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Abstract
The nucleation and growth behavior of Ti thin films on Si(100) surfaces at 500
K were investigated via molecular dynamics and Monte Carlo methods. The
focus of this study was on the nucleation characteristics,growth mode, crystal
structure and surface structure of the Ti thin films for use in betavoltaic cell.
The results demonstrate that at the initial stage of deposition, mixing of Ti films
with Si substrates occurs at the interface. The surface roughness of Ti films is
influenced by the deposition atomic rate, which is associated with the crystal
structure transition in the films, and the stable HCP grains in the films are
frequently accompanied by an FCC laminated dislocation structure. As the de-
position rate increased, the growth mechanism of the Ti films transitioned from
a random orientation to a selective orientation. Furthermore, we recalculated
the adsorption energies of Ti at different adsorption sites on the Si(100)p(2$×$2)
surface. This was done to identify the optimal diffusion path of Ti atoms on the
Si(100) surface, which was then found via the transition state search method.

Full Text
Preamble
Atomistic Simulation Study of the Diffusion and Growth Mechanisms
of Ti Thin Films on Si(100) Surfaces for Betavoltaic Cells

Hanzi Zhang,1 Kaihong Long,1 Yunze Han,1 Chuankai Shen,1 Menghe Tu,1 and
Baoliang Zhang1,* 1China Institute of Atomic Energy, Beijing 102413, China

The nucleation and growth behavior of Ti thin films on Si(100) surfaces at 500
K were investigated via molecular dynamics and Monte Carlo methods, focusing
on the nucleation characteristics, growth mode, crystal structure, and surface
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morphology of the Ti thin films for application in betavoltaic cells. The results
demonstrate that mixing of Ti films with Si substrates occurs at the interface
during the initial deposition stage. The surface roughness of Ti films is influ-
enced by the deposition atomic rate, which is associated with crystal structure
transitions in the films, and stable HCP grains in the films are frequently ac-
companied by an FCC laminated dislocation structure. As the deposition rate
increases, the growth mechanism of the Ti films transitions from random ori-
entation to selective orientation. Furthermore, we recalculated the adsorption
energies of Ti at different adsorption sites on the Si(100)p(2$×$2) surface to
identify the optimal diffusion path of Ti atoms on the Si(100) surface, which
was then determined via the transition state search method.

Keywords: deposition; Si(100); Ti; first-principles calculation; molecular dy-
namics

Introduction
The interface between silicon and transition metals has long been critically im-
portant in various engineering applications, including microelectronic systems
[?] and nanotechnology [?]. The electrical, thermal, and mechanical response of
the silicon/transition metal interface is paramount for the overall performance
of engineered systems [?, ?]. In recent years, the field of nuclear energy has ex-
perienced a surge of interest in betavoltaic cells [?, ?, ?]. Betavoltaic cells offer
numerous advantages, including long operational lifetime, stable output, ease of
integration, high energy density, and strong environmental adaptability. Conse-
quently, betavoltaic cells represent an ideal alternative in situations where fossil
fuels or chemical batteries are impractical, such as remote sensing in extreme en-
vironments, medical implantable devices, and microelectromechanical systems
(MEMS) [?]. Tritium betavoltaics hold particular promise due to the high spe-
cific activity of solid tritium compounds, low shielding requirements, and rela-
tively high availability as a byproduct of CANDU® nuclear reactors [?]. Numer-
ous studies have investigated the incorporation of tritides into monocrystalline
silicon transducers [?, ?, ?]. Tritiated titanium is renowned for its low decay ray
energy, excellent chemical stability, and high safety. Titanium can adsorb and
store tritium in solid-state form at pressures of approximately 1.33$×10^{-5}$
Pa, forming tritiated titanium. This phenomenon results in high storage den-
sity and rapid tritium absorption, with equilibrium ionization decompression
occurring at approximately 10−5 Pa at room temperature [?]. Samples con-
taining silicon/transition metal interfaces are prepared via various vapor-phase
film growth techniques, and deposition of transition metals on monocrystalline
silicon substrates typically results in polycrystalline film formation.

