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Chemical force microscopy (CFM) in water was used to map the surface hydrophobicity of UV/ozone-
treated poly(dimethylsiloxane) (PDMS; Sylgard 184) as a function of the storage/recovery time. In addition
to CFM pull-off force mapping, we applied indentation mapping to probe the changes in the normalized
modulus. These experiments were complemented by results on surface properties assessed on the micrometer
scale by X-ray photoelectron spectroscopy and water contact-angle measurements. Exposure times of <30
minresulted in laterally homogeneously oxidized surfaces, which are characterized by an increased modulus
and a high segmental mobility of PDMS. As detected on a sub-50-nm level, the subsequent “hydrophobic
recovery” was characterized by a gradual increase in the pull-off forces and a decrease in the normalized
modulus, approaching the values of unexposed PDMS after 8—50 days. Lateral imaging on briefly exposed
PDMS showed the appearance of liquid PDMS in the form of droplets with an increasing recovery time.
Longer exposure times (60 min) led to the formation of a hydrophilic silica-like surface layer. Under these
conditions, a gradual surface reconstruction within the silica-like layer occurred with time after exposure,
where a hydrophilic SiOx-enriched phase formed <100-nm-sized domains, surrounded by a more hydrophobic
matrix with lower normalized modulus. These results provide new insights into the lateral homogeneity
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of oxidized PDMS with a resolution in the sub-50-nm range.

Introduction

The recent advances in microfluidic devices and soft
lithography have opened up new areas of application of
cross-linked poly(dimethylsiloxane) (PDMS).* Soft litho-
graphy is a collective name of a number of lithographic
methods, which often utilize inked PDMS stamps with
patterned relief structures to generate structures with
feature sizes down to ~100 nm.2 The low surface tension
of PDMS (21-23 mJ m~2)3 is a result of closely packed
methyl groups at the surface.* In many soft lithography
applications, the intrinsic hydrophobic surface properties
are sufficient, whereas in other cases the hydrophobicity
has to be reduced to obtain the desired results, for example,
when using hydrophilic inks or by the direct stamping of
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proteins.® In microfluidic applications, a reduction of the
hydrophobicity of PDMS improves the wettability of
aqueous solutions and reduces nucleation of air bubbles
in the microchannels.®

Reduction of the hydrophobicity can be achieved by
exposing PDMS to different types of oxidizing plasmas,®
corona discharges,®®” or UV radiation.? The oxidation
process within the top 10 nm of the surface has been
extensively investigated using X-ray photoelectron spec-
troscopy (XPS). It was found that the atomic content of
carbon decreases and the content of oxygen increases,
whereas the silicon content remains essentially un-
changed.®=® Moreover, the binding energy of the Si(2p)
photoelectrons shifts toward the value characteristic for
inorganicsilica (SiO,, ~103.5eV), indicating the formation
of a silica-like layer (SiOy).6>~f782¢ The oxidation rate is
initially rapid, but decreases considerably with increasing
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exposure times.5¢8ac9 To explain the SiO, formation on
PDMS surfaces, a model was developed, which proposes
two different regions of growth-rate behavior.82° The first
region, exhibiting a high oxidation rate, involves the
removal of carbon in the form of volatile species and
oxidative cross-linking via Si—O bridges, leading to the
gradual formation of a continuous barrier layer of SiO.
The second region, exhibiting a low oxidation rate, occurs
after the formation of an effective SiOy barrier, where the
diffusion of oxidative species into the PDMS network
becomes the rate-limiting step. The lifetime of these
reactive species limits the thickness of the oxidized layer.
The thickness of the SiOy layer formed after plasma or
UV treatments ranges between 7 and 160 nm.5ce8ac The
difference in the reported layer thicknesses may be due
to the difference in the oxidation conditions or due to the
different information depths of the analytical methods
utilized to assess the thickness.

During the last few years, a number of potential
applications of these silica-like layers have been discussed
in the literature. As a result of the large difference in the
thermal expansion coefficient between the SiO,—surface
layer and the underlying PDMS, spontaneous formation
of complex structures on oxygen—plasma-treated PDMS
has been observed, which could be extended to the fabri-
cation of ordered patterns.®9 Spontaneous formation of
regular patterns in thin gold films deposited on PDMS,
previously photopatterned using UV radiation, has been
described by Huck et al.1° Because the SiO, layers exhibit
a high resistance to oxygen and water together with a
high gas selectivity, this may lead to their use as moisture
barriers, protective layers, or gas-separation mem-
branes.te11

