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A B S T R A C T   

A series of colloidal solutions were obtained by pulsed laser ablation (PLA) of MoS2 ceramic target in water with 
varying ambient conditions. The results show that the oxygen-injection affects lowering the grain orientation of 
MoS2 and improving the monodispersion and plasmonic absorption at the range of 700–1200 nm. The nonlinear 
absorption (NLA) performance of the oxygen-injection samples is significantly enhanced with the increased 
oxygen compared with that of the non-oxygen-injection sample. Furthermore, the synergistic effects of elec-
tromagnetic enhancement and charge transfer were demonstrated to be the main reason for the improvement of 
NLA performance.   

1. Introduction 

In recent years, the research and discovery of nonlinear optical 
(NLO) materials have received more and more attention. The future 
generations of optoelectronic devices for information storage, optical 
switches, and signal processing will mainly rely on the development of 
materials with exceptional NLO responses [1]. Meanwhile, in the past 
decade, the effective control of the size, shape and phase of nano-
particles (NPs) has made it more prominent in the NLO applications of 
biology, medicine, photonics and optoelectronics [2–4]. With the rapid 
development of nanotechnology, two-dimensional (2D) nanomaterials 
have received widespread attention due to their unique and fascinating 
linear and nonlinear characteristics [5–8]. As a special 2D nano-
materials, with excellent optical, electrical, and mechanical properties, 
graphene has a wide range of applications in materials science, 
micro-nano processing, biomedicine, etc. [9,10]. The most typical 
preparation methods is chemical vapor deposition (CVD) technology, 
which uses a catalytic metal film to prepare large-area and uniform 
graphene [11,12]. However, when graphene grows on the surface of 
catalyst mental film, a complicated transfer process is needed [13], 
which will be damaged during processing, and the process cost is high. 
Therefore, these adverse factors limit the development of graphene in 
NLO. 

The research of graphene-like materials has greatly changed the 
research thinking of nanoscience and opened the door to a new two- 
dimensional nanomaterial [14]. The layered MoS2 is one of the typical 
graphene analogs. Its strong in-plane covalent bond and weak 
out-of-plane van der Waals force form a stable two-dimensional nano-
structure [15]. The layered two-dimensional nanomaterials can be 
synthesized by micromachining and CVD [16]. However, the most 
suitable method at present is to peel off loose powder from top to bottom 
by ultrasonic treatment in a specific solvent or water [17,18]. This 
exfoliation method has been proven in graphene, which can produce a 
large amount of layered compounds, and then be deposited on the 
substrate to form a thin film. PLA is a safe and operable green technology 
that can prepare stable and controllable colloidal nanoparticles [19]. 
Therefore, PLA has attracted extensive attention in the preparation of 
nanomaterials such as metal oxides and semiconductors [20]. In 1960, a 
breakthrough discovery of lasers led to several innovations in deter-
mining material properties and developing new nanomaterials [21]. 
When nanomaterials are exposed to laser, it may induce several NLO 
effects, such as multiphoton absorption, nonlinear refraction, and so on 
[22,23]. Moreover, molybdenum trioxide (MoO3) is an excellent semi-
conductor material with a wide energy bandgap, which has been widely 
used in the fields of mode-locked pulsed laser [24], catalysis [25], and so 
on. MoO3 nanoparticles (NPs) can be prepared by salt-template 
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synthesis [26]. However, these methods are not only complicated but 
also harmful to the environment. MoO3 has a wide bandgap and a high 
degree of recombination of electron-hole pairs generated by light. In this 
work, PLA technology is used to introduce oxygen defect engineering to 
improve the performance of MoO3, reduce the bandgap, improve the life 
of electron-hole pairs, and significantly enhance the nonlinear absorp-
tion [27]. Meanwhile, a large number of electrons are adsorbed around 
the oxygen vacancies, causing surface plasmon resonance. 

