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8 mol %-yttria-stabilized zirconia (Y SZ) thin films as an oxygen ion conductor were deposited by radio frequency magnetron sput-
tering, and the oxygen gas sensing properties of Y SZ were investigated using the structure of SiO, substrate/Ni-NiO/Pt/Y SZ/Pt.
X-ray diffractometry was employed to study the structure of Y SZ and Ni-NiO films, and energy dispersion X-ray was used to inves-
tigate the composition of Ni-NiO thin films. The gas-sensing test was carried out for a SiO,/Ni-NiO/Pt/Y SZ/Pt film structure
exposed to oxygen-controlled environments. The steady-state electromotive force (EMF) values were measured as a function of
oxygen partial pressure (pg,; 1.013 X 108 to 1.013 X 10° Pa) and operating temperature (573 to 973 K). The fabricated gas sen-
sor cells showed good oxygen sensing properties at the temperature range from 673 to 773 K. However, the sensors were unstable
at the operational temperatures above 873 K possibly due to the enhanced interdiffusion of the materials in the multilayer. Also the
operation of the sensor at temperatures below 573 K was not good because the temperature was not sufficient to cause ionic con-
duction in the cell. At the optimum temperature range, the experimental EMF values measured as a function of oxygen partial pres-

sure were close to the theoretically calculated EMF values.
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Yttria-stabilized zirconia, awell known oxygen ion conductor, is
one of the many solid-state ionic materials utilized in the variety of
electrochemical devices including fuel cells, oxygen pumps, and
chemical gas sensors because of a number of superior properties
such as heat resistance, high hardness, chemical durability, and high
oxygen ionic conductivity.? It is also used as a buffer layer to
deposit thin films of high-temperature superconductors on the sub-
strates such as silicon, alumina, and sapphire. Bulk-type Y SZ oxy-
gen sensors especially have been widely used for combustion control
in heat-treatment furnaces, glass tank furnaces, ceramic kilns, boil-
ers, and gas stoves and aso for oxygen control in steel and copper
melts. However, the largest single use of general oxygen sensors is
in automobiles for improving the fuel efficiency and for controling
H,, CO, and NO, content in the exhaust gas.>®

The carrier transport mechanism of Y SZ is known to be the ionic
conduction through oxygen vacancies. These vacancies are formed
mainly as aresult of the electroneutrality requirement with the pres-
ence of about 8-10 mol % of stabilizing dopants such asY ,03, CaO,
or MgO, that is, oxide compounds containing cations with avalence
lower than Zr. 78 It appeared to be desirable to use materials with
maximum disorder for solid electrolytes to achieve high conductivi-
ty for practical applications and the fabrication of YSZ thin-film-
based oxygen sensor cells, and its oxygen sensing properties have
not been reported yet.

Commercialy available Y SZ oxygen gas sensors rely on the tra-
ditional bulk ceramic fabrication. However, if the YSZ could be
applied as a thin film, it would offer many advantages including
compact dimensions with smaller power consumption, reduced
ohmic losses, lower operating temperatures, etc., including the ease
of mass fabrication using semiconductor fabrication techniques.
Also, bulk sensors should show decreased gas sensing effects as
compared with thin-film sensors at the same temperature because of
thelong path of the oxygen ion in the solid electrolyte. Therefore, to
get the gas sensing properties with the bulk sensors, a high temper-
ature operation of 873~1073 K isrequired for the oxygen ionsto be
appreciably mobile. However, thin-film sensors would show compa-
rable gas sensing characteristics at |ower temperatures than bulk sen-
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sors due to the decrease in ohmic resistance of the solid electrolyte
with decreasing the thickness.®11

