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Low energy ions are used for different applications such as ion beam assistance, surface modification of materials, ground 
simulation of space, etc.  In this paper, polyimide (Dupont KaptonTM) sheets were bombarded by an ion beam produced by 
an End-Hall ion source. The erosion rate, measured at the masking part of the Kapton target, was measured with varying 
source parameters. Two set of samples were bombarded with argon and oxygen ions. The erosion mechanism was 
explained by assuming that a low energy ion comes to rest a few monolayers from the Kapton surface. Most of the ion 
energy is released as phonons and a thermal spike is generated. According to the physics of the SRIM (Stopping Range of 
Ions in Matter) code, a thermal spike model was developed and compared with the experimental results. Quite good 
agreement between the calculated and measured erosion rates was found.   
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1. Introduction 
 
Ion bombardment is a widely used technique to 

modify the material characteristics, to attain technological 
improvement: 

a) ion beam assistance of a growing film, to vary the 
optical and mechanical properties [1,2,3]; 

b) ground simulation of surface damage to 
components undergoing the Low Earth Orbit Space 
environment [4,5,6]; 

c) improvement of the substrate adhesion of metallic 
and  dielectric layers [7,8,9].  

A knowledge of the parameters influencing the 
material property changes, under ion bombardment, is 
useful in simulating the physical mechanisms which 
govern the ion and matter interaction. The ion mass and 
energy plays a crucial role in the variation of the surface 
properties of the bombarded material [10]. In recent years, 
the use of the low energy ions, from a few eV to a hundred 
eV, has increased, in order to minimize the damage during 
the ion treatment process [11,12] . The ions implanted at 
low energy experience few collisions, and material 
modification happens even if the ions recoil energy is 
comparable to the displacement energy Ed (i.e. the energy 
value necessary to remove an atom from its equilibrium 
position). 

Molecular Dynamics simulations by I. Santos et al. 
[13], demonstrate that the energy transfers below Ed can 
produce significant amounts of damage. 

The SRIM (Stopping Range of Ions in Matter) code 
developed by Ziegler, et al. [14] is a group of programs 
which calculate the stopping and the range of ions in 
matter (energy range 10 eV – 2 GeV/amu). In the SRIM 
code, the ions transfer their energy through collisions with 
atoms and electrons. When the ion energy is equal to or 
lower than the displacement energy, the ion comes to rest 
and most of its energy is released as phonons. In the 
framework of the SRIM assumptions, a thermal spike can 
be generated in the region around the place where the 
phonons are released, and the relative position of the 
atoms within this region can be rearranged  [15].  

Kapton (polyimide) is very often used in space 
applications, for its thermal and electrical properties. It is 
also one of the main materials used in space exposure and 
ground simulation research. It can be severely eroded by 
atomic oxygen in LEO orbits [16]. In this work, the 
erosion phenomenon of a polyimide surface bombarded by 
argon or oxygen low energy ions is simulated. The model 
of erosion is based on the physics of the SRIM code, 
combined with the thermal spike model described in [15]. 
The results of the simulation are compared with the 
experimental ones.  
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2. SRIM simulations 
 
The SRIM code follows a large number of individual 

ion histories in an amorphous target. Depending on the 
status of the target, because SRIM treats in different ways 
solid or gaseous materials, a correction factor takes into 
account the bonding change and the target band gap. The 
scattering process between the ions and the target atoms, 
and the slowing down of the ions within the matter is 
simulated by a Monte-Carlo method. The equation of the 
interaction potential contains a screening function, that for 
SRIM code is called a “universal” screening function 
[17,18].      

An ion colliding with various atoms in the polyimide 
target generates a collision cascade (recoils). During this, 
the ions and the recoils transfer their energy to the lattice, 
and after several collisions their energies become lower 
than the displacement energy of the target atoms. Vacancy 
production, replacement collisions and interstitial atoms 
are calculated by SRIM, as well as the portion of the 
energy transferred to the target atoms as phonons and by 
the ion-atom and atom-atom collisions (recoils).  

SRIM simulation of argon ions colliding with atoms 
of polyimide predicts the behaviour in fig. 1. For ion 
energies ranging from few eV to 150 eV, most of the ion 
energy is released to the lattice as phonons. 
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Fig. 1. Ion and recoil energy released as phonons versus 
the energy of the incident ion. 

 
The energy of ions (phion) and recoils (phrec) released as 

phonons is transferred to the lattice near the surface. 
Phonons produced by recoils are released at a depth 
greater than that for phonons released by the ions. At a low 
energy of the incident ions, most phonons are produced by 
the ion itself, near the target surface.      

The behaviour of the normalized ion energy PHion (Eq. 
1) transferred as phonons with the ion penetration depth d ; 
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is shown in fig. 2 for different values of the energy of the 
incident ions. 
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Fig. 2. Normalized ion  energy PHion(d) released to the 
polyimide lattice as phonons, as a function of the depth. 

