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The non-linear thermo-optical response of MoS2 nanoflakes was investigated using the Z-scan technique, employing TM00-mode with a CW-laser diode operating at a wavelength of 532 nm. The systems were found to display a strong non-linear response, dominated by non-linear refraction. The effect of the thickness of the MoS2 layer, deposited on a glass substrate, on the non-linear susceptibility was studied. Furthermore, in this study, the effects of modifying the thickness of the MoS2 nanoflakes on the non-linear optical phenomena, such as self-focusing and self-defocusing was investigated for the first time. In all cases, the non-linear absorption and refraction were determined. The corresponding third-order susceptibilities and second-order hyperpolarizability were calculated to be as large as 10–7 (esu) and 10–32 (esu), under laser excitation, respectively. Showing large third-order optical non-linearity suggests the potential of the MoS2 nanoflakes in photonics applications.
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INTRODUCTION

For the past few decades, the subjects that have stolen the spotlight of the theoretical and experimental interests are the linear and non-linear optical response of semiconductors [1, 2]. Recently, among the novel two-dimensional (2D) materials, transition metal dichalcogenides (TMDCs) with the general formula MX2, where M refers to a transition metal and X refers to a chalcogen (S, Se, or Te), has shown particularly promising electronic and optoelectronic properties [3–5]. Molybdenum disulfide (MoS2) is one of the most typical TMDCs. A monolayer of MoS2 is a semiconductor with a direct bandgap of 1.8 eV [6]. This property of MoS2 can largely compensate for the weakness of the gapless graphene, which is an essential factor in making it possible to be used in the next-generation switching, optoelectronic and photonic devices, such as optical limiters, mode-lockers, and Q-switchers [7, 8]. A wide range of research has been conducted on the non-linear properties of few-layer MoS2 structures including saturable absorption, non-linear absorption and non-linear refraction [9–11].

However, realizing the photophysical properties and discovering the potential for usage of few-layer MoS2 compounds in optical applications come hand in hand with studying the non-linear optical properties of these structures. There are various techniques for measuring the non-linear refractive index. The Z-scan is a sensitive and standard technique that offers simplicity and high sensitivity and was the technique employed for measuring the sign and the magnitude of the non-linear refractive index, as well as the non-linear absorption coefficient [12–15].

A methodical first-principles study of the second-order non-linear optical properties of the MX2 (M =Mo, Wand X = S, Se) was carried out by Chung-Yu Wang et al. [16]. They demonstrated that the second-order non-linear optical susceptibility [χ(2)] of the MX2 monolayer, over the whole range of the optical photon energy, is large and comparable to that of GaAs. Zhang et al. [17] used the Z-scan technique at various wavelengths, with femtosecond pulses. They examined the layer number and the excitation wavelength effects on the optical non-linearity of mono- and few-layers of WS2 and MoS2, and discovered that the monolayer WS2 exhibited high optical non-linearities, having a two-photon absorption coefficient of ~1.0 × 104 cm/GW. Moreover, Nitesh Dhasmana et al. demonstrated a dual absorption characteristic of the exfoliated MoS2 dispersed in 1-Methyl-2-pyrrolidinone using an open aperture Z-scan technique [18]. They showed that, due to non-linear optical scattering, a saturable absorption in MoS2, at low fluences, and a deviation from this saturable absorption, at higher fluences, can be observed. Zhang et al. experimentally verified that MoS2 has a broadband saturable absorption response from visible to the near-infrared band [19]. They also demonstrated the first ultrafast photonics application of MoS2 saturable absorber for passive laser mode-locking operation, and experimentally, generated nanosecond pulses. They showed that, contrary to other saturable absorbers similar to graphene, the MoS2 saturable absorber has excellent mode-locking ability. Non-linear optical properties of WS2 and MoS2, obtained from both open and closed aperture Z-scan techniques using a picosecond mode-locked Nd: YAG laser operating at a wavelength of 1,064 nm, were investigated by Bikorimana et al. [20]. Both WS2 and MoS2 showed non-linear saturable absorption, whereas WSe2 and Mo0.5W0.5S2 exhibited non-linear two-photon absorption. A large two-photon absorption coefficient, β, as high as +1.91 × 10−8 cm/W was attained for Mo0.5W0.5S2, and a non-linear refractive index of n2 = −2.47 × 10−9 cm2/W was determined for the WSe2 sample.

In the previous works, the structural and optical properties of the MoS2 nanoflakes, grown on different substrates, such as silicon and quartz, by one-step thermal chemical vapor deposition were studied [21, 22]. In addition, the Z-scan technique was employed to study the non-linear optical properties of the obtained nanoflakes [22].

