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Abstract

Formation, microstructure, and electrophysical properties of positive temperature coefficient of resistance
ceramics of the systems (BagogosY0.004)TiO3 and (Bag746Cag.1Sro.15Y0.004)Ti03 with manganese as acceptor
dopant have been investigated. Is has been shown that manganese ions increase the potential barrier at grain
boundaries and form a high-resistance outer layer in PTCR ceramics. The resistance of grains, outer layers and
grain boundaries, and the value of the temperature coefficient of resistance as a function of the manganese content
of positive temperature coefficient of resistance materials have been investigated.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Positive temperature coefficient of resistance (PTCR) occurs in ceramics based on doped barium
titanate near the temperature of phase transition from tetragonal ferroelectric to cubic paraelectric phase
[1]. One of the conditions for arising PTCR effect is the formation of potential barriers at grain
boundaries. Therefore, PTCR ceramics are synthesized in the conditions, where semiconducting grains
and high-resistance grain boundaries are formed. In particular, this is achieved when rare-earth ions are
partially substituted for barium ions and grain boundaries are oxidized during sintering the ceramic in
air. The low order of resistivity change (pax/Pmin) in the PTCR region is one of the basic shortcomings
of the use of barium-titanate-based PTCR materials in devices. It is known that the introduction of
acceptor dopants in synthesized materials (for example, manganese) improves the above characteristic
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of PTCR barium titanate [2,3]. The effect of manganese additive on the properties of PTCR materials
based on barium titanate was investigated in a number of works [2-8]. It has been shown that
manganese is placed at grain boundaries and acts as acceptor dopant increasing the order of resistivity
change in the area of PTCR effect [2]. Introduction of manganese in the PTCR ceramics based on
barium titanate changes the energy of acceptor states [4,5]. Manganese forms a number of associates
with oxygen vacancies, which act as the acceptor-like centers of electron capture [6]. In the case of
partial substitution of titanium ions by manganese ions in barium titanate the samples become bimodal
at manganese contents of over 1 mol%, and in the range of 0.5-1.7 mol% the coexistence of tetragonal
and hexagonal phases of the perovskite is observed [7]. In the case of partial substitution of barium ions
by strontium ions in barium titanate the range of coexistence of tetragonal and hexagonal phases is
shifted towards higher Mn concentration [8]. Manganese dopant affects PTCR effect to a large extent
due to the fact that the redox transformations of manganese and redox processes in PTCR ceramics,
accompanied by the partial Ti*" < Ti*" transformation, occur in one temperature interval [9].
However, the information about the distribution of manganese dopant in polycrystalline material is
scantily presented in the literature.

Therefore, the aim of this work was to study the distribution of manganese ions and its effect on the
properties of grains, outer grain layers and grain boundaries of yttrium-doped barium titanate
(Bag 996 Y0.004)TiO3 and solid solution with partial isovalent substitution in barium sites (Bag746.
Cag.1S10.15Y0.004) T103.

2. Experimental

PTCR materials with yttrium as donor dopant ((BaggosY0.004)TiO3) and with partial isovalent
substitution in barium sites ((Bag 746Cag.1Sr0.15Y0.004)TiO3) were used for the investigation. Whereas
yttrium can reside in both titanium and barium sites [10], in the present work to provide the
incorporation of yttrium in barium sublattice a small excess of titanium was used. The concentration of
yttrium was much lower then its solubility limit in barium sublattice (~1.5 at.%) [11]. Neither bimodal
microstructure nor coexistence of tetragonal and hexagonal phases are not observed in the samples
because of the low manganese concentration used [7]. Extra-pure BaCO;3, CaCO;, SrCO3, TiO,, Y,0s3,
Si0,, MnSOy, and water solution of ammonia were used as starting reagents. Powders were ball-milled
in agate mortar. In order to reduce the pollution of mixed powders during milling, the working surfaces
of crushing cylinders were covered with vacuum rubber. Uniform distribution of manganese dopant was
achieved by its precipitation from solutions. Powder X-ray diffraction (PXRD) patterns were collected
on a DRON-4-07 diffractometer using Cu Ka radiation in the angular range 20 = 10—150° in a step-
scan mode with a step size of 0.02° and a counting time of 10 s per data point. As external standards, we
used SiO, (20 calibration) and Al,O3 (NIST SRM1976 intensity standard [12]). Structural parameters
and phase composition were determined by the Rietveld profile analysis method, using the FullProf
program and Powder Diffraction File data. Electrophysical properties of samples sintered at 1340-
1360 °C in air have been investigated. The densities of ceramic samples were calculated by the
Archimedes method and were found to be 92-94% of the theoretical value. The grain sizes in the
ceramics were determined using X-ray microanalyzer JCXA Superprobe 733 (JEOL, Japan).
Aluminum electrodes were fabricated by burning in Al paste. Electrical properties of the ceramics
were studied with the direct and alternating current. Impedance analyzer PGSTAT-30 (Solartron) was
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used for the measurements in the frequency range 1 Hz—1 MHz, and BM-560 Q-meter was used for
measurements in the frequency range 50 kHz—35 MHz. Equivalent circuit and values of its components
were determined using the Frequency Response Analyser 4.7 PC program.

