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Surface functionalization of polymers by chemically reactive oxygen is a standard
technique for increasing the surface energy of polymers. The technique, however,
usually does not provide the desired surface finish of many polymers, including highly
hydrophobic polymers like those rich in fluorine. The disappointing results are due to an
incomplete understanding of the interaction between the plasma species and polymers on
the atomic scale. The current state is presented, and recent advances in both theoretical
and experimental descriptions of the surface mechanisms are illustrated. The scientific
community faces challenges in both plasma characterization, separation of specific
reactants, and detailed study of the interaction on the atomic scale. The effects of
vacuum-ultraviolet radiation and its synergy with neutral reactive plasma particles are
often neglected, but recent articles represent a pathway to the appropriate design of the
experimental systems, which will enable systematic measurements of the evolution of
surface functional groups versus the fluence of selected plasma species.
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INTRODUCTION

The interaction of gaseous plasma with polymers, polymer blends, and polymer composites has
attracted enormous attention from the scientific community in the past decades [1–3]. Most authors
agree that the interaction of gaseous plasma with polymers causes at least two effects [4]: i–surface
functionalization and ii–etching. Some authors also studied the modification of the sub-surface film
and bulk polymers by gaseous plasma and found significant modifications [5].

Non-equilibrium gaseous plasma is sustained by an electrical discharge. Gas at equilibrium
conditions is subjected to an electric field. Any charged particle will be accelerated in the electric field
so it will gain significant kinetic energy. The charged particles will collide with neutral particles like
molecules and molecular fragments. The elastic collisions between positively or negatively charged
ions and neutral particles will lead to thermalization by sharing the kinetic energy of the charged
particles before the collision between the charged and neutral particles after the collision. Opposite,
the interaction of electrons with neutral particles will not lead to the effective transfer of the electron
energy to the kinetic energy of the neutral particle kinetic energy because of the huge differences in
the masses. Only a small fraction of electron energy will be transferred to the kinetic energy of the
neutral particle, so the majority of the electron energy will be preserved. The electrons are therefore
capable of accumulating the energy in the electric field and will be capable of causing inelastic
collisions with neutral particles. The inelastic collisions will cause excitation of the rotational,
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vibrational, and electronic states of the neutral particles.
Molecules will dissociate into fragments, and the neutral
particles will be ionized at inelastic collisions with energetic
electrons. The gas originally in thermal equilibrium will thus
transform to a non-equilibrium state, which is characterized by a
significant deviation of the excitation levels from those calculated
from the presumed gas temperature. In fact, the gas temperature
will not be defined anymore. Apart from the electron
temperature, expressions like the rotational, vibrational, and
excitation temperature of molecules have been used to
describe the non-equilibrium state, providing that the
distribution is reasonably close to Maxwell-Boltzmann. These
temperatures are always higher than the gas temperature before
the transition to the non-equilibrium. Electrons are also capable
of dissociating molecules, and those from the high-energy tail of
their distribution over kinetic energy will be capable of ionizing
the gaseous molecules and molecular fragments.

The large temperatures (well above the kinetic temperature of
the gas) and dissociation, as well as ionization fractions, are
against the basic law of thermodynamics, so the non-equilibrium
gas will spontaneously transform to its equilibrium unless the
electric field persists. On the atomic or molecular scale, the
transformation is related to collisions of gaseous particles with
large kinetic or internal (rotational, vibrational, electronic,
dissociation, ionization) energy with particles that are close to
thermal equilibrium. The collisions are typically super-elastic: the
decrease in the kinetic and/or the internal energy of energetic
particles will increase the kinetic energy of particles close to
thermal equilibrium. Therefore, the kinetic temperatures in the
gas phase are usually higher than the ambient temperature. The
thermalization may take place in the gas phase or on surfaces. As
a general rule, the higher pressure will facilitate more extensive
thermalization in the gas phase. In fact, the surface reactions are
regarded as marginal at atmospheric pressure [6].

