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In the present text we discuss on electronic properties arising from polycrystalline semiconductor ceramics 
of SnO

2
, TiO

2
 and (Sn

x
Ti

1-x
)O

2
 solid solution rutile-type structure. This is intended to be a short overview of the 

most recent papers in this area. One of the most important content discussed in this text is based on sinterability 
of these polycrystalline ceramics, which depends on the target application used to project porous or highly dense 
microstructure. The majority of discussion is focused in two main applications: varistor and sensor. In both 
applications there are similarities involved in the control of the sensor and varistor properties, which can mainly 
ascribed to the grain boundary structure and composition. The similarities found are consistently explained by 
the fact that all of these n-type semicondutor ceramics have the tendency to establish a grain boundary region 
with a “p-type semiconductor nature” (due to metal transition atoms segregated at the grain boundary region and 
then favors negative charged species to adsorb and enrich this region). This configuration enables electrons to 
become localized on the surfaces, giving rise to a negative surface and, as a result, electron depletion layers are 
formed, acting as potential barriers which control the properties of the mentioned devices.
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1. Introduction

There are so many exciting ideas and new data and so many 
important technologies and devices developing based on SnO

2
 and 

TiO
2
 crystalline semiconductor that it would be impossible to discuss 

all of them here. Therefore, in the present text we will focus on the 
electronic properties arising from polycrystalline ceramics made 
of SnO

2
, TiO

2
 and (Sn

x
,Ti

1-x
)O

2
 compositions. SnO

2
 and TiO

2
 are 

ceramic materials that depend on its processing, microstructure and 
doping agents. These crystalline ceramic materials can be applied 
as component for communication, computation and control devices. 
More specifically they are used as insulator, as capacitor dielectrics, 
as conductors, which may be metallic, semiconductor, ionic, ohmic, 
or nonlinear. Pure or doped TiO

2
, for instance as thin film configura-

tion, can be used for their optical behavior or for some interactive 
combination of particular properties and behaviors.

The importance of interfaces to semiconductor technology is 
well known for electronic and ionic ceramics since they control the 
microstructure development. SnO

2
 and TiO

2
 as semiconductor oxides 

are used in a broad range of applications in which the defect chemistry 
of interfaces provides important chemical or electrical functionalities. 
The most well-known of these are perhaps grain boundary barrier-
layer electroceramics such as varistors and positive-temperature-coef-
ficient resistors, but interfacial defect properties also play a critical 
role in oxides used for a variety of other applications, including for 
example catalysts, heterojunctions-based gas and chemical sensors. 
The high temperature properties of grain boundaries and surfaces are 
clearly important in microstructure development processes such as 
creep, sintering, and grain growth as well. Consequently, the proper-
ties of SnO

2
 and TiO

2
 polycrystalline can be also dictated by physical 

chemistry of interfaces. The main goal of the present text is to discuss 
about SnO

2
 and TiO

2
 polycrystalline ceramics to applications as elec-

tronic devices such as sensor and varistor highlighting the similarity 
found in the operation mechanism of such devices and discussing on 
the promising applications of the solid state solution of these oxides. 
Besides, the control of the microstructure with specific dopants and 
processing in the pure oxides can be used to design different kinds 
of devices and applications as shall be also discussed here.

2. General Features of SnO2 and TiO2 
Rutile-Type Structure

Tin oxide are known to display low densification during sinter-
ing, a characteristic that renders this typical n-type semiconductor 
appropriate for use in highly porous electronic ceramic devices, such 
as gas sensors, which can detect a variety of inflammable and oxi-
dizing gases1,2. Like SnO

2
, TiO

2
 in the rutile phase is an electrically 

conductive ceramic (as well as an n-type semiconductor) material 
with a tetragonal crystalline structure. The electronic gap difference 
of stoichiometric SnO

