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ABSTRACT: Interfacial strain in heteroepitaxial oxide thin films is a powerful tool for
discovering properties and recognizing the potential of materials performance. Particularly,
facilitating ion conduction by interfacial strain in oxide multilayer thin films has always been
seen to be a highly promising route to this goal. However, the effect of interfacial strain on ion
transport properties is still controversial due to the difficulty in deconvoluting the strain
contribution from other interfacial phenomena, such as space charge effects. Here, we show that
interfacial strain can effectively tune the ionic conductivity by successfully growing multilayer
thin films composed of an ionic conductor Gd-doped CeO, (GDC) and an insulator RE,0,
(RE = Y and Sm). In contrast to compressively strained GDC-Y,0; multilayer films, tensile
strained GDC-Sm,0; multilayer films demonstrate the enhanced ionic conductivity of GDC,
which is attributed to the increased concentration of oxygen vacancies. In addition, we
demonstrate that increasing the number of interfaces has no impact on the further enhancement
of the ionic conductivity in GDC-Sm,0; multilayer films. Our findings demonstrate the
unambiguous role of interfacial strain on ion conduction of oxides and provide insights into the rational design of fast ion conductors
through interface engineering.
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1. INTRODUCTION substrates, such as ALO,, MgO, and NdGaO; (NGO).'*""*
Despite their insulating properties, such substrates generally
cause a large lattice mismatch with oxide thin films, resulting in
poor crystallinity of the films, which, in turn, hampers the
identification of the strain effect on ion conduction.
Furthermore, depending on the combination of materials, it
is difficult to deconvolute the strain contribution from multiple
factors, such as space charge layers (SCLs), to the ionic
conductivity in multilayer thin films. For example, in the case
of undoped ionic conductors with a low intrinsic defect
concentration, such as CeO,, creating a heterointerface with
insulating oxides enabled the enhancement of the ionic
conductivity of CeO, due to the formation of SCLs."
Heterointerfaces between two different doped ion conductors,
such as a lateral multilayer composed of Sm-doped CeO,
(SDC) and Y-doped ZrO, (YSZ),”® also enhanced the ionic

Achieving fast ion transport at reduced temperatures is a key
requirement to develop advanced oxide-based energy applica-
tions, including solid oxide fuel cells,"” batteries,™” oxygen
permeable membranes,” and catalysts.” In recent years, with
the development of thin film technologies, such as pulsed laser
deposition (PLD), growing attention has been directed toward
investigating ion conduction in oxide thin film heterostruc-
tures, where tuning interfacial strain is known as a control knob
for altering the migration of oxygen ions’ ' and the formation
of oxygen vacancies''~'” at heterointerfaces.

In oxide thin film heterostructures, strain can be introduced
into heterointerfaces via lattice mismatch.'* However, by
increasing the lattice mismatch and film thickness, the interface
can change from coherent to incoherent as dislocations are
introduced to relieve strain.'” Appropriate lattice mismatch
and film thickness (a few nanometers thick) are thus essential

for obtaining suitable strain levels (~+3%) to elucidate the Received: May 30, 2023
interfacial strain effect on ion conduction. However, ultrathin Accepted: July 23, 2023
films exhibit extremely large resistance, which makes the choice Published: August 4, 2023

of substrate critical to avoid the substrate shunt current from
dominating the transport. To accurately and reliably evaluate
the oxygen ion conductivity, it is necessary to use insulating
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Figure 1. (a) XRD 0—20 patterns of the epitaxial single layer GDC, Sm,03, and Y, 05 films grown on AL O, substrates. (b) XRD ¢ scans of the 113
reflections of Al,O; substrate, 200 reflections of GDC film, and 400 reflections of RE,O; (RE = Y and Sm). (c) Schematic illustration of in-plane
lattice matching based on XRD 6—20 patterns and ¢ scans (black circles represent oxygens of Al,O;).

conductivity without the formation of SCLs, which were likely
negligible anyway due to the large intrinsic defect concen-
trations.'® However, due to the simultaneous contribution of
two ionic conductors to the total conductivity, deconvoluting
the strain contribution to the total conductivity was impossible.

