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Article info:  

Recently, transition metal dichalcogenide (TMDC) materials have attracted 

considerable attention due to their excellent nonlinear optical (NLO) properties. 

Their unique characteristics, including ultra-broadband absorption, strong 

nonlinear optical responses, and potential applications in optical limiting, 

saturable absorption, pulsed laser generation, and biosensing, have been 

extensively studied. In this work, we report, for the first time, an investigation of 

the nonlinear optical properties of FTO/MoS₂–MoO₂–MoO₃ composite thin films 

deposited on fluorine-doped tin oxide (FTO) substrates by electrodeposition. 

Strong light–matter interactions under high-intensity laser irradiation can induce 

nonlinear optical responses in such materials. Therefore, the nonlinear absorption 

and nonlinear refraction characteristics of the prepared films were examined 

using the Z-scan technique under continuous-wave laser excitation at 532 nm 

with an output power of 180 mW. The obtained results reveal pronounced 

saturable absorption behavior. The observations indicate that nonlinear 

absorption and nonlinear refraction are negligible at low laser powers; however, 

at higher laser intensities, significant nonlinear optical effects emerge. 

Furthermore, modifications in the chemical composition of the material, 

specifically a decrease in sulfur content accompanied by an increase in oxygen 

content, lead to enhanced nonlinear absorption and reduced nonlinear refraction. 

These findings demonstrate the strong dependence of the nonlinear optical 

response on both the excitation intensity and the chemical structure of the MoS₂–

MoO₂–MoO₃ composite films. 
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1. Introduction 

 

Two-dimensional (2D) materials have attracted 

significant attention in recent years due to their 

remarkable physical, chemical, and optical 

properties, which have enabled numerous 

applications in science and industry [1-3]. Among 

these properties, nonlinear optical (NLO) 

responses are of particular interest because of their 

potential use in photonic and optoelectronic 

devices. Owing to their atomically thin structures, 

strong light–matter interactions, and tunable 

electronic properties, 2D materials exhibit 

enhanced optical nonlinearities that can be 

exploited in applications such as mode-locking, 

optical switching, optical modulation, and 

ultrafast laser systems. 

Since the discovery of graphene, which pioneered 

the field of 2D materials, a wide range of layered 

nanomaterials have been investigated for 

nonlinear photonic applications [4]. These include 

topological insulators [4-7], black phosphorus [8], 

MXenes [9, 10], graphitic carbon nitride [11], 

metal–organic hybrid materials [12], and 

transition metal dichalcogenides (TMDCs) [13-

15]. The rapid development of these materials has 

opened new opportunities in physics, chemistry, 

biology, energy technologies, and photonics [1-3]. 

Since around 2009, nonlinear photonics based on 

2D materials has emerged as an important research 

area due to the unique optical characteristics of 

these materials [16-19]. The attractiveness of 2D 

materials for nonlinear optics arises from several 

key features, including large and ultrafast 

nonlinear optical responses, broadband and 

tunable optical absorption, short carrier recovery 

times, high optical damage thresholds, excellent 

thermal and chemical stability, and relatively low 

fabrication costs. These advantages make them 

promising candidates for next-generation photonic 

devices. Nonlinear optics describes the interaction 

of intense light with matter, where the optical 

response of a material becomes dependent on the 

intensity of the incident electric field. Such effects 

typically occur when the electric field of the 

incident laser approaches the strength of 

interatomic fields [20]. Under these conditions, 

materials may exhibit nonlinear absorption, 

nonlinear refraction, harmonic generation, and 

other higher-order optical phenomena. 

Among 2D materials, TMDCs have attracted 

particular interest because of their strong 

nonlinear optical responses. Atomically thin 

TMDCs exhibit efficient second- and third-

harmonic generation. Monolayer TMDCs, which 

lack inversion symmetry, possess exceptionally 

large second-order nonlinear susceptibilities, 

significantly exceeding those of many 

conventional dielectric materials [17, 18]. In 

contrast, even-layered structures with inversion 

symmetry primarily exhibit third-order nonlinear 

optical effects [19, 21 ,22]. Studies have 

demonstrated strong second-harmonic generation 

in monolayer MoS₂ excited by near-infrared laser 

radiation, with the nonlinear response strongly 

influenced by the number of layers, excitation 

wavelength, and structural quality of the material 

[23-26]. 

Various experimental techniques have been 

employed to characterize the nonlinear optical 

properties of these materials, among which the Z-

scan method is one of the most widely used [27]. 

This technique provides simultaneous 

measurements of nonlinear absorption and 

nonlinear refraction, making it a powerful tool for 

evaluating optical nonlinearities [28]. 

