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Abstract

Spin-coated specimens of crosslinked polydimethylsiloxane (PDMS) exposed to radio-frequency (RF) and microwave (MW) oxygen
plasma were studied by specular neutron reflectometry, X-ray photoelectron spectroscopy (XPS), Wilhelmy balance, contact angle measure-
ments, scanning electron microscopy and atomic force microscopy. Neutron reflectometry and XPS showed that the oxygen plasma led to the
formation of a smooth<€10 nm), oxidised surface layer with a thickness of 130—160 nm. The oxidised layer contained a mixture of the
original polymer and silicon bonded to three or four oxygen atoms,JSihe oxidised layer was thinner after longer plasma exposure,
indicating a decrease in specific volume due to a conversion of the polymer structure to an inorganichSittucture. The formation of the
SiO,-containing layer with low segmental mobility was further confirmed by the small hysteresis in the Wilhelmy balance measurements.
The similarity in the hydrophobicity recovery kinetics of specimens aged in dry air, dry argon and vacuum and XPS data showed that the
hydrophobicity recovery is not due to contamination through adsorption from the atmosphere but due to migration of low molar mass PDMS
species to the surface. Scanning electron microscopy also showed the presence of surface cracks in heavily oxidised §H&addens.
Elsevier Science Ltd. All rights reserved.
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1. Introduction in the absence of electrical activity [1,2,4—8]. The ability to
recover hydrophobicity is a very important property of
Silicone rubbers are used as housing materials in outdoorsilicone rubbers. Because of this much work has been
high-voltage composite insulations, replacing the traditional done to reveal the underlying mechanisms. It has been
porcelain insulation [1,2]. The polymer used in these suggested that external contamination of the polymer
rubbers is mostly polydimethylsiloxane (PDMS). The surface, transport of low molar mass PDMS species from
hydrophobicity of silicone rubbers provides a high surface the bulk to the surface, chain scission, and reorientation of
resistivity and water repellence even in the presence of polar species from the surface into the bulk are the respon-
moisture and contaminants. The initially hydrophobic sible mechanisms [3,7—9]. Exposure of PDMS to corona
surface becomes progressively more hydrophilic after discharges or oxygen plasma leads not only to oxidation
extensive exposure to electrical discharges [1,2] and it and chain scission but also to crosslinking and the formation
then loses its water repellence. This leads to wetting of of aninorganic silica-like surface layer [3,10], which retards
the PDMS surface and trails of water can eventually lead the recovery of hydrophobicity [11]. This oxidised layer
to breakdown of the insulation. Exposure to oxygen plasma consists partly of SiQ) i.e. silicon bonded to three or four
also causes a loss of hydrophobicity of PDMS [1,3] and this oxygen atoms.
can be used as an accelerated method to simulate ageing. This paper presents data obtained by specular neutron
The original hydrophobicity is regained after several hours reflectometry together with a range of other surface assess-
ment methods on oxygen-plasma-exposed silicone rubber

* Corresponding author. Tel.# 46-8-7907640; fax:+ 46-8-7906946. _Speamens prepared by spin_coating. NeUtron reflectometry
E-mail addressgedde@polymer.kth.se (U.W. Gedde). is a powerful tool for the investigation of the surface

0032-3861/00/$ - see front matt€r 2000 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(00)00039-2



6852 H. Hillborg et al. / Polymer 41 (2000) 68516863

behaviour of polymers under atmospheric conditions. The ments were compression moulded. A Schwabenthan
incident neutrons interact with the nucleus in the core of the Polystat 400S compression moulding apparatus was used
atoms via nuclear forces, detecting variations in scattering and the mouldings were performed at i60and 6 MPa
length density as a function of depth into the specimen. The pressure for 20 min and thereafter post-cured at@7or
method is non-destructive [12]. The technique provides sub- more than 3 h.

nanometre resolution with penetration depths of hundreds of

nanometres. Typical applications of neutron reflectivity are 2-2. Plasma treatment and ageing conditions after plasma
investigations of polymer interdiffusion processes across €xposure

interfaces [13—15]. Neutron reflectometry and X-ray photo-
electron spectroscopy (XPS) confirmed the formation of an
oxidised, SiQrich surface layer in the specimens exposed
to oxygen plasma. Information about the thickness and the

chemical composition of the oxidised surface layer is ) : .
resented. The surface topography was assessed usinfrom Shimadzu, Japan, with a volume of approximately
P : pograpny 95x 1072 m®. Treatments were performed at a pressure of

scanning electron microscopy and atomic force microscopy. 26.6 Pa of ultra-pure oxygen (Scotts Special Gases Inc.

The question about the origin of the hydrophobic recovery USA) and a gas flow rate of @7x10 6més L The

was addressed by studying oxygen—plasma—_treated SPeC equency was 13.56 MHz and the power was 40 W. The
mens aged in different atmospheres: dry air, argon and

LT . ..~ disc was rotated in order to achieve a uniform plasma expo-
vacuum. The similarity in the hydrophobic recovery kinetics . :
) . sure of the specimens. This treatment hereafter referred to as
of the specimens exposed to these different atmospheres .
. ; . radio-frequency (RF) oxygen plasma treatment.
supported the view that hydrophobic recovery is not due ;
L : Specimens analysed by contact angle measurements,
to contamination through adsorption from the atmosphere . ; X :
o . . XPS, atomic force microscopy and scanning electron micro-
but due to migration of PDMS or its oligomers to the scopy were exposed to oxvaen plasma in a V15-G micro
surface. This was also substantiated by XPS. Hydrophobic by b ygen p

wave frequency reactor from Plasma-Finish GmbH,
recovery as revealed by contact angle measurements and b¥3erman The treatments were performed at 27.0 Pa of
the Wilhelmy balance technique indicated that the seg- y: P :

mental mobility of the molecules in the surface layer ultra-pure oxygen (AGA, Sweden) and a gas flow &%

decreased on the exposure o oxvden plasma 10 " m*s™!. The frequency was 2.45 GHz and the power
P ygenp ' was 40 W. This method is referred to as microwave (MW)

oxygen plasma treatment.

