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ABSTRACT: Cross-linked poly(dimethylsiloxane) (PDMS) was irradiated with a Xe,*-excimer lamp (172
nm) under ambient conditions. The irradiation in combination with the formed ozone results in an
oxidation of PDMS to SiO, at the polymer—air interface. The surface properties of the irradiated surfaces
were studied by means of contact angle measurements, infrared spectroscopy, and X-ray photoelectron
spectroscopy. The photochemical conversion of surface methylsilane groups to silanol groups is responsible
for the large increase in surface free energy. Subsequent degradation of the polymer and formation of
SiOx was monitored by infrared spectroscopy. As determined by X-ray photoelectron spectroscopy, the
binding energy shifts reach values corresponding to SiO,. The atomic ratio concentration O:Si changes
from about 1:1 (PDMS) to about 2:1 (SiO;). On the basis of the XPS and IR results, the photochemical
reaction pathway from PDMS to silicon oxide via surface silanol groups is discussed. The strict linearity
of the contact angle versus irradiation time and the clear dependence from irradiation intensity allows
the tuning of the chemical surface functionalities.

Introduction

Poly(dimethylsiloxane)s (PDMS) are widely used as
coatings in a variety of fields including biomedical
applications such as membrane technology, microlithog-
raphy, optics, and dielectrics.12 Cross-linked poly(silox-
ane)s possess unique mechanical, nearly ideal elastomer
and optical properties, low weight, high durability, high
gas permeability, and excellent water repellency.3# The
modification of the hydrophobic PDMS to hydrophilic
SiOy opens an additional wide range of applications, that
is, in microelectronics®7 and coating technology for
medical devices.8~10 Its scratch resistance, gas barrier
properties, and high thermal stability have encouraged
the synthesis of SiOy thin films from PDMS by different
routes. However, most of the described methods suffer
from specific preparation methods, restrictive atmo-
spheric conditions, high temperatures, and/or rather
long reaction times. Seyferth! reported on the pyrolytic
degradation of PDMS, which results in high-quality
silicon oxide films only at temperatures above 800 °C.
Koberstein and Mirley!? described a facile process for
the preparation of silicon oxide. They transformed
Langmuir—Blodgett films prepared from diacid-termi-
nated PDMS to ultrathin SiOy films by irradiation with
a low-pressure mercury-quartz lamp (185—254 nm) at
room temperature in air. A 14 A thick film of silicon
oxide with 10% residual hydrocarbon content was
obtained. Hillborg et al.® reported on the processing of
PDMS with radio frequency or microwave oxygen
plasma. The treatment was performed at a pressure of
3 mbar of ultrapure oxygen and led to the formation of
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a smooth (rms < 10 nm) oxidized surface layer with a
thickness of 130—160 nm. The resulting oxide layer
contained a mixture of the original polymer and silicon
bonded to three or four oxygen atoms (SiOy). As an
alternative, the pulsed laser deposition (PLD) technique
was employed to deposit SiO; thin films by ablation of
poly(dimethylsiloxane) with a 193 nm ArF excimer laser
at an oxygen gas pressure of 107! to 104 mbar.** In
terms of a future technological application, a surface
modification of the hydrophobic PDMS material to a
reactive and hydrophilic SiOx layer under ambient
conditions with short reaction times is desirable. For
this purpose, excimer lamps, which provide high-
intensity, high-efficiency, and narrow-band radiation,
may be appropriate. Recent applications of excimer
lamps include photodeposition of large area or patterned
thin metal films,1516 photoassisted low-temperature
oxidation of Si,” SiGe,'® and Ge,® UV curing,?° polymer
etching and microstructuring of polymer surfaces,?1:22
and recently even for the nitriding of polyolefin sur-
faces.?® Vacuum ultraviolet sources, such as cold
plasmas?4~26 and VUV resonance lamps,?”28 have also
been applied to study the transformation and degrada-
tion of organic polymers,?4~27 or to improve the micro-
wear resistance.?® The VUV irradiation of cold plasmas
has also been used to simulate certain conditions in
outer space to test the long-term stability of materials
under these conditions.??:30

Here, we report on an improved and straightforward
photochemical modification of PDMS surface with a
Xey*-excimer lamp at 172 nm irradiation. The photo-
chemical-modified PDMS surfaces were studied by
contact angle measurements, X-ray photoelectron spec-
troscopy (XPS), and attenuated total reflection (ATR)
Fourier transform infrared (FTIR) spectroscopy.
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Figure 1. Sketch of the water-cooled Xe,*-excimer lamp (A =
172 nm).

