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Molecular dynamics study of reversible relaxation of compressive
mechanical stress in polycrystalline metal films after the interruption of

their deposition
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The results of MD simulation of polycrystalline metal films deposition are presented. Using Cr and Cu as
an example, the influence of the deposited particle energy, the deposition rate, as well as the film material and
temperature on the change in stress upon interruption and resuming deposition is studied. The simulation results
showed that the reversible relaxation of compressive stress in polycrystalline films upon interruption of deposition
is associated with the lateral displacement of atoms trapped in grain boundaries from the surface during deposition.
This process of redistribution of atoms in grain boundaries leads to their more compact arrangement and proceeds
in the same way in all layers of the film, both after and during deposition. The higher the mobility of atoms on
the surface due to the type of material, temperature or energy of the deposited particles and the higher the rate of
deposition, the greater the change in stress when it stops. No escape of atoms from grain boundaries back to the

film surface was observed when deposition was interrupted.
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Introduction

Thin polycrystalline films of metals are widely used in
micro- and nanoelectromechanical systems [1,2], optics [3]
and storage devices [4]. Residual mechanical stress occur-
ring during deposition limit the possibility of their use,
as they can lead to cracking and peeling [5,6], swelling
of the film [6,7], as well as deformation of structural
elements [8]. On the other hand, controlled deformation
caused by residual stress can be used for self-assembly of
three-dimensional MEMS devices [9-12].

It is necessary to understand the mechanisms of their
formation during the deposition of films to predict and
control stress.

Most metal films grow according to the Volmer-Weber
mechanism [13], during which three stages of stress forma-
tion are defined. Separate islands with compressive stress
are formed on the substrate at the initial stage. These stress
are associated with the Laplace pressure [14], as well as
the influence of surface defects [15]. At the second stage,
the islands begin to touch and form an grain boundary,
which leads to a decrease of surface energy [16-18]. As a
result, tensile stress occur in the film. The film continues
to accumulate tensile stress at the third stage, with low
mobility of adatoms. The tensile stress will decrease and
a transition to compressive stress will gradually occur if
the mobility of adatoms is high [19,20]. The amount of
mobility of adatoms depends on both the material and
the deposition conditions, for example, the temperature

of the substrate and the energy of the deposited atoms.
When deposition stops, some of these compressive stress
relax, and if deposition is resumed, the stress return to the
previous value and develop as if there was no break [20,21].
The mechanism of the occurrence of compressive stress
at this stage and their partial relaxation when deposition
stops is still being discussed [22-24]. The reasons are
the penetration of adatoms into the grain boundary and
their exit back to the surface [17], the ingress of adatoms
between coalescing atomic steps and their return exit [25],
inheritance of compressive stress from the first stage of film
growth and recrystallization, which leads to a change in
density grain boundaries [20)].

The most generalized kinetic model describing the for-
mation of stress during the deposition of polycrystalline
films is presented in [27,28]. This model directly relates
the magnitude of stress to the deposition parameters and
microstructure and, as a result, well explains the stress
dependences observed in experiments on the deposition
rate, temperature and film material. The authors attribute
the occurrence of tensile stress to the formation of a
grain boundary and a decrease of surface energy, and
the occurrence of compressive stress is explained by the
penetration of adatoms into the grain boundaries. They
believe that the latter is caused by an increase of the
chemical potential on the surface (dus) of grains because
during deposition it comes to a non-equilibrium state. The
resulting difference of chemical potentials on the surface
and in the grain boundary Au becomes the driving force
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for adatoms. It is equal to Sus + 0,2, where o; — stress
in the near-surface atomic layer, 2 — volume per atom.

The plus sign is due to the fact that compressive stress
are considered negative. During deposition, Ay is positive,
resulting in the movement of adatoms from the surface
into the grain boundary and the formation of compressive
stress. The formation of a new section of the grain boundary
results in the occurrence of tensile stress in the new atomic
layer, after which the introduction of adatoms into it leads
to a gradual decrease of tensile stress and transition to
compressive stress. This sequence of processes is repeated
in each new atomic layer i, producing stress in it o;:

oi = oc + (o7 —O'C)exp(—%), (1)

where or — tensile stress occurring during the formation
of a new section of the grain boundary in the i layer, oc —
maximum compressive stress that may occur in it as a result
of the introduction of adatoms into the grain boundary,
At — layer formation time, and 7 — Kkinetic parameter
depending on grain size L, lattice parameter a and effective
diffusion coefficient D:

La

= —. 2
The constant B — is defined as follows:
4CsM¢ Q2
=, 3

where 2 — volume per atom, M ; — biaxial module, Cs —
ratio of the number of mobile atoms to the number of
seats on the terrace adjacent to the grain boundary, k —
Boltzmann constant, T — temperature.

