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The potential of CaSnO3 (calcium metastannate) for its application as a capacitor
component possessing small temperature coefficient of capacitance (TCC) in electrical
systems, is examined via the ac small-signal measurements. The ac electrical data were
acquired on these samples sintered at various combinations of temperature-time frames
(1200°C < T <1350°C; 24 h <t <60 h) in the frequency range from 5 Hz to 13 MHz. The
measurements were carried out over the temperature range 25-300°C. The electrical
response was found to exhibit relaxation processes in more than one complex plane
formalism in a simultaneous fashion. The resistance of the sintered samples was
dominated by the grain boundaries. The capacitance showed almost linear behavior in this
measurement temperature range. The resulting electrical behavior has been discussed with
the evolved microstructure in the sintered bodies. © 7999 Kluwer Academic Publishers

1. Introduction crostructure. Thus, a correlation among the process-
The perovskite-structured compounds in the MO-8nO ing, microstructure and resulting electrical behavior of
(M =Ca, Srand Ba) system representing Mgritave  these materials is warranted. Such a correlation is not
been projected as novel electroceramics, due to padequately addressed in the recent literature [8-10],
tential applications in pure as well as in doped mod-wherein the variation of capacitance and dielectric loss
ification, as gas sensors and capacitor components in the temperature range of 27 to 227 at three spot
high speed electronic devices [1-3]. For use in the RGrequencies (1, 10 and 100 kHz) only have been re-
(resistor-capacitor) or LC (inductor-capacitor) circuits, ported. Moreover, the samples used in these studies
the temperature coefficient of capacitance (TCC) bewere sintered at a single temperature for one soak-
comes important as high dielectric loss results in thdime, and therefore, the results obtained are not likely
generation of heat. This heat generation causes to irie be representative of the true behavior of the material
crease the temperature of the capacitor. In such applinvestigated.
cations, the required level of variation with temperature In this work, the ac small-signal response of dense
should either be zero (which is ideal), or a small repro-CaSnQ ceramic bodies, sintered at various tempera-
ducible value that compensates for a variation in thdure and soak-time profiles, in the frequendy) @do-
rest of the circuit [4]. main (5 Hz through 13 MHz) has been evaluated
A vigorous and systematic investigation on theover the temperature range 25 through 300 The
synthesis, processing and microstructural aspects afbjective is to assess the magnitude of temperature
MSnG; systems has recently been reported in the lit-dependence of the capacitance of these ceramics.
erature [5-7]. In order to exploit these materials asThe ac small-signal electrical data were analyzed via
gas sensing devices and/or capacitor components, pasinped parameter/complex plane analysis (LP/CPA)
sessing the above mentioned temperature independeteichnique to unravel the underlying competing phe-
characteristics, it is imperative that the electrical con-nomena attributing to the complexity of the microstruc-
duction and the effect of surface and bulk morpholo-ture. This approach is well known as the immit-
gies in these materials be well understood, so that thtance (impedance/admittance) spectroscopy (IS). The
processing parameters can be optimized. Since thedd®/CPA technique has proven to be a useful means of
devices are made mostly from the polycrystalline ma-<characterizing the electrical nature of a number of poly-
terials, it is also important to understand the sequenerystalline heterogeneous materials and devices [11-
tial contributions of grain, grain boundaries and otherl6, 19]. An application of such a technique reveals the
phases including physically distinct regions in the mi-degree of structural uniformity, variation in electrical
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Figure 1 Room temperature complex plane plots for Cags@mples synthesized via solid-state reaction and sintered at C2fa® 24 h. (a)
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ImpedanceZ*) plot; (b) exploded view of the impedancg*() plot at high frequencies; (c) complex capacitanCé)(plot of the same data as in (a);
(d) exploded view of th€*-plane plot at high frequencies; (e) moduld4*) plot representation of the same data as in @pntinued.
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Figure 1 (Continued.

conduction path, stability, degradation, time-dependentails of which have been reported elsewhere [6] and are

processes, etc. in such materials or device systems. briefly mentioned in the following subsection. Beside
this, novel methods such as, self-heat-sustained (SHS),
sol-gel and organometallic (citrate precursor) complex

2. Experimental techniques were also employed for sample synthesis.
2.1. Solid-state reaction route and It should be pointed out that the idea of adopting vari-
sample preparation ous synthesis processes was two-fold: first, the limited

