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INTRODUCTION

Polymers attract attention of engineers and 
scientists as they offer a multitude of superior 
properties very often enhanced by a possibility to 
compose them into a novel materials. As they are 
relatively strong, lightweight, weather- and cor-
rosion resistant, economic and easy to form and 
posses desirable optical and electronic properties 
[1–3] various polymers are used in optics and 
microelectronics (e.g for sensors), in automotive 
industry, for production of a variety of coatings, 
for food packaging and last but not least as a bio-
compatible materials for medical implants. 

A variety of techniques is used to change 
structural, physical and chemical properties of 
polymers: heat and laser light treatment, doping, 
ion beam mixing as well as irradiations with elec-
tron, ion, neutron or gamma ray beams [4–9]. Ion 

implantation is one of the most popular methods 
allowing tranformation of the thin upper layer of 
the synthetic material and change its often unpre-
dictable electrical properties [10] making these 
these materials (usually characterised by very 
high resistance) much more applicable in elec-
tronic industry. It should be mentioned that prop-
erties of the modified layer are highly dependent 
on ion implantation processing parameters, such 
as irradiation fluence, the mass of the projectile 
and the irradiation current density.

The bombardment by energetic ions induces 
several interactions with target atoms leading to a 
plethora of phenomena including: chain scission 
and polymer degradation, electron excitation and 
ionisation, production of free radicals, polymer 
degassing and the formation of carbon–carbon 
bond based structures (carbonization) [11–14]. 
The impinging ions lose their energy to target 
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atoms due to two types of processes: (a) nucle-
ar and (b) electronic stopping [15, 16]. Nuclear 
stopping mechanism involves elastic collision 
to transfer momentum and energy to host mate-
rial, leading to bond breaking. chain scission and, 
consequently, polymer degradation. On the other 
hand electronic stopping occurs while projectiles 
interact via e.g. glancing inelastic collision with 
target atoms. The electronic stopping results in 
excitation of low-energy orbital electrons to high 
energy levels and could even lead to ionization 
of atoms [17]. As a large number of free radicals 
is produced via electronic stopping intense cross-
linking of polymer is observed while this stopping 
mechanism dominates. In other words the ratio of 
nuclear and electronic stopping powers (Sn/Se) 
determines the path the structural modification of 
ion beam irradiated polymer will follow [18]. 

A plethora of ion implanted polymers were 
investigated over last decades, to mention only 
the most important ones including polyurethane 
[19], polystyrene [20], polyethylene [21], and 
polymethylmethacrylate (PMMA) [22]. An im-
planted polyethylene terephthalate (PET), also 
known as Mylar, Dacron, Terylene or Lawsan, 
gained special attention [23–27].

Due to its properties like high transparency, 
strength and resistance to harsh environment PET 
is widely used in various branches of industry for 
packaging (also of food ), photovoltaics and other 
electronics, prosthetic medicine etc. It can be also 
a good base for high strength polymer blends [28] 
However, its large resistivity may e.g limit its ap-
plication in electronics industry. One of the most 
popular ways to make it more conductive is ion 
implantation- formation of carbon cluster in the 
near-surface layer due to ion bombardment leads 
to dramatic decrease of resistivity by several or-
ders of magnitude [29–32]. This structural change 
could be also easily seen as a darkening of the ini-
tially transparent polymer, due to modification of 
the band structure leading also to the bandwidth 
reduction to values typical for semiconductors. 

