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Abstract: Solid oxide fuel cells are energy conversion devices that contribute to carbon neutrality,
with the advantages of high efficiency, clean emissions production, and distributed power genera-
tion. However, the high operating temperature of the solid oxide fuel cells causes system stability
and material selection problems. In this study, we aimed to lower the operating temperature of a
solid oxide fuel cell by reducing the thickness of the electrolyte via sputtering. The deposition pro-
cess was conducted under various pressure conditions to find the optimal sputtering process for a
gas-tight YSZ thin-film electrolyte. The gas-tightness of the YSZ electrolytes was evaluated by ob-
serving the nanostructure and cell performance. As a result, the YSZ thin-film deposited at 3 mTorr
showed the best gas-tightness and cell performance. At 500 °C, 1.043 V of OCV and a maximum
power density of 1593 mW/cm? were observed. Then, X-ray diffraction was used to calculate the
residual stress of the YSZ films. As a result, it was confirmed that the gas-tight film showed com-
pressive residual stress. Through this study, we were successful in developing a room-temperature
YSZ electrolyte fabrication process with excellent gas-tightness and performance. It was also proven
that there is a strong relationship between the gas-tightness and residual stress. This study is ex-
pected to contribute to cost reductions and the mass production of solid oxide fuel cells.

Keywords: RF magnetron sputtering; thin film solid oxide fuel cell; yttria stabilized zirconia;
sputtering pressure; residual stress

1. Introduction

A solid oxide fuel cell (SOFC) is a high-temperature (>700 °C) energy conversion de-
vice with the advantages of clean emissions and high efficiency [1,2]. In addition, various
hydrocarbons [3-7], bio-fuels [8], and ammonia [9,10] can be directly used as fuels without
a reforming process. The solid oxide fuel cells can also be manufactured in various sizes,
from kW to GW, so they can be used as distributed power sources, resulting in the effec-
tive use and transmission of electricity [11-13]. Despite these advantages, the SOFCs have
high system prices and low durability due to their high operating temperatures [14,15].
When the operating temperature of the solid oxide can be reduced to 5-700 °C, it is pos-
sible to use relatively cheap metallic materials for the stack components, while the ther-
momechanical durability of the system will be significantly improved [16].

The application of nanotechnology to solid oxide fuel cells has the potential to lower
the operating temperatures without significant performance or efficiency losses by reduc-
ing the thickness of the electrolyte and the size of the electrode particles. Therefore, vari-
ous nanofabrication methods such as chemical vapor deposition (CVD) [17-19] and phys-
ical vapor deposition (PVD) [20-22] are being applied to the fabrication of solid oxide fuel
cells. In the case of CVD, it is easy to manufacture dense films such as electrolytes because
it shows excellent step coverage even for complex substrate structures [19]. On the other
hand, PVD can be applied to both electrodes and electrolytes because the density of the
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thin film can be controlled by adjusting the deposition pressure [20]. During nanofabrica-
tion, the fabrication of all cell components with a single piece of equipment is a tremen-
dous advantage in preventing defects and reducing costs and production times. There-
fore, the PVD methods are more likely to be considered for solid oxide fuel cell produc-
tion. Among the various PVD methods, sputtering is the most widely used, which results
in superior film quality compared to using an evaporator and makes it easier to deposit
the material over a large area than with pulsed laser deposition.

The solid oxide fuel cells fabricated through sputtering show excellent performance
at temperatures below 600 °C. Several studies that evaluated the performance of SOFCs
manufactured by sputtering showed a maximum power density of over 1 W/cm? at such
temperatures [20,21]. This high performance was due to the ultra-thin electrolyte and the
well-oriented nanofibrous electrode, which showed significantly reduced ohmic and po-
larization losses. In addition, sputtering is also used to form an electrolyte and diffusion
barrier layer for metal-supported solid oxide fuel cells due to the advantages of the room-
temperature process [23-25].

As mentioned above, the nanostructure of the thin film produced through sputtering
is changed by the deposition pressure [26]. At low sputtering pressure, the particles
ejected from the target reach the substrate with high energy because the number of colli-
sions with the background gas is minimized. These highly energetic particles enhance the
surface diffusion and migration, meaning dense and flat surface structures are observed.
At high sputtering pressure, the collision between the particles and the background gas
becomes active, so the energy of the particles is reduced and they impact on the substrate
at a low oblique angle. Since these low-energy particles minimize the surface diffusion
and the adatom incident with an oblique angle promotes a shadowing effect, a porous
film is generated. Therefore, the electrolytes in the solid oxide fuel cells are deposited at
low pressure, and the electrodes are deposited at high pressure.

