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Abstract—The contact properties, chemical structure and surface morphology of poly(ethylene terephthal-
ate) films modified by direct-current discharge at the cathode and anode have been studied. A substantial
improvement in wettability and an increase in total surface energy and its polar term, which are retained upon
storage in air at ambient conditions, have been shown. The change in the chemical structure of the plasma-
modified films has been studied by X-ray photoelectron spectroscopy, and the formation of a significant
amount of oxygen-containing groups on the surface has been demonstrated. The investigation of the modi-
fied films by atomic force microscopy and scanning electron microscopy has provided revealed a change in
morphology of the surface and an increase in its roughness.
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It is known that poly(ethylene terephthalate)
(PET) films are widely used for insulation of wires and
cables, windings of electric motors, as well as in the
composition of laminates for slot insulation of high-
voltage electrical machines [1]. To promote the use of
PET as a laminate component, we carried out works
on the modification of PET films by low-frequency
glow discharge treatment in order to increase their
adhesion to impregnating compositions [2, 3]. In
recent years, the polymer films have found application
in solar cell elements, and the laminate on their basis
serves as the back panel of the device [4]. The use of
such a laminate in comparison with the alternative
three-layer structure PVDF/PET/PVDF—PVDF is
poly(vinylidene f luoride), makes it possible to
improve electrical insulation properties, reduce mois-
ture penetration, and significantly reduce the cost of
the element [5]. Apparently, it is this kind of applica-
tion that at present arouses interest in the study of the
process of modifying the PET films surface.

It is known that the most practically feasible and
environmentally friendly method that allows the con-
tact properties of polymer films to be significantly
improved by altering in the chemical structure and
morphology of the surface without affecting the

bulk properties is low-temperature plasma treatment
[6–9].

For example, it was found that the treatment of
100 μm-thick PET films (M/S Garware Polyesters &
Fibers Ltd., India) by O2 radiofrequency (13.56 MHz)
discharge plasma resulted in an improvement in their
contact properties [10]. The water contact angle for
the initial sample was θw = 76°, and the glycerol con-
tact angle was θg = 66°. Plasma treatment for 30 min
resulted in a decrease in these values to 33° and 31°,
respectively. The total surface energy (γ) increased
from 32 to 61mJ/m2, and the value of the polar term
(γp), from 11 to 40 mJ/m2. X-ray photoelectron spec-
troscopy showed an increase in the number of oxygen-
containing groups on the surface of the modified film,
and an increase in its roughness was revealed by
atomic force microscopy. In addition, it was found
that radiofrequency discharge treatment resulted in
the destruction of the films, and the weight loss at the
treatment time of 30 min was ~10%.

The use of dielectric barrier discharge (DBD) for
modifying the surface of 2 mm-thick PET samples
(Ensinger GmbH, Germany) caused a decrease in θw
from 71° to 30°, but this effect proved to be unstable,
and storage for 48 h in air under ambient conditions
76
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resulted in an increase in θw to 65° [11]. In the case of
DBD processing PET films (20 μm, Eastman Chem
Co., USA) on an APP system production unit
(APJeT™, USA), which enables the film modification
during rewinding at a speed from 15 to 200 cm/min,
the θw value decreased from 84° to 25° (with N2-
diluted He used as a plasma gas), to 35° with the addi-
tion of O2, and to 45° in an atmosphere of pure
He [12].

Earlier, we studied the modification of PET films
by an ac line-frequency glow discharge in air [13, 14].
It was found that this effect resulted in an improve-
ment in the contact properties of the films: the water
contact angle under optimal processing conditions
decreased from 66° to 6° (almost complete spreading),
and the γ and γp values increased by factors of ~1.8 and
3.5, respectively. However, a noticeable and rapid
increase in θw with time was observed during the stor-
age of the modified films.

In connection with the foregoing, it is of
undoubted interest to study the process of modifying
PET films by dc discharge and to reveal changes in
their contact properties, chemical structure, and mor-
phology.

