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ABSTRACT

We design and create a unique cell geometry of templated micrometer-thick epitaxial
nanocomposite films which contain ~20-nm diameter yttria-stabilized ZrO, (YSZ) nanocolumns,
strain coupled to a SrTiO3; matrix. The ionic conductivity of these nanocolumns is enhanced by
over two orders of magnitude compared to plain YSZ films. Concomitant with the higher ionic
conduction is the finding that the YSZ nanocolumns in the films have much higher crystallinity
and orientation, compared to plain YSZ films. Hence, “oxygen migration highways” are formed
in the desired out-of-plane direction. This improved structure is shown to originate from the
epitaxial coupling of the YSZ nanocolumns to the SrTiO3 film matrix and from nucleation of the
YSZ nanocolumns on an intermediate nanocomposite base layer of highly aligned Sm-doped
CeO, nanocolumns within the SrTiOs; matrix. This intermediate layer reduces the lattice
mismatch between the YSZ nanocolumns and the substrate. Vertical ionic conduction values as
high as 10 Q™ cm™ were demonstrated at 360 °C (300 °C lower than plain YSZ films), showing
the strong practical potential of these nanostructured films for use in much lower operation

temperature ionic devices.



TEXT

Oxygen vacancies in transition metal oxides have attracted renewed attention as
functional ionic defects for the application of ionotronics'™ (ionic + electronic devices such as
memristors and neuristors) and energy materials®® (solid oxide fuel cells and catalysts).
However, achieving high ionic conductivity at temperatures below ~650 °C in a practical way is

a critical challenge.®™®

To achieve fast ion transport, i.e., high ionic conductivity in the well-studied ionic
conductor, yttria-stabilized ZrO, (YSZ) multilayer films with lateral hetero-interfaces have been
widely explored.’®™ Garcia-Barriocanal et al. demonstrated the colossal enhancement of ionic
conduction by several orders of magnitude.’® However, these effects have only been observed in

ultrathin YSZ films (1-nm-thickness) and in the in-plane direction,™

thus limiting their
applications potential.”® In these YSZ multilayer films, it is known that there is disorder of
oxygen sublattice, resulting from relaxation of lattice mismatch strain.’®*> While this may play a

role in enhancing ionic conduction,***

the physical mechanisms of enhanced ionic conduction
at heterointerfaces is still not fully understood.’®* In part, this is because in the planar
multilayer film geometry, the location and extent of the ionic conduction are very hard to probe.
On the other hand, it is clear that the materials combination in the heterostructure is
important.***> Furthermore, as pointed in a recent review,™ the increase of ionic conductivity in
the multilayer films of YSZ and SrTiO; (STO) has a large quantitative scatter from none to 10°
times, compared with single crystalline YSZ. To overcome such ambiguous issues, to obtain a

clear understanding, and to give the ability to tune and enhance the ionic conductivity, new

approaches are needed.



Self-assembled nanocomposite films (hereafter termed nanoscaffold films) have recently
been explored for ionotronics and for energy applications.?> ?® In these films, two epitaxial
oxides phases grow vertically on a single crystal substrate. Compared with lateral multilayer
films, nanoscaffold films have several relative merits. Since each layer is exposed to the surface,
it is electrically addressable without destructive patterning.?***%" Also, while there are a few
interfaces in the lateral multilayers, there are a very large number of interfaces in the
nanoscaffold films. The nanocolumns and the vertical interfaces with the matrix are well ordered
and highly tunable in terms of dimensions and properties, respectively.”® More importantly,
owing to the vertical strain coupling of the two phases, the strain state is preserved in thick
(above micrometer) films.2* Finally, the strain state of nanocolumns and matrix can be
modulated by selection of phases with the appropriate elastic moduli.®®" Despite the
aforementioned advantages, to date, the magnitudes, precise location, origin of and tuning of
ionic conduction in nanoscaffold systems have not been widely explored. This is likely because
the materials combinations have not been selected to achieve very high structural perfection and

alignment of the ionic nanocolumns.

