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Nonlinear Optical Absorption of SnX, (X=S, Se)
Semiconductor Nanosheets

Jia-Jing Wu, You-Rong Tao, Xing-Cai Wu*, and Y uan Chun*

The nonlinear absorption performance of SnX, (X='S, Se) was measured by Z-Scan
technique at nanosecond pulse and picosecond pulse, the results show that SnS,
nanosheets have excellent optical limiting property and optical limiting threshold F,
is about 0.23 Jcm?. However, SnSe, nanosheets exhibit saturable absorption behavior.
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Nonlinear optical absorption of SnX (X=S, Se) semiconductor
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Abstract

Tin-based dichalcogenides such as Su&l SnSghave attracted wide attention due to their sigaiit
potential for the next-generation optoelectronid ghotonic devices in nanotechnology. We investigat
the nonlinear absorption of Sh8nd SnSgnanosheets using the Z-scan technique with naoodec
pulse and picosecond at 532 nm for the first tiiscan measurement reveals that Sn&osheets
dispersions exhibit reverse saturable absorpticBAjRbehavior under different pulses, which is in
contrast to the saturable absorption (SA) obsermethe SnSg naosheets dispersions resulted from
different band gaps. The nonlinear absorption adefft (3) and the figures of merit (FOM) of SnS
dispersed in ethanol with linear transmittance9.@b at input energy of 6.16] in the nanosecond
regime are 12.78x18 m/W and 8.7%¥10™ esudm, respectively. As for Snsaanosheet dispersiorfs,
and FOM are -12.58x1§ m/W and 11.98x1®" esudm at the same input energy, respectively. The
RSA behavior coupled to the smaller optical lingtihreshold f (0.23 J/crf) proves Snsa promising

2D material for protecting sensitive optical comeots or eyes from laser-induced damage. The SA
performance indicates SnS&anosheets prospective candidates for high-pedioce nanoscale

nanophotonic devices like optical switches.
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1. Introduction

Layered two-dimensional (2D) semiconductor nanasimes such as graphene, black phosphorus
(BP) and metal Dichalcogenides (MDCs) have extatgibeen used as building blocks in many
electronic, photonic and optoelectronic devicesluiding field-effect transistors (FETS), photodébes,
saturable absorbers, optical switches and opiitatielrs[1-9]. Recently, nanophotonic devices based on
transition metal chalcogenides (MXM =Mo and W; X=S, Se and Te) have attracted sjgci
increasing interest due to tunable bandgaps amge lapecific surface area. For example, saturable
absorbers and Q-Switcher based on 2D nanostrudikee MoS,, WS, have been extensively
investigated [1612]. Besides, the nonlinear optical (NLO) performanceB&f nanosheets has been
intriguing intensive attention [13,14However, it is important to obtain earth-abundamd a
environment-friendly materials with NLO properties.

Sn$S and SnSgas important IVA-VIA semiconductors have tunabsmtigaps of 2.35 eV and 1.1
eV, respectively, with a layered Gelpe sandwiched structure where Sn layer locastdden two S
or Se layers [15, 16].he nontoxicity and low cost ensure them obviougaathges in electronics and
optoelectronics. Presently, they have been falitaito photodetectors [£%7]. Here we study the
NLO properties of SnSand SnSgnanosheet dispersions, and find their good optinat effect of
SnS nanosheets. To our knowledge, it is the first repo

2. Experimental Material Preparation and Characterization

2. 1. §ynthesis



The Sn$ Nanosheet microspheres and Snis&xagonal nanosheets were synthesized by a facile
ethanol thermal and hydrothermal method, respdygt[2e 18].

SnS Nanosheet: 0.005 mol. SnedH,O (C. P.) and 0.02 mol. thioacetamide (A. R.) wadded
into a 100 ml beaker, then 40 ml ethanol was addest the solution was stirred for about 30 min.

Followed by, the mixture was put into Teflon-linstinless steel autoclave, and heated alC18%r 24

h in a drying cabinet. Afterwards the cabinet wasled down to room temperature naturally. The
yellow product was collected by centrifugation eattately washed with deionized water and absolute
ethanol, and then dried at 60 °C for 2 h.

