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A B S T R A C T

The electrical and dielectric properties of titanium dioxide containing erbium and praseodymium oxides as ac
ceptors, and tantalum oxide as donor dopants were investigated aiming to identify the effects of different dopants 
on the dielectric properties. Dense samples with 1 mol% total co-dopants were prepared by the solid-state 
synthesis method, followed by conventional sintering at 1450 ◦C. A secondary phase, Er2Ti2O7, was found in 
some of the prepared samples. Impedance spectroscopy spectra of the samples are similar, with an average 
activation energy for interface conduction of about 0.27 ± 0.05 eV, except for the sample with excess Ti, 
(Er0.5Ta0.5)0.01Ti1.09O2, (0.38 ± 0.05 eV). All samples exhibit colossal permittivity (>104) in wide temperature 
and frequency ranges. Erbium oxide was found to be more effective in increasing the electric permittivity of TiO2 
than praseodymium oxide. Excess titanium leads to a larger grain size, and decreases both the permittivity and 
the dissipation factor of titanium dioxide.

1. Introduction

Among the several classes of electroceramics, those with very high 
electric permittivity (ε′) find application in a variety of technologies, 
with emphasis in microelectronics and high-energy density storage de
vices [1–3].

The best-known dielectric ceramics with colossal permittivity (ε’ ≥
103) are BaTiO3, SrTiO3, co-doped NiO, CaCu3Ti4O12 and co-doped TiO2 
[1,4–8]. Other relevant properties for technological applications are 
stability over wide temperature and frequency ranges and a low dissi
pation factor (tan δ). These requirements are not easily achieved, and 
the search for new compositions or optimizations in the processing of 
materials to maximize their performance is still a subject of work 
[9–12].

Several mechanisms have been proposed to explain the outstanding 
values of the electric permittivity found in some dielectric ceramics. 
Nonetheless, special attention has been given to Internal Barrier Layer 
Capacitance (IBLC) and Surface Barrier Layer Capacitance (SBLC) 
models. These models are based on the extrinsic Maxwell-Wagner type 
effect, which derives from the buildup of charges at interfaces, typically 
the grain boundaries and interfaces, or at the external surfaces [13–15].

In 2013 a new mechanism named Electron Pinned Defect Dipoles 

(EPDD) based on defect reactions was proposed to be effective in co- 
doped TiO2 [8]. Since then, intensive research work has been carried 
out in co-doped titanium dioxide ceramics [8–12,16–24]. According to 
the EPDD model, the introduction of a donor cation (such as Ta5+) in the 
crystal lattice of TiO2 induces reduction of Ti4+ to Ti3+ and an electron is 
created for charge compensation. In addition, the inclusion of an 
acceptor cation (for example M3+) increases the concentration of oxygen 
vacancies. These defect reactions are represented in Eqs. (1)–(3): 

2TiO2 +Ta2O5̅̅̅̅→
4TiO2 2TíTi +2Ta.

Ti +8OO +
1
2
O2 (1) 

Ti4+ + eʹ→Ti3+ (2) 

M2O3̅̅̅̅→
2TiO2 2Mʹ

Ti +V..
O + 3OO (3) 

These point defects form triangular and diamond-shaped defects, 
which are strongly correlated leading to clusters, where the electrons are 
trapped. The main difference between the models based on the Maxwell- 
Wagner effect and the EPDD defect reactions, is that the formers act on 
interfaces (internal or external), whereas the latter is more effective in 
the bulk of the dielectric ceramics. A recent review on the main 
dielectric ceramics with colossal permittivity indicates that 
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discrepancies concerning the underlying mechanism persist [3].
One approach to optimize the properties of ceramic materials, 

especially those with semiconductor behavior, is by controlling the 
interface properties. The interfaces, as a rule, interact with the bulk 
leading to strain effects, chemical interdiffusion, space charge formation 
and others [25].

The influence of interfaces on electrical and dielectric properties of 
ceramic materials is usually studied by electrochemical impedance 
spectroscopy. Under specific circumstances, this non-destructive tech
nique allows for measuring the frequency-dependent electrical re
sponses of the bulk, interfaces and electrodes, providing insights in 
interface phenomena, charge transport and dielectric behavior [26].

