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The surface modification of polyethylene (PE) by neutral nitrogen species (ground
and excited state N2 as well as atomic N; modified nitrogen plasma treatment) has
been compared to the effect of nitrogen ion bombardment using X-ray Photoelectron
Spectroscopy (XPS) and contact angle measurements. XPS results indicate that a greater
nitrogen concentration was grafted during the modified nitrogen plasma treatment of
PE, an effect that was attributed to surface sputtering during ion beam modification.
The distribution of nitrogen-containing functionalities was strongly dependent upon
the treatment strategy; the modified nitrogen plasma treatment lead predominantly to
imine groups being formed at the PE surface, while amine groups were the dominant
species produced during ion beam modification. The presence of electron irradiation
during the modified nitrogen plasma treatment of PE did not modify the rate of nitrogen
incorporation or change the nature of N-containing functional groups produced but did
lead to a systematic decrease in contact angle.

KEY WORDS: Polyethylene; nitrogen plasma; surface modification; nitrogen radicals;
nitrogen ions.

1. INTRODUCTION

The modification of polymer surfaces is of enormous importance in today’s
chemical industry. This has resulted in an increase in the number of scientific
studies on the surface modification of polymers,(1) with the aim of develop-
ing new materials that combine desirable bulk (elasticity, strain, vitrous transi-
tion temperature,. . .) and surface properties (acid-base behavior, hydrophilicity,
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biocompatability, etc.). Numerous techniques have been developed for polymer
surface modifications including the use of conventional wet chemistry, radio-
chemistry, UV-induced chemistry and plasma treatments.(2) Compared to tradi-
tional wet chemical means of polymer surface modification, plasma treatments
are fast, controllable and environmentally friendly. In addition to polymer surface
modification,(3–5)plasma treatments have found applications in surface cleaning,(6)

while plasma-enhanced chemical vapor deposition (PECVD) is used to deposit bar-
rier layers on polymers (i.e., SiOx, SiNx).(7) One of the main advantages of plasma
techniques is the ability to create active species at low temperatures, thereby avoid-
ing high temperature damage to the polymer. The electrical parameters of a plasma
are also easy to control and allow for good reproducibility through the use of char-
acteristic current—voltage curves.

Nitrogen-based plasmas are widely used to chemically modify polymer
surfaces including PE (polyethylene), PS (polystyrene) and PET (polyethylene
therephtalate).(8–19) The interaction of nitrogen plasmas with a PE surface has
previously been shown to induce the formation of a variety of different carbon-
containing nitrogen species usually dominated by amine and imine groups.(12,14,20)

The ratio of these various nitrogen-containing groups, as well as the amount of
nitrogen grafted, however, has been shown to be strongly dependent on the ex-
perimental conditions employed. For instance, although amine and imine groups
are produced during nitrogen and ammonia plasma treatments of PE, NH3-based
plasmas create more amine groups than N2-based plasmas.(12,21) Despite their
technological importance, the surface chemistry associated with polymer modifi-
cation processes remain virtually unexplored and, as a result, treatment strategies
have developed along empirical lines. This lack of a mechanistic understanding
can be ascribed to the complexity of the typical reactive medium in a plasma. For
instance, in a RF-generated N2 plasma; N+2 , N2 (excited), N, N+, electrons, and
UV radiation are all present.

Given the multitude of possible reaction pathways in a typical plasma modi-
fication treatment, the complexity of the reactive media must be reduced and the
interaction of each individual species with the surface, as well as their synergetic
interactions, understood in order to achieve a molecular level understanding. Infor-
mation from such a fundamental approach is crucial in controlling the macroscopic
properties of organic surfaces and in developing the next generation of treatment
strategies. The aim of this paper is to explore the interactions of specific reactive
nitrogen species with a PE substrate. Specifically, the modification of PE dur-
ing reaction with a mixture of N+2 /N+ ions generated using a standard ion gun
are compared to the reactions of neutral reactive nitrogen species (ground and
excited state N2 and atomic N) generated in a N2 plasma. In the modified nitro-
gen plasma treatment of PE, the electron flux at the polymer surface can also be
controlled, allowing the influence of electrons on the modification process to be
explored.
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2. EXPERIMENTAL

