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Development of SOFC Thin Film Electrolyte Using Electron Beam Evaporation
Technique from the Cubic Phase YSZ Powder
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Formation of YSZ (yttrium stabilized zirconium oxide) thin films using electron beam (e-beam) physical vapor
deposition technique was studied. The influence of substrate crystalline structure on growth of deposited YSZ thin film
was analyzed. The YSZ thin films (1.5 — 2 pm thicknesses) were deposited on three different types of substrates: Al,Os,
optical quartz (SiO,), and Alloy 600 (Fe-Ni-Cr). Cubic phase ZrO, stabilized by 8 % of Y,0; (8 % of YSZ) ceramic
powder was used as evaporation material. The substrate temperature was changed in the range of 20 °C — 600 °C and its
influence on the crystallinity of deposited YSZ thin films was analyzed. It was found that the substrate has no influence
on the crystal orientation of the formed YSZ thin films. The dominant orientation of texture of YSZ thin films is cubic
(111) and keeping the same with different types of substrate. The crystallite size varied between 20 —40 nm and

increased linearly with substrate temperature.
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1.INTRODUCTION

Fuel cells (FC) technology offers many advantages
over conventional methods of power generation, including
higher efficiencies and negligible emissions. There are
many types of fuel cells, such as: Alkaline (AFC), Direct
methanol (DMFC), Phosphoric acid (PAFC), Sulphuric
acid (SAFC), Proton-exchange membrane (PEMFC),
Molten carbonate (MCFC), Solid oxide (SOFC), Protonic
ceramic (PCFC), and etc. [1]. Solid oxide fuel cells
(SOFC) present special interest because of their high
operation temperature, allowing flexibility in choice of
fuel, such as carbon-based fuels, e.g., natural gases.
Various fuel options, such as: methane, methanol, ethanol,
biogas, and gasoline are considered feasible for SOFC
operation, offering in fact a very significant ecological
dimension in the problem of effective energy conversion
[2—5]. SOFC have a modular and solid state construction
and do not present any moving parts, thereby are quiet
enough to be installed indoors [6 — 8]. SOFC do not have
the problems with electrolyte management (liquid
electrolytes, for example, are corrosive and difficult to
handle) and do not contain noble metals that could be
problematic in resource availability and price issue in high
volume manufacture [6 —9]. SOFC have extremely low
emissions for eliminating the danger of carbon monoxide
in exhaust gases, as any produced CO is converted to CO,
at the high operating temperature and have potential long
life expectancy for more than 40000 — 80000 h. Also the
high operating temperature of SOFC produces good quality
heat byproducts that can be used for co-generation, or for
use in combined cycle applications. For these many
reasons SOFC are considered to be one of the most
promising energy converters in the future [5].

The widespread commercialization of the SOFC will
depend greatly on lowering material costs and achieving
even greater gains in efficiency [8 — 10]. SOFC differ in
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many respects from the other fuel cells technology. First,
they are composed of all-solid-state materials. Second, the
cells can operate at temperature as high as 1000 °C,
significantly hotter than any other major category of the
fuel cells. Third, the solid state character of all SOFC
components means that there is no fundamental restriction
on the cell configuration. Cells are being constructed in
two main configurations, i.e. tubular cells or rolled tubes,
and flat-plates (planar) [2, 6, 8].

SOFC consist of two electrodes sandwiched around a
hard ceramic electrolyte [2]. Electrolyte and its material
has one of the basic parts and biggest influence for the
SOFC performance. Different types of materials as
electrolyte in the SOFC could be used yttrium- stabilized
zirconium oxide- (Zr0,)o.92(Y203)0.0s — YSZ (also could be
used other stabilizing ZrO, dopants such as CaO, MgO,
Sc,05 and certain rare earth oxides such as Nd,Os3, Sm,0s,
Yb,0;); Cerium oxide doped with samarium (SDC -
Ceo.355myg.15)O1.925), gadolinium (GDC - (Ce.90Gdo.10)O1.95),
Calcium (CDC - (Ceg3sCag 12)O; g5); yttrium doped Ceria
(YDC - (Ces5Y0.15)01.925); Lanthanum gallate ceramic
including lanthanum strontium gallium magnesium
(LSGM - (Lag 80Sr0.20)(Gag.90Mg0.10)02.85 or
(Lag 80Sr0.20)(Gag.soMgo20)02.80; Bismuth  yttrium  oxide
(BYO-  (Big75Y025)203); Barium  Cerate (BCN -
Ba(Ce95Ybg.05)03); Strontium Cerate (SYC -
Sr(CeposYbgos)O; and etc. [6—11]. At present, yttria-
stabilized zirconia (YSZ) cermets are the most widely
adopted materials for SOFC electrolytes. It is conditioned
by low YSZ electrolyte price, good thermal properties
(cause by high operating temperature), and ionic
conductivity. YSZ electrolyte can be fabricated in different
ways: using pressing-heating technique [2], aques tape
casting [12], chemical vapor deposition (CVD) [13], flame
assisted vapor deposition [14], and physical vapor
deposition (PVD) techniques, such as: arc discharge
deposition, DC sputtering and e-beam deposition [15 — 20].

