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bstract

he theoretical applicability of the Schottky thermionic emission model to electronic transport at tin dioxide grain boundaries is addressed. Firstly,
he theoretical behaviour of the barrier height φ(v) versus applied voltage V is determined for a single grain boundary. Next we predict the current
ensity–voltage characteristics as a function of temperature, demonstrating good correlation between experimental and theoretical results. The
odel carried out has the advantage that it contains no adjustable parameters. Agreement with experimental results from optimised polycrystalline

eramics gives strong evidence for the double-depletion-layer/thermionic-emission model. Moreover, this study emphasises the importance of the
irect large-bandgap of doped SnO in surge-arrester applications, and gives credibility to the analogy between the apparent behaviour of doped
2

nO2 and doped ZnO varistors. Doped polycrystalline tin oxide ceramic is the first material to compete with doped ZnO in the medium and high
oltage applications for surge arresters.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Varistors are nowadays currently used as voltage spike sup-
ressors in electronic, electro-technical and tactical devices. The
ord varistor comes from a portmanteau of the words vari-

ble and resistor. It is a passive component that displays a
on-ohmic, current–voltage behaviour, which may be used as
lamping device to limit a voltage to defined level.1 Commer-
ial varistors are based on both SiC and ZnO, in spite of the
act that ZnO exhibits substantially and indisputably higher per-
ormances. Recently in 19952 SnO2-based ceramics have found
ew applications as varistors, although studies on the electri-

al properties of such non-linear semiconductor devices were
lready underway in Russia in the early 1970s.3 More than
00 scientific papers, all devoted to doped SnO2 varistors, have
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een since published. (SciFinder bibliography analysis over the
eriod 1995–2009.)

In ZnO varistors, the so-called varistor effect is controlled
lectrically by grain boundaries that are tuned by composition,
icrostructure and sintered material processing. The model of
reuter et al.4–7 offers a good description of the highly non-

inear properties of the electrically active grain boundaries of
orrectly doped and manufactured ZnO ceramics. The essen-
ial principle underlying varistor action relies on an analogy
etween the electronic behaviour of a ceramic grain boundary
nd a metal–semiconductor junction.

The metal–semiconductor (M-SC) junction is the simplest
nipolar device at the base of a great number of more complex
tructures. In this type of device, only one type of particle (elec-
ron or hole) assumes the role of charge carrier and determines
he operating conditions of the device. Generally, application
f a potential difference across M-SC junction produces a
on-symmetrical I–V characteristic, which is useful in semi-

onductor electronics applications such as Schottky diodes. In
ctual fact, however Schottky barriers appear at most semicon-
uctor interfaces: solid–air interface or grain boundaries. The
chottky barrier corresponds to the energy barrier to which a

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.029
mailto:renaud.metz@univ-montp2.fr
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Fig. 1. Electric field according to the current density for doped dioxide varistors
s ◦ −1

p

h
e
p
t
t
v
e
T
o
1
a
s
o

α

w
c

3

3
a

t
a
[
0
T
l
v
(

444 R. Metz et al. / Journal of the Europe

ree electron moving towards the semiconductor is confronted.
he origin of theses electrostatic barriers at the interfaces stems

rom lattice mismatches, defect concentration and dopant segre-
ation at the grain surface and/or grain boundary. In the case of
rain boundaries, the electrical behaviour is symmetrical and can
e described as two Schottky barriers connected back-to-back.

However in the specific case of both ZnO and SnO2, an unex-
ectedly high level of non-linearity and a high-energy handling
apability are observed. The last property is due to the ceramic
olycrystalline microstructure, although the physical origin is
et not very well understood.1,8,9 Concerning the non-linearity
erformance, values of α  up to 100 have been reported.1,10

The first high voltage investigations have been released
ecently.11,12 These first studies produced encouraging results,
ut need to be improved to compete with ZnO polycrystalline
aterial. The purpose of this study is to report both on one of

he best formulations obtained so far and to give, for the first
ime, a comprehensive thermionic emission model applied to an
lectrically active grain boundary in doped SnO2.

