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ABSTRACT 

 
 This paper reports the effect ofargon plasmadischarge on the surface properties of polyethylene terephthalate (PET) films and make it 
useful for technical applications. The modified surface was characterized by  scaning electron microscope(SEM), atomic force 
microscope(AFM), X-ray diffraction (XRD) and UV-visible spectroscopy analysis.An appreciable increase in surface roughness was 
observed by SEM and AFM after treatment  by argon discharge.. the crystallite size has been estimated from XRD data and it is decreases 
from 7.2 nm for the pristine sample to 6.76 nm after 4 min of argon plasma. The band gap decreases from 3.00 eV  for prisne to 2.25 eV 
as a result of argon plasma irradiation, while the number of carbon atoms (N) per conjugated length increases from 131  for  pristine to 
232 with the increase in the time of exposure to 4 min. 
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INTRODUCTION 
 
 The present study deals with the investigation  
the effect of argon plasma  irradiation on the 
structural, morpholigcal, and optical properties of 
PET aiming to modify its properties to suit in 
different industrial applications. Polyethylene 
terephthalate (PET) has attracted interest among the 
polymers due to its fascinating properties such as 
chemical inertness, light weight, transparency, low 
production cost etc. It is particularly suitable in food 
packaging especially in beverage and drinking water. 
Surface modification of polymer materials has been 
of great interest in the past years because of an ever 
growing application potential in the fields of 
materials science, electronics and biomedical 
physics. Surface modification technology allows for 
the change and improvement of the property of a 
material, consequently making the processed 
material more useful in various aspects. In addition,  
PETis a favorite polymer for applications in flexible 
electronics such as flexible displays and solar cells. 
This polymer enjoys good characteristics such as 
flexibility, transparency, high thermal resistance, low 
cost and being easy to handle, making it suitable for 
various applications [1]. However the surfaces of 
PET’s are generally characterized by a low surface 
energy and hence poor adhesive properties. In order 
to assure good adhesion between the polymer and 

coating, the surface of the polymer must be modified. 
Several surface modification methods are employed 
to modify the polymer surfaces, such as chemical 
treatments, thermal treatment, mechanical treatment, 
and electrical treatments (corona or glow discharge 
plasma treatment) [2]. For modifying the surface the 
most promising technique is a plasma treatment. 
Plasma has been successfully applied in different 
technologies like etching, functionalization and 
sterilization [3,4]. Surface plasma treatment has also 
been widely used to modify the wetting of the PET 
films [5-7]. Several experiments have been reported 
which studied the improving effect of plasma 
treatment on the surface adhesion properties of PET 
to other layers [8-11]. The effect of the argon plasma 
on PET surface investigated using scanning electron 
microscopy (SEM), atomic force microscopy(AFM), 
X ray diffraction (XRD) and UV–Visible 
spectrophotometer. 
 
2.1.1Experimental details: 
 
 Polyethylene terephthalate sheets with a 
thickness of 50 um were used in this experimental 
study. The PET polymer films,, were cut into 10×10 
mm pieces, ultrasonically cleaned in alcohol to 
remove organic material and dried with hot air before 
the treatmen. Following thiscleaning step, they were 
placed in an oven with a temperature of60 ◦C to heat 
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up the samples for a period of 15 min. The PET 
filmsare then exposed to argon  plasma in the RIE 
system operatingat a frequency of 13.56MHz at 
National Laboratory of Advanced Technology and 
NanoScience (INFM-TASC), SS. 14 km 163,5, 
Basovizza, 34012 Trieste, Italy.The electrodes in this 
machine are 20cm×12cm and their spacingis 4 cm. 
The top electrode is connected to RF power, whereas 
thebottom electrode which holds the sample, is 
connected to ground. The working pressure is 6.8 E-
3mbar; argon gas flow rate20 sccm; and the incident 
power were kept constant at 100 W with a 
corresponding DC self-bias voltage – 275 V and the  
exposure time was varied from 0 to 4 minutes.The 
substrate holder is placed on the bottom electrode 
that itstemperature is kept low during the process 
using circulating coldwater. 
 
2.1.2Description of Characterization Techniques: 
 
 SEM(Model JEOL, JSM-5400, Japan) used to 
investigate the surface morphology of the pristine 
and irradiated PET surfaces. Changes in surface 
roughness of polymer surface after argon plasma 
irradiation were observed with an atomic force 
microscope (AFM)(JPK Nanowizard II, Berlin, 
Germany). The root mean square (rms) value of 

surface roughness was averaged from scanning 3 
times over 100 µm2 at different places.X ray 
technique (XRD) was carried out by a fully 
computerized X-ray diffractometer, (Shimadzu type 
XD-DI).UV/Vis spectra of the pristine and irradiated 
PET samples were performed in thewavelength range 
from200 to 900 nm, using the UV–Visible 
spectrophotometer (model,CECIL 3041, UK). 
 
