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ABSTRACT: In this work, a molecular dynamics (MD) approach was
performed to study the surface roughness of ideal/defected graphene
nanosheets after carbon atom deposition at various temperatures and
pressures. In our calculations, the atomic interactions of nanostructures
are based on TERSOFF and Lennard-Jones potential functions. The
results show that the temperature of the simulated structure is an
important parameter in the atomic deposition process, and initial
temperature enlarges and intensifies the atomic deposition ratio.
Numerically, by temperature increasing to 15 K, the surface roughness
amplitude increases to 0.98 A/0.83 A after atomic deposition in
ideal/defected structure. The roughness power in MD simulations
converges to 0.64/0.55 in ideal/defected samples at maximum
temperature. Furthermore, the pressure effects on the dynamical
behavior of simulated samples were reported in our study. We conclude
that, by increasing initial pressure from 0 to 2 bar, the surface roughness
amplitude in ideal/defected atomic arrangements increases to 1.01
A/0.84 A after the deposition process, and the roughness power of
simulated structures reaches a larger value. Numerically, by initial
pressure setting at 2 bar, the roughness power value converged to
0.72/0.56 in ideal/defected graphene. Reported numeric results in
various temperatures and pressures predicted the initial condition can be
manipulated in the atomic deposition process in ideal/defected graphene

nanostructures.
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1. Introduction

Graphene is the same carbon allotrope in the shape of every layer of atoms in a two-dimensional

honeycomb arrangement!’?. It is the basic structural element of other allotropes, including graphite,
charcoal, carbon nanotubes, and fullerenes. It can also be considered an indefinitely large aromatic

molecule, the ultimate case of the family of flat polycyclic aromatic hydrocarbons. This atomic
structure is 100 times more powerful than steel; this comparison predicted the high structural stability of

graphene-based materials, which appreciably low weight. These samples have promising behavior for
actual applications, such as good thermal conductivity, mechanical stability, and surface smoothness.
Mechanically, this structure has an innate tensile strength of 130 GPa and a Young’s modulus of 1 TPa,
which can be affected by various processes such as atomic deposition®. However, in comparison to any
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other steels, its density is significantly low, and this behavior of graphene-based structures makes them
appropriate for many industrial applications. Structurally, the length of graphene’s carbon—carbon bond
is approximately 0.142 nm!¥. Furthermore, the sheets of graphene are piled for creating graphite with
interplanar spacing of 3.35 A. In experimental research, a big-angle-bent graphene monolayer can be
attained by insignificant strain that indicates the mechanical strength of two-dimensional carbon
nanostructure®. Atomic force microscopy (AFM) can measure the spring constant of suspended
graphene sheets. For this purpose, graphene nanosheets have been suspended in SiO; holes in which an
AFM was applied for using a stress sheet to examine the mechanical and atomic features. The range of
spring constant was 1-5 N/m, and its firmness was 0.5 TPa that varies from the bulk graphitel!.

As reported before, the atomic deposition process is one of the important phenomena that can
affect the mechanical and atomic properties of graphene nanosheets. Today, various methods can be
implemented to study the atomic deposition process. Atomic layer deposition (ALD) is one of the
common techniques for depositing processes with high precision!”). Technically, various atomic
deposition processes and their applications have developed rapidly over the last few years®®. Neek-
Amal et al.'” investigated the formation of atomic nanoclusters on suspended graphene sheets in their
work. They find the transition atoms aggregate and make various-sized nanoclusters distributed
randomly on the graphene surface. In other work, Wang et al.''! investigated ALD of metal oxide on
graphene nanosheet. On this atomic structure, ALD coating can only actively grow on edges and defect
sites, which this result shows the importance of atomic defects in the deposition process. Xuan et al.['
presented the growth behavior of Al,Os; and HfO, films on a graphite matrix by the ALD process. They
concluded the large numbers of Al,O; and HfO, nanoribbons, with dimensions of 2000 A and 500000
A in width and length, respectively. Sun et al."® concluded the nanometric deposition of TiO, particles
on graphene has been achieved via the ALD method.

