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Long time annealing effects on the microstructures of the sol-gel-derived (ZrO,)g.92(RE>O3)9.0s (RE=Sc, Y,
Nd, Gd, Dy, Ho, Er, Tm, Yb, Lu) and (ZrO3)9.92(Sc203)0.08—(Y203). (x=0.02-0.06) nanocrystalline thin films
with the thickness of 0.6 um on a Si(100) substrate were investigated by Auger electron spectroscopy, X-ray
diffraction, scanning electron microscopy and atomic force microscopy. After annealing at 800 °C for 21 days,
these films showed distinguishable microstructural variations in lattice parameter and grain size along the rare
earth series, and the nanoparticle size uniformity was decreased. Among the rare earth-stabilized zirconia thin
films, (Zr05)0.92(Y203)0.0s and (ZrO,)g.92(Nd>03)g 05 films displayed the best microstructural thermal stability
with the least lattice variation and grain growth on annealing. On the other hand, the as-deposited
(Z105)0.92(Sc203)0.08—(Y203), (x=0.02-0.06) films exhibited better microstructural thermal stability than the

(Zr04)0.92(S¢203).08 films.

Introduction

Fabrication methodology and electrical properties of ceramic
electrolyte thin films employed in the electrochemical devices
such as oxygen sensors and fuel cells have drawn intensive
interest for several years.' As the heart of these devices, the
thin films are required to exhibit high electrical conductivity,
high mechanical strength, heat resistance, chemical durability
and good microstructural thermal stability at the operating
temperatures of 800-1000°C. Normally, the commercial
devices should have an operating life of at least 3-5 years.*
In order to prolong the device life, deterioration of electrical
properties of the electrolyte films due to annealing-induced
microstructural variation and grain growth needs be avoided as
much as possible during long time operation.

As is well known, annealing conditions (temperature, time,
method and atmosphere) play a significant role in determining
the microstructures and properties of the ceramic electro-
lytes.*> Previously, some authors reported the electrical aging
behavior of yttria- or scandia-stabilized zirconia (as the
candidate electrolyte employed in the electrochemical devices)
bulk materials upon annealing.*'® In the case of thin films,
much attention has been paid to the development of fabrication
techniques and the annealing temperature effects upon the
phase evolution and grain size of the electrolyte during the
synthesis; however, investigations into annealing time effects
(especially long time annealing) were inadequate.''™'* There-
fore, it is of considerable necessity to investigate the effects of
annealing upon electrolyte films. Successful investigations are
expected to benefit the efforts of improving the microstructural
thermal stability of electrolyte films via microstructural
tailoring with a rational fabrication technique, and finally
extending the operating life of the devices.

Though the features of various fabrication methods
have been gradually understood, the relationship between
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microstructure and properties of the electrolytes in the nanosize
region has not been clearly established.> More recently, we
prepared a series of rare earth-stabilized zirconia thin films
(dense, crack-free and homogeneous) on a single crystal Si
substrate using a simple sol-gel spin coating method,'* and
observed an enhanced ionic conduction in (ZrO,)g9r-
(RE»O3)0.08 (RE=Sc, Y) films which was attributed to a
decrease in grain boundary resistance related to interfacial
effects.!® In this study, long time annealing effects on this series
of films has become our interest. On the other hand, the
relationship between the annealing effects and the size of the
doped rare earth ions is attractive as well. In the past, some
researchers experimentally and/or theoretically investigated the
size effects of some rare earths on the lattice parameters of
zirconia-based solid electrolytes,'®!” but the annealing effects
on the microstructures were rarely mentioned.

The objectives of this research are to investigate the long time
annealing effects on the microstructure of the sol-gel-derived
(ZrOZ)O'gz(RE203)0.08 (RE:SC, Y, Nd, Gd, Dy, HO, Er, Tm,
Yb, Lu) and (Zr02)0_92(80203)0087.,((Y203)X (.X=002—006)
thin films, and to understand the relationship between the
annealing effects and rare earth ion radius. Here, we present the
results of annealing effects upon the film—substrate interaction,
variations of lattice parameter and grain size, and morphology
explored using Auger electron spectroscopy (AES), X-ray
diffraction (XRD), scanning electron microscopy (SEM) and
atomic force microscopy (AFM).

Experimental
Synthesis

The coating solution used had an optimized composition which
contained metal ion and poly(ethylene glycol) concentrations
of 0.10 M and 40 mg ml ™!, respectively.'® It was prepared by
dissolving the required amount of rare earth nitrate (99.95-
99.99%), zirconium oxochloride (AR grade) (at the molar ratio
of RE:Zr=0.16:0.92), and poly(ethylene glycol) (PEG, C.P.,
molecular weight ca. 20000) in the appropriate amount of
ethanol/water solvents at the volume ratio of 8:1. To avoid
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precipitation of metal hydroxide, drops of concentrated nitric
acid were added in to the coating solution to maintain a pH
value below 1.5. Before filtration, the coating solution was
stirred for 2 h at room temperature.

