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ABSTRACT

It is well known that donor doped barium titanate ceramics exhibit a
Positive Temperature Coefficient of Resistance (PTCR) characteristic above the
crystallographic transition temperature, T c - 130 °C, at which the material
transforms from the ferroelectric to the paraelectric state. The magnitude and
form of the PTCR characteristic are known to be influenced by the composition
and preparation conditions of the ceramic, and by the presence of impurities;
especially by the donor dopant concentration and by the sintering conditions.
Heywang originally proposed a model based on the presence of two
dimensional grain boundary layers consisting of discrete electron traps, to
explain the PTCR effect. This model was subsequently extended by Daniels to
indude a three dimensional layer of electron traps extending from the grain
boundaries into the grain bulk.

Specimens of donor doped barium titanate ceramics were prepared with
different donor concentrations and subjected to varying sintering conditions.
They were then investigated by studying their microstructure, electrical and
dielectric properties, both at ambient temperature and above the transition
point.

Resistivity - temperature measurements were carried out to determine
the influence of composition and firing conditions on the PTCR characteristics.
Resistance - voltage measurements at room temperature were carried out on
specimens containing different donor concentrations to investigate whether
insulating intergranular layers formed at higher concentrations. Additionally,
attempts were made to study grain boundaries by direct observation, using
polarised light microscopy to examine the ferroelectric domain structure, and
using the electron barrier voltaic effect in the scanning electron microscope to
investigate variations in carrier lifetime.

The PTCR effect was found to be exdusively a grain boundary
phenomenon. Dielectric measurements showed that variations in the PTCR
characteristic with specimen composition and processing history were related
only to changes in the grain boundary resistance and that the grain bulk
resistance was unchanged. Furthermore, the PTCR properties were mainly
determined by the grain boundary potential barriers. Analysis of resistivity -
temperature characteristics in terms of the Ihrig-Puschert model showed that
potential barrier height was the main influence, with the effects of any
insulating grain boundary layers being less important. The results of this study
were considered to be more consistent with the Heywang model than the
Daniels model. Finally, activation energy analysis of PTCR characteristics
showed that the grain boundary potential barriers also influence the resistivity
of the ceramics at temperatures below the PTCR transition.
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CHAPTER 1

INTRODUCTION AND
SCIENTIFIC BACKGROUND



1.1	 Introduction

Pure, stoichiometric barium titanate is a high band gap

semiconductor: it has a band gap of 3 eV and a resistivity of > 1010

S2 cm at room temperature, and therefore behaves as an insulator [1].

The material is also a ferroelectric exhibiting a type I transition at the

Curie point, Tc = 130°C.

When ceramic polycrystalline barium titanate is made n-type by

doping, its electrical resistivity exhibits a remarkable property at the

Curie temperature; it increases rapidly with increasing temperature,

rising from about 10 1 - 102 S2 cm by several orders of magnitude over

a small temperature range at a rate of up to 100% per K. This effect is

known as the Positive Temperature Coefficient, or PTC effect (fig. 1.1

(a)) [1].

The temperature at which the resistivity rise occurs may be

altered by changing the Curie temperature. This is achieved by the

addition of lead or strontium titanate to form a mixed titanate, using a

mixture of lead and barium titantes to increase the Curie temperature

or strontium and barium titanates to decrease it (fig. 1.1 (b)).

Ceramics showing PTC anomalies find practical application in

the manufacture of positive temperature coefficient thermistors. These

are useful as solid state temperature control devices and current

limiting devices; an increase in the ceramic temperature increases its

resistance thereby automatically decreasing power dissipation in a series

circuit.
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Figure 1.1 (a) Resistivity as a function of temperature of BaTiO3 doped
with 0.3 at. % La. Tc is the Curie point. (After Daniels et
al. [261).

Figure 1.1 (b) Variation of resistivity-temperature characteristics of PTC
ceramics with Sr or Pb substitution. (After Rutt et al.
[32]).
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1.2 The Ferroelectric Properties of BaTiO

In the temperature region above 130°C barium titanate has a

cubic crystallographic structure, shown in fig. 1.2, named the perovsldte

structure after the related mineral perovskite (CaTiO3): the lattice

parameters of the unit cell are a = 4.009 A [2]. Since the cubic structure

is centrosymmetric no polar axis exists in the unit cell and the material

is not ferroelectric. When the temperature is reduced to below 130°C

a crystallographic transition occurs from the cubic to the tetragonal

form; the unit cell elongates along an edge to give lattice parameters

a = 4.003 A, c = 4.022 A and an axial ratio c/a = 1.005 A [2]. The

tetragonal structure is non-centrosymmetric and possesses a dipole

moment, and therefore a polar axis, parallel to the crystallographic c-

axis, in the absence of an external electric field, i.e. the crystal is

ferroelectric. This results in the spontaneous occurrence of electric

polarization in the material accompanied by the formation of a

polarization domain structure in an analogous manner to magnetic

domains in ferromagnetic materials. The transition temperature of

130°C is called the Curie point, T.

As the Curie point is approached and passed, the dielectric

constant of the material undergoes rapid change. With increasing

temperature, the relative permittivity reaches a pronounced maximum

near the Curie point (fig. 1.3). As the temperature is further increased

above the Curie point the value of the relative permittivity decreases

according to the Curie-Weiss law

3
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Figure 1.2 Unit cell of BaTiO3 in the cubic phase (above 130°C).

	

100 i	 200	 300°C

	

Tc	 T

Figure 1.3 Dielectric constant e r of BaTiO3 as a function of temperature. A
peak occurs at the Curie point T. (After Daniels et al. [261).
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er = T-

where	 Cr is the relative permittivity

T is the temperature in K

C is a constant called the Curie constant

T. is the Curie temperature.

To is defined as the temperature at which the extrapolated curve

of	 cuts the temperature axis; it does not coincide with the Curie

point, the temperature at which the spontaneous polarization vanishes,

but is generally a few degrees below the Curie point.

For BaTiO3	C = 1.8 x 105 K and To = 383 K. [3]

It may be noted that there exists two other ferroelectric

polymorphs of BaTiO3 [2]; one has an orthorhombic structure which

transforms from the tetragonal form at 0°C and the other, rhombohedral

form transforms from the orthorhombic at -90°C. These forms are,

however, of no practical influence on the properties of PTC devices.

1.3	 Theoretical Explanation for the FTC Effect

A valid theoretical model for the FTC effect in barium titanate

must explain the following experimentally observed properties.
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(i) The FTC effect is directly correlated with the ferroelectric

properties of BaTiO3. Changing the Curie point produces a

corresponding change in the temperature at which the FTC effect

occurs [1].

(ii) The PTC effect does not occur in n-doped single crystal BaTiO3,

although a polycrystalline specimen prepared from the same

single crystal does display the FTC effect [4].

(iii) Undoped BaTiO3 does not exhibit the FTC effect [1].

(iv) The PTC effect occurs only in donor doped BaTiO3 ceramics.

Material rendered n-type by a reducing treatment is a good

conductor but does not show the FTC resistivity anomaly at the

Curie point [1].

(v) It is known that the conditions under which the sintering process

used to make the BaTiO3 ceramics is carried out strongly

influence the PTC effect. In particular the sintering temperature,

sintering atmosphere and the rate of cooling from the sintering

temperature affect the resistivity of the material both at room

temperature and in the high temperature, high resistivity state

[see section 1.7 below].

Although the FTC effect was first discovered by workers at

Philips in 1955 [5], the first model giving a good interpretation of the

results was that published by Heywang [6] in 1961 and further

developed by Jonker [5,7].
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1.4 The Heywang Model [6] 

This model suggested the existence of deep acceptor states at the

grain boundary interface which trap the conduction electrons generated

within the grain bulk by n-type doping. This creates a depletion layer

extending into the ceramic grains and causes band bending which sets

up a potential barrier at the grain boundaries, i.e. a Schottky barrier,

which impedes the movement of conduction electrons across grain

boundaries (fig. 1.4).

From Heywang the height of the surface barrier potential may be

expressed as

eNE,	 2
Z 0

where e is the electronic charge, ND the donor concentration, d the

thickness of the depletion region, Cr the relative permittivity and ec, the

permittivity of free space, and the assumption is made that all donors

are fully ionized.

For overall charge neutrality in the boundary region

Qs = - QD	 (1.3)

where Qs is the charge in the surface states and QD the charge in the

depletion region. This expression becomes

NAO = ND Zo

where NA° is the concentration of acceptor states per unit area at

the grain boundary.

2e r E0
(1.2)
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Figure 1.4 Energy-level diagram near a grain boundary. (After Heywang
[6]).

Figure 1.5 Polarisation of ferroelectric domains at a grain boundary. (After
Jonker [7])
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and combining (1.2) and (1.3) we have

(I) = TErT) ND
	 (1.4)

The resistivity of the ceramic is then controlled by the height of

the potential barrier at the grain boundary and may be expressed in the

form

p = p_exp [4e ]

	
(1.5)

where p.., is a constant, the resistivity in the limit T-4., and (1) denotes

a mean barrier potential which takes account of variations between

individual grains in the ceramic.

At temperatures just above the Curie point, the relative

permittivity Cr falls rapidly in accordance with the Curie-Weiss law.

Since sl) amul (equation 1.4 above) it may be seen that the height of the

potential barrier increases rapidly giving rise to a corresponding

increase in resistivity according to equation (1.5) above. This is,

therefore, the source of the PTC effect.

The fact that the rapid fall in the relative permittivity below the

Curie point does not give rise to a similar resistivity effect was

explained by Jonker [5] in terms of the spontaneous ferroelectric

polarisation below T. He suggested that the domain structure within
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the grains built up in such a way as to wholly or partially compensate

the excess surface charge, thus neutralising the potential barrier (fig.

1.5). This assumed the existence of 180 0 domains more or less

randomly orientated so that on average half the domains would be

oriented so as to reduce the potential barrier height, whereas the

remaining half tended to increase the barrier height, producing low and

high resistivity regions respectively at the grain boundaries. The high

resistivity regions do not, however, dominate the behaviour of the

ceramic because the low resistivity regions are electrically in parallel

with them and provide a low impedance current path. Variations of

this explanation have also been suggested by Kulwicki and Purdes [8]

and Heywang [6].

