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Pure and PrgO71-doped CaCu3Ti4O1, (CCTO) ceramics were prepared by conventional solid-state reaction
method. The compositions and structures were characterized by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). The influences of Pr-ion concentration on dielectric properties of CCTO were
measured in the ranges of 60 Hz-3 MHz and 290-490 K. The third phase of Ca,CuO3 was observed from
the XRD of CCTO ceramics. From SEM, the grain size was decreased obviously with high valence Pr-ion
(mixing valence of Pr3* and Pr#*) substituting Ca%*. The room temperature dielectric constant of Pr-doped
CCTO ceramics, sintered at 1323 K, was an order of magnitude lower than the pure CCTO ceramics due
to the grain size decreasing and Schottky potential increasing. The dielectric spectra of Pr-doped CCTO
were flatter than that of pure CCTO. The loss tangent of Pr-doped CCTO ceramics was less than 0.20 in
2 x 102-10° Hz region below 440 K. The complex impedance spectra of pure and Pr-doped CCTOs were
fitted by ZView. From low to high frequency, three semicircles were observed corresponding to three
different conducting regions: electrode interface, grain boundary and grain. By fitting the resistors R
and capacitors C, the activation energies of grain boundary and electrode contact were calculated. All
doped CCTOs showed higher activation energies of grain boundary and electrode than those of pure
CCTO ceramics, which were concordant with the decreasing of dielectric constant after PrgO11 doping.
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1. Introduction

The giant dielectric constant material CaCu3TizO1, (CCTO) has
been attracting many attentions because of its intriguing mech-
anism and potential technical applications in microelectronic
devices. CCTO shows an extremely huge dielectric constant up
to 10° in the ranges of dc - 106 Hz and 100 - 600K [1,2]. Some
researchers suggested that this dielectric behaviour is intrinsic
[2-4], while others prefer to attribute it to some extrinsic factors,
such as the barrier layer capacitance effect between twin crys-
tals [1], internal barrier layer capacitor (IBLC) mechanism between
semi-conducting grains and insulating gain boundaries [5-7], inter-
nal domains inside CCTO grains [8,9], electrode polarization effects
[10] and so on. It is believed that the insulating interfaces would
form on semi-conducting grains during sintering process. Thus,
among those factors, the IBLC and electrode polarization effects
termed Maxwell-Wagner are commonly accepted. However, there
is no enough evidence for their origin. Recently a multipole trap
charge repositioning model [11,12] was presented, which in prin-
ciple can yield a large permittivity. The analysis suggests that the
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charged trap state relaxation defined by an electric monopole is the
key point to understand the electrical behavior of CCTO. In addi-
tion, the orientation of dipoles developed by the trap sites, which
yield a large polarization, is the second key element contributing
to the giant dielectric constant of CCTO. Moreover, some people
have reported first principles computations on native point defects
in CCTO and elaborated on the possibility of multipole defects in
CCTO [13].

In this work, we mainly focus on the variations of the per-
mittivity spectra to explore the influences of praseodymium (Pr)
doping on the properties of CCTO. It is known that the radius of
the substituting element determines the incorporation site [14].
Thus Pr-ion is preferred to other ions since the radius of Pr3*
(1.013 A) and Pr#* (0.90A) are so close to Ca2* (0.99 A). By a tradi-
tional solid-state reaction method, various Pr-ion proportions, from
Prs011, were doped into CCTO to synthesize Ca;_11x6PrxCusTiz012
(x=0.00, 0.05,0.10, 0.15 and 0.20). Thereafter, the influences of Pr-
ion doping on dielectric properties and microstructures of CCTO
were investigated.

