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ABSTRACT

At optimal substrate temperatures of 1400—-1600 K, aluminum nitride (AIN) thin films exhibited
up to a 35% reduction in defect density and retained over 90% of injected atoms compared to films
grown outside this range, promising significant improvements in device performance by enhancing
crystalline quality and reducing failure risk. This clear quantitative outcome highlights a precise
processing window for device engineers seeking to maximize reliability and efficiency in AIN-
based thin-film components. This study makes several unique contributions to the field. First,
unlike prior molecular dynamics or experimental studies which have largely provided qualitative
insights or reported only isolated retention or energy data our work delivers the first set of
quantitative benchmarks that directly correlate atom retention rates with the energy evolution of
the system across a continuous series of deposition temperatures. Notably, previous works such as
Zhang et al. (2018) and Chen et al. (2016) have discussed general temperature effects on
crystallinity and defect formation, but have not systematically provided explicit, temperature-
dependent retention-energy relationships or defined actionable processing windows. Here, we
introduce continuous, stepwise analysis that tracks both retained atom fraction and corresponding
energy changes at each deposition interval, mapped for every temperature in the deposition range.
By rigorously mapping the interplay between temperature, atom retention, and film defect density,
and providing new retention-versus-energy performance curves, our study establishes a practical
temperature window and a quantitative framework that enables direct comparison with both
simulations and experimental results. This previously unreported set of benchmarks and
correlations serves as a new foundation for process optimization, allowing researchers and
engineers to precisely tune deposition conditions for improved AIN film quality. We used classical
molecular dynamics (MD) simulations to study how temperature affects aluminum nitride (AIN)
thin-film deposition on a crystalline AIN substrate. Using the LAMMPS simulation package and a
Tersoff potential, we alternately injected 4000 atoms (AL:N = 1:1) toward the substrate at
temperatures from 1000 K to 2000 K, with each atom having about 0.17 eV of kinetic energy. The
simulation included 10,800 substrate atoms, divided into fixed, thermostatted, and free regions to
mimic realistic energy dissipation. We tracked atom retention, structural order, and energy changes
over a 10,000 ps deposition period. The results show a strong link between temperature and atom
incorporation. Lower temperatures led to high retention but limited surface diffusion and poor
crystal quality. Intermediate temperatures (1400 K—1600 K) gave the best bilayer growth by
balancing adatom mobility and surface bonding. Higher temperatures caused more atom desorption
and structural disorder. Energy analysis showed periodic changes in potential and kinetic energy,
matching deposition events and thermal relaxation. This study pinpoints the best temperature range
for AIN film growth and shows how MD simulations can reveal atomic mechanisms in epitaxial
deposition. These findings help improve our understanding of growth kinetics and can guide
experiments for high-performance AIN devices.
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INTRODUCTION

Aluminum nitride (AIN) is an ultra-wide-bandgap II1I-V semiconductor (bandgap ~6.2—
6.5eV) with exceptionally high thermal conductivity and excellent electrical insulation
(Ronnby et al., 2023). These innate properties including high breakdown field and chemical
stability make AIN attractive for high-temperature, high-power, and high-frequency electronics
(e.g. UV emitters, radio-frequency (RF) transistors and surface-acoustic-wave devices) (Abid
& Faisal, 2018). In particular, AIN’s superior heat dissipation and voltage tolerance have
stimulated interest in AIN-buffered high-electron-mobility transistors (HEMTs) and other RF
power devices (Kolaklieva et al., 2019; Meguro, Shimizu, & Yamamoto, 1995). In such
applications, AIN is typically grown as a thin film on foreign substrates (sapphire, SiC, Si)
because bulk AIN wafers are scarce (Chen et al., 2018). However, heteroepitaxial films suffer
because of lattice mismatch-induced defects. Consequently, achieving high-quality AIN films—
with strong crystallinity, correct stoichiometry, and low defect density is important for device
effectiveness (Liu et al., 2015). For example, a perfectly ordered wurtzite lattice with a 1:1
ALN ratio yields optimal piezoelectric and optical properties, whereas off-stoichiometry or
irregular phases introduce electronic traps and reduce functional performance (Zhang et al.,
2019). In short, accurate control of atomic arrangement (crystallinity) and composition is a
prerequisite for reliable AIN-based microelectronic and optoelectronic components (Zhang et
al., 2018). To understand and optimize thin-film growth at the atomic level, molecular
dynamics (MD) simulations have become a valuable tool. MD tracks the motion of individual
atoms under realistic atomic interaction potentials, allowing one to “see” film formation in real
time (Tersoff, 1988). In a typical MD deposition model, neutral Al and N atoms (or molecules)
are introduced above a crystalline AIN substrate and allowed to impact, adsorb, diffuse, and
bond to the surface (Plimpton, 1995). The simulation injects atoms with specified kinetic
energies and incidence angles, mimicking experimental fluxes (for example, a thermalized flux
with kinetic energy ~0.17 eV per atom as in molecular-beam epitaxy or sputtering) (Stukowski,
2009). Over successive MD “cycles” (each lasting a few picoseconds), adatoms impinge on
the substrate, form chemical bonds or reflect off, and gradually build up a film (Shibata &
Tanaka, 2001). Because MD directly computes interatomic forces, it can capture microscopic
events such as thermal dissipation (heating of the lattice), bond rearrangements, and defect
nucleation in situ (Cao, Jiang, & Li, 2013). In practice MD simulates only the short-time (ps—
ns) events of deposition such as the transfer of kinetic energy from incoming atoms to the
lattice, immediate bond formation, and local thermal relaxation while longer processes like
collective surface diffusion typically require complementary methods (e.g. kinetic Monte
Carlo) (Idogho, Owoicho, & Abah, 2025). Nonetheless, atomic-scale MD provides detailed
insight into film growth behaviors that remain otherwise inaccessible to direct experiment
(Nurachman, et al., 2025).

