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bstract

he electrical properties of positive temperature coefficient (PTC) ceramics are expected to strongly correlate with the potential barrier height at
rain boundaries, which in turn may be influenced by the grain boundary structure and chemistry. In this study, n-conducting BaTiO3 ceramics
o-doped by La and Mn were prepared, and the electrical properties were determined by impedance spectroscopy and dc four-point van der Pauw
easurements. Detailed analysis of the grain boundary structure was performed by electron microscopy techniques across different length scales.

he study revealed that the randomly oriented polycrystalline microstructure was dominated by large angle grain boundaries, which in the present
ase were dry although a secondary crystalline and glass phase formed at triple junctions. The relationship between the observed grain boundary
tomic structures and electrical properties is briefly discussed.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

As one of the most important electroceramic materials, semi-
onducting BaTiO3 is widely used in electronic devices such
s multilayer ceramic capacitors (MLCCs) and positive tem-
erature coefficient resistors (PTCRs). It is well known that the
esistivity of PTC ceramics exhibits a steep rise by several orders
f magnitude at the Curie point as temperature increases. The
otential barrier height of the double Schottky barriers (DSBs) or
pace charge layers, formed at the grain boundaries, increases
uring the ferroelectric-paraelectric phase transition, which is
idely accepted as the origin of the PTC-effect in BaTiO3.1–8

elow the Curie point the surface charges at the grain boundary
re compensated by the spontaneous polarization, thus lead-
ng to a low room temperature resistance.2 The concentration

f point defects at the grain boundaries, which play a crucial
ole in forming the DSB, is strongly affected by the preparation
onditions.9–16

∗ Corresponding author. Tel.: +43 3842 402 4805; fax: +43 3842 402 4802.
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To clarify more accurately the PTC mechanism, the resistiv-
ty anomaly of single grain boundaries in BaTiO3-based PTC
eramics was investigated.17–20 The PTC characteristics of sin-
le grain boundaries were found to depend on their orientation.
n addition, experimental evidence on bi-crystals indicated that
he high-coherent grain boundaries, e.g., low angle and coinci-
ence site lattice boundaries (�3, �5, and �9 grain boundaries)
howed low or even no PTC-effect, while the incoherent or ran-
om large angle grain boundaries were electrically active.20–22

herefore, a sound knowledge of the atomic structure of grain
oundaries in PTC ceramics would assist in understanding their
lectrical properties more precisely.

In this study, La and Mn co-doped BaTiO3 ceramics were
repared and the atomic structure of the various grain bound-
ries, i.e. random large angle grain boundaries, small angle
rain boundaries, and coincident twin boundaries, was carefully
haracterized by using CS-corrected high resolution transmis-
ion electron microscopy (HRTEM). Additionally, the electrical

roperties of the bulk and grain boundaries of n-conducting
aTiO3 samples were determined by impedance spectroscopy
ver a wide temperature range and interpreted in terms of the
efect chemistry.

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.016
mailto:wolfgang.preis@unileoben.ac.at
dx.doi.org/10.1016/j.jeurceramsoc.2010.11.016
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aberration coefficients were achieved before HRTEM images
were recorded on a 2 k × 4 k pixel CCD camera. The HRTEM
images presented here were obtained from this microscope at
an accelerating voltage of 200 kV or 80 kV. Some low magni-
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. Experimental procedure

Commercial Ti (IV)-isopropoxide (Fluka), BaCO3 (≥99.0%,
luka), La2O3 (≥99.9%, Fluka), and MnCO3 (≥99.99%,
ldrich) were used as starting materials for the sample prepa-

ation. Ti (IV)-isopropoxide was hydrolyzed using deionized
ater (Barnstead, Easypure LF) and then BaCO3, 0.125 mol%
a2O3 as donor dopant, and 0.05 mol% MnCO3 as acceptor
opant were added. 1.0 mol% TiO2 was added in excess with
espect to the ratio of [Ti]/[Ba] in order to form a liquid phase
uring sintering. The hydrolyzed dispersion was thoroughly
ixed. After evaporation of water the mixture was milled with

