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Ammonia Plasma Treatment of PTFE Under 
Known Plasma Conditions 

S. D. Pringle,* V. S. JOSS and C. Jones 
Department of Materials Science and Engineering, University of Liverpool, Liverpool, UK 

Ammonia plasmas produced in a helical resonator have been investigated using an energy-selective mass spectro- 
meter and an r.f.-compensated Langmuir probe. The effect of processing parameters on the plasma composition 
and ion energy distributions have been examined. The dominant ion present in the plasma was found to be NH4+, 
which varied in concentration between 95% and 65%, dependent upon operating conditions. Similarly, by relatively 
small variations in processing parameters it was possible to vary the NH,+ ion concentration between 1.7 and 
31%. In addition, no radicals (NH,', NH' or N-) were detected using threshold ionization mass spectroscopy. 
Polytetrafluotoethylene (PTFE) samples were treated under a variety of different plasma conditions, and the 
chemical changes induced were studied by in situ XPS. 

Deiluorination was observed to be greater under conditions that yield low ion energies or high concentrations of 
NH,+ ions. Conditions giving rise to significant concentrations of NH,' ions result in the production of NH,+F- 
goups. Evidence is provided suggesting that NH,+ ions are much more reactive with PTFE surfaces than NH4+ 
ions. 

INTRODUCTION 

In recent years more and more industrial processes are 
using plasmas to modify the surface properties of 
materials on which they rely. An example of such a 
material is polytetrafluoroethylene (PTFE). Its good 
dielectric properties, high thermal stability, chemical 
inertness and low surface energy make it extremely ds i -  
cult to bond to unless a surface pretreatment such as 
chemical or plasma treatments has been performed. 

Plasmas may be generated by a variety of techniques 
(e.g. d.c., r.f.-diode, ECR, etc.). In addition there are 
many different operating parameters, all of which can 
have a marked effect on the plasma characteristics. 
Hence, a surface exposed to one plasma may possess 
totally different properties to that of another treated in 
a different system. In many cases the exact plasma con- 
ditions are unknown, which makes it extremely difficult 
to compare results from different research groups. An 
additional complication arises from the fact that many 
plasma-treated surfaces adsorb moisture or react with 
oxygen on exposure to the atmosphere.'Y2 Poly- 
tetrafluoroethylene films treated with ammoniaY3 nitro- 
gen:,' ~ x y g e n ~ . ~  and argon4 plasmas that have been 
exposed to the atmosphere before XPS analysis invari- 
ably contain oxygen functionality on the surface of the 
a m .  Unless chemical characterization is performed 
before the treated sample is exposed to air, it is impossi- 
ble to separate the changes induced solely by the 
plasma and those occurring on air exposure. 

In the present study, an ammonia plasma produced 
using a half-wave helical resonator6 has been fully char- 
acterized. The chemical changes induced on PTFE sur- 
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faces using a variety o t  known plasma conditions have 
been studied using in situ XPS. 

~~ 

EXPERIMENTAL DETAILS 

Plasma source 

The plasma was produced in a half-wave helical reson- 
ator that was formed from a 100-turn copper wire coil 
wound directly on the outside of a glass tube. This tube 
was attached to two glass-metal conflat flanges and the 
whole assembly was centred within a 3" brass tube. The 
resonator has been discussed in detail elsewhere.6 The 
power input to the resonator was defined as the total 
d.c. power (V-I) drawn from the power supply. The 
ammonia gas used in this study was of industrial grade 
and was specified to be 99.5% pure. It was introduced 
into the resonator via a variable leak valve and the total 
pressure was measured using a thermocouple gauge. 
The cell was evacuated using a turbo-molecular pump 
that achieved a pressure of better than 5 x mbar 
prior to the introduction of the ammonia. 

