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In this work, we study the mechanism of the implantation process of two-dimensional molybdenum disulfide. We
proposed the oxidation scheme and investigated the changes in the geometry of the MoS; layer, as well as HOMO
and LUMO orbitals location using the Density Functional Theory technique. We found that the oxygen was
incorporated into the MoS; structure and the MoSz/MoOs3 heterostructure was created. The effect of implantation
and the presence of heterostructure was investigated in the Secondary Ion Mass Spectrometry technique with

atomic-resolution depth profiles. The presence of molybdenum trioxide was confirmed using Raman spectros-
copy. The successful implantation allowed to obtain a stable conductive/insulating heterostructure of MoSy/
MoOj3; with promising properties.

1. Introduction

The ability to modulate the properties of semiconductors has been a
key factor in the success of two-dimensional (2D) materials. The possi-
bility of implementing changes in their structure at the nano level
opened gates for achieving materials tailored to current needs. However,
to realize the potential of 2D semiconductors, a reliable and precise
method of modification and analysis of their chemical structure is
desired.

One of the ways of modulating the properties of 2D materials is the
implantation of ions into their structure. As a result of implantation, the
heterostructure with new properties is created. The extent of the im-
plantation phenomenon depends on the energy of the implanted ions
[1]. One of the advantages of using ion implantation is its versatility to
introduce almost any element to the lattice of the targeted material. Ion
implantation into bulk materials requires an ion energy of at least
several keV, which increases with the desired depth of implantation. It is
assumed that 2D materials should be implanted with reduced energies
[2]. Regardless of whether ultra-low-energy or high-energy ions were
used in the implantation process, an important aspect is the ability to
assess the consequences of the process and thus change in the material
properties. [3,4].

An important group of 2D materials is transition metal
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dichalcogenides (TMDCs) such as MoSs, WSo, MoSey, MoTe,, WSes, and
WTe, which have dominated the research interest and evolution of
quasi-two-dimensional materials due to their variety of structure and
application possibilities [5,6]. In this paper, we are focused on the im-
plantation process of molybdenum disulfide 2D structure. Molybdenum
disulfide (MoSs), as the flagship representative of TMDCs, has attracted
intensive attention due to its promising properties. MoS; has the ad-
vantages of abundant reserves, low cost, favorable biocompatibility,
good mechanical properties, and high chemical stability. 2D MoS, has
also unique optical [7-9], catalytical [10,11], and electrical [12,13]
properties. MoS; has a stable structure consisting of hexagonal layers co-
bonded via Van der Waals forces, and each layer has covalent bonds
between Mo and S (S-Mo-S). This material is categorized as a semi-
conducting material with tunable bandgap energy from 1.2 eV for
bulk MoS,, to 1.8 eV in monolayer with various ranges of applications as
a component of batteries [14], transistors [8], or optoelectronics devices
[9]. What is important the value of the band gap depends on the
structure of the 2D materials and it is indirect for the bulk MoS, whereas
the monolayer counterpart is direct. The direct band gap in 2 D Tran-
sition metal dichalcogenides (TMDs) of which MoS; is an example de-
pends on the localized d orbital of the Transition metal (TM) which is
minimum affected by the interlayer coupling due to its location in the
unit cell. While the indirect band gap in these materials depends on the
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overlap of the d orbital of TM and pz orbital of the chalcogenide atoms
which strongly depends on inter-layer coupling. Thus as the number of
layers is decreased the intrinsic direct band gap of the material becomes
more pronounced. While the band gap broadening in a single layer is
due to the quantum confinement effect of charge carriers which is
common in nanosystems [15].

Changes in the structure of the MoS; monolayer allow to get new
combinations of properties, and thus open up new application possi-
bilities. MoS;, defects can take the form of impurities but also inten-
tionally created heterostructures, which are created to introduce specific
elements and their properties into the structure of 2D MoS,. Therefore,
studying the properties of TMDs and their heterostructures is of great
significance for further understanding their intrinsic physics and
developing more practical applications. Layered 2D MoS; is a material
that shows promising properties for use in photovoltaics and its band
gap value can be estimated using the DFT technique [16]. The analysis
of electrical properties in the case of materials with an ordered structure
is commonly carried out for periodic models [17-19], and also for MoS,
heterostructures with MoOs [20].

