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Beryllium–boron (BeB) thin films are important target materials in inertial confinement fusion (ICF) experiments.
In this work, molecular dynamics simulations combined with deep learning methods were employed to investigate the
deposition behavior and structural evolution of BeB films. The effects of incident angle, incident energy and substrate tem-
perature on the film growth process were systematically studied. A deep learning approach was used to develop interaction
potentials based on Be and B elements and the known BeB crystalline phases, enabling an accurate description of cluster
growth during deposition. The simulation results indicate that appropriate control of the incident parameters and substrate
temperature can significantly improve the surface quality of the films. These findings may offer preliminary insights into
the optimization of experimental conditions for the fabrication of high-quality BeB thin films.

Keywords: growth of beryllium–boron films, deep potential energy function, molecular dynamics simulation,
cluster sputtering
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1. Introduction
A proper and high-quality target material is one of the key

factors in inertial confinement fusion (ICF) experiments.[1–3]

Due to its low density (1.85 times that of water), low x-ray
reflectivity, high melting point and high flexural rigidity,[4]

beryllium (Be) metal is a suitable ablator material in the field
of ICF.[5–7] Magnetron sputtering is the primary method used
in experiments to prepare target pellets.[8] During the fabrica-
tion of Be targets, Be atoms grow in a hexagonal close packed
(hcp) structure along the substrate crystal, forming a colum-
nar structure. The rough columnar grains can weaken the me-
chanical properties of the coating, making it prone to damage
from external conditions. The anisotropic characteristics of
the grains also cause the coating to exhibit different properties
in different directions, reducing overall stability and affecting
the ablation performance of the material.[9]

To address the issue of surface roughness in Be targets, re-
searchers have proposed several grain refinement techniques,
including a negative bias voltage on the substrate,[10] ion
bombardment[11] and doping with impurities such as boron
(B).[12] Studies have shown that doping Be with B atoms dur-
ing the growth process can promote uniform grain refinement,
reduce surface roughness and even form an amorphous glass-
like structure.[12–14] Jankowski et al.[12] revealed that B dop-
ing can effectively refine the columnar structure to less than
20 nm in width, significantly reducing the surface roughness
of thin films. Li et al.[13] showed that as the proportion of

B doping increased to around 10% to 12%, the structure of
BeB films transitioned from crystalline to amorphous, with a
notable weakening of columnar crystal growth. Xu et al.[14]

used magnetron sputtering to prepare BeB amorphous films
and found that films grown with a B content of 11%–12%
exhibit an amorphous, uniform and smooth structure, which
reduces the effects of Rayleigh–Taylor instabilities.

To achieve high-quality BeB target pellets, it is essential
to precisely control and thoroughly investigate key parameters
in the magnetron sputtering process.[8] However, due to the
limitations of experimental scales it is difficult to explore the
microscopic mechanisms and morphological evolution of the
growth of BeB films in detail. Moreover, the potential toxic-
ity of Be further constrains experimental studies.[15] Molecu-
lar dynamics (MD) simulations offer a way to investigate the
growth of films at an atomic scale.[16,17] In magnetron sput-
tering experiments, atoms bombarded from the target material
have a certain probability of arriving at the substrate as clus-
ters. Considering the significant impact of incident clusters on
the process of growth, it is essential to study the deposition
of BeB atoms in clusters on the substrate. In fact, the prop-
erties of Be clusters and the deposition of atoms in clusters
have been reported as one of the key factors affecting the mi-
crostructure and performance of thin films.[18–21] Apart from
the influence of clusters on the growth of films, several fac-
tors such as incident angle,[22] incident energy[23] and sub-
strate temperature[24] are also important. Numerous MD sim-
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ulations of the growth of films have been reported,[25–32] fo-
cusing on the dynamic processes and structural characteristics
of thin films, particularly the influence of incident conditions
on the structure and morphology of deposited films. Zhou et
al.[25–27] used MD simulations to analyze the effects of inci-
dent angle, atomic kinetic energy and substrate temperature
on morphology and microstructure. Mes-adi et al.[28] investi-
gated the growth of aluminum films on different termination
surfaces (Al-terminated and Ni-terminated) using NiAl alloys
as substrates. Byggmästar et al.[29] simulated the growth of
films on a Be substrate, observing the early stages of oxide
layer formation on the Be surface and predicting the thermo-
dynamic and elastic properties of BeO nanosheets. Brault et
al.[30] utilized the ReaxFF force field for MD simulations to
study the growth of palladium (Pd) and palladium oxide (PdO)
nanoclusters, highlighting the influence of nanocluster temper-
ature on the simulated growth process. Zhu et al.[31] stud-
ied the growth characteristics of copper films on silicon sub-
strates at different temperatures, and found that the proportion
of face-centered cubic (fcc) structure rose with increasing tem-
perature in the deposited films. In addition, interface mixing
was primarily dominated by diffusion of copper atoms, while
the impact of incident sputtered atoms led to densification at
the film–substrate interface. Sharkass et al.[32] explored the
response of an oxidized tungsten surface to deuterium irradi-
ation in the 5–120 eV impact energy range and analyzed the
retention, reflection, sputtering and surface chemistry of oxi-
dized layers at various thicknesses at room temperature. Al-
though MD methods have been widely applied in the simula-
tion of film growth, simulation studies on magnetron sputter-
ing growth of BeB films are rare.

