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ABSTRACT:

We have fabricated all-thin-film solid oxide fuel cell (SOFC) heterostructures and investigated the
transport properties of Smo.2Ceo.s02-5 (SDC20) in an out-of-plane measurement geometry. The
SOFC heterostructures, consisting of a bottom SrRuOs (SRO) or Bao.gsLao.o7SnOs (BLSO)
electrode and a SDC20 electrolyte, were fabricated on SrTiOs (001) substrates via pulsed laser
deposition. The hetero-epitaxial nature and atomically sharp interfaces between the electrolyte and
the electrode were confirmed by X-ray diffraction and high-resolution scanning transmission
electron microscopy (STEM). Out-of-plane electrochemical impedance spectroscopy (EIS)
measurements indicate that the electrochemical properties of the SDC20 thin films are
quantitatively consistent with that of bulk SDC20 in a wide temperature range from 350 °C to 550
°C. Our results demonstrate that all-thin-film heterostructures can serve as a platform for direct

investigation of intrinsic transport properties of electrochemical materials.

KEYWORDS: hetero-epitaxial films, solid oxide fuel cell, electrochemical device, out-of-plane
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INTRODUCTION

In thin-film solid oxide fuel cells (SOFCs) research, studying ionic transport in multilayer
structures is an important aspect in achieving SOFCs miniaturization.!® The multilayer thin-film
configuration of SOFCs offers a possible route to scaling up the device size and reducing the
operating temperature, which is essential for the development of portable-device applications.**
To this end, some early studies have demonstrated enhanced ionic conductivity and robust thermal

stability in epitaxial electrolyte thin films. 10

The key function of the electrolyte in an SOFC is to transport O?/H* while blocking electron
transport.> However, due to the large activation energy of the ionic charge transfer process, the
electrical resistance of the electrolyte is high at low temperatures. This results in low power density
and low efficiency of SOFCs, limiting their applicability in the desired operating temperature
range, e.g., below 600 °C.** Many efforts have been made to minimize the thickness of electrolytes
from tens of micrometers to sub-micrometers in order to reduce the low-temperature electrical
resistance.*® Another focus to achieve high performance is the synthesis of epitaxial electrolyte
thin films which, with controlled strain and orientations, have great potential to improve the

transport properties of the electrolytes.!4®

To date, most studies of electrolyte thin films have relied on in-plane transport measurements.
However, to reveal the transport nature of the electrolyte, the in-plane measurements may face the
following challenges: 1) difficulty in estimating the contribution of the film-substrate interface to
the conduction,'®1’ 2) the inevitable influence of the parallel stray capacitance of the substrate on
the impedance measurements,'®%® and 3) the fact that the in-plane transport is not the actual

transport geometry of real SOFCs.?%2! In comparison, out-of-plane (e.g., vertical) transport



measurements on hetero-epitaxial structures are expected to probe the ionic transport through

atomically sharp interfaces with well-defined geometries.

However, performing out-of-plane conductivity measurements on electrolyte thin films with
submicron thicknesses presents significant challenges, largely due to the frequent occurrence of
shorts through pinholes and the fact that the film dimensions differ drastically from those of typical
bulk devices.?*?® To date, there have only been a handful of studies investigating the out-of-plane
transport of thin-film electrolytes.*>2428 In most of these studies, polycrystalline electrolyte thin
films were deposited on back electrode layers of a metal, e.g., platinum (Pt),% or free-standing
electrolyte thin-film pads were prepared through etching processes prior to forming electrode
layers on both sides.>?® Alternatively, niobium (Nb) doped SrTiOz (Nb:STO), an n-type
semiconductor,?+2° has been employed as a conducting substrate for epitaxial growth of electrolyte
thin films.3%3 In oxide electronics (e.g., ferroelectric thin-film devices),>% adopting a Nb:STO
substrate often leads to the formation of a Schottky barrier at the interface with the metallic
electrode, which significantly affects the electron/hole transport in the device.3>* However, in
SOFCs, the mobile species are ions and such effects are not anticipated. In our recent study,? we
have demonstrated that Smo.2CeosO2-s (SDC20) thin films fabricated on conductive Nb:STO
substrates exhibit out-of-plane electrochemical transport properties that are highly consistent with
the results obtained from conventional bulk measurements, offering a high-throughput approach
to electrolyte characterization.®* In this work, we further reduce the thickness of the bottom
electrode by using highly conductive perovskite thin films, namely SrRuOs (SRO) and La-doped
BaSnOs (BSO), for subsequent epitaxial growth of the electrolyte and out-of-plane transport

measurements.



