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Abstract: Mg-doped CaCu3−xMgxTi4O12 (x=0, 0.05, 0.1, 0.15, 0.2, at.%) thin films were prepared by a modified sol−gel 
method. A comparative study on the microstructure and electrical properties of Mg-doped CaCu3Ti4O12 (CCTO) thin 
films was carried out. The grain sizes of the Mg-doped CCTO thin films were smaller in comparison to the undoped 
CCTO films. Furthermore, compared to undoped CCTO films, Mg-doped CCTO thin films obtained higher dielectric 
constant as well as excellent frequency stability. Meanwhile, Mg doping could reduce the dielectric loss of CCTO thin 
films in the frequency range of 104−106 Hz. The results showed that the Mg-doped CCTO thin films had the better 
electrical characteristics compared with the undoped CCTO films. The nonlinear coefficient of Mg-doped CCTO thin 
films at x=0.15 and x=0.1 was improved to 7.4 and 6.0, respectively. 
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1 Introduction 
 

In recent years, electronic ceramics have 
attracted attention due to their excellent electronic 
properties [1−3]. They were applied to electronic 
devices such as miniaturization, intelligent and 
versatile applications. Several groups work on new 
materials [4,5] and new procedure [6−8] for better 
dielectric properties. Among many kinds of 
electronic ceramics, CaCu3Ti4O12 (CCTO) materials 
with a perovskite structure have captured a great 
deal of attention due to their extraordinary dielectric 
properties [9,10]. SUBRAMANIAN et al [11,12] 
reported that CCTO ceramics have not only a high 
dielectric constant of 104 in the wide frequency 
range (102−106 Hz) at room temperature but also 
excellent thermal stability over a wide temperature 
range (100−400 K). Furthermore, CHUNG et al [13] 
found that CCTO materials also have an excellent 

nonlinear characteristic, which could resist or even 
eliminate the impact of transient overvoltage spikes 
in microelectronics. These excellent electrical 
properties make CCTO materials potential 
candidates in information storage field [14−16].  

However, the exact mechanism of dielectric 
properties is still not clear [17]. Above all, HOMES 
et al [10] considered that a high dielectric constant 
is caused by an intrinsic mechanism. According to 
the intrinsic mechanism, the local dipole moment is 
closely related to the displacement of the central 
titanium ion. Secondly, other researchers have 
proposed an external effect from the double 
boundary, which is the reversed boundary, and 
some calcium ion alignment deviations [18−20]. 
Thirdly, an internal barrier layer capacitance model 
(IBLC), proposed by SINCLAIR et al [21], is the 
most acceptable explanation. Furthermore, 
according to the IBLC model, a high dielectric 
constant is induced by forming an insulating grain 
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boundary in an electric field. However, when the 
temperature is lowered to 100 K, the dielectric 
constant of CCTO will be less than 100, and no 
phase change occurs in this temperature range [12]. 
In addition, the dielectric loss tangent is the most 
important parameter that hinders the market 
application of CCTO [22,23]. According to the 
particularity of the CCTO microstructure, several 
methods have been used to reduce the dielectric 
loss [24−26]. A large number of studies have shown 
that doping cations at Cu or Ti sites is an effective 
method to improve the performance of CCTO 
ceramics by designing interface structure and 
chemical composition [27−29]. Due to the uniform 
composition, low crystallization temperature and 
excellent stoichiometry of the sol−gel method, it 
has been gradually applied to many different 
scientific research fields in recent years [14,30,31]. 
In our recent work [14], pure CCTO and Co-doped 
CCTO films at Cu sites were successfully prepared 
by sol−gel method. At room temperature and 1 kHz, 
after Co doping at Cu site, we synthesized a pure 
CCCTO05 film with very low dielectric loss 
tangent (~0.012) [32]. After Co doping, the crystal 
structure, microstructure, dielectric and nonlinear 
properties are significantly improved [14]. 

