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Abstract 

Tin (IV) oxide, SnO2 (cassiterite), is an n-type semiconductor with an advantageous 
combination of chemical, electric and optical properties that make it suitable for a range 
of applications, from solid-state gas sensors, transparent conductive coatings, oxidation 
catalysts and varistors. In varistor ceramics, grain growth studies are of particular interest, 
because understanding the growth process can be beneficially used for controlling the 
microstructure development and for tailoring grain size-dependent electrical properties, 
such as the threshold voltage. Unlike in ZnO varistor ceramics, where the role of dopants 
on microstructure evolution is well understood, these effects have not yet been fully 
examined in SnO2 ceramics. 

In my doctoral thesis, I focused on the synthesis of various compositions of two varistor 
systems: SnO2-CoO-Nb2O5 and SnO2-CoO-Ta2O5, and suggested ionic charge compensation 
mechanism for both systems. In CoO–Nb2O5–doped SnO2 ceramics, I have shown that Nb5+ 
ions compensate for Co2+ and Sn2+ ions according to the following charge compensation 
mechanism: 

 
6 Sn(IV)Sn (IV)

× ⇌ Sn(II)Sn (IV)
″ + Co(II)Sn (IV)

″ + 4 Nb(V)Sn (IV)
·  

 
Important distinction between Ta2O5 and Nb2O5 addition is considerably lower solid 
solubility of Ta in SnO2 and two times higher Co:Ta ratio, suggesting that Co2+ is the only 
divalent cation that compensates the charge of Ta5+ on Sn–sites obeying the following 
compensation mechanism: 

 
3 Sn(IV)Sn (IV)

× ⇌ Co(II)Sn(IV)
″ + 2 Ta(V)Sn (IV)

· . 
 
The second part of my doctoral thesis is focused on twinning of SnO2. This otherwise 

quite common phenomenon in SnO2 has not yet been clarified, while in structurally related 
rutile TiO2, the mechanism of twinning is well understood. I tried to determine how specific 
dopants influence the formation of twin boundaries, and in turn, how they affect SnO2 
grain growth, microstructure development, and the electrical properties of the material. I 
have shown that twinning in SnO2 is not chemically induced, but it is probably a result of 
topotaxial recrystallization process in the initial stages of SnO2 grain growth. 
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Povzetek 

Kositrov (IV) oksid, SnO2 (kasiterit), je polprevodnik tipa n z ugodno kombinacijo 
kemičnih, električnih in optičnih lastnosti, zaradi česar je primeren za različne aplikacije, 
od trdnih plinskih senzorjev, transparentnih prevodnih prevlek, v procesih oksidacije 
katalizatorjev kot tudi za varistorje. V varistorski keramiki ima posebno vlogo študija rasti 
zrn, saj je razumevanje procesa rasti lahko koristno za nadzor razvoja mikrostrukture, kot 
tudi za optimizacijo električnih lastnosti, ki zavisijo od velikosti zrn, kot je prebojna 
napetost. Za razliko od ZnO varistorske keramike, kjer je vloga dopantov v razvoju 
mikrostrukture dobro raziskana, ti učinki v SnO2 keramiki še niso povsem jasni.  

V svojem doktorskem delu sem se osredotočila na sintezo različnih končnih sestav dveh 
varistorskih sistemov, SnO2-CoO-Nb2O5 in SnO2-CoO-Ta2O5, ter predlagala dva 
mehanizma kompenzacije naboja za oba sistema. V CoO-Nb2O5-dopirani SnO2 keramiki 
smo pokazali, da Nb5+ ioni kompenzirajo Co2+ in Sn2+ ione po naslednjem mehanizmu: 

 
6 Sn(IV)Sn (IV)

× ⇌ Sn(II)Sn (IV)
″ + Co(II)Sn (IV)

″ + 4 Nb(V)Sn (IV)
·  

 
 Pomembna razlika med Ta2O5 in Nb2O5 sistemom je znatno nižja trdna topnost Ta v SnO2 
in posledično dvakrat višje razmerje Co:Ta, kar kaže, da je Co2+ edini dvovalentni kation, 
ki kompenzira Ta5+ naboj na Sn-mestih po naslednjem kompenzacijskem mehanizmu:  

 
3 Sn(IV)Sn (IV)

× ⇌ Co(II)Sn(IV)
″ + 2 Ta(V)Sn(IV)

·  
 

V drugem delu mojega doktorskega dela sem se posvetila dvojčenju SnO2, ki je zelo 
pogosto, vendar še nepojasnjeno, medtem ko je v strukturno sorodnem rutilu TiO2 
mehanizem dvojčenja dobro raziskan. Z dodatkom specifičnih dopantov k SnO2 keramiki 
sem skušala ugotoviti, kako prisotnost dvojčičnih mej vpliva na rast zrn, razvoj 
mikrostrukture ter električne lastnosti materiala. Pokazala sem, da dvojčenje v SnO2 v ni 
kemijsko inducirano, ampak je najverjetneje posledica topotaksialnega rekristalizacijskega 
procesa v začetni stopnji rasti zrn. 
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Sn4+ . . . Tin (IV) ion 
SnO . . . Tin (II) oxide 
SnO2 . . . Tin (IV) oxide, stannic oxide 
SnO6 . . . Octahedron in tetragonal unit cell of SnO2 structure 
SnTa2O7 . . . Thoreaulite 
SrTiO3 . . . Strontium titanate 
Ta2O5 . . . Tantalum (V) oxide 
Ta5+ . . . Tantalum (V) ion 
TiO2 . . . Titanium (IV) oxide, titanium dioxide 
VO2 . . . Vanadium (IV) oxide 
ZnO . . . Zinc oxide 
ZnSnO3 . . . Zinc stannate 
WO3 . . . Tungsten (IV) oxide 
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Glossary 

acceptor (dopant) – dopant with lower oxidation state 

anisotropy – difference in properties (chemical or physical) in different crystallographic 
directions 

anthropogenic – caused by humans or their activities 

band gap/energy gap – is an energy band in a solid where no electronic states can exist 

conduction band – the band of electron orbitals that electrons can jump up into from the 
valence band when excited 

dislocation – a linear crystallographic defect or irregularity within a crystal structure that 
contains an abrupt change in the arrangement of atoms 

degradation – phenomenon of changing the voltage-current characteristics of varistors by 
increasing the current under operating voltage 

donor (dopant) – dopant with lower oxidation state 

dopants – foreign atoms, usually introduced into the crystal lattice of a semiconductor to 
modify its electrical properties 

granite – coarse-grained igneous (magmatic) rock 

halogens – are a group in the periodic table consisting of five chemically related elements: 
fluorine (F), chlorine (Cl), bromine (Br), iodine (I), and astatine (At) 

hydrothermal vein – it forms when a hydrothermal solution flows through an open fissure 
and deposits its dissolved load 

intragranular – occurring within a grain 

isometric – property of a material with identical physical or mechanical properties along 
all crystallographic directions 

n-type semiconductor – semiconductor, which has been doped with donor atoms; the
majority of charge carriers in the crystal are (negative) electrons



xxviii  Glossary 

pegmatite – an igneous (magmatic) rock, formed by slow crystallization at high 
temperatures and pressure at depth 

pyrochlore group – complex oxide minerals with a composition of A2Nb2(O,OH)6Z 

spinel group – double oxide minerals with a composition of AB2O4 

topotaxy – replacement reactions in solid state leading to a new phase with crystallographic 
orientations coherently adopting the orientations of the parent phase 

transparency – the physical property of allowing the transmission of light through a 
material 

twinning – when two crystals or crystal domains are in a special crystallographic setting 
that can be reproduced by a simple symmetry operation 

valence band – the outermost electron orbital of an atom of any specific material that the 
electrons actually occupy 
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Chapter 1 

1 Introduction 

Tin dioxide (SnO2) is a wide band gap (3.6 eV at RT) n-type semiconductor with a 
tetragonal rutile-type structure and an advantageous combination of chemical, electric and 
optical properties which makes it favorable in many applications. Due to its physical 
properties, such as transparency and semi-conductivity, it is one of the most used metal 
oxides for gas sensors [1]–[5], lithium batteries [6]–[8], transparent conductive coatings [9], 
[10], as catalytic support materials [11]–[14], for solar cells application [15]–[19] and also 
surge arrestors (varistors) [20]–[28]. SnO2 belongs to the important family of transparent 
conducting oxide (TCO) materials that combine low electrical resistance with high optical 
transparency. An additional property of SnO2 is that although it is transparent in the 
visible spectrum, it is highly reflective for infrared light and this property is responsible for 
today’s predominant use of SnO2 as an energy conserving material [29]. Tin-doped indium 
oxide (ITO) is often used to make transparent conductive coatings for displays such as flat 
panel display, liquid crystal displays, and plasma displays. Less expensive than ITO is the 
fluorine-doped tin oxide (FTO), which is ideal for use in a wide range of devices, including 
touch screen displays and energy-saving windows [9], [29]–[31]. Recently, Ta-doped tin 
oxide (TaTO) has shown high performance and the possibility of replacing FTO due to its 
low resistivity and better infrared transparency [32], [33]. 

SnO2 is rarely used in its pure form since it exhibits poor sinterability and rather high 
electrical resistivity (ρv ~ (0.5–1)1012 Ω cm) [34]–[38]. The electrical conductivity of SnO2

can be greatly enhanced by adding small amounts of dopants, which act as donors or 
acceptors [21], [39]–[43]. In terms of crystal growth, it is important to know whether the 
dopants promote (e.g. Co) or inhibit the grain growth (e.g. Nb) [20], [28], [41], [44], [45]. 
Doping tin oxide with tri- (Fe2O3) or pentavalent (Nb2O5, Ta2O5) oxides [24], [46]–[48] as 
well as with halogens (e.g. F) [30], [49] produced twin-like planar defects. The origin of 
twinning of synthetic or natural SnO2 [50], which could give us important insights into 
their role in microstructure development and related physical properties, has so far not 
been studied. 

Doctoral dissertation entitled “Charge compensation mechanism and twinning in doped 
SnO2-based ceramics” focuses on low- and high-voltage SnO2-based varistor ceramics with 
the emphasis on studying the influence of specific dopants (Co, Nb/Ta) on grain growth, 
microstructure development and related electrical properties. Based on targeted sample 
preparation and electron microscopy studies of SnO2-CoO-Nb2O5 and SnO2-CoO-Ta2O5 
systems, I proposed novel charge compensation mechanisms that describe the solid-state 
reactions in the two systems. The doctoral topic also extends to the field of nanostructured 
research of planar defects (i.e. twin boundaries).  
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1.1 Tin (IV) Oxide 

Owing to two valence states of tin, +2 and +4, there are two main oxides of tin: stannic 
oxide (SnO2) and the less common stannous oxide (SnO). They both have a tetragonal 
structure. The stannic oxide (SnO2) has a characteristic rutile structure (see Subchapter 
1.1.1. Specifics of the rutile type structure) as many other metal oxides (TiO2, MnO2, VO2, 
CrO2, etc.), while the stannous oxide has less common litharge structure (Figure 1.1), 
isostructural to α-PbO [52]. It consists of Sn-O-Sn layers stacked along the [001] direction 
with weak Van der Waals interactions between the layers. In this layered structure, Sn 
atoms are at the top of a square pyramid, based on O atoms. Both, SnO2 and SnO, have 
two formula units per unit cell [51] - [54]. A summary of crystallographic, physical and 
electrical properties of SnO2 and SnO is given in Table 1. 

Figure 1.1: a) Tetragonal unit cell of SnO2 rutile structure, where each Sn4+ ion is 
coordinated by six O2- ions, and each O2- ion is in planar trigonal coordination with the 
nearest Sn4+ ions, and b) tetragonal unit cell of SnO litharge structure, where Sn2+ is in 
regular square-pyramidal coordination with four O2- ions. 

