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Highlights 

 Low Angle Grain Boundaries (LAGBs) present in Spark plasma sintered Sb-doped 

BaSnO3. 

 Loss of potential barrier at LAGBs drastically decreased electrical resistivity. 

 Doping of BaSnO3 with Sb led to linearization of I-U characteristic. 

 BaSn0.92Sb0.08O3 can be used as linear resistor even at higher temperatures. 

 

 

Abstract 
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Antimony doped barium-stannate dense ceramic materials were synthesized using spark 

plasma sintering technique out of mechanically activated precursor powders. The influence of 

various Sb concentrations (x = 0.00 – 0.10) on properties of BaSn1-xSbxO3 ceramics was 

investigated. Relative densities of prepared samples were in the range of (79 – 96) %. TEM 

analysis revealed the presence of many dislocations in undoped BaSnO3, and their significant 

reduction upon doping with Sb. All samples except BaSn0.92Sb0.08O3 exhibit non-linear I-U 

characteristic, typical for semiconductors with potential barrier at grain boundaries. Low 

angle grain boundaries found only in BaSn0.92Sb0.08O3 caused the loss of potential barrier at 

grain boundaries which was confirmed by AC impedance spectroscopy measurements. 

Consequently, BaSn0.92Sb0.08O3 showed the lowest electrical resistivity and linear I-U 

characteristic. UV-Vis analysis confirmed the increasing of band gap (Burstein–Moss shift) 

values in all doped samples. 

Keywords: BaSnO3; Spark plasma sintering; Potential barrier; Low angle grain boundaries; 

Electrical conductivity 

 

1. Introduction 

 

In polycrystalline metal oxide ceramic materials common intrinsic defects are oxygen 

vacancies making these materials n-type semiconductors, while the grain boundary interfaces 

are p-type due to existence of trapping states. As a result, the potential barrier is formed at 

grain boundary, influencing the charge carrier transport and dominating the electrical 

properties of such semiconductor. In order to obtain highly conductive metal oxide ceramic 

material with linear I-U characteristic in a wide voltage range, the formation of potential 

barrier should be avoided [1]. 
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The electroceramic materials with perovskite structure (AMO3) exhibit diverse physical 

properties such as superconductivity, colossal magnetoresistance, ferroelectricity, 

ferromagnetism and piezoelectricity [2, 3]. These properties offer many possible applications 

of perovskite materials in the fabrication of resistors, electrodes, components of heating 

devices [4], perovskite solar cells, photocatalysts or gas sensors [5 – 7]. 

Barium stannate, BaSnO3 (BSO), belongs to the perovskite-type alkaline earth stannates, 

ASnO3 (A = Ca, Sr, Ba) [5, 6 – 9] and it crystallizes in an ideal cubic perovskite structure 

(space group: 𝑃𝑚3̅𝑚). The larger Ba2+ cations coordinated with twelve O2- anions form a 

cubic close-packed lattice, while smaller Sn4+ cations occupy octahedral holes formed by 

oxygen anions. As a result, the crystal structure of BSO consists of a 3D network of corner-

sharing [SnO6] octahedra with Ba2+ ions occupying the 12-fold coordination site formed in 

the middle of the cube of eight such octahedra [10 – 12]. Chemical and thermal stability at 

temperatures up to 1000 °C, optical transparency in the visible region [7, 13, 14], simple 

fabrication and non-toxicity make BSO suitable for many applications: as a photocatalyst, 

photoanode material for dye-sensitized solar cells [5, 13 – 16], dielectric capacitor [5, 6, 9, 

15, 16], proton conductor [12,13], protective coating or catalyst support [5], gas sensor [5 – 7, 

9, 13, 15 – 19] etc. Its high electron mobility enables the use of BaSnO3 in electronics, 

especially in Field-effect transistors as an active channel material [20]. For all 

aforementioned purposes, BaSnO3 has been synthesized in the forms of ceramic materials [2, 

4, 6, 8, 9, 19, 21 – 26], single crystals [20, 27, 28] and thin films [29, 30], using various 

synthetic approaches such as solid state reaction [2, 4, 6, 9, 19, 21 – 24, 26], flux method [20, 

27, 28], pulsed laser deposition [29], chemical solution deposition (CSD) [30] and molecular 

beam epitaxy [31, 32]. 

BSO is a wide band-gap semiconductor [5, 13, 19], but appropriate doping can alter its 

electrical characteristics. Replacement of tin with yttrium or indium (M-site doping) changes 
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BSO into a proton conductor [33]. On the other hand, after replacement of Ba2+ with La3+ (A-

site doping) or Sn4+ with Sb5+, BSO becomes n-type semiconductor with high electrical 

conductivity at 25 ºC [2, 4, 8, 21]. 

The synthesis of the single phase Sb-doped BSO raises several problems. The electrical and 

optical properties of BSO are strongly correlated with the amount of antimony since these 

ions induce the formation of defects and local distortions within the BSO crystal lattice. 