The accommodation, relaxation, recombination, and
neutralization often occur on the surface of a plasma reactor.
If plasma is sustained at the pressure below a few mbar, the
surface reactions usually prevail. The heat is therefore dissipated
predominantly on surfaces of materials facing the plasma. If
materials are cooled, a non-equilibrium gaseous plasma of low
kinetic temperature of neutral particles can be sustained rather
uniformly in large volumes. In fact, many industrial-size reactors
provide reasonable uniform plasma in volumesmeasured in cubic
meters [7].

The exact values of the ionization and dissociation fractions of
gaseous molecules, the distribution over electronic and
vibrational states, and the energy distribution of electrons and
the fluxes of all these particles as well as photons onto a sample
exposed to plasma depend on the peculiarities of the plasma
reactors, the types of gases and flows, the pressure, etc. A sample
will be thus exposed to a flux of the following particles:

- Electrons (which will be retarded in the sheath next to the
sample so that the flux will be much lower than that
calculated from the temperature and density in plasma);

- Positively charged ions which will be accelerated in the
sheath next to the sample, so their flux is best described

as ji � vBni, where vB is the Bohm velocity (vB �
���
kBTe
mi

√
and

ni the ion density in plasma close to the sample);
- Neutral molecules and molecular fragments (which will not
be affected by the sheath voltage, so their flux will be
jN � 1

4 nv, where v is the velocity of the random motion,
i.e., v �

���
8kBT
πm

√
, and n the density in plasma close to the

sample). The neutral particles may have significant potential
energy since they may touch the surface in the metastable
electronic excited states;

- Radiation in a broad range of wavelengths between infrared
(IR) and vacuum ultraviolet (VUV).

A scientifically spotless interaction of plasma particles with the
materials facing plasma should involve the interaction of all these
plasma particles with solid material on the atomic scale.
Obviously, any description of the interaction should involve
the known fluxes of the plasma particles. A vast majority of
scientific reports, however, do not mention the fluxes, so the
science of the interaction with many materials is still in its
infancy. Furthermore, synergies of various particles are
expected to play a significant role (dominant in some cases
like reactive ion etching). Finally, the samples themselves may
represent a source of gaseous particles, for example, because of
the desorption of volatile molecules, including those synthesized
as a result of plasma-sample interaction.

The variety of plasma particles and unknown fluxes makes
interpreting the experimental results very difficult. An obvious
simplification would be separating one single type of plasma
particle (for example, either positive ions or neutral atoms in the
ground state or photons) and studying the evolution of the
surface properties versus the flux or fluence of the selected
type of plasma particles. Such a study can be performed
theoretically, but very few experimentalists adopted this praxis.

SURFACE ACTIVATION OF POLYMERS

Let us focus on one of the most popular aspects of plasma-surface
science: activation of polymers. Activation stands for increasing
the surface energy or, more precisely, increasing the polar
component of the surface energy. Polymers with low surface
energy are hydrophobic, and those with high surface energy are
hydrophilic. The terms “super-hydrophobic” and “super-
hydrophilic” indicate extreme cases. The materials will exhibit
the super-hydrophobic character if the contact angle of a water
droplet is above 150°. Materials with a water contact angle below
about 7° are super-hydrophilic. An example of a super-
hydrophobic surface is a lotus leaf, while the super-hydrophilic
surfaces don’t exist in nature. Namely, the very high surface
energy is against the law of thermodynamics, so even if it happens
that material is made super-hydrophilic, it will soon convert to a
more stable state–moderate hydrophilicity. The return to such a
state is called “hydrophobic recovery” and is observed for all
polymers. The hydrophobic recovery was studied by several
groups. For example, Mortazavi et al. [8] reported a model for
diffusion-driven hydrophobic recovery in plasma-treated
polymers. They found the driving force of hydrophobic
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recovery the gradients in the concentration of oxygen-containing
functional groups. They considered both the diffusion and
reorientation model and compared the theoretical results with
experiments performed by other groups. The characteristic decay
time was found of the order of 100 or 1,000 h.

