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Introduction

The surface treatment of polymers using plasma techniques

has been the subject of many publications in the last twenty

years.[1–7] There has been a wide variety of polymers inves-

tigated, PE and PP being the most frequently used,[2,3,5,7]

and a great number of treatment gases have been tested (N2,

CO2, NH3 and O2 for grafting,[6,8–15] hydrocarbon, fluoro-

carbon and organic silicon-containing monomers for

deposition[16,17]). Plasma technology has also been inves-

tigated, from low pressure DC, RF and microwave plasma

to high pressure coronas or DBD (dielectric barrier

discharges).[18,19] Reviews of these studies can be found

in recent books.[20–25]

Plasma treatments have also been applied to fluorinated

polymers.[26–29] The general goal of such treatments is to

change the chemical and physical properties of the surface.

Good probes for this are the surface composition and the

surface energetics, the first being determined mostly by

static secondary ion mass spectrometry (SSIMS) and X-ray

photoelectron spectroscopy (XPS), and the second being

determined by the water contact angle (WCA) or atomic

force microscopy (AFM).

Plasma treatments are advantageous as they do not

release toxic organic solvents into the environment, they are

easy to control (current, pressure and voltage are the main

parameters), they can be run at room temperature (which is

of interest for polymer surfaces), they have a low energy

Summary: Polytetrafluoroethylene (PTFE) surfaces were
treated by oxygen and nitrogen species generated either in a
remote (filtered) RF plasma or in an ion gun. In the first case,
the majority of the species reaching the surface are neutral
molecules, whereas in the second case, ions are the reactive
agent. In this paper, we show that ions alone do not lead to a
significant grafting of new functions on the PTFE surface.
The XPS analysis of the treated surface show identical behav-
iour with oxygen and nitrogen ion treatment, and the evolu-
tion of the C1s peak shape suggest a progressive sputtering,
leading to defluorination of the surface. The nitrogen plasma
treatment lead to a subsequent grafting that is attributed
mostly to the ‘‘excited neutrals’’, but we suggest here that the
ions could play a significant role in the activation process of
the surface. The exposure of PTFE to an oxygen plasma lead
to chemical etching of the surface, different from the physical
sputtering induced by the ion treatment, that lead to a super-
hydrophobic behavior of the surface attributed to an increase
in the surface roughness.
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cost and they are reproducible. However, some major

disadvantages still exist, namely ageing of the polymer after

treatment and the complexity of the processes involved

during the plasma treatment. Indeed, the great variety of

species created in a plasma (excited neutral atoms and

molecules, molecular and monoatomic ions, electrons and

photons) leads to a great number of (mostly unknown)

interactions between the reactive species and the sample

surface. Therefore, most of the studies published present

the macroscopic effect of the application of a plasma on the

modified polymer.

The purpose of this paper is to selectively modify PTFE

surfaces using oxygen and nitrogen species generated in a

RF plasma or in an ion gun.

In our RF plasma setup, the sample is located outside the

plasma and is placed above the anode grid. It is subjected

mostly to exposure to electrons and neutrals, although some

ions can also reach the surface.[14] We expect therefore,

through this preliminary study, to be able to extract some

selected effects of the neutrals and the ions generated in the

plasma on the surface modification of PTFE.

Experimental Part

The PTFE samples were obtained from Goodfellow. After
having been cut to size, they were cleaned in pure isooctane and
introduced into the plasma chamber or into a UHV chamber
equipped with an ion gun and a XPS analyser. Figure 1 presents
the XPS spectrum of clean PTFE. The only elements detected
are F and C and the calculated composition corresponds to the
CF2 stoichiometry.

Plasma Treatment

The plasma chamber consisted of a stainless steel based vessel
surmounted by a Pyrex bell jar. Isolation was achieved using a
viton O-ring. The pumping system consisted of an Edwards
primary pump (up to 1.33 Pa) and a turbomolecular pump
(Balzers 230 l � s�1) coupled to a membrane pump. Pure

nitrogen from Alphagaz was used (N60, 99.9999% purity).
Before the introduction of nitrogen, the chamber was pumped
down to a pressure of 2.67� 10�4 Pa, and then backfilled to the
working pressure. In order to avoid contamination, the cham-
ber was continuously pumped during the experiments (dyna-
mic regime). The flow rate of N2 and O2 was set to 5 sccm. The
RF plasma was initiated using a Huttinger PFG300RF
generator operating at 13.56 MHz, coupled to a PFM 1500 A
matching network. The samples were positioned outside the
plasma region, above the anode grid, which could be either
grounded or biased. A schematic of the experimental setup is
presented in Figure 2.[14] As in RF plasma, positive ions hit the
surfaces exposed to the glow with an energy which depends on
many parameters (pressure, electrodes geometry ratio, power,
etc.), so we placed the sample far from the plasma (remote
mode) and above the grid electrode, where we expect that
plasma-polymer interactions are mostly due to neutrals. This
has already been shown for a previous study dedicated to the N2

