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Acceptor compensation in (Sb, Y)-doped
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QI JIANQUAN, CHEN WANPING, ZHANG ZHONGTAI, TANG ZILONG
Department of Materials Science and Engineering, Tsinghua University, Beijing 100084,

People’s Republic of China

The characteristics of semiconducting Ba,-.Sr,TiO3 samples with different doping
procedures were studied. Complex impedance—measurements were used to separate the
resistances of grains R, and grain boundaries as Ry, It was shown that excess donors added
after calcination diffused into the grain bulk more slowly and could be compensted on the
grain boundary by acceptors, and thus samples with particularly low resistivity were
obtained. Using an excess donor to compensate for the acceptor, a sample with room
temperature resistivity of ~ 200Q cm ' and greater than 7.8 orders of jumping of resistance

was obtained.

1. Introduction

The PTCR (positive temperature coefficient of resist-
ance) characteristic is influenced greatly by dilute dop-
ing donors and acceptors in BaTiO3 based ceramics.
Previous investigations show that for various donors,
there is an optimum doping content, DY, at which the
lowest resistivity is obtained in ceramics [ 1, 2]. These
donors include trivalent ions that substitute for Ba in
the lattice (i.e. La®™, Sb3*, Bi®*, Y3*, Nd3", etc.), and
quinquevalent or sexavalent ions that replace the Ti
site (i.e. Nb>*, Ta®>*, Sb>* and W®™ etc.). Donors are
added generally before synthesis of the BaTiO; solid
solution and the doping procedure is called once dop-
ing. If the donor doping content is greater than its D2,
the part other than D2, is called the excess donor. On
the other hand, acceptors (i.e. Mn, Fe, Cu, etc.) are
added after the main crystal phase is compounded in
order to make these ions rich on the grain boundary
and near the surface of the grain body, which can
promote the surface states of the acceptors [3, 4]. This
doping after the main crystal phase is formed is called
twice doping.

Many kinds of impurities have different distribu-
tions between the grain and the grain boundary. In
yttrium-doped BaTiOj; ceramics yttrium is only partly
incorporated into grains as a result of rapid grain
growth [5]. The rest of it remains in intergranular
phases. Other kind of dopants, such as Li, Mg, Mn
and Fe, can act as acceptors in BaTiO3 based ceram-
ics. Peng and coworkers have studied Mg-La and
Mn-La codoping BaTiO; materials [6, 7]. Both Mg
and Mn can compensate for donor-dopant La in the
samples. But they have different mechanisms. Mg is
incorporated into the body of the grain and Mn main-
ly exists in the grain boundary.

In our study, excess donors were added by once
doping in some samples and twice doping in other
samples. Comparisons between these two kinds of
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samples were made of the resistivity and PTC effects.
By complex impedance analysis, the influence of the
two doping styles of excess donor on compensation by
an acceptor in the grain boundary was also studied.

2. Experimental procedure

Two basic compositions were prepared by mixing
0.5mol % Y(NO3)3-6H,0 and 0.6mol % Y(NOj);-
6H,0, respectively, with Bag ggSrg1,TiO3 +
1 mol % TiO,. After calcination, different doses of
Mn(NO3), (from 0 to 0.1 mol %) were added to the
basic composition with 0.6mol % Y(NOj3);-6H,O0,
and samples in series A were obtained. Some
0.1mol % of Y(NO3);-6H,O and different doses of
Mn(NOj), (from 0 to 0.14mol %) were added to the
basic composition with 0.5mol % Y(NOj3);-6H,O to
obtain the series B samples. Different doses of
Mn(NO3), (from 0 to 0.14mol %) together with an
equivalent total of Y and Sb from Y(NO;); - 6H,O
and Sb,0O; with various Sb:Y ratios were added to
the basic composition with 0.5mol %
Y(NO3);-6H,0 to obtain series C samples. All the
samples were sintered 1350°C for 1h in air with
0.5mol % 3Al,0;-2Si0,-1TiO, (AST) acting as
a sintering aid. For electrical contact, the flat surfaces
of the samples were coated with In-Ga alloy by rub-
bing. Direct current (d.c.) resistivity of these samples
was measured at room temperature (r.t.) up to 250 °C
using the two-probe method. The frequency depen-
dence of impedance was determined by an impedance
analyser (HP4192A). An Opton CSM 950 was used for
microstructural analysis.

