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ELECTRONIC STATES DENSITY, RESISTIVITY,
AND PHASE COMPOSITION OF CaTiO, 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 CaTiO, perovskite —
TiO, rutile with the possibility of concurrent doping of the product has been developed. The density of electronic states,
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phase composition features, and resistivity of niobium-doped perovskite (CaTiO,) were investigated. The calculations of
the density of electronic states for niobium-doped CaTiO, 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 (CaTiO, + TiO,) by X-ray diffraction has shown
that the use of niobium as a doping element significantly accelerates the CaTiO, synthesis reaction, and increases the
perovskite concentration in the sample. The concentration of CaTiO, in the sample the with niobium is 83% vol. at a
temperature of 900 °C 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)O,, resulting in the preparation of samples (CaTiO, + TiO,) with resistivity inherent to

semiconductors.

Keywords: perovskite, synthesis, XRD, solid solution, doping, semiconductors, conductivity.

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 CO, 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 (CaTiO,) 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-
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lectric or ferroelectric material in radio engi-
neering and electronic industries [10, 27]. Ar-
ticle [24] mentions that CaTiO, 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 CaTiO.,.
Initially, the synthesis of CaTiO, was carried out
using a solid-phase reaction [32] (at relatively
high temperatures, 900—1400 °C) from TiO,
and CaCO,. In an effort to reduce reaction
temperatures, shorten process times, and achi-
eve improved properties of CaTiO,-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 CaTiO, 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 TiO, octahedral that are interconnected by
shared vertices. Ti*" are located at the nodes of a
primitive cubic cell, at the center of which Ca*
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
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synthesis of the composite (CaTiO, + TiO,) with
semiconductor properties, which according to
the results from several studies [5, 19, 17],
exhibits advantages when compared with pure
CaTiO,. This method makes it possible to obtain
CaTiO, 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 CaTiO..

Initial materials. To obtain the (CaTiO, +
+ TiO,) 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), — 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-Ka 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.
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Fig. 1. The structure of perovskite CaTiO, [21]

Fig. 2. Scheme of a two-electrode cell for measurement
resistivity of the samples: I — screw; 2 — nut; 3 — tef-
lon case; 4, 6 — contact electrodes; 5 — test sample

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 = 1072 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 (p) of the material was calculated
using the equation:

p=SxR/L,
where L is the tablet thickness; S is the tablet

area; R is the cell resistance (measured with a
multimeter).
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Results of studies of perovskite samples and
their discussion. Electronic density of states
calculations for CaTi; Nb O,. The natural
mineral perovskite rarely corresponds to the
formula CaTiO, and often contains many impu-
rities. For example, the isomorphic impurity of
Nb in the form of Nb,O, 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 CaTiO, 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,

6

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
2x2x 1 supercell for orthorhombic CaTiO, 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
CaTiO,. 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 2x 2 x 1 supercell.

In Figure 3 there are shown calculated densi-
ties of electronic states for CaTiO, 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 CaTiO, (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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Fig. 3. Calculated densities of electronic states for CaTi, Nb O,: a — x = 0.00; b— x=0.03;¢c,d— x = 0.0625;
e—x=0.15f—x=0.25

other physical quantities, such as lattice parame- | proximation and the 2x2x 1 supercell approxi-
ters and density of states, this potential shows | mation — see Fig. 3, ¢ and 3, d, respectively. A
good agreement with experimental data. For a | comparison of these figures shows agreement
niobium concentration of x = 0.0625, the density | between the main characteristics of the density
of states was calculated using both the VCA ap- | of states characteristics, including the number of
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Fig. 4. XRD patterns showing the phase composition of
pure perovskite samples depending on the synthesis
temperature: I — CaTiO,; 2 — TiO, (R); 3 — CaO

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.

Table 1. Phase composition of doped perovskite samples

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 CaTiO,. For low con-
centrations of niobium, the calculations indicate
that the doped CaTiO, will exhibit conductivity
characteristics typical of semiconductors.

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

Ca (OH),= CaO + H,0 (480 °C) [9]
Ti+0O,=TiO,
TiO, + CaO = CaTiO,
2Nb +2.50,=Nb,O..

