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Dielectric properties of high-purity (4N degree) rutile TiO,
ceramics were investigated over a wide temperature
(100-1073 K) and frequency (20 Hz-10 MHz) ranges. X-ray
photoemission spectroscopy measurement revealed the sample
possesses mixed-valent states of Ti**/Ti**. Four thermally
activated relaxations were observed. The lowest temperature
relaxation (R1) features two Arrhenius segments with activa-
tion energy of 30 and 80 meV for the low- and high-tempera-
ture segments, respectively. This relaxation was argued to be a
polaron relaxation due to electrons hopping between Ti** and
Ti** ions. The second relaxation (R2) appears around room
temperature showing activation energy of 0.68 eV is believed
to be a Maxwell-Wagner relaxation. The high-temperature
relaxations R3 and R4 with activation energy of 0.84 and
1.26 eV were ascribed to the conduction process due to the
hopping motions of singly and doubly charged oxygen vacan-
cies, respectively.

I. Introduction

T 10, is a versatile material that has a large variety of
applications ranging from pigments, gas sensors, varis-
tors, and capacitors.”™ As a photoactive semiconductor, this
material has gained increasing interest in recent years because
of its outstanding properties and promising applications in
environment protection and renewable energy production.’
The chemical process of photocatalysis contains the excita-
tion process and the transport process of ¢ /h™ in semicon-
ductors. In the excitation process, TiO, adsorb photons leads
to the creation of electrons and holes. In the transport pro-
cess, the charge carriers may be localized by their sur-
rounding matrix leading to polarons that can induce
various energy levels in the band gap. Dynamic informa-
tion of the localized charge carriers in TiO, will be helpful
for understanding and even engineering these energy levels.
It is well-known that dielectric technique is one of the
most convenient and effective tools to detect the charged-
point defect-induced energy levels in semiconducting mate-
rials without any damage to the tested sample. Therefore,
a thorough understanding of the dielectric properties of
TiO, is of critical importance in the applications of TiO,-
based materials.

As an important dielectric material, TiO, is a constituent
raw material in many dielectric resonator compositions, and
its microwave dielectric properties were systematically inves-
tigated in the past years.”® Meanwhile, the rutile-structured
TiO, is a well-known archetypal incipient ferroelectric.'® Tt
is the basic constituent of the ferroelectric titanates. Great
efforts have been devoted to understand the low-frequency
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dielectric properties of TiO,. Earlier studies have concluded
that the static dielectric constant of TiO, is large and aniso-
tropic depending on the history of the sample and the exper-
imental conditions.!'™'® Strong correlation between the
dielectric properties and the conduction'*!> and dc bias'®
indicating that the presence of polaron transport relaxation
mechanism,'” which is the typical dielectric behavior contrib-
uted from grain interiors. Recently, up to two dielectric
relaxations in TiO, were reported in the temperature range
below 550°C. The relaxations are sensitive to grain size'®!”
and oxygen partial pressure in the case of thin films.?® These
findings indicate that grain boundaries play an important
role in determining the dielectric properties of TiO,. Very
recently, Nb and In co-doped TiO, was found to show giant
temperature- and frequency-independent dielectric constant
(>10% with very low dielectric loss (mostly <0.05) over a
broad temperature from 80 to 450 K.?' This dielectric
behavior is superior to CaCusTisO;,, an representative for
the so-called colossal dielectric constant materials,”> and
opens up new approach for superior dielectrics based on
simple oxides.

The above results indicate that the dielectric properties of
TiO, are far from well understood. We, herein, present
detailed investigation on the dielectric properties of TiO,
(rutile) over a wide temperature from 100 to 1100 K. Four
relaxations were observed in this temperature range. The
mechanisms of theses relaxation were discussed.

1I.

