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bstract

ndium oxide based ceramics with bismuth oxide addition were sintered in air in the temperature range 800–1300 ◦C. Current–voltage characteristics
f In2O3–Bi2O3 ceramics sintered at different temperatures are weakly nonlinear. After an additional heat treatment in air at about 200 ◦C samples
intered at a temperature within the narrow range of about 1050–1100 ◦C exhibit a current limiting effect accompanied by low-frequency current
scillations. It is shown that the observed electrical properties are controlled by the grain-boundary barriers and the heat treatment in air at 200 ◦C

eads to the decrease in the barrier height. Electrical measurements, scanning electron microscopy and X-ray photoelectron spectroscopy results
uggest that the current limiting effect observed in In2O3–Bi2O3 may be explained in terms of a modified barrier model; the observed current
imiting effect is the result of an increase of barrier height with increasing electric field, due to additional oxygen absorption. It is found that
n2O3–Bi2O3–Co3O4–Cr2O3 ceramic exhibits current–voltage characteristics with negative differential resistance due to Joule microheating.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

At low electric fields the current–voltage characteristic of
sample is generally linear and Ohm’s law is obeyed. An

ncrease in the electric field can cause some deviations from
hm’s law. Two cases are possible: superlinear, exploited in
aristors, where the current rises more strongly than voltage,
r sublinear where current rises more weakly than voltage. The
onlinear current–voltage characteristic can be approximated by
he empirical equation:

= BUβ (1)

here I is the current, U is the voltage, β is the nonlinearity
oefficient β = (U/I)(dI/dU) and B is some constant. In the case
f superlinear current–voltage characteristic β > 1 and in the case

f sublinear current–voltage characteristic β < 1.

At the present time, sublinear current–voltage characteristics
ave been found in some polycrystalline materials1–7 and several
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ndium oxide

xplanations of this effect were suggested.1,3,8–11 In particular,
uch behaviour has been observed in In2O3–SrO ceramics.5,6

n this material the addition of strontium leads to an increase in
esistivity at low electric fields and the appearance of non-Ohmic
ehaviour (saturation and even decrease in current density) at
igher fields. The mechanism of this current limiting effect in
n2O3–SrO ceramics can be related to the increase in the grain-
oundary barrier height with applied electric field due to the
dditional oxygen adsorption.12

However, in In2O3–SrO ceramics quite strong degradation
s observed and, as a result, the current limiting effect disap-
ears after some time. From a materials science viewpoint it
ould be interesting to study indium oxide based non-Ohmic

eramics with other additives, with the aim to produce a more
eproducible and stable current limiting effect. Indium oxide
xhibits n-type conduction and is widely used for the prepara-
ion of transparent electrodes for optoelectronic devices13–15 and
as sensors.16–18 However, it is well known that the addition of
ismuth oxide (Bi2O3) improves the sintering and promotes an

ncrease in the nonlinearity coefficient in zinc oxide based and
in dioxide based varistor ceramics.19–24 This suggests that bis-

uth oxide addition may also induce non-Ohmic behaviour in
ndium oxide ceramics. Moreover, some bismuth oxide phases

mailto:b.j.jones@physics.org
mailto:bj.jones@brunel.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.033
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n such ceramics can have ionic conduction with oxygen ion as
carrier25–27 this can be favourable for the manifestation of the
urrent limiting mechanism proposed by Bondarchuk et al.12

To investigate this idea, we present a study of the elec-
rical properties and microstructure of indium oxide based
n2O3–Bi2O3 ceramics sintered at different temperatures and
ith different post-production heat-treatment processes.

