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a b s t r a c t

The two-dimensional (2D) layered molybdenum disulfide (MoS2) material represents a

nominee potent for optoelectronic devices application. In this research work, the experi-

mental characterizations of 2D- MoS2 thin films are reported in terms of various microscopic

and spectroscopic techniques. The synthesized MoS2 thin films are grown by employing the

pulsed laser deposition (PLD) procedure on SiO2/Si substrates. In order to monitor the

deposition rates of ablated films, the buffer argon-gas pressures are varied during the pulsed

laser deposition at substrate temperature of 700 �C. The field emission scanning electron

microscopy and atomic force microscopy analyzes revealed a change in the surface

morphology of MoS2 films when the buffer Ar-gas pressure is varied between 0 and 100

mTorr. For all samples, a 2H-phase is revealed from X-ray diffraction patterns, indicating a

reflection (2q) around 14.85�. By varying the deposition pressure of laser-ablated MoS2 films,

the X-ray photoelectron spectroscopy divulged the chemical compositional elements and

valence states of Mo and S on the surface of MS2 films with low density of defects. Analysis of

the photoluminescence spectroscopy illustrated emission bands spanning from the visible

(Vis) to near-infrared (NIR) regimes in the deposition pressures range ~ 0e100 mTorr. This is

mainly owing to the change in the recombination of electronehole pairs and charge transfer

between the deposited MoS2 films and SiO2 substrate surface under various buffer gas

pressures. Additionally, first-principles electronic structure calculations are performed to

qualitatively examine the effect of native point-defect species (sulfur-monovacancy and

sulfur-divacancy defects) on the electronic structure and optical properties of 2D- MoS2

sheets. It is unveiled that the variation of compositional sulfur-vacancy defect in MoS2
monolayer creates an inegap defect levels above the valence states, leading to an acceptor

character. Importantly, the enhancement in the optical absorption spectra divulged a shift in

the optical gap from Vis-NIR window with the increase of sulfur vacancy contents in MoS2
single-layer. The identification of intrinsic point defects may be beneficial for photovoltaic

energy conversion at higher wavelengths by designing next generation 2D-semiconductors,
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which could be of vital significance for growing 2D layers and multilayers into practical

technologies.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
crystal, and the consumption of elevated energy [37e40]. By

1. Introduction

New plethora of two dimensional (2D) layers has captivated a

worthwhile enthusiasm owing to their distinctive character-

istics [1e3]. Recent evolution in the layered 2D materials has

comprised enormous benefits for devices fabrication, such as

dielectric, semiconductor, and conductor layers [4e8]. The

synthesized 2D layered materials have acquired an

outstanding performance for the new generation 2D-devices,

like photodetectors, flexible thin film transistors, photo-

transistors, heterogeneous catalysis, heterojunction diodes,

gas sensors, and lithium ion batteries [9e14]. Transitionmetal

dichalcogenides (TMDs) are classified into the category of the

most promising 2D layered materials. The atomically thin

molybdenum disulfide (MoS2) belongs to 2D-TMD materials,

containing layers weakly interacting and could be isolated

from its bulk parent compound. Accordingly, the 2D-MoS2
layered atomic structure possesses distinctive and flexible

optical transparency. This is owing to the tailoring of its in-

direct band gap of 1.2 eV of bulk semiconductor to the direct

transition via the thinning to a few layers number unlike the

semi-metallic behavior of graphene [15e21]. By thinning bot-

tomward to monolayer, MoS2 exhibits striking electronic, op-

tical, andmechanical characteristics. However, Van derWaals

interactions constitute the bonding of inter-layered SeMoeS

via the strong covalent bonding between Mo and S atoms in

the basal plane. Both experimental and theoretical re-

alizations revealed a wide direct band gap ~1.9 eV for the

single layered MoS2 material and exhibited a significant pho-

toluminescence as well as superior quantum efficiency

[19e22]. Furthermore, single-layer and few-layered MoS2
material induced peculiar electrical and optical performance,

significant carrier mobilities between 200 and 500 cm2/V, and

outstanding ratios of on/off current exceeding 103. This can

turn this promising 2Dmaterial accessible into the field-effect

transistors (FETs) application and the thinnest transistor

based on MoS2 was previously proposed [23e26]. Eventually,

MoS2 is regarded as an eminent candidate for the next-

generation electronic devices because of its extraordinary

valley, excitons, and spin behaviors [27e30].

Up to date, various researches have been focused on the

preparation of MoS2 layers by utilizing diverse experimental

techniques, the so-called lithium intercalation, magnetron

sputtering, liquid exfoliation, mechanical exfoliation, chemi-

cal bath deposition, laser thinning, and chemical vapor

deposition (CVD) [31e37]. The disadvantages of the chemical

synthesis and mechanical exfoliation techniques are related

to the inconvenience of handling large area for practical de-

vices [34e36]. Despite the simplicity, the scalability, and short

time consumption of themagnetron sputtering, the shortages

are attributed to the roughness of crystal, poorness quality of
employing CVD procedure, the nucleation of layer is trouble-

some, which induces non-uniformed MoS2 layers. Also, it is

possible to manipulate the thickness and scale size of sam-

ples. The growth time is lengthy that can only be facilitated at

higher temperatures. However, it is necessary to look for an

alternative procedure with several advantages over the

traditional growthmethods, like pulsed laser deposition (PLD).

This is due to its simplicity, safety, cleanness, accessibly

controllable, low price, rapidity, scalability, highly manipula-

tion, and lower contamination during the growth process. The

preparation of layered MoS2 films by using the PLD technique

provides various benefits comparatively to the traditional CVD

procedure, where the stoichiometric transmission of ablated

species can be established from the target into the substrate.

The monitoring of thickness would be attained by controlling

the growth kinetics and repetitive rate (frequency) under the

change of deposition pressure and laser energy. Thus, the PLD

procedure is proper for the growth of multi-elemental ele-

ments at different stoichiometry parameters in order to pre-

vent the use of costly and likely risky precursors (i.e. H2S)

utilized in other synthesis techniques [41e46]. Heretofore, the

PLD technique has been effectively employed in the deposi-

tion of various 2D-layered materials, like graphene, black

phosphorous (BP), MoS2, and WS2, and so on [46e48]. This

technique is a useful step for a large scale deposition of multi-

elemental layered materials fabricated in a wafer-scale of

electronic devices.

It is well recognized that the intrinsic point defects in 2D

materials can significantly alter their chemical and physical

properties, yielding either wanted or undesirable response.

The previous works have been already focused their attention

on the vacancies defects that affect the change of magnetic

levels in graphene and boron nitride [49e51]. From the

experimental perspectives, themono-sulfur vacancies remain

the most prevailing defects, divulging both acceptor and

donor behaviors [52e56]. It was reported that the insertion of

oxygen vacancies is much accessible than the rest of native

point defect species. Thereby, the impurity states will be

created in both valence states and in band gap level. Subse-

quently, the impurity levels resulting from the low composi-

tion of native point defects, may enhance the photon

absorption in the visible light regime useful in photovoltaic

energy conversion at higher wavelengths. Extra native point

defects of constituent atoms, the so-called anti-sites, va-

cancies, and interstitials of the host atoms would contribute

to the reduction in the bond strain by incorporating the doping

impurity with different atomic sizes. Thereby, the charge

imbalanced can be compensated via the aliovalent impurity

atom and the electronic structure of semiconducting material

would be altered nearby Fermi level. In contrast to the oxide

analogous materials, the annealing process is troublesome in

http://creativecommons.org/licenses/by-nc-nd/4.0/
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a gaseous environment with sulfur atoms. Thermodynami-

cally, MoS2 materials containing sulfur are not easy to be

stabilized comparatively to oxide analogous materials.

Various stable or meta-stable allotropic materials based on

sulfur may constitute hypervalent molecules, although, the

stabilization of MoS2 samples without native defects is more

difficult than the oxide materials. However, the stabilized

oxide materials are much easier for the manipulation of par-

tial pressure of O2 by employing the annealing process at

higher temperature.

For this key purpose, we address experimental in-

vestigations on the structural and optical characteristics of

MoS2 thin films deposited on SiO2/Si substrates by employing

various characterization instruments under the influence of

buffer Ar-gas pressures in the range of 0e100 mTorr. The de-

positions of laser-ablated MoS2 thin films on SiO2/Si sub-

strates, are carried out using PLD technique. In order to

control the structural morphology of the samples, the depo-

sition of thin films are cautiously prepared from the MoS2
targets grown on SiO2/Si substrates by varying the buffer Ar-

gas pressure and selecting a proper ablated laser pulse num-

ber at substrate temperature of 700 �C. The morphology of

surface, thickness size, and optical features of MoS2 films are

found to vary versus the change of deposition pressure rate.