. Experimental

The oxides used in this study were SnO2 (Alfa Aesar,
9.9%), Co3O4 (Alfa Aesar, 99.7%), Nb2O5 (Aldrich, 99.9%),
r2O3 (Alpha Aesar, 99%), B2O3 (Alfa Aesar, 99.98%), Ta2O5

Aldrich, 99.99%), Tl2O3 (Fluka, 99%) and Al2O3 (Aldrich,
8%).

The oxides were mixed in appropriate proportions and ball-
illed in agate bottles for 1 h.
The oxide powders were then mixed with a polyvinyl alcohol

inder granulated and pressed into pellet shapes. The powders
ere uniaxially constrained at a pressure of 7 ×  109 Pa during

ew seconds. Pellets with a diameter of about 10 mm and a thick-
ess of about 2 mm were then sintered in ambient air atmosphere
t 1623 K for 2 h. They were heated at a rate of 120 K h−1 to the
intering and room temperatures. Densities were determined by
eometrical measurement of the volume and by weighing the
ellets using an analytical balance. The relative density of the
pecimens was calculated starting from the following formula:

elative density (%) =  100
ρ

ρth
(1)

ith ρ  = apparent density of the pellet (g cm−3),
th = 6.95 g cm−3; theoretical density of SnO2 calculated
rom a tetragonal SnO2 structure with cell parameters:

 = 0.4738 nm and c  = 3.185 nm.13

Microstructure characterisation of sintered samples was
ade by scanning electron microscopy (Hitachi S 800 and XL30
SEM Philips coupled with energy dispersive spectroscopy

EDS – EDAX)). X-ray patterns on ground sintered ceram-
cs were recorded on a Bruker D8 Advance diffractometer
CuK�1,�2) equipped with a Vantec detector and a spinner.

The average size of the grains was measured by Mendelson’s
14
ethod as per the recommended formula: G  = 1.56 L, with L:

he average length between grains.
For the electrical measurements, silver contacts were

eposited on the sample surfaces, after which the pellets were

v

t
a

intered at 1350 C during 2 h after a cooling of 120 K h . For comparison
urpose the electrical behaviour of a doped-ZnO commercial ceramic is reported.

eat-treated at 873 K for several minutes. To determine the
lectrical properties as a function of temperature a special sam-
le holder was built and attached to an electrical source and
wo digital multimeters for current higher than 1 mA cm−2,
he current–voltage measurements were taken using a high
oltage-measuring unit using a current generator which deliv-
rs a 8/20 �s impulse current with a peak short-circuit of 6 kA.
he non-linear coefficient was obtained by linear regression
f the experimental points using a logarithmic scale around

 mA cm−2 and the breakdown electrical field was calculated
t this current density. The non-linear coefficient α, for all the
amples studied, was estimated between two desired magnitudes
f current and corresponding voltage by

 =  log10

(
E1mAcm−2

E0.1mAcm−2

)
(2)

here E0.1mAcm−2 and E1mAcm−2 stand for the voltage fields at
urrent densities 0.1 mA cm−2 and 1 mA cm−2, respectively.

. Results  and  discussion

.1.  Electronic  parameters  describing  the  potential  barrier
t the  grain  boundary

After many empirical tests on ceramic formulations
hat foster on both large non-linearity coefficient and
bsorption capability we found that the composition
97.7145%wt SnO2 + 0.5355%wt Co3O4 + 0.5%wt Nb2O5 +
.25%wt Cr2O3 + 0.1%wt B2O3 + 0.25%wt Ta2O5 + 1%wt
l(NO3)3, 3H2O + 0.05%wt Al(NO3)3, 9H2O] exhibits the

argest range of operation. As depicted in Fig. 1, current density
ersus applied field E, there is an enormous variation in current
a factor of 1012: 10−9 to 103 A cm−2) while the applied field
aries only about a factor of 3 (150–400 V mm−1).
By conducting the electric tests and knowing the microstruc-
ure, we can estimate a potential barrier per grain. In fact, if we
ccept that ceramics are homogeneous with grains of the same
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both cases, the periphery of each grain in contact with the grain
ig. 2. SEM micrographs of typical microstructure of doped-SnO2 ceramics
intered at 1623 K for 2 h.