. Experimental method

Indium oxide based ceramics (mol.%) 95In2O3–5Bi2O3 were
repared by the conventional mixed oxides method5,24 with
intering at temperature in the wide range of 800–1300 ◦C.
eramics (mol.%) 98.5In2O3–0.5Bi2O3–0.5Co3O4–0.5Cr2O3
ere sintered at 1200 ◦C.
A Zeiss Supra 35VP field emission scanning electron

icroscope (FE-SEM) was used to obtain secondary electron,
ackscattered electron (BSE) and in-lens images of sample sur-
aces, fracture surfaces and polished cross-sections. Elemental
omposition information from BSE data were augmented with
nergy dispersive X-ray microanalysis (EDX) obtained with
xford Instruments INCA system attached to the SEM. Accel-

rating voltages of 5 keV were utilized to enable elemental
nalysis whilst ensuring low penetration depth. X-ray photoelec-
ron spectroscopy (XPS) was performed with a VG EscaLab210
Al anode), the composition of the surface was calculated from
igh resolution expansions utilising empirically derived atomic
ensitivity factors.28 X-ray diffraction was conducted with a
ruker D8 AXS spectrometer.

The density, ρ, of sintered samples was determined using
ydrostatic weighing method in distilled water. The theoretical
ensity ρT = 7.294 g cm−3 of the studied material was calculated
aking into account the chemical composition before sintering.
t was assumed that physical and chemical processes during
intering have negligible effect on the chemical composition.
he closed porosity was estimated from the expression pC =
− ρ · ρ−1

T .
Ag-electrodes fired in air at 800 ◦C were used.24 An addi-

ional heat treatment was conducted in air at 800 ◦C for 1 h
ith slow heating and slow cooling. An additional heat treat-
ent in air atmosphere at 200 ◦C was performed by slowly

eating a sample with Ag-electrodes up to 200 ◦C, maintaining
his temperature for 1 h and subsequently quenching to room
emperature.

Current–voltage characteristics were studied, utilizing a
eithley-237 unit. At automatic recording voltage was applied
uring 10 ms (current was measured at the end of this inter-
al) and the voltage was reduced to zero for a period of
00 ms. Electric field E−5 was calculated at the current density
= 1 × 10−5 A cm−2.

Current–voltage characteristics of the samples with neg-
tive differential resistance were studied in the “current
ource” regime. In this case rectangular current pulses with

uccessively increasing and decreasing amplitude (current incre-
ent 1 × 10−5 A) were used. Two examination modes were

mployed. In mode A, sample overheating was avoided by using
short pulse duration 10 ms with a pause between pulses 1 s. In
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a
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ode B, sample overheating was achieved using pulse duration
s with a pause between pulses 4 s.

Small-signal capacitance versus dc voltage was measured
sing a QuadTech 7600 LCR meter and a Keithley 6487 volt-
ge source, both controlled by computer. Rectangular voltage
ulses with increasing amplitude (voltage increment 5 V, pulse
uration 4 s, pause between pulses 4 s) were used. Capacitance
as measured at frequency 100 Hz with ac voltage amplitude
.5 V. The run “down” gives the same data.

Temperature dependence of dc electrical conductivity σ(T)
as obtained in the range of 290–370 K in air by heating and

ooling of a sample with a rate of about 1.5 K min−1. The acti-
ation energy of electrical conduction Eσ was found from the
quation:

(T ) = σ0 exp

(−Eσ

kT

)
(2)

here σ is the electrical conductivity, σ0 is a constant, k is the
oltzmann’s constant, and T is the absolute temperature.

. Experimental results and discussion

.1. Sintering temperature

SEM micrographs of samples obtained at different sinter-
ng temperature are shown in Fig. 1. The grain size increases
ith sintering temperature; for example, in the sample sin-

ered at 1100 ◦C (Fig. 1(b)) grains in the range 0.5–2 �m are
bserved, in contrast to the sample sintered at 800 ◦C (Fig. 1(a))
here the grain size is 200–500 nm. Analysis of both as-sintered

urfaces (Fig. 1(a) and (c)) and fracture cross sections (for
xample, Fig. 1(b)) shows grains in sample bulk are similar
n size and morphology to those at the sinter surface. Anal-
sis of lower magnification SEM images (such as Fig. 1(d))
hows the porous nature of the samples. The density of sintered
amples are ρ = 4.972 g cm−3 (sintering temperature 800 ◦C),
= 5.206 g cm−3 (1100 ◦C) and ρ = 5.896 g cm−3 (1300 ◦C).
he closed porosity was estimated from these results as 31.8%

800 ◦C), 28.6% (1100 ◦C) and 19.2% (1300 ◦C).
SEM backscattered electron analysis of a polished section of

he sample sintered at 1100 ◦C, in conjunction with the topogra-
hy information from the in-lens image of the same area, shows
distinct, atomically heavier phase at a proportion of the grain
oundaries. Analysis of elemental composition by EDX shows
ndium oxide grains with predominantly bismuth oxide at the
rain boundaries. XRD measurements are consistent with bis-
uth oxide as a boundary phase, rather than incorporated into

n2O3 lattice. This is consistent with Bi2O3 addition responsible
or liquid-phase sintering.