When Haanstra and Ihrig [9] carried out a transmission electron

microscopy investigation of PTC-type BaTiO3 ceramics, however, they

failed to find any specific orientation of the ferroelectric domains at the

grain boundaries and found many more 90° domains, which were self-

compensating, than 180° domains. They therefore suggested that charge

compensation below Tc was brought about by local variations in the

relative permittivity together with some local charge compensation by

partially matching domains at the grain boundaries. This may therefore

be regarded as a further modification of Jonker's theory.

These early theories assumed that the surface acceptor states

were caused by adsorbed oxygen. This appeared to be supported by

the fact that heat treatment in a reducing atmosphere suppressed the

10



PTC effect, but that it could be restored by a second treatment in an

oxidising atmosphere [10,11]. However, little reliable evidence

concerning the nature of the acceptor states was available until the

investigations by Daniels, Hardtl, Hennings and Wernicke

[12,13,14,15,16] later showed that the acceptor states were caused by

barium vacancies (see Section 1.5 below).

Further evidence for the existence of grain boundary barriers

above the Curie point arose from the direct observation of resistive

grain boundaries and high electric fields at grain boundaries by the use

of decoration techniques [17] and voltage contrast imaging [18]. Ihrig

and Klerk [19] have also observed the grain boundary barriers by

cathodo-luminescence at room temperature.

Heywang [1] found that grain boundary shadows, indicating the

presence of resistive barriers, observed in the scanning electron

microscope appeared to be most pronounced at grain boundaries which

had a thick layer of intergranular phase. This observation, combined

with the fact that the inclusion of acceptor impurities were shown by

electron microprobe analysis to be concentrated in the glassy

intergranular phase [1], gave rise to the theory that acceptors derived

from impurities in an intergranular phase were influential in the

development of the grain boundary barriers.

Gerthsen and Hoffmann [20] in a study of the current-voltage

characteristics of a single grain boundary measured grain boundary

capacitance values which were lower than expected assuming

11



Heywang's 2-dimensional model. They proposed the existence of a Ti

rich intergranular phase, approximately 600 nm thick, in order to

explain this. However, several other experiments on PTC compounds

having varying amounts of second phase obtained from TiO 2 in the

composition [21,22] provided no evidence of influence by the second

phase on the physical nature of the grain boundary barrier. An

intergranular phase of the suggested thickness, — 600 nm, cannot be

detected micrographically; transmission electron microscope

investigations by Haanstra and Ihrig [9] also failed to detect a phase of

this thickness. It therefore seems unlikely that such a layer exists. Ihrig

and Puschert [23], following earlier work by Kulwicld and Purdes [8],

concluded that the Heywang model satisfactorily explained the

experimental results when modified to include a range of acceptor state

energies at the grain boundary, without recourse to an intergranular

layer. These results have been subject to further argument [24,25].

The Heywang model provides a reasonably satisfactory

explanation of the principal features of the PTC effect, i.e. the

magnitude and rate of the resistivity charge, the dependence of the PTC

transition temperature on the Curie point, and the grain boundary

origin of the PTC effect. The model as it stands, however, does not

explain a number of experimental observations, particularly the

following four points :
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1.	 What is the precise nature of the grain boundary acceptor states?

2. Why is the PTC effect observed only in material made n-type by

donor doping, but not in material treated in a reducing

atmosphere?

3. What is the explanation for the strong dependence of the PTC

effect on the manner in which the ceramic is cooled after

sintering?

4. Why does the room temperature resistivity of the ceramic

increase dramatically, to the extent of rendering the material

insulating, if the donor dopant concentration is increased beyond

about 0.6 atomic %?

1.5 The Daniels Model

The theory of the PTC effect in BaTiO 3 ceramics has been

extensively studied by workers at Philips. Following a detailed study

of the defect structure and diffusion kinetics of barium titanate ceramics

[12,13,14,15,16,26] Daniels, Wernicke et al. developed an extended

model which they considered to explain more fully the perceived

limitations of the Heywang theory described above. Their work on this

model is described in a published review article [26].

Daniels et al. conduded that the potential barriers are formed not

as a result of a 2-dimensional grain boundary acceptor layer as

postulated by Heywang, but by a 3-dimensional zone extending from

the grain boundaries into the grains due to barium vacancies which
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diffuse inwards from the grain boundaries. The width of this zone thus

depends on such variables as temperature, cooling rate and atmospheric

composition. It was assumed in the Heywang model that the excess

electronic charge arising from donor doping BaTiO 3 was entirely

compensated by conduction electrons but this was found not to be so

by Seuter [27]. In the Daniels model compensation occurs by a

combination of the formation of conduction electrons and barium

vacancies.

The PTC effect arises as a result of the distribution of atomic

defects which arise in the course of the sintering process. This may be

divided into two successive processes; firstly a sintering process at a

temperature of 1380°-1400°C, followed by a process of cooling to room

temperature, possibly interrupted by an annealing period at an

intermediate temperature (chapter 2, fig. 2.1). In this model, it is

assumed that all the defects in the system reach their equilibrium

concentration during the initial sintering process. During the

subsequent cooling from about 1400°C to about 1100°C, a quasi-

equilibrium is initially maintained, since the mobility of the various

defect species is still high at these temperatures. As the temperature

falls the mobility is reduced so that eventually the equilibrium state at

the lower temperature cannot be reached and a defect state

corresponding to equilibrium at a higher temperature is effectively

"frozen in". There is little defect mobility below 1000°C.

14



Daniels and Hardtl [12] carried out a detailed study of the defect

chemistry of n-doped barium titanate, using La as the dopant (they

found that the choice of n-dopant had little effect on the electrical

behaviour of the material). They produced an equilibrium model

relating the concentrations of defects to the oxygen partial pressure of

the atmosphere, considering neutral and singly or doubly ionized

(positively charged) oxygen vacancies (V ox, Vo-, V) and corresponding

(negatively charged) barium vacancies (VBax/ VBa '/ 	 )• The presence

of titanium vacancies in the system was treated as negligible, and

interstitials, defect clusters and interactions were likewise disregarded.

The calculated vacancy concentrations in this equilibrium model at a

temperature of 1200°C are illustrated in fig. 1.6. It is apparent that three

different electroneutrality conditions apply to the doped ceramic in the

oxygen partial pressure regions I, II and III:

2 [VBal 	 =	 [La* ] in region I	 (1.6 a)

n	 =	 [La]] in region II	 (1.6 b)

and	 n	 ---	 [Vol in region III	 (1.6 c)

In region III, i.e. under strongly reducing conditions, conduction

electrons compensate the oxygen vacancies, the concentration of which

exceeds that of the dopant. In regions I and II, however, the

compensation of the excess positive charge introduced by the La' ions

dominates; this occurs via vacancy compensation in region I and

15



0-1	 0-*	 i0° 	 bar

Po2

Calculated concentrations c of all defects in Daniels' equilibrium
model, as a function of oxygen partial pressure Po2 at 1200°C, for
specimens of BaTiO3 doped with 1 at. % La. (After Daniels et al.
[26]).

Figure 1.6
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Figure 1.7 Energy level diagram for donor-doped barium titanate ceramic.
(After Daniels et al. (261).
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electron compensation in region LE. The barium vacancies in region I

act as acceptors, lowering the electron concentration: this property of

the high temperature equilibrium is of practical importance since the

partial pressure of oxygen in air, the usual ambient for sintering, lies in

region I, and barium vacancies are the dominant defects in this region.

By repetition of the equilibrium vacancy concentration

calculations at various temperatures, Daniels and Hardtl also estimated

the positions of the energy levels corresponding to the different defects

in BaTiO3 in the energy diagram (fig. 1.7). This reveals why n-type

conduction dominates at room temperature. While the energy levels of

acceptor-like defects, such as barium vacancies, lie in the middle of the

band gap, the levels of donor-like defects such as La ions and singly

charged oxygen vacancies, are located within less than 0.1 eV of the

bottom edge of the conduction band. The donors are thus virtually all

ionized at room temperature resulting in n-type conduction.

The diffusion coefficients of the various defects present were

measured by Wernicke [151: the values of the diffusion coefficients for

oxygen and barium vacancies are given in figs. 1.8 and 1.9 respectively.

They relate to both doped and undoped BaTiO 3 at the oxygen partial

pressures generally used in the manufacture of PTC ceramics (10 < Po2

<1 bar, i.e. region I).

It was found that the diffusion coefficient of oxygen vacancies (in

undoped material) has a fairly high value (10' cm2 s' at 1000°C), which

was explained in terms of the perovsldte structure in which the oxygen

17
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Figure 1.8 Diffusion coefficients D of the oxygen vacancies in undoped
BaTiO3 as a function of reciprocal temperature. (After Daniels et
al. [26]).	
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Figure 1.9 Diffusion coefficients D of barium vacancies in BaTiO 3 doped
with 0.5 at. % La, as a function of reciprocal temperature. (After
Daniels et al. [26]).
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ions are located close to one another providing an easy path for

diffusion. While equilibrium is being established oxygen vacancies are

formed or destroyed at the surface of the ceramic specimen and diffuse

inwards until the equilibrium has been achieved throughout the

specimen.

It can be seen in figs. 1.8 and 1.9 that the diffusion coefficient of

barium vacancies in a doped ceramic is about 7 orders of magnitude

smaller than that of the oxygen vacancies. The rate of equilibrium

restoration in processes determined by barium vacancies will be

correspondingly slower than for oxygen vacancies. Wernicke also

discovered that the barium vacancies, unlike oxygen vacancies, achieve

equilibrium by diffusion from the grain boundaries rather than from the

specimen surface. This results from the manner of formation of Ba

vacancies.

Wernicke suggests that barium vacancies are formed by barium

ions occupying sites in a second titanium rich phase (e.g. BaTi307 ) at

the grain boundaries, which is formed as a consequence of the excess

TiO2 added to the precursor materials of the ceramics to promote

sintering. The reaction might proceed according to the equation

BaTi307 + 2Ba (lattice) + 20 (lattice) 	 3BaTiO3 + 2VBa + 2V0 (1.7)

Barium vacancies could then form at grain boundaries and then diffuse

into the grain interior until equilibrium were reached throughout the

19



grain. The additional formation of oxygen vacancies would not delay

the achievement of equilibrium because of the speed with which they

diffuse throughout the material.

