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ELECTRONIC STATES DENSITY, RESISTIVITY,  
AND PHASE COMPOSITION OF CaTiO3 PEROVSKITE 
WITH ISOMORPHIC IMPURITY OF NIOBIUM

The application of materials with a perovskite structure has currently become one of the most promising approaches for 
the development of photovoltaic systems. A method for high-speed synthesis (under 15 minutes) of CaTiO3 perovskite — 
TiO2 rutile with the possibility of concurrent doping of the product has been developed. The density of electronic states, 
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Introduction. The energy crisis is the most 
challenging problem that humanity has faced, 
because energy consumption [6] grows annually 
and reached 574 EJ in 2017, with an estimated 
increase to more than 1100 EJ by 2050. The 
burning of fossil fuels for electricity and heat 
generation has significantly changed the Earth’s 
atmosphere due to high levels of CO2 emissions, 
contributing to the greenhouse effect and 
climate imbalance. Renewable energy techno
logies have to be developed as alternatives to 
fossil fuels and nuclear energy. These include 
solar, wind, hydropower, geothermal, and tidal 
energy. Thus, the annual potential for solar 
power generation on Earth is estimated [4] to be 
1575—49837 EJ, depending on the region of the 
world, which significantly exceeds the annual 
global energy consumption of 574 EJ. Photo
voltaic systems are currently the fastest growing 
energy generation technology, constituting 1.7% 
of the current energy generation.

One of the most interesting new approaches 
in the development of photovoltaic systems has 
become the application of perovskite structure 
compounds. The optimization of perovskite-
based devices has led to an increase in energy 
conversion efficiency from 3% to more than 
22% in just 9 years. Due to their high photo
voltaic performance, use of affordable materials, 
and cost-effective manufacturing processes, pe
rovskite solar cells are anticipated to be com
petitive with crystalline silicon units.

Calcium titanate (CaTiO3) belongs to the 
group of perovskites having an orthorhombic 
crystal structure at room temperature, tran
sitioning into a tetragonal and cubic crystal 
structure within the temperature range of 
1200—1700  °C [31, 8]. It finds utility as a die

lectric or ferroelectric material in radio engi
neering and electronic industries [10, 27]. Ar
ticle [24] mentions that CaTiO3 is also used for 
immobilization of radioactive waste. At low 
temperatures, it exhibits ferroelectric properties 
and is used in electroluminescent devices and 
sensors [24, 3]. Due to perovskite activeness in 
UV light radiation, its high photocorrosion and 
heat resistance [24, 12, 35] were studied regar
ding its potential use as a photocatalyst for ma
nufacturing of solar cells.

Various methods are used to obtain CaTiO3. 
Initially, the synthesis of CaTiO3 was carried out 
using a solid-phase reaction [32] (at relatively 
high temperatures, 900—1400  °C) from TiO2 
and CaCO3. In an effort to reduce reaction 
temperatures, shorten process times, and achi
eve improved properties of CaTiO3-based mate
rials due to nanosized particles, wet chemical 
methods, such as hydrothermal synthesis [35], 
co-deposition method [34], microwave hydro
thermal synthesis [20], sol-gel method [33] have 
been used for synthesis. The application of these 
methods has led to the development of materials 
with complex shapes and structures, exhibiting 
different physical, chemical and mechanical 
properties. The main advantage of most of these 
wet chemical methods is that CaTiO3 is obtained 
at relatively low temperatures (600—900 °C).

The most modern representation of the ideal 
perovskite structure (Fig. 1) is given in studies 
[21, 22]. This structure comprises a framework 
of TiO6 octahedral that are interconnected by 
shared vertices. Ti4+ are located at the nodes of a 
primitive cubic cell, at the center of which Ca2+ 
is positioned with a coordination number of 12.

