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Light modulation based on the enhanced Kerr
effect in molybdenum disulfide nanostructures
with curved features†

Tianlun Li,a Xiaodie Li,a Duorui Gao,bc Jianyong Mao,a Yaping Hou,a Hui Chen,a

Feng Li,a Yanpeng Zhang, a Jixiang Fang a and Lei Zhang *a

A novel type of molybdenum disulfide (MoS2) nanoparticles (NPs) was chemically synthesized, which

possessed curved features with three-dimensional (3D) freedom compared with planar two-dimensional

(2D) materials. Due to the introduction of curved features, the synthesized NPs exhibited a strongly

enhanced nonlinear refractive index (n2 B 10�5 cm�2 W�1) and third-order susceptibility (w(3) B 10�7 esu),

which were experimentally verified by the spatial self-phase modulation effect in the visible wavelength

range. Both the nonlinear parameters were two orders of magnitude higher than their planar MoS2

nanostructure counterparts. In addition, the relative change of the effective nonlinear refractive index Dn2/

n2 was found to be distinctly dependent on the intensity of the applied electromagnetic field. Moreover,

an all-optical modulation was experimentally realized based on the spatial cross-phase modulation effect.

Our results demonstrate planar MoS2 materials with 3D features as potential candidates for next

generation all-optical applications and open a substantial approach for the design of efficient

nanomaterials with favorable optical nonlinearity.

Introduction

Nonlinear optics (NLO), focusing on the interaction between
light and nonlinear media, is of great benefit to various photo-
nic technologies, such as frequency conversion, ultrafast pulse
generation and all-optical signal control.1–4 Investigating the
nonlinear optical process in two-dimensional (2D) materials
evokes ever-increasing scientific potential towards diverse on-
chip optoelectronic applications, which are so far challenging
to realize by utilizing conventional bulk media. Continuously
finding and exploring novel 2D materials with excellent optical
nonlinearity has pronounced significance in providing exciting
prospects to new photonic applications.

As the most popular member of 2D layered materials beyond
graphene, transition metal dichalcogenides (TMDs) show
attractive tunable and controllable optical and electrical char-
acteristics due to their layer-dependent bandgap and multiple

exciton-involved light–matter interaction mechanisms, which
open a new pathway for fabricating novel optoelectronic
devices, such as light-emitting devices, detectors and
modulators.5–8 Few-layer TMDs, formed by several monolayer
2D materials via van der Waals forces, tackle the upcoming
requirements of future chip-integrated nanophotonic devices
by avoiding the lattice mismatch problem brought about by
conventional materials.9

So far, the optical nonlinearity of TMDs is mainly studied
based on diverse planar 2D nanostructures, such as nanosheets
or nanoflakes.10,11 In fact, in addition to the planar shapes,
number of layers, and material quality of TMDs, their geo-
metric characteristics also greatly affect their NLO
properties.12,13 Due to the increase of localized optical fields
or the decrease of effective mass caused by the change of
geometric morphology, light–matter interaction has been
significantly enhanced.13 Curved geometric features of inor-
ganic nanoparticles (NPs) introduce additional freedom to
control and enhance the light–matter interaction strength.14

The third-order NLO response has been widely discussed
using third-order harmonic generation (THG) and Z-scan tech-
niques. In contrast, spatial self-phase modulation (SSPM) is
another effective and more straightforward approach to explore
third-order NLO effects. By investigating the evolution of multi-
ple diffraction patterns and their distortions under different
experimental conditions, the third-order nonlinear properties
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have been clearly unveiled in various 2D materials.15 Further-
more, optical switching/modulation devices based on 2D mate-
rials are also designed using another third-order nonlinearity,
i.e., spatial cross-phase modulation (SXPM). SXPM occurs when
the probe light suffers additional phase variation caused by
another co-propagating pump light, which also suggests that
the nonlinear optical phase change arises due to the interaction
between two spatial beams in nonlinear materials.16

Herein, the third-order nonlinear optical properties of
molybdenum disulfide (MoS2) NPs, synthesized using hard
mesoporous silica, are experimentally investigated using the
SSPM effect at the visible range. The deformation of SSPM
patterns from the MoS2 NP dispersion has also been recorded
and analyzed, which is proportionally associated with the
effective nonlinear refractive index of the dispersion. Signifi-
cantly, the nonlinear refractive index n2 and third-order
susceptibility w(3) of MoS2 NPs show orders of magnitude higher
nonlinear responses compared with their counterpart planar
2D materials. Besides, an all-optical modulation has also been
demonstrated based on the SXPM effect. Our results verify an
enhancement of the NLO response by appending curved
features to planar 2D materials. Such a mechanism offers a
substantial foundation for improving NLO performance with
nanoscale materials and applying them in new optical control
devices.