In MD simulations, the potential function describes the
interactions between particles in the system. The position and
velocity of each particle are governed by Newton’s laws of
motion. The potential function provides the driving force for
these movements; however, due to the lack of a comprehen-
sive potential function for Be and B, researchers often adopt
a hybrid approach by calculating the potentials of Be and B
atoms separately. For instance, the embedded atom method
(EAM) is used for pure Be[33] and the Tersoff potential is ap-
plied for pure B.[34] This method is not sufficient to accurately
describe complex deposition behaviors. Additionally, mixing
different types of potential functions carries the risk of force
mismatches at the boundary atoms. Therefore, it is crucial
to develop a multibody potential function that can handle high
doping concentrations and encompass the multiphase structure
of BeB systems.

Machine learning interatomic potentials (MLIPs) have
emerged as efficient alternatives to classical potentials, of-
fering near-ab initio MD (AIMD) accuracy with a much

lower computational cost. Unlike empirical models, MLIPs
are trained on quantum data and lack explicit physical
expressions. These include the Gaussian approximation
potential,[35] deep potential (DP),[36] spectral neighbor anal-
ysis potential[37] and moment tensor potential.[38] Each po-
tential offers unique advantages and can be tailored for spe-
cific types of material science investigations. The DP energy
function, a product of deep learning, can construct potential
energy descriptions that are applicable to systems with differ-
ent temperatures and multiple components through intelligent
learning by deep neural networks.[36,39] There have been many
studies utilizing deep learning to develop DP energy functions
and applying them to MD simulations.[40–42] Konashi et al.[40]

employed a neural network potential for MD simulation of
uranium dioxide, which is widely applicable to the evaluation
of physical properties. Kim et al.[41] developed a machine-
learning interatomic potential and calculated diffusion coeffi-
cients of Ag in ZrC0.94 and ZrC0.97 in the temperature range
of 2800–3200 K. Liyanage et al.[42] created a neural network
potential for hydrogen (H) and zirconium (Zr) based on DFT
calculations. The DP energy function not only captures energy
values with high precision but also ensures accurate force cal-
culations, making it appropriate for describing and simulating
force fields in complex systems. Therefore, it is particularly
suitable for simulating the growth of large-scale, multi-atomic
BeB films.

In this study, we explored various factors influencing the
growth of BeB films in magnetron sputtering. To closely align
with experimental conditions, we simulated the deposition of
Be and B atoms in cluster form. Through detailed simula-
tion analysis, we revealed how factors such as incident angle,
incident energy and substrate temperature affect the growth
morphology and microstructure of the films during sputtering.
These findings provide theoretical support for the design and
optimization of BeB target pellet experiments, aiming to en-
hance the controllability and efficiency of film preparation.

