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Liquid-phase-exfoliation technology was utilized to prepare layered MoS,, WS,, and MoSe, nanosheets in
cyclohexylpyrrolidone. The nonlinear optical response of these nanosheets in dispersions was investigated by
observing spatial self-phase modulation (SSPM) using a 488 nm continuous wave laser beam. The diffraction ring
patterns of SSPM were found to be distorted along the vertical direction right after the laser traversing the nano-
sheet dispersions. The nonlinear refractive index of the three transition metal dichalcogenides dispersions 7,
was measured to be ~10~7 cm? W1, and the third-order nonlinear susceptibility y® ~ 10= esu. The relative change
of effective nonlinear refractive index Ang, /1y, of the MoS,, WS,, and MoSe, dispersions can be modulated 0.012—
0.240, 0.029-0.154, and 0.091-0.304, respectively, by changing the incident intensities. Our experimental results
imply novel potential application of two-dimensional transition metal dichalcogenides in nonlinear phase
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modulation devices. © 2015 Chinese Laser Press
OCIS codes:
http://dx.doi.org/10.1364/PRJ.3.000A51

Over the past decade, extensive research on graphene has
opened up a door to a new two-dimensional (2D) nanomate-
rial. Following a similar method to graphene study, scientists
have started the investigation of graphene analogues: nanoma-
terials comprising stacked molecular layers. Layered transi-
tion metal dichalcogenides (TMDs) are a major 2D
nanomaterial. The chemical composition of TMDs can be
expressed in the form of MX, (M = Mo, W, Ta, Ti, Nb, etc.;
X =8S,8e,Te) [1], in which the M layer is sandwiched by
two X layers [2].

In contrast to graphene, layered TMDs show some unique
photonic and optoelectronic properties. Noticeable improve-
ment in photoluminescence was observed with the transition
from indirect band gaps in bulk MoS; [3], WS, [4], and MoSe,
[5] limits to direct band gaps in their monolayer limits. MoS,,
WS,, and MoSe, nanosheets have revealed extraordinary ab-
sorption in the visible region, pointing to a method to exploit
ultrathin photovoltaic devices [6]. Highly efficient second-
harmonic generation was obtained from the bilayer MoS,
[7]. Recently, we showed that the layered MoX,; nanomaterials
possess excellent saturable absorption for ultrafast pulses
in the near-infrared region [8]. In addition, we measured
the nonlinear refractive index of the MoX, dispersions ny ~
107 cm2 W1 and the third-order nonlinear susceptibility
7® ~ 1079 esu. In order to determine »® for the monolayer
of TMDs, in this work, we studied the spatial self-phase
modulation (SSPM) of the TMDs dispersions, and found that
the nonlinear refractive index can be tuned by controlling the
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distortion of SSPM patterns. SSPM is a well-known nonlinear
optical (NLO) behavior induced by the change of refractive
index, which has been observed from the graphene and
carbon nanotube dispersions [9,10].

Layered MoS,, WS,, and MoSe, nanosheets were prepared
by liquid-phase exfoliation in cyclohexylpyrrolidone (CHP).
Experimental and theoretical results show that the surface en-
ergy of CHP is sufficient to pay for the energy cost for over-
coming the van der Waals between two molecular layers in
bulk MoS,, WS,, and MoSe;, [1]. The major strategy for prepar-
ing the three kinds of dispersions is akin to our previous work
on MoS; nanosheets [8]. The TMDs dispersions were prepared
at an initial concentration of 5.0 mg/mL in CHP. The initial dis-
persions were then sonicated by a high-power ultrasonic tip
for 60 min to exfoliate the bulk TMDs into single or few layers.
After sonication, the dispersions were allowed to settle for
24 h at room temperature. The top half of the dispersions were
collected, which were then centrifuged at 1500 r/min for
120 min, aiming at removing any large aggregates in the
dispersions. The stability and no further sedimentation of
the dispersions signified the high quality of 2D TMDs nano-
sheets in CHP.

