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Nonlinear Optical Absorption of SnX2 (X=S, Se) 
Semiconductor Nanosheets 
  
Jia-Jing Wu, You-Rong Tao, Xing-Cai Wu*, and Yuan Chun* 
     
The nonlinear absorption performance of SnX2 (X= S, Se) was measured by Z-Scan 
technique at nanosecond pulse and picosecond pulse, the results show that SnS2 
nanosheets have excellent optical limiting property and optical limiting threshold Fth 
is about 0.23 J/cm2. However, SnSe2 nanosheets exhibit saturable absorption behavior. 
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Abstract 

Tin-based dichalcogenides such as SnS2 and SnSe2 have attracted wide attention due to their significant 

potential for the next-generation optoelectronic and photonic devices in nanotechnology. We investigate 

the nonlinear absorption of SnS2 and SnSe2 nanosheets using the Z-scan technique with nanosecond 

pulse and picosecond at 532 nm for the first time. Z-scan measurement reveals that SnS2 nanosheets 

dispersions exhibit reverse saturable absorption (RSA) behavior under different pulses, which is in 

contrast to the saturable absorption (SA) observed in the SnSe2 naosheets dispersions resulted from 

different band gaps. The nonlinear absorption coefficient (β) and the figures of merit (FOM) of SnS2 

dispersed in ethanol with linear transmittances of 0.75 at input energy of 6.16 µJ in the nanosecond 

regime are 12.78×10-10 m/W and 8.71×10-11 esu⋅cm, respectively. As for SnSe2 nanosheet dispersions, β 

and FOM are -12.58×10-10 m/W and 11.98×10-11 esu⋅cm at the same input energy, respectively. The 

RSA behavior coupled to the smaller optical limiting threshold Fth (0.23 J/cm2) proves SnS2 a promising 

2D material for protecting sensitive optical components or eyes from laser-induced damage. The SA 

performance indicates SnSe2 nanosheets prospective candidates for high-performance nanoscale 

nanophotonic devices like optical switches. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 2

Keywords: Tin-based dichalcogenides, Nanosheet, Nonlinear absorption, Optical limiting. 

                                                                   

*Corresponding author. Fax: +86 25 83317761.  

E-mail: wuxingca@nju.edu.cn (X. C. Wu); ychun@nju.edu.cn (Y. Chun). 

1. Introduction  

Layered two-dimensional (2D) semiconductor nanostructures such as graphene, black phosphorus 

(BP) and metal Dichalcogenides (MDCs) have extensively been used as building blocks in many 

electronic, photonic and optoelectronic devices, including field-effect transistors (FETs), photodetectors, 

saturable absorbers, optical switches and optical limiters[1−9]. Recently, nanophotonic devices based on 

transition metal chalcogenides (MX2, M =Mo and W; X=S, Se and Te) have attracted specially 

increasing interest due to tunable bandgaps and large specific surface area. For example, saturable 

absorbers and Q-Switcher based on 2D nanostructure like MoS2, WS2 have been extensively 

investigated [10−12]. Besides, the nonlinear optical (NLO) performance of BP nanosheets has been 

intriguing intensive attention [13,14]. However, it is important to obtain earth-abundant and 

environment-friendly materials with NLO properties.  

 SnS2 and SnSe2 as important IVA-VIA semiconductors have tunable bandgaps of 2.35 eV and 1.1 

eV, respectively, with a layered CdI2-type sandwiched structure where Sn layer located between two S 

or Se layers [15, 16]. The nontoxicity and low cost ensure them obvious advantages in electronics and 

optoelectronics. Presently, they have been fabricated into photodetectors [15−17]. Here we study the 

NLO properties of SnS2 and SnSe2 nanosheet dispersions, and find their good optical limit effect of 

SnS2 nanosheets. To our knowledge, it is the first report. 

2. Experimental Material Preparation and Characterization  

2. 1. Synthesis 
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The SnS2 Nanosheet microspheres and SnSe2 hexagonal nanosheets were synthesized by a facile 

ethanol thermal and hydrothermal method, respectively [2, 18].   