ize (G  = 12 × 10−3 mm – Fig. 2) the voltage of a single grain
oundary (Vgb) is given as

gb∼12 ×  10−3 E1mAcm−2 (3)

Table 1 shows the breakdown voltage per grain boundary
Vgb) measured on bulk sample. This value, ∼3 V, is expected
o be lower than the true breakdown voltage per grain. This fol-
ows since the current always seeks the easiest path. Hence the
umber of grains for the current path is actually lower than the
verage number of grains between the electrodes. Microscopic
ata on current–voltage characteristics of a single grain bound-
ry has been recently reported as 5.2–5.5 V at current 50 �A.15

ur data therefore appear to be in agreement with the result of
his previous study.

Despite an unsatisfactory model to describe electrical con-
uction in SnO2 varistors,16 purely thermionic conduction
ode, i.e. electron emission from the localised grain-boundary

tates to the conduction band, the values of voltage barrier height
nd donor concentration are reasonable. From the extrapolation
t E  = 0 of Ln J  = f(E1/2) we estimate the height of the potential
arrier at the grain boundaries. The experimental measures were
arried out in the pA range (10−12 A). The value of the potential
arrier height (Φ0) was estimated as follows:

n (j) − (βE1/2 −  φ0)

kT
+ ln (AT 2) (4)
n(jE=0) =  ln(AT 2) − φ0

kT
⇔ φ0 =  kT  [ln(AT 2) −  ln(jE=0)]

(5)

b
t
e

ramic Society 32 (2012) 2443–2450 2445

here A denotes the effective Richardson’s constant. The
ffective Richardson’s constant is a materials constant
efined as A  =  4πm  ∗ k2e/h3 = 1.2 ×  106 A m−2 K−2 (m*:
he effective electron mass), T  is the temperature in
elvin, e indicates the electron charge, k: Boltzmann’s

onstant = 1.38 ×  10−23 J K−1 = 8.6 ×  10−5 eV K−1, h: Planck’s
onstant = 6.63 ×  10−34 J s = 4.13 ×  10−15 eV s, Φ0 indicates
he potential barrier height (which does not depend on the volt-
ge when the current is weak (Φ(v) = Φ(v=0) = Φ0) and decreases
apidly and significantly in the vicinity of the threshold voltage).

By determining the slope of the Ln [J] = f(E1/2) curve, we can
lso calculate the average width of a potential barrier at zero bias:
ω0, according to the following formula17:

 =
√

e3

(4πε0εrnω0)
⇔  ω0 = e3

(4πnDε0εrβ2)
(6)

 stands respectively for the number of grains per unit length.
0 and εr are the permittivity of the vacuum and SnO2 in the
epletion region, respectively. A boundary might be represented
s a sheet of trapped charge area density nt, the barrier height
0 is given as

0 = e2n2
t

8εoεrnD
(7)

nd1

ω0 = ent

nD
(8)

here nD is the carrier concentration in the grains. The former
quations indicate that both barrier height as well as width should
ncrease with decreasing grain conductivity.

Table 2 outlines the details of the electronic parameters
escribing the potential barrier of the specimen. Φ0 (1.04 eV)
oes not show appreciable difference within the range 0.9–1 eV
eported previously for tin oxide.11 The values are of the same
rder of magnitude compared with those described when calcu-
ating the barrier of industrial ZnO-based varistors. The barrier
eight (Φ0) is in fact about 0.7–0.8 eV for the most com-
ercial varistors,1,5,18 nD ∼  1023 m−3, nt ∼  1016–1017 m−2 and

� ∼  100 nm.

