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High-performance colossal permittivity materials
of (Nb + Er) co-doped TiO, for large capacitors
and high-energy-density storage devicesf

Mei-Yan Tse,? Xianhua Wei®® and Jianhua Hao*®

The search for colossal permittivity (CP) materials is imperative because of their potential for promising
applications in the areas of device miniaturization and energy storage. High-performance CP materials
require high dielectric permittivity, low dielectric loss and relatively weak dependence of frequency- and
temperature. In this work, we first investigate the CP behavior of rutile TiO, ceramics co-doped with
niobium and erbium, i.e., (ErgsNbgs)Tii_xO,. Excellent dielectric properties were observed in the
materials, including a CP of up to 10%-10° and a low dielectric loss (tan §) down to 0.03, which are lower
than that of the previously reported co-doped TiO, CP materials when measured at 1 kHz. Stabilities of
frequency and temperature were also accomplished via doping Er and Nb. Valence states of the
elements in the material were analyzed using X-ray photoelectron spectroscopy. The Er induced
secondary phases were observed using elemental mapping and energy-dispersive spectrometry.
Consequently, this work may provide comprehensive guidance to develop high-performance CP
materials for fully solid-state capacitor and energy storage applications.

1. Introduction

With an ever increasing demand for clean and sustainable
energy, much effort has been put into developing new dielectric
materials with high-energy-density storage. In this regard,
suitable dielectric based solid-state capacitors with a high CP
(>10*) and a low dielectric loss (<10~ ') play a vital role in
miniaturization of electronic and energy storage devices.'™ In
order to achieve high-performance for practical applications,
the designed dielectric materials should also satisfy nearly
temperature- and frequency-independent dielectric constants
(¢) and small dielectric loss (tan ).*™®

Currently, a wide range of solid-state capacitors with CP
have been developed but maximizing their performance by
fulfilling all the aforementioned requirements remains a barrier.
This is because most of the approaches would improve one
dielectric parameter but simultaneously degrade the others.”
For instance, the typical ferroelectric materials, BaTiO;-based
perovskites, can only attain CP at the tetragonal-cubic phase
transition temperature (7. ~ 120 °C).® The strong temperature
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dependence of the ferroelectric materials limits their applications to
the devices working in a wide temperature range. The non-
ferroelectric material CaCusTi,O1, (CCTO) exhibits giant permittivity
values.’ Unfortunately, the mechanism of CP existing in CCTO is
now unclear in terms of an internal barrier layer capacitor (IBLC)
structure of thin insulating grain boundaries and conducting
grain interior regions. Although high temperature-independent
permittivity (~10%) can be achieved, tan § of CCTO is relatively
high (>107").

Recently, (In + Nb) co-doped titanium oxide (TiO,) exhibiting
large temperature and frequency independence CP (>10%) as
well as a low dielectric loss (<0.05) has been reported by Liu’s
group.'®'" Its superior dielectric properties can be explained by
the electron-pinned defect-dipole, in which hopping electrons
are localized. Doping of extrinsic trivalent ions, and other
cations in equivalent stoichiometric proportion has also been
presented.'>"® There is an ongoing need for further research to
design high-performance CP material systems using appropriate
acceptor—-donor co-doping.

Titanium oxide is one of the most important candidates for
photocatalysts, solar cells, sensors, transparent conducting oxide
(TCO) films and for energy conversion and storage applications."*
It has been shown that Nb doping would enhance the performance
in energy conversion and storage applications.'®

