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1 Quick Start NASCAM Reference Card

The package NASCAM of Virtual-Coater simulates atomistic deposition and metallic
film growth on substrate. NASCAM can be run in two ways: using ASCII input files and
running of the Nascam.exe or using the NASCAM_GUI - integrated user interface, which
anyway calls the same Nascam.exe file. The user will find a manual of the NASCAM_GUI
interface in a separate document.

1) Setup NASCAM ’s files:

input.txt: contains the current simulation parameters. The total number of lines is fixed
and must be the one found in the manual. According to some command line switches, some
lines are not read BUT have to be present. Table 1 contains a short description of the input.txt

file.

Table 1. Short description of input.txt file content.

Names of fields in
input.txt file

Typical values for corresponding variables / short description

Simulation_options

1210 /output a line in csv file every 12 deposited atoms, diffusion & island density

computation switches (0-Not/1-Yes)

Substrate type

0 /0 = cubic; 1 = hexagonal

Dimensions

3 3 10 2000 O /Nxmax, NYmax, NZmax - system dimensions in lattice
parameter units, NDep - no. of atoms to deposit,
Tmax - annealing time(s)

Deposition_rate,(ML/s)

0.05 /in Mono-Layer/Seconds (ML/s)

Prefactor correction

1.0 /1 for atoms, lower values for nanoparticles

Masked deposition

0 /0 = no mask, 1 = there is a mask; leave it at 0 to start with

Pattern_name

LARN.txt /the name of the file containing the mask definition

Source_linear_movement

00.0 /1% no. is a switch: 0 = not move, 1 = move; 2" no. is a speed
in lattice parameters/sec

Ea_diff, ..eV)

Activation energies. If you have no clue, leave them to default values and go for RT
deposition without diffusion (see Run NASCAM below)

Specie:Metal 1 0.5 C063.546 1 0.029 eDistl.txt 1 80.0 0.0 1.0 aMDist1.txt /see below *
Specie:Metal 2 0.1 Co0 63.546 2 20.0 eDist2.txt 1 0.0 0.0 1.0 aMDist2.txt  /see below *
Specie:Reactive 1 10 32.010.029 eRDistl.txt 2 0.0 0.0 1.0 aRDist1.txt /see below *
Specie:Reactive 2 0.0 0 32.01 0.029 eRDist2.txt 2 0.0 0.0 1.0 aRDist2.txt /see below *

Specie:Gas 0.0 Ar 39.948 1 0.029 histoGas.txt 1 0.0 0.0 0.0 aGDist.txt /see below *
Specie:Substrate Fe 28.085 /substrate nature & atomic mass
Temp,(eV) 0.035 /deposition temperature: 75 °C = 0.03 eV
Save_data 1 10000 /1%t no. is a switch: 0 = do not save, 1 = save

intermediate results every 10000 deposited atoms
Surface_binding_energy | 1.0 /e.g. TRIM values (heat of sublimation): Al = 3.36; Si = 4.7;
_of the substrate,(eV) Ti =489, Cr=4.12; Cu=3.52 ...
Surface_binding_energy | 3.0

of the film,(eV)

Sputtering_Thresh/Yield

0.0 0.0 /currently not in use/
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w_rot(1/s);init_tilt(deg); |0.00.00.00.0 [substrate rotation speed, initial tilt angle, oscillation

A_osc(deg);w_osc(1/s) amplitude and oscillation frequency
Forced_deposition 1.0E15 /a limit for the number of diffusion events that can happen
between two successive deposition events
Stoichiometry index 1.5 /stoichiometry index (SI) is the maximum relative amount of the reactive specie
in the compound. Examples: SI = 1 for ZnO, SI = 1.5 for Al203, SI = 2 for
Tio2/
Bonding 5.0 /currently not in use/
* Specie:Metal 1 1.0 C0 63.546 1 0.029 eDist.txt 1 80.0 0.0 1.0 aMDist.txt

fraction of mobile particles in the total flow: 1.0

nature and atomic mass of the depositing particle: Co 63.546
energy switch: 1

energy mean value: 0.029

energy distribution filename: eDist.txt

angle switch: 1

theta angle 6o: 80.0°

phi angle ¢gp: 0.0°

delta theta 46 1.0°

angle distribution filename: aMDist.txt

energy switch (metal & gas):
0 = read energy distribution from a data file (e.g. eDist.txt)
1 = use the given energy mean value Eo (e.g. Eo = 0.029eV)
2 = compute energy using the analytical function f = exp(-E/Eo) / Eo.

angle switch:
0 = read angular distribution from a data file (e.g. aMDist.txt)
1 = use the given values for 6o, ¢o and A0
1 = uniform angular distribution (used for chamber gas, for example)

substrate.xyz: contains a geometrical and chemical description of the substrate. If the
substrate.xyz file is not present in the current folder or if it is but empty, the substrate is
considered flat and having the physical size and chemical composition as defined in the input.txt
file.

2) Run NASCAM:
o Double click on Nascam.exe.
o Use command line switches in the Windows console: Nascam.exe switches,
where possible switches are:
¢ -n filename defines the name for an optional input file. If the switch is used
this file will be used instead of input.txt file.
e -ver checks the version of the code without doing any simulations.

3) To analyse results
Look at the following files:
o log_file.txt: Deposition as it occurred
o stat_film_growth.csv: Evaporated atoms, Sputtered atoms, Recoil, Detached
atoms, Detrapped atoms, Nbre of jumps, Gas atoms in layers, ...
o stat_film_structure.csv: Metal atoms, Gas atoms, Defects, Free atoms, Dimers,
Islands, Film roughness, Substrate coverage, Density, Mean diffusion path
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o stat_process.csv: Incident atom, Incident angle, Incident energy, 1-J-K, Hitted
specie, Transferred energy
o final_composition.csv: Chemical depth profile of the film

4) Plot in 3D the following files: substrate.xyz (substrate); film_growth.xyz (intermediate
results); coating.xyz and deposited_layer.xyz (final results) have the right format to be plotted
with JMOL software or any other software accepting XYZ file format.

2 Glossary

Adatom: any deposited (or pre-existing) atom on the substrate surface or on
the surface of deposited film that can move according to one of the
possible mechanisms. Sometimes we call it mobile particle, too.

Atom: a nucleus surrounded by electrons. It is considered as a hard sphere.
Sometimes we call it particle, too.

Characteristic time:  interval of time between two successive deposition events
(corresponding to real or equivalent particles).

Defect: occupied lattice position modifying the physical properties of the
structure in its neighbourhood and acting as a trap for a diffusing
particle. Only particles belonging to the substrate can act as defects.

Diffusing particle: generally a mobile particle having no nearest neighbour above and an
available (empty) position as final position for at least a diffusion
event.

Element name: periodic table element name used as a label for a particle. In

NASCAM, Xx stands for defect.

Equivalent particle:  a non-real particle used for time counting during an annealing
process.

External/Internal two different coordination systems are used by NASCAM: an

coordination system  external one when read and write all input/output system structure
information (.xyz files), and an internal one used for computational
purposes only (see Annex 2).

Event: any movement (diffusion) of an atom from one location (lattice site)
to another one; the deposition and evaporation are also considered as
events: the evaporation is a thermal activated process (like diffusion),
while the deposition not.

Free atom: an atom that has no nearest neighbours at the same height as its own
height (no lateral nearest neighbours) and no nearest neighbour
above. There are free atoms on the substrate and on the deposited
film.
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Island:

Isolated atom:

Lattice  parameter
unit:

Mechanism:

Nearest neighbours
(nn) & Next nearest
Neighbours (nnn):

Particle:

Sample:

Substrate:

Innovative Coating Solutions,

a well-defined 2d or 3d structure, the result of the nucleation process
and, further, growth process by the attachment of new particles. For
NASCAM two particles being nearest neighbours each other is
considered the minimal configuration defining an island — the dimer
of particles (island size starts at 2 atoms).

a particle that has no other particle as a nearest neighbour. For a given
lattice site, NASCAM distinguishes between its lateral nearest
neighbours sites, those surrounding this site in a plane parallel to the
bottom surface of the simulation box, and the nearest neighbour sites
belonging to the layer above or below. These two last nearest
neighbour sites are called above/below (sometimes top/bottom)
nearest neighbour sites. An isolated atom (particle) is surrounded by
six empty nearest neighbour sites for the cubic symmetry and eight
for the hexagonal one.

the distance between two nearest neighbours is considered as a
dimensionless distance unit (equal to 1). All distances are given in
real numbers multiplying this lattice parameter unit. To have the real
X, y and z dimensions of the system, the system dimensions given in
lattice parameter units have to be multiplied by the lattice parameter
values (usually in A or nm) corresponding to the system coordination
axis.

physical process which changes the morphology of the substrate
surface, such as diffusion, evaporation, etc. One mechanism includes
or is the result of several events.

for a given lattice symmetry, computing all possible distances
between two lattice sites and ordering them according to their values,
the distance minimum value corresponds to the distance between a
given site and all its closest sites. All these sites are the nearest, or the
first order, neighbour sites for the given site. They are six for the
cubic symmetry and eight for the defined hexagonal symmetry. The
next distance value corresponds to the distance between a given site
and each of its next nearest, or second order, neighbour sites. They
are twelve for the cubic symmetry and also twelve for the defined
hexagonal symmetry.

an atom occupying a lattice site (substrate, gas, defect or adatom).

a snapshot of the growing structure including the substrate and
deposited atoms.

a 3d structure already existing inside the simulation box before
starting the current simulation, and being different in its nature from
the depositing particle (or adatoms). Under certain conditions, pre-
existing adatoms can be considered as substrate particles (they cannot
diffuse) keeping their chemical identity. It may contain defects, may
be flat, be corrugated, etc.
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3 Introduction

The present code is developed to simulate at the atomic scale the time evolution of a
system under deposition or/and annealing conditions using the kinetic Monte Carlo (kMC)
method [1-5]. Because kMC method does not take into account the vibrational movement of
atoms it can be used to study the evolution of a system for longer periods of time (similar to a
real experiment - seconds to minutes) than the Molecular Dynamics method (~109s).
Depending on the number of atoms in the system, along with some other parameters such as
temperature and atomic properties, the empirical (as opposed to simulation) time might be even
hundreds to thousands of seconds.

There are several approaches in implementing the kMC method. Creating and using a
complete KMC table of events is the most accurate approach. It is the most time-consuming
method, too, as it is necessary to calculate the rates for a huge number of events. In the case of
a kMC bond-counting approach, one calculates the event rates taking into account the number
of nearest neighbours. In a specific KMC event approach, only a predefined set of events is
allowed to occur, and the rates of these events are used as an input. This is the kKMC approach
used by NASCAM.

Although the last approach is not as accurate as using a complete table of events, it allows
for simulating the general behaviour of a given system and requires less computational time,
making it possible to simulate the evolution of a system with a larger number of particles. This
is important especially for modelling a system at elevated temperatures.

The total number of steps required to simulate a system evolution during a given period
of time can be derived as follows. Suppose N physical mechanisms thermally activated (e.g.
free particle diffusion, detachment from a step edge, evaporation etc.). We call an event any
movement that can be associated with the physical mechanisms. The events can happen in given
directions (e.g. diffusion to the right or left). We call vi the number of possible directions for a
given mechanism i.

Elementary event rate for a given event i obeys an Arrhenius law:
wi = Wo exp(-Ei / ksT), 1)

where wo is the attempt frequency (it can be estimated as wo = 2 ksT/h), and Ei is the activation
energy for the event i.

The time step between two events is defined as

At = (i viwij , (2)

where the summation is done over all possible event mechanisms, N, in the system. If for a
given particle j we have w(j) possible diffusion directions corresponding to the event mechanism
i, the previous relation can be re-written as:
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N (Ny(i) -
At{z[zvmjwij, ®

where Na(i) is the total number of particles that can participate in the event with index i.

If we consider that the diffusion can happen only between two nearest neighbour positions
and 1i(j) can have values starting from zero to the nearest neighbour positions number, then the
second summation in (3) can be extended over the total number of particles in the system, Nat tot:

At=(i[ imvi(j)]wiJ @

i-1\ j=1

From equations 1 and 3, one can estimate the total number of steps required to model a
system evolution during a given period of time twot as Nsteps = trot /A¢:

Nsteps = ttot[Z( f& ( J)JWO exp(_Ei /kBT )J : (5)

i=1\ j=1

If the temperature is high enough to neglect the contributions of all events excepting the
one corresponding to the lowest energy barrier (the most common event), s, then equation 5
becomes:

Ny (S)

Nsteps = ttotVsWO eXp( _Es / kBT) = ttot( ZVS ( J)JWO eXp( _Es / kBT) : (6)

j=1

Therefore, the total computation time is mostly related to the event having the lowest
energy barrier. For example, a temperature rise of 50°C leads to an increase of the required
kKMC steps by an order of magnitude. Nevertheless, number of particles as large as 10* and time
evolution of the system within 102 — 10%s are still acceptable for NASCAM even for
temperatures as high as 1000 °K.

Another characteristic of such kMC approach when used for high temperature simulations
is that, for two mechanisms with close activation energies, the same activation energy can be
used for both because the event rates are about the same (wi/w2 = exp(-AE12/ksT)) as the
temperature rises.

Lastly, and connected with the previous observation, the chosen kMC method gives the
possibility to perform high temperature simulations using parameters that are not known
precisely; this is because errors in determining the values for barrier energies do not lead to
large changes in event rates.

10
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4 Implementation

4.1 ALGORITHM

The NASCAM algorithm is given in the figure 1.

READ INPUT FILES
- simulation parameters: input.ixt
- pre-existing structure: substrate.xyz
- mask: pattern.ixt

¥

INITIALISATION
Simulation timer: Ts =0
Diffusion timer: Td =0
Deposited atom counter: Nd = 0
Characteristic time: © =1/(F -dimX-dimY")
Total simulation time: Ttot = 7 - NdMAX + Annealing time

v

DEPOSITION EVENT
- increment deposited atom counter Nd = Nd + 1
- increment simulation timer: Ts = Ts + ©
- reset diffusion timer: Td = 0

v
[ UPDATE THE SYSTEM ] -

CONFIGURATION AND EVENT LISTS | 1

v / DIFFUSION EVENT \

- chose a kind of event according
Update output files ?

toeq 8§
Yes

- choose a movement (particle
[ UPDATE OUTPUT FILES ]

and final position) from the
chosen event list

- increment the diffusion time:
Td=Td + At
(At computed according to eq. 2

"/

Td <t?