A few specimens later analysed by scanning electron
microscopy were subjected to corona discharges in dry air
. . (pressure 100 kPa) using a set-up described by Hillborg and
2.1. Specimen preparation Gedde [11]. The applied 50 Hz AC voltage was 20 kV (peak
value) between the 87 mm (diameter) electrode with 31
needle electrodes and the ground plate. The distance
between the tips of the lowest needles and the electrode
ground plate was 40 mm. The integrated corona charge
transfer was 2.6 W.

The specimens were aged in dry air at room temperature

Specimens analysed by neutron reflectometry, Wilhelmy
balance, contact angle measurements, atomic force micro-
scopy and scanning electron microscopy were exposed to
oxygen plasma in a bell-jar reactor, type LCD-1200-400A

2. Experimental

A vinyldimethyl-terminated  polydimethylsiloxane
(M,, = 31400 g molt; M,/M, =194, determined by
size exclusion chromatography using PDMS standards for
calibration. The solvent used was CHGkas crosslinked in
a hydrosilylation reaction, using a (30—35%) methylhydro-

—709 i i _
(65-70%) 1 dlmethylgloxane c_opolymer_ My . after exposure to oxygen plasma or corona discharges for
2100 g mol ) as crosslinker. The ratio of hydride to vinyl different periods of time before performing the various

groups was 2:1. A platinum divinyltetramethyl disiloxane .
. surface analyses. Some specimens were also aged under
complex was used as a catalyst at a concentration of 6 ppm.

The chemicals were purchased from United Chemical ;/Li(;uum or in argon (extra pure quality) at room tempera-

Technologies Inc., USA, and were used as received. The '

reactants were diluted in heptane (Merck99% purity) 2.3. Neutron reflectometry

to a 5wt.% solution. The solution was filtered through a

filter with a pore size of 0.4pm and spin-coated onto The neutron scattering experiments on spin-coated speci-

silicon wafers at 3000 rpm where it was allowed to spin  mens were performed at the Missouri University Research

dry over a period of 30 s. The silicon wafers were cleaned Reactor (MURR), University of Missouri-Columbia, USA.

with ethanol and acetone before spin coating. The This instrument featured a monochromatic begn=

specimens were subsequently cured in a dust-free hood ab.235 nm used in an angle-dispersive configuration with a

130°C for 4 h. The thickness of the films was in the order of single *He detector [16]. Data collection required a total

200 30 nm according to ellipsometry. time of 4 h, which included a quasi-specular scan that was
Additional films with a thickness of 1 mm based on the later subtracted from the raw specular data as a background

same compound, for use in the Wilhelmy balance measure-correction. The reflected intensity data, normalised to unit
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incident intensity were measured as a function of the change incident beam

in neutron momentum transfer normal to the surfé@e= .

(4w/A)sin 0, where A is the wavelength of the incident 9>\/ / arr
interface 1

neutron beam and is the incident angle). The coherent
scattering lengthlg,,) was calculated using the repeating
unit of the polymer according to:

Brmon = Z Xibj Y

interface 2

N

wherex; is the number of atoms of elemenandb; are the

coherent scattering lengths of the individual atoms of Fig. 1. Schematic figure of a spin-coated PDMS film onto a silicon wafer
the repeating unit. The coherent scattering Iength VaMeSaft_er plasma exposure shov_ving oxidised and unoxidised layers. The angle
of the different elements considered were 6.6460 fm of incidence ¢) of neutrons is shown.

(carbon), 4.1491 fm (silicon), 5.803 fm (oxygen) and

—3.7390 fm (hydrogen) [17]. The coherent scattering length 2.5. Wilhelmy balance

of PDMS (ppug) Was calculated according to: ]
The dynamic contact angle was measured by a fully

bepms = 2bc + bsj + bo + 6by 2 computer-controlled, automated tensiometer Sigma 70
(KSV Instruments, Finland). The measured forEg dcting

on a thin plate partially immersed in a liquid can be repre-
sented by the force balance equation [21]:

wherebc, bg;, by andby are the coherent scattering lengths
of carbon, silicon, oxygen and hydrogen, respectively.
Application of Eq. (2) to the scattering length data for the
appropriate elements yields a value fppys of 0.810 fm. F = pgtHd + Ly, cos¢ (5)
The atoms in the crosslinks were neglected in this calcu- ) ) o o
lation. The specimen structures are expressed by theWherep is the density of the liquidg is the gravitational
scattering length densityib) at the critical angle for total ~ 2ccelerationtis the thickness of the plate (1.0 mrhjjs the

external reflection@,) of the layers comprising the films ~ Width of the plate (3.5-3.7 mmglis the immersion deptf,
and is expressed as [18]: is the perimeter of the plate, i.e(t2+ H), v, is the liquid

surface tension ang is the dynamic contact angle at the

Q? three-phase line (the liquid—vapour interface at the surface
nb= 161 &) of the moving specimen). The first term is the buoyancy
wheren is the number density of repeating units, which is forcg and th_e sgcond t_erm 'S the force that originates from
given by: ' the interfacial interaction. The balance was set to zero

' before or after measurement, so that the measured force
h— PNa @ (F) did not include the gravitational forceng The surface
M tension of water was measured to be 73 mN‘ioy the Du

Nouy ring method [22]. Distilled and deionised water was
poured into a beaker and placed inside a closed test chamber

