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A series of layered molybdenum dichalcogenides, i.e., MoX2 (X ¼ S, Se

and Te), were prepared in cyclohexyl pyrrolidinone by a liquid-phase

exfoliation technique. The high quality of the two-dimensional

nanostructures was verified by transmission electron microscopy and

absorption spectroscopy. Open- and closed-aperture Z-scans were

employed to study the nonlinear absorption and nonlinear refraction

of the MoX2 dispersions, respectively. All the three-layered nano-

structures exhibit prominent ultrafast saturable absorption (SA) for

both femtosecond (fs) and picosecond (ps) laser pulses over a broad

wavelength range from the visible to the near infrared. While the

dispersions treated with low-speed centrifugation (1500 rpm) have an

SA response, and the MoS2 and MoSe2 dispersions after higher speed

centrifugation (10 000 rpm) possess two-photon absorption for fs

pulses at 1030 nm, which is due to the significant reduction of the

average thickness of the nanosheets; hence, the broadening of band

gap. In addition, all dispersions show obvious nonlinear self-defo-

cusing for ps pulses at both 1064 nm and 532 nm, resulting from the

thermally-induced nonlinear refractive index. The versatile ultrafast

nonlinear properties imply a huge potential of the layered MoX2
semiconductors in the development of nanophotonic devices, such as

mode-lockers, optical limiters, optical switches, etc.
Introduction

Owing to the specic two-dimensional (2D) connement of
electron motion and the absence of interlayer perturbation,
layered 2D crystals of semiconducting transition metal dichal-
cogenides (TMDs) are considered as promising materials for
emerging applications in nanoelectronic, micromechanic, and
r Laser, Shanghai Institute of Optics and

es, Shanghai 201800, China

search on Adaptive Nanostructures and

in, Dublin 2, Ireland

hysics, Shanghai Institute of Optics and

es, Shanghai 201800, China

(ESI) available: Electron scattering
MX2 nanosheets; CA Z-scan results of
e DOI: 10.1039/c4nr02634a

35
nano-optoelectronic devices with high performance and unique
functions.1–5 The TMDmaterials, such as MoX2 and WX2 (X ¼ S,
Se, Te) possess similar lattice structures and show layer-
dependent properties, e.g., indirect-to-direct band gap transi-
tion as the decreasing of the number of monolayer.1,6–9 Thus far,
a series of photonic properties, such as visible photo-
luminescence, transient absorption, and second and third
harmonic generations. have been demonstrated in 2D TMD
structures.10–16 We recently reported for the rst time, to the best
of our knowledge, the prominent ultrafast saturable absorption
(SA) performance in layered MoS2 nanosheets in the near-
infrared (NIR) region.17 These extraordinary photonic properties
open the door to TMD-based nanophotonic devices, such as
optical switches, pulse-shaping devices, mode-lockers, optical
limiters, etc., capable of ultrafast response and broadband
tenability.17–20

For the sake of developing high performance photonic
devices, it is undoubtedly important to have a comprehensive
understanding on the fundamental ultrafast and nonlinear
optical (NLO) properties of the working substances. In this
work, a series of dispersions containing a large population of
pristine molybdenum dichalcogenide nanosheets were
dispersed in cyclohexyl pyrrolidinone (CHP) by a high-yield
liquid-exfoliation (LPE) technique.21–23 The absorption spec-
troscopy and transmission electron microscopy (TEM) charac-
terizations showed the high quality of the layered
nanostructures. We systematically study the nonlinear absorp-
tion and nonlinear refraction properties of the layered MoX2

nanostructures by Z-scan over a broad temporal (ps–fs) and
spectral (Vis-NIR) range.
Results and discussion

The liquid exfoliation has been proven to be a simple, effective
and productive technique for exfoliating layered TMD crystals
and preparing high-quality 2D nanostructures.21–23 The stable
dispersions of layered TMDmaterials can be obtained, provided
that the surface energy of the solvent matches well with that of
This journal is © The Royal Society of Chemistry 2014
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the layered materials. In this work, CHP was utilized to disperse
MoS2, MoTe2, and MoSe2, respectively. The initial dispersions
were treated for 60 min by a high-power sonication tip. Aer
sonication, the dispersions were allowed to settle for �24 h
before centrifuging to remove large sedimentations. The top
two-thirds of the dispersions were collected aer centrifugation
at 1500 rpm for 90 min. All dispersions are stable against
sedimentation, and no further aggregation was observed for
weeks (see Fig. S1†).

