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Abstract
We report very high lateral ionic conductivities in epitaxial cubic yttria-stabilized zirconia
synthesized on single crystal SrTiO3 and MgO substrates by reactive direct current magnetron
sputtering. Superionic conductivities (i.e., ionic conductivities of the order ~1 Qlem™) are
observed at 500 °C for 58-nm-thick films on MgO. Our results indicate a superposition of two
parallel contributions — one due to bulk and one attributable to the film-substrate interface.
Interfacial effects dominate the conductivity at low temperatures (<350 °C), showing more
than three orders of magnitude enhancement compared to bulk YSZ. At higher temperatures,
a more bulk-like conductivity is observed. The films have a negligible grain-boundary
network, thus ruling out grain boundaries as a pathway for ionic conduction. The observed
enhancement in lateral ionic conductivity is caused by a combination of misfit dislocation
density and elastic strain in the interface. These very high ionic conductivities in the

temperature range 150 — 500 °C are of great fundamental importance but may also be

technologically relevant for low-temperature applications.
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1. Introduction

The field of nanoionics studies nanoscale and interfacial effects on ionic conductors. A
number of studies have indicated that the migration of ions in nanocrystalline materials is
mainly affected by grain boundaries and interfaces,™ which can exhibit orders of magnitude

greater diffusivity than that of the lattice.®

In simplified model systems such as
superlattices,l™ or highly textured thin films,***! these effects have been demonstrated. Of
particular interest to the present work is the cubic yttria-stabilized zirconia (YSZ) system due
to the large-scale application potential as electrolytes in solid oxide fuel cells (SOFCs).[*2*4
We have previously demonstrated a mixed bulk- and grain-boundary conduction mechanism
in sputtered nanocrystalline (nc) YSZ films,!**! reporting increasing ionic conductivity with
decreasing grain size. However, in order to benefit from nanoionic effects in practical SOFCs,
these effects need to be demonstrated at low temperatures, since a key step towards improving
the technology is the reduction of the operating temperature, which is currently above 600 °C.

Relevant literature only presents few cases in which the origin of the enhanced
diffusion at grain boundaries and interfaces has been well established, and usually these
studies have been carried out at elevated temperatures.™® In the present study, we search for
interfacial effects at lower temperatures in the simplest model system possible, i.e., epitaxial
YSZ films devoid of grain boundaries fabricated on various single crystals with different
orientation and lattice mismatch. In this way, we are able to separate contributions associated
with grain boundaries, interfaces, and bulk (lattice) processes.

In the present paper, we report the enhancement in lateral ionic conductivity of up to
3.5 orders of magnitude as compared to bulk YSZ at temperatures as low as 150 °C due to
interfacial effects. At temperatures above 350 °C, a more bulk-like conductivity is observed
for all samples. Superionic conductivities (~1 Qcm™) are ultimately obtained for 58-nm-
thick YSZ films on MgO at a temperature of 500 °C. These very high ionic conductivities in

the temperature range 150 — 500 °C are of great fundamental importance but may also be



technologically relevant especially for unconventional low-temperature micro-SOFC

applications.

2. Results and Discussion

Fig. 1(a), 1(b), and 1(c) show #-26 X-ray diffractograms of YSZ films with different
thicknesses deposited on MgO(110), STO(100), and MgO(111), respectively, with a substrate
temperature of 800 °C. For depositions made on MgO, the observed peaks, corresponding to
cubic YSZ, are shifted towards larger d-values in the out-of-plane direction, compared to
powder diffractograms.*” This shift corresponds to in-plane elastic (compressive) strain of
the order -1%. For depositions made on (a) MgO(110) and (b) STO(100), the #-26 scans
reveal a high degree of out-of-plane alignment of the cubic YSZ films to the respective
substrates, regardless of layer thickness. In Fig. 1(c), alignment to the MgO(111) substrate is
only observed at a YSZ layer thickness of 58 nm.