The ceramic samples were prepared by using high-purity
(99.99%) powders of TiO,. The powders were thoroughly
ground using a mortar and pressed into pellets with 12 mm
in diameter and 1-2 mm thickness. Finally the pellets were
sintered at 1200°C for 12 h followed by furnace cooling,
which we called normal cooling process. The morphology
and microstructure of the sintered samples were character-
ized by a field-emission scanning electron microscopy
(SEM, Model S-4800, Hitachi Co., Tokyo, Japan). The
temperature-dependent dielectric properties were obtained
using a Wayne Kerr 6500B precise impedance analyzer
(Wayne Kerr Electronic Instrument Co., Shenzhen, China)
with the sample mounted in a holder placed inside a PST-
2000HL. dielectric measuring system (Pusite Instrument Co.,
Wuhan, China). The temperature variations were automati-
cally controlled using a Stanford temperature controller
with a heating rate of 2°C/min. The amplitude of ac mea-
suring signal was 100 mV. Electrodes were made by print-
ing silver paste on both sides of the samples except when
explicitly noted that platinum paste was used for compari-
son. X-ray photoemission spectroscopy (XPS) experiments
were carried out on a Thermo ESCALAB 250 (Thermo-VG
Scientific, Waltham, MA) with Al K, radiation (hv
=1486.6 eV). Annealing treatments were performed in flow-
ing (200 ml/min) O, and N, (both with purity > 99.999%)
with a tube furnace (OTF-1200X-S-UL, MTI Co. Hefei,
China).

Experimental Details
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Fig. 1. Temperature dependence of & (upper panel) and tand
(lower panel) of TiO, ceramic at various frequencies from 300 Hz to
1 MHz. The inset shows the temperature dependence of tand
recorded at 300 Hz, from which four relaxations can be identified.

III. Results and Discussion

(1) Opverall Dielectric Properties

Figure 1 shows the results of the variation in dielectric con-
stant (¢/) and dielectric loss tangent (tand = ¢”/¢’, where ¢’
is the imaginary part of the complex permittivity) with tem-
perature (7) for an as-sintered TiO, pellet. It is seen that
the curves of & (7) measured at frequencies lower than
10 kHz show considerably large values surpassing 10° over
a wide temperature range. These values are much larger
than the static dielectric constant of 173 in the ¢ direction
and 89 Perpendicular to ¢ direction reported in TiO, single
crystal.'® This finding indicates that the colossal dielectric
constant of TiO, ceramic results from the extrinsic dielectric
responses, most likely from the interfacial polarization, as
clued by the fact that the curves of € (7) measured at fre-
quencies higher than 100 kHz show notable low values. A
careful examination reveals that the colossal dielectric
behavior of TiO, is composed of several weak stepwise
increases in € (7). Meanwhile, several sets of relaxation
peaks can be observed in the curves of tand(7). The peak
positions shift to high temperature with increasing measur-
ing frequency indicative of thermally activated relaxations.
For clarity, the tand(7) curve recorded at 300 Hz was rep-
lotted in the inset, from which four relaxation peaks in the
measured temperature window can be identified. For brev-
ity, they are denoted as R1-R4 in the order of ascending
temperature.

(2) The Low-Temperature Dielectric Relaxation (R1)
Activation energy analysis is favorable for better understand-
ing the relaxation mechanism. In doing so, we performed
detailed dielectric measurements in the frequency domain.
Figure 2 displays the spectroscopic plot of tand at a series of
temperatures from 113 to 325 K. A thermally activated peak
for all curves can be well identified. The peak position, E,,
as a function of the reciprocal of temperature shown in the
inset of the figure behaves as two linear segments, each can
be described by the Arrhenius law:
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Fig. 2. Frequency dependence of tand for the lowest temperature
relaxation (R1) measured at different temperatures. The inset shows
the Arrhenius plot of the relaxation.
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Fig. 3. Frequency dependence of tand for R1 under different dc
biases. The measurements were performed at 325 K. The inset shows
the XPS spectrum of Ti 2ps,, for as-prepared TiO, sample.

Jo = Joexp(—Ea/kgT) (M

where fo is the preexponential factor, E, is the activation
energy, and kgis the Boltzmann’s constant. The relaxation
parameters of E, and f; for the high- and low-T segments of
the as-prepared sample calculated based on Eq. (1) were
found to be 86 meV, 1.68 x 10’ Hz, and 30 meV,
3.48 x 107 Hz, respectively. These low values of activation
energy indicate the relaxation R1 is a polaron relaxation due
to hopping motions of trapped electrons and/or holes.>>>*
This kind of relaxation usually shows small activation energy
ranging from several to decades meV with a typical value of
80 meV.>*2° The deviation from a simple Arrhenius law
leading to two Arrhenius segments is a common feature of
the polaron relaxation due to hopping motions of localized
carriers.”’ Recent work from both experimental and theoreti-
cal sides also add validity to the polaron scenario.”®%

