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Abstract:

 The aim of this work is to assess the evolution of the structural and optical properties of BixTiyOz films grown by rf magnetron sputtering upon post-deposition annealing treatments in order to obtain good quality films with large grain size, low defect density and high refractive index similar to that of single crystals. Films with thickness in the range of 220–250 nm have been successfully grown. After annealing treatment at 600 °C the films show excellent transparency and full crystallization. It is shown that to achieve larger crystallite sizes, up to 17 nm, it is better to carry the annealing under dry air than under oxygen atmosphere, probably because the nucleation rate is reduced. The refractive index of the films is similar under both atmospheres and it is very high (n =2.5 at 589 nm). However it is still slightly lower than that of the single crystal value due to the polycrystalline morphology of the thin films.
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1. Introduction

Bismuth titanium oxide is of interest because it has several applications in the field of microelectronics, electro-optics and dielectrics devices. Numerous compounds of the Bi-Ti-O system are known, such as: Bi4Ti3O12, Bi2Ti2O7, Bi2Ti4O11, Bi12TiO20 and Bi20TiO32 [1]. The phase Bi4Ti3O12 (BIT), when it crystallizes in the monoclinic or orthorhombic phase, exhibits ferroelectric properties that have attracted much attention due to its applications in the electronic industry as capacitors and high temperature piezoelectric devices [2,3], besides being regarded as one of the most promising candidate materials for nonvolatile ferroelectric memories owing to its large spontaneous polarization and its fatigue-resistance property [4–7]. Moreover, the possibility of fabricating environmentally friendly electrical devices without lead is an outstanding reason for synthesizing the BIT compound [8]. This stoichiometric can be obtained through thermal treatments of the Bi12TiO20 compound, which shows photocatalitic activity [9]. Additionally, the BIT compound also has applications in electro-optic devices, but their optical properties, such as the refractive index, have barely been studied. However, there are published papers that give account of the techniques employed to grow BTO films, such as: metal organic solution [10], chemical solution deposition [11], and magnetron sputtering [12]. In some previous works it has been shown that annealing treatments can change the optical properties of the films; however there is no detailed study on the grain size evolution and its effect on the optical properties. In this work we study in detail the effect of the annealing treatments both on the microstructure and optical properties of BiTiO thin films grown by sputtering.



2. Results and Discussion

The XRD pattern of the as-grown thin film (i.e., at 350 °C) showed be amorphous, likely due to the fact that the Bi12TiO20 phase formation usually occurs between 350 and 550 °C [13], as it is shown in Figure 1.

Figure 1. XRD pattern of bismuth titanium oxide thin film without annealing treatment.
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Figure 2 shows the effect of the annealing temperature on the crystalline structure of the thin films. At temperatures below 500 °C, the films mainly exhibit the crystallographic phase Bi12TiO20 (denoted as Bi12), with lower contributions of the Bi4Ti3O12, TiO2, and Bi2O3 phases. As the temperature increases, a gradual decrease of the Bi12TiO20, TiO2, and Bi2O3 phases is observed, and the notable start of the Bi4Ti3O12 formation was found around 500 °C [14]. These results are in agreement with those found by other authors, who have observed the formation of Bi4Ti3O12 between 500 and 700 °C [12]. However, the main peak of Bi4Ti3O12 indexed as (171) is slightly shifted toward left side with respect to its XRD powder, which is at 30.05° according to PDF card 35-0795. This shift is probably due to the stress between the substrate and the film. At temperatures above 600 °C, the Bi2Ti2O7 (denoted as Bi2) crystallographic phase is observed in the XRD pattern, and this is likely due to bismuth deficiency resulting from a bismuth loss because of re-sputtering phenomena, or through evaporation during the annealing treatment. This phase deficient in Bi appears together with the Bi4Ti3O12 crystallographic phase [15]. Additionally, in Figure 1 we can observe that as the temperature increases above 500 °C, the films are mainly composed of the Bi4Ti3O12 phase. The Full Width at Half Maximum (FWHM) along the (171) plane value decreases from 0.57° to 0.48° at 500° and 700 °C, respectively, exhibiting an improvement in crystallinity and an increase of the grain size [14]. After the above-described thermal analysis, additional annealing treatments of the films in controlled atmospheres of dry air and oxygen were performed at 600 °C. After these treatments, the films showed an enhanced crystallinity, and the presence of secondary crystallographic phases was minimal.

