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R
esearch on graphene highlights a
new nanomaterial with excellent phy-
sical and chemical properties. Most

importantly, the material revolutionized
the traditional ideology of nanoscience
and nanotechnology and opened up a
door to a new two-dimensional (2D) nano-
system.1�3 Following the same vein on
graphene study, researchers have started
the exploration of graphene analogues;
materials comprising stacked atomic or mo-
lecular layers.4�7 Strong covalent bonds in
layers and weak van der Waals interaction
between layers allow the graphene ana-
logues to form a robust 2D nanostructure.
Layered molybdenum disulfide (MoS2) is
one of the typical graphene analogues.8,9

Owing to the specific 2D confinement of
electron motion and the absence of inter-
layer perturbation, the MoS2 monolayer pos-
sesses a direct bandgap and shows dramatic
improvement in photoluminescence quan-
tum efficiency by a factor of 104 in compar-
ison with the bulk counterpart.10�14 The

remarkable physical properties of the lay-
ered semiconductor nanomaterial inject
new opportunities in the field of photonics
and optoelectronics.2,3,5

For the sake of the development of viable
photonic devices, investigation of the non-
linear and ultrafast optical properties of the
2D nanomaterials, such as nonlinear sus-
ceptibility, nonlinear refraction and absorp-
tion, carrier relaxation lifetime, etc., is un-
doubtedly important. Regardless of the de-
sign and fabrication processes, these basic
photonic coefficients determine primarily
the performance of the nanophotonic de-
vices. In this work, we studied for the first
time, to the best of our knowledge, the
ultrafast nonlinear optical (NLO) property
of 2DMoS2 nanosheets in dispersions. Using
the high-yield liquid-phase exfoliation (LPE)
technique,9,15 a series of dispersions with
large populations of monolayer and few-
layer MoS2 were prepared in N-methyl-
pyrrolidone (NMP), N-vinylpyrrolidinone
(NVP), and cyclohexylpyrrolidinone (CHP).
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ABSTRACT Employing high-yield production of layered materials by

liquid-phase exfoliation, molybdenum disulfide (MoS2) dispersions with

large populations of single and few layers were prepared. Electron

microscopy verified the high quality of the two-dimensional MoS2
nanostructures. Atomic force microscopy analysis revealed that ∼39%

of the MoS2 flakes had thicknesses of less than 5 nm. Linewidth and

frequency difference of the E12g and A1g Raman modes confirmed the

effective reduction of flake thicknesses from the bulk MoS2 to the

dispersions. Ultrafast nonlinear optical (NLO) properties were investigated

using an open-aperture Z-scan technique. All experiments were performed using 100 fs pulses at 800 nm from a mode-locked Ti:sapphire laser. The MoS2
nanosheets exhibited significant saturable absorption (SA) for the femtosecond pulses, resulting in the third-order NLO susceptibility Imχ(3)∼ 10�15 esu,

figure of merit∼10�15 esu cm, and free-carrier absorption cross section∼10�17 cm2. Induced free carrier density and the relaxation time were estimated

to be∼1016 cm�3 and∼30 fs, respectively. At the same excitation condition, the MoS2 dispersions show better SA response than the graphene dispersions.
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Electronic microscopy and atomic force microscopy
(AFM) verified the high quality of the 2D nanostruc-
tures. Linewidth and frequency difference of the E12g
and A1g Raman modes confirmed the effective reduc-
tion of flake thicknesses from the bulk MoS2 to the
dispersions. TheMoS2 nanosheets exhibited significant
saturable absorption (SA) for femtosecond pulses at
800 nm, resulting in the third-order NLO susceptibility
Imχ(3) ∼ 10�15 esu and free-carrier absorption (FCA)
cross section ∼10�17 cm2. The results imply that the
layered transition metal dichalcogenides (TMDs) are
promising 2Dnanomaterials for nanophotonic devices,
such as saturable absorbers, optical switches, etc.