Heterostructures can be constructed in both vertical and horizontal
directions. Vertically, by combining 2D layered compounds with other
nanomaterials such as quantum dots and 1D nanowires/bands [21].
MoS; heterostructures find many applications, including in photovol-
taics, medicine, optoelectronics, and many others [22]. MoSy/MoOs3 is
one example of a 2D-3D heterostructure [23,24]. a-MoOs is an n-type
semiconductor with a layered crystal structure with a wide band gap of
3.2 eV [25]. Molybdenum trioxide as a transition metal oxide has high
chemical and thermal stability. Due to their electrical properties, the
MoOs3 oxide could be incorporated into transistors to improve the
combination of conductive/insulating properties [26]. Nano-sized MoO3
combined in heterostructures have been utilized in various applications,
such as electrochromic/photochromic devices, pseudocapacitive charge
storage, supercapacitors, gas sensors, lithium-ion batteries, and effective
heterogeneous catalysts [27-32]. Although many attempts have been
made to introduce defects into 2D materials [33-36], the mechanism of
implantation is not fully understood [2]. Therefore, it is crucial to use a
variety of techniques, both theoretical and instrumental analysis, to
allow insight into the structure of 2D materials.

Theoretical techniques provide invaluable support in the analysis of
the properties of 2D materials, including MoS; [37]. Structural, as well
as electrical and catalytic properties, could be determined through the
use of theoretical techniques including Density Functional Theory (DFT)
[38-40]. The DFT technique is a suitable tool for predicting the prop-
erties of MoS2. Additional improvements, such as dispersion in-
teractions and long-range interaction corrections [41] are increasingly
taken into account. Long-range correction improved the reproducibility
of van der Waals bonds, has also solved the underestimations of charge
transfer excitation energies and oscillator strengths in time-dependent
Kohn-Sham calculations, and has clearly improved poor optical
response [42].The positive impact of using interaction correction in DFT
calculations depends on the functional used (B3LYP, PBE, or M062X,
and M11) but above all on the type of structure being analyzed and the
atoms that make up this structure and affect van der Waals interactions.
There are reports of using interaction correction for MoS2 and MoO3
structures, especially in periodic models where Van der Waals in-
teractions play an important role [43]. Calculations for TMDCs struc-
tures based on polar functions, e.g. B3LYP, without interaction
corrections, were also analyzed and their results were successfully
compared to experimental results [38,44,45]. The introduction of
additional details to the computational model resulted in an increase in
their cost, therefore the calculations were carried out on the basis of a
balance between the benefit of the most accurate results and the
computational cost of the processes and their time-consuming nature.

The Raman spectroscopy technique has been popularly used to
analyze the structure of 2D materials and the evolution of structural
parameters in layered materials, for example, to study the quality and
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layer number of graphene [46,47]. In this paper, the Raman technique
allowed the characterization of 2D material and confirmed its structure,
as well as the presence of components of the heterostructure. However,
to estimate the depth of the occurrence of intentional impurity or acci-
dental contamination the Secondary Ion Mass spectrometry (SIMS)
technique was successfully applied.

SIMS technique originated in the previous century as a surface
analytical tool to characterize materials, especially their elemental
composition [48]. Unlike Raman spectroscopy, SIMS technique allows
to obtain a result in the form of a depth profile, which enables the
localization of individual material components [49-53].In our previous
work, we used the SIMS technique to precisely analyze the composition
of various materials. We successfully localized various contaminants and
dopants in Graphene using a dedicated measurement procedure that
combines excellent detection limits (0.8-2.9 ppm) and subnanometer
depth resolution [54]. Also, 2D MoS; was studied using the SIMS tech-
nique with sub-nanometer depth resolution [55]. The composition and
quality of MoS; films grown on SiO, Al203, and BN substrates were
investigated and compared. The destructive influence of oxygen
released from substrates such as SiO or Al,O3 during the growth process
of MoS; was demonstrated [56]. Spectacular effects of the SIMS tech-
nique were demonstrated during the tests of materials such as MAX and
MAXenes. Depth profiling of single particles of MXenes and their parent
MAX phases with atomic resolution using ultralow-energy secondary-
ion mass spectrometry was shown [57].