In this paper, we prepared MoS2 colloidal NPs suspension with 
different concentrations of oxygen vacancies by using Nd:YAG fiber 
pulsed laser ablation technique. This method presents a good combi-
nation of pulsed laser and liquid phase peeling. Moreover, we studied 
the optical structure and properties of the suspensions with different 
oxygen vacancies concentrations. The NLO response of the solution was 
also researched by the ultra-fast laser at 1550 nm. 

2. Experiment 

We used a molybdenum disulfide (MoS2) ceramic target (99.99%) 
with a diameter of 20 mm and a thickness of 5 mm for the experiment. 
The target’s surface was ultrasonic cleaned by acetone to eliminate 
residues on the of target’s surface. The deionized water is heated and 
boiled to cool to remove the residual oxygen in the water. The target was 
completely immersed in 6 ml deionized water in a beaker. Then, the 
solution samples were obtained by laser ablation with a Nd:YAG fiber 
pulsed laser (wavelength of 1064 nm) at ambient condition. The target 
was vertically irradiated for 8 min, and the laser parameters are shown 
in Table 1. It is worth noting that the target should be fully in contact 
with oxygen in the process of laser irradiation. Therefore, a 100 ml sy-
ringe was used to inject oxygen into the solution at a constant rate of 30 
ml/min, 60 ml/min, and 90 ml/min in batches. Finally, colloidal par-
ticle solutions with different oxygen content were prepared. These so-
lution samples were marked as sample 1 (S1), sample 2 (S2) and sample 
3 (S3) (gradient blue solutions), respectively. For comparison, the target 
was also irradiated without injecting oxygen under the same laser pa-
rameters, which was defined as S’. With the varying oxygen contents, 
the color of colloidal particle solution is also changing. The schematic 
diagram of the procedure is shown in Fig. 1(a). Furthermore, all the 
solution samples prepared above have been ultrasonically treated for 2 
h, left to stand for 24 h, and then centrifuged at 1000 rpm for 1 h. After 
centrifugation, the top two-thirds of the dispersion was gently extracted 
and dropped on the BK9 glass, which then was rotated by a spin coater at 
a constant speed (400 r/min) for 5 min to prepare the film. Fig. 1(b) 
shows the mechanism of film preparation by spin coating. The thin film 
was formed after standing in the air to dry. 

The phases of the samples were characterized by X-ray diffraction 
(XRD, Rigaku MiniFlex 600 system, Japan). The absorption spectra were 
characterized by a Perkins Elmer double beam spectrophotometer. 
Raman signals were obtained by the XploRA PLUS Raman spectroscopy 
with 638 nm laser excitation. Surface analysis of the samples was con-
ducted by the Thermo Scientific Escalab (XPS). The surface morphology 
was analyzed through scanning electron microscope (SEM) (Merlin 
compact, Carl Zeiss). The NLO performance of the material was 
measured by using a mode-locked picosecond laser (Menlosystems, 100 
MHz, 2 ps pulse width) at 1550 nm with the same incident intensity and 

a Gaussian beam focused by a 15 mm focal length lens. Fig. 1(c) shows 
the Z-scan system. 

3. Results and discussion 

3.1. Optical structure and properties 

The XRD diffraction pattern of the samples with and without oxygen 
injection is shown in Fig. 2(a). For the sample without oxygen injection, 
four sharp peaks could be observed at 15.26◦ (2θ), 40.38◦ (2θ), 50.66◦

(2θ), and 61.08◦ (2θ), corresponding to (002), (103), (105), and (110) of 
MoS2 (JCPDS: 39–1492), respectively [7]. Compared with the standard 
card, the XRD pattern of the sample shifts by 0.8◦ to the right, which may 
be due to the residual stress in the material [28]. The strongest 
diffraction peak is at 15.26◦ (2θ), indicating the preferred orientation of 
MoS2 along (002) crystal plane. These above results show that the laser 
treatment of the target leads to the formation of MoS2 NPs with a high 
crystallization quality. For the samples with oxygen injection, except for 
the weak diffraction peak of the (002) crystal plane, no other diffraction 
peaks were detected. This phenomenon indicates that most of the 
exfoliated MoS2 NPs were oxidized by oxygen during laser ablation. 
With the increase of oxygen content, the intensity of diffraction peak at 
(002) crystal plane gradually decreases, which indicates that the content 
of MoS2 NPs reduced. However, due to the poor crystallinity of MoOx, its 
diffraction peak can not be observed now. Moreover, the broad peak in 
Fig. 2(a) comes from the BK9 substrate, which could be attributed to that 
the film thickness is thin with the structure in a discontinuous state, 
leading to the detection noise of XRD. Furthermore, Table 2 shows the 
structural characteristics of colloidal NPs with different oxygen contents 
in deionized water. The laser fluence is fixed at 711 J/cm2 [3,29]. With 
the increase of oxygen content, the average size of NPs increases, cor-
responding to Fig. 5 (d-f). 

