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ARTICLE INFO ABSTRACT

In this paper, a model of helium ion implanted monocrystalline Si was constructed by using molecular dynamics
(MD) simulation method to study the interaction mechanism of helium ion with monocrystalline Si and helium
ion migration. In order to study the damage effect of helium ion implantation on monocrystalline Si, identify
diamond structure (IDS), radial distribution function, temperature analysis were calculated and analyzed. The
effects of ion doses, beam currents and energies on the damage were studied. Helium ion implanted Si with ion
doses of 1 x 10'*/cm? was subsequently heated to 300 K. MD simulation results indicated that IDS damage
induced by ion implantation was positively correlated with ion doses as the ion implantation increased to
1 X 10'*/cm? The mean-square displacement of helium atoms was calculated during the temperature rising to
300K. It was found that the high permeability of helium atoms in Si and the acceleration of atomic thermal
motion owing to elevated temperature as well as the existence of larger stress would be helpful to the migration
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of implant helium atoms.

1. Introduction

As an excellent semiconductor material, monocrystalline Si is in-
creasingly used in the manufacture of semiconductor devices. However,
the presence of a small amount of metal impurities in the semi-
conductor manufacturing process can degrade the function of the
semiconductor device. It is found that the helium bubbles generated by
the helium ion implantation into monocrystalline Si can form a cavity
in the subsequent high temperature annealing. The inner surface of the
cavity has high chemical activity due to the presence of dangling bonds
which can adsorb metal impurities in the semiconductor device and
improve the performance of the semiconductor device [1]. The for-
mation of bubbles is related to the generation and evolution of defects
in the process of implantation of helium ions [2]. The cavity is formed
when the helium gas in helium bubbles migrates from the Si surface
during high temperature annealing [3]. Therefore, it is very important
to study the damage effect in the process of helium ion implantation
into monocrystalline Si and the migration of helium atoms.

The bubble produced by helium ion implantation into mono-
crystalline Si was first discovered by Griffioen et al. [4]. In addition, a
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critical dose is required for the formation of bubbles. S. Godey et al. [5]
conducted a helium ion implantation experiment at 1.6 MeV and found
that the threshold fluence required to form cavities was found to be
between 1 x 10'® He/cm? and 2 x 10'® He/cm?. Liu et al. proposed
the damage evolution at different ion implantation doses: no helium
bubble was formed at low ion doses even at high temperature annealing
and the induced damage was He-vacancy clusters, which would be
separated in the subsequent annealing; bubbles appeared at medium
doses and were accompanied by high density dislocation loops; at high
doses, a cavity band with a few dislocations inside it was observed [6].
Moreover, the formation of bubbles is related to ion energy, beam
current and implantation temperature. Oliviero et al. studied the effect
of implantation temperature and found that when ion implantation was
performed at high temperature (1073 K), relatively low doses of helium
ions could also observe the formation of bubbles in Si [7]. The growth
of helium bubbles at different annealing temperatures was studied by
Raineri et al. The results indicated that the diameter of the helium
bubble increased with the increasing annealing temperature, and the
surface peeling would occur with the increasing annealing temperature
if the implantation dose was large enough [8]. Helium desorption from
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helium-implanted Si occurs at high temperature annealing. F. Corni
et al. found that the defects affected thermal desorption were thermal
unstable He-vacancy clusters, bubbles and thermally stable cavities [9].
Cerofolini et al. used the thermal desorption spectrometer (TDS) to
observe the thermal desorption process of helium. It was observed that
a higher temperature was attributed to the emission of helium from
stable cavities while a lower temperature attributed to the emission
from vacancy like defects [10].

In recent years, with the development of computer technology,
molecular dynamics (MD) simulation is an effective method to study
ion implantation damage [11,12]. The Ostwald Ripening (OR) and
Migration&Coarsening (MC) mechanisms have been successfully used
to explain the phenomenon of bubble formation and growth caused by
helium ions implantation in metallic materials [13-15]. However, due
to the particularity of single crystal Si, the generation and evolution of
defects and the migration of helium atoms in Si are greatly different
from those in metals. Studies have shown that the defects induced by
helium ions implantation into single crystal Si are mainly a large
number of vacancy defects which are related to helium atoms. Pizza-
galli et al. used the molecular dynamics (MD) simulation to simulate the
formation of He-vacancy clusters. The simulation results showed that
the helium implanted into the Si would form the He-vacancy complex
when it met the vacancy type defect and the He-vacancy complex fur-
ther captured the helium and the vacancy to form a larger He-vacancy
clusters [16].

