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Abstract The physical and electrical properties of sput-
tered YSZ thin films on various substrates were investigat-
ed. The in-plane electrical properties of the films were
measured for evaluating YSZ thin film for co-planar SOFC
electrolytes. The conductance measured on YSZ over Si
substrates was significantly affected by the buffer layer
thickness and exhibited higher values than that of YSZ on
sapphire. This indicates that electrical leakage occurred
through the substrate when Si substrates were utilized.
Nevertheless, pure ionic conduction was observed in YSZ/
sapphire regardless of the film thickness. It implies that
much care should be taken for the selection of substrate
materials in measuring or utilizing in-plane conductivity,
especially for high temperature applications.

Keywords YSZ thin film - Sputtering -
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1 Introduction

In the past decade, solid oxide fuel cells (SOFCs) have
drawn increasing interest as the next generation of power
sources due to their high power density, efficiency, and
environmental friendliness. Most of the research efforts in
SOFCs have focused on the applications of several of the kW
levels, e.g., residential power generation (RPG) and auxiliary
power units (APU) of automobiles. Recently, however, much
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attention has been given to miniaturized SOFCs for portable
and integrated power sources. This is because current micro
power sources, such as rechargeable batteries, cannot keep
pace with the growing power demand of advanced portable
electronic devices [1-3]. Since a micro-SOFC has much
higher power and energy densities over current portable
power sources, it is expected to become the next-generation
portable and mobile power source.

However, simple size reduction of conventional SOFCs
would not satisfy the requirements for portable applications.
As the dimension of the cell components reduces, alternate
manufacturing methods should be employed, since tradition-
al bulk processes have their limitation for fabricating micro-
size components [4]. Thus, micro-fabrication techniques
appear to be essential for developing fuel cells in small
dimensions. Among them, thin film deposition of electro-
lytes has been studied by many researchers for several
distinctive advantages. The decrease of the ohmic resistance
due to the thickness reduction [5] is probably the most
significant reason. Also, the possibility of utilizing the
increase of electrical conduction through the nano-size effect
[6-9] can be another example. However nano-size effect is
still under debate since it was mostly observed in thin film
YSZ [6, 7, 9] than in nano-crystalline bulk materials [10].

There have been many trials to construct a conventional
vertical positive-electrolyte-negative (PEN) structured
SOFCs either by deposition of thin electrolyte films on
porous substrates [5, 11, 12], or employing back-etching
after deposition of thin electrolyte film on dense substrates
[13]. For using porous substrates, films with a substantial
thickness (>>1 pum) need to be deposited to obtain
completely impermeable electrolytes onto porous substrates
containing approximately micrometer sized pores. For
back-etched structures, mechanical frailty of the free
standing cell membrane can be a concern.
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In this regard, a co-planar type single chamber SOFC
(SC-SOFC) is an attractive application for vacuum depos-
ited thin films. In the co-planar SC-SOFC, both the anode
and the cathode are placed on the same surface of the
electrolyte [14, 15]. In this design, electrolytes can be
deposited on dense supports or can have a sufficient thick-
ness to become a support itself. Therefore, the mechanical
strength of the cell can be secured. And since the electrodes
are deployed on a common plane, the co-planar SC-SOFC
design is compatible with two-dimensional integration by
using micro-fabrication [2], such as thin film deposition and
patterning used in the IC fabrication. Moreover, a sealless
design and higher thermal cycling resistance of a SC-SOFC
are also beneficial aspects for portable and micro power
applications [16].

However, for using YSZ as an electrolyte of co-planar
type SOFCs, it is important to understand its physico-
chemical properties in the in-plane configuration and under
the effects of the substrates at the operation temperature
range of SOFC (>500 °C), since in this design the vacuum
deposited thin film electrolytes are fabricated on substrates
and the properties of the thin film would be significantly
affected by the substrate. Especially, when employing
micro-fabrication, the most considered substrate is silicon.
Hence there are previous reports that used silicon base
substrates to characterize thin film SOFC components by
using in-plane electrode configurations [1, 17-19]. How-
ever, the effect of the substrate and/or buffer layer has not
been thoroughly discussed. In ref. [17], Zhang et al.
considered the higher conductivity value was sorely from
the thin film, but Bieberle-Hiitter et al. [18, 19] mentioned
the possibility of electrical leakage through more conduc-
tive substrates, even with a 1 um-thick dense buffer layer.