In this paper, the process of O3 implantation in MoS, layers was
investigated and described. The consequences of the implantation pro-
cess, as well as the range of oxidation phenomena, have been analyzed
by density-functional theory (DFT) calculations. We presented the
oxidation process of the MoSz monolayer to thoroughly understand the
temperature-induced structural response and its influence on hetero-
structure stability. The implanted 2D material has been characterized
using Raman spectroscopy and precise depth profiles obtained with the
SIMS technique with the results further compared with predictions ob-
tained from DFT.

2. Methods

The process of oxygen implantation was analyzed using DFT theory
with Gaussian 16.A01 and Gaussview 6.1.1 software package [58,59]
and B3LYP functional [60,61], LANL2DZ basic set [62]. Two scenarios
of gradual substitution of oxygen in place of sulfur atoms have been
simulated and investigated for a monolayer cluster in a zig-zag config-
uration with stoichiometry Mo,Sg, (n = 24), and analyse the geometry
of the cluster.

The periodic calculations were performed in the aim to obtain to
obtain complete and most realistic information about the electrical
properties of the oxygen-implanted MoS; layers. Periodic cells were
optimized with spin-polarized DFT calculations using the Quantum
Espresso 7.1 simulation package [63,64]. 1 Ultrasoft pseudopotentials
were used to describe the core electrons with the generalized gradient
approximation (GGA) using the PBE2 functional including the Beck-
e-Johnson damped D3 dispersion correction as implemented in Quan-
tum Espresso [65,66]. The Kohn-Sham one-electron wave functions
were expanded by using a plane wave basis set with a kinetic energy
cutoff of 450 eV and a dense 5 x 5 x 1 Monkhorst-Pack k-point mesh
over Brillouin zone is used for the geometric. An energy convergence
criterion of 10-6 eV and a force convergence criterion of 0.05 eV A~
were used.

The unit lattice vectors and atoms of Hexagonal MoS; were fully
optimized in the beginning. We began the geometry optimization with
the experimental lattice parameter values, which were optimized to a =
b =3.19 10\, and ¢ = 13.38 A. We have used (002) surface of the hex-
agonal MoS; phase was simulated by a 3 x 3 x 1 supercell model. To
eliminate the artificial dipole moments within the slab model, we con-
structed a symmetric slab of at least two layers of Mo atoms. The slab
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was separated from its periodic image by 15 A to avoid spurious in-
teractions between the periodic slab models.

The implantation process was performed for a few-layer MoS, (2D
Semiconductors) sample of full area coverage. 2D material in the form of
five-layers molybdenum disulfide was bombarded with a beam of OF
using a CAMECA IMS SC Ultra instrument with 100 EV impact energy at
a 45° incident angle. Next, the samples were annealed for one hour at
500 °C in a vacuum in order to regenerate the layered structure. The
changes in the MoS; layered structure were characterized using the
SIMS technique with Cs primary ions, 100 eV impact energy, and high
incident angle of 75° to ensure the atomic depth resolution. The
Renishaw inVia Raman microscope using a 532 nm wavelength obtained
from a Nd:YAG laser.

3. Results

The considerations started with the Mo24S4g cluster which mimics
the structure of the MoS2 layer. For this cluster, single energy calcula-
tions were performed and compared for structure spins equal to 0, 1, and
2, respectively. For this purpose, the Mo24S4g structure was optimized
for multiplicity equal to 1, and then the energy of a single optimized
structure was calculated for multiplicity equal to 3 and 5, respectively in
Table 1. The lowest energy value was obtained for the multiplicity equal
to 1, which shows that the singlet corresponds to the ground state of the
molecular cluster. Calculations of the remaining structures were made
assuming also multiplicities equal to 1.