2
 (~ 3.6 eV) from that also stoichiometric TiO

2
 

(~ 3.2 eV) is around 0.4 eV. TiO
2
 is being investigated for applications 

in electrocatalysis, photoelectrochemistry and as a counter electrode 
in smart windows3. Despite of the rutile crystalline structure, there 
are other similarities between SnO

2
 and TiO

2
 solid oxides. The Ti+4 

ion has an ionic radius value of 0.68 Å while, in Sn+4, the ionic radius 
value is 0.71 Å. Therefore, the substitution of Sn+4 by Ti+4 (or Ti+4 by 
Sn+4) in the binary system lattice is not expected to generate oxygen 
vacancies or another kind of chemistry.

When fully dense, SnO
2
 displays similar properties to those 

observed in TiO
2
 for low voltage varistors3 and humidity sensors4. 

However, the behavior of TiO
2
 and SnO

2
 differ greatly at high tem-

peratures so that TiO
2
 differs from SnO

2
 during sintering because, 

unlike SnO
2
, no dopants are required to densify it. Densities close to 

the theoretical3 values are achieved by sintering at around 1300 °C.
One example of such differences are presented in Figure 1 which 

shows the microstructure obtained for pure SnO
2
 and TiO

2
 polycrystal-

line ceramics, both sintered at 1300 °C for 1 hour. The higher porosity 
and less densified microstructure observed for SnO

2
 polycrystalline 

ceramics is consequence of nondensifying mass transport mechanism 
achieved during the sintering of the material. The electrical properties 
of low density SnO

2
 polycrystalline ceramics depend on the non-stoi-

chiometry of the oxide surface, the powder preparation methodology, 
the temperature, and atmosphere used during thermal treatment. This 
dependence on non-stoichiometry is related to poor densification2-9. 
Because of this poor SnO

2
 densification, most of its applications are 

based on the high specific surface area. Low densification is believed 
to be caused by the predominance of non-densifying mechanisms, 
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such as the evaporation-condensation process and surface diffusion. 
These mechanisms are responsible for grain growth and the formation 
of necks between particles during sintering, but do not promote densi-
fication. Thus, the majority of devices based on SnO

2
 have a porosity 

of up to 40%, which is very desirable for gas sensor applications, but 
is undesirable in applications requiring mechanical strength. On the 
other hand, densification higher than 97% is easier achieved during 
preparation of TiO

2
 polycrystalline electronic devices.

An important feature of the highly porous SnO
2
-based electronic 

ceramic devices is related to the existence of negatively charged 

oxygen adsorbates, such as O-, O2-, etc., on the surface of SnO
2
 

grain boundaries (and/or particles). This feature is known to play an 
important role in detecting inflammable gases1,2,5,6. For this reason, 
oxygen vacancies and electronic states on SnO

2
 surfaces have been 

studied in great detail1,2,5,6. The most commonly accepted model for 
the operation of an n-type semiconductor gas sensor is based on the 
variation in the potential barrier height at the grain boundary, induced 
by the change in the amount of oxygen adsorbates by reaction with 
inflammable gases. However, nonlinear I-V characteristics in SnO

2
 

porous ceramics are observed only at temperatures above 250 °C, 
because oxygen adsorbates are favored and form a Schottky-like 
barrier between grains at temperatures exceeding 250 °C6.

Highly porous SnO
2
-based electronic ceramic are used also as 

solid-state NO
x
 sensors. Nitrogen oxides (mainly NO and NO

2
) are 

produced in combustion furnaces and automobile engines, and are 
typical pollutants causing acid rain and photochemical smog. For 
effective control of both, the combustion conditions and the NO

x
-

eliminating systems, high performance porous SnO
2
 chemical sensor 

has been developed5,6. The SnO
2
 chemical sensor mechanism based 

on chemisorption of oxidizing gases such as NO
x
 competes with the 

traditional solid state electrolyte such as stabilized ZrO
2
 equipped with 

oxide electrodes. It is important to emphasize that dense ZrO
2
 is mainly 

applied as a bulk-type sensor material for pollutant gases such as NO
x
 

or O
2
, contrary to the SnO

2
 or TiO

2
 that are mainly used as thin-type 

sensor material. Both kind of devices are oxygen sensors, but the first 
one operates in a different mechanism based on Nernst effect, where 
an electrical potential is created in an oxygen pressure gradient.

