ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Journal of the European Ceramic Society 27 (2007) 1113-1116

ELRRS

www.elsevier.com/locate/jeurceramsoc

Effects of Y,0j3 addition on electrical conductivity and
dielectric properties of Ba-excess BaTiOs

Jong Han Kim, Seok Hyun Yoon !, Young Ho Han *

Department of Materials Engineering, Sungkyunkwan University, 300 Chunchun-dong,
Jangan-gu, Suwon 440-746, Republic of Korea

Available online 19 June 2006

Abstract

When Y3* ion was substituted for Ti or Ba sites, the electrical conductivity of Ba-excess BaTiO3; showed an acceptor or a donor doped behavior,
depending on the Ba/Ti ratio. When Y,03; was added to Ba-excess BaTiO3 (Ba/(Ti+ Y) = 1), the solubility and the primary occupation site of Y3*
ions were estimated from the electrical conductivity behavior. Y,05 addition to Ba-excess BaTiO3; showed a donor-doped behavior at low levels of
Y,0; (<1.0mol%) and an acceptor-doped behavior at higher levels (>1.0 mol%). Grain growth inhibition occurred at 1.0-1.25 mol% Y when the
sample was fired at 1300 °C. Effects of Y,0; addition on electrical conductivity and dielectric characteristics of Ba-excess BaTiO; were dependent

on the site occupancy of Y* ion in BaTiOs lattice.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare-earth oxide is an important additive for manufacturing
multi-layer ceramic capacitors (MLCC) with base metal elec-
trodes. Trivalent rare-earth cations can behave as an acceptor
or a donor, depending on the site they occupy and the result-
ing electrical properties will depend strongly on the size of the
impurity cation.!” Lewis and Catlow calculated the solution
energies of several trivalent cations for BaTiO3 and the addi-
tion of Y03 to BaTiO3 with TiO; excess led to a donor doped
behavior and with BaO excess to an acceptor doped behavior.°®
There have been reported A-site and B-site models to explain
the improvement in the life time of Y,0O3 doped BaTiO3.78 Tt
is thus necessary to understand the defect chemistry of Y-doped
BaTiO3 and define the role of Y,03. The ionic radius of Y3*
ion (0.107 nm) is almost halfway between Ba?* ion (0.161 nm)
and Ti** (0.06 nm) ion. Thus, Y>* could be accommodated on
either cation site in BaTiO3 lattice, depending on the Ba/Ti
ratio.® The previous work by Lee and Smyth has shown that
Y3+ acted as an acceptor in the presence of excess BaO, but as a
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donor in the presence of excess TiO».!? The equilibrium electri-
cal conductivity would elucidate the defect chemistry of doped
BaTiOs.

The incorporation reaction of Y,O3 into BaTiO3 lattices at
Ba/Ti> 1 can be written as follows!:

2BaO + Y,03 — 2Bag, + 2Y, + 500 + Vo** (1

The defect notation is that proposed by Kroger and Vink.'?
Y], is compensated by the corresponding number of oxy-
gen vacancies.!> The un-doped BaTiOs inherently includes
~100 ppm of oxygen vacancies due to the background acceptor
impurities such as Na*, K*, Fe3*, Mg?* and AIP*.'%15 There-
fore, the conductivity of un-doped BaTiO3 indicates that it has
acceptor impurity, a small amount of yttrium doped Ba-excess
BaTiO3 may represents acceptor behavior. However, recent
results showed that Y3* acts a donor character when Y,0j5 is
added to the stoichiometric BaTiO3 (Ba/Ti= 1) and a transition
from semiconductor to insulator occurs since Y3* ions can be
substituted for Ba and Ti sites in Ba-excess BaTiO3.10:17

In this paper, the effect of yttrium addition on electrical
conductivity and dielectric properties of Ba-excess BaTiO3
(Ba/(Ti+ Y) = 1) has been studied. The site occupancy of yttrium
will be discussed in terms of microstructure, conductivity behav-
ior, lattice parameter, and TCC (temperature coefficient of
capacitance).
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2. Experimental procedure

