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ielectric properties of
CaCu3Ti4O12 via simultaneously tuning the
electrical properties of grains and grain boundaries
by F� substitution

Jutapol Jumpatam,a Bundit Putasaeng,b Narong Chanlek,c Pinit Kidkhunthod,c

Prasit Thongbai,*d Santi Maensirie and Prinya Chindaprasirtf

A novel concept to simultaneously modify the electric responses of the grain and grain boundaries of

CaCu3Ti4O12 ceramics was proposed, involving doping with F� anions to improve the giant dielectric

properties. The grain growth rate of CaCu3Ti4O12 ceramics was enhanced by doping with F� anions,

which were found to be homogeneously dispersed in the microstructure. Substitution of F� anions can

cause an increase in the resistance of the insulating grain boundary and a decrease in the grain

resistance. The former originated from the ability of the F� dopant to enhance the Schottky barrier

height at the grain boundaries, leading to a great decrease in the dielectric loss tangent by a factor of 5

(tan d < 0.1). The latter was primarily attributed to the increase in Ti3+ and Cu+ concentrations due to

charge compensation, resulting in a significantly enhanced intensity of space charge polarization at the

grain boundaries. This is the primary cause of the increase in dielectric permittivity from z104 to z105.

The giant dielectric and electrical properties were well described by the Maxwell–Wagner polarization

relaxation based on the internal barrier layer capacitor model of Schottky barriers at the grain boundaries.
1. Introduction

Recently, oxide materials with giant dielectric permittivity have
found an important role in microelectronic devices and high-
density storage applications such as capacitors and memory
devices.1–4 One of the most interesting giant dielectric materials
is CaCu3Ti4O12 (CCTO) ceramics. CCTO exhibited giant dielec-
tric permittivity (30 > 104 at 1 kHz) over a wide temperature range
from 100 to 600 K.5 The 30 value of CCTO ceramics was also
weakly dependent on frequency in the radio frequency range.
Unfortunately, the loss tangent (tan d) of CCTO was still too
large for practical applications in ceramic capacitors.6–19
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Even now, the origin of giant dielectric response is still open
to scientic debate. Most research groups believe that the
extrinsic origin of the internal barrier layer capacitance (IBLC)
mechanism at grain boundaries (GBs) is the primary cause of
the giant dielectric response in CCTO ceramics.12,14,20–23

According to the IBLC mechanism, the giant dielectric response
in a polycrystalline ceramic is driven by its electrically hetero-
geneous microstructure. This special microstructure can be
fabricated using a one-step processing method that forms
insulating GBs sandwiched between n-type semiconducting
grains. The electrical responses of the grain and GB can have
a remarkable inuence on the dielectric properties of CCTO
ceramics.12,13,15,22 Moreover, due to the existence of this special
microstructure, CCTO ceramics can also exhibit the non-ohmic
properties (or nonlinear current density–electric eld, J–E).24,25

This special behavior is believed to originate from the existence
of an intrinsic potential barrier (i.e., Schottky barrier) at GBs.20

The presence of an electrostatic barrier at the GBs of CCTO
ceramic was clearly conrmed using Kervin probe force
microscopy.24

To improve the dielectric properties of CCTO ceramics, most
investigations have focused on substitution of one of several
doping cations into CCTO ceramics to tune the electrical
properties of the grains and GBs. It has been widely demon-
strated that enhancement of the GB resistance (Rgb) can reduce
the low-frequency tan d value.15,23,26 According to the space
This journal is © The Royal Society of Chemistry 2017
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charge polarization theory (or interfacial polarization), an
increase in mobile charges inside the semiconducting grains
can lead to the possibility of accumulating free charges at the
interface of insulating layers. This gives rise to a stronger
intensity of the polarization at internal insulating interfaces,
leading to an increase in 30. The giant dielectric properties of
CCTO ceramics were rst reported by Subramanian et al.6

There are further several reports of dopant cations
substituted into CCTO ceramic such as Sr2+,23 La3+,7 Ni2+,27