According to the literature, the maximum solubility of Sb in BSO can reach 20 mol % [2, 4, 

22, 23], whereas for the single crystals, the doping level is 10 mol% [27]. It is known that Sb 

ions can be segregated at the particle surface, forming Sb-rich secondary phase and inhibiting 

the grain growth [34]. High Sb concentration present in the system can also result in the 

formation of BaSb2O6 and SnO as secondary phases, thus affecting the phase composition [4, 

24, 27]. Another problem, which hinders the preparation of single phase BSO-based 

ceramics, is the formation of the tetragonal phase Ba2SnO4, with large band gap and high 

electrical resistivity [25, 35]. 

The major drawback of BSO-based ceramics is its low density [6, 9]. The conventional solid 

state procedure requires long thermal treatments with several intermittent grinding and 

heating steps at temperatures up to 1600 °C [6, 9]. Still, these conditions cannot sufficiently 

enhance the densification process of the ceramic material, even with the use of sintering aids 

like polyvinyl alcohol or SiO2 [4, 6, 9, 25]. In order to overcome these problems, an 

alternative sintering method should be used. The spark plasma sintering (SPS) technique, 

which includes simultaneous application of high pressure and heat during a short period of 

time, is known as an efficient method for the preparation of dense ceramic samples. SPS 

lowers the sintering temperature and shortens the overall processing time in comparison with 

the conventional sintering process [36]. It was successfully used in the preparation of various 

perovskite ceramic materials like BiFeO3, BaTiO3, SrTiO3 [36 – 38] including La-doped 
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BaSnO3 [8], but, to the best of our knowledge, there are no literature reports about its use for 

the Sb-doped BaSnO3. 

The attention has been previously focused on the structural, electrical or optical properties of 

BaSnO3-based ceramics, but with the lack of information about the microstructural 

properties, especially for the Sb-doped BaSnO3 [2, 4, 8, 14, 16, 21 – 23]. The aim of this 

work was to prepare BaSn1-xSbxO3 ceramics with linear I-U characteristic, large electrical 

conductivity and higher density. The precursor powders obtained from mechanically 

activated BaCO3, SnO2 and Sb2O3 were sintered using SPS technique. In this process, the low 

melting point of Sb2O3 (656 °C) [6] enabled sintering in the liquid phase, thus providing 

better contact between particles and improving material transport within the liquid phase. 

Structural, microstructural, electrical and optical characterizations of BaSn1-xSbxO3 ceramic 

samples were performed. For the first time, I-U characteristics of the obtained ceramics were 

observed at temperatures above 25 °C and the electrical conductivity of BaSn1-xSbxO3 

ceramics was investigated. The correlation between structural, microstructural and electrical 

properties was established. 

 

2. Materials and methods 

 

The precursor powders of BaSn1-xSbxO3, (x = 0.00, 0.04, 0.06, 0.08, and 0.10) were prepared 

by mechanical activation using BaCO3 (99.95 %, Alfa Aesar), SnO2 (99.9 %, Alfa Aesar) and 

Sb2O3 (99 %, Merck) powders as starting reagents. The starting powders, weighed in 

appropriate stoichiometric ratios, were activated in a planetary ball mill (Fritsch Pulverisette 

5) using isopropanol as the medium. The mixture of starting powders and tungsten carbide 

(WC) balls were placed in a WC cylindrical vial, with the 25:1 ball-to-powder weight ratio. 

The milling time was 8 h, and the rotational speed of disc was 120 rpm. Dried powders were 

calcined at 900 °C for 4 h in air.  
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Sintering was performed in a SPS furnace (FAST, Dr. Sinter FAST 515-S, Sumimoto FAST 

Syntex Ltd., Japan) under vacuum conditions using a graphite die with the diameter of 10 

mm. The calcined powders were heated with the heating rate of 100 °C/min and sintered at 

1200 °C for 5 minutes. Uniaxial pressure of 60 MPa was applied before the heating process 

and maintained until the sample was cooled to room temperature. For the characterization of 

ceramic materials thin slices of the sintered samples were cut from the both parallel sides. 

Afterwards, the surfaces were polished by sandpaper and annealed at 700 °C for 2 h in air in 

order to remove the surface carbon contamination and compensate the oxygen deficiency 

formed during sintering in reduction atmosphere [36, 37].  

The X-ray powder diffraction (XRD) analysis was determined on Rigaku Ultima IV, Japan, 

with CuKα radiation (λ = 0.154 nm) from 20  to 90 ° (2θ) with a step-width of 0.02 º and 

scanning rate of 0.2 /min. PowderCell (version 2.4) software was used for the phase 

composition and crystallite size analysis. The unit cell parameters were calculated by the least 

squares methods using the LSUCRI software [39]. The contents of Ba, Sb and Sn were 

determined by inductively coupled plasma optical emission spectrometry (ICP-OES). ICP-

OES measurement was performed using Thermo Scientific iCAP 6500 Duo ICP (Thermo 

Fisher Scientific, Cambridge, United Kingdom). The digestion of samples was performed on 

