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Abstract

The nucleation and growth behaviors of Ti thin films on Si(100) surfaces at 500 K were investigated via molecular dynamics
and Monte Carlo methods. This study focuses on the nucleation characteristics, growth mode, crystal structure, and surface
structure of Ti thin films for use in betavoltaic cells. The results demonstrate that at the initial stage of deposition, the Ti film
mixes with the Si substrate at the interface. The surface roughness of the Ti film is influenced by the deposition atomic rate,
which is associated with the crystal structure transition in the film, and the stable hexagonal close-packed (HCP) grains in
the film are frequently accompanied by the presence of dislocations with an face-centered cubic (FCC) laminated structure.
As the deposition rate increases, the growth behavior of the Ti film transitions from random growth orientation to selective
growth orientation. Furthermore, the adsorption energies of Ti at different sites on the Si(100)p(2x2) surface were calculated.
This was performed to identify the optimal diffusion path of the Ti atoms on the Si(100) surface, which was then found via

the transition state search method.
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1 Introduction

The interface between Si and transition metals is of para-
mount importance in various engineering applications,
including microelectronic systems [1] and nanotechnol-
ogy [2]. The electrical, thermal, and mechanical responses of
the Si/transition metal interface are crucial factors in deter-
mining the overall performance of the engineered system [3,
4]. In recent years, the field of nuclear energy has witnessed
a surge in interest in betavoltaic cells [5—7]. Betavoltaic cells
offer a number of advantages, including a long operational
life, stable output, ease of integration, high energy density,
and high environmental adaptability. As a result, betavoltaic
cells are an ideal alternative in various scenarios where the
use of fossil fuel or chemical batteries is not feasible, such
as in remote sensing applications in extreme environmental
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conditions, medical implantable devices, and microelectro-
mechanical systems (MEMS) [8]. Tritium betavoltaics hold
more promise than others owing to the highly specific activ-
ity of solid tritium compounds, low shielding requirements,
and relatively high availability of tritium as a by-product
of CANDU®nuclear reactors [9]. A number of studies
have been conducted on the incorporation of tritides into
monocrystalline Si transducers [10-12]. Tritiated titanium
is renowned for its low decay ray energy, excellent chemical
stability, and high safety. Titanium is capable of adsorbing
and storing tritium in the solid state at a pressure of approxi-
mately 1.33 X 107> Pa, forming tritiated titanium. This phe-
nomenon results in a high storage density and rapid absorp-
tion rate of tritium. The equilibrium dissociation pressure is
approximately 1073 Pa at room temperature [13]. Samples
containing Si/transition metal interfaces are prepared via
various vapor-phase film growth techniques. The deposi-
tion of transition metals on monocrystalline Si substrates
is known to result in the formation of polycrystalline films.
In fact, for tritium betavoltaic cells with three-dimensional
(3D) micro- and nanostructured semiconductors, existing
studies have loaded tritium directly onto the semiconduc-
tor in the form of a gas. To obtain a higher amount of the
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radioisotope tritium, this approach requires exploring the
possibility of obtaining tritium-absorbing metal thin films
with the largest possible surface area and uniformly distrib-
uted in the 3D micro- and nanostructures to act as tritium
carriers. Ti thin films, which act as the tritium-absorbing
material in betavoltaic cells, have a direct influence on the
amount of tritium adsorbed and its diffusion path, thereby
affecting the energy conversion efficiency and output power
density of the cell. Thus, the performance of tritium cells
can be significantly improved by optimizing the Ti film
preparation process.

