volt-
age of 100 mV. Two in-plane blocking platinum electrodes,
2 × 5 mm2, were used for the impedance characterization;
therefore, EIS measurements exclusively probe the longitu-
dinal, in-plane conductivity.

III. RESULTS AND DISCUSSION

Figure 1 shows the high-resolution TEM image of the in-
terface between the NGO substrate and the BZO film. In order
to obtain the HRTEM image, a 100-nm-thick BZO sample
was cut along the [110] in-plane pseudocubic crystallographic
direction (a definition of the pseudocubic lattice is given in
Ref. [18]). Therefore, in Fig. 1, the interface between the
film and the substrate runs parallel to the [110] pseudocubic
direction, while the growth direction (perpendicular to the
interface) corresponds to the [001] pseudocubic direction. A
large number of misfit dislocations appears at the interface in
order to relax the large lattice mismatch (about 9%) between
the pseudocubic lattice parameters of the substrate and the
cubic lattice parameters of the film; the yellow arrows in panel
(a) indicate individual dislocations. Dislocations are confined
in a narrow interface layer [see panel (b)]. For a fully relaxed
structure the expected periodicity � of the misfit dislocations
(MDs) network at the interface is given by [18]

� = aBZO × aNGO

aBZO − aNGO

∼= 4.8 nm. (1)

Furthermore, panel (a) shows that the interface MD network
is quite disordered, namely, the distance between neighbor
dislocations (�*) strongly fluctuates along the interface. In
the inset of panel (a), yellow diamonds represent the exper-
imental �* values along the [110] direction. The red curve
represents the Gaussian fit of the experimental �* values
distribution. The distribution is peaked at about 3 nm and it
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FIG. 1. High-resolution TEM image of the BZO/NGO interface. The imaged surface is along the (110) plane of the pseudocubic cell of
the NGO. In (a) each yellow arrow indicates a dislocation at the interface. The inset of panel (a) shows the distribution of the distance between
two adjacent dislocations in nanometers. The red curve represents the Gaussian fit of the dislocation distribution, peaked at about 3 nm with
a FWHM value of about 1.7 nm. In (b) a zoom-in of the interface region is shown. The crystallographic orientation of the BZO cross-section
plane and the relative position of Ba and Zr atoms are reported. Relative positions of Nd and Ga cations of NGO substrate are also displayed.
Yellow dotted lines represent the linear strain relaxation according to the model displayed in Fig. 2.

has a FWHM of about 1.7 nm. In order to relate the latter
quantity to the expected theoretical � value of Eq. (1), we
have to keep in mind that the HRTEM image represents the
(−1 1 0) plane of the cubic structures. On the other hand,
as shown by x-ray diffraction measurements reported in the
SM [20], the dislocations run along the main crystallographic
pseudocubic directions, i.e., along the [100] and [010] di-
rections. Therefore, in order to make a direct comparison
between the experimental �* values and the expected spacing
according to Eq. (1), we have to correct �* by a geometri-
cal factor 2/

√
2. This leads to an experimental � value of

4.2 nm with a large dispersion of about 2.4 nm, in good
agreement with the value given by Eq. (1). In panel (b) a
zoom of the interface region centered at a misfit disloca-
tion is shown. For sake of clarity, we have indicated the
crystallographic orientations of the BZO cross-section plane
and the position of the two cations: red circles indicate
Ba ions, while green circles indicate Zr ions. Yellow dot-
ted lines are a guide for the eye, assuming a linear strain
relaxation.

Figure 2 shows a small portion of the interface simulated
according to a crude model of strain relaxation based on
the indications of the HRTEM images and the SXRD maps.
Far from the interface, on both sides (substrate and film),
the lattice parameter assumes the bulk value (of NGO and
BZO, respectively). At the interface, a disordered network of
dislocations is simulated with missing rows of BZO separated
by a distance �. � values fluctuate with a Gaussian distribu-
tion having a FWHM of 6 u.c., in agreement with the inset
of Fig. 1(a). The lattice spacing increases linearly, starting
from the bulk value of NGO, both in the substrate (along
4 u.c.) and in the film (along 4 u.c.), until it reaches the bulk
value of BZO. Dashed lines in the figure are a guide for the
eye, illustrating the strain relaxation. The overall thickness of

the strained interface region is 8 u.c., corresponding to about
3 nm.