SnS2 Nanosheet: 0.005 mol. SnCl4•5H2O (C. P.) and 0.02 mol. thioacetamide (A. R.) were added 

into a 100 ml beaker, then 40 ml ethanol was added, next the solution was stirred for about 30 min. 

Followed by, the mixture was put into Teflon-lined stainless steel autoclave, and heated at 180ć for 24 

h in a drying cabinet. Afterwards the cabinet was cooled down to room temperature naturally. The 

yellow product was collected by centrifugation, alternately washed with deionized water and absolute 

ethanol, and then dried at 60 °C for 2 h. 

SnSe2 hexagonal nanosheets: 1.128 g SnCl2•2H2O and 1.1096 g SeO2 were dispersed in distilled 

water (40 ml) by stirring magnetically for 5 min and sonication for 10 min to form a homogeneous 

solution, and then the solution was transferred into a Teflon-lined stainless steel autoclave. Afterwards, 

2 ml hydrazine hydrate (N2H4•H2O) was added into the reactants, followed by the reaction temperature 

raised to 180ć and maintained for 24 h. At last, the obtained product was collected by centrifugation, 

alternately washed with water and ethanol, and dried in a drying cabinet at 60 °C for 2 h.   

SnX2 dispersions: Initial SnX2 dispersions (0.1 mg/mL) were produced by sonicating for 2 h using 

a 120 W ultrasonic cleaner, afterwards centrifugation at 3000 rpm for 10 min to remove large 

aggregates. The digital photograph of SnX2 dispersion was shown in Figure S1. 

 2. 2. Characterization and Measurements 

The characterization of the as-prepared products was characterized by X-ray diffraction (XRD, 

Shimadzu XRD-6000 with graphite monochromatized Cu Kα1 radiation), a field-emission scanning 

electron microscope (FE-SEM, Hitachi S-4800), a high-resolution transmission electron microscope 

(HRTEM, JEM-2100) and Raman Spectroscopy (LabRAM Aramis).  

3. Results and discussion  

Fig. 1(a) and (b) reveal X-ray diffraction (XRD) patterns of as-synthesized products. In Fig. 1(a), all 

the peaks can be properly indexed to hexagonal SnS2 (X'pert highscore plus reference code: 00ˉ023̄
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0677) without any detectable crystalline impurity phase. In Fig. 1b, the XRD pattern shows that the as-

prepared products are hexagonal SnSe2 (X'pert highscore plus reference code: 01ˉ089̄ 319) without 

other phases. The four predominant peaks at 2θ =14.51°, 30.68°, 40.05°, and 47.81° correspond to the 

(001), (011), (012), and (110) of hexagonal SnSe2, respectively.  

The field-emission scanning electron microscopy (FESEM) in Fig. 2(a) reveals the formation of 

microspheres flower-like nanostructure with diameter of about 2–5 µm, Fig. 2(b) shows the high-

magnification SEM image of microspheres of the self-assembled nanosheets with the thickness less than 

30 nm. The SEM image in Fig. 2(c) reveals the formation of hexagonal nanosheets with the length of 0.5–

5 µm, Fig. 2(d) is a high-magnification SEM image of SnSe2 hexagonal nanosheets with thickness of 30–

40 nm. 

Fig. 3(a) contains a typical transmission electron microscopic (TEM) image of an approximate 

microsphere consists of SnS2 nanosheets with diameters of about 65 nm. Figure 3(b) is the TEM image of 

the edge of SnS2 microsphere, and corresponding selected area electron diffraction (SAED) pattern is 

shown in Fig. 3(c). Fig. 3(d) presents a high-resolution TEM (HRTEM) image, observing an lattice 

spacing of 0.27 nm, which corresponds to the (101) plane of SnS2. Fig. 3(e) displays TEM image of bulk 

hexagonal SnSe2, showing a typical plate-like morphology with lateral size of about 0.4–2µm, while the 

nearly transparent feature reveals the ultrathin thickness. Fig. 3(f) shows a large-area 2D hexagonal sheet-

like structure with a length larger than 600 nm, and Fig. 3(g) is its SAED pattern. The HRTEM image of 

SnSe2 nanosheet [Fig. 3(h)] reveals that the d-spacing is 0.33 nm, corresponding to the (100) plane of 

hexagonal SnSe2.  