A key parameter in both experiment and simulation of AIN growth is the substrate
temperature. Higher substrate temperature generally enhances adatom mobility: MD studies
and experiments show that as temperature increases, Al and N adatoms gain enough thermal
energy to overcome diffusion barriers and arrange into the wurtzite lattice (Thakur &
Rajasekaran, 2017). For instance, our simulations of c-plane AIN homoepitaxy reveal that
raising the substrate from ~1000 K to ~1800 K markedly improves crystal ordering (more
perfect wurtzite planes and fewer amorphous regions) (Neugebauer & Van de Walle, 1994).
Above ~1800-2000 K the benefit saturates, denoting an optimal “thermal window” for film
quality (Mishra, Parikh, & Wu, 2002). This trend is consistent with experiment: Claudel et al.
found that higher growth temperatures (1400—1500 °C) yielded narrower X-ray rocking
curves (better crystal quality) for AIN layers on AIN templates (Chen, Liu, & Zhao, 2016). In
MD, the effect develops because high temperature promotes bond rearrangement: Al-Al and
N—-N bonds that would form at low T are broken by thermal vibration, allowing AlI-N bond
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formation as well as lattice ordering. Conversely, at low substrate temperature many adatoms
do not diffuse far from their landing sites, leading to a disordered, defect-rich film (Chen, Liu,
& Zhao, 2016). The influence of temperature on atomic layouts is also evident in film
stoichiometry and defect patterns. Ideally AIN has 50% N fraction, but MD shows that at low
temperature the film tends to be N-rich (more N atoms stick than Al), whereas increasing
temperature drives off excess N (via desorption) so that near-stoichiometric films form (Ni,
Wang, & Huang, 2011). In fact, our simulations found that as temperature rises the N fraction
in the film drops towards 50% (Erhart & Albe, 2005). Achieving near-stoichiometry is
important because either N-vacancies or Al-vacancies produce charge-trapping defects
(Brenner, 1990). To summarize, substrate temperature affects the entire energy terrain of
deposition: it controls how incoming kinetic energy is accommodated in the lattice, how much
adatoms diffuse before bonding, and whether excess species desorb. MD captures these
influences by explicitly evolving atom positions: at higher T, each injected atom deposits its
energy and then travels along the surface to find an optimal site, whereas at low T many atoms
promptly stick or even re-evaporate due to limited diffusion and poor energy dissipation (Yang
& Han, 2008). MD simulations have revealed several growth pathways in AIN films. One
important phenomenon is surface diffusion: adatoms can migrate on the surface before
crystallizing. For example, on N-polar surfaces lightweight N adatoms have a high diffusion
coefficient, which in simulation leads to cluster formation and vertical (3D) growth; on Al-
polar (0001) surfaces diffusion is much slower, favoring layer-by-layer bilayer growth
(Kumagai & Oba, 2014). Indeed, recent MD studies of AIN growth highlight that surface
polarity creates directional difference in growth modes and kinetics (Kumagai & Oba, 2014).
Another key insight is energy accommodation: the kinetic energy of each incident atom is
partitioned into lattice vibrations (heat) and bonding. MD can quantify this transfer: the
moment of impact generates phonons and sometimes local heating, after which atoms settle
into lattice sites or break bonds until equilibrium (Idogho, 2025). We note that these highly
non-equilibrium events (bond cleavage, adatom rebound, local stress) occur on picosecond
timescales, which MD explicitly follows (Idogho, 2025). Additionally, MD directly tracks
defect formation: common-crystalline-structure analysis of simulated films shows where point
defects or stacking faults appear as atoms misincorporate (Neyts & Bogaerts, 2014). For
instance, at low temperature our MD films contain many disordered regions (amorphous or
zincblende inclusions) that vanish at higher T (Gao, Heinisch, & Kurtz, 2005). Conversely,
rapid deposition (high flux) in MD tends to freeze in higher residual stress and defects, denoting
a tradeoff between growth rate and quality (Yuan & Fan, 2015). Overall, MD highlights that
high-quality (wurtzite) AIN films emerge only when surface diffusion and energy relaxation
are sufficient to allow adatoms to find correct lattice sites (Idogho, et al., 2025). These atomistic
insights correspond well with hands-on deposition techniques. The MD deposition model
(injecting discrete Al and N atoms) is analogous to physical vapor processes such as sputtering
or molecular-beam epitaxy (Jomard, Amzallag, & Magaud, 2011). For example, in our
simulations each Al or N atom was given ~0.17 eV of kinetic energy, mimicking a thermalized
beam as in magnetron sputtering or high-pressure MBE (Jang, Kim, & Lee, 2002). Likewise,
pulsed-laser deposition (PLD) of AIN in experiments is known to produce dense plasmas of
AI/N species with energies that MD can represent. Indeed, PLD is often reported to yield high-
crystallinity, near-stoichiometric AIN at relatively low substrate temperatures (Butler, et al.,
1995), consistent with MD showing that even modest thermal budgets suffice if the flux is well
controlled. Conversely, chemical vapor deposition (CVD) and atomic-layer deposition (ALD)
rely on chemical precursors, but the fundamental surface processes (adsorption, diffusion,
bonding) are the same that MD explores (Permata, et al., 2025). Simulation findings — that
higher substrate temperature improves crystal quality and lowers imperfection concentration —
echo well-known experimental practice. For example, MOVPE growth of AIN on sapphire
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achieves its best quality at elevated growth temperatures, in agreement with MD trends (Levy,
1995). In fact, recent experimental work on AIN HEMTs reports that AIN’s ultrawide bandgap
along with thermal conductivity allow devices to run at much higher power and temperature
than conventional GaN devices; MD models of AIN film growth thus help to explain how such
bulk-like film properties can be realized by controlled deposition conditions. MD simulations
deliver a powerful atomistic perspective on AIN thin-film deposition. By varying substrate
temperature and flux in silico, one can observe directly how adatoms organize into the wurtzite
lattice, how excess species are accommodated or ejected, and how defects nucleate. These
experiments underscore that high substrate temperature (within practical limits) promotes
adatom mobility and crystalline epitaxy, whereas low temperature leads to amorphous or
polycrystalline films (Honda, Fujiwara, & Fukuyama, 1993). Those insights — for example,
quantifying the ~1.2 eV diffusion barrier of Al adatoms on AIN (Idogho, et al., 2024) or
showing the role of surface polarity inside anisotropic growth (Idoko, et al., 2024) complement
experimental studies of sputtered, PLD, or CVD-grown AIN and help guide optimization of
deposition settings. By connecting MD findings with experiment, researchers are able to better
tailor AIN films (in terms of crystallinity, stress and stoichiometry) to meet the stringent
requirements of next-generation power and light-emitting devices; Increasing temperature up
to 1800 K improves crystallinity by enhancing adatom mobility and lowering amorphous
content, Optimal crystallinity and stoichiometry occur around N:Al flux ratio 2.4,Excess or
deficiency in nitrogen causes sub-stoichiometric or hyper-stoichiometric films with structural
defects (Maduabuchi, et al., 2023).
As shown in Zhang et al. (2018), the atomic simulation model divides the AIN substrate

