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Abstract

:

In the present work, polycrystalline Bi0.67La0.33Fe0.5Sc0.5O3 thin films were synthesized using a simple and cost-effective chemical solution deposition process employing the spin coating technique. In order to check the feasibility of the fabrication of thin films on various types of substrates, the films were deposited on Pt-coated silicon, silicon, sapphire, corundum, fused silica and glass. Based on the results of thermogravimetric analysis of precursor and thermal stability study, it was determined that the optimal annealing temperature for the formation of perovskite structure is 600 °C. It was observed that the relative intensity of the pseudocubic peaks (001)p and (011)p in the XRD patterns is influenced by the nature of substrates, suggesting that the formed crystallites have some preferred orientation. Roughness of the films was determined to be dependent on the nature of the substrate.






Keywords:


Bi1−xLaxFe0.5Sc0.5O3; perovskite; thin film; chemical solution deposition












1. Introduction


In recent decades multiferroic materials have attracted huge scientific and technological interest due to their unique physical properties. The coexistence of intimately coupled ferroic orders makes it possible to influence the state of the material by applying external electrical or magnetic fields [1]. A number of families of oxide materials with magnetic, ferroelectric, and ferroelastic properties and their combinations are composed of three-dimensional chains of metal–oxygen octahedra [2]. The perovskite family is probably the most famous in this respect [3].



Bismuth ferrite (BFO, BiFeO3) is one of the most known multiferroic materials with a perovskite crystal structure [4]. This perovskite demonstrates outstanding physical properties such as large remnant polarization (∼100 µC/cm2), high Curie temperature (TC ∼ 1100 K) and high Néel temperature (TN ∼643 K) [5,6]. Its direct band gap (Eg) of around 2.2–2.8 eV allows for efficient light absorption in the visible spectral range [7]. One of the approaches commonly employed for the tuning of magnetic, electrical, structural and optical properties of BFO considers a partial substitution of Bi3+ and/or Fe3+ ions by isovalent or aliovalent ions [8,9,10]. The remarkable BFO derivative, which is in fact A and B co-substituted BFO, is the Bi1−xLaxFe0.5Sc0.5O3 perovskite system [11,12]. In the bulk form of this material, the room temperature compositional crossover from the antipolar phase, the incommensurate modulation of displacements of Bi/La and oxygen of which is described by the Imma(00γ)s00 superspace group [13] to the nonpolar Pnma phase [14], occurs in the narrow range between x = 0.33 and 0.34 with no phase coexistence [15]. This very narrow compositional range is of a great interest, since it corresponds to a solid solution with the maximal lattice-magnetic coupling effect expected, since TC ≈ TN [15]. It is known that the perovskites phases of the Bi1−xLaxFe0.5Sc0.5O3 system (x < 0.80) can be prepared in forms of ceramics only using high-pressure synthesis [13,14,15], and they are metastable at ambient pressure. It should be noticed that while Bi0.67La0.33Fe0.5Sc0.5O3 and Bi0.66La0.34Fe0.5Sc0.5O3 in bulk form have been studied [11,12,15], to the best of our knowledge there are no reports on the synthesis and investigation of physical properties of their thin films.



Fabrication of multiferroic materials in the form of 2D nanostructures is of particular technological importance for the development and miniaturization of electronic devices [16,17]. Moreover, the aspects such as preferred orientation or surface strain can be considered as an additional powerful tool, allowing the physical properties of the materials to be tuned [18,19]. For the fabrication of multicomponent oxide thin films, various deposition approaches, including vacuum-based and non-vacuum based techniques, can be successfully employed [20,21,22,23,24]. It is well known that for some advanced deposition methods, such as metal organic chemical solution deposition, the precise stoichiometric control in multicomponent systems is a very challenging task because of different volatility of precursors, different deposition rates, etc. [25,26]. The methods based on physical vapor deposition also suffer from the deviation from desired product stoichiometry [27]. In this light, chemical solution deposition can be considered as a reasonable choice for production of mixed metal oxide films. This method is remarkable due to its low cost, simplicity, good mixing of starting materials at the molecular level and ease of processing for large-area wafers. Excellent stoichiometry control of the end product is easily achieved by the use of appropriate amounts of starting materials. All these features allow homogeneous and single-phase products to be obtained [28,29,30].