Sub-nanometer-ultrathin films of YSZ (lattice constant of 5.135 A from JCPDS #899069)
grow epitaxially on STO (001) (3.905 A from JCPDS #790174) substrates with a 45° in-plane
rotation to minimize the lattice mismatch.'® Even with the 45° rotation, the lattice mismatch is
still as large as 7.5 %. When thicker films are grown, namely sub-micrometer-thick, a high
concentration of misfit dislocations forms to reduce the strain, and these imperfect crystalline
YSZ films yield reduced oxygen vacancy migration compared to YSZ single crystals.?% On the
other hand, applications of YSZ in fuel cells, oxygen separation membranes, and other ionotronic

devices will require thick films of several micrometer in order to give high durability and



mechanical stability as well as to eliminate any chances of porosity.” Hence, highly epitaxial and
highly crystalline YSZ needs to be developed in micrometer-thick-films. To achieve this, the
level of non-uniform strain in the films should be low and also the substrate must not deteriorate
the film properties. In any planar film systems, the only route to achieving such high quality
films is to grow them to be ultrathin, and to grow them on highly lattice matched substrates.
However, this is obviously impractical for applications. As we show here, the double layer

nanocomposite films overcome both the thickness and substrate limitations.

We fabricated and compared the properties of three different, sub-micrometer thick,
YSZ-based systems, all grown on 1 % at. Nb-doped STO substrates. The first was a plain YSZ
film (system 1, Figure 1c), the second a YSZ-STO nanocomposite film (system II) containing
YSZ nanocolumns embedded in a STO matrix, and the third a Sm-doped CeO, (SDC)-STO
templated YSZ-STO film (system III). In latter system, SDC forms nanocolumns in the STO
matrix, just as YSZ does, but the lattice mismatch of the SDC (lattice constant of SDC is 5.433 A
from JCPDS #750158)) with the STO is lower (1.6 %) compared to YSZ with STO.

We deposited double-layer YSZ-STO/SDC-STO nanoscaffold films by pulsed laser
deposition. The Nb-doped STO (001) single crystals was selected as the substrate since it has
been considered as a solid oxide fuel cell anode material due to redox stability and
electrochemical properties.®** We first grew the SDC-STO nanoscaffold films by ablating a
polycrystalline target containing a 50:50 wt. % mix of SDC and STO. Then, we grew the YSZ-
STO nanoscaffold film on it by ablating a polycrystalline target containing a 50:50 wt. % mix of
YSZ and STO. We in-situ deposited both layers without breaking vacuum by rotating the target
carousel to avoid contamination at the place where both layers were joined. To compare the

enhancement of the cell properties, we deposited both plain single phase YSZ and STO films.



We used a KrF laser (1 = 248 nm) with a fluence of 1.5 J/cm? and a repetition rate of 1 Hz. The
films were grown at a substrate temperature of 800 °C and an oxygen pressure of 0.2 mbar.
Overall film thicknesses were in the range of 400 nm to 2 um. The samples were post-annealed
at 650 °C for 1 hour under 400 mbar O, to assure equilibrium oxygen stoichiometry and to
minimize the creation of oxygen vacancies inside the films. Circular Pt electrodes of 50-um
radius defined by shadow masks were deposited by DC-magnetron sputtering onto the film
surface. X-ray diffraction was carried out with a Panalytical Empyrean high resolution x-ray
diffractometer using Cu-Ka radiation (A = 1.5405 A).

The microstructural characterization was conducted using transmission electron
microscopy (TEM) (FEI Tecnai G2 F20) operated at 200 kV. Cross-sectional samples for TEM
were prepared by a standard manual grinding and thinning of samples with a final ion-milling
step (Gatan PIPS 691 precision ion polishing system).

The transport characteristics as a function of temperature (20 to 550 °C) were measured
using a probe station equipped with a hot plate and an HP 4294A Precision Impedance Analyzer.
For all electrical measurements, we grounded the Nb-doped STO substrate and applied a voltage

to the Pt electrodes.