Mg2+,9,28–30 Zn2+,31,32 Ga3+,14 Zr4+,33,34 Sn4+,11 Nb5+,8 Ta5+ (ref.
12) and W6+.13,35 Substitution of many cations into Ca2+, Cu2+

and Ti4+ sites in CCTO ceramics have signicant effects on
the values of their 30, tan d, electrical conductivity of the GBs
(sgb) and activation energies at the GBs (Egb) and inside the
grain (Eg). Usually, most of these dopants can be successfully
used to improve a particular dielectric property (e.g., to
reduce tan d or enhance 30), while they simultaneously
worsen other important dielectric properties of these mate-
rials. For example, substitution of higher cations into Ti4+

sites would increase free charges inside the semiconducting
grains due to the excess electron of a dopant (e.g., Nb5+ or
Ta5+). This can cause an increase in 30, which resulted from
the enhanced space charges at the insulating interfaces.
Unfortunately, it also causes a large decrease in Rgb, leading
to a signicant increase in a low-frequency tan d.8,12 Alter-
natively, doping CCTO with Mg2+ into Cu2+ sites can decrease
tan d However, the 30 value of Mg-doped CCTO was also
decreased due to the decrease in free charges inside the
grains, considering by the increase in Rg.9,36

It is expected that doping CCTO with an anion can
increase free charges inside the grains due to charge
compensation. Substitution of F� into O2� sites is electrically
compensated by reduction of valance state of Ti4+ to Ti3+ and
Cu2+ to Cu+. It was clearly demonstrated that lling oxygen
vacancies at the GBs can strongly increase the Rgb value by
annealing in an O2 atmosphere.15,20,37 Alternatively, Rgb can
be reduced by creating the oxygen vacancies at the grain
boundaries via annealing in a N2 atmosphere. Thus, it is also
expected that substitution of F� anions may have no effect on
the insulating properties of the GBs because oxygen vacan-
cies along the GBs are usually lled during cooling step of the
sintering process. This also helps retain the insulating nature
of the GBs. To the best our knowledge, there have been few
reports of an anion dopant being substituted into CCTO
ceramics.38 The effects of an anion dopant on the micro-
structure and electrical properties of the grain and GB have
never been reported.

In this work, a new strategy to improve the dielectric
properties of CCTO ceramics was used by doping with F�

anions to modify the electrical responses of the grains and
GBs. The effects of F� anions on the microstructural evolu-
tion and associated dielectric properties were studied and
discussed. As expected, doping CCTO ceramics with F�

anions at O2� sites resulted in improved dielectric properties
via a large enhancement of 30 and signicant decrease in
tan d.
This journal is © The Royal Society of Chemistry 2017
2. Experimental procedure

CaCu3Ti4O12�xFx ceramics, where x ¼ 0, 0.05, 0.1, and 0.2
(referred to as the CCTO, F05, F10 and F20 samples, respec-
tively), were prepared using a solid state reaction method. The
starting materials used were CaCO3 (Aldrich, $99.0% purity),
CuO (Merck, 99% purity), CuF2 (Sigma-Aldrich, 99.9% purity)
and TiO2 (Sigma-Aldrich, 99.9% purity). First, a stoichiometric
mixture of the starting materials for each composition was
mixed by ball milling using zirconia (ZrO2) media in ethanol for
12 h. Second, the mixed slurries were dried and calcined at
900 �C for 15 h. Then, the calcined powders were ground and
pressed into pellets with 9.5 mm in diameter and 1–2 mm in
thickness by a uniaxial compression at 200 MPa. Finally, these
pellets were sintered in air at 1075 �C for 3 h.

The phase composition and crystal structure were charac-
terized using X-ray diffraction (XRD; PANanalytical EMPY-
REAN). Rietveld quantitative phase analysis was done using the
X'Pert High Score Plus v3.0e soware package by PANalytical.
The as-sintered ceramics were carefully polished to obtain
smooth surfaces. The grain and GB structure of the polished-
samples was formed by thermally etching at 1050 �C for 1 h.
Surface morphologies of sintered ceramics were revealed using
scanning electron microscopy (SEM; SEC, SNE-4500M).
Elemental distribution of the F dopant atoms and the major
elements (i.e., Ca, Cu, Ti, and O) in the sintered CCTO ceramics
was examined using a eld-emission scanning electron
microscopy (FE-SEM) with energy-dispersive X-ray analysis
(EDX) (HITACHI SU8030, Japan). X-ray Absorption Near Edge
Structure (XANES) spectra were collected at the SUT-NANOTEC-
SLRI XAS beamline (BL5.2) (using an electron energy of 1.2 GeV,
a bending magnet, beam current of 80–150 mA, and 1.1 to 1.7�
1011 photons per s) at the Synchrotron Light Research Institute
(SLRI), Nakhon Ratchasima, Thailand. Details of this charac-
terization technique have been published.26 The normalized
XANES data were processed and analyzed aer background
subtraction in the pre-edge and post-edge region using ATHENA
soware that is included in the IFEFFIT package.39 The chem-
ical states of Cu and Ti were analyzed using X-ray photoelectron
spectroscopy (XPS), PHI5000 VersaProbe II, ULVAC-PHI, Japan)
at the SUT-NANOTEC-SLRI Joint Research Facility, Synchrotron
Light Research Institute (SLRI), Thailand. The XPS spectra were
tted using PHI MultiPak XPS soware with a combination of
Gaussian–Lorentzian lines.