Magnetron sputtering is a widely utilized technique for
the deposition of Ti films. The preparation process has a sub-
stantial influence on the surface morphology, grain size, and
texture of the obtained Ti films, thereby significantly impact-
ing their functional properties [14—16]. The sputtering power
is an important factor that influences the microstructure of
Ti films as it controls the rate of atomic deposition. Chen
et al. [17] demonstrated that the deposition rate has a sig-
nificant effect on the microstructure of Ti films deposited on
the Si(100) surface via magnetron sputtering. As the depo-
sition rate increased, a transition was found to occur from
a random growth orientation to the (002) preferred growth
orientation. Researchers have imaged the nanoamorphous
structure of Ti films, which is characterized by the pres-
ence of nanocrystals within an amorphous matrix. Chawla
et al. [18] reported that the grain size of Ti films increased
with increasing sputtering power and substrate temperature.
At 100 and 150 W, the (101) and (002) preferred growth ori-
entations were observed for deposition on glass substrates.
In a related study, Han et al. [19] investigated the impact of
sputtering powers ranging from 80 to 120 W on the proper-
ties of the obtained Ti thin films deposited in deep holes.
They reported that as the sputtering power increased, the
thin films exhibited a tendency to form columnar structures.
Moskovkin et al. [20] reported that at the lowest power den-
sity, the ¢ axis of @-Ti[001] was perpendicular to the sub-
strate, and the (002) planes were parallel to the substrate.
As the discharge power density increased during deposition,
additional Ti(100) planes parallel to the substrate appeared.
Finally, at the highest power density, (100) planes parallel
to the substrate were mainly observed during deposition.
These structural changes caused corresponding changes in
the hardness of the film. However, the reason behind the
observed peak in the (100) planes remains unclear. These
studies formulated a hypothesis regarding the nucleation and
growth mechanism of Ti films on Si(100) substrates, but fur-
ther research is still needed to study this deposition process.

Atomic-scale simulations, including density functional
theory (DFT), molecular dynamics (MD), and Monte Carlo
(MC) simulations, have proven to be valuable tools for inves-
tigating the atomic-scale behavior of metal/ceramic inter-
faces, as well as for studying interfacial energetics [21-23],
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heat transport properties at interfaces [24], and dynamic
processes at surfaces and interfaces [25, 26]. First-princi-
ples methods are highly accurate for the determination of
energy changes and for acquiring electronic information in
the context of small system models. The team led by Afiez
employed first-principles calculations to investigate the Ti
atom adsorption process on the Si(111) and Si(100) sur-
faces [21-23]. The interatomic interactions at the Ti—Si
interface were analyzed from a thermodynamic perspective.
The results indicated that the mixing of the Ti—Si interface is
enhanced by the presence of defect regions on the substrate
surface, which emphasizes the importance of Si diffusion in
determining the structure of the Ti—Si mixed layer.

Over the past decade, MD simulations for plasma surface
interactions have emerged as a crucial tool for investigating
arange of plasma phenomena, including sputtering, etching,
injection, and deposition [27-30]. These simulations can
replicate the nucleation and growth behaviors of thin films.
While periodic boundaries are commonly employed in MD
simulations, ensuring that the model is sufficiently large to
maintain the authenticity of the simulation is highly impor-
tant. Moreover, variations in the element type and structure
of the target within the simulation system can result in dif-
ferences in the interatomic potential functions [31]. Con-
ventional MD simulations are typically limited to temporal
scales of hundreds of nanoseconds due to the constraints
imposed by the size of the simulated system and the intera-
tomic potential functions. Consequently, this limits the range
of possible outcomes that can be observed in the simulation
system, making it challenging to capture slow but critical
structural evolution processes. MC simulations determine
atomic displacement probabilities on the basis of thermo-
dynamic barriers, enabling the sampling of a broader phase
space and often permitting surface structures to attain ther-
mal equilibrium on shorter time scales [32—-34]. Among the
aforementioned algorithms, the primary advantage of the
time-stamped force-bias Monte Carlo (tfMC) method is its
capacity to preserve the temporal scale. Although the tfMC
method does not explicitly incorporate time, it establishes
a correlation between the simulation and the time scale by
incorporating deterministic forces acting on the atoms into
a stochastic algorithm for atomic displacement. This results
in a markedly increased acceptance rate of atomic displace-
ment, thus accelerating the attainment of equilibrium in the
simulated system. Namakian and colleagues employed a
sequential MD/tfMC algorithm to simulate the deposition
behavior of Cu on a TiN substrate [26]. The transformation
of the Cu film on the TiN(001) substrate from a body-cen-
tered cubic (BCC) structure to a face-centered cubic (FCC)
structure, accompanied by the formation of nanotwins, was
observed and experimentally verified. Furthermore, they
identified distinct film growth mechanisms on the TiN(111)
surface at the Ti-terminated end and the N-terminated
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end. Gao et al. [25] reported significant variations in the
microstructure of Cu films deposited on different substrate
surfaces. These variations were more pronounced on the
Si(100) planes and in the vertical arrangement of higher-
position atoms on the (110) crystal planes. Notably, spe-
cific deposition characteristics were observed on the (111)
crystal planes. Compared with the C(111) surface, the top
atoms exhibited a more pronounced annular distribution and
a relatively smooth surface. Considerable research has been
conducted on the topic of MD simulations of Cu deposition
on Si substrates [35, 36]. However, studies on MD simula-
tions of Ti films are scarce.