As a result of such difficulties noted in these material
systems and limited appropriate substrates, the effect of strain
on enhancing the ionic conductivity is still quite controver-
sial.'">*°~>® What is needed to explore the effect of strain on
ion conduction is a precise synthesis of high-quality multilayer
thin films on insulating substrates and the careful selection of
material systems. In particular, an ionic conductor with
abundant oxygen vacancies and an insulator are needed to
exclude the SCLs and the contribution to the ionic
conductivity, respectively. In addition, the lattice mismatch
between these materials should be in the range of ~+2% to
form a coherent interface. To meet these requirements, a
combination of fluorite Gd-doped CeO, (GDC) and bixbyite
RE,O; (RE =Y and Sm) is a promising material combination.

In this work, we present the effect of strain on ionic
conductivity by successfully creating heterointerfaces com-
posed of an ionic conductor GDC and an insulator RE,O; (RE
= Y and Sm) grown on insulating Al,O; substrates.
Considering the lattice mismatch between fluorite GDC and
bixbyite RE,O; (RE = Y and Sm), Sm,0; (a = 10.935 A),**
and Y,0; (a = 10.604 A)* introduce tensile (~1.1%) and
compressive (~—2%) strain, respectively, into GDC (a = 5.410
A).?® The interfacial strain is modulated by controlling the
thickness of each layer in epitaxial GDC-RE,O; multilayer thin
films on Al,O;. In contrast to compressive strain, tensile strain
results in an increase in the oxygen vacancy concentration,
which, in turn, leads to the enhanced ionic conductivity of
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GDC. This work demonstrates that controlling interfacial
strain in multilayer thin films is a simple and effective means to
tune the ionic conductivity of oxides.

2. EXPERIMENTAL DETAILS

2.1. Synthesis of GDC-RE,0; (RE = Y and Sm) Multilayer
Films. Epitaxial GDC-RE,O; (RE = Y and Sm) multilayer films with
different thicknesses of GDC (~5, ~10, ~30, and ~50 nm) were
grown by PLD on single-crystal (0001) AL,O; substrates. To achieve
the desired strain in the GDC films, the thickness of the RE,O; layers
was consistently set at 100 nm on Al,O; substrates to ensure their
relaxation state. The substrates were attached to the PLD substrate
holder using a small amount of silver paint for thermal contact. PLD
was performed using a KrF excimer laser at A = 248 nm, 10 Hz pulse
rate, and ~1 J/cm? fluence under an oxygen partial pressure, p(O,), of
1.3 X 107" atm (100 mTorr) at 700 °C. After completing the
deposition, the samples were cooled to room temperature in the PLD
chamber for 1 h under a p(0,) of 1.3 X 10™* atm (100 mTorr).

2.2. Characterization of Physical and Chemical Properties.
Oxide phase purity and crystallography of the films were investigated
via high-resolution X-ray diffraction (HRXRD) using a four-circle
diffractometer. Measurements were performed using in-plane and out-
of-plane configurations. The thicknesses of the films were
characterized by X-ray reflectivity (XRR) measurements. In situ
HRXRD was performed on a four-circle diffractometer in a p(O,) of 1
atm and a controlled temperature stage (DHS 900, Anton Paar).
Silver paste was used to adhere the thin film sample to the heating
plate. The heating rate was ~10 °C min™’, and the temperature was
held for 20 min at each temperature (25 and 700 °C) before XRD
data were collected. Sample realignment was conducted at each
temperature to maximize the XRD intensities. A full range 6—26
normal scan was collected, and then high-resolution 6—26 normal
scans of GDC (111) and ALO; (0002) were collected. As the
thermocouple for this experiment was placed inside the heating stage,
a small difference between the set and actual temperatures on the
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Figure 2. XRD 6—20 patterns of the epitaxial (a) GDC-Sm,0; and (b) GDC-Y,0; multilayer films grown on Al,O; substrates. X-ray reciprocal
space maps (RSMs) of the (c) tensile strained GDC-Sm,O5 and (d) compressively strained GDC-Y,O; multilayer films.
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Figure 3. Changes of (a) c-axis lattice parameter and (b) in-plane strain of GDC extracted from GDC-RE,O; (RE =Y and Sm) multilayer films as a

function of GDC thickness.