EXPERIMENTAL

The object of study was a commercial biaxially ori-
ented PETLAIN BT 1010 E PET film (Superfilm,
Turkey) of 40 μm in thickness. Before use, the samples
were degreased with ethyl alcohol and dried under
ambient conditions. The structural formula of the
repeat unit of the polymer is given below.

The process of modification by dc discharge
was carried out using the procedure and the setup
detailed in [15]. Samples of PET film with dimensions
of 5 × 5 cm were mounted on the anode or cathode,
filtered atmospheric air served as a plasma gas, the
pressure in the system was p ~ 10 Pa, discharge current
was I = 50 mA, and the treatment time varied from 10
to 180 s.

The surface contact properties were characterized
by the values of contact angles (θ) measured with an
Easy Drop DSA100 (KRUSS, Germany) instrument
and the Drop Shape Analysis V.1.90.0.14 software for
two test liquids, deionized water (θw) and glycerol (θg)
(error ± 1°). The measurements were carried out both
immediately after treatment of the films and after their
storage for 14 days in air under ambient conditions.
The values of total surface energy and its polar and dis-
persion terms were calculated from experimentally
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obtained θ values according to the procedure
described in [16].

The change in the chemical structure of the films
was studied by X-ray photoelectron spectroscopy
(XPS). The XPS spectra were obtained using a PHI
5500 VersaProbeII spectrometer. The experiments
were carried out in an ultrahigh vacuum of 5 × 10–8 Pa
using monochromatic AlKα radiation (hν = 1486.6 eV,
power 50 W), the diameter of the analysis area was
200 μm. The C1s and O1s binding energies were deter-
mined from the high-resolution spectra measured at a
pass energy of 11.75 eV and a step size of 0.1 eV, the
approximation of the spectra was performed by a non-
linear least-squares method using the Gauss–Lorentz
function. The calibration of the binding energy scale
(E) was carried out using Au 4f 84.0 eV and Cu 2p3
932.6 eV and adjusted using E = 284.7 eV of the C1s
peak of aromatic CH groups in the spectrum [17, 18].
The error in E determining was ± 0.1 eV.

The surface morphology of the film samples was
studied using a Solver HV atomic-force microscope
(NT-MDT, Russia) in air under normal conditions
using standard HA-NC cantilevers (NT-MDT, Rus-
sia) with a tip curvature radius of 10 nm. The measure-
ments were carried out in the tapping mode with the
acquisition of surface topography and phase contrast.
Average (Ra) and rms roughness (Rms) values were
determined using the NOVA software version
1.1.0.1851 (NT-MDT, Russia).

Scanning electron microscopy (SEM) was also
used to study the surface morphology of the PET
films. The experiments were carried out using a Zeiss
EVO 40 instrument with an X-Flash 1106 silicon drift
detector. To ensure charge drain and an increase in
thermal conductivity, a thin aluminum conductive
layer (~20 nm) was deposited by high-vacuum thermal
evaporation on the surface of the samples under study.
The operating pressure in the microscope chamber
was 6 × 10–4 Pa. The measurements were carried out
in high resolution mode with an accelerating voltage of
15 kV, a minimum probing current from 15 to 50 pA,
and a minimum working distance of 5–15 mm.

RESULTS AND DISCUSSION
Figure 1 shows the experimental curves for the

dependence of contact angle θw for the PET films
modified at the (1) anode and (2) cathode on the
treatment time (t) at a discharge current of 50 mA and
a working gas (air) pressure of ~10 Pa. These values of
the discharge current and pressure in the reaction
chamber were chosen as optimal on the basis of the
results of preliminary experiments to ensure obtaining
the maximum experimental θ values. It can be seen
that the main changes are observed in the case of treat-
ment for 40–45 s: θw decreases rapidly with the
increasing treatment time and reaches a plateau value
after 50 s. Note that the difference in θw value for the



