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Understanding and controlling defect in two-dimensional materials is important for both linear and nonlinear
optoelectronic devices, especially in terms of tuning nonlinear optical absorption. Taking advantage of an atomic
defect formed easily by smaller size, molybdenum disulfide nanosheet is prepared successfully with a different size
by gradient centrifugation. Interestingly, size-dependent sulfur vacancies are observed by high-resolution
X-ray photoelectron spectroscopy, atomic force microscopy, and transmission electron microscopy. The defect
effect on nonlinear absorption is investigated by Z-scan measurement at the wavelength of 800 nm. The results
suggest the transition from saturable absorption to reverse saturable absorption can be observed in both disper-
sions and films. First principle calculations suggest that sulfur vacancies act as the trap state to capture the
excited electrons. Moreover, an energy-level model with the trap state is put forward to explain the role of
the sulfur vacancy defect in nonlinear optical absorption. The results suggest that saturable absorption and reverse
saturable absorption originate from the competition between the excited, defect state and ground state absorp-
tion. Our finding provides a way to tune the nonlinear optical performance of optoelectronic devices by defect

engineering.  © 2020 Chinese Laser Press
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1. INTRODUCTION

Unavoidable defects in the growth process of two-dimensional
(2D) materials can dramatically affect the performance of the
corresponding device. Defect-associated nonradiative recombi-
nation will lead to low quantum efficiency (<0.6%) [1], and
structure defects will result in lower carrier mobility [2].
Defects can also be a source of merit; for instance, photolumi-
nescence enhancement induced by sulfur (S) vacancy [3] and
oxygen bonding at the defect sites [4] in monolayer molybde-
num disulfide (MoS,) and catalytic efficiency in hydrogen evo-
lution reaction improved by S vacancies [5] at edge defects [6].
However, the contribution of these defects to the nonlinear op-
tical (NLO) properties, such as saturable absorption (SA) and
reverse saturable absorption (RSA), is not completely clear so
far. Recently, different defect types, including effective two-
photon absorption (TPA) from zinc (Zn) vacancy [7], tunable
NLO absorption derived from the concentration of manganese
doping [8], and enhanced modulation depth [9] from localized

these defects act as different trap centers to capture electrons
[10], holes [11], or excitons [12,13], which make it crucial
to confirm the type of defect-induced localized states in 2D
materials.

MoS,; is a typical 2D material to design linear optoelectronic
devices due to its excellent optical and electronic properties,
including high current on/off ratio (~10%), high electron
mobility (10> cm? - V=1 . s71) [14], strong catalytic activity [15],
and photoluminescence [16,17]. Importantly, a size-dependent
few-layer MoS, can be achieved easily using ultrasonic exfolia-
tion [18] combined with the gradient centrifugation method
[19]. On the other hand, nonlinear photonic applications in-
cluding Q-switching [20], mode-locking [21,22], and an op-
tical limiter [23] have also been designed based on SA and
RSA behavior. For example, MoS, and graphene were reported
with stronger SA [24] than those of MoTe, and MoSe,, while
BN exhibited a strong RSA effect [25]. SA and RSA can be

interpreted as a transmission increasing and decreasing accord-

defect states at grain boundaries, have been introduced to im-
prove the performance of nonlinear photonic devices. Actually,
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ing to pump intensity, respectively. It is determined by a smaller
absorption cross section in excited state compared with that in
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ground state for SA [20,26]. On the other hand, RSA occurs
due to larger absorption cross section in excited state compared
with that in ground state. Including SA and RSA, some defects
can be introduced to improve optical and electronic properties
in MoS, material. For instance, the defect level of bulk MoS,
can be tuned from 1.08 to 0.08 eV [27] by S vacancies. The S
vacancies can easily transform MoS,; into an n-type conductor,
whereas the Mo vacancies can be used to transform MoS, into a
p-type conductor [28]. Particularly, these atomic defects are
easily formed in small MoS, nanosheets compared to those
in large nanosheets [29]. Interestingly, the changeover from
SA to RSA has been observed in MoS, nanosheet dispersions
with size using a picosecond laser [30], which is caused by cer-
tain edge defect. However, the defect type-size relationship is
yet to be identified as well as its related mechanisms in NLO
properties. In addition, the reported nonlinear responses are
based on liquid environments, and thus it is hard to avoid ther-
mally induced nonlinear scattering [31]. A femtosecond laser
source can avoid this condition due to the slow formation
of bubbles from the ultrashort pulse laser [32]. It is also easy
to solve the problem and design nonlinear optics-based devices
by preparing films [33].

