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Abstract: This study focused on the atomic scale growth dynamics of amorphous Al2O3 films mi-
croscale structural relaxation. Classical Molecular Dynamics (MD) can not entirely model the chal-
lenging ALD dynamics due to the large timescales. The all-atom approach has rules based on dep-
osition actions modelled MD relaxations that form as input to attain a single ALD cycle. MD relax-
ations are used to create a realistic equilibrium surface. This approach is fitting to this study as the 
investigation of the sticking coefficient is only at the first monolayer that includes the layering of a 
hydroxyl surface of alumina. The study provides insight between atomic-level numerical infor-
mation and experimental measurements of the sticking coefficient related to the atomic layer depo-
sition. The MD modeling was for the deposition of Al2O3, using trimethylaluminum (TMA) and 
water as precursors. The film thickness of 1.7 Å yields an initial sticking coefficient of TMA to be 
4.257 × 10−3 determined from the slope of the leading front of the thickness profile at a substrate 
temperature of 573 K. This work adds to the knowledge of the kinetic nature of ALD at the atomic 
level. It provides quantitative information on the sticking coefficient during ALD. 
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1. Introduction 
Atomic Layer Deposition (ALD) is a technique in which precursor vapors are alter-

natively pulsed onto a substrate’s surface, with an inert gas purge cycle in between. The 
surface reactions in ALD are complementary and self-limiting, allowing for material dep-
osition through highly uniform and conformal development with atomic-level thickness 
control [1–4]. Classical molecular dynamics, which employs predetermined potentials 
and force fields based on empirical data or independent electronic structure computa-
tions, has long been recognized as a valuable method for studying a wide range of com-
plex condensed matter systems, including biomolecular assemblies. In molecular dynam-
ics, the typical approach is to calculate these potentials ahead of time. The entire interac-
tion is typically broken down into two-body and many-body contributions, long-range 
and short-range terms, electrostatic and non-electrostatic interactions, all of which must 
be represented by appropriate functional forms [5–7]. 

There is an all-atom simulation of the ALD process that provides an atomic-level 
understanding of the ALD process. The algorithm in Figure 1 describes the deposition of 
consecutive precursor pulses in a physically reasonable manner. The simulation algo-
rithm starts with a hydroxylated surface and looks for -OH groups on the surface, which 
are the active sites. After that, an accessible -OH is chosen at random for the ALD product 
deposition [8]. Hu et al. [8] proposed a different technique based on classical MD. Due to 
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the limited simulation durations for complex systems, MD alone cannot represent the 
whole ALD cycles. Hu et al. overcame this timescale limitation by linking the MD with a 
set of deposition criteria [9]. Deposition rules can be considered a function that considers 
an uncoated surface as input and a roughly coated surface as output. MD relaxation steps 
correct these approximations, resulting in a realistic surface structure fed into the next 
cycle’s deposition rules [9]. 

 
Figure 1. MD film growth deposition method [8] 

The sticking coefficient (SC) is defined as the reaction probability, or the reactivity of 
a single precursor molecule with a reactive site on the surface. The SC is an intriguing 
metric since it may compare the efficiency of different ALD precursors and reactors [10]. 
Although the SC idea is extensively utilized, absolute quantities are rare in the literature 
[11]. The amount of time it takes to feed a saturated monolayer of precursor molecules is 
determined by the SC and the concentration of the precursor molecules. In general, feed-
ing time increases as SC decreases [11]. Rose et al. [11] used the premise that desorption 
of chemisorbed precursor molecules is negligibly slow in ALD. The probability of adsorp-
tion of a single precursor molecule by a microscopic planar substrate can be calculated 
using Langmuir’s theory (Surface chemistry [12]) of surface coverage [13,14]. The molec-
ular symmetry of precursor molecules is an intriguing characteristic. Molecules with the 
same type of ligand have more symmetry than those with different types of ligands. If the 
SC of a single precursor molecule is dictated by the orientation of the precursor molecule 
during its interaction with the free reactive site, its value can be calculated from numerous 
surface interactions that are governed by the precursor molecule’s symmetry. A large SC 
is caused by a high molecular symmetry, whereas a low molecular symmetry causes a 
small SC [13]. The initial sticking coefficient determines the maximum pumping speed per 
unit area that a given film can produce. The sorption capacity determines the time interval 
during which the film pumps at a given partial pressure. As a result, reliable estimations 
of such films’ time-dependent pumping and interaction features are required [15]. 