2. Computational method
2.1. The substrate setting

The substrate was constructed by Atomsk software.[43]

The substrate is illustrated in Fig. 1. It has a size of
108.47 Å×93.94 Å×121.42 Å, and contains 27648 Be atoms
with 2304 atoms per layer. The Be (0001) surface was taken
to be perpendicular to the z-axis. The atoms of the substrate
were divided into two types: boundary atoms and free atoms.
The boundary atoms comprised the bottom four layers of the
atoms, with a height of 7.41 Å, which were fixed on their lat-
tice sites to prevent the substrate materials from drifting due
to the incident atom momentum transfer. The free atoms con-
sisted of the eight atomic layers above the fixed atoms, where
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atoms moved freely according to Newton’s laws of motion.
This region simulated the free diffusion and collision behav-
ior of deposited atoms. There was a 5 Å space at the top of
the simulation box designated as the evaporation layer, which
removed any particles that were reflected. The clusters were
randomly generated in the region 5 Å to 10 Å above the top
surface of the simulation box.

108.47 A

Free atoms

Boundary atoms

x

z

y

Deposited atom

121.42 A

Evaporation area: 5.00 A 

x

z

y

(b)

(a)

93.94 A

108.47 
A

121.42 A

Evaporation area: 5.00 A 

Fig. 1. The simulation model of the substrate: (a) front view, (b) per-
spective view.

2.2. Details of the MD computational setting

Periodic boundary conditions were applied in the x-axis
and y-axis directions. The time step for the MD simulation
was 0.002 ps. The temperature was controlled by a canonical
ensemble (NVT), with temperature recalibration every 0.2 ps.
Before deposition, the substrates were relaxed for 20 ps to en-
sure that the substrate temperature and structure were in equi-
librium. Then, a 300 ps deposition of atoms was carried out
to grow the BeB films. The velocities of the deposited atoms
were set as

v =
√

2Ek/m, (1)

vz =−vcosθ , (2)

vx =−vsinθ sinφ , (3)

vy =−vsinθ cosφ , (4)

where v is the total velocity of the deposited particles, Ek is the
incident energy, m is the mass of the deposited particles, vx, vy

and vz are the velocity components of the particles along the x,
y and z axes, θ is the angle between the velocity component in
the x–y plane and the z-axis and φ is the angle between vx and
vy. The angle θ represents the polar angle between the total
velocity and the z-axis, while φ denotes the azimuthal angle
between velocity projection in the x–y plane and the y-axis.

The interactions between atoms are described by the DP
energy function. The Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS)[44] with a graphics pro-
cessing unit[45] was used to simulate the growth of BeB films.

The open visualization tool (OVITO)[46] was used to visualize
and analyze the simulation results.

The roughness of BeB films was evaluated by surface
area. In this study, we primarily used the surface area ratio
(SAR) to analyze the roughness of the deposited films. The
surface area ratio is defined as

SAR = Sfilms/Ssubstrate, (5)

where Sfilms is the surface area of the films and Ssubstrate is
the substrate area in the x–y plane. A larger SAR indicates
a rougher surface.

The radial distribution function (RDF)[47] was used to de-
scribe the spatial distribution probability of two particles in a
system. The slope or peak value of this function can reveal
the strength of atomic interactions, while the peak position re-
flects the average distance between atoms. The expression is
as follows:

g(r) =
1

ρ4πr2

∑
T
t=1 ∑

N
j=1 ∆N(r→ r+δ r)

N× t
, (6)

where N is the total number of atoms in the system, ρ is the
system density, t is the calculation time, δ r is the defined dis-
tance increment and ∆N is the varying number of atoms.

The mean squared displacement (MSD) is a physical
quantity used to describe the average distance traveled by mi-
croscopic particles over a certain time interval.[48] In MD sim-
ulations, MSD serves as a standard measure of the change in
particle positions over a given period. It is defined as the av-
erage of the squared displacements of individual particles at
each time step. The expression is as follows:

MSD(t) =
1
N ∑

N
i=1 (ri (t)− ri (0))

2, (7)

where N is the total number of atoms, ri (t) is the position of
the ith atom at time t, and ri (0) is its initial position.