During the calculations of the Mo24S4g cluster, it was assumed that
the charge is 0 based on the charge of sulfur (—2) and molybdenum (+4)
and the number of atoms in the cluster. Although the total charge is
equal to 0, for a cluster imitating the structure of the MoS2 layer, a
charge of 0 was assumed in the input files during the calculations. The
results of the calculations show that the charge distribution will be
different in the middle of the cluster and at its edges, which shows the
Mulliken charge in the cluster using Gaussian 16.A.01 software package
(Fig. 1 SMD.

The implantation process was simulated and visualized in Fig. 1. The
theoretical analysis of the phenomenon of oxygen implantation requires
different approaches to the problem. The theoretical analysis included 5
stages. The first referred to the material prior to oxygen implantation.
The next three were related to the gradual implantation process. Due to

Table 1
Considerations of the single energy value, taking into account the value of spin
and multiplicity of the Mo24S4g cluster (B3LYP/LANL2DZ).

Spin Multiplicity Single energy value, kcal/mol
0 1 —1323290,674
1 3 —1322686,569
2 5 —1322676,630
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the different final results, two paths A and B were considered. In path A
it was assumed that the oxygen implantation was concentrated in a
limited area and that oxygen atoms were incorporated in the immediate
vicinity of one molybdenum atom. Path B assumed that implantation
was a distributed process and the incorporated oxygen atoms were not
directly adjacent to each other. The last step was the post-annealing step
during which the MoS2/MoO3 heterostructure was formed. Both sce-
narios assumed the same stoichiometry of changes: successively three
oxygen atoms were implanted, which causes a series of changes in the
structure of the Mo24S4g zig-zag cluster.

With the aim to analyze the consequences of the implanted oxygen
into the molybdenum disulfide, the key stages of the oxidation process
were selected and analyzed in terms of geometrical and energetic fac-
tors. The theoretical analysis included 5 stages, of which the first stage
relates to the material prior to oxygen implantation. The next three
relate to the gradual implantation process. Due to the different conse-
quences, two paths were considered: A and B. In the last step, the het-
erostructure with MoO3 was analyzed. The stoichiometry of investigated
structure was Mo33045/Mo00Qg3, but in the following parts of the paper, a
simplified notation: MoS2/MoO3 will be used. Also, part of the calcu-
lation results was presented in Supplementary materials.

4. Geometry changes

The changes in the geometry of the Moy4S4g zig-zag cluster were
analyzed, both globally (monolayer cluster size) and locally (change in
the length of individual bonds). Each of these analyzes showed changes
caused by the oxygen implantation process. At first, the thickness (a),
the lengths of its sides (b, ¢) as well as the diagonals (d, e) were
measured (Fig. 2). The dimensions were registered for each of the stages
of oxygen implantation according to the scheme shown in Fig. 1 and A
and B scenarios. Changes were analyzed by calculating the difference
between the dimension after oxygen implantation and the initial
dimension (Table 1 SM) and investigated in accordance with the MoSy/
MoOg heterostructure (Fig. 3, Fig. 2 SM). The implantation of one ox-
ygen atom resulted from slight changes in the length of the analyzed
dimensions, but the influence of building up the next ones was more
visible. Both the length of the sides and diagonals increased, which was
caused by the inclusion of oxygen with an additional free electron pair.
The dimension which was least sensitive to changes in the geometry of
the local layer was its thickness (a). However, the formation of the MoO3
molecule caused a change in the trend of the local geometry of the
monolayer toward the reduction of the analyzed dimensions and to-
wards the return to their original values.