Experiments
Preparation and characterization of the MoS2 NPs

The MoS2 NPs were chemically synthesized using ordered
three-dimensional (3D) mesoporous silica (EP-FDU-12) as hard
templates.14 The precursor, i.e., phosphomolybdic acid (PMA),
is incorporated into the template via a solvent evaporation
process. In a typical procedure, 10 mg of the EP-FDU-12 silica
template are immersed and dispersed into an ethanol solution
of PMA (20 mM, 1 mL) under stirring for 10 min. The mixture is
dried at 40 1C until the ethanol is fully evaporated. After
complete drying, the obtained fluorescent-yellow powder of
the PMA/EP-FDU-12 silica template composites is put into a
tube furnace for reductive sulfuration. The furnace is heated to
650 1C at a rate of 5 1C min�1 under a 5% H2S/95% N2

atmosphere and maintained at this temperature for 1 h. The
tube furnace is connected to a collector with sodium hydroxide
solution to react with excess H2S gas. After cooling down the
furnace to room temperature, the dark brown MoS2/EP-FDU-12
powder is collected and treated with 5 mL 4 wt% HF aqueous
solution to etch the silica. Finally, the MoS2 NPs are collected by
washing with water and ethanol. The average diameter of the
pores and thickness of the wall are 27 and 5 nm, respectively.

As shown in Fig. 1(a and b), the transmission electron
microscopy (TEM, JEOL, JSM-2100F) images of the synthesized
MoS2 NPs reveal a 3D featured morphology with an average
diameter of B27 nm and curved multilayered features with a
layer number larger than 5, which excludes the quantum size
effect.17 The TEM images also depict that the MoS2 NPs display

a monodispersed spherical structure with good uniformity. The
selected area electron diffraction (SAED) pattern shows the
polycrystalline feature of the MoS2 NPs. The small-angle (SAXS,
Anton Paar SAXSpoint 2.0) and wide-angle (Bruker, d8 advance)
X-ray diffraction (XRD) patterns are shown in Fig. 1(c and d).
The small-angle diffraction patterns displayed typically coin-
cide with the SAXS pattern of the reported EP-FDU-12 silica
template, and belong to the face-centered-cubic structure.
According to the diffraction peaks of the (111) and (311) planes,
the interplanar spacings are d111 = 25.12 nm and d311 =
13.08 nm, corresponding to the cell parameters of 43.50 nm
and 43.38 nm, respectively. The diffraction peaks in the X-ray
diffraction (XRD) pattern (Fig. 1(d)) are indexed by (002), (101),
(103), (105), (110) and (201), corresponding to the standard
MoS2 crystal (JCPDS card No: 37-1492). No other diffraction
peaks belonging to PMA, Mo, MoO3 or MoO2 are observed,
indicating the complete transformation of PMA to MoS2.18,19

Two Raman peaks are located at B382 and B407 cm�1 under
the excitations of 532 and 633 nm continuous-wave (CW) lasers,
as shown in Fig. 1(e). These two modes correspond to the E1

2g

and A1g vibration modes, which can be attributed to the in-
plane vibration mode and the out-of-plane vibrations of Mo and
S, respectively.20 Fig. 1(f) shows the transmittance spectrum of
the MoS2 NP dispersions ranging from 600–900 nm (Andor

Fig. 1 Structure of the synthesized MoS2 NPs and their characterization.
(a) Low-magnification transmission electron microscopy image and
(b) high-resolution transmission electron microscopy image. Inset: Selected
area electron diffraction image of the synthesized MoS2 NPs. (c) Small-angle
and (d) wide angle X-ray diffraction patterns of the synthesized MoS2 NPs.
(e) Raman spectra of the MoS2 NP dispersions excited by 633 and 532 nm lasers.
(f) Transmittance of the MoS2 NP dispersions. The interesting wavelength range
is highlighted by the grey area.
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SR500I), which was used to characterize the effective number of
MoS2 layers in the SSPM experiment.

