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Abstract

The nonlinear electrical properties of CoO-doped SnO, ceramics were characterized. A second phase is observed at the surface of the microstructure
of the specimens. Energy-dispersive X-ray analysis reveals that the second phase is composed of tin, cobalt and oxygen with an approximate atomic
ratio estimated for Co and Sn: 2:1. The phase was identified by X-ray diffraction and unambiguously establish the identity of the phase: Co,SnOs,.
Electrical characterization of the binary CoO-SnO, was carried out on a very large range of current from 10~° up to 100 Acm™2 showing that
the doping of CoO increases drastically the resistivity of the ceramic from 10* to 10'° Q cm. This value appears to be a threshold for which the

nonlinear effect appears.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

SnO; ceramics are n-type semi-conductors with native oxy-
gen vacancies compensated by electrons: Of = 2e 4V +
(1/2)O>(g). Tin oxide ceramics have many uses such as gas
sensors, electrodes for electric glass melting furnaces, electro-
chromic devices, crystal displays, photodetectors, solar cells
and protective coating. Recently in 1995, a new application has
emerged as varistor! (a varistor device is a nonlinear resistor
displaying a nonohmic current—voltage behaviour, which can be
used as a voltage protector device). More than 100 papers have
been since written sensing that this new polycrystalline ceram-
ics SnO; as emerging for potential application as commercial
devices. However the use of tin oxide ceramics is limited as
dense ceramic since it is hard to densify because evaporation
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and condensation, which promote coarsening and grain growth,
mostly dominate mass transport.”™

Several sintering aids have been used to improve the densi-
fication of SnO, ceramics.*> CoO was reported as one of the
effective dopants.® To explain the promotion of mass transport in
SnOy, it is suggested that Co?* creates oxygen vacancies in the
SnO, lattice by substitution to tin: CoO — Cog, + V§° + Og.
This doping gives additional defects in the structure. It is
believed that the vacancies are preferentially created at the sur-
face of the SnO; grains, increasing oxygen diffusion at grain
boundaries and then promoting densification.

Although multi-components system such as SnO;—CoO-
Nb,O5-Cr,03 lead apparently to single-phase ceramics,' in
the binary system CoO-SnO; the solid solution limit seems
very weak since polyphased ceramics are obtained.® The ionic
radius mismatch between Co and Sn is very small (rop2+ =
0.074 nm, rgpa+ = 0.071 nm, Ar=0.003nm). Despite a very
weak mismatch, the solid solution limit between SnO, and CoO
is exceeding even up 0.5%p leading to the precipitation of
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Co,Sn0,4. This phase is also reported by electronic diffraction.
It is located in the grain boundaries® and appears on cooling at
the ceramic surface.®

The lattice parameters of SnO, was measured by Fayat and
Castro’ a=0.4738 nm and ¢=3.185nm (V=a%c=0.715nm>).
0.5%y¢ CoO addition to SnO, system produces an increase in
the lattice volume up to 7.157 nm3.°

Tin oxide presents intrinsic and extrinsic defects. As intrinsic
defect, the formation of a Schottky pair on two new sites in the
crystal surface can be described as

Sng,, + Of <> V§° + Vg, + Sng, + Of

Or more simply:
perfect crystal = V§° + V¢,

The electronic defects in an intrinsic semi-conductor:
perfect crystal = é + h~

Nonstoichiometry of tin oxide (SnO;_s) appears above
1173 K (8=0.03)10:

b= (1/2)0, + V§° +2¢

The substitution of cobalt II (ionic radius 0.072 nm) to tin
IV (ionic radius 0.071 nm) lead to the creation of a positively
charged oxygen vacancy according to

CoO — Cog, + Vg© + O

Both electrostatic (coulomb forces between individual
defects) and elastic interactions can be decreased by an asso-
ciation of the defects. Kim et al.!' considered that the elastic
interactions can be neglected since the size mismatch between
Co?* and Sn** is very weak. This has been confirmed by ab initio
calculs which show that the defect associate [Co’s/n + Vi°l, due
to their columbic attraction, is stabilized in the SnO» lattice. 12
Extrinsic oxygen vacancies—cobalt ions associates form shal-
low donor levels below the conduction band. Precipitation of
Co,Sn0y4 phase is explained by an observed diffusion of Cog .
The oxidation reaction (1/2)0; + V{° 4+ 2¢ — O at the sur-
face of the specimens imposes a concentration gradient of
oxygen vacancies between the surface and the interior of the
CoO-doped SnO» sinter body. The concentration of oxygen
vacancies at the sample surface is lower due to outward-diffusion
of associate defects. At the same time, since both point defects
diffuse together, the concentration of cobalt ions at the surface
is increased and exceeds the solubility limit of Co ions in SnO».
Therefore Co,SnO4 phase is precipitated on the surface.

