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R
ecent experimental evidence has
shown that interfacial phenomena at
thin-film heterophase interfaces of

oxygen-ion conducting oxides can signifi-
cantly deviate from those of the oxide bulk,
giving rise to faster or slower ion conduction
pathways, depending on the structural mis-
match at the interface.1�3 Such interfacial
phenomena are often generally ascribed to
strain effects.4�9

A strained interface is the consequence of
the structural mismatch between the two
constituent materials (film on substrate or
multilayers). An elastically strained and co-
herent interface between two materials can
be fabricated when the two adjacent layers
have relatively small difference in lattice
parameter and symmetry and when the
two materials show an almost ideal layer-
by-layer growth mechanism, allowing the

formation of atomically smooth interfaces.
When the structural mismatch between the
twomaterials becomes too large to be elasti-
cally accommodated, the strain is released
and relaxation occurs via the introduction of
lattice defects and/ormisfit dislocations (i.e.,
extra lattice planes are introduced on the
side of the material with the smaller lattice
parameter). Finally, further increasing the
lattice mismatch inevitably leads to a com-
plete breaking of the crystalline symmetry
with the formation of disordered or “inco-
herent” interfaces.10

The excess strain can also relax through
the formation of irregularities at the interface,
such as, for example, a pronounced interfa-
cial roughness, and by breaking the crystal-
line symmetry introducing grain boundaries.
In particular, for the case of polycrystal-
line thin films (or epitaxial thin films with
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ABSTRACT Biaxially textured epitaxial thin-film heterostructures

of ceria and 8 mol % yttria-stabilized zirconia (8YSZ) were grown using

pulsed laser deposition (PLD) with the aim to unravel the effect of the

interfacial conductivity on the charge transport properties. Five

different samples were fabricated, keeping the total thickness

constant (300 nm), but with a different number of heterointerfaces

(between 4 and 60). To remove any potential contribution of the

deposition substrate to the total conductivity, the heterostructures were grown on (001)-oriented MgO single-crystalline wafers. Layers free of high-angle grain

boundaries and with low density of misfit dislocations were obtained, as revealed by X-ray diffraction (XRD) and high-resolution transmission electron

microscopy (HR-TEM) analysis. The crystallographic quality of these samples allowed the investigation of their conduction properties, suppressing any transport

effects along grain boundaries and/or interfacial dislocation pathways. Electrochemical impedance spectroscopy (EIS) and secondary ion mass spectroscopy

(SIMS) measurements showed that for these samples the interfacial conductivity has a negligible effect on the transport properties.

KEYWORDS: pulsed laser deposition . superlattice . heterostructure . interface . strain . oxygen-ion conducting oxides .
secondary ion mass spectrometry
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columnar morphology), the effective average strain
field is difficult to evaluate, and the alternative con-
duction pathway along and across grain boundaries
can hinder the identification of the effect of the inter-
facial conductivity.
Only in the ideal case of samples free from grain

boundaries, with “coherent” and atomically flat inter-
faces, can the lattice strain be directly correlated with
the lattice mismatch between the adjacent layers and
hence the potential effect of an interfacial conduction
pathway arising from the strain be easily identified
(considering in-plane measurements).
To the best of our knowledge, the only literature

reports on the fabrication of grain-boundary-free het-
erostructures comprising an oxygen-ion conductor
and an insulating phase, showing coherent, highly
strained, and atomically flat interfaces are those for
(100) SrTiO3 (STO) substrates.

6,9 However, STO is not a
good insulator at high temperatures, and conductivity
measurements of thin films deposited on STOmight be
significantly affected by the substrate.11

The (100) and (110) MgO substrates, for which the
insulating properties at high temperatures are well-
demonstrated, have been used for the fabrication of
grain-boundary-free ultrathin 8.7 mol % yttria-stabi-
lized zirconia (8.7YSZ; note, in this paper, yttria con-
centrations in yttria-stabilized zirconia will be quoted
as nYSZ, where n is the concentration inmol %) layers.9

An increase in conductivity of 3.5 orders of magnitude
was measured and ascribed to interfacial effects. How-
ever, the lattice misfit between 8.7YSZ and MgO, as
large as�18%, was primarily released by misfit disloca-
tions, and the large increase in conductivity was attrib-
uted to conduction pathways along dislocation lines.
The use of insulating substrates such as MgO or

