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Editorial on the Research Topic 
Light-Nanomaterial Interactions for Energy Efficient Nanophotonic Devices

Light-matter interaction is the fundamental principle of optical/photonic devices, which includes absorption, transmission, and reflection at the fundamental level and can be further used to control emission, detection and amplification, as well as optical magnetization. Therefore, controlling the light-matter interaction holds the key in designing advanced functional optical/photonic devices. In the last few decades, the advancement in development of nanomaterials and nanofabrication techniques allows achieving light-matter interaction at nanoscale beyond the diffraction limit, which enable advanced manipulation of electromagnetic waves. Recent advancement in developing two-dimensional (2D) materials, such as graphene (Lin et al., 2019; Yang et al., 2019; Lin et al., 2020a; Lin et al., 2021), transition-metal dichalcogenides (TMDCs) (Lin et al., 2020b), perovskites (Wen et al., 2018; Wang et al., 2020) and hexagonal boron nitride (hBN) Wu et al., further pushed the light-matter interaction down to deep subwavelength scale, even to a single atomic layer, which is fascinating and extraordinary due to the 2D confinement of electrons. Therefore, light-nanomaterial interaction offers a broad range of applications in various areas including sensing, imaging, renewable energy harvesting, optical data storage, and optical communication, which is the technology revolution in the 21st century affecting our lives in medical, health, energy consumption, and communication.
This research topic has 9 research papers, focusing on the cutting-edge advances in research of light-matter interaction with different types of nanostructures and nanomaterials, including dielectric materials (silicon, Sb2Se3, β-Ga2O3 and diamond), 2D materials (graphene and MoS2) and magnetic nanomaterials (Ca2Nb2O7 PLD Film), covering different interactions, such as linear and non-linear optical responses, and magnetic response. In addition, there are several applications based on the fundamental light-matter interaction are demonstrated, such as silicon ring waveguides, hologram, nano-thermometers.
Optical non-linearity (Tan et al., 2017; Yang et al., 2018; Yang et al., 2020) is an important characteristic of materials for the applications of optical modulators, switches, high harmonic generation. There are four studies on the optical non-linearity of different nanomaterials in this research topic. Sun et al. experimentally demonstrated tuning the optical non-linearity of graphene/MoS2/Ag thin films by controlling the DC power of magnetron sputtering power, which manipulate the local surface plasmon resonance effect of the Ag thin films. Such an enhanced surface plasmon resonance effect can enhance the non-linearity of the entire system. It is an interesting tuning method, with which the non-linearity is enhanced by the unique surface plasmonic effect. the magnetron sputtering technology has also been applied to tune the doping level of the Co-doped Sb2Se3, which exhibits ultrafast carrier absorption (<1 ps) and a stronger transient absorption intensity of ΔOD >6.3, thus, it may find applications in broadband non-linear photonic devices. Meanwhile, Xiao et al. found that with the introduction of nitrogen defects, the diamond can have the non-linear absorption in addition to the intrinsic non-linear refraction. In this way, the fundamental light-matter interaction in diamonds has been significantly modified, which can open up more applications of diamond materials. Sun et al. investigated the different non-linear optical mechanisms and defect-related carrier dynamics in Sn-doped β-Ga2O3 crystal and found that by choosing a proper probe wavelength that matches the defect state to the valence band, the non-linear absorption and refraction of the carriers can be greatly enhanced. This method provides an important reference for the design of gallium oxide-based waveguide materials and all-optical switching materials in the future.
In addition to fundamental optical property studies, there are three applications of light-matter interaction published in this topic. Liu et al. propose a holographic near-eye 3D display method based on large-size computer-generated holograms (CGHs), which are generated and they record the information of the 3D object from different angles. The unique feature of this method is the large viewing angle, which currently is one of the limiting factors. Wang et al. theoretically demonstrated a silicon ring waveguide, in order to tune the frequency of the phonon field of stimulated Brillouin scattering (SBS) laser based on the silicon substrate of the ring cavity. This silicon waveguide based on ring cavity provides a new technical scheme for designing tunable SBS lasers by tuning the ring widths. Li et al. investigated the up-conversion luminescence and optical temperature sensing properties of Ho3+/Tm3+/Yb3+-co-doped NaLuF4 phosphors, which could be potentially applied in far infrared temperature sensing in biological tissue for their high sensing sensitivity.
Finally, as the emerging field, magnetic property of materials has attracted broad applications, which enables unique interaction between light and nanomaterials, by introducing non-unity permeability of materials to modulate the magnetic part of the electromagnetic waves. Here Wu et al. study the introduction of magnetism in ferroelectric Ca2Nb2O7 by the intrinsic complex vacancy of VNb+O. This method might be applicable to other A2Nb2O7-type niobate ferroelectric films as well.
In addition to the collected papers, the light-matter interaction can also be applied to modify material to directly fabricate functional photonic devices, such as light reduction of graphene oxide materials (Zheng et al., 2015; Zheng et al., 2017), laser introduced phase change (Cho et al., 2015; Tan et al., 2018; Chaste et al., 2020), laser ablation (Cao et al., 2019; Li et al., 2020a; Wei et al., 2021), laser introduction of defects (Li et al., 2020b), laser introduced doping (Guo et al., 2014), and opto-magnetization (Nie et al., 2017). By using tightly focused laser beam, those light-matter interaction can be localized to achieve nanoscale modification to produce nanostructure. In turn those fabricated nanostructures with well-designed spatial distribution can further enhance the light-matter interaction to achieve advanced functionality. Furthermore, the laser fabrication technique can generally achieve high flexibility, low-cost and large area fabrication. As a result, by considering both material modulation of light and light modification of material, it is possible to not only improve the energy efficiency of the functional optical/photonic devices, but also the energy efficiency of the fabrication process. In this way, highly energy efficient nanophotonic devices can be achieved.
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Introducing magnetism into the ferroelectric Ca2Nb2O7 with high Curie temperature can make it a potential multiferroic material at room temperature. Stoichiometric Ca2Nb2O7, nonstoichiometric Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ single phase films were deposited on STO (110) substrate by pulsed laser deposition under appropriate conditions. The films were characterized by XRD, FE-SEM, Element mapping and XPS. Both stoichiometric Ca2Nb2O7 and Ca1.9Nb2O7-δ films were diamagnetic in the magnetic measurement and ab initio calculations, while the Ca2Nb1.9O7-δ film with the complex vacancy of VNb+O exhibited ferromagnetic behavior at room temperature, with the saturated magnetization of 3.6 emu/cm3. Calculations on the Ca2Nb2O7 (010) surface indicate that the VNb+O can induce spin polarization on the residual O atoms around the Nb vacancies, and the system was most stable when the Nb and O vacancies were the 4th nearest-neighbored, with FM coupling energetically more stable than the AFM coupling. Our work verified experimentally and theoretically the feasibility of introducing ferromagnetism into Ca2Nb2O7 film by the intrinsic complex vacancy of VNb+O.
Keywords: PLD, ab initio calculation, complex vacancy, Ca2Nb2O7, d0 magnetism
INTRODUCTION
Multiferroic materials with the co-existance of ferroelectricity (FE) and ferromagnetism (FM) have received considerable attention in recent years due to the unique physical mechanism of magnetoelectric coupling and potential applications in the fields of information storage, processing and sensing (Fiebig, 2005; Chun et al., 2012). However, the natural conflict between FM and FE leads to the rarity of multiferroic material at room temperature (RT) (Hill, 2000). Ca2Nb2O7 is a member of the AnNbnO3n+2 family with n = 4, which has layered perovskite structure and high ferroelectric Curie temperature (above 1850°C) (Lichtenberg et al., 2001). The introduction of FM into ferroelectric Ca2Nb2O7 could make it a potential multiferroic material at RT.
In order to achieve FM in ferroelectric materials, doping magnetic elements was the most frequently adopted method. So far, RTFM has been experimentally observed in the Fe-doped BaTiO3 films (Ramana et al., 2013; Chand Verma et al., 2014), Fe-doped LiTaO3 ceramics (Song et al., 2014) and Fe-doped K0.45Na0.49Li0.06NbO3 ceramics (Liu et al., 2015), the origin of which can be theoretically well explained by the F-center model for diluted magnetic semiconductors. Besides, nonmagnetic element doping induced d0 magnetism has been observed in BaTiO3 film/ceramics, Nb-doped BaTiO3 film and LiNbO3 nanocrystallites, the origin of which was ascribed to the oxygen vacancy (Mangalam et al., 2009; Yang et al., 2010; Díaz-Moreno et al., 2014). However, the observed FM in Eu-doped CdNb2O6 powders was elucidated with the intrinsic exchange interactions between the magnetic moments associated with the unpaired 4f electrons in Eu3+ ions (Topkaya et al., 2017). The RTFM in K0.5Na0.5NbO3 PLD film was related to the cationic K and Na vacancies (Cao et al., 2011a), while the RTFM observed in BaNb2O6 film was contributed mainly by the oxygen vacancy, with certain contribution by the Nb vacancy (Cao et al., 2012). In the aspect of theoretical study, both Ti and O vacancies were found to be able to induce FM in BaTiO3 bulk material and (001) surface (Cao et al., 2009; Cao et al., 2011b) and in PbTiO3 (Shimada et al., 2012). However, O vacancy was found to be able to induce FM in LiNbO3 but cannot induce FM in LiTaO3 and Sr2AlNbO6 (Cao et al., 2013; Li et al., 2014).
Therefore, the origin of FM in undoped ferroelectric material is still controversial in both experimental and theoretical results. Meanwhile, most of the analyses on the vacancy-induced d0 magnetism in ferroelectric oxide films just considered various cation vacancies or oxygen vacancy alone, the synergistic effect of cation and oxygen vacancies, i.e., the effect of complex vacancy, was seldom studied. Herein, the advantage of the identical composition between the film and ceramic target in pulsed laser deposition (PLD) was utilized to prepare stoichiometric Ca2Nb2O7 single phase film and those with the complex vacancy of VCa+O or VNb+O by varying the composition of Ca2Nb2O7 ceramic targets. The probability of achieving d0 magnetism in the nonstoichiometric Ca2Nb2O7 single phase film by complex vacancy was comprehensively examined by magnetic measurement and ab initio calculations.
MATERIALS AND METHODS
CaCO3 and Nb2O5 were used as raw material and weighted according to the atomic ratio of Ca/Nb as 0.95/1, 1/1, and 1/0.95, respectively. Stoichiometric and nonstoichiometric Ca2Nb2O7 ceramic targets with intrinsic cation vacancies were then obtained by the conventional solid state reaction. Ablation of the targets were achieved using a KrF excimer laser source (λ = 248 nm, pulse duration = 20 ns, energy of pulse = 200 mJ, frequency of pulse = 3 Hz). SrTiO3 (110) substrate in the size of 5 mm × 5 mm was chosen due to its smaller lattice mismatch with the Ca2Nb2O7 lattice. The deposition duration was 0.5 h, the distance between the target and substrate was 60 mm, the substrate temperature (TS) was 650°C, and the oxygen pressure (PO) was 1 mTorr for all depositions.
The crystal structure was examined by High Resolution X-ray Diffractometer (D8 discover, Bruker AXS GmbH, German) using Cu Kα radiation. The SEM and element mapping on the surface were performed by Scanning Electron Microscope (SU8010, Hitachi, Japan). X-ray photoelectron spectra were obtained by X-ray Photoelectron Spectrometer with monochromated Al Kα radiation (Escalab 250, Thermo Electron Corporation, United States). Magnetic properties were measured by Magnetic Property Measurement System (MPMS-5XL, Quantum design, United States) with magnetic field parallel to the surface of film. The film thickness was checked by Stylus Surface Profiler (Dektak 150, Veeco Metrology, France).
RESULTS AND DISCUSSION
Structural and Surface Characterizations
Figure 1 shows the XRD patterns of the STO substrate and the as-deposited films. Aside from the (110) and (220) diffraction peaks from the substrate (see Figure 1A), the only appearance of (040) diffraction peaks from orthorhombic Ca2Nb2O7 (PDF#70-2006) in Figure 1B means that single phase of stoichiometric Ca2Nb2O7 was obtained under the current deposition conditions without impurity phase. The Ca2Nb2O7 (020) diffraction peaks in Figures 1C,D indicated that the single phase of Ca2Nb2O7 was maintained using the targets with 5% Ca or Nb deficiency. To maintain the charge neutrality, the Ca or Nb vacancy would lead to the concomitant appearance of oxygen vacancy in the Ca2Nb2O7 lattice, therefore, the nonstoichiometric Ca2Nb2O7 films were denoted as Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ, respectively. The film thickness of the three samples was close and approximated to be 100 nm. The SEM images for the Ca2Nb2O7, Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ surfaces are displayed in the Supplementary Figure S1. Smooth and even surface could be observed for the Ca2Nb2O7 film, while bumps and hollows were present on the surface of nonstoichiometric films, with the highest degree of roughness obtained by the Ca2Nb1.9O7-δ surface. The corresponding element mapping images show that the elements Ca and Nb from the Ca2Nb2O7 films were uniformly distributed on the surface of STO substrate for all samples, while the element O exhibited higher degree of density due to the simultaneous contribution from the film and substrate.
[image: Figure 1]FIGURE 1 | XRD patterns of the STO substrate (A), the as-deposited films using stoichiometric Ca2Nb2O7 target (B), nonstoichiometric Ca2Nb2O7 target with 5% Ca deficiency (C) and Nb deficiency (D).
Figure 2 shows the core level XPS for the Ca2Nb2O7, Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ films. All spectra were charge corrected according to the C-C peak at the binding energy (BE) of 284.8 eV. In Figure 2A, the C-C and C-O-C peaks come from the adventitious carbon contamination, while the small amount of O-C=O peaks originate from the carbonate formed on the surface. From the Ca 2p and Nb 3d XPS in Figures 2B,C, Ca and Nb ions were in the valence states of +2 and +5 respectively. Since there is no other valence states present for Ca and Nb, the existence of Ca or Nb vacancy in the Ca2Nb2O7 lattice can only induce oxygen vacancies to maintain the charge neutrality, hence the complex vacancy of VCa+O and VNb+O should be present in Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ films, respectively. With respect to the stoichiometric Ca2Nb2O7 film, the Ca1.9Nb2O7-δ film exhibited 0.17 eV lower BE for the Ca 2p3/2 peak but 0.51 eV higher BE for the Nb 3d5/2 peak, while the Ca2Nb1.9O7-δ film exhibited 0.63 eV lower BE for the Ca 2p3/2 peak but 0.05 eV lower BE for the Nb 3d5/2 peaks. As for the O 1s XPS, lattice oxygen (OL) and adsorbed oxygen (Oads) were present in all samples, but the relative content of Oads for the Ca2Nb1.9O7-δ film was 58.8% which was much higher the 40.53 and 40.01% for the Ca2Nb2O7 and Ca1.9Nb2O7-δ films, respectively.
[image: Figure 2]FIGURE 2 | C 1s (A), Ca 2p (B), Nb 3d (C) and O 1s (D) core level XPS for the Ca2Nb2O7, Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ films.
Magnetic Measurement
Figure 3 displays the MH curves for the STO substrate, Ca2Nb2O7, Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ films on STO measured at room temperature. Compared with the diamagnetic behavior of the STO substrate, the stronger diamagnetic signals in the Ca2Nb2O7 and Ca1.9Nb2O7-δ films on STO suggest the presence of diamagnetism in the obtained films. However, the Ca2Nb1.9O7-δ film on STO showed much weaker diamagnetic signal. As shown in Figure 3B, MH hysteresis loop was observed for the Ca2Nb1.9O7-δ film after subtraction of the diamagnetic signal from the substrate, meaning that the Ca2Nb1.9O7-δ film exhibited weak ferromagnetic behavior. Given the film thickness of 100 nm, the saturated magnetic moment of 9×10−6 emu corresponds to the magnetization of 3.6 emu/g for the Ca2Nb1.9O7-δ film.
[image: Figure 3]FIGURE 3 | Original MH curves for the STO substrate, Ca2Nb2O7, Ca1.9Nb2O7-δ and Ca2Nb1.9O7-δ films on STO measured at room temperature (A), and the MH curve for the Ca2Nb1.9O7-δ film after subtraction of the diamagnetic signal from the substrate (B).
Theoretical Calculation
In order to explore the origin of FM in the Ca2Nb1.9O7-δ film, the density functional theory (DFT) calculations were performed using the plane-wave pseudopotential method in the Vienna Ab initio Simulation Package (VASP) (Kresse and Hafner, 1993a; Kresse and Joubert, 1999). The Projector Augmented Wave (PAW) (Kresse and Hafner, 1993b; Blöchl, 1994) potentials were employed, and General Gradient Approximate (GGA) was used to describe the exchange correlation energy. According to the XRD result, an orthorhombic Ca2Nb2O7 1 × 2 × 1 supercell containing 176 atoms was first relaxed to get the most stable structure (see Supplementary Figure S2A) until the total energy in the optimized structure was converged to 1.0 × 10−4 eV/atom and the Hellman-Feynman force was smaller than 0.01 eV/Å. Then four different (010) planes were cleaved along the b axis, and a 10Å vacuum layer which was thick enough to isolate the atom layers was added above the supercell for further optimization. Among the four (010) surfaces, the configuration in the Supplementary Figure S2B showed the lowest energy, on which further calculations were performed.
The stable configuration of Ca2Nb2O7 (010) surface with labeled Ca, Nb, and O atoms to be removed for vacancy study is displayed in Figure 4A, among which O1 is connected only to one Nb atom, O2 is coordinated between two neighbored Nb atoms, O3 connects one Nb atom in the outermost layer with another Nb atom in the second layer, while O4 denote the one between two Nb atoms in the second layer. Stoichiometric Ca2Nb2O7 (010) surface was firstly studied and the total DOS was showed in Figure 4B. No spin polarization could be observed around the Fermi level, meaning that the stoichiometric Ca2Nb2O7 (010) surface is nonmagnetic.
[image: Figure 4]FIGURE 4 | Stable configuration of Ca2Nb2O7 (010) surface with labeled Ca, Nb and O atoms to be removed for vacancy study (A), and the total DOS of stoichiometric Ca2Nb2O7 (010) surface (B).
The complex vacancy of VCa+O in four different distributions, i.e., Ca1+O1, Ca1+O2, Ca1+O3, and Ca1+O4, was then studied. The relative stability (ΔE) of the Ca2Nb2O7 (010) surface with these four types of complex vacancy was 3.51, 4.18, 0, and 2.21 eV respectively, meaning that the system with VCa1+O3 was most stable. However, no spin polarization could be observed in the DOSs around the Fermi level in Figure 5, indicating that the complex vacancy of VCa+O cannot induce magnetism in the Ca2Nb2O7 (010) surface. On the other side, the complex vacancy of VNb+O in four different distributions all induced spin polarization around the Fermi level and impurity bands in the forbidden gap (see Figure 6), which were contributed mainly by the O 2p electrons. The three-dimensional iso-surfaces of magnetization density in the inset of Figure 6 show that the complex vacancies of VNb+O mainly induced spin polarization on the residual O atoms around the Nb vacancies. The total net magnetic moment (Mtot) of the system with VNb1+O1, VNb1+O2, VNb1+O3, and VNb1+O4 was 1.0, 0.99, 0.96, and 1.0 μB, respectively. Among which, the system with VNb1+O4 was the most stable one with the lowest energy, and the ΔE of the system with VNb1+O1, VNb1+O2 and VNb1+O3 was 1.04, 27.46, and 27.90 eV, respectively. More importantly, FM coupling was energetically more favorable than AFM coupling in the cases of VNb1+O1 and VNb1+O4, with the relative energy between FM and AFM as 7 and 45 meV, respectively.
[image: Figure 5]FIGURE 5 | DOSs of Ca2Nb2O7 (010) surface with the complex vacancy of VCa+O in the distributions of Ca1+O1(A), Ca1+O2(B), Ca1+O3(C), and Ca1+O4(D).
[image: Figure 6]FIGURE 6 | Total and partial DOSs of Ca2Nb2O7 (010) surface with the complex vacancy of VNb+O in the distributions of Nb1+O1(A), Nb1+O2(B), Nb1+O3(C), and Nb1+O4(D). The insets show the corresponding three-dimensional iso-surfaces of magnetization density.
CONCLUSION
Nonstoichiometric Ca2Nb2O7 single phase films with the complex vacancy of VCa+O or VNb+O were deposited on STO (110) substrate under appropriate deposition conditions using nonstoichiometric ceramic targets. The VCa+O cannot induce magnetism in the diamagnetic stoichiometric Ca2Nb2O7 (020) single phase film, while VNb+O can induce spin polarization on the residual O atoms around the Nb vacancies, and make the Ca2Nb2O7 film exhibit FM behavior at RT. Our work demonstrated experimentally and theoretically that the introduction of intrinsic complex vacancy during deposition should be a feasible way to induce ferromagnetism in the ferroelectric Ca2Nb2O7 film, and this method might be applicable to other A2Nb2O7-type niobate ferroelectric films as well.
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In this paper, we propose a holographic near-eye 3D display method based on large-size computer-generated hologram (CGH). The reconstructed image with a large viewing angle is obtained by using a time multiplexing and spatial tiling system. The large-size CGHs are generated and they record the information of the 3D object from different angles. The CGHs are reproduced at different moments. For a certain reconstructed moment, three spatial light modulators (SLMs) spatially spliced into a linear structure are used to load a single CGH. The diffraction boundary angle of the reconstructed light forming each image point is equal to the maximum diffraction angle of the SLM, so the viewing angle of the image generated by the CGH is enlarged. For different CGHs, the incident angle of reconstructed light is changed. Through time multiplexing, the reconstructed images of the CGHs are combined into a reconstructed image whose viewing angle is further enlarged. Due to the large viewing angle of the reconstructed image, the proposed method has unique advantages in near-eye display. The feasibility of the proposed method is proved by experimental results.
Keywords: holographic display, viewing angle, time multiplexing, spatial tiling, 3D display
INTRODUCTION
Holographic near-eye display technology is based on the user’s observation of the real world, and can continuously provide virtual holographic image information for the user, to realize the function of real-time interaction between the real and the virtual environment (Azuma, 1997; Chen and Chu, 2015; Lee et al., 2019). It is widely used in many fields such as military, medical, education and entertainment (Choi et al., 2021; Wang et al., 2021). Recently, due to the realistic effect of the computer-generated holographic near-eye display, a series of researches on this technology have been implemented. However, this technology has some problems hindering its further development. Among them, the maximum diffraction angle of the reproduced light is only a few degrees (Senoh et al., 2011; Li et al., 2020; Liu et al., 2020; Wang et al., 2020). This is because the pixel size of currently available spatial light modulators (SLMs) is on the micron level, which is an order of magnitude larger than the light wavelength. Accordingly, the viewing angle of the holographic image is narrow and not suited for binocular observation. Therefore, in order to increase the practicality of the holographic display, some methods to improve this problem have been proposed. For example, the viewing angle is expanded through time multiplexing to combine the high-order reconstructed beams temporally (Mishina et al., 2002). In the equivalent-curved-SLM-array method, the viewing angle can be increased to 13.5° by superimposing different linear phase factors on one phase SLM sequentially (Liu et al., 2013). In the resolution redistribution method, the horizontal resolution of the SLM is increased several times through a 4f imaging system (Takaki and Hayashi, 2008; Takaki and Tanemoto, 2010; Takaki and Nakamura, 2011). The multi-channel scanning method uses multiple projection systems and a planar scanner to obtain a large size and large viewing angle reconstruction (Takaki et al., 2015; Takaki and Nakaoka, 2016). The convex parabolic mirror method obtains a reconstructed image with a horizontal viewing angle of 180° (Sando et al., 2018). The reconstructed system of the above methods is relatively simple, and a single SLM is used to load the computer-generated hologram (CGH). However, in order to expand the viewing angle, they may put a higher demand on the refresh rate of the SLM, or reduce other performance of the reconstructed image. In addition, some methods of using multiple SLMs to expand the viewing angle of the image are proposed. In the curved-SLM-array method, some SLMs with a curved arrangement structure are used to increase the numerical aperture of the optical system, thereby expanding the viewing angle (Hahn et al., 2008; Yaras et al., 2011; Kozacki et al., 2012a; Zeng et al., 2017). Through the analysis of the Wigner distribution function, the viewing angle is increased using six SLMs (Kozacki et al., 2012b). The viewing angle of the reconstructed image can be increased to 12.8° by using a 4f concave mirror system and two SLMs (Zeng et al., 2017). These methods can obtain reconstructed images with large viewing angles, but the optical systems are relatively complex. Therefore, they are difficult to operate and high cost, which are not conducive to practical applications.
