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Carbon coatings can possess diamond-like, polymer-like, graphite-like or other properties depending on depo-
sition methods and technological parameters. Structural changes in the polymer-like carbon coatings irradiated
by high energy electrons are discussed in the present paper. The polymer-like carbon coatings have been syn-
thesized from C2H2 gas in the radio frequency dual-plasma reactor using various deposition parameters. Plasma
enhancement chemical vapor deposition deposited experimental polymer-like carbon samples were irradiated with
high energy electrons in the medical linear accelerator. The investigations of carbon coatings have been carried out
using the Fourier-transform infrared, Raman and UV-VIS spectroscopies. Modi�cation of the polymer-like carbon
coatings is discussed in relation with radiation induced formation of free radicals and unsaturated bonds along
with possible cross-linking processes.
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1. Introduction

The polymer-like carbon (PLC) coatings attract the in-
terest of scientists due to their ability to protect surfaces
of electromechanical and electronic devices and potential
applications in chemical sensors and drug delivery. It is
known that modi�cation of polymers is possible irradiat-
ing them with high energy photons, ions and electrons.
Electron beam irradiation has been widely used to mod-
ify the surface or bulk properties of polymeric bioma-
terials and to sterilize them in a cost-e�ective way. Wa-
genknecht et al. [1] have shown that high energy electrons
may induce not only degradation but grafting, curing and
cross-linking or chain scission of polymers.
Possible modi�cation of the PLC coatings upon their

interaction with high energy electrons could be very at-
tractive since radiation may induce nanoclusterization
within the polymeric matrix and lead to the formation
of new structures characterized by new properties [2].
Modi�cation of amorphous hydrogenated diamond-like
carbon coatings using high energy photons and electrons
has been observed and investigated in our previous pa-
pers [3, 4]. The hydrogenated carbon �lms � polymeric
a-C:H or soft a-C:H, are characterized by a wide opti-
cal band gap (over 1.8 eV up to 4 eV) and they can
exhibit special optical absorption, intense photolumines-
cence and electron a�nity [5]. Due to the chosen pressure
and gas mixture, at low bias voltage deposited coatings
have a large H and sp3 content and low density, or else
sp2 sites form ole�nic chains and small clusters that tend
to be aromatic [6, 7].
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The main aim of this work was to investigate high
energy electron radiation induced modi�cation of PLC
coatings using the Fourier transform infrared, Raman
and UV-VIS spectroscopies and discuss their structural
changes.

2. Experimental

Polymer like carbon coatings synthesized at room tem-
perature under almost atmospheric pressure from pure
(99%) acetylene (C2H2) in the RF (13.56 MHz) dual-
-plasma reactor. Crystalline n type Si was used as a
substrate. Prior to deposition the Si substrates were
polished and chemically cleaned with acetone and bom-
barded with argon ions (plasma cleaning). The bias volt-
age varied from 80 V to 480 V as well as the primary
ion current varied from 1.0 to 1.4 mA, keeping the gas
�ow rate of 5.6 cm3/s. Deposition time of all samples
was 420 s.
The freshly deposited samples were divided into two

pieces and the sets containing 7 experimental samples
each were prepared for the exploration. The samples of
the �rst set (Table I) were not irradiated, however, their
properties were investigated in parallel with those of the
irradiated samples. The samples of the second set were
irradiated by high energy electrons generated in the med-
ical linear accelerator Clinac DMX. The energy of elec-
trons was 12 MeV and the dose rate was 2 Gy/min. All
samples of the second set were exposed to 2 Gy dose.
Sample thickness was evaluated using the interfero-

meter. The refractive index and the extinction coe�cient
k were obtained using the laser ellipsometer Gaertner 117
with He�Ne laser (λ = 632.8 nm).
The bonding con�guration of the samples was stud-

ied by means of infrared spectroscopy. The re�ectance
spectra of samples were measured in the range of 650�
4000 cm−1 using the FTIR spectrometer Nicolet 5700.
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TABLE I
The characteristics of as prepared PL type carbon
coatings with acetylene C2H2 as precursor gas.

ID no. U [V] I [mA] n k d [nm]
RP3 80 1.166 1.66 0.007 790
RP4 100 0.043 1.64 0.006 1063
RP5 120 0.034 1.67 0.013 748
RP6 200 0.014 1.74 0.002 940
RP7 300 0.083 1.73 0.006 967
RP8 400 1.161 1.66 0.007 946
RP9 480 1.355 1.77 0.009 810

The Raman spectra of experimental samples were mea-
sured using the Ivon Jobin spectrometer with a Spec-
tra Physics Nd:YAG laser (λ = 532.3 nm, 50 mW at a
0.3 mm spot size). The assignment curves were �tted
with two Gaussian shapes at a linear background. RS
were estimated in the range of 400�2000 cm−1 but the
�tting process was carried out for the 1200�1800 cm−1

range, respectively.
Optical re�ectance spectra of the samples were char-

acterized using the USB4000-UV-VIS spectrometer. The
USB4000-UV-VIS spectrometer was pre-con�gured with
the order-sorting �lter to cover the 200�850 nm wave-
length range.

3. Results and discussion

3.1. FTIR spectroscopy

The FTIR re�ectance spectra of as prepared RP3 sam-
ple and the same high energy irradiated sample RE3 are
shown in Fig. 1.

Fig. 1. FTIR re�ectance spectra of RP3 sample before
and after irradiation with high energy electrons (RE3).