To further convince the polaron nature of RI1, spectro-
scopic plots of tand at fixed temperatures were measured
under different dc biases. Since the hopping motions of local-
ized carriers yield bulk dielectric response, R1 is expected to
be independent of dc bias. A representative result recorded
at 325 K was displayed in Fig. 3. It is clearly seen that the
dc bias voltage has no influence on the spectroscopic plot of
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tand, confirming the bulk nature of R1. A remaining ques-
tion is what is the relaxing species of R1? In most oxides,
oxygen vacancies are common defects, which serve as donors
that create conductive electrons through ionization. The elec-
trons can be captured by polyvalent ions and hop between
different valent states giving rise to dipolar effect.’® In the
present sample, the existence of oxygen vacancies leads to
partial Ti** jons change to Ti*". Electron transport is ful-
filled by hopping between the two valent states via.

Ti*" + e — T @

Therefore, the Ti ions in the sample are expected to show
mixed-valent states. This inference is confirmed by XPS mea-
surement. The inset of Fig. 3 illustrates the XPS spectrum of
Ti2p;), region for the as-sintered sample. The detailed analy-
sis of the data was performed using the Shirley background
subtraction. The 2p;, peak can be split into two peaks by
Gaussian—Lorentzian curve fitting, which demonstrates the
coexistence of Ti** and Ti®" in the sample. Thus, we can
safely conclude that the relaxation R1 is a polaron relaxation
caused by electron hopping between Ti** and Ti* " ions.

(3) The High-Temperature Dielectric Relaxations

(R2-R4)

In order to extract the peak positions of relaxations 24
accurately, we fit the experimental data of loss tangent in the
temperature range high than 310 K by using nonlinear fitting
method?®! containing of three Debye peaks superimposed on
an exponential increasing background in a form of p + ¢ exp
(—r/T), with p, ¢, and r adjustable parameters. As an illustra-
tion, Fig. 4 presents the resulting Gaussian peaks and back-
ground for the experimental data measured at 500 Hz. An
excellent agreement between the experimental data and the
fitting curve was obtained. Based on the fitting results, the
peak positions can be deduced. Figure 5 displays the Arrhe-
nius plots of relaxations R2-R4 by plotting the measuring
frequency, f, versus the reciprocal of the peak temperature,
T,. The values of E, and f; for R2-R4 were calculated to be
0.68, 0.84, 1.26 eV and 7.67 x 10°, 1.82 x 10'°, 4.95 x 10"
Hz, respectively.

To decipher the nature of R2-R4, a more sophisticated
analysis on the complex plots of different dielectric functions
may give valuable information. Figure 6(a) shows the com-
plex plot of the dielectric permittivity, that is, the so-called
Cole—Cole plot for TiO, recorded at different temperatures.
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Fig. 4. Comparison between the experimental data of tand (open
circles) obtained at 500 Hz and the fitting result (solid curve). The
dashed curves are the resultant fitting peaks and background.
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One notes that the plot behaves as a depressed semicircle at
low temperatures. This semicircle presents the low-tempera-
ture relaxation of R1, and indicates that R1 deviates from
the ideal Debye-type relaxation. It is noticeable that for the
curves measured at 283 and 293 K, the semicircle was con-
nected with a semicircular arc in the low-frequency range.
For the curve measured at 393 K, the arc was found to be
followed by a linear tail. When the measuring temperature
rises higher than 443 K, the arc disappears completely and
the Cole—Cole plot in the low-frequency range is dominated
solely by the linear tail. The semicircular arc indicates that
another relaxation appears around room temperature. Since
R1 is followed by R2, the newly appeared relaxation can be
identified to be R2. The above results indicate that there are
two relaxations at work in the temperature range around
room temperature. We, therefore, use the modified Debye
equation to fit the experimental data. The modified Debye
equation takes the form

& = £ + (80 — £a0)/[1 + (i07)' 7] 3)

where g and &, are the electric permittivity of free space
and high-frequency limit dielectric constant, respectively, i is
the imaginary unit, t is the mean relaxation time, and o is an
empirical constant with the value between 0 and 1. The case
o = 0 corresponds to the ideal Debye model that has a single
relaxation time. In Fig. 6(b), we show as an example the fit
to the experimental data obtained at 393 K by using two
modified Debye peaks. Apart from the linear tail, which was
not included in the fitting, the fitting result is perfect. The
value of o was found to be 0.27 and 0.31 for R1 and R2,
respectively. The activation energy of R2 (0.68 eV) and its
temperature range are comparable with the space-charge
polarization reported in Ref. [20]. Thus, R2 can be ascribed
to be a Maxwell-Wagner relaxation, which will be further
discussed later.

