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Abstract: (In;;Nb;,)TiO; (IN-T) ceramics were prepared via the solid-state reaction
route. X-ray diffraction (XRD) and Raman spectroscopy were used for the structural
and compositional characterization of the synthesized compound. The results
indicated that the sintered ceramic have a single phase of rutile TiO,. Dielectric
spectroscopy (frequency range from 20 Hz to 1 MHz and temperature range from 10
K to 270 K) was performed on those ceramics. IN-T ceramics showed extremely high
permittivity up to ~10°, which can be referred to as colossal permittivity, with
relatively low dielectric loss of ~0.05. Most importantly, detailed impedance data
analyses of IN-T demonstrated that the electron-pinned defect-dipoles, interfacial and
polaron hopping polarizations contribute to the colossal permittivity at high
temperatures (270 K); however, only the complexes (pinned electron) and polaron
hopping polarization is active at low temperatures (below 180 K), which is consistent

with the UDR analysis.
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1. INTRODUCTION

High-performance dielectric materials have been attracting increasing attention
because of their applications in myriad types of miniaturized devices and in
high-energy-density storage applications.'> With the trend towards size reduction of
many microelectronic devices, high-dielectric-constant oxides have become essential
for modern microelectronic devices, such as dynamic random access memory
(DRAM) devices and on-chip capacitors.

Colossal permittivity (CP) materials, such as doped BaTiO; perovskites,’
CaCusTi401, (CCTO),“’5 doped NiO, LaZXSrXNiOA;,é’7 etc. have been fully accepted as
excellent materials for such purposes due to their prodigiously high, temperature
independent permittivity. In addition to the broad structural range of these materials,
extensive research has been carried out to investigate acceptor and donor dopants to
further enhance their dielectric properties.®’

Recently, to further enhance the dielectric permittivity, but with acceptable
dielectric loss and less frequency/temperature dependence, the introduction of
localized lattice defect states was proposed very recently in work published in Nat.
Mater.”® Hu et al. introduced co-dopants (Nb”*  electron-donors, In**
electron-acceptors) into rutile TiO,, which give rise to the electrons created by both
the electron and donors, and the reduction of Ti*" ions is affected by the
electron-acceptors in the local lattice defect clusters. Thus, the extraordinary CP (>104)

with low dielectric loss (<0.1) over a wide range of frequency (40 Hz-1 MHz) and

temperature (80-450 K) is attributed to the electron-pinned defect-dipoles in this
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co-doped TiO; material.
In addition, Gai et al. successfully fabricated IN-T films exhibited CP up to 10*
with low dielectric loss and good frequency stability (up to 10 MHz), which provided

a clear evidence for the results of Hu et al."

And Cheng et al. introduced co-dopants
(Nb™*, Bi*™) into rutile TiO,, also successfully achieved the CP (>10*) with low
dielectric loss (<0.1). Their work is a clear evidence, supporting the CP origin of the
electron-pinned defect-dipoles in co-doped TiO; sys‘[em.20 On the contrary, however,
it has been recently argued that the origin of CP is related with the extrinsic IBLC
effect rather than the electron-pinned defect-dipoles.”'** Li et al. reported that IN-T
ceramics present inhomogeneous electrical properties within the grain and grain
boundary, leading to IBLC effects and thus CP in the sintered ceramic.

Therefore, there are complex effects on the origin of novel CP performance for
co-doped TiO, system. In order to clarify those, it is essential to investigate the
dielectric properties of IN-T ceramics with broadband dielectric spectroscopy. In this
work, (In;2Nb;,)TiO, ceramics were prepared using the solid state reaction method,
and the dielectric properties were investigated. The results show that the co-doped
TiO, ceramics with a large dielectric constant up to a few thousand and low loss were
obtained at room temperature. Dielectric spectroscopy analysis was performed on
IN-T ceramics in order to better understand and investigate the polarization
mechanisms associated with colossal permittivity of IN-T ceramic. Here, we found

that in addition to the electron-pinned defect-dipoles polarization mechanism and a

well-known extrinsic Maxwell-Wagner (MW) polarization, a hopping polaron
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mechanism co-exists as an additional polarization mechanism contributes to the

colossal permittivity of IN-T ceramics.

