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Abstract - Molecular dynamics simulations were conducted to
investigate Ge thin film growth on Si substrates. The growth mode,
surface morphology, and the layer coverage ratio of Ge atoms were
investigated. The surface of the Ge thin film is not smooth, voids
and vacancies are highly formed as the incident energy is lower
than 0.1 eV. The Ge thin film grows by a layer-by-layer mode as
the incident energy is raised from 0.1 eV to 0.3 eV. When the
incidence energy is raised from 0.5 eV to 1.0 eV, film mixing is
seen as a result of the incident atoms penetrating into several of the
substrate layers. As the incident energies are raised to 10.0 eV, the
sputtering mode is observed. As the temperature of the Si substrate
rises from 300 K to 1000 K, under the incident energy of 0.1 eV,
the layer-by-layer growth mode is still maintained, and the surfaces
of the coating are quite smooth. The temperature of the Si substrate
increase, and the layer coverage ratio of Ge atoms increases.
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1. Introduction

lon-beam-assisted deposition (IBAD), a popular method
for creating thin films on substrates for additional
applications, uses reactive or inert gas ions [1]. The IBAD
method could be used in two ways to create a thin film. One
is to encourage the growth of the film and improve the
mobility of the deposited atoms. The other involves
bombarding a solid substrate's surface to strip its atoms away
in preparation for further deposition. The ion incident
energy, ion incident angle, and substrate temperature must
all be adjusted in order to have these two application-specific
characteristics. The quality and morphology of the deposited
thin film will be impacted by these IBAD process
parameters. The epitaxy [2] and the film mixing [3], which
indicate the mixing of the deposition atoms and the substrate
atoms, have prevailed at lower energies under the various
combinations of IBAD process parameters. Sputtering [4], a
process in which the incident atoms remove substrate atoms,
is a phenomenon that may be created at greater energies.

Since Si/Ge superlattices and heterostructures have
superior electrical and optical characteristics, they are in
high demand for the production of optoelectronic devices
such as ultrafast photodetectors, solid-state lasers,
photodiodes, etc. [5-9]. However, the quality of these
materials with customized properties is significantly
influenced by film growing procedures [10].

Therefore, studying the effect of parameters on the

Tém tit - Cac mod phong dong luc hoc phan tir dugc thyc hién dé
khéo sat sy phat trién mang mong Ge trén chit nén Si. Ché do tang
trudng, hinh thai b& mit va ty 1& bao phu 16p nén ciia cic nguyén tir
Ge dugc nghién ctru. Khi nang lugng téi cia nguyén tir ling dong
thép hon 0,1 eV thi bé mat ctia mang mong Ge khéng phing, hinh
thanh nhiéu khoang tréng trong 16p phi. Mang mong Ge phat trién
theo ché do timg 16p khi ning lugng ti ting tir 0,1 eV dén 0,3 eV.
Khi nang luong téi dugce tang tir 0,5 eV dén 1,0 eV, sy tron 13n giira
16p phit va chit nén xay ra do cac nguyén tir t6i thdm nhap vao mot
$6 16p chét nén. Khi nang luong t6i duoc tang 1én 10,0 eV, ché do
phin xa dugc quan sat thay Khi ling dong vé6i nhiét d6 ciia chat
nén Si ting tir 300 K dén 1000 K, ning lwong t61 cua nguyén tur
lang dong 0,1 eV, ché do tang truong timg 16p vin duoc duy tri va
bé mit cua 16p phu kha phing. Nhiét d6 ciia chét nén Si ting dan
dén ty 18 bao phu 16p nén cia cac nguyén tir Ge ting 1én.
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deposition of Ge atoms on Si substrate is necessary. In this

study, we study the influence of incident energy and substrate
temperature on the quality and morphology of Ge thin film.

2. Methodology
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Figure 1. Simulation model for the deposition of Ge atoms on
Si substrate

A simulation model for the deposition of Ge atoms on Si
substrate was presented in Figure 1. The substrate is
composed of 15a x 15a x 8a, with a is the lattice constant of
Si. The layer at the bottom is fixed to provide structural
stability of the substrate during deposition. The temperature
of the substrate is managed by the thermostat control layers.
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To limit the effect of model size, periodic boundary
conditions are applied in the x- and y- directions. In this
study, Ge incident atoms were deposited at a deposition rate
of 2 atoms/ps. The velocity of Ge atoms is calculated based
on incident energies from 0.01, 0.1, 0.3, 0.5, 1.0, to 10 eV.
The incident angle in this study is chosen 0°.

The Tersoff potential [11] was used to specify the
interactions between Ge-Ge, Ge-Si, Si-Si atoms. All MD
simulations were conducted by the large-scale
atomic/molecular ~ massively  parallel  simulation
(LAMMPS) [12]. To visualize and evaluate the simulation
results, we used OVITO software [13]. The parameters
used in the deposition process are shown in Table 1.