irconia balls in a planetary mill (Pulverisette 7, Fritsch GmbH)
or 1 h. After drying, the mixture was calcined at 1100 ◦C for
2 h to form the doped BaTiO3 powder. The composition of the
owder was checked by ICP-MS and the actual ratio of La to Mn
s 29 to 4. The powder mixed with 2 wt% micronized polyethy-
ene wax (LancoTM PE1500F, Lubrizol GmbH) was uniaxially
ressed into pellets with a pressure of 250 MPa. The green pellet
as placed on a platinum foil in an alumina boat and sintered at
350 ◦C for 2 h in air. The dimensions of the sintered disc-shaped
amples were 1.55 mm thick and 8.5 mm in diameter.

The electrical properties were determined over a wide tem-
erature range (50 ≤ T/◦C ≤ 800). Ohmic electrodes for the
lectrochemical impedance measurements between 50 ◦C and
00 ◦C were fabricated by sequentially sputtering 30 nm Cr,
0 nm Ni, and 100 nm Au layers (Cr/Ni/Au). Furthermore, elec-
rodes suitable for the temperature range between 500 ◦C and
00 ◦C were fabricated from gold paste (METALOR®, Engel-
ardt). The sample was loaded between two platinum plates
y light spring action. The sample holder was placed in a tube
urnace. The sample temperature was measured by K-type ther-
ocouples and the furnace temperature was maintained constant

y a temperature controller (Eurotherm 2416). The impedance
easurements were conducted over the frequency range from

0 MHz to 10 mHz by using an impedance analyzer (Alpha-A,
ovocontrol) with an effective ac voltage of 1.0 V.
In addition, four-point dc measurements were performed

etween 600 and 850 ◦C by employing the van der Pauw method.
our peripheral point contacts were applied to a disc-shaped
ample (diameter: 8.5 mm, thickness: 0.995 mm) by using plat-
num paste. The dc measurements were carried out by means of
precision source meter (Keithley 2400) operated in four-wire
ode. The sample holder for the van der Pauw measurements
as positioned in a horizontal tube furnace, where the tempera-

ure close to the sample was measured by type-S thermocouples
nd the furnace temperature was precisely adjusted by a temper-
ture controller (Eurotherm 2404).

The sample morphology was observed using scanning
lectron microscopy (SEM; Stereoscan 360, Cambridge Instru-
ents) at an acceleration voltage of 20 kV. The chemical

omposition was determined by energy dispersive X-ray spec-
roscopy (EDS; Oxford) in the SEM.
Electron backscatter diffraction (EBSD) was used to investi-
ate the BaTiO3 grain orientation in the polycrystalline samples.
his was performed on the mechanically and chemically pol-

shed surface using a LEO 1525 field-emission SEM equipped

F
g
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s
o
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ith an EBSD system. The EBSD scan was performed with a
tep size of 1 �m.

Electron transparent specimens for the transmission electron
icroscopy (TEM) studies were prepared by polishing and ion
illing. The ceramic samples were mechanically polished to a

hickness of about 100 �m and then ultrasonically cut into small
isks of 3 mm diameter. The disks were dimpled to a thickness of
20 �m and further ion milled to electron transparency at 6 kV.

200 kV field emission TEM/STEM JEOL 2100F equipped
ith an image-side CS-corrector (CEOS) and with an energy
lter (Tridiem, Gatan) was used for atomic resolution imaging
nd high spatial resolution electron energy loss spectroscopy
EELS) analysis. The atomic resolution of this microscope at
00 kV is better than 1.2 Å. The alignment of the CS-corrector
as performed using the CEOS software based on the aberration
easurements deduced from Zemlin tableaus. Sufficient small
ig. 1. (a) Bulk and grain boundary resistivities as a function of temperature: (�)
rain boundary and (�) bulk resistivities using NiCr/Au electrodes (impedance
pectroscopy); (©) grain boundary resistivities using Au electrodes (impedance
pectroscopy); (�) dc four-point van der Pauw measurements. (b) Arrhenius-plot
f grain boundary conductivity: solid lines are linear fits.
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ig. 2. EBSD pattern: (a) inverse pole figure map (IPFM); (b) image quality ma
ey for the crystallographic orientations in the IPFM; (d) contour pole figure (C

cation bright field images were obtained with a Philips CM
2 microscope, operating at an accelerating voltage of 120 kV.
nergy-dispersive X-ray spectroscopy (EDS) was used for local
hemical composition determination.

