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Abstract

Yttria-stabilized zirconia (YSZ) thin ﬁlm electrolyte deposited by plasma enhanced atomic layer
deposition (PEALD) was investigated. PEALD YSZ-based bi-layered thin ﬁlm electrolyte was
employed for thin ﬁlm solid oxide fuel cells on nanoporous anodic aluminum oxide substrates,
whose electrochemical performance was compared to the cell with sputtered YSZ-based
electrolyte. The cell with PEALD YSZ electrolyte showed higher open circuit voltage (OCV) of
1.0 V and peak power density of 182 mW cm−2 at 450 °C compared to the one with sputtered
YSZ electrolyte(0.88 V(OCV), 70 mW cm−2(peak power density)). High OCV and high power
density of the cell with PEALD YSZ-based electrolyte is due to the reduction in ohmic and
activation losses as well as the gas and electrical current tightness.
S Online supplementary data available from stacks.iop.org/NANO/27/415402/mmedia
Keywords: bilayer electrolyte, thin ﬁlm, solid oxide fuel cell, plasma enhanced atomic layer
deposition
(Some ﬁgures may appear in colour only in the online journal)
performance of the cells [3, 4]. Meanwhile, in order to fabricate nanoscale thin ﬁlm electrolyte, substrates that could
provide both mechanical strength and gas accessibility are
necessary for the application in thin ﬁlm SOFCs. The substrate for thin ﬁlm SOFC, therefore, should have sufﬁcient
porosity for the facile access of gaseous fuel to the anode side
and also should have mechanical strength to support the
overlaid thin ﬁlm membrane-electrode-assembly (MEA). In
this regard, anodic aluminum oxide (AAO) substrates have
been suggested for the fabrication of thin ﬁlm SOFCs because
of their scalability, reasonable thermo-mechanical strength
and well-ordered porous structure [5].
Various vapor deposition methods have been applied for
fabricating nanoscale thin ﬁlm electrolyte. Sputtering and
PLD are known as typical physical vapor deposition (PVD)
methods for thin ﬁlm fabrication and have been frequently
used due to easy controllability of thin ﬁlm microstructure
and low deposition temperature. However, thin ﬁlm

1. Introduction
Low temperature solid oxide fuel cell has been suggested for
alleviating problems caused by high operating temperature
(over 800 °C) of conventional SOFCs such as high degradation rate, limited material selection, and low applicability for
portable devices [1]. High ohmic loss caused by ionic transport and activation loss due to sluggish reaction at electrodes
(anode and cathode) are the main reasons for the difﬁculty in
lowering the operating temperature of SOFC [2]. Thus, to
lower the operating temperature, nanoscale thin ﬁlm electrolytes deposited by various deposition methods, e.g., sputtering, atomic layer deposition (ALD), and pulsed laser
deposition (PLD), have been applied for the fabrication of
thin ﬁlm SOFCs [3, 4]. As the ohmic loss has been sufﬁciently decreased by applying thin ﬁlm electrolytes, enabling
operation of SOFCs at below 500 °C, the activation loss at
anode and cathode becomes major factor determining the
0957-4484/16/415402+06$33.00
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electrolytes deposited by PVD methods often suffer from
pinhole issue causing the decrease in open circuit voltage
(OCV) and the increase in leakage current. For instance,
Kwon et al reported that it was hard to achieve pinhole-free
electrolyte on porous substrate with less than 500 nm in
thickness when PVD method were used for the thin ﬁlm
fabrication [6]. Contrariwise, ALD has been considered as
promising tool for depositing pin-hole free nanoscale thin
ﬁlm. Using ALD, one can easily control the thickness of thin
ﬁlm at atomic scale and provide high density, uniformity, and
step coverage for depositing large area due to sequential
process with precursor and reactant [7, 8]. These characteristics of ALD enable the fabrication of pinhole-free electrolytes with high density and small grain size even on top of the
highly rough nanoporous substrate. Despite all these advantages, low deposition rate (∼1.0 Å/cycle) and crystallinity
have been pointed out as disadvantages of ALD. Plasma
enhanced ALD (PEALD) has recently shown the potential for
fabricating thin ﬁlms with higher deposition rate, better
crystallinity, and lower carbon contamination compared to
conventional ALD (i.e., thermal ALD) [9–11]. Excited species such as ions and radicals in oxygen plasma used in
PEALD enhance the chemical reactivity during deposition
leading to improved ﬁlm properties. Our group previously
reported the fabrication of PEALD yttria-stabilized zirconia
(YSZ) on AAO substrate with superior ﬁlm properties in
terms of density and gas tightness compared to thermal ALD
YSZ [11].
In this study, PEALD YSZ thin ﬁlm was applied to the
fabrication of YSZ/yttria-doped ceria (YDC) bi-layer electrolyte on AAO substrate. Here, we report the successful
fabrication of the SOFC with PEALD YSZ/sputter YDC bilayer electrolyte and the effect of PEALD YSZ layer on the
electrochemical performance of the SOFC. We think that the
result presented in this study could provide a valuable insight
for utilizing PEALD YSZ in fabricating high performance
low-temperature thin ﬁlm SOFCs.