The aim of this study was to develop a high-
speed method for the relatively low-temperature 

phase composition features, and resistivity of niobium-doped perovskite (CaTiO3) were investigated. The calculations of 
the density of electronic states for niobium-doped CaTiO3 have shown that at low concentrations of niobium, the 
samples exhibit conductivity characteristic of semiconductors. Since niobium has one more valence electron compared 
to titanium, as the niobium content increases, the Fermi level shifts to the band of free states. This shift of the Fermi level 
should lead to a change in the nature of the conductivity of doped crystals, eventually transitioning to metallic 
conductivity at high concentrations of niobium. Composite analysis (СаТіО3 + ТіО2) by X-ray diffraction has shown 
that the use of niobium as a doping element significantly accelerates the CaTiO3 synthesis reaction, and increases the 
perovskite concentration in the sample. The concentration of CaTiO3 in the sample the with niobium is 83% vol. at a 
temperature of 900 ºC and a synthesis time of 5 min, whereas when using a mixture without Nb, the content of perovskite 
will be only 58% vol. at a synthesis time of 12 min. X-ray phase analysis methods confirm the formation of a solid 
solution (doping) Ca (Ti,Nb)O3, resulting in the preparation of samples (СаТіО3 + ТіО2) with resistivity inherent to 
semiconductors. 

Keywords: perovskite, synthesis, XRD, solid solution, doping, semiconductors, conductivity.
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synthesis of the composite (CaTiO3 + ТiO2) with 
semiconductor properties, which according to 
the results from several studies [5, 19, 17], 
exhibits advantages when compared with pure 
CaTiO3. This method makes it possible to obtain 
CaTiO3 at temperatures ranging from 700 to 
900 °C and within a synthesis time of 2—5 min. 
Additionally, we studied some features of 
niobium-doped CaTiO3.

Initial materials. To obtain the (CaTiO3  + 
+  TiO2) composite in the laboratory, PTM-1 
grade titanium powder and calcium hydroxide 
supplied by OUEEN COLOR were utilized. For 
doping, niobium powder from the MbP brand, 
supplied by Grand Lada, was used. In prospect, 
we plan to develop a high-performance indus
trial process.

The results of the study, conducted using the 
fluorescent X-ray diffraction method to deter
mine the elemental composition of the initial 
powders, indicated that they correspond to  
the relevant standards: Ti — TU 14-22-57-92; 
Ca(OH)2  — GOST 9179-2018; Nb  — GOST 
26252-84.

Research methods and equipment. The 
authors developed [29, 25, 28] and manufactured 
split and one-piece furnace designs. The syn
thesis was carried out using the metallothermic 
method in an air environment. The powder 
mixture in the melting pot was loaded into a 
furnace heated to the appropriate temperature, 
held for 3—12 minutes, and then abruptly 
unloaded.

The study of perovskite powders by X-ray 
diffraction was carried out on a DRON-3M dif
fractometer using Cu-Kα radiation. The diffrac
ion patterns were taken by point shooting with a 
step of 0.05° and exposure time of 5  s; the 
sampling interval was 20—70°. To conduct a 
qualitative phase analysis, the Analyze software 
package with PDF-2 database was used. Quan
titative X-ray phase studies were carried out 
with the Rietveld method using the Powder cell 
software package. At the first stage, theoretical 
crystal lattices were developed for each of the 
phases contained in the powder. At the second 
stage, the superpositions of these theoretical 
lattices were compared to experimental — dif
fractograms using the least squares method. The 
results of this comparison were used to 
determine the phase composition of the powder.

The elemental composition of the initial pow
ders was studied by X-ray fluorescence diffrac
tion on XRD model Primini (Rigaku, Japan) 
using a palladium X-ray tube.

The resistivity of the sample was measured 
using a two-electrode cell (Fig.  2). Perovskite 
powder was ground in an agate mortar and 
pressed at a pressure of 200 MPa using alcohol 
moistening. The samples were sintered in a va
cuum furnace (P  =  10–2 Pa) at several tempe
ratures for 1 hour, and then cooled together with 
the furnace. The samples were shaped as tablets 
with a diameter of 6.2  mm and a thickness of 
4.52  mm. Their resistance was measured with 
an OWON XDM2041 digital multimeter. The 
resistivity (ρ) of the material was calculated 
using the equation:
	 ρ = S × R/L,
where L is the tablet thickness; S is the tablet 
area; R is the cell resistance (measured with a 
multimeter).