Experimental Section

Materials. Films of cross-linked PDMS, supplied by AGFA,
were used as received. They were prepared by bar coating of
a 12 wt % solution of vinyl-functionalized poly(dimethylsilox-
ane), poly(methylhydrosiloxane) as a cross-linker, and a
Karstedt platinum catalyst in isooctane on poly(ethylene
terephthalate) plates. After evaporation of the solvent, the
films were cured for 5 min at 100 °C, resulting in an average
film thickness of about 8 um.

UV Source. Exposure to vacuum ultraviolet (VUV) light
was performed with a water-cooled VUV excimer lamp of 3
cm in diameter and approximately 30 cm length (see Figure
1), mounted in a homemade irradiation chamber. The dis-
charge was initiated in an annular gap between two coaxial
guartz tubes containing xenon at 750 mbar emitting at a
wavelength of 172 nm (fwhm 20 + 7.5 nm). Tubes of Suprasil
1 quartz were chosen as dielectric barriers because of its
dielectric properties and its superior UV transmission.3!

The excimer VUV source was operated at frequencies of
225—280 kHz and a voltage amplitude of 10 kV. The fluence
was determined in air with a XUV detector (Gigahertz-Optik,
Germany) equipped with a far ultraviolet photodiode in
combination with a 172 nm standard band-pass filter
(fwhm 20 £ 7.5 nm, Acton Research). The PDMS surfaces
were irradiated at ambient conditions in air with intensities
of 10.4 and 16.6 mW/cm? at a distance of 5 mm to the UV
source.

Contact Angle Measurements. The wettability of the
VUV/ozone-treated samples was studied using a contact angle
goniometer G 2 from Kriss GmbH, Germany. Each given
contact angle value (Table 1 and Figure 2) is the average of
measurements from at least five different spots on the respec-
tive sample surface. We employed the sessile drop technique
(drop volume 4 uL) with bidistilled water and diiodomethane
(Fluka).

X-ray Photoelectron Spectroscopy (XPS). XPS analyses
of samples irradiated for different time periods were performed
on an ESCALAB 220i XL instrument (Thermo VG Scientific).
The photoelectron spectrometer was equipped with a mag-
nesium X-ray source (hv = 1253.6 eV). The source was
operated at 100 W to minimize beam damage of the sample.
Measured binding energies were referred to the C 1s signal
at 284.6 eV. The spectra were recorded in the constant
analyzer energy mode with analyzer pass energies of 50 eV
for the survey spectra and 20 eV for the high-resolution detail
spectra.

Infrared Spectroscopy. Attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectra were recorded
with a Perkin-Elmer 2000 FTIR spectrometer equipped with
a ATR accessory from Specac. The spectrometer was equipped
with a nitrogen-cooled MCT detector. Spectra (sum of 128
scans) were recorded in the range of 4000—650 cm~* with a
spectral resolution of 4 cm™1. A ZnSe crystal with 45° beam
incidence allowing six reflections at the interface was used.
The spectrum of a freshly cleaned crystal was used as the
background.
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Figure 2. (a) Static water contact angle on PDMS surfaces
versus irradiation time for two different intensities (® 10.4
mW/cm?; A 16.6 mW/cm?). The solid lines are calculated by
linear regression. (b) Static diiodomethane contact angle on
PDMS surfaces versus irradiation time for various intensities.
The solid lines are calculated by linear regression. The dotted
line represents the lower limit (40°) of the static diiodomethane
contact angle. The error of each given data point is within 4°.