PE samples (McMaster-Carr, technical grade, amorphous, HDPE) were cut
to size and washed using methanol and isooctane to remove adventitious carbon
from the surface. The remaining oxygen contamination, determined by XPS, was
3–4%. Samples were then introduced into either (1) an Ultra-High Vacuum (UHV)
chamber and exposed to the reactive nitrogen species generated from the passage
of molecular nitrogen through an ion gun (hereafter referred to as N+

2 /N+ ion beam
treatment); or (2) a plasma chamber and exposed to the neutral reactive nitrogen
species generated from a N2 RF plasma (hereafter referred to as a modified nitrogen
plasma treatment). The ion beam treatment experiments were carried out at Johns
Hopkins University, while the modified nitrogen plasma treatment experiments
were carried out at the Universit´e Libre de Bruxelles (ULB).

2.1. N+
2 /N+ Ion Beam Treatment

PE samples were introduced into a PHI 5400 UHV chamber equipped with a
Physical Electronics (PHI) 04–303 ion gun, aligned at 45◦ with respect to the sam-
ple normal, a PHI 04–500 Dual anode X-ray Source (Mg Kα anode (1253.6 eV))
and a PHI 10–360 Semi-Hemispherical Analyzer. The typical base pressure of the
system during analysis was 5× 10−8 Torr. During N+2 /N+ ion beam treatment of
the PE surface, a typical chamber base pressure of 1× 10−7 Torr was maintained,
while 15 mPa of nitrogen pressure 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. After exposure to the N+2 /N+ ion beam, PE samples were analyzedin
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
and the binding energy scale was calibrated on the CC/CH2 peak of native PE
(285.0 eV).(22)

2.2. Modified Nitrogen Plasma Treatment

PE samples were mounted on a magnetically coupled translator housed behind
a polyethylene shield in a stainless steel—pyrex plasma chamber equipped with
a turbomolecular pump. Prior to surface modification, a typical base pressure
<1× 10−6 Torr was established. Experiments were initiated by filling the plasma
chamber with nitrogen (99.999%) until a pressure of 2× 10−1 Torr was attained.
To minimize contamination from background gases, a dynamic flow was used to
hold the nitrogen pressure constant during the experiments. A RF plasma was then
initiated between the cathode, consisting of a SiO2 covered stainless steel disk,
and a stainless steel grid anode, located 3 cm above the cathode (Fig. 1). The SiO2

cover shielded the stainless steel disk cathode from any nitrogen ion sputtering
and post-plasma XPS analysis of the polymer substrate revealed that no silicon
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Fig. 1. (a) Schematic of the modified nitrogen plasma system including the PE sample. Labels
(a)–(c) indicate the placement of the OES probe used to characterize the plasma at various
positions. See Fig. 2. (b) Variation in the total current measured at the sample position on a
copper plate as a function of RF plasma power. The (∇) correspond to the current when the
anode is grounded, while (•) is the current with a+10 V anode bias.

was present on the modified PE. The plasma was generated using a H¨uttinger RF
generator (model PFG 600 RF) with a H¨uttinger frequency matching box (model
PFM 3000 A) operating at a nominal frequency of 13.56 MHz. Once the plasma
had stabilized, the PE sample was translated into a position above the anode using



P1: IZO

Plasmas and Polymers [papo] pp864-papo-465573 April 29, 2003 19:30 Style file version June 28th, 2002

PE Surfaces Modified by Plasma Generated Neutral Nitrogen Species and Nitrogen Ions 123

an external magnet. By placing the sample above the anode the interaction of
charged species (notably N+2 /N+ ions) with the PE surface was minimized due to
the lower mobility of ions, dictating that the N+2 and N+ ions remain localized
near the cathode. Under these conditions the interaction of N radicals, N2 (ground
and excited states) and electrons with the PE were are expected to be the dominant
reactions responsible for surface modification.

The modified plasma system also allowed the anode to be positively biased at
+10 V using an external voltage source, thereby filtering electrons from the plasma
and repelling positive ions, further minimizing the interaction of these species
with the PE surface. In separate experiments, the electron current at the sample
position was measured as a function of the plasma power, both with and without
an anode bias of+10 V, using a piece of copper foil rather than PE as the substrate.
Results from this analysis, shown in Fig. 1b, indicate that a+10 V bias on the
anode significantly reduces the number of electrons reaching the sample surface,
especially at higher plasma powers.

