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ABSTRACT: Production of defects under electron irradiation in a transmission after e irradiation
electron microscope (TEM) due to inelastic effects has been reported for various
materials, but the microscopic mechanism of damage development in periodic solids
through this channel is not fully understood. We employ non-adiabatic Ehrenfest,
along with constrained density functional theory molecular dynamics, and simulate
defect production in two-dimensional MoS, under electron beam. We show that when
excitations are present in the electronic system, formation of vacancies through
ballistic energy transfer is possible at electron energies which are much lower than the yqs,
knock-on threshold for the ground state. We further carry out TEM experimentson 92 2 9 2 0 0 0O 0O 0O
single layers of MoS, at electron voltages in the range of 20—80 kV and demonstrate DR
that indeed there is an additional channel for defect production. The mechanism ¥ e ¥
involving a combination of the knock-on damage and electronic excitations we electronic = ) — excitation

. . . . atom displacement
propose is relevant to other bulk and nanostructured semiconducting materials.

KEYWORDS: Two-dimensional materials, transition-metal dichalcogenides, high-resolution transmission electron microscopy, defects

he particle-wave dualism, as postulated by de Broglie," is The emergence of two-dimensional (2D) materials'’

one of the fundamental concepts in physics directly attracted additional attention to the damage problem, as
relevant to transmission electron microscopy (TEM). The many of these systems proved to be radiation-sensitive
formation of the TEM image can be understood in terms of materials.”'® At the same time, their very geometry, which
the interference of electrons which passed through a thin enables one to identify single atoms, made it possible to
specimen, while momentum transfer to its atoms and electrons quantify the damage at different voltages by directly counting
from the impinging high-energy electrons is most intuitively missing atoms”'” and imaging the development of the damage
described in the particle picture. The latter process can give in the specimen with atomic resolution.”’’~>* Nevertheless, the
rise to defect production in the specimen and normally needs defect production channels mentioned above are difficult to
to be avoided to get the information about its atomic structure differentiate,” and the role of electronic excitations is not well
without modifying or even destroying it completely. The understood. Currently, there is no quantitative microscopic
solution to this problem requires a detailed understanding of theory describing the relation between the amount of energy

the damage formation by high-energy electrons. Three
mechanisms (see refs 2—5 for an overview) can contribute
to the defect production: (i) the knock-on damage®” due to
elastic electron scattering and direct momentum transfer from
the electron to a target atom, (ii) damage due to inelastic
electron scattering and energy transfer to the electronic system
of the semiconducting and insulating target material leading to
electronic excitation and electrostatic chargingG’8 (radiolysis),
and (iii) beam-induced chemical etching.”'” The first channel
normally dominates at high electron voltages, but it is expected
to be inactive at voltages below a certain value, the so-called
knock-on threshold Uy, as the electron is not able to transfer
enough kinetic energy to the recoil atom and displace it. Thus,
avoiding knock-on damage has been the driving force behind
decreasing the voltage at which a TEM operates, "' especially
after the development of aberration correctors. ~~

deposited in the specimen through electronic excitations and
damage creation in periodic solids. The lifetime of a core hole
in inorganic 2D materials (of the order of a few fs)>** is too
short as compared to the time required to break a bond by
displacing an atom (~10” fs) so that core holes alone can
hardly give rise to damage formation. The core hole can be
converted to valence electron excitation through Auger
processes with a much longer lifetime (~10° fs)* in
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semiconducting and insulating materials, but the simplistic
picture that excited electrons in materials in antibonding states
cause the bonds to break is misleading for crystalline materials
under electron beam in the TEM, as very few electrons are
excited (the deposited energy is many orders of magnitude
smaller than that under laser irradiation when it gives rise to
structural changes in inorganic 2D materials, see Supporting
Information (SI) for the estimates), and, contrary to
amorphous materials, isolated molecules, or bulk molecular
crystals, there is no physical reason why the excitation should
be localized on a particular bond. At the same time, numerous
experiments indicate that defects are produced in inorganic 2D
materials at voltages (e.g, 60 kV)***' well below Uy, ~ 80
V.72

Here, using first-principles simulations, we study the
production of defects in 2D MoS, at voltages below Uy, and
suggest a mechanism which can be responsible production.
Specifically, we show that when the electronic system of the
specimen is in the excited state, the excitation can localize on
the emerging defect, which gives rise to the substantial drop in
the displacement threshold energy, so that formation of
vacancies at electron voltages well below Uy, is possible. We
further carry out TEM experiments where we directly assess
the amount of damage created by the beam experimental data.