As a result, the average stress in a film with a thickness
of h having N filled atomic layers are equal to

<0'>:%Z[O'c-l-(O'T—O'c)exp(—%)} (4)

The authors of the kinetic model believe that the chemical
potential on the surface returns to the equilibrium state, the
additive dus disappears, and in the presence of compressive
stress Ay becomes negative when the deposition stops
and as a result part of the atoms returns back to the
surface [24].

A capability to observe the behavior of individual atoms
during the deposition of the film and after the deposition
stops is needed to study which processes lead to the forma-
tion and relaxation of stress in the film. Unfortunately, the
capabilities of existing experimental methods for studying
films in-situ are very limited. However, modern methods of
computer modeling, in particular the method of molecular
dynamics (MD), open up more and more opportunities
for the study of processes occurring at the atomic level
Modeling is performed by solving equations of motion to
obtain the positions of all atoms in the model as functions

of time. The forces acting on each atom are determined
by the interatomic interaction potential set by the user.
Many papers have covered modeling of the deposition of
metal films by the method of molecular dynamics, but only
a small part of them consider polycrystalline films. The
penetration of adatoms into the grain boundary during the
deposition of Ni films, in which compressive stress were
formed as a result, was demonstrated in [29,30]. The
results of an extensive study of the dependence of the
stress formation process during the growth of Fe and W
polycrystalline films on such parameters as the shape, size,
orientation of the initial islands and the energy of the
deposited atoms are provided in [31]. The stress changes
during deposition in their paper are consistent with the
kinetic model. However, the exit of atoms from the grain
boundary back to the surface was not detected during
the simulation of the process of relaxation of compressive
stress with the stopped deposition, but it was noticed
that the width of the grain boundary in the near-surface
region decreases after deposition ceases. We studied the
dependence of surface roughness and mechanical stress
on the energy of deposited atoms and the deposition rate
in our paper covering the modeling of the deposition of
polycrystalline films Cr [32]. The higher the energy of the
atoms and the lower the deposition rate, the more atoms
were able to descend the atomic steps, complete them
and penetrate into the grain boundary. As a result, films
deposited with higher energies had a smoother surface and
higher compressive stress. A decrease of the deposition rate
also led to an increase of compressive stress, but the surface
roughness practically did not change. These results are quite
consistent with the kinetic model. However, the study of
the deposition stop demonstrated that the partial relaxation
of compressive stress is not associated with the release of
atoms back to the surface, but with their redistribution in
the grain boundary in the lateral direction. Thus, despite
a good consistency of mechanisms of stress formation
presented in the kinetic model during the deposition of
films with the results of experiments and MD simulations,
its description of the relaxation of compressive stress after
the deposition stops is not consistent with the results of MD
simulations.

The purpose of this work is to study by the method
of molecular dynamics of stress changes during stopping
and resuming deposition of polycrystalline films to find out
what exactly causes the effect of reversible relaxation of
compressive stress, to study the impact of the energy of
the deposited particles, the deposition rate, as well as the
temperature and the film material.

1. Model description

The simulation was conducted using a freeware package
for solving problems of molecular dynamics LAMMPS [33].
Data were visualized using open source software for
the analysis of particle-based models OVITO [34]. The
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Figure 1. Image of the model before deposition:
grain boundary, as well as a bottom view (c).
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Figure 2. Change of mechanical stress during deposition of films Cr (a) and Cu (b) with incident particle energies 3 (1), 10 (3) and
15eV (5) at 300K, as well as stopping (2, 4, 6) and resuming (/, 3, 5) deposition.

submerged atom model [35] was used to calculate the
interaction between Cu atoms, and a modified submerged
atom mode was used to calculate the interaction between
between Cr atoms [36]. The simulation step was equal
to 1fs. Hemispherical islands with orientation (110) were
formed to simulate a polycrystalline Cr film at the initial
stage of growth, (Cr films deposited by the magnetron
method in our experimental studies had this texture [37,38])
and a radius of 2nm (Fig. 1,a), the space between them
was filled with a thin layer of amorphous phase (Fig. 1, ).
Cu films were produced in a similar manner, but with
orientation (111), since such a texture is most characteristic
of metal films with a FCC lattice [39]. This approach to
modeling the deposition of polycrystalline films is described
in more detail in [31]. Three of the four crystallites were
rotated relative to the axis of symmetry of the hemisphere
at angles —45°, 45° and 90° (Fig. 1,¢), as a result, during
deposition, the grains did not coalesce into a single single-
crystal, but a disordered grain boundary was formed. The
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lower layer of atoms in the hemispheres was fixed. The
space between the grains at the height of four atomic layers
was filled with atoms randomly. The density of filling
of these four layers determined the value of the initial
stress in the film [31]. The lower layer of this group of
atoms was also fixed, but only along the Z axis, as a
result of which they were rearranged after the free energy
minimization procedure forming the beginning of the grain
boundary. Periodic boundary conditions were set on the
side faces of the modeling area. Before the deposition, a
temperature equal to 300 K was set in the entire model and
a relaxation procedure was performed. 300K thermostat
was set above a fixed layer during the deposition in three
atomic layers.