SnO is metastable at ambient conditions and decomposes to Sn and SnO2 above ~330°C
[51], [52] while SnO2 is reduced to SnO at high temperatures above 1300 °C [34]–[37] (more 
in Subchapter 1.2.2.1.1. Point defects in SnO2-based ceramics). SnO2 is the most common 
form of tin oxide used in various technological applications [1]-[31], while SnO is also 
receiving considerable attention as an anode material in lithium rechargeable batteries, 
coating materials and as effective catalyst [53]–[55]. SnO occurs as a rare mineral 
romarchite, which is anthropogenic, as it was found on tin artifacts and is the product of 
tin corrosion in a cold freshwater environment [56], [57], while SnO2 occurs as a mineral 
cassiterite and is the primary source of tin. As such, cassiterite has been found in economic 
concentrations in only few locations in the world (Australia, Brazil, Bolivia, China, 
England, Democratic Republic of the Congo, Peru, Portugal, Russia, Rwanda, Serbia, 
Spain and South-East Asia). Primary deposits of cassiterite are almost always linked to 
high-temperature hydrothermal veins and pegmatites that accompany granitic intrusions. 
However, most of the world's cassiterite is produced from secondary deposits, where 
cassiterite is concentrated in placers, such as stream valleys and shoreline sediments from 
granitic backgrounds [50], [58]. In a laboratory, SnO2 can be synthesized using various 
techniques, including thermal decomposition [59], [60] hydrothermal synthesis [61]–[65], sol-
gel [66]–[68], flux method [46], [47] and solid state processing [24], [42], [69]–[75], where the 
size, morphology and crystal habit of the particles depends on the synthesis technique. 
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Table 1.1: Crystallographic, physical and electrical properties of stannic oxide (SnO2) and 
stannous oxide (SnO) [29], [50], [56]–[58]. 

SnO2 SnO 

Chemical name tin(IV) oxide, tin dioxide, 
stannic oxide 

tin (II) oxide, tin 
monoxide, stannous oxide 

Mineralogical name cassiterite romarchite 
Sn oxidation state +4 +2
Crystal structure tetragonal, rutile tetragonal, litharge 
Space group P42/ mnm P4/nmm 
Lattice constants [nm] a = b = 0.474, c = 0.319 

α = β = γ = 90° 
a = b= 0.380, c = 0.484 

α = β = γ = 90° 
Molar mass [g mol-1] 150.71 134.71 
Density [g cm-3] 6.95 6.45 
Melting point [°C] 1630 1080 
Hardness- Mohs 6-7 4 
Band gap [eV] 3.6 2.5-3.0 

1.1.1 Specifics of the rutile-type structure 

SnO2 crystallizes in the rutile-type structure with a tetragonal (see Table 1) unit cell. SnO2 
(cassiterite) crystals have either isometric or prismatic habit (Figure 1.2.), with the most 
common crystallographic forms (110), (111), (100), and (101).  

Figure 1.2: Isometric (left) and prismatic (right) habit of cassiterite crystals with main 
crystallographic planes (100), (010), (001), (110), (101) and (111), drawn in the Eric Dowty 
Shape program. 

In the cassiterite structure, eight Sn4+ ions are located at the corners and one at the 
center of the unit-cell. They are octahedrally coordinated by O2- ions, of which two are 
fully inside and the other four are ½ shared by the neighboring unit-cells across the cell 
faces. SnO6 octahedra are the basic structural element, which is repeated throughout the 
structure. Along the crystallographic c-axis, SnO6 octahedra are interconnected by their 
edges, forming endless chains, linked to neighboring chains through corners. In this 
arrangement, rectangular channels along the c-axis are the main characteristic of the rutile-
type structure as illustrated in Figure 1.3 a. In this structure, SnO6 octahedra are slightly 
distorted through compression of the equatorial four anions producing a tetragonal 
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bipyramid with four short Sn-O bonds and two long ones. This structure is in fact derived 
from hexagonal close-packed (hcp) O-sublattice, where Sn4+ cations fill only one-half of the 
available octahedral sites, whereas the other half remains empty. In the hexagonal close-
packed (hcp) rutile structure, the repeat sequence consists of two anionic layers, A and B, 
stacked in a hexagonal manner, where the cations occupy half of the octahedral sites. The 
anionic stacking can be written as: A-B-A-B-A-B-.... The tetragonal distortion of the rutile 
structure causes undulation in the O-sublattice, so we can refer to it as a distorted, pseudo-
hexagonal oxygen network [76]. This pseudo-hexagonal arrangement can be seen along both 
crystallographic a- (and b)-axes of the structure (Figure 1.3 b). Any deviation from the 
standard stacking of SnO6 octahedra, or different occupancy of the available interstitials, 
results in a planar defect. 

Figure 1.3: a) Distorted hexagonal (AB-AB) stacking along a- and b-axes in [001] projection 
with rectangular channels along the c-axis. The cations occupy one-half of the available 
octahedral sites, forming chains of edge-sharing octahedra along the [001] direction. (b) 
The projection of SnO2 in the [010] direction with outlined unit cell. 

1.1.2 Point defects 

During the 19th century, the crystallographers believed that the atoms in crystals were 
always perfectly arranged, until the 1930s when Wagner and Schottky [77] showed through 
statistical thermodynamic treatments of mixed phases that the crystal structures are not 
ideal. Imperfections inside otherwise ideal structure are called defects. If the imperfection 
is limited to one structural or lattice site and its immediate vicinity, it is called a zero-
dimensional (0D) or point defect. Point defects can be either vacant atomic sites 
(vacancies), interstitial atoms (interstitials) or impurity atoms that occupy regular 
structural or interstitial sites (Figure 1.4) [78], [79]. Related to structural imperfections, 
the crystals can also contain electronic defects, i.e. defect electrons and electron holes, 
which move relatively freely in the crystal. The electronic defects can be generated by the 
internal excitation of valence electrons or may be formed in connection with point defects. 
If electronic defects are trapped at regular sites in the structure, they are called valence 
defects [78].  
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Figure 1.4: Schematic representation of vacant atomic site (vacancy) and interstitial atom 
(interstitial), where an atom sits in an interstice instead of a normal lattice site [79]. 

To describe point defects, various notations have been proposed. Out of these, Kröger-
Vink notation is the most commonly used [80]. In a generic discussion of defect reactions, 
M and X are often used, where M is an atom of an electropositive element and X is an 
atom of an electronegative element. Vacancies are denoted by “V” and interstitial sites 
with “i”. Different symbols are used for the effective charges relative to the actual charges 
(+ or -): dot (·) for the effective positive charge, slash (ʹ) for the effective negative charge 
and × is used to indicate the zero charge. In the semiconduction field, the principles are 
the same, however extra electrons in the normally empty conduction band (defect 
electrons) are written as e′ with effective negative charge and lacking electrons in the 
valence band (electron holes) are written as h˙ and have an effective positive charge (Figure 
1.5). 

To apply the thermodynamics of chemical reactions that involve defects, the following 
three rules must be satisfied [78], [81]:  

I. Mass balance – (vacancies and electronic defects do not affect the mass balance)
the total number of atoms must be the same on both (on the left and right) sides
of the defect formation reaction.

II. Charge balance – (electroneutrality)-the resulting state must remain neutral; the
charge neutrality is preserved.

III. Site balance – (ratios of regular lattice sites are conserved)-proportion of M and X
sites stays unchanged if they are occupied or not.

When the MaOb oxides have atoms in the exact a:b ratio, we have a stoichiometric 
composition. 
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Figure 1.5: Energy band gap diagram for semiconductor SnO2 [82]. In a semiconductor, the 
highest occupied band is called the valence band (VB) and the lowest unoccupied band is 
called the conduction band (CB). The figure shows that the electrons can jump from VB 
into CB when they are excited (electron holes are formed in VB). The state-free energetic 
region between the valence band maximum and the conduction band minimum is called 
the band gap (Ebg) and is indicative of the electrical conductivity of a material. The Fermi 
level (EF) is the highest energy occupied electron orbital at zero temperature (T=0) [83]. 

1.1.2.1 Point defects in pure stoichiometric compounds 

In a stoichiometric crystal with composition MX, five primary types of atomic disorder can 
be distinguished [78], [80], [81]: 

I. Schottky disorder (Figure 1.6 a): forming equal concentration of vacant M sites
(VM) and vacant X sites (Vx)

∅ ⇌ VM
′ + VX

·       (1.1) 

In stoichiometric oxide MO there are also equal concentrations of metal and oxide ion 
vacancies: 

        MM
× + OO

× ⇌ VM
″ + VO

′ + MM
× + OO

×   (1.2) 

 ∅ ⇌ VM
″ + VO

··  (1.3) 

Charged Schottky disorder: forming an electron-hole pair 

∅ ⇌ e′ + h·     (1.4) 

II. Frenkel disorder (cation Frenkel pair, shown in Figure 1.6 b): forming equal
concentrations of metal (cation) vacancies (VM) and metal interstitial ions (Mi)
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∅ ⇌ VM
′ + Mi

· (1.5) 

III. Frenkel disorder (anion Frenkel pair): forming equal concentrations of anion
vacancies (Vx) and anion interstitials (Xi)

∅ ⇌ VX
· + Xi

′  (1.6) 

IV. Anti-structure disorder: where part of atoms M occupies X positions (Mx) and an
equal number of X atoms occupy M positions (XM). This disorder is ordinary in
intermetallics and between anions or cations on different sites.

V. Very rare disorder: forming electropositive interstitial atoms (Mi) together with an
equal concentration of electronegative interstitial atoms (Xi).

Schottky defects can only occur on surfaces and other extended defects (such as grain 
boundaries and dislocations), since the atoms at vacated sites must escape, while, 
conversely, Frenkel defect pairs can form directly inside the crystal by the atoms going 
directly into interstitial sites (from the normal sites). In crystals where cations and anions 
are of a comparable size and the structure is effectively packed, Schottky defects are 
common, but when the sizes of the cations and anions are significantly different, Frenkel 
defect pairs predominate [78].  

Figure 1.6: a) Schottky defect pair: cation and anion vacancy, and b) cation Frenkel defect 
pair: cation vacancy and cation interstitial ion. 
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1.1.3 Line defects 

 
In addition to zero dimensional defects (point defects), structural defects also include line 
and planar defects. Line defects or one-dimensional (1D) defects are termed dislocations, 
and they are characterized by displacements in the structure in certain directions. 
Dislocations allow materials to deform without destroying the basic crystal structure, but 
during deformation due to the slipping of atomic layers one above the other, the crystal 
changes its shape. The slip plane may be divided into two regions: slipped and unslipped, 
where a boundary between these two regions is referred to as a dislocation line. Dislocation 
as a line discontinuity, forms a closed loop in the interior of the crystal and the difference 
in the amount of slip across the dislocation line is constant. The direction and magnitude 
of the lattice distortion, caused by a dislocation, is expressed in terms of a Burgers vector, 
b [78], [79]. 
 

There are two basic types of dislocations: 
• Edge dislocations, where an extra half-plane of atoms is inserted in a crystal 

structure and b is directed perpendicular to the dislocation line. 
• Screw dislocation is parallel to the direction in which the crystal is being displaced 

and b is parallel to the dislocation line. 
Mixed dislocations that combine aspects of both types (edge and screw dislocations) are 
also common. 

Dislocations are commonly described in HRTEM studies of wurtzite structures (ZnO, 
GaN), as well as in rutile structures (TiO2, SnO2) [84]–[90]. In SnO2, the occurrence of 
dislocations is often associated with twinning. Iwanaga et al. [86] observed dislocations in 
the end part of twinned SnO2 whiskers, Zheng et al. [87] reported a large number of twins 
and dislocations in the SnO2 films, while Tseng et al. [88], [89] reported on edge dislocations 
near the TBs in polysynthetically twinned SnO2. Similar edge dislocations are also discussed 
in isostructural TiO2 [90]. 

 

 
Figure 1.7: Schematic presentation of a slip, caused by the movement of an a) edge 
dislocation, where Burgers vector b is perpendicular to the dislocation line, and b) screw 
dislocation, where b is parallel to the dislocation line. 



1.1. Tin (IV) Oxide 9 

1.1.4 Planar defects 

Significant defects in crystalline engineering materials are two-dimensional (2D) or planar 
defects, involving internal interfaces (general grain boundaries, twin boundaries, inversion 
boundaries, stacking faults) or external interfaces (surfaces). While plastic deformation 
occurs in the material due to the movement of dislocations (see Figure 1.7), any defect in 
the regular lattice structure disturbs the movement of dislocations, which makes a slip or 
plastic deformation more difficult [91]. 

Grain boundaries are often classified as low angle, special or general based on their 
structure and/or properties. A general grain boundary (GB) usually separates crystals 
which differ in orientation by large angles. In the case of a twin boundary, however, the 
boundary is between two orientations of the same phase, where grains are in a special, 
coincident site lattice (Σ=3) relationship and the orientations are not random since they 
are related by mirror or 180° rotation operation across the twin-plane. Twinning is the 
dominant deformation mechanism in materials with low stacking fault energy. Stacking 
faults are planar defects in which the regular order of stacking planes is interrupted in a 
close-packed crystal structure. For example, if the cubic close packed (ccp) stacking 
sequence is A-B-C, the stacking fault occurs if the plane of atoms is missing from the 
normal sequence, e.g. A-C-A-B-C-... causing a local hcp stacking, or the plane of atoms is 
inserted, e.g. A-B-C-B-A-B-C-... similarly producing a local hcp sequence [79], [91], [92]. In 
order to distinguish whether a planar defect is a stacking fault or an inversion boundary 
(IB), it is necessary to determine the absolute orientation of the polar axis, when crystals 
are noncentrosymmetric, on both sides of the planar fault. In the case of IB, inversion of 
polarity takes place over the fault plane, while in the case of stacking faults there is no 
polarity inversion [93]. 