The hydrophobicity recovers, however, partially or fully
with time after exposure.®®~%7 The phenomenon restricts
the usefulness of plasma oxidation of PDMS stamps for
soft lithography.?® Similarly, a difficulty with the use of
oxidized PDMS microchannels is the instability of the
aqueous fluid flow upon exposure of the PDMS devices to
air, caused by the hydrophobic recovery.*¢ The recovery
process has been extensively investigated and can be
explained as follows:5712 Free low-molar-mass PDMS
chains, either formed by chain scission reactions during
the oxidation or intrinsically present as residues from the
polymerization or cross-linking reactions, migrate to the
surface through a porous or cracked hydrophilic silica-
like layer. To reduce the free surface energy, these species
gradually cover the surface, resulting in a recovery of
hydrophobicity. The rate of this hydrophobic recovery is
influenced by the morphology of the surface layer. If
cracking of the silica-like layer can be induced, the rate
of hydrophobic recovery increases as a result of a faster
migration of low molar mass siloxanes to the surface.®-f

Stiffness changes of plasma-oxidized PDMS were re-
cently characterized using tapping-mode scanning force
microscopy (SFM).12 The stiffness of the surface initially
increased and thereafter remained essentially constant
with increasing exposure time. Moreover, it was observed
that the surface stiffness remained unchanged with the
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recovery time after exposure, even though the surface
exhibited a hydrophobic recovery as assessed by water
contact-angle measurements, thus supporting the diffu-
sion mechanism.*

Another mechanism contributing to the hydrophobic
recovery is reorientation of polar groups from the surface
to the bulk or reorientation of nonpolar groups from the
bulk to the surface.f2¢415 |t has been suggested that by
using mild oxidation conditions, in which only a few of the
polymer side groups are oxidized, this mechanism is
important for the recovery. This process, however, de-
creases in significance during the formation of the silica-
like phase, which prevents reorientation from occuring,
while the diffusion-controlled migration of free siloxanes
becomes the dominant process.®~12

To gain further understanding of these processes, it is
important to investigate and understand the lateral
homogeneity of these silica-like layers on a submicrometer
scale. On the basis of this knowledge, new ways to
characterize and control local variations in hydrophobicity,
improve printability and wettability on the micrometer
scale, or inhibit the formation of cracks and pores in SiOy
layers for improved barrier properties could be developed.
Chemical force microscopy (CFM) is a scanning probe
technique that combines chemical discrimination with the
high spatial resolution of SFM by exploiting the forces
between chemically derivatized scanning probe tips and
the surface.’® In the originally introduced approach,'”
various terminal functional groups in self-assembled
monolayers on gold were differentiated in pull-off and
friction force measurements.'® In many cases, normal and
lateral forces show similar relative contrast; however,
exceptions have been reported.’® These exceptions are
related to contributions of energy dissipation in disordered
organic systems?° or orientation effects?! to the friction
forces measured. Even though the mapping of pull-off
forces?? is slow compared to friction imaging,? pull-off
force measurements are often more straightforward to
interpret.?* The pull-off forces depend systematically on
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various factors, such as tip functionality and liquid
medium, and can be rationalized on the basis of surface
free energy considerations and solvent exclusion
arguments.®25 For apolar polymers, Feldmann et al.
showed that the Lifshitz—van der Waals theory can be
utilized to rationalize the corresponding interactions and
that the dispersive interactions can be amplified by using
perfluorodecaline as the medium for force measurements
to enable one to differentiate different polymers.?® The
general strategy of CFM can be extended to polymers
containing polar functional groups?” and elastomers,
including PDMS,?8 as previously shown in our group. In
particular, laterally resolved force—volume (FV) mea-
surements as a function of the pH allowed us to obtain
maps of functional group distributions in surface-treated
and functional polymers with sub-50-nm resolution.?®

In this paper, we present the first systematic study that
addresses the oxidation of PDMS surfaces and the
concomitant hydrophobic recovery from a nanometer-scale
perspective. Using CFM, we mapped the surface hydro-
phobicity of silica-like surface layers on UV/ozone-treated
PDMS and followed their changes as a function of the
storage/recovery time after exposure. In addition to CFM
pull-off force mapping, we applied indentation mapping
to probe the changes in the normalized modulus. These
experiments were complemented by results on surface
properties assessed on the micrometer scale by XPS and
water contact-angle measurements. To our knowledge,
the application of laterally resolved adhesion imaging on
silica-like surface layers on oxidized PDMS has not been
previously reported.