Plasma diagnostics 

Two types of plasma diagnostics were used to investi- 
gate the plasma : an energy-selective mass spectrometer 
(type HAL EQP 0-500 amu supplied by Hiden Analyti- 
cal Limited) and an r.f.-compensated Langmuir probe 
(type ESP, also supplied by Hiden Analytical Limited). 
The plasma diagnostics equipment is shown schemati- 
cally in Fig. 1. The EQP500, which was differentially 
pumped to a pressure of better than 5 x lo-' mbar 
using a turbomolecular pump, was attached as close as 

Received 20 May 1996 
Accepted 23 July 1996 



822 S. D. PRINGLE, V. S. JOSS AND C. JONES 

Figure 1. Schematics of the plasma analysis system. 

possible to the end of the resonator furthest away from 
the resonator's turbopumping system. The Langmuir 
probe was inserted into the opposite end of the reson- 
ator to the EQP500 and was fixed such that the probe 
tip (surface area 4.7 mm') and compensating electrode 
were in the centre of the discharge. The EQP500 can be 
used to analyse either the ions (positive or negative) or 
neutrals (including radicals via threshold ionization 
mass spectroscopy) escaping longitudinally from the 
plasma. It comprised the following main parts : extrac- 
tion electrode, electrostatic energy analyser (45" sector), 
quadrupole mass filter and channeltron detector. Lenses 
are used to focus the extracted ions into the energy 
analyser and the energy selected ions into the quadru- 
pole filter. 

Prior to data collection the spectrometer was tuned 
using the autotune facility of the operating software 
(MASsoft v1.05) at mass 17 (NH,). Data at a given pres- 
sure were collected in one session with the tuning 
parameters remaining unchanged as the power was 
varied. There is no variation in the tuning parameters 
(except the ion energy) when the power is varied at a 
constant pressure. 

Radical detection was attempted using threshold ion- 
ization spectroscopy. The threshold ionization tech- 
nique is based on selective ionization of neutral species 
using electron impact ionization where the electron 
energy is well defined. In the present system the electron 
energy may be varied from 8 to 150 eV with an esti- 
mated electron spread of -0.6 eV.7 Essentially, the 
detection of radical A' involves the production of an ion 
A'. This may be produced via two mechanisms: ioniza- 
tion of the radical A' and dissociative ionization of the 
parent molecule AB. The former takes place at lower 
electron energies than the latter, with the difference 
between the two energies being the bond energy A-B. 
Threshold ionization spectroscopy using the HAL 
EQP300, which is a 300 amu version of our system, is 
described in detail el~ewhere.~ 

For radical detection the spectrometer was tuned in 
residual gas analysis (RGA) mode at the required mass 
and a large (> 30 V) potential was applied to the extrac- 
tion electrode to repel any incident positive ions. Two 
methods of data collection were employed : sweeping 
the electron energy with the plasma on and off and 

comparing the two spectra; and setting the electron 
energy to a value between the ionization potential of the 
radical. For example, Fig. 2 shows the ionization 
spectra of N' (mass 14) produced by a nitrogen plasma 
operated at 0.02 mbar and 15 W input power. In the 
range of electron energies 14.53 and 24.32 eV the mass 
14 signal intensity is due to ionization of N' species. 
Above 24.32 eV dissociative ionization of Nz occurs. In 
the 'plasma off' condition the signal intensity is due to 
pyrolysis of N, molecules on the hot filament. When the 
plasma is operating, any additional intensity in this 
region is due to the formation of N' in the plasma dis- 
charge. 

The Langmuir probe was used to determine the ion 
density (sometimes called the plasma density) and the 
floating potential. The Langmuir probe measures an 
I-V characteristic by applying a d.c. voltage to the 
probe tip that is modulated with the electric field sensed 
by the compensating electrode. The system was allowed 
to settle for 100 ms before the current flow was mea- 
sured. The d.c. voltage range applied was -80 V to 
+40 V with a step size of 100 mV. Analysis of I-V 
curves measured using Langmuir probes is well docu- 
mented and it is not proposed to discuss this in detail 
here. In this study the data could be analysed both 
manually and under software control and it is worth- 
while noting that the values obtained using either pro- 
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Figure 2. Threshold ionization spectrum obtained from a nitrogen 
plasma at 0.02 mbar and an input power of 15 W. 
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cedure were within experimental error. The floating 
potential may be easily determined from the I-V char- 
acteristic as it is simply the applied voltage that results 
in no current flow. The ion density may be calculated 
from the ion saturation current, which is that part of the 
I-V curve obtained using negative tip voltages. 