Before electrical measurements, both surfaces of the sin-
tered ceramics were polished until smooth, washed, and dried
at 150 �C overnight. The polished samples were coated by
sputtering Au on their surfaces for 8 min at 25 mA using
a Polaron SC500 sputter coating unit. The dielectric properties
were measured over the temperature range of �70 to 220 �C
using a KEYSIGHT E4990A Impedance Analyzer in the
frequency range of 102 to 107 Hz with an oscillation voltage of
0.5 V. Each measurement temperature was kept constant with
a precision of �0.1 �C. Nonlinear J–E properties at room
temperature (RT) were determined using a high voltage
measurement unit (Keithley Model 247). The breakdown
RSC Adv., 2017, 7, 4092–4101 | 4093
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Table 1 Lattice parameter (a), dielectric permittivity (30) and loss
tangent (tan d) at RT and 1 kHz, conduction activation energies of the
grain (Eg) and grain boundary (Egb), nonlinear coefficient (a) and
nonlinear breakdown electric field (Eb)

Samples a (Å) 30 tan d Eg Egb a Eb

CCTO 7.393(2) 23 263 0.145 0.083 0.630 3.77 308.1

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 3
/1

3/
20

26
 7

:4
3:

00
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
electric eld (Eb) was achieved at J ¼ 1 mA cm�2. The nonlinear
coefficient (a) was calculated using the following formula:

a ¼ logðJ2=J1Þ
logðE2=E1Þ (1)

where E1 and E2 are the applied electric elds, at J1 ¼ 1 and J2 ¼
10 mA cm�2, respectively.
F05 7.393(9) 69 732 0.098 0.091 0.696 3.57 345.5
F10 7.392(7) 81 306 0.077 0.091 0.714 3.58 331.5
F20 7.393(8) 98 396 0.087 0.116 0.739 4.18 345.8
3. Results and discussion

The crystal structure and phase composition of all the sintered
ceramic samples were studied. Fig. 1 shows the Rietveld
renement prole ts of the XRD patterns for all the samples.
The prole ts conrmed the formation of a single CCTO phase
(JCPDS 75-2188) in the CCTO and all F�-doped CCTO (CCTOF)
ceramics. It was found that all the diffraction peaks were well
indexed based on the bcc structure within space group Im�3.
Impurities (e.g., TiO2, CuO, Cu2O and CaTiO3) were not seen in
the prole ts. The lattice parameters (a) of all the samples are
summarized in Table 1. The a values of all the samples can be
compared to 7.391 Å for un-doped CCTO (JCPDS 75-2188). It is
notable that the a values of CCTOF did not change with F�

dopant concentration. This result is similar to that reported in
previous work with CaCu3Ti4O12�xFx where x ¼ 0–0.2.38 The
unchanged lattice parameter was likely because the ionic radii
of the substituted F� anion (r4¼ 1.31 Å) and the host O2� ion (r4
¼ 1.38 Å) are not greatly different.40

Surface morphologies of the CCTO and CCTOF ceramics
sintered at 1075 �C for 3 h are shown in Fig. 2. As can be clearly
Fig. 1 Profile fits for the Rietveld refinements of the XRD patterns of CC

4094 | RSC Adv., 2017, 7, 4092–4101
seen, there was abnormal grain growth in the microstructure of
the CCTO ceramic, where the large sized grains (z30–50 mm)
were surrounded by small grains (z5–10 mm). This is generally
reported in literature and was ascribed to the liquid phase
sintering mechanism.14,26,32 It was found that the mean grain
size of CCTO ceramics was greatly enlarged by doping with F�

anions. Almost all grains of the F05, F10 and F20 samples were
very large (z40–100 mm).

