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ABSTRACT 
 

Strontium titanate-based materials with ferroelectric or relaxor-like 

properties have drawn vast attention for research and wide range of 

applications in different areas. This chapter summarises firstly the 

electrical behaviour of Bi-doped strontium titanate ceramics, where three 

relaxation modes, related to individual hopping of off-centre Bi ions with 

and without oxygen vacancies nearby, as well as to their collective polar 

cluster reversal, are induced by Bi doping. Then, the structural and 

microstructural properties of sol-gel derived Sr1-1.5xBixTiO3 films are 

reported, revealing enlarged lattice parameter and film roughness with 

increasing Bi content. Dielectric response of these films demonstrates that, 
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besides the oxygen vacancy related mode, only two polar relaxation modes 

exist in the temperature range of 10-300 K. Polarisation versus ac electric 

field hysteresis response of Sr1-1.5xBixTiO3 films confirms the low-

temperature polar state induced by Bi doping in strontium titanate (STO) 

films. Results on the dielectric permittivity versus dc electric field indicate 

that moderately Bi-doped STO films can be considered as a promising 

material for tunable device applications, due to their high values of relative 

tunability (up to ~ 40%) and communication quality factor (up to ~ 10 000) 

under 125 kV/cm. 

 

Keywords: ceramics, thin films, incipient ferroelectric, relaxor behaviour, 

dielectric properties 

 

 

INTRODUCTION 
 

As a consequence of the current trend of miniaturisation of electronic 

devices, and the challenges for the electronics industry to increase the 

packing density of components of different materials, the miniaturisation 

process has become a crucial aspect of research in the area of materials 

engineering [1, 2, 3]. After semiconductors, functional insulators have been 

gradually included in the miniaturisation process, including ferroelectric 

materials [4]. Due to their particular properties, ferroelectrics are attractive 

for a wide range of applications. Their high dielectric response is being used 

in capacitor applications, their piezoelectric properties utilised in 

transducers, pyroelectricity in sensors, nonlinear effects in electro-optic 

devices and their ferroelectric behaviour (polarisation switching) is being 

attractive for memory applications.  

In the field of ferroelectrics miniaturisation, high permittivity strontium 

titanate (SrTiO3, STO) and STO-based materials in a thin layer form have 

been investigated. In particular, the high tunability of their dielectric 

permittivity by an electric field has been used in radar and communication 

applications, including military, airport and police radars, satellite 

communication systems, mobile phones and wireless computer networks [5, 

6]. Currently, the use of Ba-doped STO in tunable microwave devices is 

under consideration for industrial applications due to the substantial cost 
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reduction, comparing with single crystals [7]. However, Bi doping is also 

known to induce a polar state in STO, and thus can be considered for tunable 

device applications as well [8-23]. 

The influence of Bi doping on the dielectric properties of STO was first 

found by Skanavi et al. and explained using an “ionic hopping” model [8]. 

However, later studies pointed to ferroelectric behaviour with a diffuse 

phase transition for this system [9]. Indeed, more recent systematic studies 

of Sr1-1.5xBixTiO3 ceramics clearly demonstrated the dependency of the 

dielectric response on the Bi concentration, with a crossover from the 

ferroelectric to a relaxor type behaviour [10-23]. However, the influence of 

Bi on the structural, microstructural and dielectric properties of STO films 

has been much less investigated [24-28], and has not been studied and 

reported systematically. 

 

 

STATE OF THE ART 
 

Strontium Titanate 
 

SrTiO3 falls into the unique category of ferroelectrics known as 

incipient ferroelectrics (or quantum paraelectrics) [29], along with KTaO3, 

CaTiO3 and TiO2 [30]. STO has a high real part of dielectric permittivity ε’ 

that follows the Curie-Weiss law in the paraelectric regime, but saturates at 

cryogenic temperatures rather than exhibiting the expected ferroelectric 

discontinuity [29, 30], being thus described by the Barrett relation derived 

from the mean-field theory including quantum fluctuations [31]. 

The imaginary part of the dielectric permittivity ε″ of STO is much 

smaller, typically by a factor of 10
3
, when compared to ε′ [32]. With 

decreasing temperature ε″ increases steadily, however, with two 

characteristic loss peaks in the vicinity of 10 K and 80 K. At these 

temperatures, ε″ reveals dispersion effects characteristic of the dielectric 

relaxation phenomena. The 10 K peak was attributed to an unknown 

impurity or defect [33, 34]. The 80 K peak was explained in terms of the 
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dynamics of the elastic domain walls [35] and was not observed for STO 

single crystals in single-domain state [33]. 

The dielectric response of thin films reflects the effects of an interfacial 

“dead layer” between film and electrode, the strain/stress influence of 

substrates, the presence of grain boundaries (for polycrystalline films), 

defects (cracks, porosity), etc. [36-40]. As a result, the magnitude and 

behaviour of the dielectric properties of STO films are strongly dependent 

on the film’s fabrication method (the type of deposition, parameters of the 

process), thickness of the film, type of substrates, electrode materials, 

configuration of capacitors (planar or parallel-plate geometry), etc. In 

general, the dielectric response of STO films is lower than that reported for 

their bulk counterpart (either single crystals or ceramics). An illustration of 

this behaviour is presented in Figure 1, in which the typical temperature 

dependence of the real part of dielectric permittivity ε′ of STO is plotted for 

single crystals, ceramics and films [29, 41, 42]. 

 

 

Figure 1. Temperature dependence of the real part of dielectric permittivity ε′ of:  

SrTiO3 single crystal (solid squares) measured along [110] direction, sol-gel derived 

ceramics (open circles) and pulsed laser deposited 800-nm-thick film (open triangles) 

measured in parallel-plate-capacitor geometry (adapted from Refs. [29,41,42]), 

revealing a marked decrease of the permittivity of STO films, when compared with 

ceramics and single crystals and an appearance of a broad peak in the low-temperature 

regime. 
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It is important to stress from Figure 1 that, in contrast to STO single 

crystals (and ceramics), in which ε′ saturates below 10 K, a broad peak could 

be detected in STO thin films at about 30 K. Such a broad peak in ε′ was 

observed in many STO films, deposited by different methods and on 

different substrates, and is usually attributed to the appearance of 

ferroelectricity [43-46]. In contrast to ε’, for which the maximum value is 

usually at least one order of magnitude smaller for STO films compared to 

STO crystals, the tan δ of STO thin films (~ 10
-2

) is usually about 10 times 

higher than that of single crystals (~ 10
-3

) in all temperature ranges [47]. 

Meanwhile, similar to ceramics, the properties of STO films can be also 

modified by doping with different chemical elements, or by preparation 

method. 