For tritium betavoltaic cells with three-dimensional micro- and nanostructured
semiconductors, existing studies have loaded tritium directly onto semiconduc-
tors in gaseous form, which necessitates exploring the possibility of obtaining
tritium-absorbing metal thin films with maximal surface area and uniform distri-
bution within three-dimensional micro- and nanostructures to serve as tritium
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carriers, thereby achieving higher radioisotope tritium content. Ti thin films, as
the tritium-absorbing material in betavoltaic cells, directly influence the amount
of tritium adsorbed and its diffusion path, thus affecting the energy conversion
efficiency and output power density of the cell. The performance of tritium cells
can be significantly improved by optimizing the Ti film preparation process.

Magnetron sputtering is a widely utilized technique for titanium film deposition.
The preparation process substantially influences the surface morphology, grain
size, and texture of Ti films, thereby significantly impacting their functional
properties [?, ?, ?]. Sputtering power is an important factor that influences
the microstructure of titanium films by controlling the atomic deposition rate.
Chen et al. [?] demonstrated that the deposition rate significantly affects the
microstructure of Ti films prepared by magnetron sputtering on Si(100) surfaces,
with a transition from random orientation to (002) preferred orientation as the
deposition rate increases. Researchers have observed nanoamorphous structures
in titanium films, characterized by nanocrystals within an amorphous matrix.
Chawla et al. [?] reported that titanium film grain size increased with increasing
power and substrate temperature, observing preferred (101) and (002) orienta-
tions on glass substrates at 100 W and 150 W, respectively. In a related study,
Han et al. [?] investigated the impact of sputtering powers ranging from 80
to 120 W on titanium thin films deposited in deep holes, finding that thin
films tended to form columnar structures as sputtering power increased. P.
Moskovkin et al. [?] reported that at the lowest power density, the c-axis of
𝛼-Ti[001] is perpendicular to the substrate with the (002) plane parallel to the
substrate. As discharge power density increases during deposition, additional
Ti planes (100) parallel to the substrate appear, and at the highest power den-
sity, a (100) plane parallel to the substrate is predominantly observed. These
structural changes affect film hardness; however, the cause of the (100) plane
peak remains unclear. While these studies have proposed hypotheses regarding
the nucleation and growth mechanism of Ti films on Si(100) substrates, further
research is needed to investigate this deposition process.

Atomic-scale simulations, including density functional theory (DFT), molecular
dynamics (MD), and Monte Carlo (MC) simulations, have proven valuable for
investigating atomic-scale behavior at metal/ceramic interfaces, as well as for
obtaining interfacial energetics [?, ?, ?], heat transport properties [?], and dy-
namic processes at surfaces and interfaces [?, ?]. The first-principles method
is highly accurate for determining energy changes and electronic information
in small system models. The team led by Rafael Añez employs first-principles
calculations to investigate Ti atom adsorption on Si(111) and Si(100) surfaces
[?, ?, ?], analyzing interatomic interactions at the TiSi interface from a ther-
modynamic perspective. Their results indicate that TiSi interface mixing is
enhanced by defect regions on the substrate surface, emphasizing the impor-
tance of Si diffusion in determining the structure of the TiSi mixed layer.