Results and Discussion  
 
3.1.1SEM Analysis: 
 
 Fig. 1 shows SEM photographs of the pristine 
and irradiated PET with varying treatment time of 
argon plasma. The surface of the pistine film was 
smooth with only trace amount of impurities as 
shown in Fig. 1a. With increasing  argon plasma 
treatments time (from 1 to 4 min.), some lamellar 
structures appeared on the treated film surface as 
shown in Figs. 1b-1e. A large area of white fine 
texture on the surface of the PET films treated by 3 
min is evident as in Fig. 1d. The SEM results have an 
evidence that the irradiated samples have a higher 
degree of adhesion for metal deposition than the un-
irradiated film and the surface being more 
homogeneous [12]. 

 

 
 
Fig. 1: SEM micrographs of the pristine and irradiated PET  films using argon plasma(a) pristine, (b) 1 min. (c) 

2 min.,(d) 3 min. and (e) 4 min. 
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3.1.2 Atomic force microscopic of PET:  
 
 Fig. 2 shows AFM observation for the pristine 
and irradiated PET polymer films by argon plasma  
using different treatment time. The surface 
morphology for the irradiated PET films showed 
roughest surface, while the surface morphology for 
the pristine sample was relatively smooth as shown 
in Fig. 2a. In the case of exposure time (1 min.), the 
surface morphology was near smooth, which is 
nearly similar to the pristine surface as shown in 
Fig.2b. After2 min argon plasma, the surfaces have 
bulges, and grain like structure can be observed in 
the image as shown in Fig 2c. Large hills and 
mounds and shallow valleys are present in Fig.2d 
after 3 min of Expousre time. As a result, we could 
obtain very rough surfaces with mountainous regions 
as well as grasslike structures after 4 min argon ion 
beam irradiation as in Fig.2e. The surface roughness 
values for the pristine and the irradiated PET are 
determined by using AFM analyses as shown in 
Fig.3. The results show that the surface roughness of 
PET films increases with increasing argon plasma 
time. This increase in roughness can contribute to the 
changes in the surface morphology. The values of the 
surface roughness were about  23.6 nm for pristine 
sample and increased to 61.4 nm for the irradiated 
PET sample with 4 min of  argon plasma. After 
irradiation, the surface becomes rougher; this 
increases the wettability of PET. This phenomenon is 
attributed to the increase of surface area due to 
roughening. Then, the wettability of surface can 
improved by increasing surface roughening after 
surface cleaning by plasma irradiation. The surface 
roughness of PET directly affected the adhesion 
force of PET. The energetic ion irradiation induced 
the changes in both morphology and chemical states 
of PET surface. It is well known that the surface 
morphology change, and chemical composition and 
state change can contribute in the adhesion force 
enhancement. When the roughness increases, the 
polymer surface becomeslarger, giving rise to a 
larger contact area and better adhesion strength 
towards other materials [13]. 
 
3.1.3 X-Ray Diffraction investigation (XRD): 
 
 To analyze the changes in the crystalline 
properties of the PET polymers X-ray diffraction 
studies have been performed. The XRD spectra for 
pristine and irradiated PET films are shown in figure 
4. Furthermore the spectra show that all films are 
partially crystalline polymer. The main diffraction 
peak for PET occurs at 2θ =26.27  The diffraction 
peaks correspond to reflection from < 100 > plane 
[14]. The intensity of diffraction peak for irradiated 
PET films is less than the pristine. It indicates the 
partially decrease in crystalline of PET by argon 
plasma irradiation. Besides, there is very small shift 
in peak position. This implies that lattice parameters 

do not change during irradiation of PET films under 
the studied conditions. Similar observations have 
been reported by Liu [15] in case of Ar+ irradiated 
PET.  The loss of crystallinity after argon plasma 
irradiation  could be due to scission processes at 
main chains of PET, which could lead to the 
disruption in the packing. On the other hand, the 
shape of the peaks i.e. the value of the full width at 
half maximum (FWHM) of the peaks, reflects the 
degree of crystallinity. The larger the crystals of a 
given material are, the sharper the peaks on the XRD 
spectra [16]. Scherrer equation relates the FWHM 
(b), in radians, of a XRD peak to the crystallite size 
(L) as the following [17]. 
 

