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bstract

aTiO3 based positive temperature coefficient of resistance (PTC) thermistors were prepared with 0, 1.0, 2.0 and 3.0 at.% SiO2 additions. The
ffects of these SiO2 additions and cooling rate variations on microstructural development and bulk electrical performance are discussed in the
ontext of the double Schottky barrier (DSB) model. An increase in SiO2 content increased the proportion of triple junctions containing BaTiSi2O8,
ut reduced the density slightly, without affecting the grain size. The bulk charge carrier density was unaffected either by SiO2 level or changes
o the cooling rate. Adding SiO2 or increasing the post sintering cooling rate decreased ρ25 and ρmax, and increased Tρmax. These effects were
ttributed to a reduction in activated surface state density, while maintaining a fixed acceptor energy depth.
By assuming a single acceptor state energy level, satisfactory agreement between theory and experimental PTC behaviour was only obtained at
ρmax. Agreement was extended over a wider range of temperatures when the acceptor states were considered to be spread over a broader energy

nterval.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Positive temperature coefficient of resistance (PTC) thermis-
ors, based on donor and acceptor co-doped BaTiO3, exhibit an
nomalous rise in grain boundary resistivity over a small tem-
erature interval just above the ferro- to para-electric transition
emperature, TC. A mechanism for this process was first pro-
osed by Heywang1 and subsequently developed by Jonker.2,3

n this model the sudden increase in grain boundary resistivity
bove TC is associated with the formation of a Schottky-type
otential barrier within a permittivity-dependant depletion-
ayer. The barrier is due to filled acceptor traps, formed within a
D layer of segregated acceptor ions,4 or adsorbed oxygen5 at the
rain boundaries, and disappears below TC due to charge com-
ensation by spontaneous polarization. An alternative model

or the formation of a permittivity-dependant interfacial poten-
ial barrier where cation vacancies, mainly Ba-vacancies, act
s acceptors was proposed by Daniels and Wernicke.6 In their
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odel, samples prepared with an appropriate donor concentra-
ion and sintered in an atmosphere containing a suitable oxygen
artial pressure form a Ba-vacancy rich insulating layer at the
rain boundaries, resulting in an n-i-n type interfacial struc-
ure.The resistivity of the depletion-layer, ρL, is approximately
iven by1,7:

L = R0 exp

{
eϕ0(T )

kT

}
(1)

here, R0 = constant, e = electronic charge, ϕ0(T) = height of the
otential barrier at temperature T, and k = Boltzmann constant.
0(T) can be obtained from the solution of the 1D Poisson
quation:8

0(T ) = eNS(T )2

8ε0ε
/
L(T )Nd

(2)
here, NS(T) = density of occupied acceptor states at tem-
erature T, ε0 = permittivity of free space, Nd = charge carrier
effective donor) concentration. ε′

L is the relative permittivity
f the material within the grain boundary layer, which can be

mailto:colin.leach@manchester.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2007.12.034
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escribed through the Curie–Weiss law:

/
L = C

T − TC
(3)

here C = Curie constant.
Addition of 3-d elements, especially Mn, is believed to

ncrease the magnitude of the PTC effect through the formation
f deep grain boundary acceptor states.9 Experimental evidence
or segregation of Cu, Fe and Mn to secondary grain bound-
ry phases led early workers to postulate this as an explanation
or the observation that only small additions are necessary to
chieve a large increase in the magnitude of the overall resis-
ance increase during the PTC transition.1,10 However, it has also
een noted that many transition elements have high solubility
imits in BaTiO3, and that only Cu and V are likely to segre-
ate to secondary phases, while others distribute homogeneously
hroughout the structure.9