This study is the first step towards the systematic investigation of physical properties of Bi1−xLaxFe0.5Sc0.5O3 thin films. The main objective of this work was to develop a simple and reliable procedure for the deposition of Bi0.67La0.33Fe0.5Sc0.5O3 2D nanostructures. Additionally, this work was aimed at checking the feasibility of preparation of the Bi0.67La0.33Fe0.5Sc0.5O3 thin films on different kinds of substrates (monocrystalline, polycrystalline, amorphous, transparent and conductive) for further characterization of physical properties. For this reason, soda lime glass, polycrystalline Al2O3, fused silica, monocrystalline silicon wafer, sapphire and Pt-coated silicon (Pt/TiO2/SiO2/Si) substrates were selected. The influence of the substrate on structural properties and morphology of deposited thin films was investigated.




2. Materials and Methods


2.1. Preparation of Precursor Solution


The synthesis of precursor solution was performed on the basis of a previously reported procedure [31]. An appropriate amount of scandium oxide (Sc2O3, abcr, 99.9%) was dissolved in boiling concentrated nitric acid and evaporated to dryness. The obtained scandium salt was further dissolved in a certain volume of 2-methoxyethanol (C3H8O2, Sigma-Aldrich, Darmstadt, Germany, 99.8%). Metal nitrate hydrates La(NO3)3∙6H2O (Roth, Karlsruhe, Germany, 99.99%), Bi(NO3)3∙5H2O (Roth, 98%) and Fe(NO3)3∙9H2O (Sigma-Aldrich, 98%) were added to the above solution according to the stoichiometry of the final product (Bi0.67La0.33Fe0.5Sc0.5O3). A certain amount of acetic anhydride ((CH3CO)2O, Sigma-Aldrich, ≥99%) was then added to the prepared mixture; the volume ratio of 2-methoxyethanol and acetic anhydride was 3:1. The total concentration of metal ions in the obtained clear precursor solution was 0.25 M. Thermogravimetric analysis and elemental analysis of metal nitrates by means of inductively coupled plasma optical emission spectrometry (ICP-OES) were performed prior synthesis in order to estimate the actual metal content. Hereafter in the text, the chemical formula (Bi0.67La0.33Fe0.5Sc0.5O3) will be abbreviated as BLFSO.




2.2. Deposition of Thin Films


Multilayered thin films were prepared on Pt-coated silicon (Pt/TiO2/SiO2/Si, University Wafer, South Boston, MA, United States), silicon (CrysTec, Berlin, Germany), R-cut sapphire (CrysTec), polycrystalline corundum (MTI, Richmond, CA, United States), fused silica (Altechna, Vilnius, Lithuania) and glass (Roth) substrates by the spin coating technique using a SCS P6700 spin coater. Prior to deposition, the substrates were cleaned with a concentrated sulfuric acid and hydrogen peroxide (30%) mixture followed by washing with deionized water and isopropanol. Several drops of precursor solution were placed onto substrates and spin coated for 30 s at 3000 rpm. The as-deposited wet films were dried on a hot plate in a two-step manner: 5 min at 90 °C followed by 5 min at 270 °C. The complete cycle was repeated a certain number of times prior to a final annealing in a muffle furnace at different temperatures for 2 h (the heating rate was 1 °C/min). All films were deposited using the same precursor solution on the same day. An aliquot of precursor solution was evaporated and annealed under identical conditions in order to obtain BLFSO powders for comparison. A schematic representation of the deposition procedure is shown in Figure 1.




2.3. Characterization


The thermal decomposition of dried precursor solution was analyzed by thermogravimetry and differential scanning calorimetry (TG–DSC) using a Perkin Elmer STA 6000 simultaneous thermal analyzer. A dried sample of about 5–10 mg was heated from 25 to 900 °C at a heating rate of 5 °C/min in dry flowing air (20 mL/min). The crystal structure of the obtained samples was investigated by X-ray diffraction (XRD) using a PANalytical X’Pert powder diffractometer (Theta-Omega goniometer, Malvern Panalytical, Malvern, UK, Ni-filtered Cu Kα radiation, PIXcel1D detector, Malvern Panalytical, Malvern, UK, tube settings 45 kV, 40 mA). The deposited films were measured in grazing incidence X-ray diffraction (GIXRD) mode using a multi-purpose sample stage. The XRD patterns were collected with a grazing angle of 2° in the range from 20 to 80 degrees with a step of 0.02° and a counting time of about 7 s per step. Prior to each measurement, the substrate position was aligned against the direct beam by means of the omega angle correction. The XRD measurements of the powder samples were performed using a spinner sample stage (Bragg-Brentano geometry, a 2θ angular range of 20°–80°, step 0.02°, 0.5 s per step, a sample rotation of 4 s−1). The obtained XRD data were treated using the PANalytical HighScore 5.0 package. The morphology of the films was characterized using a Hitachi SU-70 scanning electron microscope (SEM) (Hitachi, Tokyo, Japan). For the surface characterization of the deposited films, a BioScope Catalyst atomic force microscope (AFM) from Bruker (BioscopeII/Catalyst, Karlsruhe, Germany) was used. The peak force tapping mode was applied using a ScanAsyst-Air silicon probe (nominal tip spring constant 0.4 N/m, scan rate 0.5 Hz). Two types of images were recorded: 20 µm × 20 µm and 5 µm × 5 µm.