RESULTS AND DISCUSSION

Our previous experimental and theoretical analyses
reveal that the surface energy of the layered materials
should match very well with that of the dispersant,
resulting in a minimal energy cost of overcoming the
van der Waals forces between two adjacent mono-
layers, hence effective exfoliation to single or few
layers.9,16�18 In this work, three different organic sol-
vents, namely, NMP, NVP, and CHP, were chosen to
disperse MoS2. Figure 1a shows photographs of the
MoS2 dispersions being treated in NMP at different
stages. The dark color of the samples after a high-
power sonication process for 60 min implies a stable
dispersion with high concentration. After sonication,
the dispersions were allowed to settle for∼24 h before

centrifuging. The top two-thirds of the dispersions was
collected by pipet after the centrifugation at 1500 rpm
for 90 min. As a result of the removal of large sedi-
mentations, the stability as well as the transmission of
the extracted dispersions improves significantly. Using
scanning transmission electronmicroscopy (STEM), we
can find that the initial dispersions without sonication
treatment consist of a number of MoS2 platelets with
lateral thickness of a fewmicrometers (Figure 1b). After
high-power sonication treatment, the MoS2 platelets
were effectively exfoliated to 2D nanoflakes with a
thickness of a few nanometers (Figure 1c). Meanwhile,
the size of the objects was reduced from several
micrometers to hundreds of nanometers. The MoS2
used in this work has two layers per unit cell stacked in
hexagonal symmetry (2H). As shown in Figure 1d,
graphene-like hexagonal structure was observed from
the MoS2 nanosheets by high-resolution TEM. By the
analysis of intensity profile across the dotted line in
Figure 1d, a significant variation in intensity between
neighboring atoms can be observed. Due to the ABAB
stacking sequence of the 2H polytype, the image
intensity between neighboring atoms would have no
difference in contrast for the sample of more than two
layers.9 Therefore, the strong intensity difference
shown in Figure 1e suggests the MoS2 sheet in
Figure 1d to be monolayer.
The status of the dispersed MoS2 nanosheets was

investigated in detail by using STEM. A large number of
well-exfoliated nanoflakes can be seen readily. STEM
image and lateral profile of aMoS2 nanosheet are given
in Figure 2a,b. The intensity of each pixel along the
lines 1�2 and 3�4 in Figure 2a is proportional to
the relative height of the flake. Unlike the dispersed
graphene flakes that have scrolled or folded edges,19

the MoS2 flakes exhibit sharp edges with relatively
regular geometrical shapes, implying a rigid crystal
structure and stiff mechanical property in comparison
with graphene flakes. Consistent with what we ob-
tained before,9 the average size of the MoS2 flakes is in
the hundreds of nanometers, revealing a typical 2D
nanostructure. In addition, it can be seen in Figure 2b
that the lateral profiles of the nanoflakes show clearly
multiple layered structures. The thickness ratios of the
layers keep approximately integers (i.e., layer A:B:C:D≈
1:4:3:2). The integral ratios imply that the thinnest layer
A has very good chance of being monolayer. Suppose
that layer A was a double layer, it has only a 12.5%
possibility that layers B, C, and D happen to be even
number layers.
To determine size as well as thickness of the MoS2

flakes, an atomic force microscopy (AFM) measure-
ment was carried out. The AFM samples were prepared
by casting a few drops of the dispersions on pre-
cleaned Si substrates, followed by a high-temperature
vacuum treatment to get rid of the residual solvents. As
shown in Figure 2c, large quantities of deposited MoS2

Figure 1. (a) Photographs of the MoS2 dispersions being
processed at different stages. Electronic microscopic
images of the MoS2 flakes (b) before and (c) after the
sonication treatment. (d) High-resolution TEM image and
(e) intensity distribution along the dotted line in (d) for a
MoS2 nanosheet. The samples for TEM analysis were pre-
pared by dropping a few milliliters of each dispersion on
copper holey carbon grids (mesh size 400).
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nanoflakes can be observed by AFM. Figure 2d illus-
trates histograms of thicknesses, lengths, andwidths of
the deposited MoS2 flakes. Statistical analysis reveals
that ∼39% of the flakes out of a total of 160 objects
counted had thicknesses of less than 5 nm. Taking into
account the aggregation effect occurring during the
deposition and drying processes of preparing AFM
samples, we believe that the thicknesses of the MoS2
flakes in dispersions were much smaller than the

statistical values in Figure 2d. The probability of depos-
ited flakes with lengths less than 200 nm was ∼58%,
and the lengths of almost all observed flakes were less
than 450 nm. Correspondingly, ∼43% of flakes had
widths <100 nm, and ∼78% of flakes with widths
<200 nm. Moreover, it was found that the bigger flakes
tended to be thicker than the smaller flakes.
An absorption spectrum of the MoS2 dispersions

is illustrated in Figure 3a. The four characteristic

Figure 2. (a) STEM image and (b) lateral profile of a MoS2 nanosheet. (c) Typical AFM images, thickness profiles and (d)
histograms of thicknesses, lengths, and widths of the deposited MoS2 nanosheets.