X-ray photoelectron spectroscopy 

The effect of exposing PTFE samples to an ammonia 
plasma running under known plasma conditions was 
examined by directly attaching the helical resonator to 
the preparation chamber of the Scienta ESCA 300 
spectrometer at Daresbury Laboratories RUST1 facility. 
This allowed the immediate effects of the treatment to 
be assessed without having to expose the samples to air. 
It is noted that the plasma diagnostics were not con- 
nected to the cell during these experiments. X-ray 
photoelectron spectroscopy analyses were performed 
using a monochromated A1 Kcr x-ray source (1486.6 eV). 
The take-off angle was 25" unless otherwise stated. The 
pass energy used was 300 eV for survey spectra and 150 
eV for high-resolution spectra. All spectra are refer- 
enced to the F-C-F peak in the high-resolution C 1s 
spectra whose binding energy was taken to be 291.8 
eV? The XPS sensitivity factors for C, N and F were 
taken to be 1.00, 1.73 and 5.10, respectively.'* 

RESULTS AND DISCUSSION 

Plasma characterization 

Residual gas analysis showed that the neutral composi- 
tion was predominantly NH, with trace amounts of 0, 
and N, . An RGA spectrum taken from a plasma oper- 
ating at 2.3 W and 8 x lo-' mbar is shown in Fig. 3; 
the peaks at mass 14, 15 and 16 are N, NH and NH,, 
respectively, and are formed in the spectrometer ion 
source by electron impact dissociation of NH, . The 
intensities of these signals were independent of whether 
the plasma was on or off. 

Plasma data were collected from ammonia plasmas 
running at four input powers (2.3, 5.1, 9.2 and 15 W) 
and three cell pressures (0.1, 0.08 and 0.04 mbar). A 
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Figure 3. Residual gas spectrum collected at 0.08 mbar. 
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Figure 4. Positive ion spectrum from a plasma running at 2.3 W 
at 0.08 mbar. 

positive ion spectrum taken from a plasma running 
under one of these conditions is presented in Fig. 4. 
Clearly, the most abundant ion was centred at a mass of 
18 amu. The RGA, however, shows only a small peak 
attributable to water and this ion is formed via a proton 
transfer reaction or ion-molecule collision of the form' 

NH,+ + NH, * NH,+ + NH,' 

or 

NH, + H +  *NH,+ 

The ions observed at masses 35,52 and 69 are produced 
through clustering reactions of NH, + with NH, in the 
ambient atmosphere in the cell9 (see Fig. 3) 

mass 35: NH,+ + NH, =NH,+NH3 

mass 52: NH,+NH, -t NH, e NH4+NH,NH, 

mass 69: NH,+NH,NH, + NH, =NH,+(NH,) 

Usually the growth of ion clusters continues until a 
critical size is reached. At this point the rates of disso- 
ciation and association of the clusters become equal.' 
This occurs because the bonding of new molecules to 
the cluster becomes gradually weaker as the cluster size 
increases. As no peaks were observed at masses in 
excess of mass 69, it is thought that this is the cluster 
size limit in the present system. Wojcik and Bederski" 
investigating the ion-molecule reactions of ammonia 
using an electron beam ion source only observed ion 
clusters of mass 35. In their study the ammonia pressure 
range studied was 2.7 x lo-' to 2.7 x lo-' mbar. 
Glosik et al." observed cluster ions of the form NH,+ 
(NH,),, where n = 1, 2, 3, 4 (max. mass = 80 amu). 
Their reaction system was based upon a flowing after- 
glow in which NH, atoms were ionized via charge- 
exchange reactions with He+ ions produced in a remote 
hollow cathode d.c. discharge. The ionized ammonia 
was then allowed to undergo clustering reactions. The 
pressure regime employed was -9 mbar, which is sig- 
nificantly higher than the present study. 

The mechanisms responsible for these clustering reac- 
tions are complex and often involve a third party, such 
as 0, and N,.9 The reaction forming the cluster at 
mass 35 has been reported to have a reasonably high 
rate constant of the order 3.4 x cm6 mol-' s - l  
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and that O2 is a suitable third party.g The RGA spec- 
trum shown in Fig. 3 shows small quantities of O2 
present in the background gas. 