The samples investigated in this work were synthesize@mount of literature available on this material employed
via the traditional solid-state reaction (SSR), the deSSR route which is presumed to be a conventional
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Figure 1 (Continued.

method. Second, it was intended to find a favorableole in the microstructural development. The organic
synthesis technique in terms of the phase purity andbinders are believed to provide strength and lubrication
benign microstructure in the sintered samples with deeffect thereby bringing the particles in the green body
sired electrical characteristics. The electrical behaviocloser to one another. This assists in achieving higher
ofthe SHS-derived CaSn@amples have beenrecently densities in sintered bodies than those sintered without
reported [17]. the binder. The choice of PVA in this work was due
to its relatively easier combustion kinetics compared to
those of PEG. The choice of a rather wide temperature-
2.1.1. Solid-state reaction route time (T -t) schedule in this work was due to the fact that
Equimolar (1: 1) amounts of the compound Ca@)®  the single report available in the literature on CagnO
4H,0 and Sn@ powder were dry mixed in an agate indicated only one sintering step (1380/12 h in air)
mortar. The mixture was then ball-milled for 8 h in iso- [8] without any microstructural features.
propyl alcohol medium. Subsequently, the powder was The microstructural features of the starting ‘green’
dried in an air oven overnight, pressed uniaxially intoCaSnQ@ powder as well as the sintered discs were de-
discs 6 or 12 mm in diameter and 2—3 mm in thick-termined by using a JEOL-6400SM scanning electron
ness using stainless steel die at a pressure of 100 MPauicroscope (Japan). Elemental identification and quan-
The mixture was calcined in air at 1000 for 24 h. tification in different regions of the sintered samples
The pellets were crushed and ground to a fine homogewere carried out by using the EDX analyzer (Link eXL,
neous powder which was subjected to phase analysis ByK) attached to the above SEM machine. Owing to the
powder X-ray diffraction to confirm the formation of strong susceptibility of compounds inthe Ca-Sn-O sys-
CaSnQ as a single phase. The resulting XRD patterntems towards moisture, the calcined powder as well as
was also used to detect the presence of, if any, unreactéde sintered discs were always stored in a humidity-free
starting materials and/or new Ca or Sn-rich phases. bottle containing anhydrous CagCunless required for
The calcined powder was subjected to sintering (inmicroscopic or electrical measurements. It was the sin-
order to follow the evolution of microstructure and its tered discs of CaSn{xhat were employed as DUTs
effect on the measured electrical properties) at two dif{device under test) for electrical measurements.
ferent temperatures, viz. at 1200 and 1360for du-
ration ranging from 24 to 60 h in ambient air. Prior
to sintering, the calcined powder was blended with 102.7.2. Electrical measurements
wt % polyvinyl alcohol as binder, dried under UV lamp The electrical data on the sintered samples were ac-
and pressed into green pellets by uniaxial pressing ajuired over a wide range of frequencies (5H4% <
pressures not exceeding 100 MPa. The use of polyt3 MHz) by using an HP 4192A LF Impedance Ana-
functional organics such as polyvinyl alcohol (PVA) or lyzer (Yokogawa, Japan) using a proprietary software.
polyethylene glycol (PEG) is a common practice in theFully automated experimental control was achieved
sintering of ceramic bodies, which plays an importantvia a desktop PC as the instrument controller. The
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Figure 2 Room-temperature complex plane plots for Cags@mples sintered at 120G for 48 h. (a) ImpedanceZ() plot; (b) modulus 1*) plot
of the same data.

small-signal amplitude was abiollV and the acquired cedure [13—16, 20]. This extraction procedure does not
ac data were reproducible with the varying signal volt-assume or simulate any equivalent circuit configura-
age. These data were analyzed using a proprietary softion a priori, which is often done using a commercial
ware package [18]. This package allowed automatedoftware.

data acquisition in any of the desired forms such as, Small slices of sintered samples were coated with
impedance or admittance or phasor, including analysilver paint (Electrolube Ltd., UK), cured at 500 for

ses in the four complex plane formalisms and Bode2 h, and secured between two highly polished circular
plane analysis [13, 15, 16]. Necessary electrical paranmstainless steel discs (mounted on Perspex walls) serv-
eters were extracted from these representations whidng as electrodes. The sliced sample was fitted with
employed non-linear least-squared curves-fitting proadjustable screws on both sides of the holder. This
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Figure 3 Microstructural features of the CaSg®amples sintered at 120G for (a) 24 h, and (b) 48 h.