Raman Spectroscopy in Fig. 4(a) confirms that as-prepared products are indeed pure SnS2 nanosheets 

with a strong Raman peak at 312.6 cm-1 assigned to A1g mode [19]. Here weak intra-layer Eg mode peak 

located at 200–205 cm-1 cannot be observed, because of the sensitivity limitation of the sensor or the 

selection rules of scattering geometry [20], demonstrating the as-synthesized SnS2 nanosheets belong to 

2H-SnS2 instead of 4H-SnS2. In Fig. 4(b), two characteristic peaks can be observed in the measurement 

range from 100 to 300 cm-1 under the 532 nm laser excitations. The one at 116.2cm-1 is assigned to the in-
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plane (Eg) mode of the Se–Sn–Se lattice, and the other at 184.4 cm-1 assigned to the out-of-plane (A1g) 

mode [21]. 

An ultraviolet-visible (UV-vis) absorption spectrum of SnS2 dispersions is shown in Fig. 4(c), the 

two characteristic absorption peaks at 268 nm (4.63 eV) and 425 nm (2.92 eV). Fig. 4(d) is the UV-vis 

spectrum of SnSe2 dispersions, revealing that SnSe2 nanosheeets have a broad absorption band from 

250−900 nm. In UV region, two obvious absorption peaks appear at 261 nm (4.75 eV) and 345 nm (3.59 

eV). The two main peaks can be assigned to transition from the crystal field split anion pz- and pxy-like 

levels, respectively,  into anion and cation s- and p-like levels, respectively [22̍23]. 

The NLO properties of SnS2 nanosheets and SnSe2 nanosheets are investigated using an open 

aperture Z-scan with 6.5 ns Nd:YAG pulsed Q-switched frequency-double laser operating at 532 nm (2.33 

eV) with a repetition rate of 10 Hz. The radius of the beam waist (w0) is 40 µm, and the confocal 

parameter (z0) is 9.6 mm, much greater than the thickness of the sample cuvette (2 mm), which is a key 

parameter for Z-scan technique. The propagation direction (Z-axis) of laser pulses passed through sample 

which is installed on a moving platform that is controlled by a computer. The Z-scan experimental setup 

[Fig. S(2)] is parallel to our previous measurement of ZrS3 dispersions [24].  

Fig. 5(a−d) shows the NLO response of SnS2 nanosheets with the linear transmittance (Ts) of 0.75 

excited by 532 nm laser pulses at different input energy from 1.37 µJ to 51.6 µJ. Fig. 5(a), the normalized 

transmittance gradually increases with the increase of laser intensity (z→0), shows a symmetrical peak 

with respect to the focus (z=0) at low input energy of 1.37 µJ. This nonlinear absorption (NLA) is typical 

saturable absorption (SA) process originating from one-photo absorption. When the input energy increase 

to 6.16 µJ, the normalized transmittance decrease as laser intensity (z→0) increases, and the normalized 

transmittance curve appears an obvious valley at the focus point (z = 0), and the shape of curve is 

symmetrical with respect to the focus point, indicating the reverse saturable absorption (RSA) behavior in 

the SnS2 dispersions begin to dominate NLA mechanism.With the increase of the input energy, the RSA 

response of SnS2 nanosheets increases. The variation of the normalized transmittance at the focus (Ta) as a 
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function of the input energy is shown in Fig. 5(e). The transmittance decreases with increase in input 

energy, indicating the dependence of NLO response on the input energy. At the input energy of 6.16 µJ, 

the transmittance is 0.76, the Ta value decreases to 0.376 at the energy of 45.46 µJ. That is to say, the 

higher input energy corresponds to the deeper valley at focus. When the input energy is continually 

increased to be 48.58 and 51.6 µJ, the Ta values have not obvious variation.  

