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We report on the measurements of the electrical and dielectric properties of Nay,La;/,Cu3TisO12 (NLCTO) ce-
ramics prepared by high energy ball-milling and conventional sintering without any calcination steps. The x-ray powder
diffraction analysis shows that pure perovskite-like CCTO phase is obtained after sintering at 1025 °C-1075 °C. Higher
sintering temperatures result in multi-phase ceramics due to thermal decomposition. Scanning electron microscope obser-
vations reveal that the grain size is in a range of ~ 3 um-5 pm for these ceramics. Impedance spectroscopy measurements
performed in a wide frequency range (1 Hz—10 MHz) and at various temperatures (120 K—470 K) are used to study the
dielectric and electrical properties of NLCTO ceramics. A good compromise between high £’ (5.7 x 10> and 4.1 x 103 at
1.1 kHz and 96 kHz, respectively) and low tand (0.161 and 0.126 at 1.1 kHz and 96 kHz, respectively) is obtained for the
ceramic sintered at 1050 °C. The observed high dielectric constant behavior is explained in terms of the internal barrier

layer capacitance effect.
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1. Introduction

Since 2000, the giant dielectric constant (GDC) ma-
terials (&’ > 10%) have been extensively studied.['-31] This
is because of their potential applications in various elec-
tronic fields such as the charge storage capacitors.[%!0]
These studies have resulted in the discovery of a large
variety of GDC materials, mostly perovskite oxides, i.e.,
CuO,"1121 [AC;](B4)O1, (where A = Ca, Cd, Sr, Na or
Th; B = Ti; and C = Cu®* or Mn3t),[L13-19291 (a7 N)-
doped NiO (where M = Li, Na, K, and N = Ti, Al, Si,
Ta),[2*2!1 A(Fe, 1B /)O3 (Where A = Ba, Sr, Ca and B = Nb,
Ta, Sb),[?2%) and BaTi;_(Nij oW 2),03.1 Nevertheless,
CaCusTiuOpp (CCTO) is still the most studied material be-
cause of its special properties: room temperature dielectric
constant value, € of ~ 10°~10* that is independent of tem-
perature and frequency over a wide range. Unfortunately,
the loss tangent, tand of CCTO ceramics is still too large
(> 0.05) which is an obstacle toward the application of CCTO
to capacitor. Some new CCTO-related oxide ceramics are
nowadays attracting the attention due to their low dielectric
losses. 27271 Low values of tan 8 of 0.030-0.041 (1 kHz) and
0.022 (1 kHz) were reported for Nag sSmg sCusTizO12 1?8 and
La-doped Nag 5Big sCus Ti4O12,1?%! respectively. These results
indicate that Nag 5Lng sCu3TisO1, (Ln = La, Sm, Gd, Dy, Yb,
and Y) ceramics may have a potential application to capac-
itor. Thongbai et al. (301 prepared NagsLagsCusTisO;> by
solid state reaction method in a process including two calci-
nation steps (at 950 °C for 15 h and at 1000 °C for 10 h) fol-
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lowed by 5 h sintering at 1080 °C-1090 °C. The final ceram-
ics showed an average grain size of 4 um, &’ ~ 6.1-8.7 x 10°
and tan§ ~ 0.032-0.038 at 10 kHz. Liu er al.®!l prepared
Nag 5Lag sCusTigO1, by sol-gel method including a sintering
step at 1060 °C-1100 °C for 5 h—15 h. The ceramics sintered
at 1080 °C for 10 h exhibited homogeneous microstructure
with an average grain size of about 4 pum, & of 1.1 x 10%-
1.8 x 10* and tan§ of 0.051-0.064 at 1 kHz—10 kHz which
are about twice higher than the dielectric constant and loss
tangent values reported by Thongbai et al.3%) This variation
in the reported values of €’ and tan é for the same material re-
flects the dependence of the ceramics’ properties on the prepa-
ration method. In fact, the preparation method controls the
microstructure, particularly the grain size and the electrical
conductivity of the grain and grain boundaries which are de-
terminant parameters for the dielectric properties of the GDC
ceramics.[16-32:33]

In the present study we have prepared NLCTO by a sim-
plified solid state reaction where the calcination step is dis-
missed. The powder of NLCTO is synthesized by high-energy
ball milling technique. The dense and pure phase ceramics are
obtained by conventional furnace sintering method. The influ-
ences of sintering temperature on the structural and dielectric
properties of the prepared ceramics are also studied.