In general, the MoX2 dispersions prepared by LPE are
composed of monolayers and few layers.21,23 TEM was employed
to conrm the status of the dispersed nanosheets. The speci-
mens were prepared by dropping a few milliliters of each
dispersion on copper holey carbon grids (mesh size 400). Low-
magnication TEM images of typical akes in the three
dispersions are showed in Fig. 1(a)–(c). It appears that most of
the nanosheets in the three dispersions are few-layer akes. At
the edge of the nanosheets, very few-layer structures can be
seen, as indicated by the dashed boxes in Fig. 1(a)–(c). Fig. 1(d)–
(f) show high-magnication images from the nanosheet edges
located in the dashed boxes. All the HRTEM images were rst
processed by fast Fourier transform with a digital periodic lter
and then inverse fast Fourier transform to obtain images for
lower noise and better clearance of atoms. The ne atomic
structures of MoS2, MoSe2, and MoTe2, together with electron
diffraction patterns (see Fig. S2†), imply that the 2H structures
of molybdenum dichalcogenides remain undistorted aer LPE
preparation.21,23 The pixel intensity distributions along the
neighboring atoms are illustrated on the right side of Fig. 1(d)–
(f). The number of monolayers in the nanosheets could be
roughly deduced by pixel intensity analysis of the neighboring
atoms.21 As for MoS2 in Fig. 1(d), the neighboring atoms show
similar intensity, while for MoSe2 and MoTe2, neighboring
atoms appear to be of high contrast in intensity. Therefore, the
MoS2 nanosheet in Fig. 1(d) seems to have even number of
monolayers, while MoSe2 and MoTe2 appear very likely to be
mono- or triple layered. Nonetheless, the dispersions used in
this work were dominated by multilayer nanosheets.

Absorption spectroscopic characterization was carried out
for the three MoX2 dispersions. As shown in Fig. 2, the
Fig. 1 TEM images of layered MoS2, MoSe2, MoTe2 nanoflakes. (a)–(c)
Overviews of the nanoflakes. (d) and (e) High-magnification TEM
images of the few-layer nanosheets. Right side graphs show the
intensity distribution along the dashed lines.

This journal is © The Royal Society of Chemistry 2014
absorption spectra are comparable with those of previous
studies,22 conrming the existence of high-quality nanosheets
in dispersions. It is clearly seen that the characteristic A and B
exciton peaks of MoS2 and MoSe2, originating from the inter-
band excitonic transition at the K point are located at 673 nm
(1.84 eV) and 612 nm (2.03 eV), and 810 nm (1.53 eV) and708 nm
(1.75 eV), respectively, indicating a pristine 2H poly-type.24,25

Referring to the relationship between exciton energy of the A
peak and the thickness of the MoS2 nanosheets, one can esti-
mate the average thickness of the nanosheets in the MoS2
dispersions to be >8 nm, equivalent to �15 monolayers.10

Open-aperture (OA) and closed-aperture (CA) Z-scans were
employed to study the nonlinear absorption and nonlinear
refraction of the MoX2 dispersions, respectively.17,26–28 The OA
Z-scan measures total transmittance through the sample as a
function of incident laser intensity, while the sample is
sequentially moved through the focus of a lens (along the
z-axis). The optical setup was analogous to that used in the
previous experiments in measuring the NLO response of the
nanomaterials.17,29,30 For the CA Z-scan, an aperture was placed
right aer the sample dispersions to conne the transmitted
beam incident on the detector. With the help of the Z-scan, the
dispersions were characterized using the laser sources with
different wavelength and pulse-duration parameters, i.e., 1 kHz,
100 fs pulses at 800 nm from a Ti: sapphire mode-lock laser, 0.1
kHz, 340 fs pulses at 1030 nm and its second harmonic, 515 nm,
from a chirped pulse-amplied ber laser, and 10 kHz, 100 ps
pulses at 1064 nm and 532 nm from a ps ber laser. During the
measurements, unwanted NLO effects, such as super-
continuum generation from the solvent CHP and nonlinear
scattering have been carefully avoided using low-intensity pul-
ses and employing pure CHP for reference testing. Fig. 3 and 4
show the typical Z-scan results for fs and ps lasers, respectively.