For clarifying of this like confusion, in this study we
measured the electrical properties of YSZ thin films on
various substrates, especially Si-base substrates with vari-
ous buffer layers and compared them with that of the YSZ
films on insulating substrates. From this investigation we
checked the viability of vacuum deposited thin film
electrolytes in co-planar type SOFC designs. Further
concerning points and/or key guidelines for measuring
and utilizing the properties of thin film electrolytes in in-
plane configuration are addressed as well.

2 Experimental procedure

YSZ thin films with various thicknesses from ~180 to
~900 nm were deposited on several different varieties of
substrates by using RF sputtering. An 8 mol% Y,05-ZrO,
(8YSZ) sintered target was used for sputtering and RF
power was 200 W during the deposition. The substrate
temperature was 575 °C and the ambient pressure was
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~12 mTorr at an O,/Ar gas ratio of 0.1 (3/30 sccm). The
measured growth rate of YSZ thin films by SEM cross-
sectional observation was approximately 1 nm/min. Film
composition, orientation, and microstructures were charac-
terized by AES and EDS, XRD, and SEM, respectively.

For electrical conductivity measurements, two electrodes
were formed by screen printing Au paste on the surface of
the YSZ thin films (two-probe set-up). The printed electro-
des were fired at 800 °C for 1 h. A schematic of dimensions
and configuration of the electrodes is shown in Fig. 1. The
Au electrode width (W) was 0.2 cm, the length (L) was
1 cm, and the gap between the electrodes (G) was 0.04 cm.
AC impedance measurements were performed at a temper-
ature range of 500-850 °C by using Solartron 1260 and
1296. The AC amplitude was 100 mV and the frequency
range was 1x10°-0.1 Hz.

For investigating influences of the substrates, we first
deposited 900 nm-thick YSZ thin films on silicon substrates
with various buffer layers, as well as on a sapphire
substrate. Afterwards, we compared the measured conduct-
ance of these samples. Three different silicon substrates
with different buffer layers were used: one with 100 nm
Al,O3 buffer layer; another with 1 um SiO, layer; and, the
third with 100 nm Al,O; over 1 um SiO, layer. These
substrates are denoted as AS, SS, and ASS, respectively.
The 1 um-thick SiO, layer of SiO,/Si wafer (i-Nexus, Inc.,
Korea) was prepared by wet thermal oxidation of (100)-
oriented p-type Si wafers (Single Crystal Substrate of
America, Inc., USA). 100 nm-thick Al,O3 layers (INOSTEK,
Korea) were formed by a sol-gel method over Si and SiO,/
Si wafers. The description of samples prepared and their
denotations are listed in Table 1. The effect of the film
thickness was examined in the YSZ films deposited on c-cut
((0001)-oriented) sapphire substrates (Kyocera, Japan) with
rms roughness of ~1 A (C-Sap). The characteristics of ionic
conduction were also studied on these specimens by varying
oxygen partial pressure.

Au lead wires

YSZ sputtered film

Substrate

Fig. 1 Schematic of electrode configuration
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Table 1 Denotation of substrate types and YSZ film thicknesses
examined.

Denotation Substrate type YSZ film thickness (nm)
AS AL,O5 (100 nm)/Si 900
SS SiO, (1 um)/Si 900
ASS AlLO; (100 nm)/SiO, 900
(1 um)/Si
C-Sap Sapphire with 1 A 180
surface roughness 360