This study aims to investigate the nucleation and growth
mechanisms of Ti films on Si(100) substrates via compu-
tational simulations. The primary objective of this study is
to analyze the impact of different deposition energies on
the microstructure of the obtained Ti films as well as the
process of Ti nucleation and growth on Si(100) substrates.
Section 2 provides a comprehensive account of the compu-
tational methodology employed in this study and the model
configuration. The principal simulation outcomes are pre-
sented and discussed in Sect. 3, while the conclusions are
drawn in Sect. 4.

2 Computational details
2.1 DFT

All DFT calculations were performed using the DS-PAW
software [37]. The Perdew—Burke—Ernzerhof (PBE)-gen-
eralized gradient approximation (GGA) was employed to
model the exchange correlation between electrons. A plane-
wave cutoff energy of 400 eV was utilized in all calculations,
with a 15-A-thick vacuum layer set in the Z-direction of
the geometry. The Methfessel-Paxton integration scheme
was employed for sampling the Brillouin zone at the Monk-
horst—Pack special points [38]. The following calculation
was performed with an energy convergence criterion of 107
eV and a force convergence criterion of 0.01 eV - A-1. The
atomic adsorption energy is determined through the follow-
ing equation:

E\ g = Esi100)+nmi — Esiciooy+(n-1yri — Eio (1)

where Eg;00)4,1; denotes the energy of the surface contain-
ing n adsorbed Ti atoms, Eg;0)4(,—1yr; denotes the energy
of the surface containing (n — 1) adsorbed Ti atoms, and
E+; 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, the transition state
search (TSS) method was employed to calculate the opti-
mal diffusion paths and the corresponding energy barriers

between different adsorption sites. Additionally, the k-point
mesh utilized for climbing-image nudged elastic band (CI-
NEB) calculations was set to 6 X 6 X 1, while the energy con-
vergence criterion was set at a constant value. Conversely,
the force convergence criterion was modified to 0.01 eV:
AL

2.2 Model of Ti atom deposition and simulation
methodology

All the MD simulations were conducted via the large-
scale atomic/molecular massively parallel simulator
(LAMMPS) [39]. A Si(100) surface structure was con-
structed as the substrate via the LAMMPS, with the x-, y-,
and z-axes oriented along the [011], [OTI], and [100] direc-
tions, respectively; the model had dimensions of 69 A x
69 A x 154 A and contained a total of 12,960 Si atoms.
The x- and y-directions were subjected to periodic boundary
conditions, which enable the substrate to be treated as an
infinite flat plate in the xy-plane. By contrast, the z-direction
was subjected to a fixed boundary condition. The existence
of dimers on the Si(100) surface introduces a certain degree
of randomness in the arrangement of the [OTI] surface. To
obtain the final substrate surface structure for the atomic
deposition simulation containing dimers, Si(100) was ini-
tially relaxed under the NPT system for 100 ps. Figure 1
depicts the simulated model of Ti deposition on a single-
crystal Si(100) substrate. From the bottom to the top, the
substrate consists of a fixed layer, a temperature-controlled
layer, and a free layer. The fixed layer was established to
prevent momentum transfer when the incident atoms collide
with the substrate, thereby preventing the model from drift-
ing. The top eight layers of atoms in the substrate were set
to be free layers, allowing for unrestricted interactions with
the incident particles to simulate the diffusion behavior of
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Fig.1 (Color online) Model employed for simulating the deposition
of Ti atoms on an Si(100) substrate
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the atoms at the Ti-Si interface during the deposition pro-
cess. When impacting the substrate, the incident particles
interact with one another, imparting kinetic energy to the
system. This energy is subsequently converted into latent
heat of condensation, resulting in an increase in the system
temperature. To maintain a constant temperature throughout
the deposition process, different system combinations were
employed for different layers of the model. These combina-
tions were designed to control the temperature of the system.

