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[bookmark: _Toc180497059][bookmark: _Toc180745765]ABSTRACT
	MoS₂, a two-dimensional transition metal dichalcogenide, exhibits excellent electronic and optical properties, making it a promising candidate for electronic and photonic devices. MoS2 monolayer is a van der Waals material, but when it grown on a substrate it can create chemical bonds between the monolayer and the substrate.
	This study attempts to predict the formation of covalent bonds between sulfur and oxygen atoms in MoS2 monolayers grown by chemical vapor deposition on a SiO2 substrate. The research uses Density Functional Theory to investigate the structure, confirming the potential existence of such bonds through ab initio calculation. Additionally, the Raman spectrum of this structure is calculated. It is envisaged that these bonds can be experimentally identified using Raman scattering with a focus on the spectral range of 1000–1200 cm-1.
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[bookmark: _Toc180745766]1. INTRODUCTION
[bookmark: _Toc180745767]	1.1 Background
	MoS2 is a transition metal dichalcogenides are layered materials with weak van der Waals forces between layers and strong covalent bonds between atoms within the layers. This structure enables the creation of low-dimensional electronic devices with unique electronic and optical properties [1]. This material are semiconductors with a bandgap 1,8 eV in its two-dimensional form. Another reason for the popularity of two-dimensional MoS2 is the direct bandgap they exhibit, unlike their bulk crystal form, which has an indirect bandgap [2]. Devices based on Si–MoS2 are also used in highly sensitive photodetectors with low Noise Equivalent Power [3].
[bookmark: _Toc180745768]	1.2 Main problem
	Two-dimensional materials are often highly susceptible to the influence of the substrate [4], which can deform them and alter their electronic properties, such as electron mobility and bandgap width. For example, in MoS2/SiO2 structures, strong adhesion is observed, which is associated with the interaction between the positive charge of sulfur and the negative oxygen ion [5].
	The presence of chemical bonds between MoS2 and the substrate leads to changes in its electronic structure, potentially transforming it from a direct bandgap semiconductor to an indirect bandgap semiconductor [2].

[bookmark: _Toc180745769]	1.3 Findings
	The modeling of a monolayer on the SiO2 surface assumes that the MoS2 layer is held in place by van der Waals forces. The authors of [6] model this exact system; however, the model does not match experimental data. Therefore, it is hypothesized that during chemical vapor deposition (CVD) growth, bonds form between the oxygen atoms in the substrate and the sulfur atoms in MoS2 [7].
	Theoretical calculations conducted in this work are primarily aimed at explaining experimental results obtained in the laboratory. The samples studied in the laboratory consist of a monolayer of MoS2 grown on an SiO2 substrate via CVD. These samples were further analyzed by Raman spectroscopy (figure 1). The formation of sulfur-oxygen bonds could be the cause of these peaks [7], to predict it bond vibrations, DFT calculations were performed.

[image: ]
Figure 1 – Me and the Coherent anti-Stokes Raman spectrometer in the laboratory.



[bookmark: _Toc180745770]2. THEORETICAL BACKGROUND
[bookmark: _Toc180745771]	2.1 Density Functional Theory
	Theoretical calculation of Raman spectra was complete through Density Functional Theory (DFT) and Density Functional Perturbation Theory (DFPT). According to the Hohenberg-Kohn theorems, the ground state of a many-electron system is determined solely by the electron density, which depends on three spatial coordinates. The ground-state energy is then the minimum of the energy functional:

where  is the kinetic energy of non-interacting electrons, is the energy of interaction with the external nuclear potential,  is the Coulomb energy of electron-electron interaction and  is the exchange-correlation functional [8].
	The exchange-correlation functional describes the interactions between electrons. Due to the complexity of its analytical form, it is usually approximated using various methods. The main approximations are [9]:
· LDA (Local Density Approximation): the functional depends only on the local electron density:

· GGA (Generalized Gradient Approximation): the functional also takes into account the gradient of the electron density 

	To describe the electron density, the Kohn-Sham formalism is used. This allows the Schrödinger equation to be reduced to a single-particle form: 

where  is the wavefunction of the i-th orbital,  is the effective external potential. The electron density is then given by:

	The DFPT method [9] is used to calculate phonon spectra. It assumes small perturbations are introduced into the system, and the system's reaction is observed - dynamic or dielectric. Through this calculation, properties such as the Raman spectrum, IR spectrum, and others can be calculations.
[bookmark: _Toc180745772]	2.2 Computational Details
	Non-resonant Raman spectra calculations for the MoS2/SiO2 structure were performed at the Γ-point in reciprocal space. The Quantum Espresso software package was used for these first-principles calculations [10] , which includes a built-in function for Raman spectrum analysis.
	For the optimization of the entire structure and calculations, the norm-conserving pseudopotential method and the LDA exchange-correlation functional were used. The LDA functional typically underestimates bond lengths [11], , which leads to deviations from experimental data. Theoretical limitations do not allow the use of another exchange-correlation functional for Raman spectrum calculations. The structures were optimized using the Broyden-Fletcher-Goldfarb-Shanno (BFGS) algorithm, with an energy convergence threshold set to 10-7 Ry/atom and forces set to 10-6 Ry/Å. A 4×4×1 k-point mesh was used for both the optimization and self-consistent calculations. The energy cutoff for wave functions was set at 60 eV, for the wavefunction at 240 eV, and the self-consistent calculation convergence threshold was 10-8 Ry. Additionally, 20 Å of vacuum was added along the z-axis above the MoS2 monolayer to account for the monolayer-only structure. In the SiO2 structure, oxygen atoms with dangling bonds in the lower layer were passivated with hydrogen atoms. This pseudo-hydrogen passivation improves the accuracy of the calculations and accelerates convergence [12].
	The Raman spectrum represents the vibrational spectrum corresponding to characteristic phonon modes. For fitting the calculated frequencies of the Raman spectrum, a Gaussian function was used [13]: 