Il. EXPERIMENTAL

A. Sintering and annealing

The ceramic samples were prepared by the solid-state reaction. Starting materials
(TiO,, InyO;, and NbO; 99.99%) were weighed according to the composition
(In;2Nb12)0.05Tip9s02. The weighed batches were mixed, calcined, and pressed into
disks. Finally, the samples were sintered at 1673 K for 10h in Air, and then some
samples were annealed at 1273 K for 2h in air.
B. Chemical composition, density, and microstructure

The density of the sintered ceramics was initially measured using the geometrical
method and then the Archimedes method for samples showing at least 93% of the
theoretical density (4.3 g/cm’). The ceramic powder morphology and the
microstructure of the sintered ceramics were investigated with a field electron gun
scanning electron microscope (FEI Nova Nano-SEM 450).
C. X-ray diffraction (XRD) and dielectric property measurements

X-ray diffraction performed on a Rigaku D/max 2250 diffractometer (Japan)
with Cu Ka radiation (40 kV and 50 mA). The XRD data for all the samples were
measured with a slow scanning speed is 0.01 degree/s. The crystalline phases were
also confirmed by using a T64000 Raman spectrometer (Horiba Jobin Yvon S.A.S.,

France) with an Ar laser (514.5 nm) operated at 50 mW. Prior to electrical

Page 4 of 31



Page 5 of 31

Physical Chemistry Chemical Physics

measurements, the sintered ceramic disks were coated with thin gold electrodes
(thickness ~30nm) by sputtering (Cressington Scientific Inc., Cressington 108 Auto).
The coated samples were placed in a closed cycle cryonic workstation
(CFM-9T-H3-IVTI-25 Cryogenic Ltd, London), and dielectric properties as a function
of temperature (10 K-270 K) were measured at the different frequencies (20 Hz-1
MHz) through an Agilent 4980a LCR meter. Precision impedance analyzer (Agilent
Ltd., Agilent 4980a) combined with cryonic workstation was used in order to perform
broadband dielectric spectroscopy analysis (20 Hz-1 MHz) in the temperature range
from 10 K to 270 K.
III. RESULTS AND DISCUSSION
A. Microstructure, density, and XRD

The sintered ceramics were dark blue in color due to the reducing sintering
atmosphere during high sintering temperature process, but after post-annealed at 1273
K for 2h, the samples post-annealed (In;»Nbip)o0sTio9s02 (PA-IN-T) were white
yellow in color due to the oxygen atmosphere.”' The SEM images in Figure 1 shows
the microstructures of freshly fractured surfaces of IN-T and PA-IN-T ceramics with a
respective average grain size of 86+6 nm and 12248 nm. Grain sizes were measured
by using the mean linear intercept method of ASTM E112 standard.” Due to the long
time-firing nature of solid state technique, some significant grain growth is observed
after sintering and some grain sizes of the sintered ceramics are emerging in the
abnormal size comparing to the nearby ones. Density measurement by Archimedes

method reveals that the both sintered ceramics have theoretical densities up to 93%
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(Table I).

The XRD patterns of the sintered ceramics (0.5% only Nb doped TiO, (donated
as N-T), 0.5% only In doped TiO; (donated as I-T) and 0.5% Nb and In codped TiO,
(donated as IN-T)) are shown in Figure 2. The XRD patterns are typical of tetragonal
rutile crystal structure (PDF 21-1276), and any secondary phase and polymorphs,
such as anatase and brookite phases, are not observed for all the samples. To calculate
the lattice parameters of IN-T ceramic, Rietveld refinement was performed on the
powder XRD data using the software Fullproof and the resulting fit reveals that the
IN-T sintered ceramic (Fig. 4(b)) crystallized in a pure rutile structure (PDF:21-1276).
Lattice parameters, and theoretical density for the sintered ceramics are summarized
in Table L.