3. Results and discussion

In order to define the intermediate phases, which are formed when synthesizing BaTiOs-based PTCR
ceramics by solid state reactions technique, the heat treatment of the powders in an isothermal mode
over the temperature range of 600-1100 °C was carried out. XRPD patterns of the powders
(Bag.996Y0.004)TiO5 fired at the temperatures lower than the calcination temperature (1100 °C) contain
reflexes of several phases. The perovskite phase was the dominant one within the entire temperature
range. The intermediate phases of the synthesis of yttrium-doped barium titanate (Bag gogY 0.004)TiO3
were barium orthotitanate (Ba,TiO,) and barium tetratitanate (BaTi4Oo). Beside Ba,TiO, and BaTi O,
the additional intermediate phases accompanying the synthesis of yttrium-doped barium titanate
(Bag 746Cag.1510.15 Y 0.004) TiO3 were the phases Ca3Ti,O; and SryTizO,y. After the heat treatment over
1100 °C all the samples examined were single-phase ones within the accuracy of the PXRD method,
which is ca. 2 mol%.

Ceramic samples (Bag 996 Y0.004)Ti03 and (Bag 746Cag.1510.15 Y 0.004) TiO5 after sintering at 1360 °C in
air have the perovskite structure with space group P4mm (Ba(Y) 1b (1/21/2z); Ti 1a (000); O; 1a
(002); Oy 2¢ (1720 z) [13]). XRPD has detected no Mn-containing compounds in the samples doped
with MnSQy,. The parameters of the crystal structure of the ceramic samples were determined by means
of Rietveld full-profile X-ray analysis (Fig. 1). The introduction of manganese dopant slightly affects
unit cell parameters of the samples studied (Table 1).

Electron micrographs of (Bag g9 Y0.004)T1O5 ceramic sintered in air for 2 h are shown in Fig. 2a and
b. The average grain size of barium-titanate-based ceramic is ca. 35 um. Partial substitution of
strontium for barium essentially diminishes the grain size. Partial substitution of calcium for barium has
a weaker effect on the decrease in grain size in comparison with strontium substitution. Combined

Table 1
Some structural parameters of the PTCR ceramics investigated
Composition (Bao.096 Y0.004)TiO3 (Bag 746Ca0.1510.15Y 0.004) TiO3
Without manganese +0.006 mol% Mn Without manganese +0.006 mol% Mn
Unit cell parameters
a (A) 3.9929(1) 3.9932(3) 3.9625(2) 3.9636(2)
c (A) 4.0356(1) 4.0346(3) 3.9917(3) 3.9911(2)
V(A% 64.339(3) 64.335(8) 62.675(6) 62.701(6)
Positions of ions (z/c)
Ba-site ions 0.511(7) 0.522(8) 0.530(7) 0.519(9)
0, 0.44(1) 0.49(2) 0.45(1) 0.45(1)
0, 0.04(1) 0.06(2) 0.07(1) 0.03(4)