sample surface cannot be excluded. Raman scattering measurements
were performed with an Xplora plus Raman spectrometer. A 50X
magnification long working distance (8 mm) objective was used with
a laser excitation wavelength of 638 nm. The Raman spectra were
collected using the LabSpec 6 software every 1 min.

2.3. Evaluation of lonic Conductivity. To measure the ionic
conductivity of the GDC single layer and GDC-RE,O; (RE = Y and
Sm) multilayer films, in-plane dc measurements were performed with
a source meter (Keithley 2450) in a two-electrode configuration
geometry using silver paste electrodes painted onto the film surface.
The dc measurements were carried out at a temperature of 450 to 700
°C. The dc measurements were also performed while varying the
oxygen partial pressure p(O,) from 107 to 1 atm.

3. RESULTS AND DISCUSSION

3.1. Crystallinity of the Epitaxial GDC-RE,O; (RE = Y
and Sm) Multilayer Films. Prior to the synthesis of
multilayer thin films, the growth of single layer films was
required to optimize the growth conditions for each layer.
XRD 6-20 scans shown in Figure 1 confirmed that GDC and
RE,O; (RE = Sm and Y) single layer films were grown
epitaxially. The films showed only (hhh) peaks, indicating
(111)-oriented films on (0001) AlL,O;. The ¢ scans of the
GDC and RE,O; (RE = Sm and Y) single layer films showed
that (200) GDC, (400) RE,O, (RE = Sm and Y), and (113)
AL O; have strong peaks with 6-fold symmetry (Figure 1b),
which reveals the in-plane crystallographic relationships
between GDC, RE,0; (RE = Sm and Y) and ALO; (in-
plane 30° rotation). According to the 6-fold symmetry of the
(0001) ALO; and 3-fold symmetry of the (111) GDC and
RE,O; (RE = Sm and Y),” single layers of GDC and RE,O;
(RE = Sm and Y) could be deposited on (0001) Al,O; with
the following epitaxy relationship: (111) GDC or (111)
RE,0;l1(0001) AL,O; and [110] GDC or [110] RE,04lI[110]
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ALO;, [110] GDC or [110] RE,04I[110] Al O, (Figure 1c).
The deposition of GDC and RE,O; (RE = Sm and Y) with a 3-
fold symmetry can be achieved in two different directions on
(0001) AL O;, resulting in the 6-fold symmetry observed in the
¢ scans (Figure 1b). It is worth noting that epitaxial Sm,0;
thin films were successfully grown on Al,O;. In fact, despite the
advantages of using Sm,0; as a counterpart material in oxide
multilayer films, the growth of epitaxial Sm,O; films is difficult
compared to that of other rare-earth oxides,”®* which, in turn,
leads to the limited range of strain that can be induced by the
lattice mismatch with other oxides.

Based on the optimized growth conditions of single layers,
epitaxial GDC-RE,O; (RE = Sm and Y) multilayer films were
deposited on ALO; (Figure 2). The films clearly show the
presence of only (hhh) peaks of GDC and RE,O; (RE = Sm
and Y), indicating that the films grew epitaxially. To precisely
control the interfacial strain, the thickness of GDC was
carefully modulated in the nanometer range, which was a
challenge in this study. One concern could be the cation
diffusion between the GDC and RE,O; during film deposition
and ionic conductivity measurements. However, previous
studies already reported that there was no cation interdiffusion
between fluorite CeO, and bixbyite RE,O; due to the
extremely low diffusion coefficients of rare-earth cations in
CeO, at 650 °C and below.'”***" XRD reciprocal space maps
(RSMs) around the 103 Bragg reflections of the Al,O; indicate
that Sm,0; and Y,0; introduced in-plane tensile and
compressive strain, respectively, into GDC (Figure 2¢,d).