MATERIAL FABRICATION AND CHARACTERIZATION

SRO has been routinely used as a bottom-electrode material in various devices including
ferroelectric capacitors, semiconductor devices, and lithium battery structures®3’ due to its
relatively low resistivity (~300 pQ-cm at room temperature)®® and pseudo-cubic structure (a =
0.393 nm), which allows its epitaxial growth on commonly-used oxide substrates such as STO,
LaAlOs (LAO), MgO, and yttria-stabilized zirconia (YSZ).38-*! Moreover, epitaxial SRO films are
reported to be chemically and structurally stable up to 720 °C under a moderate oxygen pressure
(> 100 Pa) and up to ~ 920 °C in an oxidizing atmosphere,*> making them compatible with SOFC
operating conditions. In addition, in the thin-film form, SRO also exhibits better thermal stability
than Pt, which has been reported to become discontinuous at elevated temperatures due to the
coalescence of Pt.2” Another bottom-electrode material we investigated is Bao.gsLaoo7SnO3
(BLSO) with a cubic structure (a = 0.412 nm). Lightly La-doped BSO is not only highly
conductive but transparent, and thus has attracted great interest in the field of transparent
electronics.*3#* In addition, it has also been demonstrated as a redox-stable anode material for low-
temperature oxide-ion SOFCs.*® In some of our devices, BSO doped with 7% of La is adopted as
an alternative epitaxial bottom electrode for out-of-plane ionic transport characterization. The
electrolyte used in this study is SDC20, which has a cubic fluorite structure with a lattice constant
of 0.543 nm. SDC20 is an ideal electrolyte material due to its high ionic conductivity in the

intermediate temperature range and well-documented bulk transport properties.*®4’

To fabricate a hetero-epitaxial device, a bottom layer of SRO (200 nm) or BLSO (100 nm)
followed by an electrolyte layer of SDC20 (1 um) were sequentially formed on an STO (001) or
LAO (001) substrate via pulsed laser deposition (PLD). Figure 1a and Figure 1b show X-ray

diffraction (XRD) patterns of two SDC20 films grown on STO (001) substrates with layers (i.e.,



bottom electrode layers) of SRO and BLSO, respectively. The epitaxial growth of the bottom
electrode layers was confirmed by the fact that only their (002) reflections (e.g., 45.3° for SRO in
Fig. 1a and 43.8° for BLSO in Fig. 1b) can be identified across the entire scanning range.
According to the XRD results, the peak positions of the electrolyte layers are substantially
consistent with the (001) reflections of bulk SDC20 with a lattice constant of 5.43 A (Figure S1 in
the Supplementary Material).*® An in-plane 4-fold symmetry of SDC20 thin films on SRO and
BLSO was observed in pole figure scans (¢ scans) of the (202) peaks as shown in Figure 1c and
Figure 1d, respectively. The results also indicate a 45° in-plane rotation of the SDC20 lattice with
respect to the STO substrate. The broader peaks in Figure 1d compared to those in Figure 1c
suggest the presence of in-plane mosaicity in the SDC20 film grown on BLSO presumably due to
the increase in lattice mismatch,*® which may also explain the presence of the (202) impurity peak
of SDC20 in Figure 1b and the observation of a broader (002) peak in the rocking curves of the

SDC20 films grown on BLSO as compared to that of the film grown on SRO (Figure S1).