The sticking coefficient (SC) is essential for optimizing the ALD process in high topo-
graphical structures. It describes the probability of a precursor adsorbed at the device’s 
surface when it collides [16]. The work of Arts et al. [17] established a method for directly 
extracting initial sticking probabilities/coefficient from thickness profiles recorded in con-
structions with a high aspect ratio. They demonstrated that at high-aspect-ratio structures, 
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the leading front of the thickness profile provides direct information on the reactant stick-
ing probabilities. The front slope of the thickness was utilized to calculate the sticking 
probability of Al(CH3)3 and H2O during Al2O3 ALD. The initial sticking coefficient (SCo) 
was giving (0.5 − 2) × 10−3 for Al(CH3)3 and (0.8 − 2) × 10−4 for H2O at Tset = 275 °C (Tsub ~ 220 
°C). The initial sticking coefficient value of H2O was shown to be temperature-dependent, 
decreasing to (1.5 − 2.3) × 10−5 at 150 °C. The film thickness determines the sticking coeffi-
cient—the film’s thickness profiles slope increases as the deposition temperature in-
creases. The experimental profiles show that the SC increases with increasing deposition 
temperature since steeper slopes correspond to higher SCs [13]. While lateral-high-aspect-
ratio trenches were utilized for their study, the aforementioned method can also be used 
for other 3D features [17]. 

Träskelin et al. [18] investigated the sticking process of methyl radicals on carbon 
dangling bonds using molecular dynamics simulations. They discovered that the proxim-
ity of unsaturated carbon atom sites significantly impacts the chemisorption of a CH3 rad-
ical onto a dangling bond. The structure and dynamics of water molecules and the hydro-
gen bonding network, formed when water molecules interact with a solid crystalline sub-
strate, were examined by Argyris et al. using MD [19]. At room temperature, Argyris et 
al. [20] used molecular dynamics simulations to investigate the dynamic characteristics of 
water at the silica–liquid interface. They found that the anisotropic reorientation of water 
molecules is greatly influenced by the relative orientation of interfacial water molecules 
and their interactions with surface hydroxyl groups. The wide range of methodologies 
used to calculate the sticking coefficient like to use various experimental methods, such 
as Auger Electron Spectroscopy and QCM measurements, and theoretical approaches 
such as density functional theory (DFT) calculations or Monte Carlo modeling. More re-
cently, sum-frequency generation has been reported in the literature [21]. 

This study aims to better understand the structure of precursor sticking coefficient 
during a high temperature of 573 K and high-pressure ALD process at a molecular level. 
The study focuses on the ALD deposition process of aluminum oxide, Al2O3, using tri-
methylaluminum (TMA—(Al(CH3) 3)) and water (H2O) as precursors. The SC has been 
determined from the thickness profiles generated from the MD approach of the ALD pro-
cess. While lateral-high-aspect-ratio trenches were utilized in Arts et al.’s [17] study, we 
aim to prove that the same method could be used for other surface structure as it was used 
for our study. 

2. Computational Details 
2.1. The Simulation Approach 

Hu et al. describes the complicated nature of the ALD growth. Because of the physi-
cochemical mechanisms that regulate ALD growth, a simulation that can depict the time 
evolution of interacting atoms during the ALD process is critical. An empirical interatomic 
potential is a well-suited approach to describing ALD process and relaxation processes in 
MD simulations [8]. The study proposes two ALD, half-reactions equations. The equations 
are as follows [8]: AlOH + Al(CH ) → Al − O − Al(CH ) + CH  (1)Al − O − Al(CH ) + 2H O → Al − O − Al(OH) + 2CH  (2)

The interatomic potentials for the hydroxylated alumina surface were determined by 
Matsui [22]. They are of the Buckingham type. The pair’s interaction potential between 
atoms i and j as a function of the inter-atomic distance rij is given by Equation (3) as: 𝑈 = 𝑞 𝑞𝑟 + 𝐷 𝐵 + 𝐵 exp 𝐴 + 𝐴 − 𝑟𝐵 + 𝐵 − 𝐶 𝐶𝑟  (3)
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The repulsion and dispersion interactions are included in this potential, which com-
prises a long-ranged electrostatic potential and a short-ranged Buckingham potential. D 
(4.184 kJ−1mol−1) is the force constant, rij is the relative distance between atoms i and j, and 
q is the effective charge on each atom in the equation above. A, B, and C, the empirically 
fitted parameters, are provided in Table 1. 