In the resistive oxygen sensors based on TiO
2
, a piece of TiO

2
 dense 

ceramic material operates at the same temperature as a porous sensor of 
TiO

2
. This is necessary to compensate the temperature-dependent effect. 

As the TiO
2
 dense ceramics does not equilibrate quickly with the gas 

stream, a reference point to the conductivity can be established7. This is 
not necessary to oxygen sensor that operates based on Nernst effect.

In addition, SnO
2
 porous semiconductor ceramic is being largely 

studied to be applied as sensor device in a new category of gas-sensor 
namely varistor-type gas sensor5,6,8-14. Traditional semiconductor gas 
sensors usually operate at very low electric field, e.g., less than few 
volts per mm of the thin-, thick- or bulk-type sensor materials. The 
resistance or conductance of material is capable to be changed so that 
it is used to detect changes induced by the gases of interest.

In case of varistor-type sensors, the breakdown voltage shift 
induced by the gases of interest is regarded as the measure of the gas 
sensitivity. In the present case, nonlinear current-voltage characteris-
tics of the sensor materials is measured under relatively high electric 
fields, and then the magnitude of breakdown voltage shift induced by 
the gases of interest is regarded as a measure of the gas sensitivity.

3. Highly Dense SnO2 Polycrystalline Ceramics

Dense SnO
2
 based ceramics can be achieved by introducing 

dopants15,16 or by hot isostatic pressure processing17,18. Dopants 
with valence +2 can promote densification of SnO

2
 ceramics due to 

formation of solid solution with creation of oxygen vacancies and is 
an easier method to achieve highly non-ohmic electronic properties 
at room temperature. Therefore, the addition of CoO and MnO (or 
MnO

2
) to SnO

2
 produces high densification15,16,19, allowing for the 

development of other electronic devices, such as varistors19-41, present-
ing highly non-ohmic behavior at room temperature.

When SnO
2
-based polycrystalline ceramics are densified by the 

presence of CoO, the non-ohmic behavior observed in SnO
2
.CoO-

based systems can be as good as that achieved in ZnO.Bi
2
O

3
-based 

varistor systems, and is related to a Schottky-type barrier at the grain 
boundary, as was demonstrated using the complex plane analysis tech-

20 m

(a)

100 m

(b)

Figure 1. a) Typical microstructure found in pure SnO
2
 sintering above 

1250 °C. The porosity is around 40% and relative density around 60%; and 
b) Typical microstructure found in pure TiO

2
 polycrystalline ceramics also 

sintering above 1250 °C. Here the porosity is lower than 3% and the relative 
density is higher than 97%. This figure illustrates how different mass transport 
mechanism influences the final microstructure of the ceramics.
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nique and the Mott-Schottky approach23. However, the microstructure 
is very different as can be seen in the Figure 2.

It is important to emphasize that porous ZnO-based materials 
can also be used as varistor-type sensor. The breakdown voltage of 
porous ZnO-based varistors shifted to a lower electric field upon 
exposure to reducing gases, such as H

2 
10,14, in the temperature range 

of 300-500 °C. In contrast, the breakdown voltage of the ZnO-based 
varistor-type sensor shifted to a higher eletric field upon exposure to 
oxidizing gases, such as O

3
 and NO

2
 6. Nonohmic behavior of dense 

ZnO-based and SnO
2
-based varistor is very sensitive to thermal treat-

ments in oxygen- and nitrogen-rich atmospheres and certain similari-
ties arises here between dense and porous SnO

2
-based ceramics or 

ZnO-based ceramics24.

