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MoS2 nanoflake array films on different glass substrates were fabricated by an in-situ growth method. The nonlinear absorption (NLA) 

properties of the MoS2 nanoflake array films were investigated by an open-aperture Z-scan technique. The MoS2 nanoflake array films 

exhibited different NLA properties dependent on the input energy. In the case of the lower input energy, the film exhibited saturable 

absorption (SA); however, if the input energy was increased, a changeover from SA to reverse saturable absorption (RSA) was observed. 

The interesting NLA properties of the film could be attributed to the competition between the ground-state absorption and the excited-10 

state absorption in terms of energy-level model of MoS2. 

1 Introduction 

Layered materials represent a diverse and largely untapped source 

of two-dimensional (2D) systems with exotic optical and 

electronic properties that are important for energy storage, optical 15 

limiting, laser, sensing, and catalysis applications.1, 2 Recently, 

transition metal dichalcogenides (TMDs) have been of renewed 

interest materials for a variety of applications in optical and 

electronic devices.3–19 Among TMDs, MoS2 is an n-type 

semiconductor with an indirect band gap of ~1.2 eV in the bulk 20 

form.9 It has large in-plane carrier mobility (around 200–500 

cm2V–1s–1)10 and good photoelectrochemical stability.11 

Moreover, the band gap of MoS2 increases with decreasing 

crystal thickness due to quantum confinement. Theoretical 

calculations predict that the band gap of MoS2 with a monolayer 25 

is increased to about 1.9 eV, and in the case MoS2 will possess 

characteristics of direct band gap semiconductors.12 The indirect-

to-direct gap transition of MoS2 could result in giant 

enhancement (~104) in photoluminescence (PL) quantum yield.4 

In addition, both PL and absorption of monolayer MoS2 can be 30 

controlled by gate voltage.13 Therefore, MoS2 has attracted great 

interest due to its distinctive electronic, optical, catalytic, and 

lubricating properties with potential applications such as solar 

cells,5 photocatylysis,6 and field-effect transistors.7, 8 

The steady-state and transient optical absorption spectra of 35 

few-layer MoS2 have been recently reported.20–22 However, to the 

best of our knowledge, the research regarding the nonlinear 

optical (NLO) properties of MoS2 nanoflake array films have not 

been studied. Herein, the MoS2 nanoflake array films on different 

glass substrate were fabricated by an in-situ growth method. 40 

Their nonlinear absorption (NLA) properties were investigated by 

an open-aperture Z-scan technique.23 The MoS2 nanoflake array 

films exhibited different NLA properties dependent on the input 

energy, and the related mechanism was discussed.24 

2 Experimental sections 45 

2.1 Fabrication of MoS2 nanoflake array films 

The MoS2 nanoflake array films were fabricated using an in-situ 

growth method.2, 25 In a typical process, MoO3 (30 mg), 

thiacetamide (35 mg), and urea (0.3 g) were dispersed in 40 mL 

of ethanol under vigorously stirring for 1 h. Then a glass trestle 50 

was put into a Teflon-lined stainless autoclave with a capacity of 

50 mL, and the well-cleaned F-doped SnO2 (FTO) glass substrate 

was placed on the glass trestle (the conductive side of the FTO 

glass substrate is against the bottom of the Teflon-lined stainless 

autoclave). After that the mixture was then transferred into the 55 

Teflon-lined stainless steel autoclave for hydrothermal treatment 

at 200°C for 24 h. As the autoclave was cooled to room 

temperature naturally, the sample was washed with distilled water 

and absolute ethanol, the side of insulation should be wipe by 

lens paper and dried in a vacuum oven at 40°C for 12 h. For 60 

simplicity, the sample was denoted as FTO/MoS2 film. The 

quartz/MoS2 film as compared sample was also fabricated 

according to the above process. 

2.2 Characterizations of FTO/MoS2 and quartz/MoS2 films 

The morphologies of FTO/MoS2 and quartz/MoS2 films were 65 

characterized by scanning electron microscopy (SEM, JEOL-

JSM-6700F), an FEI Tecnai-F20 transmission electron 

microscope (TEM) and atomic force microscopy (AFM). Raman 

and UV-visible (UV-vis) absorption spectra of FTO/MoS2 and 

quartz/MoS2 films were measured by Renishaw Raman 70 

spectrometer and Shimadzu UV-2450 spectrometer, respectively. 