SnSe hexagonal nanosheets: 1.128 g $f&H,0 and 1.1096 g SeQvere dispersed in distilled
water (40 ml) by stirring magnetically for 5 mindasonication for 10 min to form a homogeneous
solution, and then the solution was transferred aireflon-lined stainless steel autoclave. Aftedsa
2 ml hydrazine hydrate @N4*H,O) was added into the reactants, followed by tlaetren temperature

raised to 18@ and maintained for 24 h. At last, the obtaineddpad was collected by centrifugation,

alternately washed with water and ethanol, andddrie drying cabinet at 60 °C for 2 h.
SnX; dispersionsinitial SnX; dispersions (0.1 mg/mL) were produced by sonigatim 2 h using

a 120 W ultrasonic cleaner, afterwards centrifugatat 3000 rpm for 10 min to remove large
aggregates. The digital photograph of Sulispersion was shown in Figure S1.
2. 2.Characterization and Measurements

The characterization of the as-prepared products eteracterized by X-ray diffraction (XRD,
Shimadzu XRD-6000 with graphite monochromatized kGl radiation), a field-emission scanning
electron microscope (FE-SEM, Hitachi S-4800), ahkigsolution transmission electron microscope
(HRTEM, JEM-2100) and Raman Spectroscopy (LabRAMMS).

3. Results and discussion

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

the peaks can be properly indexed to hexagonaj S1&rt highscore plus reference code—0IR3—



0677) without any detectable crystalline impurityape. In Fig. 1b, the XRD pattern shows that the as

prepared products are hexagonal $n3é&ert highscore plus reference code—B9—319) without

other phases. The four predominant peakstat12.51°, 30.68°, 40.05° and 47.81° corresponthé¢o
(001), (011), (012), and (110) of hexagonal Sn&xspectively.

The field-emission scanning electron microscopySEHM) in Fig. 2(a) reveals the formation of
microspheres flower-like nanostructure with diameté about 2-5um, Fig. 2(b) shows the high-
magnification SEM image of microspheres of the-asffembled nanosheets with the thickness less than
30 nm. The SEM image in Fig. 2(c) reveals the fdiomeof hexagonal nanosheets with the length of 0.5
5 um, Fig. 2(d) is a high-magnification SEM image ofS® hexagonal nanosheets with thickness of 30—
40 nm.

Fig. 3(a) contains a typical transmission electroicroscopic (TEM) image of an approximate
microsphere consists of Snganosheets with diameters of about 65 nm. Fig{oki8 the TEM image of
the edge of SnSmicrosphere, and corresponding selected arear@iediffraction (SAED) pattern is
shown in Fig. 3(c). Fig. 3(d) presents a high-nesoh TEM (HRTEM) image, observing an lattice
spacing of 0.27 nm, which corresponds to the (pldne of Sng Fig. 3(e) displays TEM image of bulk
hexagonal Sngeshowing a typical plate-like morphology with latesize of about 0.4+2n, while the
nearly transparent feature reveals the ultrathoktiess. Fig. 3(f) shows a large-area 2D hexagsimeet-
like structure with a length larger than 600 nnd &fg. 3(g) is its SAED pattern. The HRTEM image of
SnSe nanosheet [Fig. 3(h)] reveals that the d-spacn@.33 nm, corresponding to the (100) plane of
hexagonal Snge

Raman Spectroscopy in Fig. 4(a) confirms that apgmed products are indeed pure Smdosheets
with a strong Raman peak at 312.6cassigned to Amode [19]. Here weak intra-layeg Bnode peak
located at 200-205 chcannot be observed, because of the sensitivitigaliion of the sensor or the
selection rules of scattering geometry [20], derrating the as-synthesized Sn#&nosheets belong to
2H-Sn$ instead of 4H-SnSIn Fig. 4(b), two characteristic peaks can beeoled in the measurement

range from 100 to 300 c¢hunder the 532 nm laser excitations. The one alt® is assigned to the in-



plane () mode of the Se-Sn-Se lattice, and the other 4#1@" assigned to the out-of-plane 1N
mode [21].

An ultraviolet-visible (UV-vis) absorption spectruaf Sn$ dispersions is shown in Fig. 4(c), the
two characteristic absorption peaks at 268 nm (é¥6Band 425 nm (2.92 eV). Fig. 4(d) is the UV-vis
spectrum of SnSedispersions, revealing that SnS®mnosheeets have a broad absorption band from
250-900 nm. In UV region, two obvious absorption peagpear at 261 nm (4.75 eV) and 345 nm (3.59
eV). The two main peaks can be assigned to tranditom the crystal field split anion-pand py-like

levels, respectively, into anion and cation s- piiifte levels, respectively [2223].