Vandenbossche et al. [9] focused on the hydrophobic recovery
of thin polymer films prepared by plasma polymerization (PP).
They found polymer-like coatings prepared by PP more stable
than organic coatings prepared by conventional chemical
methods and explained the stability with the higher degree of
crosslinking. They also attributed the hydrophobic recovery of
plasma-treated polymers to the reorientation of polar groups and
diffusion. They also considered the diffusion of low molecular
weight chains toward the bulk of the polymer film as a reason for
hydrophobic recovery. They also provided methods for
suppressing this effect, for example, by a higher degree of
crosslinking, deposition of an ultra-thin functional top-layer
onto the polymer surface, or by covalent grafting of functional
coating.

Pogreb et al. [10] used a three-exponential decay kinetic model
to describe the mechanical and electret responses of different
polymers to hydrophobic recovery. They found a correlation
between the loss of surface charge and hydrophilicity. The charge
induced by plasma treatment may be trapped by structural
defects, impurity centers, or grain boundaries. The voltage
caused by the trapped charge is of the order of mV, and the
surface charge of the order of µC/m2 [11]. The hydrophobic
recovery of selected polymers was accomplished within an hour at
ambient conditions.

The high surface energy is obtained by grafting polar
functional groups on the polymer surface. There are several
options, but the widely used one is the formation of oxygen-
rich functional groups. A straightforwardmethod is the treatment
of a polymer with oxygen plasma or plasma sustained in another
gas with oxygen admixture. A schematic of the interaction
between oxygen plasma and a polymer surface is shown in
Figure 1.

Oxygen plasma is rich in the following particles:

- Free electrons
- Neutral molecules in the ground state (X3Σ−

g) and in the first
and second metastable states (denoted as a1Δg and b1Σ+

g
with the radiation lifetime of about 55 min and 10 s, and
potential energy of 0.978 and 1.627 eV, respectively);

- Neutral atoms in the ground state and metastable states
(denoted as 1D and 1S with the radiation lifetime of 100 and
1 s, and potential energy of 1.967 and 4.189 eV respectively)

- Positively charged molecules and atoms in the ground
electronic state (denoted as X2Ʃg and 4S3/2 with the
potential energy of 12.059 and 16.618 eV, respectively);

- Negatively charged molecules and atoms in the ground
electronic state (denoted as 2Vg and

2P );
- Radiation in the near infrared, visible and vacuum
ultraviolet range of wavelengths (photon energies between
about 1 and 10 eV).

The fluxes of all these particles are calculated as stated in
the introduction, while the flux of photons depends on the
excitation of the resonant levels. The fluence is simply a
product of flux and exposure time. The free electrons,
although their temperature is several 10,000 K, will have
little influence on the polymer surface chemistry because
they are retarded by the sheath voltage (unless a thin
polymer sample is basked by an RF-powered electrode).
The same applies to negative ions. The particles that
should be taken into account in any attempt to study the
polymer activation with oxygen plasma are thus neutral
reactive species, positively charged ions, and radiation.

FIGURE 1 | Schematic of the interaction between oxygen plasma and
polymers.

FIGURE 2 | Some spectra of oxygen plasma acquired with a standard
optical spectrometer.
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Radiation
The radiation arising from oxygen plasma is monitored by
appropriate spectrometers. Standard inexpensive spectrometers
will operate in the range of wavelengths from about 200 to
1,100 nm, and should be calibrated for the spectral response. If
combined with photometers, they will measure the flux of
photons. Typical spectra of oxygen plasma sustained by an
inductively coupled radiofrequency discharge in a glass tube of
diameter 40 mm as measured with a calibrated spectrometer are
shown in Figure 2. Spectra were acquired at the same pressure of
20 Pa, but different absorbed powers of 30W (plasma in the
E-mode) and 300W (H-mode). The integration time was
2000 ms (E-mode) and 2 ms (H-mode) and was taken into
account in Figure 2. The radiation intensity is roughly 1000-
times larger in the H-mode, but the spectral features are similar.
The predominant lines are in the red and near-infrared parts at
777 and 845 nm and correspond to transitions of electronically
excited atoms from high to lower states. The photon energy is
only 1.6 and 1.5 eV, so much lower than the binding energy of
atoms in the polymer. Correspondingly, the photons at 777 and
845 nm will cause little modification of the polymer surface
except that they heat the surface film. No significant radiation
is observed in the UV part of the spectrum in Figure 2.

