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Abstract. This paper presents the results of high-performance atomistic mod-
eling of heating and the initial stage of evaporation of thin silicon dioxide films
under the action of high-power laser radiation. Both dense isotropic films
obtained by normal deposition and highly porous anisotropic silicon dioxide
films obtained by deposition at a large angle to the substrate are investigated.
The dependence of the initial stage of film evaporation on its structural prop-
erties is analyzed.
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1 Introduction

Thin film optical coatings are important elements of high intensity laser installations,
among which the most impressive examples are petawatt laser systems used in nuclear
fusion plants [1-3]. The main limiting factor preventing a further increase in lasers
power is the laser induced damage in thin films of optical coatings [4—6]. The issue of
increasing the laser radiation resistance of optical thin films has been on the agenda for
more than three decades. To date, experimental methods for studying the laser induced
damage in thin films are well developed and described by international standards [7].
At the same time, the general theoretical understanding of the physical mechanism of
laser induced damage is still very far from what is desired. But such an understanding is
vital for further progress in many critical areas requiring the use of powerful lasers.

Recently, molecular dynamics methods have been actively used to study the
interaction of laser irradiation with various materials [8—11], including their heating and
subsequent evaporation. These processes play an important role in laser damage [12].
For optical coatings, one of the most important thin film materials is silicon dioxide.
The study of heating SiO, films under intense laser irradiation was begun in Ref. [13].
This article presents the latest results in this direction.

© Springer Nature Switzerland AG 2021
V. Voevodin and S. Sobolev (Eds.): RuSCDays 2021, CCIS 1510, pp. 114-124, 2021.
https://doi.org/10.1007/978-3-030-92864-3_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92864-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92864-3_9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-92864-3_9&amp;domain=pdf
https://doi.org/10.1007/978-3-030-92864-3_9

High-Performance Atomistic Modeling of Evaporation of Thin Films 115

2 Method

Following [14-16] we assume that the absorption of the high-energy laser irradiation
occurs due to nonlinear processes such as multiphoton absorption. The process of the
interaction of electron subsystem with laser irradiation is not considered explicitly
within the framework of this paper, but is taken into account trough the simulation
parameters. The transfer of energy from the electronic sub-system of to the nuclei is a
short-time process. In our simulations, this transfer is considered as a rapid, almost
instantaneous increase in the nuclei kinetic energy. After this moment, the further nuclei
moving are considered using the classical molecular dynamics (MD). The energy of
interatomic interactions is calculated in the frame of the DESIL force field [17]:

U = qigy/rs+Ag/ry " — Bii/rii6 (1)

where g is the charge of the i(j)-th atom, go = —0.5¢gs; = —0.65¢, A; and By, are
parameters of the Lennard-Jones potential for the van der Waals interaction, r;; is the
interatomic  distance, Agio = 4.6-107° kJ-(nm)'%/mol, Ag;gi = Aoo = 1.5-107° kJ-
(nm)'*/mol, Bs;o = 4.2-1072 kJ-(nm)®/mol, Bs;si = Boo = 5-107 kJ-(nm)®/mol.

The atomistic clusters, representing the thin film, were obtained in our previous
works [18, 19] using the step-by-step procedure. At each step, silicon and oxygen
atoms with stoichiometric proportion of 1:2 are inserted randomly at the top of the
simulation box. The initial values of the silicon and oxygen atoms kinetic energies are
E(Si) = 10 eV and E(O) = 0,1 eV, which corresponds to the high-energy deposition
processes. The initial velocities of the oxygen and silicon atoms are directed to the
substrate at the deposition angle o (Fig. 1) The NVT (constant number of particles,
volume and temperature) ensemble is used at every injection step. The vertical
dimension of the simulation box is increased by 0.01 nm after each injection step in
order to compensate for the growth of film thickness. The duration of one injection step
is 10 ps and the time step of MD modeling is 0.5 fs.

The atomistic clusters were deposited at two different deposition angles o = 0 and
70°. Deposition at oo = 0 leads to the formation of dense and homogeneous films, while
deposition at large values of o leads to the formation of porous and anisotropic
structures (Fig. 1). In this work, we investigate the differences in the heating and
evaporation processes for these cases.

