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Abstract

In this work, the dielectric properties of Zn** doped CaCu;Ti, | @4,0;, (0<x<0.1) ceramics were investigated. A giant
dielectric constant (¢'~8955-20639) and very low loss tangent (tand ~ 0.005-0.015) with an excellent temperature coef-
ficient (Ae’ less than + 15% over a temperature range of ~—60-180 °C) were achieved in CaCu, ,Zn, ;,Ti,;0,, and
CaCu, ¢sZn 45Ti, ,O,, ceramics sintered at 1080 °C and 1100 °C for 8 h. The very low tand and excellent Ae' obtained in
these ceramics was due to a very high grain boundary resistance (R,;,), caused by the high density of grains and the pres-
ence of a TiO,-rich phase at the GBs. These excellent dielectric properties suggest a potential application for use in high
temperature X7R and X8R capacitors. It was found that the tand values decreased with increasing sintering temperature due
to an increase in a TiO,-rich phase. Nonlinear characteristics were observed in all ceramics, with significant enhancements
in the nonlinear coefficient (@) and breakdown field (E,) due to Zn>*doping. The best dielectric properties, €' (17598), tand
(0.005), @ (13.10) and E, (5401.70 V-cm™), with excellent-Ae’ (—60-190 °C), were achieved in a CaCu, ¢s7Zn; 4sTi; ,0,,

ceramic sintered at 1100 °C for 8 h.

1 Introduction

Recently very high-performance dielectrics were devel-
oped with a giant dielectric constant (giant-¢), very low
loss tangent (tand < 0.05) and with excellent dielectric con-
stant temperature stability (Ae'< + 15% over a wide range
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of temperature). They also exhibited a very good nonlinear
J-E characteristic in CaCu;Ti,O,, (CCTO)-based materi-
als [1-12] and other compounds [13-23]. Such materials
can be useful in applications for capacitors, varistors and
memory devices. Capacitors can store electrical energy
while connected to a charging circuit, whereas varistors
can provide over-voltage protection. Many approaches
have been suggested to improve the properties of these
ceramics to enhance their electrical and nonohmic prop-
erties for commercial applications. These include doping
and preparation with CCTO [24-27], doping with CCTO/
CTO [28-30], co-doping with CCTO [2, 31, 32] and dop-
ing with CCTO/TiO, [33, 34]. Although many researchers
have studied their electrical properties, the simultaneous
attainment of CCTO-based ceramics with suitable proper-
ties (i.e., giant-e', low-tand and high nonlinear properties)
has rarely been reported [35-37], especially for TiO,-rich
CaCu,Ti,0,, ceramics. Recently, we successfully achieved
very high-performance dielectrics (giant-¢'~9200 and low
tand ~0.017) with an excellent Ae’< +15% in the tempera-
ture range of —55 to 210 °C in a ceramic with a nominal
composition of CaCu, gsZn sTi, O, [33]. Furthermore,
very good dielectric properties (¢'~ 14012 and tand ~0.009)
and excellent-A¢e'< + 15% in the temperature range of —55
to 210 °C were achieved in a CaCu, Mg, ;,Ti4,0;, ceramic
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[34]. It has been suggested that these ceramics are suitable
for application in high temperature X9R capacitors. In order
to more extensively investigate the electrical and nonlinear
J—E curve properties of TiO,-rich CaCu;Ti,0,, ceramics,
Zn**-doped CaCu,Ti, ;0,, and CaCu,Ti, ,0,, (Zn**-doped
CaCuyTiy | @4,01,) ceramics were considered. In this work,
Zn**-doped CaCu;Ti, ;@4 ,0,, ceramics (0 <x <0.1) were
obtained using a polymer pyrolysis (PP) chemical route [33,