The n-i-n layer model6 allows for a homogeneous distribution
f acceptor ions throughout the lattice, and assumes the major-
ty of donor states are compensated by Ba-vacancies, reducing
he effective donor concentration to a level similar to that of
he acceptors. In this model the addition of acceptor levels with
igher energies than that of the Ba-vacancy increases the thick-
ess of the insulating layer in the n-i-n structure, increasing the
agnitude of the resistivity change during the PTC transition.
In thermistors co-doped with La and Mn, charge neutrality

rguments have been used to suggest that diffusion of atmo-

pheric oxygen during cooling generates electron traps, leading
o oxidation of Mn-ions at the grain surfaces.11,12

SiO2 and TiO2 are commonly added as sintering aids.13,14

iO2 and Mn additions are also reported to assist homoge-

s
s
t
i

Fig. 1. Backscattered electron images of samples with (a) 0 at.% SiO2, (b) 1.0
n Ceramic Society 28 (2008) 1845–1855

ization of the microstructure during sintering, improving the
erformance of PTC thermistors under transient loads.15 In
erms of electrical properties, the variation of permittivity with
emperature is significantly affected by SiO2 additions: with
ncreasing SiO2 the permittivity increases below TC, although
he permittivity close to the temperature of maximum resistiv-
ty, Tρmax, remains almost unchanged.16 It has been reported
hat increasing the SiO2 content in La-doped BaTiO3 initially
auses an increase in room temperature resistivity, followed by
sudden decrease. The initial rise was attributed to homoge-

ization of the microstructure through the formation of a liquid
hase, and the subsequent decrease to fresnoite formation, which
educed the surface Ba-vacancy concentration by reducing the
ontact area between intergranular Ba6Ti17O40, and BaTiO3
rains.17

In the present study we have systematically analysed
esistance–temperature (ρ(T)) curves from series of PTC ther-
istors, formed as a function of cooling rate and SiO2 content,

n the framework of the double Schottky barrier (DSB) model, in
rder to establish the effect of variations in these process param-
ters on the electrical structure of the grain boundaries. We have
one this through a combination of microstructural studies and
xtension of an analysis describing the effect of variations in
urface state density, NSO, and acceptor level energy, ES, on
(T) 18 to include subsequent work, which generalised NSO and
S in ρmax–Tmax space9 and trap energy distributions.19 These
re compared with values obtained through Arrhenius analy-

is of the same data.7 We will demonstrate that SiO2 additions
ystematically alter the low field ρ(T) characteristics of PTC
hermistors above TC in a manner directly analogous to changes
n cooling rate.

at.% SiO2, (c) 2.0 at.% SiO2 and (d) 3.0 at.% SiO2. Scale bar = 10 �m.



M.A. Zubair, C. Leach / Journal of the European Ceramic Society 28 (2008) 1845–1855 1847

F
c

2

f
M
l
w
m
h
t
1
1
o
n
o
d

a
o
o
e
P
a
t
p

a

F
c
c

i
t
3
t
t
i
p
a

s
i
a

ig. 2. Graphs showing the variation in grain size with SiO2 content for each
ooling rate.

. Experimental

The thermistor samples used in this study were prepared
rom (Ba,Ca)TiO3, doped with a rare earth donor and 0.1 at.%

n acceptor. Samples were prepared with four different SiO2
evels by including 0, 1.0, 2.0 and 3.0 at.% SiO2. Each batch
as placed in a polyethylene container with Mg-PSZ grinding
edia, using a powder to media ratio of 1:1. Isopropyl alco-

ol [(CH3)2CHOH] was added at an appropriate level to form a
hin slurry, and the mixtures were milled in a vibratory mill for
8 h, followed by drying for 6 h at 85 ◦C in air. Disc compacts,
0 mm diameter and 2.2 mm thick, were pressed at a pressure
f 8 kg mm−2. Green pellets were sintered in air in a muffle fur-
ace at a peak temperature of 1330 ◦C for 1 h with cooling rates
f 150, 300 and 600 ◦C h−1, producing sintered pellets 8 mm in
iameter and 2 mm in thickness.