Figure 1. Algorithm of NASCAM code.

The atoms are deposited on the substrate at random positions at equal time intervals. The

time interval, the characteristic time of the system - 7, is determined by the deposition rate and
dimensions of the system substrate:

1
~ F-dim X -dimY '’

(7)

11
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where F is the deposition rate (in ML/s), dimX is the system dimension on x and dimY is the
system dimension on y (both in lattice parameter units), all three parameters given in the
input.txt file.

In the current model only diffusion or evaporation events can take place between two
successive deposition events. Once deposited, a particle and the particles in its neighbourhood
are checked for all possible movements and placed, if necessary, into the corresponding atom-
event lists. There are as many event lists as many possible thermal activated events are taken
into account. Currently, NASCAM takes into account 9 such events. Their list and
supplementary explanations are given in the next chapter. For the sake of completeness, it has
to be mentioned that an adatom can appear into a certain event list more than once. Let us
consider, for example, a square symmetry, and an adatom sitting on a terrace, having no lateral
nearest neighbours and far from any steps. Let us also consider that the diffusion is possible
only between two nearest neighbour positions. Under such suppositions our adatom appears
into the isolated atom diffusion list four times, once for each possible diffusion direction. In
fact, after each event (deposition/diffusion/evaporation), for each defined possible thermal
activated event, if necessary, the corresponding list of atoms is updated (created if we are in the
beginning of a new simulation).

The system time evolution is determined by the probabilities of the events that may occur
during the current simulation. The procedure for selecting an individual event corresponding to
a certain simulation step is divided into two sub-steps.

First, a type of event is chosen according to its occurrence probability pi. This is given by
the ratio of the rate corresponding to the event i (i. e. Niwi,) and the total rate computed as the
sum over all event rates:

pi = Nw, /3 Nyw, (8)

where Ni is the number of atoms in the i-event list and wi is the rate of such elementary event.
Second, an atom is chosen randomly among the Ni atoms belonging to the event list i. At each
simulation step, a time increment is calculated according to equation 2 (or, equivalent, eq. 3).
When the sum of the time increments in the sequence of individual events becomes larger than
the characteristic time of the system, a new atom is deposited.

12
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4.2 PHYSICS IMPLEMENTED IN THE CURRENT VERSION

In the current model, 9 thermal activated events are taken into account. We give below
a classification of these events, classification based on the local configuration of both the initial
and final positions for a diffusing particle. For each kind of event a snapshot of its occurring
conditions is also given, for the sake of clarity, in a 2D representation. The symbols used in
these snapshots have the following meaning:

+ —a lattice site having an occupancy that is not relevant for the event under consideration

_|_ — a nearest neighbour site of the site occupied by the diffusing particle: according to
the implemented diffusion model if such site is occupied by a mobile particle (same
nature as the diffusing particle) that has only one nearest neighbour (this nearest
neighbour is, obviously, the diffusing particle itself), the diffusion can be forbidden if
this second mobile particle becomes after diffusion an isolated particle — a particle
without nearest neighbours (6 for cubic symmetry and 8 for hexagonal symmetry)

—an empty lattice site
— a lattice site occupied by a particle (substrate, gas or mobile particle)
— a lattice site occupied by a defect (substrate particle)

— a diffusing/evaporating particle
—a possible event (diffusion/evaporation) direction

X! o»#d

— a forbidden event (diffusion/evaporation) direction

In all figures from 2 to 7 the diffusing/evaporating particles (in green) are considered to
be at a height z = n while the occupied lattice sites (in blue) are at a heightz=n - 1.

If the initial position has a defect as a nearest (Fig. 2a and 2b) or next nearest neighbour
(Fig. 2c, 2d and 2e) in the layer below, only one kind of event can occur: the detrapment (from
a substrate defect) —a jump to a new position belonging to the same layer or to the layer below,
activation energy being Ea_detrap.

a) b) c) d) €)
™ JA A ™ ™ Jd R
b8 Tk 15 TTecT TTeh
> / N <
A A A A A
ARN \ [/ AN y £ L/

Figure 2. Detrapment events (see details in the text).

As long as the initial position has no defect as a nearest or next nearest neighbour in the
layer below, the possible events can be classified into three categories:

13
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a) diffusion events with both, the initial and final position having the same z-coordinate

b)

(in-layer diffusion). The initial and final position are nearest neighbours each other.
A supplementary condition is that the below nearest neighbour site of the final
position must be always occupied by another particle. According to the local
configuration there are 4 kinds of in-layer diffusion events:

al) free mobile particle diffusion, activation energy being Ea_diff

a2) jump to a new position having the same or larger number of lateral nearest
neighbours than the initial position of the diffusing particle has, activation
energy being Ea_nn_inc

a3) jump to a new position having a lower number of lateral nearest neighbours
than the initial position of the diffusing particle has, activation energy being
Ea_nn_dec

a4) detachment of a particle from a step edge bordering an island or a terrace,
the particle having in its final position no lateral nearest neighbours,
activation energy being Ea_detach

For all these events, the corresponding “main” local configuration is given in fig. 3.
Of course, each event from al) to a4) has its own specific configuration in what
concerning the lateral nearest neighbours of the initial and final site of the diffusing
particle. There are two other possible movements that, even if the diffusion particle
moves along the z axis of the coordination system, can be considered according to
this classification as in-layer diffusions. A detailed explanation and the corresponding
local configurations are given below.

Figure 3. In-layer diffusion.
diffusion events with the initial and final position having different z-coordinates
(layer-to-layer diffusion). The initial and final position are next nearest neighbours
each other. According to the local configuration there are 2 kinds of the layer-to-layer
diffusion events:
b1l) jump up - diffusion event having Ea_up as activation energy (Fig. 4a)

b2) jump down - diffusion event having Ea_down as activation energy (Fig. 4b
and 4c)
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Figure 4. Jump up (a) and jump down (b, c) diffusion events.

c) evaporation of a free mobile particle happens when all lattice sites belonging to its
trajectory to the vacuum, and all their lateral nearest neighbours sites, are empty sites
(Fig. 5). The trajectory is always along the z axis of the coordination system and the
vacuum limit is the upper surface of the simulation box. According to the nature of
the below nearest neighbour of the evaporating particle there are two kinds of
evaporation events:

cl) evaporation from substrate, characterized by Ea_sub_evap activation energy,
when the below nearest neighbour of the evaporating particle is a substrate
particle

c2) evaporation from layer, characterized by Ea_lay evap activation energy,
when the below nearest neighbour of the evaporating particle is a gas or
another mobile particle

antantand

Yl
25
a
25

YYD
UANPAIALY

oL

Figure 5. Evaporation event.

There are two “special” kinds of diffusion events that can be classified in both in-layer
and layer-to-layer diffusion categories: the “moving-up” (Fig. 6a) & “moving-down” (Fig. 6b)
diffusion events. They correspond to a movement along z axis. Such event requires the
existence of at least one occupied lateral nearest neighbour site of the initial position of the
diffusing particle. This occupied lateral neighbour site must have at its turn, according to the
movement orientation (up or down) an occupied above or below nearest neighbour site.
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Figure 6. Moving-up (a) and moving-down (b) diffusion events.

The figure 7 shows some local configurations leading to forbidden diffusion (Fig. 7a) or
evaporation (Fig. 7b, 7c and 7d) events. In each case, the symbol corresponding to the particle
avoiding the movement of a mobile particle (the green particle) is bordered with red. In the fig.
7a all diffusion events are forbidden because the considered mobile particle has a top nearest
neighbour. Of course, in such situation, even if not explicitly represented in the figure, the
evaporation is forbidden as well. In all other situations described in the fig. 7b, 7c and 7d, the
evaporation is also forbidden: because of a defect as a below nearest neighbour (Fig. 7b),
because of the fact that a site on the trajectory (Fig. 7c) or a nearest neighbour of such site (Fig.
7d) is occupied by another particle. However, in these last three cases the mobile particle can
still diffuse. According to the diffusion model described above, each possible movement for the
mobile particle in fig. 7b is equivalent to a detrapment event. The diffusion events
corresponding to the mobile particles in fig. 7c and 7d can belong to both in-layer or layer-to-
layer diffusion event categories.
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Figure 7. Possible local configurations leading to forbidden diffusion/evaporation
events for some mobile particles (see in the text).

Finally, a 3D view of the main events implemented in NASCAM current version is shown
in figure 8. As it can be seen, excepting the evaporation events, the activation energy
corresponding to a given event is not depending on the nature of its nearest neighbours (the
nature of surface below).
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Figure 8. A 3D view of the main events implemented in the current version of NASCAM.

In what concerning the substrate, this can have either a hexagonal structure (suitable for
amorphous or (111) surface) or a cubic structure. The substrate structure is fixed and does not
evolve with time. So, NASCAM is not suitable to predict phase formation or transformation. It
is also possible to start a simulation with a pre-existing surface structure such as a film or island
present at the surface before deposition.

In the current version it is possible to have two types of atoms in the incident flow: a main
specie supplying the system with mobile particles and a non-reactive gas specie bombarding
the film during the deposition (e.g. Ar). In this case:

e Both species can have their own incident energy and angular distribution,

e The main specie particle attaches always to the surface of the already deposited
structure, but the gas atoms may attach to the film only under special conditions (see
below),

e Both kind of atoms can transfer energy to the film and to the substrate even if they do
not attach to the system.

For the interaction of gas atoms with the film, several assumptions are made:

e They can be attached to the film only if they are trapped in a gas trap — an empty lattice
site having all its lateral nearest neighbour sites occupied by other particles (substrate,
mobile or gas particles),

e They can’t move,

e They can be released from the film if the gas trap is opened because of evaporation or
sputtering events (open trap — gas-trap as defined above having no particle as a top
nearest neighbour and at least a lateral nearest neighbour position occupied by a gas or

empty).
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4.3 ACTIVATION ENERGIES CALCULATION

The activation energies for the events listed in figure 8 can be either found in literature or
calculated by molecular dynamics or potential models. It is up to the user to estimate them.
Fortunately, the NASCAM community will provide some of them. We describe here how we
evaluate them for single elements.

Two models can be used for the calculation of activation energies. The first potential used
is derived from the second moment approximation of the tight binding model (TB-SMA). The
second potential is a 12-6 Lennard-Jones potential. The nudged elastic band (NEB) method is
used in order to find the minimum energy path (MEP) followed by the atoms during surface
diffusion (assumption).

4.3.1 NEB Method

The first step consists in building a substrate on which the considered atom is placed and
the substrate exhibits terraces and steps for specific calculations.

At the second step, the initial and final positions are defined with respect to the activation
energy that has to be calculated. x and y positions on the surface are defined by the
crystallographic structure of the material and the z position is set to minimize the energy of the
system at the final and initial positions.

Figure 9. Initial and final positions used when considering free particle diffusion.

The images needed for the NEB method are then uniformly dispersed between the initial
and final positions and the energy of the whole system is minimized.
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Figure 10. Images used in the NEB method for free particle diffusion (black — substrate,
green and red - initial and final positions, grey - images).

The potential is then calculated along the MEP. The energy barrier can thus be estimated.
The following figure shows an example for Cu/Cu(100).
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Figure 11. Potential energy curves along the MEP corresponding to the Cu free particle
diffusion on Cu(100) using TB-SMA (black squares) and 12-6 L-J (red triangles) potentials.
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4.3.2 Example: Cu/Cu(100) and Pt/Pt(100)

Two examples of a complete set of activation energies calculated using NEB method are
given in Table 3 and Table 4.

Table 3. Cu/Cu(100)

Event Namein | TB-SMA L-J 12-6 Literature

E— NASCAM (eV) (eVv) (eV)
Free diffusion Ea_diff 0.351 0.424 0.36+0.03[1], 0.40[2], 0.48[3]
Diffusion along an
island edge with inc. | Ea_nn_inc | 0.239 0.404 Not found
or equal hn number
Diffusion along an
island edge with dec. | Ea_nn_dec | 0.253 0.406 Not found
nn number
Detachment from an
island Ea_detach 0.516 0.433 Not found
Jump up Ea_up 0.716 0.499 Not found
Jump down Ea_down 0.716 0.473 Not found

[1] Gert Ehrlich, Grazyna Antczak, Surface Diffusion, Cambridge University Press, 2010 pp 295-300

[2] J. J. De Miguel, A. Sanchez, A. Cebollada, J. M. Gallego, J. Ferrdn, and S. Ferrer, Surface Science
189-190 (0), 1062 (1987).

[3] J. J. De Miguel, A. Cebollada, J. M. Gallego, J. Ferron, and S. Ferrer, Journal of Crystal Growth 88
(4), 442 (1988).

Table 4. PY/Pt(100)

Event Namein | TB-SMA L-J 12-6 Literature
=ent NASCAM (eV) (eV) (ev)
Free diffusion Ea_diff 0.835 0.7 0.44,1.25,0.47 [1]
Diffusion along an
island edge with inc. | Ea_nn_inc 0.932 0.666 Not found
or equal nn number
Diffusion along an
island edge with dec. | Ea_nn_dec | 0.932 0.666 Not found
nn number
gggghme”t from an | =. getach | 0.888 0.719 Not found
Jump up Ea_up 2.33 0.836 Not found
Jump down Ea_down 2.33 0.79 Not found

[1] Gert Ehrlich, Grazyna Antczak, Surface Diffusion, Cambridge University Press, 2010 pp 295-300
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4.4 REACTIVE SPUTTER DEPOSITION

If one wants to simulate film growth by reactive sputter deposition (RSD) then he should
introduce fluxes of reactive specie. The details of how one has to define the reactive flux to the
substrate are given in the Section 5.1 INPUT FILES. Here a short description is given.

In most cases, RSD is performed in atmosphere of reactive gas, Oxygen for example. In
this case the flux of oxygen may be calculated based on a kinetic theory of gases,

1 14
/ 3T V2mmkT

where n and p are a gas concentration and pressure, T is its temperature, k is Boltzmann
constant, and m is a mass of a molecule. In most cases this flux is much higher than a metallic
flux, and it is possible to set a value of a reactive flux so that it is much higher than metallic
flux. For example, if one set the metallic flux to 1, then reactive flux may be set to 100.