2.3 NLA measurements of FTO/MoS2 and quartz/MoS2 films 

The NLA properties of FTO/MoS2 and quartz/MoS2 films were 

investigated using an open-aperture (OA) Z-scan technique.23 The 

laser used in the measurement was an Nd:YAG laser system, 75 

which produced 6 ns laser pulses at 532 nm with a repetition rate 

of 1 Hz. The spatial distribution of the laser pulses exhibited a 

nearly Gaussian profile. The input and output energies of the 

laser pulses were measured by energy meters (Laser energy meter 
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WIR-68254). The investigated samples were mounted on a 

mobile platform controlled by a computer that moved the sample 

along the z-axis through the focal plane of 150 mm focal length 

lens. The beam waist radius (1/e2 radius) in the focal plane was 47 

µm and the input energy was in the range of 10–35 µJ (the input 5 

peak light intensity at focus was in the range of 48.3–169 

MWcm–2), which was lower than the damage threshold of 

FTO/MoS2 and quartz/MoS2 films (~83 µJ, corresponding to the 

peak light intensity about 400 MWcm–2). 

3 Results and discussions 10 

 
Fig. 1 (a) SEM image of the FTO/MoS2 film measured at the middle part. 
The inset is SEM image of the FTO/MoS2 film measured at the edge part; 
(b) TEM and (c) HRTEM images of MoS2 nanoflakes on the FTO glass 
substrate; (d) SEM image of the quartz/MoS2 film. 15 

Fig. 1(a) shows a typical SEM image of the FTO/MoS2 film. It 

can be clearly found that the MoS2 nanoflakes with lengths of 

600–1000 nm are uniformly and densely grown on the surface of 

the FTO glass substrate. The inset of Fig. 1(a) shows that the 

thickness of MoS2 nanoflake array film on the FTO glass 20 

substrate is smaller than 1 µm. The atomic force microscopy 

(AFM) measurement showed that the thickness of MoS2 

nanoflake array film on the FTO glass substrate is about 730 nm 

(Fig. S1). TEM image (Fig. 1(b)) shows that the thickness of an 

individual MoS2 nanoflake is less than 10 nm. High resolution 25 

TEM (HRTEM) image (Fig.1(c)) shows that the interlayer 

distance of (002) crystal plane of MoS2 nanoflakes (marked by a 

white frame) is about 0.97 nm. Furthermore, single layered MoS2 

nanoflakes are also observed in the HRTEM image. In contrast, 

the bulk MoS2 materials have an interlayer distance of the (002) 30 

plane of 0.616 nm. The results reveal that the spacing of the (002) 

crystal plane of MoS2 nanoflakes on the FTO glass substrate is 

significantly expanded, similar to our previous results.26 Fig. 1(d) 

shows the SEM image of the quartz/MoS2 film. The lengths of 

the MoS2 nanoflakes on the quartz glass substrate are about 100–35 

200 nm, which are smaller than those of the MoS2 nanoflakes on 

the FTO glass substrate. 

Fig. 2(a) shows the Raman spectra of FTO/MoS2 film and FTO 

glass substrate. The peaks at 379 cm–1 and 407 cm–1 in the 

spectrum FTO/MoS2 film, ascribed to E1
2g (in-layer displacement 40 

of molybdemum and sulfur atoms) and A1g (out-of-layer 

symmetric displacement of sulfur atoms along c axis) modes, 

respectively, are typically characteristic peaks of hexagonal 

MoS2.
27, 28 However, there are no peaks at 379 cm–1 and 407 cm–1 

in the Raman spectrum of the FTO glass substrate. This reveals 45 

that MoS2 is successfully grown on the FTO glass substrate. Fig. 

2(b) shows UV-vis absorption spectra of FTO/MoS2 film, FTO 

glass substrate, quartz/MoS2 film and quartz glass substrate. It is 

obvious that the FTO/MoS2 film exhibits the strongest linear 

absorption. As for the quartz/MoS2 film, there is a broad 50 

absorption peak in the wavelength range of 350–400 nm. The 

absorbance of the quartz glass substrate is almost zero in the 

wavelength range of 300–800 nm. 

 
Fig. 2 (a) Raman spectra and (b) UV-vis absorption spectra of FTO/MoS2 55 

film, FTO glass substrate, quartz/MoS2 film and quartz glass substrate. 