Advanced Microwave Digestion System (ETHOS 1, Milestone, Italy) using HPR-1000/10S 

high pressure segmented rotor at temperature of 160 ºC for 15 minutes. The microstructure 

was investigated by the Field Emission Scanning Electron Microscope (FESEM, MIRA3 

FEG-SEM, Tescan), Scanning Electron Microscope (SEM, TESCAN Vega TS5130MM) 

equipped with the Energy dispersive spectroscopy (EDS, Oxford Instruments, model INCA 

PentaFETx3). FESEM analysis was examined on fractured cross-sections of sintered 

samples, while SEM and EDS analyses were performed on the polished cross-section of the 

pure sintered sample after thermal etching at 1100 °C for 20 minutes in the air atmosphere. 
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The average grain size was measured as the mean linear intercept method using the ImageJ 

software. For the Transmission Electron Microscopy (TEM) analysis pellets were cut into 3 

mm discs using an ultrasonic cutter (SONICUT380, SBT, USA) and further mechanically 

thinned to 100 μm. The discs were then dimpled down to 20 μm in the center (Dimple grinder 

656, Gatan Inc., USA), and finally ion-milled (PIPS 691, Gatan Inc., USA) using 4 kV Ar+ ions 

at an incidence angle of 8 ° to obtain large transmissive areas for the TEM investigations. TEM, 

High Resolution Transmission Electron Microscopy (HRTEM) and Selected Area Electron 

Diffraction (SAED) analyses were performed using a 200 kV ultra-high-resolution field-

emission gun (FEG) transmission electron microscope (JEM 2010F, Jeol, Japan). 

The DC electrical conductivity of samples coated with Au electrodes was measured using 

Keithley 237 High Voltage Source Measure Unit. These measurements were performed in air 

in the temperature range of (25 – 150) °C, with the step of 25 °C.  

The AC impedance spectroscopy measurements were performed in the frequency range of 5 

kHz – 5 MHz on the HIOKI 3532-50 impedance analyzer at 25 ºC in air. EIS Spectrum 

Analyzer software was used for the fitting of experimental data collected for samples with x = 

0.00 and 0.04. 

Hall effect measurements were performed at 290 K, in magnetic fields -5 T to 5 T 

perpendicular to the current through the sample. Samples were cut for the Hall-bar geometry 

with typical dimensions 10 mm × 2 mm × 1 mm. Two current contacts and three pairs of Hall 

contacts were made by applying DuPont 4929N silver paint. Hall signal was 

antisymmetrized, Vyx = [Vyx(+B)−Vyx(−B)]/2, in order to eliminate the possible mixing of the 

magnetoresistance component. Hall resistance, Ryx = Vyx/I, was found to be linear with 

magnetic field B for all samples and the Hall coefficient was obtained as RH = Vyx t/(IB), 

where I is the current and t the sample thickness. 
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Ultraviolet-Visible diffuse reflectance spectra (UV-Vis DRS) of pulverized pellets were 

measured using Shimadzu UV-2600 Spectrophotometer. 

 

3. Results and discussion 

 

3.1. XRD and ICP-OES analyses 

 

According to the XRD patterns, all calcined BaSn1-xSbxO3 powders consist of cubic BaSnO3 

(space group: 𝑃𝑚3̅𝑚, PDF # 89-2488), with the presence of small amounts of unreacted 

SnO2 (space group: 𝑃42 𝑚𝑛𝑚⁄ , PDF # 88–0287) and BaCO3 (space group: 𝑃𝑚𝑐𝑛, PDF # 71-

2394) (Figure 1). 

Fig.1.  

After the sintering process, small soft silvery gray beads were observed on the top of the 

graphite die. ICP-OES analysis revealed that these are mainly composed of tin with traces of 

antimony and barium. Resulted molar ratio Sn : Ba : Sb in the beads (for the sample 

BaSn0.96Sb0.04) was 5.6 : 0.6 : 0.03. The presence of these elements was also confirmed by 

BS-SEM and EDS analyses (see Supplementary material). During the SPS process the 

reaction between graphite die and oxygen from the sample can occur at temperatures lower 

than 600 C [36], leading to the formation of CO phase. Vacuum atmosphere, high pressure 

and non-uniform temperature distribution from the center to the edge of sample together with 

created reduction atmosphere can cause the reduction of metal ion even to elementary state, 

i.e. Sn4+ can be reduced to Sn2+ or metallic Sn [40 – 43]. We can assume that Ba, Sn and Sb – 

cations in our samples are partially reduced to their elementary state. The low melting 

temperatures (Tm (Sn) = 232 C, Tm (Sb) = 631 C, Tm (Ba) = 727 C) [44] of these metals 

enable the formation of the liquid phase while the vacuum atmosphere with high uniaxial 

pressure induces its partial evaporation and promotes the injection of the liquid phase out of 
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the die. Since tin has the highest vapor pressure, it was expected that tin would evaporate 

with the highest rate. 