Beside the value of the flux one also has to set its energy and angular distributions. As
reactive gas is thermalized in most cases, the one can set its mean energy equal to kT, or about
0.03 eV. As for angular distribution, one can suppose that reactive specie has uniform angular
distribution

Finally, it is necessary to setup Stoichiometry index. Stoichiometry index (SI) is the
maximum relative amount of the reactive specie in the compound. For example: SI = 1 for ZnQO,
SI =1.5 for Al20s, SI = 2 for TiOs2.

4.5 EVAPORATION

Re-evaporation of the deposited atoms may play an important role in the process of
atomic deposition and in the further dynamics of the deposited film. For this reason, the number
of physical processes the code deals with was extended to include the evaporation of the
adatoms.

The simple analytical model, based on rate equation that takes into account attachment of
adatoms to the existing islands and evaporation, may be written as follows:

dn/dt = -Qevap - noND +qdep 9

where n is the surface concentration of adatoms, quep is the deposition rate, Qevap IS the
evaporation rate, N is a surface concentration of islands, and o is a capture number which
characterizes the diffusional flow of adatoms to islands, o~5-10.

In a steady state regime
Qevap + noND = qdep (10)
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as

Qevap ~711/Tevap =N WoEXp(-Eevap / kBT), (11)
and

D ~ d? woexp(-Euditt / keT), (12)
then one can derive the expression for the sticking coefficient -

1
S =(qdep -Qevap )/Qdep = (1 + 1/ noND Tevap )'1 = — , (13)
1+ a-ex diff evap
|0(7ka )

where a = 1/6Nd?, d is the inter-atomic distance.

One can see that the sticking coefficient depends not only on temperature and activation
energy for evaporation, but also on diffusion. This can be studied with the help of NASCAM.
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4.6 INCIDENT ENERGY DISTRIBUTION

The user can specify the energy of the atoms being deposited. Depending on the nature
of the collided particle - the target, an energetic incoming particle - the projectile, can produce
different local modifications of the system structure:

1. if the target is a substrate particle and if the energy of the projectile exceeds the energy
needed to produce a defect, then a reversible local “surface trap” is generated. This surface trap
is a local defect without being an empty position — the substrate particle keeps its lattice
position. Any mobile particle placed in the layer above such surface trap and having it as a
nearest neighbour or as a next nearest neighbour will be “trapped”. The probability that adatoms
break the bond and leave the trap, diffusing on the terrace or going down a step, depends on the
de-trapping associated energy barrier Ea_detrap.

2. if the target is a gas or mobile particle and if the amount of energy transferred from the
projectile to the target is larger than a well-established energy threshold, then the target together
its nearest and next nearest neighbours can, if some other supplementary conditions are fulfilled
as well, become recoil particles and move to other lattice sites or can be removed from the
system. In both cases the projectile spends all its kinetic energy and sticks to the system surface
according to the rules imposed by its own nature, gas or mobile particle (see above).

NOTE. The code can run incorrectly if y-dimension of the substrate is less or equal to 2.

In the code the energy transfer is calculated according to binary elastic collision
approximation. This approach is well known and one can find a brief description here (see for
example [6]):

1 2.\‘

Figure 12. A geometrical description of a collision process: 1 - incoming particle
(projectile), 2 - particle belonging to the system (target), ® - recoil angle and ® - scattering angle.

The transferred energy is given by:
4mm . o[ 0
AE = E %smz(—j, (14)

where m1 and m2 are masses of projectile and recoil particles and 6 is the scattering angle in the
centre-of-mass system:
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where b is an impact parameter, Rm is the minimum distance between the atoms, and Ec is the
energy in the centre-of-mass system:

(16)
m, +m,

The scattering angle in the laboratory system can be calculated as:

T—0
o=" 17
. )

Collision cascade is not taken into account. If the recoil particle energy is larger than its
bounding energy corresponding to its local configuration it can move to the lattice site closest
to its trajectory as long as this site is an empty site. If this site is already occupied by another
particle the recoil particle does not leave its initial site. For each recoil particle this “closest
lattice site” is one of its nearest and next nearest neighbour sites. If on its new position the recoil
particle becomes an isolated particle then it is removed from the system.

The incident energy E is taken from the energy distribution of the incident atoms and the
impact parameter b is calculated taking into account the trajectory of the projectile and the
initial position of the target.

For the energy distribution of the incident atoms, either a constant value (Eo), an analytical
build-in function, or external data can be used. Currently, the build in energy distribution is:

_exp(-E/Ey)

p(E) E

(18)

where Eo is the average energy of the incident atoms (in eV). Figure 13 shows an example with
Eo=5¢eV.

24

VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com



Innovative Coating Solutions,

Built in NASCAM energy distribution function I

E =58V
0

0.4

0.2 4

Number of atoms (%)

o.g f f T

o 5 10 15 20

Incident energy (eV)

Figure 13. Example of the implemented energy distribution function probability
with mean energy =5 eV.

Other energy distribution data can also be loaded into NASCAM, giving the possibility
to use either experimental data or data calculated by software like SIMTRA [7]. Details on how
to load data are given in the section “Energy distribution data file”.

The energy of an incident atom is selected stochastically with accordance to its energy
distribution p(E). If w is a random number from the interval [O; 1] then the energy of an incident
atom E can be found from the following equation:

w:%]:p(x)dx, (19)
where
A= Jp(x)dx. (20)

We choose a random number w, and then we solve equation 19 for that random number.
The root of the equation is the energy of the incident atom.

4.7 INCIDENT ANGULAR DISTRIBUTION

It is possible to set the angular distribution of incident atoms by three different means: a
data file, a build in distribution function, or as a uniform angular distribution. The last may be
used to describe an angular distribution of a chamber gas.

I set by a distribution function the incident angles are specified by a function and two
angles. The geometry of the deposition is shown in the following figures. The mean incident

direction is defined by the pair 6o and o (fig. 14a, blue arrow). The angular distribution of the
incident atoms around the mean incident direction is given by the following functions:
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f(0) =exp(—£212A6%), (21)

where A0 is a mean deviation from the mean direction (fig. 14b). We suppose that the
distribution of the incident atoms around the mean incident direction is uniform in probability,
i.e. ¢ and & are chosen randomly with the same probability.

For fixed angle deposition, one should specify 6o and o and fix A6 = 0.

1/

Figure 14a. Angular coordinates 6o and o of
the mean direction (blue arrow) of the incident
particles.

Figure 14b. The scheme of distribution of
particles (red arrow = 1 particle) in a cone.

In figures 15a and 15b one can see two distributions of the sites on the substrate where
incident atoms landed. 200 atoms were emitted from the point (0, 0, 1) in the direction 6o = 30°
and o = 0° with A6 = 5° (Fig. 15a) and 6o = 45° and @o = 20° with A® = 5° (Fig. 15b). As the
particles are uniformly distributed in a cone, they draw an ellipse on the surface.

Figure 15a. Top view of the landing sites of Figure 15b. Top view of the landing sites of
incident particles, 8o = 30° and o = 0°, AB =5°. incident particles, 6o = 45°1 and @o = 20°, A® = 5°.
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Figures 16a and 16b show an example of particle distribution in the cone for 6o = 30°,
@o=0°and A6 =5°.

7

Figure 16a. The distribution of particles in ~ Figure 16b. The distribution of particles in
the cone, view from y direction. the cone, view from mean incident direction.

During the simulation, the origin of the cone, i.e. the starting point of atoms being
deposited, is chosen randomly over the defined sample surface.

The other option is that NASCAM reads the angular distribution from a file. This may be
used in conjunction with SIMTRA.

4.8 MASKED DEPOSITION

Itis possible to define a mask through which the particles will travel and will be deposited
on the substrate. The mask is defined by a set of rectangular openings whose geometric
definitions are included in a text file, as four integer numbers Xo, Yo, dx and dy. The name of this
file is given as an input value for Pattern_name field in the input.txt file. Each line in the mask
definition file contains four numbers giving a complete definition of a slitin a (X, y) plane: first
two numbers, xo and yo, correspond to its left bottom corner and the third and fourth number,
dx and dy, correspond to its dimensions (in lattice parameter units) on x and y directions.
Obviously, the mask definition parameters must be chosen in such a way that the entire mask
size is smaller than the size of the substrate. It is possible to have several masks and they may
overlap. The following example defines an L like mask, see figure 17.
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Figure 17. A mask defining a capital L: on the feft - the content of the mask definition file
and, on the right - the corresponding mask representation in an (x, y) plane.

To switch masked deposition on it is necessary to set the Masked_deposition flag to 1 in
the input.txt file:

Masked_deposition 1
Pattern_name pattern.txt

One should note that the in the z-direction a mask is positioned right above the growing
film. That means that no atoms can be deposited outside the mask boundary.

4.9 SOURCE LINEAR MOVEMENT

As it was mentioned above, the atom source can be collimated but also animated with a
linear movement. The deposited atoms can reach the surface passing through a mask
(collimator) which moves at the same velocity as the source (see Fig.18).

Source
of particles

a1

) x(O)+dx

Figure 18. Deposition onto a moving substrate (or on a fixed substrate with a moving
source): note that there are two sub-masks, both having the same initial position xo and
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length dx. The speed of masks being V, the x(t) position of masks/source depends of time t
as x(t) = xo(t) + Vxt.

To simulate deposition on a moving substrate, it is necessary to
e set both flags Masked_deposition and Source_linear_movement to 1,
o define a mask in a file (e.g. pattern.txt),
e setthe velocity (second number for Source_linear_movement field - in lattice parameter
units per second):

Masked_deposition 1
Pattern_name pattern.txt
Source_linear_movement 1 0.05

Several sub-masks can be used but they must have the same xo starting coordinate and the
same length dx (see Fig. 18).

It is compulsory to specify carefully the deposition rate (F), number of deposited mobile
particles (Ndep), x-size of the substrate (NXmax), the initial position, dimensions and the
velocity of the mask movement (xo, dx and V). Atoms are deposited onto the substrate as long
as the entire surface of mask is within the substrate surface:

Xo + dx + Vxt < NXmax -1,
where t is the current deposition time determined by the deposition rate, substrate dimensions

and number of already deposited atoms. If the above condition becomes false the simulation
stops even if not all requested particles (Ndep) have been deposited.

4.10SOURCE TILT AND ROTATION

Itis also possible to simulate deposition with a rotating source (or on a rotating substrate),
The vertical axis can also be subject to an oscillation movement (see figures 19 to 24). This has
been implemented to simulate Glancing Angle Deposition (GLAD, see the Examples manual)

There are four parameters to specify:

w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.00.00.00.0

The first one is the angular velocity of the rotation along the axis source (w_rot, 1/s), the
second is the initial tilting of the substrate (o), the third is the amplitude of the oscillation (A,
deg) and the fourth is the oscillation frequency (w_osc, 1/s).

Amplitude and oscillations are related through:

0Q = Qo + A*sin(w_osc*t)
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4.10.1 EXAMPLES OF SOURCE MOVEMENTS:

The figures 19 to 24 give some examples of oscillating sources. For all cases the origin
of the deposited atom is shown as if it would be seen from the (0,0) location on the substrate
(like an avatar located in 0,0 and looking to the sky). In the following examples, for “Broad
angle”, “Rotation” and “Tilting” cases, the broadening of the beam is A6 = 5°. For “Tilting
plus Rotation” cases, the broadening of the beam is A6 = 0° for better visualization of the
“starting” region

4.10.1.1 Broad angle
0o = 30°, o = 0°, A® = 5°

=)
a
Y Axis

Y Axis

» 7
Q’I 05%0’54]50-025000025050075 k)
Ay 0.
075

100 X Axis

Top view Perspective view
Figure 19.

w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.0 0.0 0.0 45

4.10.1.2 Rotation
0o = 30°, @o=0°, AG =5°

Z Axis

Y Axis

05

X Axis

025 2
*4)(,-8 T ors

Top view Perspective view
Figure 20.

w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.57 0.0 0.0 45
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4.10.1.3  Tilting.

Note: Tilting is always around Y axis

Beam along X
0o = 30°, o =0° AO =1°

/ (Niiga=s
[ 1.00 |
[ 075 / ]
_ -éi 100
[ >
[ 025 075
[ 050 Z Axis 100
L -075 0.50 0.75
L L L I R R R i / 050
Z Axis ﬂﬂl 0-15-10-0500 05 10 15 20 025} 0.25
0.00 »
W X Axis 0.00 - g
10 s
X Axig 1045, -100
Top view Perspective view
Figure 21.
w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.0 0.0 30 45
Beam along Y
0o = 30°, o = 90°, AO = 15°
f 1.00
C o7s
[ o050
L 025 o o
[ 000 i 075
[ 025 Z Axis
C -050 00 100
8 [ o7 0257 | 0;)(.]7'5
ZAxis,IIIIIII_ g X
%JOUJ}SJ SUDl 25{],|GG D,|25 0 |50 075 1,0;]).00 U—QI(.JDQ 0
X Axis 025000 . il
g, ors, o .1._8675
Top view Perspective view
Figure 22.
w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.0 0.0 30 45
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4.10.14 Source tilt plus rotation.

If the broadening of the beam is large enough, there will be no difference between fast

rotation and fast tilting.

Fast rotation
0o = 30°, o = 90°, AB =0°

Y Axis

X Axis
X Axis

Perspective view

Top view

Figure 23.

w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.7 0.0 10 05

Fast tilting
8o = 30°, o = 90°, AO = 0°

Z Axis

Y Axis

ZRUS| T 0,
5 080.750.560.250.000.250.500.751.00
10 X Axis

Perspective view

Top view

Figure 24.

w_rot(1/s);init_tilt(deg);A_osc(deg);w_osc(1/s) 0.7 0.0 10 45
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4.11 CODE STRUCTURE

The code consists of several logical blocks:
Initialization
Main part
Final part

411.1 Initialization

Once the user runs the code, the following parameters are initialized:
Size of the simulation box NXmax*NYmax*NZmax (NXmax, NYmax and NZmax
are specified in lattice parameter units in the input.txt file)
Number of mobile particle to be deposited and annealing time (specified in the input.txt
file)
Activation energies for all possible events and simulation temperature (specified in the
input.txt file).
Particular deposition parameters for each deposited specie (mobile and gas particle):
relative flow values, specie names and atomic masses, information regarding their
energy and angular distributions (specified in the iput.txt file or, if requested for energy
and angular distributions, read from a specific file).
Surface binding energies for substrate and film (specified in the input.txt file)
Parameter for forced deposition (specified in the input.txt file)
Configuration of the substrate (optional - defined in the substrate.xyz file)
Initial positions of adatoms (optional - read always from the substrate.xyz file)

The NZmax dimension of the simulation box is increased automatically if the coating

thickness increases above the starting value.