Concerning dense ceramic materials it was proposed that the grain 
boundary region has a “p-type semiconductor nature” (due to metal 
transition atoms segregated at the grain boundary), while the bulk 
has an “n-type semiconductor nature” (SnO

2
-, ZnO-based varistor 

matrix). This configuration enables electrons to become localized 
on the surfaces, giving rise to a negative surface (negative interfacial 
states) and as a result, electron depletion layers are formed and act as 
potential barriers. The potential barriers have a Schottky-like nature 
due to negative interfacial states, the selfsame nature often found 
in all metal oxide varistors and in most metal oxide gas sensors at 
higher temperatures5,6,8-11,13,14,42. It is important to note here that for 
varistor-type sensor the mechanism is very similar, however, the 
formation of the Schottky-type barrier and density states values are 
temperature-dependent being used as a probe for gas sensing, while 
in the dense traditional varistor applications, the parameters of the 
barrier are fixed at low temperature and are changed only during a 
re-sintering or thermal treatment at high temperatures in different 
atmospheres23-27. The influence of oxidizing gases during thermal 
treatments for dense SnO

2
-based varistors system is illustrated in 

Figure 3. In the first case (Figure 3a), the La segregated metals at 
grain boundary region is already saturated with negative species, i.e., 
oxygen species so that thermal treatment at O

2
-rich atmosphere does 

10 m

(a)

5 m

(b)

Figure 2. a) Typical microstructure of ZnO.Bi
2
O

3
-based traditional polycrystal-

line ceramics used as commercial varistor devices; and b) Typical microstructure 
of SnO

2
.CoO-based varistor system, candidate to commercial applications.
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Figure 3. Influences of thermal treatment at 900 °C in current-tension features 
of two distinct SnO

2
.CoO-based polycrystalline ceramics.
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not change the nonohmic behavior of the device. However, when 
the material is submmited to a N

2
-rich atmosphere the nonohmic 

behavior is greatly degradated. Therefore, in second case (Figure 
3b), there is no saturation of negative species in the grain boundary 
region so that a thermal treatment at O

2
-rich atmosphere is able to 

improve the nonohmic behavior of the material with an increase of 
the breakdown voltage23-25, 27.

Considering that Schottky-type barrier formed at grain bound-
ary are dependent of the density of metal atoms segregated at grain 
boundary and also of oxygen species density at this region23-25,27,34,43,44, 
annealing under a reducing atmosphere (N

2
, air or vacuum) eliminates 

excess oxygen, thereby, decreasing the nonlinear electrical properties 
of the material. The process is reversible so that an annealing under an 
oxidizing atmosphere (O

2
-rich atmosphere) at high temperature may 

increase again the content of oxygen at grain boundary, recovering the 
previous nonohmic behavior. Figure 4 shows the tendency to revers-

ible behavior of the Schottky-type barrier for SnO
2
-based varistor after 

thermal treatment at reducing and oxidizing atmosphere.
Thermal treatment in reducing/oxidizing atmospheres at higher 

temperature for dense SnO
2
-based polycrystalline ceramics compared 

to SnO
2
 varistor-type sensor is necessary to alter their nonohmic 

behavior due to the fact that an oxygen diffusion throughout the 
grain boundary is likely necessary. In other words, this is probably a 
temperuture activated process which might be controlled by O‑2 ions 
diffusion and interfacial reaction. Therefore, once the transport 
mechanism is activated following by O-2 interface reaction. The con-
tent of oxygen species at the grain boundary can be controlled by the 
concentration of oxygen in the gas-phase and also by the content of 
metal segregated at grain boundary24. On the other hand, in varistor-
type sensor based on SnO

2
 the Schottky-type barrier, parameters can 

be altered by a physical adsorption process because in this case, the 
surface of the SnO

2
 crystal is exposed directly to the gases of interest 

whose molecules adsorbate on the crystal surface and boundaries. In 
other words, this is not a chemical reaction as in the previous case, 
but it is a physical and reversible reaction in the conditions of the 
experiment or temperature operation of the device.