In this work, the effects of erbium oxide and praseodymium oxide as 
acceptor cations, and tantalum oxide as donor cation on the electrical 
and dielectric properties of titanium dioxide were evaluated by elec
trochemical impedance spectroscopy. The influence of a dissimilar 
content of the acceptor and donor cations and of excess of Ti were also 
investigated for the first time in samples containing erbium oxide to 
reveal their effects on the electric permittivity and dissipation factor of 
the co-doped ceramics.

2. Experimental

2.1. Sample preparation

Titanium oxide (rutile, 99.5 %, Alfa Aesar), tantalum oxide (99 %, 
Alfa Aesar), erbium oxide (99.9 %, Sigma Aldrich) and praseodymium 
(III, IV) oxide (99.999 %, Strem Chemicals) were the starting materials. 
The nominal compositions with fixed total co-dopants content (1 mol%) 
were: (Er0.5Ta0.5)0.01Ti0.99O2, (Pr0.5Ta0.5)0.01Ti0.99O2, (Er0.25Ta0.75)0.01

Ti0.99O2 and (Er0.5Ta0.5)0.01Ti1.09O2, hereafter referred as S1, S2, S3 and 
S4, respectively.

These compositions were prepared in triplicate by the solid-state 
synthesis method. The starting oxides were dried at 100 ◦C for 12 h, 
weighed in the stoichiometric proportions and ball-milled for 5 h with 
zirconia balls (ϕ 2 mm, YTZ, Tosoh) in isopropyl alcohol medium. After 
drying the milled powders, an organic binder (polyvinyl alcohol, PVA, 3 
wt%) was added and dispersed with ultrasound. Cylindrical ceramics 
were obtained by uniaxial pressing (ϕ 8 mm, 2–3 mm thickness) at 20 
MPa (Z2T, Kratos), followed by cold isostatic pressing at 200 MPa 
(National Forge Co.). The green ceramics were sintered at 1450 ◦C for 2 
h in air with 5 ◦C.min− 1 heating and cooling rates.

Fig. 1. XRD patterns of rutile TiO2 (PDF 21–1276), pyrochlore Er2Ti2O7 (PDF 
18–499), and sintered samples. The main peaks of the pyrochlore phase are 
highlighted in red.

Fig. 2. (a) XRD pattern and (b) Raman spectrum of sample S4 after sanding 
the surface.

Table 1 
Crystalline phase, relative density (ρr) and porosity (pa) of sintered samples.

Sample Crystalline phasea ρr (%) pa (%)

S1 t + p 96.2 ± 0.1 1.0 ± 0.6
S2 t 96.8 ± 0.2 1.3 ± 0.6
S3 t 97.0 ± 0.2 0.5 ± 0.1
S4 t + p 94.6 ± 0.1 1.8 ± 0.1

a t = tetragonal; p = pyrochlore Er2Ti2O7.
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2.2. Characterization

The apparent density and porosity of sintered ceramics were evalu
ated by the Archimedes method with distilled water. The phase 
composition and crystal structure of sintered ceramics were examined 
by X-ray diffraction, XRD, in a diffractometer (Bruker-AXS, D8 
Advance), with Cu Kα radiation (λ = 1.5405 Å) in the 20◦–80◦ 2θ range, 
and 0.05◦ step size and 3 s per step, and by Raman spectroscopy (Horiba, 
XploRA™ PLUS) with 785 nm laser in the 100 to 1000 cm− 1 range. 
Microstructure features were observed by field emission gun scanning 
electron microscopy, SEM (Jeol, JSM-IT700 HR) and energy dispersive 
spectroscopy, EDS.

Electrical and dielectric characterizations of sintered ceramics were 
carried out by electrochemical impedance spectroscopy (HP 4192A) in 
the 5 Hz to 13 MHz frequency range, with 200 mV of applied AC signal. 
The measurements were performed in the ~40–~215 ◦C range with 50 
min of dwell time at each temperature. Silver paste was applied onto the 
large surfaces of pellets to act as electrode, and curing was carried out at 
400 ◦C. The impedance spectroscopy spectra were fitted with EIS 
Spectrum Analyzer.