Al2O3 for the growth of heterostructures made of an
oxygen-ion conducting oxide and an insulating phase
often led to polycrystalline microstructures, and sev-
eral conductivity measurements have been reported
using polycrystalline films, often with columnar mor-
phology.7,10,12�16 Polycrystalline 9.5YSZ-Y2O3 multi-
layered films {(0001) Al2O3|Y2O3| (9.5YSZ|Y2O3) � n}

grown on sapphire substrates with (quasi-)coherent
heterointerfaces along each columnar grain showed
that the conductivity slightly increased and the activa-
tion energy slightly decreased with increasing the
number of interfaces.10 According to the authors, the
grain boundary conduction pathwayplayed a negligible
role in the charge transport. However, the conductivity
of every sample was smaller than the conductivity of
YSZ polycrystalline filmswith comparable average grain
size (samples with 40 interfaces at 560 �C showed
conductivity 4-fold smaller than the conductivity of
YSZ polycrystalline films17).
In general, literature data are quite consistent con-

cerning the increased oxygen-ion conductivity of in-
terfaces showing a large dislocation density,4,7,9 but

whether the interfacial strain can play a significant role
in enhancing the ionic conductivity is still quite a
controversial issue.
In this work, we present the fabrication and char-

acterization of multilayered heterostructures made of
an oxygen-ion conducting oxide, 8YSZ, and a more
insulating phase, CeO2. Comparing the electrical con-
ductivities of the two materials, the total ionic con-
ductivity of the epitaxial CeO2 films is on the order of
10�3 S/cm at 700 �C,18 while 8YSZ shows a bulk con-
ductivity more than 1 order of magnitude larger at the
same temperature.19 The 8YSZ-CeO2 heterostructures
were grown biaxially textured on insulating (001) MgO
substrates and showed a very small density of inter-
facial dislocations. In such samples, only the residual
interfacial strain is expected to be potentially able to
add a further parallel contribution to the total con-
ductivity. To unravel a possible enhancement in con-
ductivity at the interfaces between 8YSZ and CeO2, we
varied the number of interfaces (from 4 up to 60)
keeping constant the total thickness of the hetero-
structures (300 nm).
The heterostructures were fabricated by pulsed laser

deposition (PLD) stacking up several layers of 8YSZ and
CeO2 on (001) MgO wafers. A 10 nm thick seed layer of
SrTiO3 (STO), epitaxially oriented with the (001) MgO
substrate, allowed the heterostructures to grow with
high crystallographic quality without introducing any
significant contribution to the conducting properties
of the samples.

RESULTS AND DISCUSSION

Structural, Morphological, and Chemical Characterization.
Five biaxially textured sets of 8YSZ-CeO2 heterostruc-
tures were fabricated on (001) MgO single-crystalline
substrates keeping the total thickness approximately
constant (300 nm) and varying the number of the
YSZ-CeO2 bilayers, according to the scheme

MgO � STO � CeO2 � (8YSZþCeO2)� n

where n is the number of 8YSZ-CeO2 bilayers, equal to
2, 4, 8, 16, and 30, while the thickness of each individual
bilayer was about 120, 70, 35, 18, and 10 nm, respec-
tively. Table 1 summarizes the characteristics of the
samples that are labeled as sample A, B, C, D, and E.
Since each heterostructure starts and ends with an
insulating CeO2 layer, the selected design ensures a

TABLE 1. Design of the Five Heterostructures Fabricated

and Tested

sample number of bilayers bilayer thickness (nm) number of interfaces

A 2 120 4
B 4 70 8
C 8 35 16
D 16 18 32
E 30 10 60
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symmetric arrangement for the ionically conducting
8YSZ layers.

The highly textured growth of the [(8YSZþCeO2) �
n] heterostructures strongly depends on the crystalline
quality of the MgO-STO-CeO2 structures, which pro-
vide the required crystalline template. MgO, STO, and
CeO2 have the same cubic symmetry but different
crystalline structures (rock salt, perovskite, and fluorite,
respectively) and different lattice parameters (about
4.21, 3.90, and 5.41 Å, respectively).

STO-CeO2 bilayers can grow epitaxially oriented
and biaxially textured on MgO substrates according
with the epitaxial relation [001] MgO//[001] STO//[001]
CeO2 and [100] MgO//[100] STO//[110] CeO2.

20 The
growth of such template structures was analyzed in
detail by X-ray diffraction (XRD) analysis using 300 nm
thick CeO2 films grown on an 80 nm thick STO buffer
layerdeposited in situona (001)MgOsubstrate. Figure 1a
shows the 2θ/θ scan that revealed the epitaxial orien-
tation of the STO-CeO2 bilayer with the MgO sub-
strate. The same figure also reports the measurements
of the reciprocal space maps in terms of in-plane (Qx)
and out-of-plane (Qz) reciprocal vectors (Figure 1b)
acquired toward the asymmetric reflections (103) and
(113) for STO and CeO2, respectively. Phi scans were
also performed along the same asymmetric reflections
and showed the same results reported in ref 20. These
measurements, together with the high-resolution scann-
ing transmission electron microscopy (HR-STEM) anal-
ysis reported here below, showed the biaxial texture of
the STO-CeO2 bilayer.

Within the limits of the technique, the evaluation of
the lattice parameters for these relatively thick layers
showed an almost fully relaxed crystalline structure for
both layers (Figure 1b), as expected for such relatively
large thicknesses.

The very similar value of Qx found for STO and CeO2

toward two asymmetric reflections mutually rotated
in-plane by 45� is a further confirmation of the in-plane
symmetry of the STO-CeO2 bilayer.

The deposition of the [(8YSZþCeO2) � n] hetero-
structures was performed in situ onto the surface of the
MgO-STO-CeO2 template structures described above.

