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Abstract

Sn0, : m mol% CoO (0.5 < m < 6.0) ceramic specimens were studied by impedance spectroscopy in the 5 Hz—13 MHz
frequency range during heating cold-pressed specimens from room temperature to 1250°C. The electrical resistivity during
sintering decreases from 4 to 6 orders of magnitude in the 400—1500 K temperature range depending on the amount of CoO.
An increase in electrical resistivity in the 570-670 K range is related to the release of adsorbed water. The results for the
970-1500 K show that the higher the amount of the CoO addition, the lower is the temperature at which SnO, : CoO reaches
a minimum electrical resistivity. This suggests that oxygen point defects created by dissolution of cobalt ions in the SnO,

lattice are controlling the densification rate of these ceramics.
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1. Introduction

Tin oxide polycrystalline ceramics are n-type
semiconductors that have been widely used in hu-
midity and carbon monoxide sensors [1,2], in thin
films as crystal displays, photodetectors, solar cells
and protective coatings [3-6], as electrodes for elec-
tric glass melting furnaces and for electrochromic
windows [7,8]. The low densification attained by
pure SnO, during sintering is supposed to be due to
non-densifying mechanisms such as evaporation—
condensation known to control mass transport during
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sintering, hence promoting coarsening [9-11]. SnO,
specimens with 2 mol% CuO addition reach signifi-
cant densification due to formation of a non-reactive
liquid, responsible for rearrangement and an increase
in lattice defect concentration causing an enhance-
ment of mass diffusion [12,13].

Several processes and sintering aids have been
used to improve SnO, densification [14—18]. Liquid
phase sintering is the mechanism when the additives
used are CuO and Bi,0,. MnO,, CoO and Li,O are
additives known to form solid solutions with SnO,.
Recently, the effect of CoO and MnO, additions on
SnO, sintering has been reported [11]. Using
dilatometry, high temperature XRD and simultane-
ous thermal analysis techniques, it was found that
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these dopants act as acceptors leading to the creation
of additional oxygen vacancies in the SnO, lattice,
resulting in an increase in the densification rate. It
was also found that the addition of small amounts of
CoO to SnO,, e.g. 0.5 mol%, leads to an enhanced
densification. Moreover, the onset temperature for
densification decreases with the increase of dopant
concentration. Considering the unusual CoO-doped
SnO, sintering behavior [11], the electrical resistivity
behavior of the SnO, with different amounts of CoO
additions was carefully studied during sintering in
order to help identify the mechanism(s) of sintering
and densification of these ceramics. Electrical mea-
surements as a function of temperature have already
been used to verify whether liquid or ‘‘liquid-like’’
phases (i.e. along grain boundaries) are present [19].
The impedance spectroscopy (IS) technique has al-
ready been used to study polycrystalline tin oxide
specimens prepared by HIP (hot isostatic pressing)
and normal sintering in air after sintering [20]. The
IS technique allows for the separation of the three
main contributions to the electrical conductivity of a
polycrystalline solid: bulk, internal surfaces like grain
boundaries, and electrodes [21]. This is accomplished
by varying the frequency of the ac input signal over
a wide range in order to cover the different responses
that charge carriers have inside grains, at grain
boundaries and at the specimen—electrode interfaces.
Here, the IS technique was used to study the electri-
cal resistivity of SnO, with CoO as additive during
and after sintering.

2. Experimental

The values of surface area, mean particle size and
the degree of purity of the tin and cobalt oxides used
in this study are listed in Table 1.

Both oxides SnO, (E. Merck) and CoO (Aldrich
Chemical Co.) were separately ground in an attrition

Table 1
Values of BET surface area, mean particle size and degree of
purity of SnO, and CoO precursor powder oxides

Oxide Surface area (m?/g) Mean particle size (wm) Purity

SnOQ, 9.2 0.09 >99.9
CoO 3.6 0.29 >990

0.000 0.5/mol % |
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Fig. 1. Linear shrinkage as a function of temperature of SnO, : m
mol% CoO (m=0.5, 1.0 and 2.0) specimens.

mill using yttria-stabilized zirconia balls in isopropyl
alcohol as a grinding medium. Surface areas have
been determined by the nitrogen gas adsorption tech-
nique (Micromeritics model ASAP 2000) by the
BET method. The average particle size was calcu-
lated using the surface area value and assuming
equiaxial particles. CoO (0.5 to 6 mol%) was thor-
oughly mixed to SnO, in a polyethylene jar using
also yttria-stabilized zirconia in isopropyl alcohol as
grinding medium. After drying, the powder was
sieved in a 100 mesh screen and isostatically pressed
into 1.2 cm diameter cylinders at 210 MPa. Green
pellets with 57% of the theoretical density were
obtained.

The SnO, pellets containing 0.5 to 2 mol% CoO
were placed inside an alumina sample chamber of
the dilatometer (Model 402 E. Netzsch) and sintered
at a constant heating rate of 10°C/min in the 30—
1400°C temperature range. The variation of the sam-
ple length with temperature was detected by a LVDT
sensor and stored in a computer for further analysis.
Apparent densities have been measured using the
Archimedes method.

For impedance spectroscopy measurements the
opposite faces of the cylindrical pellets with different
compositions were painted with Demetron 308A
platinum paste. The samples were placed in an alu-
mina sample chamber with spring-loaded Pt terminal
leads. A Pt/Pt—13% Rh thermocouple was used for
temperature control and measurements from 30 to
1250°C. In situ impedance spectroscopy analysis (50
mV injected ac voltage signal) was carried out while
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the specimen was heated at 10°C /min in the sample
chamber inside a programmable tubular furnace.
Values of the real (Z') and the imaginary (Z") parts
of the impedance were collected in the 5 Hz-13
MHz frequency range using a Hewlett-Packard
4192A LF impedance analyzer connected via HPIB
to an HP 900 controller. IS measurements were also
carried out in the sintered specimen during cooling.