Agreement factors
Ry (%) 3.89 4.27 3.17 4.24
R (%) 2.98 2.97 2.75 4.36
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Fig. 1. Experimental (dot) and calculated (line) room-temperature powder X-ray diffraction patterns of (Bag 996 Y0.004)TiO3
(a) and (Bag 746Ca0.1510.15Y0.004)TiO5 (b) ceramics. Bars indicate the peak positions. Difference curves are shown below.
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Fig. 2. Microstructure of the PTCR ceramics (BagoosYo0.004)TiOs (2); (Bagogs Yo.004)TiO3 + 0.006 mol% Mn (b);
(Bap746Cao.1S10.15 Y 0.004)TiO5 (c); and (Bag746Cao.1S10.15 Y0.004) TiO3 + 0.006 mol% Mn (d). Scale bar = 10 um.

introduction of calcium and strontium into the barium sublattice of barium titanate makes an additional
effect on the microstructure, forming close-grained (ca. 5 pm) ceramics with uniform distribution of
grain sizes (Fig. 2¢ and d).

The temperature dependence of resistivity of the PTCR ceramics can be divided schematically into
three ranges (Fig. 3). Range I extends from room temperature up to the phase transition temperature,
and is characterizes by relatively low resistivity, which decreases with the temperature (the temperature
dependence demonstrates semiconductor behavior). Range II is situated over the phase transition
temperature, where the rapid growth of resistivity is observed (PTCR effect). Range III exists at higher
temperatures, and is characterized by high resistivity, which decreases with the temperature. When
PTCR ceramics based on barium titanate are doped with manganese, the order of resistivity change in
the PTCR area increases (See Fig. 3, range II).

To ascertain the reasons of the increase in the order of resistance change in the PTCR region of
ceramics as a function of manganese content, the temperature dependence of the potential barrier at the
grain boundary and the characteristics of materials in the temperature ranges near the PTCR range have
been calculated using equations derived in Refs. [1,14,15]. In region I (Fig. 3), the temperature
dependence of resistivity is described by the equation [14,15]:
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Fig. 3. Resistivity (p) of the PTCR ceramics (Bag.oosY0.004)TiO3 (1); (BagoosYo.004)TiO3 + 0.006 mol% Mn (1);
(Bag 746Cag.1S10.15 Y 0.004) TiO3 (2); and (Bag746Cag.1Sro.15Y0.004)TiO3 4+ 0.006 mol% Mn (2') vs. temperature. I, II, and IIT
are the ranges with different character of dependences p(7).
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where pj) is a constant for barium titanate [15], E! is the activation energy for conduction in region I,
and k is the Boltzmann constant (1.38 x 10723 J/K = 8.62 x 107 eV/K).
A similar equation is applicable to the region III [1,14]:

m E/
Pa=Po eXP| Zr (2)

where E is the activation energy for conduction in region III.
The temperature dependence of resistivity in region II, where PTCR effect occurs, is commonly
interpreted using Heywang model [14]:

op exp(Po(T))
- 3
P T 3)
where « is a geometric factor and @y(7) is the intergranular barrier height:
e2npb?
Dy(T) = ——— 4
o(T) 2&;(T)eo @

Here e is the charge of electron (1.602 x 10~'° C), np, is the bulk electron concentration, b is the
potential barrier thickness (2b = ng/np, where ng is the surface concentration of acceptor states), and
e(T) is the permittivity of the grain bulk. In ferroelectrics, ¢(7) follows the Curie—Weiss law:
&(T) = C/(T—0), where C is the Curie constant and © is the Curie temperature (in barium titanate
C=17x10K; ® =383K [14]).

Assuming that the temperature dependence of the permittivity of grain boundaries follows the Curie—
Weiss law [1], Egs. (1) and (3) result in:

E! e’npb?(T —
(AW CeL) ®

Pre-exponentials in the ranges I (p{ ) and III (p{'), which are the constants of a material, and
activation energies E! and E" are listed in Table 2. Products of donor concentration np, and potential
barrier thickness b, which determine the characteristics of potential barriers at grain boundaries in the
paraelectric temperature range, were also calculated from the experimental data, and are listed in
Table 2. Results of the calculations for the (BaggosY0.004)Ti03 and (Bag746Cag 1S1g 15Y0.004)Ti05
ceramics show that in the temperature range I the p, value increases and the activation energy E!
decreases with increasing manganese content, whereas in the temperature range III the p}' value
decreases and the activation energy E!! increases. Deriving from the data obtained, the potential barrier
at the grain boundary (@) of PTCR ceramics as a function of manganese content in the temperature
range II has been calculated (Fig. 4b). As it is evident from the data presented, the magnitude of the
potential barrier increases with the manganese content of PTCR ceramics, which accounts for the
increase in the order of resistance change in the PTCR region (Fig. 3).