1.1.4.1 Twinning 

Twin boundaries are a common type of planar defects that can be introduced in a perfect 
crystal by simple crystallographic operation, as shown in Figure 1.8 a. The translation of 
the crystal structure is (mirror) symmetric across the boundary and there is no loss of the 
lattice continuity (Σ=3) [76]. In rutile (cassiterite) twins, only the cation sublattice is 
mirrored, while the oxygen sublattice is continuous. Periodically repeated twinning across 
the structure leads to the formation of modulated polytypic structures with elements of 
the twin boundary as well as the elements of the bulk crystal phase. The origin of such 
defects can be kinetic or thermodynamic. Kinetic defects are stacking faults and 
deformation twins. These defects can be annealed from crystals by appropriate thermal 
treatment. On the other hand, thermodynamic defects are irreversible and are more stable 
than the parent crystal [94]–[96]. Among these, the most common are growth twins, which 
are chemically triggered by a specific dopant that stabilizes the twin boundary structure. 

The theory of tropochemical twinning was established in the 1970s in the study of 
modulated structures in minerals [97]. The basic assumption of this theory is that during 
crystal growth incorporation of certain dopants stabilizes some new, structurally related 
interstitials incurred as a result of specific crystallographic operations in the defect plane. 
In the nucleation stage of twin formation, dopant atoms chemisorb to specific 
crystallographic planes of the host in a highly ordered manner. In effect, chemically 
stabilized twin boundary lowers the total energy of the system causing anisotropic growth 
of the affected crystals along the twin plane. In the later stages, crystal domains develop 
characteristic twin-plane re-entrant angles [30], [31]. In order to identify the elements that 
trigger twinning, new techniques that enable atomic scale determination of the interfacial 
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crystal chemistry were developed [94]–[96], [98], [99]. Apart from this mechanism, twins 
can be a result of more complex replacement reactions, as explained in Section 1.1.4.2. One 
of the future objectives in materials design, however, involves twinning that offers a wide 
range of possibilities to grow complex branched architectures with tunable physical 
properties [100].  

 

 

Figure 1.8: a) Schematic representation of microscopic twinning [76]. b) Atomic 
configuration around the (101) twin boundary viewed from the common [010] direction in 
the boundary plane. Purple circles are for tin and red for oxygen atoms, respectively. 

 
1.1.4.2 Other types of planar defects 
 
Other types of chemically-induced 2D structural defects are known in wurtzite materials, 
such as ZnO. Makovec et al. [101], [102] reported exaggerated growth of ZnO grains, caused 
by the occurrence of liquid phase and accompanied by the formation of Ti-rich inversion 
boundaries (IBs) in some ZnO grains. IBs are the most common type of planar faults in 
ZnO structure, which intersect ZnO grains and can be triggered by the addition of specific 
spinel-forming additives. Owing to rapid growth of grains with IBs in TiO2-doped ZnO, 
voids and spinel particles are overgrown, producing coarse-grained microstructures, suitable 
for low-voltage varistor applications (Figure 1.9 a). Daneu et al. [103] later studied 
microstructural development in SnO2-doped ZnO ceramics. They showed that in the early 
stages of sintering, the formation of inversion boundaries is triggered by the addition of 
SnO2 causing anisotropic grain growth parallel to the fault plane. Exploiting this 
mechanism, they demonstrated that it is possible to control the microstructure 
development of varistor ceramics.  They showed that in samples with a lower SnO2 content, 
the grains are larger and fewer, while with larger additions of SnO2, more nuclei are formed, 
leading to an increase of grains with IBs and formation of finer-grained microstructures. 
ZnO grains that contain IBs grow exaggeratedly, at the expense of normal grains, until 
they dominate (in a truly short time) the microstructure via the so-called IB-induced 
exaggerated grain growth mechanism. As a result, the grains become highly anisotropic 
(Figure 1.9 b) [103], [104]. Further, Sb2O3 is also a common dopant in high-voltage ZnO 
varistor ceramics that triggers the formation of IBs in ZnO grains [105], [106]. 
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Figure 1.9: Schematic representation of a) exaggerated grain growth in low-voltage ZnO-
based varistor ceramics, with the addition of TiO2, caused by the presence of IBs in some 
ZnO grains. Here, spinels are overgrown [95], and b) initial stages of IB nucleation in the 
ZnO-SnO2 system, where we can clearly see the difference between normal (isometric) ZnO 
grains and anisotropic ZnO(IB) grains [106]. 

1.1.4.3 Twinning in compounds with the rutile-type structure 

In structurally related mineral rutile [98], [99], the mechanisms of twinning are well-studied, 
while the origin of twinning in SnO2 is poorly understood. The {101} and {301} twins of 
rutile were demonstrated to be a consequence of complex topotaxial replacement reactions 
(Figure 1.10). (301) twins of rutile from Diamantina in Brazil [99] were shown to contain 
a few nanometers thick lamella of a corundum-type phase, consisting of Al-rich ilmenite 
(FeTiO3). This lamella formed by thermally-induced dehydration of twinned tivanite-like 
Fe-Ti-Al oxy-hydroxide precursor. The study of (101) twins in rutile, also from Diamantina 
[98], showed a similar origin, with the main difference in the interface composition, which 
was decorated by Ti-rich corundum (Al2O3) precipitates that formed by dehydration of 
diaspore.  
Like in rutile [96], [98], [99], topotaxial mechanism could also be responsible for twin 
formation in SnO2. Namely, rutile (TiO2) and cassiterite (SnO2) are isostructural and show 
identical types of twins [58], [107]. In SnO2, {101} twin boundaries are very common, 
recently studied by Nespolo & Souvignier [107], and like in rutile, twinning on {301} was 
also reported [86]. In SnO2, the twinning is present in both pure and doped SnO2 [30], [34], 
[46]–[48], [86]–[88], [90]. In 1965, Nagasawa et al. [34] determined {101} twin planes in 
SnO2 crystals, which were grown by the vapor reaction method. Iwanaga et al. [86] 
identified two types of mirror twins, (301) and (121), in SnO2 whiskers produced by 
oxidizing metallic tin, while Suzuki and co-workers [90] studied deformation twins in 
polycrystalline SnO2. Furthermore, Zheng et al. [87] reported on multiple twins grown from 
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amorphous SnO2-x films, which differed from those in SnO2 whiskers. Polysynthetic twins 
are reported, when SnO2 was transformed from orthorhombic CaCl2-type structure [88].  

Figure 1.10: Schematic presentation of (101) and (301) rutile twins from Diamantina 
(Brazil), nucleated from the same precursor material (Al-rich hydroxylian pseudorutile-
HPR). The formation of both types of twins is apparently related to the exolution of 
corundum-type phases, where corundum segregates to {101} planes of rutile and ilmenite 
to {301} planes of rutile [98].  

Using the SnO2-Cu2O flux system, Kawamura et al. [46], [47] systematically investigated 
growth of SnO2 and showed that trivalent dopants (Fe2O3, Sb2O3 and Ga2O3) accelerated 
SnO2 growth along its c-axis and triggered abundant twinning of SnO2. They also showed 
that the presence of trivalent dopants lowers the activation energy for nucleation, reduces 
the critical driving force to form twin nuclei and consequently increases the possibility of 
twin formation. Furthermore, pentavalent dopants, such as Nb2O5, Ta2O5 and Sb2O5, 
suppressed the growth and also caused heavy twinning of SnO2 (Figure 1.11). Similar 
observations were made by Tomaev and Glazov [48], who investigated the morphology of 
polycrystalline SnO2 films, grown on corundum substrates and suggested that doping can 
be used to control the concentrations of twins. They reported that doping SnO2 films with 
trivalent metal oxides (Sb2O3 and Yb2O3) triggered abundant twinning. Also in (Co,Nb)-
doped varistor ceramics, to which La2O3 was added, the formation of twins was observed 
[24]. Besides the doping with oxides, Cachet [30] reported the formation of twin-like planar 
defects on doping with halogens, like fluorine. Doping with fluorine had no influence on 
grain growth nor on the grain size. Commercially available F-doped SnO2 (FTO) films also 
contain planar defects (twins) [30], [49]. The large number of reports on twinning of SnO2

under various conditions and with different dopants shows that twins are easily produced 
in SnO2, but nevertheless the mechanism of their formation has not been explained yet. 
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Figure 1.11: SEM images of SnO2 crystals grown (a) without any addition in SnO2-Cu2O 
flux system, (b) with the addition of trivalent dopant In2O3, (c) with the addition of 
trivalent dopant Fe2O3, which is showing slightly lower growth rates along c-axis, and (d) 
with the addition of pentavalent dopant Nb2O5, where the number of twinned crystals 
(indicated by arrows)  drastically increased [46].

Based on microstructural studies of IBs in ZnO-based ceramics, where grain growth is 
entirely controlled by IBs, I aimed to apply a similar approach to SnO2 ceramics. The 
challenge was to identify whether the twin boundaries (TBs) have a decisive role in grain 
growth and microstructure development of SnO2-based ceramics like IBs in ZnO-based 
ceramics. Motivated by the study of Kawamura et al. [46], [47], who reported of heavy 
twinning in SnO2 with the addition of Nb2O5 and Ta2O5, and unusual effects of pentavalent 
dopant addition on microstructure development in SnO2-based ceramics [44], I chose these 
two ceramic systems: SnO2-CoO-Nb2O5 and SnO2-CoO-Ta2O5 for our twin formation 
studies. The key objective was to determine how these dopants influence the twin formation 
in SnO2. 
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1.2 SnO2-Based Ceramics 

In recent years, SnO2-based ceramic materials have been extensively studied due to their 
special optical and electrical properties, making them attractive for a wide range of 
applications, including varistors. High density in polycrystalline ceramics and control of 
crystal growth and morphology are essential for the good varistor properties that occur in 
the region of the materials grain boundaries. The main limitation of the wider use of SnO2-
based ceramics is poor sinterability, associated with the low diffusivity of the SnO2 
structure and the predominance of non-densifying mechanisms. The sintering problem is 
further complicated by the high vapor pressure of SnO, therefore dense SnO2-based 
materials are obtained either by using dopants or high pressures. 

1.2.1 Sintering techniques 

Sintering is one of the oldest, simplest and fastest techniques, where unique, multiple-phase 
microstructures can be produced by mixing different powders, and it holds an important 
place in materials processing technology. It is a process, in which the porous material passes 
through a heat treatment and densifies into a solid compact with largely reduced porosity 
[108], [109]. The process usually begins by setting a specific ratio of starting powders 
(mixtures of different oxides) with high purity. The simplest functional method for 
homogenization of the mixed oxide powders is the use of an agate-mortar [42], [75]. 
Alternatively high energy ball milling is also common in the varistor ceramic preparation 
[24], [38], [60], [70], [71], [110]–[113], however, contamination from the milling media often 
occurs [114]. After homogenization, the mixed powder is pressed into pellets or disks and 
sintered in the optimum range of temperature to achieve dense ceramics with the desired 
mechanical properties and density. Sintering temperature is usually estimated on the basis 
of the material melting point. The closer is the sintering temperature to the melting point, 
less strong are the bonds in the crystal lattice and the number of surface defects increases. 
Sintering of ceramics is accelerated if a small amount of melt is present during sintering 
(often 1 vol% of melt is sufficient), as the diffusion processes and consequently the 
densification in the presence of melt is faster. An important parameter is also the solubility 
of solid components in the melt, the data of which are obtained from phase diagrams 
[108]. 

1.2.1.1 Conventional and advanced sintering techniques 

Conventional (or pressureless) sintering (CS) is the simplest approach, where the 
compact is heated without external pressure applied during the process. Compared to 
advanced sintering, this approach involves lower processing costs, making it more 
attractive for mass production of ceramic products. On the other hand, advanced 
sintering involves additional external power such as hot-pressing, microwave or spark 
plasma (SPS). When using the hot pressing method of sintering, ceramic materials 
usually densify at lower temperatures than in CS, have improved densification kinetics 
and limited grain growth. The main disadvantages of this process are limited 
geometry of the final product and higher investment and maintenance cost. 
Microwave sintering usually produces samples with better mechanical properties than 
CS, provides great microstructure control and reduced manufacturing costs due to low 
temperature, processing time and energy used [115], [116]. However, more recently, 
spark plasma sintering (SPS) hot pressing technique has been 
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developed, in which a graphite die that contains the powder is directly heated by pulsed 
electrical current under compressive stress with very fast sintering rates (up to 1273 K/min) 
[117]. It has been successfully used for producing dense SnO2 materials at lower 
temperatures and significantly shorter sintering times [113], [117]–[119]. However, even if 
high densification for SnO2-based ceramics is achieved by SPS, uniformity of the ceramics 
would not be sufficient for most of the applications. In addition, considerable amounts of 
carbon remain infiltrated in ceramic samples due to the use of graphite die, even after post-
annealing [113]. Pressure-assisted sintering methods have, despite the rapid kinetics, several 
serious limitations reducing their ability to produce components of various shapes and sizes, 
which are required in industry [38]. 