In order to explain the evolution of the defects in the mono-
crystalline Si and the migration of helium, it is very important to study
the theoretical research of the Si implantation with helium ions. In this
paper, a model of helium ion implanted monocrystalline Si was con-
structed by using molecular dynamics (MD) simulation to study the
interaction mechanism of helium ion with monocrystalline Si and the
damage mechanism as well as helium ion migration.

2. MD simulation detail and methods
2.1. MD simulation detail

Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) code was used to simulate ion implantation. A Tersoff type
potential [17] is used to describe the interactions between Si-Si. It can
provide good equilibrium properties and has been proven accuracy and
simulate the interactions between Si-Si. The interaction potential be-
tween He-He adopted in this study was a Table type potential devel-
oped by Juslin et al. [18], and the 1j/cut type potential is used to de-
scribe the interactions between He-Si. The lj/cut styles compute the
standard 12/6 Lennard-Jones potential. The parameter r is the distance
between atoms, and ¢ and o are potential energy parameters:

== (- ()]

where ¢ = 1 eV, 0 = 1 Angstrom, r = 2.5 Angstrom.

Fig. 1 showed the molecular dynamics (MD) model for ion im-
plantation with the dimensions of 22a, X 32ay X 32ay, including
182,272 atoms. The model consists of a boundary fixed layer, a thermo
layer and a newton layer. The boundary layer was used to fix the whole
bulk, the thermo layer was used to maintain the temperature of the
model and the newton layer satisfied the second newton’s law. The
periodic boundary conditions were used in y-direction and z-direction
while fixed boundary conditions were applied in the x-direction. Con-
sidering the simulation speed and simulation accuracy, the simulation
method with variable time step was used in the simulation [19,20]. The
timestep was increased from 0.001 fs to 1 fs during the simulation to
ensure that the largest movement distance of all particles in the system
were less than 0.02 A during the single integration process [20,21].

100 Helium ions were implanted into single crystal Si consecutively
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Fig. 1. The MD model for ion implantation with the dimensions of
22ag X 32ay X 32ay, including 182,272 atoms. 100 helium ions with 500 eV
were implanted into the red square region with the size of 10 nm x 10 nm. The
ion implantation rate is 1557 A/ps, and the implantation dose is 1.0 x 10
ions/cm?. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(one by one). One ion was implanted each time and another after the
temperature relaxing down to the set temperature. The emission time
interval between two adjacent ions is 60 ps. The ion implantation rate is
1557 A/ps, and the implantation dose is 1.0 x 10 jons/cm?. After 100
helium ions with 500 eV were implanted into single crystal Si, the
temperature of the model was heated to 300 K. The periodic boundary
conditions were used in x-direction, y-direction and z-direction with a
Nose-Hoover thermostat [22,23] (NPT ensemble with O bar pressure).
The system timestep was set to 0.5 fs due to the acceleration of atomic
thermal motion at the high temperature. Detailed ion implantation
parameters and subsequent heating parameters were shown in Table 1.

2.2. Analysis parameters

Stress is a basic parameter that adopted to characterize material
behavior during ion implantation. Stress analysis [24,25] is based on
formula (2).

. 1 o B
U"Cﬁl_z +Twzﬁj rij (2)

where m; represents the mass of the i™ atom; V; is the volume of space
in which the i™ atom is located; v§ , v# represents the velocity com-
ponent of i™ atom in the a-direction and B-direction, respectively; f
represents the component of the force on the i atom exerted by the j°

atom in the a direction; rf represents the distance between the i™ atom

mvFvF
Vi

Table 1

Simulation parameters for ion implantation and heating.
Condition Parameters
Work material Si (100)
Lattice constant ag = 5.431 A
Dimensions 223y X 32 a9 X 32 ay
Bulk temperature 0K
Number of He ions

100
Incident angle 7°
Implant area 10nm X 10 nm

Heating temperature 300K

Thermostat style Nose-Hoover thermostat (NPT ensemble)
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Center atom

Fig. 2. Schematic diagram of the calculation of local temperature and stress.

and the j" atom in the B direction. In the MD simulation, since it is
difficult to calculate the volume of a single atom, the stress of a single
atom is approximated based on the formula (2). As shown in Fig. 2, the
red particle is the center of the sphere with a volume V. The sum of all
atomic stress tensors in the sphere is given to the center atom. After
calculating the stress in each direction of the single crystal Si, the hy-
drostatic pressure was obtained by the formula (3)[26], so as to analyze
the overall stress state of the material. The calculation of temperature is
based on formula (4).