The purpose of the present work is to study the effects of CoO
on the electrical properties of SnO, with the aim to obtain both
high-density ceramic and good electrical properties.

2. Experimental procedure

The oxides used in this study were analytical grade SnO»
(Alfa Aesar 99.9%), CoO (Alfa Aesar 99.7%). The composition
SnOs +x%y; CoO (x varying from O to 2) was obtained by con-
ventional mixing using a ball mill. The oxide powders were then

mixed with a polyvinyl alcohol binder, granulated and pressed
into pellet shapes. The powders were isostatically pressed at a
pressure of 7 x 10° Pa during 1s. The samples were then sin-
tered in ambient air atmosphere at 1623 K for 2h and slowly
cooled to ambient temperature. They were heated at a rate of
120 K/h to the sintering and room temperature. Densities were
determined by geometrical measurement of the volume and by
weighing the pellets using an analytical balance.

The densification of the specimens after sintering at 1623 K
during 2 h is calculated starting from the following formula:

D= <p> % 100
Pth

with p=apparent density of the pellet (g/cm®) and
pwn = theoretical density of pure SnO».

Silver electrodes are fired at 873 K (800 K/h up to 873 K), the
electric characteristics of the components are depicted on Fig. 3.

Microstructural characterization of sintered samples was
made by scanning electron microscopy (Hitachi S 800 and XL.30
ESEM Philips coupled with energy-dispersive spectroscopy
(EDS-EDAX). Ceramic patterns were recorded on a Bruker D8
Advance Diffractometer (Cu Kqj 2) equipped with a Vantec
detector and a spinner.

For the electrical measurements, silver contacts were
deposited on the samples surfaces, after which the pellets
were heat treated at 873K for several minutes. To deter-
mine the electrical properties as a function of temperature
a special sample holder was built and attached to an elec-
trical source and two digital multimeters for current higher
than 1 mA cm™2, the current—voltage measurements were taken
using a high voltage-measuring unit using a current gener-
ator which delivers a 8/20 ws impulse current with a peak
short-circuit of 6 kA. The nonlinear coefficient was obtained
by linear regression of the experimental points using a loga-
rithmic scale around 1 mA cm™2 and the breakdown electrical
field was obtained at this current density. The nonlinear coef-
ficient «, for all the samples studied, were estimated between
two desired magnitudes of current and corresponding voltage
by a=10g (Jo 1 masem?/J1 marem?)/10g (Ey mA/cmz/El mA/cmz)’
where E | /cm? and Ejpa cm2 are voltage fields at current

densities, J, at 0 1 mA/cm? and 1 mA/cm? respectively.

3. Results and discussion

In order to investigate the role of cobalt monoxide on the
electric properties of SnO,-based varistors, we studied the SnO,
composition with x% in mass of CoO and x varying from 0 to
2% (Table 1).

The results of the densification according to the cobalt
monoxide content before and after sintering are depicted in
Table 2. Pressed compact of pure tin oxide does not densify.
This result indicates that the surface energy is insufficient to
cause appreciable sintering. Pressing did not introduce suffi-
cient strain energy to increase the sintering rate. Doping by only
0.25% cobalt monoxide causes the ceramic densification. This
indicates that cobalt oxide is extremely effective in promot-



R. Metz et al. / Journal of the European Ceramic Society 28 (2008) 829-835 831

Table 1
Studied formulations: SnO,—CoO
Composition SnO; CoO

wt. % mol% wt. % mol%
1 100 100 0 0
2 99.95 99.9 0.05 0.1
3 99.75 99.5 0.25 0.5
4 99.5 99 0.5 1
5 99 98.01 1 1.99
6 98.5 97.03 1.5 2.97
7 98 96.06 2 3.94
Table 2

Densification with vintage before and after sintering according to the content
cobalt oxide (sintering: 1623 K during 2 h at a rate of 120 K/h up and down)

CoO (%) Densification (%)
Before sintering After sintering

0 66 £ 2 66 £ 2
0.05 63 +2 74+£2
0.25 66 £ 2 98 £2
0.5 64 +2 93 +2
1 66 £ 2 94 £ 2
1.5 66 + 2 93 +2
2 65 £2 89 £2

ing densification of SnO;, even for weak dopants concentra-
tions.