As internal reference for the electrical characteriza-
tion, thin films of 8YSZ about 150 nm thick were also
grownby PLDon (001)-orientedMgOwafers. In spite of
the large lattice mismatch between YSZ (5.14 Å) and
MgO (4.21 Å), epitaxial filmswere obtained, as revealed
by XRD analysis, with a relatively broad (002) rocking
curve (ω scan), with a fwhm of approximately 0.64�.

Figure 2 shows the 2θ�θ scan of the five 8YSZ-CeO2

heterostructures. Every sample showed epitaxial orien-
tationwith thedeposition substrate. For theA (Figure 2a),
B (Figure 2b), and C (Figure 2c) samples, the (002)
reflection lines of the two materials CeO2 (at 2θ ≈ 33�)
and 8YSZ (at 2θ ≈ 35�) could be clearly identified, even
though for sample C the superlattice modulation started
overlapping with the two reflection lines. In the case of
the sample D (Figure 2d), the superlattice modulation
completely overlapped the reflection lines of the two
materials. Finally, sample E (Figure 2e) showed the
typical feature of a superlattice with an average struc-
ture peak surrounded by clearly identifiable first- and
second-order satellite peaks. Sharp and well-defined
satellite peaks suggest a very high quality of the in-
terfaces between the two constituent oxides. The
relative angular position of the satellite peaks allows
a calculation of the thickness Λ of each individual
bilayer according to the equation: Λ = λ/(sin θþ1 �
sinθ�1), whereθþ1 andθ�1 are the angular positions of
the two first-order satellite peaks and λ is the X-ray
wavelength (Cu KR, λ≈ 1.540 Å). For the sample E, this
calculation gave Λ = 97.5 Å, in very good agreement
with the expected thickness (about 100 Å), as derived
from the calibration of the deposition rate performed
by X-ray reflectometry (XRR). Figure 2f shows the XRR
measurements performed on epitaxially oriented thin
films of CeO2 and 8YSZ deposited on (001)-oriented
STO and MgO substrates, respectively. A deposition
rate of about 0.45 Å/shot wasmeasured for CeO2, while

Figure 1. (a) A 2θ�θ scan and (b) reciprocal space maps (RSM) of a CeO2 film grown (001) epitaxial oriented and biaxially
textured on a (001) MgO substrate by means of a thin epitaxial buffer layer of STO.
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a value roughly 4-fold smaller was found for 8YSZ
(about 0.13 Å/shot). These measurements allowed
the deposition of symmetric bilayers, that is, almost
equal thickness for the two materials for each bilayer,
by selecting the appropriate number of laser shots on
each target.

HR-STEM analysis was used for the local microstruc-
tural characterization of the samples. Figure 3a shows a
typical high-angle annular dark-field image of a het-
erostructure (sample E), acquired in the [110] direction
of CeO2 (or 8YSZ), while a HR-STEM micrograph is
shown in Figure 3b. Continuous and well-defined
bilayers of the two materials, as well as the STO seed
layer, are clearly visible. The analysis of selected area
electron diffraction (SAED) patterns acquired in differ-
ent regions along the cross section revealed that each
layer consisted of epitaxial mosaic domains having
various crystallographic tilts within a range of about
(2.5� with respect to the direction normal to the sub-
strate. This epitaxial misorientation was mainly ob-
served for the 8YSZ layers21 and was much larger than
that measured in the case of single films of CeO2 or
8YSZ that showed a value of the fwhm of theω scan of
about 0.3�0.5�. Several types of defects in the hetero-
epitaxial films (i.e., angular rotation, local strain, lattice
bending) can result in divergent angles of the crystal-
lographic orientations.21 In the case of heterostruc-
tures made of several thin layers (62 in the case of
sample E), the cumulative effect of such small tilts
around the growth direction could give rise to the
observed overall precession of the growth direction.
Moreover, the different thermal expansion coefficients
of the four materials used for the fabrication of the
heterostructures could justify the geometrical bending

of the lattice planes with a consequent enhancement
of the mosaic dispersion when the sample is cooled
from the deposition temperature (700 �C) to room
temperature.

Figure 2. X-ray diffraction (XRD) plots of the five heterostructures from (a) to (e) fabricated for this work. (f) X-ray
reflectometry (XRR) measurements of the deposition rates of CeO2 and 8YSZ.

Figure 3. Cross section high-angle annular dark-fieldmicro-
graph along the [110] direction (a) and high-resolution
scanning transmission electron microscopy (HR-STEM) mi-
crograph (b) of sample E.
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An average thickness of about 4.5 and 6 nm was
measured for the CeO2 and the YSZ layers, respectively
(Figure 3b), in good agreement with the expected
value of 5 nm. The interfaces showed an average
roughness of about 1 nm. In agreement with the XRD
analysis, no evidence of misoriented grains was ob-
served, with the exception of few and isolated small
grains in the region close to the STO buffer layer, as
shown in Figure S1a,b in the Supporting Information.

