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Abstract. In the present paper we have tried to research plasma surface mod-
ification of polyethylene terephthalate. This was realized in capacitive RF-
discharge (13.56 MHz). Four gases were used: argon (Ar), oxygen (O2), freon
14 (CF4) and freon 12 (CF2Cl2) in flowing gas discharge regime. The time of
burning of the dischargettr was changing gradually from 0.1 to 100 s. In this
interval, the experimental results of the measured contact angleθ and the adhe-
sion workWA at the timettr were shown. Through behavior at circumstances
for creation and addition of different functional groups on the pattern polymer
surface, the results were described qualitatively by supposing three kinds of
modification: modification by changing, modification by etching and modifi-
cation by polymerization. Mass spectrometric researches were made. Data of
changes in thickness of the pattern were also presented during the time of treat-
ment. The results of the angleθ in our paper showed high influence by the
residual oxygen-containing gases, which were basically obtained as a result of
gas emission of the pattern and the materials in plasma-chemical reactor during
the time of treatment.

PACS number: 52.80.Hc, 82.35.Lr

1 Introduction

Polymer materials have very low values of surface tensionσsv. Principally this
creates certain difficulties for their wettability in various liquids, which is a nec-
essary precondition for a wide range of recent technologies: in electronics and
textile industry, in polygraphic and photographic processes, in medicineetc. One
of the methods for increasing the tension ofσsv is the plasma-chemical treatment
of these materials in different types and composition of gasdischarges [1-7].

During the time of this treatment a physical-chemical modification of the poly-
mer surface was realized, which led to a change in the surfacetensionσsv in one
direction or another.
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Very often the change in the tensionσsv is tracked through the change in the con-
tact angleθ, which is observed as a result of the molecular interaction between
solid material (polymer) and wetting liquid in a three phasesystem: liquid-solid-
gas [8,9].

The experimental results, received so far, which treated the modification of the
polymer surface in gas discharge plasma, showed a complicated behavior of
the physical-chemical properties of this surface and therefore a complicated be-
havior and a change in the contact angleθ [10-23]. Unfortunately, all results
could not be compared, because they were obtained in different stages of the
experiment. In other cases, even if the circumstances of theexperiment were
the same or almost similar, the results would be contradictory. This makes the
interpretation difficult and leads to ambiguous explanation of possible kinetic
mechanisms.

Many problems are still determined empirically, despite ofthe wide application
of the plasma technologies. The reasons are obvious and theyare complicated
for analyzing the plasma-chemical system, which serves as atool in the modi-
fication of the polymer material. The reasons are not well elucidated for basic
conditions of the surface phenomenon in a physical-chemical three-phase sys-
tem, which also serves as a tool for measuring the degree of this modification.
On the other hand, the kinetic mechanisms, possible in elementary physical and
chemical reactions, and the compositions of the output products in plasma and
over the polymer material through the time of modification are not-well known.
The values of many simple constants, rate constantsetc. are missing, as well as
many others. This shows that similar investigations, whichstudy plasma modifi-
cations experimentally are still modern, and a more profound knowledge of the
processes is needed, which to describe the kinetic mechanisms and to have its
place in the volumes of the plasma and the polymer material, as well as over the
surface of this polymer.

2 Experiment

Plasma modification of the polymer surface is realized in theRF-plasma of
gas discharge (13.56 MHz) created in the horizontal quartz cylindrical plasma-
chemical reactor with sizesφ = 200 mm andL = 350 mm. Four external
electrodes create the high frequency discharge, which is a discharge of E-type
without electrodes. Each pair of the opposite electrodes has an equal potential.
One pair of the electrodes is grounded such, as the dischargeis non-symmetrical,
because a constant part of the RF-voltage, applied to the discharge is created
[24,25]. The scheme of the experimental setup is shown in Figure 1.

We use as a polymer material polyethylene terephthalate (PET) type Hostaphan
R125, 125µm thick. This material is widely used in practice in different fields.
Moreover, it is a good representative of the polar polymer materials. Films of
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Figure 1. Experimental setup.

the PET with sizes 13×150 mm are put vertically in the cylindrical reactor. Such
position decreases an eventual possibility of gravitational falls of the very fine
polymer powder on the treated polymer surface in the reactorspace. The surface
of PET is situated under a direct contact with the plasma, whereupon a direct im-
pact is realized by the different plasma components: excited particles, radicals,
atoms, molecules, ions, electrons and UV rays.