By study of these previous researches, one can see the effect of atomic defect (vacancy) and
temperature/pressure changes on the atomic deposition of graphene has not been investigated. In
crystallography, a vacancy is a common type of point defect in structures where an atom is missing
from one of the lattice sites!!*!. Crystals such as graphene nanosheets possess imperfections,
sometimes referred to as crystalline defects. Actually, vacancies occur naturally in all crystalline
materials!'®. At any given temperature, up to the melting point of the material, there is an equilibrium
concentration. In the deposition process that occurs in the graphene nanosheet, counting this atomic
feature is essential. So in current work, we report these parameters (temperature/pressure variation and
vacancy) effects on atomic deposition in graphene nanosheets. However, almost all prior academic
papers used an experimental approach. An alternative method is the materials simulation by using an
atomic model. The molecular dynamics (MD) simulations are one of the best methods for this purpose.
In recent years, the MD approach has been applied to describe the atomic behavior of various materials
as well as their thermodynamic and dynamical properties!'’?!!, Based on previous studies that are
described in this section, it is expected that the computational methods, such as MD simulation,
provide an accurate tool for studying the atomic deposition in ideal/defected graphene nanosheets.

2. Computational method

MD approaches based on Newton's laws are the commonly used computational methods at the
atomic scale that are currently implemented to describe the physical features of the various structures®>-
261 Computationally, this simulation approach is a precise method for tracing the time-dependent
behavior of particles. In this regard, particles can be free for interactions in defined time steps, giving

2
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the perception of the dynamical evolution of particles. In common versions of MD simulations, the
particles evolution is calculated by Newton’s second law, at which point the interactions between
particles and their various energies are computed by potential functions. In this work, we used MD
simulations with an exact atomic model to describe the roughness of ideal/defected graphene
nanosheets after free carbon atom deposition processes at various initial temperatures and pressures.
These calculations were done by using the LAMMPS software, version 27 February 2020, released by
Sandia laboratories®” !, This software has various potential functions, such as Lennard-Jones (LJ),
Embedded Atom Model (EAM), TERSOFF, etc. Technically, the results of the MD studies are related
to potential function selection. For reaching the actual results, we should choose these computational
functions appropriately. In atomic simulations of graphene, the interatomic potential for nanosheet
particles was based on a TERSOFF potential®®?33. By using this potential function, ideal and defected
nanosheets have suitable structural stability before the deposition process. As a result, it is appropriate
to use this potential in MD simulations of graphene samples in current research. In this computational
function, the possible energy for particle arrangement is represented by a summation of distance
components of interactions. The general expression of the TERSOFF potential is??223],

E= %ZZ’G M
i %)
Vy=Je (rz:f)[fR (Vz‘/‘)+bz‘ij (’/)J (2)
where fz is a two-body term and f, includes three-body interactions. The summations in Equation (1)
are over all neighbor j and k of atom 7 within a cutoff distance. Furthermore, the energy between the
various particles V(rV) is calculated for each pair of them. For the interatomic force between free
carbon atoms and graphene nanosheets, we used LJ potential. This potential function is described as!,
U(r)=4e[(2) = (5)°] 3
B T
where the first term of Equation (3) prevents the overlap of the particles and the second term defines the
repulsive force and dipole-induced attractive interaction, respectively. Computationally, in Equation (3),
1 is the distance between i and j particles. In MD simulations, € and ¢ are the energy and length
parameters, and these quantities depend on the type of the particles in defined structures. For C atoms,
e and o parameters equal to 0.3050 Kcal/mol and 4.180 A, respectively®. After determining the
potential function for simulated structures, the MD procedure was fulfilled. To estimate the particle
time evolution, Newton’s second law’s equation in atomic precision is implemented as the gradient of
the defined potential function in Equations (4) and (5) [23].

d’r dv.

