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Abstract: Nb and Al co-doped BaTiO; ceramics, BaTigos(Nby sAlg5).0203, have a colossal permittivity (g3 X 10°,
tand~0.2) at room-temperature. Three distinct relaxation processes are observed in the frequency range from 10™ to
10" Hz. The low-frequency relaxation between 10" and 10 Hz and the intermediate-frequency relaxation between 10°
and 10° Hz are non-Debye relaxations, which are attributed to Maxwell-Wagner interfacial polarization, electrode in-
terfacial polarization, and barrier layer capacitor. While the high-frequency process between 10° and 107 Hz is a typical
Debye-type relaxation with an activation energy of E~15 meV and a frequency factor of f,=~7X 10° Hz. The small
activation energy and relatively small frequency factor in the BaTigog(NbgsAlys)00203 ceramics indicate that this re-
laxation process may derive from local motion of electrons in the complex defect clusters, which results from

co-doping and can be named as electron-pinned defect-dipoles. This study suggests that the electron-pinned de-

fect-dipoles mechanism can be used to design colossal permittivity in perovskites, like BaTiOs.

Key words: (Nb, Al) co-doped; perovskites; colossal permittivity; electron-pinned defect-dipoles

Dielectrics with colossal permittivity (CP, &, >10%) have
been recently drawn immense research attention due to
their potential application in multilayer ceramic capacitors
(MLCC) and energy storage' ™. Generally, CP in tradi-
tional dielectrics, originating from barrier layer capacitor
(BLC) effect™, charge-density wave (CDW)!® and ferro-
electricity!”!) suffers from either high dielectric loss or
poor temperature stability. To meet the high standards,
including colossal permittivity, excellent frequency-
stability, temperature-stability and low dielectric loss are
still challenges.

Recently, a strategy, named the electron-pinned de-
fect-dipoles mechanism, has been proposed to design CP
in dielectrics'™. Through donor and acceptor heteroatomic
substitutions, carriers injected by doping can be confined
by the local lattice defect clusters (about few metal-
oxygen polyhedral) and contribute to the formation of the
electron-pinned defect dipoles. Compared to atomic elec-
trons, these electrons within the lattice defect clusters,
have more considerable space for displacement under ex-
ternal electric field. Then the resultant large defect dipoles
lead to an experimentally observed CP of ~ 6x10* in the
(NDb, In) co-doped TiO, ceramics. Meanwhile, due to the
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localization of carriers, low dielectric loss, good tempera-
ture and frequency stability are also achieved. Elec-
tron-pinned defect-dipoles were first reported in (Nb, In)
co-doped TiO,. However, it is an interesting question not
only for fundamental research but also for practical appli-
cations that whether such electron-pinned defect-dipoles
can be achieved in other materials.

In electron-pinned defect-dipoles, the correlation
among defects is crucial for forming defect clusters to
localize carries. This kind of interaction between lattice
defects and carriers has also been reported in perovskites
such as BaTiO; and SrTiO;®'". In Nb-doped BaTiO;
crystal, electrons can be trapped by Nb impurities so that
local polar clusters are formed. In return, the electron re-
laxation in the polarized clusters improves the relaxation
step (e—e-) by 25 times comparing to pure BaTiOs. In
SrTiO;, electrons can be localized in the defect clusters,

Vo —Ti'*, exhibiting behaviors of small polaron and

19 These results indicate that elec-

tron-pinned defect-dipoles could be realized in perovskites
if the lattice defects or defect pairs are carefully modulated.
Therefore, in present work, the dielectric properties and
relaxation mechanisms of (Nb, Al) co-doped BaTiO; ce-
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ramics are investigated. And a relaxation peak, related to
the electron-pinned defects dipoles, emerges in the high
frequency range between 10° and 107 Hz.

1 Experimental

Appropriate amount of raw materials, BaCO; (=
99.95%), Ti0,(=99.99%), Nb,Os (=99.99%) and Al,O4
(=99.99%, all from Aladdin, China), according to the
formula of BaTijog(NbysAlys)o020; (BTNA) was well
mixed, pre-sintered at 1423 K for 4 h. Then the pre-
sintered powders were re-milled and pressed at 200 MPa by
cold isostatic pressing into discs (13 mm in diameter and
about 1.5 mm in thickness). After burning off the binder,
samples were sintered at 1593 K in air for 6 h. Post-
annealing in oxygen for 12 h at 1473 K was adopted to
compensate the loss of oxygen during high temperature
sintering.