Y SZ thin films have been deposited for thin-film fuel cells by a
number of techniques such as sol-gel, spray pyrolysis, evaporation,
chemical vapor deposition (CVD), and radio frequency (rf) sputter-
ing.12-18 Among these techniques, the rf magnetron reactive sputter-
ing technique offers better stoichiometry of the film in addition to the
advantage of controlling oxygen atomic percent in Y SZ thin films.
Also, dc reactive sputtering has been used successfully for the depo-
sition of YSZ thin film applied to thin-film fuel cell with high depo-
sition rate and good quality. Reactive sputter deposition is a unique
technique for depositing YSZ thin films at low temperatures
(< ~573 K) because other techniques involving chemical reaction
such as spray pyrolysis, CVD, etc., generally require much higher
working temperature (>873 K). Also, by applying the bias voltage to
the substrate during the sputter deposition, the deposited Y SZ thin
film could show the characteristics of high density film with less
leakage current and pinholes and the increase of adhesion property.1®

In this study, deposition characteristics and physical properties of
Y SZ thin films deposited by rf magnetron reactive sputtering were
investigated. Also, thin-film-typeY SZ oxygen sensor cells using Ni-
NiO as the reference el ectrode have been fabricated for thefirst time
with an optimized YSZ deposition condition and the gas sensing
characteristics of Y SZ thin films were studied.

Experimental

Y SZ thin films were deposited at room temperature on Pt/NiO-
Ni/SiO, substrates to characterize films properties using a rf/dc mag-
netron sputter deposition system with 7.62 cm diameter targets shown
in Fig. 1. Zirconia stabilized with 8 mol % yttria (Y ,05) (99.9% puri-
ty), Ni (99.99% purity), and NiO (99.99% purity) were used as sput-
ter targets for the deposition of Y SZ and Ni-NiO mixed layer, respec-
tively. The wafer holder of this equipment could be rotated for uni-
form and mixed layer deposition and aso could be rf biased. In this
experiment, 300 W of rf power was used to deposit YSZ thin films
and rf-bias voltage of —45V was applied at the holder to improve the
density and adhesion of Y SZ thin film. The base pressure was kept
below 6.67 X 1073 Pa before introducing sputtering gases for the
deposition. Ar was used as the main sputtering gas, and a small
amount of oxygen (5~20%) was added to reduce oxygen deficiency
in the deposited Y SZ thin films. The total flow rate of Ar(or Ar/Oy)
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Figure 1. Schematic diagram of afour-target rf/dc magnetron sputter system.

and operating pressure was fixed at 20 cm3/min and 1.333 Pa, respec-
tively. The thickness of the deposited Y SZ films was kept near 1 pm
for the application of combustion control oxygen gas sensor.

To investigate gas-sensing characteristics of YSZ, the Ni-NiO
reference layer was deposited on SiO, substrates followed by the
deposition of multilayer (Pt/Y SZ/Pt) composed of Y SZ and Pt elec-
trodes. The Ni-NiO reference layer was deposited by the co-sputter-
ing of Ni by dc magnetron sputtering of 80 W and NiO by rf mag-
netron sputtering of 400 W using 6.67 X 10~ Pa of Ar. During the
co-sputtering, the substrate was rotated at 30 rpm. After the deposi-
tion, the Ni-NiO reference layer was annealed from 573 to 973 K in
an oxygen environment using a tube furnace before the deposition of
the multilayer to stabilize the Ni-NiO electrode. The Pt electrodes
located at the top and bottom of the' Y SZ layer were deposited with
the thickness of 200 nm by dc magnetron sputtering using at 6.67 X
101 Paof Ar and 110 W of dc power. Specially designed shadow
masks were used to form the required shape of the sensor cells. The
gas-sensing test was carried out using the SiO,/Ni-NiO/Pt/Y SZ/Pt
film structure in a sealed furnace by continuously flowing N,, con-
taining various percents of O,, and by varying the operating temper-
atures. from 573 to 973 K. The oxygen partial pressure was in the
range from 1.013 X 10%to 1.013 X 10° Pa. The oxygen pressure was
calibrated by adjusting oxygen and nitrogen mass flowmeter while
keeping the total flow rate at 100 cm3min. The measurement of
electrochemical characteristics of the cells was performed by an
electrometer (HP-34401A) and a potentiostat (EG& G PAR).