In this paper, we propose a method to enlarge the viewing angle of the holographic image. The information of different angles of the object is recorded as CGHs. The size of each CGH is increased. In the process of holographic reconstruction, three SLMs arranged in a linear structure are used to load the CGHs. After the spatial splicing effect of the SLMs and the time multiplexing of the reconstructed images in different directions, the viewer finally obtains a large viewing angle holographic reconstructed image. The method is simple and easy to operate, and can be applied to near-eye display technology.
PRINCIPLE
The schematic diagram of the proposed method is shown in Figure 1. The viewing angle of the reconstructed image is enlarged based on the large-size CGHs. The CGHs record the information of the 3D object from different angles. In the holographic reconstruction, three SLMs in a linear configuration are used to load the CGHs. Moreover, it ensures that the incident angle of the reproduced light varies with the CGH. Finally, the reconstructed image is obtained through time multiplexing. Next, we will introduce the theory of the proposed method in detail.
[image: Figure 1]FIGURE 1 | Schematic diagram of the proposed method.
First of all, the information of three different angles of the object is recorded as a large-size CGH. We assume that the origin of the coordinate is at the center of the CGH. The size of the recorded object is D. The distance between the object and the CGH is L. The size of the SLM is H and its pixel size is p. For any object point I(x0, L), its information is recorded as an interferogram. The size of the interferogram in the traditional method is equal to the size of the SLM. The CGH is generated by superimposing all the interferograms. During reproduction, a single SLM is used to load the CGH. The light distribution of the reconstructed image can be seen in Figure 2. Based on the property of the field of view (FOV), the FOV is the overlapping area of the light distribution of the leftmost image point A1 and the rightmost image point A2, and the corresponding angle is the viewing angle. The light with the diffraction angle range of [-α, φ] reconstructs the image point A1, and the light with the diffraction angle range of [-φ, α] reconstructs the image point A2. According to the geometric relationship, α and φ can be calculated as follows:
[image: image]
[image: image]
where φ is the allowable maximum diffraction angle of the CGH. If the wavelength of the reconstructed light is denoted as λ, the diffraction angle φ is expressed as follows:
[image: image]
[image: Figure 2]FIGURE 2 | Light distribution of the reconstructed image.
It can be seen from Figure 2 and Eqs 1, 2 that the diffraction boundary angle forming any image point cannot reach φ at the same time. Therefore, the viewing angle of the phenomenon is relatively small, which satisfies Eq. 4:
[image: image]
The width of the FOV at the viewing distance R can be calculated according to Eq. 5:
[image: image]
The three recording angles of the object are denoted as left, center, and right angles in the proposed method. In the process of CGHs generation with different angles, the incident angle of the reference light will also change accordingly, as shown in Figure 3. For the sake of simplicity, we take the center recording angle as an example to introduce. The size of the interferogram of any object point is increased. The horizontal coordinates of the image points A1 and A2 are denoted as x1 and x2 , respectively, which satisfy the following equations:
[image: image]
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[image: Figure 3]FIGURE 3 | Generation of the CGHs at different angles of the proposed method. (A) Reference light (left). (B) Reference light (center). (C) Reference light (right).
The size of the interferogram H1 satisfies Eq. 8:
[image: image]
Then, we add up all the interferograms to generate the CGH. The size of the CGH HCGH is calculated according to Eq. 9:
[image: image]
It can be seen from Eq. 9 that the size of the CGH is increased, which is larger than that of a single SLM and less than the sum size of three SLMs. Therefore, a total of three large-size CGHs are generated from three different recording angles, denoted as the left CGH, the center CGH and the right CGH.
Next, the holographic reconstruction is implemented. In the optical system, three SLMs are arranged in a linear configuration. They are used to load the large-size CGHs. In order to accurately load the CGH onto the SLM, the zero padding is performed on both sides of each CGH. It ensures that the size of the CGH is equal to that of the three SLMs. The CGHs are loaded sequentially for reconstruction. Based on the principle of holographic technology, the direction of reconstructed light is consistent with that of reference light in the CGH. In Figure 4, the light distribution of the reconstructed image is shown. The generation and reproduction of the center CGH are shown in the blue area. According to Eqs 6,7 and the geometric relationship in the reconstructed system, the angle range of the diffraction light generated by any interferogram is [-φ, φ]. Therefore, the light distribution size of each image point is increased accordingly. At the viewing distance R, the viewing angle and the FOV of the image are calculated according to Eqs 10, 11, respectively:
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[image: Figure 4]FIGURE 4 | Light distribution of the reconstructed image by the proposed method.
Compared with Eqs 4, 5, it shows that the viewing angle and the FOV of the proposed method are obviously enlarged.
In order to ensure the continuity of the FOV of the reconstructed image at different moments, the inclination angles of the reconstructed light of the left CGH and the right CGH are −2φ and 2φ, respectively. In the process of generating the left and right CGHs as shown in Figure 3, the inclination angles of the reference light are also −2φ and 2φ respectively. In Figure 4, the viewing zones generated by the CGHs reconstructed at three different moments are denoted as T1, T2, and T3. After time multiplexing, the viewer can obtain a reconstructed image with continuously distributed viewing angle, where the viewing angle ψ satisfies:
[image: image]
Therefore, we expands the viewing angle of the reconstructed image in one direction by generating the large-size CGH and using the spatial multiplexing of three SLMs. In addition, through time multiplexing, the reconstructed images in three directions are combined into the image with continuous viewing angle, and finally the viewing angle is further expanded to three times.
EXPERIMENTS AND RESULTS
The feasibility of the proposed method is proved by conducting a series of experiments. The optical reconstructed system is shown in Figure 5. The green laser is used as the reconstructed light, and its wavelength is 532 nm. A collimating system consisting of the laser, filter and lens generates the uniform plane wave. The galvano mirror generates multiple reproduced lights with different incident angles by changing the tilt angle of the mirror. Beam splitter1 divides the reconstructed light into two beams. Among them, the reflected light illuminates SLM1 as the reconstructed light, and the transmitted light continues to propagate forward through beam splitter2 and is also divided into two beams. They are used as the reconstructed light of SLM2 and SLM3 respectively. The three diffracted beams modulated by the SLMs are seamlessly spliced after passing through beam splitter3. Finally, the reconstructed image is obtained on the receiving screen. Three reflective phase-only SLMs provided by Xi’an Institute of Optics and Precision Mechanics have the same parameters. The resolution and size of the SLM are 1,920 × 1,080 and 6.4 μm, respectively. The frame rate is 60 Hz. The phase modulation range is [0, 2π]. In the horizontal direction, the size of the object D and the active area size of the SLM H are 6 and 12.23 mm. Based on Eq. 3, the maximum diffraction angle of the SLM is 2.4°. We record the object’s information into the CGH from the left, center, and right angles respectively. The recorded distance L is set to 220 mm. In order to achieve the continuity of the viewing angle of the reconstructed image, the corresponding incident angles of the reference light are −4.8°, 0° and 4.8°. In each recording direction, according to Eqs 6, 9, the size of the interferogram and the CGH are 18.23 and 24.23 mm, respectively.
[image: Figure 5]FIGURE 5 | Structure of the reconstructed system.
First, we study the reconstructed image of the CGH in one direction. Taking the reproduction of the right CGH as an example, In order to load the CGH accurately, the zero padding and division operations are carried out. In the first step, we perform zero padding operation with the same resolution on the left and right sides of the CGH to make its size equal to the total size of three SLMs. In the second step, the CGH is divided into three parts in the horizontal direction, and the resolution of each part is 1,920 × 1,080. In the third step, according to the arrangement sequence, the three parts of the CGH are respectively loaded onto the SLM for reconstruction. The galvano mirror in the reconstructed system is kept stationary, ensuring that the inclination angle of the mirror is 2.4°, and the incident angle of the reconstructed light is 4.8°. The reconstructed images obtained from two different viewpoints can be seen in Figures 6A,B, respectively. The viewing angle interval between the left and right viewpoints is about 3°. Moreover, in order to conduct comparative analysis of the experiment, the traditional method using a single SLM is implemented. The reconstructed images obtained from the left and right viewpoints are shown in Figures 6C,D, respectively. The experimental results show that the complete images with parallax can be obtained at different viewpoints in the proposed method. However, in the traditional method, only a part of the reconstructed image is obtained from the right viewpoint. These results indicate that the viewing angle of the reconstructed image in one direction is expanded through the generation of the large-size CGH and the spatial splicing of the SLMs.
[image: Figure 6]FIGURE 6 | Optical reconstructed images obtained from (A–B) the left and right viewpoint of the proposed method, respectively, (C–D) the left and right viewpoint of the traditional method, respectively.
Furthermore, we implement simulation experiments with MATLAB software to record the light distribution of the image points, so as to analyze the FOV of the reconstructed image in one direction, as shown in Figure 7. The light distribution of the leftmost and rightmost image points are represented by the blue and red lines, respectively. In the proposed method, the width of the FOV is 17.2 mm at the viewing distance of R = 500 mm(Figure 7A). The width of the FOV is 1.9 mm in the traditional method (Figure 7B). In contrast, the FOV of the proposed method is enlarged by 8 times. At the viewing distance R= 800 mm, the light distribution are shown in Figure 7C and Figure 7D. Using the proposed method, the width of the FOV is increased by 3 times. The experimental results verify the theoretical values within the allowable error range (Eqs 5, 11). It proves that the proposed method significantly expands the FOV, and as the viewing distance increases, the increase rate of the FOV slows down.
[image: Figure 7]FIGURE 7 | Light intensity distribution of the leftmost and rightmost image points of (A) the proposed method at R = 500 mm, (B) the traditional method at R = 500 mm, (C) the proposed method at R = 800 mm and (D) the traditional method at R = 800 mm.
Then, the left, center and right CGHs are reconstructed in time sequence. The incident angle of the reconstructed light is changed by the reflection of the galvano mirror. In the experiment, when the tilt angle of the galvano mirror is set to −2.4°, 0° and 2.4° at different moments, three reconstructed lights with different incident angles are generated correspondingly, which are −4.8°, 0° and 4.8°, respectively. The changing frequency of the CGH and the galvano mirror is kept synchronized to ensure that the incident angle of the reconstructed light is the same as the angle of the reference light in the CGH. The images in the left, middle and right directions are reconstructed at different moments. Within the persistence effect of the human eye, the reconstructed image with a continuous viewing angle is obtained. Viewed from different angles, the reconstructed images can be seen in Figure 8. The complete images from the directions of −7°, −4°, 0°, 4°, and 7° are obtained. Therefore, through time multiplexing of the images in different directions, the reconstructed image with a continuous viewing angle of about 14° is obtained. Compared with the reproduced image in one direction, the viewing angle has been enlarged three times.
[image: Figure 8]FIGURE 8 | Reconstructed images are obtained from (A) left −7° direction, (B) left −4° direction, (C) center 0° direction, (D) right 4° direction and (E) right 7° direction.
The proposed method obtains the reconstructed image with a large viewing angle through a simple optical system, so it can be applied to near-eye display technology. The following experiment is implemented for verification. In the holographic near-eye display system, a beam splitter is used to replace the receiving screen. The reconstructed image is reflected when it passes through the beam splitter. In addition, a little toy is placed aside as a real reference. The distance between the toy and the beam splitter is 500 mm. The beam splitter realizes the fusion of the real object and holographic image. The reconstructed images captured by the camera from different angles are shown in Figure 9. In the left direction (Figure 9A), the left surface of the toy and the reconstructed image has a larger size. In the center viewpoint (Figure 9B), the left and right surfaces have a similar size. In the right viewpoint (Figure 9C), the right surface becomes has a larger size. These results indicate the holographic near-eye display realize a good reproduction effect due to the viewing angle enlargement by using the proposed method.
[image: Figure 9]FIGURE 9 | Reconstructed images in the holographic near-eye display obtained from (A) left −7° direction, (B) center 0° direction and (C) right 7° direction.
The above experiments confirm that the advantages of the proposed method are outstanding. Based on the generation of the large-size CGHs, combined with the use of time multiplexing and spatial tiling system, the viewing angle of the reconstructed image in the holographic near-eye display has been significantly increased. The optical system of the proposed method is simple and easy to operate, so it has practical application value. However, the proposed method still has some unsolved issues. For example, there is speckle noise caused by laser coherence in the reconstructed image. The denoising algorithms will be studied to improve the image quality without increasing the system’s complexity. In addition, the proposed method only generates reconstructed images with monochrome information. We will use time multiplexing method to obtain the color image. In addition, we record the information of the object in three different directions. The viewing angle of the reconstructed image is increased to about 14°, which is not enough for the free viewing of multiple people. In the proposed method, the viewing angle increases as the number of CGHs increases. So, in the following work, we can increase the recording direction of the object to ensure that the number of generated CGHs is less than the refresh frequency of the SLM. During the reproduction process, within the persistence effect of human eyes, the reconstructed images of different CGHs are combined into one image, and the viewing angle of the image is further increased.
CONCLUSION
In this paper, we propose a holographic near-eye display method in which the viewing angle is enlarged. The viewing angle of the reconstructed image in one direction is expanded through the generation of the large-size CGH and the spatial splicing of the SLMs. At the viewing distance of R = 500 mm, the FOV is increased by 8 times compared with the traditional method. Then, using time multiplexing of the images in different directions, the reconstructed image with continuous viewing angle of about 14° is obtained. The optical system of the proposed method is relatively simple and easy to operate. Experimental results verify the feasibility of the proposed method.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
S-JL conceived the initial idea and performed the experiments. N-TM, P-PL analyzed the data. DW discussed the results and supervised the project. All authors have read and approved the final manuscript.
FUNDING
National Science Foundation of China (NSFC) (61905221); Science and technology research project of Henan Province (212102310902).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Azuma, R. T. (1997). A Survey of Augmented Reality. Presence: Teleoperators & Virtual Environments 6 (4), 355–385. doi:10.1162/pres.1997.6.4.355
 Chen, J.-S., and Chu, D. P. (2015). Improved Layer-Based Method for Rapid Hologram Generation and Real-Time Interactive Holographic Display Applications. Opt. Express 23 (14), 18143–18155. doi:10.1364/oe.23.018143
 Choi, S., Kim, J., Peng, Y., and Wetzstein, G. (2021). Optimizing Image Quality for Holographic Near-Eye Displays with Michelson Holography. Optica 8 (2), 143–146. doi:10.1364/optica.410622
 Hahn, J., Kim, H., Lim, Y., Park, G., and Lee, B. (2008). Wide Viewing Angle Dynamic Holographic Stereogram with a Curved Array of Spatial Light Modulators. Opt. Express 16 (16), 12372–12386. doi:10.1364/oe.16.012372
 Kozacki, T., Kujawinska, M., Finke, G., Zaperty, W., and Hennelly, B. (2012). Holographic Capture and Display Systems in Circular Configurations. J. Display Technol. 8 (4), 225–232. doi:10.1109/jdt.2011.2167955
 Kozacki, T., Kujawińska, M., Finke, G., Hennelly, B., and Pandey, N. (2012). Extended Viewing Angle Holographic Display System with Tilted SLMs in a Circular Configuration. Appl. Opt. 51 (11), 1771–1780. doi:10.1364/ao.51.001771
 Lee, J. S., Kim, Y. K., Lee, M. Y., and Won, Y. H. (2019). Enhanced See-Through Near-Eye Display Using Time-Division Multiplexing of a Maxwellian-View and Holographic Display. Opt. Express 27 (2), 689–701. doi:10.1364/oe.27.000689
 Li, N.-N., Wang, D., Li, Y.-L., and Wang, Q.-H. (2020). Method of Curved Composite Hologram Generation with Suppressed Speckle Noise. Opt. Express 28 (23), 34378–34389. doi:10.1364/oe.406265
 Liu, S.-J., Wang, D., Zhai, F.-X., Liu, N.-N., and Hao, Q.-Y. (2020). Holographic Display Method with a Large Field of View Based on a Holographic Functional Screen. Appl. Opt. 59 (20), 5983–5988. doi:10.1364/ao.394352
 Liu, Y. Z., Pang, X. N., Jiang, S., and Dong, J. W. (2013). Viewing-angle Enlargement in Holographic Augmented Reality Using Time Division and Spatial Tiling. Opt. Express 21 (10), 12068–12076. doi:10.1364/OE.21.012068
 Mishina, T., Okui, M., and Okano, F. (2002). Viewing-zone Enlargement Method for Sampled Hologram that Uses High-Order Diffraction. Appl. Opt. 41 (8), 1489–1499. doi:10.1364/ao.41.001489
 Sando, Y., Satoh, K., Kitagawa, T., Kawamura, M., Barada, D., and Yatagai, T. (2018). Super-wide Viewing-Zone Holographic 3D Display Using a Convex Parabolic Mirror. Sci. Rep. 8, 11333. doi:10.1038/s41598-018-29798-5
 Senoh, T., Mishina, T., Yamamoto, K., Oi, R., and Kurita, T. (2011). Viewing-zone-angle-expanded Color Electronic Holography System Using Ultra-high-definition Liquid crystal Displays with Undesirable Light Elimination. J. Display Technol. 7 (7), 382–390. doi:10.1109/jdt.2011.2114327
 Takaki, Y., and Hayashi, Y. (2008). Increased Horizontal Viewing Zone Angle of a Hologram by Resolution Redistribution of a Spatial Light Modulator. Appl. Opt. 47 (19), D6–D11. doi:10.1364/ao.47.0000d6
 Takaki, Y., Matsumoto, Y., and Nakajima, T. (2015). Color Image Generation for Screen-Scanning Holographic Display. Opt. Express 23 (21), 26986–26998. doi:10.1364/oe.23.026986
 Takaki, Y., and Nakamura, J. (2011). Zone Plate Method for Electronic Holographic Display Using Resolution Redistribution Technique. Opt. Express 19 (15), 14707–14719. doi:10.1364/oe.19.014707
 Takaki, Y., and Nakaoka, M. (2016). Scalable Screen-Size Enlargement by Multi-Channel Viewing-Zone Scanning Holography. Opt. Express 24 (16), 18772–18781. doi:10.1364/oe.24.018772
 Takaki, Y., and Tanemoto, Y. (2010). Modified Resolution Redistribution System for Frameless Hologram Display Module. Opt. Express 18 (10), 10294–10300. doi:10.1364/oe.18.010294
 Wang, D., Liu, C., Shen, C., Xing, Y., and Wang, Q. H. (2020). Holographic Capture and Projection Systemof Real Object Based on Tunable Zoom Lens. PhotoniX 1 (6). doi:10.1186/s43074-020-0004-3
 Wang, Z., Zhang, X., Lv, G., Feng, Q., Ming, H., and Wang, A. (2021). Hybrid Holographic Maxwellian Near-Eye Display Based on Spherical Wave and Plane Wave Reconstruction for Augmented Reality Display. Opt. Express 29 (4), 4927–4935. doi:10.1364/oe.418329
 Yaras, F., Kang, H., and Onural, L. (2011). Circular Holographic Video Display System. Opt. Express 19 (10), 9147–9156.
 Zeng, Z., Zheng, H., Yu, Y., Asundi, A. K., and Valyukh, S. (2017). Full-color Holographic Display with Increased-Viewing-Angle [Invited]. Appl. Opt. 56 (13), F112–F120. doi:10.1364/ao.56.00f112
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Liu, Ma, Li and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 13 September 2021
doi: 10.3389/fmats.2021.739448


[image: image2]
Broadband Nonlinear Optical Response of Nitrogen-Doped Diamond
Zhengguo Xiao1, Yu Fang2, Yinglin Song3, Yanchao She1, Changhai Tian1, Jie Zhang1, Liqin Cui1 and Yong Li1*
1Department of Physics and Electronic Engineering, Tongren University, Tongren, China
2Jiangsu Key Laboratory of Micro and Nano Heat Fluid Flow Technology and Energy Application, School of Mathematics and Physics, Suzhou University of Science and Technology, Suzhou, China
3Department of Physics, Harbin Institute of Technology, Harbin, China
Edited by:
Zhongquan Nie, Taiyuan University of Technology, China
Reviewed by:
Zhongguo Li, Changshu Institute of Technology, China
Xiao Jin, Lingnan Normal University, China
* Correspondence: Yong Li, likaiyong6@163.com
Specialty section: This article was submitted to Quantum Materials, a section of the journal Frontiers in Materials
Received: 11 July 2021
Accepted: 20 August 2021
Published: 13 September 2021
Citation: Xiao Z, Fang Y, Song Y, She Y, Tian C, Zhang J, Cui L and Li Y (2021) Broadband Nonlinear Optical Response of Nitrogen-Doped Diamond. Front. Mater. 8:739448. doi: 10.3389/fmats.2021.739448

A nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. Spectroscopic properties such as the absorption spectrum and the Raman spectrum as well as the Fourier transform infrared (FTIR) spectrum were studied. FTIR spectroscopy of the C-N vibrational modes at 1,344 and 1,130 cm−1 suggested a nitrogen content of 310 ppm. Its nonlinear optical (NLO) response was investigated using the Z-scan technique under the femtosecond regime. Due to the presence of nitrogen defects, the synthesized crystal performed large nonlinear absorption under both 800- and 532-nm wavelength excitations. However, intrinsic diamond only experiences nonlinear refraction under these two wavelength excitations. Its broadband NLO properties indicated that nitrogen-doped diamond crystals were suitable for the application of ultrafast optical devices.
Keywords: nitrogen-doped diamond, broadband NLO response, Z-scan technique, ultrafast optical devices, TGG method
INTRODUCTION
Owing to low thermal expansion, high breakdown voltage, high carrier mobility, high NLO coefficients, and stable color centers, diamond attracts much attention as a promising material for many applications that include quantum optical and information processing (Maurer et al., 2012; Yang et al., 2016), nonlinear all-optical switching (Aharonovich et al., 2011; Hausmann et al., 2014), and magnetic sensing (Balasubramanian et al., 2008; Rondin et al., 2014). So far, a lot of efforts have been devoted to optical nonlinearity of intrinsic diamond (type-IIa) (Dadap et al., 1991; Sheik-Bahae et al., 1994; Preuss and Stuke, 1995; Roth and Laenen, 2001; Gagarskiĭ and Prikhod’ko, 2008; Zhang et al., 2017). Due to the broadband gap (5.5 eV), type-IIa diamond just experiences nonlinear refraction attributed to the optical Kerr effect (OKE) under the visible and infrared wavelength excitation (>390 nm). In these cases, no nonlinear absorption is observed. While using ultraviolet and blue region excitation (<390 nm), both nonlinear absorption that originated from two-photon absorption and nonlinear refraction that originated from the OKE should be taken into consideration. Almeida et al. reported third-order optical nonlinearities in type-IIa diamond at the femtosecond regime (Almeida et al., 2017), performed over a broad spectral range, from 0.83 to 4.77 eV (1,500–260 nm). Low absorption losses within its large transmission window make diamond an attractive platform for on-chip photonics. Specially, intrinsic diamond also suffered multi-photon absorption under extremely high light intensity (Kozák et al., 2012; Kononenko et al., 2014; Wang et al., 2018; Kozak et al., 2019; Zukerstein et al., 2019). In addition, nanocrystalline diamond also shows strong NLO properties for the presence of grain boundaries (Preclíková et al., 2010; Trojánek et al., 2010).