Fig. 2(b-d) shows the absorption, transmittance and reflectance 
spectra of all samples, and the inset indicates the enlarged picture of the 
resonance peak. As shown in Fig. 2(b), There are no obvious absorption 
peaks for the sample without oxygen injection, and the absorption in-
tensity decreases with the increase of wavelength. This phenomenon 
verifies the existence of MoS2 [30]. For the oxygen injected samples, two 
broad peaks at 742 nm and 976 nm are observed, which are caused by 
the oscillation of free electrons and transition between bands in the 
defect MoOx, respectively [31,32]. In addition, due to the introduction 
of a high concentration of oxygen vacancies, a large number of electrons 
are adsorbed around the oxygen vacancies, resulting in local surface 
plasmon resonance [33]. The blue color of the NPs solution is due to the 
charge transfer transition between Mo ions in various valence states 
[34]. Moreover, with the increase of oxygen content, the absorption 
intensity enhances obviously. Fig. 2(c-d) shows transmittance and 
reflectance of these samples with varying oxygen contents. The results 
show that the reflectivity of these samples is very low, and most of them 
are absorption and transmission. The two peaks at 212 nm and 254 nm 
are corresponding to the peaks of BK9 glass. 

3.2. SERS performance 

Since the structure change of Mo oxide could not be detected by XRD, 
Raman spectroscopy was further employed to analyze the initial blue 
MoOx. Fig. 3 shows the Raman spectra of these samples. The Raman 
spectra of sample without oxygen injection are shown in the lower part 
of Fig. 3. The characteristic Raman peaks at 390.7 cm− 1 and 415.7 cm− 1 

correspond to the E1
2g in-plane vibration and A1g out-of-plane vibration 

of MoS2 NPs, respectively [35]. The upper part of Fig. 3 reveals the effect 
of oxygen on the Raman signal of the samples. Three distinct Raman 
peaks can be observed at 233.2 cm− 1, 341.7 cm− 1, and 980.1 cm− 1, 
respectively. Precisely, peaks at 233.2 cm− 1 and 980.1 cm− 1 correspond 
to O––Mo––O bending and terminal oxygen (Mo––O) stretching mode, 
respectively. Due to the introduction of oxygen vacancies, the exfoliated 

Table 1 
Laser scanning parameter.  

Parameter Unit Value 

Laser W 8 
Beam diameter Mm 0.01 
Pulse width Ns 200 
Frequency kHz 45 
Scanning line spacing Mm 0.01 
Scanning rate mm/s 100  
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Fig. 1. The schematic for (a) the experiment process, (b) the preparation of thin films by spin coating, and (c) Z-scan system.  

Fig. 2. (a) XRD patterns and (b–d) absorption, transmittance and reflectance spectra of the samples.  
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MoS2 interacts with oxygen, and the Raman strength is slightly 
enhanced, resulting in the separation of photo-generated charges. 
Meanwhile, the transfer of charge can increase the polarizability of each 
molecule, which in turn enhances the Raman intensity [36]. The peaks 
at 341 cm− 1 represent the triply coordinated oxygen (Mo3–O) asym-
metric stretch mode. This mode illustrates that the edges between three 
adjacent octahedrons share oxygen atoms [31]. XRD and Raman results 
show that the crystallinity of the sample without oxygen injection is 
higher than that of the sample with oxygen injection. The poor crys-
tallinity of the samples may be due to the large crystal defects caused by 
Mo oxidation in the MoS2 NPs. Moreover, with the MoS2 target in con-
tact with oxygen under the thermal effect of laser, a considerable part of 
the sample is oxidized, resulting in the formation of blue NPs solution 
and the increased Raman intensity. 