Relevant studies have demonstrated that the relaxation
process in vapor deposition simulations significantly impacts
the final microstructure of the thin film. To more accurately
simulate the growth behavior of the Ti atoms on the Si(100)
surface during deposition, a scheme combining the tfMC
method and MD simulations was employed in this work.
The tfMC approach does not consider the atomic velocity;
therefore, the concept of temperature lacks physical signifi-
cance; the only relevant ‘temperature’ is the sampling tem-
perature of the system. The key parameter for determining
the success of tfMC simulations is the maximum displace-
ment length A of the lightest element in the system. A larger
A results in a longer effective simulation time. However, A
must also be selected to be sufficiently small to meet the
equilibrium requirements. In this work, the properties of
metallic Ti and semiconducting Si with perfect lattices were
tested separately. The results indicate that setting ATi to 0.1
and ASi to 0.1 ensures a broader sampling phase space while
minimizing precision loss.

2.3 Simulation of Ti atom deposition

The deposition process is divided into two stages: The first
involves the mutual diffusion of the Ti and Si atoms, whereas
the second involves the self-diffusion of the deposited Ti
atoms. To accurately depict the Ti deposition behavior and
investigate the film growth mechanism, the Tersoff potential
function developed by Plummer et al. [40] was utilized to
describe the interaction between Ti and Si, and the EAM
potential function developed by Mendelev et al. [41] was uti-
lized to characterize the interactions between the Ti atoms.
Prior to the commencement of the simulation, a hybrid
scheme incorporating both potential functions was vali-
dated. To facilitate the study, it was assumed that the inci-
dent particle approaches the surface following a direction
perpendicular to it. Depending on the specific deposition
parameters, a Ti atom is randomly emitted to the substrate
within the incident layer. The velocity of the incident atom
is determined by the given incident energy E; , which can
be calculated as follows:
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2E,
V= =, (2)
m

where v represents the velocity of the incident particle, and
m represents the mass of the incident particle. The range
of incident energies investigated in this work is 0.01-20
eV, with several values selected for the simulation. Table 1
shows the incident energies of the Ti atoms considered in
this work.

The substrate temperature was set to 500 K during the
thin-film deposition process. The temperature of 500 K was
selected based on the fact that it provides the optimal kinetic
energy for promoting film growth during Ti deposition. The
diffusion of Ti atoms is significantly more pronounced at
this temperature than at other temperatures, which affects
the orientation, nucleation, and growth process of the film,
ultimately resulting in a higher-quality film. Furthermore, a
series of control experiments were conducted at 300 K and
0.1 eV to investigate the phase transition phenomenon dur-
ing the growth of the Ti films. The system achieved thermal
equilibrium by undergoing a 20-ps relaxation period under
the NVE ensemble before the deposition process was initi-
ated. For the Nose—Hoover thermostat and the Nose—Hoover
barostat, the time constants for temperature and pressure
relaxation toward the desired values were set to 100 and
1000 times the time step, 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 A) away from the previously deposited
atom. Following the completion of the deposition process,
an NVT ensemble relaxation was employed to control the
temperature fluctuations resulting from the kinetic energy
transfer during successive collision events of the deposited
Ti atoms. To ensure the full execution of both types of dif-
fusion processes in the deposition simulation, 50 deposition
cycles were carried out, with 300 atoms deposited per cycle.
Therefore, each cycle comprised the following steps: MD
deposition, MD thermal balance, tfMC relaxation, and MD
thermal balance. All the simulation results were visualized
using the OVITO software. The surface atomic structure
was analyzed via the polyhedral template matching (PTM)
method, with the root-mean-square-deviation (RSMD) cut-
off set to 0.1.

Table 1 Energy of the incident

Energy (eV) Rate (A-ps)

Ti atoms
0.1 6.3
0.5 14.2
1 20.1
5 449
10 89.8
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3 Results and discussion
3.1 Tidiffusion behavior on the Si(100) surface

The cubic Si bulk was initially optimized, and the energy
and force were made to converge using a Monkhorst—Pack
mesh of 4 X 4 X 4 k-points. The optimized lattice constant
was found to be 5.47 A, which is in agreement with the
results reported by Afiez et al. [23] and experimental data
(5.43 10%) [42], with a discrepancy of no more than 1%. The
structure-optimized Si(100) surface, which contains four Si
dimer structures, is depicted in Fig. 2. The Si atoms in the
dimers are shown in distinct colors for ease of differentia-
tion. The structure was obtained through cell expansion and
modification of the cut surface on the basis of the Si(100)
p(2x2) surface. The Si(100) surface model used in this work
contains eight layers of atoms. The formation energy of the
dimers on this surface is 1.68 eV, and these dimer structures
are highly similar. Furthermore, the x-, y-, and z-directions
of the model correspond to the [010], [001], and [100] direc-
tions of the Si crystal, respectively. The dangling bonds on
the bottom surface are saturated by H atoms. The bottom
four layers of atoms are fixed in the subsequent calculations
to simplify the model. Such a research approach has been
demonstrated to be feasible on numerous occasions. Addi-
tionally, the k-point mesh utilized for the calculations was
setto 6 X 6 X 1.