FE=)F =m—=m — 4
’ ; ! dar’ dt @
F,= —gradV, (5)

From Equations (4) and (5), the momentum P; can be calculated as®®’,
Py = m;v; (6)
So, total energy (E) of atomic arrangement can be expressed in the form of Hamilton as Equation

(7,
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1
H(r, P) =%ZPiZ+V(r1+rz+---+rn) =E (7)
i

Furthermore, Gaussian distribution is used for calculating the particles temperature as Equation
(8)%,

3 1 &1

SkT=——2 —mv; ®)

2 Natom i=1 2

So, the temperature fluctuates is estimated by Equation (9)?*,
N 2
m;vi(t)
T(t) = ) ——= ©)

7 kBst

where, Ny is the freedom degree of atomic structure. Association of motion equations is done by
velocity Verlet formalism for integrating the Newton’s law that is shown below!*>¢],

r(t + 6t) = r(t) + v(t)5t + %a(t)&z (10)

1
v(t + 8t) = v(t) + 5 [a(t) + a(t + 8t)]56t (11)

In Equations (10) and (11), and refer to the coordinates and velocities of particles, respectively.
Also, and refer to the initial value of these physical parameters. Technically, various
thermostats/barostats are used to set initial conditions in MD simulations. The Nose-Hoover
thermostat/barostat is one of the deterministic algorithms for temperature/pressure control in common
MD simulations?®”3#. So, the Nose-Hoover formalism has been applied as a precise process for constant
temperature/ pressure simulations. Currently, this simulation mechanism is implemented to access the
equilibrium phase for 5 ns, but MD simulations were carried out until 5 ns later for the free carbon
atom deposition process. We can say the atomic simulations in our computational work consist of two
steps:

Step A) Pressure effect on surface roughness of ideal/defected graphene nanosheet after free carbon atoms
deposition

Firstly, ideal/defected graphene nanosheets were modeled inside the box with Ix = Iy =1z = 120 A
lengths. In this computational box, periodic boundary conditions were used in the x and y directions,
while the z direction was fixed. Then, Nose-Hoover formalism was used for the atomic samples to
equilibrate particles at various pressures (P = 0, 1 bar, and 2 bar). Also, the atomic defect ratio in non-
ideal nanosheets is set to 2.5%, 5%, and 10%. By these defect settings, the number of missed carbon
atoms inside nanosheets is 245, 490, and 980, respectively. By defining these numerical values, the
effect of the vacancy defect in the atomic deposition on graphene-based samples is determined.
Simultaneously, the designed atomic samples have good atomic stability in defined initial conditions.
Afterward, the system reaches an equilibrium phase, free carbon atom deposition is done, and the
atomic behavior of the graphene nanosheet is reported by surface roughness amplitude and roughness
power parameters calculation. For the described process, 450, 650, and 850 numbers of free carbon
atoms were deposited on ideal/defected nanosheets. By using these numbers of free atoms, the physical
stability in samples isn’t destructed, and the deposition process is detected obviously.

Step B) Temperature effect on surface roughness of ideal/ defected graphene nanosheet after free carbon atoms

deposition
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In the second step, the thermodynamic equilibration and atomic stability of graphene nanosheets
were simulated at various initial temperatures (T = 5 K, 10 K, and 15 K). After equilibration process
detection, free carbon atom deposition on ideal/defected graphene nanosheets was done, and atomic
behavior of simulated structures was reported as described in step A.

3. Results and discussion

3.1. Pressure effect on surface roughness of ideal/defected graphene nanosheet after free
carbon atoms deposition

In the first step, the graphene nanosheets with ideal and defected atomic arrangements were
simulated. These nanostructures are depicted in Figure 1. For atomic analysis of graphene atom
behavior after free carbon atom deposition in a simulation box, the physical parameters such as total
energy, temperature, amplitude of surface roughness, and roughness power were reported, and these
quantities were compared with each other at various initial pressures. From MD simulation results, we
can say the graphene nanosheet temperature converged to 5 K after 5 ns in ideal and defected
arrangements. Furthermore, as shown in Figure 2, the total energy of ideal/defected nanosheet
converged to a finite value after this simulation time. From numerical averaging of this physical

