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Very thin (3 pm) polyethylene terephthalate (PET) foils were irradiated with 150 keV Na™ ions with the flu-
ences in the range from 1 x 10** cm™2 up to 1 x 10'® em™2. Modification of chemical structure of the implanted
polymer was studied with the Fourier transform infrared and Raman spectroscopies. Destruction of numerous
chemical bonds as well as formation of carbon clusters made of sp? hybridised C atoms and conducting cluster
networks were demonstrated. The increasing presence of chain structures in the graphite-like carbonised layer is
pointed out as the G band shift and decrease of D band could be seen as irradiation fluence rises. The large increase
of the modified sample absorbance with the implantation fluence in the UV-VIS region was observed. The decrease
of optical band-gap energy from 3.95 eV for the pristine sample down to 0.7 eV for the most heavily treated sample
was estimated using the Tauc plot. Reduction of bulk resistivity by more than 8 orders of magnitude is shown
in the case of the sample implanted with the fluence 1 x 10'® cm™2. The sheet resistivity of the sample was also
reduced by 5 orders of magnitude. The effect was observed on both sides of the sample, probably as the result of
chemical transformations due to local increase of the polymer foil temperature. The moderate increase (15-200%)
of the dielectric constant is observed in the frequency range up to 1 MHz and the change rises with the implantation
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1. Introduction

The ion implantation, technique used mainly in mi-
croelectronics, has been also applied as a powerful and
versatile tool for the surface modification of polymers [1].
These synthetic materials attract attention of scientists
and engineers due to their numerous properties includ-
ing low cost, low density, durability, plasticity etc. [2].
There are, however, some severe limitations of poly-
mer application related to their wear and chemical re-
sistance as well as unpredictable electrical properties [3]
and very high electrical resistance restricting their appli-
cation in electronics. Ion implantation was suggested as
a way to change electrical properties of insulating poly-
mers, and even to turn them into semiconductors [4, 5].
Ton implantation is also a very effective tool for improve-
ment of surface properties such as hardness, wear resis-
tance, and wettability [6-8]. It should also be mentioned
that ion implantation is one of the ways to make polymer
useful for biomedical applications [9, 10]. Indeed, there
are other successful techniques allowing efficient modifi-
cation of polymers, such as electron beam and gamma
ray irradiations [11-13].

The modification of physical and chemical sur-
face properties of polymers by implantation is a re-
sult of a multitude of processes induced by imping-
ing energetic particles including bond breaking, cross-
linking, polymer chain scissions, massive degassing
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and carbonisation [4, 14]. Projectiles lose their energy
in the host due to nuclear and electronic stopping mech-
anism. The first process involves energy and momentum
transfer in elastic collisions, while the second one results
in electron excitation and ionization. The electronic stop-
ping dominates for higher ion energy whereas nuclear
stopping plays more important role for lower energies,
depending on the projectile/target mass ratio. It is com-
monly assumed that chain scissioning acts are assigned
to the elastic collisions characteristic for nuclear stopping
while the electronic energy loss leads to formation of free
radicals and the cross-linking in the polymer. The total
effect of ion irradiation leading to chain breaking, elec-
tron excitation, free radical and dangling bond forma-
tion, degassing etc. could be very sensitive to the ratio
of nuclear and electronic stopping power [15]. There are
numerous reports showing different roles played by both
electronic and nuclear stopping in ion implantation modi-
fication of polymers. In Ref. [4] it is shown that prevailing
electronic stopping leads to intensive dehydrogenation,
as well as emission of CO and CO; in oxygen contain-
ing polymers [1, 16] and carbonisation of the upper layer
of the sample. On the other hand, when elastic colli-
sions are of the major importance, one can see that poly-
mer degradation results e.g. in increasing hardness [17].
The chemical reactions occurring in the polymer during
the ion implantation are often referred to as an unified
process of polymer radiothermolysis [1, 15].

Modification of chemical, physical, tribological, and
other properties of a wide variety of polymers by ion im-
plantation has been intensively investigated over many
years. These include e.g. polyethylene (PE) [17-20],
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polyaryletheretherketone (PEEK) [21, 22|, polycarbon-
ate (PC) [23, 24], poly(allyl diglycol carbonate) (CR-
39) [25], and polymethylmethacrylate (PMMA) [26, 27].
A lot of effort was also put in studying modification of
irradiated elastomers [28-31] and copolymers [32, 33|,
as well as polyethylene terephthalate (PET).