The sintered pellets were cleaned thoroughly in acetone,
nd In–Ga (2:1) eutectic alloy electrodes were applied to form
hmic contacts. Low field resistivity measurements were carried
ut in the temperature range 30–300 ◦C, at 10 ◦C intervals, by
mploying a two probe DC technique using a KEITHLEY 487
icoammeter with a built-in voltage source. Samples were held
t temperature for 30 min before each measurement to ensure

hermal equilibration. Resistivity was calculated at each tem-
erature using the average of 10 measurements.

Impedance measurements were carried out on samples
pproximately 1 mm thick and 8 mm diameter using a HP3192A

m
m
t
S

Fig. 4. XRD of samples as a function of SiO2 content. Peaks labelled ‘A’
ig. 3. Graphs showing (a) relative density as a function of SiO2 content,
ompensated for SiO2 content, and (b) open porosity as a function of SiO2

ontent.

mpedance analyser, operating over a frequency range of 5 Hz
o 13 MHz. Data were collected in the temperature range
0–450 ◦C, at 10 ◦C intervals. Samples were held at tempera-
ure for 30 min prior to each measurement in order to ensure
hermal equilibration. The real and imaginary components of
mpedance were obtained as a function of frequency and tem-
erature, and were corrected for the effects of the sample holder
nd leads.

Microstructural analysis was carried out on polished cross-
ections of the specimens using backscattered electron (BS)
maging in a Phillips XL30 FEGSEM operating at 10 kV. The
verage grain size was measured using the linear intercept

ethod with a k value of 1.6. Sample density and porosity was
easured using the Archimedes’ method and compared with

he theoretical density of (Ba,Ca)TiO3 after compensating for
iO2 addition. X-ray diffraction was carried out using a Phillips

and ‘B’ are attributed to (Ca,Ba)TiO3 and BaTiSi2O8, respectively.
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’pert APD Diffractometer, operating at 60 kV and 4 mA, fitted
ith PC-APD diffraction software. The samples were scanned
ver a 2θ range of 5–95◦, using a 0.05◦ step scan.

. Results and discussion

.1. Microstructure

The microstructures of the samples cooled at 300 ◦C h−1 are
hown in Fig. 1a–d, for each SiO2 level. A SiO2-rich second
hase is predominantly observed at triple junctions, and is visible
n all samples containing at least 1 at.% SiO2, suggesting the
resence of a transient liquid phase during sintering. As the
iO2 is increased, the proportion of triple junctions appearing

o contain a secondary silicate phase increases. Additionally,
he predominant grain shape changes from rounded to {1 0 0}
abit, indicating that the relative energies of different BaTiO3
urfaces are modified by the presence of excess SiO2, although
he mean grain size remains largely unchanged (Fig. 2). Similar

icrostructures were observed in samples cooled at 150 and
00 ◦C h−1.

The densities of the samples, when corrected for SiO2
ontent, all lie in the range 96.5–98.5%, and decrease with
ncreasing SiO2 (Fig. 3a). Due to the lower density of sili-
ate compared with (Ba,Ca)TiO3, the titanate grain structure
ecomes progressively more ‘open’ as SiO2 increases, i.e. for the
amples with 0 at.% SiO2 addition the titanate grains are more
losely packed with a few pores trapped at the grain bound-
ries or triple points, but with increasing SiO2 the apparent
rain-to-grain contact area decreases. The proportion of open
orosity was calculated as a function of SiO2 addition, using the
rchimedes’ method, and was found to decrease smoothly from
.70 ± 0.05% to 0.35 ± 0.03% as the SiO2 level increased from
to 3 at.% (Fig. 3b).
XRD analysis (Fig. 4) identified the second phase as fres-

oite, Ba2TiSi2O8. The volume of fresnoite in the microstructure
ncreases with SiO2 addition, and appeared slightly more abun-
ant in the more rapidly cooled samples.