Usually, the grain growth mechanism of a polycrystalline
ceramic is associated with mass transport by diffusion of ions
(or atoms) across the GB layer. During sintering, the dopant
directly melts and/or reacts with a small part of the major phase
to form a eutectic liquid. These can cause a formation of
a liquid phase in the microstructure. The liquid was present at
the contact areas between the particles in the ceramic micro-
structure. This can contribute to promotion of the diffusion of
ions. For polycrystalline ceramics, a liquid phase generally
originates from a eutectic liquid. The eutectic temperature for
TO, F05, F10 and F20 samples.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of polished surfaces of (a) CCTO, (b) F05, (c) F10 and (d) F20 samples.
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CuO–TiO2 is about 950 �C for CCTO ceramics.35 Although the
liquid phase formed by melting of the dopant usually occurs in
metallic systems, it is also possible in CCTOF ceramics. This is
due to the low melting point of CuF2 (836 �C). Thus, the
formation of a liquid phase is likely caused by these two
mechanisms. Enhancement of GB mobility resulted from the
presence of the liquid phase(s) and was suggested an important
factor for increasing grain growth rate in CCTOF ceramics.

Fig. 3 shows the SEM mapping images of the F05 sample.
This result conrms the existence of all major elements (i.e., Ca,
Cu, Ti, and O) and conrms the homogeneous dispersion of F�

dopant in both of the grains and GBs. Segregation of the F�

dopant in any specic region was not seen. In contrast, segre-
gation of Cu was observed along the GBs, which is also generally
reported in previous studies.22 This result strongly conrms that
the liquid phase is closely associated with a Cu-rich phase,
Fig. 3 Element mapping of the F05 sample for Ca, Cu, Ti, O and F.

This journal is © The Royal Society of Chemistry 2017
which likely originated from melting of CuF2 and the eutectic
phase of CuO–TiO2.

The frequency dependence of the dielectric properties of all
the ceramic samples is shown in Fig. 4 30 was slightly dependent
on frequency in the range of 102 to 105 Hz. Notably, 30 can be
enhanced from z104 to z105 by doping with F� anions.
Considering the microstructural change in CCTOF ceramics,
the enlarged grain size is one of the most important parameters
that increased 30. However, the linear and continuous increase
in 30 of the F�-doped CCTO ceramics was not correlated with
their grain sizes. 30 increased with increasing anion dopant
concentration, but not for the mean grain sizes. Therefore,
variation in 30 cannot be attributed to the change in the
microstructure only. As illustrated in the inset of Fig. 4, a low-
frequency tan d of CCTO ceramics was greatly decreased by
doping with F� anions. At 102 Hz, the tan d of the CCTOF
RSC Adv., 2017, 7, 4092–4101 | 4095
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Fig. 4 Frequency dependency of dielectric permittivity (30) at RT for
CCTO, F05, F10 and F20 samples; inset show the loss tangent (tan d) as
a function of frequency at RT.
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ceramics was reduced by a factor of 5. At frequencies higher
than 105 Hz, the frequency dependent behaviors of tan d for all
of the samples were similar, i.e., tan d increased with increasing
frequency. This indicates the dielectric relaxation behavior of
primary polarization, which will be discussed below. The 30 and
tan d values at RT and 1 kHz of all the ceramic samples are
summarized in Table 1. It is notable that the low-frequency
tan d of the CCTOF ceramics was signicantly reduced to <0.1,
while 30 greatly increased. Generally, this result is hard to ach-
ieve in CCTO ceramics because variations in tan d and 30 values
are usually directly proportional. The 30 and tan d values of the
CCTO and CCTOF ceramics compared to those reported in
literature for both of un-doped and metal ions-doped CCTO
ceramics prepared by using different method and sintered
under various conditions are shown in Table 2.