By employing the PLD technique, it is possible tominimize the

typical vacancies in the prepared specimens. It was found

previously that the S vacancies contribute into the degraded

electronic and optical characteristics of the 2D-materials

[54e56]. Hitherto, the decisive relationship between the va-

cancy defects and the degraded physical features of MoS2
layered atomic structures was a disclosed inquiry. The most

dominant defects in MoS2 layered structures are instances of

lacking mono-S atoms, which are created from S-mono-

vacancies. All the above mentioned potential issues, triggered

our attention to report first-principle calculations to examine

the impact of intrinsic defects, likemono-sulfur vacancy (V-S),

di-sulfur vacancy (V-S2) on the physical properties of MoS2
monolayers that are supportive to our experimental in-

vestigations. The creation of both V-S, and V-S2 typical native

defects in the host lattice can tailor or enhance the electronic

and optical behaviors of MoS2 single-layer, to find desirable

properties, which are missing in the pristine monolayers

[57e68]. A deep acceptor-like state would be created in the

host material with the presence of native point defect, leading

to a p-type semiconductor. The intrinsic defects describe a

proper route for the next generation 2D-semiconductor de-

vices which could be indispensable for growing 2D layers into

realistic industrialized technologies.
2. Materials and methods

2.1. Experimental setup

In the PLD setup, a plasma plume is generated by ejecting the

energy laser pulse of MoS2 specifies on the substrate that is

placed at a few cm in front of the target. In order to control the

morphology and deposition rate of structural materials,

various parameters are needed to be monitored suitably, such

as the excitation voltage, laser energy, number of ablated laser
pulses, repeating rates, and pressure of background gas. The

growth mechanisms are optimized and performed on SiO2/Si

substrates by setting a laser pulse of 20,000 on the MoS2 target

to eject a similar quantity of material at each deposition step.

For SiO2/Si substrate, the growth temperature of 700 �C is

selected for the deposited samples. The generated plasma that

involves both ions and atoms, will attain the substrate at

striked laser pulses on the solid target of MoS2. Then,Mo and S

atoms are implanted onto SiO2 substrate surface at a reduced

time, which is undertaken as the source of atoms during the

delivering of an energetic source of PLD. Moreover, the SiO2

surface acts as a growth template for MoS2 films. A cautious

manipulation of MoS2 particles number is carried out on the

SiO2 surface of the resulting films. This procedure can be

established by changing the laser energy and time of deposi-

tion. The films quality can also be organized by selecting

suitable rates of cooling and pressures of background gas. The

deposited MoS2 films are carried out on cleaned and polished

SiO2 substrates.

The deposition of MoS2 films is achieved by employing a

KrF laser (l ¼ 248 nm) Lambda physik excimer PLD system.

The distance between the target and substrate is selected at

5 cm. Before the deposition of samples, the chamber is evac-

uated at a base pressure of <10�7 Torr for preventing the

oxidation of MoS2 films. The ablated MoS2 target is imple-

mented on SiO2/Si substrate at an excitation voltage of 22

Kvolt, a frequency of 10 Hz, and a duration of pulse of 20 ns.

The time of ablated target is realized at 10 s to prevent the

transfer of MoS2 species (less than 5 nm) onto the substrate.

The laser spot size is focused on the target at 1 mm2 by uti-

lizing the ablated laser of fluence ~6 J/cm2, which possesses a

circular outline of a radius ~7 cm. Then, the sample was

delivered inside the chamber of preparation (buffer Ar-gas

pressure ~ 0 mTorr) after the PLD procedure. For the depos-

ited samples, the cooling of SiO2 substrate surfaces are

established at rates of 3 �C/min. The samples are synthesized

at various buffer Argon gas pressures of 0, 50, and 100 mTorr,

respectively. A commercial pellet of MoS2 (Stanford advanced

materials) is utilized as a sputtering target with purity of

99.9%. The PLD-grown MoS2 films are implemented at a

dimension of 10 mm � 10 mm on a cleaned surface of SiO2/

p þ -Si wafer substrates of 50 nm thickness. The fabricated

MoS2 films on SiO2/Si substrates illustrated a particle-like

structure because of the sensitivity of SiO2 surface [40e43].

Fig. 1 displays the experimental setup of PLD system that is

employed during the growth of MoS2 films. To improve the

quality of films, a suitable choice of laser fluence and cooling

rate are required. For the preparation of various samples, a

flowing of buffer Ar gas (pressures of 0, 50, and 100 mTorr,

respectively) and a diffusion pump are used for both target

and substrate that are settled inside a vacuum chamber. In

order to acquire less S deficiency during the deposition pro-

cess, the buffer Ar-gas is utilized for the control of pressure in

the chamber and stoichiometry of deposited films.

2.2. Thin film characterization and measurements

After the PLD synthesis of MoS2 films, the morphological

shapes of structures (the variation of magnitude is between

nm and mm) are measured and characterized by changing the

https://doi.org/10.1016/j.jmrt.2021.06.059
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Fig. 1 e Schematic diagram of deposition of MoS2 films by

PLD technique.
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buffer-Ar gas pressure from 0 mTorr up to 100 mTorr. The

structural characterizations of MoS2 samples are carried out

with X-ray diffractometer (XRD) patterns, a Philips PW1710

diffractometer, while the radiation source of Cu-Ka is used

with a wavelength of 0.1542 nm. The structural morphologies

are analyzed by employing the field emission scanning elec-

tron microscopy (FE-SEM; JSM-7610 F FE-SEM; JEOL) of MoS2
films that are grown on SiO2/Si substrates. In addition, the

surface topography of MoS2 films are determined from the

atomic force microscopy (AFM; Bruker, Germany). The

changes in the structural bonds and transmission modes of

MoS2 samples are estimated by means of Fourier transform

infrared (FTIR; Nicolet 6700, Thermo Scientific, USA) spectra as

a function of the variation of wavenumbers between 350 cm�1

and 4000 cm�1. Additionally, the measurements of optical

absorbance spectra of MoS2 films are determined via the

ultravioletevisibleenear infrared (UVeViseNIR) spectroscopy

(JASCO UV/VIS/NIR spectrophotometer (V670)) by varying the

wavelengths between 200 nm and 1200 nm. The binding en-

ergies of Mo, and S elements in MoS2 films are measured from

the monochromatic Al Ka at 1486.6 eV, with X-ray photon

spectroscopy (XPS) (PHI 5600 Multi-Technique XPS: Physical

Electronics, Lake Drive East, Chanhassen, MN, USA). The

photoluminescence (PL) spectroscopy is utilized for the mea-

surements of emission spectra of all samples at continuous

wave laser of 473 nm.
3. Results and discussion

The effect of deposition pressure on the crystalline patterns,

chemical stoichiometry, and optical characteristics of the

layered MoS2 films are discussed in this section. The variation

of deposition pressure influences MoS2 thickness on the sub-

strate surface by selecting proper PLD deposition parameters.
3.1. Structural characterizations

3.1.1. FE-SEM analysis
The FE-SEM measurement is a useful tool to inspect the

changes in the morphological, surface characteristics, and

structural properties of the specimens grown at different

deposition pressure regimes. Fig. 2(a)e(c) illustrate the high

resolution SEM images of the deposited MoS2 films on SiO2/Si

substrate surfaces. After PLD procedure, the Mo and S species

can be grown conveniently on the substrate surfaces during

the deposition process and substrate cooling. Therefore, the

deposition pressure is crucial to alter themean free path of the

ablated species in which the energy will be maximized or

minimized to arrive the substrate surface. The nucleation of

MoS2 nanostructures occurs at the first stage on the substrate

after the deposition process at different buffer Ar-gas pres-

sures (see Fig. 2(a)e(c)). This may be associated with the

different domain boundaries formed of agglomerated struc-

tures having different orientations. The FE-SEM images reveal

twisted triangular domains for the synthesized MoS2 films

under the variation of buffer Ar-gas pressures, as portrayed in

Fig. 2(a)e(c). After optimizing the growth conditions, the

layered MoS2 nanostructures acquired polycrystalline pat-

terns with hexagonal shape. The formation change of trian-

gular islands is associated with the growth environment of

MoS2 films at deposition pressures of 0, 50, and 100 mTorr,

respectively. Obviously, the modification of nanoparticles

arrangement induces in laser ablated MoS2 films under the

variation of buffer Ar-gas pressures. The SEM image displays

that the prepared MoS2 film from target possesses layered

structures at deposition pressure of 0 mTorr, while various

zones contain wavy-type structures (see Fig. 2(a)). The nucle-

ation and Van der Waal layers occur on substrate from MoS2
nanostructured films that have flakes arrangement along

different directions. As pictured in Fig. 2(b), small nano-

crystals are grown on SiO2/Si substrate surface. Therefore, the

deposited film illustrates shapes of gradual triangular islands

when the deposition pressure is increased up to 100 mTorr

(see Fig. 2(c)). The coverage of MoS2 is almost complete on the

substrate surface at 100 mTorr, as anticipated to grow layer-

by-layer mode. Thus, the structural morphology of MoS2
films on the surface of SiO2 substrate, confirms pyramidal

patterns. In PLD processes, only the stoichiometry is trans-

ferred from the target onto the substrate and the crystalline

phase of the resulting film is not necessarily similar to the

target. At 0 mTorr, the appearance of resputtering from the

film surface is owing to the existence of energetic particles

inside the plasma plume. Conversely, a reduction in the par-

ticle energy is accompaniedwith a reduced resputtering as the

gas pressure augments. Then, the scattering of ablated Mo

and S atomic species getting out of the deposited path be-

tween the target and substrate surface will be increased at 100

mTor. This may conduct to a reduction in the deposition rate.

