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The transformation of a poly(tetrafluoroethylene) (PTFE) hydrophobic surface into a superhydrophobic one using a
low pressure RF plasma is explored using optical emission spectrometry (OES), X-ray photoelectron spectroscopy
(XPS), water contact angle (WCA) measurements, mass measurements, and atomic force microscopy (AFM). It is
shown that the increase in contact angle is due to an increase of roughness provoked by a chemical etching of the surface.
We propose amolecularmechanism for etching that requires the simultaneous presence of atomic oxygen and negatively
charged species (electrons) at the PTFE surface.

Introduction

The mechanisms for the plasma modification of polymer
surfaces have been extensively studied these last 20 years. In most
cases, the exposure of a polymer surface to a reactive plasma leads
to a decrease of the contact angle (i.e., to an increase of the surface
energy) that is due to the grafting of polar functionalities on the
surface. The nature of the grafted functions depends on the
plasma gas and the polymer itself. Such grafting of polar func-
tions is very useful, as it can selectively tune the chemical reactivity
of the polymer surface, allowing the subsequent grafting of more
complex molecules (for instance, to form biosensors), or lead to
the change of macroscopic properties, such as adhesion.1-3

In two recent papers,4,5 we have shown that, in the specific case
of a poly(tetrafluoroethylene) (PTFE) surface exposed to the post-
discharge of a RF oxygen plasma, one can obtain an increase of
the contact angle, due to a drastic change in the surface geometry,
more specifically, a texturing of the surface. The resulting surface
is therefore superhydrophobic, with water contact angles as high
as 160�. Such a surface could be of great interest for medical
applications (implants), as it prevents the adsorption of a model
protein, bovine serum albumin (BSA).5

This texturing is of specific interest, as it is an original route to
obtain superhydrophobic surfaces. Indeed, usually, the synthesis
of such surfaces is realized by the deposition of a fluorinated
structure on the surface, with the help of small volatile molecules
such as CF4, C2F6, and so on, most often injected into a plasma.6

The kinetics to obtain such surfaces is therefore mostly controlled
by a nucleation and growth mechanism, combined with radical
reactions in the gas phase. For instance, Cicala et al. proposed a
mechanism for the condensation starting from C2F4.

7 As this
method to obtain such surfaces requires the use of toxic and
hazardous gases, the current approach could represent an elegant
alternative.

We have suggested that the mechanism to obtain superhydro-
phobic surfaces starting from PTFE exposed to a low pressure O2

plasma is an etching of the surface, where the oxygen atoms favor
the formation of volatile species, with the oxygen atoms being
generated in the plasma by the dissociation of dioxygen due to the
collision with an energetic electron. However, in our previous
results, we had no absolute experimental proof of the requirement
of charged species hitting the surface for the etching process, and
we had no experimental evidence that there was really an etching
leading to a mass loss of the substrate.

In this paper, we complete our previous studies by changing the
geometry of our plasma system in order to specifically target the
influence of charged species.We also measure the mass change of
our samples induced by the plasma treatment. Finally, by chan-
ging the nature of the gas, we reinforce the absolute need of
oxygen for the process to occur. The reaction products of the
etching are evidenced by optical emission spectrometry, and we
discriminate the role of possible charged species (O2

þ versus
electrons) by X-ray photoelectron spectroscopy (XPS).