Results and Discussion

YSZ thin film.—Figure 2 shows the rf sputter deposition rates of
Y SZ as afunction of Ar/O, gas mixture at 300 W of rf power and at
20 cm3/min of total gas flow rates with and without applying —45V
of rf bias to the substrate. As shown in the figure, the increase of
oxygen percent in the sputtering gas decreased the Y SZ deposition
rates from 350 nm/h with Ar only to about 130 nm/h with 30% of the
oxygen in the sputtering gas. However, as shown in the figure, the
application of self-bias voltage to the substrate increased the Y SZ
deposition rate. The decrease of deposition rate with the increase of
oxygen percent in the sputtering gas appears to be related to the
lower sputter yield of oxygen compared to that of Ar.2° The increase
of deposition rate with the increase of bias voltage to the substrate
holder is possibly related to the increase of the target sputtering rate
by the additional increase of the ionization rate of the sputtering gas
through the increased secondary-electron injection to the target from
the substrate as suggested by Green et al.21 The application of rf bias
to the substrate improved the adhesion of Y SZ to the substrate when
measured by the scratch test, and improved the density of the mate-
rial. Also, by applying the rf bias voltage, the deposited YSZ thin
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Figure 2. Deposition rates of Y SZ thin film as a function of O,/(O, + Ar)
with and without —45V of substrate bias.

film showed fewer pinholes and therefore, less leakage current
between the electrodes in the structure of Pt/Y SZ/Pt. The addition of
asmall amount of oxygen in the plasma a so improved the decrease
in the leakage current of Pt/Y SZ/Pt structure. Figure 3 showsthe sur-
face morphology of the deposited Y SZ thin films as a function of
oxygen percent while applying 300 W of rf power, 20 cm3/min of
total gas flow rate, and —45 V of rf bias. The addition of oxygen to
Ar decreased the surface roughness of the deposited Y SZ compared
to the case with Ar only by decreasing the size of crystals on the sur-
face as shown in Fig. 3, even though no significant differencesin the
surface roughness could be observed in the 10, 20, and 30% oxygen
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Figure 3. SEM images for Y SZ thin film as a function of O,/(O, + Ar) with
—45V of substrate bias.
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additions. The composition and structure of the deposited Y SZ thin
films were investigated using energy dispersive X-ray (EDX) and
X-ray diffractometry (XRD), respectively. Figure 4 shows EDX data
on the composition of Y SZ thin films deposited as a function of the
percent of oxygen in the sputtering gas. As shown in the figure, the
composition of theY SZ thin film was almost independent of the per-
cent of oxygen in the sputtering gas, therefore, was similar when
measured using EDX. Figure 5a and b show the structure of Y SZ
thin films measured as a function of oxygen percent and the thick-
ness of the'Y SZ thin film. The structure of fabricated Y SZ thin films
was the simple cubic structure that is typically observed for fully sta-
bilized Y SZ as suggested by Pawlewicz et. al.?? for the zirconia-con-
taining 7 to 47 mol % of yttria. (111), (200), and (220) cubic peaks
were observed, and their peak ratios were similar to the peak ratios
observed for YSZ powder, therefore, no preferred orientation was
observed for our Y SZ thin films.

Ni-NiO reference layer.—To fabricate a combustion control Y SZ
oxygen sensor, a multilayer thin film composed of SiO, substrate/
Ni-NiO/Pt/Y SZ/Pt has been used in this study. Among these multi-
layer thin films, the Ni-NiO layer is a material deposited as a refer-
ence for the standard oxygen concentration in the measurement of
electromotive force of the oxygen sensor cell. To fabricate a stable
Y SZ sensor, the Ni-NiO layer needs to be chemically stable, there-
fore, the oxygen concentration of the Ni-NiO mixed layer should not
be changed during the measurement of electromotive force using the
oxygen sensor cell.