The ionic conductivity o was measured for the three different film systems. The
measurement of o is described elsewhere.’®?*% As shown in Figure 2a, we measured the
frequency f dependence of the macroscopic ac conductivity g, in system Il in the f-range of 40-
10° Hz with the ion blocking Pt metal electrodes.® Since oy is governed by ion movements in
the bulk at high frequency, o, decreases with decreasing f.*® The power law dependence of o,
universally merges into a,c ~ f at high frequency. Between high and low frequencies, the oy is

independent of f-variation. The plateaus of o, shift upwards with increase of temperature. At low



frequency, o,c decreases again with decreasing f since the electrode polarization effect is
dominant near the electrodes.®® The ions are blocked by the Pt electrodes and accumulated near
the electrodes, leading to the formation of space-charge layers and rapid voltage drop in these
layers. We defined o from the plateaus of ac conductivity, as indicated by star symbols in Figure

2a.

Figure 2b shows the temperature T dependence of ¢ in the range of room temperature to
800 K for the different films and for nominally single crystalline YSZ reported in literature.™
The striking observation from this plot is the very high ionic conductivity values for the
nanoscaffold films (systems Il and I1l) compared to the plain YSZ films (system I) and single
crystalline YSZ. As shown in Table 1, for system 111, o reaches ~10° Q*cm™ at 520 K, while at
least 780 K is required for the same o value for system |. Compared to previous literature values
for planar multilayer films including YSZ, as shown in Figure S1, our ionic conductivity value in
system 111 is higher by 1-3 orders of magnitude, irrespective of micrometer-thick nanoscaffold
film. As listed in Table 1, the activation energies decrease with increase of o-values, i.e., system
| (1.1£0.1 eV), Il (1.1£0.1 eV), and 11l (0.7£0.1 eV), indicating that the oxygen ions can move
with less resistance in system I1l. Also, we note that the dc conductivity values are around one
order of magnitude lower than the ionic conductivity values across the whole temperature range,
as shown in Figure S2, for the system Il film. This proves the strong domination of ionic over

electronic conduction in the YSZ/STO composite system.°

Compared with system | (whose values are in good agreement with other single
crystalline YSZ reported previously'®), the & values measured for system 111 are enhanced by at
least two orders of magnitude. The o values for system Il are also higher than those of system I,

by at least one order of magnitude. System Il has an ionic conductivity higher than plain YSZ



films (system 1) by one order of magnitude. Hence, even for the less crystalline YSZ
nanocolumns of system Il than that of system Ill, a significant increase in ionic conductivity is
still obtained compared to standard plain YSZ films. Since for system Il the ionic conduction is
higher than plain STO films by two orders of magnitude, we can rule out STO being the highly
conducting pathway in system II. We also include in Figure 2b the o of single-layer SDC-STO
nanoscaffold films. The values for single layer SDC-STO are comparable to that of system IlI,
indicating that the bottom SDC-STO nanocomposite layer in system 11l does not limit the rate of

ionic transport in the top YSZ-STO layer which is connected in series.

To understand the physical origin of the enhanced o values for systems Il and Il
compared to system I, we undertook comparative studies of the film morphologies, crystallinity,
alignment, and strain. We show that the key factors for enhancing ionic conductivity are
crystallinity and alignment. We also postulate that interfacial structural mismatch effects cannot
be ruled out as contributing to the enhancement of ionic conduction. We first discuss the results
of the film morphology.

The nanostructure morphology of system Il from TEM in Figure 3a showed that the
YSZ-STO nanoscaffold film is templated on the SDC-STO nanoscaffold film. We note that this
is the first time that such a double-layer nanoscaffold structure has been demonstrated. Figure 3b
shows cross-sectional TEM images revealing the growth of the dark-colored nanocolumns of
SDC in an STO matrix, growing all the way from the substrate, as well as nanocolumns of YSZ
continuing through into the top-layer composite film, as indicated by triangles and circles. The
nanocolumns are distributed with even sizes of ~20-nm-spacing and ~20-nm-diameter. The clean
vertical interfaces between YSZ and STO are shown in the top and bottom images of Figure 3c.

