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Abstract — The damage production induced by swift heavy ion irradiation in amorphous nano-SiO2 is investigated by molecular 
dynamics method. By given energy to a cylindrical region, the central nanoholes can be produced, which depends on the electronic 
energy loss (dE/dx). For the material used in this work, the minimum value needed to generate defects lies in 3.6-7.2 keV/nm. A low 
density core and a high density shell structure can be seen while the radii of tracks are obtained. With increasing the values of 
dE/dx, the track radius is first increasing and then saturates. Based on the thermal spike model, the process of energy deposited 
into the material due to electron-phonon coupling is analyzed. By given energy to a cylindrical region, the stress accumulates in this 
area. And then, a pressure wave emanates outwards, which leads to the atoms in the thermal spike region escaping from the upper 
and lower surface in the form of clusters. As a consequence, the nanoholes in the track center finally form. 
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I. INTRODUCTION 

When swift heavy ions penetrate a solid material, 
inelastic interactions with the target electrons cause them to 
lose energy, whereas the nuclear stopping is negligible. The 
electronic excitations lead to a local heating of the lattice 
close to the ion path, and at electronic stopping values above 
a material dependent threshold, this can produce a narrow 
damaged region known as ion track. Upon swift heavy ions 
track through the MOSFETs, the permanent ion tracks can 
affect the electronic characteristics of devices, such as the 
ion tracks in gate dielectric (amorphous silicon dioxide, a-
SiO2) increasing the gate leakage current [1], ion tracks in 
channel and source/drain regions degrading the DC 
characteristics [2] and so on. As the feature size of 
semiconductor devices scaling down to nanoscale, the 
influence of ion tracks on their electronic characteristics 
becomes more and more significant. 

Computational work and theoretical descriptions have 
been done for several decades to model the complex track 
formation process and to help to understand experimental 
values of track properties. To see the effects of mass and 
momentum transfer in addition to heat transfer, the 
molecular dynamics (MD) method has more recently been 
used [3-11]. This method also opens a direct view to 
properties like the density changes inside the ion track. The 
inelastic thermal spike model by which a cylindrical core-
shell fine structure observed has proven successful for 
modeling structure of track for various materials [12-16]. 
The goal of this paper is to simulate the track formation 
process and find out the threshold electron stopping power of 
ultrathin a-SiO2. By comparison with existing research 
results, the special properties of fine structure of latent tracks 

induced by swift heavy ion irradiation in ultrathin a-SiO2 are 
obtained. 

II. SIMULATION METHOD 

The formation of latent ion tracks in a-SiO2 is modeled 
computationally at the atomic level, using the classical MD 
code LAMMPS and the fine structures are visualized with 
Atomeye. The atomic interactions are calculated using the 
Watanabe Si-O mixed system many-body potential. The a-
SiO2 used in the simulations is 21.14 nm×21.29 nm×2.16 
nm and contains 79550 atoms. Periodic boundary conditions 
are imposed in the two lateral (x-y) directions. The a-SiO2 is 
generated with the method of melting and quenching to 
emulate the experimental situation. First, the simulation cell 
is melted by scaling the temperature to 5000 K for the 
duration of 3 ps. Next, the cell is cooled down through the 
boundaries down to 0 K. Berendsen temperature control [10] 
is used throughout the initial simulation.  

The a-SiO2 is equilibrated in the isothermal isobaric 
ensemble at 300 K for 10 ps. A latent ion track is 
subsequently created along the z direction by depositing the 
electron energy to a cylindrical region with a radius of 3 nm 
[9], and every atom in this region obtains the same kinetic 
energy in a random direction. The last 0.5 nm at the borders 
of the computation cell in the x and y directions are 
controlled at 300 K by Berendsen temperature control. A 
variable time step from 0.01 fs to 0.1 fs is used in the 
calculation. The simulations are terminated until the cell 
temperature has dropped to below 500 K, and no further 
changes could be seen. 
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III. RESULT AND DISCUSSION 

Swift heavy ions (SHIs) lose energy predominantly 
through inelastic interactions with extranuclear electrons, 
called electronic energy loss (dE/dx). The excited electrons 
transfer their energy to atoms through electron-phonon 
coupling, which lead to a rapid local heating of the region 
close to the ion path, resulting in local melting and 
vaporization. During melt quenching, recrystallization and 
defects recovery occur over nanoscale dimensions. Fig. 1 
illustrates the atomistic images of latent tracks at the end of 
simulations for different values of dE/dx. In the range of 
dE/dx used in this work, the track radius generally increases 
with the increase of dE/dx. For dE/dx = 3.6 keV/nm (shown 
in Fig. 1(b)), no obvious latent track can be seen. 