The aim of the current paper is checking prop-
erties of the modified polymer in the case of irra-
diation with very low projectile range, typical for 
heavy ion like Cs+. The projected range is much 
shorter that the thickness of the polymer sheet. 
Hence, it is not possible to induce changes of the 
polymer structure that lead e.g. to the changes of 
resistivity also on the reverse side, as it was seen 
in the case of very thin foil (3 micrometers) and 
lighter projectiles [30,31]. One may expect that 

the sample characterized by the thickness larger 
by more than two orders of magnitude is more 
resistant to changes induced by radiothermolysis 
occurring during ion bombardment. Changes of 
irradiated polymer microstructure investigated 
using both FTIR and Raman spectroscopies. Opti-
cal properties i.e. absorption in the UV-ViS is also 
under consideration. A special attention is given 
to modification of the optical bandgap related due 
to changes induced to polymer and emergence 
of new energy levels. One may expect that these 
changes will result in decrease of polymer sur-
face resistivity – corresponding are also shown 
and discussed in the paper as well as results of 
measurements of the dependences of polymer 
conductivity on temperature. Such investigations 
should give some knowledge about the mecha-
nism of conductance in the considered samples. 

EXPERIMENTAL 

Samples (5 cm x 5 cm ) of transparent PET 
polymer sheet (thickness 0.125 mm, density 
~1.4 g/cm3) provided by Goodfellow were irradi-
ated with 150 keV Cs ion beam. The ion beam 
was produced using CsCl as a feeding substance 
and plasma discharge ion source with internal 
evaporator described in details in [33,34]. Irra-
diations were performed with fluences 1013 cm-2, 
1014 cm-2, 1015 cm-2 and 1016 cm-2. The bombarding 
current density was kept at level up to 0.5 μA/cm3 
in order to avoid excessive sample heating. The 
sample was attached to sample holder using car-
bon adhesive tape, no additional supporting rings 
were used.

Depth distribution of the implanted Cs as well 
as the imposed damage were simulated employ-
ing SRIM software [35]. The simulation results 
are presented in Fig. 1. The ion average range was 
only ~100 nm with the 20 nm strangling. How-
ever one may expect that real Cs range could be 
at least 2 times larger having in mind results pre-
sented in [31] for Na implanted PET and then in-
vestigated with SIMS-TOF spectroscopy. In oth-
er words, one should be rather suspicious to the 
SRIM predictions in the case of polymer target 
bombardment. SRIM simulations results suggest 
that the depth of modified layer is approximately 
100 nm but having in mind a plenty of process-
es during ion implantations in polymers its real 
thickness is larger, still by far less than the thick-
ness of the sample.
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Absorption spectra in near UV and VIS re-
gions were collected using Agilent Cary 50 spec-
trometer). FTIR-ATR (Fourier Transform Infra-
Red Attenuated Total Reflectance spectrometry) 
measurements were performed employing Ther-
moscientific Nicolet iS50R spectrometer with 
GladiATR adapter. Raman spectra were obtained 
using Renishaw inVia system, using 514 nm exci-
tation laser. Surface sample resistivity were mea-
sured using the Agilent B2911A measuring source 
and the set of polished electrodes of circular ge-
ometry. The dependences of sample resistivity on 
temperature were determined using Hioki 7110 
megohmmeter. The samples were placed inside 
Janis VPF-100 cryostat, their temperature was 
governed by LakeShore model 325 temperature 
controller. Figure 2 shows custom electrode set 
made of phosphor bronze. The set was placed in-
side the cryostat chamber. In order to increase the 
measurement detection level and precision all de-
vices were powered using separating transformer 
and additional filter.

RESULTS 

It is commonly known that the way the 
polymer structure is modified by ion irradiation 
strongly depends on the stopping mechanism 
in the target [15, 16]. In the considered case of 
heavy 150 keV Cs+ ions the dominant mechanism 
is the nuclear stopping – the Sn/Se ratio is 7.8 at the 
surface and increases up to ~20 as the ion slows 
down. the total percentage of energy lost due to 
the electronic stopping is more than 92 % accord-
ing to detailed SRIM simulations. Consequently, 
the strong effect of bond breaking, chain scission 
and polymer degradation should be expected. The 
destruction of chemical bonds in irradiated sam-
ples is well visible in FTIR spectra shown in Fig-
ure 3 especially for C=O bonds (stretching mode 
at ~1715 cm-1) C-O (stretching at ~1240 cm-1 and 
1120 cm-1). The last peak is also combined with 
in-plane C-H bending mode at ~1123 cm-1. Very 
strong reduction is also visible for out-of-plane 
C-H bending at 730 cm-1.). Similar but not as 

