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Very thin (3 µm in thickness) polyethylene terephthalate polymer foils were implanted with 150 keV Li+
with fluences in the range from 1×1014 cm−2 up to 2×1016 cm−2. Modification of the irradiated polymer
microstructure was studied with the Fourier transform infrared spectroscopy and Raman spectroscopy.
Breaking of a variety of chemical bonds followed by the formation of carbon clusters made of sp2 C was
proved. The dominance of the rings in the carbonized, graphite-like subsurface layer is demonstrated
based on the fact that the G band prevails in the Raman spectra for larger Li+ fluences. The rise of
the absorbance within 200–800 nm is observed. Tauc’s plots analysis enables the estimation of optical
bandgap values that decrease from 3.95 eV (pristine polyethylene terephthalate) down to 1.4 eV (fluence
of 2× 1016 cm−2). This change is not as dramatic as in the case of heavier projectiles like K+ or Na+.
Reduction of surface resistivity by more than 2 orders of magnitude is observed in the case of the sample
irradiated with the fluence 1 × 1016 cm−2, and this effect is much smaller than that induced by the
heavier projectile bombardment with the same fluence.
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1. Introduction

The role that polymers play in everyday life has
become more and more important over the decades
as they attract the attention of scientists and engi-
neers due to properties such as low cost, low den-
sity, durability, plasticity, etc. [1]. Synthetic plas-
tic materials could be provided in a wide variety of
forms, properties, and compositions [2], meeting the
demand for new technologies. Nevertheless, these
materials are characterized by some drawbacks, in-
cluding poor chemical and mechanical resistance
or, which is more important in the electronics in-
dustry, sometimes unstable electrical properties [3]
combined usually with very high electrical resis-
tance, which limits their applications in electron-
ics severely. Ion implantation is a well-established
technique that could be successfully used for the
surface treatment of different materials, changing
their properties at the depth from several nanome-
tres up to micrometres, depending on the pro-
jectile mass and energy. Irradiation with different
kinds of ions could lead to improvement of surface
properties such as wear resistance, (micro)hardness,
and wettability [4–9]. Ion implantation could also
be a successful technique for increasing the bio-
compatibility of those synthetic materials [10–16]
or changing their antimicrobial properties [17]. It
should be mentioned here that not only classical
ion implantation is employed for polymer modifica-
tion, but plasma immersion [18–20] and laser-based

techniques [21] are also becoming more and more
common in this field. Other popular techniques that
allow efficient treatment and modification of poly-
mers are electron beams or gamma ray irradia-
tions [22–27].

It is well known that the particle irradiation of
polymers induces a variety of processes that re-
sult in the above-mentioned modification of sur-
face properties [28]. These include bond breaking,
chain scissions, cross-linking, intensive degassing,
and consecutive carbonisation [29, 30]. The kinetic
energy of particles impinging the target could be
lost in two processes. The first one is the nuclear
stopping, involving elastic collisions of the projectile
with the target atoms. This stopping mechanism is
typical of relatively heavier projectiles and a lower
energy range. It is commonly assumed that bond
breaking and the following chain scission resulting
in polymer degradation is typical in the cases where
this type of stopping is dominant. The second stop-
ping mechanism, which prevails for swift and light
projectiles, is inelastic electronic stopping, involv-
ing intensive electronic excitations and ionization,
leading to the formation of free radicals and cross-
linking in the polymer. It was demonstrated that
strong electronic stopping results in intensive dehy-
drogenation of the subsurface layer of the polymer
target, as well as in huge emission of gases, like hy-
drogen or CO and CO2 (the last two in the case of
oxygen-containing polymers [29, 31]), and carboni-
sation of the upper layer of the sample.
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Over the years, a variety of irradiated poly-
mers was investigated. There were studies on
the modification of polyurethane (PU) by N+

and Ar+ [12, 13, 18], polystyrene by Ar+ [32],
polyethylene (PE) by, e.g., H+, He+, Ar+, Xe+,
and Ti+ [33–37], polyaryletheretherketone (PEEK)
by N+ [38–40], polycarbonate (PC) by Ar+ and
Cu+ [41–43], poly(allyl diglycol carbonate) (CR-
39) by Ar+ and Au+ [21, 44, 45], polymethyl-
methacrylate (PMMA) by Au+, Ag+, B+, and
C+ [46–48]. Many reports concerning the modifi-
cation of irradiated elastomers, e.g., acrylonitrile-
butadiene rubber (NBR), ethylene propylene di-
ene monomer (EPDM), and polytetrafluoroethylene
(PTFE) irradiated by He+ [49–53] were also deliv-
ered. Last but not least, much effort has gone into
the investigations of implanted polyethylene tereph-
thalate (PET) [54–62].