2.2.1. Plasma Characterization

Spatially resolved information on the relative concentration of various nitro-
gen species in the plasma was carried out using optical emission spectrometry
(OES). Spectra were acquired between 200 and 900 nm. Figure 2 shows the OES
spectral region between 350 nm – 420 nm, containing the most intense transi-
tions associated with N+, N2 and N+2 species.(23) The complete peak assignments
are given in Table 1. It should be noted that no OES transitions associated with
atomic N were detected in the characteristic 820 nm region, but these transitions
are known to be very weak compared to the radiative transitions of molecular
nitrogen (N2, N∗2 and N+2 ).(24)

Figure 2a–c correspond to the OES spectra obtained with the optical fiber sam-
pling probe positioned (a) above the cathode; (b) below the anode; and (c) between
the anode and the PE sample (see Fig. 1). The top spectra in Fig. 2 corresponds
to a spectral analysis of the nitrogen plasma at position (a–c) when the anode is
biased at+10 V, whereas the bottom spectra reflects OES analysis carried out at
the same positions when the anode is grounded. Figure 2 shows that the relative
intensity of the N+2 transition at 391.44 nm (see N+2 label in Fig. 2) compared to the
N2 transitions (e.g. at 380.49 and 357.69 nm, labeled N2 in Fig. 2) is higher closer
to the cathode than the anode (compare Fig. 2a and 2b). This clearly indicates an
inhomogeneous distribution of charged N+2 ions within the plasma, with a higher
ion concentration close to the cathode, consistent with RF plasma theory.(25) In-
deed, between the anode and the PE sample (Fig. 2c), the N+

2 signal has almost
completely disappeared.

A comparison of Fig. 2b with and without an applied anode bias (upper and
lower spectra) shows that the relative amount of N+

2 below the anode is dependent
on the bias. The same behavior is also observed in the region between the anode
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Fig. 2. Optical Emission Spectra between 350 nm—420 nm taken (a) above the cathode;
(b) below the anode; and (c) between the anode and the PE sample for a 50 watt N2

plasma (shown schematically in Fig. 1). The lower spectra in each panel shows the OES
data acquired without an anode bias while the upper spectra was taken in the presence
of a+10 V anode bias. The assignment for all of the transitions observed is given in
Table I.

and the PE sample (Fig. 2c). The reduction in N+2 concentration in the absence of an
applied bias can be explained by the electron-induced dissociative recombination
of N+2 ions in the gas phase(26):

N+2 + e− → N+ N (1)

Table I. Optical Emission Spectral Line Assignments for N2 Plasma
Between 350–400 nma

Line position (nm) Species Transition (vI , vII )b

353.67 N2 2nd Positive (1,2)
356.39 N+2 1st Negative (2,1)
357.69 N2 2nd Positive (0,1)
371.05 N2 2nd Positive (2,4)
375.54 N2 2nd Positive (1,3)
380.49 N2 2nd Positive (0,2)
391.44 N+2 1st Negative (0,0)
394.30 N2 2nd Positive (2,5)
399.50 N+

aSee Pearse and Gaydon.(23)

b2nd Positive: C35µ-B35g; 1st Negative: B26+µ -X26g.
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Reaction (1) is expected to be more important in the absence of an applied bias
(compare top and bottom spectra of Fig. 2b and 2c) since the bias acts as an electron
trap, particularly in regions of the plasma close to the anode.

Ricardet al.(27) have also investigated the distribution of nitrogen-containing
species in the positive column of a nitrogen (N2) plasma using a Langmuir probe.
Results from this investigation showed that when the concentration of N2 in the
ground electronic state is 1017 cm−3, the concentration of the excited state N2 is
1012 cm−3, while the concentration of N is 1015 cm−3 in the ground state and
1012 cm−3 in excited states. The N+2 concentration was found to be<1011 cm−3,
with the N+ concentration lower than N+2 . This data, together with the OES results
in Fig. 2, supports the idea that the dominant species reaching the PE surface in
the modified nitrogen plasma treatment are neutrals, notably N and N2 (ground
and excited state).