. Results and discussion

.1. PTC behaviour

The temperature dependence of grain boundary and grain
esistances of disc-shaped samples was investigated by electro-
hemical impedance spectroscopy. The temperature range has

een extended to 800 ◦C by using different electrodes, as shown
n Fig. 1. From room temperature to the phase transition temper-
ture (Curie point), the grain boundary resistivity is relatively
ow with values around 50 � cm. The bulk resistance in this

m
s
d
t

ig. 3. Typical images of a random large angle grain boundary obtained under 80 keV
uced from the quality of the EBSD patterns revealing the grain size; (c) colour

egion can be accurately de-convoluted by fitting an appropri-
te equivalent circuit to the impedance data. Typical values of
he bulk resistivity are around 4.8 � cm. Above the phase transi-
ion temperature a rapid growth of the grain boundary resistivity
s observed. The highest value is 15.3 M� cm. Above approxi-

ately 200 ◦C the negative temperature coefficient (NTC) region
s found. The Curie point (Tc) occurs at 105 ◦C, which is lower
han for undoped BaTiO3.

The Arrhenius-plot for the grain boundary conductivity,
epicted in Fig. 1b, allows the determination of activation
nergies for the NTC region (T > 200 ◦C). It should be men-
ioned that the results of the dc four-point van der Pauw
easurements concur well with those obtained from impedance
pectroscopy using Au electrodes, which provides further evi-
ence for the reliability of the impedance measurements in the
emperature range 500 ≤ T/◦C ≤ 800. Interestingly, the activa-

: (a) bright field image; (b) left grain on zone axis; (c) right grain on zone axis.
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ig. 4. Random grain boundary image showing both adjacent grains with lat-
ice fringes: (a) bright field image; the insets are the diffraction patterns of the
orresponding grains; (b) high resolution image.

ion energy increases from (1.22 ± 0.01) eV to (1.69 ± 0.01) eV
t temperatures around 600 ◦C, as can be seen in Fig. 1b.
his behaviour could be interpreted previously by means of an

xtended Schottky-barrier model.23 Between 250 and 600 ◦C the
ctivation energy corresponds to the Schottky-barrier height. In
ccordance with the Heywang model the PTC effect is accom-
anied by a rapid increase of the Schottky-barrier height at

i
b
s
(

Fig. 5. HRTEM image of a f
ig. 6. Apparent grain boundary (GB) thickness estimated from totally 9 random
arge angle grain boundaries with lattice fringes simultaneously resolved on both
djacent grains.

emperatures higher than the Curie-point. Above approximately
00 ◦C the barrier height is almost constant leading to the NTC
ehaviour. The activation energy valid from 600 to 800 ◦C is
lose to Eg/2 (Eg = 3.2 eV24 refers to the band gap energy).
esides depletion of electrons in the space charge layers the
nrichment of holes is anticipated at elevated temperatures. If
he concentration of holes exceeds that for electrons in the vicin-
ty of the grain boundary core, the grain boundary resistance is
redominantly given by the resistivity of the region with almost
qual concentrations of holes and electrons in the space charge
ayer for comparable hole and electron mobilities,14 which cor-
esponds to the activation energy of Eg/2. More details can be
ound elsewhere.23

.2. General microstructure

SEM/EBSD was applied to measure the grain orientations of
he La and Mn co-doped BaTiO3 (see Fig. 2). The SEM/EBSD

ap of an area of 544 �m × 190 �m reveals that the sample
s polycrystalline with an average grain size of (25 ± 2) �m. No
referred orientation (texture) is observed with the grains reveal-
ng a random orientation (Fig. 2a and d). Furthermore, most
rains are separated by high angle grain boundaries as revealed
y the misorientation between neighbouring grains visualized
y the colour code (Fig. 2a and c). The analyzed area contains

n total 97 grain boundaries, 86 of them are large angle grain
oundaries with misorientations larger than 30◦ (89%), 2 are
mall angle grain boundaries (2%), and 9 are twin boundaries
9%).

