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ABSTRACT
This work introduces the physicochemical surface properties of three commercial polymers: white polyvinyl chloride (PVC), polyethylene 
terephthalate (PET), and low-density polyethylene (LDPE) as results of plasma immersion ion implantation (PIII) using SF6 and N2 
plasmas at low-pressure vacuum system. For comparison, SRIM calculations/ were used to access the following output data: ion 
range and distribution (screening a Gaussian histogram); number of backscattered ions nB; and vacancies produced nV according to 
Kinchin–Pease formalism. In both approaches (experimental and simulated), it was used as inputting data: the main ion implantation 
parameter: -1000 V of high-voltage negative pulses in PIII experiments which are matched to 1 keV of input energy data in the virtual 
SRIM environment using F+ and N+ as projectiles ions, rigid PVC, PET mylar and LDPE marlex as targets. The purpose was to associate 
the surface properties of the polymeric samples obtained in laboratory by PIII technique. SRIM results pointed: a low random scattering 
and penetration of ions in low fluency distributed in the polymeric matrix, owing to inelastic collisions, which the ranged from 0 to 350 nm 
of depth on target materials.

Keywords:  Plasma immersion ion implantation, SRIM (Stopping and Range of Ions in Matter), Irradiated polymers.

RESUMO
Este trabalho apresenta as propriedades físico-químicas da superfície de três polímeros comerciais: cloreto de polivinil branco (PVC), 
tereftalato de polietileno (PET) e polietileno de baixa densidade (PEBD), como resultado da implantação iônica por imersão em 
plasma (IIIP) usando plasmas de SF6 e N2 em um sistema de vácuo de baixa pressão. Para comparação, os cálculos de SRIM foram 
usados para acessar os seguintes dados de saída: faixa e distribuição de íons (associado a um histograma gaussiano); número de 
íons retroespalhados nB; e vacâncias  produzidas, NV, de acordo com o formalismo de Kinchin-Pease. Em ambas as abordagens 
(experimental e simulada), foram utilizados como dados de entrada: o principal parâmetro de implantação de íons: -1000 V de pulsos 
negativos de alta tensão em experimentos IIIP que correspondem a 1 keV de dados de energia de entrada no ambiente virtual SRIM 
usando F+ e N+ como íons de projéteis, PVC rígido, PET mylar e LDPE marlex como alvos. O objetivo foi associar as propriedades 
da superfície das amostras poliméricas obtidas em laboratório pela técnica IIIP.  Resultados do SRIM apontaram: baixa dispersão e 
penetração aleatória de íons em baixa fluência distribuída na matriz polimérica, devido a colisões inelásticas, que variaram de 0 a 350 
nm de profundidade dos materiais alvo.

Palavras-chave: Implantação Iônica por Imersão em Plasma, Parada e intervalo de íons na matéria, polímeros irradiados.
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INTRODUCTION
In the past, radiation effects in polymeric materials were the domain of radiation chemistry, namely to the study of 

radiolysis and polymerization mechanisms induced by electron beams or γ-rays1,2, and several promising results with ion 
beam modification on polymeric materials are reported3. Nowadays the extensive dependence on polymeric materials drives 
considerably scientific and engineering efforts devoted to the discovery, development, and modifications of these materials4.

Among the technological methods used nowadays in commercial polymers, plasma surface treatment or deposition features 
some major advantages; they are fast and economical processes performed at room temperature, capable of treating complex 
shapes while they modify only the surface of the polymer leaving the bulk properties largely unaffected5,6. Techniques that 
allow selective surface modification have attracted the attention of many researches. Ion beam and, more recently, the plasma 
immersion ion implantation technique (PIII) have been applied to this purpose. The PIII technique7 has emerged as a powerful 
tool in virtue of its simplicity and effectiveness, and can be applied for a wide number of materials8,9.