Figures le-1g show cross-sectional high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) images of an SDC20/SRO/STO (001) sample. As seen in the lower-
magnification image (Figure 1le), both SRO and SDC20 layers have smooth top surfaces and
uniform thickness. The high-magnification image (Figure 1f) clearly indicates that the SRO-
SDC20 interface is atomically sharp and the SDC20 layer is coherently grown on the bottom SRO
layer with an in-plane rotation of 45° in the crystal lattices. The relationships of the crystal lattices
of the layers in the sample can be described as SDC20(001)//SRO(001)//STO(001) and

SDC20[110]/SRO[100]//STO[100].

Atomic force microscopy (AFM) was used to characterize the surface topography of the films.

Figure 2 shows a set of representative AFM images. The results obtained from the two conductive



perovskite single-layer samples (Figures 2a and 2b) indicate that both SRO(200 nm) and
BLSO(100 nm) have dense and smooth surfaces with root mean square (RMS) roughness of 0.7
nmand 1.5 nm, respectively. After subsequently depositing a SDC20 film (~ 1 um) on each bottom
electrode, the surfaces of the two heterostructures (Figures 2c and 2d) are also relatively flat with

RMS roughness of 4.9 nm on SRO and 5.3 nm on BLSO.

To complete the device structure, a top electrode consisting of a 5 nm Cr adhesion layer and a 100
nm Au layer was deposited on the surface of SDC20 via thermal evaporation. The top electrode
was then patterned into an array of circular microelectrodes with diameters ranging from 30 pm
to 500 um by photolithography and ion milling. After two hours of annealing at 550 °C in air, the
microelectrodes were found to be stable with no visible morphological changes under a
microscope. For more details of material fabrication and characterization, please refer to

Supplementary Material.

EXPERIMENTAL RESULTS AND DATA ANALYSIS

Prior to performing electrochemical impedance spectroscopy (EIS) measurements, a K-type
thermocouple was used to measure the temperature at the surface of a multilayer sample (Figure
S2 in the Supplementary Material). A linear fit to the data was then used to calibrate the sample
temperature based on the set temperature at the heating stage. Further, under an optical
microscopy, two probe tips were carefully placed in contact with a Cr/Au (for simplicity, denoted
as Au thereafter) microelectrode and the bottom perovskite electrode, respectively. The lateral
separation between the landing points of the two tips was ensured to be less than 1 mm such that
the resistance picked up from the lateral transport within the bottom electrode was greatly

minimized.?*



A Cox and Strack geometry*® was employed to analyze the measurement results. According to this
model, the general formula for calculating the out-of-plane resistance (Rg) of an electrolyte layer

sandwiched between a top circular microelectrode and a large-area bottom electrode is given by:

4

— P -1 (4t
RS T md tan (d) (1)
where p is the resistivity of the electrolyte, d is the diameter of the circular microelectrode, and t
is the thickness of the electrolyte. In thin-film electrolyte devices where the t/d ratio is far below

1, the out-of-plane resistance of the electrolyte layer is approximately given by:

4pt
5=n_;- (2)

On the other hand, when the t/d ratio is substantially larger than 1, the approximation of Eq. 1 is
known as the Newman Equation:

Rs=1-. (3)
To evaluate the reliability of using Eq. 2 to calculate the resistance of the electrolyte in our devices,
we carried out finite element analysis (FEA) to simulate the current distribution in the electrolyte
layer and then estimate the resistance for several representative aspect ratios (i.e., t/d). The
simulations were performed using the ANSYS Maxwell simulation tool over a frequency range
from 1 kHz to 100 MHz with fixed parameters and given conditions including: an excitation
voltage amplitude of 100 mV; a top Au electrode pad with a diameter d = 300 um; grounded SRO
bottom layer with a thickness of 200 nm and a conductivity of 3x10® S/cm; an SDC20 electrolyte

layer with a conductivity of 1x107 S/cm.

