Supporting Information

Enhanced Nonlinear Optical Response of Rectangular MoS,

and MoS,/TiO; in Dispersion and Film

Xiaohong Li, f Kunhong Hu, ' Bosai Lyu, t Jingdi Zhang, t Yingwei Wang, f Peng

Wang, ' Si Xiao, T Yongli Gao, "% and Jun He" "

Y Institute of Super-microstructure and Ultrafast Process in Advanced Materials,
School of Physics and Electronics, Central South University, 932 South Lushan Road,
Changsha, Hunan 410083, P. R. China.

IDeparrtment of Chemical and Materials Engineering, Hefei University, Hefei 230601,
P. R. China.

Y Department of Physics and Astronomy, University of Rochester, Rochester, New York

14627, United States.

*Corresponding author email:
sixiao@csu.edu.cn (S. Xiao), Telephone: +86-18673123070
junhe@csu.edu.cn (J. He), Telephone: +86-15802661974

S1



1. The characters of MoS,/TiO, composite.

The thickness of the samples were mainly characterized by the Atomic force
microscopy (AFM). The average thickness of 18 nm for rectangular MoS, has been
shown in manuscript, and the samples are uniform. While the thickness of MoS,/TiO,
composite is really not uniform, as shown in Figure 1. Figure 1(a) is the AFM image
of MoS,/TiO; composite. Figure 1(b) is the height curve of the corresponding line in
(a). Figure 1(c) illustrate the histogram of thickness of MoS,/TiO, composite. More
than 64.7% of the nanosheets out of the 56 objects have an averaged thickness

between 38 nm and 41 nm.
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Figure 1. (a) The AFM image of MoS,/TiO, composite. (b) The height curve of the
corresponding line in (a). (¢) The histograms of thickness of MoS,/TiO, composite.
2. The forming mechanism of SSPM

In the dispersion, each nanoflake is a domain. Each domain oriented arbitrarily, and
the wave function of each electron in every domain are out of phase initially. Due to
energy relaxation, the photoinduced quasiparticles in each domain have interaction
with the electric field of light and assumes its local phase. As the same time, opposite
charged carriers travel in opposite direction in the external field and build up the
electric polarization. The electric polarization of each domain interacts with the
external field, and the rotation torque reorients the domain. In the end, each
rectangular domain contains a long-axis parallel to the polarization of external field,
as if there are numerous of parallel lines on the polarization of laser, and each
rectangular domain is “hung” by a “thread”. This is the formation process of the
“wind-chime” model. Once the wind chime is formed, the nonlocal electron
coherence is set up among each rectangular domain. When the laser passes through
the aligned nanoflakes, upon the nonlocal electron coherence enhancement, the
coherence SSPM happens in the dispersion and diffraction pattern is received'. For
MoS; and MoS,/TiO; dispersions, both the number and the radius of diffraction rings
increase and reach their maximums at 0.95 s and 1.02 s after the beginning of the
dynamic SSPM processes.
3. The forming time explanation based on “wing-chime” model

Referring to 1, the time need for the pattern formation is
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We have assigned the values ¢, = 3.33, R = 80 nm, and /# = 18 nm for MoS,,  =5.5
x 10* Pa's for THE, I = 18 GW/ecm?, 7 = 0.99 s in this experiment. Then, the
parameter ¢ =0.1 could be estimated, which is the portion of the fluid globe that is
rotating together with the nanoflakes. The parameter ¢ is much bigger than that in
reference 1. It may be effected by the difference shapes of rectangular and disk, the
increasing of constant viscosity coefficient, or the intensity of / at a certain range'.

4. The theoretical calculation of optical nonlinear refractive index in
SSPM.

According to the optical Kerr effect, the intensity dependent effective refractive
index of dispersions can be expressed as n, = ng. + Inj., where ng, and n,, are the
effective linear and nonlinear refractive index, respectively®. And the ng, of dispersion
can be calculated with the Bruggeman effective medium theory””. The solutes’ (MoS,
or MoS,/Ti0O,) influence on linear refractive indexes of dispersions is negligible, so
the linear refractive index of the solvent nyyr = 1.405 is approximately equal to the

MoS, and MoS,/TiO, solution dispersions. The phase shift which changes to the

. . . 6,7
incident intensity can be expressed as™

Al//(r){%j

p j o n, I(r,z)dz (1)