arrangement allowed better sample-holding capabilityelectrical data. The sample thickness in all the mea-
in the HP (Hewlett-Packard) accessories. The stainlessurements was kept identical.

steel electrodes did not exhibit any contribution to the

terminal immittance, as it formed an ohmic contact (re-

sistance< 2 ). For the acquisition of ac data at ele- 3. Results and discussion

vated temperatures (above room temperature throughhe analysis of the ac electrical data in four complex
300°C), an indigenously-designed and fabricated “allplanes in the temperature range 25 to 300revealed
stainless steel” sample holder was mounted on an alwsemicircular relaxation(s) in the impedancg*), ca-
mina brick (25x 25 x 10 mn¥). To ensure good adher- pacitance €*), and modulus M*) planes for all the
ence, high-temperature alumina cement was used arghmples derived from SSR route and sintered in various
cured at 225C for 30 min. Each sample was introduced t-T (time-temperature) profiles. There was no mean-
into the uniform temperature zone of a custom-designethgful feature of the as-acquired data in the complex
small, low-thermal mass, precalibrated horizontal fur-admittance Y*) plane. The inter-relationships among
nace with temperature fluctuations not more tha@1 these complex plane formalisms are provided else-
The furnace was heated to the desired temperature, athere [13, 15, 16]. The general features of the ac data
a constant rate of 1@/min. Adequate amount of time included: (a) a single-like semicircular relaxation in the
was allowed to equilibrate at the measurement temperZ* plane, (b) a semicircle at the high-frequency re-
ature within the sample before the acquisition of acgion including a vertical line parallel to the imaginary
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y-axis at the low-frequency region in tk& plane, and in terms of the length of the chord on the reahxis.

(c) mostly a single-like but in some cases overlappedrhis was found to be in very good agreement with

(like-two) semicircle in theM* plane. the dc resistanceRyc., measured on the same sample.
Fig. 1a—e represents room temperature®’@pplots  For instance, Fig. 1a yielded a value of 15.42Mor

for SSR derived CaSnsamples, sintered at 1200 Reotal(= Ry + Rgp), which compares well with the dc

for 24 h soak-time. Fig. 1a and b are respectively theesistance Ryc) of 15 MQ. The lumped capacitance,

total behavior and the high frequency regime relaxatiorCiqta, Wwas found to be about 10 pF, which was extracted

in the Z* plane. The same data displayed @ieplane  from the peak-frequencyvRsCs=1;w =27 f =1/7,

are depicted in Fig. 1c and d. The two distinct relax-where t is time constant or relaxation time) of the

ations in theM* plane are depicted in Fig. 1le. Fig. 1a semicircular relaxation. Similar exercise with the data

reveals the lumped total resistanBgwi(= Ry + Rgn)  in high frequency regime (Fig. 1b), gave 1.340Vas
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Figure 4 Room-temperature complex plane plots for Cagsidtered at 1350C for 24 h. (a) ImpedanceZ() plot; (b) complex capacitanc€f)
plot of the same data as in (a); (c) exploded view of@feplane plot at high frequencies; (d) moduldd?) plot representation of the same data as
in (a). Continued.
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Figure 4 (Continueg.

the grain resistanceRy) and 2.6 pF a£y. Thus,Ryp (b) high frequency semicircular arc, having a right-
(= Rwtal — Rg) could be computed to be approximately intercept on the reald) axis at a point approximately
14 MQ. The value ofCy corresponds to the dielectric lying on the extrapolation of the straight line, and
constant§, =(C/sq) - (d/A), whereC is the terminal (c) a finite left-intercept on the real axis at high-
capacitanceso =8.854x 10712 F m~%, d =thickness frequencies.
of the material (m) andA = electrode cross-sectional
area (m)] of the single crystal of CaSnQwhich is The finite left-intercept@,) on the real capacitance
about 6. axis was found to be about 2.2 pF. This is very close
When the same ac data are displayed ifGh@lane  to what has been extracted from tEé-plane asCqy
(Fig. 1cand d), the terminal capacitance neatly resolvedvhich is the dielectric behavior of the CaSn@e-
into three distinct components: scribed earlier. Further evaluation of the semicircular
relaxation between the high frequency capacitance and
(a) segment of the straight line parallel to the imag-the straight line segment yielded the total capacitance
inary (Gp/w) axis at low frequencies, (C1+ Cy) which is about 11.5 pF. This is close to what
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Figure 5 Room-temperature complex plane plots for Cagsidtered at 1350C for 36 h. (a) ImpedanceZ() plot; (b) modulus 1*) plot.

