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The ceramic varistors SnO,-Co,0,-Nb,0,-Cr,O, with the addition of CaCO,, SrCO, or BaCO, were
sintered at temperatures 1250 and 1350°C, then their structures and electrical properties were studied. In
all samples, the SnO, cassiterite phase with a rutile-type structure and the Co,SnO, phase with a spinel-
type structure were observed. All materials exhibited a highly nonlinear dependence of the current density
on the electric field with the nonlinearity coefficient 24-50. When alkaline earth metal carbonates were
added, the grain size of all samples decreased and the electric field E, increased. The addition of CaCO,
lead to the decrease of the low-field electrical conductivity of varistors. The lowest low-field conductivities
4-10"" and 610" Q' cm™ were found in the samples with CaCO, addition baked at 1250 and 1350°C,
respectively. The observed effect is due to the increase of the potential barrier height at the SnO, grain
boundaries by 7 and 13%, respectively, and the decrease of the grain size by 26 and 28% compared to SnO,-

based varistor ceramics without CaCO, addition.
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1. Introduction

Tin oxide is widely used for the production of
gas sensitive sensors, varistors, piezoelectric de-
vices, etc. []. Varistors are used as protecting
devices against voltage transients in electrotech-
nical equipment. ZnO-based ceramic varistors [2,
3] and their alternative SnO,-based ceramic var-
istors have been studied in some papers, for ex-
ample, Refs. []. The properties of SnO_-based
varistors are similar to the ones observed in
Zn0O-based varistors [E, H]. Tin oxide based varis-
tor ceramics has high nonlinear current-voltage
characteristics, for example, in the SnO,-CoO (or
Co,0,, C0,0,)-Nb,0.-Cr,0, (SnCoNbCr) sys-
tem [].

Different oxides modify the microstructure and
change the electrical characteristics of varistor ce-
ramics. Cobalt oxides are usually used to improve
the densification of ceramics [H, ]. Cobalt oxides
formed the solid solutions in SnO, and oxygen va-

cancies. They controlled the process of diffusion ac-
cording to the reaction represented by the Kroger—
Vink notation:

CoO—>2%5Cos +V> +0}, (1)

1
Co,0,—% 52Co), + V7 +20% + -0 1.

Niobium oxide Nb O, increases the electrical
conductivity of SnO, grains due to the substitution
of Sn** by Nb** [E, @]. This effect can be described
by the following equation:

1
Nb,O, —¥% >2Nb;_ +2e’+40 +502 )

Chromium oxide Cr,O, is often applied in order
to improve the nonlinear current-voltage charac-
teristics and the homogeneity of the material struc-
ture [H, B]. This addition increases the height of

potential barriers at the SnO, grain boundaries due
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to the formation of oxygen vacancies. It can be rep-
resented by the following reaction:

|
Cr,0, —¥% 52Cr, + V. +20; +502 )

However, the low-field electrical conductivity
0=10"1-10" Q' cm™ [H, E] and the leakage cur-
rent density j, = 0.2-70 uA cm™ [H, ﬁ, 10-12] are
relatively high in SnCoNbCr varistors with differ-
ent additions. Probably, such large values of these
obtained parameters can be explained by a low
quantity of intergranular phases in this ceramics.
Meanwhile, for varistor application the low-field
electrical conductivity and leakage current den-
sity should be relatively low. For the best ceramic
varistors they could be nearly 10°-10"2 Q™' cm™!
and 0.01-0.1 pA cm™, respectively. To de-
crease the electrical conductivity at the low
field and leakage current in the SnCoNbCr
varistor some specific additions, in particular
those with a large ionic radius, could be used [E].
They are the carbonates of alkaline earth metals
Ca, Sr and Ba. The oxides of alkaline earth met-
als Ca, Sr and Ba interact with water in the pro-
cess of ceramics preparation with the formation
of sparingly soluble hydroxides. Therefore, in this
paper we described the use of carbonates CaCO,,
SrCO, and BaCO, as additions for SnO,-based
ceramics.