Photographs of FTO/MoS2 film, FTO glass substrate, 

quartz/MoS2 film and quartz glass substrate are shown in Fig. 

3(a), (b), (c) and (d), respectively. Both colours of FTO/MoS2 

film and quartz/MoS2 film dark-brown, and colours of FTO glass 60 

substrate and quartz glass substrate are colourless. The “HRBEU” 
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letters underneath the glass are visualized by the naked eye, 

suggesting that both FTO/MoS2 film and quartz/MoS2 film are 

also transparent to visible light. 

 
Fig. 3 Photographs of (a) FTO/MoS2 film; (b) FTO glass substrate; (c) 5 

quartz/MoS2 film and (d) quartz glass substrate. 

In order to explore the input energy dependence of NLA of 

FTO/MoS2 and quartz/MoS2 films, the samples are scanned at the 

same position with increasing and decreasing the input energy. 

As comparison, the FTO and quartz glass substrates are also 10 

measured with the same method. As shown in Fig. 4(a)–(h), at the 

beginning, there are no transmission variations for all samples at 

low input energy of 10 µJ. From Fig. 4(a) and (b), it can be seen 

that when the input energy is increased to be 18 µJ, the 

FTO/MoS2 film exhibits an increase of transmittance at positions 15 

close to the focus, a typical saturable absorption (SA) effect. 

When the input energy is increased to be 20 µJ, the FTO/MoS2 

film begins to exhibit a change from SA to reverse saturable 

absorption (RSA). When the input energy is continued increasing 

to be 22 and 28 µJ, the FTO/MoS2 film still exhibits a change 20 

from SA to RSA, and the higher input energy corresponding to 

the deeper valley at focus. As the input energy is increased to be 

35 µJ, the FTO/MoS2 film completely changes from SA to RSA. 

Then the input energy is decreased to be 19 µJ, the FTO/MoS2 

film shows a trend of change from RSA back to SA. When the 25 

input energy is increased to be 17 µJ, the FTO/MoS2 film 

completely changes from RSA back to SA. Finally, the input 

energy is decreased to be the lowest input energy of 10 µJ, there 

is no transmission variation in the OA Z-scan curve of the 

FTO/MoS2 film. Concisely, the OA Z-scan curves reveal a 30 

change from SA to RSA while increasing the input energy, and 

the change from RSA back to SA while decreasing the input 

energy indicates the sample is not damaged.29 

Fig. 4(c) and (d) show the OA Z-scan curves of the FTO glass 

substrate when increasing and decreasing the input energy. When 35 

the input energy is lower (18 and 20 µJ), the FTO glass substrate 

exhibits a SA effect. When the input energy is increased to be 22 

µJ, the FTO glass substrate exhibits a change from SA to RSA. 

When the input energy is increased to be 28 and 35 µJ, the FTO 

glass substrate exhibits a RSA effect. While decreasing the input 40 

energy, the FTO glass substrate exhibits a change from RSA back 

to SA, which indicates that the FTO glass substrate is not 

damaged. However, at the same input energy, the peaks or 

valleys of the OA Z-scan curves of the FTO/MoS2 film are higher 

or deeper than those of the FTO glass substrate, which indicates 45 

that the FTO/MoS2 film exhibits enhanced NLA properties. 

Fig. 4(e) and (f) show the OA Z-scan curves of the 

quartz/MoS2 film. The quartz/MoS2 film exhibits similar NLA 

properties to the FTO/MoS2 film. When the input energies are 20 

and 24 µJ, the valleys in the OA Z-scan curves of the 50 

quartz/MoS2 film are obviously deeper than those of the 

FTO/MoS2 film. While the input energies are 18 and 19 µJ, the 

peaks in the OA Z-scan curves of the quartz/MoS2 film are lower 

than those of the FTO/MoS2 film. 

There is no obvious NLA observed in the quartz glass 55 

substrate in the input energy range of 10–35 µJ. The Z-scan curve 

of the quartz glass substrate at the input energy of 35 µJ is shown 

in Fig. 4(g). 

 
Fig. 4  The OA Z-scan curves of the FTO/MoS2 film (a) while increasing 60 

the input energy and (b) decreasing the input energy; the OA Z-scan 
curves of the FTO glass substrate (c) while increasing the input energy 
and (d) decreasing the input energy; the OA Z-scan curves of the 
quartz/MoS2 film (e) while increasing the input energy and (f) decreasing 
the input energy; (g) the OA Z-scan curve of the quartz glass substrate; 65 

and (h) the comparison of β2 values via the input energy among 
FTO/MoS2 film, FTO glass substrate, and quartz/MoS2 film. All solid 
lines and dashed lines in Fig. 4(a)–(f) are fitting curves using Eq. (1)–(3) 
and Eq. (4)–(5), respectively. 