In Ti-rich BaTiO3 the formation of a Ba6Ti17O40 second
hase is widely reported, formed by the reaction of BaTiO3
ith excess TiO2. 17 This phase is also reported to form in sam-
les containing SiO2 additions, along with a slightly Ba-rich
resnoite, according to the following reaction17:

8BaTiO3 + 22SiO2 ⇔ 11Ba2TiSi2O8 + Ba6Ti17O40 (4)

However, although fresnoite was observed in our samples, no
a6Ti17O40 was detected.

.2. Electrical properties

Fig. 5a shows typical ρ(T) curves for thermistors cooled at
50 ◦C h−1, as a function of SiO2 content, while Fig. 5b shows

(T) curves for thermistors containing 1% SiO2, as a function
f cooling rate. Similar relationships between the ρ(T) curves
ere seen for other cooling rates and SiO2 additions. Increasing

he SiO2 content or the sample cooling rate decreased the room

a
(
t

ig. 5. ρ(T) curves as a function of (a) SiO2 content for samples cooled at
50 ◦C h−1 and (b) cooling rate for samples containing 1 at.% SiO2.

emperature resistivity, ρ25, and the maximum resistivity, ρmax,
hile reducing the gradient of the PTC portion of the ρ(T) curve,

nd increasing the temperature of maximum resistivity, Tρmax.
Fig. 6a and b shows the variations in ρRT and ρmax, respec-

ively, as a function of cooling rate, and SiO2 level, for all
amples. The rate of variation increases as the SiO2 level is
educed. Additionally, the rate of increase of ρ25 and ρmax with
ecreasing cooling rate decreases as the amount of SiO2 added
o the starting powder is increased.

It is well known that the addition of acceptor impurities, such

s manganese, increases the magnitude of the resistivity jump
ρmax/ρ25), 20,21 through the compensation of Mn′′

Ti substitu-
ional defects by oxygen vacancies, V0

••, in order to maintain
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Thus, for a given composition, the position and shape of the
PTC curve simply reflects the extent of grain boundary oxidation
in the material, and is influenced both by cooling rate and SiO2
ig. 6. Variation in (a) ρ25 and (b) ρmax with cooling rate for each SiO2 content.

verall charge neutrality, according to:

nO
TiO2−→Mn′′

Ti + Ox
O + VO

•• (5)

During reoxidation on cooling, oxygen vacancies are lost
nd the Mn-ions at the grain boundaries form acceptor states.22

hus, during reoxidation NS(T) increases, leading to an asso-
iated increase in ϕ0(T), according to Eq. (2). Extending the
ime available for reoxidation, e.g. by decreasing cooling rate,
llows for a greater increase in NS(T), giving rise to a bigger PTC
esistivity jump. Changes in PTC curve position and shape with
ooling rate are therefore explained simply in terms of changes
n time available, and hence the extent of reoxidation during
ooling.

A variation in curve position with increasing SiO2 con-
ent, similar to that observed for an increase in cooling rate,
ccurred within our samples. This can be understood in terms of
icrostructural changes since with increasing addition of SiO2

he proportion of triple junctions occupied by fresnoite increases
nd the amount of open porosity progressively decreases. Both
hese observations imply a reduction in available pathways for
xygen migration within the thermistor, and hence reoxidation

uring cooling. This is illustrated schematically in Fig. 7a–d.
here is also the possibility that the increased volume of sec-
ndary phase in the high SiO2 samples will dissolve more Mn
uring sintering, reducing the concentration of Mn available for

F
S

ig. 7. (a–d) Schematic diagram showing a progressive increase in the propor-
ion of blocked grain boundaries (crosses) with increasing triple point second
hase (spots).