3. Results and discussion

Fig. 1 shows the XRD patterns of sintered ceramics along with those 
of rutile TiO2, PDF 21–1276, and Er2Ti2O7 pyrochlore-type phase, PDF 
18–499.

All samples display the tetragonal structure of TiO2 as a major 
crystalline phase. Ceramic samples with the same amount of Er3+ as 
acceptor cation (S1 and S4) exhibit small-intensity peaks of the pyro
chlore phase (highlighted in red). In general, the secondary phases 
observed in co-doped titanium dioxide have been understood as a 
consequence of the large size mismatch among the host cation (Ti4+) 
and the dopants [27,28]. In this case, the ionic radii in 6-fold coordi
nation are: 0.605 Å (Ti4+), 0.64 Å (Ta5+) and 1.03 Å (Er3+) and, 
therefore, Er3+ substitution for Ti4+ in the [TiO6] octahedron is expected 

to be too limited. As shown in Fig. 1, sample S3 with a lower content of 
Er3+ is a single-phase ceramic. Meanwhile, sample S2 amid Pr3+/Pr4+ as 
acceptor cation, with relatively high ionic radii (1.13 Å and 0.99 Å for 
Pr3+ and Pr4+, respectively), is also single-phase. Then, besides the size 
mismatch among the Ti4+ host and the dopants, other effects such as the 
solubility and valence of acceptor cations, energies for secondary phase 
formation and sintering temperature, may also contribute to the 
observed results. No other secondary phase was detected in the XRD 
patterns within the experimental limitations of the technique.

The phase composition was also investigated by XRD for sample S4 
after a smooth sanding to remove a few micrometers from the external 
surface. Fig. 2(a) shows the diffraction pattern characteristics of the 
tetragonal structure of TiO2, without the peaks (222) and (440) attrib
uted to the pyrochlore Er2Ti2O7 phase. Fig. 2(b) is a Raman spectrum of 
the same sample (S4), obtained after sanding the surface. The four active 
Raman modes in pure rutile TiO2 are B1g (~143 cm− 1), due to O–Ti–O 
bond bending; Eg (~447 cm− 1) due to oxygen atom liberation along the 
c-axis; A1g (~612 cm− 1) related to Ti–O stretch mode, and the B2g 
(~826 cm− 1) [29]. The Raman band at ~239 cm− 1 is associated with a 
second order scattering in rutile, due to internal stress/strain and partial 
reduction of TiO2 [30]. These results corroborate the tetragonal struc
ture of rutile as major phase and reveal that the pyrochlore phase is 
preferentially formed on the surface of TiO2 samples containing Er3+.

Table 1 summarizes the identified crystalline phases in the XRD 
patterns of the as-prepared samples, the relative density (ρr) and the 
residual porosity (pa) values of sintered ceramics.

In general, the relative density of all ceramics is high (> 94 % of the 
theoretical value) and the residual porosity is low (< 2 %). The lowest 
density and highest porosity were obtained for samples with excess Ti 
(S4), whereas the highest density and lowest porosity were found in 
ceramics with the highest content of the donor cation (S3). These results 
suggest that tantalum is beneficial for densification of co-doped TiO2.

Fig. 3 shows SEM micrographs of polished and etched surfaces of 
sintered samples. The morphology of grains is predominantly polygonal 
with an average size in the 5–6 μm range for samples S1, S2 and S3. 