Samples were prepared by a conventional ceramic process-
ing with BaTiO3 (Sakai BT04), BaCOs (Aldrich) and Y,03
(NanoTek). Initial powders were weighed according to the com-
position BaTiO3z +x(BaO + 0.5Y,03) (0 <x <0.03) and mixed
in a planetary mill with zirconia balls in deionized water and
then dried. The dried powders were calcined at 1000 °C for 3 h
and milled for 1 hin a polyethylene jar. The milled powders were
dried, granulated with PVA binder and formed into disk and rect-
angular bar shapes under a uniaxial pressure of 150 MPa. The
organic binder was burned out at 400 °C in air with a slow heat-
ing rate. These specimens were sintered at 1300 °C for 3 h in air.
The conductivity was measured at 1100 °C using a four-point
dc method. The desired oxygen partial pressure was obtained
by means of N»—O, and CO-CO,;. The oxygen activity was
measured using a closed-end tube of stabilized zirconia. The
microstructure was studied by SEM (Hitachi) and X-ray pow-
der diffraction (XRD) analysis was used to identify the lattice
constant change of the sample using Rigaku X-ray diffractome-
ter. TCC (temperature coefficient of capacitance) was measured
using the capacitance measurement system (Saunders & Asso-
ciate) with an LCR meter (HP4284A) in the temperature range
from —55 to 150°C at 1 kHz and 1 V.
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3. Results and discussion

Y03 doped BaTiO3 was studied with nominal compositions
BaTiO3 +x(BaO +0.5Y203) where x=0.002, 0.005, 0.0075,
0.01, 0.0125, 0.015, 0.0175, 0.02 and 0.03; all these samples
were sintered at 1300 °C for 3 hin air. Fig. 1 shows a microstruc-
ture development of Y,03 doped BaTiO3. An effective grain
growth inhibition took place at the doping level of 1.0mol% Y
(Fig. 1(d)). This result is similar to the Ti-excess BaTiO3 sam-
ples doped with donor oxides and the window of grain growth
inhibition threshold (GGIT).!6-1° Suppressed microstructures
are shown in Fig. 1(d) and (f). An abnormal of grain growth
appeared in the sample doped with 2.0mol% Y in Fig. 1(e).
Fig. 2 shows the variations of grain size as a function of nominal
yttrium contents (x) in the BaTiO3 + x(BaO + 0.5Y,03) samples.
This may be explained by the electrical conductivity. When the
low level of Y,0O3 was added to the stoichiometric BaTiOj3,
the conductivity profile showed a donor-doped bevavior.!! This
result implies that at lower levels of Y,0O3 addition, Y3* ions
effectively incorporate into Ba sites instead of Ti sites.

Fig. 3 shows the electrical conductivity profiles measured as a
function of oxygen partial pressure at 1100 °C for the samples of
BaTiO3 +x(BaO +0.5Y203). When 0.2-1.0mol% Y (x=0.002,
0.005, 0.01) was added to Ba-excess BaTiO3, the conductivity

Fig. 1. SEM photomicrographs of BaTiO3 +x(BaO + 0.5Y,03) sintered at 1300 °C for 3 h: (a) x=0, (b) x=0.002, (c) x=0.005, (d) x=0.01, (e) x=0.02, (f) x=0.03.



J.H. Kim et al. / Journal of the European Ceramic Society 27 (2007) 1113-1116 1115

50- @
40
30 L}

20 + [ ]

ol \.\ .,-/‘/.\

— ®
[

Grain size(um)

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
Y Contents(mol%)

Fig. 2. Grain size as a function of nominal yttrium content (x) in
BaTiO3 + x(BaO +0.5Y,03) sintered at 1300 °C for 3 h.

profiles showed a donor doped behavior. When Y** ions are
substituted for Ba sites as a donor, Yg,°® is compensated either
by electrons or by cation vacancies. However, with 2.0 mol%
Y (x=0.02), the conductivity profile showed an acceptor doped
behavior. When Y3* was substituted for Ti sites as an accep-
tor, Y7, is compensated by oxygen vacancies according to Eq.
(1). Addition of yttrium as an acceptor also causes the conduc-
tivity minimum to be flattened.'>?° The sample color changed
from dark blue (x=0.002, 0.005) to ivory hue as Y contents
were increased to x=0.01. The stoichiometric barium titanate
is an insulator at room temperature. It becomes semiconduct-
ing when slightly doped with aliovalent ions such as trivalent
cation donors. As the Y doping concentration exceeds a certain
limit (x =0.005), barium titanate changes into an insulator again
because of the formation of ionic defects. Possible modes of
incorporation reaction of Y>* ions into Ba sites in BaTiO3 are
as follows:

Y,03 +2TiO — 2Yg,® + 2Titi + 600 + 1/20, +2¢/  (2)
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Fig. 3. Electrical conductivity at 1100 °C of BaTiO3 doped with yttrium with
Ba/(Ti+Y)=1.00.
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Fig. 4. Lattice parameter a and c as a function of nominal yttrium contents (x)
in BaTiO3 + x(BaO +0.5Y,03) samples.