The photo-physical properties that include electronic, optical, and thermal properties of diamond can be significantly changed by doping other elements into its structure. For example, insulated intrinsic diamond becomes a p-type semiconductor when doped with boron. When doped with nitrogen, spectroscopic properties such as absorption and emission spectra are easily influenced by the nitrogen vacancy (NV) center formed in the diamond (Wee et al., 2007; Subedi et al., 2019). As for optical nonlinearity, the negatively charged nitrogen vacancy defect center, NV-, in diamond has been investigated theoretically for one- and two-photon absorption properties involving the first excited state with the 3A2-to-3E transition (Lin et al., 2008). Recently, Motojima et al. reported that the effect of NV centers in single-crystal diamond on NLO effects under 800-nm, 40-fs laser pulses. Their results demonstrated that the OKE signal was strongly enhanced for the heavily implanted type-IIa diamond, and the NLO coefficient of the diamond crystal increased with the increase in nitrogen concentration (Motojima et al., 2019). It is worth noting that the enhanced NLO effect existed only near the surface region of diamond for the implanted depth of NV centers was about 30–40 nm in this case.
The nonlinear optical responses of materials are easily affected by synthetic methods, excitation conditions, and so on. Until now, fundamental studies on the third-order optical nonlinearities of nitrogen-doped diamond are still scarce. In order to clarify the modulation mechanism of NV centers on the optical nonlinearities of nitrogen-doped diamond, it is necessary to further illustrate the relationship of NLO properties and the structure of matter for diamond. Herein, we have synthesized a nitrogen-doped diamond crystal with (111) orientation under high-pressure high-temperature (HPHT). The NLO absorption responses of the synthesized diamond crystal were estimated using the Z-scan technique with two excitation wavelengths (532 and 800 nm) under the femtosecond regime. Our results have shown that nitrogen-doped diamond performed strong NLO absorption under 532- and 800-nm wavelengths, respectively. Its broadband NLO responses indicate that nitrogen-doped diamond can be a good candidate for ultrafast NLO devices such as optical limiters.
MATERIALS AND METHODS
Sample Preparation and Spectroscopic Characterization
A nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. The detailed synthetic scheme can be found in the literature (Li et al., 2018). It was a 2.05-mm-thick sample cut with its face perpendicular to the crystallographic [111] axis. Two faces of the diamond crystal were polished. The ground state absorption spectrum of the nitrogen-doped diamond crystal was recorded using a Shimadzu UV1800 spectrophotometer. The Raman spectrum and FTIR spectrum of the synthetic crystal were recorded in order to investigate crystallization quality and impurities in diamond structures. All the experiments were measured at room temperature.
Nonlinear Optical Measurements
Due to simple and single-beam measurement, the Z-scan technique is considered as a common method for measuring nonlinear optical coefficients of materials. In our Z-scan technique, the light source was a regeneratively amplified Yb:KGW fiber laser system (Light Conversion, PHAROS-SP) which produced 1-mJ pulses centered at 1,030 nm with a repetition rate of 6 kHz and 190 fs (FWHM). The optical parametric amplifier (OPA, ORPHEUS, Light Conversion) output was tuned to the wavelengths 532 and 800 nm as the test beams with 20-Hz, 190-fs laser pulses in the Z-scan technique. The spatial and temporal distribution of the pulse was nearly a Gaussian profile. The experimental setup was similar to the one in the study by Sheik-Bahae et al. (1990). The thickness of the synthetic diamond crystal is 2.05 mm, satisfying thin sample approximation in nonlinear optical experiments. The diamond crystal placed on the mobile platform was moved along the z-axis with respect to the focal point of a 200-mm focal lens. All beams were measured by using energy detectors (Rjp-765 energy probe) linked to an energy meter (Rj-7620 ENERGY RATIOMETER, laser probe). The experimental data were collected through a GPIB interface. The experimental system was calibrated using benchmark Kerr liquid CS2.
RESULTS AND DISCUSSION
Spectroscopic Characterization
The ground state absorption spectrum of the nitrogen-doped diamond crystal is shown in Figure 1. It is well known that the intrinsic diamond exhibits the wide optical transparency range (from the ultraviolet to the far-infrared) for the broadband gap (5.5 eV) (Gagarskiĭ and Prikhod’ko, 2008). From Figure 1, the synthetic diamond crystal performs linear absorption in visible regions due to the presence of nitrogen. Apparently, the linear absorption of the 532-nm wavelength was larger than that of the 800-nm wavelength in the synthetic diamond. Considering the electronic levels of NV centers (Lin et al., 2008), the electrons can be promoted from the ground state 3A2 to excited states 3E through absorbing one photon when using 532-nm wavelength excitation. However, under 800-nm wavelength excitation, the electrons in NV centers could not be promoted from 3A2 to 3E just through absorbing one photon, consistent with its ground state absorption spectrum. The Raman spectrum of the synthesized diamond crystal is presented in Figure 2. In intrinsic diamond (IIa type), its characteristic peaks were located at 1,332.02 cm−1 (Li et al., 2018). As shown in Figure 2, the characteristic peaks of nitrogen-doped diamond are located at 1,331.75 cm−1, and there was a slight shift compared with the IIa-type diamond. Moreover, the bottom areas of the Raman spectrum were very flat, and the peak was sharp, indicating that the synthesized diamond performed at a high quality. The typical FTIR spectrum of the synthesized diamond crystal is presented in Figure 3. Compared with nitrogen-doped diamond, there were no absorption peaks located at 1,130 and 1,344 cm−1 in the FTIR spectrum of intrinsic diamond (Li et al., 2018). For the nitrogen-doped diamond crystal, the absorption peaks located at 1,130 and 1,344 cm−1 in the FTIR spectrum could be assigned to substitutional N impurity. Furthermore, the concentration of N impurity was approximately 310 ppm, which was estimated according to the following formula (Liang et al., 2005):
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[image: Figure 1]FIGURE 1 | Ground state absorption of the obtained nitrogen-doped diamond crystal.
[image: Figure 2]FIGURE 2 | Raman spectrum of the obtained nitrogen-doped diamond crystal.
[image: Figure 3]FIGURE 3 | FTIR spectrum of the obtained nitrogen-doped diamond crystal.
Open-Aperture Z-Scan
To evaluate the ultrafast NLO properties of the synthesized nitrogen-doped diamond crystal, an open-aperture Z-scan was performed under 190-fs laser pulses with 532- and 800-nm wavelengths, respectively. The energy used in the 532-nm Z-scan measurement was 200 nJ, and the beam waist was nearly 20 um, corresponding to a light intensity of 150 GW/cm2. The energy used in the 800-nm Z-scan measurement was 600 nJ, and the beam waist was nearly 30 um, corresponding to a light intensity of 207 GW/cm2. Due to the short pulse duration (190 fs) and low repetition speed (20 Hz) of our laser, the thermal effect has a negligible contribution to nonlinear absorption because the built-up time for thermal effect is rather long compared to the pulse duration (Yang and Song, 2009; Kovsh et al., 1999). It is well known that open-aperture Z-scan curves represent the NLO absorption property of materials. The open-aperture Z-scan experimental results under 532 and 800 nm are shown in Figures 4, 5, respectively. The occurrence of a valley in open-aperture Z-scan curves indicated that the synthesized nitrogen-doped diamond crystal experienced reverse saturable absorption (RSA) under both 532- and 800-nm wavelengths. It is well known that no NLO absorption is observed in intrinsic diamond under 532- and 800-nm wavelength excitation. In order to generate NLO absorption, intrinsic diamond must absorb multiple photons promoting electrons from the valence band (VB) to the conduction band (CB) under these two wavelengths for its broadband gap (5.5 eV). In these cases, extremely high light intensity is needed. In our experiments, the light intensity was controlled to a low level, and the transition of electrons from the VB to the CB could be ruled out. As a result, the NLO absorption of the synthetic diamond crystal should originate from the presence of nitrogen defects under these two wavelength excitations. When doped with nitrogen, there are many NV centers formed in the synthetic diamond crystal. Each NV center consists of a substitutional nitrogen atom and adjacent lattice vacancy. The ground and excited states are spin triplets (S = 1) with a principle zero-phonon line (ZPL) at 637 nm (1.945 eV) associated with the radiative transition from 3E to 3A2 (Ashfold et al., 2020; Ulbricht and Loh, 2018; Rogers et al., 2015). The energy levels of NV centers in the bandgap of diamond are illustrated in Figure 6. As Figure 6 shows, with the absorption of photons, electrons of the ground state 3A2 are sent to the excited state 3E. From the excited state 3E, electrons can radiatively decay to the ground state with the photon emission in the visible region or non-radiatively decay to the singlet state 1A1, followed by the radiative transition to the metastable single 1E leading to the emission band in the infrared region with the ZPL at 1042 nm (Bourgeois et al., 2005). It is noted that the excited-state energy level of the NV− is about 0.6 eV below that of the conduction band (CB). After absorbing the second photon, instead of decaying back to the ground state (radiatively or non-radiatively), the excited electron can be promoted to the CB. The time scale of the excited state 3E decaying to the ground state 3A2 or the singlet state 1A1 is nearly 10 nanoseconds (Ulbricht and Loh, 2018). In our open-aperture Z-scan measurements, a 190-fs laser pulse is too short compared to the decaying time of the 3E to the 3A2 and the 3E to the 1A1. As a result, the energy levels of the NV− can simply be two states: 3A2 and 3E. Considering the optical nonlinearity of the synthesized diamond crystal, there is a difference in the original mechanism of NLO absorption between the two wavelength (532 and 800 nm) excitations, although a strong RSA effect was observed under two experimental conditions. When using 800-nm wavelength excitation, the electrons of NV centers will be promoted from the 3A2 state to the conduction band after absorbing two photons. This absorption process is called two-photon absorption, with the participation of virtual-level states. However, when using 532-nm wavelength excitation, first, the electrons of NV centers will be promoted from the 3A2 state to the 3E state after absorbing one photon. Then the electrons of the 3E state will be promoted from the 3E state to the conduction band after absorbing another photon. The third-order nonlinearity of the synthetic diamond crystal is deduced by stepwise one-photon absorption in this case, as in a cascade absorption using a long-lived free carrier located in the excited state 3E. According to the Z-scan theory (Sheik-Bahae et al., 1990), we extracted the effective nonlinear absorption coefficient βeff through numerical simulation. The values of the effective third-order nonlinear absorption coefficient βeff under 532- and 800-nm wavelengths are summarized in Table 1. Compared with previous reports (Kononenko et al., 2014; Almeida et al., 2017; Motojima et al., 2019), NLO coefficients of the synthetic diamond crystal were comparable to those of nitrogen-implanted chemical vapor deposition (CVD) diamond and high-purity diamond. Our results showed that the nitrogen-doped diamond crystal performed broadband NLO responses, indicating that it can be used for the application of ultrafast nonlinear devices in the future.
[image: Figure 4]FIGURE 4 | Open-aperture Z-scan curves under 532 nm with 200 nJ for the synthetic nitrogen-doped diamond crystal. The circles are the experimental data, and the solid lines are the theoretical fitting.
[image: Figure 5]FIGURE 5 | Open-aperture Z-scan curves under 800 nm with 600 nJ for the synthetic nitrogen-doped diamond crystal. The circles are the experimental data, and the solid lines are the theoretical fitting.
[image: Figure 6]FIGURE 6 | Energy levels of NV centers in the bandgap of diamond. The green and red arrow lines represent the possible transition using 532-nm excitation and 800-nm excitation, respectively.
TABLE 1 | NLO absorption coefficients of diamonds under different experimental conditions from open-aperture Z-scan measurements.
[image: Table 1]CONCLUSION
In summary, a nitrogen-doped diamond crystal with (111) orientation was synthesized with an NaN3 additive in the FeNi-C system at a pressure of 6.5 GPa and a temperature of 1,310°C, using the temperature gradient growth (TGG) method. The FTIR and Raman spectroscopy characterized that the obtained diamond was high quality. FTIR spectroscopy of the C-N vibrational modes at 1,344 and 1,130 cm−1 suggested a nitrogen content of 310 ppm. Its NLO response was investigated using the Z-scan technique under two different wavelengths (532 and 800 nm) at the femtosecond regime. It was found that nonlinear optical absorption originated from the introduction of NV centers, which provided unique optical transitions by electronic structures in the bandgap of diamond. Our results showed that the nitrogen-doped diamond crystal performed broadband NLO responses, indicating its potential applications in future NLO devices, such as ultrafast optical power limiters.
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Transition metal-doped Sb2Se3 has become a heated topic caused by the strong nonlinear optical response and the ultrafast response time at high laser excitation. In this paper, the Co-doped Sb2Se3 with different doping amount (0.5, 1.0, and 1.5 W) nanofilms were prepared by magnetron sputtering technology, and the nonlinear behavior of Co-doped Sb2Se3 nanofilms at near infrared were systematically studied. The results of the femtosecond Z-Scan experiment indicate that the Co-doped Sb2Se3 nanofilms exhibit broadband nonlinear response properties owing to the free carrier absorption, the Kerr refraction, the two-photon absorption, and the free carrier refraction. The nonlinear absorption coefficients of Co-doped Sb2Se3 nanofilms are from 3.0 × 10−9 to 2.03 × 10−8 m/ W under excitation at 800, 980, and 1,030 nm, and the nonlinear refractive index of the Co-doped Sb2Se3 nanofilms is from 4.0 × 10−16 to -3.89 × 10−15 m2/ W at 800, 980, and 1,030 nm. More importantly, Co-doped Sb2Se3 (1.5 W) nanofilm exhibits ultrafast carrier absorption (<1 ps) and a stronger transient absorption intensity of ΔOD > 6.3. The Co-doping content can controllably tune the crystalline degree, the ultrafast carrier absorption, the intensity of the reverse saturation absorption, the broadband nonlinear optical response, and the carrier relaxation time of Co-doped Sb2Se3 nanofilms. These results are sufficient to support their applications in broadband nonlinear photonic devices.
Keywords: Co-doped Sb2Se3 nanofilms, ultrafast broadband response, near-infrared, ultrafast carrier absorption, reverse saturation absorption
INTRODUCTION
The special interactions between light and matter in selenide materials are ideal applications for interferometers, electrocatalysis, ultrathin transistors, sensors, and optoelectronic devices (Radisavljevic and Kis, 2013; Medina et al., 2017; Ai et al., 2018; Jiang et al., 2019). In nonlinear optics, the selenides, due to their unique reverse saturation absorption (RSA), which decreases transmittance with the incident laser increase, have attracted much attention (Wang et al., 2012; Lin et al., 2013). The RSA behavior occurs because the absorption cross-section of the excited state in the substance is larger than the ground state, which leads to the ground state absorption being less than that of the excited state (Henari and Dakhel, 2011; Tuhl et al., 2012). The RSA properties of selenides can be widely used in optical information, nonlinear optoelectronic components, optical sensing, and integrated optics (Djordjevic and Arabaci, 2010; Volz et al., 2012; Jia et al., 2018). For example, WSe2 in selenides exhibits RSA and optical limiting properties that can be applied to nonlinear optoelectronic components (Major et al., 2004; Andreev et al., 2011). However, the selenides with RSA properties still face the solution of the ultrafast broadband nonlinear optical response, higher carrier absorption intensity, long carrier relaxation time, and other problems.
In past decades, researchers have focused on Sb2Se3 (V–VI group), which is widely used in optical devices due to its excellent optical nonlinear properties (Molli et al., 2016; Liu et al., 2019). To further improve the photoelectric properties of Sb2Se3, the group IV, VII, and VI elements are frequently doped on Sb2Se3 (Choi et al., 2006; Lee et al., 2019; Ren et al., 2020). A variety of metal elements have been selected for doping with Sb2Se3 due to their excellent photoelectric properties (Cao et al., 2014; Ning et al., 2021). In many metal elements, Co was selected to dope the Sb2Se3 because it can effectively capture the photogenerated carrier and promote free-carrier absorption (FCA) at near infrared. The success of Co doping can effectively adjust the optical bandgap and accelerate the FCA and two-photon absorption (TPA) of Sb2Se3, making the nonlinear response transfer to the broadband. It is of great significance for the selection of a greater metal dopant to doped Sb2Se3 for nonlinear optical devices and electronic devices due to understanding the doping effect and nonlinear properties of Co-doped Sb2Se3.
In this paper, the pure and Co-doped Sb2Se3 nanofilms with different contents of Co dopant (0.5, 1.0, and 1.5 W) nanofilms were successfully prepared by using magnetron sputtering technology. The Co-doped Sb2Se3 (1.5 W) nanofilm exhibits an excellent ultrafast broadband nonlinear response at the near infrared, higher nonlinear absorption coefficients, higher transient absorption intensity, ultrafast carrier absorption, and high linear transmittance. By the precise control of magnetron sputtering conditions (such as the temperature, deposition time of the nanofilms, radio frequency, and direct current power), smooth and uniform Co-doped Sb2Se3 nanofilms were successfully prepared. The results of the transient absorption experiment suggest that the ultrafast broadband nonlinear optical response of Co-doped Sb2Se3 nanofilms is caused by FCA and TPA, and the special nonlinear optical properties in Co-doped Sb2Se3 nanofilms depend on the amount of Co dopant. We also obtained the close-aperture (CA) Z-scan signals of the Co-doped Sb2Se3 nanofilms by the CA Z-scan experiment. The composition of nonlinear refraction of the Co-doped Sb2Se3 nanofilms can be attributed to the free carrier refraction (FCR) and Kerr refraction. In addition, the Co-doped Sb2Se3 nanofilms also exhibit ultrafast carrier absorption, higher transient absorption intensity, and longer carrier relaxation time. It has a new reference value for the preparation of near-infrared broadband photonic devices.
EXPERIMENT
Materials
The magnetron sputtering target of Sb2Se3, with a purity of 99.99%, a diameter of 6.0 cm, a thickness of 0.3 cm, and a 0.2 cm thickness Cu back target, was purchased from Yitong Technology Co., Ltd. The sputtering target of Co with a thickness of 0.5 cm, a diameter of 6.0 cm, and a purity of 99.999% was purchased from Beijing JHCC Vacuum Equipment Co., Ltd.
Sample Preparation
The pure Sb2Se3 and Co-doped Sb2Se3 nanofilms were prepared by using magnetron sputtering technology. The sapphire substrate was washed by anhydrous ethanol, deionized water, and acetone for 30 min until the substrate was clean completely and dried at room temperature. Figure 1 shows the diagram of the process of the Co-doped Sb2Se3 nanofilms. To obtain the best thickness uniformity of the film, the distance between the target and the substrate was fixed at 10.2 cm. The sputtering power of the radio frequency target in the deposition process was 50 W, and the sputtering powers of the direct current target were 0.5, 1.0, and 1.5 W. The vacuum of the sputtering room was 4.5 × 10−5 Pa, the sputtering pressure was 3.0 Pa, Argon was employed as a working gas with a gas flow rate of 20 sccm, the substrate temperature was set to 150°C, and the sputtering time was 1 h to prepare the pure and Co-doped Sb2Se3 nanofilms.
[image: Figure 1]FIGURE 1 | The process of preparing Co-doped Sb2Se3 by using magnetron sputtering technology.
Instruments
The morphology and thickness of pure and Co-doped Sb2Se3 nanofilms were obtained by field-scanning electron microscope (SU70, Hitachi, Japan), the X-ray diffraction analysis of pure and Co-doped Sb2Se3 nanofilms was carried out by using an X-ray diffractometer (XRD; D8, Bruker, Germany). The elemental analysis of Co-doped Sb2Se3 nanofilms was tested by energy dispersive spectroscopy (EDS; XM260S, AmetekGenesis, United States). The transmittance and linear absorption spectra of the pure and Co-doped Sb2Se3 nanofilms were characterized by the spectrophotometer (Uv-Vis; Uv-3600i PLUS, SHIMADZU, Japan).
In the transient absorption experiment, by changing the optical path difference between the detecting and pumping light, a variation of the white supercontinuum spectrum with different delay times can be obtained. Thus, the frequency-doubled Yb:KGW laser was selected for the transient absorption experiment, and the laser can provide 190 femtosecond (fs) laser pulses at 450 nm. In the fs transient absorption experiment, the repetition rate, probe pulses, and specific pump fluence were set at 137 Hz, 800–1,050 nm, and 82 μJ/ cm2, respectively (Fang et al., 2015; Fang et al., 2016). The nonlinear optical characteristics of the pure and Co-doped Sb2Se3 nanofilms were tested by fs Z-Scan experiments. The light source used an optical parameter amplifier (OPA, Light Conversion ORPHEUS), which was pumped by a mode-locked Yb:KGW fiber laser. The measurement parameters were set at 190 fs pulse and 20 Hz, and the waist radius of the laser was 33 µm. The energies of the laser excitation were set at 300, 400, and 500 nJ, respectively.
RESULTS AND DISCUSSION
Structural and Compositional Analysis
Figure 2 shows the XRD patterns of the Sb2Se3 and the Co-doped Sb2Se3 nanofilms. It can be seen from the XRD patterns that Co-doped Sb2Se3 nanofilms were successfully prepared and exhibited a polycrystalline structure. According to the XRD pattern, compared with the Sb2Se3 nanofilm (PDF#15-0816) (Zhou et al., 2015; Liu et al., 2019), the diffraction characteristic peak (310) of Co-doped Sb2Se3 nanofilms increased, and the lattice spacing of the (310) is 3.669 nm. In addition, the diffraction characteristic peaks of the Co-doped Sb2Se3 films exhibit an increasing trend with the increase of Co dopant. It can be clearly seen from the XRD patterns that the diffraction characteristic peaks of the Co-doped Sb2Se3 nanofilms are located at 24.575 (0.5 W), 24.441 (1.0 W), and 24.296 (1.5 W), respectively, which are all offset compared with the diffraction characteristic peaks of the pure Sb2Se3 nanofilm (24.987). In addition, the lattice constants of the Co-doped Sb2Se3 nanofilms are also calculated as 11.839 (0.5 W), 11.853 (1 W), and 11.891 (1.5 W), respectively, which are all smaller than the lattice constant of pure Sb2Se3 (11.902). In past reports, Co dopants in the Sb2Se3 system can be used as a substitute site of Sb or Se as well as interstitial atoms (Li et al., 2016; Mahani and El-Sayad, 2019). Under the premise that Se and Sb are abundant enough, Co can effectively replace Sb to form the most favorable structure. If the Sb position in Sb2Se3 is successfully replaced by some dopant, the homologous diffraction characteristic peaks are shifted and exhibited in the XRD pattern. The shift of the characteristic diffraction peaks was observed in the Co-doped Sb2Se3 nanofilms, confirming that the Co doping is at the grain boundary of Sb2Se3 rather than entering its lattice and that the Co dopant may also enter the substitution site of Sb. The supercell of Co-doped Sb2Se3 was shown in Figure 3.
[image: Figure 2]FIGURE 2 | (A) The XRD patterns of Co-doped and pure Sb2Se3 nanofilms. (B) The EDS of Co-doped Sb2Se3.
[image: Figure 3]FIGURE 3 | The structures of Sb2Se3 with Co on (I) Sb (II) Se, and (III) interstitial site.