78 PISKAREV et al.

Fig. 1. Dependence of the water contact angle (θw) for
PET films on the treatment time (t) by dc discharge (p =
10 Pa, I = 50 mA) (1) at the anode and (2) at the cathode. 
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films modified at the anode and the cathode is small
and is observed mainly for short treatment times. Sim-
ilar relationships were obtained for wetting the surface
of the modified samples with glycerol (θg). Table 1 lists
the θw and θg values for the initial PET film and the
films treated at the anode and cathode by the dis-
charge (50 mA, 10 Pa, 50 s). The calculated values of
total surface energy (γ) and its polar (γp) and disper-
sion (γd) terms for the initial and anode- and cathode-
modified films are presented, as well as similar data for
discharge-treated samples after their 14-day storage in
air under ambient conditions. It can be seen that the
modification of the films leads to a significant
decrease in θ and a significant surface hydrophiliza-
tion, which is retained for a long time. The value of γ
immediately after plasma treatment increases by a fac-
tor of ~2.7 times, and γp, by a factor of ~4.5. After stor-
age for 14 days, the values of θ increase, but the mod-
ified films remain hydrophilic (θ < 60°) [19].

The chemical structure of the initial and modified
PET films was studied using the XPS technique. Fig-
ure 2a depicts C1s spectrum of the original film. The
spectrum consists of three main components: the first
at a binding energy of 284.8 eV (aromatic ring carbon
atoms), the second at E = 286.5 eV (C–O group car-
bon atoms), and the third at E = 288.9 eV (O=C–O
group carbon atoms). The ratio of their intensities is
63 : 20 : 17%. In addition, there is a small wide peak at
290–292 eV due to the π–π* transition in the aromatic
ring of the polymer. The spectrum and the ratio of the
peaks agree with the relevant data known from the lit-
erature [17, 20]. The O1s spectrum of the original film
(Fig. 3a) is represented by two peaks; the first corre-
sponds to E = 531.6 eV (O=C–O), and the second, to
E = 533.2 eV (C–O).

For the PET film sample modified at the cathode,
the positions of the peaks in the C1s (Fig. 2b) and O1s
(Fig. 3b) spectra do not change, but their appreciable
broadening is observed, and the peak corresponding to
the π–π* transition in the polymer aromatic ring shifts
to lower energies. The spectrum shows an increase in
intensity of the second peak, indicating an increase in
the amount of oxygen-containing C–O groups in the
polymer. The intensity ratio of the peaks in the C1s
Table 1. Change in contact angles and surface energy of PE
(10 Pa, 50 mA, 50 s), and after storage for 14 days

Sample Storage,
days

Contact angle, 

θw

Original – 80

Treated at the anode – 12

14 46

Treated at the cathode – 10

14 56
spectrum also changes, it makes 56 : 26 : 18%. Similar
changes are observed in the O1s spectrum, namely,
the intensity of the second peak due to C–O groups
increases noticeably (Fig. 3b).

For the sample modified at the anode, the posi-
tions of the three peaks in the C1s spectrum are also
unchanged, but they are even more broadened, and
the peak corresponding to the π–π* transition in the
aromatic ring of the polymer disappears (Fig. 2c). An
increase in the first peak (C–C bonds) and a signifi-
cant decrease in the third one are observed, and the
ratio of peaks is 65 : 22 : 13%. A possible explanation
for this pattern of the spectrum is the etching of the
film during the discharge process, followed by the
deposition of products on its surface. Probably, the
amount of ether groups included in the polymer
decreases and the amount of C–O groups correspond-
ing to the oxidation of deposited products increases in
this process. This assumption is confirmed by the
shape of the O1s spectrum: the intensity of the peak at
531.6 eV (O=C–O) decreases, while the peak at
533.2 eV (C–O) is noticeably broadened, and its area
HIGH ENERGY CHEMISTRY  Vol. 53  No. 1  2019