The influence of BaCO, (0, 0.1, 0.25, 0.5 and
1.0 mol.%) and SrCO, (0, 1.5, 2.0 and 2.5 mol.%)
additions on the electrical properties of
the SnO, - 0.75 Co,0, - 0.1 Ta,O, varistor system
has been studied earlier in papers [] and [],
respectively. The highest nonlinearity coefhi-
cient & = 29.2 was obtained in the samples with
1.0 mol.% BaCO, [] and a = 24.0 in the sam-
ples with 2.0 mol.% SrCO, []. But these samples
have the highest electric field E, (at current den-
sity 1 mA cm™) - 28345 and 22040 V cm™, re-
spectively. The samples without BaCO, or SrCO,
additions have the lowest values of E, = 3780 and
3180 V cm™, respectively, while their nonlinear-
ity coeflicients « are not too high (12.6 [] and
20.1 [L7D).

The influence of BaCO, and SrCO, additions
(0.5 and 1.0 at.%) on the electrical properties of
the SnO, - 1.0 CoO - 0.5 Ta, O, system has been
investigated in paper [[1§]. The highest nonlinear-
ity coefficient 52 was received in the sample with

0.5 at.% BaCO, and « = 36 in the sample with
1.0 at.% SrCO,. But these samples do not have too
high electric field, E, = 5025 and 5035 V cm™, re-
spectively, and they do not differ too much from
the value of E, = 4910 V cm™ which was obtained
in ceramics without alkaline earth metal carbon-
ates [].

In order to increase the electrical conductivity
of ceramic grains the Nb,O, and Sb,O, additions
were used instead of Ta O,. The effect of SrCO,
(0, 0.25, 0.5, 0.75 and 1.5 mol.%) on the micro-
structure and electrical properties of SnO, - 0.75
Co,0, - 0.1 Nb,O, ceramics and that of CaCO, (0,
0.1, 0.5 and 1.0 mol.%) on SnO, - 1.0 Co,0, - 0.05
Sb,O, ceramics were considered in papers []
and [@] , respectively. The highest nonlinearity co-
efficients 24.9 and 12.9 were obtained in the sam-
ples with 0.5 mol.% SrCO, and 0.1 mol.% CaCO,,
respectively. But we consider that these values
were not high enough at breakdown electric fields
E =3695V cm™ [[19] and E =376 V cm™ [@].
The values of nonlinearity coefficient decreased
down to 13.1 at E, = 2606 V cm™ [@] or 10.6 at
E =378 V.cm™ [R(] when the SrCO, or CaCO,
additions were not used.

The microstructure and electrical properties
of SnO, - 5.0 Co,0, - 0.4 Sb,0, ceramic varis-
tors with additions of 0.4 mol.% CaCO,, SrCO, or
BaCO, were investigated in paper [@]. The high-
est nonlinearity coefficient « = 5.0 (it should be
noted that it is quite a small value) was obtained
in the sample with CaCO, addition. This value
a = 5.0 did not correspond with the lowest value
of voltage for one barrier V, = 0.20 V-b™' (at SrCO,
addition « = 2.7 and V, = 0.35 V-b"!, at BaCO, ad-
ditiona =4.9and V, =0.61 V-b™! []). Such con-
tradiction is not explained in paper [@]. Besides,
the quite large values of electrical conductivity of
such ceramics 0 = 1.10®* - 4.107 Q' cm™ show
that the leakage current of such varistors is too
high. The CaCO, or SrCO, additions lead even
to some increase of o values [@]. Therefore, such
ceramics can hardly be used for varistor manufac-
ture.

The non-ohmic properties of the SnO, - 0.5
Co,0, - 0.05 Cr,0, - 0.05 Nb,O, ceramic sys-
tem with 0.5 mol.% CaCO,, SrCO, or BaCO,
additions were studied in paper [@. The non-
linearity coefficient & = 2.6-10.0 and the poten-
tial barrier height at the SnO, grain boundaries
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¢ =0.46-0.57 eV in these samples are rather small
values for SnO,-based varistors. Besides, such ce-
ramics have rather large values of electrical con-
ductivity o = 2:10-5.10° Q' em™* [p]].