.2. Band  conduction  theory  of  SnO2/SnO2 junction

Fig. 3 depicts a SnO2/SnO2 junction as a double Schottky
arrier appearing symmetric to a grain boundary of negligible
hickness δ. The bottom of the conduction band is related to
he SnIV cations ([Kr] 4d10) and probably empty 5s0 orbitals.
he top of the valence band is associated with the p  levels of

he O2− anion ([He] 2s22p2). Fig. 3 superimposes, in fact, two
iagrams of bands. The first concerns the junction with thermo-
ynamic balance (V  = 0), the second with the situation when the
unction is subjected to a potential difference (Vgap < V  < 0). In
oundary is deserted by the mobile charge carriers, i.e. the elec-
rons of the conduction band. The electrons are trapped in the
mpty surface states at the grain boundaries. This displacement
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Table 1
Densification before and after sintering (doped SnO2 varistors with large range of operation sintered at 1623 K, during 2 h at a rate of 120 K h−1 up and down) and
electrical parameters associated (non linear coefficient (α), threshold field (E1mAcm−2 ), leakage current density (Jf) and voltage per barrier (Vb), R1 and R2 stand,
respectively, for the ratio U1kA/U1mA and U500A/U1mA).

Relative density
before sintering
(%) ±1

Relative density
after sintering (%)
±0.02

Grain size
repartition after
sintering (mm) ±2

α ±12 E1mAcm−2

(V mm−1) ±7
Jf (A cm−2)
±0.06 × 10−9

Vb (V) ±0.5 R1 ±0.01 R2 ±0.01

64 98.8 10.4 ± 5 38 23

Fig. 3. Energy band diagram for a double Schottky barrier formed at the inter-
faces of the system: SnO2 grain – grain boundary – SnO2 grain without and
with a potential difference perpendicular to the boundary. At equilibrium or null
tension, the Fermi level in the grains and the grain boundary are equal. Under the
effect of a potential difference V, bands are deformed. The Fermi level in the left
grain is increased and lowered in the grain of right-hand side. The surface bands
are schematised by rectangles. SnO2 is regarded as a degenerated semiconduc-
tor, i.e. the Fermi level is at least 3 kT below the conduction band. (ξ indicates the
difference in energy level between the Fermi level and the level corresponding
to the bottom of the conduction band). Index “0” and the writing in italic refer
to the diagram for a null tension, the thickness of the grain boundary δ « ω0 and
2ω0 = ω1 + ω2. Surface states corresponding to each grain are schematised by a
r
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assumed that the native shallow donors are secondary compared

T
E
c

V

D
D

ectangle and the Fermi level associated relating to the situation at equilibrium
nd at non equilibrium is deferred as EF,GB,0 and EF,GB,v.

f charge carriers led to a decrease in the number of free elec-
rons in the conduction band. As a result it moves away from the
ermi level, which remains horizontal at thermodynamic equi-

ibrium. In other words, at equilibrium, the Fermi level of the

wo adjacent grains is the same since there is no net current flow.

A quantitative description of the double Schottky barrier in
ig. 3 can be established by solving Poisson’s equation in its

w

i

able 2
lectrical parameters describing a doped-SnO2 varistors with large range of operatio
oncentration (nD), trapped charge area density (nt), apparent conductivity of the gra

aristor φ0 (eV) ±0.02 ω0 (m) ±4 × 10−9 nD (m−3) 

oped-SnO2 1.04 6 × 10−9 (3.0 ± 0.3) × 1025

oped-ZnO 0.90 11 × 10−9 (7.3 ± 0.7) × 1024
4 1.60 × 10−9 2.5 2.16 1.97

ne-dimensional form. By assuming a continuous charge distri-
ution in the depleted region, whose maximum thickness is about
00 nm,19 we obtain for a given thermodynamic temperature T:

d2V

dx2 =  − enT

ε0εr
(9)

here V  indicates the negative electric potential deferred on
ig. 3, nT is the total charge density in the vicinity of the grain
oundary:

