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Negative temperature coefficient thermistor based on Bi 3Zn2Sb3O14
ceramic: An oxide semiconductor at high temperature
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Bi1.5ZnSb1.5O7 dielectric ceramic with pyrochlore structure was investigated by impedance
spectroscopy from 400 to 750 °C. Pyrochlore was synthesized by the polymeric precursor method,
a chemical synthesis route derived from Pechini’s method. The grain or bulk resistance exhibits a
sensor temperature characteristic, being a thermistor with a negative temperature coefficient~NTC!.
Only a single region was identified on the resistance curve investigated. The NTC thermistor
characteristic parameter~b! is equal to 7140 °C, in the temperature range investigated. The
temperature coefficient of the resistance~a! was derived, being equal to24.4631022 °C21 at
400 °C. The conduction mechanism and relaxation are discussed. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1566458#
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Pyrochlore phase presents a general formula A2B2O7

and spatial group Fd3M–Oh of cubic symmetry,A and B
being distinct sites to be occupied by cations of seve
valences.1 These materials are potentially applicable in
wide range of areas, such as catalyzing, ferromagnetics, i
conduction, and capacitors to operate at frequencies in
gigahertz region. A specific stoichiometry with formu
Bi1.5ZnSb1.5O7 is formed in ZnO-based varistors,2 polypha-
sic electroceramics, in which the microstructure depends
the precursor oxides and on their relative amounts.3,4 These
systems are typically based on ZnO and additives such
Sb2O3, Bi2O3 , MnO2, Co2O3, and Cr2O3 . A priori, the
pyrochlore does not make up the ceramic microstructu
since after its formation, it reacts with ZnO, formin
Zn7Sb2O12 spinel and Bi2O3 .3 Nevertheless, the pyrochlor
can be retained.5 Little physical information is available on
Bi1.5ZnSb1.5O7 , particularly on its electric characteristic.6,7

This work presents a negative temperature coeffic
~NTC! thermistor ceramic for high temperature based
Bi1.5ZnSb1.5O7 pyrochlore. It is interesting to note that NT
thermistors are commonly spinels with a further combinat
of cations of transition metals or single cation phase.
insight is presented here for the grain features of
Bi1.5ZnSb1.5O7 pyrochlore. The cubic single-phas
Bi1.5ZnSb1.5O7 was synthesized by chemical route based
the polymeric precursor method.6,7 The starting reagents fo
preparing of pyrochlore powders were zinc acetate, ci
acid, ethylene glycol, antimony oxide, and bismuth oxid
Crystalline powders were obtained by calcinations of prec
sor at 900 °C for 1 h. Pellet of Bi1.5ZnSb1.5O7 was sintered
via constant heating rate process in a dilatometer up
1250 °C using a constant heating rate of 10 °C/min. A re
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tive density of 97% of the theoretical density was reach
Electrical measurements were carried out on the 835-mm
cylindrical sample. Platinum electrodes were deposited
both faces of the sample by a platinum paste coating~Dem-
etron 308A!, which was dried at 800 °C for 30 min.

The measurements were performed in the freque
range from 5 Hz to 13 MHz, using a Solartron 1260 impe
ance analyzer controlled by a personal computer. A 500-
ac signal was applied. A sample holder with a two-electro
configuration was used. The ac measurements were ta
from 400 to 750 °C in 50-°C steps. A 30-min interval wa
used prior to the thermal and properties stabilization a
each measuring. The impedance data@Z* (v)# were plotted
in the complex plane, a plot of the real component@Z8(v)#
versus the imaginary component@Z9(v)#. Z* (v) is repre-
sented by equation Z* (v)5Z8(v)1 jZ9(v)5Zg* (v)
1Zgb* (v), where g stands for grain and gb for grain boun
ary. The data were analyzed by Boukamp’sEQUIVCRT soft-
ware. This program works in an environment developed
equivalent electric circuits, based on the fitting of the imm
tance spectra data.8

Figure 1 shows the impedance diagram
Bi1.5ZnSb1.5O7 obtained at 450 °C. The points on the di
gram are the experimental data, while the continuous
represents the theoretical adjust. An excellent agreemen
tween the data and fitting curve is obtained. An inspection
the semicircle shows that there is a depression degree ins
of a semicircle centered on the x axis. This behavior of
electrical response obeys Cole–Cole’s formalism.9 Further-
more, the shape of the diagram suggests that the elect
response is composed of at least two semicircles. Thus
Fig. 1, the electric properties of Bi1.5ZnSb1.5O7 can be rep-
resented by two parallel RC-equivalent circuits in series. T
contribution positioned at low frequencies,,103 Hz, corre-
sponds to the grain boundary response. In the high-freque
range (.103 Hz), the one corresponds to a specific prope

il:
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of the bulk. The depression of the semicircles is conside
further evidence of a polarization phenomenon with a dis
bution of relaxation times. Taking into account Boukamp
formalism, the ideal character of the polarization pheno
enon is represented by theQ parameter.