One of the ways for the lowering the cost and
increasing the performance of SOFC is to use as much as



possible thinner electrolyte layers (that is lowering the
working temperature of the SOFC and the costs of the
other components of FC). Moreover, the electrolyte should
be made not porous (with cubic crystal orientation giving
better ionic conductivity) on the porous substrates [2]. The
shortcut between anode and cathode is the second problem.
That has the influence on the electrolyte thickness (by now
it is 2 — 3 um of range).

Physical vapor deposition could be one of the best
techniques for solving those requirements. It is easier to
control thin film properties using PVD technology,
compare to other technique.

In the present study, YSZ electrolyte thin films were
deposited using e-beam deposition technique operating
deposition parameters in order to get YSZ thin films that
satisfy SOFC electrolyte requirements.

2. EXPERIMENTAL

YSZ thin films (1.5—2um of thicknesses) were
deposited on three different substrates: Al,O;, optical
quartz (SiO;), and Alloy 600 (Fe-Ni-Cr) at different
temperatures. The samples were cleaned in the ultrasonic
bath (acetone solution) before deposition. OIHD — 7 — 004
PVD (e-beam deposition technique) system was used.
More details of the technical parameters of the used
technique are presented in Table 1. Cubic phase Yttria-
stabilized Zirconia (YSZ — 8 % mol. Y,0;) submicron
powder was used as evaporation material. The schematic
view of the experimental equipment is shown in Fig. 1.
Residual gas pressure in the vacuum chamber was
4x10°Pa. The distance between electron gun and
substrate was fixed at 240 mm. The substrate was
additionally heated by a sample heater to temperatures
from 20°C to 600°C. The deposition rate was evaluated
from the thin film thickness measurements.
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Fig. 1. PVD equipment: VC — vacuum chamber, H — sample
heater, SH — sample holder with thermocouple, S —
sample, EG — electrons gun, DP — diffusion pump, FP —
mechanical pump, V — valves, Sh — shutter, VG — vacuum
gauges, AV — air valve
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Table 1. Properties of the PVD equipment

Evaporation E-beam evaporation
type (gun is cooled by water)
Pressure in the vacuum chamber 1.3x107 + 6.65x10* Pa
Emission current 0+1.5A
Ionic current 0+8pA
Electron bending angle 270°

Power of electron gun <12 kW, when 8 kV

voltage is used

The film structure was analyzed by X-ray diffraction
(XRD) (DRON-UMI1 with standard Bragg-Brentan
focusing geometry) with the 2@ angle in the range of
10-80° wusing Cu K, radiation in steps of 0.02°.
Crystallite size d of YSZ thin films was estimated from the
Scherrer’s equation:

d =091/(BcosO), (1)

neglecting the microstrain, where A is the X-ray
wavelength (0.154247 nm), @ the Bragg diffraction angle,
and f the full-width of peaks at half maximum intensity.
The results from XRD were quantified by defining a
simple texture coefficient R [21] which is the ratio of the
intensities of the (111) peak to the sum of the intensities of
all peaks. As the spectra consisted of (111), (200), (220),
(311), (222) peaks, the coefficient becomes:

Ry =1y /Uy + 100 +1on0 + 310+ 1)

2

The wvalue R=0.57 corresponds to the random
orientation, and R =1 means preferred (111) orientation.

3. RESULTS AND DISCUSSIONS

As it is mentioned in the [22 —26], the best ionic
conductivity is registered when the YSZ electrolyte
crystalline orientation is (111) and ZrO, is stabilized to
8 — 10 % of Y,03. YSZ thin films were deposited from
cubic phase ZrO, stabilized by 8 % of Y,0; (8 % of YSZ)
ceramic powder. Before deposition YSZ powder was
pressed to the pallets of 25 mm diameter and 2 mm of
thickness. The XRD diffraction patterns of the pressed
YSZ powder are presented in Fig. 2. It shows that the
positions of the Bragg peaks are typical for the cubic 8 %
of YSZ.