 

 

Sr1-1.5xBixTiO3 Ceramics 
 

The incorporation of dopant ions into the STO lattice depends on the 

ionic size and electronic structure of both dopant and host ions. In the case 

of STO, the host ions are Sr
2+

 and Ti
4+

 with sizes of 1.44 Å and 0.605 Å, 

respectively [48]. Since the perovskite structure of strontium titanate with a 

general formula ABO3 is very closely packed, there are two kinds of possible 

substitution: at the Sr
2+

 site (or A-site) and at the Ti
4+

 site (or B-site). 

However, from the reported results, it appears that isovalent B-site dopants, 

such as Zr
4+

, Sn
4+

, Ge
4+

, Mn
4+

, have a much smaller effect on dielectric 

properties of STO, compared to isovalent A-site dopants [49, 50], namely 

Ca
2+

 [51-54], Ba
2+

 [55, 56], Pb
2+

 [57], Cd
2+

 [58], Mn
2+

 [59-63] as well as 

trivalent rare-earth ions La
3+

, Pr
3+

, Nd
3+

, Sm
3+

, Gd
3+

, Tb
3+

, Dy
3+

, Ho
3+

, Er
3+

, 

Tm
3+

, Yb
3+

, Lu
3+

 [64-68], and Y
3+

 [69, 70].  

The dielectric properties of the Sr1-1.5xBixTiO3 (SBiT) system were first 

investigated in ceramics by Skanavi et al. in 1957 [8]. In this study, a high 

peak in the temperature dependence of the real part of dielectric permittivity 

ε′(T) with frequency dispersion, induced by moderate Bi dopant 

concentrations in STO was reported. The authors suggested a polarisation 

mechanism by “hopping ions”, rather than the occurrence of ferroelectricity. 
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However, based on the observation of the slim hysteresis loop in Bi-doped 

STO, Smolenskii et al. suggested a ferroelectric mechanism with the so 

called “diffuse phase transition” [9, 71]. Later several researchers 

systematically studied Bi-doped STO system, establishing the relations 

between the structural and the dielectric response of Bi-doped STO ceramics 

[10-23, 72, 73]. 

In contrast to Ba-, Pb- and Ca-doped STO systems, Sr1-1.5xBixTiO3 is a 

solid solution, in which the host Sr
2+

 ions are substituted by heterovalent 

Bi
3+

 ions. Thus, to satisfy the charge neutrality, a strontium vacancy VSr has 

to be created upon the substitution of three divalent Sr
2+

 ions by 

two trivalent Bi
3+

 ions. Hence the appropriated chemical formula  

[Sr1-1.5x(VSr)0.5xBix]TiO3 should be considered. Therefore, the solid solubility 

of Bi in the STO lattice is restricted up to x = 0.20 [10, 12]. Below this solid 

solubility limit, room-temperature X-ray diffraction profiles exhibit a cubic 

structure for Bi-doped STO. 

Detailed studies of the dielectric properties of Sr1-1.5xBixTiO3 ceramics 

over wide temperature (Figures 2, 3 and 4) [21] and frequency [72] ranges 

revealed a complex structure of the dielectric response. Several relaxation 

processes were observed. Moreover, for some concentration of Bi, Sr1-

1.5xBixTiO3 ceramics were referred to as relaxor [10, 12]. The main typical 

characteristics for relaxor behaviour are following [74, 75, 76]:  

 

 rounded peaks occur in the temperature dependence of ε′, in contrast 

to the sharp peak at the phase transition temperature observed for 

the classic ferroelectrics;  

 temperature of the ε′ peak is always higher than the temperature of 

the loss peak; 

 temperature dependence of the ε′ obeys the relation: 1/ε′ - 1/ε′max = 

(T-Tmax)
γ
/C, with exponent γ close to 2, but not to 1 as for the classic 

ferroelectrics with ε′(T) following the Curie-Weiss law; 

 the maximum ε′ decreases in value, and its temperature shifts to 

higher temperatures with increasing measurement frequency, while 

the properties of classic ferroelectrics do not vary intensely with 

frequency in the radio frequency range: 
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 a square-to-slim transition of the hysteresis loops with the remanent 

polarisation decreasing with increasing temperature and tailing off 

to zero in the diffuse range, in contrast to a sharp decrease to zero in 

classic ferroelectrics; 

 a compliance with a Vögel-Fulcher relation, etc. 

 

Thus, for Sr1-1.5xBixTiO3 ceramics, three concentration regions with 

different dielectric properties were identified [21]. 

 

1. Sr1-1.5xBixTiO3 ceramics with low Bi concentration (x = 0.0005- 

0.002). Two dielectric anomalies at ~ 18 and ~ 30 K at ~ 100 Hz 

(denoted as modes A and B, respectively, in Figure 2) are induced 

on the quantum paraelectric background of STO. These anomalies 

are frequency dependent, but the temperature (Tmax) where the 

dielectric permittivity maximum occurs is independent of Bi 

concentration. 

2. Sr1-1.5xBixTiO3 ceramics with intermediate Bi concentration (x = 

0.0033 – 0.0267). When Bi concentration x > 0.0033, an additional 

peak (mode C) appears in ε′ (Figure 3 left picture) and ε′′ (Figure 3 

right picture). It should be emphasised that the Tmax of mode C 

increases with increasing Bi concentration, which can be seen more 

clearly in ε′′ (Figure 3 right picture). This is similar to the behaviour 

of typical ferroelectric solid solutions, but different from that of 

modes A and B. In the Bi concentration range of 0.0033 < x < 

0.0267, the coexistence of peaks A, B, and C is an interesting 

characteristic of Bi-doped STO. 

3. Sr1-1.5xBixTiO3 ceramics with high Bi concentration (x = 0.04 – 0.2). 

Further increasing Bi concentration to x > 0.04, mode C 

predominates, as shown in Figure 4. 

In a dielectric material, if the dielectric relaxation process is governed 

by a thermally activated motion, the temperature dependence of the 

relaxation time follows the Arrhenius law [77]: 

 

 τ = τ0 × exp[Ea/kBT] (1) 
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where τ0 is the preexponential term, Ea is the activation energy, kB stands for 

Boltzmann’s constant and T is temperature. 