Figure 1. Atomistic images of ion tracks in a-SiO2 at the end of simulations 
for different values of dE/dx. The tracks orient perpendicular to the plane of 
the figure. The plane size is 21.14 nm ×21.29 nm. 

When dE/dx increases to 7.2 keV/nm, a small central 
pore is observed, which means the threshold electronic 
energy loss ((dE/dx)th) below which no damage could be 
found in a-SiO2 ultrathin film lies in 3.6-7.2 keV/nm. For a-
SiO2 with thickness of 5.8 nm, the (dE/dx)th is greater than 
7.2 keV/nm [10]. As shown in Fig. 1(c)-(f), the size of 
central pore increases with increasing dE/dx. This is mainly 
because that more and more atoms can escape from the 
upper and lower surfaces of material, which reduces the 

probability of atomic reconstructions. In addition, some 
atoms can be seen in the central pores. In fact, these are just 
the atoms escaping from the surfaces and not really located 
in the central pores. 

As a function of distance from the track center, the 
computation density profiles of latent track in a-SiO2 are 
shown in Fig. 2. A low density core and a high density shell 
fine structure can be clearly seen except the situation of 
dE/dx = 3.6 keV/nm. The normalized densities are calculated 
at each cylindrical shell with the thickness of 0.5 nm. When 
dE/dx is greater than 3.6 keV/nm, the size of central pore is 
larger and larger. For dE/dx = 18.0 keV/nm, the radius of 
central pore can be reached greater than 2 nm. Additionally, 
the radius of central pore is not equal to the radius of latent 
track.  

 
Figure 2. Density as a function of distance from the track center in a-SiO2. 

Figure 3. The latent track radius as a function of dE/dx. The simulation 
results of this work (square) are compared with the previous MD simulations 
results in Ref. [10] (circles). 
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(a) 0 keV/nm                        (b) 3.6 keV/nm 

(c) 7.2 keV/nm                    (d) 10.8 keV/nm 

(e) 14.4 keV/nm                  (f) 18.0 keV/nm
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The latent track radii determined as the radial distance 
where the density of the shell falls to that of the unirradiated 
material are plotted in Fig. 3. In general, the track radius 
increases with increasing values of dE/dx. The more energy 
atoms obtain, the more energy atoms deposit and more atoms 
escape from the surfaces. The radius becomes saturated as 
the initial track radius is set to 3 nm in this work [3]. This 
simple homogenous energy deposition model is widely used 
in ion track simulations, although it is not physically correct 
as it neglects the radial dose distributions of electrons and the 
velocity effect. However, it is found that the defect structures 
formed by different energy deposition model are essentially 
the same [9]. 

         
(a) 0 ps                                   (b) 0.4 ps 

         
(c) 1.2 ps                                 (d) 1.8 ps 

        
(e) 3.2 ps                                  (f) 6.8 ps 

 

Figure 4. Atomistic images of damage formation in a-SiO2 at different times 
when the dE/dx is 7.2 keV/nm. These are the profile charts as the tracks 
orient parallel to the plane of the figure. 