The NLO properties of SpShanosheets and SnSeanosheets are investigated using an open
aperture Z-scan with 6.5 ns Nd:YAG pulsed Q-switcfrequency-double laser operating at 532 nm (2.33
eV) with a repetition rate of 10 Hz. The radiustbé beam waist @y is 40 um, and the confocal
parameter @ is 9.6 mm, much greater than the thickness ofk#mple cuvette (2 mm), which is a key
parameter for Z-scan technique. The propagatiactiin (Z-axis) of laser pulses passed through Eamp
which is installed on a moving platform that is totled by a computer. The Z-scan experimentalpsetu
[Fig. S(2)] is parallel to our previous measurenwrrS; dispersions [24].

Fig. 5(a-d) shows the NLO response of Snfanosheets with the linear transmittancg ¢f 0.75
excited by 532 nm laser pulses at different inpgtrgy from 1.37.J to 51.6uJ. Fig. 5(a), the normalized
transmittance gradually increases with the increddaser intensity (z0), shows a symmetrical peak
with respect to the focus (z=0) at low input enep§yt.37uJd. This nonlinear absorption (NLA) is typical
saturable absorption (SA) process originating fama-photo absorption. When the input energy inereas
to 6.16uJ, the normalized transmittance decrease as lasssity (z-0) increases, and the normalized
transmittance curve appears an obvious valley atfdous point (z = 0), and the shape of curve is
symmetrical with respect to the focus point, intiggthe reverse saturable absorption (RSA) behavio
the Sn$ dispersions begin to dominate NLA mechanism.Withihcrease of the input energy, the RSA

response of Sp$anosheets increases. The variation of the narethtransmittance at the focusg)(&s a



function of the input energy is shown in Fig. 5(&he transmittance decreases with increase in input
energy, indicating the dependence of NLO responsi® input energy. At the input energy of 6,16
the transmittance is 0.76, thg Value decreases to 0.376 at the energy of 4bJ4@hat is to say, the
higher input energy corresponds to the deeper yaltefocus. When the input energy is continually
increased to be 48.58 and 5% the T, values have not obvious variation.

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

di/dz’ = —a(l)l

Where o(l) is absorption coefficient, including linear amdnlinear absorption parts. From the fitting
curves [solid lines in Fig5(a—d)], the experimental data were fitted perfectlgdzh on the nonlinear
absorption model. The fitting open aperture (OANes are shown in Fig. 5(f). The nonlinear absorpti
coefficient for Sng dispersions at different input energy is shownFig. 5(g), and the nonlinear
absorption coefficient is 12.78x1dm/W at 6.16pJ, decreasing monotonically to 3.91%1Gn/W at
53.75uJ. The imaginary (Inf®) part of the three-order NLO susceptibility cancaéeulated by nonlinear
absorption coefficient with the equatiomy® = 107cAn,?p/96rx°, here ¢ represents the speed of light, n
represents the refractive index. The figure of tr{&®OM) is defined as FOM k) ag|. The Iny® and
FOM of Sn$ nanosheets decreases gradually with increasguif @mergy as shown in Fig. 5(h).

The nonlinear optical absorption properties of Srif&xagonal nanosheets are shown Fig. 6(a) and
6(b). The normalized transmittance curves havebaroas peak at the laser focus at low input ené2g¥
uJ and 6.16.J), showing the transmittance of the sample ineieasth the increasing input laser intensity,
indicating that it should have stronger SA behaviaduced by one-photon absorption. When the input
energy continues to increase, the transmittance désreases with the laser intensity increase. This
tendency is similar to Sa®anosheets. Fig. 6(c) displays the OA theory cofv8n$ nanosheets which
reveal the NLA performance of SnSg influenced by the change of input enerfgg. 6(d) shows the T
value reduces as the input energy increases. Anddhlinear absorption coefficient of Sa®exagonal

nanosheets decreases from 49.8 cm/GW at the inpugyeof 11.984J to 30.2 cm/GW at 52.0@J, as is



shown in Fig. 6(e). The variation ofjéﬁ)and FOM in SnSenanosheets dispersions with input energy is
shown in Fig. 6(f).