Assuming the electrolytes are manufactured through sputtering on the porous sup-
ports, the diameter of columns must grow via active surface diffusion to ensure the gas-
tightness. The surface diffusion of the adatoms can be promoted by increasing the tem-
perature of the substrate, but it is disadvantageous in terms of the cost and process time.
Therefore, this research aimed to develop a room-temperature sputtering process for thin-
film electrolytes for SOFCs that ensures gas-tightness. Additionally, we wanted to inves-
tigate the correlation between the residual stress and gas-tightness. According to Figure
1, the gas-tight electrolytes have an increasing diameter of columns by thickness, which
inevitably generates compressive residual stress on the surface of the deposited film.
Therefore, there is a close relationship between the residual stress and the gas-tightness
of the electrolytes. In order to control the nanostructure of the sputtered electrolytes, dep-
osition was carried out at various pressures, and we analyzed the surface and cross-sec-
tional images as well as the residual stress of the films. For the calculation of residual
stress, an X-ray diffraction analysis was used. When residual stress occurs, the lattice pa-
rameters are changed, which appears as an angle shift in the XRD image [27,28]. There-
fore, the difference in the peak angles of the YSZ thin-films was analyzed, and the residual
stress was calculated through these data. The YSZ films were also applied to the solid
oxide fuel cells to observe the performance and gas-tightness. An anodized aluminum
oxide (AAO) substrate was used as the porous support for thin-film solid oxide fuel cells,
since it has uniform pore size and distribution [20,21]. The highly ordered and low-tortu-
osity pore structure of the AAO enables sufficient gas supply, even with small pore sizes
of several tens to hundreds of nanometers. Additionally, this nanostructure and the small
pore size provide a gas-tight thin-film electrolyte with a minimum thickness. Ni and Pt
were used as the anode and cathode electrode materials, respectively, and yttria-stabilized
zirconia (YSZ) was used as the electrolyte.
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Figure 1. Illustration of a thin-film solid oxide fuel cell in which the column diameter of the gas-
tight electrolyte grows with the thickness (white arrow indicates the diameter of the column, which
increases with thickness and causes compressive residual stress in the film).

2. Experimental details
2.1. Properties and Experimental Procedures of Thin Films

A commercial sputter device (Korea Vacuum Tech Systems Co., Ltd., Gimpo, Korea)
was used to fabricate thin-film electrodes and electrolytes. Ni (purity 99.9%, Vaccum Thin-
film Materials, Daegu, Korea), Pt (99.99% purity, RND Korea, Gwangmyeong, Korea), and
8% yttria-stabilized zirconia (purity 99.9%, Vaccum Thin-Film Materials, DaeguKorea)
were used for the anode, cathode, and electrolyte, respectively. Here, 1 cm x 1 cm, 1-um-
thick, and 250 nm pore-sized AAO (InRedox, Longmont, CO, USA) templates were used
as the porous substrates. First, the Ni anode was deposited by DC sputtering on the AAO
template with the condition of 200 W of DC power and 50 mTorr of sputtering pressure.
Then, the YSZ electrolyte was deposited with different sputtering pressures (3 mTorr, 5
mTorr, 10 mTorr and 20 mTorr) with 75 W of RF power. Finally, a platinum cathode was
deposited on the sputtered YSZ layer with a DC power of 100 W and 50 mTorr of sputter-
ing pressure.

2.2. Cell Characterization

To investigate the crystal structure and residual stress of the films, high-resolution
X-ray diffraction (XRD) was conducted with a D8-Discovery instrument (Bruker, Munich,
Germany). The FE-SEM images were taken using an SU8220 instrument (Hitachi High-
Technologies, Tokyo, Japan) and an accelerating voltage of 10 kV was used for all the FE-
SEM processes. The cross-sectional images of the cells were analyzed using an FEI Helios
NanoLab 450 (FEI, Milpitas, CA, USA) dual-beam focused ion beam (FIB) instrument.