In this study, the Ni-NiO layer was deposited using a co-sputter-
ing technique and the ratio of O/Ni was 0.43 as the deposited state,
therefore, a metal-rich thin film was formed. This deposited film
should be chemically stable at the operation temperatures (573 to
973 K) and environments (mixtures of O, and N,). Therefore, after
the deposition of the Ni-NiO layer, the Ni-NiO film was annealed for
30 min in afurnace at the temperature range from 573 to 973 K and
in the oxygen environment (10 cm3min oxygen flow), and the ratio
of O/Ni was measured using EDX. Theresult isshown in Fig. 6a. As
shown in the figure, the ratio of O/Ni was increased as the annealing
temperature was increased, however, at the temperature above 873 K
theratio of O/Ni appeared to be saturated. Theratio of O/Ni after the
annealing at 873 K was 1.95, therefore, oxygen-rich film was ob-
tained after the annealing.
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Figure 4. EDX data on the composition of YSZ thin films deposited as a
function of oxygen partial pressure in the sputtering gas.

To investigate the stability of Ni-NiO layer, the Ni-NiO layer was
annealed up to 10 h at 873 K in the oxygen environment described
above, and the change of O/Ni ratio was measured. The result is
shown in Fig. 6b and, as shown in the figure, the ratios of O/Ni after
the annealing from 30 min to 10 h remained similar, therefore the
annealing at 873 K for 30 min appeared to be enough for the stabi-
lization of the Ni-NiO layer to be used as the oxygen standard layer
for the oxygen sensor cell investigated in our study.

SO, substrate/Ni-NiO/Pt/YSZ/Pt cell.—Using the Ni-NiO layer
annealed at 873 K for 30 min, the oxygen sensor cell composed of
SiO, substrate/Ni-NiO/Pt/Y SZ/Pt was fabricated and the electromo-
tive force of the cell was measured as a function of the oxygen per-
cent in O,/N, environments at different operating temperatures from
573 to 973 K. In the case of YSZ, YSZ deposited with Ar/10% O,
was used to fabricate the above cell as the initial estimation of Y SZ
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Figure 5. XRD data of Y SZ thin films for various thicknesses (g, top) and

oxygen partial pressure in the sputtering gas (b, bottom).
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Figure 6. Variation in the O/Ni ratio of Ni-NiO layer as afunction of anneal-
ing temperature (a) and time (b).

thin-film oxygen sensor. When the EMF of the oxygen sensor was
measured at 573 K, less than 2 mV of EMF was observed for differ-
ent oxygen partial pressures (theoretically calculated value by the
Nernst's equation is 56.6 mV at py,:1,013 Pa). Thislow EMF is pos-
sibly dueto that low ion diffusion rate of the oxygen in the cell at the
low temperature. Because the diffusion of the oxygen ion through
Y SZ thin film is obtained by the diffusion of the oxygen vacancy in
the film, higher temperatures which can enhance the mobility of the

T T T T v ' ! )
140 -+ - -0, pressure 1013'
[ (X 10° Pa) o
120 | % —o—EMF at773 K . {
100
S 80
E |
T
60
=
w
40
20
0
. I L L s . L 1
0 50 100 150 200

Time (min)

Figure 7. Sensing characteristics of the fabricated Y SZ oxygen gas sensor
cell as afunction of oxygen partial pressure at 773 K.

oxygen vacancy may be required for improving the diffusivity of
oxygen ions. Also, from the Nernst’s equation described below, the
operation temperature is proportional to the EMF. Therefore, it is
one of the important parameters controlling the conductivity and dif-
fusivity of oxygen ions. Figure 7 shows the EMF of the cell meas-
ured at 773 K as afunction of time for different oxygen partial pres-
suresin the O,/N, environment. As shown in thefigure, a certain sta-
bilizing time related to the oxygen diffusion through the cell appears
to be required at a given oxygen partia pressure to obtain a steady-
state EMF. However, a high and reproducible EMF was obtained at
different oxygen partia pressures. Figure 8 shows the measured
EMF as a function of oxygen partial pressure at 673 and 773 K. As
references, theoretical EMF values were cal culated and were includ-
ed in the figure. The following Nernst's equation was used for the
calculation of the theoretical EMF 23