Figure 2. XRD patterns of Bismuth titanium oxide film with annealing treatment during 5 min in oxygen atmosphere. BixTiyOz phases: Bi4Ti3O12 (BIT), Bi12TiO20 (Bi12), Bi2Ti2O7 (Bi2).



[image: Materials 07 03427f2 1024]





Figure 3 shows the XRD pattern of the films after 2 h of annealing at 600 °C in air and oxygen atmospheres. The XRD pattern shows that three different crystallographic structures of Bi4Ti3O12 have been formed: monoclinic, orthorhombic, and tetragonal, originating from the starting Bi12TiO20 during the thermal process [16].

Figure 3. XRD patterns of bismuth titanium oxide thin films with annealing treatment in (a) oxygen; and (b) dry air atmospheres.
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The morphological behaviour of the thin films is showed in Figure 4. The as-grown film exhibited the lowest grain size of 3.4 nm and root mean square roughness (rms) of 4.3 ± 0.7 nm, while these values increased more in dry air than in oxygen by shifting the rms from 5.0 ± 1.8 to 13.7 ± 2.7, and the grain size from 9 to 17 nm, in oxygen and dry air atmospheres, respectively. This behaviour can be explained because of a higher rate of nucleation in oxygen than in air, leading to lower roughness and grain size values in this atmosphere [17]. The best-fit film thickness obtained from the ellipsometry modeling was 220 nm. This value is slightly lower to that obtained by perfilometry where the thickness of the films grown in the different atmospheres show average values of 250 nm.

Figure 4. AFM images of: (a) as-grown thin films; (b) annealed films in oxygen and (c) annealed films in dry air.
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Figure 5 shows the best-fit spectrum of the refractive index n in the 400–1700 nm ranges for the as-grown and annealed films (at 600°C in oxygen and dry air atmosphere). Excellent multi-angle fitting (mean square errors around 3) was obtained along the whole wavelength range for all the films using a real Cauchy law (k = 0), showing that they exhibit high transparency in the visible and near-infrared ranges. From Figure 4 it can be seen that the refractive index increases with the annealing process in both atmospheres, at long wavelengths and don’t have important changes at short wavelengths, with respect to the values of refractive index of the as-grown film. These results are originating from the fact that high annealing temperature increases the crystal size of the film [10]. While the AFM results showed that the film annealed in dry air shows bigger grains than that annealed in oxygen, however index of refraction is higher in the last film, probably due that is more compact (see Figure 4) [10].

Figure 5. Best fit for the n spectra obtained for the three films using an isotropic model; analysis range 20°–60° and 300–1700 nm.
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The optical properties of Bi4Ti3O12 thin films on Si (100) deposited at 600 °C from a sputtering gas mixture of 60% Ar and 40% O2 (without annealing treatment) were also studied by Yamaguchi et al. via ellipsometry [12]. Their refractive index showed a lower value at 700 nm of n ~ 2.26 nm, but additionally the thin film exhibits the BIT phase.

On the other hand, a comparative study of the optical properties of Bi4Ti3O12 and Bi3.25In0.75Ti3O12 thin films on quartz substrates was performed by Jia et al., using optical transmittance measurements [11]. At 589 nm, the Bi4Ti3O12 film of their paper exhibits a refractive index of 2.46, very close to our as-grown and annealed thin films (Figure 4, n ~ 2.5 at 589 nm) values. These values are still lower than those reported for a Bi4Ti3O12 single crystal (n = 2.7 at 589 nm [18]). Usually, the lower refractive index obtained for the thin films has been attributed to the smaller packing density and the higher density of defects in the films compared to that in the single crystals. Since the films are not single crystals, but are composed of small crystallites, it is likely that they are not as dense as the bulk material. So it is reasonable that the refractive indices of the thin films are lower, although at higher wavelengths, the refractive index tends to diminish, and a slight improvement in oxygen atmosphere can indicate a thin film with a more uniform surface than in dry air.