2.3. Generating the DP energy function

In this study, the DP energy function was generated by
DeepGen.[36] For training amorphous or glass-like structures,
a well-suited initial model was considered at different temper-
atures, which depends on a well-designed neural network. We
chose the se e2 a descriptor (short for DeepPot-SE), which
covers the distance and angular information between a spe-
cific atom and its neighbors within a cutoff radius, enabling
the representation of multibody interactions. The initial data
were provided based on AIMD calculations using the Vienna
ab initio Simulation Package. Furthermore, four neural mod-
els with different random seeds were developed which would
be compared by LAMMPS.[44] Configurations with high force
discrepancies were marked as under-trained, leading to an-
other round of calculations for iterative optimization of the DP
model. Further computational details are as follows.
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(a) Material selection: we selected representative ele-
mental boron structures (B28 Pnnm, B36 R-3m) and elemental
beryllium (Be2 P63/mmc), along with their compounds such
as Be4B (P4/nmm), Be8B4 (C2/m) and Be12B6 (P-62c) as the
initial systems for model training.

(b) Supercell construction: these structures were ex-
panded into supercells containing approximately 300–500
atoms, with lattice vector lengths exceeding 12 Å to ensure ac-
curate AIMD simulations. The supercells were then uniformly
stretched and compressed, with deformation ratios ranging
from 0.97 to 1.03.

(c) Atomic and lattice perturbations: to enhance config-
urational diversity, we applied random perturbations to both
atomic positions and lattice vectors of the deformed structures,
allowing for the sampling of a wider range of distorted config-
urations.

(d) AIMD simulations: short AIMD runs were performed
under the NVT ensemble at 100 K with a time step of 2 fs for
a total of 25 steps in order to avoid generating redundant train-
ing data. This procedure yielded atomic snapshots along with
relevant quantities such as energy, forces, stress and system
size, for BeB structures.

(e) Simulation parameter optimization: the plane-wave
energy cutoffs for Be and B were 247 eV and 318 eV, respec-
tively. We used a common cutoff energy of 400 eV, which is
sufficient to ensure reliable AIMD results. Given the large size
of the supercells, a single Gamma-point k-mesh was used for
Brillouin zone sampling.

(f) LAMMPS exploration stage: we designed multiple it-
erations of LAMMPS-based structural exploration using the
evolving neural network model. In the first round, we em-
ployed the NVT ensemble at target temperatures of 100 K,
200 K and 300 K to sample BeB crystals and their (100), (010)
and (001) surface configurations. The second round used the
NPT ensemble under ambient pressure to explore bulk BeB
compounds and selected surface structures. The third and
fourth rounds increased the number of MD steps from 500 to
3000 to expand the configurational space and improve poten-
tial coverage. In the fifth and sixth rounds, the temperature
was increased to 400 K, 500 K and 600 K to study structural
behavior at elevated temperatures.

3. Results
3.1. The reliability of the DP energy function

We conducted a comprehensive analysis of the training
results for the loss function, which quantified the difference
between the predictions of models and the actual results (DFT
calculations), serving as the objective for the optimization al-
gorithm during the training process. In summary, the loss
function measured the degree of error in the predictions of

models

L
(

pε, p f , pξ

)
=

pε
N

∆ε2 +
p f

3N ∑
i
|∆Fi|2

+
pξ

9N
‖∆ξ‖2 . (8)

This formula presents the contributions of energy, force and
virial to the loss function. Since the force was related to the
first derivative of energy and the virial was associated with
the second derivative of energy, a common practice in char-
acterizing a system is to use energy and force. Therefore, we
only consider the roles of energy and force in the loss function
moving forward.

