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ABSTRACT

In this work, a novel ceramic sample (1-x) Ca0.9Sr0.1Cu2.9Mg0.1Ti4O12 (CSCMTO)

– x SrTiO3 (STO) (with x = 1, 3, and 10 weight%) was suggested by combining

two oxide phases to create a new system. All the ceramic samples were prepared

by solid-state reactions. The impact of the STO phase on the structure and

dielectric properties of CSCMTO ceramic was analyzed through X-ray diffrac-

tion, scanning electron microscopy, Raman, and dielectric measurements. The

increase in STO content brings about a decrease in mean grain size. The Raman

and EDS measurements indicate the presence of STO and TiO2 phases at grain

boundaries. The dielectric constant values of ceramic samples range from 103 to

104. They decrease progressively with the addition of the STO phase, accom-

panied by a reduction in the dielectric loss. The 0.9CSCMTO - 0.1STO reveals

the lowest dielectric loss in the order of 0.031 at 10 kHz. Additionally, the STO

phase plays a critical role in the enhancement of nonlinear properties. The

0.97CSCMTO-0.03STO shows the best value of breakdown voltage (Eb &
1820 V/cm) as well as the highest nonlinear coefficient (a & 3.55). A hetero-

geneous microstructure with improved grain boundary properties was shown

by impedance spectroscopy. The high grain boundary resistance is responsible

for the reduced dielectric loss and improved breakdown voltage.

1 Introduction

Numerous research studies have been carried out to

discover new materials with high dielectric permit-

tivity [1]. Ceramic capacitors are well-known

examples of the application of materials due to the

miniaturization of devices. Among them, the per-

ovskite-like oxide CaCu3Ti4O12 (CCTO) proved to be

one of the best candidates because of its interesting

dielectric constant er & 104–105 in a large
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temperature [100–400 K] and frequency range [102–

106 Hz] [2, 3]. Despite its giant dielectric constant, the

CCTO shows a high dielectric loss and a low break-

down voltage compared to conventional ceramics

like barium titanate or PZT, which limits its use in

industrial applications [4]. Additionally, many fac-

tors can affect the dielectric properties of CCTO, like

the preparation method, sintering temperature and

time, doping ions, electrode materials [5–8]. On the

other hand, numerous studies have been conducted,

and many mechanisms have been proposed to

explain the origin of the high dielectric constant of

CCTO [9, 10]. The most widely accepted mechanism,

known as the Internal Barrier Layer Capacitance

(IBLC), consists of semiconducting grains and insu-

lating grain boundaries. Moreover, the CCTO

revealed a nonlinear current–voltage I–V property

[3, 11, 12] that was brought about by the formation of

double Schottky barriers at the grain boundaries

[3, 7].

In general, increasing the barrier layer or grain

boundary resistivity of CCTO is connected to

decreasing dielectric loss (IBLC model). There are

many ways to accomplish this, including adding

cation doping ions in the CCTO lattice [13], changing

Cu stoichiometry [14], filling oxygen vacancies at

GBs. [5]. However, it is rarely seen that one of these

methods reduces the dielectric loss while keeping a

high dielectric constant.

The use of composite materials seems to be an

interesting way to reduce dielectric losses while

maintaining a suitable high dielectric constant.

Anoop et al. [15] studied the effect of MgO on the

CCTO phase, wherein they reported that the dielec-

tric constant decreased to roughly 0.54 at 100 Hz

while maintaining the high dielectric constant for a

sintering time of 3 h only. Moreover, adding the STO

phase has a good effect on promoting densification

and enhancing the resistance of grain boundaries of

CCTO. CCTO ceramics modified by SrTiO3 were

produced by H. Yu et al. [16] using a solid-state

reaction technique. They discovered that adding a

high STO ratio led to a significant reduction in the

dielectric constant and CCTO losses.

In previous work [17], we investigated the effect of

Sr and Mg doping ions on CCTO sintered for 12 h at

1100 �C. However, the Sr,Mg co-doped CCTO still

faces issues with its relatively high dielectric loss

(0.05) and long sintering time (12 h), both of which

are undesirable for practical applications. The

objective of this study is to develop an effective

method for reducing the sintering time and improv-

ing the overall dielectric characteristics of CCTO that

has been co-substituted with Sr and Mg doping ions.