900

3 Results and discussion
3.1 Physical properties of sputtered YSZ thin films

In Fig. 2, XRD results of YSZ samples are displayed. The
results of 900 nm thick YSZ films on Si substrates with
various buffer layers (AS, SS, ASS) are shown in Fig. 2(a),
and those of YSZ films with various thicknesses on c-cut
sapphire substrates (C-Sap) are shown in Fig. 2(b). It has
been determined that the YSZ films have a strong (111)
texture regardless of the buffer layer on the Si substrate.
Also, the films on c-cut sapphire substrates have the same
tendency of the orientation for all thicknesses examined.
The surface morphology and the cross-sectional micro-
structure of the film on SS are shown in Fig. 3(a) and (b),
respectively. The films deposited on other Si-base sub-
strates, AS and ASS, have a similar microstructure. The
film consists of several tens of nanometer grains and has a
pronounced columnar grain structure. The film deposited
on the sapphire substrates has a similar surface morphology
as shown in Fig. 3(c), and also the cross-sectional mi-
crostructure shown in Fig. 3(d) exhibits a columnar
structure. However, the column boundaries are not as
pronounced as that of Fig. 3(b). Similar results have been
reported in ref. [8]. Although there is a slight difference in
the cross-sectional microstructures, we can conclude the
sputter deposited YSZ films are polycrystalline films with a
strong (111) texture regardless of the substrate types based
on the surface morphologies and the XRD results.

The atomic ratios of Y in the films were analyzed by
using AES and EDS, and Y to (Y+Zr) ratios were
measured as 0.178 and 0.166, respectively. The calculated
Y/(Y+Zr) ratio of 8YSZ is 0.148, thus the YSZ film is
slightly Y,Oj3 excess in composition than 8YSZ.

3.2 Substrate effects on electrical property measurement
of YSZ

In this section, we compare the electrical conducting
properties of 900 nm thick YSZ thin films deposited on
silicon substrates with various buffer layers (AS, SS, ASS)
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Fig. 2 XRD results from (a) 900 nm YSZ thin films on Si-base
substrates with various buffer layers; and (b) YSZ with different
thicknesses on sapphire substrates (C-Sap) (on AS, Al,O5 (100 nm)/Si
substrate; ASS, Al,O3 (100 nm)/SiO, (1 um)/Si substrate; SS, SiO,
(1 um)/Si substrate; C-Sap, c-cut sapphire substrate)

and a sapphire substrate (C-Sap). As mentioned previously,
the YSZ film deposition conditions and all the electrode
conditions such as Au electrode configurations and the
electrode thermal treatment condition were identical for
each sample. We first use the 1/R value of each sample
instead of the conductivity o for the comparison of
conducting properties. It is because that the precise
definition of the electrode area (A) and length (I) of the
conducting materials in the on-plane electrode configura-
tion for deducing o = & x A% is not as straightforward as that
of a face-to-face electrode configuration. We will revisit
this issue in the later section.

In Fig. 4, the impedance spectrum measured at 850 °C
on 900 nm YSZ over ASS substrate is shown. Other
measurements at different temperatures and/or different
samples showed similar spectra, which exhibited a semi-
circle arc at the high frequency range coming from the
sample, and another big low frequency arc due to the
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Fig. 3 Plan-view and cross-
sectional SEM micrographs of
900 nm YSZ on (a, b) SS
(Si0,/Si); and on (e, d) C-Sap

electrode reaction. The sample resistances R were deter-  compared. Considering that all samples have identical
mined by the fitting the high frequency arc and taking the  electrode configurations and thin film thicknesses, the 1/R
value of the intersection on the real axis as shown in Fig. 4. values can be directly related to the conductivity of each
In Fig. 5, the 1/R values measured for each sample are = sample. The 1/R of 900 nm YSZ on AS is about one order

2000 : - 5 = 5 = i
L]
@ 900nm YSZ on ASS at 850 °C
. I | .' 1 I
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1500 |- f I ¥ o Ass
° ok " m AS
1 3 a . - v CSap
o ° B e .
= 1000 | a . o . "
N = -l v pd
) g; v ‘
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° 2 v ¢
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v
1 S . i . . v ]
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0 500 1000 1500 2000
Z'la Fig. 5 Comparison of 1/R values of 900 nm YSZ on various

substrates (on AS, Al,Oz; (100 nm)/Si substrate; ASS, Al,0O3
Fig. 4 Impedance spectrum of 900 nm YSZ on ASS (Al,03/Si0,/Si) (100 nm)/SiO, (1 um)/Si substrate; SS, SiO, (1 um)/Si substrate; C-
at 850 °C, in air Sap, c-cut (0001) sapphire substrate)
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of magnitude higher than those of YSZ on ASS and SS.
Again, the 1/R of YSZ on C-Sap is about one order of
magnitude lower than those of YSZ on ASS and SS. In
each case the activation energies are 1.18, 1.1, 1.08, and
1 eV for films on ASS, AS, SS, and C-sap, respectively.