Experimental Section

Sample Preparation. Sylgard 184 (Dow Corning), consisting
of PDMS and a reinforcing silica filler, was prepared by carefully
mixing the precursors Sylgard 184A/Sylgard 184B at a ratio of
10:1 by mass.%° The mixture was subsequently degassed in a
vacuum oven at room temperature. Glass cover slides or silicon
substrates were cleaned using Piranha solution (mixture of 1:4
of 30% H,0; and concentrated H,SO,), carefully rinsed several
times in Milli-Q water and ethanol, and finally dried in a stream
of nitrogen gas. Caution! Piranhasolution is a very strong oxidant,
reacts violently with organic materials, and should be handled
with the utmost care! The PDMS was spin-coated onto the
substrates using a Spincoater model P6700 (Specialty Coating
Systems, Inc.). After spin coating, the films were cured at 120
°C overnight and stored individually in plastic containers. The
thickness of the PDMS films was 830 + 100 nm according to
ellipsometry (a Plasmos SD 2002 ellipsometer was used at a
wavelength of 632.8 nm and a fixed incident angle of 70°; ns was
assumed to be 1.4). The thickness was determined on at least
nine different locations of each film.

UV/Ozone Treatment. The UV/ozone treatment of the PDMS
surfaces was performed in acommercial UV/ozone cleaner (Ultra-
Violet Products PR-100). The apparatus contains a low-pressure
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mercury UV light, generating UV emissions at 185 nm (1.5 mW
cm~2) and 254 nm (15 mW cm~2). The distance between the UV
source and the PDMS films was 20 mm. The nominal ozone
steady-state concentration of 55 ppm was produced in a two-step
photochemical process initiated by the photolysis of molecular
oxygen at 185 nm. The ozone is then photodecomposed by
absorption of UV radiation at 254 nm, resulting in the formation
of atomic oxygen. Organic molecules react further with the atomic
oxygen, forming volatile molecules, which then desorb from the
exposed surface.

Contact-Angle Measurements. The advancing and receding
contact angles (62 and 6,) were measured with Millipore water
(18.4 MQ cm) as a probe liquid by using a contact-angle
microscope (Data Physics, OCA 15plus) and the sessile drop
method.3! The advancing and receding contact angles were
measured on both sides of the drop and on at least three different
locations on each sample. The oxidized samples were individually
stored in a desiccator at room temperature (21 + 1 °C) between
measurements.

XPS. The XPS spectra were obtained using a Quantera
scanning X-ray multiprobe from Physical Electronics. The
monochromatic Al Ko excitation source was operated at 1486.7
eV and 25 W. The source beam size was 100 um, analyzing an
area of 1000 x 500 um? (scanning X-ray beam). The takeoff angle
(angle between the sample surface and the analyzer) was 45°,
whereas the angle between sample surface and the X-ray beam
was 90°. Survey spectra were obtained at a pass energy of 280
eV. The spectra were referenced to the Si(2p) peak at 101.8 eV.32
Charge neutralization was achieved by low-energy electrons and
low-energy argon ions. The relative error of the surface atomic
composition was estimated to be +5%.

SFM and Tip Modification. The SFM measurements were
carried out with a NanoScope IIl multimode SFM [Digital
Instruments (DI), Santa Barbara]. Tapping-mode SFM scans
were performed with untreated silicon cantilevers/tips (Nanosen-
sors, Germany) at ambient conditions. 10 and 100 um?2 x- and
y-range scanners were used. The mean roughness (R.) was
obtained by the evaluation of 0.5 and 1 um? scans according to
the procedure described in ref 27a. The surface roughness was
measured on at least six different positions on each sample.

Gold-coated triangular-shaped silicon nitride cantilevers and
tips (DI) were functionalized using 11-mercapto-1-undecanol by
immersion inal mM solution using ethanol as the solvent during
10—40 h, as discussed previously.?” The functionalized tips were
kept in the solutions between measurements and were rinsed in
ethanol and dried in a stream of nitrogen immediately before
use. Cantilever spring constants were individually calibrated by
the thermal noise method.33 The obtained spring constants ranged
between 0.16 + 0.03 t0 0.33 &+ 0.05 N m~1. In total, five tips were
used. The same tip was used during each set of measurements
(at a given exposure and recovery time). For laterally resolved
pull-off force measurements, the SFM was operated in the FV
mode using a 10 um? x- and y-range scanner. All FV measure-
ments were performed in Milli-Q water using a liquid cell (DI).
Arrays of 64 x 64 points? (4096 consecutive force—distance
measurements) were acquired on at least seven different locations
on each sample, using scan sizes of 0.5 x 0.5 um? or 1.0 x 1.0
um?2. The maximum load applied to the samples was 2 + 1.5 nN.
A custom-built Labview application (National Instruments) was
used for signal acquisition and processing. The deflection of the
cantilevers was calibrated prior to the measurements by pressing
the tip against a hard silicon surface. The raw FV data were
transformed into force—distance data using the customized
Labview application and the calibrated spring constant. For each
force—distance curve, the pull-off force or maximum adhesive
force was calculated using an automated procedure. As a result,
histograms of adhesion forces were obtained. The slope of the
initial unloading curves was used to probe the changes in the
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Table 1. Atomic Surface Composition of UV/
Ozone-Exposed PDMS According to XPS