Here, the non-linear thermo-optical properties of MoS2 nanoflakes, deposited on a glass substrate with various layer thickness, using the Z-scan technique, employing CW-laser diodes operating at 532 nm wavelength, were investigated. From the open-aperture Z-scan data it was realized that these two-dimensional structures exhibit two-photon absorption. The sign and the magnitude of the third-order non-linearity, by the means of the closed aperture Z-scan, was estimated.



EXPERIMENTAL


Preparation of Materials

Thin films containing mono and few-layer MoS2 were synthesized by one-step thermal chemical vapor deposition on Si/SiO2 substrate. Details of the experimental procedures were described elsewhere [22]. First, in order to remove the native oxides from the silicon substrates, these substrates were soaked in hydrofluoric acid (HF) (10%). Then, by means of RF magnetron sputtering, 200 nm SiO2 was sputtered on the substrates. Afterward, the MoO3 powder (MERCK 99.5%, 50 mg) was collected in a ceramic boat and put in the highest-temperature thermal zone of the tube. The sulfur powder (TITRACHEM 99,0%, 500 mg) in another ceramic boat, near gas flow direction, was placed at the lower-temperature entrance of the tube (150–200°C). The substrate was placed face down on top of the boat containing MoO3 in the hot zone. The furnace was heated from the room temperature up to 900°C within 20 min (45°C/min), in Ar gas flow (400 sccm) for 30 min. In order to start the reaction of the precursors under the Ar gas flow of 200 sccm as the carrier gas, the final temperature was kept constant for 1 h, and finally, the furnace was cooled to room temperature.

For the Z-scan measurement and the subsequent investigation of the effect of the MoS2 layer's thickness on the non-linear optical properties, the following procedures were carried out. First, the prepared thin film was immersed in the solution of ethanol (64%) and DI water (36%) and treated by an ultrasonic homogenizer, with the power of 80 W for 15 min. The treated solution was drop cast on a glass substrate and dried in atmospheric condition. In principle, film thickness depends on the volume of the solution dispersed. In this work, films with thicknesses of 150, 230, and 420 nm (sample 1, sample 2, and sample 3, respectively) were achieved using different volumes of the solution.




CHARACTERIZATION TECHNIQUES

Structure and the Bragg reflections of the MoS2 nanoflake were characterized by X-ray diffraction (XRD) (Cu Kα X-ray radiation source, Ital structure model MPD 3000), with 2θ within the range of 2–70°. The scanning speed and step intervals were 1°/min and 0.02°, respectively. UV–visible diffuse reflectance spectra (UV–Vis DRS) were recorded on a Sinco S4100 spectrophotometer. The thickness of the thin films of the MoS2 structure was measured using Dektak XT Profilometer (Bruker). Scanning electron microscopy (SEM) (LEO 1430VP) and atomic force microscopy (AFM) (Nanosurf) were used to determine the morphology and roughness of the thin films of the MoS2 nanoflake, respectively.


Non-linear Optical Measurement

The third-order non-linear optical properties of the two-dimensional MoS2 structure were measured using the single-beam Z-scan technique. Briefly, the Z-scan technique depends on the evaluation of the transmission of a sample when it is irradiated by a focused Gaussian laser beam and its position is translated through the beam waist along the propagation direction. As the sample experiences different laser intensities at different positions, the recordings of the transmission, as a function of the Z coordinate, provide information about the third-order non-linear effects [12]. The two measurable quantities are non-linear absorption and non-linear refraction. The non-linear absorption is determined by the “open-aperture” Z-scan, while the non-linear refraction is measured using the “closed-aperture” Z-scan. Furthermore, this technique gives the real and the imaginary parts of the third-order susceptibility, χ(3), second-order hyperpolarizability, γ, and also provides important information regarding the non-linear optical properties of the materials [12]. A diode laser operating at a wavelength of 532 nm was used as the light source. The laser beam was focused using a 100 mm focal length lens onto the sample's surface. These experimental conditions produced an intensity of 1.236 × 103 Wcm−2 at the focal point. The laser beam radii at the focal point were measured using a CCD camera and were found to be ω0 = 39.3 μm. The Raleigh length, [image: image], was determined to be Z0 = 9.11 mm, i.e., a value much larger than the film's thickness, which is an essential prerequisite for the Z-scan experiments. The sample was moved along the Z-axis using a translation stage. An aperture with a diameter of 2 mm was located before the photodetector placed away from the beam's focus. The transmittance of the aperture, S, was determined to be ~0.54 by [image: image]. In this equation, ra is the radius of the aperture, and ωa is the beam waist on the aperture. Closed aperture data were obtained by measuring the transmitted beam intensity from the sample as a function of the sample's position along the propagation direction. The measurements were repeated after removing the aperture in order to obtain the open aperture data [12]. In this work, the third-order non-linear optical parameters of the MoS2 nanoflakes with different thicknesses were studied. In order to evaluate the effect of glass substrate to the Z-scan results, measuring the non-linearity of substrate without MoS2 nanoflakes is performed and results show that glass substrate couldn't show measurable effect on the Z-scan results.