Figure 1. Cesium atoms (a) and vacancy (b) 
depth profiles for 150 keV Cs+ implantation 

calculated using SRIM package

Figure 2. The geometry (a) and general view 
(b) of the electrode set used for measurements 

of resistivity as function of temperature
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strong decrease is observed also for 1330 -CH2 
waggling and 1018 cm-1

 -CH in plane bending. 
One can however, see that the described effects 
measured using ATR-FTIR are more subtle than 
in the case of thinner foils, for which transitional 
FTIR measurements were applied. In the consid-
ered case the thickness of modified layer (even 
taking into account ) is by far less than the thick-
ness of the sample.

Evolution of microstructure of the implanted 
polymer could be also seen at Raman spectra 
shown in Figure 4. This change is much more 
subtle than in the case of lighter projectiles, hav-
ing larger projected range. One can observe the 
decrease of the most prominent peaks at 1727 cm-1 
and 1613 cm-1 corresponding to C=O and C=C in-
ring stretching, respectively. It should be stressed 
that these peaks are well-visible even for relative-
ly large fluence of 1015 cm-2, and even for the most 
severely modified sample there are remnants of 
them. The other visible peaks are C-C-C in-plane 
aromatic ring bending (~630 cm-1), aromatic ring 
breathing mode (857 cm-1) C-O stretching and 
C-H in plane bending (1097 cm-1 and 1118 cm-1 ) 
and complex mode near 1286 cm-1 (ring and O-C 
stretching). All of them could be recognized up 
to the fluence of 1015 cm-2, but disappear only for 
the sample irradiated with the largest fluence. It 
should be stressed that for lighter projectiles these 
peaks disappear for fluences at least one (Li+) and 
two (Na+ and K+) orders of magnitude smaller 
than in the current case. This may be caused by 
the fact the depth of the modifier layers is sig-
nificantly smaller in that case and for smaller flu-
ences the Raman signal from the deeper (unmodi-
fied) layers of the sample is collected. It should 
be noted that for fluence 1015 cm-2 the wide band 

with the center near ~1580 cm-1 (marked with 
dotted line in Figure 4) appears. This band (called 
G band) is a fingerprint of graphitelike structures. 
In the case of Cs+ bombardment the formation of 
bands from the graphitelike structures is rather 
subtle – note that the D band near 1350 cm-1 is 
invisible. Anyway the formation of vast struc-
tures made of C atoms in sp2 hybrydisation is 
a characteristic feature of irradiated polymers 
[15, 24, 25, 36]. This transformation is induced 
by both nuclear stopping leading in the consid-
ered case to intense chain scission as well as by 
electronic stopping i.e. excitations followed by 
ionization, bond breaking and formation of radi-
cals. Both these processes are also accompanied 
by degassing, which was observed during irra-
diation, however, to a smaller degree than in the 
case of lighter projectiles. The low content of D 
band seems to suggest that the carbon structures 
are mostly formed by rings, however the centroid 
of that band is shifted from its value typical for 
pure graphite (1852 cm-1) toward lower values of 
the wavenumber, pointing at some disorder of the 
formed structure. The low ID/IG ratio is somewhat 
surprising as there is generally observed that the 
amount of chain-based structures increases with 
the mass of the projectile. One may suspect that 
larger Cs+ fluences would be required to definite-
ly confirm it – once again it should be stressed 
that degree of carbonization is surprisingly low 
compared to the samples investigated in our pre-
vious studies.

