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Abstract : In this article surface trcatment of polymers by both surfacc modification and plasma
polymerization has been discussed. A low pressure 70 kHz discharge with corona configuration of
clectrodes (H.V. hollow blade - grounded cylinder) has becn employed in order to simulate the industrial
surface treatment of polymers. In the case of non polymerizing plasmas such as Ny the modifications
created on the surface of a polymer such as polypropylene (PP) have shown to be the cleaning effect,
crosslinking polymer fragmentation, oxidation and nitrogen incorporation for very short trcatment times
(100 ms - 7 s). These effects lead to an increase of the wettability, the surface conductivity and the adhesive
propertics of the PP films. Indecd the latter has been detected by a study of the PP-Al interface by AES and
the measure of the peel-strength. In the case of the polymerizing system such as CF4 + H2 mixtures, the
role of the gas composition and the polymer substrate structure have been pointed out on the growth
mcchanisms and the structure of the deposited polymer. By varying the hydrogen percentage in this mixture
a wide range of surface encrgics (from non wettable to wetlable surfaces) has been obtained.

INTRODUCTION

Plasma polymerization is a unique technique to fabricate thin polymer films (100 A - 1 pum) from a varicty of organic
and organometallic starting materials. Plasma polymerized films arc pinhole-frec and highly crosslinked and therefore are
insoluble, thermally stable,chemically inert and mechanically tough. Futhermore such films are often highly coherent
and adherent to a variety of substrates including conventional polymer, glass and mctal surfaces. Due to thesc excellent
propettics they have been undertaken very actively in the last few years for a variety of applications such as pcrmselective
membrancs (ref. 1 & 2), protective coatings (ref. 3) biomedial matcrials (ref. 4 , 5, 10) electronic (ref. 6 - 8), optical
devices (ref. 7 - 9) and adhesion promoters (rcf. 11 & 12). After a brief review of the plasma polymerization mechanisms,
the surface modification of polymers will be discussed both by non polymer forming plasmas and by deposition of
plasma polymerized thin films on their surface. By appropriale plasma surface trcatments, new properties such as oplical
reflection, adhesion, friction cocfficient, surface encrgy (wettability and water rcpellancy), permeability, surface
conductivity and biocompatibility of conventional polymers can be obtained (ref. 11 - 15, ref. 1 - 3). An attempt has
been made to understand by means of simultancous OES and surface diagnostic techniques the role of the polymeric
structure on the plasma polymer interactions and the growth mechanisms in the case of a polymerizing system. By using
different but complementary surface diagnostic techniques, the modifications created by very short trcatment times on
polymers have been explained to our knowledge for the first time. Finally one of the most important surface propertics
obtained i.e. adhesion improvement has been investigated by a simultancous AES spectroscopic approach of the interface
and pecl test measurcments in a Al - pretrcated PP film.,

1. PLASMA POLYMERIZATION
Mechanisms; important parameters; deposttion techniques

A cursory survey of the litcrature concerning plasma polymerization reveals that due to the complexity of plasma the
bulk of the research has been concentrated on establishing the dependence of the macroscopic and spectroscopic propertics
of the product on the major process variables e.g. power, monomer type, gas flow rate, pressure cic.

However different models have been proposed for the plasma polymerization bascd on ions, electrons and neutrals which
are extensively reviewed recently (ref. 10, 16). Amongst these diffcrent modcls Poll et al (ref. 50) discussed the role of
ion bombardment and pointed to a competition between ciching and deposition processes in plasma polymerization and
in the same domaine Yasuda proposed the CAP (Competition - Ablation - Polymerization) mecchanism for glow
discharge polymerization (ref.1). Bell et al (ref.18) by combining a certain number of kinctic modeling studies reported a
model for the plasma polymerization of hydrocarbons. A more gencral description was given by Yasuda et al (ref. 1) who
identified two rcgimes of plasma polymcrization in which the mcchanisms differ dramatically i.c. the monomer -
deficient and the energy deficicnt plasma. Indeed the composite plasma process paramcter W/FM (where Wis the discharge
power and FM is the mass flow rate of monomer) has shown to be very efficicnt to control the chemical structure of the
polymer. In fact at a relatively low input encrgy level (energy deficient region) a plasma polymer is obtained characterized
by a chemical structure and propertics similar to those of conventional polymers. By increasing W/FM (monomer
deficient region) due to the rclatively high cnergy of the impinging particles, the deposited material is characterized by a
short range order combined with a high crosslinking density. Due to this irregular structure of the deposited films Yasuda

