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ABSTRACT 
 

In this study, the structural, microstructural, dielectric and conductivity properties of 
Fe-doped CaTiO3 (CT) ceramic were investigated. These ceramics were successfully 
synthesized using the conventional solid-state method. The X-ray diffraction and 
Rietveld refinement results showed that the ceramics at x=0.0, 0.1, 0.2 and 0.3 
crystalized in the orthorhombic phase with the Pmmm space group. While for x=0.4, 0.5 
and 0.6, the phase formation changes from orthorhombic to tetragonal phase with 
P4/mmm group space. The SEM results revealed a semi-spherical shape of grain for 
lower Fe content (≤0.4), while at x=0.5 and 0.6 an agglomeration phenomenon is 
observed and the observed density of the sample at x=0.5 is higher than the other 
ceramics. The dielectric properties were studied as function of frequency and 
temperature. The dielectric permittivity (ɛ’r) decreases as function of frequency at lower 
frequency region and remain almost independent of frequency at high frequency region 
in the whole temperature range of R.T–520 °C. Each converges at high frequency (>105 
Hz) for all the temperatures. The evolution of ɛ’r as function of temperature for pure CT 
ceramic showed a stability at large range of temperature (from R.T to 250°C). For 
substituted ceramics, we obtained a phase transition which shifted to the lower 
temperature with the increase of Fe content. And the value of ɛ’r, increases for Fe-doped 
CT ceramics and reaches a maximal value for x=0.5 which is 50 time bigger than the 
pure ceramic.  The AC conductivity, σAC, is found to increase rapidly as a function of 
frequency, at low frequency region, and increases linearly at high frequency region, 
which confirms the hopping of electrons related to the conduction mechanism.  The σAC 

evolution is found to follow the Jonscher’s law and the s exponent decreased with the 
increasing temperature which is related to the correlated barrier height (CBH) model. 
And the σAC values increase with the increases of Fe content. 
 
 
Keywords: conductivity, dielectric, phase transition, SEM, structural, X-ray 
diffraction.

1. Introduction 
 

Perovskites are a large family of crystalline materials whose name derives from a natural 
mineral: calcium titanate (CaTiO3).  The use of CaTiO3 can be found in several applications in 
the field of manufacturing electronic components, requiring high stability of electrical 
properties as a function of temperature. The CaTiO3 material is active under UV light and 
presents an excellent photo-corrosion resistance with high thermal stability [1,2,3,4], which 
makes it a good candidate as a photocatalyst material.  At low temperatures, it presents a 
ferroelectric property, and it has been used in electroluminescent devices and sensors. [1,5]. 

_________________________________ 
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 CaTiO3 is a perovskite-like material of orthorhombic structure with a = 5.4398 Å, b = 7.6417 Å, 
and c = 5.3830 Å [6]. Its relative permittivity is about 183 at room temperature and 20 to 77 K 
[7]. In 1943, Naray-Szabo observed a distortion of the orthorhombic phase during heat 
treatments. Since then, the phase transitions of the perovskite CaTiO3 have been fairly studied. 
Several works have reported a change from the orthorhombic structure (Pbnm) to the cubic 
structure Pm3̅m at high temperature. Vogt and Schmahl [8] found a phase transition from the 
orthorhombic Pbnm phase to the cubic phase Pm3m around 1290 °C; they did not observe any 
intermediate phase between these two phases. On the contrary, other researchers have 
reported the existence of one or more intermediate phases between these two phases. Thus, 
Guyot et. al [9] and Kennedy et. al [10] reported the presence of two intermediate phases 
between the Pbnm phase and the Pm3̅m phase. According to Guyot, the orthorhombic type 
(Cmcm) is stable between 1110 °C and 1250 °C while the tetragonal type is stable above 1250 
°C. According to Kennedy, the orthorhombic phase (Cmcm) is stable between 1125 and 1220 
° C and the tetragonal structure (14 / mcm) is stable up to 1500 °C. On the other hand, Redfern 
[11] reported only one intermediate phase between the two phases Pbnm and Pm3m 
respectively. This was in fact the tetragonal phase (14 / mcm) which is found to be stable 
between 1250 and 1350 °C.  