Experimental Section

Materials andPlasmaChamber. PTFEwaspurchased from
Goodfellow (1 mm thick sheet, ref FP303050). Samples were cut
into disk (30mmdiameter). Theywere cleaned using pure ethanol
(Normapur, VWR) followed by pure isooctane (GR for analysis,
Merck) before being introduced into the plasma chamber. In
order to have always the same surface exposed to the plasma,
samples were fixed in a special sample holder. The top opening of
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the sample holder had a diameter of 30 mm (same as the sample).
The bottom opening, facing the plasma, had a diameter of 28mm
(Figure 1). The area exposed was therefore π� 142= 615.8mm2.
The plasma chamber consisted of a stainless steel based vessel
covered by a Viton O-ring sealed Pyrex bell jar. The pumping
systemconsistedofanEdwardsprimarypump(pressures to1.33Pa)
and a turbomolecular pump (Balzers 230 L s-1) coupled to a
membrane pump. Pure oxygen (Alphagaz 2) was used. The
pressure in the chamber was monitored with a Pfeiffer full range
gauge (PKR251). Before the introductionof oxygen, the chamber
was pumped down to a pressure of 2.67� 10-4 Pa and then back-
filled to the working pressure, 6.66 Pa. To avoid contamination,
the chamber was continuously pumped during the experiments
(dynamic regime). The oxygen flow rate was controlled by using a
Brooks 5850mass flowmeter. The flow rate of O2 was usually set
to 10 mL min-1, but some experiments were carried out at flow
rates of 15 and 20 mL min-1. After treatment, the chamber was
backfilled to atmospheric pressure using pure nitrogen. The RF
plasma was initiated using a H€uttinger PFG300RF generator
operating at 13.56 MHz, coupled to a H€uttinger PFM1500A
matching network. The electrode connected to the RF generator
consists of an aluminum disk (42 mm in diameter) covered with a
0.8 mm thick borosilicate glass disk of the same diameter. The
anode is made from a metallic grid. The distance between the
anode and the cathode is 33 mm, and the sample is placed 30 mm
above the anode grid (Figure 1). In this study, the results will be
presented as a function of the plasma DC bias instead of RF
power, as DC bias reflects better the electrical and energetic
characteristics of the plasma than the injected power. The DC
bias is measured at the RF cathode by means of a high voltage
probe connecteddirectly to theRFgenerator.This self-bias comes
from the difference in mobility between the electrons and ions in
the plasma. Ions being heavier than electrons, they cannot follow
the RF electrical field and therefore remain mostly close to the
cathode generating the DC bias.8 We usually worked in the-600
to-900 V DC bias range, which corresponds approximately to a
power range of 20-70 W in our geometry. Since in a RF plasma
the positive ions hit surfaces exposed to the glow with an energy
depending on many parameters (pressure, electrode geometry
ratio, power, etc.), the samples were positioned above the anode
grid (grounded in the present study) outside the plasma region
(afterglow mode). With this geometry, we expected to strongly
reduce damages to the polymer surface by ion sputtering. Indeed,
above the grid electrode, most of the plasma species interacting
with the polymer surface should be neutral species (in this case,
mostly atomic oxygen). This has already been shown in a previous
study examining N2 plasma/polyethylene interactions.9 More-
over, thanks to their mobility which is lower than the one of the

electrons, the positive ions remain mostly located close to the
cathode.

Mass Measurements. Samples were weighted on a Sartorius
Analytical balance (model 2443 TO) with a precision of 0.1 mg.

Water Contact Angles (WCA).Water contact angle (WCA)
measurements were performed on a Kr€uss DSA 100 instrument
using ultrapure ‘‘Milli-Q’’ water (18 MΩ). The water droplets
were deposited onto the surface by means of an automated
syringe. Droplet volume was set to 3 μL for the static drop
measurement. For each sample, 5-10 droplets were deposited
ontodifferent locations of the sample surface. The contact angle is
automatically measured using the Drop Shape analysis software
provided byKr€uss. The Laplace-Young equation or the tangent
1 method were used for calculating the angles. Results presented
in this paper are the average of the anglemeasuredonboth sides of
the drop (10-20 angles).

Optical Emission Spectroscopy (OES). The plasma cham-
ber is equipped with multiple (up to 8) fiber optic probes that are
used to simultaneously detect the excited species generated by the
plasma at the following locations: close to the cathode, middle of
the plasma, close to the anode, and close to the sample. The plasma
was characterized using an Acton SpectraPro 2500i (Acton
Research) optical emission spectrometer capable of a resolution
of 0.05 nm and operating in the 200-900 nm region. The detector
consisted of a Princeton Instrument digital camera typeEEVwith
400 � 1340 pixels. The spectra were recorded in the plasma and
close to the sample.

Atomic Force Microscopy (AFM). All atomic force micro-
scopy (AFM) images were recorded in ambient atmosphere at
room temperature with a Nanoscope IIIa (Veeco, Santa Barbara,
CA) microscope. The probes were commercially available silicon

Figure 1. Schematic of the geometry of the RF plasma system.