Results and discussion
n2 and v(3) for the 3D featured MoS2 NPs

As shown in Fig. 2(a), a femtosecond (fs) pulsed laser with a
tuning range of 680–1080 nm (Coherent, Chameleon Ultra II,
repetition frequency 80 MHz, pulse width 100 fs at 800 nm) was
focused onto the MoS2 NP suspension by a lens with a focal
length of 150 mm. The 1/e2 intensity diameter of the laser beam
was 800 mm at the front surface of the quartz cuvette that held
the MoS2 NP suspension. The incident power could be con-
trolled by a set of neutral density (ND) filters. When the focused
laser illuminated the quartz cuvette of the sample, the self-
focusing effect induced by the strong nonlinearity of the MoS2

NP dispersions made the beam converge rapidly to reach a
minimum diameter after propagating several millimeters
inside the cuvette, which had a negligible influence on the
SSPM experiment.15 Then, the beam continued to propagate
with a slight increase in the beam diameter, as its intensity
decreased due to the absorption and light scattering. After
exiting the cuvette, the laser beam diverged into a set of coaxial
cones, which were recorded by a charge coupled device (CCD)
camera as concentric rings, as shown in Fig. 2(b). Both the
intensity and width of the ring stripes increased as the ring
diameter got larger, which was independent of the wavelength.
Interestingly, the diffraction patterns initially spread to perfect
concentric rings right after the laser beam traversed the cuvette.
Afterwards, these rings instantly grew vertically and horizon-
tally to a maximum geometric size within approximately
0.8 seconds with an incident laser intensity of 9 W cm�2.
Subsequently, the diffraction rings rapidly collapsed vertically
towards their center, and finally became stable after about
3.55 seconds. Fig. 2(c) shows the typical transformation time-
line of the diffraction pattern with a wavelength of 800 nm. The
vertical diameter almost distorted to half of the maximum one,

while the horizontal diameter was basically unchanged. The
third-order nonlinearity was investigated when the number of
rings became stable. To eliminate the influence of the non-
linear response from the solvent, the same experiment was
carried out by replacing the solution with pure ethanol and
deionized water, and no diffraction pattern was observed.

The SSPM phenomenon is essentially caused by the optical
Kerr effect,15 which is recognized as a spatial analogue of the
spectral broadening effect due to the self-phase modulation
arising from the laser-induced refractive index change.21 The
refractive index of the MoS2 NP dispersions can be defined as
n = n0 + n2 I, where n0 = 1.3 is the linear refractive index of the
liquid environment, i.e., ethanol, n2 is the nonlinear refractive
index, and I stands for the electric field intensity.

From a microscopic perspective, each MoS2 NP is polarized
under the excitation of the applied field, so that they are
aligned along the direction of the field. The uniform polariza-
tion of the NPs leads to the interference phenomenon, and
finally forms the SSPM rings. With the enhancement of the
applied optical field, the number of polarized NPs continues to
increase. However, since the total number of NPs is constant
inside the sample, the SSPM effect will finally saturate when the
NPs are all activated by external optical field.

Fig. 3(a) shows the intensity dependence of the ring number
N for different wavelengths. It is obvious that N increases
approximately linearly with the applied optical field intensity
I, as the fitting slope S = dN/dI of the data before saturation

Fig. 2 (a) Schematic of the experimental setup for SSPM. (b) Images of the
distortion for the diffraction ring patterns excited by a fs-pulse laser at
l = 800 nm. (c) Evolution of the diameter of the outermost SSPM ring
along the vertical and horizontal directions and Dn2/n2 at l = 800 nm.

Fig. 3 (a) Dependence of the number of SSPM rings N on the laser
intensity I at different wavelengths. (b) Dependence of the nonlinear
refractive index and third-order susceptibility of monolayer MoS2 NPs on
the wavelength.
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varies with the incident wavelength. The values of n2 can be
obtained as following

n2 ¼
l

2n0Leff
� dN
dI

(1)

which is estimated as 1� 10�5 cm�2 W�1, two orders of magnitude
higher than the counterpart flat MoS2 nanosheets.10 The third-
order susceptibility w(3)

total can be defined as

wð3Þtotal ¼
lcn0S

2:4� 104 � p2Leff
(2)

Since Etotal ¼
PNeff

i¼1
Ei � N effEmonolayer, where Neff is the effective

number of the MoS2 NP layers, we then have Itotal E N2
eff

Imonolayer. The corresponding third-order susceptibility of the
MoS2 NPs can be estimated by w(3)

total = N2
eff w(3)

monolayer. Therefore,
the third-order susceptibility for the NPs formed by monolayer
MoS2 can be calculated with the following equation

wð3Þmonolayer ¼
n20n2 cm�2=W�1� �
0:0395�N2

eff

(3)