Figure 2 shows the XRD patterns for pulverized annealed BaSn1-xSbxO3 ceramic samples 

after the SPS treatment. They reveal the presence of the cubic BaSnO3 (space group: 𝑃𝑚3̅𝑚, 

PDF # 89-2488) as a dominant phase, and tetragonal Ba2SnO4 (space group: 𝐼4 𝑚𝑚𝑚⁄ , PDF # 

74-1349) as a secondary phase, with no reflections belonging to SnO2 or BaCO3. Upon 

doping, the amount of secondary phase changes from 15 wt % in undoped samples to 7–8 wt 

% in doped ones (Table 1). However, the reduced content of tin in BSSO samples, due to its 

volatilization during SPS process led to the non-stoichiometry and enabled the formation of 

barium-rich phase Ba2SnO4. 

Fig. 2. 

In comparison with the undoped BaSnO3, all reflections of doped samples are shifted towards 

lower 2 angles as a consequence of the increased unit cell parameter a (Figure 2b, Table 1). 

The increase of the Sb concentration led to the expansion of unit cell, as was previously 

reported [2, 21, 24, 26]. Having in mind that in the six-coordinated geometry, the ionic radius 

of Sn4+ (r = 0.069 nm) lies between the values of Sb3+ (r = 0.072 nm) and Sb5+ (r = 0.060 nm) 

ionic radii, one could assume that the unit cell expansion is a result of Sb3+ ions present in the 

crystal lattice. However, in this case it could not be explained only by consideration of ionic 

radii, but it should be correlated with the electronic band structure of BaSn1-xSbxO3. First-

principles calculations along with the experimental data provided by Kim et al. [27] pointed 

out that this kind of unit cell expansion is a result of equilibrium ions’ arrangement due to the 

achievement of the minimal Coulomb energy, because the electronic states in the antibonding 

conduction band of BaSnO3 cause repulsive forces between Sn and O upon Sb-doping [27]. 
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The values of crystallite size for BaSn1-xSbxO3 samples are in the range (37–57) nm (Table 1). 

The observed differences in crystallite size and unit cell parameter among doped samples are 

the result of lattice distortion and internal stress caused by Sb-doping. 

Table 1. 

Taking into account densities of the samples and the results of preliminary electrical 

characterization, three samples (x = 0.00, 0.04 and 0.08) were selected for ICP-OES analysis 

in order to determine the amount of antimony present and overall molar ratio of constituent 

cations. In all BSSO samples the content of Sn is significantly lower than experimentally 

targeted, as a result of the its volatilization during SPS treatment (Table 2). Based on 

presented results it is expected that volatilization of all cations, together with the presence of 

Ba2SnO4, will affect properties of obtained ceramic samples. However, ICP results indicate 

that ratio between Ba and Sb is almost the same as experimentally defined, suggesting that 

the electrical properties of doped BaSnO3, should be improved upon doping despite of partial 

material loss due to volatilization.  

Table 2. 

 

3.2. Microscopy analyses 

 

3.2.1. FESEM and SEM analyses 

 

Relative densities of all BaSn1-xSbxO3 ceramic samples were in the range of (79–96) % (Table 

1). FESEM micrographs of the fractured cross-sections of undoped BSO showed well-

densified microstructure, but non-homogeneous grain size distribution (Figure 3a). The Sb-

doped ceramics showed more homogenous microstructure than the undoped one, with the 

decrease of the grain size upon increasing the dopant concentration (Figure 3b-e). The 

average grain size of all BSO samples is presented in Table 1. Even though the grain growth 
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inhibition could be correlated with the structure defects and Sb segregation on the surface of 

the grains [34], the latter was not confirmed by means of electron microscopy or XRD 

analyses. 

Fig. 3. 

In order to define location, morphology and composition of secondary phase, BS-SEM and 

EDS analyses were performed on the undoped BSO sample since it showed the highest 

content of the Ba2SnO4 phase. This phase was not detected in fractured and polished sample, 

but thermal etching revealed the presence of secondary phase on the surface of the sample 

(Figure 4). Comparing the FE-SEM and BS-SEM micrographs we could conclude, that the 

Ba2SnO4 phase was uniformly distributed through the sample’s volume, and that thermal 

etching induced its diffusion to the sample’s surface. EDS analysis of undoped BSO sample 

(Figure 4, Table 3, Spectra 1 and 2) showed the atomic ratio between constituent elements 

(Ba, Sn, and O) corresponding to the BaSnO3 phase. Still there are positions on the sample’s 

surface having higher content of Ba in comparison to tin, indicating the presence of 

secondary phase (Figure 4, Table 3, Spectra 3 and 4).  

Fig. 4. 

Table 3. 

 

3.2.2. TEM, HRTEM and SAED analyses 

 

Additional microstructural analyses, using TEM and HRTEM techniques, were performed on 

BaSn1-xSbxO3 (x = 0.00, 0.04 and 0.08) ceramic samples with densities higher than 85 %. 

