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Abstract. In the paper, the interaction of an accelerated C,, fullerene ion with silicon
monocrystal surface has been studied using molecular dynamics simulation. The dependence
of a resulting crater size and sputtering yield on the initial size of the target was obtained.
We proposed that computational artifacts revealed in simulations appeared due to two main
reasons: shock waves raised by impinging the C,, ion, came back through the periodic boundary
increasing the temperature around the impact point; dissipation of the energy, brought to the
surface by the fullerene molecule, between small amount of atoms in the small cell might also
affect the simulated results. It was established that 11 x 11 nm is the least size of lateral crystal
dimensions required for the valid results of the simulation of the 8—14 keV C,; ion impact.
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AnHoTanusa. B paboTe BBINIOJIHEHO MOJEIMpPOBAaHUE B3aMMOICHCTBUS YCKOPEHHBIX MOHOB
¢dymepena C ; ¢ MOHOKPUCTAJUIOM KpeMHuUs. MccenenoBano BiIuMsiHUE pasMEPOB MOJIENBLHOIO
MOHOKPUCTa/LJIa Ha TIOJIydaeMble TapaMeTpbl KpaTtepa, 00pa3ylolierocsi B MUILIEH! TIpU yiape,
M pachblieHWe BellecTB MUIleHM W ¢ysuiepeHa. [Ipennaralorcs MpUYMHBI BO3HUKHOBEHUS
BBIYMCIIMTEIbHBIX apTe(akToB: 3TO BO3BPAT SHEPIUU YAAPHOW BOJHBI Yepe3 MepuoanvecKylo
TPaHUILy W HE BIIOJHE KOPPEKTHOE OIMUCAHWE paclpelesieHUsI MPUHECEHHOW 3HEpPruu
MEXIYy aToOMaMu MWIIEHHU. YCTaHOBJICHO, YTO JJIsS TOJIYYeHUS JOCTOBEPHBIX (03 pa3MepHBIX
9GbGhEKTOB) pe3yNbTaTOB MOAEIMPOBaHMsA aKTa IaJeHus Ha MOHOKpuUcTaal uoHoB C,
obmagatommx sHeprusimu 8§ — 14 k5B, HeoOXOAMMO WHCTOIB30BATH MOHOKPUCTAJUTBI C
pa3MepaMu MOBEepXHOCTU He MeHee 11 x 11 HM.

KmoueBbie €10Ba: MOJIEKY/IAPHO-AMHAMUYECKOE MojeaupoBaHue, MoH ¢ymiepena Cg,
KPEeMHUI, pa3MepHbIil 3¢ deKT, KpUCTaI, pacTblIcHUE

®unancupoBanue: Pabora BeinosHeHa B paMKax ['ocy1apcTBeHHOTO 3a1aH1sI Ha IIPOBEICHUE
dyHIaMeHTaabHBIX KccienoBaHuii (kog Tembl FSEG-2023-0016).
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Introduction

Molecular dynamics (MD) simulation is widely used in modern science to study various phe-
nomena at the micro level. It consists in simulating the time evolution of a system of objects
(atoms), calculated by numerical integration of equations of motion. The motion of a particle
ensemble can be uniquely given by a Hamiltonian in the classical-mechanics approximation,
determined by a set of generalized coordinates and momenta. This Hamiltonian characterizes the
total energy of the system and fully describes its dynamic nature. The MD method can be applied
to analyze both simple crystal structures and complex biological molecules [1]. The MD method
is also often used to study the effects occurring under irradiation of various targets with accel-
erated ions. Studies based on MD simulation established the mechanisms behind the evolution
of structural defects [2] and the relief of the target surface [3] under ion bombardment. In par-
ticular, the dependences of the mass transfer function and the surface morphology on the initial
beam incidence angle were determined [3]. Additionally, numerous papers focused on sputtering
of ions incident on the surface: the number and composition of outgoing particles, their angular
distribution over incident energies of bombarding ions [4].