In order to obtain the nonlinear absorption coefficient, the 70 

experimental data are analyzed by a model related to both SA and 

RSA.30–32 The total absorption coefficient α(I) can be expressed 

as:30–32 

0
1( )

1 /

α
α β= +

+ s

I I
I I

,                                                              (1) 

where α0 is the linear absorption coefficient which can be 75 

obtained from UV-vis spectra. I is the laser light intensity, and Is 

is the saturation light intensity. β1 is nonlinear absorption 
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coefficient. Therefore the modified normalized transmittance 

using Eq. (1) can be written as:31 

2( )
( ) ln 1 ( ) exp( )

( )
τ τ

π

+∞

−∞
 = + − ∫

Q z
T z q z d

q z

,                          (2) 

where 

[ ]0

2 2
1 0 0

( ) exp /( )

( ) / (1 z / z )

α

β

= +

= +

s

eff

Q z LI I I

q z I L

.                                                     (3) 5 

I0 is the peak light intensity at focus; Leff = [1–exp(–α0L)]/α0 is the 

effective thickness of the sample; L is the thickness of the sample. 

z0 = πw0
2/λ is the Rayleigh range, where w0 is the beam waist 

radius; and λ is the wavelength of the incident light. 

The thicknesses of MoS2 nanoflake array films on FTO and 10 

quartz glass substrates are 730 and 224 nm (Fig. S1 and S2), 

respectively. Because the surface of the quartz glass substrate is 

smoother than that of the FTO glass substrate, therefore the 

thickness of the MoS2 nanoflake array film on the quartz glass 

substrate is thinner. The contribution of FTO nanofilm with the 15 

thickness of 400 nm to the NLA is considered (Fig. S3), therefore 

the total thickness of the FTO/MoS2 film should be 1130 nm. 

Because there is no obvious NLA observed in the quartz glass 

substrate, therefore the thickness of the quartz/MoS2 film is 224 

nm. The values of linear transmittance T0 and α0 at 532 nm of 20 

FTO/MoS2 film, FTO glass substrate and quartz/MoS2 film can 

be obtained from UV-vis spectra. The solid lines in Figs. 4(a)–(f) 

are the fitting curves using Eq. (1)–(3). 

The values of linear transmittance T0 and α0 of the FTO/MoS2 

film obtained from UV-vis spectra are 41.1% and 0.79 µm-1, 25 

respectively. According to Eq. (1)–(3), the calculated values of β1 

and Is of the FTO/MoS2 film can be obtained, listed in Table 1. 

From Table 1, it can be seen that the β1 value of the FTO/MoS2 

film increases firstly, and then decreases with the increasing of 

the input energy. At the input energy of 22 µJ, the β1 value of the 30 

FTO/MoS2 film is the largest and the Is value is the lowest. 

Table 1  The values of β1 and Is of the FTO/MoS2 film with different 
input energies obtained according to Eq. (1)–(3), and the values of β2 and 
τ1 obtained according to Eq. (4) and (5). 

E (µJ)       β1 (10–6mW–1)       Is (MWcm–2)       β2 (10–6mW–1)        τ1 (ps) 35 

17               –0.98                    302                     35.6                      717.89 
18               –0.86                    302                     33.8                      717.88 
19               –0.72                    302                     33.2                      717.88 
20                 3.32                    20.4                    31.8                      717.92 
22                 13.2                    5.05                    19.7                      718.13 40 

24                 13.0                    8.25                    21.9                      718.11 
28                 12.9                    8.45                    17.5                      718.13 
29                 12.5                    10.5                    18.5                      718.12 
35                 6.58                    64.4                    18.1                      718.07 

 45 

The values of linear transmittance T0 and α0 of the FTO glass 

substrate obtained from UV-vis spectra are 87.4% and 0.31 µm-1, 

respectively. The calculated values of β1 and Is of the FTO glass 

substrate obtained according to Eq. (1)–(3) are listed in Table 2. 