As shown in Fig. 3(a) and (c) and 4(a) and (b), all three
molybdenum dichalcogenides, MoS2, MoSe2 andMoTe2, exhibit
obvious saturable absorption response from the visible (515 and
532 nm) to NIR (800, 1030 and 1064 nm) regions for both fs and
ps pulses with various repetition rates (0.1, 1, and 10 kHz),
implying a broadband ultrafast NLO performance. The molyb-
denum dichalcogenides are well known for the unique band
Fig. 2 Absorption spectra of theMoX2 dispersions. Insets: shift of the A
and B exciton peaks for the MoS2 and MoSe2 dispersions with a low-
speed centrifugation treatment (MoX2) and higher speed treatment
(MoX2–H).
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Fig. 3 OA Z-scan results of the MoX2 dispersions in the fs region.
Samples in (a)–(c) exhibit obvious SA response, while showing TPA
response in (d) for theMoS2 andMoSe2 dispersions with a higher speed
centrifugation treatment (10 000 rpm).

Fig. 4 Z-scan results of the MoX2 dispersions for the ps pulses. (a) and
(b) OA Z-scan results at 1064 nm and 532 nm. (c) and (d) CA Z-scan
results. All of the dispersions exhibit self-defocusing shapes.
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gap transition from indirect to direct when the layered structure
reduces from bulk to monolayer. The indirect band gaps for the
multilayer MoS2, MoSe2 and MoTe2 were determined to be
1.2 eV (1033 nm), 1.1 eV (1128 nm) and 1.0 eV (1239 nm),
respectively. In contrast, the direct band gaps for the monolayer
MoX2 are increased to 1.8 eV (690 nm), 1.5 eV (828 nm) and
1.1 eV (1128 nm), respectively.1 In general, semiconductors with
band gaps smaller than the incident photon energy exhibit
saturable absorption, resulting from the free-carrier excitation
from valence band to conduction band and hence Pauli-block-
ing. However, photons with energy less than the band gap will
not be able to excite electrons/holes directly to the conduction/
valence bands unless two photons are simultaneously absor-
bed, i.e., two-photon absorption (TPA) takes place. In contrast to
SA, TPA results in the normalized transmission decrease when
the incident intensity increases, leading to a valley centered at
the focal point in the Z-scan curve.

Laser pulses at 515 and 532 nm can induce SA for the MoS2
monolayer with a band gap of �1.8 eV (�690 nm), while pulses
at 800, 1030, and 1064 nm are able to generate TPA. In contrast,
10532 | Nanoscale, 2014, 6, 10530–10535
the few-layer MoS2 with a band gap of �1.2 eV (�1033 nm)
exhibit SA for all wavelengths used in this work. SA responses in
Fig. 3(a)–(c) and 4(a) and (b) are attributed to the domination of
few-layer nanosheets in the dispersions. TPA from the minority
monolayers would be screened by the strong SA in the majority
fewlayer nanosheets as we predicted in a previous study.31

Similarly, by comparing the band gaps of few-layer MoSe2 and
MoTe2 with the incident photon energies, it is conrmed that
the MoSe2 and MoTe2 dispersions possess SA in all of the laser
pulses. Although photon energy for pulses at 1064 nm is slightly
less than the theoretical prediction of band gap for the few-layer
MoS2, absorption saturation was still observed in the MoS2
dispersions, which was also reported by other groups.18,19 The
possible reason may be that there is a small difference between
the theoretical and practical band gaps or in defect-induced
interband states.

Nonlinear absorption coefficient aNL can be deduced by
numerically tting the Z-scan curves with the nonlinear prop-

agation equation
dI
dz

¼ �ða0 þ aNLIÞI, in combination of the

Gaussian eld approximation aer the laser beam was focused
by the convex lens.26,27 The imaginary part of the third-order
NLO susceptibility, Im c(3), is directly related to aNL by