Figure 1. Schematic of bi-layered electrolyte thin ﬁlm SOFCs

structure deposited on 80 nm pore AAO substrate (a) PEALD YSZ/
sputtered YDC (PEALD YSZ cell) (b) sputtered YSZ/YDC (sputter
YSZ cell).

supplied to the chamber for plasma generation. Zirconia was
deposited by repeating the sequence of precursor pulsing for
3 s, Ar gas purging for 30 s, O2 oxidant pulsing for 1 s,
plasma generation for 8 s, and Ar gas purging for 5 s. Yttria is
deposited by repeating the sequence of precursor pulsing for
5 s, Ar gas purging for 60 s, O2 oxidant pulsing for 1 s,
plasma generation for 8 s, and Ar gas purging for 60 s. The
doping ratio of yttria was controlled by changing the ratio of
deposition cycles of yttria and zirconia. The ratio of yttria and
zirconia PEALD cycles were set to be 1:7. The deposition rate
of PEALD YSZ was calculated as 1.4 Å/cycle.
For the fabrication of sputtered YSZ, YDC electrolytes
and platinum (Pt) electrode, a commercial sputtering machine
(A-Tech System Ltd, South Korea) was used to deposit YDC
on top of PEALD YSZ/ sputtered YSZ, dense Pt on anode,
and porous Pt on cathode. To deposit dense and porous Pt
electrodes, chamber pressure of sputter was set to 5 mTorr
and 90 mTorr, respectively [12, 13]. YSZ (Y0.16Zr0.84) metal
and YDC (doping concentration of yttria: 20 mol %) ceramic
targets were used for radio frequency (RF) magnetron sputtering. For YSZ and YDC deposition, 5 mTorr Ar and O2
mixture gas atmosphere was set. Plasma power for YSZ and
YDC was 200 W and 50 W, respectively. The deposition rate
of YSZ and YDC was ∼100 nm h−1 and ∼45 nm h−1,
respectively. Figure 1 shows the schematics of cross-sectional
structures of two samples used in this study: 150 nm thick
YSZ electrolyte by PEALD (hereafter called PEALD YSZ
cell (ﬁgure 1(a)) and sputtering (hereafter called sputtered
YSZ cell (ﬁgure 1(b)) were deposited on top of Pt anode on
AAO substrate. YDC (100 nm thick) and porous Pt (80 nm
thick) layers were sputtered subsequently on top of YSZ
layers.
To investigate the composition and crystallinity of the
samples, x-ray photoelectron spectroscopy (XPS)(AXIS,
Kratos Analytical, Japan) and TEM (JEM-2100F, JEOL USA
Inc., USA) were conducted. The compositions of the samples
were investigated by XPS measurement. The surface of YSZ
electrolyte was etched by Ar-ion at 1 μA current for 10 s to
eliminate possible surface contamination. XPS analysis
showed that the atomic concentrations of the PEALD YSZ