 

Figure 2. Temperature dependences: of ε’ for Sr1-1.5xBixTiO3 ceramics with x = 0,  

0.0005, 0.001and 0.002 at 0.1, 1, 10, 100 and 1000 kHz (from top to bottom). The inset 

shows the temperature dependence of ε’’ at 0.1 kHz. (Reproduced from [Ang, C., Yu,  

Z. 2002. J. Appl. Phys. 91:1487-1494], with the permission of AIP Publishing). 
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Figure 3. Temperature dependences: of ε′ at 0.1, 1, 10, 100 and 1000 kHz (from top to 

bottom) (left picture) and ε′′ at 0.1 kHz (right picture) for Sr1-1.5xBixTiO3 ceramics with x 

= 0.0033, 0.0053, 0.0067 and 0.0133. (Reproduced from [Ang, C., Yu, Z. 2002. J. Appl. 

Phys. 91:1487-1494], with the permission of AIP Publishing). 

It is found that the relaxation times of modes A and B follow the 

Arrhenius law in the frequency window of 10 – 10
9
 Hz [21]. For all Bi-doped 

STO ceramics the results show that, 1) the mean relaxation rates for modes 

A and B strictly follow the Arrhenius law behaviour in the experimentally 

accessible frequency domain; 2) the energy barrier Ea = 62 ± 2 meV and the 

preexponential term τ0 = ~ (0.4 – 1) × 10
-13

 s for mode B, and Ea = 33 ± 1 

meV, and τ0 = ~ (0.4 – 2) × 10
-13

 s for mode A, for the samples with 0.0005 

≤ x ≤ 0.0267. 
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Figure 4. Temperature dependences: of ε′ and ε′′ for Sr1-1.5xBixTiO3 ceramics with x = 

0.04, 0.053, 0.1 and 0.2 at 0.1, 1, 10 and 100 kHz (ε′: from top to bottom, and ε′′: from 

left to right). (Reproduced from [Ang, C., Yu, Z. 2002. J. Appl. Phys. 91:1487-1494], 

with the permission of AIP Publishing). 

It was shown that the temperature dependence of the relaxation time for 

mode C can be well fitted to the Vögel-Fulcher relation: 

 

 τ = τ0 × exp[Ea/kB(Tmax - TF)] (2) 

 

where Tmax stands for the temperature of the ε’ maximum and TF is the static 

freezing temperature at which the relaxation time τ tends to infinity [78]. Ea 

= 36 meV, TF = 30.7 K, and τ0 = 1 × 10
-10

 s for the sample with x = 0.0133 
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and Ea = 40 meV, TF = 70.3 K and τ0 = 5.78 × 10
-10

 s for x = 0.0533 were 

obtained [21]. 

It was also reported that for Sr1-1.5xBixTiO3 with x = 0.002 the amplitudes 

of A and B modes in ε’ gradually decrease under a dc electric field up to 35 

kV/cm, but their Tmax values are not shifted that is also valid for the 

temperatures of the ε′′ maxima [21]. The latter fact provides evidence that 

modes A and B are different from the relaxor mode, whose Tmax values are 

electric-field dependent. At higher fields, a broad ε′ peak, similar to that 

observed in undoped STO under dc bias, is induced, although the 

temperature range of the field dependent ε′ is expanded, from about 0 - 80 K 

for undoped STO, to about 0 - 150 K for Bi-doped STO. 

Moreover, the remanent polarisation Pr, obtained from the hysteresis 

loops of Bi-doped STO ceramics with the concentration range of x = 0.0133 

- 0.2, first increases with rising temperature until a maximum at about 80 K, 

and then decreases with further temperature increase. However, it does not 

disappear at Tmax, but inflects and tails off to zero, as in typical relaxors. 

Therefore, this relaxation process was assigned as relaxor-type behaviour, 

originated from off-centre Bi dipoles, forming dipole clusters due to the 

local inhomogeneous distribution of Bi
3+

 ions [21].  

It was concluded that Sr-site vacancies are induced in Bi-doped STO 

due to the charge imbalance. Thus, two local environments in the STO 

lattice can be considered for Bi ions: i) Bi ions without any Sr vacancy 

nearby and ii) Bi ions with a Sr vacancy nearby (schematic illustration in 

[21]). Meanwhile, Bi
3+

 ions at the Sr sites are supposed to have off-centre 

displacement, which leads to the formation of dipoles. Therefore, the 

occurrence of the two dielectric modes A and B was proposed to arise from 

the different ionic displacements for two types of dipoles: off-centre Bi ions 

with a neighbouring Sr vacancy and those without it [21]. 

Thus, the dielectric behaviour of Sr1-1.5xBixTiO3 is characterised by a 

broadened ε′ peak with the temperature of ε′ maximum shifted to higher 

temperatures as the frequency increases that is generally called relaxor 

behaviour. Moreover, two types of polar dielectric relaxation were 

introduced by Bi
3+

 ions in STO ceramics: 1) modes A and B occurring at low 

Bi concentrations described by Arrhenius law and related to individual off-
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centre Bi
3+

 ions on Sr sites with and without Sr vacancies nearby and 2) 

mode C following the Vögel–Fulcher relation and attributed to polar clusters 

formed by interacting Bi
3+

Sr dipoles at higher Bi content [21].  

In spite of all this knowledge on STO single crystals and ceramics 

(doped and non-doped) the understanding of STO films electrical behaviour 

and its dependence on dopants is much less comprehensive. In the next 

section, an overview of the work conducted by the authors on structural, 

microstructural and electric characterisation of polycrystalline  

Sr1-1.5xBixTiO3 thin films will be presented. The dielectric behaviour of the 

films, studied over wide frequency, electric field and temperature ranges, 

will be compared with that of equivalent ceramics. The reasoning for the 

observed differences is hypothesised and discussed. 

 

 

METHODS 
 

Preparation  
 

Sr1-1.5xBixTiO3 (SBiT) thin films with x = 0, 0.0053, 0.04, 0.1, 0.167 and 

0.267 were prepared by sol-gel method and studied. For the preparation of 

the sols with a concentration of about 0.2 M, the following reagents were 

used in proportions depending on the film’s composition: strontium acetate 

C4H6O4Sr (98%, ABCR), tetra-n-butyl orthotitanate C16H36O4Ti (98%, 

MERCK), bismuth acetate C6H9BiO6 (99%, ABCR), acetic acid C2H4O2 

(99.8%, MERCK), 1,2-propanediol C3H8O2 (99.5%, Riedel-de Haën) and 

absolute ethanol C2H6O (99.8%, MERCK).  

Using the previously prepared precursor solutions, layers were 

deposited on the substrates by spin-coating at 4000 rpm for 30 s. Before 

utilisation, the substrates were cleaned in boiling ethanol and dried on a hot 

plate. Subsequently, the films (substrate with wet layer) were heated on a 

hot plate at 350°C for ~1 min. This step was repeated after each spinning to 

ensure complete removal of volatile species between each layer. After the 

deposition of the required number of layers (in this work it is equal to 10 
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layers), they were annealed in air at 750°C for 60 min. All Bi-doped STO 

films were deposited on Si/SiO2/TiO2/Pt substrates (Inostek Inc., Korea). 