However, in our obtained SnO, - 0.5
Co,0, - 0.05 Nb,O, - 0.05 Cr,0, - 0.5 CuO sys-
tem [g] the additions 0of 0.5 mol.% CaCO, or BaCO,
lead to the decrease of the low-field electrical con-
ductivity of ceramics. The varistors with CaCO,
addition have the high nonlinear current-voltage
characteristics and the highest value of nonlin-
earity coefficient « = 58 at E, = 2960 V cm™! [E].
However, the presence of CuO addition caused
rather high values of the low-field electrical con-
ductivity of samples [E]. Therefore, it is useful to
bake the SnCoNbCr ceramics without CuO but
with CaCO,, SrCO, or BaCO, additions at differ-
ent temperatures, which may result in obtaining
higher values of the nonlinearity coeflicient & and
lower values of the low-field electrical conductiv-
ity o. It is also necessary to investigate the prop-
erties of the samples obtained at different bake
temperatures and compare their electrical charac-
teristics.

Hence the purpose of our paper is to study in
detail the influence of carbonates of alkaline earth
metals (Ca, Sr and Ba) on the microstructure and
electrical properties of SnCoNbCr system. We pay
special attention to the increase of the nonlinear-
ity of current-voltage characteristics and the de-
crease of the low-field electrical conductivity of
SnO,-based varistor ceramics.

2. Experimental details

The samples (99.4-x) SnO, - 0.5 Co,0, - 0.05
Nb,O, - 0.05 Cr,0, - x MeCO, (mol.%, x = 0 or
0.5; Me = Ca, Sr, Ba) were prepared by a conven-
tional mixture method. The mixture of powders
was wet-milled with distilled water and pressed in
discs 12 mm in diameter and about 0.8 mm thick
under axial pressure 45 MPa. The pressed discs
were sintered in air at the temperatures 1250 and
1350°C and slowly cooled to room temperature.
The baking temperatures lower than 1250°C wors-
en the sintering of samples, but the baking tem-
peratures higher than 1350°C lead to the decrease
of nonlinear current-voltage characteristics of ce-
ramics [@]. In-Ga-eutectic electrodes were used in
the tested varistors.

The shrinkage y was calculated according to
the expression y = (D, - D)/D,, where D, and D are
the diameters of the sample before and after sin-
tering, respectively. The density of samples p was
estimated with the help of the Archimedes method
using the analytical scales ADV-200 (a weighing
accuracy of 0.1 mg).

The microstructure of ceramics was studied by
a scanning electron microscope (SEM) Zeiss Su-
pra 35VP. Average grain sizes | were calculated by
theequation ] =1.558 L/ n,in which n is the number
of grains intercepted by a test line with the known
length L (um) [é]. The phase identification of as-
prepared samples was determined by the X-ray dif-
fraction technique (XRD) using a DRON-2.0 dif-
fractometer equipment with a Co_ radiation source
(A =1.7903 A) and a setting of 40 kV, 14 mA and 1°/
min. In order to detect possible phase transitions
and mass change, differential thermal analysis and
thermo-gravimetry were performed in the range
20-1350°C with the heating rate 7.5°C/min using
the F. Paulik, J. Paulik, L. Erdey system derivato-
graph manufactured by MOM.

The current-voltage characteristics at DC volt-
age and the steady-state current were measured.
The possible self-heating of the samples during
the measurement was detected as the increase of
current at a fixed voltage. The results were obtained
avoiding the self-heating of samples.

The nonlinearity coefficient a = log (j,/j, )/
log (E/E,,) was estimated as the slope of cur-
rent-voltage characteristic plotted in the double
logarithmic scale log j — log E. The values of electric
field E, and E | were obtained at the current density
j,=1mA cm™and j,, = 0.1 mA cm™. The leak-
age current density j, was measured at 0.75 E,.
The number of grain boundaries between the elec-
trodes of ceramics N, was determined as #/1, where
t is the thickness of sample and [ is the average
grain size.

The activation energy of electrical conduction
E_is found from the temperature dependence of
electrical conductivity o according to the expres-
sion o(T) = o, exp(-E /kT), where k is the Boltz-
mann constant and T is the absolute temperature.

