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Ultrahigh relative dielectric constants with stable frequency and temperature dependence as
well as relatively low loss tangent are found in barium and niobium doped TiO, ceramics with
a silver electrode. The roles of barium and niobium on the dielectric properties of the ceramics
are explained after the migration mechanism and the influence of barium and niobium have
been analysed. Both silver electrodes made from silver paste and evaporated aluminium elec-
trodes are employed in the study, their effects are also discussed. The migration mechanism
proposed is electron hopping among oxygen vacancies. Dissolving barium into TiO, ceramics
creates an additional oxygen vacancy which results in an increase in conductivity and relaxation
frequency of the loss tangent. In contrast, niobium tends to reduce the concentration of oxygen
vacancies and causes the opposite effect. The effects of barium and niobium on the concen-
tration of the oxygen vacancy are supported by results of densification and microstructural

investigations.

1. Introduction

Space charge polarization usually produces very high
dielectric capacitance in materials such as boundary
segregated ceramics. Koops [1] derived equations to
explain the dispersion of dielectric properties of nickel
zinc ferrite ceramics. The equations imply that the
following requirements should be met to obtain high
dielectric capacitance: (a) r, (resistivity of grain
boundary layer) > r, (resistivity of grain); (b) x (the
ratio of thickness of grain boundary layer to grain
diameter) < 1; and (¢) xr,/r, >~ 1.

Yan and Rhodes [2] succeeded in preparing ceramics
with ultrahigh dielectric capacitance by doping TiO,
with barium and tantallum (or niobium). It is believed
that tantallum (or niobium), with almost the same size
as titanium dissolves easily into the TiO, grain and
provides one electron which causes the resistivity of
the grain to decrease. In contrast, barium, with a
much larger size than titanium, tends to segregate in
the boundary region and traps two electrons which
increases the resistivity of the boundary segregation
layer. This explains the resulting ultrahigh dielectric
capacitance of the TiO, ceramics. However, the resis-
tivities of barium and niobium doped TiO, ceramics
were not carefully analysed and the effects of niobium
(or tantallum) and barium on the resistivities were not
discussed in depth. The objectives of this investigation
are to characterize related dielectric mechanisms
of barium and niobium doped TiO, ceramics and
to determine the function of barium and niobium on
the dielectric properties and conductivities of TiO,
ceramics.
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2. Activation energy of migration
mechanism

Dispersion of the dielectric constant is usually observed
in the low frequency region for boundary segregated
ceramics. This is caused by different resistivities
between the grain boundary layer and the grain. Max-
well [3] and Wagner [4] derived equations to describe
the phenomenon under the assumption that the resis-
tivity of the grain boundary layer is much larger than
that of the grain. According to their derivations, the
loss tangent is expressed as
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where &, and k, are the relative dielectric constants of
the grain boundary layer and the grain, respectively; ¢,
the dielectric permittivity of a vacuum, v is the volume
fraction of grain, and w is the angular frequency. The
loss tangent shows a maximum value at relaxation
frequency f,, which can be given as
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TABLE 1 Compositions of barium and niobium doped TiO, ceramics

Composition Sample
(mol %)
25IN 25IN20IB 25IN80IB 25IN1001B 25IN120IB 100IN8OIB
Nb 0.25 0.25 0.25 0.25 0.25 1.00
Ba 0 0.20 0.80 1.00 1.20 0.80
Ti 100 100 100 100 100 100

The relaxation frequency is inversely proportional to
the resistivity of the grain. Koops [1] also derived
equations to explain the phenomenon. Although
Koops’ equations are much more complex, a similar
relationship between f; and r, can be obtained after
suitable assumptions. Thus by plotting In (f;) against
1/T, the slope of the line is directly related to the
activation energy of the migration mechanism which
occurs in grains.