The results of frequency investigation of the PTCR ceramics (Bag 996 Y0.004)TiO3 + y mol% Mn and
(Bag.746Cag.1S10.15 Y0.004) TiO3 + y mol% Mn can be analyzed from four types of dependences: complex
impedance (Z*), complex admittance (Y*), complex permittivity (¢*), and complex electric modulus
(M™) [16-18]. The complex quantities are interrelated: M* = 1/¢* = jwCoZ* = jaCo(1/Y") (where
Jj= (—1)1/ 2. Initially, the results of frequency investigation of PTCR materials were obtained as
Z" = f(Z') relations (Fig. 5a). This plot is convenient for the determination of components of the
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Table 2

303

Effect of manganese content on the characteristics of temperature dependences of the resistance of the PTCR ceramics
(Bag.096 Y0.004)TiO5 and (Bag 746Cag.1S10.15Y0.004)T1O3 in various temperature ranges

Manganese content, y (mol%) Range I Range II Range III
ph (Q cm) El (eV) npb? (cm™) il (Q cm) EM (eV)
(Bag.996 Y0.004) TiO3 4 y mol% Mn
0 4.6 0.09 9.1 x 103 3254 0.20
0.002 17.9 0.06 9.3 x 108 106 0.59
0.004 21.3 0.06 9.3 x 108 76.0 0.70
0.006 27.4 0.06 9.8 x 108 15.2 0.75
0.008 45.9 0.05 1.2 x 10° 1.2 0.91
0.010 61.4 0.05 1.2 x 10° 2.7 0.85
0.012 104 0.04 1.3 x 10° 3.0 0.85
(Bag.746Caq.1S10.15Y0.004) TiO3 + y mol% Mn
0 12.8 0.04 3.2 x 108 6082 0.13
0.002 14.3 0.04 3.6 x 103 2433 0.22
0.006 14.6 0.04 4.2 x 108 365 0.36
0.01 15.8 0.04 5.4 x 108 110 0.44
0.02 17.6 0.04 5.5 x 108 2.1 0.69
0.03 24.9 0.04 5.8 x 108 1.5 0.72
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Fig. 4. (Bag.746Cag.1Sr0.15Y 0.004) T103(Bag 746Cag.1S10.15 Y 0.004) TiO3 potential barrier (@,) at grain boundaries of the PTCR

ceramics (Ba0_996Y0_004)TiO3
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Fig. 5. Complex impedance plot (Z” = f(Z')) (a) and combined impedance (Z") and modulus (M") spectroscopic plots (b) for
PTCR (Bag.996Y0.004)T103; inner grain region marked as ““ir,” outer grain region marked as “‘or,” grain boundary marked as
“gh.”
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equivalent circuit. For the further analysis, the results of investigation of complex impedance were also
represented as frequency dependencies of the imaginary components of complex impedance Z” and
complex electric modulus M” (Fig. 5b). In the case of parallel RC element, the frequency dependencies
of Z" and M" are described by the equations [16—-18]:

R
g Rwicz (6)
1 4+ (wRC)
n_ % wRC R (7
C1+ (wRC)
where w = 27f (f = frequency in Hz), and &, is the permittivity (8.854 x 10~ Fecm ™).
From Egs. (6) and (7), it follows that:
1
max — 5~ 8
Omax = 2~ 8)
R
Zrllllax = 5 €))
€0
M= 3 (10)

Egs. (8)—(10) show that the shift in the positions of Z" .. and M" ., at the frequency axis are
associated with a change in the values of both capacity and resistance in the corresponding RC element.