The dimer structure of the Si(100) surface results in the
existence of four distinct adsorption sites for individual Ti

Fig.2 (Color online) Si(100) surface model, which comprises a tetra-
meric unit; the higher Si atoms are marked in orange-red, whereas the
other Si atoms are marked in orange-yellow for ease of visualization

atoms on the periodic substrate, which are labeled with let-
ters in Fig. 2. The adsorption energies of individual Ti atoms
for different sites on the Si(100) surface are presented in
Table 2. Among the four sites, site B is energetically less
stable, and its structure optimization results are similar to
those of site H, which will not be considered in the rest of
this study.

The results indicate that the Ti atoms are more favorably
adsorbed at the H-site, with an adsorption energy of —5.65
eV. The Ti atoms at the H-site are bonded with the Si atoms
in the four surrounding dimers. There are two types of Ti—Si
bonds, with bond lengths of 2.40 and 2.42 A, as shown in
Fig. 3a and b. The bond length between the Si atoms in
the dimer is observed to increase as a consequence of the
interaction between the Ti and Si atoms. Concurrently, the
asymmetry of the Si atoms in the two dimers bonded to them
is reduced because of the adsorption of the Ti atoms at the
HDB-sites. Nevertheless, the atomic environments of the
two are not equivalent, and the lengths of the Ti-Si bonds are
still different, namely 2.67 and 2.53 A. This is not consistent
with the results reported by Afiez et al. This discrepancy can
be attributed to the fact that the surface model in this work
has a larger periodic unit than that used by Aifiez et al. The
structures of the Ti atoms adsorbed at the H- and HDB-sites
exhibit a relatively low degree of symmetry, which is influ-
enced by the presence of neighboring dimers. Consequently,
the calculations presented in this work are in better agree-
ment with the adsorption properties of individual Ti atoms
on the Si(100) surface. When a Ti atom is adsorbed at the
BL-site, the Si atoms bonded to the Ti atom exhibit three
distinct atomic environments. The Ti atom interacts with the
Si atoms on the two subsurfaces of the nondimer (Fig. 3e,
f) with a bond length of 2.60 A. Furthermore, this Ti atom
is bonded to the Si atoms of the two neighboring dimers. In
fact, the two Si atoms have different atomic environments.
In contrast to the surface model presented in Ref. [23], the
adsorption sites are positioned as far as possible inside the
model rather than on the periodic boundaries. This approach
ensures the acquisition of more realistic data on the adsorp-
tion energy. Changes in the bond length between Ti and Si
affect the electron density distribution and local geometry,
which in turn change the capacity of the adsorption sites to
provide electrons. In the case of short Ti—Si bond lengths,
the increased electron density in the vicinity of the Ti atoms

Table 2 Ti adsorption energies

. 8 Atom/Position Adsorption
(eV) at different sites energy
H -5.65
HDB -4.36
BL —4.96
B
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Fig.3 (Color online) Adsorption positions of the Ti atoms at the a, b
H-, ¢, d HDB-, and e, f BL-sites (top view and view along the posi-
tive xy-direction)

facilitates electron transfer from the adsorption sites, thus
decreasing the adsorption energy. Conversely, as the Ti—Si
bond length increases, the electron density decreases, and
the adsorption energy increases.

The precise calculation of the adsorption energy of indi-
vidual Ti atoms enabled the determination of the minimum
energy paths for the diffusion of the Ti atoms from the first
nearest-neighbor HDB- and BL-sites to the H-site. Five
points were set between the initial and final positions via
linear interpolation. The results of the TSS are presented in
Fig. 4. The diffusion of the Ti atoms from the HDB-site to
the H-site necessitates the crossing of the Si atoms in the two
dimers to which they are bonded. As previously discussed,
the two Si atoms regain some symmetry due to the presence
of the Ti atom at the HDB-site. Consequently, at this spe-
cific stage, the Ti atoms diffuse following 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 the Ti atoms must trav-
erse two potential barriers throughout the entire process. The

@ Springer
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Fig.4 (Color online) Diffusion barriers and diffusion paths of the Ti
atoms between different adsorption sites: a HDB — H and b BL—
HDB—H

Ti atoms initially reach the first nearest-neighbor HDB-site
and subsequently diffuse to the most stable H-site. These
results indicate that the adsorption of Ti atoms at the H-site
on the Si(100) surface is highly stable and that the diffusion
of Ti atoms requires overcoming a high potential barrier.