The status of the three dispersed TMDs was observed by
scanning transmission electron microscopy (STEM). As
shown in Figs. 1(a)-1(c), the STEM images imply that the
three TMDs can be effectively exfoliated to 2D TMDs
nanosheets with the size of a few micrometers. Plenty of
well-exfoliated TMDs nanosheets can be seen. Raman
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spectrum is proved to be a powerful tool for identifying the
number of layers of the 2D nanomaterials [5,11-15]. The
Raman samples were lying on Si wafer after diluting the initial
dispersions. We studied the atomic structure arrangement of
the three TMDs using a Jobin Yvon LabRam 1B Raman spec-
trometer with a laser at 488 nm. Figure 1(d) shows the Raman
spectra of MoS,, WS,, and MoSe, nanosheets in the region of
150450 cm™!. Two characteristic peaks at 382.3 and
406.6 cm™ of MoS, are defined as the in-plane Ej and
out-plane A;, Raman vibrational modes. A mean frequency
difference of ~24.3 cm™! between the two modes implies a
thickness of less than ~10 monolayers [8,14]. For WS,, the
two phonon modes E’%g and A;, appear at 355.1 and
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STEM images of (a) MoS,, (b) WS,, and (c) MoSe, nanosheets. (d) Raman spectra of the three TMDs. (e) Transmittance spectra from 300 to

418.09 em™!, respectively. This indicates that the layer num-
ber of WS, nanoflakes in our experiment is less than ~5 mono-
layers [15,16]. In the case of MoSe,, the out-plane vibrational
mode A, at 241.0 cm~! showed that the thickness was equiv-
alent to ~3-4 monolayers [5].

In the SSPM experiment, a cw laser beam from an Ar-ion
laser (Melles Griot Laser, 35-LAP-431-220) at 488 nm was
focused by a lens of focal length 100 mm. The nanosheet dis-
persions were contained in quartz cuvettes with a pathlength
of 10 mm. The front surface of the quartz cuvette was placed
on the focus of the laser beam. The diameter of 1/¢? intensity
at the lens was 0.66 mm. When passed through the disper-
sions, the laser beam was diverged into a series of coaxial
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Fig. 2.

(a) Typical SSPM diffraction ring pattern and (b) its stable distorted pattern. (¢) Schematic of half-cone angle 65 and distorted angle 6p,.

(d)—(f) Diameters of the outermost diffraction ring along the vertical and horizontal directions and Ans,/n,, as functions of time.
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diffraction cones. A black screen was put 6560 mm away from
the dispersions. As shown in Fig. 2(a), due to SSPM happening
in the dispersions, a series of concentric diffraction rings
shows up on the screen right after the laser traverses the dis-
persions along the horizontal direction. The nonlinear refrac-
tive index and the third-order NLO susceptibility of the TMDs
nanosheets can be deduced by analyzing the diffraction rings’
patterns. An interesting phenomenon is the distortion of the
SSPM diffraction rings’ patterns. It can be seen that the initial
SSPM diffraction rings’ patterns were a series of concentric
circles just after the laser passed through the dispersions.
However, the upper half of the SSPM diffraction rings was
distorted toward the center of the rings in a few seconds,
while the lower half stayed the same as shown in Fig. 2(b).

The mechanism of SSPM in the TMDs dispersions is the
same as the situation in nematic liquid crystal films and
graphene [9,17,18]. According to the optical Kerr effect, the
effective refractive index of the TMDs dispersions can be
described by [17]

N, = N, + Iy, )

where 7, and ny, are the effective linear and nonlinear refrac-
tive indices, respectively, and I stands for the incident laser
intensity. An intensity-dependent refractive index change in-
duced by a highly intense laser field gives rise to self-phase
modulation. Similar to the case of liquid crystals and graphene
[9,17], the change of n, of the TMDs dispersions is due to the
reorientation and alignment of the layered nanosheets influ-
enced by the laser field. When the TMDs nanosheets are irra-
diated by the laser beam, an electron (hole) is excited to the
conduction (valence) band from the valence (conduction)
band. The generated electrons and holes will move in opposite
directions, being antiparallel and parallel to the electric field,
respectively. This would result in polarized TMDs nanosheets.
The initial angle between the polarization direction and the
electric field will be minimized when the reorientation occurs,
resulting in the minimum interaction energy [9,19]. This leads
to a local refractive index change n, of the TMDs dispersions
in the optical path and a relevant phase shift Ay of the laser
beam [17],