715



716 F. AREFI et al.

has proposed the rapid step growth polymerization [Mpy* + Mp* — Mp, + n] X N where the (*) in the equations
represents any activated specics and x N represents the number of repetitions of simular reactions. In order to account for
the geometrical factor of the reactor system in the deposition of plasma polymers, Ych ct al (ref. 17) by investigating the
fundamental mass balance in the plasma polymerization reactor defined the average local deposition rate DRy = Yp
(X'/Se) FM. In the latter, Yp is the yield of the plasma polymer deposition (i.c. the fraction of fced-in monomer that
takes part in the formation of plasma polymer), X' is the fraction of feed-in monomer that {flows in the glow discharge
zone, S¢ is the effective area of any surface in physical contact with the plasma (i.e. the rcactor design factor) and FM is

the total mass flow rate of monomer. Futhermore the polymer deposition yicld (Yp = DRy Se/(X'FM)) obtained from
the polymer deposition data in different reactors varies little with the W/FM parameter when a certain W/FM value is
reached. Therelore polymer deposition in different reaclor systems secms to be  best compared bascd on the polymer
deposition yield Yp .

D'Agostino et al studied extensivcly the competitive etching and polymcrization processes in the deposition of
fluorocarbons (ref. 38). In particularly it has been shown that the polymecrization rate increases by increasing the
[CFx]/ [F] ratio and the degree of charged particle bombardment (cither fast clectrons or ions) since they have proposed
an Activated Growth Model (AGM) for the polymer growth. Indeed, it has gencrally been observed that the deposition
rate on the substrate increases as the bias voltage becomes more negative up to a certain point. E. Kay (ref. 19) reported
that in the casc of tetrafluoroethylenc a solid deposit is obtained up to a negative bias of 600 V. He also mentioned that a
mild (10 eV) positive bombardment gencrally increascs the plasma polymcrization ratc via production of surface free
radicals.

Amongst the dilfcrent power supplics, and flow configuration that can be uscd for plasma polymerization, the use of the
dc cascade arc as a plasma source in low pressure processes is a fairly recent development. The carliest studics were
performed by Krocsen and Beulens (ref. 20). The high exit velocity of the carrier gas from the cascade arc into the
deposition chamber prevents monomer diffusion into the cascade arc column, so that plasma formation and monommer
excitation occur scparately. The deposition rates reported are somewhat greater than thosc for the rf glow discharges cven
though the input powcer per unit mass is one or two orders of magnitude Iess for the cascade arc. In deposition of carbon
bascd hard matcrials on silicon substrates,ratcs of 100 n m/s have been reached with this system by injecting methanc
through the nozzle of the cascaded arc.

2. SURFACE MODIFICATION OF POLYMERS BY PLASMA TREATMENT
Surface treatment of polymers by non-polymer forming plasmas (Ar, He, N2, 02, elc) are exlensively used to modify
surface properties of polymers. The treatment gives rise to the formation of free radicals at the surfacc and further down in

the polymer which rcact with the excited species in the plasmas. Thercfore treatments in O3, N2 or inert gascs give rise
to in particularly oxygen functionalitics (hydroxyls, carbonyls, and in some cascs carboxylic groups). This has becn
interpreted as being partly due to the rcaction of long-lived free radicals which can react with oxygen upon exposurc to
air after plasma trcatments. Recently Occhicllo ct al (ref. 21), by using the 1802 have contributed to the long debate
issue pertaining whether the introduction of oxygen to the surface is only duc to their Oz plasma or partially to the
interaction of the sample when taken to air with atmospheric oxygen. Indced by comparing the SSIMS spectra of
samples treated in 1802 plasmas and aged in 1602 with those trcated in 1602 plasma and aged in 1802 they have
concluded that the introduction of oxygen duc to reaction of active sites with atmospheric oxygen scems negligible. The
surface treatment also leads to a crosslinked skin produced by recombination of polymer radicals. Chain scission occurs
simultaneously with cross-linking and oxidation. Small molccule degradation products arc constantly removed by
evaporation and sputtering, while polymeric scission products remain intermeshed with undegraded polymers and cross-
linked networks.