plasma-polyethylene surface interaction.[14] The plasma
chamber is also equipped with a multiple (up to 8) fibre optic
probe in order to detect simultaneously the excited species
generated in the plasma at different 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
SpectralPro 2500i (Acton Research) optical emission spectro-
meter (OES) capable of a resolution of 0.06 nm and operating
in the 200–900 nm region. The detector consisted of a Prince-
ton Instrument Digital Camera type EEV (400� 1 340 pixels).

After treatment, the chamber is backfilled to atmospheric
pressure using pure nitrogen and the sample is transferred
either to the XPS chamber or to the contact angle room.

XPS analysis was carried out in a UHV chamber (originally
a PHI AES 590 system) equipped with a VG clam II analyser.
Spectra were acquired using the Mg anode (1 253.6 eV),
operating at 300 W. Wide surveys were acquired at 100 eV pass
energy. Spectra of the C1s, N1s and F1s regions were acquired
with a pass energy of 30 eV. The peak fitting of the C1s, N1s and
F1s spectral envelope was performed using CasaXPS software
(version 2.0.11). The FWHM of the C1s peak on our instru-
ment, previously determined on clean PTFE, for 30 eV pass
energy was 2.8 eV. The philosophy of the procedure was to fitFigure 1. XPS spectrum of PTFE after washing with isooctane.

Figure 2. Schematic of the modified plasma system including
the polymer sample.
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the spectral envelope with the lowest number of physically
meaningful components needed. A critical use of the existing
moieties detected which was reported in the literature helped us
to identify species.[30–32] When available, other techniques
were employed to confirm the predictions. The average surface
concentrations were determined with the usual formula, with
the following sensitivity coefficients: N¼ 0.477; C¼ 0.296;
F¼ 1; O¼ 0.711. The estimated uncertainty is �1% for F and
C, and �2% for O and N.

Water contact angle (WCA) measurements were performed
in the static mode, in a climatized room, with controlled
humidity. Milli-Q water was used. Ten drops were deposited
statistically on the modified surfaces and the angle was
measured on both sides of the drop. The results presented here
are therefore an average of twenty measurements and the
uncertainty is �18.

Ion Treatment

PTFE samples were introduced into a PHI 5400 UHV chamber
equipped with a Physical Electronics (PHI) 04–303 ion gun,
aligned at 458with respect to the sample normal, a PHI 04–500
Dual anode X-ray Source (Mg Ka anode (1 253.6 eV)) and a
PHI 10–360 Semi-Hemispherical Analyzer. The typical base
pressure of the system during analysis was 6.67� 10�6 Pa.
During N2

þ/Nþ ion beam treatment of the PTFE surface, a
typical chamber base pressure of 1.33� 10�5 Pa was main-
tained, while a pressure of 25 mPa of nitrogen or 15 mPa of
oxygen was established in the ion gun. The emission current
was set to 25 mA, while the accelerating voltage could be
varied from 0.5 to 4 keV. As the only effect of the ion energy
observed was on the duration of the experiment (faster at
4 keV), only the 4 keV results are presented here. After
exposure to the N2

þ/Nþ ion beam, PTFE samples were analyzed
in situ using XPS. All XPS spectra were acquired using 15 kV
voltage and 300 W power. Elemental scans employed a pass
energy of 44.75 eV and 0.125 eV � step�1 and the binding
energy scale was calibrated on the F1s peak of native PTFE
(689.7 eV).[30]

Two atomic force microscopes (AFMs) were used in this
study. For plasma treated PTFE, a Digital Instrument Nano-
scope III instrument located at the University of Brussels
(ULB) was used, and the images were taken in air in the tapping
mode. For ion treated PTFE, a Molecular Imaging Pico LE
instrument located at the Johns Hopkins University (JHU) was
employed. The images were acquired under water in the
contact mode. As the two microscopes were different, no quan-
titative comparison (for instance of roughness) will be attemp-
ted in this paper. The purpose of the AFM analysis was to
compare the surfaces before and after treatment, but not to
compare rigorously the two different treatments (plasma and
ion gun).