A major breakthrough in the field occurred in 

2013 when saturable absorption was reported in 

multilayer MoS₂.  

Ultrafast saturable absorption was observed in 

liquid-phase-exfoliated MoS₂ nanosheets under 

femtosecond laser excitation, with performance 

surpassing that of graphene under similar 

conditions [29-33]. Subsequently, broadband 

saturable absorption was demonstrated and 

successfully applied in mode-locked fiber lasers, 
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highlighting the potential of TMDCs as optical 

modulators and pulse-generation materials [29]. In 

addition to saturable absorption, MoS₂ exhibits 

optical limiting behavior, where optical 

transmission decreases with increasing incident 

intensity, providing protection against high-power 

laser radiation [34]. The nonlinear optical 

response of TMDCs is strongly dependent on 

factors such as layer number, excitation 

wavelength, chemical composition, and defect 

density [35]. Furthermore, transitions between 

saturable absorption and optical limiting behavior 

have been observed under different excitation 

conditions [36, 37]. Under near-infrared 

excitation, two-photon absorption may become 

the dominant nonlinear process due to the 

relationship between the excitation energy and the 

material bandgap [38]. Besides MoS₂, 

molybdenum oxides such as MoO₂ and MoO₃ 

have attracted interest because of their unique 

electrical and optical properties. MoO₂ exhibits 

metallic-like conductivity and semimetallic 

behavior [25-27], whereas MoO₃ is an n-type 

semiconductor with a wide bandgap resulting 

from oxygen vacancies. The integration of 

TMDCs and molybdenum oxides offers promising 

opportunities for tailoring nonlinear optical 

responses and developing advanced photonic 

materials. Overall, 2D materials have become key 

components in modern nonlinear photonics and 

are being widely explored for applications in fiber 

lasers, solid-state lasers, waveguide lasers, optical 

limiters, optical switches, optical modulators, 

optical polarizers, and all-optical devices. In this 

work, FTO/MoS₂–MoO₂–MoO₃ composite thin 

films were fabricated by electrodeposition, and 

their linear and nonlinear optical properties were 

systematically investigated. The nonlinear 

absorption and nonlinear refraction characteristics 

were evaluated using the open- and closed-

aperture Z-scan techniques under continuous-

wave laser excitation at 532 nm. The influence of 

film composition, particularly the sulfur-to-

oxygen ratio, on the optical response of the films 

was also examined. 

 

2. Materials and method 

 

In this study, the electrodeposition method was 

used for prepare the samples. Using this method, 

high-quality structures with low cost can be 

produced by controlling the amount of composite 

materials. 3 samples FTO/MoS2, MoO2, MoO3 

where sample A was deposited with current 

density of 4 mA/cm2 for 12.5 seconds, sample B 

was deposited with current density of 8 mA/cm2 

for 6.25 second and sample C was deposited with 

current density of 20 mA/cm2 for 2.5 seconds by 

electrodeposition method [39]. Due to the control 

of the deposition time and current, the thickness of 

the deposited material in all samples is 8.3 nm. 

UV-Vis absorption spectra were prepared to 

investigate changes in the chemical structure of 

the samples. The linear absorption coefficient of 

the samples was investigated using the transfer 

technique. The nonlinear optical properties of the 

samples have been studied using the z-scan 

method. The nonlinear absorption coefficient was 

measured using the open aperture z-scan method 

and the nonlinear refractive index was measured 

using the closed aperture z-scan method. In this 

method, a Gaussian laser beam is focused to a 

narrow range and the sample moves along the z-

direction. In this study, a continuous wave laser 

with a wavelength of 532 nm was used as the wave 

emission source. The 180mw laser beam is 

focused using a converging lens with a focal 

length of 50 cm. The laser beam radius at the focus 

is about 0.13mm. The power of the transmitted 

light is measured by a detector. 

 

3. Results and discussion 

 

UV–Vis absorption spectra were acquired in the 

wavelength range of 300–1000 nm, as presented 

in Figure 1. Multiple absorption features 



Investigation of Nonlinear Optical Properties of MoS₂ and MoOₓ (x = 2, 3) Composite Thin Films 

 

corresponding to intraband and interband 

transitions are observed. The low-energy 

absorption bands, which are typically attributed to 

the A and B excitonic transitions of MoS₂, do not 

coincide exactly with the reported wavelengths of 

623 and 683 nm [40]. In addition, the excitonic 

features are not well separated and appear 

considerably broadened, indicating possible 

structural disorder, compositional variations, or 

interactions with oxide phases in the films.  