The modificd depth has been determined to be typically 50 - 500 A (ref. 22). For sample in the casc of the fluorination of
polyethylene by tetrafluorocthylene the diffusion depth of fluorine has been estimated by RBS (o be about 400 Afora
treatment time of 2.7 min (ref. 23). Futhermore the depth of polymer fluorination has been measured by various
techniques for a varicty of polymers (ref. 49). Yasuda et al studicd the effect of four nonpolymerizing gases i.e. . He, Air,
N9 and CF4 on different fibers and fabrics (ref. 24). They had found that in some cases the ctching of the fiber was
accompanied by the implantation of specific aioms into its surfacc. The model studics performed with nylon have shown
that plasma trcatment, similar to plasma polymerization, may be carricd out in the power - deficient range as well as in
the gas deficient range. Therefore these two regions should stimulate different changes in the polymer surface introduced
by plasma treatment. Futhermore they have concluded the applicability of the CAP model to plasma trcatment duc to the
fact that ablation supplies the gas phase with various chemical species, some of which may be able to form deposits
especially in mixtures with such non reactive gases as hydrogen or ammonia.

At present the most serious problem which prevents wide application of plasma treatments is the durability of the
treatment i.c. upon aging the wettability is reversed. The most probable reason for this has been considered to be the
"overturn” or migration of the created polar groups into the polymer (ref. 25). The lack of durability has been attributed
largely to the surface rearrangement of macromolecular segments which is truly physical but not duc to the loss of
chemical moietics introduced by the surface treatment. Futhermore the aging seems to depend on the chemical nature of
the substrate. Indeed Briggs (ref. 26) has reported that the increased wettability of air corona treatcd PET (polyethylenc
terephtalate) films disappears upon aging. In fact the low molecular weight species on the PET surface rcadily migrate
into the polymer and rapidly disappear from XPS sampling depth, whileas in the case of the air corona trcated PE
(polyethylene) films the good wettability remains and the aging phenomena have not been obscrved (ref. 28). The
difference observed in these two studics has been interpreted in terms of the substrate polarity that is : PET films with
polar functionalities (COO) allow an overturn of the plasma created moicties and their stabilization by internal hydrogen
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bondings. The non polar character of the PE films opposes to an overturn of the polar groups and so they remain at the
surfacc. We have observed the same phenomiena in the case of the wettability of PE and PET films when treated by a
corona discharge in a mixture of Ar + CF4+ O2 at atmospheric pressure (ref. 27). Recently Occhicllo ct al (ref. 21) have
shown in the case of an oxygen-plasma-treated polypropylene, that when contacted with air the surface layer (less than 5
nm thick) rearranged by macromolecular motions within itsclf since intcrdiffusion with the bulk polymer seemed
forbidden in the case of polypropylene. They have reported that these motions arc thermally activated and it was possible
to obtain an apparent activation cnergy (58.1 kJ/mol) close to thosc reported for other vinyl polymers. Yasuda et al (ref.
29) have proposed that by applying an extremely thin laycr of a relatively tight plasma polymer of methane prior to the
subsequent plasma trcatment of the surface, the durability of the effect of surface (reatments can be greatly enhanced.

The other possibility to modifiy surface propertics of polymers is by deposition of a thin plasma polymer on the surface
of the polymeric material. As an cxample we can mention the adhesion improvement measured by scotch tape and lap
shear of PE by plasma polymerization films obtained from mecthane, acetylene and cthylenc (ref. 30). Tetramethyl silane
(TMS) as well as (TMS + O2) have been used Lo increase the adhesion and the surface hardness of PE, PTFE and PC
(rcf. 31). A 1000 A thick metallic film (C/Sn< 0.3) has been deposited on PP from tctramcthyltin as a water vapor
barrier. The permeability of such film was as low as that of a thin copper laycr. Duc to their considerable wettability,
thin films preparcd from TMT + O3 werc used as intermediate adhesive layers on PP (ref. 32) . We have also prepared

organomctallic films from TMT on the surface of PP films withR = 109 in order to prevent the clectrostatic charging
of the polypropylenc films (ref. 33).