Table 1. DFT the inter-atomic potentials [9] 

Element 𝒒(𝐞)  𝐀(Å)  𝐁(Å) 𝐂 Å𝟑 𝐤𝐉𝟏/𝟐 𝐦𝐨𝐥 𝟏/𝟐  
Al 1.4175 0.78520 0.03400 36.82 
O −0.9450 1.82150 0.13800 90.61 
H 0.4725 −0.17607 −0.02462 1.86285 

The molecular dynamics simulation was built in the LAMMPS-code (Large-scale 
Atomic/Molecular Massively Parallel Simulator) offered by SANDIA [23]. The visualiza-
tion and post-processing of results were performed in OVITO (open visualization tool) 
[24]. In LAMMPS, the cut-off radius is specified by the potential. Short-range interactions 
are only taken into account in some MD implementations. All MD simulations were per-
formed in the canonical ensemble with a time step of 0.1 fs (NVT). The number of particles 
(N), the volume of the simulation box (V), and the temperature (T) were all kept constant 
[20]. The short-range Buckingham interactions were determined using a cut-off of 1 Å. 
The long-range Coulombic interaction cut-off was set at 50 Å, accommodating the chang-
ing periodic boundary. In all MD simulations, the Nosé–Hoover chain technique [25] was 
employed to integrate the equations of motion. A two-dimensional correction was made 
to the Ewald summation below 1 × 10−7 for Coulombic forces. The number of computations 
is lowered by including neighbor lists, which track which atoms are predicted to interact 
on the next timestep. This strategy saves time by avoiding the need to calculate all-atom 
pair distances in the simulation at each timestep. Binning is considered to divide the sim-
ulation domain into smaller portions, as another alternative. After then, atoms need to 
look for interactions in their bin and neighboring bins within the cut-off radius [26]. At 1 
Å above the surface, the atoms’ mobility was stopped. As a result, any molecules attempt-
ing to escape the simulation box by breaking loose from the surface were repelled. Zero 
velocities were subjected to a setforce, fix-command of LAMMPS. The fix-command froze 
certain atoms in the simulation by reducing their force to zero throughout a specified 
range. 

2.2. Substrate Preparation 
As detailed in Hu et al. and Brown et al. [8,9], the initial alumina surface model was 

made by annealing an alumina model after randomly replacing Al atom. The ALD of 
Al2O3 was carried out on a hydroxylated Al2O3 surface. A bulk Al2O3 sample with 770-
atoms was generated according to the Al2O3 crystal structure 15.3836208, 20.5114944 and 
25.639368 Å with equal angles, α = β = γ = 55.2826350. The simulation box was then aniso-
tropically scaled to produce a large cubic supercell with the simulation box lengths of a = 
b = c = 26 Å, see Figure 2. 
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Figure 2. Al2O3 crystal structure with hydroxylated surface, atoms are red—aluminum, blue—oxy-
gen and yellow—hydrogen, the simulation box lengths of a = b = c = 26 Å. 

Following the rules of the ALD process and relaxation processes in MD simulations, 
this study also considered that the ALD reactions occur only on the surface’s active -OH 
groups. It is assumed that the products of the metal precursor pulse are fully hydrox-
ylated. Lastly, it was assumed that there are no impurities from the metal precursors left 
in the ALD films. The reverse reactions are negligible and fit with the algorithm approxi-
mately describes the stochastic deposition process [8,9]. 