Figure 6(c) presents a zoomed-in view of the linear tail,
from which the linear behavior can be clearly seen. This
behavior is a typical feature of conduction process. As afore-
mentioned, apart from the bulk conduction, the hopping
motion of confined carriers in semiconductors can also create
dipolar effect. This dielectric contribution can be generally
described by the form of a power law:>>

4)

where o( = 2nf) is the angular frequency, A and s (with the
value between 0 and 1) are the temperature-dependent con-
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Fig. 5. Arrhenius plots of R2-R4.
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(a) Cole—Cole plot for TiO, measured at different temperatures. (b) The Cole—Cole plot measured at 393 K was fitted by using two

modified Debye peaks. (¢) An enlarged view of the low-frequency linear tail. (d) An enlarged view for Cole-Cole plots at the highest
temperatures, which clearly shows two linear regions. The straight lines are guides to the eyes.

stants. Equation (4) yields a straight line with the slope of
tan[(s — 1)n/2] in the Cole—Cole plot. This is actually the
behavior of “universal dielectric response”.* In the case of
s =0, Equation (4) shows the usual reciprocal frequency
behavior and the tail line becomes a vertical straight line
(slope — ), the system is known as the nondispersive
transport of free charge carriers. From Fig. 6(a), we note
that the slope of the linear tail trends to infinity with
increasing temperature. This fact implies that the carriers
trend to be free ones at high temperatures. In this process,
the carrier becomes more and more active. In other words,
the inertial mass (or the eigenfrequency) of the carrier
becomes sufficiently small (large). Therefore, a relaxation
process can be observed at the temperature where the eigen-
frequency of the carrier equals to the frequency of the
applied field. Since the activation energy values for R3
(0.84 ¢V) and R4 (1.26 e¢V) are close to value of 1.0 eV for
oxygen vacancies, both relaxations are expected to be
related to the native defects. Dittrich and associates
reported an activation energy value of 0.85 eV for the con-
duction due to oxygen vacancies in both rutile and anatase
TiO,”° in the same temperature range of 573-673 K.
Because the conduction and dipolar effect are created by
the same process of oxygen-vacancy hopping motion, both
aspects should have close activation energy values. There-
fore, R3 can be argued to be related to the hopping motion
of oxygen vacancies.

Figure 6(d) clearly shows that, when the measuring tem-
perature was elevated higher than 843 K, the data points
at the lowest frequencies deviate from the linear relation
leading to two linear segments. This finding implies that
new conductive species come into active at higher tempera-
tures. It is well-known that the electrons created by oxygen
vacancies act as dominant charge carriers at lower tempera-
tures (usually below room temperature), while at higher
temperatures (mostly higher than room temperature), oxy-
gen vacancies themselves can be conductive carriers. The
vacancies can make contribution to conduction in the
forms of singly and doubly positively charged states in the
low- and high-temperature ranges, respectively. The transi-
tion temperature where oxygen vacancies change from sin-
gly charged state to doubly charged state was reported to
be around 800 K in SrTiO;.>* As a basic constituent of
SrTiOs, it is naturally expected that the transition tempera-

ture for TiO, is also around 800 K. Therefore, the devia-
tion from the linear relation in Fig. 6(d) indicates that the
doubly charged oxygen vacancies are at works in the high-
temperature range. It, therefore, follows that R3 and R4
result from the singly and doubly charged oxygen vacan-
cies, respectively.

(4) Grain Size-Dependent Dielectric Properties

The results in Section III (3) indicate that the high-tempera-
ture dielectric relaxations of TiO, are related to oxygen
vacancies. It is expected that annealing in oxidative or
reduced atmospheres might change the concentration of oxy-
gen vacancies and in turn tune the oxygen-vacancy-related
dielectric relaxations. To identify this inference, we per-
formed dielectric measurements on a same TiO; pellet before
and after being annealed first in N, and then in O,. The
treatments were conducted at 800°C for 2 h followed by the
normal cooling process. After each annealing treatment,
dielectric properties were measured as a function of tempera-
ture. Figure 7(a) compares the temperature dependence of
the dielectric loss tangent recorded at 300 Hz in the as-pre-
pared, N»-annealed, and Oj-annealed cases. Contrary to the
expectation, the annealing treatments in either N, or O,
atmosphere were found to have no evident influence on the
dielectric properties. This result implies that the concentra-
tion of oxygen vacancies can be hardly changed by the
annealing treatment with the normal cooling process. Chang-
ing the cooling rate might play a role in tuning the oxygen
loss. Figure 7(b) compares the results of another TiO, pellet
subjected to three consecutive annealing treatments: anneal-
ing in O, at 1000°C for 2 h followed by normal cooling
down process, a cooling rate of 0.5°C/min, and air-quenched
to room temperature. One notes that the cooling rate shows
ignorable influence on the dielectric behavior.