Going back to the dense SnO
2
 polycrystalline ceramics, as al-

ready pointed out in the beginning of this section, SnO
2
 can also be 

densified by the addition of MnO besides ZnO or CoO. Like, SnO
2
.

CoO-based system, SnO
2
.MnO-based system presents high relative 

density (higher than 97%) when MnO is added in concentrations 
equivalent to or higher than 0.5 mol %. Such as SnO

2
.CoO-based 

system, SnO
2
.MnO-based system is single phase under X ray dif-

fraction resolution. However, when analytical electron microscopy 
is applied to study differences in the microstructure and to proceed 
with a deep analysis of the distribution of dopants in microstructure, 
important differences arise.

Typical microstructures of dense SnO
2
.CoO- and SnO

2
.MnO-

based devices are presented in Figure 2 and Figure 5. Despite both 
SnO

2
.CoO- and SnO

2
.MnO-based polycrystalline ceramics are dense 
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Figure 4. Exemplification of the influence of thermal treatment in different 
atmospheres to the dense SnO

2
-based polycrystalline ceramics. a) Here, it can 

be shown the reversibility of the nonlinear coefficient obtained from I-V curves 
after thermal treatment at oxidizing atmosphere, N

2
-rich atmosphere and again 

at oxidizing atmosphere; and b) The same behavior is obtained concerning 
barrier height values of the potential barrier formed at grain boundaries.

10 m

Figure 5. Microstructure of SnO
2
.MnO-based polycrystalline ceramics. Com-

pared to the SnO
2
.CoO-based polycrystalline ceramics (which is illustrated in 

Figure 2b) it can be noted the presence of precipitates at grain boundary triple-
point so that heterogeneity junctions arises. Longer sintering times increase 
the precipitation of Mn

2
SnO

4
 and the heterogeneity of junctions45,46.
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there are important difference on the microstructure sufficiently to al-
ter electronic behavior of the system, as a consequence of differences 
in defect segregation at grain boundaries and surfaces controlling the 
interfacial properties in these electroceramic devices45.

High resolution analytical electron microscopy was recently 
used for a detailed characterization of the microstructure and grain 
boundary chemistry of the dense polycrystalline SnO

2
 composi-

tions containing MnO, revealing that SnO
2
-MnO dense ceramics 

consist of two phases, SnO
2
 grains and Mn

2
SnO

4
, the latter is found 

precipitated mainly at triple grain points45. In addition, two types 
of SnO

2
-SnO

2
 grain boundary were identified: type I, Mn-rich and 

thin, and type II, Mn-poor and thick. Changes in Mn concentrations 
at the grain boundaries are ascribed to both grain misorientation and 
Mn diffusivity along the grain boundary45,46. The identification of 
two kinds of junctions in SnO

2
-MnO has significant implications in 

the material’s nonohmic behavior45,46, and it is important in under-
standing the sintering mechanism and microstructure developing in 
SnO

2
 ceramics. Longer sintering times increase the precipitation of 

Mn
2
SnO

4
 and the heterogeneity of junctions45. The specific and most 

significant conclusions obtained about SnO
2
.MnO-based polycrys-

talline ceramics are listed as: a) The SnO
2
.MnO system consists of 

two phases, SnO
2
 grains and Mn

2
SnO

4
, precipitated along multiple 

grain junctions; b) Two types of SnO
2
-SnO

2
 grain boundaries were 

identified; type I – thin and rich in Mn and type II – thick and poor 
in Mn; and c) Changes in the concentration of Mn along the grain 
boundary are associated not only to grain misorientation but also to 
Mn diffusivity along the grain boundary, which controls the junctions’ 
heterogeneities45,46.