TEM analysis of the undoped BaSnO3 revealed the presence of many dislocations caused by 

the internal stress (dislocations are marked with white arrows on Figure 5a) and also a layer 

of amorphous phase (up to 2 nm thick) present in the grain boundary region. This amorphous 

phase is probably formed as a result of the changes in the grain orientations (Grain 1 and 
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Grain 2) and the formation of the high angle grain boundary (HAGB) between these 

differently oriented grains. HRTEM micrograph of the same sample, shows two grains, Grain 

1 is oriented along [100] direction with visible (010) and (001) lattice planes, whereas the 

Grain 2 is not exactly, but close to [110] orientation with (1-10) and (001) planes (Figure 5b). 

The angle between the (001) planes of Grain 1 and Grain 2 is roughly 27°which makes the 

interface a high-angle tilt boundary. The interplanar distance of 0.292 nm, measured from the 

same HRTEM micrograph (Grain 2, Figure 5b) corresponds to the (1-10) crystal planes of 

BSO according to PDF card # 89-2488. 

Fig. 5. 

Sb-doping of BSO resulted in a more ordered microstructure with higher crystallinity. Also, 

the significant reduction of the grain size and the concentration of dislocations were observed 

in the BaSn0.96Sb0.04O3 sample (Figure 6a). HRTEM micrograph of BaSn0.96Sb0.04O3 sample 

showed Grain 1 oriented along [001] direction (Grain 1, Figure 6b) with diffractions from 

(200) and (110) crystal planes, and the Grain 2 with the only calculated d-spacing of 0.239 

nm, corresponding to the (111) crystal planes of cubic BSO (space group 𝑃𝑚3̅𝑚). 

Considering the facts that (111) crystal plane of the Grain 2 is almost parallel to the (200) 

crystal plane of the Grain 1 (Figure 6b), and that angle between these planes in space group 

𝑃𝑚3̅𝑚 is 54.74 º, we can conclude that the angle between these two grains is close to 54 º, 

forming the HAGB.  

Fig. 6. 

Figure 7 presents TEM micrograph of BaSn0.92Sb0.08O3sample which revealed well-

crystallized structure with the crystallite size in the range of (47–300) nm. All diffractions 

corresponding to cubic BSO phase were detected on the SAED pattern (Figure 7, Inset) and 

the most intense reflection (110) of cubic BSO appeared at d-spacing of 0.293 nm. Other, 
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weaker diffraction reflections (220), (211), (321), were also found and marked on SAED 

patterns. The overlapping of diffractions originates from the neighboring grains.  

Fig. 7. 

HRTEM micrograph of BaSn0.92Sb0.08O3 ceramic sample presented in Figure 8a revealed the 

presence of grains with [110] and [111] orientation. It also revealed the presence of Low 

Angle Grain Boundaries (LAGBs) between two grains oriented along [110] direction (Grain 

1 and Grain 2), with the formed angle of ~ 4.43 °. In literature, LAGBs are described as series 

of dislocations stacked one above the other with a low tilt formed between the grains on the 

opposite sides of the grain boundary [45, 46]. However, the grain boundaries existing 

between two grains oriented along different directions, [110] and [111] (Figure 8a), cannot be 

described as LAGB since the angle between them is at least 35 o [47]. The facets of interface 

between two grains on Figure 8b indicate that there is some special crystallographic 

relationship. 

The lattice fringes in Grain 2 correspond to (110) planes of cubic BSO phase with d-spacing 

of 0.293 nm. LAGBs are also formed between two grains oriented along [111] direction with 

angle being ~ 7.11 °. 

Fig. 8. 

 

3.3. Electrical characterization (I-U characteristic), AC impedance spectroscopy and 

Hall effect 

 

Electrical measurements conducted on spark plasma sintered BaSn1-xSbxO3 samples 

confirmed the assumption that Sb-doping can improve the electrical properties of BSO.  

As mentioned previously, the BaSn1-xSbxO3 (x = 0.00, 0.04 and 0.08) samples were selected 

for further examination. 
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The undoped BaSnO3 revealed non-linear I-U characteristic (Figure 9, Inset) typical for 

semiconductors with double Schottky barrier at grain boundaries. After doping with lower 

concentration (x = 0.04) of Sb the electrical resistivity was decreased, but the sample retained 

non-linear I-U characteristic (Figure 9). 

Fig. 9. 

The change from non-linear to linear I-U characteristics was observed for the 

BaSn0.92Sb0.08O3 sample, indicating the loss of potential barrier at grain boundaries (Figure 

9). This change is primarily ascribed to the existence of LAGBs in this sample. The formed 

LAGBs do not possess potential barriers because of almost negligible change in the grains 

orientation. Owing to their low activation energy, they provide energetically more favorable 

path for the charge carriers’ transport, having the highest impact on the electrical properties 

of BaSn0.92Sb0.08O3 sample [45]. The DC electrical resistivity of all ceramic samples, 

measured at 25 ºC, decreased with the increase of antimony concentration and these values 

are presented in Table 4. The sample with x = 0.08 showed the lowest electrical resistivity of 

1.09 cm. 

Table 4. 