2.2.2. Surface Analysis of Plasma Treated Samples

Following exposure to the modified nitrogen plasma treatment, PE samples
were characterizedex situby XPS and water contact angle measurements. For
practical reasons, two XPS systems were employed (CLAM-II, VG and PHI 5500
XPS). All CLAM-II XPS spectra were acquired with a Mg Kα X-ray source
operating at 15 kV and 200 W with a 45◦ take-off angle. Elemental scans were
acquired using a pass energy of 30.0 eV and 0.1 eV/step. All PHI 5500 XPS spectra
were acquired with a Mg Kα X-ray source operating at 15 kV and 350W, using
a Semi-Hemispherical Analyzer at a 45◦ take-off angle. Elemental scans were
acquired using a pass energy of 29.35 eV and 0.1 eV/step.

Static water contact angle values were acquired using the drop method. The
measurement chamber was temperature controlled and saturated with MilliQ water
vapor. For each sample, 10 separate measurements were made on the sample
surface. The dispersion of results was typically 3%.

2.3. Peak Deconvolution and Assignment of N+2 /N+ Ion Beam
and Nitrogen Modified Plasma Treated PE Samples

Chemical analysis of the different functional groups introduced during the
PE modification was done by analyzing the N(1s) spectral envelope. All XPS
data fitting was performed using 100% Gaussian line shapes with a Shirley back-
ground subtraction.(28) Successful deconvolution of the N(1s) spectral envelope
was achieved using 3 components. The component separations and FWHMs were
held constant for all data acquired from a particular spectrometer. The photoelec-
tron peak energies for the components remained constant, although the FWHM var-
ied by≈15% between the different spectrometers, based on differences observed
in the C(1s) XPS region of native PE, with an average FWHM of 2.35 eV. Peak
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position for the different nitrogen-containing functional groups were determined
from previous literature values.(12,14,17,20,29)

Consistent with previous studies,(14,17,20) analysis of the N(1s) region indi-
cates that nitrogen ion beam or plasma-based treatment of PE results in the for-
mation of three types of carbon-containing nitrogen functionalities. These have
been assigned to amine (C-N: 398.8 eV) and imine (C=N: 400.2 eV)14,17,20)

groups, while the identity of the third, higher binding energy, component cen-
tered at 401.6 eV, present in significantly lower concentrations, has been assigned
to a number of different species.(12,14,17,30,31) For example, this third component
has been assigned to a —C--------N moiety with a delocalized nonbonding electron
pair,(20) quaternary nitrogen ions,(32,33) amide groups(12) or nitrogen present substi-
tutionally in a graphite-like structure.(31) The peak position of this third component
also correlates with the range expected for a nitrile group (C------------N). For example,
the nitrile group in acetonitrile trifluoroborate is reported at 401.8 eV.(29) Thus,
for the ion beam modified PE samples where no surface oxygen was observed, a
reasonable assignment for this high binding energy peak is either a C------------N group
or the C--------N group with a delocalized nonbonding electron pair. In contrast, the
high binding energy N(1s) component observed for the plasma-treated samples is
probably due to the presence of amide groups formed as the result of reactions
between the nitrogen plasma-treated samples and the ambient atmosphere during
transfer from the plasma reactor to the XPS analysis chamber.(17)

The C(1s) region exhibited asymmetry towards higher binding energy after
N+2 /N+ ion beam or plasma-based treatment in accordance with the presence of
various carbon-containing nitrogen functionalities. Unambiguous deconvolution
of the C(1s) region was not possible, however, due to the range of species present
(C------------N, C--------N, C—N, C--------O, C--------O) combined with the relatively small difference
and scatter of assigned binding energies.(14,29) Deconvolution of the C(1s) region
was also hampered by the dominance of the CC/CH2 peak associated with the bulk
polymer species.