The latter polymer, polyethylene terephthalate
(C10HgO4)y, referred also to by its brand names (Dacron,
Lavsan, Terylene) is a highly transparent (=~ 90%
in the visible region) strong thermoplastic polymer resin.
It is one of the most popular plastics used widely for food
and drink packaging purposes as well as for fiber produc-
tion [34, 35|, as magnetic tape carrier and photovoltaic
device base [36], for light fibre photographic filters and
lens production etc. [37], or concrete reinforcement [38].

The studies of PET sample modifications by ion im-
plantations by noble gases [39-43|, metals [44-49], and
non-metals [3, 50, 51] have been reported over years.
One of the most important changes is a drastic (over
many orders of magnitude) decrease of PET resistivity
with the implantation fluence. This effect, usually satu-
rating for fluences of the order 1016107 cm~2, is mostly
due to massive degassing and carbonisation of the poly-
mer surface layer as well as creation of carbon clusters
forming, for higher fluences, a kind of conducting network
or percolation cluster [43]. Another commonly observed
modification is an increase of absorption in the UV-VIS
range and reduction of the optical bandgap energy due to
the presence of graphite-like structures. As in the case of
other polymers, changes of the surface topography and
wettability were also under investigation [52, 53].

The above mentioned changes were also observed
in our previous paper describing modification of thin
PET foil samples by He, Ne, and Ar irradiation [54].
In this paper the investigations of polymer modifica-
tion induced by irradiation with light metallic projectiles,
namely sodium ions are considered. It was shown [55] us-
ing the time of flight secondary ion mass spectroscopy
(TOF-SIMS)that experimental Na distribution depth
profiles are much wider (by a factor of ~ 3) than those
predicted by the SRIM calculations. That makes an as-
sumption that some bulk effects of the polymer properties
modification could be measured in the case of thin foils
in even more justified way than previously. The fact
that real implantation ranges are comparable to the sam-
ple thickness could be especially important in the case
of relative dielectric constant measurement using capac-
itors filled with modified and pristine foils. Changes
in the chemical structure of the polymer are studied
using the Fourier transform infrared (FTIR) and Ra-
man spectroscopies. Decrease of the irradiated polymer
transparency is tested using the UV-VIS spectroscopy
that allows to determine changes of the optical bandgap
related to the structural modifications of the polymer.
The results of measurement of bulk and surface resistiv-
ity are also presented in the paper. The above mentioned
changes of dielectric constant due to ion implantation are
also considered.

2. Experimental

Very thin (3 pm) transparent PET foils (bi-axially ori-
ented, density of ~ 1.4 g/cm? supplied by Goodfellow)
were implanted with 150 keV beam of Na™ ions employ-
ing the UNIMAS implanter equipped with an arc dis-
charge ion source with evaporator [56-58], using NaCl
as a working substance. Implantations were performed
at room temperature with the fluences of 1 x 10'* cm ™3,
1x 10 em™3, and 1 x 10'6 cm™3. The Nat ion current
density of order 1 uA/cm? was used during the process-
ing. In order to prevent foil from folding and to make
all manipulations much easier the foil was placed inside
the holder comnsisting of two cylindrical co-axial teflon
rings with internal diameter ~ 30 mm.

The implanted dopant depth profiles and distribu-
tions of vacancies were determined using the SRIM pack-
age [59]. The results are shown in Fig. 1. The average
projected range was ~ 400 nm with ~ 90 nm straggling.
The predicted vacancy concentration profile has the max-
imum at =~ 80% of that of the dopant. One should, how-
ever, bear in mind that the recent TOF-SIMS measure-
ments show that the SRIM predictions should be taken
cum grano salis as they underestimate the implantation
range in polymers [55].
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Fig. 1. Sodium atoms and vacancy and depth pro-

files for 150 keV Na' implantation calculated us-
ing SRIM code.