Figure 2 shows that as the learning rate decreases from
10−3 to 10−8, the total loss function (blue curve) gradu-
ally decreases and reaches equilibrium at around 106 train-
ing steps. The energy loss function (orange curve) stabilizes
around 10−3, and the force loss function (green curve) stabi-
lizes around 10−1, indicating that the model has achieved a
certain level of stability.

100
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RMSE energy
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Fig. 2. The variation curves of energy and force loss functions over time
(blue, total; orange, energy; green, force).

In addition, fundamental model validation requires sam-
pling calculations from the first-principles dataset to verify
specific accuracy across different systems. The fitting results
for elemental Be and B and some of their compounds are
shown in Figs. 3 and 4. From the scatter and histogram plots
in Figs. 3(a), 3(c), 4(a), and 4(c), force prediction errors for
the test set are highly concentrated (red dashed circle regions),
indicating that most data points fall within a small error range.
In detail, Figs. 3(a), 3(c), 4(a), and 4(c) show that the force
for Be, B36, Be8B4 and Be4B is primarily below 0.5 eV Å−1,
1.0 eV Å−1, 0.8 eV Å−1 and 0.75 eV Å−1 with discrepancies
between DFT self-consistent calculations and predicted val-
ues largely within 0.05 eV Å−1, 0.15 eV Å−1, 0.13 eV Å−1

and 0.08 eV Å−1, respectively. The line plots in Figs. 3(b),
3(d), 4(b), and 4(d) offer another perspective on fitting perfor-
mance: both energy and force predictions show a near-linear
relationship with DFT values, indicating that the developed
deep potential function has achieved a satisfactory level of per-
formance through training.
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Be. (b) Data prediction fitting curves for Be. (c) Scatter histograms for B36. (d) Data prediction fitting curves for B36.
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Fig. 5. The total energy, potential energy and temperature variation curves for Be4B and Be8B4 during relaxation in the NPT ensemble: (a1) total energy of
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Table 1. Comparison of elastic properties obtained from DP and DFT calculations for B36 (R-3m), Be2 (P63/mmc), Be4B (P4/nmm), and
Be8B4 (C2/m).

B36 R-3m Be2 P63-mmc Be4B P4/nmm Be8B4 C2/m

This work DFT This work DFT This work DFT This work DFT

Bulk modulus, Voigt (GPa) 210.41 212 125.08 120 150.69 138 160.24 145
Bulk modulus, Reuss (GPa) 208.87 208 124.67 120 150.17 138 151.11 145
Bulk modulus, Hill (GPa) 209.64 210 124.87 120 150.43 138 155.67 145

Then, we conducted NPT ensemble simulations on BeB
crystals (Be4B P4/nmm, Be8B4 C2/m) using the generated
DP energy function to assess their stability. A 100 ps relax-
ation simulation was implemented. The analyses of variations
in total energy, potential energy and temperature are presented
in Fig. 5. This figure clearly demonstrates that the total energy,
potential energy and temperature of the BeB crystals remain
highly stable during the evolution of all simulated tempera-
tures, indicating that the BeB crystals exist stably by their DP
energy function.

The elastic matrix of the BeB material was calculated
to comprehensively assess its mechanical properties, with
the corresponding results summarized in Table 1. Compari-
son of elastic properties obtained from DP and DFT calcula-
tions for B36 (R-3m), Be2 (P63/mmc), Be4B (P4/nmm), and
Be8B4 (C2/m) was made. A comparison of the data reveals
that the bulk modulus obtained from the DP model closely
matches that from DFT calculations, indicating good consis-
tency. These results suggest that our potential can reliably cap-
ture and describe the mechanical behavior of BeB materials.