The β1 value of the FTO glass substrate also increases firstly, and 50 

then decreases with the increasing of the input energy. At the 

input energy of 24 µJ, the β1 value of the FTO glass substrate is 

the largest and the Is value is the lowest. On the whole, the values 

of β1 of the FTO glass substrate are smaller than those of the 

FTO/MoS2 film at the same input energy. 55 

Table 2  The values of β1 and Is of the FTO glass substrate with different 
input energies obtained according to Eq. (1)–(3), and the values of β2 and 
τ1 obtained according to Eq. (4) and (5). 

E (µJ)       β1 (10–6mW–1)       Is (MWcm–2)       β2 (10–6mW–1)        τ1 (ps) 
17               –1.31                    106                     15.7                      717.96 60 

18               –1.69                    106                     15.9                      717.86 
20               –1.45                    106                     14.5                      717.86 
21                 1.23                    10.9                    11.5                      718.01 
22                 1.25                    2.76                    10.8                      718.01 
24                 3.18                    1.66                    9.63                      718.05 65 

28                 2.53                    26.6                    9.30                      718.03 
29                 2.49                    26.6                    8.94                      718.03 
35                 1.77                    95.6                    7.79                      718.01 

 

The values of linear transmittance T0 and α0 of the 70 

quartz/MoS2 film are 78.6% and 1.18 µm-1, respectively. The 

calculated values of β1 and Is of the quartz/MoS2 film obtained 

according to Eq. (1)–(3) are listed in Table 3. The β1 value of the 

quartz/MoS2 film also increases firstly, and then decreases with 

the increasing of the input energy. At the input energy of 24 µJ, 75 

the β1 value is the largest and the Is value is the lowest. At the 

input energies of 17 and 18 µJ, the Is values of both quartz/MoS2 

film and FTO glass substrate are 106 MWcm–2, which is half of 

that of the FTO/MoS2 film. 

Table 3  The values of β1 and Is of the quartz/MoS2 film with different 80 

input energies obtained according to Eq. (1)–(3), and the values of β2 and 
τ1 obtained according to Eq. (4) and (5). 

E (µJ)        β1 (10–6mW–1)       Is (MWcm–2)       β2 (10–6mW–1)        τ1 (ps) 
17                –4.35                    106                      48.5                     717.79 
18                –3.36                    106                      47.5                     717.80 85 

19                –2.64                    106                      44.5                     717.85 
20                  9.18                    1.13                     32.7                     718.05 
22                  8.95                    1.09                     29.4                     718.05 
24                  15.8                    1.09                     27.4                     718.08 
28                  6.75                    9.85                     26.1                     718.03 90 

29                  8.58                    7.05                     24.8                     718.04 
35                  6.35                    89.5                     23.4                     718.01 

 

 
Fig. 5 Energy-level diagram of MoS2 nanoflake array film. Eg, the band 95 

gap; σ0, ground-state absorption cross section, σ1 and σ2, excited state 
absorption cross sections from states |1> and |2>, respectively; β2, 2PA 
coefficient; τ1,2,3, excited states lifetimes of |1>, |2>, |3>, respectively. 

In order to investigate the NLA dynamic process of FTO/MoS2 

and quartz/MoS2 films, the energy-level diagram of MoS2 100 

nanoflake array film is given as shown in Fig. 5.32–34 In general, NLA 

properties of semiconductors in the visible range basically 

originate from two mechanisms, namely interband and intraband 
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transitions. Because the band gap of MoS2 (Eg = 1.2–1.9 eV) is 

smaller than that of photon energy (2.33 eV), both interband and 

intraband transitions of MoS2 can contribute to NLA of 

FTO/MoS2 and quartz/MoS2 films. For the nanosecond laser, the 

pulse width is much longer than the intraband relaxation time (τ2 5 

and τ3 are on the order of femtosecond).34, 35 Hence the equations 

governing the NLA process in the nanosecond regime can be 

expressed as:34, 36–38 

0 2( )
'

α α σ β
∂

= − = − + +
∂ ex eff

I
I N I I

z
,                                       (4) 