Although most nonlinear behaviors of SnO
2
 ceramics have ap-

peared in SnO
2
.CoO-based systems19,21,23-26,37,38,47, non-ohmic proper-

ties have also been reported in other systems24,28,41 by different authors. 
Yongjun et al.41 demonstrated that ZnO can substitute CoO without 
significantly altering the nonlinear coefficient (α) when compared 
to the previous SnO

2
.CoO-based system, which was the first of such 

SnO
2
-based systems reported on in the literature19. Yongjun et al.41 

also obtained non-ohmic properties in SnO
2
.Bi

2
O

3
-based systems. 

Castro et al.28 showed how dopants such as Co
3
O

4
, CuO, MnO

2
, Bi

2
O

3
 

and Sb
2
O

3
 can influence the dielectric properties, microstructure and 

densification of SnO
2
-based ceramics. 

It has recently been found that the nature of potential barriers in 
SnO

2
-based varistors is Schottky-like, as that observed in ZnO-based 

systems. Furthermore, as discussed in earlier reports19-21,23-27,37, 38,43,48, 
dense SnO

2
-based systems present values of nonlinear coefficient 

(α), breakdown voltage (E
b
) and barrier voltage per grain (ν

b
) equiva-

lent to those of the traditional ZnO varistor. However, non-ohmic 
ZnO systems have a complex microstructure consisting of several 
crystalline phases, such as the Bi

2
O

3
 rich phases, spinel (nominally 

Zn
7
Sb

2
O

12
) and pyrochlore (nominally Zn

2
Bi

3
Sb

3
O

14
), as illustrated 

in Figure 2. The presence of these crystalline phases in these systems 
is easily verified by X ray diffraction patterns (XRD) and scanning 
electronic microscopy (SEM)16,36. Unlike the ZnO.Bi

2
O

3
-based sys-

tem in SnO
2
.CoO, a secondary phase is not detectable by XRD. This 

technique only allows for the detection of the SnO
2
 cassiterite phase in 

SnO
2
-based varistor systems. SEM analysis shows non-ohmic SnO

2
.

CoO19-21,23-27,37,38,43,48 polycrystalline systems to have a homogeneous 
microstructure that is simpler than that of ZnO.Bi

2
O

3
 49.

CoO in a SnO
2
 matrix forms a solid solution by substituting 

Sn+4 ions for Co+2 or Co+3 ions, as reported and discussed in previous 
articles15,19,23-27,37,38,43,48. A Co

2
SnO

4
-precipitated phase at the grain 

boundary can only be determined when the EDS stage attached to 
the high resolution STEM and electron diffraction is used16. The suc-
cess of CoO in achieve high non-ohmic properties, in SnO

2
 varistors 

is related to the fact that this component is one of the responsible 

for barrier formation24,25 in SnO
2
-based varistors, according to the 

model for barrier formation23-25. The influence of cooling rates on 
the nonlinear behavior is attributed to CoO oxidation during cooling. 
The change in cobalt valence states occurs according to the reactions 
represented by Equations 1 to 3:

600 °C
	 (1)

800 °C
	 (2)

1000 °C
	 (3)

Cobalt oxide can, thus, affect the trapping state at the grain 
boundary and modify the potential barrier, according to the cooling 
rate and atmosphere employed during sintering of the material23-25. 
As Co atoms are segregated in the grain boundary24, depending on 
the cooling rate, the grain boundaries segregates can became richer 
in oxygen by oxidation of the Co atom (CoO to Co

2
O

3
, for example) 

below 1000 °C, thereby affecting the trapping state at the interface of 
the grain boundary region and, consequently, the nonlinear behavior of 
SnO

2
-based varistors. This picture is in agreement with the potential 

barrier formation mechanism presented in reference 24.
Similar effect is observed due to Cr

2
O

3
 addition. The defects 

generated by the presence of small amount of Cr metal atoms segre-
gated in grain boundary in analogy with SnO

2
 based varistor system 

are fundamental to create the potential barrier at grain boundary 
interface, improving non-ohmic properties. The defects generated by 
these dopants are necessary condition to obtain a varistor behavior 
according to the approach presented in reference 24. These negative 
charge lead to the formation of the depletion layers at grain bounda-
ries, forming barrier voltage at grain boundary. However, if the Cr 
metal atoms are segregated in excess, the nonohmic behavior is not 
observed likely due to the fact that grain boundaries became much 
more resistive43.