Open aperature Z-scan data were fitted by the nonlinear propagation equation [25]: 

dI/dz˃ = ̄ α(I)I 

Where α(I) is absorption coefficient, including linear and nonlinear absorption parts. From the fitting 

curves [solid lines in Fig. 5(a−d)], the experimental data were fitted perfectly based on the nonlinear 

absorption model. The fitting open aperture (OA) curves are shown in Fig. 5(f). The nonlinear absorption 

coefficient for SnS2 dispersions at different input energy is shown in Fig. 5(g), and the nonlinear 

absorption coefficient is 12.78×10-10 m/W at 6.16 µJ, decreasing monotonically to 3.91×10-10 m/W at 

53.75 µJ. The imaginary (Imχ(3)) part of the three-order NLO susceptibility can be calculated by nonlinear 

absorption coefficient with the equation Ιmχ(3)
 = 10-7cλn0

2
β/96π2, here c represents the speed of light, n0 

represents the refractive index. The figure of merit (FOM) is defined as FOM =|Ιmχ(3)/ α0|. The Imχ(3) and 

FOM of SnS2 nanosheets decreases gradually with increase of input energy as shown in Fig. 5(h). 

The nonlinear optical absorption properties of SnSe2 hexagonal nanosheets are shown Fig. 6(a) and 

6(b). The normalized transmittance curves have an obvious peak at the laser focus at low input energy (2.2 

µJ and 6.16 µJ), showing the transmittance of the sample increases with the increasing input laser intensity, 

indicating that it should have stronger SA behaviour induced by one-photon absorption. When the input 

energy continues to increase, the transmittance also decreases with the laser intensity increase. This 

tendency is similar to SnS2 nanosheets. Fig. 6(c) displays the OA theory curve of SnS2 nanosheets which 

reveal the NLA performance of SnSe2 is influenced by the change of input energy. Fig. 6(d) shows the Ta 

value reduces as the input energy increases. And the nonlinear absorption coefficient of SnSe2 hexagonal 

nanosheets decreases from 49.8 cm/GW at the input energy of 11.98 µJ to 30.2 cm/GW at 52.06 µJ, as is 
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shown in Fig. 6(e). The variation of Imχ(3) and FOM in SnSe2 nanosheets dispersions with input energy is 

shown in Fig. 6(f). 

Generally, the SA at 532 nm (2.33 eV) under low input energy can be ascribed to valence conduction 

inter-band transition, as the input energy increases, electrons in the valence band can be easily filled the 

conduction band. Due to the Pauli blocking, the optical absorption reached saturation at a high input 

energy. Besides, SnSe2 nanosheets with incident photons energy larger than band gap show saturable 

absorption response, the cause of the free carrier excitation from valence band to conduction band. SnS2 

nanosheets with the band gap near the incident photons energy exhibit RSA behavior, which is attributed 

to the resonance of TPA near the band edge at 532 nm. 

To further investigate the effects of solvent on the NLO performance of SnX2 nanaosheets, the 

sample were dispersed in different boiling point solvents including water, ethanol and NMP, the 

experimental results were shown in Fig. S3 and S4. Fig.S3 exhibits the RSA response of SnS2 in the 

different solvents in the nanosecond regime at the same input energy of 10 µJ, and the NLA coefficients 

were 10.16×10-10 m/W, 7.82×10-10 m/W, and 4.53×10-10 m/W for ethanol, water and NMP, respectively. 

Fig.S4 shows the SA of SnSe2 in different solvents in nanosecond regime at the same input energy of 8.47 

µJ, and the nonlinear absorption coefficients were -2.59×10-10 m/W, -4.03×10-10 m/W, and -8.62×10-10 

m/W for ethanol, water, and NMP, respectively. Therefore, NLO of SnX2 was influenced by solvent, 

which may be attributed to the linear absorbance and the Lorentz-Lorenz local field correction factors [26, 

27]. Besides, we measure the NLO of different solvents, as is shown in Fig. S5, but we cannot observe 

obvious NLA response.  

Additionally, to eliminate thermal effects on the NLO performance, we applied a 532 nm picosecond 

laser with the pulse duration of 21 ps. Fig. 7(a) and 7(b) show the NLO response of SnS2 and SnSe2 

dispersions at the input energy of 1.4 µJ, respectively. For the dispersions of SnS2 the transmittance 

decreased sharply near the laser focus, indicating a higher absorbance at higher laser intensity, which 

shows RSA behavior take place in the dispersion. In contrast, the SnSe2 dispersions exhibit an increased 

transmittance around the zero Z-position, pointing to SA properties. The nonlinear absorption coefficient 
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obtained from the fitting is 3×10-12 m/W for SnS2 nanosheets and is -3.8×10-13 m/W for SnSe2 hexagonal 

nanosheets.  