The modification of the latter synthetic poly-
mer, known under brand names such as Mylar,
Dacron, Terylene, or Lawsan, attracts the atten-
tion of scientists due to the widespread use of this
highly transparent material in numerous fields of
industry, e.g., packaging, production of magnetic
tapes, photovoltaics base [63, 64] and other elec-
tronics [65], fibre production [66], concrete rein-
forcement [67, 68], etc.

One of the typical effects of PET modification by
ion irradiation is the darkening of the initially trans-
parent polymer, which could be seen with the naked
eye even for the fluences of the order of 1014 cm−2.
The changes in absorption in the ultraviolet (UV)
and visible light (VIS) regions are due to the in-
creasing disorder and formation of a carbonaceous
cluster, which results in the appearance of new en-
ergy levels and the narrowing of the energy gap. The
formation of a carbon cluster and even vast net-
works of conducting graphite-like structures leads
to another common modification of irradiated PET,
namely the dramatic reduction of polymer resistiv-
ity by several orders of magnitude.

These effects were also observed in our previ-
ous papers, in which modification of PET with no-
ble gases and alkaline metal ions was investigated.
The reduction of optical bandgap to the values be-
low 1 eV was reported, as well as that of resistiv-
ity by more than 9 orders of magnitude (the case
of 50 keV Na+ irradiation). Changes in the FTIR
(Fourier transform infrared spectroscopy) spectra
were in agreement with the SIMS-TOF (secondary
ion mass spectrometry time-of-flight) results [69],
suggesting that real ranges of Na+ in PET could
be much larger than those predicted by the SRIM
(Stopping and Range of Ions in Matter) package.

The aim of the presented paper was to examine
how the change of projectile to the lightest alka-
line metal (and consequently, an increase of the role
played by the electronic stopping) changes the influ-
ence of irradiation on the polymer molecular struc-
ture and some physical properties. One may sus-
pect that in the case of a very light projectile, the

Fig. 1. Lithium atoms and vacancy depth profiles
for the 150 keV Li+ implantation calculated using
the SRIM package.

thickness of the modified layer would be compara-
ble to that of the sample, especially in light of the
results presented in [69]. One may also suspect that
the large changes in PET resistivity will be observed
on the reverse (unimplanted) side of the sample as
well, which was already reported for noble gases
(135 keV He+, Ne+, and Ar+) [70]. Modification
of the microstructure of the implanted polymer is
studied using the FTIR and Raman spectroscopies.
Changes in PET absorption are investigated using
UV-VIS (ultraviolet-visible) spectroscopy. An addi-
tional analysis using Tauc’s plots also enables a de-
termination of changes in the optical bandgap due
to the structural modifications of the subsurface
layer of implanted PET. The results of resistivity
measurements are also shown and discussed in the
paper for both sides of the irradiated samples.

2. Experimental

Very thin (3 µm, density ' 1.4 g/cm3) PET poly-
mer foils provided by Goodfellow were irradiated
with 150 keV Li+. The ion beam was produced
using LiCl as a feeding substance and an arc dis-
charge ion source with the internal evaporator de-
scribed in [71,72]. Implantations were done with the
fluences 1014 cm−2, 1015 cm−2 , 5 × 1015 cm−2,
1016 cm−2, and 2× 1016 cm−2. Despite keeping the
ion current density at a low level of 0.3 µA/cm3 and
placing the foil inside the ring holder, the most in-
tensively irradiated sample was partially destroyed
(shrunk), hence, e.g., resistivity measurements were
not possible in that case.

The depth distribution of the dopant, as well as
the vacancy density due to the irradiation, were es-
timated using the SRIM package [73]. The simula-
tion results are presented in Fig. 1. The ion average
range was ' 1100 nm, with 140 nm strangling. Hav-
ing in mind the issues presented in [69] for the Na-
implanted PET studied with SIMS-TOF, one has to
be very cautious about the SRIM predictions as far
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as the polymer targets are considered. The distribu-
tion of implanted Li atoms has a form of a relatively
narrow peak, which is typical of the light projectile.
However, based on the results presented in [69], one
may expect that the real width of the modified layer
is larger than that predicted by SRIM and compa-
rable to the sample thickness.