The kinetic processes which occur during a typical sintering

process, during which the specimen is sintered in air at 1400°C for a

sufficiently long time to achieve equilibrium with the ambient

atmosphere, and is then cooled slowly to room temperature, may now

be considered. The behaviour of the barium vacancies, the dominant

defects, is illustrated in fig. 1.10, which shows the results of Daniels'

[13] calculation of the values of twice the total concentration of barium

vacancies 2[VBat°t ] as a function of equilibrium temperature TE, at

different values of oxygen partial pressure PE02. For an air atmosphere,

PE02 = 0.2 bar. The equilibrium concentration of barium vacancies

increases as the temperature falls. At the inversion temperature, Ti the

value of 2[VBa 0tI equals [La' ], the total concentration of La donors so

that the conduction electrons originating from the ionized donors are

exactly compensated.

As the specimen temperature falls, the equilibrium concentration

of barium vacancies increases and barium vacancies diffuse inwards

from the grain boundaries into the bulk of the grains to restore

equilibrium. However, as the temperature is further reduced, the speed

of diffusion of the vacancies falls so that restoration of equilibrium

throughout the grain is no longer possible; ultimately the defects

become immobile and the defect concentration corresponds to
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equilibrium not at the prevailing temperature but at some higher

temperature at which diffusion ceased.

Thus, during cooling a diffusion front rich in Ba vacancies

penetrates the grain bulk from the grain boundaries, but below a certain

temperature loses its mobility. This produces a heterogeneous

distribution of the vacancy concentration within each grain (fig. 1.11),

so that although the grain boundary regions remain in equilibrium

down to fairly low temperatures, this is no longer the case within the

grain bulk below about 1300°C.

In the grain boundary region where the total concentration of the

donor dopant (lanthanum) (La' ] is less than 2[VB:' ), total vacancy

compensation occurs and all the conduction electrons introduced by the

dopant are captured by barium vacancies, forming a depletion layer of

width RD at the grain boundary. This results in the formation of a

potential barrier at the grain boundary, analagous to that proposed in

the Heywang model.

The width of the depletion layer ID depends mainly on the

cooling rate and on the diffusion coefficient : the slower the cooling,

the further the diffusion front of vacancies penetrates the grain bulk

and the greater the value of ID. At practical cooling rates, the vacancy

layer has been shown to have a thickness k - 1-3 pm (fig. 1.11). The

Heywang model can thus be considered as the limiting case of the

Daniels model for sufficiently fast cooling rates, when the barium

vacancies are confined essentially to a 2 dimensional layer at the grain

boundaries, so that the two models appear to be consistent.
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1.6 Effect of n-doping

As mentioned earlier, the PTC anomaly is observed only in

BaTiO3 ceramics made n-type by donor doping. There are many

possible elements which may be used as dopants [5,28,29,30] including

Y, most of the lanthanides up to Er, Nb, Ta, W, Sb and Bi. Most

commercial applications use Y or La, although Ho and Nb are also used

and Sb was often used in early products. The choice of dopant

depends on the precursor materials [10], other additives used and the

extent of any contamination; the most effective material must often be

determined experimentally.

The general dependence of low temperature resistivity on dopant

concentration is similar for all donor dopants, e.g. fig. 1.12. As the

dopant concentration is increased, the resistivity initially falls, reaching

a minimum value followed by a sharp rise and a return to insulating

properties. The position of the resistivity minimum varies according to

the dopant, the ceramic composition and the manufacturing conditions

but invariably occurs in a restricted range between about 0.1 at. % to 0.6

at. % of dopant [10,31].

In addition to the effect on resistivity, the donor dopants exercise

a strong influence on the grain size of the ceramics: the transition to

the insulating condition is accompanied by a sharp reduction in grain

size. Rutt et a. [32] found, for ceramics fired under the same

conditions and differing only in dopant level, a decrease in grain size

from 100 pm at 0 at. % Nb to 3 pm at 0.3 - at. % Nb. They also showed
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that combinations of dopants altered the results, for example the use of

0.4 at. % La + 0.15 at. % Mg (an acceptor) produced a grain size

comparable to that obtained using 0.1 at. % La only. Kahn [10] stated

that using BaTiO3 powders from different sources could change the

point of minimum resistivity from 0.2 at. % to 0.4 at. % Nb because of

different impurity contents.

Saburi [33] in an early study investigated a large number of

dopants, and found that all those which produced the FTC anomaly

were characterised by the ceramic having a blue colour, which indicates

the presence of Ti + ions. Jonker [5] noted that specimens in the

semiconducting region were dark blue, but that the insulating

specimens containing more than 0.6 at. % of La were white and

appeared to differ from pure barium titanate only in a small shift of the

Curie temperature.

Several explanations for the dependence of room temperature

resistivity on donor dopant concentration have been advanced by

various authors. Some workers have suggested the formation of

insulating layers at the grain boundaries at higher donor concentrations

as an explanation. Sauer and Fisher [11] and Tennery and Cook [34]

proposed that the segregation of the donor ions at the grain boundaries

was responsible for the formation of the insulating layers, and that the

minimum value of room temperature resistivity indicated the limit of

solubility of the dopant in the barium titanate lattice. However, Basu

and Maiti [35] did not observe donor segregation at the grain
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boundaries but suggested instead that the insulating layer consisted of

a Ti-rich intergranular phase. The insulating layer hypothesis is,

however, considered to be unlikely for two seasons. Firstly; donor

dopants were found to have high solubility limits (Macchesney and

Potter [36], Jonker and Havinga [37] and Ueda and Ikegami [381),

significantly higher than the 0.4 to 0.6 at. % dopant concentration at

which the transition to insulating behaviour commonly occurs. (Typical

donor dopant solubility limits were 12 at. % for La, — 20 at. % for Nb

[37] and > 1.0 at. % for Gd [381). This excludes the possibility of

significant donor segregation at grain boundaries. Secondly, Ueda and

Ikegami [38] found that highly donor-doped specimens showed normal

ferroelectric hysteresis behaviour. If any insulating phase, different

from BaTiO3 and assumed to be non-ferroelectric, were to cover the

surface of the grains no ferroelectric hysteresis loop would be observed.

The existence of an insulating layer at the grain boundaries of highly

donor-doped specimens, whether attributable to donor segregation or

the presence of a Ti-rich phase, therefore appears unlikely.

Theories have also been advanced accounting for the increase in

room temperature resistivity in terms of electrical compensation of the

donors. JonIcer (1964) [5] postulated that the donor ions are

electronically compensated at low donor concentrations, but that a

transition to vacancy compensation occurs at high donor concentrations

so that insulating behaviour ensues. The mechanism responsible for the

transition to vacancy compensation was not explained. A partial
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explanation may, however, be found in the work of Drofenik (1987) [39]

who suggested that the incorporation of donor ions into the lattice (by

a reaction resulting in electronic compensation and the expulsion of

oxygen) is not possible, if the change in the free surface energy during

grain growth (the driving force of the sintering process) is balanced by

the change in the free energy associated with the evolution of oxygen.

This condition is satisfied (at oxygen partial pressures corresponding to

sintering in air) above a certain dopartt concentration, so that dopant

incorporation with electronic compensation, as well as grain growth, is

suppressed and insulating behaviour ensues.

Other workers have explained the effect in terms of self-

compensation of the donors, by assuming that the donors are

incorporated with different valencies at equivalent lattice sites

(Heywang, 1971 [I]) or with the same valency at different lattice sites

(Murukami et al., 1973 [40]). However, the suggested self-compensation

mechanisms cannot form the basis of a model which is required to be

generally applicable to all donors. In particular, a commonly used

donor dopant is lanthanum, which has an ionic radius similar to that

of Ba ions and has only one valency state (3+); it is most probably

incorporated only as La at the Ba sites [10,41] so that self-

compensation is unlikely to occur. A self-compensation model is

therefore inapplicable in the case of one of the most common donors.

On the other hand it was suggested by Daniels et al. (1978/79)

[26] that the increase in the resistivity is due to the combined effects of
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the reduction in grain size with increasing donor concentration and the

formation of a Ba vacancy-rich insulating grain boundary layer. They

assume that at a high donor concentration the grain size is reduced to

about 2 pm, a value which is comparable to the width of the Ba

vacancy-rich insulating layer, thus rendering the material a complete

insulator.

1.7 The Influence of Sintering Atmosphere, Temperature and Cooling Rate

on the PTCR Effect

It has been demonstrated experimentally by a number of workers

that the resistivity of the ceramic and the magnitude of the PTCR effect

are strongly influenced by the sintering temperature, by the oxygen

partial press-Lire in the sintering atmosphere during cooling from the

sintering temperature and by the rate at which the cooling takes place.

The grain size of the ceramic is also a significant factor. The effects of

sintering atmosphere, temperature and cooling rate are due to their

influence on the defect structure of the ceramic and its interaction with

the donor dop ants.

Rutt et al. [32] showed that for pure undoped barium titanate, n-

type conductivity was introduced at low oxygen partial pressures and

high temperatures, whereas at high oxygen partial pressures and low

temperatures the ceramics exhibited p-type conductivity. The n-type

conductivity arose as a result of the dominant defects being oxygen

vacancies which act as donors, whereas the p-type behaviour was due

to the dominance of barium vacancies acting as acceptors. In the case
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of air fired ceramics (Po2 0.2 atmosphere) n-type conductivity is

expected for undoped materials at temperatures of above 1200-1300°C.

For n-doped PTC ceramics the defect structure introduced by the

firing conditions is superimposed on the n-type conductivity produced

by doping.

Firing in a reducing atmosphere, in which the oxygen partial

pressure is low (e.g. a N2 rich atmosphere), promotes a defect structure

rich in oxygen vacancies. This increases the bulk conductivity of the

ceramic, but also introduces a negative temperature coefficient (NTC)

component to the resistivity which dilutes the PTC effect, with the net

effect of a decrease in both the room temperature resistivity and the

peak resistivity together with a decrease in the slope of the FTC

characteristic [11]. The effect is also evident when specimens with good

initial PTC properties are heat treated in a reducing atmosphere and

show a subsequent deterioration in PTC properties.