10?3 mol™t) andM is the molar mass of the repeating unit. : ; o ,
, . . : together with the specimen, to minimise pollution from the
The profile of the scattering length density as a function of _. : . .
air. The speed of immersion and withdrawal was

layer depth £) was varied to fit the experimental data using Y
S . . . - 5mm min .
an asymmetric interfacial width error function. The prin- ' . o
ciples of neutron reflectivity and the analysis can be found In the first cycle the specimen was first |_mmersed to a
depth of 10 mm (A-B-C in Fig. 2), and withdrawn to a

elsewhere [12,18,19]. X
Fig. 1 shows a schematic figure of a spin-coated specimendePth of 5mm (C-D-E). In cycle 2, the specimen was

after exposure to oxygen plasma and the spatial parameters
that characterise the layer structures.

wherep is the density, )\ is the Avogadro numbei6.02 x

2.4. Contact angle measurements

Dynamic contact angle measurements were performed on
spin-coated specimens using a Raret goniometer using
the sessile drop technique [20]. Deionized water
(18.4 MQ) cm) was used. Each data point given is based
on 10 contact angle measurements at five different positions
on the specimen. Advancing and receding contact angles
were measured with the needle remaining in the water ig. 2. The measured forc€)in the Wilhelmy balance as a function of
droplet. immersion depth in water recorded for an unexposed specimen.

Force (mN/m)

0 5 10 15
Depth (mm)
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degassed in vacuum. The XPS spectra were obtained using

0 et e an AXIS-HS spectrometer from Kratos Analytical. The
¢ - monochromatic Al K radiation used was operated at
_§° %0 15kV and 300 W. The pressure in the sample chamber
< - was between %107 and 1x107°Pa Survey spectra
gf’ 0 r were recorded at an 80 eV pass energy and the high reso-
- i lution spectra of the Si 2p peak at 20 eV pass energy. The
<§ 50 I spectra were referenced to the Ols-line (binding
S i energy= 532.0 eV). A low-energy electron flood gun was

80 used to neutralise sample charging.

10 Lol L Lol n ol L Loy

10° 10t 102 10° 2.7. Atomic force microscopy and scanning electron

Time of recovery (h) microscopy

Fig. 3. Contact angle as a function of the ageing time at room temperature of 1 h€ surface structure of spin-coated specimens (unex-
specimen exposed to 80 s of MW oxygen plasma followed by ageing in posed and after exposure to oxygen plasma and corona
different atmospheres: advancing angle, dry @), feceding angle, dryair  discharges) were studied in an atomic force microscope
(®); advancing angle, argorlj; receding angle, argoriy; advancing utilising the tapping mode (Nanoscope IIIA Multimode
angle, vacuum 4); receding angle, vacuumij. The error bars indicate Atomic E Mi d a Jeol JSM-5400 .
a 90% confidence interval. Initial contact angles: advancing (- --) and omic or.ce |croscope) .an a Jeo . ~ scannlng
receding (= — —). electron microscope. Specimens examined in the scanning
electron microscope were coated with Au/Pd (60:40) before

examination, using a Desk Il from Denton Vacuum,
immersed further to a depth of 15 mm (E-B-F) and with- gperated at 45 mA for 30 s.

drawn to 5 mm (F-G-E). In cycle 3, the same pattern of
immersion and withdrawal as cycle 2 was repeated (E-B—
F-G—-E). Measurements were performed on 1 mm thick 3. Results and discussion
specimens, immediately, 24, 144 and 288 h after the oxygen
plasma exposure. Each individual specimen was used for3.1. Influence of ageing atmosphere
one measurement only.
Fig. 3 shows the advancing and receding contact angles as
2.6. X-ray photoelectron spectroscopy functions of ageing time of specimens exposed to 80 s of

) ) MW oxygen plasma followed by ageing in different atmos-
Spin-coated specimens were analysed by XPS before andyqreq: dry air, argon and vacuum. The hydrophobicity

after oxygen plasma exposure. Plasma-treated spin-coate(lecoyery rates as revealed by the contact angles were
specimens were also analysed after ageing in dry air at rooMgggentially identical within error, for ageing in all three

temperature. Before the XPS analyses the specimens Wermospheres. The recovery of hydrophobicity of the speci-

men aged in vacuum as assessed by the advancing contact
110 - angle was, however, slightly faster during the first 200 h.
The initial advancing (105 and receding (10Z) are
shown as dotted lines in Fig. 3. Complete hydrophobic
recovery was not achieved during the time period of the
experiment.

The similarity in hydrophobic recovery of the specimens
aged in different surroundings (dry air, argon and vacuum)
strongly suggests that the hydrophobicity recovery was not
due to contamination through adsorption from the surroun-
ding atmosphere. This is in accordance with data of Owen et
al. [23] who excluded atmosphere contamination as a
possible explanation for hydrophobic recovery after

Time of recovery (h) performing studies of hydrophobic recovery of PDMS in a
clean room environment after exposure to corona
Fig. 4. Receding contact angle for specimen exposed to oxygen plasma fordischarges. The reason for the slightly more rapid increase
different periods of time as a function of ageing time in dry air at room in the advancing contact angle for the specimen aged in
temperature after the plasma treatment: 30 s of RF pla@ja0 s of RF . C e L -
plasma M); 180 s of RF plasma&); 30 s of MW plasmaq); 80 s of MW vacuum remains unknown but this finding is inconsistent

plasma (J); 180 s of MW plasma ). The error bars indicate a 90%  With the idea of hydrophobic recovery by adsorption from
confidence interval. the atmosphere.