3. RESULTS

Figure 3 illustrates the nitrogen uptake, determined from the C(1s), O(1s) and
N(1s) XPS peak areas, using the appropriate sensitivity coefficients, as a function of
exposure time from (a) the ion gun; and (b) the modified nitrogen plasma treatments
in the presence (open squares) and absence (filled squares) of an applied anode bias
(see Fig. 1). For either treatment strategy, the uptake of nitrogen is initially linear
although a steady state concentration of nitrogen is reached at longer exposure
times (Fig. 3). Indeed, the maximum uptake of nitrogen obtained from the ion
gun was 10.8%, in close agreement with a previous study on the effect of 4 keV
nitrogen ion implantation into PE.(20) A comparison of Figure 3a and 3b also shows
that for the modified nitrogen plasma treated PE, the maximum nitrogen uptake is
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Fig. 3. (a) Variation in the total nitrogen concentration
of a PE surface exposed to 4 keV N+2 /N+ ions measured
by XPS as a function of ion beam exposure time. The
atomic concentration of nitrogen has been calculated using
the N(1s), C(1s) and O(1s) XPS peak areas correcting for
the appropriate sensitivity coefficients. It should be noted
that all of the spectra are taken as a result of sequential
N+2 /N+ exposure to the same PE sample. Similar results
were obtained on different PE samples. (b) Variation in
the total nitrogen concentration of a PE substrate exposed
to a 50 W N2 plasma, both with (¤) and without (¥) an
anode bias. The atomic percentage of nitrogen has been
calculated using the N(1s), C(1s) and O(1s) XPS peak areas
after correcting for the appropriate sensitivity coefficients.

greater than for the ion gun treated PE. Figure 3b also shows that the application
of a+10V bias to the anode during the treatment does not significantly affect the
uptake of nitrogen-containing species.

Analysis of the PE samples treated by the modified nitrogen plasma, following
transfer to the XPS chamber, did reveal the presence of oxygen at the polymer
surface. The oxygen concentration determined from the O(1s) region, however,
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Fig. 4. Variation in the N(1s) XPS spectral envelope for a PE substrate exposed to (a) the
output of a 4 keV N+2 /N+ ion gun; (b) a 50 W N2 plasma with a grounded anode; and (c) a
50 W N2 plasma with a+10 V biased anode. Spectra correspond to (i) 2 min.; (ii) 10 min.;
(iii) 30 min. exposure time for each treatment. The assignment of the 3 components, C—N
at 398.8 eV, C--------N at 400.2 eV, and C------------N or (C--------O)NH2 groups at 401.5 eV has been
done based on information contained in Refs. 12, 14, 17, 20, 29.

remained virtually constant (16± 3%), independent of the plasma exposure time.
Optical emission spectroscopy of the plasma did not reveal the presence of any
oxygen, in particular the atomic oxygen (O·) line at 777.3 nm. Since the base
pressure of the plasma chamber is low (<1× 10−6 Torr), we attribute the oxygen
contamination to the sample transfer process through air prior to XPS analysis.(13)

Figure 4 shows the variation in the N(1s) peak envelope during exposure of
PE to the nitrogen ion gun (Fig. 4a) and the modified nitrogen plasma, both with
(Fig. 4c) and without (Fig. 4b) an applied bias to the anode. A comparison of
Fig. 4a–4c illustrates that the N(1s) line shape obtained during ion beam modifica-
tion is asymmetric, while a symmetric line shape is observed during the modified
nitrogen plasma treatment of PE. During ion beam modification (Fig. 4a) amine
groups are the dominant nitrogen-containing species produced, while exposure
to neutral reactive nitrogen species from the modified nitrogen plasma generated
imine groups as the dominant species. A comparison of Figs. 3 and 4 shows that al-
though the grafted nitrogen concentration is sensitive to treatment time (Fig. 3), for
a given treatment strategy, the distribution of nitrogen-containing functionalities
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Fig. 5. Variation in the static water contact angle for the modified nitrogen plasma treated
PE substrates as a function of exposure time for both a grounded (©) and a+10 V biased
(¥) anode. Each data point corresponds to the average of 10 drop measurements.

at the interface is largely independent of exposure time (Fig. 4). Furthermore, for
the modified nitrogen plasma, the distribution of nitrogen species is unaffected by
the presence of electron irradiation on the PE surface (compare Fig. 4b and 4c).

The static water contact angle was measured for all modified nitrogen plasma-
treated PE samples (Fig. 5). Although a constant decrease in the contact angle is
observed as a function of increasing plasma exposure time, the contact angles for
PE treated in the absence of an applied anode bias are systematically lower than
PE treated in the presence of an applied bias (+10 V).