Fig. 1. The structure of perovskite CaTiO3 [21]

Fig. 2. Scheme of a two-electrode cell for measurement 
resistivity of the samples: 1 — screw; 2 — nut; 3 — tef-
lon case; 4, 6 — contact electrodes; 5 — test sample
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Results of studies of perovskite samples and 
their discussion. Electronic density of states 
calculations for CaTi1–xNbxO3. The natural 
mineral perovskite rarely corresponds to the 
formula CaTiO3 and often contains many impu-
rities. For example, the isomorphic impurity of 
Nb in the form of Nb2O5 can reach [8] 26 wt.% 
(disanalyte). On the other hand, the use of spe-
cial additives that replace one of the main ele-
ments in the CaTiO3 lattice (doping) leads to al-
terations in the material’s structural, electronic, 
optical, and other properties. The term "doping" 
is more commonly used in the field of develop-
ing materials for solar energy, thus it is used 
throughout this article. First principles calcula-
tions based on the density functional theory 
[13] make it possible to determine the theoreti-
cal values of the crystal lattice parameters, the 
positions of atoms in the unit cell, and the den-
sity of electronic states. By the location of the 
Fermi level, which separates the energy levels 
occupied by electrons from free levels, one can 
conclude whether the crystal is a dielectric 
(semiconductor) or a metal. In case of a dielec-
tric (semiconductor), there is a band gap be-
tween the occupied and free states, which is ab-
sent in metals. In dielectrics, the width of the 
band gap is such that they have very low electri-
cal conductivity at room temperature. The filled 
energy levels in semiconductors are also called 
the valence band, while the unfilled ones are 
called the conduction band. The calculation en-
ables the determination of the width of the band 
gap and whether it is a direct or indirect band 
gap. To calculate the lattice parameters of doped 
crystals, the following two methods are used: 
the virtual crystal approximation (VCA) me
thod [1] and the supercell method (SC — super-
cell) [11]. In the virtual crystal method, the po-
tential within which the electrons are located is 
constructed as a superposition of the potentials 
of the initial atom and the dopant, each with 
their corresponding weight factors. This ap-
proach allows us to consider arbitrary dopant 
concentrations and requires computational ef-
forts comparable to the calculation of pure crys-
tals, since the symmetry of the original crystal is 
preserved. It is believed in the literature that the 
VCA method provides the most accurate results 
when the configurations of the valence electrons 
of the main atom and the dopant are identical, 

i.e. contain the same number of electrons in the 
outer s-, p-, d-orbitals. However, this method is 
also successfully used in other cases [18]. The 
SC method is based on increasing the size of the 
cell for which the calculation is performed. The 
elementary cell of the crystal repeats periodical-
ly in the directions of the main translation vec-
tors of the crystal. This increases the volume of 
the cell and the number of atoms in it. Thus, a 
2 × 2 × 1 supercell for orthorhombic CaTiO3 con-
tains 80 atoms, out of which 16 are Ti atoms. By 
replacing one Ti atom with an Nb atom, we ob-
tain a crystal with an Nb concentration of 
1/16 = 6.25 at.%. To consider lower Nb concen-
trations, it is necessary to take a large supercell. 
Calculations involving cells with a large number 
of atoms demand significant computational 
time, along with the availability of large RAM 
and disk memory. This example highlights the 
limitations of the SC method, particularly its in-
capability to handle arbitrary and minor dopant 
concentrations.

Below are the results of calculations of the 
density of electronic states for niobium-doped 
CaTiO3. When doped with niobium, niobium 
atoms replace titanium atoms [30]. The calcula-
tions were carried out using the Quantum Es
presso software package [7] in the VCA appro
ximation for niobium concentrations x  =  0.03, 
0.0625, 0.15, and 0.25. We used pseudopotentials 
from the library [26] with the GGA-PBE (Ge
neralized Gradient Approximation) exchange-
correlation potential [23]. Additionally, a calcu-
lation was performed for a niobium concentra-
tion of 0.0625 using a 2 × 2 × 1 supercell.

In Figure 3 there are shown calculated densi-
ties of electronic states for CaTiO3 doped with 
niobium. The vertical line indicates the position 
of the Fermi level, which divides the states oc-
cupied by electrons from the free states: states to 
the left of this level are occupied, while states to 
the right are free.