In this work, we first present an effective method to intro-
duce S vacancies in MoS, by adjusting the nanosheet size.
Different nanosheet sizes are obtained through liquid-phase ex-
foliation by controlling the centrifugation speed, and films with
different sizes are fabricated by the vacuum filtration technique.
The successful size-separation is identified by atomic force
microscopy (AFM) and transmission electron microscopy
(TEM). The size-dependent S vacancies are confirmed by
Raman spectroscopy and high-resolution X-ray photoelectron
spectroscopy (XPS). The influence of S vacancy concentration
on NLO properties is studied by a typical Z-scan setup at
800 nm. The changeover from SA to RSA is observed both
in films and dispersions. Combined with the S vacancy defect
state, which is confirmed by first principle calculations, an
energy-level model is carried out based on S vacancy concen-
tration. SA and RSA are strongly related to ground state, excited
state, and defect state absorption. This work provides a method
to tune nonlinear photonic devices by controlling the defects.

2. RESULTS AND DISCUSSION

A. Methods: MoS, Nanosheet Dispersion and

Film Preparation

A green ethanol-based solvent exfoliation process was used to
prepare few-layer MoS, nanosheets [34]. Initially, we chose
40% ethanol mixed with deionized water for 0.9 g MoS, in
a 300 mL mixed solution. We settled the parameters with
700 W for 3 h using the supersonic machine (Qsonica Q700)
to prepare the dispersion. After that, the nanosheet supernatant
was acquired with a centrifuge (Centurion Scientific K241) by
controlling the rotation speeds with 2000 rpm, 4000 rpm,
6000 rpm, and 8000 rpm for 15 min to remove large nano-
particles. To obtain a larger MoS, nanosheet, ultrasonic exfo-
liation with 70 W for 3 h was used and then let the acquired
dispersion stand two weeks with 0 rpm. Subsequently, we can
prepare the films with almost the same thickness by controlling
filtration volume using the vacuum filtration technique.
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B. Characterization of MoS, Dispersions and Films
The MoS, nanosheet was successfully exfoliated from optical
images of MoS, dispersion and presented in Fig. 1(a). In
addition, MoS, concentration was measured from 0.01 to
0.24 mg/mL. To investigate the relationship between the size
and optical bandgap, a Tauc plot derived from UV-Vis spectra
of MoS, dispersions with a different centrifugation speed is
given in Fig. 1(b). The result shows that the bandgap of
MoS, dispersions ranged from 1.36 to 1.27 ¢V with increased
centrifugation speed. The size-dependent bandgap is supposed
to be induced by S and Mo atom vacancies [2,35].

To further confirm the successful size-separation of MoS,,
the dispersions were dropped respectively on glass substrate and
measured by AFM. Figure 1(c) summarizes the average MoS,
nanosheet diameters at a different centrifugation speed, which
indicates evidently that the average diameter is 0.60 pm at
0 rpm with a thickness of ~15 nm, and the finest average diam-
eter is 0.29 pm at 8000 rpm with a thickness of ~6.5 nm. In
addition, Figs. 1(d) and 1(g) show the average diameter is
0.52 pm, with a thickness of roughly 8.8 nm at 2000 rpm;
the average diameter is 0.35 pm, with a thickness of roughly
7.3 nm at 4000 rpm in Figs. 1(e) and 1(h); the average diameter
is 0.32 pm, with a thickness of roughly 6.7 nm at 6000 rpm in
Figs. 1(f) and 1(j).