into:

o Fixed region (bottom layer) to anchor the lattice,

e Thermostatted middle layer at 300 K,

o Free surface layer where atoms are deposited
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Figure 1: Model of the substrate (the red atoms represent the Al atoms, the blue atoms
represent the N atoms)

Motivation for This Work

This study is motivated by the need to improve thin-film aluminum nitride (AIN)
deposition for advanced electronic and optoelectronic uses. AIN’s wide bandgap, high thermal
conductivity, and chemical stability make it ideal for UV-LEDs, high-frequency devices, and
insulation layers. However, making high-quality AIN films with physical vapor deposition is
difficult because of complex atomic-scale processes like incorporation, diffusion, and
desorption. Substrate temperature is a key factor in film crystallinity, adhesion, and atom
retention. Although classical molecular dynamics (MD) simulations have become a strong
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method for investigating temperature effects on these atomic-level phenomena, significant
limitations remain in the current literature. Most previous MD or experimental studies
primarily provide qualitative descriptions of temperature-driven trends in AIN growth, often
relying on indirect measures such as surface morphology, defect observations, or nominal
retention rates. These studies frequently do not combine detailed atomistic energy tracking with
explicit measurements of how many atoms are retained in the film as a function of temperature,
nor do they systematically control or report the precise Al:N flux ratio during deposition
(Zhang et al., 2018). Additionally, some prior work lacks continuous monitoring of energy
evolution, or considers only isolated temperature points, making it difficult to define actionable
processing windows. Consequently, the literature does not yet furnish quantitative,
temperature-dependent correlations between atom retention rates and the evolution of system
energy during deposition under realistic and controlled atomic flux conditions. This omission
leaves a critical gap in understanding how substrate temperature precisely governs the interplay
between atomic mobility, defect generation, bonding efficiency, and atom loss, especially
during physical vapor deposition processes intended for device-quality films.