The addition of a second phase to CCTO ceramics is

one of the most successful approaches to dealing with

this problem. As was previously indicated [16], STO

has a favorable impact on reducing the dielectric loss.

However, Peng et al. [18] reported a new ceramic

system of (1-x)Y2/3Cu3Ti4O12-xSrTiO3, and despite

improvements in the dielectric constant and the

breakdown voltage, considerable dielectric loss has

been seen in these ceramics. Therefore, it is rare to

find a dielectric ceramic material that satisfies the

requirements for industrial applications, which

include having a high dielectric constant with good

frequency stability, low dielectric loss, and a high

breakdown electric field. In this contribution, Ca0.9-

Sr0.1Cu2.9Mg0.1Ti4O12 (CSCMTO)-x SrTiO3 (STO, with

x = 0/1/3/10%) ceramic samples sintered at 6 h

were successfully synthesized in this work using

solid-state reaction. It was thoroughly explored how

the STO phase affected the microstructure, dielectric,

and nonlinear electrical properties of CSCMTO

ceramic using different techniques. The dielectric

properties and nonlinear J-E characteristics of the

CSCMTO ceramics were both greatly enhanced by

adding STO phases. The dielectric loss decreased

progressively with the addition of the STO phase,

and the 0.9 CSCMTO- 0.1 STO reveals the lowest

value.

2 Experimental

Ca0.9Sr0.1Cu2.9Mg0.1Ti4O12 and (1-x) Ca0.9Sr0.1Cu2.9-

Mg0.1Ti4O12 – x STO (where x=/1/3/10%) (designed

as CSCMTO, and (1-x) CSCMTO-x STO, respectively)

were prepared by traditional solid-state reaction

method. CaCO3 (99.9% purity), CuO (99.9% purity),

TiO2 (99.9% purity), SrCO3 (99.9% purity), and MgO

(99.5% purity) were used as starting raw materials to

synthesize CSCMTO. The weighed raw materials

were first mixed using a mortar and pestle before

being ball-milled for 6 h in ethanol using a zirconia

ball. The milled mixture was dried at 80 �C in an

oven and calcined in the air at 1000 �C for 24 h,

resulting in a brown powder. For the STO phase, the

same procedure was used to combine TiO2 and

SrCO3 in stoichiometric proportions before being

700 Page 2 of 11 J Mater Sci: Mater Electron (2023) 34:700



heated to 1200 �C for 12 h of calcination. The resul-

tant powders (CSCMTO and STO) were again

ground by ball-milling.

In the second step, the composite samples were

prepared by mixing both CSCMTO and STO at stoi-

chiometric ratios (1, 3, and 10% of the weight of STO).

The mixed powders were pressed into disks of

10 mm in diameter and 2 mm in thickness by uni-

axial compression at 300 bars. The disks were then

sintered for 6 h at 1100 �C in the air.

The sintered pellets were first characterized by

X-ray diffraction (XRD), using a D8 Bruker with

CuKa radiation (k = 1.540 Å) over 2h range of 20–80�
with a step size of 0.02 and a step time of 12 s, to

assess the phase composition of the synthesized

ceramic samples. To investigate the microstructure of

surface pellets, we used a Scanning Electron Micro-

scopy (SEM) Hitachi 4160-F. Raman spectra were

recorded at room temperature with a Renishaw inVia

Reflex Raman Microscope using 514 nm as the

exciting wavelength. In regards to dielectric mea-

surements, the pellet surface was polished, and silver

was sputtered onto either side of the pellet. The

dielectric and complex impedance measurements

were performed by an Agilent 4294 A impedance

analyzer at room temperature in a frequency range

from 100 Hz to 10 MHz. An Agilent B2911A device

was used to evaluate the resistivity of ceramic sam-

ples at room temperature.

