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Epitaxial growth of yttria-stabilized zirconia (YSZ) thin film on through-hole-type porous silicon [tht-PSi(001)]
with vertical pores penetrating from the surface to the back side of the Si(001) substrate was achieved. The in-
plane and out-of-plane lattice parameters of YSZ thin film deposited on the tht-PSi(001) were, respectively
0.5167 and 0.5124 nm. Therefore, 0.54 % tensile strain was applied to the YSZ thin film. Also for this work, an
all epitaxially grown thin film of YSZ/La,7Sr3MnO3;(LSMQO)/Ce0O,/YSZ/Si(001) was prepared. The out-of-
plane lattice parameter of YSZ was 0.5145 nm. Therefore, the YSZ thin film of YSZ/LSMO/CeO,/YSZ/Si(001)
is almost relaxed, with a small amount of tensile strain (0.12 %). In-plane and out-of-plane electrical properties
were measured respectively for YSZ/tht-PSi(001) and YSZ/LSMO/Ce0O,/YSZ/Si(001) thin films. Results show
that ionic conduction was confirmed at 400 °C through constant electric conductivity against the change of
oxygen partial pressure (pO,). Enhanced ionic conduction was observed for epitaxial YSZ/tht-PSi(001) thin
films measured along the in-plane direction. Such enhanced ionic conduction was not observed for epitaxial
YSZ/LSMO/CeO,/YSZ/Si(001) thin films measured along the out-of-plane direction. These findings suggest
that enhanced ionic conduction is correlated with tensile strain in YSZ thin films.
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1. Introduction

Fuel cell systems are among the cleanest and the most
environmentally friendly energy conversion technologies,
offering numerous benefits such as the ability to provide
heat and power with efficiencies exceeding 70 %. Further-
more, solid oxide fuel cells (SOFCs) are superior because
they combine high system efficiency with fuel flexibility.
Conventional SOFCs based on yttria-stabilized zirconia
(YSZ) are operated at temperatures as high as 750 °C.
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Because of this high-temperature operation, cost and ther-
mal issues have come to present major challenges. To
address these issues, one good solution is to lower the
operating temperature.~> In addition, fuel cells that oper-
ate at lower temperatures allow shorter start-up times and
reduced thermal cycling. One method of lowering the
operating temperature is to use a thinner electrolyte.
Reducing the solid electrolyte layer thickness is thought
to reduce the impedance of ionic conduction and thereby
lower the operating temperature.”> However, thinning
also presents the difficulty that it requires a substrate,
which is expected to interfere with the fuel gas supply.
Therefore, in earlier thin-film SOFCs, the gas is supplied
from the back side of the substrate. To supply the gas from
the back side of substrate, etching to remove part of
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substrate has been conducted.® However, etching might
damage the thin films. Furthermore, etching requires
expensive apparatus such as reactive ion etching.

In this work, we propose preparation of a thin film elec-
trolyte (YSZ) deposited on a through-hole-type porous
silicon (tht-PSi). The tht-PSi has penetrating vertical pores
from the surface of the Si substrate to the back side. More-
over, it is expected to have permeability for gases, which
suggests that thin film SOFC can be realized without post
deposition processing such as etching. In addition, because
tht-PSi maintains the crystal structure of silicon, it will be
possible to realize epitaxially grown YSZ thin films on the
tht-PSi. Reportedly, the ionic conductivity of epitaxially
grown YSZ thin films increased by about one order of
magnitude compared to that of bulk YSZ.” Therefore,
enhanced ionic conductivity is expected for epitaxial YSZ
thin films deposited on tht-PSi. No report of the relevant
literature describes preparation of epitaxial YSZ on tht-
PSi.

