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Abstract

Effect of isovalent Zr dopant on the colossal permittivity (CP) properties was investigated in (Zr+Nb)
co-doped rutile TiO, ceramics, i.e., NboswZrxTi1xO2. Compared with those of single Nb-doped TiO»,
the CP properties of co-doped samples showed better frequency stability with lower dielectric losses.
Especially, a CP up to 6.4 x 10* and a relatively low dielectric loss (0.029) of x = 2% sample were
obtained at 1 kHz and room temperature. Moreover, both dielectric permittivity and loss were nearly
independent of direct current bias, and measuring temperature from room temperature to around 100
°C. Based on X-ray photoelectron spectroscopy, the formation of oxygen vacancies was suppressed
due to the incorporation of Zr ions. Furthermore, it induced the enhancement of the conduction
activation energy according to the impedance spectroscopy. The results will provide a new routine to
achieve a low dielectric loss in the CP materials.

Keywords: Colossal permittivity, Doped TiO,, Impedance spectroscopy, XPS

Correspondence

Xianhua Wei, State Key Laboratory Cultivation Base for Nonmetal Composites and Functional

Materials, Southwest University of Science and Technology, Mianyang 621010, P. R. China



Email: weixianhua@swust.edu.cn

Jianhua Hao, Department of Applied Physics, The Hong Kong Polytechnic University, Hung

Hom, Hong Kong, P. R. China

Email: jh.hao@polyu.edu.hk


mailto:weixianhua@swust.edu.cn
mailto:jh.hao@polyu.edu.hk

1. Introduction

Effects of doping elements on the dielectric properties of TiO, have received much attention
since a new colossal permittivity (CP) material (In+Nb) co-doped rutile TiO, was reported by Hu et
al.r Nb donor doping in this new CP material can raise the permittivity to values above 10* due to the
creation of delocalized electrons by reducing Ti** to Ti®*. Meanwhile, In acceptor doping has little or
no effect on the permittivity but results in lower dielectric losses because it provides a local oxygen-
deficient environment to hold back the delocalized electrons. Furthermore, it exhibits a largely
temperature- and frequency-independent CP as well as a low dielectric loss, which is superior to those
of other candidates for CP like ferroelectrics,? CaCusTisO12,%* doped NiO,® and LaissSrisNiO4.6 Up
to now, similar CP results have been reported in rutile TiO, ceramics by co-doping acceptor
ions(trivalent ions: Al, Ga, In, or rare earth ions; bivalent ions: Zn, or alkaline earth ions) and donor
elements (pentavalent ions: Nb or Ta).”? Most of those reports are convinced of the formation of
electron-pinned defect-dipole (EPDD), while other mechanisms have also been proposed including
interface effect arising from internal barrier layer capacitor (IBLC) effect,'?? electrode effect,'t
hopping conductivity,® surface barrier layer effect? and microscopic inhomogeneities and polaronic
relaxation.?® It seems a prerequisite to achieve CP and low dielectric loss via the simultaneous
incorporation of acceptor and donor substitutions into TiO,, although the mechanism is still
controversial.

According to Hume-Rothery rule, a substitutional solid solution can be formed when the ionic
radius of doped and host ions must differ less than 15%.%6 The pentavalent ions of Nb and Ta have a
very close size to that of Ti (rnp = rra =78 pm, rri = 74.5 pm). But the radii of most acceptor ions except

Mg, Al, and Ga are beyond the range. It could easily induce the presence of secondary phases,



especially in the case of rare earth ions doped TiO, with a very large mismatch.”814 Actually, an
isovalent substitution of Ti by Zr has also been found to be an effective way to tune the dielectric
properties of perovskite oxides including Curie temperature, permittivity and loss.?”2¢ Both Ti and Zr
belong to group IVB, while the ionic radius of Zr (rz- = 86 pm, the mismatch of rz/ rri ~ 15%) is
slightly larger than that of Ti. In addition, Zr possessing one more electron shell is beneficial to form
the stronger combination to effectively localize the electron, which would favor lowering the dielectric
loss. Moreover, Zr** is chemically more stable than Ti**. Therefore, the oxygen ions are expected to
be prevented from escaping the crystals. The conductivity caused by electron hopping between Ti**
and Ti®* could also be suppressed. Doping Zr into the CP CaCusTisO1, is reported to reduce the
dielectric loss.?® To date, the investigation on dielectric properties of co-doped TiO, with partially
occupied by Zr ion is still absent. In this work, (Zr+Nb) co-doped TiO; ceramics are synthesized by
solid-state sintering. Effects of doping content on microstructure, chemical composition, and dielectric
properties are investigated.
2. Experimental procedure