The MD simulation of the film heating is organized as described in [13]. At the
initial moment, the atoms of the films acquire additional kinetic energy, which corre-
sponds to the following exponentially decreasing temperature distribution over the
cluster thickness:

7“]71
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T(x) == (E) 1)+ yif L2 <x <L 2)

T(x) =Ty, if 0<x<L/2.

Here Ty = 300 K is the film and substrate temperature before the laser radiation
absorption, L is the film thickness, T, is the maximum temperature at the upper edge of
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Fig. 1. Scheme of the molecular dynamic simulation of the thin film deposition and heating of
the film.

the film. This temperature distribution is schematically shown in Fig. 1. In the present
work the T, value varies from 3-10° K to 1.2-10* K. At such temperatures, activation
of the evaporation process can be expected, since the boiling point for quartz is about
of 3-10° K [20]. The Ty value is equal to room temperature, 300 K. The substrate
temperature is maintained at 7 during heating and evaporation using the Berendsen
thermostat [21]. The simulations are carried out in the NVT ensemble, periodic
boundary conditions are applied in all directions. The evaporated atoms can move in
the empty volume above the cluster surface.

The duration of the simulation trajectories is about of several tens of picoseconds.
This duration is enough to describe the initial stage of the evaporation process.

MD simulations are performed using the GROMACS program [22].
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3 Results and Discussion

Films deposited at large angles of incidence o are characterized by the formation of
specific structures like slanted columns [23, 24]. These columns are shown in Fig. 1.
Since the horizontal dimension of columns exceeds several nanometers, the clusters
having at least one dimension equal to several tens of nanometers are needed for the
simulation. Therefore, in this work the horizontal dimensions of the substrate are
18 nm and 60 nm (see Fig. 1).

At the end of the simulation of the deposition process, the total number of atoms in
the clusters is about of 2.5-10°. The effective simulation with such number of atoms can
be carried out only using parallel calculations. In this work, all simulations are carried
out on the supercomputer “Lomonosov-2” of HPC computing resources at Lomonosov
Moscow State University [25]. The calculations efficiency is investigated for two main
queues available for users: «compute» and «pascal». The processors with following
characteristics are used: Intel Haswell-EP E5-2697v3, 2.6 GHz, 14 cores with graphics
accelerator NVidia Tesla K40M («compute») and Intel Xeon Gold 6126, 2.6 GHz, 12
cores with graphics accelerator 2 x Nvidia P100, 3584 cuda cores, 16 GB («pascal»),
for the further details see [26]. The effectiveness is investigated for the MD trajectory
with duration 10 ps, number of atom is about of 2.5-10°.

The results of the simulation are presented in Fig. 2a,b. As can be seen from
Fig. 2a, the simulation time at N = 64 is about ten minutes, which makes it possible to
systematically investigate the evaporation process. The calculations are performed
faster using the «pascal» queue.

The effectiveness of parallel calculation is calculated as follows:

a(N) = Nrg/(8ty) (3)

where N is the number of cores, fg and #y are the simulation time using 8 and
N cores, respectively. As can be seen from Fig. 2b, the values of the effectiveness for
both queues are almost identical. The decrease in efficiency with an increase in the
number of cores can be caused by an increase in the relative computational cost of non-
paralleled processes, such as reading of initial geometry, etc.

The simulation results for heating and evaporation are shown in Figs. 3, 4 and
Tables 1, 2 and 3.