38]. Zn** doping effects on the dielectric properties (¢'and
tand), Ae' and nonlinear J-FE properties of these ceramics
were investigated. Surprisingly, a giant-&’ ~8955-20639 with
a very low tand ~0.005-0.015 and excellent Ae' <+ 15%
over a temperature range of ~—60-180°C were obtained
in CaCu, ¢¢Zn, 1o Ti4 0}, and CaCu, 5Zny s Ti4 ,O,, ceram-
ics sintered at 1080°C and 1100°C for 8 h. The excellent
properties of these ceramic samples likely resulted from
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a CaCu, ZnTi O C CaCu, Zn Ti, O
values at 30 °C and 1 kHz @ Bt e () W
of CaCus_,Zn,Ti, ;0,, and 10°k 10°+
CaCus_,Zn,Tiy ,04, (x=0.00— - -
0.10) ceramics sintered under w w
various conditions
10} 10°} :
w1080 °C for 8 h - 1080 °C for 8 h .
, @ 1100°Cfor8h @30°C \ O 1100°C forgh @30°C
10 1 1 10 1 1 1
(b) 0.14} CaCu, ZnTi, O, (d)o.14f CaCu, ZnTi, ,0,,
0.12 0.12¢
[ 0.10+
[7e) 0.10 o
< 0.08+ < 0.08¢
< <
+ 0.06} + 0.06¢
0.04} oc 0.04
0.02 ™ 0.02+ .
/ 30°C
0.00 . . Sy 0.00t . S’ @ .
0.00 0.05 0.10 0.00 0.05 0.10
X content X content

Fig.2 SEM images of polished
surface morphology of a
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Ti2Zn05-1 and d Ti2Zn05-2
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Fig.3 a EDXS spectra of the
Ti02Zn05-2 ceramics; inset dis-
plays the SEM mapping images
for a mixture of all elements,

b elemental mapping of the
Ti02Zn05-2 ceramics for Ca,
Cu, Ti and Zn

Ti027n05-2

o Glefula) -}

the development of oxygen vacancies at grain boundaries
(Ogg)- In addition to the dielectric properties, nonlinear
J—E characteristics of these ceramics were measured and
found to have o and E,, values of approximately 49.66 and
13146.25 V-cm™, respectively.

2 Experimental details

Zn**-doped CaCu;Ti, ;@4,0;, ceramics with a nominal
composition of CaCu;,Zn, Ti, ;O,, and CaCu;_,Zn, Ti, ,0,,
(x=0.00-0.10) were synthesized by a PP process [27,
34, 38]. CH,=CHCOOH, (NH,),S,0,, Cu(NO5),-3H,0,
Ca(NO;),-4H,0, Zn(NO;),-6H,0 and C,;;H,30,Ti were
used as the starting materials. The process of calcining

@ Springer

powders and ceramic samples with these compositions
has been described elsewhere [33, 38]. All Zn2+—d0ped
CaCu;Tiy | @40, ceramics were obtained by sintering pel-
let samples in air under sintering conditions of 1080 °C or
1100 °C for 8 h.

The polished surface microstructure and energy-disper-
sive X-ray spectrometry (EDXS) mapping of the ceramics
were investigated using field emission scanning electron
microscopy (FESEM; JSM-6510LV JEOL). Average grain
sizes (AGs) of ceramics were calculated using the stand-
ard line intercept technique. The X-ray diffraction profile
of all ceramics were characterized by X-ray Diffractometry
(XRD) (Bruker BioSpin AG; Bruker/D8 Advance). The
crystal structure of the ceramics was compared with the
crystallographic structure of the CCTO and TiO, standards
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using X' Pert High Score Plus software. Capacitance (C) and
dielectric loss tangents (tand) of all ceramics were meas-
ured at various frequencies (10>-10° Hz) and temperatures
(— 60 to 220 °C) using an impedance gain phase analyzer
(Hewlett Packard 4194A). The dielectric constants (&)
were calculated using Eq. (1) in our previous report [27].
The J-E curves of all ceramics were characterized using
a high voltage measurement unit (Keithley Model 247).
Significant parameters of the nonlinear J—E characteris-
tic (nonlinear coefficient, @ and breakdown electric field,
E,) of all ceramics were obtained as described elsewhere
[33]. To confirm the presence of Ti%* in the ceramics, the
Ti**/Ti** ratio [38] of the Ti oxidation state was measured
using an X-ray absorption near edge structure (XANES)
technique employing multiple X-ray techniques (electron
energy of 4x10°-18x 10° eV; 10’-10'° photon s~!; beam
current 107" A). Ti K-edge XANES spectra were obtained
in an energy range of 4940-5040 eV using an energy step of
0.2 eV. The normalized XANES data were analyzed using
the ATHENA software that is part of an IFEFFIT package
[39, 40].