The transmittance spectrum of the MoS2 NP suspension is
shown in Fig. 1(d). The effective layer number Neff was quanti-
tatively estimated to be 54–83 at the selected wavelengths
ranging from 720–800 nm. As a result, the third-order suscepti-
bility of the MoS2 NP dispersions was estimated to be in the
order of 1 � 10�7 esu, which also reflects a two orders of
magnitude enhancement compared with the corresponding
popular 2D materials with planar features.10 For a clear com-
parison, Fig. 3(b) shows that the nonlinear optical response of
the MoS2 NPs demonstrates a distinct increase with the wave-
length redshift. Similar results were obtained when the solvent
was replaced by methylbenzene or distilled water. Additionally,
the n2 of ethanol is almost 9 orders of magnitude smaller than
the counterpart of the MoS2 nanosheets, so the contribution
of the solvent to the nonlinearity calculation can be reasonably
ignored. Table 1 shows the nonlinear refractive index (n2) and
third-order nonlinear susceptibility (w(3)

monolayer) for different 2D
materials measured by the SSPM method. Consequently, a
comprehensive comparison justifies that n2 and w(3)

monolayer of
the MoS2 nanostructure with curved features are orders of
magnitude larger than the other similar 2D planar featured
materials. Convincingly, it is reasonable to expect that endow-
ing curved features to nano-scaled planar TMDs materials can
effectively improve their corresponding nonlinear optical
response. The superior w(3)

monolayer induced by the newly added

freedom also provided a fresh perspective and possibility to
stimulate more potential nanoscale materials for optoelectro-
nic applications.

Distortion dependent on light intensity

Based on the investigation of the SSPM phenomenon, a dra-
matic change of nonlinear refractive index caused by the non-
axis symmetrical thermal convection and gravity effect had a
major contribution to the distortion of the SSPM diffraction
rings. By laser heating the MoS2 NP dispersions, the thermal
convection induced by the laser beam was akin to the asym-
metry convection model near a suddenly heated horizontal
wire.24 During the convection process, the upward thermal
current due to the molecular density made the upper part of
the laser beam temperature gradient smoother, while those
below the laser beam remained stationary. MoS2 NPs in the
upper part of laser beam were entrapped by the convection
flow, and continuously moved downwards to the lower part.
The reduced MoS2 NP density contributed to a decrease in Neff

and n2, and consequently the modulated phase of the optical
field in the upper part was degraded. Therefore, the lower part
of the dispersion containing more NPs had a relatively stronger
nonlinearity to ignite more diffraction rings, which expressed
in the experimental phenomenon as the diffraction pattern
squeezed from the top towards the center. Since the half-cone
angle of the diffraction pattern is only proportional to n2 and
not n0,25 n2 could be tuned by changing the MoS2 NP concen-
tration caused by the laser-heating convection. We further
investigated the impact of this effect on the variation of the
nonlinear refractive index of the MoS2 NPs, as shown in Fig. 4.

Fig. 2(a) presents a schematic of the distortion process. The
maximum value of the vertical radius of the outermost ring and
its half-cone angle are denoted by RH and yHyH, respectively.
The half-cone angle of the diffraction rings can also be esti-
mated by the following: yH = l/2p(dDj/dr)max. Considering the
Gaussian beam model, it can be compacted as yH E n2IC,

where C ¼ �8rLeff

o2
0

exp
2r2

o2
0

� �
max

; with r A[0, +p) being a con-

stant. Thus, the collapse angle can be obtained as yD E Dn2IC,
where Dn2 is the intensity variation-induced nonlinear refrac-
tive index change. Lastly, the change proportion of the non-
linear refractive index can be calculated as follows Dn2/n2 =
yD o yH.

The variation ratio of Dn2/n2 with increasing incident inten-
sity has been demonstrated to be a positive nonlinear correla-
tion at different wavelengths in Fig. 4. On the other hand, as the

Table 1 Comparison of the reported n2 and w(3)
monolayer for different 2D materials obtained by SSPM

2D material Laser type n2 (cm�2 W�1) w(3)
monolayer (esu) Ref.