For the thin film SOFC application, both bottom and
top electrodes are necessary for the electrolyte. To realize
epitaxial growth of electrolyte (YSZ) thin films, epitaxial
growth of the bottom electrode is needed. In the SOFC
application, Lag;Srg3MnO; (LSMO) is used widely as a
bottom electrode because LSMO is stable up to elevated
temperatures. Nevertheless, it is impossible to realize epi-
taxial LSMO directly on the Si(001) substrate. Introducing
a Ce0,/YSZ double buffer layer is known to facilitate the
epitaxial growth of perovskite-type oxides such as LSMO
on Si(001).2'Y Numerous reports have described the epi-
taxial growth of perovskite type oxides (such as LSMO)
on fluorite-type oxides (such as CeO,/YSZ), but few
reports have described the epitaxial growth of fluorite type
oxide on perovskite-type oxides. Scigaj et al. and Zhao
et al. respectively reported an epitaxial YSZ thin film on
SrTiO3(011) and a CeO, thin film on SrTiO3(001).2-13)
For this work, preparation of all epitaxial YSZ/LSMO/
Ce0,/YSZ thin films was tried on Si(001) and on tht-
PSi(001). Here, the first YSZ layer is deposited as a buffer
layer to realize direct epitaxial growth on Si(001) and tht-
PSi(001). The CeO, layer is used to reduce lattice mis-
match between YSZ and LSMO layers. The LSMO layer
is used as a bottom electrode. The second YSZ layer is the
electrolyte layer. This work has three objectives. The first
objective is to clarify the possibility of realizing epitaxial
growth of YSZ on tht-PSi(001). The second objective is
to clarify the possibility of realizing all epitaxial YSZ/
LSMO/CeO,/YSZ thin films on Si(001) and tht-PSi(001).
The third objective is clarification of the electrical proper-
ties of epitaxial YSZ thin film.

2. Experimental

Porous Si (PSi) was prepared by electrochemical ano-
dization of Sb-doped polished n-type Si(001) wafers with
resistivity of 0.008-0.02 Qcm. After the wafers were
placed into a laboratory-made Teflon holder, they were
connected to the anode of a potentiostat/galvanostat
(HAL3001A with attached 10 A booster unit; Hokuto

Denko Corp., Japan). A Pt wire was connected to the
potentiostat/galvanostat cathode. The electrolyte contains
46-48 % aqueous hydrogen fluoride (HF) and 99.5 % etha-
nol with a volume mixing ratio of 1:1 (27.3 wt % of HF).
Anodization was done using the galvanostat mode of 50
mA /cm? for 1800 s. Furthermore, tht-PSi was prepared by
electropolishing, which was conducted by the rapid in-
crease of current density of anodization to peel off the
porous layer [tht-PSi(001)]. The tht-PSi(001) thickness
was 90 um. The tht-PSi(001) morphology was observed
using scanning electron microscopy (SEM, JSM-7001F;
JEOL). Thin film deposition was conducted using dynamic
aurora PLD with a Nd:YAG laser (A = 266 nm) on Si(001)
with native oxide and tht-PSi(001) substrates. Dynamic
aurora PLD is a kind of PLD by which an electromagnet is
installed in the vacuum chamber between a target and a
substrate. Therefore, a magnetic field parallel to the direc-
tion from the target to the substrate can be applied during
thin film deposition. Our earlier work revealed that appli-
cation of a magnetic field during deposition brings about
convergence of the PLD plume (plasma) to increase the
deposition rate.!*!> For this study, thin film deposition
was conducted under a 40-100mT magnetic field. De-
tailed deposition conditions are presented in Table 1. The
surface crystal structure of thin film was observed using
reflection high-energy electron diffraction (RHEED) after
turning off the magnetic field. The crystal structure of the
thin films deposited on Si and tht-PSi was also examined
using an X-ray diffractometer (MRD; Malvern Panalytical
Ltd., UK). The thin film composition and thickness were
analyzed using an X-ray fluorescence spectrometer (XRF)
(Minipal; PANalytical B.V.) equipped with the FP Multi
software module.

Electrical properties of YSZ thin film were evaluated
using a potentiostat/galvanostat (VersaSTAT 4; Ametek
Science Instruments, U.S.). From the results of AC impe-
dance measurements, the electrical conductivities (0) were
calculated using the following equation.

1 L
O=ZX% ()

Therein, R, L, and S respectively represent resistance,
inter-electrode distance, and electrode area. Temperature
dependence of electrical conductivity was measured at
200-450°C in air. The oxygen partial pressure (pO;)
dependence of electrical conductivity was measured at
400 °C between 10~'3 and 10° atm of pO,. The pO, control
was conducted using a PID-type oxygen partial pressure
controller (SiOC-200S2; STLab Co. Ltd.). Detailed mea-
surement conditions of electrical properties are presented
in Table 2.