Futhermore it has been possible to obtain a wide range of wettabilitics (17 mJ/m2 - 42 mJ/m2) on PE films by plasma
polymerization of CF4+ x % H2 mixtures (cf section 6). These {ilms have shown to be very crosslinked, with
wettabilitics which arc durable upon ageing (rcf. 45). However with respect to the surface treatment with non-
polymcrizing gascs, in the casc of plasma polymers, it is important not only 10 control the deposition rate and the film
quality (especially, surface properties), but also to enhance the adhesion strength of plasma polymerized films on
polymer films.

The grafting, polymerization and etching phenomena involved in the plasma polymerization and surface trcatment of
polymers will be presented through differcnt surface treatment cxamples carried out at low pressure. Optical cmission
spectroscopy (OES, AOES) has been employed in a systemalic manncr as a diagnostic tool in order to characterize the
cxcited specics and their encrgetic aspects in the plasma phase. The results obtained with this technique are then corrclated
to the surfacc diagnostic investigations i.c. AES, XPS, RBS, SSIMS, imagc processing contact anglc (ref. 35) and
potential decay mecasurcments to identify the heterogencous reactions taking place at the polymer surface.

3. EXPERIMENTAL SET-UP

For the surface treatment of polymer films a bell jar type reactor with a corona discharge configuration of elcctrodes
(hollow clectrode-grounded cylinder) was used (Fig.1). This special configuration provides the ability to simulate the
continuous industrial surface treatments of polymer films (rcf.34). In the reactor with the help of the pumping unit
composed of a primary pump and a turbo-molccular one, a background pressurc of about 4 x 10-4 Pa was established
The working pressurc varied between 80 to 1000 Pa, the discharge was established by means of an industrial 800 watts
excitation source with a frequency of 70 kHz. Futhermore a strict control of thc atmosphcre was possible with the help
of a Balzers quadrupole mass spectrometer. Commercially available UHP gascs were used without further purification
(purity of CF4: 99,7 %; O2: 2 99,35 %; Ha: 99,995 %; N2: 99,9 % and Ar: > 99,995 %) which were introduced
through MKS mass flow controllers and the pressure was monitored with an MKS capacitive gauge. Thus the final

composition of the atmosphere and in particularly the rcsidual composition of N3, O2, H2 & H20 was controlled in
this way in situ.
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Fig. 1: Apparatus used for the surface treatment
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The clectrical characteristics of the discharge were measured by a 9400 Lecroy digital oscilloscope with a sampling
frequency of 100 MHz. The axial radiation from Lhe discharge was sampled by an optical fiber, placed in the intcrelectrode
gap, of 200 um core diameter and focused by means of a quartz lens on the plane slit of a Jobin Yvon HRS
monochromator equipped with a 1200 grooves/mm grating to analyze the spectral range varying from 300 nm - 850 nm.
We have also used a 1 m Jobin Yvon HR monochromator equipped with a 3600 grooves/mm holographic grating for the
225 nm - 450 nm spectral domaine and finally a Jobin Yvon HR 320 monochromator equipped with a 1200 grooves/mm
grating for the analysis of the 190 - 500 nm spcctral region. An Hamamatsu pholomultiplicr is uscd for each
monochromator.

4. CHARACTERIZATION OF THE LOW PRESSURE PLASMA WITH
CORONA CONFIGURATION OF ELECTRODES BY EMISSION
SPECTROSCOPY

OES has been used to study firstly the excited species and the encrgetic characteristics of our low frequency discharge and
secondly to compare our discharge with a capacitively coupled RF (13.56 MHz) glow dicharge which is most commonly
used for the surface treatment of different substrates. This has been carried out in a CF4 discharge and in CF4+H)
mixtures.