Ti3C2Tx nanoflakes Pulsed (fs) B10�18 B10�15 22
Bi2Te3 nanosheets CW Pulsed (fs) B10�13/10�15 B10�8/10�9 23
MoS2 nanosheets CW B10�7 B10�9 10
WS2 nanosheets CW B10�7 B10�9 10
WS2 NPs Pulsed B10�5 B10�7 13
MoS2 NPs Pulsed B10�5 10�7 This work
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incident laser intensity increased, the change ratio of the non-
linear refractive index first increased and gradually saturated
due to the limitation of yD o yH. With the redshift of the
wavelength, thermal convection became more intense, and the
saturation intensity of Dn2/n2 was more likely to be approached.

MoS2 NP-based all-optical modulation

Applying the strong nonlinear third-order susceptibility of the
MoS2 NPs, an all-optical modulation was experimentally rea-
lized based on the SXPM effect. Fig. 5(a) illustrates the all-
optical modulator configuration with a single wavelength laser
source (l = 740 nm). The laser beam was equally split into two
parts via a beam split (BS) (50 : 50). By inserting an optical
attenuator, the two beams could be distinguished by their
strong and weak power, and were correspondingly defined as
the pump and probe light. When the pump and probe lights
were simultaneously focused on the sample, the varying inten-
sity of the pump light could affect the nonlinear characteristics
of the dispersion, and further manipulate the nonlinear phase
change of the probe light, which was explicitly manifested in

the ring number N. As the intensity of the pump light
increased, both the ring number N and the pattern size of the
probe light grew. The transformation processes of the two
diffraction patterns are displayed in Fig. 5(b). We slowly
increased the pump intensity while the probe light intensity was
fixed at 5.94 W cm�2. Fig. 5(c) shows the modulation relationship
between the pump light and the probe light, suggesting a linear
increase. The modulation results imply prospective applications in
nonlinear phase change based on the MoS2 NPs.

The third-order NLO susceptibility can be estimated by
w(3) E Ne4/e0m3o6d2w(3) E Ne4/e0m3o6d2,1 where e is the ele-
ment charge; N stands for the density of electrons of the
material at the laser frequency o; d is the lattice constant; e0

is the vacuum permittivity; and m is the effective mass of the
conduction electron. Owing to the distortion and curved
features in the MoS2 NPs, the effective mass of the electrons
in the 3D featured 2D MoS2 NPs will reduce in comparison with
their planar 2D material counterparts. Based on our previous
work on WS2 NPs,13 obvious enhancement of the third-order
nonlinear susceptibility was also verified due to the introduc-
tion of the curved feature compared with the relevant planar 2D
WS2 nanosheets. Comprehensively considering the existing
conclusions, we postulate that endowing 3D features to planar
2D TMDs can indeed contribute to the improvement of the
third-order NLO properties. Meanwhile, the strong nonlinearity
based on the curved-surface effect has been well demonstrated
to be applied on SXPM, which is of great significance in
exploring light-control-light devices.

The essential mechanism for the SSPM process is generally
accepted to be the ‘‘wind-chime’’ model, which proposes col-
lective nonlocal ac electron coherence to account for the
macroscopic phase modulation.11 Each MoS2 NP acts as a
separate domain consisting of charge carriers, such as elec-
trons, holes and electron–hole pairs. These carriers in different
or the same domains are totally out of phase, so every single
domain has an independent orientation. Once the medium is
stimulated by the applied electric field, charged carriers are
influenced by the external field and the electron coherence is
completely set up within and among each of the different
domains. Instead of the original arbitrary orientation between
the domains and the field, the domains are reoriented and
aligned according to the applied field as if isotropic and
coherent.

Conclusions

In conclusion, a novel type of MoS2 nanostructures with curved
features has been synthesized and investigated in detail using
the SSPM and SXPM effects. The nonlinear refractive index n2

and the third-order susceptibility w(3) of the MoS2 NPs have
been reliably estimated to be 10�5 cm�2 W�1 and 10�7 esu,
respectively, which are orders of magnitude larger than those of
other planar featured 2D nanomaterials. The relative variation
of the effective nonlinear refractive index Dn2/n2 of the MoS2 NP
suspension can be modulated by controlling the intensity of

Fig. 4 Dependence of Dn2/n2 on the incident intensity at different
wavelengths.

Fig. 5 Single light-based all-optical modulation. (a) Schematic of the
experimental setup for SXPM. (b) The transformation process of the
diffraction rings. (c) Modulation results between the pump and probe light.
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applied optical fields. Moreover, applying the strong nonlinear
response of the MoS2 NPs, an all-optical modulation based on
SXPM further confirms the modulation effect in MoS2 NP
dispersions. Our work provides a pivotal route for future
investigations for further improving the NLO response of 2D
materials and a necessary support on outstanding application
prospects.
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