The middle image of Figure 3c shows an enlarged view of the interfacial region between the



YSZ-STO and SDC-STO. It is clear that the YSZ nanocolumns grow on the SDC nanocolumns
and the top STO matrix grows on the bottom STO matrix. The YSZ more readily nucleates on
SDC than on STO since it has the same fluorite crystal structure (Fm3m in the notation of the
space group).®*° Likewise, STO nucleates and grows on STO since it is the same material.
Having established the presence of very fine, highly aligned nanocolumns of YSZ in the films,

we now determine the influences of their crystallinity and alignment on ionic conductivity.

Influence of Crystallinity and Structural Alignment on lonic Conductivity

We study x-ray structural data of systems I, I, and IlIl. Systems Il and Ill are ideal
configurations to compare since they have the same structural misfit and should have similar
strain levels (as discussed below and shown in Table 1). On the other hand, they differ because
they were nucleated on different substrates and hence their levels of alignment and crystallinity
are likely to be different. System I is ideal to compare to the other two systems since it is a plain

YSZ film without any additional vertical interface effects.

The x-ray diffractograms of Figure 4a show that all the different sample types have a
dominant YSZ (00I) orientation with the main reflection being the (002) at 26 =~ 35°. However,
for the plain YSZ films (system I), two peaks also appear at 30° and 50°, corresponding to the
YSZ (111) and YSZ (022) reflections, respectively. The different orientations confirm the
difficulty of achieving a single crystalline orientation when growing the fluorite YSZ phase on
the perovskite STO substrate. On the other hand, for the films of systems Il and Ill, there are
only YSZ (00l) reflections without YSZ (111) and YSZ (022), indicating the role of the

surrounding STO matrix for stabilizing the single orientation.



The ¢-scans of the YSZ (111) and STO (111) reflections in system | (upper two plots of
Figure 4b) show both the 0° and 45° in-plane orientations of YSZ on STO, i..,
<110>ysz || <110>s10 and <100>vsz || <110>s70. For the 0° orientation, the {002} planes of the
YSZ match with the {1103} planes of the STO.*° For system 11, as shown in Figure 4c, only a
single 0° in-plane orientation was obtained for the YSZ component of the film on the STO. This
again shows the strong influence of the STO matrix on the epitaxy of the YSZ nanocolumns.
Owing to the encapsulation of the YSZ nanocolumns by the STO matrix, plus the initial epitaxial
growth on the substrate, 3-dimensional epitaxy occurs in the YSZ nanocolumns, which is very
different from the 2-dimensional planar epitaxy in the planar film case.** For system Ill, as
shown in Figure 4d, only a 45° in-plane orientation was obtained for the YSZ phases. This is
different from system Il because for system Ill the YSZ nucleates on the SDC nanocolumns

which are rotated 45° with respect to the STO substrate.

The bottom plots of Figures 4b-d show @-scans of the YSZ (002) reflections for each
film system. The very large full width at half maximum (FWHM) values of 2.2° for the plain
YSZ film (system 1) can be explained by the several crystal orientations which produce a large
out-of-plane tilting effect. As shown in Figures 4c and d, the FWHM decreases to 1.6° for
system Il and then to 0.9° for system IIl. The FWHM of the SDC peak is only 0.5° and is lower
than for any of the YSZ peaks because it is more closely lattice matched to the STO substrate. It
is clear that for system Il the in-between lattice parameter of the SDC (it is closer to STO than
YSZ is) aids the formation of highly aligned and highly crystalline YSZ nanocolumns which

grow on top of it.

Figure 4e compares reciprocal space maps for the three film types. We scanned around

the (203) STO substrate peak since both the (224) YSZ and (224) SDC peaks have a very strong
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intensity close to this peak. The quantitative peak breadths are shown in Figure 2d and Table 1.
For the plain film of system | (left figure), the substrate-induced strain was fully relaxed, as
would be expected for a 1-um-thick film. A broad (224) YSZ peak in g,-axis was measured,
indicating a large spread of lattice parameters as a result of the gradual strain relaxation through
the film thickness. For system Il (middle figure), the (224) YSZ peak is narrower along the g,-

axis compared to system I, indicating a narrower spread of c-axis lattice parameter values and
hence little strain relaxation through the thickness of the film. This is similar to what has been
observed previously in other SrTiOs-Sm,03 and BaTiO3-Sm,03 nanoscaffold films.?#?%3° The
origin of this phenomenon is that the YSZ crystallinity is controlled by the encapsulating STO
matrix rather than the substrate as is the case in a plain heteroepitaxial YSZ film. Hence, the