Table 1. Contact Angle Data and Corresponding Surface
Free Energy (y) with Polar (ypo) and Disperse (ydisp)
Components (Owens—Wendt—Rabel—Kaelble Method)
and Corresponding Surface %OH (Cassie and
Israelachvili & Gee) of PDMS Surfaces Exposed to 172
nm Irradiation in Air (16.6 and 10.4 mW/cm?)

surface %0OH

c.a./deg V/ VpoI/ Vdisp/
t/min HO CHal, (mMN/m) (mN/m) (mN/m) 1&G Cassie
16.6 mW/cm?
0.0 1134 995 8.9 1.4 7.5 0.0 0.0
0.5 95.0 809 17.6 4.8 12.8 129 222

1.0 788 713 26.5 13.3 13.2 29.2 423
15 558 599 44.7 32.3 12.5 571 687
20 318 46.2 63.8 50.0 13.8 84.1 893
25 169 425 72.5 59.2 13.3 95.3 96.9
3.0 50 404 75.7 62.3 13.4 99.6 99.7
5.0 5.0 426 76.3 63.9 12.4 99.6 99.7
60.0 0.0 39.6 75.9 62.2 13.7 100 100

10.4 mW/cm?
0.0 1134 995 8.9 1.4 7.5 0.0 0.0
0.5 96.7 82.3 16.7 4.3 125 11.5 20.1
1.0 89.7 77.1 20.3 6.9 13.4 17.8 28.8

15 79.0 724 26.2 13.7 12.5 29.0 421
20 619 655 39.7 28.6 11.1 495 62.1
25 428 539 56.0 43.8 12.2 72.7  80.9
3.0 294 499 66.7 55.2 11.5 86.3 90.8
3.5 9.8 41.2 74.9 61.6 13.3 98.4 99.0
4.5 50 426 76.3 63.9 12.4 99.6 99.7

Results and Discussion

Contact Angle Measurements. The modification of
the PDMS surface by reactive irradiation with a Xe,*-
excimer lamp was studied by wetting experiments.
Figure 2 shows the static contact angles of the PDMS
substrates for deionized water (a) and diiodomethane
(b) as a function of irradiation time with irradiation
times from 10 to 300 s at fluences of 10.4 and 16.6 mW/
cm2,
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Figure 3. Surface free energies of PDMS surfaces versus
irradiation time for various intensities. For calculation, the
Owens—Wendt—Rabel—Kaelble method was applied to the
linear regression plots of the raw contact angle data (Figure
2) (® 10.4 mW/cm?; A 16.6 mW/cm?).

As is apparent from Figure 2, upon proceeding ir-
radiation, the contact angles undergo a strictly linear
decrease. The water contact angle of the native PDMS
surface is 110° (hydrophobic) and decreases to <5°
(spreading), whereas the diiodomethane contact angle
decreases from 90° to 40° within minutes of irradiation.
The decrease is even more rapid but still linear when
higher fluences were applied. At longer irradiation times
(e.g., 30 min), no further changes of the contact angles
could be detected.

The contact angle of a liquid on a surface is directly
correlated to the surface free energy. The surface free
energy is assumed to consist of two additive parts, a
polar component, which accounts for the dipole—dipole
and H-bonding interactions, and a dispersive compo-
nent, which accounts for London type (van der Waals)
forces. One approach of describing the wettability of
the heterogeneous surface is to analyze the dispersion
and polar components of the surface free energy with
the Owens—Wendt—Rabel—Kaelble32735 method. The
results of these calculations based on the contact angle
data are given in Figure 3. The contact angle values
with the calculated surface free energies are sum-
marized in Table 1.

We observed a significant increase in the surface free
energy in the form of an S-shaped curve. The increase
is even more rapid at higher fluences. Regarding the
particular components of the surface free energy, this
remarkable change can be ascribed to significant changes
in the polar interactions (Figure 4a). As outlined below,
these polar interactions are originating from surface
silanol groups generated by the VUV treatment in the
presence of O,.