The growing interest in ion-implanted polymeric materials is due to their increasing demand in various disciplines such as 
optical waveguides, nanocomposites, in satellites as shielding materials, for annealing effects, space crafts, semiconductors, and 
high-energy particle accelerators10–11. In this sense the introduction of new technologies could lead to a reduction in processing 
time or an improvement in operating conditions, thereby decreasing both environmental and financial costs12. The study of 
their properties is important for new and advanced technological fields like optoelectronics, microelectronics, automotive 
industry, filters, electrochemical sensors and medicine13–15.

Effect of plasma action (ion bombardment) in polymeric materials
An understanding of the ion-beam polymer interaction mechanisms is discussed hereafter. The modifications caused in the 

polymeric materials by ion bombardment in plasma immersion ion implantation (PIII) process are presented in Fig. 1. They are 
irreversible in the structure of treated polymer and, consequently, in its superficial physicochemical properties16,17.

Figure 1: Plasma effect on polymeric chains due to ions bombardment. Electrons collision from the plasma ions to the backbone causes 
(a) cross-linked formation and (b) unsaturation. On the other hand, (c) nuclear collisions can dissociate polymeric chains, 

inducing volatile species that can be ejected by the vacuum pump.
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Experimental results suggest that effective unsaturation can occur when ion pairs in two neighboring chains overlap18. 
Moreover, the structural transformations in ion beam-implanted polymers are based on chemical reactions of free radicals 
which appear as the result of dangling bonds and displaced target atoms (ions). Reactions occurring in irradiated polymers 
were considered in previous publications19. The stability of polymers under irradiation was greatly affected by the type of the 
chain-linking group and the type of pendent atoms or groups attached to the backbone carbon atoms. Depletion of volatile 
components and fragments, dynamic changes in the density of the implanted layer etc. may play a crucial role.

During the implantation, the polymer undergoes gradual compositional and structural changes and the resulting depth 
profile is in fact a sum of the depth distributions accumulated during various stages of the implantation process20. Among 
such properties, it was well established that physical and chemical properties change in polymers, and are determined by 
the magnitude of cross-linking and scission generated21. Moreover, the properties improvements were related to electronic 
energy transfer (excitation and ionization), and the degradation events (as a result of scission) by nuclear energy transfer 
(displacement reactions)22. In this sense, it is important to explore the Stopping and Range of Ions in Matter (SRIM) simulation 
to analyze the damage events.
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SRIM simulation
Monte Carlo method is, in principle, a solution to a macroscopic system through simulation of its microscopic interactions. 

The code operates within the energy range from 100 eV up to 1 GeV and, for homogeneous materials, with arbitrary compositions 
(involving elements with atomic number Z = 1-92). The SRIM software treats the ion penetration in a material as a series of 
independent binary collisions. The only parameters used to describe a target material are the density of the material and the 
relative elemental composition23. The agreement between simulation and experiment is very good in the keV region.

The SRIM software provides information on the thickness of the modified layer determined by the penetration depth of the 
ions and their spatial distribution in the polymer matrix, as well as information on the statistical distribution24. In other study, 
SRIM was used for estimating a predicted thickness of implanted layers25 and vacancy distribution. In the “ion distribution and 
quick damage” mode, the defect numbers are estimated by using the Kinchin–Pease equation for each primary knock on atom 
based on its recoil energy26, and a phenomenological model based on equations from Lindhard, Scharff, Schiott (LSS) and 
Brandt-Kitagawa for electronic stopping27. The restriction is related to the fact that SRIM simulation does not take into account 
the compositional and structural changes of the polymer substrate in the course of the implantation. Moreover, the error in the 
energy absorbed by electrons collisions is set ~ 0.05%. For 1 keV of ion beam, the loss is ~ 1%. As input, the program receives 
the type of substrate, which are the target material and the energies (in electronvolts) of the ions to be implanted.

In this work, positive ions are considered because, in practice, negative ions are repelled by the inferior electrode negatively 
polarized by PIII. The program, in turn, returns through a frequency histogram, the penetration depth of 99,999 incident 
ions projectile, and then electronic and nuclear collisions with the target substrate matrix are considered. In order to estimate 
the thickness of the modified layer for that energy after the collisions, being possible to observe in the histogram, the mean 
(most probable) range values, and the maximum depth value that ion can reach within the polymer lattice. The number of 
backscattered ions and vacancies can also be extracted.