The interface properties were also investigated by XRR
and SXRD using synchrotron radiation. Figure 3 shows the
(001) reflection of the thinnest 2.9-nm-thick BZO film grown
on a NGO substrate. The strong peak at L = 1 is associ-
ated with the NGO substrate. The shoulder on the left side
of the substrate peak and the intensity oscillations on both
sides are the result of the interference between substrate
and BZO film [29]. Data were simulated by a BZO film

FIG. 2. Schematic model of strain relaxation at the interface.
The interface plane is located at the zero reference point. Blue
circles and red circles represent the atom positions in BZO and NGO
structures, respectively. The mean distance between dislocations and
their variance is fixed according to the results in the inset of Fig. 1(a).
The strain is supposed to relax linearly symmetrically in the substrate
(4 u.c.) and in the film (4 u.c.). The overall thickness of the interface
region is 8 u.c., corresponding to about 3 nm.
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FIG. 3. (001) specular rod of 2.9-nm-thick BZO. The red line
represents the simulation of the interference between the NGO
substrate and thin BZO film. The total thickness of the film is 7 u.c.,
with a value of lattice parameter cBZO of about 0.42 nm.

consisting of 7 u.c. Moreover, two parameters (d1, d2), one
(d1) counting for the distance between the outmost plane NdO
of NGO and first plane ZrO2 of BZO and one (d2) counting
for the expansion/compression of the BZO cell along the
z direction, have been introduced. The best simulation, red
curve in Fig. 3, is obtained assuming the film lattice parameter
cBZO equal to 0.42 nm and a distance d1 slightly larger than
cBZO/2(∼0.213 nm). Although the simulation is very crude
and does not take into account any effect related to distor-
tion of the structure or to thermal disorder (Debye-Waller
factors), it reproduces the features of the experimental pattern:
(a) peaks positions [L ≈ 0.63, 0.77, 1.22 reciprocal lattice unit
(r.l.u.)], (b) minima at L ≈ 0.7, 0.83, 1.15 r.l.u., and (c) the
presence of a shoulder at L ≈ 0.9 r.l.u.

Figure 4 shows the reflectivity plot of the 2.9-nm-thick
BZO film: in the main panel we report, together with the
reflectivity experimental data (empty dots), two different the-
oretical simulations of the experimental behavior. The blue
dashed line represents the simulation with a single inter-
face and a single homogeneous layer. The theoretical curve
roughly reproduces the leading oscillations of the experimen-
tal curve but definitely fails in reproducing the beats in the
angular range between 3 and 5 degrees. In order to better
simulate the experimental data in the full angular range inves-
tigated, it is necessary to add a second layer at the interface
with an electronic density intermediate between NGO and
BZO. The red full line represents the double-layer simulation.
The inset of Fig. 4 shows the electronic density profile for
the two-layer simulation. The interface layer is about 1.8-
nm-thick, while the upmost layer is about 2.9 nm thick.
The substrate electronic density was fixed at its theoretical
value, while the density of the two upper layers was varied in
order to improve the simulation. The thickness of the topmost
layer coincides with the value obtained from the diffraction
spectrum of Fig. 3. Such a circumstance indicates that the
topmost layer in the reflectivity measurements agrees with the
BZO film (7 u.c. thick). The intermediate layer (1.8 nm thick)
must be associated with a defective layer at the top on the

FIG. 4. Reflectivity plot of a 2.9-nm-thick BZO film. In the main
panel two different theoretical simulations are compared with the
experimental data. The blue dashed line refers to a simulation of a
single-layer 2.9-nm-thick (∼7 u.c.) BZO film on the NGO substrate.
The red full line is the best fit obtained adding an interface layer
between the substrate and the film, 1.8 nm (∼4 u.c.). In the inset the
electronic density profile of the sample as a function of distance z
from the substrate is reported. Fit parameters referring to the two-
layer simulation are listed in Table I of the Supplemental Material
[20].