Figure 3. (a) Absorption spectrum of the MoS2 dispersions. The dashed line is the calculated scattering background. Inset:
absorption without the scattering. (b) Raman spectra of the few-layer and bulk MoS2.
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absorption peaks located at 600�700 nm and 400�
450 nm regions coincide with the general features of
TMDs with trigonal prismatic coordination,20,21 imply-
ing the MoS2 nanosheets 2H polytype. The absorption
peaks correspond to four different electronic transi-
tions, termed as A, B, C, and D, in the band structure of
MoS2. For clarity, the Mie scattering induced back-
ground was subtracted in the inset of Figure 3a. The
scattering induced extinction, as illustrated by the
dashed line in Figure 3a, was estimated by the empiri-
cal formula, scattering � λ�2.35.9 The dual peaks at
600�700 nm originate from A and B, the interband
excitonic transitions at the K point of the 2D Brillouin
zone of MoS2. The separation of A and B is regarded
as being due to the spin�orbit splitting of transitions
at K.20,21 The absorption peaks at 400�450 nm (i.e., C
and D) arise from the transitions between the higher
density of state regions.20,21

Raman spectroscopy was employed to confirm the
atomic structural arrangement of MoS2. The study was
carried out using a Jobin Yvon LabRam 1B Raman
spectrometer with an Ar laser at 514 nm. As shown in
Figure 3b, the Raman spectra of the deposited MoS2
flakes exhibit the distinct Raman fingerprint of the
2H-MoS2 crystalwithnoevidenceof structuraldistortion.

22

The characteristic bands at 384.2 and 408.7 cm�1 are

assigned as the in-plane (E12g) and out-of-plane (A1g)
vibrational modes. For the MoS2 with 1T polytype, the
spectrum does not show the E2g Raman mode. The
layered 2H-MoS2 exhibits anomalous lattice vibrations;
that is, the frequency of the A1g mode increases and
that of the E12g mode decreases along with the in-
crease of the number of monolayers in a flake.22 In
addition, it has been shown that the frequency differ-
ence of the two modes can be used to distinguish the
few-layer MoS2 and its bulk counterpart as well as
to estimate the number of monolayers.22 In this work,
a mean frequency difference of ∼24.5 cm�1 was
obtained for the few-layer flakes, implying an aver-
age thickness of ∼5�6 monolayers, that is, ∼4 nm
(∼0.65 nm for each monolayer). In contrast, the mean
difference for the bulk MoS2 was increased to
∼25.2 cm�1. Whereas the difference of the frequency
differences of the few-layer and bulkMoS2 (0.7 cm

�1) is
close to the resolution of the Raman spectrometer, the
broadening of the linewidths of the E12g band
(∼2.0 cm�1) and A1g band (∼3.2 cm�1) for the few-
layer flakes in comparison with those of the bulk MoS2
(i.e., 1.4 cm�1 for E12g and 2.5 cm�1 for A1g) verifies the
significant reduction of the flake thicknesses from the
bulkMoS2 to the dispersed samples.22 Again, itmust be
pointed out that the inevitable aggregation effect of

Figure 4. Open-aperture Z-scans of the MoS2 dispersions under the excitation of 100 fs pulses at 800 nm (a) with different
pulse energies and (b) in different solvents. (c) Normalized transmission as a function of fluence for the three dispersions.
Inset: illustrations of TPA and SA. (d) Z-scan results for the MoS2 (T = 34.4%) and graphene (T = 16.5%) dispersions. Inset:
normalized transmission as a function of fluence. The solid lines are the theoretical fit curves frommodel 1 (a,b,d) andmodel
3 (c).
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the layered nanoflakes that occurred in the Raman
samples' preparation procedure restricts certainly the
accuracy of the Raman spectra in Figure 3b to reflect
the real status of the flakes in dispersions.
An open-aperture Z-scan system in conjunctionwith