is obtained inZ*-plane. The minute difference f@; much smaller for CaSngxhan for these varistor mate-
(=Cy) andCigtal(= C1 + C) obtained from th&* and  rials. The terminal admittance at ultra-low frequencies
C* planes is attributed to the non-linear least-squaredi.e., near dc limit) appears to be dominated by the dc
curve-fitting technique and is found to be reasonableeonductance in th€*-plane. Such a cut-off response
within experimental errors. The parametey is the  was previously demonstrated for ZnO-based varistors
trapping capacitance which is a series event (trappinfl4]. It is therefore, reasonable to assume that the imag-
and de-trapping) with the corresponding resistaRge inary part ofC* approached infinity asymptotically at a
and is found to be identical with those of the ZnO-basedinite out-of-phase componer@, = C1 + Cy) value,
varistor materials [14]. The trapping capacitance, howwhich can be considered as a near static (dc) capaci-
ever, is not treated the same way as is done in ZnOtance asf — 0. The corresponding resistandey,
based varistors [14, 20] because of its less sensitivitassociated with the semicircular relaxation, which in
as a function of ambient temperature. Thus, the TCC idact is the grain-resistance, is found to be 1.8&NThis
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value is very close to the value Bf(1.3 MQ2) obtained  from the peak frequency conditiom RyCy = 1) in the
from the Z-plane (Fig. 1b). Combining the value of M* plane is slightly lower. The difference between the
Ry obtained throughC*-analysis with the foregoing values ofRy obtained fromZ* and M* planes could
Riotal(= Ryc), the lumped grain-boundary resistance isagain be attributed to the errors in the curve fitting pro-
computed to be about 14 & which matches very cedure which is within the tolerance limit of the exper-
well with that obtained from th&* plane analysis. imental procedures.