3 Results and discussion

The XRD patterns of the (1-x) CSCMTO ? x STO

(with x = 0/1/3/10%) ceramic samples, measured at

room temperature, are presented in Fig. 1. All

diffraction peaks can be matched with the standard

CCTO configuration (JCPDS 75–2188), revealing that

all ceramics present a cubic perovskite-related struc-

ture. In regard to three selected ceramics, it can be

seen the presence of an extra peak characteristic of

the STO phase, whose intensity increased progres-

sively with the addition of value x.

The SEM micrographs presented in Fig. 2 highlight

the evolution of grain size for each ceramic sample

((1-x) CSCMTO ? x STO with x = 0/1/3/10%). The

bulk density values are displayed in Table 1 and

were determined by measuring the mass and (di-

ameter/thickness) of the pellets. All the microstruc-

tures revealed a bimodal grain and the number of big

grain sizes for 1, and 3% of STO are more important

than CSCMTO. However, the ceramic with 10% STO

showed a discernible decline. This variation is similar

to that seen in CCTO ceramics doped with Sr2? [19].

Additionally, there are several clusters of tiny white

grains that are joined by darker grains. EDS and

Raman measurements were then used to identify

these kinds of grains. On the other hand, it is difficult

to distinguish between the sizes of composites with a

low ratio of STO, but the number of large grains

(10–12 lm) is more important for 1 weight.%. These

results imply the possibility of an atomic inter-dif-

fusion between STO and CSCMTO, as reported by

Xue et al. [20]. Moreover, small grains intensified

with the addition of the STO phase. This might be

explained by increasing the interface thickness (be-

tween adjacent grains), which would minimize the

insertion of Sr in the lattice and limit the grain

boundary mobility of CCTO. Sintering at 6 h shows

remarkable relative densities (95 and 96%). The best

ceramic was 0.97 CSCMTO-0.03 STO (96.12%). These

high values can result in an improvement in ceramic

resistivity.

The EDS technique was carried out to clarify the

elemental composition of tiny white grains in three

studied ceramics. Table 2 shows all the atomic per-

centages of all the elements seen in different parts of

ceramic samples. According to Table 2, it can be seen

that the presence of Sr and Ti ions predominated

strongly in different selected regions. These could be

attributed to the SrTiO3 phase.

To more clearly depict the distribution of the STO

phase in the CSCMTO microstructure, it is crucial to

Fig. 1 X-Ray diffraction patterns of (1-x) CSCMTO - x STO

(with x = (0/1/3/10%) sintered at 1100 �C/6 h

J Mater Sci: Mater Electron (2023) 34:700 Page 3 of 11 700



understand the composition of both grains and grain

boundaries. Raman spectra measurements were used

on grain Fig. 3a and grain boundaries Fig. 3b for two

selected composites in the frequency range

100–1000 cm-1.

As seen in Fig. 3a, the grains showed the presence

of peaks characteristic of the CCTO phase as reported

in the literature [21, 22]. One peak with low intensity

was detected at 286.5 cm-1 (Fg), and the others were

observed at 444 cm-1 (Ag), 512 cm-1(Ag), and

574 cm-1 (Fg). Additionally, the STO phase can be

observed, which is represented by two broad bands

with their centers at low and high frequency ranges

[200–400 cm-1] and [600 and 800 cm-1], respectively

[23, 24]. The small particles seen in yellow circles on

SEM micrographs are attributable to the STO phase.

On the other hand, an additional peak relative to the

TiO2 phase appeared at 600 cm-1, suggesting the

chemical interaction between the two powders,

CCMTO and STO. This phenomenon was also

observed in (Ba0.6Sr0.4)TiO3 BST-CCTO [25], (1-x)

CCTO – x SrFe12O19 [26] et Al2O3–CCTO [27].