T =  nD −  nA −  n  +  p (10)

A rigorous inventory of the charge carriers gives:

nD: density of positive static charges or density of donors
assuming that at room temperature all the atoms are ionised,
nA: density of negative static charges or density of acceptors if
all the atoms are ionised,
n: density of negative charge carriers (electrons in the conduc-
tion band),
p: density of positive charge carriers (holes in the valence band).

SnO2 ceramics nearly always exhibit strong n-type semi-
onductivity, with electrons in the conduction band as the
harge carriers. Non-stoichiometric tin oxide (SnO2−�; δ  = 0.03)
ppearing above 1173 K20 has traditionally been attributed as
he origin of the conductivity since the formation of a vacancy
written as V••

O in the Kröger–Vink notation) might free two
lectrons (e’) in the conduction band: Ox

O = 2 e’ + V••
O + 1/2O2

g). However, it seems that the conductivity measured at room
emperature cannot be linked to such point defects because their
oncentrations are not high enough at room temperature. Extrin-
ic defects such as hydrogen incorporated unintentionally might
e a candidate.21,22 Ab initio calculations show that hydrogen
cts always as a shallow donor in SnO2. However since our spec-
mens are intentionally doped with several additives, we have
ith the bulk contribution of the added donors.
Among the additives incorporated in this composition, pos-

tively charged donors might diffuse into SnO2 grains and free

n (barrier energy (Φ0), half width of the potential barrier (ω0), charge carrier
in boundaries (σgb) and conductivity of the grains (σg).

nt (m−2) σgb (S m−1) σg (S m−1) ±0.4

(3.7 ± 0.2) × 1017 (2.5 ± 0.5) × 10−10 207.6
(1.59 ± 0.09) × 1017 (1.4 ± 0.2) × 10−8 111.2
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lectrons to the conduction band associated with the grains. For
nstance, pentavalent tantalum might free electrons within the
onduction band:

a2O5
SnO2−→Ta• +  e′

Other dopants such as cobalt might create acceptor states in
he SnO2 band gap such as

o•• →  Co′′
Sn +  2h•,

•: being a hole in the Kröger–Vink notation.
Other charge acceptors might include: Co”Sn, Cr’Sn, B’Sn,

l’Sn, Tl’sn (intrinsic defects such as V’Sn, V”Sn, O’ and O”
ight also be present as acceptors)18.
Generally, the resolution of Poison’s equation is carried out

y assuming that nT ∼  nD:

. Doping atoms are all ionised.

. There are sharp boundaries at the edges defining the donor
and trap regions, with no spill-over from free charge carriers.

. A plane two-dimensional interface with a net trapped charge
located at the surface of each grain: Qs.

. SnO2 grains are primarily composed of donor atoms: nA « nD.

. Electrons in the vicinity of the grain boundary have deserted
the area: n  →  0.

. Ultimately the minority charge carriers are neglected com-
pared with the electrons: n » p.

Under the latter conditions, integration of Poisson’s equation
llows us to estimate the quantity of space charges:

space =  enD2ω0 =  (8ε0εrenDΦ(v))
1/2 (11)

ω0 = 2
(2ε0εrΦ(v))1/2

enD

×  (2 ω0 being the thickness of the depletion layer) (12)

Dorlanne and Tao19 carries out calculations without approx-
mations concerning the minority charge carriers. The formula
btained thus differs slightly from that which is commonly
etained (11):

space =  (2ε0εrenD)1/2(Φ1/2
(v) +  (Φ(v) +  V  )1/2) (13)