The ion density at the selected operating conditions is 
presented in Fig. 5 as a function of input power. At 
lower pressures the ion density is lower than that mea- 
sured at higher operating pressure and the variation 
with power is almost linear. The same effect was 
observed by Hopwood et a1.l' for Ar and Kr induc- 
tively coupled plasmas running at powers in the 100- 
1300 W regime. However, Boswell and P o r t e ~ u s ' ~  
found that in their system, the ion density did not vary 
linearly with power. Table 1 compares the present data 
with published results for other plasma systems oper- 
ated under various conditions. The ion density mea- 
sured in the present system (e.g. 1.3 x 10'' ~ m - ~ )  

18 
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Figure 5. Ion density as a function of the operating conditions. 

compares well with that of example 9 in Table 1 
(2.5 x 1O1O however, it is noted that our system 
requires significantly less power. The higher ion density 
(1.5 x loi1 ~ m - ~ )  reported by Cheng et all4 from a 
plasma produced in a helical resonator running at 280 
W is due to the presence of a 100 G electromagnet sur- 
rounding the lower part of the resonator shield. Ibbot- 
son and Chang" reported a threefold increase in the 
ion density with the introduction of a 60 G electromag- 
net. It is noted that in all the systems referenced in 
Table 1 the input power is the r.f. power delivered to the 
coil/electrodes, whilst in the present system it is the 
total d.c. power supplied to the driving circuit. 

The floating potential (V,) increased from 4.5 to 7.1 V 
as the pressure was decreased from 1 x 10-1 to 
4 x lo-' mbar; however, in contrast, increasing the 
input power from 2.3 to 15 W only changed V, by 0.3 V. 
In the mass analysis survey mode of the spectrometer, 
such as that used to produce Fig. 4, an ion energy must 
be selected with which to scan. This is usually deter- 
mined through optimizing the count rate at a particular 
mass of interest. If the ion energy distribution functions 
(IEDF) of different species/masses in the plasma are sig- 
nificantly different in shape or in their most probable 
energy, it is possible to overemphasize or under- 
emphasize the intensity of that mass. This is indeed the 
case in the present system. Figure 6 shows the IEDFs of 
NH,' and NH4+ (NH3)Z ions measured at an input 
power of 5.2 W and 0.1 mbar pressure. The IEDFs 
shown in Fig. 6 have been normalized such that the 
areas under the IEDFs are equal. Clearly quite different 
relative intensities would be observed, dependent upon 
the energy selected. Similar results have been observed 
in an air plasmai6 where the N2+ IEDF exhibited a 

Table 1. Comparison of plasma characteristics 

System 
details 

1 Induct 

2 Induct 

3 ECR 

4 Helicon 
5 Induct 

coupled 
6 Cap. 

coupled 
7 Helical 

resonator 

coupled 

coupled 

2.45 GHz 

11-21 MHz 
8 Helical 

resonator 
13.6 MHz 

resonator 
13.6 MHz 

resonator 
16.0 MHz 

resonator 
16.0 MHz 

9 Helical 

10 Helical 

11 Helical 

R.f. input 
power 
(W) 

200 

300 

400 

1500 
50 

1 00 

280 

- 

500 

15 

15 

Ion Plasma 
Pressure density potential 
( m W  (cm-)) (W Ref. 

0.01 1.9x10" 18.1 24 

0.001 1 x10" 30 12 

0.02 4XlO'O - 25 

0.02 2.5 x 10' ' - 25 
0.002 2x109 12-15 13 

0.1 1.5 x 10' - 26 

0.002 1.5 x 1 0" - 14 

0.07 4.9 x 109 - 15 

0.002 2.5 x 1 O'O - 15 

0.1 1.5xlO'' 15 Present 
study 

0.04 1.3 x 10" 24 Present 
study 
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Figure 6. ion energy distribution functions (IEDFs) for two 
species present in the plasma. 

lower most probable energy (MPE) than the 0, + ions 
and a quite different full width at half-maximum 
(FWHM). In this case it was possible to generate survey 
spectra with either dominant O2 + or N2 + signals 
simply by selecting the appropriate scan energy. 

