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ABSTRACT

Scandia stabilized zirconia sample, containing lmole % CeO,, (1Ce9Sc sample) was prepared by using chemical
polymeric precursor route called pichini method. Two zirconia samples doped with 10 and 15 mole % CeO, (10Ce and
15Ce samples) were prepared by using the same method for comparison. Co-doping zirconia with 1 mole % of CeO, and
9 mole % of Sc,O5 suppressed the undesired rhombohedral phase and fully stabilized this sample in the cubic phase.
Addition of 15 mole % of CeO, fully stabilized zirconia in the tetragonal phase. The dielectric and electrical properties
of all the prepared samples were investigated in the frequency range from 10 kHz to SMHz in the temperature range
from 25°C to about 325°C. At temperature range from 125 to 325°C, 1Ce9Sc sample has the highest conductivity. For

all the prepared samples, as the frequency increases both the dielectric constant and dielectric loss decreases.
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INTRODUCTION

Undoped zirconia and stabilized zirconia have wide range
of applications. In recent years, a major thrust of applied
development in the semiconductor industry has been the
search for materials that could replace SiO, as the gate
dielectric in complementary metal-oxide—semiconductor
(CMOS) technology. Among the most promising
materials are ZrO, and HfO,, which do have much higher
dielectric constants and some other positive features as
well (e.g., chemical stability) (Wilk et al., 2001; Yeo et
al., 2002; Zhao et al., 2005).

For ceria stabilized zirconia system, zirconia-rich
compositions, Ce,Zr; O, (x < 0.3) find applications as
ceramic materials and ionic conductors whereas ceria-rich
oxides (x > 0.3) are exploited above all as catalytic
materials (Kaspar et al., 1999; Trovelli et al., 1997,
Trovelli, 1996).

Scandia stabilized zirconia (ScSZ) is one of the
candidates that could be used as electrolyte in the
intermediate temperature in the solid oxide fuel cells
(Badwal, 1987; Badwal et al., 2000; Ruh et al., 1977;
Arachi et al., 1999; Yamamoto et al., 1995). Abbas et al.
(2010) prepared scandia stabilized zirconia containing 10
mole % Sc,03 and up to 1 mole % of Gd,0Os, CaO, or
CeO, to investigate the influence of the co-doping with
various cations on the ionic conductivity and on the phase
transition at low temperature. Wang et al. (2005) studied

the structural and the impedance of zirconia doped with
10 mole % Sc,05 and different amounts of CeO,.

The study of dielectric properties of the oxide ion
conductors can produce valuable information about oxide
ion conduction (Biswas, 2010). Dielectric relaxations due
to ionic displacement induced by the migration of oxygen
vacancies have been reported in some oxygen ionic
conductors (Iguchi ef al., 2003; Kurumada et al., 2005).

A variety of factors, such as degree of crystallinity,
roughness, chemical homogeneity, and stoichiometry can
affect the dielectric properties and leakage currents across
the dielectric layers (Wilk ef al., 2001). There have been
many reports on the electrical properties of zirconia films,
but detailed reports on microstructural characterization
along with electrical characteristics are scarce
(Ramanthan et al., 2002).

Thompson et al. (1992) studied the effect of different
dopants with different cations (Mg, Ca, Ce) on the
dielectric properties of zirconia. Sayan et al. (2005)
investigated the permittivity of ZrO, thin film. Biswas
(2009) investigated the dielectric relaxation and ac
conductivity behavior for yttria stabilized zirconia (YSZ)
compounds with yttria concentration varying from 8 to 12
mol%. Kumar and Manna (2008) measured the frequency
and temperature-dependent conductivities and impedance
in range of 50 Hz—1MHz and 300-900 K for a solid
solution of 8 mol% of scandia-stabilized cubic-zirconia
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(8ScSZ) prepared by the co-precipitation technique. From
the above mentioned literature, it is clear that there is no
systematic work done for investigation of the electrical
and dielectric properties of zirconia co-doped with CeO,
and Sc,0; at different temperature and frequency to reach
the best conditions.

