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Abstract
In this work, (La, Eu) co-doped CaCu3Ti4O12 ceramics (Ca1−xLaxCu3Ti4−xEuxO12(CLCTEO)), x = 0.1, 0.3, and 0.5) were 
prepared by the solid-state method. The phase structure, morphologies, dielectric properties, and impedance spectrum were 
investigated methodically. The XRD of CLCTEO ceramics confirmed the formation of the complex perovskite with a residual 
amount of CaTiO3. The refined calculation found that the lattice parameter of CLCTEO ceramics will significantly increase 
due to the co-doping of La and Eu. The FESEM analysis shows that the grain size of co-doped CCTO is smaller, reaching 
the nanometer scale. Impedance indicates that the (La, Eu) co-doped CCTO ceramics have higher dielectric permittivity than 
the single-doped with La or Eu. The results show that co-doping is an effective method to improve the dielectric properties 
of CCTO ceramics.

Introduction

Due to the importance of miniaturizing the electronic 
components in microelectronic devices, materials with 
giant dielectric permittivity (εr) have attracted significant 
attention for their potential application in supercapacitor, 
varistors, and resonators [1, 2]. The perovskite-like oxide 
CaCu3Ti4O12 (CCTO) exhibited relatively high dielec-
tric permittivity (104–105) in the wide frequency range of 
102–106 Hz and good temperature stability in a specific tem-
perature range (100–600 K) [3, 4]. Furthermore, CCTO is a 
lead-free material with non-linear current–voltage property 
[5]. Such properties make CCTO promising candidates for 
use in microelectronic applications [6, 7].

However, the large dielectric loss (tanδ) of CCTO limits 
its further practical applications in device development [8, 
9]. Besides, the mechanism originating from CCTO of high 
performance remains controversial [10, 11]. Several models, 
such as internal barrier layer capacitance (IBLC), surface 
barrier layer capacitor (SBLC), and interface polarization, 
are used to interpret its dielectric behavior [12–15]. Among 
these, the IBLC model composed of semi-conducting grains 
and insulating grain boundaries is widely accepted by most 

scholars. However, this model is unsuitable for explaining 
the dielectric behavior of single crystals.

Meanwhile, many methods were applied to improve 
the dielectric properties of CCTO. Liu et al. reported that 
Eu-doped CCTO ceramics have a sharp decrease in both 
the εr and electric resistance of the grain boundary [16]. 
Cheng et  al. discovered that La-doped CCTO ceram-
ics could maintain the high εr at room temperature [17]. 
Salam et al. claimed that (Sr, Ni) co-doped CCTO ceram-
ics have better dielectric properties than Sr-doped CCTO 
and Ni-doped CCTO ceramics [18]. Similar co-doping also 
achieved good performance compared with single-element 
doping, such as (La, Zn) [19], (Sr, La) [4], (Li, Al)[20], 
(Nb, Zr) [21], (Sr, F) [22], (Y, Zn) [23], (Zn, Al) [24]. Nev-
ertheless, there are a few reports on the dielectric proper-
ties of La and Eu co-doped CCTO ceramics. In this paper, 
Ca1−xLaxCu3Ti4−xEuxO12 ceramics (CLCTEO, x = 0.1, 0.3, 
and 0.5) were fabricated by the solid-state method.

Experimental and characterization

The La and Eu co-doped CaCu3Ti4O12 ceramics with the 
formula Ca1−xLaxCu3Ti4−xEuxO12 (x = 0.1, 0.3, and 0.5) 
were synthesized by the traditional solid-state method. The 
analytical grade calcium carbonate (CaCO3, 99.9%, Alad-
din), cupric oxide (CuO, 99.9%, Aladdin), titanium dioxide 
(TiO2, 99.9%, Aladdin), lanthanum oxide (La2O3, 99.9%, 
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Aladdin), and europium trioxide (Eu2O3, 99.9%, Aladdin) 
were weighed according to the stoichiometric formula and 
milled with zirconium balls at 300 rpm for 36 h in ethanol 
medium. The mixtures were then dried in an oven for 8 h and 
calcinated at 920 °C in air atmosphere for 8 h. The powders 
were thoroughly ground with an agate mortar and pressed 
into green pellets (diameter 8 mm, thickness 1.2 mm) under 
a pressure of 30 MPa. The green pellets were sintered in air 
at 1040 °C for 6 h to obtain the dense ceramics.