Table 1 lists the linear and nonlinear parameters of the SnS2 and SnSe2 nanosheets measured by 

nanosecond and picosecond Z-scan technique. The results demonstrate that SnS2 exhibits RSA response 

and SnSe2 shows SA performance in nanosecond and picosecond regime. Moreover, their nonlinear 

absorption coefficients have obvious difference at different laser pulses caused by excited state absorption. 

FOM of SnS2 and SnSe2 dispersions at nanosecond laser pulse are three and four orders of magnitude 

larger than that at picosecond pulse, respectively. 

To evaluate the NLO performance of the as-synthesized SnS2 and SnSe2 dispersions, we also 

summarize the relevant figures of merit reported in literature for other nanomaterials in Table 1, and the 

experimental conditions are also listed for comparison. The measured FOM values of SnS2 and SnSe2 is 

larger than ZrS3 nanosheets [24], WS2 [28] and RGO [29], comparable with MoS2 [30], BP [6], AgInSe2 

[31] and Au [32] nanomaterials. Therefore, the eco-friendly SnX2 compound will be a promising material 

for photonic device.   

According to the results discussed above, SnS2 nanosheets exhibit excellent reverse saturation 

absorption property, revealing that it should possess optical limiting (OL) performance. So the OL 

measurements were performed at excitation wavelength of 532 nm with 21 ps pulsed laser. Fig. 8(a) 

shows the observed variation of transmittance with the input fluence for SnS2 nanosheets in ethanol 

dispersions with linear transmittance of 0.75. It is clear that the transmittance decreases as the input 

fluence increases. The optical limiting threshold Fth, defined as the input fluence at which the 

transmittance is 50 % of the linear transmittance, was measured about 0.23 J/cm2 for SnS2 nanosheets 

dispersions. The Fth of SnS2 is far smaller than MoS2 (11.16 J/cm2), MoSe2 (7.3 J/cm2), WS2 (9.35 J/cm2), 

WSe2 (7.2 J/cm2) and graphene (15.15 J/cm2) in previously measured [33]. The plot of output fluence 

against input fluence for SnS2 nanosheets is shown in Fig. 8(b). At very low input fluence, the output 

fluence is linearly to the input fluence. Afterward as the input fluence increases, the output fluence does 

not increase linearly and finally is close to a constant. The optical limiting onset values Fon, defined as the 
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input fluence at which optical limiting activity starts, was tested about 0.16 J/cm2. The above results show 

that the SnS2 nanosheets display superior OL performance.   

 

4. Conclusions 

In conclusion̍ the NLO response of SnS2 and SnSe2 nanosheets is investigated using the Z-scan 

technique at 532 nm with nanosecond and picosecond laser pulses for the first time. SnS2 nanosheets 

dispersions display RSA response at different pulse width. Meanwhile, both SnS2 and SnSe2 nanosheets 

firstly exhibit SA performance at a much low input energy caused by one-photon absorption and then 

change from SA to RSA by adjusting the input energy. The experimental results demonstrate that SnS2 

and SnSe2 nanosheets have strong NLO absorption performance in the nanosecond and picosecond region. 

The figures of merit of SnS2 and SnSe2 nanosheet dispersions are 8.71×10-11 esu⋅cm and 11.98×10-11 

esu⋅com at nanosecond pulse, respectively. However, at picosecond they decrease to 20.46×10-14 esu⋅cm 

and 3.63×10-14 esu⋅com, respectively. The nonlinear response in the nanosecond region seems to be much 

stronger than in picosecond regime. The strong NLO properties of SnS2 and SnSe2 nanosheets, along with 

their low cost and nontoxicity, make them potential candidates for optoelectronic application in optical 

limiters and optical switches. 
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Table 1. A comparison of SnS2 and SnSe2 dispersions with other NLO nanomaterials 