In pure CaTiO3 (Fig. 3, a), the calculation  
indicates the existence of a band gap equals to 
2.38  eV. This value is considerably lower than 
the experimental value characteristic of dielec-
trics, which is 3.7 eV [2]. This discrepancy is re-
lated to the fundamental property of the GGA-
PBE exchange-correlation potential, which re-
sults in an inadequate estimation of the band 
gap in the electronic spectrum. However, for 
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other physical quantities, such as lattice parame
ters and density of states, this potential shows 
good agreement with experimental data. For a 
niobium concentration of x = 0.0625, the density 
of states was calculated using both the VCA ap-

proximation and the 2 × 2 × 1 supercell approxi-
mation — see Fig. 3, c and 3, d, respectively. A 
comparison of these figures shows agreement 
between the main characteristics of the density 
of states characteristics, including the number of 

Fig. 3. Calculated densities of electronic states for CaTi1–x NbxO3: a — x = 0.00; b — x = 0.03; c, d — х = 0.0625;  
e — x = 0.15; f — x = 0.25
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peaks, their relative positions, band widths, the 
gap width between the bands, and the position 
of the Fermi level. Thus, the use of the virtual 
crystal approximation is quite justified in this case.

From Figs. 3, b—f, it can be seen that there is 
practically no change in the general form of the 
density of states curves with an increase in nio-
bium concentration. Since niobium has one 
more valence electron compared to titanium, as 
the niobium content increases, the Fermi level 
shifts to the band of free states. Such a shift in 
the Fermi level should lead to a change in the 
nature of the conductivity of doped crystals, 
eventually transitioning to metallic conductivity 
at high concentrations of niobium. However, for 
low concentrations of niobium, the number of 
electrons in the conduction band is small, and 
the transition to metallic state does not occur. 

Instead, we can observe conductivity with a va
lue typical for semiconductors.

Thus, the performed studies have demon-
strated the feasibility of using quantum mecha
nical calculations within the virtual crystal  
approximation to estimate the electronic pro
perties of niobium-doped CaTiO3. For low con
centrations of niobium, the calculations indicate 
that the doped CaTiO3 will exhibit conductivity 
characteristics typical of semiconductors.

Perovskite synthesis and X-ray studies of 
samples. For the synthesis of CaTiO3 using  
the high-speed method, the initial charge of 
Ti : Ca(OH)2  = 1 : 1 by mass ratio was used. 
Possible reactions during the heating of the ini-
tial mixture can be predicted as follows:

Ca (OH)2 = CaO + H2O (480 °C) [9]
Ti + O2 = TiO2

TіO2 + CaO = CaTiO3

2Nb + 2.5O2 = Nb2O5.
The synthesis time in the ceramic melting pot 

was 12 min. The results of qualitative and 
quantitative X-ray phase analysis of the obtained 
perovskite samples depending on the synthesis 
temperature are shown in Fig. 4 and Table 1.

At 700  °C (sample Nо. 11050), perovskite 
CaTiO3 (~30% vol.) was obtained, although 
oxides CaO and TiO2 are present in high quan
tities (Table 1). Consequently, the concentration 
of rutile is ~50% vol., and calcium oxide is 
~19%  vol. An increase in the synthesis tem
perature to 800 ºC (sample Nо. 11046) led to an 
increase in the content of CaTiO3 in the sample 
to 63%  vol., while the rutile concentration 
decreased to 34%  vol., and the CaO content 

Fig. 4. XRD patterns showing the phase composition of 
pure perovskite samples depending on the synthesis 
temperature: 1 — CaTiO3; 2 — TiO2 (R); 3 — CaO

Table 1. Phase composition of doped perovskite samples

Phase CaTiO3 TiO2 (rutile) CaO Nb2O5

No. sample Temperature, ºС % vol.

Samples without dopant
11050 700 31 50 19 —
11046 800 63 34 3 —
11047 900 58 42 Traces —

Samples with dopant
11503 700 81 12 4 3
11507-11 800 76.5 14 5.5 4
11504 900 83 13 2.5 1.5
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dropped to 3% vol. Subsequent elevation of the 
synthesis temperature to 900 °С caused a slight 
reduction in the concentration of CaTiO3 to 
~58% vol., accompanied by an increase in the 
content of ТіО2 to about 42% vol. It should be 
noted that, at this synthesis temperature, CaO is 
practically absent in the resulting powder.