© Kapaces K. I1., Crpuxkun 1. A., Kapaces I1. A., TutoB A. U., 2023. Uznarens: CankT-IleTepOyprckuii OJUTEXHUUECKUI
yHuBepcuret I[lerpa Benaukoro.
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Simulations are generally aimed at determining the forces with which particles interact with
each other, since their values are necessary to calculate the atomic coordinates and momenta at
subsequent points in time. The resulting force depends on the interaction potential and the spatial
configuration of the particles and is calculated for each point in time.

Many functions have been developed to describe the interaction between particles, for example,
the Lennard—Jones pairwise potential [5], allowing to calculate the force of interaction between
two atoms depending on the distance between them. This is often used to simulate two-di-
mensional structures such as graphene or transition metal dichalcogenides. However, pairwise
potentials do not take into account the dependence of the binding force on the directions and
positions of neighboring particles in space, which narrows the scope of their applicability. For
this reason, multiparticle potentials have been developed, in particular, the Tersoff potential [6]
and Stillinger—Weber potential [7]. These potentials adequately describe the properties of silicon
single crystals at certain parameter values, so they are often used in calculations.

An important aspect to be taken into account in MD simulations is the limited size of the
system under consideration, which means it is nearly impossible to model the behavior of macro-
scopic objects by this approach. For example, beam diameter in experiments on bombardment of
the surface with fullerene ions [8] ranged from 0.1 to 5 mm, while the sizes of the irradiated sam-
ples were even larger. The exposure times range from tens of seconds to several hours. However,
simulating the motion of such a large number of atoms requires too much computing power, so
only models with tens or hundreds of thousands of atoms have to be used. Periodic boundary
conditions are imposed on the sides of the target, while thermostatic conditions are additionally
imposed on the motion of external atomic layers in the crystal to match the model to the real
sample, allowing to regulate heat flows, further reducing the computational time.

Earlier studies [9] found that a crater appears in the region around the cluster ion’s impact
point, with a small cluster of atoms forming above the surface along the crater’s edge, known as
its rim. In addition, was found that C  ions impinging on the surface of a single silicon crystal
completely destroy the cluster structure if their initial energy exceeds 1 keV [10]. Carbon atoms
penetrate deep into the target and are distributed in a certain way, while some of the particles
escape from the surface. Such particles are called sputtered and can consist of both single atoms
and their agglomerates, i.e., clusters.

As an accelerated ion impinges on the surface, its energy is transferred to the target atoms,
while part of it (especially in the case of molecules or clusters consisting of dozens or more atoms)
can propagate deep into the crystal as a shock wave. As noted above, the dimensions of the cell
used in calculations significantly affect the computing power and time. On the other hand, prop-
agation of a shock wave in a small crystal model and the dissipation of the energy brought by an
ion in this model may differ significantly from those in a real target. Accordingly, the simulation
will give incorrect values for the effects obtained, such as sputtering, crater formation, etc.

This paper compares the single cases of C, fullerene ions with energies of 8 and 14 keV
impinging on the surface of silicon single crystals with different sizes, analyzing the influence of
these sizes on the results.

Recommendations were formulated based on the data obtained for choosing the optimal
dimensions of the computational cell for modeling the interaction of accelerated fullerene mole-
cules with a silicon single crystal.

Description of the model

The open-source Lammps package was used to run the MD simulations [11]. Pairwise interaction
of all types of atoms was described by the Tersoff potential [6], smoothly splined to the ZBL poten-
tial to describe the interaction of high-energy particles [12]. The initial system consisted of a silicon
crystal with the (100) open surface, with a C, fullerene molecule located at some height above it.

Periodic boundary conditions were imposed in the lateral directions; the three lower atomic
layers were fixed. A Berendsen thermostat [13] consisting of a layer of silicon atoms with a thick-
ness of one unit cell was used on the sides and bottom of the crystal.