The elemental composition of the Co-doped Sb2Se3 nanofilms was detected by EDS. The results of the EDS show that, with the increase of DC sputtering power in the Co target, the Co content of the Co-doped Sb2Se3 nanofilms increases, but the peak positions of the Se and Sb in the film have not shifted, and the content of Co in the Co-doped Sb2Se3 nanofilms was 0.63% (0.5 W), 1.61% (1.0 W), and 3.35% (1.5 W), respectively. The results of the EDS provide strong evidence for Co successfully doping at grain boundaries of Sb2Se3. Although the Co doping amount increases, the resistance of the Sb2Se3 grain boundary gradually decreases, which leads to the formation of a space charge region near the grain boundary.
Morphological and Optical Analysis
To study the morphology and thickness of pure and Co-doped Sb2Se3 nanofilms, the nanofilms were characterized by SEM, and the results are shown in Figure 4. The nanofilms that were prepared by magnetron sputtering are smooth uniform and free of cracks. In addition, we also characterize the thickness of the pure and Co-doped Sb2Se3 nanofilms. The thicknesses of the pure and Co-doped Sb2Se3 nanofilms are both 150 nm. According to previous reports (Cattaruzza et al., 2009; Wu et al., 2015; Hymavathi et al., 2017), the morphology of doped films is determined by the deposition conditions, particularly the power of direct current magnetron sputtering. In accordance with the result of the elemental mapping (Figure 4(f ∼ h)), the elements of Sb, Se, and Co are uniformly dispersed in the entire Co-doped Sb2Se3 nanofilms.
[image: Figure 4]FIGURE 4 | (A–D) The SEM of pure and Co-doped Sb2Se3 nanofilms. (E) The thickness of pure and Co-doped Sb2Se3 nanofilms. (F–H) The elemental mapping of Co-doped Sb2Se3 (1.5 W) nanofilms.
Figure 5 shows that the transmittance and absorption spectrum of pure and Co-doped Sb2Se3 nanofilms were obtained by spectrophotometer. The linear absorption edge of the optical bandwidths of the pure and Co-doped Sb2Se3 nanofilms at near infrared can be found. Compared with the pure Sb2Se3 nanofilms, the red shift of the linear absorption edge of the Co-doped Sb2Se3 nanofilms can be attributed to the different ionic radius of Co than that of Sb, which changes the bond length with Se at replacement Sb, thus leading to a change in the eigenfrequency. The change of the eigenfrequency moves the linear absorption edge of the Co-doped Sb2Se3 nanofilms and, hence, the red shift (Tian and Liu, 2006). Furthermore, the increase in Co dopant content leads to increasing the deficiency, which leads to an increase in the average atomic distance, thus leading to a decrease in the energy level spacing. For linear absorption, we have Tacu’s formulation, which is given as follows (Filipchenko and Naurizbaev, 1976):
[image: image]
where the coefficient of linear absorption is denoted by α, A represents a constant, Eg represents the optical band gap, n represents an index (n = 1, 2, 3), and the incident photon energy is denoted by hν. The optical band gap (Eg) values of the pure and Co-doped Sb2Se3 nanofilms (0.5, 1.0, and 1.5 W) are, respectively, calculated as 1.93, 1.83, 1.80, and 1.77 eV. Figures 5C,D exhibit the transmission spectrum of the pure and Co-doped Sb2Se3 nanofilms. It can be clearly seen that the A and B thin films both exhibit more than 80% transmission in the range of 800–1,100 nm, and the dopant of Co has no effect on the transmittance at near infrared.
[image: Figure 5]FIGURE 5 | (A, B) The linear absorption spectrum of pure and Co-doped Sb2Se3 nanofilms. The inset shows the relationship between the incident photon energy and absorbance. (C) and (D) exhibit the transmittance spectrum of pure and Co-doped Sb2Se3 nanofilms.
Nonlinear Optical Properties
The nonlinear signals of the pure and Co-doped Sb2Se3 nanofilms, which were obtained by fs Z-scan experiment at 800, 980, and 1,030 nm, are used to understand the mechanism of the nonlinear response and regulation. The open-aperture (OA) Z-scan results of the pure and Co-doped Sb2Se3 nanofilms are shown in Figure 6(a∼c). For the pure and Co-doped Sb2Se3 nanofilms, the RSA phenomenon was observed at 800 nm, and no signals were obtained at 980 and 1,030 nm for the pure Sb2Se3 nanofilm. Through the linear absorption spectroscopy of the pure and Co-doped Sb2Se3 nanofilms, it can be seen that the Eg of the pure and Co-doped Sb2Se3 nanofilms are greater than hv but less than 2hv, which indicates that the pure and Co-doped Sb2Se3 nanofilms both exhibit a TPA. For the Co-doped Sb2Se3 nanofilms, the OA Z-scan signals were exhibited at 980 and 1,030 nm, and it also shows that, with the increase of the doping concentration, the amplitude of the OA Z-scan signals exhibited the corresponding increase. In addition, we also obtained the OA Z-scan signals of the pure and Co-doped Sb2Se3 nanofilms (1.5 W) under different excitation energy at 800 nm. For the pure Sb2Se3 nanofilm, with the increase of the excitation energy, the OA Z-scan signals did not change; therefore, it can be inferred that the pure Sb2Se3 is a pure third-order nonlinear effect, and the OA Z-scan signal amplitude of the Co-doped Sb2Se3 nanofilms (1.5 W) increased with the increase of the excitation energy. Therefore, we infer that the Co-doped Sb2Se3 nanofilms have a higher-order nonlinear absorption phenomenon, that is, FCA. For the higher-order nonlinear absorption phenomenon, we have (Lakhwani et al., 2010)
[image: image]
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Here, α represents the global absorption coefficient, γ stands for the fifth-order nonlinear absorption coefficient, T(z) stands for the normalized transmittance, β represents the third nonlinear absorption coefficient of the thin films, and I0 stands for the light intensity at the focus. The effective thickness of the nanofilms is denoted by Leff, and [image: image], where α0 is the linear absorption coefficient of the thin film, L represents the thickness of the samples, z is the distance between the sample and the focal point, and z0 is the derived length of the beam. The β and the γ of the pure and Co-doped Sb2Se3 nanofilms are exhibited in Table 1.
[image: Figure 6]FIGURE 6 | The OA Z-scan signals of pure and Co-doped Sb2Se3 nanofilms at 800 (A), 980, (B), and 1,030 nm (C). The OA Z-scan signal of Co-doped Sb2Se3 nanofilm (1.5 W) thin films at 800 nm under different excitation conditions (D).
TABLE 1 | Nonlinear absorption parameters of the Co-doped and pure Sb2Se3 nanofilms under different excitation conditions.
[image: Table 1]The calculated results show that, with the increase of excitation energy, the values of β and γ of the Co-doped Sb2Se3 nanofilms increase correspondingly, thus confirming that there is FCA in the Co-doped Sb2Se3 nanofilms. As is known to all, the interaction between matter and light can be effectively increased by Co nanoparticles, which can also illustrate the high carrier mobility (Han et al., 2006; Ahlam et al., 2012). In addition, Co nanoparticles can effectively capture photogenerated carriers and can also inhibit the combination of carriers and holes in the local electric field (Li et al., 2017; Nasir et al., 2017). The formation of the space charge region formed by the Co dopant leads to a larger electron base, so the probability of transition becomes larger during the absorption of photon energy and the increase of the Co dopant content can provide more free carriers; thus, the increment of the free carriers leads to the enhancement of the nonlinear effect. Owing to the increase of excited state absorption and high carrier mobility brought by Co nanoparticles, FCA and TPA are successfully set up in the Co-doped Sb2Se3 nanofilms with the successful doping of Co into Sb2Se3. Therefore, the RSA behavior of the Co-doped Sb2Se3 nanofilms was observed at 980 and 1,030 nm. As the content of the Co dopant increases, the intensity of RSA behavior exhibits a corresponding increase. This phenomenon is because the increase of the content of Co dopant can provide more Co nanoparticles, thus providing more free carriers, which can further promote faster and stronger absorption in the excited state.
The CA Z-scan signals (800, 980, and 1,030 nm) of the pure and Co-doped Sb2Se3 nanofilms were obtained by using the CA fs Z-scan experiment as shown in Figure 7. For the pure Sb2Se3 nanofilm, the CA Z-scan signal was observed at 800 nm, which can be attributed to Kerr refraction caused by the nonlinear systematic dispersion of bound electrons appearing near the intrinsic absorption edge although there was no CA Z-scan signal observed at 980 and 1,030 nm, and it can be caused by the weak Kerr refraction. For the Co-doped Sb2Se3 nanofilms, the CA Z-scan signals were observed at 800, 980, and 1,030 nm, which indicates the existence of high-order nonlinear refraction (FCR). In addition, with the increase of the Co dopant content, the amplitude of the CA Z-scan signals increased correspondingly. According to the results of the OA Z-scan signals of the Co-doped Sb2Se3 nanofilms, with the increase of the Co dopant content, more Co nanoparticles can be provided, which led to the increase of photogenerated carriers. Therefore, it can be concluded that the content of photogenerated carriers in the Co-doped Sb2Se3 nanofilms is relatively high, and the excess carriers can participate in the refraction of free carriers. Thus, it can be concluded that there are FCR at 980 and 1,030 nm, and the FCR is dominant. According to the plasma dispersion effect of carriers, the refraction effect of free carriers increases with the increase of incident wavelength (Soref and Bennett, 1987; Gao et al., 2005). Therefore, the Co-doped Sb2Se3 nanofilms exhibit a self-defocusing behavior at 980 and 1,030 nm, which are constructed by the FCR and Kerr refraction. In addition, we also obtained the CA Z-scan signals of the Co-doped Sb2Se3 nanofilm (1.5 W) and pure Sb2Se3 nanofilm, which were excited under different excitation energy at 800 nm as shown in Figure 7D. For the pure Sb2Se3 nanofilm, there was no change in CA Z-scan signals. For the Co-doped Sb2Se3 nanofilm (1.5 W), the signals of the CA Z-scan indicate that the amplitude of the nonlinear signal increases with the increase of the excitation energy. The reason for the phenomenon is that, with the increase of the excitation energy, excess carriers, which can participate in the refraction of the free carriers, are generated, thus leading to the enhancement of the refraction of the free carriers (Fang et al., 2013).
[image: Figure 7]FIGURE 7 | The CA Z-scan signals of the Co-doped Sb2Se3 nanofilms at 800 (A), 980 (B), and 1,030 nm (C). (D) The CA Z-scan signals of Co-doped Sb2Se3 nanofilms (1.5 W) at 800 nm under different excitation conditions (300, 400, and 500 nJ).
For nonlinear refraction, we assume that the incident laser has a Gaussian distribution, and then the sample transmittance on the far-field axis is proportional to the phase shift (Gao et al., 2005).
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The effective thickness of the samples is denoted by Leff, and [image: image], where n2 represents the nonlinear refractive index, L stands for the thickness of the samples, I0 represents the light intensity at the focus, λ stands for the excitation wavelength, and α0 represents the linear absorption coefficient of the thin film. For the Kerr system, the peak intensity of the incident laser and the nonlinear refractive index have the same radial profile. The interpolation formulas for the normalized peak-valley transmittance (ΔTp–v) and peak-valley separation in z (ΔZp–v) are shown in Eqs 5, 6; (Gao et al., 2005).
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The values of n2 can be calculated by using Eqs 4–6 and are shown in Table 2.
TABLE 2 | Nonlinear refractive index of pure and Co-doped Sb2Se3 nanofilms under different excitation conditions.
[image: Table 2]Transient Absorption Analysis
The nonlinear optical properties of pure and Co-doped Sb2Se3 nanofilms were studied by transient absorption experiment. To ensure the excitation efficiency, the pumping light was set at 450 nm. The change of absorption intensity at a specific wavelength can be represented as the variation of the optical density (ΔOD), which is obtained by transient absorption spectroscopy. For the transient absorption experiment, ΔOD can be calculated as (Li et al., 2014)
[image: image]
where λp represents the wavelength of probing light, Ton represents the light of the probe, t stands for the delay time and the total transmittance of pumping, and the transmittance of probing light is denoted by Toff.
For the pure Sb2Se3 nanofilms, the RSA phenomenon was observed at 780–830 nm (ΔOD>0), but no nonlinear signal was detected in other probe regions (Figures 8A,B), which is in synchrony with the result of the fs Z-scan signal of the pure Sb2Se3 nanofilms. According to the results of linear absorption of the pure Sb2Se3 nanofilm, TPA occurs when the optical bandgap (Eg) is greater than hν and less than 2hν. With the successful doping of Co into Sb2Se3, TPA and FCA are successfully established in the Co-doped Sb2Se3 nanofilms, which is due to the increase of carrier mobility and excited-state absorption brought by Co nanoparticles. Co-doped Sb2Se3 nanofilms exhibit the RSA phenomenon with high transient absorption (ΔOD > 6.5), broadband nonlinear response (800–1,030 nm), and ultrafast carrier absorption (<1 picoseconds) at near infrared at Figures 8C,D compared with Sb2Se3 nanofilms.
[image: Figure 8]FIGURE 8 | (A) The results of the transient absorption experiment of the pure Sb2Se3 nanofilm at near infrared. (C–D) The results of the transient absorption experiment of Co-doped Sb2Se3 (0.5, 1, and 1.5 W) nanofilms at near infrared.
Although the content of Co dopant increases, the carrier absorption rate and intensity of RSA of the Co-doped Sb2Se3 nanofilms exhibit a corresponding increase. In addition, the increase in the doping amount of Co can provide more Co nanoparticles, which can further promote the absorption of the excited state faster and stronger. When the DC sputtering power was increased to 1.5 W, the Co-doped Sb2Se3 nanofilm exhibited the strongest transient absorption (ΔOD > 15) and ultrafast carrier absorption (<1 picoseconds) as shown in Figure 8D. Through the analysis of the transient spectrum, it can be seen that the transient absorption intensity of all Co-doped Sb2Se3 nanofilm is 800 < 980 < 1,030 nm; according to the plasma dispersion effect of carriers, the absorption and refraction effects of free carriers increase with the increase of incident wavelength. It is further confirmed that FCA and FCR play a dominant role in the nonlinear response at 980 and 1,030 nm. In all the transient absorption spectra, it can be found that the signal has no obvious movement during the whole delay time, which suggests that the TPA and FCA may be from the uniform energy level during the whole delay time (He et al., 2010). In addition, the sapphire substrate has no influence on the transient absorption experiment of the Co-doped and pure Sb2Se3 nanofilms. Moreover, the differences between Co-doped and pure Sb2Se3 nanofilms were measured by the Gaussian beam focal plane, which proves that the Co-doped and pure Sb2Se3 nanofilms do not suffer optical damage in the transient absorption experiment. Figure 10 exhibits the schematic diagram of the energy levels of the Co-doped and pure Sb2Se3 nanofilms, one-photon absorption, and FCR.
Figure 9 shows the transient absorption fitting curves of pure and Co-doped Sb2Se3 (0.5, 1, and 1.5 W) nanofilms at different time scales under 450 nm laser excitation. For the pure and Co-doped Sb2Se3 nanofilms, there was no influence between the pump light and the carrier relaxation, which proves that the transient absorption experiment was carried out under steady conditions. Multiple exponential functions are selected to fit the transient absorption curve of the pure and Co-doped Sb2Se3 nanofilms, and the formula is as follows (Fang et al., 2017):
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where C3, C2, and C1 represent the amplitudes of the third, second, and first components, respectively. For the pure Sb2Se3 nanofilm, which was excited by 450 nm, the carrier relaxation time values (τ1 and τ2) were calculated as 1.74 ± 0.74 ps and 3.89 ± 0.73 ns. The values of transient absorption (τ1, τ2, and τ3) of the Co-doped Sb2Se3 nanofilms under the same laser excitation were calculated as 1.58 ± 0.9 ps, 12.39 ± 0.21 ps, and 4.42 ± 0.82 ns (0.5 W); 1.32 ± 0.49 ps, 13.35 ± 0.4 ps, and 4.63 ± 0.81 ns (1.0 W); and 1.73 ± 0.99 ps, 12.03 ± 0.26 ps, and 4.89 ± 0.79 ns (1.5 W), respectively. The calculated results show that the doping amount of Co can adjust the carrier relaxation time of the Sb2Se3 nanofilms. In addition, the results also confirm that Co nanoparticles can effectively inhibit the composite process of carrier and hole, thus improving the FCA efficiency. The carrier relaxation processes for the pure and Co-doped Sb2Se3 nanofilms are shown in Figure 10. In the whole relaxation process of pure and Co-doped Sb2Se3 nanofilms, the different relaxation mechanisms determine the relaxation time of carriers at different steps. For the pure Sb2Se3 nanofilms, the τ1 is caused by the cooling of thermal carriers, and the τ2 is caused by the relaxation of nonradiative transition of carriers in the optical bandgap. Although for the Co-doped Sb2Se3 nanofilms, τ3 is caused by the relaxation of nonradiative transition of carriers from CB to VB, the τ2 is caused by the relaxation of nonradiative transition of carriers from CB to doping level, and the τ1 is caused by the electron-phonon scattering.
[image: Figure 9]FIGURE 9 | (A) The transient nonlinear curve of pure Sb2Se3 nanofilm at different time scales. (B–D) The transient nonlinear curve of Co-doped Sb2Se3 (0.5, 1.0, and 1.5 W) thin films at different time scales.
[image: Figure 10]FIGURE 10 | (A) The process of pure Sb2Se3 nanofilm carrier relaxation time, OPA, and band. (B) The illustration of Co-doped Sb2Se3 nanofilm carrier relaxation time, OPA, and band.
CONCLUSION
In conclusion, this study confirms that the enhancement of excited state absorption at near infrared caused by FCA, FCR, TPA, and Kerr refraction is the main mechanism of the broadband nonlinear response of Co-doped Sb2Se3 films, which were prepared by magnetron sputtering. Compared with the pure Sb2Se3 nanofilm, the Co-doped Sb2Se3 nanofilms exhibit the following superior nonlinear optical properties. (I) Co-doped Sb2Se3 nanofilms exhibit ultrafast carrier absorption (ps) at near infrared and excellent broadband nonlinear response (800–1,030 nm). (II) High nonlinear absorption coefficients, high nonlinear refraction index, long carrier relaxation time, and the ultrafast carrier absorption of Co-doped Sb2Se3 nanofilms are determined by the content of the Co dopant. (III) The transient absorption intensity of Co-doped Sb2Se3 nanofilms (1.5 W) is achieved ΔOD>15. Finally, the Co-doped Sb2Se3 nanofilms provide more reference value for selecting more suitable elements as the dopants of Sb2Se3 to prepare the broadband nonlinear optical devices.
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Graphene/MoS2/Ag thin films were successfully prepared by the magnetron sputtering technique and liquid phase exfoliation. Structure, morphology, optical properties, and nonlinear optical characteristics of the graphene/MoS2/Ag and graphene/MoS2 thin films were studied by X-ray diffractometer, spectrophotometer, field-scanning electron microscope, and femtosecond (fs) Z-scan technique. The results of the fs Z-scan experiment indicate that the graphene/MoS2/Ag thin films exhibit reverse saturable absorption properties due to the free carrier absorption and two-photon absorption. More importantly, with the increase of DC magnetron sputtering power (from 5 to 15 W), the local surface plasmon resonance effect of the Ag thin films increases, which leads to the enhancement of nonlinear optical properties of the graphene/MoS2/Ag thin films. The nonlinear absorption coefficients of the graphene/MoS2/Ag thin films are increased from 1.14 × 10–10 to 1.8 × 10–10 m/W at 800 nm and from 4.79 × 10–11 to 6.79 × 10–11 m/W at 1,030 nm, and the nonlinear refraction index of the graphene/MoS2/Ag thin films is -4.37 × 10–17∼−4.18 × 10–16 m2/W under the excitation of 800 and 1,030 nm, respectively. Moreover, when the graphene/MoS2/Ag thin films were excited at 800 and 1,030 nm, respectively, the nonlinear figure of merit values of the graphene/MoS2/Ag thin films are increased from 1.23 to 2.91 and from 1.30 to 1.47, which are enough to support the application of the graphene/MoS2/Ag thin films in the field of all-optical switching applications.
Keywords: nonlinear FOM, graphene/MoS2/Ag thin films, broadband response, Z-scan, nonlinear optical response
INTRODUCTION
In recent years, graphene is widely studied due to its large carrier mobility and high optical absorption property (Katsnelson et al., 2009; Gao et al., 2019). However, the zero band gap property limits the research and application of graphene in the optoelectronics field. As the research develops in depth, it can be found that the emergence of graphene composite systems can solve this issue. Among these, they exhibit superior optical, electrical, and chemical properties to graphene; thus, the graphene/MoS2 nanocomposites have been extensively studied (Fu et al., 2014; Yu et al., 2014; Kwon and Kim, 2018). Compared with graphene, the graphene/MoS2 nanocomposites exhibit higher photoresponse (Zhang et al., 2014), higher dielectric constant, and higher linear absorption (Jiang et al., 2015; He et al., 2017; Qiu et al., 2018; Sun et al., 2018; Xu et al., 2020) due to the excellent properties of the graphene/MoS2; the graphene/MoS2 nanocomposites can be widely used in the manufacture of dye-sensitized solar cells, electrical sensors, and transistors (Liu et al., 2012; Huang et al., 2013; He et al., 2014). In the field of nonlinear optics, the reverse saturable absorption (RSA) property, which is shown by graphene/MoS2 thin film, shows that the light transmittance decreases with the increase of incident light (Ouyang et al., 2013), and it can be widely used in all optical switches, optical sensors, and other fields (Vabbina et al., 2015; Chen et al., 2016; Iqbal et al., 2019). Nevertheless, graphene/MoS2 thin films still face many challenges, such as nonlinear response and high nonlinear figure of merit (FOM) values.
To further raise the nonlinear broadband optical response of graphene/MoS2 thin film and increase the wide application in all optical devices, a novel structure was designed here, and it uses the noble metal to composite the graphene/MoS2 thin films. Among the numerous noble metals, silver was chosen to composite the graphene/MoS2 thin films due to its localized surface plasmon resonance (LSPR) effect, which can effectively capture photogenerated carriers and restrain the recombination between carriers and holes (Li et al., 2007; Zheng et al., 2007; Akhavan, 2009; Charles et al., 2009; Jiang et al., 2012). In addition, the LSPR effect of Ag can provide more free carriers to construct free carrier absorption (FCA) in the graphene/MoS2/Ag thin films, and the FCA can effectively promote the excited state absorption at near infrared, thus leading to the nonlinear optical response move to broadband. Moreover, the addition of Ag has a good composite significance, because of which it can effectively regulate the optical band gap of the graphene/MoS2/Ag thin films and promote the FCA and TPA (Shahriari et al., 2017). Therefore, the closed-aperture (CA) Z-scan signals of the graphene/MoS2/Ag thin films were obtained at near infrared due to the free carrier refraction (FCR), which is constructed by the free carriers provided by the LSPR effect of Ag. Moreover, the nonlinear absorption coefficient and nonlinear refractive index of the graphene/MoS2/Ag thin films were obtained from the broadband nonlinear signals of the graphene/MoS2/Ag thin films, which is of great significance for evaluating the nonlinear FOM value and the application of all-optical switches. With the composite of Ag, the nonlinear FOM values of graphene/MoS2/Ag thin films can be improved successfully and can be widely used in all-optical switching devices.
