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Abstract—The electrical properties and microstructure of (BaY)TiO; PTCR ceramics were studied. The
resultsindicate that the Mnionsincrease the intergranular barrier height and produce a high-resistance layer on
the grain surface. The temperature-dependent resistances of the grain bulk, surface layer, and grain boundaries,
the temperature coefficient of resistance, and the magnitude of the varistor effect were assessed as afunction of

Mn content.

INTRODUCTION

(Ba,Y)TiO; ceramics exhibit a positive temperature
coefficient of resistance (PTCR) at the temperature of
the transition from the tetragonal, ferroel ectric phase to
the cubic, paraelectric phase[1]. A necessary condition
for this effect is the formation of potential barriers at
grain boundaries. For this reason, in fabricating
BaTiO5-based PTCR ceramics, efforts are focused on
producing high-resistivity grain boundaries and semi-
conducting grains. This can be achieved by introducing
small additions of rare-earth ions into the barium subl at-
tice and oxidizing the grain boundaries via air sintering.

Complex impedance and €l ectric modulus measure-
ments over a broad frequency range [2—4] confirm that
such materials consist of semiconducting grains, with a
higher resistance outer layer and high-resistance grain
boundaries. This structure can be represented by an
equivalent circuit comprising three parallel RC circuits
connected in series.

BaTiOz-based PTCR materials are characterized by
a relatively small p,,../Pmin rétio in the PTCR region
and asizeable varistor effect (adecreasein resistivity in
an applied electric field), which isaseriousimpediment
to high-field applications of such materials. It is well
known that acceptor doping, in particular with manga-
nese ions, improves the PTCR behavior of BaTiOs-
based materials, changing the grain-boundary resis-
tance[5]. Thereason for the significant effect of theMn
dopant on the PTCR behavior of barium titanate is that
the redox processes in manganese oxides and partial
Ti* ~—— Ti** transitions in PTCR ceramics occur in
the same temperature range [6]. However, the distribu-
tion of the Mn acceptor in polycrystalline materials has
not yet been studied in sufficient detail, in spite of the
fact that such information is crucia for understanding
and controlling the properties of PTCR ceramics.

The purpose of thiswork wasto investigate the dis-
tribution of manganese ions in PTCR ceramics and its
effect on the properties of the grain bulk, surface layer,
and grain boundaries.

EXPERIMENTAL

The starting reagents used were extrapure-grade
BaCO;, TiO,, Y,053, MnSO,, and agueous ammonia.
To reduce grinding-induced contamination, the inner
surfaces of the grinding vessels were lined with vac-
uum-tight rubber. To achieve auniform dopant distribu-
tion, manganese was introduced via precipitation from
solution. In electrical measurements, we used samples
sintered at 1340-1360°C. The grain size of ceramics
was determined on a JEOL JCXA-733 SuperProbe
x-ray microanalyzer. Electrical contacts were made by
firing aluminum paste.

We studied both the dc and ac electrical properties
of the materials, using a Solartron PGSTAT-30 imped-
ance analyzer in therange 100 Hzto 1 MHz and aV M-
560 Q-meter in the range 50 kHz to 35 MHz [7]. The
sampleswere cylindrical in shape, 8 £ 0.1 mmin diam-
eter and 2 £ 0.01 mm in thickness. The components of
the equivalent circuit were identified using the Fre-
guency Response Analyzer 4.7 program.

RESULTS AND DISCUSSION

The introduction of manganese into BaTiO3-based
PTCR ceramics increases the p,,../Pmin ratio (Fig. 1)
and substantially reduces the magnitude of the varistor
effect, which can be characterized by the p./p, ratio
(normalized resistivity), where p. istheresistivity in an
applied electric field and p, is zero-field resistivity
(Fig. 2).
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The magnitude of the varistor effect is sensitiveto a
number of factors, including oxidation of grain bound-
aries[8, 9]. According to earlier results [10], the varis-
tor effect in yttrium-doped PTCR barium titanate
ceramics correlates with the average grain size and is
weaker in fine-grained ceramics. The introduction of
manganese into PTCR barium titanate notably reduces
the magnitude of the varistor effect, without signifi-
cantly changing the grain size of the ceramics (Fig. 3).
This suggests that the weakening of the varistor effect
is due to the formation of a high-resistance surface
layer at grain boundaries.