ALD deposition rule was used in this study as described by Hu et al. A monolayer 
was built as shown in Figure 3a–e. The simulation box was resized to produce the neces-
sary oxide density after annealing the sample at 5000 K for 300 ps. The sample was then 
quenched at a rate of 47 K/ps to 300 K in 100 ps. The box was then duplicated twice in the 
x and y directions (to increase the system size), and the surface was formed by expanding 
the box length in the z-direction to 51.0 Å. To produce the appropriate H content, specified 
H atoms were injected above the frozen layers to generate a hydroxylated surface. An Al 
atom was chosen randomly and swapped with an H atom to add to the system. Simulta-
neously, an O atom was chosen randomly and removed to maintain the system’s overall 
charge neutrality. Finally, the surface was annealed for 500 ps at 1000 K. After annealing, 
the H atoms migrated to the surface region, resulting in a -OH terminated surface. The 
migration of -OH groups on the surface increases the ALD growth rate, allowing the sur-
face to accommodate more precursor molecules to react on the surface [8,9]. The atoms in 
the bottom 3 Å of the simulation box were frozen at their relaxed geometries for additional 
simulation studies [8,27]. At that point, it is assumed that the projectile flux to the surface 
is sufficiently low; the sample surface can be assumed to be in equilibrium before the next 
hit. Since it is assumed that the duration between incoming projectiles is long enough not 
to affect each other, the same sample can be utilized for all simulations in this situation. 
This approximation can produce valuable results only if the model is in thermal equilib-
rium and a steady-state concerning layer growth [28]. 
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Figure 3. (a) After minimization (b) Annealing at 5000 K for 300 ps. (c) Quenched 300 K for 100 ps 
(d) Annealed at 1000 K for 500 ps (e) Relaxed hydroxylated surface at 300 K for 100 ps. 

2.3. Model Validation 
The predicted density reduction per cycle are plotted in Figure 4 as a function of the 

distance along the z-direction. The results are compared to those of Hu et al. [8], which 
studied the same physical system. As the number of deposited layers grows, both density 
profiles become flatter. This demonstrates that the ALD-deposited film has a lower den-
sity at the surface region in the early stages of ALD. 

 
Figure 4. Model validation using a total density of the system at 300 °C at the first monolayer (1st 
ALD cycle). 

3. Results 
3.1. Al2O3 Film Thickness 

Since a growth per cycle (GPC) is the amount of film thickness deposited in one cycle, 
the final thickness is determined by the cycle number rather than the response time [29]. 
The accurate prediction of the ALD response of the substrate is spatially dependent on the 
film thickness profile [30]. The precursor coverage θ is given by Equation (4) [14] as: ΘAl2O3(𝑥) = 𝑑ALD(𝑥)𝑁cycles ⋅ GPCmax (4)

where dALD is the ALD layer thickness, Ncycles is the number of ALD cycles, and GPCmax at 
an assumed full saturation level. The GPC found in this MD study is 1.2 Å that yields to a 
film thickness of 1.7Å (First cycle), where a GPC rate of 0.11nm (1.1 Å) per ALD processing 
cycle has been measured experimentally [30]. The precursor coverage θ was equivalent to 
1. The surface was assumed to be fully covered. Figure 5a shows that to reduce the total 
energy of H-terminated Al2O3 surfaces, the atoms in the surface region rearrange to form 
a different structure than bulk Al2O3 to reduce repulsive interactions (the short-ranged 
Buckingham term in Equation (3)) and increase attractive electrostatic interactions be-
tween Al and O [7,8,31,32]. In Figure 5b, the temperature of the system is relaxed at 573 
K. It shows that as the system’s temperature rises, the kinetic energy of the system rises, 
and the frequency of the atoms’ vibrations rises with it. The thermal motion becomes more 
vigorous as the temperature rises from a thermodynamic standpoint [33]. 
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(a) 

 

(b) 

 
Figure 5. (a) Energy minimization of the system and (b) energy distribution after the first cycle along 
the growth length (z-direction). 

Figure 6a,b visually demonstrate the layering of hydroxyls that are found in an ALD 
process. Most ALD procedures, for example, produce a sub-monolayer of growth after 
each cycle, which is usually attributed to steric effects from the precursor’s ligands ob-
structing active sites, competing chemisorption pathways, or other factors [34]. It is ob-
served that rather than being integrated into the majority of the film, the H atoms prefer 
to rise to the surface. Due to steric hindrance effects, the -OH distribution on the surface 
has a significant impact on the ALD growth mode. This suggests that avoiding populated 
-OH during the early stages of ALD is crucial for minimizing nucleation times. 

