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Abstract: An atomistic simulation of silicon dioxide thin films deposited using oxide targets is
performed. The influence of the oxide target on the deposition process is taken into account by
introducing O=Si=0 molecules into the flow of particles moving from the target to the substrate. The
fraction of these molecules varied from 0 to 50%. It was found that the presence of O=S5i=0 molecules
leads to film densification during a normal deposition. With a low-energy deposition, the increase in
density was twice as high as with a high-energy deposition. The absolute value of the compressive
stress increased with an increasing fraction of O=Si=0 molecules in the flow of deposited particles
at a normal, high-energy deposition. The influence of O=Si=O molecules on the structure of the
glancing angle deposited films depends on the deposition angle.
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1. Introduction

Optical coatings of various compositions are widely used in optic and optoelectronic
devices for various purposes: high-quality linear filters for aerospace technologies [1],
optical fiber sensors in medicine [2], photovoltaic cells [3], antireflective coatings [4], high-
power lasers for fusion [5], and others [6]. Physical vapor deposition (PVD) is widely used
to obtain multilayer optical coatings [6]. In the PVD method, a substance from a solid target
is transferred into the gas phase by heating or sputtering; then, gas particles move through
a vacuum chamber and condense on a substrate to form coating layers [7]. Both metal and
oxide targets are used to produce optical coatings [6]. The metal targets are convenient
from a technological point of view. At the same time, dielectric targets are also applied to
produce transparent thin films.

Silicon dioxide is the main film-forming material with a low refractive index. SiO,
films are produced using both metal [8-10] and oxide targets [11-15]. In the case of metal
targets, individual atoms and metallic clusters pass into the gas phase from the target and
are oxidized by the oxygen flow supplied to the vacuum chamber. Along with individual
atoms, molecules consisting of metal and oxygen atoms can be emitted from dielectric
targets. Differences in the composition of the flow of deposited particles can lead to
differences in the structural and mechanical properties of growing films. This effect can be
studied using atomistic modeling methods.

The composition and characteristics of emitted particles significantly depend on the
parameters of the emission process [16]. For this reason, the simplest neutral molecule of
the stoichiometric composition O=Si=0O is chosen as an example of an atomistic cluster
for modeling. It should be noted that this molecule is extremely reactive in favor of
tetracoordinated Si clusters. Therefore, their presence in the particle flow is possible due to
the essentially nonequilibrium nature of the emission process.

The simulation of the deposition process is performed using the previously developed
molecular dynamics (MD)-based method [17,18]. Both high-energy and low-energy deposi-
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tion processes are considered. The structural and mechanical parameters are calculated,
including the density, density profiles, defects concentration, and mechanical stress values.

2. Methods

In previous works [17,18], the deposition of SiO; films was simulated assuming that
only Si atoms are emitted from the target into the gas phase. These atoms interact with
oxygen and form new layers of film on the surface of the substrate. In this work, the
possibility of emitting the triatomic O=5i=0 molecules from the target is taken into account.
Thus, at the beginning of each deposition step, these molecules are placed at the top of the
simulation window, along with silicon and oxygen atoms.

The initial coordinates of the atoms are chosen randomly, as are the coordinates of the
Si atom of the O=5i=0 molecules. The orientation of the molecules is also chosen randomly.
The fraction of O=5i=0O molecules in the flow of deposited particles is determined as follows:

f =N(SiO,)/(N(Si) + N(SiO)), (1)

where N(5i0,) and N(Si) are the number of introduced O=Si=0 molecules and Si atoms. The
DESIL empirical force field [17] is used to calculate the energy of interatomic interactions:

Ujj = i/ rij + Ayj/ri > — Bij/ 1 2)

where g;;) is the charge of the i(j)-th atom, go = —0.65¢, gs; = 1.3e, A;j, and B;;, are parameters
of the Lennard-Jones potential for the van der Waals interaction, rjj is the interatomic
distance, Agio = 4.6 x 1078 kJ-(nm)'?/mol, Agisi = Aoo = 1.5 x 107¢ kJ-(nm)'?/mol,
Bsio = 4.2 x 1073 kJ-(nm)®/mol, and Bg;si = Boo =5 x 107 kJ-(nm)®/mol. For silicon and
oxygen atoms in O=Si=0, the DESIL force field is also used. This empirical force field is
parameterized so as to reproduce experimental parameters of fused silica, including the
density, Si-O bond length, nearest O-O and Si-Si distances ([18], Table 1), tetrahedron
structural unit ([18], Figure 7), and some others.