The spectra shown in Figure 2 are far from representative for
polymer modifications since the major radiation from O atoms in
oxygen plasma arises from transitions between the resonant and
the ground levels. The radiation can be simulated using the NIST
codes [12]. Figure 3 represents simulated spectra radiated from
neutral oxygen atoms at several electron temperatures in the
range of wavelengths from 100 to 1,000 nm. The electron density
was set to 1 × 1016 m−3, which is a typical value for weakly ionized
non-equilibrium plasma useful for tailoring surface properties of

polymers [13]. The most intensive line in plasma of electron
temperature of 2 eV is at 130 nm, which corresponds to the
transition 3S° − 3P. Some other lines in the VUV part of the
spectrum are also much more intensive than those at 777 and
845 nm, especially at larger electron temperatures. Oxygen
plasma is thus an extensive source of photons of energy 9.5 eV
and above. This energy is much larger than any binding energy in
the polymer, so the radiation will break bonds in the surface film
of all polymers. Little work has been done on measuring the
penetration depth of such photons in polymers, so such
experiments represent a scientific challenge for experimentalists.

The treatment by VUV photons without the presence of other
species in oxygen plasma can be performed by placing a VUV
transparent window on the sample exposed to plasma. The flux
should be measured with a calibrated VUV spectrometer. Little work
has been published on such experiments. Among them, Iglesias et al.
[14] measured the VUV radiation from oxygen plasma sustained at
the pressure of 25 Pa by a microwave (MW) discharge and reported
the flux of about 3 × 1019m−2s−1. Woodworth et al. [15] also used
MW discharge, but at the power of 300W and pressure 2.7 Pa, and
found the flux of VUV photons about 3 × 1019 m−2s−1. Lee et al. [16]
probed inductively coupled RF oxygen plasma at the pressure of
1.3 Pa and the discharge power of 100W and reported the VUV flux
of 1.1 × 1019m−2s−1. The values are not comparable because the
authors used different discharge configurations, but the reported
order of magnitude was always 1019 m−2s−1. The influence of such
radiation on polymer surface properties has not been reported and
remains a scientific challenge.

Positively Charged Ions
The positively charged oxygen ions are formed predominantly at
inelastic collisions between plasma electrons at the high-energy tail of
the distribution function. They are neutralized either in the gas phase
or on the surfaces. The neutralization in the gas phase is predominant
at atmospheric pressure and on surfaces at low pressures. The latter is
very efficient: the neutralization probability is almost 100% for all
materials. As a consequence, the density of ions is much lower than
the density of other reactive particles in oxygen plasma. In a typical
plasma useful for surface modification of polymers, the density of
positively charged ions is of the order of 1016 m−3 [17–19]. The flux is,
therefore, of the order of 1018 m−2s−1. It is not feasible to separate the
ions from neutral reactive gaseous particles unless a complicated
device is employed. The kinetic energy of ions impinging the surface
of amaterial kept at floating potential is a few kTe (k is the Boltzmann
constant, and Te is the electron temperature in plasma). The kinetic
energy is thus about 10 eV for many oxygen plasmas. Such ions do
not penetrate deep into the polymer material but cause surface
modifications. The kinetic energy is large enough to break bonds
between atoms in the polymer surface layer, so the interaction
probability is large. No report about the details was published in
the scientific literature because separating the ions from neutral
reactive particles is not feasible. Still, some authors studied the
interaction of positively charged ions with polyethylene exposed to
weakly ionized air plasma. They found ions trapped by the CH2

groups [20]. The trapping occurred in a characteristic time of less
than a second and did not depend much on the density of positively
charged ions in gaseous plasma.

FIGURE 3 | Simulated spectra arising from O-atoms in plasma of
electron temperature 2, 4 and 6 eV.
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An alternative is the application of energetic positively charged
ions, either by biasing the polymer (placing it on an electrode that
is powered with an RF generator) or by using ion guns. The
energetic ions will heat the surface film of the polymer, so they are
not useful for practical applications.