90

70

50

30

Receding contact angle (degrees)

10
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10 nm

18k V

(a) (b)

10 nm

18kV X200 i9eprm OPOOOO

(c) (d)

16kV X350 SOrm 0OBD29

(e)

Fig. 5. Scanning electron micrographs and atomic force micrographs of plasma treated specimen: (a) 180 s of MW oxygen plasma (AFM); (b) 180 s of MW
oxygen plasma (SEM); (c) 180 s of RF oxygen plasma (AFM); (d) 180 s of RF oxygen plasma (SEM); (e) Corona discharge for 3 h (SEM).
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Fig. 6. Neutron reflectivity as a function of the scattering ve¢@e= (4w/A) sin ). The inset figures show the profile of scattering length density s a

function of the layer depttg). The continuous lines displayed in figures a—f, show the best fits to the experimental data: (a) unexposed specimen; (b) specimen
aged for 144 h after 80 s of RF oxygen plasma,; (c) specimen aged for 288 h after 80 s of RF oxygen plasma; (d) specimen directly after 180 s of RF oxyger
plasma; (e) specimen aged for 144 h after 180 s of RF oxygen plasma; (f) specimen aged for 288 h after 180 s of RF oxygen plasma; (g) specimen directly afte
180 s RF oxygen plasma; the continuous line was calculated assuming a uniformly oxidised PDMS layer; (h) specimen directly after 180 s of RF oxygen
plasma; the continuous lines were calculated using the following thickness values for the oxidised layer: 110 nm (- - -) and 160 nm (—).

3.2. Hydrophobicity recovery of specimens exposed to plasma. Specimens subjected to the RF plasma initially
different oxygen plasma treatments showed a very low receding contact angle, essentially inde-
pendent of the plasma exposure time (30-180s), and a

Fig. 4 shows the receding contact angle as a function of subsequent, relatively rapid, recovery of hydrophobicity.
the recovery time after exposure to RF and MW oxygen The hydrophobic recovery was faster for specimens exposed
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Fig. 6. (continued

to a higher RF plasma dose (plasma treatment time). Theextended corona treatment, the recovery time was shortened
time to reach almost full original hydrophobicity~@5’ even further to 8-9 h [11].
receding contact angle) decreased from approximately The specimens exposed to the MW oxygen plasma
10 000 h (30 s plasma exposure) to 1000 h (180 s plasmashowed a decrease in receding contact angle with increasing
exposure). The hydrophobic recovery kinetics of specimens plasma dose immediately after the plasma exposure (Fig. 4).
exposed to corona discharges were reported in an earlierThe hydrophobic recovery rate decreased with increasing
paper [11] and the data showed basically a similar trend plasma exposure time and particularly the specimen
as for the specimens exposed to the RF oxygen plasmaexposed to the longest plasma exposure time (180 s) showed
The recovery time was-1000 h after short-term exposure a very slow hydrophobic recovery.
to the corona discharges (0.3 and 1 h), whereas a specimen Fig. 5 presents AFM and SEM micrographs of specimens
exposed to corona during 200 h showed full recovery after exposed to RF and MW oxygen plasma and corona
only 200 h [11]. By bending of specimens exposed to an discharges. The specimens exposed to 180 s of oxygen
plasma (both RF and MW plasmas) were very smooth,
with a roughness of less than 10 nm and without signs of
surface cracks (Fig. 5a—d). The unexposed specimens
showed a similar surface texture according to SEM (The
unexposed specimens could not be analysed by AFM due
to interference between the soft surface and the tip of the
cantilever). It can be concluded that the oxygen plasma
treatments caused no detectable change in the surface
roughness. The specimens exposed to extensive corona
soyds y ) - discharges (3 h exposure) showed a very smooth surface
105 100 105 100 with occasional surface cracks (Fig. 5e). It should be
eV eV . . .

noted that these specimen were subjected to minor defor-
mations by the preparation procedure prior to the SEM
studies.

It is shown in Sections 3.3-3.6 that a thin, oxidised
surface layer is formed on the specimens exposed to oxygen
plasma. XPS data (Fig. 7) showed that a significant propor-
tion of the oxidised layer contained silicon bonded to 3 or 4
oxygen atoms (Sig). The degree of conversion of organic
to inorganic silicon (Si¢) increased with increasing MW

2 o plasma dose (Fig. 7 and Table 3). A similar result was
105 v 100 105 v reported for samples exposed to corona discharges [11]. It
may be assumed that samples exposed to RF plasma also
Fig. 7. Curve resolution of the Si 2p peak of spin-coated specimen exposedw0u|d develop an oxidised surface layer with a gradually
to MW oxygen plasma for: (a) 0 s; (b) 30 s; (c) 80 s; (d) 180 s. The plasma- . . . L .
exposed specimens had been aged in dry air & 23 260 h. The Si 2p mcrea_smg proporthn of Si{with increasing Plasma €xpo-
peak was resolved into three peaks located at 102.1, 102.8 and 103.4 evSUre time. The available free volume for diffusion of low
respectively. molar mass species, tentatively the suggested mechanism

(b)