The deposition simulation is organized as a step-by-step procedure [17] and begins
with the preparation of a cluster of substrates on which the film grows. Each step of the
deposition modeling includes the following points:

1.  Adding O=Si=0 molecules, Si, and O atoms in a stoichiometric ratio of 1:2 to the
upper part of the simulation box;

2. MD modeling of the movement of these particles to the substrate and the formation
of a structure on the surface of the substrate and previously deposited film layers;

3. Removing particles reflected from the film surface from the simulation box;

4. Increasing the vertical size of the simulation box by 0.01 nm to compensate for the
increase in the thickness of the growing film.

The number of steps depends on the film thickness, and as a rule, reaches several
thousand. Examples of the final structures are shown in Figure 1.

The values of the initial velocities correspond to the deposited atoms kinetic energies.
To simulate high- and low-energy depositions, the energy values of silicon atoms are
chosen to be 10 eV and 0.1 eV, respectively. The first value corresponds to the ion beam
sputtering of the target [19] (high-energy method); the second value corresponds to the
thermal emission of the target [6] (low-energy method). Also, these values are used earlier
for the MD simulations of silicon dioxide [20,21] and titanium dioxide films [22]. The
energy of individual oxygen atoms is 0.1 eV. The energy of the oxygen atoms in the O=5i=O
molecules is equal to the energy of the silicon atoms.

The MD simulation step is equal to 0.5 fs, and the duration of one deposition step
is equal to 10 ps. This time is sufficient for the deposited atoms to reach the film surface
and transfer excess kinetic energy to the film atoms [23]. The total length of the MD
trajectory depends on the final thickness of the film and reaches 25 ns, which corresponds
to 2500 deposition steps. The maximum number of deposited atoms in the clusters is
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4.5 x 10°. The NVT (constant number of particles, volume, and temperature) ensemble
with the periodic boundary conditions is used at every deposition step. All simulations
are performed at room temperature, T = 300 K, using the Berendsen thermostat [24].
For the MD part of the modeling, the GROMACS package [25] is used. For the visual
analysis of deposited clusters, the Visual Molecular Dynamic (VMD) package is applied [26].
The simulation is carried out using equipment at the shared research facilities of high-
performance computing resources at Lomonosov Moscow State University [27].

Normal deposition a = 0° Glancing angle deposition, a = 70°

10 nm 30 nm

Figure 1. Geometries of the clusters deposited at different deposition angles «.

3. Results and Discussion

The parameters of the O=5i=O molecule are shown in Table 1. The quantum chemistry
calculations are performed using GAMESS US program [28] at the HF/6-31G* level. This
level is sufficient to reproduce the ground state geometry of a simple molecule. The classical
calculations are performed using the DESIL force field, which is used in the present work
to simulate the deposition process. As can be seen from the results of Table 1, the classical
method reproduces the linear geometry of the O=Si=O molecule and slightly overestimates
the length of the double bonds between the oxygen and silicon atoms. At the same time, the
DESIL force field overestimates the stability of the O=5i=O molecule: the difference in the
formation energies of a Si;O; molecule and two O=Si=0 molecules is —291 k] /mol (DESIL)
and —447 kJ /mol (HF/6-31G*). This means that DESIL underestimates the realized energy
during the transition of Si atoms from the double bond configuration in O=Si=O molecules
to the tetrahedral configuration in films.

Table 1. Parameters of O=Si=O molecule, calculated using quantum chemistry (QC) method and
DESIL force field (FF).

Method R(Si-O), nm o(0-Si-0), grad Charge
QC 0.149 180 0
FF 0.155 180 0

The energy and angular distribution of the sputtered particles, as well as their compo-
sition, essentially depend on the sputtering parameters, such as the angle between the flow
of bombarding ions and the substrate [16], the surface binding energy [29], and others. For
this reason, in this work, the fraction of molecules in the flow of the deposited particles
varies widely. It is assumed in the simulation that the distance between the target and sub-
strate is much more than the substrate dimension. Due to this assumption, the directions of
the initial velocities of deposited atoms are considered to be the same. In the following text,
we will call the angles of the selected directions the deposition angles.
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The results of modeling normally deposited films, when the deposition angle « is
equal to zero, are shown in Figures 2 and 3. The sharp change in the density (about /s = 5 nm)
is associated with the transition from the substrate to the film. The deposition temperature
is 300 K, which corresponds to a cold substrate. The density profiles of growing films are
obtained for high- and low-energy depositions when the fraction of O=5i=0O molecules in
the flow of incident atoms varies from 0 to 40%. In the case of the high-energy deposition
(E=10eV), an increase in f leads to an increase in the film density. At the same time, the
addition of O=Si=0 molecules to the flow of incident atoms slightly changes the shapes of
the density profiles.

E=10eV E=0.1eV
2.5
2
1.5
1
—10 40
0.5 film
—20
substrate h
0 Y
10 15 20 0 5 10 15 20 25
h, nm h, nm

Figure 2. Density profiles of deposited silicon dioxide films. h—distance from the layer of thickness
of 1 nm to the substrate, f—fraction of O=5i=0 molecules in the flow of deposited particles, and
E—particle energy.