At higher deposition pressure, the kinetic energy would be

diminished for the deposited particles to attain the optimal

deposition rate and to prevent the particles implantation.

Thereupon, the deposition of the films from the target would

https://doi.org/10.1016/j.jmrt.2021.06.059
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Fig. 2 e (a) FE-SEM images of MoS2 films deposited on SiO2/Si substrate prepared at 0 mTorr, (b) 50 mTorr, (c) 100 mTorr and

d) X-ray diffraction patterns of all samples deposited at 20,000 pulses on SiO2/Si substrate.
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be grown at various stoichiometries. At deposition pressures

of 0 mTorr, 50 mTorr, and 100 mTorr, the Mo/S ratios are 0.75,

0.54, and 0.54, respectively. The variations between the three

samples, are subject to the minor local stoichiometry alter-

ations in the films, owing to the depleted areas from sulfur. At

elevated deposition pressure, the loss of sulfur element is

reduced during the laser ablation against the deposition pro-

cess in the vacuum.

3.1.2. XRD characterization
The crystalline structure and layer spacing of laser-ablated MoS2
films are assessed by using XRD measurements. For a suitable

controlof thestructuralmorphologyof samples, thebufferAr-gas

pressures are varied between 0, 50, and 100 mTorr, respectively.

Accordingly, theXRDpatternsofthethreepreparedMoS2filmsare

portrayedinFig.2(d),whicharerecordedin2qrangeof0e45�.They
exhibit broad and sharp diffracted peaks. Then, the synthesized

MoS2 films are ascertained from the intensity of diffracted peaks

taking place between 14� and 36�. Apparently, the three samples

displayquite similarXRDpatternswith somedetails at 2qvarying

between 13.5� and 36�. In Fig. 2(d), the pronounced sharp peaks

that occurred in the three samples, illustrate observable re-

flections at 2q ¼ 14.85�, 15.02�, and 15.16�, in the deposition
pressure range of 0, 50, and 100 mTorr, respectively. These char-

acteristic peaks are assigned to (002) crystallographic plane of

hexagonal (2HeMoS2) phase, appertaining to the P63/mmc space

anddescribing thewell-recognized standard spectrum(JCPDS00-

37-1492) [45]. For all samples, the featurepeak (002) is indicatedby

thein-planealongC-directionofMoS2material,proposinglayered

structures with interlayer spacing of 0.625 nm. The structural

formationpermits the crystallization of the deposited particles of

MoS2 film at 0 mTorr because of the first peak sharpness. The

second superimposed broadened peaks emerge around 34.3�,
35.3�, and 35.7�, respectively, corresponding to (101) plane. They

aredue to thepartial restackingof few layers along thedeposition

procedure. Also, the intensity of first peak is decreased when the

depositionpressureofbufferAr-gas is increased.Thesecondpeak

position of MoS2 film is relocated somehow to a higher position

due to the variation of sulfur deficiency in the MoS2 flakes. Thus,

the discernible peaks are related to the hexagonal crystalline

phase of MoS2 films and other polycrystalline phases with the

existence of some impurity phases of SiS2 and MoO3, which are

induced from the interaction between the films and substrate

surfaces under the variation of deposition pressure.

From X-ray diffraction based on Scherer equation, the

thicknesses of MoS2 films, are found around 17.3, 15.7, and

https://doi.org/10.1016/j.jmrt.2021.06.059
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14.1 nm, respectively for the three samples (buffer Ar-gas

pressures ~ 0, 50, 100 mTorr, respectively). The decreased in-

tensity of the feature peak (002) reveals the stacked MoS2
layered films along the C-axis, which is due to the reduced of

thickness size at higher deposition pressures. Thismay reflect

the nanocrystalline behavior ofMoS2 films. It can be attributed

to the dissipation of kinetic energy out of the ablated species

that are scattered in the presence of gas Ar atoms. Further-

more, the ablated particles will scatter significantly as the

deposition pressure increases, and the particles number will

be reduced to arrive onto the substrate surface. Then, the

surfacemobility of the species diminishes after arriving to the

substrate at higher deposition pressure because of their

reduced kinetic energy. As inspected from the morphology of

synthesized MoS2 films, the particle size decreases as the

deposition pressure increases. Thus, the diffraction patterns

indicated the mixture of trigonal structure with insignificant

intermediate phases of SiS2 and MoO3 [44e46]. At various

buffer argon-gas pressures, the deposited MoS2 films have

polycrystalline behavior with a hexagonal crystallinity shape

and their physical properties are analogous to MoS2 flakes

comprising S-vacancy type defects.

3.1.3. AFM characterization
To acquire an insight on the surface homogeneity and struc-

tural morphology of the grown-PLD MoS2 samples at different

conditions, the high resolution AFM images are inspected.

Fig. 3(a) and (c) depict the AFM topographies of MoS2 struc-

tures deposited on SiO2/Si substrate surface at various buffer

gas pressures. At 0 mTorr, the MoS2 film has a polycrystalline

distribution on the entire surface, constituting few isolated

aggregates on the top of substrate. However, the favorable

formation of MoS2 film is composed of layered nanoclusters

with brighter aggregated structures that are partially

embedded on the top of SiO2 surface, as seen in Figs. 3(a)e(c).

It is noticeable that the deposited MoS2 sample at 0 mTorr,

starts its growing with the nucleation of atomic islands.

Subsequently, the Mo and S atomic species are favorably

occupied atop substrate surface, and their micrographs are

illustrated by bright spots with images of atomic resolutions.

The inspection of AFM topography of MoS2 film characterized

at 50 mTorr, exhibits the growth of triangular shapes

comprising few layered MoS2 with wider lateral sizes.

Consequently, this sample encompasses flake pattern of few-

layered MoS2 films. The surface of MoS2 nanocrystals illus-

trates also irregular morphological patterns because of the
Fig. 3 e AFM of MoS2 nanostructured films achieved on SiO2 wa

mTorr, respectively.
existing of various defective points, as portrayed in the AFM

images of Fig. 3(c). For the formation of crystalline films with

Van derWaals layers, the interaction of MoS2 layers occurs on

the underlying substrate. At deposition pressure of 100mTorr,

the atomic nucleation of MoS2 island patterns, is indicated by

atomic resolution images with brightest spots due to the sul-

fur deficiencies on the substrate surface. The notches under

the brightest spots reflect the nearest neighboring of Mo ele-

ments with S atoms in trigonal configurations, which contain

few-layered MoS2 triangular islands. When the deposition

pressure increases, the substrate surface will be covered with

Mo and S atomic species as flat grains with diminished size of

aggregates and the particles assemble in disk shaped islands.

AFM images of the synthesized films under various deposition

pressures, exhibit a reduction in the RMS surface roughness as

the deposition pressure increases. At 0, 50, and 100mTorr, the

averaged roughness values are around 12.5 nm, 4.5 nm, and

1.75 nm, respectively. Thus, the systematic reduction in the

RMS surface roughness and crystallites size are detected with

the increase of buffer Ar-gas pressure. This can be attributed

to the decrease in the kinetic energy when the ablated Mo and

S particles are scattered out of the path of deposition by the

gas Ar atoms. Also, the deposition rate reduces due to the

scattering of ablated species with Ar-gas atoms and the ag-

gregates size diminishes comparatively to the deposited

samples at 0 mTorr. Thereupon, the MoS2 species that are

ablated from the target possess an elevated kinetic energy to

arrive quickly to the substrate. The increase in the deposition

pressure leads to the increase in the collision of ablated

atomic species with Ar molecules inside the chamber.

Therefore, the film fabricated at 100 mTorr, characterizes the

thinnest MoS2 islands and comprises the smaller triangular

pattern of few-layer MoS2. Interestingly, the MoS2 thickness

size is marginal irrespective to the recognized distance of

interlayer in the MoS2 bulk structure (6.15 �A [54e57]). Even-

tually, the deposition pressure variation is a good signature for

the alteration of the growth process of samples, although the

aggregates size of MoS2 nanocrystals have been modified at

elevated deposition pressure.