2.3. Electrochemical Evaluation

First, we used silver paste (Alfa Aesar, Tewksbury, MA, USA) to bond the silver
wires and the cell, then Ceramabond (571-P, AREMCO, Valley Cottage, NY, USA) was
applied to the cell for gas sealing. The furnace was heated up to 500 °C, then dry hydrogen
gas (concentration 99.999%, produced by DEOKYANGGAS, Ulsan, Korea) was intro-
duced into the anode side with a mass flow of 10~15 sccm and the cathode was exposed
to the atmosphere for the natural air supply. A Gamry Interface 1000 Potentiostat/Gal-
vanostat/ZRA system was used for the electrochemical data collection.
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3. Results and Discussion
3.1. Nanostructure Analysis of Thin-Film Fuel Cells

Figure 2 shows the FE-SEM surface images of the YSZ films deposited under different
sputtering pressures. With the increase in sputtering pressure, the size of the surface grain
gradually decreased. Compared with the 5, 10, and 20 mTorr deposited YSZ films, the
surface image of the 3 mTorr deposited YSZ shows a larger grain and gas-tight surface.
Under low sputtering pressure, particles with high kinetic energy reach the substrate and
promote surface diffusion and migration to grow columns with a larger diameter and high
density [26]. Under high sputtering pressure, the porosity of the film increases due to the
lower kinetic energy of the sputtered atoms from the target. When the particles with lower
kinetic energy reach the substrate, the mutual bonding force between particles and the
migration of the particle are reduced [29].

Figure 2. SEM surface images of YSZ electrolytes deposited at sputtering pressures of (a) 3 mTorr,
(b) 5 mTorr, (¢) 10 mTorr, and (d) 20 mTorr.

The cross-sectional structure of YSZ deposited at 3 mTorr shown in Figure 3 showed
a dense and gas-tight structure like the surface image. However, as the deposition pres-
sure increases from 5 to 20 mTorr, the grain and diameter of YSZ columns become smaller.
In these cases, numerous nanopores are generated in the films, which results in poor gas
tightness.
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Figure 3. FIB-Cross sectional images of YSZ electrolytes deposited on AAO/Ni at sputtering pres-
sures of (a) 3 mTorr, (b) 5 mTorr, (¢) 10 mTorr and (d) 20 mTorr.

3.2. Electrochemical Evaluation of Thin-Film Fuel Cells

AAO-supported thin-film SOFCs were fabricated to analyze the effect of the deposi-
tion pressure on the electrolyte fabrication. The cell configuration and cross-sectional FE-
SEM images are shown in Figure 4. The electrochemical characterization was carried out
at 500 °C, and the corresponding electrochemical characterization results are shown in
Figure 5. The open-circuit voltage (OCV) values of the electrolyte films prepared at 3
mTorr and 5 mTorr sputtering pressures were 1.043 V and 0.735 V, respectively. As with
the analysis results on the surface and cross-sectional images, the OCV close to the theo-
retical value [2] was measured at 3 mTorr, showing excellent gas-tightness. In the case of
the 5 mTorr deposited YSZ, the OCV began to be reduced by gas leakage, and no OCV
was seen for the 10 mTorr and 20 mTorr deposited YSZ films. The maximum power den-
sity was 1.593 W/cm? for the 3 mTorr deposited YSZ, which was nearly the highest among
YSZ-based solid oxide fuel cells [20]. Therefore, the sputtering conditions of 3 mTorr at
room temperature in this research resulted in excellent ion conductivity and gas-tightness
[21].

—— Pt(200 nm)
YSZ (2.2 um)
— . Ni (750 nm)

—— AAO (100 pm)

Figure 4. (a) Illustration of an AAO-based thin-film SOFC. (b) Cross-sectional FE-SEM images of
YSZ electrolytes deposited on AAO substrates at 3 mTorr.



Sustainability 2022, 14, 9704

6 of 9

1.2 T T T T T T T T T 2000
—e— 3mtorr YSZ
—e— 5mtorr YSZ
1.0+ (No OCYV for 10mtorr, 20mtorr YSZ Cell)
' 1600
S
0.8+ L
< +1200 =
> 0000000000, e é
o 0.6 o) 2
& D
% 800 %
> 044 Q
g
400
4 [e]
0.2 £
0.0 T T T T T T T T T 0
0 500 1000 1500 2000 2500

Current Density (mA/cm?)

Figure 5. I-V and I-P curves of AAO-based TF-SOFCs with different YSZ electrolytes at 500 °C.