3.3. Composition and valence states 

The chemical valence and composition of the samples were analyzed 
by XPS (Fig. 4). To quantify the relative content of each oxidation state, 
the spectrum was subjected to multi-peak deconvolution. Polluted car-
bon (284.8 eV) calibration was used to find the correct binding energy of 
all peaks. Fig. 4(a-c) shows the XPS spectra of Mo 3d without and with 
oxygenation. Fig. 4(a) reveals the Mo 3d XPS spectra of S’ (no oxygen 
injection). The peaks at 228.2, 229.2, 229.9, 231.5, 232.8 and 233.4 eV 
represent Mo 3d5/2, Mo4+ 3d5/2, MoS2, Mo 3d3/2, Mo4+ 3d3/2, and 
MoS2, respectively [37]. In the case of continuous laser ablation, the 
target was baked into fine particles, which may lead to volatilization of 
some sulfur due to thermal action, thus forming separate metal molyb-
denum. Moreover, during the cooling and sampling process, oxygen 

atoms easily penetrate the MoS2 lattice structure lacking sulfur to form 
molybdenum oxide, resulting in the presence of Mo4+ [35]. Fig. 4(b) 
shows the Mo 3d XPS spectrum of oxygen injection at a rate of 60 
ml/min (S2). After oxygen injection, some new peaks appeared at 
232.23, 233.63, 235.23, and 236.63 eV corresponding to Mo5+ 3d5/2, 
Mo6+ 3d5/2, Mo5+ 3d3/2 and Mo6+ 3d3/2, respectively [38]. However, 
Mo4+ still exists in the sample, but the content changes, which is due to 
the high valence Mo ion formed by the reaction of implanted oxygen 
with MoS2. With the further increase of injected oxygen (Fig. 4(c)), the 
tetravalent molybdenum ions could not be observed in the sample, and 
the contents of Mo5+ and Mo6+ varied. This is because more oxygen 
participates in the oxidation reaction Mo5+ is converted to Mo6+, which 
leads to a relative decrease in the Mo5+. Fig. 4(d) shows the O1s spectral 
peaks of the three samples. The binding energy at 530.68–531.08 eV and 
532.03–532.23 eV represent lattice oxygen (lo) and adsorbed oxygen 
(ao) on the surface of MoOx (such as –OH and H2O), respectively [33, 
39]. The binding energy at 533.18 ± 0.2 eV represents the peak of O1s 
corresponding to the Mo–O bond of MoOx [31]. Moreover, the increase 
in oxygen vacancies will lead to a further increase of adsorbed oxygen 
and asymmetry of the main peak as well [40]. In the three samples we 
measured, the ratios of lo to ao were 0.656, 0.406 and 0.136, respec-
tively. For S′, there was a large amount of anoxia in the sample due to the 
lack of oxygen injection. However, for S2 and S3, the ratio is relatively 
lower. The peak of O1s corresponding to MoOx increases obviously, 
which may be attributed to more oxygen participating in the oxidation 
reaction to synthesize MoOx. The existing state and proportion of mol-
ecules in the three samples are shown in Table 3. In addition, the results 
of XPS and XRD are inconsistent, which is due to the poor crystallinity of 
MoOx coated by liquid spin coating. XPS results show that the difference 
in oxygen content during laser ablation could change the concentration 
of oxygen vacancies, thereby affecting the composition of MoOx. 