cceptor state formation. However, we were unable to confirm
his through TEM analysis due to the low concentration of Mn
resent. All of these processes would reduce NS(T), reducing
oth the residual barrier below TC and the interface potential
arrier above TC, leading to reductions in resistivity in both
egions. Previous workers17 have discussed a similar variation
n ρ25 with SiO2 addition in terms of increased fresnoite content,
hich prevents the formation of Ba-vacancies by inhibiting the

eaction between BaO and Ba6Ti17O40 to form BaTiO3. Since
o Ba6Ti17O40 was observed in our samples, the mechanism
hey describe is unlikely in our case.
ig. 8. Arrhenius plots for each cooling rate in samples containing (a) 1.0 at.%
iO2 and (b) 2.0 at.% SiO2.
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Fig. 9. Effect of cooling rate and SiO2 content on the variation in surface state
density, calculated from the Arrhenius plots.
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able 1
alues of surface state density and energy, extracted from ρmax–Tmax plots and Arrhe

ooling rate (◦C h−1) SiO2 content (at.%) Single acce

NSO (cm−2)

150 0 1.09 × 1014

1.0 0.97 × 1014

2.0 0.92 × 1014

3.0 0.86 × 1014

300 0 0.95 × 1014

1.0 0.90 × 1014

2.0 0.80 × 1014

3.0 0.77 × 1014

600 0 0.82 × 1014

1.0 0.77 × 1014

2.0 0.76 × 1014

3.0 0.71 × 1014

able 2
alues of surface state density and energy, extracted from ρmax–Tmax plots for differe

ooling rate (◦C h−1) SiO2 content (at.%) Acceptor energy spread (e

0.25

NSO (cm−2) ES (e

150 0 1.11 × 1014 1.55
1.0 0.98 × 1014 1.57
2.0 0.92 × 1014 1.58
3.0 0.87 × 1014 1.59

300 0 0.96 × 1014 1.52
1.0 0.91 × 1014 1.55
2.0 0.81 × 1014 1.55
3.0 0.77 × 1014 1.57

600 0 0.82 × 1014 1.58
1.0 0.76 × 1014 1.55
2.0 0.76 × 1014 1.57
3.0 0.71 × 1014 1.58
n Ceramic Society 28 (2008) 1845–1855

evel. We also note that the effect of cooling rate on ρ25 and ρmax
s observed to be more significant at low SiO2 levels (Fig. 6),
ossibly reflecting the importance of open oxygen migration
athways on the reoxidation kinetics.

According to the DSB model1 the initial gradient of the ρ(T)
urve, dρ/d(1 − TC/T), just above TC should remain constant
rovided the occupied acceptor state density remains unaffected
y the relative shift of surface state energy level with respect
o the Fermi level inside the forbidden zone and the relative
ermittivity varies according to the Curie–Weiss law. On this
asis, combining Eqs. (1)–(3) gives:

L = R0 exp
e2(NS(T ))2(T − TC)

8ε0CkNdT
(6)
At temperatures near TC all the acceptor states are fully
ccupied,7,19 and so, NS(T) is equal to the total activated sur-
ace state density NSO. As a result ρL increases rapidly with

nius plots for a single value of ES

ptor energy NSO (cm−2) from Arrhenius graphs

ES (eV)

1.51 1.08 × 1014

1.54 0.97 × 1014

1.55 0.86 × 1014

1.55 0.74 × 1014

1.49 0.89 × 1014

1.51 0.83 × 1014

1.51 0.74 × 1014

1.53 0.71 × 1014

1.58 0.72 × 1014

1.55 0.67 × 1014

1.57 0.67 × 1014

1.58 0.64 × 1014

nt values of Δ

V)

0.5 0.75

V) NSO (cm−2) ES (eV) NSO (cm−2) ES (eV)

1.16 × 1014 1.60 1.37 × 1014 1.58
1.01 × 1014 1.65 1.08 × 1014 1.69
0.94 × 1014 1.65 0.98 × 1014 1.71
0.88 × 1014 1.66 0.91 × 1014 1.73

0.98 × 1014 1.60 1.06 × 1014 1.63
0.93 × 1014 1.62 0.97 × 1014 1.68
0.82 × 1014 1.62 0.84 × 1014 1.70
0.78 × 1014 1.65 0.80 × 1014 1.73