The bond length dispersion of the molybdenum disulfide sheet was
considered as a measure of layer stability and was examined by analysis
of the differences between the longest and the shortest bonds in the
monolayer (Fig. 4, Table 2 SM). For the MoS; structure without oxygen,
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Fig. 1. Visualization of oxygen implantation process with defined structures optimized with Gaussview16.A.01 software package (B3LYP/LANL2DZ).
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Fig. 2. Visualization of Mo024S4g cluster with the marked analyzed dimensions:
thickness (a), the lengths of its sides (b, c) as well as the diagonals (d, e).
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Fig. 3. Differences in values of dimensions of Mo24S4g zig-zag cluster, for
structures included in investigated oxygen implantation process according to
scenario A. Designations from “a” to “e”, refer to the marked analyzed di-
mensions of the cluster structure shown in Fig. 2.
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Fig. 4. The values of differences between the longest and shortest bond in the
Mo24S4g zig-zag cluster as well as structures included in investigated imple-
mentation process scenarios A and B.

the difference was very small (0.206 A) which proved the good stability
of its structure. The appearance of very long or very short bonds in-
dicates a disturbance of the existing balance and loss of stability. The
bond length dispersion increased with the oxygen implantation process.
The greatest changes took place near the incorporated oxygen atoms
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(Fig. 3 SM). Chemical bonds that were formed with the participation of
oxygen were shortened, which could be explained by the high electro-
negativity of oxygen. The bonds change their character from covalent to
ionic. We could observe two different trends of change for scenarios A
and B. The concentrated implantation of oxygen atoms (A) gradually
increased the dispersion of bond lengths, while the diffuse implantation
(B) kept the dispersion at a similar level, and even decreased its value,
regardless of the number of incorporated oxygen atoms. Importantly,
the formation of the heterostructure resulted in a significant decrease in
the dispersion of bond lengths, which could be equated with the
disappearance of structural stresses. The reduction of the differences in
bond length indicated greater stability of the heterostructure compared
to the state in which there were bonds between MoO3 and adjacent MoS,
atoms.

5. MoS2/MoOj3 stability

To clarify the stabilization of the MoOs in the MoS; structure the
bonds breaking process was optimized (Fig. 5). It could be clearly seen
that two stabilizing chemical bonds marked by atom numbers: Mo30-
S63 and Mo35-047 were replaced by five chemical interactions
marked as dashed bonds: M030-S63, M030-S62, M030-S58, 042-Mo026
and 044-Mo25.

The analysis of energetic factors was performed. The visualization of
total electron density mapped with electrostatic potential scale values
was shown (Fig. 6 and Fig. 4 SM). The red color marked the regions rich
in the electrons, which could be a donor and the blue regions marked the
acceptor regions, poor in electrons. The distribution of electrons was
symmetrical for each of the analyzed structures. One side of the zig-zag
cluster was the donor area while the other side was the acceptor area,
which indicated the possibility of undisturbed transport of electrons in
the MoS; structure, and thus good conductive properties of the material.
The oxygen incorporation regions were visible as the red, electron-rich
areas, due to their electron structure. The distribution of the
donor-acceptor regions showed no significant changes in location. That
indicated the undisturbed charge transport within a structure, even in a
heterostructure MoS,/MoOs.

6. HOMO & LUMO energy levels

In this work, we demonstrated the in-situ oxygen implantation of
monolayer MoS; by introducing oxygen gas in the growth environment,
we can achieve uniform oxygen doping in monolayer MoS, with tunable
dopant concentrations, i.e., MoS; 4Oy, without changing the lattice
order. We also show the creation of in-plane heterostructures of
MoS-xOx with different doping levels by tuning the oxygen gas partial
pressure during the growth process. Apart from the cluster model DFT
calculation further to understand the atomic and electronic properties of
the pristine MoS; and as well as the MoS» xOx materials, we have per-
formed preliminary periodic DFT calculations. More importantly, we
found that the bandgap of monolayer MoS, Oy ca be tuned by the ox-
ygen doping levels. The calculated band gap of pristine MoS; is ~1.18
eV and the band gap reduce with the implementation of oxygen into the
MoS; surface. It has been found that with the incorporation of one, two
and three oxygen the respective band gaps are 1.13 eV, 1.11 eV and 1.05
eV (Fig. 7). The values of the energy gap and its changes after the im-
plantation of oxygen atoms indicate electronic properties that may
enable the use of this type of material in high performance and low
power consumption electronics.