3.4. Surface morphology 

The SEM images of the samples with and without oxygen are 
compared, and the particle size distribution of corresponding samples in 
Fig. 5. It can be clearly seen that the MoOx in the sample is nonuniform 
and amorphous state [41], which is consistent with the XRD pattern 
(Fig. 2(a)). In Fig. 5(a), the MoS2 NPs were detached from the target by 
laser ablation and then loaded on the substrate in a flat form without 
obvious stacking. According to Fig. 5(b) and (c), when oxygen is injected 
into the solution, the film surface shows the stacking of NPs, that is 
caused by the increased MoOx with the increase of oxygen content. The 
insertion diagram in Fig. 5(b) and (c) indicates that the grains on the 
film surface are denser, along with the increase of MoOx content. The 
increase of MoOx content leads to the increase of absorption intensity, 
which is consistent with the result shown in Fig. 2(b). Fig. 5(d-f) shows 
the particle size distributions of these samples measured from SEM im-
ages. As the oxygen content increases, the size of the NPs also increases. 
For S′, S2 and S3, the particle size presents a monodisperse distribution 
with the average particle sizes of 26.49 nm, 44.35 nm and 77.64 nm, 
respectively. It is well know that the formation of larger NPs are due to 
agglomeration tendency of the NPs, which is more prominent in the 
ablation process [3]. In general, the SEM images are in good agreement 
with the above experimental results. 

3.5. NLO properties 

The nonlinear optical properties of the samples were studied using 
open-hole Z-scan technology. The schematic diagram of the Z-scan de-
vice is shown in Fig. 1(c). Fig. 6 shows the normalized transmittance and 
corresponding nonlinear optical coefficient of the sample in an open- 
hole Z-scan system with excitation energy of 3.1 × 10− 3 GW/cm2 and 
an excitation wavelength of 1550 nm. In the nonlinear region, the total 
absorption α can be expressed as α(I) = α0 + β(I)I, where α0, β(I), and I 
represent linear absorption coefficient, nonlinear absorption coefficient 

Table 2 
Structural properties of colloidal nanoparticles with varying oxygen content in 
deionize water.  

Laser 
fluence 
(J/cm2) 

2θ Average 
Particle 
size (nm) 

Miller 
indices 
(hkl) 

Interplanar 
distance(d) 
(Å) 

Lattice 
constants (a 
and c) (Å) 

711 (S′) 15.02 26.49 002 6.1500 a = 3.150 
c = 12.300 

711 (S2) 15.04 44.35 002 6.1450 a = 3.160 
c = 12.300 

711 (S3) 15.02 55.84 002 6.1452 a = 3.161 
c = 12.295  

Fig. 3. Raman spectra of the samples with (upper part) and without (lower 
part) oxygen injection. 
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and laser intensity, respectively. In addition, the Z-scan normalized 
transmittance calculation formula of the sample is as follows: 

TNorm(z)= 1 −
1

2
̅̅̅
2

√
βI0Leff

1 +

(
z
z0

)2 

Among them, Leff is the effective optical intensity of the samples，the 
calculation formula can be expressed as Leff = (1 − e− a0L)/a0

, and L is the 

thickness of the film sample [42]. Moreover, z, z0, I0 represent the linear 
distance from the sample to the focal point, the diffraction length of the 
beam, and the peak intensity of the sample through the focal point, 
respectively. 

Fig. 6(a) shows the nonlinear absorption (NLA) response of the 
sample under picosecond laser excitation. Firstly, the Z-scan system was 
used to test the blank BK9 glass. No NLA phenomenon was found, so the 
influence of the blank BK9 on the samples could be ruled out. Then, the 
Z-scan system was used to test the samples without and with oxygen 
injection. These samples exhibit strong saturation absorption charac-
teristics. In other words, these samples can suppress the transmission of 
low-intensity light and allow the transmission of high-intensity light. 
The normalized transmittance values of the samples (S′, S1, S2 and S3) 
before and after oxygen injection are 1.04, 1.17, 1.25, and 1.45, 
respectively. Obviously, compared with S′, the normalized trans-
mittance of S1, S2 and S3 is significantly improved. And with the in-
crease of oxygen content, it shows an increasing trend. The NLA 
coefficient (β) of each sample is shown in Fig. 6(b). These samples show 
saturated absorption, so β is a negative value. As the laser ablation time 
increasing (the increased oxygen content), the β of the samples de-
creases, while the β of the samples without oxygen injection increases. 
This phenomenon is consistent with the verification result of Z-scan. The 

difference in laser ablation time causes the sample to introduce different 
degrees of oxygen vacancy defects. However, the oxygen vacancy is a 
donor impurity with the minimum generation energy, which plays a 
vital role in the optical properties. The above experiments prove that the 
reasonable introduction of oxygen defects can effectively improve the 
nonlinear performance of the sample. 