Four technical pure (98–99%) gases were used in flowing gas regime: argon
(Ar), oxygen (O2), freon 14(CF4) and freon 12(CF2Cl2). Further it will be ex-
plained why these gases have been chosen. The pressure of thegas before the
discharge is turned on and it is equal to 66.7 Pa (0.5 Torr). The time of burn-
ing of the dischargettr is changing gradually from 0.1 to 100 s. The time is
started and tracked by a timer, which controls (switch on, switch off) the anode
voltage of the generator lamps. This allows the discharge burning to come to a
stationary form very soon after the anode voltage is turned on (in the ranges of
(0.1-1.0)10−3 s). This provides the same quasi-stationary values of the plasma
micro-parameters for a long times as well as the short times of treatingttr.

The incoming power in the discharge for all examined gases was about 100 W.
It is dissipated by the reactor walls through the range of deionization and re-
combination heterogeneous processes, placed on the internal surface of the re-
actor, because a diffusion regime of burning of the RF-discharge at a pressure
p = 0.5 Torr is realized [24,25]. In this way the temperature of the reactor
walls continuously rise by increasing the timettr. As a result, the temperature
of the heavy particles in the investigated intervals (0.1–100 s) cannot reach im-
mediately its stationary value and it slowly increases at time ttr, because the
gas continuously raises its temperature in the volume and from the walls of the
reactor.

The degree of PET modification, and the change in the surface tensionσsv re-
spectively, is traced for each defined timettr with the change in the contact angle
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θ using the sessile drop method. The method is described, for example in the
papers [26,27]. Projection system is used for determining the angleθ. The drop
shape is projected on screen and the contact angle can be measured directly,
or the drop diameter and height can be measured, and used for determining this
angle by the well-known formula of the spherical segment:

tan
θ

2
=

2h

d
.

As a wetting liquid bidestiled and deionized water H2O, with surface tension
σlv = 72.6 mN/m, is used. At the time ofttr five water drops are put over the
treated PET film, which enables the measured contact angle tobe averaged and
the error to be estimated. For all treatment times this erroris less than±1.5◦.

3 Results and Discussion

Despite the difficulties, which occur in the interpretationof the available exper-
imental results, the data, acquired so far, show definite common behaviors at
the plasma modification of the polymer surface. Above all is the fact that the
surface tension of the polymer materialsσsv depends to a great extent on the
physical-chemical structure of the surface layer [8,9,27-29]. It is accepted that
during the time of the plasma treatment in different gases one or other functional
groups on the polymer surface are created or destroyed. These groups change
values of the dispersionσd

sv or polarσp
sv components of the surface tensionσsv

on the condition thatσsv is a sum of these two components. The basic part of
the dispersion componentσd

sv depends directly on the number of the non-polar
functional groups, while the basic part of the polarσp

sv on the number of the
polar functional groups.

We suggest that at the interaction on the polymer surface at least three basic
processes take place, depending on the treating time and composition of the gas
discharge plasma. At the short time of treatmentttr only one process of the
surface modification without change in the structure and composition in the ma-
terial volume has to be observed. At a long interval of treatment, along with the
modification, two other processes take place depending on the working gas pro-
cesses. When the working gas is chemically active, it is possible for the etching
process to be realized, while in the plasma creating gases atcertain conditions. It
is observed at a growing of a polymer layer. These two processes also cause and
define the physical and chemical structure of the surface too. For that reason it is
necessary to add them into the processes, which contribute to the modification.

Taking into consideration these facts and assumptions, we chose four gases: ar-
gon (Ar), as a representative of the inert gases, oxygen (O2), a representative of
the chemical active gases, freon 12(CF2Cl2) and freon 14(CF4) as representa-
tives of the chemical active and organic polymer creating gases. It is necessary to
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notice that, on the one hand, very often these gases are used in plasma-chemical
technologies. On the other hand, the polymer treating in these gases gives the
possibility to observe the changing of the polymer surface modification in the
presence and participation of other processes, such as etching and polymeriza-
tion. We shall apply the following terminology to mark the different ways of the
modification: modification by replacing, modification by etching and modifica-
tion by polymerization.