RESULTS AND DISCUSSION


Structural Studies

The structural properties of the nanoflakes were investigated by XRD analysis. The X-ray diffraction pattern of the MoS2 nanoflakes is shown in Figure 1. The main peak at 2θ = 14.4° is attributed to the (003) plane of 3R-MoS2. The other corresponded peaks observed at 2θ = 44.2° and 58.2° are related to the (009) and (110) planes, respectively (RefCode: 01–077-0341). Furthermore, the peak at 2θ = 37.3° corresponds to the (200) plane of MoO2, while another peak at 2θ = 18.4° is attributed to the (100) plane of MoO2 (RefCode: 01–086-0135).


[image: Figure 1]
FIGURE 1. X-ray diffraction pattern of the MoS2 nanoflakes.


SEM micrographs of the MoS2 nanoflakes, with different magnifications, are shown in Figures 2A,B. These images show the nanoflakes are grown with sharp edges and are in great abundance. On the other hand, AFM is applied in order to characterize the topography and surface quality of the prepared samples. Figures 2C,D represent the phase profile of the MoS2 film and the corresponding height profile as typical. It indicates that the MoS2 film is continuous and the average roughness is about 80 nm. This sample's surface roughness or optical path is appropriate for z-scan measurement.”


[image: Figure 2]
Figure 2. (A,B) SEM micrographs of the MoS2 nanoflakes with different magnificence. (C) Phase profile of the MoS2 film and (D) the corresponding height profile as typical.


Furthermore, the optical diffuse reflectance spectra were used to calculate the values of the optical band gap energies for the MoS2 nanoflakes. Figure 3A presents the diffuse reflectance spectra of the MoS2 nanoflakes as a function of the wavelength. The results confirmed that the valence to conduction band transport of electrons, as a result of the absorption of the incident photon, leads to the reduction of the intensity of light at the relevant wavelength. Consequently, the relative percentage of the transmission to reflectance is diminished [23]. As it can be seen in Figure 3A, for the MoS2 nanoflakes, by reducing the wavelength of the incident photons from 493 to 354 nm, the reflectance is decreased.


[image: Figure 3]
FIGURE 3. (A) Diffuse reflectance spectra of the MoS2 nanoflakes. (B) Tauc's plot of (αhν)2 as a function of photon energy (hν) for the MoS2 nanoflakes.


The band gap energy was calculated using a reflectance technique by the Mott and Davis theory [24]. Experimental values for the bandgap were attained by extrapolating the linear region of the curves to the zero absorption at (αhν)2 = 0, for the direct allowed transitions [12, 23]. Figure 3B displays the plot of (αhν)2 as a function of the incident photon energy (hν), for the direct allowed transitions of the MoS2 nanoflakes. The optical band gap for the MoS2 nanoflakes is calculated to be 1.91 eV.



Non-linear Optical Studies

In Figure 4, the closed aperture Z-scan curves of the MoS2 nanoflakes are presented. In order to investigate the effect of samples' thickness on the non-linear optical properties, films with different thicknesses of 150, 230, and 420 nm (sample 1, sample 2, and sample 3, respectively) were used. As can be seen, both films of the MoS2 nanoflakes with thicknesses of 150 and 230 nm exhibit a pre-focal peak followed by a post-focal valley. Thus, inferring a negative value of the non-linear refractive index, indicating a self-defocusing behavior, for these samples [25, 26]. As the thickness of the film of the MoS2 nanoflakes reaches to 420 nm, a pre-focal valley and a post-focal peak represent a positive value for the non-linear refractive index that signifies a self-focusing behavior in this sample.


[image: Figure 4]
FIGURE 4. Closed aperture Z-scan traces of MoS2 nanoflakes with various thickness: 150 nm (sample 1), 230 nm (sample 2), and 420 nm (sample 3).


Using the theoretical fit, via the experimental data of the closed aperture Z-scan curve, ΔTP−V = TP − TV can be obtained. After the ΔTP−V is derived from the difference of the transmittance between the peak and valley, the magnitude of the phase shift |Δφ0| is given by:

[image: image]

Here, S is the fraction of the beam transmitted through the aperture [25]. The non-linear refractive index, n2, can be calculated as:

[image: image]

Where I0 is the peak on-axis irradiance at the focal point, and the effective thickness can be expressed by the following form:

[image: image]

