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Abstract

- Borys Reshytko' - Anatolii Belous' - Leonid Kovalenko'

The microstructure, crystal chemical parameters and electrical-physical properties of samples of barium titanate-based
dielectric and semiconductor ceramics were investigated in a wide frequency range. The contributions of different nanoint-
erfaces to the permittivity of samples under investigation have been determined.
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Background

In recent years, the materials having colossal permittivity
(¢>1000) have been of particular scientific and practical
interest (Krohns et al. 2009). The use of such materials
makes it possible to solve the problems of microminiaturi-
zation of electronic circuits and to develop on their basis
energy-storage devices. The materials with high permit-
tivity are generally developed on the basis of ferroelectric
materials. The high permittivity in ferroelectrics is due to
spontaneous polarization, a domain structure and mobile
domain walls. Besides the ferroelectric polarization mecha-
nism, there are other polarization mechanisms, which can
lead to an increase in ¢, for example: charge density wave
formation (Dumas et al. 1983; Littlewood 1987), hopping
conduction mechanism (Zheng et al. 2013), occurrence of
the metal—dielectric transition (Hess et al. 1982), as well as
various mechanisms, which can occur only on oxide system
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containing transition metals (Lunkenheimer et al. 2002;
Lunkenheimer et al. 2009).

A considerable member of the above polarization mecha-
nisms (e.g., ferroelectric polarization, hopping conduction
mechanism, occurrence of the metal—dielectric transition,
as well as internal interface at the grain boundaries) can
manifest themselves in ferroelectric semiconductors based
on barium titanate (BaTiO;), which crystallizes into a per-
ovskite structure (Guillemet-Fritsch et al. 2008; Wu et al.
2015). Dielectric barium titanate, in which titanium is only
in the oxidation state 4+: Ba®*Ti**O;, acquires semiconduc-
tor properties on the addition of donor impurities, which
results in the partial reduction of titanium (Ti** — Ti**)
(Belous et al. 1997; V’yunov et al. 2006). When the mate-
rial is synthesized in an air atmosphere, it becomes homog-
enous in electrical and physical properties; the grain interior
acquires semiconductor properties, and the grain bounda-
ries exhibit dielectric properties because of oxygen diffu-
sion along the grain boundaries, which is accompanied by
the reduction of Ti** to Ti** (Belous 2008). Using n-type
dopants with high solubility in BaTiO;, for example, rare
earth elements with mean ionic radius: Y, Dy, Ho (Xue et al.
1988), one can obtain materials with reproducible proper-
ties, e.g., (BaffoiJ“)(Ti?fXTii+Sni+)O3. For example, in
the case of yttrium, semiconductor properties appear in a
wide concentration range with the minimum at an impurity
content of 0.4 mol% (Belous et al. 2003). Inhomogeneity
of semiconducting barium titanate in electrical and physi-
cal properties can be increased using acceptor impurities
(e.g., Mn, Fe, Cr, Cu), which are not part of the perovskite
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structure, but create acceptor levels at the grain boundaries,
increasing the electrical resistance of the grain boundaries
and forming potential barriers (V’yunov et al. 2003), that
is, the nanosize interfaces, whose size is about 16 nm, are
formed at grain boundaries (Wang 1994). Besides, increas-
ing the acceptor’s concentration at the boundary increases
the height of the grain potential barriers (nanointerfaces with
a width of 5 nm) at the boundary between the material and
electrode. Therefore, it is important to determine the contri-
bution of nanosize interfaces to the value of permittivity and
dielectric loss. V’yunov et al. (2017) shows the contribution
of mechanisms in the ferroelectric temperature range, but in
this range the contribution of ferroelectric mechanisms is
small. The largest contribution can be observed in the region
of the ferroelectric—paraelectric phase transition. The point
of the phase transition can be shifted towards room tempera-
ture by the particle substitution of Ba>* ions by Sr**, or of
the Ti** ion by the Sn** and Zr** ions (Hou et al. 2016). In
case of Zr, the maximum value decreased to 8 x 10> relative
to pure barium titanate [10* (Yang et al. 2016)]; in case of
Srit increases to 10x 10* and in case of Sn to 14 x 10* (Fric-
bergs 1971; Von Hippel et al. 1946). Thus, maximum per-
mittivity value can be obtained from Sn; therefore, Sn was
chosen as a dopant for the research. At room temperature,
Ba(Ti,;_,Sn,)Oj; solid solution has cubic crystal symmetry at
x=0.15 (Xiaoyong et al. 2003; Yasuda et al. 1996).

The aim of this study was to synthesize die-
lectric Ba(Ti;gs5n,,5)0; and semiconducting
(Bag 996 Y 004)(Tip g5sSng 15)O5 barium titanates to investigate
their electrical and physical properties in a wide frequency
range and to determine the contributions of nanosize inter-
faces (at the grain boundaries and at the metal—dielectric
boundary) to permittivity.