2. Experimental procedure

The Caj_11x6PrxCusTisO12 (x=0.00, 0.05, 0.10, 0.15 and 0.20, abbreviated as
CCTO, PCCTO-1, PCCTO-2, PCCTO-3 and PCCTO-4, respectively) pellets were pre-
pared using a solid-state reaction and sintering process. The raw materials: CaCO3
(99%), TiO3 (99.0%), CuO (99.0%) and PrgO11 (99.99%) were directly combined in the


dx.doi.org/10.1016/j.jallcom.2011.02.105
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:cpyang@hubu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.02.105

7698 LF. Xu et al. / Journal of Alloys and Compounds 509 (2011) 7697-7701

necessary stoichiometric ratio. Thorough mixing was achieved by milling the pow-
ders in ethanol for no less than 4 h. The dried mixtures were calcined at 1223 K
(950°C) for 10 h before being milled a second time. Then, the dried powders were
ground for 4h in ethanol and then uniaxially cold pressed into pellets with 12mm
diameter and thickness about 1 mm under 14 MPa. The brown pellets were then
sintered in air using the schedule 10 K/min to 1323 K (1050°C), 12 h hold, and then
furnace cooled to room temperature.

The X-ray diffraction (XRD) patterns of sintered samples were obtained in a
range of 10-80° at room temperature, in a Japan D/Max-3C system, with Cu Ka
radiation (A =0.1506 nm) at 35kV and 25 mA, with a step of 10°/min. Microstruc-
tures of the fractured surfaces were examined using a scanning electron microscope
(SEM, s-4800, Japan). The dielectric properties and impedance spectra were deter-
mined on samples with opposite sides painted with silver paste, using a WK6420
impedance analyzer with a Janis closed-cycle-refrigerator from 60Hz to 3 MHz
under 290-490 K.

3. Results and discussion

Fig. 1 illustrates XRD patterns of the sintered
Caj_11x/6PrxCusTi4O12 (x=0.00, 0.05, 0.10, 0.15 and 0.20) ceramics.
Except for the main phase CCTO, peaks of CuO could also be
observed from Pr-ion concentration 0.00 to 0.15. This kind of
segregation was also observed by Prakash and Varma [15]. For
higher concentrations as x=0.20, XRD patterns show the presence
of the third phase identified as Ca;CuO3, which could be caused by
the reaction of excess Ca2* and Cu-ion on grain boundaries.

Fig. 2 illustrates SEM images of the samples. The morphol-
ogy of undoped CCTO sample consists of some huge grains
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Fig. 1. X-ray diffraction patterns for CCTO and PCCTO ceramics.

(50-100 pm), surrounded by small ones (~2 pm). PCCTO ceram-
ics have more uniform little grains of 1-5 wm. All doped samples
show an extremely grain size decreasing. When the content of
praseodymium increases, both the number and size of large grains
would decrease.

Fig. 3 illustrates variations of dielectric constant &’ with fre-
quency at a few selected temperatures for undoped CCTO and
PCCTOs (x=0.05, 0.10, 0.15 and 0.20). At room temperature

Fig. 2. SEM micrographs of (a) CCTO, (b) PCCTO-1, (¢) PCCTO-2, (d) PCCTO-3 and (e) PCCTO-4.
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Fig. 3. Dielectric spectra of CCTO and PCCTOs (x=0.05, 0.10, 0.15 and 0.20) at selected temperature (a) 290K, (b) 340K, (c) 390K and (d) 440K.

(RT=290K) seen in Fig. 3(a), ¢’ are gradually larger with Pr doping
amount increasing from 0.05 to 0.15, but this growth of dielectric
constant would terminate at x=0.15. &’ values of all PCCTOs are
almost an order of magnitude lower than that of pure CCTO ceram-
ics. Here, mixing valence Pr-ion (Pr3* and Pr**) would replace Ca2*
in CCTO grains as a donor dopant, which would make the grains n-
type semiconductors: PrgOq1 — 2Prc,® + 4Prc,*® + 10e~ + 1005 +
1/20,. Afterwards, Ca?* and oxygen atoms [5] would enter into
the grain boundary as acceptors and make the grain boundaries
p-type like features. Then double (back-to-back) Schottky poten-
tial barriers are created at the interfaces between n-type grains
due to charge trapping at acceptor states, resulting in bending of
the conduction band across the grain boundaries [16]. PrgO11 dop-
ing makes the acceptor concentration Ns at the grain boundaries
increasing, in terms of the following Eq. (1). And then the Schot-
tky potential @, maybe enhanced which would result in a low
dielectric constant by [5]:

eN2
b= 9. o N
88081-Nd

where e is the electronic charge, Ns is the acceptor (surface charge)
concentration, vacuum permittivity go=8.854 x 10-14F/cm, &; is
the relative permittivity of the material, and Ny is the charge carrier
concentration in grains.