Negatively Charged Ions
Oxygen is electro-negative gas, so slow electrons are likely to attach to
neutral oxygenmolecules in the ground electronic state, thus forming
negatively charged ions [21]. Negative ions do not play a significant
role in surface modification of polymers unless rarely used discharges
are employed [22]. Namely, polymer samples are usually kept at a
floating potential upon plasma treatment. The surface is negatively
biased against the non-perturbed plasma in order to assure zero net
currents, i.e., equal fluxes of electrons and positive ions onto the
polymer surface. The electric field across the sheath will accelerate
positively charged ions and reflect all negatively charged particles but
those of the largest kinetic energy. The kinetic energy of electrons in
unperturbed plasma (i.e., “electron temperature”) is usually a few eV,
while the kinetic energy of negatively charged molecules is the same
as the kinetic energy of all heavy particles (below 0.1 eV in non-
equilibrium gaseous plasma useful for the treatment of polymers). A
small fraction of electrons (those at the high-energy tail of the
distribution function) will actually reach the surface. The
negatively charged ions, On the other hand, will diffuse in the gas
phase, but when they approach the surface of an object at a floating
potential, they will be reflected back to the plasma, so they will not
influence the polymers.

Neutral Reactive Particles
Neutral reactive species suitable formodification of surface properties
of polymer materials abound in oxygen plasma. The reason is
twofold: i–the excitation energy is always lower than the
ionization energy of the molecules, so it is likely that the electrons
will favorite excitation from ionization [23], and ii–the loss of neutral
species on the surfaces may be suppressed by a careful design of the
experimental plasma reactor [24]. As a consequence, the density of
neutral reactive species in oxygen plasma sustained at low power
density (discharge power divided with the volume of plasma) is

orders of magnitude larger than the density of positively charged
molecules [25]. Furthermore, neutral reactive particles can be
separated from charged particles and photons, either by using
pulsed discharges [26] or flowing afterglows [27]. In both cases,
one benefits from the long lifetime of neutral particles compared to
charged particles and radiation. The flowing afterglows are preferred
as they assure a constant and high density of neutral plasma particles
since the discharge operates continuously. The polymer samples are
effectively screened from any radiation from gaseous plasma. A
schematic of the experimental system useful for studying the
interaction of neutral plasma particles with polymer materials is
presented in Figure 4. The source gas is introduced into the discharge
chamber, which should bemade from amaterial of low coefficient for
the surface loss of neutral reactive particles. Plasma is sustained in the
discharge chamber to assure adequate production of both neutral and
charged particles. The gas flow from the discharge to the afterglow
chamber results from continuous pumping. There is a strong gradient
in the tube between the discharge and afterglow chamber [28],
enabling the gas velocity of about 100m/s in the connecting tube.
The length of the tube is often about 10 cm, so the residence time of
the gas in the tube is about 1ms. Such a short residence time and
relatively large pressure (as compared to the afterglow chamber)
within the connecting tube assure for minimal loss of neutral reactive
particles by surface reactions. There is no electric field in the
connecting tube, so the plasma electrons are not accelerated, and
the charged particles neutralize on the surface of the connecting tube.
On the other hand, the neutral reactive particles survive the path
through the connecting tube, so their relative density is comparable to
those in plasma [29]. The large speed of the gas is essential for
preserving the high density of neutral particles; otherwise, strong
gradients in the density of the neutral particles appear at the edge of
the glowing plasma [30]. The connecting tube is bent to prevent any
UV/VUV radiation at the position of the polymer sample.

The setup shown in Figure 4 is, therefore, useful for studying the
interaction of neutral reactive particles and polymeric materials. Both
molecules and atoms in the ground state abound in the afterglow
reactor, and the excited atoms of radiation lifetime below a fewms are
supposed to relax on the way.

Metastable oxygen molecules of the lowest excitation energy are
those in the singlet state. The kinetics of such molecules in the gas
phase have been studied in detail [31], but the interaction with the
polymer surfaces is yet to be studied. The major reactants in the
afterglow chamber are neutral oxygen atoms in the ground state
(hereafter: O-atoms).