θ
λ

cosb
KLhkl =                                                     (1) 

 
 Where λ is the wavelength of the x-ray beam (in 
our case λ = 0.15425 nm of CuKα1), θ is the 
corresponding Bragg angle and K is Scherrer 
constant. The value of K, in general, depends on the 
crystallite shape, and normally it is taken in the order 
of unity for TEP films [18]. The crystallite sizes, 
corresponding to the most intense peak of the pristine 
and irradiated PET  films, were calculated as shown 
in table 1. It is clearly shown that as the treatment 
time increases, the FWHM nicreases as tabulated in 
table 1. Consequently, the crystallite size decreases 
from 7.20nm for the pristine sample  to 6.77 nm 
after4 min of argon plasma. 
 
3.1.4 UV-visible spectroscopy: 
 
 UV-Visible spectroscopy was performed in the 
wavelength range of 200-900 nm at roomtemperature 
for the pristine and argon plasma - irradiated PET 
polymer  isshown in Figure 5. Ashift ofthe 
absorption edge towards the visible region (higher 
wavelength) was observed afterirradiation[19,20], 
which indicates a decrease in bandgap after 
irradiation. The progressive shift of the absorption 
edge as a result ion irradiation,inferred the bond 
rupturing leading to scission, free radical formation, 
cross linking etc.,resulting in the formation of new 
bonds. The reason of broadening of absorption peak 
is the formation of extended systemof conjugated 
bonds, i.e., the formation of defects after irradiation 
[21-25]. Obviously, this decline in band gap leads to 
the increase in conductivity of the irradiatedpolymer 
[26]. In the studied range of wavelength, the 
maximumabsorption is caused by the π-π* electronic 
transitions [27] and the cause at the back is smaller 
energy requirement for excitation by π electrons. 
Thebroadening of the peaks can also be attributed to 
the production of ion beam induced defectswhich 
may further result in the formation of new energy 
levels leading to the peakbroadening.Figure 6 shows 
the variation in absorbance of PET films with 
increasing the exposure time fluence throughout all 
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the wavelengths. Linear relation between the 
absorbance and the exposure time e is observed for 
the selected wavelength range (340, 350, 360 and 
370 nm).  It is clear that ion beam irradiation leads to 
a decrease in the optical transmittance which 
suggests that the UV barrier has improved in the 
irradiated PET films. 

 The optical band gap of pristine and irradiated 
PET samples could be determined from the UV–vis 
spectra. The relation between the optical absorption 
coefficient (α) and the photon energy was given by 
Tauc’sexpression (Singh and Prasher, 2006). 

 

 
 
Fig. 2: 2D and 3D AFM images of the pristine and irradiated PET films using argon plasma (a) pristine, (b) 1 

min. (c) 2 min.,(d) 3 min. and (e) 4 min. 
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Table 1: Position of the intense peak (2θ), FWHM and the crystallite size (L) for the pristine andirradiated PETfilms with argon  plasma. 
Treatemet time (minutes) 2  FWHM 

(Radian) 
d (A0) L (nm) 

Pristine 26.27 0.0219 3.38 7.200 
1 min argon 26.12 0.0222 3.40 7.143 
2 min argon 27.17 0.0228 3.40 6.930 
3min argon 26.10 0.0230 3.41 6.872 
4 min argon 26.00 0.0234 3.42 6.770 

 
r

gEhA )( −= να                 (2) 
 
 whereA is the constant, h is the Plank’s constant, 
h is the frequency of the radiation, and Eg is the 
optical energy gap. The type of transition is 
responsible for the optical absorption that depends on 
the value of r, where r represents an index that can 
take any of the values 1/2, 3/2, 2 or 3.  In our case, r 
= 1/2, which means an allowed direct transition 
[20].The optical absorption coefficient (α) can be 
calculated as follows [23]: 

 

)ln(1 0

tI
I

L
=α                     (3) 

 
 Where Io and It are the intensities of incident and 
transmitted light, respectively, L is the thickness of 
the sample (in cm).Forthedetermination of the direct 
optical band gap, α2was plotted asa function of 
photon energy (hv)for the pristine and irradiated 
PETsamples as deduced from equation (1).The value 
of the optical energy gap Eg was calculated from the 
intersection of the extrapolated line with the photon 
energy axis (at α2 = 0).  The calculated values of 
optical band gap Eg of PET  polymersfor different 
argon  plasma exposure time is given in the Table 
1.From Table 1 it can be seen that the band gap 
decreases from 3.00 to 2.25 eV as a result 
ofirradiation. Various author reported decrease in 
band gap after irradiation for differentpolymers[21-
23]. They reported thatdecrease in band gap after 
irradiation produced defects in the polymers which 
increase thedisorderness leading to structural 
deformation phenomena occurring in the polymer 
[19,13]. The number of carbon hexagon rings in the 
cluster, N, can becalculated by Robertson relation. 