Generally, the structural and dielectric properties of CaTiO3 are improved by appropriate 
substitutions of the Ca2+ or Ti4+ cations in the perovskite network with other types of cations 
[12, 13]. Recently, extensive studies have been carried out on the influence of different oxide 
additions on the properties of materials of the type Ca1-xMxTi1-xM'xO3 (M = Y, Sr, Ba, Pb; M '= Co, 
Al, Fe, Cr). This class of materials has become very important and has found countless 
applications in manufacturing several electronic components [14,15]. The replacement of the 
Ti4+ cations by high valence ions creates additional negative charges, which are compensated 
by the positive charges created by the replacement of Ca2+ by lower valence ions which leads 
to the electric charge neutrality of the material.  

The effects of different substitutions on the electrical properties of CaTiO3 were reported [16]. 
The Fe-doped CaTiO3 ceramic showed a potential application as semiconductor-
based photocatalysis with the best photocatalytic activity, with degradation of almost 100 % 
MB (10 ppm) under UV–visible light for 180 min [17]. The results found showed that the 
substitution of Fe on the Ti site ensures the highest oxygen-ion and electronic conductivities. 
Dunyushkina et al. [18] measured the ionic and electronic conductivities of CaTi1-xFexO3-δ (x 
=0-0.5) solid solutions and found that the ionic conductivity is maximal at x = 0.2 of Fe content, 
in concordance with other works [19, 20]. 

The conductivity is correlated with some structural changes as a function of Fe substitution. 
However, the electron and x-ray diffraction (XRD) studies [21] show that, in Ca2T2-2-xFe2xO6-x 

solid solutions with 0 < x ≤ 0.4, oxygen vacancies are arranged at random, so that the materials 
retain pseudocubic symmetry; in the composition range 0.55≤x < 1, the vacancies undergo 
ordering in the (0k0) plane. McCammon et al. [22] reported that the x = 0.38 material had a 
well-defined domain structure with domain sizes in the range 5–10 nm. They explained these 
results by the ordering of oxygen vacancies. In this study we studied the structural change of 
Fe doped CaTiO3 ceramics as a function of Fe substitution for x=0.0 to 0.6 and correlated it with 
dielectric and conductivity properties.  

So, in this work, we synthesized the Fe3+ doped CaTiO3 ceramic using the solid-state method 
for x=0.0 to 0.6 of Fe content. We correlate the structural, dielectric and conductivity 
properties of these ceramics depending on Fe content.  We have compared all the obtained 
results with the other reported works. 

 

 

about:blank


International Journal of Nanoelectronics and Materials 
                         Volume 16, No. 2, April 2023 [407-420] 

 

409 

 

2. EXPERIMENTAL AND METHOD 
 

The Fe-doped CaTiO3 ceramics with the general formula: CaTi1-xFexO3-δ for x=0.0 to 0.6 of Fe 
content, were elaborated by the conventionnel solid-state method.  The starting powders are 
constituted by CaTiO3, TiO2 and Fe2O3 (with high purity higher than 99%, Sigma Aldrich). 
These precursors were mixed with acetone and stirred for 4 h, and then dried for 24 h at a 
temperature of 80 ° C in the oven. After drying, the powder obtained was ground for 
approximately 45 min, then calcined in the oven at a temperature of 1300 °C for 4 h, and then 
reground for 30 min. 
 
We used the X-ray diffraction (XRD) to determine the structure and crystallographic 
orientations of materials. This technique studies the X-ray diffraction of a sample after the 
interaction of these rays with the atoms of the material.  The measuring equipment used is 
Siemens X’Pert diffractometer. The monochromatic X–ray radiation is produced by a copper 
anticathode K line. The filter is a nickel pellet (Ni) for filtering the doublet Kα1, Kα2 
characterized by an average wavelength λkα = 1.5406 A°. The continuous acceleration voltage 
used is 40 kV and the heating current is 30 mA. The results obtained were fitted using Rietveld 
refinement with FullProf software. 