0.83 × 1014 1.65 0.85 × 1014 1.73
0.77 × 1014 1.62 0.79 × 1014 1.70
0.77 × 1014 1.65 0.78 × 1014 1.73
0.72 × 1014 1.66 0.73 × 1014 1.74
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where, b(T) is the barrier layer width, given by {NS(T)}/(2Nd),
and μ is the electron mobility, here taken a 0.5 cm2 Vs−1. The
value for z was based on an average sample grain size of 6.4 �m.
ig. 10. A schematic band diagram for the interface potential barrier with
cceptor levels, (a) concentrated in a single energy state and (b) continuously
istributed within an energy range of Δ.

emperature above TC. Eq. (6) can be written in Arrhenius form:

n ρL = A

(
T − TC

T

)
+ ln R0 (7)

here A is a constant, representing the gradient of the Arrhenius
lot. Hence:

SO =
√

8Akε0CNd

e2 (8)

Two typical examples of Arrhenius plots are shown in Fig. 8
or which a TC of 130 ◦C was used. There is some deviation of
he experimental points from linearity at higher temperatures,
hich is due to the effect of depopulation of surface states as

hey approach the Fermi level. Values of NSO, calculated from the
nitial gradients using Eq. (8), with respect to SiO2 and cooling
ate, are presented in the final column of Table 1 and in Fig. 9.
n these calculations, a value of Nd of 1.41 × 1018 cm−3 was
sed, being obtained from the highest frequency intercept in a
omplex impedance plot in the usual way. It can be seen from
hese curves that the surface state density gradually increases
ith a decrease in either cooling rate or SiO2 content, which is

onsistent with the explanation for variation in curve position
iven earlier.
.3. Theoretical analysis

For a polycrystalline thermistor with z grains cm−1 between
he electrodes, the effective resistivity including the interface

Fig. 11. ρmax–Tmax plots for a single energy state. F
n Ceramic Society 28 (2008) 1845–1855 1851

otential barrier is given by2:

(T ) =
(

1

Ndeμ

) [
1 +

{
zb(T )kT

eϕ(T )

}
exp

{
eϕ(T )

kT

}]
(9)
ig. 12. ρmax–Tmax plots for (a) Δ = 0.25 eV, (b) Δ = 0.5 eV and (c) Δ = 0.75 eV.
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The value of NS(T) can be represented in the form of a Fermi
istribution function1,2:

S(T ) = NSO

1 + exp{EF + eϕ(T ) − ES/kT } (10)

here, ES = energy of grain boundary acceptor levels below the
onduction band edge, assuming all acceptors are concentrated
n a single energy state within the forbidden zone (Fig. 10a). EF
s the Fermi energy, which is given by;

F = kT ln

(
N0

Nd

)
(11)

here, N0 = density of states, taken as 1.56 × 1022 cm−3, corre-

ponding to the density of Ti ions.23–25.

In order to model the ρ(T) characteristics, the total surface
tate density, NSO, and the surface state energy, ES, were estab-
ished for each sample by solving Eqs. (2) and (10) for a constant

ig. 13. Calculated values of resistivity and NS(T) as a function of temperature
or (a) four different SiO2 contents an (b) three different cooling rates.

e
f
A

F
b
a

n Ceramic Society 28 (2008) 1845–1855

alue of effective donor concentration using a Newton–Raphson
echnique and assuming Curie–Weiss behaviour. The calcula-
ions were repeated for several values of surface state density
nd acceptor depth, and then over a range of temperatures above
C to obtain values of effective, or occupied, trap densities and
arrier heights as a function of temperature. Values of ρmax and
max were extracted using Eq. (9) for a constant trap density and

rap energy levels in the range 1.2–1.8 eV. Then a ρmax–Tmax plot
as constructed as a function of effective surface state density