1.2.1.2 Densification process 

Sintering by solid-state diffusion consists of three stages as detailed in Table 2. In the 
initial sintering stage, the powder particles are exposed to sintering forces, so they begin 
to oscillate and slide into more stable arrangements. Due to the movement of the particles, 
the entire microstructure shrinks, which contributes to the overall increase in density. 
Moreover, necks start to form between the particles, as shown in Figure 1.12, while 
significant grain growth is not yet involved. In the intermediate stage, individual particles 
begin to evolve due to the Oswald ripening mechanism, but the overall density is still low 
due to the high fraction of pores, which are connected with each other. At this stage, the 
grain growth is still slow, sometimes negligible, as the grains are mostly separated by the 
pores. Locally, linked pores are separated, and so-called closed pores are formed. In the 
final stage, the reduction of pores increases the total density approaching a theoretical 
value. Grain growth reaches a crucial step, when larger grains grow exponentially at the 
expense of smaller grains [108], [109], [115], [120]. For the products used in electronics, very 
dense materials are desirable to achieve the properties such as high dielectric permittivity 
and low dielectric losses, which largely depend on the density of the material. 

Figure 1.12: Schematic representations of (a) compact powder, (b) partial densification of 
neck growth, and (c) fully densified neck growth with occlusion of a pore [109]. 

Table 1.2: Description of sintering stages [121]. 

Stage Process Densification Coarsening 

Initial neck growth small at first minimal 
Intermediate pore rounding and 

elongation 
overall density is still low increase in grain 

growth and pore size 
Final pore closure, final 

densification 
total density advance 
toward a theoretical value 

extensive grain and 
pore growth 
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Furthermore, the densification process during heating can be followed by measuring 
dimensions or density. The simplest way is to heat the compressed sample to the sintering 
temperature at a constant rate (usually 5 or 10 °C/min), heat it for a certain time and 
then cool it quickly. Following the procedure, a change in dimensions (i.e. relative linear 
shrinkage, ∆L/L; Figure 1.14) or density between the green sample (i.e. pre-sintering 
sample) and the sintered sample could be determined using a dilatometer or a heating-
stage and optical microscope. The sintering diagram allows us to estimate the temperature 
at which sintering begins, the maximum densification rate and the optimal sintering 
temperature, which is usually at 75% of the maximum shrinkage [108], [122]. 

Density is defined by the ratio of mass to volume, 𝜌 = 𝑚/𝑉  (g/cm3), where mass is 
easily measured by weighting of the sample and volume can be calculated geometrically 
from its dimensions or determined by displacement of liquids by the Archimedes method 
[27], [28], [38], [44], [123]–[127]. The ratio of measured density to theoretical density is 
defined as the relative density [128]: 

𝜌𝑟𝑒𝑙 = 𝜌
𝜌𝑡𝑒𝑜𝑟.

· 100%            (1.7) 

1.2.2 Electrical characteristics of SnO2 

1.2.2.1 Varistor applications 

Varistors are the dominant components in surge protector devices. They are characterized 
by exceptional current-voltage nonlinearity (I-U) and the ability to absorb energy [129]. 
Varistors behave like insulators until the nominal breakdown voltage is reached and then 
suddenly (in ns) they become orders of magnitude more conductive than the electronic 
device they protect [95]. Their nonlinear characteristic is expressed by the equation: 

   𝐼 = 𝐾 · 𝑈𝛼        (1.8) 

where I is the electric current through the varistor, U is the applied voltage, K is the 
material constant and α is the nonlinear coefficient that characterizes the varistors 
response. Typical characteristic current-voltage curve of varistor ceramics has three 
important regions (Figure 1.13): 

• PRE-BREAKDOWN REGION (linear, ohmic, low voltage) is the region under the
breakdown voltage of the varistor. Here, the varistor has high resistance due to
grain boundaries (GBs), while grains are conductive. The low current flowing
through the varistor in this region is so-called leakage current (IL) and increases
linearly with voltage.

• NONLINEAR REGION is the region, where the varistor has no ohmic properties
and the current increases exponentially with the voltage. Already a small change
in voltage causes a large change in the current through the varistor. The
nonlinearity is denoted by the nonlinear coefficient α, which is the reciprocal of the
slope of the I-U curve. The greater is α, the flatter is the I-U curve in this region
and the better is device. The coefficient of nonlinearity α is defined by the equation:

𝛼 = 𝑑 log 𝐼
𝑑 log 𝑈

          (1.9) 

• UPTURN REGION is the region of high currents (> 103 A/cm2), where dependency
between current and voltage is again linear (ohmic).
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Figure 1.13: Typical characteristic current-voltage curve of varistor [95]. 

The typical value of nonlinear coefficient of commercial varistors is between 30 and 80, 
which depends on the chemical composition, temperature and process of the varistor 
fabrication [130]. In addition to the nonlinearity coefficient, varistors are also characterized 
by the nominal voltage UN, defined as a voltage drop at 1 mA [129] which indicates a 
transition to the nonlinear region of the varistor. If the nominal voltage UN(V) is divided 
by the thickness of the sample d (mm), the threshold voltage UT (V/mm) of varistor 
ceramics is obtained. Also important is the leakage current IL; the electrical current that 
flows through the varistor at the operating voltage of the device that the varistor protects. 
At operating voltage, the varistor should behave like an ideal resistor. The leakage current 
is important because of the loss of power (IL

2 ∙ R), which is reflected in the elevated 
temperature of the varistor and in determining the voltage range of operation at which the 
varistor does not heat up [129]. 
   Commercial varistors are commonly based on ZnO ceramics, first recognized by 
Matsouka et al. in Japan, early in the 1970s [131]. Microstructurally,  ZnO varistors consist 
of highly conductive uniformly sized ZnO grains, separated by highly nonconductive 
nonlinear varistor-type GBs to produce the so-called varistor effect [95], [129]–[131]. In 
ZnO-based varistors, ZnO is predominantly with small additions of other oxides, like Bi2O3, 
Sb2O3, CoO, Cr2O3 and MnO, whose overall additions are usually 3-5 mol% [42], [70], [131], 
[132]. For varistor properties (I-U nonlinearity) Bi2O3 is crucial (also Pr6O11 or BaO), 
which causes the formation of electrostatic Schottky barriers at the boundaries between 
ZnO grains. At the same time, Bi2O3 causes the formation of a liquid phase, which greatly 
influences the growth of ZnO grains and the development of a microstructure of varistor 
ceramics. ZnO doped with Bi2O3 already has varistor properties, other oxides further 
improve the nonlinear properties. In general, varistors with a larger average grain size 
are used for low-voltage applications, when those with a smaller average grain size 
are used for high-voltage applications as seen in Figure 1.14 [95].  
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Figure 1.14: Schematic presentation of a) a coarse-grained microstructure for low-voltage 
varistor application, and b) a fine-grained microstructure for high-voltage applications [95]. 

With respect to alternative ceramic systems, studies of several oxides such as TiO2, 
SrTiO3, CeO2, WO3, ZnSnO3, BaTiO3, and SnO2 have been performed [114], [133]–[138]. 
In 1995, the first study of a highly nonlinear varistor SnO2-CoO-Nb2O5-Cr2O3 (𝛼 = 41) 
was reported by Pianaro et al. [20]. Since then, SnO2 ceramics have become a 
promising candidate for commercial varistor application with comparable 
parameters of multicomponent ZnO varistors [71], [72]. The main advantages of the 
SnO2 varistor system over the ZnO-based elements is its simple, uniform microstructure 
(Figure 1.15 b), lower dopant additions (usually 1-2 mol%), where already two dopants 
are sufficient to obtain excellent electrical properties, up to two times higher 
thermal conductivity, better temperature resistance and significantly fewer 
secondary phases. Consequently, this increases the fraction of active grain 
boundaries up to 85 % [42], [70], [71], [139]. In comparison, ZnO-based varistors have 
only 15-33% of active GBs due to inhomogeneous multi-phase (Bi-rich phases, spinel 
and pyrochlore phases) microstructure (Figure 1.15 a) [140], which leads to degradation 
phenomena and deterioration of varistor properties [112], [141], [142]. However, despite 
two main disadvantages of SnO2-based varistors, which are approximately 200 °C higher 
processing temperature due to solid-state sintering (for ZnO-based varistors liquid-phase 
sintering is common) and relatively high cost of SnO2 raw material, its outperforming 
electrical characteristics explains a wide interest in this material. 



1.2. SnO2-Based Ceramics 19 

Figure 1.15: Typical microstructures of ZnO-based and SnO2-based varistor ceramics: a) a 
complex microstructure of ZnO grains, assisted by Bi-rich phase and spinel particles [95], 
b) a simple microstructure of SnO2 grains without any secondary phase.

1.2.2.1.1 Point defects in SnO2-based ceramics 

Microstructure evolution in doped SnO2-based ceramics is usually interpreted as a solid-
state sintering process, controlled by point defects formation [20]. Pure SnO2 has a poor 
densification rate and grain growth during sintering due to the predominance of non-
densifying mechanisms, such as surface diffusion at low temperatures (T < 1300 °C) [37], 
[143] and evaporation-condensation mechanism at high temperatures (T> 1300 °C),
proposed by Kimura et al. [69] and Varela et al. [36]. In order to understand the sintering
mechanism, Hoenig and Searcy [35] examined the process of SnO2 evaporation and found
that at high temperatures this oxide decomposes by the following reaction:

SnO2(s) ⇌ SnO (g) + 1
2
 O2 (g)  (1.10) 

O
·

Further, the evaporation of tin (II) oxide can be described by the formation of oxygen 
vacancies, V · : 

SnO → 
SnO

   
2

Sn(II)″Sn(IV) O
·+ V · + OO

×           (1.11)

Although high porosity of SnO2 ceramics is required in sensor applications [5], [65], [134], 
[144]–[147], this characteristic is not desirable in varistor applications and density should 
be increased with the addition of acceptor dopants, such as CuO, ZnO, MnO2, Bi2O3 and 
CoO that form solid solution with SnO2 [41], [44], [74], [123], [126], [148]–[151]. The role of 
Bi2O3-liquid phase is less studied in SnO2-based ceramics, but it is known that this dopant 
can enhance grain growth during the sintering [73], [74]. Despite the absence of a eutectic 
liquid phase in the CoO-SnO2 system, CoO is the most efficient acceptor dopant with a 
similar ionic radius to Sn4+ (r(Sn4+) = 0.071 nm; r(Co2+) = 0.074 nm), which facilitates 
CoO to form a solid solution and increases densification of SnO2 to 99% of theoretical 
density [20], [39], [123]. With the addition of 2 mol% CoO to the SnO2 ceramics, Cerri et 
al. [123] observed oxidizing effect of CoO during heating up to 680 °C, followed by the 
reducing effect at temperature above 950 °C, as written below:  

2
 2 CoO+ 1 O2  →

300
   
−
   
680
  
 
 
℃
 Co2O3  →

950
   
 
 
℃
  2 CoO+ 1

2
 O2  (1.12) 
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O
·

Highly densified SnO2 ceramics, doped with CoO at high sintering temperatures and low 
heating/cooling rates can be explained by the substitution of Sn4+ ions with Co2+ ions, 
which produces an increase in the oxygen vacancy concentration (V · ). These oxygen 
vacancies facilitate the grain growth through a solid-state diffusion mechanism according 
to the following chemical equation, written in the Kröger-Vink notation [20], [23], [39], [40], 
[110], [123], [126]:  

CoO → 
SnO

   
2

Co″Sn(IV) O
·

O
×  (1.13) 

Co2O3  → 
SnO

   
2

2 Co′Sn(IV) O

+ V · + O

+ 2 V·· +  3 OO
×   (1.14)

The increase in oxygen vacancy concentration requires that the concentration of free 
electrons decreases due to the equilibrium between solid and gas at a given partial pressure 
of oxygen [41], [152]: 

O
×

2
O ⇌ 1 O2 (g) + 2 e′ + VO

··       (1.15) 