Methods
Methods of synthesis

Ultrapure BaCO;, SnCO3, TiO,, Y,05 and SiO, were used
as starting reagents for the synthesis. To effect sintering
with the participation of a liquid phase, TiO, was added
(2 at.% excess over the stoichiometric amount) (Drofenik
1993). A small amount of SiO, was added as an impurity
to reduce the sintering temperature (Glinchuk et al. 2000).
The starting reagents were dried to remove moisture. The
grinding was carried out on a GKML-16 vibrating mill
(Hungary) in agate drums using chalcedony balls. After
that, the mixture was dried in a drying cabinet. The syn-
thesis temperature was determined by the amount of the
free barium oxide in the resulting mixture; after heat treat-
ment, its concentration was less than 1%. For the uniform
distribution of manganese, which acts as an acceptor of
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impurity in semiconducting (Bag 996 Y 004)(Ti 355900, 15)O;3
barium titanate, manganese was added by precipitation
from solutions using MnSO, and an aqueous solution
of ultrapure ammonia. After synthesis and subsequent
grinding, perovskite was mixed with an organic binder
(10% polyvinyl alcohol), pressed by uniaxial pressing at
150 MPa into disks 10 mm in diameter and 3 mm in thick-
ness and sintered at ~ 1350 °C. The active reduction of
titanium and high density of samples served as a criterion
for the choice of sintering temperature, and the cooling
rate used provided oxidation only of the grain boundaries.

Characterization

The X-ray phase analysis was performed on DRON-4-07
diffractometer (Co Ka radiation). The structural param-
eters of polycrystalline samples were determined by the
Rietveld analysis. The X-ray data were recorded in the
scan range 20 = 10°-150° with the step A20 =0.04° and
an exposure time 6 s. Si0, (20 standard) and Al,O; (inten-
sity standard) were used asexternal standards.

The size of crystallites was studied by means of lab-
oratory equipment based on an SEC mini-SEM SNE-
4500 MB, desktop scanning electron microscope equipped
with EDS spectrometer EDAX Element PV6500/00 F and
SC7620 ‘Mini’ Sputter Coater.

The ohmic and blocking contacts were obtained by fir-
ing an aluminum paste and a silver paste, respectively. The
measurements of the electrical properties were made at
direct and alternating current at the room temperature and
at an electric field strength of 50 mV/mm. The complex
impedance relations Z=Z'+iZ" (where Z' and Z" are real
and imaginary parts of complex impedance) in a wide fre-
quency range (1 Hz—1 MHz) were obtained using a 1260A
Impedance/Gain-Phase Analyzer (Solartron Analytical).
The equivalent circuit and the value of its components
were determined using ZView® for Windows (Scribner
Associates Inc., USA).

Results and discussion

To determine the intermediate phases that are formed during
the synthesis of the dielectric Ba(Ti, ¢55n,, ;5)O5 and semi-
conducting (Bay 996 Y.004)(Tig 3551 15)O5 barium titanate by
the solid-state method, an isothermal heat treatment of pow-
ders in a temperature range of 600—1100 °C was carried out.
The X-ray diffraction patterns of a mixture of powders of
dielectric and semiconducting barium titanate exhibit reflec-
tions of several phases after heat treatment at temperatures
below the synthesis temperature (1100 °C). The perovskite
phase predominates over the entire temperature range. The
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Table 1 Structural parameters of ceramic samples

Ba(Tig45Sn0,15)03  (Bag006Y 0.004)
(Tig g5Sng,15)

05;+0.004 mol% Mn

Unit cell parameters

a(h) 4.02251(4) 4.02254(4)
V(A% 65.086(1) 65.088(1)
Agreement factors

R, (%) 3.85 4.01

R (%) 2.12 2.87

intermediate phases in the synthesis were barium orthoti-
tanate (Ba,TiO,) and barium tetratitanate (BaTi,O,). After
heat treatment at 1100 °C both samples consisted of single
phase within the accuracy of the X-ray method (1 wt%). The
crystal structure parameters of the samples (Table 1) were
determined by the Rietveld structural analysis (Fig. 1). After
sintering at 1360 °C in air atmosphere, they crystallize into
a perovskite structure with a space group Pm-3m (Ne 221)
and ion positions [Ba(Y) 1b (2 ¥2 ¥2), Ti(Sn) 1a (0 0 0); O
3d (Y20 0) (Tilley 2006)].

The ceramic samples of dielectric barium titanate have
grain sizes of ~ 10 pm (Fig. 2a). At the same time, in semi-
conducting barium titanate, the grain size is much larger
(~35 pm), which is attributed to an abnormal grain growth in
the presence of a liquid phase (Drofenik et al. 2002), which
is formed due to a eutectic in the 49.5 mol% BaO-50.5 mol%
TiO, system with the melting point of 1322 °C (Toropov
1969). When manganese is added to semiconducting barium
titanate, the mean grain size of the ceramics does not practi-
cally change.

