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Abstract: - The results of the investigation of deposition processes of nanofilms formation on amorphous 
aluminum oxide substrates are presented in the article. The study was carried out by mathematical modeling. 
The equations of molecular dynamics and the modified embedded atom method were used in solving the 
problem. The required temperature and pressure were maintained using a Nose-Hoover thermostat and barostat. 
The simulation was performed using the software package LAMMPS. In the work, the precipitation of 
molecular zinc sulphide in both pure form and addition of alloying elements was investigated. In all cases, the 
picture of overgrowing of porous substrates was obtained in a similar way. The pores were not completely 
filled with the deposited atoms, they only partially penetrated it. Directly above the pores a layer of zinc 
sulphide was formed, which began to form from the sides of the porous structures. Alloying additives processes 
of formation of nanofilms did not significantly change. To investigate the possibility of controlling the 
processes of deposition and formation of nanofilms and burying of porous templates, the angle to the normal 
line of the porous template in which the epitaxial atoms and molecules move to the deposition surface was 
selected as one of the modeling control parameters. The angle from the normal varied from 0 to 60 degrees. 
Another controlling parameter was the preheating temperature of the already formed film. The nanofilms were 
heated at elevated temperatures in the range 293-593 K and the result of the modification of the nanofilm was 
considered. Investigations of the possibility of controlling the growth processes of nanofilms, overgrowing 
porous substrates, and the formation of nanostructured coatings have shown that the epitaxial deposition angles 
and heating of the nanosystem to temperatures do not lead to a significant change in the formation of 
nanostructures. At the same time, there is a slight restructuring of the structure and internal organization of 
nanoelements, but there are no certain filling of the pores and changes in the properties of the nanofilms.  
 
 
Key-Words: - epitaxy, nanofilms, simulation, porous substrates, LAMMPS, molecular dynamics, zinc sulphide, 
optical films.  
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1 Introduction 
Due to its hexagonal-ordered arrangement of pores 
vertically-aligned to the film surface, porous anodic 
aluminum oxide is quite often used as a template to 
synthesize different nanostructures: nanopoints, 
nanowires, nanorings, nanotubes, etc. [1, 2]. The 
anodic aluminum oxide can also be successfully 
used as a carrier of catalytically active 
nanoparticles [3], as well as nanostructures of 
semiconductors [4]. This gives the possibility to 
form the ordered aggregates of nanostructures of 
semiconductor fluorescent material of the same size 
and shape that allows representing each 
nanostructure as a separate light emitter. The 
coherent addition of radiation from each light source 
results in significant light intensity increase [5]. 

As it was pointed out before, the lighting 
properties of electroluminescent light sources 
depend on the fluorescent material layer thickness 
and its structure. In case of electroluminescent light 
sources formed as nanocomposites of the type 
“semiconductor / dielectric matrix”, the template 
thickness also plays an important role since the 
precipitated material penetrates the matrix pores to 
the depth of up to 10 mcm. That is why the 
mechanism of nanostructure growth in matrixes of 
different thickness can differ, and the distribution of 
alloying element and structure of the fluorescent 
material obtained by the method of thermal 
precipitation of powder mixture can differ as 
well [6]. 

Despite of the wide application of nanofilms, the 
questions of detailed investigation of their 
composition, structure and processes flowing in 
them still arise. The problems of studying 
electrochemical and magnetic effects [7] in porous 
anodic aluminum oxide and application of similar 
templates as optic sensors [8] are topical. Similar 
problems are actively studied and solved by other 
authors both experimentally [9] and, to decrease the 
costs, with the help of theoretical methods and 
mathematical modeling apparatus [10-11]. Monte 
Carlo algorithms [12], condensation models, 
equations of liquid and gas motion, finite-element 
analysis [13], as well as molecular dynamics with 
different types of potentials are used as theoretical 
investigation methods. The application of molecular 
dynamics apparatus is often the most justified as it 
allows observing the structure evolution in materials 
in detail and registering the whole set of phenomena 
and processes in nanofilms. The understanding of 
mechanisms and multilayer examination of 
nanofilm forming and functioning, interaction of 
nanostructures and nanoparticles they contain, as 
well as the development of engineering ideas and 

approaches to managing and using these processes, 
will give the possibility to properly design 
nanocomposites and find perspective areas of their 
application.  