3. Results and discussion

Fig. 1 shows the linear shrinkage versus tempera-
ture plots for SnO, pellets containing 0.5 to 2.0
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mol% of CoO. The onset temperature, i.e. the tem-
perature at which shrinkage starts, depends on the
CoO concentration in SnO,.

The higher the CoO concentration, the lower the
onset temperatures in these ceramics. All the SnO,
pellets with CoO additions sintered in the dilatome-
ter up to 1400°C had densities higher than 99% of
the theoretical density. These results and the temper-
atures for the maximum shrinkage are shown in
Table 2.

Fig. 2a, 2b, 2c, 2d and 2e show Arrhenius plots of
the dc electrical resistivity of SnO, : m mol% CoO
for m=0.5, 1.0, 2.0, 4.0 and 6.0, respectively. The
resistivity values were determined by taking, in the
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Fig. 2. Arrhenius plots of the electrical resistivity of SnO, : m mol% CoO (m =0.5, 1.0, 2.0, 4.0 and 6.0) during sintering at a constant
heating rate of 10°C/min np to 1250°C (upper curve) and during cooling (lower curve).
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Table 2
Maximum shrinkage temperatures (Tp) of SnO,:CoO and rela-
tive apparent densities (d) of sintered SnO, : CoO pellets

Sample Tp (CC) d (%TD)
SnO, +0.5 mol% CoO 1240 99.4
SnO, + 1.0 mol% CoO 1140 99.5
Sn0O, +2.0 mol% CoO 1040 99.4

—Z" X Z' diagram, the intercept with the real axis at
the low frequency region of the diagram and multi-
plying by the geometrical factor A/t (A is the
electrode area and ¢ the specimen thickness). Room
temperature resistivities are not plotted because the
corresponding resistance values are higher than the
detection limit of the experimental setup.

Three main features are observed in the plots of
Fig. 2: (a) a decrease of more than four orders of
magnitude in the resistivity of the specimens; (b) a
pronounced resistivity peak with a maximum in the
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300-400°C temperature range corresponding to the
release of water adsorbed in the specimens; a behav-
ior already reported [22,23]. 1t is also shown that the
higher the CoO addition, the higher the resistivity
value at the water liberation region; (c) a constant
low resistivity value for temperatures close to the
maximum shrinkage rate. During cooling of the sin-
tered samples, lower resistivity values are obtained
probably because the specimen is already sintered
and there is no more pore contribution.

The high temperature portion of the resistivity
versus temperature results was examined in detail.
Fig. 3 shows the same electrical resistivity values
shown in Fig. 2 as a function of temperature in the
800-1250°C temperature range.

A detailed analysis shows that the higher the CoO
content, the lower is the temperature at which the
resistivity values are the same for the increasing and
the decreasing branches of the resistivity versus tem-
perature plot. These temperatures are indicated in the
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Fig. 3. Electrical resistivity values as a function of temperature of SnO, : m mol% CoO (m = 0.5, 1.0, 2.0, 4.0 and 6.0) during sintering at a
constant heating rate of 10°C/min in the range 800-1250°C (upper curve) and during cooling (lower curve).



R. Muccillo et al. / Materials Letters 30 (1997) 125-130 129

T T T T T

1150 .

T 0.5 mol%
o
S 11004 L
~
1]

= o

1050+ a 1.0 mol% 1

2.0 mol%
D4 0 mol%
.0 mol
1000+ o .
6.0 mol%

800 90 1000 1100 1200 1300

T, (°C)
Fig. 4. Maximum shrinkage temperatures (Tp,) as a function of the
temperature at which the minimum value of resistivity is attained

(Tys) in SnO,:m mol% CoO for m=0.5, 1.0 and 2.0, 4.0 and
6.0.

figures. The same trend is observed for shrinkage of
the samples measured in a dilatometer; that is, the
higher the CoO content, the lower the onset tempera-
ture for specimen shrinkage (see Fig. 1). The good
correlation between the temperatures determined by
dilatometry and by impedance spectroscopy is shown
in Fig. 4. T, and T} stand for the temperatures
determined by dilatometry and impedance spec-
troscopy, respectively.

The constant electrical resistivity behavior of the
CoO-doped SnO, for temperatures higher than a
given sintering temperature (1160°C for SnO, + 0.5
mol% CoO) indicates either an ionic conductivity in
the liquid or high electronic conductivity path due to
electronic defects created by formation of oxygen
vacancies. Considering that there is no evidence of
liquid phase formation in previous studies [11] and
that the constant electrical resistivity behavior still
remains during cooling to temperatures well below
the shrinkage onset, the observed low resistivity is
most probable associated with oxygen vacancy for-
mation due to solid substitution of Sn** for Co?*
ions in the surface of the grains. A high vacancy
concentration at the surfaces of the grains would
constitute a continuous path for charge carriers
through the Co-doped SnO, specimens.

4. Conclusions

Impedance spectroscopy analysis during sintering
of SnO, with CoO additions showed that the higher

the amount of the additive, the lower is the tempera-
ture at which SnO, behaves like an easy path for
charge carriers, suggesting that oxygen vacancies are
indeed controlling sintering of this oxide. These
results are in good agreement with the ones obtained
by dilatometry. The impedance spectroscopy tech-
nique can then be used to help identify sintering and
densification mechanisms in ceramics, provided there
are mobile charge carriers in the temperature range
where these phenomena occur.
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