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Abstract

Colossal permittivity properties were studied in Zn,Nb co-doped TiO2 with different phase structures. The (Zn13Nb2/3)0.05Ti0.9502
rutile ceramics were prepared by the solid state sintering technique, while the amorphous and anatase films were respectively
fabricated by a pulsed laser deposition method and a subsequent rapid thermal annealing. The ceramics showed a frequency (102—10s¢
Hz) independent dielectric response with a colossal dielectric permittivity (B30000), and a relatively low dielectric loss (B0.05) at
room temperature. The excellent colossal permittivity properties are comparable to those of the previously reported rutile TiO2
ceramics by co-doping trivalent and pentavalent elements. For amorphous films, the dielectric permittivity decreased, and the
dielectric loss increased slightly compared to those of the ceramics. Compared with the amorphous thin films, the annealed anatase
ones exhibited a simultaneous increase in both dielectric permittivity and loss at low frequency while kept almost unchanged at high
frequency. These results suggest that co-doping of bivalent elements with Nb into TiO2 with various phase structures can yield
colossal permittivity effects, including ultra- high dielectric permittivity, relatively low dielectric loss. Furthermore, the colossal
permittivity properties may be mainly attributed to the effect of the electron-pinned defect-dipoles in Zn,Nb co-doped TiO2 with
different phase structures rather than the grain boundary capacitance effect. Besides, the frequency and bias dependent dielectric
properties were also investigated in thin film forms, which could be affected by the electrode-film interface and mobile ions. Our
results are helpful for not only investigating the new class of colossal permittivity materials, but also developing dielectric thin film

device applications.

1. Introduction

Colossal permittivity materials have drawn much attention from
the community of dielectrics due to their potential application
for microelectronic devices and high-energy-density storage.i,2
Since the beginning of this century, several candidates have been
developed, including perovskite ferroelectric oxides, CaCu3Ti4O12,
doped NiO, and La2axSrxNiOa4.3-7 Unfortunately, these classes of
materials seem to be not ideal for straightforward application
when considering the amplitude of their dielectric loss, as
well as the frequency and temperature dependent dielectric
properties.1,8 Very recently, Liu’s group reported the experi-
mental evidence and provided theoretical explanation for
colossal permittivity and low dielectric loss in Nb, In co-doped
rutile TiO2 ceramics.9,10 In the new colossal permittivity materials,
simultaneous donor and acceptor substitutions into TiO:2
are considered to create the local combination of a partially

delocalized electron, as a result of the formation of a defect-
dipole complex/cluster. Furthermore, the overall charge balance
in the defect-dipole complex/cluster should play an important
role in the low dielectric loss. Although the grain boundary
capacitance effect is considered to contribute to the colossal
dielectric properties,i1,12 the newly discovered co-doped TiO2
materials would provide more choices to tune and optimize
dielectric properties through the combination of substituted
ions. To date, colossal permittivity properties have also been
confirmed in a series of rutile TiO2 ceramics by co-doping
trivalent (In, Pr, Dy, Sm, Gd, Yb, Ga, Al, or Sc) and pentavalent
cations (Nb, Sb, or Ta) with equivalent stoichiometric propor-
tion.13-15 Therefore, it should be feasible that co-doping of
monovalent or bivalent elements with Nb into TiO2 may also



lead to colossal permittivity effects on the conditions under
which the charge balance is kept.

Actually, in some piezoelectric ceramics with an ABO3 pero-
vskite structure, the solid solubility of Zn,Nb into Ti sites is
large.16 This provides us an opportunity to use Zn and Nb as
co-doping elements into TiO2. However, the colossal dielectric
properties have not been achieved in any bivalent ions and Nb
co-doped TiO2 ceramics or thin films. In addition, amorphous
Nb, In co-doped rutile TiOz2 thin films deposited by pulsed laser
deposition (PLD) at room-temperature also exhibited a relatively
high permittivity.i7 It can overcome the problem of excessively
high temperature treatment of the rutile phase, and would be
favorable for the integration of electronic devices. Considering
the polymorphic phase transition among the TiOz2 crystal struc-
tures, it is essential to clarify the existence of defect dipoles by
extensively investigating the colossal dielectric effects in both
ceramics and thin films with different phase structures. In this
work, Zn,Nb co-doped TiO2 samples in the form of rutile
ceramics, amorphous films, and anatase films were fabricated.
We systematically studied the dielectric properties of Zn,Nb co-
doped TiO2 with different phase structures. The results indicate
that co-doping of the bivalent elements with Nb into TiO2 can
yield colossal permittivity effects regardless of the phase of TiO2
due to the effect of the electron-pinned defect-dipoles.