exposure time atomic composition (atom %)

(min) Si C (@)
0 24.3 44.9 30.8
10 24.5 46.2 29.3
30 24.2 37.3 38.5
60 25.6 20.9 53.5

elastic modulus, according to procedures described previously.3*
The peak value and the width of the histograms were obtained
by fitting a Gaussian distribution to the data. For FV imaging,
only subsequent up and down scans that showed the same force
characteristics were considered.

Result and Discussion

Effects of UV/Ozone Exposure Time. The effect of
the UV/ozone treatment time® on the atomic surface
composition of PDMS was assessed by XPS as summarized
in Table 1. Because the atomic surface composition of
PDMS may change significantly with the recovery time
after exposure to plasmas and corona discharges (the
carbon content increases and the oxygen content de-
creases),’ all samples were simultaneously analyzed by
XPS within 6 h after UV/ozone exposure. The theoretical
atomic composition of PDMS, based on the repeating unit,
is 25% Si, 25% O and 50% C. The higher content of oxygen
on the expense of carbon found for the unexposed PDMS,
compared to the theoretical composition, may suggest a
contribution from the silica filler, even though previous
studies of silica-filled PDMS led to the conclusion that the
silicafiller is rarely observed in the probed depth by XPS
(~7—10 nm).6¢38 When exposed to UV/ozone, the carbon
content decreased, whereas the oxygen content increased
with increasing exposure time. The silicon content re-
mained constant between 24 and 26 atom % because silicon
does not form species that are volatile at room tempera-
ture.® The data suggests an increase in the average
number of oxygens bonded to silicon, on the expense of
the carbon content, that is, oxidative cross-linking within
the probed depth. The degree of oxidation was significantly
higher between 30 and 60 min of exposure, compared to
the initial 30 min. It is suggested that the lower initial
oxidation rate was correlated to the time for the UV/ozone
cleaner to reach the steady-state concentration of ozone
when starting the exposure. High-resolution spectra for
the Si(2p) orbital peaks (not shown) showed a broadening
and a shift toward higher binding energies at 103.5—103.8
eV, corresponding to the formation of a silica-like structure
(SiOy, 1 = x =< 2).%2 The high-resolution spectra, in
combination with the atomic surface composition pre-
sented in Table 1, moreover show that a full conversion
into SiO, did not occur. The conversion process may be
limited by imperfect domains in the converted layers® or
migration of free siloxanes into the oxidized region.®® A
lower conversion can also be an effect of underlying
unconverted PDMS contributing to the signal, if the
thickness of the SiOy layer is smaller than the effective
sampling depth of XPS.52¢ In conclusion, the XPS data
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Figure 1. Surface roughness (R,) as function of UV/ozone
exposure time measured by tapping-mode SFM. The error bars
indicate the standard deviation.
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Figure 2. Effect of UV/ozone exposure time on hydrophobic-
ity: @, advancing contact angles; O, receding contact angles.
The error bars indicate the standard deviation.

indicate the gradual formation of a SiO4 layer with
increasing UV/ozone exposure time.®

Tapping-mode SFM revealed that the exposed PDMS
surfaces were smooth, homogeneous, and featureless. The
mean roughness (R,) was not significantly influenced by
the UV/ozone exposure (Figure 1).