3.2 MD/MC simulations of Ti atom deposition

In accordance with the deposition scheme outlined in Sec-
tion 2, 15,000 atoms were deposited on the Si(100) surface
in approximately 25 layers. The range of incident atomic
energies was considered to be from 0.1 to 5 eV. Figure 5
shows the initial island growth and island aggregation
behavior of the Ti films at incident energies of 0.1 and 5
eV. To quantify the changes in the deposition structure over
time, the number of simulated cycles was used as a proxy for
the simulation time in the analysis. At the beginning of the
deposition simulation, the Ti atoms readily form 3D islands
locally (Fig. 5a, d) because of the adsorption of the Ti atoms
on the Si(100) surface. At a low incident energy, the islands
gradually coalesce, resulting in two-dimensional (2D)
growth in the xy-plane with minimal change in the island
height. As the islands continue to grow in a 2D manner, the
film thickness increases. The islands merge and gradually
cover the entire substrate, as illustrated in Fig. 5b and c. In
the case of a high incident energy, the distribution of the Ti
atoms is slightly deeper, as illustrated in Fig. Se. In other
words, the surface is covered with the Ti atoms at an earlier
stage, leading to the subsequent film growth occurring more
rapidly. In the subsequent stage, the stacking of the Ti atoms
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Fig.5 (Color online) Island growth patterns during the initial stages
of film deposition at different incident energies: a—c 0.1 eV, 4-6
loops; d—f 5 eV, 4-6 loops

is the primary growth mode, resulting in a notable increase
in the rate of film growth [43]. In addition, the layer cover-
age of the Ti and Si atoms near the Ti—Si interface (located
at Z = 60) was quantified (Fig. 6). To eliminate the possibil-
ity of obtaining random results, the coverage results were
compared in the range between 20% and 80%. The results
show that the diffusion of the Si and Ti atoms is not sig-
nificant at a low incident energy. Elevated incident energies

enhance Ti ion implantation efficiency. As a d-block transi-
tion metal, the lower mixing ratio of Ti to Si is analogous to
that of Co to Si in a previous work [44]. Despite the lower
mixing ratio at the interface, a small number of Si atoms still
exert a moderate influence on the growth of the Ti films. The
detachment of Si results in the formation of irregular defects
at the interface, which may act as sites for the preferential
nucleation of the Ti atoms. Following the initial nucleation,
the deposition of the 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 shows the evolution of the crystal structure
of the Ti films as a function of the simulation time at
different incident energies. The results show that the Ti
films deposited on the Si(100) surface at 500 K eventually
exhibit the hexagonal close packed (HCP) structure, which
accounts for up to 60% of the crystal structure. At a high
sputtering power, the Ti atoms migrate on the substrate
surface and occupy the available equilibrium positions on
the pre-existing Ti film lattice, resulting in the formation
of a columnar structure in the film [45]. The film grows at
an angle relative to the substrate plane, which is consist-
ent with findings from previous studies [46]. During the
initial stages of film deposition, the Ti films predominantly
exhibit the BCC phase. After 10 cycles, the substrate sur-
face becomes covered by the Ti atoms, indicating that
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Fig.6 Layer coverage of Ti and Si atoms in the final Ti films at different incident energies: a 0.1 eV, b 0.5eV,c1eV,d 5 eV, and e 20 eV
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Fig. 7 (Color online) Variation in the crystal structure of the Ti films
with increasing number of cycles at different incident energies: a 0.1
eV,b05eV,cleV,d5eV, and e 20 eV. f Tilted grain growth orien-
tation. The different crystal structures in the figure were distinguished

the growth of the Ti thin film has 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 the space utilization is lower
than the previous stage. At this stage, the Ti films locally
exhibit the BCC structure on the surface. The regions
with this structure act as buffer regions between the sub-
sequently formed regions with the HCP structure and the
Si substrate until the number of Ti atoms reaches a certain
level, at which point the BCC structures disappear. Nota-
bly, the stable growth phase of the HCP structure is often
accompanied by the formation of FCC layer defects, which
greatly enhance the stability of the HCP structure. At an
incident atomic energy of 20 eV, the higher deposition
energy leads to a more pronounced local emergence of the
BCC structure. Due to the high-incident-energy-induced
dynamic atomic environment, the formation of these FCC
layer defects was not observed in the initial HCP struc-
ture. The regions with this structure remain unstable and
undergo significant compositional fluctuations during the
further deposition and relaxation processes.