METHODS

Details of the laboratorial experiments
After ultra-sonicated bath, the polymers substrates were led to the experimental setup of PIII processes from the Technological 

Plasmas Laboratory (LapTec). It consists of a stainless-steel vacuum chamber with two internal electrodes, separated by a distance 
of 5 cm. Substrates were placed on the stainless steel electrode and the system was evacuated by a rotary pump (Edwards – 18 m3/h) 
down to 10-1 Pa. Needle valves (Edwards – model LV10K) were employed to control the gas feeding and a Barocel pressure 
sensor was used to monitor the chamber pressure. Sulfur hexafluoride (SF6) and nitrogen (N2) gases were employed as source 
of fluoride and inert plasma, respectively. Polyvinyl chloride (PVC) [Ɵ = 74°; R(z)  4.4 nm], polyethylene terephthalate (PET) 
[Ɵ = 66°; R(z) = 1.8 nm; T(λ) ~ 80% at visible range] and low density polyethylene [Ɵ = 74º; R(z) = 42.7 nm; T(λ) ~ 75 to 80% at 
visible range] were directly exposed to the plasma environment established by the application of radiofrequency power (Tokyo 
Hi Power 13.56 MHz) coupled to a match in box circuit. The total pressure of the reactor was constant at 100 mTorr (13.33 Pa). 
The power applied was 25 W connected to the upper electrode while the low electrode was connected to high-voltage negative 
pulses at -1000 V (corresponding to 1 keV on the simulation data). The high voltage was generated by a source (GBS-Elektronic 
GmbH model RUP 6-20) monitored by a digital oscilloscope (Tektronix TDS 2014). The frequency was stable at 300 Hz while 
the cycle time was 30 µs. Temperature of treatment was maintained constant at 298 K and the treatment time was fixed at 300 s.

Stopping and Range of Ions in Matter preparation and sampling
The SRIM simulation was run considering the perpendicular incidence of: fluorine [(F+) mass = 18.998 amu] and nitrogen 

[(N+) mass = 14.003 amu] ions on the polymeric targets with energies of 1 and 2.4 keV (for comparison). Density values 
provided by the software were: rigid PVC density r = 1.68 g/cm3; PET (mylar) density r = 1.397 g/cm3; LDPE (marlex) density r 
= 0.93 ± 0.3 g/cm3. As input data was selected, ion distribution with recoils and quick calculation of damage mode, which provides 
a statistical estimated based on the Kinchin–Pease formalism28, which suggests that the number of point defects generated by 
an implanted ion is analytically derived from the energy that is transferred from an ion to an atom of the target material. It is 
assumed that the number of point defects generated by a primary recoil is proportional to the energy transferred from the ion 
to the primary recoil (for incident E < 25 keV). In addition, targets containing C, H, N, O, F will need a compound correlation 
(σ). This parameter is a correction to accounts for the effects of bonding changes and target bandgap.

Table 1 shows the information about the compound correlation, atomic density and proportion of atomic masses and number 
of atoms for the three polymeric targets according to the software database.
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Table 1: Atomic density (ρa); compound correlation (σ); atomic mass proportion (%) and number of atoms (%) for the three polymeric 
targets according to SRIM 2008 database.

Target

Rigid PVC PET mylar LDPE marlex

Atomic density ra = 9.71 × 1022 at/cm3 ra = 9.63 × 1022 at/cm3 r = 1.2 × 1023 at/cm3

Compound correlation σ = 0.9475607 σ = 0.9343234 σ = 1.0054160

Mass proportion 
(%)

H = 4.84
C = 38.43
Cl = 56.73

H = 4.2
C = 62.5
O = 33.3

H = 14.37
C = 85.63

Number of atoms 
(%)