The nanosheet size was also confirmed using TEM as shown
in Fig. 2. The maximum flake size is 600 nm at 0 rpm, whereas
the minimum nanosheet size is ~280 nm at 8000 rpm. In
Figs. 2(a)-2(e), ultrathin nanosheets can be observed by exam-
ining the layer edges. Obviously, the ultrathin nanosheet can be
obtained at 8000 rpm with the minimum concentration. These
TEM results are consistent with AFM results as shown in
Fig. 1(c). Defects are observed at the edge of the nanosheets
with high-resolution TEM as presented in Fig. 2(f). The spac-
ing of the nanosheet at 6000 rpm is ~6.61 + 0.01 A, whereas
the interlayer spacing of bulk MoS, is ~6.2 A. The fringe of
the nanosheet edge is not continuous, which can be attributed
to the existence of S or Mo vacancies [5,36]. To confirm the
defect type in the nanosheet, elemental mapping of S and Mo is
presented in Figs. 2(h) and 2(i). At the nanosheet edge, Mo
atoms have a higher density compared to S atoms; moreover,
the abundant removal of S atoms can be easily observed at the
flake edge.

XPS was further applied to confirm the S vacancies by ana-
lyzing the S:Mo ratio of MoS, film in Fig. 3(a). We selected an
optimal thickness of ~45 nm according to controlled filtration
volume. We did not observe evident MoO; component at
236.3 eV. Therefore, we can ignore the MoOj in the sample.
The shift of binding energy comes from reduced electronega-
tive S neighbors [5,37]. The results agree well with Raman
peaks shift in Fig. 3(d), indicating the change of S vacancies.
At 0 rpm, the S: Mo ratio is 2.12, which suggests abundant S
in the growth process at the beginning. However, with the
increase in centrifugation speed, the ratio of S:Mo decreases
from 1.67 to 0.80, implying more S vacancy formation. There
are two mechanisms that can produce S vacancies. First, a
small nanosheet with highly exposed edge terminations [29,38]
easily gives rise to the S vacancy defect instead of Mo vacancy
in the MoS, nanosheet due to the low formation energy.
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(a) Concentrations of MoS, dispersion at different rotation speeds with related optical images inserted. (b) Tauc plot of MoS, dispersions.

(c) Size and height of MoS, dispersions at different rotation speeds. (d), (g) AFM image and height profile of MoS, at 2000 rpm. (e), (h) AFM image
and height profile of MoS, at 4000 rpm. (f), (i) AFM image and height profile of MoS, at 6000 rpm. The number indicates the different nanosheet.

Second, ultrasonic exfoliation needs long-time high energies to
bombard the MoS, surface and further produce S vacancies.
Further XRD experiments are presented in Fig. 3(b), from
which three peaks can be observed at 14.37°, 39.53°, and
60.14°, corresponding to the hexagonal MoS, (0 0 2), (0 0 4),
and (0 0 8), respectively. The peaks drastically decrease in in-
tensity, indicating reduced crystallinity with the increase of
centrifugation speed due to the increased S vacancies. Similarly,
the defects can also be confirmed by the Raman spectra in
Fig. 3(c), from which MoS, peaks can be observed at 383.5
and 408.7 cm™!, corresponding to the Eég and A;, mode
[39], respectively. We have not observed the evident peak at
223 cm™!, which is associated with MoO, [40]. As such, the
MoO, can be ignored in samples. We observed the reduced
intensity with the increase of centrifugation speed, which may
be due to the reduced crystallinity induced by S vacancies, and
which agrees well with the XRD results in Fig. 3(b). The Ajg
mode indicates out-of-plane S atoms displacement, whereas the
E%g mode is in-plane displacement from Mo and S atoms.
As presented in Fig. 3(d), the Eég mode has a red shift from
383.5 to 381.8 cm™! with the increase of centrifugation speed,

which can be attributed to the increase in the number of S
vacancies in MoS, [6]. Conversely, the A;, mode shifts from
407.5 to 408.7 cm™! due to the increase in defect density [41].
Through UV-Vis absorption spectra of MoS, films, A and B
exciton peaks are, respectively, observed as shown in Fig. 3(e);
the optical bandgaps have the estimation of ~1.30 eV by a
Tauc plot as shown in Fig. 3(f). This is different with MoS,
dispersions in Fig. 1(b) probably due to multilayer films. The
aforementioned characterization results suggest that MoS,
films with a different centrifugation speed have different con-
centrations of S vacancies.