 
 

 3. Spherical thermal spike 
 
Depending on the thermal properties of the target, the 

portion of the ion energy transferred by phonons can 
generate a thermal spike, high enough to induce a 
permanent rearrangement of the atoms. The collision 
process described by SRIM suggests that a spherical 
symmetry of the temperature spike can be considered. The 
temperature T(r,t) at a distance r from the centre of the 
sphere at the time t is [15]: 
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where c and d are the specific heat and the density of 
polyimide (Kapton) respectively, D is the thermal 
diffusion coefficient and Eph(Eion) is the ion energy 
transferred as phonons, that depends on the incident ion 
energy. 

A critical spike volume can be defined as the volume 
in which the atoms posses a high probability of being 
involved in a rearrangement process. In this volume, the 
temperature is higher than a critical value Tc. Rearranging 
Eq. (2), an expression for the critical radius rc at time t and 
energy Eph(Eion) can be obtained: 
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Fig 3 shows curves for three different values of the 

incident ion energy, calculated by Eq. (3). 
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Fig. 3. Critical radius vs. time for three different values 
of the incident ion energy. 

 
 
The time tmax can be obtained from Eq. (3), with the 

derivative ∂ rC/∂ t = 0.  
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Combining Eqs. (4) and (3), the behaviour of the 

critical radius with the incident ion energy can be 
described by (see Fig. 4):  
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where A is a numerical constant (4.5·10-8 ). 

Fig. 4 shows the behaviour of the critical radius with 
the energy of the incident Ar ions. A critical sphere where 
the material damage should be permanent can be 
calculated by Eq. 5. 

In the framework of the spherical thermal spike, it can 
be supposed that the atoms inside the critical sphere and 
near the surface can leave the target. 
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Fig. 4. Critical radius vs. the energy of the incident Ar ions. 
 

Material erosion takes place if the distance between 
the surface and centre of the critical sphere is equal to or 
lower than the critical radius. Fig. 5 shows the number of 
atoms inside the critical sphere when an Ar ion hits the 
polyimide surface at an energy EAr. The curves represent 
the contributions of the ion and recoil energies released as 
phonons. For energies lower than 70 eV, the erosion is due 
to the ions. At higher values of the ion energy, the 
contribution of the recoils increases, and becomes 
dominant for energies higher than 150 eV.  
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Fig. 5. Number of atoms  per incident ion leaving the 
surface of the polyimide for different Ar ion energies. 
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Fig. 6. Number of atoms per incident ion leaving the 

surface of the polyimide for different oxygen  ion 
energies. 

 
 

The same simulation was performed using oxygen 
instead of argon, and the results are shown in Fig. 6. The 
behaviour of the contribution of ions and recoils with 
respect to the energy is quite similar to that in Fig. 5. In 
contrast, the numbers of atoms leaving the surface per 
incident ion are greater than those simulated with Ar ions. 
It can be expected that, under similar bombarding 
conditions, the Kapton material loses more mass when 
bombarded by oxygen than when bombarded by argon.   
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4. Experimental 
 
In general, two different classes of ion source are used 

to produce ion beams: a gridded ion source (Kaufman 
type) and an End-Hall ion source (gridless type). The main 
characteristic of the first one is the capability to control the 
beam energy and dose. In addition, the energy dispersion 
is very low [19]. The typical energy range of gridded ion 
sources is between 300 eV and 2 KeV [20]. The ion beam 
produced by a gridless ion source suffers from a wide 
energy dispersion with a mean energy ranging from few 
tenths of eV to a few hundreds of eV [21,22]. 

For their reliability and low cost, gridless ion sources 
are ideal candidates for industrial applications where a low 
ion beam energy and high ion dose are necessary. 

Polyimide sheets (Dupont KaptonTM) were bombarded 
by an ion beam produced by an End-Hall ion source 
(Advanced Energy, model MARK I). The process 
chamber was evacuated to a pressure of 2⋅10-5 Pa, by a 
cryogenic pump. The bombarding ions were pure oxygen 
and pure argon. During the erosion process, the working 
pressure in the chamber was 4⋅10-3 Pa.     

The ions of the beam produced by a gridless ion 
source have a significant energy spread [16] that depends 
on the anode voltage and cathode current, Vanode and Icath, 
respectively. Fig. 7 shows the behaviour of the argon ion 
beam current density obtained by varying the retarding 
potential of the Faraday cup for Icath=0.2 A.  
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Fig. 7. Density of the Ar ion beam current vs. the 

retarding potential for three different values of Vcath, 
 and Icath=0.2 A. 