3. Experimental procedure

TiO, powders doped with barium and niobium were
prepared from reagent grade chemicals like TiCl,,
NbCl; and BaCl,. TiCl, liquid was gradually dripped
into deionized water. The temperature of the deionized
water was about 4° C, and the volume of the deionized
water used was five times that of the TiCl, liquid. A
white turbid solution was formed after mixing TiCl,
with deionized water. Storage in a refrigerator kept at
about 4° C for 24 h, caused the TiCl, aqueous solution
to become clear. A NbCl; aqueous solution was made
by dissolving NbCl; in a 35% HCI solution and then
diluting with deionized water; a BaCl, solution was
also prepared by adding BaCl, into deionized water
and stirring to complete dissolution. The prepared
TiCl,, NbCl; and BaCl, solutions were mixed together
in desirable ratios in a beaker. Then, the mixed solution
was slowly dripped into a 0.1 M aqueous solution of
(NH,),CO;, which was adjusted with NH,OH to
pH = 9.5, to coprecipitate powders containing titan-
ium, barium and niobium. The pH value of the copre-
cipitating solution was kept at 9.5 by adding suitable
NH,OH solution slowly into the reaction beaker
during the coprecipitation process. After the reaction
was completed, the coprecipitated powder was filtered
and washed with deionized water three times, followed
by washing with 99.5% ethyl alcohol and filtering
twice. The washed powder was dried with an infrared
lamp and then calcined at 950° C for 1 h. After calci-
nation, the powder was ball-milled with ZrO, balls in
deionized water in a plastic jar for 3h. 1.5wt % PVA
as well as 1.0wt % stearic acid were added and ball-
milled together with ceramic powders. After ball-
milling, the powder was dried, pulverized, and forced
to pass # 120 sieve for granulation. The granulated
powder was then dry pressed at 175MPa to form
pellets of 1.5¢cm in diameter and 2mm in thickness.
The pellets were sintered at 1350° C for 2 h in air, and
then cooled in furnace.

After sintering, the sintered bulk densities were
measured by Archimedes method; the microstructure
of the sintered pellets were examined with scanning
electron microscope and optical microscope; the crys-
talline phases were determined by X-ray diffraction.
For dielectric properties measurement, two types of
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electrodes were prepared on sample pellets. Silver elec-
trodes were made on both surfaces of the sintered
pellets by coating silver paste on pellet surfaces,
baking at 300°C for 5min, soaking at 550°C for
15 min, and cooling in furnace. Aluminium electrodes
were vacuum evaporated on both pellet surfaces. The
relative dielectric constant and loss tangent were
measured with an LCR meter (Cheng-Hua) in the
frequency range from 10 to 10° Hz. In order to deter-
mine the activation energy of the migration mechanism,
the dielectric properties were measured over the tem-
perature range from — 25 to 100° C. The compositions
of powders prepared are listed in Table I. The impuri-
ties were analysed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

4. Results and discussion

The results of ICP-AES analysis assured us that the
concentrations of the major elements such as titanium,
barium and niobium were essentially the same as those
we started with. As for the minor impurities, their
concentrations were listed in Table II, where it is seen
that the concentrations of representative impurities
are reasonably low, therefore, they should not cause
problems.

4.1. The effect of electrodes

The work functions of silver and aluminium metals
are almost the same, their application as contact
materials on n-type TiO, semiconducting ceramics
should function similarly. However, the silver elec-
trodes used in this investigation are made from silver
paste which contains some low-melting glass to facili-
tate bonding, an interfacial layer produced by inter-
action of low-melting glass, silver, and TiO, ceramics
is expected. If the segregation layer which is thought
build up near the grain boundary retards electrons
crossing effectively, both electrodes should behave
similarly. However, if this is not the case the existence
of the interfacial layer may make the silver electrode
behave differently from the aluminium electrode. Fig.
Ia shows the frequency dependence of the loss tangent
of samples with an aluminium electrode, illustrating

TABLE 11 Representative impurity concentrations in barium
and niobium doped TiO, powders as determined by (ICP-AES)