Figure 4 displays the dielectric constant and losses

of all ceramic samples at room temperature (RT) as a

function of frequency over the range from 102 to

107 Hz. All the values of dielectric response are

summarized in Table 3. The dielectric constant of

CSCMTO was significantly influenced by STO, as can

be shown in Fig. 4a. The 0.99 CSCMTO-0.01 STO

ceramic exhibits the highest dielectric constant in the

order of 13,078 measured at 10 kHz. However, the

dielectric constant decreases with further STO addi-

tion. As reported by previous literature, this change

is comparable to that found in the CCTO ceramics

doped with Sr2? ions [19]. According to the SEM

results, the 0.99 CSCMTO-0.01 STO ceramic also

reveals the highest mean grain size. Moreover, simi-

lar patterns can be seen in the variations of the mean

grain size and dielectric constant of all ceramics

Fig. 2 SEM images of surface morphologies of CCTO and (1-x) CSCMTO - x STO (with x = (0/1/3/10%) sintered at 1100 �C/6 h with

their grain size distributions and their mean grain sizes

Table 1 The densities of (1-x)

CSCMTO- x STO (with x= (0/

1/3/10%)

CSCMTO CSCMTO-1% STO CSCMTO-3% STO CSCMTO-10% STO

D (%) 87.62 95.75 96.12 87.34

Table 2 EDS analysis for Ca, Sr, Cu, Mg, and Ti atomic ratios

pointed to regions 1, 2, and 3 of three selected ceramics (1, 3, and

10% STO).

Ceramic samples Ca Sr Cu Mg Ti

At (%)

1% STO

Region 1 3.5 12.3 6.1 0.01 19.5

3% STO

Region 2 4.24 15.2 6.6 0.1 24.2

10% STO

Region 3 3.45 13.2 4.1 0.06 26.2
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(Fig. 4c). This confirms a relationship between the

permittivity and the mean grain size of CCTO [28].

This phenomenon is related to the IBLC model,

wherein the CCTO ceramic consists of grains and

grain boundaries that behave like a semiconductor

and isolator, respectively. Thus, the dielectric con-

stant can be expressed as the following Eqs. [29, 30]:

er ¼ egbðA=tgbÞ

where er, �gb, A and tgb are the effective dielectric

permittivity, the dielectric permittivity of the grain

Fig. 3 Raman spectra on grains (a) and grain boundaries (b) of three selected composites

Fig. 4 Dielectric constant (a) and losses (b) of CCTO and (1-x) CSCMTO - x STO (with x= (0/1/2/3%) sintered at 1100 �C/6 h.

c Correlation between the dielectric constant (e0 ) and the mean grain size of sintered ceramic samples

J Mater Sci: Mater Electron (2023) 34:700 Page 5 of 11 700



boundary (GB), an average grain size, and the

thickness of GB, respectively.

Additionally, this decrease could be explained by

Lichtenecker’s logarithmic law [31], showing that an

increase in the volume fraction of STO contributes to

a decrease in the dielectric constant as described in

the following equation:

ln ecal ¼ 1 � xð Þ ln eCCTO þ x ln eSTO

where εcal εCCTOandεSTO are calculated, CCTO and

STO dielectric constant, respectively.

Moreover, the frequency stability of all ceramic

samples was enhanced compared to CSCMTO and

remains constant until 106 Hz, while it drops rapidly

at higher frequencies [32, 33]. This phenomenon is

related to the dielectric relaxation process [34, 35].

H.Yu et al. [16], synthesized CCTO ceramics modi-

fied by SrTiO3 and reported that adding a high per-

centage of STO ([ 20%) causes a decrease in the

dielectric constant of CCTO. It is true that our results

show the same trend, but permittivity values are

more important than those of their compounds.

As seen in Fig. 4b, the dielectric loss of ceramic

composites reduced when STO phase was added and

exhibit desirable values at low frequencies, such as

0.031 at 10 kHz (Table 3). According to the previous

work, these values are lower than those observed by

Peng et al. [18] and Mao et al. [36]. The restriction of

DC conduction in the ceramics might be the cause of

the low values of low-frequency dielectric loss. The

results are consistent with what Y. Hu et al. [16]

found. We were able to reduce it in our study by a

little amount of STO, which is 40 times less than those

shown in [16]. The change in dielectric loss is also

influenced by relative densities. As a result, the

reduction in dielectric loss may be explained by the

thickening of the barrier layer at the grain boundary

brought on by an increase in the STO ratio. According

to previous works, synthesis with the solid-state

reaction method requires a high sintering time [9].

Our approach led to optimal dielectric properties in

just six hours.