Fig. 4 shows that the peaks Z” . and M" ., do not coincide in frequency. This indicates that the
positions of the above maximums are determined by the various areas of the ceramics [16-18]. We
interpreted experimental results by using the model of PTCR ceramics’ grain proposed by Sinclair and
West [19]. According to this model, the inner fraction of a grain has semiconducting properties whereas
the grain boundaries have dielectric properties. Between these two areas the transition region occurs
which has the resistivity higher than that of semiconducting inner region, but lower than that of the
grain boundary dielectric layer. There can be various origins of the formation of this transition layer, for
example, oxygen diffusion into the grains when sintering the ceramics, introduction of acceptor dopants
(including manganese one), etc. These areas of the ceramics are electrically non-uniform and can be
represented by an equivalent circuit, which includes three parallel RC-elements connected in series. In
particular, the change in the value and positions of maximums of Z”(f) and M"(f) are determined by the
electrophysical properties of the following fractions of a grain: grain boundaries determine the plot
Z"(f), grain outer layer is responsible for the plot Z"(f) in the middle of the measuring frequency range,
whereas inner grain determines the plot of M”(f) at the frequencies over 10® Hz. These areas can also be
distinguished using the plot Z"” = f(Z') (see Fig. 5a).

Resistances and capacitances of grain, outer layer and grain boundary of the PTCR ceramics
(Bag 996 Y0.004)Ti03 and (Bag 746Cag.1S10.15 Y 0.004) TiO5 without manganese dopant were calculated from
the experimental data (Figs. 6 and 7 respectively). The temperature dependence of outer layer
resistance of (Bag 996 Y.004)T105 ceramic is of the character similar to that of grain and demonstrates no
anomalies (Fig. 6a, curves 2 and 3), whereas that of grain boundary displays the anomalies. Formation
of outer layer in the PTCR ceramics without manganese dopant occurs due to the diffusion of oxygen
into the grains on cooling. In this case, the trivalent titanium ions partially change to tetravalent ones in
outer layer, resulting in an increase in the electrical resistivity of this layer [20]. Hence, the PTCR effect
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Fig. 6. Resistance of grain boundary (1), outer layer (2), and grain (3), inverse capacitance of grain boundary (1’) and outer
layer (2') of the PTCR ceramics (Bag oosY0.004)Ti03 (a) and (Bag 746Ca0,.1S10.15Y0.004) TiO3 (b) vs. temperature.

in (Bag 996Y0.004)T105 ceramic without manganese dopant occurs due to a change in electrophysical
properties of grain boundaries (Fig. 6a, curve 1). Unlike (BagogoY0.004)TiO3, the temperature
dependence of outer layer resistance of the (Bag746Cag.1Sr0.15Y0.004)T103 ceramic is of the character
similar to that of grain boundary (Fig. 6b, curves 1 and 2). The PTCR effect in (Bag746Cag 1-
St0.15Y0.004)TiO3 ceramics without manganese dopant occurs due to the change in electrophysical
properties of both outer layers and grain boundaries. The capacitance of grain boundaries of the PTCR
ceramics (BagoosY0.004)T103 and (Bag746Cag.1510.15Y0.004)TiO5 reaches high values and slightly
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Fig. 7. Resistance of grain boundary (1), outer layer (2), and grain (3), inverse capacitance of grain boundary (1’) and outer

layer (2) of the PTCR ceramics (Bag 996 Y0.004) TiO3 + 0.006 mol% Mn (a) and (Bag 746Ca0.1Sr0.15 Yo.004) TiO3 + 0.006 mol%
Mn (b) vs. temperature.
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changes with temperature. Above the phase transition temperature, the capacitance of outer layer varies
with temperature in accordance with Curie—Weiss law.