Figure 2. Mass loss evolution with (a) the negativeDC-bias (time:
600 s) and (b) the treatment time. The oxygen flow rate is 10 mL
min-1. The sample is placed above the grid anode.

(8) Chapman, B.Glow Discharge Processes Sputtering and Plasma Etching; John
Wiley & Sons: New York, 1980.
(9) Wagner, A. J.; Fairbrother, D. H.; Reniers, F. Plasmas Polym. 2003, 8,

119–134.
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tips with spring constants of 24-52 N/m, resonance frequencies
lying in the 264-339 kHz range, and a typical radius of curvature
in the 10-15nmrange.The imageswere recordedwith the highest
available sampling resolution (512� 512 pixels). The AFMmicro-
scope was operated in tapping mode to minimize the sample
damage due tomechanical interactions between the AFM tip and
the surface of the samples.

Results

Evidence of Etching of the Surface. Chemical etching of the
surface should result in a decrease in mass of the sample, together
with the production of volatile species and an increase of the
pressure. Morphological changes of the surface, resulting from
the etching, will be seen by AFM and modify the water contact
angle. Figure 2 presents themass loss as a function of theDC-bias
(a) and as a function of time (b).

An increase in the plasma power strongly increases the etching
rate of the PTFE. The mass loss increases exponentially with the
DC-bias (Figure 2a). An increase in the treatment time also
increases the mass loss of the sample (Figure 2b). At low power

(DC-bias of -450 and -600 V), the mass loss seems to be linear
with time. However, due to the sensitivity of the balance, and to
the very slow etching process at such voltages, it could also be
interpreted as the beginning of a slowly growing exponential. For
higher power (DC-bias of-750 and-900 V), the mass loss is no
longer linear with time, exhibiting an exponential behavior. There
is an increase in themass loss for longer treatment times; this is the
most obvious for the -900 V DC-bias treatments. The increased
loss of mass for longer treatment time could be an effect of the
roughening of the surface during the treatment. A rough surface
has a greater area than its flat homologue (Figure 3). As the surface
is roughening, the area available to be etched by the plasma
increases, hence accelerating the mass loss of the sample.
Changes in the Contact Angle.Most of the treatments result

in a strong increase of the contact angle. As already mentioned in
the Introduction, this decrease of the surface energy can be
explained by the roughening of the surface via the Cassie-Baxter
equation.10

cos θ ¼ F1 cos θ1 þF2 cos θ2 ð1Þ
where θ is the Cassie angle, the stable equilibrium contact angle of
the liquid drop on the heterogeneous surface, and θ1,2 and F1,2 are
the Young angle and the fraction of surface relative to phase 1 or
2, respectively. If the second component of the mixed interface is
air trapped at the sample surface, eq 1 can be simplified as
follows:11

cos θ ¼ - 1þF1ðcos θ1 þ 1Þ ð2Þ
where F1 is the fraction of solid remaining in contact with the
drop, θ2= 180� (the ‘‘contact angle’’ of a drop with air) and F2=
(1 - F1).

The WCA increases with the mass lost until the WCA reaches
values around 150-160� (Figure 4). WCA values above 160�
where not measured not because the surface energy reaches a
plateau but because of technical limitations. It is indeed difficult
to measure high CA values, as the drop slips away from the
surface. The maximum theoretical CA value is 180�, the contact
angle of a perfect sphere on a perfectly flat surface.Whenworking
with water and polymer, this is never the case. It is very likely that
the roughness of the sample continues to increase with the mass
loss. However, this cannot be detected by this WCA method.
Furthermore, once the roughness is sufficient to trap air at the
surface of the polymer, the only thing that can affect the WCA is
the percent of PTFE versus the percent of air at the surface.
Changing the roughness of the surface without changing the
apparent surface composition will not affect the surface energy
(Figure 5). With contact angles between 150 and 160�, the Young
equation gives a surface with only between 18 and 8% of PTFE
left. Continuing the etchingof the surfacewill increase its roughness

Figure 3. A rough surface has a higher area than a flat one for the
same geometric shape.