Data for (Ba,_,Y)TiO; and Mn-doped
(Bay go6Y 0.004) TIO5 ceramics can be analyzed in the
form of the frequency dependences of complex imped-
ance Z*, complex admittance Y*, complex dielectric
permittivity €*, and complex electric modulus M* [2—4,
11, 12]. These quantities are related by

M# = 1/e% = i00C,Z* = i00C, Y*,

wherei = ./-1. Initially, the results were obtained in
the form of complex impedance plots Z'(Z'), which are
convenient for identifying the components of the equiv-
alent circuit. In analyzing experimenta data, we also
used the frequency dependences of Z"' and M". For a
paralel RC circuit, the frequency dependences of Z'
and M" have the form [2—4, 11, 12]

7" = ROO—F\’CZ, (1)
1+ (wRC)
) wRC
e m—, 2
C1+(wRC)®

where w = 211 (f is frequency, Hz) and g, is the permit-
tivity of vacuum (8.854 x 1074 F/cm).

Equations (1) and (2) indicate that the frequency
dependence of Z" issensitiveto R (inour case, theresis-
tance of grain boundaries), and that of M" isinfluenced
by the (low) capacitance in the RC circuit (the capaci-
tance of the grain bulk and surface layer) [2—4].

It follows from Egs. (1) and (2) that

1
Wnax = —R—C—:’ (3)
n R
Zmax = Ev (4)
n 8
Mia = 56 )

Equations (3)—(5) show that the frequencies corre-
spondingto Z,.., and M, depend onboth Rand C. It
should be emphasized that the frequency dependences
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Fig. 1. (&) Temperature dependences of resistivity for
(Bag.ggsY 0.004)TiO3 PTCR ceramics containing (1) O,

(2) 0.2, (3) 0.6, and (4) 1 mol % Mn. (b) Composition
dependences of Pmaxs Pmins and IOg(pmax /pmin) (numbers
between the curves).
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Fig. 2. Semilog plots of normalized resistivity vs. E/2 for
(Bag.ggsY 0.004)TiO3 PTCR ceramics containing (1) O,
(2) 0.2, (3) 0.6, and (4) 1 mol % Mn.

of Z..« and M, are merely different representations
of experimental data and are related by

v = 8Z
M" = =% (6)
Figure 4 shows the frequency dependences of room-
temperatureZ" and M" for (Ba, _,Y,)TiO; sampleswith
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Fig. 3. Microstructures of (Bag gg6Y 0.004) TiO3 PTCR ceramics containing (a) 0, (b) 0.2, (c) 0.6, and (d) 1 mol % Mn; x2000.

x=0.002, 0.003, and 0.004. The Z"(f) curves show one
peak (~10* Hz at x = 0.002, ~10° Hz at x = 0.003, and
~106 Hz at x = 0.004), while the M"(f) curves contain
two peaks, one at intermediate frequencies (~10° Hz at
x = 0.002, ~10° Hz at x = 0.003, and >10° Hz at x =
0.004) and the other at frequencies above 108 Hz.

A noteworthy feature of these data is that, indepen-
dent of the yttrium concentrationin (Ba, _,Y,)TiOs, the
peaksin Z"' and M" differ in frequency. The likely rea
son is that these peaks originate from different regions
of the ceramics[2—4]. In particular, the height and posi-
tion of the peak in Z" are governed by the electrical
properties of grain boundaries, whereas the peak in M"
is influenced by the properties of the surface layer of
the grains at intermediate frequencies and by those of
the grain bulk at frequencies above 108 Hz.

Conseguently, independent of the yttrium concen-
tration in (Ba,_,Y,)TiO; PTCR ceramics, the grain
bulk, surface layer, and grain boundaries differ in prop-
erties. By analyzing complex impedance and electric

modulus data obtained in a wide frequency range, one
can evaluate the electrical properties of these regions.
However, inthe case of high-conductivity materials, the
room-temperature el ectrical properties of thegrain bulk
and surface layer are difficult to distinguish because
they differ little in resistance.