According to the FEA results, when the thickness of the SDC20 layer is 1 um, along the center
horizontal plane of the electrolyte layer, the current density decreases by about 99 % from a

position vertically below the edge of the Au pad (e.g., m1 in Figure 3a) to a position 3 um away



from the Au pad (e.g., m2 in Figure 3a), which indicates that the current in the electrolyte layer is
mostly confined to the region vertically below the Au pad. Based on the simulation results, we
determined that over 99.5 % of the current flowing into the SRO layer is directed within a circular
region with a diameter of 306 um (Figure 3b). We define this diameter as an effective diameter
(detr) of the bottom electrode. As such, the area of the effective bottom electrode is about 4 % larger
than the size of the well-defined top electrode. When the thickness of the SDC20 layer is 1000 pm,
which is more than 3 times larger than the diameter of the top electrode, the current distribution in
the electrolyte layer is shown in Figure 3c. Clearly, the current in this thick electrolyte layer spreads
into a much wider region when approaching the bottom electrode. Given the t/d ratios (< 0.03 <<
1) of the devices measured in this work, it is expected that Eq. 2 can describe the out-of-plane

resistance of the electrolyte layer in our devices.

Compared to standard bulk devices, thin-film devices grown by PLD face a measurement
challenge due to the limited thickness of the electrolyte (= 1 um). Specifically, when the thickness
is limited, the out-of-plane resistance of an electrolyte film may become comparable to the
resistance of the bottom electrode at high temperatures because the resistivity of the electrolyte
such as SDC20 decreases with increasing temperature.®® To ensure proper probing of the
impedance through the electrolyte, an array of Au microelectrodes with diameters varying from
30 um to 500 um is deployed. Figure 4a illustrates a schematic diagram of the device structure.
Based on Eq. 2, the change in the resistance of the electrolyte can be systematically studied as a
function of the diameter of the circular microelectrode. The use of multiple individual
microelectrodes on each sample also allows for the establishment of statistics and demonstration

of data reproducibility.?°



To ensure high-precision transport measurements in these thin-film hetero-epitaxial structures, the
bottom electrode is required to be not only highly conducting but thermally stable within the
measurement temperature range. Figure 4b shows the in-plane direct-current (DC) electrical
resistivity of SRO and BLSO single-layer films (formed on STO substrates as reference samples)
at several selected temperatures above room temperature and Figure S3a in the Supplementary
Material shows the results at temperatures below room temperature. The results indicate that both
SRO and BLSO have relatively high conductivity with the values changing from 2.1x10% S/cm
and 3.0x10% S/cm at room temperature to 1.4x10° S/cm and 1.5x10% S/cm at 470 °C, respectively,
consistent with the results obtained from their bulk single crystals.®®52°3 |n addition, the linear
current-voltage characteristics shown in Figure S3b and Figure S3c indicate that the interface
between the Au pad and each of the two conductive perovskite layers is Ohmic, while the greatly
suppressed current at similar bias voltages in Figure S3d confirms that the out-of-plane DC
resistance in the electrolyte device is dominated by the SDC20 layer and its interfaces with the top
and bottom electrodes. The respective contribution of SRO and BLSO to the measured out-of-
plane resistance can be estimated from reference devices fabricated without the SDC20 electrolyte
layer. Figure S4 in the Supplementary Material shows the frequency-dependent electron transport
properties of SRO and BLSO at different temperatures. The real parts of impedance measured on
the two reference devices show negligible frequency dependence across the entire range from 1
Hz to 1 MHz at all temperatures, revealing the pure electron transport nature of the measurement
configuration. Moreover, as shown in Figure S4c and Figure S4d, the temperature dependence of
the resistance is highly consistent with that of the in-plane DC resistance measured from the
corresponding single-layer perovskite film (Figure 4b), suggesting the domination of the in-plane

resistance of the SRO or BLSO layer. It should be noted that although the impedance contribution

10



from the bottom electrode in tri-layer electrochemical devices is expected to be slightly higher
than the resistance measured in their bilayer reference samples due to current redistribution,?* the

results here still provided a reasonable estimate of the impedance contribution from the electrodes.