4.1 CF, discharge

The emission spectra of CF4 at 150 Pa observed in the 190 - 850 nm range arc given clsewhere (ref. 36). Two differents

continua were detected with maxima centered around 300 nm and 580 nm which were asssigned 10 CF2%(4 b- 6 a1) and
excited CF3 radical respectively. The latter undergoes a transition to a repulsive state to yicld CFg + F. Futhermore the

lines of fluorine atom emission at 685.6 nm, 703.7 nm, 730.9 nm and 739.8 nm were obscrved. No CFp (A1B1 -
X1A1) bands were detected in this particular type of discharge. Nitrogen being present as (races, the ratio of No+(B) at
391.4 nm over N2 (C) at 394.3 nm was uscd to estimate the mean electronic temperature in our discharge (ref. 36). In

this way the mean elecironic temperature being Te > 6 ¢V, the CF7 radical (A1B1 - X1A1) bands which have a threshold
energy of 4.6 eV were not detected in our particular discharge whileas in the case of a capacitively coupled 13.56 MHz

glow discharge CF3 as well as CF bands (B2A - X2H) were present due to the lower cstimated mean clectronic

temperature (Te = 3 ¢V). Futhermore the voltage-current characteristics of the discharge point out that we are in an
abnormal glow discharge (rcf45).

4.2 Polymerizing CF, + H, discharges

The main difference that exists between the emission spectra of CF4 + Hg mixturcs with respect to that of CF4 is the
presence of two additional lines at 656.2 and 486 nm corresponding to Hy, and HB lincs respectively (ref. 37). By

means of actinometry using argon as the actinometer ; the concentration trends of atomic fluorine and cxcited CFo* ions
were detcrmined as a function of the additive precentage of hydrogen in the feed (Fig. 2). The fluorine atom concentration
passed through a minimum at 2 % hydrogen owing to the formation of the stable compound HF, and then increasced
substantially from this point on. Morcover by following the variations of the intensity of the argon line, which is an
image of the excitation efficiency by the clectrons, a mechanism has been proposed for the decomposition of CF4, in
which vibrationally excitcd hydrogen plays an important rolc (ref. 27). D'Agostino, ct al have studied the cffect of
addition of hydrogen, a scavenger of fluorine atoms to Cn Fap42 discharges (ref. 38) in a 13.56 MHz glow discharge.
They reported that in all cases the fluorine atom concentration fcll to a minimum at a hydrogen percentage varying
between 10 % and 18 % but in the case of CF4 discharge the fluorine atom incrcased only slightly after this point (ref.
38). One of the main rcasons for the difference which exists in the nature of the exciled specics and their relative
concentrations in our discharge with respect to a RF capacitively coupled one, is the excitation frequency. Indeed in low
frequency excitation systems (20 kHz - 400 kHz) the transition time of the ions in the sheath is less than the half-period
of the applied ficld. Thercfore the ions show a tendency to disappear during cvery period on one clectrode or the other, It
has been shown that the emission of secondary electrons from the clectrodes by ionic impact, is the predominant
mechanism to sustain the discharge. Indeed the plasma electronic cloud is carried from onc clectrode towards the other
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every half period where it loses a great number of particles. These losses are compensated by secondary electronic
emission and corresponding ionization of the gaz (ref. 39) That is the reason why in our low frequency discharge (70
kHz) with a relatively small interclectrode gap (d = 1 cm), a considerable concentration of CF,* ions has been detected.
These ions should play an important role in the deposition process by causing bond dissociation at the surface, lcading to
a substantial concentration of reactive specics at the surface and therefore 1o high deposition ratcs.

5. ROLE OF PLASMA ON SURFACE MODIFICATIONS OF POLYMERIC
FILMS

XPS and SSIMS have been used (o assess the surface composition of untreated and plasma-trcated surfaces. SSIMS
allows us to obtain compositional information relative to a layer about 1 nm thick, thercfore is complementary to XPS.
SSIMS being more sensitive than XPS has been in particularly very uscful to point out modifications created for

treatment times as short as fraction of seconds.

5.1 Modifications created by a N, low pressure plasma on the surface of polypropylene (PP)

Isotactic, 8 m PP films werc treated in a Ny discharge (p = 150 Pa, d = 7 mm, V = 1 kV; I = 100 mA for very short
treatment times(100 ms - 7s). The static SIMS spectra were obtained with Xe - 4 k eV ions and a total ion dose lower