The resistance of grain, outer layer and grain boundary of the PTCR ceramics (Bag 996 Y0.004) TiO3+
0.006 mol% Mn and (B30_746C3()_1SI'().15Y0.()()4)TiO3 +0.006 mol% Mn is shown in Flg 7. The
character of the variation of outer layer resistance of the ceramic (Bag g9 Y0.004)TiO3 + 0.006 mol%
Mn with the temperature is similar to that of the variation of grain boundary resistance, contrary to the
ceramics without manganese dopant (Fig. 7a, curves 2 and 3). Introducing manganese dopants in
(Bag 746Cag.1S10.15 Y 0.004) TiO5 ceramic increases slightly the resistance of both the outer layer and grain
boundary (Fig. 7b). The capacitance of grain boundary depends slightly on temperature in the PTCR
ceramics (Bao_996Y0_004)TiO3 + 0.006 mol% Mn and (Ba0,746Cao_1Sr0_15Y0,004)Ti03 + 0.006 mol% Mn,
whereas the slope of the curve 2’ decreases (Fig. 7). This is, probably, due to the fact that manganese
partially diffuses into the grain outer layer [21].

The results of the investigation of the properties of the PTCR (BaggosY0.004)TiO; and
(Bag746Ca0.1510.15 Y 0.004) TiO3 ceramics at room temperature as a function of manganese content are
shown in Fig. 8. As it is evident from the data presented, when the manganese content of PTCR ceramics
is increased, the grain boundary resistance increases, whereas the total grain and outer layer resistance
remains practically unchanged. The resistance and capacitance of grain and the grain outer layer of PTCR
barium titanate cannot be distinguished at room temperature due to the small difference in their values.
At the same time, the difference in resistance between grain and the grain outer layer of PTCR
ceramics becomes more pronounced with rising temperature. The capacitance of grain boundaries of the
PTCR ceramics (Ba,Y)TiO3 +y mol% Mn (a) and (Bag746Cag1S10.15Y0.004)TiO3 +y mol% Mn
decreases with increasing manganese content, and the total capacitance of grain and the outer layer
increases (see Fig. 8). The total capacitance of grain and the grain outer layer of the PTCR ceramic
(Bap.996 Y0.004) TiO3 +y mol% Mn depends on manganese content more stronger than that of
(Bap746Can.1S10.15Y0.004) TiO3 + y mol% Mn (curve 2').

Zi ,14;

0000 0.005 0.010 y 0000 0.005 0.010

1/c, F! 1/C,F

2x10° 2 2x10° z
1x10° 1x10° p

(a) 0 000 0.005 0.010 y 0 000 0.005 0.010 y

Fig. 8. Resistance of grain boundary (1), total resistance of outer layer and grain (2), inverse capacitance of grain boundary
(1) and total capacitance of outer layer and grain (2') of the PTCR ceramics (Bag.gosY0.004)TiO3 +y mol% Mn (a) and
(Bag746Cag.1Sr0.15 Y0.004) TiO3 + y mol% Mn (b) vs. manganese content; Tipe,s = 20 °C.



A. Belous et al./Materials Research Bulletin 39 (2004) 297-308 307

4. Conclusion

Thus, the investigations of the manganese-doped PTCR ceramics (BagogogYo.004)TiO3 and
(Bag 746Cag.1510.15 Y 0.004) TiO3 carried out by us over a wide frequency and temperature range showed
that:

1. PTCR ceramic of (Bagg96Y0.004)TiO5 system has a coarse-grained microstructure. When adding
manganese dopant the manganese ions diffuse into a grain essentially changing the properties of
grain outer layers. At the same time, the electrophysical properties of inner grain and grain
boundaries change slightly.

2. In the case of PTCR materials of the (Bag 746Cag.1S10.15Y0.004) TiO3 system, fine-grained ceramics are
formed. Hence, the specific surface of the grains in the (Bag 746Cag.1S10.15Y 0.004)TiO3 system is much
larger than that in the (Bag g96Y0.004)T1O5 system. Therefore, at equal concentrations of manganese,
the surface density of manganese ions is lower in the materials of the (Bag746Cag.1510.15Y0.004) 103
system. In this case, the manganese ions affect slightly the properties of transition layer and, hence, the
electrophysical properties of the (Bag746Cag.1510.15Y0.004) 103 ceramics.

3. It has been shown that the impedance spectroscopy allows the ascertainment of the dopant
distribution of (in particular, manganese) in the grains, that is important for the development of
materials with high-level technical characteristics.
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