©

- o
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for the hydrophobic recovery, is greatly reduced in the proportion of SiQ in the oxidised layer increases with
denser, oxidised top layer. A continuous Si@yer would increasing exposure time and hence the available free
reduce the migration rate of low molar mass PDMS from the volume for diffusion of mobile (low molar mass) species
bulk to the surface and hence reduce the hydrophobicity decreases gradually. Cracking of the oxidised layer may
recovery rate. The specimens exposed to the MW oxygenoccur spontaneously provided that the conversion of the
plasma thus behave in accordance with this scheme. Theorganic material to SiQis sufficiently. The plasma also
decrease in the hydrophobic recovery rate with increasing causes degradation of the polymer network. The amount
MW plasma dose is thus due to gradual densification of the of mobile, low molar mass species increases with plasma
oxidised layer. exposure time and the molar mass of the mobile species
The fast hydrophobic recovery of the specimens exposeddecreases with increasing exposure time. The access to a
to extended corona can be explained by the finding of Fritz large amount of very mobile cyclic molecules in specimens
and Owen [24] that heavily oxidised layers show cracks. subjected to prolonged exposure to plasma promotes fast
Indeed, SEM revealed similar cracks on the specimen recovery of hydrophobicity. The results indicate that the
exposed to extensive corona (Fig. 5e). The formation of a balance between the two counteracting processes—the
surface layer rich in SiQinvolves a significant reduction in ~ formation of a dense Sigich layer and the formation of
specific volume. This volume change leads to a build-up of very mobile, cyclic species—is sensitive to the type of
tensile stresses in the film plane and the formation of surface plasma used.
cracks. Fritz and Owen [24] reported the dose of oxygen
plasma required to produce cracking to 25 W during 10 min 3 3 Neutron reflectometry: chemical composition of
at an oxygen pressure of 70 Pa. The surface cracks permityyigised surface layer
fast hydrophobic recovery by rapid pore diffusion of low
molar mass species and the increase in hydrophobic Fig. 6a shows the neutron reflectivitiR)(as a function of
recovery rate with increasing corona dose can be fully neutron momentum transfer normal to the surfa@g for
explained by this scheme. unexposed spin-coated PDMS, where only the silicon wafer
The specimens exposed to the RF plasma showed anwas detected. The scattering length dengity) for unoxi-
increase in the hydrophobic recovery rate with increasing dised PDMS was calculated to beD8x 10~ nm 2. The
plasma exposure time (Fig. 4). This finding would suggest silicon substrate had @b value of 211x 10~ nm 2. The
that the oxidised surface layer was cracked. However, noinset figure depicts the profile of the scattering length
surface cracks were detected by AFM and SEM in these density as a function of deptlz)( The inset figure shows a
specimens (Fig. 5). Another important aspect, not studied very tiny step innb atz= 0. PDMS was thus almost indis-
here but in a parallel work [25], concerns the nature of the tinguishable from air. The smooth character of the fog
migrating species. The important question is whether the curve indicates that the spin-coated PDMS layer was of
mobile species are the same, independent of plasmauniform composition along the layer dept) ¢lirection.
(corona) dose or if there is a systematic change in their The samples exposed to RF oxygen plasma showed small
structure with plasma (corona) dose. GPC and GC/MS but distinct oscillations in the reflectivity as a function@f
showed that the extractable species of samples exposed t¢Fig. 6b—f). The oscillations characterised a discrete layer
corona consisted of two greatly different fractions: high with a different scattering length density (i.e. a different
molar masgM = 40 006-100 000 g mol*) and low molar chemical composition) than of unoxidised PDMS, that
mass, mainly cycli¢cM =~ 300-600 g mol) products [25]. appeared in the samples after plasma treatment. The spacing
It was interesting to find that the proportion of the low molar (AQ) between successive peaks in the ripple can be used to
mass cyclic species increased with increasing exposure timeestimate the thicknesl)( of this layer:d = 2n/AQ. The
[25]. The lowering of the molar mass of the mobile species thickness of the layer was of the order of 130—160 nm
with increasing exposure time would lead to faster recovery and it can thus be concluded that the ripple is due to inter-
of the hydrophobicity if it is assumed that the phase in which ference between air/oxidised PDMS and oxidised PDMS/
the small molecules diffuse is invariant or only changed silicone interfaces. The continuous lines shown in Fig. 6b—f
moderately. The diffusivity @) of unentangled PDMS in  represent the fitted reflectivity calculated using an asym-
crosslinked PDMS scales with molar madd) (of the metric error function for the scattering length density profile
diffusing species according td o< M™%® [26]. This at the interfaces. There are two possible interpretations: (a)
equation implies a difference in diffusivity between the the PDMS layer could have been uniformly “transformed”
low and high molar mass species by two orders of over its full thickness. Fig. 6g shows that the calculated
magnitude in an unoxidised PDMS network. The difference logR-Q curve based on this assumptiorinb=
may even be larger in a more constrained ,SiCh 1.33x 10 *nm™?) very clearly deviates from the experi-
phase. mental data for the specimen immediately after plasma
The obtained results may be rationalised as follows: exposure (180 s). (b) Alternatively, the sample could consist
Exposure to plasma causes the formation of an oxidisedof an oxidised top layer with a rough interface with unoxi-
surface layer containing dense $ich material. The dised PDMS in contact with the silicon wafer. Fig. 6h shows
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Table 1

Fitted parameters from the neutron reflectometry measurements

Plasma exposure time (s)/ Layer nb Thicknes$ Roughness of

ageing time (h) (nm™3 (nm) interfacé (nm)

80/144 Oxidised P1x1074 157+ 2 10+ 2°
Unoxidised 006x 1074 90+ 3 46+ 2°

80/288 Oxidised P7x104 158+ 3 10+ 2°
Unoxidised 6% 1074 92+3 38x2°

180/0 Oxidised B3x 1074 126+ 3 14+ 2P
Unoxidised 6% 1074 80x3 36+ 2°

180/144 Oxidised B3x 1074 131+ 3 14+ 2P
Unoxidised 6% 1074 85+ 3 46+ 2°

180/288 Oxidised 21x10* 127+ 3 18+ 2°
Unoxidised 06x 1074 82+ 2 64+ 2°

& Optimum value+ accuracy.
P Roughness of interface between air and oxidised layer.
¢ Roughness of interface between oxidised and unoxidised layers.