(a) 

 

(b) 

 
Figure 6. Surface after relaxation indicating -OH surface hydroxyls (a) -OH species attach to the 
surface of Al and strengthen its coordination to it (b) surface coverage across the substrate along the 
x-direction. 

3.2. Initial Sticking Coefficient, So 
Equation (5) was used to compute the initial sticking coefficient from a half coverage 

length of the substrate [17]. The initial sticking coefficient (S0) governs the slope of the 
leading front of the thickness profile. The slope was found to be 0.035. It yields an initial 
sticking coefficient of 4.257 × 10−3. The relation at the slop normalized to be 𝑧 = 𝑧 ⁄ 𝐿  (1D, 
one dimensional approach) at the point of half coverage θ = ½ along the x-direction, Equa-
tion (6). ∂𝜃∂�̃� / ≈ 𝑠 /13.9 (5)
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∂𝜃∂�̃� / ≈ 𝑠 /13.9 (6)

The initial sticking coefficients of TMA found from other methods and substrate 
structures are listed in Table 2. This study found an initial sticking coefficient S0 = 4.257 × 
10−3 that fits in the range of (2–7) × 10−3 found by Arts et al. [17]. The method using a slope 
at a half the surface coverage is the simplest way of computing the sticking coefficient. 
Therefore, the S0 found using an MD relaxation approach fits well with the same method 
from the literature like the high-aspect-ratio of trenches that was utilized by Arts et al. 
[17]. 

Table 2. Initial sticking coefficient of TMA during ALD of Al2O3, determined from the thickness 
profiles at 300 °C substrate temperature. 

Method Researchers S0 
Diffusion model, thickness profiles, lateral high-as-

pect-ratio structure (LHAR) 
Ylilammi et al., 

Ref. [35] 5.27 × 10−3 

1D structures, thickness profiles, lateral high-aspect-
ratio structure (LHAR) 

Arts et al., Ref. 
[17] (2−7) × 10−3 

LHAR, thickness profiles, 3D structures, experiments 
and Monte Carlo simulations 

Schwille et al., 
Ref. [14] 2 × 10−2 

LHAR, thickness profiles, 3D structures 
Yim et al., Ref. 

[36] 4 × 10−3 

Molecular Dynamics (All-atom approach), thickness 
profiles, as Arts et al. Ref (Arts et al., 2019) Current study 4.257 × 10−3 

4. Conclusions 
The key strength of this study was its focus on the atomic scale growth dynamics of 

amorphous Al2O3 films by inspecting microscale (MD) structural relaxation. The current 
findings add to a growing body of literature on applying the all-atom approach. There are 
rules based on the deposition actions to model MD relaxations of a single ALD cycle. The 
study supplemented the MD relaxations to create a realistic equilibrium surface by in-
cluding the layering of hydroxyls on alumina. It was from a relaxed surface that an exam-
ination of the initial sticking coefficient of TMA was conducted. The study has gone some 
way towards enhancing understanding of the initial sticking coefficient between atomic-
level numerical information and its experimental measurements related to the atomic 
layer deposition. 

Therefore, the initial sticking coefficient was determined to be 4.257 × 10−3, including 
error estimates from the MD model that would need improved interatomic potentials by 
using density functional theory (DFT) to account for the ligand exchanges in the presence 
of a hydroxylated surface. Notwithstanding these limitations, the study suggests that the 
initial sticking coefficient is an essential parameter for predicting the conformality of ALD 
growth. The ALD growth is calculated from the slope of the saturation profile. The satu-
ration profile of ALD Al2O3 has a near-ideal form, namely, a constant thickness of 1.7 Å. 
This thickness develops from the first cycle, as expected for an ALD process. The process 
is based on repeated self-terminating and the gas–solid interactions as the surface cover-
age increases. Therefore, significantly beyond 50% coverage, the overall sticking coeffi-
cient decreases. This is because of the site-blocking hindering diffusion. 