The atoms were thrown every 500 fs at a height of 8 nm
from the sample. The horizontal coordinates of the point
of occurrence of the atom were determined randomly. The
initial velocity corresponding to the required kinetic energy
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Figure 3. Image of a Cr film model after deposition for 4 ns with
an energy of 15eV and a deposition period of 500 fs.

and directed vertically downward was set for the deposited
atoms.

The components of the stress tensor were determined
using kinetic energy and virial [40]:

N N’
domevivkg > i fig
K K

where i and | take the values X, y and z; m — atom
mass, V — the volume occupied by N atoms, v and
vkj — the velocity components of kth atom, ry; and fy; —
components of the radius vector and the force acting on the
kth atom, respectively. Since the film is free in the vertical
direction, the stress component o is zero. The horizontal
stress components in isotropic films are equal, but at each
moment, due to fluctuations in the model, they could differ

slightly, so averaging was carried out, and the final stress
value was determined as (oxx + oyy)/2.

2. Findings and discussion

Figure 2 shows the change in mechanical stress during the
deposition of films Cr (a) and Cu (b) with incident particle
energies 3, 10 and 15eV during 4ns, as well as during
the deposition stop during 1ns and renewals for 1ns. As
you can see, there are some oscillations on all charts during
deposition. At first glance, it may seem that this is just
noise, but it is not. Each value on the graph is the result of
averaging 100 measurements performed at each of the 100
steps. These oscillations are quite consistent with the kinetic
model. When a new atomic layer arises and a new section
of the grain boundary appears, it immediately introduces
an addition of tensile stress. Further, the tensile stress in
this layer gradually decrease and can turn into compressive
ones. As a result, we see oscillations on the mean stress
plot , since the model is small (Fig. 3) (for 4ns, 8 more
are added to the original 4 completed atomic layers), and
the contribution of each new layer to the total stress is quite
noticeable.

In the same deposition conditions, the stress change
plots in Cu films are shifted towards compressive stress
compared to stress change plots for Cr. This is due to
the fact that Cu atoms have higher mobility, and therefore,
during deposition, more atoms are able to penetrate from
the surface into the grain boundary. Similarly, the amount
of energy of the deposited particles affects. At the energy
of the incident particles 3 eV, the atoms on the surface have
low mobility, so only a small part of them is able to reach
the grain edge and penetrate into the grain boundary, and as
a result, tensile stress mainly develop in the films. At higher
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Figure 4. The displacement vectors of the atoms Cu during 1ns after the film deposition with the energy of incident particles 15eV
during 4ns (a), the distribution of the vertical components of these vectors (b).
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Figure 6. Change in mechanical stress in the first 100 ps after stopping (a) and resuming () deposition of Cu films with incident particle

energies of 3 (7), 10 (2) and 15eV (3) at 300K.

energies, the atoms on the surface have higher mobility,
which results in a gradual transition from tensile stress to
compressive stress during deposition.

The same is reflected and on the magnitude of the
stress change when the deposition stops. Earlier, when
modeling the deposition of Cr films, we showed that this
change is due to the redistribution of atoms inside the
grain boundary [41]. The higher the mobility of atoms,
the more they penetrate into the grain boundary and the
greater the effect of restructuring. Therefore, the change in
stress after the deposition stops in Cu films is greater than

Technical Physics, 2023, Vol. 68, No. 10

in Cr films, and it also increases with increasing energy
of the deposited atoms. At the same time, the no release
of atoms to the surface was observed, as in the previous
work. Figure 4 shows the displacement vectors of Cu atoms
after the deposition stops (top view) with the energy of the
incident particles 15eV by 1ns (a), as well as a graph of the
distribution of their vertical components (b). It can be seen
that the redistribution of atoms occurs in the grain boundary.
The displacements are so small in the area of grains (except
for a few atoms on the surface) that the arrows have
degenerated into dots. The plot of the distribution of the
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Figure 7. Change of mechanical stress during deposition of

films Cu with the energy of incident particles 15¢V at 300 (7)
and 500K (3), as well as stopping (2, 4) and resuming (1, 3)
deposition.

vertical components of the displacement vectors shows that
there is no directional movement of atoms vertically.

