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Grain boundary electric characterization of Zn 7Sb2O12 semiconducting
ceramic: A negative temperature coefficient thermistor
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The electrical properties of the grain boundary region of electroceramic sensor temperature based on
inverse spinel Zn7Sb2O12 were investigated at high temperature. The zinc antimoniate was
synthesized by a chemical route based on the modified Pechini method. The electric properties of
Zn7Sb2O12 were investigated by impedance spectroscopy in the frequency range from 5 Hz to 13
MHz and from 250 up to 600 °C. The grain boundary conductivity follows the Arrhenius law, with
two linear branches of different slopes. These branches exhibit activation energies with very similar
values; the low-temperature~<350 °C! and high-temperature~>400 °C! regions are equal to 1.15
and 1.16 eV, respectively. Dissimilar behavior is observed on the relaxation time~t! curve as a
function of temperature, where a single slope is identified. The negative temperature coefficient
parameters and nature of the polarization phenomenon of the grain boundary are discussed.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1566092#
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I. INTRODUCTION

Zinc antimoniate (Zn7Sb2O12) is classified as an
inverse-type spinel with a structure similar to MgAl2O4 .1 In
this cubic structure, 2/3 of Zn21 cations are located on th
tetrahedral sites, while the remaining 1/3 are located on
octahedral sites. This oxide has received small attention,
spite its great potential for application in the advanced m
terials area, such as ceramic pigment,2 microstructure con-
troller in ZnO-based varistors,3 polycrystalline semiconduc
tors4 and magnetic materials.5 Currently, the most importan
set of physical and chemical data on Zn7Sb2O12 is correlated
to ZnO-based varistors, a typical electroceramic device w
a highly nonlinear voltage–current characteristic.6

A nonlinear relation between voltage and current at lo
field applications has been reported for Zn7Sb2O12 ceramics
synthesized via a chemical route.4 Distinct electrical proper-
ties between grain and grain boundary regions have b
recently reported for Zn7Sb2O12 ceramics.4 This provided
further evidence that the grain boundary phenomenon is
intrinsic property in this inverse spinel, when prepared b
chemical route. Another set of nonantimoniate semicond
ing ceramics with a spinel structure exhibits thermistor pr
erties with a negative temperature coefficient~NTC!,7 a typi-
cal bulk phenomenon. In an earlier report, this property
been described for a Zn7Sb2O12 ceramic,8 a promising NTC
thermistor synthesized via a modified Pechini method.4,8
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This article reports on the electrical and relaxation
properties of the grain boundary of Zn7Sb2O12 thermistors
investigated by impedance spectroscopy. This ac sm
signal analysis technique has been widely used to investi
the electric and dielectric properties, as well as physical
chemical phenomena of several materials.

Materials such as fluorides, fluorophosphat
phosphate,9 and lithium borate-bismute tungstate glasses10

single crystals,11 and several polycrystalline materials, su
as Na0.85Li 0.15NbO3 lead-free nonrelaxor ferroelectrics,12

Bi3Zn2Sb3O14,13 and Bi12TiO20 dielectrics14 have been re-
cently characterized with impedance spectroscopy. When
plied to ceramics, this characterization technique allows
to simultaneously analyze both the dielectrical and electr
contributions stemming from grain and grain boundari
Zn7Sb2O12 was synthesized using an alternative route
chemical synthesis based on the modified Pechini metho4,8

A deep insight is presented here for the grain boundary
tures of the Zn7Sb2O12 thermistor at high temperatures.

II. EXPERIMENTAL PROCEDURE

A. Synthesis

Zn7Sb2O12 nanostructured powders were synthesized
a modified polymeric precursor method, a chemical synthe
method based on the route developed by Pechini.15 This
method was modified to allow the use of Sb2O3 as a source
of antimony cations. The starting reagents for preparing
powders obtained via chemical route were zinc ace
(CH3CO2)2Zn•2H2O ~99.0% Reagen!, citric acid
H3C6H5O7•H2O ~99.5% Reagen!, ethylene glycol
HOCH2CH2OH ~98.0% Synth!, and antimony oxide Sb2O3

~99.0% Riedel!. Three moles of citric acid were used fo

.
il:
6 © 2003 American Institute of Physics
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 [This a
each mole of metallic cations to be chelated. A solution c
taining 60 wt % of citric acid and 40 wt % of ethylene glyc
was used. Zinc acetate and citric acid were dissolved in
ylene glycol at 70 °C, while the solution was continuous
stirred in a beaker. Considering the low solubility of the zi
acetate in ethylene glycol, a sufficient amount of nitric a
~Merck 65%! was added to the solution for more efficie
salt solubilization.