aceted grain boundary.
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TiO2-excess BaTiO3 were faceted. With increasing tempera-
ture a transition between faceting and de-faceting will occur.27

This agrees with our finding that some grain boundaries pos-
sess facets for the n-conducting BaTiO3 ceramics sintered at
ig. 7. Small angle grain boundary: (a) bright field image and the diffraction
atterns; (b) high resolution image from <1 1 0> direction.

Similar findings were obtained in literature19,25 with the
bservation of Kuwabara et al.19 that a PTC effect in ceramic
ars requires a large fraction of random large angle grain bound-
ries.

All types of grain boundaries were also observed during the
RTEM experiments, where a total of 29 grain boundaries were

tudied as described below.

.3. Structure of grain boundaries

In this section we report our observations on 19 random large
ngle grain boundaries, 8 twin boundaries, and 2 small angle
rain boundaries studied by HRTEM. For the large angle grain
oundaries HRTEM images often resolved only the lattice struc-
ure of one of the adjacent grains (Fig. 3) while a simultaneous
bservation of the atomic structures of both grains was pre-
ented by their large misorientation. However, in several cases

e managed to find random large angle grain boundaries where

he lattice fringes were clearly resolved in both grains because
ach grain is close to a zone axis (see Figs. 4 and 5). It is observed
hat the grain boundaries can be facetted but always appear dry

F
a

ig. 8. Subgrain located in the matrix grain with small misorientation: bright
eld image; insets are matrix diffraction pattern and subgrain diffraction pattern.

evoid of an amorphous glass phase although glass pockets are
bserved at triple junctions (see Section 3.4).

It has been reported that at 1250 ◦C most grain boundaries in
26
ig. 9. HRTEM image from the small angle grain boundary between subgrain
nd matrix grain.
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Fig. 10. Twin imaged along <1 1 1> direction: (a) bright field image and diffraction patterns; (b) high resolution image of right twin boundary.

Fig. 11. Twin imaged end-on along <1 1 0> direction: (a) bright field image and diffraction patterns; (b) high resolution image of the lower boundary.
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Fig. 12. Micrographs of secondary phase in BaTiO3: (a) SEM image after polishing; (b) bright field TEM image; (c) triple junction of secondary phase; (d) schematic
v
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350 ◦C. In Fig. 5 the grain boundary facets are parallel to the
1 1 0) plane of the upper grain separated by steps following the
race of high indexed planes.

According to the space charge model, the acceptor states at
he grain boundary contribute to the potential barrier and hence
he PTC effect. A secondary phase layer17 or an intergranular
lm28 was not detected in the present study even when applying
ourier-filter analysis.29

From the CS-corrected HRTEM images such as presented
n Fig. 4 where both grains are in or close to a zone axis a
irect measure of the apparent width of the grain boundaries
as performed. The apparent grain boundary width is taken as

he atomically resolved region revealing a thin atomic disor-
ered structural region compared to the neighbouring grains. 9
andom large angle grain boundaries could be measured provid-
ng an average value of (0.53 ± 0.09) nm with individual values
anging between 0.42 nm and 0.71 nm (Fig. 6). This indicates
hat the grain boundary thickness is roughly within 1–2 times
f the lattice constant. The disordered grain boundary region
ay contain the acceptor point defects and contribute to the fast

xygen diffusion.30

The small angle grain boundaries31 analyzed in this study
eveal dislocations adopting the misorientation between the
djacent grains (Fig. 7). No secondary phases were observed
t the small angle grain boundaries and the grain boundary
islocations. In a few cases subgrains were observed (Fig. 8).

n general, the size of such subgrain ranges between 100 nm
nd 1 �m with small misorientations as shown by selected area
iffraction studies (see Fig. 8a–c). Fig. 9 shows a HRTEM image
aken from a small angle grain boundary between a subgrain

a
S

nd the matrix grain. The dislocation core region is evident and
hows very strong lattice distortion (Fig. 9). The subgrain for-
ation and growth by so-called “recrystallization”32 is noticed

nly rarely for BaTiO3 ceramics. With respect to the electri-
al properties, however, such subgrains with small angle grain
oundaries might show a negligible PTC-effect and therefore
hould be avoided.