As it has been already mentioned the modi-
fication of the PET polymer by Cs bombardment 
seems less intense than in previously considered 

Figure 4. Raman spectra for PET samples 
implanted with Cs+. Dotted line marks the 

position of the G band in graphite

Figure 3. FTIR spectra of 
Cs+-implanted PET samples 
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cases of lighter alkali metal ions. One can see 
the darkening of irradiated samples but the in-
tensity of that transformation is smaller than in 
[31]. Changes of the sample transparency was 
tested quantitatively using UV-Vis spectroscopy. 
Results for the 300 – 700 nm range are shown 
in Figure 5a. The pristine sample is almost per-
fectly transparent for the light in the visible and 
near UV range, above ~300 nm. One can see that 
the absorbance of modified samples increases 
with the implantation fluence as the content of 
conducting carbon structures made of sp2 hybri-
dised atoms gets higher. Nevertheless, the effects 
are smaller than in the case of Na+ or K+ but also 
inert gases ion irradiations [30]. The change of 
absorption spectra is due to the emergence of new 
energy levels in the bandgap caused by carbon-
ization of the polymer and is common for irradi-
ated polymers [22,37]. In the considered case the 
implantation fluences were too low to observe the 
saturation of absorption changes. 

As it was already mentioned the changes of 
absorption spectrum is related to the modifica-
tion of energy band structure. It is known that the 
bandgap (Eo) could be calculated from absorption 

spectra employing the Tauc’s approach. As one 
deals in the considered case with indirect allowed 
transition the relationship between light energy 
hυ and absorption coefficient has the form of:

 

( )2~ oEhh -nna (1)

Consequently, the bandgap can be found by 
(a) plotting 

 

( ) 2/1nah  vs 
 

nh  and (b) determining 
the interception of the linear part of spectrum and 
\energy axis. Tauc plots obtained for measured 
spectra are presented in Figure 5b.

The estimated bandgap values are also gath-
ered in Table 1. As in the case of other irradiations 
one can observe the decrease of the bandgap from 
~3.95 eV for pristine/unimplanted PET to 1.05 eV 
for the sample irradiated witt the largest fluence. 
It should be noticed, that the change of the band-
gap for Cs implanted samples is slightly smaller 
than in the case of heavier projectiles for which 
bandgap values were much below 1 eV ( 0.55 eV 
for K+ and 0.7 for Na+ [30], both results for E=150 
keV and fluence of 1016 cm-2) the change of the 
bandgap is to the great extent determined by the 
concentration of η-bonds in the modified polymer 

Figure 5. UV-VIS absorbance spectra (a) and Tauc plots (b) for the samples implanted with different Cs+ fluences
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and, consequently, on the size of carbon clusters 
formed by sp2 hybridised C atoms. The size of 
these clusters, or rather a number of C atoms they 
contain could be derived form absorption spectra 
[38,39]. The above mentioned number of carbon 
atoms (N) could be e.g. estimated according to a 
formula proposed in [39]:

2

][
3.34











eVE
N

o

 (2)

The values of N obtained for Cs implanted 
PET sheets are shown in Table 1 along with Eo. 
As one may expect the size of the clusters rises 
fast with the irradiation fluence. Nevertheless, the 
average size of the carbon cluster cluster for max-
imal fluence (N=1067) is much smaller than that 
obtained for K+ and Na+ irradiated PET samples. 
However, it is twice as large as that estimated for 
150 keV Li+ bombarded PET foils.

Figure 6 presents relative surface resistivity 
of the PET polymer as function of the irradiation 
fluence. The resistivity decreases with fluence due 
to the formation of conducting carbon structures 
at the polymer surface. This effect is comparable 
to that observed for Na+ irradiations [31] – the re-
sistivity of sample implanted with the fluence 1016 
Cs+/cm-2 is almost 8 orders of magnitude smaller 
than that of the pristine sample. One deals with 
strong carbonization effect in the topmost layer of 
the polymer due to short projected range and the 
domination of the nuclear stopping in the case of 
the very heavy projectile.