O
·

Co atoms also segregate at GBs, which is very important for defining the non-ohmic 
behavior [145]. However, the nonlinear coefficient of Co-doped SnO2 ceramics is still low 
and this ceramic behaves as an electrical insulator since grains are highly resistive [123], 
[143], [145]. For the electrical properties, it has been reported that a suitable addition of 
donor dopants (the most common are pentavalent dopants Ta2O5, Nb2O5 and Sb2O5) 
reduced the porosity (indicating that SnO evaporation is suppressed [36]) and significantly 
increased the electrical conductivity of SnO2-based ceramics [20], [21], [28], [41], [42], [110], 
[138], [143], [150], [153]. The substitution of Sn4+ by Nb5+, Ta5+ or Sb5+ results in the 
formation of Sn-site vacancies, V⁗

Sn, that compensate two oxygen vacancies, V · , and leads
to an increase in free electron concentration in tin oxide which, in turn, increases the 
electrical conductivity of the SnO2 lattice, as written in the following compensation 
mechanism [23], [40], [41], [143], [145]:  

2 Nb2O5  → 
SnO

   
2

 4 Nb(V)·Sn(IV) + V⁗
Sn + 10 OO

×   (1.16) 

O O
·V⁗

Sn + 2 V··  →  2 V + V″
Sn  (1.17) 

Further, with higher concentration of dopants, Branković et al. [41] suggested that dopants 
are not incorporated into the SnO2 lattice only by substitution, but also at interstitial 
positions. This results in the increase of lattice constant values and decrease of oxygen 
vacancies, as indicated by the following mechanism:  

2 CoO → 
SnO

   
2

i O
×2 Co·· + 2 O + V⁗

Sn   (1.18) 

Similar equation can be written for donor dopant, for example Nb5+. Since no secondary 
phase occurs at the grain boundaries in SnO2 ceramics, defects caused by acceptor and 
especially by donor dopants are responsible for enhanced formation of potential barriers 
and increased amount of active grain boundaries [39], [45], [154]. Potential barriers in SnO2 

varistors are the same as in ZnO, both possessing Schottky electrical barriers at the GBs 
that exhibit high resistivity related to the conducting nature of the intragranular ceramic 
[39], [70]. Oxygen is responsible for the formation of the Schottky barrier, as  O′ and O″ 
are the main absorbed species at the grain boundaries (at T above 200 °C)  [40], [110]. 
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1.2.2.1.2 Atomic defect model for SnO2 varistor 

To explain the phenomenon of voltage instability/stability of the varistor under an 
externally applied electric field, Gupta and Carlson proposed an atomic defect model for 
the grain-boundary barrier for ZnO varistor. In this model, the authors emphasize the 
importance of zinc interstitials, which are formed as excess zinc in the depletion layer, due 
to the inherent nonstoichiometric nature of ZnO. The presence of these interstitials in the 
barrier and field-assisted diffusion of the interstitials in the depletion layer are the main 
cause of varistor instability. To restore stability, it is necessary to form a stable ZnO lattice 
at grain boundaries at the expense of Zn interstitials by heat treatment. In addition, the 
negative surface charge layer at the grain boundary is balanced on both sides by the 
positive depletion layer comprising the barrier consisting of a stable component (spatially 
fixed positively charged substituted ions and vacancies, located on the lattice sites) and a 
metastable component (mobile positively charged zinc interstitials on the interstitial sites 
in the ZnO structure)[155]. 

Based on the atomic defect model for ZnO-based varistors, in 1998, Pianaro et al. 
proposed the atomic model of a SnO2-based varistor, as shown in Figure 1.16. In this model, 
like the previous one, a high concentration of negative charge at the SnO2 grain surface is 
shown, which is caused by tin vacancies (VSn

⁗  ) and the substitution of tin ions with cobalt
ions (CoSn

″ ) at the interface. These negative charges, however, are balanced by positive
charges from the depletion layer region, with barrier width ω. Positive charges can be 
oxygen vacancies (VO

·· ), interstitial tin ions (Sni
··), as well as pentavalent substitution ions 

called donor ions (DSn
· ) [39].

Figure 1.16: Atomic defect model for Schottky barrier at the SnO2 grain boundaries [39]. 

1.2.2.1.3 SnO2-CoO-Nb2O5 ceramic system 

The first report of SnO2-CoO-Nb2O5 varistor ceramics was made in 1995 by Pianaro et al. 
[20]. With the addition of 0.5 mol% of Nb2O5 to the SnO2-1 mol% CoO system, they 
intended to reach a highly resistive behavior. As this system alone showed only a weak 
nonlinear behavior (α = 8, Eb = 1800 V/cm), high nonlinear behavior (α = 41, Eb = 3990 
V/cm) was achieved by the addition of 0.05 mol% Cr2O3 to this system [156]. At high 
resolution, only a small amount of secondary Co2SnO4 phase was observed in the SnO2-1 
mol% CoO samples, formed by solid state precipitation at grain boundaries. Since the 
solubility limit of CoO in SnO2 is 0.5 mol%, an excess of CoO caused precipitation of 
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Co2SnO4, while no Co was detected in SnO2 grains [123], [157]. However, it is not entirely 
clear whether the addition of Nb2O5 dopant increases or decreases the formation of Co2SnO4 

secondary phase. Fayat et al. [23] reported that the addition of Nb2O5 favors the formation 
of Co2SnO4 particles that could control the sintering and grain growth rate, whereas Bueno 
et al. [42] reported that Nb2O5 doping reduces the precipitation of secondary phases at 
grain boundaries. Chang et al. [44] suggested that secondary phase might not play an 
important role in grain growth and disappeared with the addition of Nb2O5 dopant due to 
the charge compensation between CoSn (IV)

″  and Nb(V)Sn (IV)
· .

(Co, Nb)-doped SnO2-based ceramics are commonly suitable for high-voltage varistor 
applications [20], [156], [158], [159], while it is more difficult to obtain SnO2-based ceramics 
for low-voltage varistors with a sufficiently high nonlinearity coefficient. At relatively low 
currents (~1 mA/cm2), the grain boundaries in SnO2-based varistor ceramics are essentially 
more resistant than the grains themselves. Additional doping of this ternary system with 
dopants, such as Cr2O3 [156], Fe2O3 [158], Pr2O3 [159] and Sm2O3 [27], inhibits grain growth, 
while the dopants segregate at the GBs. Recently, it was shown that high nonlinearity at 
relatively low electric fields can be achieved with the addition of Bi2O3 to the SnO2–CoO–
Nb2O5 or SnO2–CoO–Nb2O5–Cr2O3 compositions [73], [160]. Therefore, electrical 
conductivity of the material can be controlled by grain boundaries and the observed 
decrease in electric field can be explained by the enhanced growth of SnO2 grains in the 
presence of a liquid Bi-rich phase. This was also confirmed by the strong increase in the 
relative dielectric permittivity due to grain boundaries number decrease [73], [74]. 
Moreover, Bondarchuk et al. [28] systematically studied the various effects of Nb2O5 dopant 
on the grain growth and electrical properties of the SnO2–CoO–Cr2O3–Bi2O3 ceramic 
system. While already a small amount of Nb enhances the Sn self-diffusion, improves the 
grain growth and increases the electrical conductivity, higher concentrations of Nb (0.5 
and 1 mol %) have only little effect on the electron concentration in the volume of SnO2-
grains, as it segregates mainly at the GBs [28]. As a result, the height of the potential 
barrier does not change drastically with increased Nb-doping and leads to a decrease in the 
electrical conductivity of a material.  

In contrast to the previous study [28], I showed that a certain amount of the Nb2O5

dopant (≤ 1 mol%) increases the conductivity of grains and thus the height of the 
electrostatic barrier at the grain boundaries as well their resistivity (i.e. break- down 
voltage). I investigated the effects of Nb-doping in a simple ternary system SnO2-CoO-
Nb2O5 at relatively high temperatures (where the decomposition of SnO2 is significant), 
without the presence of liquid phase during sintering. XRD and EDS analyses showed that 
Nb2O5 doping inhibits the formation of the secondary phase, while the amount of CoO in 
SnO2 grains increases along with Nb [75]. I successfully obtained SnO2-CoO-Nb2O5 ceramics 
for high-voltage varistor applications with comparable electrical parameters of ZnO-based 
ceramics (more in Chapter 3). 

1.2.2.1.4 SnO2-CoO-Ta2O5 ceramic system 

In 1998, Antunes et al. [21] published Nonlinear electrical behavior of the SnO2∙CoO·Ta2O5 
system, comparing its electrical properties to Nb, Co - doped SnO2 [20]. The authors studied 
low (0.05 and 0.075 mol%) additions of Ta2O5 to the SnO2-CoO system, which improved 
electrical conductivity of SnO2 (α = 13), while the effect of higher additions of Ta2O5 
dopant (< 0.1 mol%) has not been investigated. Furthermore, Wang et al. [111] 
investigated effects of higher additions of Ta2O5 on the grain size in the SnO2-Co2O3 system 
and achieved promising electrical characteristics with the addition of 1 mol% of Ta2O5, 
suggesting that an increase of Ta2O5 decreases the grain size due to Ta segregation at the 
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grain boundaries. As oxygen vacancies are a particularly important factor in controlling 
the grain growth, any addition of Ta instantly decreases the concentration of oxygen 
vacancies and consequently Ta acts as a grain growth inhibitor, which in turn increases 
the electronic conductivity in the SnO2 lattice. 

Varistor properties of the SnO2-CoO-Ta2O5 ceramic system can be enhanced by an alkali 
earth elements (Ba/Sr [161]) or with the presence of liquid phase (B2O3 addition [162]). 
Rare-earth oxides (Pr2O3, Pr6O11, La2O3) are also often used to improve the electrical 
properties of this ceramic system, as they can strongly influence the development of 
microstructures by decreasing the size of SnO2 grains [42], [138], [163]. However, it is 
difficult to fabricate fully densified SnO2-CoO-Ta2O5 ternary ceramics by conventional 
sintering methods, partly due to the decomposition and evaporation of SnO at high 
sintering temperatures and decreasing concentration of oxygen at grain boundaries on 
cooling [69], [123], [164]. To replace conventional sintering, in recent years, spark plasma 
sintering has been successfully used to produce dense SnO2 ceramics at relatively lower 
temperatures and significantly shorter sintering times [117]–[119]. Using the SPS technique 
and systematically varying the sintering temperature, heating rate, holding time at the 
sintering temperature and the amount of Ta2O5 dopant, Yoshida et al. [118] produced dense 
Ta-doped SnO2 compacts. Although high densification for SnO2-based ceramics was 
achieved using SPS, a metastable Sn2Ta2O7 compound was formed from a mixture of SnO2 
and Ta2O5, leading to high structural inhomogeneity. Chen et al. [113] also reported that 
the residual carbon is detected in the ceramics even after post-annealing. 

The aim of this doctoral thesis was to achieve fully dense (Co,Ta)-doped SnO2 ceramics 
for low-voltage varistor applications, with a special focus on microstructure development, 
electrical characteristics and charge compensation mechanism (more in Chapters 4 and 5). 

1.2.2.2 Dielectric properties 

The dielectric permittivity and dielectric loss measurements are based on the measurement 
of impedance, which is just an extension of the concept of electrical resistance from direct 
current (DC) to an alternating current (AC). The impedance of the resistor is thus quite 
equal to his resistance, while the impedance of the capacitor depends on its capacitance, 
the frequency where the measurement is performed as well on the losses, denoted by tan 
δ. The dielectric behavior of ceramics powder can be measured in a capacitance cell, 
consisting of two electrodes of a parallel plate, where A is the pellet cross-sectional area, d 
is the sample thickness and C is measured capacity. The oscillating field is applied to the 
sample in a wide frequency range. The dielectric permittivity (ε) can be calculated from 
the capacitance (C) of an ideal capacitor, according to the equation [165]: 

𝜀𝑟 = C·d
A·𝜀0

 (1.19) 

where ε0 is permittivity of a vacuum (ε0 = 8.854 · 10−12  F/m) and εr  is the relative
permittivity of the samples, respectively. Dielectric behavior of the synthesized ceramic 
powder can be explained by phenomenon od frequency dispersion. The dielectric loss (tan 
δ) and dielectric permittivity of the sample decreases with an increase of a frequency and 
consequently AC conductivity increases. At lower frequencies (up to 1 kHz), rapid decrease 
of ε value is more noticeable due to the movement of charge carriers trapped at interfacial 
region than at higher frequencies, where the dominant mechanism is hopping of charges. 
The essence of this model is that the frequency of hopping between ions cannot follow the 
frequency of applied field and therefore lags behind, so the value of ε slowly decreases 
[166]–[168]. In recent years, several reports of high permittivity behavior of varistor 
ceramics have been published. High dielectric properties are attributed to the Schottky 
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barriers, which consist of negative trapped charges and positive depletion layer (see Figure 
1.16). Doping SnO2 ceramics with CoO and Cr2O3 as acceptor dopant, leads to the 
formation of barriers (with increasing the VO

··  concentration) to improve the SnO2 varistor 
system. The increase in resistance (decrease in conductivity) is enhanced by the addition 
of a pentavalent donor dopant (such as Nb2O5, Ta2O5, Sb2O5), which introduces many n-
type carriers, while an acceptor dopant (e.g. Co) can capture the electrons introduced by 
donor doping. The fact that the large permittivity of the ceramics comes from the resistivity 
of SnO2 grain boundary layers and the minor intergranular region, increasing the addition 
of donor dopant has a negative effect  on the dielectric permittivity value due to a 
significant decrease of the grain size [138], [165]–[167], [169], [170] . 