Twins are commonly found in BaTiO3 ceramics,33–36 and
re also observed in this study (Figs. 10 and 11). The detected
win lamella (Fig. 10) is about 200 nm wide and embedded in
20 �m large matrix grain. The twin boundary plane is {1 1 1}
s shown in the HRTEM image recorded edge-on along [1–10]
one axis (Fig. 11). Twins are usually formed during the solid
tate reaction of BaCO3 and TiO2, and are expected to appear
specially in abnormally grown grains.35,37,38

.4. Secondary phase

Above the eutectic temperature of BaTiO3 and Ba6Ti17O40
1332 ◦C), TiO2-excess BaTiO3 can intrinsically form the Ti-
ich phase. Also during the cooling process, the re-oxidation
f the reduced and semiconducting state of the donor doped
aTiO3 would readily transform from electron compensation to
ation compensation at the grain boundary region:

i + O + 4e′ ↔ TiO + V ′′′′ (1)
Ti 2 2 Ti

The crystalline secondary phase can be found in the sample,
s shown in Fig. 12. The Ti-excess was confirmed by EDS. From
EM and low magnification TEM images (Fig. 12a and b), it is



7 ean C

c
o
s
a
B
(
F

w
o
j

o
c
l
m
t
t
M
s
i
r
fi
e
i

4

c
s
m
b
H
a
t
b
i
p
b
∼
a
a
t
l

A

t
i
W
a
i
t
o
g

B
f

R

70 J. Hou et al. / Journal of the Europ

lear that the secondary phase is located at the triple junctions
f BaTiO3. TEM proofs by SAED and lattice imaging that the
econdary phase is crystalline (Fig. 12b and c). Interestingly, an
morphous phase is located at the centre of the triple junction of
aTiO3 adjacent to the crystalline secondary phase Ba6Ti17O40

Fig. 12c). The morphology is schematically shown in
ig. 12d.

The secondary phase precipitation in the matrix grains
as previously reported.39,40 In this study, however, the sec-
ndary phase is only found to be located at the triple
unction.

Although no intergranular films of secondary phase are
bserved, the random large angle grain boundaries seem to
onsist of a disordered layer with an apparent width of 1–2
attice constants. Segregation of Mn at these grain boundaries

ay give rise to the interfacial acceptor states necessary for
he PTC-effect. However, the Mn-concentration (0.05 at%) in
his study is quite low which we could not detect using EELS.

n-segregation will be studied systematically in the future on
amples containing a higher amount of dopants. In addition,
t should be mentioned that recently the PTC-effect has been
eported to occur only at large angle grain boundaries.21 This
nding agrees well with our observations, where a strong PTC
ffect was measured in n-conducting BaTiO3 ceramics contain-
ng mainly large angle grain boundaries.

. Conclusions

The microstructure and grain boundary structure of n-
onducting BaTiO3 ceramics, which was prepared by a modified
olid state reaction method, were characterized by electron
icroscopy techniques including grain misorientation analysis

y EBSD/SEM and atomic resolved imaging using CS-corrected
RTEM. A secondary crystalline Ba6Ti17O40 phase and an

morphous glass phase were observed at the triple junc-
ions between BaTiO3 grains. A systematic study of 29 grain
oundaries by HRTEM revealed no remarkable amorphous
ntergranular film. The majority of grain boundaries in the
olycrystalline ceramics were with 89% large angle grain
oundaries, which possess on average an apparent width of
0.53 nm. Impedance measurements reveal a change in the

ctivation energy from (1.22 ± 0.01) eV to (1.69 ± 0.01) eV at
pproximately 600 ◦C implying that the grain boundary resis-
ance is influenced by the enriched holes in the space charge
ayer at elevated temperatures.
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