2. Experiment

In this work, NajjLa;/;CusTisO12 (NLCTO) powder
was synthesized by mechanochemical milling of stoichiomet-
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ric amounts of high-purity LayO3 (99.99%), TiO, (99.9%),
CuO (99.99%), and Na,CO3 (99.99%) in 2-propanol medium.
The milling process was carried out by using Fritsch P-7 pre-
mium line machine for 30 h with a rotation speed of 500 rpm
using a 45-ml tungsten carbide pot and tungsten carbide balls
where the ball-to-powder mass ratio was 8:1. The resulting
powder was then pressed into pellets each with 12 mm in
diameter and 2 mm in thickness. Dense ceramics were ob-
tained by sintering the pellets in air at 1025 °C, 1050 °C,
1075 °C, and 1100 °C for 10 h with a heating rate of 4 °C/min.
The ceramics sintered at these temperatures are referred to
as NLCTO-25, NLCTO-50, NLCTO-75, and NLCTO-00, re-
spectively. The densities of the sintered pellets were calculated
from their dimensions and weights. The prepared ceramic ma-
terials were characterized by field emission scanning electron
microscope (FE-SEM) (Joel, SM7600F) technique. The x-ray
diffraction (XRD) data were collected over the 0° <26 < 90°
range using a Stoe Stadi-P Image Plate, IP, (Stoe and Cie
GmbH, Darmstadt,Germany), with monochromated Cu Ka1
radiation (A = 1.5406 A). The prepared ceramics have been
crushed and ground into fine powder in an agate mortar be-
fore XRD measurements. Impedance spectroscopy (IS) mea-
surements were performed by turnkey concept 50 system from
Novocontrol over the 1 Hz—40 MHz frequency range. IS mea-
surements were performed in dry nitrogen atmosphere in a
120 K-500 K temperature range, where the temperature was
controlled by the Quatro Cryosystem. Silver paint was used as
electrodes.

3. Results and discussion

Figure 1 shows the XRD patterns of the prepared NLCTO
ceramics (NLCTO-25, NLCTO-50, NLCTO-75, and NLCTO-
00). The main diffraction peaks in these patterns could be
indexed to a body-centered cubic perovskite-related struc-
ture of space group Im3 according to JCPDS card # 75-
2188 of CCTO. The lattice parameters were calculated to be
7.428,7.424,7.423, and 7.412 A for the ceramics NLCTO-25,
NLCTO-50, NLCTO-75, and NLCTO-00, respectively. These
values are in accordance with those reported in Refs. [30]
and [34]. It is noticed from Fig. 1 that the diffraction peaks
of NLCTO-50 are comparatively more intense, which indi-
cates better crystallinity or less defects of this ceramic than
those of the other ceramics. No secondary phases are de-
tected in NLCTO-25 and NLCTO-50 ceramics while a CuO
impurity phase is observed in NLCTO-75. The ceramic com-
position of NLCTO-00 is found to be composed of CCTO
phase with some other secondary phases which might be due
to thermal decomposition of NLCTO at this temperature. It
is likely that decomposition of Cu or Na is the major cause
for this observation as observed in Na; /,Sm; ;,Cu3TigOy, ¥
and CCTO®3! ceramics. The secondary phases in NLCTO-00
could be identified as the CuO (JCPDS No: 03-0884), NaCuO,
(JCPDS No: 85-2391), and LayTiOs (JCPDS No: 75-2394).
Considering these findings, only NLCTO-25, NLCTO-50, and

NLCTO-75 will be electrically investigated as it is composed
of nearly pure CCTO phase.
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Fig. 1. (color online) XRD patterns of the NLCTO ceramics.