The target temperature was approximately 0 K. The energy losses of fast particles due to inter-
action with target electrons (electron losses) were taken into account as a quasi-friction force
applied to particles with energies over 10 eV. Several configurations of the lateral dimensions of
the target (in nm) were considered:
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54 x54;80x8.0;11.0x 11.0;22 x22; 33 x33; 44 x 44,
which adequately corresponds to the values (in the unit cell lengths)
10 x 10, 15 x 15, 20 x 20, 40 x 40, 60 x 60, 80 x 80.

The target thicknesses were taken to be 11, 17 and 34 nm, i.e.,20, 31 and 63 in edge lengths
of the unit cell; the edge length of the silicon unit cell is 0.543 nm.

All atoms of the C,; molecule were given the same velocity in the normal direction to the
target surface at the initial time instant. The incident energy of fullerene amounted to 8 and 14
keV, and the initial temperature of the silicon crystal was 0 K. A variable time step was used to
increase the computational accuracy at the initial stage as well as to speed up calculations after
the particle energy decreased sufficiently.

The highest value of the time step was 1 fs. The total simulation time was selected depending
on the initial fullerene energy: specifically, it was 5 and 10 ps for 8 and 14 keV, respectively.
After the simulation was completed, the structures formed on the surface and the parameters of
the sputtered particles were analyzed by the techniques described in [14]. Next, the system was
restored to its initial state: the fullerene molecule was moved to a small random distance in the
lateral directions (within 2 x 2 unit cells) and the calculation of a new trajectory began. For each
combination of crystal size and C,, ion energy, 50 independent trajectories were calculated to
reduce the statistical spread of the results.

Results and discussion

As mentioned in the introduction, MD simulations are performed for crystals with small sizes
and periodic boundary conditions. Adding a thermostat along the boundary layers provides dissi-
pation of excess energy brought to the target by an accelerated ion. At the same time, if the crystal
size is too small, various computational artifacts may appear (i.e., results that do not reflect the
real processes), therefore, it is necessary to avoid such phenomena as much as possible. We per-
formed a series of calculations for molecules with energies of 8 and 14 keV impinging on silicon
crystals of various sizes.

Fig. 1 shows how the appearance of a 1 nm thick cross section changes in the region where 8
keV fullerene impinges on it with an increase in the lateral size of the target. Here, the depth of
the model crystal was 17 nm in all cases (31 is the length of the silicon unit cell). Evidently, the
shape of the crater changes with increasing size in the lateral directions: it becomes wider and
more spherical. Furthermore, it is highly likely that the volume of the amorphized target region
changes to some extent.

5.4x5.4 8x8 11x11 22x22

Fig. 1. Cross sections of a region of 10 A thick silicon target after impact from 8 keV C_, fullerene ion
with an energy (4 cases of lateral dimensions of the target (in nm))

Let us consider the changes in the shape of the crater in more detail, using the techniques for
determining its volume, depth and opening area proposed in [14]. Fig. 2,a shows the dependence
of the volume of the formed crater on the lateral dimensions of the model crystal at a constant
thickness of 17 nm. It is clear that the volume of the crater increased by about 2 times at both
energies, with an increase in the model size from 5.43 to 21.70 nm (from 10 to 40 unit cells). This
effect turns out to be even more pronounced if the crater’s opening area is increased, determined

79



>
K

. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 4

>

)
~

b)

80

Crater volume, nm®

Surface area, nm?