E=10eV E=0.1eV
2.4
N 2.3 /l%
/_’\ \
% 2.2 =
Q,
f,/o 2.1
— 10
. 19
ey
— 30 1.8 _ ——
substrate| film substrate| film
40 1.7
1.6
4 8 12 16 0 4 8 12 16
h, nm h, nm

Figure 3. Dependence of the film’s density of the film’s thickness F. f is the fraction of the O=Si=O
molecules in the flow of the deposited particles, and E is the energy of the particles. The vertical line
indicates the substrate boundary (# = 5 nm). The substrate is not included in the film density (# > 5 nm).

For low-energy sputtering (E = 0.1 eV), the dependence of the density profiles on the
value of f is more complex than for E = 10 eV. The difference between the profiles increases
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with an increasing h value. The density of the transition layers between the film and the
substrate decreases with an increasing fraction of O=Si=0O molecules, but with a further
increase in /, the density increases. In general, the introduction of molecules into the flow
of incident atoms leads to film densification, as in the high-energy deposition. The increase
in density reaches approximately 0.5 g/cm3, (see plots in the range from 15 to 20 nm),
which is twice the similar effect at E = 10 eV.

The dependence of the film density on its thickness is shown in Figure 3. The film
density monotonically increases as f changes from 0 to 40%, but with an increasing f value,
this effect weakens. The density of low-energy deposited films decreases with an increasing h.
At h > 14-15 nm, the density of films deposited at f = 20-40% exceeds the density of films
deposited without O=5i=0 molecules in the flow of incoming atoms. This is explained by a
noticeable increase in the density of sub-layers deposited with an increasing h (Figure 2).

For a more detailed study of the dependence of the film structure on the value of f,
averaged values of the following structural parameters were calculated: the length of the
5i-O bonds (0.164 nm), the Si-O-5i angle (145°), and the concentration of point defects
such as undercoordinated oxygen (1%) and silicon (0.1%) atoms. These defects significantly
affect the optical properties of transparent films, such as the laser damage threshold.

It was revealed that all these structural parameters weakly depend on the fraction of
molecules in the flow of incident atoms during the high-energy deposition. This means that
linear O=5i=0 molecules in the film change their geometry and participate in the formation
of structural SiOy tetrahedra (Figure 4).

Figure 4. Fragment of the atomistic structure of a deposited film. The formation of structural
tetrahedra is shown.

The observed increase in the film density is likely due to a change in the relative
orientation of these tetrahedra. A similar result is obtained with low-energy sputtering,
with one exception: the concentration of single-coordinated, non-bridging oxygen atoms
increases by ten percent as f changes from 0 to 40%. This means that a small fraction of
0=5i=0 molecules retain non-bridging oxygen in the film.

Mechanical stresses arising in the film during the deposition process can significantly
affect the properties of the film [6]. In this work, the main components of the stress tensor
oxx and oyy in the plane of the substrate are calculated as follows [20]: after the deposition
is complete, the final cluster is simulated in the NVT ensemble, the diagonal components
of the pressure tensor pxx and pyy are averaged over MD trajectory, and then, oxx and
oyy values are calculated as Oxx(yy) = —Pxx(yy)- The stresses are calculated for a cluster with
a thickness of h = 20 nm. The simulation is carried out at T = 300 K for 100 ps. This trajectory
length is sufficient to eliminate stress fluctuations [20].

The results for the high-energy deposited film are presented in Table 2. The values of
Oxx and Oyy are negative, Oyy(yy) = — | Oxx(yy) |, Which corresponds to the compressive type
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of stress. This is consistent with the results of MD stress calculations performed previously
for SiO, films [20] and experimental data [30,31]. The absolute values of the stress tensor
components increase with an increasing f value. This means that the introduction of
0O=5i=0 molecules into the flow of incident atoms leads to an increase in stress in the
growing film. This result can be explained as follows: Using larger particles to form a film
reduces the flexibility of the growing structure to adapt to the external pressure. Therefore,
the stress increases with the increasing proportion of O=5i=0 molecules. The values of the
stress tensor components in the low-energy deposited films are insignificant and change
slightly with an increasing f.

Table 2. Main components of the stress tensor, oxx and oyy (MPa), where f is the fraction of the
0=Si=0 molecules in the flow of the deposited particles.

f, % 0 10 20 30 40 50
[ oxx | 117 133 152 160 162 165
loyy | 122 138 140 148 162 170

The change of the refractive index An due to the change in the film density Ap is
calculated using Gladstone-Dale equation [32] in the following form:

An =0.21-Ap, 3)

In the case of the high-energy deposition, the change in the density Ap with varying
values of f from 0 to 40% is approximately 0.05 g/cm? (Figure 3, left side, i = 16 nm). Ac-
cording to Equation (3), this corresponds to an increase in the refractive index by An = 0.001.
With the low-energy deposition, the density changes from 1.77 g/cm? to 1.85 g/cm3 with a
change in f (Figure 3, right side, & = 16 nm), which corresponds to a change in the refractive
index by An = 0.017.