With the as-prepared coating solution, thin films were
deposited on clean, monocrystalline silicon (100) wafers
through repeating the cycle of spin-coating (at a speed of
4000 rpm for 8 s), drying (at 110 °C for 20 min) and gel-firing
(at 400°C for 30 min). The sol-gel-derived thin films were
annealed at the temperature of 950 °C for 2 h in an oxygen-
flowing atmosphere, and the film thickness was determined by
SEM to be ca. 0.6 um. The effects of annealing the films at
800 °C for 21 days were then investigated.

Instruments

The as-given molar ratio of metal ions in the coating solution
was standardized using an inductively coupled plasma atomic
emission spectrometer (Leeman Lab. Inc.). The determined
molar ratio of RE:Zr was in the range 0.176:0.912-
0.144:0.923, which is in agreement with the theoretical
composition of RE:Zr=0.16:0.92. The surface and bulk
composition of the films was studied using an Auger electron
spectroscope (PHI-610) using a primary electron-beam energy
of 3.0 keV and an emission current of 25 mA. The depth profile
was measured using argon ion sputtering at the speed of
25nmmin~'. The phase state of nanocrystals was identified
using an X-ray powder diffractometer (Rigaku D/max-2000)
using Cu-Ko radiation (1=1.5408 A) at a scanning rate of
4° min~! over the 20 range 25-65°. The thin film thickness was
determined by SEM (AMARY 1910FE), and the surface
structures were probed by both SEM and AFM (Auto Probe
CP, PSI).

Data treatment

Using the software ‘LAPOD’ for least-squares refinement of
cell dimensions from powder data by Cohen’s Method,'®!? the
lattice parameters have been calculated. The average grain size
d, was estimated according to the Scherrer equation,*

dy=0.901/f cos

where 0 is the diffraction angle of the (111) peak, and f is the
full-width-at-half-maximum (FWHM) of the (111) peak (in
radians), which is calibrated from high purity silicon.

Results and discussion
Film—substrate interaction

The film—substrate interaction was examined first of all, so as to
ensure that the films had a good composition and high purity
within a certain depth range upon annealing. Typically, the
surface and in-depth compositions of the (Zr0,)p.92(Sc203)0.08
thin films were characterized by AES. On the film surface, only
Zr, Sc and O atoms were detected with some carbon atoms,
which were ascribed to the environmental contaminants which
could be removed by argon ion-sputtering for a few minutes.'
Prior to long time annealing, the films appear to have a three-
layer structure — electrolyte (500 nm)/interdiffusion layer
(<100 nm)/Si substrate — [see Fig. 1(a)], in which the inter-
diffusion layer is formed by the chemical reaction between the
substrate and the film with formation of chemical species such
as SiO, and ZrSiO4.2"?* The films are fairly pure with good
composition homogeneity within the depth range 75-500 nm
and with the atomic ratio of Sc:Zr:0=1:3.5:5.7, which
deviates a little from the theoretical ratio of 1:5.75:13.

After long time annealing, the films display a nearly constant
composition within the depth range 200-1000 nm with the
atomic ratio Sc:Zr:O=1:4.8:8.7 and a four-layer structure
[electrolyte (1000 nm)/interdiffusion layer (<100 nm)/SiO,
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Fig. 1 In-depth AES compositional profile of the (ZrO,)g.92(Sc203)0.08
thin films before (a) and after (b) long time annealing.

(400 nm)/Si substrate], as shown in Fig. 1(b). Upon annealing,
the SiO, layer was formed due to the slow oxidation by the
migrated oxygen from the electrolyte layer, as was consistently
observed during the synthesis of ZrO, films on Si(100).2> Above
400 °C, annealing of the ZrO,/Si stack in O, increased the
interfacial SiO, layer.

As described above, upon annealing, the thickness of the
interdiffusion layer was much thinner than that of the
electrolyte layer; this confirms that a well defined film—substrate
interface was formed and indicates that no significant
interdiffusion occurred.”

Lattice parameter and grain size variations

During annealing, (ZrO,)g 92(RE>03)9 05 (RE=Y, Nd, Gd, Dy,
Ho, Er, Tm, Yb, Lu) and (ZrO:)0.92(S¢203)0.08-x(Y203)x
films appeared in a pure cubic phase. In the case of
(Zr05)0.92(Sc203)9.0s  films, 19% cubic nanocrystals were
transformed to the monoclinic phase after long time annealing.
The percentage of the monoclinic phase was calculated from
the relative peak area of the monoclinic (m) peaks (1 1 1), +
(1 1 1), and the monoclinic plus cubic (c) peaks (1 1 T)m+
(11 Dp+(0 1 1). Comparison of the XRD patterns of the
(Zr02)0A92(RE203)0A08 (RE=SC Y, Nd, Gd, HO, Tm, Lu) and
(Z102)0.92(S¢203)0.04(Y 203)0.04 films before and after long time
annealing (see ESI{) reveals broadening of the diffraction
peaks indicating nanocrystal formation in these films.