The Current-Voltage (1-V) curves of the thin-film electrochemical devices (Figure 4c and Figure
4d) based on SRO and BLSO bottom electrodes at 427 °C show linear characteristics in a DC
voltage range from -20 mV to 20 mV, indicating an Ohmic behavior of the out-of-plane transport
in both Au/SDC20/SRO and Au/SDC20/BLSO structures. From Figure 4c and Figure 4d, the
estimated total DC resistance is around 10° Q at 427 °C for both structures. Since the resistance
associated with the bottom electrode (SRO or BLSO) and the top Au electrode is about three orders
of magnitude smaller than the measured DC resistance of the tri-layer stack structures, the result
suggests that the measured DC resistance is dominated by the SDC20 thin film,> which further
confirms that the subsequent out-of-plane EIS measurements on the stack structure indeed probe

the ionic transport properties of the electrolyte.®

Two-probe EIS measurements were performed to investigate the ionic transport properties of the
thin-film electrode/electrolyte/electrode structures in a temperature range of 350 °C to 550 °C (see
details in the Electrical Measurements section of the Supplementary Material). An equivalent
circuit, shown in the upper inset of Figure 5a, was adopted here in the ZView (3.4c version) to fit
the impedance data. The model circuit includes a resistor (R1) to represent the electrolyte and any
Ohmic resistance in the system and a parallel R-CPE subcircuit (R2 and CPE1) to represent the
interfaces with the electrodes, where CPE is a constant phase element with impedance
(Y(Gw)™™1, j and w have their usual meanings, Y is a constant, and n is a constant typically just
less than 1. A representative impedance spectrum (Figure 5a) shows typical ionic transport features

of an electrochemical device formed by an electrolyte layer and two electrodes at relatively high

11



temperatures:*® the intercept with the real-part axis at high frequency (a zoom-in view shown in
the lower inset of Figure 5a) corresponds to R1, and a large, depressed arc in the low to medium
frequency range is attributed to the electrode response. The total Ohmic resistance R1 includes the
resistance (Rg) of the electrolyte and the background resistance, which mainly comes from the
electrodes and can be measured on a reference device without the SDC20 layer. Therefore, the R
of the SDC20 electrolyte can be determined by subtracting the background resistance (below 20

Q as shown in Figure S4c and Figure S4d) from the total resistance.

Figure 5b shows the frequency dependence of the real part of the AC conductivity g, measured
from an Au/SDC20/SRO/STO structure at different temperatures. The observed frequency
dependence of g, is consistent with the characteristic electrical response of an electrolyte device
where the ion conduction layer is sandwiched between two metallic electrodes.?**° As shown in
Figure 5b, o, decreases with decreasing frequency in the high-frequency regime, as the AC
conductivity is governed by ion movement in this regime.>® In an intermediate frequency range,
o,c becomes less frequency dependent and a distinct plateau appears, indicating long-range ion
transport. At low frequencies, g,. decreases again with decreasing f as the ions are blocked by the
electrodes and thus accumulate there.%®>" For each curve in Figure 5b, a distinct plateau can be
determined with a characteristic local minimum of the derivative whose position is represented by
an empty circle. The determined plateau can be used to define the ionic conductivity o,,>>>"
which is also in good agreement with the value obtained from the model fits to the data (Figure S5
in the Supplementary Material). Moreover, as clearly indicated in Figure 5b, the ionic conductivity
increases with increasing temperature, leading to an increase in the onset frequency of the plateau
(Figure S6 in the Supplementary Material).3**® These features confirm the ionic conduction nature

of SDC20 films and represent the characteristic electrical response of multilayer systems where

12



the ion conduction layer is sandwiched by two basic electrodes.>® Therefore, our thin-film hetero-
epitaxial devices accurately capture the main features of the transport properties of the electrolyte,
indicating that SRO and BLSO with a thickness of 200 nm and 100 nm, respectively can both
serve as bottom electrodes for transport characterization of micrometer-thick electrolyte in SOFC

devices.