For the synthesis of doped perovskite CaTiO3 
using the high-speed method, we used the initial 
load of Ti : Ca(OH)2 : Nb  =  1 : 1 : 0.3 by mass 
ratio. The calculation showed that at the indi
cated ratios, up to 15% vol. Nb2O5 can form. 
The synthesis time in the ceramic melting pot 
was 5 min. Doping the perovskite results in the 
formation of a solid solution Ca (Ti,Nb)O3. The 
results of qualitative and quantitative X-ray 
phase analysis of the obtained perovskite 
samples are shown in Fig. 5 and Table 1.

At a synthesis temperature of 700 ºС (sample 
Nо. 11503), the content of CaTiO3 is ~81% vol. 
Notably, TiO2 is present in the powder at 
~12% vol., CaO at about 4% vol., and Nb2O5 at 
approximately 3% vol. Increasing the synthesis 
temperature to 800  °C (sample Nо.  11507-11) 
leads to a slight decrease in the concentration of 
CaTiO3 to ~76.5%  vol. and a slight increase in 
the content of TiO2 to ~14% vol., CaO to 
~5.5% vol., and Nb2O5 to ~4% vol. in the sample. 
Subsequent temperature elevation to 900  °С 
results in an increase in the CaTiO3 content to 

83% vol., and a decrease in the concentrations of 
CaO to 2.5% vol. and Nb2O5 to 1.5% vol., while 
the content of TiO2 remains almost unchanged 
(13% vol.).

The obtained results suggest that niobium 
significantly accelerates the synthesis reaction of 

Fig. 6. Measured resistivity of synthetic samples A1, A2, 
and A3 in comparison with different materials (see  
Table 3)

Fig. 5. XRD patterns showing the phase composition  
of doped perovskite samples depending on the synthe-
sis temperature: 1 — CaTiO3; 2 — TiO2 (R); 3 — CaO; 
4 — Nb2O5

Table 2. Designation of samples  
and their sintering temperatures

Sample A1 A2 A3

Sintering temperature, °С 1000 1200 1400

Table 3. Measured values of sample resistivity and literature data

Compound Temperature, oC Resistivity, Ω∙m Reference

CaO 400 105 [15]
TiO2_ 200 106 [15]
TiO2(+Nb, Ta) 20 10–4 [16]
Nb2O5 277 0.1 [15]
CaTiO3 20 109 [10]
CaTiO3 20 1.9 × 1010 [27]
Ge 20 0.5 [14]
A1 20 0.708 —
A2 20 0.0071 (with paste) —
A3 20 0.0018 (with paste) —
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CaTiO3. At a temperature of 900  °C, with a 
synthesis time of 5 min, the presence of niobium 
results in a concentration of 83% perovskite 
CaTiO3 in the sample. In contrast, using a mix
ture without Nb, the content of perovskite is 
only 58% when synthesized for 12 min. Further
more, a significant decrease in the concentration 
of Nb2O5 compared to the calculated value, 
along with the absence of other niobium-based 
phases, indicates the formation of a Ca (Ti,Nb)
O3 solid solution, which can lead to significant 
changes in the properties of perovskite. With an 
increase in the synthesis temperature to 900 °C, 
the content of niobium oxide decreases (to 
1.5% vol.) and, consequently, the content of Nb 
in the Ca (Ti,Nb)O3 lattice increases.

Investigation of the resistivity of doped 
CaTiO3. In its pure perovskite form, CaTiO3 is a 
dielectric, which is confirmed by resistivity 
measurements (ρ). The specific resistance of 
CaTiO3 at 20 °C was 1010 Ω ∙ m [10], results from 
measurements of ρ at the same temperature in 
[27] showed a value of 1.9 ∙ 1010 Ω ∙ m. It should 
also be noted that according to [16], pure rutile 
crystals of TiO2 has a resistivity ρ  =  104—
106 Ω ∙ m, which is lowered to ρ = 10–4 Ω ∙ m by 
niobium and tantalum impurities. The resistivity 
value (ρ) of CaO changes from 105 to 102 Ω ∙ m 
within the temperature range of 400  °C to 
1000 °C [15].

Literary data, along with first principles 
calculations, indicate that one possible method 
for obtaining highly efficient solar cells based on 
CaTiO3 could involve doping it with niobium. 
One outcome of this doping will be a decrease in 
resistivity to values more typical for semicon
ductors. According to [16], the resistivity of se
miconductors is:
	 ρ = 10–6—108 Ω ∙ m.