TiO, exhibits three polymorphs, which are rutile, anatase, and
brookite.'® In this work, rutile-type TiO, with a P4,/mnm, tetragonal
structure was chosen as the parent oxide. Being a dielectric material,
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it combines both the satisfactory dielectric constant (>100)"
and a high dielectric breakdown strength (BDS > 100 kv cm™*),*®
which are two important parameters to fabricate capacitors with
a high energy density. Therefore, doped TiO, materials with CP
would be a highly attractive proposition. Here enhanced ¢, low
tand, less frequency- and temperature-dependence are firstly
achieved in (ErysNbyg s),Ti;_,O, ceramics, in which Er’* acts as
the electron acceptor while Nb>" is the substitution donor. The
distribution of defects and solutes at grain boundaries may
influence many properties of polycrystalline materials but few
studies have been conducted on this group of CP materials.
Besides, the general relationship between larger ionic radii of
the acceptor ion and the presence or the absence of a defect
dipole effect remains unknown. Er** with a larger ionic radius,
(0.745 A) < (0.94 A) < (1.03 A), was used. It is expected that this
difference may affect the formation of defect dipole clusters as
well as the overall dielectric properties. The presence of secondary
phases at the grain boundary was also observed. A large ¢, (~8.6 X
10 and sufficiently low tan § (4%) were simultaneously observed
in the 5 mol% (Nb + Er)modified TiO, ceramics. Synthesis
optimization, structural analysis, characterization of the dielectric
properties and energy storage density are systematically inves-
tigated in the materials. This novel high-performance CP
ceramics may be attractive for potential fully solid-state capacitor
and high-energy-density storage applications.

2. Experimental procedure

Samples of (Ery sNby 5),Ti; O, were prepared using the solid
state sintering method. Raw materials used in this work were
rutile TiO, (99.90%, Sigma-Aldrich), Nb,Os (99.99%, Sigma-
Aldrich) and Er,O;z; (99.5%). These powders were weighed
accurately according to their chemical compositions. The mixing
and grinding processes were carried out by ball-milling using
zirconia balls for 8 h in ethanol. All of the mixed powders were
calcined at 970 °C for 4 h in air. The calcined powders
incorporating polyvinyl alcohol (PVA) binder solution were
pressed into disks with a diameter of around 12 mm and a
thickness of 1.0 mm. Disk samples were then sintered at 800 °C
for 2 h in air for burning out all the PVA binder. The samples
were sintered at their optimal temperature of 1200-1500 °C for
10 h to obtain the dielectric properties. The sintered samples
were pasted with silver on both sides and annealed at 750 °C for
30 min in air.

The phase structures were confirmed by X-ray diffraction (XRD)
with Cu Ko (4 = 0.154 nm) radiation (Smart Lab; Rigaku Co.,
Japan) and Raman spectroscopy (Jobin-Yvon Horiba HRS800,
France). Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) were employed to analyze thermal
behavior of the calcined powder. Scanning electron microscopy
(SEM, JSM-6490, JEOL Ltd, Japan) was used to examine the
surface morphologies, energy-dispersive spectrometry (EDS)
and elemental mapping of the sintered samples. X-ray photo-
electron spectroscopy (XPS) analysis was conducted on the
system of a Sengyang SKL-12 electron spectrometer equipped
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with a VG CLAM 4MCD electron energy analyzer for analyzing
valence states of elements in the materials. For the dielectric
measurements at a high temperature (298-750 K), the samples
were connected to the impedance analyzer inside a Carbolite
furnace. A cryostat was used to characterize low temperature
dependencies of dielectric parameters in the range of 80-296 K.
An impedance analyzer (HP 4294A; Agilent Technologies Inc.,
Palo Alto, CA) was used to measure the frequency dependence of
the dielectric properties over the range of 10* to 10°> Hz.