The above results can be well explained based on the fact
that, being an archetype of varistor ceramics, the grain
boundaries play an important role in determining the dielec-
tric properties of TiO».*® This is demonstrated by the fact
that the colossal dielectric constant of TiO, ceramics results
mainly from the extrinsic dielectric response of R2, which is
confirmed to be a Maxwell-Wagner relaxation. It is well-
known that there are two main interfaces, that is, the grain
boundary and electrode/sample contact may have contribu-
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Fig. 8. The temperature dependence of the loss tangent for TiO,
sintered at 1200°C and 1500°C. Inset shows the SEM images for the
two samples.

tions to the interfacial response. The remaining question is
which one results in R2? To answer this question, we mea-
sured the dielectric properties on a same TiO, pellet by
changing the Ag-electrode to Pt-electrode. Figure 7(c) com-
pares the temperature dependence of the dielectric loss tan-
gent recorded at 10 kHz of the pellet covered with Ag- and
Pt- electrode. It is clearly seen that alternating electrode also
has no obvious influence on the dielectric properties. This
finding clearly excludes the possibility that R2 results from
the electrode/sample contact, which in turn demonstrates
that grain boundaries are the cause of R2.

The strong built-in field at the grain boundaries prevents
the diffusion of oxygen atoms. Hence, the concentration of
oxygen vacancies in the grain interior is almost independent
of the annealing atmosphere and cooling rate. Alternatively,
the methods that can tailor the grain boundary structures,
for example, by changing the annealing/sintering temperature
or time, doping with suitable dopants, etc., are expected to
be an effective way to tune the dielectric properties of
TiOz.(”g’lg’zl’3(”37 To substantiate this point, we performed
dielectric measurements on TiO, pellets sintered at 1200°C
and 1500°C for 10 h. Figure 8 illustrates the temperature
dependence of loss tangent for the two pellets measured with
500 Hz. As expected, notable changes can be seen: R2 disap-
pears completely for the sample sintered at 1500°C. The inset
shows the SEM images of the two samples, from which the
average grain size was found to be ~30 and 500 pum for the
low- and high-temperature sintered samples, respectively. The
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Fig. 9. The temperature dependence of the dielectric constant for
TiO, sintered at 1200°C and 1500°C.

disappearance of R2 can be ascribed to the reason that a
higher sintering temperature favors for the grain growth,
which in turn, leads to the decrease in the number of grain
boundaries. This result convincingly demonstrates that R2
results from the grain boundary and the dielectric properties
of TiO, are grain size dependent. Thanks to the absence of
R2, the dielectric constant greatly decreases down to a value
of ~410 in the temperature around room temperature as
reveal by Fig. 9. This result further demonstrates that the
colossal dielectric constant of TiO, ceramics is dominated by
the Maxwell-Wagner relaxation.

Finally, it is worth pointing out that, contrary to the pres-
ent ceramic sample, the Maxwell-Wagner relaxation (or
space-charge relaxation) was found to be enhanced in nano-
sized TiO, as the grain size increases.'® It is not a surprise,
because in the nanometric sample the grain boundaries
become dominant as the grain size increases.'® This fact indi-
cates that to obtain superior dielectrics based on TiO, ceram-
ics, the preparation parameters should be optimized.

1V. Conclusions

In summary, four dielectric relaxations (R1-R4, in the order
of ascending temperature) were observed in high-purity rutile
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TiO, ceramics in the temperature from 100 to 1073 K. R1 is
found to be a polaron relaxation caused by electrons hop-
ping between Ti*" and Ti*" ions. R2 is considered to be a
Maxwell-Wagner relaxation. R3 and R4 were argued to be
caused by conduction process due to hopping motions of
singly and doubly charged oxygen vacancies, respectively.
Our results strongly indicate that the dielectric properties of
TiO, ceramics are grain size- dependent.
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