 

 

Characterisation 
 

The influence of the incorporation of Bi ions into the Sr sites of STO 

films on the structure and microstructure was studied, using X-ray 

diffraction (XRD, Rigaku D/Max-B, Cu Kα), scanning electron microscopy 

(SEM, Hitachi S-4100) and scanning probe microscopy (SPM, Multimode, 

Nanoscope IIIA, Digital Instruments). Dielectric measurements were carried 

out in parallel plate capacitor geometry for single-phase polycrystalline Bi-

doped STO films on Si/SiO2/TiO2/Pt substrates with Au as top and Pt as 

bottom electrodes. Dielectric response was measured in the frequency range 

of 100 Hz - 1 MHz, temperature range of 10-300 K and dc electric field 

range of 0-125 kV/cm, and completed by polarisation vs electric field 

measurements at 100 Hz from 10 to 300 K, using a Precision LCR Meter 

(HP 4284A) and a ferroelectric tester (TF analyser 1000 AIXACT), 

respectively, in a He closed cycle cryogenic system (Displex ADP-Cryostat 

HC-2) controlled by a digital temperature controller with silicon diode 

thermometers (Scientific Instruments model 9650).  

 

 

RESULTS 
 

Crystal Structure  
 

The XRD patterns of Sr1-1.5xBixTiO3 (SBiT) thin films with x = 0, 

0.0053, 0.04, 0.167 and 0.267 deposited on Si/SiO2/TiO2/Pt substrates and 

annealed at 750°C are depicted in Figure 5.  

Besides the diffraction peaks of the substrate, only reflections of the 

cubic STO system are observed for all the samples with concentrations of Bi 

x ≤ 0.167, whereas the second phase Bi4Ti3O12 is detected for the doping 

concentration x = 0.267. These results are in accordance with Sr1-1.5xBixTiO3 
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ceramics, in which the single phase compositions were obtained for x ≤ 0.20 

and Sr2Bi4Ti5O18, Bi4(TiO4)3 and Bi2Ti4O11 second phases were identified 

for ceramics samples with 0.227 ≤ x ≤ 0.267 [22]. 

 

 

Figure 5. X-ray diffraction patterns of Sr1-1.5xBixTiO3 thin films, * denotes Bi4Ti3O12 

second phase, sub. denotes substrate peaks, Pt denotes peak of Pt layer, while STO 

peaks are marked by corresponding indexes.  

The lattice parameter c of SBiT films, deduced from the XRD patterns 

as shown in Figure 6, increases with increasing Bi content from ~3.905 Å 

for undoped STO to ~ 3.913 Å for x = 0.167, with a slope of about 0.038 Å. 
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Figure 6. Lattice parameter c of Sr1-1.5xBixTiO3 films as a function of Bi concentration. 

A similar increase of the lattice parameter was reported for SBiT 

ceramics as well [10, 22], but it was not explained, probably because Bi
3+

 

ions with coordination numbers of 6 and 8 are much smaller than Sr
2+

 ions 

while there is no data for Bi
3+

 with the coordination number of 12 [48]. 

However, linear extrapolation of the ionic radius values of ,  and 

 to the coordination number of 12, as shown in Figure 7, reveals that 

the predicted ionic radius of  is 1.45 Å, i.e., it is slightly larger than 

the substituted Sr
2+

 ions (ionic radius of = 1.44 Å). Therefore, an 

increase of the lattice parameter in Sr1-1.5xBixTiO3 films and ceramics with 

increasing Bi content can be expected [79]. Moreover, the assumption that 

the expansion of the unit cell is also due to the formation of VSr, and a 

corresponding electrostatic repulsion of adjacent oxygen anions, can be 

considered to be reasonable as well [80]. 

 

3

)5(Bi 3

)6(Bi

3

)8(Bi

3

)12(Bi

2

)12(Sr
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Figure 7. Linear variations of ionic radii of several ions versus coordination number 

following [48], including extrapolation to a coordination number of 12 for Bi
3+ 

ions. 

 

 

Microstructural Analysis 
 

The microstructure of Sr1-1.5xBixTiO3 films deposited on Si/SiO2/TiO2/Pt 

substrates was analysed by SEM and SPM at room temperature. SEM cross-

section micrographs of Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04 and 

0.167 are shown in Figure 8. It is seen that SBiT films exhibit a crack-free, 

continuous and fine-grained microstructure without particulates (Figure 8). 

The thickness of the studied films was estimated to be ~ 450 nm, 

independent of Bi concentration. 

The surface morphology of Sr1-1.5xBixTiO3 films with x = 0, 0.053, 0.04 

and 0.167 analysed by SPM at room temperature are depicted in Figure 9, as 

in-plane surface and 3D view (inset) micrographs of SBiT thin films. 

Confirming the results obtained from the SEM study, all SBiT films show a 

smooth surface with a roughness of 1 - 2 nm and an average grain size of ~ 

80 - 120 nm. 3D images of SBiT films revealed that the grains were grown 

in all three x,y,z-directions. The SPM derived average in-plane grain size 

and roughness of undoped and Bi-doped STO films are plotted in Figure 10 

as a function of the Bi content. 
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Figure 8. SEM cross-section micrographs of Sr1-1.5xBixTiO3 thin films with x = 0 (a), 

0.0053 (b), 0.04 (c) and 0.167 (d). 

 

Figure 9. SPM micrographs of Sr1-1.5xBixTiO3 films with x = 0 (a), 0.0053 (b), 0.04  

(c) and 0.167 (d). 
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Figure 10. Average grain size (solid squares, left axis) and roughness (open circles, right 

axis) versus Bi concentration of Sr1-1.5xBixTiO3 films. 

Compared to undoped STO films, a small Bi doping content increases 

the grain size. However, the variation of the grain size with the Bi 

concentration is not monotonous; after an initial increase, the grain size 

decreases with further increase of the dopant content (Figure 10 left axis). 

The roughness of all the studied samples slightly increases with the dopant 

content (Figure 10 right axis). As was reported in the literature, no 

systematic variation of the grain size with a change in the Bi concentration 

was observed as well in Sr1-1.5xBixTiO3 ceramics [22]. 