3. Results and discussion
Figures 1(a)-1(c) respectively depict SEM images of
the surface, back side, and cross-section of tht-PSi(001)
prepared using anodic oxidation. From Fig. 1(c), the
porous layer [tht-PSi(001)] thickness was inferred as
around 90 um. Figure 1(d) portrays an enlarged image of
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Table 1. Deposition conditions of (a) YSZ and (b) YSZ/LSMO/CeO,/YSZ thin film
(a)
Laser Nd:YAG laser (4 = 266 nm)
Repetition rate/Hz 10
Fluence J/cm? 2.0
Substrate tht-PSi(001) (90 umt)
Target YSZ (Y05 8 mol %)
Oxygen pressure/Pa 7.33 x 1072
Substrate temperature/°C 800
Magnetic field/mT 100
(b
Laser Nd:YAG laser (4 = 266 nm)

Repetition rate/Hz
Fluence J/cm?

Substrate
Target YSZ (Y03 8 mol %)
Oxygen pressure/Pa 7.33 x 1072
Substrate temperature/°C 800

Magnetic field/mT

10
2.0
Si(001) and tht-PSi(001) (90 umt)
CCOZ Lao_7Sr0_3MnO3 YSZ (Y203 8 mol %)
7.33 x 1072 1.33 x 1072 1.33 x 102
800 750 800
40 100

Table 2. Measurement conditions of electrical properties

Laser In-plane measurement Out-plane measurement
Temperature/°C 200400 300450
Start frequency/Hz 10°
End frequency/Hz 1
Amplitude/mV 1000 10
Applied voltage/V 1 0.01

SN NS

-8y N oS

c) Cross-section

Porous layer

(90 pm)

= 10 um \
Fig. 1. SEM images of (a) surface, (b) back surface, (c) cross-
section, and (d) enlarged image of the cross-section of tht-
PSi(001).

the cross-section. These figures show that the tht-PSi(001)
comprises vertical straight pores having 10nm average
pore diameter. The fraction of the surface pore analyzed
using Image] software'® was 12 %. Because the gas mole-
cule size is on the order of 0.3 nm, it is considered that tht-
PSi(001) can have gas permeation from the surface to the
back side. Figures 2(a) and 2(b) portray SEM images of
the surface and cross section of YSZ thin film deposited on
the tht-PSi(001). These figures indicate that YSZ thin film
has smooth morphology and that it is dense on the tht-
PSi(001). The YSZ thin film thickness was 160 nm.
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(a) Surface

b) Cross-section

Fig. 2. SEM images of (a) surface and (b) cross-section of YSZ
thin film deposited on tht-PSi(001).
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Fig. 3. XRD patterns of YSZ thin film deposited on tht-
PSi(001).

Figure 3 shows XRD patterns of YSZ thin film on tht-
PSi(001) substrate. This figure shows that the YSZ thin
film has (00l) orientation. Figures 4(a) and 4(b) show
(111) and (110) pole figures of YSZ thin film deposited
on tht-PSi(001) substrate, measured respectively at 20 =
30.11 and 50.18°. The fact that only four poles are ob-
served in both (111) and (110) pole figures suggests that
the YSZ thin film is grown epitaxially on tht-PSi(001).
The epitaxial growth of YSZ thin film deposited on tht-
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Fig. 4. (a) (111) and (b) (110) pole figures of YSZ thin film
deposited on tht-PSi(001).
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Fig. 5. Reciprocal space map of YSZ/tht-PSi(001) thin film
around YSZ(404).

PSi(001) was also confirmed by a reciprocal space map
measured at around YSZ(404) as presented in Fig. 5.
From this figure, the in-plane and out-of-plane lattice
parameters of YSZ thin films were calculated respectively
as 0.5167 and 0.5124 nm. Because the lattice parameter of
YSZ bulk is @ = 0.5139 nm, the result presented in Fig. 5
means that tensile strain of 0.54 % is applied along in-
plane direction for YSZ/tht-PSi(001) thin film.

Figure 6 shows XRD patterns of (a) YSZ, (b) CeO,/
YSZ, (¢c) LSMO/CeO,/YSZ, and (d) YSZ/LSMO/CeO,/
YSZ thin film deposited on Si(001). This figure indicates
that all layers have c-axis orientation. The thicknesses of
the first YSZ, CeO,, LSMO, and second YSZ layers mea-
sured using XRF were, respectively, 10, 8.6, 90, and 300
nm. Figure 7 portrays RHEED images of (a) YSZ, (b)
Ce0,/YSZ, (c) LSMO/Ce0,/YSZ, and (d) YSZ/LSMO/
Ce0,/YSZ thin films deposited on Si(001) recorded along
azimuth Si[110]. All RHEED images show a streak pattern
that indicates epitaxial growth.!” It is noteworthy that the
RHEED patterns of Figs. 7(a) and 7(d) are the same.
Therefore, the YSZ layer deposited on the LSMO layer is
grown epitaxially, having the same in-plane orientation
as the first deposited YSZ layer. Figure 8 depicts XRD
patterns of YSZ/LSMO/CeO,/YSZ thin film deposited
on (a) tht-PSi(001) and (b) Si(001). Compared with the
XRD pattern deposited on Si(001), the film deposited on
tht-PSi(001) has low crystallinity. Especially, the peak of