NGO substrate. Combining results from x-ray diffraction and
reflectivity, the final scenario emerging is that elastic strain
at the interface does not occur: elemental interdiffusion and
structural defects accommodate, over an interface nanometric
layer, the large difference in the lattice parameters between
substrate and film. Such a defective layer extends for about
four crystallographic unit cells within the substrate and about
for the same extent in the BZO film. X-ray measurements are
generally not sensitive to the specific element but rather to the
overall electronic density. Therefore they do not allow unam-
biguous discrimination among different possible mechanisms.
It is likely that Ga-Zr interdiffusion, Ba, and oxygen defects
play the crucial role for strain relaxation.

Successively, we have investigated by SXRD the crystal-
lographic in-plane order of the interface region where strain
relaxation took place. In Figs. 5(a) and 5(b) we report intensity
diffraction scans along reciprocal space H direction in the
proximity of the (200) and (400) points in the reciprocal
space. The full red lines in (a) and (b) represent the theoretical
simulation of the diffraction curves calculated according to
the interface relaxation model shown in Fig. 2. The model
takes into account the disordered network of MDs. The degree
of disorder has been assumed to be the same as that shown
in the inset of Fig. 1. It can be noticed that the disloca-
tion network, even if disordered as shown by the HRTEM
image of Fig. 1, gives rise to quite sharp extra diffraction
peaks, almost equally spaced, between the peak correspond-
ing to the substrate and that corresponding to the BZO film.
The relative peak intensities depend mostly on the extent
of the defective interface region compared with the extent
of the relaxed film. The width of the diffraction peaks is
related with the degree of disorder in the network of MDs.
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FIG. 5. Surface x-ray diffraction intensity scans along the H
direction around the (200), panel (a), and (400), panel (b), points
in the reciprocal lattice of a 2.9-nm BZO thick film. The full red
lines represent theoretical simulations of the diffraction experimental
data using the interface model shown in Fig. 2. BZO, NGO, and
MDN tags specify the diffraction peaks associated to the film, to the
substrate, and to the misfit dislocation network, respectively.

For the present simulation, the extent of the interface region
was assumed to be 4 u.c. in the substrate plus 4 u.c. in the
film, and the lattice parameter was assumed to vary linearly
in this region. The overall thickness of the film was 7 u.c., in
agreement with the results from the reflectivity measurements.
Both the (200) and (400) scans were simulated using the
same values for the structural parameters. The Supplemental
Material [20] gives further details about the simulation model.
Results from the simulation are in overall agreement with
the experimental behavior regarding the width, position, and
relative peak intensity supporting the model of the interface as
described above.

In Fig. 6(a) the EIS curves are shown for three films of dif-
ferent thicknesses in wet H2 atmosphere at 650 °C. A sketch of
the EIS measurements arrangement is shown in Fig. 3 of the
Supplemental Material [20]. Film thicknesses were 10, 100,

and 500 nm, respectively. Moreover, conductivity data for a
100-nm-thick film of BZO grown on a matching substrate of
MgO are added for comparison in order to exclude a major
contribution to the conductivity from the surface. It can be
noticed that, despite the large difference in film thickness (up
to a factor 50), variations in the real part of impedance are
limited to a factor less than 1.5. Such a circumstance leads
us to conclude that the effective thickness of the conducting
layer is the same for all three investigated samples and that
it does not coincide with the whole thickness of the film.
Most likely, small and uncontrolled differences in film growth
conditions give rise to the measured residual small spread
of the impedance values. Based on the structural analysis,
we assume that electrical conduction could be confined to
the defective interface layer where structural relaxation oc-
curs. Panel (b) of Fig. 6 shows the Arrhenius plot of the
conductivity behavior. The conductivity was calculated using
the resistive part of the impedances while assuming the same
thickness of 3 nm (according to evidence from the structural
measurements) for all films. The dashed line represents the
Arrhenius fit of the whole set of data. The activation energy
from the Arrhenius fit is about 0.86 eV. Such a value is
larger than the value currently quoted for bulk Y-doped BZO
(about 0.5 eV), but it is similar to the activation energy of
the blocking grain boundaries in this system [30]. In the inset
of Fig. 6(b), it is shown that wet H2 atmosphere strongly
enhances the film conductance relative to a dry Ar atmo-
sphere. According to Fig. 6, conductivity values at 650 °C are
comprised between 0.37 and 0.5 S/cm.