3 Results and discussion
In general, giant-¢' values are quite consistent with very

high tand values in CCTO-based compounds [41, 42].
Therefore, optimization of very high-performance dielectric

properties (giant-&’ with low-tand) of CaCu;_,Zn,Ti, ,0,,
and CaCu,_,Zn,Ti, ;0,, ceramics should be consid-
ered. As illustrated in Fig. 1, although &’ and tand values
of CaCu;_,Zn,Ti, ;0,, and CaCuy_,Zn Ti, ,0,, ceram-
ics changed remarkably, irrespective of the x value or
sintering conditions, the &’ values of these ceramics are
still too high (greater than 8000). As seen in Fig. la,
b, increased Zn** doping of the CaCu,_,Zn,Ti, 0,
ceramics gives rise to decreases in both &' and tand val-
ues. At 1 kHz and RT, very low-tand (less than 0.016)
with giant-¢' (higher than 8000) values were achieved in
the CaCu, ysZn 5Ti4 101, (x=0.05) ceramic sintered
at 1080 °C for 8 h and CaCu, ¢yZn, ;,Ti4 0, (x=0.10)
ceramic sintered at 1080 °C and 1100 °C for 8 h. However,
the undoped CaCu;Ti, 0, (x=0.00) sintered at 1080 °C
and 1100 °C for 8 h, and CaCu, ¢sZn, ysTi, ;0,, (x=0.05)
ceramics sintered at 1100 °C for 8 h displayed tand val-
ues higher than 0.05 (tand > 0.05), which is unacceptable
for capacitor applications. Interestingly, the tand values of
the CaCu, yZn ;(Ti4 0, (x=0.10) ceramic significantly
decreased with increasing sintering temperature, whereas
their &' values increased. Generally, both &’ and tand values
increase with increasing sintering temperature [43, 44].

As shown in Fig. Ic, d, very low-tand and giant-¢’ values
were achieved only for the CaCu, ¢5Zn (5Ti4 ,0,, (x=0.05)
ceramics sintered at 1080 °C and 1100 °C for 8 h, while
the other ceramics (with x=0.00 and x =0.10) are not use-
able for capacitor applications (tand > 0.05). It is interesting
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that the very low tand ~0.005 and giant-¢'~ 17598 values
obtained in CaCu, ¢5Zn) o5Ti, ,0;1, (x=0.05) ceramics sin-
tered at 1100 °C for 8 h have never before been observed
in CCTO-based ceramics [24, 25, 31-33, 35, 37] and other
TiO,-based ceramics [14, 45-47]. This very low-tand
(~0.005) obtained in CaCu, 95Zny 45 Ti4 ,0;, ceramic is about
~3.4 times lower than that of the CaCu, ¢5Zn 5Ti4 0,
ceramic (tand ~0.017) in our work [33]. Notably, the
very high performance dielectric properties obtained in
CaCu, ¢sZn 45Ti, ,O, ceramic can be increased more than
in another ceramic compounds [13, 15, 16, 48-50].

From Fig. 1, very low-tand and giant-¢' were observed
in the CaCu, ¢oZn,, ;oTi4 ;O,, (x=0.10) ceramics sintered at
1080 °C and 1100 °C for 8 h (denoted as Ti01Zn10-1 and
Ti01Zn10-2, respectively), and the CaCu, g5Zn ¢sTis ,01,
ceramics sintered at 1080 °C and 1100 °C for 8 h (denoted as
Ti02Zn05-1 and Ti02Zn05-2, respectively). Therefore, these
four ceramics were used to further investigate the underly-
ing mechanisms of the origin of this significantly enhanced
dielectric response.