The time evolution of the temperature distribution over the film volume after
absorption of laser radiation is shown in Fig. 3a,b. The cluster is deposited at an angle
o = 70°. The value of the maximum temperature 7, at the moment ¢ = 0 is 4200 K for
the plots in Fig. 3a. At this temperature, the evaporation process has not yet been
observed. As can be seen from plots in Fig. 3a, the temperature of the upper edge of the
films rapidly decreases from T,, value to approximately 1500 K. This effect is asso-
ciated with the transfer of a part of the additional kinetic energy to the potential energy
[13]. This leads to cooling of the film. After that, the temperature distribution changes
insignificantly for several tens of picoseconds. This is due to the fact that the char-
acteristic time T of thermal energy transfer from hot to cold layers of the cluster is much
longer than a picosecond. Indeed, the value of T can be estimated from the heat
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Fig. 2. Dependence of the simulation time ¢ on the number of cores N for queues «compute» and
«pascal».

equation as T ~ ¢pL*/y, where the values of the specific heat capacity, mass density,
and heat conductivity are equal to ¢ = 10° J/(kg:K), p =2.2-10° kg/m?, and
x = 2.0 W/(m-K) [27]. Since the characteristic cluster thickness L is about 40 nm, we
obtain T ~ 1 ns. In this work, we focused on the investigation of the evaporation
process, that occurs in the first few tens of picoseconds (see below). Therefore, we did
not study the nanoseconds evolution of temperature profiles.

Temperature distributions at 7,, = 8400 K are shown in Fig. 3b. As in the case of
T,, = 4200 K, the temperature rapidly decreases during the firsts picoseconds after the
absorption of laser energy. But in this case this decrease is more significant. In addition,
a fluctuation of the temperature distribution is observed near the upper edge of the film
cluster. These differences are associated with the beginning of the evaporation process.
Indeed, the energy of a cluster decreases when evaporated atoms leave it. This can be
illustrated using the data shown in Table 1. In this table, the averaged kinetic energy of
the evaporated atoms situated in a layer with a lower coordinate x and a thickness of
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Fig. 3. Temperature distribution 7(x) over the cluster thickness for different times ¢ after the
absorption of laser radiation. a) T, = 4200 K, b) 7,, = 8400 K. The upper edge of the film
corresponds to x = 43—44 nm.

2 nm is calculated and converted to temperature 7(x,f). The values of T(x,f) are cal-
culated for the MD frame at the moment ¢. Then the evaporated atoms are removed
from the simulation cluster and the MD simulation continues. This means, for example,
that at time ¢t = 12 ps, T(x,f) is calculated only for the atoms that have evaporated
during the time period from # = 10 ps to # = 12 ps. Zero values in Table 1 mean that
there are no evaporated atoms in the corresponding layer. The coordinate of the upper
film edge is approximately 44 nm.

As can be seen from Table 1, the temperature can reach 10° K, which corresponds to
a kinetic energy of about 10 eV. Since the maximum value of the temperature at the
initial moment is less than 1 eV, this means that the evaporated atoms receive energy
from collisions with other atoms of the clusters. The release of high-energy atoms from
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the film leads to its cooling, which is more significant than in the absence of evaporation.
This explains the differences of the temperature distributions shown in Fig. 3a, b.

Evaporated atoms heated to a temperature of about 10**> K can form regions with
plasma, which can significantly affect the absorption of laser radiation. It is worth
mentioning here that it was previously assumed that the laser-induced damage of
transparent crystals and films can be associated with the formation of a locally plasma
region as a result of the matter heating [28-30].

Table 1. The temperature 7(x,7) of atoms evaporated from the film, x is the vertical coordinate,
t is the time counted from the moment of absorption of laser radiation. Large values of T(x,7) are
highlighted in bold.

tps— 2|4 |6 |8 |10 12|14 |16 |18
x,nm T(x,1), K-104

46 0/18/ 391360 0 0 0 |0
48 035 3.1/42/1.6 27 63 5.1 43
50 0025 6913310 220 | 0 |45
52 023 591350 1646 5837
54 00 | 89590 0 36 54 34
56 00 | 79490 4234 4745
58 00 | 80580 0 73 660
60 00 | 730 0 0 |71 0 |64
62 00 1060 0 0 0 1080
64 00 |00 0 0 0 980
66 00 (12100 0 0 [0 |0 |0
68 00 1340 0 0 0 0 |0

The time dependence of the number of evaporated atoms after the absorption of
laser energy is presented in Table 2. The N(z) values are calculated as N(z) = N,
(t + At) - N, (t), where N, (t + At) and N, (t) are the number of atoms in the cluster at
the moments ¢ and At respectively, At = 2 ps. Every 2 ps, the evaporated atoms are
removed from the simulation area to prevent their possible return to the cluster.