4. DISCUSSION

4.1. Concentration of Grafted Nitrogen

For both nitrogen ion beam and modified nitrogen plasma treatments on PE,
the maximum nitrogen concentration obtained is between 10–20%, although more
nitrogen was grafted during the modified nitrogen plasma treatment. In fact, the
nitrogen content observed for plasma-treated samples are probably underestimated
due to the fact that these samples must be transferred under atmospheric conditions
prior to XPS analysis. Gerenseret al.(13) have shown that for nitrogen plasma-
treated PE samples, a loss in the nitrogen surface content is observed upon exposure
to atmospheric conditions. This phenomenon was attributed to the hydrolysis of
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imine groups:(13)

R−CH=NH + H2O→ R−CH=O+ NH3 (2)

Consequently, the true difference between the nitrogen concentration grafted in
the ion treated and modified nitrogen plasma-treated PE samples is probably even
larger than reported. This difference in the maximum nitrogen content obtained
from the two different treatments is ascribed to the effect of surface sputtering
that competes with nitrogen surface grafting in the case of ion beam modification.
Support for this idea is provided by Foerchet al.(10) in a study on the variation
in nitrogen uptake on PE as a function of the distance between the sample and a
remote plasma discharge. The nitrogen uptake was found to be greatest for samples
placed furthest from the plasma source, where ion sputtering is likely to be less
significant. The idea that sputtering limits the maximum concentration of nitrogen
that can be grafted in the near surface region during ion bombardment is also
consistent with the fact that only 7.5% nitrogen could be grafted using 46 keV N+

implantation into ultrahigh molecular weight polyethylene.(31) Furthermore, this
value decreased to 4.9% N for N+ implantation at 80 keV.(31) Figure 3b also shows
that within experimental error, electron beam irradiation on PE surfaces during the
modified nitrogen plasma treatment does not influence the rate or the maximum
nitrogen concentration grafted.

4.2. Distribution of Nitrogen-containing Functionalities Grafted

Figure 4 shows that the distribution of nitrogen-containing functionalities is
strongly dependent upon the particular treatment strategy. Amine (C—N) groups
are the dominant species produced during ion beam treatment of PE (Fig. 4a), while
imine (C--------N) groups are the most abundant species generated during reaction with
the modified nitrogen plasma (Fig. 4b and 4c). The predominance of imine groups
is in agreement with previous studies on the distribution of carbon-containing
nitrogen functionalities produced during plasma surface modification of PE.(12,21)

Figures 4b and 4c also show that the distribution of carbon-containing nitrogen
functionalities produced at the PE surface is largely independent of ion energy,
plasma power and exposure time.

The difference in chemical composition of the PE surface between Fig. 4a and
4b is clearly a reflection of the different reactive species reaching the polymer sur-
face in the two modification treatments. In the case of the modified nitrogen plasma
treatment, OES results suggest that the dominant reactive species are ground and
excited state N2 molecules and atomic nitrogen (N). Consequently, our results
suggest that excited state N2 species and N radicals are mainly responsible for
the grafting of C--------N groups onto PE. In contrast, N+2 and N+ are expected to
be the dominant reactive nitrogen species responsible for PE surface modification
during ion beam treatment. The interaction of these ions with PE appears to give
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rise predominantly to amine groups. Indeed, the N(1s) spectrum observed during
ion beam modification in the present investigation (Fig. 4) is also very similar
to the one obtained in a recent investigation of high energy (>40 keV) N+ ion
implantation into ultrahigh molecular weight polyethylene,(31) suggesting that N+

ions are the primary species responsible for surface modification. In the present
investigation, N+ ions are a component of the ion gun discharge but can also be
generated during the dissociative collision of N+2 with PE thus(34):

N+2 → N+ N+ (3)

The increase in the relative concentration of amine groups produced during
ion beam treatment compared to the modified nitrogen plasma treatment (Fig. 4)
is postulated to arise from the fact that ion beam bombardment is also expected
to induce significant C—H bond cleavage in PE. The atomic hydrogen liberated
from such a process can then react with unsaturated carbon-nitrogen linkages. For
example:

C=N + H• →→ C—NH2 (4)

It should also be noted that amine species are the dominant species obtained when
a NH3 plasma, containing atomic hydrogen rather than N2, is used to modify
PE.(12,21)

4.3. Static Contact Angle

The grafting of new chemical species at a polymer interface is known to
induce changes in both the chemical and physical characteristics of the surface,
including wettability.(1,2) For the modified nitrogen plasma treatment, we observe
that the water contact angle continuously decreases with increasing exposure time
(Fig. 5). Two domains can be distinguished: at short exposures (<10 min.), a
rapid drop in the contact angle is observed. This can be understood by the in-
crease in surface polarity due to a rapid increase of nitrogen at the surface. At
longer exposure times, however, the nitrogen concentration remains constant,
or even decreases slightly (Fig. 3), while the water contact angle continues to
fall.

