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Abstract Thin films of yttria-stabilized zirconia (YSZ)
deposited by sputtering and plasma spraying have been
analysed as solid electrolyte for oxygen gas sensors and
solid oxide fuel cells. Different substrates have been
considered in order to provide good adhesion, dense
electrolyte films, and mechanical and thermal stability.
By optimization of the sputtering parameters, a Pt/YSZ/
Pt assembly of 1.5 um thickness and with an electrical
resistance of 500 MQ at room temperature has been
obtained. The plasma-sprayed films (150 um thickness)
have shown oxygen ion conductivity with a reproducible
sensitivity on oxygen partial pressure starting at 400 °C
and an activation energy of ~1 eV. Lanthanum stron-
tium manganate (350 pm thickness) was sprayed as
cathode material.

Keywords Oxygen sensor - Plasma spraying - Solid
oxide fuel cell - Sputtering - Yttria-stabilized zirconia

Introduction

Yttria-stabilized zirconia (YSZ) has been used for long
time as solid electrolyte in various electrochemical de-
vices, which require oxygen ion conductivity (oxygen gas
sensors, solid oxide fuel cells, oxygen pumps, etc.). The
most applied type was the bulk ceramic, but recently
thin films have been also considered due to several
advantages: reduced ohmic losses, lower operating
temperatures, smaller dimensions, etc.
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Chemical vapour deposition, evaporation, sol-gel,
spray pyrolysis, d.c. and r.f. sputtering and plasma
spraying are some of the processes reported for the
deposition of YSZ thin films [1, 2, 3, 4, 5, 6, 7]. Reactive
deposition sputtering has proved to be advantageous
owing to lower working temperatures and a better
stoichiometry of the film. Some of the disadvantages of
this method are connected with pinholes, density of the
films, and the adhesion to the substrate.

In this paper we report on YSZ thin films deposited
by d.c. and r.f. sputtering and plasma spraying, applied
as electrolyte for oxygen gas sensors and solid oxide fuel
cells (SOFCs).

Experimental

Balzers PLS 500 equipment was used for d.c .and r.f. magnetron
sputtering deposition of YSZ thin films at room temperature on
various substrates. A metallic target with the composition Zr:Y
(3N)=284:16 at% was used. For the d.c. sputtering the parameters
were: P=50-80 W, Ar flow=40-60 sccm, O, flow=0-3 sccm,
p=54-74x107 mbar. For the r.f sputtering the following
deposition parameters were used: P=100-200 W, Ar flow =40-
130 scem, O, flow=0-15 sccm, p=8.7715><10'3 mbar. Glass,
silicon, sintered aluminium oxide and sapphire were used as sub-
strates.

Thin films of platinum were deposited as electrodes for the
electrochemical cell, one between the substrate and YSZ film and
the second above the YSZ film, as shown in Fig. la. A specially
shaped mask was used to create electrical contact paths. The
sputtering parameters for the Pt films were: Ar flow =48 sccm,
P=50 W, p=4.3x10"% mbar.

An atmospheric plasma spraying equipment, operating at
I1=600 A, Ar flow=45 1/min, H, flow=14 I/min, spraying dis-
tance =120 mm and gas flow for powder transport=3 l/min, was
used for the deposition of the SOFC element in one process, on
steel and Ni-base alloy plates, as in Fig. 1b. Different mixtures of
YSZ and 5-40% Ni powder were used for the anode material. A
YSZ thin film was the electrolyte. The second electrode of the cell,
the cathode, was a Lag gSrg ,MnO; (LSM) ceramic deposited in the
same process, above the YSZ electrolyte. Different precursor
powders were tested:

1. For YSZ, the commercially available Sulzer Metco powder (1N),
with an average grain dimension of 50 pm.
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Fig. 1 Schematic presentation of (a) the sensor assembly and
(b) the SOFC element

2. For the LSM cathode, both the commercially available EMPA
powder (purity unknown), with grain dimension in the range 20—
90 um, and a mixture of appropriate amounts of La,O; (3N),
MnO, (3N) and SrCOj3 (3N), all from Aldrich.

Microstructure characterization of the deposited films was
performed by SEM (Tesla BS 340), TEM (Philips CM 200), EDS
(EDAX) and XRD (synchrotron radiation at Desy-Hasylab,
beamline B2, A=1.12 A). Impedance spectroscopy (type Zahner)
was used to investigate the electrical resistivity of the films at dif-
ferent temperatures and oxygen partial pressures. The experimental
parameters used were: U=20mV, f=100kHz to 50 mHz,
Jjo2=40 vol ppm.