Fig. 2(c) shows measured Raman spectra for I-T, N-T, IN-T and pure TiO,
samples. Four Raman active fundamental modes exist in rutile TiO,, which can be
assigned to By, (143 cm™), E, (447 cm™), Ay (612 cm™), and B, (826 cm™). Big and
Az modes are related with O-Ti-O bond bending and Ti-O stretch modes, while the
E, mode is due to out of phase oxygen atom liberation along the c-axis.”* As shown in
Fig. 2c, the Byg, Eg, and Aj, modes of pure TiO, and of doped TiO, ceramics are
consistent with the standard modes of pure rutile TiO,, and this result confirms the
rutile phase of the doped ceramics. Note that the peak around 250 cm™ is associated
with the second-order Raman scattering in rutile structure.>*® Based on the analysis
of XRD patterns and Raman spectra, we are convinced that the ceramics doped at

moderate levels have a pure rutile phase.
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a(b) (A) C(A) Grain Density
Samples
Size (nm) (%)
IN-T 4.5963 2.9622 86+6 93
AP-IN-T 4.5967 2.9625 12248 94

B. Dielectric properties and polarization mechanisms

Relative permittivity and dielectric loss of IN-T and PA-IN-T were measured as a
function of temperature (10 K-270 K) at different frequencies (20 Hz-1 MHz), and the
results are shown in Figure 3. Extremely high permittivity of up to 10 with low loss
(tand =~ 0.05) is observed at room temperature in both samples. The colossal
permittivity of the sintered ceramics decreases in a step-like shape as the temperature
decreases, and the relative permittivity becomes independent of temperature below 40
K. This behavior is also found in a well-known high permittivity material CCTO.*’
The decrease of relative permittivity is accompanied by the dielectric loss peak at the
given temperature, which indicates a temperature activated dielectric relaxation has
occurred: the dielectric loss peaks appear at lower temperatures as frequencies
decrease (Figure 3).

Generally, the Debye model can be used to describe the dielectric relaxation, and

the relaxation frequency can be represented by
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vV=v, exp[—f*‘T] (1)
B

where v,, kg, and E, represent the pre-exponential factor, the Boltzmann constant, and
the activation energy for relaxation, respectively.”® The imaginary part of the
dielectric response (g") is proportional to vt/ 1+(vt)%, and the maxima of &” occurs
when vt=1, where 7 is the dielectric relaxation time. Thus, the relaxation temperatures
at different frequencies can be extracted from the maximums of ¢” and E5 can be
calculated from the Arrhenius plot for Eq. (1).

As such, the ¢” maxima for IN-T and PA-IN-T are determined from Figure 3 and
the Arrhenius plots for the both samples are shown in Figure 4. The change in slope of
the fitted curves for IN-T samples clearly indicates that three different thermally
activated polarization mechanisms exist (Figure 4(a)). By contrast, it is hard to
distinguish a slope change at 90-270K for PA-IN-T sample (Figure 4(b)). The
activation energies of 0.0208 eV, 0.0195 eV and the jump frequencies of 1.07 x 107
Hz, 2.4 x 10" Hz are obtained for IN-T and PA-IN-T, respectively, in the DR1 region
(10 K-80 K), the activation energies of 0.1001 eV, 0.0988 eV and the jump
frequencies of 2.3 x 107 Hz, 2.88 x 10® Hz are obtained for IN-T and PA-IN-T,
respectively, in the DR2 region (90 K - 180 K), while 0.1536 eV and 1.07 x 10° Hz is
calculated in the DR3 region (190 K - 270 K) (Figure 4).