Element Amount (p.p.m.) Element Amount (p.p.m.)
Al <30 Mn <20

B <80 Mo <50

Ca <30 Si 200-400

Cd <10 Na <50

Cr <50 Ni <30

Cu <50 Zn <40

Fe <20 Zr <50

Mg <10
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that the loss tangent is very high in the low frequency
region and decreases rapidly with frequency. Fig. 2a
shows the frequency dependence of loss tangent of
samples with a silver electrode, demonstrating that the
loss tangents are much lower than those of the samples
with the same composition but with an aluminium
electrode. Maxima occur in the loss tangent curves.
The equivalent circuit of specimens can be depicted as
a series of three RC sections as shown in Fig. 3. An
individual section represents the part coming from the
grains, boundary layers, and electrodes, respectively.
The grain and boundary layer sections can be combined
as a R, C,, section, indicating material section. The
measured equivalent resistivities of whole specimens
are presented in Figs 1b and 2b, showing that the
resistivities of samples with silver electrodes are 3 to 4
orders of magnitude higher than those with aluminium
electrodes. The evaporated aluminium electrode is
found to be an ohmic contact, therefore the measured
resistivities of samples with aluminium electrodes
should be essentially R,,. The silver electrode prepared
from silver paste blocks charge carriers, the measured
resistivities mainly result from the interfacial layer
between the silver electrode and the ceramics, i.e. R,.
The effective material resistivity R,, decreases with an
increasing amount of barium dopant. This is contrary
to what is expected from the viewpoint that barium
traps two electrons when it is dissolved into a titanium
lattice site, i.e. Bay;. The order of R, lies in a range
corresponding to that of n-type semiconducting TiO,.
Fig. 1c shows the frequency dependence of the relative
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Figure 1 Frequency dependence of (a) tan d, (b) resistivity, and
{c) relative dielectric constant for samples with aluminium electrode.
Sinter at 1350°C. (O 25IN (1450°C), O 25IN20IB, a 25INS0IB,
+ 25IN100IB, x 25IN1201B).

dielectric constant for samples with an aluminium
electrode, illustrating very high relative dielectric con-
stants with an order of about 10°-10°. The capacitances
of samples with aluminium electrodes are found to
decrease with increasing d.c. bias voltage. A plot of
(1/C-1/2C,)* against V shows a linear relationship
which is compatible with the symmetric back-to-back
Schottky barrier model, where C, is the capacitance
measured at zero d.c. bias voltage, and C is the capa-
citance measured at d.c. bias voltage V. These results
show that there are space charge regions near boundary
layers which are very likely to be caused by boundary
scgregation of barium, however, the space charge
regions are not very effective in preventing charge
carriers from crossing. Fig. 2c shows the frequency
dependence of the relative dielectric constant for
samples with a silver electrode. Since the silver clectrode
forms a block layer, C, can not be ignored. The resul-
tant capacitance is essentially determined by the smaller
one between C,, and C, if they differ from each other
greatly. From a comparison of Figs Ic and 2c¢, it is
obvious that C, is much smaller than C, in the case of
the silver electrode. From Figs 2b and c it can be seen
that the silver-electroded samples possess ultrahigh
relative dielectric constants with an order of about 10°
and relatively low loss tangents, about 4% for some
samples. The following discussion will be concentrated
on silver-clectroded samples due to their excellent
dielectric properties.

4.2. Migration mechanism of barium and
niobium doped TiO, ceramics

By plotting an Arrhenius diagram of In (/) against
1/T, and applying Equation 2 the activation energies
of the migration mechanism for samples of different
compositions as well as different sintering and anneal-
ing conditions were obtained and listed in Table II1.
The linear relationships of In (f;) against 1/T for all
samples are excellent in the measuring temperature
range, i.e. —20-100°C, for all samples. From Table
ITI, the observed activation energies vary from 0.16
to 0.20eV. with an average value at 0.18¢V. The
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activation energies for 25IN100IB and 25IN120IB
compositions are not shown in Table III because there
were no peaks observed in the measuring frequency
(10-10°Hz) and temperature ranges (—25-100°C).
As for the 25IN8OIB composition under T1A2 sintering
and annealing conditions, the peaks were broad and
the maxima were not clear, the locations of relaxation
frequencies were very difficult to determine, hence the
activation energy was not included in Table III either.