Results and Discussion

Nitrogen Treatment of PTFE Surfaces

In this part, we compare the nitrogen plasma treatment of

PTFE surfaces with the nitrogen ion gun treatment of the

same surfaces. We observe that the nitrogen plasma treat-

ment of PTFE surfaces lead to a decrease of the WCA. This

decrease is correlated to the nitrogen uptake. Figure 3(a)

shows a comparison plot of two treatments, at 20 W and

50 W plasma power. The correspondence between the %N

and the cos WCA is clearly evidenced (we choose to use cos

WCA values instead of WCA values as the first ones are

directly related to the surface energy through the Young

equation). The grafting efficiency depends on the applied

power. The maximum amount of N grafted is around 19 at.-

%. In this configuration, mostly neutral nitrogen molecules

reach the sample surface. Some oxygen is also detected on

the sample surface, with a concentration varying from 3 to

7 at.-%. Although one cannot exclude oxygen grafting

during the plasma treatment, we strongly suggest that this

Figure 3. Nitrogen RF plasma treatment of PTFE surfaces. No
bias was applied at the anode grid. The surface composition (at.-
%) was determined by XPS. The squares correspond to a 50 W
treatment, the triangles to a 20 W treatment. The working pressure
was 6.67 Pa. Figure 3(a) shows the nitrogen concentration and the
cos WCA, whereas Figure 3(b) shows the oxygen concentration
and the cos WCA. The untreated sample corresponds to ‘‘0 min
treatment time’’.
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oxygen comes from the transfer in air after the plasma

treatment, because the base pressure in the plasma chamber

is low (2.67� 10�4 Pa). Moreover, the very sensitive O

emission line at 777.39 nm was not detected by OES. The

amount of oxygen detected seems to depend on the %N

grafted, although no simple relation could be evidenced.

This could come from water adsorption from the atmo-

sphere favored by the polar nitrogen functions grafted. No

dependence was found between the amount of oxygen and

the cos WCA. Figure 3(b) shows a plot of the %O and the

cos WCA as a function of the treatment time and power.

However, the cos WCA shows a linear dependence on the

%N, as has already been suggested.[33] The same observa-

tion (no dependence on %O but linear dependence on %N)

has already been made for PTFE treated with hydrazine and

a UV laser.[34]

Figure 4 shows all the results plotted together, with cos

WCA plotted as a function of the %N, independent of the

plasma conditions (power, DC bias or treatment time).

The exposure of PTFE to nitrogen ions generated in an

ion gun lead to a completely different result. Figure 5 shows

that the maximum amount of N grafted is 1.8 at.-%, after

360 min of ion treatment. This clearly indicates that the

individual effect of ions on a completely fluorinated poly-

mer lead mostly to a bombardment (sputtering) effect, and

not grafting. The sputtering effect is attested by the AFM

image of the PTFE surface. Figure 6(a) shows the formation

of pits and holes on the surface after treatment, and an

increase of roughness.

The role of the ions in the plasma treatment is rather

unclear. Indeed, most of the species reaching the surface are

(excited) neutral molecules and electrons, but a small

amount of nitrogen ions also reach the surface. It seems that

the number of energetic ions depends on the bias applied to

the anode grid. Figure 6(b) shows the effect of the bias on

the sample topography. The sample exposed to a biased

plasma (anode polarized at þ10 V) is rougher that the one

exposed to a unbiased plasma, indicating possibly that

more ions reach the surface in the first case. This could be

explained by a lower trapping of the electrons by the anode,

therefore allowing the following reaction to occur:[35]

Nþ
2 þ e� ! 2N ð1Þ

Electrons and ions could also help the grafting process of

the neutrals by breaking bonds on the PTFE surface, acting

as ‘‘activators’’ for the subsequent grafting process by the

neutrals. To support this hypothesis, we correlated the

intensity of the OES emission line of N2
þ at 391.4 nm with

the %N grafted after 10 min treatment for plasma powers

varying from 10 to 80 W. Figure 7 shows a good linear

correlation, whereas no clear relation could be observed

with any of the emission lines of the Nþ ions or the N2

neutral molecules. At constant treatment time, an increase

of the number of N2
þ ions leads to an increase in the final

grafting efficiency.

