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Perovskite-type oxide SrSn1-xVxO3 thin films with different concentrations x = 0.1–0.9 were fabricated by using pulsed-laser deposition, and the effects of V doping on the structure, optical band gap and the third-order optical nonlinearity were systematically investigated. With the increase of x value, the lattice parameters of SrSn1-xVxO3 decrease from 3.997 to 3.862 Å gradually, while the optical band gaps firstly increase and then decrease with boundary at x = 0.3. The third-order nonlinear optical responses were studied via the z-scan technique. The closed-aperture measurements show a negative nonlinear refractive index n2, and the open-aperture measurements demonstrate a saturable absorption β. Both the n2 and β responses vary with the increase of V doping level. The metal-oxygen chemical bond along with the localized V5+Sn2+V5+ complex contribute to the enhancement of optical nonlinearity, and the highest value of third-order susceptibility χ(3) is observed in SrSn0.5V0.5O3 film.
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1 INTRODUCTION
With the rapid development of optoelectronic science and technology, multifunctional devices with modulated performance have attracted worldwide research attention (Benaissa et al., 2021; Leal-Perez et al., 2022). Lead-free perovskite ABO3-structured oxides are promising optoelectronic materials due to their noticeable ferroelectric, piezoelectric, optical nonlinearity, best compatibility and environment-friendly characteristics (Pattipaka et al., 2019; Guo et al., 2022). Therefore, theoretical research and experimental explorations in the generation mechanism of optical nonlinearity and properties modulation have been intensively studied in the past decade and have made a great progress especially through A-site or B-site ion-doping (Sakhya, et al., 2017; Absike et al., 2022; Shereef et al., 2023; Wang et al., 2023).
Perovskite-structured SrSnO3 (SSO) is a remarkable material among the family of alkaline earth stannates. Due to the high transparency, thermal stability, semiconductor nature (band gap: 4.24 eV), SrSnO3 shows promising applications in photovoltaic equipment which highlights excellent optical and electrical properties (Gao et al., 2016). Moreover, SrSnO3 can be used as a chemically stable matrix for A-site or B-site ion-doping to study the optical band gap modulation and linear or nonlinear optical properties. Based on theoretical analysis and experimental results, the doped SrSnO3 materials have shown much better optical and electrical properties, and various metal dopants such as Co, Nb, Ta, Fe have been chosen for the desired qualities (Liu et al., 2014; Liu et al., 2017; Gao et al., 2019; Li et al., 2020).
As is known, the selection of an appropriate dopant is important for modulating the optical and electrical properties of doping matrix. Vanadium (V) is a multivalent element, and vanadium oxide has a large third-order nonlinear optical response among transition-metal oxides (Ando et al., 1995). Recently, it has been reported that transparent SrVO3 (SVO) has a cubic perovskite structure with a band gap of approximately 3.1 eV (Oka et al., 2020). Taken into consideration of the matrix and dopant, doping V into SrSnO3 may result in an enhanced optical nonlinearity and a modulated optical band gap.
In this study, we report the fabrication of a series of V-doped SrSnO3 epitaxial films (SrSn1-xVxO3, x = 0.1–0.9) on MgO substrates by using pulsed laser deposition (PLD) technique. The doping effect on modulation of the band gap and enhancement of the third-order optical nonlinearity was investigated.
2 EXPERIMENTAL DETAILS
SrSn1-xVxO3 films were deposited on (001)-oriented MgO single-crystal substrates by using PLD employing a Lambda Physic KrF excimer laser with a pulse width of 20 ns operating at a repetition frequency of 4 Hz. The ceramic targets were synthesized through high-temperature solid-state reaction using SrCO3, SnO2, and V2O5 powders (Macklin Chemical Co. Ltd., 99.95%) as raw materials with desirable molar ratio. In this experiment, five samples were prepared with setting x = 0.1, 0.3, 0.5, 0.7, and 0.9, and the corresponding deposited films were denoted as SSVO1, SSVO3, SSVO5, SSVO7, and SSVO9, respectively. Prior to deposition, the chamber was vacuumed to a base pressure of 1.0 × 10−4 Pa, and the distance between the target and the substrate was set as 35 mm. During the process of deposition, the films were deposited at 750°C under an oxygen pressure of 30 Pa. A growth rate monitor was used to control the thickness of the fabricated films to be about 180 nm. The in-situ annealing after deposition was carried out for 20 min in the same oxygen ambient in order to obtain better uniformity and crystallinity for the subsequent optical measurements.