3. Results and discussion

Fig. 1(a) and (b) show the XRD patterns of the sintered (Nb + Er)
co-doped TiO, ceramics at different doping levels in the 20
range of 20° to 75°. The results suggest that the samples are of
the rutile phase. There was a small shift towards a low diffraction
angle, which was ascribed to the doping of Er** and Nb** ions
into the TiO, host lattice, resulting in an increased lattice strain.
A small amount of secondary phases, Er,O3 (JCPDS #26-0604) and
Er,Ti,O; (JCPDS #18-0499), was seen in the ceramics, particularly
when the concentration of Er** was greater than 2.5%. In tetra-
gonal rutile crystals, Ti*" (radius 0.745 A) associated with six 0>~
(radius 1.26 A) forms a [TiOe] octahedron.'® Dopants Er*" (radius
1.03 A) and Nb** (radius 0.78 A)* replace Ti** in a lattice to form
[ErOg] and [NbOg] octahedrons, respectively, for maintaining the
charge neutrality. Due to a similar ionic size to Ti"", it is believed
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Fig. 1 XRD patterns of (ErgsNbgs)Ti1_xO> sintered ceramics: (a) x = 0.25%,
0.5%, 1%, 2.5%, 7.5% and 10%, (b) x = 0%, 0.5% only Nb and 0.5% only Er.
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that Nb>* would preferentially undergo the substitution at the Ti*"
sites; whist the large Er** ions might thus become “excessive” and
result in the secondary phase formation. This finding demon-
strates that only a small amount of Er*" could be easily doped
into the Ti'" sites and the excess Er’* would contribute to the
secondary phase. In addition, a pure rutile phase was observed
for the ceramics doped with only 0.5% Nb, as shown in Fig. 1(b).

Fig. 2(a) and (b) present Raman spectra of the sintered
(Nb + Er) co-doped TiO, ceramics at different doping levels under
excitation with a 488 nm Ar" laser at room temperature. There are
four Raman active fundamental modes in pure rutile TiO,: By
(143 em™Y), Ey (447 em™Y), Ay (612 em ™), and B, (826 cm™Y),
which are similar to the previous results.*> B, corresponds to the
O-Ti-O bond bending mode, A, corresponds to the Ti-O stretch
mode while the E, mode is due to oxygen atom liberation along
the c-axis out of phase.’ It should be noted that the peak at
around 240 cm™ " was a multi-phonon peak for the second-order
effect (SOE).*° It is generally believed that this peak was caused by
the internal stress/strain and partial reduction of the TiO, grains.
The result confirmed the incorporation of Nb°" and Er*" into the
lattice of TiO,. However, there was a slight shift for E; and A;g in
the ceramics, which might arise from the lattice deformation
caused by using elements with different radii.>* Raman spectro-
scopy analysis was in accord with the XRD phase evaluations. It
was observed that only the ceramics doped at a low amount of Er**
had a pure rutile phase; otherwise, secondary phases might
appear. It is worth-noting that all the ceramics showed a rutile
phase even if some secondary phases were formed.
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Fig. 2 Raman spectra: (a) TiO, ceramics doped with various contents of
Er and Nb, (b) pure TiO, ceramics.
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In order to clarify the morphological evolutions and elemental
distributions of ceramic samples, their SEM images, elemental
mapping and EDS were obtained. All of the characterized
ceramics were clearly observed to have a dense microstructure,
as shown in Fig. 3(a)-(h). An average grain size (~3.5 pm) was
observed for a pure TiO, ceramic, grain sizes were increased at
x =0.25% (Fig. 3(b)) and then gradually decreased with increasing
content (at values of x > 1%), as shown in Fig. 3(b)-(f). There are
two microstructure regions that differ in the grain size and
phase composition. Besides, the distribution of non-homogeneous
phase composition increased with x. According to the results of
XRD patterns, the secondary phases were generated in the
ceramics with x > 0.25%. It implies that the decreased grain
sizes could be ascribed to the existence of secondary phases.
The ceramic with x = 5% (Fig. 3(e)) had a denser structure and a
smaller grain size distribution, giving rise to its high permittivity
performance in the subsequent dielectric properties.

To clearly reveal the grain-size evolution, the surface images
of 0.5% Nb or Er singly-doped TiO, ceramics are shown in
Fig. 3(g) and (h), respectively. Nb** and Er*" at lower concentrations
enhanced grain growth while they inhibited grain growth at

(b) x=0.25%

Fig. 3 Surface morphologies of the (ErgsNbgs),Tii xO, ceramics with
different doping contents: (a) x = 0%, (b) x = 0.25%, (c) x = 1%, (d) x = 2.5%,
(e) x = 5%, (f) x = 7.5%, (g) 0.5% only Nb and (h) 0.5% only Er; the insets in
(a), (@) and (h) are the magnifications of the SEM images of the ceramics.
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levels close to or above the dopant solubility with respect to
pure TiO, ceramics. It was proposed that Er** predominantly
(about 90%) located in the interstitial position.”*** The observations
imply that the extra Er*" may easily locate at the grain boundaries,
which is an important approach for the inhibition of grain
boundary mobility, resulting in the reduced grain sizes.