than 2 . 1013 jons/cm?2,

First of all it has been shown by static SIMS (ref.40) that the surface composition of the non treated samples present a
greater inhomogeneity with respect to the treated samples. This inhomogencity has been attributed (o low molecular
weight contaminants which give rise to pcaks with random intensitics for masses < 41 a.m.u. The Ny plasma brings
about some homogencization of the polypropylene surface composition. Therefore the contamination layer is partially
removed by evaporation, sputtering and scouring during the treatment pointing out in this way the clcaning effect of the
N2 plasma. By comparing the static SIMS spectra obtaincd on the refercnce polypropylene (Fig. 3a) with that of the
treated one (Fig. 3b), it is clearly scen that the relative intensity of the molecular fragments with masses greater than 100
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Fig. 3a: SSIMS on a virgin polypropylcnc Fig. 3b: SSIMS on Nj treated polypropylene (7 s)
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amu, increasc with the N3 plasma trcatment. Fig. 4 shows the increasc of these fragments with treatment time, Thesc
fragments (> 100 amu) arc essentially aromatic oncs occuring at masses 105, 115, 128, This may be interpreted as a
result of ynsaturation (typical aromatic fragments at 77 and 91 arc also observed for masses < 100 amu). Therefore these
results point out that the plasma trcatment may give rise to ion of the polymer backbone for treatment timces
in the order of a few seconds. In addition to these obscrvations, the overall ion yicld decreases with increasing plasma
treatment times as seen on Fig. 3 : this may be caused by grosslinking induced by the N2 plasma treatment,
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As for very short trecatment times (23 ms - 400 ms), the decreasc of the low molecular weight hydrocarbons assessed by
the decreasc of the 41/27 fragments intensity ratios (Fig. 5; 41 : C3Hs, 27 : CoH3 cluster intensity is used as a reference
for the Cx cluster intensities (rcf. 42))with time can point out the cleaning effect of the plasma treatment which was
proposed in an earlier work for treatment times in the order of a few seconds (rcf. 40) The slight oxidation of the
polymeric surface is assessed by the incrcase of the 31/27 (Fig. 4; 31: COH3) fragments which shows a maximum
before decreasing beyond 250 ms. On the contrary the occurence of nitrogen containing fragments which take place at
even atomic mass units (ref. 43) seen {rom the 30/27 fragments intensity ratios (Fig. 5; 30 : CNHy) increases with the
trcatment time. The variation of other oxygen (45 : COOH or C2 OHs) or nitrogen (28 : CNH2) containing fragments
show similar trends to those presented in Fig. S (ref. 47). The intensity of the masses > 100 amu docs not secm to vary
for treatment times in the order of fractions of second (23 ms - 500 ms) showing that for such trcatment times the
plasma docs not show a degradation effcct (ref. 47).

6. ROLE OF THE CHEMICAL NATURE OF THE SUBSTRATES ON THE
REACTIONS TAKING PLACE AT THE PLASMA-POLYMER INTERFACE

For this study, the plasma polymerization of (CF4 + Ha) mixturcs has been carricd out on two different substratcs
polycthylenc (PE) and a {luorine-containing polymeric substrate i.c. polyvinylidenc fluoride (PVDF), The AOES results
performed in differcnt CF4 + Hp compositions showed that the reactive fluorine atom concentration passed through a
minimum at 2 % hydrogen (Fig. 2). Therefore, knowing that fluorine atom is an important ctching agent, a maximum
of polymerization ratc should be expected at 2 % hydrogen in the CF4 discharge. Indced the deposition rate recorded on
PE by gravimetric measurements was maximum for this particular feed composition (Fig. 6). From this point on the
etching by means of fluorine atoms and hydrogen species in the discharge becomes predominant with respect to the
polymerization. In this way the deposited polymer is etched leading to a decrease of the polymcrization rate on the PE
surface (Fig. 6). XPS was employed to determine the surface composition of the depasited fluorocarbon films at differcnt
relative concentrations of CF4 and H2 in the feed (ref. 37 & 45). These results confirm what was obscrved by emission
spectroscopy (Fig .2) i.c. the fluorinc content of the deposited polymer on PE surfacc was greatest for 2 % hydrogen in
the feed. Thus with this fced composition as soon as the discharge was put on,a hydrofluorinated polymer was formed on
the PE surface whereas with longer trcatment times (t >30 s) when the fluorine content of the deposited polymer
incrcased (F/C = 1), the polymerization decreased ; ctching became compctitive with polymer deposition. Furthermore
the plateau obtained for the polymerization ratc after 1.5 min (Fig. 7) was due to the equilibrium cstablished between the
polymecrization and ctching processcs. The deposition rate estimated in the polymerization region was around 35 nm/s.
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Fig. 6 : Polymerization rate of CF4+ Hp+ 2 % Ar mixture Fig. 7 : Polymerization ratc of CF4+ 2 % H+ 2 % Ar
vs % Haj in the fecd on a PE substrate mixturc vs treatment time on a PE substrate
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The PVDF substrate was itself hydrofluorinated from the start with an F/C ratio cqual to unity, and thercfore with this
particular feed composition, for short treatment times (less < 75 s}, there was no polymer deposition but only ctching of
the PVDF substrate (Fig. 8). This is consistent with the phenomena observed with the PE substratce at longer treatment
times (t >30 s). Conscquently since the fluorine containing in the substrate contributcs to the growth mechanisms, the
optimum hydrogen percentage in the feed (corresponding to the maximum polymer growth ratc) will not be the same in
the case of the two substrates PE and PVDF. Indecd for the PVDF substrate with respect to PE a higher pereentage of
hydrogen is necessary (= 4 %) to ncutralize the fluorine coming from the surface of the substrate. As scen in Fig.9 on
PVDF, the polymerization rate was the greatest for a hydrogen percentage around 4 % : whilcas for PE the optimum
value was 2 % hydrogen (Fig. 6).