T films modified by dc discharge at the anode and cathode

degrees Surface energy, mJ/m2

θg γ γp γd

73 26.5 12.4 14.1

10 71.6 55.0 16.6

40 52.4 34.3 18.1

9 72.2 55.8 16.4

50 44.6 27.6 17.0
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Fig. 2. X-ray photoelectron C1s spectra of (a) the original
PET film and films modified by dc discharge (p = 10 Pa,
I = 50 mA, 50 s) at the (b) cathode and (c) anode. 
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Fig. 3. X-ray photoelectron O1s spectra of (a) the original
PET film and films modified by dc discharge (p = 10 Pa,
I = 50 mA, 50 s) at the (b) cathode and (c) anode. 
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increases (Fig. 3c). As a result, despite the similarity in
elemental composition between such a film and the
original one, the chemical structure of its surface is
significantly different.
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Thus, XPS data indicate that a significant amount
of new oxygen-containing groups is formed on the
surface of the PET films modified at the cathode or
anode of dc discharge.
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Fig. 4. Three-dimensional AFM image of the surface of
(a) the original PET film and films modified by dc dis-
charge (p = 10 Pa, I = 50 mA, 50 s) at the (b) cathode and
(c) anode. 
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Fig. 5. SEM images of the surface of (a) the original PET
film and films modified by dc discharge (p = 10 Pa, I =
50 mA, 50 s) at the (b) cathode and (c) anode. 
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Note that an insignificant concentration (<2%) of
nitrogen and aluminum was found on the surface of
the modified PET samples. The presence of nitrogen,
presumably in the form of nitrogen-containing func-
tionalities such as N–COO or OC–N–CO, has been
observed in a number of studies dealing with the pro-
cess of PET modification by air discharges of various
types, and it is due to the activity of nitrogen ions
formed in air plasma [11, 21, 22]. The presence of alu-
minum, apparently, should be attributed to the forma-
tion of its compounds with oxygen [18] when the alu-
minum electrode is sputtered due to positive ion bom-
bardment. Similar results were observed in our earlier
study [23] of the process of polyester sulfone films
modification by dc discharge.

The surface morphology of the films was studied
using atomic force microscopy (AFM) and scanning
electron microscopy (SEM).

Figure 4 depicts a three-dimensional AFM image
of the surface of the (a) original PET film and films
modified by dc discharge at (b) the cathode and (c)
the anode at I = 50 mA for 50 s. Calculations of the
average (Ra) and rms roughness (Rms) values showed
that they are 0.51 and 0.89 nm, respectively, for the
HIGH ENERGY CHEMISTRY  Vol. 53  No. 1  2019
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untreated film. After plasma processing, the film
roughness increased in both cases: to Ra = 1.21 and
Rms = 1.72 nm at the cathode and to Ra = 0.89 and
Rms = 1.25 nm at the anode. Figure 5 presents SEM
images for (a) the initial films and the films modified
at (b) the cathode and (c) the anode. They show that
the effect of plasma in both cases leads to an increase
in the roughness of the samples in comparison with
the initial ones. Note that the nature of change in
roughness differs between the cathode and anode
cases. After treatment of the films at the anode, the
values of Ra and Rms are smaller than those after the
cathode treatment, but bands appear that could have
formed during orientation stretching of PET films and
become visible as a result of surface etching during
plasma treatment. It is possible that the better reten-
tion of the contact properties of the films modified at
the anode is associated with the morphology features.

CONCLUSIONS

Based on the above results, it can be concluded that
the modification of PET films by dc discharge treat-
ment at the anode and the cathode results in signifi-
cant surface hydrophilization, which is retained for a
long time. This effect is explained by substantial
changes in the chemical structure and morphology of
the surface of the films investigated using the XPS,
AFM, and SEM techniques. In both the cathode and
anode cases, an increase in the number of oxygen-
containing groups on the surface of the modified films
is observed. However, the chemical structure of the
surface treated at the anode differs, apparently, as a
result of the plasma etching of the film followed by the
deposition of products on its surface. According to the
AFM and SEM data, the surface roughness of the
films noticeably increases. Chemical and morpholog-
ical changes in the surface layer are associated with the
radiation dose absorbed in the plasma and localized in
a thin near-surface layer of the polymer [24].
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