The work objective is to develop the algorithms 
and methods for modeling the processes of 
precipitation of nanosized films onto the templates 
of porous aluminum oxide and to study the kinetics 
of the foregoing processes and structure of 
nanosized films with the help of mathematical 
modeling methods. An important task was to study 
the possibility of controlling the growth processes of 
nanofilms and nanostructures on porous substrates. 
The regulation of growth mechanisms makes it 
possible to control the obtaining of the required 
material and to form the target parameters of the 
nanocomposite.  
 
 
2 Theoretical basis and statement of 
the problem 
The problem of precipitating nanofilms onto porous 
templates of aluminum oxide was solved by 
molecular dynamics method [14]. The molecular 
dynamics method has been widely used when 
modeling the behavior of nanosystems due to the 
simplicity of implementation, satisfactory accuracy 
and low costs of computational resources. The 
solution of Newton’s differential equation of motion 
for each particle forms the basis of this method.  

The problem of deposition of nanofilms on 
porous substrates was solved using various 
interaction potentials. The most proven potential 
fields were the modified embedded atom method 
and the molecular potential with the use of 
individual contributions to energy in the form of 
bonded, angular and other interactions. More 
detailed theoretical foundations are set forth in 
previously published papers [15, 16]. In addition, 
the obtained results were the development of earlier 
studies in adjacent areas where the properties of 
nanoparticles, nanosized aerosol systems and 
nanocomposites were examined [17-19].  

Software package for parallel computational 
processes LAMMPS (Large-scale 
Atomic/Molecular Massively Parallel Simulator) is 
applied to conduct theoretical research. LAMMPS 
has been developed by the group of Sandia National 
Laboratories and is free software for mathematical 
models of different levels, including classical 
molecular dynamics [20].  

The problem of modeling the formation of 
nanofilm coatings was solved in several steps. At 
the first stage, the template from amorphous 
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aluminum oxide was formed. Aluminum and 
oxygen atoms are put into the computational cell in 
the required proportion (2:3) with periodic boundary 
conditions on each side. The template stabilizes and 
comes to rest under the action of potential forces 
under normal thermodynamic conditions. At the 
same time, heat fluctuations and diffusion are 
present in the range of the set temperature in the 
template formed, but there is no essential 
reconstruction of its structure, the atoms slightly 
oscillate near the positions they occupy. The hole is 
cut in the template at the second stage – the pore 
with the required radius and depth. Later this pore 
will be silted with atoms of different types. The 
general pattern of the problem of forming 
heterogeneous electro-optical coatings is given in 
Fig. 1.  

 
 

The objects of 
observation and the 

process under 
consideration 

Condensation 
Free atoms Al and 
O in a proportion 

2:3 

Amorphous 
substrate 

Substrates with 
pores 

Deposited atoms and 
substrate 

Relaxation 

Relaxation 

Epitaxy 

Complexity of the 
system and 

computational costs 

 
Fig. 1. Steps of solving the problem of forming 

nanofilm coatings based on porous aluminum oxide 
 
The boundary conditions and appearance of the 

system being modeled are demonstrated in Fig. 2. 
Due to the periodic boundary conditions in the 
directions x and y, only one pore was considered in 
this work. In horizontal directions the periodic 
boundary conditions envisage the parallel transfer of 
the computational cell. The system being modeled 
was affected by rigid boundary conditions from the 
top and bottom. When the atoms were approaching 
the upper boundary of the system investigated, their 
bounce from the rigid wall was imitated. The 
positions of atoms in the thin layer near the 
boundary of the computational cell were rigidly 
fixed from the bottom. This type of boundary 
conditions did not allow the nanosystem atoms to 
leave the computational area in case of deviation 
from the main precipitation trajectory.  