Futhermore XPS has shown that with this particular feed composition (CF4 + 4 % Hp) the hydro[luorinated polymer
deposited on PVDF presents the highest F/C ratio (ref. 45). This study has shown that the naturc of the substrate
interferes in the growth mechanisms of the CF4 + Hp mixtures, but as soon as the polymer begins o build up on the
surface of the fluorine containing substrate i.c. for treatment times t >75 s under our experimental conditions, the
chemical composition and the surface energy of the deposited fluorocarbon film analyzed by XPS and contact angle
respectively, became the same on both of the substrates (ref. 45). Contact anglcs measured on films prepared with
different hydrogen percentages in the CF4 discharge, on PE pointed out a large domaine of surface cnergics (from non-
wettable 17 mJ/m2 to wettable surfaces 42 mJ/m2). Morcover it has becn shown by XPS and FTIR-ATR that by
increasing the hydrogen percentage in the feed, the fluorine content of the films decreased leading to very crosslinked
films with very stable weltability properties.

]
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Fig. 8 : Polymerization ratc of CF4 + 2 % H) + 2 % Ar Fig. 9 : Polymerization ratc of CF4 + Ho+ 2 % Ar
mixture vs trcatment timc on a PVDF substrate mixture v8 % H2 in the fecd on a PVDF substrate

7. ADHESION IMPROVEMENT OF THE PLASMA PRETREATED POLYMER
WITH ALUMINIUM. AES ANALYSIS OF THE POLYMER-METAL INTERFACE

In this section as an application of plasma processes, thin polypropylene (PP) [ilms (8 um) were pretreated in a Np low
pressure plasma prior to metallization in order to improve the polymer-metal adhesion. The results displaying the
influence of the Ny plasma pretreatment werce presented in section 5 of this article. Thin aluminium coatings (= 20 nm)
were deposited in situ by evaporation at 10-3 Pa on the PP films.

7.1 AES analysis of the polymer-metal interface

AES depth profiling of metallized polyprolylene films was achicved in order to approach the chemical composition of the
Al deposit and 1o identify species which may be involved in the adhesion mechanisms at the Al-PP interface.

The role of the experimental conditions of the AES analysis on the obtained profiles, the recommended procedure for the
AES intensity measurements and the main parameters for a quantitative approach were previously published (ref. 46).

Typical depth profiles (ref. 46) performed on a thin Al film deposited on a pretreated PP substrate shows at the top, a
contaminating carbon layer which covers a thin alumina film. Below this natural layer built during the air transfer, a
rather clean aluminium coating apppearcd showing only some C and O traces related 1o the level of the residual pressure
in the metallization process. At the vicinity of the interface, Al (met) transition quickly falls down, while Al (ox)
reappears with simultancously a sharp increase of the carbon profile produced by C atoms of the polymer. A first
determination of the interface location can be achieved by extrapolating Al (met) profile of the deposit or C profile of the
polymer substrate to the zero intensity scalc.