Over the past decade, MD simulations for plasma-surface interactions have
emerged as crucial tools for investigating plasma phenomena including sputter-
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ing, etching, injection, and deposition [?, ?, ?, ?]. These simulations can repli-
cate nucleation and growth behaviors of thin films. While periodic boundaries
are commonly employed in MD simulations, ensuring the model is sufficiently
large to maintain simulation authenticity is highly important. Moreover, vari-
ations in element type and target structure within the simulation system can
result in differences in interatomic potential functions [?]. Conventional MD
simulations are typically limited to hundreds of nanoseconds due to constraints
imposed by system size and interatomic potential functions, limiting the range
of observable outcomes and making it challenging to capture slow but critical
structural evolution processes. Monte Carlo (MC) simulations determine atomic
displacement probabilities based on thermodynamic barriers, enabling broader
phase space sampling and often facilitating faster attainment of thermal equi-
librium for surface structures [?, ?, ?]. Among these algorithms, the primary
advantage of the timestamped force-bias Monte Carlo (tfMC) method is its
capacity to preserve temporal scale. Although tfMC does not explicitly incor-
porate time, it establishes a correlation between simulations and time scales by
integrating deterministic forces acting on atoms into a stochastic algorithm for
atomic displacement, resulting in a markedly increased acceptance rate of atomic
displacement and thus accelerating equilibrium attainment in the simulated sys-
tem. Reza Namakian and colleagues employed a sequential MD/time-stamped
force-bias Monte Carlo (tfMC) algorithm to simulate copper (Cu) deposition
on titanium nitride (TiN) substrates [?], observing and experimentally verify-
ing the transformation of Cu films on TiN(001) substrates from body-centered
cubic (BCC) to face-centered cubic (FCC) accompanied by nanotwin formation.
They also identified distinct film growth mechanisms on TiN(111) surfaces at
Ti-terminated and N-terminated ends. Gao et al. [?] reported significant vari-
ations in microstructures of Cu films deposited on different substrate surfaces,
with more pronounced effects on the Si(100) plane and in the vertical arrange-
ment of higher-position atoms on the (110) crystal plane, while specific deposi-
tion characteristics were observed on the (111) crystal face. Compared with the
C(111) surface, top atoms exhibit a more pronounced annular distribution and
relatively smooth surface. Considerable research has been conducted on MD
simulations of Cu deposition on Si substrates [?, ?]; however, studies on MD
simulations for titanium films remain scarce.

This study aims to investigate the nucleation and growth mechanisms of Ti
films on Si(100) substrates via computational simulation, focusing on analyzing
the impact of different deposition energies on Ti film microstructure and the
Ti nucleation and growth process on Si(100) substrates. Section 2 provides a
comprehensive account of the computational methodology and model configura-
tion. The principal simulation outcomes are presented and discussed in Section
3, followed by a summary in Section 4.
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II. Computational Details
A. DFT Calculations

Density functional theory (DFT) calculations were performed using DS-PAW
software [?]. The generalized gradient approximation (GGA) with the
Perdew–Burke–Ernzerhof functional was employed to handle electron exchange-
correlation. A plane-wave cutoff of 400 eV was utilized in all calculations,
with a vacuum layer set to 15 Å in the Z direction of the geometry. The
Methfessel–Paxton integration scheme was employed for sampling the Brillouin
zone at Monkhorst–Pack special points [?]. Calculations were performed with
an energy convergence criterion of 10−6 eV and a force convergence criterion
of 0.01 eV・Å−1. The atomic adsorption energy was determined through the
following calculation:

𝐸𝑎𝑑𝑠 = 𝐸𝑆𝑖(100)+𝑛𝑇 𝑖 − 𝐸𝑆𝑖(100)+(𝑛−1)𝑇 𝑖 − 𝐸𝑇 𝑖

where 𝐸𝑆𝑖(100)+𝑛𝑇 𝑖 denotes the energy of the surface containing n adsorbed Ti
atoms, 𝐸𝑆𝑖(100)+(𝑛−1)𝑇 𝑖 denotes the energy of the surface with (n-1) adsorbed
Ti atoms, and 𝐸𝑇 𝑖 is the energy of the ground state of an isolated Ti atom.

To gain further insights into the adsorption and diffusion behavior of Ti on the
Si(100) surface, this study employs the transition state search (TSS) method to
calculate the optimal diffusion paths and corresponding energy barriers between
different adsorption sites. The k-point mesh utilized for climbing-image nudged
elastic band (CI-NEB) calculations was set at 6 × 6 × 1, while the convergence
criterion for energies was maintained at a constant value, and the criterion for
forces was modified to 0.01 eV・Å−1.

B. Model of Titanium Atom Deposition and Simulation Methodology

The MD simulations were conducted using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [?]. A Si(100) surface structure was
constructed as a substrate with the x, y, and z axes oriented in the [011], [011],
and [100] directions, respectively, and with a model size of 69 × 69 × 154 Å3

containing a total of 12,960 Si atoms. The x- and y-directions were subject to
periodic boundary conditions, enabling the substrate to be treated as an infinite
flat plate in the xy-plane, while the z-direction was subject to a fixed boundary
condition. The existence of dimers on the (100) surface of Si introduces a certain
degree of randomness to the surface arrangement. To obtain the final substrate
surface structure containing dimers for the atomic deposition simulation, initial
surface relaxation of Si(100) was carried out under the NPT ensemble for 100
ps.