Current–voltage characteristics of In2O3–Bi2O3 ceramics
intered at different temperatures (Fig. 2) are weakly superlinear
β > 1). The increase in sintering temperature causes a decrease

n the low-field conductivity (at 800–1050 ◦C) followed by an
ncrease at 1050–1300 ◦C. This means that electric field, E−5,
t fixed current density (j = 1 × 10−5 A cm−2) passes through a
aximum (Fig. 3, curve 1).
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ig. 1. SEM micrographs of In2O3–Bi2O3 ceramics sintered at (a) 800 ◦C, (b)
urfaces (b and d) show grain size distribution and porosity.

If conduction is controlled by the grain-boundary barriers,
hen the barrier height in this case should also pass through a

aximum. If we additionally assume that the Fermi level in the
ulk of indium oxide grains is situated not more than several
enths of eV below the conduction band edge and, therefore, the
arrier height ϕ in the studied In2O3–Bi2O3 ceramics is only

lightly less than the activation energy Eσ of electrical conduc-
ion, ϕ ∼= Eσ , then one can expect that the activation energy also
hould pass through the maximum. Experimental data confirm
uch an assumption: the activation energy for different sinter-

ig. 2. Current–voltage characteristics of In2O3–Bi2O3 ceramics sintered at
ifferent temperatures.

e
c
o
m
t
c

F
c

◦C and (c) 1300 ◦C. SEM images of as-sintered surfaces (a and c) and fracture

ng temperatures indeed goes through a maximum at 1100 ◦C
Fig. 3, curve 2).

Probably, due to n-type conduction in indium oxide, the
ncrease in sintering temperature up to 1100 ◦C leads to some
ncrease in oxygen content at the grain boundaries related to
he presence of liquid Bi2O3 though at higher temperatures the
vaporation of bismuth oxide becomes significant and oxygen
ontent at the grain boundaries is decreased. In any case, the

bserved correlation supports the assumed barrier conduction
echanism: the higher the barrier height, the lower the conduc-

ivity (Fig. 2) and, therefore, the higher the electric field at fixed
urrent density (Fig. 3, curve 1).

ig. 3. (1) Electric field at fixed current density and (2) activation energy of
onduction vs. sintering temperature.
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Fig. 5. Current–voltage characteristics of the sample In2O3–Bi2O3 sintered at
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causes additional oxygen absorption resulting in an increase
of barrier height as electric field increases, thus causing the
observed current limiting effect.
ig. 4. Effect of the heat treatment in air at 200 ◦C on current–voltage charac-
eristics of In2O3–Bi2O3 ceramics sintered at different temperatures.

.2. Additional heat treatments

In the samples sintered at different temperatures, sublinear
(U) and current oscillations were not initially manifested. It
as been shown previously29 that in In2O3–Bi2O3 ceramics
btained at 1100 ◦C, current limiting and low-frequency cur-
ent oscillations effects appeared after a heat treatment in air
t about 200 ◦C with sharp cooling. Therefore, samples sin-
ered at different temperatures were subjected to the additional
eat treatment at 200 ◦C. It was observed that samples sintered
t 1050 and 1100 ◦C exhibit sublinear current–voltage char-
cteristics, relatively weak in the sample sintered at 1050 ◦C
nd quite strong for the sample sintered at 1100 ◦C (Fig. 4).
amples sintered at other temperatures retain the slight superlin-
arity of current–voltage characteristic, even after the additional
eat treatment. Low-frequency current oscillations accom-
any the observed sublinearity but to avoid some complexity,
urrent–voltage characteristics in the sublinear region are pre-
ented using average current values. The current limiting effect
nd low-frequency current oscillations are reproducible.