The dispersion component of the surface free energy
does not change significantly (Figure 4b). This can be
expected because dispersion forces are very weak forces
of attraction between molecules and are proportional to
the number of electrons present in the molecule. Re-
garding the repeating unit of PDMS (—Si(CH3),0-), the
number of valence electrons (24 e~) does not change by
substitution of methyl groups by hydroxyl groups re-
sulting in —Si(CH3,0H)O— and —Si(OH),O—. Thus,
there is no significant effect detectable in the dispersive
component of the surface free energy. The initial
increase of about 60% is most probably due to the
removal of low molecular weight impurities from the
interface.36:37

Another interpretation of the wetting behavior of
heterogeneous surfaces is the implementation of the
phenomenological Cassie equation®®~42 and the Israel-
achvili & Gee equation.*® The Cassie equation (egs 1
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Figure 4. (a) Polar component of the surface free energy (y)
of PDMS surfaces versus irradiation time for various intensi-
ties. (b) Dispersive component of the surface free energy (y) of
PDMS surfaces versus irradiation time for various intensities.
For calculation, the Owens—Wendt—Rabel—Kaelble method
was applied to the linear regression plots of the raw contact
angle data (Figure 2) (® 10.4 mW/cm?; A 16.6 mW/cm?).

and 2) conceptually describes the averaging adhesion
energies between the liquid and the surface with respect
to fractional coverage of the two surface functionalities:

W="fWw, +f,w, (1)
cos 6 =f, cos 8, + f,cos 6, (2)

where W is the total adhesion energy, and W; and W,
are the adhesion energies of the homogeneous surfaces
1 and 2, respectively. The contact angle 6 of a liquid on
a heterogeneous surface is composed of a fraction f; of
chemical groups type 1 (methyl groups) and f, of groups
type 2 (hydroxyl groups) with f; + f, = 1, where 6 ; and
6, are the contact angles on the pure homogeneous
surfaces.

In deriving the Israelachvili & Gee equation (eq 3), it
is argued that the contact angle of the surface, with
heterogeneities on the molecular scale, is determined
by the polarization of the surface and of the probing
liquid. They suggested that the relevant properties to
be averaged, with respect to surface fractional coverage,
are the surface polarizabilities, dipole moments, or
charges, rather than the adhesion energies.

(1 + cos ) = f,(1 + cosh,)® + f,(1 + cosh,)® (3)

This equation replaces the Cassie equation whenever
the sizes of the chemically heterogeneities approach
molecular or atomic dimensions. It should be noted,
however, that this approach does not take into account
the interactions among surface functional groups.
Figure 5a shows the variation of the surface OH
concentration as calculated by the Cassie equation and
the Israelachvili & Gee equation in air as a function of
the irradiation time. It was found that within 180 s of
irradiation at 16.6 mW/cm? and within 240 s of irradia-
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Figure 5. (a) Surface OH concentration on PDMS surfaces
versus irradiation time for various intensities as calculated
by the Cassie (®, A) and the Israelachvili & Gee (O, A) equation
(®/0 10.4 mW/cm?; A/a 16.6 mW/cm?). (b) Surface free energy
of irradiated PDMS surfaces versus surface OH concentration
on irradiated PDMS surfaces as calculated by the Cassie (@,
A) and the Israelachvili & Gee (O, A) equation (@/O 10.4 mW/
cm?; aA/a 16.6 mW/cm?).

tion at 10.4 mW/cm?, the surface OH concentration
reaches 100% (up to this amount of OH groups changes
in the contact angle can be detected). At the same
irradiation times, the water contact angles reach their
minima (<5°) and the surface free energies as calculated
by the Owens—Wendt—Rabel—Kaelble method reach
their maxima (Figures 2 and 3). This is equal to the
complete spreading condition of a water droplet on the
surface.

Combining the Israelachvili & Gee approach for
heterogeneous surfaces with the surface free energy
calculations by the Owens—Wendt—Rabel—Kaelble
method, a linear correlation between the surface free
energy and the OH concentration on the surface is
obtained (Figure 5b). The surface free energy is directly
dependent on the OH concentration on the surface and
reaches its maximum when the OH concentration is
maximal. By applying the Cassie equation, the surface
free energy does not follow a linear shape. The calcu-
lated OH concentrations are generally higher than those
calculated by the Israelachvili & Gee equation, except
at zero and maximum OH concentration on the surface.
This fact is due to the different approaches of Israelach-
vili & Gee and Cassie by describing the wettability of
heterogeneous surfaces. The included surface polariz-
abilities, dipole moments, and dipole charges by Is-
raelachvili & Gee result in a higher surface free energy
for a given surface OH concentration by simply consid-
ering the adhesion energy of the surface and the droplet.