Im cð3Þ ¼
�
10�7cln2

96p2

�
aNL, where c, l, and n are the light speed in

vacuum, wavelength of the laser pulses, and the refractive
index, respectively. In order to eliminate the discrepancy caused
by the linear absorption a0, we dene a gure of merit (FOM) for
the third-order optical nonlinearity as FOM ¼ |Im c(3)/a0|. To
obtain the saturable intensity Is, one can use the propagation

equation in the form of
dI
dz

¼ � a0I
1þ I=Is

. All linear and NLO

parameters deduced from Fig. 3(a)–(c) and 4(a) and (b) are
summarized in Table 1. Because the a0 of each dispersion used
in the experiment is different, we mainly adopt FOM as a
criterion to evaluate the SA performance of the materials. The
use of FOM also helps us to compare with the other nano-
materials reported.32–35

Referring to FOM for fs pulses in Table 1, overall, the MoX2

nanosheets exhibit more pronounced SA response than gra-
phene. At 1030 nm, FOMs for all the three MoX2 have the same
magnitude of 10�15 esu cm. FOMs of MoS2 andMoTe2 are larger
than those of MoSe2 and graphene by one order of magnitude at
800 nm, and the comparison between MoS2 and graphene is
consistent with previous results.31 At the aforementioned two
wavelengths, MoTe2 shows the largest FOM among the four
dispersions. At 515 nm, FOMs of all the three MoX2 dispersions
exceed those of graphene by one order of magnitude, andMoSe2
turns out to be the material possessing the largest FOM. It
should be mentioned that we have found similar regularity by
analyzing the saturation intensity Is presented in Table 1. Gra-
phene dispersions exhibit the largest Is in comparison with all
the MoX2 dispersions. MoTe2 dispersions show the lowest Is at
both 800 and 1030 nm, whereas the Is of MoSe2 is the minimum
at 515 nm. It is noticed that FOM of the MoX2 in the ps regime is
greater than that in fs by two orders of magnitude. For instance,
FOM of MoS2 for 340 fs pulses at 1030 nm is �10�15 esu cm,
This journal is © The Royal Society of Chemistry 2014
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Table 1 Linear and NLO parameters of the three molybdenum dichalcogenide dispersions measured by OA Z-scan

Laser Sample T (%)
a0
(cm�1)

NLO
response aNL (cm GW�1) Im c(3) (esu) FOM (esu cm) Is (GW cm�2)

1030 nm, 1
kHz, 340 fs

MoS2 30.9 11.75 SA �(9.17 � 2.56) � 10�2 �(6.7 � 1.9) � 10�14 (5.7 � 1.6) � 10�15 114 � 63
MoSe2 80.9 2.11 SA �(1.29 � 0.13) � 10�2 �(9.4 � 1.0) � 10�15 (4.22 � 0.27) � 10�15 121 � 22
MoTe2 90.6 0.87 SA �(7.50 � 0.47) � 10�3 �(5.50 � 0.34) � 10�15 (6.38 � 0.39) � 10�15 68 � 8
Graphene 18.1 17.10 SA �(9.40 � 3.18) � 10�2 �(6.9 � 2.3) � 10�14 (4.03 � 1.36) � 10�15 170 � 51

800 nm, 1
kHz, 100 fs

MoS2 32.6 11.22 SA �(2.42 � 0.80) � 10�2 �(1.38 � 0.45) � 10�14 (1.23 � 0.40) � 10�15 381 � 346
MoSe2 45.3 7.93 SA �(2.54 � 0.60) � 10�3 �(1.45 � 0.34) � 10�15 (6.9 � 1.6) � 10�16 590 � 225
MoTe2 86.3 1.47 SA �(3.7 � 1.2) � 10�3 �(2.13 � 0.66) � 10�15 (1.45 � 0.45) � 10�15 217 � 11
Graphene 16.8 17.85 SA �(1.52 � 0.42) � 10�2 �(8.7 � 2.4) � 10�15 (4.9 � 1.4) � 10�16 583 � 127

515 nm, 1
kHz, 340 fs

MoS2 7.94 25.34 SA �(0.357 � 0.064) �(1.31 � 0.23) � 10�13 (5.16 � 0.92) � 10�15 58 � 21
MoSe2 19.38 16.41 SA �(0.245 � 0.028) �(9.0 � 1.0) � 10�14 (5.46 � 0.62) � 10�15 43 � 2
MoTe2 87.60 1.32 SA �(1.42 � 0.03) � 10�2 �(5.20 � 0.12) � 10�15 (3.93 � 0.09) � 10�15 58 � 11
Graphene 13.61 19.94 SA �(4.8 � 1.3) � 10�2 �(1.75 � 0.47) � 10�14 (8.8 � 2.3) � 10�16 473 � 219