The effect of the UV/ozone exposure on the hydropho-
bicity was assessed by water contact-angle measurements
(Figure 2). Exposure times below 30 min caused a rapid
reduction in the receding contact angles from 103 + 2° to
45-50 + 3°, whereas the advancing angles remained
essentially unchanged. Because the advancing angles are
more associated with the low surface energy regions and
the receding angles are associated with the high surface
energy regions on heterogeneous polymer surfaces,5236
the unchanged advancing angles indicate that the surfaces
were only partly oxidized. The difference between the
advancing and the receding contact angle is referred to
as the contact-angle hysteresis and depends on the
roughness, heterogeneity, and molecular mobility (reori-
entation of functional groups) in the probed surface
region.3” Because the surface roughness was essentially
unchanged, the increased contact-angle hysteresis after
2—30 min of exposure suggests the introduction of polar
groups (e.g., —OH),%® which have the possibility of
reorienting, depending on the surrounding medium (water
or air). PDMS surfaces exposed to 60 min UV/ozone were
hydrophilic with advancing and receding contact angles
of 28 + 2°and 21 + 4°, respectively. The low contact-angle
hysteresis indicated a reduced molecular mobility in the
surface region compared to the unexposed and partially
oxidized surfaces. Efimenko et al. reported recently a
similar nonmonotonic time dependence of the contact-



Cross-Linked Poly(dimethylsiloxane)

Table 2. Peak Values and fwhm of the Pull-Off Force
Histograms Fitted with a Gaussian Distribution

Function Obtained for Hydroxyl-Terminated Tips and
Oxidized PDMS Surfaces in Water

UV/ozone time after

exposure exposure pull-off force + ¢ fwhm + o2
time (min) (days) (nN) (nN)
unexposed 189+ 15 15+0.2
10 0.1 50+0.1 0.7+0.1
10 50 143 +13 1.5+ 0.2
30 0.1 42+0.1 0.8+0.1
30 8 13.7+ 14 26+0.1
30 50 111+ 1.0 3.8+0.2
60 0.1 2.7+03 18+0.1
60 8 28+0.3 1.7+01
60 40 3.0 and 5.5°

a Standard deviation. P Only the peak values of the bimodal
distribution are given.

angle hysteresis when exposing PDMS to UV/ozone.®® The
initial increase in hysteresis was contributed to surface
damage caused by chain scission reactions, resulting in
a higher degree of surface mobility, whereas the reduced
hysteresis at longer exposure times (>60 min) was
explained by the formation of a cross-linked silica-like
structure. While XPS and contact-angle measurements
provide laterally resolved data on a continuum scale, CFM
was utilized to obtain complementary information of the
nanometer scale.

When performing CFM, the surface roughness can easily
interfere with the evaluation of the force measurements
because the pull-off force depends on the contact area
between the tip and the sample.?”:3° Because the roughness
was low for all the investigated samples (R, <2 nm), only
a minor influence of the sample topography on the force
measurements was expected.?”3° Forces between hydroxyl-
terminated SFM tips and the PDMS surfaces were
characterized by SFM force—distance curves. All mea-
surements were performed in water to avoid the appear-
ance of a meniscus between the tip and the surface by
adsorbed water, which gives rise to uncontrolled capillary
forces.3%40 The attractive force (pull-off force) in the
unloading part of the force—distance curves reflects the
adhesion between the tip and the surface. It has previously
been shown that solvent exclusion forces dominate the
interaction between hydrophobic tips (methyl-terminated
or even contaminated unmodified tips) and hydrophobic
surfaces.'8227.25 |n this study, hydroxyl-terminated tips
were used, thereby reducing the pull-off forces from ~150
nN (unmodified tips) to 19 nN on unexposed PDMS
surfaces. The adhesion mapping comprised 4096 consecu-
tive force—distance curves, generating a two-dimensional
image of the pull-off forces with a sub-50-nm resolution.*!
The mean pull-off forces and the full width at half-
maximum (fwhm) were then estimated from the corre-
sponding pull-off force histograms by fitting Gaussian
distributions. Mean pull-off forces and the fwhm’s acquired
from all images are summarized in Table 2. Thus, each

(39) (a) Eaton, P. J.; Graham, P.; Smith, J. R.; Smart, J. D.; Nevill,
T. G.; Tsibouklis, J. Langmuir 2000, 16, 7887. (b) Eaton, P. J.; Smith,
J. R.; Graham, P.; Smart, J. D.; Nevill, T. G.; Tsibouklis, J. Langmuir
2002, 18, 3387.

(40) Schenk, M.; Futing, M.; Reichelt, R. J. Appl. Phys. 1998, 84,
4880.

(41) On the basis of the contact area at the pull-off as described by
the Johnson—Kendall—Roberts theory of adhesive contact [Johnson,
K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc. London, Ser. A1971, 324,
301. Noy, A.; Frisbie, C. D.; Rozsnyai, L. F.; Wrighton, M. S.; Lieber,
C. M. J. Am. Chem. Soc. 1995, 117, 7943]. Using a scan size of 1 x 1
um? and an array of 64 x 64 measurements, the pixel size is 15.6 nm.
The resolution in the presented data is, thus, limited by the area at
pull-off.
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Figure 3. Pull-off force as afunction of the cosine of the receding
contactangle (6) directly after 0—60 min of UV/ozone exposure.
The line is added as guidance for the eye.

reported pull-off force value is based on at least 28 672
(7 x 4096) pull-off events.