The FTIR spectra of polymer foil samples were
measured employing the Nicolet iS50R  spectro-
meter (ThermoScientific, USA). The absorbance
spectra in the UV-VIS-NIR range (200-1000 nm) were
measured using the Cary 50 (Agilent) spectrophotome-
ter. The Raman spectra (excited by 514 nm line) were
collected by the inVia system (Renishaw, UK). Sheet and
bulk resistivities of the samples were investigated using
the set of coaxial electrodes and the Agilent B2911A
precision source/measure unit. The impedance spec-
troscopy measurements were performed making use of
the Hioki IM3570 impedance analyser and the same set
of circular electrodes.
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3. Results

It is found (e.g. using SRIM package) that the ratio
of electronic and nuclear stopping in the case of Nat ion
implantation into PET is S./S,, = 1.91. Stopping powers
are equal for ion energy ~ 75 keV. Hence, one may expect
that characteristics of effects for both stopping mechan-
sims may be observed. However, more detailed SRIM
calculations (like in [40]) taking into account full cascade
collisions using 5000 of incoming primary particles shows
that more than 76% of the energy loss is due to the elec-
tronic stopping, which was also reported as the domi-
nant stopping mechanism in the case of B* implanta-
tion into PET [60]. Thus, one may suppose that typ-
ical effects for electronic stopping mechanism like de-
gassing and polymer cross-linking are of major impor-
tance at least in the topmost modified layer. This is
partially confirmed by the fact that intensive gas emis-
sion in the target chamber was noticed during the irra-
diation and polymer darkening visible to the naked eye.
Any signs of cracking were detected using either optical
or electron microscopy. However, the irradiated foil was
very susceptible to wrapping that may suggest shrinking
of the top layer.
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Fig. 2. FTIR spectra of PET samples implanted

(Nat, 150 keV) with different fluences.

Jon beam irradiation induces severe changes in
the chemical structure of the PET foil, as can be
seen in the FTIR absorbance spectra shown in Fig. 2.
The most prominent signal (and its change) comes
from C=O0O bond stretching (at the carbonyl group) line
at ~ 1117 cm~!. Another example of bond breaking con-
cerns the complex ring (C=C) and O-C stretching peak
near 1250 cm ™! and also near 1103 cm™!. The intensity
of these peaks in the case of the sample irradiated with
the highest fluence decreases by ~ 30% which means that
most of these bonds in the subsurface layer is destroyed.
Also the peaks at 727 cm™!, 1018 cm ™!, corresponding

to different vibration modes of C-H bond, and 1340 cm™*
(-CH, waggling) decrease with the fluence which con-
firms the intense dehydrogenation of the irradiated
layer.

The Raman spectroscopy also confirms the changes
in chemical structure of implanted polymer (see Fig. 3).
The main peaks of the spectrum obtained for the pristine
sample in the 600-1800 cm ™! include 632 cm~! C-C-C
in-plane ring bending, 857 cm~! C-C breathing,
1097 ecm~! and 1118 cm~! C-O stretching plus ~CH in-
plane bending, 1286 cm™' ring plus O-C stretch-
ing, 1613 cm~! C=C ring stretching and 1727 cm™!
C=O0O stretching [61]. Even for the smallest fluence
the destruction of chemical bonds in the subsurface
layer of the polymer is visible, the peaks correspond-
ing to C=C ring and 1727 cm~ C=0 stretching, are
the only distinct ones. The peak height reduction is much
stronger than that observed for PET implanted with no-
ble gases [54]. As the fluence increases to 10'° cm™2
the polymer characteristic peaks disappear, whilst wide
bands near 1600 cm ™! and a smaller one at ~ 1350 cm ™!
appear. These are G and D bands being the fingerprints
of graphite-like structures built of sp? hybrydised carbon
atoms. The sp? hybrydised C atoms are known to form
clusters/island in the sp3 matrix [43]. The sp® clusters
are made of chains and ring structures interconnected
and linked to each other. The above mentioned D and
G bands induced by ion beam processing are the signs
of breathing vibrations of sp? carbon atoms rings (D)
and stretching vibration modes of both rings and carbon
chains (G). It should be kept in mind that the closest
is the G band maximum to its pure graphite position
(1582 cm™1), the higher is the content of aromatic rings
in the cluster structure. Hence, as the G band position
shifts to ~ 1540 cm~2 (for @ = 10'® cm™2) and the D
band is barely visible, one may conclude that the content
of chain-like structures in irradiated polymer increases
with implantation dose. It should be pointed out that
the Raman spectra were collected from the topmost layer
of the polymer which became degassed and carbonized
mostly due to the electronic stopping energy transfer.