quantity, we concluded the energy of ideal/defected structure reached —7.32 eV/-6.76 eV for each

atom. This total energy variation of nanostructures shows that the carbon atoms inside the graphene
nanosheet have the structural stability that was reported in previous publications and shows our MD
method's validity™®!. Physically, this calculation shows the ideal/defected graphene nanosheet has
atomic stability in T = 5 K and P = 0, 1 bar, and 2 bar. Furthermore, our results from this section show
the carbon atom's position and TERSOFF potential are well matched with each other. Technically,
these computational results represent the minimum number of MD simulation time steps needed to
equilibrate graphene nanosheets. After the atomic equilibrium process, in all samples, graphene was
deposited by free carbon atoms (with 10 eV energy). The number of free particles is one of the
important parameters in the deposition process. This parameter effect was studied with roughness
amplitude (W) calculation. The roughness amplitude estimated by Equation (12),

N
1

W= lzl(h(i,j)—< h(i,j) >)? (12)

i#j=

where,
1 N
<h(i ) >= = Z hi, /) (13)
i#j=1

In Equation (13), N is the number of atoms, and h represents the height of the atomic roughness.
By using 450, 650, and 850 numbers of free carbon atoms in the deposition process, the amplitude of
surface roughness reaches 0.55 A, 0.58 A, and 0.59 A, respectively (for ideal graphene). Furthermore,
roughness power reached 0.53, 0.58, and 0.61 for the reported number of free carbon atoms. So, free
atoms increasing in the ideal graphene deposition process cause the increase in the surface roughness of
the nanosheet. This atomic behavior arises from the interaction between the simulated nanosheet and
free atoms. Physically, as the number of free atoms in deposition process increases, the amount of
attraction force which applied to the nanosheet get bigger and cause the roughness amplitude and
roughness power of graphene nanosheet increasing.

5
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Figure 1. Atomic representation of a) ideal and b) defected graphene nanosheets in current computational study.
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Figure 2. Total energy/atom changes of ideal and defected (with 5% atomic ratio) graphene nanosheetat P=0and T = 5K,
as a function of simulation time.

Next, we deposited free carbon atoms on an ideal graphene nanosheet at various pressures (equal
to 0, 1 bar, and 2 bar). By these initial pressure settings, free atoms deposited on the graphene
nanosheet surface successfully (see Figure 3). As mentioned before, the surface roughness amplitude
and roughness power of free carbon atoms show the deposition process properties in our MD
simulations. The variation of these physical parameters as a function of MD simulation time is depicted
in Figures 4-6. From these figures, we concluded the atomic deposition process occurs after 5 ns for
various pressures. Numerically, by increasing MD simulation pressure, the surface roughness amplitude
of the ideal nanosheet increased, and the maximum value of this parameter reached 1.01 A at 2 bar
pressure, as reported in Table 1. Furthermore, roughness power of the simulated structure at P = 2 bar
and T = 5 K reaches 0.72 (see Figure 6 and Table 2). This atomic behavior arises from atomic
interaction increasing by pressure changes from 0 to 2 bar. Physically, by pressure increasing, the

6
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interatomic distance between free atoms and ideal graphene decreases in the final step of the simulation.
So, by interatomic distance decreasing, the potential energy converged to bigger values, and atomic

attraction reached its maximum value.

Graphene
Nanosheet

Deposited
Atoms

(a) (b) (©
Figure 3. Atomic deposition process in ideal graphene nanosheet as a function of free carbon atoms number with: a) 450, b)
650, and c) 850 atoms.
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Figure 4. Surface roughness amplitude of ideal graphene nanosheet after atomic deposition process at: a) P = 0, b) P = 1 bar,
and ¢) P = 2 bar as a function of free carbon atoms numbers and simulation time.
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Figure 5. Surface roughness amplitude of ideal graphene nanosheet after atomic deposition process as a function of initial
pressure and free carbon atoms numbers (N1 = 450, N2 = 650, and N3 = 850 atoms).
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Figure 6. Roughness power of ideal graphene nanosheet after atomic deposition process as a function of free carbon atoms
numbers (N1 = 450, N2 = 650, and N3 = 850 atoms) and initial pressure.