Theoretical simulations based on amorphization and
recrystallization of CeO2-6.7YSZmultilayered structures22

showed that during the crystallization the system passes
through a polycrystalline microstructure that evolves
toward a single-crystalline matrix interrupted by misor-
iented grains. Since the polycrystalline structure is of
higher energy than the single crystal, such misoriented
grains reduce their size with time toward a complete
annealing and a full dissolution. Our experimental HR-
TEM images show a marked resemblance to the sphere
model representation of the theoretical simulation re-
ported in ref 22, and indeed,weobserved thepresenceof
such misoriented grains that were not annealed out
during the film growth. Interestingly, all of these grains
showed epitaxial out-of-plane orientation and a 45�
rotation in-plane. Only a few isolated defects induced
by the local inhomogeneity of the STO seed layer were
observed (see Supporting Information Figure S2).

Geometric phase analysis (GPA) was used to con-
firm the presence of strains along the layers. Omitting
the mathematical basis of the GPA method,23 and the
basic equations of the algorithm of digital processing of
HR-TEM images,24 here only a brief phenomenological
description is presented. The stress in a HR-TEM image is
reflected by the presence of variations in the lattice
periods. Each periodicity in a HR-TEM image is repre-
sented by a spot in the corresponding Fourier transfor-
mation. By analyzing the intensity distribution around the
spot in the Fourier transform, it is possible to directly
determine the distribution of variations in the corre-
sponding interplanar spacing in aHR-TEM image.Usually,
the result of GPA analysis is presented by a color map
where each point corresponds to a local value of the in-
terplanar spacing. In the case of the presence of two un-
strained ideal materials with different lattice parameters,

just parallel strips of different uniform colors (corre-
sponding to the different materials) would be visible.

Considering the latticeparameters ofCeO2 (c=5.41Å)
and 8YSZ (c= 5.14Å), 8YSZ shows a latticemisfit of about
5.1% with respect to CeO2. Digital processing of the
experimental HR-TEM images was performed by the
GPA method using the same approach as described in
ref 24. HR-TEM micrographs of sample E and corre-
spondingmaps of the distribution of the strains εxx and
εyy are shown in Figure 4. According to these maps, the
8YSZ and CeO2 layers are significantly but non-uni-
formly distorted in both directions within the range
from 0 up to 5% (the latticemisfit of the bulkmaterials).

Similar results were obtained by analyzing the re-
ciprocal space maps acquired for CeO2-8YSZ super-
lattices (Figure S3).

The introduction of misfit dislocations in thin-film
structures has been recognized to be the primarymech-
anism for accommodating the lattice mismatch be-
tween CeO2 and 8YSZ21 and CeO2 and 7YSZ.25 Theore-
tical simulation of the crystalline evolution of a 6.7YSZ-
CeO2 multilayer22 foresees the presence of a regular
array of misfit dislocations at the interface to release the
strain. Owing to the larger lattice constant of CeO2 than
that of 6.7YSZ, extra planes of misfit dislocations on the
YSZ side are expected to appear with an average spac-
ing of about 7 nm,with a consequent drastic reduction of
the latticemisfit from 5.1 down to 0.7%. A regular array of
such a dislocation network with an average spacing of
about 3.9 nmwas experimentally observed in CeO2-8YSZ
bilayers deposited by PLD on Si.21 An average spacing
between dislocations of about 3.3 nm was observed in
the case of epitaxial films of CeO2 grown by molecular
beam epitaxy on (001)-oriented 7YSZ single crystals.25

The analysis of several HR-TEMmicrographs acquired for
sample E showed an average total dislocation density of
about 3 � 1012 cm�2. A very similar value of dislocation
density, or even lower, was found for heterostructures
fabricated by coupling 9.5YSZwith Y, Lu, and Sc oxides,13

and the interfaces were described as (quasi-)coherent.
For sample E, most of the identified dislocations quite

clearly accounted for interface dislocations and appeared
more randomly distributed rather than organized in a
sort of regular network. The calculated average spacing

Figure 4. Bright-fieldHRTEM imageof sample E (a) and correspondingmaps of the distribution of the strains εxx (b) and εyy (c).
Some dislocations are marked with circles on (a).
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between adjacent interfacial dislocations was between 6
and 7 nm. This value is very similar to that predicted by
theoretical simulation22 and is almost twice the value
reported in the literature for similar heterostructures.21,25

The interfacial roughness observed in our samples
is probably the reason that prevented the self-
organization of the dislocations at the interfaces into
a more regular array and that justifies the non-uniform
strain field, as revealed by GPA analysis. The reflection
high energy electron diffraction (RHEED) patterns ac-
quired during the growth of the CeO2 layers

26 showed
the typical features of a three-dimensional growth
mechanism, which could be responsible for the en-
hanced interface roughness. Due to the interfacial rough-
ness, the continuity of adjacent lattice planes across the
interfaces could not be unambiguously tracked over
large areas, thus precluding a reliable estimation of the
strength of the residual strain field.