To assess the combined effect of electronic excitations and
ballistic energy transfer from the impinging electrons to the
recoil atoms, we carried out atomistic density functional theory
(DFT) simulations. We used several computational ap-
proaches. Specifically, we employed the non-adiabatic Ehren-
fest dynamics (ED) based on time-dependent DFT as
implemented in the GPAW code.*® Although ED, as a mean-
field approach, in which the nuclei evolve in an effective time-
dependent electronic potential in a state mixture, has several
shortcomings,”” it has provided lots of insight into fast
processes in solids, for example, stopping of energetic particles
in materials”* ™" or excitation-mediated diffusion.’

In the second set of simulations, we assessed the
displacement threshold T, that is the minimum kinetic energy
which must be assigned to the recoil atom to displace it
without immediate recombination with the vacancy, in the
presence of excitations using constrained DFT molecular
dynamic (c-DFT MD) simulations with the PBE exchange—
correlation functional’” and the projector augmented wave
(PAW) formalism®® as implemented in the VASP code***
Here the excitation was modeled by keeping the occupancies
of the states at valence band maximum (VBM) and conduction
band minimum (CBM) fixed. The details of simulations are
given in SL

We started by carrying out ED simulations of a 40 keV
electron impinging on 2D MoS,, see Figure 1. The electron in
these simulations was modeled as a classical point particle with
the mass of an electron, negative charge, and the interaction
with the electron/nuclei described by a modified hydrogen
PAW potential. The details are given in SI. This approximation
is justified by the small (~107* A) de Broglie wavelength of the
energetic electrons in the TEM, and it is close to the approach
where the energetic electron is approximated as a point source
electric field impulse.*®”” We stress that such an approx-
imation cannot be used to model electron scattering or
formation of the TEM images. The simulations indicate that
the electron transfers a part of its kinetic energy to the
electronic system of the target and leaves the system in a state
mixture comprising a valence band excitation. The excitation is
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Figure 1. ED simulations of a high-energy electron impact into a
MoS, sheet. The electron is modeled as a classical particle with a
precisely defined trajectory, which can give rise to electronic
excitations in the target material, as schematically illustrated in (a).
(b) The spatial extent of the electronic excitation created in the
system immediately after the impact. (c) Simulations where exactly
one electron is excited with the excitation initially being localized on a
sulfur atom. (d) The spatial extent of the excitation after 1.6 fs as
described within the framework of ED.

initially localized (Figure 1b), but it is spread over the whole
system after a few fs. The energy deposition is rather small in
this approach, as the PAW potential is too “soft” at small
distances from the particle.

In order to investigate the time evolution of the excitation
further and also account for a stronger perturbation of the
electronic system by the electron impact, a separate set of ED
simulations was performed. Exactly one electron was excited
into the CBM with a localization length of about 1 A (Figure
Ic). Further details can be found in SI. The charge density
difference for the excited state Ap*(t) = p*(t) — po(t), where
p* and p, are the charge densities of the excited state and the
ground state for a given atom configuration, respectively, was
evaluated as a function of time t. The evolution of Ap*(t)
initially centered at a sulfur atom shows that the excitation will
spread over the pristine lattice on a fs time-scale (Figure 1d),
similar to what was observed in the first simulation setup. This
confirms that in the pristine system, there is no physical reason
why the excited electron should be localized on a particular
bond when all the atoms are equivalent.

The behavior of the system is, however, completely different
when the translation symmetry is broken, for example, by an
emerging defect. Physically, this is the situation when an
electron ballistically transfers some energy to the recoil atom
and, at the same time, gives rise to electronic excitation (or the
excitation pre-existed in the system), as schematically shown in
Figure 2a. As we demonstrated previously, the delocalization
time of the excitation is very short, so that it is not important
for the evolution of the atomic system if the excitation was
initially localized on the recoil atom or a few A away. To
address this, we carried out another set of simulations, where a
delocalized electronic excitation was created, and, at the same
time, kinetic energy of 7.0 eV was assigned to one of S atoms.
The evolution of Ap*(t) in Figure 2b shows the localization of
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Figure 2. (a) Sketch of the initial simulation ED setup with a delocalized excitation, which localizes at the incipient vacancy when initial kinetic
energy is assigned to the recoil S atom. (b) Evolution of the excitation in MoS, sheet, side and top views, which localizes at the emerging vacancy,
as quantified in panel (c), that also shows the change in the energy of the recoil atom. excitation energy. (d) The static electronic structure of Mo$S,
sheet with emerging S vacancy for several positions of the recoil atom with d being its displacement from the original position, as calculated by c-
DEFT. The occupied defect state localized at the vacancy splits off from the CBM.