Ohydro = (O + Ty + 0z2)/3

3)

3
where Ej is kinetic energy, N is the number of atoms in the sphere, Ky is
the Boltzmann constant, and T is the temperature. The temperature
calculation is the same as the stress calculation method. The mean-
square displacement is used to illustrate the migration characteristics of
atoms which is defined as follows:

N
msd = % 3 @2+ d2 + d2)
i=1

()

where dy;, dy;, d,; represents the displacement of the i™ atom in the x-
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direction, y-direction and z-direction, respectively. N is the number of
atoms. The Identify Diamond Structure (IDS) method [27] is used to
identify atoms that are arranged in a cubic or hexagonal diamond lat-
tice. The IDS damage in this paper includes atoms that are arranged in a
hexagonal diamond and unknown lattice. In addition, the coordination
number and radial distribution function were also used to study the
lattice structure of the material. The results of MD simulations were
visualized and analyzed by using OVITO [28] which is a scientific vi-
sualization and analysis software for atomistic and particle simulation
data.

3. Results and discussion
3.1. Helium ion implantation into Si

The temperature, potential energy and IDS damage during the
single ion implantation into Si are shown in Fig. 3. When the helium ion
began to enter the monocrystalline Si, the cascade collisions occurred,
which caused the temperature and potential energy of the newton layer
to rise rapidly. Then the IDS damage increased sharply, and the po-
tential energy also reached the highest point when the damage reached
the maximum. After the IDS damage reached the highest point, there
would be a stage of sharp decrease in damage, it was considered that if
the incident energy in the cascade collision was higher than the
threshold displacement energy of the atom, the atom would be knocked
out of the lattice site to form interstitial atom and produced a vacancy
on the lattice site [29]. Fig. 4 shows temperature distribution during ion
implantation into single crystal Si. At 4.2 ps, the maximum damage
with maximum local temperature of 600 K was reached. There was no
significant difference in IDS damage between 15 ps and 80 ps. This also
met the IDS damage curve, but the temperature continued to decrease
under a Berendsen thermostat.

Fig. 5 showed the damage evolution of monocrystalline Si under
different ion doses. As the ion doses increased, the scope of the amor-
phous region of the Si substrate had also extended. The calculation
results of the radial distribution function (RDF) were shown in Fig. 6. In
order to verify the amorphization of the irradiation region, the selected
calculation region size is 5nm X 5nm X 5nm, as shown in the red
square region in Fig. 5(d). After ion implantation with the dose of
10 x 10*%/cm?® (10 impacts), the RDF curve did not change sig-
nificantly because the proportion of IDS damage atoms in the selected
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Fig. 3. The temperature, potential energy and IDS damage during the single ion implantation into silicon. The graph only shows the evolution of the first 15 ps during

ion implantation into single crystal silicon.
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Fig. 4. Temperature distribution at different times after a single ion implantation. The upper left corner of each graph corresponds to the damage distribution at the

same time.

a)10 impacts

b)40 impacts

¢)80 impacts d)100 impacts

Fig. 5. Damage distribution at different ion doses. The white atom represents the damaged atom.
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Fig. 6. Radial distribution function at different ion doses. For 0 impact, 10
impacts and 40 impacts, the curves are shifted upwards.

region was very low (0.85%). When the ion implantation dose in-
creased to 40 x 10'2/cm? (40 impacts), the proportion of IDS damage
atoms was 16.7% at this time, some Si atoms drifted and the periodic
distribution was destroyed after the collision between the helium ion
and the Si atom in the equilibrium position. It was characterized by a
weaker peak height and an increased peak width of the RDF. After ion
implantation with the dose of 100 X 10'%/em? (100 impacts), the
proportion of IDS damage atoms was 49.3% at this time. The regularity
of periodic distribution was severely damaged, and the amorphous
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characteristics of short-range ordered and long-range disordered were
reflected.

The IDS damage and the longitudinal depth distribution of the da-
maged atom in the x-direction at different beam currents are shown in
Fig. 7(a) and (b), respectively. It was found that the IDS damages had a
slight change when the beam current increased from 2.67 nA to
5.33nA. However, the longitudinal damage depth of the damaged re-
gion increased with increasing the beam current. This result showed the
same trend with the experimental results [30], which showed that
larger dwell time would produce more damages under the same ion
dose. Larger beam dwell time and current would be helpful to depress
the ion implantation induced damages’ self-annealing, and produce
more damages.