Generally speaking, we believe the doping with In*" demands a positive charge
to keep the charge balance, and there should be a negative charge for compensation
when the Nb>* occupies the position of Ti*". As a result, the oxygen vacancies and

electrons are generated in order to transfer the charge when In*" and Nb°* substitute
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for Ti*", according to eqn (2) and (3) shown below:

In,O, +2TiO, — 2In; + V, + 30, ()
Nb,O, +2TiO, — 2Ti/; + 2Nb,, +80, +%O2 (3)
Ti* +e > Ti" (4)

Ti*" captures these electrons according to the reaction in eqn (4). In this work,
the introduction of Nb>* is considered to be responsible for the reduction of Ti'',
which is prevented, however, when In*" substitutes for Ti*". The substitution of Nb>"
for Ti*" promotes the capture of an electron by Ti*" to form Ti’" in order to keep the
charge balance, but the substitution of In*" for Ti*" requires the introduction of a
positive charge to surround Ti*" in order to keep the charge balance. As a result, Ti*"
still maintains its valence,'” and this phenomenon can be described by eqn (5):

2TiY, +V, = TiO, 5)

It has been widely investigated that long time during high sintering temperature

atmosphere of solid state technique can cause high concentration of oxygen vacancies

and electrons in the sintered ceramics by eqn (6)"
1 :
O, —>502 +V, +2e (6)

Induced oxygen vacancies and electrons can be the localized charge carriers in
the grain or at the grain boundary under the applied ac electric field. The origin of
colossal permittivity of TiO, material system has been recently explained by the
interfacial polarization effect by oxygen vacancies in the vicinity of gain boundaries

and mobile electrons in the grains.ZI’22 However, it is also well known that the
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localized charge carriers can induce hopping dipoles in the material by polaron
hopping such that these can affect dielectric response of the material.***° Thus, the
second polarization mechanism of the colossal permittivity in IN-T could be
attributed to a polaron hopping process in the grains. If that is the case, then the large
change of activation energies in IN-T compared to AP-IN-T (Figure 4(a)) could be
attributed to the higher concentration of polarons due to non-post-annealing of IN-T
sample. Right now, we can assumed that the origin of colossal permittivity in IN-T
ceramics may due to the contribution of the complexes polarization associated with
Ing;, Nbyy, Tir, Vo', as well as Ing- Nbyy, Ingi-Vo -Ingj, Ingy-Vo -Tir;, Nby; -Tir;,
TiTi'—Vo"— TiTi', interfacial polarization at the interior insulating grain boundaries, and
hopping polarizations in grains by a large number of induced charge carriers. These
different contributions to the observed colossal permittivity are schematically
depicted in Figure 5.

To further investigate this hypothesis, the universal dielectric response (UDR)
model can be applied in order to link conductivity and dielectric response due to
localized charge carriers.”’ According to Jonscher’s power law, the relative
permittivity can be represented as a power law of «*' resulting from the
Kramers-Kronig transformation for a power law of the ac conductivity, "'
Therefore, conductivity (c') and relative permittivity (g') can be written as

o'(f)=o, +0,f° (7)
where o4 is dc conductivity, 6, and s represent the temperature dependent constants,

and g, and f denote the permittivity of free space and experimental frequency (f =
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®/2m), respectively. Equation (8) also can be written as

fo'= A(T)f* (8)
where A(T)= tan(sm/2)o.e, and s is the constant value between 0 and 1. Thus, a
straight line should appear in logjo(e:f) vs. logio(f) plot at the given temperature, and
the slope of the line indicates the value of s.

Figure 6 represents the loglo(s'rf) vs. logio(f) plot for IN-T at different
temperatures (10 K-270 K). A straight line does appear at high temperatures and low
frequencies. However, the straight line is deviated from the slope as frequency
increases due to relaxation, and consequently it decreases in a step-like shape and
forms another straight line at the high frequency region. As temperature decreases,
deviations from the slope are gradually occurred at lower frequencies as relaxation
frequencies shift to lower frequencies at lower temperature (Figure 6 ). The values of
s are found to be 0.98, 0.97 and 0.95 when obtained from the slopes at 270 K, 60 K
and 10 K, respectively. It should be noted that the value of s as closer to “1” indicates
polarization charges that are more strictly localized.**

In the standard polaron model, the value of s tends to increase and becomes
closer to “1” as temperature decreases since the hopping dipoles freeze at low
temperatures.’” Interestingly, however, it is shown here that for the IN-T ceramics, the
value of s decreases as temperature decreases, which means charge carriers for
polarization are less localized at low temperatures when compared to high
temperatures. This indicates that, while hopping polarization and interfacial

polarization associated with mobile electrons in the grains and oxygen vacancies at