Time-of-flight secondarymass spectroscopy (ToF-SIMS)
was utilized to investigate the depth-dependent composi-
tion of samples A�D and revealed sharp interfaces
over extended (100 � 100 μm) areas together with
minimal contamination in the layers. The analysis of
sample C is shown in Figure S4 in the Supporting In-
formation as an example. Further details are given in
the Supporting Information.

Lateral Oxygen Diffusion Measurements. Oxygen tracer
diffusion measurements were performed on sample D
(featuring 16 bilayers, each of 18 nm thickness) in order

to investigate the extent of diffusion in the layers along
a lateral direction.

Figure 5 shows a compositional depth profile ob-
tained from the 3-D SIMS data set by summing the x�y

analysis planes. This depth profile was then used to
separate the data set into three types of layers along
the z axis: YSZ, CeO2, or an “interlayer”. This interlayer is
definedasa regionwhere the lackofdepth resolutionand
the crater roughness make the composition difficult to
categorize. The individual layer types are annotated on
thedepthprofile in Figure 5a, indicating the schemeused.
Once these categories were determined, the data could
be separated into layers and that for each layer of the
same type summed, for each ion species, along the z axis,
producing three separate X�Y ion image sets. Of central
interest is the distribution of oxygen isotope within the
8YSZ and CeO2 layers in the x direction away from the
exposed region. To obtain good statistics, ion images of
the 16O� and 18O� species were summed along rows
parallel to thegoldedge (on theyaxis) inorder toproduce
line scans in the x direction. The 18O fraction (c*) was then
calculated from the line scans as follows:

c� ¼ [18O]

[18O]þ [16O]

An example of a line scan obtained in such a
manner is shown in Figure 5b.

In the region of sample exposed to the 18O-enriched
atmosphere, there was very little variation in c* with

Figure 5. (a) Depth profile through the top 70 nm of sample D with demarcations indicating the layer classification and (b)
lateral isotopic profile from the masked and subsequently exposed region on the left and the measured diffusion profile,
indicated.
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depth, throughout the films. In order to obtain values of
D* (tracer diffusion coefficient) and k* (tracer exchange
coefficient), the normalized 18O concentration profile
from the gold edge (cr*(x) against x) is fitted to the solu-
tion of Fick's second law for diffusion in a semi-infinite
medium with surface limitation as given by Crank:27

c�r ¼ c
�
(x) � c�bg
c�g � c�bg

¼ erfc
x

2
ffiffiffiffiffiffiffi
D�t

p
� �

� exp
k
�
x

D� þ k
�2t
D�

 !

� erfc
x

2
ffiffiffiffiffiffiffi
D�t

p þ k
�
ffiffiffiffiffiffi
t

D�

r !

where cbg
* is the background 18O concentration (mea-

sured at 0.0022) and cg
* is the 18O concentration of the

annealinggas (0.258). Theprofiles obtained for each layer
type were fitted to this equation using a regression
analysis fit in Matlab.28 Results from these fittings are
detailed in Table 2 aswell as their goodness of fit (χ2); the
data and fitted profiles are shown in Figure 6.

The inherent inaccuracy of edge determination and
the fact that the true surface is not well-defined will
lead to a great deal of error in the surface exchange
coefficient (k*) values with these measurements; how-
ever, of primary interest is the diffusivity (D*) values. All
three layer types, CeO2, 8YSZ, and interlayer, show D*
values which are very similar in magnitude. This effect

was expected and is due to the aspect ratio of the
structures. While the measurements are made on the
scale of tens of micrometers in the lateral direction,
diffusion between films, once the 18O is some distance
from the edge, is only a matter of a few nanometers,
hence oxygen transfer between layers is facile. This
effect has previously been discussed by Perkins et al. in
multilayers of alternating samarium-doped ceria and
undoped ceria.29

Using the Nernst�Einstein equation,30 it is possible
to relate the oxygen-ion diffusion coefficient and its
conductivity contribution. The values at 478 �C were
calculated for the YSZ layer at 5.4 � 10�5 S cm�1 and
for the CeO2 layer at 4.2� 10�5 S cm�1. The value in the
undoped ceria layers will, in this case, be enhanced due
to the interdiffusion of tracer between layers, discussed
previously. If the conductivity in the 8YSZ layers is con-
sidered, however, this value is seen to be in good agree-
ment with that measured by EIS (about 1.3 � 10�5

S cm�1), reported later (Figure 8), confirming that the

Figure 6. Isotopic fraction against depth for the CeO2 (a), interlayer (b), and YSZ layer types (c) with the combined fitted
diffusion profiles (d) for an exchange performed at 487 �C, anneal time ∼3280 s, pO2 = 200 mbar.

TABLE 2. Tracer Diffusion Coefficient (D*) and Tracer

Exchange Coefficient (k*) Values for Each Layer Type

layer D*/cm2 s�1 k*/cm s�1 χ2

CeO2 8.37 � 10�10 2.89 � 10�9 0.002
interlayer 9.68 � 10�10 3.91 � 10�9 0.016
YSZ 9.57 � 10�10 5.39 � 10�9 0.015
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dominant charge carrier is indeed oxygen. The conduc-
tivity values derived by EIS and SIMS at about 480 �C
differ by only about a factor of 2, which is an acceptable
difference, given the very different nature of the two
measuring techniques.