The inset in Fig. 1(a) shows a pole-figure plot of the YSZ 220 peak for an YSZ layer
thickness of 58 nm, identical to the pole figure (not shown) of the bare MgO(110) substrate,
thus confirming epitaxial growth of the YSZ(220) film on MgO(110). A predominant 220
peak can be seen at zero y, with four additional peaks at y = 60° due to the fourfold symmetry
of {110} planes. The two peaks at y = 45° originate from the MgO 200 peak. The full epitaxy
is lost at a layer thickness of 420 nm, where small contributions from the YSZ 311 peak are
observed (pole figure not shown). The inset in Fig. 1(b) shows a pole figure centered on the
YSZ 200 peak for a layer thickness of 420 nm deposited on STO(100). A predominant 200
peak is observed at zero y. All other peaks are identified as belonging to the substrate. The
four peaks at y = 45° originate from the STO 110 peak. The four peaks at y = 35.3° and the
eight peaks (four double peaks) at y = 65.9° originate from the STO 211 peak. In the inset of

Fig. 1(c), the pole-figure plot of the YSZ 111 peak is shown for a layer thickness of 58 nm. A



predominant 111 peak is observed at zero y, with three additional peaks at y = 70.5° due to the
threefold symmetry of {111} planes.

Fig. 2(a) displays a representative high-resolution TEM (HRTEM) image of the
YSZ/STO interface region, showing good crystalline quality of the sample, and (inset) the
selected area electron diffraction (SAED) pattern across the interface along the (110) direction.
The YSZ/STO interface is seen to be continuous and flat but with some slight distortion of the
first atomic layers of the YSZ interface region. Most importantly, the YSZ shows good
structural coherence with the STO crystal, in agreement with the X-ray diffraction (XRD)
results (cf. Fig. 1(b)), meaning that the YSZ layer grows rotated by 45° around the c-axis and

strains to match the STO lattice in the ab-plane. This ensures a large, in-plane expansive

strain in the YSZ interface layer of 7.37% (aysz/~2 = 3.64 A, asto = 3.90 A), thereby
creating distortion of the first atomic layers of YSZ. The epitaxial strain results in periodic
strain contours, which can be seen from low-magnification images of the YSZ/STO TEM
cross section (not shown). Fig. 2(b) shows a HRTEM image of the interface region of YSZ
deposited onto MgO(110) (the highlighted region marked (c) in Fig. 2(b) is shown magnified
in Fig. 2(c)). The inset in Fig. 2(b) shows an SAED pattern across the YSZ/MgO interface
along the (001) direction, thus confirming the cube-on-cube growth. However, compared to
the relatively flat YSZ/STO interface in Fig. 2(a), a more open and disordered YSZ/MgO
interface region is revealed in the main of Fig. 2(b). The very large lattice misfit (-18.01%)
between YSZ (aysz = 5.14 A) and MgO (amgo = 4.22 A) cannot be compensated solely by
elastic strain. Hence, relaxation occurs by the introduction of misfit dislocations at the
YSZ/MgO interface, as shown in Fig. 2(c). An irregular, high density misfit dislocation
network extends along the entire YSZ/MgO interface, which reduces the residual elastic strain
to the order -1% (cf. Fig. 1(a)). Consequently, the growth mode of the YSZ layer is relaxed

heteroepitaxial growth through the formation of a semicoherent YSZ/MgO phase boundary.



The TEM and X-ray studies confirm the epitaxial growth of the YSZ thin films which
appear to have negligible grain boundaries parallel to the substrate. This ensures that the
lateral current flow is not influenced by grain boundaries. For the usual frequency range f =1
Hz to 1 MHz, and assuming the absence of inductive effects, many ionic conductors obey the

following relation:!*®!