In this work, graphene/MoS2/Ag thin films with different magnetron sputtering power in the Ag target (5, 10, and 15 W), and graphene/MoS2 thin films were successfully prepared by using magnetron sputtering technology and liquid phase exfoliation. The graphene/MoS2/Ag thin films show a broadband nonlinear optical response, larger nonlinear absorption coefficient, and higher nonlinear refractive index at near infrared, and the nonlinear absorption coefficient and nonlinear refractive index of the graphene/MoS2/Ag thin films can be determined by the content of the Ag thin films. The nonlinear absorption coefficients of graphene/MoS2/Ag thin films (from 5 to 15 W) are from 1.14 × 10–10 to 1.8 × 10–10 m/W at 800 nm and from 4.79 × 10–11 to 6.79 × 10–11 m/W at 1,030 nm, respectively. The nonlinear refractive index of the graphene/MoS2/Ag thin films (from 5 to 15 W) are from –1.12 × 10–16 to –4.18 × 10–16 m2/W at 800 nm and from –4.37 × 10–17 to –8.00 × 10–17 m2/W at 1,030 nm, respectively. Moreover, the nonlinear FOM values of graphene/MoS2/Ag thin films (from 5 to 15 W) are from 1.23 to 2.91 at 800 nm and from 1.30 to 1.47 at 1,030 nm. Surprisingly, compared with the graphene/MoS2 thin film, the FOM values of the graphene/MoS2/Ag thin films are successfully improved under the same excitation conditions, which can be widely used in all-optical switching devices.
EXPERIMENT
Materials
The sputtering target of Ag (99.99% purity, 6.0 cm diameter, 0.6 cm thickness) was purchased from Hebei Qinbang New Material Technology Co. The filter membranes (220 nm diameter) that were used to deposit graphene/MoS2 thin films were purchased from Tianjin Jinteng Co. Ltd. The flake graphite used for the liquid phase exfoliation technique was purchased from Sinopharm Chemical Reagent Co. Ltd. The MoS2 used for the liquid phase exfoliation technique was purchased from Shanghai Acmec Biochemical Co. Ltd. The N-methyl-2-pyrrolidone solvent (NMP) used for the dispersant of graphene/MoS2 was purchased from Tian in Fuyu Fing Chemical Co. Ltd.
Sample Preparation
The Ag thin films were precisely deposited on the sapphire substrate by direct current (DC) magnetron sputtering. The sapphire substrate was, respectively, washed by anhydrous ethanol, deionized water, and acetone for 15 min until the substrate was completely clean and then dried at room temperature. The precise sputtering power of 5, 10, and 15 W in the Ag target can be achieved by regulating the magnetron sputtering conditions (current and voltage). During the deposition, high-purity argon was employed as a working gas (purity 99.999 vol%) with a gas flow rate of 20 sccm, and the working pressure was 1.0 Pa, the sputtering time was 35 s, the sputtering temperature was 25°C, and the vacuum of the sputtering room was 5.5 × 10–4 Pa.
The graphene/MoS2 thin films were prepared by the liquid phase exfoliation technology. The NMP is widely used as the dispersing agent for the graphene and MoS2 in the report; thus, the NMP was selected as the dispersing agent for the graphene/MoS2 (Kim et al., 2015; Hua et al., 2017; Qi et al., 2017). The graphite and MoS2 powders at a weight ratio of 1:1 were dispersed in NMP to fabricate dispersion. The concentration of the dispersion was 0.2 mg/ml. Then, the dispersion was sonicated for 1–2 h at a high power of 600 W, which can produce such a result that the graphite and the MoS2 are well exfoliated. The obtained suspension was centrifuged at 6,000 rpm/min for 1 h, and half of the supernatant was extracted. The formation of the graphene/MoS2 thin films were made by using 40 ml supernatant to be deposited on the 220 nm pore size membranes by a vacuum filtration technique and then naturally dried at room temperature.
Then, the dried films were put upside down on the prepared Ag thin films and pressure applied with a 2 kg weight to make the graphene/MoS2 thin films better fit on the Ag thin films. The weight was removed after 2 h, and then the graphene/MoS2/Ag thin films (with the filter membranes) were washed with the acetone, which was used to remove the filter membranes. After washing, the graphene/MoS2/Ag thin films were placed at room temperature and then dried naturally for 1 h, and finally, the graphene/MoS2/Ag thin films were successfully prepared. The schematic diagram of the graphene/MoS2/Ag thin film preparation process is shown in Figure 1. To make the expression more concise, A and B are used to represent the graphene/MoS2 and the graphene/MoS2/Ag thin films, where B1, B2, and B3 are, respectively, used to represent the graphene/MoS2/Ag (5, 10, and 15 W) thin films.
[image: Figure 1]FIGURE 1 | Graphene/MoS2/Ag thin film preparation process and structure diagram.
Instruments
The morphology and thickness of A and B thin films were observed by field-scanning electron microscope (FE-SEM) (SU70, Hitachi, Japan), the X-ray diffractometer (XRD) pattern was characterized by XRD (D8, Bruker, Germany), and the linear absorption spectrum of A and B thin films was characterized by spectrophotometer (Uv-Vis) (Uv-3600i PLUS, SHIMADZU, Japan).
The nonlinear optical characteristics of A and B thin films were tested by femtosecond (fs) Z-Scan experiments. The light source used an optical parameter amplifier (Light Conversion ORPHEUS), which was pumped by a mode-locked Yb:KGW fiber laser. The measurement parameters were set at 190 fs pulse and 20 Hz, and the waist radius of the laser was 33 µm. The energies of the laser excitation were set at 400, 500, and 600 nJ, respectively. The fs Z-scan experiment was carried out with the device described in the report (Wang et al., 2001; Yao et al., 2013).
RESULTS AND DISCUSSION
Structure Analysis
Figure 2 shows the XRD patterns of A and B thin films. The XRD patterns show that A and B thin films both present the polycrystalline structure. For the A thin film, compared with the XRD standard card (PDF#17-0744), the diffraction characteristic peak of MoS2 (003) was detected at 14.53° (2θ) with the lattice spacing of 6.09 nm. The diffraction characteristic peak of graphene (002) was detected at 26.6° (2θ) with the lattice spacing of 3.69 nm (PDF#41-1,487), which is consistent with reports in the literature; it can be confirmed that the graphene is successfully prepared by liquid phase exfoliation (Wang et al., 2017). For the B thin films with the successful composite of the Ag thin films, the diffraction characteristic peaks of graphene (002) and MoS2 (003) were enhanced; the diffraction characteristic peak of Ag (200) was detected at 44.27° (2θ) with the lattice spacing of 2.038 nm (PDF#04–0783). Compared with the XRD standard card (PDF#17-0744), the diffraction characteristic peak of MoS2 (006) was also detected at 29.35° (2θ) with the lattice spacing of 3.04 nm. In addition, the increase of magnetron sputtering power in the Ag target induces the enhancement of the diffraction characteristic peaks of Ag (200), and the highest XRD intensity was obtained at the B thin film (15 W). Moreover, we also calculated the lattice constants of graphene, MoS2, and Ag in the B thin film, which are 6.64, 3.16, and 4.08 nm, respectively, in which the lattice constant of MoS2 is consistent with the few layers MoS2 in the report (Ghadiyali and Chacko, 2019; Qi et al., 2019; Cior et al., 2020). The obtained results are consistent with the literature. The results of the XRD pattern show that the B thin films are successfully prepared.
[image: Figure 2]FIGURE 2 | (A) The XRD patterns of the A and B thin films (5 W). (B) The XRD patterns of the B thin films (from 5 to 15 W).
Morphology and Optical Properties Analysis
The morphologies and thicknesses of the Ag thin films under different DC magnetron sputtering powers were obtained by SEM as shown in Figures 3A–C. The distribution of Ag nanoparticles in the Ag thin films are uniform, and with the increase of magnetron sputtering power, the size of the Ag particles increases accordingly. In addition, the average Ag particle size of the Ag thin films under different DC magnetron sputtering power was also calculated as 18 (5 W), 24 (10 W), and 30 nm (15 W), respectively. Figures 3D–F exhibit the thickness of the Ag films. With the increase of the magnetron sputtering power, the thickness of the Ag thin films increases from 50 to 90 nm.
[image: Figure 3]FIGURE 3 | (A) The morphology of the Ag thin film under 5 (A), 10 (B), and 15 W (C) DC magnetron sputtering power. (D) The thickness of the Ag thin film under 5 (D), 10 (E), and 15 W (F) DC magnetron sputtering power.
The morphology and thickness of the B thin films were characterized by SEM as shown in Figure 4. To observe the morphology of the B thin films more intuitively, the edge of the A thin film was selected for shooting so as to distinguish between the Ag thin film and the graphene/MoS2 thin film as shown in Figure 4A. In addition, the thickness of the B thin films (from 5 to 15 W) was characterized by SEM and is shown in Figure 4B–D. The thickness of the B thin films is 350, 370, and 390 nm, respectively, which corresponds to the B thin films with the different magnetron sputtering power of 5, 10, and 15 W, respectively. It can be seen from the SEM that the successful composite of Ag thin films improves the thickness of the B thin films. It can be inferred that the thickness of graphene/MoS2 thin film is 300 nm. In past reports, the absorption of the composite films is enhanced with the increase of the content of Ag films; thus, we preliminarily infer that the absorption of the graphene/MoS2/Ag thin films is enhanced with the increase of the thickness of the Ag thin films.
[image: Figure 4]FIGURE 4 | (A) The morphology of the B thin film and the thickness of the B1(B), B2(C), and B3(D) thin films.
The linear absorption and transmission spectrums of the A and the B thin films were tested by spectrophotometer as shown in Figure 5. It can be seen from Figure 5A that A and B thin films exhibit two obvious absorption peaks, which are caused by the two exciton transition absorption peaks A and B at the Brillouin K/K′ point due to the direct band gap transition of MoS2 (Yin et al., 2019). In addition, with the increase of the magnetron sputtering power in the Ag target, the absorption peak of the B thin films exhibits a tendency of red shift that is consistent with the report by Yang et al., and it can be seen from the report that the light absorption of metal nanoparticles is affected by the size of the metal nanoparticles, and the conclusion is that the size of the Ag nanoparticles in Ag thin films can be affected by the increase of the magnetron sputtering power in the Ag target, which was given in SEM. With the increase of the magnetron sputtering power in the Ag target, the size of the Ag nanoparticles increases. The increase of the size of the Ag nanoparticles can lead to the lattice contraction of the nanoparticles, which leads to the decrease of the resonance frequency of the surface plasmons. Thus, the absorption peak of the B thin films is red shifted. In addition, with the composite of the Ag thin films, the LSPR effect of the Ag nanoparticles can lead to the electron filling of graphene/MoS2 bang; thus, the overall bang gap of the B thin films decreases, leading to an increased absorption of the B thin films. This result confirms the correct inference that the absorption of the B thin films increases as the thickness of the Ag thin films increases. For the linear absorption, we have that Tacu’s formulation is given as follows (Qian et al., 2014):
[image: image]
where α is the coefficient of linear absorption, A is a constant, n is an index (n = 1, 2, 3), hν is the energy of the incident photon, and Eg is the optical bandwidth. The optical band width of A and B thin films were calculated as 1.77 eV, 1.73 eV (5 W), 1.70 eV (10 W), and 1.62 eV (15 W), respectively. Figure 5B exhibits the transmission spectrum of the A and B thin films. It can be clearly seen that the A and B thin films both exhibit more than 65% transmission in the range of 800–1,050 nm, and the composite of Ag thin films has no effect for the transmittance at near infrared.
[image: Figure 5]FIGURE 5 | The linear absorption (A) and transmission (B) of the A and B thin films.
Nonlinear Optical Properties Analysis
To further understand the mechanism of nonlinear response and regulation, the nonlinear signals of the A and B thin films were obtained by using the fs Z-scan technique at 800 and 1,030 nm. The Z-scan curve shows a smooth valley shape, and it is symmetric to the focal point (Z = 0), which confirms that the main nonlinear absorption characteristics of the A and B thin films are the RSA characteristic. The open-aperture (OA) Z-scan results of the A and B thin films are shown in Figures 6A,B. The A thin film exhibited RSA properties at 800 nm although no signal was observed at 1,030 nm. It can be seen from the linear spectrum that the Eg of the A and B thin films is greater than hv but less than 2hv; thus, the A and B thin films all exhibit a TPA characteristic (Honda et al., 2011). The OA Z-scan signals of the B thin films were observed at 1,030 nm. Moreover, with the increment of the DC magnetron sputtering power in the Ag target (from 5 to 15 W), the amplitude of the OA Z-scan signals of the films exhibited a corresponding increase. In addition, to study the relationship between the laser intensity and the nonlinear signal of the A and B thin films, the A and B3 thin films were excited at 800 and 1,030 nm with different laser energy, as is shown in Figures 6C,D. For the A thin film, with the increase of the excitation laser energy, the OA Z-scan signal of the A thin film had no change; thus, it is confirmed that the A thin film exhibits a pure third-order nonlinear effect, which is caused by the absorption of the excited state induced by the TPA. For the B3 thin film, with the increase of the laser energy, the amplitude of the OA Z-scan signal increased. In combination with the OA Z-scan signals of the B thin films, which were obtained by changing the DC magnetron sputtering power in the Ag target (5–15 W), thus, we infer that there is a high-order nonlinear absorption effect in the nonlinear absorption phenomenon of the B thin films. For the high-order nonlinear absorption phenomenon, we have (Chen and Zhao, 2018)
[image: image]
[image: image]
Here, α is the global absorption coefficient, γ is the fifth-order nonlinear absorption coefficient, T(z) stands for the normalized transmittance, β is the nonlinear absorption coefficient of the thin films, and I0 is the light intensity at the focus. The effective thickness of the thin films is denoted by Leff, and the Leff can be calculated by [image: image], where α0 is the linear absorption coefficient of the thin film, L is the thickness of the thin films, z is the distance from the sample to the focal point, and z0 is the derived length of the beam. The β and the γ of the A and B thin films are exhibited in Table 1.
[image: Figure 6]FIGURE 6 | The OA Z-scan signals of A and B thin films at 800 (A) and 1,030 nm (B). The OA Z-scan signals of B3 thin film at 800 (C) and 1,030 nm (D) under different excitation conditions.
TABLE 1 | Nonlinear absorption parameters of the A and B thin films under different excitation conditions.
[image: Table 1]It can be seen from the calculation results of the nonlinear absorption coefficient of the B thin films that, with the increase of the laser energy, the nonlinear absorption coefficients of the B thin films exhibit the corresponding increase; thus, our inference is confirmed. The reason for the high-order nonlinear absorption effect can be attributed to the FCA, which is caused by the composite of the Ag thin films.
For Ag nanoparticles, the LSPR effect on their surface can effectively increase the interaction between light and matter, promote the separation of photogenerated carriers and holes, and can effectively capture photogenerated carriers (Xiang et al., 2012; Xi et al., 2014; Agrawal et al., 2018; Ye et al., 2019). When the Ag thin films are successfully composited with the graphene/MoS2 thin film, it can provide more carriers for the B thin film; thus, the FCA is constructed in the excited state, so a combination of FCA and TPA is successfully presented, and thus, the nonlinear absorption effect of the B thin films is enhanced. In addition, with the increment of DC magnetron sputtering in the Ag target, Ag thin films that were prepared by different DC magnetron sputtering power can provide more Ag nanoparticles and then provide more photogenerated carriers to enhance the FCA effect; thus, the excited state absorption and RSA behavior of B thin films are enhanced. The energy level diagram of B thin film is shown in Figure 7. The τ1 can be attributed to the radiative relaxation of carriers from the conduction band to the valence band. The τ2 can be attributed to the cooling of the carriers in the conduction band.
[image: Figure 7]FIGURE 7 | The energy level diagram of the graphene/MoS2/Ag thin film.
Figures 8A,B show the CA Z-scan signals that were obtained by the A and B thin films at 800 and 1,030 nm. For the A thin film, the CA Z-scan signal was only observed at 800 nm, which can be attributed to Kerr refraction caused by the nonlinear systematic dispersion of bound electrons appearing near the intrinsic absorption edge, and there was no CA Z-scan signal observed at 1,030 nm, which can be caused by the weak Kerr refraction. For the B thin films, the CA Z-scan signals were both observed at 800 and 1,030 nm, which exhibits the existence of high-order nonlinear refraction. In addition, the amplitude of the CA Z-scan signals increases with the increase of the DC magnetron sputtering power in the Ag target at 800 and 1,030 nm. According to the results of the OA Z-scan signals, with the increase of the DC magnetron sputtering power in the Ag target, more Ag nanoparticles can be provided by Ag thin films, which leads to the increase of the photogenerated carriers. Therefore, it can be summarized that the content of the photogenerated carriers in the B thin films is relatively high, and the excess photogenerated carriers can participate in the refraction effect of free carriers. Thus, it can be inferred that the FCR effect at 1,030 nm is the dominant effect. According to the plasma dispersion effect of carriers, the refraction effect of free carriers increase with the increase of incident wavelength (Sameshima et al., 2009; Soref and Bennett, 1987). Therefore, the B thin films exhibit a self-defocusing behavior at 1,030 nm, which is constructed by the free carrier reflection and Kerr refraction. In addition, we also obtained the CA Z-scan signals of the A and B3 thin films, which were excited at different laser energy as shown in Figures 8C,D. For the A thin film, there was no CA signal change. For the B3 thin film, the signals of the CA Z-scan indicate that the amplitude of the nonlinear signal increases with the increase of the laser energy. The reason for the phenomenon is that, with the increase of the laser energy, excess carriers are generated, and they can participate in the refraction of the free carriers, thus leading to the enhancement of the FCR (Fang et al., 2015). For nonlinear refraction, we assume that the incident laser has a Gaussian distribution, and then, the sample transmittance on the far-field axis is proportional to the phase shift (Gao et al., 2005).
[image: image]
The effective thickness of the samples is denoted by Leff and [image: image], where α0 is the linear absorption coefficient of the thin film, L is the thickness of the samples, I0 is the light intensity at the focus, λ is the excitation wavelength, and n2 is the nonlinear refractive index. For the Kerr system, the nonlinear refractive index and the peak intensity of the incident laser have the same radial profile. The interpolation formulas for the normalized peak-valley transmittance (ΔTp–v) and peak-valley separation in z (ΔZp–v) are shown in Eqs 5, 6 (Gao et al., 2005).
[image: image]
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The values of n2 can be calculated by using Eq. 4–6. The calculated results of n2 are shown in Table 2. The calculated results agree with our inference and confirm our point.
[image: Figure 8]FIGURE 8 | The CA Z-scan signal of A and B thin films at 800 (A) and 1,030 nm (B). The CA Z-scan signals of B3 thin film at 800 (C) and 1,030 nm (D) under different excitation conditions.
TABLE 2 | Nonlinear refraction index of the A and the B thin films under different excitation conditions.
[image: Table 2]According to the analysis of the signals of the OA and CA Z-scans, the B thin films have the potential to be applied in the fields of nonlinear all-optical switching and optical limiters. Therefore, for nonlinear all-optical switches, one of the core criteria is the nonlinear FOM. Here, the FOM values of A and B thin films under different energy excitation at 800 and 1,030 nm are calculated to judge their advantages and disadvantages in the application of all-optical switches. For the nonlinear FOM value, we have (7) (Sheik-Bahae et al., 1990)
[image: image]
where n2 is the nonlinear refractive index, β is the nonlinear absorption coefficient, and λ is the excitation wavelength. Compared with the FOM value of the A thin film (0.15) at 800 nm, the FOM values of the B1, B2, and B3 thin films are successfully improved at 800 nm, and the nonlinear FOM value were calculated as 1.23, 1.88, and 2.39, respectively. In addition, the nonlinear FOM values of the B1, B2, and B3 thin films at 1,030 nm are also calculated as 1.30, 1.35, and 1.42, respectively. With the increase of magnetron sputtering power in the Ag target, the values of nonlinear FOM of the B thin films exhibit a corresponding increase at 800 and 1,030 nm. In addition, with the increase of the laser intensity, the values of nonlinear FOM of the B3 thin film also exhibit a corresponding increase up to the maximum numbers of 2.91 and 1.47 at 800 and 1,030 nm. Compared with other materials, the B3 thin film exhibits an excellent value of the nonlinear FOM. The results of the value of nonlinear FOM are shown in Table 3.
TABLE 3 | The nonlinear figure of merit (FOM) of different materials.
[image: Table 3]CONCLUSION
In summary, the study confirms that, with the composite of the Ag thin films, the nonlinear response of the graphene/MoS2/Ag thin films is successfully constructed at near infrared. In addition, we also confirm that FCA and TPA are the main reasons for the nonlinear absorption enhancement of the graphene/MoS2/Ag thin films, and the Kerr refraction and the FCR are the main reasons for the formation of nonlinear refraction of graphene/MoS2/Ag thin films at near infrared. Compared with graphene/MoS2 thin films, the graphene/MoS2/Ag thin films exhibit a significant broadband nonlinear response at near infrared and the higher nonlinear absorption coefficients that are from 4.79 × 10–11 to 1.8 × 10–10 m/W at 800 and 1,030 nm and the higher nonlinear refraction index, which is from −4.37 × 10–17 to −4.18 × 10–16 m2/W at 800 and 1,030 nm. More importantly, the broadband nonlinear response, nonlinear absorption coefficients, and nonlinear refraction index can be determined by the amount of the composite of the Ag thin films. Moreover, the graphene/MoS2/Ag thin films exhibit the superior value of the nonlinear FOM and the maximum value of nonlinear FOM is 2.85. The result provides the possibility for the fabrication of all-optical switch at near infrared.
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Stimulated Brillouin scattering (SBS) lasers based on silicon waveguides with large SBS gain, have been widely used in frequency tunable laser emission, mode-locked pulse laser, low-noise oscillator, optical gyroscope, and other fields. However, current SBS lasers still need long waveguide lengths to realize Brillouin laser output, which increases the waveguide losses and is not conductive to be integrated. In this paper, we propose a silicon ring waveguide, in order to tune the frequency of the phonon field of SBS laser based on the silicon substrate of the ring cavity. The simulation results exhibit that the tailorable forward SBS effect is realized in the silicon-based optical waveguide with a large SBS gain up to 1.90 W-1m-1. Particularly, with the mutual restraint between photoelastic and moving boundary effects, the tunable phonon frequencies emitting from 1 to 15 GHz are realized through the conversion among higher order modes by modifying the widths of the ring cavity. Therefore, this silicon waveguide based on ring cavity will provide a new technical scheme for designing tunable SBS lasers by tuning the ring widths. In addition, this enhanced and broadband acoustic radiation will pave the way for hybrid integration in silicon-based optical waveguide, micro-electromechanical system, and CMOS signal processing technology.
Keywords: fiber optics, optical communications, optical solitons, nonlinear optics, optical waveguide
INTRODUCTION
Stimulated Brillouin scattering (SBS) effect is a third-order nonlinear effect, which is produced by the interaction of photons with phonons in the medium [1–3]. The SBS effect can be exploited to realize the conversion from optical waves (with higher frequency) to acoustic waves. Various applications based on the SBS effect, such as distributed sensing [4,5], slow light and fast light [6,22], microwave photonics [7–9], and narrow line width Brillouin lasers [10,11], have gained tractions and developped rapidly for decades. However, the realization of the SBS effect based on traditional waveguides such as optical fiber requires length of several kilometers, which makes the entire experimental device more complex and is not conducive to miniaturization and integration. The SBS effect can be realized by using microstructures; while the main reported platforms are micro resonant cavity, sulfur waveguide, and silicon-based waveguide, respectively.