By summarizing the temperature and oxygen press-
ure dependence of electrical conductivity and other
defect-dependent  properties [5-8], Kofstad [9]
proposed that the defect structure of TiO, ceramics
simultaneously comprises doubly charged oxygen
vacancies and interstitial titanium ions with three and

TABLE III Activation energies of migration mechanism for
samples with different compositions and firing conditions

Firing condition 71 TIAlL  TI1A2 TI1A3
Sintering 1450°C  1350°C 1350°C 1350°C 1350°C
temperature

for 2h

Annealing No No 1050°C  850°C  700°C
temperature

after sintering

for 6h

25IN 0.19

25IN20IB 0.17 0.20 0.20 0.17
25IN80IB 0.17 0.16 ? 0.18
25IN100IB ? ? ? ?
25IN120IB ? ? ? ?
100IN80IB 0.20 0.19 0.19 0.19

The unit of activation energy is eV.
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Figure 2 Frequency dependence of (a) tan d, (b) resistivity, and
(c) relative dielectric constant for samples with silver electrode.
Symbols as for Fig. 1.

four effective charges. His model predicted that oxygen
vacancies predominate at near atmospheric oxygen
pressures.

Breckenridge and Hosler [10] studied the electrical
properties of TiO, semiconductors under various
preparation conditions and concluded that there are
three types of oxygen vacancy defects present. The
oxygen vacancy has an effective charge of 42, and
Tiy; where one electron locates has an effective charge
of — 1, thus it is possible to have present in the crystal
neutral centres (V; - 2Tig), single ionized centres
(V;" - Tiy;) and free oxygen vacancies V, . From con-
ductivity studies, two types of donor centres were
suggested: the neutral centres being those with a small
activation energy for ionization, 0.01¢V, and the singly
ionized centres with the larger energy, 0.20¢V. There
may also be present a considerable number of free
oxygen vacancies, produced along with a correspond-
ing number of vacant Ti** sites as normal Schottky
defects. An energy-level diagram of semiconducting
rutile shown in Fig. 4 was proposed by Breckenridge
and Hosler [10] to explain the conductivity properties
of TiO, ceramics.

Since the activation energy of the migration mech-
anism observed in the present study, ranging from
0.16 to 0.2 ¢V with an average at 0.18 eV, is very close
to 0.20eV, it is proposed that the migration mechanism
of barium and niobium doped TiO, ceramics involve
hopping of electrons from singly ionized centres

Rq Rp Rel linterface)
g b Cel (interface)
R Re|(interface)
Cm Cel (interface)
Req
Ly
Ceq

Figure 3 Equivalent circuits of specimens.
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Figure 4 Energy-level diagram of rutile (TiO,), after [10].

(V" - Tiy;) to free oxygen vacancies V; . It is reasonable
to suggest that the magnitude of electrical conductivity
is closely related to the probability of electron hopping
between singly ionized centres and free oxygen vacan-
cies. As the concentration of free oxygen vacancy
increases, the average distance between the free oxygen
vacancy and singly ionized centre decreases, hence the
probability of electron hopping increases and results
in an increase of electrical conductivity. Similarly, the
increase of the concentration of Tiy, i.e. electron,
provides more electrons available to hop and hence
affects the electrical conductivity.

4.3. The effect of barium dopant

The relaxation frequency of loss tangent for samples
with a silver electrode is shown in Fig. 2a. There are
no peaks observed for compositions 25IN100IB and
25IN120IB. However, by decreasing the measuring
temperature, peaks start to appear in the high fre-
quency end, i.e. 10° Hz. This means that the relaxation
frequencies of these two compositions are higher than
10° Hz as measurement is carried out at room tem-
perature. The relaxation frequency increases with the
amount of barium dopant for all compositions investi-
gated. According to Equation 2, the relaxation fre-
quency increases with the conductivity of the ceramics,
which is compatible with what is observed in Fig. 1b.
The effect of barium can be interpreted by defect
Equation 3.