The consequence of unavoidable -OH groups that will always be present on the sur-
face is supported by the current findings. Since viewed on the microscale, the most prom-
inent finding from this study is that the -OH groups influence the sticking coefficient. 
Nevertheless, if the desorption of ligands is encouraged by increasing the surface temper-
ature (to the limit of the TMA precursor, but observed in this study at 573 K), the adsorbed 
molecules will reduce steric hindrance. As also shown in this study, the steric hindrance 
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effects due to the -OH distribution on the surface significantly impact the ALD growth 
mode. The desired effect is that the surface needs to saturate quickly when the reactant 
diffuses to have a sharp profile front that will rapidly increase growth at fewer precursor 
doses but gain a steeper slope on the thickness. Therefore, avoiding populated -OH dur-
ing the early stages of ALD assists with the rapid thickness growth. However, -OH groups 
at the surface lead to decreased sticking coefficient as they limit diffusion. 

This study has shown that the initial sticking coefficient’s influence promotes higher 
reactivity on the surface. The effect is best achieved from a stepper slope, which means 
the initial sticking coefficient of the TMA precursor will be higher > 10−3. 

This work adds to the knowledge of the kinetic nature of ALD at the atomic level. It 
provides quantitative information on the sticking coefficient during ALD. It shows the 
advantage of determining sticking coefficients from ALD thickness profiles without fur-
ther modeling. Recent advancements in computing technology have allowed computa-
tional techniques to explore the physical interactions and chemical dynamics of ALD. Fu-
ture studies should emphasize the ab initio molecular dynamic techniques for an entire 
ALD process. 

Author Contributions: Conceptualization and methodology, T.J.K.; validation, S.K. and P.O.O.; for-
mal analysis, T.J.K.; writing—original draft preparation, T.J.K.; writing—review and editing, K.U.; 
supervision, L.K.T.; funding acquisition, T.-C.J. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This research was funded by University of Johannesburg and the CSIR-DST Inter-Pro-
gramme for funding the study. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data generated or analyzed during this study are available from 
the corresponding author on reasonable request. 

Acknowledgments: The authors acknowledge the help from Mechanical and Industrial Engineer-
ing Department of the University of Johannesburg, JenNANO research group. A special acknowl-
edgement is made to the Centre for High-Performance Computing (CHPC) for allowing us to use 
its resources to undergo this study. 

Conflicts of Interest: There are no conflicts of interest declared by the authors. The funders had no 
involvement in the study’s design, data collection, analysis, interpretation, manuscript writing, or 
publication of the findings. 

References 
1. George, S.M. Atomic Layer Deposition : An Overview. Chem. Rev. 2010, 110, 111–131. 
2. Kanarik, K.J.; Lill, T.; Hudson, E.A.; Sriraman, S.; Tan, S.; Marks, J.; Vahedi, V.; Gottscho, R.A. Overview of atomic layer etching 

in the semiconductor industry. J. Vac. Sci. Technol. A: Vac. Surf. Film. 2015, 33, 020802. https://doi.org/10.1116/1.4913379. 
3. Hagen, D.J.; Pemble, M.E.; Karppinen, M. Atomic layer deposition of metals: Precursors and film growth. Appl. Phys. Rev. 2019, 

6, 041309. https://doi.org/10.1063/1.5087759. 
4. Zhang, Y.; Ding, Y.; Christofides, P.D. Multiscale computational fluid dynamics modeling and reactor design of plasma-en-

hanced atomic layer deposition. Comput. Chem. Eng. 2020, 142, 107066. https://doi.org/10.1016/j.compchemeng.2020.107066. 
5. Dominik Mark, J.H. Ab Initio Molecular Dynamics: Basic Theory and Advanced Methods, 1st ed.; Cambridge University Press: New 

York, NY, USA, 2009. 
6. Masui, H. Simulation of texture formation of body-centered-cubic metals by three kinds of intersections of two {110} slip planes. 

IOP Conf. Ser. Mater. Sci. Eng. 2015, 82, 012010. https://doi.org/10.1088/1757-899X/82/1/012010. 
7. Kamberaj, H. Molecular Dynamics Simulations in Statistical Physics: Theory and Applications; Springer: 

2016.doi:https://doi.org/10.1007/978-3-030-35702-3. 
8. Hu, Z.; Shi, J.; Turner, C.H. Molecular Simulation Molecular dynamics simulation of the Al 2 O 3 film structure during atomic 

layer deposition Molecular dynamics simulation of the Al2O3 film structure during atomic layer deposition. Mol. Simul. 2009, 
35, 270–279. https://doi.org/10.1080/08927020802468372. 