a mode-locked Ti:sapphire laser operating at 800 nm,
100 fs pulses, with 1 kHz repetition rate was employed
to study the ultrafast NLO behavior of the MoS2
dispersions.19,23 As shown in Figure 4a, the NLO
response of MoS2 nanosheets took place in the
NMP dispersions when the excitation energy was
increased up to 100 nJ/pulse, corresponding to an
estimated on-focus intensity of ∼65.8 GW/cm2 and a
fluence of ∼6.6 mJ/cm2. At the excitation energies of
larger than 200 nJ/pulse (∼131.6 GW/cm2), the MoS2
dispersions exhibit obvious SA response; that is, the
total transmission increases as the intensity of the
incident beam increased (z f 0). That is to say, the
MoS2 nanosheets can effectively suppress low intensity
light but allow high pass for higher intensity light. The
absorption saturation for femtosecond pulses in the
NIR region implies that the MoS2 nanosheets could
serve as ultrafast nonlinear saturable absorber, a pas-
sive mode-locking element for ultrashort pulsed
lasers.24�27

The monolayer MoS2 is a direct semiconductor with
a band gap of∼1.9 eV, while the multilayer MoS2 is an
indirect semiconductor with a narrower band gap of
∼1.2 eV.11,12 For the photons with an energy of 1.55 eV
(λ = 800 nm), the multilayer MoS2 is able to be excited
with one photon. In contrast, the monolayer can only
be excited by absorbing two photons simultaneously.
When excited with a high intensity femtosecond laser
beam at 800 nm, the monolayer and multilayer MoS2
possess two-photon absorption (TPA) and absorption
saturation, respectively, as illustrated in the inset of
Figure 4c. Therefore, the strong SA in Figure 4 origi-
nates from the multilayer nanosheets in the MoS2
dispersions. It should be pointed out that TPA of the
MoS2 monolayer will result in a decrease of the trans-
mission, as opposed to the increase of the transmission
around the focal point in the Z-scan experiment.28

According to the NLO theory, we write the propaga-
tion equation in the MoS2 dispersions in the form of
(model 1)

dI
dz0

¼ �R(I)I (1)

where z0 is the propagation distance in the samples,
and the total absorptionR(I) consists of a linear absorp-
tion coefficient R0 and a nonlinear absorption coeffi-
cient RNL

R(I) ¼ R0 þRNLI (2)

In this experiment, we did not observe any clear
nonlinear response from the dispersant solvents. The
contribution of RNL only comes from the nonlinear

absorption of theMoS2 nanosheets alone. By fitting the
Z-scan data in Figure 4a using eqs 1 and 2, we obtained
anaverage valueofRNL∼�(4.60(0.27)� 10�3 cm/GW.
In addition, the on-focus beam radius was determined
to be ∼23.7 μm by fitting the experimental data. The
imaginary part of the third-order NLO susceptibility,
Imχ(3), is directly related to RNL

Imχ(3) ¼ 10�7cλn2

96π2

" #
RNL (3)

where c is the speed of light, λ is the wavelength of the
incident light, and n is the refractive index. The figure of
merit (FOM) for the third-order optical nonlinearity is
defined as FOM= |Imχ(3)/R0|, where R0∼ 2.37 cm�1 for
the NMP dispersions in Figure 4a. Therefore, Imχ(3) and
FOM for theMoS2 nanosheets inNMP canbe calculated
as �(2.52 ( 0.15) � 10�15 esu and ∼(1.06 ( 0.06) �
10�15 esu cm, respectively. The value of FOM for the 2D
MoS2 is comparable with some other SA nanomater-
ials, such as graphene∼5� 10�15 esu cm,29 graphene
oxide∼4.2� 10�15 esu cm,29 reduced graphene oxide
∼0.36� 10�15 esu cm,30 AgInSe2 nanorods∼8� 10�15

esu cm,31 and Au nanorods ∼0.88 � 10�15 esu cm.32

However, one should not omit the difference of the
experimental conditions, such as wavelength, pulse
width, repetition rate, etc., in the above works. For
the sake of a convincing comparison, we carried out
the Z-scan measurements for graphene dispersions
prepared by the similar liquid exfoliation.15,19 As shown
in Figure 4d, the MoS2 dispersions exhibit much stron-
ger SA response than the graphene dispersions. Taking
into account the linear absorbance, we determined
Imχ(3) and FOM for MoS2 to be �1.56 � 10�14 esu and
∼1.47 � 10�15 esu cm, respectively, while those for
graphene to be �8.14 � 10�15 esu and 4.52 � 10�16

esu cm, respectively. It can be expected that the MoS2
nanosheets would possess much larger SA response at
its resonant band at 400�700 nm.
For a system in which SA and TPA coexist, we can

also describe R(I) in eq 1 with the form of (model 2)