Table 1. Parameters for specimens used in the deposition process

Material Substrate: Si atoms Inudfznt
atoms:Ge
Dimensions 15a x15a x 8a

Number of atoms 14850 3000

Ensemble NVE
Time step (ps) 0.001
Incident energies (V) | 0.01,0.1,0.3,05,1,10
Temperature (K) 300; 500; 750; 1000

3. Results and discussion
3.1. Effect of incident energies

(a) 0.01 eV —300K (b) 0.1 eV —300K

(c) 0.3 eV — 300 K (d) 0.5 eV — 300 K

(e) 1.0 eV — 300 K

(f) 10.0 eV — 300 K

Figure 1. The morphology of substrate under the deposition
process at temperature 300 K with different incident energies:
(a) 0.01eV, (b) 0.1eV, (c) 0.3eV, (d)0.5¢eV, (e) L eV, (f) 10 eV

Figure 2 shows the morphology of substrate under the
deposition process at temperature 300 K with different
incident energies: (a) 0.01 eV, (b) 0.1 eV, (c) 0.3 eV, (d) 0.5
eV, (e) 1 eV, (f) 10 eV. The results show that the surface of
the Ge thin film is not smooth, voids and vacancies are highly
formed. These events could be explained by the low incidence
energy, where the incident atoms have poor atom mobility and
are unable to move energetically. These phenomena could be
seen when the film grows in the VVolmer-Weber mode [14].
The surface is smooth when the incident energy is raised from

0.1 eV to 0.3 eV, as shown in Figure 2(b-c); Because the
incident atoms' energy is sufficient to fill the voids and they
have superior thermal diffusion or mobility. Additionally, in
the Frank-van der Merwe mode, when the atom mobility is
advantageous, the film is grown layer by layer [14]. As seen
in Figure 2(d-€), when the incidence energy is raised from 0.5
eV to 1.0 eV, film mixing is seen as a result of the incident
atoms penetrating into several of the substrate layers. As the
incident energies are raised to 10.0 eV, the sputtering mode is
observed due to the kinetic of incident atoms being so high, as
shown in Figure 2(f).
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Figure 3. Fraction of atoms along z- direction after deposition
of 3000 Ge atoms on Si substra
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Figure 3 illustrates the distribution of Ge and Si atom
numbers in intervals in the z-direction at the final state to
better characterize the intermixing phenomena. The red
line shows the ratio of Si atoms of the current layer to a
standard layer, and the blue line presents the ratio of Ge
atoms of the current layer to a standard layer. The initial
surface of the Si substrate is defined at layer 0. The bottom
layers of the substrate keep the structure stable due to being
unaffected by incident atoms. Some of the substrate atoms
near the surface diffuse into the deposited Ge film, and
some Ge atoms penetrate the substrate. Figure 3(a) shows
that the diffusion of the substrate into the Ge deposition
surface is very little, and the filling ratio of the Ge atoms is
low due to the low incident energy leading to the
appearance of a lot of voids and vacancies. When the
incident energy is between 0.1 eV and 0.3 eV, diffusion
occurs in several layers at the surface of the substrate.
Furthermore, the filling ratios of the incident Ge atoms are
relatively high, indicating the possibility of layer-by-layer
growth taking place in this incident energy range. When
the incident energy reaches 0.5 eV, the diffusion process
occurs strongly. As shown the ratio of Ge atoms on the
surface is low and the percentage of Si atoms diffused into
the Ge film is quite high, as shown in Figure 3(d). The
results show that in the incident energy range from 0.1 eV
to 0.3 eV, the deposition surface achieves good
smoothness, and layer-by-layer growth is observed. This
demonstrates that, as incident energy increases,
intermixing may take place deep beneath the substrate's top
layer. This result is consistent with experimental result [15]
and some simulation studies [6, 16].

3.2. Effect temperature

In this section, to study the effect of temperature on the
growth of Ge thin film on Si substrate, the deposition
processes are conducted at incident energy 0.1 eV with
various temperatures: 300 K, 500 K, 750 K, and 1000 K.

(a) 300 K (b) 500 K

(d) 1000 K

Figure 4. The morphology of substrate under the deposition
process at incident energy 0.1 eV with various temperatures:
(a) 300 K, (b) 500 K, (c) 750 K, (d) 1000 K

(c) 750 K

The morphology of thin film under the deposition
process at incident energy 0.1 eV with various
temperatures is shown in Figure 4. The results show that
when the temperature increases from 300 K to 1000 K, the
layer-by-layer growth mode is still maintained, and the

surfaces of the coating are quite smooth. To evaluate the
intermixing phenomenon and the quality of the Ge coating,
the layer coverage ratio of Ge atoms along the z-direction
after deposition of 3000 Ge atoms on Si substrate under
different temperatures is shown in Figure 5. It points out
that as the temperature of the Si substrate increase, the
layer coverage ratio increases. Ge atoms can even pierce
the substrate layer at high substrate temperatures. This
indicates that when the substrate temperature is high
enough, mixing can take place beneath the top layer of the
substrate.
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Figure 5. The layer coverage ratio of Ge atoms along
z- direction after deposition of 3000 Ge atoms on Si substrate
under different temperatures
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4. Conclusion

We study the effect of the incident energy of the Ge atom
and the temperature of Si substrate on the growth of Ge on
Si substrate using molecular dynamics simulations. As the
incident energy is lower than 0.1 eV, the surface of the Ge
thin film is not smooth; Voids and vacancies are highly
formed. The surface is smooth when the incident energy is
raised from 0.1 eV to 0.3 eV because the incident atoms'
energy is sufficient to fill the voids and they have superior
thermal diffusion or mobility. When the incidence energy is
raised from 0.5 eV to 1.0 eV, film mixing is seen as a result
of the incident atoms penetrating into several of the substrate
layers. As the incident energies are raised to 10.0 eV, the
sputtering mode is observed due to the kinetic of incident
atoms being so high. As the temperature of the substrate rises
from 300 K to 1000 K, the layer-by-layer growth mode is
still maintained, and the surfaces of the coating are quite
smooth. The temperature of the Si substrate increase, and the
layer coverage ratio of Ge atoms increases.
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