In recent years, some research groups have 
reported CCTO doped with Mg at the Cu site, 
which seems to be an effective method to reduce 
the dielectric loss tangent of CCTO materials [33]. 
NI and CHEN [34] reported an enhanced dielectric 
response in Ca(Cu2.9Mg0.1)Ti4O12 ceramics at 1 kHz. 
However, its dielectric loss tangent was as high as 
0.2. NAUTIYAL et al [35] reported an excellent 
relative dielectric constant (3.5×104) and low 
dielectric loss tangent (<0.06) in samples containing 
1% MgO at room temperature up to 100 kHz. SUN 
et al [36] reported that CaCu2.9Mg0.1Ti4O12 ceramics 
successfully obtained high dielectric constant 
(~2.52×104) and low dielectric loss tangent (~0.017) 
at 1 kHz and room temperature after being sintered 
at 1080 °C for 8 h. Compared with CCTO ceramic, 
CCTO films are more suitable for miniaturization 
and integration of electronic devices [37]. Many 
studies have found that Mg doping has a significant 
effect on the microstructure and electrical properties 
of CCTO films [22,33,36]. Therefore, in this study, 
we focused on Mg-doped CCTO films. The crystal 
structure is controlled by adjusting the composition 
of the CCTO to achieve the purpose of improving 

its electrical properties. 
 
2 Experimental 
 
2.1 CCMTO thin films preparation 

CaCu3−xMgxTi4O12 (x=0, 0.05, 0.10, 0.15, 0.20, 
at%) (CCMTO) thin films were prepared by the 
sol−gel method on single crystal Si substrate. At the 
preparation stage, the amounts of required raw 
materials, Cu(NO3)2·3H2O, Ca(CH3COO)2·H2O, 
C16H36O4Ti, and Mg(CH3COO)2·4H2O, were 
calculated according to the stoichiometric ratio. All 
of raw materials were of analytical-grade, from 
Sinopharm Group. Cu(NO3)2·3H2O was dissolved 
in an appropriate amount of anhydrous ethanol.  
The solution was fully stirred till became blue, 
transparent, and uniform. Ca(CH3COO)2·H2O was 
dissolved in an appropriate amount of deionized 
water and fully stirred till the solution became 
colorless, transparent, and uniform. C16H36O4Ti was 
dissolved in a certain amount of anhydrous ethanol, 
and the clathrate was covered with a plastic wrap to 
prevent hydrolysis of C16H36O4Ti. The solution was 
fully stirred for a while to obtain a light yellow, 
transparent, and homogeneous kinds of solution. 
After mixing three solutions, glacial acetic acid was 
added to adjust the solution to blue, transparent, and 
uniform with pH≈3. The beaker mouth was covered 
with cling film to prevent hydrolysis of C16H36O4Ti 
during mixing. After mixing, the solution was  
kept still for 24 h at room temperature. Finally, 
eight-layer films (about 800 nm) were prepared by 
dip coating. To remove liquid organic compounds, 
each layer was baked for 5 min at 400 °C. After 
being electroplated, all thin film samples were 
annealed for 1 h at 750 °C in a muffle furnace. 
 
2.2 Characterization 

The phase composition of the films was 
detected by X-ray diffractometer (XRD, D8 
Advance, Bruker, German). The elemental analysis 
was conducted by scanning electron microscopy 
(SEM, JSM−7500F, Japan). For the electrical 
measurement, a silver paste with a diameter of 
5 mm was coated on the back of the films and dried 
at 600 °C for 10 min. Dielectric properties were 
measured by an Agilent HP4294A impedance 
analyzer with bias voltage of 0.5 V applied in the 
frequency range of 102−108 Hz at room temperature 
as well as at 1×103 Hz at 300−500 K, and nonlinear 
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E−J characteristics were measured with a DC 
source (CJP CJ1001, China) [38−40]. 
 