1

3Y,03+ 6TiO2 — 6Yga*+ 6Tiri + Vi, + V/+2100  (3)

Yg,*is compensated by the corresponding number of either
electrons or cation vacancies as shown in Eqgs. (2) and (3).21-23
Thus, the electrical conductivity result indicates the preference
of Y to Ba sites, which gave a donor doped behavior for the
samples prepared by a conventional ceramic process. When
2.0mol% Y was added, however, the Ba site could accept less
Y than the Ti site, the net result exhibiting an acceptor doped
behavior. Fig. 1 is consistent with the electrical conductivity
shown in Fig. 3. The sample with small grain (x=0.01) exhibits
donor doped behavior, whereas the large grained microstructure
(x=0.02) is compatible with the acceptor doped behavior.

To the extent of XRD detection limit, none of second
phases other than BaTiO3 was detected in the compositions
with x <0.03. Fig. 4 shows the variations of lattice constants
a and ¢ as a function of nominal yttrium contents (x) in
BaTiO3 +x(BaO +0.5Y,03) samples. The solid solution energy
of Y for the Ba site is similar to that for the Ti site.® Lattice
parameters, a and ¢ decrease with increasing x, for x <0.01,
whereas these increase with x, for x> 0.01. Since the size of the
Y3+ ion (~0.107 nm) is almost intermediate between those Ba2*
jon (~0.161 nm) and Ti*" ion (~0.06 nm), it seems likely that
Y3* jons would have an amphoteric behavior in BaTiO3 sublat-
tices. Thus, the lattice parameter may decrease with increasing
the yttrium substitution for Ba sites (Yg,°®), and increase with
increasing the yttrium for Ti sites (Y’;). The lattice parameter, a
and c decreased gradually below 1.0 mol% Y, and then switched
to increase at higher Y contents (x> 0.01 mol%). This result sup-
ports that below 1 mol% Y, Y3* ions preferentially occupy Ba
sites in BaTiO3 +x(BaO +0.5Y,03), regardless of excess BaO.
This XRD data is compatible with the equilibrium electrical
conductivity behavior shown in Fig. 3.

Fig. 5 shows the Curie temperature of BaTiO3; +x(BaO +
0.5Y,03) samples (x=0.00, 0.01, 0.015, 0.02, 0.03). The Curie
temperature decreases gradually with increasing Y contents
up to 1.0mol% and then with higher rates at Y >1.0mol%.
The Curie point shifts to lower temperatures when the oxy-
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Fig. 5. Curie temperature variation of BaTiO3 +x(BaO +0.5Y,03) (x = yttrium
contents).

gen vacancy concentration is increased or the ions with smaller
ionic radius replace the host ions.?*2® The gradual decreases
in Curie temperatures at lower levels of Y contents could be
due to the Y substitution for Ba sites. The steeper Curie point
suppression at >1.0mol% Y may be attributed to the oxy-
gen vacancy concentration as Y ions are incorporated into Ti
sites according to Eq. (1). Thus, the TCC results are consistent
with the equilibrium electrical conductivity behaviors shown in
Fig. 3.

4. Conclusions

When Y;03 was added to Ba-excess BaTiO3 (Ba/(Ti+Y)
=1), the preferentially occupation site of Y3* ions were esti-
mated from microstructure developments, electrical conductiv-
ity behavior and XRD. The Y,0j3 addition to the Ba-excess
BaTiO3 (Ba/(Ti+ Y)=1) lead to a donor-doped behavior at low
level of Y>03 (<1.0mol%), an acceptor-doped behavior was
observed at higher levels (>1.0mol%). As Y contents were
increased up to 1.0 mol%, the lattice parameter decreased gradu-
ally in BaTiO3 + x(BaO + 0.5Y,03). However, the lattice param-
eters, a and c increased as Y contents were increased above
1.0mol% Y. As long as Y contents were increased, the Curie
temperature moved to lower temperatures. Y3* jons preferen-
tially occupy Ba sites in BaTiO3 +x(BaO + 0.5Y,03) regardless
of excess BaO and at >1.0mol% Y, Y3* ions are incorporated
into Ti sites.
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