Figure 5 also shows that simultaneous electron irradiation during the modified
nitrogen plasma treatment of PE is associated with a systematic decrease in the
contact angle. Although the detailed role of electron beam irradiation in modifying
the contact angle is not fully understood, Figures 3 and 4 illustrate that this effect is
not correlated with electron beam induced changes in the rate of nitrogen grafted
or the nature of the nitrogen-containing functionalities produced at the PE surface.
We postulate that morphological changes to the PE surface due to the electron bom-
bardment are responsible for the observed decrease in contact angle. This assertion
is based on previous studies identifying changes in the crystallinity of PE surfaces
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exposed to electron beam irradiation,(35) and the well-characterized electron beam
damage on polymers during electron microscopy.(36) Thus, the observed variation
in water contact angle appears to be a result of an increase in surface polarity (due
to an increase in nitrogen) as well as a secondary and mainly independent effect
due to changes in the surface morphology when electrons are incident upon PE. It
should be noted that the oxygen concentration at the surface will also play a role in
the measured contact angle. Since the oxygen content remains constant at≈16%
for all of the modified PE samples, however, the change in contact angle should
be governed by the grafting of new nitrogen-containing functional groups during
plasma modification.

5. CONCLUSIONS

The chemical and physical properties of PE surfaces modified by nitrogen
ions generated from the output of an ion gun and neutral reactive nitrogen species
generated in a plasma discharge have been studied. Although both modification
strategies lead to the incorporation of nitrogen-containing functionality, the graft-
ing efficiency was higher for the modified nitrogen plasma treatment, an effect that
has been ascribed to the presence of simultaneous ion etching during ion beam
modification. Similarly, the distribution of nitrogen-containing functional groups
produced at the PE surface was sensitive to the treatment strategy with amine
groups being predominant during ion beam modification, while imine groups were
the dominant species formed during the modified nitrogen plasma treatment. In the
modified nitrogen plasma treatment of PE, simultaneous electron irradiation did
not modify the rate of nitrogen incorporation or the nature of nitrogen-containing
functional groups produced, although the contact angle of the modified PE sur-
face was systematically reduced. Results from this study illustrate that both the
chemical and physical properties of plasma-treated polymers are intimately de-
pendent upon the chemical identity of the reactive species involved in reactions at
the polymer surface.

ACKNOWLEDGMENTS

Support for this research was provided by an International Supplement to
a National Science Foundation CAREER award (No. 9985372). The authors ac-
knowledge the use of the surface analysis laboratory at Johns Hopkins, part of the
Materials Research Science and Engineering Center, funded through the National
Science Foundation. The authors also acknowledge Prof. J. Vereecken, from the
Vrije Universiteit Brussel (Belgium), Department of Metallurgy, Electrochemistry
and Materials science for providing access to the PHI 5500 XPS, and Eric Michel
(ULB) for the OES measurements.



P1: IZO

Plasmas and Polymers [papo] pp864-papo-465573 April 29, 2003 19:30 Style file version June 28th, 2002

PE Surfaces Modified by Plasma Generated Neutral Nitrogen Species and Nitrogen Ions 133

REFERENCES

1. W. J. Feast and H. S. Munro, eds.,Polymer Surfaces and Interfaces, J. Wiley, Chinchester, New
York, (1987).

2. F. Garbassi, M. Morra, and E. Occhiello,Polymer Surfaces: From Physics to Technology, J. Wiley,
Chichester, New York, (1998).

3. R. d’Agostino, eds.,Plasma Deposition, Treatment, and Etching of Polymers, Academic Press,
Boston, (1990).

4. M. Strobel, C. S. Lyons, and K. L. Mittal, eds.,Plasma Surface Modification of Polymers: Relevance
to Adhesion, VSP publishing, Utrecht, The Netherlands, (1994).

5. K. L. Mittal and K. W. Lee, eds.,Polymer Surfaces and Interfaces: Characterization, Modification
and Application, VSP publishing, Utrecht, The Netherlands, (1997).