The convergence of numerical solution of the 
problem set frequently depends on the selection of 
the corresponding integration step. The step needs to 
be small enough to correctly reflect the system 

behavior. When using the methods of molecular 
dynamics, the value of the mass of substances being 
modeled influence the integration step value. It is 
selected in the range from 0.5 up to 2 fsec. In this 
work the integration step by time is 1 fsec.  

Periodic boundary 
conditions 

Periodic boundary 
conditions 

Layer of 
fixed atoms 

Atoms are reflected 
from the boundary 

Alumina substrate 
incision 

Deposited 
atoms 

 

x 

z 

y 

Pore in 
subsrate 

 
Fig. 2. Boundary conditions and appearance of the 

system being modeled 
 
The porous template was silted by homogenous 

precipitation of atoms along the normal against the 
template. The atoms being precipitated were added 
in the region above the template during the siltation 
stage. Their position above the template was 
determined by the uniform random distribution law. 
The number of atoms added in a time unit and their 
total number were the process control parameters. 
The initial velocity of the precipitated atoms was 
constant. The velocity parameters were changed 
only under the interaction of the precipitated atoms 
with the template. To conduct the test calculations, 
the single nanostructure was considered in the air-
free atmosphere and its dynamics during the 
relaxation self-organization of atoms.  
 
 
4 Results of simulation and 
discussions 
In continuation of the investigations of nanofilm 
formation on porous templates, the deposition of 
molecular zinc sulfide (ZnS) was considered in this 
work. In multi-particle potentials, such as Abel-
Tersoff, Stillinger-Weber, embedded atom method, 
the bond formation and breakage occur due to the 
principles of force field performance. Nevertheless, 
for multi-particle potentials rather large number of 
empirical parameters is required. Especially for 
alloys and complex compounds it is necessary to 
obtain additional characteristics of force fields, 
adapting the action of energy fields for multi-
molecular nanostructures.  
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Nanofilms based on ZnS are actively used in 
optical systems of IR band. For industrial purposes 
zinc sulfide is produced by chemical deposition 
from zinc gases and vapors onto the template. ZnS 
is not always applied in the pure state, the material 
is frequently added to admixtures and additives. The 
introduction of silver admixture into the 
composition results in the luminescence in the blue 
light region. The addition of copper as an alloying 
metal allows using the luminescence of green color, 
which is applied in display boards, panels, 
luminophores, oscillograph tubes.  

When investigating luminophore properties, the 
luminescence brightness is usually the determining 
parameter. However, to find out main physical 
mechanisms underlying luminescence, it is 
necessary to investigate both spectral and kinetic 
characteristics of electroluminophors that confirms 
again the importance of theoretical studies of 
processes of nanofilm deposition onto porous 
templates.  

In order to obtain realistic results maximally 
fitting the experimental data, the sizes of the 
modeling region were significantly increased. The 
amorphous aluminum oxide templates with the 
following dimensions: length – 19.1 nm, width 
19.1 nm, height – 11.6 nm were used in the 
modeling process. The total number of atoms in the 
template after the pore formation was about 122 
thousands. Before the precipitation process the 
template was at rest, at the beginning its temperature 
was 293 K and it was further maintained at the same 
level. The pore with the radius of 5 nm and 10 nm 
deep was cut in aluminum oxide template. The 
lower template layer was fixed to avoid its vertical 
movement at the precipitation stage. The rest of the 
atoms were not fixed and could freely move in any 
direction.  

The number of precipitated ZnS molecules was 
200,000. The proportion of alloying elements 
increased in proportion to its composition increased 
the percentage of epitaxial atoms. The precipitation 
was uniform along the whole template surface and 
with the same intensity in time. The atom velocity at 
epitaxy was 0.05 nm/psec.  