Further, after subtracting the resistance associated with the microelectrodes obtained in
measurement on the reference samples, we investigated the effect of the diameter of the
microelectrodes on the impedance response. As shown in Figure 5c, the double-logarithmic plots
of the resistance versus microelectrode diameter demonstrate linear dependence with slopes of -
1.99 and -1.98 for Au/SDC20/SRO/STO and Au/SDC20/BLSO/STO, respectively. Referring to
Eq. 2, due to the small t/d ratio of the devices, the expected power-law relation should show a
slope of -2 in the double-logarithmic plots (see Sl for detailed analysis).>! Figure 5d indicates that
despite the difference in the diameter of the microelectrodes, the conductivity of SDC20
determined from Eq. 2 is nearly a constant (= 0.08 S/cm) at 384 °C, suggesting that our
measurement and analysis provide a reasonable estimate of the ionic conductivity of the
electrolytes, independent of the microelectrode size. It should be noted that there is a slight
difference in the conductivity value determined from the two samples, which is likely related to
the presence of misoriented regions of the film in the sample with the BLSO bottom electrode as

indicated in the XRD measurements.

Figure 6 shows the temperature dependence of the conductivity of SDC20. The results obtained
from both multilayer thin-film structures follow Arrhenius behavior in a temperature range from

300 °C to 475 °C:

13



o = fexp (i3) 0

where A is a pre-exponential constant, T is temperature in Kelvin, ks is Boltzmann’s constant, and
E, is an activation energy. According to the linear fits shown in Figure 6, the average oxygen ion
conductivity of SDC20 is around 9.8 x 10 S/cm at 400 °C, which is not only consistent with the
value determined in our previous study where Nb:STO substrates were used as bottom
electrodes,? but also very close to the bulk conductivity of polycrystalline SDC20 pellets (~8.55
x 10~* S/cm at 400 °C).245%%0 |n addition, based on Eq. 4, the activation energy (E,) for the oxygen
ionic conductivity in SDC20/SRO/STO and SDC20/BLSO/STO was determined to be 0.806 eV
and 0.814 eV, respectively. The results are in good agreement with the activation energies
determined from films formed on Nb:STO substrates?* and from bulk SDC20.%"*° Given the out-
of-plane geometry and single-crystal-like texture of SDC20, fitting the impedance spectra of
SDC20 based on the brick-layer model®® is expected to reflect the bulk transport properties of the
electrolyte. Our results confirm that the all-epitaxial systems are suitable for directly probing the

bulk ionic transport properties at high temperatures.

Finally, the flexibility of the epitaxial platform and the reproducibility of the out-of-plane device
design were demonstrated by fabricating the same SDC20/BLSO structure on LAO (001) substrate
using the same growth and characterization methods described above. The devices formed on LAO
(001) substrates were found to be thermally stable (Figure S7 in the Supplementary Material), and
the EIS results (Figure S8 in the Supplementary Material) were highly consistent with those

obtained from the devices fabricated on STO (001) substrates.

In our previous simulation,?* we estimated that with a 7 mm lateral separation between the two

probe tips, a minimum thickness of 575 nm is required for an SRO bottom electrode to ensure
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measurement reliability. In this work, we were able to keep the lateral distance between the two
probe tips below 1 mm, which allows the required minimum thickness of the SRO bottom electrode
to be reduced by a factor of about 7. Moreover, the thickness of the bottom electrode can be further
reduced when a more conductive perovskite material such as BLSO is used. Therefore, the
measurement of epitaxial out-of-plane thin film devices provides a valuable alternative to direct

measurements of the intrinsic bulk ionic transport properties.

In summary, we have successfully demonstrated a PLD-based approach to fabricating out-of-plane
hetero-epitaxial thin-film electrochemical devices and validated their use in evaluating the
properties of single-crystal-like electrolytes for SOFC applications. Electrically conductive
perovskites such as SRO and BLSO have been identified as suitable bottom electrode materials
for thin-film SOFC structures as they exhibit very low equivalent series resistance in the relevant
operating temperature range of SOFCs. Despite their limited thickness compared to conventional
bulk devices, our all-thin-film devices allow out-of-plane transport measurements to accurately
capture the bulk ionic transport properties of the electrolyte across various temperatures, offering
an effective method for thin-film SOFC fabrication, characterization, and optimization. Therefore,
the model system provides a practical device geometry for the miniaturization of electrochemical
devices. This work offers a new approach to studying the intrinsic bulk properties of

electrochemical materials at the nanoscale level.