Figure 2 reveals the SEM images of the nano-powder of
NLCTO prepared by mechanical milling and the fractured sur-
face of the current NLCTO ceramics. According to Fig. 2(a),
the crystallite size for the powder is ~ 30 nm. All the present
ceramics have shown the grain—grain boundary structures.
With increasing sintering temperature, the grain sizes increase
from ~ 3 um-5 pm for the ceramics NLCTO-25, NLCTO-50,
and NLCTO-75 to ~ 30 um for NLCTO-00. The densities of

Fig. 2. FE-SEM morphologies of (a) the NLCTO powder and the fractured
surface of NLCTO ceramics, (b) NLCTO-25, (¢) NLCTO-50, (d) NLCTO-
75, and (¢) NLCTO-00.
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the prepared pellets are measured to be 4.54, 4.63, and
4.69 g/cm? for NLCTO-25, NLCTO-50, and NLCTO-75, re-
spectively.

Figure 3(a) shows the EDX spectra of the grain-boundary
regions for NLCTO-50 as a representative example. Table 1
summarizes quantitatively the EDX results for the current ce-
ramics. All the constituent elements could be detected in the
grain and grain boundaries. Though the grains for all the stud-
ied ceramics were nearly stoichiometric, the grain boundaries
of NLCTO-50 were comparatively rich in La and Cu.

Figure 3(b) shows the Cu mapping by EDX of the surface
of NLCTO-75. It can be seen that at a sintering temperature of
1075 °C, Cu tends to migrate toward the intergranular region.
This should be the CuO secondary phase detected in Fig. 1 for
NLCTO-75.

Table 1. Elemental analyses of the grain and grain boundary regions
for NLCTO ceramics.

Na:La:Cu:Ti:O Na:La:Cu:Ti:O
in grains in grain boundaries
NLCTO-25 1.7:1.6:9.4:13.2:74.1 1.7:2.2:13.4:19.2:65.2
NLCTO-50 1.6:1.7:9.7:13.7:73.3 1.0:2.7:19.0:24.5:52.8
NLCTO-75 1.6:1.8:11:15.8:69.8 1.9:2.1:13.1:19:63.9
(a)

La

N

13

Cu Ka1

Fig. 3. (color online) (a) EDX spectrum of the grain boundary for
NLCTO-50 and (b) the EDX mapping of Cu from the surface of the
NLCTO-75.

Figure 4 reveals the variations in €’ and tan§ at selected
temperatures for NLCTO-25, NLCTO-50, and NLCTO-75.
All the ceramics exhibit high dielectric constant (&' > 10°)
over a wide range of frequencies (1 Hz—10° Hz), which drops

down to £ ~ 100 at frequencies higher than 10° Hz with the
dropping frequency increasing with temperature rising. This
relaxation in €’ is accompanied by a loss peak of tan § which
shifts toward higher frequencies with increasing temperature
as seen in Figs. 4(a)—4(c). The same behavior has been pre-
viously reported for CCTO and its related materials.”*!] Be-
sides, the increase in € which is associated with a strong in-
crease in tand for all ceramics at low frequencies and high
temperatures is believed to be due to the increase of electrical
conductivity and/or electrode polarization effects. 637!

