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Fig. 1. (a) The 5 x 5 supercell of MoS,; (b) after the elastic
collision with electrons, the S atom gets an initial velocity
v, whose direction is perpendicular to the lattice; (c) the
moving distance d of the S atom after sputtering from the
lattice. Yellow and purple balls represent the sulfur and
molybdenum atoms, respectively. The highlighted ball rep-

resents the sputtered S atom.
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Fig. 2. (a) For the sulfur atom with various initial kinetic
energies, the energy E, as a function of the atom distance d,
where the energy of the perfect MoS, lattice is set to zero;
(b) energy barriers for the S sputtering process as a func-

tion of the initial kinetic energy.
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Fig. 3. Energy levels of the system as a function of the
atom distance d. Red bubble on an energy level indicates
that the energy level is occupied by electrons, and the size
of the bubble indicates the number of electrons occupied.
The insets show the charge densities of the corresponding
states: (a) Without SOC; (b) with SOC and a low initial
kinetic energy of the S atom (E, = 15.2 eV); (c) with SOC
and a high initial kinetic energy of the S atom (FE, =
30.4 eV).
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Fig. 4. (a) When the initial kinetic energy of the sputtered S atom is low (E, = 15.2 eV), the electron occupations on the relevant

states as functions of the atom distance; (b) when the initial kinetic energy of the sputtered S atom is high (E, = 30.4 eV), the

electron occupations on the relevant states as functions of the atom distance; (c¢) electron occupation on the high-energy state as a

function of the initial kinetic energy Ey of the sputtered S atom, when the atom distance d = 3 A.
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Fig. 5. Charge density difference between the non-adiabatic and adiabatic results at different atom distances d (Blue and yellow

isosurfaces represent the charge depletion and accumulation respectively): (a)—(c) When the initial kinetic energy of the sputtered S
atom is low (F, = 15.2 eV), (a) d = 1.75 A, (b) d = 2.25 A, (c¢) d = 5.00 A; (d)-(f) when the initial kinetic energy of the sputtered
S atom is high (B, = 30.4 eV), (d) d = 1.75 A, (e) d = 2.25 A, (f) d = 5.00 A.
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Non-adiabatic dynamic study of S vacancy formation in MoS,"
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Abstract

Defect is one of the central issues in semiconductors. MoS, is sensitive to irradiation and can be damaged
by electron beams, accompanied with the generation of sulfur vacancies. However, the dynamics for the defect
generation process is still unclear. In this work, we employ the time-dependent density functional theory to
simulate the process of a sulfur atom sputtering from the MoS,, producing a sulfur vacancy defect in the lattice.
We find that there exists a strong non-adiabatic effect in the process.

During the formation of the sulfur vacancy, there exist electron transitions which can be described by the
Landau-Zener model. As the sulfur atom leaves away from the lattice, two energy levels from the valence bands
rise up and one energy level from the conduction band falls down. When the spin-orbit coupling (SOC) is not
considered, those levels do not couple with each other. However, when the SOC is taken into account, electrons
can transit between those levels. The transition probability is related to the kinetic energy of the sputtered
sulfur atom. As the kinetic energy of the sulfur atom increases, the non-adiabatic electron transitions are
enhanced. The evolution of the energy levels is also strongly dependent on the kinetic energy of the sputtered
sulfur atom, which is induced by the non-adiabatic electron transition. It is worth noting that the SOC plays a
key role in sputtering sulfur atoms, although the system produces no magnetic moments in the whole process.

The non-adiabatic effect enhances the energy barrier of the sulfur sputtering. As the initial kinetic energy
of the sputtered sulfur atom increases, the energy barrier increases, and exhibits a jump around the initial
kinetic energy of ~22 eV, which can be explained by the non-adiabatic electron occupation and the Coulomb
repulsion. Beside the energy barrier, the non-adiabatic effect also modifies the charge distribution. When the
kinetic energy of the sputtered sulfur atom is relatively low, more electrons occupy the p, level; when the kinetic
energy is relatively high, more electrons occupy the p,, level instead. The sputtered sulfur atom always carries a
bit more electrons, leaving holes around the vacancy defect.

Our work reveals the dynamics of the sulfur sputtering and vacancy formation in MoS,, particularly the

non-adiabatic effect in the process. It builds the theoretical foundation for defect engineering.

Keywords: non-adiabatic dynamics, vacancy defect, MoS,, time-dependent density functional theory
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