6. M. Gaillard, P. Raynaud, and A. Ricard,Plasmas Polym.4, 241 (1999).
7. M. Creatore, F. Palumbro, R. d’Agostino, and P. Fayet,Surface and Coating Technol.142–144,

163 (2001).
8. R. Foerch,Les Couches Minces246, 213 (1989).
9. R. Foerch,J. Appl. Polym. Sci. Appl. Polym. Symp.46, 415 (1990).

10. R. Foerch, J. Izawa, and G. Spears,J. Adhesion Sci. Technol.5, 549 (1991).
11. R. Foerch and D. Johnson,Surf. Interf. Anal.17, 847 (1991).
12. J. E. Klemberg-Sapieha, O. M. Kuttel, L. Martinu, and M. R. Wertheimer,J. Vac. Sci. Technol. A

9, 2975 (1991).
13. L. J. Gerenser,J. Adhesion Sci. Technol.7(10), 1019 (1993).
14. F. M. Petrat, D. Wolany, B. C. Schwede, L. Wiedmann, and A. Benninghoven,Surf. Interf. Anal.

21, 274 (1994).
15. J. Behnisch, A. Hollander, and H. Zimmermann,Int. J. Polymeric Mater.23, 215 (1994).
16. N. Sprang, D. Theirich, and J. Engemann,Surface and Coating Technol.74–75, 689 (1995).
17. S. O’Kell, T. Henshaw, G. Farrow, M. Aindow, and C. Jones,Surf. Interf. Anal.23, 319

(1995).
18. R. W. Paynter,Surf. Interf. Anal.26, 674 (1998).
19. R. W. Paynter,Surf. Interf. Anal.27, 103 (1999).
20. A. Toth, T. Bell, I. Bertoti, M. Mohai, and B. Zelei,Nucl. Instrum. Methods Phys. Res.B148, 1131

(1999).
21. R. Favia, M. Stendardo, and R. d’Agostino,Plasmas and Polymers1, 91 (1996).
22. D. Briggs,Surface Analysis of Polymers by XPS and Static SIMS, Cambridge University Press,

Cambridge, United Kingdom, (1998).
23. R. W. B. Pearse and A. G. Gaydon,The Identification of Molecular Spectra, Chapman and Hill,

London, (1976).
24. S. Conti, P. I. Pornshev, A. Fridman, L. A. Kennedy, J. M. Grace, K. D. Sieber, D. R. Freeman,

and K. S. Robinson,Experimental Thermal and Fluid Sci.24, 79 (2001).
25. H. Boenig,Fundamentals of Plasma Chemistry and Technology, Technomic Publishing Company,

Lancaster, USA, (1988).
26. J. L. Queffelec, B. R. Rowe, M. Morlais, J. C. Gomet, and F. Vallee,Planet Space Sci.33, 263

(1985).
27. A. Ricard,Plasmas Reactifs, Societe Francaise du Vide, Paris, France, (1995).
28. N. Fairley, CASA-XPS; 1.0 ed.Casa Software Ltd., 2000.
29. NIST X-ray Photoelectron Spectroscopy Database: NIST Standard Refernece Database 20; C. D.

Wagner, A. V. Naumkin, A. Kraut-Vass, J. W. Allison, C. J. Powell, and J. R. Rumble, eds., Version
3.2 (web based).

30. S. R. Carlo, C. C. Perry, J. Torres, A. J. Wagner, C. Vecitis, and D. H. Fairbrother,Appl. Surf. Sci.
195, 93 (2002).



P1: IZO

Plasmas and Polymers [papo] pp864-papo-465573 April 29, 2003 19:30 Style file version June 28th, 2002

134 Wagner, Fairbrother, and Reniers

31. A. Toth, I. Bertoti, E. Szilagyi, H. Dong, T. Bell, A. Juhasz, and P. M. Nagy,Surf. Interf. Anal.30,
434 (2000).

32. M. Datta, H. J. Mathieu, and D. Landolt,Appl. Surf. Sci.18, 299 (1984).
33. K. Burger, F. Tschismarov, and H. Ebel,J. Elect. Spectro. Related Phenom.10, 461 (1977).
34. R. G. Cooks, T. Ast, T. Pradeep, and V. Wysocki,Acc. Chem. Res.27, 316 (1994).
35. W. Xu, P. Liu, H. Li, and X. Xu, J.Appl. Poly. Sci.78, 243 (2000).
36. S. Kumar and W. Adams,Polymer31, 15 (1990).