It has been pointed out that independently of the pretreatment carried out on the polypropylene, the interface consists of
an oxidized film estimated to be 4 nm thick (ref. 46). Moreover nitrogen due to the Np plasma treatment was never
detected at the interface by AES.
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in function of the trcatment time

When reaching the interface, due to the fact that the polymeric substrate is exposed successively to ion and electron
bombardments, charge cflccts usually occur and disturb AES spectra acquisition. Such artifact was turned to good account
10 appreciate the pretreatment efficiency in relation with the polymer metal adhesion (ref, 44). The charge effect gives
rise to an cnergy shift obscrved on all of the signals (Al-ox, Al-met, O, C) up to 700 eV in the case of an Al-
nonpretreated PP interface. Thus the charge effect appeared at the vicinity of the interface, reached a maximum at this
point and then decreased sharply ,whileas in the case of the Al-pretreated PP interface the charge effect was nonexistent or
hardly observed (50 ¢V), showing thercfore a more conducting interface in this case.

These results are in agreement with the potential decay measurements carried out on the non metallized pretreated PP
films. Indeed the surface conductivity of the N treated PP films was examined by exposing the samples 1o an injection
ol negative charges produced by a corona discharge (refl. 48). The potential decay was then recorded by an electrostatic
probe in function of time.Without a plasma pretreatment, the surface potential remains constant. The increase of the
surface conductivity in the case of the plasma treated film might be due to the cleaning effect of plasma, observed by
SSIMS giving rise 10 a4 homogenization ol the surface by a partial climination of the contamination layer composed of
low molecular weight fragments. In the casc of the non treated polymer, the surface defects act as charge traps and in this
way prevent the surface potential to decay.

7.2 Measure of the polymer-metal adhesive force

The polymer-metal adhesion was quantified by a U form peel test adapted to very thin coatings on flexible substrates (ref.
47). It has been shown that in function of treatment time the measured peel strength increases (Fig 11). Furthermore a
saturation level is obtained at approximately 1 second of treatment time (ref. 47). The comparison of the variation of the
peel strength with Fig. 5 shows that the adhesive strength at the interface is closely correlated 1o the nitrogen moietics
(30727 fragments).

The different results obtained by SSIMS, AES analysis, surface conductivity measurements and the measure of the peel
strength point out that the increase of the adhesion of the Al-pretreated PP films for treatment times as short as fractions
of seconds (100-500ms) could be due to the cleaning cllect of plasma, the increase of the surface conduclivity as well as
incorporation of nitrogen moieties. As for oxygen, negative SSIMS performed on N7 pretreated films should help us to
oblain a better understanding of its role in the adhesion phenomena. However some interesting results have been
obtained by AES concerning the oxygen observed at he interface (ref, 44).

CONCLUSION

The rescarch work in this arca points out the problems duc to the durability of the surface propcrtics in_ thq casc of the
plasma modified surfaces by non polymerizing gascs. The possibility to obtain a variety olf ap_phcauons by the
deposition of a highly crosslinked plasma thin films on polymeric substratcs from plasma polymerization of organic and
organometallic molccules scems to be a promising route for a wide application of plasma treatments. As an cxample the
CF4 + Hy mixtures offers the possibility to obtain thin films with a wide range of wellabilitics (from wettable to
nonwettable) and which are highly adherent to polymcric substrates.

Furthermore SSIMS, being complementary to XPS and contact angle measurements has revealed to be extremely gscful
to assess the mild modifications created in particulary for very short treatment times. However for a judicious selection of
the plasma polymer combination, best suited to a specific application, a better undcrstanding_of }hc effect of the plasma
reactor configuration and the processing parameters on the surface modifications creatcd is mdxqunsablc. Thgxt.1§ why
OES has been ecmployed to corrclate the nature of the reactive species to the final propertics and their reproducibility. In
order to better understand the deposition mechanisms, we arc developping a model which simulates in the casc of a fow
pressure diode rcactor the flow velocities, the surface temperature and the concentration of the digfcrcnt specics in the
plasma which arrive at the surface (ref. 51). This has been possible by solving two dimensional Navgcr-Stokcs
conscrvation equations, and the coupling with the kinetic model of decomposition of an organic starting material such as
CaoFy4.
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