The dielectric permittivity of the ceramics was
calculated with the formula & = Ct/(¢ S), where ¢ is
the sample thickness, S is the electrode area, and ¢,
is the electric constant. The capacitance C at 1 kHz
was measured by a LCRG device Tesla BM 591.
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3. Results and discussion

3.1. Microstructure and phase composition

The micrographs of studied ceramics are rep-
resented in Fig. . They show that in all samples
the SnO, grains and small crystal-like inclusions
are seen. The measured average SnO, grain size [,
in the SnCoNbCr ceramics sintered at 1250°C was
3.5 ym. The additions of the carbonates of alkaline
earth metals Ca, Sr or Ba lead to the decrease of
the value [ to0 2.6, 1.3 or 0.8 um, respectively (Ta-
ble [1). At the increase of sintered temperatures up
to 1350°C, the grains grow intensively and the av-
erage SnO, grain size is larger (see Table 2). But
the values | decrease at the addition of carbonates
Ca, Sr or Ba from 6.8 to 4.7 um. The reason is that
the ionic radii of Ca?* (104 pm), Sr** (120 pm) and
Ba’* (138 pm) are larger than that of Sn** (67 pm).
The positively charged ions tend to be incorpo-
rated into the SnO, systems and modify the mi-

2 um

2 um

crostructure of samples [E]. They can be segre-
gated at the grain boundaries limiting the grain
coarsening. Then the bigger the ionic radius of
the element is, the smaller the growth of grains is.
Therefore, the average SnO, grain size decreases
at sintering of the samples with CaCO,, SrCO, or
BaCO, additions (Tables || and 2).

In Fig. , one can see that small crystal-like
inclusions appear in the area of large tin-oxide
grains (marked by letters A). In order to find out
their composition, the X-ray phase diffraction
analysis of all samples was carried out. The rep-
resentative XRD analysis of all research materi-
als is shown in Fig. . The identified peaks in all
samples correspond to the SnO, cassiterite phase
with a rutile-type structure (ICDD PDF # 00-
041-1445, here ICDD stands for International
Centre for Diffraction Data, Newtown Square,
PA). The sample with the addition of BaCO,
has both small crystallites and rather large SnO,
grains (see Fig. (d)). The XRD signal from large

2 um

2 um

Fig. 1. SEM micrographs of the fractured surface of SnO,-Co;0,~Nb,0s-Cr,0; ceramics (a) and the samples
with CaCO; (b), SrCO; (¢) or BaCO; (d) additions sintered at 1250°C.
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Table 1. Parameters of tin dioxide based non-ohmic ceramics (sintered at 1250°C). The relative changes of
physical parameter values in percent are given as subscripts.

SnCoNbCr | SnCoNbCrCa | SnCoNbCrSr | SnCoNbCrBa

Ceramic system

Average grain size [, ym 3.5 2.6 3579 1.3 0% 0.8 7719

Linear shrinkage y, % 8.3 6.3 410 3.6 _s6.e% 7.3 12.0%

Density p, g/cm’ 6.51 6.48 50 6.44 | 4, 6.49 30,
Number of grain boundaries N, 194 335 7270 731 1576.5% 988 409.3%

Nonlinearity coeflicient « 49 30 _sgg0 24 5100 40 _1g.40
Electric field E,V cm™! 5650 7040 ,246% 11250 99,10 7710 L3659

Activation energy of electrical conduction E,, eV 1.00 1.07 70% 1.17 170% 0.93 ;%

Low-field electrical conductivity o, Q™' cm™ 0.9-10°12 041072 5500 1.8:1072 o000 2:10712 15550

Leakage current density ji, yA cm™ 0.11 0.19 7570 1.53 1 1201.0% 0.14 5730
Dielectric permittivity € 274 78 15w 28 _g05% 149 4560

Table 2. Parameters of tin dioxide based non-ohmic ceramics (sintered at 1350°C). The relative changes of
physical parameter values in percent are given as subscripts.