Then, we prepared the pellet from the calcined powders. So, the powders obtained are mixed 
with 2% APV (polyvinyl alcohol) already prepared. The mixture is dried in an oven at 80 °C, 
and then grinded. The fine powder  is pressed using uniaxial pressure of 6 tons to form a 
pellet. The pellets obtained are sintered at 1200 °C/6 h with an ascent rate equal to 2 °C./min. 
The particle size and morphology of the pellets were observed by a scanning electron 
microscope (SEM) with JSM-IT500HR instrument. Both sides of the pellets are metalized 
using the silver lacquer, a metal layer to study the electrical and dielectric properties 
measurements. The dielectric properties were studied with Agilent E4980A by varying the 
temperature from room temperature (R.T) to 550 °C and frequency (from 20Hz to 2MHz). 
 

 

3. RESULTS AND DISCUSSION 
 

3.1 X-ray diffraction results  
 

To choose the adequate calcination temperature of the CaTi1-xFexO3-δ (CTF) powders, we study 
the phase stability as a function of the calcination temperature for the sample at x = 0.5 (CT0.5F0.5), 
at different temperatures 1100 °C, 1200 °C and 1300 °C for 4 hours. Figure 1 shows the XRD 
results of these compounds. We can notice, at 1100 °C and 1200 °C, a presence of peaks which 
were ascribed to the perovskite-type structure of tetragonal symmetry (marked with stars) with 
the highest intensity is at 2Ɵ= 33.5°, and the presence of secondary phases (marked with red 
points). While at 1300°C, the impurities disappear, and the material remains stable and 
crystallizes in a tetragonal phase. Hence, we have chosen 1300 °C as the calcination temperature 
of all the CaTi1-xFexO3-δ ceramics. 
 
The XRD results from CaTi1-xFexO3-δ (CTF) ceramics, for x=0.0 to 0.6 of Fe content, are shown in 
Figure 2 and reveal that all the powders crystallize in a pure phase without the presence of 
secondary phases expect the sample at x=0.6 of Fe content. For pure CT (x=0.0), we can observe 
the formation of peaks characteristic of the orthorhombic phase, while at x=0.6 the tetragonal 
peaks are found. To study the phase change between these percentages (x = 0.1 to 0.6) or if we 
have the coexistence of two phases, we used the Rietveld method.  
 
The Rietveld refinement results of CTF ceramics, for x=0.0 to 0.6 of Fe content, are shown in 
Figure 3. For pure CT (x=0.0), Figure 3(a) and Table 1, show that the powder crystallizes in the 
pure orthorhombic phase with the space group of Pmmm without the presence of any secondary 
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phase. These results are in contradiction with those reported by Guyot et. al [9] and Kennedy et. 
al [10] in which the tetragonal structure (14 / mcm) is stable from a temperature above 1250 °C. 
With the increase in Fe content from 0.0 to 0.3, we notice no change in the structure and space 
group of CTF ceramics. While for x≥0.4, the structure of CTF changes from orthorhombic to 
tetragonal phase with P4/mmm space group and we observe an appearance of secondary phases 
for x=0.6 (indicated by stars) which is probably due to the Ti-site saturation. So, there was no 
phase mixture in these ceramics like for the Fe-doped BaTiO3 ceramics [23] in which we have 
found a coexistence of two phases for x=0.10 to 0.30 of Fe contents. These results are not the 
same as those reported by L. A. Dunyushkina et. al [18] for the same ceramics, in which they 
found that the Fe-doped CaTiO3 has a cubic symmetry.  

The effect of Fe3+ substitution on the lattice parameters and the unit cell volume values is shown 
in Table 1. The change in these parameters depending on the doping rate is related to the ionic 
radii of Fe3+ (0.76 Å), which may substitute Ca2+ (0.06 Å), Ti2+ (0.80 Å) or Ti4+ (0.64 Å), or it is due 
to the presence of vacancies. However, at a low Fe rate (x =0.1), Fe3+ may substitute Ti4+ or there 
is a creation of vacancies which causes an increase in the lattice constants and, so, an expansion 
of the unit cell. While at high Fe concentration (x=0.2 and 0.3), Fe3+ may replace Ca2+ and / or 
Ti4+, which causes a decrease of the lattice constants that cause contraction in the unit cell. 
 