2. Experimental

The ceramics were prepared using a conventional solid state
reaction method. A proportionate amount of starting materials of
ZnO, Nb20s, and TiO2 with analytical grade purity was weighted
according to the stoichiometry of (Zn1/3Nb2/3)0.05Ti0.9502. The
ceramics were fabricated by ball milling, calcinations, pressing,
and sintering. Thin films were deposited by PLD on Pt/Si
substrates with an operation wavelength of KrF (1 =248 nm).
Thin film deposition was made at substrate temperature below
300 1C in a dynamic oxygen atmosphere (2 Pa) with a laser energy
density of about 2 J cmA2. Film thickness was about 700 nm
estimated from the laser pulses and the deposition rate, which
could be further confirmed by the cross sectional analysis of scan
electron microscopy (SEM). Amorphous films were crystallized by
RTA (Hefei Kejing OTF-1200X-4-RTP) treatment at 600 1C for
1 min with a heating rate of 30 1C sA1 under a N2 atmosphere. An
X-ray diffractometer (XRD) (Rigaku, SmartLab) was employed to
analyze the crystalline structure. The vibrational properties of
samples were characterized by Raman spectroscopy (HORIBA,
HR800) excited by 488 nm laser with a spot size of about 1 mm. To
construct parallel-plate capacitors, the ceramics were pasted with
silver on both sides, while for the films a top Au electrode with a
radius of 100 micrometer was covered with a shadow mask and
deposited by thermal evaporation. The dielectric behaviors of the
capacitors were measured using an Impedance Analyzer (Agilent
E4980A) from 100 to 2 MHz as a function of frequency at room
temperature. All the dielectric measurements were performed at
room temperature in air ambience.

3. Results and discussion

Fig. 1 presents the XRD patterns of ceramics and thin films. The
ceramics have a rutile crystal structure except for a secondary
phase of ZnTiOs, which is similar to the reported In doping into
TiO2 at the doping level beyond 1%.9 On the other hand, there
are no diffraction peaks of any TiO: crystalline phase in the XRD
results for the thin films deposited below 300 1C, except for those
from the Si substrate, the Pt bottom electrode and the Au top
electrode. It reveals that the films are amorphous, which is in
agreement with previous results that amorphous TiOz2 films were
obtained at low deposition temperature.17,18 After annealing, the
diffraction peaks of the anatase structure were found, suggesting
that the films were finally converted to the anatase phase by
treating with RTA.

Fig. 2 presents the surface morphology of co-doped TiO2
with different phase structures. The rutile ceramics were clearly
observed to possess a dense microstructure as shown in the
SEM image of Fig. 2(a). In addition, Fig. 2(b) and (c) show the
comparison of the AFM images from the films within a scan area

of 500 A 500 nm2 before and after annealing. For the amorphous
films, the surface shows a smooth morphology without observa-
ble grains or grain boundaries. For the annealed films, the grain
size is about 40 nm, and the magnitude of the surface roughness
increases.

Raman spectroscopy can further determine the microstruc-
ture difference between ceramics and films as shown in Fig. 3.
There are four peaks centered at 142 cma1 (Big), 240 cmai (the
second-order scattering), 445 cmai (Eg), and 611 cma1 (Atg) in
the Raman spectrum of the rutile ceramics. It was reported that
the four Raman peaks were found in nanocrystalline rutile TiO2
with crystallite sizes down to 5 nm.19 This can further conclude
that the ceramics are in the rutile phase. In contrast, there are
only two large and broad bumps at about 150 cma1 and 590 cmaA1
in the Raman spectra of the thin films deposited at low tempera-
ture. They are very close to those Raman peaks of crystalline TiO2
(anatase: Eg; rutile: Big, A1g). It is caused by the presence of a
short range order in the amorphous films.17 After annealing, five
peaks centered at 146, 197, 395, 518, 638 cmaA1 can be assigned as
Eg, Eg, Big, Big, and Eg modes of the anatase phase, respectively.
The strongest Eg mode at 146 cmaA1 arising from the external
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Fig. 1 XRD patterns of rutile ceramics, amorphous and anatase thin films
of (Zn1/3,Nb213)0.0sTi0.9502. A stands for the anatase phase, while R for rutile
and the asterisks for ZnTiOs.
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Fig. 2 Surface morphology of (Zn1/3,Nb2/3)0.0sTi0.9502; (a) the SEM image
of rutile ceramics; (b) the AFM image of amorphous thin films; (c) the AFM
image of anatase thin films.
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Fig. 3 Raman spectra of rutile ceramics, amorphous and anatase thin
films (Zn1/3,Nb2/3)0.05T10.9502.

vibration of the anatase structure is well resolved.2o0 It indicates
that an anatase phase long-range order is formed. Besides,

when considering that the spot size of laser is about 1 mm in
Raman measurements, the absence of Raman feature peaks
arising from ZnO or Nb20s in all samples also suggests that the
dopants of Zn,Nb should be incorporated into the lattice of
TiOz2 rather than the formation of additional dopants of ZnO or
Nb20s. This is consistent with the aforementioned XRD results
as shown in Fig. 1.