4.11.2 Main part — kMC loop

In this part, the system evolves according to the model described above. Each kMC step

consists in several sub-steps:

1.

N

The mobile particles are sorted and placed in the corresponding event lists according to
the type of the movement in which they can participate. These event lists are created in
the beginning of each new simulation and only updated at each kMC step. As the type
of the event is defined by a local configuration around the particle it is not necessary to
update these lists for all the particles as for most of them their neighbouring remains the
same after the pervious time step. So the event lists are updated only for the particles
which neighbouring has been changed. The updated region is a surrounding of a particle
moved at a previous step or of a newly deposited particle.

Choose an event for the current simulation step according to its computed probability.
Choose an atom from the list corresponding to the previous selected event and move
this atom to its new position (lattice site).

Calculate a time increment and increase accordingly the simulation time and deposition
timer.
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5. Perform the deposition of a new atom at the appropriate deposition timer value.

4.11.3 Final part

At the end of a simulation several structure files are created within the current folder (or
output folder when GUI is used — see GUI manual too):

e coating.xyz - this file contains the coordinates of substrate and all deposited atoms in
the system as well as their names (attention: Xx notation corresponds to a defect —
“surface trap”).

e deposited_layer.xyz - this file contains the coordinates of the adatoms deposited in the
last deposition session (does not contain substrate atom coordinates).

e Intermediate structure snapshots are saved in the film_growth.xyz file upon the user
request.

The atom coordinates in all structure files (having the extension .xyz) are given in lattice
parameter units. To have the real values of these coordinates it is necessary to multiply their
output values by the lattice parameter value in real length units (A or nm). To visualize/analyse
the output structure files (substrate.xyz, film_growth.xyz, coating.xyz & deposited_layer.xyz)
JMOL package can be used.

A certain number of .csv files containing the information about deposition, film growth

etc (see sections 6.2.4 — 6.2.8) are created in the beginning and then are updated in the course
of the simulation.
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5 Usage of the code

5.1 INPUT FILES

To use the code it is compulsory to have in the current directory, together the executable
Nascam.exe, at least the input.txt file. Other files are optional (e.g. substrate.xyz or
energy/angular distribution files) providing they are not used. Input files may include a
“comments”, placed before all data lines. Each comment line must start with ‘!”. One can run
Nascam.exe with the switch “—n filename” in order to use file “filename” instead of “input.txt”

5.1.1 input.txt

This is the most important input file. It is a.txt file that can be edited by any text editor
(Fig. 25). Because NASCAM reads only the numbers at the end of each line, the text (line
description) at the beginning of each line can be modified according to user needs. However,
the order of the parameters (lines) has to be preserved as listed and the line descriptors should
not contain any spaces.

B input.bet - Notepad

File Edit Farmat View Help

1
U NASCAM W 4.7

! This is an example of aggregation limited by diffusion (ALD)
! Ar is not included in the deposition (Gaz_conc @)

! Activation energies were just choosen to illustrate ALD.

! They can not be associated with either (u or Ar

1

Place Saint-Pierre, 11, B-5380 Forville., Belgium

Specie:Metal_2

Specie:Reactive 1

Specie:Reactive_2

Specie:lleutral

Specie:Substrate

Tenp, (eV)

Save_data

Surface_binding_energy of_the_substrate,(eV)
Surface_binding energy of the film, (eV)
Sputtering Thresh/Yield
vw_rot(l/s);init_tilt(deg);A osc(deg);w_osc(l/s)
Forced_deposition

Stoichiometry

Bonding

Simulation options 111
Substrate_type 1

Dimensions 96 96 5 1900 0.0
Deposition_rate, (ML/s) 0.003
Prefactor_correction 1.0
Masked_deposition 2]

Pattern_name pattern.txt
Source_linear_movement 9 0.0

Ea_diff, (eV) a.5

Ea_nn_inc, (eV) 1.9

Ea_nn_dec, (eV) 1.9

Ea_detach, (eV) 1.95

Ea_up,(eV) 2.0

Ea_down, (eV) 0.2

Ea_detrap, (eV) 4.5

Ea_sub_evap, (V) 4.5
Ea_lay_evap,(eV) 4.5
Specie:Metal_1 1.0 A1 26.982 1 0.5 E_Metall.txt 1

0.0 0.0 A_Metall.txt
0.0 Al 26.982 2 5.5 E_Metal2.txt 1 0.0 20.0 A Metal2.txt
0.0 0 15.999 1 0.5 E Oxl.txt 1 0.0 20.0 A Oxl.txt
0.0 0 15.999 1 0.5 E_Ox2.txt 1 0.0 20.0 A Ox2.txt
9.9 Ar 39.948 1 0.5 histo gas.txt 1 9.0 0.0 20.0 ang_dstr_gas.txt
Cu 63.54
0.03
1 100
3.52
3.3
0.0 0.0
0.0 0.0 9.0 0.0
1.0E15
1.0
5.0

[N

.0
.0
.0
.0

Ln1, Coll 1008 Windows (CRLF) UTF-8

Figure 25. An example of input.txt file.
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A detailed description of each control parameter specified in input.txt file is given below:

Simulation_options:

The first parameter, n, specifies how often the information about the current status of the
simulation is printed out to the screen and log file as well as how often the statistics regarding
the film growth (film roughness, density, number of islands etc) are calculated. The value of n
means that the data printed/calculated every n deposited atoms. This option may be especially
helpful in case of deposition of large amount of atoms. Then the sizes of output files are reduced
and the execution time is also reduced due to less output to the screen/disk.

The second parameter is a diffusion computation switch: 0 - no diffusion or evaporation
(no update of the lists of events is done during the current simulation) 1 — take diffusion and
evaporation into account.

The third parameter is also a switch controlling the island statistics calculation: 0 - no
calculation, 1 — calculate number of islands and their size distribution. If this analysis is
requested (value set to 1) then it is done with the frequency established by the first parameter
value n.

Substrate_type:
Two values are possible for this structure switch: 1 for a hexagonal structure or 0 for a
cubic structure (Fig. 26):

Hexagonal structure Cubic structure

OO0 O OO0 O O O OO
ONONONONO O O O OO
ONONONONO

O

O O O0OO0O0
O O 00O O O OO0

Figure 26. Sketch of the two possible substrate atomic structures.

Dimensions:

The first three numbers define the X & Y & Z system dimensions (NXmax, NYmax and
NZmax in lattice parameter units). In addition to define the simulation box dimensions they are
also used to allocate the memory dynamically.

Periodic boundary conditions are used on both X and Y directions. In the case of
hexagonal symmetry (Substrate_type switch value is 1 — see before), to ensure the validity of
periodic boundary condition on y direction, it is compulsory that NYmax has an even value.
The maximum number of substrate atoms and deposited atoms just depends on the physical
memory of your computer.

NZmax is the maximum possible number of layers (including substrate, layers from
previous depositions, etc). This is adjusted automatically during the simulation if the deposited
structure thickness reaches that limit.

Next, set the number of mobile particles to be deposited during the current simulation

Ndep, and eventually the duration of a post-annealing process Tmax (in seconds). For example,
if you need to simulate a deposition process without any additional annealing time, it is
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necessary to set Tmax to 0. If you need to simulate the annealing of an existing atomic
configuration during a certain period of time, then it is necessary to set Ndep to 0. If you want
to perform deposition and subsequent annealing at the same temperature, then you should set
Ndep > 0 and Tmax > 0. If, for example, Ndep = 100 and Tmax = 100, first 100 atoms will be
deposited. Second, the system will be annealed for 100 seconds. This is convenient for
simulating deposition followed by annealing if both happen at the same temperature?.

Deposition_rate,(ML/s):

The fourth line of input.txt is for the deposition rate given in monolayer per second.
Knowing this value it is possible to determine the characteristic time of the system z (the time
interval between two successive deposition events - see eq.7 above):

1
CTE dim X dimyY

According to this equation a very large deposition rate prevents atom to diffuse because
7hecomes too small.

Prefactor_correction:

An event rate is given by w = wo-exp(-E/ksT) and for a single atom the value of the pre-
exponential factor is of the order of the lattice vibrational frequency wo ~ 10 s*. But for the
movement of clusters of atoms this value might be different. NASCAM may take into account
the cluster diffusion using a new parameter: Prefactor_correction. This parameter is equal to
the ratio of the desired value for the pre-exponential factor and the single atom diffusion pre-
exponential factor. So, if one wants to have wo = 108 s then the Prefactor_correction is equal
to 10°.

Prefactor_correction le-5

Masked_deposition & Pattern_name:
When the switch Masked_deposition is set to 1, NASCAM reads the pattern (mask) as
defined in the ASCII file having the filename given as value for Pattern_name input variable.

Linear Movement:

This line defines an optional linear movement of the substrate during the deposition.

First parameter has to be set to 1 for linear movement. Second parameter specifies the
linear speed (in lattice parameter units per second).

Source_linear_movement 118

Ea_diff,(eV);Ea_nn_dec,(eV) ....Ea_lay_evap ,(eV):
The next several lines are dedicated to the activation energies for different kind of
movements. All the values are given in eV.

These input values are not relevant as long as the simulation is performed at a temperature
which is low enough so that no thermally activated events should take place, T << Ea's.

1 If both do not happen at the same temperature, the user can first simulate the deposition at deposition
temperature, and then use the data in coating.xyz as input data (substrate) for annealing at a different temperature.
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The effect of setting the temperature to a low value is almost the same as to set up the
simulation without diffusion by setting the second parameter of the Simulation_options line in

input.txt fileto0: 1 0 1.

However, there is a difference in what concerning the computation time: setting the
second parameter for Simmulation_options to 0 avoids any updates of the event lists while
performing simulations at very low temperature keeping this parameter to 1 such updates are
still done. Of course, they are not so often, because the main event that happens is the deposition
event...

In the current version there are several kinds of possible events. A complete description
of them has been already done (see above). Here we only mention them adding some more
details considered to be necessary for a better understanding:

1. free mobile particle diffusion (Ea_diff) - in-layer diffusion event

2. the diffusing particle having in the final position the same or larger number of lateral
nearest neighbours than in its initial position (Ea_nn_inc) - in-layer diffusion event
(Fig. 26a)

3. the diffusing particle having in the final position a lateral nearest neighbours number
lower than in its initial position (Ea_nn_dec) - in-layer diffusion event (Fig. 26a)

4. the diffusing particle detaches from a step edge becoming a free particle (Ea_detach)

- in-layer diffusion event

up diffusion event (Ea_up) - layer-to-layer diffusion event (Fig. 26b)

down diffusion event (Ea_down) - layer-to-layer diffusion event (Fig. 26b)

detrapment event (Ea_detrap) - in-layer/layer-to-layer diffusion event

evaporation event, the evaporating particle having as a bellow nearest neighbour a

substrate particle (Ea_sub_evap),

9. evaporation event, the evaporating particle having as a bellow nearest neighbour a
gas or mobile particle (Ea_lay_evap).

Q00
OO00O

0000 QOO
@ O

Figure 26a. Illustration of nearest neighbour Figure 26b. lllustration of up and down
increase (blue) and nearest neighbour movements associated to Ea_up and
decrease (red) movements associated to Ea_down.
Ea nn_inc and Ea_nn_dec.

NG

Generally, the activation energies should satisfy the next relationships:

Ea up > Ea_down > Ea_nn_inc, Ea_nn_dec, Ea_detach > Ea_diff,

38



Innovative Coating Solutions,

§ VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com

and

Ea detach > Ea nn_dec.

Species:

In the next three lines the details about deposited specie, chamber gas, and substrate are
given.

Example:

Specie:Metal 1.0 Al 26.982 1 0.5 histo.txt 1 0.0 0.0 0.0 angDstr.txt

Specie:Gas 0.0 Ar 39.948 1 0.5 histoGas.txt 1 0.0 0.0 0.0 angDstrGas.txt

Specie:Substrate Cu 63.54

Specie:Metal_1 1.0 Al 26.982 1 0.5 E_Metall.txt 1 0.0 0.0 0.0 A_Metall.txt

Specie:Metal 2 0.0 Al 26.982 2 5.5 E_Metal2.txt 1 0.0 0.0 20.0 A_Metal2.txt

Specie:Reactive 1 0.0015999105E Ox1.txt 1 0.0 0.0 20.0 A_Ox1.txt
Specie:Reactive_2 0.0015.99910.5E_Ox2.txt 1 0.0 0.0 20.0 A_Ox2.txt
Specie:Neutral 0.0 Ar 39.948 1 0.5 histo_gas.txt 1 0.0 0.0 20.0 ang_dstr_gas.txt
Specie:Substrate Cu 63.54

In the current version, there may be several species in the incident flow; two different
species of depositing material, one reactive specie, and atoms of chamber gas. In the lines
“Specie:Metal_17,..., “Specie:Gas” one should specify the relative amount of these species in
the deposition flux, their names and atomic masses, details regarding their energy and angular
distributions. Note, that although there are two lines, which describe the flux of a reactive
specie, one must use the same specie for the both flows. Generally, the first line is used for the
neutral atoms and the second line is used to describe ions. The same is valid for the metallic
specie. The total flux may be divideded into two parts, one is neutral, the second is charged.