Figure 4. Relation between the WCA and the mass loss. Samples
treated at various DC-bias for various times. Pressure and O2 flow
rate are constant. P= 6.66 Pa; d(O2) = 10 mL min-1.

Figure 5. Schematic ofwater droplets deposited on (A) 50%air, 50%PTFE surface; (B) 50%air, 50%PTFE surface; and (C) 70%air, 30%
PTFE surface. Surfaces (A) and (B) have different roughnesses but the same surface energy, and surface (C) has a different surface energy
because of its different “composition” (in terms of air to PTFE ratio).
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but will not change the ratio between air and PTFE, as the surface
is already mainly seen as air by the water droplet. Figure 5 also
provides a relevant interpretation of AFM results presented in
Figure 6, where a change in structure is clearly evidenced:Figure 6

shows twoAFMpictures recorded in different etching conditions.
One can clearly identify structureswith different alveolar size. The
first one could correspond to the interpretation of Figure 5a or b,
and the second one to Figure 5c.

In a paper published previously,4 we have shown that, when
operating in static conditions (no oxygen flux or pumping), a
linear increase of the pressure with time occurs. The OES spectra
recorded reveal the production of CO, CO2

þ, and F. Figure 7
shows the evolution of the OES main lines of CO (314.2 nm),
CO2

þ (289.0 nm), F (703.7 nm), and O (777.8 nm) with the DC-
bias. An exponential increase of the emission lines of the product
of reactionwith theDC-bias is observed. The only linewhich does
not follow this trend is the emission line of oxygen. The presence
ofF evenwhen there is noPTFEpresent is due to a contamination
of the vacuum chamber due to previous experiments (fluorine is a
common remaining contaminant of UHV chambers). Note that,
for this curve, the intensity increases also with theDC-bias, due to
an increase of the excitation of the existing fluorine, but not with
an exponential behavior. At lowDC-bias (-200 and-400 V), the
intensity of the oxygen line is higher when PTFE is present in the
chamber; this could be an artifact due to the reflectivity of PTFE
(which is white). As soon as the etching starts (-600 V and
higher), the intensity of the oxygen line when PTFE is present in
the chamber is equal (-600V) or lower (-800 and-1000 V) than
when there is no PTFE in the chamber. As we keep a constant
pressure in the chamber if F, CO, and CO2 gas are generated, the
partial pressure of oxygen must be decreased (by increasing the
pumping speed) in order to maintain a constant pressure. A
“consumption” of atomic oxygen by the etching reaction could
also explain the lower intensity of the O line when PTFE is
present, and etching is effective (at high DC-bias).
Role of the Atoms, Ions, and Electrons in the Etching

Mechanism. Role of Atomic Oxygen. As already seen in
Figure 7, the production of CO and CO2

þ attests for the role of
atomic oxygen. When oxygen is replaced by nitrogen,9,12 no
increase in pressure takes place, and one can observe a grafting
of nitrogen species on the surface. The presence of atomic oxygen
is also confirmed by the OES line at 777.8 nm, which increases
with the O2 flux. The change in oxygen flux also leads to a linear
increase of the mass loss, as evidenced in Figure 8. This increase
however depends on the DC-bias. Doubling the O2 flux (from
10 to 20 mL min-1) increases the mass loss (from 4.5% to 5.1%,
0.0712 to 0.0795 g).

Role of the Oþ/O2
þ Ions. In a RF plasma, the ions are mostly

located close to the cathode8 and are therefore not expected to be
numerous above the anode, in the postdischarge, close to the
sample. The role of Oþ/O2

þ ions is therefore strongly reduced.
This is attested by the shape of the C1s XPS peak presented in
Figure 9. When a PTFE surface is exposed to a beam of oxygen
ions (or nitrogen ions), the sputtering process induces a broad-
ening of theC1s peak, which is not observed in the case of aRFO2

plasma with the sample placed in the postdischarge.
The exposure to an ion flux (Figure 9 left) induces a time

dependent progressive decrease of the CF2 component in the XPS
C1s peak, and the appearance of lower binding energy compo-
nents (CF and CC) due to the physical sputtering of the surface
that generates a progressive defluorination.12 This is not observed
when the sample is exposed to the postdischarge of a RF O2

plasma (Figure 9 right). The CF2 component remains mostly
unchanged, suggesting that no major change in chemistry occurs
at the surface. However, two small shoulders appear on the high

Figure 6. AFMimages of untreated (A) andplasma treatedPTFE
samples. (B)DC-bias=-575V, t=700s,WCA=126.2�, rms=
242 nm. (C)DC-bias=-750V, t=700 s,WCA=152.8�, rms=
505 nm.