3 Result and discussion 
 
3.1 XRD analysis results 

Figure 1 shows XRD patterns of CaCu3−xMgx- 
Ti4O12 thin films. More Mg doping reduced the 
lattice size and lowered the lattice constant. 
Consequently, it shifted the main diffraction peak  
of CCTO slightly to a higher angle. Due to equal 
charge but slightly smaller ion radius of Mg2+ 
(0.72 Å) than that of Cu2+ (0.73 Å), we presume 
that Mg2+ has successfully substituted Cu2+ in the 
lattice. The second phases of both TiO2 and CuO 
were detected in Mg-doped samples caused by the 
following incomplete reaction:  
CaTiO3+3TiO2+3CuO=CaCu3Ti4O           (1)  

It can be found that with more Mg doping 
content (x), the amounts of CuO phase increased 
significantly. The results show that the partial 
excess Mg2+ replaced the Cu2+ phase and produced 
CuO phase. And doping does not change the crystal 
structure of perovskite, which is consistent with our 
previous conclusion [36]. 

 
3.2 SEM analysis results 

Particle size distribution (PSD) [41] provided 
important support in understanding the physical and 
chemical properties of thin film, as shown in Fig. 2. 
PSD curves of CaCu3−xMgxTi4O12 showed that the 
grain sizes for five types of CaCu3−xMgxTi4O12 thin 
films were narrowly distributed around 106.2, 65.2, 
75.0, 65.9, and 58.2 nm, respectively. This showed 
a clear trend of grain size decrease due to Mg 
doping. 
 

 
Fig. 1 XRD patterns of CaCu3−xMgxTi4O12 thin films  

 

 
Fig. 2 Particle size distribution of CaCu3−xMgxTi4O12 thin 
films 
 

Furthermore, the surface morphologies of 
CaCu3−xMgxTi4O12 thin films are shown in Fig. 3. 
From these images, we observed that the grain size 
in the CCTO thin films decreased with increase of 
Mg doping content. Simultaneously, number of 
grain boundaries increased while more gaps came 
out among grains. PSD was significant for undoped 
CCTO thin films but not for Mg-doped ones. The 
reason was that Mg doping produced lots of 
uniform and smaller grains and wider gaps, which 
was difficult to be observed. On the other side, Mg 
doping caused grains of CCTO thin films to tend to 
be uniform. As seen from Fig. 3, all of these doped 
thin films were more uniform than the undoped one. 
Increasing of Mg doping caused grain size smaller 
and gaps wider, thus decreasing the density. CCTO 
thin films had comparably higher relative density 
when x=0.15. 
 
3.3 Dielectric properties 

Figure 4 illustrates the influence of Mg doping 
amount on the real (ε′) and imaginary (ε′′) parts of 
the dielectric constant for the CCTO thin film. The 
ε′ for five types of Mg doping samples were 4213, 
5143, 5545, 5301, and 4252, respectively, for the 
measurements at 1 kHz and room temperature. In 
the frequency range of 102−104 Hz, the real part ε′ 
first increased and then decreased with the increase 
of Mg doping content. In all five cases, ε′ was the 
highest when x=0.10 while the lowest when x=0.20, 
as seen in Fig. 4(a). In the frequency range from 
1×105 Hz up to 1×106 Hz, ε′ for Mg-doped CCTO 
thin film was higher than that for undoped CCTO 
thin film. With the increase of Mg doping, ε′ first 
increased and then decreased. CaCu3−xMgxTi4O12  
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Fig. 3 FE-SEM images of CaCu3−xMgxTi4O12 thin films: (a) x=0; (b) x=0.05; (c) x=0.10; (d) x=0.15; (e) x=0.20 
 