0

Where 4 is the laser wavelength, L.y is the effective optical thickness of the laser

beam passing the dispersion, the effective thickness of cuvette can be obtained by®
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r is the radial position, /(7, z) is the intensity distribution. For a Gaussian beam, the

L 2)

intensity /(0, z) at the center is twice of the average intensity / measured in the
experiments. The optical detector shall receive the bright or black ring when the laser
beam through the sample dispersion, and the total number of rings N is determined by
[A l//(O)—Al//(OO)]= 2N for a given laser intensity’. Figure 3b,c show the diffraction

patterns with maximum laser intensity. Thus, after a simple derivation, we have

A N
n,, = - ©)
2ny, Ly ) 1

Thus optical nonlinear refractive index ny, is determined to the parameters 4, ng,,

Leyand %, the n,, will be obtained according to the Figure 3d,e which are about the
relation between number rings and incidence intensity. In our experiment, N is
approximately proportional to Z, which is similar to the previous report’. The spot
radius of 700 nm is 886.9 um. The focal length of the lens is 200 mm. The quartz
cuvette with a pathlength 10 mm was placed 10.8 mm in front of the focal point. By
Eq. (2) we can calculate the nonlinear refractive index of MoS; is 3.17 x 10™ cm*/W
and MoSy/TiO; is 2.66 x 10 cm’/W.
5. The explanation that Z-scan experiment is not fit to be performed
in dispersion sometimes.

The nonlinear refraction index can be measured by Z-scan because of self-focusing
or self-defocusing properties. However, the intensity of the focus in Z-scan is more
than that of SSPM, which will result in self-diffraction. Once the self-diffraction is
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formed, the spot will be obviously enlarged. Then, the spot may not be received
completely as Figure2. The mechanism of self-diffraction is different from
self-focusing or self-defocusing. The intensity distribution of self-diffraction spot is
the concentric circles rather than the Gaussian. Hence the nonlinear refraction index
based on Z-scan is unreliable because the phenomenon of SSPM may be occur in
dispersion. As Figure 2 shows, the SSPM results in enlarged spot, then the spot do not

be received completely by detector.

Figure 2. The part setup of Z-scan. The inset is the enlarged image of the detector and
cuvette, respectively.
6. The explanation why SSPM is not fit to be performed in films.

On the one hand, the SSPM pattern do not generated in these films. The possible
reason is that the nanoflakes is solidified on glass substrate, which can not be
reorientated under intensive laser irradiation. The SSPM in 2D material films has not
been reported so far. On the other hand, though the self-diffraction of other films
(such as solid photopolymerizable organosiloxane) had been reported, thermal effect
is the primary mechanism'’. In this work, the thermal effect can be neglected because
of repetition rate (2 kHz) of the fs laser. In addition, thermal effect may result in

irreversible damage in film.
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7. The explanation for the results of MoS, film in OA Z-scan.

With the increasing of intensity, the nonlinear absorption curve about MoS; film
will change from SA to RSA. It can been explained as that: the electrons in the
valence band are easily pumped to fill the conduction band by the high intensity
femtosecond pulse, and the optical absorption reaches saturation''. Such SA was also
observed in many thin film samples, such as Gale, BiMnO;" , Bi3,25La0,75Ti301214,
etc. With the increase of the input intensity, the peak of SA for the MoS, also
increased correspondingly in the OA Z-scan measurements. However, under higher
input intensity Ip= 9.28 GW/cm” the curve become a typical RSA response, which is
similar to the situation reported by reference™'”. In order to ensure the incident
intensity is under the optical damage threshold, multiple replication measurements are

performed. The results are similar, as shown in Figure 3.
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Figure 3. The repetitive opening aperture Z-scan signal for MoS,/TiO, composite.
7. The theoretical calculation of the nonlinear refraction based on
Z-scan.

According to the nonlinear optical theory. Based on a spatially and temporally
16,17,5

Gaussian pulse, the normalized energy transmittance, Tc4(z) is given by
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Where the phase change 0. 4 =700 nm, I, is denoted as the

peak, on-axis irradiance at the focal point (z = 0) within the sample. I, = 4.63 GW/cm?,

2
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. The waist radius wy =46 pm, the transmittances of the film samples at 700

nm are 10.43 nj, 12.78 nj and 8.69 nj for MoS,, MoS,/Ti0; and TiO,, respectively.
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