The temperature dependence of resistivity charac-
teristic of PTCR ceramics (Fig. 5) consists of three dis-
tinct portions. Inregions| and I11, the temperature vari-
ation of resigtivity is similar to that in semiconductors
and dielectrics, respectively; in region Il, resistance
rises rapidly with temperature.

Figure 6 showsthe frequency dependencesof Z" and
M" for (BaygesY 0004)T1O; ceramics in regions |
(17-70°C), 11 (137-187°C), and 111 (237-287°C). In
region |, Z"' decreases with increasing temperature,
which is due, according to Egs. (3) and (4), to a
decrease in resistance. The shift of the peak in Z" to
higher frequenciesis caused by a decreasein the capac-
itance of the RC circuit representing the grain bound-
Vol. 39 No. 2
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Fig. 4. Frequency dependences of Z' and M" for
(a) (Bag.gogY0.002)TiO3, (D) (BapggrY0.003)TiO3, and
(C) (860.996Y0.004)Ti 03 PTCR ceramics at 20°C.

aries (Figs. 5, 6, region ). In region |1, the peak in Z"
shifts notably to lower frequencies with increasing tem-
perature. Moreover, the peak becomes much stronger,
which is due, according to Egs. (3) and (4), to an
increase in both the capacitance and resistance of the
RC circuit (Figs. 5, 6, region Il). In contrast to that in
Z", the peak in M" shifts dightly to higher frequencies
with increasing temperature, which is attributable,
according to Egs. (3) and (5), to adecreasein theresis-
tance of the RC circuit representing the surface layer of
the grains.
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Fig. 5. Temperature dependence of resistivity characteristic
of PTCR ceramics; (I-111) seetext.

Using experimental data, we calculated the resis-
tances of the grain bulk, surface layer, and grain bound-
aries in (BayggsY 0.004) TiIO; PTCR ceramics (Fig. 7).
The grain bulk and surface layer are found to be close
in resistance and its variation (monotonic) with temper-
ature (curves 1, 2). Consequently, the PTCR behavior
of Mn-free (BayggsY 0.004) TiO3 IS due to changes in the
electrical properties of the grain boundaries (curve 3).

The room-temperature resistance versus Mn content
data for (BagggsY 0004) TiIO; PTCR ceramics are pre-
sented in Fig. 8. With increasing Mn content, the grain-
boundary resistance rises rapidly, whereas that of the
grain bulk varies very little. The reason is that, in the
concentration range studied, manganese does not pene-
trate into the grain bulk of PTCR barium titanate. Inthe
Mn-doped samples, the room-temperature resistance of
the surface layer was found to differ insignificantly
from that of the grain bulk and could not be determined
separately. At higher temperatures, the difference in
resistance between the grain bulk and surface layer is
more pronounced.

The temperature effect on the frequency depen-
dences of 2" and M" for Mn-doped materials (Fig. 9)
differs from that for (BayggsY 0.004) TIO3 (Fig. 6): with
increasing temperature, the peak in M" shifts to lower
frequencies, whichisdue, according to Egs. (3) and (5),
to an increase in the resistance of the RC circuit repre-
senting the surface layer of the grains. The resistances
of the grain bulk, surface layer, and grain boundaries
extracted from experimental data demonstrate that the
surface layer and grain boundaries are similar in the
temperature variation of resistance. The introduction of
manganese into PTCR barium titanate also raises the
grain-boundary resistance (Fig. 10).

To interpret the effect of Mn doping onthe p,.,../Prmin
ratio in the PTCR region, we calculated the height of
the intergranular barriers. In region | (Fig. 5), the tem-
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Fig. 6. Frequency dependences of Z" and M" for (Bag g96Y 0,004) T1O3 Ceramics at different temperatures.

perature variation of resistance is described by the where E.' is the activation energy for conduction in

equation [1, 13]

E,

a

ps = poeﬁ,

)

where p, isaconstant for barium titanate [ 14], E; isthe

activation energy for conductioninregion |, and kisthe
Boltzmann constant. A similar equationis applicableto

region 11 [1, 13],

(®)

a

region I11.