H = 50.0
C = 33.33
Cl = 16.67

H = 36.36
C = 45.45
O = 18.18

H = 66.67
C = 33.33

The compound correction is discussed in great details by Ziegler and Manoyan29. Despite the targets possess similar atomic density 
(~ 1022 to 1023 at/cm3), Table 1 shows that the proportion of elements (%) are different in mass and number of atoms for the targets. In 
PVC, chloride is present in less quantity (number of atoms); however, it represents higher proportion in mass, because its atomic mass 
unit (~ 35.4) is higher than carbon (~ 12.0) and hydrogen (~ 1.0). Analogously, hydrogen is present in the PET matrix in higher quantity 
(number of atoms) than oxygen; however, it represents lower proportion in mass, because its atomic mass unit is much lower than 
oxygen (~ 15.9 amu). Analogously, hydrogen is present in the LDPE matrix in higher quantity (number of atoms) than carbon; however, 
it represents lower proportion in mass, for the same reason.

RESULTS

Ion ranges and distribution
Table 2 synthesizes the results from the SRIM/TRIM simulation: Depth in ångström of incident ions (F+), nitrogen (N+) for the three polymers 

targets, using the incident energies of 1 and 2.4 keV. The indexes (1) and (2) represents the range, mean and maximum values, respectively.

Table 2: Depth (Å) of incident fluorine ions (F+) and nitrogen (N+) for the three polymers investigated, using the incident energies 
of 1 and 2.4 keV. The indexes (1) and (2) represent the range, mean and maximum values, respectively.

Type of incident ion 
projectile

Initial energy
(keV)

Range values of PVC 
ions (Å)

r = 1.30 g/cm3

Range values of PET 
ions (Å)

r = 1.39 g/cm3

Range values of LDPE 
ions (Å)

r = 0.93 g/cm3

F+

1
(1) 70
(2) 175

(1) 45
(2) 125

(1) 65
(2) 170

2.4
(1) 115
(2) 300

(1) 90
(2) 225

(1) 120
(2) 250

N+

1
(1) 75
(2) 200

(1) 60
(2) 150

(1) 70
(2) 175

2.4
(1) 145
(2) 350

(1) 110
(2) 275

(1) 133
(2) 280

The distribution of the ions generates a matrix in profile of implanted ions. It is assumed that N+ ions can reach slightly deeper regions 
than F+ when stimulated with the same energy for implantation. Increasing the energy from 1 to 2.4 keV, the ions can reach deeper 
distances in the targets. Figure 2 shows, respectively, the histogram of ions penetrating on to rigid PVC surface (a) F+ ions (b) N+ ions; 
as function of target depth, while Fig. 3 shows, respectively, the histogram of (a) F+ ions (b) N+ ions penetrating on to PET mylar surface.

These fluency values (12 × 105 to 18 × 105 atoms/area) are fairly low, and they are not reported in preview studies, which represent new 
conditions of simulation. It was concluded that, at the same irradiation condition, PET presented lower penetration than PVC for both 
(F+) and (N+) ions projectile. Figure 4 shows, respectively, the histogram of ions penetrating on to LDPE surface (a) F+ ions (b) N+ ions; 
as function of target depth.
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Figure 2: (a) Depth (Å) of incident ions (F+) for PVC using incident energy of 1 keV; (b) depth (Å) of incident ions (N+) 
for PVC using incident energy of 1 keV. The histogram shows mean and maximum value ranges.
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Figure 3: (a) Depth (Å) of incident ions (F+) for PET using incident energy of 1 keV; (b) depth (Å) of incident ions (N+) 
for PET using incident energy of 1 keV. The histogram shows mean and maximum value ranges.