To the best of our knowledge, there are no literature reports about electrical characteristics of 

Sb-doped barium stannate at temperatures above 25 ºC. Electrical resistivity of BaSn1-xSbxO3 

(x = 0.00, 0.04 and 0.08) samples observed in the temperature range of (25 – 150) °C is 

shown on Figure 10. It can be seen that Sb-doping also improves electrical properties of 

BaSnO3 ceramics at higher temperatures. The introduction of Sb (x = 0.04) into BaSnO3 

reduced the influence of temperature on sample’s electrical resistivity (Figure 10b). 

Furthermore, BaSn0.92Sb0.08O3 sample showed the lowest electrical resistivity, which 

remained almost constant in the specified temperature range (Figures 10b and 10c). 

Fig. 10. 
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In order to confirm the absence of potential barrier at grain boundaries in some of the 

samples, and to separate the contribution of grains and grain boundaries on the electrical 

properties of BaSn1-xSbxO3 samples (x = 0.00, 0.04 and 0.08; at 25 °C) the AC impedance 

spectroscopy was used, and the results are presented in Figure 11. The existence of one 

semicircle was confirmed in the case of undoped and BaSn0.96Sb0.04O3 samples. The 

equivalent circuit used for fitting consisted of two resistors (Rb and Rgb, where “b” and “gb” 

denote bulk and grain boundary region) and a constant phase element (CPE) (Figure 11, 

Inset). The obtained results of grain and grain boundary resistivity, capacitance and 

coefficient of CPE are shown in the Table 5. 

Fig. 11. 

Table 5. 

We can assume that impedance results for the samples with x = 0.00 and 0.04 originate 

mostly from the grain boundaries. The values of total electrical resistivity from AC 

impedance spectra are in agreement with the values of DC electrical resistivity obtained from 

I-U measurements (Table 4). On the other hand, the spectrum of BaSn0.92Sb0.08O3 could not 

be fitted since all measured resistivity values in the applied frequency region were almost 

identical, and amounted about 1.12 Ωcm. This significant drop in the resistivity, noticed by 

DC measurements as well, originates from the loss of potential barrier at low angle grain 

boundaries. It manifested through the complete loss of semicircle in the impedance spectrum. 

The results of Hall measurements are presented in Table 6. The negative value of the Hall 

coefficient at 290 K confirmed that prepared BaSn1-xSbxO3 ceramic samples show n-type 

conductivity indicating the replacement of Sn4+ with Sb5+ in the BaSnO3 lattice. The 

magnitude of Hall coefficient at 290 K decreases monotonously with Sb concentration. 

Taking into account that oxygen vacancies intrinsically dope this system, in order to estimate 

charge carrier density and mobility we can assume a single n-type carrier is responsible for 
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electric transport. Its density n and mobility μ can then be obtained from room temperature 

bulk resistivity ρb, Hall coefficient RH, and electron charge e as n = 1 / |e RH|, μ = |RH / ρb| 

(Table 6). In this simplified picture the decreased resistivity of polycrystalline 

BaSn0.92Sb0.08O3 sample stems from increased mobility of charge carriers compared to the 

parent compound, but predominantly from the loss of potential barrier due to the presence of 

low angle grain boundaries. 

The electrical resistivity of the BaSn0.92Sb0.08O3 polycrystalline ceramic sample is still higher 

than achieved in the BSSO thin films [29] and single crystals [20, 27], which showed the 

lowest electrical resistivity of 2.43×10-3 Ωcm and 0.66×10-3 Ωcm, respectively, measured at 

RT. Also, the values of charge carrier density and electrical mobility of the BSSO ceramic 

samples are lower than values achieved in the BSSO thin films [29] and single crystals [20, 

27]. The highest charge carrier density of 1.65×1021 cm-3 and electron mobility of 1.75 

cm2/Vs were found in the BaSn1-xSbxO3 thin film with x = 0.07 obtained by pulsed laser 

deposition (PLD) [29]. On the other hand, the charge carrier density and electron mobility of 

BaSn1-xSbxO3 (x = 0.03) single crystals obtained by molten flux [20, 27], reached 1.02×1020 

cm-3 and 79.4 cm2/Vs, respectively. 

Table 6. 

 

3.4. UV-Vis spectroscopy 

 

UV-Vis Diffuse Reflectance Spectra of BaSn1-xSbxO3 pulverized ceramic samples are shown 

in Figure 12 as a Tauc plot, which presents a modified Kubelka-Munk function 

[F(R)hversus photon energy h. (Kubelka-Munk function is given by F(R) = (1–

R)1/2/2R, where R represents measured reflectance relative to a standard [48, 49]). For each 
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sample Eg value was obtained as the point of intersection of the tangent line on Tauc plot and 

the horizontal axis. 