R(I) ¼ R0

1þ I=Is
þ βI (4)

where Is is the saturation intensity and β is the TPA
coefficient. The first term on the right-hand side in eq 4
stands for SA, while the second term stands for TPA.
From the fitting of Z-scan data in Figure 4a using eqs 1
and 4, we noticed that the TPA coefficient β has to be
close to zero for the best fitting, implying that the
contribution of the monolayer MoS2, which is mainly
attributed to TPA, was negligible. Overall, the model
agrees quite well with the Z-scan results by choosing
parameters Is ∼ 413 ( 24 GW/cm2. The saturation
intensity combinedwith the excited state cross section
can be utilized to estimate the relaxation time of the
charge carriers in MoS2.

A
RTIC

LE



WANG ET AL. VOL. 7 ’ NO. 10 ’ 9260–9267 ’ 2013

www.acsnano.org

9265

In addition, we studied the nonlinear absorption
of MoS2 nanosheets dispersed in three different or-
ganic solvents (i.e., NMP, NVP, and CHP). As shown in
Figure 4b, significant ultrafast SA responses were ob-
served readily from all these three dispersions. At the
same incident energies, the CHP and NMP dispersions
exhibited better SA response than the NVP dispersions.
All NLO fitting parameters are summarized in Table 1.
Due to the different linear absorbances as well as
concentrations, the MoS2 nanosheets in CHP have
the largest Imχ(3) ∼ �(3.30 ( 0.19) � 10�15 esu and
the smallest saturation intensity Is∼ 405( 50 GW/cm2.
In contrast, the NLO response of the NVP dispersions
was inferior in comparison with the other two disper-
sions. The NMP and CHP dispersions show comparable
value of FOM∼ 1.1� 10�15 esu cm. Overall, the layered
MoS2 flakes retain their high nonlinear performance in
different solvents.
Since the layered MoS2 is a kind of semiconductor,

we consider that the ultrafast nonlinear absorption of
the MoS2 dispersions in the NIR region originated from
one-photon induced FCA. There is a compact model
(model 3) related to the normalized transmission T and
the peak incident fluence F0

33

T ¼ Fc
F0

� �
ln 1þ F0

Fc

� �
(5)

where Fc is defined as a critical fluence Fc =
(2pω)/[σFCA(1 � e�R0L)]0 where σFCA is the FCA cross
section, R0 is still the linear absorption coefficient, and
L = 0.1 cm is the path length of the samples. The
experimental data of T as a function of F0 were con-
verted directly from the Z-scan results. The σFCA can be
estimated by fitting the data with eq 5. As shown
in Figure 4c, the theoretical curves agree very well
with the experiment when σFCA was set to be�(1.85(
0.10) � 10�17, �(1.10 ( 0.10) � 10�17, and �(1.95 (
0.05) � 10�17 cm2 for the NMP, NVP, and CHP disper-
sions, respectively. With σFCA, the relaxation time of
the excited states τ can be estimated by using Is =
(hν)/(RFCAτ0), where the saturation intensity Is comes
from the Z-scan curve fitting by using eq 4. The MoS2
nanosheets in the three different dispersions have the
similar relaxation time of∼30 fs (see Table 1). It should
be pointed out that the relaxation time τ here corre-
sponds to the intraband transitions of the excited free
carriers. In contrast, the lifetime of interband transi-
tionswasmeasured to be on the picosecond time scale
for the monolayer or few-layer MoS2.

34,35 The ultrafast
relaxation implies that the 2DMoS2 is able to serve as a

saturable absorber for mode-locked ultrafast lasers, like
single-walled carbon nanotubes36 and graphene.24,25

Under the FCA model, the total absorption at a
certain on-focus intensity I0 has the form of

R(I0) ¼ R0 þ σFCAN0 (6)

where N0 stands for the induced instantaneous free
carrier density at I0 and can be calculated using the
equationN0 = (R0F0)/(pω). With regard to Figure 4c, the
fluence F0 corresponding to the onset of SA is ∼1 �
10�3 J cm�2. We therefore can estimate an induced
carrier density in the CHP dispersions of ∼1.14 �
1016 cm�3. On the other hand,N0 can also be estimated
by equaling eq 6 to eq 2, which gives N0 ∼ 6.76 �
1016 cm�3 for the same dispersions. Good agreement
of N0 from the two different estimations implies the
validity of the estimated σFCA in Table 1. It should be
mentioned that themagnitude of the carrier densityN0

estimated in this work is consistent with that deduced
by the electrical method, in which the MoS2 nano-
sheets were prepared by the LPE technique, as well.37