Absorption spectra in the near UV and VIS re-
gions were collected using the Cary 50 spectrometer
(made by Agilent). The FTIR measurements were
done employing the Nicolet iS50R (Thermo Scien-
tific) spectrometer. Raman spectra were obtained
using the Renishaw inVia system, with 514 nm ex-
citation. The resistance of polymer samples (both
virgin and modified) was measured using the Agi-
lent B2911A measuring source and the set of pol-
ished electrodes of circular geometry.

3. Results and discussion

The changes in the polymer structure depend
largely on the way the impinging projectile is
stopped in the target. In the case of 150 keV Li+, the
dominant stopping mechanism is electronic stop-
ping, i.e., in that case, the ratio of nuclear and elec-
tronic stopping powers, Sn/Se, is 0.03. It is a matter
of fact that the role played by the nuclear stopping
increases while the projectile slows down; however,
the total percentage of energy lost due to the elec-
tronic stopping is more than 92%, according to the
detailed SRIM simulations. One may expect strong
excitation and bond breaking, and as a consequence,
e.g., a strong release of gases like hydrogen or oxy-
gen. The destruction of chemical bonds in the irra-
diated samples is especially well visible in the FTIR
spectra shown in Fig. 2 for C=O (stretching mode
at ' 1720 cm−1), C–O (stretching at 1230 cm−1

and 1100 cm−1), and C–H (bending mode also in
the complex 1100 cm−1 peak) bonds. Similar be-
haviour is also observed for 730 cm−1 (out-of-plane
C–H bending), 1018 cm−1 (in-plane C–H bending),
1340 cm−1 (CH2 waggling mode), and other peaks.
One can observe the reduction of the peak height
by almost 50% in the case of the samples implanted
with the fluence of 1016 cm−2 which could sug-
gest that the heavily modified layer has a depth of
1.5 µm, which is slightly more than the SRIM es-
timated range of implantation. The decrease in the
peak height is much more pronounced than in the
previously considered cases of heavier alkali metals
like Na+ and K+ [74, 75].

Structural changes in the irradiated polymer
are also visible in the Raman spectra presented
in Fig. 3. However, the evolution of these spectra
with the implantation fluence is different from that
observed in the case of heavier projectiles. Not only
the most prominent peaks, i.e., these corresponding
to C=O stretching (1727 cm−1) and C=C in-ring
stretching (1613 cm−1), but also minor ones like
C–C–C in-plane aromatic ring bending and breath-
ing mode (857 cm−1), C–O stretching (1097 cm−1),

Fig. 2. FTIR spectra of the Li+-implanted PET
samples (1 — virgin PET, 2 — Φ = 1014 cm−2,
3 — Φ = 1015 cm−2, 4 — Φ = 1016 cm−2, 5 —
Φ = 1016 cm−2).

Fig. 3. Raman spectra for the samples implanted
with different fluences of Li+ ions.

C–H bending (1118 cm−1), and complex mode —
ring and O–C stretching (1286 cm−1) — are well
visible for the samples irradiated with 1014 cm−2,
while in the case of, e.g., K+ irradiation, only the
two strongest peaks survived. This is due to the
above-mentioned fact that ion ranges are much
larger in the case of Li+ bombardment. Figure 1
suggests that most of the damage takes place at
the relatively large depth of ' 1 µm, at least for
the low irradiation fluences, where the effects of dy-
namic target modification could be neglected. More-
over, Raman spectroscopy gives information about
the microstructure at the surface layer, whose depth
is of the order of the exciting light wavelength. Any-
how, a further increase of the implantation fluence
(1014 cm−2)makes all PET characteristic peaks dis-
appear. It is worth noting that for even higher flu-
encies, the band centred at ' 1580 cm−1 appears.
For the most heavily modified samples, yet another
lower band near 1350 cm−1 is also visible.
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Fig. 4. UV-VIS absorbance spectra (a) and Tauc’s
plots (b) for the samples implanted with different
Li+ fluences.

These bands, usually referred to as G and D, are
the signs of graphite-like structures made of sp2 hy-
bridised C atoms. The formation of vast graphite-
like structures is a common feature of the implanted
polymers [30, 31, 54–56]. This process is caused by
both the chain scission during the elastic collisions
within nuclear stopping and due to strong electronic
excitations, leading to the breaking of the chemical
bonds and the formation of free radicals. Both elec-
tronic and nuclear stopping mechanisms lead to in-
tense degassing of the bombarded polymer and sub-
sequent carbonization of the modified surface layer
of that material. Graphite-like structures could be
made by both chains and rings formed by the sp2
C atoms. The Raman spectrum can provide some
information concerning the relative concentration
of these structures. The D band is a fingerprint of
breathing modes typical of rings, while the G band
is a sign of stretching modes that are typical of both
rings and chains. One can notice that in the case of
Li+ irradiated PET, the formation of graphite-like
structures is found in the Raman spectra for much
(by order of magnitude) higher fluences than it was
found for the Na or K projectiles. It is also worth
noting that the D band is much lower than the G
one, and the centroid of the latter matches almost

TABLE I

Optical bandgap energies (Eo) estimated using the
Tauc’s approach, the average carbon cluster sizes (N),
and Urbach energies (Eu) for different Li+ irradiation
fluences.