For the same value of dE/dx, the size of latent track in 
this work is larger than in Ref. [10]. It indicates that radiation 
damage relates to the thickness of material and the boundary 
conditions. On the one hand, in thicker material and periodic 
boundary conditions imposed in the three directions, there 
are much more interstitial atoms produced by irradiation in 
the material, which makes the opportunities of defects 
annealing and recrystallization more and more. On the other 
hand, in thinner material and periodic boundary conditions 
only imposed in the two lateral (x-y) directions, much more 
atoms escape from the surfaces. As a result, the opportunities 
of defects annealing and recrystallization are so little. 
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Figure 5. The temporal evolution of the (a) maximal kinetic energy and (b) 
maximal atomic stress in the z direction extracted from all the atoms of a-
SiO2 when dE/dx is 7.2 keV/nm. The average distributions of the (c) per-
atom ke and (d) per-atomσzz along the radial distance from the center of the 
track are also plotted. The track radius is located at 3 nm, as indicated by the 
dashed line. 
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Based on the thermal spike model, the effect of intense 
electronic excitation inducing a latent track formation is 
analyzed. Fig. 4 shows the changes of system structure along 
with the time. It is found that the atoms are pulled out from 
the surfaces due to the thermal spike. Since the nuclear 
stopping cross sections are negligible, the defects in a-SiO2 
are not merely a direct result of the atomic collisions in the 
thermal spike region. It is demonstrated that the ejection of 
atoms is restricted to the thermal spike region, which is 
comparable to the case of localized electronic excitations 
induced by SHIs. This behavior is interpreted in terms of 
emission due to a pressure-driven jet or a pressure pulse built 
up inside the track core, which led to a rapid expansion of 
particles in the track both laterally and upward and finally 
gives rise to the sputtering of particles [3]. In consideration 
of these conclusions, it can be inferred that the stress 
initiated from the track region should play an important role 
in the process of damage formation. As shown in Fig. 4, it is 
found that the damage is in the form of small clusters but not 
single atoms, which suggests that the damage is the result of 
collective motion of all the atoms in the track region. 

In order to further clarify how the a-SiO2 is damaged at 
the dE/dx (7.2 keV/nm) while the kinetic energy per atom is 
nearly 3.4 eV/atom, the time evolution of kinetic energy and 
atomic stress in the z direction (σ zz) of the system are 
analyzed. Four parameters are shown in Fig. 5 when the 
damage is initiated. Deep insight into the damage mechanism 
can be gained from the distribution of per-atom stress in z 
direction. As shown in Fig. 5(d), the high stress is mainly 
localized in the track core region. The time evolution of 
ke_max and |σzz|_max of all the atoms is provided in Fig. 
5(a) and 5(b), respectively. The ke_max of all the atoms is 
always below 14 eV in the damage process, while |σzz|_max 
is as high as 40.85 MPa around 0.02 ps after the introduction 
of the thermal spike. During the initial stage of the thermal 
spike, the |σzz|_max is seen to be as high as 40 MPa. A flow 
of constituent atoms from the center of the track to the 
surrounding regions caused by the pressure wave can be seen. 
More atoms can be pushed out by the pressure wave as the 
presence of the surface, which can be identified in Fig. 4 
from (b) to (f). And then, the high per-atom stress 
corresponds to the ejection of atoms, which means those 
atoms in the spike area are knocked out from their 
equilibrium positions. Finally, a small pore is formed and the 
per-atom stress is lowered. 

As can be seen in Fig. 4 from (b) to (f), those atoms 
which escaped from the upper and lower surfaces are in the 
form of clusters instead of single atoms. This observation 
further supports the conclusion that the damage of a-SiO2 
results from the evolution of pressure waves initiated at the 
center of ion track. The average per-atom ke and per-atomσ

zz in the system as a function of radial distance r from the 
center of the track is displayed in Fig. 5(c) and (d), 
respectively. The distribution at initial state (0 ps) and the 
process of damage formation is provided, respectively. 
Clearly, σzz in the center is uniform which results from the 
uniform kinetic energy distribution at the initial state. 
Furthermore, σzz in the track region is always higher than in 

other areas. Consequently, a pressure wave emanates 
outwards. In the process of defect formation, a much higher 
σzz in the track center (r=0 nm) is identified (Fig. 5(d)). This 
observation accounts for the defect structure, which displays 
a pore in the center. 

IV. CONCLUSION 

The dependences of the latent track size on the values of 
dE/dx are explored. For the a-SiO2 in this work, the (dE/dx)th 
lies in 3.6-7.2 keV/nm. The latent track radius is obtained 
through the calculation of the density change between 
irradiated and unirradiated structures while a low density 
core and a high density shell fine structure can be seen. 
Higher values of dE/dx induce larger latent track radius. 
When the dE/dx is equal to or higher than 7.2 keV/nm, a 
small central nanopore can be produced. The radius becomes 
saturated when the dE/dx is high enough, which depends on 
the energy deposition model. By computing the time 
evolution of kinetic energy and atomic stress in the z 
direction, the process of defect formation is analyzed. At the 
initial stage of thermal spike, the stress accumulates in the 
track region. Along with the pressure wave emanating 
outwards, the atoms in the track region begin to escape from 
the surfaces in the form of clusters. Consequently, a structure 
of central pore can be clearly seen. 
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