If the optical gain generated by SBS exceeds the round-trip loss, SBS lasing will occur. Particularly, as a kind of nonlinear photo-acoustic coupling, the SBS effect is significant and can surpass Kerr and Raman interaction effects in most transparent media [12]. Due to the phonon dissipation induced by the substrate, the integrated silicon waveguide with enhanced Raman and Kerr nonlinearity tends to produce tiny SBS coupling. However, it is difficult for acoustic waves to be guided in a pure silicon on insulator (SOI) waveguide on account of the high intensity in silicon, i.e., the high speed of phonons. This will greatly inhibit the interaction between photons and phonons, which leads to a decrease of SBS effect in SOI. In order to excite the strong photon-phonon interaction in SOI, different structures of silicon-based optical waveguides were further proposed, including silicon ridge [13], suspended silicon waveguide membrane [14,15], silicon disk [16], silicon ring [17], and silicon bullseye [18]. Independent control of acoustic and optical characteristics is allowed, since optical and acoustic modes are limited by different physical mechanisms. SOI provides a stable platform for on chip nonlinear optical processing, which makes it effective in integrated system. Several structures have been fabricated in order to enhance the nonlinear effect, such as suspended waveguide, photonic crystal waveguide, ring waveguide, disk waveguide, and so on, so that the laser output based on forward stimulated Brillouin scattering (FSBS) can be realized in a smaller device size. However, the length of ridged waveguide is always several centimeters [19], which is not easy to be integrated and makes the processing of the target center and disk waveguide more complex. Therefore, there is still a need for a more local method to obtain enhanced SBS gain and high Q value in a limited area, especially for the forward Brillouin scattering in a compact-designed on-chip waveguide system.
In this paper, we demonstrate a Brillouin laser in silicon by using a ring guided wave forward Brillouin scattering (called stimulated multimode Brillouin scattering), in which the coupled light field is coupled in different optical spatial modes. By adjusting the ring width, the acoustic frequency is tuned and the SBS gain is increased. This work represents an imperative step in the field of designing SBS laser and paves the way for hybrid integration in silicon-based optical waveguide, micro-electromechanical system, and CMOS signal processing technology [6].
THEORY MODEL
In the process of SBS effect, the pump light with frequency wp interferes with the Stokes light with frequency ws (ws < wp), resulting in a light force distribution that varies with time and space; while the beat frequency produces the phonon signal with frequency Ω. In SBS process, the phase matching condition should be satisfied, that is, the conservation of momentum and energy should be satisfied as follows [18],
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where, [image: image] , [image: image] and [image: image] is phonon frequency, pump frequency, and Stokes wave frequency, respectively. Given the propagation direction of Stokes wave, SBS can be divided into backward stimulated Brillouin scattering (BSBS), and FSBS. During the progress of FSBS, pump wave and Stokes wave are transmitted in the same direction; while in the BSBS, they are transmitted in the reverse direction. Light waves can have an initial optical mode (in mode coupling) or different optical modes (inter mode coupling). In this paper, we only focus on the coupling between modules in forward SBS.
It is assumed that the electric field distribution of the pump pulse and Stokes pulses satisfies the following relationships:
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Using the small signal approximation, assuming that the pump power in the waveguide is greater than the Stokes signal power, the coupling between the pump light and the Stokes signal light should meet the following requirements:
[image: image]
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where, [image: image] and [image: image] are the power of pump light and Stokes light, [image: image] is the linear loss of light wave, [image: image] and [image: image] are the nonlinear loss coefficient caused by two-photon absorption and the nonlinear loss coefficient caused by free carrier absorption, respectively. In Eq. 6, g is the SBS gain coefficient, which can be expressed by Lorentz model as follows:
[image: image]
where, [image: image] is the eigenfrequency satisfied by the um eigenequation of the acoustic mode without considering the acoustic loss. [image: image] is the loss coefficient of acoustic mode considering the acoustic loss, which depends on the mechanical quality factor [image: image], and shall meet the following relationship:
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where the subscript m is the m-order acoustic mode (m = 1,2,3...).
Considering the acoustic loss, the peak value of SBS gain spectrum can be simplified as follows:
[image: image]
where, vgs, [image: image] and [image: image] are light group velocity, conductivity, and density, respectively. [image: image] is the sum of the optical forces of pump light and Stokes light. It is assumed that, [image: image] and [image: image] integrally covers the entire waveguide cross-sectional area. It is the overlap integral between the total optical force and the single m-order optical eigenmode, which represents the optical mechanical coupling strength in the silicon-based waveguide on the silicon substrate.
The acoustic displacement field is caused by the total optical force and should meet the phase matching conditions of Eq. 1 and Eq. 2. In order to calculate um, the elastic loss can be neglected in isotropic medium, and the ideal acoustic equation should satisfy as follows:
[image: image]
where, Cijkl represents photoelastic tensor, ui and fi are displacement component and total light force of phonon field, respectively. The equation is the derivative along the j-th space direction of j, in which [image: image]. When there is no driving force fi in Eq. 10, the displacement component umi of phonon field in different modes can be obtained. Hybrid acoustic wave (HAW), including shear wave and longitudinal displacement component excited in waveguide structure.
To further clarify Eq. 9, Eq. 9 can be rewritten as:
[image: image]
where, [image: image] represents the influence of optomechanical coupling on GM; while [image: image] is the influence of other factors (including light group velocity, material quality factor, light energy flow, and phonon energy flow) on Gm, where, [image: image], [image: image]. From the two parameters in the above expression, we can see that in the waveguide structure, the angular frequency, the speed of group light wave, the energy flow of light wave and phonon wave, and the factors of waveguide material are all related to COTm.
SIMULATION RESULTS
As shown in Figure 1A, the Brillouin silicon laser system is made of a silicon wafer on a single crystal insulator, which is composed of a ring-shaped silicon runway resonance cavity. In the whole device, the light is fully reflected in the ring-shaped waveguide cavity. The design diagram of the ring cavity Brillouin laser is shown in Figure 1B. The silicon thickness is t = 250 nm, and the ring width is w = 500–2000 nm. The displacement field related to each phase matched Brillouin active waveguide mode is shown in Figure 1C. In the forward mode Brillouin scattering on the ring cavity, the phase matching condition satisfying m = 0 is shown in Eqs 1, 2. This multimode waveguide provides low loss guidance for different types of spatial modes [with their own propagation constants k1 (red line) and k2 (blue line)], resulting in different high quality factor (Qm) cavity modes with slightly different free spectral range (FSR). The phase matching condition shall meet the matching of energy and frequency as shown in Figure 1C. Under the condition of ks > 0 and kp > 0, since the same propagation direction of the pump and Stokes pulses, these two values are very close. Therefore, the wave vector size of the phonon wave will be quite small, which causes the axial displacement of the phonon field to be extremely weak and the lateral displacement to dominate. In order to allow the phonon field to interact with the photon field long enough, the transverse phonon mode must be well confined to the waveguide medium. Therefore, the ring structure has been fabricated in Figure 1A. Most of the silicon is exposed to the air with a small part connected to the silicon dioxide. Since the refractive index of silicon differ widely with that of air, the light field has been restricted effectively. At the same time, owing to the higher speed of sound in silicon than that in air, the leakage of phonons is also effectually prevented. Besides, traditional waveguide media, such as optical fibers, have a long limitation on the transverse phonon field. This is why only BSBS can be observed in ordinary fiber waveguides. Meanwhile, the mutual conversion of electric field distribution with different modes can generate multi-mode transmission spectrum with multiple characteristic frequencies. As shown in Figure 1D, when the pump light excites the silicon ring waveguide, the Stokes signal light and the acoustic signal with beat frequency signal will be generated. The frequency detuning of the pump wave and Stokes wave results in the mismatch of the wave vector k, caused by the dispersion of the waveguide mode.
[image: Figure 1]FIGURE 1 | (A) Structural diagram of micro ring cavity system. (B) Design drawing of ring cavity: t = 250 nm, w = 100 nm, Si radius corresponding to R = 5 µm. (C) Schematic diagram of the optical dispersion diagram. The optical resonance is represented by discrete points (black and blue) along the overall dispersion curve. The lower arrow indicates the resonance optical transition from pump light (kp) to Stokes light mode (ks) due to SBS. (D) When the optical frequency matches the mechanical acoustic mode, the phase matching and energy conservation of Stokes process are described by the photon density of state (PDOS) and the acoustic frequency Ω.
Due to the two edge constraint mechanisms of electrostriction effect and moving boundary effect, circular waveguide resonators with different width can be analyzed, as shown in Figure 2A. Because the refractive index of silicon at 1,550 nm is particularly high, the transverse size and thickness of floating ring structure can reach several hundred nanometers. The distribution of the pump electric field is shown in Figure 2B. In the process of forward SBS effect, the strong constraint on photon wave and elastic phonon wave also increases the disturbance of photoelastic effect (PE) and moving boundary effect (MB). Figure 2C shows the dispersion curves of all acoustic modes satisfying the phase matching condition of forward scattering between modes of Eqs 1, 2. As shown in Figure 2C, a red color indicates a larger photo mechanical coupling (dark blue indicates zero photo mechanical coupling). It is worthy to note that the existence of quasi band gap (the frequency range of phonon waves with high reflectivity) not only limits the acoustic mode to the position towards the edge of the disk, but also increases the optical mechanical coupling and optical mode due to the large overlap between δεrr. In Figure 2C, we also show the spatial profile of the main photoelastic and moving boundary components of the radial breathing sample mechanical mode in the whole circular cavity structure. Although there is a symmetrical fracture in the z-direction (the grating strut is along the bottom of the disk), which results in a radial ur and a vertical uz displacement coupling, there is no significant difference in the origin of the optomechanical coupling. These analyses can be easily applied to other crystals and composites to form a target cavity. All mechanical modes coupled to TE optical mode by PE and MB perturbations are calculated using Eq. 3. The corresponding spectrum is normalized such that its peak height is proportional to the total optomechanical coupling rate. Clearly only one mode family, namely the breathing mode, is dominant in this case. Assuming that the phonon wave is limited by the width of the ring and the velocity of the longitudinal wave V1 in the silicon disk, the frequencies of different modes of phonon waves can be estimated. Multiple orders of the acoustic modes are given by Ωp = pVl/(2w), where Vl = 9,660 m/s, and p is the integer representing the order of the mode. The red dotted lines in Figure 2C represent these estimated frequency dispersion curves as a function of the ring width of the order p in each mode. The correct design of ring and acoustic mode sequence can be used to enhance photo-acoustic coupling or automatically cancel photo-acoustic coupling. As shown in Figure 2D, when the waveguide width is 1,750 nm, there are six acoustic modes (m = 6) in the ring cavity under the photoelastic effect and moving boundary effect. In particular, the efficiency of optomechanical coupling between the first-order acoustic breathing mode and the optical mode is improved. In this case, because the maximum strain component almost completely overlaps with the optical mode, a large coupling efficiency can be achieved.
[image: Figure 2]FIGURE 2 | (A) A model of photo-acoustic interaction in an annular cavity, in which the thickness of the silicon layer is 250 nm and the radius of the annular cavity is 10 μm. (B) The electric field distribution of the pump light when the width is w = 1,750 nm. (C) The finite element simulation of the change of the photo-acoustic coupling rate with the section width in the annular cavity structure, and the red dotted line is the frequency calculated according to the multi-order mode of Fabry Perot. (D) When the width is 1,750 nm, the pattern distribution of each sub mode (red dot) that satisfies the phase matching determined in c is shown. Each mode (m = 1, 2, ..., 6) is marked according to the pattern index c.
On the other hand, for the coupling between the third-order breathing mode and the surrounding TE mode, there is a competition between photoelastic effect and moving boundary effect. The product of boundary and volume has the opposite phase to the geometry, which leads to the self-cancellation effect. In addition, in the mode forward scattering state, a simple ring cavity is not enough to limit the elastic phonon wave to the edge of the ring [20]. discussed a method of using the target core structure to limit the phonon wave to the edge of the disk [20].
By finite element simulation, the curve of the nonlinear Brillouin optical acoustic coupling efficiency with frequency of the ring waveguide with different width is obtained. The resonant Brillouin generated by multiple ring waveguides as shown in Figure 3, is w = 0.5, 0.75, 1.0, 1.25, 1.5 and 1.75 μm, respectively. The characteristic frequency of each Brillouin active phonon mode (pentagram star) can be calculated with the change of waveguide size w, and each trace satisfying the characteristic frequency can be obtained. Each waveguide has a resonant mode marked with mode index m.
[image: Figure 3]FIGURE 3 | The relationship between the coupling efficiency and the frequency in the Brillouin ring laser with the variation of waveguide width w.
As can be seen from Figure 3, each waveguide will generate a series of regular interval Brillouin resonance, clear signal can be observed, showing nonlinear Brillouin response. As shown in Figure 2C, only the phonon mode with uniform displacement symmetry relative to the waveguide core can produce effective Brillouin coupling due to the spatial symmetry of optical force distribution. When the Brillouin spectrum changes with the waveguide size, different resonance features are color coded (red, blue, green, etc.) to indicate the mode order of each phonon resonance (first, second, third, etc.). As shown in Figure 4, the change in cavity size allows for precise brucellian resonance at almost any frequency from 1 to 15 GHz, enabling unprecedented nonlinear tunability. For example, when the cavity size w changes from 1,750 to 500 nm, the first-order acoustic mode (m = 1) resonates (red). In this case, because the maximum strain component overlaps the optical mode to almost the same degree, a large coupling efficiency can be achieved. The acoustic frequency changes from 3.2 to 9.3 GHz, at which a strong Brillouin resonance occurs.
[image: Figure 4]FIGURE 4 | The contribution of different effects to SBS gain coefficient in the process of stimulated Brillouin scattering when waveguide width w = 1,750 nm, including the contribution of moving boundary effect (black short line), radiation pressure effect (red short line), and the whole Brillouin gain (blue short line).
In order to accurately determine the Brillouin nonlinear coefficient GSBS with respect to the intrinsic Kerr nonlinear coefficient GK and the nonlinear free carrier dispersion coefficient GFC, the nonlinear coupled amplitude equation is formulated as: the power forms of Stokes and anti-Stokes line shapes are derived. Because SBS is a kind of resonance effect, its nonlinear coefficient presents a Lorentz shape centered on each Brillouin active phonon mode. In contrast, the electron Kerr nonlinearity is non resonant at the wavelength of 1,550 nm, resulting in a frequency independent nonlinear coefficient. As Wang et al. did in the fiber-based study [21], the frequency-dependent interference between Kerr and Brillouin effects produced an asymmetric (Fano like) alignment. It should be noted that our simulations are quite different, resulting in a different set of coupled amplitude equations. In addition, under our simulated conditions, the nonlinear free carriers in silicon are the reason for the different order of Stokes and anti-Stokes, and the influence of the nonlinear background is greater for frequencies below 2 GHz. When the free carrier effect decays at high frequency, the 16 GHz Kerr response is used as a reference to determine the amplitude of Brillouin nonlinear coefficient. Using the resonance characteristics in Figure 3, the size of the Brillouin nonlinear coefficient GSBS can be obtained. According to the electron Kerr nonlinear effect, the interference at Stokes and anti-Stokes frequencies is caused by the cross phase modulation between the pump beam and the probe beam in the silicon waveguide core.
In the optical waveguide structure on silicon substrate, the linear sum of all the overlapping integrals between a single optical force (fn) and a single m-order acoustic eigenmode in the process of optical mechanical coupling can be expressed as follows:
[image: image]
It is worth noting that the contribution of a single overlapping integral depends on the light force, and their relative phases are directly affected by the interference effect. In order to calculate Eq. 9 and obtain the SBS gain coefficient in the nanometer optical waveguide, we need to consider two main factors: the electrostrictive force and the radiation pressure, namely FTotal = FPE + FMB. Electrostriction is the secondary response of mechanical strain excited by external electric field. The i-th component of the electrostrictive force is defined as:
[image: image]
where, [image: image] is the electrostrictive tensor, which can be expressed as:
[image: image]
where, [image: image] is the element of photoelastic tensor, [image: image] and [image: image] are the relative permittivity and vacuum permittivity, respectively. Since common materials used in integrated photonics have either cubic crystalline lattice (e.g., silicon) or are isotropic (e.g., silica glass), and most waveguide structures are fabricated to be aligned with the principal axes of the material, we consider the crystal structure of the waveguide material to be symmetric with respect to plane x = 0, plane y = 0, and plane z = 0, Therefore, pijkl is zero if it contains odd number of a certain component. In the contracted notation, Eq. 15 can be written as:
[image: image]
The electrostrictive force is given by the divergence of electrostrictive tensor. In a system consisting of domains of homogeneous materials, electrostrictive forces can exist inside each material (producing an electrostriction body force), and at interfaces where discontinuous stresses are present (yielding an electrostrictive pressure). From the divergence of Eq. 16, the electrostrictive body force become FPEei(qx-Ωt), with vector components:
[image: image]
The gradient of [image: image] radiation pressure is not equal to the boundary of zero. It can be derived from the Maxwell stress tensor (MST) between materials 1 and 2, which can be expressed as:
[image: image]
For the waveguide with constant horizontal direction, only the transverse component of the force can contribute to the SBS gain coefficient.
This strong photon phonon coupling is produced by a constructive combination of PE force and nanometer radiation pressure. Large radiation pressure induced coupling represents new forms of boundary induced Brillouin nonlinearity and boundary mediated Brillouin coupling in subwave length structure. This novel waveguide geometry can independently control the phonon mode and the driving force of the opto mechanical system, thus creating a customizable Brillouin coupling over a wide bandwidth. The simulation results show that the tunable forward SBS effect is realized in the silicon-based optical waveguide with a larger SBS gain of 1.90 W-1m-1, The higher SBS gain excites high-power phonons, as a result, the tunable phonon frequency from 1 to 15 GHz is realized.
CONCLUSION
In this contribution, we have developed a waveguide system on silicon substrate, and proposed a Brillouin laser with ring cavity waveguide structure. By using the larger refractive index and better photoelastic component of silicon material, the tuning of SBS acoustic field signal frequency were realized by adjusting the ring section width and enhancing the forward SBS effect of main drive. Multi physical field simulation demonstrates that the strong photon phonon coupling is produced by the constructive combination of PE force and nanometer radiation pressure. The emergence of large radiation pressure induced coupling represents new forms of boundary induced Brillouin nonlinearity and boundary mediated Brillouin coupling in subwavelength structure. This novel waveguide geometry can independently control the phonon mode and the driving force of the optomechanical system, thus creating a customizable Brillouin coupling over a wide bandwidth. According to the radiation pressure effect and the boundary moving effect, the SBS laser with the ring cavity structure shows a larger SBS gain (up to 1.90 W-1 m-1), which is 100 times of the reported SBS gain. Coupled to massive transverse phonon modes, a relatively flat Brillouin gain can be generated over the entire 1–15 GHz frequency range. Therefore, the photon-phonon conversion based on Brillouin nonlinear effect can be realized through guiding and manipulating the phonons emitted by Brillouin on chip. This work opens up new possibilities in the field of CMOS and MEMS by the mixing of Brillouin device physics with silicon photons [22].
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Nickel foam (NF) with a three-dimensional porous structure plays an important role in a wide variety of applications such as energy storage and conversion, catalysis, and sensor due to its high porosity, low density, and excellent conductivity. However, the main drawback of NF is that its ligaments are very smooth, and thus the surface area is relatively low. In this work, we propose a novel strategy, oxidization and reduction process, in situ to construct micron/nano pores on the ligaments of commercial NF to fabricate a typical hierarchical porous architecture. This process is simple and green, avoiding the use of sacrificial materials. Furthermore, MnO2 is coated on the micron/nano-porous Ni foam (MPNF) to construct an oxygen evolution reaction (OER) electrode through pulse electrodeposition. The designed MPNF-MnO2 electrode presents enhanced OER electrocatalysis activity with a low overpotential of 363.5 mV at the current density of 10 mA cm−2 in an alkaline solution, which is 66.4 mV lower than that of the NF-MnO2 electrode in the same operating conditions. Furthermore, the porous and wrinkled structures of the MPNF also improve the mechanical integrity of the electrode, resulting in super-long stability.
Keywords: oxidation-reduction, micron/nano-structure, oxygen evolution reaction, current collector, nickel foam
INTRODUCTION
Nickel foam (NF) is a three-dimensional (3D) porous metal composed of pores and ligament skeleton with the advantages of high porosity, good conductivity, and mechanical performance, which has very important applications in many fields such as energy storage and conversion, catalysis, and sensing (Yuan et al., 2012; Zhou et al., 2013; Huang et al., 2015; Tong et al., 2019; Zeng et al., 2020). With the rapid development of the new energy technology, NF was demonstrated to be promising excellent electrodes/catalysts or their supports, which has attracted considerable attention. However, as the commercial NF was prepared for diverse applications, its natural architecture could not always meet the demand of the electrochemical electrode/support. For example, the pore diameter of NF was in the range of hundreds of microns and the porosity could be as high as 90%, whereas the proportion of the ligament was relatively small and its diameter was ∼50 μm. Taking electrochemical electrode in solution as an example, the large pore structure in NF was indeed conducive to liquid infiltration and ion transmission (Xu et al., 2015). However, the lower active surface of ligaments became a major obstacle, limiting the electrochemical performance. Furthermore, when NF was applied as an electrode/catalyst support, the surface of the ligament was smooth, which was not beneficial for the adhesion of active materials on its surface. The shedding of active materials on NF support was indeed a serious issue for the long-term stability of the electrode/catalyst (Yu et al., 2014).
To overcome these problems, acid–base corrosion and dealloying have been developed for the treatment of NF. However, it is a certain technical challenge to carry out the elaborate process on these ligaments with such small diameters to increase their coarseness uniformly. Yu et al. (Yu et al., 2014) developed a porous Ni@NiO core-shell electrode obtained by activated commercial Ni foam (NF) in a 3M HCl solution at 90 °C. The asymmetric supercapacitor based on the electrode exhibited an ultrahigh areal capacitance and super-long cycling stability. Xu Guorong et al. (Xu et al., 2015) created a porous structure with 1–15 μm cracks on the ligaments of NF by the alloying and dealloying approach. In this process, nickel–zinc alloy was first prepared by electrochemical deposition on the ligament of NF, and then the higher active Zn was removed by electrochemical dealloying. The porous Ni foam could be used as an efficient supercapacitor substrate to increase the loading capacity for the MnO2 electrode. However, for these existing treatments for NF, a strong acid was often needed in the corrosion and dealloying treatment, which is harmful to the environment. Furthermore, the dealloying process requires time-consuming preparation of an alloy precursor and subsequent removal of active metal, which is complex and a waste of resource. Therefore, it is highly desirable to develop a simple, green, and efficient technology for treatment of NF.
This work reports a novel oxidation–reduction method for in situ micron/nano-porous treatment of commercial NF. The formation of pore structures on NF can be attributed to the volume expansion and shrink during the oxidation–reduction process, as well as the diffusion and spontaneous reconstruction of nickel atoms. This process is simple and green, avoiding the use of sacrificial materials. Furthermore, as a representative application, MnO2 is coated on an MPNF to construct an OER electrode through pulse electrodeposition. The designed MPNF-MnO2 electrode presents excellent OER electrocatalysis activity.
EXPERIMENTAL
Fabrication of MPNF
The purchased commercial NF (99.9%, LZY Battery Sales Department, China) was placed in a furnace and oxidized at 850°C for 36 h in atmospheric air. Then, oxidized NF was placed in a tube furnace and reduced at 650°C for 10 min under a hydrogen atmosphere. The MPNF samples were fabricated through simple oxidation and subsequent reduction treatment.
Preparation of the Composite Electrode
The prepared MPNF and NF were cleaned with acetone, anhydrous ethanol, and deionized water. MnO2 was coated on the two kinds of supports through pulse electrodeposition in the three-electrode system proposed by Li et al. (Li et al., 2016). Ag/AgCl and platinum pallets were employed as reference and counter electrodes, respectively. 0.1 mol L−1 of KMnO4 was selected as an electrolyte. Each pulse electrodeposition cycle consisted of on-time of 1 s at -0.15 V and off-time of 10 s at 0.65 V. The mass loading was tuned by the change of electrodeposition cycles (15, 25, and 35 cycles).