3.2. XPS characterization

The XPS measurements are moreover utilized to inspect the

films evolutions and to ascertain sulfur deficiencies in MoS2
films under the variation of buffer Ar-gas pressures. From the

XPS spectrum, the compositional elements and bonding
fers at 20,000 pulses (a) 0 mTorr, (b) 50 mTorr, and (c) 100
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character in MoS2 films are identified. A survey scan of the

high-resolution profile corresponding to these compositional

elements is displayed in Fig. 4. These compositional elements,

such as Mo, and S occur at some distinct regions of XPS survey

spectrum. As apparent, the characteristic peaks analysis of S

2p, and Mo 3 d core levels, respectively, appear at certain

binding energies (Fig. 4). The plot of Mo 3 d core level illus-

trates an intense sharp peak around 230 eV which is dimin-

ished and relocated to lower binding energies at 228, and

225 eV at deposited pressures of 50 mTorr and 100 mTorr,

respectively. At 0 mTorr, a weak peak sited at 169 eV, is

attributed to S 2p profile, although two feature peaks reduce

that are split into doublet Sp1/2 and Sp3/2 and shift to lower

binding energies around 165 and 166 eV, for deposition pres-

sures of 50 mTorr and 100 mTorr, respectively.

For all samples, the schematic XPS spectra of Mo 3 d core

levels measured in different deposition pressures (0, 50, and

100 mTorr), are depicted in Fig. 5. The characteristic peaks of

Mo 3d states reveal the essential binding energies for the

deposited MoS2 thin films from the targets as a function of the

change of buffer Ar-gas pressures. As apparent from Fig. 5

(a)e(c), four typical peaks of Mo 3 d states are determined,

and their corresponding values are gathered in Table 1. Two

characteristics peaks corresponding to the Mo3d5/2 and Mo

3d3/2 concomitant states, respectively, are assigned to the

Mo4þ state in MoS2 films (see Table 1). Two core level peaks

associated to the Mo6þ 3d3/2 and Mo6þ 3d5/2 species, emerge

from the oxidation of Mo atoms in the films. It is likely that the

implantation of Mo atoms occurred on SiO2 substrate surface.

Also, the reaction may be stemmed with oxygen when the

sample is taken out of the chamber, leading to an intermedi-

ate phase ofMoO3. From the XPS spectra of the deposited films

at higher buffer Ar-gas pressure, the amplitude of peaks re-

duces compared to the film prepared at 0mTorr. However, the

laser-ablated MoS2 films affirmed smaller peaks of S atom due

to the lower S vacancies at both 50 and 100 mTorr, respec-

tively. A disorder is generated around the surrounding atom

because of the lower S defects, which is subject of lower peaks

intensity of Mo3d, and S 2s atoms in the film compared to the

synthesized films at 0 mTorr. Low intensities are developed in

the spectral peaks at higher deposition pressures, which are

assigned to the S 2s state and S vacancies in MoS2 films. Also,

the relocation of Mo4þ 3 d doublet takes place at the lower

binding energy ~0.1 eV, which suggests a low degree of
Fig. 4 e XPS survey spectra of MoS2 films fabricated using

different deposition pressures at 20,000 pulses.
sulfurization of Mo at higher deposition pressure. Then, the

increased deposition pressure yields a reduction in the Mo 3 d

spectral peaks. Thereby, the feature Mo peaks are narrower

for the films deposited in the vacuum chamber, containing

more sulfur defects. For the three samples deposited from the

target at various pressures, the change in the S2p core level

regimes is detected for the film obtained at 0 mTorr, as por-

trayed in Fig. 5 (a)e(c). During the ablation procedure, the

evaporation of sulfur atoms arises from the target which en-

ables the change in the stoichiometric MoS2 prepared on the

substrate at low and high deposition pressures.

The dissimilarities in the XPS spectra acquired in the three

samples can be elucidated by changing the deposition pres-

sures (see Fig. 6). The ejection of Mo and S atoms took place at

a specific energy amount after the laser ablating the target.

The samples are eventually cooled down at 3 �C/min,

although, the temperature of 700 �C was fixed directly after

the interruption of ablated laser nearby the equilibrium con-

ditions. Sufficient heat was hence kept in such a way the Mo

and S atoms acquired enough mobility for reorganizing

themselves and thereby a quite ordered crystalline structure

can be achieved. Hence, the deposition of Mo and S atoms

implanted onto SiO2 substrate surface, took place in the

vicinity-surface areas of the film. However, the formation of

SiS2 at the surface areas of the film emerges from the inter-

action of S atoms on the substrate surface [44e46]. The reac-

tion of the rest of S atoms occurs on the sample surface with

Mo atoms to acquire the formation of MoS2 on top of the SiO2

layer. In the S 2p spectra, the doublet Sp1/2 and Sp3/2 peaks of

MoS2 films fabricated at various pressures are collected in

Table 2. This is due majorly to the Fermi level pinning that

originates from sulfur vacancies. The defective structures

acquire a displacement to the lower binding energies of the

Mo4þ 3 d peaks via the XPS spectra. At 0 mTorr, the excessive

Mo species are developed in MoS2 films grown on SiO2, sub-

strate surface right after the formation of MoS2 films

comparatively to the two samples prepared at higher deposi-

tion pressures. This can be referred to the extra S atoms that

are consumed in the formation of SiS2. However, the excessive

Mo atoms are preserved as metallic in the vacuum. Their re-

action with oxygen emerged upon the exposure to the atmo-

spheric conditions to achieve the oxides, whichmay sit on top

of the MoS2 layer, as inferred via the XPS characterizations.

Control of the chemical composition and crystallinity of the

synthesized MoS2 films can be established by varying the

buffer gas pressure. Then, the argon gas pressure affects

chiefly the acceleration of sulfur deposition rate without

notably accelerating the Mo deposition rate. This can be re-

flected to the pulsed laser procedure, while the voltage exci-

tation will also enable the formation of a quite ordered

structure comprising Mo and S atoms at a short time of

cooling.

3.3. FT-IR characterization

The elements bonding comprising the attachment of func-

tional with different vibrational modes groups, are assessed

by using the IR spectrum. For the sake of comparison, the

spectra are represented at various deposition pressures for the

synthesized MoS2 samples, as depicted in Fig. 7. The FTIR
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https://doi.org/10.1016/j.jmrt.2021.06.059
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profiles of the PLD grown MoS2 films on SiO2/Si substrates

reveal the change in the peak position and intensity of

vibrational modes which report the modification in the

stretching and bending vibrational modes undergoing be-

tween the lower and higher frequency regimes. The FTIR in-

spection of MoS2 films displays specific vibration modes,

resulting from the alteration of MoeS bonds under various

deposition pressures. The vibrational modes of MoS2 groups

and some other elements arise from the SieS and MoeO in-

teractions between films and substrates. The low transmitted

peak occurring around ~1098 cm�1, alluded to the SeO

stretching bonds, although the broad IR peak at around

~3450 cm�1 is attributed to the MoeO bonding after the

interaction of films with the substrate surfaces. Also, the FTIR

spectrum illustrates a sharp peak located around ~2300 cm�1,

owing to the stretching and bending of OeMo vibrations.

Marked peaks positioned at 450 cm�1 are credited to the

SeMoeS bond stretching of the MoeS bonds which reduce

with the increase of deposition pressure as well as the SieO
Fig. 6 e XPS spectra of S 2p core level for MoS2 films prepared
stretching bond, respectively. Moreover, these characteristic

peaks emerge from the MoeS bonding in MoS2 films. The IR

plots of MoS2 films prepared at various deposition pressures,

contain two lower and elevated vibrational characteristic

modes, which display an insignificant shift in the expected

vibrational modes of MoS2 spectra. With the change of depo-

sition pressures, the dissimilarities in the vibrational modes

are owing to the dipolar interaction between the SiO2 sub-

strate andMoS2 films. This behavior wasmainly related to the

change in the interaction between the substrate and sulfur

atoms, as well as the electrostatic surroundings that influence

the MoS2 vibration modes [33,36,43,45]. According to the AFM

measurements, it is noticeable that the films are quite thin,

corroborating the vibrational modes of FTIR of MoS2 films. The

intensity variation in these IR peaks can be a good indication

of S defects in the thin films fabricated at various deposition

pressures. As apparent form FTIR spectra, the S-vacancy is a

favored position for the interaction of Van der Waals inter-

layer without a significant bond creation via the S-vacancy.
at 20,000 pulses: (a) 100 mTorr (b) 50 mTorr. (c) 0 mTorr.
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Table 1 e The binding energy peaks of Mo and S states
extracted from Mo3d core level for MoS2 films at 100
mTorr, 50 mTorr, and 0 mTorr, respectively.

peak Binding energy
(eV)

100 mTorr (a)

Binding energy
(eV)

50 mTorr (b)

Binding energy
(eV)

0 mTor (c)

Mo6þ 3d 3/2 236 236.1 235.3

Mo6þ 3d 5/2 233.8 233.2 233

Mo4þ 3d 3/2 233.2 232.5 232.2

Mo4þ 3d 5/2 230 229.4 229

S2s 227.4 226.7 226.6
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Fig. 7 e FTIR spectra of the depositionMoS2 films by PLD on

SiO2/Si wafer fabricated using different deposition

pressures.
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These results support the XPS spectra finding, which indicate

the effective interaction between the compositional elements

of MoS2 films and substrate surface under various deposition

pressures.