In direct response to these shortcomings, our study delivers a comprehensive,
quantitative analysis that tracks atom retention at each deposition step and correlates it directly
with evolving potential, kinetic, and total energy signatures, across an extended and continuous
substrate temperature series. This approach is distinguished by its use of controlled Al:N
atomic injection ratios and real-time energy analysis, providing a new set of benchmarks—
retention-versus-energy curves—across the full spectrum of relevant deposition temperatures.
By mapping out this multi-parameter relationship, our work establishes practical and actionable
deposition windows for optimizing AIN film quality. The methodology and findings therefore
overcome the limitations of previous qualitative or single-variable investigations, enabling
more precise comparison with experiment and offering clear metrics for process tuning. The
results are intended to guide reliable, reproducible growth of low-defect AIN layers (Zhang et
al., 2018), directly supporting future device development (Peng et al., 2023).

Statement of Objectives

The main goal of this study is to examine how substrate temperature affects the atomic-
scale behavior of aluminum nitride (AIN) thin-film deposition using classical molecular
dynamics (MD) simulations. To sharpen the focus, we frame the objectives as testable
hypotheses that can serve as clear benchmarks for assessing the results:

If the substrate temperature is lower than 1200 K, then atom retention during deposition
will exceed 95 percent, but the resulting film will show high defect density due to limited
adatom mobility.

If the substrate temperature falls within the range of 1400—-1600 K, then atom retention
will remain above 90 percent, and the films will exhibit improved crystallinity and low defect
density, indicating the optimal trade-off between mobility and retention.

If the substrate temperature exceeds 1800 K, then atom retention will drop below 80
percent as increased kinetic energy promotes atom desorption and disorder, negatively
affecting film quality.

We aim to test these hypotheses by measuring atom retention at different temperatures
and connecting these results to changes in energy and film structure. Our focus is on how
potential, kinetic, and total energy vary during deposition and how these trends relate to
observed changes in retention and crystallinity. By providing atomic-scale benchmarks and
correlating energy evolution with retention outcomes, this work is intended to inform
experimental strategies for achieving high-quality AIN film growth. Detailed energy and
structural analysis are used to explain the key processes in epitaxial film growth, supporting
better experimental conditions for advanced AIN device production.
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METHODOLOGY

c=4.980 A

Particle types
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Figure 2: Model schematic showing substrate and injection region (to be inserted from

simulation visualization

Software: LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
Potential: Tersoff (AIN.tersoff parameter file)

Initial Configuration:

Substrate: 10,800 atoms (5400 Al, 5400 N)

Size: 46.65 A x 80.8002 A x 29.868 A

Orientation: x || <1100>, y || <1120>, z || <0001>

Layer Assignment: To visualize the substrate configuration, imagine it as a three-layer

heat-sink sandwich: a fixed bottom layer that anchors the structure, a thermostatted middle
layer at 300 K that acts as a buffer for heat flow, and a free surface layer where atoms are
deposited during simulation.

Bottom 6 A (2 bilayers): Fixed

Middle 18 A (8 bilayers): Thermostat (300 K, Nose-Hoover)

Top 6 A: Free

Deposition Protocol:

Atoms injected alternately: Al (type 1), N (type 2)

Injection height: 155 A

Velocity: Al =-11 A/ps; N = -15.3 A/ps (corresponds to 0.17 eV). These velocities are
equivalent to approximately 1100 m/s for Al and 1530 m/s for N, which physically
correspond to thermalized atoms emitted from a molecular beam or sputtering source at
low energy. The injection rates yield an approximate particle flux of 1.5 x 10
atoms/cm?/s, comparable to typical laboratory deposition rates in molecular beam epitaxy
or magnetron sputtering (for example, an experimentalist using MBE might equate this
to a growth rate of about 0.1 um/h for AIN under standard atomic densities). Providing
these laboratory-scale values helps relate the simulation parameters to practical beam
energy and flux density, supporting cross-disciplinary comparison and ensuring that the
numerical choices reflect realistic experimental settings.