Fig. 3. SEM micrographs of sintered samples. Bar length = 5 μm (S1, S2 and S3) and 20 μm (S4).
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Sample S4 shows a larger grain size compared to other samples and grain 
pullout. This effect may be attributed to excess Ti in this sample. Sec
ondary phases are observed along the grain boundaries and triple grain 
junctions, evidencing the low solubility of the co-dopants in TiO2. The 
secondary phase was not detected by XRD in sample S2 (Fig. 1) possibly 
owing to its low concentration and/or because it was not preferentially 
formed at the outer surface. Porosity is negligible for samples S1, S2 and 
S3, in agreement with results in Table 1. Sample S4 shows porosity in
side the grains revealing a fast grain growth, due to accelerated migra
tion of the grain boundaries during sintering. Fig. S1 (supplementary 
file) shows the EDS results for samples S1 (top) and S4 (bottom). In the 
left side are the microregions chosen for elemental mapping. Appar
ently, the dopants (Er and Ta) are randomly distributed with slight 
preference for grain boundaries.

In the complex plane, the -Z"(ω) x Z′(ω) plots of sample S1 measured 
at several temperatures are shown in Fig. 4. A single and large semi
circular arc is observed in the frequency range of measurements, Fig. 4
(a), corresponding to the resistive and capacitive effects of the grain 
boundaries and interfaces (hereafter referred simply as interfaces). In 
addition, an expanded view of the high-frequency region (>100 kHz) of 
the impedance spectra measured above 100 ◦C is depicted in Fig. 4(b), 

evidencing a non-zero intercept, due to the low resistivity of the bulk. It 
is noticeable that the shift of the high-frequency intercept with the 
measuring temperature is sluggish. Therefore, the analysis of the 
impedance spectra at several temperatures was restricted for the inter
face arc. To accomplish that, an equivalent electric circuit consisting of a 
resistance in parallel with a constant phase element representing the 
deviation from an ideal capacitor behavior was used. The large differ
ence in the resistivity of the bulk and interfaces is mostly associated to 
heterogeneities such as amorphous or crystalline secondary phases, 
impurities, pores and others, which may contribute to the Maxwell- 
Wagner type effect. The impedance spectroscopy spectra in Fig. 4 are 
like those of other dielectric ceramics, where the IBLC model plays a role 
[31,32]. The interface resistivity decreases with increasing the temper
ature of measurements revealing a thermally activated process. Other 
samples studied (S2 to S4) show alike impedance spectroscopy behavior.

Fig. 5 shows the Arrhenius plots of the electrical conductivity of 
sintered samples in the 40 to ~215 ◦C range, obtained by fitting the 
impedance spectra. Single straight lines were found for all samples in the 
limited temperature range of measurements, and are approximately 
parallel to each other for samples S1, S2 and S3, emphasizing similar 
activation energy values. The interfaces of sample S4 seem to be more 
heterogeneous compared to other samples, leading to higher activation 
energy for conduction. This result may be attributed to a change in the 
concentrations of Ti3+ and oxygen vacancies compared to other samples 
due to excess Ti, and to a less extent, to the porosity of sample S4.

Table 2 summarizes the interface capacitance and activation energy 
values determined for all samples. The activation energies correlate to 

Fig. 4. (a) Impedance spectroscopy spectra of sample S1; (b) expanded view of 
the high-frequency impedance spectra above 100 ◦C.

Fig. 5. Arrhenius plots of the electrical conductivity of sintered samples.

Table 2 
Values of capacitance (Ci) and activation energy (Ei) of interfaces, and electric 
permittivity (ε′) and dissipation factor (tan δ) @1 kHz and 65 ◦C of sintered 
samples.

Sample Ci (nF/cm) Ei (±0.05 eV) ε’ (104) tan δ

S1 9.40 0.29 11.7 0.153
S2 5.20 0.26 10.9 0.119
S3 7.40 0.25 6.85 0.152
S4 9.01 0.38 8.75 0.124
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those of other co-doped TiO2 ceramics [20,22–24]. The interface ca
pacitances are in the nano Farad range, as expected [33].

Fig. 6 shows spectroscopic normalized complex impedance (Z"/ 
Z″MAX) plots at ~ 210 ◦C. All samples display a single Debye-like peak in 
the frequency range of measurements. The maximum amplitude of the 
normalized complex impedance peak for sample S1 is found slightly 

above 1 kHz and matches that of sample S4. The same occurs for samples 
S2 and S3, but at a lower frequency. This variation in the frequency of 
the normalized complex impedance peaks seems to be related to the 
secondary phase (Er2Ti2O7) detected by XRD (Fig. 1).