C. Size-Dependent Nonlinear Absorption of MoS,
Dispersions and Films

In our previous reports, an open aperture Z-scan measurement
at the wavelength of 800 nm with a pulse duration of 35 fs and
repetition frequency of 1 kHz was equipped. The waist radius
was about 30 pm measured by a knife edge method. It was
performed to study the NLO property of transition metal di-
chalcogenides film [34,42]. There is no evident signal from the
solution (ethanol) in quartz cuvette at a pulse energy of 0.5 pJ.
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Fig. 2. Representative TEM images of MoS, dispersions at (a) 0, (b) 2000, (c) 4000, (d) 6000, and (e) 8000 rpm. (f) High-resolution TEM
image of MoS, nanosheet at 6000 rpm. (g) TEM image of ultrathin layer of MoS, defect at 8000 rpm; elemental mapping of (h) Mo (i) S.
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Fig. 3. (a) High-resolution XPS spectra of MoS, films. (b) XRD patterns of MoS, films. (c) Raman spectra of MoS, films. (d) Raman shift
of Eig and Ay,. (e) UV-Vis absorption spectra of MoS, films. (f) Tauc plot obtained from UV-Vis absorption spectra of MoS, films with an increase
in centrifugation speed.

SA occurs in MoS, dispersions at 0 rpm according to the depicted in Fig. 4(c), in which a smaller transmittance at the
dependence of transmittance peak on pulse energy as presented focus position (0 mm in Z-scan) can be observed with the
in Fig. 4(a). Alternatively, RSA occurs in MoS, dispersion at increase in centrifugation speed. With the same thickness of

6000 rpm as shown in Fig. 4(b). Therefore, the influence of 45 nm but different centrifugation speed, the MoS, film
nanosheet size on nonlinear absorption was investigated and shows a conversion from SA to RSA with the increase in
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Fig.4. Open-aperture Z-scan results of MoS, dispersions (a) at 0 rpm with different pulse energies, (b) at 6000 rpm with different pulse energies,
and (c) at different rotation speeds. Z-scan results of MoS, films (d) at 8000 rpm and different pulse energies, at different rotation speeds (e) with

45 nm thickness and (f) 75 nm thickness.

centrifugation speed as presented in Fig. 4(e), and eventually
the RSA behavior is observed for MoS, film at 8000 rpm as
shown in Fig. 4(d). However, 75-nm-thick MoS, films only
exhibit SA phenomena, as shown in Fig. 4(f), compared to
the 45-nm-thick ones. In our experiments, both SA and
RSA exist in the MoS, dispersions and films. SA can be mainly
attributed to the bandgap of multilayer MoS, being less than
1.55 eV while RSA may be induced by nonlinear scattering,
excited state absorption, TPA, and so on. Therefore, the exper-
imental Z-scan results are theoretically analyzed by a nonlinear
absorption model including both SA and RSA [30,43,44].

Equation (1) is as follows:

a(l) = + P!, (1)

%o
1+ (/1)
where / denotes the intensity of the laser beam; f ¢, the non-
linear coefficient; @, the linear absorption coefficient, which
can be obtained from the UV-Vis absorption; and /;, the
saturation light intensity.