Figure 4: (a) Depth (Å) of incident (F+) ions, using incident energy of 1 keV (b) Depth (Å) of incident ions (N+), 
using incident energy of 1 keV, both for LDPE. The histogram shows mean and maximum value ranges.
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Polyethylene, in turn, has a less dense, less branched structure. It is expected that the same input energies promote greater depths 
of penetration of (F+) and (N+) ions projectile. In most cases, the values are higher than in PET, and lower than in PVC. Straggling is 
the mean roots of variance, presented in ~ 0.15 % of the total range of penetrating ions (< 30 Å; nonextreme). Considering the three 
polymers as low-density materials, those straggling values are relatively larger. Skewness presented (dimensionless) positive and small 
values indicating that all the peaks are a bit away from the surface, and the most probable depth is a bit smaller than the mean30. Kurtosis 
(dimensionless) means how tall and sharp the peak is, and, for all curves, it presented values between 0 and 3, indicating a leptokurtic 
(abbreviated tails)31.

Energy loss (ions and recoils)
As result of ion bombardment, the SRIM software recognizes the energy loss – dE/dx in (%), which summaries the loss energy from 

the ion to the target electrons, and being possible to estimate the ionization, vacancy and phonons contribution (%) for either ions or 
recoil atoms (eV/Å). The same target polymeric materials were used. Table 3 shows the results about energy loss (eV/Å-ion) for F+ and 
N+ ions and recoils.

Table 3: Ion loss energy (-dE/dx) of incident fluorine ions (F+), and nitrogen (N+), using the incident energy of 1 keV. Three parameters of 
loss energy are presented for the three polymer targets investigated: (i) ionization, (ii) vacancy, (iii) phonons.

Ion incident
(99,999)

Type
-dE/dx (energy loss)

[eV/Å-ion]
PVC PET LDPE

F+
(1 keV)

ions
Ionization
Vacancy
Phonons 

7.75
2.28
12.35

8.75
1.94
11.94

9.68
2.6
13.5

recoils
Ionization
Vacancy
Phonons

14.85
1.37
61.37

15.61
1.21

60.55

17.4
1.2

55.6

N+
(1 keV)

ions
Ionization
Vacancy
Phonons

11.78
2.25
12.14

13.9
1.88
11.48

14.6
2.52
12.48

recoils
Ionization
Vacancy
Phonons

14.00
1.38

58.45

14.76
1.21
57.48

16.88
1.32

52.95

It concluded that the most -dE/dx (%) of energy loss is associated to the phonons generation in higher proportions, following the 
ionization process, and, lastly, in lower proportions, the vacancy for ions and recoils. Table 4 shows the results of binding and displacement 
energies; the number of backscattered ions, nB and vacancies produced per ion nV.

Table 4: Ion loss energy (-dE/dx) of incident (F+), and (N+) ions, using the incident energy of 1 keV. Three parameters of loss energy are presented: 
(i) lattice binding energy (LBE); (ii) surface binding energy (SBE); (iii) displacement energy (DE). In addition, (iv) the number of 

backscattered ions and (v) the number of vacancy/ion (incident) were calculated for the three polymer targets.

Ion incident
(99,999)

-dE/dx (energy loss) PVC PET LDPE

F+
(1 keV)

LBE (eV/Å) (associated to phonons yield) 3 3 3

SBE (eV/Å) (associated to sputtering yield)
2 H – 7.4 C – 2 Cl
Mean values ± 0

2 H – 7.41 C – 2 O
Mean values ± 0

2 H – 7.41 C
Mean value ± 0

DE (eV/Å) (associated to energy to recoils)
10 H – 28 C – 25 Cl

Mean values ± 0
10 H – 28 C – 28 O

Mean values ± 0
10 H – 28 C

Mean values ± 0

Number of backscattered ions (NB) 1709 59 11

Number of vacancy /ion (Nv) 13.9 11.9 14.8

N+
(1 keV)