BaO = Bay + V" + O, 3)

As barium is dissolved into TiO, one free oxygen
vacancy is created. In the extrinsic region the concen-
tration of free oxygen vacancies is almost fixed by the
concentration of dissolved barium. The increase in
oxygen vacancy concentration enhances the electron
hopping probability and results in an increase of con-
ductivity. Since R, > R,, and C, < C,,, the relative
dielectric constant and resistivity of samples with a
silver electrode depend greatly on the interfaces
between the silver electrode and the ceramics. The
resistivity and the width of the interfacial layer deter-
mine the resistivity and relative dielectric constant of
the sample, especially in the low frequency region. Fig.
2b shows that the resistivity of the sample increases
with the amount of barium in the low frequency region;
on the other hand, the resistivity of the sample tends
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Figure 5 Temperature dependence of relative dielectric constant
measured at [ kHz for samples with silver electrode. (O 25IN20IB,
O 25IN80IB, a 25IN100IB, + 25INI120IB, x 100INSOIB).

to decrease with the amount of barium in the high
frequency region. Fig. 2c illustrates that the relative
dielectric constant decreases abruptly with frequency
for samples doped with barium less than 0.80 mol %;
in contrast, the relative dielectric constant remains
virtually constant with the variation of frequency for
samples doped with barium more than 1.00 mol %.
According to theoretical analysis [1, 3, 4], the relative
dielectric constant is expected to change rapidly near
the relaxation frequency. The higher the amount of
barium dopant, the higher the relaxation frequency,
and hence the less variation of relative dielectric con-
stant in the measured frequency range. The properties
measured in the low frequency region rely strongly on
the characteristics of the high resistivity interface and
those measured in the high frequency region virtually
reflect the properties of the low resistivity ceramics.
The effects of barium on resistivities and relative
dielectric constants of silver-electroded samples can be
mterpreted if it is assumed that the thickness of the
interfacial layer is larger for samples doped with a
higher amount of barium. A thicker interfacial layer
resulted in higher resistivity and lower relative dielectric

50 T T

40r 8

DENSITY (g cm?3)

30r b

e w50 130
TEMPERATURE (T)

Figure 6 Sintered bulk density against sintering temperature after
2h sintering (11 100IN8OIB, O 25IN80IB, + 25IN).
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constant in the low frequency region. This is con-
sistent with the observations. Since the relaxation fre-
quency changes with the measuring temperature, the
variation of relative dielectric constant with frequency
changes simultaneously. Fig. 5 presents the tempera-
ture dependence of the relative dielectric constant
measured at 1 kHz, illustrating that the relative dielec-
tric constant remains almost unchanged with tempera-
ture for compositions 25IN100IB and 25IN120IB.
This is because the relaxation frequency is generally
higher than 10°Hz in the measuring temperature
range, no variation of relative dielectric constant with
frequency is observed. The relative dielectric constant
is only dependent on the thickness of the interfacial
layer which will not change with the measuring tem-
perature. Compositions 25IN100IB and 25IN120IB
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Figure 7 Microstructures of as-sintered surfaces: (a) 25IN;
(b) 25IN20IB; (c) 25IN8OIB; (d) 25IN100IB; (e) 25IN120IB. Note:
(a) SEM, (b)-(e) optical micrograph.

demonstrate an ultrahigh relative dielectric constant
with stable temperature and frequency dependence.

The dependence of the concentration of oxygen
vacancies on barium dopant is further supported by
other relevant observations. Fig. 6 shows the sintered
densities of TiO, ceramic bodies with and without
barium dopant plotted against sintering temperature
and illustrates that 25IN, i.e. the composition without
barium dopant, can only be sintered to relatively low
bulk density, 3.78 gcm™ (89% theoretical density)
even at temperatures as high as 1450° C. On the other
hand, the 25IN80IB composition can be sintered to
about 4.20gcm™* (99% theoretical density) in the
temperature range from 1150 to 1350° C. Barringer et
al. [11] proposed in a sintering study of monodisperse
TiO, that oxygen diffusion, which depends on the
concentration of oxygen vacancy, is the major factor
that determines the sintering kinetics. The conclusion
that oxygen vacancies are rate controlling in sintering
TiO, is also obtained by Anderson [12]. The obser-
vations shown in Fig. 7 demonstrate the enhancement
of sintering as a result of barium dopant in TiO,
ceramics. Barringer’s conclusion supports the argument
that the concentration of oxygen vacancies increases
with increasing barium dopant.

