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Abstract

The electrical properties of (Ta, Li)-doped SnO, ceramics as a new varistor material were investigated. The sample 98.90%
Sn0,-1.0% Li0-0.10% Ta,Os (mol fraction) sintered at 1500 °C possesses the highest density (p=6.63 g/cm?®) and nonlinear
electrical coefficient («=10.8). Effect of dopants and sintering temperature on the properties of the samples were investigated. The
substitution of Sn** with Li™ and the variation of sintering temperature play very important effects on the densities, dielectric
constant, nonlinear electrical properties and other characteristics of the samples. The samples sintered at 1500 °C exhibit better
physical and electrical properties than the samples sintered at 1400 °C. The properties of the grain-boundary defect barriers and the
microstructural characteristics were investigated to ensure the effect of the dopants and the sintering temperature. A grain-bound-
ary defect barrier model was used to illustrate the grain boundary barrier formation in SnO,-Li,0-Ta,Os5 varistors. PACS numbers:
74.40.Lq; 72.20.Ht © 2002 Elsevier Science Ltd and Techna S.r.1. All rights reserved.
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1. Introduction

Varistors are electric devices whose primary function
is to sense and limit transient voltage surges and to do
so repeatedly without being destroyed. The most
important property of a varistor is its nonlinear current-
voltage characteristic, which can be expressed by the
equation /= KV*, where « is the nonlinear coefficient, a
vital parameter used to scale the nonlinearity. The
greater the value of «, the better the device.

Commercial varistors used in protection systems are
based on SiC or on ZnO. Varistors based on ZnO,
which exhibit good nonlinearity electrical properties,
have been most extensively studied [1-3]. Varistors
based on other ceramic systems are also under investi-
gation, because of the need for even better properties.

Tin dioxide (SnO,) is an n-type semiconductor with
the rutile structure. It is characterized by low densifica-
tion during sintering, an advantage for gas sensors [4].
Dense SnO,-based ceramics can be achieved by
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introducing dopants or by hot isostatic pressure pro-
cessing [5]. Pianaro reported that dopants with valence
+ 2 could substitute for tin ions and create defects in the
crystalline lattice, which will promote densification of
SnO, ceramics [6]. The processing of SnO, based mate-
rial with high-density enables its use in other types of
electronic devices such as varistors, as reported by Pia-
naro et al. [6].

The alkali metal ion (Li*) with valence + 1 and ionic
radius similar to that of Sn** can substitute the tin ions
whose ionic radius is analogous to cobalt oxide. The
objective of this work is to study the effect of Li,O and
the sintering temperature on Ta-doped SnO, varistor
ceramics.

2. Experimental procedure

The raw chemicals in the present study were analytical
grade SnO, (99.5%), Li,COz (99.9%) and TayOs
(99.95%). The following compositions have been investi-
gated: (100-0.10-X)%Sn0O, + X%Li,CO3+ 0.10% Ta,Os,
where X=0.25, 0.5, 1.0, 2.0. The chemicals were
weighed and wet-milled in a polyethylene bottle with
ZrO, balls for 14 h in deionized water and some
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alcohol. The granulated powder was pressed into disks
15 mm in diameter and 1.5 mm in thickness at 160 Mpa,
which were sintered at 1400 and 1500 °C for 1 h, then
cooled to 800 °C at a constant rate of 5 °C/min. The
green compacts were put into an Al,Os crucible and fully
surrounded with a powder of matching composition.

Apparent densities of the sintered samples were
determined by Archimedes methods. For micro-
structural characterization, the samples were polished,
thermally etched and analyzed in a scanning electron
microscope (SEM) and the ceramic phases by X-ray
diffraction (XRD). The mean grain sizes were deter-
mined by the intercept method. For electrical properties
measurement, silver electrodes were made on both sur-
faces of the sintered pellets. The permittivities of the
samples were investigated by using HP4192A LF Impe-
dance Analyzer at 1 kHz. For electrical characterization
of current density versus applied electrical field, a semi-
conductor I-V graph (QT2) was used.

3. Results

Fig. 1 shows the X-ray diffraction pattern of the
composition doped with 1.0 mol% Li,COj3. There are
no apparent second intergranular phases as in ZnO
based varistors, but only the matrix of the SnO, rutile
phase. The SEM micrographs show that the samples
doped with 1.0 mol% Li,0 exhibit the largest grain size.