Electrical Characterization. In-plane EIS measurements
were performed in air between 400 and 700 �C. TheMgO
substrate with a 10 nm thick STO buffer layer was initially
characterized. The resulting conductivity of the STO
layer was about 10�4 S cm�1 at 700 �C. At the same
temperature, CeO2 epitaxial films showed a conductiv-
ity more than 1 order of magnitude larger,18 in turn
more than 2 orders of magnitude smaller than the bulk
conductivity of 9.5YSZ.19

As discussed previously, thin oxide films grown by
PLD at high temperature and in relatively low oxygen
partial pressure are typically partially reduced. During
the electrical characterization, performed in air up to a
maximum temperature of 700 �C, the heterostructures
undergo an oxidizing anneal. To check themicrostructur-
al stability of the samples, 2θ�θ scans were measured
after the film growth and after the electrical characteriza-
tion without observing any significant difference.

Figure 7 shows the Arrhenius plots measured for all
of the multilayers, as well as for the 8YSZ thin film
grown epitaxially oriented on MgO, used as an internal
reference for this work. The same plot also reports
literature data of the conductivity of 9.5YSZ single
crystal,19 as well as of the conductivity of epitaxially
oriented CeO2 films grown by PLD.18 To evaluate the
resistivity of the different heterostructures at each tem-
perature, only the sum of the thicknesses of the 8YSZ
layers was taken into account.

As a first observation, the conductivity and the
activation energy of the highly textured 8YSZ film
matched very well the conductivity of 9.5YSZ single
crystal, meaning that the ablation process used for this
work resulted in 8YSZ films with the expected con-
ducting properties.

A second important finding was that the five hetero-
structures showed basically the same values of conduc-
tivity and activation energy (between 1.06 and 1.10 eV),
without any significant trend proportional to the in-
creasing number of interfaces from 4 (sample A) to 60
(sample E). Slightly smaller conductivities than 8YSZ
bulk were measured at high temperatures, while the
small difference in activation energy resulted in a more
pronounced divergence at low temperatures (about a
factor of 2 at 500 �C).

The experimental results obtained in this work can
beeasily explained on thebasis of the followinganalysis.
Let us compare the conductivity of our heterostructures
with the conductivity of a hypothetical sample consist-
ing on a bilayer of CeO2 and 8YSZ with conductivities
σCeO2

and σYSZ, where σCeO2
and σYSZ are the conductiv-

ities of highly textured and fully relaxed films of CeO2
17

and of 8YSZ (this work, or equivalently ref 18).
In our heterostructures, the 8YSZ volume content

varies from a minimum of 40% for sample A up to a
maximum of almost 50% for sample E. Selecting sample
E as an example, we can design this hypothetical bilayer
in symmetric configuration with the two layers of the
same thickness. Finally, assuming the two materials
acting in parallel independently of one another, the
conductivity of such a bilayer can bewritten as σ* = 1/2
(σCeO2

þ σYSZ).
Figure 8 shows the comparison between σ*, calcu-

lated as described above, and the conductivity mea-
sured for sample E, calculated considering the whole
thickness of the deposition (about 300 nm). Figure 8
also reports the conductivities σYSZ and σCeO2

used to
calculate σ* and the conductivity of single-crystal 9.5YSZ
from ref 18. The conductivity of sample D calculated
using the diffusion coefficient measured by SIMS is also
reported for comparison in the same figure.

The conductivity of sample E is very similar to σ*
and shows the same activation energy. Analogous
results were obtained for all of the tested heterostructures.

Figure 8. Comparison between the conductivity of sample
E and the conductivity of a hypothetical highly textured and
fully relaxed bilayer of CeO2 and 8YSZ. The conductivity of
sample D calculated using the diffusion coefficient mea-
sured by SIMS is also reported.

Figure 7. Arrhenius plots measured for samples A�E and
for a highly textured 8YSZ film. For reference, the conduc-
tivities of bulk 9.5YSZ and of epitaxial CeO2 film are also
reported.
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In other words, each heterostructure showed the same
conductivity and activation energy of a fully relaxed
YSZ-CeO2 bilayer. This finding implies that the 8YSZ
thin layers in all of the heterostructures fabricated for
this work showed the same conducting properties as
YSZ bulk, independently on the number of interfaces
(from 4 to 60) and down to a minimum single-layer
thickness as small as 5 nm.

Conductivity measurements were also performed
for every sample at constant temperature (550 and
650 �C) as a function of the oxygen partial pressure
between 1 and 10�4 atm. Throughout the investigated
range of oxygen partial pressure, an almost constant
value of conductivity was measured for each sample
at each temperature. This finding combined with the
tracer diffusivity measurements identifies the oxy-
gen ions as the main charge carriers for the fabri-
cated heterostructures under the experimental con-
dition selected for the conductivity measurements
reported in this work.