All ceramic samples’ variations in resistivity as a

function of electric field are depicted in Fig. 5. In

comparison to CSCMTO ceramic, the ceramic sam-

ples reveal the highest resistivity values. Notably, the

resistivity value of 0.97 CSCMTO-0.03 STO was

increased by 20 orders of magnitude with respect to

that of the CSCMTO ceramic. Thus, the enhancement

of resistivity values could be related to the disap-

pearance of the movement of charge carriers, which

results in a decrease of dc conductivity and likewise

the dielectric loss observed at lower frequencies [37].

Also, it can be found that the STO phase has a good

impact on the stability of the resistivity compared to

MgO and MgTiO3 reported in [15, 38].

In order to know separately the contribution of

grains and grain boundaries, an equivalent circuit

model has been proposed to explain the dielectric

properties of CCTO. It is constituted by two parallel

Table 3 Dielectric properties, parameters extracted from the RC model: Rg, Rgb, Cg and Cgb resistivity (q), Nonlinear coefficient a,
breakdown down voltage (Eb),

((e)) tan(d) Rg

(X)
Rgb

(X)
Cg

(F)

Cgb

(F)

(q)
(X.cm)

(a) Eb

(V.cm-1)

CSCMTO 6074 0.072 35.39 2.77 105 1.62 10-7 5.20 10-9 2.891 106 1.64 700

1%STO 13,070 0.047 6.5 1.30 106 2.40 10-7 2.00 10-8 2.782 107 3.03 1075

3%STO 10,260 0.043 7.4 1.62 106 4.00 10-7 1.70 10-8 1.110 108 3.55 1820

10% STO 3423 0.031 8.03 1.10 106 1.00 10-07 3.90 10-09 3.907 107 1.67 850

Fig. 5 Resistivity measurements of ceramic samples as a function

of the electric field
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RC elements connected in series (Fig. 6a). According

to the IBLC model, one RC element corresponds to

semiconducting grains (Rg.Cg) and the second one to

insulating grain boundaries (Rgb.Cgb), as deduced

from spectroscopy impedance [39].

Theoretically, the ideal impedance spectrum looks

like the plane diagram model in Fig. 6a, with the

grain resistance represented by a small semicircular

arc and the grain boundary resistance by a wide

semicircular arc (a).

According to the equivalent circuit, the complex

impedance Z* can be calculated using the following

equation [40]:

Z� ¼ Z0 � jZ00 ¼ Rgb

1 þ jxRgbCgb

þ Rg

1 þ jxRgCg

where Cgb and Rgb stand for the resistance and

capacitance of the insulating grain boundaries, Cg

and Rg are the resistance and capacitance of the

grain.

The impedance spectroscopy plots of all ceramics

are shown in Fig. 6b at room temperature. The inset

figure (Fig. 6c) presents an expanded view of high-

frequency data near the origin. A nonzero intercept

on the Z’ axis can be used to determine the Rg value,

which is observed at high frequencies. While the Rgb

value can be deduced from the diameter of a large

semicircular arc on the impedance complex plane

plot at low frequency. Due to the large electrical

heterogeneity between the grains and grain bound-

aries, it is challenging to get both semicircular arcs in

one impedance spectrum at room temperature, and

only the Rgb semicircular arc can be observed. In

order to calculate the values of the Rg, Rgb, Cg, and

Cgb, the impedance measurement data were fitted

using the EIS spectrum analyzer software in accor-

dance with the appropriate equivalent circuits.

Additionally, we added a constant phase element

(CPE) in the circuit to precisely fit the experimental

data. All the parameters (Rg, Rgb, Cg, Cgb) extracted

from the RC element model are summarized in

Table 3.

It is obvious that STO phase has a great impact on

the Rgb. For example, the ceramic with a weight of 3%

STO shows the highest value, increasing by 5 orders

of magnitude with respect to that of CSCMTO.