To characterize the distributions of Nb>* and Er*" in the
TiO, matrix and further explore the formation mechanisms of
secondary phases, elemental mapping and EDS were performed
as shown in Fig. 4(a)-(c). The results indicate that only Nb*>*
were homogeneously distributed throughout the ceramics,
regardless of the grain size. There were regions obviously rich
in Er’" associated with non-homogeneous grains (indicated by
the blue spot). This observation is similar to CCTO, where
Cu”* segregation was reported.>® In addition, grain boundary

(4) x=0.28%

s cemainage
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segregation behaviour is presented in several dopants (Ca,*
Mn,"® Zn*® and Y*’) of TiO, ceramics. It is then suggested that
the segregation of Er’" is likely to occur towards the grain
boundary areas. Such segregation may intensify at higher
content x, as shown in Fig. 4(a)-(c). The result confirms that
there is considerably higher Er’*containing secondary phases
owing to ionic radius misfit of Ti*".

Fig. 5(a) and (b) show the dielectric properties of the
ceramics at different dopant contents x, measured at 1 kHz
and room temperature. For pure TiO,, a relatively low ¢, (~ 800)
with tan ¢ (~2%) was observed. The value of ¢, was significantly
enhanced initially and then steadily increased with x. Besides,
their corresponding tan J fluctuated as x changed. An excellent
dielectric behavior was achieved in the ceramics with x = 5%,
where & and tand are ~8.6 x 10* and 4%, respectively.

Fig. 4 Element mapping and EDS of the ceramics across entire section with (a) x = 0.25%, (b) x = 2.5% and (c) x = 7.5%.
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More importantly, lower tan é would be found in most ceramics,
which were superior to the reported standard model in (Nb + In)
or (Nb + Bi}-modified TiO, ceramics.'*?® The results from SEM
illustrate that both CP and low tand could be accomplished
regardless of the aggregation of Er*" at the grain boundaries,
differing from the previous findings where the dopants were homo-
geneously distributed across the grains and grain boundaries.'*™"
Otherwise, a severe deterioration in the dielectric loss might be
resulted. Therefore, it is suggested that low tan ¢ achieved in the
(Nb + Er)-modified TiO, ceramics was possibly related to the
formation of secondary phases.

In order to familiarize the grounds for the enhanced dielectric
behaviors, Fig. 5(b) shows that the ceramics co-doped with Er**
and Nb>" have better dielectric properties than the singly-doped
ones. The addition of a small amount of Nb>* can induce a large
& (~7 x 10% in TiO, ceramics but failed to control the corres-
ponding tan §, whereas the addition of Er’* enabled to suppress
tand to ~1.4% without contributing to the improvement of &,.
This result shows that high ¢, with acceptable tan é could not be
accomplished if only Er*" or Nb** was doped. It was reported that
the addition of trivalent elements can reduce tan ¢ of TiO,-based
10712 Therefore, the co-doping of Er and Nb can yield
enhanced dielectric properties, where Nb°" ions contribute to a
large ¢, and Er*" ions decrease tan d.

To further reveal the frequency and temperature dependent
dielectric properties, Fig. 6(a) and (b) present the frequency
dependence of the dielectric properties. The permittivity of the

ceramics.
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co-doped TiO, ceramics, measured at 1 kHz and room temperature.
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ceramics in the frequency range of 10? to 10° Hz, measured at room
temperature.

ceramics was almost steady in the frequency range of 10> Hz to
10° Hz; their dielectric loss also remained nearly unchanged
with varied frequencies. The results indicate weak frequency
dependence of the ceramics. Noteworthily, despite the fact that
ceramic at x = 1% did not exhibit the highest permittivity
(~3.8 x 10%, it had the lowest level of dielectric loss
(~1.5%) and high frequency independence which are essential
for practical applications.