Kahn [10] carried out a detailed investigation of the effects of

firing conditions and heat treatment and showed that ceramics sintered

in reducing atmospheres and subsequently reoxidised exhibited an

increase in resistance which was greater for higher reoxidation

temperatures and smaller grain sizes. He also found that the PTCR of

specimens fired in an oxidising atmosphere which had been quenched

(i.e. cooled extremely rapidly) from the sintering temperature could be

improved by reheating and cooling slowly, but that the enhanced PTCR

manifested as a higher peak resistivity, was accompanied by some

increase in the room temperature resistivity.
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Kahn also found that a minimum sintering temperature was

necessary to incorporate the dopant into the grains of the ceramic and

produce a semiconducting material. He found this minimum

temperature to be 1360°C for his material, doped with 0.18-0.28 at. %

Nb; below the minimum temperature the specimens contained areas of

small brown grains of diameter —1 pm where grain growth and therefore

sintering had not occurred. In the absence of grain growth due to

sintering, dopant incorporation had not occurred and these grains were

insulating. Rutt et al [32] showed experimentally that the room

temperature resistivity of ceramics sintered at high temperature can be

raised by equilibriation at low temperature and lowered by

equilibriation at higher temperatures; this effect was accompanied by a

colour change from blue to brown on reducing the equilibrium

temperature.

Additional effects of temperature were described by Ueda and

Ikegami [38] who found that Gd-doped specimens quenched after

sintering in air at 1375°C exhibited no PTCR, but that specimens cooled

slowly in air after sintering, or annealed at high temperature after

quenching, did exhibit a PTC effect.

Explanations for all the experimental results were developed by

Daniels, Hardtl and Wernicke in a study of the defect kinetics of BaTiO3

ceramics [15,26,40]. As previously stated, when the partial pressure of

oxygen in the atmosphere is reduced there is a change from barium

vacancies to oxygen vacancies as the dominant defect species, and
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therefore a transition from complete vacancy compensation of the donor

to partial vacancy compensation. Since the donors have a lower

ionization energy (— 0.1 eV) [25,41] than the vacancies (V B: — 0.8 eV,

V "Ba "-

conductivity.

For a given atmospheric composition, the concentration of

barium vacancies increases as the temperature decreases, and since for

the ceramic to be a semiconductor the concentration of barium

vacancies must not exceed that of the conduction electrons derived from

the dopant atoms, there exists a specific temperature above which a

ceramic in equilibrium will be a semiconductor and below which it will

be an insulator. In air this temperature was 1200°C for the case

considered by Daniels and so specimens quenched in air were only

semiconducting if they were initially in equilibrium above 1200°C.

In the case of slowly cooled materials, the defect equilibrium

initially follows the decreasing temperature. As the temperature fans

further, equilibrium restoration can no longer be maintained for kinetic

reasons and the defects become frozen-in so that the final defect

distribution and hence the room temperature conductivity is determined

largely by the cooling rate and the initial temperature from which

cooling began. Diffusion experiments have also demonstrated [15] that

equilibrium restoration is controlled by the very slow diffusion of

barium vacancies from the grain boundaries into the interior of the

grains, giving rise to a grain boundary layer rich in barium vacancies.

1.6 eV) [25], this transition is accompanied by an increase in
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At an appropriate cooling rate in air, it is possible to maintain

equilibrium near the grain boundaries to temperatures below 1200°C,

when total vacancy compensation takes over and an insulating grain

boundary layer is formed.

This explains the observations of Kahn that the increase in

maximum resistivity induced by recoddation is greater in the case of

smaller grains where the equilibrium restoration extends further into

the grains and at higher remddation temperatures where the barium

vacancy diffusion rate is higher. The explanations due to Daniels et al.

are also consistent with the results of subsequent investigations by Al-

Allak, Russell and Woods [42]. Al-Allak et al. annealed specimens of

Ho-doped barium titanate ceramics in air at 1220°C for periods of up

to 27 hours while cooling to room temperature after sintering at 1320°C.

They found that the annealing process resulted in an increase in the

value of the maximum resistivity and an increase in the steepness of the

resistivity-temperature curve in the region of the PTCR transition. This

was attributed to the formation of a resistive grain boundary region in

series with the space charge layer; dielectric measurements at A.F. and

R.F. revealed that the resistive layer was confined to the grain boundary

region and did not diffuse throughout the entire grain bulk, even for

the longest annealing time. These changes were explained in terms of

an increase in the acceptor state density, consistent with Daniels et al.'s

explanation.
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1.8 Summary

Daniels' modification of the Heywang model explains

satisfactorily most aspects of the experimentally observed PTCR effect

in donor doped BaTiO3 ceramics. Certain aspects of the PTCR effect

are, however, not fully resolved by Daniels' model.

The first aspect is the transition from conductive to insulating

room temperature behaviour at high donor dopant concentration. The

transition coincides with a marked reduction in grain diameter which

Daniels postulates leads to the grain boundary depletion layers filling

the entire grain thus producing insulating behaviour. This seems

plausible, but Daniels furnishes no direct proof of the postulate and

other possible explanations must also be considered, such as changes in

the nature or density of the grain boundary acceptor states.

The second aspect the effect of annealing, and reduction and

recoddation, on the PTCR effect. In view of the low mobility of Ba

vacancies, both the disappearance of the PTCR on reduction and its

appearance on reoxidation occur too rapidly for Ba vacancy diffusion

alone to be responsible, according to the Daniels model. However, Al-

Allak et al. have proposed a modification to the model which includes

a resistive layer in series with the grain boundaries and the effects of

rapidly diffusing oxygen vacancies at the grain boundaries, in order to

overcome these shortcomings.
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CHAPTER 2

EXPERIMENTAL METHOD



2.1	 Introduction

Semiconducting barium titanate ceramics were prepared from

barium titanate powder into which small quantities of donor ions were

incorporated as an impurity. A conventional ceramic processing route

was followed, using heat treatment of specimens at high temperatures

to incorporate the donor ions into the barium titartate lattice and to

induce sintering leading to densification and grain growth. The

resulting ceramics were studied using a scanning electron microscope

in secondary electron emission and energy dispersive X-ray analysis

modes to determine their microstructure and composition. Electrical

properties of the ceramic grain boundaries both below and above the

Curie temperature were investigated using the scanning electron

microscope in electron beam induced current and electron barrier

voltaic effect modes. Optical polarized light microscopy was used to

investigate the ferroelectric domain properties of the ceramics below

and above the Curie temperature, and to study the effects of external

electric fields on the optical properties. Electric and dielectric

measurements were used to determine the electrical properties of the

ceramics. Measurements of resistance were carried out as the

temperature was raised through the Curie temperature, whence

resistivity-temperature characteristics for the materials were derived.

Resistivity measurements as a function of applied electric field at room

temperature were used to investigate non-ohmic behaviour of the

ceramic. A.C. impedance measurements were carried out at room
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temperature in order to separate the component of resistance arising

from the grain bulk from that attributable to the grain boundaries of the

ceramic.

The electrical properties were then analysed in terms of the

Heywang model to determine the height of the grain boundary

potential barriers and the characteristics of the grain boundary acceptor

traps.

The remainder of this chapter describes the experimental

methods used for the preparation of the ceramic specimen and their

microstructural, optical and electrical characterization. The methods

used for analysis of the results are described in subsequent chapters.

2.1.1 Specimen Preparation - Powder Processing

The barium titanate ceramics used in these studies of the PTCR

effect were prepared according to a conventional route [1,2],

incorporating various concentrations of holmium, the donor dopant,

between 0.05 and 0.8 at. % according to the formulation Ba1,HoJiO3.

Holmium oxide was selected as the donor dopant because of the

similarity in size between the He- and Be ions, so that holmium will

readily substitute for barium in the crystal lattice. A commercial grade

of BaTiO3 (Mandoval grade 6, mean particle diameter 0.8 pm) was used

as the precursor material with holmium added in the form of Ho203 to

give the required donor dopant concentration in each case. Sufficient

TiO2 was added to produce a 0.5 mol. % excess of Ti over the

stoichiometric quantity to produce a titania-rich phase (Ba6Ti17040) . This
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forms a eutectic with BaTiO3, which melts at 1320°C and so promotes

liquid phase sintering at comparatively low temperatures [2].

Furthermore, Daniels [3] considered the presence of excess Ti in the

second phase assisted the formation of Ba vacancies. In addition a

small amount (0.9 mol. %) of Si02 was added to the mixture to act as

a sintering aid. (It is generally accepted that the TiO 2 and Si02 combine

during sintering to form a glassy intergranular phase [4,5,6] which

assists the sintering process without fundamental influence on the

electrical properties of the ceramic). The constituents of each precursor

mixture were weighed out then ball milled together in deionized water

(in the proportion water:precursor = 1.4:1 by weight) for 12 hours in a

polyethylene jar, using spherical agate milling media. The mixture was

recovered by filtration, and a quantity of organic binder solution (0.3 x

weight of solids of an aqueous solution of 3.5 % w/w glucose and 3.5%

w/w polyethylene glycol) added. After drying the material was

granulated, sieved to give particle sizes between 90-500 pm, and

pressed into small pellets of diameter 5 mm and thickness —1 mm using

a hydraulic press to apply a load of 6000 N to a SiC lined die.

The properties of ceramics are known to be sensitive to

composition and processing history, especially when their parameters

are determined by small variations in impurity concentration such as

the donor dopant in BaTiO3 PTCR ceramics. In particular,

contamination with small amounts of certain 3d transition elements [7],

e.g. Mn, Fe, which substitute for Ti4+ at lower valency thus acting as
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acceptors, can considerably modify the PTCR behaviour. Close control

of composition was therefore exercised throughout the specimen

preparation process by maintenance of a consistent experimental

method and careful equipment design. The milling process was

identified as a potential source of contamination : accordingly a

polyethylene milling jar, and media made of agate (a very hard form of

silica) were selected. Since polyethylene is completely combustible, any

contamination from the container walls would be removed during

firing, and since a constant milling time was used, contamination from

the agate media would result only in the addition of a small quantity

of Si02 to the second phase composition of each mixture. All

equipment was washed with deioniz,ed water before use and the

powdered ceramic precursors kept in dosed containers before and after

mixing to prevent contamination.

2.1.2 Specimen Preparation - Sintering

The pressed 'green' pellets were then fired in a tube furnace to

sinter them into the ceramic form. The pellets were placed on a setter

plate which was covered with a thin platinum foil in order to prevent

contamination of the ceramic by reaction with the setter material.