The evaporation process of nanofilms from pure 
zinc sulfide is demonstrated in Fig. 3. The duration 
of the complete deposition stage was 0.6 nsec. 
Analysis of the graphical results indicates that a 
pore is gradually buried with nanofilm. Initially, the 
neck starts forming on the sides above the hole 
(Fig. 3 a), which is gradually covered later on. Zinc 
sulfide molecules partially get into the pore, but its 
complete dense filling does not occur (Fig. 3 b 
and c). Nevertheless, practically all internal surface 

of the porous hole appears to be covered with ZnS 
molecules by the deposition stage completion. The 
gradual pore filling results in the emergence of 
rounded overgrowths above the pore region.  

 

 
Fig. 3. Result of burying the porous template of 

aluminum oxide with zinc sulfide for the deposition 
time: а) 0.2 nsec, b) 0.4 nsec and c) 0.6 nsec 

 
In general, the surface of ZnS nanofilm formed is 

rather even with slight flash above the pore region. 
The formation of molecular agglomerates above the 
template during epitaxy is not registered, therefore, 
the resultant film does not have considerable relief 
changes in the surface. The nanofilm intensity 
growth was even. The resultant thickness of the 
nanofilm formed for pure zinc sulfide was 6.6-6.8 
nm.  

To investigate the possibility of controlling the 
processes of deposition and formation of nanofilms 
and burying of porous templates, the angle to the 
normal line of the porous template in which the 
epitaxial atoms and molecules move to the 
deposition surface was selected as one of the 
modeling control parameters.  

The percentage of atoms in the pore relative to 
the total number of particles being deposited for 
different time moments of the condensation stage 
and nanofilm growth and different angles relative to 
the normal line of epitaxy direction is given in 
Fig. 4. The graph analysis demonstrates that the 
deposition process only slightly depends on the 
angle, at which the atoms are evaporated, and it is 
practically identical in time. Slight deviations of the 
atom share in the pore are observed at the time 
moments of 200-400 psec, when the active 
rearrangement of the internal structure of nanofilms 
and nanoformations in the pore takes place. 
Afterwards, the dependencies under consideration 
are stabilized and reach the stationary regime. The 
stationary behavior of the atom percentage in the 
pore relative to the total amount of the particles 
being deposited (time moments of 450-600 psec) 
still has a slight difference for different deposition 
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angles. The deviation from the normal line to the 
template surface results in slight increase in the area 
onto which the atoms are deposited that is explicitly 
confirmed in the graph considered. The deposition 
angles for all graphs are given in degrees.  

 
Fig 4. Percentage of atoms in the pore relative to the 

total number of particles being deposited for 
different deposition angle 

 
Similar behavior is observed for the position of 

mass center of nanostructure being formed inside 
the pore shown in Fig. 5. As we can see from the 
behavior of the graphs in Fig. 5, the change in the 
height of mass center of the deposited atoms and 
molecules inside the pore also only slightly depends 
on the deposition angle.  

 

 
Fig. 5. Relative depth of the mass center of 

nanoformations in the pore for different deposition 
angle 

 
Slight deviations in the behavior of dependencies 

occur for the time moment of 30 psec of the 
condensation stage. The height of nanostructures for 
the deposition angles of 20 and 40 degrees is a bit 
lower. After the time moment of 400 psec the 
situation changes and the mass center for the epitaxy 
angle of 0 degrees has the least height. Thus, for the 
case of deposition along the normal line to the 
template surface the mass center of atoms and 
molecules inside the pore is the lowest. 
Nevertheless, the deviations between the graphs in 
Fig. 5 are slight and do not exceed 5 %.  