the logR—-Q data for a specimen immediately after plasma increased with increasing ageing time after the plasma treat-
exposure (180 s) together with data obtained by using non-ment, from 133x 10 % nm 2 immediately after and 144 h
optimum parameter values for the thickness of the oxidised after the oxygen-plasma exposure talPx 10 % nm ™2
layer; 110 and 160 nm compared to the optimum 126 nm after 288 h. The latter value is high compared to the afore-
(Fig. 6d). The separation between the peaks remained essermmentioned values. This result could, however, be consistent
tially the same as in the case of using optimum thickness andwith additional reactions, such as condensation of silanol
roughness parameter values but the peaks were shifted alongroups forming Si—O-Si bridges [27]. The constancy of
the Q axis giving rise to an overall poor fit. The neutron the critical angle on storage after oxygen-plasma treatment
reflectometry data for specimens treated with RF oxygen indicated that the transport of low molar PDMS did not
plasma is summarised in Table 1. The roughness valueschange the composition of the oxidised layer. It is important
presented in Table 1 correspond to the minimum valuesto emphasise that possible transport of low molar mass
required to erase all evidence of an interface betweenPDMS to the surface, forming a liquid PDMS top layer on
oxidised and unoxidised PDMS from the calculated reflec- the oxidised layer cannot be detected by neutron reflecto-
tivity. The actual width of this interlayer may well be larger. metry, due to the low scattering length density of PDMS.
The uncertainties listed in Table 1 for the fitted parameters By calculating scattering length densities for different
(layer thickness and interface roughness) were obtained bychemical compositions of the repeating unit, replacing the
manually varying the parameters until the fit began to methyl groups by oxygen-containing species, the average
deviate significantly. A total thickness of the spin-coated composition of the formed species was assessed. The
layer of 200 nm was used as a fixed start parameter. Thechemical structures and their scattering length densities
sensitivity of the final fits to the total thickness was in the are shown in Table 2. The scattering length densities of
order of 30 nm. unoxidised PDMS and SiOwere calculated using the

After RF oxygen plasma exposure for 80 s, the scattering following densities: 967 kg it (PDMS) and 2660 kg fr
length density of the oxidised top layer remained essentially (SiG,) [28]. The fb) values of three other oxidised PDMS
constant at 21x 10 #and 127 x 10" * nm™ 2 after 144 and structures shown in Table 2 are based on density values
288 h of ageing in air, respectively. After plasma treatment calculated by the group contribution method proposed by
for 180 s, the scattering length density for the treated layer

Table 3
Table 2 Elemental composition (at.%) by XPS of specimens exposed to MW
Calculated scattering length densities for different repeating units oxygen plasma
Structure of repeating unit Scattering lengih(nm2) Plasma exposure time (s)/ Si C (0]

ageing time (h)
—Si(CHy);,0- 006x 1074
—Si(CHOH),0- 095x 1074 0/- 23.0 52.6 24.4
—Si(CH;,0)0— 115x 1074 30/260 21.2 45.0 29.8
—Si(OHYO- 185x 104 80/260 21.7 46.9 31.4

-Si0— 380x10°* 180/260 24.7 32.9 42.4
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van Krevelen [29]. The calculated van der Waals densities difference in oxidised layer thickness between specimens
(molar mass/van der Waals molar volume) for PDMS and exposed to 80 and 180 s (Table 1).
SiO, were larger than the experimental densities. The It is generally accepted that during exposure to an RF
difference between the two densities was believed to be oxygen plasma, reactions at the immediate surface are due
due to free volume and it was assumed that the fractional to recombination of both direct and radiative energy transfer
free volume changed with the specific van der Waals whereas the subsurface reactions are dominated by radiative
volume in a linear manner from 36% for unoxidised energy transfer by the ultraviolet (UV) component of the
PDMS to 3.2% for Si@ The calculated densities for plasma [9]. The characteristic depth of penetration of UV
—Si(CH,0H),—0-, -Si(CH,0)-O- and -Si(OH}0O- usually does not exceed a few hundred nanometres [31,32],
became 1380, 1400 and 1700 kg inrespectively. which is of the same order of magnitude as the calculated
The structures presented in Table 2 are based on reportedhickness of the oxidised layer (Table 1). The change in
data of the chemical changes in PDMS exposed to oxygenchemical composition (revealed by neutron reflectometry
plasma from the literature: formation of silanol groups and and XPS) due to oxidation caused a densification of the
reactions leading to the formation of crosslinks surface material. The appearance of surface cracks in
[10,23,27,30]. It may be assumed that the number of heavily oxidised samples further supports the idea of a
repeating units of the oxidised layer remained unchanged.volume decrease of the surface material (Fig. 5). The
Replacement of all methyl groups by hydroxyl groups yields decrease in the thickness of the oxidised layer may thus

a polymer with a scattering length density of83x well be an effect caused by a decrease in specific volume
10"% nm™2 (Table 2). A polymer with the hydroxyl groups  of the oxidised material.
bonded to the carbon atoms showsnd)(value close to Owen and Smith [10] suggested, based on data obtained

0.95x 10 “nm 2. These calculated values are in the by XPS, that the thickness of the silica-like layer of plasma-
same range as the experimentally obtained values.treated PDMS was typically 10 nm, which is an order of
Complete removal of all carbon and hydrogen atoms yields magnitude smaller than the values reported here from
a polymer consisting only of silicon and oxygen with a neutron reflectometry. The magnitude difference in the

scattering length density of .8x 10 % nm 2, which is measured thickness of silica-like layer may be due to
higher than the obtained experimental valueg141.33 x differences in the plasma exposures used, and/or due to
10 % nm™2. If it is assumed that all the plasma-conversion that the different analytical methods used, assess the
products are Si¢) the measurednp) implies ~30% con- oxidised layer differently.