Appl. Sci. 2022, 12, 2188 10 of 11 
 

9. Brown, K.S.; Saggese, C.; Le Monnier, B.P.; Héroguel, F.; Luterbacher, J.S. Simulation of Gas- and Liquid-Phase Layer-By-Layer 
Deposition of Metal Oxides by Coarse-Grained Modeling. J. Phys. Chem. C 2018, 122, 6713–6720. 
https://doi.org/10.1021/acs.jpcc.8b00197. 

10. Xu, Y.; Musgrave, C.B. Atomic layer deposition of high- κ dielectrics on nitrided silicon surfaces. Appl. Phys. Lett. 2005, 86, 1–3. 
https://doi.org/10.1063/1.1922080. 

11. Rose, M.; Bartha, J.W. Applied Surface Science Method to determine the sticking coefficient of precursor molecules in atomic 
layer deposition. Appl. Surf. Sci. 2009, 255, 6620–6623. https://doi.org/10.1016/j.apsusc.2009.02.055. 

12. Langmuir, I. Nobel Lecture: Surface Chemistry. Nobelprize.org Nobel Media AB 2014. Available online: http://www.no-
belprize.org/nobel_prizes/chemistry/laureates/1932/langmuir-lecture.html ((Accesse on 15 October 2020). 

13. Rose, M.; Bartha, J.W.; Endler, I. Temperature dependence of the sticking coefficient in atomic layer deposition. Appl. Surf. Sci. 
2010, 256, 3778–3782. https://doi.org/10.1016/j.apsusc.2010.01.025. 

14. Schwille, M.C.; Schössler, T.; Schön, F.; Oettel, M.; Bartha, J.W. Temperature dependence of the sticking coefficients of bis-
diethyl aminosilane and trimethylaluminum in atomic layer deposition. J. Vac. Sci. Technol. A Vac. Surf. Film. 2017, 35, 01B119. 
https://doi.org/10.1116/1.4971197. 

15. Harra, D.J. Review of Sticking Coefficients and Sorption Capacities of Gases on Titanium Films. J. Vac. Sci. Technol. 1975, 13, 
471–475. https://doi.org/10.1116/1.568900. 

16. Schwille, M.C.; Schössler, T.; Barth, J.; Knaut, M.; Schön, F.; Höchst, A.; Oettel, M.; Bartha, J.W. Experimental and simulation 
approach for process optimization of atomic layer deposited thin films in high aspect ratio 3D structures. J. Vac. Sci. Technol. A 
Vac. Surf. Film. 2017, 35, 01B118. https://doi.org/10.1116/1.4971196. 

17. Arts, K.; Vandalon, V.; Puurunen, R.L.; Utriainen, M.; Gao, F.; Kessels, W.M.; Knoops, H.C. Sticking probabilities of H2O and 
Al(CH3)3 during atomic layer deposition of Al2O3 extracted from their impact on film conformality. J. Vac. Sci. Technol. A 2019, 
37, 030908. https://doi.org/10.1116/1.5093620. 

18. Träskelin, P.; Salonen, E.; Nordlund, K.; Krasheninnikov, A.V.; Keinonen, J.; Wu, C.H. Molecular dynamics simulations of CH3 
sticking on carbon surfaces. J. Appl. Phys. 2003, 93, 1826–1831. https://doi.org/10.1063/1.1536012. 

19. Argyris, D.; Tummala, N.R.; Striolo, A.; Cole, D.R. Molecular Structure and Dynamics in Thin Water Films at the Silica and 
Graphite Surfaces. J. Phys. Chem. C 2008, 112, 13587–13599. 

20. Argyris, D.; Cole, D.R.; Striolo, A. Dynamic Behavior of Interfacial Water at the Silica Surface. J. Phys. Chem. C 2009, 113, 19591–
19600. 

21. Cremers, V.; Puurunen, R.L.; Dendooven, J. Conformality in atomic layer deposition: Current status overview of analysis and 
modelling. Appl. Phys. Rev. 2019, 6, 021302. https://doi.org/10.1063/1.5060967. 