This paper aims to study the effect of co-doping of
zirconia with 9mole % of Sc,03 and 1mole % of CeO, on
the electrical and the dielectric properties (which is not
widely studied) to continue the previous work done for
this system (Abbas et al., 2010).10Ce and 15Ce samples
were used for comparison. Moreover, the effect of CeO,
content on electrical conductivity and the dielectric
properties of zirconia were studied. The correlation of the
crystal structure on the dielectric properties for all the
prepared samples will be investigated.

MATERIALS AND METHODS

(Zr0y)15-(Ce0y)y  and  (Zr01)ep-(CeOy)y~(S¢203)10.y
systems were prepared using polymeric precursors
chemical route based on Pechini method (Pechini, 1967)
mentioned in our previous work (Abbas ef al., 2008) from
the solution of the metal nitrates using citric acid as
complexing agent and ethylene glycol as gel former
where x=0.1, 0.15 and y=I. For the conductivity
measurements, ceramic powders were compacted using
direct uniaxial pressing into cylindrical pellets with 8§ mm
diameter and 2 mm thickness under a pressure of 400
MPa and were sintered at 1500°C for Sh. Then the
sintered samples were coated with platinum paste on both
sides. The heating rate was 2°C/min, 4 h holding at
1000°C. The electrical properties and the dielectric
properties (dielectric constant and dielectric loss) were
measured in the temperature range from 25°C to about
325 °C every 25°C in the frequency range from 10 kHz to
5MHz using Hioki 3532 LCR Hi — Tester.

RESULTS AND DISCUSSION

Tablel shows the nomenclature and the composition of all
samples used in this work. From XRD analysis from our
previous work (Abbas et al., 2008; Abbas ef al., 2010) it
was found that, 10Ce sample has mixture of monoclinic
and tetragonal phase structure and 15Ce sample is fully
stabilized in the tetragonal phase. 1Ce9Sc sample is fully
stabilized in the cubic phase. The monoclinic, tetragonal,
and cubic phases were matched to PDF numbers 37-1484
(McMurdie et al., 1986), 42-1164 (Teufer, 1962), 27-
0997 (Katz, 1997). The tetragonal unit cell volume
increases with increasing CeO, concentration. The unit
cell volume for the cubic phase (for 1Ce9Sc sample) is
lower than that of the tetragonal phase (for 10 and 15Ce
samples) which in turn is lower than that of the

monoclinic phase (10Ce sample). The unit cell volume
decreases in the direction of increasing the symmetry
where the cubic phase has higher symmetry than the
tetragonal phase which in turn has higher symmetry than
the monoclinic phase (Figs. 1 and 2).

Table 1. The nomenclature and the composition of all
samples used in this work.

Nomenclature Composition (mole %)
10Ce 10 CeO, + 90 ZrO,
15Ce 15 CeO, + 85 ZrO,

1Ce9Sc 1 CeO, +9 Sc,0;+90 ZrO,

Figure 3 represents the wvariation of the electrical
conductivity for the prepared samples as a function of
temperature in the range of room temperature up to about
325°C. It is clear for all the samples that the curves are
divided into three parts. The first part at low temperature
and up to 100°C and the other two parts start above
100°C. In the low temperature part the conductivity
decreases as the temperature increases till 100°C
indicating that the samples loss water at this temperature
range and above 100°C, the conductivity increases with
increasing of temperature.