Then, we further carried out geometrical features of these monolayer
MoS,.xOx materials from the periodic DFT optimized geometry (Fig. 8)
and subsequent phonon calculation (vibrational analysis). Apart from
the peaks present in the MoS2 intrinsic monolayer, a series of new
vibrational modes appear in the M0S».,Ox moiety. The new peaks at 302
em™ L, 347 em ™, and 449 cm ™, corresponding to the vibrational modes
of Mo-O bonds, confirm the oxygen doping in monolayer MoS;. The
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Fig. 5. Chemical bonds and interactions showed for structure Mo,4S4503-A and heterostructure MoS,/MoOs3.
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Fig. 6. Total electron density mapped with electrostatic potential scale values — visualization of the oxygen implantation process.
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Fig. 7. Periodic DFT calculated band gap for the pristine and oxygen-dopped
MoS, moieties.

calculated Mo-O bond length was found to be 2.31 A which is slightly
shorter than the Mo-S bond length (2.42 }D\) in the pristine MoSy
material.

Analysis of the geometry of the MoS; structure implemented with
oxygen is consistent with the results obtained using both Gaussian and
Quantum Espresso software. An example is the observation of shorter
bonds between Mo-O compared to Mo-S. Significant differences were
observed after comparing the electronic properties. It was considered
that the value of the energy band gap for the cluster model 0,65 eV in

comparison to the periodic model: 1.18-1.05 eV were closer to the
bandgap values obtained experimentally 1.2-1.8 eV [14]. The analysis
of HOMO and LUMO energy levels for the Mo24S4g cluster is subject to
the risk of error in calculations due to the limited size of the cluster,
which mimics the MoS; layer.

Despite this, for comparative purposes, an analysis of the energy gap
of the cluster was performed using the Gaussian 16.A.01 software
package, and the results are presented in SM. The position of the HOMO
and LUMO orbitals visualized with Gaussview software was shown in
Figs. 5 and 6 SM. A comparison of bandgap values shows in Fig. 7 SM.

7. SIMS & Raman results

Experimental methods were used to verify the possibility of the
formation of a stable heterostructure. A sample of the 2D material
consisting of five-layer MoS; was implanted with oxygen and the
structure of the material was examined before and after exposing the
sample to oxygen, also after annealing the sample. The effects of oxygen
implantation on 2D MoS; and changes in the sample’s structure at each
stage of the experiment were studied using Raman spectroscopy and
SIMS techniques.

Raman spectroscopy technique provided information about chemical
state and the type of interactions inside the material. The Raman spectra
for the sample before implantation, after implantation, as well as after
annealing were presented and compared (Fig. 9). Before bombardment
two dominating peaks were observed at 382,3 cm ™! and 407,6 cm ™ that
could be assigned with the in-plane vibration of two S atoms with
respect to the Mo atom, and out-of-plane vibration of S atoms in opposite
directions (Table 2), [67,68]. Raman spectrum measured after the
bombardment of MoS,, with OF ions, reveals a significant reduction of
the intensity of the noted peaks that confirmed the deterioration of MoS,
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© (D)

Fig. 8. The DFT optimized structure of the supercell used for the calculation. We show the side view and top view of 3 x 3 (A) pristine monolayer MoS,. S is
substituted by (B) a single, (C) double and (D) triple oxygen implantation. teal spheres indicate Mo atoms; yellow spheres indicate S; red spheres indicate O atoms.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Raman spectra obtained for the MoS, sample with marked signals:
unmodified (black), implanted with oxygen ions (red), and after annealing
(blue). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 2
Interpretation of the Raman spectra for MoS, samples.
Signal position, Interpretation
cm !
382,3 MoS,: in-plane vibration of two S atoms with respect to the Mo
407,6 atom, and out-of-plane vibration of S atoms in opposite
directions
821,1 a-MoO3: doubly coordinated oxygen (Mo,-O) stretching mode,

which results from corner-sharing oxygen atoms common to
two octahedral

2D structure. After annealing, the intensity of the MoS; peaks increased,
suggesting an improvement in the quality of the ordering of the structure
which could result from partial healing of the defects formed after ox-
ygen bombardment due to temperature treatment. Moreover, after
annealing a new, previously unobserved maximum appears around 821
cm! indicating the presence of a-MoOs [69-71].