 
Fig. 4 Frequency dependence of dielectric constant of real (ε′) (a) and imaginary (ε′′) (b) parts of CaCu3−xMgxTi4O12 thin 
films 
 
thin film when x=0.10 had the highest ε′. In the 
frequency range of 1×106−3×107 Hz, ε′ suddenly 
decreased for all doping cases. ε′ was higher than 
that of undoped CCTO when x=0.10 and 0.15. In 

the whole frequency range, ε′ for CaCu3−xMgxTi4O12 
thin films was always higher than that for the 
undoped thin film when x=0.10 and 0.15. ε′ was  
the highest when x=0.10. Combined with above 



Ming JIANG, et al/Trans. Nonferrous Met. Soc. China 32(2022) 1589−1597 1593

morphological analysis in Fig. 2, grain sizes first 
increased and then decreased with Mg doping 
increasing. Average grain sizes of CaCu3−xMgxTi4O12 

thin film were around 75.0 and 58.2 nm when 
x=0.10 and 0.20, respectively. Therefore, CaCu3−x- 
MgxTi4O12 thin film had the highest dielectric 
constant ε′ when x=0.10. Figure 4(b) illustrates the 
influence of frequencies on the imaginary parts (ε′′) 
of dielectric constant. Each curve related to each 
sample had a relaxation peak [41]. With the 
increase of Mg content in CCTO thin film, 
relaxation frequency (fm) first increased and then 
decreased. The fm with Mg doping in CCTO thin 
film was higher than that of undoped CCTO. The  
fm for CaCu2.9Mg0.1Ti4O12 (when x=0.1) was the 
highest. As we notice, the peak frequency was close 
to the initial fast decreasing frequency of real part 
(ε′) of the dielectric constant. fm reflects dielectric 
frequency stability range of thin films. If fm is 
higher, then dielectric frequency stability range of 
thin films is broader. Both CaCu2.9Mg0.1Ti4O12    

and CaCu2.85Mg0.15Ti4O12 thin films had wider 
dielectric frequency stability range. And fm for 
CaCu2.9Mg0.1Ti4O12 was the broadest of this range. 

Figure 5 illustrates the relationship between 
dielectric loss tangent (tan δ) and Mg doping of 
CCTO thin films. It can be obviously seen that 
dielectric loss tangent (tan δ) was significantly 
reduced by Mg doping in the frequency range from 
1×104 up to 1×106 Hz. At high frequencies over 
1×107 Hz, dielectric loss tangent (tan δ) of doped 
thin film was higher than that of the undoped one. 
The reason comes from the obvious deviation of 
dielectric relaxation peak to high frequency due to 
Mg doping for CCTO thin film. The large increase 
in the dielectric loss tangent in a low- frequency 
rage was due to dc conductivity [27,42]. In Fig. 5, 
fm corresponding to dielectric loss tangent peak near 
high frequency region for each sample corresponds 
to interface relaxation peak frequency of 
corresponding thin film in Fig. 4(b), and fm firstly 
increased and then decreased. When x=0.1, the 
CaCu2.9Mg0.1Ti4O12 thin film had the highest fm. At 
the same time, the dielectric loss tangent for 
CaCu2.9Mg0.1Ti4O12 thin film was the lowest, which 
indicates that CaCu2.9Mg0.1Ti4O12 thin film was the 
most promising one to reduce dielectric loss tangent. 
According to previous study [43], CaCu2.9Mg0.1Ti4O12 
thin film significantly decreased the conductivity of 
grain boundary layer and enhanced insulating grain 

boundary. Therefore, CaCu2.9Mg0.1Ti4O12 thin film 
could significantly decrease dielectric loss tangent. 
 

 
Fig. 5 Frequency dependence of dielectric loss tangent 
(tan δ) for CaCu3−xMgxTi4O12 thin films (The inset is an 
enlarged view at low frequencies) 
 

The inset of Fig. 5 shows the dielectric loss 
tangent at room temperature with a change of 
frequency from 500 to 2000 Hz. At room 
temperature and 1000 Hz, tan δ values of different 
Mg doped CCTO thin films were 0.053, 0.091, 
0.052, 0.038, and 0.069, respectively. 