Fig. 2 shows the plot of lattice parameter « as a function of
the Shannon radius®* of the trivalent rare earth ions
(presumably eight-coordinated) r(RE*T) before and after
long time annealing, for which the dashed line represents the
lattice parameter a, of pure cubic ZrO, (therein, ay=5.085 A).
Prior to long time annealing, the lattice parameter variation
tendency of (Zr0;)y.92(RE>O3) .03 nanocrystals was confused
because the phase state of the films still had not acquired
equilibrium after annealing at 950 °C for 2 h. After annealing at
800 °C for 21 d, the lattice parameter value varied according to
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Fig. 2 Lattice parameter a of (ZrO;)9.92(RE>03)00s (RE=Sc, Y, Nd,
Gd, Dy, Ho, Er, Tm, Yb, Lu) thin films as a function of rare earth ion
radius r(RE") before and after long time annealing.

the order of a(Sc)<a(Y)<a(Lu)~xa(Yb)<a(Tm)=~a(Er)
<a(Ho) <a(Dy) <a(Gd) <a(Nd), which is the result of redis-
tribution of cations and/or anions during annealing. This order
basically agrees with the fact that the lattice parameter tends to
increase with increasing the radius of the rare earth ion,'®!”
except for yttria-doped nanocrystals. The as-calculated lattice
parameter a of the Sc-, Y-, Gd- or Yb-doped nanocrystals is a
little shorter compared with that of the respective microcrystal-
line material.'” It is also noted that the lattice parameter value
of Sc- or Y-doped nanocrystals is shorter than that of pure
cubic ZrO, crystals; whereas, that of Nd-, Gd-, Dy- or Yb-
doped nanocrystals is longer. In the case of Lu- or Yb-doped
nanocrystals, the lattice parameter value is very close to
5.085 A. After a long annealing time, a slight shrinkage occurs
with the Sc-doped nanocrystal lattice, whereas with Dy-, Ho-,
Er-, Tm-, Yb- or Lu-doped nanocrystal lattices a little
expansion occurs. Interestingly, the lattices of Y-, Nd- or
Gd-doped nanocrystals show little variation on long time
annealing.

Fig. 3 shows the plot of average grain size d, as a function of
r(RE*") before and after long time annealing. It is observed
that all the rare earth-doped nanocrystals grow on long time
annealing. Sc-doped nanocrystals display the highest growth
tendency, whereas Y- or Nd-doped nanocrystals exhibit the
lowest.

The grain size variation percentage o, and lattice parameter
variation percentage o, can be defined by o; =100(dy'—d,)/d,
and o, =100(a'—a)la, respectively. Here, d, and d,' are the
average grain size before and after long time annealing,
respectively, and a and &' are the lattice parameter before and
after long time annealing, respectively. If o; is plotted against
o, as shown in Fig. 4 (the dashed line indicates that the lattice
parameter variation percentage of pure cubic ZrO, is zero), it is
seen that the nanograins grow prominently with drastic
expansion or shrinkage of the nanocrystal lattice in the case
of Dy, Ho, Er, Tm, Yb, Lu or Sc-doped nanocrystals, whereas
Y- or Nd-doped nanocrystals grow little with the least lattice
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Fig. 3 Average grain size dy of (ZrO,)9.92(RE>O3)0.03 (RE=Sc, Y, Nd,
Gd, Dy, Ho, Er, Tm, Yb, Lu) thin films as a function of rare earth ion
radius r(RE*T) before and after long time annealing.
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Fig. 4 Lattice variation percentage o of (Zr0O;)o.9(RE>O3)9.08
(RE=Sc, Y, Nd, Gd, Dy, Ho, Er, Tm, Yb, Lu) thin films as a
function of grain size variation percentage o, after long time annealing.
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Fig. 5 Lattice parameter a of (Zr0O,)0.92(S¢203)0.08—+(Y203), thin films
as a function of Y,0; molar fraction before and after long time
annealing.