To further verify the accuracy of the potential, we con-
ducted a series of simulations on a Be substrate, growing films
with B doping ratios ranging from 4% to 24%, increasing in
4% increments. The evolution of the crystal ratio with the
number of deposited atoms across this range of doping lev-

els (from 4% to 24%) is illustrated in Fig. 6, with an inci-
dent energy of 5.0 eV and a substrate temperature of 403.15 K.
This figure demonstrates that when B doping exceeds 15%, the
crystalline fraction decreases, which is consistent with previ-
ously observed experimental results.[12–14]

By the analysis in this section, we have verified that the
total energy, potential energy and temperature of the BeB crys-
tals obtained with the DP energy function show high stability.
Moreover, the sampling calculation from the first-principles
dataset has verified that the accuracy of DP energy function
is high for different systems. Therefore, our DP energy func-
tion can capture and describe the interaction between Be and
B accurately.
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Fig. 6. Evolution of the crystal ratio with the number of deposited atoms, with
an incident energy of 5.0 eV and a substrate temperature of 403.15 K.
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3.2. The effect of incident energy on the film morphology

In magnetron sputtering experiments, when the target pel-
let is struck by high-energy ions the resulting clusters travel
toward the substrate. The smaller clusters often have a higher
momentum, making them more likely to reach the substrate
surface. In contrast, the larger clusters may break apart during
their journey, reducing their chances of arriving intact. As a
result, the smaller clusters tend to predominate in the process.
To better replicate these conditions and enhance the reliability
of our results, we adopted a proportional deposition strategy.
By controlling the sputtering frequency for different cluster
sizes we aimed to closely mimic the actual sputtering process.
During deposition, the incident frequencies for clusters of 3 Å,
5 Å, 7 Å and 9 Å were set at 60%, 25%, 10% and 5%, re-
spectively. Existing experiments[13] have verified that when B
doping increases to 15%, the crystalline columnar growth is
significantly reduced and the grain size becomes notably finer.
Therefore, our simulation focused on the Be–16 at.% B films.
The substrate temperature was set at 403.15 K, with clusters
impacting the substrate surface perpendicularly.
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Fig. 7. The surface area ratio of films formed by clusters at different
incident energies.

The relationship between incident energy and surface area
is depicted in Fig. 7. It shows that when the clusters are de-
posited at a lower energy, such as 1.0 eV, the surface area ratio
of the films is relatively larger, reaching 1.5 to 1.6 times the
substrate area. This phenomenon is primarily due to the lim-
ited diffusion and migration ability of cluster atoms at a low
energy, which causes them to adhere near the contact point
with the substrate, resulting in island growth and increased
surface roughness. With a moderate increase in incident en-
ergy, the downward impact force helps disperse the cluster
atoms, allowing them to spread more evenly across the sub-
strate and reducing local atomic aggregation, which smooths
the surface of films. This effect is visually confirmed by im-
ages of the surface morphology of films deposited at various
energies, shown in Fig. 7. However, an excessively high in-
cident energy, such as above 30.0 eV, leads to an increase in

the surface area ratio of the films. This is qualitatively ob-
served in the surface morphology images illustrated in Fig. 8.
This phenomenon occurs when secondary sputtering effects
are triggered, disrupting the surface structure of the deposited
films and leading to the formation of local pits and protrusions.
Additionally, high-energy atoms may penetrate the surface or
cause localized melting followed by rapid solidification, fur-
ther increasing surface irregularities and resulting in roughen-
ing.

(a1) 1.0 eV (a2) 3.0 eV (a3) 5.0 eV (a4) 10.0 eV

(a5)  20.0 eV (a6)  30.0 eV (a7) 40.0 eV (a8)  50.0 eV

Fig. 8. The surface morphology of films at different incident energies,
controlled from 1.0 eV to 50.0 eV.
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Fig. 9. The RDF of films formed by clusters at different incident ener-
gies, with the incident energy ranging from 1.0 eV to 50.0 eV: (a) Be–Be
atomic pairs, (b) Be–B atomic pairs.

The RDF of films grown under different incident energies
is represented in Fig. 9, with the incident energy ranging from
1.0 eV to 50.0 eV: (a) Be–Be atomic pairs, (b) Be–B atomic
pairs. From the data, it is evident that while the RDF for Be–
Be atomic pairs in the films shows little change, there are sub-
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tle variations in the function for Be–B atomic pairs. For Be–B
atomic pairs, the peak shape shows minimal change as the en-
ergy increases from 1 eV to 30 eV, with a slight increase in
peak height, indicating enhanced local short-range order and
improved local densification. However, as the energy rises to
50 eV the peak width broadens significantly, suggesting the
emergence of greater local structural distortions. These phe-
nomena are consistent with the analysis in Figs. 7 and 8.