Figure 2a—d shows SEM images of the polished sur-
faces of Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1 and
Ti02Zn05-2 ceramics, respectively. The AGs of Ti01Zn10-1,
Ti01Zn10-2, Ti02Zn05-1 and Ti02Zn05-2 ceramics were
found to be 3.87+0.02, 5.17+0.05, 3.14+0.02 and
4.56 +0.02 pum, respectively. The grain sizes of each ceramic
were quite similar and increased slightly with increasing sin-
tering temperature. Notably, the AGs of Ti01Zn10-2 and
Ti02Zn05-2 ceramics were about ~ 1.33 and ~ 1.45 times
higher than those of the Ti01Zn10-1 and Ti02Zn05-1 ceram-
ics, respectively. The AGs of these four ceramics are smaller
than those of the Zn** doped CCTO-based ceramics [33,
51].

The distribution of major (Ca, Cu, Ti, and O) and dop-
ing (Zn) elements in all ceramics were examined using
elemental mapping combined with an EDXS technique.
As illustrated in Fig. 3a, the EDXS results of the areas
displayed in the inset for the Ti02Zn05-2 ceramic confirms
the presence of Ca, Cu, Ti and O, whereas the Zn was
not detected. This was due to the similarly of the energy
values of the X-ray emissions of Zn** (~1.011 keV) and
Cu®* (~0.929 keV), which is similar to previous reports
of Zn** doped CCTO-based compound [51]. Additionally,
EDXS results for the other selected ceramics were also
measured (data not shown). As displayed in the inset of
Fig. 3a, the image confirms the presence of Ca, Cu, Ti,
and Zn (Fig. 3b). As seen in Fig. 3b, the TiO,-rich phase
(yellow dashed circles) was observed in the small grain
regions as well as along grain boundaries in Ti02Zn05-2
ceramics. Additionally, only Ti and O (data not shown)
elemental mapping were detected in the yellow dashed cir-
cles. It was also found that the TiO,-rich phase increased

@ Springer

with increasing sintering temperature and/or increasing
Ti content.

Figure 4a—d display the Rietveld refinement profile fits for
the XRD patterns of Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1
and Ti02Zn05-2 ceramics, respectively. The Rietveld refine-
ment details for the analysis of R (R, R,,,, and R})) val-
ues and goodness of fit (GOF) have been reported [38, 52].
GOF values of these ceramics occurred in a narrow range

Table 1 Lattice parameter (a) and structural data obtained from the
Rietveld refinement of all ceramic samples

Samples a(Ad) R,, (%) R,(%) R, (%) GOF
Ti01Zn10-1  7.393(0)  3.853 4865 6203 2.590
Ti01Zn10-2  7.392(1)  3.853 4407 5553 2.076
Ti02Zn05-1  7.391(3)  3.770 4377 5.466 2.102
Ti02Zn05-2  7.391(3)  3.770 4377 5.466 2.102
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Fig.5 a, b Display frequency (10°~10° Hz) and temperature (— 65 to
210 °C) dependence of &' for Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1
and Ti02Zn05-2 ceramics; their insets show tand values as a function
of frequency (10°~10° Hz) and temperature (— 65 to 150 °C), respec-
tively
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of ~2.0—2.5. The percentages of R factors for these ceram-
ics are in the appropriate range of approximately 3—6%.
Lattice parameters (a) of these ceramics were comparable
with those of the CCTO standard (a=7.391 A) [53]. They
were found to be 7.393(0), 7.392(1), 7.391(3), 7.391(3) A
for Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1 and Ti02Zn05-2
ceramics, respectively. It is clear that the a value shows no
significant variation under the sintering temperatures exam-
ined in the current study. However, the a value decreased
slightly with increasing Zn>** dopant content. This suggests
that substitution of Zn2* (0.74 A) into Cu®* (0.73 A) sites has
an important role in the stability of this CCTO cubic struc-
ture. As illustrated in Fig. 4a—d, the profile fits for the main
peaks of ceramics correspond to those of the CaCu;Ti,0,,
(ICSD card No. 95714) and TiO, (ICSD card No. 26715)
standards. This confirmed the presence of the CaCu,Ti,0,,
and TiO, phases in all ceramic samples. From the Rietveld
refinement fitting profiles, the CaCu;Ti,0,,:TiO, ratios
of TilZn10-1, TilZn10-2, Ti2Zn05-1 and Ti2Zn05-2
ceramics were found to be 96.3:3.7, 95.9:4.1, 96.5:3.5 and
99.9:0.1, respectively. In addition to a minor TiO, phase,
no other impurity phases (i.e., CuO, Cu,O and related-
oxide Zn phase) were observed. This confirms a complete
substitution of Zn** ions into the CaCu,,Zn,Ti, ;0;, and
CaCu;_,Zn,Ti, ,0,, ceramics. The relative densities of these
ceramics were greater than 93%, comparable to the standard
values [53] (Table 1).