In that case it is necessary to make a certain proviso. It is usually considered
that the polymer-creating gases are non-saturated organicgases, which contain
double or triple chemical bonds between carbon atoms, whilesaturated gases
are freon 12 and freon 14. The process of rising of the polymerlayers from non-
saturated organic compounds is very well investigated and widely discussed,
with large usage of similar layers in many fields. The processof the modifica-
tion is also realized with rising of these polymer layers, which changes surface
structure qualitatively. These gases have a large rate of polymerization, and de-
spite the fact that they are chemically active, they take a smaller part in other
possible chemical reactions and with other compounds at thetime of polymer-
ization. Here assumptions and the problems are better defined and understood
from the point of view of the experimental results and models, because the rising
layer has a homogenous structure, which is known and therefore the values of
the surface tensionσsv can be estimated more appropriately. Because of these
reasons, similar modification with non-saturated organic gases will not be exam-
ined and investigated in this paper.

When the saturated organic gases are put in plasma environment, they can rise
polymer layers too, because in that plasma environment a gasmixture is created
from different organic compounds, including non-saturated ones. It is possible
for the polymer layer to rise, not by the classical subsequent mechanism, but
through continuously creating the active radicals and consecutive addition of
various compositions from the saturated compound. This process is constantly
repeated. So, when we talk about modification through polymerization, it means
polymerization from non-saturated as well as from saturated organic gases, but
our investigations will include only the participation of saturated organic gases.

The obtained experimental results for changing of the contact angleθ as a func-
tion of the treating timettr are shown in Figure 2 for the investigated gases.
These results are presented by the calculated adhesion workWA too (Figure 3),
which is connected with the contact angleθ through the well-known equation of
Young-Dupre:

WA = σLV (1 + cos ϑ).

The results, which are presented in this way throughWA, show the qualitative
behavior of the interactions. These interactions are realized between two phases,
in our case PET-H2O. For that reason further in the paper we shall basically inter-
pret the results for work of adhesionWA. The experimental points are combined
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Figure 2. Behavior of the contact angleθ at the treatment timettr for different gases: O2,
Ar, CF2Cl2, CF4.

using the spline approximation, but they are not manipulated and averaged by
methods of mathematical statistics. Such representation of the experimental re-
sults is reasonable due to the fact that dispersion of the points is big, because it
is obtained from non-controlled external parameters. It could not be correct to
average the results without repeated measurements of similar behavior of the an-
gleθ at the timettr at other constant parameters. Since a repeated measurement
is a difficult task, then the possibility is that the experimental data, which are
insufficient in number, to be averaged by a theoretical function. This function
will describe quantitatively the plasma modification.

As it is well known, the water is highly polar liquid, becausethe following condi-
tion is realizedσp

lv > σd
lv. The polymer materials, even though they are divided

into polar and non-polar, can always be defined by the conditionσd
sv > σp

sv. The
structural chemical formula of PET, which is accepted as a polar polymer with a
surface tensionσsv = 43–47 mN/m [26] is

As it can be seen from the structural formula, the PET surfaceis built mainly
from the oxygen-containing (O)FG functional groups and from carbon-hydrogen
(CH)FG functional groups from the type : C6H6, CH2, CH etc.
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Figure 3. Behavior of the adhesion workWA at the treatment timettr for different gases:
O2, Ar, CF2Cl2, CF4.

The change of the adhesion workWA in the research gases has different char-
acter, (Figure 3). In O2-plasma monotonous change of the workWA is ob-
served. The increasing ofWA shows raising ofσsv, which is logical for oxy-
gen environment, because, as it is shown in many ranges of theinvestigations
[11,12,14,15,23,31,32,33], on the treated surface of PET oxygen-containing
functional groups are created, such as OH, CO, COOH, OOH,etc. These groups
replace carbon-hydrogen groups of PET, which is supposed tolead to an increase
in the polar componentσp

sv, because the hydrogen bonds between these groups
(O)FG and water molecules are comparatively stronger than van derWaals’s
bonds.