2 'L, /2
Ap(r) = ”T”O / iy Any(r, 2)dz, )

where 7 is the radial coordinate of the laser beam, and 4 is the
vacuum wavelength of the laser. L, = LLf (1+2%/23)dz is
the effective pathlength contributing to SSPM, where Ly
and L, are the on-axis coordinates of the dispersions, 2, =
w3 /2 (wy is the 1/¢* beam radius) is the diffraction length
at 2 =0, and L = Ly — L; is the thickness of the quartz
cuvette. In the experiment, L = 10 mm, w, = 33.79 pm, and
L, is calculated to be 6.89 mm. According to Egs. (1) and
(2), when the refractive index is changed by the incident
intensity, the phase shift can be expressed as

e A e ®)
A S

where (7, z) is the intensity distribution of the focused laser

field. The electromagnetic fields on two different » points can

interfere when they have the same wave vector, resulting in a

series of concentric diffraction rings [Fig. 2(a)] [17]. Estimated
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Fig. 3. Numbers of diffraction rings as a function of incident
intensity.

from the relation y(0) - Ay (4+o00) = 2Nz, the total number of
diffraction rings can be expressed as N = Ay /2x [17]. There-
fore, the effective nonlinear refractive index can be expressed
as [9]

A N
IR

= . 4
ZnoeLe ( )

Nae

As shown in Fig. 3, N is closely proportional to I for all three
TMDs, and N /I can then be obtained readily. For the TMDs
dispersions, the linear refractive index ny, is close to that of
CHP, i.e., ncgp = 1.499. Therefore, the effective nonlinear in-
dices ny, for the MoS,, WS,, and MoSe, nanosheets can be
deduced from Eq. (4). The results are given in Table 1.

Third-order NLO susceptibility y® is an important param-
eter to measure the nonlinearity of materials. Since y©® of the
layered nanosheets can be estimated as ;(gzal =N, gff;(fi()molayer
[9], where N is the effective number of the monolayer, and
Nge(cmZ/W) = 0.03957)  (esu)/n2,, one can obtain y® for a
TMDs monolayer,

g, Mg, (cr® /W)
0.0395 x N2,

3)

V4 monolayer (esu) =

®)

According to Egs. (4) and (5), N is the parameter that needs
to be determined in order to estimate ;(g()molayer . Following the
case of graphene [18], N of the TMDs nanosheets can be
estimated by Tﬁ:)r;lolayer = Tiota, Where Ty, is the transmit-
tance of the three TMDs dispersions and T'yonolayer 1S the trans-
mittance of a TMDs monolayer. T,onopayer fOr the MoS,, WS,,
and MoSe, monolayers was determined to be 99.4%, 99.70%,
and 99.10%, respectively [6]. Since Ty, of the MoS,, WS,, and

MoSe, dispersions in our experiment was 44.79%, 78.26%, and

Table 1. Effective Nonlinear Refractive Indices and
Third-Order Optical Susceptibilities of MoS,, WS,,

and MoSe,
MoS, WS, MoSe,
Nge (cm2/W) (932 +0.30)x  (6.09+0.14)x  (6.49 = 0.14)x
1077 1077 10-7
1® (esu) (3.00 £0.10)x  (5.15+0.12)x  (7.75 £ 0.24)x
10-° 10-° 10-°
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Fig. 4. Distortion angle of (a) MoS,, (b) WS,, and (c) MoSe, as functions of incident intensity. Ans,/n,, of (d) MoS,, (¢) WS,, and (f) MoSe, as

functions of incident intensity.

53.54%, respectively, the corresponding N . was estimated to
be ~133, ~82, and ~69 for the three dispersions, respectively.
As a result, }(I(‘rglt))nolayer of the three TMDs can be obtained by
applying N and ny, in Eq. (5). The results are given in
Table 1.