3. Results and discussion

3.1. Room temperature resistivity
Donor-doped BaTiO; ceramics have the lowest r.t.
resistivity at a certain donor content, DS. When the
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Figure 1 The relation between resistivity and acceptor content of
the samples with different excess-donor doping types in series (a)
A and (b) B.

donor’s doping level was lower than its Dy, the r.t.
resistivity decreased as the donor’s doping level in-
creased because the number of conducting electrons
increased. This is expressed by the defect chemistry
equation as [8]

Y,0; — 2Yj, + 2¢ + 20§ + 1 0,(g) (1)

When the doping level is greater than DY, the dopant
can be compensated by cation vacancy as follows

Y203 - 2Yiia + Vﬁa + 3C)(>)< (2)
or
2Y,0; + 3TiO, — 4Yj, + 3Tif; + Vi + 1205 (3)

and this makes the materials insulating. When the
acceptor content is below 0.07 mol %, the resistivity
versus acceptor content in series A samples exhibits a
greater difference compared with samples in series B.
Compensation in the cation vacancy is the main
mechanism occurring with higher donor concentra-
tion and lower acceptor concentration, below
0.02mol %, and thus insulating samples in series A are
obtained. The r.t. resistivities of samples in series A de-
creases rapidly as the acceptor content increases, and
reaches their lowest values as the acceptor content
reaches 0.07 mol %. This implies that the acceptor has
the best compensation effect at this content. While the
r.t. resistivities of samples in series B vary slightly with
acceptor content in a wide range from 0 to 0.07 mol %,
the donor added after calcination remains mainly on
the grain boundaries or in the intergranular phases. In
samples of both the A and B series the r.t. resistivities
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Figure 2 Relation between resistance jumping, Pmax/Pmin, and ac-
ceptor content of samples with different excess-donor doping types
in series (a) A and (b) B.

increase with acceptor contents over 0.07 mol %, while
in the series B samples resistivities increase more slow-
ly (Fig. 1).

According to the processes of preparation, it is clear
that the different doping styles of the excess donors
have different influences on the r.t. resistivity and on
the compensation effect of the acceptors.

Under a given acceptor content, the r.t. resistivities
of C series samples only varied slightly with Sb:Y
ratio. So acceptor compensation of the two different
excess donors had a similar influence on r.t. resistivity.

3.2. PTCR effect

Resistivity jumping of donor-doped BaTiOj; ceramics
could be increased considerably by doping of some 3d
(orbital) elements, including Mn, Fe and Cu; whereas
this is not the case for the other 3d (orbital) ions [9]. In
our study, all jumping of resistance of samples in-
creased with acceptor content, and greater improve-
ment of resistance jumping was acquired in series B
than in series A samples (Fig. 2).

In series C, the result is similar to that in series B.
This implies that excess donors added after calcina-
tion can compensate with the acceptor more thor-
oughly on the grain boundary, and compensation on
the grain boundary will not damage the jumping of
resistivity and the temperature coefficient. So this
method is good for determining the PTCR character-
istics of the materials. In series C, different from the r.t.
resistivity, the jumping of resistance varies consider-
ably with Sb:Y ratio. The greatest jumping is ob-
tained when Sb:Y = 2:1 (Fig. 3). In this condition,
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Figure 3 Influence of Y : Sb ratio of excess donors on the resistance
Jumping, pPuax/Pmin of samples in series C.
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Figure 4 The resistance—temperature characteristics of the samples
twice doped by Sb and Y excess donors (Sb:Y = 1:2) in series C at
Mn concentrations of (a) 0.12 mol %, (b) 0.09 mol %, (c) 0.06 mol %,
and (d) 0.05mol %.

the higher the concentration of dopants, the greater
jumping of resistance and the higher temperature coef-
ficient gained (Fig. 4).

When the total excess donor concentration, which
was equal to that of the acceptor, reached 0.12 mol %,

Figure 5 Microstructure of the sample in series C twice doped by
0.08 mol % Sb and 0.04 mol % Y excess donors and by a 0.12 mol %
Mn acceptor.

over 7.8 orders of jumping of resistivity and
200 Qcm ! of .t. resistivity were obtained. The prop-
erties of this material were better than given in pre-
vious reports using a conventional solid method. As
shown in the scanning electron microscope (SEM)
photograph (Fig. 5), this material has a dense structure
as well.