The dielectric measurements of (Co, Nb/Ta)-doped SnO2 ceramics of this doctoral 
dissertation were done in collaboration with colleagues from the Advanced Materials 
Department (K9) from the Jožef Stefan Institute. Before dielectric measurements, silver 
electrodes were deposited on both sides of sintered pellets. Dielectric properties were 
calculated from the impedance measurements of the samples, using LCR meter (Model 
4284A; Hewlett-Pachard, USA) with desired input signal voltage (1 V) and desired 
frequencies (20 Hz-1 MHz) at room temperature.  
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Chapter 2 

2 Aims and Hypothesis 

While SnO2 has a superb combination of chemical, electrical and optical properties, it is 
still little known about how the presence of planar defects, produced with the addition of 
specific dopants, affects microstructure development and related physical properties. 
Previous studies of SnO2 ceramics have shown that under some conditions SnO2 is heavily 
twinned [46], [47] and as we know from other materials, such as ZnO [95], [101]–[106] and 
TiO2 [96], [98]–[100], special boundaries play a decisive role in grain growth and 
microstructure development. In order to test this hypothesis, I investigated SnO2 ceramics 
with specific twin-forming dopants to explore their influence on microstructure 
development and to confirm whether the twinning in SnO2 might be chemically induced. 
Furthermore, my research will serve as a good starting point for future studies on the 
presence of planar defects and their role in electrical properties of these materials. 

2.1 Objectives 

The main aim of my dissertation was to investigate the role of twinning in doped SnO2-
based ceramics, and its relation to grain growth, microstructure development and electrical 
properties for surge protection applications. In order to study these effects, I choose two 
ternary systems: SnO2-CoO-Nb2O5 and SnO2-CoO-Ta2O5, allowing to study the effects of 
acceptor (i.e. Co) and donor dopants (i.e. Nb/Ta). The main challenge was to reproduce 
twinning in SnO2 under control laboratory conditions and to resolve ionic charge 
compensation mechanisms for both SnO2 ternary systems. Studied materials were 
optimized with respect to their bulk varistor and dielectric properties. 

Accordingly, I defined three main objectives: 

I. Twinning in SnO2-based ceramics: To determine what causes the twinning in
SnO2 and to investigate its direct effect on microstructure development and
electrical properties my work was focused on the following questions:

• What is the role of twin boundaries in microstructure development and
electrical properties in SnO2-based ceramics?

• What is the role of donor dopant addition on the twin boundary formation?

II. Formation of point defects and charge compensation mechanisms in
SnO2: Pure SnO2 does not densify well at high temperatures, where tin (IV) is
reduced to tin (II) that evaporates from the system. To stabilize the SnO2 surface
structure, it is necessary to add acceptor dopant (e.g. Co), while the addition of
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donor dopants (e.g. Nb/Ta) improves electrical characteristics of ceramics. 
However, to achieve equilibria of point defects, a balanced addition of donor and 
acceptor dopants is required. Accordingly, I have attempted to answer the following 
unsolved questions:  

• What is the solid solubility limit of Co dissolved in SnO2 grains?
• How the amount of incorporated Co changes with the addition of donor (Nb/Ta)

dopants?
• What is the ionic charge compensation mechanism for both systems? Is it the same?

III. Optimization of varistor and dielectric properties in SnO2-based
ceramics: Defect formation by acceptor and donor additives in SnO2 ceramics is
responsible for the origin of the Schottky barriers at grain boundaries, therefore the
electric conductivity can be greatly increased with Nb2O5 or Ta2O5 additions. Here
I focused on determining the conditions for achieving SnO2-based ceramics with
optimal electric and dielectric properties. Accordingly, I have attempted to answer
the following unsolved questions:

• How does the addition of donor dopants (Nb2O5 or Ta2O5) affect the average grain
size and SnO2 microstructure development?

• How does this affect the electrical characteristics, including conductivity, nonlinear
coefficient and breakdown voltage?

• What is the correlation between the grain size and the electrical characteristics of
SnO2 ceramics?

• How does the addition of acceptor and donor dopants influence the dielectric
permittivity and dielectric losses?

• What are the conditions for optimal varistor and dielectric properties?

2.2 Outline of Results 

I. Twinning in SnO2-based ceramics

To answer these questions, I first synthesized SnO2-based ceramics doped with the addition 
of CoO (1 mol%) and different concentrations of Nb2O5 (0.1-2 mol%). To find the optimal 
sintering temperature and sintering time I measured densification characteristics of SnO2-
based ceramics. Then I identified the phase compositions and determined the relative 
densities of all samples by XRD and Archimedes method, respectively. The sample with 
the addition of 1 mol% Nb2O5 showed the most promising characteristics, with its 99% of 
the theoretical density and excellent electrical properties. Using transmission electron 
microscopy, I have shown that the predominant type of twins in SnO2 is {101} and that 
cyclic twins are also common. Further study with high-angle annular dark-field scanning 
transmission electron microscopy has shown that the twin boundaries are not directly 
induced by the addition of Nb2O5 (chemically induced) but are most likely the result of yet 
unexplained sequence of topotaxial replacement reactions. Thus, I continued my research, 
where I replaced donor dopant (Ta2O5 instead of Nb2O5). The increase in Ta2O5 addition 
also resulted in abundant twinning, and like in Nb2O5 doping, also here the cyclic twins 
were common. Using TEM I confirmed that TBs lie in {101} planes of SnO2, while EDS 
analysis did not show any excess of dopant at the TB planes, again indicating that the 
twinning in SnO2 is not chemically induced, as IBs in ZnO. More details are given in 
Chapters 3-4 and research articles:  
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• S. Tominc, A. Rečnik, Z. Samardžija, G. Dražić, M. Podlogar, S. Bernik, N. Daneu,
“Twinning and charge compensation in Nb2O5-doped SnO2-CoO ceramics exhibiting
promising varistor characteristics”, Ceramics International, vol. 44, no. 2, pp. 1603-
1613, 2018, doi: 10.1016/j.ceramint.2017.10.081.

• S. Tominc, A. Rečnik, S. Bernik, M. Mazaj, N. Daneu, “Charge compensation
and electrical characteristics of Ta2O5-doped SnO2-CoO ceramics”, Journal of
European Ceramic Society, vol. 40, no. 2, pp. 355-361, 2020, doi:
10.1016/j.jeurceramsoc.2019.09.028.

II. Formation of point defects and charge compensation mechanisms in SnO2

With quantitative TEM/EDS analysis I demonstrated that the amount of dissolved CoO 
in SnO2 grains varies, but is always approximately four times lower than the amount of 
incorporated Nb. Based on this observation I proposed a charge compensation mechanism 
for the SnO2-CoO-Nb2O5 system, which with respect to previous studies [20], [22], [39], [41], 
[110] involves Sn2+ species. Further, I studied charge compensation mechanism in isovalent
Ta2O5, where I have shown that a twice lower amount of donor dopant (Ta5+) is
incorporated into the SnO2 structure along with Co2+, compared to the Nb2O5-doped SnO2-
CoO system [75], indicating that here, another charge compensation mechanism is at play
that does not involve Sn2+. I proposed a new charge compensation mechanism for both
systems. More details on this objective are addressed in Chapters 3-4 and articles:

• S. Tominc, A. Rečnik, Z. Samardžija, G. Dražić, M. Podlogar, S. Bernik, N. Daneu,
“Twinning and charge compensation in Nb2O5-doped SnO2-CoO ceramics exhibiting
promising varistor characteristics”, Ceramics International, vol. 44, no. 2, pp. 1603-
1613, 2018, doi: 10.1016/j.ceramint.2017.10.081.

• S. Tominc, A. Rečnik, S. Bernik, M. Mazaj, N. Daneu, “Charge compensation
and electrical characteristics of Ta2O5-doped SnO2-CoO ceramics”, Journal of
European Ceramic Society, vol. 40, no. 2, pp. 355-361, 2020, doi:
10.1016/j.jeurceramsoc.2019.09.028.

III. Optimization of varistor and dielectric properties in SnO2-based ceramics

SnO2-CoO ceramics alone, shows a relatively high resistance, as the majority of added 
CoO is segregated to the GBs. This is expressed in a low nonlinear coefficient and low 
threshold voltage, indicating a weak varistor behavior. On the other hand, the dielectric 
permittivity is relatively high (ε = 2675) and the dielectric loss is low (0.085 at 1 kHz). 
However, only a small addition of donor dopant (0.1 mol% of Nb2O5) results in 2-3 times 
larger average grain size, 2 times higher dielectric constant and halved dielectric loss than 
SnO2-CoO ceramics, while still showing a weak varistor behavior. Threshold voltage and 
nonlinear coefficient increase with the addition of donor dopants, achieving its peak at 1 
mol% of Nb2O5. On the other hand, the dielectric permittivity decreases (ε < 1000) and 
the dielectric losses increase. Higher additions of Nb2O5 (2 mol%) causes varistor 
deterioration.  

Based on SnO2-CoO-Nb2O5 ternary system, I prepared SnO2 ceramics with CoO and 
Ta2O5 additions. We found that Ta5+ and Co2+ produce a constant 2:1 ratio (compared to 
the Nb5+/Co2+ ratio of 4:1), which indicates that a lower amount of Ta5+ is incorporated 
into the SnO2 structure. To increase the efficiency of this system, the addition of CoO was 
changed to 1-4 mol%, the maximum density was obtained with 4 mol% CoO for all Ta2O5 

https://doi.org/10.1016/j.ceramint.2017.10.081
https://doi.org/10.1016/j.ceramint.2017.10.081
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additions (0.05-2 mol %). By increasing the amount of CoO, I achieved the condition of 
rapid grain growth in SnO2 ceramics. I showed that small additions (0.05 and 0.10 mol%) 
of Ta2O5 to the SnO2 – 4mol% CoO system increase both the density and growth of SnO2 
grains. The sample with the addition of 0.10 mol% Ta2O5 had the largest average grain size 
and the best dielectric properties. In contrast, the sample with 4 mol% CoO and 1 mol% 
Ta2O5 showed the highest density and fine grain size, which was reflected in unprecedented 
varistor properties. Details on this objective are addressed in Chapters 3 and 5 and articles: 

• S. Tominc, A. Rečnik, Z. Samardžija, G. Dražić, M. Podlogar, S. Bernik, N. Daneu,
“Twinning and charge compensation in Nb2O5-doped SnO2-CoO ceramics exhibiting
promising varistor characteristics”, Ceramics International, vol. 44, no. 2, pp. 1603-
1613, 2018, doi: 10.1016/j.ceramint.2017.10.081.

• S. Tominc, A. Rečnik, S. Bernik, M. Mazaj, M. Spreitzer, N. Daneu,
“Microstructure development in (Co,Ta)-doped SnO2-based ceramics with
promising varistor and dielectric properties”, Journal of European Ceramic Society,
vol. 40, no. 15, pp. 5518-5522, doi: 10.1016/j.jeurceramsoc.2020.03.062.

Chapter 2. Aims and Hypothesis

https://doi.org/10.1016/j.ceramint.2017.10.081
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3 

Chapter 3 

Twinning and Charge Compensation 
in Nb2O5–Doped SnO2–CoO Ceramics 
Exhibiting Promising Varistor 
Characteristics 

Nowadays, the production of varistors is based on ZnO ceramics, where it has been shown 
that the formation of planar defects (IBs) in ZnO grains, triggered by certain dopants, 
plays a decisive role in microstructure development and to a great extent tailor varistors 
electrical properties [103], [105], [171], [172]. In the last 25 years, however, numerous studies 
of SnO2 varistor ceramics have been developed [20]–[28]. The main advantages of SnO2-
based ceramics over ZnO-based ceramics are significantly lower addition of dopants, 
uniform microstructure without secondary phases, better thermal conductivity and 
temperature resistance. Since undoped SnO2 does not densify well at high temperatures 
due to surface reduction and evaporation of SnO [35], its structure is best stabilized by 
doping. On the other hand, there are several reports in the literature that SnO2 is prone to 
twinning upon doping [24], [46]–[48], however the effect of twin boundaries on grain growth 
and electrical properties has never been assessed in a SnO2-based varistor system. Common 
to these studies is that: 

• acceptor dopants (e.g. CoO) enhance densification of SnO2 and trigger the
formation of oxygen vacancies,

• donor dopants (e.g. Nb2O5) improve the electrical conductivity of SnO2 by forming
free electrons in the lattice, while inhibiting grain growth,

• a small addition of pentavalent dopants triggers twinning in SnO2.

