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In order to decrease the humidity sensitivity of SnO,-Co,0,~Nb,0,-Cr,0, varistor ceramics, lead oxide was added
and the electric characteristics of synthesized materials with the PbO concentration of 0, 0.1, 0.5, 0.7, 1 and 2 mol.% in
the air with relative humidity of 10-86% were investigated. All tested samples have non-linear current-voltage char-
acteristics with large values of the nonlinearity coefficient of 38-51. The optimal concentration of PbO addition
in ceramics is 0.5-0.7 mol.%. The addition of such quantity of lead oxide to the ceramics leads to the decrease of
the breakdown electric field up to 4390 V/cm and the humidity sensitivity coefficient up to 172. The increase of
the PbO concentration provides the increase of the electrical conductivity of samples at low fields. The barrier mecha-
nism of electrical conductivity of the studied ceramics is proved by the obtained values of potential barrier heights of

0.85-0.90 eV on the SnO, crystallite boundaries.
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1. Introduction

Tin oxide SnO, is widely used for the produc-
tion of optically transparent conducting mate-
rials, gas sensitive sensors and varistors [B].
One of the important properties of SnO, based
semiconductor materials is their great sensitiv-
ity to the relative air humidity [@]. The elec-
tric conductivity of tin oxide ceramics in the low
electric field grows with the increase of air humid-
ity [@]. The growth of electrical conductivity
is undesirable when tin oxide based varistors are
produced, especially when they are designed for
electronic device overvoltage protection. So, such
effect should be avoided or minimized. For this
purpose, the surface of ceramic samples is pro-
tected with different moisture-resistant films [H,
E] or different additions, mainly those which de-
crease the moisture influence on SnO, crystallite
boundaries [E, E, E].
Sn0O,-Co,0,-Nb,0,-Cr,0, ceramics is one of
the most investigated systems for varistor pro-

duction []. It has great non-ohmic current—
voltage characteristics (CVC) with quite a large
nonlinearity coefficient & = 40-50 and at the same
time great gas sensitive properties. Nowadays,
the actual task is to decrease the sensitivity of
this system to the air humidity. Earlier, this effect
was achieved with adding Bi,O,, V,0,and CuO
to_the Sn0O,-Co,0,-Nb,O_-Cr,O, system [E, E,
@]. Bi,0,, V,0,and CuO oxides have low melt-
ing temperatures, which are less than burning
temperatures of ceramics. The samples with such
additions have liquid phases in the process of sin-
tering, that is why the sensitivity of these ceram-
ics to the environment decreases. But the humid-
ity sensitivity coeflicient of these samples remains
quite large [B]].

In order to solve the problem of varistor hu-
midity sensitivity, we decided to add lead oxide to
the Sn0O,-Co0,0,-Nb,O,-Cr,0, system. PbO has
the melting point T =~ 886°C, therefore the syn-
thesis of such ceramics is the liquid-phase one.
There are no published papers about the lead
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oxide addition to such system. The aim of this pa-
per is to study the electrical properties of the ob-
tained ceramic varistors with PbO addition in
the environments with different air relative hu-
midity.

2. Experiment

The studied ceramics (99.4-x) SnO,-0.5Co0,0, -
0.05Nb,0,-0.05Cr,0,-xPbO (mol.%) with the PbO
concentration of x =0, 0.1, 0.5, 0.7, 1 and 2 mol.%
was produced by the traditional ceramic tech-
nology. The details of the preparation are described
in Ref. []. The sample baking was taking place at
1250°C during 1 h. In the process of electrode pro-
duction, the In-Ga eutectic was applied.

The CVC of the samples were measured in
the contained chambers with relative humidity of
10-86% above the surface of the water solution of
aproper salt (the details are given in Ref. [E]). Theval-
ues of nonlinearity coefficient « = (E/j) (dj/dE) were
measured at the current density of j = 1 mA/cm?
The breakdown electric field E, was estimated at
the same value of j. The electrical conductivity
o = j/E was obtained in the area of low currents.
The humidity sensitivity coefficient S was calcu-
lated for the j(E) characteristic at the low field by
S=(0,-0,)lo, ,whereo ando  arethe electri-
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cal conductivity of the sample in the area of low
currents at the air relative humidity w, = 10% and
w, = 86%, respectively.

The value of the activation energy of electrical
conduction E_was calculated with the help of tem-
perature dependences of electrical conductivity in
the low electric field by o = o, exp(-E /kT), where
0, = const, k is the Boltzmann constant, and T is
the absolute temperature.