_ R Po

In—2
Po,m)

where R is gas constant (8.3144 Jmol), T is operating temperature
in kelvin, and F is Faraday constant. pg, is the reference oxygen
concentration of Ni-NiO and, at T = 773 E< Poy() IS ~1 X 105 Pa,
and poyy i oxygen percent in the O,/N, environment. As shown in
the figure, the measured EMF values decreased logarithmically as
the oxygen partial pressure was increased and were reasonably close
to the theoretical EMF values calculated, especially for the temper-
atures between 673 and 773 K.

Figure 9 shows the EMF values measured at 873 K as afunction
of time for different oxygen partial pressures. In this case, even
though some EMF values are observed, the EMF values were sig-
nificantly low compared to the theoretically calculated EMF values
and were not stable. The low and unstable EMF appears to be from
the structural change of the materials and the instability between the
layers in the multilayers of the SiO, substrate/Ni-NiO/Pt/Y SZ/Pt at
the high operating temperature. Especially, the Ni-NiO mixed layer
showed the structural change from amorphousto crystalline at 873 K
even though there was no compositional change observed as shown
in Fig. 6b. Figure 10 shows the X-ray diffraction data measured for
the Ni-NiO layer after annealing at various temperatures for 30 min.
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Figure 8. Calculated theoretical EMF values and experimentally measured
EMF values as a function of oxygen partial pressure at 673 and 773 K,
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Figure 9. Sensing characteristics of fabricated Y SZ oxygen gas sensor cell at
873 K as afunction of oxygen partial pressure.

As shown in the figure, until the annealing to 773 K, the Ni-NiO
layer remained as amorphous. However, when the annealing tem-
perature increased to 873 K, some of the Ni-NiO layer was crystal-
lized. The crystallization of the materials consisting of the multilay-
ers will increase the roughness of the interface and will change the
interface properties. Therefore, the measured EMF will be unstable
as we observed in Fig. 9 for the cell operating at 873 K. When the
cell was operated at 973 K, the cell appeared to be shorted and no
EMF was observed, possibly due to the enhanced unstability of the
interface and interdiffusion between the layers (not shown).

Conclusions

Thin film oxygen gas sensor based on 8 mol % yttria-stabilized
zirconia was fabricated using a four-target rf/dc magnetron sputter-
ing system. The cell structure used had a SiO, substrate/Ni-NiO/
Pt/Y SZ/Pt. Y SZ thin film was deposited using rf sputtering in 10%
oxygen mixed with Ar and by rf biasing at —45V. Therf biasing and
mixture with oxygen improved the adhesion and density of deposit-
ed YSZ. The Ni-NiO layer used for the oxygen standard reference
was deposited by co-sputtering and annealed at 873 K for 30 minin
an oxygen environment for improving the stability of the reference
layer at the operating temperature.

EMF values were measured using the fabricated oxygen cell at
the temperature in the range from 573 to 973 K while varying the
oxygen partial pressurein an O,/N, atmosphere. The measured EMF
values were logarithmically decreased with increasing oxygen par-
tial pressure and were increased with the increase of operational
temperature in general. The measured EMF values were compared
with the theoretically calculated EMF values described by Nernst's
equation. The measured EMF were close to the calculated EMF for
the temperature range from 673 to 773 K. When the operating tem-
perature was 573 K, an EMF lower than the theoretically cal culated
value was obtained, possibly due to the low diffusion rate of oxygen.
When the operating temperature was higher than 873 K, the EMF
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Figure 10. XRD data of Ni-NiO as a function of annealing temperature.

again was lower than the calculated values and was unstable, possi-
bly due to structural changes of the materials and instability of the
interfaces of the multilayer cell structure. The best oxygen sensing
properties of the fabricated cell were obtained at the operation tem-
perature of 773 K.

Sungkyunkwan University assisted in meeting the publication costs of this
article.
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