- -
[= 2

o N A O @

25

20

Max depth, nm

10

3

nm

Crater volume,
£ [4,] (2] ~ (o] [(e]

[ T I L) I L) I T l T ]
I T S R R
[ T I T | T | T l T ]
- -
= 3 /’{ {\E 4
§ —=—8keV
i —e— 14 keV

1 I 1 | 1 | 1 | 1

e e L
[ 1 I 1 | 1 | 1 ' 1 ]
0 10 20 30 40

Lateral size, nm

Fig. 2. Dependences of volume (a),
surface area (b) and maximum depth (¢)
of the crater formed in a silicon target
with a depth of 17 nm on its lateral dimensions
The results are given for the C; ion energies

= A
o -~ N
T T

of 8 and 14 keV

T

— 3
open - 14 keV
closed - 8 keV
—=—11x11 nm
e 22x 22 nm

s S _ — e i

R O——

10 15 20 25 30 35

Target depth, nm

Fig. 3. Calculated dependences of mean
volume of crater formed by impinging 8 and
14 keV fullerene ions on the depth of the
model target with lateral dimensions of the
crystal equal to 11 x 11 and 22 x 22 nm

at the level of the initial surface of the target
[14]. The area varies from 3.0 to 5.5 nm? in the
case of bombardment with fullerene at an energy
of 8 keV, and from 3.5 to 8.0 nm? in the case of
bombardment with fullerene at an energy of 14
keV. On the other hand, increasing the lateral
dimensions of the model to 20 x 20 nm or more
practically does not affect the formation of the
crater (see Fig. 2). We should note (see Fig. 2,c)
that the maximum depth of the crater practically
does not depend on the lateral dimensions of the
target used.

In addition to the lateral dimensions, the
thickness of the target layer considered can also
play a major role. To clarify this issue, we per-
formed a series of calculations with different
model depths given that the lateral dimensions
of the crystal were equal to 11 x 11 and 22 x
22 nm. The obtained volumes of the crater are
shown in Fig. 3. Apparently, a decrease in depth
from 17 to 11 nm leads to some changes in the
values of the obtained volumes, while its increase
to 34 nm does not affect the results in any way.
The opening area of the crater and its depth also
practically do not depend on the thickness of the
calculated model in the considered range. Thus,
the lateral dimensions of the model used in the
simulation of impinging fullerenes at energies of
8—14 keV play a more significant role in the for-
mation of possible computational artifacts than
its thickness, if the latter exceeds 10—15 nm.

As mentioned above, as a fullerene ion
impinges on the target, some of the silicon atoms
gain kinetic energy sufficient to overcome the
forces of interatomic attraction and escape from
the surface as sputtered particles. It is obvious
that the dimensions of the calculated model can
strongly influence the sputtering characteristics
obtained as a result of the simulated effect.

Fig. 4,a shows the obtained dependences of
the total number of sputtered atoms and the num-
ber of backscattered carbon atoms on the lateral
dimensions of the target. Evidently, increasing
them from 5 x 5 to 11 x 11 nm in the lateral
dimensions leads to a decrease in the total num-
ber of escaping particles by about 2 times. The
number of backscattered carbon atoms changes
even more noticeably. Indeed, the calculation
with the smallest cell yields 12—13 sputtered
d carbon atoms and depends on the energy of
incident fullerene. This number decreases to 6—7
for a cell with a size of 11 x 11 nm. A further
increase in the lateral dimensions of the crystal
does not affect the resulting sputtering.

Analyzing the angular distributions of the
sputtered particles, we can observe a similar
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Fig. 4. Dependence of the total number of sputtered particles and backscattered carbon atoms
on the lateral dimensions of the target (a); angular distributions of sputtered
atoms for different lateral dimensions of the crystal with a depth of 17 nm

Cases of impact from C, fullerene ions at energies of 8 and 14 keV (a) as well as 14 keV (b) are shown

trend (Fig. 4,6). The distribution has a pronounced maximum in the direction of 25° from the
normal for a crystal with a small surface area. As the size increases, the distribution becomes more
symmetrical, and the maximum shifts towards 35—40°. A further increase in the size of the cell in
the range of 22—44 nm does not lead to a change in the resulting distribution.