1064 nm, 10
kHz, 100 ps

MoS2 31.30 11.62 SA �(5.5 � 1.3) �(4.18 � 0.98) � 10�12 (3.60 � 0.84) � 10�13 2.1 � 0.8
MoSe2 83.01 1.86 SA �(2.05 � 0.17) �(1.55 � 0.13) � 10�12 (8.33 � 0.69) � 10�12 0.71 � 0.07
MoTe2 89.88 1.07 SA �(2.99 � 0.52) �(2.27 � 0.39) � 10�12 (2.12 � 0.38) � 10�12 0.19 � 0.04

532 nm, 10
kHz, 100 ps

MoS2 7.65 25.70 SA �(26.2 � 8.8) �(9.9 � 3.3) � 10�12 (3.9 � 1.3) � 10�13 1.13 � 0.52
MoSe2 21.12 15.55 SA �(35.6 � 8.0) �(1.35 � 0.30) � 10�11 (8.7 � 2.0) � 10�13 0.39 � 0.16
MoTe2 85.14 1.61 SA �(5.54 � 0.72) �(2.10 � 0.27) � 10�12 (1.30 � 0.17) � 10�12 0.23 � 0.03

1030 nm, 1
kHz, 340 fs

MoS2–H 96.61 0.03446 TPA (8.0 � 1.4) � 10�5 (5.8 � 1.0) � 10�17 (1.69 � 0.30) � 10�15 N/A
MoSe2–H 96.33 0.03744 TPA (2.00 � 0.37) � 10�4 (1.47 � 0.27) � 10�16 (3.93 � 0.72) � 10�15 N/A
MoTe2–H 99.95 0.00050 N/A N/A N/A N/A N/A
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which becomes �10�13 esu cm for 100 ps pulses at 1064 nm.
MoSe2 and MoTe2 nanosheets in dispersions exhibit the
largest FOM at 1064 nm and 532 nm, respectively. Overall, the
LPE-prepared MoX2 dispersions are shown to be promising
broadband ultrafast SA materials. Due to the relatively narrow
band gap of �1.0 eV, the few-layer MoTe2 nanosheets show the
best SA performance, i.e., the largest FOM and the lowest Is at
NIR, implying a potential as a passive mode-locker working for
up to �1239 nm.

To investigate the dependence of the nonlinear response on
the nanosheet size, and hence, bandgap, we prepared another
batch of MoX2 dispersions, which is termed as ‘MoX2–H’ (i.e.,
MoS2–H, MoSe2–H and MoTe2–H). The MoX2–H samples were
dispersed by CHP as well, with the same procedure as the
previous, except that the centrifugation speed was increased to
10 000 rpm. As illustrated in the insets of Fig. 2, A and B exciton
peaks of the MoS2–H and MoSe2–H dispersions show a clear
blue shi. The A exciton peak moves to 663 nm (�1.87 eV) and
806 nm (�1.54 eV) for MoS2–H andMoSe2–H, respectively. From
the A exciton position, one can deduce an average thickness of
the MoS2–H nanosheets to be �4 nm (equivalent to �6 mono-
layers),10 which is much less than that in the MoS2 dispersions
with 1500 rpm (>8 nm). Because there is a distribution for
nanosheets with different thicknesses in the LPE-prepared
dispersions,21,23 the smaller average thickness implies a higher
percentage of mono- and few-layers out of all nanosheets in a
dispersion. It is likely that the H-series dispersions contain a
higher percentage of MoX2 nanosheets with thinner layers
compared with the dispersions aer the lower speed centrifu-
gation treatment.