The reproducibility in current–voltage characteristics of the
ample sintered at 1100 ◦C and additionally heat treated at
00 ◦C to generate the current limiting effect is illustrated
n Fig. 5. Voltage increase (Fig. 5, curve 1) and decrease
Fig. 5, curve 2) give nearly the same I(U) characteristics. This
urrent–voltage characteristic is symmetric (Fig. 5, curves 1
nd 3). At voltages higher than about 50 V the scattering of
xperimental points is observed. It is due to the current oscil-
ations. In In2O3–Bi2O3 ceramics the current limiting effect is
lways accompanied by low-frequency current oscillations and
oth phenomena are quite reproducible. The degradation of the
urrent–voltage characteristics after numerous measurements in
n2O3–Bi2O3 ceramics is significantly less than was found in
n2O3–SrO ceramics.12 Therefore, In2O3–Bi2O3 ceramics have
ubstantial advantages in comparison to In2O3–SrO ceramics as

material where the current limiting effect is observed.

So far we relate both the current limiting effect and current
scillation to the grain-boundary barriers, which appear in these
eramics as a result of sintering in the oxidizing atmosphere.

F
a
t

100 C and additionally heat treated at 200 C. I(U) characteristics are obtained
t increase (1) and decrease (2) of voltage and at opposite polarity (3). Current
imiting is accompanied by current oscillations.

he additional heat treatment at 200 ◦C affects electrical prop-
rties of the samples sintered at 1100 ◦C; it would therefore be
nteresting to study the effect of this heat treatment on the barrier
eight. As shown in Fig. 6, the heat treatment in air at 200 ◦C
ith rapid quenching causes the barrier height to decrease for

ll sintering temperatures. An additional heat treatment in air at
00 ◦C causes barrier height to increase, equally or exceeding
nitial values. The barrier height as a function of sintering tem-
erature has a maximum at about 1050–1100 ◦C regardless of
he subsequent heat-treatment process.

The system with decreased barrier height after the heat
reatment in air at 200 ◦C appears to be quite stable. Sim-
lar time-stability of electrical properties was observed in
nO2–ZnO–Bi2O3 varistor ceramics after the heat treatment in
ir at 200–400 ◦C.21 Only an increase in applied electric field
ig. 6. Activation energy of electrical conduction vs. TSINT measured after the
dditional heat treatment in air (1) at 800 ◦C (during formation of electrodes)
hen (2) at 200 ◦C and then (3) at 800 ◦C again.
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The observed decrease in the barrier height after the heat
reatment in air at 200 ◦C could be explained by a decrease in
xygen content at the grain boundaries. Therefore, to further
xplore the oxygen content in the sample we studied XPS spectra
f the samples sintered at 1100 ◦C, with and without additional
eat treatment in air at 200 ◦C. There is a slight increase in the
elative oxygen content of the sample surface following heat-
reatment; however, this can most likely be related to the decrease
n hydrocarbon contamination on the sample surface, as there
s no significant change in the ratio of oxygen content to the
um of the indium and bismuth contents. More noticeably, the
PS data show a change in the indium:bismuth ratio at the sam-
le surface; this ratio increases by a factor of approximately
.4 following heat treatment at 200 ◦C. There is no concurrent
hift in the photoelectron peak position, indicating at most only
negligible change in the oxidation state. This alteration in

he surface chemistry is not accompanied by a change in the
orphology, or by a change in the bulk In:Bi ratio as detected

y EDX–a technique with a penetration depth in the order of
icrometres, rather than the 1–10 nm analysis depth of XPS.
owever, the EDX spectra do suggest some change in the oxy-
en content within the grains, suggesting the heat treatment and
apid quench do cause some redistribution of the oxygen within
he ceramic. Although the difference in oxygen content is not
ntirely clear, we believe that the change in chemistry of the
rain boundaries with additional heat treatment processes results
n the observed current limiting effect, the result of an increase
n barrier height with applied electric field, caused by additional
xygen adsorption.12

The current limiting effect observed in the In2O3–Bi2O3
eramics studied here is markedly different from the electri-
al properties of ZnO–Bi2O3-based20,22 or SnO2–Bi2O3-based
eramics,21,23,24 which exhibit the varistor effect. In both groups
f materials the grain-boundary barriers play the main role in the
onduction process. The varistor effect in ZnO-based and SnO2-
ased materials is related to the lowering of the barrier height
ith increase in electric field.30–34 But perhaps the feature of
arriers to be decreased (in varistor ceramics) or increased (in
eramics with current limiting behaviour) with the application
f voltage depends on the specific impurities at the grain bound-
ries. Thus, an alteration of the grain-boundary impurities could
hange the electrical properties of such ceramics.