Physical Chemistry Chemical Physics

the vicinity of the grain boundaries are becoming inactive at low temperatures due to
insufficient energy to overcome energy barrier for polarization, gathering of the
complexes polarization associated with Ingi, Nbry, Tin, Vo , as well as Ingi- Nby,
Ing;-Vo -Ingi, Inti-Vo -Tix, Nby -Tin, Tin-Vo - Tiy are still active as a polarization
mechanism. Thus, the higher value of s may be due to the fact that the electrons for
complexes polarization are pinned and hardly to move in the grains compared to
hopped electrons with oxygen vacancies for hopping polarization and interfacial
polarization associated with mobile electrons in the grains and oxygen vacancies at
the vicinity of the grain boundaries.

Figure 7 shows the permittivity and dielectric loss change of the IN-T sample as
a function of frequency (20 Hz-1 MHz) at different temperatures (10 K-270 K). At
high temperatures, three polarization mechanisms (the complexes, space charge and
polarons) are able to contribute to the colossal permittivity of IN-T and form the
upper plateau (Figure 7). As frequency increases, the permittivity decreases
significantly with a correlated dielectric loss peak (Figure 7). This is consistent with
dielectric relaxation as described by Debye theory,”” where relaxation frequencies are
also shifted to lower frequencies as temperature decreases.

To further depict this behavior, the relative permittivity and dielectric loss of
IN-T between 20 Hz and 1MHz are separately shown in Figure 8 for representative
temperatures across the range investigated. It is observed that an extremely high
permittivity of up to 2.4x10° and dielectric loss below 0.05 are achieved at 300K

between 1 KHz and 100 KHz. Here, the colossal permittivity is maintained (&' >103)
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up to 100 KHz, however, it drops significantly as frequency increases from 100 kHz
to IMHz, and correspondingly dielectric loss shows sharp increases to tand = 0.05
(Figure 8 (c)); this physically meaningless value is rather a clear indication of the
onset of conductivity at those higher frequencies.

By contrast, at low temperature, no colossal permittivity is observed and, for
example, at 10 K, the highest permittivity is ~105. Moreover, the decrease in relative
permittivity as the measuring frequency increases is markedly different when low and
high temperature responses are compared. At high temperature (Figure 8 (c)),
permittivity, it is clear that the drop in permittivity undergoes three relaxation
mechanisms with different characteristic frequencies, while at low temperature, only
one relaxation mechanism with very low characteristic frequency is active (Figure 8
(a)). This further confirms that the complexes, interfacial and polaron hopping
polarizations contribute to the colossal permittivity at high temperatures (270 K);
however, only the complexes (pinned electron) and polaron hopping polarization is
active at low temperatures (below 180 K), which is consistent with the UDR analysis.

Furthermore, to gain insight into the physical characteristics of the processes
driving these relaxations, it is important to recall that in the thermally activated
polaron hopping model, the maximum of the imaginary part of the relative
permittivity, €”, is related to the number of hopping polarons by

Ena = NI/ 3k, T ©)
where N and p represent the number of hopping polarons and the hopping dipole

moment, respectively. N is exponentially dependent on the temperature, which can be
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written as

N=N,exp(-E, /k,T) (10)
where N, is the pre-exponential factor and Ej, is the activation energy associated with
dielectric relaxation of hopping dipoles.”>”* Thus, substituting Eq. (10) into Eq. (9)

results in

N p’
Te" =—C—exp(-E, /k,T 11
max 3kBT p( A B ) ( )

The imaginary part of the relative permittivity for IN-T is plotted in Figure 9 as a
function of frequency (20 Hz-1 MHz) between 90 K and 170 K. The €"ax obtained
for each temperature was then plotted in the Arrhenius form (In(e"i.x T) vs. 1/T) to
calculate the activation energy for hopping polarization (Figure 10). It is clear that
two linear slopes appear with a transition temperature around 180 K. Accordingly,
activation energies of 0.0902 eV and 0.0198 eV are calculated from the fitted line for
high (130 K-160 K) and low temperature (80 K-120 K) regions, respectively. Not
surprisingly €"nax increases as temperature increases, which further confirms that
thermally activated polarization, associated with polaronic dipoles, is a contributing
polarization mechanism to the colossal permittivity of IN-T.