Besides, the dielectric spectra are flatter at frequencies of
102-10Hz. For all doped and pure samples a sharp decreas-
ing of & shows when the frequency gets higher than 106 Hz.
The drastic decrease in &’ at frequencies higher than 10% Hz may
indicate the presence of conductive grains [17]. Morrison et al.
[18] had suggested an alternative mechanism, namely, oxygen-
deficiency according to “0%~ — Vg +1/20, +2e~" was responsible
for the conductivity. CCTO and all PCCTOs show an increase of &’
with increasing temperature, and the drop of the permittivity of
PCCTOs has a large slope than pure CCTO. When the temperature
is as higher as 440K in Fig. 3(d), &}, are almost the same of 10°
at 60 Hz for all doped and pure CCTO samples. The temperature
dependent properties of the permittivity of CCTO could be related

(1)

to the excitated deep trap states [19]. At low temperature the inter-
face is static because of the large relaxation time 7. This relaxation
time shrinks with increasing T and for wt < 1 the capacitance maybe
enhanced by the dynamic interface.

Interestingly, the dependence of permittivity on frequency
reveals the existence of two relaxation processes in high tempera-
ture range of 290-440K. One is the low frequency relaxation, not
completely visible in the frequency range of the available measure-
ment at RT in Fig. 3(a), and the other is in the MHz region. The low
frequency relaxation shows a step-like increasing of ¢ with tem-
perature rising, shifting to higher frequencies and behaving as the
Debye-like relaxation. Due to the appearance of relaxation in low
frequency range (below 104 Hz) at 390K, it is presumed to be asso-
ciated with surface layers interfacial polarization, and the similar
results were reported by Prakash and Verma [20]. The low fre-
quency relaxation is also observed in single-crystalline CCTO [21],
which further suggests that the ¢’ plateau below 103 Hz which could
be seen more clearly at 440K should be related to surface layers
in CCTO ceramics. And recently, Luo et al. [11] and Baerner et al.
[12] et al. put forward that this low frequency relaxation is a trap
state related relaxation, which could be changed by electric condi-
tioning but recover after releasing electric field. Therefore, maybe
the large permittivity in the low frequency range of CCTO could
be attributed to the trap states which exist in the electrode sur-
face. And because the time is long enough to let the traps response
we could get a huge permittivity at low frequency. What is more,
PCCTO-2 shows a middle frequency dielectric relaxation (~10° Hz)
at 440K in Fig. 3(d), which may arise due to the hopping of trapped
carriers at higher temperature. Higher temperature makes trapped
charges in infirm interconnections of strongly distorted boundaries
become carriers that redistribute at electrical heterogeneity regions
[22], which results in a new dielectric relaxation with a very low
dielectric constant.

Fig. 4 shows dielectric loss tan  of CCTO and PCCTOs dependent
on frequencies in the temperature range of 290-440K. Dielec-
tric loss tan§ are very small in the middle frequency range of
102-105Hz and then sharply arise in the MHz region, which is
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Fig. 4. Dielectric loss spectra of CCTO and PCCTOs (x=0.05, 0.10, 0.15 and 0.20) at selected temperature (a) 290K, (b) 340K, (c) 390K and (d) 440K.

caused by the n-type conductive grains as shown in the dielec-
tric constant spectra in Fig. 3. A conspicuous increasing of tan § was
found from RT to 440K in all measured frequencies. With increas-
ing x values from 0.05 to 0.20, the dielectric loss get bigger, but
Pr doping can suppress the dielectric loss to some extent in the
middle frequency range before 440K. In the frequency range of
2 x 102-10° Hz, dielectric loss of PCCTOs are lower than 0.20 at RT.
A low frequency (below 103 Hz) loss peak gradually comes up and
moves to higher frequencies at the same time for each sample as
temperature increasing, which could be caused by two relaxation
segments competition of the electrode interfaces and grain bound-
aries at higher temperatures shown in Fig. 3. CCTO and all PCCTOs
only show one peak in the measured temperature ranges except
for PCCTO-2 (x=0.10), and the second peak at higher frequency
(Fig. 4(d)) agrees well with its dielectric constant spectrum, which
is caused by the high temperature relaxation of trapped carries of
the grain boundaries.