[Figure 1: see original paper] depicts the simulated surface model of Ti deposi-
tion on a single-crystal Si(100) substrate. The substrate is represented by a fixed
layer, a temperature-controlled layer, and a free layer from bottom to top. The
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fixed layer prevents momentum transfer when incident atoms collide with the
substrate, thereby preventing model drift. The top eight layers of atoms in the
substrate are designated as free layers, allowing unrestricted interactions with
incident particles to simulate diffusion behavior at the Ti–Si interface during
deposition. Upon impact with the substrate, incident particles interact with one
another, imparting kinetic energy to the system. This energy is subsequently
converted into latent heat of condensation, resulting in increased system tem-
perature. To maintain constant temperature throughout the deposition process,
different system combinations were employed for different model layers to regu-
late temperature within the system.

Relevant studies have demonstrated that the relaxation process in vapor depo-
sition simulations significantly impacts the final microstructure of thin films.
To more accurately simulate the growth behavior of Ti atoms on the Si(100)
surface during deposition, this paper employs a simulation scheme combining
the timestamped force-bias Monte Carlo (tfMC) method and MD. The tfMC ap-
proach does not consider atomic velocity; therefore, its practical significance lies
in the sampling temperature of the system rather than traditional temperature.
The key parameter for determining tfMC simulation success is the maximum
displacement length Δ of the lightest element in the system. A larger Δ re-
sults in a longer effective timescale for simulation; however, Δ must also be
sufficiently small to meet equilibrium requirements. In this work, the proper-
ties of perfect lattice titanium and semiconductor silicon were tested separately,
with results indicating that conditions with ΔTi = 0.1 and ΔSi = 0.1 ensure
increased sampling phase space while maintaining minimal precision loss.

C. Simulation of Titanium Atom Deposition

The deposition process is divided into two stages: the first involves mutual dif-
fusion between Ti and Si atoms, whereas the second involves self-diffusion of
deposited Ti atoms. To accurately depict deposition behavior and investigate
film growth mechanisms, we utilize the Tersoff potential function developed by
Plummer et al. [?] to describe interactions between Ti and Si, in conjunction
with the EAM potential function developed by Mendelev et al. [?] to characterize
interactions between Ti atoms. Prior to commencement of the formal simula-
tion, validation of a hybrid scheme incorporating both potential functions was
conducted. We assumed that the incident particle approaches the surface at a
velocity perpendicular to it, with a Ti atom randomly emitted to the substrate
within the incident layer depending on specific deposition parameters.

The velocity of the incident atom is determined by the given incident energy
𝐸𝑖𝑛, which can be calculated as follows:

𝑣 = √2𝐸𝑖𝑛
𝑚

where 𝑣 represents the velocity of the incident particle and 𝑚 represents the
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mass of the incident particle. The incident energy range in this paper is 0.01 eV
to 20 eV, with several values selected for simulation. shows the incident energy
of the Ti atom.