nd surface state energy, in the manner described by Jonker.18

ur experimental ρmax and Tmax data were superimposed on
his plot to extract the values of NSO and ES as a function of
iO2 content and cooling rate (Fig. 11). These values are listed

n Table 1. It can be seen that NSO decreases with an increase in

ither the SiO2 content or cooling rate. Values of NSO obtained
rom the ρmax–Tmax plots are close to those obtained from the
rrhenius plots, also listed in Table 1. Our values of ES all

ig. 14. Calculated values of PTC shape factor (eϕ0/kT) and interface potential
arrier height (eϕ0) to illustrate Fermi pinning as a function of (a) SiO2 content
nd (b) cooling rate.
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all within the range 1.51–1.55 eV, which is slightly higher than
ther published values for Mn-doped BaTiO3 PTC thermistors
1.40–1.47 eV).22 We believe this discrepancy is consistent with
ifferences between the two sets of samples: our Mn-doped
Ba,Ca)TiO3 samples exhibit a higher ρmax (107–109 � cm)
han those in the previously published study (105–108 � cm),
lthough values of Tmax are similar (220–280 ◦C).

Values of total surface state density and acceptor energy depth
ere also calculated for the case where there is a continuous dis-

ribution of acceptor states, spread over a narrow energy range,
, centred on ES, as shown schematically in Fig. 10b, using the

nalysis proposed by Ihring and Puschert.19 A constant number
f states per unit area and unit energy nso is also assumed for
implicity. Using these assumptions, Eq. (10) is modified to19:

S(T ) = nSOkT

[
Δ

kT
− ln

1 + exp{eϕ(T ) + EF − ES + (1/2)Δ

1 + exp{eϕ(T ) + EF − ES − (1/2)Δ
ρmax–Tmax plots were constructed in a similar fashion for Δ

alues of 0.25, 0.5 and 0.75 eV as a function of nso and ES and
re presented in Fig. 12a–c. The experimental ρmax and Tmax
ata were superimposed on each of the ρmax–Tmax plots in order

m
l
s

ig. 15. Comparison between the theoretical and experimental ρ–T characteristics fo
.0 at.% SiO2, 150 ◦C h−1, (c) 2.0 at.% SiO2, 150 ◦C h−1, (d) 3.0 at.% SiO2, 150 ◦C h
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}
}
]

(12)

o extract corresponding values of NSO and ES for our samples
s a function of Δ, cooling rate and SiO2 content (Table 2).
ncreases in SiO2 or cooling rate both reduce NSO irrespective of
. The gradual shift in surface state energy levels towards higher

alues with increasing Δ may partly be due to a reduction in the
nergy difference between the Fermi level and the upper edge
f the distributed surface states band, which will automatically
ncrease ES, provided the temperature difference between TC
nd Tρmax is fixed.

Fig. 13a and b shows the calculated values of resistivity and
S(T) as a function of SiO2 content and cooling rate. Fig. 14a and
shows the relation between EF, the interface conduction band

dge energy, GBEC, and the acceptor energy level in the forbid-
en zone with respect to temperature. The resistivity reaches a
aximum value at a temperature near to the onset of depopu-
ation of surface states. The temperature at which depopulation
tarts increases with both SiO2 content and cooling rate. By

r four different values of Δ for samples with (a) 0 at.% SiO2, 150 ◦C h−1, (b)
−1 and (e) 0 at.% SiO2, 300 ◦C h−1.
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omparing Figs. 13a and 14a it can be seen that surface state
epopulation begins when the surface state energies approach
he Fermi level due to the rise in interface potential barrier height
ith increase in temperature. Since the interfacial potential bar-

ier increases more slowly in the samples with the higher SiO2
ontent, Fermi pinning and consequently the depopulation of
urface states is delayed, resulting in a higher value of Tρmax.
omparison of Figs. 13b and 14b shows that an increase in cool-