 

 

Low Temperature Dielectric Properties as a Function  

of Frequency 
 

Temperature dependence of the real part of the dielectric permittivity ε′ 

of Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, 0.167 at 4 kHz is 

depicted in Figure 11. The magnitude of the peak (ε′max) depends on Bi 

content, and the temperature of ε′max (Tmax) increases with Bi concentration, 

as plotted in Figure 12. A marked increase from ~270 to ~370 is observed  

in ε′max for low dopant concentrations, varying from x = 0 to x = 0.0053, 

being followed by a non-monotonous variation for higher Bi content. The 

highest ε′max ~ 500 is observed for x = 0.04. The increase of ε′max for small x, 
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and a later decrease for high x, was also observed in SBiT ceramics, where 

the increase in Bi concentration leads to a variation of ε′max and a shift of Tmax 

to higher temperatures [10, 12]. The highest value of ε′max in Sr1-1.5xBixTiO3 

ceramics was observed at x = 0.0067 (ε′max ~6000 at Tmax ~66 K) [12]. 

Moreover, in contrast to the SBiT films analysed here, two induced 

anomalies occurred in ε′(T) of Sr1-1.5xBixTiO3 ceramics: at ~18 K and at ~ 30 

K (with Tmax independent of x), whereas one more dielectric anomaly (whose 

Tmax increases with increasing Bi content) was observed for x ≥ 0.0133 [17, 

21]. 

 

 

Figure 11. Temperature dependence of the real part of dielectric permittivity ε′ of Sr1-

1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, 0.167 at 4 kHz.  

Temperature dependence of imaginary part of the dielectric permittivity 

ε′′ and variation of the dissipation factor tanδ = ε′′/ε′ as a function of the 

temperature of Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, 0.167 at 4 

kHz are depicted in Figures 13 and 14, respectively. ε′′ of Bi-doped STO 
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films is higher than that of undoped STO films. Obtained values of the tanδ 

of SBiT films are higher than those of undoped STO films as well, and 

increase with increasing Bi content: from ~ 0.5% for undoped STO films to 

~5% for SBiT samples with x = 0.167 (Figure 14). Moreover, in contrast to 

the broad peak at ~62 K detected in ε′(T) of undoped STO films, a strong 

peak in ε′(T) of SBiT films (Figure 11), accompanied by strong peaks 

induced in the losses (Figures 13 and 14), can be easily observed. 

 

Figure 12. Variation of the maximum of the real part of the dielectric permittivity ε′max 

“(solid squares, left axis)and of the temperature of the maximum of the real part of the 

dielectric permittivity Tmax (open circles, right axis) of Sr1-1.5xBixTiO3 thin films with Bi 

content at 4 kHz.  

 

The ε′′ and tanδ of undoped STO films (Figures 13 and 14) were also 

characterised by three peaks, described as following: 1) peak A could be 

considered as a stress/strain induced ferroelectric phase transition [43]; 2) 

peak B was attributed to the dynamics of the elastic domain walls that occur 

at the cubic-to-tetragonal phase transition around 105 K [35]; 3) peak C 

observed in some thin films was associated with the effect of 

defects/impurities such as oxygen vacancies [81, 82]. 
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Figure 13. Temperature dependence of the imaginary part of dielectric permittivity ε′′ of 

Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, 0.167 at 4 kHz.  

 

Figure 14. Temperature dependence of the dissipation factor tanδ of Sr1-1.5xBixTiO3 films 

with x = 0, 0.0053, 0.04, 0.10, 0.167 at 4 kHz.  
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For a better understanding of the difference or similarity in nature of 

peaks 1, 2 and 3 detected in SBiT thin films and peaks A, B and C of undoped 

STO, a diagram of the temperatures of these peaks, obtained from ε′′(T) at 4 

kHz, is presented in Figure 15. Peak 1 (almost independent of Bi content) is 

detectable in ε′′(T) of SBiT films with x ≤ 0.10 at temperatures between 38 

K and 56 K. This is much higher than the temperature of peak A in undoped 

STO films (~ 22 K), implying a difference in the origin of these peaks. 

Meanwhile, the peak about 30 K was observed in ε′′(T) of Sr1-1.5xBixTiO3 

ceramics with small Bi concentration (x ≤ 0.04) [13, 14, 15, 21]. The 

temperature of this peak in SBiT ceramics was almost independent of the Bi 

content [13] similar to peak 1 observed in the SBiT films analysed here. 

 At the same time, peak 2 was detected in SBiT films at different 

temperatures: from ~ 68 K to ~ 145 K due to strong dependency on Bi 

content, in contrast to the almost stable peak 1 in the SBiT films, and in 

contrast to the ~ 85 K at which peak B was detected in the undoped STO 

films. Thus, the origin of peak 2 in the SBiT films is different from that of 

peak 1 of the same films, or from that of the peak B of undoped STO films. 

Similar to peak 2 observed in SBiT films, the relaxor peak appeared in SBiT 

ceramics, becoming dominant for x > 0.0267 [15].  

 

 

Figure 15. Diagram of temperature positions of peaks 1, 2 and 3 detected in  

Sr1-1.5xBixTiO3 thin films in comparison to peaks A, B and C of undoped SrTiO3 obtained 

from ε′′(T) at 4 kHz. 
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Concerning the very broad, and almost undetectable, peak 3 (not clearly 

observed at ~ 140 K - ~ 230 K), its position is not far from that of peak C in 

undoped STO films (~ 180 K). Moreover, as was reported in the literature, 

similarly broad peak can be observed for undoped STO films at temperatures 

of ~ 160 - 180 K [81, 82] and for Bi-doped ST ceramics, disappearing after 

annealing in oxygen or air [18]. Thus, based on this information peak 3 can 

be associated with oxygen vacancies. 

 

 

Figure 16. Temperature dependence of real part of dielectric permittivity ε′ of  

Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, and 0.167 at 400 Hz, 4 kHz, 40 kHz 

and 400 kHz.  
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The analysis of the frequency influence on the real part ε′(T) and 

imaginary part ε′′(T) of the dielectric permittivity, and the examination of 

the temperature dependence of relaxation times, is helpful in understanding 

the relaxation mechanism of Sr1-1.5xBixTiO3 films. The frequency dispersion 

of the dielectric response of SBiT films with x = 0, 0.0053, 0.04, 0.10 and 

0.167 is shown in Figures 16 and 17, which present ε′(T) at 400 Hz, 4 kHz, 

40 kHz and 400 kHz (Figure 16) and ε′′(T) at 400 Hz, 4 kHz and 40 kHz 

(Figure 17). 

 

 

Figure 17. Temperature dependence of imaginary part of dielectric permittivity ε′′ of  

Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10, and 0.167 at 400 Hz, 4 kHz and  

40 kHz. 
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A peak is present in all the ε′(T) curves of the analysed SBiT samples, 

and at all the measured frequencies (Figure 16). As the frequency increases, 

the peak becomes broader, ε′max decreases, and the temperature of the 

maximum Tmax increases. The shift of Tmax to higher temperatures, and a 

suppression of ε′max with frequency increase, becomes more obvious with 

increasing Bi concentration. Such broadening and frequency dependency of 

ε′(T), that becomes more and more visible with increasing Bi content, was 

also observed in Sr1-1.5xBixTiO3 ceramics [10, 11, 12]. 