(10) Morra, M.; Occhiello, E.; Garbassi, F. Langmuir 1989, 5, 872–876.
(11) Quere, D. Phys. A 2002, 313, 32–46.

(12) Vandencasteele, N.; Fairbrother, H.; Reniers, F. Plasma Processes Polym.
2005, 2, 493–500.
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and lowbinding energy sides of theCF2 peak. They could possibly
be attributed to CF3 and to-CF- ; C-*CF2-C,13 respectively.
This analysis of the XPS peak shape, together with the expected
location of positive ions close to the cathode, leads us to conclude
that the role of the oxygen ions in the etching of PTFE is negligible.

Role of the Negatively Charged Species. The presence of
atomic oxygen is not sufficient to provoke etching. In alternate
geometries, we placed the PTFE sample parallel to the electric
field (on the “side” of the discharge) orwe replaced the grid anode
by a plain anode (see Figure 10). In such conditions, the mass loss
and thewater contact angle are strongly reduced, as seen inFigure 11.

When the sample is placed above the plasma, its surface is
normal to the electrical field. This geometry favors the impact of
accelerated high energy charged species with the surface. Indeed,
the charged particles acquire kinetic energy between the two
electrodes, and some of them are able to pass through the
electrode grid and reach the sample surface. Figure 12 presents
the current recorded on the sample (with PTFE being replaced by

Figure 7. OES intensities forO,F,CO2
þ, andCO in the plasmaasa functionof theDC-bias.Full symbols represent the intensitywhenPTFE

is present in the plasma chamber; hollow symbols represent the intensities when there is no PTFE in the chamber.

Figure 8. Mass loss variation with the O2 flux for sample
treated at various DC-bias values for 600 s treatment time at
a pressure of 6.66 Pa. The precision of the measurements is
0.0004 g. (13) Chen, Q. J. Phys. D: Appl. Phys. 2004, 37, 715–720.
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a copper plate) placed above the grid, with or without applying a
bias on the grid (when a positive bias is applied, the anode
captures the electrons more efficiently). The plasma was a RF
nitrogenone.9MeasuringRF currents is not trivial, and therefore,

these values must be taken as qualitative indications. However,
interestingly, the dependence of the current with the power
presents the same exponential behavior as the mass loss evolution
with the DC-bias presented in Figure 2a) and as the OES line
intensity evolution for CO, CO2

þ, and F (all being etching
products) (Figure 7), indicating themajor influence of high energy
electrons.

This observation is confirmed by changing the position of the
samplewith respect to the discharge. If the sample is placed on the
side of the plasma, parallel to the electrical field, the electrons are
not accelerated toward the sample surface.When themetallic grid
is replacedby a solid electrode, charged particles are not able to go
through the electrode and therefore do not reach the sample
surface. It seems then that charged particles are required for
the etching reaction to take place.When using a solid electrode, the
sample is still exposed to the neutral oxygen radicals. As they are
not affected by the electrical field, the radicals diffuse all over the
chamber and can reach the sample evenwhen it is hidden behind a

Figure 9. Comparison ofXPS high resolutionC1s peak for untreated PTFEand treated by oxygen ions (left) or oxygen plasma (right) (from
ref 5; reprinted with permission; Copyright 2008 Wiley-VCH Verlag GmbH & Co. KGaA.).

Figure 10. Various positioning of the sample.

Figure 11. Variation of themass loss with the geometry. Themass
loss is correlated to an increase in the WCA values. The samples
were treated at 6.66 Pa for 600 s at aDC-bias of-600Vwith anO2

flux of 10 mL min-1.