The crystal structures of samples were investigated us-
ing X-ray diffraction with Cu-Ka radiation (Rigaku
D/MAX-2550 X-ray diffractometer, Japan). Microstruc-
tures of sintered ceramics were observed on the thermally
etched polished-surface with scanning electron micros-
copy (SEM, Supra 55, Carl Zeiss, Germany). Dielectric
properties were measured using a Broadband Dielectric
Spectrometer (Novocontrol, Concept 40, Germany). X-ray
photoelectron spectroscopy (XPS) was performed on the
ceramic fresh fracture with a VG Escalab 250 apparatus
for Ti oxidation states determination.

2 Results and discussion

Fig. 1 shows the temperature dependence of dielectric
spectra of BTNA and pure BaTiO; ceramics. Comparing
to BaTiO;, the permittivity of BTNA is significantly im-
proved. Colossal permittivity, & >10°, is observed for
BTNA ceramic sample between 150 K and 450 K. Mean-
while, the temperature stability of BTNA is also enhanced.
There is no permittivity peak related to the phase transi-
tion which is observed in the BaTiO; sample. The per-
mittivity shows a relatively flat platform at the tempera-
ture range from 280 K to 370 K. The considerable im-
provement of permittivity and its temperature stability in
BTNA demonstrates that its CP doesn’t originate from
ferroelectricity. No impurity phase is found in XRD pat-
tern and the shift of the diffraction peaks implies that Nb
and Al have been introduced into the lattice of the Ba-
TiO; crystal grains. The microstructural and elemental
investigation also show the uniform distribution of do-
pants. And the BTNA ceramic is single tetragonal phase,
the same as BaTiO;!'"). Hence, the CP should not be from
other phases.
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Fig. 1 Temperature dependence of permittivity and dielectric

loss for BaTiO; ceramic sintered at 1623 K/6 h and BTNA ce-
ramic sintered at 1593 K/6 h in temperature range from 123 K to
459 K

To identify the characteristics of the dielectric proper-
ties of BTNA ceramic, room-temperature frequency de-
pendence of the dielectric permittivity and loss tangent of
BTNA were measured as shown in Fig. 2. The frequency
dependences of dielectric properties of several typical di-
electrics are presented in Fig. 2 as well™ > BTNA
shows a high permittivity, &, >3 X 10’ in the low frequency
range (/<10° Hz). As the frequency increases, the permit-
tivity decreases gradually and two permittivity steps, in-
cluding intermediate-frequency step in the frequency
range between 10° and 10° Hz and high-frequency step in
the range between 10° and 10" Hz, are clearly seen.
Meanwhile, two corresponding dielectric loss peaks, Peak
1 and Peak 2, in the same frequency range are observed.
The two-step character of the dielectric properties in
BTNA is significantly different from the frequency de-
pendence of CP deriving from BLC effect in (Li, Ti)
co-doped NiO and SPS sintered BaTiO; ceramics, where
only one permittivity step and one loss peak in the inter-
mediate frequency range are observed. For CaCu;TisOy,
though the origin of its CP is still controversial, there is
also only one permittivity step. For (Nb, In) co-doped
TiO,, the permittivity does not show a step when the fre-
quency is below 10° Hz. But the gradual increase of the
dielectric loss with increasing of the test frequency indi-
cates that there may be a loss peak in the higher frequency
range (£>10° Hz). The unique frequency dependence of the
permittivity and dielectric loss of BTNA means that the
CP in BTNA cannot be explained by either barrier layer
capacitor effect or electron-pinned defect-dipoles alone.
The two-step character indicates that there should be at
least two polarization mechanisms contributing to the CP
in BTNA. The consistence of the intermediate-frequency
step and dielectric loss peak between BTNA and (Li, Ti)
co-doped NiO or SPS sintered BaTiOj; reveals that this
step may be related to the BLC effect.
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Fig. 2 Comparison of the dependent permittivity and dielectric
loss of BTNA, CaCu;Ti,O1,!'%, (Li, Ti) co-doped Nio!", (Nb,
In) co-doped TiO,™® and spark plasma sintered BaTiO;!"*!in the
frequency range from 10 Hz to 107 Hz