Notably, the magnitude of the statistical spread in the obtained values of both total and differ-
ential sputtering yields is significantly reduced for targets of 22 x 22 nm and larger. The variation
in the depth of the model crystal practically does not affect either the absolute number of sput-
tered particles or their distributions.

To understand the causes behind the discovered computational artifacts, we analyzed the prop-
agation of shock waves occurring in the target. Fig. 5 shows the characteristic patterns obtained by
MD simulation, which can occur during interaction in models with a depth of 17 nm at different
lateral dimensions. The colors of the atoms (small circles) correspond to different kinetic energies.

22x22 ®

Fig. 5. Characteristic views of cross section (thickness 10 E) of model
with the depth of 17 nm, evolving in the interaction of the fullerene ion
with the target at three different lateral dimensions of the target (in nm)
The colors of the atoms (small circles) correspond to different kinetic energies (see Table);
the arrows indicate the segments of waves passing through the periodic boundary
and propagating to the region where the crater forms
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Table

Parameters of target atoms (see Fig. 5)

Lateral size Kipetic energy Time period, ps
of target, nm of silicon atoms, eV ’

8 x8x17 0-0.20 0.4

11 x 11 %17 0-0.05 0.5
22 x 22 x 17 0-0.01 1.1

Notes. 1. The time intervals between the instants when the C ion impinges on the
surface and the patterns shown in Fig. 5 are recorded.
2. The C; ion had an energy of 8 keV.

The arrows in the two upper patterns (see Fig. 5, models with sizes of 8§ x 8 and 11 x11 nm)
show the segments of waves passing through the periodic boundary and propagating towards
the region where the crater formed rather than away from it. Such a phenomenon could not be
detected in the case of simulation with a 22 x 22 nm cell: all visible waves propagated from the
impact point and attenuated near the thermostat.

The table shows the time instants at which the images were taken and the energy ranges used
to conveniently describe the wave processes in different cases. We should note that the energies
of silicon atoms reach 0.20 and 0.05 eV in cells with the dimensions of 8 x 8§ and 11 x 11 nm,
respectively, i.e., the calculated temperatures near the crater exceed 900 K. All atoms have an
energy of less than 0.01 eV in a 22 x 22 nm cell. Thus, the energy transferred by the fullerene ion
does not have time to dissipate into the target volume at small cell sizes and returns to the impact
area through periodic boundaries; this leads to increased relaxation of produced defects and a
decrease in the size of the crater by maintaining an elevated temperature for a longer time than in
the case of larger model crystals. The effect of the return shock wave may also be associated with
increased sputtering, including in directions closer to the normal. In the case of large cells, the
scattering and dissipation of the energy transferred between atoms are more uniform and better
correspond to the picture observed experimentally.

Conclusion

The paper presents a molecular dynamics simulation of the interaction between the C,; fuller-
ene ions, with energies of 8 and 14 keV, and the surface of a silicon single crystal. In particular,
we considered the influence of the size of this single crystal on the results obtained.

We found that various computational artifacts arise at an energy of 8 keV and lateral dimen-
sions of less than 11 x 11 nm, both as a crater evolves in the target and during sputtering of
particles caused by its bombardment. Varying the depth of the model crystal in the range from
11 to 33 nm had practically no effect on the results obtained. The cell dimensions of 11 x 11 nm
turned out to be insufficient at the incident energy of 14 keV, since slightly overestimated sput-
tering yields are produced in this case, although no artifacts were observed during the formation
of the crater.

It was established that the causes of the artifacts were, firstly, the return of energy transferred
by fullerene through periodic boundaries to the region where the crater formed, and secondly,
somewhat incorrectly calculated distribution of the energy transferred between the target atoms
in the case of small models.

Analyzing our findings, we can conclude that a model with the dimensions of 11 x 11 nm is
preferable for simulating the interaction of C,, ions at a kinetic energy of less than 8 keV with
the target; it is recommended to use cells with larger lateral dimensions for the case of 14 keV.
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