4. Dense (Snx,Ti1-x)O2 Polycrystalline Ceramics

As SnO
2
, TiO

2
 as matrix can also be designed to surge arrester 

applications, possessing nonohmic behavior without the needs of 
a densifying agents because TiO

2
 is easier densified as discussed 

previously. Yan and Rhodes first reported that (Nb,Ba) doped TiO
2
 

ceramics have an useful varistor property50 to be used as low voltage 
surge arresters, with a low non-linearity coefficient of (α = 3-4), with 
an oxidizing atmosphere during cooling necessary to achieve better 
results. The effect of oxidizing atmosphere on the electrical proper-
ties of TiO

2
 doped with a small quantity of Al was investigated by 

Pennewiss and Hoffmann51. The best non-linear coefficient (α = 7) 
was obtained when the voltage-dependent resistivity was caused by 
opposite surface oxidation layers of the pellets, rather than grain 
boundary effects within the pellets. The processing of a single phase 
TiO

2
 doped with the same concentration of Cr

2
O

3
 and Nb

2
O

5
 found 

in highly nonohmic SnO
2
.CoO-based polycrystalline system is also 

capable of activate nonohmic behavior in TiO
2
 43.

The addition of Nb
2
O

5
 in small amounts to the TiO

2
 or SnO

2
 

ceramics leads to an increase of the electronic conductivity in the 
TiO

2
/SnO

2
 lattice, due to substitution of Ti4+/Sn4+ by Nb5+, according 

to the solid state reaction:

	 (4)

However, due to the grain growth in TiO
2
 polycrystalline ceram-

ics, the varistor has a low breakdown voltage, which is desirable to 
applications as low voltage surge arresters.

In analogy, it was demonstrated that similar description can be 
given in (Sn

x
,Ti

1-x
)O

2
-based systems. A matrix found in (Sn

x
,Ti

1-x
)O

2
-
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based systems doped with Nb
2
O

5
 leads to a low voltage-based varistor 

system with nonlinear coefficient values of approximately 9. The 
presence of the back-to-back Schottky-type barrier is observed based 
on the voltage dependence of the capacitance. When doped with CoO, 
the (Sn

x
,Ti

1-x
)O

2
-based system presents higher nonlinear coefficient 

values (a > 30) which is comparable to the values found in SnO
2
-

based varistor system. Therefore, it can be inferred that Co atoms act 
as oxidant agents in the grain boundary region increasing the barrier 
height and nonohmic properties. However, in this situation, the grain 
growth decreases and breakdown voltage greatly increases. 

In (Sn
x
,Ti

1-x
)O

2
-based systems we have the advantage of control 

the Ti atoms content so that the microstructure can be designed as 
desired. Therefore, this varistor matrix may give rise to low or high 
voltage varistor applications, depending on the composition of the 
matrix and the nature of the dopant52,53. The non-ohmic properties 
of this system derive from the presence of Nb

2
O

5
, which is probably 

responsible for the grain (bulk) conductivity, analogous to that of 
the SnO

2
-based varistor system. The presence of Schottky-like bar-

riers was inferred from capacitance-voltage characteristics. These 
Schottky-like barriers are ascribed to the presence of a precipitated 
phase in the grain boundary region and relate to the typical spinodal 
decomposition frequently observed in these (Sn,Ti)O

2
 systems52.