The analysis of the peak shape of the C1s photoelectron

peak also reveals a difference in behavior between the

plasma treatment and the ion treatment. Figure 8(a) shows

that, during ion treatment, there seems to be a progressive

defluorination of the surface and the binding energy shifts to

lower values, first through an asymmetric broadening of the

CF2 peak and then by the growth of the typical C–C peak,

characteristic of a ‘‘carbonaceous amorphous’’ layer and

crosslinking. This behavior seems to be confirmed by a

drastic decrease of the %F in Figure 5.

The plasma treatment, however, leads to a much more

complex and interesting feature. After the initial appear-

ance of a ‘‘C–C’’ like component after 10 min treatment

(maybe due to a sputtering effect of the ions), the inter-

mediate peaks between the CF2 and the C–C start to grow.

The final spectrum consists of a broad, wide C1s peak,

centered around 289 eV. Table 1 presents a list of the C1s

Figure 4. Full plot of the cos WCA as a function of the surface
composition for PTFE surfaces treated by a RF nitrogen plasma at
20, 30, 40, 50 or 70 W power and for treatment times varying from
2 to 35 min. The working pressure was 6.67 Pa.

Figure 5. Surface composition of a PTFE surface treated by N2
þ/

Nþ ions generated in an ion gun (25 mA current, p¼ 25 mPa, E¼
4 keV). 0 min treatment time data refer to untreated samples.
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binding energies for some of the functions that could

theoretically be present at the surface. A tentative fitting

of this complex peak was realized and is presented in

Figure 8(b). It was realized based on the relative amounts of

the different elements present on the surface (%C, %F>
%N>%O, %H). We assigned to the peak fitting the most

probable functions, found in the literature,[13,15,30–32,36]

namely CF2, CF, C N and C–C. The satellite peaks are

included in the peak reconstruction, but the secondary shifts

for hydrogenated carbon atoms were neglected as no

hydrogen was supposed to be grafted during the plasma

treatment. We stress here that two new contributions had to

be added for successful fitting: one at 295.6 eV, attributed to

CF3, and a major one at the center of the peak that we

attribute to a possible F–C–N group. The CF3 group is a

signature for chain breaking and rearrangement into PTFE

that could be induced either by the electrons or the ions.

Evidence for the formation of CF3 groups was obtained by

Figure 6. (a1) AFM amplitude image of a PTFE surface before ion treatment (acquired using a
molecular imaging instrument). (a2) AFM amplitude image of a PTFE surface after N2

þ/Nþ ion
treatment during 360 min (E¼ 4 keV), acquired using a molecular imaging instrument. (b1) AFM
tapping mode image of a PTFE surface after nitrogen plasma treatment (50 W, 10 min, p¼ 6.67 Pa)
acquired using a Nanoscope III. No bias was applied to the anode. (b2) AFM tapping mode image of a
PTFE surface after nitrogen plasma treatment (50 W, 10 min, p¼ 6.67 Pa), with the anode polarized at
þ10 V. The image was acquired using a Nanoscope III.
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X-ray induced desorption and mass spectrometry in a

previous paper.[33] This component is also present in the

C1s peak of PTFE exposed to nitrogen ions (see higher

energy side of the CF2 peak in Figure 8(a)). However,

although it is present in smaller quantities than the other

elements, oxygen is also detected on the surface. In the

fitting shown in Figure 8(b), we considered this oxygen as

coming from the transfer to air, and being mostly present as

adsorbed water on the surface but, at this stage, one cannot

exclude the presence of other oxygenated functions, which

would result in much more complex peak fitting.

Oxygen Treatment of PTFE Surfaces

PTFE was also treated by either an oxygen plasma or

exposed to oxygen ions generated in the ion gun.

Figure 9 shows the effect of the ion gun treatment on the

surface composition. After 180 min treatment, virtually no

oxygen is detected on the sample surface (<1%). The

evolution of the shape of the C1s peak, in contrast, shows a

decrease of the CF2 component and growth of the C–C

component (Figure 10(a)). This behavior is identical to the

behavior observed using nitrogen ions (see Figure 8(a)).

The only reasonable conclusion that can be drawn from this

set of experiments is that ions alone do not graft. The only

result obtained is a destruction of the polymer surface by

physical sputtering, inducing defluorination and cross-

linking.

The oxygen plasma treatment of PTFE lead to results

completely different to those obtained using N2 treatment.