Above 100°C, 10Ce sample has higher conductivity than
15Ce sample. This might be due to above 10 mole %
Ce0,. complex associate is formed between Ce’" ion and
the oxygen vacancy. This result is in agreement to that
obtained by Abbas et al. (2009). At temperature range
from about 125 to 325°C, the 1Ce9Sc sample has higher
conductivity than ZrO,-CeO, system. This might be due
to the fact that the ionic radius of Sc*" ion in 1Ce9Sc
system is 87 pm (Shanon, 1976) which is close to that of
Zr*" ion (84pm) and lower than that of Ce*" ion (1.14pm)
in the Zr0,-CeO, system. This may lead to that the Zr*"
ion can be substituted by Sc*" ion easier than by Ce’* ion.
Thus the charge carrier mobility in case of 1Ce9Sc system
is higher than that in case of ZrO,-CeO, system.

For ZrO,-CeO, system, the conductivity curves show
change in the slope at 250°C. Moreover, the conductivity
above 100°C is frequency independent and is associated
with very low activation enthalpy. This might be due to
the conduction arises from hopping of charge carriers
between localized states. This behavior of conductivity is
similar to that detected by Tcheliebou et al. (1996) below
300 °C for ZrO,-CeO, system.

Glushkova et al. (2006) found that for ZrO,-
12mole%CeO,, the electronic transport of the hopping
type as a result of electron exchange between adjacent
cations Ce’* and Ce*" should occur over boundaries of
solid solution grains containing cerium cations in
different charge states.
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Fig. 1. X-ray diffraction pattern of the sintered samples, obtained at room temperature (Abbas, 2009) where
[ represents the cubic peaks, ® represents the monoclinic peaks and V represents the tetragonal peaks.
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Fig. 2. Unit cell volume for the prepared samples as a function of the dopants concentration (Abbas, 2009) and those

from references (Lin and Duh, 1998).

Figures 4 and 5 shows the dielectric constant as a function
of frequency and temperature for 10Ce sample. As the
frequency increases, the dielectric constant slightly
decreases in the low temperature range and up to 250°C.
The decrease in the dielectric constant becomes larger at
higher frequency range due to dielectric dispersion in this
temperature range. For 10Ce sample at 10 kHz (Fig. 5), as
the temperature increases the dielectric constant decreases
up to 100°C and above 150°C it slightly increases till 250
°C and above this temperature it rapidly increases. This
result is in harmony with that obtained from the
conductivity figure of this sample (Fig. 3). Increasing of
temperature results always in increasing the dielectric
constant due to decrease in the density of packing and
increase in dipole freedom in electric field as can be
shown in figures 4 and 5.

For ZrO,-CeO, system, the dielectric constant of 15Ce

sample is higher than that of 10Ce sample (Table 2). This
might be due to the following: as detected from the XRD
part (Figs.l and 2), 10Ce sample has mixture of
monoclinic and tetragonal phases whereas 15Ce sample is
fully stabilized in the tetragonal phase. Increasing the
CeO, content transform the monoclinic phase to
tetragonal phase and this leads to a large increase in the
dielectric constant values. This might be due to the
sudden decrease in the unit cell volume from the
monoclinic to tetragonal phase. The change in the
dielectric constant results from changes in the
polarizability of the unit cell and also because of the more
ionic character nature of the tetragonal compared to the
monoclinic phase. This result is in agreement to that
obtained by Thompson et al. (1992) for yttria-zirconia
system.

shows that for 1Ce9Sc as the

Figure 6 sample,
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Fig. 3. The conductivity of the prepared samples as a function of temperature.
100 °C 2]
22 325 —4—150°C —=— 10 KHz
20 *\ —=—200°C 20, —e— 100 KHz
o\ 300 °C —4— 1 MHz
= 8% 300 ", —e-325°C = 18] —v—5MHz
8 e 3
z 16 \ g
S ‘\.\ ; 16
L 141 LN g
5 o s, < 144
.9 100 "“‘t.“ o
0 124 200 p] 12
150w
10
10 B T T T T T 1
4 5 6 7 50 100 150 200 250 300 350
Freq
Freq

Fig. 4. The dielectric constant of 10Ce sample as a Fig. 5. The dielectric constant of 10Ce sample as a

function of frequency.

function of temperature.

Table 2. The dielectric constant at I0MHz for ZrO,-CeQO, system as function of temperature.