o'=0(0)+o,(f), 1)

where o' is the real part of the ac conductivity, (0) is the extrapolation of the ac conductivity
to zero frequency, i.e. the dc conductivity aqc, and o(f) is the polarization conductivity. We
have plotted isotherms of the lateral conductivity (real part ¢") of the thinnest YSZ layer on
MgO(110) versus frequency in a double logarithmic plot (Fig. 3). A typical response of ionic
conductors is observed in the figure.[lg'zo] The o4 value is found to be thermally activated. At
high temperatures, the dc conductivity dominates almost over the entire frequency range, and
at lower temperatures, the conductivity curves are shifted downwards, and the dc conductivity
is only found at lower frequencies. At a measuring temperature of 197 °C, the conductivity is
entirely polarized throughout the frequency range. No blocking effects due to grain
boundaries or electrodes are observed in Fig. 3. The inset in Fig. 3 shows representative
impedance spectra at 300, 350, and 404 °C for the same sample. The spectra consist of only
one semicircle, attributed to the sample response, which is slightly asymmetric in the low
frequency range. An equivalent (RQ)R circuit was used in the fitting procedure to obtain the
resistances, R, with Q representing a constant phase element.

Fig. 4 shows plots of In(oq4.T) versus inverse temperature for YSZ thin films, with
layer thicknesses of 58, 107, and 194 nm, deposited on MgO(110) substrates. Additionally,
the conductivity results for a 420-nm-thick YSZ film deposited on STO(100) and a 58-nm-

thick YSZ film deposited on MgO(111) are presented in the figure. Data from a bulk YSZ



ceramic (~8.0 mol% Y,03) have been included as reference. Two regimes of the conductivity
curves are identified with a transition occurring at a temperature of ~350 °C. These regimes
are characteristic of very distinct activation energies for oxygen ion migration, which have
been found by fitting the linear segments to an Arrhenius expression. At low temperatures (<
350 °C) an activation energy of 0.89(1) eV is obtained for YSZ films deposited on MgO(110)
and MgO(111) substrates, while an activation energy of 0.71(1) eV is obtained for YSZ
deposited on STO(100). At higher temperatures, an activation energy of 1.24(3) eV is
obtained for all measured samples, which is very close to the value 1.20(4) eV, obtained
for a bulk YSZ ceramic with the same measurement conditions. Furthermore, the figure
reveals that the conductivity curves shift almost linearly upwards as the YSZ film thickness is
decreased, exhibiting an enhancement in ionic conductivity of roughly 3.5 orders of
magnitude for 58-nm-thick YSZ films deposited on MgO(110) or MgO(111) as compared to
conductivity values for the bulk YSZ. However, no apparent influence of the film orientation
is observed. For these samples in particular, we report a maximum lateral conductivity value
of ~1 Q*cm™, obtained at a measuring temperature of 500 °C, which is comparable to values
reported for the best superionic conductors,?? such as RbAgals and a-Agl.”*? The 420-nm-
thick YSZ sample deposited on STO(100) shows an enhancement in conductivity of two
orders of magnitude compared to bulk YSZ at a measuring temperature of 300 °C. The biggest
relative conductivity enhancement is found in the lower temperature region.

These observations indicate a superposition of two parallel contributions — one due to
the bulk lattice and one attributable to the film-substrate interface. At lower measuring
temperatures (< 350 °C), the interfacial contribution dominates the ionic conductivity. This
explains why an increase in the lateral ionic conductivity is observed as the YSZ layer
thickness is decreased. It also explains why different activation energies for oxygen ion
migration are obtained for YSZ deposited on MgO (0.89 eV) and STO (0.71 eV) substrates.

Alternatively, free surface effects may also contribute,® however, this is most unlikely since



different results are obtained on STO and MgO. At higher temperatures, the O%-ions gain
enough thermal energy to overcome the energy barrier (1.24 eV) for ionic conduction through
vacancies in the lattice, hence a more “bulk-like” conductivity is obtained. Even though the
conductivity is dominated by bulk lattice diffusion at higher measuring temperatures, still an
interface contribution is present.