| I ?|
=lg & 2 g |7
sl 8
2| b
o
QL
g
20| (@)
= W ]
Ll i | W
20 30 40 50 60 70 R0

20 (deg.)
Fig. 6. XRD patterns of (a) YSZ, (b) CeO,/YSZ, (c) LSMO/

Ce0,/YSZ, and (d) YSZ/LSMO/CeO,/YSZ thin film deposited
on Si(001).

Azimuth
Si[110]

Fig. 7. RHEED images of (a) YSZ, (b) CeO,/YSZ, (c) LSMO/
Ce0,/YSZ, and (d) YSZ/LSMO/Ce0,/YSZ thin film deposited
on Si(001) recorded along azimuth Si[110].

YSZ(002)

Ce0,(004), Si(004)
YSZ(004)

Ce0,(002), Si[002)
LSMO(002)
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Fig. 8. XRD patterns of YSZ/LSMO/CeO,/YSZ thin film
deposited on (a) tht-PSi(001) and (b) Si(001).
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the YSZ layer is not observed for the film deposited on
tht-PSi(001). Figure 9 portrays RHEED images of (a)
YSZ/LSMO/CeO,/YSZ thin films deposited on (a) tht-
PSi(001) and (b) Si(001), subsequently recorded along the
azimuth Si[110]. No streak is observed for YSZ/LSMO/
Ce0,/YSZ thin film deposited on tht-PSi(001). The results
presented in Figs. 8(a) and 9(a) indicate that the second
YSZ layer deposited on LSMO layer has very low crystal-
linity. As presented in Figs. 4 and 5, the first YSZ layer is
epitaxially grown on tht-PSi(001). However, the crystal-
linity was much lower than the film deposited on Si(001).
The low crystallinity succeeded to the upper layers of
Ce0O,, LSMO and second YSZ. The low crystallinity of
the second YSZ layer was regarded as derived by cumula-
tive low crystallinity.

For this work, in-plane and out-of-plane electrical prop-
erties were measured respectively for YSZ/tht-PSi(001)
and YSZ/LSMO/CeO,/YSZ/Si(001) thin films. For the
in-plane electrical property measurement, 6 mm x 1 mm
rectangular Pt electrodes were fabricated through a metal
mask. On the surface of the rectangular Pt electrode, Pt
wires (0.1 mm¢) were attached using a small amount of
Ag paste. Then the wires were connected to the measure-
ment system probe, as presented in Fig. 10(a). For out-of-
plane electrical property measurements, 0.1 mm¢ circular
Pt top electrodes were fabricated through a metal mask.
On the surfaces of the Pt top electrode and the LSMO
bottom electrode, Pt wires (0.1 mmg) were attached using
small amount of Ag paste. Then the wires were con-
nected to the measurement system probe, as shown in
Fig. 9(b). Figure 11(a) shows the temperature dependence
of Nyquist plots of the YSZ/tht-PSi(001) thin film mea-
sured for the in-plane direction. Figure 11(b) shows that
of YSZ/LSMO/CeO,/YSZ/Si(001) thin film measured
along the out-of-plane direction. The thin film resis-

Azimuth
Si[110]

Fig. 9. RHEED images of (a) YSZ/LSMO/CeO,/YSZ thin
film deposited on (a) tht-PSi(001) and (b) Si(001) recorded along
azimuth Si[110].
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tance was calculated based on the radii of semicircles.
Figure 12 shows the change of electric conductivity with
pO,. Measurements were conducted at a constant tem-
perature of 400°C with gas flowing in for a sufficient
time (more than 10 min) to make the measurement atmos-
phere a specific oxygen atmosphere. This figure shows
that the electrical conductivity is unchanged with pO,
between 107! and 10°atm. Reportedly, if the carrier is
electron, the electric conductance changes with pO,.!82D
The fact that the electrical conductivity of YSZ/tht-
PSi(001) film is unchanged with pO, indicates that this
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Fig. 11. Nyquist plots of (a) YSZ/tht-PSi(001) thin film (in-
plane) and (b) YSZ/LSMO/CeO,/YSZ/Si(001) thin film (out-
of-plane).
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Fig. 10. Schematic drawing of electrical property measurement in (a) in-plane and (b) out-of-plane directions.
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Fig. 12. Change of electrical conductivity of YSZ/tht-PSi(001)

thin film (in-plane) with oxygen partial pressure measured at

400 °C.
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Fig. 13. Arrhenius plots of YSZ/tht-PSi(001)(in-plane) and