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 No. 11050), perovskite
CaTiO, (~30% vol.) was obtained, although
oxides CaO and TiO, 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 °C (sample No. 11046) led to an
increase in the content of CaTiO, in the sample
to 63% vol, while the rutile concentration
decreased to 34% vol., and the CaO content

Phase CaTiO, TiO, (rutile) CaO Nb,O,
No. sample Temperature, °C % 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
11504 900 83 13 2.5 1.5

ISSN 2519-2396. Mineral. Journ. (Ukraine). 2023. 45, No. 4
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dropped to 3% vol. Subsequent elevation of the
synthesis temperature to 900 °C caused a slight
reduction in the concentration of CaTiO, to
~58% vol., accompanied by an increase in the
content of TiO, 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 CaTiO,
using the high-speed method, we used the initial
load of Ti:Ca(OH),:Nb = 1:1:0.3 by mass
ratio. The calculation showed that at the indi-
cated ratios, up to 15% vol. Nb,O, 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)O,. 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 °C (sample
No. 11503), the content of CaTiO, is ~81% vol.
Notably, TiO, is present in the powder at
~12% vol., CaO at about 4% vol., and Nb,O, at
approximately 3% vol. Increasing the synthesis
temperature to 800 °C (sample No. 11507-11)
leads to a slight decrease in the concentration of
CaTiO, to ~76.5% vol. and a slight increase in
the content of TiO, to ~14% vol, CaO to
~5.5% vol., and Nb,O, to ~4% vol. in the sample.
Subsequent temperature elevation to 900 °C
results in an increase in the CaTiO, content to

Table 2. Designation of samples
and their sintering temperatures

Sample Al A2 A3

1000 1200 1400

Sintering temperature, °C

f 1 No. 11504 900 °C

1
41142 3 1+2
Atk |l ot 1

No. 11507-11 800 °C

WW

No. 11503 700 °C

WM
30 40 50 60

226
70

20

Fig. 5. XRD patterns showing the phase composition
of doped perovskite samples depending on the synthe-
sis temperature: I — CaTiO,; 2 — TiO, (R); 3 — CaO;
4 —Nb,0O,

p
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20-10"{ =

1.5-10"-

TiO
1.0-10"- 2

3
@

9
5.0-10 - Al, A2, A3

Nb,O, CaO
0.0 ] u L]
400 T, °C

0 100 200 300

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

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

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

Table 3. Measured values of sample resistivity and literature data

Compound Temperature, °C Resistivity, O-m Reference
CaO 400 10° [15]
TiO, 200 10¢ [15]
TiO,(+Nb, Ta) 20 10 [16]
Nb,O, 277 0.1 [15]
CaTiO, 20 10° [10]
CaTiO, 20 1.9x10% [27]
Ge 20 0.5 [14]
Al 20 0.708 —
A2 20 0.0071 (with paste) —
A3 20 0.0018 (with paste) —
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CaTiO,. At a temperature of 900 °C, with a
synthesis time of 5 min, the presence of niobium
results in a concentration of 83% perovskite
CaTiO, 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 Nb,O, compared to the calculated value,
along with the absence of other niobium-based
phases, indicates the formation of a Ca(Ti,Nb)
O, 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)O, lattice increases.

Investigation of the resistivity of doped
CaTiO.,. In its pure perovskite form, CaTiO, is a
dielectric, which is confirmed by resistivity
measurements (p). The specific resistance of
CaTiO, at 20 °C was 10" Q-m [10], results from
measurements of p at the same temperature in
[27] showed a value of 1.9-10° )-m. It should
also be noted that according to [16], pure rutile
crystals of TiO, has a resistivity p = 10*—
10° Q- m, which is lowered to p = 10 Q-m by
niobium and tantalum impurities. The resistivity
value (p) of CaO changes from 10° to 10* Q-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
CaTiO, 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:

p=10°—10°Q-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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perovskite powder, which can be utilized in
semiconductor ceramics.
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'THcTHTyT reoximii, minepanorii ta pygoyrBopenns im. M.IT. Cemenenka HAH Ykpainu
03142, m. Knis, Ykpaina, npocm. Axaz. [Tanmagina, 34