In summary, after exposure to 172 nm irradiation in
air, the contact angles of water and diiodomethane
followed a remarkable and linear decrease due to
the formation of surface silanol groups. The OH con-
centration on the surface is linearly correlated with the
surface free energy when combining the Israelachvili
& Gee approach with the Owens—Wendt—Rabel—
Kaelble method.

Modification of Cross-Linked Poly(dimethylsiloxane) 5939

Table 2. Atomic Concentration (at. %) Determined by
XPS of Native PDMS and PDMS Exposed to 172 nm
Irradiation in Air (16.6 mW/cm?, 5 mm, 2 and 40 min)2

C (at. %) O (at. %) Si (at. %)
PDMS (theor.) 50.0 25.0 25.0
PDMS (exp.) 47.1 25.1 27.7
2 min expos. 211 50.3 28.6
40 min expos. 3.2 64.3 32.5

2 The experimental data are compared to the theoretical values
for PDMS without considering the hydrogen, which cannot be
detected by XPS.
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Figure 6. Changes of O/Si (®) and C/Si (a) atomic concentra-
tion ratio of PDMS films exposed to 172 nm (16.6 mW/cm?)
versus irradiation time as determined by XPS.

It is noteworthy to mention that surface-oxidized
PDMS commonly displays a surface reconstruction
process upon storage over longer times. This is ex-
pressed by an increase of the water contact angle
values and change in the chemical surface composi-
tion. This can be accounted for by a migration of bulk
PDMS to the new SiO» surface to reduce the free surface
energy of the substrate. We also observed this phenom-
enon and found that for PDMS samples irradiated for
less than 2 min a complete recovery (in terms of the
water contact angle) occurred within ~24—30 h. Longer
irradiation times (e.g., 2 and 2.5 min) not only reduce
the speed of the surface reconstruction, but also the final
static water contact angle values after 125 h of storage
time were significantly smaller (typically between 35°
and 45°). At higher storage temperatures (e.g., 50 °C),
the reconstruction occurs faster, but final values were
similar. In summary, we can state that the surface
recovery is dependent upon irradiation time and inten-
sity (thickness of the created SiO, surface layer) and
upon the storage temperature (faster migration of
PDMS).

X-ray Photoelectron Spectroscopy (XPS).* XPS
was applied to correlate the changes of the contact
angles on the PDMS surfaces with changes in surface
chemistry, that is, the generation of surface silanol
groups. The XPS measurements indicate large changes
in the chemical composition of the irradiated PDMS
surfaces. The XPS C 1s signal decreases drastically with
increasing UV-irradiation time. After 2 min of exposure
at 16.6 mW/cm?, the carbon content decreases from 47
at. %, which is close to the theoretical value of 50 at. %
(see Table 2), to 21 at. %. After 40 min, a final value of
3 at. % is reached. The decreasing amount of carbon
atoms can be confirmed by plotting the C/Si ratio versus
irradiation time (Figure 6), because the amount of Si
atoms stays constant during irradiation. It is also
necessary to consider that a part of the remaining
carbon on the sample surface is due to adventitious
carbon, detectable on any XPS sample exposed to air
prior to the measurements.
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Figure 7. Full width at half-maximum (fwhm) of the O 1s,
Si 2p, and C 1s peaks of PDMS films exposed to 172 nm (16.6
mW/cm?) versus irradiation time.