Generally, the SA at 532 nm (2.33 eV) under lowtrgnergy can be ascribed to valence conduction
inter-band transition, as the input energy increaskectrons in the valence band can be easigdfilhe
conduction band. Due to the Pauli blocking, thecaptabsorption reached saturation at a high input
energy. Besides, SnSeanosheets with incident photons energy largen thend gap show saturable
absorption response, the cause of the free cax@tation from valence band to conduction bands,Sn
nanosheets with the band gap near the incidenbpb@nergy exhibit RSA behavior, which is attriloute
to the resonance of TPA near the band edge atfd32 n

To further investigate the effects of solvent or HLO performance of SmXnanaosheets, the
sample were dispersed in different boiling pointveots including water, ethanol and NMP, the
experimental results were shown in Fig. S3 andFsglS3 exhibits the RSA response of Sm&Sthe
different solvents in the nanosecond regime as#rae input energy of 1@], and the NLA coefficients
were 10.16x18° m/W, 7.82x10° m/W, and 4.53x1& m/W for ethanol, water and NMP, respectively.
Fig.S4 shows the SA of SnSa different solvents in nanosecond regime astrae input energy of 8.47
uJ, and the nonlinear absorption coefficients werg9x10° m/W, -4.03x1d° m/W, and -8.62x1¢
m/W for ethanol, water, and NMP, respectively. Biere, NLO of SnX was influenced by solvent,
which may be attributed to the linear absorbancktl@ Lorentz-Lorenz local field correction fact{s,

27]. Besides, we measure the NLO of different sukjeas is shown in Fig. S5, but we cannot observe
obvious NLA response.

Additionally, to eliminate thermal effects on thé @ performance, we applied a 532 nm picosecond
laser with the pulse duration of 21 ps. Fig. 7(@) &(b) show the NLO response of Sred SnSg
dispersions at the input energy of 1.4, respectively. For the dispersions of Sti® transmittance
decreased sharply near the laser focus, indicaihigher absorbance at higher laser intensity, twhic
shows RSA behavior take place in the dispersiomohtrast, the Sngelispersions exhibit an increased

transmittance around the zero Z-position, pointm@A properties. The nonlinear absorption coedfiti



obtained from the fitting is 3xI@m/W for Sn$ nanosheets and is -3.8%T0n/W for SnSg hexagonal
nanosheets.

Table 1 lists the linear and nonlinear parametérh® Sng and SnSgnanosheets measured by
nanosecond and picosecond Z-scan technique. Thksrdemonstrate that Sn&xhibits RSA response
and SnSgshows SA performance in nanosecond and picosegsgithe. Moreover, their nonlinear
absorption coefficients have obvious differencdifférent laser pulses caused by excited staterptiso.
FOM of Sngand SnSgdispersions at hanosecond laser pulse are theeéoan orders of magnitude
larger than that at picosecond pulse, respectively.

To evaluate the NLO performance of the as-synthdsi@ns and SnSg dispersions, we also
summarize the relevant figures of merit reportetit@rature for other nanomaterials in Table 1, &émel
experimental conditions are also listed for congmari The measured FOM values of 5a6d SnSgis
larger than Zrgnanosheets [24], W8] and RGO [29], comparable with M9380], BP [6], AgIinSe
[31]and Au [32] nanomaterials. Therefore, the eco-flietsnX; compound will be a promising material
for photonic device.

According to the results discussed above, ,Sm&hosheets exhibit excellent reverse saturation
absorption property, revealing that it should pssseptical limiting (OL) performance. So the OL
measurements were performed at excitation wavdieofj32 nm with 21 ps pulsed laser. Fig. 8(a)
shows the observed variation of transmittance whth input fluence for SpSnhanosheets in ethanol
dispersions with linear transmittance of 0.75.sltclear that the transmittance decreases as the inp
fluence increases. The optical limiting threshold, Elefined as the input fluence at which the
transmittance is 50 % of the linear transmittarveas measured about 0.23 Jcior SnS nanosheets
dispersions. The Fth of SynB far smaller than Ma11.16 J/crf), MoSe (7.3 J/crf), WS, (9.35 J/crf),
WSe (7.2 J/crf) and graphene (15.15 J/@nin previously measured [33]. The plot of outplutehce
against input fluence for Sp®anosheets is shown in Fig. 8(b). At very low influence, the output
fluence is linearly to the input fluence. Afterwaad the input fluence increases, the output flueloes

not increase linearly and finally is close to astant. The optical limiting onset valueg,Flefined as the



input fluence at which optical limiting activityasts, was tested about 0.16 Jcithe above results show

that the Sngnanosheets display superior OL performance.