Results and discussion
Sputtering

The first steps in our experiments were assigned to the
optimization of the deposition parameters. The flow rate
of the working gases influences the stability of the pro-
cess and the quality of the thin film. Thus, the graphs in
Fig. 2 show the variation of the deposition rate versus
argon and oxygen flow, measured for the r.f. sputtering.
Variation of the argon flow in the interval 90-120 sccm
at 150 W and 200 W deposition power did not produce
significant changes in the deposition rate, which was
about 300 nm/h for 200 W and 206 nm/h for 150 W.

The increase of the oxygen flow from 3 sccm to
6 sccm produced a sharp decrease of the deposition rate
from 720 nm/h to 280 nm/h. For a further increase of
oxygen flow up to 16 sccm the deposition rate was al-
most constant at 250 nm/h. The decrease of the depo-
sition rate with an increase of the oxygen flow was
explained by a lower sputter yield of oxygen compared
to that of argon [3].
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We have analysed the influence of the oxygen flow on
the film thickness (determined by gravimetric measure-
ment) deposited by d.c. sputtering for 20 min. An
approximately constant value of 200 nm was measured
for up to 1.4 sccm oxygen flow. For higher oxygen flows,
up to 1.8 sccm, the film thickness strongly decreased to
75 nm (Fig. 3). The result can be explained by the oxi-
dation of the target surface for the higher oxygen flow.
For a further increase of the oxygen flow the plasma was
unstable and the process was stopped. The TEM anal-
yses have shown a small decrease of the grain dimension
from 20 nm to 10 nm with increasing oxygen flow.
Pinholes could be noticed in all samples, independent of
the oxygen flow (Fig. 4). We consider that for thicker
films this “defect” is healed by subsequent deposition of
atoms, resulting in dense films.

The rings radius from the electron diffraction image
fit relatively well to the cubic phase of Y 5Zry 350,93
(YSZ), with a=5.13900 A, although the cubic and
tetragonal phases have very similar interplanar dis-
tances that are difficult to resolve by electron diffrac-
tion.

Figure 5 shows the cross-section image of the Pt/
YSZ/Pt assembly deposited on a flat glass substrate.
Equiaxial grains rather than columnar, as small as
0.5 um, can be observed, as well as a total thickness of
the assembly of 1.5 um. The platinum films (elec-
trodes) are too thin to be resolved by this technique.
For this film an electrical resistance of 500 MQ at
room temperature was measured. The oxygen ion
conductivity measurements for the sputtered films are
in progress.

By X-ray energy dispersive spectrometry (EDS) the
local micro-composition of the thin YSZ films could be
measured in the TEM. The results are presented in
Fig. 6. Taking into account the errors of the method, we
can appreciate a relatively constant and stoichiometric
composition, independent of the oxygen flow.

The structure of the YSZ films r.f. sputtered on
AlLO3; (4 h, 200 W, 80 sccm Ar, 49 sccm O,) was
analysed by X-ray diffraction. The cubic phase of the
YSZ system was identified for all samples (see Table 1).
The XRD pattern registered for the sample deposited at
4.0 sccm O, flow is presented in Fig. 7. The insert de-
tails the area around the angle 20=25°. The additional
peak of the tetragonal phase (20=24.876°) cannot be
observed.

Plasma spraying

The first experiments concerned the precursor powders,
whose morphologies are presented in Fig. 8. For the
LSM cathode the stoichiometric mixture of precursor
oxides, La,;03, MnO, and SrCO3;, was attempted, but the
results were not satisfactory even after different combi-
nations of calcinations time and temperatures, and
intermediate grindings. The broad size distribution of the
powders prevented a uniform flow during the spaying
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Fig. 2
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process, which altered the composition and properties of
the sprayed material. Thus, for the next experiments we
used the commercially available powders.

Plasma spraying was selected owing to the advantage
of depositing the complete electrodes-electrolyte assem-
bly in one integrated process. One of our attempts is
shown in Fig. 9, a cross section of a cathode-electrolyte
element consisting of a Ni-base alloy plate over which
consecutive layers of YSZ (~150 pm thickness) and
LSM (~ 350 pm thickness) have been sprayed. In order
to be used for SOFC applications, such an assembly
needs a porous anode material. To accomplish this we
deposited thick films of a powder mixture of YSZ with
2-40 wt% Ni. As the anode material should have low
resistivity, the amount of expensive Ni in the mixture
must be high. The results obtained for our samples are
presented in Table 2. On the other hand, the homoge-
neity and porosity of the sprayed material were less
favourable for higher amounts of Ni. Taking into
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Fig. 4 TEM image of YSZ thin film: (a) bright-field image,
pinholes between grains of approximately 10 nm diameter; (b)
electron diffraction image

account all these considerations, work is in progress to
find the optimum composition and microstructure of the
anode material.