Sample 50 °C 100 °C 150 °C 200 °C 250 °C
10Ce 17.99 12.31 11.69 11.89 13.05
15Ce 49.24 40.39 40.75 41.53 42.37

temperature increase the dielectric constant slightly
increase till 200°C, and above this temperature the
dielectric constant rapidly increases which is in harmony
with the result observed from conductivity curve also of
this sample (Fig. 3). The large increase in the dielectric
constant above 200°C might be due to phase
transformation. As the frequency increases the dielectric
constant slightly decreases in the temperature range from
50 to 200°C whereas it rapidly decreases at 250°C. In the

temperature range (50-250°C) the decrease in the
dielectric constant becomes larger at higher frequency.
Dielectric constant almost decreases by increasing
frequency (dielectric dispersion) and is indicated clearly
at higher frequencies and temperatures.

Table 3 summarizes the crystal structure, the density,
relative density, molar volume obtained from our previous
work (Abbas et al., 2008, 2010) and the dielectric
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Fig. 6. The dielectric constant of 1Ce9Sc sample as a function of frequency.

Table 3. The crystal structure, density, relative density, molar volume and the dielectric constant for 10Ce and 1Ce9Sc
samples at 10MHz. M denotes the monoclinic phase, T denotes the tetragonal phase, and C denotes the cubic phase.

Sample Crystal structure Density Relative Molar volume Dielectric constant at
P Y (g/ cm’) density (cm’) 10MHz at 150 °C
10Ce M+T 5.44 --- 21.30 11.69
1Ce9Sc C 5.27 91 19.92 31.45
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Fig. 7. The dielectric loss of 10Ce sample as a function of temperature.

constant for the prepared samples. 1Ce9Sc sample has
higher dielectric constant than that of 10Ce sample at
10MHz at 150°C. The values of the dielectric constants
for the prepared samples are close to that from the
literature (Balog et al., 1777; Houssa et al., 2000; Cho et
al., 2002) which vary from 18 to 35 for ZrO,. The
dielectric constant value of 10Ce sample at 10MHz is

close to that obtained by Mogensen et al. (2000) in the
frequency range from 0.5 to SOMHz.

Table 3 shows the crystal structure, density, relative
density, molar volume and the dielectric constant for
10Ce and 1Ce9Sc samples at 10MHz. M denotes the
monoclinic phase, T denotes the tetragonal phase, and C



2166 Abbas et al.
30+
25+ —o— 10KHz
] —%— 101KHz
204 —<— 1MHz
.
8 15-
L
g
2 10
[a)
5 .
0 .

T T T T T
150 200 250
teC

Fig. 8. The dielectric loss of 1Ce9Sc sample as a function of temperature.

denotes the cubic phase.

For ZrO,-CeO, system, there were no indications of a
maximum of dielectric loss in the range of the frequency
of investigation. This result is in agreement to that
obtained by Tcheliebou et al., 1996 for ZrO,-CeO,; in the
CeO, content range (8-36 mole %). Figure 7 shows that
for 10Ce sample, at low temperature range below 100°C,
the dielectric loss decreases and above this temperature it
slightly increases up to 250°C then rapidly increases. The
increase of dielectric loss denoted more dipole freedom as
can be seen by higher values of dielectric loss as the
increases of frequency and temperature.

Figure 8 shows that for 1Ce9Sc sample, at low
temperature range below 100°C, the dielectric loss
decreases and above this temperature it slightly increases
up to 200°C then rapidly increases. This is also in a
harmony with the results obtained from the conductivity
figure of this sample (Fig. 3). For 1Ce9Sc sample, there
were no indications of a maximum of dielectric loss in the
range of the frequency of investigation. From figures 7-8,
it is clear that the dielectric loss of 1Ce9Sc sample is
higher than that of 10Ce sample in the investigated range
of temperature and frequency.

