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Abstract. Glancing Angle Deposition (GLAD) is a technique used in Physical
Vapor Deposition (PVD) to prepare thin films with specific properties. During the
deposition process, a tilt is introduced between the sputtered atoms flux and the
normal of the substrate surface. By shadowing effect, this induces tilted nano-
columns that affect the properties of the coating. To predict these properties,
several existing tools simulate the different steps of the PVD deposition. First,
a simulation of the sputtering of atoms from a metallic target is made, followed
by the computation of the atoms transportation from the target to the substrate.
Finally, the growth of the film is computed. All these simulations use point based
representation to represent the deposited atoms. However, such representation is
not suited for classical finite elements analysis (FEA).

In this paper, a methodology for generating FEA meshes from the points
produced by film growth simulation is presented. Two major scientific challenges
are overcome. Firstly, how to segment the “film” point cloud into a collection of
individual “columns” and secondly, how to generate the meshes of the columns
that are approximately represented by points. The point cloud segmentation is
computed through neighbourhood notion. The mesh is obtained as an implicit
surface by the marching cubes algorithm and smoothed by a Humphrey’s class
Laplacian algorithm. Numerical simulations based on the generated FEA meshes
will be conducted using Abaqus FEA software.

Keywords: PVD - GLAD - Columns - FEM - Simulation - Point cloud - Meshes

1 Introduction

Physical Vapor Deposition (PVD) is a process used to coat parts with thin layers ranging
from a few hundreds of nanometers to a few micrometers in thickness. It has a large
scale of application due to a high degree of freedom in the composition of the layer as
well as an easy application in the industry [1]. It is used in several domains, ranging
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from mechanical application (such as coated milling drills) [2], optics [3], electronics
[4] and in several other fields.

The deposition is carried out at an atomic scale in a vacuum chamber, hence in situ
data is sparse [5]. Most of the information comes from post-deposition characterization
of the coating [1]. In this case, simulation is a key to evaluate the macroscopic properties
from several micro-scale interaction through laws of physics.

Many simulation software are based on the Monte-Carlo algorithm, and, in particular
Kinetic Monte-Carlo (KMC). Different successive codes are mandatory to conduct such
study. For example, SRIM [6] or TRYDYN [7] can be used to characterize the sputter-
ing from a target, SIMTRA [8] computes the transportation of matter in the chamber,
NASCAM [9, 10] or SIMUL3D [11] simulate the growth of the columnar film. This list
is not exhaustive, however it presents the three type of software used in PVD simulation
(sputtering, transport, growth). However, no software currently support the mechanical
simulation of thin films based on a simulated structure. The aim of this study is to address
this lack and produce such simulation.

This paper presents a pilot study of FE meshes generation from point based film
growth simulation result which will be used in Finite Element Method (FEM) simulation
of the mechanical properties.

2 Technological background

2.1 Presentation of the GLAD Process

As its name implies, PVD process uses the physical phenomenon in order to turn the
solid material into a vapor, which is then deposited onto the part. The phenomenon used
in this study is called “Magnetron Sputtering”.

Figure 1 presents the PVD process: in a deposition chamber, a plasma is condensed
on the surface of a metal object, called target, which leads to the erosion of the surface
and the sputtering of the eroded matter. Then, the sputtered matter is transported through
the chamber toward a substrate, resulting in the growth of the film.

This study focuses particularly on the GLancing Angle Deposition process (GLAD)
in which an angle is formed between the flux of sputtered matter and the substrate in
order to constrain the growth. The major effect is the apparition of an inclined porous
columnar structure due to the shadowing effect as presented by Hawkeye et al. [12]. It is
then possible to nanostructure the film by controlling the deposition angle and thus vary
its properties. This effect has already been documented for a variety of applications, such
as anti-reflect optical films [13], magnetic films [14] or mechanical applications [15].

2.2 Simulation Steps

The current steps of the simulation is the successive simulation of the sputtering, the
transport and the growth of the film [16]. In this study, the sputtering step is conducted
with SRIM [5] and SIMTRA [8]. The former estimates the atom flux resulting from the
ion and the target in both angle and energy in a localized manner (a few nm? surface of
the target). Whereas the latter uses those angular and energetic distribution as well as a
racetrack in order to create the emission overall the target.
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Fig. 1. Outline of the PVD process [2]

SIMTRA then proceeds to the computation of the transportation in the chamber,
considering the collisions with the atoms present, in this case argon at a pressure of 2.2
x 1073 mbar, and returns a file containing the final position, angle and energy of any
atom landing on the target.

Finally, NASCAM [8, 9] simulates the growth from the transportation result given by
SIMTRA. Several transportations can be used together to emulate multi-target deposition
as well as a reactive atmosphere. It results into a point clouds on a cubic or hexagonal
grid with information about the composition and the morphology. The three software
are based on the KMC algorithm.