Syntax for both species is the same:

Xs Names Ms Energy_source Mean_energy_of incident_atoms Energy_file Angular_source
ThetaO phi0 dtheta angular_file

where

Xs : relative amount of specie “s” in the flux, s = metal or gas. If Xmetat = 2 and Xgas =1
then there is 66.6% of metal atoms and 33.3% of gas atoms in the incident flux. The fraction of
each species is given by expression Xs/( Xmetal + Xgas );

Names Ms : the name and atomic mass of each specie;

Energy_source, Mean_energy of incident_atoms, Energy file: The wvalue of
Energy_source is used to indicate how the information about the energy of incident particles is
supplied to the program. Value of the switch is: O - for energy distribution read from a data file
called Energy file (see later for its detailed description), 1 - for constant energy given as
Mean_energy_of incident_atoms and 2 - for computed values using the analytical function
f = exp( - E/Eo) / Eo. In the last case, the parameter Mean_Energy_of _ incident_atoms is for the
mean energy of deposited atoms Eo. If the Energy_source switch is set to 1 or 2, the data file
Energy file is ignored (and may be absent from the current folder).
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Angular_source, ThetaO, phi0, dtheta, Angular_file.: The value of Angular_source is
used to indicate the source of the data for angular distribution of the incident atoms. If
Angular_source = 1, the incident angular distribution is defined by a function and a set of
angles. In this case, the mean incident direction is defined by the pair 6o and ¢o (one pair per
incident atom type). If Angular_source = 0, NASCAM reads the angular distribution from a
file called Angular _file, and 6o, o and A6 (see next) as specified in the input.txt file are ignored.
If Angular_source = 2, a uniform angular distribution is used.

Theta0, phiO, dtheta (deg): for their definition see figures 14a and 14b. The angular
distribution of the incident atoms around the mean incident direction is visualized as a cone like
described in figures 16a and 16b.

Admitted values: 6o [0, 90°], @o [-180°; 180°], A8 [0, 90°].

During the simulation, the origin of the cone, i.e. the starting point of atoms being
deposited, is chosen randomly over the defined sample surface. For fixed angle deposition, one
should specify 8o and ¢o and fix A6 = 0° (Angular_source = 1).

Specie:Substrate: for the substrate it is necessary to indicate its name and atomic mass:
Specie:Substrate Cu 63.54

Temp,(eV):
The next line of the input.txt file gives the possibility to establish the value of the
simulation temperature. This is given in eV. Each atom is in local equilibrium with the substrate,
and no temperature difference exists from site to site.

Save data:

The first parameter on the Save_data line is used to switch on/off the recording of
intermediate structures obtained during the current simulation in the film_growth.xyz file (see
Section 5). If the first parameter is set to 1, then the output structure files will be updated every
N deposited particles, N being the second parameter on the same line. If the first parameter is
set to zero, no intermediate output files will be created.

If the number of atoms to deposit (NDep) is set to O (e.g. the user is studying the annealing
effect), then output files will be created in time intervals equal to the time in which it would be
necessary to deposit N equivalent particles (N* 7).

Surface binding_energy of the substrate,(eV),
surface_binding_energy of the film,(eV):

These data are used to predict whether a defect is created on the substrate or an atom can
be dislodged or sputtered from the film. As first approximation, the values can be the same as
the heat of sublimation used to calculate the sputtering in SRIM code.Sputtering_Thresh/Yield
0.00.0

w_rot(1/s);init_tilt(deg);A_osc(deq);w_osc(1/s):

These fields are used to specify the parameters corresponding to the eventual movements
of the substrate (or, equivalently, particle source) during the deposition process: rotation, initial
tilt, oscillation amplitude and frequency (see the description before).
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w_rot(deg/s); init_tilt(deg);A _osc(deg);w_osc(1/s) 00 0 0 4.5

Forced_deposition:

Sometimes the number of calculation steps between two successive deposition events is
very large, and simulation takes forever. Usually this takes place at an elevated temperature
when the activation energy for diffusion is low. Now it is possible to “boost” the simulations
by setting the maximum number of steps between two successive deposition events. This can
be regarded as increasing the deposition rate.

5.1.2 substrate.xyz

The substrate.xyz file contains information about the initial structure of the system. If,
prior to the deposition, there are no gas or mobile particle and the substrate is flat and regular?,
this file may be absent from input folder. Its first line indicates the number of particles belonging
to the initial system, and the second line is a comment. All subsequent lines consist of 4 columns
(element, X, y, z), first of them containing information about the chemical nature and the other
three corresponding to the X, y and z coordinates (in lattice parameter units) of a particle
belonging to the initial configuration of the system (Fig. 27).

A structure obtained in a previous simulation can be used as substrate or the user can edit
its own substrate.xyz file. For the last option, details on the entire procedure are given below in
the <<Short guide “How to make a custom substrate file”>> chapter. In both cases the x and
y dimensions of the structure contained in the substrate.txt file must correspond to those defined
in the input.txt file. If not, the program writes an error message in the log_file.txt file and stops.

2 If the user wants to simulate the deposition on a substrate whose surface includes channels or holes, he
may use the ancillary code Make Structure provided with this package (see section 12 and The Ancillary codes
manual).

41



Innovative Coating Solutions,

_g VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com

File Edit Format View Help

100
Time=0.0000e+000(s); Atoms: 0(Cu), 0CAr)
-10.000 -8.660 .000

Mn|»

51 0

Si -9.000 -8.660 0.000
Si -8.000 -8.660 0.000
Si -7.000 -8.660 0.000
Si -6.000 -8.660 0.000
Si -5.000 -8.660 0.000
Si -4.000 -8.660 0.000
Si -3.000 -8.660 0.000
Si -2.000 -8.660 0.000
Si -1.000 -8.660 0.000
Si 0.000 -8.660 0.000
Si 1.000 -8.660 0.000
Si 2.000 -8.660 0.000
Si 3.000 -8.660 0.000
Si 4.000 -8.660 0.000
Si 5.000 -8.660 0.000
Si 6.000 -8.660 0.000
Si 7.000 -8.660 0.000
Si §.000 -8.660 0.000
Si 9.000 -8.660 0.000
Si -9.500 -7.794 0.000
Si -8.500 -7.794 0.000
Si -7.500 -7.794 0.000
Si -6.500 -7.794 0.000
Si -5.500 -7.794 0.000 -

Figure 27. An example of substrate.xyz file.

If the substrate.xyz file is absent, it is assumed that the initial substrate is flat and has no
defects. In this case NASCAM creates a new substrate.xyz file where all the sites at zero level
are occupied by substrate atoms as defined in input.txt file.

NASCAM allows the deposition of multilayers. For example it is possible to deposit Cu
on C, then Co atop, then again Cu etc. But when one user deposits Cu on the sandwich of C &
Cu & Co, he should understand that only Cu atoms (newly deposited and previously deposited
also) are mobile and all others atoms (C, and previously deposited Co atoms) are regarded as
substrate atoms and can't move.

If element in substrate.xyz file coincides with one of the elements specified in input.txt,
atom_name, gas_name or with defect name "Xx", then this particle is regarded as a pre-
deposited mobile particle, gas particle or pre-existing defect respectively. In all other cases it is
regarded as a substrate particle. There is only one exception, if the z-coordinate of a mobile
(according to its chemical nature) particle equals to 0, then this particle is regarded as a substrate
particle in what concerning its diffusion properties. It will never diffuse or evaporate but keeps
its nature - this is natural as there are no mobile particles at zero level, only substrate, defects,
or gas atoms.

In the current version of NASCAM all needed information about each kind of particle
(substrate, gas and mobile particle), including its atomic mass and specific deposition
parameters (for gas and mobile particles) are given on a corresponding single line in the input.txt
file, as mentioned above. All particles in the substrate.xyz file, having a name different from
mobile atom name or gas atom name defined in the input.txt file will be considered as substrate
particles and they will not be taken into account in none of the thermally activated processes
(diffusion and evaporation).
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Let us consider the next definitions for the system symmetry, dimensions and species of
the input.txt file:

Substrate_type 0

Dimensions 197 26 10 2000 O

Specie:Metal 1.0 Al 26.982 1 0.5 histo.txt 1 0.0 0.0 0.0 ang_dstr.txt
Specie:Gas 0.0 Ar 39.948 1 0.5 histo_gas.txt 1 0.0 0.0 0.0 ang_dstr_gas.txt
Specie:Substrate Cu 63.54

and a hypothetic substrate.xyz file containing next lines:

7
hypothetic substrate.xyz file
Cu-110
Cull1l
Ar 2
Al 2
Al 3
1
-4

(62 BN RN G

Si

1
1
1
0
1
XX 0

w

Firstly, as it was already mentioned, the first line of the substrate.txt file gives information
regarding the number of particles in the system, while the second line is a comment line. All
other lines contain information about the system structure, a line corresponding to a single
particle definition: its nature and X, y, z coordinates.

In this example, both Cu particles will be considered as being substrate particles, the Ar
particle as being a gas particle and the first Al particle as being a mobile particle. The second
Al particle - because of its z coordinate, and the Si particle - because this kind of particle is not
defined in the input.txt file, will be considered as being substrate particles. So, unlike the first
Al particle, the second one will never participate to a thermal activated process. The last particle
being a defect will never diffuse or evaporate (it is in fact a substrate particle).

Short guide “How to make a custom substrate file”

Sometimes it is necessary to make a deposition on a specific substrate. Such a substrate
may contain some regular or irregular pre-existing structures. Regular structures may be built
by a MakeSubstrate plugin (see the Plugins Manual). Irregular structures such an island or
group of islands or one or several defects at the substrate a user should create by himself. Let
us discuss how to create a custom substrate file using as an example a structure shown in figure
28. This structure has 5 atoms positioned at the layer with z=1.

43



Innovative Coating Solutions,

mg VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com

Y

O O O . (x_max, y_max, 0)
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(x_min, y_min, 0)

OO0O0O0O0

Figure 28. An illustration of a custom substrate file. The red circles correspond to
atoms that form a required structure and the blue circles correspond to a nodes which define
the substrate dimensions.

First of all, it is necessary to define a substrate type, cubic or hexagonal, and its
dimensions, NXmax and NYmax. For this example substrate type is cubic, and NXmax = 10,
NYmax = 8. According to what was written above one can calculate the coordinates of the nodes
corresponding to the limits of the substrate:

x_min =-0.5*NXmax =-5, y_min =-0.5*NYmax =-4,
x_max = 0.5*NXmax-1 =4 y max = 0.5*NYmax-1 = 3.

Remember that the same values for NXmax and NYmax must appear in input.txt file. If one
changes these values in the input.txt file then it is necessary to re-calculate the limits in the
substrate.xyz file. Note that the absolute value of x_min and x_max, y_min and y_max are not
the same. This is due the periodical boundary conditions imposed to the substrate. Once the
limits are calculated it is necessary to write the corresponding lines in substrate.xyz file:

El -5 -4 0
El 4 3 0

These two lines are obligatory!
Now it is necessary to put the coordinates of the atoms in substrate.xyz file. For the cubic
substrate, x and y coordinates of the atoms are calculated according to the following expression:
NXmax ~ NYmax
5 y=J]- 5
where i and j are integers varying in between 0 and NXmax-1, and 0 and NYmax-1 respectively.
For the given example the pairs (i, j) are (5,3), (5,4), (6,2), (6,3), (6,4). The (i, j) which

XxX=1—
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corresponds to (x_min, y_min) is (0, 0). As a result, the following lines appear in the substrate

file:

Me
Me
Me
Me
Me

0.0
0.0
1.0
1.0
1.0

-1.0
0.0
-2.0
-1.0
0.0

1.0
1.0
1.0
1.0
1.0

Finally, it is necessary to add a JMOL header to the file:

Total number of atoms in the substrate file
A comment

The final result is:

7

Susbtrate file

El

El

Me
Me
Me
Me
Me

-5
4
0.0
0.0
1.0
1.0
1.0

-4
3
-1.0
0.0
-2.0
-1.0
0.0

0

0

1.0
1.0
1.0
1.0
1.0

If one wants to use a hexagonal structure then the limits of the substrate and coordinates
of the atoms of the structure are calculated as follow:

x_min = —

x_max =

NYmax
NX‘;nax’ y min = (— 22 )\/§,
NYmax
Nchzlx — 1’ y max = ( > 2— 1) \/§,
(. _ NYglax) V3

. NXmax mod(j,2)
xX=1- +

2

2 ;y= 2 )

where mod(j,2) equals to 0 if j is even and mod(j,2) equals to 1 if j is odd.

If it is necessary to have a defect in the substrate, then one can put a “specie” called Xx
in the substrate file. There is only one difference between a defect read from the substrate.xyz
file and the one created during the current simulation: the first one is a stable defect while the
second one is a reversible defect (see before).
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Itis possible to resume a calculation using the results of a previous simulation as a starting
point. To do that, simply rename the coating.xyz output file (for the description of coating.xyz
see section 5.2.2) into substrate.xyz and use it as an input file.
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5.1.3 Energy distribution data file

The Energy_file (e.g. en_distr.txt) contains two columns (Fig. 29). The first column is
the energy E(N), and the second is the energy distribution function f(E) i.e. relative number of
atoms which have energy in the interval E(N) — E(N+1).

The interval between subsequent values of energy may be arbitrary and may vary from
line to line. For each energy interval NASCAM generates atoms with the energies evenly
distributed from E(N) to E(N+1).

.. en_dst.tut - Motepad

File  Edit Format Wiew Help
! Energy distribution
Energy, eV/Value;Value

0.9; 0.1
1.4; 0.1
2.0; 0.1
3.0; 0.1
4.0; 1.0
5.4; a.1
6.0; 0.01

[ 1008a  Windows (CRLF) UTF-8

Figure 29. Example of energy distribution data file.

5.1.4 Angular distribution data file

The structure of this data file is similar to the structure of the energy distribution data file
(Fig. 30). The first and the second columns are the angles 0 , ¢, respectively, and the third
column contains the distribution probabilities. This file may be regarded as a tabulated
representation of an angular distribution function p=£(@, ¢).
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.. a_f_dst.txt - Notepad

File  Edit Format View Help

! Angular distribution HEATMAP "

! Theta, deg;Phi, deg;Weight(a.u.)
a.000a; -180.0000; . oooa
a.o000; -120.0000; . oooa
. 0000, -b0. 0000, . oooa
a.0000; a.0000; . oooa
a.000a; 6. Booa; a. oooa
9. 0000, 120.0000; . oooa
15.0000;, -180.0000, . oooa
15.0000; -120.0000; . oooa
15 .0000; -H0.0000; a. oooa
15 .0000; 9. 0000, . oooa
15 . 0000, b, boooe; . oooa
15 .0000; 120.0000; . oooa
30.0000; -180.0000; a. oooa
30.0000; -120.0000; . oooa
30,0000, -b0. 0000, . oooa
30.0000; a.0000; . oooa
30.0000; 6. Booa; a. oooa
30.0000; 120.0000; a.o008 v

< >

Li 1002e  Windaows (CRLF) UTF-2

Figure 30. An example of angular distribution data file (from example 6).