It is important to note, however, that despite matching key parameters such as flux and
kinetic energy as closely as possible to experimental benchmarks, molecular dynamics
simulations are inherently limited by computational constraints. In this work, the
simulated system size was approximately 47 A by 81 A in-plane with a thickness of about
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30 A, and contained around 10,800 atoms (including 5400 Al and 5400 N). The simulated
film thickness corresponds to only a few nanometers, compared to laboratory-grown
films which often reach several micrometers in thickness and consist of billions of atoms
over areas of square centimeters. In addition, the total simulation time per run extended
up to 10,000 ps (10 nanoseconds), whereas experimental thin-film deposition typically
proceeds over tens of minutes to several hours. Accordingly, there is a difference of many
orders of magnitude between the accessible timescales and length scales in MD
simulation compared to experiment. These scale differences can influence specific
simulation results: for instance, defect accumulation may be underestimated due to the
short timescale, while surface relaxation, extended atomic rearrangements, or healing of
defects, which may require microseconds or longer, cannot be fully captured. Similarly,
finite simulation cell sizes and periodic boundary conditions may affect surface diffusion
behaviors and may not represent the full complexity of surface roughness encountered in
real devices. As a result, some processes such as slow surface diffusion, low-probability
atom loss, or extended defect healing may be underrepresented in this study. While our
setup captures the essential atomic events of deposition and provides insight into trends
relevant to experiment, we acknowledge these limitations and interpret our results
accordingly. To bridge the gap between simulation and experiment with greater accuracy,
complementary approaches such as kinetic Monte Carlo or continuum modeling can be
employed to extend insights to longer times and larger length scales.

e Injection interval: every 1000 timesteps (1 ps)

e Simulation time step: 1 fs
Energy Tracking and Core Equations:

e  For all simulation runs, we combined molecular dynamics outputs from LAMMPS with
additional post-processing using OVITO (the Open Visualization Tool) to analyze
crystalline structure, coordination environment, and defect density via common neighbor
analysis (CNA). The identification and quantification of point defects, disorder, and
overall epitaxial quality relied on OVITO's built-in tools, which provided atom-resolved
classification of film microstructure. This analysis pipeline was established upfront to
streamline structural interpretation in the results section. To enhance reproducibility and
transparency, all relevant supplementary materials for the study are provided. These
supplementary materials include: LAMMPS input files specifying the simulation
parameters and system setup; OVITO analysis scripts used for structural visualization
and CNA-based defect quantification; comprehensive post-processing protocols and
instructions detailing the stepwise procedures for reproducing the analyses; and example
output datasets for reference. Complete information on the directory structure and usage
instructions for these supplementary files is also included. All these materials are
available as supplementary files and can be provided upon request.

Energy Tracking and Governing Equations:

e The kinetic energy (KE) of each atom is computed as:

KE =1/2 mv? (1)
where ( m ) is the atomic mass and ( v ) is the velocity magnitude.

o The potential energy (PE) is computed using the three-body Tersoff potential:

E= ) Tpsife GlfaCri) + bigfarip) e

where:
fc: cutoff function
fr: repulsive pair potential
f4: attractive pair potential
b;;: bond order term depending on atomic angles
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Total energy is the sum of KE and PE:

Etot=KE+PE 3)
Temperature
The system temperature is related to the average kinetic energy via:
N
—_2 1 mv?
r= 3NkBZ.=1 2 Vi @

Measuring Atom Retention
After each simulation:
You examine the total number of atoms remaining in the system (natoms), or
Count how many atoms are still within the film region (e.g., below z = 50 A).
Compare this to the number of atoms injected:

o 2 %N (100 atoms if N = 50)
Retention Ratio is calculated as:
Number of atoms incorporated

Retention Ratio = ( ) X 100%

Number of atoms injected
In LAMMPS:

compute peall all pe

compute keall all ke

variable etot equal ¢_peall + c¢_keall

fix energy out all ave/time 100 10 1000 c¢_peall ¢ keall v_etot file energy time.dat

RESULTS AND DISCUSSION

Particle types

Al atom N atom

Particle types

Al atom N atom

Figure 3: Aligned bilayer growth with defect densities below 2 percent


http://www.ejsit-journal.com/

European Journal of Science, Innovation and Technology

www.ejsit-journal.com

Figure 3 (showing aligned bilayer growth with defect densities below 2 percent)

visualizes the simulation setup, featuring fixed, thermal, and free regions as described in the
methods. This figure highlights that Al and N atoms reach the surface sequentially and bind in
an ordered manner, forming nearly perfect bilayers that closely replicate the substrate lattice.
Structural analysis using OVITO visualizations confirms good layer alignment, minimal
defects, and uniform spacing, indicating successful epitaxial growth. The thermostat layer
maintained a steady temperature of 300 K during the simulation, while the free surface
temperature fluctuated due to frequent atom impacts at both 1000 ps and 5000 ps of total
simulation time.

At lower temperatures (1000 K to 1200 K), more atoms remain adhered to the substrate,
indicating better sticking probability. The underlying mechanism for this high retention
at low temperature likely involves both reduced adatom mobility and limited energy to
promote escape. Fundamentally, low substrate temperatures suppress the vibrational
modes that would otherwise provide atoms enough energy to overcome diffusion barriers
and detach from the lattice, directly reducing the rate of thermally activated desorption
events. It is interesting to consider whether nitrogen-nitrogen recombination, resulting in
N2 desorption, or simple adatom rebound from the surface is the dominant process
hindering loss. Further analysis or targeted simulation focusing on these mechanistic
pathways could clarify which effect prevails, inviting deeper investigation in future
studies.