Our researches show that the rate of changing the workWA and the contact angle
θ (Figure 2 and Figure 3) are different as the time of treatmentttr changes. Three
areas of changing are differentiated and this is more clearly detected from the
angleθ: the first area (0–0.2) s, the second (0.2–2) s and the third (2–100) s.
This gives the answer for the presence of several kinetic processes, which can
be described at least with three characteristic times.

In Ar environment a similar character as in O2 is observed with the difference
that characteristic times are shifted towards longer timesof ttr. The third area
is supposed with small changing ofθ andWA. Furthermore, the maximal value
of the work WA is smaller than the one in the oxygen. Those characters of
the change in the adhesion workWA (angleθ) in Ar are due to the increase in
the polar componentσp

sv. In argon environment however, such change ofWA

should not be obtained, because Ar is an inert gas and therefore cannot lead to a
qualitative change in the surface of the chemical composition of PET.

We would suggest that similar results can be interpreted in the presence of
oxygen-containing residual gases (O2, H2O andetc.), and they can be obtained
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Figure 4. Mass spectrum of the react environment, after treatment of PET environment
in oxygen RF-discharge.

as a result of the gas emission in the plasma-chemical reactor. These gases
belong to the basic gas participating in the process of modification. This sup-
position is confirmed by the previous mass spectrometric investigations. Their
results are illustrated in Figures 4, 5. The spectra are obtained using the mass
spectrometer MX-7304 (Russia). They show that the final products after the in-
fluence of argon discharge, Figure 5, are qualitatively similar to those, which
can be found in oxygen discharge (Figure 4). The research is made in a closed
reactor at an initial gas pressure ofp = 100 Pa (0.75 Torr). After the given
time of treatment in the oxygen environment, (the measurement is made at time
ttr = 1 min), the oxygen is used up totally in oxidation reactions. The following
stable gaseous products are heaped up in the reactor: H2, H2O, CO and CO2,
whereupon the total pressure of the environment in the reactor is increased by

Figure 5. Mass spectrum of the react environment, after treatment of PET in argon RF-
discharge.
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Figure 6. Behavior of the thicknessd of PET at the treatment timettr.

almost twice. The argon, when the treatment is in the oxygen environment, is
in small quantities (PAr = 10 Pa) and it is used as a norms gas. In such case,
when the treatment of the polymer is realized in argon environment (for the same
time ttr = 1 min), the spectrum after treatment contains specific lines of the ar-
gon, which do not change by intensity and new lines: H2O, CO, CO2. They
are weaker by intensity than those, which are in the oxygen environment, as the
total pressure is slightly increased in the reactor.

The presence of the lines H2O, CO, CO and CO2 also shows that the polymer
has begun to degrade. In that case it is referred to as the etching of the polymer
material. Our experiment is shown in the Figure 6, which describes the decrease
in the thicknessd of the pattern from PET by treating in oxygen RF-discharge.
The treatment is realized in gas-flow regime at equal pressure of the oxygen in
the reactorp = 50 Pa (0.4 Torr). The measuring of the pattern thickness is
accomplished by metallographic microscope MIM-7 (Russia), while at the same
time the surface of the treated polymer material can be observed visually.

At the beginning of the treatment of the pattern (for severalminutes) changes of
the thickness are not detected. That is because the etching is not homogenous,
actually only several sections of the surface are interacted more actively with the
gas-discharge plasma, even though the RF-discharge is homogenous. After this
initial stage, when the whole surface has already interacted with the discharge
and it has gone through definite changes, the thicknessd of the pattern begins to
decrease, as the highest rate of the etching is about 0.1µm/min.

These results (Figure 6) were made not to research in detailsthe processes of
etching, but to specify that at the long time of treatment (50–100 s), when the
contact angleθ was measured, the etching process of the polymer surface has
begun. That fact is necessary, because including the etching processes in the
processes of modification, that is modification by etching, will give more reli-
able qualitative and quantitative illustration of the whole model of the polymer
surface modification.
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The plasma treatment in freon 14 and freon 12 shows a more complicated char-
acter. At the beginning in short terms times of treatingttr (0.1–1.0 s) an in-
crease in the adhesion workWA is observed, which is probably due to gas emis-
sion of residual gases in the reactor (O2, H2O etc.), i.e. creation of functional
(O)FG groups. Decreasing ofWA at certain times of treatmentttr > 1 s is ob-
served, which shows a fall in polymer surface tensionσsv. The decreasing of
σsv can be obtained by displacing of already created oxygen (O)FG groups with
carbon- fluorine (CF)FG, carbon-chlorine (CCl)FG or mixed carbon-fluorine-
chlorine (CFCl)FG groups such as: CF3, CF2, CF (for freon 14) and CF2Cl,
CFCl, CCl, CF (for the freon 12).