On the other hand, polymers with substituents heavier
than H have larger tendency to scission and bond break-
ing, and such behaviour in deeper lying layers, where
projectiles have lower energy and nuclear stopping pre-
vails, is visible as the lowering peaks in the FTIR spectra.
On the other hand, the decrease of C=0 peaks which may
be assigned both to the degassing and chain scission, and
the decrease of benzene ring modes may suggest transfor-
mation of these structures, e.g. in the graphite-like clus-
ters. However, the fact that any signs of embrittlements,
cracks, or powderisation of the polymer were observed
using optical and scanning electron microscopies (OM,
SEM) may lead to the conclusion that the polymer degra-
dation due to chain scission is not the most impor-
tant mechanism of structural modification in the con-
sidered case. To summarise things up — the presence
of the signatures of carbon structures (D and G bands)
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in the Raman spectra that were collected from the top
layer of the foil suggest the strong presence of electronic
stopping leading to intensive degassing and formation of
C clusters/networks due to cross-linking. It should be
mentioned that the lack of D and G bands in the spectra
obtained for 50 keV B* irradiated PET samples [60] was
explained by the fact that low energy projectile was not
able to destroy the ring structure. In the currently
considered case electronic stopping initially prevails and
leads to degassing and formation of carbon structures
in the upper layer of the foil. Although, the importance
of nuclear stopping increases as projectiles slow down
in deeper layers, which leads to bond breaking visible
in the FTIR spectra that was collected from the whole
cross-section of the modified foil.
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Fig. 3. Raman spectra for the samples implanted with
different fluences of Na ions.

The unimplanted PET foil is almost transparent
in the visible region which is confirmed by the UV-
VIS spectra in the range 300-800 nm which can be
seen in Fig. 4. The carbonisation of the sample due to
ion implantation can be seen even with the naked eye
as its darkening. More details about the relations be-
tween the sample colour and its band structure could
be found in [43]. For the implantation fluences larger
than 10*® cm~2 a large increase of the absorbance could
be seen as well as the shift of the absorption edge to-
wards larger wavelengths as in the case of noble gas im-
plantation [54]. Both these effects are due to the forma-
tion of conduction carbon cluster structures related to
the decrease of the optical bandgap of the modified sam-
ple which was also seen in Ref. [27, 40-42]. Assuming
that one deals with indirect allowed transition in the case
of PET, the optical bandgap F, can be deduced using
the Tauc approach

ahv ~ (hv — E,)?, (1)
where « is the absorption coefficient. The optical

bandgap can be estimated by plotting (ahv)'/? vs. hv
and taking the interception of the linear part of the plot

and the hv axis (see Fig. 4a) The estimated values
of the bandgap energy for the samples are presented
in Table I. As one may expect, due to the changes
of polymer chain structure, formation of carbonaceous
clusters and cluster network, and appearance of lower-
energy lying states due to the ion implantation [27, 62],
the bandgap energy decreases with the implantation flu-
ence. The bandgap energy in the case of ¢ = 10'6 cm—2
is reduced to 0.7 eV only, compared to ~ 3.95 eV
in the case of the pristine sample.
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Fig. 4. UV-vis absorbance spectra (a) and Tauc plots

(b) for the samples implanted with different fluences.

TABLE I

Optical bandgap energies estimated using the Tauc ap-
proach and the average carbon cluster sizes for different
Na™ irradiation fluences

@ [em™? E, [eV] N
pristine 3.96 -
1x 10 2.22 240
1% 1018 1.55 490
1 x 10'6 0.7 2400
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The shape of the absorption spectrum in the case
of heavily modified samples is determined mostly due to
the absorption by the m-bonded C clusters and the shift
of the absorption edge comes from the clusters increase.
There are several approaches that allow estimation of
the size of the carbon clusters from the optical absorp-
tion data [63-65]. Using that presented in [65] one can
estimate the mean number of C atoms in a cluster (N)
by the following equation:

Looking at the data in Table I it can be easily seen
that the number of C atoms in the cluster rises with
the implantation fluence. For low dose implantation
conducting carbon clusters could be regarded as iso-
lated. As the fluence increases the size of clusters in-
creases, reaching more than 1000 atoms, and the clus-
ters start to aggregate forming a vast conducting network
in a subsurface layer that changes electrical properties of
the sample [40, 41, 62].

This is also observed in the presented case of Na im-
planted PET foils. It should be kept in mind that con-
sidering the bulk resistivity modification is justified
in the case of a very thin foil implanted using light pro-
jectiles as the projected range and the depth of the mod-
ified layer should be comparable to the sample thick-
ness. Figure 5 shows the bulk conductivity of PET foils
as a function of implantation fluence. One can see that
the resistance of the sample falls dramatically with the ir-
radiation fluence, by &~ more than 8 orders of magni-
tude in the considered fluence range. It should be men-
tioned that a similar effect was observed for the sam-
ples irradiated with different projectiles, including noble
gases [40-43|, metals [44-49], and non-metals [3, 50, 51].
The bulk resistivity reduction due to Na implantation
is stronger than that reported for the PET samples ir-
radiated with light noble gases [54]. This may be due
to the fact that metallic precipitates are known to be
formed in the implanted polymers and such “conduct-
ing islands” also contribute to the change of sample
resistivity [2, 4, 5].