In the sequence, a stoichiometric amount of Sb2O3 as
well as distilled water and nitric acid in excess were add
under constant heating and stirring~90 °C!. The complete
dissolution of the oxide leads to a colorless and transpa
solution. With the complete solubilization of the starting m
terials, the temperature was raised to 110 °C, promoting
polyester formation. In the beaker, this polymer was calcin
in a box furnace at 350 °C for 1 h toattain its partial decom-
position, which leads to the formation of a expanded bla
resin, a brittle material. This material was deagglomera
~350 mesh! in an agate mortar. Further details are presen
elsewhere.16 Crystalline powders were prepared by calcin
tion of the precursor at 900 °C for 1 h. A pellet of Zn7Sb2O12

was prepared by isostatic pressing at 100 MPa. The sinte
via constant heating rate process was carried out i
dilatometer up to 1250 °C~NETZSCH 402, Selb, Germany!
at 10 °C/min. A relative density of 97% of the theoretic
density~6.00 g/cm3! was reached.

B. Electrical characterization

Electrical measurements were carried out by impeda
spectroscopy on a 8-mm-diameter32-mm-thick sample.
Platinum electrodes were deposited on both faces of
sample by a platinum paste coating~Demetron 308A!, which
was dried at 800 °C for 30 min. The electrical measureme
were taken in the frequency range of 5 Hz to 13 MHz, w
an applied potential of 500 mV, using an impedance analy
controlled by a personal computer. The sample was place
a sample holder with a two-electrode configuration. T
measurements were taken from room temperature to 60
with a 50 °C step being the heating rate equal to 1.0 °C/m
A 30-min interval was used prior to the measurement to th
mally stabilize the sample. All measurements were p
formed in air atmosphere. The same measurement proce
and parameters were adopted for data acquisition during
cooling cycle. No type of thermal hysteresis developm
was identified.

The complex impedance data,Z* (v), were plotted in
the complex plane for each temperature. Each point on
curve represents one measurement ofZ9(v) andZ8(v) at a
specific angular frequencyv(v52p f ). Both components of
the impedance were normalized by a geometric factor,A/ l ,
whereA represents the electrode area andl the thickness of
the sample. This normalization gives raise to the comp
resistivityr* ~v! parameter, according to following relation

r* ~v!5Z* ~v!A/ l 5@Z8~v!1 jZ9~v!#A/ l , ~1!

where j 5A21.
The data were analyzed using the Equivalent Circ

~EQUIVCRT! software program,17 which analyzes complex
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immittance spectra. This article focuses exclusively on
grain boundary properties. Some insight on the bulk prop
ties is provided elsewhere.4,8

III. RESULTS AND DISCUSSION

A. Electric resistance analysis

Figure 1 shows impedance diagrams of Zn7Sb2O12 ce-
ramic obtained at several temperatures. All the semicirc
exhibit some depression degree instead of a semicircle
tered on thex axis. This decentralization obeys Cole–Cole
formalism. In this formalism, as opposed to the Debye f
malism, a depressed semicircle typically represents a p
nomenon with a distribution of relaxation times. This no
ideal behavior could be correlated to several factors, suc
grain orientation, grain boundary, stress-strain phenome
and atomic defect distribution.

Despite the great number of events that can be correl
to further explain the decentralization phenomenon, this p
nomenon has been reported to occur in high-quality sin
crystals of complex sillenite14 and in perovskite
solid-solution18 structure, as well as in functional glasses.9,10

Therefore, this phenomenon is not intercorrelateda priori to
some kind of quality factor of the material, but is an intrins
feature of them. The shape of the diagrams suggests tha
electrical response is composed of at least two semicir
with similar relaxation frequencies (f 51/2pt).

Figure 2 shows the experimental set of points and a fit
curve for a sample at 400 °C. The points on the diagram
the experimental data, while the continuous line represe
the theoretical fit. An excellent agreement between the d
and the fitting curve was obtained. The electrical proper
of Zn7Sb2O12 are well represented by two parallel R
equivalent circuits in series. The first contributio

FIG. 1. Impedance diagrams of Zn7Sb2O12 at several temperatures. Num
bers 4, 5, and 6 give the log10 ~signal frequency! for the corresponding point.
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(,105 Hz), corresponds to the grain boundary response.
second one, in the high-frequency range (.105 Hz), corre-
sponds to a bulk response.