It is necessary to mention the following interesting fact, which is observed for
a treated pattern in freon 14 during the measurement of the contact angleθ in
the area of its increase,i.e. at decrease in the workWA. After putting the drop
on the pattern two possible behaviors of the water drop couldbe observed. In
the first case the drop behavior is well known, it is quasi-stationary at the time,
when angleθ decreases very slowly as a result of the evaporation of the liquid.
Also the drop height is changed (decreases), while the diameter of the drop radix
is not seen to change. In the second case the behavior of the drop is observed
to be different. The drop with certain contact angle after put is formed, but
after some time (about a few seconds), the drop is spilled again to a new angle
lower than the previous one. It looks as if the drop on the polymer surface is in
unstable state. The time interval of treating isttr = 0.2–5 s, in which a repeated
spilling of the drop is shown. This is the interval where oxygen (O)FG groups
are displaced by carbon-fluorine (CF)FG groups,i.e. in that interval the rising
of polymer layer begins. It can be assumed that, after putting the drop on the
pattern at a defined moment the layer starts to destroy and water drop begins to
contact with the surface, which is rich in (O)FG groups. This is likely to prove
that, (CF)FG groups do not replace (O)FG groups, but rather they are formed
(built) on the top of them,i.e. modification by polymerization is realized.

4 Conclusion

The terminological split by three types of the modification is our suggestion:
modification by replacing, modification by etching and modification by poly-
merization. It is based on the realization of different processes at the time of the
plasma treatment. It is due to combination of different conditions such as: type
of the polymer material, type and composition of the gas environment, discharge
parameters, plasma parametersetc. The similar splits according to us give the
possibility to get brighter and more precise conception of plasma modification:
from practical point of view so important method of the surface treatment of the
solid materials. The experimental results show (Figure 2–Figure 6) that the dif-
ferent processes are combined and occur in different gases.At the short times of
treatingttr (0.1–1 s) for all gases it can be accepted that a process of modifica-
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tion is realized by replacing, where process oxygen (O)FG functional groups are
created. These groups realize hydrogen bonds with control water liquid. At the
longer timesttr > 1 s in O2 and Ar the processes of etching, that is modification
by etching, are included apart from the modification, while in CF4 and CF2Cl2
— and the process of polymerization (rising of the polymer layer), that is mod-
ification by polymerization are included. That fact inevitably leads to a change
of the kinetic physical-chemical mechanisms, which describes the modification
in the researched interval of treatingttr from 0.1 to 100 s,i.e. the whole interval
of the timettr cannot and should not be described with one kinetic scheme.

Another substantial moment, which can be concluded from theresults and
should be emphasized on, is the following. Despite the standard steps for gas
cleaning of the reactor and the pattern (a technology of middle vacuum is used),
these steps are not sufficient and the necessary pure environment cannot be
reached. Therefore, the results (except these of the oxygen) are not assigned
to pure gases (Ar, CF2Cl2 and CF4), but rather to mixtures of these gases with
oxygen-containing gases. That can also be said about other authors’ conclusions,
which unfortunately very often are suggested and interpreted as results for pure
gases. These facts show that, for revealing and researchingof the mechanisms,
which describe modification of the polymer surface in the gasdischarge plasma,
it is necessary from one aspect, the change in the contact angle θ to be measured
experimentally in a mixture of researching gases together with oxygen. In this
way the tendency toward the pure gases could be seen and traced and it will help
to interpret and figure more precisely the experimental results. From another
aspect, it is necessary these researches to be put on other higher technological
level realizing and using the technology of high and ultrahigh vacuum. It will
control precisely the gas composition in plasma reactor during the time of the
whole process.
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