The atomic concentration ratio of O/Si starts at about
1, which corresponds to the expected value of PDMS,
and reaches values close to 2 with increasing irradiation
time, which is consistent with the composition of SiO,
(Figure 6). The creation of SiO; is also confirmed by the
shifts of the peak positions of the Si 2p and the O 1s
signals. The Si 2p binding energy for untreated PDMS
of 102.1 eV shifts to 103.4 eV after 40 min of exposure.
This peak position corresponds nicely with literature
values of 103.3—103.7 eV for SiO,.#5 For the O 1s level,
the corresponding peak shifts from 532.3 eV for un-
treated PDMS to 533.1 eV after an irradiation time of
40 min. Again, the measured value corresponds quite
well with the published data for SiO,.4°

Another change in the XPS peak can be observed for
irradiation times of <3 min. The full width at half-
maximum (fwhm) values of the Si 2p and O 1s increase
rapidly for the first 3 min, followed by a slow decrease
over the next 30 min (Figure 7). This may correspond
to different chemical environments of the Si and the O
atoms that can appear with substitution of methyl
groups by hydroxyl groups and oxygen, respectively.

Infrared Spectroscopy. IR spectroscopy is an im-
portant method for the characterization of polymer
conformation,*¢ orientation,%” and solvent effects*® as
well as dynamic processes by time-resolved*®-5° and two-
dimensional techniques®-52 and in situ monitoring of
chemical and structural changes.>354 Infrared spectros-
copy was applied to verify the assumed formation of
surface silanol groups and SiO, with exposure to VUV
in the presence of O,. Because hydrogen is not detect-
able by XPS, an exact formulation of the change in the
surface chemistry is not possible.

The chemical changes of the PDMS surfaces exposed
to VUV in the presence of O, were studied by ATR-FTIR
spectroscopy. The reference spectrum of the cross-linked
PDMS (Figure 8a) is in accordance with previous
published data.>® The bands originating from the sym-
metric and asymmetric stretching vibrations of the
methyl groups (vsas(CH3)) are centered at 2963 and
2906 cm™1, respectively. The corresponding deformation
vibrations (6(CHs)) modes are located at 1446, 1412,
and 1258 cm~1. The asymmetric stretching vibrations
of the Si—O—Si group (vas(SiOSi)) appear between 930
and 1200 cm™1, the methyl rocking (o(CH3)) and Si—C
stretching vibrations (v(SiC)) are centered around 800
cm™1, and the Si—O bending vibrations (6(SiO)) are
located at about 725 cm~1. The measurement series
plotted in Figure 8 are representative of irradiation
experiments at intensities at 10.4 and 16.6 mW/cmZ. A
guantitative analysis of the spectra was not possible,
due to the experimental procedure (e.g., variation in
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Figure 8. (a) ATR FT-IR spectra of PDMS and irradiated
PDMS surfaces (5 and 460 min at 16.6 mW/cm?). (b) Changes
in the OH (around 3300 cm™?) and symmetric and asymmetric
v»(C—H) bands (2960 and 2905 cm~') of PDMS films exposed
to 172 nm irradiation (16.6 mW/cm?). (c) Changes in the
0(C—H) band at 1258 cm~! of PDMS films exposed to 172 nm
irradiation (16.6 mW/cm?).

optical contact between crystal and sample, background
drift, etc.). Each series of measurements was made with
one individual PDMS sample.

An overall decrease of PDMS absorption bands was
observed, indicating a steady degradation of the siloxane
polymer. In addition, initially increasing absorption
bands could be detected around 3300, 1275, 1150, and
900 cm™1.

Figure 8b shows the VUV/ozone-induced increase in
a broad absorption band centered at 3300 cm~1, indicat-
ing the formation of hydroxyl groups on the surface.5®
After 3 min of exposure (16.6 mW/cm?2), the Si—OH
absorption band (3300 cm™!) reaches its maximum
intensity. It is decreasing for longer irradiation times.
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This behavior is in excellent correlation with the
observations of the contact angle (Figure 2) and the XPS
experiments (Figure 7).** At the same irradiation time
at which the peak area of the OH absorption band in
the IR spectra reaches its maximum, also the full width
at half-maximum (fwhm) values of the O 1s and the Si
2p signals reach their maxima, and the surfaces became
completely wettable by water. All of this can be ascribed
to the formation of Si—O—Si bonds by the elimination
of water (Scheme 1). The concomitant increasing and
then decreasing absorption band at about 900 cm™1
corresponding to the »(SiO) of the silanol group®’
corroborates this explanation.