The growth rate of the film during PVD has influence
on the crystallite size of the deposited YSZ thin films. For
controlling the crystallite size it is necessary to know
growth rate dependence on the e-beam gun power. The
growth rate dependence on the e-beam gun power (Fig. 3.)
shows that increasing e-beam power the growth rate
increases linearly. It could be changed in the range from
0.6 nm/s to 2.0 nm/s. The PVD deposited YSZ films have
good adherence to substrate. For lower rates (<1.5 nm/s)
the films appear as uniform, shiny, and mirror-like. At
higher e-beam power, when the growing rate is higher than
1.5 nm/s, deposition process is going to be unstable. The
material is evaporated in big clusters and the thin film
starts to be nonhomogeneous with bad adhesion to the
substrate.
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Fig. 2. XRD patterns of pressed ceramic powder of cubic phase
Zr0O, stabilized by 8 % Y,0; (8 % YSZ)

Three types of materials: crystalline (Alloy 600,
Fe-Ni-Cr), polycrystalline (Al,03), and amorphous (optical
quartz, Si0O,) substrates were chosen in order to understand
the influence of substrate material on the crystal
orientation of deposited YSZ thin film using e-beam
deposition technique. XRD diffraction patterns show
(Fig. 4) that substrate does not influence on the crystal
orientation of the YSZ thin film. The dominant thin films
crystal orientation was cubic (111) (Fig. 4) and keeping the
same for different types of substrate. The sharpness of
(111) XRD peaks indicates high degree of homogeneity of
YSZ thin films. YSZ thin films exhibit minor (200), (220),
(311) and (222) orientation also. Deposited YSZ thin films
repeat the crystal orientation of the chosen evaporated
material. YSZ thin films crystal orientation corresponds to
the requirements for good ionic conductivity of YSZ
electrolytes [22 —26]. Using other PVD techniques the
substrate has big influence on the orientation and
crystallinity of YSZ thin film, especially when reactive
sputtering [27] is used.
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Fig. 3. YSZ thin films growth rate dependence on the e-gun
power

The substrate temperature has no influence on
orientation of the YSZ thin film (Fig. 5) as is presented
when using CVD technique [13]. The temperature does not
influence the crystal orientation when thin film is
deposited on the different type of substrates. The main
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crystal orientation does not change increasing temperature,
but the crystallite size increases (Fig. 6) with the growth of
deposition temperature. Fig. 6 shows that the substrate has
influence on the crystallite size of the YSZ thin film.
Crystallite size is increased from 150 nm to 380 nm for
SiO, and Al,O; substrates. For Alloy 600 substrate it
increases from 270 nm to 420 nm. The lowest crystallite
size is found to be for the substrate temperature equal to
200 °C (for all types of substrates).
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Fig. 4. XRD patterns of YSZ thin films deposited on Fe-Ni-Cr

(a), SiO, (b) and AL,O3 (c) substrates
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Fig. 5. XRD patterns of YSZ thin films deposited on SiO,
different temperature substrates
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Fig. 6. YSZ thin film crystallites size (extracted from XRD data)
dependence on Fe-Ni-Cr (Alloy 600) (a), SiO, (b) and
Al,0;5 (c) substrates temperature T
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Fig. 7. YSZ thin films texture coefficient R dependence on the
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(Fe-Ni-Cr (Alloy 600), ALO,;, SiO,)

Fig. 7 shows the texture coefficient as a function of
substrate temperature during the deposition of YSZ thin
films. The films grow with preferred (111) orientation at
for all type of substrates (AlL,Osz, optical quartz (SiO,),

Alloy 600 (Fe-Ni-Cr)). The texture (111) dominates in the
substrate temperature region (200 — 550 °C).

4. CONCLUSIONS

The growth rate dependence on the e-beam gun power
is linear. The deposition rate could be changed in the range
from 0.6 nm/s to 2.0 nm/s. The substrate has no influence
on the crystal orientation of the formed YSZ thin films.
The dominant orientation of texture of thin films is cubic
(111) for different types of substrates (Alloy 600, Fe-Ni-
Cr, ALLO; and optical quartz — SiO,) while evaporating 8%
of YSZ ceramic powder. The texture (111) dominates in
the substrate temperature region (200 °C — 550 °C). The
crystallite size varied between 20 —40 nm and increased
linearly with substrate temperature.
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