 
eV

N
E πβ2
=                       (4) 

 
 where 2β gives the band structure energy of a 
pair of adjacent π sites. The value of β is takento be 
~2.9eV for six numbered carbon ring.  
 From the Robertson relation cluster  size can be 
calculated [25] and then following relation can be 
used to calculate the number of carbon atoms per 
cluster [26]: 

 

eV
N

E 3.34
=                         (5) 

 
 where N is the number of carbon atoms per 
conjugation length for pristine and irradiated 
polymers. The calculated values of numbers of 
carbon atoms per conjugation length for pristine and 
irradiated polymers films are given in Table 1. It cab 
seen that the number of the carbon atoms in clusters 
increases with increasing the ion fluence. This may 
be due to the fact that heavy ions irradiations slowed 
down in polymer through the interaction with the 
electronic system of target atoms. It was believe that 
these interactions produce atomic electrons excitation 
leading to cleavage of C-H bonds and, at the same 
time lead to the release of hydrogen. Thus it can be 
inferred that any change in the optical properties of 
the polymers is basically due to the electronic energy 
loss. For further characterization for the optical 
behavior of the PET, the activation energy values 
were determined [19]: 

 

)exp(
aE

hB να =                                   (6) 

 
 Where B is the constant and Ea is the activation 
energy which is usually interpreted as the width of 
the tail of localized states in the forbidden band gap 
we can obtaining the value of Ea By plotting the 
relation between ln (α) and the photon energy (hv) 
and  at different Ar irradiation  time  for  PET 
polymer. The values of the optical activation energy 
Ea were determined from the inverse slope of the 
straight line of this relation. 
 The values of the optical activation energy (Ea) 
for pristine and that bombarded with Ar ions as a 
function of the fluence are tabulated in table 1. A 
gradual decrease in the activation energies is detected 
that might be attributed to the formation of clusters 
group and/or an increase in the defects. These defects 
are considered as localized states in the forbidden 
gap resulting in an increase in the number of charge 
carries in the conduction band owing to the 
formation of lower energy states [27]. This confirms 
the previously obtained result for the decrease in the 
values of the activation energies with increase ion 
fluencies.The decrease in both Eg and Ea values as a 
result of the energy transferred from the ions beams 
is due to the formation of carbon clusters near the 
surface of polymer [28]. Their data are tabulated in 
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table 1.  As the exposure time  ofAr  ions increases, 
the size of these carbon clusters increase, which, in 
turn, can decrease the energy required to induce 
optical transitions from the valence to the conduction 
band. Furthermore, the irradiation of PET films with 
ion beam resulted in the creation or enhancing of free 
radicals [29], which are resulted from the chains-

scission [30]. The increase of the free radicals, due to 
the increase of ion fluence, may increase the mobility 
of the free charge carriers. This, in turn, causes the 
reduction of the energy required for transitions, i.e. 
reduction in both the optical energy gap and the 
activation energy.  

 
Table 2: The variation of optical band gap energy, band tail width,  and the number of carbon atoms (N) per conjugated length  for the 

pristine and argon plasma irradiated PET, 
Exposure time (minutes) Band gap(eV) Band tail width (ev) No of carbon atoms(N) 

Pristine 3.00 0.78 131 
1 2.70 0.46 161 
2 2.65 0.42 167 
3 2.52 0.39 185 
4 2.25 0.30 232 
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Fig. 3: The surface roughness measured by AFM as a function of argon plasma exposure time for PET films. 
 

 
 
Fig. 4: XRD spectra for the pristine and irradiated PET films with argon plasma. 
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Fig. 5: UV-Visible Spectra of PET pristine and exposed with argon plasma at various times. 
 

 
 
Fig. 6: Variation in absorbance of PET  as a function of exposure time of argon plasma. 
 
4.1 Conclusion: 
 
 In the present work, the change in the surface 
properties of  PET samples, which is produced by 
argon plasma were investigated. The results show 
that the surface roughness of PET films increases 
with increasing argon plasma time. This increase in 
roughness can contribute to the changes in the 
surface morphology. The values of the surface 
roughness were about  23.6 nm for pristine sample 
and increased to 61.4 nm for the irradiated PET 
sample with 4 min of  argon plasma. From XRDdata 
,it is clearly shown that as the treatment time 
increases, the crystallite size decreases from 7.20 nm  
for the pristine sample  to 6.77 nm after   4 min of 

argon plasma. The values of optical band gap energy, 
band tail width are decreasing, while the number of 
carbon atoms (N) per conjugated length increases 
with the increase in the time of exposure. The 
decrease in Eg value as a result of the energy 
transferred from the ions beams is due to the 
formation of carbon clusters near the surface of 
polymer. 
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