Fig. 1 Experimental

(points) and calculated

(lines) X-ray powder dif-
fraction patterns of the

(Bag 996 Y,004)(Tip g5Sn,15)03
ceramics. Vertical bands indi-
cate the positions of the peaks;
the Miller indices are in paren-
theses. The difference curve is
shown below

Fig.2 Microstructure of the (BagggsY00s)(Tipg5Sny15)0;5 (a) and
Ba(Ti, g5Sn; ;5)O;5 (b) ceramics, x1000 magnification

The band diagram of the metal-semiconductor contact,
which is formed by applying different electrodes (Al, Ag)
to a (Bag 996 Y .004)(Ti 3551 15)O3 sample, was constructed
(Fig. 3) using the following values: band gap in barium
titanate Eg=3 eV (Vul et al. 1973), in barium stannate
E,=3.4 eV (Wu et al. 2017), doping with n-type dopants
shifts the Fermi level by 0.1 eV in the direction of the con-
duction band (Dawber et al. 2001), the electron work func-
tion of a semiconducting barium titanate A,,=4.4 eV and
the band gap E,=3.1 eV (Marikutsa et al. 2015), and the
electron work function of aluminum and silver A,;=4.2 and
Ay =4.7eV (Nikolsky 1982).

In the case of an aluminum electrode, the electron work
function of the metal is smaller than that of the semiconduc-
tor, Ag. > Ay (Fig. 3a). In the contact region, electrons will
pass from the metal to the semiconductor, and the electron
concentration in the contacting semiconductor layers will
increase (enriched layer). On the metal-semiconductor inter-
face, an ohmic contact is formed.
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Fig.3 Band diagram of the metal-semiconductor contact, which
is formed on applying different electrodes: Al (a), Ag (b) to a
(Bag 996 Y,004)(Tig 85510, 15)O3 sample

In the case of using electrodes based on silver, the elec-
tron work function of the metal is larger than that of the
semiconductor Ag. > Ay, (Fig. 3b). In the contact region,
electrons will pass from semiconductor to the metal; in the
contacting semiconductor layer, the electron concentration
will decrease (depleted layer). The so-called Schottky barrier
is formed at the interface (a blocking contact).

The use of ohmic or blocking electrodes (Ag) affects the
impedance diagram. In the case of an ohmic contact (Al), a
semicircle is observed (Fig. 4, curve 1), and in the case of
blocking (Fig. 4, curve 2), an additional element, a verti-
cal or an inclined straight line relating to processes at the
metal-semiconductor boundary appears (Fig. 4). In the case
of an ohmic contact (Al), the real part of impedance (Z') at
/=0 Hz (Fig. 4) corresponds to the DC resistance of the
sample. The conductivity of semiconducting barium titanate
decreases with increasing manganese concentration, which
is associated with an increase in potential barriers at the
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Fig.4 Complex impedance of a (Bay g9 Y 004 )(Tig 55510 ;5)O3 sample
with ohmic Al (1) and blocking Ag (2) electrodes

grain boundaries. It is known that the conductivity of semi-
conductors varies exponentially as a function of potential
barrier height, which is proportional to the ratio of elec-
trons in the grain interior and at the boundaries (V’yunov
et al. 2003). Figure 5 shows equivalent circuits and a sche-
matic representation of the microstructure barium titan-
ate-based dielectric Ba(Tij gsSn; ;5)O5 and semiconductor
(Bag 996 Y. 004)(Tip g5Sng 15)O5 ceramics. In the case of dielec-
tric barium titanate, the grain boundary and interior have
dielectric properties. Dielectric characteristics of ceramics
with nanosized grains can change several times compared to
single crystal (Hirose and West 1996; Buscaglia et al. 2006).
When the grain sizes are 10 pm or more, the influence of
grain boundaries on the permittivity is not significant (Arlt
et al. 1985). In this case, the equivalent circuit is represented
by one RC element (Okadzaki 1976). The microstructure of
semiconducting barium titanate is complex; the grain inte-
rior is of semiconducting nature, and the grain boundaries
are of dielectric nature, which results in the formation of
capacitor at each dielectric boundary (Fig. 5b). The use of
the constant phase element (CPE) is caused by the necessity
of taking into account the distribution of the values of the
resistance of grain boundaries and their capacities (Sluyters-
Rehbach 1994).

Besides, in the case of blocking electrode, an additional
capacity is formed at the electrode—semiconductor boundary.