Figure 5a and its inset display ¢’ and tand values as a
function of frequency for the Ti01Zn10-1, Ti01Zn10-2,

Ti02Zn05-1 and Ti20Zn05-2 ceramics, respectively. As seen
in this Figure, the ¢’ values of all of these ceramics were
slightly frequency dependent over a range of 10>~10° Hz,
whereas tand values were smaller than 0.05 over the fre-
quency range of ~10>-8 x 10* Hz. At 1 kHz and 30 °C, the
&' values of the Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1 and
Ti20Zn05-2 ceramics were found to be 8955, 20693, 10035
and 17598, while the tand values were 0.015, 0.012, 0.010
and 0.005, respectively. It is interesting that excellent dielec-
tric properties (especially giant-¢'~17598 with a very low
tand ~ 0.005) obtained in Ti02Zn05-2 ceramic have never
been reported in other CCTO-based ceramics. Notably, the
sintering temperature effects can reduce tand values about
1.25 and 2 times, whereas that of &' values increase about
2.3 and 1.76 times for Ti01Zn10 and Ti02Zn05 ceramics,
respectively. These improvements in the ' and tand values
may have been due to the increased grain boundary resist-
ant (R,,) caused by the effect of grain density [54, 55]. The
giant-¢" and low-tand values of all ceramics were compa-
rable to those of other CCTO-based ceramics [25, 26, 34,
43,44, 51, 56]. The &' and tand values as a function of tem-
perature (— 60 to 210 °C) are shown in Fig. 5b and its inset,
respectively. It can be seen that ¢’ values of all ceramics are
slightly dependent over the temperature range of — 60 to
210 °C, whereas tand values were less than 0.05 over the
temperature range of —60 to 90 °C for Ti01Zn10-1, and — 60
to 110 °C for other ceramics (Ti01Zn10-2, Ti02Zn05-1 and
Ti20Zn05-2). It can be concluded that these ceramic samples
display very good temperature stability for both tand and &".
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0L ..IIIII---.. 0 - ...00000’0'0" of
Emmmnnh 900gg000
-10 X8R| -10y X8R
o 20 = 1kZ 20-@ 1kZ
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Table 2 Dielectric constant (&) and loss tangent (tand) at 30 °C and 1 kHz, temperature range for Ae’ with values less than +15%, grain (R,) and grain boundary (R,;) resistance (at 150 °C) of

all ceramic samples

TiHTiY (%)

@p (eV)
1.0126
0.9800
0.9875
0.9738

E, (V-cm™)

o

AT (°C) of Ae' AT (°C) of tand

Ry, (10° Q-cm)

e’ tand Eg V) Egh V) Rg (Q-cm)

Sample

4.00
4.70
4.92
2.36

5754.91

297.38

—60 to 90

—-60to 110
—-60to 110
—-60to 110

—60to 170
—60 to 180
—60 to 180
—60 to 190

470.7

30.4

1

0.769
0.647
0.794

0.015 0.054
0.768

8955
20639

Ti01Zn10-1

4460.25

11.84
36.87
13.10

345.1

9.5

0.046
0.038

0.012

Ti01Zn10-2

6424.85

738.8

58.5

0.010

10035
17598

Ti02Zn05-1

5401.70

554.6

21.2

0.049

0.005

Ti02Zn05-2

The very good dielectric properties of these ceramic sam-
ples was better than seen in other giant dielectric ceramics
that used co-doping with TiO, oxide [45, 57] and doping/
co-doping of CCTO-based ceramics [24, 31, 51].