After fitting the Z-scan curves, the /; value of all MoS, dis-
persions is roughly 329 GW /cm? as the nanosheets are multi-
layer MoS, with almost the same thickness [30]. This value is on
the same scale as the reported value (7, ~ 413 & 24 GW /cm?)
[45]. Similarly, the 7/, of MoTe, nanosheet dispersion is
217 11 GW/cm? at the same condition [24]. Meanwhile,
Peg is strongly dependent on the nanosheet size, as presented
in Fig. 5(a). The MoS, dispersion shows SA with a fg of
~-4.2x107 cm/GW at 0 rpm, while the calculated S
is ~4.9 x 102 cm/GW at 6000 rpm for RSA. Similarly, we
also observed obvious nonlinear absorption for MoS, films with
different centrifugation speed. The calculated f.g of MoS, is

~-158 cm/GW at 2000 rpm, and it is ~13 cm/GW at
8000 rpm. With an increase in centrifugation speed, the value
of f.g becomes larger due to the increased contribution to RSA.

In order to evaluate the performance of the NLO devices,
the linear absorption needs to be eliminated. The calculated
values are presented in Fig. 5(a). The imaginary part of the
third-order NLO susceptibility (Imy®)) is defined [46,47]

as follows:

1077 cAn?
Im y® (esu) = <W>ﬁeff, (2

where 4, ¢, and 7 denote laser wavelength, light velocity, and
linear refractive index, respectively [48].

By the definition of figure of merit (FOM) for third-order
nonlinear absorption, FOM = |Imy® /a,|, Imy®), and
FOM values of MoS, nanosheet dispersions are presented in
Fig. 5(b), which indicates that both FOM and Im y® increase
with the decreased sheet size implying their size dependence of
MoS, dispersion. Further, The FOM and Im y® values for
MoS,; film were also investigated as shown in Fig. 5(d) with
the film thickness of 45 nm. Apparently, the increase in size
results in the increase in Imy® value, making it clear that
NLO properties are dependent on size, which is consistent with
the results obtained from MoS, dispersion. However, the FOM
value decreases with the increase in size which is due to the
improved contribution from RSA.

D. Mechanism of Size-Dependent Nonlinear
Absorption

For MoS,, the appearance of SA can be mainly attributed to
band-to-band absorption because the nanosheet bandgap is
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below the excited photon energy. The excited electrons directly
move from the valence band (VB) to the conduction band
(CB). Meanwhile, the RSA phenomenon is commonly associ-
ated with the aforementioned nonlinear scattering, excited state
absorption, and TPA. In our experiments, the nonlinear scat-
tering can be ignored [32] due to the 35-fs laser pulse duration
and nanojoule-level pulse energy, which will not induce micro-
bubbles from the thermal effect. The excited state absorption
process is associated with the triplet state in organic dyes.
However, the triplet state can be neglected because the relax-
ation time is much longer than the pulse width [34,49]. In ad-
dition, the TPA lifetime is very short (in picosecond/
femtosecond scale), which is consistent with the ultrashort
pulse laser utilized in this work. In essence, TPA mainly occurs
when the excited photon energy is lower than the bandgap. In
this study, the defect state of S vacancies is introduced for MoS,
over 2000 rpm. The S vacancies state can act as a stable state
and absorb an excited electron. Therefore, the S vacancy state

2.0
15
10

absorption will take part in the optical process, which could also
explain the RSA phenomena at high concentration of S vacan-
cies. In other words, the competition between excited and de-
fect state absorption in MoS, dispersions and films can be
mediated by the concentration of S vacancies.

To confirm the mechanism behind the size-dependent
NLO properties of MoS, dispersions and films, the band struc-
ture and density of states (DOS) of MoS, are presented in
Fig. 6 [50]. The CB is mainly formed by Moy while the
VB is formed by Moyq and S3,,, in accordance with the previous
report [51]. To investigate the influence of S vacancies on elec-
tronic properties, monosulfur and disulfur vacancies are intro-
duced and lead to the defect level in the bandgap as shown in
Figs. 6(b) and 6(c), which are consistent with the previous re-
ports [29,52]. With the emergence of S vacancies, the CB and
VB have not had an evident change, but new defect levels ap-
pear below the conduction band minimum (CBM), corre-
sponding to density functional theory results [2,53]. The defect
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Fig. 6. Band structure and DOS results for monolayer MoS,: (a) perfect; (b) with monosulfur vacancy; and (c) with disulfur vacancy.