The temperature variation of resistance in region |l
(PTCR behavior) is commonly interpreted in the Hey-
wang model [1],

®o(1)
p=ape ", )

where a is a geometric factor, and ®,(T) is the inter-
granular barrier height:

2 2
enpb

(DO(T) = m

(10)
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Fig. 7. Temperature dependences of resistance for the
(1) grain bulk, (2) surface layer, and (3) grain boundariesin
(B&p.996Y 0.004) TIO3 ceramics.
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Fig. 8. Resistance as a function of Mn content for the
(1) grain bulk and (2) grain boundaries in Mn-doped
(830'996Y0_004)Ti 03 ceramics at 20°C.
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Fig. 9. Frequency dependences of Z" and M" for Mn-doped (0.6 mol %) (Bag gg6Y 0.004) TiO3 ceramics at different temperatures.
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Fig. 10. Temperature dependences of resistance for the
(2) grain bulk, (2) surface layer, and (3) grain boundariesin
(880.996Y0.OO4)Ti 03 ceramics dOped with 0.6 mol % Mn.
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Fig. 11. Temperature dependences of the intergranular bar-
rier height for (BaggggY 0.004)TiO3 Ceramics containing

(1) 0, (2) 0.6, (3) 0.8, and (4) 1.2 mol % Mn.

Here, eisthe electronic charge (1.602 x 10%° C), ny is
the bulk electron concentration, b is the barrier thick-
ness (2b = ng/np, where ng is the surface concentration

Effect of Mn content on properties of PTCR ceramics

Mole
fraction| Ry, Q | EL, eV | npb% em™ | RS, Q |E) ev
of Mn
0 15 | 009 | 9.1x10® | 1070 0.20
0002 | 59 | 006 | 93x108 350 | 0.59
0004 | 7.0 | 006 | 93x108 250 | 0.70
0006 | 9.0 | 006 | 9.8x10° 50 | 075
0.008 | 151 | 0.05 | 1.2x10° 04 | 091
0010 | 20.2 | 005 | 1.2x10° 09 | 085
0012 | 342 | 004 | 1.3x10° 10 | 085
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of acceptor states), and €;(T) is the permittivity of the
grain bulk. In ferroelectrics, €; follows the Curie-Weiss

law, &(T) = ?—_Q(—a , where C is the Curie constant and

Tc is the Curie temperature (in barium titanate, C =
1.7 x 10° K and © = 383 K [13)]).

From Egs. (7) and (9), we obtain
E. €n,b’(T-0)

KT~ 26,CKT
p=ape e °

(11)
Calculationsby Egs. (7), (8), and (11) demonstrate that,
in region |, p, increases with Mn content, while E;

decreases substantially. By contrast, in region 11, pg

decreases, while the activation energy for conduction
rises (table).

The results thus obtained were used to calculate, by
Eq. (10), the intergranular barrier height ®, as a func-
tion of Mn content in region Il, where the resistance
rises drastically (Fig. 11). It can be seen that, with
increasing Mn content, the intergranular barrier grows,
which accounts for the increase in the p,,.«/Pumi, Fatio
(Fig. 1). Our ®, data for PTCR barium titanate agree
with earlier results [15]. Thus, the introduction of the
Mn acceptor into PTCR barium titanate |eadsto the for-
mation of a high-resistance layer on the grain surface,
thereby increasing the intergranular barrier height.

CONCLUSION

Our studies of Mn-doped (Ba,Y)TiO; PTCR ceram-
icsin broad temperature and frequency ranges demon-
strate that the Mn content hasawesak effect ontheresis-
tance of the grain bulk. The Mn ions, acting as accep-
tors, reside mainly at grain boundaries and in the
surface layer of the grains. This markedly improvesthe
properties of the PTCR materials, raising the p,,.x/Prmin
ratio and reducing the magnitude of the varistor effect.
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