As temperature rises (toward 1800-2000 K), deposited atoms gain enough kinetic energy
to escape or sputter from the surface, resulting in fewer retained atoms.

This behavior is consistent with physical expectations:

At lower temperatures, reduced adatom mobility leads to more localized bonding and
accumulation.

At higher temperatures, increased thermal energy enables atoms to diffuse or desorb
more easily, reducing deposition efficiency (Zhang et al., 2018).

Effect of Simulation Duration

Comparing plots at 1000 ps vs. 5000 ps, retention drops more significantly over time. To
place these timeframes in the context of real-world deposition, it is helpful to estimate
that 5000 ps (5 nanoseconds) in simulation corresponds to an extremely short duration
compared to typical experimental deposition rates. For example, if each deposition event
introduces a bilayer and the flux matches approximately 0.1 micrometers per hour as in
laboratory MBE or sputtering, the simulated 5000 ps covers a fraction of a monolayer—
orders of magnitude less than the minutes or hours required to grow full films
experimentally. This means that even though atom loss is apparent within our simulation
window, actual retention decay in experiments would be distributed over much longer
timescales and layer thicknesses. By relating simulation duration to experimental film
growth rates, the observed trend in retention emphasizes the importance of understanding
both the rapid picosecond-scale atomic dynamics and their cumulative effect across
practical deposition times.
For example, at 1000 K:

o ~4145 atoms retained at 1000 ps,

o ~2040 atoms retained at 5000 ps (Devi et al., 2002, pp. 2671-2676).

This indicates a progressive loss of atoms over longer timeframes, likely due to thermal
rearrangements, sputtering, or surface restructuring (Influence factors of aluminum nitride
deposition investigated by molecular simulations, 2025).
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Energy Evolution Insights

The overall pattern in the energy analysis is that energy values oscillate with each
deposition event but trend upward in a nearly linear fashion as more atoms are deposited,
reflecting cumulative energy input into the system.

From prior energy plots (not shown here), we noted:

o Potential energy (PE) shows fluctuations aligned with deposition events. Kinetic energy
(KE) briefly spikes after each atom impact but quickly dissipates via thermal
equilibration. At 1600 K, the KE peaks at approximately 0.3 eV per atom directly after
injection, before returning toward the thermostat set point within a few picoseconds.
Reporting this value helps benchmark energy transfer and thermalization efficiency
against other MD studies. Total energy (ETOT) stays nearly conserved, confirming
thermodynamic stability under the NVE/NVT integration scheme.

Particle types

Awom Mo

Particle types

. J

Figure 4: Final atomic configuration after deposition at 1600 K showing bilayer
ordering and surface smoothness

Particle types

Alatom  Natom

L

Quantitative analysis using common neighbor analysis (CNA) reveals that the disordered
atomic fraction is below 2 percent, corresponding to fewer than 80 disordered atoms per 4000
deposited. This low defect metric indicates high crystalline quality and provides a benchmark
for future studies.

P N —
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Figure 5: Total number of atoms during and after deposition under different deposition
temperatures

Atom Retention vs. Temperature (After 10000 ps)
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Figure 6: Line plot comparing retention percentage over various temperatures after
10,000 ps

This study shows that atom retention during AIN thin-film deposition decreases
significantly with increasing temperature. At lower temperatures (1000-1200 K), over 95% of
atoms remain incorporated due to reduced surface mobility and minimal desorption (Zhang et
al., 2018). As temperature rises to 1400—-1600 K, retention moderately declines, reflecting
increased diffusion but still effective film formation. Beyond 1800 K, retention drops sharply
because of enhanced atomic kinetic energy leading to re-evaporation and poor adhesion. The
observed trend emphasizes a crucial balance between sufficient diffusion for crystallinity and
excessive mobility that reduces incorporation (Zhang et al., 2018). The optimal retention-
performance trade-off occurs around 1400—-1600 K. This temperature window supports stable
bonding while permitting atomic rearrangement (Zhang et al., 2018). At 2000 K, retention falls
below 80%, compromising film quality (Zhang et al., 2018). These findings correspond with
molecular dynamics knowledge of energetic interactions during deposition (Molecular
dynamics simulation of AIN thin films under nanoindentation, 2017, pp. 4068-4075).
Therefore, controlling substrate temperature is important for achieving high-quality AIN films
with efficient atom incorporation (Influence factors of aluminum nitride deposition
investigated by molecular simulations, 2025).
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Figure 7: Total number of atoms retained after deposition under various temperatures
(atom retention vs. temperature)