Cerri et al.' found that the maximum of linear contrac-
tion (d(AL/Ly)/dT) depends on the concentration of dopants.
Addition of 0.5, 1 and 2%p,0; of CoO onto SnO, show that the
intermediate doping of 1%, gave the greatest linear shrinkage.
Our results obtained with other experimental conditions confirm
this point: the amount of cobalt oxide in the ceramic has to be
accurately tuned in order to promote the best densification. In
our experimental conditions, 0.25%., of cobalt oxide gave 98%
of the theoretical density although 2%, gave a poor value of
89% (Fig. 1). The high densification observed in the CoO-doped
SnO, can be explained by the substitution of Sn** ions by Co**
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Fig. 1. Apparent densification according to the content cobalt monoxide.
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Fig. 2. Electric field according to the current density for different cobalt doping
(sintering stage: 1623 K during 2 h).

in the SnO; crystalline lattice:

Co0ZE oY, + V{ + (1/2)0;

The formation of oxygen vacancies would help mass trans-
port in SnO; lattice.

Fig. 2 shows the electrical field versus current density.
Undoped tin dioxide behaves like a resistance. Its coefficient
of nonlinearity (@) is close to 0. The presence of cobalt monox-
ide in the formulation results in the appearance of a zone of
nonlinearity with coefficients varying from 11 to 18 (Table 3).

The leakage current decreases from x =0 to 0.25 and tends to
be stabilized towards 5 x 10~7 A cm? for x > 0.5. X-ray diffrac-
tion (XRD) of the sintered sample shows there is no secondary
phase (Fig. 3A), since only the SnO, phase was detected.

In order to appreciate the height of the barrier of potential to
the grain boundaries, we characterized the samples at temper-
atures varying from ambient to 448 K. The characteristics are
depicted as the curve InJ=f(E'"?) for each temperature and are
provided for only the composition 0.5%., of CoO (Fig. 4). The
electrical conductivity increases linearly with increasing tem-
perature. For low values of E'? the curves are straight lines
and the extrapolation of these lines in the ohmic area with E=0
gives the values of the density of current (InJ) for various tem-
peratures. Generally the leakage current is given by the relation:

E'? -
J = AT? exp '87
KT

Table 3
Electrical parameters in function of the cobalt oxide cobalt content (leakage
current (Jg)), (field of threshold (Es)) and (nonlinear coefficient («))

CoO (%) Je (Aem™2) E (V/mm) a

0 4 + 1E-04 55 £ 30 1+£2
0.05 9 & 3E-06 1161 + 91 0£2
0.25 2 + 1E—04 657 £ 75 11+£2
0.5 5+ 1E—07 542 + 33 14 £2
1 5 + 3B-07 540 + 34 182
15 5+ 1E—07 572 £ 10 13+2
2 3 £ 2E—07 820 + 90 14+£2
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Fig. 3. Diagram of diffraction of X-rays carried out on the surface of a doped ceramics with cobalt monoxide 1%, (A and B).

where A is the Richardson constant’s=1.2 x 106 Am—2 K2,

T the temperature in Kelvin, 8 = /(e3/(4mepe)) a constant

related to the size of the grains and the width of the barrier
of potential, e the electron charge, &y and ¢ the permittivity of

0 . v v . v v
02 04 0,6 0.8 1 1,2 1|4
-2
-4
—e—70°C
= -6 —=—100°C
g / /7 125°C
8 150°C
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-10 .//
-12
r'd
-14
E*1/2

Fig. 4. Characteristic curves, InJ vs. E, of the system 99.5%y: SnO2 +0.5%wt
CoO measured at different temperatures.

the vacuum and SnO;, respectively, and @ indicates the height
of the barrier of potential which is stable when the current is
weak and decreases brutally and in an important way when the
voltage becomes higher than of threshold voltage. The calcula-
tion of the slope of the right-hand sides (InJ=(a/T) + B, a and B
constants) makes it possible to calculate the barrier of potential
according to the following formula (Table 4; Fig. 5):

a=®/k with @ the barrier of potential, k£ the Boltzman con-
stant’s=1.38 x 1072 JK™'=8.6 x 10> eVK ™.