In order to better understand the NLO properties of MoOx, the energy 
band diagram in the absence of oxygen and oxygen injection is shown in 
Fig. 6(c). Eg represents the band gap value of the semiconductor mate-
rials, which can be obtained from the results of the absorption spectrum 
[43]. For the sample without oxygen injection (S′), the band gap is about 
1.73 eV. With the introduction of oxygen vacancies (Ovs), the band gap 
gradually decreases, and the band gap of S2 is 1.43 eV. It is well known 
that Ov is the donor impurity with the minimum formation energy. 
Meanwhile, Ovs play key role in changing charge transfer and acceler-
ating electron/hole separation and other optical properties [44,45]. 
When oxygen is injected into the sample, the prepared films all have 
different degrees of Ov defects. The introduction of Ovs, the increase in 
the maximum value of the valence band (VBM), and the expansion of the 
width of the valence band (VB) lead to the rapid separation of 
photo-generated charges, thereby enhancing the absorption capacity of 
the material [24]. In other words, carriers are more easily to be excited 
from the valence band (VB) to the conduction band (CB), which affects 
the absorption capacity of the film. In summary, the corresponding 
enhancement of NLO is largely attributed to the electronic transition 
between the CB and the defect band. 

4. Conclusion 

In this paper, colloidal NPs solutions containing different 

Fig. 4. The XPS spectra of Mo 3d region in (a) S’ (without injecting oxygen), (b) S2 (injecting oxygen with 60 ml/min), and S3 (injecting oxygen with 90 ml/min); (d) 
the XPS spectra of O1s in S′, S2, and S3. 

Q. Cheng et al.                                                                                                                                                                                                                                  



Physica E: Low-dimensional Systems and Nanostructures 140 (2022) 115173

6

concentrations of oxygen vacancies were prepared by laser ablating 
MoS2 targets in deionized water. The effects of introducing oxygen va-
cancies on the surface morphology, composition, and optical properties 
of the samples were investigated. The results show that the existence of 
oxygen vacancy leads to the agglomeration of MoOx colloidal NPs. 
MoS2 and oxygen are transformed into MoOx under the action of pulsed 
laser, which reduces the grain orientation of MoS2. The enhancement of 
plasma absorption can be attributed to the charge transfer between 
conduction band and defect band, resulting in the corresponding 
enhancement of NLO. The synergistic effect of charge transfer and 
electromagnetic enhancement largely determines the improvement of 

Fig. 5. Scanning electron micrographs (SEM) images of (a) sample ablated without oxygen injection (S′), (b)–(c) samples ablated with oxygen injection at 60 ml/min 
and 90 ml/min (S2 and S3), respectively. (d–f) Particle size distributions charts of S′, S2 and S3. 

Table 3 
Relative ratio of molybdenum and oxygen components with different states 
calculated from the XPS of Mo 3d and O1s Spectra.   

Mo 
(%) 

Mo4+

(%) 
Mo5+

(%) 
Mo6+

(%) 
Olo 

(%) 
Oao 

(%) 
OMoOx 

(%) 

S′ 28.03 29.61 0 0 26.98 41.13 31.88 
S2 0 20.54 39.30 40.15 18.29 45.07 36.03 
S3 0 0 45.25 54.74 6.65 48.88 44.47  
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NLA performance. This experiment provides a new idea for the engi-
neering research of the NLA characteristics of semiconductor structures 
and promotes the development and application of plasma-based 
nonlinear photonic devices. 
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