The substrate temperature was set to 500 K during the thin-film deposition pro-
cess. This temperature was selected based on its capacity to provide optimal
kinetic energy for promoting film growth during Ti deposition. Diffusion behav-
ior of Ti atoms is more significant at this temperature, affecting the orientation,
nucleation, and growth process of the film, ultimately resulting in higher film
quality. Furthermore, a series of control experiments were conducted at 300 K
and 0.1 eV to investigate phase transition phenomena during Ti film growth.
The system achieved thermal equilibrium by undergoing a 20 ps relaxation pe-
riod under the NVE ensemble before deposition initiation. For the Nose–Hoover
thermostat and Nose–Hoover barostat, the time constants for temperature and
pressure relaxation toward desired values were set to 100 and 1000 times the
timestep, respectively. A specified number of Ti atoms were randomly inserted
in the deposition area, with each newly deposited atom required to be at least
one cutoff radius (6.9 Å) away from previously deposited atoms. Following
deposition completion, an NVT ensemble relaxation was employed to regulate
temperature fluctuations resulting from kinetic energy transfer during successive
collision events of deposited Ti atoms. To ensure comprehensive execution of
both diffusion processes in the deposition simulation, 50 cycles were carried out,
with 300 atoms per deposition cycle. Therefore, each cycle consisted of MD
deposition, MD thermal balance, tfMC relaxation, and MD thermal balance.
Visualization of all simulation results was performed via OVITO software. The
surface atomic structure was analyzed via the polyhedral template matching
(PTM) method, with the RSMD cutoff set to dimers on this surface at 1.68 eV,
and these dimer structures are highly similar. Furthermore, the x, y, and z di-
rections of the model correspond to the [010], [001], and [100] directions of the Si
crystal, respectively. The dangling bonds on the bottom surface are saturated
by hydrogen atoms. The bottom four layers of atoms are fixed in subsequent
calculations to simplify the model, an approach demonstrated to be feasible on
numerous occasions. Additionally, the k-point mesh utilized for calculations is
set at 6 × 6 × 1.

[Figure 2: see original paper] shows the Si(100) surface model, which comprises a
tetrameric unit; the higher Si atom is designated by an orange-red color, whereas
the other is designated by an orange-yellow color for ease of visual observation.
The dimer structure of the Si(100) surface results in four distinct adsorption
sites for individual Ti atoms on the periodic substrate, labeled with letters in
Fig. 2. The adsorption energies of individual Ti atoms at different sites on the
Si(100) surface are presented in .
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III. Results and Discussion
A. Ti Diffusion Behavior on the Si(100) Surface

The cubic Si bulk was initially optimized, with energy and force convergence
achieved under a Monkhorst-Pack mesh of 4 × 4 × 4 K-points. The optimized
lattice constant is 5.47 Å, which agrees with results reported by Rafael Añez et
al. [?] and experimental data (5.43 Å) [?], with an error of no more than 1%.
The structure-optimized Si(100) surface, containing four Si dimer structures, is
depicted in [Figure 2: see original paper]. The Si atoms in the dimers are shown
in distinct colors for ease of differentiation. The structure was obtained by cell
expansion and modification of the cut surface based on Si(100)p(2$×$2). The
Si(100) surface model used in this work has a total of 8 atomic layers. The
formation energy of the dimer structures on this surface is 1.68 eV, and these
dimer structures are highly similar.

shows Ti adsorption energies (eV) at different sites. The results indicate that
Ti atoms most favorably adsorb at the H-site, with an adsorption energy of
-5.65 eV. Ti atoms at the H-site bond with Si atoms in the four surrounding
dimers. There are two types of Ti-Si bonds, with bond lengths of 2.40 Å and
2.42 Å, as shown in Figure 3: see original paper. The bond length between
Si atoms in the dimer increases as a consequence of Ti-Si atomic interactions.
Concurrently, the asymmetry of Si atoms in the two dimers bonded to them
is reduced because of Ti atom adsorption at the HDB sites. Nevertheless, the
atomic environments of the two are not equivalent, and the Ti–Si bond lengths
remain different, measuring 2.67 Å and 2.53 Å. This is not consistent with
results reported by Rafael Añez et al., a discrepancy attributable to the larger
periodic unit of the surface model in this paper. The structures of Ti atoms
adsorbed at the H and HDB sites exhibit relatively low symmetry, influenced by
the presence of neighboring dimers. Consequently, the calculations presented in
this paper are more consistent with the adsorption properties of individual Ti
atoms on the Si(100) surface. When the Ti atom adsorbs on the BL site, the Si
atoms bonded to the Ti atom exhibit three distinct atomic environments. The
Ti atom interacts with Si atoms on the two subsurfaces of the nondimer ([Figure
3: see original paper]e, f) with a bond length of 2.60 Å. Furthermore, this Ti
atom bonds to Si atoms of the two neighboring dimers, which have different
atomic environments. In contrast to the surface model presented in Refs. [?],
the adsorption sites are positioned as far as possible within the interior of the
model rather than on periodic boundaries, ensuring acquisition of more realistic
adsorption energy data.