Comparing Figure 17 with Figure 16, one can conclude that Tmax is 

always higher than the temperature of the peak in ε′′(T) at equivalent 

frequency. Moreover, ε′′(T) of SBiT films was also found to be frequency 

dependent (see Figure 17), and the increase of the peak temperature for the 

ε′′(T) with measured frequency indicates that the microscopic process of the 

dielectric anomaly is a thermally activated polar motion. 

The Arrhenius law was used for analysis of the Bi induced relaxation 

processes of SBiT thin films. However, only data points related to peak 1 in 

ε′′(T) of SBiT thin films with x ≤ 0.10 are well fitted by straight lines on the 

Arrhenius plots (ln(τ) versus 1000/Tε”max). In the case of peak 2, well 

detectable in the ε′′(T) of SBiT films with x ≥ 0.04, the pre-exponential term 

τ0 appears to be extremely low, and seems to be physically unreasonable. 

Therefore, the data for such compositions were fitted using an alternative 

empirical description of relaxation, that is, the Vögel-Fulcher relation. 

Compared to the Arrhenius law, the empirical Vögel-Fulcher relation 

includes one additional fitting parameter, TF, interpreted as a static freezing 

temperature, at which motion of all dipole moments slows down, and is often 

used to describe the behaviour of relaxor polar clusters or strongly correlated 

dipoles in the frequency window of 10
2
 - 10

6
 Hz. The fitting parameters of 

the Arrhenius law (peak 1) and of the Vögel-Fulcher relation (peak 2) for 

ε′′(T) of Bi-doped STO films are presented in Table 1.  

As seen from Table 1, for Sr1−1.5xBixTiO3 films with small Bi content x  

≤ 0.10, the Arrhenius law parameters Ea = 65-74 meV and τ0 = (0.4 - 2.5) × 

10
-14

 s are obtained for peak 1, detected in ε”(T) at temperatures as low as ~ 

38 K. The Arrhenius law parameters Ea = 60 – 64 meV and τ0 = (4 − 10) × 

10
−14

 s were obtained in SBiT ceramics as well, for a peak observed about 
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30 K in ε′′(T) independent of Bi content [21]. By analogy, and due to the 

similarities in their behaviour, it is possible to assume that peak 1 in SBiT 

films has an analogous nature to that of the relaxation peak at ~30 K 

observed in SBiT ceramics. Thus, individual polar dipoles formed by off-

centre dopant ions, proposed as a relaxation mechanism in SBiT ceramics, 

can be attributed to peak 1 detected in ε′′(T) of SBiT films with x ≤ 0.10.  

 

Table 1. Relaxation dynamics parameters of Sr1-1.5xBixTiO3 films, 

obtained for peak 1 from the fitting to the Arrhenius law, and for peak 

2 from the fitting to the Vögel-Fulcher relation 

 

x 

Peak 1 Peak 2 

Arrhenius Law Vögel-Fulcher Relation 

Ea (meV) τ0 (s) Ea (meV) τ0 (s) TF (K) 

0.0053 74 1.3 × 10-14    

0.04 65 2.5 × 10-14 2 5 × 10-6 50 

0.10 74 0.4 × 10-14 7 5 × 10-8 51 

0.167   38 4 × 10-9 102 

 

The relaxation dynamics of the loss peaks in SBiT films with x = 0.04 

and x = 0.10 follows both the Arrhenius law for peak 1 and the Vögel-

Fulcher relation for peak 2, with Ea, τ0 and TF shown in Table 1. For SBiT 

films with higher Bi concentration (x > 0.10), only peak 2 is well defined in 

ε′′(T), and only the Vögel-Fulcher relation that describes a polar cluster 

relaxation can be applied. The switching of relaxation dynamics from 

Arrhenius law to Vögel-Fulcher relation implies a crossover, from hopping 

of individual off-centre Bi
3+

 ions to polar clusters reversal, as the dominant 

mechanism in SBiT films with increasing Bi content, similar to ceramics 

[21].  

As Bi concentration increases, the average distance between Bi dipoles 

decreases and interaction between the dipoles appears. Therefore, some 

dipoles form dipole clusters due to the local inhomogeneous distribution of 

Bi ions, and this leads to the occurrence of peak 2 and its shift to higher 

temperatures with increasing Bi content. The coexistence of the individual 

dipoles that contribute to peak 1 and the dipole clusters that contribute to 

peak 2 is a singular characteristic of Bi-doped STO. With further increases 
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in Bi concentration (SBiT films with x > 0.10), the interaction between the 

dipoles becomes much stronger, and more dipole clusters are formed. This 

results in an increase in the intensity of peak 2, and a decrease in the 

intensities of peak 1 (Figure 18). Finally, at a high Bi doping level, all 

dipoles form dipole clusters, and only relaxation peak 2 remains. 

Simultaneously, the freezing temperature TF increases with Bi content, from 

TF = 50 K for x = 0.04 to TF = 102 K for x = 0.167. 

For SBiT ceramics with x = 0.04, TF was reported to be about 70 - 74 K 

[16], which is close to TF obtained for the equivalent films. Moreover, the 

increase of TF with Bi content is observed both in ceramics (TF = 91 K and 

112 K for x = 0.10 and 0.167, respectively), and films (TF = 51 K and 102 K 

obtained in current work for SBiT films with x = 0.10 and 0.167, 

respectively), as shown in Table 1. Other parameters of the Vögel-Fulcher 

relation are found to be similar as well, particularly, Ea = 38 meV and τ0 = 5 

× 10
-9

 s for SBiT films with x = 0.167 are comparable to Ea = 31 - 39 meV 

and τ0 = (2.21 - 5.26) × 10
-9

 s for SBiT ceramics with x = 0.04 - 0.167.  