 
Figure 1. X-ray diffraction of ceramic CT0.5F0.5 calcined at different temperature. 

 

 
Figure 2. X-ray diffraction of ceramic CTF for x=0.0 to 0.6 calcined at 1300 °C/4h. 
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Figure 3. Rietveld refinement results of CTF ceramic for (a) x= 0,0; (b) x=0,1; (c) x=0,2; (d) x=0,3; (e) x=0,4; (f) 

x=0,5; (g) x=0,6. 

 

Table 1.  Unit cell parameters of CTF for x = 0.0 to 0.6 of Fe content. 

Fe content x=0 x=0,1 x=0,2 x=0,3 x=0,4 x=0,5 x=0,6 

Unit cell 
parameter 

a=11.479Å 
b= 7.691Å 
c= 4.402Å 

V=388.72Å3 

a=21.85Å 
b= 8.178 Å 
c= 3.853 Å 

V=688.7 Å3 

a=8.682 Å 
b=8.612 Å 
c=7.823 Å 

V=584.915Å3 

a=8.116 Å 
b=7.733 Å 
c=5.504 Å 

V=345.478Å3 

a= b =7.672 Å 
c=22.334 Å 

V=1314.41 Å3 

a= b =8.12Å 
c=24.46 Å 

V=1612.6Å3 

a= b =15.4 Å 
c=5.926 Å 

V=1406.4 Å3 

Space 
group 

Pmmm Pmmm Pmmm Pmmm P4/mmm P4/mmm P4/mmm 

 

 
3.2 SEM results 
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The Figure 4 shows the SEM micrographs of pure CaTiO3 and Fe-doped CaTiO3 samples sintered 
at 1200 °C for 6h. As it is shown, the size and morphology of the samples change depending on 
Fe content. However, the sample particles have semi-spheric shapes for x=0.0 and 0.1, while 
those at x=0.2 to 0.4 show a quadratic shape. According to Gheffar KhKara et. al [24], the spherical 
shape is attributed to the CT material, and this is why it is observed in samples with low Fe rate. 
For x=0.5, we can’t observe a grain shape due to the high grain size. This sample exhibits a high 
density which decreases for x=0.6 sample because the latter contains a significant number of 
pores. In addition, the substituted ceramic’s particles, at 0.6 of Fe content show a significant 
agglomeration phenomenon, which is related to the highly reactive nature of Fe ions [25,26]. This 
agglomeration phenomenon was also observed by He Yang et. al for Fe-doped CaTiO3 ceramics 
as a function of calcination temperature [26] and Fe substitution content [28]. We can also notice 
a clear decrease in grain size for x= 0.1, 0.2 and 0.3 of Fe content which is equal to 3.32, 2.675, 

and 1.89 µm respectively,  and above 0.3 of Fe rate, the grain size increases significantly. The same 
grain size evolution was reported in our previous work for Fe-doped BaTiO3 ceramics (for x=0.0 
to 0.6) [29]. The decrease in grain size is caused by the creation of oxygen vacancies which 
generate a lattice distortion, found in XRD results. However, Ohno et. al. [30]. reported a crystal 
growth inhibition for Fe-doped CaTiO3 related to the oxygen vacancies that create a pining site 
and cause a decrease in ion mobility. 

   

 

  

 

Figure 4. SEM Micrographs of CTF pellets for x= (a) 0.0; (b) 0,1; (c) 0.2; (d) 0.3; (e) 0.4; (f) 0.5 and (g) 0.6. 