2. Experimental
For the fabrication of YSZ/YDC bi-layer electrolyte cells,
commercial AAOs having 80 nm pore size (Synkera, USA)
were used as substrates. The thickness of AAO was 100 μm.
On top of AAO substrate, 8 mol % YSZ was deposited by
using a showerhead type commercial PEALD apparatus
(CN1, Atomic Premium, South Korea). Tris(methylcyclpendienyl) yttrium and tetrakis(dimethylamido) zirconium were
utilized as precursors for PEALD YSZ deposition. The temperatures of the canisters were controlled at 145 °C and 50 °C
for yttrium and zirconium precursors, respectively. The lines
for yttrium and zirconium precursors were heated to 155 °C
and 70 °C, and the substrate temperature was maintained at
250 °C. Ar with 99.99% purity was supplied by 300 sccm for
delivering the precursors to the substrate. Oxygen gas with
99.99% purity was supplied by 100 sccm as an oxidant. For
plasma source, the power of oxygen plasma was maintained
at 50 W, and both Ar 300 sccm and O2 100 sccm were
2
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low OCV of thin ﬁlm SOFCs on porous substrate has been
often reported when only PVD method was employed, which
was due to pinholes stemming from nano pores of the substrate(e.g., AAO) [6]. Our results for sputtered YSZ cell also
show that the pinhole free electrolytes could not be achieved
if they are sputtered in nanoscale thickness. On the other
hand, PEALD YSZ cell with the electrolyte fabricated by
hybrid deposition method including PEALD showed
182 mW cm−2 peak power density(ﬁgure 2) and less than
∼2% reduction of OCV during 1 h measurement.
To analyze the reason for the high OCV and the high
power density of PEALD YSZ cell, electrochemical impedance spectroscopy (EIS) analysis was employed. Figure 3(a)
shows the Nyquist plot of PEALD YSZ cell measured at
different cell voltages (OCV, 0.8 V, and 0.6 V) at 450 °C. It is
generally known that the ohmic resistance caused by ion and
electron transports is independent of the cell voltage while the
activation resistance is dependent on the cell voltage [14]. In
ﬁgure 3, the intersect between the plot and the real (X) axis
therefore means the ohmic resistance. In addition, the magnitude of two arcs shown in Nyquist plot, in general, is
relevant to anode–electrolyte and cathode–electrolyte polarization processes if they show discernible changes depending
on the cell voltage. Also the polarization resistance at cathode–electrolyte side is considered as larger than that at
anode–electrolyte side due to the sluggish oxygen reduction
reaction. In the magniﬁed image of ﬁgure 3(a), the sizes of
arcs changed with varying voltage conditions, which indicates
they are associated with the polarization process. In order to
verify the reason for the performance difference between the
PEALD YSZ and the sputter YSZ cells, EIS of both cells
measured at 0.6 V was compared in ﬁgure 3(b). The ohmic
resistance of the PEALD YSZ cell was about 0.28 Ω cm2,
which was almost 40% lower than that of the sputter YSZ cell
(about 0.45 Ω cm2). The calculated ionic conductivities of
both the PEALD YSZ and the sputter YSZ layers were about
8.9×10−5 S cm−1 and 5.6×10−5 S cm−1, respectively,
which shows that the higher ionic conductivity of the PEALD
YSZ electrolyte partly contributed to the high performance of
the cell. Furthermore, it was clearly seen that the polarization
resistance of the sputter YSZ cell was larger than that of the
PEALD YSZ cell by about 42%. This result suggests that the
high performance of the PEALD YSZ cell is largely due to
the improved polarization process, especially at the cathode side.
Surface structure analysis for PEALD YSZ and sputter
YSZ cells further conﬁrms that the difference in surface
morphology of YDC layer may have affected that in polarization process. Figure 4 shows FESEM images of YDC
surface for PEALD YSZ and sputter YSZ cells. The images
were analyzed by using image processing tool (Image-J) to
calculate the average grain size and standard deviation. The
analysis indicates that average grain sizes for YDC surfaces of
PEALD and sputter YSZ cells were 15.2 nm and 20.8 nm,
respectively, which indicates that the PEALD YSZ/YDC
layer has a higher density of surface grain boundaries than the
sputter YSZ/YDC layer. Surface grain boundaries at the
cathode–electrolyte interface are known to be the preferential

Figure 2. Polarization curves of PEALD YSZ and sputter YSZ cells

measured at 450 °C.

thin ﬁlm were Zr 3d=34.8%, Y 3d=4.9%, O 1s=58.8%,
and C 1s=1.5%. From the XPS analysis, Y2O3 mole fraction (x; from (Y2O3)x(ZrO2)1−x) was conﬁrmed as 8 mol%.
The atomic concentrations of sputtered YSZ were Zr 3d=
25.4%, Y 3d=4.8%, O 1s=65.9%, and C 1s=4.0%, and
this analysis conﬁrmed the Y2O3 mole fraction of 7.9 mol%.
Field emission scanning electron microscopy (FESEM)
(SUPRA 55VP, Carl Zeiss, Germany) and focused ion beam
(FIB) (3D FEG, FEI Company, Netherland) were used for the
characterization of the microstructure and surface grain size
of the samples.
Electrochemical performance was measured by using a
commercial test system (Gamry Potentiostats, Gamry Instruments)(FAS2, Gamry Instruments Inc., USA) with a customized test station. A micro probing system was applied for
the test station to evaluate electrochemical performance. The
temperature of the test station was controlled from at 450 °C.
During the test, dry hydrogen was supplied by 20 sccm to the
dense anode side, and the cathode side was exposed to the
ambient air.

3. Results and discussion
The effect of PEALD YSZ layer on electrochemical performance for bi-layered electrolyte fabricated on AAO substrate
was examined by comparing with sputter YSZ layer. Figure 2
shows current density ( J)—voltage (V )—power density (P)
behavior of the cells. The OCV of the PEALD YSZ cell was
1002 mV at 450 °C, which is close to the theoretical OCV at
this temperature (∼1100 mV), and was about 120 mV higher
than that of the sputter YSZ cell (about 880 mV). The higher
OCV of the PEALD YSZ cell implies that the PEALD YSZ
layer may have better gas tightness and electron blockage
compared to the sputtered YSZ layer.
The initial performance measurement of sputter YSZ cell
showed the peak power density of ∼70 mW cm−2. However,
the voltage of sputter YSZ cell instantly dropped to zero right
after the initial OCV measurement, possibly implying the
electrically short circuit between anode and cathode. Such
3
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Figure 3. (a) Electrochemical impedance spectroscopy (EIS) of PEALD YSZ cell measured at open circuit voltage (OCV), 0.8 V, and 0.6 V.