 
For a singly charged ion, the retarding potential in 

volts can be translated into ion kinetic energy (in eV) [23]. 
In the case of oxygen ions, the molecules can break down 
during the ionization process in the plasma chamber of the 
ion source. As a consequence, the ion beam can be 
considered as a mixture of O2

+ and O+. In the literature, a 
value of 0.2 is assigned as the ratio O+/ O2

+ [4]. 
For kinetic energies higher than the fragmentation 

energy (Ef = 18.69 eV) [24] the O2
+ ions can break during 

the collision with the atoms of the target surface. As a 
consequence, the number of the oxygen ions nion is 
calculated by the relation nion=2⋅ J⋅ e where J is the ion 

current density and e is the electron charge. The factor of 
two takes into account the breaking of the molecules of 
oxygen. The two oxygen atoms resulting from the 
molecule fragmentation are each considered to have half 
the energy of the molecule energy.  

The energy distribution of the ions was calculated 
with the derivative dnion/dEion. Fig. 8 shows the number of 
ions/eV at different energies. 
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Fig. 8. Dispersion in energy (number of Ar ions per 
eV) vs. the energy calculated by the derivative of 
one of the experimental measurements of the ion 
current density shown in Fig.7. 
 
 
5. Results and discussion 
 
In order to measure the erosion depth, the samples 

were partially masked during the bombardment, by a 
vacuum adhesive tape. Fig. 9 shows a Scanning Electron 
Microscopy (SEM) picture of a representative Kapton 
sample.  

The step was measured by a surface profilometer 
(model P8, Tencor Instruments). Fig. 10 shows the step 
measurement of the sample in Fig. 9. 

The properties of the polyimide material are reported 
in Table 1 [25]. 

 

 
 

Fig. 9.  SEM picture of a Kapton sample. The smooth 
region (below) is the part of the masked sample after the 

tape was removed. 
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Fig. 10.  Profile of the Kapton surface around the 
masked region. 

 
 

Table 1. Physical and thermal properties of the polyimide 
material. 

 
Thermal 

conductivity  C 0.37  w
m K⋅

 

Specific heat c 1.09×103 J
Kg K⋅

 

Mass density d 1.4 3

gr
cm

 

Atomic density 
ρ 8.7×1022 

3

at
cm

 

Thermal 
diffusion 

coefficient 
CD

c d
=

⋅
 

2.425×10-7 
2

sec
m  

 
 
6. Erosion rate  

 
The erosion rate for Ar ions was calculated by the 

equation: 
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where . ( )Ar

F Cn E  is the number of argon ions measured by 
the Faraday Cup, shown in Fig. 8,  and nK(E) is the 
number of Kapton atoms per incident ion leaving the 
surface (Fig . 5). 

The same procedure can be adopted for oxygen ions: 
 

2

.
0.2 ( ) ( )

O

KO F C
r n E n E dE+ = ⋅ ⋅ ⋅∫   (a) 

 
2

2 .
0.8 2 ( / 2) ( / 2)

O

KO F C
r n E n E dE+ = ⋅ ⋅ ⋅ ⋅∫  (b) 

2
oxy O O

r r r+ += +      ( )sec
nm  (7) 

The numerical factors of 0.2 in Eq. (7a) and 2 in Eq. 
(7b) take into account respectively the percentages of the 
oxygen molecules which fragment in the plasma ion 
source, and the ion oxygen molecules breaking when 
hitting the Kapton atoms with energies higher than Ef. 

In Table 2, the experimental and calculated erosion 
rates (respectively Eqs. (6) and (7)) are compared, for 
samples bombarded by Ar and oxygen ions. 

 
 

Table 2. Comparison between the calculated and 
experimental rates of erosion of a Kapton sheet 

bombarded by argon and oxygen ions. 
 

Vanode (V) Icathode (A) rcalc 
(nm/s) 

rexp. 
(nm/s) 

170 (Ar+)  0.20 0.017 0.020 
170 (Ar+)  0.30 0.021 0.022 
170 (Ar+)  0.30 0.016 0.019 
140 (O+/O2

+) 0.14 0.115 0.077 
140 (O+/O2

+) 0.20 0.156 0.140 
170 (O+/O2

+) 0.20 0.148 0.169 
 
 

Taking into account the poor knowledge of the 
thermal properties at a nanometre level, the agreement 
between the calculated and measured erosion rates seems 
quite good.   

 
 
7. Conclusions 
 
The SRIM code is a useful instrument for simulating 

the penetration of ions into matter. For ion energies 
ranging from a few eV to several hundreds of eV, most of 
the energy of the ions and of recoils is released as 
phonons. In the sites where the ions and recoils become at 
rest (residual energy lower than the atom displacement 
energy), a thermal spike can occur, causing atomic 
rearrangement.  In this framework, one can define a 
critical sphere where the rearrangements take place. If this 
sphere is very close to the surface, the atoms can leave the 
surface itself. 

In this paper, Kapton sheets (polyimide) were 
bombarded with argon and oxygen ions. The erosion 
process was simulated by combining the SRIM output data 
(depth distribution of the energy released as phonons by 
ions and recoils) with the spherical thermal spike 
equations. 

The calculated and measured erosion rates of the 
Kapton sheet were compared and, as shown in Table 2, the 
results were in good agreement.   
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