SnCoNbCr | SnCoNbCrCa | SnCoNbCrSr | SnCoNbCrBa

Ceramic system

Average grain size [, ym 6.8 4.9 70n 4.8 5049 4.7 _30.0%
Linear shrinkage y, % 9.2 7.8 _is20 5.6 3019 8.3 ogu
Density p, g/cm’ 6.79 6.62 ;5 6.49 40 6.71 _; 2
Number of grain boundaries N, 96 110 41460 160 6679 151 L5730
Nonlinearity coefficient « 13 40 ,2077% 49 2769% 50 L2846%
Electric field E;, V cm™ 3350 4520 (3409 5650 657% 5890 7550
Activation energy of electrical conduction E,, eV 0.90 1.02 ;1550 0.93 1530 0.86 _y40
Low-field electrical conductivity g, Q™ cm™ 1.7-10712 0.6:107"2 470 3.0-1072 5650 8.5-107'2 L 4000%
Leakage current density j;, A cm™ 7.94 0.03 _g9 49 0.06 _g9 0 0.49 o5 40
Dielectric permittivity & 626 229 6349 127 7970 305 5139

SnO, grains probably gives more intense peaks
compared to other samples. Additionally, some

should be useful for the decrease of electrical con-
ductivity of ceramics. This assumption needs to be

small peaks were also observed in all samples.
These diffraction peaks correspond to the crys-
tal planes of (311), (400), (331) and (422), they
were indexed and it is matched with the stand-
ard Co,SnO, phase with a spinel-type structure
(ICDD PDF # 00-029-0514). More visible peaks
of the Co,SnO, phase were found in the ceram-
ics with SrCO, or BaCO, additions (for example,
see the insert on Fig. ). It should be noted that
other phases can exist in the samples, for exam-
ple, CoSnO, which is mentioned in paper [@] or
CaSnO, [@]. But the concentrations of Nb,O,,
Cr,0,, CaCO,, SrCO, and BaCO, additions were
too small to be detected by an X-ray apparatus.
Therefore, in our paper only the SnO, phase and
the Co,SnO, phase are observed. A low quantity
of the Co,SnO, intergranular phase in ceramics

proven later.

The absence of Co,0, and the presence of
Co,5n0O, phase in all samples are explained by
the decomposition reaction. At the temperature
between 900 and 960°C, the Co,O, can decompose
according to the following equation [B, @]:

2C0,0, > 6Co0 + O,71. (5)

Then the CoO reacts with the SnO, and
the Co,SnO, spinel phase is obtained according to
the following reaction [@, @]:

2Co0 + Sn0O, » Co,Sn0,. (6)

In order to detect the decomposition of Co,O,,
possible phase transitions and mass changes,
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Intensity (a.u.)

Intensity (a.u.)

20 (degrees)

20 (degrees)

Fig. 2. XRD diagrams of the as-sintered surfaces of SnO,-Co,0,-Nb,0,-Cr,0O, (SnCoNbCr)
ceramics and the samples with CaCO, (SnCoNbCrCa), SrCO, (SnCoNbCrSr) or
BaCO, (SnCoNbCrBa) additions (XRD diagram for the SnCoNbCrSr sample at

20 = 40.1 — 42.4° is shown in the insert).

the differential thermal (DTA) and thermo-gravi-
metrical (TGA) analyses of raw materials (with-
out sintering) were performed. The DTA showed
(Fig. H(a)) that while heating all tested materials,
slight endothermic peaks were observed at the tem-
perature near 960°C. These peaks correspond to
low weight losses in TGA (Fig. E(b)). This situation
is explained by the decomposition of Co,O, into
CoO according to Eq. (5). Then CoO reacts with
SnO, and they generate the Co,SnO, spinel phase
according to Eq. (6).

Moreover, the TGA showed (Fig. H(b)) the de-
crease of mass during heating mixtures with CaCO,
(at 660-780°C), SrCO, (at 775-995°C) or BaCO,
(at 780-1020°C) additions. It is caused by CO,
emission during the decomposition of carbonates
of alkaline earth metals and the transition of these
substances into oxides CaO, SrO or BaO according
to the following equation:

MeCo, > MeO + CO,1. (7)
Here Me is Ca, Sr or Ba.