YSZ/LSMO/CeO,/YSZ/Si(001)(out-of-plane) thin films. Data

of YSZ bulk taken by averaging reported data’?>% and YSZ/
MgO(110)(in-plane) thin film?® are shown for comparison.

film is ionic conduction. Figure 13 shows Arrhenius plots
of YSZ/tht-PSi(001)(in-plane) and YSZ/LSMO/CeO,/
YSZ/Si(001)(out-of-plane) thin films. Data of YSZ bulk
taken by averaging reported data’? > and YSZ/
MgO(001)(in-plane) thin film?® are also shown for com-
parison. These findings clarified that in-plane ionic con-
ductivity of YSZ thin film deposited on tht-PSi(001) is
higher than that of the bulk YSZ. This increase of ionic
conductivity is regarded as brought about by 0.54 % of
tensile strain described for Fig. 5. Similar enhancement of
the in-plane ionic conductivity because of tensile strain
is reported for YSZ thin film deposited on MgO(110) and
(111) single crystals.?® In Fig. 13, data of YSZ/MgO(110)
reported by Sillassen et al.?® are also shown for compar-
ison. Results clarified that the out-of-plane ionic conduc-
tivity of the YSZ thin film deposited on LSMO/CeO,/

YSZ/Si(001) is almost equal to that of the YSZ bulk. The
out-of-plane lattice parameter of YSZ in YSZ/LSMO/
Ce0,/YSZ/Si(001) thin film was 0.5145 nm. This value is
slightly larger than that of YSZ bulk (0.5139 nm). There-
fore, the tensile strain along the out-of-plane direction was
calculated as 0.12 %. Because this value is much smaller
than the tensile strain of YSZ/tht-PSi(001) thin film, the
YSZ layer in YSZ/LSMO/CeO,/YSZ/Si(001) is almost
relaxed. This relaxation is inferred as the reason why en-
hanced ionic conductivity was observed for the in-plane
direction of the YSZ/tht-PSi(001) thin film, and not ob-
served for the out-of-plane direction of the YSZ/LSMO/
Ce0,/YSZ/Si(001) thin film. Therefore, these results sug-
gest that enhanced ionic conduction is correlated to tensile
strain in YSZ thin films deposited on tht-PSi(001).

4. Conclusions

In this work, we realized epitaxial growth of YSZ thin
film on tht-PSi(001) using dynamic aurora PLD. The in-
plane and out-of-plane lattice parameters of YSZ thin films
measured using reciprocal space map measurement were,
respectively 0.5167 and 0.5124 nm. Therefore, 0.54 % of
tensile strain is applied for the YSZ thin film.

Preparation of all epitaxial YSZ/LSMO/CeO,/YSZ
thin film succeeded on the Si(001) substrate. The out-of-
plane lattice parameter of YSZ was 0.5145 nm. Therefore,
the YSZ thin film of YSZ/LSMO/CeO,/YSZ/Si(001) is
almost relaxed with small amount of tensile strain
(0.12 %). Although we tried to prepare epitaxial YSZ/
LSMO/Ce0O,/YSZ thin film on the tht-PSi(001), it was
difficult to confirm epitaxial growth because of the low
crystallinity.

In-plane and out-of-plane electrical properties were mea-
sured respectively for YSZ/tht-PSi(001) and YSZ/LSMO/
Ce0,/YSZ/Si(001) thin films. Results show that ionic
conduction was confirmed at 400 °C through the change of
electric conductivity with oxygen partial pressure (pO,).
Enhanced ionic conduction was observed for epitaxial
YSZ/tht-PSi(001) thin films measured along in-plane
direction. Such enhanced ionic conduction was not ob-
served for epitaxial YSZ/LSMO/CeO,/YSZ/Si(001) thin
films along the out-of-plane direction. The findings suggest
that enhanced ionic conduction is correlated to tensile
strain in YSZ thin film.
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