3.4. Optical properties

3.4.1. Photoluminescence measurement
Analysis of the electronic and optical properties of MoS2 films,

can be revealed within PL spectroscopy. A wavelength of

473 nm (~2.64 eV) of excitation source was selected by

pumping the light in MoS2 films. The PL emission profiles are

registered for the three synthesized samples at 0, 50, and 100

mTorr, respectively, that can divulge both excitonic-emission

bands in the Vis-NIR spectrum (see Fig. 8(a)). From the PL plots,

the laser-ablated MoS2 films possess a direct band gap at

different deposition pressures, as displayed by the PL emis-

sion signal around 1.65 eV that is associated with the recom-

bination of excitons. Thus, the band gap results in

electronehole pairs with transition spanning from the Vis-

NIR window, corresponding to the red light. For the depos-

ited samples at 0, 50, and 100 nm, the emission bands reveal

feature peaks sited at wavelengths about 759, 760, and 761 nm,

respectively, indicating a direct excitonic transitions of the K

point in the Brillouin zone [3,20e22]. The relaxed excitons of

MoS2 films will induce in the photons emission of an energy

band gap ~1.9 eV at the K-point. Hence, the PL analysis enables

us to detect the quantum confinement in MoS2, which is

correlated to the band gap as well as the energy transitions

correspondence with the interlayer interaction in MoS2. The

alterations in the band gap is insignificant when the deposi-

tion pressure is increased in the samples, which indicates that

the semiconductor features are broadly restored via the pho-

toluminescence. The PL spectra illustrate a broad peak with

marginal amplitude occurred at elevated energies, owing to

the substrate effect. Pronounced PL emission signals revealed
Table 2 e The binding energy peaks of S states extracted
from S 2p core level for MoS2 films at 100 mTorr, 50
mTorr, and 0 mTorr, respectively.

peak Binding energy
(eV)

100 mTorr

Binding energy
(eV)

50 mTorr

Binding energy
(eV)

0 mTorr

S 2p3/2 162.9 162.2 161.9

S 2p1/2 164 163.4 164
that the exciton peaks are almost unchanged for the deposited

MoS2 films at 0e50 mTorr. This behavior was clearly eluci-

dated from the AFM images, leading to the change in the

crystallinity of nanoparticles at different deposition pres-

sures. As the deposition pressure increases, the PL intensity

signal is significantly affected owing to the change in the

orderedisorder structural degree of MoS2 films and the local-

ized states in the band gap will occur at higher wavelength.

However, a low PL emission develops with a red-shift wave-

length in the NIR regime. This is mainly owing to the scat-

tering of MoS2 species with Ar-gas atoms for the film grown at

100 mTorr. Thereupon, the crystalline structure quality of

MoS2 is influenced, leading to the change in the stoichiometry

and occurrence of low S vacancies in the films comparatively

to the samples produced at 0 mTorr. The low PL amplitude

revealed the insignificant recombination of the electronehole

pairs and the red emission is attributed to the deep defects.

Thus, the electrons will simply attain the surface films,

inhibiting the direct recombination of charge carriers. As the

buffer Ar-gas pressure increases, a deceleration in the kinetic

energy appeared for the ablated particles and the scattering of

ablated Mo and S atomic species will rise. Therefore, the

particles number will be reduced when reaching the substrate

surface since the gas molecules number is greater than the

ablated particles number. The existence of buffer Ar-gas

environment affects also the expansion dynamics of the

plasma. Conversely, the deposited films at 0 and 50 mTorr,

have intense emission peaks in the visible regime revealing

the charge carriers recombination. Therefore, the intense PL

peaks associated to the excitonic emission are indicated by

the recombination of valence band (VB)dconduction band

(CB) and the electronehole pair separation may be increased

in the Vis regime for these films. The PL spectra variation

would also be attributed to the charge transfer modification

between MoS2 films and SiO2 surface in terms of excitonic

emission features under various deposition pressures. The

intensity of PL features for the layered MoS2 films on wafer

substrates, can be influenced from the existing of extra non-

radiative pathways for the recombined exciton, like the pro-

cess of charge transfer and the dipolaredipolar interactions.

Moreover, it is well recognized that SiO2 substrates can

diminish the intensity of the PL emission via the scattering
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https://doi.org/10.1016/j.jmrt.2021.06.059


200 300 400 500 600 700 800 900 1000
-5
-4
-3
-2
-1
0
1
2
3
4

Ex
tin

ct
io

n 
co

ef
fic

ie
nt

(nm)

 0 mTorr
 50 mTorr
 100 mTorr

MoS2/SiO2

600 700 800 900 1000

0.0

0.2

0.4

0.6

0.8

N
or

m
al

iz
ed

 in
te

ns
ity

 (a
.u

.)

Wavelength (nm)

 0 mTorr
 50 mTorr
 100 mTorr

MoS2/SiO2 a) b)

Fig. 8 e (a) Photoluminescence spectra of as-grown MoS2 samples and (b) Extinction coefficients of MoS2 films fabricated

using different deposition pressures.

Fig. 9 e Absorbance spectra of MoS2 films fabricated using

different deposition pressures.
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and interference phenomena with the optical phonons of the

surface [22,46,60e62].

3.4.2. Extinction coefficient
The extinction coefficient reveals the viability of light pene-

tration into a material at a certain wavelength and it also

describes the absorption of light radiation. Fig. 8(b) displays

the extinction coefficient of MoS2 films synthesized under

various deposition pressures. It is well noticed that MoS2 films

possess two separated exciton peaks around 320 nm and

385 nm for the sample prepared at 0 mTorr (see Fig. 8(b)),

revealing the favorable light absorption comparatively to

MoS2 films prepared at elevated deposition pressures.

Extinction is associated with the transmittance, as displayed

in Fig. 8(b). Plots of the optical extinction spectra illustrate also

several characteristic peaks located at 290, 310, and 340 nm for

the MoS2 films synthesized at 0, 50, and 100 mTorr, respec-

tively. The outcome drawn from the extinction curves of the

synthesized samples at elevated deposition pressures, is

owing to the light absorption in the visible window. This can

be reflected to the alteration of defective states into other

energetic states. This behavior corresponds to the power law

for the background of non-resonant scattering higher than

720 nm in these samples. All films spectra exhibit excitons

around 385, 361, and 358 nm, respectively, corresponding to

deposition pressures of 0, 50, and 100 mTorr, respectively.

Furthermore, the dispersion of extinction spectra relies on the

variation of the stoichiometry of films and aggregates size at

low and high deposition pressures. It is well distinguished that

the extinction coefficient displays a feature peak ~690 nm at

higher deposited pressure. This is an indication of the high

absorption of light at low wavelength in MoS2 films. However,

the extinction coefficient is insignificant in MoS2 films, pre-

pared in the vacuum pressure. This can be reflected to a

transparent material at wavelength above 690 nm and an

attenuated intensity is noticed at elevated wavelengths.

When the deposition pressure varies, the generation of charge

carriers that occurred on the substrate surface may tailor the

band gap of MoS2 films. Also, the deposition gas pressure af-

fects significantly the expansion of laser-generated plasma

due to the interaction of the ablated species with the gas

molecules. The low intensity of first peak of MoS2 film syn-

thesized at 50e100 mTorr is attributed to the presence of low

S-deficiency and to the decrease of incident particles on the

substrate surface. It was also inferred that the quantum

confinement in the layered Mo 4d-electron material is
significant irrespective to those determined in sp-bonded

semiconductor nanostructures [47e51].