Due to the SPM effect, a series of concentric diffraction
rings was observed after the focused laser beam horizontally
passed through the TMDs dispersions, as shown in Fig. 2(a).
However, the upper half of the diffraction rings collapsed to
the center of the patterns in a few seconds while the lower half
remained the same [see Fig. 2(b)]. As shown in Figs. 2(d)-2(f),
the diameters of the diffraction rings in the vertical direction
reduced dramatically after it increased to a maximum, while
those in the horizontal direction decreased slightly after the
maximum. Both the diameters reached stable values after a
few seconds. This SSPM distortion has been reported in liquid
crystals [17], carbon nanotubes [10], dye solutions [20], and
graphene dispersions [9,18]. In general, the mechanism of
the distortion is attributed to a laser-induced thermal effect.
Based on our research in graphene dispersions [18], the SSPM
distortion is mainly due to the nonaxis-symmetrical thermal
convections induced by the laser beam. The convection in-
duced by laser heating is similar to the onset of convection
around a suddenly heated horizontal wire, which was inves-
tigated in detail by Vest and Lawson [21]. The three TMDs dis-
persions will be heated immediately due to their high optical
absorption coefficients and thermal conductivities [8,22-24].
This leads to a rising temperature gradient along the vertical
direction in the dispersions with a consequence of strong ther-
mal convections around the focus of the laser beam. Therefore,
the densities of the TMDs nanosheets, i.e., the effective number
of monolayer N, decrease in the upper part of the laser
beam. According to 1y, = (1.2 x 10* x 2%/n2e);?) | and %) ~
Ngff ;(I(Egnolayer, the effective nonlinear refractive index ny, of
the TMDs dispersions is linearly proportional to the effective
number of monolayer N ;. As a consequence, the upper half of
the laser beam is diffracted by the dispersions with the reduced
N9, Tesulting in the upper part of the diffraction rings distorting
toward the center of the patterns, as shown in Fig. 2(b). This is
in agreement with the calculation of the half-cone angle of
the diffraction. As illustrated in Fig. 2(c), 0y is defined as

the half-cone angle, and 6, is defined as the distortion angle
to study the degree of distortion. 8 in terms of a Gaussian laser
beam can be expressed as [18]

8IrL 2r2
O =Ny, [— 5 exp (— —Z)} , r€(0,+), (6)
wO wO max

where [- 8L exp(— i}if)] isa constant whenr € [0, +0). As a
0 X

w; ma;
result, 0y is proportional to the effective nonlinear refractive
index of the dispersions. That is to say, n,, can then be tuned by
the change of the TMDs concentration caused by the thermal
convection, which can be controlled by changing the incident
intensity of the laser. As shown in Figs. 4(a)-4(c), all the dis-
tortion angles of the diffraction ring patterns of the three TMDs
dispersions linearly increase with the increase of the incident
intensity.

According to Eq. (6), Ang,, the change of ny, before and
after the distortion, can be deduced in the form of

AnZe/nZe = HD/HH, ™

where 0 and 6y can be measured readily at different inten-
sities in the experiment. As shown in Figs. 2(d)-2(f), the varia-
tion of the diameters of the outermost diffraction rings in the
two orthogonal directions indicates the change of the distor-
tion angles, which directly reflect the dynamic change of n,,
with time. All Ang, /7y, of the three TMDs dispersions increase
fast when the laser passes through them, and stay at stable
values after reaching the maximum. From Figs. 4(d)-4(f),
we can tell that Any,/n,, changes linearly with the incident
intensities. Any,/ny, of MoS,, WS,, and MoSe, increase from
1.2%, 2.9%, and 9.1% to 24.0%, 15.4%, and 30.4% when the in-
cident intensity is tuned from 121, 129, and 82 to 487, 503, and
524 W/cm?, respectively. According to Table 1 and Eq. (7),
An, of the three TMDs is tuned up to 0.02, 0.03, and 0.09,
respectively, within the above incident intensity range
when N is set to 2000, larger than electric-field-induced
one (~0.01) in some organic materials, say, ATOP dyes [25]
and the carrier-induced one (~0.01) in InP, GaAs, and
InGaAsP [26].
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In conclusion, we present SSPM and its distortion of
layered MoS,, WS,, and MoSe, nanosheets prepared by using
liquid-phase-exfoliation technology. The nonlinear refractive
index of the three TMDs dispersions n, was measured to
be ~10~7 cm?® W1, and the third-order nonlinear susceptibil-
ity y® ~ 1072 esu. The relative change of the effective nonlin-
ear refractive index Ans,/n,, of the three TMDs dispersions
can be spanned from 0.012, 0.029, and 0.091 to 0.240, 0.154,
and 0.304, respectively, by changing the incident intensities.
These results imply novel potential application of 2D TMDs
in nonlinear phase modulation devices.
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