3.2. Strain in the Epitaxial GDC-RE,O; (RE = Y and
Sm) Multilayer Films. The systematic change in the c-axis
lattice constant of GDC was observed as the thickness of GDC
decreased in the GDC-RE,O; (RE = Sm and Y) multilayer
films, leading to the change in the in-plane lattice strain of
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Figure 4. Temperature dependence of the ionic conductivity of (a) GDC-RE,O5 (RE = Sm and Y) multilayer films. The ionic conductivity of GDC
single layer (relaxed) is also plotted for comparison. (b) Ionic conductivity comparison between (111)- and (001)-oriented GDC films.

GDC due to the Poisson’s ratio (Figure 3a). The in-plane
lattice strain of GDC in the GDC-RE,O; (RE = Sm and Y)
multilayer films is shown in Figure 3b. The in-plane strain of
GDC increased as the GDC thickness decreased. The GDC
film with a thickness of ~5 nm on Sm,0; was found to have a
strain of ~1.2%, whereas the same thickness of GDC on Y,04
resulted in a strain of —1.9%. For GDC thicknesses less than
50 nm, a negligible change in compressive strain was observed
compared to the tensile GDC-Sm,O; case. This trend implies
that the compressive strain induced at a GDC thickness of ~50
nm has already reached the theoretical compressive strain
calculated from the bulk lattice parameters of GDC and
Y,0,.>>?° These strain calculations based on changes in the in-
plane lattice parameter of GDC are in good agreement with
the RSMs discussed in Figure 2.

3.3. lonic Conductivity of the Epitaxial GDC-RE,O;
(RE = Y and Sm) Multilayer Films. As discussed earlier,
careful attention should be paid to the selection of substrates
and counterpart materials to access the ionic conductivity of
oxide multilayer thin films. If the counterpart materials or
substrates have comparable resistance with the materials under
study, then the measured ionic conductivity can be attributed
to all components. Therefore, the resistance from the substrate
and RE,0; (RE = Sm and Y) without the GDC thin film layer
should be confirmed to be at least 1 order of magnitude lower
than that of the GDC thin film for meaningful measure-
ments.”>*® In this study, we confirmed that the ionic
conductivities of the substrates and RE,O; (RE = Sm and
Y) were at least 3 orders of magnitude lower than that of bulk
GDC (Figure S1).>* In addition, the resistances of the
substrates and RE,O; were more than 1 order of magnitude
larger than that of the GDC thin films.

Figure 4a shows the Arrhenius plots of the conductivity
measured in the temperature range of 450 to 750 °C in air for
the GDC-RE,O; (RE = Sm and Y) multilayer films, as well as
the strain-relaxed GDC single layer as a reference deposited
epitaxially on Al,O;. The ionic conductivity of the GDC-
RE,0; (RE = Sm and Y) multilayer films did not change with
oxygen partial pressure. This result indicates that the
conductivity of the GDC-RE,0; (RE = Sm and Y) multilayer
films was attributed to the ionic conductivity within our test
range (Figure $2).** An increase in the ionic conductivity of
GDC by tensile strain in the GDC-Sm,O; multilayer films was
observed. By decreasing the thickness of GDC in the GDC-
Sm,O; multilayer films, the tensile strain increased, resulting in
an approximate twofold enhancement in the ionic conductivity
of GDC compared to a GDC single layer. While the strain-
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enhanced ionic conductivity was not significant, the enhance-
ment in the in-plane ionic conductivity of doped ionic
conductors by lattice strain is generally less than 1 order of
magnitude due to the structural limitations for coherency
strain.' *?%?*3°~*! Interestingly, decreasing the GDC thickness
resulted in a slight increase in the activation energy from 0.7 to
0.8 eV, which is mainly attributed to the distortion of the
strained lattice.”>**** The GDC-Y,O; multilayer films with
compressive strain exhibited a reduction in the ionic
conductivity, resulting in an approximate twofold decrement
compared to a GDC single layer. However, for GDC-Y,0;
multilayer films with a GDC thickness below ~50 nm, the
compressive strain did not significantly affect ionic con-
ductivity and activation energy, which is consistent with the
observation of negligible changes in compressive strain with
varying GDC thickness as discussed in Figure 3b.