The finite left intercept on the real axis represents The room temperature ac data acquired on CaSnO
a lumped capacitance response of the barrier layer ebamples, soaked for 48 h at 12@) showed a single
fect originated at the grain-boundary regions and singléumped behavior in th&*-plane while there were two
crystal-like behavior of the grain. However, a compari-distinct relaxations in th#*-plane, as shown in Fig. 2a
son of the relative magnitudes of the lumped grain andand b respectively. Thg*-plane yielded a semicircle
grain-boundary capacitance, indicates that the contriwith leftintercept on the real axis near to the origirQ(
bution of the lumped grains constitutir@p is likely  and the chord length (right interceptRia) equal to
to be small compared to the barrier layer effect at theB4 MQ2. The corresponding lumped capacitanCgd)
grain-boundaries. Thus, the geometric capacitance asvas computed to be 3.2 pF. These two values are in
sociated with the barrier layer is the dominating com-agreement with those extracted from two relaxations
ponent withinC,, and hence, can be referred to as thein the M*-plane. Thus, increase in soak-time from 24
barrier layer capacitanc€; is predominantly dictated to 48 h, has caused an increase in the total resistance,
by a ‘trap-free’ electrical thickness across the grain-Ryta, t0 about 85 M2 from about 15 M2 (obtained
boundaries, which sustains major portion of the appliedn Fig. 1 discussed earlier). This indicates that the total
electrical field under a non-equilibrium condition. The resistance was grain boundary dominated. Such an en-
electrical field drop across the lumped grains is mucthancement in the resistance is possibly related to the
smaller than the electrical field drop across the lumpedmproved densification via better compaction of the
grain-boundary electrical thinness. This is due to thegrain-to-grain contact. This implies more well-defined
large dc conductivity and is attributed to the donorsgrain boundaries via the uniformity in the grain-size
within the lumped grains. The bulk dielectric behavior distribution when compared to the samples sintered at
of the lumped grains mentioned earlier is, thus, incor-1200°C for 24 h. Fig. 3 demonstrates these microstruc-
porated intoC,. This bulk property can be isolated at tural features. The abnormal grain growth and rather
ultra-high frequencies (in this case exceeding 13 MHz)proad grain size distribution in samples sintered for
exhibiting a lead-electrode related post-inductive re-24 h at 1200C could also be responsible for slightly
sponse as found in ZnO-based varistors [14]. Howevetigher total capacitance value, compared to that in sam-
this is not done here due to the limitation of the instru-ples soaked for 48 h, which resulted in more or less
ment. TheC*-plane relaxation does not give the grain monosized grains with uniform grain boundary thick-
bulk resistanceRy); it can only giveCgy. Likewise, the  ness. This speculation is strengthened by the fact that
grain boundary resistanc&¢) in C*-plane is masked while the total resistance in samples sintered for 60 h
under Ryc (or Rya)) in the Z*-plane. This shows that at 1200°C increased to 261 K4, the corresponding ca-
grain and grain-boundary resistances are different fronpacitance was 4.4 pF, nearly same as that in the samples
each other, otherwise dual relaxationGri as well as  with 48 h soaking at the same temperature. It can there-
in Z* plane would not have been observed. Also, this idore, be concluded that the degree of homogeneity or
exactly the case as the aforementioned analyses of theeterogeneity of the trap levels at the grain boundaries
ac data in the two complex planes have demonstratedvas not affected in samples soaked for 48 h or more at
Some relevant conditions for such dual representationthis temperature. In all these cases, the lumped semicir-
have been postulated by Seitz [21]. Thus, the purposeular relaxations in th&* plane are depressed, i.e., the
of the multi-plane analytical technique approach advo-center of the semicircle lies below tkeaxis, exhibiting
cated in references 13 through 16 is conducive to the finite depression anglé); This depression is indica-
understanding of the complex material system. tive of the distribution of the relaxation processes and a