Figure 6 shows the Cole−Cole plot of 
CaCu3−xMgxTi4O12 thin films. A Cole−Cole circle 
for each CaCu3−xMgxTi4O12 thin film sample was 
observed. This shows the typical Maxwell−Wagner 
relaxation mechanism [9,24], that is, the relaxation 
mechanism produced by inhomogeneous structure 
composed of internal conductive grain and thin 
insulating grain boundary at high frequency region. 
And, typical relaxation peak appeared in each 
CCMTO sample near high frequency in Figs. 4(b) 
and 5. CaCu3−xMgxTi4O12 thin films had a tail part 
when x=0.05 and 0.20. This relaxation mechanism 
was thought to be barrier relaxation mechanism 
between the electrode and the material in the 
low-frequency region. This relaxation was more 
significant for CCMTO thin film when x=0.05 than 
others and caused high ε′ and high dielectric loss 
tangent. There was no tail part when x=0.10 and 
0.15, which could be explained by the IBLC 
mechanism since microstructures for these two thin 
film samples were dense as can be seen in Fig. 2. 
Effect of barrier layer between the electrode and 
inter-material interface was little, which explained 
the excellent dielectric property of these two thin 
film samples. 
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Fig. 6 Cole−Cole plots of CaCu3−xMgxTi4O12 thin films  
 

Figure 7 shows dielectric temperature change 
of different Mg doped CCTO thin films. Figure 7(a) 
shows the absolute values of dielectric constant 
thermal stability coefficient (∆ε′/ε′) for CCTO thin 
films. Form Fig. 7(a) when x=0.05 and 0.20, ∆ε′/ε′ 
was lower than that when x=0.15 in the temperature 
range of 300−500 K at the frequency of 1 kHz, and 
temperature range for these two Mg doped CCTO 
thin films (x=0.05 and 0.20) was close to that of 
undoped CCTO thin film. When x=0.10 and 0.15, 
within the temperature range of 300−500 K, the 
absolute value of dielectric constant thermal 
stability coefficient of these two CCTO thin films 
was lower than that when x=0.15. This illustrates 
suitable doping of Mg could broaden the 
temperature range of CCMTO thin film application 
and improve temperature stability. 

Figure 7(b) illustrates the influence of Mg 
doping on dielectric loss tangent of CCTO thin film 
at different temperatures. It is shown that dielectric 
loss tangent of all samples increased with 
temperature increasing. The dielectric loss tangent 
values for all samples were remarkably increased 
when the temperature was over 400 K except 
CCMTO thin film when x=0.10. This increase was 
not conducive to the application of these thin films. 

 
3.4 Non-ohmic behaviors 

Figure 8 shows varistor properties of CCTO thin 
film with different Mg doping contents [14,22,44]. 
All E−J curves behaved non-linearly, as seen in 
Fig. 8(a). In a different coordinate, Fig. 8(b)  
shows the relation between E1/2 and ln J for 
CaCu3−xMgxTi4O12 thin films, which gave an 
approximately linear relationship. This linear 

relation indicates that a typical constant Schottky 
barriers existed on grain boundaries, which showed 
that no effect was produced on varistor property of 
CCTO thin film by Mg doping. 
 

 
Fig. 7 Effect of temperature on dielectric properties of 
CaCu3−xMgxTi4O12 thin films: (a) Dielectric constant 
thermal stability coefficient (∆ε′/ε′); (b) Dielectric loss 
tangent (tan δ)  
 