To continue with the analysis, the thickness of 
the nanofilm being formed above the template 
surface was considered. The computational 
algorithm of the nanofilm thickness considers its 
layer-by-layer structure at each time moment. The 
numeration of layers starts from the template 
surface and increases at the distance from it. The 
thickness of layers in the algorithm can vary, but it 
should depend on the crystalline structure type of 
the material being formed and lattice parameters, in 
particular, distances to the nearest neighbors. In the 
prevailing majority of cases, the thickness of the 
nanofilm intermediary layers of 0.2-0.3 nm provides 
the satisfactory accuracy of calculations. For each 
layer, starting from the first, the number of particles 
in the layer and atomic density are calculated. These 
values are compared with similar values on the 
previous layer. If the spatial layers become much 
rarer, the computational process stops. The nanofilm 
final thickness will comprise all layers previously 
considered. The level of atomic density is a variable 
algorithmic value, the value of 50 % was used in 
this work.  

The nanofilm thickness growth on the template 
surface for different deposition angles is presented 
in Fig. 6. For the initial time moments (0-400 psec) 
practically linear growth of the nanofilm thickness 
is characteristic. At the time moments of 400-600 
psec the deposited atoms and molecules are 
compacted and the internal structure is rearranged, 
so, the film average thickness slightly decreases.  

 

 
Fig 6. Nanofilm average thickness on the template 

surface for different deposition angles 
 
The material sintering is the next possibility to 

control the processes of nanofilm formation and 
burying of porous templates. Sintering is carried out 
in relation to the already dusted film and is aimed at 
denser filling of the pore with deposited atoms. 
From the point of modeling, sintering is a short-
duration heating of material. Due to the temperature 
elevation, atoms and molecules start moving more 
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actively and the migration of particles and filling of 
free spaces in the internal structure can take place.  

To investigate the mechanisms of nanofilm 
sintering on porous templates of aluminum oxide, 
the coatings of molecular zinc sulfide from the 
previous series of computational experiments, 
already evaporated, were considered. The total 
duration of the heating period of the substrate-
nanofilm nanosystem was 200 ps. The temperature 
in the modeling area was maintained using a Noze-
Hoover thermostat. The dimensional parameters of 
the alumina substrate and the pore, which cut into it, 
remain unchanged, as in the previous series of 
calculations. 

To compare the results and coverage of several 
potential development scenarios, the nanosystem at 
the warm-up phase was simulated at the 
temperatures 293 K, 493 K and 593 K. The 
temperature 293 K is normal. The nanosystem is at 
this temperature at the initial time of the heating 
stage and it is given to compare the various obtained 
data. As expected, at normal temperature the system 
is calm, there are no significant driving forces, no 
significant potential differences between structural 
nanoelements and atoms. 

Visually, atoms, nanofilms and other composite 
nanostructural objects in the system behave 
identically for all considered temperatures (293 K, 
493 K and 593 K). There no major modifications  in 
the nanofilms and the substrate,  the pore inside the 
substrate is not denser filled. The obtained results 
are confirmed by numerical data and graphically. 
Figure 7 presents the percentage of atoms in the 
pore relative to the total number of deposited 
particles for different heating temperatures of the 
nanosystem. 

 

 
Fig 7. The percentage of atoms in the pore relative 
to the total number deposited particles for different 

heating temperatures of the nanosystem 
 
Analysis of the graphs shows that the functional 

dependencies in Figure 7 differ insignificantly and 
vary slightly. In contrast to the expected results, 

there no the additional pore overgrowth when the 
temperature rises. Noticeable is the restructuring of 
the internal organization and structure of atoms and 
molecules, which are in the aperture of the substrate. 
At the initial moments of time, the percentage of 
atoms in the pore decreases, and then gradually 
increases. For the case of the normal temperature of 
the nanosystem, the restructuring of the atomic-
molecular structure is minimized and practically 
linear in time.  