22. Matsui, M. A Transferable Interatomic Potential Model for Crystals and Melts in the System CaO-MgO-Al2O3-SiO2. Mineral. 
Mag. 1994, 58, 571–572. 

23. Plimpton, S. Fast Parallel Algorithms for Short- Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–42. 
24. Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO-the Open Visualization Tool. Model. Simul. 

Mater. Sci. Eng. 2010, 18, 015012. https://doi.org/10.1088/0965-0393/18/1/015012. 
25. Martyna, G.J.; Tuckerman, M.E.; Tobias, D.J.; Klein, M.L. Explicit reversible integrators for extended systems dynamics. Mol. 

Phys. 1996, 87, 1117–1157. https://doi.org/10.1080/00268979600100761. 
26. Arnold, C.; Nilsson, E.; Bengtsson, A. Establishing simulations of shockwaves in InSb using molecular dynamics. Lund Rep. At. 

Phys. (LRAP) 2021, 571:85. 
27. Adiga, S.P.; Zapol, P.; Curtiss, L.A. Atomistic simulations of amorphous alumina surfaces. Phys. Rev. B 2006, 74, 064204. 

https://doi.org/10.1103/physrevb.74.064204. 
28. Tichmann, K.; Von Toussaint, U.; Jacob, W. Determination of the sticking coefficient of energetic hydrocarbon molecules by 

molecular dynamics. J. Nucl. Mater. 2012, 420, 291–296. https://doi.org/10.1016/j.jnucmat.2011.10.018. 
29. Ukoba, O.K.; Jen, T.C. Review of Atomic Layer Deposition of Nanostructured Solar Cells 4. J. Phys. Conf. Ser. 2019, 1378, 042060. 

https://doi.org/10.1088/1742-6596/1378/4/042060. 
30. Stenstr, S. A model-based methodology for the analysis and design of atomic layer deposition processes—Part II : Experimental 

validation and mechanistic analysis. Chem. Eng. Sci. 2013, 94, 316–329. https://doi.org/10.1016/j.ces.2012.06.063. 
31. Liang, T.; Shan, T.R.; Cheng, Y.T.; Devine, B.D.; Noordhoek, M.; Li, Y.; Lu, Z.; Phillpot, S.R.; Sinnott, S.B. Classical atomistic 

simulations of surfaces and heterogeneous interfaces with the charge-optimized many body (COMB) potentials. Mater. Sci. Eng. 
R Rep. 2013, 74, 255–279. https://doi.org/10.1016/J.MSER.2013.07.001. 

32. Pal; Snehanshu Ray, B.C. Molecular Dynamics Simulation of Nanostructured Materials: An Understanding of Mechanical Be-
havior. Volume 1107. 2016. Available online: https://www.routledge.com/Molecular-Dynamics-Simulation-of-Nanostructured-
Materials-An-Understanding/Pal-Ray/p/book/9780367029821 ((Accesse on 15 October 2020). 

33. Dwivedi, V.; Adomaitis, R.A. Multiscale modeling of atomic layer deposition processes. Proc. Am. Control Conf. 2009, 2495–2500. 
https://doi.org/10.1109/ACC.2009.5160582. 

34. Richey, N.E.; De Paula, C.; Bent, S.F. Understanding chemical and physical mechanisms in atomic layer deposition. J. Chem. 
Phys. 2020, 152, 40902. https://doi.org/10.1063/1.5133390. 



Appl. Sci. 2022, 12, 2188 11 of 11 
 

35. Ylilammi, M.; Ylivaara, O.M.E.; Puurunen, R.L. Modeling growth kinetics of thin films made by atomic layer deposition in 
lateral high-aspect-ratio structures. J. Appl. Phys. 2018, 123, 205301. https://doi.org/10.1063/1.5028178. 

36. Yim, J.; Ylivaara, O.M.; Ylilammi, M.; Korpelainen, V.; Haimi, E.; Verkama, E.; Utriainen, M.; Puurunen, R.L. Saturation Profile 
Based Conformality Analysis for Atomic Layer Deposition: Aluminum Oxide in Lateral High-Aspect-Ratio Channels. Phys. 
Chem. Chem. Phys. 2020, 22, 23107–23120. https://doi.org/10.1039/d0cp03358h. 