The values of € and tand at selected temperatures and
frequencies for the studied NLCTO ceramics are given in Ta-
ble 2. From these findings, it is clear that the dielectric prop-
erties of NLCTO-50 represent a good compromise among the
high €’ (5.7 x 10° and 4.1 x 103 at 1.1 kHz and 96 kHz, re-
spectively), frequency stability of €’ and low tan 6 (0.161 and
0.126 at 1.1 kHz and 96 kHz, respectively). The better di-
electric properties of NLCTO-50 should be closely correlated
with the observed Cu-rich grain boundaries in these samples.
The occurrence of Cu-rich phase in the grain boundaries and
its role in enhancing the dielectric properties have been pre-
viously reported for Y,/3Cu3TisO1,% and CCTO.1**! Even
if a direct comparison with literature is difficult due to the
different preparation methods and conditions used, we argue
that the results in the present work are comparable to those
reported in the literature: & ~ 8.7 x 10° & tand ~ 0.114
(at 1.1 kHz) for NLCTO ceramics prepared by conventional
solid state reaction3%! and &’ ~ 1.53 x 10* & tand ~ 0.063
at 1 kHz for NLCTO ceramics prepared by sol—gel method. ]

Table 2. Values of € and tan §, measured at 310 K for NLCTO ceram-
ics.

e tan & g tan &
1.1 kHz 1.1 kHz 96 kHz 96 kHz

NLCTO-25 3.8 x 103 0.167 2.6 x 103 0.159
NLCTO-50 5.7 % 103 0.161 4.1x%x103 0.126
NLCTO-75 9.6 x10° 2.075 2.3 %10 0.440

For more understanding of the dielectric relaxation in the
current ceramics, we use the frequency dependence of the
imaginary part of the electrical modulus M” plots since this
formalism identifies only the electrical responses with small
capacitances. Thus, in the M” spectra the electrode effects
are usually suppressed. Figure 5 depicts the M" spectra for
the NLCTO-25 ceramics at different temperatures as a rep-
resentative example. As can be seen from Fig. 5, there are
two relaxation peaks: peak I which starts to appear at lower
temperature and high frequency. The second peak, peak II,
appears at temperature higher than room temperature and low
frequency. Since the M” peak maximum is inversely propor-
tional to the capacitance of the element responsible for the
peak, %! then peak I and peak II are attributed to the electrical
responses of the grain and grain boundary elements, respec-
tively. For both responses, the corresponding M” peaks shift
toward higher frequencies with increasing temperature, which
indicates thermally activated mechanism.
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Fig. 4. (color online) Frequency dependences of € and tan § for (a) NLCTO-25, (b) NLCTO-50, (c) NLCTO-75 at selected temperatures, and

(d) all NLCTO ceramics at 300 K.
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Fig. 5. (color online) Frequency dependences of the imaginary part of
electric modulus, M" for NLCTO-50 at different temperatures.

Since the frequency of M” peak (fiax) is related to the
mean value of the relaxation time (7) as T = 1/27 finax, T could
be calculated at different temperatures. It has been found that
the temperature dependence of the calculated values of 7 fol-
lows the Arrhenius law:

E
T = Tpexp <,€BRT> (1)

where 7y is the pre-exponential factor, ER is the activation en-
ergy for the relaxation process, and kg is the Boltzmann con-
stant. The data fitted to Eq. (1) are shown in Fig. 6. The
calculated values for the activation energy of relaxation in
grain (ER,g) and grain boundary (ER ¢ 1) of the present ceram-
ics are given in Table 3. The ER ¢ values for the NLCTO-25,
NLCTO-50, and NLCTO-75 ceramics are all ~0.10 eV which
is comparable to those reported in literature of CCTO ceram-
ics family. Nevertheless, ER . values are found to decrease
considerably with increasing the sintering temperature. ER g b.
values for NLCTO-25, NLCTO-50, and NLCTO-75 ceram-
ics are 0.745 eV, 0.677 eV, and 0.268 eV, respectively. These
values of ER gp. for the present NLCTO ceramics are in the
ranges of 0.1 eV-0.5 eV and 0.6 eV-1.2 eV for the activation
energies for the single-ionized and doubly-ionized oxygen va-
cancies, respectively.*!) Oxygen vacancies in oxide ceramics
are produced during the high-temperature sintering step. !+
Giant dielectric values of CCTO ceramics are widely
interpreted within the “brick work” model™®! which as-
sumes the ceramic to be composed of semiconducting grains
separated by insulating grain boundaries. Considering this
model, the polarization effect at insulating grain boundary
between semiconducting grains or other internal barriers is
the main source for the giant value of dielectric constant.
Therefore, it is important to study the electrical properties
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Table 3. Activation energy values, in unit eV, for conduction (AE) and for relaxation process (ER), and resistivity of grain (Ry) and