Based on literature data BSO has a clear absorption edge at approximately 400 nm, 

corresponding to the band gap of 3.1 eV [2]. In our case, the undoped sample showed the 

absorption edge at lower energy and the band gap was 2.92 eV, which is in accordance with 

some previously reported results [28, 50]. DRS of doped BaSn1-xSbxO3 samples showed a 

reduction of slope, revealing that their absorption edge is moved to larger energies in 

comparison with BSO. This phenomenon known as a blue shift, or Burstein–Moss effect is 

noted in some other n-type doped BaSnO3-based materials [2, 14, 27, 51]. Upon doping with 

Sb, the number of electrons filling the lower energy levels in the conduction band (CB) of 

BSO is increased, and more energy is needed for the electron transfer from the valence band 

(VB) to the higher unoccupied energy states in the CB [51]. As a result of this change in 

electronic states, the Fermi level energy (EF) moves to the higher energy values [51]. But,  

for the BaSn0.9Sb0.1SbO3 sample the Fermi level is shifted to the lower energies in 

comparison with the BaSn0.92Sb0.08SbO3. Doping with the highest Sb concentration led to the 

formation of electrically inactive Sb, which behave like electron traps for the carriers 

showing a decrease in carrier density [29]. Furthermore, the created scattering centre 

originating from electrically inactive Sb can block the electron transport to the conduction 

band (CB) [29], which results in the decrease of electron mobility. This caused a decrease in 

the electrical conductivity of BaSn0.9Sb0.1O3 ceramic sample and the loss of linearity in its I-

U characteristic. 

In our samples, as the Hall measurements confirmed, Sb-doping increased the carrier 

concentration and mobility of the charge carriers, which resulted in the band gap widening. 

The transparency of visible light for the undoped BSO sample was approximately 80 %, but 

doping with Sb resulted in a loss of transparency to the visible irradiation. We could conclude 
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that presented doped BaSn1-xSbxO3 can’t find application as a transparent conducting oxide. 

However, Sb-doping increased the electrical conductivity of BaSn1-xSbxO3 samples, and it led 

to the linearity of I-U characteristic, making the BaSn1-xSbxO3 samples good candidates for 

linear resistors.  

Fig. 12. 

4. Conclusions 

 

Spark plasma sintering method enabled the preparation of Sb-doped barium stannate 

ceramics in shorter times and at lower temperatures in comparison with the conventional 

sintering processes. Well densified polycrystalline samples of BaSn1-xSbxO3 (x = 0.00, 0.04, 

0.06, 0.08 and 0.10) show homogeneous microstructure with reduction of the grain size with 

the increase of Sb concentration.  

Sb-doping of SPS BaSnO3 proved to be useful for tailoring the presence of potential barrier at 

grain boundaries in ceramic materials. Samples with lower dopant concentration exhibited 

non-linear I-U characteristic typical for semiconductors having potential barriers at grain 

boundaries. On the other hand, BaSn0.92Sb0.08O3 sample (x = 0.08) showed linear I-U 

characteristic in the whole temperature measurement range and significant drop in the 

electrical resistivity due to the loss of potential barriers at grain boundaries as a consequence 

of LAGBs present in this ceramic sample. 

Sb-doping also increased n-type carrier concentration and charge carriers mobility in the 

ceramic samples, resulting in the increase of their electrical conductivity, especially for the 

BaSn0.92Sb0.08O3. Doping with Sb increased the band gap values, revealing the Burstein–

Moss shift (i.e., blue shift) in all doped samples. Hence, BaSn0.92Sb0.08O3 ceramic sample can 

be used as a linear resistor owing to its appropriate microstructural, electrical and optical 

properties.  
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Figure 1. XRD patterns of BaSn1-xSbxO3 powders calcined at 900 °C for 4 h in air. 
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Figure 2. (a) XRD patterns of the pulverized BaSn1-xSbxO3 ceramic samples after the SPS 

treatment; (b) Shifting of the strongest (110) reflection of BaSn1-xSbxO3 ceramic samples. 
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Figure 3. FESEM micrographs of the fractured cross-sections of BaSn1-xSbxO3 ceramic 

samples: (a) x = 0.00, (b) x = 0.04, (c) x = 0.06, (d) x = 0.08 and (e) x = 0.10. Jo
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Figure 4. BS-SEM micrograph of the undoped BSO ceramic sample’s polished surface 

thermally etched at 1100 °C/20 min. 

 

Figure 5. (a) TEM micrograph of the undoped BaSnO3 pellet with marked dislocations (b) 

HRTEM micrograph of the undoped BaSnO3 pellet (The insets present the fast Fourier 

transform (FFT) of micrographs of both grains tilted into zone axis). 

Jo
ur

na
l P

re
-p

ro
of



 

Figure 6. (a) TEM micrograph of the BaSn0.96Sb0.04O3 pellet, (b) HRTEM micrograph of the 

BaSn0.96Sb0.04O3 pellet (The insets present FFT, of Grain 1 oriented along [001] direction and 

Grain 2 out of zone axis). 

 

Figure 7. TEM micrograph of BaSn0.92Sb0.08O3 sample. The inset shows SAED pattern of 

grain oriented along [111] direction. 
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Figure 8. HRTEM micrographs of the BaSn0.92Sb0.08O3 ceramic sample showing LAGB 

formed between pairs of grains oriented along: (a) [110] and [111] direction; (b) [111] 

direction. (The insets present FFT of grains micrographs). 