To further depict the dielectric behavior of BTNA, the
frequency dielectric spectrums of BTNA at various tem-
peratures from 143 K to 383 K are shown in Fig. 3. In the
frequency range between 10 Hz and 10’ Hz, two dielectric
loss peaks, Peak 1 and 2 can be identified. However, from
the spectroscopic plot of the imaginary components of
electric modulus, M ", another relaxation peak, named as
Peak 3, is detected in the frequency range from 0.1 Hz to
10 Hz. Three peaks, including low-frequency Peak 3, in-
termediate-frequency Peak 1 and high-frequency Peak 2,
shift as the temperature changes. The peak frequencies as
functions of temperature are shown in Fig. 4. The inter-
mediate-frequency Peak 1 and low-frequency Peak 3 show
a similar shift trend as the temperature increases. At low
temperature, the relaxation peaks shift to higher frequency
as the temperature increases. While in the high tempera-
ture range (7>298 K for Peak 3, and 7>253 K for Peak 1),
this trend is surprisingly inversed and the peaks shift to
lower frequency as the temperature increases. The similar
behavior of Peak 1 and Peak 3 indicate that these two re-
laxation peaks should derive from a similar polarization
mechanism. And this mechanism cannot be described by
Debye model because the thermally activated behavior of
the peak frequency is deviated.

As mentioned above, the intermediate-frequency Peak 1
may be ascribed to the BLC effect considering the simi-
larities of this peak and the corresponding permittivity
step to the results of typical BLC effect. While for the
low-frequency Peak 3, such a slow response to the exter-
nal electric field (relaxation time, 7= 1/2wf> 1 s) indicates
that this peak should originate from interfacial polariza-
tion'"*!. It’s well accepted that, in the relatively low fre-
quency range below 10 Hz, interfaces between metallic
electrodes and dielectrics have a significant influence on

the dielectric properties and lead to a relaxation!'®'*],

Frequency / Hz

Fig. 3 Frequency dependence of the dielectric loss of BTNA
ceramic in the frequency range from 10 Hz to 10’ Hz meas-
ured from 143 K to 383 K. The inset shows the M’ spectro-
scopic plots for the BTNA at low frequency range (0.04 Hz to
10 Hz)

Either BLC effect or electrode interfacial polarization
can be described by the Maxwell-Wagner (MW) interfa-
cial polarization which arises from the electrical properties
inhomogeneity in the ceramics. The general model for
describing an inhomogeneous structure consists of double
layers, which are characterized by its permittivity ¢y, &, its

conductivity o}, o, and its thickness d|, &', The relaxa-
tion time then is
de,+d,e
T:]/an:gOM (1)
d,o, +d,oq

From Eq. (1) we can see that the relaxation time 7 is
dependent on the permittivity, ¢ and the conductivity, o.
Generally, both permittivity and conductivity are functions
of temperature especially in BaTiOs-based materials,
where the series of phase transitions®” and the positive
temperature coefficient of resistivity (PTCR)*" make the
behavior of permittivity, ¢ and conductivity, ¢ even more
complex as the temperature changes. The non-monotonic
behavior of the relaxation time of MW polarization with
the temperature increasing could be expected, which may
be able to explain the distinct shift of Peak 1 and 3. Of
course, further investigations are still in need to explain
this phenomenon.

The behavior of Peak 2 in the high frequency range is
clearly different from those of Peak 1 and Peak 3. The
frequency of Peak 2 shifts to high frequency range mo-
notonously as the temperature increases. The thermally
activated behavior can be depicted by the Debye model
with the characteristic relaxation frequency

J=foexp(=E/k,T) (@)
Where fy, k, and E are the pre-exponential frequency factor,
Boltzmann constant and activation energy, respectively.
Fig. 4 shows that the linear relationship of In(f) to 1/7 can
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Fig. 4 The dependence of dielectric loss peak frequency on test-
ing temperature from 143 K to 383 K

(a) Low frequency range (Peak 2); (b) Intermediate frequency range
(Peak 1); (c) High frequency range (Peak 3)

fit the shift of Peak 2 very well. The pre-exponential factor
fy is 6.8x10° Hz and the activation energy is only about
15 meV.

Small values of the activation energy mean that the re-
laxation peak should not derive from the motion of ions
because its activation energy is in an order of 1 eV!**], The
relaxation should be ascribed to the movement of elec-
trons. Carrier electrons are introduced into the lattice by
substituting Nb>" at Ti*" sites. However, the order of fre-
quency, at which the dielectric effects of free charge carri-
ers become significant, is the reciprocal collision time, f~=
10" Hz™! which is much higher than the testing fre-
quency. So the movement of neither ions nor free electrons
can be concluded to contribute to the observed high-frequ-
ency relaxation process. Nevertheless, the dielectric re-
sponses can also result from localized charge carriers.
According to Anderson localization model®", carriers can
be localized by the disorder such as structural or composi-
tional defects in the solid. The interaction between lattice
defects and electrons can increase the effective mass of
electrons and lead to a slower response to the external
electric field or smaller frequency factor, f;**). This may
explain the small activation energy about 15 meV and
relatively slow dielectric response with f,~10" Hz.