The changes of samples resistivity with tem-
perature were also under investigation. The mea-
surements were done in temperature range from 
300 K up to 500 K (or from the 380 K for pristine 
and most lightly irradiated sample) for the volt-
age between electrodes equal to 1000 V. Results 
are shown in Figure 7a. As one may expect the 
resistivity of both implanted an pristine samples 
decrease as the temperature of the sample rises. 

The dependence of polymer conductivity on tem-
perature could be written in the form [15] 

 

( )( )moo TT-= expss (3)

where: To is some characteristic temperature pa-
rameter and σo is conductance for T tend-
ing to infinity. The power m is an indica-
tor of conduction type. In the case of m=1 
one deals most probably with band con-
duction in extended states or with nearest 
neighbor hopping conduction [40]. High-
er values of m are related with variable 
range hopping mechanism between lo-
calized states in 1D, 2D or 3D structures 
with a relation of m and dimensionality D:

D
m




1
1

 (4)

Many irradiation-modified polymers exhibit 
m=1/2 dependence of conductance on tempera-
ture, and usually the dimensionality rises with the 
fluence [41, 42]. 

The dependence of ln(σ) on inverse tempera-
ture for selected samples are shown in Figure 7b. 
As one can see, in the considered case one deals 
with m=1, hence either the dominant conductance 
mechanism is the band conductance, or what 
is more probable for heavy modified polymer, 
a nearest neighbor hopping between conduct-
ing structures. It should be mentioned here that 
the case of m=1 is rare, but was also reported 
e.g. in [43].

Figure 6. Sheet resistivity for Cs+ implanted 
PET samples as function of fluence. The 

line is added just to guide the eye

Table 1. Optical bandgap energies (Eo) estimated 
using the Tauc approach and average carbon cluster 
sizes (N) for different Cs+ irradiation fluences

Φ ( cm-2 ) Eo [ eV ] N
0 3.85 -

1×1014 2.1 267 
1×1015 1.4 600 
1×1016 1.05 1067
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CONCLUSIONS

Changes of on microstructural, optical 
and electrical properties of PET in the form of 
0.125 mm sheets due to 150 keV Cs+ ion irradia-
tion with fluences in the range from 1014 cm-2 up 
to ×1016 cm-2 ). Intensive breaking of numerous 
chemical bonds within the subsurface layer poly-
mer is confirmed by Raman and UV-VIS spec-
troscopy and this effect rises with implantation 
fluence. The presence of broad G band in Raman 
spectra, which is known to be a sign graphite-
like structures, confirms the formation of clus-
ters made of sp2 hybridised C atoms. This effect, 
however, needs larger fluences than in case of 
other alkali metal ions like, Na+ or K+. It should 
be noted that the D band could be barely seen in 
Raman spectra This, combined with the fact that 
G band center matches the position of original G 
band in graphite suggests that graphitelike struc-
tures are built mostly of carbon rings, unlike in 
the case of Na+ or K+ implantation, where the con-
tent of carbon atom chains was relatively large. 
The behaviour of UV-Vis absorbance spectra is 
a consequence of increasing size of carbon clus-
ters culminating at formation of vast conducting 

structures in the modified layer. Using the Tauc 
plot approach the reduction of the bandgap from 
~3.95 eV (for pristine PET) down to 1.05 eV for 
the sample implanted with the maximal fluence 
is observed However, this effect is again not as 
strong as in the case of Na+ or K+ bombardment. 
As one may expect, the estimated size of carbon 
clusters is also smaller – it reaches ~1100 of C 
atoms for Φ=1016 cm-2. All the above mentioned 
modifications of the polymer microstructure lead 
to the reduction of its electrical sheet resistivity. 
In the case of most heavily irradiated sample it 
decreases by approximately 8 orders of magni-
tude. The dependence of sample conductivity on 
temperature was also investigated in range up to 
500 K. The obtained results suggest that the con-
ductance model in he considered case involves 
mostly either band conductance or nearest neigh-
bor electron hopping mechanism. 
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