3. Results and Discussion


The thermal decomposition behavior of dried BLFSO precursor solution was investigated by simultaneous TG–DSC measurements (Figure 2) in order to determine the annealing temperature range suitable for the formation of a perovskite structure. Three main steps in the thermal degradation process can be seen. Insignificant weight loss accompanied by a weak endothermic signal can be noticed at low temperatures around 100 °C. This process could be ascribed to the removal of residual water and organic solvent. Further considerable weight loss corresponds to the decomposition of nitrates and organic species. The constant mass of the residual was observed at temperatures above 600 °C; therefore, this temperature was chosen for the final thermal treatment of the deposited films. Moreover, a higher annealing temperature would lead to the melting of glass substrates, whereas for correct comparison of the films, annealing temperature should be the same for all substrates. Based on a TG curve, the total weight loss was calculated to be 57%.



The phase crystallinity and purity of all synthesized samples were characterized by means of XRD analysis. Figure 3 represents the XRD patterns of the BLFSO coatings deposited on different substrates and annealed at 600 °C for 2 h. It is evident that the crystalline phase was formed after annealing regardless of the nature of the substrate. Intense and well-resolved diffraction peaks corresponding to the pseudocubic perovskite structure [15] could be seen in all the XRD patterns. In the case of Pt/TiO2/SiO2/Si, silicon, sapphire and corundum, the diffraction reflections arising from the substrates were also seen. The broad diffraction peaks indicate the nanocrystalline nature of the films, which was expected after crystallization at relatively low temperatures. The obtained results suggest that proposed deposition procedure is suitable for the fabrication of perovskite thin films on monocrystalline, polycrystalline, amorphous, transparent and conductive substrate, which provides broad possibilities and flexibility in terms of the further investigation of the physical properties of this material.



It is well known that high annealing temperatures may lead to the formation of dense, well-crystallized films. However, the limitations caused by the metastable nature of bulk BLFSO do not suggest high-temperature processing. For this reason, some of the synthesized films were additionally annealed at different temperatures in order to determine the limiting annealing conditions. The XRD patterns of BLFSO films deposited on Pt/TiO2/SiO2/Si substrate and annealed at 550–800 °C are depicted in Figure 4.



XRD data were collected in the 20–35 2θ range, which contained the most intense peaks and where impurity phases such as Bi2O3, Bi2Fe4O9 or Bi25FeO39 are usually detected [32,33]. It could be seen that there were no changes in the XRD patterns when the temperature was increased up to 600 °C. After annealing at 650 °C, a low intensity diffraction peak at ca. 30° appeared. The intensity of this peak gradually increased with an increase of annealing temperature. At the same time, the intensity of the most intense peak of the perovskite phase (at around 31.6°) decreased, and the peak shifted towards a higher 2θ region. One more peak, located at around 34.7°, arose after annealing at temperatures above 700 °C. The observed annealing-induced changes indicated decomposition of the perovskite phase and suggested that 600 °C was the most suitable annealing temperature. In order to reveal possible influence of the substrates on crystal structure, strain and/or texture of the deposited films, the full width at half maximum (FWHM) values for the two most intense diffraction reflections (001)p and (011)p (in pseudocubic perovskite lattice) located at ca. 22.3° and 31.7° were estimated and compared with the respective values for the powder obtained by calcination of the precursor solution at 600 °C (Figure 5).



Although in the vicinity of the compositional crossover from the Imma(00γ)s00 phase to the non-polar Pnma phase, the symmetry of the primitive perovskite cell of the Bi1−xLaxFe0.5Sc0.5O3 perovskites is near cubic [15], a transition between these phases could be detected by variation in the FWHM value of the most characteristic diffractions reflections. As seen from Figure 5, for each particular substrate, FWHM of the (001)p reflection was regularly smaller than that of the (011)p reflection, suggesting that all the obtained films were of the same symmetry.