In order to receive additional information about
the microstructure of ceramics, the linear shrink-

age y and the density p of all samples were mea-
sured (Tables [l and ). The values of linear shrink-
age y = 8.3% and the density p = 6.51 g/cm’ for the
SnCoNbCr sample sintered at the temperature
1250°C are lower than those for the sample sin-
tered at 1350°C (y = 9.2%, p = 6.79 g/cm®). With
increasing the sintering temperature, the grains
grow more intensively, they are located more sol-
idly, and therefore the shrinkage and the density
of samples are higher.

The CaCO,, SrCO, or BaCO, additions to the
SnCoNbCr system lead to lower values of linear
shrinkages and the densities of samples: 6.3, 3.6,
7.3% and 6.49, 6.44, 6.46 g/cm’ at baking tempera-
ture 1250°C (Table [1)) and 7.8, 5.6, 8.3% and 6.62,
6.49, 6.71 g/cm® at baking temperature 1350°C,
respectively (Table 2). The metal ions Me** with
a larger ionic radius can be incorporated into
the SnO, systems and the grains grow slower.
Therefore, the linear shrinkage and the density
values of the samples with addition of the car-
bonates of alkaline earth metals Ca, Sr and Ba are
lower than those of SnCoNbCr samples.

The CaCO, addition to SnCoNbCr ceramics
leads to the formation of both rather small and
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(a)
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Intensity (a.u.)

T (°C)

(b)

Am/m (%)

Am/m (%)

T (°C)

Fig. 3. DTA (a) and TGA (b) of the raw mixture of SnO,-Co,0,-Nb,0.-Cr,0, (SnCoNbCr) material and
the mixtures with CaCO, (SnCoNbCrCa), SrCO, (SnCoNbCrSr) or BaCO, (SnCoNbCrBa) additions (DTA
and TGA for all mixtures at temperatures 948-972°C are shown in the inserts).

very large grains (Fig. (b)). They are located less
densely. So, the shrinkage and the density values
of SnCoNbCrCa samples are lower than those of
SnCoNbCr ceramics.

In case of SrCO, addition to the SnO,-based
ceramics, the Sr** ions with a bigger ionic radius
(120 pm) formed Sr-rich phases which inhibited
the SnO, grain growth. As a result, the grains of such
ceramics grow slowly (Fig. (c)) and the material
densification is less.

The Ba’* jons with the biggest ionic radius
(138 pm) can be segregated at the grain boundaries
and that allows obtaining the grains with different
forms and sizes (see Fig. (d)). They are located
rather close to each other, and therefore the linear
shrinkages and the densities of the samples with
BaCO, addition are larger than those of the samples
with CaCO, and SrCO, additions (Tables [ and 2).

Thus, the results of the thermal analyses together
with the microstructure characteristics obtained by
SEM and XRD showed that reactions (5) and (6)
had occurred at nearly 960°C and finally the spinel
phase Co,SnO, had been formed. The carbonates of
alkaline earth metals Ca, Sr and Ba decomposed at
heating and turned into oxides CaO, SrO and BaO,
respectively.

3.2. Electrical properties

Current-voltage characteristics of the samples
were measured for the ceramics obtained at sin-
tered temperatures 1250 and 1350°C. They are rep-

resented at the coordinate of log j - log E as shown
in Fig. @ The electrical parameters of these materi-
als are presented in Tables [ and 2.

The current-voltage characteristic of the
SnCoNbCr sample obtained at 1250°C is highly
nonlinear (Fig. #(a), curve 1). The addition of al-
kaline earth metal carbonates leads to a slight de-
crease of the nonlinear current-voltage character-
istics (Fig. @(a), curves 2-4), though the values of
nonlinearity coefficient « remain quite high (Ta-
ble [l). A rather large value a = 40 is observed in
the sample with BaCO, addition.