For unexposed PDMS, a mean pull-off force of 18.9 +
1.5 nN was obtained. Exposure to 10 and 30 min of UV/
ozone exposure resulted in areduction in the pull-off forces
downto5.0+0.1and 2.7 + 0.3 nN directly after exposure,
respectively. The major reduction in the pull-off forces
thus occurred within the first 10 min of exposure. The
reduction in the mean pull-off force isaresult of decreasing
solvent exclusion forces between the hydrophilic tip and
the gradually more hydrophilic surfaces in water.8 The
corresponding adhesion images (not shown) were homo-
geneous and featureless, indicating a homogeneous oxi-
dation on a sub-50-nm level. This homogeneity was also
reflected in a reduced fwhm of the pull-off force histograms.
After 60 min of exposure, regions with diameters <50 nm
with higher adhesion (4—6 nN) were observed, indicating
inhomogenieties in the oxidized surfaces (see Figure 8b,
where the arrow indicate areas with higher pull-off forces).
In Figure 3, the pull-off forces of the PDMS surfaces
directly after exposure to 0—60 min UV/ozone are plotted
as a function of the cosine of the corresponding receding
water contact angles.*? A linear relationship was observed,
which is in agreement with data obtained by Schénherr
et al.??% This shows that contact-angle measurements
and average pull-off forces by SFM using functionalized
tips provide similar information for polymers. However,
by using position-resolved force measurements one can
take full advantage of the high-resolution microscopic
nature of the SFM and, thus, obtain novel insight into
forces and, indirectly, hydrophobicity on a nanometer
scale.

The slopes of the initial unloading curves were used to
probe changes in the elastic modulus after UV/ozone
exposure. The thus estimated modulus of unexposed
PDMSwas 1.4 £+ 0.4 MPa. Recently, Feinbergand Brennan
reported an increase in the modulus from 1.5 + 0.8 to 3.0
+ 0.9 MPa when exposing a cross-linked PDMS to an
argon—plasma.®® In the present study, no attempt was
made to calculate the elastic modulus of the oxidized
surfaces because the obtained values do not reflect the
true modulus of the silica-like layer but may rather be
considered as the sum of a laminate structure, with a
high modulus surface layer on top of the PDMS elastomer.

(42) The receding angles were used because they are more sensitive
to the introduction of hydrophilic regions on a hydrophobic surface
compared to the advancing contact angles [Wu, S. Polymer Interfaces
and Adhesion; Marcel Dekker, Inc.: New York, 1982].

(43) Feinberg, A. W.; Brennan, A. B. Polym. Mater. Sci. Eng. 2003,
88, 574.
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Figure 4. Normalized modulus obtained from indentation
mapping by SFM as a function of the UV/ozone exposure time.
The normalized modulus of unexposed PDMS = 1. The error
bars indicate an estimated error of 30%. The line is added as
guidance for the eye.
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Figure 5. Hydrophobicity as a function of the time after
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O, receding angles); 30 min of UV/ozone exposure (M, advancing
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(a, advancing angles; A, receding angles). The error bars
indicate the standard deviation. The horizontal lines indicate
the initial advancing (6,) and receding (6;) contact angles, and
the continuous lines are added as guidance for the eye.

Instead, the indentation data was normalized with
respect to the modulus of the unexposed PDMS. The
average normalized modulus, based on the laterally
resolved modulus measurements, increased linearly with
UV/ozone exposure time, as shown in Figure 4. The
featureless appearance of the exposed surfaces by the
lateral modulus mapping (not shown) indicated again a
homogeneous oxidation on a <50-nm level directly after
exposure. The low increase in the modulus, compared to
the elastic modulus of SiO, (70 GPa)** is in agreement
with data obtained by specular X-ray reflectivity, where
the material density within the first ~5 nm of UV/ozone-
exposed Sylgard 184 was found to reach about 50% of that
of pure silica.® Using the term “silica-like layer” in the
sense of “glasslike” may be misleading because the
presented data indicate the formation of a surface
structure, which differs significantly from that of silica.