In this study the IEDFs of the major species (> 100 c 
s - l )  have been measured and integrated to give a 'total 
ion intensity' that is independent of possible energy 
effects. It is noted that data obtained at a given pressure 
were collected using the same spectrometer tuning 
parameters. However, when the pressure was changed, 
the spectrometer was retuned to give optimal per- 
formance at that pressure. The sum of the total inten- 
sities as a function of the ion density is shown in Fig. 7. 
This shows a linear-type transfer function relationship 
between the total ion intensity at a given power and the 
ion density. If the ion extraction optics and the trans- 
mission of the energy filter are assumed to be indepen- 
dent of mass, then it is possible to determine the ion 
density of a particular species from these data. It is 
noted that quadrupole mass filter transmission effi- 
ciencies are dependent upon the mass of the ion and 
decrease at higher masses.17 However, at lower masses 
the transmission is near unity and in the present study it 
is thought that this will play a negligible role. 

From the integrated IEDF data, the composition of 
the plasma has been estimated. Figure 8 shows the effect 
of cell pressure on the ion densities of the NH2+, 
NH, +, NH,' and NH,+NH3 components for an input 
power of 15 W. At higher pressures (0.08 and 0.1 mbar) 
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Figure 7. Transfer characteristics of the mass spectrometer. 
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Figure 8. Effect of cell pressure on the plasma composition for an 
input power of 15 W. 

the most abundant ions are those formed by ion- 
molecule reactions (masses 18 and 35). At 0.1 mbar 
NH,' constitutes 9096 of the ion density; NH4+NH3 
was the next most abundant with 7% and NH,' at 
1.7%. Ion fragments from NH, (NH, + and NH+) con- 
stitute less than 0.03%. Higher mass ion-molecule reac- 
tion products (masses 52 and 69) constituted - 0.4%. 
However, at lower pressure (0.04 mbar) although NH4 + 

is still the most abundant ion, its concentration reduced 
to 65% and the NH," ion concentration increased to 
31% of the total ion density. In contrast, NH4+NH3 
and higher species reduced to <0.1% of the total ion 
density. In addition ion fragments from NH, increased 
to 3.4% of the total ion density. Increasing the input 
power from 2.3 to 15 W increased the ion concentration 
of all components; however, the relative intensity of the 
NH4+ ions reduced by between 5 and lo%, depending 
upon the cell pressure. At 0.04 mbar this reduction 
enhanced the NH3+ concentration, whereas at the 
higher operating pressures it enhanced the NH, +NH3 
concentration. These results clearly show how it is pos- 
sible to significantly alter the plasma ion composition 
produced in a self-resonant helical resonator simply by 
changing the operating pressure by a factor of two. The 
effect of decreasing the operating pressure on the NH4 + 

IEDF is shown in Fig. 9. The data shown in Fig. 9 have 
been normalized using .the NH4+ ion density (shown in 

3x109 r - - - - - - V  
8x10-* 
mbar 

2x10~  I n 

w, h z j lxl&ba,, mhar 4x10-* , , I  
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Ion Energy (eV) 

Figure 9. Effect of pressure on the NH,+ IEDFs. 
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Figure 10. Effect of power and pressure on the most probable 
energies of the NH,+ ions present in the plasma. 

Fig. 8) and were collected from plasmas running at 15 
W. The IEDF comprises a main peak with a low-energy 
tail due to collisions in the sheath formed between the 
extraction orifice and the plasma itself. The MPE 
increased from 16.8 to 23.9 eV as the pressure decreased 
from 0.1 to 0.04 mbar. It is noted that the MPE is often 
taken to be equal to the local plasma potential at the 
sampling orifice.'* This compares favourably with the 
value taken from the literature, as presented in Table 1. 

In addition, the low-energy component of the IEDF 
becomes less significant as the pressure is decreased, as 
would be expected. The effect of input power on the 
MPE of NH,+ ions is shown in Fig. 10, which suggests, 
at a given pressure, an almost linear relationship 
between power and MPE. 