(b) Comparison of EIS analysis for PEALD and sputter YSZ cells at 0.6 V. Measurement was conducted at 450 °C.

Figure 4. Field emission scanning electron microscope (FESEM) analysis for nanoscale surface structure of YDC electrolyte deposited on (a)

PEALD YSZ and (b) sputter YSZ.

sites for oxygen ion incorporation due to the high local
concentration of oxygen vacancies at grain boundaries. For
example, Kim et al controlled the grain size of YDC cathodic
interlayer with 400 nm thickness by annealing at 750 °C,
1100 °C, and 1300 °C, and showed that the cathodic polarization loss tend to increase as the temperature increases due
to the grain growth [26]. In a similar way, we can speculate
that the smaller grain size of YDC layer in PEALD YSZ cell
at cathode–electrolyte interface may have resulted in lower
cathodic polarization loss, leading to higher peak power
density of the cell. Furthermore, ﬁgure 4 also shows that
pinholes exist at the surface of YDC electrolyte in sputter

YSZ cell, which possibly due to the propagation of the pores
of the AAO substrate. This result conﬁrms that the low OCV
of the sputter YSZ cell is indeed due to the gas permeation
between anode and cathode. Meanwhile, the different
nanoscale morphology of YDC layers at the cathode–electrolyte interface could be associated with the difference in the
granular and/or crystal structure between PEALD YSZ and
sputter YSZ electrolytes. Detailed study in this regard needs
to be conducted and is currently in progress by our group.
Figure 5 shows FIB-SEM cross-sectional image of
PEALD YSZ and sputter YSZ cells after operation at 450 °C
for 1 h. It is notable that the sputtered YSZ layer partially
4
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Figure 5. Cross-sectional focused ion beam (FIB) images of (a) PEALD and (b) sputter YSZ cells.

delaminated at the anode–electrolyte interface. Besides,
structural damage was observed in porous cathode of sputter
YSZ cell as well. This damage in the cathode could be due to
the delamination of the underlying sputtered YSZ electrolyte.
In multilayered thin ﬁlm structure as in our samples, the
stability of underlying layer could signiﬁcantly affect the
microstructure of upper layer. Gazzarri et al reported that the
delamination of the electrode in SOFCs could cause an
increase in both polarization and ohmic resistance by reducing the electrochemically active area [15]. FIB-SEM results
shown here suggest that the higher polarization and ohmic
resistances of sputter YSZ cell could be partly attributed to
the defects at the interface and the structural damage of the
cathode.
To further investigate the properties of PEALD YSZ
electrolyte, transmission electron microscope (TEM) analysis
was conducted. Polycrystalline nature of PEALD YSZ electrolyte was conﬁrmed without visible defects, as is also
shown in fast Fourier transform (FFT) analysis (ﬁgure 6). The
lattice parameter (a) measured in the high-resolution TEM
(HRTEM) image was about 0.513±0.003 nm, which was
comparable to the previously reported lattice parameter of
8 mol% YSZ (0.514 nm) [16]. HRTEM analysis conﬁrms the
superior ﬁlm density and crystallinity of PEALD YSZ electrolyte, which may have led to the high ionic conductivity
and, therefore, the low ohmic resistance.

Figure 6. Transmission electron microscope (TEM) image of

PEALD YSZ electrolyte and fast fourier transform (FFT) images of
PEALD YSZ electrolyte (inset).

PEALD YSZ cell were lower than those of the sputter YSZ
cell. By employing FESEM analysis, it was conﬁrmed that
the grain size of the sputtered YDC electrolyte deposited on
PEALD YSZ was smaller than that of the YSZ electrolyte
deposited on sputter YSZ, which have resulted in the larger
grain boundary density at the cathode–electrolyte interface
and the improved surface exchange rate. We believe that the
successful integration of PEALD YSZ electrolyte into the
AAO-based thin ﬁlm SOFC structure may have signiﬁcant
implications not only in fabricating high performance SOFCs
but also in providing process solutions for efﬁcient electrochemical devices based on thin ﬁlm electrolytes.

4. Summary and conclusions
The effect of PEALD YSZ based bi-layered electrolyte on the
electrochemical performance of thin ﬁlm SOFC was studied
by comparing with sputtered YSZ based bi-layered electrolyte. The cell with PEALD YSZ layer showed higher OCV
than sputtered YSZ cell due to higher density and conformity
providing gas tightness and electron blockage. EIS analysis
indicated that ohmic and polarization resistances of the
5
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