Based on the findings reported in Ref [41], the 

coexistence of MoO₂ and MoS₂ phases may 

account for the absence of the characteristic MoS₂ 

excitonic peaks at approximately 623 and 683 nm 

in the UV–Vis spectra. The electronic interaction 

between these phases is likely to modify the 

valence-band structure of MoS₂, causing the 

excitonic transitions to broaden or diminish. 

While MoO₃ is also present in the films, its 

contribution to excitonic behavior is expected to 

be negligible. The obtained spectra therefore 

reflect the combined optical characteristics of both 

MoS₂ and MoOₓ phases. In addition, an increase 

in deposition current results in reduced sulfur 

incorporation and increased oxygen content, 

which is accompanied by a corresponding increase 

in optical absorption. 

The transmission technique was used to 

investigate the optical properties of the samples 

and linear absorption coefficients. Figure 2 shows 

a transmission measurement of samples A, B, and 

C (output power versus input power) under 

continuous wave laser irradiation with a 

wavelength of 532 nm.  

The solid dots are the measured experimental data 

and the bold lines in this figure are obtained from 

samples A, B, C based on the linear absorption 

theory.  

The measured linear absorption coefficients of 

these samples are large numbers, as listed in Table 

1. In the graph in Figure 2, it can be seen that 

reducing the amount of sulfur and increasing the 

amount of oxygen in the chemical composition of 

the samples is effective in increasing the linear 

absorption rate. 

The z-scan method was used to investigate the 

nonlinear optical properties of the samples. The 

nonlinear absorption coefficients of the samples 

were measured with the open aperture z-scan 

method under the same conditions for all samples. 

In this experiment, a 180 mW continuous-wave 

laser beam at a wavelength of 532 nm was directed 

onto the samples using a lens with a focal length 

of 50 cm.
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Figure 1. UV-Vis absorption spectra of samples A, B, and C 

with red, blue, and green plots, respectively 

Figure 2. Linear absorption of samples A, B, C using a 532nm 

laser. The green, blue, and red dots are the measured 

experimental data and the green, blue, and red lines are the fitted 

plots of samples A, B, and C, respectively 
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The samples were translated along the optical axis 

(from −z to +z), and the transmitted power was 

measured as a function of sample position using a 

detector.  

The obtained data were fitted using Eq. (1), and 

the corresponding Z-scan curves were plotted 

accordingly.  

𝑇 =
1

𝛽𝐼0𝐿𝑒𝑓𝑓

 

(1) 

(1 + (𝑧 𝑧0⁄ )2)ln(1 +
𝛽𝐼0𝐿𝑒𝑓𝑓

1 + (𝑧 𝑧0)⁄ 2) 

Plotted in terms of normalized transmission versus 

sample location (Figure 3). Z is the distance of the 

samples from the focal point of the lens, Z0 is the 

Rayleigh length before the lens. According to the 

Z-scan results, the absorption is linear at the 

beginning and end of the scan. However, as the 

sample approaches the focal point of the lens and 

the light intensity increases, nonlinear optical 

effects become significant. The symmetric nature 

of the transmittance curves around the focal 

position indicates the presence of saturable 

absorption in the samples. The observed behavior 

suggests that increasing current density and 

decreasing deposition time, which correspond to a 

decrease in sulfur content and an increase in 

oxygen content, enhances the saturable absorption 

response. The nonlinear absorption coefficient (β) 

was calculated, and the obtained values are 

reported in Table 1. The closed-aperture Z-scan 

technique was employed to measure the nonlinear 

refractive index of the samples. In this 

experimental setup, a continuous-wave laser 

operating at 532 nm and a lens with a focal length 

of 500 mm were used to focus the laser beam. The 

samples were translated along the optical axis 

from −z to +z, and the transmitted power passing 

through both the sample and the aperture was 

recorded by a detector as a function of sample 

position. 

As the nonlinear material approaches the focal 

region, the intensity of the incident laser beam 

increases, giving rise to nonlinear optical effects. 

Under these conditions, both nonlinear absorption 

and nonlinear refraction influence the beam 

reaching the detector.  

Near the focal point, the reduction in the beam 

cross-sectional area results in increased irradiance, 

leading to a self-lensing effect within the sample. 

For a positive nonlinear refractive index, the 

sample behaves as an additional converging lens, 

causing the focal point to shift toward the focusing 

lens. 

As a consequence of this focal shift, the beam 

divergence at the aperture initially increases, 

reducing the amount of light transmitted through 

the aperture and producing a valley in the 

transmittance-versus-position curve. After the 

sample passes through the focal region, the self-

lensing effect causes the beam to become more 

convergent at the aperture plane, increasing the 

transmitted intensity and generating a peak in the 

transmittance curve.  