3.4.3. Absorbance spectra
The deposition pressure effects on the light absorption of

MoS2 films are characterized via UVeViseNIR spectroscopic

technique. As apparent from Fig. 9, the absorption pursues an

analogous tendency like the extinction coefficient up to the

incident radiation energy around 4.27 eV. For the incident

light possessing a photon energy bigger than 4.27 eV, the

enhancement in the absorption spectra occurs even for a

reduced extinction coefficient behavior. The UVeViseNIR

absorption spectrum of MoS2 films (0 mTorr) exhibits a visible

wide peak positioned at 332 nm, which ascertains the exci-

tonic character of MoS2 nanosheets. The sample prepared at

100 mTorr deposition pressure, possesses a wide optical gap

(2.85 eV) in the blue shift range. Also, features are assigned to

two excitons of wavelengths ~600 and 830 nm that split by

130 nm because of the spineorbit splitting and interlayer

interaction. Clearly, these two broad peak positions exhibit a

red-shift in the MoS2 films. The absorption spectra of all three

samples illustrate shoulders altering between 350 nm and

750 nm, which are ascribed to the inter-band transitions

arising from the Mo-4d to S-3p states. The two samples pre-

pared at higher deposition pressures display six typical peaks,

respectively at 50 mTorr (349, 591 and 745 nm), and 100 mTorr

(332, 435 and 830 nm) corresponding to the characteristic ab-

sorption band in the MoS2 films. The feature peaks located

around 745 and 830 nm are assigned to the K point of the

Brillouin zone [3,22,51]. However, the feature peaks positioned

around 349 and 435 nm, are related to the direct transition

arising from the valence states to the conduction states of
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MoS2 films. A typical peak is noticeable in the near-UV span

(less than 300 nm) corresponding to the excitonic behavior of

MoS2. For the film prepared in the vacuum, the optical band

gap assigned to the substantial peak of the optical absorbance,

is owing to the presence of defects in it. Therefore, the defects

will be diminished and the optical band energy is decreased at

higher deposition pressure. At Ar-gas pressure of 50 mtorr, a

red shift occurs in the optical band gap of the synthesized

MoS2 film, which takes place in NIR or far-infrared regimes of

the electromagnetic spectrum. The increased RMS surface

roughness in the laser ablated MoS2 film prepared at 0 mTorr

will also participate to increasing the optical band gap.

Therefore, the optical band gaps of the MoS2 films are some-

how affected as the buffer Ar-gas pressure increases and

thereby the S vacancies reduce in the chamber over the

deposition process. Importantly, the buffer gas-pressure ren-

ders the ejected species to be decelerated in the plasma, owing

the interaction of the species that strike the molecules of the

gas. The buffer Ar-gas pressure affects significantly the qual-

ity of crystalline growth of MoS2 films. The high absorption in

MoS2 films prepared at deposition pressure of 0 mTorr is

attributed to the deposition rate, as exhibited by AFM obser-

vation. A pronounced blue shift wavelength (~460 nm) is

detected in the MoS2 films prepared at elevated deposition

pressures. It was reported that the occurrence of significant

blue shift wavelength in the optical absorption is assigned to

the quantum confinement effects when the lateral size is

diminished for the MoS2 nanosheets. The presence of MoeS

bond character in all sample was further assigned via FTIR

spectra. The marginal peak at 450 cm�1 is accredited to the

MoeS vibrational mode of MoS2 films, while the band posi-

tioned around 750 cm�1 matches with MoeO vibrational

modes. This can reveal the coexistence of sulfides and oxides

in the prepared films at various deposition pressures. Our

results exhibit that MoS2 films would be beneficial for the

detection of light in the visible span (lesser than 500 nm) for

photodetectors applications, owing to their sensibility to the

wavelength of 450 nm.

3.5. First principles calculations

3.5.1. Electronic properties
The computational modellings based on density functional

theory calculations are very useful to elucidate the experi-

mental results and to predict the properties of new complex

materials [22e25]. In this regard, we executed first principles

calculations based on pseudopotential method to compute

the electronic and optical properties of pristine and vacancy

point-defective in MoS2 monolayer. The Vienna ab initio

simulation package (VASP) is employed for this purpose [65].

The basis set of plane-wave involving inner fixed core states,

is employed for the electronic structure calculations within

projector augmentedwave (PAW) approach [66]. A generalized

gradient approximation (GGA) for the exchange correlation

functional was used, in terms of Perdew, Burke and Ernzerhof

(PBE) approach [67]. For the calculations of electronic proper-

ties of all systems, HSE06 scheme is used for both pristine and

vacancy defects in 2HeMoS2 monolayers. A15 � 15 � 1 dense

mesh was selected for the calculations of optical properties.

To ensure a better convergence for the total energy less than 1
meV/atom, the plane-wave energy cutoff of 390 eV as well as

sufficient fine grid of fast Fourier transformation relying on

the supercell are employed. For the optimization of structural

geometries and electronic structures of the pure and sulfur

vacancy defective in MoS2 monolayers, the criteria of

convergence of 1.0 � 10�4 eV/�A and 1.0 � 10�6 eV/cell, is

selected by involving the total relaxation of shape and cell size

for the overall atomic coordinates, respectively, in order to

acquire reliable results. A 3 � 3 � 1 supercell for the MoS2
monolayer is constructed to create mono-vacancy and di-

vacancy of sulfur atoms. In order to prevent the important

slab interactions, a vacuumof 17�A is involved. The generation

of 15 � 15 � 1 k-mesh of k-point sampling is established by

employing the MonkhorstePack technique [68]. The relaxa-

tion of all atomic positions are achieved in the plane and the

vertical positions are persevered unchanged.

The optimization of the structural parameters are per-

formed for the hexagonal lattice MoS2 after minimizing the

total energy versus the cell lattice. Then, the outcome equilib-

rium structural lattice parameters a0 ¼ 3.184 �A and c0 ¼ 12.97 �A

are determined, which are in line with the earlier theoretical

and experimental works [20e22,56]. The space group P63/mmc

is referred to the unit cell of MoS2 bulk which is composed of 6

atoms (2Mo and 4 S). Here, the stacking ofMoS2 layers is settled

along c-direction of the unit cell of 2HeMoS2. This is owing to

the neglecting of Van der Waals interaction between MoS2
layers along c-direction, analogous to graphene-type hexagonal

order. To acquire a covalent bonding for MoS2 sheet, the coor-

dination of each Mo atom is connected to six S atoms at both

lower and upper sides of layers (c-direction) in a pattern of

triangular prismatic. Also, the bonding of each sulfur atom is

made in c-direction with three Mo atoms and bonded to six

sulfur atoms in the basal plane to acquire a hexagonal order.

The interatomic distance of MoeS is about 2.41 �A (Fig. 10). All

the computed properties are executed for the free-standing

MoS2 single-layer by generating a 3 � 3 � 1 supercell, as

depicted in Fig. 10. As typical point defects, the attachment of a

single S vacancy (V-S) and divacancies (V-S2) of two sulfur

atoms (one atom at the upper layer and the other one at the

lower side of MoS2 layer) are indicated for the same Mo atom

(see Fig. 10). Illustrative structural geometrical models for

2HeMoS2 monolayers with 3 � 3 � 1 supercell are displayed in

Fig. 10 (b) and (c), involving both V-S and V-S2 point defects.

To assist the experimental determinations, we examined

the electronic features, such as the band structures, and

density of states (DOS) of perfect MoS2 monolayer and defec-

tive structures with the alteration of sulfur vacancies (as sul-

fur and two sulfurs point defect species) in the host 2D-

material. In our investigation, solely neutral point defects are

introduced for simplicity. The electronic band structures of

defect-free MoS2-monolayer compared to the defective

monolayers comprising V-S and V-S2 vacancies, are displayed

in Fig. 10(a)e(c). Also, the inspection of DOS can be elucidated

immediately via the electronic band structure curve of free-

defect MoS2 sheet, as displayed in Fig. 10(a). The optimized

structure of MoS2 single layer has a semiconductor behavior

with a direct band gap transition of 1.85 eV along G- G-direc-

tion of k points in the Brillouin zone (see Fig. 10(a)). The band

structures of V-S into the host MoS2 monolayer acquired

localized defect states. It is noticeable that the defective states
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Fig. 10 e The hexagonal structural configurations of perfect 2HeMoS2-single-layer with 3 £ 3 £ 1 supercell geometry, while

(Mo atom are in purple, and S atom in yellow). In 2HeMoS2-single-layer with 3 £ 3 £ 1 supercell geometry, one sulfur and

two sulfurs are removed to create vacancy point defects, in both top and bottom sides of layer of MoS2) by preserving the

symmetry of the lattice, as portrayed in right sides (b) and (c). Simplified band structures for defect-free of 2HeMoS2

3 £ 3 £ 1 supercell-sheet and native vacancy point defects, such as single-vacancy and di-vacancy of S atoms are indicated

(a), (b), and (c) along with their charge density difference around the sulfur vacancies. The electronic structures display

impurity states at the mid-gap for V-S and V-S2 anion atoms in the host MoS2-single layer, yielding a narrow band gap

systems. The perfect MoS2 single-layer displays a semiconducting character with a direct band gap of 1.85 eV between the

lower conduction states and the uppermost valence states, owing to the zone-folding over the G- G-direction of k points in

the Brillouin zone. In (b) and (c), the density of states are modified by the introduction of S-V and S-V2 in MoS2 single-layer

comparatively to the pure defect-free MoS2 sheet. The feature peaks emerge between the upper valence states and lower

conduction states confined between green and yellow areas.
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are located at mid-gap above the upper valence sates in MoS2-

monolayers containing both single-vacancy and divacancy of

S atoms. For single-vacancy of S atom, the V-S defective states

in MoS2 sheet are located near the lower conduction with a

band gap reduction. Conversely, the V-S2 defective states are

located at the midgap, arising into the band gap depression. It

is remarkable that the number of defective subbands rises

when the number of S-vacancy increases inMoS2 single-layer.