Firing was carried out according to the profile in fig. 2.1; the specimens

were initially maintained at 600°C for 60 minutes in order to ensure

complete combustion of the organic binder. The temperature was then

increased at a rate of 900°C 11 -1 to the sintering temperature of 1380° or

1420°C and held for 60 minutes while sintering occurred [8]; after this
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controlled ambient firing experiments.
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the furnace was cooled at 300°C If' down to 800°C, then at its natural

cooling rate to ambient temperature. In the case of the annealing study

described in chapter 4, cooling was interrupted while annealing took

place at 1220°C for a variable period. The firing profile of the furnace

was regulated by a Eurotherm programmable temperature controller.

A controlled atmospheric composition was maintained within the

furnace tube during firing by passing through a mixture of oxygen and

nitrogen at a flow rate of 1 f min', in a proportion of 02:N2 = 21:79

which was identical to the composition of air. The composition of the

gas mixture was measured using an Anacon oxygen analyser; this was

arranged so as to be capable of measuring the composition of gas

entering or leaving the furnace tube, by means of suitable valve

connections (fig. 2.2). The exhaust gas measurement facility was used

to check that combustion of the organic binders was complete after 60

minutes at 600°C by comparison of the inlet and exhaust gas

composition.

The furnace was also used in conjunction with the atmosphere

control facility for the reduction and remddation treatment of specimens

(chapter 4). Reduction was carried out by heating the specimens to

1220°C in a flow of N2 (i.e. oxygen-free), while reoxidation entailed

heating in the standard N2 /02 'air' mixture.

2.2 Polarized Light Microscopy 

A polarizing optical microscope was used to study the behaviour

of the ferroelectric domains within the ceramic grains and their
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interaction with the grain boundaries, by exploiting the optical

anisotropy and birefringence caused by the non-centrosymmetric crystal

structure of the tetragonal phase of BaTiO3.

2.2.1 Specimen Preparation 

Specimens for optical microscopy were prepared from PTCR

ceramic pellets, using standard metallographic polishing and lapping

techniques on Logitech lapping machines. Successively finer grades of

aluminium grit abrasive were used, down to a final particle size of

0.251m, to produce a final specimen thickness of 30 pm, the standard

thickness used in polarized light microscopy. This thickness

corresponded to 1-2 grain diameters for the ceramics studied, and was

found to give good light transmission.

2.2.2 Microscopy Technique 

The optical specimens were studied using a standard polarizing

light microscope, in unpolarized light and then in polarized light

between crossed polar-izers (i.e. with the upper and lower polarizers'

planes of polarization mutually perpendicular) in order to observe the

ferroelectric domain structure. Specimens were rotated with respect to

the plane of polarization of the incident light by means of the

microscope stage and the effect on the domains observed. Photo-

micrographs of specimens were taken using a 35 mm camera attached

to the eyepiece, finding the correct exposure by bracketing.

Selected specimens were mounted on a heated stage and

observed between crossed polars as the specimen temperature was
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increased from room temperature up to and beyond the transition

temperature, in order to study domain behaviour at the PTCR

transition. Specimen temperature was measured by a thermocouple

fitted to the stage. Again the specimens were photographically

recorded.

2.2.3 Optical Effects of External Electric Fields 

In order to investigate the effects of external electric fields on the

domain structure, pairs of silver electrodes were thermally evaporated

onto some of the specimens. The electrodes were circular in shape, of

diameter 1 mm and with centres 2 mm apart giving an electrode

separation of 1 mm at the dosest point metal thickness was — 2000 A.

After mounting the specimens on a glass slide, thin copper wires were

attached to the electrodes using silver paint to permit connection to a

high voltage power supply. The optical properties of the specimen

were then studied, using crossed polars, as voltages of up to — 300 V

were applied from the voltage supply.

2.3 Scanning Electron Microscopy 

2.3.1 Microstructural Characterization

A Cambridge Instruments Stereoscan S600 scanning electron

microscope (SEM) operating in secondary electron emission (SE) and

energy dispersive X-ray analysis (EDX) modes was used for the

microstructural characterization of ceramic specimens.
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2.3.1.1 Secondary Electron Emission (SE) Mode 

In SE mode [9], the SEM scans an electron beam — 100 A in

diameter across the area of the specimen under investigation. A small

proportion of the beam (primary) electrons is elastically scattered from

the specimen surface as high-energy backscattered electrons. The

remainder undergo inelastic collisions, generating secondary electrons

which can escape from the region 50-500 A below the specimen surface.

The number of secondary electrons emitted is influenced primarily by

the surface topography and also by the secondary emission efficiency

of the surface. An Everhart-Thornley detector collects the secondary

electrons; this consists of a scintillator, screened by a Faraday cage, and

connected to a photomultiplier tube. The low energy secondary

electrons are accelerated by a potential of +14 kV applied to the

scintillator in order to give them sufficient energy to excite scintillations.

The Faraday cage serves to screen the primary electron beam from the

influence of this potential, and is biased at +250 V to collect the

secondary and backscattered electrons. Scintillations produced when

the collected electrons are accelerated onto the scintillator are guided by

a light pipe onto the cathode of the photomultiplier tube, initiating a

cascade of electrons and producing high gain while introducing very

little noise. The output signal of the photomultiplier tube is then

applied to the z-modulation (brightness) of a CRT which is scanned

synchronously with the electron beam to produce a video image of the

surface topography of the specimen. With a well-focused electron beam
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it is possible to obtain very high levels of magnification combined with

good resolution (< 100 A) and a very large depth of field (due to the

small wavelength of the electrons).

Electron microscopy was performed using the SEM in SE mode

mostly on the as-fired surfaces of the ceramic specimens in order to

observe the microstructure and to determine the average grain size,

shape and distribution, together with the observation of any additional

phase on the specimen surface.

23.1.2 Energy Dispersive X-ray Analysis (EDX) 

Energy dispersive X-ray analysis [10] was carried out on

specimens to determine their chemical composition by means of a Link

Systems 860 EDX analyser fitted to the Cambridge Instruments S600

SEM. This X-ray microanalysis technique relies upon the emission of

characteristic X-ray wavelengths from the specimen on bombardment

by the SEM electron beam. The primary electrons eject core (and other)

electrons as secondary electrons, and the empty core energy levels are

subsequently filled by relaxation of electrons from higher energy levels,

accompanied by the emission of X-rays of characteristic frequency. For

instance, electrons from the L, M or N etc. shells may relax into an

empty K shell emitting characteristic X-ray spectral lines denoted

respectively K, K 13, Ky etc. The frequency, v, of each X-ray spectral line

is given by Moseley's law,
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‘AT = a (Z -b)
	 (21)

where Z is the atomic number and a and b are constants. Measurement

of the energy, and thus the frequency, of the emitted X-ray photons

therefore permits analysis of the elemental composition. The electron

beam of the SEM may be positioned onto specific features of the

specimen observed by imaging in SE mode; since the beam width is

only - 100 A, this enables the analysis of sub-micron features.

The analyser consists of a lithium-drifted silicon reverse-biased

p-n junction detector, cooled by liquid nitrogen. The incident X-rays

pass through a Be window and impinge on the depletion region of the

junction, forming electron-hole pairs. Since the energy of each pair is

3.8 eV, much less than the energy of the incident X-ray photon, a large

number of electron-hole pairs are generated. This results in a current

pulse proportional to the energy of the incident X-ray photon. The

distribution of numbers and magnitudes of current pulses is determined

using a multi-channel analyser and stored in its memory. This stored

distribution is then transmitted to a computer for elemental

identification by comparison of the energy peaks in the stored

distribution with the known spectral positions of the characteristic X-ray

lines of all elements. It may be seen that the frequency of the

characteristic X-rays is inversely proportional to the square of the

atomic number; since most media absorb longer wavelength X-rays

more strongly, it follows that EDX is less sensitive to lighter elements.
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This analyser could not detect elements having an atomic number less

than 11(Na) since the characteristic X-rays could not then penetrate the

Be detector window. The detection limit for any single element was

—1%, the limit being determined by the signal/noise ratio of the

detection system.

EDX analysis was used to analyse the composition of grains and

intergranular phases of as-fired and polished and etched specimens. It

was not, however, possible to investigate variations in dopant

concentrations within specimens using this technique because of the

high detection limit.

2.3.2 Grain Boundary Electrical Characterization 

The Cambridge Instruments S600 SEM was also used to study

electrically active structural features, particularly grain boundaries, by

the extraction of electron-hole pairs generated by interaction of the

electron beam with the specimen. This was attempted with the SEM

operating in electron beam induced current (EBIC) and electron barrier

voltaic effect (EBVE) modes, both at room temperature and at

temperatures above the PTCR transition.

2.3.2.1 Electron Beam Induced Current (EBIC) Mode

The EBIC technique uses a potential barrier (in the form of a

reverse-biased Schottky or p-n junction) to separate the electrons and

holes which are produced by the incident electron beam 1111.

Provided that the barrier lies within about a diffusion length of

the point at which the electron-hole pairs are generated, the barrier
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separates the charge carriers which are collected and the resulting

current amplified and applied to the z-modulation of the synchronously

scanned CRT display. As the electron beam is scanned across the

specimen and traverses areas of different charge carrier recombination

lifetime, a change in the specimen current occurs which appears as a

change in contrast on the video display image.

The specimen configuration selected for the EBIC investigations

was similar to that first used by Ralph et al.[121. Specimens were

polished down to a thickness of —30pm by standard metallographic

techniques, using successively finer grades of alumina grit, and finally

lpm diamond paste, as the polishing media. A Schottky barrier

electrode consisting of a 200A thick layer of gold was applied to one

surface by thermal evaporation, and an ohmic electrode formed from

a 2000A thick layer of titanium protected from oxidation by a 2000A

thick layer of gold was evaporated onto the opposite surface; electrode

diameters of —2mm were used. The specimens were mounted within

the SEM on an electrically heated stage with the Schottky contact

uppermost and contact with the electrodes was established, as shown

in fig. 2.3. With the Schottky junction reverse-biased, the incident

electron beam penetrated the thin gold electrode layer before interacting

with the specimen to generate charge carrier pairs. The carriers were

separated by the barrier and formed the EBIC current which was

amplified by a Matelec-5 amplifier connected to the SEM; the resulting

signal was then applied to the z-modulation input of the CRT to
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Figure 2.3 Schematic diagram of circuit used in EBIC measurements.
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Figure 2.4 Schematic diagram of circuit used in EBVE measurements.
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produce a video image. Thin specimens (equivalent to 1-2 grain

diameters thick) were used to reduce the number of resistive grain

boundaries traversed by the EBIC current in the electrical circuit in

order to minimise electrical noise. The heated stage was used to vary

the specimen temperature in order to carry out EBIC investigations

above and below the PTC transition temperature.