Hydrophobic Recovery Probed by Contact-Angle
Measurements and CFM. The hydrophobic recovery
after 10, 30, and 60 min of UV/ozone exposure was assessed
by water contact-angle measurements (Figure 5). No
significant change in the hydrophobicity was observed
after 10 and 30 min of exposure. After 60 min of exposure,
the hydrophobicity, as well as the contact-angle hysteresis,

(44) Kayne, G. W. C.; Laby, T. H. Tables of Physical and Chemical
Constants; Longman: Essex, U.K., 1985.
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gradually increased with time after exposure (recovery
time). This hydrophobic recovery is a characteristic
behavior of PDMS surfaces after exposure to oxidizing
plasmas, as previously discussed in the Introduction. As
aresult of the different natures of the recovery processes
after exposure, we discuss the recovery process in two
separate sections.

Hydrophobic Recovery of Partially Oxidized PDMS
Surfaces (<30 min of Exposure). Even though the hydro-
phobicity remained essentially constant with time after
exposure, as measured by the contact-angle measure-
ments, “hydrophobic recovery” occurred on the nanometer
scale, as assessed by CFM. The pull-off forces increased
from 4 to 5 nN directly after exposure and up to 11-14
nN 8-50 days after exposure (Table 2). The fwhm
increased with the storage time, reaching, or in the case
of the 30 min exposure exceeding, the initial value of 1.5
nN, while the histograms still remained Gaussian in
shape. This broadening suggests an increased inhomo-
geneity of the probed surface with time after exposure.
However, the adhesion mapping (not shown) revealed
homogeneous surfaces on the sub-50-nm level. Frequent
contamination of the SFM tips occurred during measure-
ments of the recovered surfaces (observed as temporary
irreproducible variations in pull-off forces). Thus, the
higher mean pull-off forces of the recovered surfaces may
be caused by contamination of the hydroxyl-terminated
tips. It has previously been shown that low-molar-mass
PDMS readily contaminates SFM cantilever tips.*®

Droplet-shaped features appeared on the surfaces of
some of the probed regions.*® The initial diameters were
<30 nm, but they gradually increased in size with the
recovery time to sizes on the order a few hundred
nanometers (Figure 6a). The maximum adhesive forces of
these droplets were of the same magnitude as the
surrounding surface (Figure 6b), but the force curves
differed significantly in shape (Figure 6d). While the
surrounding surfaces exhibited well-defined pull-on and
pull-off events, the force curves of the droplets exhibited
amore gradual pull-on and a “necking” instead of a distinct
pull-off, giving rise to a large adhesion hysteresis (i.e., the
area enclosed between the approach and retract curves
was higher for these droplets; Figure 6c¢). This necking
instead of a pull-off is caused by a viscoelastic flow between
the oxidized PDMS and the SFM tip and has been
attributed to interactions between free oligomeric PDMS
and the tip.*347 It may be speculated that the “droplike”
structures are caused by a gradual coalescence of low-
molar-mass siloxanes, generated by chain scission reac-
tions during exposure, which strive to assume spherical
shapes to minimize the surface free energy. This is based
on the assumption that these free siloxanes exhibit a lower
degree of oxidation at the surface, thereby having a lower
surface free energy.

Also, the normalized modulus recovered with time after
exposure, approaching the value of unexposed PDMS
(Figure 7). The recovery was more pronounced after 30
min of exposure, compared to 10 min. The asymmetric
shape of the distributions toward the higher modulus was
maintained during the recovery process even though the
width of the distributions decreased. After 40—50 days of

(45) Lo, Y. S.; Huefner, N. D.; Chan, W. S.; Dryden, P.; Hagenhoff,
B.; Beebe, T. P., Jr. Langmuir 1999, 15, 6522.

(46) These droplets were also characterized using tapping-mode SFM.
By decreasing the set point (e.g., increase the applied peak force), these
droplets could no longer be visualized, indicating that they were
liquidlike in nature (likely free siloxanes), thereby allowing the tip to
penetrate down to the surface.

(47) Pickering, J. P. Ph.D. Thesis, University of Twente, Enschede,
The Netherlands, 2001.
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recovery, the normalized modulus of the oxidized surfaces
had reached a similar value, approximately 1.5—

higher than the value of unexposed PDMS.