variation. This strongly suggests that drastic lattice variation
could more or less induce and accelerate the nanocrystal
growth during long time annealing. Among the rare earth-
stabilized zirconia films, the best microstructural thermal
stability can be obtained for Y- or Nd-doped nanocrystals.
Upon annealing, the observation of cubic phase decomposi-
tion and drastic microstructural variation in (ZrO,)g.9s-
(Sc203)0.08 films indicates that the Sc-doped nanocrystals are
metastable in nature. Therefore, the microstructural thermal
stability of (Zr0;)p.92(S¢203)g.0g films remains a problem and
needs improving. Referring to the foregoing results, the
improvement may be realized by substituting yttria for scandia.
Fig. 5 and Fig. 6 depict the plot of lattice parameter a and the
average grain size d, against the molar fraction of yttria in
(ZI‘Oz)o'gz(SCZO.?,)O‘()g7X(Y203)X ﬁlms, respectively. Strikingly,
with an increase in x from 0.02 to 0.06, the lattice variation and
grain growth of the nanocrystals with the given composition
tend to be restrained on long time annealing. As already
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Fig. 6 Average grain size d, of (Zr0O;)y.02(Sc203)0.08—(Y203), thin
films as a function of Y,O3 molar fraction before and after long time
annealing.

J. Mater. Chem., 2001, 11, 2067-2071 2069



200,000 XD 15.0kV 100 nm

(b)

202,000 <D 150KV 100 nm

202, 000 X1 150KV 1041 um

(d)

202,000 XD 15.0kV 100 nm

Fig. 7 Surface SEM micrographs of (Zr0,)0.02(Sc;03)008 (a),

(Zr02)0.92(Y203)0.08 (b), (Zr02)0.92(Ery03)0.08 (© and
(Zr03)0.92(Yb203)g.05 (d) thin films before long time annealing.

illustrated above, the cubic (Zr05)y.92(Sc203)0.08—(Y203),
nanocrystals showed no phasic decomposition. Previously, a
similar effect was reported for polycrystalline (ZrO,)g.o,-
(Scy03)00s by Badwal and coworkers.?>2° They observed
that (Zr05).92(S¢203)9.0 in the t'-phase (tetragonal symmetry)
slowly decomposed with time into a cubic phase matrix with
tetragonal precipitates in the 700—1000 °C temperature range.
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Fig. 8 Surface SEM micrographs of (Zr0,)0.02(Sc;03)008 (@),
(Z1r02)0.92(Y203)0.08 (b), (Zr02)0.92(Er203)0.08 © and
(Zr03)0.92(Yby03)0.05 (d) thin films after long time annealing.

The phasic decomposition could result in conductivity
degradation, which could be reduced by successively replacing
scandia with yttria in polycrystalline (ZrO-)o.92(S¢203)0.0s.2°
As can also be seen from Fig. 5, unlike the case of the
corresponding microcrystalline materials,?’ the lattice para-
meter a of (Z1r05)y.92(S¢203)0.08—(Y203), thin films does not
exhibit an obvious linear increase as x is increased from zero to
0.06. On the other hand, upon increasing x from 0.04 to 0.08,
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Fig. 9 Three-dimensional AFM micrographs of (Zr05)0.92(Y>03)0.08
thin films before (a) and after (b) long time annealing.

the average grain size of the films decreases before long time
annealing, because the presence of the yttria dopant inhibits
atomic mobility during film growth. A similar variation was
observed in nanocrystalline yttria-stabilized zirconia thin
films.”®

Morphological variation

SEM and AFM micrographs obtained in this research reveal
that long time annealing has substantial effects upon the
morphology of the as-deposited nanocrystalline thin films.
Fig. 7 and Fig. 8 representatively exhibit the surface micro-
graphs of Sc-, Y-, Er- and Yb-doped films before and after long
time annealing, respectively. When Fig. 8 is compared with
Fig. 7, it can be seen that the nanoparticles grow larger after
long time annealing. Upon annealing, Y- and Sc-doped films
displayed the least and greatest grain growth tendency,
respectively. This result agrees well with that obtained by
XRD line broadening analysis. AFM micrographs show that
long time annealing could decrease the size uniformity of the
nanoparticles. As an example, the three dimensional AFM
micrographs of (Zr0;)g.9>(Y203)0 05 films before and after long
time annealing are given in Fig. 9, from which it is noticed that
the nanoparticles grow from ca. 55 to ca. 80 nm after long time
annealing.

Conclusions

Long time annealing effects on the sol-gel-derived rare earth-
stabilized zirconia nanocrystalline thin films have been

explored in this paper. Upon annealing, a SiO, layer was
formed on the Si substrate as the substrate was gradually
oxidized by the oxygen which migrated from the electrolyte
layer. The experimental results also show that long time
annealing can not only induce lattice variation and grain
growth with these films, but can also lower the nanoparticle size
uniformity. These effects might be regarded as a sign of the
aging of the ceramic electrolytes. Among the rare earth-doped
zirconia films, (Zr02)0.02(Y203)0.08 and (Zr02)0.92(Nd203)0.08
films display the best microstructural thermal stability upon
annealing. By substituting yttria for scandia, the microstruc-
tural thermal stability of (Zr03).92(Sc203)p0s films can be
improved.
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