the excitation at the emerging vacancy site. The charge density
difference can be analyzed in more detail by calculating the
generalized inverse participation ratio (GIPR)* for Ap*
defined as

GIPR(t) = /IAp*(?', )2 dV/[‘/’lAp*ldV]2 1)

As evident from Figure 2c, localization of Ap* is substantial
after 10 fs, when the recoil S atom is displaced by more than
0.6 A. A decrease in the energy difference AE* = E* — E,,
where E* and E, are the excited- and ground-state energies, is
related to the displacement of the atom, accompanied by the
appearance of a defect state in the band gap of the material as
the S atom moves out-of-plane. This is confirmed by static
calculations of the density of states at different times during the
displacement process shown in Figure 2d. As ED simulations
are computationally too expensive to calculate T, we used c-
DFT MD to assess it. The initial kinetic energy was varied in
order to find T,. An atom in the simulations was considered to
be displaced when it moved at least 4.5 A from its initial
position and it has a velocity component still pointing away
from the MoS, sheet. Additionally, it was checked that the
average force on the recoil atom is below 0.01 eV/A. This
situation is typically achieved for simulation times of about
400—600 fs (time step 0.2 fs). The conditions imposed on the
recoil atom ensure that it will not come immediately back and
fill the defect site.

The results are summarized in Table 1. For nonspin-
polarized calculations, T for the ground state was found to be
7.1 eV in agreement with previous calculations.” We also
repeated calculations with account for spin-polarization and
expectedly received lower values for T; (by spin-polarization
energy of an isolated atom). We stress, though, that the
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Table 1. Displacement Thresholds T; and Corresponding
(Static) Electron Voltage Uy, for S Atom in 2D MoS,
without and with Account for Spin-Polarization

nonspin-polarized spin-polarized

T; (eV) Uy (kV) T, (eV) Uy, (kV)
ground state 7.1 95.4 6.5 87.9
1X excited e” 5.3 72.7 4.8 66.2
2X excited e~ 3.75 52.4 3.5 49.1
core hole 2.4 34.1

ground-state DFT MD cannot adequately describe the
dynamics of the system associated with a spin flip, so that
we list both non- and spin-polarized values. Table 1 also gives
T, when a core hole with an infinite lifetime is present at the
recoil S atom. The details of simulations are given in SI. T, also
dramatically decreases, but as the actual lifetime of core holes
is very short, just a few fs, as discussed above, this process
cannot govern defect production, although it may still
contribute to the creation of defects at the early stages of
duamage development, effectively lowering T}

In the same simulation setup, we found a pronounced drop
in the threshold to 4.8 eV, when one electron was in the
excited state. T, decreases further to 3.5 eV for the double
excitation. This illustrates that initially delocalized electronic
excitations localize on the incipient vacancy and have a
dramatic effect on the behavior of the system when kinetic
energy is transferred to one of the atoms.

Since displacement cross section data are available mostly
for high (above 60 kV) voltages,”*” we performed measure-
ments of this quantity by directly analyzing high-resolution
(HR)TEM images of MoS, sheet obtained at voltages below
Uy, Figure 3a presents Cc/Cs-corrected HRTEM images of
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Figure 3. (a) Cc/Cs-corrected HRTEM images of single-layer MoS,
before and after exposure to the total dose of 1.5 X 107 electrons/nm?
at an acceleration voltage of 20 kV. During irradiation, S vacancies
appear. Fourier-filtered images from the red dashed framed area are
given in the insets (solid frames). As an example, a vacancy in each
filtered and raw image is marked by a cyan circle. AV gives the
number of the produced vacancies. (b) The experimental (squares)
and theoretical (curves) displacement cross sections ¢ of S atoms in
MoS,, as calculated within the framework of the McKinley—Feshbach
formalism with account for thermal vibrations and with different
values of displacement threshold T, corresponding to the ground and
excited states. The decrease in the excitation probability with
increasing electron energy is accounted for within the framework of
the Bethe theory. The total cross section with a T; = 1.5 eV, which
matches the experimental data reasonably well, is also shown.