Figure 3 shows the grain boundary resistance as a fu
tion of temperature. The magnitude of the grain bound
resistance is point-by-point greater than the grain one.4,8 This
is clear evidence that the grain boundary exhibits a hig
oxidation state degree than the bulk.4,8 In Fig. 3, the evolu-
tion of the grain boundary resistance values is further ch
acteristic of a NTC thermistor.8 This behavior has been ob
served in other thermistor ceramics, being further evide
that the conduction mechanism acting on the grain bound

FIG. 2. Experimental data and theoretical fit of Zn7Sb2O12 with correspond-
ing equivalent circuit obtained at 500 °C. Numbers 4, 5, and 6 give the l10

~signal frequency! for the corresponding point.

FIG. 3. Grain boundary resistance as a function of temperature.
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is of the hopping type,7 similar to the bulk of Zn7Sb2O12

reported recently.8 The curve exhibits two branches at arou
a specific anomalous region. This anomaly occurs betw
350 and 400 °C, at a temperature interval lower than the
reported for bulk Zn7Sb2O12.8

The broadness of the temperature range of the anom
is relatively small in relation to one typically assigned to t
bulk phase transition phenomenon.8 As a matter of fact, the
typical phase transition phenomenon for an inverse spine
based on the order–disorder-type process,19 which requires a
broad interval of temperature. Thus, based on the temp
ture range of the anomaly, the phenomenon detected a
grain boundary occurs due a nonstructural event. We sp
late that another physicochemical process is responsible
the phenomenon observed, such as an oxireduction of
cific species of antimony cations. Unfortunately, the def
chemistry of Zn7Sb2O12 is almost unknown.

In Zn7Sb2O12, all antimonium cations occupy octahe
dral sites and have a state of valence equal to 51. Neverthe-
less, the existence of Sb31 cations has been reported6 for the
Zn7Sb2O12 varistor, a device with properties based on t
grain boundary phenomenon.4 It seems reasonable to assum
that the fraction of antimonium cations with valence equa
31 should exhibit an almost homogeneous distribution
tween grain and grain boundary. A slight decrease of conc
tration of Sb31 at the grain boundary is expected as a fun
tion of oxidation phenomenon. Therefore, the Sb31 cation is
an intrinsic defect of Zn7Sb2O12 prepared by the chemica
route. For completeness, considering the fundamental e
troneutrality role for structural stability, we hypothesize t
existence of oxygen vacancies as a second intrinsic defe
this structure. Otherwise, another very realistic approach
the majority defect is to consider the existence of elect
holes, a third intrinsic defect of this structure. The existen
of electron holes requires further analysis, since this defe
fundamental to development of thermistor properties. At t
point, the link between the conduction mechanism expec
and experimental data is absent, since the hopping of car
should occur between cations with valences differing of o
unity having in mind that these cations occupy only octa
dral sites.7

This can be easily solved considering the formation
Sb41 cations4 in this spinel, which provide the necessa
approach to the existence of electron holes. The valence
of 41 is not unrealistic, when the chemistry of the antim
niate compounds is further considered. Thus, it seems tha
oversimplified cation interrelation can be well described
the following equation: 2Sb41→Sb311Sb51. Furthermore,
an intrinsic defect based on the electron hole satisfies the
major requisites to understand the properties of the g
boundary. The first requisite is that oxygen vacancy is no
majority intrinsic defect to the grain boundary. The seco
one is that the grain boundary exhibits a negative temp
ture coefficient that is commonly assigned to the elect
holes in structures type inverse spinels.

The relation between resistance and temperature fo
negative temperature coefficient thermistor is expressed
the following equation:
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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 [This a
RT5RN expb~1/T21/TN!, ~2!

whereRT is the resistance at temperatureT, RN is the resis-
tance at known temperatureTN , andb is the thermistor char-
acteristic parameter. Rewriting Eq.~2!, b can be derived by
the following equation:

b5@TTN /~TN2T!# ln~RT /RN!. ~3!

The thermistor sensitivity is defined by the temperature
efficient of resistancea, which is expressed as a function
parameterb, according to following equation:

a5~1/R!@d~R!/dT#52b/T2. ~4!

ConsideringR–T curve~Fig. 3!, two b parameters were
calculated by Eq.~3!. In the first region, in the range from
250 to 350 °C,b is equal to 3828 °C. Above 400 °C, it i
equal to 4500 °C.

The a is equal to 23.1231022 °C21 and 22.81
31022 °C21, at 350 and 400 °C, respectively. Both the p
rametersb anda derived for the grain boundary do not diffe
substantially from those of the bulk one.8 Despite the slight
difference in the temperature range considered in the der
tion of these values, the bulk exhibits values ofb and a
equal to 3170 °C and22.5931022 °C21, respectively, at
temperatures below 350 °C. At temperatures above 400
the bulk exhibits values ofb and a equal to 3845 °C and
21.8931022 °C21, respectively.8

The resistance of the grain boundary of Zn7Sb2O12 fol-
lows an Arrhenius law:

Rgb5R0 exp~2Ea /kT!, ~5!

whereR0 represents a pre-exponential factor andEa , k, and
T are, respectively, the activation energy for conducti
Boltzmann’s constant, and the absolute temperature.