The crystal structure and orientation of the prepared samples was characterized by x-ray diffractometer (XRD, Bruker D8-A25) using Cu-Kα radiation with a Ni filter. X-ray photoelectron spectroscopy (XPS, VGESCALab-5) equipped with a source of Mg-Kα exciting radiation was used to study the chemical state changes with doping concentration. The optical absorption spectra in the wavelength range of 300–800 nm were used to determine the optical band gap modulation.
The third-order optical nonlinearity was investigated by using the z-scan technique (Bahae et al., 1990). The optical schematic diagram is shown in Figure 1. The incident beam source was a picosecond laser operating at λ = 532 nm. The focal length of the converging lens was f′ = 12 cm, and the beam waist radius was about 30 μm at the focal point. Beam splitter 1 and Detector 1 were used to monitor the fluctuation of pulse laser energy. The open-aperture (OA) and closed-aperture (CA) measurements were carried out by Detector 2 and Detector 3, respectively. Detailed parameters of z-scan experiment used for the calculation of third-order nonlinearity are listed in Table 1.
[image: Figure 1]FIGURE 1 | Typical setup of the z-scan experiment.
TABLE 1 | Parameters of z-scan experiment.
[image: Table 1]3 RESULTS AND DISCUSSION
Figure 2A presents the XRD profiles of the deposited SSVO films on MgO (001) substrates in the range of 20–50°. It can be seen that besides the diffraction peaks from the MgO substrate, only sharp (00L) peaks of the SSVO films are observed, and no visible impurity phase can be detected, which suggests that all the samples are grown with a preferred c-axis orientation. The full width at half-maximum (FWHM) of the x-ray rocking curve from the (002) peak of deposited films is in the range of 0.21°–0.69°, as shown in the inset of Figure 2A, indicating the good crystallinity of the films. Typical x-ray φ scans around the (101) peak of SSVO3 film and MgO (112) peak were shown in Figure 2B. The four-fold symmetry with 90° intervals suggests the epitaxial in-plane texture between the films and the underlying substrate.
[image: Figure 2]FIGURE 2 | (A) XRD profiles of the prepared SSVO samples. Inset: ω-scan rocking curve on the SSVO3 (002) peak. (B) φ-scan patterns of the (101) peak of SSVO3 film and MgO substrate around (112) reflection. (C) The lattice constant c for the prepared samples as a function of V concentration. (D) The schematic display of SSVO atomic structure.
As is known, the lattice parameter of pseudocubic-structured SSO is 4.082 Å (Zhang et al., 2006), while that of cubic SVO is 3.843 Å (Makino et al., 1998), indicating the predictable lattice matching between the SSVO films and the cubic MgO substrates (4.13 Å). As shown in Figure 2A, the location of (00L) peaks of the SSVO films shift to the high-angle direction with the increase doping concentration of V, which implies a decrease of lattice constant c. The variation of the calculated value of c with x in SrSn1-xVxO3 is shown in Figure 2C. The lattice constant decreases from 3.997 Å for SSVO1 to 3.862 Å for SSVO9. As is known, the size of Sn4+ ion is 0.69 Å, while that of V4+ is 0.58 Å. Doping with smaller ions is responsible for the decreased lattice constant. The schematic display of SSVO atomic structure is illustrated in Figure 2D.
XPS data were recorded to investigate the valence states of the chemical elements for the films, and the C 1s peak at 284.8 eV was used as a standard reference. Figures 3A–C show the binding energies of Sr 3d, Sn 3d, V 2p + O 1 s for the films, respectively. The Sr 3d spectra are approximately the same within the V doping concentrations, indicating that the doping ions have almost no influence upon the chemical state of Sr ions. Typical Sr 3d spectra for SSVO3, as shown in Figure 3D, comprise a doublet located at 133.80 eV and 132.25 eV, respectively. The binding energies can be assigned to Sr 3d3/2 and Sr 3d5/2, suggesting the existing Sr2+ state in the samples.
[image: Figure 3]FIGURE 3 | XPS spectra of (A) Sr 3d, (B) Sn 3d, and (C) V 2p + O 1s for the prepared SSVO films. Deconvolution of (D) Sr 3d, (E) Sn 3d, and (F) V 2p + O 1s spectra for typical SSVO3 sample.