In Figure 8c, the decrease of the very strong sharp
band at 1258 cm™! originating from 6s(CHz) can be
observed. At the same time, p/(CH3) and »(Si—C)
centered at about 797 cm™! are decreasing. This is
accompanied by a shift toward lower wavenumbers (774
cm~1, Figure 8). The infrared band at 1258 cm~! belongs
to the structural unit composed of silicon bonded to two
oxygen and two methyl groups (Scheme 2).58 During
irradiation in the presence of O,/O3, the methyl groups
are successively substituted by hydroxyl groups. This
is proven by the decreasing ds(CH3) band at 1258 cm™?!
and its simultaneous increase between 1270 and 1280
cm™1. The latter represents a structural unit composed
of Si bonded to three oxygen atoms and one methyl
group.5® With further irradiation, the second methyl
group in the structural unit is substituted by a hydroxyl
group, and the 65(CH3) band between 1270 and 1280
cm~1 disappears. The polymer is then almost completely
decomposed and transformed to inorganic silicon oxide.

The degradation process of the polymer can also be
followed by the decrease and final disappearance of
absorption bands assigned to vs(CH3) (2960 cm™1),
vas(CH3) (2905 cm™1), and ds(CH3) (around 1410 cm™1)
as shown in Figure 6. A slight shift of v»s(CH3) and
vas(CHs) toward higher wavenumbers during continuous
irradiation is detected. This is most probably due to the
subsequent replacement of methyl groups by oxygen
units at the silicon due to the UV/ozone treatment.

Subsequent degradation of the polymer is also indi-
cated by the overall decrease of v,5(SiOSi) and §(SiO)
of the PDMS present between 750 and 1200 cm~1. With
increasing irradiation time, v,5(SiOSi) at 1000 cm™?!
gradually shifts toward higher wavenumbers due to an
increasing number of oxygen atoms at the silicon. At
the same time, a shoulder appears around 1150 cm™1.
Lucovsky et al.>® and Pai et al.?° calculated the IR
spectrum of SiO, and suggested that the broad shoulder
around 1150 cm~? belongs to the out-of-phase oxygen
motion associated with a Si(O4) configuration.
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Scheme 3
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The IR spectrum of the modified PDMS surface after
460 min of exposure to 172 nm irradiation in air (Figure
8) exhibits absorption maxima at 3247 (v(OH)), inter-
molecular bonding), 1625 (OH bending vibrations (6(OH))
of molecular water6), 1021 (v,s(SiOSi)) with a shoulder
around 1150, 908 (»(SiO) of Si—OH group*®), and 790
cm~1 (6(Si0)81). Because CHj3 vibrations are no longer
detectable, it can be assumed that the PDMS surface
was quantitatively decomposed and SiOy is formed
within the information depth of the ATR technique
(approximately 0.5—2 um).

Comparing the changes in chemical composition as
detected by XPS and infrared spectroscopy to the
wettability behavior at increasing irradiation time, we
concluded that the time scale of the maximum change
scales with the sampling depths of the applied method.
This can be understood by the fact that the goniometry,
as a surface-sensitive method, probes only the very top
surface layer. For XPS, the information depth is in the
range of 5—10 nm. As compared to the infrared spec-
troscopy experiments, the changes in the chemical
composition as detected by XPS occur even faster
because the information depth in ATR spectroscopy is
between 0.5 and 2 um.

Mechanism of VUV Oxidation. The mechanisms
of the thermal, photothermal, and photochemical oxida-
tion of PDMS to silicon oxide in the presence of oxygen
and/or ozone have been discussed in the literature.62-69
In general, it is suggested that the abstraction of
hydrogen is the initial step. The resulting methylene
radical reacts with oxygen to give a peroxy radical and
rearranges to the silanol group.