Finally, it is worth noticing that, since the increasing
number of interfaces did not affect the mobility, the
nature, and the concentration of the charge carriers,
these measurements suggest that also a potential

interfacial space charge effect plays a negligible role
in affecting the conducting properties.

CONCLUSIONS

The unambiguous identification of the potential
interfacial strain effects on the ionic conductivity re-
quires the fabrication of appropriately designed sam-
ples in which every possible spurious contribution to
the total conductivity is suppressed. This work reports
the fabrication and electrical characterization of 8YSZ-
CeO2 heterostructures in which the only active con-
tributions were those parallel to the bulk and the
interface regions. In detail, the charge transport
through the fabricated heterostructures could not be
influenced by the deposition substrate, the grain
boundary conduction pathways, or the misfit disloca-
tion conducting planes.
Depth profiles performed by ToF-SIMS revealed

excellent quality films showing high uniformity over
a large area with very little cation interdiffusion and no
significant levels of contamination. Oxygen isotope
tracer measurements were performed and allowed
determination of diffusion coefficients in each layer
type. The 8YSZ layers were seen to be those with the

Figure 9. Sample is gold-coated with a region masked off, as shown schematically in (a), the sample is exposed to an 18O-
enriched atmosphere allowing 16O�18O exchange solely at the trench edge. Thegold capping layer is then removed, allowing
SIMS analysis (b), resulting in a three-dimensional data set (c), which can be separated into layer types. The resulting series of
ion images on the x�y plane can be integrated along the z axis (d) allowing relatively low noise line scans to be extracted for
each layer type.
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fastest oxygen diffusion, and the ionic contribution
gave a value in good agreement with bulk YSZ and
those determined from EIS measurements. This con-
firms that the dominant charge carrier in the samples is
oxygen. These ToF-SIMS measurements have demon-
strated a novel technique for measuring both oxygen
diffusion and chemical profiles in ionically conducting
thin film and multilayer samples such as these.
Keeping constant the total thickness of the conduc-

tor at about 300 nm, the number of heterointerfaces
was increased from4 to 60 by reducing the thickness of
each individual layer down to a minimum thickness of
about 10 unit cells. The analysis of the EIS results showed
the same values of conductivity and activation energy for
all of the samples.Moreover, such values are in very good
agreementwith the theoretical conductivity expected for

a fully relaxed and highly textured bilayer of the two
materials, implying that the 8YSZ layers in the hetero-
structures always showed bulk conductivity without any
significant contribution from the interfaces.
Even though the interfacial roughness made ques-

tionable any attempt to quantify the strength of the
residual strain field, GPA and XRD analysis showed
several regions of the 8YSZ interfaces subjected to a
lattice distortion that matched the theoretical lattice
misfit of about 5%. This finding implies that the inter-
faces are non-uniformly but significantly strained.
However, for the described samples from the interface
regions no detectable contribution to the total con-
ductivity occurred over the threshold of the 8YSZ bulk
conductivity, even in the case of layers as thin as about
10 unit cells.

METHODS
Biaxially textured, (001) epitaxially oriented heterostructures

made of 8 mol % Y3O2-stabilized ZrO2 (YSZ) and CeO2 were
prepared by pulsed laser deposition (PLD). Commercially available
(001)-oriented single-crystal MgO wafers were selected as deposi-
tionsubstrates. Abuffer layerof SrTiO3 (STO), about10nmthick,was
deposited in situ onto the substrate surface, providing the required
crystalline matching for the growth of the heterostructures.
The custom-made PLD system used (AOV Ltd., Tokyo) con-

sisted of a vacuum chamber with a base pressure of about 10�6

Pa equipped with a boron carbide resistive heater, a multi-
target carrousel, and a load-lock chamber. The MgO wafer
pretreatment consisted of ultrasonically cleaning in acetone
and isopropyl alcohol, drying with N2, and in situ annealing at
800 �C for at least 30 min at a relatively high O2 partial pressure
(about 50 Pa). The substrate temperature during the deposition
process was set at about 700 �C. The thermal contact between
the sample holder and the deposition substrate was provided
by Au paste. A gas inlet line allowed setting a high purity oxygen
partial pressure of about 5 Pa during the deposition. The target
to substrate distance was set at 75 mm. A KrF excimer laser
(Coherent Lambda Physik GmbH) with a wavelength of 248 nm
and a pulse width of 25 ns was focused on the target material in
a spot area of about 5 mm2 with an energy of about 160 mJ
(measured at the target surface) and a repetition rate between 2
and 5 Hz. During the ablation process, each target was rotating
and oscillating, allowing a uniform ablation of the target sur-
face, while a stainless steel shield avoided cross-contamination
of the targets. The pulsed laser was used to ablate 8YSZ, CeO2,
and STO sintered pellets prepared in our laboratory. A program-
mable control unit allowed programming multistep deposition
processes selecting for each subsequent step the target ma-
terial, the target oscillation amplitude and velocity, the number
of laser shots and the laser frequency for each target.
XRD (PANalytical X'pert Pro MPD) analysis was used for the