The dielectric relaxation behavior of CCTO and CCTOF
ceramics was studied. As shown in Fig. 5, two dielectric relax-
ations were observed in distinct frequency ranges. The low-
frequency dielectric relaxation likely originated from the
sample-electrode effect.41 The relatively high-frequency dielec-
tric relaxation (i.e., the primary relaxation) has widely been
accepted as associated with the IBLC effect, i.e., the Maxwell–
Wagner polarization relaxation.13,21 The step-like decrease in 30

and relaxation peak of 300 (300 is the imaginary part of the complex
Table 2 Dielectric permittivity (30) and loss tangent (tan d) at RT and 1 kHz
different ions

Doped-CCTO ceramics (preparation method)

Ni-Doped CCTO (SSR method)44

Sn-Doped CCTO (SSR method)44

Si-Doped CCTO (SSR method)44

Al-Doped CCTO (SSR method)44

Un-doped CCTO (SSR method)44

Un-doped CCTO (sol–gel method)16

Un-doped CCTO (SSR method)17

Un-doped CCTO (molten salt method)19

Un-doped CCTO (SSR method with quenching in water)18

Un-doped CCTO (SSR method) [in this work]
CaCu3Ti4O11.9F0.10 (SSR method) [in this work]

4096 | RSC Adv., 2017, 7, 4092–4101
dielectric permittivity or dielectric loss, 300 ¼ 30 � tan d) shied
to a higher frequency with increasing temperature, indicating
a thermally activated relaxation mechanism. The activation
energy for dielectric relaxation can be calculated from the crit-
ical frequency (fmax) at various temperatures at which the
relaxation peak appeared as:

fmax ¼ f0 exp

��Ea

kBT

�
; (2)

where f0 is the pre-factor, Ea is the activation energy required for
relaxation process, T is absolute temperature and kB is Boltz-
mann constant. The frequency dependence of fmax for all the
samples obeyed the Arrhenius law in eqn (2), inset of Fig. 5(d).
The Ea values of the CCTO, F05, F10 and F20 samples were
about 0.096, 0.096, 0.099 and 0.115 eV, respectively. These
values are comparable to the reported values of 0.103 eV,32

0.011 eV (ref. 11) and 0.101 eV.28 Doping CCTO with F� anions
into O2� sites has a small inuence on the dielectric-relaxation
activation energy of CCTO ceramics.

To elucidate the inuences of F� anion dopant ions on the
dielectric properties of CCTO ceramics, the grain and GB
responses were studied using an impedance spectroscopy
technique. Fig. 6(a) and (b) show Z* plots for all the samples at
RT and 80 �C, respectively. Only the linear part of the semi-
circular arcs was observed at RT in the frequency range of 102 to
106 Hz. A nonzero intercept on the Z0 axis was observed, inset of
Fig. 6(a), indicating an electrical response of the semi-
conducting grains.42,43 Thus, the linear part of the semicircular
arcs should be due to the electrical response of the GBs. The
grain resistance (Rg) values (estimated from the nonzero inter-
cept) of the CCTOF ceramics were smaller than that of the
undoped CCTO ceramic by a factor of 2. At RT, Rg of the CCTO
sample wasz100 U cm, while Rg values of the CCTOF ceramics
were nearly the same in value with Rgz 50U cm. At RT, it is very
difficult (or perhaps impossible) to accurately calculate the
value of Rgb in the measured frequency range since just few data
points on the full arcs appeared in these Z* plots. The trend of
Rgb values for the CCTOF ceramics cannot be determined. To
obtain this, a Z* plot at a high temperature should be per-
formed. In Fig. 7(b), the Rgb of each sample was estimated and
of un-doped CCTO andmetal ion-doped CCTO ceramics doping with

Sintering condition 30 tan d

1040 �C/4 h 69 833 0.073
1040 �C/4 h 51 443 0.061
1040 �C/4 h 55 240 0.136
1040 �C/4 h 30 226 0.100
1040 �C/4 h 45 972 0.109
1060 �C/48 h �42 250 �0.15
1060 �C/48 h �100 000 �1.0
1060 �C/1 h �10 000 �0.15
1060 �C/3 h �10 000 �0.15
1060 �C/3 h �17 500 �0.085
1075 �C for 3 h 23 263 0.145
1075 �C for 3 h 81 306 0.077

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Frequency dependencies of dielectric permittivity (30) and dielectric loss (300) at various temperatures for (a, c) CCTO and (b, d) F20 samples;
inset of (d) shows Arrhenius plots of fmax for the dielectric relation.
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found to be signicantly increased by doping with F�. Rgb of the
CCTOF ceramics was enhanced even through the mean grain
size increased compared to that of the CCTO sample. This result
gives a signicant clue, reecting the largely enhanced resis-
tance of individual GB layers. This is one of the most important
factors contributing to reduction in a low-frequency tan d in
CCTOF ceramics [inset of Fig. 4]. Thus, the distribution of
dopants near GBs can cause an increase in the GB resistivity,
which oen make great inuence on the low-frequency dielec-
tric properties,44 as clearly seen in Fig. 5. It is worth noting that
all the samples were electrically heterogeneous, consisting of
grains with very small Rg values and very high values of Rgb.
Therefore, it is reasonable to suggest that the giant dielectric
response in CCTOF ceramics originated from the IBLC effect.