Changes in Ti-Si bond length affect the electron density distribution and local
geometry between them, which in turn changes the electron supply capacity of
the adsorption sites. In cases of short Ti-Si bond lengths, increased electron
density in the vicinity of Ti atoms further facilitates electron transfer from the
adsorption sites, thus decreasing adsorption energy. Conversely, as Ti-Si bond
length increases, electron density decreases and adsorption energy is relatively
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elevated.

Precise calculation of individual Ti atom adsorption energies enabled determi-
nation of the minimum energy paths for diffusion of Ti atoms from the first
nearest neighboring HDB and BL sites to the H site. Five points were set be-
tween initial and final positions via linear interpolation. The transition state
search results are presented in [Figure 4: see original paper]. Diffusion of Ti
atoms from the HDB site to the H site necessitates crossing the Si atoms in
the two dimers to which they are bonded. As previously discussed, the two Si
atoms regain some symmetry under the influence of the Ti atom at the HDB site.
Consequently, at this juncture, Ti atoms diffuse in a roughly linear trajectory
toward the H site. The system energy reaches its maximum when the Ti atom
is directly above the two Si atoms. Notably, the calculated shortest diffusion
path from the BL site to the H site reveals that Ti atoms must traverse two
potential barriers throughout the entire process. The Ti atoms initially reach
the first nearest-neighbor HDB site and subsequently diffuse to the most stable
H site. These results indicate that Ti atom adsorption at the H site on the
Si(100) surface is highly stable and that Ti atom diffusion requires overcoming
a high potential barrier.

B. Molecular Dynamics/Monte Carlo Simulations of Ti Deposition

[Figure 5: see original paper] shows island growth patterns during the initial
stages of film deposition at different incident energies: (a-c) 0.1 eV, 4–6 loop; (d-
f) 5 eV, 4–6 loop. In accordance with the deposition scheme outlined in Section
2, we deposited 15,000 atoms on the Si(100) surface in approximately 25 layers,
considering an incident atomic energy interval of 0.1 eV to 5 eV. The figure
illustrates initial island growth and island aggregation behavior of Ti films at
incident energies of 0.1 eV and 5 eV. To quantify changes in deposition structure
over time, we used the number of simulated cycles as a proxy for simulation
time. At the beginning of deposition simulation, Ti atoms readily form 3D
islands locally (Figure 5: see original paper) because of Ti adsorption on the
Si(100) surface. At low-energy incidence, islands gradually coalesce, resulting in
two-dimensional growth in the xy plane with minimal change in island height.
As islands continue to grow two-dimensionally, film thickness increases. The
islands merge and gradually wet the entire substrate, as illustrated in Figure 5:
see original paper and Figure 5: see original paper. In the case of high-energy
incidence, the distribution of Ti atoms is slightly deeper, as shown in Figure
5: see original paper. In other words, the surface is covered with Ti atoms
at an earlier stage in high-energy incidence, leading to subsequent film growth
occurring at a faster rate. In the later stage, stacking of Ti atoms becomes the
primary growth mode, resulting in a notable increase in film growth rate [?].

In addition, the layer coverage of Ti and Si atoms near the Ti–Si interface
(position Z = 60) was quantified ([Figure 6: see original paper]). To eliminate
the possibility of random results, coverage was compared between the 20% and
80% intervals. The results show that diffusion of Si and Ti is not significant
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in the low-energy deposition state. When incident energy is high, Ti atoms
produce a better ion implantation effect. As a d-element, the lower mixing ratio
of Ti to Si is analogous to the Co to Si study [?]. Despite the lower mixing ratio
at the interface, a minimal quantity of Si still exerts influence on Ti film growth.
The detachment of Si forms irregular defects at the interface that may act as
sites for preferential nucleation of Ti atoms. Following the initial nucleation
event, deposition of Ti atoms continues around these defect sites, resulting in a
film growth pattern that exhibits specific orientations or the formation of early
grain boundaries and stress concentration regions.