The simulation of the deposition under large angles (glancing angle deposition, GLAD)
is also carried out. GLAD films are characterized by a high porosity and anisotropy of the
structure [19]. As can be seen in the plots in Figures 5 and 6, an increase in the deposition
angle from o = 60° to & = 70° leads to a significant reduction in the film density. This result
is consistent with the experiments [33] and results of previous simulations [34].

(a) GLAD films, o = 60° (b)

2.5
24
2.3

2.2

p, g/cm3

2.1

substrate

0 5 10 15 20 0 5 10 15 20
h, nm h, nm

Figure 5. Density profiles (a) and dependence of the density on the film’s thickness & (b). f is the
fraction of the Si=O=Si molecules in the flow of the deposited particles, the energy of the deposited
particles is E = 10 eV, and « is the deposition angle. The vertical line indicates the substrate boundary
(h =5 nm) (b). The substrate is not included in the film density (7 > 5 nm).
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Figure 6. Density profiles (a) and dependence of the density on the film’s thickness & (b). The
designations are the same as in the caption to Figure 5.

In the case of a = 60°, the introduction of O=Si=0 molecules into the flow of deposited
atoms leads to an increase in the film density (Figure 5). The density profiles show that after
the formation of a thin layer of increased density adjacent to the substrate, the density of
the layers decreases significantly with the increasing coordinate & of the layers (Figure 5a).
This behavior is observed for all values of f. The increase in the layer density depends
on f and can reach 0.2 g/cm?®. The film density increases by approximately 0.05 g/cm? at
f =10% (h =20 nm). A further increase in f to 50% results in an increase in the density by
approximately the same amount (Figure 5b). In general, the film density at « = 60° changes
approximately in the same way as during the normal deposition.

In the case of « = 70°, an increase in the fraction of O=Si=0O molecules leads to
multidirectional changes in the density profiles and the dependence of the film’s density on
its thickness (Figure 6). The change in the layer density caused by an increase in the f value
can reach 0.2 g/cm? (Figure 6a). This change can be either positive or negative. In the
transition region between the substrate and the film, when / changes from 5 nm to 10 nm,
an increase in f leads to a decrease in the density. If & > 10 nm, the density change fluctuates
with an increase in the value of f.

The difference in the film density, p(f = 30%) — p(f = 0), is initially negative, but becomes
positive when h exceeds 15 nm (Figure 6a). In the case of f = 50%, the film density is lower
than in the case of f = 0 for all values of the film thickness. Thus, the film density changes
nonmonotonically with an increasing f. This result is attributed to large-scale structure
fluctuations at the initial stage of growth of the GLAD film deposited at o« = 70° [35].

4. Conclusions

The MD modeling of silicon dioxide films deposited using a dielectric target, which is
a source of deposited particles, was carried out. For the first time in a full-atomistic MD
simulation, the flow of deposited particles included not only individual silicon and oxygen
atoms, but also O=Si=0O molecules.

If the flow of deposited particles moves perpendicular to the substrate, then the
introduction of O=5i=0 molecules into the flow leads to the densification of the film
during both high-energy and low-energy depositions. With the low-energy deposition
(E(Si) = 0.1 eV), the increase in the density can reach approximately 0.5 g/ cm?®, which
is twice as high as the similar effect with the high-energy deposition (E = 10 eV). This
densification is associated with a change in the mutual orientation of the SiO4 structural
tetrahedra, since the length of the Si-O bonds and the Si—-O-Si angle change slightly. The
change in the refractive index due to film densification can reach 0.025 for low-energy
deposited films.

The main components of the stress tensor were calculated using a previously devel-
oped approach. In the case of the high-energy deposition, the stress was compressive,
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which is consistent with experimental data and modeling results known from the literature.
The absolute values of the stress tensor components increased with increasing fractions of
0O=5i=0 molecules in the flow of deposited particles. The stresses in low-energy sputtered
films were insignificant.

Glancing angle deposition (GLAD) simulations were also performed. At a deposition
angle of & = 60°, the film density changed approximately in the same way as with a normal
deposition. In the case of o = 70°, an increase in the fraction of O=5i=0 molecules led to
multidirectional changes in the dependence of the film density on its thickness.

In general, the simulation results are consistent with the experimental data and simulation
results known from literature. The features of the structure and properties of films caused by
the presence of molecules in the flow of deposited particles are discussed in the work.
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