Rg and Rgb values can be calculated in various temperatures.
The conductivities of the grain (sg) and GB (sgb) were calculated
from Rg and Rgb, respectively. As demonstrated in Fig. 6(c) and
(d), the temperature dependencies of sg and sgb follow the
Arrhenius law:

sg=gb ¼ s0 exp

��Eg=gb

kBT

�
; (3)

where s0 is a constant value and Eg and Egb are the conduction
activation energies inside the grains and GBs, respectively. The
Egb values of the CCTO, F05, F10 and F20 samples were about
0.630, 0.696, 0.714 and 0.739 eV, respectively. The Eg values for
This journal is © The Royal Society of Chemistry 2017
all the samples are summarized in Table 1. Eg slightly increased
with increasing F� dopant concentration. It was observed that
the trends of variation in Eg and Ea values were similar.
According to the Maxwell–Wagner polarization relaxation
model, the temperature dependence at the critical frequency,
fmax, of a thermally activated relaxation process can be
expressed in term of Rg, as the following:13,21

fmax z
�
2pRgCgb

��1
z

�
2pCgb

��
R0

g

��1
exp

��Eg

kBT

�
; (4)

where Cgb is the capacitance of GBs. From eqn (2), the
temperature dependence of fmax for the dielectric relaxation
process in CCTO and CCTOF ceramics follows the temperature
dependence of the conduction process of the grains, since Cgb is
nearly independent of temperature. According to eqn (2)–(4),
the activation energies required for electrical conduction in the
grain interiors and for dielectric relaxation process should be
the very close. Thus, the calculated Ea and Eg values strongly
conrm that the giant dielectric response in CCTOF ceramics
can be attributed to the Maxwell–Wagner polarization based on
the IBLC structural model.

As shown in the inset of Fig. 6(a), Rg of CCTO ceramics was
reduced by doping with F� anions, indicating an increase in the
concentration of free charge carriers in the grain interiors. To
clarify the effect of F� doping on the electrical properties of the
grains, variation in valence states of Cu2+ and Ti4+ ions in CCTO
RSC Adv., 2017, 7, 4092–4101 | 4097
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Fig. 6 (a and b) Impedance complex plane (Z*) plots of CCTO, F05, F10 and F20 samples at room temperature and 80 �C, respectively; inset of
(a) shows an expanded view of high frequency Z* plots at RT, revealing the nonzero intercept on Z0 axis. (c and d) Arrhenius plots of sg and sgb,
respectively.
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and CCTOF samples was investigated using XPS and XANES
techniques. As illustrated in Fig. 7(a) and (c), the main XPS
peaks at z933 eV for the CCTO and F10 samples conrm the
existence of large numbers of Cu2+ ions.9,28,32 The Cu 2p3/2
region can be divided into three peaks using Gaussian–Lor-
entzian prole tting. The small XPS peaks at relatively lower
and higher binding energies at z931 and z936 eV indicated
the existence of Cu+ and Cu3+, respectively.9,28,32 The Cu+/Cu2+

ratios of the CCTO and F10 samples were, respectively, about
4.26% and 5.65%, while their respective Cu3+/Cu2+ ratios were
13.62% and 27.22%. Doping CCTO with F� caused an increase
in both Cu+ and Cu3+ concentrations.