where  is the intensity with of the maximum the frequency , Г is the full width at half maximum (FWHM). This parameter can be found from the experiment and has a different value for each characteristic frequency, and can also depend on the thickness of the layer of the sample under study [14].



[bookmark: _Toc180745773]3. RESULT AND DISCUSSION
[bookmark: _Toc180745774]	3.1 Relaxed structure
	SiO2 was used as the substrate for MoS2. Under normal conditions, crystalline SiO2 takes the form of α-quartz. Its unit cell is shown in figure 2a. The structure relaxation was performed using DFT. As a result of the bulk structure relaxation, it was found that the lattice parameter is a=b=4,844 Å. The structure of the MoS2 monolayer is shown in figure 2b, with a lattice parameter of a=b=3,091 Å.
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Figure 2 – Relaxed cell of a) α- SiO2 and b) MoS2.

	To create a composite based on MoS2and SiO2, a supercell was constructed with dimensions of 3x3 for MoS2 and 2x2 for SiO2 (figure 3). A vacuum layer of 15 Å was added on top. The lower surface of the SiO2 was passivated with pseudo-hydrogen. As a result of the relaxation process, the MoS2 film adhered to the surface of the SiO2, forming S-O bonds. In these bonds, the oxygen atom is positioned beneath sulfur, which is consistent with the findings of [2]. The formation of such bonds caused slight deformation of the MoS2 film, leading to a disruption of the lattice symmetry. The lattice parameters of the relaxed cell were a = 9.22573 Å, b = 9.23201 Å. The lengths of the S-O bonds ranged from 1.519 Å to 1.574 Å.
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Figure 3 – Relaxed MoS2/α- SiO2. Yellow – S, purple – Mo, red – O, blue – Si, white – H.

[bookmark: _Toc180745775]	3.2 Calculated Raman spectrum
	DFPT is used to calculate the non-resonant Raman scattering spectrum. To do this, the phonon spectrum is computed at the Gamma point. Figure 4 shows the phonon spectrum of bulk α-SiO2. This spectrum is typical of Raman scattering, similar to that presented in other works [15]. In the range of 1000-1200 cm-1, scattering peaks are observed, which are associated with SiO4 tetrahedra(α-SiO2 is made up of many layers of these tetrahedrons, like on figure 3) [15].  
[image: ]
Figure 4 – Raman spectrum of -SiO2.
	The Raman scattering spectra for the MoS2/SiO2 structure are shown in figures 5(a, b). Figure 5a depicts the region primarily associated with vibrations in the MoS2 monolayer. A peak from the substrate is observed around 500 cm-1, while the range of 375–405 cm-1 corresponds to the vibrational modes in MoS₂ - E2g and A1g. Figure 5b shows the spectrum in the shift range of 1100–1300 cm-1. The presence of peaks in this spectrum is linked to two processes: vibrations of SiO4 octahedra and S-O bonds. These vibrations occur in a single plane and are illustrated in figure 6. The "comb" of peaks observed in the Raman scattering spectra in figures 5(a,b) is related to the supercell size and the number of Si layers along the z-axis [15].
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Figure 5 – Raman spectra of MoS2/SiO2 a)300-500 cm-1 b) 1100-1300 cm-1.

[image: ]
Figure 6 – Vibrational mode of S-O bond.


[bookmark: _Toc180745776]CONCLUSION
	The study investigates the influence of the substrate on a monolayer of MoS2 grown on SiO2. It was determined that the MoS₂ monolayer can bond to the substrate through the formation of sulfur-oxygen bonds. These bonds form when oxygen atoms are positioned directly beneath sulfur atoms at a distance of up 1.5 to 1.6 Å. The formation of these bonds leads to the appearance of peaks in the Raman scattering spectrum in the range of 1100-1200 cm-1. However, precise identification of the presence or absence of these bonds in experiments is not possible because scattering peaks from the substrate are also observed in this region (as vibrations of SO4 octahedra occur in the same range).	
	Additionally, there is a problem with matching the spectra of the SiO2 substrate to the theoretical predictions. The discrepancies may arise for several reasons: 
1. The structure of the measured substrate differs significantly from the calculated - SiO2,
2. The calculations do not account for laser polarization, which has a significant impact on the measurement results.
This problem creates difficulties in interpreting the theoretical results and compared to the experimental data.
	As a further development, it is necessary to focus on the study of the substrate used in the growth of monolayers. There is already an assumption about the formation of a bond between the substrate and MoS2, so this study is useful in the synthesis of films.
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