[Figure 7: see original paper] shows the evolution of crystal structure in Ti
films as a function of simulation time at different incident energies. The results
demonstrate that Ti films deposited on Si(100) surfaces at 500 K eventually
form the HCP structure, which accounts for up to 60% of the crystal struc-
ture statistics. At high sputtering power, Ti migrates on the substrate surface
and occupies available equilibrium positions on the pre-existing titanium film
lattice, resulting in columnar structure formation [?]. The film grows at an in-
clined angle, consistent with other studies [?]. During initial deposition stages,
Ti films predominantly exhibit the BCC phase. After 10 cycles, the substrate
surface becomes covered with Ti atoms, indicating that Ti thin film growth had
entered the Ti stacking phase. At this stage, the formed Ti film is influenced
by the surface structure of the Si(100) substrate. The atomic arrangement is
looser, and space utilization is lower, with Ti films forming local BCC struc-
tures on the surface. These structures act as buffer regions between subsequent
HCP structures and the Si substrate until HCP structures at higher locations
reach a certain level before disappearing. Notably, the stable growth phase of
HCP structures is often accompanied by formation of FCC layer defects, which
greatly enhance HCP structure stability. At an incident atomic energy of 20
eV, higher deposition energy leads to more pronounced local emergence of the
BCC structure. Owing to the more active local atomic environment, formation
of FCC layer defects was not observed in the initial HCP structures. These
structures remain unstable and undergo significant compositional fluctuations
during further deposition and relaxation processes.

The surface topographies of Ti films at different incident energies were analyzed,
showing that four surfaces at lower energies (Figure 8: see original paper) exhib-
ited similar surface topographies and banded grains oriented in both the (002)
and (101) directions. This is due to earlier formation of layer mismatches in
films under low-energy deposition, which leads to incomplete relaxation of the
crystal structure. The Ti film at an incident energy of 20 eV in Figure 8: see
original paper has larger grains, and films deposited with 20 eV incident energy
exhibited uniform (101) surface orientation, suggesting that the (101) surface
has higher priority than the (002) surface at high temperatures (500 K). This
finding is consistent with Chawla et al. [?].

To further illustrate the effect of incident energy on surface quality, this pa-
per employs surface roughness as a metric to quantify this difference. Surface
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roughness is a common descriptor of film microscopic morphology that affects
film properties. Typically, lower surface roughness corresponds to greater resis-
tance and oxidation resistance. As incident energy increases, surface roughness
also increases, altering diffusion paths and nucleation mechanisms of Ti atoms
to some extent. The presence of diverse nucleation sites on high-roughness
surfaces results in more randomized and denser Ti nucleation. Additionally,
concave and convex structures on rough surfaces prolong atom retention time,
potentially contributing to emergence of three-dimensional island growth modes
and influencing overall film quality and homogeneity. In the molecular dynamics
simulations presented in this paper, surface roughness was calculated from the
z-coordinate of atoms on the film surface, expressed by the root-mean-square
roughness R:

𝑅 = √∑𝑁
𝑖=1(𝑍𝑖 − ̄𝑍)2

𝑁

where 𝑖 represents the surface atom of the deposition layer and 𝑁 is the total
number of such atoms. 𝑍𝑖 represents the height of the surface atom of the
deposition layer, whereas ̄𝑍 denotes the average height of all surface atoms.
The resulting calculations are presented in [Figure 9: see original paper].

The results demonstrate that incident atomic energy profoundly influences the
final surface roughness of Ti films. At lower energy states, increasing incident
atom energy has a markedly beneficial effect on film surface roughness; however,
this effect diminishes as incident energy increases from 0.1 eV to 5 eV, reaching
a plateau. When incident energy was increased to 20 eV, surface roughness
decreased further to 0.97. We believe the first decrease in surface roughness is
primarily due to surface diffusion of Ti atoms during deposition, while the second
decrease results from grain merger at high energy. Incident energy of deposited
atoms exerts pronounced influence on film surface roughness. Increased surface
roughness can facilitate formation of additional sites for tritium adsorption;
however, larger surface roughness also generates more intricate nucleation sites
during film growth, potentially influencing intrinsic film properties including
thickness uniformity and grain size. We therefore contend that a distributed
deposition method can be employed to regulate film quality by utilizing different
incident energies throughout the deposition process.