The conductivity values found here for 58-nm-thick YSZ films on MgO are
approximately one order of magnitude higher than those obtained by Kosacki et al.*® for
ultra-thin (15 nm) YSZ films grown on MgO(100) substrates, when comparing conductivities
obtained in the mutual temperature range between 400 °C and 500 °C. Kosacki et al.
discussed a transition from lattice to interface controlled diffusivity for film thicknesses below
60 nm, yielding an enhancement in in-plane conductivity. However, for a film thickness of 29
nm, Kosacki et al. observed a transition from bulk conductivity at lower temperatures to
interface-controlled conductivity at a temperature of 650 °C or higher, accompanied by a
decrease in activation energy (~0.62 eV). In the present work, we observe interfacial
contributions at low temperatures (< 350 °C) for all samples in the thickness range 420 to 58
nm. Furthermore, it seems intuitively reasonable that the transition from interface-controlled
conductivity to a “bulk-like” conductivity will occur as the temperature increases, since the
OZ-ions gain enough thermal energy to overcome the energy barrier (1.24 eV) for migration
via the oxygen vacancies in the lattice. Our view is supported by the results obtained by Sata
et al."! for BaF,/CaF, superlattices, where an enhancement in ionic conductivity of over three
orders of magnitude related to the number of interfaces was reported. At low temperatures the
interfaces control the conductivity, but as the temperature is increased, the F-ions can
overcome the energy barrier for migration through interstitials in the CaF, lattice. The
discussed discrepancies may be related to the fact that Kosacki et al. state that no indication
for a dislocation network in the interface was found,™ which is most surprising given the

lattice misfit of -18.01%.



The results obtained here for YSZ on STO(100) should be discussed in relation to
those reported by Garcia-Barriocanal et al. for a thick heteroepitaxial
[STO10nm/Y SZ620m/STO10nm] trilayer,™ where a decrease in activation energy down to 0.72 eV
resulted in two orders of magnitude enhancement in lateral ionic conductivity, compared to
bulk YSZ. By decreasing the YSZ layer thickness down to 1 nm, the activation energy
decreased to 0.6 eV. An astonishing enhancement in conductivity of eight orders of
magnitude was reported. Although the validity of this extremely high number has been
debated,?®%" there is little doubt that the enhancement is large. This enhancement was solely
attributed to epitaxial strain and interfacial effects. Garcia-Barriocanal et al. did not observe a
transition to bulk-like conductivities at higher temperatures, as we observe in the present
study.

From the considerations above, we also believe that strain and interfacial effects
related to the density of misfit dislocations are at the origin of the enhanced conductivities
reported in the present paper. Recently, Schichtel et al.’® proposed a model to evaluate the

effect of elastic strain on the lateral ionic conductivity:

M
nZi ~ 2 AV Yvsz

I (o]

~ 5 * lysz/sub.
3 RT 1-v,,

)

(o}

vol

where ailoy IS the ratio between interface and volume (bulk) conductivity, AVV“.”. is the

volume of migration for the oxygen vacancies, Y is the elastic modulus of YSZ, v is the
Poisson ratio of YSZ, and f is the lattice misfit between YSZ and substrate.

We have used this model to estimate the effect of epitaxial strain in YSZ deposited on
STO, where a good coherent interface is formed (cf. Fig. 2(a)). At a temperature of 300 °C
(573 K), which is in the interface regime of the conductivity curves in Fig. 4, an elastic
modulus of about 200 GPa and a Poisson ratio of 0.3 can be found for YSZ.”*l A value of
2.08x10° m* mol™ has been measured by Park et al. for the volume of migration of oxygen