Many authors concentrated their investigation on the interaction
of O-atoms with polyolefins. One of the first theoretical and
experimental articles was published as [32]. The authors predicted
the subtraction of a hydrogen atom chemically bonded to a carbon
atom and the formation of a dangling bond on the polymer surface. A
similar reaction was proposed for plasmas sustained at atmospheric
pressure [33]. The formation of dangling bonds on the surface is
difficult to prove experimentally since the O-atoms will occupy them
immediately. The interaction of O-atoms with polystyrene was
recently studied in detail by the density functional theory study of
oxygen adsorption on polymer surfaces [34]. The authors identified
over ten binding sites for O-atoms, and the occupation of the binding
sites was found to depend on the coverage of the polymer surfacewith

FIGURE 4 | Shematic of an experimental system for treating polymer
samples with neutral reactive particles only.
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chemically bonded oxygen. According to this theory [34], by far the
most probable reaction is the substitution of the hydrogen atom on
the surface with the hydroxyl groups. Once the surface is saturated
with such groups, the degradation of the aromatic ring was proposed,
followed by the formation of various surface functional groups.

The kinetics of surface functionalization of polystyrene upon
exposure to O-atoms was also studied experimentally [35] using a
system shown schematically in Figure 4. The O-atom density in
the afterglow chamber was about 1017 m−3, and the authors
studied the evolution of the surface functional groups as
detected by X-ray photoelectron spectroscopy (XPS) versus the
fluence of O-atoms. They confirmed the theoretical prediction
about the rapid functionalization with the hydroxyl groups but
were unable to determine the initial reaction probability. One
obstacle is definitely the final escape depth of the photoelectrons
when using XPS as the probing technique. Using perfectly
smooth polymers and application of the angular resolved XPS
should help interpret the results, but such experiments are time-
consuming and are yet to be performed. The schematic of the
surface functionalization of polyolefin with O-atoms is shown in
Figure 5. The fluences of O-atoms required for initiation and
saturation of the polystyrene surface with various functional
groups are shown in Table 1.

SURFACE ACTIVATION OF
FLUORINE-CONTAINING POLYMERS

The considerations presented in the upper section are irrelevant for
fluorinated polymers, particularly polytetrafluoroethylene (PTFE,
known as Teflon). Several authors probed activation of PTFE by
treating with oxygen plasma, and only a few reported improved
wettability [36]. In some cases, the authors even reported an increase
in the water contact angle (WCA), i.e. increased hydrophobicity
instead of surface activation [37, 38]. The increased WCA by
treatment with oxygen plasma has nothing in common with
surface functional groups but is a consequence of roughening the
PTFE surface because of the treatment with oxygen plasma. The
WCA depends on two factors: i–the surface free energy and ii–the
roughness on the nanometer scale. The treatment of PTFE and similar
fluorinated polymers with a weakly ionized highly dissociated oxygen
plasma obviously causes etching rather than substitution of surface
fluorine atoms with oxygen atoms. According to [37], the major
interaction products are CF2O molecules and CO and CO2. More
generally, the reaction products are various carbon oxyfluorides, but
little work has been performed on detailed characterization of the
products desorbed from PTFEmaterials upon treatment with oxygen
plasma. The characterization of the surfaces as well as volatile reaction
products remains a scientific challenge.

According to the discussion in Radiation, the plasma species
capable of breaking bonds between atoms in the surface film of
polymers are energetic photons. Figure 3 reveals significant
fluxes of VUV radiation from oxygen plasma, so one can
conclude that the photons from oxygen plasma do cause the
breaking of C-F bonds in PTFE. Fluorine atoms desorb from the
polymer surface upon vacuum conditions, and the dangling
bonds are occupied by oxygen atoms. The carbon oxyfluorides
are then desorbed from the surface, so little oxygen remains on
the PFTE surface upon treatment with oxygen plasma.

The formation of oxyfluorides is suppressed or even eliminated
using plasma rich in VUV radiation but almost free from oxygen.
Such plasma is sustained in hydrogen at low pressure and moderate
discharge power density [39]. Other low-pressure plasmas are also
powerful sources of VUV radiation [40].