The FTIR spectra show sp3 CH2−3 (methylene) groups
in asymmetric and symmetric stretching and bending
modes at ≈ 2900 cm−1. It is clearly seen that radia-
tion induces defects and dangling bonds that can be eas-
ily occupied by oxygen as well as creates C=O and O�H
bonds [8]. Intensive peaks at 1723 cm−1 and 1107 cm−1

(RE3 sample) are related to sp2 C=O stretching vibra-
tions; the broad band ranging from 3300�3700 cm−1

corresponds to the valence and deformation vibrations
of O�H group. Part of these peaks might be related

to sp1 carbon (C≡C�H). The fraction of sp3 CH3 at
1390 cm−1 increases depending on the type of radia-
tion. The same con�rmation is valid for the growing
peak at ≈ 1642 cm−1 which is attributed to the vibration
mode of sp2 C=C and indicates the presence of aromatic
and ole�nic con�guration of the bonds. It is important
to note that the irradiation with high energy electrons
has greater impact on substrates than irradiation with
gamma photons [8].

3.2. Raman spectroscopy

The Raman spectra (RS) of PLC coatings are pre-
sented in Fig. 2. The D and G bands were �tted si-
multaneously by two Gaussian shapes at a linear back-
ground. G position is chosen as the maximum of the
function rather than its center, to allow comparison with
the symmetric curve �ts.

Fig. 2. Raman spectra of RP3 sample before irradia-
tion and after modi�cation.

Analyzing the RS results Ferrari and Robertson [5]
have proposed that G peak observed in the 1500�
1630 cm−1 range is due to the bond stretching of all sp2

sites in rings and chains. The D peak becomes active
only in the presence of disorder.
It was found that the RS spectrum of as prepared RP3

sample consists of D (1380 cm−1) and G (1592 cm−1)
peaks. The full width at half-maxima (FWHM) of the
D and G peaks is 250 cm−1 and 130 cm−1, respectively.
The integral intensity ratio between the D and G peaks
ID/IG is 1.41. These �ndings indicate that most proba-
bly the coatings are polymer-like and contain a consider-
ably large number of sp3 bonds. However, the D and G
peaks of the RS spectra for the RE3 coating (with mod-
i�cation of high energy electrons) are shifted to a higher
wave number due to the increase of sp2 sites. The D
(1410 cm−1) and G (1625 cm−1) peaks become more in-
tensive. The intensity of the D peak increases because
of conversion of sp3 to sp2 bonds, desorption of hydro-
gen and conversion of carbon structure to nanocrystalline
graphite [7]. The G peak value of 1625 cm−1 is attributed
to sp2 C=C and indicates ole�nic con�guration of the
bonds. Thus the FWHM values of both peaks narrowed
to 150 cm−1 and 60 cm−1, respectively. The ID/IG ratio
is increased to 1.76, therefore it is possible to state that
this coating becomes more graphite like. The shape of the
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spectrum and small FWHM values indicate that the pro-
duction of hydrogen leads to the formation of nanocrys-
talline graphite coating.

TABLE II
The results of Raman spectroscopy.

ID

No.

Characteristics of Raman
spectra of as prepared samples

Characteristics of Raman
spectra of irradiated samples

D [cm−1] G [cm−1] ID/IG D [cm−1] G [cm−1] ID/IG

RP3 1380 1592 1.41 1410 1625 1.76

RP4 1371 1544 1.49 1399 1581 1.64

RP5 1368 1539 1.45 � � �

RP6 1372 1548 1.49 � � �

RP7 1377 1555 1.48 � � �

RP8 1376 1553 1.48 1386 1587 1.68

RP9 1381 1569 1.43 1405 1609 1.73

Characteristics of the Raman spectrum of all inves-
tigated samples are provided in Table II. According to
Robertson [2] while the G peaks width decreases, the Ur-
bach energy continues to increase. The Urbach energy is
a value of inhomogeneous disorder that shows the range
of sp2 cluster sizes present. In such a case, while the Ur-
bach energy increases, inhomogeneous disorder increases
and the optical gap of PLC coatings increases, too.

3.3. UV-VIS spectroscopy

Optical properties of PLC coatings were investigated
using the USB4000-UV-VIS spectrometer in the 200�
850 nm wavelength range. The UV-VIS re�ectance spec-
tra of the RP3 sample (without modi�cation) and the
RE3 sample (after modi�cation) are shown in Fig. 3.

Fig. 3. UV-VIS re�ectance spectra of the RP3 sample
before irradiation and after modi�cation with high en-
ergy electrons (RE3).

Analyzing the spectra, it is clearly seen that the peaks
for the RE3 sample are shifted to lower wavelength values
as compared to those for the RP3 sample which was not
modi�ed. The intensity of the peaks in the case of the
RE3 sample case decreases. This indicates that new dan-
gling bonds and chains occur, which are responsible for
the changes of PLC coating characteristics. More than 2
or 3 intensive peaks in the spectra indicate aromatic con-
�guration of the bonds.

4. Conclusions

Structural changes of the PLC coatings are discussed in
association with radiation induced formation of free rad-
icals and unsaturated bonds, which are responsible for
possible cross-linking processes in polymers. Increased
IR absorption level in all irradiated experimental PLC
coatings as well as rearrangements in the bonding struc-
ture were observed. Modi�cation of PLC coating proper-
ties was discussed in relation to the appearance and dis-
appearance of speci�c bonds and links. Since the major-
ity of hydrogen content is bonded to the sp3 carbon and
forms methylene compounds sp3 C�H2−3, appearance of
O�H and C=O bonds in irradiated coatings was related
to the hydrogen elimination from the surface and/or cre-
ation of radiation defects. This is con�rmed by the Ra-
man and UV-VIS spectroscopies.
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