NdGaO3 and BaZrO3 are both wide-band semiconducting
oxides with an electronic band gap between 3 and 4 eV
[31,32]. Therefore, because of the large band gap, cation
vacancies or aliovalent cation substitution are expected to
be compensated by oxygen vacancies rather than by elec-
trons/holes in the conduction/valence band. Although we do
not support direct measurements of the electric contribution to
the overall transport mechanism, all our experimental results
are consistent with a negligible electron/hole contribution of
the transport properties. At the same time, stoichiometric
NdGaO3 and BaZrO3 are not expected to show an ionic
contribution to conductivity. However, Y-doped BaZrO3 [33]
and A-B site–doped NdGaO3 [34] are excellent proton and
ionic conductors, respectively. In both cases, doping induces
compensating oxygen vacancies in the perovskite structure
that are crucial for the proton/ionic conduction mechanisms.
In the present case, XRR indicates that a sizeable amount
of defects (such as cations intermixing and cation/anion
vacancies) are generated in the thin layer at the interface
where the strong epitaxial strain relaxes. Such a defective
layer can support proton conductivity with the activation
energy typical of BZY grain boundaries but a higher carrier
concentration. Considering the Einstein relation and using
the value of the planar prefactor D0 from first-principles
molecular dynamic (FPMD) simulations calculated for BZO
film [35] and the experimental value of the activation energy
for the proton conduction process Ea equal to 0.86 eV, we
can obtain a rough estimate of the proton carrier density
of n ∼ 1015 cm−3. Overall, this would result in the large
protonic conductivity at moderate temperatures shown by EIS
measurements.
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FIG. 6. (a) Electrochemical impedance spectroscopy curves obtained for three films with different thicknesses (10, 100, and 500 nm) in
wet H2 atmosphere at 650 °C. (b) Arrhenius plot of conductivity values calculated for the three films of BZO grown on NGO and for a
100-nm-thick film of BZO grown on MgO. The value of conductivity is calculated assuming the same thickness of 3 nm (according to the
Fig. 2) for all the data. The dashed line represents the Arrhenius fitting of the dataset referring to films grown on NGO substrate. The activation
energy from the fit is about 0.86 eV. In the inset of panel (b), conductivity measurement of 100-nm-thick BZO film in dry Ar and wet H2

atmosphere, respectively. The comparison demonstrates the proton contribution to the conductivity.

IV. CONCLUSIONS

HRTEM and x-ray diffraction and reflectivity measure-
ments have allowed us to disclose the nature of the interface
between the strongly mismatched perovskites NGO and BZO.
A quite disordered network of misfit dislocations, assisted
by elemental mixing and other point defects, accommodates
the large lattice mismatch (about 9%) between the film and
substrate in a nanometric layer. Such a highly defective in-
terface region extends over about 4 u.c., both in the substrate
and in the film. No elastic distortion occurs at this interface.
This disordered region has a strong influence on the transport
properties of the film. It creates an abundance of vacancies
which, when filled with hydroxyl ions, increase the ion carrier
concentration density. The enhancement of film conductance
in wet H2 relative to a dry Ar or dry air atmosphere supports
the proton nature of conductivity in these samples. Moreover,
assuming that charge transport occurs in the highly defective
interface region (about 3 nm thick), a conductivity value
equal to about 5 × 10−1 S/cm at 650 °C in wet atmosphere is

estimated. The presence of dislocations, which act similarly
to grain boundaries, enhance the activation energy of the
transport mechanism. The high value of the activation energy
in the Arrhenius plot (0.86 eV) is consistent with previous
grain-boundary conduction measurements in the BZO system.
These results suggest that epitaxial superlattices based on
highly mismatched oxides, having individual layers a few
unit cells thick, can show strongly enhanced ionic/proton
conduction. Our experimental results and the qualitative ex-
planation proposed are related to the in-plane conductivity.
Conventional fuel-cell devices consist of a cathode and an-
ode on the opposite surfaces of an electrolyte membrane,
where the transport is transverse with respect to the surface.
In the actual system we discussed here, in order to take
advantage of the high conductivity values, a planar device
fabrication technology is required. The properties of these
defective interfaces could be useful to fabricate novel dual
miniaturized in-plane solid oxide fuel cells using state-of-
the-art microfluidic and microelectromechanical technology
[36].
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