Figure 5 shows the result of two consecutive stops of
deposition of films Cr (a) and Cu (b). The values of the
voltage changes during the first and second stops are almost
the same. This suggests that the process of rearrangement
of atoms does not depend on the stress in the underlying
layers, since during the first and second deposition stops,
the average stress in the films differed in both magnitude
and sign.
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Fig. 6 shows plots of stress changes in Cu films deposited
with incident particle energies 3, 10 and 15eV in the
first 100 ps after the deposition was stopped for 4ns (a),
and in the first 100ps after its resumption (b). These
plots are given for a more detailed consideration of the
results of stopping and resuming deposition, presented in
Fig. 2, b. Each value in these plots is the result of averaging
1000 measurements taken at each step. The higher the
energy of the deposited atoms, the greater the change
in stress when the deposition stops and resumes. As
mentioned earlier, this is probably due to the fact that with
greater mobility on the surface, more adatoms penetrate
into the grain boundary. The more of them there are
in a limited space, the more they tend to redistribute
more compactly. Also in Fig. 5, a it can be seen that
the relaxation time for all energies is approximately the
same. Apparently, this is due to the fact that on the
way from the surface to the grain boundary, adatoms
lose their energy and already in the grain boundary their
mobility does not differ from that of the surrounding
atoms.

The rapid return of the initial stress state after the
resumption of deposition is probably due to a temporary
increase of the flow of adatoms from the surface to the grain
boundary, caused by the fact that the difference in chemical
potentials between them increased during the shutdown due
to partial relaxation of compressive stress.

Fig. 7 shows the change in mechanical stress during
deposition of Cu films with the energy of incident particles
15eV at temperatures of 300 and 500K, as well as during
stopping and resuming deposition. Stress changes after
stopping and resuming deposition are shown in more detail
in Fig. 8. In general, the plots of stress changes during
deposition are quite close. At first glance, it may seem that
the relaxation during a stop at 500K is slightly greater, but
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Figure 8. Change in mechanical stress in the first 100 ps after stopping (a) and resuming (b) deposition of films Cu with the energy of

incident particles 15¢eV at 300 (/) and 500K (2).
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well as stopping (2, 4, 6) and resuming (/, 3, 5) deposition.

it is the change in stress that is actually less than at 300K
(Fig. 8,a).

This may seem contradictory, because with greater mo-
bility, more atoms should penetrate into the grain boundary,
which will subsequently result in a large restructuring and
an effect on stress. But the fact is that the redistribution
of atoms in the grain boundary occurs not only after
stopping, but also during deposition. Atoms penetrate
into the grain boundary, there is less and less free space
and they begin to rebuild. This process occurs in all
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layers during deposition and what we see after it stops —
is only a residual phenomenon. At the same time, the
relaxation rate depends on the mobility of atoms in the
grain boundary, and therefore on the temperature of the
thermostat. Since at 500K the relaxation process proceeds
faster, by the time the deposition stops, the greater part of
it has already been completed than at 300 K. Therefore, the
stress changes after the deposition stops at 500 K are less
than at 300K.

Fig. 9 shows the result of deposition of films of Cu with
the energy of incident particles 15eV at 300 K with periods
between throws of atoms 125, 500 and 2000 fs, as well as
its stops and resumes. Percentages are used for the abscissa
axis due to the difference in time scales. Stress changes
after stopping and resuming deposition in the first 10%
of the time are shown in more detail in Fig. 10. As you
can see, the faster the film was deposited, the more the
stress changed after the deposition stopped. As mentioned
earlier, the process of redistribution of atoms in the grain
boundary proceeds, including during the deposition itself.
Therefore, the faster the film is deposited, the smaller the
fraction of relaxation has time to occur during deposition
and the greater part of it continues to flow after stopping.
As a result, the higher the deposition rate, the greater the
stress change after it stops.

Conclusion

The results of MD modeling show that the reversible
relaxation of compressive stress in polycrystalline films
when deposition stops is associated with the redistribution
of atoms inside the grain boundaries. The atoms move
laterally, resulting in a more compact arrangement. No
release of atoms back to the surface of the film was observed
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Figure 10. Change in mechanical stress in the first 10% of the time after stopping (a) and resuming (b) deposition of films Cu with the
energy of incident particles 15¢V at 300 K with periods between atom throws 125 (1), 500 (2) and 2000fs (3).
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when the deposition was stopped. The atom rearrangement
process does not depend on the stress in the underlying
layers. The higher the mobility of atoms on the surface and
the deposition rate, the greater the stress change when it
stops.
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