3.3. Analysis of Residual Stress through XRD

As shown in Figure 6, XRD was used to analyze the crystallinity and residual stress
values of the YSZ films made with different deposition pressures. The XRD patterns of
each film mainly show peaks in the direction of (200), (222), and (400) corresponding to
the cubic-phase YSZ. The three peaks (34-36°, 61-62°, and 71-75°) of YSZ were selected to
calculate the residual stress. With the increase in sputtering pressure, the angle of the XRD
peak increases, indicating that the stress state changes from compressive to tensile stress
[30]. Mainly the 3 mTorr deposited YSZ films exhibit significant compressive stress. The
increased diameter of the individual column by thickness generates compressible residual
stress, resulting in a dense and gas-tight film. As the sputtering pressure increases, differ-
ent sizes of the vacancies are formed during the film deposition, and the presence of these
vacancies leads to tensile residual stress. Therefore, the thin-film electrolyte of the solid
oxide fuel cell must exhibit compressive stress for gas-tightness.
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Figure 6. X-ray diffraction investigation of the crystallinity and residual stress values of each elec-
trolyte (3, 5, 10, and 20 mTorr YSZ).
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According to Bragg’s law, we can calculate the lattice distance d using Formula (1).
When the lattice distance is larger than the normal phase, this indicates residual stress in
the plane direction of the film:

Bragg's law: 2dsin6 = nA (1)

where d is the distance between parallel atomic planes, A is the wavelength of the incident
wave, and 0 is the angle between the incident light and the crystal plane. After obtaining
the distance d between the planes of the parallel atoms, the residual stress was calculated
using Formula (2):
O¢p = : ( O.dq,
(1 + v)d, “Osin?y

) 2)

where E is Young’s modulus, v is Poisson’s ratio, and d, and dy, are the lattice spacing
without stress and the lattice spacing with stress, respectively. Then, we calculated that
the residual stress values of 3 mTorr in Figure 6 were 169.983 MPa, 160.292 MPa, and
154.960 MPa, respectively, which were larger than the other electrolyte films.

In Figure 7, the relations between the gas-tightness and residual stress are illustrated.
To deposit a gas-tight thin-film electrolyte on the porous electrode, the diameter of the
individual column must grow via active surface diffusion, which inevitably causes com-
pressive residual stress. At low sputtering pressure, the diameter of the column is signif-
icantly increased through active surface migration and the diffusion of high-energy ada-
toms. Under high sputtering pressure, the energy of the adatoms is lowered due to the
active collision of a background gas, which maintains the original diameters of the col-
umns. Therefore, the gas-tight 3 mTorr deposited YSZ film shows a proper OCV, but the
YSZ films deposited at 5, 10, and 20 mTorr, where gas-tightness is not ensured, show re-
duced or no OCV. Therefore, this study indicates a close relationship between the gas-
tightness and residual stress.

Compressive residual stress at the junction A

(@) / (b)

YSZ YSZ

[ETeT

H, H,

Figure 7. The tendency for residual stress for YSZ films deposited under (a) low sputtering pressure
and (b) high sputtering pressure.

4. Conclusions

This study successfully developed a room-temperature sputtering process for pro-
ducing thin-film solid oxide fuel cell electrolytes. The thin-film YSZ electrolytes were de-
posited at 3, 5, 10, and 20 mTorr to control the gas-tightness and nanostructures. Accord-
ing to the experimental results, the sputtering pressures caused significant differences in
the nanostructure and gas-tightness of the YSZ films. The decreased deposition pressure
of YSZ film resulted in denser and larger grains. On the other hand, the YSZ thin film with
increased sputtering pressure showed a smaller grain size and numerous nanopores be-
tween the YSZ columns.

Furthermore, the films changed from showing compressive to tensile stress with in-
creased sputtering pressure. The existence of tensile stress promotes the grains’ vertical
growth, resulting in the generation of pores in the films. XRD was used to measure the
residual stress, and it was possible to conveniently derive a relationship between the re-
sidual stress and gas-tightness. As a result, the thin film exhibited the densest and most
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gas-tight film morphology under the sputtering pressure of 3 mTorr, and it showed
around 160 MPa of compressive stress. These YSZ films were applied to the thin-film solid
oxide fuel cell, and the electrochemical properties were measured. At 500 °C, a thin-film
fuel cell with a 2.20-pum-thick YSZ electrolyte deposited at 3 mTorr showed a 1.043 V OCV
and 1.593 W/cm? peak power density at 2 A/cm?, which was one of the best performances
among the YSZ-based solid oxide fuel cells. The solid oxide fuel cell developed through
this research showed very good performance, even though the operating temperature was
lowered by more than 200 °C compared to the conventional solid oxide fuel cells. It is
believed that this research will contribute to solving the current climate and energy prob-
lems.
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