2
0 2

1 2

α β
τ

∂
= − +ex exN I N I

dt hv hv
                                                        (5) 10 

where Nex is the carrier density of the lowest level of conduction 

band, i.e. the state |1> (the ground-state carrier density is denoted 

as N0), and hv is photon energy (2.33 eV); σeff is the effective free 

carrier absorption (FCA) cross section, which is related to σ1 and 

σ2; α0 (α0 = N0σ0) and β2 are the linear absorption and two-photon 15 

absorption (2PA) coefficients arising from the transitions of  

|0>→|1> and |0>→|2>, respectively; τ1 is the interband relaxation 

time; 'z  is the coordinate inside the nonlinear sample which 

changes from zero to L, and L is the thickness of sample. I is the 

laser light intensity. 20 

According to Eq. (4) and (5), we used the four-order Runge-

Kutta method to fit the experimental data of FTO/MoS2 film, 

FTO glass substrate and quartz/MoS2 film. The dashed lines in 

Fig. 4(a)–(f) show the fitting the results. During the fitting 

processes, the σeff value is fixed as 3.04×10-21 m2 for all 25 

samples.36 The N0 values of FTO/MoS2 film, FTO glass substrate 

and quartz/MoS2 film are 2.525×1028, 6.329×1028 and 1.130×1029 

m-3, respectively. The values of β2 and τ1 of FTO/MoS2 film, FTO 

glass substrate and quartz/MoS2 film with different input energies 

obtained according to Eq. (4) and (5) are listed in Table (1), (2) 30 

and (3), respectively. 

Because the contributions of the higher states |2> and |3> to 

the NLA are neglected, the dashed lines are not as good as the 

solid lines to fit the experimental data. The comparison of β2 

values via the input energy among FTO/MoS2 film, FTO glass 35 

substrate, and quartz/MoS2 film is shown in Fig. 4(h). For three 

samples, the β2 values decreases with the increasing the input 

energy, which is due to the saturation of RSA.36 In addition, the 

β2 values of the quartz/MoS2 film are largest at the same input 

energy among three samples, which is related to the thinner 40 

thickness of the quartz/MoS2 film. 

From Table 1–3, it can be seen that when the input energy is 

lower, the τ1 values are smaller, i.e. the excited carriers can 

quickly return back to the ground-state |0>, the ground-state 

absorption plays dominate role, therefore the samples exhibit SA. 45 

While the input energy is higher, the τ1 values become larger, i.e. 

the excited carriers slowly return back to the ground-state |0>, the 

excited-state absorption plays dominate role, leading to the 

change from SA to RSA or complete RSA. 

The calculated τ1 values of FTO/MoS2 film, FTO glass 50 

substrate, and quartz/MoS2 film are in the same order of the 

interband transition time of semiconductor materials (0.8 ns).34 

We further compared the values of α0, β2 and Is of FTO/MoS2 and 

quartz/MoS2 films with those of the MoS2 dispersions excited by 

the femtosecond laser.35 The α0 values of FTO/MoS2 and 55 

quartz/MoS2 films are 0.79 and 1.18 µm-1, respectively, which are 

about 3 orders of magnitude larger than those of the MoS2 

dispersions. The β2 values of both FTO/MoS2 and quartz/MoS2 

films are in the order of 10–5mW–1, which are about 9 orders of 

magnitude larger than those of the MoS2 dispersions. The Is 60 

values of FTO/MoS2 and quartz/MoS2 films are in the range of 

several to several hundred MWcm–2, which are much lower than 

those of the MoS2 dispersions (several hundred GWcm–2), 

therefore, the SA effect and the changeover from SA to RSA can 

be easier realized in FTO/MoS2 and quartz/MoS2 films. In 65 

addition, the larger linear and nonlinear absorption coefficients 

and smaller heat conductivity (0.1 Wm–1K–1), which can cause 

the absorbed optical heat not easy to loose and local heat up, 

correspondingly affects on the NLO properties both of 

FTO/MoS2 and quartz/MoS2 films.39 
70 

4 Conclusions 

In summary, the MoS2 nanoflake array films on FTO and quartz 

glass substrates were fabricated by an in-situ growth method. The 

NLA properties of MoS2 nanoflake array films were investigated 

by using nanosecond Z-scan technique. The experimental data 75 

were simulated by using the modified Z-scan theory and 

simplified rate equations. The MoS2 nanoflake array films could 

exhibit SA and the changeover from SA to RSA by adjusting the 

input energy. The NLA dynamic process of the MoS2 nanoflake 

array films have been analyzed by applying the four energy-level 80 

model. Due to good NLA properties and fast response time, the 

MoS2 nanoflake array films are very promising for optical 

devices such as ultrafast lasers and ultrafast optical switches. 
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