Table 1. Maximum value of surface roughness amplitude of ideal graphene nanosheet after deposition process as a function of
initial pressure and number of free carbon atoms.

Pressure (bar) Maximum value for 450 atoms (A) Maximum value for 650 atoms (A) Maximum value for 850 atoms (A)

0 0.55 0.58 0.59
1 0.77 0.81 0.82
2 0.94 0.98 1.01

Table 2. Roughness power of ideal graphene nanosheet after deposition process as a function of initial pressure and number of
free carbon atoms.

Pressure (bar) Maximum value for 450 atoms (A) Maximum value for 650 atoms (A) Maximum value for 850 atoms (A)

0 0.53 0.58 0.61
1 0.58 0.63 0.67
2 0.62 0.68 0.72
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Next, vacancy defects with 2.5%, 5%, and 10% atomic ratios were implemented in pristine
nanosheets. As depicted in Figures 7 and 8, by this parameter increasing, the surface roughness
amplitude and roughness power of the simulated nanosheet after atomic deposition decrease.
Physically, these calculated parameters show the effective interaction between free carbon atoms and
defected graphene nanosheets decreases rather than ideal ones. By an atom missing in pristine
graphene, the interaction space for the deposition process enlarges, and atomic disorder in the MD
simulation box decreases. Numerically, by vacancy ratio changes, the minimum value of surface
roughness amplitude in simulated structures changes reached 0.47 A. Furthermore, the final value of
roughness power decreased to 0.47 by vacancy defect ratio enlarging.

1
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> 034 .
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Figure 7. Surface roughness amplitude of defected graphene nanosheet after atomic deposition process as a function of defect
ratio and initial pressure (P1 = 0, P2 = 1 bar, and P3 = 2 bar).

0.7
" S
064 0 TVt ecaad T S
e — — T -
\ - e——4
0.5
—e
= 0.4 -
—
=]
< 03 =
0.2 —e—17p1
—A— P2
0 --%--P3
0 T T T T T
0 2 4 6 8 10 12

Vacancy Defect(%)

Figure 8. Roughness power of defected graphene nanosheet after atomic deposition process as a function of defect ratio and
initial pressure (P1=0, P2=1 bar, and P3=2 bar).

3.2. Temperature effect on surface roughness of ideal/defected graphene nanosheet after
free carbon atoms deposition

In the second step of our computational study, the effect of initial temperature on the atomic
deposition process is reported. For this purpose, ideal/defected nanosheet temperature equilibrated at 5

9
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K, 10 K, and 15 K. Figures 9 and 10 depicted the temperature and total energy changes of atomic
structures as a function of MD simulation time. From calculated results, we can say the temperature of
various structures equilibrated at initial temperature after 5 ns. So, 5,000,000 time steps are sufficient
for equilibration process detection in our MD simulations. Furthermore, Figure 9 shows that the total
energy of atomic structures varies with temperature changes, and this physical parameter has a direct
relation with the temperature of atoms. Physically, the atomic fluctuations increased by temperature
enlarging. This atomic behavior arises from interatomic distance enlarging by temperature increasing,
and so the potential/total energy of simulated structures decreases. From this figure, we concluded the
temperature variation changes the total energy of ideal/defected nanosheets, and so this phenomenon
causes notable variation in the atomic behavior of modeled nanosheets. Numerically, the total energy

of ideal/defected nanosheets decreased to —6.32 eV/—6.49 eV by temperature increasing to 15 K.
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Figure 9. Temperature changes of ideal graphene nanosheet (at P = 0) as a function of initial temperature and simulation time.
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Figure 10. Total energy/atom changes of a) ideal and b) defected (with 2.5% atomic ratio) graphene nanosheets at P =0, as a
function of initial temperature and simulation time.