2.3.2.2 Electron Barrier Voltaic Effect (EBVE) Mode

The EBVE technique is implemented using two closely-spaced

ohmic electrodes on the specimen surface (fig. 2.4). A potential V is

applied between the electrodes and causes a current Ito flow through

the surface region. The electron beam scans the specimen surface in the

region between the electrodes and generates electron-hole pairs which

are separated by the applied electric field to give an additional

contribution to the current, 1B• Thus the total specimen current, Is, is

given by

Is = Iv + IB	(2.2)

The current is amplified by the Matelec-5 amplifier and applied to the

z-modulation input of the CRT display in an analogous manner to the

EBIC mode. Variations in charge carrier recombination lifetime as the

electron beam is scanned across the surface result in changes in 'S and

therefore in total specimen current Is giving rise to contrast variation on

the video image. Since image formation depends on the detection of

small variations in 1,3 in the presence of a large background current Iv,
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this technique is more susceptible to extraneous electrical noise than

EBIC. However, the EBVE technique has the advantage of being usable

where the good Schottky contacts required for EBIC cannot be obtained.

Ceramic specimens were prepared for EBVE investigation by

polishing one face only using the same metallographic techniques as for

EBIC; the thickness of the polished EBVE specimens was approximately

2 mm. The polished surfaces were then etched using a solution of 5%

HF : 10% HC1 for — 60 seconds, followed by repeated rinsing in

deionized water; this was done to remove polishing damage and to

reveal the grain structure. Ohmic electrodes of diameter 1 mm with

centres 2 mm apart were then applied to the polished surface by

thermal evaporation of a layer of titanium 2000 A thick, followed by

superimposed layer of gold, also 2000 A thick, to protect the Ti ohmic

layer from oxidation.

The specimens were mounted on the electrically heated stage

within the SEM and electrical contact made between the specimen

electrodes and the EBVE circuit by means of thin gold wires held in

place by mechanical pressure. This experimental arrangement was then

used to study the specimens in EBVE mode both above and below the

PTCR transition temperature.
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2.4 Electrical Measurements 

2.4.1 Resistivity - Temperature Measurements 

Resistance was measured using a two-probe technique under the

control of a BBC microcomputer; a diagram of the experimental

arrangement is given in fig. 2.5. A two-probe technique was selected

since the contact resistances were assumed to be negligible. Up to 10

specimens at a time were placed in the air oven, where they were

surrounded by a copper block to minimise temperature fluctuations, the

temperature being controlled by the BBC microcomputer via a

Eurotherm temperature controller. At each set temperature a bias of 2V

was applied to each specimen in turn and the current passing through

the samples was measured by a specially adapted Thurlby 1905a

multimeter. Resistance and resistivity values were calculated as the

mean of 1000 readings and stored by the microcomputer for plotting at

the end of the measurement run. The measurement chamber

temperature was increased to each set point at a rate of 3°C /min and

held for 4 minutes after reaching the set point before commencing

measurement to ensure an even specimen temperature.

Specimens were prepared for measurement by gentle polishing

with emery paper to ensure flat surfaces and produce specimens of

approximately the same thickness (usually — 1 mm). Ohmic electrodes

were applied by rubbing an alloy of indium and gallium in the ratio of

2:1 by weight onto the polished surfaces. This material was selected

because both components have low work functions, ensuring the absence
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of electron barriers at the contact and therefore producing ohmic

behaviour. Furthermore the gallium is an efficient oxygen getter which

removes adsorbed surface oxygen which would otherwise create a

resistive depletion layer at the contact interface. For the resistivity

measurements, four or five specimens from each batch were measured

at a time in order to ensure reproducible results and to determine the

amount of random experimental error.

2.4.2 Resistivity-Voltage Measurements

These measurements were carried out to investigate non-ohmic

resistance effects arising at high applied electric fields. The

experimental apparatus is schematically illustrated in fig. 2.6. Ohmic

electrodes were applied, as described above, to the specimen, which

was connected in series with a resistance of known value, and single

short (— 1.5 ms) pulses (> system time constant) of the selected voltage

then applied across the specimen. The voltages across the resistor and

the specimen were measured using a Gould digital storage oscilloscope

and used to calculate the current through the circuit and thus the

resistivity of the specimen, together with the applied electric field.

Repetition of the measurement at different applied voltages permitted

determination of the dependence of the resistivity of the specimen on

the applied electric field. Because of the need for high fields, thin

specimens which had been polished with emery paper to — 0.7 mm

thickness were used, to allow the application of the required field with

the available voltage supply.
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2.5 Dielectric Measurements 

According to a simple model developed from AC theory by Basu

and Maiti [13], plotting the real versus the imaginary part of the AC

impedance of donor doped barium titanate ceramics permits the

separation of the grain bulk and grain boundary resistance of the

material. In order to study the distribution of resistance between the

grain bulk and grain boundaries, AC impedance measurements were

carried out at room temperature at frequencies up to 50 MHz using a

Marconi Instruments TF1313A AC impedance bridge and a Hewlett

Packard HP4342A Q meter. The AC bridge was employed at

frequencies between — 100 Hz and 40 kHz, and the Q meter was used

at higher frequencies.

2.5.1 A.C. Bridge Measurements 

Ohmic electrodes were applied to thin specimens as described

previously by rubbing In/Ga alloy onto the flat surfaces. The

specimens were placed in an electrically screened capsule and

connected to the bridge with short, air insulated leads of negligible

impedance. An A.C. signal at a given frequency was applied to the

bridge from an external signal generator and the bridge balanced by

adjustment of the internal variable capacitance and resistance to give no

signal on the oscilloscope used as a detector.

Figure 2.7 illustrates the equivalent circuit of the A.C. bridge.

The bridge consisted of four impedances, where Z 1 and Z2 were pure

resistances and Z3 and Zsp were equivalent to parallel combinations of

resistance, R3 and Rsp, and capacitance, C3 and Csp, which respectively
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represented the bridge characteristic and specimen parameters. At

balance, where the impedances were such that no signal appeared at

the detector, elementary circuit theory gives

Z2

Z 2 + Z3

Since 4 = R1, 4= R2, 4= R3/(1 + jo)C3R3) and Zsp = Rsp/ (1 + jcoCspRsp)

equation (2.3) may be written

R1 (1 + jc)C sp Rsp )	 = R2 (1 + jC0C3R3)

+ Rsp 30)Csp Rsp R 3.	 R2 + R3 + DO)C3R3R2

Simplification and separation of the real and imaginary parts gives an

expression for the capacitance of the equivalent parallel circuit of the

specimen

CF = R2 X C3 /Ri.	 (2.5)

The parameter C3 /R./ was a constant which was incorporated in the

calibration of the dial controlling the variable balancing resistor, R2, so

that the value of Cp could be read directly from the dial graduations.

The second balancing adjustment controlled the internal variable

resistance R3, with the dial calibrated to give the value of Q (1/tan 8,

the dielectric loss factor) of the specimen at balance.

(2.3)

(2.4)
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Figure 2.7 Equivalent circuit for the A.C. bridge measurements.
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Figure 2.8 Schematic circuit for Q meter measurements.
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Zp =

and

(2.6)

(2.7)

The analysis of the A.C. impedance measurements requires the

data to be expressed in terms of a series capacitance-resistance

equivalent circuit for the specimens, whereas the A.C. bridge measured

data only in terms of the parallel equivalent circuit. A conversion was

therefore carried out as follows : consider the impedance of the parallel

and series equivalent circuits, 4 and Zs respectively, defined in terms

of Rp, Cp, Rs and Cs, the respective resistance and capacitance of each

circuit. 4 is identical to Zs, since each circuit represents the same

specimen. Hence

Rp 	Rp (1 - jO)CpRp)

1 + 30)Cp	 1 +CO2C;R/?.

z s =R++
pcocs

where co = 27cf and f is the frequency of the applied signal. Since Q, for

a parallel equivalent circuit is defined as Q = coRpCp, equation (2.6) can

be rewritten

Rp	 Q2 Z =	 3 wcp (1 +42)
(2.8)

Since Zp = 4 it follows that
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and C =c (1 + Q2)
S	 P (2.10)

Rs = Rp ( 771.7 )	 (2.9)

ForFor the series circuit, Q is defined as Q = Xs /Rs where Xs is the series

reactance, thus

Xs = Q x Rs	 (2.11)

Since a balance is obtained at each frequency with unique values of Cp

and Q, then Rs and Xs may be calculated.

Errors in the measured capacitance values due to fringing of the

electric field at the sample edges were avoided by the use of thin

specimens. For disc electrodes without a guard ring, i.e. where the

electrodes extend to the edge of the specimen, and the electrode is

much thinner than the specimen thickness, t, the fringing capacitance

is given by [14]

Ce = (0.0087 - 0.00252 in (t)) x P pF 	 (2.12)

where P is a constant given by P = IC x (2r + t) and 2r is the specimen

diameter (2r, t in mm). The fringing capacitance appears in parallel

with the apparent specimen capacitance, introducing errors into the
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measured values. For the present experiments the specimens were

5mm in diameter and — 0.7 mm thick, giving C e — 0.1 pF. This was

several orders of magnitude smaller than typical specimen capacitances

(— a few jiF) and was therefore regarded as negligible. Errors arising

from self-heating of the specimens were also negligible since the

amplitude of the applied signal did not exceed 750 mV.

2.5.2 0-meter Measurements 

Measurements at the higher frequencies were carried out using

the Q-meter, assuming the series resistance-capacitance equivalent

model. Thin specimens were coated with In/Ga alloy ohmic electrodes

and connected to the Q-meter by short air-insulated leads of negligible

impedance as described earlier. Figure 2.8 gives a schematic circuit

diagram of the Q-meter, which operates on the principle of resonance

of the inductor, Q-meter and specimen in series.