LBE (eV/Å) (associated to phonons yield) 3 3 3

SBE (eV/Å) (associated to sputtering yield)
2 H – 7.41 C – 2 Cl
Mean values ± 0

2 H – 7.41 C – 2 O
Mean values ± 0

2 H – 7.41 C
Mean values ± 0

DE (eV/Å) (associated to energy to recoils)
10 H – 28 C – 25 Cl

Mean values ± 0
10 H – 28 C – 28 O

Mean values ± 0
10 H – 28 C

Mean values ± 0

Number of backscattered ions (NB) 2363 292 52

Number of vacancy /ion (Nv) 13.7 11.6 14.6
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Lattice binding energy (LBE) is the energy that every recoiling target atoms (C, H, Cl, O) lose when they leave their lattice 
site and recoil in the target, going into phonons. Surface binding energy (SBE) is the energy that target atoms must overcome 
to leave the surface of the target, including all surface nonlinearity’s produced by radiation damage, which is different from the 
binding chemical energy, EB (2.9 < EB < 8.0) for the three polymers according to Sant’Ana16. The only value found as compa-
rative data is related to SBE of the pure carbon (7.37 eV), according to Nichols et al.32, which is next to the value calculated by 
the SRIM 2008 (7.41 eV). Displacement energy (DE) is the energy that a recoil atom needs to overcome the target’s lattice forces 
and to move more than, one atomic spacing away from its original site. The number of random backscattered ions for N+ is 
relatively higher than for F+, because N+ is a lighter ion than F+.

DISCUSSION

Surface properties (laboratory samples characterization)
After F+ implantation over the polymers during plasma phase, C–F bonds in great proportion is formed at surface, as indicated 

by XPS analysis in Sant’Ana’s work16, becoming similar to Teflon (considerable hydrophobic material). According to literature, 
the exposure of the polymer surface in fluorine is capable of replacing hydrogen atoms with fluorine atoms, increasing C–F 
bonds into the backbone, which possess nonattraction to pure water; thus, increasing the hydrophobic character.

Surface wettability dependent on surface chemical structure33 and is commonly characterized by contact angle34,35. Besides 
the increase of Ɵ being stable within 30 days monitored, the roughness (Rz) of the polymers had a wispy increase (from 
4.38 to 12.6 nm for PVC, and from 1.8 to 2.6 nm for PET) after PIII. This process enhances the interface roughness as the interface 
moves through the amorphous phase. The optical transmittance T (λ) for PET indicated a wispy increase, ~ 2 %, reaching 84%. 
The structure of the polymers is suggested as being a-C:H:F (no hydrogen was detected by XPS). For instance, under the 
implantation over LDPE using fluorine ions, the carbon concentrations in the implanted layer comes to saturation at level of 
40 at.%. After N+ implantation, new functions groups of (-CN-) and (-CON-), even in low proportion, and groups containing O 
such as (C–O), (C=O), (C=C), (-OH) in higher proportions can appear and to be localized in until 35 nm of depth for PVC and 
PET. Results in the introduction of polar groups from the surrounding environment onto the surface increase its wettability36,37. 
About 33% of O proportion was observed on the surface of PVC. In previews works, the exposure of the polymer surface to 
nitrogen plasmas caused the surface with intermediate wettability to become hydrophilic, because of its chemical affinity with 
O containing groups and others polar groups were confirmed by XPS and FTIR, including unsaturation bonds.

The structure of the polymers after the implantation was suggested to be a-C:H:O “doped” with N (at.% less than 3%); no 
hydrogen was detected by XPS. In addition, Fourier transform infrared spectroscopy by attenuated total reflectance (ATR-FTIR) 
proved the considerable presence of O and O-containing groups as result of the N+ ion implantation. This fact comprises the 
decrease of Ɵ, reaching ~ 14° for PVC, ~ 19° for PET and ~ 9° for LDPE. The literature suggests the decrease of optical gap in 
PET after N+ ion implantation. Nathawat et al.38 have observed that there is a significant decrease in the value of energy gap 
from 3.9 eV (virgin PET) to 1.6 eV in the PET specimens with N+ ions implantation. Shekhawat et al.39 and Popok et al.40 have 
also studied the effect of N+ ion implantation on the optical properties of different polymers. Ahmed et al.41 observed high 
absorption of UV-spectra between 190 and 300 nm, which comprises the decrease of optical transmittance in theses ranges.