For practical applications of these ceramics in electronic
devices, a temperature coefficient of the dielectric con-
stant (Ae'=(&'r — €'35 oc)/€"3g o) Of less than + 15% should
be achieved in addition to a suitable giant-¢" and very low
tand. Principally, the temperature range (AT) of the Ag’
conditions is defined as —55 to 150 °C and — 55 to 125 °C
for X8R and X7R capacitors, respectively [58]. As seen in
Fig. 6a—d, a AT of less than +15% of Ae’ condition for all
ceramics was calculated at 1 kHz (closed symbol) and at
10 kHz (open symbol). As can be clearly seen in Fig. 6a—d
and the data given in Table 2, these ceramics comply with
the EIA code for X8R and X7R capacitors. Remarkably, the
best A¢’ conditions were observed in Ti02Zn05-2 ceramics.
At 1 kHz, Ae' gy ¢ [('190 oc — €30 <)/ €30 oc] Was 13.82%,
whereas the Ae’yy, o (at 10 kHz) was 6.38%. These two
values are smaller than those of other giant dielectric com-
pounds derived from doping/co-doping TiO,-based oxides
[14, 45, 59], CCTO-based compounds [51, 60] and CCTO/
CTO-composites [28-30, 61].

To understand the electrical heterogeneity of grains (R,)
and grain boundaries (R,,) in all ceramics, their impedance
complex plane plots (Z') were investigated. Generally, Ry,
can be determined using the large-semicircular arc (at low
frequency), while R, values were estimated from small-
semicircular arcs (at high frequency) [27]. As shown in
Fig. 7a and its inset, at 30 °C a nonzero intercept on the
x-axis and the linear part of the large semicircular arcs were
observed. This is confirmation that the electrical responses
in the ceramics consist of the effects of grains and grain
boundaries (GBs). R, of Ti01Zn10 and Ti02Zn05 ceramics
significantly decreased with increasing sintering tempera-
ture. However, the linear part of the large semicircular arcs
tended to increase with increasing sintering temperature.
It is remarkable that the highest linear-slope of the large
semicircular arcs of Ti02Zn05-2 ceramic correlates with the
lowest tand of this ceramic. It is notable that the sintering
temperature effects on the R, and R, values were concurrent
with the improvement of giant-¢’ and very low-tand values
obtained in each ceramic. As shown in Fig. 7b and its inset,
a large semicircular arc and nonzero intercept decrease with
increasing temperature. This indicates a decrease in R, and
R, values, respectively. Figure 7c, d, respectively, show plots
of Ogp VEIsus 1000/T, and o, Versus 1000/T, following the
relationship, In 6, , = — Ey, ,/kgT +1n 6 [38, 54]. The con-
duction activation energy at grain boundaries (E,,) and in
grains (E,) was calculated from the slopes of the o, versus
1000/T, and o, versus 1000/T plots, respectively. The E, and
Eg values are listed in Table 2. As illustrated in Table 2, as
sintering temperature increased from 1080 to 1100 °C both
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Fig.7 a And its inset display 12 10
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Fig.8 J-FE curves at 30 °C for all ceramics; inset displays plots of In
(J/AT?) versus E'?

the E,;, and E, values of Ti01Zn10 and Ti02Zn05 ceram-
ics decreased. This suggests that E, behavior is correlated
with improvement of the giant-¢' value, whereas E, values
were not correlated with tand values. As can be seen from
the data listed in Table 2, the E, values of Ti01Zn10-2
and Ti02Zn05-2 ceramics were approximately ~1.18 and
~1.03 times greater, while Eg were about ~1.17 and ~1.28,
lower than those of Ti01Zn10-1 and Ti02Zn05-1 ceramics,
respectively.