YSZ strain state remains constant with film thickness which very unlike the case for standard
planar films where strain varies with film thickness.** The peak g,-position for the (203) STO

matrix is lower than that of the substrate, indicating an extended c-lattice parameter of the STO

matrix, consistent with the 26-6scan in Figure 4a.
Turning now to the highest ionic conductivity films of system Il (right figure), it is
observed that the (224) YSZ and the (224) SDC peaks are narrower along the g,-axis compared

to the systems | and I, and also the intensity of (224) YSZ peak is much stronger than the single

layer nanoscaffold film of system Il. These results show the much higher crystallinity of the
films of system I1I than system 11, as a result of their close lattice match to the SDC nanocolumns

on which they nucleate.

A plot of the FWHM of the YSZ RSM (224) peak along g, for the three systems is

shown in Figure 2d, with the values shown in Table 1. The dependence of the ¢ values on the
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peak widths shows a similar trend as for the FWHM of @-scans in Figure 2c, showing again that
a uniform, highly crystalline, highly aligned lattice is necessary to give enhanced ionic

conduction.

In summary, as shown in Figures 2c and d and in Table 1, the FWHM values of both the
w-rocking curves and g,-values are considerably lower in system I1I than in system Il and both
showing a close correlation to the measured o values. Hence, it is clear that ionic conduction is
enhanced by higher crystallinity, and alignment. Such a highly ordered YSZ lattice provides

“oxygen migration highways?? for ionic transport.

Influence of Strain on lonic Conductivity

The levels of strain induced in the different phases in the three film systems are given in
Table 1. For the films of systems Il and I1l, the film STO (002) reflection at 26 =~ 46° is shifted
down from that of the substrate peak, indicating vertical tensile strain in the STO in the film. For
systems |1, the lattice constant of STO phase is elongated to 3.923 A (tensile strain of 0.46 %, cf.
3.905 A in unstrained STO phase). On the other hand, the lattice constant of the YSZ phase is
decreased to 5.126 A (compressive strain of 0.17 %, cf. 5.135 A in unstrained YSZ phase). Since
the Young’s modulus of STO (175 GPa)* is comparable to that of YSZ (180 GPa),"*? neither
phase dominates the other in terms of the vertical strain and hence both will adjust their lattice

parameters to give the minimal vertical interfacial energy

For the films of system Ill, The STO and YSZ lattice constants of STO and YSZ are
elongated to 3.917 A (tensile strain of 0.31 %) and decreased to 5.124 A (compressive strain of

0.21 %), respectively. The SDC (002) reflection is also observed for system Ill, at 20 =~ 33°,
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indicating the same (00I) orientation as for YSZ, as expected. The lattice constant of the SDC is
decreased to 5.422 A (compressive strain of 0.20 %, cf. 5.433 A in unstrained SDC phase),

almost similar to the YSZ strain.

Comparing film types 11 and 11 the strain levels are close in both systems, and critically,
the YSZ is in compression by the STO in both film types, by 0.17 and 0.21%, respectively, i.e.,
to very similar levels in both systems. Since compressive strain does not enhance ionic

11-1
> and

conductivity because it leads to an increase of the oxygen vacancy migration barrier
since the values are very close for the two systems but the ionic conductivity values are different,
we rule out strain as the origin of the ionic conduction enhancement in our samples. On the other
hand, we should also consider the influence of tensile strain on ionic conductivity of the STO
since strain has been shown to enhance oxygen ionic conductivity in vertical and lateral
multilayer systems.’®*>? The tensile strain reduces the activation energy for oxygen vacancy
migration because the spatial volume of the moving species increases. To determine whether the
tensile strain in the STO phase affects the enhancement of ionic conductivity, we consider recent

calculations of how the ratio of ionic conductivities for strained and non-strained films varies

with the level of epitaxial strain Aa/a. It is found that:

lTl( Ostrained )zlAVM Y Aa (1)
T 3RT 1-va :