vacancies in YSZ.BY Using eq. (2), we can estimate an upper limit for ai/oyo in the case that
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no strain release appears in the layer system. For the given lattice mismatch (7.37%) between
YSZ and STO, the maximum increase in the interfacial conductivity ai/oyo is calculated as a
factor of about 460. Elastic strains can generate a conductivity enhancement of 2.5 orders of
magnitude in this system. This can explain the enhancement of two orders of magnitude
observed for YSZ deposited on STO in the present study, but does not support the eight orders
of magnitude of enhancement reported by Garcia-Barriocanal et al. for STO/YSZ/STO
trilayers.®®! The model is not directly applicable to the YSZ/MgO system, since the lattice
misfit (-18.01%) leads to compressive strain in YSZ and therefore leads to a decrease in the
free volume for oxygen ion migration and hence a decrease in ionic conductivity. However,
strain relaxation occurs through the introduction of misfit dislocations at the interface (cf. Fig.
2(c)), i.e. not by elastic deformation, and the residual mismatch is reduced to -1%. The
residual strain still acts to reduce the conductivity; however, this effect is small compared to
ionic transport along dislocation lines, which is generally much faster compared to bulk
diffusion. Thus, each dislocation line in the semicoherent YSZ/MgO interface can act as a fast
transport path. This mechanism may explain why we observe almost 3.5 orders of magnitude
conductivity enhancement for 58-nm-thick YSZ films deposited on MgO(110) and MgO(111),
but at the same time also raises doubt about the validity of the interpretation of some of the

results reported by Kosacki et al.l”

3. Conclusions

We have reported more than three orders of magnitude enhancement of the lateral ionic
conductivity of epitaxial YSZ films as compared to values for bulk ceramics. Our results
indicate a superposition of two parallel contributions - one due to the bulk and one attributable
to the film-substrate interface. From the conductivity curves versus inverse temperature, two
regimes of conduction with distinct activation energies were identified with a transition point

at ~350 °C. At lower temperatures (< 350 °C), the contribution from the film-substrate



interface is dominating, accompanied by a decrease in activation energy, whereas at higher
temperatures a more “bulk-like” conductivity is observed with activation energies comparable
to the activation energy obtained for a bulk YSZ ceramic. The effect of epitaxial strain on the
lateral ionic conductivity was estimated by the strain model proposed by Schichtel et al,?®]
and may fully explain the observed enhancement in conductivity for YSZ deposited on STO.
In the YSZ/MgO system, a high density of misfit dislocations at the semicoherent interface
leads to even larger conductivity enhancements and even superionic conductivities (~1 Q‘cm’
1) are achieved.

Our results show that the lateral ionic properties of epitaxial nanoscale YSZ films can
be tailored by controlling the layer thickness and lattice mismatch to the substrate. These very
high ionic conductivities in the temperature range 150 — 500 °C are of great fundamental

interest and of potential relevance for low-to-medium-temperature applications.

4. Experimental
Depositions were carried out in an ultra high vacuum system with a base pressure < 1x10” Pa,
using reactive direct current (DC) magnetron sputtering of a Zr-Y alloy (84 - 16 at.%) target
with a diameter of 50.8 mm and a thickness of 4 mm mounted facing the target at a constant
power of 75 W. The target-to-substrate distance was 11 cm. A deposition rate of ~9 nm/ min
was obtained at a working pressure of 0.5 Pa with a gas mixture of Ar (99.9997%) and O,
(99.9995%) with an Ar:O, flow ratio of 68:3.6 sccm. No hysteresis was observed in the
system due to large pumping speeds and relatively small targets. Further details concerning
the growth chamber can be found elsewhere [31].

Cubic perovskite SrTiO3(100) (STO), and face-centered cubic MgO(110), and
MgO(111) single crystals were used as substrates for the YSZ depositions. The substrates
were ultrasonically cleaned in acetone and 2-isopropanol, and dried in pure N, before they

were inserted into the vacuum chamber. The substrates were mounted on a rotating holder
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above the magnetron. Prior to deposition, the substrates were annealed for 1h at 800 °C in
vacuum in order to restructure the substrate surface. During the depositions, the substrates
were electrically floating. Series of depositions with varying YSZ layer thickness were carried
out at substrate temperatures of 400 °C and 800 °C [32].

The film structures were analyzed by x-ray diffraction (XRD) in 6-26 geometry with
Cu Ka radiation (D8 Discover, Bruker AXS). XRD pole figures were acquired in the tilt-angle
(x) range 0-80° and the azimuth-angle (¢) range 0-360° with y and ¢ steps of 2.5°. The sample
structures were also probed by transmission electron microscopy (TEM) using a JEOL JEM
3000F TEM (300 kV). Cross-section samples for TEM were prepared by focused ion beam
(FIB) milling in a dual beam FIB/scanning electron microscope (SEM) setup (Zeiss
Crossbeam 1540XB) using gallium ions at an acceleration voltage of 30 kV. Additional fine
milling was performed using a BALTEC RES100 ion miller operated at 4 keV (1.8 mA, 2°
with argon ions.