single-layer MoS, obtained at 20 kV before and after exposure
to the total dose of 1.5 X 107 electrons/nm? The HRTEM
images were aqcuired with a dose rate of 6.7 X 10° electrons/
(nm’s). Similar images obtained at other voltages (20, 30, 40,
60, and 80 kV) are shown in SI. For easier identification of the
vacancies, the images were Fourier filtered to remove the MoS,
lattice. The insets in the panels show such images (solid
frames) from the dashed framed areas. It is evident from the
TEM images that vacancy concentration increases over time.
For quantitative evaluation, the displacement cross-section o
was determined as AV/(N¢). AV is the number of produced
vacancies after an accumulated dose ¢ in an area with N sulfur
atoms. Values for AV are also given in SL

The experimental values of ¢ are summarized in Figure 3b. A
notable feature is a smaller value of ¢ at 20 keV as compared to
that at higher energies, which indicates that there is a channel
for defect production with threshold energy well below the
ground-state T, Neither the excitations alone nor chemical
etching (associated predominantly with the creation of reactive
species by removing H atoms from water molecules) can be
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responsible for damage production at low voltages, as the
effectiveness of both processes monotonously decreases with
voltage. We stress that o increases fast at Volta%es above 80 kV,
and it is of the order of 10? barn at 200 kV.”

The McKinley—Feshbach formalism*® with account for
thermal vibrations” allows to evaluate ¢ using the calculated T
and compare it to the experimental values. The total cross
section 6"'(E) will be a sum of the two needed cross sections
which include knock-on events for the ground o(E,T%) and
excited ¢(E,T5®) states:

GtOt(E) — O'(E, T§S) + U(E, T;XC) X ){iBethe

nel

(E) Q)

with the latter being scaled by the probability y2"(E) ~ 1/
E""* to excite target electrons as a function of impinging
electron energy E, see SI for detail.

Figure 3b shows o for the valence band excitations (T5* =
3.5 eV, red curve) and the ground state (T8 = 6.5 eV, blue),
along with y2"°(E). The values of T are taken from Table 1.
As ypete decreases with E, one can expect that 6"(E) can
qualitatively describe the trends in the experimental observa-
tions. However, as evident from the dashed curves in Figure
3b, the decrease in the radiolysis cross section is not fast
enough to provide a minimum on the total cross section curve.
For the quantitative agreement, T5 should be lower than the
calculated value, with the best fit yielding T3 = 1.5 eV, yellow
solid line. The lowering of the effective displacement threshold
may be related to the contribution from core holes at the initial
stages of damage development or multielectron excitations.

The excitation can hypothetically be created by not only that
same electron which displaces the atom but also by another
electron. The lifetime of an excitation in a MoS, is about 1
ps,"** order of magnitude as the average time between two
consecutive impacts of electrons into an area with dimensions
of about 10 X 10 nm? for the high current densities of 10°—10°
A/cm?. This is considerably higher than what can be achieved
in our experimental setup, but in thicker specimens (the
probability to excite electrons should be proportional to the
thickness of the target) with a long excitation lifetime, a two-
electron process may be possible: An electron creates an
excitation which is delocalized in the system and persists long
enough for another electron to hit a nearby region and move
the recoil atom from its position in the pristine lattice. The
breakup of the translational symmetry, in turn, leads to the
localization of the excitation at the emerging vacancy site,
lowering the binding energy and therefore the displacement
threshold. This indicates that the defect production rate (per
number of impinging electron) should be higher at high beam
currents, which has indeed been found in the experiments on
the inorganic materials’ for which radiolysis is the main
channel for defect production.

To sum up, using non-adiabatic ED combined with TD-
DFT, along with constrained DFT MD, we showed that
formation of vacancies in a single sheet of MoS, is possible at
electron voltages well below the knock-on threshold due to the
combined effect of electronic excitations and knock-on
damage. We demonstrated that when a delocalized electronic
excitation exists in a semiconducting material, it can localize on
the emerging defect, for example, incipient vacancy at the
position of the recoil atom created by ballistic energy transfer
from the impinging energetic electron, weakening the local
chemical bonds. This leads to another channel for defect
production with a much lower threshold energy. The results of
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our TEM experiments on single-layer MoS, sheets at electron
voltages in the range of 20—80 kV are consistent with that
picture. The mechanism we propose is relevant to other
semiconducting materials and, in addition to beam-induced
chemical etching, can be responsible for damage production in
a wide range of materials at low electron voltages.
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