In this way,Q represents a nonideal capacitance tha
physically determined by the parametersYo , with exponent
n beingn<1. Yo tends to an ideal capacitance (C), when the
exponentn tends to value of 1. The departure from ide
character exhibited by the parameterQ is exclusively due the
distribution of relaxation times, which leads to the dece
tralization phenomenon of the semicircle.6,7,10,11The relax-
ation timet is determined by relaxationt5RC, whereR is
the resistance. This formalism has been successfully app
to investigation of some fundamental electric and dielec
properties of Bi1.5ZnSb1.5O7

6,7 and Zn7Sb2O12.11,12

Figure 2 shows grain resistance, total resistanceRg

1Rgb) and relaxation time of Bi1.5ZnSb1.5O7 as a function of
temperature. The total resistance values exhibit similar m
nitudes to the grain resistance. This finding indicates that
grain boundary contribution is very small, as can be o
served in Fig. 1. The evolution of the grain resistance, to
resistance, and relaxation time is further characteristic o
NTC material. This behavior indicates that the conduct
mechanism actuating on the grain is of the hopping type,12 in
accordance with the NTC behavior observed. The intrin
defect of Bi1.5ZnSb1.5O7 phase might be Sb31 and/or elec-
tron holes. As a matter of fact, in addition to valence st
5,13 the existence of cations with valences equal to 3
been suggested.14 The quasichemical reaction 2Sb41

→Sb311Sb51 has been recently hypothesized to model
in a qualitative way the electric conductivity in Zn7Sb2O12

antimoniate spinel, which provides support to the hypothe
of hopping conduction.11,12 Similar to antimoniates
pyrochlores,14 the valence equal to 31 has been reported a
Zn7Sb2O12.15

The relation between resistance and temperature f
negative temperature coefficient thermistor is expressed
the following equation:

FIG. 1. Experimental and theoretical curves of Bi1.5ZnSb1.5O7 with corre-
sponding equivalent circuit obtained at 450 °C. Numbers 3 and 4 give
log10 ~signal frequency! for the corresponding point.
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by

RT5RN expb~1/T21/TN!, ~1!

whereRT is the resistance at temperatureT, RN is the resis-
tance at temperatureTN known, andb is a thermistor char-
acteristic parameter. Rewriting and rearranging the term
Eq. ~1!, b can be derived as follows:

b5@TTN /~TN2T!# ln~RT /RN!. ~2!

The thermistor sensitivity is defined by the temperature
efficient of resistancea, which can be expressed as a fun
tion of theb parameter, in according to following equation

a5~1/R!@d~R!/dT#52b/T2. ~3!

ConsideringR versusT curves~Fig. 2!, theb parameter was
calculated by Eq.~2!. Theb value calculated in the tempera
ture range from 400 to 750 °C is equal to 7140 °C. Thea
parameter derived at 400 °C is equal to24.46
31022 °C21.

An alternative approach to analysis the impedance d
is to use the electric modulusM* (v) represented by the
equationM* (v)5 j vCoZ* (v), where j5A21 and Co is
the vacuum capacitance of the cell. This formalism is p
ticularly suitable to detect phenomena as electrode polar
tion and bulk phenomenon property as apparent conducti
relaxation times. Figure 3 showsM 9(v) as a function of
logarithmic frequency at several temperatures. TheM 9(v)
curves show only a peak at high frequency and it tends
zero at low frequencies.

Figure 4 shows the variation of normalized paramet
tand/tandmax, M 9/Mmax9 , andZ9/Zmax9 as a function of loga-
rithmic frequency measured at 500 °C. The peak freque
in M 9/Mmax9 curve is slight shifted to more high-frequenc
region with relation to one inZ9/Zmax9 . Through these repre
sentations, it is possible to analyze the apparent polariza
by inspection of the magnitude of mismatch between
peaks of both parameters.16 The almost overlapping of peak
of Z9/Zmax9 andM 9/Mmax9 is further evidence of a long-rang
conductivity. However, the feature of these three functio
should be considered simultaneously prior to a precise
cerning between localized and nonlocalized conductio16

eFIG. 2. Grain resistance, total resistance, and relaxation time as a fun
of temperature.
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Therefore, the observed polarization process is due to a
calized conduction. It should be pointed out that the ass
ment is unequivocal to the grain or bulk.