 

Figure 9. I-U characteristic of BaSn1-xSbxO3 (x = 0.04 and 0.08) ceramic samples measured 

in air at 25 ºC. Inset: I-U characteristic of undoped BSO ceramic sample measured under the 

same conditions. 
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Figure 10. Electrical resistivity as a function of temperature for BaSn1-xSbxO3 samples: (a) x 

= 0.00; (b) x = 0.04 and 0.08. (c) I-U characteristic of BaSn0.92Sb0.08O3 sample, measured in 
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the temperature range (25–150) °C. Inset graph: I-U characteristic of BaSn0.92Sb0.08O3 sample 

in the range of (0.7-1.1) V/cm. 

 

Figure 11. AC impedance data fitted to the circuit (shown as the inset) for the x = 0.00, 0.04 

and 0.08 samples measured at 25 °C. 

 

Figure 12. Tauc plots of pulverized BaSn1-xSbxO3 (x = 0.00 – 0.10) ceramic samples. 

 

Table 1. The phase content of cubic BaSnO3 phase, unit cell parameter (a), average crystallite size, grain size, 

and relative density for BaSn1-xSbxO3 ceramic samples. 

BaSn1-xSbxO3 

BaSnO3 

phase content 

[wt %] 

Unit cell 

parameter, a 

[Å] 

Crystallite size 

[nm] 

Grain 

size 

[nm] 

Rel. 

density 

[%TD] 

x = 0.00 85.00 4.1227(4) 57 1500  96 

x = 0.04 93.10 4.1287(9) 49 650 95 

x = 0.06 92.38 4.1301(9) 39 112 84 
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x = 0.08 92.21 4.1321(9) 43 44  86 

x = 0.10 92.11 4.1302(4) 37 53  79 
TD: theoretical density 
 

 

 

 

Table 2. The comparison of theoretical and ICP experimental molar ratios of Ba, Sn and Sb in annealed ceramic 

BaSn1-xSbxO3 samples. 

BaSn1-xSbxO3 
Ba : Sn : Sb  

molar ratio theor. 

Ba : Sn : Sb  

molar ratio ICP 

x = 0.00 1 : 1 : 0 1 : 0.79 : 0 

x = 0.04 1 : 0.96 : 0.04 1 : 0.75 : 0.036 

x = 0.08 1 : 0.92 : 0.08 1 : 0.72 : 0.08 

 

 

 

 

Table 3. EDS analysis of undoped BSO sample. 

Spectra 
Atomic % of elements 

Ba Sn O 

Spectrum 1 20.35 20.74 58.91 

Spectrum 2 19.17 19.85 60.98 

Spectrum 3 19.72 15.51 64.77 

Spectrum 4 20.17 17.24 62.59 
 

 

 

 

Table 4. The dependence of DC electrical resistivity on the antimony concentration for BaSn1-xSbxO3 ceramic 

samples. 

BaSn1-xSbxO3 x = 0.00 x = 0.04 x = 0.08 

DC electrical resistivity 

[Ωcm] 
56.81 41.27 1.09 

 

 

 

 

Table 5. The calculated values for bulk resistivity (ρb), grain boundary resistivity (ρgb), capacitance (P), 

coefficient of constant phase element (p) and total electrical resistivity (ρ) for BaSn1-xSbxO3 ceramic 

samples. 

BaSn1-xSbxO3 

Bulk 

resistivity  

ρb 

[Ωcm] 

Grain boundary 

resistivity  

ρgb 

[Ωcm] 

Capacitance  

P 

 [nF] 

Coefficient 

of CPE 

CPE-p 

Total 

electrical 

resistivity 

ρ[Ωcm] 

x = 0.00 5.1 52.79 1.4372 0.92 57.89 

x = 0.04 2.77 38.89 2.8681 0.95 41.66 
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x = 0.08 - - - - 1.12 
 

 
 

 

Table 6. The values of electrical bulk resistivity, Hall coefficient, charge carrier density and mobility for  

BaSn1-xSbxO3 ceramic samples. (Charge carrier concentration and carrier mobility are shown in a 

single-carrier-type picture). For comparison, corresponding values for thin films [29] and single 

crystals [20, 27] are included in the Table. 

 

Ceramic materials 

Thin films 

[29] 

Single 

crystals 

 [20, 27] 

Sb-content, x [mol] 0.00 0.04 0.08 0.07 0.03 

Electrical bulk  

resistivity, ρb [Ωcm] 
5.10 2.77 1.12 2.43×10-3 0.66×10-3 

Hall coefficient  

[cm3/C] 
-0.8±0.1 -0.64±0.02 -0.33±0.02 - - 

Carrier density 

[×1018 cm-3] 
8±1 9.7±0.3 19±1 1.65 × 103 102 

Carrier mobility  

[cm2/Vs] 
0.16±0.02 0.231±0.007 0.29±0.02 1.75 79.4 
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