Thus, after a low-frequency analysis of the dielectric response of SBiT 

films, according to the proximity between the relaxation parameters 

obtained by the Arrhenius law and the Vögel-Fulcher relation for films and 

ceramic samples, it is possible to summarise that the incorporation of Bi in 

STO films leads to a similar effect as that observed for SBiT ceramics: 

 

 in SBiT films with low Bi doping (x < 0.04), the dynamics of the 

induced relaxation (peak 1 detected in ε′′(T)) were described by the 

Arrhenius law, similar to SBiT ceramics, and assigned to an 

individual hopping of the Bi ions; 

 with increasing Bi concentration (0.04 ≤ x ≤ 0.167), the interactions 

between the dipoles or dipole clusters become stronger. It can be 

considered as a cooperative hopping of the off-centred Bi ions, 

followed by the highly polarisable host crystal lattice, and 

corresponds to relaxation peak 2 detected in ε′′(T) of the analysed 

SBiT films, with dynamics described by the Vögel-Fulcher relation. 
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On the other hand, the observation of only one peak independent of Bi 

content in the ε”(T) of SBiT films, compared to two peaks, detected at low 

temperatures in the ε”(T) of corresponding SBiT ceramics can be first of all 

related to the much lower grain size of the films and thereby higher 

tolerance to the lattice defects, including Sr vacancies. In addition, substrate 

induces strain/stress states that are not present in bulk ceramics. Moreover, 

the high degree of homogeneity of the studied sol-gel derived films (higher 

than that in conventionally prepared ceramics) can prevent the segregation 

of Bi ions, suppressing the interaction between the dipoles created by the 

off-centre Bi ions for SBiT films with low Bi concentration. Therefore, the 

peak 2 observed in SBiT films has lower intensity than that in corresponding 

ceramics. 

 

 

P(E) Hysteresis Response 
 

The polar nature of the dielectric anomaly observed in Sr1-1.5xBixTiO3 

films with x = 0, 0.04 and 0.10 was further studied by the measurement of 

the P(E) curves, shown in Figures 18, 19 and 20, respectively. Hysteresis 

response of SBiT films was measured at 100 Hz under applied ac voltage up 

to ~ 5 V at different temperatures. 

S-shaped loops were observed in the analysed SBiT films with x = 0.04 

(Figure 19) in comparison to undoped STO (Figure 18). The highest 

remanent polarisation and coercive field are Pr = ~ 0.40 μC/cm
2
 and Ec = ~ 

12.7 kV/cm at 15 K (Figure 19a), decreasing with increasing temperature 

(Figure 19b-f). 

Figure 20 depicts the P(E) hysteresis loops of SBiT films with x = 0.10. 

In contrast to the previous SBiT films, the loops are very slim, without a 

well-defined S-shape. Pr and Ec values also decrease, from Pr = ~ 0.20 

μC/cm
2
 and Ec = ~ 6.1 kV/cm at 15 K toward zero at room temperature.  
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Figure 18. P(E) hysteresis loops of Sr1-1.5xBixTiO3 thin films with x = 0 at 15 K (a), 30 K 

(b), 50 K (c), 70 K (d), 100 K (e) and 295 K (f) measured at 100 Hz.  

Thus, Pr of all studied Bi-doped STO films is higher than that of 

undoped STO. Pr and Ec have the highest values for Bi content x = 0.04, with 

a decrease for the higher dopant content of x = 0.10. The smooth decrease of 

Pr and Ec with increasing temperature, observed for all of the SBiT films, is 

typical for relaxor ferroelectrics [71].  
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Figure 19. P(E) hysteresis loops of Sr1-1.5xBixTiO3 thin films with x = 0.04 at 15 K (a), 30 

K (b), 50 K (c), 70 K (d), 100 K (e) and 295 K (f) measured at 100 Hz. 

For SBiT ceramics, S-shape hysteresis loops with remanent polarisation 

~ 0.31 μC/cm
2
 for x = 0.0033, ~ 0.83 μC/cm

2
 for x = 0.0133 and ~ 0.32 

μC/cm
2
 for x = 0.0533 at 11 K and 50 Hz were reported [12]. Similarly to 

the films of this study, as the Bi content increases in SBiT ceramics, a 



Effect of Bismuth Doping on the Properties of Strontium Titanate … 239 

slimmer hysteresis loop with low polarisation and without S-shape was 

observed, disappearing with the increase of temperature [10, 12].  

 

 

Figure 20. P(E) hysteresis loops of Sr1-1.5xBixTiO3 thin films with x = 0.10 at 15 K (a), 30 

K (b), 50 K (c), 70 K (d), 100 K (e) and 295 K (f) measured at 100 Hz. 

 

Thus, the main features typical for relaxors and SBiT ceramics as system 

with relaxor-like behaviour were also observed in Sr1-1.5xBixTiO3 films:  
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 rounded peaks in the temperature dependence of ε′ (Figure 11);  

 temperature of the ε′ peak always higher than the temperature of the 

loss peak (Figures 13 and 14); 

 maximum of ε′ decreases in value, and its temperature shifts to 

higher temperatures, with increasing measurement frequency 

(Figure 16); 

 maximum of ε′′ increases in value, and its temperature shifts to 

higher temperatures, with increasing measurement frequency 

(Figure 17); 

 a compliance with a Vögel-Fulcher relation (Table 1); 

 slim P(E) hysteresis loops (Figures 18-20), etc. 

 

 

Low-Temperature Dielectric Properties as a Function of dc 

Electric Field 
 

The influence of an applied dc electric field on the dielectric response of 

Sr1-1.5xBixTiO3 films was also addressed in our work. Figure 21 depicts the 

temperature dependence of the real part of dielectric permittivity ε′ of  

Sr1-1.5xBixTiO3 films with x = 0, 0.0053, 0.04, 0.10 and 0.167, measured under 

0, 25, 75 and 125 kV/cm dc bias fields at a frequency of 10 kHz. As the 

applied dc electric field increases, the ε′ of Bi-doped STO samples decreases, 

similar to undoped STO films. A maximum decrease of ε′ is observed around 

the peak temperature. The highest influence of dc bias field on ε′ is observed 

for SBiT films with 0.002 ≤ x ≤ 0.04. Meanwhile, the dc electric field was 

reported to significantly suppress the peak in ε′(T) of SBiT ceramics, with x 

= 0.002, 0.0033 and 0.0067, induced by Bi incorporation [21, 23]. 

The relative tunability of SBiT thin films was calculated as: 

 

 nr = [ε′(Edc = 0) - ε′(Edc)]/ε′(Edc = 0) × 100% (3) 

 

where ε′(Edc = 0) stands for the real part of dielectric permittivity at zero bias 

and, ε′(Edc) for the real part of dielectric permittivity at the applied dc electric 

field [7].  
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Figure 21. Variation of real part of the dielectric permittivity ε′ of Sr1-1.5xBixTiO3  

thin films with x = 0, 0.0053, 0.04, 0.10 and 0.167 as a function of temperature under 

selected dc bias fields at 10 kHz.  
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Figure 22. Variation of real part of the dielectric permittivity ε′ (top panel), tanδ  

(middle panel) and relative tunability nr (bottom panel) of Sr1-1.5xBixTiO3 thin films  

with x = 0 as a function of dc electric field at 10 kHz for selected temperatures.  