ng rate also shifts the onset of Fermi pinning, and hence the
emperature corresponding to onset of surface state depopula-
ion, to higher temperatures. This is achieved through a reduction
n the rate of rise of the interface potential barrier with respect to
emperature (dϕ0/dT), in a similar manner to that for increasing
iO2 content. The reduction in dϕ0/dT is therefore solely due to
reduction in NSO.
ρ(T) characteristics were calculated using the parameters tab-

lated in Tables 1 and 2, for a range of Δ, and compared with
he experimental ρ(T) curves from our samples (Fig. 15a–e).
s Δ increases the discrepancy between the calculated and

he experimental curves gradually decreases for all SiO2 lev-
ls and cooling rates, especially within the high temperature
TC region and just below Tρmax. For low values of Δ the

alculated resistivity peak is quite sharp, whereas for Δ val-
es between 0.5 and 0.75 eV dρ/dT the resistivity change with
espect to temperature around Tρmax broadens with a larger ini-
ial PTC slope and hence a larger value of NSO and there is
etter agreement between theory and experiment around peak
esistivity and within the NTC region. The residual discrep-
ncy is attributed to an overestimate of the permittivity of
he grain boundary layer through the use of the Curie–Weiss
aw, and is supported by the observation that lower permit-
ivity values have been calculated from single grain boundary
apacitance measurements,26 together with evidence that grain
oundary defects and internal stresses can also reduce the actual
ermittivity above TC.19 An additional factor affecting the fit
ay be the simplistic assumption of a continuous distribution

f acceptor states and a constant density of states per unit
nergy nso, given the coexistence of Ba-vacancies, impurities
nd dopants.19

. Summary

Co-doped (Ba,Ca)TiO3 based PTC thermistor samples were
repared with additions of 0, 1.0, 2.0 and 3.0 at.% SiO2 and
ith cooling rates of 150, 300 and 600 ◦C h−1. An increase in
iO2 content was found to decrease the sample density, reduce
rain-to-grain contact area, decrease the volume fraction of open
orosity and increase the proportion of silicate second phase
resent at triple junctions.

SiO2 has long been added to BaTiO3 as a sintering aid, but has
ot been reported to affect significantly the electrical properties
f PTC thermistors. In this systematic study we have observed
hat additions of SiO2 and increases in sample cooling rate both

odify the electrical characteristics by decreasing ρ25, ρmax and
ρ/dT, whilst displacing Tρmax towards higher temperatures.
ariations in SiO2 content and cooling rate were not found to
ffect the bulk resistivity.

1
1

1
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The variation in low field ρ(T) behaviour was analysed as
unctions of SiO2 content and cooling rate over the full range
f the PTC transition using two different models, one based
n an Arrhenius analysis and the other on direct modelling of
–T behaviour above TC. It was observed for the first time that
iO2 additions affect the interfacial electrical parameters, NSO
nd ES, in a way that is directly analogous to changes in cooling
ate, both decreasing NSO, while ES remained unchanged within
he range 1.51–1.55 eV. The consistency of data obtained using
hese two distinct models, both in terms of absolute values and
ariation with changes in composition and/or processing adds
eight to this interpretation.
These systematic changes in electrical behaviour with SiO2

ddition were attributed to a reduction in activated acceptor state
ensity in the grain boundary regions due to incomplete reoxi-
ation caused by a progressive blocking of triple junctions and a
eduction in open porosity, together with possible dissolution of

n into an increasing volume of silicate phase during sintering.
The agreement between theoretical and experimental ρ(T)

haracteristics was found to be poor when the surface state
nergy levels were confined to a single energy level. Agree-
ent gradually improved, especially around Tρmax and in

he high temperature NTC region, when the surface states
ere considered to be distributed over a broader energy range

Δ = 0.5–0.75 eV). A discrepancy between the calculated and
xperimental ρ–T curves between TC and Tρmax may be due to
he grain boundary layer having a lower permittivity than pre-
icted by the Curie–Weiss law and complexity in the surface
tate distribution.
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