3. Experimental Details

The equipment used in the deposition of the bismuth titanium oxide films was a CIT-Alcatel HS 2000 rf sputtering system with a balanced magnetron 101.6 mm in diameter, described in a previous paper [19]. The deposition was performed from a target of Bi4Ti3O12 with high purity (99.9%) onto silicon (100) substrates. The conditions established for deposition were: target power supply 150 W, argon flux 20 sccm, deposition temperature 350 °C and deposition time 30 min. In order to study the influence of the annealing treatment on the crystalline structure and optical properties of the films, an annealing process was carried out on some of them by using a Lindberg Blue M furnace to obtain thin films annealed at 600°C for 2 h in dry air (19.9% O2) and in an oxygen atmosphere with a 20 sccm flux. In this way, three kinds of thin films were studied: as-grown, and with an annealing process in oxygen and in dry air atmospheres. The crystalline structure of these films (as-grown and annealed at 600 °C) was characterized with a Panalytical X’Pert PRO X Ray difractometer (XRD) using a Bragg Brentano geometry with Cu-kα radiation (λ = 1.5405 Å) in the 2θ range 10°–60° with steps of 0.02°. In addition, using the same equipment, the XRD patterns of an initially as-grown film was recorded in-situ as a function of the annealing temperature, which was increased from 400 to 700 °C, with steps of 50 °C, in a controlled oxygen atmosphere for 5 min and a 20 sccm flux. The thicknesses of the films were measurement with a Veeco Dektak 150 surface profilometer. Morphology response of all the films was measured with the Atomic Force Microscopy (AFM) Nanoscope IV Dimension 3100 equipment of Digital Instruments–Bruker Ellipsometry measurements on the bismuth titanium oxide thin films (as-grown and annealed at 600 °C) were performed from 20° to 60° (step 10°) in the 400–1700 nm wavelength range (step 10 nm) using a Woollam VASE vertical ellipsometer (J.A. Woollam, Lincoln, NE, USA). Fitting of the experimental data was achieved using a three-layer structure (roughness/film/substrate). The substrate shows the properties of bulk Si. The refractive index n of the films was modelled using a Cauchy function with no absorption (extinction coefficient k = 0), and the surface roughness layer was modelled using a standard effective medium approximation (EMA,) function implemented in the Woollam WVASE software The EMA used is the Bruggeman’s model assuming 50% material and 50% void for the surface layer refractive index. The roughness of the films obtained from the ellipsometry measurements was about 6 ± 2 nm which is in good agreement with the rms values obtained from the AFM measurements. The small differences could be due to the fact that AFM measurements are local, where in the optical measurements an average from a larger area (mm2) is obtained. A multi-angle fitting procedure was used, i.e., the same model was used to simultaneously fit the spectra obtained at the 5 different angles. The free parameters were the layer thicknesses and the Cauchy parameters (An, Bn, Cn), and the thickness in homogeneity, which was always below 10%.



4. Conclusions

The structural and optical properties of BixTiyOz thin films grown through rf magnetron sputtering as a function of thermal treatment were studied. The XRD results show that the as-grown films are amorphous. After annealing treatments, the presence of various BixTiyOz crystalline phases and a lower concentration of oxide compounds (TiO2, Bi2O3) were identified. Optically, the thin films showed good transparency. The refractive index of the films increased after the annealing treatments in the near-infrared region, reaching a value as high as n ~ 2.45 at 850 nm, which can be attributed to the increase of the grain size with the thermal treatment. Basically, these results allowed us to establish relationships among crystallinity, morphology and optical properties of BiTiO films.
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