C. Ti Diffusion Behavior on the Si(100) Surface

Selective surface orientation behavior generally occurs during Ti thin film depo-
sition. Moskovkin et al. [?] revealed that during deposition, the Ti(002) plane
parallel to the substrate is generated in low-energy states, whereas the (100)
plane parallel to the substrate is mainly observed in high-energy states. To
investigate the reasons for this phenomenon, we conducted deposition simula-
tions at 300 K and 0.1 eV, obtaining surfaces containing (002) planes without
(100) planes. The results are shown in Figure 10: see original paper. Unlike
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the 500 K simulation, this simulation produced no BCC nanocrystals, indicating
that the Ti (100) surface orientation is generated by BCC nanocrystalline phase
transformation. This transformation process, shown in Figure 10: see original
paper, is consistent with the mechanism of Ti metal phase transformation [?, ?].
During the phase transition, the lattice undergoes large deformation along the
𝛽[110] direction. Since the film has larger relaxation space in the Z-axis direc-
tion, the 𝛽→𝛼 phase transition tends to align the 𝛼(100) plane parallel to the
substrate rather than the (002) plane, resulting in preferential formation of the
(100) plane.

In addition, we calculated the surface energies of BCC(110), HCP(002), and
HCP(100). The surface energies of HCP-Ti and BCC-Ti are given by:

𝛾 = 𝐸𝑠𝑙𝑎𝑏 − 𝑁𝑠𝑙𝑎𝑏 ⋅ 𝐸𝑏𝑢𝑙𝑘
2𝐴

where 𝐴 is the surface area, 𝐸𝑠𝑙𝑎𝑏 is the slab energy with 𝑁𝑠𝑙𝑎𝑏 atoms, and 𝐸𝑏𝑢𝑙𝑘
is the bulk energy per atom. The factor of 2A accounts for the two surfaces of
a slab.

In calculating surface energy, we adopted a cutoff energy consistent with that
mentioned above and tested convergence with different layers and k-points. The
final calculation results are shown in . These results indicate that 𝛼(100), as
a close-packed surface of HCP-Ti, has higher surface energy. We believe that
lattice deformation caused by phase transition is the direct cause of selective sur-
face orientation, while energy stability of the surface is the fundamental cause.
Ambient temperature during thin film deposition impacts the crystal structure
and surface orientation of the resulting film. To enhance energy conversion effi-
ciency and output power density of tritium cells, it is essential that metal films
possess robust crystal structure and optimal surface orientation, enabling effec-
tive tritium adsorption and diffusion. It must be acknowledged that tritium
adsorption and permeation-diffusion processes are highly complex, and further
studies are required to ascertain the full extent of these effects. Our findings
demonstrate, however, that experimenters can exert partial control over crys-
tal structure and surface orientation of Ti metal films by regulating ambient
temperature.

IV. Conclusion
The objective of this work is to investigate the diffusion and deposition behavior
of Ti on the Si(100) surface at the atomic scale through atomic-scale simulations.
A more realistic surface model was employed to calculate adsorption energies
of Ti atoms at different adsorption sites on the Si(100) surface, resulting in
identification of the optimal path for Ti atom diffusion on the surface. Atomic
deposition simulation results indicate that Ti atoms strongly prefer to occupy
the entire surface, with this process regulated by two-dimensional diffusion of
Ti atoms. Nucleation of Ti films is influenced by upward-diffusing Si atoms,
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with stable HCP grains in the films often accompanied by an FCC laminated
dislocation structure. The surface roughness of Ti films gradually decreases
with increasing incident energy, which is related to crystal structure transitions
in the films. Our study concludes that regulating incident energy during de-
position can effectively control Ti film surface roughness, thereby influencing
film thickness uniformity and grain size. In addition, the direct reason for (100)
surface formation in the film is lattice deformation during BCC nanocrystalline
material phase transition, and the fundamental reason is that the (100) surface
itself has a more stable structure. By regulating ambient temperature during de-
position, it is possible to influence crystal structure and surface orientation of Ti
thin films, which is crucial for enhancing the performance of tritium betavoltaic
cells.
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