version of PDMS to Si@ XPS data assessing the structure
of the top 10 nm presented in Section 3.6 suggested a3.5. Neutron reflectometry: interfaces and interfacial
mixture of species: —Si(CHh—O— (59%), —Si(O,Ch—  roughness

O- (23%), and Si®(18%). The percentage values given
between brackets are molar contents for a specimen first
exposed to 180s of oxygen plasma and then aged for
260 h in dry air. The calculatedhf) value for this mixture

of species using the values displayed in Table 2 amounted to
1.0-1.2x 10 nm2, which is in the same range as the
experimental data obtaingd.21-1.33x 10 nm™2)) It is
obvious that the surface is “contaminated” by diffusing low

The absence of any reflectivity fringes other than those of
the 200 nm total film thickness allowed only an estimation
of the minimum interfacial roughness between oxidised and
unoxidised PDMS layers. The roughness data shown in
Table 1 refer to the two interfaces: i.e. the interface between
air and the oxidised layer+nterface lor to the interface
between the oxidised and unoxidised layeiisterface 2
molar mass PDMS species and the virgin oxidised layer (Fig. 1). The roughness of interface 1 remained relatively

unchanged after treatment for 80 and 180 s, between 10—

should contain more SiOIn a previous repor't [11], the 18 nm, and a prolonged storage after the plasma treatment
structure of specimens exposed to corona discharges Wa$ d no effect on the roughness. AFM data presented in

assessed by XPS after removal of the extractable SpeCiesanother art of this paper confirmed the invariant surface
The calculated nb) value using these data is632.0 X b pap

10-* nm™2, which is 20-50% higher than the experimental roughness. The roughness of interface 2 also remained rela-
data. It may thus be that the oxidised layer as it is revealed tively unchanged with increasing storage time for the

by neutron reflectometry is not of uniform composition samples exposed to 80s of RF oxygen plasma. For the
y y P ' sample exposed to RF oxygen-plasma for 180 s, the inter-

) o facial roughness increased from 36 to 64 nm during 288 h of
layer could be an indication of migration of low molar mass

The thickness of the chemically modified layer decreased PDMS from the unoxidised layer towards the oxidised layer.

with increasing oxygen-plasma exposure time, from 157—- 3 g X-ray photoelectron spectroscopy

158 nm after 80 s exposure to 126-131 nm after 180 s

exposure (Table 1). The accuracy in these fitted parameters Data for the elemental composition of the 8—10 nm top
is almost an order of magnitude higher than the obtained layer obtained by XPS of the spin-coated specimens are
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Table 4 fitting the model to the experimental data. The full width
Results of curve resolution of the Si 2p peak of specimens exposed to MW 5t half maximum (FWHM) was kept below 1.5eV.
oxygen plasma Essentially only the amplitudes of the different peaks varied
Exposure time (s)/ —=Si(CH),—O— —Si(CH;,0)-O— SiO, with plasma exposure time. Particularly, the Si€@ntent
ageing time (h)  (102.1eV) (%) (102.8eV) (%) (103.4eV) (%) increased with increasing plasma exposure time (Table 4).
The elemental compositions calculated from the proportions
30/260 79 17 4 he diff X btained f h uti £ Si
80/260 68 o1 11 of the different species as o tame_ rom the resolution of Si
180/260 59 23 18 2p peaks were in accordance with the elemental compo-
sitions as obtained from the survey spectra. Again, it should
be noted that the spectra displayed in Fig. 7 are from

presented in Table 3. It should be noted that the XPS dataspecimens that had been aged in dry air for 260 h. Migration
were taken after 260 h of ageing in dry air and the plasma- Of low molar mass PDMS, which was confirmed by the
exposed specimens had recovered a significant part of theichange in elemental composition with ageing time (Table
original hydrophobicity (see Fig. 4). The unexposed 5), caused a progressive reduction in the relative amount of
specimen showed an atomic composition (23.0% Si, SiO. Specimens prepared by solvent extraction following
52.6% C and 24.4% O) similar to the theoretical atomic corona treatment showed considerably higher,$titents
composition of PDMS: 25% Si, 50% C and 25% O. Expo- [11].
sure to the MW oxygen p|asma increased the oxygen Table 5 shows the elemental composition of a series of
content from the original 24.4 to 42.4% after 180 s of Specimens, all exposed to the same MW oxygen plasma
plasma treatment, whereas the carbon content decreasefose and then aged for different times in dry air at room
from the original 52.6 to 32.9 at.% after 180 s of plasma temperature. The decrease in oxygen content and increase in
treatment. The silicon content remained essentially carbon content with increasing ageing time suggests that
constant. These results are in accordance with earlier datanigration of PDMS, supposedly of low molar mass,
for PDMS exposed to oxygen plasma [3,10]. Specimens occurred. Thus, the oxidised top layer was gradually coated
exposed to corona discharges followed by solvent extraction With a thin liquid film of low molar mass PDMS.
showed significantly higher oxygen contents, maximum
~56 at.%, and also much lower carbon contents, minimum 3 7 e \ilhelmy balance: hydrophobicity and surface
~14 at.% [11]. The extractable species present in the MW mobility
plasma-exposed specimens reported here evidently
migrated to the surface and lowered the oxygen content The force—immersion depth recording for unexposed
and increased the carbon content. PDMS is shown in Fig. 2. An important feature of the
Fig. 7 shows the high-resolution spectra of the Si 2p peak behaviour of this specimen is the absence of a step in the
for unexposed and MW oxygen-plasma-exposed PDMS. hysteresis loop when the wetting line is moved from a
Unexposed PDMS displayed only one peak at 102.1eV.
The MW oxygen-plasma-treated samples showed a 2 40 b) 40
broadening of the Si 2p peak and a shift towards higher _
binding energies indicating a change in the chemical state§
of the silicon atoms. E a0t
The complex Si 2p peaks of the plasma-treated samplesg
were resolved into three components in accordance with
Alexander et al. [33]: Si bound to two oxygens at -120 . : " - -120
102.1 eV, Si bound to three oxygens at 102.8 eV and Si
bound to four oxygens (SKp at 103.4eV. The peak
positions were kept at 102.1, 102.8 and 103.4 eV with an
accuracy oft0.1 eV and both the width parameters and the ¢ 4 4 40