This paper presents a post-processing workflow made to prepare the results from the
previously stated simulation for mechanical calculation by finite element model.

3 Post-processing

The construction of a mesh from the simulated PVD growth consists of several steps.
The overall workflow of the process is presented in Fig. 2. The state of the input and
output data is also provided between each two successive steps. The following parts
elaborates on the column separation algorithm as well as the steps followed in order to
produce a smooth mesh from the point cloud computed for each column morphology in
the initial simulation step. The mesh assembly consists of simply adding all sub-meshes
for each column to a global coating mesh.

3.1 Columnar Separation

As previously stated, the GLAD technique induces a columnar morphology, which in turn
causes variations of the film properties. Hence, in order to compute the film properties, it
is necessary to study the columns. This is the aim of the first part of the post-processing
algorithm. NASCAM exports a point cloud where each point represents an atom and
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Fig. 2. Workflow of the simulation from the PVD process to the construction of the mesh

possesses the name of the chemical specie in addition to the xyz coordinates. Unfortu-
nately, no information about the point clustering according to the columns is provided.
Therefore, a method has to be designed to segment this global point cloud into a set of
columns.

The designed method is based on the growth of a column and the chronological
flux of atoms. Figure 3 illustrates three principal cases when an atom arrives on the
substrate. If the atom arrives on the substrate without any neighbor, a new column is
created (Fig. 3a). Else, the atom is added to one of the column from its neighbors. If
there is only one neighbor atom, the newly arriving atom will belong to the same column
of this unique neighbor (Fig. 3b). If the newly arriving atoms is in contact to several
neighbors belonging to different columns, the one of highest weight is assigned to the
newly arriving atom (Fig. 3c).

Figure 4 is a logic graph presenting the major steps of the column separation
algorithm.

All neighbors are considered by relative attraction, which means with a decay along
the distance to the point. For calculation purpose and according to the work on a cubic
grid, only the points contained in the cube of three units edges centered on the newly
added point are considered as neighbors as presented in Fig. 5.

In this figure the neighboring positions to any point on the grid, here the orange point
with a halo are filled with virtual points. A color is given to each in accordance with
the distance from this point to the central point. Positions on the faces (pink) are at the
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Fig. 3. Schematic representation of the attribution of an atom depending on the neighboring
structure. (a) No neighbors, (b) A single neighbor, (c) several neighbors
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Fig. 4. Logic graph of the algorithm
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Fig. 5. Layout of the neighborhood of an atom in the algorithm

distance of 1 unit, on the edges (green) at /2 units and on the vertices (brown) at v/3
units. In a first approximation, the parameters used by Besnard [17] on Simul3D will
be kept for further simulation. It estimates the weight of any point to be linear with its
inverted distance to the middle of the cube.

In order to develop the algorithm, it is necessary to know the structure around every
point at the time of deposition. A new option implemented in NASCAM provides the
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deposition order and the successive position of each point. By browsing through this
file, it is possible to have the structure at any time of the deposition.

NASCAM works in a prismatic world. To reduce computational costs, this world is
periodic: its boundary planes along both the x and the y axis are considered adjacent.
This has to be taken into account in the separation of columns as one can overlap over
different boundaries of the world, mostly in highly tilted deposition (Fig. 6).

Fig. 6. Top view of a small column on a periodic world along with the steps needed for the
deperiodicization (a) and of the same column in a non periodic world. Cross section of a large
column in a periodic (c) and non-periodic (d) world

Figure 6a presents the effect of the periodicity on the top view of a single small column
and Fig. 6b show the shape of the same column in a non-periodic world. Figure 6¢ and
d present the same situation for a large column in cross section view.

The results of the column separation algorithm are presented on Fig. 7.

Figure 7a presents the raw structure exported by NASCAM, while Fig. 7b presents
the segmented structure where columns are identified and displayed in different colors.
It can be observed that, in accordance with the literature [13], the lower part of the
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Fig. 7. Comparison of raw data from Nascam (a) and columnar separation algorithm (b)

structure mostly consists of densely packed small columns and the higher part are made
of sparsely located large columns due to the shadowing effect [12].

3.2 Mesh Construction

The point cloud could not be used as it is for classic FEM mechanical calculation.
Although point based mechanical simulations exist in the literature [18], it has been
preferred for this study to work with FEM simulation software, which requires the
construction of a mesh.

Concerning this point, several choices were made:

— Ignoring the internal porosities of the columns, which would be considered as
computation artefacts from the probabilistic approach.

— Creating a mesh on an implicit surface set so that the surfaces created around adjacent
points from different columns are in contact.