In addition, it is worth noticing that the ratios of the
estimated N0 for the three dispersions at the same
excitation condition is NNMP/NNVP/NCHP = 1.5:1.0:1.8.
The concentration ratios of MoS2 nanosheets in the
three dispersions can be roughly deduced from their
linear absorbances CNMP/CNVP/CCHP = 1.4:1.0:1.7. The
carrier density ratios follow quite well with the con-
centration ratios.
Overall, the Z-scan data in Figure 4 have been

analyzed with three different models. The mutual
complementary models give a series of NLO param-
eters for the 2D MoS2 nanosheets. The imaginary part
of the third-order NLO susceptibility Imχ(3) as well
as the NLO absorption coefficient was obtained by
the nonlinear absorption model (model 1). The satura-
tion intensity Is and the FCA cross section σFCA were
deduced by the SAmodel (model 2) and the FCAmodel
(model 3), respectively. The induced instantaneous free
carrier density and the relaxation time of the excited
states were estimated, as well.

CONCLUSIONS

In conclusion, a series of dispersions with large
populations of high-quality monolayer and few-layer
MoS2 nanosheets were prepared using the LPE tech-
nique. The MoS2 nanosheets exhibited strong SA
for the femtosecond pulses at 800 nm. Imχ(3) ∼ 10�15

esu, FOM ∼ 10�15 esu cm, and σFCA ∼ 10�17 cm2 were
obtained for the MoS2 nanosheets. The induced free

TABLE 1. Linear and NLO Parameters of the MoS2 Dispersions Excited in the Femtosecond Region

materials T (%) R0 (cm
�1) RNL (cm/GW) Imχ(3) (esu, �10�15) FOM (esu cm, �10�15) Is (GW/cm

2) σFCA (cm
2, �10�17) τ (fs) N0 (cm

3, �1016)

MoS2/NMP 78.9 2.37 �(4.60 ( 0.27) � 10�3 �(2.52 ( 0.15) 1.06 ( 0.06 413 ( 24 �(1.85 ( 0.10) 32.54 5.65
MoS2/NVP 84.7 1.66 �(1.78 ( 0.02) � 10�3 �(1.03 ( 0.01) 0.62 ( 0.01 833 ( 55 �(1.10 ( 0.10) 27.13 3.68
MoS2/CHP 75.2 2.85 �(5.80 ( 0.33) � 10�3 �(3.30 ( 0.19) 1.16 ( 0.07 405 ( 50 �(1.95 ( 0.05) 31.48 6.76
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carrier density and the relaxation time were estimated
to be∼1016 cm�3 and∼30 fs, respectively. At the same
excitation condition, the MoS2 dispersions show better
SA response than the graphene dispersions. The
significant ultrafast NLO properties of the layered
MoS2 imply a huge potential in the development of
nanophotonic devices, such as mode-lockers, optical

switches, etc. It should be pointed out that the value of
the exfoliated MoS2 dispersions consists of their high
expandability. Starting with the dispersions, one can
readily prepare derivatives with various forms, such as
filtrated neat films, polymer composites, functionalized
composites, etc., to satisfy requirements for different
photonic devices and applications.

EXPERIMENTAL SECTION
MoS2 Dispersions. All chemicals used in the work were pur-

chased from Sigma-Aldrich. The MoS2 powders were dispersed
in NMP, NVP, and CHPwith a concentration of 7.5 mg/mL. Initial
MoS2 dispersions were produced by sonication using a point
probe (flathead sonic tip) for 60 min with a power output of 285
W, followed by 24 h standing and centrifugation at 1500 rpm for
90 min. After centrifugation, the top two-thirds of the disper-
sions was gently extracted by pipetting.

Z-Scan. An open-aperture Z-scan system was used to study
the ultrafast NLO behavior of the MoS2 and graphene disper-
sions. This measures the total transmittance through a 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 arrangement was analogous to that used in
our previous experiments inmeasuring NLO response of carbon
nanotube and graphene dispersions.19,23
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