*Incruryt npobmem MatepianosHasctsa iM. LM. ®pannesuua HAH Ykpainu
03142, m. Knis, Ykpaina, Byn. Omen:na Ilpinaka, 3

> KniBcbKmil HalliOHANMbHUI YHIBEPCUTET TEXHOJOTIN Ta fU3aiHy
01011, m. Kuis, Ykpaina, Byn. Mana lllnsanoscpKa, 2

*IHCTUTYT 3arajbHOI Ta Heoprauiuuoi ximii im. B.I. Beprapgcpkoro HAH Ykpainu
03142, m. Knis, Ykpaina, npocm. Akap. [Taymnagina, 32/34

['YCTUHA EJTEKTPOHHMX CTAHIB, IMTOMMII OIIIP I ®PA3OBUI
CKJIAL TIEPOBCBKITY CaTiO, 3 IBOMOP®HOIO [IOMIIIKOIO HIOBIO

3acTOCyBaHHsA MaTepiasliB 31 CTPYKTYpOIO IIEPOBCHKITY ChOTOIHI CTa/lI0 OFHMM i3 HalllIepCIeKTUBHIINX MiXO0MiB
IO po3pobKu POTOENTEKTPUIHUX CUCTEM. PO3p0oO/IEHO METORMKY BUCOKOUIBUAKICHOTO (7O 15 XB) CMHTE3y KOM-
nosuty (neposcokit CaTiO, + pyrun TiO,) 3 MOXMMBICTIO OHOYACHOTO JOMYBaHHA MPOAYKTY. [locmifkeHo
LI/TBHICTD €/IeKTPOHHMX CTaHiB /leroBaHoro Hiobiem neposcpbkity (CaTiO,), ocobmmBocti dasoBoro ckmamy Ta
mromuii omip xommosury (CaTiO, + TiO,). Pospaxynkn enexrponnmx crauis rycrunam CaTiO,, momosanoro
HioOieM, IOKasamu, IO 3a HM3bKOI KOHIeHTpanii Nb 3pasku [eMOHCTPYIOTb IPOBiIHICTb, XapaKTepHY MIA
HamiBnpoBigHuKiB. OckinbKy Hi06iil Mae Ha OFVMH BaJ€HTHUII €leKTPOH Oijiblle HDX TUTAH, TO 31 301IbIIIEHHAM
itoro BMicTy piBeHb ®PepMi 3CyBaeTbcA B 30HY BiTbHUX cTaHiB. Taknmit 3cyB piBHA PepMi NOBMHEH CIPUYMHUTU
3MiHM XapaKTepy IIPOBifIHOCTI [JJOIOBaHMX KPUCTAJIB aXX /0 IEPeXOofly JO MeTajeBOl IPOBiJHOCTI 3a BMCOKOL
KOHIleHTpauil Hiobil0. AHali3 KOMIO3UTY (CaTiO3 + TiOz) METOIOM PeHTreHiBCbKOI mudpakuii mokasas, 110
BMKOPUCTaHHA Hio6il0 AK efleMeHTa JONMyBaHHA 3HAYHO IIPUCKOpioe peakuito cuurtesy CaTiO, i migsumiye
KOHI[EHTPAIIil0 IEPOBChKITY B 3pasKy: 3a Temneparypu 900 °C mporsarom 5 xB cuHTesy KoHenrpania CaTiO, y
3pasKy 3 HiobieM ctaHOBUTD 83 % 00., a y pasi Bukopucranua cymimi 6e3 Nb BMicT IepoBCbKITy CTaHOBUTHME
nmte 58 % 06. 3a 12 xB. MeTogamMu peHTreH0]a30BOro aHasIi3y BCTAHOB/ICHO, 10 y BUNIAJKY YTBOPEHHS TBEPHOIro
posunny (momysanus) Bunnkae Ca(Ti,Nb)O,, y pesynbrari qoro moxuna orpumarnu spasku (CaTiO, + TiO,) 3
MUTOMMM OIIOPOM, BIACTMBJM HaIliBIPOBiJHMKAM.

Kntouosi cnosa: mepoBCbKiT, CHTE3, peHTTeHIBCbKi HOCTIKeHHS, IONTyBAHHS, HAIiBIPOBIJHNK, TPOBi/IHICTb.
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