The characteristic valley–peak configuration 

indicates positive nonlinear refraction (self-

focusing). 

To isolate the nonlinear refractive contribution, 

the effect of nonlinear absorption was removed by 

dividing the closed-aperture Z-scan data by the 

corresponding open-aperture Z-scan data.

 

Table 1. Linear absorption, nonlinear absorption, and nonlinear refraction coefficients obtained from samples A, B, and C under 532 

nm continuous wave laser irradiation 

sample Linear absorption coefficient (cm-1)   Nonlinear absorption 

coefficient(cm/w) 

Nonlinear refracthion 

coefficient(cm2/w) 

A 2.36 × 105 (-1.11 ± 0.007) × 103 0.72 ±0.04 

B 2.97 × 105 (-1.23 ± 0.007) × 103 0.38 ±0.02 

C 3.76 × 105 (-1.33 ± 0.01) × 103 0.36 ±0.01 
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Figure 3 . Data from open aperture Z-scan; nonlinear saturation 

absorption of samples A, B, C using a 532  nm laser. red, blue, 

and green dots are the measured experimental data and red, blue, 

and green lines are the fitted plots of samples A, B, and C, 

respectively 

Figure 4. Data from open-aperture Z-scan; nonlinear saturation 

absorption of samples A, B, C using a 532nm laser. Red, blue, 

and green dots are the measured experimental data and red, blue, 

and green lines are the fitted plots of samples A, B, and C, 

respectively 

The resulting experimental data were fitted using 

Eq. (2), which describes the thermal-lens-induced 

phase distortion based on the aberration model. 

The fitted results are presented in Figure 4 as 

normalized transmittance versus sample position. 

The transmittance data were normalized by 

dividing each measured value by the average of 

the transmittance values obtained at the beginning 

and end of the scan, where nonlinear effects are 

negligible. 

𝑇 = (1 +
𝜃

2
 𝑡𝑎𝑛−1(

2(𝑧 𝑧0)⁄

3 + (𝑧 𝑧0)⁄ 2)

2

 (2) 

By fitting the experimental data to Eq. (2) and 

obtaining 𝜃 = 𝑘𝐼0𝐿𝑒𝑓𝑓𝑛2, the nonlinear refractive 

index 𝑛2 can be calculated. In all closed-aperture 

Z-scan curves, a valley is observed before a peak, 

indicating a self-focusing effect and, 

consequently, a positive nonlinear refractive 

index. The values of the nonlinear refractive index 

reported in Table 1 confirm this observation, as all 

measured values are positive. Furthermore, the Z-

scan curves show that the separation between the 

valley and peak decreases with increasing 

deposition current. Since higher deposition 

currents result in a lower sulfur content and a 

higher oxygen content in the films, the nonlinear 

refractive index is found to decrease as the oxygen 

concentration increases. 

 

 

 

4. Conclusion 

 

In this study, the nonlinear absorption and 

nonlinear refraction coefficients of FTO/MoS₂–

MoO₂–MoO₃ composite thin films were 

investigated using the open- and closed-aperture 

Z-scan techniques under continuous-wave laser 

excitation at 532 nm with an output power of 180 

mW. In addition, the linear absorption coefficients 

of the samples were measured. The experimental 

results indicate that both laser intensity and 

material composition play important roles in 

determining the nonlinear optical response. The 
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samples exhibited negligible nonlinear effects at 

low laser powers; therefore, the highest available 

laser power was employed for the measurements. 

Furthermore, variations in the deposition 

conditions significantly affected the film 

composition. Increasing the deposition current 

density while reducing the deposition time led to a 

decrease in sulfur content and an increase in 

oxygen content within the films. The optical 

characterization results revealed that changes in 

the sulfur-to-oxygen ratio strongly influence the 

optical properties of the composites. Specifically, 

an increase in oxygen content was associated with 

enhanced linear absorption, stronger saturable 

absorption behavior, and a reduction in the 

nonlinear refractive index. These findings 

demonstrate that the nonlinear optical properties 

of MoS₂–MoO₂–MoO₃ composite films can be 

effectively tailored through compositional control . 

The observed optical characteristics make these 

materials promising candidates for applications 

involving high-power lasers, ultrashort optical 

pulses, and high-intensity light propagation. 

Potential applications include pulsed and high-

power laser systems, laser amplifiers, fiber-optic 

and optical communication technologies, 

industrial and medical laser devices, nonlinear 

photonic components, quantum information 

processing, and optical windows and sensors for 

aerospace and defense applications. 
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