Radical analysis 

Threshold ionization spectroscopy was carried out at all 
the operating conditions at masses 16, 15 and 14. In all 
cases no significant differences were observed in the 
spectra obtained in the plasma on and off cases. Figures 
11 and 12 show the recorded intensities of NH,' (mass 
16) as a function of the electron energy for both the 
plasma on and plasma off conditions. The plasmas were 

10 20 30 

Electron Energy (eV) 

Figure 11. Threshold ionization spectroscopy results for mass 16 
with 15 W input power at a pressure of 0.1 mbar. 
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Figure 12. Threshold ionization spectroscopy results for mass 16 
with 15 W input power at a pressure of 0.04 mbar. 

operated at 15 W and at pressures of 0.1 mbar (Fig. 11) 
and 0.04 mbar (Fig. 12). It is noted that Steinberg et 
al.I9 and Cook et aLzo have used a 1/4 wave helical 
resonator as an efficient radical source for downstream 
etching applications. Their resonator design and mode 
of operation is considerably different to the present 
system. The input power was larger and the resonator 
was not operated in a self-resonant mode. 

The fact that no radicals were detected is a surprising 
result. The analysis technique used does not rule out the 
possibility of radicals being produced in the plasma 
itself; however, if this is indeed the case then the results 
imply that the radical lifetimes are short enough that 
they have recombined/decomposed before entering the 
spectrometer. It is expected that the conditions mea- 
sured using the mass spectrometer are the same as those 
experienced at the sample. 

X-ray photoelectron spectroscopy 

In sir@ analysis. Polytetrafluoroethylene films were 
treated at two pressures of 0.1 and 0.04 mbar at an 
input power of 15 W, and at 0.1 mbar at the lower 
power of 2.3 W. The treatment times (listed in Table 2) 
were arranged such that each sample was exposed to 
the same ion dose. Once treated, samples were analysed 
immediately without exposure to air. Figure 13 shows 
survey spectra of treated samples and, for reference, an 
untreated sample. It is clear from these spectra that 
ammonia plasma treatment introduces nitrogen func- 

Table 2. Treatment times and F/C and N/C atomic ratios 

Power and pressure Treatment time F/C N/C 

Untreated 0 s  2 0 
1 5 W @  60 s 0.83 0.26 
0.1 mbar 
1 5 W @  75.5 s 0.64 0.23 
0.04 mbar 
2.3 W @ 96 s 0.58 0.35 
0.1 mbar 
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Figure 13. The XPS survey spectra of untreated and treated PTFE 
samples. 

tionality (peak at -400 eV) onto the PTFE surface and 
causes considerable defluorination. The extent of the 
defluorination and the N/C ratios are also listed in Table 
2. Reducing both the power and the pressure causes an 
increase in the amount of defluorination that occurs. 
This is not mirrored by the uptake of nitrogen. Only a 
decrease in the input power affects the amount of nitro- 
gen incorporated onto the polymer surface, the N/C 
ratio increasing from 0.26 at 15 W to 0.35 at 2.3 W. 
These results are confirmed by closer examination of 
the C Is spectra from these treated samples (see Fig. 14). 
Untreated PTFE exhibits a single peak at 291.8 eV? 
corresponding to F-C-F. The plasma-treated samples 
have, in addition to this peak, a further four peaks due 
to the removal of fluorine and the addition of functional 
groups bonded to the carbon backbone. The peak posi- 
tions and their proposed chemical assignments are 
shown in Table 3. It should be noted that the measured 
chemical shifts are identical in all treated samples. It is 
only their relative intensities that changed with treat- 

0.1 mbar 

0.04 mbor 

I S W  =u 
Untreated .L 

296 ' 292 ' 2& ' 284 
Binding Energy (eV) 

Figure 14. High-resolution C Is spectra of untreated and treated 
PTFE samples. 

ment conditions. The signal at 288.9 eV binding energy 
may be due to HFC*-CF,, which has been reported to 
have a binding energy of 288.7 eV.21 It is proposed that 
the peak at 287.4 eV is produced from a functional 
group of the form 

F F  F H  
I I  
I I  

or -C-C- 
I I  
I I  

-c-c-- 
F NH, H NH, 

However, carbon that is not directly attached to fluo- 
rine but having fluorine substituents in a beta position 
produces a component at 287.6 eVZ1 and it is probable 
that the signal at 287.4 eV is due to a mixture of these 
species. 