The temperature-dependence of the electric permittivity and dissi
pation factor of sintered samples at 1 kHz are depicted in Fig. 7. Irre
spective of the composition, all the samples show colossal permittivity 
(Fig. 7, top) with an almost temperature-independent character in a 
wide range. The dissipation factor (Fig. 7, bottom) is rather constant up 
to approximately 100 ◦C and increases for higher temperatures. That 
increase is faster for samples S1 and S4, suggesting that the dissipation 
factor is dominated by the heterogeneous interfaces of those samples.

Table 2 summarizes values of the electric permittivity and dissipa
tion factor at 1 kHz and 65 ◦C. Samples S1 and S3 with dissimilar 
amounts of the same co-dopants do not exhibit a significant difference in 
the dissipation factor, but over 40 % decrease of the electric permittivity 
by decreasing (about 50 %) the amount of the acceptor cation. Sample 
S4 with similar amounts of the same co-dopants as sample S1 but with 
excess Ti, shows decrease in both ε′ and tan δ. Besides that, the electric 
permittivity of sample S4 is still high, possibly due to its large grain size. 
Accumulation of charged defects (Ti3+) near grain boundaries, due to 
excess Ti, may lead to the formation of space charge layers and the 
consequent decrease of the dissipation factor. It is worth noting that Er3+

(sample S1) is slightly more efficient than Pr (sample S2) to increase 
both ε′ and tan δ.

The frequency-dependence of the electric permittivity and the 
dissipation factor of co-doped TiO2 recorded at ~50 ◦C are shown in 
Fig. 8. Samples S1 and S3 display slight decreases in the electric 
permittivity over 10 kHz, and a corresponding peak on the dissipation 
factor. Other co-doped TiO2 ceramic systems show analogous behavior, 
which has been explained based on the several polarizations acting on 
the ceramic material [16,20–22,34]. At high frequencies, mostly higher 
than 105 Hz, ε′ is due to the bulk contribution, and interfacial polari
zation is no longer effective promoting a decrease in the electric 
permittivity. For samples S2 and S4, the electric permittivity is 

Fig. 6. Spectroscopic plot of the normalized complex impedance of sin
tered samples.

Fig. 7. Temperature-dependence of the electric permittivity (ε′) and dissipation 
factor (tan δ) of sintered samples at 1 kHz.

Fig. 8. Frequency-dependence of the electric permittivity (ε′) and dissipation 
factor (tan δ) of sintered samples at 50 ◦C.
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approximately constant in the whole frequency range. This may be un
derstood as a small influence of the interfacial polarization on these 
samples with excess Ti (S4) and with Pr (S2).

The overall results point to the influence of the type and concen
tration of dopants and sample composition on the electrical and 
dielectric properties of co-doped TiO2, allowing for understanding and 
optimizing its performance as a dielectric ceramic. Moreover, the above 
results pointed that both mechanisms IBLC and EPDD act on (Er, Pr, Ta) 
co-doped TiO2, and that the extent of each mechanism relies on several 
factors, such as dopants type and contents, and their distribution in the 
TiO2 ceramic.

4. Conclusions

Dense ceramic samples consisting of titanium dioxide co-doped with 
erbium, praseodymium and tantalum oxides were successfully prepared 
by the solid-state synthesis method. A pyrochlore-type secondary phase 
was detected in samples containing 0.5 mol% Er3+. Microstructure 
analysis evidenced the secondary phases at the grain boundaries and 
triple grain junctions. Impedance spectroscopy spectra revealed that the 
interfaces of the ceramic samples were substantially more resistive than 
the bulk. Activation energies for interfaces are 0.25–0.29 eV for samples 
S1, S2 and S3, and 0.38 eV for sample S4. All co-doped samples exhibited 
colossal permittivity (>104) and dissipation factor below 0.2. Samples 
with different contents of co-dopants show similar dissipation factor, but 
quite different electric permittivity. The temperature-dependence of the 
electric permittivity is approximately constant over wide ranges of 
temperature and frequency.
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