Summarizing mentioned above, the resistivity 
of samples derived from niobium-doped perov
skite, obtained by high-speed synthesis, was 
measured. The studies were carried out accor
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ding to the procedure and equipment descri- 
bed earlier. The synthesized perovskite powder 
samples were sintered at appropriate tempe
ratures (Table 2). The outcomes of resistivity 
measurements for the samples, along with lite
rary data, are presented in Table 3 and Fig. 6.

The results given in Table 3 and Fig. 6 show 
that the resistivity of pure perovskite CaTiO3 is 
109—1010  Ω ∙ m, as is inherent for a dielectric 
material. The results of the study indicate that 
during the rapid synthesis of perovskite samples 
using the Nb dopant, the resistivity value 
significantly decreases, whereas the resistivity of 
the composite (CaTiO3 + ТiО2) is approximately 
10–3  Ω ∙ m. That is, the resistivity of composite 
samples (CaTiO3 + TiO2) approaches the values 
inherent for semiconductors.

Conclusions. 1. The calculation of electronic 
states density for niobium-doped CaTiO3 has 
shown that at low concentrations of niobium, 
conductivity characteristics typical of semicon
ductors are observed.

2. Fundamental principles for the high-speed 
synthesis of doped perovskites with semicon
ductor properties have been developed.

3. X-ray phase analysis of the composite 
(СаТіО3 + ТіО2) showed that the use of niobium 
as a doping element significantly accelerates the 
CaTiO3 synthesis reaction, while increasing the 
perovskite concentration in the system.

4. X-ray phase analysis of the composite 
revealed the formation of a solid solution of 
Ca (Ti, Nb)O3, resulting in the production of 
composite samples (СаТіО3 + ТіО2) with resis
tivity values approaching those inherent to 
semiconductors.

5. The study of high-speed synthesis of the 
composite within 3—12 minutes in the tem
perature range of 700—900  °C enables the de
velopment of energy-saving laboratory and 
industrial technologies for producing CaTiO3 
perovskite powder, which can be utilized in 
semiconductor ceramics.
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ГУСТИНА ЕЛЕКТРОННИХ СТАНІВ, ПИТОМИЙ ОПІР І ФАЗОВИЙ  
СКЛАД ПЕРОВСЬКІТУ CaTiO3 З ІЗОМОРФНОЮ ДОМІШКОЮ НІОБІЮ
Застосування матеріалів зі структурою перовськіту сьогодні стало одним із найперспективніших підходів 
до розробки фотоелектричних систем. Розроблено методику високошвидкісного (до 15  хв) синтезу ком
позиту (перовськіт CaTiO3  +  рутил TiO2) з можливістю одночасного допування продукту. Досліджено 
щільність електронних станів легованого ніобієм перовськіту (CaTiO3), особливості фазового складу та 
питомий опір композиту (CaTiO3  +  TiO2). Розрахунки електронних станів густини CaTiO3, допованого 
ніобієм, показали, що за низької концентрації Nb зразки демонструють провідність, характерну для 
напівпровідників. Оскільки ніобій має на один валентний електрон більше ніж титан, то зі збільшенням 
його вмісту рівень Фермі зсувається в зону вільних станів. Такий зсув рівня Фермі повинен спричинити 
зміни характеру провідності допованих кристалів аж до переходу до металевої провідності за високої 
концентрації ніобію. Аналіз композиту (CaTiO3  +  TiO2) методом рентгенівської дифракції показав, що 
використання ніобію як елемента допування значно прискорює реакцію синтезу CaTiO3 і підвищує 
концентрацію перовськіту в зразку: за температури 900 °С протягом 5 хв синтезу концентрація CaTiO3 у 
зразку з ніобієм становить 83 % об., а у разі використання суміші без Nb вміст перовськіту становитиме 
лише 58 % об. за 12 хв. Методами рентгенофазового аналізу встановлено, що у випадку утворення твердого 
розчину (допування) виникає Ca(Ti, Nb)O3, у результаті чого можна отримати зразки (СаТіО3  +  ТіО2) з 
питомим опором, властивим напівпровідникам.

Ключові слова: перовськіт, синтез, рентгенівські дослідження, допування, напівпровідник, провідність.