grain boundary (Rg p.) for NLCTO ceramics.

AE, AEgy, /(low T) Erg. Ergb. Rg/Q-cm Ry /Q-cm
NLCTO-25 0.129 0.658 0.101 0.745 344 1.17 x 108
NLCTO-50 0.100 0.541 0.099 0.677 151 6.80 x 10°
NLCTO-75 0.119 0.243 0.095 0.268 229 4.44 % 10*

of the grain boundary and grain interior of the investigated ce-
ramic. For this purpose, impedance spectroscopy was used
to characterize and separate its electrical response. Figure 7
shows the impedance complex (Z'-Z") plane plots, at room
temperature, for the ceramics NLCTO-25, NLCTO-50, and
NLCTO-75. All the ceramics exhibit a small semicircular
arc at high frequency and a large semicircular arc at low fre-
quency. These data are described properly with an equiva-
lent circuit consisting of two parallel RC elements in series!*4]
as shown in the inset of Fig. 7. Each RC element represents
one of the electrical elements of the material. The resistance
R of each element can generally be determined from the di-
ameter of the corresponding semicircular arc. It is evident
from Fig. 7 that the present ceramics are electrically inhomo-
geneous where each ceramic is composed of highly resistive
element and a semiconductive one which is in accordance with
the “brick work” model.
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Fig. 6. (color online) Plots of logrithmic relaxation time T versus
1000/T for NLCTO ceramics. Solid and empty symbols refer to the
grains and grain boundaries, respectively.

According to this model, the higher frequency semicir-
cular arc of the impedance corresponds to the response of
the grains, while the semicircular arc at low frequency corre-
sponds to the response of the grain boundaries.!'3! It is worth
noting in the case that only a low-frequency semicircular arc
exists, the resistivity of the grains can be determined from the
non-zero intercept at the high-frequency limit.[4>-46]

Figure 8 shows the impedance complex plane plots at se-
lected temperatures for NLCTO-50, as a representative exam-
ple. It can be seen from this figure that the resistivities of both
grains and grain boundaries decrease with increasing the mea-
surement temperature. Due to the incompleteness of the semi-

circular arc at low frequency, the grain boundary resistivity is
calculated from the (—Z")—f curve.
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NLCTO ceramics.
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Fig. 8. (color online) Impedance complex plane for the NLCTO-50 ce-
ramic at different temperatures.

The frequency dependences of (—Z") at selected tempera-
tures for NLCTO-50 are given in Fig. 9. All the ceramics show
the same behaviours where the value of the peak-maximum
decreases and its position shifts towards higher frequency with
increasing temperature. Considering the brick-work model,
(—Z") is related to the angular frequency (@) by

®R,C ORg,Cq 1
7M@) = [ g-g :|—|—R [ g-b™~8. :|
(@) =Ry 1+ (0R,Cy)? gb 1+ (®Rg,Cyp)?