 

3.3 Dielectric properties 
 

The frequency dependence dielectric permittivity for CTF ceramics (at x=0.0 to 0.6) is shown in 
Figure 5. All the ceramics follow the same behavior named classical ferroelectrics behavior. 
However, the dielectric permittivity is high at low frequency region and decreases rapidly with 
the increase of frequency; after that, it remains constant at high frequency region. This evolution 
of dielectric permittivity as a function of frequency is related to the interfacial polarization 
known by Maxwell–Wagner. The high value of the dielectric permittivity at low frequency, is due 
to the presence of polarization of the space charges at the grain boundaries, generating a 
potential barrier which leads to an increase in the values of the real part of the permittivity [31]. 
To explain the decrease in the real part of the permittivity at high frequencies, it is assumed that 
the dielectric structure is composed of grains of low resistance separated by fine and weakly 
conductive grain boundaries. With the application of an electric field, interfacial polarization is 
created due to the localized accumulation of charges [32]. 

a b c d 

e f g 
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The effects of Fe3+ doping ions on the temperature dependence of the dielectric properties of the 
CT ceramics are shown in Figure 5. Notably, the Fe3+ doping ions can enhance the temperature 
stability of ε’r. However, the dielectric permittivity of CT ceramic (Figure 6(a))  does not change 
with temperature variation at a large range of temperature from R.T to 250 °C, after that, it 
increases rapidly. The same behavior is observed for x=0.1 and 0.2 of Fe contents (figure.6. b and 
c). While for x ≥0.3, the dielectric permittivity is no longer stable as a function of temperature, it 
increases and reaches a maximum showing a phase transition Tm.  This phase transition presents 
a diffuse phenomenon which becomes more important with the increase of frequency, and it 
shifts to the lower temperature with the increase in Fe content (Table.2). The same behavior is 
reported in our previous work for Fe doped BaTiO3 ceramic [23].   
 
From Table 2, we can also notice that the dielectric permittivity for substituted ceramics (from 
x=0.1 to 0.5) is higher than the pure CT, and it is maximal for x=0.5, then it decreases for x=0.6 of 
Fe content. However, the lower value of ɛ’r at x=0.6 of Fe content is due to the appearance of 
pores in this sample. While ɛ’r, for the sample at x=0.5, has a colossal value which is about 50 
times bigger than the pure CT ceramic, which is probably due to the high density of this pellet 
found in SEM results. So, the dielectric properties of CT ceramic are improved by Fe substitution. 
This dielectric permittivity evolution differs from the results of BT substituted with Fe [22]. In 
which the Fe substitution decreases the ɛ’r value of BaTiO3 ceramic. 
 
Regarding the ɛ’r value of Fe-doped BaTiO3 sample prepared by solid state method [22] and this 
of Fe doped-CaTiO3 in this study, these materials can be used for passive components into various 
types of dielectrics regarding their functionality. Based on these values, the Fe-BaTiO3 have a 
lower ɛ’r value at high temperature, which can be useful at Class 1 of dielectric capacitors named 
C0G, while Fe-CaTiO3 with higher ɛ’r value can be applicated for Class 2 of dielectric capacitors 
named X5R. These two dielectrics codes of Class 1 and 2 have been classified by the Electronic 
Industries Alliance (EIA) [33]. 
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Figure 5. Frequency dependence of dielectric permittivity of CTF ceramics for x= (a) 0.0; (b) 0.1; (c) 0.2; 
(d) 0.3; (e) 0.4; (f) 0.5 and (g) 0.6. 
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Figure 6. Temperature dependence of dielectric permittivity of CTF ceramics for x= (a) 0.0; (b) 0.1; (c) 
0.2; (d) 0.3; (e) 0.4; (f) 0.5 and (g) 0.6. 