The nonlinear coefficient & was obtained by [7,8]

o log(1/1))
log(V2/V1)

where V' and ¥V, are, respectively, the voltage at current
I | and I,. Fig. 1 shows I-V characteristics of the sam-
ples doped with different amounts of Li,O sintered at
1400 and 1500 °C separately. It is found that the sample
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Fig. 1. X-ray diffraction patterns of the composition doped with 1.0
mol% Li,COj sintered at 1500 °C .

doped with 1.0 mol% Li,O exhibits the highest non-
linear coefficient and the lowest reference electrical field.
However, Fig. 1 shows that samples sintered at 1500 °C
possess a higher nonlinear coefficient and a lower refer-
ence electrical field than samples sintered at 1400 °C.
The reference voltage is proportional to the thickness of
the pellet, which suggests that the non-ohmic behavior
is a bulk property of SnO, ceramics, and not a property
of the ceramic—electrode interface [9]. It is worthwhile to
be figured out that the electrical properties of the sam-
ples remain almost unchanged during a long period or
even after the annealing process.

Wang [10] developed a grain-boundary defect model
for SnO,-based varistors analogous to the band com-
prising the Schottky barriers. According to this model,
the electric conduction in the ohmic region was asso-
ciated with the thermion emission of the Schottky type.
For this type of mechanism the current density is related
to the electric field and temperature by the equation
[10,11]:

Js = A*T2expl(BE '/* — ¢p)/KT] (@)

where A* is the Richardson’s constant, ¢p is the inter-
face voltage barrier height, F is the electric field and 8 is
a constant related to the potential barrier width by the
relationship:

Boc1/(rw) 3)

where r is the number of grains per unit length and w is
the voltage barrier width.

Considering the Schottky type conduction model,
plots of InJ against E'? for the SnO, based varistor
with various LiO, dopants sintered at 1400 and 1500 °C,
as Fig. 2, can be built up at the low current density to
determine the values for ¢y and B. The barrier height
(¢B) can be obtained from the intersection of the extra-
polated lines of the plot with the voltage axis, and the
relative magnitude of constant 8, which is inverse to w,
can be derived from the slopes of the plots. Values of ¢p
and w are shown in Table 1. From Fig. 1, Table 1 and
Table 2, we find that the highest and narrowest grain
boundary voltage barrier occurs for the composition doped
with 1.0 mol% Li>O, which is consistent with its best non-
linear electrical properties. Table 1 also shows the variation
of densities, electrical permittivities and shrinkage rates of
samples sintered at 1400 and 1500 °C separately.

4. Discussion
4.1. Effect of dopants
Because there are no apparent secondary phases pre-

cipitated at the grain boundaries, defect formation by
Li,O and Ta,Os in the SnO, matrix should be responsible
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for the origin of the potential barriers at grain bound-
aries, which can also be used to explain the excellent
stability of the samples. Thus, similar to the (Nb, Co)
doped SnO, based varistor, the following equilibrium
reaction may be written [11, 12]:

1
SnO; — Sngn + Vi + O:; + 502 4)

The addition of Ta,Os in small amounts to the SnO,
ceramics causes the concentration of ¢’ and V,”””, which
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Fig. 2. 1-V characteristics of samples with different Li,CO;3 dopants
sintered at 1400 °C (a) and 1500 °C (b).

increase the electronic conductivity in the SnO, lattice
and lead the semiconductivity of the grains according
to:

1

Ta,05 — 2Tag, +2¢ + 40} + 50, (5)
Sn0O, "

2Ta,Os — 4Tag + Vg, + 50, (6)

Without the acceptor dopants, SnO, based ceramics
exhibit no electrical nonlinearity because of the very low
density. So unlike the TiO, based varistors, it is neces-
sary for the acceptor dopants with the ionic radius
similar to the SnO, lattice to increase the density of the
samples. SnO, crystallizes in a tetragonal structure
similar to rutile; there are interstitial sites that could
accommodate foreign ions. Otherwise the ionic radius
of Li* (r=0.068 nm) is similar to the ionic radius of
Sn** (r=0.071 nm). These facts would facilitate the
formation of oxygen vacancies and the formation of
solid solution by substitutions or by interstitials [11],
leading to the high densification of SnO»-Li,O-Ta,Os
system:

2Li,0 2% JLi +3Vy + 0, 0

The oxygen vacancies can combine with tin vacancies
according to the reaction:

2V; + /S/;; — 2V + /S/n ®)

Moreover, the increase of the concentration of oxygen
vacancies induced by the substitution of Sn** with Li*
will also play an important effect on the decrease of the
grain resistivity because of an increased probability of
electron hopping. Besides the substitution of Sn** with
Li*, Li* also tends to segregate to grain boundary
areas, especially during cooling. The segregation of Li*
and the diffusion of oxygen vacancies would increase
the acceptor concentration (density of surface states, Ny)
and then give high values of ¢ and w through [13]:

Ny = 20Ny )

Table 1

Some characteristics of the samples with different amounts of Li,CO; dopants sintered at 1400 °C

LiCO; o d, Relative density Vg o8 Bx103 & Shrinkage
(mol%) (g/cm?) (%) (V/mm) (V=12 cm!?) (at 1 kHz) rate

0.25 4.8 5.98 86.0 220.00 0.56 3.89 423.59 0.03

0.50 7.3 6.22 89.5 208.00 0.66 7.14 696.74 0.05

1.0 8.9 6.52 93.8 145.50 0.73 11.03 1082.57 0.10

2.0 7.6 6.85 98.6 156.50 0.71 8.05 210.72 0.13

Theoretical density of SnO», d;=6.95 g/cm?.
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o8 = ¢°Ny/26,Ny (10)

o = Qesp/q" Na)'"? (11)

where Ny is donor density, ¢ is electric charge and & is
the dielectric constant of the material.

It is shown by the former reactions that excess oxygen
will be produced during the sintering process, which will
provide the oxygen air for the sintering process as the
result. The oxygen could also be responsible for
Schottky barrier formation if we consider that oxygen
can be adsorbed at the interfaces and react with negative
defects according to [12]:

%oz — 0% (12)
205, + Vg, — 207 + Vi, (13)
20%; +Sn¥; — 20 + Sng, (14)
Vi +407 — 40% + Vi, (15)
207 +Sng, — 20> +Sn}, (16)

The adsorbed oxygen at the grain boundary captures
electrons from acceptor defects negatively charged at the
grain boundary and stays at the interface, which facilitates
the formation of Schottky barriers. Besides taking part in
the formation of boundary barriers, the dopants of Sb**
and Co?™ also create the sites to promote the adsorption
of electrophylic species, O~ and O?~, which further pro-
mote the nonlinearity of SnO, varistors accordingly.

Because the substitution of Sn** with Li* decreases
the resistivity of grains, it will be beneficial for grain
growth. Thus grain size increases with the amount of
Li*, as shown by SEM.

However, the substitution of Sn**™ with Li"™ and the
segregation of Li™ at the grain boundaries both exceed
the maximum (1.0 mol%). If the dopant of Li* exceeds
this limit, the extra Li™ will concentrate in the interior
of grains, which will block the formation and transpor-
tion of e~ and other defects. Thus, it will hinder the
substitution and segregation of Li*, which will impair
the densification and the formation of the grain bound-

ary barriers. The grain size also decreases accordingly.
So the samples doped with 1.0 mol% Li,O exhibit the
highest densities, the best nonlinear electrical properties
and the largest grain size.

According to the boundary barrier model, the refer-
ence voltage barrier, Vg, for a varistor is determined by
the mean number of barriers 7 in series multiplied by vy,
that is [14]:

Vi =1y, (17)

where vy, is the voltage barrier at the grain boundary; 7
is in inverse proportion to the grain sizes. The sample
doped with 1.0 mol% Li,O, with the largest grain size,
exhibits the lowest reference electrical field.

Table 1 shows that all samples have very high per-
mittivity, which cannot be accounted for by either SnO,
(¢=9.65) or the intergranular materials. The high per-
mittivity of the ceramic comes, as Matsuoka pointed
out, from the fact that the resistivity of SnO, grains is
much lower than that of the grain boundary layers, so
the entire voltage is sustained across narrow inter-
granular regions and the polarization is large. The
dielectric constant of the ceramic is then [15]:

SZEBd/tB (18)

where ep is the internal permittivity of the barrier
material, d is the size of the cube grains and tg is the
mean thickness of the insulation barrier. It is shown
from Eq. (18) that the dielectric capacitance is propor-
tional to d/tg, which can be used to explain the permit-
tivity of the samples doped with 1.0 mol%Li,O which
exhibit the largest sizes of grains and the narrowest
grain boundary barriers show the highest permittivity.
However, it is shown from Table 2 that the sample
97.90% Sn0,-2.0% Li,0-0.10% Ta,Os sintered at
1500 °C exhibits an abnormally higher permittivity than
the sample doped with 1.0 mol% Li,O. The reason
needs to further investigated.