For the cathode-electrolyte assembly in Fig. 9 we
have measured the oxygen ion conductivity at 450 °C in
the d.c. regime, like in a planar-type limiting current
amperometric sensor [8, 9, 10]. In this experiment the
Lag gSrpoMnOs is the cathode, the YSZ is the ion-
conducting electrolyte and the Ni alloy is the anode. A
flow of different concentrations of oxygen in nitrogen
carrier gas, adjusted by a MKS Multigas controller
647B, passed the sample and the change of current in
dependence on the voltage was measured. The mea-
sured signal for different polarizations increased with
the oxygen content, stronger in the low concentrations
and to a limit for higher amounts of analysed gas
(Fig. 10).

The electrical resistivity of the plasma-sprayed YSZ
material, deposited on Ni-base alloy plate and coated
with a thin film Pt electrode, was analysed by impedance
spectroscopy. Some of the results are presented in
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Fig. 5 SEM image of the Pt/YSZ/Pt assembly deposited on glass:
Cross section

Fig. 11. Figure 11a shows the impedance spectra at
different temperatures, Fig. 11b the measurements at a
fixed temperature under various oxygen partial pres-
sures (given in ppm referred to the O,/N, ratio of the
gas). The impedance spectra show at any temperature a
semicircle at high frequencies and a so-called Warburg
spike at low frequencies. The semicircle is asymmetric
and represents the ionic conductivity of the material
resulting from bulk and grain boundary conductivity [1,
11, 12]. However, this contribution to the sample con-
ductivity is a function of temperature (Fig. 12) and at
constant temperature is independent of the oxygen
partial pressure (Fig. 11b), as to be expected for an ionic
conductor. The low-frequency spikes indicate the charge
transfer at the electrode/ceramic interface and can be
caused by any diffusion-limited process (such as surface
diffusion, humidity effects, diffusion of adsorbed oxy-
gen). A reproducible dependence of this spike on oxygen
partial pressure was found starting with 400 °C. The
dependence of the charge transfer at active electrodes on
oxygen partial pressure is typical for oxygen ion con-
ductors. With increasing oxygen partial pressure the
transfer resistance for oxygen decreases (see Fig. 11b).
From this we conclude the evidence for oxygen ion
conductivity in the plasma-sprayed assembly investi-
gated. From the impedance spectroscopy measurements
of the samples described in Table 3 we have calculated
the specific resistivity (o) of the YSZ electrolyte in
the temperature range 300-675 °C. According to the
Arrhenius equation o= Aexp(—Ean /kT) (where Ex=
activation energy, k= Boltzmann constant, 7= temper-
ature, and 4 =constant), the activation energy can be
calculated as the slope of the plot Inc vs. 1/T, depicted
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Fig. 8 Morphology of the precursor powders: (a) calcined LSM,
(b) commercially available LSM, (¢) commercially available YSZ

in Fig. 12. The values are given in Table 3 and are
comparable with the reported data [1, 12, 13, 14].

Conclusions

Thin films of YSZ have been deposited by sputtering
(r.f. and d.c.) and by plasma spraying, and have been
analysed for applications as a solid electrolyte in oxygen
gas sensors and SOFCs. Different substrates have been
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Fig. 9 Cross section of the plasma-sprayed SOFC element

Table 2 Electrical measurements: resistance

Anode material R (Q)
YSZ+5% Ni 1.50-3.50
YSZ+7.5% Ni 1.70-2.00
YSZ+10% Ni 0.50-0.90
YSZ+25% Ni 0.12-0.13
YSZ+40% Ni 0.10
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Fig. 10 Oxygen ion conductivity measurements at 450 °C

considered in order to provide good adhesion, dense
electrolyte films, and mechanical and thermal stability.
By optimization of the sputtering parameters a Pt/YSZ/
Pt assembly of 1.5 um thickness and with an electrical
resistance of 500 MQ at room temperature has been
obtained.

Plasma spraying was used to deposit the complete
electrodes-electrolyte assembly in one integrated pro-
cess. Spraying of the LSM cathode material from the
precursor powders La,0O3;, MnO, and SrCO; was not
successful owing to great differences in the grain
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Fig. 11 Impedance diagrams of plasma-sprayed YSZ: (a) constant
oxygen pressure and different temperatures (300400 °C); (b) at
400 °C and different oxygen pressures
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Fig. 12 Activation energy of oxygen ion conductivity

Table 3 Activation energy of oxygen ion conductivity

Sample Thickness (pum) EA (kJ/mol) EA (eV)
68 1000 96.3 1.13
100 500 95.0 1.09
98 300 95.3 1.10

dimensions. Better results have been obtained using
commercially available powders (LSM of 20-90 pm and
YSZ of 50 pum). The sprayed YSZ films have shown
oxygen ion conductivity with a reproducible sensitivity
on oxygen partial pressure starting at 400 °C and an
activation energy of ~1 eV.
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