The (011)p to (001)p intensities ratios for different substrates are shown in Figure 6. It is seen that intensity ratios were clearly dependent on the nature of the substrates. This value was estimated for the Pt substrate to be about 4.7. The lowest values were obtained for the amorphous substrates; for instance, it was only about 2.6 for the film on glass substrate. For the powder prepared from the precursor solution, this value was about 3.0.



The microstructure of the BLFSO films was examined by SEM. The most representative plane views of the films deposited on Pt/TiO2/SiO2/Si, silicon, sapphire and fused silica followed by annealing at 600 °C are given in Figure 7. The morphology of the films fabricated on all types of substrates was very similar. The obtained films were uniform but not absolutely dense: some pores could be observed. Thickness of the films was determined by SEM analysis of the cross-section. It was found that single-layered film obtained by one deposition cycle was about 50 nm thick. Moreover, the thickness of the films was independent of the type of substrate.



Figure 8 demonstrates 2D AFM images of the BLFSO films deposited on different substrates. The obtained images are in good agreement with the obtained SEM micrographs and confirm the presence of nanodimensional pores. The roughness of the films and non-coated substrates was estimated by calculation of the root mean square of height values (RMS), which are summarized in Table 1. The RMS values were calculated for the relatively large (20 µm × 20 µm) and the relatively small (5 µm × 5 µm) areas; the obtained results were in good agreement. It is seen that the roughness of the film was higher than that of uncoated substrate with an exception for mechanically polished corundum, which possessed a relatively rough initial surface. The RMS values varied in the range from 3.1 to 7.3 nm, and the highest roughness was observed for the Pt/TiO2/SiO2/Si substrate and the lowest for the fused silica one.




4. Conclusions


Polycrystalline Bi0.67La0.33Fe0.5Sc0.5O3 thin films were successfully fabricated by chemical solution deposition using a spin coating technique. Multi-layered films with perovskite structure were prepared on Pt/TiO2/SiO2/Si, silicon, sapphire, corundum, fused silica and glass substrates after annealing at 600 °C. Processing at higher temperatures resulted in the decomposition of the perovskite phase. The films were found to be of the same crystal symmetry regardless of the substrate used. At the same time, the relative intensity of the pseudocubic peaks (001)p and (011)p in XRD patterns was rather different for the films on different substrates, suggesting that the perovskite crystallites have some preferred orientation. The roughness of the films varied in the range from 3.1 to 7.3; the highest roughness was observed for the Pt/TiO2/SiO2/Si substrate and the lowest for the fused silica substrate.
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Figure 1. Schematic representation of the synthesis of BLFSO thin films and optical photographs of the films deposited on Pt/TiO2/SiO2/Si, corundum, silicon and fused silica substrates. 
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Figure 2. TG–DTG–DSC curves of dried Bi–La–Fe–Sc–O precursor solution. 
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Figure 3. XRD patterns of the BLFSO films processed at 600 °C on different substrates. 
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Figure 4. XRD patterns of the BLFSO films annealed at different temperatures (Pt/TiO2/SiO2/Si substrate). 
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Figure 5. FWHM of the (001)p and (011)p reflections for the films fabricated on different substrates. 
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Figure 6. Ratio of the intensities of the (011)p and (001)p reflections in XRD patterns of the BLFSO films fabricated on different substrates. The point corresponding to the respective value for the powder sample is shown for comparison. 
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Figure 7. Plane view SEM images of the BLFSO films deposited on Pt/TiO2/SiO2/Si (a), silicon (b), sapphire (c) and fused silica (d). 
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Figure 8. AFM images of the BLFSO films processed at 600 °C on Pt/TiO2/SiO2/Si (a), silicon (b), sapphire (c), corundum (d), fused silica (e) and glass (f). 
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Table 1. Roughness of selected substrates and films calculated as RMS.
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	Substrate
	Roughness of Substrate, nm
	Roughness of Film on the Respective Substrate, nm





	Pt/TiO2/SiO2/Si, Si/SiO2
	4.2 ± 0.1
	7.3 ± 0.8



	Silicon
	0.6 ± 0.3
	3.8 ± 0.1



	Sapphire
	1.2 ± 0.2
	5.8 ± 0.9



	Corundum
	9.2 ± 2
	4.8 ± 0.2



	Fused silica
	0.8 ± 0.1
	3.1 ± 0.5



	Glass
	1.1 ± 0.1
	4.2 ± 0.3
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