Fig.9 Normalized Ti XANES (K-edge) spectra of Ti01Znl10-1,
Ti01Zn10-2, Ti02Zn05-1 and Ti02Zn05-2 ceramics compared with
those of the TiO, and TiF; standards

Figure 8 displays the nonlinear J-E curves (at 30 °C) of
all ceramics. In this Fig. 8, a and E, values were calcu-
lated and the data listed in Table 2. The a and E,, values of
Ti01Zn10 and Ti02Zn05 ceramics were inversely correlated
with sintering temperature, caused by oxygen vacancies as
the GBs increase. Notably, the &' values of Ti01Zn10-1
and Ti02Zn05-1 ceramics are about 2.32 and 1.75 times
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lower than those values observed in the TilZn10-2 and
Ti2Zn05-2 ceramics, respectively. This behavior is similar
to that observed in CCTO-based ceramics [32, 34, 54]. The
reduction of a and E, values can result from a decrease in
the Rg,, [62]. Furthermore, o values achieved in this work
are comparable to those of other ceramics reported in the
literature [2, 27, 38]. To gain a deeper understanding the
electrical response at GBs, high potential barriers (¢g) based
on Schottky barriers were considered. Using the relation-
ship, In (J/AT?) = (BE"? — @y )/ksT [34, 63-67] and plotting
In (J/AT?) versus E2, the @y and B values of all ceram-
ics were found and are listed in Table 2. It is notable that
¢ and E, values are inversely proportional, and decrease
slightly with increasing sintering temperature. These ¢g val-
ues (0.957-1.012 eV) are comparable with those reported in
the literature [64, 65, 68].

Figure 9 displays the Ti XANES (K-edge) spectra of
Ti01Zn10-1, Ti01Zn10-2, Ti02Zn05-1 and Ti02Zn05-2
ceramics, compared with those of the TiO, (Ti**) and TiF,
(Ti**) standards. The edge energies of all ceramics were
obtained using the XANES results, and the data are listed in
Table 2. The edge energies of all the ceramics were nearer
that of the TiO, than the TiF; standard. However, the pres-
ence of Ti>* was still detected, which was substantiated by a
slight change in the Ti K-edge values of the XANES spectra.
This is similar to that reported for other CCTO-based ceram-
ics [38]. The Ti**/Ti** (%) ratios of all ceramics were con-
sidered using Eq. (1) in our previous work [38], and the data
are summarized in Table 2. It is found that both Ti01Zn10
and Ti02Zn05 ceramics display Ti**/Ti** (%) ratios that
increased with the sintering temperature. It is notable that
the Ti**/Ti** (%) ratios for Ti01Zn10-2 and Ti02Zn05-2
ceramics were higher than for Ti01Zn10-1 and Ti02Zn05-1
ceramics. Additionally, these results are consistent with the
giant-¢' observed in Ti01Zn10-2 and Ti02Zn05-2 ceramics.
This may have resulted from an increase in oxygen vacancies
inside the grains caused by the effects of sintering tempera-
ture. It can be concluded that there were n-type semicon-
ducting grains in all ceramics, created from electron hopping
between Ti** <> Ti*" sites in the structure. This may have
been caused by an increase in oxygen vacancies resulting
from sintering temperature and TiO,.

4 Conclusions

Very good dielectric properties (&'~8955-20639, and
tand ~0.005-0.015) with an excellent temperature coef-
ficient (Ae'<+15%) over a wide temperature range of
~—=60-180 °C were achieved in CaCu, ¢yZng ;oTi4 ;0
and CaCu, ¢sZn ¢sTi, ,0O;, ceramics sintered at 1080 °C
and 1100 °C for 8 h. Moreover, the best Ae’ condition
[A€' 190 oc ((€'190 oc — €30 oc)€ "3 oc) = 13.82%] was obtained

@ Springer

in CaCu, ¢5Zn 45Ti, ,0,, ceramics sintered at 1100 °C for
8 h. This is due to the high R,, values resulting from the
presence of TiO, at the grain boundaries, substantiated by
EDXS mapping. These ceramic samples are promising mate-
rials for EIA code X7R and X8R capacitors. The non-linear
coefficients (a) and breakdown fields (E,) of the ceramics
were enhanced by the doping/sintering effect. Very good a
values (~11-297) and E,, (~4460-6424 V-cm™!) were found
in these ceramic samples. XANES results confirm the ratios
of Ti**/Ti** were enhanced in these ceramic samples.
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