The surface topography of the Ti films at different inci-
dent energies was also analyzed, showing that the four sur-
faces at lower energies (Fig. 8a—d) exhibit similar topog-
raphies and banded grains, which are oriented along both
the (002) and (101) directions. This is due to the earlier
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using the PTM method, with red denoting the HCP structure, green
denoting the FCC layer dislocations, and gray denoting the amor-
phous structure

occurrence of layer mismatches in the films under low-
energy deposition, which leads to incomplete relaxation of
the crystal structure. The Ti film deposited at an incident
energy of 20 eV in Fig. 8e has larger grain sizes compared
to those deposited at other energy levels. Moreover, the film
deposited at an incident energy of 20 eV exhibits a uniform
(101) surface orientation. This suggests that the (101) sur-
face is more favorable than the (002) surface at high temper-
atures (500 K). This finding is consistent with the findings
of Chawla et al. [18].

To further illustrate the effect of the incident energy on
the surface quality of the deposited thin films, the surface
roughness of the films was evaluated. The surface roughness
is a common descriptor of the microscopic morphology of
a film, and it affects the film properties to a certain extent.
Typically, the lower the surface roughness, the greater the
oxidation resistance. As the incident energy increases, the
surface roughness also increases, which in turn alters the
diffusion paths and nucleation mechanisms of the Ti atoms
to some extent. The presence of diverse nucleation sites on
high-roughness surfaces results in a more randomized and
denser nucleation of the Ti film. Additionally, concave and
convex structures on rough surfaces prolong the retention
time of the atoms, potentially contributing to the emergence
of the 3D island growth mode and influencing the overall
quality and homogeneity of the films. In the MD simulations
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Fig.8 (Color online) Cross-sectional (Z = 100) and surface morphol-
ogy of the films deposited at different incident energies: a 0.1 eV, b
05eV,cleV,d5eV, and e 20 eV. The PTM method was used to

presented in this work, the surface roughness of the film
was calculated from the z-coordinate of the atoms on the
surface of the film, which is expressed as the root-mean-
square roughness R. The surface roughness of the film can be
calculated from the z-coordinate of the atoms on the surface
of the film as follows [47]:

3

where i is a surface atom of the deposited layer, and N is
the total number of atoms. Z, represents the height of the
ith surface atom of the deposited layer, whereas Z denotes
the average height of all surface atoms. The results of these
calculations are presented in Fig. 9.

The results demonstrate that the incident atomic energy
profoundly influences the final surface roughness of the Ti
films. At low incident energies, increasing the energy of the
incident atoms has a markedly beneficial effect on the sur-
face roughness of the films. However, this effect becomes
less pronounced as the incident energy increases from 0.1
to 5 eV, reaching a plateau. As the incident energy increases
to 20 eV, the surface roughness decreases further to 0.97.
It is believed that the first decrease in surface roughness is
due to the surface diffusion of the Ti atoms during deposi-
tion, and the second decrease is the result of grains merg-
ing at high energies. The incident energy of the deposited
atoms exerts a pronounced influence on the surface rough-
ness of the resulting film. An increase in surface roughness
can facilitate the formation of additional sites for tritium
adsorption. However, it should be noted that a higher surface
roughness also gives rise to the generation of more intricate
nucleation sites during the process of film growth. This, in
turn, has the potential to influence the intrinsic properties of
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distinguish the different crystal structures in the cross-sectional view,
with red denoting the HCP structure, green denoting the FCC layer
faults, and gray denoting the interface
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Fig.9 Surface roughness of the Ti films deposited at different inci-
dent energies

the film, including its thickness uniformity and grain size.
It is therefore hypothesized here that a segmented deposi-
tion method can be employed to control the quality of the
film by utilizing different incident energies throughout the
deposition process.