The electric-field dependences of ε′, tanδ and nr of Sr1-1.5xBixTiO3 films 

with x = 0, 0.0053, 0.04, 0.10 and 0.167 measured at 10 kHz in a dc field 

range of ± 150 kV/cm are presented in Figures 22, 23, 24, 25 and 26, 

respectively, for selected temperatures.  
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Figure 23. Variation of real part of the dielectric permittivity ε′ (top panel), tanδ  

(middle panel) and relative tunability nr (bottom panel) of Sr1-1.5xBixTiO3 thin films  

with x = 0.0053 as a function of dc electric field at 10 kHz for selected temperatures. 

It is seen from Figures 22-26, that ε′(Edc), tanδ(Edc) and nr(Edc) 

dependences strongly decrease with increasing Bi concentration. Their bell-

like shape, observed at low temperatures for SBiT films with x ≤ 0.10, 

suggests the presence of a polar phase. 
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Figure 24. Variation of real part of the dielectric permittivity ε′ (top panel), tanδ  

(middle panel) and relative tunability nr (bottom panel) of Sr1-1.5xBixTiO3 thin films  

with x = 0.04 as a function of dc electric field at 10 kHz for selected temperatures. 
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Figure 25. Variation of real part of the dielectric permittivity ε′ (top panel), tanδ  

(middle panel) and relative tunability nr (bottom panel) of Sr1-1.5xBixTiO3 thin films  

with x = 0.10 as a function of dc electric field at 10 kHz for selected temperatures. 
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Figure 26. Variation of real part of the dielectric permittivity ε′ (top panel), tanδ  

(middle panel) and relative tunability nr (bottom panel) of Sr1-1.5xBixTiO3 thin films  

with x = 0.167 as a function of dc electric field at 10 kHz for selected temperatures. 

The temperature dependence of the relative tunability nr at 10 kHz and 

125 kV/cm of Bi-doped STO films is presented in Figure 27. All SBiT films 

present a broad peak in nr(T), similar to that in nr(T) of undoped STO. This 

peak shifts with increasing Bi content, resembling that in ε’(T). Tunability 

of SBiT films with x ≤ 0.04 is higher than that for undoped STO films (~ 

25.6% in the maximum at ~ 55 K) in all temperature ranges, and shows a 
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maximum value of ~ 38.6% at ~ 65 K for SBiT films with x = 0.04. With a 

further increase of Bi concentration (x > 0.04), nr is smaller than that of 

undoped STO and SBiT films with small Bi content and the nr maximum 

strongly shifts to high temperatures with increasing x: ~ 20% at ~ 60 K for  

x = 0.10, ~ 16.7% at ~ 253 K for x = 0.167. 

 

 

Figure 27. Temperature variation of the relative tunability nr of Sr1-1.5xBixTiO3 thin  

films at 125 kV/cm and 10 kHz.  

To characterise these films in terms of possible tunable applications, the 

communication quality factor (K) was calculated, based on the following 

equation [47]: 

 

 
)(Etan(0)tan

1)-(
K

max

2

 


n

n  (4) 

 

where n stands for the tunability and can be calculated as n = ε′(0)/ε′(Emax). 

K values of Sr1-1.5xBixTiO3 thin films were calculated by Eq. (4) using data 

of ε′(E) and tanδ(E) at an applied dc-field of 125 kV/cm and frequency of  

10 kHz, and are presented in Figure 28 as a function of the temperature. 
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Figure 28. Temperature variation of communication quality factor K of Sr1-1.5xBixTiO3 

films at 125 kV/cm and 10 kHz. 

It is obvious, that SBiT films with low Bi content x ≤ 0.04 show similar 

or higher K than that of undoped STO from 50-100 K to room temperature. 

At the same time, SBiT films with high Bi content x > 0.04 present K values 

lower than that of undoped STO, due to the decrease of tunability and 

increase of tanδ. As claimed by Vendik et al., a tunable component with K > 

2000 is suitable for practical application [47]. Thus, the analysed 

polycrystalline Sr1-1.5xBixTiO3 films with x ≤ 0.04 are all appropriate 

candidates for tunable applications. 

 

 

CONCLUSION 
 

Polycrystalline Sr1-1.5xBixTiO3 (x = 0 – 0.267) films with thickness of ~ 

450 nm, roughness less than 2 nm and average grain size from ~ 80 nm to ~ 

120 nm were prepared by sol-gel, spin coated on Si/SiO2/TiO2/Pt substrates, 

and crystallised at 750°C. The solid solubility limit of Bi in STO thin films 

is x = 0.167, as determined by XRD. For higher Bi contents of x ≥ 0.267, 
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Bi4Ti3O12 appears as an extra-phase. Similar to Sr1-1.5xBixTiO3 ceramics, the 

lattice parameter of SBiT films was found to increase with increasing Bi 

content. Expansion of the unit cell is explained by the slightly larger ionic 

size of 3

)12(Bi  compared to that of the substituted 2

)12(Sr  as well as by the 

formation of VSr and the corresponding electrostatic repulsion of adjacent 

oxygen anions.  

ε′(T) of all Sr1-1.5xBixTiO3 films revealed a strong rounded peak in the 

low frequency range. Moreover, strong frequency dispersion occurs, when 

ε′max significantly decreases and shifts to the high temperature region with 

increasing frequency. Two peaks were induced in ε′′(T), below the 

temperature of the peak in ε′(T) by Bi doping of STO films. Peak 1 was well 

observed at ~ 38 K in Sr1-1.5xBixTiO3 films with x ≤ 0.10, independent of Bi 

content, whereas peak 2 was clearly seen from ~ 68 K for films with x = 

0.0053 to ~ 145 K for x = 0.167. All loss peaks of Sr1-1.5xBixTiO3 films are 

frequency dependent. Additionally, the oxygen-vacancy related relaxation 

peak 3 was found to contribute to the dielectric losses of SBiT films. 

Furthermore, slim hysteresis loops of relaxor type were observed in SBiT 

films at low temperatures, implying the appearance of a polar state. Thus, 

the effect of Bi incorporation in STO films is qualitatively the same as the 

relaxor-like behaviour observed for Bi-doped STO ceramics, differing only 

in details.  

Based on the tunability values (a maximum ~ 38.62% at ~ 65 K for SBiT 

films with x = 0.04) and quality factor values, the analysed polycrystalline 

Sr1-1.5xBixTiO3 films with x ≤ 0.04 prepared by sol-gel can be considered as 

promising materials for tunable device applications. 
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