3.4. Effect of Crystallographic Orientations on lonic
Conductivity. In addition to tuning epitaxial strain,
controlling crystallographic orientations of oxides can be
another promising approach to enhance ionic conductivity
since oxygen transport and defect formation energies can be
altered depending on the crystallographic orientations.”**
The orientation of epitaxial films is mainly dependent upon
that of the substrates. In contrast to single-crystal (0001)
AL, which resulted in strained (111)-oriented epitaxial
GDC films, strain-relaxed, (001)-oriented epitaxial GDC films
were grown on single-crystal (110) NGO substrates (Figure
S3). Details about the XRD analysis of (001)-oriented epitaxial
GDC films can be found in the Supporting Information. We
confirmed that the conductivity of the (001)-oriented GDC
film was dominated by an ionic contribution within our tests
(Figure S4). Interestingly, as shown in Figure 4b, the ionic
conductivity of the (001)-oriented GDC film was higher than
that of the (111)-oriented GDC film, most likely due to the
different migration paths for oxygen vacancies that vary with
the crystallographic plane.*****® This result is further
supported by the fact that the activation energy required for
the migration of oxygen vacancies is lower in the (001)
direction than in the (111) direction."* Consequently,
controlling the in-plane strain in (001)-oriented GDC films
is expected to result in enhanced ionic conductivity compared
to the (111)-oriented GDC films,*® but further studies are
needed to confirm this hypothesis.

3.5. Influence of the Number of Strained Interfaces
on lonic Conductivity. As discussed earlier, the structural
limitations for coherency strain constrain the enhancement of
the in-plane ionic conductivity of GDC. To overcome such
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limitations, increasing the number of strained interfaces by
synthesizing oxide superlattices can be an approach.””*® While
oxide superlattices have shown great promise for creating
unique materials properties,””>* the effect of the increased
number of interfaces on ionic conductivity is still under
debate.””*>*7*%%5 To systematically investigate the effect of
the number of interfaces on ionic conductivity, superlattices of
[(GDC),I(Sm,05),],, where n is the number of GDC-Sm,0,
bilayers, were successfully synthesized with n equal to 1, 3, 6,
and 20. The presence of distinct satellite peaks in the XRD 6—
20 pattern for n = 20 indicates the characteristic features of a
superlattice structure (Figure SS), signifying the presence of
well-defined and hi§h—quality interfaces between the two
constituent oxides.”””> To keep the same amount of tensile
strain on the GDC film, we only changed the number of layers
and fixed the GDC thickness at S nm. Interestingly, no
significant difference in the ionic conductivity was shown by
increasing the number of interfaces from 1 to 20 (Figure S).
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Figure S. Temperature dependence of the ionic conductivity of
[(GDC),l(Sm,05),], superlattices. The ionic conductivity of the
GDC single layer (relaxed) is also plotted for comparison.

This observation confirms that the number of interfaces does
not play a crucial role in determining the ionic conductivity of
[(GDC),I(Sm,03),], superlattices, which is consistent with
other studies.”””> A plausible explanation for ionic con-
ductivity that is independent of the number of interfaces may
be made by considering the geometric constraints of planar

thin films. Specifically, as the total thickness of the superlattice
increases, the interfaces can be degraded due to the formation
of misfit dislocations. Ultimately, this degradation can result in
incoherent interface structures, which adversely affect the ionic
conductivity of the system.”>*® This hypothesis can be
supported by a slight decrease in the ionic conductivity
when n 20 in the [(GDC);I(Sm,0;),], superlattices.
Furthermore, the activation energies of the superlattices,
ranging from 0.7 to 0.8 eV, were found to be randomly
distributed without exhibiting a distinct trend. Further studies
are needed to see if controlling the thickness of each layer to
retain coherent interface structures can further enhance the
ionic conductivity of [(GDC);l(Sm,03),], superlattices.