The data must fill the regular grid for (0, @); 0 varies in the range [0, 90°] and ¢ varies
in the range [-180°, 180]. The grid step does not matter, but the structure of the file must be as
on fig. 30. For each 60, ¢ is varied in the range [-180, 180], then 6 is varied in the range [0, 90].
The upper limits of the ranges should not be included.

During the execution of NASCAM, the pair (0, ¢) which determines the incident direction
of an atom is chosen stochastically but in accordance with the probabilities given in the fourth
column.

For example, the distribution of 8, ¢ as specified from the file in figure 30 is shown in
figure 31 (results of simulation of example 6).
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Phi (Deg)
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Figure 31. Chosen values of theta and phi as specified in the example of angular
distribution data file in figure 30.

5.2 OUTPUT FILES

The resulted structures of the simulation are placed into two files: coating.xyz and
columns.xyz that contains the information about the final configuration of the system. Files with
additional helpful information are also created/updated (film_growth.xyz, log_file.txt...).

5.2.1 coating.xyz and columns.xyz

Both files contain the final (last, if intermediate results are generated) 3D-structure
resulted from the current simulation. They have the same structure: the first line contains the
total number of particles in the system, the second line is a comment line and all other following
lines contain information regarding the nature of a given particle and its coordinates in lattice
parameter units (particle_name coord_x coord_y coord_z). There are two additional columns
that contain some auxiliary information which is necessary for multi-layer modeling. These
files can be easily visualized using JMOL (see below). There is a difference between these two
files: while the coating.xyz file just contains all particles belonging to the system (including the
substrate particles and all particles deposited during a previous simulation) and contains
information about composition of the coating, the columns.xyz presents the morphological
structure of the coating.

At an early stage of deposition, when the coverage of the substrate is low, deposited atoms
form islands or nucleation sites at the substrate. Each of these islands can give birth to a new
column or new micro grain. During the deposition newly deposited atoms are attached to
already existing columns or the can give birth to a new column. As the deposition process goes
on the columns grow and their growth determine the structure of the coating. For the further
information one can see Example 19. Note, that columns.xyz file is created only when the
option “Save intermediate 3D structures” is ticked.

49



Innovative Coating Solutions,

mg VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com

5.2.2 film_growth.xyz

If requested by setting the switch for Save_data (first number) to 1 in the input.txt file, a
file called film_growth.xyz, is generated and then updated each N deposited particles, or
“equivalent particles” during an annealing process, according to the second parameter (N) on
the same Save_data line. This file contains the intermediate snapshots of the entire structure
and may be used to observe its evolution in time.

Contrary to coating.xyz file that contains only the last saved snapshot of the system
structure, the film_growth.xyz file contains all periodically saved structure snapshots (it is an
appended file rather than an updated file).

5.2.3 log_file.txt

This file is an execution log and it is generated in the beginning of each simulation. It
contains information about the used NASCAM version, the value of the random number
generator seed, all input data read from the input.txt file, the computed event rates for all
defined events and the characteristic time of the system (Fig. 32).

If the simulation stops due to an inadequate setting, the log_file.txt file will contain a
corresponding error message. This file is updated each time when an important event happens,
as for example a modification of the simulation box z-dimension.

It is also periodically updated, if this action is explicitly requested in the input.txt file. In
this case, setting to N the first parameter on the first active line in the input.txt file
(Simulation_option), NASCAM will update the log_file.txt file each N deposition events (or,
“equivalent deposited particles” during an annealing process). Such update consists in a series
of instantaneously collected/computed statistic information, information displayed
simultaneously on the computer screen, too.

Some .cvs files will also be updated (appended), their update being controlled by the same
Simulation_option first parameter.
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*DiPavel\ProgramikMCYNASCAMAT_projects\GLAD_Simtra\Nascam_1mTorr\log_file bt - Notepad++

File Edit Search View Encoding Language Settings Tools Macro Run  Pluging  Window 2 X
sHH®B RS hloe|wplxx|ELH|S 1ERE ® ¢ B | &
| lag_file.t=t E3 1

1 WALSCALM wersion 4.7.2 -

2 By Pavel Moskovkin, Florin Nita, Stephans Lucas, University of HNamwur, Belgiwm

3 revision 02

4

5 Wed Ot 24 16:03:03 2018

B start reading input parameters from input.txt

7 User-defined input file not specified. Read data from existing input.txt instead

g

E—————— Comments from input.txt —-—-—--—

10 !

11 ! TiOZ deposition oh a regular substrate 1

1z ! (Tou can add comrents here)

13 J

14 ————— End of conments from inpuc.txt ——-—-—-—

15

16

17 Deposition parameters:

1%  Bubstrate surface: cubic like

19 Sample =size:l1000 x 10 - Dep. rate:l.00e-01 (ML/s) - Temp.: 0.030 (eV), 75.12 (C)

20

21 Depositing atoms Ti(47.87) and O0(16.00) with Ar(39.95) bhorbardment
28 Incident flow: 100.00% of Ti and 0.00% of O
23 Murber of Ti and © atomwms to deposit:3000000 - Annealing timwme:0.00e+00 (5)

24

25 Initial substrate: 10000 atoms - 0 pre-deposited atoms - 0 pre-existing defects
26

27 Data saved into film growch.xyz file every 1000000 atoms or every 1.00e+03 seconds
28

29 Ti flux (100.00%) :

30 Incident energy for Ti from file: 'e_dst.coxt!

31 Angular distribution for Ti from file: 'a_dst.txt'

3z

33 Defect ensrgy: 3.52 (eV) - Displ. energy: 3.30 (eW)

34

35 Simulation parsmetcers:

36  Random nuwber: 1540359783
37 Depoziting every 1.00e-03 seconds

35 Ea diff, (eV): 0.50 - rate 5.78e+05 (1/3) Ea_nn_inc, (eV): i.80 - rate 3.12e-15 (1/s)
32  Ea nn dec, (eV): 1.90 - rate 3.12e-15 (1/=) Ea detach, (eV): 1.95 - rate 5.90e-16 (1/s3)
40 Ea_up, (e¥): Z.00 - rate l.1le-16 [1/3) Ea_down, (eV): z.00 - rate 1.11e-16 (1/3)
41 Ea_detrap, (eV): 4,50 - rate 7.16e-53 (1/3) Ea_sub_evap, (V) : 4,50 - rate 7.18e-53 (1/=3)
42 Ea_lay_evap, (e¥): £.50 - rate 7.18e-53 [1/s)

43

44 Simmlation options:

45 Jutput to =creen every 100000 deposited atoms

46 Diffusion is not taken into account

47 Izland statistics won't bhe calculated

45

4 START

50

51

5 On going simulastion:

53

54 Deposition: Ti atomw deposited at i = 7793, 1 =4, k= 1; 1 atoms (1 of Ti) of total 3000000
515 Theta= 66.57 (deg), Phi= 1.49 (deg); Incident energy= 14.11 (eV)
=11 Transfered energy= 0.00 (eV)

Ln:13 Cal:1 Sel:0]0 Windows (CRLF)  UTF-8 NS

Mormal text file length : 42,394 lines : 972

Figure 32. An example of log_file.txt file.

5.2.4 stat_film_growth.csv

This file contains information about the growth of the film (Fig. 33).

It is semicolon delimited and therefore can easily be read in a data manipulation software.
Columns contain data about the number of events, such as the detachment of an adatom from
an island, the de-trapping of an adatom etc.
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|28] Microsoft Excel - stat film_growth.csv
i3] Fichier Edition Affichage Insettion Format Outils Données Fenétre 2 Adobe PDF

N SE AT E s B A0 RBE x-S E] Mo o [ s

i B s R R | |2y ) ¥7 Reépondre e B
He=Rel |
Al - # Process time(s)
A B [ ¢ [ D [ E [ F T & [ H ] [ J T kK [ L T ™M [ N [ o [ Pp [
Nore of | Nbre of Nbre of Nore of  Nbre of Nbre of  Nbreofgas  Nbreof  Mbeofgas  Nbreof | Nbeofgas  Nbr -
Process Simulation | deposited | evaporated | sputtered | Mbreof | detached | detrapped | Nbre of Nbreof | atomsin | atomsin | atomsin | atomsin | atomsin | atomsin | ator

1] time(s step Mo atoms atoms atoms recoils atoms atoms | jumpsup  jumps down | layer 1 layer 1 layer 2 layer 2 layer 3 layer 3 layt
2| O0O00E+00  0.00E+00 1 0 0 0 0 0 0 0 1 0 0 0
3| 723E02 836E+04 2 0 0 0 0 0 0 0 2 0 0 0
4| 109E01  862E+04 3 0 0 0 0 0 0 0 3 0 0 0
8| 145E-01 1.04E+05 4 0 o 0 0 0 0 0 4 0 0 0
6| 1BIE01  124E405 5 0 0 0 0 0 0 0 5 0 0 0

7| 217E01  1.27E+05 5 0 0 0 0 0 0 0 6 0 0 0
8| 283E01  127E+05 7 0 ] 0 0 0 0 0 7 0 0 0
9| 289E01 145E+05 8 0 0 0 0 0 0 0 8 0 0 0
[10| 326E01 1.97E+05 9 0 0 0 0 0 0 0 9 0 0 0
[11]  362E01  2.06E+05 10 0 ] 0 0 0 0 0 10 0 0 0
[12| 398E-01 2626405 1 0 0 0 0 0 0 0 1 0 0 0
(13|  434E01 263E+05 12 0 0 0 0 0 0 0 12 0 0 0
[14|  4TOE01  278E+05 13 0 ] 0 0 0 0 0 13 0 0 0
(15| 506E-01 2826405 14 0 0 0 0 0 0 0 1 0 0 0
[16| 543E01 2.04E+05 15 0 0 0 0 0 0 0 15 0 0 0
[17| 5T79E01  3.07E+05 16 0 0 0 0 0 0 0 16 0 0 0
(18|  BASE-01  3.12E+05 17 0 0 0 0 0 0 0 17 0 0 0
[19| BSIE01  336E+05 18 0 0 0 0 0 0 0 18 0 0 0
[20| BBTE01  345E+05 19 0 0 0 0 0 0 0 19 0 0 0
[21|  723E01  369E+05 20 0 o 0 0 0 0 0 20 0 0 0
[22| 7BO0E01  3.80E+05 21 0 0 0 0 0 0 0 21 0 0 0
[23|  796E01 4.12E+405 2 0 0 0 0 0 0 0 22 0 0 0
(24|  B32E01  4.12E+05 2 0 ] 0 0 0 0 0 2 0 0 0
|25| BESBE-01  4.23E+05 24 0 0 0 0 0 0 0 2 0 0 0
|2 904E01  4.24E+05 2 0 0 0 0 0 0 0 25 0 0 0
[27|  940E01  4.45E+05 26 0 ] 0 0 0 0 0 26 0 0 0
[28| 977E-01  446E+05 27 0 0 0 0 0 0 0 27 0 0 0
[29| 1.01E+00  45TE+05 28 0 0 0 0 0 0 0 28 0 0 0

1.05E+00  4.53E+05 29 0 ] 0 0 0 0 0 29 0 0 0
W 4+ ml\stat_fim_growth/ |« i v
i Degsin- I3 | Formesautomatiues= \ N IO M B A @@ O -L-A-S=z@adf

Prét

Figure 33. An example of stat_film_growth.csv file in Excel™.

Also it contains information about the number of atoms at each mono-layer. We limit the
information of atoms in various layers to 20 layers. The depth distribution of the various atoms
can be plotted from the file final_composition.csv.

5.2.5 stat_film_structure.csv

This file contains a summary of the characteristics of the coating during the deposition
(Fig. 34). The column headers are self-explanatory. It is semicolon delimited and therefore can
easily be read in a data manipulation software.

Columns contain data about the number of atoms, defects etc. Other columns contain data
about the number of dimmers, trimers, and the total number of islands, roughness, density, mean
diffusion path.