Note that for zero potential, (13) converges towards (12).
Charge conservation states that the electronic charge trapped

n the surface, Qs, is equal to the space charge previously cal-
ulated:

s =  ns e =  Qspace

The surface density of electrons trapped on the surface of the
rain boundary is therefore:
S =
(

8ε0εrnDΦ0

e

)1/2

(14)

c
m
c
t
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Dorlanne and Tao19 also calculate an expression of the sur-
ace charges independently of that of the space charge:

s =  Qs,0

(
1 + V

2Vgap

)
(15)

s,0: being the surface charge for V  = 0 V.
From (13) and (15), two equations are deduced:

Neglecting the minority charge carrier, only the majority
charge carriers are considered:(

eΦ(v)

kT

)1/2

+
(

e(Φ(v) +  V )

kT

)1/2

−  2

(
eΦ0

kT

)1/2 (
1 + V

2Vgap

)
= 0 (16)

Without approximation on the charge carrier, both majority
and minority charge carriers are considered:(

eΦ(v)

kT
+  exp(−eΦ(v)/kT ) −  1

)1/2

+
(

e(Φ(v) +  V  )

kT
+  exp(−e(Vgap−Φ(v)−V )/kT ) −  1

)1/2

=  −2

(
eΦ(0)

kT
−  1

)1/2 (
1 + V

2Vgap

)
= 0 (17)

Eq. (17) cannot be solved analytically. However it can be used
to determine φ(v) numerically as a function of V taking into
account the experimental data: φ0 = 1 eV and Vgap = 3.7 V at
300 K. The potential barrier of 0.9 eV–1 eV is evaluated start-
ing from our own experimental values which converge towards
those reported recently by Glot et al.26, who extracts the height
of barrier starting from the slope of the Arrhenius diagram #
(Ln (j/AT 2) versus 1/T  ). It is worth noticing that φ(v) versus
V is possible only if the product # T  dΦ(v)/dT  is negligible
compared with φ(v). If we consider the thermionic current even
in its simplest form (J  =  AT 2exp(−eΦ/kT )):

d Ln (J/AT 2)

d(1/T  )
=  − e

k

(
Φ −  T

dΦ

dT

)
(18)

The theoretical potential barrier at the interface according to
he applied potential (φ(v) versus V) is shown on Fig. 4. The
ecrease of φ(v) starting from Eq. (17) tends towards zero for a
oltage corresponding to that of the forbidden band: Vgap.

In addition, the potential barrier decay with applied
oltage proceeds in two stages. The height of the poten-
ial barrier first drops, then eventually collapses near Vgap:
(φ(v)/dV) = −0.864 eV V−1. The sudden decrease in φ(v) for

 greater than 3 V is a direct consequence of the sudden emer-
ence of holes, within the right hand grain. The barrier collapses
n accordance with Eq. (17). It is therefore quite possible to

onsider the holes effect without assuming about their move-
ent, considering only their influence on the global amount of

harge as varying with V. The physical process responsible for
he appearance of the holes is therefore not explained but the
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Fig. 4. Theoretical evolution of the potential barrier, φ(v), according the potential
applied to the grain boundary of a SnO2 varistor. The drop of φ(v) comes from
t
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he exponential increase in the holes number in the right-hand side grain when

(v) + V = Vgap; V ∼ 3.7 V.

odel makes it possible to give an account of the sudden increase
n α  when entering the region of non-linearity and in particular
f non-linear coefficients greater than 100.