The dispersion of electronic band structures plots display a

band folding multiple times for any vacant point defect spe-

cies. However, the band gap is reduced comparatively to the

defect-free MoS2 sheet and the midgap defective states are

significantly localized because of the hybridization between

Mo-4d and S-3p orbitals. These states turned fully into dis-

persionless and flatness that are located in the bandgap. This

is owing to the weakening of covalent character of MoeS

bonding near the S-vacancy position. Also, the midgap
between G- G direction is positioned around 1.4 and 1.2 eV for

the defective monolayers with V-S and V-S2 vacancies,

respectively. The vacancy defects tailor the band gap, while

the subbands number increases at the mid-bandgap with the

increase of S-vacancy in MoS2 sheets.

To trace the evolution of both electronic structures of

perfect and defective monolayers MoS2, we computed their

projected density of states (PDOSs) on Mo and S atoms, as

portrayed in Fig. 10(a)e(c). From the analysis of PDOS plots,

the S-p-orbitals of defective atoms are subject to the feature

peaks of upper valence states that are responsible in the for-

mation of electronic states nearby Fermi-state. In correspon-

dence with the band-structure dispersion curve, the band-gap

acquired from the DOS is about 1.85 eV for the perfect MoS2
sheet (see Fig. 10(a)). It is clearly noticed that the upper valence

states and lower conduction states of defect-free MoS2 single-

layer are mainly formed of hybridized Mo 4 d and S 3p states,
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leading to a strong covalent character of MoeS bond. For S

mono/di-vacancies into MoS2 sheets, many impurity levels

arise in the mid-band gap (see Fig. 10(b) and (c)). These im-

purity levels are composed of hybridized Mo 4 d and S 3p

states, and become delocalized when S-vacancy number in-

creases. This will rise the participation of Mo-3d states in the

DOS of V-S2 structure with the increased number of non-

terminated bonds of the defected S atoms comparatively to

its perfect structure. The total spectral peaks of the lower

conduction states of Mo/S atoms included in the pure MoS2
sheet, are altered in both V-S and V-S2 defective structures.

For the V-S structure, the first peak sets contain principally S-

3p states which are owing to the dangling bonds of the

neighbors of S atoms, developed from the lower valence

states, although both Mo-4d and S-3p arising from the second

and third peak sets are quite unchangeable (�5.7 to�3 eV) (see

Fig. 10(b)). As displayed in Fig. 10(c), the spectral peaks of DOS

of V-S2 structure nearby Fermi level became narrow. The Mo-

4d-orbitals are responsible for the participation of lower

conduction states and upper valence states, while the S-3p-

orbitals reveal a weak peak in the conduction states ~1 eV. For

S-divacancy inserted into MoS2 layered structure, the defec-

tive states relocate toward the conduction states, inferring a

p-type semiconducting nature. Whilst the localized midgap

states may significantly impact the electron transport of 2D

material, these defective states are dominant for the

enhancement in the photoluminescence intensity

[36,39,56e63].

For the purpose to inspect the change in the chemical

bonding of defective monolayers, the charge density differ-

ences of the first neighbors around the MoeS bonding at S-

mono-vacancy and S-divacancy defects in MoS2 single layers,

are plotted in Figs. 10(b) and (c). The calculated charge density

difference is acquired from the electron densities of mono-

layer MoS2, Mo atoms, and S atoms, respectively. The charge

redistribution is formed from the vacancy point defect,

although the modification in the electron density is owing to

the atomic bonding. Note that the S and Mo atoms located

below and above the purple zone, exhibit an increase in the

electron density nearby the S-divacancy defects. The green

area illustrates the electron density loss after the bonding. The

significant charge transfer arising from S-monovacancy is the

outcome of significant interaction between the vacancy sites

and Mo stemming in the highly stabilized system. It is

revealed that MoeS bonding gives arise to a covalent nature

around the single vacancy of S atom and edge atomic sites

between MoeS bonding in MoS2 monolayer. Note that the

increase in S-vacancy concentration, induces a weakening of

MoeS bonding caused by V-S2 type defect. Subsequently, the

charge density difference reduces with the augmentation in S-

vacancy concentration, inferring a weakened covalent

bonding behavior of MoeS (Fig. 10). This can simply due to the

reduction in the ionic bonding character of defective mono-

layer MoS2. Thus, the generation of dangling bonds happened

around Mo atoms when the S-vacancies type defects are

present in MoS2 monolayer. This would conduct to the

modification in bond-lengths around the vacancy point de-

fects. In a defect-free structure, the bonding of each sulfur

atom that possesses two valence electrons is connected with

two molybdenum electrons. Hence, for the missing of sulfur
atom, these two molybdenum electrons became unsaturated,

referring to the neutral state of the typical point defect. For

both V-S and V-S2 typical defects, the distribution of charge is

shared betweenMo and S atoms, surrounding the point defect

(see Fig. 10). Accordingly, the modifications of the confined

charge occurs at the nearest atomic sites around S atoms for

V-S point defect. Conversely, the change in the charge is

remarkable for V-S2 defect close to the first-neighbor and

second-neighbors of Mo atomic sites. This can be attributed to

the more delocalization behavior of Mo-4d orbitals irre-

spective to S-3p orbitals.

3.5.2. Optical properties
The frequency-dependence dielectric property corresponding

to incident photons, characterizes the optical aspects of ma-

terials that can be computed on the basis of self-consistent

charge density. The estimated dielectric response dependent

on frequency, is associated with the large number of vacant

states to enable wider interval of interband excitations be-

tween the valence states and conduction states. By this way, it

is feasible to establish better results for the optical properties

of the systems under study. The key factor, such as the

complex dielectric function is divided into two terms, which

are the real and imaginary components for providing reliable

information about the optical properties of a material. Then, ε

(u) ¼ ε1 (u) þ iε2 (u) is formulated via the material response to

the light spectrum. On the basis of optical spectra of incident

radiation represented by the real and imaginary expressions

of ε(u), the absorption coefficient, and energy loss function

can be extracted [37].

To gain a better knowledge about the optical behaviors of

V-S and V-S2 vacancy point defects involved into the free-

standing MoS2 monolayer with hexagonal symmetry, their

optical absorption coefficients (aðuÞ) are systematically

analyzed. The optical spectra of pristineMoS2monolayer, V-S-

MoS2, and V-S2-MoS2 defective monolayers are computed

along both polarization vectors of light for Ek (in a-b-plane)

and E⊥ (out-of-plane). They are indicated by ak(u) and a⊥(u)

components at photon energy range of 0e20 eV. First of all, the

spectral features of ak(u) curves are intense irrespective to

that of a⊥(u) component, manifesting an anisotropic trend at

the lower photon energy interval for this 2D crystal structure

without and with points defects. As clearly seen from Fig. 11,

the absorption edge starts around 1.97, 1.6, and 1.3 eV,

respectively, for the pristine MoS2 monolayer, V-S-MoS2, and

V-S2-MoS2 defective monolayers, revealing the optical band

gap (Egopt) along with the global solar spectrum (AM1.5G) of

incident light on the earth. The AM1.5G incorporates the

direct and diffusing rays of light arising from the sun that is

utilized as references for photovoltaic materials [5]. The

threshold of optical absorption coefficient exhibits an alter-

ation from the blue shift to the red shift of the solar spectrum

regime and the solar irradiance is displayed in radish color. It

is well noticed that the optical absorption coefficient spectra

ak(u) and a⊥(u) have an anisotropic shapes for all systems at

photon energies below 13 eV, and thereafter their patters turn

into isotropic profile upward 13 eV, as depicted in Fig. 11. Also,

the first spectral peaks are the signature of electron transi-

tions between the valence bands of S 3p states and conduction

bands of Mo 4 d states. Secondly, ak(u) and a⊥(u) components
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Fig. 11 e Calculated in-plane and out-of-plane of optical absorption coefficient of (a) free-defect 2HeMoS2 3 £ 3 £ 1 supercell

e monolayer, (b) V-S, and (c)V-S2 as a function of photon energy. Green and blue curves correspond to basal-plane and out-

of-plane polarization of incident photons, respectively.
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of the optical absorption coefficients exhibit analogous trends

for defective monolayers except for the threshold value.