The phase composition and crystal structure of these 
ceramics were obtained at R.T. by us an X-ray diffraction 
meter (XRD, D8 ADVANCE DaVinci, Germany) with 
CuKα radiation under the conditions of 40 kV and 30 mA. 
The surface microstructural features of the ceramics were 
studied using a field emission scanning electron microscope 
(FMSEM, Nano SEM 450, Germany). The valence states of 
elements were examined using X-ray photoelectron spectros-
copy (XPS, K-Alpha+, USA). For electrical performance 
measurements, the ceramics were polished and then coated 
with silver electrodes for 5 min at 12 mA using an ETD 3000 
sputter coating unit. The dielectric properties and impedance 

spectroscopy were measured by Agilent 4284A Precision 
Impedance Analyzer in the frequency range of 20 Hz to 
1 MHz.

Results and discussion

The XRD patterns of Ca1−xLaxCu3Ti4−xEuxO12 ceramics 
(x = 0.1, 0.3, and 0.5) are shown in Fig. 1. The diffrac-
tion peaks for the (220), (013), (222), (400), (422), and 
(620) crystal planes of all samples completely match the 
CCTO standard card (JCPDS-75–2188), indicating the 
polycrystalline complex perovskite phases were success-
fully synthesized. Besides, a small amount of CaTiO3 also 
appears in all samples, which may be caused by the sub-
stitution of La and Eu for Ca and Ti. Similar phenomena 
have also been reported in (Sr, La) co-doped CCTO [4]. 
This refined calculation found that the lattice parameters 
of Ca1−xLaxCu3Ti4−xEuxO12 ceramics (x = 0.1, 0.3, and 
0.5) are 7.4048, 7.4234 and 7.441, respectively. Compared 
with pure CCTO, the increase in the value of lattice param-
eter is mainly attributed to the larger ionic radius of the 
La3+ (115 pm) compared to the Ca2+ (105 pm) and Eu3+ 
(94.7 pm) compared to the Ti3+ (60.5 pm). Similar results 
have also been reported in the literature [25].

The FESEM micrograph of Ca1−xLaxCu3Ti4−xEuxO12 
ceramics (x = 0.1, 0.3, and 0.5) are shown in Fig. 2. Ceram-
ics with prominent crystal characteristics and dense micro-
structure were obtained by sintering at 1040 °C for 6 h. It 
also can be observed that ceramics are composed of parti-
cles with  the particle sizes from nm to a few μm, and their 
morphology and structure are greatly affected by (La, Eu) 
co-doping. Simultaneously, the results show that as the con-
centration of co-doped (La, Eu) ions increases, the grain 
size decreases slightly. The above results indicate that grain 
growth can be suppressed by co-doping (La, Eu). Similar 
effects of co-doping in CCTO have been reported by Rod-
rigo et al. in co-doping (Sr, La) [26] and Pu et al. in co-
doping (Zr, Nb) [11].
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Fig. 1   XRD patterns of Ca1−xLaxCu3Ti4−xEuxO12 ceramics (x = 0.1, 
0.3, and 0.5)

Fig. 2   FESEM micrograph of surfaces of Ca1−xLaxCu3Ti4−xEuxO12 ceramics, (a) x = 0.1, (b) x = 0.3, and (c) x = 0.5
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The frequency dependence of εr (a) and tanδ (b) of 
the Ca1−xLaxCu3Ti4−xEuxO12 ceramics (x = 0.1, 0.3, and 
0.5) at room temperature are given in Fig. 3. As shown in 
Fig. 3(a), the εr value of all ceramics maintains the high 
dielectric properties (104) in the range from 20 Hz to 4 kHz. 
For instance, at frequency f = 100 Hz, εr is about 9.6 × 104, 
1.4 × 105, 8.2 × 104, respectively. Compared to Eu or La sin-
gle-doped CCTO ceramics, it can be found that CLCTEO 
ceramics has better dielectric properties [27]. The value of 
εr for the CLCTEO ceramics is relatively stable and nearly 
independent of the range from 10 kHz to 1 MHz. It was 
reported that the large εr-value at low frequency may be 
related to the interface polarization of the electrode contact 
[15]. The CLCTEO ceramics showed a Debye-type relaxa-
tion behavior originating from the interfacial polarization 
between the crystal grains and grain boundaries [28]. As 
shown in Fig. 3(b), the tanδ of CLCTEO ceramics increases 
with increasing (La, Eu) concentration x within the whole 
frequency range of measurement. For the CLCTEO ceram-
ics with x = 0.3 and 0.5, their tanδ values are quite close, 
even though the former is slightly smaller than the latter. 
The minimum tanδ for CLCTEO ceramics is only 0.013 at 
800 kHz when x = 0.1.