Fig. 4 shows the dielectric permittivity and loss as a function
of measuring frequency for the ceramics and films. The per-
mittivity of the ceramics decreases slowly from about 3.3 A 104
to 2.6 A 104 while the frequency increases from 102to 106 Hz.

Meanwhile, their dielectric loss keeps very low about 0.03 to
0.05 at a frequency of 102to 105 Hz, and shows a slight increase

of up to 0.07 at 106 Hz. The results suggest that excellent
dielectric properties can be achieved in the Zn,Nb co-doped
ceramics with a colossal dielectric permittivity and a low loss.
More importantly, a good frequency-stability of dielectric char-
acteristics is apparent in the doped TiO2 ceramics, which is
beneficial to practical applications. Furthermore, the dielectric
properties of the Zn,Nb co-doped ceramics are comparable to
those found in trivalent element doped Nb:TiO2 ceramics.o-13 It
indicates that the defect dipole might also be valid in the Zn,Nb
co-substitution of Ti in the TiO2 systems.

It has been reported that doping only with Nb can also
increase the permittivity of TiO2 with the same magnitude
order as that of (In,Nb) co-doped TiO2. However, its dielectric
loss is relatively high due to the delocalized electron transport
related interfacial polarization. The formation of a delocalized
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Fig. 4 (a) Dielectric properties as a functionof frequency in (Zn1/3,Nb2/3)0.05-
Ti0.9502 rutile ceramics and amorphous thin films deposited at room
temperature and 150 1C; (b) comparison of dielectric properties of amor-
phous and anatase thin films.



electron can be expressed as follows
Nb20s5 1 p40ob2e0 Ti p1 (1)
2Ti02 0
Ti Ti
where Nbrirepresents Nb on the Ti lattice site, Oo on the lattice
site. In Zn,Nb co-doped TiO2, the incorporating of the acceptor
ZnO would lead to the formation of oxygen vacancies.
OobpV
TiO: 0 b
ZnO l : ZnTi le)

@

where Znoj_i is Zn on the Ti lattice site, and VO is the oxygen

vacancy. In titanate dielectric materials, the incorporation of
acceptor dopants, such as Mn or Co replacing Tis+could induce
a decrease in electron concentration and the formation of a
defect complex Mnoo 21,22 They separately contribute
Ti 0

to a lower dielectric loss and a higher dipole moment density,
which is also expected in this work.

Since the ratio of Zn:Nb was designed to be 1:2 in this
work, the amount of oxygen vacancies and electrons in eqn (1)

and (2) would be equal. For this case, complex clusters among
0 0

Znti, Vo, Nbri, and TiTti are expected from the viewpoint of low
energy configuration. In (Nb,In) co-doped rutile TiO2 samples,
there are two possibilities to correlate the lowest energy structures
of the diamond Nb2s5+Tiz+Ariand triangle defects In3pVo Tizp.o If
the diamond and triangle defects are overlapped, the A atom of
the diamond structure could be Tisz+or In3+. More defect clusters
might be isolated due to the small doping content, and the A site
becomes Tis4+. Similarly, it can be speculated that the combina-

tions of the two types of defect clusters could, respectively, be
szstigb Ti23bVo Zn2p and NbspTispTiap TizpTiapVo Zn2p for

overlapped and isolated cases, as shown in Fig. 5(a). As a
consequence, large defect-dipole clusters with the high localized
electrons induced by these complexes are responsible for the
colossal permittivity and low dielectric loss. Actually, additional
Nb should induce the independent reduction of Ti4+ due to the

Fig. 5 Schematic structure of possible defect complexes in Zn,Nb
co-doped TiOz2: (a) rutile phase; (b) anatase phase.

presence of the secondary phase ZnTiOs3. The effect of doping
concentrations on the dielectric properties needs further
investigation.