The sheet resistivity of the samples was also mea-
sured and the results are shown in Fig. 6. One can
see that the sheet resistivity is reduced by almost 5 or-
ders of magnitude in the case of the most modified sam-
ple. It should be noted that saturation is observed
for &~ 10'® ecm~2. Such fluences and further modi-
fications concern mostly the deeper layers of the foil
because the surface of the polymer is totally modified.
The resistivity of the reverse side of the foil is also dra-
matically reduced. The probable explanations is that
the very thin polymer foil has much lower thermal sta-
bility than the bulk material. A role may be also played
by dopant diffusion which can influence the dopant
depth profile in polymers [4, 5], especially in the case
of light projectiles. To a certain degree it could ex-
plain the discrepancies of experimental Na® distributions
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Fig. 6. Sheet resistivity for the samples implanted with
different Na™ fluences measured on both sides of foils.

from that predicted using SRIM [59]. The sheet resistiv-
ity on the reverse side is only ~ 2 times higher than
that of the implanted side. In the case of noble gas im-
plantations [54] the sheet resistivity on the reverse side
was more than 2 orders of magnitude higher than that
on the implanted one, still noticeably lower than the pris-
tine sample resistivity.

Changes of the real part of electric constant due to
ion implantation were determined by comparing the ca-
pacities of the condenser filled with the implanted and
pristine samples: ¢ and ¢, respectively. The results for
the frequencies up to 1 MHz are presented in Fig. 7.
One can see that moderate dose implantations change
the dielectric constant by 30% (@ = 10'° cm™2). No fre-
quency dispersion is observed in these cases. Some fre-
quency dispersion can be seen for the sample implanted
with the highest dose. For @ = 10! cm~2 the relative
dielectric constant increases twice (compared to the un-
modified sample) in the low frequency region and drops
to 1.35 for f larger than 100 kHz. These results are
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comparable to the changes induced by He ions implanta-
tions, and much smaller than the impact of heavier noble
gas ion irradiation on the dielectric constant (even factor
of 12 in the case of Ar* bombardment).
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Fig. 7. Changes of the relative dielectric constant
of the PET samples implanted with different flu-
ences of Na.

4. Conclusions

The paper presents the investigations of modifica-
tion of structural, optical, and electrical properties of
PET foils caused by Na™ implantation with the en-
ergy 150 keV and the fluences from 10 cm™2 up
to 10'® cm™2. The destruction of different bonds
in the polymer chains was demonstrated using the Raman
and FTIR spectroscopies as well as the fact that the de-
gree of destruction increases with the irradiation fluence.
The analysis of the Raman spectra indicates formation
of carbon clusters composed of sp? hybridised atoms
as strong wide D and G bands characteristic of the amor-
phous carbon structures are present. Changes of the ab-
sorbance in the UV-VIS range are due to the increas-
ing carbon cluster size and formation of vast conduct-
ing network with the implantation fluence. This re-
sults in decrease of the optical bandgap down to 0.7 eV
(@ =10'6 cm~2) and also leads to the dramatical re-
duction of electrical resistivity of the modified samples
— even by more than 8 orders of magnitude for most
of modified samples. The average sizes of C clusters
were also estimated from the bandgap energy shift —
the number of C atoms in a cluster is found to rise
with @ reaching more than 2000 for the maximum flu-
ence. It was also demonstrated that the sheet resistivity
of the implanted foils is reduced up to 5 orders of mag-
nitude. The reduction of sheet resistivity was also ob-
served on the reverse (unimplanted) side of the thin foil,
albeit not as strong as on the implanted one (factor of 2).
This effect is most probably due to the intensive heat-
ing of the thin foil during irradiation leading to chem-
ical modification of the deeper layers. The relative di-
electric constant of the implanted foils was measured

in the range up to 1 MHz. The constant becomes larger
with the implantation fluence in the considered f range
by 15-30% in the case of moderate fluence implantations,
and by 200% in the case of ® = 10 cm™2 in the low
f range. These changes are comparable to those obtained
using light noble gas ion irradiations.
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