More importantly, comparison between the activation energy for the Middle
temperature (Ean) and low temperature (Eap) regions can reveal the activation energy
for the different polarization mechanisms (similar to the analysis of the data in Figure
4) as follows:

E.wm=Exsp +E: (12)

E,x (13)

AL:
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where Eap and Exp are the activation energies for the hopping polarization and the
electron-pinned defect-dipoles polarization in the colossal permittivity of BT,
respectively. From Figure 4(a), Eam and Eap, were calculated as 0.1100 eV and 0.0198
eV; using these values in Egs. (12) and (13), Eap of 0.0902eV and E,p, of 0.0198 eV
are obtained. These results are in good agreement with the calculated activation
energy (Eag=0.0195 eV) for high temperature region by using the thermally activated

polaronic model (Figure 10).

1V. CONCLUSION

In the current work, (In;2Nb;2)TiO, ceramics ceramics were synthesized by the
solid-state reaction route. Scanning electron microscopy revealed that sintered
ceramics have nanoscale grains. Dielectric measurements demonstrated that sintered
ceramics have colossal permittivity up to ~10° at room temperature and 1 kHz. This
colossal permittivity can be maintained up to 100 kHz at room temperature. Onset of
dielectric relaxation following Debye theory occurred as temperature decreased.
Activation energy changes for relaxation indicate that at least three different
relaxational polarization mechanisms may be contributing the colossal permittivity in
(In;oNb;2)TiO,. While hopping polarization and interfacial polarization associated
with mobile electrons in the grains and oxygen vacancies at the vicinity of the grain
boundaries are becoming inactive at low temperatures due to insufficient energy to
overcome energy barrier for polarization, gathering of the complexes polarization

associated with InTi', NbTie, TiTi', VOee, as well as InTi'- NbTie, InTi'-VOee-InTi',
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InTi'-VOee-TiTi', NbTie-TiTi', TiTi'-VOee- TiTi' are still active as a polarization
mechanism. According to UDR model, in addition to the gathering of the complexes
polarization, the interfacial polarization at insulating grain boundary, and polarization
due to polaron hopping was proposed as a co-existing polarization mechanism in the

colossal permittivity of (In;;Nb;,,)TiO, ceramics.
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Figure Captions

FIG. 1. SEM images for (a) IN-T and (b) AP-IN-T sintered ceramics.

FIG. 2. (a) Measured powder XRD data for sintered N-T, I-T and IN-T ceramics. (b)
Rietveld refinement results for the sintered IN-T ceramic. The sintered ceramic has
rutile crystal structure without any secondary phase. (c) Raman spectra for N-T, I-T
and IN-T ceramics compared with pure TiO,.

FIG. 3. Dielectric property of (a) IN-T and (b) AP-IN-T as a function of temperature
(10270 K).

FIG. 4. Activation energy of thermally activated relaxations for (a) IN-T and (b)
AP-IN-T.

FIG. 5. The gathering of the complexes polarization, Interfacial and hopping
polarization model for the colossal permittivity of IN-T ceramics.

FIG. 6. The 1og10(8'rf) vs. log;o(f) plot for IN-T at different temperatures (10 K-270
K).

FIG. 7. Dielectric properties of IN-T sample as a function of frequency (40 Hz-1 MHz)
at different temperatures (10 K-270 K).

FIG. 8. (a)(b)&(c) Frequency dependence of € of sample IN-T measured from 10 to
270 K with step 10 K. (d)&(e) The Arrhenius plots for the IN-T.

FIG. 9. The imaginary part of the relative permittivity changes for IN-T as a function
of frequencies (20 Hz-1 MHz) at 90 K-170 K.

FIG. 10. Activation energy for polaron hopping polarization at 90 K-170 K.
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(b)

FIG. 1. SEM images for (a) IN-T and (b) AP-IN-T sintered ceramics.
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