Φ [cm−2] Eo [eV] N Eu [eV]
0 3.96 – 0.055

1× 1014 2.55 181 0.67
1× 1015 2.35 213 0.78
5× 1015 2.15 255 0.93
1× 1016 1.90 326 1.42
2× 1016 1.40 600 1.19

perfectly the value 1582 cm−1, which is obtained
for pure graphite or graphene. The small ratio of D
and G peaks heights (ID/IG) suggests that the Li
bombardment induced the formation of rather well-
organized carbon structures built mostly of rings,
while the values close to 1, typical of heavier pro-
jectiles, point out to the emergence of more disor-
dered graphite-like structures with a larger chain
content [47]. Generally, it was observed that the
content of disordered/chain-based structures in im-
planted PET increases with the mass of the projec-
tile in the considered case.

The ion implantation induces a dramatic change
in the light absorption by (initially) transparent
polymers like PET. Darkening caused by the in-
creased amount of the disorder due to carboniza-
tion could be seen with the naked eye. Indeed,
this effect could be better described by perform-
ing measurements of, e.g., light absorption in the
UV-VIS range. Some results for the range of 200–
800 nm can be seen in Fig. 4a. The untreated
sample is almost perfectly transparent for light of
a wavelength larger than 310 nm. The formation
of graphite-like structures, i.e., sp2 carbon clus-
ters, leads to the increase of light absorption as
well as to the shift of the absorption edge towards
larger wavelengths, as was observed for the heav-
ier alkali metal projectiles like 150 keV Na+ and
K+ [74, 75] as well as the inert gases (135 keV He+,
Ne+ and Ar+) [70]. Such effects as the decrease of
the bandgap as a result of the emergence of new
energy levels due to the formation of carbonaceous
structures were observed for the other projectile-
polymer target combinations [47, 48, 76]. However,
it should be noticed that no signs of saturation of
the absorption increase are observed in the con-
sidered fluence range, unlike in the case of heavier
projectiles.

The bandgap (Eo) could be estimated using
Tauc’s approach. In the case of indirect allowed
transition, one deals with an approximate relation-
ship between the light energy hν and the absorption
coefficient

αhν ' (hν − Eo)
2
. (1)
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Fig. 5. Linear parts of (lnα) vs hν plots for the
implanted PET samples (number description as
in Fig. 4).

The optical bandgap can be estimated by plotting
(αhν)1/2 vs hν and taking the interception of the
linear part of the plot and the hν axis. Such plots
are shown in Fig. 4b. The calculated bandgap values
are collected in Table I.

One can see the decrease of the bandgap from
nearly 4 eV for the untreated PET to 1.4 eV for
the most heavily modified sample. Nevertheless, the
change is smaller than in the case of heavier pro-
jectiles, for which the Eo values below 1 eV were
obtained (even up to 0.55 eV for 150 keV K+ im-
planted PET with Φ = 1016 cm−2). To sum up,
the decrease of the bandgap due to the formation
of vast carbon structures made of chains or rings is
observed with increasing projectile mass.

The behaviour of absorption spectra in the case of
ion-implanted polymer samples is, to a great extent,
determined by the light absorption by the C clus-
ters containing π-bonds. The change of the bandgap
is strictly dependent on such bond concentration.
There are several approaches that allow the estima-
tion of the size of the carbon clusters based on the
absorption data [77–79]. Following that discussed
in [79], one can calculate the mean number of C
atoms in a cluster (N) by

N =

(
34.3

Eo [eV]

)2

. (2)

The cluster sizes calculated for the Li-implanted
PET samples are also presented in Table I. The
mean size of the cluster increases with the fluences,
like in all previously considered cases. However,
the typical number of C atoms in the cluster for
Φ = 1016 cm−2 (N = 326) is by an order of mag-
nitude smaller than that estimated for the 150 keV
K+ and Na+ implanted PET samples [74, 75].