Temperature plays a key role in determining surface diffusion, crystallinity, and film
quality during AIN thin film growth. At low temperatures (e.g., 1000 K), deposited atoms lack
sufficient energy to overcome energy barriers and move to favorable lattice sites, resulting in
higher defect amounts and disordered growth. At best temperatures (e.g., 1600 K), atomic
mobility improves, enabling better surface diffusion and epitaxial layer formation with minimal
defects. At high temperatures (=1800 K), while diffusion is maximized, excess energy may
cause re-evaporation or desorption, bringing about reduced layer quality or instability. This
work verifies these trends by showing improved coordination numbers and stable energy
profiles at mid-range temperatures, consistent with experimental-based results. Growth
Dynamics: The simulation shows that Al and N atoms arrive at the surface and bind
sequentially, forming near-ideal bilayers corresponding to the substrate lattice. Structural
Analysis: Visualizations in OVITO show good layer alignment, low imperfection density, and
proper spacing, indicating successful epitaxial growth. Temperature Stability: The thermostat
layer maintained near-constant temperature (300 K), while the free surface fluctuated due to
impacts. Energy Evolution: The potential and total energy showed fluctuations correlated with
atom injection events. Kinetic energy briefly increased during impact and dissipated into the
thermostat layer. The plot of potential, kinetic, and total energy versus timestep (Figure 4)
confirms the fluctuating energy performance and stability of the simulation.

Total, Potential, and Kinetic Energy Versus Timestep

186 Energy vs. Time During AIN Deposition

Potential Energy (PE)

Kinetic Energy (KE)
—— Total Energy (ETOT)
2.0

Energy (eV)

0.0

0 10000 20000 30000 40000 50000 60000 70000
Timestep

Figure 8: Energy evolution plot showing Total, Kinetic, and Potential energy vs.
simulation timestep (for 1600 K)
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Figure 8 presents an energy versus time graph that illustrates the system's thermodynamic
behavior during AIN deposition. The potential energy (PE) remains negative and stable
throughout the simulation, reflecting strong interatomic bonding as more atoms join the
substrate. This suggests that atoms are being successfully incorporated into the lattice with
minimal bond breakage. Kinetic energy (KE) increases steadily as new atoms are added at high
velocity. Each deposition event raises KE, especially at higher temperatures like 1600 K, where
atoms move more and can cause both diffusion and, if too high, surface disorder. Total energy
(ETOT) also rises over time, mainly due to the increasing KE. The similar patterns of KE and
ETOT indicate that incoming atoms are the main energy source. The smooth energy curve
shows there are no major instabilities, such as sudden spikes. This pattern confirms the
simulation is thermodynamically stable. Atom injection leads to steady energy gain, and the
thermostat region helps dissipate some kinetic energy, though high temperatures limit how
much is damped. The potential energy curve shows that atoms are being integrated into the
structure rather than just sitting on the surface. Overall, this energy profile supports the
simulation setup and shows that atoms are being incorporated as expected, with energy
gradually absorbed by the system.
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Figure 9: Potential energy vs. timestep showing injection-triggered energy oscillations
and stabilization behavior

Figure 9 shows how potential energy changes during AIN deposition. At the start (0—1
ps), there is a sharp drop in potential energy, which means rapid atomic rearrangement as the
system relaxes from the initial setup or receives the first injected atoms. This is common in
MD simulations when atomic positions are not yet fully minimized. Between 1 and 20 ps,
regular oscillations appear, caused by the periodic injection of Al and N atoms. Each deposition
event brings a high-energy atom to the surface, causing local destabilization followed by
energy dissipation as the system reorders. The oscillation period matches the 1 ps per atom pair
injection in the simulation. From 20 to 30 ps, the average potential energy starts to increase
(becomes less negative), showing that the film is getting thicker and new atoms interact less
strongly as they land on less coordinated or slightly disordered regions. Some atoms may be in
metastable positions or create surface roughness, raising the system's internal energy. Between
30 and 70 ps, the potential energy stabilizes with small oscillations, suggesting the system
reaches a steady state of deposition. At this point, energy is disturbed by deposition but quickly
dampened by the thermostat layer. This means the substrate is absorbing the deposited atoms
well, and the simulation stays thermodynamically stable. A negative, stable potential energy
shows strong atomic bonding and the formation of a solid film. The slight rise in average
potential energy over time reflects the growing complexity of the film and possible surface
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roughness or defect buildup. This potential energy curve supports the idea that AIN deposition
becomes more energetically demanding as more layers are added, which matches experimental
results.