The interaction between hydrogen plasma and PTFE is
illustrated in Figure 6. Stoichiometric PTFE is exposed to
VUV radiation, positively charged ions, and H atoms (a). The
VUV radiation breaks C-F bonds, so an F atom is freed. The F
atom will interact with H atoms from hydrogen plasma and form
the HF molecule, which desorbs from the PTFE surface and is

FIGURE 5 | Shematic of the evolution of the surface functional groups on
polyolefin as predicted by theory and confirmed experimentally. Untreated
polyolefin (A) is first functionalized with OH groups (B), and treatment at larger
O-atom fluences causes the formation of C=O (C) andO-C=O groups (D).

TABLE 1 | Approximate fluences of neutral oxygen atoms in the ground state
useful for the initiation of the functionalization of polystyrene with specific
functional groups and saturation with the groups. The values were determined at
room temperature.

Functional Group Initiation (m−2) Saturation (m−2)

C-OH <<1019 1 × 1019

C=O 1 × 1020 1 × 1021

O-C=O 3 × 1020 1 × 1022

CO3 1 × 1021 1 × 1023

Ring degradation 1 × 1020 Not relevant
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pumped away from the plasma reactor (b). The dangling bond is
occupied by a hydrogen atom. As the process continues (c), more
fluorine on the surface is substituted by H-atoms until a layer of
polyolefine-like structure forms on the PTFE surface (d).

Figure 6 is only an illustration. The penetration depth of VUV
radiation is more than a few monolayers, so a thicker surface film is
depleted of fluorine. Furthermore, the VUV photons also break C-C
bonds, so it is likely that some etching occurs even in the case of
hydrogen plasma treatment of PTFE. The molecules desorbed from
the surface of PTFE upon treatment with hydrogen plasma may also
be difluoroethylene, vinyl fluoride, and alike, but the etching products
are yet to be studied. Whatever the products, the treatment of PTFE
by hydrogen plasma causes the formation of a polyolefine-like surface
film, which was confirmed by carefully designed experiments [41].
The thickness of the fluorine-free surface films obtained after the
treatment with hydrogen plasma is a few monolayers only, as was
demonstrated by angular resolved XPS measurements [41].

Once the fluorine-free surface film is obtained by treatment with
hydrogen plasma, the functionalization of PTFE is rather easily
achieved by brief exposure to oxygen atoms following the
pathway illustrated in Figure 5. Such two-stage treatments have
been elaborated for PTFE only, and the generalization of the method
to other polymers which are inadequately functionalized by oxygen
plasma represents a scientific challenge for future research.

CONCLUSION

The science of surface activation of polymer materials is still in its
infancy, and tremendous progress is expected in the near future. There
are only a handful of useful theories on the interaction between
reactive plasma particles and deep UV radiation with polymer
surfaces on the atomic scale. The experimentalists face several
challenges. Apart from the trivial one, i.e. description of the
surface modifications versus the fluxes and/or fluences of reactive
plasma particles and radiation (and not versus the discharge
parameters like the discharge configuration and power, gas
pressure and flow, etc.) a challenge is separating one type of the
reactive plasma species and study the evolution of the surface
functional groups versus the fluence of the selected species. A few
groups have already performed such experiments. The evolution of
surface functional groups versus the fluence of O-atoms was already
elaborated for polystyrene, while other polymers are yet to be tackled.
The activation of fluorinated polymers by O-atoms is not feasible
because any surface functionalization is accompanied by etching, so
the wettability of suchmaterials after treatment with oxygen plasma is
inadequate. A useful method for surface functionalization of
fluorinated polymers is exposure to VUV radiation in the absence
of reactive oxygen species. The VUV radiation breaks C-F bonds and
thus releases fluorine. The dangling C- bond can be occupied with
oxygen by treatment with neutral oxygen atoms in the ground state.
Both theoretical and experimental results confirm the
functionalization of polyolefine films with O-atoms in the absence
of other plasma species such as positively charged ions or radiation.
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FIGURE 6 | Illustration of the interaction between hydrogen plasma and
surface of fluorinated polymers. (A) pristine polymer is exposed to VUV
radiation, positively charged ions and neutral atoms; (B) some F atoms are
substituted by H atoms, and an HF molecule is desorbed; (C) more F
atoms are substituted with H atoms; (D) a polyolefin-like surface layer is
formed.
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