Dimmers and trimers are adatom clusters, their adatoms being either nearest neighbours
or next nearest neighbours one to each other (they can have different z coordinates).
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(5] Microsoft Excel - stat film_structure.csv - = 38|
&) Fichier Edition Affichage Insetion Format Qutils Données Fenétre 1 AdobePDF Tapez ur -8 x
PN EH RS TE s DB S0 c RS E 82 e o J e 0 -6 s ES=EEBwmE RS S-A-B
Hii It s B R R N | |21, By g |, v Répondre en ingluant des modifications... Terniner la révision. !
sl -
P4 - A
A | B | C [ D | E | F | H o T o0 Tk T L] M | N | [9) | P [ =
Simulation step Nbre of deposited Total Mbre of astoms | Nbre of  Nbre of gas| Nbre of Nbre offree Noreof | Nbreof Nbeof  Fim | Substrate  Densityof  Mean |
| 1 |Process time| No atoms inthefim  metalatoms atoms | defects  atoms | dimers trimers | islands | roughness  coverage | the film  diffusion path Il
[2] 0.00E+00 0.00E+00 1 1 1 0 0 1 0 0 0 0010416 0.000109 1 0
[3] 7.23E-02 8.36E+04 2 2 2 0 0 2 0 0 0 001473 0000217 1 0
4] 1.09E-01 8.62E+04 3 3 3 0 0 1 1 0 10018039 0.000326 1 44373 1
[5] 145601 1.04E+05 4 4 4 0 0 1 0 1 10020829 0.000434 1 35657
[6] 181E-01 1.24E+05 5 5 5 0 0 1 0 0 1 0023286 0000843 1 31696
7 247E-01 127E+05 6 6 6 0 0 1 0 0 1 0.025507  0.000651 1 25849
8] 253E-01 1.27E+05 7 7 7 0 0 1 0 0 10027549 0.00076 1 21589
[9] 289E-01 1.46E+05 8 8 8 0 0 1 0 0 1 002946 0000868 1 21107
[10 3.26E-01 197E+05 9 9 9 0 0 1 0 0 10031235 0000977 1 24963
[1 3.62E-01 2.06E+05 10 10 10 0 0 1 0 0 1 0032923 0001085 1 23138
[12 3.98E-01 262E+05 1 11 1 0 0 1 0 0 10034528 000119 1 26450
[13 434E01 2.63E+05 12 12 12 0 0 1 0 0 1 0.036061 0001302 1 24131
[14 470E-01 2.78E+05 13 13 13 0 0 1 0 0 10037531 0001411 1 2u21
[15 5.06E-01 2.82E+05 14 14 14 0 0 1 0 0 10038946 0001519 1 21915
[16 5.43E-01 2.94E+05 15 18 15 0 0 1 0 0 10040311 0001628 1 21178
[17 5.79E-01 3.07E+05 16 16 16 0 0 1 0 0 1 004163 0001736 1 20628
[18 6.15E-01 312E405 7 17 17 0 0 1 0 0 1 0.042909 0001845 1 19653
[13 6.51E-01 3.36E+05 18 18 18 0 0 1 0 0 1 0.044151 0001953 1 19927
[20 6.87E-01 JAEE+05 19 19 19 0 0 1 0 0 1 0.045358 0002062 1 19323
[21 7.23E01 3.69E+05 20 20 20 0 0 1 0 0 10046634 000217 1 19566
[22 7.60E-01 3.80E+05 21 2 21 0 0 1 0 0 1 0047681 0002279 1 19150
[23 7.96E-01 4126405 22 22 2 0 0 1 0 0 1 00488 0002387 1 19724
E 8.32E-01 412E+05 23 23 23 0 0 1 0 0 1) 0.049894 000243 1 18862
E 8.68E-01 4.23E+05 2 2 2 0 0 1 0 0 1) 0.050965 0002604 1 18488
E 9.04E-01 4.24E+05 25 26 2 0 0 1 0 0 10082013 0002713 1 17764
[27] 9.40E-01 445E+05) 2 2 2 0 0 1 0 0 1 005304 0002821 1 17903
[28] 9.77E-01 4.46E+05 27 27 27 0 0 1 0 0 1 0.084047  0.00293 1 17247
[29] 1.01E+00 4 57E+05 28 28 28 0 0 1 0 0 1 0.05503 0003038 1 17003
[30] 1.06E+00 4 6BE+05 29 29 29 0 0 1 0 0 1 0.056007 0003147 1 16438
A b stz 2n 20 a0 o o x e 4 nnesost noaance A aeana
i Dessin- s | Formes sutomatiques- \ x DO A A @l &-L-A-==z=ad)

Figure 34. An example of stat_film_structure.csv file in Excel™.,

Roughness is defined as the root mean square of the height standard deviation (rms-
roughness):

w=/(h?)—(h)", (22)

where h(x,y) is the local thickness of the film, and < > means the averaging over the whole
substrate surface (NXmax x NYmax). Roughness is given in lattice parameter units.

The mean diffusion path is calculated as follows. For each atom the number of jumps
between the deposition and the first attachment and between a possible next detachments and
further attachments is calculated. Then this number id divided by the number of periods of time
when the atom is free. Obviously the atom is free before the first attachment and between further
detachments and subsequent attachments. In this way a mean diffusion path for a given atom
can be estimated. After all this value is averaged over all atoms which are currently in the
system.

The density of the film is calculated as the ratio of the number of deposited particles
existing currently in the system and the number of lattice sites below the surface envelope, as
shown in figure 35. In this example the density is equal to 34/42 = 0.81.

0000

000000000000
00000 000 000
0000 . 000000

Figure 35. Lateral view of a system structure, its corresponding density being ~ 0.81. The
grey circles represent occupied, while the white circles represent empty lattice sites.
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5.2.6 final_composition.csv

This file can be used to plot the elemental composition versus depth. It contains the
number of atoms of each species (including the defects) versus the level number (Fig. 36).

=lofx|
B Fichier Edition Affichage Insertion Format Outils
Dornées Fenétre 2 -8 X
Dedsasn &R B v-@=-RF2l @72
atataa@E| oW ea
AS -

e
A | B [ C | ] | E | 3

| 1 | level No Cu Al Ar K
| 2 | o] 9216 o] 1] 0 J
| 3 | 1 o] 954 1] 0

4 2 o] 46 1] 0

5 I
| B |

? b
M 4 » M] final_composition |« | _'IJJ
Prét ML 4

Figure 36. An example of final_composition.csv in Excel™.

5.2.7 stat_process.csv

This file contains a summary of all the events that happened during the deposition (Fig.
37).

5] Microsoft Excel - stat_process.csv - — =) e
] Fichier Edition Affichage Insertion Format Outils Données Fenétre ?  Adobe PDF Tapez une question -_ 8 X
iNEEHRIGRFE| LR F 90 BeE 4L MEws o B 0 -6 7 s|===5HMwmE BB EE| DDA
Ao [t Wt B2 Mw AT 1 | |21, By g3 | ¥4 Repondre en incluznt des modifications... Teminer la révision... [l
Hir Sl !
04 - 7
A [ B | C | D [ E | F [ G [HTITJT K | L | M [ N I o) =

| 1 |Process time(s) Simulation step No | Nbre of deposited atoms | Incident atom name | Tl P Incident energy(eV) | J K Hitted atom name | Transfered energy =
[2 | 0.00E+00 0.00E+00 1A 0 0 057974 1 Cu 0
[3] 3.62E-02 8.36E+04 2 Al 0 0 059592 1 Cu 0
4] 1.09E-01 8.62E+04 3 Al 0 0 057926 1 Cu 0 [ 1
[5 | 153501 1.04E+05 4 Al 0 0 0525 5 1 Cu 0
[6 | 1.89E-01 1.24E+05 5 Al 0 0 054930 1 Cu 0
[7 | 2 18E-01 1.27E+05 6| Al 0 0 051980 1 Cu 0
| 8 | 253E-01 1.27TE+05 7 Al 0 0 05 971 1Cu 0
[ 9| 2.97E-01 1.45E+05 8| Al 0 0 054631 1 Cu 0
[10] 3.48E-01 1.97E+05 9 Al 0 0 051179 1 Cu 0
[11] 3.65E-01 2.06E+05 10/ Al 0 0 05 128 1 Cu 0
[12] 4.22E-01 2.62E+05 11 Al 0 0 05 886 1 Cu 0
[13] 434E-01 263E+05 12/ Al 0 0 053922 1 Cu 0

14 4.77E-01 2.78E+05 13/ Al 0 0 053414 1 Cu 0
[15] 5.08E-01 2.82E+05 14/ Al 0 0 053359 1 Cu 0
[ 16| 5.48E-01 2.94E+05 15| Al 0 0 055266 1 Cu 0
(17| 5.84E-01 3.07E+05 16/ Al 0 0 0592 67 1 Cu 0
[ 18| 6.17E-01 3.12E+05 17| Al 0 0 0.5 66 86 1 Cu 0
[19] 6.62E-01 3.36E+05 18 Al 0 0 05888 1 Cu 0
[20 6.91E-01 3.45E+05 13 Al 0 0 053471 1 Cu 0
[21] T.34E-01 3.69E+05 20/ Al 0 0 0544 26 1 Cu 0
[22] 7.64E-01 3.80E+05 21 Al 0 0 056970 1 Cu 0
[23] 8.09E-01 4.12E+05 22/ Al 0 0 053075 1 Cu 0
[24] 8.32E-01 4.12E+05 23 Al 0 0 054363 1 Cu 0
[25] 8.72E-01 4.23E+05 24/ Al 0 0 05 016 1 Cu 0
| 26| 9.05E-01 4.24E+05 25 Al 0 0 0530 7 1Cu 0
[27 ] 9.50E-01 4 45E+05 26 Al 0 0 05 640 1 Cu 0
[ 28| 9.77E-01 4 46E+05 27 Al 0 0 052688 1 Cu 0
[29] 1.02E+00 4 57E+05 28 Al 0 0 052695 1 Cu 0
|30 1.05E+00 4 58E+05 29 Al 0 0 057071 1 Cu 0
[31] 1.09E+00 4.65E+05 30/ Al 0 0 0562 1 1 Cu 0

2 1.12E+00 4.69E+05 3 A 0 0 055923 1 Cu 0 -
W 4 » |\ stat_process | « 0, g
iDessin~ U; | Formesautomatiques= \ N (1O il @@l | D-Z-A-SE=5 d dpg

Prét

Figure 37. An example of stat_process.csv in Excel™.

Columns contain data about the deposition process: incident angle, incident energy,
substrate coordinate that the incident atom collided, type of hit atom & transferred energy.
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5.2.8 island_distribution.csv

This file contains a histogram of the number of islands and their respective number of
atoms (Fig. 38).

|1—.|' = 9~ |+ Island_distribution.csv - M., [ = &1
Hom| Inse | Pagt | Forn | Datz | Revi View & e o P 22
A= %A 2T
te ~E Font | Alignment Number| Styles @ Cells Ev .ﬁ' 4
T B i i el B P
Clipboard Editing
Al - fe | Numberofislands v
[ A B E D E =
1 |Number of islands | Number of atoms [l
2 1 32
2 1 29
4 1 28
5 1 27
6 1 25
7 1 23
8 1 15 3
9 1 14 1
10 1 10
11 1 9
12 1 7
13 2 6
14 1 5
15 2 4
16 1 3 —
17 2 1
18 -
4 4 » ¥| Island_distribution /%2 4[| [
Ready | |[Emm 0% o) U O

Figure 38. An example of island_distribution.csv file in Excel™.

55



Innovative Coating Solutions,

mg VIRTUAL COATER™ Place Saint-Pierre, 11, B-5380 Forville., Belgium

slu@incosol4u.com www.incosol4u.com

6 Execution of the code

First, all the input files (input.txt, substrate.xyz, ....) and the file Nascam.exe have to be
placed into the same folder.

To execute the code, there are two options:
= Double click Nascam.exe.
= Use switches at the command lines (arbitrary order) to setup options:
o —n filename. Specify a file which will used instead of input.txt
o —ver. Check the version of the code without doing any simulations.

We recommend creating a new folder every time one executes the code with new input
data, otherwise the old output data will be overwritten by the new outputs files.

We suggest firstly running the code with a set of parameters (NXmax and NYmax,
deposition rate, and temperature) close to the real experimental/simulation conditions, but to
set first the number of deposited atoms or the annealing time to low values (e.g. 100 atoms).
Run the code and estimate the execution time. If the execution time is too long, edit the input
data to have a reasonable execution time.
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7 JMOL plotting software
7.1 INTRODUCTION

NASCAM outputs ascii file having the suffix_jmol (XYZ) are compatible with JIMOL
(http://jmol.sourceforge.net/).

JMOL is an open-source Java viewer for three-dimensional chemical structures, with
features for chemicals, crystals, materials and biomolecules. Features include the reading a
variety of  file types and the animation of multi-frame files
(http://wiki.jmol.org/index.php/Main_Page).

We choose the simplest data file format for substrate.xyz, coating.xyz, ...: XYZ format.
It only contains atom coordinates in a Cartesian coordinate system (no bonds). It supports multi-
model data (multi-frame, animations).

Figure 39 shows an example of an XYZ file:

ﬂ coating.xyz - Notepa =k

File Edit Format View Help

10400 -
final configuration E
Si -10.000 -8.660 0.000 n
Si -9.000 -8.660 0.000

Si -8.000 -8.660 0.000

Si -7.000 -8.660 0.000

Si -6.000 -8.660 0.000

Si -5.000 -8.660 0.000

Si -4.000 -8.660 0.000

Si -3.000 -8.660 0.000

Si -2.000 -8.660 0.000

Si -1.000 -8.660 0.000

Si 0.000 -8.660 0.000

Si 1.000 -8.660 0.000

Si 2.000 -8.660 0.000

Si 3.000 -8.660 0.000

Si 4.000 -8.660 0.000

Si 5.000 -8.660 0.000

Si 6.000 -8.660 0.000

Si 7.000 -8.660 0.000

Si 8.000 -8.660 0.000

Si 9.000 -8.660 0.000

Si -9.500 -7.794 0.000

Figure 39. An example of coating.xyz file.

The first line contains the total number of atoms, the second line is a comment line, and
then atoms are listed as: EI X Y Z.

The XYZ format supports multi-step datasets. Each dataset is represented by a two-
line "header,"” followed by one line for each atom. NASCAM generates an film_growth.xyz file
that contains “snapshots” of the simulation saved according to the Save_data switch in the
input.txt file.
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Once NASCAM simulation is over and JMOL is properly installed, the user can drag and
drop either film_growth.xyz, substrate.xyz, coating.xyz or deposited_layer.xyz to the JMOL
window. The simulation results will be displayed immediately.

When multiple datasets are loaded, all the datasets are stored in the frame vectors within
JMOL. They can be displayed one by one, in sequence or in animation. The user can then review
the evolution of the simulation by viewing the snapshots in sequence.

7.2 JMOL BASIC

First read the manual for the mouse:
e Start IMOL
¢ Right click in the window. A menu appears
e Select “About ... IMOL xxxx ... Mouse Manual”

Operations to load one single dataset (e.g. coating.xyz )
Start JIMOL and load a NASCAM coating.xyz file.
Select “Display Bond None”

Rotate the 3D model with the mouse,

Operations to load multiple dataset (e.g. film_growth.xyz )

e Start JIMOL and load a NASCAM film_growth.xyz file that contains multiple dataset
(see for example, Example 2 (Ostwald ripening))

e Select “Display Bond None”

e Rotate the 3D model with the mouse.

e Press the “Right arrow” (go to next frame) on the upper button bar to select the next
dataset. Look at the bottom bar, at the left: JIMOL indicates that you have selected the
second dataset.

e Rotate the 3D model with the mouse.

If one wants to display every dataset in sequence, like a movie, select “Tools Animate
Once” or “Tools Animate Loop” in the menus.
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8 Typical input data ranges

Activation energies: 0 to 4.5 eV. Any value above 4 eV means that the corresponding
physical event is switched off (look at the rate of the event in the log_file.txt file). Please
note that this does not prevent the code to calculate the event probabilities. If one wants
to really switch off diffusion, use the command line switches. This speeds up the code
execution.