Onon-strained
where a represents the lattice constant in non-strained film."""**° The Aa is defined as the
difference of lattice constants for strained and non-strained films. AV, ¥ (=175 GPa),” and v (=
0.232)* represent the volume of migration of oxygen vacancies, the Young’s modulus, and the
Poisson ratio of STO, respectively. Although we do not know the exact A/™-value of STO, we

considered widely-studied YSZ materials (AV™ = 2.08x10° m’mol™) since its ¥ (= 180 GPa) and

V(= 0.3)”’13 are similar to those of STO. In lateral multilayer films of tensile-strained YSZ,
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—Istrained 5 7 and ~16 when Aa/a = 0.03 and = 0.06,'"1*?° respectively. However, the

Onon-strained

expected contribution of tensile-strained STO phase to enhancement of ionic conductivity would
be negligible since Aa/a = 0.0031, i.e., a very low value. Hence, we can rule out strain as being

a contributor to enhanced ionic conduction in our nanoscaffold films.

Influence of Space Charge Effects on Ionic Conductivity

In solid-state ionics, it is widely accepted that when two ionic conductors form an
interface, a fast ionic transport pathways can be generated here due to the overlap of space
charge regions.**** Since the diameter of the YSZ nanocolumns is only ~ 20 nm, we should
consider the effect of space charge regions at the YSZ/STO interfaces as the origin of high ionic
conductivity. However, it is expected that the widths of the space charge regions are very narrow
(below 1 nm) in the heavily doped ionic conductors such as YSZ.*" Therefore, the space charge
region cannot overlap at the vertical interfaces in YSZ-STO nanoscaffold films. It is worth
noting that the additional accumulation of charge carriers at the space charge regions in the
heterostructures made of heavily doped oxides cannot significantly affect the total conductivity
compared with large bulk defect concentrations because the width of the space charge regions

will be too small.*’ Hence, the space charge effect can also be ruled out.

Influence of the Presence of Structurally Misfit Vertical Interfaces on Ionic

Conductivity
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Finally, we consider whether, as well as enhanced ionic conduction along the YSZ
nanocolumns arising from their high crystallinity and alignment, there is additionally enhanced
ionic conduction arising from oxygen vacancies at the interfacial regions in the vertical
nanoscaffolds films of systems Il and Ill. This enhancement effect is possible if there is
structural misfit between the vertical interface, which is indeed the case here owing to the STO
having a perovskite structure and the YSZ having a fluorite structure.”® %" As schematically
shown in Figure 2a, there is incoherent domain matching of 2 x (001)sto-strained (= 2 % 3.905 A =
7.81 A) = 3 x (002)ysz-strained (= 3 x 5.135/2 A =7.71 A). The interfacial structural modifications
will not just be restricted to one or two atomic layers but will penetrate to several atomic layers,
making up a reasonable fraction of the volume of the ~ 20 nm columns.**

In systems I and 11, the o of system Il is much higher than that of system | although the

activation energy is the same (to within error). Since o is expressed as following: o =
%exp (— kE—“T) where T and kg are temperature and Boltzmann constant, respectively, higher o
B

indicates a higher preexponential factor o,. The o, is a materials-dependent preexponential
factor, which is related to the hopping rate, the vibrational frequency of the mobile ions, the
number of equivalent sites per unit volume, the concentration of mobile ions, and the entropy.*®
The constituents will be influenced by presence of the structurally misfit vertical interfaces
which leads to a higher concentration of oxygen vacancies in the interfacial regions. Hence, the
enhancement of ionic conductivity in system Il than system | would be attributed to the increase

of ao-values.

By comparing systems Il and Il which have the same structural misfit of the vertical
hetero-interfaces (in addition to very similar strain states), we can deduce that the effect of

crystallinity and alignment of the YSZ nanocolumns plays at the very least the dominant role in
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enhancing ionic conduction. This is deduced because system 11l with a higher structural quality
than system Il has a considerably higher ionic conduction even though it contains the same
vertical interfaces (i.e., YSZ/STO). However, we cannot rule out the additional, more minor role

of interfacial structural misfit enhancement of ionic conductivity.