After equilibration phase detection, free carbon atoms deposited on ideal graphene nanosheets at P
= 0 with 10 eV energy. Our MD results indicated the graphene nanosheet stability decreased with
increasing temperature. Numerically, the maximum value of surface roughness amplitude converged to
0.98 A at T = 15 K as reported in Table 3. These phenomena occur because atomic fluctuations of C
atoms increase in graphene nanosheets at higher temperatures. So, we concluded the atomic interaction
between ideal nanosheets and free carbon atoms decreases in this simulation procedure. Finally, by

10
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interatomic force decreasing, the atomic displacement value increased. By temperature enlarging to T =
15 K, roughness power of ideal graphene nanosheet increased to 0.64 as listed in Table 4. Roughness
amplitude and roughness power variations as a function of MD simulation temperature are reported in
Figures 11 to 13. By study of these calculated results, we concluded the atomic stability of simulated
structures decreased by increasing initial temperature, and roughness of ideal nanosheet reached a

higher value after the deposition process.
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Figure 11. Surface roughness amplitude of graphene nanosheet after atomic deposition process at: a) T=5K,b) T = 10K,
and ¢) T = 15 K as a function of free carbon atoms number and simulation time.
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Figure 12. Surface roughness amplitude of graphene nanosheet after atomic deposition process changes as a function of free
carbon atoms numbers (N1 = 450, N2 = 650, and N3 = 850 atoms) and initial temperature.
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Figure 13. Roughness power of graphene nanosheet after atomic deposition process changes as a function of free carbon
atoms numbers (N1 = 450, N2 = 650, and N3 = 850 atoms) and initial temperature.

Table 3. Maximum value of surface roughness amplitude of graphene nanosheet changes after deposition process as a function
of initial temperature.

Temperature (K) Maximum value for 450 atoms (A)  Maximum value for 650 atoms (A)  Maximum value for 850 atoms (A)

5 0.55 0.58 0.59
10 0.72 0.75 0.76
15 0.92 0.96 0.98

Table 4. Roughness power of graphene nanosheet after deposition process changes as a function of initial temperature.

Temperature (K) Maximum value for 450 atoms (A) Maximum value for 650 atoms (A)  Maximum value for 850 atoms (A)

5 0.53 0.58 0.61
10 0.54 0.59 0.63
15 0.55 0.6 0.64

Vacancy defects were implemented in our MD simulations in this step of our computational work.
As reported before, by carbon atoms missing in pristine graphene nanosheet, the atomic order of free
particles on nanosheet increased. This atomic phenomenon arises from proper placement of free atoms
in defected graphene. Structurally, vacancy defects created vacant sites inside nanosheets, and the
repulsive force between free carbon atoms and nanosheet particles decreased. So, the adsorption of free
atoms on defected nanosheets intensified rather than ideal graphene. Numerically, by vacancy defect
ratio, the maximum value of surface roughness amplitude decreased to 0.48 A as listed in Figure 14.
Furthermore, roughness power decreased to 0.49 (see Figure 15), which this variation arises from
atomic order enlarging and decreases of free atom accumulation after the deposition process.
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Figure 14. Surface roughness amplitude of defected graphene nanosheet after atomic deposition process changes as a function
of vacancy ratio and initial temperature (T1 =5 K, T2 = 10 K, and T3 = 15 K).

12



Nano Carbons 2023; 2(1): 299.

Vacancy Defect(%)
Figure 15. Roughness power of defected graphene nanosheet after atomic deposition process changes as a function of vacancy

ratio and initial temperature (T1 = 5K, T2 = 10K, and T3 = 15 K).