— Smoothing the mesh to improve the computability and to reduce the serrated patterns
induced by the voxelization used in NASCAM.

The suppression of the internal porosities is made through the Ball Pivoting algorithm
[19] in which a ball of given radius rolls on the edges, creating a triangle surface when it
is in contact with three points. The created surface is then voxelized [20]. From these two
steps, a new point cloud is obtained which presents no porosity nor holes smaller than
the ball radius. Figure 8b presents a slice of the point cloud corresponding to the dark
blue column on the data exported from NASCAM (Fig. 8a) with two added cavities, one
on the surface and one in the bulk. Figure 8c corresponds to the slice of the point cloud
obtained after applying a voxelization algorithm to the surface created by Ball Pivoting
and filling the voxelized data. These two steps reduce the impact of surface cavities
depending on the size of the ball chosen for the algorithm and guaranty the density of
the columns.
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Fig. 8. Raw (a) and densified (b) point clouds representing a column

The implicit surface mesh is then constructed through the Marching Cubes algorithm
[21, 22] applied to the voxelized point cloud. A cube is moved through the point cloud
adding edges and surfaces by comparing the position of the points in the cube to a library
of all possibilities. Thanks to this structure, this algorithm is fast and reliable on dense
point clouds but very prone to errors in sparse ones. It is an efficient solution given the
previous assumption to consider columns as dense entities.

Due to the fact that Marching Cube algorithm uses predetermined structure on a grid,
the range of possible angles between surfaces are limited, sometime resulting in sharp
angles, ill-suited for mechanical calculation. The Fig. 9a presents a slice of the surface
constructed by Marching Cubes from the column highlighted in Fig. 8a. As expected,
the grid parameters are obvious and the structure is very serrated along oblique angles.

Fig. 9. Slice of the mesh created by the Marching Cubes algorithm from the dense point cloud
presented in 7c corresponding to the column highlighted in 7a, before smoothing (a) and after
smoothing (b)

Consequently, a smoothing is applied to reduce the impact of the grid. The
Humphrey’s Class Laplacian Smoothing [23] is used in order to produce a smooth
mesh while at the same time limiting the volume shrinkage of the bulk. Nevertheless, a
reduction of the global volume is still to be expected in the sharp boundaries. Volume
measurement points to a loss of approximately 3% in volume. The smoothing has very
little impact on the bulk.

As can be seen on Fig. 9b, the structure is mostly conserved with only a few rounder
angles or straighter oblique edges replacing the serrated ones.
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The 3D rendering of the column’s mesh on the software Blender is presented in
Fig. 10.

Fig. 10. 3D mesh of a simulated PVD column

At this point, it is possible to import the resulting mesh into a FEM calculator to
compute the mechanical properties but the real interest comes from the possibility to
create an assembly from all the columns of a given deposition simulation and run the
calculation for the whole coating.

Figure 11 presents a side by side an SEM (Scanning Electron Microscopy) image of
a coating and the assembly of the columns from the simulated world shown on Fig. 7
created by the application of the proposed 3D reconstruction method. The reconstructed
structure is similar to the SEM images of a similar coating, both on the measured column
tilt and on the shape of the columns, which involve multiple thin columns at the base
and a few large columns at the top.

Fig. 11. (a) SEM image of a GLAD coating (b) 3D mesh of a simulated PVD world

4 Conclusion and Perspectives

This study presents a method devised from the numerical simulation of thin film growth
to the construction of the FE mesh. This method has been successfully conducted in
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a two step-approach. The first step is a segmentation of the film in a set of columns
while the second step consist in the creation of surface meshes for each column. The 3D
representation of the current meshes shows consistency with experimental data obtained
by SEM microscopy on both the tilt and the shape of the columns.

The process will be perfected in a batch of experimental and numerical investigations
of the morphological (SEM) and mechanical (nano-indentation tests) properties of thin
films.

The parameters expected to be reviewed this way are:

— The weight of the face, edge and vertex atoms in the definition of the attribution of
a new deposited atom to the existing columns. The parameter presently used is a
reduction proportional to the inverted distance as suggested by Besnard’s previous
work [17].

— The size of the mesh unit, which is currently based on the grid from NASCAM.

— The number of successive smoothing which may be increased or decreased depending
on the computational capabilities of the machine.

Another potential upgrade factor for this study is the risk of collision between
columns during the assembly part due to the shape modification from the smoothing.

Although the smoothing mostly induces a reduction of the shape in the boundaries,
it may result in local expansions. In the case of this happening in the boundary between
adjacent columns, it could lead to collisions and failure of the simulations, an additional
part could be included at the assembly step to resolve the issue in those situations.
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