Table 4

Evolution of the potential barrier @ in function of the cobalt amount
CoO (%) @ (eV)

0 -

0.05 -

0.25 05+2

0.5 1.1+£2

1 07+2

1.5 09 £2

2 05+2




R. Metz et al. / Journal of the European Ceramic Society 28 (2008) 829-835 833

LnJ en fonction 1/T

0 T T T T T T
0,0005 0,001 00015 0,002 00025 0,003 0,0035

-5

-10

(1MK™

Fig. 5. Temperature influence on the current density for constant electrical field.

The values obtained in Table 4 are of the same order of magni-
tude that those described within the framework of the calculation
of the barrier of the varistors containing ZnO. Indeed the barrier
of potential @ is about 0.7 eV for the majority of the commercial
varistors containing ZnQ.!?

Fig. 6 shows SEM images of samples. Pores and single-phase
grains are observed. In backscattered image mode a precipitate
appears in dark witch can be related to the presence of rela-
tively light element concentration (Mc, =58.93, Mg, =118.71,
Mo =16). The presence of cobalt on the surface of the ceramics
shows that there was apparently mass transport towards surface
during sintering. In order to investigate this light phase we car-
ried out an X-rays diffraction analysis of the specimen surface.
One of these diagrams is reported on Fig. 3B. X-ray diffraction
pattern were recorded between 30° and 40° (260) with a scan
step 0.022° and a counting time of 535 s/step. With these con-
ditions, the phase Co,SnOy is identified at the ceramic surface
(Fig. 3B). Oxygen vacancies associated with Cog, diffuses out

from the interior to the surface of the sample, where the concen-
tration of oxygen vacancies is low. Since the oxygen vacancies
drag additional Co ions from the interior to the surface, the con-
centration of Co ions at the surface is much higher than in the
bulk and exceeds the solubility limit of Co ions in SnO,. The
+ Vg°] allows to explain

diffusion of a defect associate [Cog,

2e +V°, + 10, (g) = O

Sno, ‘ ‘ [ ‘ Sno,
[0% V

[Co™g, + V°°] defect associate

"]
C00 — Co%g, + Vo, + 0%,

Co,SnO, formation at
the ceramic surface

CO”Sn Co™ Sn Co” Sn
SnO, Sno,

Fig. 7. Scheme of the Co,SnO4 formation at the ceramic surface.

[CO Sn 0]

the formation of Co,SnOy at the surface (Fig. 7). Nevertheless
the mechanism of diffusion of such defect associate is unclear.
This suggests that the diffusion is realized on the oxygen and tin
sublattices without vacancies.

The realization of the electric tests on the one hand and the
knowledge of the microstructure on the other hand enable us to
calculate the barrier of potential by grain. Indeed, if we admit
that ceramics are homogeneous with the grains of the same size
(G) and that the threshold voltage of each grain boundary is
constant (Vs), the sum of threshold thickness of the ceramics
must be equal to the macroscopic threshold (Us):

Us =nVs

with n indicates the number of grain boundaries on the thickness
of the ceramic, n=n'— 1 (n’ being the number of the grains).
The average size of the grains is measured by of Mendelson’s
method!* which recommends considering the average size of the
grains by the formula: G=1.56 x L, with L: the average length
between grain.

Table 5 shows that the voltage by grain boundary increases
abruptly with cobalt monoxide. Its value is particularly high
since about 10V (generally this value is in the range:
1-4 V/barrier).> The addition of cobalt oxide makes it possible
to lower the tension.