Indeed, the shape of the C1s peak does not change during

the plasma treatment. The only major contribution detected

is the one of CF2 (Figure 10(b)). A parallel experiment was

carried out at the JHU, using a radical oxygen source (TC-

50 Oxford Applied Research) leading to the same result: the

only component present in the C1s region was the CF2

group. A huge increase of pressure is observed during the

plasma treatment. OES analysis of the plasma shows, in

addition to the O 777.39 nm emission line, strong emission

peaks of F at 685.63 nm and 703.84 nm, CO at 313.99 nm

and CO2
þ at 289.83 nm, indicating a chemical etching of the

Figure 7. Correlation between the intensity of the N2
þ OES

emission line and the surface composition of nitrogen plasma
treated PTFE, for 10 min treatment time, p¼ 6.67 Pa.

Figure 8. (a) C1s photoelectron peak of PTFE exposed to N2
þ/Nþ ions (4 keV, 25 mPa, 25 mA) as a function of the treatment time. A

progressive decrease of the CF2 component can be observed, together with the growth of the C–C component. (b). C1s photoelectron peak
of PTFE exposed to a nitrogen plasma after 10 and 30 min treatment. The fitting reveals the presence of new components at 289 eV and
295 eV.
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surface. The amount of oxygen grafted by plasma treatment

is in the range 4–5 at.-% (Figure 11).

A drastic increase in the contact angle is observed, with a

value of 1448, which is an increase of 318 compared to

untreated PTFE (1038).
As no groups are grafted on the surface, we attributed this

changeinWCAtoanincreaseofthePTFEroughness, leading

to a behavior which is close to the ‘‘super-hydrophobic’’ one.

Conclusion

The ions and the excited neutrals generated in a RF nitrogen

or oxygen plasma have different effects on a PTFE surface.

In the present study, we have shown that when ions interact

with a PTFE surface, the major consequence is a physical

sputtering of PTFE, leading to defluorination of the surface

and to the formation of a carbonaceous layer. No significant

grafting of nitrogen or oxygen is observed, even after many

hours of treatment.

When exposed to species generated in a nitrogen plasma,

up to 19% N could be grafted, under a wide variety of

chemical functions, as shown by the XPS peak. We suggest,

Table 1. C1s binding energies of selected chemical functions
that could be present on N2 plasma modified PTFE surfaces.

Chemical function C1s binding
energy/eV

Ref.

C–C 284.6 [20]
(CH2)n 285.0 [20,37]
CHF–CH2 285.9 [30]
HCNH2 286.3 [28]
CF2–CH2–CF2 286.4 [37]
C–O–C 286.45 [37]
C–O or C–CF 286.5 [27]
C N 286.9 [13]
CHF–CNH2F 287.4 [28]
CH2–CHF–CH2 287.7 [37]
C O 287.9 [37]
C O or CF or N–C O 288.0 [13,27]
CHF–CH2 288.1 [30]
C–F 288.3 [37]
CHF–CHF 288.4 [30]
O–C O or HFC–CF2 or CF–CF2 289.2 [27]
CF 289.8 [38]
CH2–CF2–CH2 290.9 [37]
CHF–CF2–CHF 291.6 [37]
CF2 or CFO 292.2 [38]
CF2–CF2 292.5 [30,37]
CF3– or CF2–O 294.1 [38]
CF3–CF2 294.6 [37]

Figure 9. Surface composition of a PTFE surface treated by
oxygen ions generated in an ion gun (15 mA current, p¼ 25 mPa,
E¼ 4 keV). 0 min treatment time data refer to untreated samples.

Figure 10. (a) C1s photoelectron peak of PTFE exposed to
oxygen ions (4 keV, 25 mPa, 15 mA) as a function of the treatment
time. A progressive decrease of the CF2 component can be
observed, together with the growth of the C–C component. (b) C1s
photoelectron peak of PTFE exposed to an oxygen plasma. A
single CF2 component can be observed.
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in the present study, that even if the ions do not graft, they

could be useful for the grafting of neutral molecules,

playing an ‘‘activation role’’ at the PTFE surface, by

breaking bonds (like the electrons). The increase of surface

energy is attributed mainly to a change in the surface

composition.

When PTFE is exposed to species created in an oxygen

plasma, the only effect observed is a chemical etching of the

surface leading to defluorination, the release of CO and CO2

and an increase in the WCA, which is attributed to an

increase in the surface roughness.
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Figure 11. Surface composition of a PTFE surface treated by an
oxygen plasma (20 W, 6.67 Pa). 0 min treatment time data refer to
untreated samples.

500 N. Vandencasteele, H. Fairbrother, F. Reniers

Plasma Process. Polym. 2005, 2, 493–500 www.plasma-polymers.org � 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