3.3 Ti diffusion behavior on the Si(100) surface
Selective surface orientation is typically observed during the
deposition of Ti thin films. Moskovkin et al. [48] revealed

that during the deposition process, Ti(002) planes parallel
to the substrate are generated in the at low incident energies,

@ Springer
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whereas (100) planes parallel to the substrate are mainly
observed at high incident energies. To investigate the rea-
sons for this phenomenon, deposition simulations were con-
ducted at 300 K and 0.1 eV, and surfaces containing (002)
planes without (100) planes were obtained. The results are
shown in Fig. 10a. Unlike the 500 K simulation, no BCC
nanocrystals are formed in this simulation. This indicates
that the surface orientation of the Ti(100) planes is deter-
mined by the BCC nanocrystalline phase transformation,
and this transformation process, shown in Fig. 10c—e, is also
consistent with the mechanism of the Ti metal phase trans-
formation [49, 50]. During the phase transition process, the
lattice undergoes a large deformation along the f[110] direc-
tion. Since the film has a larger relaxation space in the Z-axis
direction, the f — « phase transition tends to align the a
(100) planes parallel to the substrate rather than the (002)
planes, resulting in the preferential formation of the (100)
planes. In addition, the surface energies of the BCC(110),
HCP(002), and HCP(100) phases were also calculated. The
surface energy of HCP-Ti and BCC-Ti is given by:

1 Ngiap
Eg = A <Eslab - N_Z alkEbulk ) 4
u

Fig. 10 (Color online) a, b Film
cross section and changes in the
crystal structure at 300 K and
0.1 eV. ¢, d Film cross section
at 500 K and 0.1 eV. The PTM
method was used to distinguish
the different crystal structures
in the cross-sectional view, with
red denoting the HCP structure,
green denoting the FCC layer
faults, and gray denoting the
interface

where A is the surface area, E,, is the slab energy with N,
atoms, and E, , is the bulk energy with N, atoms. The
value of 2A corresponds to two surfaces of a slab.

When calculating the surface energy, a truncation energy
consistent with that mentioned above was adopted, and the
convergence of different layers and different k-points was
tested. The final calculation results are shown in Table 3.
These results indicate that «(100), as a close-packed sur-
face of HCP-Ti, has a higher surface energy than the other
surfaces. It is believed that the lattice deformation induced
by the phase transition is the direct cause of the observed
selective surface orientation and that the energy stability of
the surface is the fundamental cause of the observed selec-
tive surface orientation. The ambient temperature during
thin-film deposition has an impact on the crystal structure
and surface orientation of the resulting film. To enhance

Table 3 Surface energies (eV)

for different sites Surface Surface
energy
(J-m™)
A(110) 1.75
a(002) 1.96
a(100) 2.03

Crystal structures in Ti film(0.1eV)
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the energy conversion efficiency and output power density
of tritium cells, it is essential to ensure that the metal films
possess a robust crystal structure and an optimal surface
orientation, which enable effective tritium adsorption and
osmotic diffusion. It must be acknowledged that the 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 the crystal
structure and surface orientation of Ti metal films by con-
trolling the ambient temperature.

4 Conclusion

The objective of this work is to investigate the diffusion and
deposition behavior of Ti atoms on the Si(100) surface at the
atomic scale through the use of atomic-scale simulations.
A more realistic surface model than those used in previous
studies was employed to calculate the adsorption energies
of the Ti atoms at different sites on the Si(100) surface. This
enabled the identification of the optimal path for the diffu-
sion of the Ti atoms on the surface. The atomic deposition
simulation results indicate that the Ti atoms strongly prefer
to cover the entire surface, with this process being regu-
lated by their 2D diffusion. The nucleation of the Ti films is
influenced by the upward diffusion of the Si atoms, with the
stable HCP grains in the film often accompanied by the pres-
ence of FCC-laminated dislocations. The surface roughness
of the Ti films gradually decreases with increasing incident
energy, which is related to the crystal structure transition
in the films. From this study, it can be concluded that regu-
lating the incident energy during deposition can effectively
control the surface roughness of the Ti films, thereby influ-
encing the thickness uniformity and grain size of the film.
In addition, the direct reason for the formation of the (100)
surface in the film is the occurrence of lattice deformation
during the phase transition of the BCC nanocrystalline mate-
rial, and the fundamental reason is that the (100) surface
itself has a more stable structure. By tuning the ambient
temperature during deposition, it is possible to influence the
crystal structure and surface orientation of the Ti thin films,
which is crucial for enhancing the performance of tritium
betavoltaic cells.
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