Where the linear absorption coefficient is [image: image], in which l is the thickness of the thin film, I and I0 are the transmitted and the incident intensities, respectively [12, 25]. The results of the calculations are tabulated in Table 1. The linear absorption coefficient was measured through the conventional method, in the linear regime of the experiment. By changing the thickness of the film from 150 to 230 and 420 nm (sample 1, sample 2, and sample 3, respectively), the linear absorption coefficient varies from 9.51 × 104 cm−1 to 6.91 × 104 cm−1 and 4.21 × 104 cm−1, respectively. The closed aperture Z-scan results showed that the non-linear refractive index decreases substantially in the MoS2 nanoflakes as the thickness of the films is increased from 150 to 230 nm. By further increasing the thickness of the film up to 420 nm, the sign of the non-linear refractive index changes from negative to positive, and also the magnitude of the non-linear refractive index increases to 3.92 × 10−3 (cm2/W). It is worth mentioning that a CW laser was used and so a thermal effect is also accompanied by the non-linear optical properties. This fact induces an enhancement in the obtained non-linear refractive index. So obviously, the thermo-optical non-linear response of the nanoflakes was investigated.


Table 1. Non-linear optical parameters of the MoS2 layers with different thicknesses.

[image: Table 1]

Recently, Jiang et al. investigated the role of the dipole moment in characterizing the non-linear optical behavior of materials [27]. To better understand the relevance between the dipole moments and the NLO responses, a flexible dipole model was suggested. This model clearly confirmed that the induced dipole oscillations via the external field, rather than the intrinsic dipole moments, determine the NLO responses. Therefore, in order to attain a large SHG effect, the focus should be on the non-centrosymmetric crystals containing flexible chemical bonds and not merely on the crystals with large polarity, since for the non-centrosymmetric crystals, the microscopic second-order susceptibility of the relevant active groups is additively superposed. So, the large third-order non-linear optical susceptibility in the MoS2 nanoflakes could depend on the intrinsic dipole moments in the centrosymmetric crystal. On the other hand, the open-aperture Z-scan curves of the MoS2 nanoflakes, with three different thicknesses (150, 230, and 420 nm) in Figure 5, show a transmission minimum, when the samples reach the focal point. A normalized transmittance valley, indicating the existence of a two-photon absorption behavior, corresponding to positive sign non-linear absorption (β > 0).


[image: Figure 5]
FIGURE 5. Open aperture Z-scan traces of MoS2 nanoflakes with various thickness: 150 nm (sample 1), 230 nm (sample 2), and 420 nm (sample 3).


The saturable absorption coefficient, β, can be determined by:

[image: image]

q0 can be obtained by fitting the experimental plots with the theoretical plots, where, the normalized change in the transmitted intensity (ΔT(Z)= T(Z)-1) can be approximated by the following equation:

[image: image]

Van Stryland et al. [25] the obtained values of the non-linear absorption coefficient, β, for the MoS2 layers with different thicknesses are shown in Table 1.

Interestingly, the non-linear absorption coefficient increases substantially by augmenting the thickness of the MoS2 layers.

The real and the imaginary parts of the third-order susceptibility, χ(3), can be given in the following forms [28]:

[image: image]

and

[image: image]

Where, ε0 and c describe the vacuum permittivity and the speed of light in vacuum, respectively. Based on this theory, the results of the experiments are used to calculate the third-order susceptibility of the MoS2 layers with different thicknesses. The results of these calculations are also presented in Table 1.

Finally, the corresponding second-order hyperpolarizability, γ, (i.e., the polarizability per molecule) is defined as:

[image: image]

Where N is the number of molecules per unit volume, and the local field correction factor, L, can be given by [29].

[image: image]

The values of γ, for the MoS2 nanoflakes, are given in Table 1. The obtained values of χ(3) and γ show that these two-dimensional structures exhibit large second-order hyperpolarizability and signify their potential applications as NLO materials. Our study concluded that these two-dimensional materials are potential candidates for non-linear optical applications.




CONCLUSION

In conclusion, in this study, the non-linear thermo-optical response of the MoS2 nanoflakes was investigated by means of the Z-scan technique. It was found that by increasing the thickness of the MoS2 layers, the non-linear refractive index is increased, and the TPA process can occur with high probability, leading to the focusing of the Gaussian beam. Also, the MoS2 nanoflakes were found to exhibit very large values of third-order non-linear susceptibility. Furthermore, the MoS2 nanoflakes presented a self-defocusing behavior (i.e., negative non-linear refraction) in low thicknesses and a self-focusing behavior (positive non-linear refraction) in high thicknesses. Also, these nanoflakes showed two-photon absorption in all samples. Thus, the magnitude and the sign of the non-linear refractive index can be tuned by modifying the thickness of the MoS2 nanoflakes. Also, the strong non-linear optical properties observed in these samples can be attributed to the intrinsic dipole moments in the centrosymmetric crystal. It has been demonstrated that these two-dimensional MoS2 structures provide a suitable medium to observe and quantify two-photon absorption. It is concluded that the MoS2 nanoflakes development, as non-linear optical materials and devices, is a new and exciting opportunity.
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