CONCLUSION

We have investigated the -electrical and dielectric
properties of scandia stabilized zirconia sample,
containing 1mole % CeO, (1Ce9Sc) and Zr0O,-CeO,
systems. For ZrO,-CeO, system, there is a change in the
slope of the Arrhenius plot at 250°C. Moreover,
increasing the CeO, content leads to decrease of the
conductivity. The dielectric constant and dielectric loss is
dependent on the crystal structure. 1Ce9Sc sample has

higher conductivity, dielectric constant and dielectric loss
above 100°C than that of 10Ce sample. For 1Ce9Sc
sample, there is a change in the slope of the Arrhenius
plot and large changes in the dielectric constant and
dielectric loss above 200°C. For all the investigated
samples, there were no indications of a maximum of
dielectric loss in the range of the frequency of
investigation.

REFERENCES

Arachi, Y., Sakai, H., Yamamoto, O., Takeda, Y. and
Imanishai, N. 1999. Electrical conductivity of the ZrO,—
Ln,O; (Ln=lanthanides) system. Solid State Ionics.
121:133.

Abbas, HA., Hammad, FF., Mohamad, AK., Hanafi, ZM.
and Kilo, M. 2008. Structural properties of zirconia doped
with some oxides. Diffus. Fundam. 8:7.1.

Abbas, HA. 2009. Structural and electrical properties of
zirconia doped with some oxides. Ph.D Thesis, Natural

and Materials Science Faculty, Technical University of
Clausthal.

Abbas, HA., Argirusis, C., Kilo, M., Wiemhofer, HD.,
Hammad, FF. and Hanafi, ZM. 2010. Preparation and
conductivity of ternary scandia-stabilised zirconia. Solid
State lonics. 184:6.

Balog, M., Schieber, M., Michman, M. and Patai, S. 1977.
The chemical vapor deposition and characterization of
710, films from organometallic compounds. Thin Solid
Films 47:109.

Badwal, SPS. 1987. Effect of dopant concentration on
electrical conductivity in the Scy03-ZrO, system. J.
Mater. Sci. 22:4125.



Canadian Journal of Pure and Applied Sciences

2167

Badwal, SPS., Ciacchi, FT. and Milosevic, D. 2000.
Scandia—zirconia electrolytes for intermediate
temperature solid oxide fuel cell operation. Solid State
Ionics. 136-137:91.

Biswas, K. 2009. Impedance spectroscopic behavior of
spark plasma sintered nanocrystalline scandia stabilized
zirconia (SSZ). Ceram. Int. 35:2047.

Biswas, M. 2010. Debye-type relaxation in yittria
stabilized zirconia. J. Alloys Compd. 491:30.

Cho, BO., Wang J., Sha L. and Chang, JP. 2002. Tuning
the Electrical Properties of Zirconium Oxide. Thin Films
Appl. Phys. Lett. 80:1052.

Glushkova, VB., Popov, VP., Tikhonov, PA., Podzorova,
LI and II’icheva, AA. 2006. Electric transport properties
and the size effect in ZrO2-based ceramic materials.
Glass Physics and Chemistry. 32:587.

Houssa, M., Afanas’ev, VV. and Stesmans, A. 2000.
Variation in the fixed charge density of SiO,/ZrO, gate
dielectric stacks during postdeposition oxidation. Appl.
Phys. Lett. 77:1885.

Iguchi, E., Nakamura, S., Munakata, M., Kurumada, M.
and Fujie, Y. 2003. Ionic conduction due to oxygen
diffusion in LaggSry,Ga0;_5 electrolyte. J. Appl. Phys.
93:3662.

Katz, G. 1971. X-ray diffraction pattern of metastable
cubic ZrO,. J. Am. Ceram. Soc. 54:531.

Kaspar, J., Fornasiero, P. and Graziani, M. 1999. Use of
CeO,-based oxides in the three-way catalysis. Catal.
Today. 50:285.