Figure 12. Variation in the total current (in μA) measured at the
sample position on a copper plate as a function of RF plasma
power. The triangles correspond to the current when the anode is
grounded, while the dots are the current with aþ10 V anode bias.9
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solid electrode. When the sample is placed on the side of the
plasma, it is exposed not only to oxygen radicals but also to
photons from the plasma. Still with exposure to oxygen radicals
and photons no etching is detected. All those observations con-
firmedour idea that charged particlesmust play an important role
in the etching reaction of the PTFE. Those charged particles are
probably electrons. It is indeedwell-known that ions, heavier than
electrons, have a very lowmobility in the RF discharge. They stay
close to the cathode, generating the negativeDC-biasmeasured at
the insulating electrode.8

We therefore propose the following mechanism.
Inside the plasma:

O2 þ e- f 2O�þ e- ð1Þ
with atomic oxygen being detected by OES.

At the sample surface:

C-Fþ e- f C�þF�þ e- ð2Þ
F is detected by OES, and its intensity increases with the current.

C-Cþ e- f 2C�þ e- ð3Þ

C�þO� f CO ð4Þ
CO is detected by OES (see Figure 7).

COþO� f CO2 ð5Þ
CO2

þ is detected by OES.
The appearance of the high and low energy components in

the XPS peak shape could result from the following reaction

mechanism taking place at the surface, already suggested by other
authors.14,15

In such amechanism, the role of the electrons is therefore crucial.
They are not only required to sustain the plasma, but theywill break
bonds in the gas phase (to generate atomic oxygen) and at the
sample surface. They must therefore have a kinetic energy high
enough tobeable tobreakC-Cbonds (inPTFE) at 4.9 eV16 energy
and C-F bonds between 4.9 and 5.2 eV.16,17 Atomic oxygen is also
required, as it allows the formation of volatile products of reaction.

Conclusion

Wehave designed a set of experiments that suggest a synergetic
role of electrons and atomic oxygen at the PTFE surface. The
phenomenon that takes place is not a physical sputtering (like
with an ion bombardment) but a true chemical etching driven by
the number and energy of the electrons, and by the amount of
atomic oxygen present at the surface. We also demonstrated the
importance played by the electrons to activate the surface reac-
tion, through bond breakings by high energy electrons.

Acknowledgment. This research was supported by the FNRS
(Belgium) (F.R.,Grant 2.4543.04), by the BelgianFederalGovern-
ment IAP - PAI “PSI - Fundamentals of plasma surface inter-
actions” (P6-08), and by the Walloon Region (project Mirage).

(14) Wilson, D. J.; Williams, R. L.; Pond, R. C. Surf. Interface Anal. 2001, 31,
385–396.
(15) Inoue, Y.; Yoshimura, Y.; Ikeda, Y.; Kohno, A. Colloids Surf., B 2000, 19,

257–261.
(16) Dixon, D. A.; Smart, B. E.; Krusic, P. J.; Matsuzawa, N. J. Fluorine Chem.

1995, 72, 209–214.
(17) Allayarov, S. R.; Konovalikhin, S. V.; Olkhov, Y. A.; Jackson, V. E.;

Kispert, L. D.; Dixon, D. A.; Ila, D.; Lappan, U. J. Fluorine Chem. 2007, 128,
575–586.

http://pubs.acs.org/action/showImage?doi=10.1021/la101380j&iName=master.img-013.png&w=240&h=140
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0022-1139%2894%2900409-9&coi=1%3ACAS%3A528%3ADyaK2MXmsVerurk%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.jfluchem.2007.01.012&coi=1%3ACAS%3A528%3ADC%252BD2sXlsFOjurc%253D
http://pubs.acs.org/action/showLinks?crossref=10.1002%2Fsia.1065&coi=1%3ACAS%3A528%3ADC%252BD3MXktFyit74%253D
http://pubs.acs.org/action/showLinks?pmid=10967499&crossref=10.1016%2FS0927-7765%2800%2900163-6&coi=1%3ACAS%3A528%3ADC%252BD3cXmtVGjs7s%253D