In conclusion, using vertical heterointerface nanocomposite films containing ~ 20-nm-
diameter vertical YSZ nanocolumns, we induced ionic conductivity values which are much
higher than that of plain YSZ films by at least two orders of magnitude. The optimum YSZ-
based nanocomposite film was grown with very high orientation and crystallinity by seeding its
growth on a sub-layer of SDC-STO nanoscaffold film, which grows highly aligned and

epitaxially on STO because of the closer lattice match of SDC to STO than YSZ to STO.

The unique nanoscaffold geometry enabled the origin strong enhancement in ionic
conduction in the YSZ to be elucidated: it arises because the nanoscaffold system gives highly
aligned, highly crystalline material which cannot be achieved in standard planar films unless they
are grown to be ultrathin (< 1 nm). Additional enhancement of ionic conduction due to oxygen
vacancies formed near structurally misfit vertical hetero-interfaces between the STO matrix and
the YSZ nanocolumns is also a possibility in this system but it appears to be not the major

contributory factor.

Compared to earlier work where high ionic conductivity was accomplished only in
ultrathin films, here we achieved high ionic conductivity in micrometer-thick films. These self-
assembled films are much more practical for the development of low temperature solid oxide

fuel cells, first because the ions travel in the necessary out-of-plane direction, second because

16



their larger thickness means they are rigid and dense, and third because they have the possibility

to be grown by rapid deposition routes.*
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Figure 1. Schematics of (a) plain YSZ film (system 1), (b) single-layer YSZ-STO nanoscaffold

film (system 1), and (c) double-layer YSZ-STO/SDC-STO nanoscaffold film (system I11).
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Figure 2. (a) Frequency dependence of ac conductivity o, in system Ill. (b) Enhancement of ion
transport in double-layer YSZ-STO/SDC-STO nanoscaffold film. For comparison, we also
include temperature dependence of o in YSZ-STO nanoscaffold film (system II), plain YSZ
films (system 1), SDC-STO nanoscaffold film, single crystalline YSZ,'° and plain STO films.
lonic conductivity dependence of crystallinity, represented by FWHM of (¢) w-scan and (d) g,

respectively.
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Figure 3. Cross-section of double-layer YSZ-STO/SDC-STO nanoscaffold film. (a) Schematic
of self-templated nanoscafold film proposed in this work. (b) “Nano-comb”-like spontaneous
phase ordering in cross-sectional view of YSZ-STO (top layer) and SDC-STO (bottom layer) in
nanoscaffold film, as revealed by cross-sectional TEM image. (c) High-resolution HAADF
image of vertical YSZ-STO interface (top), bordering area (middle), and SDC/STO interfaces

(bottom) in cross-sectional-view.
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Figure 4. Crystal structure of double-layer YSZ-STO/SDC-STO nanoscaffold film. (a) Out-of-
plane epitaxial relationship of double-layer YSZ-STO/SDC-STO nanoscaffold film (red line),
YSZ-STO nanoscaffold film (blue line), and YSZ film (black line), investigated in 26-6 scan by
x-ray diffraction. Investigation of ¢scan and w-scan for (b) YSZ film, (c) YSZ-STO
nanoscaffold film, and (d) double-layer YSZ-STO/SDC-STO nanoscaffold film. () Reciprocal
space maps about the (503) STO substrate for plain YSZ film, YSZ-STO nanoscaffold film, and

double-layer YSZ-STO/SDC-STO nanoscaffold film.
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Table 1. Summary of physical properties of systems I, Il, and Il1.

ivati FWHM from YSZ
System Film structure 10-.'—3 (}811‘ o, ACtNat'OC/ Strain state > 7
(Q"cm™) energy (eV) w® g, (hm?
I YSZ plain 780 1.1+0.1 2.2 1.6
YSZ-STO YSZ: 0.17 % compressive
I nanoscaffold 640 1.1£0.1 STO: 0.46 % tensile 1.6 05
YSZ-STO/SDC-STO YSZ: 0.21 % compressive
1] double-layered 520 0.7x0.1 SDC: 0.20 % compressive 0.9 0.2
nanoscaffold STO: 0.31 % tensile
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