In addition to Cu+ and Cu3+, the presence of Ti3+ ions is
usually considered a major cause of the formation of n-type
semiconducting grains in CCTO ceramics. As depicted in
Fig. 7(b) and (d), the primary XPS peak at z458 eV for Ti4+ was
conrmed in all the samples. Unfortunately, the presence of
Ti3+ cannot be modeled using Gaussian–Lorentzian prole
tting. This may be due to a small amount of Ti3+ in both the
samples.2 Thus, XANES was used to further investigate to the
existence of Ti3+. Fig. 8 shows normalized Ti K-edge XANES
spectra of the CCTO and F10 samples as well as the standard
TiO2 (Ti4+) and Ti2O3 (Ti3+) samples. It was found that the
position of the edge energy of both samples was very close to the
TiO2 standard. As expected, a small amount of Ti3+ was
conrmed to exist. To obtain the ratios of Ti3+/Ti4+, the edge
value was calculated from the maximum value of the rst
4098 | RSC Adv., 2017, 7, 4092–4101
derivative in the edge region.15 The ratio of Ti3+/Ti4+ can be
calculated from the energy edge value.39 The ratios of Ti3+/Ti4+

in the CCTO and F10 samples were found to be 0.82% and
2.46%, respectively.

Substitution of O2� with F� anions requires charge
compensation, which can be achieved by reduction in cation
valence (Cu2+ / Cu+ and Ti4+ / Ti3+). This charge compen-
sation behavior is similar to that observed in the case of Y3+

doped-CCTO ceramics, which Rg of CCTO was reduced by
doping with Y3+.45,46 It is worth noting that the Cu3+/Cu2+ ratio of
the F10 sample was signicantly increased. As shown in the
SEM-mapping image for Cu dispersion, Fig. 3, segregation of
Cu-rich phase along the GBs was observed. This indicated the
decomposition of CuO from the CCTO lattice, creating cation
vacancies. Therefore, it is possible that the increased Cu3+/Cu2+

ratio of the F10 sample might be due to the creation of Cu
vacancies.9

Generally, the conductivity of n-type semiconducting grains
is elevated by increasing the number of free electrons. Thus, the
reduction in Rg of the CCTOF samples should be correlated with
the increase in Cu+/Cu2+ and Ti3+/Ti4+ ratios over those found in
the CCTO sample. For p-type semiconductor CuO ceramics,
conduction is primarily caused by hole hopping between Cu3+

4 Cu2+. The increase in the Cu3+/Cu2+ ratio may also be an
important cause of the reduced Rg. Form this point of view,
hopping of charge carriers between Cu+ 4 Cu2+, Cu3+ 4 Cu2+,
and Ti3+ 4 Ti4+ sites in the CCTO structure can result in
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 XPS spectra of CCTO and F10 samples: (a, c) Ti 2p regions and (b, d) Cu 2p regions.

Fig. 8 Normalized X-ray absorption near edge structure (XANES)
spectra for Ti K-edge of the CCTO and F10 samples.
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electrical conductivity. According to our previous report, we
found that the variation in Rg of Na0.5Y0.5Cu3Ti4O12 ceramics
was only consistent with a change in the Ti3+/Ti4+ ratio, whereas
changes in Cu+/Cu2+ and Cu3+/Cu2+ ratios was not correlated to
Rg values.47 The conduction mechanism inside the n-type
This journal is © The Royal Society of Chemistry 2017
semiconducting grains might be primarily attributed to elec-
tron hopping from a Ti3+–O–Ti4+ to a Ti4+–O–Ti3+. Hopping of
charge carriers between complex defects, i.e., Cu+–O–Cu2+ 4

Cu2+–O–Cu3+, was likely difficult owing to much different val-
ance states of Cu+ and Cu3+.

The effect of F� anions on the non-ohmic properties of CCTO
ceramics is illustrated in Fig. 9. All the samples exhibited
nonlinear J–E characteristics. Accordingly, Eb and a values were
calculated and summarized in Table 1. According to the
improved dielectric properties and the observed nonlinear
electrical properties of CCTOF ceramics, it was suggested that
the sample could be applied as capacitor-varistors.48 a values for
all the samples were not signicantly different, while Eb values
of the CCTOF samples were greater than that of the undoped
CCTO sample, even though their grain sizes were larger than
those of the CCTO sample. The volume fraction of the GB,
which is inversely proportional to its mean grain size, was
decreased by doping with F� anions. The increase in Eb of the
CCTOF samples was consistent with their enhanced Rgb values
over that of the CCTO sample. Although the volume fraction of
the GB in the CCTOF samples was lower than that of the CCTO
sample, the total resistance of their GBs (Rgb) and Eb were larger.
RSC Adv., 2017, 7, 4092–4101 | 4099
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Fig. 9 Nonlinear current density–electric field (J–E) characteristics at
RT of CCTO, F05, F10 and F20 samples.
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Thus, the resistivity of an individual GB layer of the CCTOF
samples should much be larger than that of the CCTO sample.
These results indicate that the intrinsic property (i.e., potential
barrier height) of the GB of CCTO ceramics was enhanced by F�

doping. It was reasonably proposed that based on the n-type
semiconducting grains of CCTO ceramics, the electronic
energy band structure across the GB layer was equivalent to n–i–
n.20,49 Double Schottky potential barriers can be created at
interfaces between n-type grains caused by trapping at acceptor
states. This resulted in the bending of the conduction band
across the GB. A potential barrier (FB) was created at the GB
sandwiched by n-type semiconducting grains.20 In the absence
of a DC bias, FB can be expressed as:

FB ¼ qNs
2

83030Nd

; (5)

where Ns is the acceptor (surface charge) concentration, 30 is the
relative permittivity of materials, Nd is the charge carrier
concentration in the semiconducting grains and q is the elec-
tronic charge. It was reported that the activation energy for
conduction at the GBs has a close relationship with the poten-
tial barrier height at the GBs.10,20 Egb and FB were nearly the
same in value. As shown in Fig. 6(d) and Table 1, the enhanced
Egb values indicated an increase in FB. As demonstrated in the
inset of Fig. 6(a), Rg (or sg) of all the CCTOF samples was smaller
than that of the CCTO sample, indicating that the charge carrier
concentration in the semiconducting grains (Nd) of the CCTOF
samples was higher. This is responsible for the observed
increase in the potential barrier height at the GBs in the CCTOF
ceramic samples. Generally, it was observed that the mecha-
nism of potential barrier formation in CCTO ceramics was also
correlated with oxygen enrichment at the GBs.25 For this point
of view, it was proposed that the GB region may possess a p-type
semiconductor nature, resulting from high oxygen content and/
or vacancies of metal ions along the GBs compared with the n-
type semiconductor nature inside the grains.50 For CCTOF
ceramics, the creation of oxygen vacancies may possibly be
inhibited (or decreased) by F� doping anions due to the lower
valence state of the dopant, retaining the p-type semiconductor
nature of the GBs and potential barrier height. Thus,
4100 | RSC Adv., 2017, 7, 4092–4101
substitution of F� anions not only decreased the possibility of
a reduction in FB as a result of creation of oxygen vacancies, but
it also enhanced FB resulting from the creation of free charges
inside the semiconducting grains.

Substitution of F� anions into CCTO ceramics can simulta-
neously improve the electrical properties of the grains and GBs.
These can cause increases in both of the free charge carrier
concentration inside the semiconducting grains and Schottky
barrier height at the GBs, respectively. Under an applied electric
eld, more charges accumulated at the interface between the
semiconducting grain and GB layer due to a high concentration
of free charges inside the grain producing a stronger intensity of
interfacial polarization (Maxwell–Wagner polarization). This
gave rise to a large increase in 30. EnhancedFB resulting in Rgb is
the major cause the reduced low-frequency tan d.

4. Conclusions

Signicantly improved giant dielectric properties of CCTO
ceramics via simultaneously tuning the electric properties of the
grains and GBs was successfully done by doping CCTO with F�

anions. The grain size of CCTO ceramics was thus enlarged. The
low-frequency tan d of F�-doped CCTO ceramics was greatly
reduced by a factor of 5 compared to that of the undoped CCTO
ceramic, which was attributed to a large increase in Rgb and
potential barrier height at the GBs. These results were
conrmed by the slight increase in electric breakdown strength
of F�-doped CCTO ceramics, even though the mean grain size
was greatly increased. According to the XPS and XANES results,
it was shown that the charge carrier concentration inside the
semiconducting grains of F�-doped CCTO ceramics was
increased corresponding to the observed reduction in Rg. This
was responsible for the observed increase in 30 from z104 to
z105 at 1 kHz due to the increased intensity of interfacial
polarization at the GBs. Maxwell–Wagner polarization relaxa-
tion based on the internal barrier layer capacitor model of
Schottky barriers at the GBs can be used to clearly explain the
variations of the giant dielectric behavior and nonlinear elec-
trical properties of F�-doped CCTO ceramics.
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