In this Chapter, I wanted to determine the influence of donor dopant (Nb2O5) on the 
microstructure development, formation of TBs and electrical / dielectric properties. The 
key processes that are important in this study are: 

I. Densification behavior

According to the literature, compositions with fixed addition of CoO (1 mol%) and different 
additions of Nb2O5 (0.1 - 2 mol%) were determined. Using a heating-stage microscope, I 
determined the optimal sintering temperature at which the maximum densification rate 
was achieved (see Figure 3.1.) and measured the relative densities of the samples. 
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Figure 3.1: Linear shrinkage (∆L/L) with respect to temperature for different dopant 
concentrations in SnO2 ceramics. Curve a shows SnO2 sample doped with Co only, starting 
to densify at ~1200 °C. With the addition of 0.1 mol% Nb2O5, the onset of densification 
appears at ~ 1230 °C (curve b), while with the addition of 1 mol% of Nb2O5 (curve c), 
densification starts at ~ 1315 C, with the maximum rate achieved at 1430 °C. With higher 
addition of Nb2O5 (2 mol%), densification appears at even higher T (curve d), but due to 
the limitation of the heating-stage microscope (its use is restricted to T up to 1450 °C) 
cannot be determined precisely.  

II. Grain growth and varistor performance

In this study, I have shown that even a small addition of Nb2O5 (0.1 mol%) to the SnO2-
CoO binary system is sufficient to triple the average grain size and to halve the porosity. 
The maximum dielectric permittivity was also determined for this sample. Furthermore, 
with equimolar addition of CoO and Nb2O5 we prevent tin out-diffusion and the sample 
almost achieved theoretical density. This results in dense microstructure with excellent 
varistor performance in the most applicable voltage range, having excellent current-voltage 
nonlinearity expressed in the high coefficient of nonlinearity (α=50) and an exceptionally 
low leakage current (IL=2-4 μA). 

III. Twin boundary formation

I have shown that charge compensation mechanisms that take place upon the addition of 
aliovalent dopants trigger the formation of multiple and single twin boundaries in SnO2 
grains (Figure 3.2). Their effect on microstructure development is explained as well. 

Depending on the addition of Nb2O5, a remarkable effect on the degree of porosity was 
observed.
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Figure 3.2: FEG-SEM image of thermally etched cross-sections of SnO2-1 mol% CoO-1 
mol% Nb2O5 ceramics, sintered at 1430 °C for 5 h. (a) In this sample, multiple (cyclic) and 
single twin boundaries are present. (b) Misorientation angle between twin individuals A 
and B: measured misorientation angle across twin boundary of 67.8° ± 0.2° is 
the complementary angle of (101) twin boundary in cassiterite, which is 112.2°. 

  More on this topic is provided in the article entitled “Twinning and charge 
compensation in Nb2O5–doped SnO2–CoO ceramics exhibiting promising varistor 
characteristics”, written by S. Tominc, A. Rečnik, Z. Samardžija, G. Dražić, M. 
Podlogar, S. Bernik and N. Daneu [75]. For this article, I performed sample preparation, 
solid-state sintering, XRD sample preparation, heating microscope sample preparation, 
density measurements, polishing and thermal etching of the samples, EBSD sample 
preparation, SEM/TEM sample preparation, SEM/TEM observations, average grain size 
determination, varistor (I-U) measurements and processing and interpretation of the 
obtained data together with the listed co-authors. The article is presented on page 33, 
and its Supporting Information under Appendix A. 

This article is reproduced and reprinted with permission of the Ceramics International, 
Elsevier. 
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Chapter 4 

4 Charge Compensation and Electrical 
Characteristics of Ta2O5-Doped SnO2-
CoO Ceramics 

In Chapter 3, I have shown that sinterability of SnO2-based varistor ceramics is enhanced 
by a balanced addition of donor (Nb5+) and acceptor (Co2+) dopants (in 4:1 ratio), reaching 
pore-free ceramics with excellent electric properties for high voltage applications. In this 
Chapter, I studied a similar pentavalent donor dopant Ta2O5 in the SnO2-CoO ceramic 
system and its influence on the microstructure development and electrical characteristics.  
Furthermore, I proposed the most probable charge compensation mechanism for the SnO2-
CoO-Ta2O5 ceramic system. I identified several important distinctions from the Nb2O5 
system: 

I. Solid solubility

Considerably lower solid solubility of Ta2O5 in SnO2 and approximately two times higher 
acceptor: donor elemental ratio is measured in SnO2 grains, suggesting that Co2+ is the 
only divalent cation that compensates charge of Ta5+ on Sn–sites. Furthermore, if the 
amount of Co2+ is limited, a surplus of Ta5+ is accumulated at the grain boundaries, 
preventing densification and this in effect causes unwanted intergranular porosity.  

II. Lattice parameters and Co2SnO4 secondary phase

XRD data of the samples was quantified by Rietveld refinement to determine the change 
of lattice parameters and to trace the amount of Co2SnO4 secondary phase with increasing 
Ta2O5 addition. Reflections of the spinel-type secondary phase Co2SnO4 occurred in the 
samples with CoO only and those with the addition of ≤ 1 mol% Ta2O5. Its formation has 
important implications to microstructure development and indicates an excess of CoO that 
is not incorporated into the SnO2 structure.  

III. Electric and dielectric characteristics

Since grain conductivity and nonlinearity are low in the binary SnO2-CoO system, 
introduction of Ta2O5 into this system drastically affects the conductivity and grain size. 
With the lowest addition of Ta2O5 (0.05 mol%), the average grain size increases 3-times, 
similarly to the SnO2-CoO-Nb2O5 system. The nonlinear coefficient also increases, and the 
maximum dielectric constant is observed in this sample. With attention in the varistor 
ceramics community, we were able to obtain SnO2-based ceramics suitable for low voltage 
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applications. Based on the proposed charge compensation mechanism, we were able 
to propose significant improvements needed to increase densification and optimize 
related electrical properties of this system.  

  More on this topic is provided in the article entitled “Charge compensation and 
electrical characteristics of Ta2O5-doped SnO2-CoO ceramics”, written by S. Tominc, A. 
Rečnik, S. Bernik, M. Mazaj and N. Daneu [170]. For this article, I performed sample 
preparation, solid-state sintering, XRD sample preparation, heating microscope sample 
preparation, density measurements, polishing and thermal etching of the samples, SEM/
TEM sample preparation, SEM/TEM observations, TEM/EDS analyses, average grain 
size determination, varistor (I-U) measurements and processing and interpretation of the 
obtained data together with the listed co-authors. The article is presented on page 47, 
and its Supporting Information under Appendix B. 

This article is reproduced and reprinted with permission of the Journal of the European 
Ceramic Society, Elsevier. 
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Chapter 5 

5 Microstructure Development in 
(Co,Ta)-Doped SnO2-Based Ceramics 
with Promising Electric and Dielectric 
Properties   

In Chapter 4, I have shown that Co2+ compensates the surplus charge of Ta5+ on Sn-sites 
according to the following compensation mechanism: 

3 Sn(IV)Sn (IV)
× ⇌ Co(II)Sn(IV)

″ + 2 Ta(V)Sn(IV)
·

    In this Chapter, I studied the effects of higher additions of CoO (1-4 mol%) on 
densification and grain growth to find the optimal experimental conditions for improved 
varistor and dielectric properties of Ta2O5-doped SnO2 ceramics. I have made several 
improvements compared to the previous study [170]: 

I. Densification behavior and diffusion processes

In Ta-doped samples with lower CoO addition, the total dopant addition is too low to 
provide fast grain boundary diffusion and enhanced SnO2 grain growth, whereas with higher 
addition of CoO (4 mol%), this condition appears to be satisfied. The resulting Ta/Co ratio 
inside SnO2 grains is slightly below 2, indicating that the predominant mechanism of 
dopant incorporation into the SnO2 grains follows a different charge compensation 
mechanism, described in chapter 4. A similar Ta/Co ratio was also measured at the grain 
boundaries, indicating that excess Ta does not accumulate at the grain boundaries, and 
thus does not hinder the diffusion processes, which in turn leads to better densification and 
increased relative densities of the samples.  

II. Electric and dielectric characteristics

Balanced addition of acceptor and donor dopants strongly influences varistor and dielectric 
properties. In this chapter, dense SnO2-based ceramics with a high relative density (ρrel ~ 
97 %), high nonlinear coefficient (α = 40) and extremely low leakage current (IL = 1.2 μA) 
were obtained by the addition of 4 mol% CoO and 1 mol% Ta2O5. This sample showed 
promising properties for low-voltage varistors applications and indicated how important it 
is to add balanced addition of both dopants in order to improve varistor properties. For 
example, in the sample with the same addition of Ta2O5 and lower addition of CoO (1 
mol%), as demonstrated in Chapter 3, nonlinear coefficient reached only a value 7 with 
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similar grain size distribution, threshold voltage and extremely high porosity (~33 %). The 
best dielectric properties with high dielectric constant and low dielectric losses (ε = 6525; 
tan δ = 0.057 at 1kHz) were obtained for the sample with the largest SnO2 grains (with 
the addition of 4 mol% CoO and 0.10 mol% Ta2O5). 

    More on this topic is provided in the article entitled “'Microstructure development in 
(Co,Ta)-doped SnO2-based ceramics with promising varistor and dielectric properties”, 
written by S. Tominc, A. Rečnik, S. Bernik, M. Mazaj, M. Spreitzer and N. Daneu [173]. 
For this article, I performed sample preparation, solid-state sintering, XRD sample 
preparation, density measurements, polishing and thermal etching of the samples, SEM/
TEM sample preparation, SEM/TEM observations, TEM/EDS analyses, average grain 
size determination, varistor (I-U) measurements and processing and interpretation of the 
obtained data together with the listed co-authors. The article is presented on page 57. 

This article is reproduced and reprinted with permission of the Journal of the European 
Ceramic Society, Elsevier. 
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Chapter 6 

6 Conclusions 

In scientific literature, there is no study till now, where the mechanism of twinning in 
natural SnO2 (cassiterite) has been explained. Also, no similar research has been done to 
explain twinning in synthesized SnO2 formed with specific twin-forming dopants (such as 
Nb2O5, Ta2O5, ...). SnO2 has an excellent combination of interesting properties such as high 
melting point, transparency, semi-conductivity, high thermal conductivity and wide band- 
gap, which allow its use in many applications, however there is no research on how the 
presence of twin affects final physical properties of SnO2-based ceramics. Thus, in my 
doctoral dissertation, I aimed to show how the presence of twin boundaries can affect the 
electrical properties of SnO2 materials used in diverse technological applications. 

Through experimental work I was able to resolve the following: 

• Ionic charge compensation mechanism for the SnO2-CoO-Nb2O5 system is not
the same as for SnO2-CoO-Ta2O5 due to considerably lower solid solubility of
Ta2O5 in SnO2.

• Twin boundaries are not directly induced by the addition of donor dopant
(chemically induced). The dopants are merely segregated to them.

• TBs in SnO2 are formed in the nucleation stage and have a benign role in
ceramic microstructure evolution.

• A balanced addition of acceptor and donor dopants is required to improve SnO2

densification and to achieve optimum varistor properties.

SnO2 ceramics were prepared using solid-state synthesis and conventional (pressureless) 
sintering. The first step was to achieve optimal conditions for dense SnO2-based ceramics. 
The key processes to achieve this goal are sufficiently high sintering temperature, sintering 
time and a balanced addition of acceptor and donor dopants. In this part of my doctoral 
dissertation, I focused mainly on the study of point defects in SnO2-based ceramics. 
Essential results that enabled me to resolve the charge compensation mechanisms were 
obtained by TEM/EDS analysis, where I showed that the amount of Co dissolved in SnO2 
grains is about 4-times lower than the amount of incorporated Nb, which corresponds to 
the ratio of Co2+ and Nb5+ to produce an equal amount of vacancies on O and Sn sites in 
SnO2. In the case of Ta2O5 doping, the amount of dissolved Ta has been shown to be twice 
lower due to the lower solid solubility of Ta in SnO2. Based on equilibria of point defects 
and well-known point defect compensation in SnO2 ceramics, I proposed the most probable 
charge compensation mechanisms for both systems. 