The degree of disorder introduced into the poly-
mer could be described by the Urbach energy Eu.
This magnitude could be retrieved also from the op-
tical absorption data by means of the Urbach edge
method [80], as the subexponential absorption be-

Fig. 6. Relative surface resistivity for the Li+ im-
planted samples measured on both sides of foils.

low the main (fundamental) absorption edge cor-
responds to the Urbach absorption edge. Such ab-
sorption could be approximated by the following re-
lation

α ' exp

[
hν − Ep

Eu

]
, (3)

where hν is the photon energy, as previously, and
Ep is a fitting parameter. Bearing this relation, in
mind one can easily determine Eu as a reciprocal
of the slope of the linear part of the ln(α) vs hν
plot. Such plots for both irradiated and virgin PET
samples are presented in Fig. 5.

The calculated Urbach energy values are gath-
ered in Table I. As one can see, the disorder param-
eter Eu increases significantly from 0.055 eV up to
' 1.4 eV for the sample irradiated with the fluence
of 1016 Li+/cm−2. For the most heavily modified
sample, Eu is slightly smaller (' 1.2 eV), which
may be the result of measurement inaccuracy due
to the fact that the sample is wrinkled, as mentioned
above. The relatively large values of Eu could pos-
sibly be due to the large projected range of Li+ in
PET, leading to larger energy deposition and struc-
tural damage in deeper polymer layers [80].

Figure 6 presents the results of measurements of
the relative (compared to the virgin PET) surface
resistivity of the polymer as the function of the im-
plantation fluence. As one may expect, the relative
resistivity decreases with the fluence as a result of
conducting graphite-like structures formation in the
modified layer. However, this effect is not as spec-
tacular for the light Li+ projectiles as in the case
of heavier ones [70, 74, 75]. One can see that the
resistivity of the sample implanted with the fluence
of 1016 Li+/cm−2 is only ' 2.5 orders of magni-
tude smaller than that of the virgin sample. Again,
this could be assigned to the large projected range
of light Li+ ions, leading to the formation of the
most graphitised conducting layer buried beneath
the relatively moderate modified (and therefore in-
sulating) subsurface layer.
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Moreover, the large projected range, combined
with the fact that the thickness of the foil is of
the same order (0.003 mm), causes the sheet re-
sistivity on the reverse (non-implanted) side to be
also significantly decreased as a result of irradiation.
The sample resistivity on the reverse side implanted
with the maximal fluence is 2 orders of magnitude
smaller than that of the unmodified PET. A simi-
lar effect was observed also for the Na+ irradiated
samples [74], and this could be explained by the low
thermal capacity of the very thin foil sample.

4. Conclusions

In the paper, the influence of 150 keV Li+ irradi-
ation (with fluences in the range of 1014 cm−2 up to
2× 1016 cm−2) on the microstructural, optical, and
electrical properties of very thin PET foils is stud-
ied. The Raman and UV-VIS spectroscopy measure-
ments confirmed the destruction of numerous bonds
within the polymer, intensified with the irradiation
fluence. Changes in the Raman spectra, namely the
presence of broad D and G bands being the fin-
gerprints of the amorphous graphite-like structures,
point out the formation of carbon clusters made
of C atoms with the orbitals in the sp2 hybridis-
ation. The fact that the D band is much less pro-
nounced than the G one suggests that the graphite-
like structures are built of carbon rings rather than
chains, unlike the previously considered case of Na+
or K+ implantation. The evolution of absorbance
spectra could also be understood as a consequence
of the formation of carbon clusters and conducting
structures in the modified layer. The reduction of
the optical bandgap from its initial value (3.95 eV)
down to 1.4 eV for the most heavily treated sam-
ple is observed, but this effect is not as strong as in
the case of the heavier projectiles like K+ or Na+
(values close to 0.5 eV). Consequently, the average
size of carbon clusters estimated from the bandgap
is also smaller — reaching several hundreds of C
atoms for Φ = 2 × 1016 cm−2. The ion irradiation
introduces disorder to the polymer and results in
the emergence of additional energy levels within the
bandgap. The Urbach energy increases from 55 meV
to ' 1.2 eV in the case of the sample implanted
with the fluence Φ = 2×1016 cm−2. The changes in
the microstructure lead to the reduction of electri-
cal sheet resistivity of the modified samples by, e.g.,
2.5 orders of magnitude in the case of most heavily
modified samples. The reduction of the resistivity is
also observed on the non-implanted side of the foil.
To sum up, the possibility of profound modification
of numerous properties of PET polymer in the form
of very thin foil via light projectile (like Li+) irra-
diation has been successfully demonstrated.
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