 

Table 2.  Phase transition, Tm and the dielectric permittivity, ε’r of CTF ceramics  for different Fe content at the 
frequency of 1 kHz 

FT rate 𝐓𝒎(°C) 𝛆′𝐫 

0 Tm ≥ 550 ε′r ≥ 10279 
0.1 Tm ≥ 550 ε′r ≥ 2493 
0.2 Tm ≥ 550 17 091 
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0.3 405 143 774 
0.4 414 57 811 
0.5 398 505 961 
0.6 302 9 503 

 

 

3.4 Ac conductivity study 
 

Figure 7(a) shows the evolution of AC conductivity as a function of frequency in the frequency 
range of 20 Hz–2 MHz at different temperatures in the range of R.T to 520 °C for CTF ceramic 
at x=0.1. It can be seen that σAC increases rapidly, at low frequency region, as the frequency is 
increased because the admittance of the capacitor is numerically larger than the admittance 
of the resistor as the frequency increases. Above 105 Hz of frequency (high frequency region), 
the σAC increases linearly with increasing frequency. This linear increase of σAC with 
increasing frequency is probably related to the hopping of electrons, atoms, and motion 
between sites [34].  
 
The dispersion in conductivity in these ceramics can be described by Jonscher’s law [35] 
according to the relation (1):         
                                                              σω = σdc + A ωs.                                                                                  (1) 
Where σω is the AC conductivity, ω = 2πf is the angular pulsation, and s is the power law 
exponent, 0 < s < 1. And A is a constant which is dependent poorly on temperature. 
 
The values of exponent s at different temperatures of CTF (for x=0.1) ceramic are tabulated 
in Table 3. These values of s are determined from the slope of the linear σAC versus frequency 
curve.  The s values are between 0.40 and 0.99 and s decreases with increasing temperature. 
This behavior of s with temperature variation shows a conduction mechanism in these 
ceramics which is related to the barrier jump model correlated (CBH), according to which the 
transport of charges occurs between localized states related to a jump of the potential 
barriers. We have found the same variation of s for Fe-substituted BaTiO3 ceramics [23]. 
 
The σAC exhibits similar curve shapes with increasing frequency and at different temperature 
values for other doped samples. The Figure 6(b) shows σAC as a function of temperature for 
pure and substituted CTF ceramics (for x=0.0 to 0.6) at R.T. As expected, the σAC value 
increases with the increase of Fe content for all the substituted ceramics, which makes its 
capacitive applications difficult. The same effect of Fe substitution on conductivity values is 
reported in our previous work [23], and was also reported by S.J.T. Vasconcelos et. al [36] for 
CaTiO3-LaFeO3 ceramics. But this result contradicts with those found by L.A Dunyushkina, 
which reported that the conductivity is maximal at 0.2 of Fe content then it decreases. 
 

  
Figure 7. The Frequency dependence of conductivity of (1-x) CT-x FT composites (a)  for x= 0.1 at different 

temperature; (b ) for x= 0.0 to 0,6 at R.T. 

b. R. T 
a. x= 0.1 
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Table 3.  The s values of CTF for x = 0.1 of Fe content at different temperatures. 

Temperature (°C) 𝐬 

R. T 0.99 
100 0.97 
160 0.93 
220 0.90 
280 0.83 
340 0.75 
400 0.47 
460 0.36 
520 0.40 

  
 

Conclusion 
 

The CaTi1-xFexO3-δ (CTF) powders were successfully synthesized by using the conventional 
solid-state method. The X-ray diffraction results confirm the orthorhombic phase formation 
for x≤0.3, while above this rate, the structure changes from orthorhombic to tetragonal phase. 
The microstructure of the sintered samples showed a decrease in grain size for x≤0.3, then it 
increased for x=0.4 and 0.5. In addition, the density of the sample at x=0.5 is higher. The 
dielectric properties of CTF ceramics revealed a phase transition for substituted ceramics 
which shifted to the lower temperature with the increase in Fe doping. And ɛ’r were improved 
for substituted ceramics, especially for x=0.5, which is 50 times bigger than the pure CT 
ceramic. This highest permittivity in this study is related to the highest relative density found 
for this sample. For this, the CTF (at x=0.50) can be used in ceramic capacitors and high 

energy density storage applications. On the other hand, the AC conductivity, σAC, is found to 
follow Jonscher’s law. The frequency exponent s decreases with increasing temperature, so 
the results of the σAC are related to the correlated barrier height (CBH) modeland the AC 
conductivity value increases with the increase of Fe content. 
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