4.2. Effect of sintering temperature

It is believed that the increase of the sintering tem-
perature facilitates the transport of e~ and other defects,

Table 2

Some characteristics of the samples with different amounts of Li,CO; dopants sintered at 1500 °C

LiCO; a d, Relative density Vs oB Bx103 & Shrinkage
(mol%) (g/cm?) (%) (V/mm) (V=12 cm!?) (at 1 kHz) rate

0.25 8.0 6.12 88.1 150.00 0.64 5.07 575.35 0.04

0.50 9.8 6.38 91.8 182.00 0.72 9.20 661.11 0.07

1.0 10.8 6.63 95.4 73.50 0.77 12.81 1239.79 0.13

2.0 8.1 6.86 98.7 101.50 0.73 7.51 1625.17 0.15

Theoretical density of SnO,, d,=6.95 g/cm?.
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Fig. 3. Characteristic plots of InJxE"? for samples with different
Li,COj3 dopants sintered at 1400 °C (a) and 1500 °C (b).

which is beneficial for the sintering process. Thus, with
the increase of the sintering temperature, the densities,
shrinkage rate and grain size increase accordingly. The
increase of sintering temperature also facilitates the
formation of grain boundary barriers, which make the
samples sintered at 1500 °C exhibit the better nonlinear
electrical properties, as shown in Table 2. The samples
sintered at 1500 °C possessing the larger grain size and
narrower grain boundary barriers exhibit the lower
reference electrical field and higher permittivity than the
samples sintered at 1400 °C, as shown in Table 1.
Because Li,O dopant exhibits a relative low melting
point, it tends to evaporate at the high sintering tem-
perature. The more the Li,O dopant and the higher the
sintering temperature, the more the amount of the eva-
poration. Thus the density of 97.90% Sn0O,-2.0%
Li,0-0.10% Ta,Os sample sintered at 1500 °C remains
almost unchanged relative to the sample sintered at
1400 °C.

In contrast with Na™ (r=0.093 nm), Li* possesses
similar ionic size to that of Sn*", which, together with

4- 2- . 3- .
Sn Sn L]Sn SbSn
Sn,, O O e

V(; Vg Ta'Sn

Fig. 4. The grain-boundary defect barrier model for SnO,-Li,O-Ta,05
varistors.

the relative low melting point of Li,O, will facilitate the
substitution of Sn** more effectively. Thus, Li* doped
samples exhibit the higher densities, better nonlinear
properties and lower best-sintering temperature than the
samples doped with Na*.

4.3. Barriers model

Gupla and Carlson developed a grain boundary
defect model for ZnO varistors analogous to the band
model comprising the Schottky barrier [16]. In order to
illustrate the grain boundary barrier formation in
Sn0,-Li,O-Ta,Os varistors, an analogy to this model
can be considered. In Figs. 3 and 4, the positively
charged donors (V3*, V{, Ta,, Sn*) extending from
both sides of a grain boundary are compensated by the
negatively charged acceptors (V&, V3., Lid-, SnZ,, 0>~
O, e7) at the grain boundary interfaces, which form the
depletion layers. Since a new phase precipitation in the
grain boundary is not detected, the two barrier tops touch
each other. One of the distinct characteristics of
depletion layers is the asymmetric distribution of the
internal ions as the out-of-order layers, which leads to the
formation of voltage barriers for the electric transport.
This transport occurs by tunneling and is responsible for
the nonlinear ohmic characteristics [17].

5. Conclusions
The main conclusions are as follows:

1. The substitution and the segregation of Li*
facilitate the sintering process and formation of
grain boundary barriers. The samples doped with
1.0 mol% Li,O exhibits the highest densities, the
best nonlinear electrical properties and the highest
permittivities.

2. Samples sintered at 1500 °C exhibit the better
physical and electrical properties than samples
sintered at 1400 °C.
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3. In order to illustrate the grain boundary barriers
formation in SnO,-Li,0-Ta,05 varistors, a grain-
boundary defect barrier model was developed.
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