SUPPLEMENTARY MATERIAL
In the supplementary material, details on thin-film fabrication and characterization, microdot
electrodes patterning, and electrical measurements are reported and additional information

concerning experimental results are also included.
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Figure 1. Crystallinity characterization of epitaxial electrolyte devices. (a) and (b) XRD 6-26 scans
of a SDC20/SRO/STO(001) multilayer sample, and a SDC20/BLSO/STO(001) multilayer sample,
respectively; (c) and (d) XRD ¢ scans of the (202) plane reflections of the SDC20 and STO layers
measured from a SDC20/SRO/STO(001) sample, and a SDC20/BLSO/STO(001) sample,
respectively; (e) A low-magnification cross-sectional HAADF-STEM image of a
SDC20/SRO/STO(001) sample; (f) and (g) Atomically resolved HAADF-STEM images at the
SDC20/SRO interface, and the SRO/STO (001) interface, respectively. An asterisk mark (*) in (b)

indicates the (202) peak of the SDC20 layer.
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Figure 2. Atomic force microscopy (AFM) images. (a-d) 5 x 5 um? AFM images of an SRO film
(200 nm) grown on STO(001), a BLSO film (100 nm) grown on STO(001), SDC20 film grown

on SRO(200 nm)/STO(001), and a SDC20 film grown on BLSO(100 nm)/LAO(001), respectively.
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Figure 3. Finite element analysis (FEA) results. (a) Modeling current spreading through an SDC20
electrolyte film with a thickness of 1 pm; (b) A schematic device structure of Au/SDC20/SRO
with an effective bottom electrode that is defined based on the simulation results; (c) Modeling
current spreading through an assumed 1000 pm-thick SDC20 electrolyte layer, complementing

our experimental studies on a 1 pm-thick film.
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Figure 4. DC measurements of epitaxial electrolyte devices and reference samples. (a) Schematic
diagram of the measurement geometry for the fabricated thin-film electrochemical device; (b)
Temperature dependence of the in-plane electrical resistivity of an SRO film and a BLSO film
fabricated on STO (001) substrates; (c) and (d) Current-Voltage curves measured at 427 °C
between the SRO bottom electrode and an SDC20 electrolyte and between the BLSO bottom
electrode and an SDC20 electrolyte, respectively. Each error bar in (b)-(d) represents a standard

deviation of 30 data points collected in the measurement.
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Figure 5. EIS measurement results. (a) A representative Nyquist plot measured from a
Au/SDC20/SRO/STO structure at 427 °C, where the top Au electrode had a diameter of 300 pm;
(b) Frequency dependence of the real part of AC conductivity og,. measured from a
AuU/SDC20/SRO/STO structure at different temperatures, where the top Au electrode had a
diameter of 200 um; (c) SDC20 resistance (R;) as a function of the microelectrode diameter at
384 °C; and (d) Diameter dependence of SDC20 ionic conductivity calculated based on Eq. 2 at
384 °C. In (a), an upper inset shows an equivalent circuit for the model system and a lower inset
shows an enlarged view of the high-frequency region; in (b), an empty circle with an error bar is
placed on each curve to represent the position of the local minimum of its derivative and the
uncertainty of the conductivity value determined by this derivative; and in (c) and (d), each error
bar represents a standard deviation of the values collected from different top electrodes with the

same diameter.
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Figure 6. Arrhenius plots of the temperature-dependent ionic conductivity measured from
Au/SDC20/SRO/STO and Au/SDC20/BLSO/STO structures, which are highly consistent with the
results reported in Refs. 24 and 60. The error bars represent the spread in the conductivity values
measured from microelectrodes with different diameters (ranging from 125 pum to 300 pm as
shown in Figure 5d) and fits to Eq. 4 (solid lines) result in activation energies of 0.806 eV and

0.814 eV, respectively.
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