3.6. Relation between Oxygen Vacancy Concentra-
tion and Strain. Tensile strain is generally known to decrease
the energy required for the formation of oxygen vacancies,
increasing the concentration of oxygen vacancies.”'> This
increase in oxygen vacancies is a major contributor to
increased ionic conductivity in oxides.””® In order to examine
the change of oxygen vacancies depending on strain, in situ
HRXRD measurements were performed. Here, we calculated
the unit cell volumes of GDC-RE,0; (RE = Sm and Y)
multilayer films because the unit cell volume of GDC changes
with varying concentrations of oxygen vacancies.””” Based on
the results of the temperature-dependent unit cell volume
(Figure 6a), we calculated the thermal expansion coefficient
(TEC) of the GDC single layer and GDC-RE,O; (RE = Sm
and Y) multilayer films (2.4 X 107°=3.1 X 107° °C™"), which
were found to be comparable with the previously reported
GDC bulk TEC®® (1.25 X 107° °C™!). The unit cell volume of
the GDC-Sm,0O; multilayer film under tensile strain was
observed to be larger than that of the GDC single layer.
Conversely, the unit cell volume of the GDC-Y,0; multilayer
film under compressive strain was found to be smaller. This
observation strongly indicates that tensile strain promotes an
increase in the concentration of oxygen vacancies, while
compressive strain has the opposite effect, reducing their
concentration. The increased oxygen vacancies by tensile strain
are further supported by the results of Raman spectroscopy
measurements (Figure 6b). The peak of the tensile strained
GDC-Sm,0O; multilayer film shifted to lower energy and
became broader compared to relaxed GDC single layer and
compressively strained GDC-Y,0; multilayer film. Previous
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Figure 6. (a) Unit cell volume change as a function of temperature of GDC-RE,O5 (RE = Sm and Y) multilayer films and GDC single layer
obtained from in situ HRXRD measured from 25 to 700 °C in air. (b) Raman peak shift of GDC-RE,O; (RE = Sm and Y) multilayer films and

GDC single layer obtained from Raman spectroscopy measurements.
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studies demonstrated a similar trend in the peak shift to lower
Raman energy and broadening with increased oxygen vacancy
concentration in GDC.®"%> Thus, our in situ HRXRD and
Raman spectroscopy measurements confirmed that the
increased concentration of oxygen vacancies resulting from
tensile strain in GDC-RE,O; (RE = Sm and Y) multilayer films
can enable enhanced ionic conductivity.

4. CONCLUSIONS

In summary, we successfully synthesized multilayer thin films
composed of ionic conducting GDC and insulating rare-earth
oxides RE,O; (RE Y and Sm), demonstrating the
unambiguous effect of strain on ionic conductivity. Compared
to compressively strained GDC-Y,0; multilayer films, tensile
strained GDC-Sm,0; multilayer films exhibited improved
ionic conductivity. The creation of more oxygen vacancies
induced by tensile strain, as confirmed by in situ HRXRD and
Raman spectroscopy results, was responsible for the enhance-
ment of ionic conductivity. However, there was no significant
difference in the ionic conductivity by increasing the number
of interfaces in GDC-Sm,O; superlattices. We also showed
that (001)-oriented GDC films were beneficial for enhancing
ionic conductivity compared to (111)-oriented GDC films.
Our results highlight the importance of properly designing
oxide multilayers to identify the interfacial strain effect on ionic
conductivity and the potential of forming coherent interfacial
strain to tune the ionic conductivity.
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