A further examination of the above data analysisnon-Debye behavior of the material. This is also an in-
technique is applied to the two overlapping (in thedication of the degree of heterogeneity in the operating
frequency domain) semicircular relaxations in tfié  electrical paths which is responsible for the departure
plane (Fig. 1e). The curve-fitting approach of thesefrom Debye characteristics. This, nevertheless, is an
two overlapped semicircles yielded values of 8 pFexpected trend in polycrystalline devices [13-16, 20].
and 13 M2 for Cy, and Ry, respectively, in the low However, the invariance of (11.5 , 10.6° and 10.8
frequency domain. 13 K is very close to 14 M for samples sintered at 1200 for 24, 48 and 60 h re-
which is obtained from th&*-plane forRy,. Due to  spectively) with soak-time, suggests that the degree of
the overlapping response, this value could not be reheterogeneity in the lumped electrical paths is nearly
solved very precisely. Thus, the corresponding capaciinvariant with soak-time at a given sintering temper-
tance 8 pF is somewhat lower than what was found irature. This finite but small depression angle indicates
the Z*-plane. However, 3 pF is obtained for the lumpedthat the departure of the ideal Debye response of the
grain-capacitanceQy) from the high-frequency do- overall electrical paths, operative between the opposite
main (Fig. 1c). This is in close agreement with the pre-electrodes, is not large.
vious analyses of 2.6 pF fro&* plane and 2.2 pF from The room temperature electrical data for the sam-
C* plane discussed earlier. The valueRyf determined  ples sintered at 135@ for 24 h also showed similar
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relaxations inZ*, C* and M* planes and are de- on samples sintered at 1350 for 48 h did not show
picted in Fig. 4a—d. The curve-fitting of the near idealsharply different characteristics than those exhibited by
lumped relaxation in the&Z* plane (Fig. 4a) yielded the samples with soak-time 24 and 36 h as discussed
Riotal(= Ry + Rgp) of about 50.8 M2 and Ciorar Of  above, using multi-plane criteria [13—16]. These results
about 10.2 pF. In this case, the depression angle in thare shown in Fig. 7a—d. However, there is a drastic de-
Z* plane is about 256 The lumped grain and grain- crease in the total resistance, extracted as lumped quan-
boundary resistances match very wellwithBygvalue  tity from Z* and M*-planes, where the relaxation was
of 49.2 MQ which is also in good agreement with the observed in the form of a single-like semicircle in the
value of 47.1 M2, obtained by curve fitting of the same entire measurement frequency range.
data inM* plane (Fig. 4d). The dispersion ofthe acdata The extracted parametersin this case were as follows:
in theC* plane was akin to that observed in the case 0fRpa = 16.7 MQ; Ciotai= 7 PF anyoia = 10.6° from
samples sintered at 1200, though the semicircle in theZ*-plane, agreeing very well witRy = 16.5 M;
the higher frequency regime less pronounced. The fiCita = 5.8 pF an®ioia = 8.2° from theM*-plane. The
nite left intercept C,) on the real capacitance axis was dc resistanceRyc) of the sample was 17 M. When
found to be about 6.8 pF, whereas the curve fitting othe LP/CPA technique was applied to the same data in
the semicircular relaxation between the high frequencyhe C*-plane, the finite left intercept}) on the real
terminal and the straight line segment yielded the totak-axis was found to be 5.7 pF, while the semicircu-
capacitance; + C,) to be about 9.4 pF which agrees lar relaxation between the high frequency terminal and
well with the Ciota Of 10.2 pF obtained by * plane  the low frequency asymptotic segment yielded the to-
fitting. tal capacitance to be 6.2 pF, which agrees very well
The C* plane analysis also yielded a value B  with the Ciyq from Z*- and M*-planes (7 and 5.8 pF,
(= Ry) equalto 14.6 M2. Combining the data extracted respectively). The analysis also yielded 10.22Nbr
from the Z* andC* planes, the grain-boundary resis- Rx(= Ry); this gives the value of 6.5 B for grain
tance & Riotal — Ryrain) is found to be about 35 K. boundary resistanc&yn(= Riotal — Ry).
Two interesting features of this analysis are worth high- The analytical criteria indicate that the capacitance
lighting here. First, the total sample resistance increasecharacteristics of the CaSgGsamples sintered at