Thirdly, the main spectral peaks are located below 13.5 eV,

while the optical spectra curves are almost unchanged at

higher energy regime. The second remarkable peak of ak(u)
occurs around 3.1 eV corresponding to the energy located in

themidsection of G-M k-points for V-S defectivemonolayer. A

noticeable spectral peak is detected at 6.3 eV in the out-of-

plane spectrum for V-S point defect in MoS2 monolayer. It is

well noticed that a low peak occurs at 1.4 eV related to the

excitation arising from the filled valence states to conduction

states. Also, the spectral peaks emerge at 1.85 and 1.4 eV for V-

S and V-S2 point defects in MoS2 monolayer that can be re-

flected to the excitation via the defective filled states. The first

broad spectral peaks emerged in the defective MoS2 mono-

layers, are owing to the valence band around the mid-gap

impurity level. Specifically, the appearance of a shoulder in

ak(u) around 3.3 eV is associated with the occupied valence

states to the empty defective levels, which are developed from

the transition of S 3p states toMo 4 d conduction states in both

V-S and V-S2 defective monolayers. The optical absorption

spectra of ak(u) and a⊥(u) components for defective mono-

layers have a quite analogous dispersed spectral at higher

frequencies (as noticed in Fig. 11). The absorption in a-b plane

polarization of defectivemonolayers vanishes in the regime of

9e12 eV since the energy of incident photons isminor (Fig. 11).

Both ak(u) and a⊥(u) profiles are almost unchanged in the light

energy regime ~ 15.5e19.5 eV. For both mono/divacancy

defective monolayers, the absorption spectral peaks shifts

systematically to the lower light energy comparatively to the

defect-free case. The augmentation of S vacancy contents in

the MoS2 sheet, yields the material to have impurity levels

developing a significant light absorption from the visible to

the NIR span. Hereafter, the optical absorption profiles display

a redshift with a reduced band gap referred to the solar cell
Fig. 12 e Energy loss function of (a) free-defect 2HeMoS2 3 £ 3 s

photon energy. Red and blue curves correspond to basal-plane

respectively.
irradiance spectrum. Furthermore, several extra spectral

peaks are detected at low photon energy in the defective MoS2
monolayers with enhanced optical absorption spectra when S

vacancy content increases. This assumes that the dependence

on the vacancy type-defect, such as the atomic defects in

MoS2 monolayers render them compelling candidates in the

sunlight absorbers with an enhancement of solar cells effi-

ciency in photovoltaic systems [44,48,60e62].

Electron energy loss function spectra provide a guidance

about the interband transitions of single electron that can be

discerned at low energy range from the oscillations of col-

lective plasma [18]. This may characterize the loss of elec-

trons, traveling along a uniform dielectric medium. The

electron energy loss function L(u), contains two parts, the first

one is in a-b-plane (L(u)||) (over a- and b-axis) and the second

one is out-of-plane (L(u)⊥) (over c-axis). The energy loss

function of intrinsic MoS2 monolayer and S-vacancy defective

monolayers are displayed in Fig. 12. Three major energy loss

peaks occur in L (u) spectra owing to the resonance frequency

of plasma uP. The position of energy loss peaks are associated

with the critical points, while the material transitions take

place from dielectric to metal. In the case of sulfur mono- and

divacancies into MoS2 monolayers, the beginning energy loss

peak is insignificant at low radiation energy irrespective to the

perfect MoS2 single layer, while the plasmon peak in the loss

function occurs about 7.8 and 6.6 eV for the polarizations in a-

b-plane and out of plane. It is noticeable that the first plasmon

peaks in L(u)|| are reduced and relocated to 6.3 and 6.0 eV for V-

S and V-S2 vacancies in MoS2 monolayers. As illustrated in

Fig. 12, the second marked sharp peaks in energy loss spectra

are centered between 12 and 15 eV for both L(u)|| and L(u)⊥ of

all MoS2 monolayers. A substantial anisotropic trend emerges

for free-defect and defective monolayers at the same light

photon energy span. Thus, the loss energy behavior disappear

approximately around the radiation energy regime of
upercell e monolayer, (b) V-S, and (c) V-S2 as a function of

and out-of-plane polarization of incident photons,
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16e17 eV. It is well noticeable that the electron energy loss

function displaces to the lower energy when S-vacancy in-

creases in MoS2 monolayer. The electron energy loss function

describes the decomposition of two significant resonance

characteristics for defect-freeMoS2 in basal plane polarization

(E⊥c) located below 9.1 eV because of p plasmons (p-p* tran-

sitions) and upward 9.1 eV is owing to pþs plasmons (s- s* as

well as p-s* transitions) (see Fig. 12). For polarization

perpendicular to a-b plane (E||c) the solely resonance charac-

teristics is upward 9.5 eV, arising from significant s- s* and p-

s* transitions. Note that MoS2 possesses 18 valence electrons.

Hence, the MoeS strong bonding is composed of 12 electrons/

molecule withmixtures of s, p, and d states that stem into the

s valence states, although the rest six electrons are subject to

the p-plasmon states. The two filled states containing the dz2

orbitals of the metal atom are among the six electrons in the

p-plasmon states that displace marginally. Therefore, the

substantial red-shift can be detected in the pþs plasmon

peaks for both L(u)|| and L(u)⊥when altering from the defect-

free to the vacancy defective monolayers with the increase

of S-vacancy content. It is inferred that the incident electrons

of various energies take place on the surface of MoS2, while

the loss of energy cropped up more conveniently at the va-

cancy sites because of elastic collision with electrons between

8 and 9 eV. The peak signal in the defective monolayer is

minor comparatively to the intrinsic MoS2 monolayer. Hence,

the energy loss of electron traversing the defective monolayer

is sluggish, which has a redshift nature.
4. Conclusion

In summary, the synthesis of MoS2 films on SiO2/Si substrates

were successfully achieved within the PLD technique under

different buffer Ar-gas pressures at substrate temperature of

700 �C. In this respect, the structural, morphological, and op-

tical properties of these films were inspected employing

various characterization tools. Our experimental measure-

ments revealed the influence of buffer Ar-gas pressure on the

morphologysurface,andoptical behaviorsofMoS2filmsgrown

on SiO2/Si substrate. Accordingly, this can affect the interac-

tionvariationbetween the laser-ablatedMoS2filmsandSiO2/Si

substrate surface The SEM characterizations revealed that the

depositedMoS2 filmspossesshexagonal crystallinity domains.

Therefore, the buffer Ar-gas pressure variation influences

significantly the surface morphology of the deposited films,

while a quasi-uniformed dense distribution of crystallites was

obtained for the synthesized films at 0 mTorr. XRD patterns

exhibited a 2H-phase for MoS2 films, as divulged from (002)

facet. Also, the AFM analysis indicated a systematic reduction

in the thickness of films versus the increased buffer Ar-gas

pressure. The UVeviseNIR and FTIR spectra revealed the

occurrence of MoeS as well as MoeO bonds in the films. As

apparent from XPS, the S-deficiencies represent the preferen-

tial positions for Van derWaals interactionwith lowdensity of

defects. The PL spectroscopy illustrated emission bands

spanning in the Vis-NIR regimes with the signature of charge

transfer between MoS2 films and SiO2 surface via the inspec-

tion of excitonic emission features. Subsequently, the forma-

tion of films illustrated a decrease in the intensity of PL peak
with the increaseofdepositionpressure.A red-shift is detected

in the optical gap versus the increase of buffer Ar-gas pressure

in the chamber during the deposition process. This is essen-

tially owing to the smoothness of surface morphology and

thereby sulfur vacancies will be diminished in these films.

Using first-principles calculations, the electronic band struc-

ture and density of states outcomes illustrated that the perfect

MoS2 monolayer has a semiconductor behavior with a direct

band gap transition. Interestingly, it was unveiled that the

increased compositional sulfur-vacancy defects in MoS2
single-layer created impurity levels at themid-band gap above

the upper valence states, leading to an acceptor type character

with a reduced band gap. For defective vacancies in MoS2
monolayers, the optical spectra profiles of polarization in-

plane revealed extra spectral peaks at lower photon energy

regime versus the increase of sulfur vacancy content in MoS2
monolayer. Furthermore, the localized mid-gap states repre-

sent a significant property for the activation of new optical

transitions altering from the visible to NIR spans of incident

photon energy below the band-gap of defect-free 2D-struc-

tures. A pronounced plasmon peak in the energy loss function

was relocatedto the lowerphotonenergyversus the increaseof

sulfur vacancydefects.Our investigationwouldbe informative

for future design of optoelectronic devices based on PLD-

synthesized MoS2 films under the effect of buffer Ar-gas pres-

sure. It is therefore expected that our experimental and theo-

retical outcomes will afford promising functionalities, such as

the generation of light emission in the defective layered MoS2
materials. This will eventually give rise to desired optical

transitions suitable for higher efficiency of photovoltaic de-

vices, solar cell window layer, infrared detectors, and light

emitting diodes.
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