The OA Z-scan was conducted for the MoX2–H dispersions
under the 1030 nm, 340 fs laser pulses irradiation, and the
This journal is © The Royal Society of Chemistry 2014
results are illustrated in Fig. 3(d). Due to the low nanosheet
concentration in MoX2–H dispersions, the 10 mm long path-
length cuvettes were employed to enhance the NLO signal. In
contrast to the SA response for the MoX2 dispersions, Z-scan
curves for the MoS2–H andMoSe2–H dispersions exhibit a valley
around the focal point. The valley-like response is attributed to
TPA of the very-few-layer MoX2 nanosheets. The band gaps of
the very-few-layer MoS2 and MoSe2 are much larger than the
photon energy of laser pulses at 1030 nm (�1.2 eV). The high
percentage of the very-few-layer nanosheets in the MoX2–H
dispersions results in the domination of the TPA process over
SA. In the experiment, we did not observe any NLO response
from the MoTe2–H dispersions, which is probably due to its low
content of nanosheets, for example, nearly 100% linear-optical
transmittance (see Table 1). Im c(3) of MoS2–H andMoSe2–H are
determined to be (5.84 � 1.04) � 10�17 and (1.47 � 0.27) �
10�16 esu, respectively.

A Z-scan was performed to measure the nonlinear refractive
index of the three MoX2 dispersions with the ps and fs laser
sources. Using the ps pulses, we observed an obvious nonlinear
self-defocusing signal from all dispersions including graphene.
The CA Z-scan results for the MoX2 dispersions at 532 and 1064
nm are shown in Fig. 4(c) and (d). The results for graphene
dispersions are given in Fig. S3.† For the fs pulses, there is no
measurable CA signal from all the samples. An intensity-
dependent NLO refractive index can be described by n ¼ n0 +
n2I, where n0 is the refractive index of the medium and n2 is the
NLO refractive index, which can be estimated by tting the CA
Z-scan results using the model mentioned in literature.36 The
real part of third-order NLO susceptibility Re c(3) and n2 have

the relation of Re cð3ÞðesuÞ ¼ n02c
12p2 n2 cm

2 W�1. Based on the

equations, we calculated n2 and Re c(3) parameters given in
Nanoscale, 2014, 6, 10530–10535 | 10533
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Table 2 NLO refractive parameters of the MoX2 dispersions in the ps region

Laser Sample a0 (cm
�1) n2 (cm

2 W�1) � 10�12 Re c(3) (esu) � 10�11

1064 nm, 10 kHz, 100 ps MoS2 11.62 �(0.207 � 0.021) �(1.18 � 0.12)
MoSe2 1.86 �(0.120 � 0.003) �(0.682 � 0.018)
MoTe2 1.07 �(0.160 � 0.027) �(0.92 � 0.15)
Graphene 19.46 �13.7 �78.2

532 nm, 10 kHz, 100 ps MoS2 25.70 �(2.5 � 1.2) �(14.1 � 6.5)
MoSe2 15.55 �(1.82 � 0.73) �(10.3 � 4.2)
MoTe2 1.61 �(0.11 � 0.04) �(0.62 � 0.21)
Graphene 19.45 �2.34 �13.3
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Table 2. Because the thermally-induced nonlinear refractive
index change cannot be neglected if the pulse duration is larger
than �30 ps and no CA signal observed in fs region, it is likely
that the self-defocusing results from the thermally-induced
NLO index.37 The MoX2 nanosheets absorb laser energy and
then transform it to heat, resulting in thermal expansion and
refractive index change of the entire dispersion. In contrast to
the longer ps pulses, the fs pulses have much lower average
power to deposit, leading to weak, unmeasurable thermally-
induced NLO effects. It should be mentioned that we did not
observe any signicant CA signal from CHP except for the ps
pulses at 1064 nm. However, the NLO effect of CHP was still
much less than that of the MX2 dispersions. Re c(3) of CHP was
determined to be �(1.07 � 0.08) � 10�12 esu at 1064 nm.
Conclusions

The NLO responses of the MoS2, MoSe2, and MoTe2 dispersions
prepared by LPE in CHP have been extensively investigated by
employing Z-scan technique for fs and ps pulses from the
visible to NIR. All three MoX2 dispersions dominated by few-
layer nanosheets show evident broadband SA response, and
their FOMs exceeds that of graphene in the fs region at 515, 800,
and 1030 nm. The nonlinear responses in the ps region seem to
be much stronger than those in the fs region. In addition, the
dispersions of MoS2 and MoSe2 prepared by higher speed
centrifugation exhibit TPA for fs pulses at 1030 nm. The versa-
tile ultrafast NLO properties of the layered MoX2 imply a huge
potential in the development of nanophotonic devices,
including mode-lockers, optical limiters, and optical switches.
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