The absorption cross section of oxygen at 172 nm
irradiation is 6 x 1071° ¢cm2.7° Because the concentration
of oxygen in air is about 21%, the intensity of the
radiation is reduced to about 1/100 after 0.6 mm. The
processes involved in the VUV absorption in oxygen are
shown in Scheme 3).7*

Ozone is then formed in an excited state by a three-
body reaction of oxygen atoms with oxygen molecules.
The fate of this intermediate is mainly determined by
guenching processes. Ozone also photodissociates by
absorption of the UV radiation and forming oxygen
atoms and molecules in the ground and excited state.
Eliasson and Kogelschatz performed model calculations
of the ozone formation processes in oxygen by using the
172 nm radiation.”® As compared to ozone, the excited
atomic and molecular species stay below 1 ppm. Thus,
ozone is an important reaction partner, but the most
important part in the oxidation process plays the
radiation itself, because PDMS is almost inert to ozone
at room temperature.’? The importance of the VUV
photons was also confirmed by irradiating PDMS in an
inert gas atmosphere (N). Pronounced changes of the
contact angle were detected, although not to the extent
that was reached by irradiation in air. The changes of
the contact angle are probably due to bond breaking in
the PDMS and reaction of the products with air after
venting the reaction chamber.

The experiments in air were performed with intensi-
ties of 10.4 and 16.6 mW/cm?, and the temperature on
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the surface during irradiation reaches approximately 45
°C. The intensity was measured under identical experi-
mental conditions. The absorption coefficient of PDMS
at 172 nm irradiation is ~4100 cm~1.73 Thus, the
intensity of the radiation is reduced to about 1/100 after
13.2 um. As probed by ATR, the oxidation occurs to a
layer depth of at least 2 um (information depth of ATR).
The energy of the radiation (7.2 eV) can easily break
any bond in the polymer (Si—O, 4.8 eV; Si—C, 3.3 eV;
C—H, 4.2 eV) up to several micrometers depth. On one
hand, the required oxygen for the oxidation at increas-
ing layer depth is already present in the layer due to
the preparation method in air. On the other hand,
oxygen can diffuse into deeper layers through polymeric
and/or already oxidized material. We assume that the
initial step mainly incorporates a bond break either in
the main chain (Si—O) or in the side groups of the
polymer (Si—C and C—H). Further reactions of the
silicon and methylene radicals with oxygen lead to the
formation of peroxy radicals, which rearrange to give
silanol groups. The oxygen radical can attack a Si—C
bond to create a new Si—O—Si bridge. The silicon radical
can also react with a hydroxyl radical, which is formed
by the absorption of 172 nm irradiation in air, to form
a silanol group. A survey of possible reactions involved
in the oxidation process of PDMS during irradiation
with a Xey*-excimer lamp in air is given in Scheme 4.
The framed chemical structures were detected by ATR-
FTIR measurements.

The formation of stable intermediates including meth-
ylene groups could not be verified because corresponding
absorption bands were not detected by infrared spectros-
copy. However, the formation of carbonyl groups during
irradiation (Scheme 4) was verified by a very weak
increase and following decrease of a carbonyl absorption
band around 1725 cm™! and a band at 1700 cm™!
corresponding to hydrogen-bonded carbonyl groups.6°

Conclusion

Irradiation of PDMS at 172 nm under ambient
conditions causes a rapid and controllable surface

oxidation of the polymer. The formation of ozone by
irradiation in air in combination with the irradiation
itself results in the formation of a surface layer consist-
ing of inorganic SiO,. A rapid and linear increase of the
surface free energy due to the formation of surface
hydroxyl groups was verified by contact angle measure-
ments, XPS, and IR spectroscopy. The surface silanol
groups are formed by abstraction of hydrogen followed
by the reaction of the methylene radical with oxygen
and further rearrangement. Another possibility of the
generation of silanol groups is a bond break in the main
chain. Further reaction of the silicon radicals with
oxygen or hydroxyl leads to surface silanol groups.
Elimination of water from neighboring surface silanol
groups results in Si—O—Si bonds on the surface. The
observed binding energy shifts of the Si 2p and O 1s
peaks correspond quite well to SiO,. The atomic ratio
concentration O:Si changes from about 1:1 (PDMS) to
nearly 2:1 (SiOy). The strict linearity of the contact angle
versus irradiation time and the clear dependence from
irradiation intensity allow the tuning of the chemical
surface functionalities.
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