Max number of layers (Zmax): up to the physical memory of your computer. It is not
an essential variable and larger its value larger the amount of resources (memory), so
keep it as small as possible having in mind that its value is automatically updated
(increased) if necessary during a simulation.

Energy distribution selection: 0 = read from file, 1 = use fixed energy value, 2 =
computed using a built-in function

Angular distribution selection: 0 = read from file, 1 = computed using a built-in function
00:[0° + 90°], @o:[-180° + 180], A6:[0° + 90°].
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9 NASCAM version history

Version 1. First stable version. Main diffusion effects are taken into account.
Version 2. Energy of incident atoms is taken into account. Possibility to save intermediate

results in outN.txt files is added. Statistics on the events is now gathered in a separate file.
Format of output files fbox.txt and density.txt is slightly changed.

Version 3.
3.2: add substrate roughness (ancillary code Mk_strct) and allow the user to specify
incident angles of the incoming species.
3.5dx: add evaporation, statistic2.csv, calculation of roughness, density, diffusion path,
number of free atoms, dimmers, trimers, ...
Version 4.3D
Improve the energy transfer module
Calculate substrate coverage
Correct some minor bugs
Add boosted mode
New file format compatible with Jmol
Add simultaneous rare gas bombardment
Remove unnecessary calculations (deep atoms are prevented to move).
Add dynamic memory allocation: limitation is due to computer physical memory
Results rearranged in various csv files (film_statistics, final_composition,
process_statistics, ...).
Version 4.5 (release july 2014)
Add deposition through a moving mask
Add samples (or source) rotation and tilting capabilities
Add command lines to prevent diffusion calculation and shorten output csv files
Push the code to handle millions of atoms.
Version 4.5.1 (release september 2016)
Sorting of the events has been optimized. Now only atoms belonging to the
neighbourhood of the moving atom are evaluated.
Dynamic allocation of the height Zmax of the simulation box
Change the output: remove obsolete files ibox.txt, fbox.txt, outN.txt. Uses only files in
JMOL format (XYZ)
Version 4.6.1 (release september 2017)
e General improvements and optimizations:
eChange the random number generator. For more details on this item see

https://isocpp.org/files/papers/n3551.pdf.

e The output frequency during the annealing process is now better computed and the

output .cvs files are generated according to the same rule as for the deposition process

¢ Fix a bug connected to the forced deposition option.
¢ Change the code architecture defining and adding new variables (nearest neighbours of

a given lattice site and their corresponding number and list, surface envelope, the highest
surface position...).

¢ Remove not necessary computation steps and variables considered obsolete
¢ Based on new introduced variables almost all functional procedure have been optimised,

the most important of them being the update procedure: a local update is done after each
modification of the system configuration for all direct and indirect affected particles. Such
modification includes not only the main thermal activated event but also all connected events
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induced by this one: diffusion and evaporation can be associated with gas desorption and
deposition can be associated with sputtering and gas desorption as well.

¢ Degassing is done also locally and immediately after each main thermal activated event
(deposition with or without sputtering/diffusion/evaporation); only after that, the list of particle
to update is created.

e In deposition:

= The trajectory of the incoming particle is computed not from the upper surface of the
simulation box but from few layers above the maximum of the surface envelope of the
already deposited structure inside the simulation box.

= Fix a bug in choosing the coordinates of the initial attachment position.

= Adding, in the case of cubic symmetry, the missing four next nearest neighbour
positions to the lists of the initial and final positions for a recoil particle.

=Fixed two bugs for the attachment conditions corresponding to a gas particle
(threshold energy and the lateral nearest neighbours of the final attachment position)
= Fix the error in computing the final position for a recoil particle by using the periodic
boundary conditions.

= Fix the bug in jump down procedure - error in choosing the final attachment position
for a mobile particle.

e In diffusion:

= Now a diffusing particle will never leave behind it a 3d isolated particle (“levitating
particle”).

= Fixed an error in computing the number of processes associated to a single moving
up/down diffusion event.

e In evaporation, as in deposition before, the trajectory, and its neighbourhood, of an
evaporating particle is checked from the particle initial position not till the upper surface of the
simulation box but till a z coordinate corresponding to the maximum of the surface envelope.

e System structure analysis procedures have been improved as well.

Version 4.7.2 (release September 2019)
e Reactive deposition has been added

e Major improvement of the code.

e Energy transfer model was improved.
e Several new examples were added.

e New plugins were added

Version 4.8.5 (release September 2024)

e MakeProcess “digital twin” tool was added

¢ New plugins were added.

¢ Column detection possibility was added.

e Format of substrate.xyz and coating.xyz are changed:
e added layer index and number of atoms per cell to parameters of each atom,
e comment line are extended.
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12 Annex 1: Another description of the input.txt file

Table Al.1. Short description of input.txt file content.

Names of fields in

Typical values for corresponding variables / Names of input

input.txt file variables (their meaning is given in the Table 2)
Simulation_options 100010 / statCmpSw, diffCmpSw, islandCmpSw
Substrate _type 0 / symm
Dimensions 3 3 10 100000 0 /NXmax, NYmax, NZmax, NDep, Tmax
Deposition_rate,(ML/s) | 0.05 | F
Prefactor correction 1.0 / woCorr
Masked_deposition 0 / maskDepSw
Pattern_name LARN.txt / pattFile
Source_linear_movement | 0 0.0 / maskMvtSw, V
Ea_diff,(eV) 0.9 / Ea_diff
Ea nn_inc,(eV) 0.9 / Ea nn_inc
Ea_nn_dec,(eV) 0.9 / Ea_nn_dec
Ea detach,(eV) 1.0 / Ea_detach
Ea up,(eV) 1.1 / Ea_up
Ea_down,(eV) 1.1 / Ea_down
Ea detrap,(eV) 4.5 / Ea_detrap
Ea sub_evap,(eV) 4.5 / Ea_sub_evap
Ea lay evap,(eV) 4.5 / Ea lay evap

Specie:Metal 1.0 Co 63.546 1 0.029 eDist.txt 1 80.0 0.0 1.0 aMDist.txt /*

Specie:Gas 2.0 Ar 39.948 1 0.029 histoGas.txt 1 0.0 0.0 0.0 aGDist.txt [ **

Specie:Substrate Fe 28.085 / elemS, massS

Temp,(eV) 0.035 /T

Save_data 1 10000 / saveDataSw, saveDataNo

Surface_binding_energy | 3.0 / subBindEn

_of the substrate,(eV)

Surface_binding_energy | 3.0 / layBindEn

_of the film,(eV)

Sputtering_Thresh/Yield | 0.00.0 "' NOT YET IMPLEMENTED

w_rot(1/s);init_tilt(deg); |0.00.00.00.0 / w_rot, Qo, A, W_0SC

A osc(deg);w_osc(1/s)

Forced deposition 1.0E15 / maxDiffNo

*Specie:Metal_1/2 concM_1/2,  elemM_1/2, massM_1/2, enMSw_1/2, enAvM_1/2,
enFileM_1/2, angMSw_1/2, 60_M_1/2, o M_1/2, A6_M_1/2,
angFileM_1/2

*Specie:Reactive_1/2 concR_1/2, eleRR_1/2, RassR_1/2, enRSw_1/2, enAvR _1/2,
enFileR_1/2, angRSw_1/2, 60_R_1/2, @0 R_1/2, A6_R_1/2,
angFileR 1/2

**Specie:Gas

concG, elemG, massG, enGSw, enAvG, enFileG, angGSw, 60_G, ¢o_G,
AB_G, angFileG
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Table Al.2. The names of variables used by NASCAM and their meaning.

Names of input variables

Meaning

statCmpSw statistics computation switch: 0 — Not / larger than 0 — Yes, each
“statCmpSw” deposition events

diffCmpSw diffusion computation switch: 0 — Not/ 1 — Yes

islandCmpSw island density computation switch: 0 — Not /1 — Yes

symm substrate symmetry switch: 0 — cubic / 1 — hexagonal

Nxmax, Nymax, Nzmax system dimensions on X, y and z [lattice parameter units]

Ndep number of atoms to deposit during current simulation,

Tmax annealing time [s]

F deposition rate in Mono-Layer/Seconds (ML/s)

woCorr pre-exponential factor correction:1 for particle diffusion / less than 1
for cluster diffusion

maskDepSw masked deposition switch: 0 — no mask / 1 — there is a mask

pattFile the name of the file containing the mask definition (e.g. pattern.txt)

maskMvtSw source linear movement switch: 0 — no movement / 1 — there is a
movement

\Y/ mask/source speed [lattice parameters/sec]

Ea diff activation energy for the isolated particle in-layer diffusion — such
event corresponds to nni = 0 * [eV]

Ea nn_inc activation energy for the particle in-layer diffusion with nnf > nni *
[eV]

Ea_nn_dec activation energy for the particle in-layer diffusion with nns < nni *
[eV]

Ea_detach activation energy for the particle in-layer detachment diffusion — such
event corresponds to nnt > 0 * [eV]

Ea up activation energy for the particle layer-to-layer up diffusion [eV]

Ea down activation energy for the particle layer-to-layer down diffusion [eV]

Ea detrap activation energy for the particle detrapment [eV]

Ea sub evap activation energy for the particle substrate-evaporation [eV]

Ea lay evap activation energy for the particle layer-evaporation [eV]

elemM, elemR, elemG, | chemical nature of mobile/reactive/gas/substrate particle

elemS

concM, concR, concG

fraction of the mobile/reactive/gas particles in the total flow

massM, massR, massG,
massS

atomic mass of the mobile/reactive/gas/substrate particle [amu]

enMSw, enRSw, enGSw

energy switch for the mobile/reactive/gas particle:
0 = read energy distribution from a data file (e.g. eDist.txt)
1 = use the given energy mean value
2 = compute energy using an analytical function

enAvM, enAVR, enAvG

energy mean value for the mobile/reactive/gas particle [eV]

enFileM, enFileR, enFileG

energy distribution filename for the mobile/reactive/gas particle

angMSw, angRSw,
angGSw

angle switch for the mobile/reactive/gas particle:
0 = read angular distribution from a data file (e.g. aDist.txt)
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1 = use the given values for 6o, po and AB to compute the trajectory
of an incoming particle
2 = uniform angular distribution

00_M, @o_M, AB_M, 60_R,
@o_R, AB_R, 60_G, ¢o_G,
A G,

angles defining the trajectory of an incoming mobile/reactive/gas
particle [°]

angFileM, angFileR, | anglular distribution filename for the mobile/reactive/gas particle

angFileG

T deposition temperature [eV]: 75 °C = 0.03 eV

saveDataSw save intermediate system structures switch: 0 — Not /1 — Yes

saveDataNo save intermediate system structures each ‘“saveDataNo0” deposition
events

subBindEn surface binding energy of a mobile particle with the substrate [eV]

layBindEn surface binding energy of a mobile particle with the deposited structure
[eV]

w_rot substrate rotation speed [s?]

Qo initial tilt angle of the substrate with respect to the z axis of the
simulation box coordination system [°]

A substrate oscillation amplitude [°]

W_0SC substrate oscillation frequency [s]

maxDiffNo forced deposition parameter: maximum number of diffusion events

that can happen between two successive deposition events

here, nn; and nn¢ stand for lateral nearest neighbour numbers of the
initial and final position of a diffusing particle - more details are given
below
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13 Annex 2: Coordinate systems

There are two coordination systems used by NASCAM. First one is Cartesian coordinate
system, where the coordinates of particles are given in real numbers (X, y, z). All the files with
the information about the structure of the film (*.xyz files) use this system of coordinates. As
these files are used for presenting the results of the simulations, we refer (x, y, z) system as an
external coordination system. This coordination system is used to calculate the trajectory of the
deposited particles also.

In the second coordinate system the positions of the atoms are given in integers numbers
(i, J, K). All computations of dynamics of the system are done using this coordination system.
For this reason we refer (i, j, k) system as an internal coordination system. The computations
for structural analysis (island statistics, roughness...) are done using the internal coordination
system too.

As it was already mentioned the particle coordinates are given in lattice parameter units.

The equations used to transform coordinates of the particles from one coordination system
to the other one are given above in the Substrate section of this Manual. We remind to the reader
that they are depending on the system (substrate) symmetry. For a given particle, considering
its internal coordinates i, j and k, the corresponding external coordinates X, y, z are given by:

NXmax ~ NYmax
> Y=t , z=k,

X=1i-

for cubic symmetry and

. NYmax
. NXmax mod(j,2) ( - 7 )V3

for hexagonal symmetry. In the last case mod(j,2) equals to O if j is even and mod(j,2) equals to
1if j is odd. For both symmetries i varies in between 0 and NXmax-1 and j in between 0 and
NYmax-1.

Figure A2.1 shows a graphical representation of the relative position of the internal (in
blue) and external (in red) coordination systems, the polar and azimuthal deposition angles (6
and o, respectively) defining the trajectory for an incoming particle (in green). Supposing that
there is a pattern.txt file containing a single mask definition as “im Jm dim djm”, the
corresponding pattern surface is shown as well (in light grey bordered with blue).
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(NXmax-1, N¥max-1, 0)
(NXmax/2-1, NYmax/2-1, 0)

im
{0,0,0)
(-NXmax/2, -NYmax,/2, 0)

Figure A2.1. The relative position of the two coordination systems: internal and external one
(in blue and in red, respectively). Some supplementary comments regarding the coordination
systems are necessary:

- their origins are in the same horizontal plane (k = 0 and z =0) that, in some situations,
coincides with the initial substrate surface (in dark grey).

- the angles defining the trajectory of an incoming particle (in green) to its landing position
(in black) are counted in respect with the external coordination system axes. In the figure,
the final deposition angles 6 and ¢ are shown. These angles are calculated according to the
parameters that determine the trajectory of the incoming particles (given in the appropriate
line of the input.txt file) and take into account all possible substrate movement, rotation,
oscillation, as well as its possible initial tilting.

- amask pattern (in light grey) corresponding to a “im jm dim djm” mask definition is shown
as well. Its coordinates (and borders) are in blue to emphasize that the mask definition is
considered in respect with the internal coordination system.
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