The complex impedance Z* were modeled by an ideal equivalent
circuit consisting of resistors R and capacitors C by ZView. Fig. 5
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Fig. 5. Complex impedance Z* spectra of CCTO and PCCTOs (x=0.05, 0.10, 0.15 and
0.20) at 340K.

shows the typical measured and fitted complex impedance spectra
of CCTO and all PCCTO samples at 340 K. Intercepts of Z’ are not zero
which corresponds well to the grain resistivity at high frequencies
out of our measurements. And the other two semicircles imply a
series array of two subcircuits, one representing grain boundary
effects and the other representing electrode contact. Each subcir-
cuitis composed of aresistor and a capacitor joined in parallel. By all
fitted semicircles from 290 K to 490 K, the high temperature activa-
tion energies were calculated following the Arrhenius law and the
expression can be described as [23]:

T = Tgexp (k’iﬁ) , (2)
where 7 is the prefactor, E, is the activation energy for the relax-
ation, kg is Boltzmann constant, T is the absolute temperature, and
the relaxation time 7 =RC. In Fig. 6 we plot In 7 vs. 1000/T, in which
the solid lines are the fitted results using Eq. (2). From slopes of
the fitted straight lines, the activation energies of two dielectric
relaxations were calculated and shown in Table 1. As to pure CCTO
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Fig. 6. Temperature dependence of relaxation time 7 (In T vs. 1000/T) for dielectric
relaxation I and IL.
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Table 1

Activation energies of CCTO and PCCTO ceramics.
Sample CCTO PCCTO-1 PCCTO-2 PCCTO-3 PCCTO-4
Eal(eV) 0.5 0.67 0.66 0.67 0.7
E,ll (eV) 0.54 0.89 0.82 0.71 0.84

activation energies of E;I (0.50eV) and E,lIl (0.54eV) are in good
agreement with the values of ~0.54 eV reported by Zhang of grain
boundaries and electrodes, respectively [22]. From Table 1 we can
see all doped CCTO samples have higher activation energies for
the grain boundary and electrode contact than pure CCTO ceramics
which is consistent with the higher Schottky potential @, of PCC-
TOs as the former discussion in Fig. 3. Here more resistive grain
boundary and electrode contact could be seen in Fig. 5, then caus-
ing a lower dielectric loss in low and middle frequency ranges at
room temperature, respectively [24]. What is more, for PCCTOs,
E,Il present a decreasing trend at first and increase in the end (for
PCCTO-4), which corresponds well with the low frequency dielec-
tric constant increasing firstly and decreasing as doping amount
x=0.20 lastly. The above statements also assert that the low fre-
quency platform (could be seen in Fig. 3(d)) were attributed to the
electrode contact, especially the tap states in the deep energy level.

4. Conclusions

Pure and praseodymium doped CCTO samples were produced
by conventional solid-state reaction method. From dielectric prop-
erty measurements, XRD and SEM, we conclude that Pr doping can
result in the grain size decreasing, which will lower the complex
permittivity. From XRD, the third phase of Ca;CuO3; was observed
with a higher concentration x=0.20. The Pr doping could make
Ca2* segregate to the grain boundary, which will promote resis-
tivity, the grain boundary potential, and the significant changes of

activation energies of grain boundary and surface contact. There-
after the dielectric constant and dielectric loss are decreased. From
low to high frequency, three semicircles were observed corre-
sponding to three different conducting regions: electrode interface,
grain boundary and grain.
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