Figure 3B depicts two peaks of Sn 3d photoelectron spectra. The broad binding energy of Sn 3d5/2 at low doping concentrations (x ≤ 5) implies multivalent Sn ion in the films. For clarity, Sn 3d spectra for SSVO3 are shown separately in Figure 3E. By using the method mentioned within the literature (Silversmit et al., 2004; Biesinger et al., 2010), the Sn 3d5/2 data break down into two peaks located at 486.10 eV (blue) and 486.95 eV (red), which corresponds to Sn2+ and Sn4+ oxide states, respectively. As is known, the electronegativity value of Sn element is 1.8, while that of V element is 1.6. Doping with a lower electronegativity element is responsible for the observed low oxidation state Sn2+ in the SSVO films. With the increase of doping concentration x, however, the Sn 3d5/2 peak becomes sharper and centers at 486.95 eV, as shown in Figure 3B. This analysis indicates that most of the Sn ion in SSVO shows + 4 states at high doping concentration of V (x > 5).
Figure 3C presents the binding energies of V 2p + O 1s targeted region. The V 2p3/2 peak shifts toward lower binding energies with increasing V content in SSVO films, indicating the reduced V oxide state. Generally, the V element exhibits multiple chemical valences in the family of vanadium oxides, such as +2, +3, +4, +5 valences. However, V5+ is the most stable state in V-O oxide system (Atuchin et al., 2008). Detailed analysis of V 2p + O 1s states is shown in Figure 3F. The asymmetric V 2p3/2 binding energy is deconvoluted into three peaks located at 515.86 (dark yellow), 516.88 (magenta), and 517.71 eV (cyan), corresponding to +3, +4, +5 states of V ions, respectively. With the increase doping concentration of V, the V 2p3/2 peak shifts to the lower energy side and centers at 516.88 eV, as shown in Figure 3C. The V4+ oxide state is consistent with the observed Sn4+ state in Figure 2B at x > 5, which is the requirement of the charge balance.
The O 1s signal of SVVO3 is also shown in Figure 3F, which can be resolved into three peaks centered at 529.8 (blue), 530.7 (red), and 531.8 eV (green), respectively. The peak located at the lowest binding energy can be attributed to the lattice oxygen of the SSVO films, while the other two peaks at higher binding energies are possibly related with the organic surface contamination or physisorbed species (Manorama et al., 2001; Sharma et al., 2005).
Optical bandgap (Eg) of transparent perovskite-structured oxides is sensitive to the dopants. For SSVO films as a direct semiconductor, Eg can be determined by using the Tauc’s equation (Tauc et al., 1966)
[image: image]
where α is the optical linear absorption coefficient, hν is the applied photon energy in eV, and A is a constant coefficient.
The relationship between [image: image] and hν is plotted in Figure 4. By linear extrapolating the curves to [image: image], Eg can be obtained, as shown in the inset of Figure 4. The uncertainty is estimated about 1%–5% which depends on the data points. The variation of, Eg with x can be fitted by the equation [image: image] in the whole doping range x = 0.1–0.9.
[image: Figure 4]FIGURE 4 | Plots of [image: image] versus hν for the SSVO films. Inset: Extracted, Eg values as a function of V content in SSVO films.
It is clear that, Eg increases at first then decreases with the doping concentration x. The increase in, Eg can be analyzed by the Burstein-Moss effect due to the enhanced carrier concentration (Moss and Smoluchowski, 1952; Burstein, 1954). When increase x further (x > 0.3), however, Eg decreases from 4.25 to 3.66 eV. This is understandable, since, Eg of SSO is 4.27 eV while that of SVO is 3.5 eV. Consequently, the impurity bands that consisted of the V 3d states act as extra valence bands in addition to the O 2p band as a result of substitutional doping V into SSO. Then the valence band edge moves closer to the bottom of the conduction band. The introduction of V ion into the band gap of SSO accounts for the narrowing band gap (Dakhel, 2012).
Figure 5 shows the z-scan measurement results for the SSVO films. It seems that the nonlinearity responses vary in different ways along with the doping concentration at point x = 0.5. For comparative analysis, Figure 5 (a1) and (b1) show the results for SSVO1, SSVO3, and SSVO5, and Figure 5 (a2) and (b2) show the results for SSVO5, SSVO7, and SSVO9.
[image: Figure 5]FIGURE 5 | OA (a1,a2) and CA (b1,b2) z-scan results for the SSVO films.