The analysis using the SIMS technique provided precise information
on the location of sulfur, molybdenum, and oxygen in the tested sample.
SIMS measurements with sub-nanometer resolution confirmed the ex-
istence of five MoS; layers in the analyzed sample (Fig. 10). Distinct
maxima for molybdenum and sulfur of fully distinguished five MoSy
layers were observed. The shape of the depth profile, and more precisely
the number of counts for oxygen in the first three MoS; layers, showed
that oxygen occupies sulfur vacancies, bonding with molybdenum.

Significant structure changes were noted after oxygen implantation.
The 2D structure of the first three MoS; layers was vitally disturbed, the
numbers of sulfur and molybdenum counts change, and the amount of
detected oxygen increased forming a typical implantation profile. The
effect of destroying the 2D structure could be explained by the
bombardment of beam ions O3 to the material, which, by building into
the 2D structure, caused a mixing effect. The healing of the structure
could be observed after annealing at a temperature of 500 °C for 1 h.
Despite the reconstruction of the MoS; structure and the restoration of
the characteristics of the 2D material, oxygen remained built into the
structure. It can be noted that all Mo peaks have been recreated and they
look practically identical to those registered for the unmodified struc-
ture. However, the intensity of sulfur peaks in the first three layers has
slightly decreased (by 5-20%). A comparison of the signal intensity of
sulfur and oxygen before and after annealing on a linear scale was shown
in the SM (Fig. 7 SM). The oxygen signal no longer preserves the shape of
an implantation profile and a clear agglomeration can be seen at posi-
tions where sulfur depletion has been observed. It strongly indicates that
oxygen occupies sulfur vacancies, bonding with molybdenum.
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Fig. 10. Depth profiles measured using Secondary Ion Mass Spectrometry technique for a) unmodified, b) Implanted using O3, and ¢) annealed MoS, sample.

8. Discussion

Structural changes and, consequently, changes in properties occur
under the influence of oxygen implantation, regardless of the assumed
scenario A or B. It could be clearly stated that the process of random
incorporation of oxygen atoms has a different effect compared to im-
plantation, which leads to the formation of a MoS2/MoO3 hetero-
structure. The formation of MoOs particles in the MoSy structure
allowed the restoration of the geometrical and energetic stability as has
been shown by DFT calculations. The use of two models made it possible
to confirm the changes in the geometry of the model during oxygen
implantation and the changes in energy properties expressed by the
value of the energy band gap. While the changes in bond lengths are
cumulative both for the results presented for the cluster and periodic
model, the changes in the energy band gap value differ depending on the
model used. Comparison with experimental data clearly shows that the
model closer to realism is the periodic model. At the same time, the
results of experimental studies showed that the oxygen implantation of
MoS; layers and subsequent annealing leads to the formation of MoOs. It
was demonstrated that the applied implantation technique allowed to
successfully produce a MoSy/MoO3 conductive/insulating hetero-
structure with changed properties.

9. Conclusions

The implantation of oxygen and replacing the sulfur atom caused
significant changes in the structure of the 2D material. Significant
disorganization and a change in the length of the chemical bonds were
shown, as well as changes to the global geometry of the MoS; cluster.
The area and depth of the occurring changes were precisely determined
using the SIMS technique. During the DFT calculations, a scenario was
proposed in which breaking chemical bonds leads to the formation of the
MoO3; molecule in the MoS; structure. 2D material regains its orderly
character as demonstrated using experimental and theoretical tech-
niques. We showed that by implanting, it is possible to selectively
oxidize MoS; and form MoOs3 and thus create a semiconductive/insu-
lating heterostructure. These superior electrical properties of oxygen

implemented MoS, monolayer suggest their potentials for high perfor-
mance and low power consumption electronics.

It is found that 2D materials could be successfully investigated using
SIMS, Raman, and DFT techniques. Quantum chemical techniques made
it possible to predict the oxidation of MoS, towards MoQOs, while the use
of instrumental techniques precisely determined the area of occurrence
of the most significant changes in the structure.
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