Figure 4 shows an Arrhenius diagram of grain bound
resistance. As can be seem, the two branches are linear.
ertheless, despite a good correlation~0.995! attained for each

FIG. 4. Arrhenius diagram of the grain boundary resistance of Zn7Sb2O12 .
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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branch, some slight departure of experimental points can
observed. This can be assigned to two factors. The first fa
is naturally due to the investigated region involving a phy
cal anomaly. The second one might be due to some kind
synergetic effect between defect chemistry and occupa
factor, an intrinsic phenomenon in the inverse-type spin
Zn7Sb2O12 ceramic presents very similar values forEa at
low-temperature ~<350 °C! and at high-temperature
~>400 °C! regions, 1.15 and 1.16 eV, respectively. The
values are quite similar, taking into account the existence
two distinct conduction mechanisms. Otherwise, this sli
change is compatible with one observed for both the th
mistor characteristic parameter~b! and temperature coeffi
cient of resistance~a!.

Nevertheless, further analysis should be carefully p
formed, since the bulk conductivity of this ceramic exhib
two distinct activation energies related to the conduct
mechanism.8 The grain boundary conductivity is smalle
than bulk one.4 It is interesting to note that the ratio betwee
resistance of the grain boundary and grain as a function
temperature is only'1.0 to 2.5, depending on the temper
ture. This suggests a decreasing of concentration and/or
bility of carriers due to the enhancement characteristic of
oxidation state of the grain boundary.

B. Electric modulus analysis

Electrical behavior can be investigated via complex el
tric modulusM* (v) formalism, which provides an alterna
tive approach based on the polarization analysis. Howe
this formalism takes into account both grain boundary a
grain contributions in a coupled way. This one is particula
suitable to detect such phenomena as electrode polarizat20

and such bulk phenomenon properties as apparent condu
ity relaxation timests .21–23 The electric modulus can b
derived by the following equation:

M* ~v!5 j vC0Z* ~v!, ~6!

whereC0 is the vacuum capacitance of the cell.
Figures 5~a! and 5~b! show real part M 8(v) and

normalized-imaginary partsM 9/Mmax9 of the electric modu-
lus as a function of logarithmic frequency for Zn7Sb2O12 at
several temperatures. The electrical polarization is a th
mally activated process. According to Fig. 5~a!, at all tem-
peratures,M 8(v) reaches maximum values at a hig
frequency region and it tends to zero at low frequenci
Such development suggests a negligible or absent elect
polarization phenomenon. TheM 9/Mmax9 parameter exhibits
a peak or maximum value with a slight asymmetry at ea
temperature, as can be seen in Fig. 5~b!.

The frequency region below peak frequencyf p deter-
mines the range in which charge carriers are mobile o
long distances. At the frequency range abovef p , the carriers
are confined to potential wells, being mobile over short d
tances. The peak (Mmax9 ) shifts toward higher frequencie
with increasing temperature. Above 500 °C, only a part of
curves is obtained due to the uncovered high frequencie

Figures 6~a! and 6~b! show the variation of normalized
parameters tand/tandmax, M 9/Mmax9 , andZ9/Zmax9 as a func-
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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tion of logarithmic frequency measured at 300 and 500
respectively. The frequency of the peak in theM 9/Mmax9
curve is slightly shifted to a higher frequency region in re
tion to theZ9/Zmax9 peak. However, the feature of these thr
functions should be considered simultaneously prior to a p
cise discerning between localized and nonlocalized cond
tion. Likewise, the grain boundary contribution should a
be examined to distinguish the conduction mechanism.
cording to Fig. 6~a!, the three peaks that describea priori the
same relaxation process24,25 are in complete disaccord wit
following order proposed elsewhere:25

t tand.tZ>tM , ~7!

wheret is the relaxation time and the subscripts represent

FIG. 5. ~a! Real part of the electric modulus (M 8) and ~b! normalized
imaginary partsM 9/Mmax9 of the electric modulus as a function of frequen
for Zn7Sb2O12 , at several temperatures.
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loss tangent~tand! and complex functionsZ* (v) and
M* (v). The overlapping of peaks ofZ9/Zmax9 andM 9/Mmax9
(tZ5tM) is further evidence of a long-range conductivity.25

Through these representations, it is possible to observ
change of apparent polarization by inspection of the mag
tude of the mismatch between the peaks of both parame
Z9(v) and M 9(v).24,25 In Fig. 6~a!, the presence of an ap
preciable mismatch betweenZ9(v) andM 9(v) peaks is fur-
ther evidence of localized conduction. Therefore, this is
complete accordance with previous discussion, where a h
ping conduction is postulated.