The sample thickness was, mainly [33], determined from cross-sectional TEM and
cross-sectional SEM using a FEI NOVA 600 SEM with accelerating voltage 5 kV and
working distance 5 mm. Confirmation of the sample thickness in addition to the chemical
composition were obtained through Rutherford backscattering spectroscopy (RBS) using 2
MeV “He" ions and a scattering angle of 161°. The experimental data were simulated with the
RUMP program assuming fully dense films [34]. Within the measurement accuracy of the
method, all films were found to be stoichiometric in oxygen with an yttria-concentration of
8.7 mol% and with no discernable impurities present.

Lateral ionic conductivity measurements in the frequency range 42 Hz — 1 MHz were
performed at temperatures from 500 °C down to 150 °C in steps of 50 °C (10 °C/min) and a
dwell time of 40 min in order to ensure steady-state conditions at each measuring point [35].
Samples were placed in a quartz cell and were measured under dry-air atmosphere, using a

four-terminal pair configuration with Ag electrodes painted on top to which leads were
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attached. The separation between the Ag electrodes was 1.5 mm. A Hioki 3250-50 frequency
analyzer was used and the impedance data were analyzed with the software ZSimpWin 3.21
using equivalent circuit fitting [36]. At measurement temperatures of 500 °C and below,
problems related to possible Ag diffusivity could be ruled out.

To evaluate possible substrate contributions, the same setup was used to perform
lateral conductivity measurements on bare MgO(110) and STO(100) substrates. The MgO
substrates yielded resistances beyond the upper range of the frequency analyzer (~10%° Q).
This shows that the contribution of the MgO substrate on the total resistance was negligible.
The as-prepared STO crystal substrates were stoichiometric and insulating. During vacuum
annealing, prior to YSZ deposition, the STO substrates blackened corresponding to a change
in the material band gap. The modified STO substrates exhibited metallic behavior in terms of
temperature dependence and absolute resistance values. This type of metallic conduction in
STO has been correlated to oxygen deficiencies in the top layer of the STO crystals [37,38].
Allowing a sufficient oxygen flow during pre-deposition annealing of the STO substrates

made it possible to retain the insulating nature of STO to the order ~10° Q.
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Figure 1. 6-20 X-ray diffractograms of YSZ films with different layer thicknesses, deposited
at 800 °C on (a) MgO(110), (b) STO(100), and (c) MgO(111) single crystals. Insets show pole
figures centered on the respective YSZ peaks for YSZ layer thicknesses of (a) 58 nm, (b) 420

nm, and (c) 58 nm.
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Figure 2. (a) HRTEM image of the YSZ/STO interface region. The inset in (a) shows the

SAED pattern across the YSZ/STO interface along the YSZ(110) direction. (b) HRTEM
image of the YSZ/MgO interface region. The inset in (b) shows the SAED pattern across the
YSZ/MgO interface along the YSZ(100) direction. (c) Magnification of the area marked in (b).

Misfit dislocations are indicated by T symbols in (c).
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Figure 3. Double-log plot of the real part of the lateral ionic conductivity versus frequency
for the 58-nm-thick film deposited on MgO(110). Isotherms were measured in the range from
508 °C down to 197 °C. The inset shows representative impedance spectra measured at 300,

350, and 404 °C for the same sample.
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Figure 4. Lateral ionic conductivity versus inverse temperature. Data are shown for YSZ
films deposited on different substrates and with film thicknesses in the range 420 to 58 nm.
Also included are the data of a bulk YSZ ceramic with almost the same nominal composition.
The error bars have been calculated from the measuring geometry and the standard deviation
of the resistance. The inset shows the electrode configuration for the lateral conductivity

measurements.
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