e T
1518  Vol. 8, No. 9 / September 2020 / Photonics Research , - Research Article

(a) Conduction band (b)

Conduction band (¢)

Conduction band

5 \ /s

s, o, / s, o,

00 10

s, A

Lo O

So
/Valence band

/Valence band \

Valence band

Low (Model 1) S vacancy defect (Model 2) High (Model 3
@ © 0, 13
o I 51 124 @ 2000rpm g @ 2000 rpm
ERT ) mm——ey - @ 4000 rpm £ e 4000rpm
5 o ees £ o Zho0iznm B @ 6000 rpm
09 ‘= P E @ 8000 rpm
£ o  Orpm £, ° s00rpm E 1.2
2081 o 2000 rpm s )
Y @ 4000 rpm ; ;
= @ 6000rpm N\ | 0 g =
= 0.6 T 1.0 s © 1.1 Mos2 film
gl) N .E 75 nm
=05 = g 500 nJ
Mos: fill
E 049 MoS: nanosheet g 09 45mm 5P
2 034 400nJ Z. 500 nJ Z. 10
10 100 10 100 10 0
Pump fluence (GW/cm2) Pump fluence (GW/em2) Pump fluence (GW/cm’)
Fig. 7. (a) Three-energy-level model of few or few-defect MoS,. (b) Three-energy-level model combined with defect state of S vacancies in MoS,.

(c) Three-defect-energy-level diagram at a high concentration of S vacancies in MoS,. Fitting results of (d) MoS, dispersions at different rotation
speeds, MoS,; films (e) with 45 nm thickness and (f) with 75 nm thickness.

states mainly come from Mo,y orbitals in the DOS spectrum,
while the §3; orbits provide few contributions to these defect
states in the bandgap [29]. The defect states possess three peaks
in the DOS as shown in Fig. 6(c), which are more delocalized
compared to that in Fig. 6(b) owing to the disulfur vacancies
[28]. The monosulfur and disulfur vacancy will introduce deep
levels staying about 0.6 ¢V below CBM [52]. These defect lev-
els can participate in optical absorption and absorb excited elec-
trons, which agree well with the experimental results [7,54,55].
Under the excitation, the electrons of S vacancies will be excited
to the CB because the defect level is close to the CBM [28].
Increased S vacancies with size enhance the DOS of S vacancies,
leading to the populating of more electrons from the VB as well
as to enhancing nonlinear absorption [7]. Herein, an energy-
level model based on the concentration of S vacancies was
developed to understand the dynamic process in Fig. 7.
Three-energy-level model (Model 1) in Fig. 7(a) was created
to investigate the dynamic process of defect-free samples [49],
where Sy, Sy, and S, denote the state of ground, first excited,
and second excited, respectively; N, and N, the population
densities of Sy and S, respectively; oy and o, cross-section
of ground and excited state, respectively; and 7, the lifetime
of first excited state moving to ground state. At low concentra-
tions of S vacancies, the excited electrons are captured by the S
vacancy states. Thus, the defect state model (Model 2) was in-
troduced based on Model 1, which is presented in Fig. 7(b),

where S, denotes the vacancy defect state; IV, the popula-
tion densities of S,; and 0, and o3, the ground state cross-
section and defect state cross-section in defect materials,
respectively. 7; and 7, denote the lifetime of first excited state
to defect state and back to ground state, respectively. For high
concentrations of S vacancies, the defect energy-level model
(Model 3) is presented in Fig. 7(c). The excited electrons are
directly captured in defect state.
Nonlinear propagation equations were defined as a function
of pulse energy a(/) [22,56] as
% = —a(l)l. (3)
Rate equations and nonlinear propagation based on