The relaxation time is a thermally activated process. T
logarithmic of relaxation times, derived fromZ9 and M 9
functions, as a function of reciprocal temperature 1/T, are
shown in Fig. 5. The derived data are described by Arr
nius’s law:

tg5to exp~Eat /kT!, ~4!

whereto is the pre-exponential factor or characteristic rela
ation time constant andEat is the activation energy for the
conduction relaxation. Similar values forEatZ9 and EatM9
are observed on the entire range of temperature meas
ments, being equal to 1.38 and 1.37 eV, respectively. Th

FIG. 3. M 9(v) as a function of logarithmic frequency measured at seve
temperatures.

FIG. 4. Normalized tand, normalized imaginary part of the impedanc
(Z9), and normalized imaginary part of the modulus (M 9) as a function of
frequency for Bi1.5ZnSb1.5O7 at 500 °C.
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values are equal.to values are of the order of 1013 Hz, com-
patible with the defect lattice vibration frequency. Therefo
the relaxation phenomenon of grain stems from the latti
defect structure. Dipole relaxation can be discarded, sugg
ing that vacancy oxygen is not an intrinsic defect.

As a whole, in ZnO-based varistor, the secondary pha
as spinels and pyrochlore antimoniates occupy specific
gions of the microstructure.17 These regions might be com
posed of distinct phases, with stoichiometry close to Bi2O3 ,
Zn7Sb2O12, and Bi1.5ZnSb1.5O7 .17 At the moment, both
Zn7Sb2O12

11,12 and Bi1.5ZnSb1.5O7 are NTC thermistors, de
pending on the processing. Under temperature effect, the
gions containing NTC thermistors undergo an enhancem
of the effect of draining of the current. This current leads
heating that in turn leads to further current. This might e
plain the continuous production of localized density curre
which gives rise to further insight on some intriguing com
ponent failures, for example, the puncture failure.17

This work was supported by Brazilian research fundi
institutions FAPESP, CAPES, and CNPq.

1S. L. Patil and V. S. Darshane, Indian J. Phys., AA55, 204 ~1981!.
2M. Matsuoka, Jpn. J. Appl. Phys.10, 736 ~1971!.
3E. R. Leite, M. A. L. Nobre, E. Longo, and J. A. Varela,Sintering Tech-
nology ~Marcell Dekker, New York, 1996!, p. 481.

4M. A. L. Nobre, M. R. Moraes, E. Longo, and J. A. Varela,Sintering
Science and Technology, ~The Pennsylvania State University, Universi
Park, PA, 2000!, p. 129.

5E. Olson and G. L. Dunlop, J. Am. Ceram. Soc.66, 5072~1989!.
6M. A. L. Nobre and S. Lanfredi, Mater. Lett.47, 362 ~2001!.
7M. A. L. Nobre and S. Lanfredi, J. Mater. Sci.: Mater. Electron.13, 235
~2002!.

8B. A. Boukamp, Equivalent Circuit.EQUIVCRT Program—Users Manua
~University of Twente-Holand, Enschede, 1989!, Vol. 3, p. 97.

9K. S. Cole and R. H. Cole, J. Chem. Phys.9, 341 ~1941!.
10S. Lanfredi, J. F. Carvalho, and A. C. Hernandes, J. Appl. Phys.88, 283

~2000!.
11M. A. L. Nobre and S. Lanfredi, Mater. Lett.50, 322 ~2001!.
12M. A. L. Nobre and S. Lanfredi, Appl. Phys. Lett.81, 451 ~2002!.
13D. Huiling and Y. Xi, J. Phys. Chem. Solids63, 2123~2002!.
14M. A. Subramanian, A. Clearfield, A. M. Umarje, G. K. Shenoy, and G.

Subbarao, J. Solid State Chem.52, 124 ~1984!.
15S. Ezhilvalavam and T. R. N. Kutty, Appl. Phys. Lett.68, 2693~1996!.
16R. Gerhardt, J. Phys. Chem. Solids55, 1491~1994!.
17T. K. Gupta, J. Am. Ceram. Soc.73, 1817~1990!.

l

FIG. 5. Arrhenius diagram of relaxation timestZ9 andtM9 as a function of
reciprocal temperature 1/T.
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