The theoretical influence of the voltage on the non-linearity
oefficient is estimated starting from the simple expression of

 thermionic current (or thermal electron emission), i.e. heat-
nduced flow of charge carriers from the SnO2 grain surface or
ver the potential-energy barrier at grain boundary:

 =  AT 2 exp

(−Φ(v)

kT

)
(19)

 is the Richardson constant: A  =  4πm  ∗  k2e/h3, h  and k
lanck’s and Boltzmann’s constant, respectively, and m* the
ffective mass of an electron in the depletion layer of SnO2 (we
ssumed that the electrons behave in many respects as if they
ere free in a single SnO2 crystal and in the depletion layer).
Eq. (19) indicates that as soon as the temperature exceeds 0 K

 current appears. In the case of varistors, the current is governed
y field enhanced thermionic emission. The general equation is
hen:

 =  AT 2exp(−(Φ−
Φ)/kT ) (20)

To obtain a net DC current flow across the interface we need
o correct for the current flow in the opposite direction which is
uppressed by a factor exp(−eV/kT), and for the current that is
rapped and re-emitted at the interface. The latter correction is
owever considered as negligible for the capture cross-sections
or electrons.7 The total current density which describes the flow
f electrons passing over the top of the electrostatic barriers is1:

 =  AT 2exp(−(eΦ(V)+ξ)/kT )exp(−eV/kT ) (21)

: difference in energy between the Fermi level (EF) and the
ottom of the conduction band (EC), ξ  = EF −  EC ∼  0.13 eV for
nO6,23 (Fig. 3).

In order to estimate the electric field to which the grain bound-

ry is exposed, we assumed a depletion zone width of 200 nm
200 × 10−6 mm). Fig. 5 shows the theoretical thermal depen-
ence of the change in current density against voltage. A positive

p
b
h

Fig. 5. Full simulation of a SnO2/SnO2 junction.

ependence is found in agreement with experimental data. More-
ver, it is worth nothing that in agreement with experience when
he applied field reaches the breakdown field of the SnO2 grain
oundary, there is no further temperature dependence.

.3. Discussion

Fig. 5 also shows using Ohm’s law J  = σ  V/l, l  being the aver-
ge grain size (12 �m), the upturn region for a SnO2–SnO2
unction. The conductivity of the doped grain is assumed to
e equal to 200 S m−1 in agreement with our experimental
esults. Note that for Φ  = 0 at 3.82 V the current density in
he grain boundary (Jgb = 2 ×  108 A m−2 or 2 ×  104 A cm−2)
s higher than the current in the grains (Jg = 8 ×  107 A m−2 or

 × 103 A cm−2).
It is remarkable that the appearance of the holes occurs for a

oltage directly related to the forbidden band. The value of the
hreshold voltage therefore mainly depends on the forbidden
and and not addition of any element: Vgap = 3.3 V for ZnO and
.7 V for SnO2. This theoretical analysis on the level of a grain
oundary should not, however, make us forget the macroscopic
omplexity of polycrystalline ceramics. In such media, the joints
re laid out in a three-dimensional arrangement with variable
ehaviour of one joint with respect to another.24,25 Also the
pparent dispersion of electric values of characteristics observed
n the varistors may lie not only in the effective quality of the
arriers but also in the degree of heterogeneity of the materials
laborated. The lower the percentage of bad joints, the greater
he macroscopically non-linear varistor effect.

This suggests that the region of varistor operation is less
onditioned by the electronic parameters defining the potential
arrier, i.e. the charge carrier density, surface trapped charge
ensity and the height of the potential barrier, than by the
ffective area of the grain boundaries. Indeed, this parameter
s determining when calculating the current density. However,
he effective area of a grain boundary is not easy to measure. The

resence of segregation in the grain boundary probably actuates
arriers (voltage independent) which limit the current density to
igh electric field.
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.4.  Comparison  of  the  model

Glot et al.26 established in experiments that electric conduc-
ion in varistors containing SnO2 is controlled by the potential
arriers present at the grain boundaries and non-ohmic conduc-
ion is due to the collapse of the potential barrier under the action
f the increase in the electric field. A semi-empirical expres-
ion is proposed to illustrate the dependence of the electrical
onduction activation energy:

σ,E =  Eσ,0 −
∣∣∣∣dΦ(v)

dE

∣∣∣∣ E (22)

here Eσ,0 is the electrical conduction activation energy at the
ow electrical field in the ohmic region. Thus, the electrical con-
uction activation energy is linearly decreased with electrical
eld if the rate of change of the barrier height on electrical field

s constant.
The electrical conduction activation energy as a function of

he electrical field E is obtained experimentally and correlated
o the nonlinear coefficient. Experimental dependence clearly
xhibits a low field part with low slope and a high field part
ith higher slope. The first slope is attributed to a thermally

ctivated conduction process, the higher slope is related to the
ontribution of minority carriers (holes). Glot’s experimental
ata are in agreement with Fig. 4 which shows the theoretical
hange in the potential barrier with the potential applied to the
rain boundary.

Parra et al. and Ponce et al.16,27 have reported studies on the
onduction modes in SnO2 varistors where they show that the
unnelling conduction cannot be neglected. They first measured
he capacitance of the ceramics (C) experimentally at frequen-
ies above 100 kHz at 423 K, from which the barrier height and
onor concentration are calculated from the traditional equation
neglecting minority charge carriers):

1

C
= 2

(
2Φn2

e2ε0εrnDS2

)1/2

(23)

nd

 =  −kT  Ln

(
V

S  RgbAT 2

)
(24)

here n is the average number of grains across the specimen
hickness, S the area of the electrodes, V  the applied voltage
uring impedance spectroscopy measurements and Rgb the grain
oundary resistance measured at frequencies below 100 Hz.

Hence, knowing the barrier height a thermionic current den-
ity: Jthermionic,423K is calculated.

In a second approach, the total current is assumed to be due to
oth tunnelling and thermionic emission. An expression of the
otal current is therefore given where a Fermi–Dirac distribu-
ion and a transmission probability for a reverse-biased Schottky
arrier are displayed: Jtotal = Jthermionic (�) + Jtunnel (�, Nd).

Iterative calculations were carried out until the calculated

otal current density was equal to the current density calculated
n the case of a purely thermionic mechanism:

thermionic +  Jtunnel =  Jthermionic,423K.
ramic Society 32 (2012) 2443–2450 2449

Our experimental data are similar and following the calcula-
ions proposed by Ponce et al.27 we found that the tunnel and
hermionic conductions made similar contributions at 298 K.
he result is difficult to interpret. However, this result might be
ot surprising since we extract parameters from classical equa-
ions of thermionic conduction where minority charge carriers
re neglected.

.5. Non-ohmic  conduction  in  ZnO  and  SnO2 system

In spite of numerous exploratory works, only both zinc and
in oxides present such high non-linearity effects (>40). Such
igh non linearity values are thought to result from an impact
onisation process.

If there is a common origin of polycrystalline ceramic varis-
ors of doped-ZnO and doped-SnO2 the most probable candidate
s oxygen (hydrogen being ruled out). Hydrogen is likely to
dsorb and diffuse along or inside the grain boundaries. But its
ole in promoting impact ionisation process in large bandgap
nO and SnO2 still remains unclear.

. Conclusion

In conclusion, SnO2 varistors, correctly doped, exhibit large
nd similar range of operation as commercial ZnO varistors.
he similarity of the electrical behaviour of doped dioxide
nd doped ZnO ceramics is demonstrated through a theoreti-
al model which contains no adjustable parameters. Only two
ntrinsic material constants are involved: the band gap and the
eight of the potential barrier. This approach shows that a ther-
oelectric mechanism explains the experimental results without

 contribution of a tunnelling mechanism. The participation of
inority carriers in the total amount of charge induces a sig-

ificant decrease in barrier height, leading to a sharp increase
n the thermoelectric current over the barrier. For highly non-
inear ceramics, impact ionisation occurs. This phenomenon
ontributes further to the barrier height decay.

A limitation of this double Schottky barrier model is that it
nly describes the charge carrier transport across a single inter-
ace. When considering the varistor as a whole, it is necessary to
ccount for the fact that the varistor consists of a large number
f grain boundaries with individual properties.
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