4. Conclusions

In conclusion the NLO response of Sp@&nd SnSgnanosheets is investigated using the Z-scan
technique at 532 nm with nanosecond and picoselas®l pulses for the first time. SnBanosheets
dispersions display RSA response at different puwisih. Meanwhile, both SpSand SnSgnanosheets
firstly exhibit SA performance at a much low inmriergy caused by one-photon absorption and then
change from SA to RSA by adjusting the input enefigye experimental results demonstrate that, SnS
and SnSgnanosheets have strong NLO absorption performartbe nanosecond and picosecond region.
The figures of merit of SnSand SnSgnanosheet dispersions are 8.71X16sudm and 11.98xI8
esudom at nanosecond pulse, respectively. Howevagicasecond they decrease to 20.46X16sudm
and 3.63x18"estidom, respectively. The nonlinear response in tm@second region seems to be much
stronger than in picosecond regime. The strong tdperties of SnSand SnSgnanosheets, along with
their low cost and nontoxicity, make them potentiahdidates for optoelectronic application in agdtic

limiters and optical switches.
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Table 1. A comparison of Sp&nd SnSgdispersions with other NLO nanomaterials

Material ~ Laser o NLO B Imyx® (esu) FOMx10" Ref
(m? response  (cm/GW) (esudm)
AginSe, 200fs780nm 610 SA 0.29 2.2x%0 3.6 30
Au 220fs800nm 300 SA 1.5 1.2x10 4 31
RGO 80 fs 395 nm 1.9xf0  SA 25 7x10¢? 3.6x10° 28
WS, 40 fs 800nm 1.08xf0  TPA (525+205) (2.740.8) x1D  (2.520.8)x1CF 25
MoS, 100 ps532nm 2570 SA (26.2+8.8) (9.9+3.3)410 (3.8+1.3) 29
BP 30 ps 532 nm 585 TPA 16 5.14%%0 8.79 6
ZrS, 6.5ns532nm  62.48 RSA 44.2 13.8%10 220.87 21
snS 6.5ns532nm  45.75 RSA 127.8 39.87%10 871 This work
sSnS 21 ps 532 nm 45.75 RSA 0.30 9.36%10 2.05 This work
SnSe 6.5ns532nm  32.75 SA -125.8 -39.25%10 1198 This work
SnSe 21 ps 532 nm 32.75 SA 3.8x10 1.19x10" 0.36 This work
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Figure Captions
Fig. 1 (a) XRD pattern of SnShanosheetgb) XRD pattern of Sng$eanosheets.

Fig. 2 (a) Low-magnification SEM image of Sp8anasheets; (b) High-magnification SEM images of
Sn$S nanasheets; (c) Low-magnification SEM image of&manasheets; (d) High-magnification SEM

images of SnSenanasheets.

Fig. 3(a) and (b)TEM image of Sa®anosheets; (c) Selected area electron diffragtadtern of Sng
(d) HRTEM image of SnSnhaaosheets;(e) Low-magnification TEM image of Sniamosheets (f) TEM
of individual SnSg hexagonal sheets; (g) Selected area electroradliiin pattern; (h) HRTEM image

of SnSe nanosheets.

Fig. 4 (a) Raman spectrum of SnSanosheets; (b) Raman spectrum of $i®gagonal nanosheets; (c)

Absorption spectrum of Sa®anosheets; (d) Absorption spectrum of Sniamosheets.

Fig. 5 (a-d) Open-aperture Z-scan curves of SdiSpersions in ethanol at different input ener@y;
Normalized transmittance versus input energy; {flifg OA curves at different input energy; (8)

versus the input energy; (hjy ® and FOM values versus the input energy.

Fig. 6 (a-b)OA Z-scan curves of SnSkexagonal nanosheets in ethanol dispersions farefit input
energy; (c) Fitting OA Z-scan curves normalizedhsraittance versus input energy; (d) Transmittance

vS. input energy; (€f) versus the input energy; @y ®) and FOM values versus the input energy.
Fig. 7 OA curves in picosecond regime of (a) $n8nosheets and (b) Sa$exagonal nanosheets.

Fig. 8 Optical limiting of Sn$g dispersions (a) normalized transmittance vs. irflugince; (b) output

fluence vs. input fluence.
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Highlights
€ \We study the nonlinear absorption properties of SnS, and SnSe, for the first
time.
€ Wefind SnS; have excellent optical limiting for the first time.
@ Theoptical limiting threshold Fy, of SnS; is only about 0.23 Jcm?.