Ceramics with a composition of ZryNbogosTio.905.x02 (X = 0%, 0.5%, 2%, 5%) were prepared by
using conventional solid-state reactions of rutile TiO2 (99.99%), Nb,Os (99.99%) and ZrO- (99.99%).
The powders were weighted according to their stoichiometric composition and then fully grinded by
ball-milling with zirconia balls for 8 h in ethanol to get the fine powders (mostly < 1 um). The resultant
slurries were dried and then calcined at 1000 °C for 4 h in air. After calcination, the samples were
thoroughly reground and the dried powders incorporating a 5 wt% polyvinyl alcohol (PVA) binder
solution were pressed into pellets with a diameter of around 10 mm and a thickness of 1.5 mm by

uniaxial compression. These disk samples were fired at 650 °C for 6 h in air to remove the organic



PVA binder and then sintered at 1400 °C for 10 h in air, with a heating rate of 3 °C/min. The sintered
samples were furnace-cooled to room temperature to obtain dense ceramic samples. The relative
densities are 94.9%, 96.0%, 96.8%, and 98.5% for those ceramics with the doping constant of 0%,
0.5%, 2%, and 5%, according to the Archimedes’ method. Besides, the sintered ceramics were fully
polished and then pasted with silver on both sides. After that, the samples were annealed at 730 °C for
15 mins in air. X-ray diffraction (XRD) with Cu Ka (4 = 0.154 nm) radiation (DMAX1400, Rigaku)
was used to characterize the phase structures of the ceramics. Raman spectra had been recorded with
an InVia Renishaw microscope by using the 514 nm laser line. The surface morphologies, and
elemental mapping of the samples were performed by scanning electron microscopy (SEM)
(MAIAS3, Tescan). The valence states of elements in the ceramics were analyzed by X-ray
photoelectron spectroscopy (XPS) on the system of a Thermo SCIENTIFIC ESCALAB 250Xi. A
monochromatic aluminium Ka radiation source with energy of 1486.8 eV was used in the system. The
frequency dependence of dielectric properties was measured by an impedance analyzer (HP 4294A,
Agilent) over the range of 102 to 10° Hz. The temperature dependence of the dielectric properties was
measured by a LCR meter (Agilent E4980A, Agilent) which was equipped with a temperature-
controlled probe stage (Linkam TS1500E, Linkam Scientific Instruments Ltd).
3. Results and discussion

Fig. 1(a) shows the XRD patterns of the Zr«Nbo.oos Tio.005.xO2 samples sintered at 1400 °C for 10
h in air. All diffraction peaks of the ceramics were indexed as pure rutile phase according to (JCPDS
21-1276) at different doping contents of (Zr+Nb), without any intermediate phases as shown in Fig.
1(b). It is easily explained by the ZrO»-TiO, phase diagram that pure rutile phase can be formed for

the doping level under 5% ZrOy, at the sintering temperature of 1400 °C.3°3! Besides, Zr ion can be



readily to occupy the Ti** lattice site because it has a relatively closer ionic size to Ti than the reported
Er, Bi and In ions. Furthermore, a small shifting to low diffraction angle appears with the increasing
doping content. It is ascribed to the occupation of Zr** and Nb®* at the Ti** sites, leading to a larger
cell volume due to lattice expansion.