Material Characterization and Electrochemical Measurement
The microstructures of MPNF/NF-MnO2 composite electrode were observed by scanning electron microscope (SEM, JEOL-2100F). The phases were characterized by X-ray diffraction (RIGAKU D/max2200, Japan) and Raman spectroscopy (Raman, nanobase, 532 nm laser).
Electrochemical tests were carried out in 1 mol L−1 KOH electrolyte at 25°C by CHI660e electrochemical workstation (Shanghai ch instruments, China). Hg/HgO and Pt were used as reference and counter electrodes, respectively. EIS (electrochemical impedance spectroscopy) was tested at 1.62 V potential (vs RHE) and 5 mV AC voltage. The frequency range of the test was from high frequency 105 Hz to low frequency 10−2 Hz. The long-term stability of the composite electrodes was evaluated by chronopotentiometry.
RESULTS AND DISCUSSION
Fabrication and Characterization of MPNF
Figures 1A–C shows the construction process of micron/nano-porous structure on the ligament of NF by an oxidation–reduction method. As seen in Figure 1A, the commercial NF exhibited a typical metallic luster. The diameter of the pores was in the range of hundreds of micrometers, and the diameter of the ligaments was in the range of tens of micrometers. As mentioned above, such "larger pores and smaller ligament" structures reduced the effective active area of the NF to a certain extent. Figures 1D and G show the SEM images of fresh NF. The crystalline grain in the ligaments was obvious and continuous, forming a smooth surface without pore and wrinkle structures. Figure 1B is an electronic image of NF after oxidation. The color of NF changed from metallic luster to dark green which indicates the formation of NiO. As shown in Figure 1E and H, a number of particles grew out of the surface of the Ni foam, suggesting the formation of NiO grains. These grains presented a typical "ridged" appearance, which was consistent with the microstructures of Ni/NiO after oxidation at 900°C (Haugsrud, 2003). The formation of NiO on NF was further confirmed by the XRD patterns (Figure 1K) and Raman spectra (Figure 1M).
[image: Figure 1]FIGURE 1 | (A–C) The scheme for the fabrication of MPNF. (D,G) SEM images of NF, (E,H) SEM images of NF after the oxidation treatment, (F,I), and SEM images of the fabricated MRNF. (J) Diameter distribution graph of the fabricated MRNF. (K) XRD patterns of NF after the oxidation treatment and MRNF. (M) Raman spectra of NF and MPNF.
From Figure 1C, after the reduction treatment, the color of NF almost recovered its metallic luster. The reflectivity seems to decrease slightly owing to the construction of micron/nano-pore structures. The SEM images in Figures 1F,I show that a large number of micron/nano-pores and wrinkles appeared on the surface of NF after the oxidation–reduction treatment. The amount of pores reached ∼45 per 100 μm2 with an average of ∼214 nm (Figure 1J). The average pore size of the MPNF was smaller than that of cracks (∼15 μm) prepared by dealloying (Xu et al., 2015), which is a more beneficial and effective support for nanometer catalyst materials. The formation of the micron/nano-structure is mainly due to the oxidation–reduction process. At the first stage of the oxidation process, a dense oxide layer was formed on the surface of NF. With further progress of oxidation, nickel atoms needed to diffuse outward through the oxide layer, while oxygen atoms also needed to diffuse inward through the oxide layer. However, the diffusion rate of nickel atoms in the oxide layer was much higher than that of nickel diffusion in the oxide layer. For example, at 1400°C, the diffusion rate of Ni2+ was 6 orders of magnitude higher than that of O2- (Faes et al., 2012). Therefore, simultaneous diffusion of the two kinds of atoms will lead to the formation of internal defects (pore structures) in the inside of the ligament, which can be considered as a Kendall effect (Galinski et al., 2011). Afterward, as the oxidized NF was reduced in the H2 atmosphere, the oxygen atoms were taken away and quick volume shrinkage took place. The volume shrinkage for the reduction of NiO was as high as 41%. Rapid reduction and volume shrinkage promoted the formation of porous structure on the surface of NF, resulting in the exposure of porous structure that was originally covered under the oxide layer (Nakamura et al., 2008; Wang et al., 2017). In addition, the wrinkled structure observed on MPNF was mainly due to the surface reconstruction formed by the spontaneous migration of nickel atoms in the process of long-time oxidation and high-temperature thermal etching (Meulenberg et al., 2001). These wrinkle structures also significantly increased the roughness of the nickel ligament surface, which is conducive to improve the contact area between MPNF and active materials. In this approach, through this simple metal oxide–metal treatment, commercial NF was directly transformed to MPNF with hierarchical porous architecture. The large pores in the skeleton of MPNF could ensure the fast ion transport in the solution and the formed micron/nano pores and wrinkle structures in the ligaments of MPNF inevitably expands the effective area. The MPNF could be used as a promising electrode/electrode support.
XRD in Figure 1K exhibited that the formed MPNF was composed of pure Ni without any impurities. This was confirmed by the more sensitive Raman spectra in Figure 1M. The Raman spectrum of MPNF was a typical metal spectrum without any peaks, indicating that there was no detectable NiO after the H2 reduction treatment under this experimental condition. In contrast, when acid etching was used to form a porous structure, oxide particles will be formed (Yu et al., 2014). While, the dealloying process could leave residual active metal components in the formed porous structure (Xu et al., 2015). Compared with the traditional acid–base corrosion and dealloying approaches, this approach avoids the involution of impurities in principle, which can prepare pure micron/nano-porous metals without the participation of acid–base solutions. Therefore, it is a green and large-scale approach.
Characterization of Phase and Microstructures of MPNF-MnO2 Composite Electrodes
Figures 2A,B are the microstructures of MPNF-MnO2 composite electrodes prepared through pulse electrodeposition of MnO2 for 25 cycles. The electrodeposited MnO2 film was uniformly covered on the surfaces of MPNF, which makes the micron/nano-porous structure of the surface fuzzy. Furthermore, many clusters of MnO2 particles have been plated into the micron/nano-porous structure to form a unique contact interface between MPNF and MnO2. Some researchers reported that the active materials embedded in the micro/nano-porous support can expand the contact interface between support and active materials, resulting in the improvement of the electrochemical performance stability of the electrodes (Lang et al., 2011; Meng and Ding, 2011; Wang et al., 2017). The results of EDX (Figure 2C) further confirmed that Mn oxides were formed on the surface of MPNF. The typical peak of 625 cm−1 (Figure 2D) in the Raman spectrum of the MnO2 film was consistent with the report in the literature (Julien et al., 2002). It has been reported that δ type MnO2 was formed through the pulse electrodeposition.
[image: Figure 2]FIGURE 2 | (A) Low- and (B) high-magnification SEM images of MPNF-MnO2 electrode. (C,B) are the EDX analysis and Raman spectra of the MPNF-MnO2 electrode, respectively.
Electrochemical Performance
It was reported the loading mass of active material was an important parameter on the electrochemical performance of the composite electrodes (Li et al., 2016). In this study, to determine the effects of pulse electrodeposition cycles on the OER electrocatalytic performance of the composite electrodes, the number of electrodeposition cycles (15–35 cycles) was tuned. In Figure 3 the electrode with 25 cycles shows the minimum overpotential and the minimum Tafel slope at a current density of 10 mA cm−2, demonstrating the superior electrochemical activity. This was understandable because as the number of electrodeposition cycles was less, the electrochemical performance was poor mainly owing to the lack of active materials. Meanwhile, the electrochemical performance of the composite electrode could not increase monotonously with the continuous increase in electrodeposition cycles considering that obvious cracks were observed in the thick MnO2 layer as the pulse electrodeposition cycle was increased to 35 (Figures 3C,D). In addition, with a continuous increase in thickness of MnO2, the outer layer does not participate in the catalytic reaction fully due to its poor electrical conductivity (Huang et al., 2015). In general, there was an appropriate loading mass for each electrode support. Therefore, in this study, we considered the suitable cycle of electrodeposition to be 25, and thus the composite electrodes in the following were prepared under the same electrodeposition conditions.
[image: Figure 3]FIGURE 3 | OER measurement curves of the electrode with different cycles of electrodeposition (A) LSV curves and (B) Tafel slopes. The (C) low and (D) high magnification SEM images of NF-MnO2 electrode with pulse electrodeposition for 35 cycles.
Considering that Ni-based metals could be used as self-supporting oxygen evolution electrodes, the OER electrocatalytic properties of NF, MPNF, NF, MnO2, and MPNF-MnO2 were characterized through a three-electrode system (Figure 4). From the LSV curves of NF and MPNF in Figure 4A, a peak in the potential range of 1.327–1.328 V was observed, which corresponded to the oxidation peak of Ni (Ⅱ)/Ni (Ⅲ) (Yu et al., 2016). There was a more obvious peak in the potential range of 1.28–1.29 V for the composite electrodes of NF-MnO2 and MPNF-MnO2, which was ascribed to the oxidation peak of Mn (Ⅱ)/Mn (Ⅲ) (Devadoss et al., 2003). MPNF and MPNF-MnO2 electrodes exhibited higher electrocatalytic activities than those of the corresponding reference electrodes (NF and NF-MnO2). The overpotential of MPNF-MnO2 at 10 mA cm−2 was 363.5 mV, which was lower than that of MPNF (370.6 mV), NF-MnO2 (429.9 mV), and NF (444 mV). Furthermore, the overpotential was lower than those of most reported electrodes with manganese oxide as the active material (Table 1). The Tafel slope of the MPNF-MnO2 electrode (97.4 mV dec−1) is lower than that of MPNF (103.9 mV dec−1), NF-MnO2 (124.1 mV dec−1), and NF (166.9 mV dec−1) (Figure 4B), showing that the porous substrate obviously accelerates the dynamic process of the composite electrode.
[image: Figure 4]FIGURE 4 | OER curves of NF, MPNF, NF-MnO2, and MPNF-MnO2. (A) LSV at 5 mV/s of scanning rate, (B) Tafel slope linear, (C)Cdl linear fit by C-V curve, and (D) EIS curves at 1.62 V (VS RHE).
TABLE 1 | Comparisons of OER activities of electrodes based on MnO2.
[image: Table 1]To further investigate the enhancement mechanism of micron/nano-porous and wrinkle structures on MPNF for electrocatalytic activity toward OER, the electrochemically active areas (ECSA) of the four electrodes were extracted from CV curves (Figure 4C). The electric double-layer capacitance (Cdl) of MPNF-MnO2 and MPNF were 26.62 and 17.36 mF, respectively, which are much higher than those of NF-MnO2 (4.70 mF) and NF (2.07 mF). The double capacitance of MPNF is ∼8 times higher than that of NF, which indicates that the specific surface area of NF could be greatly expanded by the formation of a micron/nano porous and wrinkle structures. Furthermore, the deposition of nano-MnO2 materials could increase the specific surface area of the supports. Considering these profiles of overpotential, Tafel slope, and Cdl of the electrodes, it can be concluded that the porous treatment of NF can significantly improve the OER electrocatalytic activity of the composite electrode. The enhancement of the performance was mainly due to the typical hierarchical porous architecture of MPNF. Larger pores in the skeleton of MPNF ensure the fast conduction of solution ions on the surface of the electrode, and the created micron/nano-porous structure on the ligament greatly increases the contact area between the MPNF and MnO2, reducing the electrochemical reaction resistance. This can be confirmed by the impedance spectrum of the electrode at a voltage of 1.62 V (Figure 4D). The charge transfer resistance (Rct) of the MPNF-MnO2 electrode was 5.5 Ω, which was much lower than that of the NF-MnO2 electrode (21.7 Ω).
Long-term stability is another key criterion to evaluate the catalytic performance of OER electrodes. The long-term stability of four electrodes at 10 mA cm−2 was investigated (Figure 5). It can be seen from the stability test curve that the overpotential of the MPNF-MnO2 electrode increased by 54 mV within 24 h. The increased rate of the overpotential of MPNF-MnO2 composite electrode was almost the same as that of Ni substrate. However, the increase in the overpotential of NF-MnO2 composite electrode was as larger as 105 mV. The enhancement of the stability mainly depended on the added micron/nano porous and wrinkle structure, increasing the contact area between the Ni support and MnO2 (Figure 2, 3). This could enhance the binding force between the active material MnO2 and the Ni collector to a certain extent, reducing the shedding of the deposited MnO2 from the Ni collector and improving the mechanical integrity of the electrode (Xu et al., 2015; Wang et al., 2017).
[image: Figure 5]FIGURE 5 | The long-term stability of the MPNF-MnO2 and NF-MnO2 electrodes at a constant current density of 10 mA cm−2 for 24 h.
CONCLUSIONS
In summary, we proposed a simple and green approach to construct in situ micron/nano-porous and wrinkle structures on ligaments of commercial NF based on an oxidation–reduction strategy. The formation of micron/nano-porous structure was attributed to the volume expansion and shrink of Ni metal, as well as the diffusion and reconstruction of atoms during the oxidation–reduction process. The resulting MPNF was applied to support and fabricate an efficient OER electrode of MPNF-MnO2. The micron/nano-porous structures located on the ligaments of NF expand the contact area between the active material (MnO2) and the Ni support, leading to enhanced OER activity and stability. The overpotential of the MPNF-MnO2 electrode at 10 mA cm−2 is 363.5 mV, which is much higher than that of the NF-MnO2 electrode (429.9 mV). Furthermore, the strategy of oxidation–reduction developed in this study may open up a new and facile route to fabricate and design hierarchical porous structures on other metal systems (such as Co., Cu, and Fe) for a wide range of structural and functional applications.
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In this study, the up-conversion luminescence and optical temperature sensing properties of Ho3+/Tm3+/Yb3+-co-doped NaLuF4 phosphors were investigated. The visible (475, 540, and 650 nm) and near-infrared light (692 and 800 nm) radiated from 1Ho3+/4Tm3+/Yb3+-co-doped NaLuF4 phosphors were obvious enough for subsequent detection. The slopes in the lnI–lnP plot of the emissions located in the first biological window (650, 692, and 800 nm) were both ∼1.5, which mean that the power had little effect on the three fluorescence peak ratios. Based on the florescence intensity ratios (FIRs) of 650 and 692 nm, the relative sensing sensitivity reaches 0.029 K−1 (476 K). The relative sensing sensitivity based on the FIRs of 800 and 692 nm reaches 0.0076 K−1 (476 K). The results reveal that 1Ho3+/4Tm3+/Yb3+-co-doped NaLuF4 phosphors have potential applications in FIR-based temperature sensing in biological tissue for their high sensing sensitivity. In addition, the emission colors of the sample stabilize in the white light region as the temperature increased from 303 to 467 K, implying that it can also be used in white display.
Keywords: rare earth doped, up-conversion luminescent materials, fluorescence intensity ratio, temperature sensing sensitivity, first biological window
INTRODUCTION
Temperature (T) is a basic physical parameter in scientific research, production, and living. Therefore, it is crucial to obtain accurate T. Traditional methods of temperature measurement are based on different thermometers, thermal resistance, thermocouples, semiconductor temperature sensor, etc. However, these methods require the physical contact with the object and cannot be used in a corrosive environment or organism. To overcome this issue, numerous types of luminescent thermometers, made up of quantum dots, polymer-based systems, organic dyes, and lanthanide ion (Ln3+)–doped materials, have been investigated (Feng et al., 2011; Vlaskin et al., 2010; Yan et al., 2010; Jia et al., 2020). Among these luminescent thermometers, Ln3+-doped up-conversion materials have drawn extensive attention in the research of non-invasive temperature measurement due to their fast response, high resolution, low toxicity, remote detection, and so on (Labrador-Páez et al., 2018; Ximendes et al., 2016; Skripka et al., 2017; Nexha et al., 2021). In recent years, the florescence intensity ratio (FIR) from the Ln3+-doped up-conversion materials has often been utilized in thermometry, rather than emission lifetime, peak position, and emission color (Runowski et al., 2019; Yuan et al., 2017; Qiu et al., 2020; Du et al., 2018). The FIR temperature sensing method is based on the emissions, radiated from thermally coupled energy levels (200 cm−1<ΔE<2000 cm−1) (Runowski et al., 2019; Yuan et al., 2017; Du et al., 2018) or non-thermally coupled energy levels (ΔE>2000 cm−1 or different Ln3+) (Han et al., 2019; Peng et al., 2021; Chen et al., 2015). Er3+ ion is promising in FIR temperature sensing for its bright green emission from 2H11/2/4S3/2 and excellent thermal coupling property owing to the suitable energy gap (700–800 cm−1), whereas the sensing sensitivity is restricted by the constant energy gap (Xiang et al., 2020; Wang et al., 2018). As far as we know, the sensing sensitivity value is decided by the variation rate of FIR with the temperature. Thus, many strategies are utilized to improve sensitivity, such as choosing the suitable co-doped ions (Lu et al., 2017), changing the suitable host (Huang et al., 2015), distorting local symmetric (Xiang et al., 2020), and using stark sublevels (Suo et al., 2018), while the commonly used fluorescence peaks are located in the visible range, like 520 and 550 nm from Er3+, which limit the penetration depth in biological tissues. Therefore, the selected emissions should be located in biological windows to decrease light scattering when they were used in biological tissue temperature sensing (Runowski et al., 2019; del Rosal et al., 2017).
In this study, the emissions (450–850 nm) from Ho3+/Tm3+/Yb3+-co-doped NaLuF4 phosphors are systemically investigated. High absolute and relative temperature sensitivity can be achieved via choosing suitable FIR. Moreover, the slopes in the lnI–lnP plot of emissions located in the first biological window (650, 692 and 800 nm) are both ∼1.5, which means that power has little effect on the three fluorescence peak ratios. We can take the advantages of these and detect the three emissions for non-invasive temperature measure in biological tissues.
EXPERIMENTAL DETAILS
Sample Preparation
Materials
Lu(NO3)3·6H2O (99.9%), Yb(NO3)3·6H2O (99.9%), Tm(NO3)3·6H2O (99.9%), and Ho(NO3)3·6H2O (99.9%) were all purchased from Jining Zhong Kai New Type Material Science Co., Ltd. Ammonium fluoride (AR), sodium hydroxide (AR), oleic acid (AR), and cyclohexane (AR) were purchased from Tianjin Tianli Chemical reagent Co. Ltd. All the chemicals were used directly without further purification.
Preparation of NaLuF4:1 mol% Ho3+, 4 mol% Tm3+, and 20 mol% Yb3+ Phosphors
The NaLuF4:1 mol% Ho3+, 4 mol% Tm3+, and 20 mol% Yb3+ phosphors were prepared using a typical hydrothermal method. The preparation processes of NaLuF4: Ho3+, Tm3+, and Yb3+ phosphors were as follows. First, calculated amounts of sodium hydroxide were dissolved into 2 ml deionized water. Second, 10 ml absolute ethyl alcohol and 18 ml oleic acid were added in the nitrate solution and then stirred for 5 min at room temperature to form a faint yellow solution. Third, 5 ml aqueous solution was then added, which contained a calculated amount of Lu(NO3)3·6H2O, Yb(NO3)3·6H2O, Ho(NO3)3·6H2O, and Tm(NO3)3·6H2O C6H8O7·H2O and 5 ml ammonium fluoride aqueous solution. After stirring for 30 min at room temperature, the mixed solution was transferred into a 50-ml autoclave and heated at 180°C for 12 h in a drying oven. After cooling down to room temperature and adding ethanol and cyclohexane, the khaki suspension was centrifuged (8,000 rpm, 2 min) for collection and washed three times with ethanol and deionized water. Finally, phosphors were obtained after drying at 60°C for 10 h.
Instruments
The X-ray diffraction (XRD) pattern of the sample was tested using an X-ray diffractometer (D8-02, Bruker AXS, Germany). The morphology was tested using a transmission electron microscope (TEM: Tecnai G2F 20, FEI, America). The spectra of the samples were tested with an iHR550 grating spectrograph (iHR550, Horiba, France). The 980-nm laser, used to excite the sample, was purchased from Beijing Kipling Photoelectric technology Co., Ltd. The sample was heated by the Linkam THMS 600 heating stage. The temperature of sample was monitored by thermocouple.
RESULTS AND DISCUSSIONS
XRD Analysis
The XRD pattern of NaLuF4: Ho3+, Tm3+, and Yb3+ phosphors is presented in Figure 1. We can find that the XRD patterns of the samples can be indexed to a hexagonal NaLuF4 crystal (the JCPDS standard card no. 27-0726), indicating that the dopants (Ho3+, Tm3+, and Yb3+ ions) were successfully incorporated into the host lattice and did not cause significant changes to the crystal structure. The inset showed the TEM images of the sample and the morphology was approximately rod-like.
[image: Figure 1]FIGURE 1 | XRD patterns of NaLuF4: Ho3+, Tm3+, and Yb3+ phosphors (the inset displays the TEM image of the phosphors).
Power-dependent Up-Conversion Luminescence
Figure 2 showed the room temperature up-conversion luminescence of NaLuF4: Ho3+, Tm3+, and Yb3+ phosphors. Under 980-nm laser excitation, the sample exhibited five obvious emission bands centered at 475, 540, 650, 692, and 800 nm. The emissions were attributed to 1G4→3H6 (Tm3+), 5S2/5F4→5I8 (Ho3+), 1G4→3F4 (Tm3+)/5F5→5I8 (Ho3+), 3F2/3→3H6 (Tm3+), and 3H4→3H6 (Tm3+). It was obvious that the Ho3+, Tm3+, and Yb3+-co-doped NaLuF4 could provide visible light (475, 540, 650 and 692 nm), which can be used for colorful displaying. Meanwhile, the emissions (650, 692, and 800 nm) located in the first biological window can be utilized to florescent location and temperature detection in biological tissue.
[image: Figure 2]FIGURE 2 | Up-conversion spectra of the sample under the excitation of 980-nm laser (the emission intensities of 475, 540, 650, and 692 nm was magnified five times).
The power-dependent up-conversion spectra of the sample are exhibited in Figure 3A, and the emission intensity increased obviously with the power rising. The relationship between laser power (P) and emission intensity (I) can be expressed as [image: image], where n refers to the number of the required photons participated in the up-conversion process (Pollnau et al., 2000). Thus, the value of n can be calculated by the slope obtained from the double logarithmic plot between I and P, as shown in Figure 3B. The values of n were ∼2.1, ∼1.4, ∼1.5, ∼1.5, and ∼1.5, respectively. It implied that the 475, 540, 650, 692, and 800 nm emissions were three-photon, two-photon, two-photon, two-photon, and two-photon processes, respectively. What is more, the value of n for the emissions located in the first biological window was similar to each other, which means that the power has little effect on the three fluorescence peak ratios (Jia et al., 2020). Figure 4 showed the schematic energy levels and the possible up-conversion and energy transfer (ET) processes. Under 980-nm laser excitation, Yb3+ continuously absorbed 980-nm photons and transfers them to Ho3+/Tm3+. As described in other research, the possible ET occurred between Tm3+ and Ho3+, inducing the enhancement of 800 nm emission (Wang et al., 2012). Therefore, the FIR of 692/800 was fitted through the cubic function rather than the exponential function.
[image: Figure 3]FIGURE 3 | (A) Up-conversion spectra with the increasing power of 980-nm laser; (B) lnI–lnP plot.
[image: Figure 4]FIGURE 4 | Schematic energy levels, possible up-conversion processes, and energy transfer processes in Ho3+, Tm3+, and Yb3+-co-doped materials.