The obtained frequency dependencies (Z" =f(Z')) for
the tin-doped (Bag 996 Y 904 )(Tig 85510 15)O5 ceramic can be
analyzed in the form of four types of frequency dependen-
cies: complex impedance (Z*), complex admittance (Y*),
complex dielectric constant (¢*) and complex electrical
modulus (M*). The complex quantities are connected b
the relation M* = 1/e* = joCyZ* = joCy/Y*, where j = \/:Y
To calculate the permittivity and dielectric losses, the fol-
lowing relations were used: tg 6=2'/Z", Y" = Z”/(Z'2 +Z”2),
e'=Y"2nfe,, where w=2af (where fis frequency, Hz) and
g, 1s a dielectric constant (8.854 X 10~ F/cm).

Figure 6 shows the calculated values of the effective permit-
tivity and dielectric loss (¢', tg 0) of dielectric Ba(Tij, gsSn; 15)O5
and semiconducting (Bag ggs Y 094)(Tig 5900 15)O3 barium
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Fig.5 Equivalent circuits and schematic representation of the micro-
structure of dielectric Ba(Tij¢5Sn;;5)O3 (a) and semiconductor
(Bay g9 Y.004)(Tig g5Sn 15)05 (b) ceramics. C, Ry, R,,, C, Ry, and

el gr —gr
CPE are the resistance and the capacity of the electrodes, the volume
and grain boundaries, respectively. Elements of the circuit that simu-
late the wires are not shown for simplicity

titanate samples with silver (blocking) and aluminum (ohmic)
electrodes. In the case of a dielectric barium titanate with dif-
ferent electrodes, the permittivity and dielectric loss do not vary
with frequency and are much lower than in semiconducting
barium titanate, which is attributed to the absence of capacitors
that are formed at the grain boundary and to a relatively small
contribution of nanointerface at the metal—dielectric boundary,
and are practically independent of the type of the electrodes
(curves 1', 2"). As it is seen from Fig. 6, for dielectric barium
titanate, ferroelectric polarization gives the main contribution
to the permittivity value (area I). The electrodes practically do
not affect either the permittivity or the dielectric loss; the curves
1" and 2" almost coincide (Fig. 6a, b, respectively).

The permittivity of semiconducting
(Bag 996 Y 004)(Tig g5Sn; 15)O5 barium titanate with silver
electrodes (curve 2) does not practically change over a wide
frequency range (up to 10* Hz). At the same time, as in the

Fig.6 Dielectric permittivity (¢') and dielectric losses (tg d) of semi-
conductor  (Bag g6 Y.004)(Tigg590315)034+0.004 mol%. Mn (1),
(Bag g6 Y ,004)(Tig 85510,15)03 (2,2"), and dielectric Ba(Tig g5Sn, 15)O05
(1") samples with aluminum (ohmic) (1) and silver (blocking) (1', 2,
2") electrodes

case of using ohmic contacts, the effective permittivity of
semiconducting barium titanate changes sharply (curve 1).
This difference in the frequency dependence of permittivity
may be attributed to an additional capacity, which appears
at the metal-semiconductor nanointerface when silver is
used as the electrode (blocking electrode). For practical
applications, the absence of permittivity changes in a wide
frequency range is important. It should be noted that when
using blocking (silver) contacts, the permittivity changes
only slightly, and a low dielectric loss as compared with the
use of ohmic contacts is observed, which is also important
for practice.

In the case of semiconducting barium titanate with alu-
minum electrodes, the contribution of ferroelectric polariza-
tion is close in the order of magnitude to that in dielectric
material (Fig. 6a, area I). Hopping conduction and nanoint-
erfaces at the grain boundaries give a considerable con-
tribution to permittivity (area II, III). Their contributions
were distinguished using the calculated values for sample
(Bag 996 Y 004 )(Tig 8550 ;5)05 and for the sample of the same
composition, but with additional Mn dopant (Fig. 6b). Fig-
ure 6b shows that the contribution of the hopping conduc-
tivity is much larger than the contribution of nanointerfaces
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at grain boundaries. The contribution of nanointerfaces at
metal-semiconductor boundaries for semiconducting barium
titanate with silver electrodes (area IV) ensures a constant &
value in a wide frequency range (curve 2). From Fig. 6 and
calculations using equivalent circuits it is evident that the
mechanisms change in decreasing order of contribution to
the permittivity as follows: nanointerface at grain bounda-
ries, hopping conduction, electrode nanointerface (in the
case of a blocking (Ag) electrode), and ferroelectric polari-
zation. A permittivity dispersion is also observed independ-
ent of electrode.

Conclusions

Samples of dielectric and semiconducting barium titanate
have been synthesized; investigations of their electrical and
physical properties have been carried out. It has been shown
that in semiconducting barium titanate, effective permittiv-
ity greatly increases compared with dielectric barium titan-
ate because of the formation of nanointerfaces at the grain
boundaries and electrode—semiconductor nanointerface if
blocking electrodes (Ag) are used.
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