A decrease in power does not alter the plasma com- 
position significantly, 95% of the ions being NH,'. The 
only change is the energy of these ions, which decreases 
as the power is lowered. It can be seen from the C Is 
spectra that the amount of nitrogen functionality intro- 
duced is greater for the lower power treatment. This 
implies that lower energy ions are more able to chemi- 
cally react with the polymer surface in the following 

Table 3. Carbon 1s curve fitting binding energies and chemical assignments 

Binding 
energy 

(ev) 291.8 288.9 287.4 286.3 285.3 

Peak no. 1 2 3 4 5 
Chemical F-C*-F H-C*-F H-C-F H-C-NH, C=C 
assignment I I I and and 

F-C-F F-C-F NH,-C*-F -C-NH,+F- (C-H) 
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Figure 15. High-resolution F Is spectra of untreated and treated 
PTFE samples. 

manner 
e- 

NH,' + CF, + CFNHz + HF + H' 
The H' radical formed at the surface could then react 
with an F site to produce HF and an activated C* site, 
which could later react with further H radicals or other 

After exposure 

c 

Before exDosure , , 

Untreated I 
700 600 500 400 300 

Binding Energy lev) 

Figure 16. Survey spectrum of a sample treated at 0.1 mbar and 
15 W that had been exposed to air for 90 min. 

Table 4. Atomic concentrations of N, 0, F and C 
for untreated, treated and treated 
samples exposed to air for 90 min 

Concentration (at.%) 

C F N 0 

Untreated 33.3 66.6 0 0 
Before exposure 47.6 39.8 12.6 0 
After exposure 47.9 28.0 18.1 6.0 

species. It would therefore be expected that there would 
be a higher degree of H-C-F (peak 2) functionality at 
the lower power, which is indeed the case. 

In contrast, a change in pressure causes not only an 
increase in the ion energy but also a change in the 
plasma composition: only 65% of the ions are NH4+, 
whilst NH,' make up the remaining 31%. At the lower 
pressure, the relative area of peak 5 (C=C) is much 
longer than either of the two samples treated at the 
higher pressure. The intensity ratios of the other 
chemical-shifted species are also effected. These observ- 
ations may be the result of a combination of two 
factors : 

(1) the ions possessing a higher energy causing defluo- 
rination to occur without any chemical interaction 
with the polymer surface; 

(2) the presence of considerable quantities of NH,+ 
ions, which are more reactive than NH, + ions. 

Curve fitting the corresponding F 1s spectra shows a 
greater amount of F- ions (695.5 eV)" on the polymer 
sample treated at the lower pressure. This is highlighted 
in Fig. 15. The lower pressure plasma contains a higher 
proportion of NH,' ions (31% compared with 1.7%), 
which it is thought favours the production of NH, +F-- 
type functionality. An additional peak at 697.4 eV is 
also present, arising from C-CF,.23 

Ex situ analysis. With reference to Fig. 13, it should be 
noted that oxygen was not detected on either the 
treated or untreated samples analysed before exposure 
to air. The effect of a 90 min air exposure on the surface 
chemistry of a sample treated at 0.1 mbar and 15 W 
input power is shown in Fig. 16. Elemental intensities 
are listed in Table 4. The widescan clearly shows the 
introduction of both oxygen and nitrogen to the surface 
and the further removal of fluorine. This effect is much 
greater than that observed for other plasma-treated 
polymer surfaces,'.' however in these cases nitrogen 
was used as the plasma gas, which may not result in 
such a reactive surface. 

CONCLUSIONS 

Ammonia plasmas produced using a novel low-power 
plasma source based upon a half-wavelength helical res- 
onator have been fully characterized. Considerably dif- 
ferent plasma compositions and mean ion energies were 
observed, depending upon the plasma operating param- 
eters used. In addition, no free radicals were observed. 
The effect of the differences in the plasma on the surface 
chemistry of plasma-exposed PTFE films have been 
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studied using in situ XPS. The effect of the plasma treat- 
ment was to introduce nitrogen-containing functional 
groups onto the surface and to remove fluorine from the 
carbon backbone. Significantly different surface chem- 

increase in nitrogen concentration. In addition, oxygen- 
containing groups were introduced. 

istries were observed; which -have been explained in 
terms of the plasma composition and mean ion energies Acknowledgements 
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