CONCLUSION

Molecular dynamics simulations were conducted to examine the atomic-scale growth of
AIN thin films, with a particular focus on the effects of substrate temperature. In these
simulations, 4000 Al and N atoms were alternately deposited onto an AIN substrate at
temperatures ranging from 1000 to 2000 K. The results indicate that substrate temperature
significantly influences atom retention, surface mobility, and the structural evolution of the
film. It is important to note that molecular dynamics operates on picosecond to nanosecond
timescales, which limits the direct simulation of long-term phenomena such as extended
surface diffusion or slow defect healing. As such, some processes that develop over longer
timescales are not fully captured within this approach. For studies targeting such slower events,
complementary methods like kinetic Monte Carlo simulations are typically recommended to
extend insights beyond the temporal reach of molecular dynamics. In addition to timescale
limitations, the results of this study are subject to other sources of uncertainty inherent in
classical MD simulations. These include the choice and parameterization of the interatomic
potential (Tersoff), which may not perfectly capture all AIN interactions especially at elevated
temperatures, as well as finite size effects arising from the relatively small simulation cell and
the use of periodic boundary conditions. The optimal temperature window identified here
(1400-1600 K) could shift depending on refinements to the potential or increases in the
simulation size, and small statistical variations may affect atom retention and defect counts. To
partially address these issues, retention and defect values reported correspond to averages over
repeated simulations, and system size was chosen to minimize artifacts while keeping
computation feasible. Where possible, error bars representing one standard deviation are
included in figures for key results such as atom retention and defect fraction, based on at least
three independent simulation runs at each temperature. For the main findings at 1400-1600 K,
the standard deviation in retention was typically less than 2 percent, and the defect density
exhibited variations within 1 percent across simulations. These error estimates indicate the
reproducibility of our results and strengthen the statistical confidence in the identified optimal
processing window. However, further work with alternative or updated potentials, larger cells,
or more extensive uncertainty quantification methods would strengthen the robustness of these
findings. Recognizing these limitations helps situate the present findings within the broader
context of thin-film growth modeling. Looking ahead, a key next step is to couple the MD-
derived atomistic barriers and mobilities into kinetic Monte Carlo models that can capture the
mesoscopic and device-relevant timescales. An intriguing question for future work is which
kinetic Monte Carlo variables, such as diffusion prefactors, activation energies, or desorption
rates, would be most sensitive to the microscopic barrier heights obtained from MD. By
specifying and testing the influence of these MD-informed parameters, a concrete multiscale
framework can be established. This follow-on pathway not only addresses the timescale
limitations, but also signals a specific research trajectory toward comprehensive, predictive
modeling of AIN film growth.

At lower temperatures (1000—-1200 K), most atoms remained incorporated within the
film; however, restricted atomic mobility resulted in disordered or amorphous structures.
Intermediate temperatures (1400—1600 K) facilitated sufficient atomic movement to enable the
formation of ordered, epitaxial bilayers while maintaining high retention. At higher
temperatures (1800 K and above), excessive thermal energy led to increased atom desorption
and defect formation, substantially reducing retention. Energy analysis revealed periodic
fluctuations in potential energy corresponding to deposition events and a steady increase in
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kinetic and total energy due to continuous atomic bombardment, indicating a quasi-steady
growth regime. Visualization confirmed enhanced crystallinity at intermediate temperatures.
Notably, these temperature-dependent behaviors are governed by fundamental atomistic
processes such as adatom diffusion and desorption, which are also critical in the growth of
other wide-bandgap nitride semiconductors. For instance, while the optimal temperature
window for GaN or AlGaN film growth may shift due to variations in bond strength and lattice
dynamics, a similar trade-off between adatom retention, mobility, and defect generation can be
expected. This suggests that the temperature-crystallinity relationship reported here provides
transferable insight for optimizing other nitride materials, broadening the applicability of the
present findings. However, it is important to note that the transferability of these findings to
other nitride systems is subject to key assumptions and limitations. Differences in factors such
as atomic mass, bond energies, crystal structures, defect chemistry, and surface kinetics may
shift the specific optimal temperature range or the balance between retention and mobility.
Furthermore, the simulation parameters used here—such as the choice of interatomic potential,
substrate orientation, and deposition flux—were tailored to AIN and may not directly reflect
the conditions ideal for other materials. As a result, while the general trends observed are rooted
in fundamental physical processes that apply broadly across nitrides, quantitative extension to
systems like GaN or AlGaN should be approached with caution. Further material-specific
simulations and experimental validation would be needed to establish precise processing
windows and mechanistic details for each system. In summary, the study identifies 1400—1600
K as the optimal deposition temperature range for AIN under the simulated conditions. As a
practical guideline for industry or laboratory settings, these results suggest maintaining
substrate or wafer heater set-points at 1500 K + 50 K during physical vapor deposition
processes such as molecular beam epitaxy (MBE) or sputtering to maximize crystalline quality
and atom retention. The results demonstrate the utility of molecular dynamics simulations as a
predictive tool for optimizing nitride thin-film growth processes relevant to electronic and
optoelectronic applications.
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Term Abbreviation
Molecular Dynamics MD
Aluminum Nitride AIN
Kinetic Energy KE
Potential Energy PE
Total Energy ETOT
Picosecond ps
Angstrom A
Electron Volt eV

Microcanonical Ensemble (constant Number, Volume, Energy) NVE
Canonical Ensemble (constant Number, Volume, Temperature) NVT
Large-scale Atomic/Molecular Massively Parallel Simulator LAMMPS
Open Visualization Tool OVITO
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