To examine this, In2O3–Bi2O3–Co3O4–Cr2O3 ceramics
ere sintered. Cobalt and chromium oxides additives were

hosen to reproduce the favorable conditions for obtain-
ng of varistor ceramics in a system ZnO–Bi2O3–Sb2O3–
o3O4–MnO–Cr2O3 with a high nonlinearity coefficient β ∼=
0.20 Current–voltage characteristics of the obtained sample
re shown in Fig. 7. In contrast to In2O3–Bi2O3 samples,
urrent–voltage characteristics are superlinear and can be
aristor-type (Fig. 7, curves 1 and 2) or can be superlin-
ar and contain a region with negative differential resistance
d = dU/dI < 0 (in the case if measurements are performed per-

itting overheating of a sample) (Fig. 7, curves 3 and 4). Earlier

urrent–voltage characteristics with switching or negative differ-
ntial resistance were observed in various non-oxide and oxide
ystems (see, for example Refs. 34,35).

t
c
p
i

o3O4–Cr2O3 ceramics. An overheating of a sample is absent (1 – at voltage
ncrease; 2 – at voltage decrease). An overheating of a sample takes place (3 –
t voltage increase; 4 – at voltage decrease).

In spite of the strong difference between two types of
uperlinear curves each current–voltage characteristic is quite
eproducible for increase and decrease of voltage (Fig. 7, curves

and 2 and curves 3 and 4). Though, in the case of negative
ifferential resistance (Fig. 7, curves 3 and 4) some hysteresis
s found due to thermic mechanism of the negative differential
esistance effect. The sensitivity of current–voltage character-
stic to the variation of voltage pulse duration, a wide current
egion with negative differential resistance and the absence of
region with positive differential resistance at higher current

Fig. 7) confirm the thermic nature of observed negative differ-
ntial resistance effect.

For additional confirmation of the thermic nature of this neg-
tive differential resistance effect, low-frequency capacitance
ersus dc voltage was obtained (Fig. 7, curve 5). In the case
f negative differential resistance related to Joule heating the
ow-frequency capacitance should becomes negative (induc-
ive behaviour of ac current).36 Indeed, negative capacitance is
etected, even at low voltages when overheating begins.

. Conclusions

In2O3–Bi2O3 ceramics with current limiting effect (sublinear
(U) dependence, nonlinearity coefficient < 1) are investigated.
he materials were sintered in air in the temperature range
00–1300 ◦C. The grain size increases with increase in sinter-
ng temperature. It is found that sublinear I(U) characteristics
re observed only in In2O3–Bi2O3 ceramics sintered at a tem-
erature within the narrow range of about 1050–1100 ◦C, and
ith subsequent heat treatment in air at 200 ◦C with rapid
uenching. It is shown that the observed electrical proper-
ies are controlled by the grain-boundary barriers and the heat

reatment leads to the decrease in the barrier height. Electri-
al measurements, scanning electron microscopy and X-ray
hotoelectron spectroscopy results suggest that the current lim-
ting effect observed in In2O3–Bi2O3 can be explained in terms



5 pean C

o
n
t
c
t

A

S
R
a

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

35. El-Hofy, M., Grain boundary defects induced switching in Zn–Bi–Mo
44 A.B. Glot et al. / Journal of the Euro

f the modified barrier model proposed earlier for the expla-
ation of similar effect in In2O3–SrO ceramics. It is found
hat In2O3–Bi2O3–Co3O4–Cr2O3 ceramic material exhibits
urrent–voltage characteristics with negative differential resis-
ance due to Joule microheating.
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