0 r 0}

40 |

F/L [mN/m]

-80 -80

o

5 10 15
Depth [mm] Depth [mm]

amplitudes of the three gaussian peaks were adjusted in ,

g ° E
Table 5 E 40 b E 40 +
Elemental composition (at.%) by XPS of specimens exposed to MW g E‘
oxygen plasma for 80 s and after different times of storage in dry air at = 80} 80 r
room temperature

-120 " L -120
0 5 10 15 0 5 10 15
Ageing time (h Si C O
geing M Depth [mm] Depth [mm]

3 20.3 35.2 44.4 . . . .
93 21.2 43.3 355 Fig. 8. The measured force as a function of immersion depth recorded for
260 21.7 46.9 31.4 specimens exposed to RF oxygen plasma for 30 s after different ageing

times at 25C in air: (a) 0.8 h.; (b) 24 h; (c) 144 h; (d) 288 h.
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The effects of RF oxygen-plasma exposure on the surface

L)
o
g

o dynamics during 30, 80 and 180 s of exposure are shown in
g £ o Figs. 8-10. The hysteresis loop amplitudes, of the
E E w0l specimens recorded directly after oxygen-plasma exposure,
g g decreased with increasing exposure time. The same
0 phenomenon has been reported by the sessile drop technique
-120 - -120 . : [11] for silicone rubbers exposed to corona discharges in dry
0 s 10 1 0 3 10 15 air. The formation of a silica-like, more rigid structure
Depth (mm) Depth (mm) induced by the oxygen plasma is expected to decrease the
segmental mobility of the surface material and hence the
o 9 hysteresis amplitude.
40 | 40 ¢ The specimen exposed to RF oxygen plasma for 30 and
E o E o 80 s showed a decrease in step size and an increase in the
4 » Z » hysteresis amplitude after storage in dry air. The migration
a | a | of low molar mass PDMS to the surface, confirmed by the
= 0t = s0p XPS data, covered the oxidised layer and caused a
120 . . 120 . . pronounced increase in the segmental mobility of the
0 5 10 15 0 5 10 15 surface material. The specimen exposed to plasma for
Depth (mm) Depth (mm) 180 s exhibited a smaller initial step and initially a very

_ _ _ _ low hysteresis. This is probably due to the more extensive
Fig. 9 The measured force as a function of immersion depth recorded for surface oxidation, compared to the specimen exposed for
specimens exposed to RF oxygen plasma for 80 s after different ageing . .
times at 25C in air: (a) 0.25 h; (b) 24 h; (c) 144 h: (d) 288 h. shorter times. For all the plasma-treated specimen, the

loops moved towards lower values with increasing time,
due to the hydrophobic recovery.
pre-wetted area to a dry one on the specimen. A large step It was found that the specimens became more hydro-
indicates large differences between high and low surface phobic after the first immersion in water, i.e. during the
energy regions of the polymer surface [34] and the obtained second cycle. It is suggested on the basis of these results
data indicated that the differences in surface energy wereand on results from measurements using the Du Nouy ring
small on the unexposed polymer. The high hysteresis is method (the surface tension was reduced~by0% after
another characteristic of this specimen (Fig. 2). The water immersion of the samples) that oxidised low molar
amplitude of the loop, the hysteresis, is dependent on themass PDMS or impurities are transferred to the water phase.
short-range motions of segments close to the surface [35].The lowering of surface tension was also observed for
The large hysteresis thus demonstrated the high segmentalinexposed PDMS.
mobility of the siloxane backbone in unexposed PDMS.

4. Conclusions

a) b)
G “ 2 or Spin-coated films of silicone rubber were exposed to
% of % 0 oxygen plasma for different periods of time. Specular
E a neutron reflectivity and XPS showed that the RF
& 4o &0 oxygen-plasma treatment led to the formation of a smooth
80 ) 8 oxidised surface layer (thickness: 130—160 nm) containing
0 5 10 15 0 5 10 15 a significant fraction of silicon bonded to three or four
Depth (mm) Depth (mm) oxygen atoms (Si¢). The oxidised layer became thinner
) a) on prolonged plasma exposure, indicating a decrease in
4o f o specific volume due to a conversion of the organic polymer
E E structure to inorganic Si@rich structure. The formation of
E ° E ° a SiQ-containing layer with low segmental flexibility was
S 40 2 40 confirmed by the small hysteresis in the Wilhelmy balance
measurements. The similarity in the hydrophobic recovery

'8°0 5 1'0 s '800 : : kinetics, as assessed by contact angle measurements, of
5 10 15 . . .
oxygen plasma treated specimens aged in different atmos-
Depth (mm) Depth (mm) ;
pheres (dry air, argon and vacuum) and XPS results showed
Fig. 10. The measured force as a function of immersion depth recorded for that hydrophobic recovery was not due to contamination

specimens exposed to RF oxygen plasma for 180 s after different storagethrough adsorption from the atmosphere. Instead we
times at 25C in air: (a) 0.63 h; (b) 24 h; (c) 144 h; (d) 288 h. propose that the recovery is due to migration of low molar
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mass species to the surface. Scanning electron microscopyls] Sanchez IC. Physics of polymer surfaces and interfaces. London:

showed the presence of surface cracks in heavily oxidised

specimens.
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