In order to investigate the underlying mechanism regarding
electron-pinned defect-dipoles, the dielectric properties of amor-
phous and anatase Zn,Nb co-doped TiO:2 films were further
investigated. For the samples deposited at 150 1C, the dielectric
permittivity and loss are about 1780 and 0.08 at 100 kHz,
respectively. When the measuring frequency was set to the high-
est value of 2 MHz, the dielectric permittivity and loss were
decreased to 1600 and 0.035, respectively. A similar tendency can
be found in those room-temperature deposited samples, which
show an even lower dielectric permittivity of about 1000. The
reason responsible for improving dielectric properties of the
films grown at higher substrate temperature might be associated
with some factors, such as contact resistance, interface charac-
teristics as well as better adhesion between the bottom electrode
and the film. In fact, it has been reported that the adhesion of
PLD coatings could be improved by raising the substrate tem-
perature.23 At any rate, compared with the relatively small
dielectric permittivity (usually below 200) and quite high dielec-
tric loss of pure amorphous TiOz films, a significant improvement
of dielectric properties was found in our amorphous co-doped
TiO2 films. Due to the absence of grain boundaries in amorphous
thin films, the colossal dielectric effect is ascribed to defect
complexes or clusters in the short range at the atomic level, which
can rule out the possible role played by the grain boundary
capacitance effect contributing to the colossal dielectric proper-
ties. For the grain boundary capacitance effect, delocalized
electrons range over a large distance in the grain. It would
cause the electron responses at low frequency, and the dielec-
tric loss would be large at high frequency.17 At high frequency,
their relative low loss in this work makes them possible in the
application of microelectronic devices.17,24

Fig. 4(b) demonstrates the effect of ex situ RTA treatment on
dielectric properties of the fabricated samples. There is no obvious
difference between the two samples at high frequency, while the
permittivity and loss increase for the RTA sample at low frequency.
Herein, we can conclude that colossal dielectric properties have
been confirmed in amorphous, anatase and rutile Zn,Nb co-doped
TiO2. In other words, similar electron-pinned dipoles by defect
complexes should be effective in the co-doped TiO2 with different
phase structures. For example, triangular MiM2M3Vo (M = metal
ions, Zn, Ti) and polygon or polyhedron clusters composed of Nb
and Ti could be correlated in the anatase structure. Since the
coordination of oxygen is 3 in both phases, the three metal ions
around oxygen vacancies would form isosceles triangular clusters.
A slight distortion can be found between the two isosceles
triangular clusters in anatase and rutile phases. A similar distor-
tion may exist between those clusters composed of Nb and Ti in
the two phases. The schematic structure of possible defect com-
plexes in anatase TiO2 is shown in Fig. 5(b).

The dielectric properties of the films are inferior to those of
their bulk counterparts. Moreover, both the permittivity and
loss decrease while the frequency increases, suggesting that
there might be other factors influencing the dielectric response
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Fig. 6 Frequency dependence of the dielectric permittivity and loss of
amorphous (Zn1/3,Nb2/3)0.05Ti0.9502 thin films deposited at 150 1C under
different dc biases.

in the amorphous films. Fig. 6 presents the relationships
between the dielectric properties of the 150 1C deposited films
and the direct current (dc) bias and conduction. Both the dielec-
tric permittivity and loss increase with the increase of the applied
dc bias, particularly at low frequency. The dielectric properties in
the low-frequency regime are generally related to the impurity,
defect, and space-charge carrier transport processes.2s In this
work, there should be some amount of oxygen vacancies existed
in the films deposited by PLD, due to the Zn doping effect and low
oxygen ambience.26 Based on the polaron nature of dielectric
relaxation in bulk TiO2 ceramics near room temperature, electron
can hop between Tis+and Tiz+ions due to the existence of oxygen
vacancies.27 Since the hopping motions of localized carriers yield
bulk dielectric response, the spectroscopic plot of dielectric loss is
expected to be independent of d.c. bias. However, the dc bias
stress-induced modification of the capacitance only at low fre-
quency (Fig. 6) indicates that the extra mechanism may play a
role. The defect creation or charge trapping was ever found to
cause capacitance variations in HfO2 films.28 In KNbO3 ceramics,
similar results can be explained by electrode-specimen contribu-
tion.29 Therefore, it is speculated that the bias leads to trapped
charge at defects close to interfaces between the electrode and
thin films. Due to the interface polarization, the capacitance is
enhanced at low frequency, and remains almost unchanged at
high frequency since it cannot follow the change of the high-
frequency electric field.

4. Conclusion

In conclusion, Zn,Nb co-doped TiO:2 can yield colossal permit-
tivity properties in the forms of rutile ceramics, amorphous and
anatase thin films. The ceramics show a frequency-independent
dielectric response with a colossal dielectric permittivity and a
very low dielectric loss. In comparison with the corresponding
ceramics, both the amorphous and anatase thin films exhibit a
decreased dielectric permittivity and a slight increased dielectric
loss. It is suggested that the co-doping of bivalent elements with
Nb into TiOz2 can give rise to colossal permittivity effects regard-
less of the phase of TiO2 on conditions under which the charge
balance is kept. The defect clusters with balanced charge are

responsible for the colossal permittivity effect by co-doping biva-
lent elements with Nb into TiO2 with different phase structures.
Consequently, this work will benefit for not only investigating the
fundamental properties of the new colossal permittivity materials,
but also developing dielectric thin film device applications.
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