Models 1-3 can be expressed as shown below.
Model 1 is as follows:

dNO _ N()G()[ &

= , 4
dr w o @
le N0601 Nl
S S _2 5

dr hv T ©)

d7
Q = —0'0N0[— (71N1[, (6)
N =Ny+N,. (7)
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Table 1. Parameters of MoS, Dispersions and Films
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Materials Centrifugation speed (rpm) 61/6y 6,/64 63/6, 7o (ps) Model
MoS, dispersion 0 0.78 - 0.46 1
2000 0.88 3.40 3.8 4.47 2
4000 1.07 2.00 1.1 54.2 2
6000 0.07 0.07 1.1 - 3
MoS, film with 45 nm thickness 2000 0.89 0.45 1.24 1.49 2
4000 0.35 0.42 6.61 2.32 2
6000 0.63 0.01 3.58 2.86 2
8000 1.01 2.0 1.10 3.57 2
MoS, film with 75 nm thickness 2000 0.97 - - 0.13 1
4000 0.54 - - 1.18 1
6000 0.38 - - 4.84 1
8000 0.07 - - 46.7 1

Model 2 is as follows:
dnN, Noyool Nyo,I N, N,
0_ VoL Vo0 L N

df - hl/ /71/ Ty 7 (8)
le N()O'()[ NdGa[ Nl Nl
SV _ Mo , V4O N1 9
& w T T ©)
I I
%ZM_M_F&_&, (10)
dr hv hv T T
Model 3 is as follows:
I
%:_M_l_&’ (12)
dr hv 7,
d.Nd Noﬂzl NdGSI Nl Nd
— _ 4 13
& w w T (13)
le Nd63[ Nl
— = -—, 14
dt hv 7 (14)

The MoS, dispersion at 0 rpm exhibits a defect-free sam-
ple. The MoS, films with different sizes and a thickness of
75 nm show SA, which can be described by Model 1.
0,/0, is vital in assessing SA and RSA. RSA occurs if the ab-
sorption cross-section of excited state is larger than that of
ground state, which results in optical limiting effects [57].
Otherwise, SA occurs [20,26]. Fitting results of MoS, disper-
sions and films, by the Runge—Kutta algorithm [43] based on
Model 1, are presented in Figs. 7(d) and 7(f). The fitting
parameter (01/0y) is less than one in Table 1 implying an
SA. 7 indicates that the excited electrons return rapidly to
the Sy, which means it plays a significant role in ground ab-
sorption. For MoS; films with a thickness of 75 nm, 7, changes
from 0.13 to 46.7 ps, leading to a giant SA for a large-size
formed film. On the other hand, the transition from SA to
RSA was observed at MoS, films with different sizes but the
same thickness of 45 nm, which can be deduced from the
competition between excited state and defect state absorption.
Fitting these equations based on Model 2 in Fig. 7(¢), we de-
fined 0, /0y to evaluate the dominated transportation pathway

of electrons. If 6, /o, is larger than one, the defect state absorp-
tion plays a significant role in nonlinear absorption. Then,
03/0, was introduced to assess the SA and RSA. Otherwise,
we similarly assess the nonlinear absorption according to the
value of 6, /0y. The fitting results agree well with the explan-
ation based on Model 2. Experimentally, the MoS, nanosheet
possesses a large number of S vacancies over 6000 rpm. 03 /0, is
also used to assess the SA and RSA based on Model 3. Indeed,
an increase in the number of S vacancies results in the increase
in defect state absorption, thereby improving the RSA. The fit-
ting results based on different models are consistent with the
experimental results in Table 1. They show that the vacancy
defect state can absorb an excited electron, which explains
the transition from SA to RSA.

3. CONCLUSIONS

In summary, size-dependent S vacancies are successfully intro-
duced in MoS, dispersions and films. The size-dependent S
vacancies are also confirmed by TEM, Raman spectroscopy,
and XPS. The transition from SA to RSA was observed with
the increase of S vacancies. Based on the concentration of S
vacancies, an energy-level model was developed to understand
the dynamic process. The results show that SA and RSA phe-
nomena can be explained by the competition between defect
state, excited state, and ground state absorption. To conclude
this work, it paves a new way to tune nonlinear photonic de-
vices by defect engineering.
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