As can be seen from Table 2, evaporation begins within the first few picoseconds
after absorption of laser energy and lasts about twenty picoseconds. At 7, = 4200 K,
the number of the evaporated atoms is negligible for both values of the deposition
angle. In the case of o = 70°, the evaporation process is more intense than in the case
of o = 0°. We assume that this is due to differences in the structure of the films.

The dependence of the total number of evaporated atoms on the maximum initial
temperature of the clusters is presented in Table 3. The fraction of evaporated atoms
does not exceed several percent even for the highest T,, values. This is explained as
follows. The cohesion energy of silica is about 20 eV per one SiO, group [31], while
the maximum additional kinetic energy of an atom at 7,,, = 12400 K is about 1 eV. So
only a small part of atoms can receive enough energy to leave the atomistic cluster.
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Table 2. The dependence of the number of evaporated atoms N(z) on the simulation time ¢, o is
the deposition angle, 7, is the maximum initial temperature of the cluster, see Eq. 2.

o |0 70°
T,,, K | 4200 | 8400 | 4200 | 8400
t,ps | N)

o o 1 o Jo

2 1 1 0 1

4 o |1 |0 4827
6 2 [1630/1 54369
8§ |1 1280/0 29961
10 0 |95 [0 9511
120 (22 |1 1361
14 1 30 [0 375
16 0 |215 0 213
18 |1 (82 |1 |4

20 0 128 0 16
2 0 (13 0 |8

24 (0 2 0 |0

26 0 0 0 3

22 0 0 0 0

30 [0 Jo Jo |6

Table 3. The dependence of the total number of evaporated atoms N,,,, on the maximum initial
temperature 7,, for films deposited at different values of the deposition angle o, f{%) is the ratio
of N,,, to the initial number of atoms in clusters.

o

Oo

70°

T, K

Ntol,

(%)

Niot,

£(%)

4200
5500
6900

6
2
20

0.0
0.0
0.0

0.0
0.0
0.0

8400

4240

0.17

W W W w

0.0

9600
11000
12400

11570
26265
48415

0.46
1.05
1.94

100692
145543
162670

4.03
5.82
6.51

As expected, the number of evaporated atoms grows with increasing 7,,. The
dynamic of this growth substantially depends on the deposition angle o. At an angle
o = 70°, the evaporation process starts more rapidly than at oo = 0°. This is accom-
panied by a difference in the evolution of the structure with increasing 7,, (Fig. 4).
Visual analysis shows that the structure of the film deposited at o0 = 0° practically does
not changes. Whereas in the case of o = 70°, an increase in 7,, leads to noticeable
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changes of the structure. At 7,, = 4200 K, the shape of slanted columns changes, and a
deep depression is observed in the central part of the cluster. We assume that these
differences in the evolution of the structure affect the intensity and rate of the evapo-
ration process in films deposited at o = 0° and o = 70°.

o =(°

structure before heating T,=12400K
a=70°

structure before heating =4200 K

Fig. 4. The structures of the deposited films at different value of the maximum initial
temperature T,

4 Conclusions

In this work we perform the molecular dynamic simulation of heating and the initial
stage of evaporation of silicon dioxide films. The films are deposited at angles oo = 0
and o = 70° and an energy of incident atoms of 10 eV. Heating is performed by short
and intensive laser radiation, which is simulated by the addition of the kinetic energy to
atoms at the initial moment. The maximum initial temperature 7, in the top cluster
layers vary from 4.2:10° K to 1.2:10* K
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It was found that the evaporation process begins approximately 2—4 ps after the
absorption of laser radiation and lasts approximately 20 ps. The intensive evaporation
process begins when T}, exceeds 810 K. The evaporation process is more intense at
o = 70° and is accompanied by a significant change in the film structure.

The work was supported by the Russian Science Foundation (Grant No. 19-11-
00053).
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