When carbonates of CaCO,, SrCO, and BaCO,
are added, a slight increase of the electric field
E, is seen (Fig. f(a), curves 2-4). The addition of
SrCO, caused the highest value of electric field
E = 11250 V cm™. This value corresponds to
the lower value of average grain size | = 1.3 ym and
the lowest values of linear shrinkage y = 3.6 % and
density p = 6.44 g/cm’ (Table [I). The additions of
alkaline earth metal carbonates lead to the decrease
of the grain size [ and to the increase of the num-
ber of grain boundaries between electrodes N,
(Table ). Therefore, the values of electric field E,
became larger. The same changes are also observed
at baking temperature 1350°C (Fig. @(b)). The de-
crease of the grain size in such ceramics from 6.8 to
4.7 ym (Table 2) leads to the increase of the electric
field E, from 3350 to 5890 V. cm™.

The rise of baking temperature from 1250
to 1350°C causes the growth of SnO, grains in
the samples with corresponding additions (Tables |1
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2.5 3.0 3.5 4.4
log E(V cm™)

-3 (b)

-9
2.5 3.0 3.5 4.4
log E (Vcm™)

Fig. 4. Current density versus electric field for the SnO, - Co,O, - Nb,O, - Cr,0, ceramics (1) and the samples
with CaCO, (2), SrCO, (3) or BaCO, (4) additions sintered at 1250°C (a) and 1350°C (b).

and 2). Thus, the number of grains diminishes per
unit length. The number of grain boundaries N,
and, respectevly, voltage barriers on the grain
boundary also reduces (Tables 1 and ). Therefore,
the electric field E, of the corresponding samples
decreases at the raising of baking temperature and
the relative dielectric permittivity ¢ increases (Ta-
bles [Il and 2), as it was reported earlier for SnO -
based varistors in papers [PE, @].

A highly nonlinear part of the current-volt-
age characteristic of SnCoNbCr ceramics be-
gins at the current density of about 1.10° A cm™
(Fig. @(a), curve 1). This material has a relatively
high low-field electrical conductivity. A larger
decrease of low-field conductivity is observed in
the case of CaCO, addition (Fig. @(a), curve 2).
The effect with a lower low-field conductivity
also takes place at baking temperature 1350°C
(Fig. (b)).

The decrease of low-field conductivity up to
4.10" and 6-10"* Ohm™-cm™ in the samples
with CaCO, addition (Tables [I| and 2) is related
to the decrease of the grain size (a significant de-
crease of the grain-boundary cross-section, the in-
crease of grain neck resistivity) and to the increase
of the height of the potential barriers of grain
boundaries (see below). The samples with CaCO,
addition have the lower values of leakage current
density j, =0.19 and 0.03 A cm™ (Tables [I| and 2).
These values are quite low among the well-known
ones [E, ﬂ ].

To explain the observed decrease of the low-
field conductivity in the samples with CaCO, ad-

dition, the temperature dependence of electrical
conductivity o was studied (Fig. E). The equation
o = o, exp(-E /kT) is correct in the temperature
range about 55-150°C (Fig. E). The activation en-
ergy of electrical conduction E_ gives an estimate
of the potential barrier height ¢ at the SnO, grain
boundaries because E_ = ¢ + 1 and 1 << ¢ (here
n is the distance between the conduction band
edge and the Fermi level inside the grain) [@]. In
the range about 30-55°C, the values of o decrease
at heating (Fig. E) due to the desorption of water
vapour [@, ﬁ].

It is seen from Tables |1 and 2 that the values of
E_slightly increase in the samples with CaCO, and
SrCO, additions but decrease in the samples with
BaCO, addition. At the same time, the low-field
conductivity of samples decreases with CaCO, ad-
dition but increases with SrCO, and BaCO, addi-
tions (Tables Il and 2).