Additionally, all the values are consistent with the

variation in dielectric loss. On the other hand, it

appears that the primary criteria for raising the Rgb

values are a reduction in grain size and an

improvement in grain boundary density. Our earlier

research [41] indicated that the TiO2 phase might also

help to enhance the Rgb. The Rg values of the chosen

composites are almost constant but somewhat dif-

ferent from those of CSCMTO ceramic. This differ-

ence could be caused by the insertion of Sr2? into the

lattice of CSCMTO.

Thus, it is reasonable to conclude that grain and

grain boundaries behave like semiconducting grains

and isolating grain boundaries, thereby confirming

the IBLC model.

Moreover, it was revealed that there is a relation-

ship between the dielectric constant at low frequency

and the capacitance of the grain boundary (Cgb) as

described in the following equation [42]:

er ¼ Cgb=C0

Fig. 6 a Equivalent electric circuit consisting of two parallel RC elements connected in series. b Impedance complex plane plot (z*) at

25 �C for ceramic samples c shows an expanded view of the high frequency data close to the origin
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where C0 is the empty cell capacitance. As a result,

the decrease in dielectric constant of ceramic com-

posites can be related to the decrease of Cgb. To sum

up, the dielectric response is mainly governed by the

grain boundary.

Figure 7 shows the nonlinear (J-E) characteristic of

ceramic samples at room temperature to investigate

the effect of STO on the electrical response of grain

boundaries. The curves (J-E) displayed in Fig. 7

indicate that Eb values can be easily controlled for the

grain boundary behavior with the addition of STO

ratio. All the Eb values were obtained from this

equation [43]:

Ebð1mAÞ ¼ Uð1mAÞ=d

where U(1 mA) is the voltage corresponding to a

current of 1 mA, and d is the thickness of the ceramic.

While the nonlinear coefficient a value was extracted

from this formula:

a ¼ 1= log U1mA=U0:1mAð Þ½ �

The obtained a and Eb values are recapitulated in

Table 3. The overall non-Ohmic results revealed that a
and Eb values increased with the addition of the STO

ratio. The increase in Eb values is attributed to the

enhancement of Rgb and the reduction of grain size and

losses. Additionally, the obtained Eb values are higher

than those obtained with MgO [44] and Al2O3 [45],

indicating an important effect of STO on the enhance-

ment of the electrical properties of grain boundaries. On

the other hand, the variation of a can be explained by

the Schottky-type barrier at the grain boundary [46].

Thus, the increase ina as reported in [47, 48] may be due

to the increase in Schottky barrier height resulting from

the improvement ofEb. Moreover, it can be seen that the

(J-E) characteristic of 10% STO is similar to that of

CSCMTO. According to Table 1, the relative density for

10% STO was lower than for 1 and 3% STO, which

approximately equaled the value of CSCMTO. Besides,

porosity can affect theEb of CCTO. Therefore, the larger

porosity observed for 10% STO results in lower Eb

values, suggesting that porosity might impair the

dielectric material’s electrical performance.

To sum up, compared to the results found in

Ca1 - xSrxCu2.9Mg0.1Ti4O12 ceramics synthesized in

our previous study, the STO phase resulted in a

decrease in the dielectric loss as well as an increase in

the breakdown voltage with a short sintering time.

4 Conclusion

The effect of STO addition on the microstructure,

dielectric, and electrical properties of CSCMTO cera-

mic, prepared by the conventional solid-state reaction

method, was systematically investigated. All ceramic

samples show a relatively dense microstructure. The

EDS and Raman results show the presence of STO and

TiO2 phases at the grain boundary. The grain size

decreases as the STO phase increases. A small amount

of STO phase can significantly modify the dielectric and

electrical properties of CSCMTO. All the ceramic sam-

ples reveal a high dielectric constant that varies from

roughly 103–104. At 10 kHz, the 0.9CSCMTO - 0.1STO

presents the lowest dielectric loss in the order of 0.031.

Furthermore, the 0.97 CSCMTO-0.03 STO ceramic

reveals a significantly improved electrical breakdown

voltage value (Eb&1820 V/cm), a higher nonlinear

coefficient of around (a & 3.55), and a higher grain

boundary resistance (Rgb&1.62 106 X) value. The

impedance spectrum analysis shows that the dielectric

response is mainly governed by the grain boundary.
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