The measurements were carried out as follows. Firstly the Q and

C values of the meter alone, in series with the inductor, were obtained

by shorting across the specimen and tuning the variable capacitor Cm

to give maximum deflection on the meter. The specimen was then

introduced into the circuit and Cm again adjusted to give resonance. If

CI and Q1 are the values of capacitance and Q of the meter alone and

C2 and Q2 are the corresponding values with the specimen in place, the

equivalent series resistance, Rs, and Q are obtained from the equations
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Q = Q 1 Q2 (C 1 — C 2 )

— C 2 Q2

=  (C 1 /C 2 ) Q 1 -Q2

COC i (21 Q2

(2.13)

(2.14)

The equivalent series reactance )C is then obtained from equation 2.11.

As large as possible a value of C i - C2 is necessary to produce

optimum operation of the Q-meter in order to obtain an accurate value

of Q. As a result, measurements of Q became inaccurate at low

frequencies because the values of (C 1 - C2) were generally small,

especially with the conducting specimens (R < 100) often encountered.

2.5.3 Grain Boundary Equivalent Circuit. 

Basu and Maiti [13] modelled the grain bulk and boundary as

each being a parallel combination of resistance and capacitance, forming

a two-layer equivalent circuit, as shown in fig. 2.9, with parameters

Cbuik, Rbulk, Cgb and Rgb respectively. Since the grain bulk is conductive

it may be assumed to have negligible capacitance, and Cbuik may be

ignored. The equivalent circuit impedance Z is then given by

= Rbulk
Rgb

1 + COCgbRgb
(2.15)

Multiplication of the second term in (2.15) by the complex conjugate

gives :

Rgb	 Cgb Rgb
Z = Rbulk2	 2

1 + 0)2 C:t R:b	 1+co CbRb
(2.16)
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Cbulk Cgb

and

=Xs
I 1

0) CgbRgb

1 + 0) 2 Cg2b Rg2b

(2.18)

Rbuik
	OANWWW	

	-00	

R gb

	NVWvVW	

Figure 2.9 Equivalent circuit for the grain bulk and grain boundary.

It is apparent from the impedance measurement theory that the real

and imaginary parts of Z are respectively equivalent to Rs and X.

Therefore,

Rgb
Rs = Rbulk 1- 	

1 + 0) 2 C:b 4b
(2.17)
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The values of R, and X, are affected as frequency changes. At low

frequency, o) —> 0 so R, —> Rbulk Rgb and X, —> 0. On the other hand,

at very high frequency, co —> so R, Rim& and again Xs -4 O. If X, is

plotted against Rs, the values of Rbwk and Rgb can be determined from

the intercepts on the real axis, at high and low frequency respectively.

2.6 Summary

This chapter has presented a description of the experimental

techniques used for the preparation, and the electrical and structural

characterisation of n-doped BaTiO 3 PTC ceramics which form the

subject of this investigation.

Ceramic specimens were prepared from powder precursor

materials by liquid phase sintering under closely regulated conditions

of temperature and ambient atmosphere in order to control the electrical

properties of the resulting ceramics. The ceramic specimens were

investigated by scanning electron microscopy in secondary emission

and energy dispersive X-ray analysis modes to study their

microstructure and composition, and in electron barrier voltaic effect

mode for carrier lifetime investigations at the grain boundaries. Optical

polarized light microscopy was used to study the properties of the

ferroelectric domains and their interaction with grain boundaries below

and above the Curie temperature. Measurements of resistivity as a

function of temperature were carried out to characterise the PT'CR

effect, and resistivity was also measured as a function of applied electric

field at room temperature to investigate non-ohmic characteristics of the
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material. The dielectric properties of the ceramics were studied by

means of A.C. impedance measurements at room temperature, enabling

grain boundary and grain bulk components of the resistivity to be

distinguished.

These experimental techniques were utilised to investigate

systematically the dependence of the PTC effect on ceramic

composition, microstructure and processing history in order to study

aspects of the Heywang and Daniels theory of the PTC effect.
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CHAPTER 3

THE EFFECTS OF DONOR
DOPANT CONCENTRATION



3.1	 Introduction

As discussed in Chapter 1 the PTCR effect was originally

attributed to potential barriers at the grain boundaries arising from two-

dimensional layers of occupied surface acceptor states [1], e.g.

segregated acceptor ions [2,3] or adsorbed oxygen ions [4]. Daniels et

al. [5] modified this model, postulating that the acceptor states consist

of Ba vacancies in a thin (1-3 pm thick) [6] three-dimensional layer that

has diffused inwards from the grain boundary during cooling after the

sintering process. Complete electrical compensation of the donors is

assumed to occur within this layer, giving rise, in effect, to a n-i-n

structure at the grain boundaries.

It is well known that the room temperature resistivity decreases

initially with increasing donor dopant concentration and then increases

again rapidly as the donor dopant concentration is increased above

about 0.4 at. %, resulting in an insulating ceramic (Wernicke, 1978 [7];

Murukami et al., 1973 [8]; Kahn, 1971 [9]; Jonker, 1964 [10]; Eror and

Smyth, 1970 [11]; Heywang, 1964 [12], 1971 [3]; Sauer and Fisher, 1960

[13]; Tennery and Cook, 1961 [14]; Basu and Maiti, 1986(a) [15]),

although the cause of this behaviour has not yet been completely

explained.

This increase in room temperature resistivity was observed to

coincide with a sharp reduction in mean grain diameter (from several

micrometres to one micrometre or less) and with a colour change from

dark blue in the case of semiconducting ceramics to pale blue in the
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case of insulating ceramics. The increase in room temperature

resistivity has been observed irrespective of the donor dopartt used.

The formation of insulating layers at the grain boundaries has

been suggested by some authors as an explanation for this effect. Bauer

and Fisher [13] and Tennery and Cook [14] proposed that such an

insulating layer might be caused by the segregation of the donor ions

at the grain boundaries. However, Basu and Maiti [15] failed to observe

donor segregation and suggested instead that the insulating layer

consisted of a Ti-rich intergranular phase although this hypothesis is

now considered to be unlikely for the following reasons. Firstly, the

donor dopant atoms are known to have solubility limits which are

much higher than the critical value of 0.4 at. % [16,17] in the BaTiO3

crystal lattice, so that segregation at the grain boundaries is unlikely to

occur at such low dopant concentrations. Secondly, heavily donor-

doped specimens were observed to show normal ferroelectric hysteresis

[17], which would be inconsistent with the presence of completely

insulating layers at the grain boundaries.

Alternative theories explaining the increase in resistivity in terms

of electrical compensation of the donors have also been advanced.

Jonker [10] postulated that the donor ions are compensated at low

donor concentrations, by conduction band electrons, but that a

transition to vacancy compensation occurs at higher donor

concentrations so that the ceramic exhibits a more insulating behaviour;

no attempt was made to explain the mechanism responsible for this
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transition. A partial explanation for the transition from electronic to

vacancy compensation may, however, be obtained from the work of

Drofenik [18] who postulated that the incorporation of donor ions into

the lattice during sintering (by a reaction resulting in electronic

compensation and the evolution of gaseous oxygen) is impossible if the

reduction in the surface free energy during grain growth (the driving

force of the sintering process) is balanced by the increase in free energy

associated with the expulsion of oxygen. This condition is influenced

by the ambient oxygen partial pressure during sintering. When

sintering in air, this condition is satisfied above a certain dopant

concentration, resulting in the suppression of donor incorporation with

electronic compensation, together with the halting of grain growth.

Other workers have advanced explanations of the effect in terms

of self-compensation of the donors; this entailed the assumption that the

donors are incorporated with different oxidation states at equivalent-

lattice sites [3] or with the same oxidation state at different lattice sits

[8]. Such self-compensation mechanisms are not, however, universally

applicable to all donors, e.g. lanthanum which has a single oxidation

state (3+), and an ionic radius similar to that of the Be - ion and which

is too large to permit incorporation at Ti sites. Lanthanum is thus most

probably incorporated only as La at Ba sites, but the transition to an

insulating ceramic is nevertheless observed as the dopant concentration

exceeds 0.4 at. % La.
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However, Daniels et al [5] proposed that the increase in

resistivity is caused by the combined effects of the decrease in grain size

with increasing donor concentration and the formation of an insulating

grain boundary layer rich in Ba vacancies. This theory postulates that

at high donor concentration the grain size is reduced to about 2 pm.

This value is assumed to be comparable to the width of the Ba-vacancy

rich insulating layer, so that the entire thickness of each grain, and

therefore the entire material, is rendered a complete insulator.

This chapter presents the results of a study of the effects of donor

doping on the resistivity of BaTiO 3 ceramics. Holmium was used as the

donor dopant, at concentrations in the range of 0.05 to 0.8 at. %. The

transition from conductive to insulating behaviour at room temperature

for high dopant concentrations (> 0.4 at %) has been investigated.

Resistivity and dielectric measurements have been made and have

revealed that the transition is exclusively a grain boundary

phenomenon for which existing models fail to offer a satisfactory

explanation. The results of these measurements are analysed in terms

of a numerical model of the grain boundary potential barriers, and a

new explanation for the conductive to insulating transition is proposed.
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3.2 Experimental Method 

3.2.1 Specimen Preparation 

Barium titanate ceramic PTCR specimens containing different Ho

(donor) concentrations varying between 0.05 and 0.8 at. % were

prepared with the formulation Ba1,Ho.TiO3. The precursor material

used was commercial BaTiO3 (Mandoval grade 6) with holmium, in the

form of Ho203, used as the donor dopant. Sufficient TiO 2 was added

to give a 0.5 at. % excess of Ti over the stoichiometric quantity, in order

to ensure liquid phase sintering and controlled grain growth; a small

amount (0.9 mol. %) of Si02 was added to serve as a sintering aid.

Specimens were prepared using the technique described earlier in

section 2.1.1. The specimens were then sintered in a tube furnace

according to the firing profile in fig. 3.1 which entailed sintering for 1

hour at 1420°C followed by annealing for 30 minutes at 1220°C. Air

was passed through the tube at a flow rate of II miri l throughout the

firing in order to maintain a constant ambient atmosphere.