Fig. 2 presents the Raman results of ZryNbo gosTio.995xO2 ceramics (x = 0%, 0.5%, 2%, 5%),
measured in the range of 100~1000 cm*. The Big, Eg, A1g, and B2y modes are the four Raman active
fundamental modes of rutile TiO-, locating at 143, 445, 613, and 826 cm%, respecetively.” The Bag, Eq
and Aig modes are observed in all samples, which indicates the formation of the rutile phase.
Meanwhile, the existence of the 239 cm™ peak is ascribed to second-order effect (SOE) which results
in such a multi-phonon peak. %2 It is generally accepted that the peak is associated with the internal
strain and partial reduction of the TiO; grains induced by impurity doping into the host lattice.
Moreover, there is no extra Raman information in Fig. 2. It suggests the formation of pure rutile TiO;
for the co-doped samples, which is compatible with the analysis of XRD patterns. The Raman peaks
exhibit red shift, asymmetric low-frequency broadening, and decrease in Raman intensity with the
increasing doping level. For example, the Eq Raman peak shifts from 447 cm™ to 440.6 cm™ and the
peak intensity reduces by half when the doping content is increased to 5%. Raman shift could be
sensitive to the effect of oxygen vacancies or grain size.'?? The Raman peaks of (Mgu3Nbz2/3)xTi1O2
ceramics also exhibited the red shift, asymmetric low-frequency broadening, and decrease in the peak
height-to-half-width ratio as x increased. The change might be induced by decreasing crystallite size
not by oxygen content because the oxygen content should be the same theoretically. Therefore, we
think that the possible main cause for this observation is the reduction of grain size.

As shown in Fig. 3, we investigated the evolution of the surface morphologies of the co-doped



ceramics by SEM technique. All of the characterized ceramics are clearly observed to possess a dense
microstructure. A bi-modal size distribution can be found with larger coarse grains surrounded by
smaller fine grains in all samples. The size of larger grains shows a gradual decrease from about 13
um to 8 um with the increasing doping concentrations from 0.5% to 2% but that of smaller ones
remains stable at about 5 um for the co-doped samples. Remarkably, grain size is almost unchanged
when the doping level exceeded 2%. The grain size decreased with the increase of Zr doping level,
which may be related to the liquid phase sintering mechanism. Normally, the grain growth of a
polycrystalline ceramics is caused by mass transport across the grain boundary by diffusion of ions or
atoms.® It would result in the movement of the grain boundary. On the heating process, if the liquid
phase in the ceramic microstructure was formed, it can enhance the diffusion rate of ions. ® This leads
to a large enhancement of the grain boundary mobility. ° However, the Zr dopant in our work might
inhibit the formation of liquid phase and then drag the grain boundary mobility, resulting in the
decrease of grain size. It is similar to the results in (Yb+Nb) co-doped TiO2,*® Zr doped SrTiOs?” and
(Ga+Ta) co-doped TiO,.3* To clarify the elemental composition and distributions of the (Zr+Nb) co-
doped TiO., partial element mapping was carried out as presented in Fig. 4. This result indicates that
the elements Nb, Zr, Ti, and O are homogeneously distributed across the grains and grain boundaries
and there is no second phase in the co-doped TiO> ceramics.

Dielectric properties at room temperature of ZryNbo o5 Tio.995-xO2 ceramics are given as a function
of measuring frequencies in Fig. 5. There is almost no influence on the permittivity by doping only
with Zr in the host TiO», which is similar to the reported doping only with acceptor elements (In, Er
and Mg) in TiO..11418 By contrast, doping with Nb only significantly increases the permittivity up to

about 3 x 10* by two orders. Unfortunately, the tan J is mostly over 0.1 in the measuring frequency



range. For the co-doped samples, it is found that the dielectric loss can be reduced greatly while the
CP can be maintained. For example, a relatively low dielectric loss (mostly < 0.1) at room temperature
was obtained for the doping level of x = 2% and x = 5% from 102 Hz ~ 108 Hz, as shown in Fig. 3(a).
Especially, the CP of 4 x 10* as well as the lowest dielectric loss (0.018) is found at 7 kHz for the x =
2% sample. The loss of the 2% doped sample is lower than 0.05 from 300 Hz to 10° Hz. Therefore, Zr
co-doping not only reduces the dielectric loss, but also effectively improves the frequency stability for
the CP properties of single Nb doped TiO which exhibits a high strong frequency dependence of the
dielectric loss.®® In addition, the temperature dependence of the dielectric properties of the doped
sample (x = 5%) was recorded at 1 kHz, 5 kHz and 100 kHz in the temperature range from room
temperature to 490 °C, as shown in Fig. 6. An enlargement of the temperature zone 0 < T < 200 °C
about the dielectric properties is depicted in the inset of Fig. 6. It can be seen that the high permittivity
and low loss are kept stable from room temperature to around 100 °C. But both of them gradually
increase when the measured temperature exceeds 100 °C.