3. Results and discussion
3.1. Electrical characteristics

All obtained j(E) dependences of the samples are
greatly non-linear. For small values of the electric
field ohmic and low non-linear parts are common
while for the strong electric field high non-linear
ones are more natural. For example, such situa-
tion at the air relative humidity 75% is present-
ed in Fig. . Adding of lead oxide to the ceram-
ics slightly decreases the nonlinearity of CVC in
the high field as well as the values of nonlinearity
coefficient « (Table 1). It is explained by the ex-
isting Schottky-type double potential barriers on
the SnO, crystallite boundaries and the influence
of intercrystalline phase. The decrease of grain
boundary barrier height and the transference

0 mol.% PbO

0.1 mol.% PbO
0.5 mol.% PbO
0.7 mol.% PbO
1.0 mol.% PbO
2.0 mol.% PbO

2000 3000 4000 50006000
E (V/cm)

Fig. 1. Current density j vs electric field E in SnO,-Co,0,-Nb,0_-Cr,0,-
PbO varistor ceramics with different concentrations of PbO additions in

the air with relative humidity 75%.
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from high voltage to low voltage varistors are usu-
ally accompanied by the decreasing of the non-
linearity of CVC []. Just the same situation
takes place in our experiments, see the detailed
discussion below.

Table 1. Electrical parameters of SnO,-Co,O,-
Nb,0O,-Cr,0,-PbO varistor ceramics with different
concentration of PbO additions in the air with rela-

tive humidity 75%.
PbO E .
bl 1, 5
mol% | % | V.em™ | Ohm™-cm™! E,ev| §

0 514 6240 2.0-10°%2 090 824
0.1 429 6080 5.1.107*2 090 413
0.5 406 5550 6.8-107"2 085 172
0.7 448 4390 8.5:107"2 0.86 479

1 37.8 5110 1.5-10°! 0.85 953

2 439 5860 2.2-.101 0.86 1836

While increasing the concentration of PbO in
the samples up to 0.7 mol.%, the high nonlinear
part of j(E) characteristic shifts towards the low
electric field (Fig. ) and the values of breakdown
electric field E, decrease from 6240 to 4390 V/cm
(Table 1). The lowest value E, = 4390 V/cm is
obtained while adding 0.7 mol.% PbO to the ce-
ramics. It is obvious that the small concentra-
tion of PbO addition helps to merge SnO, grains
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when baking and fosters their growth by making
the best conditions, that is, the fluid phase during
baking. Therefore the value of E, of the tested var-
istors decreases when the concentration of PbO
increases up to 0.7 mol.%. The further increasing
of the lead oxide concentration in ceramics leads
to the reverse shift of j(E) characteristic towards
the high electric fields (Fig. ) and the increasing
of E, (Table 1). It is possible that the forming of
a thick lead-containing film between crystallites
prevents from their merging at high temperatures.
Therefore, the ceramic grains remain quite small
and the values of E, are bigger. The detailed study
of this effect requires additional investigations.

The low voltage varistors have small values of
nonlinearity coeflicient and quite large conduc-
tivity in the low electric field for the oxide-based
semiconductor ceramics [H, , ]. It is obvious
that such situation also takes place for the tested
tin oxide ceramics with PbO addition.

In order to check this hypothesis, we have
measured temperature dependences of the electric
conductivity of all samples (Fig. ). The values of
activation energy of electrical conductivity E_that
were calculated from the line slopes in the high
temperature part of characteristics are close to
the values of the height of potential barriers on
the grain boundaries ¢ [@]. When temperature
increases, the electrical conductivity in the low

0 mol.% PbO

0.1 mol.% PbO
0.5 mol.% PbO
0.7 mol.% PbO
1.0 mol.% PbO
2.0 mol.% PbO

3.0 3.2 34

10° T (K

Fig. 2. Temperature dependences of the electrical conductivity of SnO,-Co,O -
Nb,O,-Cr,0,-PbO ceramics with different concentrations of PbO additions.
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temperature part decreases. It is connected with
the desorption of water molecules from ceramic
pores [, , B].

The height of potential barriers of all tested
samples is quite high: E_ = 0.85-0.9 eV. There is
a correlation between the values of activation en-
ergy E_and nonlinearity coefficient a (Table 1).
The decrease of the height of grain boundary po-
tential barriers leads to the decrease of the nonlin-
earity of CVC. On the whole, when adding PbO
to the ceramics, the values of E_decrease, and
this leads to the increase of the electrical conduc-
tivity of samples in the low field (Table 1). Thus,
in  Sn0,-Co,0,-Nb,0,-Cr,0,-PbO  ceramics
the electrical conductivity is mostly controlled by
Schottky potential barriers on the SnO, crystallite
boundaries.

The increase of PbO concentration in the sam-
ples leads to the increase of conductivity o in
the low field (Table 1). But the electric conductivi-
ty in the low electric field is controlled not only by
the potential barriers on SnO, grain boundaries
but also by intergranular phase resistance. Inter-
crystalline lead-containing layers that are formed
during baking [@] are partially shunting the SnO,
crystallites. Therefore, the values of the low-field
electrical conductivity of samples increase with
the increasing of the concentration of PbO addi-
tion in ceramics.