3.2.2 Electrical Measurements 

The flat surfaces of specimens were smoothed, cleaned in

acetone, and coated with InGa alloy contacts. The resistivity-

temperature characteristics of the ceramics were then determined by the

two-probe DC measurement technique described earlier (Section 2.4.1).

The dielectric properties of selected specimens which had been

reduced to a thickness of —0.7 mm were measured at room temperature

in the radio-frequency (RF) and audio-frequency (AF) ranges using a
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Hewlett Packard 4342A Q-meter and a Marconi Instruments TF1313A

AC bridge respectively as described earlier (Section 2.5). Electric field

fringing effects at the specimen edges were negligible as sources of

error because the samples used were thin discs of area 0.152 cm 2 and

thickness —0.07 cm. Self-heating due to internal dissipation effects was

likewise not a significant source of error because of the small amplitude

(750 mV) of the AC test signal.

The voltage dependence of resistivity at room temperature was

investigated using the pulsed voltage technique described earlier in

Section 2.4.2.

3.3	 Results 

3.3.1 Sintering Behaviour 

Ceramic specimens incorporating up to 0.4 at. % Ho were

observed to be dark blue-green after sintering, whereas those containing

higher levels of donor dopant concentration were a pale green-grey

colour. The influence of donor dopant concentration on the

microstructure of the ceramics was investigated by means of a scanning

electron microscope (SEM). The mean grain diameter was determined

from SEM micrographs of as-fired surfaces and is presented as a

function of donor dopant concentration in fig. 3.2. It is apparent that

an increase in donor dopant concentration from 0.05 to 0.6 at. % Ho

results in a reduction in mean grain diameter from 44 pm to 2 pm, i.e.

by more than one order of magnitude. Further increases in dopant
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concentration, however, had little influence on the mean grain diameter.

The effect of progressive increase in donor dopant concentration on

ceramic microstructure is illustrated in figs. 3.3 and 3.4, corresponding

to 0.05 and 0.6 at. % Ho respectively. Ceramic specimens incorporating

low concentrations of donor dopant had flat grains with considerable

quantities of second phase (generally visible as fibrous or irregular

features near grain boundaries) and also displayed pronounced growth

terracing (fig. 3.3). As the donor dopant concentration was increased

both the amount of second phase and the degree of growth terracing

became progressively less apparent, until they were virtually absent in

the most heavily doped ceramics (fig. 3.4). In more heavily doped

ceramics, represented in fig. 3.4 for 0.6 at. % Ho, the grains were

observed to be more rounded and to have a narrow distribution of sizes

(mean grain diameter — 2 pm with a few larger grains present which

did not exceed —4 pm in size). Analysis of the second phase in lightly

doped specimens by means of the EDX (energy dispersive analysis of

X-rays) analyser attached to the SEM revealed that this phase was rich

in Si and to a lesser extent Ti relative to the bulk of the grain (see fig.

3.5). This was believed to arise from the addition of Si0 2, which acted

as a sintering aid, and of a small (0.5 mol. %) excess of TiO2 in order to

control the titanate stoichiometry, to the original ceramic composition.

Since both Si02 and TiO2 were insoluble in the BaTiO3 lattice, they were

eliminated into a distinct second phase as gain growth occurred during

sintering.
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Figure 3.4 SEM micrograph of as-fired surface of specimen doped

with 0.6 at. % Ho.
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3.3.2 The Temperature Dependence of Resistivity 

The values of resistivity (p (0 cm)) of the ceramic samples were

measured as a function of temperature (T); additionally these values

were normalised with respect to their value per grain boundary (See

Apendix Al - normalised values are denoted by the use of a prime, i.e.

p') in order to eliminate the effect of the reduction in grain size with

increasing donor dopant concentration and thus permit comparison

between specimens of differing composition. A series of measured

resistivity versus temperature plots (p - T) for the specimens

incorporating different donor dopant concentrations is shown in fig. 3.6.

Each experimental point represents the mean value of measurements

from 5 nominally identical samples (the mean variation between

specimens of the same composition was - 6%). The corresponding

series of plots of normalised resistance versus temperature (p' - T) plots

is reproduced in fig. 3.7. Fig. 3.8 reveals that the donor dopant

concentration strongly influences the maximum value of both the

resistivity pmax and the normalised resistance, p' max, and the temperature,

Tmax, at which pmax and p'. occur. Initially p'max was observed to fall

rapidly with increasing donor dopant concentration up to - 0.3 at. %

Ho, followed thereafter by a much slower decrease (fig. 3.8). However,

the value of Tinax was observed to show an initial increase followed by

a sharp reduction as the donor concentration exceeded - 0.4 at. % (fig.

3.9).
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The influence of the donor concentration on the normalised low-

temperature resistance, p'45 (measured at 45°C), derived from the data

presented in fig. 3.8, is illustrated in fig. 3.10. The behaviour of the

measured low-temperature resistivity (i.e. not normalised to the value

per grain boundary), p45, is also given in fig. 3.10 for purposes of

comparison. It is evident that both p'45 and p45 decrease by about two

orders of magnitude when the donor concentration is increased from

—0.05 at. % to —0.3 at. % Ho, but then rise sharply as the donor

concentration is further increased. It is interesting to note that the

functional dependence of both p/45 and p45 on the donor concentration

is very similar. The various parameters derived from the p-T plots for

different donor concentrations are summarized for reference purposes

in Table 3.1.

3.3.3 Dielectric Measurements 

Dielectric investigations were carried out on specimens doped

with 0.05, 0.1, 0.55 and 0.6 at. % Ho, the resistivities of which lay either

side of the minimum of the low-temperature resistivity versus donor

dopant concentration curve (fig. 3.11 and 3.12). [Specimens of

composition 0.2, 0.3 and 0.4 at. % Ho, whose resistivities lay near the

minimum of the curve, were not investigated since their resistances

were found to be too low to permit the balancing of the capacitance

bridge and Q-meter]. The real (Re ) and imaginary (>c) parts of the

impedance were determined at each frequency and plotted in the form

of complex impedance diagrams, to permit the resistance of the grain
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(3.1)

(3.2)

bulk, Rbuik, to be distinguished from that of the grain boundary layer,

Rgb. The analysis (see Section 2.5) is based on a combination of lumped

parallel R-C equivalent circuits, representing conduction processes in

the grain bulk, grain boundaries and contacts etc. [19]. The usual

approximation, which was adopted here, assumes the contact

impedance to be negligible and the grain bulk to have no capacitance.

The equivalent circuit then reduces to a parallel combination of R gb and

Co (representing the impedance of grain boundaries) in series with a

purely resistive term Rbuik (representing the grain bulk impedance). The

real and imaginary part of the combined impedance are given by

Rgb
Rs = Rbuik + 	

1 + (a) Cgb Rgb)2

C R2
=j 	

gb gb

1 + (a)C
gb Rgb)2

where o.) is the angular frequency. It is immediately apparent that the

imaginary part disappears at DC and high frequency so that the

corresponding intercepts on the real axis equal (Ro + R bull, ) and Rim'',

respectively.

The impedance diagrams for the low donor dopant concentration

samples (0.05 and 0.1 at. % Ho) are shown in fig. 3.11; they indicate that

the low temperature resistance of the ceramic arises mainly at the grain
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Figure 3.11 Complex-plane impedance diagrams for lightly doped

specimens (a) 0.05 at. % Ho and (b) 0.1 at. % Ho.

Figure 3.12 Complex-plane impedance diagrams for heavily doped

specimens (a) 0.55 at. `)/0 Ho and (b) 0.6 at. % Ho.
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boundary region, since the grain bulk resistance was found to be

similar, — 2, in each case. In these investigations the measurement

errors tend to be greater at low frequency, where the instrument is

more difficult to balance. In this case, the resultant uncertainty was

— 5% at low frequencies and somewhat less than this at higher

frequencies. The single semi-circle obtained in the complex impedance

diagram confirms that the contact impedance was negligible; had this

not been the case, a second semi.-circle arising out of the contact

impedance would have been visible on the diagram. The impedance

diagrams for specimens incorporating 0.55 and 0.6 at. % Ho are given

in fig. 3.12. It can again be seen that the increase in low temperature

resistivity at these high dopant levels results from an increase in the

grain boundary resistance, since the bulk resistance has remained

virtually unchanged at —2 0 in both cases. The shape of the complex

impedance plots indicates that contact impedances were insignificant,

as in the case of the lightly doped specimens. No investigations were

carried out on specimens containing dopant concentrations higher than

0.6 at. % because it proved difficult to balance the A.C. bridge at these

concentrations.

3.3.4 Resistivity-Voltage Dependence 

The variation of room-temperature resistivity with the applied

voltage was investigated for both lightly-doped (0.05 and 0.1 at. % Ho)

and heavily-doped (0.6 % Ho) ceramic specimens (i.e. on either side of

the minimum of the low-temperature resistivity versus donor dopant
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Figure 3.13 Dependence of room temperature resistivity on the

applied field for 0.05 at. 4)/0 Ho concentration.

Voltage drop per grain boundary (V)

0.05	 0.10	 0.15

400	 800	 1200

Applied field (V coil)

Figure 3.14 Dependence of room temperature resistivity on the

applied field for 0.6 at. % Ho concentration.
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(3.3)

(3.4)

concentration characteristic). The results for the lightly and heavily-

doped specimens are reproduced in figs. 3.13 and 3.14. It is seen that

the room temperature resistivity of the lightly doped specimen (fig.

3.13) fell initially with increasing applied field but then started to

increase again as the field exceeded about 500 V an-1 . In contrast,

however, a monotonic decrease in resistivity with increasing applied

field was observed for the heavily-doped ceramics (fig. 3.14).

3.3.5 Activation Energy Analysis 

Arrhenius plots of the natural logarithm of resistivity p as a

function of Ti at temperatures below the transition temperature for

lightly donor doped (0.05 and 0.55 at. % Ho) and heavily donor doped

(0.6 and 0.8 at. % Ho) ceramic specimens are reproduced in figs. 3.15 to

3.18. The Heywang theory (see Section 1.4) postulates that the

resistivity is given by

P = P- exP [17i.

" AO

2 ee Nr°	 D

where e is the electronic charge, ND the donor dopant concentration,

NA° is the density of acceptor states at the grain boundary, Cr is the

relative permittivity and c, the permittivity of free space.

(i)
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