In order to explain the CP properties of (Zr+Nb) co-doped TiO, ceramics and explore their
underlying mechanism, we also carry out the XPS analysis. Fig. 7 compares the XPS results of 0.5%
and 5% doped samples. The Nb 3d profiles for the sample of x = 0.5% and 10% are shown in Fig. 7(a).
The two peaks of 206.9 eV and 209.6 eV are observed for Nb 3ds;» and Nb 3ds/2, respectively. The
spacing of 2.7 eV is caused by the spin-orbit splitting, which is consistent with that of reported co-
doped TiO,.1418:36 Besides, no extra Nd 3d information from other valence states with low binding
energy is found. It reveals only one Nb 3d chemical environment with the oxidation state of +5 in the
ceramic.®” Fig. 7(b) shows the XPS of Zr elements in (Zr+Nb) co-doped TiO ceramics. The binding

energies of Zr 3d electrons are 181.8 eV and 184.2 eV, respectively, for 3ds> and 3ds2, implying an



oxidation state of +4 for Zr. In other words, the valance states of Nb and Zr ions are stable regardless
of doping concentration. In addition, the binding energies of the Ti 2p with 2ps» and 2p1/, are 458.4
eV and 464.2 eV, respectively. Ti** signals are also detected with a low concentration. The partial
reduction of Ti** to Ti®* can be explained by the introduction of Nb% as:
Nb,O, + 2TiO, —% 5 2Nb3, + 2Ti}, + 80,+ 1/20, and Ti*+e — Ti* . The percentages of Ti** at
the doping level of x = 0.5% and 5% have almost no obvious change. The O 1s peaks showed in Fig.
7(d) can be fitted by three components: bulk Ti—O, oxygen vacancies, and adsorbed surface H,O. The
binding energies of them correspond to 529.8 eV, 530.9 (531.2) eV, 531.7 (532.7) eV, respectively.
Interestingly, the concentration of oxygen vacancies decreases evidently as x is increased from 0.5%
to 5%, which could be explained as: Zr0, +2Vs — % Zr,,+20, .38 The limited Ti®* and partial oxygen
vacancies could form the complex defect dipoles. Therefore, the improved dielectric performance
could be attributed to the complex defect dipoles and a small amount of oxygen vacancies.

The technique of complex impedance spectra (Cole-Cole plot) is used for distinguishing the
intrinsic (bulk) properties from the extrinsic contributions such as grain boundaries, surface layers,
and electrode contacts.®® As shown in Fig. 8(a), it presents the high temperature complex impedance
(130 °C ~ 230 °C) for x = 5% sample which can be well fitted by a RC model. According to the RC
model, it consists of a bulk resistance and capacitance. The semicircle indicates the dominance of grain
effect on the grain boundary.*® At the same time, the temperature-dependent grain conductivity (og)
can generally be described as In og ~ T-S, with S = 1 for Arrhenius type nearest neighbour hopping, as
shown in Fig. 8(b). The conductive activation energy of the 0.5% doped sample calculated from the
impedance spectra is 0.668 eV. A higher conductive activation energy of 0.873 eV is found for the 5%

doped sample. Similarly, the temperature-variation of conductivity of the (Al+Nb) or (Ga+Ta) co-



doped TiO; also obeys the Arrhenius law.2%34 It is different from the Mott-VRH behavior in the case
of only Nb-doped TiO2.! Both of them thought that the CP mechanism could be attributed to the IBLC
effect which can be excluded because of the direct current (DC) bias stress-independent capacitance
in this work. Therefore, we can speculate that it might be contributed from the existence of the giant
defect dipoles associated with oxygen vacancies in the bulk based on our XPS results.?” With the
increase in oxygen vacancies concentration, the correlation among the oxygen vacancies strengthens,
and thus the movement of oxygen vacancies becomes easier and the activation energy decreases.*!
Otherwise, the activation energy will increases with the decrease of oxygen vacancies concentration.
In our work, the oxygen vacancies concentration decreased with the increase of Zr doping level from
2% to 5%. It means that the Zr doping can promote the conductive activation energy of the ceramics
by inhibiting the formation of the oxygen vacancies, and thus lower dielectric loss of Nb-doped TiO».