At this point it is important to mention little about (Sn,Ti)O
2 

systems as matrix ceramic. The thermodynamic and kinetic proper-
ties of isostructural solid solutions between SnO

2
 and TiO

2
 have been 

quite extensively studied. However, more general properties relevant 
to applications of SnO

2
-TiO

2
 binary compositions have not yet been 

investigated in depth. The crystallographic and thermodynamic 
properties of the SnO

2
-TiO

2
 system have been exhaustively investi-

gated to determine the phase diagram54-58 and to study the extent of 
spinodal decomposition. This system shows a miscibility gap, such 
as that proposed by Schultz and Stubican54, Gupta and Cooper59, and 
Park et al.55. Interest in spinodal decomposition began with Cahn’s60 
classic work about the kinetics of spinodal decomposition in metallic 
binary systems. Since that time, experimental evidence of the oc-
currence of this type of phase separation has been published in the 
literature for a large number of systems, including metallic alloys of 
Al-Zn61, Au-Ni62 and, later, in glasses and ceramics. In crystalline 
materials, the characteristics of spinodal decomposition are modified 
by the elastic strain energy accompanying compositional separation. 
Due to the anisotropy of crystal elastic constants, composition waves 
tend to propagate in the interfaces parallel to elastically soft directions 
of the crystal, often resulting in lamellar structures. The SnO

2
-TiO

2
 

system possesses a nearly symmetric miscibility gap52. Upon cool-
ing a solid solution from a high temperature in the miscibility gap, a 
structure consisting of finely divided lamellae alternatively rich in Sn 
and Ti, is formed within each polycrystalline grain55-58,63.

Therefore, there are several processing variables to be exploited 
to design different properties of (Sn,Ti)O

2
 systems (see Figure 6). 

As expected, this system is also promising matrix to application in 
gas sensor devices64,65. Particularly in gas sensor applications64,65, 
Radecka et al.65 have studied the SnO

2
-TiO

2
 compositions64 and 

have explored the transport properties65 of polycrystalline ceramics 
and thin films. However, apart from this, little is known about the 
basic optical and electrical features of the (Sn,Ti)O

2
 system and the 

answers to questions regarding mass transport, charge carriers and 
the sintering mechanism have not yet been found in detail. Some 
sintering studies are given in reference 52 where the authors inves-
tigate the sintering parameters and some aspects of mass transport 
in (Sn,Ti)O

2
 polycrystalline ceramics with different compositions 

prepared by a mechanical mixture of oxides, correlating them to the 
chemical bonding nature and the intrinsic structural defects of these 
polycrystalline ceramics.

5. Conclusion

SnO
2
, TiO

2
 and (Sn

x
Ti

1-x
)O

2
 semiconductor polycrystalline struc-

tures are promising materials to be used as sensor and varistor devices, 
offering an enormous range of opportunities based on control of grain 
boundary characteristics and of barrier layers. Despite of great improve-
ments in achieving selectivity and better non-ohmic properties, many 
aspects involving control of the properties need to be studied. Control of 

20 m

(a)

4 m

(b)

Figure 6. These SEM micrographies illustrate the spinodal decomposition 
of the solid solution between TiO

2
 and SnO

2
. Both crystallize in the rutile 

strutucture, and form a complete solid solution above 1400 °C. However, at 
lower temperatures there is nearly symmetric immiscibility gap centered at 
~50% of each component. As a result, spinodal decomposition can occur 
upon cooling TiO

2
 and SnO

2
 solid solutions, the early stages of which are 

characterized by separation into Ti-rich and Sn-rich, lathe-like regions oriented 
in specific crystallographic directions52,54,55.
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oxygen pressure, cooling and heating cycles used in devices fabrication 
is essential. At the same time, polycrystalline materials discussed here 
could be exploited for new applications involving thin film ceramic 
insulators, positive coefficient resistors and barrier layer capacitors, 
since these properties are as well boundary phenomena controlled. 
Therefore, a deep study of grain boundary structure in such electronic 
ceramics is a field in which have both great need for more extensive 
understanding and opportunities for further devices development.
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