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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.
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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]
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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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