The OA data, as shown in Figure 5 (a1) and 5 (a2), demonstrate peaks at z = 0, indicating that the existence of saturated absorption β and negative imaginary part of the third-order susceptibility Imχ(3). The CA data, as shown in Figure 5 (b1) and 5 (b2), display a peak-valley shape, which means a pre-focal maximum followed by a post-focal minimum for all samples. This configuration manifests the negative nonlinear refractive index n2 and real part of the third-order susceptibility Reχ(3). Given the OA and CA data, it seems that the V doping concentration x has promising effect on Imχ(3) and Reχ(3) significantly.
By using the normalized transmittance at OA peak, β and Imχ(3) can be calculated through the following equation (Liu et al., 2019),
[image: image]
and [image: image]
where Leff is the effective thickness of the film, [image: image], and [image: image] is the Rayleigh length of the beam, λ, c, n0 are incident light wavelength, speed of light in vacuum, and linear refractive index, respectively. The value of n0 can be obtained from Refs. (Ismail and Desouky, 2023; Ghebouli et al., 2009)
The CA data can be fitted using the following equation (Liu et al., 2019),
[image: image]
n2 and Reχ(3) are related through
[image: image]
The obtained values of β, Imχ(3), n2, and Reχ(3) for the SSVO films are listed in Table 2. The relative uncertainty in the values is estimated to be about 10%, which is typical of z-scan measurements.
TABLE 2 | The nonlinear optical parameters of the samples.
[image: Table 2]The variation of χ(3) with the doping concentration x is plotted in Figure 6 using a spline connection. With the increase of x, the value of χ(3) initially increases and then decreases, and the maximum appears at x = 0.5 (SSVO5).
[image: Figure 6]FIGURE 6 | Variation of χ(3) with V content in SSVO films.
As for metal oxides, the metal-oxygen covalent bond length plays an important role for the third-order optical nonlinearity. With the doping of V, the lattice volume shrinks, which is demonstrated by XRD data (Figure 2). According to the bond-orbital theory (Lines, 1991), the shorter metal-oxygen length, the larger nonlinear optical responses. The Sn-O bond length in SrSnO3 is 2.057Å, and the V-O bond length in SrVO3 is 1.950 Å (Inoue et al., 1998; Zhang et al., 2007). It is understandable that the bond length decreases along with the substitution of Sn site of SrSnO3 with V ions. As a result, the value of χ(3) for the prepared SrSn1-xVxO3 films increases with x in the range of x = 0.1–0.5.
On the other hand, in the case of low doping concentration x ≤ 0.5, the valence state of most of the doping V ions is +5, as shown in Figures 3C,F. Since the chemical state of Sr ions shows no measurable change resulted from V doping, V5+ substitutions locally induce the reduction of Sn4+ to Sn2+ as follows:
[image: image]
[image: image]
The resulting V5+Sn2+V5+ complex, as shown in Figure 7, gives rise to dipole-like cluster with the electrons localized. The localized electrons contribute significantly to the enhancement of the permittivity and optical nonlinearity (Hu et al., 2013). As is known, the third-order optical nonlinearity of materials with localized electrons can be enhanced by artificially confining the electrons in localized regions (Banfi et al., 1998). It can be considered that the complex-related effect plays the main role in the optical nonlinearity enhancement. However, with further increase of the doping concentration x > 0.5, the valence state of V ions gradually changes to +4 (as shown in Figure 3C), and the dipole-like cluster disappears, which leads to the decrease of the nonlinear optical responses. It seems that this complex-related effect plays the main role in the optical nonlinearity for x > 0.5.
[image: Figure 7]FIGURE 7 | Ball-and-stick illustration of the V5+Sn3+ complex sketched with dashed lines. Unlabelled atoms are Sn4+ (gray) and O (red).
4 CONCLUSION
In summary, we have demonstrated an experimental method for the modulation of the band gap and enhancement of the third-order optical nonlinearity in SrSn1-xVxO3 films by adjusting the doping concentration x. In the range of x = 0.1–0.9, the optical bandgap in eV can be expressed as [image: image]. Both the metal-oxygen covalent bond and localized dipole-like cluster contribute to the enhancement of the third-order nonlinear optical responses at low doping concentrations x ≤ 0.5. With increasing the doping concentration further, however, the value of χ(3) decreases as a result of the disappearance of V5+Sn2+V5+complex due to the changes of V and Sn chemical states.
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