from 15 MQ (in 1200°C sintered samples) to 50®]  1350°C for the duration ranging between 24 to 48 h
the grain boundary resistance was also the dominadid remain nearly invariant. The sample became more
ing fraction of the total, being almost twice that of the conductive at the longer soak-time. This could be as-
grain resistance, compared to being about 14 times inribed to significant (nearly theoretical) densification
the samples sintered at 120D for the same duration. and elimination of the pores as shown in Fig. 6c. In ad-
Second, the total capacitance remained almost invariamition, nearly constant and similar values of the depres-
to the temperature of sintering-(L0 pF). This suggests sion angles (10or so), further strengthened the view
that the total barrier layer thickness which is inclusivethatthe conducting paths and mechanisms remained un-
of the electrical field falling region within the sample is influenced by the sintering schedules in this solid-state
nearly invariant with the sintering temperature. In fact,derived material.
the ac small-signal electrical field (1 V) is distributed Since the complex plane formalisms (as demon-
over this thickness within the sample. Furthermore, thisstrated above) allow the extraction of more information,
invariant trend implies that the nature of conductionthe Bode plots are not presented here. The information
mechanism, charge carriers, trapping parameters, etobtained from the Bode plots are verified, and found
are not altered in these samples. to be contained in these formalisms in terms of vivid
The room temperature ac data on samples sinteredrcuit elements including their Debye/non-Debye re-
at 1350°C for 36 h yielded single-like lumped relax- sponses within the electrical paths. However, the fea-
ation in bothZ* and M* planes as shown in Fig. 5a tures of the Bode plots between room temperature and
and b. The extracted circuit elements from th&  300°C, over the range of measurement frequency, can
plane Rita=50.1 MQ; Cio1a= 6.6 pF) match very be summarized as: (i) the sample capacitance remains
well with those from theM* plane Ryp=37.2 MQ invariant with frequency over a wide range both at room
andCy,=9.9 pF;Ry=7.5MQ andCy =8 pF) aswell and elevated temperatures up to 300(ii) in the same
as withRy. value of 49.8 M. Itis evident that the total range of frequency, the capacitance is invariant but in-
resistance of the sample remained nearly constant aseased as the soak-time increased, and (iii) the average
soak time was increased from 24 to 36 h at 1350 magnitude of capacitance at these two temperatures is
The lumped contribution of the grain boundaries in-nearly unaffected (a few pF) for the samples sintered
creased marginally with a slight decrease in grain resisat 1200°C and/or at 1350C for duration spanning be-
tance. The microstructural features of samples sinteretiveen 24 to 48 h. This is in contrast to the observations
at 1350°C for 24 and 36 h are shown in Fig. 6a and b, reported by Parkastt al [10], Mandalet al. [11] and,
respectively. There is a definite grain growth in sampledJpadhyayet al. [12] wherein a strong frequency de-
sintered for longer duration, attended by a downsizingpendence of capacitance could also be seen at the three
of the grain-size distribution. However, the density of individual frequencies (1, 10 and 100 kHz). The ca-
the sintered bodies in the two samples (72 and 78%acitance provided by these investigators is the termi-
respectively, as measured by Archimedes method) isal capacitance resulting from a single stage sintering.
nearly identical, considering the amount of respectiveéSuch a demonstration might have either led to inconsis-
porosity that still exists in both the samples. The ac datdent microstructural development in conjunction with
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Figure 6 Microstructural evolution in CaSngsamples sintered at 135G for (a) 24 h, (b) 36 h, and (c) 48 h.
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the development of the frequency-dependent trappingpite a large variation in the sintering schedules com-
states due to the specific sintering schedules in theipined with soak-time [20]. Strong frequency-dependent
samples or, variable processing method that might beehavior has also been documented for these varistors
drastically different from that reported here. That factvia the complicated Mott-Schottky response [14].