According to the defect chemistry, lattice defects can

interact with each other and form local defect clusters. The
electrons can be pinned by the local defect clusters and
respond to external electric field. It has been reported that,
the electrons can be confined in the defect clusters,

Nb3 Ti3, and contribute to the Debye-type dielectric
relaxation with the activation energy E ~10-20 meV
and relaxation time 7, ~10°-10" s in (1-x)SrTiO; -

xSr(Mg;sNb,3)O5 ceramics®. In the (Nb, In) co-doped
TiO, ceramics, the electrons hop within the local defect
clusters, Nby'Ti*" 4y, ( A=Ti°",In*", Ti*" ) forming
defect dipoles, the activation energy of which is about
15 meV™. In the reduced TiO,., crystal, the electrons hop
within the complex ionic defect cores, which consist of
normal Ti sites and trivalent or pentavalent impurities de-
fects. And in that way, it causes the relaxation processes,
which possess the activation energy of EF=1-20 meV

and the relaxation time of 7, ~10° —10® ' The acti-

vation energy and pre-exponential factor of Peak 2 are
obviously close to the observations in these materials.
Therefore, the high frequency relaxation peak might be de-
rived from the electron hoping within the defect clusters.

To further explore the defect clusters in BTNA, the X-ray
photoelectron spectroscopy (XPS) data of the fresh fracture
was collected as shown in Fig. 5. The Ols spectrum in
Fig. 5(a) exhibits two well-developed peaks. The peak at
529.3 eV corresponds to the lattice oxygen while the peak
with the binding energy of 531.6 eV is associated with
oxygen vacancies'”’ >\, The peak at 531.6 ¢V is much high-
er than that of the pure BaTiO;, which means the abundant
oxygen vacancies in BTNA even though the sample has
been post-annealed in oxygen at 1473 K for 12 h*’),

It is well established that the donor doping (e.g. Nb>")
cannot induce oxygen vacancies while the acceptor doping
(e.g. AI’") requires oxygen vacancies in terms of charge
compensation as follows"*":

2BaTiO;+Al,0; — 2Bajy, +2Al; +505+V5  (3)
The position of Ti2p doublet with 2p;, and 2p,, binding
energy of 458.1 eV and 463.9 eV, respectively, is clearly
presented in Fig. 5(b), corresponding to that of pure
BaTiO;*"). In addition, noticeable Ti’* peaks at 456.8 eV
and 462.1 eV are also detected. The Ti*" signals result from

the reduction of Ti** by introduction of Nb>" as follows'
4BaTiO +2Nb,05 — 4Baj, +4Nby; + @)

1205 +0, T +4¢'

Tiy; +¢e' — Tif; 5)
The various defects such as Nby;, Alp;, Tip; and V{
co-exist in BTNA sample, interacting with each other to
maintain the charge balance. As a result, the oxygen vacan-
cies, Vg, holding two positive charges, can connect to the
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Fig. 5 Core level XPS (open circles) and corresponding fitting results (solids lines) of BTNA sample

nearest Alp; or Tip; forming the defect clusters like
ALV Tig; , Tin; Vo Tig; , Ald Vo Al . Meanwhile, the
Nby; with one positive charge can also connect to the nega-
tive charge defects, Al}; or Ti}; forming Nbl;Aly; and
Nby; Ti; clusters. Under these circumstances, the positive

charge lattice defects Nby; and V{ can all be correlated

to Al or Tip; . These defect clusters, for instance

A3V Tigy, TigjVoTig, ALjVoAly', NbyAly and
Nb7; Ti; can correlate or overlap together further, leading to

larger complex defect clusters’™ **. In these defect clusters,
the electrons are highly localized and limited to hop among
lattice sites within the zones of the defect clusters. Under
external electrical field, the pinned electrons in the defect
clusters orientate forming the electron-pinned defect dipoles
and giving rise to the high-frequency dielectric response ob-
served in BTNA ceramics.

3 Conclusions

Colossal permittivity has been observed in the Ba-
Tio.0s(NbgsAly )0.0005 ceramics with 23X 10°, tand~0.2
at room temperature, 1 kHz. Three relaxation processes
have been identified in the ceramics, which are electrode
interfacial polarization at low-frequency, barrier layer
capacitor effect at intermediate-frequency, and -elec-
tron-pinned defect-dipoles polarization at high-frequency.
The electron-pinned defect-dipoles polarization is firstly
reported in BaTiO; ceramics which may open up more
opportunities for us to design the colossal permittivity in
ABO; perovskites.
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