The relative depth of the center of mass of the 
nano-formations in the pore for different heating 
temperatures of the nanosystem is shown in Fig. 8. 
The behavior of the constructed dependencies co-
correlates with the distribution of the percentages of 
atoms in the pore relative to the total number of 
deposited particles shown in Fig. 7. The mass center 
of the nanostructures inside the pore changes 
insignificantly during heating. Initially, the atoms 
and molecules that filled the pore begin to move 
upward to the surface of the substrate and the 
formed nanofilm. At subsequent times, the position 
of the center of mass is corrected and tends to the 
initial state. It should be noted that the general 
dynamics and fluctuations of the quantities in Fig. 7 
and Fig. 8 are insignificant. The most stable 
behavior of the center of mass is observed for a non-
heated nano system, that is, for a temperature of 293 
K. 

 

 
Fig 8. Relative “depth” of the center of mass of 

nanostructures in a pore for different heating 
temperatures of a  nanosystem 

 
In addition to the analysis of nano-formations 

within the pore for the heating stage, the behavior of 
the formed nanofilm from zinc sulfide was 
considered. The average thickness of the nanofilms 
on the surface of the substrate for different heating 
temperatures of the nanosystem is shown in 
Figure 9.  

By the results of the constructed dependences of 
the film thickness on the temperature, it can be 

WSEAS TRANSACTIONS on APPLIED and THEORETICAL MECHANICS
Alexander Vakhrushev, 

Aleksey Fedotov, Rishat Valeev

E-ISSN: 2224-3429 150 Volume 14, 2019



 

 

asserted that heating the nanosystem to the chosen 
temperatures does not lead to a restructuring of the 
nanofilm. The thickness of the nanocoating does not 
increase or decrease in this case. 

 

 
Fig 9. The average thickness of the nanofilm on the 
substrate surface for different heating temperatures 

of the nanosystem 
 
Investigations of the possibility of controlling the 

growth processes of nanofilms, overgrowing porous 
substrates, and the formation of nanostructured 
coatings have shown that the epitaxial deposition 
angles and heating of the nanosystem to 
temperatures of 293-593 K do not lead to a 
significant change in the formation of 
nanostructures. At the same time, there is a slight 
restructuring of the structure and internal 
organization of nanoelements, but there are no 
certain filling of the pores and changes in the 
properties of the nanofilms.  
 
 
5 Conclusion 

The results of modeling the processes of 
precipitation of pure molecular sulphide of zinc and 
with the addition of additives in the form of copper 
atoms and manganese sulphide molecules have 
shown that the addition of uniformly distributed 
alloying elements to the nanofilms does not 
significantly affect the process of pore contraction. 
The process of incubation proceeds with partial 
filling of the cavity in the substrate. The growth of 
the nanofilm proceeds evenly, without sudden 
jumps and shifts. 

When adding alloying elements, there are no 
visual changes in the growth processes, there is an 
insignificant deviation of functional dependencies 
within the limits of not more than 0.3%. The 
introduction of additives leads to an increase in the 
number of deposited atoms and a regular increase in 
the thickness of nanostructured coatings of 
substrates. The highest nanofilms were detected in 
the cases of 10% alloying additives, which led to the 

appearance of an additional 0.2-0.6 nm layer-by-
layer deposition. 

Investigations into the possibility of controlling 
the growth processes of nanofilms, overgrowing 
porous substrates, and the formation of 
nanostructured coatings have shown that the 
epitaxial deposition angles and heating of the 
nanosystem to temperatures of 293-593 K do not 
lead to a significant change in the formation of 
nano-formations. At the same time, there is a slight 
restructuring of the structure and internal 
organization of nanoelements, but there is no certain 
filling of the pores and changes in the properties of 
the nanofilms. 

Right now, the modeling results are used for 
developing and optimizing of technological 
processes of optic coating formation. 

To get acquainted with the detailed information 
about the theoretical and experimental studies of the 
authors, with modeling methods and experimental 
devices for filling processes of nanopores 
into templates aluminum oxide by atoms of various 
materials we recommend to the interested reader a 
new book of the authors [21]. 
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