In this study, T (λ) was reduced in until 10% for LDPE after N+ ion implantation, mainly in these ranges. On the other hand, 
T (λ) sparsely increased for PET. All these studies point towards the structural rearrangement in the polymeric matrices as a 
result of ion implantation. It has been associated with chain scission and cross-linking of free radicals, as it is a well-known 
fact that nuclear energy losses are largely responsible for chain scission, whereas electronic energy losses are for cross-linking18. 
When an energetic ion impinges on a polymer, its orbital electrons are stripped off and the nucleus becomes almost naked until 
the ion velocity slows down below the Bohr electron velocity of the medium42. Besides scission and cross-link, common gases 
produced upon ion irradiation include H2, CH4, CO, CO2, HCl, H2O, C2H2, CF3, C2F4, etc.43,44.

The literature reports the loss of optical transmittance at visible light T(λ) as a consequence of adjacent carbon chains (cross-
links), acting as a barrier for the free path of radiation through the polymeric lattice45,47, which in fact approximates adjacent 
chains, causes entanglements, and, then, may fill voids contained in the structure of the polymer chains. On the other hand, 
these mechanisms are responsible to the barrier properties improvement, which were confirmed analyzing the decrease of water 
vapor transmission rate (from 6.12 g/m2 day to 1.05 ± 0.17 g/m2 day for PET and from 6.4 g/m2 day to 2.45 g/m2 day for LDPE). 
These values are regarded to a high gas barrier material. Similar results are reported by Czeremuszkin et al., Garcia-Ayuso et al. 
and Henry et al.48–50. In other studies, plasma treatment was useful to improve water vapor barrier on PET and other packaging 
systems51,52. It was concluded that a physical structure on the polymer surface changed, attending ions housing from tens to 
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hundreds of depth, and that seems to be one of reasons for changes in wettability, optical transmittance at visible light and 
enhancement of gas barrier properties in PET bottles and LDPE films53, as confirmed by Sant’Ana16.

SRIM simulation
In the first signs, the literature report that energetic ions interact with matter by losing their energy in the matter predominantly 

by two different mechanisms: the nuclear energy loss (Sn) and the electronic energy loss (Se). Nuclear energy loss arises from 
“momentum-transfer” between the energetic ion and the target nuclei, which causes atomic displacements and phonons18. 

Experimental results suggest that insaturation can occurs when ion pairs in two neighboring chains overlap54, because the 
SRIM simulation does not take into account the compositional and structural changes of the polymer substrate in the course of 
the implantation. The incident ion primarily undergoes Sn at low energies (~ 1 keV/nucleon)55. In this study, the major energy 
loss was observed for phonons generation, which comprises to the “nuclear energy loss”

Nuclear stopping involves the transfer of momentum from the ion to a host matrix atom, or recoil atom. If the momentum 
transfer is small, the energy imparted to the recoil atom will be dissipated by phonons. As the process of irradiation is, then, 
continuous, ion beam causes electronic excitation or removes valence electrons (ionization) via electronic energy loss, “free 
radicals” may be generated in the polymer chains56. 

Electronic stopping occurs by two processes, both involving electromagnetic interaction between the positively charged ion 
and target electrons. Electronic energy loss can be explained by the mechanism called glancing collision (inelastic scattering, 
with small momentum transfer)18. In thesis, F+ and N+ ions are considered as “light ions” (amu < 20) When they are entering into 
polymer targets, they immediately interact with many electrons simultaneously. In such encounter, the electrons experience and 
impulse from the attractive coulomb forces as the projectile ions pass their areas. 

The simulation shows that, for ion beam energy between 1 to 2.4 keV, these impulses are sufficient to produce ionization, 
then the velocity (kinetic energy) of the ion will decrease until it is stopped from tenths to few hundreds ångström of depth in 
polymers. In this process, bonds of hydrogen are easily broken due to its weak bonds57. In fact, high voltage influences on the 
surface bonding configuration58. 