Fig. 7 shows the microstructures of as-sintered sur-
faces of compositions with different amount of barium
dopant, illustrating that there is a tendency of abnormal



tan &

0 0 10 10 10 10
FREQUENCY (Hz)

Figure 8 Frequency dependence of tan é for compositions with
different amount of niobium (silver electrode) (O 25IN80IB, a
100INSOIB).

grain growth as the amount of barium dopant
increases. From X-ray diffraction analysis, all samples
doped with barium contain a small amount of second
phases like BaTi, O, Ba, Ti;O,,, and some unidentified
phases. Although, the amounts of second phases
roughly increase with the amount of barium dopant as
results of X-ray diffraction analysis and microstruc-
tural observations, it is believed that the amount of
barium dissolved in the TiO, matrix is still higher for
higher barium dopant. When ceramic powders are
very fine, the presence of second phases is very likely
to trigger abnormal grain growth if the diffusion coef-
ficient, especially of oxygen, is high. The oxygen dif-
fusion coefficient mainly depends on the concentration
of oxygen vacancies. All observations agree very well
with the argument that the addition of barium increases
the concentration of oxygen vacancies and causes the
increase of relaxation frequency of loss tangent.

4.4. The effect of niobium dopant

Fig. 8 shows the effect of niobium dopant on the
frequency dependence of loss tangent measured at
room temperature for samples with a silver electrode,
iltustrating that the relaxation frequency decreases
with increasing amount of niobium dopant. The effect
of niobium dopant can be explained by defect
Equations 4 and 5

Nb,O; == 2Nb;; + 2¢' + 40, + 10,(g) (4)
2TiO, == 2Tij + V5" + 30, + 10,(g)  (5)

where the electron usually combines with the regular
titanium lattice ion and forms Tif;. The dissolution of
niobium into TiO, ceramics increases the concentration
of e’, which is equivalent to Tiy;, and the local oxygen
partial pressure according to Equation 4, these in turn
tend to decrease the concentration of oxygen vacancies
according to Equation 5. Hence the resultant relaxation
frequency decreases with the amount of niobium
dopant. Fig. 9 shows the frequency dependence of the
relative dielectric constant for the silver-clectroded
samples with different amounts of niobium. As dis-
cussed in the previous section, the relative dielectric
constant depends on the interfacial characteristics and
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Figure 9 Frequency dependence of relative dielectric constant for

compositions with different amount of niobium (silver electrode) (O
25IN8OIB, A 100INSOIB).

relaxation frequency. The relative diclectric constant
is found to decrease with the amount of niobium
dopant in the low frequency region.

Fig. 10 illustrates the microstructures of as-sintered
surfaces of compositions with different niobium con-
tent. As it can be seen in Fig. 10, the degree of abnor-
mal grain growth is much higher for samples doped
with lower niobium content. The grain size of the
composition doped with 1.00 mol % niobium is rela-
tively uniform. This characteristic is consistent with
the argument that the oxygen vacancy concentration
decreases with increasing niobium content.

5. Conclusion

The migration mechanism proposed is electron
hopping among oxygen vacancies. The conductivity
increases with the concentration of oxygen vacancies
because of an increased probability of electron hop-
ping. The boundary space charge region is found to
exist in barium and niobium doped TiO, ceramics,
however, the boundary layer is not effective in stopping
electron crossing. An evaporated aluminium electrode
forms ohmic contact on barium and niobium doped
TiO, ceramics and thus samples with an evaporated
aluminium electrode behave like lossy capacitors
especially in the low frequency region. The silver elec-
trode made from silver paste forms non-ohmic contact
on barium and niobium doped TiO, ceramics and
blocks electrons. The frequency dependence of the
relative dielectric constant depends greatly on the
relaxation frequency of the loss tangent which increases
with conductivity of the ceramics.

Barium dopant, when dissolving into TiO, ceramics,
increases the concentration of oxygen vacancies which
in turn increases the relaxation frequency. Composi-
tions doped with 0.25mol % Nb and 1.0 or 1.2 mol %
Ba show stable frequency and temperature dependence
of relative dielectric constant because of their relatively
high relaxation frequency. These two compositions
also possess ultrahigh relative dielectric constants of
about 10° and low loss tangents of about 4%. In
contrast, niobium dopant decreases the concentration
of oxygen vacancies, and thus results in a lower relax-
ation frequency.
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