Temperature-dependent Up-Conversion Luminescence Analysis
For FIR-based non-contact thermometry, we studied the temperature-dependent emissions (visible light and the first biological window range) of Ho3+, Tm3+, and Yb3+-co-doped NaLuF4 powder. The temperature-dependent emission spectra are shown in Figure 5A, and the emission intensities changed as the temperature varied from 303 to 476 K (as shown in Figure 5B). In the visible light range, we choose 475 and 550-nm emissions in the FIR-based non-contact thermometry. In addition, the emission colors of the sample stabilized in the white light region as the temperature increased from 303 to 467 K, implying that it can also be used in white display. The detail calculated chromaticity coordinates (x,y) at different temperature are shown in Supplementary Table S1.
[image: Figure 5]FIGURE 5 | (A) Up-conversion luminescence of the sample at different temperature, the inset shows the CIE chromaticity coordinates of the sample at different temperature; (B) temperature-dependent integrated intensity of the emissions located at different wavelength.
Figure 6A showed the ratio (R) of blue to green (R475/550) at varied temperature. The temperature dependence of FIR from the non-thermal coupled levels was commonly fitted by polynomial (Lu et al., 2017). Here, we fitted it by mean of a cubic function [image: image], and the fitting parameters are displayed in Supplementary Table S2. To evaluate the sensing capacity of different thermometry method, we calculated the absolute sensing sensitivity (Sa) and relative sensing sensitivity (Sr) through the expression [image: image] (Jia et al., 2020; Peng et al., 2021). As shown in Figure 6B, the maximum value of Sa and Sr reached 0.17 K−1 (467 K) and 0.0043 (303 K), respectively. Therefore, the ratio of blue and green can be used for temperature measurement.
[image: Figure 6]FIGURE 6 | (A) Temperature-dependent R475/550; (B) Sa and Sr from 303–476 K.
Figures 7A,B showed the values of R650/692 and R800/692 at different temperatures. The values were fitted via cubic function and the fitting parameters are displayed in Supplementary Table S2. The absolute sensing sensitivity and relative sensing sensitivity are displayed in Figures 8A,B. The maximum values of Sa reached 0.042 K−1 (R650/692) and 0.29 K−1 (R800/692) at 303 K, respectively. The maximum values of Sr reached 0.028 K−1 at 467 K (R650/692) and 0.0076 at 303 K (R800/692). The ratio of emissions in the first biological window showed higher relatively sensing sensitivity than in the visible range, indicating its extensive application value in temperature measurement, especially in biological temperature measurement. To compare the thermometric capacities of this sample, relevant parameters of other related research studies are listed in Table 1. It can be seen that the sensing sensitivities of our samples are relatively high in these studies. In addition, this method is flexible and practical in thermometry application, such as the selection of detection wavelengths, exciting powers, and detection materials.
[image: Figure 7]FIGURE 7 | Temperature-dependent (A) R650/692 and (B) R800/692.
[image: Figure 8]FIGURE 8 | Temperature-dependent (A) Sa and (B) Sr of I650/I692 and I800/I692, respectively.
TABLE 1 | Comparison of sensing sensitivities in FIR thermometry.
[image: Table 1]CONCLUSION
In conclusion, up-conversion luminescence and temperature-dependent emissions of the transitions 1G4→3H6 (475 nm), 5S2/5F4→5I8 (550 nm), 1G4→3F4/5F5→5I8 (650 nm), 3F2/3→3H6 (692 nm), and 3H4→3H6 (800 nm) from Ho3+/Tm3+/Yb3+-co-doped NaLuF4 phosphors were studied under 980 excitation, and the slopes in the lnI–lnP plot of the emissions were ∼2.1, ∼1.4, ∼1.5, ∼1.5, and ∼1.5, respectively. It implied that the 475, 540, 650, 692, and 800-nm emissions were three-photon, two-photon, two-photon, two-photon, and two-photon processes, respectively. More importantly, the values of n for the emissions located in the first biological window were similar to each other, which means that power had little effect on the three fluorescence peak ratios. Based on FIRs of 450 and 550 nm, Sr reached 0.0043 K−1. Based on the emissions in the first biological window (R650/692 and R800/692), Sr reached 0.29 and 0.0076 K−1, respectively. The result reveals that 1Ho3+/4Tm3+/Yb3+-co-doped NaLuF4 phosphors have potential applications in FIR-based temperature sensing in biological tissue for their high sensing sensitivity. In addition, the emission colors of the sample stabilized in the white light region as the temperature increased from 303 to 467 K, implying that it can also be used in white display.
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We report the different nonlinear optical mechanisms and defect-related carrier dynamics in Sn-doped β-Ga2O3 crystal by utilizing time-resolved pump-probe technique based on phase object under UV excitation. The obtained nonlinear optical parameters arise from bound electron can be well explained by the theoretical calculation of two-band model and Kramers-Kronig transformation. By tuning the probe wavelength, the carrier nonlinearity can be modulated greatly due to additional absorption of defects within the bandgap. The results reveal that by choosing a proper probe wavelength that matches the defect state to the valence band, the nonlinear absorption and refraction of the carriers can be greatly enhanced, which provides an important reference for the design of gallium oxide-based waveguide materials and all-optical switching materials in the future.
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INTRODUCTION
Beta-phase gallium oxide (β-Ga2O3) is a transparent conductive oxide with an ultra-wide band gap of 4.9 eV (Tippins, 1965). It is also regarded as a promising candidate for UV detectors (Ji et al., 2006; Kokubun et al., 2007) and high-temperature gas sensors (Fleischer and Meixner, 1991; Liu et al., 2008). From the perspective of optoelectronic devices, it is very necessary to understand the optical properties of this material. Recently, many studies have been carried out to explore the electrical and optical properties of β-Ga2O3 (Suzuki et al., 2007; Mi et al., 2014; Chikoidze et al., 2016; Bhandari et al., 2019). However, reports on the nonlinear characteristics of β-Ga2O3 crystals under strong light are elusive.
In 2018, Hong Chen et al. used Z-Scan to measure the two-photon absorption coefficient and Kerr refractive index of gallium oxide (Chen et al., 2018), their research focuses on ultrafast nonlinear processes caused by bound electrons, but ignores the slow nonlinear processes associated with carriers. Okan Koksal et al. presented optical pump-probe spectroscopy results on defect-assisted recombination of photoexcited carriers in β-Ga2O3 (Koksal et al., 2018). They used a single wavelength to probe the additional carrier absorption of polarization-related defect states, but ignored the carrier refraction. The study of gallium oxide nonlinear absorption/refraction dynamics is of great significance to the design of all-optical switches and ultrafast optoelectronic devices. In 2020, Okan Koksal et al. verified the intra- and inter-conduction band optical absorption processes of β-Ga2O3 through steady state and ultrafast optical spectroscopy measurements (Singh et al., 2020), but they ignored the influence of defect state at 500-650 nm on absorption, which we will be explained explicitly in this paper. Gallium oxide has many impurities or intrinsic defects, such as Si, Sn, oxygen vacancy and gallium vacancy, which promote the radiative and nonradiative recombination of carriers (Varley et al., 2010; Dong et al., 2017; Neal et al., 2018). They can affect the photoelectric properties of materials, including conductivity, absorption, and even nonlinear optical properties (Yuksek et al., 2009; Ganesh et al., 2017; Bhandari and Zvanut, 2020; McCluskey, 2020). The reason why we choose Sn-doped β-Ga2O3 is that impurity Sn4+ instead of Ga3+ will generate additional free electrons (Zhang et al., 2010), so modulating the conduction band electron density by Sn doping is more conducive to measuring free carrier absorption.
In this paper, we studied the variation process of the nonlinear absorption/refraction of Sn-doped β-Ga2O3 with delay time by phase object pump-probe technique (POPP) at different probe wavelengths. The existence of the defect states is also proved by pump-probe spectroscopy. The bound electron-related and carriers-related nonlinear parameters as well as the defect state-related carrier dynamic processes are evaluated reasonably.
EXPERIMENTAL SECTION
The Sn-doped β-Ga2O3 (β-Ga2O3: Sn) crystal used in the experiment was a commercial single crystal material with the size of 5 × 10 × 0.68 mm3. The double-sided polished crystal had a monoclinic structure with a crystal orientation ([image: image]01). The β-Ga2O3: Sn crystal was prepared by edge-defined film-fed growth (EFG) technique. The electron concentration is ∼5×1018 cm−3.
Q-switched and mode-locked Nd: YAG laser (355 nm, 8 ps) was employed as the degenerate POPP light sources. The laser is divided into two parts through the beam splitter: one part of the stronger energy is used as the pump light, and the other part of the weaker light after passing through the neutral density attenuator is used as the probe light. The light source of non-degenerate POPP is Yb: KGW femtosecond laser (Light Conversion, PHAROS-SP, 1,030 nm, 190 fs). The output laser beam is divided into two parts: a part of the higher energy light is used as the pump light, and the wavelength is tuned to 355 nm after passing through the optical parametric amplifier. The other part of the light with weaker energy is used as the probe light, and the wavelength becomes 515 nm after passing through the frequency doubling crystal. The schematic diagram of POPP is similar to our previous work (Sun et al., 2021). The pump light and probe light focus on the same point of the sample at a small angle (less than 5°), and the nonlinear dynamic process is explored by adjusting the delay time of the two beams. The probe light is focused on the sample after passing through the PO, and is directly received by the detector (open-aperture) after passing through the sample to obtain the nonlinear absorption response. If the aperture is closed (closed-aperture), the nonlinear refraction response of the sample can be obtained. The function of PO is to enhance the interference effect between the dielectric region and the outside region. The far-field diffraction pattern is greatly modulated after transmitting from the rear surface of the sample, so that the nonlinear phase shift signal of the sample is converted into the intensity signal. The experimental details were described explicitly in Yang et al. (2009a), Fang et al. (2013). The repetition rate was set to 10 Hz to avoid heat accumulation in the sample (Yang et al., 2009a; Yang et al., 2009b). The polarization of pump and probe beams were adjusted to be perpendicular in order to minimize the interference, where the pump beams were parallel to the (010) direction and the probe beams were parallel to the (102) direction. All measurements were performed at room temperature.
RESULTS AND DISCUSSION
The nonlinear effects caused by bound electrons (two-photon absorption, Kerr refraction) are instantaneous, while the recovery time of the nonlinear effects caused by carriers (carrier absorption and carrier refraction) is relatively long. We can distinguish different nonlinear effects of samples by time-resolved POPP, and study the dynamics of nonlinear absorption/refraction of β-Ga2O3: Sn. The pump light with wavelength of 355 nm (3.49 eV) we choose satisfies the condition of Eg/2< ħωe < Eg, therefore two-photon absorption (TPA) of the pump beam may occur.
Degenerate POPP Experiment (355 nm for Pump and 355 nm for Probe)
β-Ga2O3: Sn was pumped and probed by 355 nm, excited under a peak intensity at 11 GW/cm2. Figure 1 shows the open-aperture 1) and closed-aperture 2) measurements of degenerate POPP for β-Ga2O3: Sn. It can be seen from 1) that there is a fast absorption process at the zero-delay position, which represents the degenerate TPA, and the weak tail behind represents the weak carrier absorption. At the same time, we get the closed-aperture curve as shown in 2). there is a negative weak Kerr refraction near zero delay, the tail behind represents the carrier induced refraction, and there is almost no recovery process of the tail with the delay time, which indicates that the carrier lifetime is long.
[image: Figure 1]FIGURE 1 | Nonlinear absorption curves (A) and nonlinear refraction curves (B) of β-Ga2O3: Sn at 355 nm pump and 355 nm probe.
Non-Degenerate POPP Experiment (355 nm for Pump and 515 nm for Probe)
As gallium oxide is a semiconductor with abundant energy bands, a large number of literatures have determined that the defect energy level of gallium oxide is between 2 and 3 eV above the valence band by means of luminescence spectroscopy and theoretical calculations. (Hajnal et al., 1999; Nakano, 2017; Gao et al., 2018). So we choose 515 nm (2.4 eV) to probe and observe the nonlinear absorption/refraction dynamics of β-Ga2O3: Sn. The peak intensity of pump light was set to 24 GW/cm2 and a faster femtosecond laser was used to study its ultrafast process.
Figure 2 shows the open-aperture 1) and closed-aperture 2) measurements of non-degenerate POPP for β-Ga2O3: Sn. It can be seen from 1) that the peak near the zero delay is caused by the non-degenerate TPA, and the tail behind is obviously deeper than that of the degenerate POPP. We speculate that the additional absorption causes the enhancement of carrier absorption. It is reported that Sn doping is a shallow donor level (Varley et al., 2010; Zhang et al., 2010), we did the same experiment on unintentionally doped (UID) gallium oxide, and found that there were similar results, proving that the additional absorption was not caused by doping, but may be caused by intrinsic defect in the growth process, as we will prove later. It can be seen from 2) that there is a weak peak caused by Kerr refraction near zero delay, which is different from the result of degenerate POPP. The tail behind represents carrier refraction. Since the non-degenerate POPP uses ultrafast laser, the recombination time is much longer than the detection window, and the recombination time is not significantly attenuated in the limited detection window, so we judge that the recombination time of the non-degenerate POPP is also very long at 515 nm (longer than 5 ns).
[image: Figure 2]FIGURE 2 | Nonlinear absorption curves (A) and nonlinear refraction curves (B) of β-Ga2O3: Sn at 355 nm pump and 515 nm probe.
Bound Electrons-Related Nonlinear Optical Parameters
When the incident laser pulse is Gaussian light, the light intensity distribution of the pump light on the front surface of the sample to be measured can be described by the following formula:
[image: image]
Where I0e is the peak light intensity of the pump light, ωe(z) = ω0e [1+(z/z0e)2]1/2 is the spot radius of the pump light at the sample to be measured, z is the distance between the sample to be measured and the beam waist of the pump light, z0e = πω0e2/λ is the Rayleigh (diffraction) length of the pump light, ω0e is the beam waist radius of the pump light, τd is the time delay between the pump light and the detection light.
According to the standard two-band model, in the case of weak probe light, it can be considered that the carrier generation mainly comes from the TPA of the pump light. So the equation rate of carriers can be expressed as (Sun et al., 2021):
[image: image]
In the formula, β is the TPA coefficient, Ie is the light intensity at the pump light sample, τr denote the recombination time (The overall time of direct recombination from conduction band to valence band and indirect recombination caused by defect states). The propagation formula of the probe light and pump light inside the β-Ga2O3: Sn crystal is (Sun et al., 2021):
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In the formula, Ip and φp respectively represent the intensity and phase of the probe light, σ is absorption cross-section, n2 is the Kerr refractive index of the bound electron, and η is carrier refractive volume. According to the above rate Eqs 2–5, we fit bound electrons-related nonlinear optical parameters of degenerate and non-degenerate POPP, the results are listed in Table 1. In the following discussion, ωe denotes 355 nm pump beam and ωp1, ωp2 denote 355, and 515 nm probe beams respectively. We found that after changing the probe wavelength, the Kerr refraction changes from negative to positive.
TABLE 1 | Bound electrons-related nonlinear optical parameters. β, TPA coefficient; n2, Kerr refractive index.
[image: Table 1]We further verify the accuracy of our TPA coefficient and Kerr refraction coefficient through the theoretical expression of the two-band model (Sheik-Bahae et al., 1991). The degenerate and nondegenerate TPA spectra predicted using:
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Where Ep is related to the interband momentum matrix element and for the two-parabolic-band model is defined Ep = 2|Pvc|2/mo (Ep is approximately 21 eV for most semiconductors) (Kane, 1980), np and ne are the linear probe and pump refractive indices, respectively, F2 is the dimensionless spectral function, in Eq. 6, F2(x) =(2x−1)1.5/(2x)5, in Eq. 7, F2(x) =(x1+x2−1)1.5 (1/x1+1/x2)2/27 × 1 × 22 (Sheik-Bahae et al., 1991), K is ∼3,100 cm GW−1 eV5/2 (Hutchings and Van Stryland, 1992). According to this relationship, the calculated ratio of degenerate and non-degenerate TPA is 1.4, which is almost consistent with our experimental results. At the same time, we also measured 355 nm PS open-aperture Z-scan (as shown in Figure 3), and the fitted two-photon absorption coefficient (β = 1.1 × 10–11 m/W) is three times larger than the degenerate POPP result, because the pump light and probe light in POPP are vertically polarized, resulting in the decrease of polarization tensor.
[image: Figure 3]FIGURE 3 | 355 nm PS open-aperture Z-scan for Ga2O3: Sn bulk crystals. The solid lines are the numerical fits to the experimental data.
The degenerate and non-degenerate n2 (ωp; ωe) is calculated via the Kramers-Kronig transformation resulting in (Sheik-Bahae et al., 1994; Zhao et al., 2016):
[image: image]
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G2 is the dimensionless dispersion function (Sheik-Bahae et al., 1994). The calculated trend of the degenerate nonlinear refractive index n2 with ħω, from 0 to Eg/2, n2 increases to the maximum, and finally becomes negative as ħω approaches the band gap Eg. So the 355 nm (ħω/Eg = 0.71) Kerr refraction obtained by degenerate POPP tends to zero. The non-degenerate n2 (ωp; ωe) of β-Ga2O3: Sn crystal is calculated as a function of probe photon energy ħωp. n2 (ωp; ωe) is positive at low ωp. Due to the intermediate-state resonance enhancement, it increases to the maximum when ħωp = Eg–ħωe = 0.29 Eg. Then n2 (ωp; ωe) becomes abnormally dispersive and finally becomes negative when ωp approaches the band gap. Therefore, the results obtained from the non-degenerate (ħωe/Eg = 0.71, ħωp/Eg = 0.49) POPP meet the trend calculated by the two-band model, which is a positive value. We found that the theory is applicable to gallium oxide, and the refraction sign changed at different probe wavelengths.
Free Carrier -Related Nonlinear Optical Parameters
According to the above rate Eqs 2–5, we also fit free carrier-related nonlinear optical parameters of degenerate and non-degenerate POPP, the results are listed in Table 2. We found that after changing the probe wavelength, the responses of carrier absorption and refraction both increase by at least an order of magnitude. The increase of σ and η indicates that there indeed exists an additional absorption of defect state. We will explain in detail later.
TABLE 2 | Free carrier -related nonlinear optical parameters. σ, FCA cross-section; η, FCR volume; τr, carrier lifetime.
[image: Table 2]In order to further verify the existence of the defect state, we focus the probe light on the sapphire to generate a white supercontinuum, thereby measuring the 500–650 nm transient absorption spectrum of β-Ga2O3: Sn crystal under two-photon excitation. The details of the experiment were described explicitly in Fang et al. (2016). The absorption results are shown in Figure 4. We can see that the transient absorption spectrum with different delay time shows broadband absorption, corresponding to a peak value of 550 nm (2.48 eV), and the profile and peak value of transient absorption have almost no change in the delay time of 6–1,100 ps. This is a typical defect state absorption. In Singh et al. (2020), they did the absorption spectra of different probe wavelengths (515, 600, 660, 800, 940 nm) under 450 nm excitation, and found that they were related to the transition in the conduction band (intraband free-carrier absorption) through α∝ω−3 fitting (Drude model, as shown by the red dotted line in Figure 4), while the extra absorption due to defect state between 500 and 650 nm is ignored. The difference between our experimental results and the Drude line proves the existence of defect state absorption.
[image: Figure 4]FIGURE 4 | Transient absorption spectra of β-Ga2O3: Sn in 500–650 nm.
Next, we discuss the carrier dynamics of β-Ga2O3: Sn. It is reported that the effective mass of hole is much larger than that of electron (Yeo et al., 1998). According to Drude model, it can be considered that free carrier absorption and refraction mainly come from electrons. Since gallium oxide can be considered as a direct band gap semiconductor with a large band gap and low excited carrier concentration, the probability of direct recombination (radiation transition) is very low. Almost all carriers are recombined indirectly through defect energy levels (either radiation recombination or non-radiation recombination). As mentioned earlier, what we have probed is basically the response of electrons, so the dynamic process is dominated by the indirect recombination process of electrons.
In the case of degenerate POPP (355 nm pump, 355 nm probe), the valence band electrons can transition to the conduction band through degenerate TPA. When the probe light is incident on the semiconductor, electrons in the conduction band can continue to absorb a probe photon and transition to a higher conduction band energy level, which is free carrier absorption. Subsequently, the electrons transition to the defect state through indirect recombination, which leads to a decrease in the conduction band electron concentration, so that the absorption of free carriers under 355 nm detection is reduced, thereby forming a long tail (as shown in Figure 1).
In the case of non-degenerate POPP (355 nm pump, 515 nm probe), the valence band electrons are also excited by degenerate TPA and absorb the probe photons in the conduction band to produce carrier absorption (Corresponding to process A in Figure 5). At the same time, the pump light also excites the electrons in the defect state to the conduction band, which makes the defect state partially empty and makes it possible for the valence band electrons to transition to the defect state. Moreover, the probe photon energy just meets the energy level of the defect state (∼2.2 eV) extracted from transient absorption spectrum (Figure 4), so under non-degenerate conditions, the additional absorption of the defect state can be probed (Corresponding to process B in Figure 5). The increased σ and η obtained by non-degenerate POPP can be considered as a combination of free carrier effect (carrier dispersion effect) and defect state (absorption and refraction) effects, which cause the change in the real part and the imaginary part of the dielectric constant. Then the electron transitions to the defect state through indirect recombination (Corresponding to τr in Figure 5). This also leads to a decrease in the conduction band electron concentration, so that the free carrier absorption under 515 nm probe is reduced, and secondly, due to the indirect recombination of the electron transition to the defect state, causing the defect state to be partially occupied, so that the defect state’s absorption of the 515 nm probe is reduced. Therefore, based on the previous experimental results, it can be judged that the indirect recombination time under non-degenerate POPP is also in the order of nanoseconds.
[image: Figure 5]FIGURE 5 | Schematic diagram of the energy levels and carrier decay processes of β-Ga2O3: Sn. The blue up arrow represents the two-photon excitation, the green down arrow represents the recombination process related to the defect state, and the orange up arrow represents the transition from the valence band to the defect state.
In Table 3, we list the nonlinear optical parameters of more popular semiconductor materials recently. Through comparison, we not only find that our test methods can accurately obtain more comprehensive nonlinear optical parameters, but also find that the nonlinear absorption and refraction are relatively small compared with other materials, which means that as a waveguide material, it has lower loss (Lin et al., 2007; Sierra et al., 2019), and β-Ga2O3 can be used as a substrate under the growth conditions of GaN-based compounds (Ohira et al., 2008), which shows that gallium oxide is expected to be used in integrated photonics applications. The transformation of refraction symbol and carrier lifetime also show the potential application value of gallium oxide in the field of ultrafast all-optical switching (Nozaki et al., 2010; Fang et al., 2015). Therefore, it is very important to understand these parameters, which provides an important reference for the design of gallium oxide optoelectronic devices in the future.
TABLE 3 | Photo-physical parameters of β-Ga2O3: Sn, GaN, ZnO and UID β-Ga2O3. Eg, bandgap; Ee/Eg, relative photon energy; β, TPA coefficient; σ, FCA cross-section; n2, kerr refractive index; η, FCR volume; τr, carrier lifetime.
[image: Table 3]CONCLUSION
In summary, POPP technologies were utilized to discuss the optical nonlinear response of Sn-doped β-Ga2O3 crystal under excitation at 355 nm and the defect state dependent carrier dynamics. The corresponding parameters at different probe wavelengths were obtained through rate equation model fitting. We find that the sign of Kerr refraction changed from negative to positive, which satisfies the theoretical calculation of the two-band model under the Kramers-Kronig relationship. Moreover, when the probe photon energy satisfies the defect state transition to the valence band, the carrier absorption cross-section and the carrier refraction volume are increased by at least an order of magnitude, which indicates that the carrier absorption and refraction caused by defect states are wavelength-dependent parameters. Understanding the carrier dynamics and nonlinear optical parameters is essential for the development of β-Ga2O3 technology, and provides important references for future design based on all-optical switches and optical waveguide devices.
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