Fig. 7(a) and (b) demonstrate temperature dependence of
the dielectric properties. 0.25 mol% TiO, ceramic was selected
to conduct the experiment from 80 to 750 K at given frequencies.
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Fig. 7 Temperature dependence of the dielectric properties. Dielectric
permittivity (a) and dielectric loss (b) of ceramics with x = 0.25%, measured
from 80 to 750 K at given frequencies. A narrow data break occurs near the
room temperature region (approximately 296—298 K), as two experimental set-
ups were used for the low-temperature and high-temperature measurements,
respectively. Dielectric permittivity (c) and dielectric loss (d) of various doping
levels of ceramics, measured from 80 to 423 K and at 1 kHz.
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A stable CP was observed in the ceramics over a wide temperature,
from 80 up to 450 K. Polaron dielectric relaxation was observed at
around 273 K due to electron hopping motions between Ti*" and
Ti**.** The high-temperature dielectric relaxation observed above
450 K is argued to be because of Maxwell-Wagner interfacial
polarization.”® Fig. 7(c) and (d) show a similar dielectric perfor-
mance with x = 0.5% and 1%. Dielectric loss of the ceramics shows
temperature dependence as illustrated in Fig. 7(b) and (d). These
results taken together imply that ¢, of the doped ceramics in this
work were relatively stable over a wide temperature range, which
are similar to that reported by Liu’s group.'”"" It is noteworthy that
tan J corresponding to Fig. 7(b) and (d) changes significantly with
temperature. Based on the previous study,”®° the other possible
mechanisms for CP cannot be excluded by this work.

To explore the physical mechanism behind the observations
from the material system, the XPS spectra of (Nb + Er) co-doped
TiO, ceramics with various doping levels are presented in
Fig. 8(a)-(i). The peaks at the binding energies of 167.7 eV

View Article Online
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and 168.3 eV for Er 4ds, imply an oxidation state of +3 for Er.
There is a slight shift in binding energy due to the presence of
Er,0; (secondary phases) which is evident in the XRD results.
The XPS results indicate that binding energies of Nb 3d electrons
are 207.7 eV and 210.4 eV for 3ds, and 3dj,, respectively,
without the presence of other 3ds, low binding energies. Their
spin-orbit splitting of 2.7 eV is consistent with that of Nb>*
doped TiO, materials."® It suggests that there is only one Nb 3d
environment present in the ceramic, so that the oxidation state
of this Nb is + 5."" Meanwhile, the position of Ti 2p with 2ps,
and 2p,, corresponding to the binding energies of 458.4 eV and
464.1 eV, respectively, is also clearly shown.*' Compared with the
doping level of x = 0.25% and 7.5%, it is noticeable that Ti*"
signals increase with content x. The introduction of Nb°" is the
probable reason for the partial reduction of Ti** to Ti*" in the
ceramic as follows:

NbOs+2TiO; — 2Tig;+2Nb%; + 80, +

1/20, (1)
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Fig. 8 Valence states of the elements in the ceramic with x = 0.25%: Er 4d (b), Ti 2p (e), O 1s (h). Valence states of the elements in the ceramic with
x =7.5%: Nb 3d (a), Er 4d (c), Ti 2p (f), O 1s (i). Valence states of the elements in the pure TiO, ceramic: Ti 2p (d), O 1s (g). The solid lines are consistent with
the peaks, in which the green line stands for background, for the Er element, red lines are the raw data.
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Ti* +e - Ti** (2)

Fig. 8(g) shows the O 1s profile of a pure TiO, ceramics. It
was found that O 1s consists of three components, including
529.5 eV for bulk Ti-O, 530.8 eV associated with oxygen
vacancies and surface hydroxyl (OH), and 532 eV for adsorbed
surface H,O. Previously, it was reported that an increase in the
doping level would result in a higher concentration of oxygen
vacancies. However, in this experiment, the concentration of
oxygen vacancies decreased from 14.6% to 9% as x increased.
In principle, doping Er** as acceptors requires oxygen vacancies
to meet charge compensation conditions, as given in the
following equation:

Er,0; + 2TiO, — 2Ery; + V& + 300 3)

Based on the results of SEM and elemental mapping, the
solubility of Er*" in TiO, is very low owing to a larger ionic
radius and a lower valence compared to Ti**. The excess Er’"
tends to segregate at the TiO, grain boundary to reduce elastic
strain energy.>* Direct evidence was previously given that Er is
stable on tetrahedral interstitial sites in float-zone Si.** It was
also confirmed that rare-earth atoms strongly interact with
oxygen, which finally leads to their incorporation on low-
symmetry lattice sites in Czochralski Si.>* In this context, it
would be plausible that Er** ions act as acceptor-type impurities
at grain boundaries to restrict the electron drift. As a result, since
electrons are unable to undergo lattice hopping through the
structure, low dielectric loss can be achieved. In this study,
Nb®* substitution captures an electron by the shift of Ti*" to
Ti**, while Er*" ions require oxygen vacancies for charge
compensation. Extrinsic defects may serve as an obstacle for
inhibiting the inter-grain electron hopping. As a result, Ti**
ions still maintain their valence,"® described by:

2Tiy; + V& — TiO, (4)

To further explore the mechanism of the observed CP
performance, a series of compositional, structural and dielectric
analyses of the (Er,Nb;_)y 0375Tio.06250» ceramics were conducted.
XRD patterns (Fig. S1, ESIt) and SEM images (Fig. S2, ESIT)
demonstrate that the ceramics are of pure rutile phases. Element
mapping shows that the dopant Er*" ions are homogeneously
distributed in the TiO, matrix (Fig. S3, ESIt). Based on the
impedance Cole-Cole plot (Fig. S4, ESIf) and the results of the
dielectric properties (Fig. S5 and S6, ESIt), both intrinsic (electron-
pinned defect-dipole) and extrinsic mechanisms are responsible
for the observed high-performance CP. In this work, it is expected
that there exist both the intrinsic defect-dipole complex/cluster

in TiO,: Er,Ti — NbY;, Er,Ti — Vg — Er’Ti, EI',Ti — Vg — Ti,Ti,
Nb$, — Tig;, Tigy; — Vg — Tiy; and extrinsic defects: (Er/Ti7 VE,').
The formation of defect pairs depends on the ionic radius of
the dopant. Er’" has a larger different ionic radius compared to
In** and Ti*, this is therefore indicated that the formation of

electron-pinned defect dipole clusters as a mechanism to develop
high-performance CP materials needs to take into account the
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relation between the ionic radii of the acceptor, donor, and
host ions.

Our (Nb + Er)-modified TiO, ceramics meet the requirements
of Class II ceramic capacitors. Their material requirements are:
1 x 10° < ¢;and 0.03 < tand < 0.10.>* In combination with the
results of CP and low loss, the (Nb + Er)-modified TiO, ceramics
would be promising solid state capacitors and energy storage
devices. Further studies are expected for real applications.

4. Conclusion

High-performance CP materials were achieved in the rutile
TiO, ceramics doped with Er’* and Nb®". It was found that a
doping level of 5 mol% exhibited the optimum overall dielectric
properties. Large ¢ (~8.6 x 10%), sufficiently low tan 6 (4%), as
well as relatively stable frequency and temperature behaviors of the
materials are obtained. According to the analysis of the micro-
structure, SEM and elemental mapping, Er’* aggregating at grain
boundaries may form extrinsic defects. Both intrinsic and extrinsic
defect states could be expected to be responsible for the observed
high-performance CP. With the excellent dielectric properties, our
results suggest that (Nb + Er)}-modified TiO, ceramics have some
advantages compared with the conventional capacitor materials.
The developed materials are favorable for fully solid-state capacitor
and high-energy-density storage applications.
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