In the final step of our MD study, the interaction energy between deposed atoms and pristine
graphene nanosheet was reported. This physical parameter indicated the atomic evolution of simulated
structures. We reported the simple and angular components of interaction energy in Tables 5 and 6.
MD results show that by inserting a vacancy defect into a pristine nanosheet, the interaction energy
between free carbon atoms and the graphene nanosheet increased. This behavior arises from atomic
distance decreasing between simulated components, which, by this atomic evolution, increased the
stability of structures. As reported in Tables 5 and 6, vacancy defect caused interaction energy enlarging

to —0.182 eV for atomic systems at T = 5 K and P = 0. Furthermore, temperature/pressure increasing
can affect the interaction energy in the simulated structure and decrease/increase the interaction

energies. Numerically, by temperature/pressure increasing, the interaction energy reached —0.144 eV/

—0.184 eV. These calculated results introduced the importance of initial temperature and pressure

changes in free carbon atoms and nanosheet interactions, which can affect the physical stability of
designed atomic systems in current research.

Table 5. The interaction energy/atom between ideal graphene nanosheet and free carbon atoms as a function of temperature
and pressure aftert = 5 ns.

Interaction energy/atom (eV)

Temperature (K)/pressure (bar) Simple term Angle term
T=5/P=0 —0.139 —-0.024
T=10/P=0 —0.131 —-0.022
T=15/P=0 —0.124 —0.02
T=5/P=1 —0.149 —0.028
T=5/P=2 —0.153 —0.031

Table 6. The interaction energy/atom between defected graphene nanosheet (with 2.5% vacancy) and free carbon atoms as a
function of temperature and pressure after t = 5 ns.

Interaction energy/atom(eV)

Temperature (K)/pressure (bar) Simple term Angle term
T=5/P=0 —0.157 —0.025
T=10/P=0 —0.152 —-0.022
T=15/P=0 —0.147 —0.021
T=5/P=1 —0.16 —-0.029
T=5/P=2 —0.168 —0.032

13
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4. Conclusion

Molecular dynamics (MD) approaches have been used to study the initial pressure and

temperature effects on ideal/defected graphene nanosheet roughness after the atomic deposition

process. Technically, temperature, total energy, roughness amplitude, and roughness power parameters

are reported for deposition process analysis. The results from our MD simulations indicated the atomic
structures have higher stability at high/low values of initial pressure/temperature. Furthermore, we

concluded the atomic order of pristine structures after the deposition process affected by pressure and
temperature changes. The number of free carbon atoms and vacancy defects in the deposition process

are other important parameters in our computational study. Numerically, we can say that:

By the number of free atoms (carbon atoms) increasing in the deposition process from 450 to 850
atoms, the amplitude of the graphene nanosheet changes from 0.94 A to 1.01 A.

By the number of free carbon atoms increasing in the deposition process, the maximum value of
roughness power converged to a value of 0.72.

Pressure is an important parameter in the atomic deposition process. Our calculation shows the
amplitude of surface roughness in the graphene nanosheet converged to 1 A by pressure increasing
to 2 bar.

Maximum value of roughness power (0.72) calculated for atomic structures with 2 bar pressure.
Surface roughness amplitude is proportional to initial temperature, and this physical parameter
reached 0.98 A at T = 15K.

The maximum value of roughness power is 0.64, which is calculated for atomic structures at T =
15 K.

By vacancy defect increasing to 10%, the surface roughness amplitude and value of roughness
power decreased to 0.47 A and 0.47, respectively. This minimum value is calculated for maximum
initial pressure (P = 2 bar) and minimum temperature (T = 5 K). So, pressure decreasing caused
roughness amplitude and value of roughness power increasing.

By initial temperature increasing in defected graphene nanosheet with a 10% atomic ratio, the
surface roughness amplitude and value of roughness power increased.

These numerical results from our MD simulations can be used in actual applications for

manipulation of the atomic deposition process effects on various nanosheets.
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Greek symbols

o Length parameter of Lennard-Jones function (A)

ot Time step of simulation (ps)

a Atomic roughness power

Nomenclature

F Force between i and j particles (eV/ A)

Vi Potential function (eV)

m Mass of particles (u)

e Cut-off radius (A)

7y Distance between i and j particles (A)

kg Boltzmann constant (eV/K)

T Temperature (K)

v Particles velocity (A/ ps)

Nuom  Number of particles

H Hamiltonian of particles

w Amplitude of atomic roughness
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