10

10
1000

3.2. Effect of humidity on electrical characteristics

Electrical characteristics of semiconductor ce-
ramics are mostly dependent on the environment
and, first of all, on the humidity of air. In order to
check the influence of humidity on the character-
istics and parameters of tested materials, the CVC
of all samples in the air with relative humidity of
10-86% were registered. For example, the j(E) de-
pendences for the samples with a concentration of
PbO 0.5 mol.% are shown in Fig. E With increasing
the air relative humidity, the low-field part of j(E)
characteristic greatly shifts to the larger values of
current density, but the high-field part of this char-
acteristic remains almost the same. When decreas-
ing the air relative humidity down to 10%, the val-
ues of sample conductivity at the low electric field
also decrease. The second experiment proves that
this effect is renewed.

The electrical characteristics of tested poly-
crystalline samples are controlled by the poten-
tial barriers on the crystallite boundaries [].
The height of these barriers decreases with increas-
ing the air humidity and the voltage applied to
the sample [ﬁ, ]. Therefore, while the air relative
humidity increases, the low-field electrical conduc-
tivity also increases, especially when the value w
changes from 75 to 86% (Fig. B). The large value of
humidity (w = 86%) leads to the great influence of

RH 10%
RH 34%
RH 55%
RH 75%
RH 86%

2000 3000 4000 5000
E (V/cm)

Fig. 3. Current density j vs electric field E, in SnO,-Co,0,-Nb,0_-Cr,0,-
0.5 mol.% PbO ceramics in the air with different relative humidity.
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Fig. 4. Low-field electrical conductivity vs relative humidity in SnO,-
Co,0,-Nb,0,-Cr,0,-PbO ceramics with different concentrations of PbO

additions.

water molecules on the ceramics characteristics.
The water molecules penetrate into the ceramic
pores and the electrical conductivity of materials
increases quite significantly [H, E]. It is proved by
the data of electrical conductivity at the low elec-
tric field of all samples with the concentration of
PbO 0-2 mol.% in the air with relative humidity
of 10-86% (Fig. @). The electrical conductivity o at
the relative humidity 86% of all samples increases
dramatically in comparison with the values o at
w="75%.

When increasing the air relative humidity,
the height of intercrystalline potential barriers de-
creases but still remains quite large for the varistor
effect at the high electric field [E]. With increas-
ing the voltage, the height of these barriers con-
tinues decreasing down to the critical value when
the current through the sample begins to increase
quite dramatically. Therefore, the tested ceramics
has high non-linear CVC with the nonlinearity
coeflicient & = 38-45 even with the air relative hu-
midity of 75 and 86%.

The value of humidity sensitivity coefficient
S = 824 of the obtained materials without PbO ad-
dition is quite large because of the pores in well-
synthesized ceramic samples [E]. The addition of
lead oxide up to 0.5 mol.% to the ceramics leads to
the decrease of S value to 172 (Table 1). It is caused

by the formation of glass-like lead-containing lay-
ers between the grains limiting the movable pro-
tons H*, which are formed during the dissociation
of the H,O molecule adsorbed on the surface of
sample [B, E]. Such protons lead to the decrease
of intercrystalline potential barrier height and
the increase of the electrical conductivity of sam-
ples in the low electric field. With increasing of
the PbO concentration from 0.7 to 2 mol.%, such
protons may penetrate along the formed continu-
ous lead-containing film to the SnO, crystallite
boundaries and increase the electrical conductiv-
ity of ceramics. Therefore the humidity sensitiv-
ity of samples with 0.7-2 mol.% PbO additions is
quite high (Table 1).

With adding PbO in small quantities into SnO -
Co,0,-Nb,0,-Cr,0, ceramics, both the humidity
sensitivity coefficient S and the breakdown elec-
tric field E, decrease (Fig. E). The optimal values
of the PbO concentration in ceramics are 0.5-
0.7 mol.%. The formation of a more solid and less
porous structure because of a small quantity of
the lead-containing intergranular phase, which is
in a liquid state during synthesis, leads to the de-
crease of humidity sensitivity of the tested samples.
At the same time, the intergranular phase, which
was liquid during baking, improves the move-
ment, combining the growth of SnO, crystallites,
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Fig. 5. Humidity sensitivity coefficient S and breakdown electric field E, vs
the concentration of PbO addition in SnO,-Co,0,-Nb,0.-Cr,0,~PbO

ceramics.

and leads to the decrease of breakdown voltage of
the obtained varistors.

4. Conclusions

In order to lower the breakdown electric field and
simultaneously decrease the humidity sensitiv-
ity coeflicient of tin oxide ceramics, one can use
a small quantity of lead oxide addition. The lowest
values of these parameters (E, = 4390 V/cm and
S =172) were obtained at the concentration of PbO
0.5-0.7 mol.% in SnO,-Co,0,-Nb,O,.-Cr,0,-PbO
ceramics. The values of the nonlinearity coeflicient
of such samples are 41-45. The enhancement of
PbO concentration increases the low-field electri-
cal conductivity while passing from high voltage
varistors to low voltage ones. The obtained new re-
sults help to produce SnO, based varistors that are
designed for lower voltage and are less sensitive to
the environment influence.
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