The purpose of the doctoral dissertation was to clarify the local atomic structure of 
planar defects (twin boundaries) and to understand their mechanism of formation in SnO2. 
I was able to refute the fundamental hypothesis that the twinning in SnO2 is chemically 
induced by the addition of donor dopants, similar to IBs in ZnO. An important result of 
this study is the evidence of complex {101} twinning, using TEM and EBSD analysis. 
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While many of these twins were typical contact twins, the majority are multiple, mainly 
cyclic twins. Using atomic-scale HAADF-STEM, I showed that the donor dopants are 
segregated to the vicinity of the twin plane and are not strictly localized to it. Even though, 
at first glance, the effect of donor dopants in SnO2-based ceramics appears similar to the 
effect of IB-forming dopants in ZnO-based ceramics, I confirmed by additional analyses 
that the proportion of twinned grains in SnO2-based ceramics never exceeds 50% of the 
microstructure, and furthermore, no anisotropic grain growth is observed along the TBs, 
as this is otherwise typical of IBs in ZnO. All this proof suggests that TBs are formed by 
nucleation on a yet unknown precursor in the initial stages of grain growth and are likely 
the result of a yet unexplained sequence of topotaxial replacement reactions, similar to 
that in isostructural rutile (TiO2). The exact formation mechanism remains unclear and 
further studies at the atomic level with emphasis on nucleation of the precursor phase will 
be required. 

I also investigated the effect of twin boundaries on microstructure development and 
electrical properties of SnO2-based ceramics and concluded that the fraction of twinned 
grains depends on the amount of added donor dopant. With equimolar addition of acceptor 
(CoO) and donor (Nb2O5 or Ta2O5) dopant, the microstructure is tightly packed with SnO2 
grains, where multiple and cyclic twins are common. Finally, the studied SnO2 materials 
were optimized for their electrical and dielectric properties for use in varistor applications. 
I have shown that a small addition of donor dopant (Nb2O5 or Ta2O5) causes about 3 times 
larger average grain size and most grains here are single, untwinned crystallites. 
Accordingly, the increase in the average grain size led to a higher dielectric permittivity, 
while the electrical properties were still weak. The nonlinear behavior of varistor ceramics 
was further increased by additional donor doping (up to 1 mol%) until the optimal varistor 
properties and thus the highest nonlinear coefficients were achieved. Higher addition of 
donor additives (> 1 mol%) drastically reduced the grain size, increased the porosity and 
caused a collapse of nonlinearity. 

Through my doctoral work, I have shown how important it is to add acceptor and 
donor dopant not only in the appropriate ratio, but also in absolute amounts, to improve 
varistor properties. Through my analysis, I have shown that SnO2-based ceramics have 
excellent varistor properties comparable to commercial ZnO-based varistors, as well as 
good dielectric characteristics important for use in microelectronics applications. I 
confirmed that donor dopants enhance the formation of twin boundaries, but do not cause 
their formation. Thus, based on the current results, I can conclude that the formation of 
SnO2 twins is triggered by nucleation on an unknown precursor phase. By determining the 
exact mechanism of twinning, I could control the formation of TBs in SnO2 ceramics and 
consequently also the grain size and development of microstructures. 
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Appendix A Twinning and Charge Compensation 
in Nb2O5–Doped SnO2–CoO Ceramics 
Exhibiting Promising Varistor 
Characteristics 

Data presented in this chapter supplement the article introduced in Chapter 3. 

A.1 Article`s Supporting Information 

Solid state synthesis method 

For the synthesis, I used the solid-state method, commonly used for ceramic materials 
preparation. I weighed the calculated values of the starting input oxides (SnO2, CoO, and 
Nb2O5) at specific molar ratios (see Table A1 and Figure A1 a). The powder mixture was 
homogenized in an agate mortar with the addition of absolute ethanol and dried at room 
temperature (Figure A1 b). The homogenization process was repeated three times. The 
powder mixture (0.5 g) was then pressed into pellets at a pressure of 150 MPa. The pellets 
were 8 mm in diameter and 3 mm thick (Figure A1 c, d). The pellets were fired in a tube 
furnace (Fig. A1 e), according to the temperature regime shown in Fig. A2. The samples 
were heated to temperature 1430 °C with a heating rate 5 °C/min then isothermally 
sintered at this temperature for 5 hours and slowly cooled to room temperature with a 
cooling rate 5 °C/min.  
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Exhibiting Promising Varistor Characteristics 

Figure A1: Conventional sintering of ceramic materials. 

Table A1: Molar ratios of input oxides for the synthesis of SnO2-based ceramics 

SnO2 (mol%) CoO (mol%) Nb2O5 (mol%) 

100 0 0 
99.0 1.0 0 
98.9 1.0 0.1 
98.5 1.0 0.5 
98.25 1.0 0.75 
98.0 1.0 1.0 
97.0 1.0 2.0 
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Figure A2: Temperature sintering regime for sintering SnO2-based ceramics. 

Densification behavior 

To determine the maximum densification rate value of SnO2-1 mol% CoO and SnO2- 1 
mol% CoO- 1 mol% Nb2O5 compositions, we plotted the linear shrinkage rate d((L0 −
 L1)/L0  )/dT, which was calculated from the data presented in Figure 1 in the article, 
with respect to the sintering temperature. It is observed that the maximum densification 
rate for the sample doped with CoO only is at Tmax= 1315 °C, while additional doping with 
Nb shifts the curve to Tmax= 1430 °C. 
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Figure A3: Linear shrinkage rate as a function of temperature (T) for (a) SnO2-1 mol% 
CoO and (b) SnO2-1 mol% CoO- 1 mol% Nb2O5. 

Sample preparation for EBSD study 

For the EBSD study, the samples were sintered for 5 hours in an air atmosphere at 1430 
°C and cooled down slowly with 5 °C/min. The cross-sections of the samples were 
mechanically ground and polished down to 3 µm with a final polishing step using a colloidal 
silica of 0.05 µm grade to obtain smooth, fine sample surface. Samples were thermally 
etched at 1280 °C for 5 minutes to prevent the formation of an amorphous layer.  

EBSD study of SnO2 twins 

To obtain information about crystallographic orientation of SnO2 grains, 3231 Kikuchi 
patterns were recorded within the EBSD area analysis (Figure A3). Further analysis of 
local misorientations across the grain boundaries between neighboring grains confirmed the 
presence of elbow twins, where the angle between the [100] directions on the two twin 
individuals is 67.8° [107]. 
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Figure A4: EBSD area analysis about grain orientation in SnO2-1 mol% CoO-1 mol% Nb2O5 
ceramics. (a) EBSD map of the selected area. Yellow lines indicate TBs, where the grains 
are met in {101} twin orientation. (b) The inverse pole figure diagram revealed random 
spatial distribution of the crystallographic orientations of SnO2 grains.  

The following Table A2 and Figure A5 provide additional information about the dielectric 
properties of Nb2O5-doped SnO2–CoO samples, which are not included in the article.  

Characterization method and calculations of the dielectric permittivity and 
dielectric losses 

For DC current-voltage (I-U) characterization and dielectric measurements, silver paste 
electrodes were painted on both sides of the sintered pellets and fired at 600 °C for 15 min. 
Varistor properties of the samples were measured using high-voltage source meter (Keithley 
2410, Keithley Instruments Inc., Cleveland, USA). To determine the threshold voltage UT 
(V/mm) and the non-linear coefficient (α) we measured nominal varistors voltages UN (V) 
at current densities J1 = 1 mA/cm2 and J2 = 10 mA/cm2, leakage currents IL (µA) at 0.75 
UN (1 mA/cm2) and sample thickness d (mm). The threshold voltage was calculated by the 
equation [75]: 

𝑈𝑇 = 𝑈
 
𝑁

𝑑
(S1) 
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Sample 𝛆 tan δ 
SnO2 + 1% CoO 2675 0.085 
… + 0.1% Nb2O5 5131 0.040 

  …  + 0.5 % Nb2O5 2869 0.034 
  … + 0.75 % Nb2O5 2559 0.023 
   … + 1.0 % Nb2O5 888 0.061 
   … + 2.0 % Nb2O5 1092 0.289 

 and coefficient of nonlinearity by the equation: 

𝛼 = 𝑑 𝑙𝑜𝑔𝐽
𝑑 log 𝑈 (S2) 

Dielectric measurements were performed using an inductance/capacitance/resistance 
(LCR) meter (Model 4284A; Hewlett–Packard, USA) at frequencies from 20 Hz to 1 MHz 
at room temperature. Dielectric permittivity (𝜀) was calculated by the equation: 

𝜀 = 𝐶 𝑑
𝐴 𝜀0

(S3) 

where C is the capacitance, d is the thickness of the sample, A is the surface of the sample 
and 𝜀0  = 8.854∙10-12 F/m is the vacuum permittivity. The dielectric loss is described as tan 
δ, where δ represents the phase angle between the signal of the sample and the signal, 
expected for an ideal lossless capacitor. 

To examine the relation between the grain size and the electrical characteristics of 
ceramics, we measured the impedance at room temperature and at a fixed frequency of 1 
kHz for the samples with different Nb2O5 additions. The obtained results reflect in a 2-fold 
increase of the dielectric permittivity (𝜀) from 2675 for the SnO2–CoO sample to 5131 with 
the lowest addition of Nb2O5 (x=0.1). On the other hand, dielectric loss reduced from 0.085 
(SnO2-CoO sample) to 0.040 at a frequency of 1 kHz. With further additions of Nb2O5 (x 
> 0.1), dielectric permittivity decreases, while a fine-grained ceramic (x = 2.0) shows a
higher dielectric loss (see Table A1) [174].

Figure A5: (a) Dielectric permittivity versus frequency with a different content of the 
Nb2O5 dopant. (b) Dielectric loss vs. frequency for SnO2–1 mol% CoO–x mol% Nb2O5 
samples. 

Table A2: Dielectric permittivity ε at a fixed frequency 1 kHz with dielectric losses tan δ 
of the Nb2O5-doped SnO2–CoO samples. 
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Appendix B Charge Compensation and Electrical 
Characteristics of Ta2O5-Doped SnO2-
CoO Ceramics 

Data presented in this Chapter supplement the article introduced in Chapter 3. 

B.1 Article`s Supporting Information 

To improve the densification of the samples and to avoid sintering at high temperatures, I 
prepared the sample with the most porous composition SnO2 - 1 mol% CoO - 1 mol% Ta2O5 
by spark plasma sintering (SPS). For the SPS experiment, 0.75 g of powder was placed in 
a cylindrical graphite mold with an inner diameter of 10 mm and spark-plasma processed 
(Dr. Sinter, Fuji Electronic Industrial Co. Ltd) under vacuum (∼20 Pa) and with 80 MPa 
of uniaxial applied pressure. The temperature, measured using a K-type thermocouple 
inserted into the graphite die close to the sample, was 900 °C with a heating rate 
approximately 100 °C/min and the time spent at the desired temperature (holding time) 
was 5 min. For SEM observations, the samples were thermally etched at 1280 °C for 15 
minutes. 

With SPS I can reach a significantly better densification (~ 90 %) compared to 
conventional sintering (CS), where the achieved relative density is about 66 %. The reason 
for better densification of SnO2 ceramics with SPS is a fast heating rate (~ 100 °C/min), 
which provides a fast start of densification (GB diffusion) together with non-densification 
processes (surface diffusion and evaporation-condensation at the GB). However, even if 
fast densification for SnO2-based ceramics is achieved by SPS, ceramics microstructure is 
not uniform due to the decomposition and partial evaporation of SnO2 leading to structural 
and compositional inhomogeneities [6], as seen in Figure B2. Due to the high heating rate, 
low sintering temperature and short annealing time, a metastable compound Sn2Ta2O7 is 
formed as the secondary phase by the SPS processing [118], while with CS, no secondary 
phases are observed. In addition, as a result of SPS processing, carbon is detected in my 
ceramic samples due to the use of graphite cell. 
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Figure B1: Sintering behavior of (Co,Ta)-doped SnO2: temperature (see the blue curve) 
and displacement (see the red curve) as a function of sintering time. 

Figure B2: SEM images of thermally etched cross-sections of the SnO2-1 mol% CoO-1 
mol% Ta2O5 composition after SPS sintering at 900 °C/5 min: (a) Highly dense ceramics 
is obtained by SPS, however the uniformity of ceramics is structural inhomogeneous 
(marked by red lines). (b) Unlike CS, a metastable compound Sn2Ta2O7 is produced by 
the SPS. 

Appendix B. Charge Compensation and Electrical Characteristics of Ta2O5-Doped SnO2-
CoO Ceramics
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