calibration of the deposition rate by X-ray reflectivity and to
investigate the crystalline structure of the films. The 2θ/θ scans
were measured to check the epitaxial orientation of the deposi-
tions. Reciprocal space maps toward the (204), (103), and (113)
asymmetric reflections of MgO, STO, and CeO2, respectively,
were acquired to investigate the in-plane texture of the
heterostructures.
High-resolution transmission electron microscopy (HR-TEM)

was carried out using a Tecnai F20ST electron microscope
equipped with a high-angle annular dark-field detector and
operated at 200 kV. Samples for HR-TEM analysis were prepared
by standard techniques, including mechanical polishing fol-
lowed by ion milling using Fischione 1010 ion mill.
To allow oxygen tracer diffusionmeasurements by secondary

ion mass spectroscopy (SIMS), samples were first annealed at

800 �C in 200 mbar of research grade oxygen for >48 h to allow
full oxidation of the films and provide comparability with the
measurements performed by electrochemical impedance spec-
troscopy (EIS), and then gold-coated (∼180 nm) using an Emitech
K575x turbo sputter coater (Emitech LTD), blocking oxygen
exchange at the film surface, while a mask was used to leave a
region exposed. Themasked region (Figure 9a) allowed exposure
to the 18O-enriched atmosphere, and thus the subsequent diffu-
sion occurred under the gold capping layer, in a direction parallel
to the sample interfaces and in the samedirection as the electrical
characterization. After the anneal and oxygen exchange, the
surface gold layer was removed by a combination of agitation
in acetone and light abrasion of the surface with a cotton swab
prior to SIMS analysis (indicated in Figure 9b). The coated sample
was first annealed at the desired exchange temperature for time
tanneal in 200 mbar of oxygen with natural isotopic abun-
dance (∼0.2%) and then in an 18O-enriched atmosphere at the
same pressure and temperature for time texchange where tanneal.
texchange (texchange = 3280 s, T = 487 �C, pO2 = 200 mbar).
Compositional and isotopic depth profiling was performed

by time-of-flight secondary ion mass spectroscopy (ToF-SIMS)
on samples A�E on a TOF.SIMS5 (ION-TOF GmbH, Münster,
Germany). Compositional depth profile analyses were per-
formed with a 500 � 500 μm raster of the Csþ sputter beam
at 2 keV and a rastered 25 keV Biþ beam over an analysis region
of 100 � 100 μm (128� 128 pixels). Charge compensation was
required due to the insulating properties of the samples and
achieved with the use of an electron flood gun. Positive ions
were collected for compositional profiles as this showed greater
sensitivity to the matrix species of interest. Negative secondary
ions were used to obtain oxygen isotopic profiles. Sputtering
through the entire film depth resulted in approximately 2000
individual analysis planes each consisting of 128� 128 pixels.
Each pixel contains a mass spectrum, thus post-analysis, by
selecting an appropriate mass and region of pixels, one can
produce a depth profile. Depth calibration of SIMS depth profiles
was performed bymeasuring ablated crater depths postanalysis
using a Zygo NewView 200 white-light microscope-based
interferometer.
One advantage of the utilization of ToF-SIMS in this work is

the ability to selectively reconstruct data post-analysis from a
data set with three dimensions and a mass spectrum for each
pixel. Ameasurement with both a high lateral (256� 256 pixels,
200 μm2) and subnanometer depth resolutionwas performed in
a region surrounding the edgeof the gold. This produced a three-
dimensional data set using negative secondary ions (represented
in Figure 9c), which could later be reconstructed in various
regions of interest, such as depth profiles on the z axis in certain
x�y regions or ion images of the x�y plane of selected z depths.
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For the electrical measurements, two parallel strip-shaped
Ti�Pt electrodes were deposited on the film surface at a
distance of 1 mm, over an area of about (5� 2) mm2, and wired
to the read-out electronics using Pt paste and wires. Electron
beamdepositionwas used for the thermal evaporation of Ti and
Pt. Then, 10 nm of Ti and 100 nm of Pt films were deposited
in situ at a base pressure of about 5� 10�5 Pa to vacuum, using
an accelerating voltage of 20 kV and an emission current of
about 80 and 250 mA, respectively, achieving a deposition rate
between 1 and 2 Å/s. The electrodes were deposited at room
temperature and patterned by stencil mask.
Electrochemical impedance spectroscopy (EIS) measure-

ments were performed between 1 MHz and 100 mHz in air,
varying the temperature between 400 and 700 �C, using a
multichannel potentiostat VMP3 (Bio-Logic). The charge carrier
nature and relative influence on the charge transport through
the films were studied by acquiring EIS measurements varying
the oxygen partial pressure of the surrounding gaseous envi-
ronment between 1 and 10�4 atm, using O2�N2 and air�N2 gas
mixtures, and monitoring the oxygen partial pressure of the
outlet gas with a zirconia oxygen sensor.
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