The most probable reason of these processes
in case of CaCO, addition is the increase of
the grain-boundary resistance due to the decrease
of the grain size [ . The electrical conductivity o of
an idealized ceramic sample with equal grains and
grain boundaries is proportional to the grain size,
o ~ 1. The dielectric permittivity of an idealized
ceramic material is also proportional to the grain
size, € ~ 1g []. If in addition to the decrease
of the grain size the barrier height at the grain
boundaries increases, then the values o and ¢ will
decrease. This situation takes place in the samples
with CaCO, addition (Tables [l and 2). For such
ceramics the average grain size [ decreases by 26%



185 ISSN 1648-8504 eISSN 2424-3647

A. Gaponov / Lith. J. Phys. 64, 177-188 (2024)

()

~-9

g

QQ
710

g
<
e

SHE

o0
2

-12

24 2.6 2.8 3.0 3.2 34
10° T (K™Y

(b)

= -9
9]
§-10
<)
[
211

“12

2.4 2.6 2.8 3.0 32 3.4
10° T (K

Fig. 5. Temperature dependence of electrical conductivity for the SnO,-Co,0,-Nb,O_-Cr,0O, ceramics (1) and
the samples with CaCO, (2), SrCO, (3) or BaCO, (4) additions sintered at 1250°C (a) and 1350°C (b).

for the sample baked at 1250°C and by 28% for
the sample baked at 1350°C. The potential barrier
height ¢ of varistors increases by 7% for the sam-
ple baked at 1250°C and by 13% for the sample
baked at 1350°C. Therefore, the electrical conduc-
tivity o of SnCoNbCrCa ceramics decreases by
56% for the sample baked at 1250°C and by 65%
for the sample baked at 1350°C.

The decrease of values E_and therefore the low-
ering of the potential barrier height in the ceram-
ics with BaCO, addition (Tables ||| and 2) explain
the increase of the electrical conductivity ¢ of
SnCoNbCrBa samples. However, the increase of
the activation energy E_in the case of SrCO, addi-
tion (Tables [l and 2) cannot explain the observed
increase of electrical conductivity in SnCoNbCrSr
ceramics (Fig. @(a) and Fig. H(b)). Therefore, other
factors should be taken into account. The sam-
ples with SrCO, addition have quite small grains
(I, = 1.3 and 4.8 ym) and the lowest density
(p = 6.44 and 6.49 g/cm’), and they are rather
porous (Fig. (c)). So, the humid air can achieve
the grain boundaries and increase the electrical
conductivity greatly. That assumption was veri-
fied experimentally by placing the samples in air
at 10% relative humidity. In these conditions,
the electrical conductivity of SnCoNbCrSr sam-
ples is close to that of SnCoNbCr samples.

Additionally, it was observed that DC con-
ductivity, AC conductivity and capacitance of all
samples decrease after the application of voltage
(for example, after measuring the current-voltage
characteristics), and then they are slowly restored
to their initial values. The same situation also takes

place at measuring the temperature dependence
of electrical conductivity. This effect is similar to
the one observed in ZnO varistors earlier [@]. It
can be explained by the assumption that an ap-
plication of voltage causes the additional filling of
interface states by electrons. Due to the conserva-
tion of the electroneutrality, the depleted regions
widen and the barrier height ¢ increases, and, re-
spectively, capacitance, DC and AC conductivity of
a sample decrease. After the elimination of applied
voltage the captured electrons are emitted out of
the interface states and the equilibrium is restored.

4. Conclusions

In SnO, - Co,0, - Nb,O, - Cr,O, ceramics with
the addition of alkaline earth metal carbonates
CaCO,, SrCO, and BaCO,, the SnO, cassiterite
phase with a rutile-type structure and the Co,SnO,
phase with a spinel-type structure were observed.
The obtained varistors are materials with highly
nonlinear current-voltage characteristics and
the values of nonlinearity coefficient in the range
24-50. The highest nonlinearity coefficient a = 50
is observed in the sample with BaCO, addition. All
additions lead to the increase of the electric field
E, due to the decrease of the SnO, grain size of
ceramics. The addition of SrCO, causes the high-
est electric field E, = 11250 V cm™. The addition
of CaCO, helps to decrease the low-field electri-
cal conductivity (down to 0.6-10"* Q™' cm™) and
the leakage current density (down to 0.03 yA cm™2)
of tin oxide based varistor ceramics baked at
1350°C. The observed decrease of the low-field
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electrical conductivity by 65% correlates with the ex-
perimentally found increase of the activation energy
of electrical conduction by 13% and the decrease of
the SnO, grain size by 28%. The obtained ceramics
can be used for the manufacture of varistors with
low values of leakage current.
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