In this study, the considerable energy loss for ionization was observed (fractions between 10 and 20% of energy), that 
comprises the mechanism of “electronic energy loss”, but in minor % than for phonons generation, in which the nuclear energy 
loss is predominant than electronic energy loss. The distribution of energy loss in % was similar to the all polymer targets. 
In addition, a small fraction of vacancy was produced as result of ion bombardment (< 4 %). Moreover, since the ion energy 
(1 keV) is much higher than the binding energy of atoms in a polymer, the ion imparts enough energy to the primary replaced 
atom (recoil) for the following replacements, thus producing nonlinear collision cascades18,59. Displaced recoils are capable of 
creating further recoils and ionization. Then, the loss of energy in eV/Å was associated for either ions or recoils, being more 
predominant for recoils than ions (for ionization and phonons). For vacancy, the energy loss was predominant for ions than 
recoils, which were similar to the three polymer targets. The energy losses were estimated by applying a modified Kinchin–
Pease model of recoils60. Although both electronic and nuclear processes cause crosslinking as well as scissions, it has been 
found that the most important parameter to achieve a high degree of crosslinking is electronic, whilst nuclear, tends to cause 
degradation61 and unsaturation, and subsequent chemical reactions results in the creation of excessive double bonds62 and 
oxidized structures63. 

This fact comprises the XPS and FTIR analyses that presented a number of O-containing groups in the PIII processes, mainly 
for nitrogen plasma treatment. For a given energy, smaller atoms penetrate deeper; the process can originate fewer nuclear 
displacements than heavier ones. It comprises the ion distribution and range simulation, whereas the N+ ions reached more 
depth distances, as reported in this study. However, their maximum attainable electronic is smaller because they have fewer 
nucleons and attain a lower charge state when stripped16.

It is worth mentioning that the ions projectile reaches more depth distances in PVC and LDPE than in the PET. Probably, 
the presence of the aromatic ring on PET does confer greater resistance against ionic bombardments, confirming the lower 
penetration values for PET in relation to PVC. The number of random backscattered ions for N+ is relatively higher than for 
F+, because N+ is a lighter ion than F+. Lighter ions tend to backscatter toward the substrate surface, while heavy ions tend to 
forward-scatter into the bulk. In all cases, they presented nonextreme values.

Diffusion is a vacancy mechanism and tends to be higher in damage regions; however, the SRIM does not recognizes any 
parameter to explain the vacancy mechanism besides the “collision events” and, also, there is no parameter related to the heating 
during the process of ion implantation. In practice, the samples were implanted in room temperature (298 K). However, the 
collision events presented more vacancies produced in shallow regions than in deeper regions by an unsymmetrical Gaussian. 
According to literature, diffusion depends on the size, shape, and polarity of the penetrating molecule, degree of cross-linking 
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and polymer chain segmental motion of the polymer matrix64. The chemical elements permeation into semicrystalline polymers 
is confined into the amorphous regions.

The number of vacancies were quite similar between the three targets for F+ and N+, because PVC, PET and LDPE presented 
similar chemical structure and chains, presenting double bonds and unsaturation. Comparing F+ and N+ ions, the authors of 
this work consider that they have near sizes, shapes and polarity. Anyway, the interstitial atoms occur during the irradiation 
process65, acting to suppress diffusion of such “impurities” (incident ions). More details of the plasma treatment using nitrogen 
and fluorine on this polymer and the physical simulation using SRIM can be found in other sources66–70.

CONCLUSION
The use of computational tools such as SRIM/TRIM calculations in conjunction with Monte Carlo code were useful to 

compare experimental and simulated data attending to the ion implantation process. Analogously, for 1 keV (equivalent to 
1000 V high-voltage negative pulses) of input energy results in depths from 45 Å (F+) to 79 Å (N+) of modified layer. These 
values can be associated to the “loss of energy (-dE/dx)” during ions penetration in the targets leading to a random scattering. 
In practice, SF5

+ are common radicals in SF6 plasma; however, they are broken due to the impact with surface target atoms.
The outcome is that those values of modified layer are enough to bring up collision events related to the vacancies produced 

and energy to recoils related to Kinchin–Pease damage calculation, which reflects in surface properties alterations: wetting, 
transmittance at visible light and gas barrier properties. All of them are interesting in the polymer science and nanotechnology.
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