Table 1 gives the parameters of varistor 
properties for five types of Mg-doped CCMTO thin 
films. With more Mg doping content (x), the 
non-linearity coefficient α first increased and then 
decreased. When the Cu2+ position was replaced by 
Mg, as a charge compensation, negative defects 
such as VCu" occur [45], which changes the structure 
of the grain boundary, thereby adjusting the height 
of the barrier and finally affecting the α. But too 
much Mg doping causes CuO to segregate at the 
grain boundary and reduces α. When x=0.15, the 
maximum α reached 7.4. Proper Mg doping could 
improve varistor property of CCTO thin film. 
Voltage gradient (VT) of CCMTO increased with 
more Mg doping. When x=0.20, voltage gradient 
(VT) of CCMTO increased to 45.7 V/mm. 
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Fig. 8 E−J (a) and E1/2−ln J (b) curves of CaCu3−x- 
MgxTi4O12 thin films 
 
Table 1 Varistor parameters of Mg-doped CCTO thin 
films 

Sample α VT/(V·mm−1) IL/μA 
x=0 5.3 17.1 141 

x=0.05 5.3 26.6 201 
x=0.10 6.0 27.7 122 
x=0.15 7.4 30.5 109 
x=0.20 3.8 45.7 217 

 
We can explain the enhancement through the 

following relation: 
 
VT=nVGB                                          (2) 
 
where n is the number of grain boundaries per unit 
length and VGB is the average breakdown voltage on 
grain boundaries. Mg doping reduced the average 
grain size of the CCTO thin film and increased  
the number of grain boundaries per unit length, n. 
Thus, voltage gradient (VT) of CCMTO thin films 
increased. CCMTO thin films when x=0.10 and 
0.15 demonstrated a lower leakage current (IL) than 
the undoped sample. This indicates that proper Mg 

doping could significantly decrease leakage current 
(IL) of CCTO thin films and improve the stability of 
devices. 
 
4 Conclusions 
 

(1) Microstructure and electrical properties of 
CaCu3−xMgxTi4O12 (x=0, 0.05, 0.1, 0.15, 0.2, at.%) 
thin films were studied. Part of excess Mg2+ 
replaced the Cu2+ species, which led to appearing of 
CuO phase. Mg doping also decreased grain sizes 
and caused uniform distribution of grains of CCTO 
thin films. 

(2) In the frequency range from 1×104 to  
1×106 Hz, proper Mg doping could decrease 
dielectric loss tangent, improve dielectric constant  
ε′ and extend the range of thermal stability. 
CaCu2.9Mg0.1Ti4O12 thin film significantly 
decreased the conductivity of grain boundary layer 
and enhanced insulating grain boundary, and 
therefore it had the lowest dielectric loss tangent. 
Also the CaCu2.9Mg0.1Ti4O12 thin film had the best 
temperature stability. 

(3) The Mg doping enhanced the resistivity of 
insulating grain boundary layer, and the nonlinear 
coefficient α could reach 7.4 when x=0.15 and as 
high as 6.0 when x=0.10. Mg doping has potential 
significance in the property enhancement of thin 
films and future development of functional devices. 
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摘  要：采用改进的溶胶凝胶法制备 Mg 掺杂的 CaCu3−xMgxTi4O12(x=0、0.05、0.1、0.15 和 0.2，摩尔分数，%)
薄膜。对掺 Mg 的 CaCu3Ti4O12(CCTO)薄膜的微观结构和电性能进行研究。与未掺杂的 CCTO 薄膜相比，掺 Mg
的 CCTO 薄膜的晶粒尺寸较小。此外，与未掺杂的 CCTO 薄膜相比，掺 Mg 的 CCTO 薄膜具有高介电常数和出色

的频率稳定性。同时，Mg 掺杂可以减少 CCTO 薄膜在 104~106 Hz 频率范围内的介电损耗。结果表明，与未掺杂

的 CCTO 薄膜相比，掺 Mg 的 CCTO 薄膜具有良好的电学特性，x=0.15 和 x=0.1 的 Mg 掺杂 CCTO 薄膜的非线性

系数分别提高到 7.4 和 6.0。 
关键词：介电材料；CaCu3Ti4O12；Mg 掺杂；介电常数；介电损耗；压敏性能 
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