is that the role of traps (overall in the grain- bound- Near non-invariant behavior of permittivity’j in

ary regions) seems to have a greater influence on thethe temperature range of electrical measurements (25—
samples than the samples presented in this work. It i800°C) exhibited by samples sintered at 1200 and
worthwhile nothing that the ZnO-based varistor mate-1350°C for various duration, supported the fact that
rials are heavily dominated by the trapping states ané reliable capacitor with very low temperature coef-
eventually play a key role in the electrical response deficient of capacitance (TCC) has been realized. Since
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Figure 7 (Continueg.

capacitanceC and permittivitye’ are equivalent ex- 25-300°C. Some typical loss tangent plots as a function
cept for the geometrical factors (thickness and crossef frequency are shown in Fig. 9. Thus, this material is
sectional area of the sample) and the constgnt’ is  exhibiting potential as a promising candidate for the ca-
essentially a normalized parameter containing the gegpacitor element possessing an ultra-small value of TCC.
metrical factors andp. Therefore, the as-measured ca- The behavior of these two parameters measured in the
pacitanceC was directly used to generate correspond+ange 25 to 300C remained almost identical except
ing Bode plots. Some typical Bode plots (log C vs.for some scatter in the measurement presumably due
log f) are shown in Fig. 8. For each of the samplesto the polarization effect. It can be seen from Fig. 8,
investigated, a steep transition in capacitance is seethat an average value of 2 to 3 pF and 3 to 7 pF can
at the low end of the measurement frequency. This rebe assigned to CaSa@apacitors sintered at 1200 and
sponse could be ascribed as the possible polarizatioh350°C respectively, over the range 25 to 3@ For
effects at the electrode at these frequencies. The dfurther minimization of the scatter in the capacitance
electric loss (tard) is also found to be too small over value, more detailed sintering within short intervals of
several decades of frequency in the temperature range®ak-time is recommended.
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4. Equivalent circuit model CaSnQ grains are not isolated frof, (the extremely
In the light of the above analytical approaches, employhigh frequency-related phenomenon) dd. The sig-
ing multi-plane analytical technigue and using the phe-ificance ofC; in the C* plane is that it is expected
nomena related to these representations, a methodictal be related to the lumped bulk behavior. At high fre-
list of representations for this material system can bejuencies, the charge carriers do not experience barrier,
prepared. Th&*-plane analysis yields lumped grain as as they are driven and modulated by the ac small-signal
well as lumped grain boundary response, where in mosamplitude over the electrical barriers. This can be por-
cases single-like semicircular relaxation is observed. Itrayed as barrier ‘shorting-out’ as if they are transpar-
many cases such responses could be resolved analyént to electrical conduction in this frequency domain.
cally in conjunction with the relaxation observed in the Thus we obtain a lumped grain resistance effect at high
M*-plane. The relaxation in tHg* plane represents the measurement frequencies. This leads to an equivalent
trapping contribution within the electric filed falling re- circuit element consisting of a capacitor and a resistor
gions of the samples. Thus, there is a dual perspectivi parallel,Rgc — C in Fig. 10c. Therefore, the duality
in the electrical response and therefore, ideally, there ibetween the two types of the equivalent circuitrepresen-
aduality in the equivalent circuit representation as well tation has a meaning and a demonstration is provided
This duality does not lead to controversy but helps inhere as to how these elements respond to the situations
understanding the operative phenomena within the maand interpretations.
terial system. Thus, both circuits are valid under specific
conditions and viewing perspectives. The judgment de-
pends on the visibility of the frequency response of the
material. Considering dual representation of the equivb. Conclusions
alent circuit model, the electrical paths operative in thisThe multi-planeZ*, C* andM*) analytical approaches
material can be viewed in the following ways. in a simultaneous fashion has been employed to eluci-
The Z* plane relaxation may be expressed either (i)date the underlying operative mechanisms in a solid-
in the form of one equivalent parallel resistor-capacitorstate derived CaSnOmaterial system. Thus, the
(R-C) combinations, where the response was in thdumped parameter/complex plane analysis technique
lumped form (Fig. 10a) or, (ii) in the form of two equiva- provided a meaningful solution to the underlying prob-
lent parallel resistor-capacitoR¢C) combination con- lem. Overall, the way ac electrical data have been han-
nected in series, where the contribution of grains andiled, analyzed, and parameters extracted to understand
grain boundaries could be analytically separated witttheir role within the microstructures, has beentermed as
the help of simultaneous relaxation in the reciprocalimmittance spectroscopy. Such in-depth investigation,
plane (M*); R;-C; combination represents the grain, involving multiple competing phenomena and operat-
and theR,-C, combination represents the grain bound-ing mechanisms including the development of equiva-
ary (Fig. 10b). lent circuit model consisting of contributing and well-
The semicircular part of th€* plane relaxation, as defined elements, is conducive to the understanding of
is well known, is an indication of the relaxation of the complexity of a material system.
the seriesR-C circuit combination. This is shown in Realistically, the dual representation of the equiva-
Fig. 10c which is essentially the series in-phase andentcircuitis a singly operative circuitacross the sample
out-of-phase trapping event, within the electrical field (between the electrodes) depending on the interpreter’s
falling regions comprising of the grain boundary elec-viewing approach. However, this dual representation
trical thickness. The capacitance and resistance of theonverges to the single circuit when the underlying

Q

1 ]
Cotal —— 3 Ry | R
= é R,
P é Ry o ==

S O

(2 (b) ©

Figure 10 (a) Simple equivalent representation corresponding to the single-like lumped relaxation. (b) Equivalent circuit model corresponding to
the elements extracted from t&&- and M*-plane analyses. (c) Equivalent circuit model representin@thplane behavior incorporating trapping
response.
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contributing elements are physically located and com-2

prehended of their purpose as each circuit element.
This investigation reveals that CaSx€an be used

as capacitor material due to its invariance in the fre-

quency domain possessing an ultra-small temperature

coefficient of capacitance. The sintering temperatures.

(1200-1350C) and soak-times (24—60 h) allowed to

understand the processing conditions of the component"

preparation via the conventional reaction (SSR) kinet-
ics. These kinetics assisted in determining the func-
tional behavior of CaSngand its selectivity as a capac-
itor element. It is emphasized that densification plays a

key role to the steady invariant capacitance and ultra-®

low TCC of this material.

7.
The examination via Bode plots was used to supportg

the analyses done by LP/CPA technique. The measure-
ment frequencies (5 Hz-13 MHz) and elevated tem-
peratures (25-30CC) determined the variation/non-
variation of the electrical paths between the opposite ,
electrodes. The minute difference in the bulk dielectric

behavior is attributed to the minor adjustment in the11.

formation of the grain-to-grain contactregion. The trap-

ping parameters are believed to be less sensitive to the-

resulting dielectric as a capacitor element. This inves;,

tigation indicated that downsizing in the scatter of the 4

capacitance value is possible via small intervals in the
soak-time at these sintering temperatures.

16.
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