The reported properties of the films deposited by
physical vapor deposition methods [8, 9] can be compared
with our results. In those reports, YSZ with thickness over
several hundred nanometers (~210 nm [9]) exhibited
conductivity close to bulk. Those YSZ films were deposited
on insulators such as sapphire and MgO single crystal
substrates. Therefore, we postulate that the electrical
properties of ~1 um-thick YSZ on C-Sap reflect the
genuine YSZ film conductivity without any artifact. On
the other hand, the higher 1/R values of the films over Si-
base substrates seem to result from the substrate effect
which might be correlated with the thickness of the buffer
layers over Si. As explained in Table 1, ASS and SS have
different buffer layer configurations and different interfaces
between thin film layers, whereas the thickness of the
buffer layers are in a similar range (1,100 and 1,000 nm,
respectively). In these cases, ASS and SS exhibited similar
conductance values as shown in Fig. 5. However, the
conductance values of AS and ASS show a significant
difference due to the great difference in buffer layer
thickness (100 and 1,100 nm), whereas they have the same
interfaces between YSZ thin film layers and substrate
surfaces. From these results, we can infer that the apparent
conductance of YSZ film on Si substrate is primarily
dependent on the thickness of the buffer layers.

A more intuitive explanation for the apparent high
conductance of YSZ films might be the current passing
through the high conductive Si-substrate. However, some
sort of AC coupling effect without any current leakage
might be another possibility, inducing apparent high
conductance of YSZ films. In AC coupling, which is also
known as capacitive coupling, AC signals can be coupled
by capacitors in series while DC currents are blocked [20].
This capacitive coupling can be an accidental effect in AC
impedance spectroscopy. Under this condition, AC coupled

R = Rirusi + 2 X Rihru YSZ and Buffer = 2 X Rihru YSZ and Buffer

signals can result in the relatively higher conductance
measured in AC impedance spectroscopy.

In order to verify the exact Si-substrate effect, we
measured DC conductivity and compared it with AC
impedance. If the AC measurement picked up the coupled
signals due to the capacitive coupling effect, the resistance
measured by DC should be higher than that of the AC
measurement because the DC current should be blocked
with insulating buffer layers. According to our comparison
between the resistance from DC two-probe and AC
impedance measurements, the DC resistance was well
matched with the total R value (bulk+electrode) of AC
within the experimental error (less than 10%). Based on
these observations, we believe that the actual faster
conducting path resides underneath buffer layers, i.e., in
silicon part of the substrate. The electrode configuration we
used should have acknowledged such a signal. It is quite
surprising that even the buffer layer with the thickness
exceeding 1 wm could not completely block the current
leak through the Si layer at this temperature range, knowing
that YSZ on SS and ASS have higher conductance than
those of YSZ on C-Sap.

We suspect that the electrode area of the Au electrodes
(WxL refer Fig. 1) was excessive compared with the
thickness of the YSZ film and the buffer layers. Thus,
current paths underneath this wide electrode would pene-
trate deeply into the sample structure, even down to the Si
part of the substrate. To check the feasibility of this
assumption, we roughly calculated the resistance for two
distinctive electrical paths, shown in Fig. 6. Path A
represents conduction through YSZ thin film by the shortest
conduction path, and path B shows conduction penetrating
YSZ and buffer layers and passing through Si substrates. If
we assume that the entire thickness #; is active for the
conduction, the resistance for Path A is:

/ G

Ra = 7 Pvsz = LthPYsz- (1)