Material Laser α0 
(m-1) 

NLO 
response 

β 
(cm/GW) 

Imχ(3) (esu) FOM×10-13 
(esu⋅⋅⋅⋅cm) 

Ref 

AgInSe2 200 fs 780 nm 610 SA 0.29 2.2×10-12 3.6 30 

Au 220 fs 800 nm 300 SA 1.5 1.2×10-12 4 31 

RGO 80 fs 395 nm 1.9×106 SA 25 7×10-12 3.6×10-3 28 

WS2 40 fs 800nm 1.08×106 TPA (525±205) (2.7±0.8) ×10-9 (2.5±0.8)×10-2 25 

MoS2 100 ps532 nm 2570 SA (26.2±8.8) (9.9±3.3)×10-12 (3.8±1.3) 29 

BP 30 ps 532 nm 585 TPA 16 5.14×10-12 8.79 6 

ZrS3 6.5 ns 532 nm 62.48 RSA 44.2 13.8×10-12 220.87 21 

SnS2 6.5 ns 532 nm 45.75 RSA 127.8 39.87×10-12 871 This work 

SnS2 21 ps 532 nm 45.75 RSA 0.30 9.36×10-14 2.05 This work 

SnSe2 6.5 ns 532 nm 32.75 SA -125.8 -39.25×10-12 1198 This work 

SnSe2 21 ps 532 nm 32.75 SA 3.8×10-2 1.19×10-14 0.36 This work 
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Figure Captions  

Fig. 1 (a) XRD pattern of SnS2 nanosheets; (b) XRD pattern of SnSe2 nanosheets.   

Fig. 2 (a) Low-magnification SEM image of SnS2 nanasheets; (b) High-magnification SEM images of 

SnS2 nanasheets; (c) Low-magnification SEM image of SnSe2 nanasheets; (d) High-magnification SEM 

images of SnSe2 nanasheets. 

Fig. 3 (a) and (b)TEM image of SnS2 nanosheets; (c) Selected area electron diffraction pattern of SnS2; 

(d) HRTEM image of SnS2 naaosheets;(e) Low-magnification TEM image of SnSe2 nanosheets (f) TEM 

of individual SnSe2 hexagonal sheets; (g) Selected area electron diffraction pattern; (h) HRTEM image 

of SnSe2 nanosheets. 

Fig. 4 (a) Raman spectrum of SnS2 nanosheets; (b) Raman spectrum of SnSe2 hexagonal nanosheets; (c) 

Absorption spectrum of SnS2 nanosheets; (d) Absorption spectrum of SnSe2 nanosheets. 

Fig. 5 (a-d) Open-aperture Z-scan curves of SnS2 dispersions in ethanol at different input energy; (e) 

Normalized transmittance versus input energy; (f) Fitting OA curves at different input energy; (g) β 

versus the input energy; (h) Ιmχ (3) and FOM values versus the input energy. 

Fig. 6 (a-b)OA Z-scan curves of SnSe2 hexagonal nanosheets in ethanol dispersions at different input 

energy; (c) Fitting OA Z-scan curves normalized transmittance versus input energy; (d) Transmittance 

vs. input energy; (e) β versus the input energy; (f) Ιmχ (3) and FOM values versus the input energy. 

Fig. 7 OA curves in picosecond regime of (a) SnS2 nanosheets and (b) SnSe2 hexagonal nanosheets. 

Fig. 8 Optical limiting of SnS2 dispersions (a) normalized transmittance vs. input fluence; (b) output 

fluence vs. input fluence. 
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Fig. 1 Wu et al. 

 

(a) (b) 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 16

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Wu et al. 
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Fig. 3. Wu et al 
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Fig. 4. Wu et al 
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Fig. 5. Wu et al 
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Fig. 6. Wu et al 
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Fig. 7. Wu et al 
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Fig. 8. Wu et al 
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Highlights 
� We study the nonlinear absorption properties of SnS2 and SnSe2 for the first 

time. 
� We find SnS2 have excellent optical limiting for the first time. 
� The optical limiting threshold Fth of SnS2 is only about 0.23 J/cm2. 