However, in Fig. 6~b!, the absence of significant mis
match betweenZ9(v) andM 9(v) peaks suggests a develo
ment of delocalized conduction. Furthermore, relation~7! is
fully satisfied. In a conventional way, the two characteris

FIG. 6. Normalized tand, imaginary part of the impedance (Z9) and imagi-
nary part of the modulus (M 9) as a function of frequency for Zn7Sb2O12 at
~a! 300 °C and~b! 500 °C.
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 [This a
polarizations ascribed to both grain and grain bound
contributions,24,25 in accordance with previous discussio
can also induce a slight mismatch betweenZ9(v) and
M 9(v) peaks. However, there is strong evidence to cons
a change in the conduction regime from a localized to
delocalized mechanism at high temperatures.

Based on the analysis of Figs. 5~a!, 5~b!, 6~a!, and 6~b!,
the observed polarization process is due to a localized c
duction. It should be pointed that the assignment is
equivocal to the grain or bulk, since the impedance signa
correlated to amount of sample mass. However, the s
assignment is nontrivial to the grain boundary, since
amount of mass of the grain boundary is lower than in
grain. Nevertheless, in the subsequent section, a method
scribing coherent assignment of the polarization type and
mechanism to the grain boundary is presented.

C. Relaxational analysis

The theoretical deconvolution of the electrical respon
is an effective approach to derive both grain and gr
boundary contributions. This can be attained via Boukam
formalism.17 In this formalism, the departure from the ide
character of the polarization phenomenon is represente
the Q parameter. In this sense,Q represents a nonidea
capacitance4,8 that is physically determined by the param
etersY0 and exponentn, wheren<1. Y0 tends to an idea
capacitance~C! when the exponentn tends to value 1. Thus
the departure from ideal character of theQ is only assigned
to a distribution of the relaxation times, which is the physic
origin of the decentralization phenomenon. The param
relaxation time~t! can be derived of in the conventional wa
according to the equationt5RC.

The temperature dependence of the relaxation time
the grain boundary is represented via a thermally activa
process. The logarithmic of grain boundary relaxation ti
tgb, as a function of reciprocal temperature 1/T, is shown in
Fig. 7. The derived data are well described by the Arrhen
type expression:

tgb5t0 exp~Eat /kT!, ~8!

wheret0 is the pre-exponential factor or characteristic rela
ation time constant andEat is the activation energy for the
conduction relaxation. According to Fig. 7, log(tgb) de-
creases linearly with increasing temperature. This means
there is a unique value forEat andt0 for the whole range of
temperature measurements. It is interesting to note that
temperature range covers the one in which anomalies o
on Figs. 3 and 4, between 350 and 400 °C. This means
the phenomenon observed on Figs. 3 and 4 does not ex
significant influence on the relaxation process. The par
etersEa andt0 are equal to 1.10 eV and 2.33310214s ~i.e.,
f 057.0631012Hz), respectively. Since it is widely know
that lattice-related relaxation depends on the defect lat
vibration frequency ('1012Hz), the relaxation process de
tected for the grain boundary region stems from a latt
defect structure. A reasonable understanding of these
nomena needs further investigation. Currently, the deve
ment of a relaxation process based on a simple interfa
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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polarization phenomenon such as the Maxwell–Wag
mechanism can be discarded. It seems that the relaxa
behavior observed for the grain boundary could be ascri
to a space-charge mechanism being an intrinsic featur
grain boundary of Zn7Sb2O12 thermistor.

Furthermore, the value of activation energy derived is
accord with the one derived from grain boundary electri
resistance, as can be seen in Fig. 4. This means that loca
conduction is also active in the grain boundary, similar to
grain.

IV. CONCLUSION

The impedance spectroscopy is a powerful tool to inv
tigate grain boundary phenomena in Zn7Sb2O12 thermistor
ceramics. The grain boundary properties exhibit thermis
parameters at high temperatures with a negative tempera
coefficient characteristic, as good as that of the bulk one.
grain boundary exhibits a more stable electrical characte
relation to temperature changing due to the high degree
oxidation that leads to a suppression of the phase trans
phenomenon observed for the bulk. The grain boundary
larization is due to a space-charge dielectric relaxat
mechanism.
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