For Path B, if we assume the resistance of Si is
negligible compared with other resistances, then:

te t
=2x (mpysz + mpbuffer> (2)

where G=0.04 cm; W=0.2 cm; L=1 cm in our measure-
ment configuration. Here we put #;and #, as 1 um, and pygy
is ~65 Qcm at 700 °C. Assuming we have a single SiO,
buffer layer which has ppygrer~10® Qcm at 700 °C [21], then
RA=2.6%x10* Q and Rz~10> Q, respectively. This is an
order of magnitude difference; therefore it is highly

possible that the electrical leakage occurred by penetrating
YSZ and buffer layers down to Si-substrate at a high
temperature. Others also suspected an electrical leakage
happened through Si substrates with Siz;Ny4 buffers, howev-
er, in this case the activation energies were reported much
lower than 1 eV [18, 19]. It is unclear at this point why the
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effective electrolyte volumes can be significantly different
for two extremely different electrolyte thicknesses. During
our measurement, we had this concern for the electrolyte
thickness for most thin film applications, i.e. <l pm.
Therefore, we varied the thin film thickness and measured
the electrical properties under the same electrode config-
uration. Then we normalized the 1/R values with ¢. The
results are shown in Fig. 7(b). Since the normalized values
fell in one line, it is shown that the contribution of ¥ does
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Fig. 7 (a) 1/R values of YSZ of various thicknesses on C-Sap; (b) 1/R
values normalized with film thicknesses; (¢) estimated conductivity of
900 nm YSZ on C-Sap compared with reference data [6, 8, 23]

not change in the thickness range of <l pum in our
configuration. In fact, the contribution of W appeared to be
minute and the length of the conducting volume (/) would
be close to G (0.04 cm) in this configuration, according to
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our simulation (Kim et al., in preparation). This also
corresponds to the regime where the assumption that G~/ and
the electrode area 4 = ¢ x L is valid when G >> t [2].
Hence, we calculated the conductivity of 900 nm YSZ on C-
Sap with the applied dimensions of 4 = ¢ x L and /=G. The
result is displayed in Fig. 7(c). When compared with the
reference value measured in bulk [6, 8, 23], the activation
energy was in a similar range and the calculated o of the film
on C-Sap was similar or slightly lower than that of the bulk.
In ref. [8] and [9], the o of YSZ films also exhibited slightly
lower values than those of bulk references in the thickness
range close to 1 um. Thus, the lower o value estimated could
come from the properties of the thin films on substrates,
which can be related to the stress and strain by thermal or

lattice mismatch with substrates, interface formation to
substrates, etc. However, we should not completely exclude
the possibility of defining effective electrode dimensions was
not precisely reflecting the actual electrode dimensions.

For identifying the nature of the electrical conduction in the
YSZ films, we measured the film’s conductivity as a function
of oxygen partial pressure. In Fig. 8, the conductivities
measured at various temperatures on 180 and 360 nm-thick
YSZ samples deposited on C-Sap are exhibited. The
measurements of the oxygen partial pressure dependence of
o were performed at the temperatures of 700, 750, 800, and
850 °C for both samples. For 180 nm YSZ, though, it was
difficult to measure the electrical property at 700 °C since
the conductance was too low. At the temperatures that we
could measure the electrical properties, it is clearly shown in
Fig. 8 that the conductivity does not change at the range of
~1072°<P02<1 atm, thus the electrical conductivity of the
YSZ films appears to be ionic.

4 Conclusions

Sputtered YSZ thin films on various substrates were
investigated for their physical and electrical properties. The
co-planar type SC-SOFC was the application of the interest,
thus the on-plane electrode configuration was employed to
probe electrical properties. Highly (111) oriented 8YSZ thin
films with a polycrystalline structure were obtained on
substrates including Si with diverse buffer layers and
sapphire. The conductance of the sample prepared on Si-base
substrates exhibited higher values than that of the sample
prepared on sapphire. Since the conductance decreased with
the buffer layer thickness, we believe that electrical leakage
occurred. Therefore, care should be taken for the selection of
proper buffer layer thicknesses and electrode dimensions to
use Si-base substrates in this configuration, especially for high
temperature applications. For the samples prepared on
sapphire substrates, the conductance normalized by the film
thickness fell in a single line when plotted vs. 1/7. This
indicates that the contribution of the width of the on-plane
electrode, W, did not change in the thickness range we
investigated; and, the film thickness ¢ is one of the major
contributors for area 4 in conductivity estimation. Also,
ionic conduction was confirmed in YSZ deposited on
sapphire substrates since the conductivity did not depend
on oxygen partial pressure.
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