Therefore, for the electrically inhomogeneous material with
Ry < Rgp, it can be easily proven that the peak-maximum

128201-5



Chin. Phys. B  Vol. 25, No. 12 (2016) 128201

value of —Z"(w) is related to the resistivity of grain bound-
ary by
_Z]/1/12\X = %

The determined values of grain and grain boundaries resistiv-
ities Ry and Ry p. at 310 K for the current ceramics are given
in Table 3. It is observed that the grain resistivity is less sensi-
tive to the sintering temperature in contrast to the grain bound-
aries behaviour. NLCTO-50 has the lowest grain resistivity
value (151 Q-cm) which might be due to the better crystallinity
of NLCTO-50 as approved by XRD measurements (Fig. 1).
Moreover, the grain-boundary resistivity is found to differ by
four orders of magnitude with sintering temperature increasing

from 1025 °C to 1075 °C.

6 NLCTO-50
10° 4 320 K
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* 360 K
380 K
e 400 K
e 420 K

1024

10! . . . . . .
10° 10 102 10® 10* 10° 105 107
Frequency/Hz

Fig. 9. (color online) Frequency dependences of Z” for the NLCTO-50 ce-
ramic at different temperatures.

Figure 10 reveals the temperature dependences of the
electrical conductivity (¢ = 1/p) of grain and grain bound-
ary for NLCTO ceramics. According to this figure, the varia-
tion of the conductivity with temperature obeys the Arrhenius

relation:
6o —AE
=opexp | ——
0 €Xp kaT

where 0y is the pre-exponential factor and AE is the activa-
tion. The calculated values of the activation energy of the con-
duction in the grain, AE,, and grain boundary, AE,y, , for the
investigated ceramics are summarized in Table 3.

The obtained values of AE, (~ 0.10 eV-0.129 eV) for
the conduction in the grains in the present NLCTO ceramics
are in good agreement with the values of AE in the litera-
ture for CCTO and its related materials.[*’~*°1 Nevertheless,
AE, . is found to decrease considerably from 0.658 eV to
0.243 eV with sintering temperature increasing from 1025 °C
to 1075 °C. The values of AEgyp for the NLCTO-25 and
NLCTO-50lie in arange of 0.5 eV-0.7 eV that is widely found
in the literature for CCTO-related materials.[*>~#7] It is worth
noting that the value of AEy, for the NLCTO-75 is similar to
the reported values of Bi, 5Cu3TisO12 5% and La®* and Nb>*
co-doped CCTOP! ceramics. The low value of AE,;, for

NLCTO-75 is likely to be related to the existence of intergran-
ular CuO phase which has been approved by XRD and EDX
analysis as discussed above. This result suggests the partial
replacement of Cu>* by La’* in the grain boundaries, result-
ing in the increase of the grain boundary conductivity due to
the higher density of free electrons. It is noticed from Table 3
that the values of the activation energy for conduction (AE)
are very close to those of the activation energy for relaxation
(ER). Besides, both AE and ER vary in the same manner with
increasing sintering temperature. These results may suggest
that the conduction and the relaxation processes in the present
ceramics have the same origin.
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Fig. 10. (color online) Arrhenius plots of grain and grain boundary conduc-
tivity for NLCTO ceramics. Solid and empty symbols represent the grains
and grain boundaries, respectively.

4. Conclusions

NaypLa; ,Cu3TisO12 (NLCTO) ceramics are success-
fully prepared by high-energy ball-milling and conventional
sintering without any calcination steps. The phase formation
analysis reveals that the ceramics sintered at 1025 °C-1075 °C
consist of pure CCTO-like crystallographic structures. Sin-
tering at 1100 °C results in thermal decomposition and sub-
sequently the formation of a ceramic with multiphase struc-
ture. The present NLCTO ceramics have high values of € in
a range of ~ 3.8 x 103-9.6 x 10° and 2.3 x 10°—4.1 x 10? at
1.1 kHz and 96 kHz, respectively and tan § of ~ 0.161-2.075
and 0.126-0.440 at 1.1 kHz and 96 kHz, respectively. Com-
plex impedance and complex electric modulus analysis reveal
the electrically heterogeneous structure of the present NLCTO
ceramic. Thus, the observed high dielectric constant behavior
is explained in terms of the internal barrier layer capacitance
effects.
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