Moreover, we measured the dielectric properties under an applied DC bias to explore the
possibility of the IBLC effect, as shown in Fig. 9. The permittivity remains nearly unchanged under
DC biases and after withdrawal of the DC bias in the measuring frequencies range. It is similar to
those systems following the EPDD mechanism.'” Conversely, the dielectric properties would be
dependent on applied DC bias in (Sc+Nb), (Ga+Ta) co-doped systems based on IBLC effect.344? In
such interfacial polarization dominated systems, numerous space charges are accumulated at
interfacial region, resulting in significant increase of permittivity and dielectric loss when a small DC
bias is applied. 224344 Therefore, we can speculate that the IBLC effect is not the main reason for the
high permittivity and the low loss in Zr+Nb co-doped TiO ceramics. According to EPDD model, local
defect clusters were proposed to explain the observed excellent dielectric behavior in In+Nb co-doped

TiO, ceramics.® The acceptor In®* ions induce the formation of oxygen vacancies for charge
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compensation. Oxygen vacancies would be also formed at high temperature sintering in this work,
which can be confirmed by XPS analysis. But the oxygen vacancies concentration can be suppressed
by the doping of Zr ions into Ti sites. ¢ Moreover, the electron produced by Nb doping would be also
localized in the defect clusters related to the oxygen vacancies, like { Ti* ee-V5" —Ti* ee }.27
Therefore, it is considered that the Zr doping could improve the dielectric properties of co-doped TiO>
ceramics according to the defect clusters associated with oxygen vacancies.
4. Conclusions

In this work, the contributions of isovalent Zr doping on the CP properties of (Zr+Nb) co-doped
rutile TiO; are investigated. With the increase of Zr doping content, the grain size decreases and then
remains almost unchanged when the Zr doping content is increased up to 2%. Dielectric loss gradually
decreases with increasing Zr doping concentration. An acceptable frequency- and temperature-
independence is showed in the co-doped CP ceramics. Especially, a low dielectric loss is 0.029 and a
high & is 6.4 x 10, for x = 2% sample measured at room temperature and 1 kHz. Based on the analysis
of XPS and the impedance spectra, the improving dielectric properties can be ascribed to the existence
of defect dipoles related to oxygen vacancies. The results will provide a new routine to achieve a low
dielectric loss in the CP materials through incorporating into a stable isovalent ion.
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Figure captions

FIG. 1. (a) XRD patterns of ZrxNbo.oos Tio.995-xO2, 0.5% only Zr-doped TiO-, and pure TiO; ceramics,

(b) An enlargement 26 zone comparing the intermediate phases and rutile phase.

FIG. 2. Raman spectra of ZryNbo o5 Tio.995-x0O2, 0.5% only Zr-doped TiO2, and pure TiO, ceramics.

FIG. 3. Surface morphologies of ZryNbo.oosTio.995xO2 ceramics with doping contents of x = 0% (a),

0.5% (b), 2% (c) and 5% (d).

FIG. 4. Elements mapping of x = 2% doped ceramics: (a) O, (b) Zr, (c) Nb, and (d) Ti.

FIG. 5. Frequency-dependence (room temperature) of dielectric properties for ZryNbo.oos Tio.995xO2,

0.5% only Zr-doped TiO3, and pure TiO2 ceramics.

FIG. 6. Temperature-dependence of dielectric properties measured at different frequencies for doping
concentration of x = 5% doped sample, an enlargement of the temperature zone 0<T< 200 °C about

the dielectric properties shown in the inset.

FIG. 7. Valence states of the elements in x = 0.5% and x = 5% doped TiO2: (a) Nb 3d, (b) Zr 3d, (c) Ti

2p, and (d) O 1s.

FIG. 8. (a) Complex impedance plots [Z’(®)-Z” (®)] (open dots) of x = 5% doped TiO, measured from
130 °C to 230 °C, and corresponding fitting results (solid lines) using a Cole—Cole model, (b) Grain

conductivities for x = 0.5% and x = 5% doped TiO, versus temperature, fitted (solid lines) by Arrhenius.

FIG. 9. Frequency-dependent dielectric properties 0.5% (Zr+Nb) co-doped rutile TiO, measured under

different DC bias voltage (0.5 V, 5V and 10 V) and after withdrawal of the DC bias.
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Fig. 5
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Fig. 6
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Fig. 8
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Fig. 9
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