3.3. Complex impedance

Complex plane impedance analysis is a very efficient
way of determining the resistances of grains and grain
boundaries [ 10—-12]. Maiti and Basu applied complex-
plane impedance analysis successfully to study the
grain boundary barriers in semiconducting BaTiO;
for development of PTC thermistors [13]. For electri-
cal contact, an In—-Ga alloy electrode was chosen as it
forms a good ohmic contact with semiconducting
BaTiOj;. According to many authors, the grain bulk
phenomenon can be represented by a pure resistance,
R, [14]. The resistances of the bulk grain, R,, and
grain boundary, R,,, were derived, respectively, from
the low- and high-frequency resistance intercepts of
Z'. The grain boundary capacitance, Cy,, was found
from the maximum value of Z”. Impedance diagrams
of samples in series A and B are given for different
manganese contents in Fig. 6a—c and d, e respectively.
An optimum circle was fitted by the method of least
squares, and the relative factors were all bigger than
0.997.

From these fittings, the resistances of grains, R, and
grain boundaries, Ry, of series A and B are obtained
and are shown versus variance of manganese content
in Fig. 7.

For the samples in series A, grain resistances de-
creased as the manganese content increased, and in
the range of our doping, the resistances did not reach
the lowest values possible. On the contrary, grain
boundary resistance reached its minimum value at
a content of 0.07mol %. Twice-doped manganese
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Figure 6 Impedance diagrams of samples in a—c series A, and d—e
series B with different Mn contents. The Mn contents of samples 0-6
were 0.00, 0.04, 0.06, 0.07, 0.08, 0.10 and 0.14mol %, respectively.

diffused into the bulk slowly, and excess donors were
not completely compensated until the manganese con-
tent increased to 0.14 mol % as a result of the greater
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Figure 7 Relation between Mn content and grain bulk resistance
Ry, grain boundary resistance, R,, derived from the impedance
diagrams of series A (O) and B (e) samples.

part of it remaining on the grain boundary. Then,
a manganese content of 0.07 mol % could compensate
excess grain boundary donors completely.

The grain resistance of series B reached its lowest
value when the manganese content was 0.1 mol %, but
grain boundary resistance increased with manganese
content. Under the sintering temperature, twice-doped
Y and Mn could diffuse into the bulk at the same time;
yttrium doped after calcination might remain in the
intergranuler phase(s) partly. Yttrium diffused to the
grain and grain boundary more slowly because of an
oxidizing sintering atmosphere

Y,0; + Mn,O5 — 2Yj, + 2Mnj; + 608 (4)

thus, the oxidizing atmosphere slowed down the diffu-
sion of yttrium. On the contrary, Mn*"* dissolved on
the grain boundary more quickly than in the bulk of
the grain in an oxidizing atmosphere

Mn,O5 — 2Mnly; + Vi + 30¢ (5)

Furthermore, manganese was apt to be doubly ioniz-
ing in the BaTiOj; solution. In yttrium and manganese
codoped samples, diffusion of these dopants into the
bulk of the grain was promoted by reaction of

then, twice-doped donors and acceptors could diffuse
into the grain bulk and be compensated there; the
others could be compensated on the grain boundary
and moderate the r.t. resistivity of the samples.
From Fig. 7, in the samples of both series A and B,
the grain boundary resistances increased with manga-



nese content, except in a few samples of series A of
which the Mn content was very low and compensation
of the cation vacancy occurred as described in Equa-
tions 2 and 3. The grain resistances of those semicon-
ducting samples both of series A and B only changed
slightly with Mn content. So manganese can influence
grain boundary resistance more than the resistance of
the grain bulk.

4. Conclusions

Excess donors that were added after calcination can
be more thoroughly compensated by an acceptor on
the grain boundary, and good PTCR characteristics of
the material can be obtained. Complex impedance
analysis shows that manganese could influence the
grain boundary resistance more than the resistance of
the grain bulk.

When the excess donors were from a binary Sb and
Y system, under a given acceptor content, the Sb:Y
ratio had little influence on the r.t. resistivity but could
influence the jumping of resistance considerably. The
greatest jumping of resistance could be obtained at
a certain Sb:Y ratio.
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