The XPS spectrum of Ca1−xLaxCu3Ti4−xEuxO12 with 
x = 0.3 is shown in Fig. 3, where (c) is the full spectrum, 
(d) and (e) are the fine spectra of La and Eu, respectively. 
The prominent element peaks such as C 1s, O 1s, Ca 2p, Ti 
2p, Cu 2p, La 3d5, and Eu 3d5 can be observed in the full 

spectrum of Ca1−xLaxCu3Ti4−xEuxO12 with x = 0.3, where C 
1s is the corrective element. A fine spectrum scan was delib-
erately carried out to study further the chemical state of the 
doped elements La and Eu. In Fig. 3(d), it can be observed 
that the two peaks of La 3d5/2 are located at 833.59 eV and 
837.95 eV, respectively. The bond energy difference between 
the two peaks is 4.36 eV, close to the 4.6 eV of the complex 
La2O3, indicating the successful doping of La. Moreover, 
it can be found that the bond energy of the Eu 3d5/2 peak 
is 1133.60 eV in Fig. 3(e), which is close to the 1134.8 eV 
of Eu3+ reported in the literature [29], and there is also a 
shake-down satellite peak, which proves that Eu3+ comes 
from Eu2O3.

The complex impedance spectra of Ca1−xLaxCu3Ti4−x 
EuxO12 ceramics (x = 0.1, 0.3, and 0.5) measured at RT are 
displayed in Fig. 4. For all samples, two semicircular arcs 
can be observed in the whole frequency range. The grain 
resistance and grain boundary resistance are represented by 
a large arc and a small arc [30]. The measurement results of 
complex impedance spectroscopy indicated that the response 
could be modeled by an IBLC equivalent circuit, as shown 
in Fig. 4. Therefore, the equivalent circuit can be made up 
of two parallel R.C. elements in series. The grain resist-
ance, grain boundary resistance, and constant phase angle 
element are represented by Rg, Rgb, and CPE. According to 
the model, the decrease in grain boundary resistance and 
the substantial increase in grain boundary resistance cause 
polarization loss. It can be found that the doping of La and 

Fig. 3   Dielectric properties and XPS spectra of Ca1−xLaxCu3Ti4−xEuxO12 ceramics (x = 0.1, 0.3, and 0.5), (a) dielectric constant, (b) dielectric 
loss, (c) full spectrum of XPS, (d) and (e) are the fine spectra of La and Eu, respectively
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Eu has a significant influence on the Rg and Rgb, especially 
on the Rgb. It can be observed that the Rgb decreases with the 
increase of (La, Eu) co-doping concentration, which is con-
sistent with the dielectric loss value displayed in Fig. 3(b). 
The dielectric loss decreases with the increase of grain 
boundary resistance. Based on the above results, the dielec-
tric properties of CLCTEO ceramics may be derived from 
the interfacial polarization of the grain boundaries.

Conclusion

(La, Eu) co-doped CCTO ceramics were successfully pre-
pared using a solid-state synthesis method. The results show 
that the concentration of doped ions greatly influences the 
microstructure and dielectric properties of the materials. The 
lattice parameter increased with the increase of doping con-
centration since the ion radius of La and Eu is larger than 
that of Ca and Cu. The FESEM image indicates that the 
morphology of CLCTEO ceramics was distinctly affected by 
La and Eu doping. The XPS proves that La and Eu in CLC-
TEO lattices are derived from La2O3 and Eu2O3 dopants, 
respectively. The dielectric constant of (La, Eu) co-doped 
Ca1-xLaxCu3Ti4-xEuxO12 ceramics reached a higher value 
than that of La or Eu single-doped CCTO ceramics. Obvi-
ously, (La, Eu) co-doped can effectively improve the dielec-
tric properties of CCTO ceramics.
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