Fig. 2 reports the effectiveness of donor doping by depicting
the dynamic apparent resistivity of the ceramic system. Isoresis-

Fig. 6. SEM (secondary and backscattered images) of polycrystalline SnO; ceramic with 1%, CoO-1623 K (2h) (EDS analysis gives a ratio Co/Sn~ 0.5 for the

dark grains observed on the backscattered image).
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Table 5
Evolution of the grains sizes and the threshold voltages corresponding
CoO (%)  Diameter Average grains number L (pum) G (pm) Us (V) Epaisseur Theoretical grains Theoretical grains Vs (V)
(pm) (experimental) (m) number in the ceramic boundaries number in
thickness the ceramic thickness
0 243 130 2 3 1.20E+03 412 411 0.22
0.05 241 48 5 8 1867 1.40E+03 175 174 11
0.25 241 25 10 15 950 1.40E+03 93 92 10
0.5 241 34 7 11 817 1.50E+03 136 135 6
1 241 40 6 9 840 1.50E+03 159 158 5
1.5 241 56 4 7 880 1.50E+03 223 222 4
2 241 60 4 6 1000 1.50E+03 239 238 4
Log p Py P _ effective additive of sintering. However its role is optimum for
4p~0 Ap~ 102 F Ap~108 1 E:"fnlfg‘;‘:l — 0.25%, i.e. for relatively weak doping. Additional additions are
useless. The size of the grains evolves in a similar way with a
sno, ‘ sno, s . ° L:s,no: : ) maximum o.f 15 pm. It results frorp this a thresholq (Es) which
Grain . Grain' | & oran |, Vo increases with the cobalt content in accordance with the rela-
&b B L 9 P :’/ Vo tion: Eg = (e — G)/ &2 vs where e is the thickness of ceramics,
Xz Sno: ) oo ;no: & G the average size of the grains and vy is the average 'th.reshold
Grain' > Grain' o Gran of voltage a grain boundary. In a way enough surprising, the
° M coefficient of nonlinearity is relatively constant with the cobalt
G+GB BE= 60, GraGE:  ehCol monoxide concentration whereas the calculation height of the
@ - @ - @ barrier of potential and the average tension of threshold of the
Cobalt doping: 0 g s grain boundaries is optimum for 0.25%. Also these last two
Non linear coef. 0 0 14 parameters do not seem to be related to the coefficient of non-

{p, : grain bondary resistivity - p, : grain resistivity - Ap : difference between the resistivity of the grains and
the grain bondaries}

Fig. 8. Scheme of the barriers formation at the grain boundaries vs. CoO doping.

tivity lines are superimposed on the E~J curve. On doping with
CoO the resistivity increases drastically from 10* to 10'° Q cm.
It appears that there is a threshold for which barriers voltage
height and width trigger the nonlinear effect. A microstructure
of SnO; grains and grain boundaries with a resistivity differential
of 10° Q cm appears therefore compulsory. This corresponds to
x=0.25%:, such a value being the cobalt solubility in polycrys-
talline SnO,. In other word, the diffusion of too small amount of
cobalt in the grain of the ceramic (<0.25%.) does not create any
nonlinear effect: the depletion layer of electrons on both sides
of the grain boundary is not formed (Fig. 8).

From 0 to 0.25% CoO, the system [grain + grain bound-
aries] gains its nonlinearity suggesting that the conductivity
differential between the grain and the grain boundaries is
increased by increasing essentially the grain conductivity, the
grain boundary resistivity being relatively the same.

At high current where the current is controlled by the
impedance of the grain saturated by cobalt. The resistivity
reaches 103 Q cm. With extra CoO doping, the solubility of the
grains being achieved, it is not surprising that the high current
values are more or less independent of the cobalt concentration.

4. Conclusion
We studied the influence of doping by ceramics cobalt oxide

containing tin dioxide. Contents ranging between 0.25% and 2%
of mass were investigated. The cobalt monoxide proves to be an

linearity. The electric characterization correlated with a study
of the microstructure shows that doping with cobalt oxide is
probably carried out by diffusion in the grain of ceramics in
the form Snj_,C0,03 (CoO — Co§_ 4 V§ + (1/2)02(g)) and
that excess is rejected on the surface of ceramics by the grain
boundaries in the mixed oxide shape Co,SnO4. The electric
properties of ceramics are thus limited by the cobalt solubil-
ity. The conductivity of SnO, grains controls the difference in
resistivity between the grain and the grain boundaries.
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