These results indicate that a moderate increase in the in-
cident energy can reduce the surface roughness of BeB films.
Within the energy range of 10.0 eV/atom to 30.0 eV/atom the
surface roughness remains low. This suggests that precise con-
trol of the incident energy can optimize the structural proper-
ties of the films, resulting in higher-quality deposition.

3.3. The effect of incident angle on the film morphology

In magnetron sputtering experiments, adjusting the inci-
dent angle of the particles offers a way to control the growth
of films and tailor the final surface morphology for specific
applications.[23] As analyzed in the previous section, we set
the incident frequencies of the 3 Å, 5 Å, 7 Å and 9 Å clus-
ters to 60%, 25%, 10% and 5%, respectively. To explore the
impact of the incident angle on film growth, we simulated Be–
16 at.% B films at a substrate temperature of 403.15 K, with
incident energies of 5.0 eV/atom and 10.0 eV/atom. The inci-
dent angles were set to 0◦, 15◦, 30◦, 45◦ and 60◦.

Figure 10 shows how surface roughness evolves over de-
position time. Figure 11 displays the final surface morphology
of the deposited films. From these figures it is clear that at
lower incident angles (below 30◦) surface roughness is mini-
mally affected by angle variations. However, once the incident
angle exceeds 45◦, the surface roughness rises sharply with

increasing angle. This effect is possibly caused by the sput-
tered particles arriving at the substrate at higher tilt angles,
distributing their kinetic energy primarily along the surface.
Furthermore, it raises the possibility of atom reflection. This
also causes micro-protrusions on the substrate to shade areas
behind them, reducing the sputtered atom density in those re-
gions. As time progresses, this uneven deposition causes the
film to develop a rough, uneven surface.
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Fig. 10. The surface area ratio of films formed by clusters at different
incident angles: (a) incident energy of 5.0 eV, (b) incident energy of
10.0 eV.

(b1) 10.0 eV 0O (b2) 10.0 eV 15O (b3) 10.0 eV 30O (b4) 10.0 eV 45O (b5) 10.0 eV 60O

(a1) 5.0 eV 0O (a2) 5.0 eV 15O (a3) 5.0 eV 30O (a4) 5.0 eV 45O (a5) 5.0 eV 60O

Fig. 11. The surface morphology of films formed at different incident angles with incident energies of 5.0 eV and 10.0 eV. The incident angle
is controlled from 0◦ to 60◦ relative to the z-axis, with increments of 15◦.
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Fig. 12. The RDF of films formed by clusters at different incident an-
gles with an incident energy of 5.0 eV: (a) Be–Be atomic pairs, (b) Be–B
atomic pairs.

The RDF curves for Be–Be and Be–B atomic pairs at an
incident energy of 5.0 eV at different incident angles are illus-
trated in Fig. 12. It is apparent that the peak height for Be–
Be atomic pairs slightly decreases with increasing incidence
angle, indicating a reduction in local short-range order. This
suggests that at higher angles the atomic arrangement becomes
less compact and more disordered, contributing to increased
surface roughness. This observation aligns with our analysis
for Figs. 10 and 11.

From the analyses above, we conclude that controlling
the incident angle between 0◦ and 30◦ during sputter deposi-
tion can effectively maintain the surface roughness of films at
a relatively low level.

3.4. The effect of substrate temperature on film morphol-
ogy

In magnetron sputtering experiments, precise control of
the substrate temperature can optimize the microstructure of
films and reduce surface roughness.[24] In our study, we ex-
plored the effects of different substrate temperatures on Be–
16 at.% B film under the same incident energy. Specifically,
films grown at an incident energy of 1.0 eV/atom were sub-
jected to heating treatments for 60 ps within the temperature
range 273.15–1073.15 K.