The IDS damage and the longitudinal depth distribution of the da-
maged atom in the x-direction at different energies are shown in
Fig. 8(a) and (b). The IDS increased significantly as the beam energy
increased from 500 eV to 1000 eV, and the IDS gap became more and
more obvious as the ion doses increased. The evolution of surface to-
pology with different energy and beam current were shown in Fig. 9.
Ions bombarded the sample surface created pits at the point of in-
cidence and swelling surrounding the pits. The change in the number of
swelling and pits was not very obvious when the beam current in-
creased from 2.67 nA to 5.33nA as shown in Fig. 9 (a) and (b), while
the swelling increased distinctly as the beam energy increased from
500eV to 1000eV exhibited in Fig. 9(a) and (c). Helium ion im-
plantation experiment was performed on n-type Si wafer at 30 KeV
beam energy. TEM microstructural features of the ion implanted sample
clearly showed the surface swelling results above the Helium ion im-
plantation area, as shown in Fig. 9(d).
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Fig. 7. IDS evolution under different beam currents and distribution of damaged atoms in the x-direction. For the 5.33 nA, the distribution of damaged atoms in the x-

direction is shifted upwards.
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Fig. 9. Evolution of surface topology during ion implantation with different beam current and different energy.

3.2. Migration of helium ions after implantation

After 100 helium ions with 500 eV implanted into single crystal Si,
the temperature of the model gradually increased to 300 K. The process
is divided into five periods: 0-50 ps is 0 K relaxation stage, 50-200 ps is

temperature-rising stage, where temperature is increased to 300 K, the
temperature of 200-1700 ps is maintained at 300 K. The curves of po-
tential energy, temperature, IDS damage and mean-square displace-
ment of helium and Si atoms as function of time were shown in Fig. 10.

The
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damage aggravated with the increase of temperature and the
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Fig. 11. The variation of average stress value of 100 implanted helium atoms
with time.

potential energy also reached the highest point when the damage
reached the maximum at 200 ps. After the IDS damage reached the
maximum value, a stage of sharp decrease in damage was appeared due
to the recrystallization of some amorphous Si atoms. Finally, IDS da-
mage fluctuated at a certain value. The mean-square displacement
(MSD) is used to illustrate the motion characteristics of helium atoms
and Si atoms. The MSD of helium atoms increased first and then de-
creased with the increasing temperature, and the MSD of helium atoms
had a larger fluctuation in the temperature-rising stage. Finally, the
MSD curve fluctuated at a fixed value with a small amplitude in the
300K temperature-holding stage. Comparing with the beginning, it
could be observed that the MSD of the helium atoms at the stable time
increased which indicated that the helium atoms implanted into the
single crystal Si migrated at a temperature of 300 K. In addition, we also
found there was an increase of the MSD of Si atoms which was smaller
than the helium atoms in contrast to the beginning.

In order to study the effect of local stress on the migration of helium
atoms, we analyzed the stress state of the helium atoms during the
heating process. The average stress versus time curve for helium atoms
is shown in Fig. 11. 0-50 ps was the OK relaxation stage and the
average stress remained basically unchanged. The average stress rose
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sharply from 50 ps to 120 ps. It was found that the MSD of helium atoms
increased at this stage. The average stress was in a downward trend as
the same as the MSD curve of helium atoms from 120 ps to 200 ps. After
400 ps, the average stress of helium atoms was nearly the same around
3.0 Gpa and the MSD of helium atoms increased slightly at 600 ps and
remained stable after then. What’s more, it had been found that helium
atoms had high permeability in Si [16,31]. Therefore, it could be
considered that the migration of helium atoms in monocrystalline Si
was the combination results of the high permeability of helium atoms in
Si, the acceleration of atomic thermal motion at higher temperatures
and the stress-induced movement of helium atoms.

4. Conclusions

In this paper, molecular dynamics simulation was used to study the
helium ion implanted single crystal Si and the migration. Identify dia-
mond structure, radial distribution function, temperature analysis and
atomic stress analysis were calculated and analyzed. The effects of
different beam current and energy are also considered. Our work has a
further understanding of helium ion implanted into monocrystalline Si.
The main results are summarized as follows: firstly, the longitudinal
damage depth of the damaged region increased when the beam current
increased from 2.67 nA to 5.33nA. Secondly, the surface topology of
the monocrystalline Si can be changed by the implantation of helium
ions. Molecular dynamics simulation and helium ion implantation ex-
periment all showed that helium ions bombarding the sample surface
created pits at the point of incidence and swelling surrounding the pits.
Thirdly, the high permeability of helium atoms in Si and the accelera-
tion of atomic thermal motion owing to elevated temperature as well as
the existence of larger stress would be helpful to the migration of im-
plant helium atoms.
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