Kurumada, M., Hara, H. and Iguchi, E. 2005. Oxygen
vacancies contributing to intragranular electrical
conduction of yttria-stabilized zirconia (YSZ) ceramics.
Acta Mater. 53:4839.

Kumar, A. and Manna, 1. 2008. Ionic conductivity and
electrical relaxation of nanocrystalline scandia-stabilized
c-zirconia using complex impedance analysis. Phys. B
403:2298.

Lin, JD. and Duh, JG. 1998. Crystallite Size and
Microstrain of Thermally Aged Low-Ceria- and Low-
Yttria-Doped Zirconia. J. Am. Ceram. Soc. 81:853.

McMurdie, H., et al. 1986. Standard X-Ray Diffraction
Powder Patterns from the JCPDS Research Associateship.
Powder Diffr. 1:275.

Mogensen, M., Sammes, NM. and Tompsett, GA. 2000.
Physical, chemical and electrochemical properties of pure
and doped ceria. Solid State lonics. 129:63.

Pechini, M. 1967. US patent. 3,330,697.

Ruh, R., Garrett, HJ., Domagala, RF. and Patel, VA.
1977. The System Zirconia-Scandia J. Am. Ceram. Soc.

60:399.

Ramanathan, S., Mclntyre, PC., Luning, J., Pianetta, P.
and Muller, DA. 2002. Structural studies of ultrathin
zirconia dielectrics. Philos. Mag. Lett. 82:519.

Shannon, RD. 1976. Revised effective ionic radii and
systematic studies of interatomic distances in halides and
chalcogenides. Acta Cryst. A 32:751.

Sayan, S., Nguyen, NV., Ehrstein, J., Emge, T,
Garfunkel, E., Croft, M., Zhao, X., Vanderbilt, D., Levin,
I., Gusev, EP., Kim, H. and MclIntyre, PJ. 2005.
Structural, electronic, and dielectric properties of ultrathin
zirconia films on silicon. Appl. Phys. Lett. 86:152902.

Teufer, G. 1962. The crystal structure of tetragonal ZrO,,
Acta Cryst. 15:1187.

Thompson, DP., Dickins, AM. and Thorp, JS. 1992. The
dielectric properties of zirconia. J. Matt. Sci. 27:2267.

Trovarelli, A. 1996. Catalytic Properties of Ceria and
Ce0,-Containing Materials. Catal. Rev. Sci. Eng. 38:439.

Tcheliebou, F., Boulouz, M. and Boyer, A. 1996.
Electrical behaviour of thin ZrO, films containing some
ceramic oxides. Mater. Sci. Eng. B38:90.

Trovarelli, A., de Leitenburg, C. and Dolcetti, G. 1997.
Design better cerium-based oxidation catalysts. Chemtech
27:32.

Wilk, GD., Wallace, R. M. and Anthony, JM. 2001. High-
k gate dielectrics: Current status and materials properties
considerations. J. Appl. Phys. 89:5243.

Wang, Z., Cheng, M., Bi, Z., Dong, Y., Zhang, H., Zhang
J., Feng, Z. and Li, C. 2005. Structure and impedance of
ZrO, doped with Sc,0; and CeO,. Mater. Lett. 59:2579.

Yamamoto, O., Arachi, Y., Takeda, Y., Imanishi, N.,
Mitzutani, Y., Kawai M. and Nakamura, Y. 1995.
Electrical conductivity of stabilized zirconia with ytterbia
and scandia. Solid State Ionics. 79:137.

Yeo, YC., King, TJ. and Hu, C. 2002. Metal-dielectric
band alignment and its implications for metal gate
complementary metal-oxide-semiconductor technology. J.
Appl. Phys. 92:7266.

Zhao, X., Ceresoli, D. and Vanderbilt, D. 2005.
Structural, electronic, and dielectric properties of
amorphous ZrO, from ab initio molecular dynamics
Physical Review B 71: 085107.

Received: June 1, 2012; Accepted: July 2, 2012