Figures 13 and 14 show that as the temperature increases
the roughness of the films initially decreases. This is because
with a moderate rise in substrate temperature surface diffu-
sion is enhanced, allowing atoms to migrate to lower-energy
positions. However, as the temperature further increases (to

1073.15 K), the films become rougher. This is because ex-
cessive atomic migration, which may cause atoms to move
away from their lowest-energy positions, disrupts surface uni-
formity. Additionally, high temperatures can lead to localized
desorption or re-evaporation of atoms, and even induce ther-
mal stress, all of which contribute to surface instability and
increased roughness.

(a) Before heating (b1) 273.15 K (b2) 403.15 K (b3) 523.15 K

(b4) 598.15 K (b5) 683.15 K (b6) 883.15 K (b7) 1073.15 K

Fig. 13. The surface morphology of films formed at different substrate tem-
peratures with incident energies of 1.0 eV: (a) surface morphology of the
film before heating, (b1)–(b7) surface morphologies at different substrate
temperatures.
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Fig. 14. The surface area ratio of films formed by clusters at different
substrate temperatures.

We performed MSD analysis of the heating process at dif-
ferent temperatures. The results are shown in Fig. 15. It is evi-
dent that MSD exhibits a clear upward trend as the temperature
increases, indicating that the diffusion and migration ability
of atoms within the film is enhanced with increasing temper-
ature. Specifically, when the temperature reaches 883.15 K,
a sharp increase in MSD occurs. This is likely due to the
rapid increase in atomic energy at high temperatures, enabling
atoms to overcome local energy barriers and thereby enhanc-
ing their diffusion ability. However, when the temperature
reaches 1073.15 K, MSD exhibits linear growth, indicating
liquefaction of the film. All these findings are consistent with
the surface morphology analysis in Fig. 13, further validating
our conclusions.
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Fig. 15. The MSD of the films during the heating process with temperatures ranging from 273.15 K to 1073.15 K: (a) total MSD of the atoms,
(b) MSD along the x-axis, (c) MSD along the y-axis, (d) MSD along the z-axis.

Furthermore, analysis of both the total MSD curve and the
MSD curves along individual directions reveals that the diffu-
sion ability of atoms in the film is roughly isotropic. Such
isotropy is a key feature of typical amorphous materials, re-
flecting the absence of a distinct lattice arrangement and the
presence of a uniform and disordered structure.

In this section, we have found that heating the films at
a certain temperature can effectively reduce their roughness.
However, when the temperature exceeds 883.15 K, localized
liquefaction may occur, adversely affecting film growth qual-
ity. Therefore, we recommend heating the substrate to a tem-
perature in the range of 683.15–883.15 K to achieve high-
quality films.

4. Conclusions
In this study, we have developed a deep potential energy

function which accurately describes Be–B interactions and
provides a high-precision foundation for molecular dynamics
simulations of the growth of BeB films, overcoming the lim-
itations of existing methods. We explored the growth of BeB
films formed by clusters. The results show that with increasing
incident energy the surface area ratio of films decreases. How-
ever, when the incident energy exceeds 30.0 eV, the surface
roughness of films begins to rise. Therefore, incident energies
between 10.0 eV/atom and 30.0 eV/atom produce films with
smoother surfaces. This suggests that precise control of the
incident energy can optimize the structural properties of the
films, resulting in a higher-quality deposition.

Keeping the incident angle between 0◦ and 30◦ yields a
smoother film surface, while angles above 45◦ significantly
increase the roughness. This suggests that adjusting the inci-
dent angle can effectively influence the surface morphology of
the films.

Additionally, heating the films at a certain temperature
(683.15–883.15 K) can effectively reduce their roughness.
However, excessively high temperatures may cause the surface
of the film to melt, thereby affecting its quality.

In short, our calculations demonstrate that by controlling
the incident angle, energy and substrate temperature, high-
quality BeB films can be achieved. We hope these findings
will provide a solid theoretical foundation for experimental
film fabrication, helping to enhance the controllability and ef-
ficiency of film preparation.
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