2 times

The fast recovery of pull-off forces, the gradually
decreasing modulus, and the featureless appearance of

the surfaces during CFM mapping, in combination with
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Figure 8. Representative histograms of the pull-off forces and corresponding adhesion images of (a) unexposed PDMS and oxidized
PDMS after (b) 0.1, (c) 8, and (d) 40 days after exposure to 60 min of UV/ozone. In the adhesion images, the color scales are
individually scaled from dark (low pull-off) to bright (high pull-off).

the contact-angle data, can be explained by a gradual
formation of a liquidlike layer consisting of oligomeric,
free PDMS on top of the partly oxidized PDMS surface
after exposure. These free siloxanes may be formed by
chain scission reactions during UV/ozone exposure, or they
may be present in the bulk. The XPS data, which have a
higher penetration depth compared to the CFM, suggest
a partial conversion into SiO,. The oxidized surface is,
thus, gradually masked by the siloxanes and may hide
eventual surface heterogeneities. The decrease of the
normalized modulus with the aging time also indicates
an enrichment of free siloxanes in the probed region, which
can be considered as a sum of the unexposed bulk and an
oxidized surface region of unknown thickness partially or
fully covered by a liquidlike layer.

Hydrophobic Recovery of Silica-like Surface Layers (60
min of Exposure). After 60 min of UV/ozone exposure, the
initially hydrophilic surface gradually recovered hydro-
phobicity, as assessed by the water contact-angle mea-
surements (Figure 5). A full recovery was not obtained
during the course of the experiment. The “hydrophobic
recovery” of the mean pull-off forces was significantly
lower, compared to 10 and 30 min of UV/ozone-treated
samples, and did not reach above 5 nN (Table 2). Moreover,
the force—distance curves exhibited well-defined pull-off
events. The adhesion mapping revealed that the surface
gradually increased in heterogeneity with recovery time,
a phenomenon that was not observed after the shorter
exposure times. Thistrendisillustrated in Figure 8, where
representative pull-off distributions are shown together
with the corresponding pull-off images. A bimodal dis-
tribution of the pull-off forces developed with the recovery
time with the appearance of an additional peak at 5—6

nN. The adhesion mapping showed that the bimodal shape
of the pull-off distributions was a result of the appearance
of domains with a diameter of <100 nm and heights of <5
nm, which exhibited lower pull-off forces (~3 nN), whereas
the surrounding areas exhibited higher surface pull-off
forces (5—6 nN). One typical region with low pull-off forces
is indicated with an arrow in Figure 8d.

The surface modulus decreased with time after expo-
sure, even though the decrease is significantly lower
compared to the shorter exposure time (Figure 9a).
Furthermore, the asymmetric shape of the distribution
toward a higher modulus was maintained during the
recovery. The modulus mapping showed that the areas
with a higher normalized modulus corresponded to the
domains with lower pull-off forces (see Figures 9b and
8d).

On the basis of these observations, we attribute the
stiffer regions with a pull-off force of 3 nN (as measured
40 days after exposure) as SiOy-rich areas. These regions,
which may be only partially covered with PDMS, are,
hence, similar to the freshly oxidized PDMS surface
directly after exposure. Consequently, the surrounding
areas must have gradually decreased in modulus. It is
suggested that the increased heterogeneity is driven by
a difference in the interfacial energies between polar and
nonpolar species generated during the exposure and some
rearrangement in the surface-near region of the samples.
An additional mechanism may be driven by strain release.
When the surface undergoes a transition to a new inorganic
species, strain is created between more and less con-
verted regions.® Relaxation of these stresses between more
and less cross-linked regions may then contribute to
the observed structure. These processes may be aided
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Figure 10. Contact-mode SFM of oxidized PDMS in water using a hydroxyl-terminated tip. Analysis 40 days after exposure to
60 min UV/ozone: (a) height image, z scale = 0—10 nm, (b) friction image [friction forces (arbitrary units) increase from a dark

to a bright contrast].

Softer, more hydrophobic regions with lower
SiO, content.

Harder, elevated regions (height below 5nm),
indicating higher SiO, content.

I
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Figure 11. Illustration of the spatial structure of a silica-like layer in equilibrium by adhesion mapping, 40 days after 60 min
of UV/ozone exposure. The color scale corresponds to pull-off forces from 0.2 nN (dark) to 4 nN (bright).

recovery remained unchanged when the same sample was

by the increased mobility, caused by chain scission
reactions.*® The structures observed after 40 days of

(48) No problems with tip contamination occurred during the
measurements of these surfaces, as frequently occurred on surfaces
exposed to 10 and 30 min of UV/ozone exposure.

analyzed again seven months later, indicating that an
equilibrium was reached and that this was the final stable
structure of a silica-like surface layer. These surface
structures were also imaged in contact-mode SFM, using
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hydroxyl-terminated tips in water, to verity the data
obtained by the adhesion mapping (Figure 10). The
elevated areas exhibited heights below 5 nm and a lower
friction compared to the surrounding matrix. This is in
agreement with stiffer hydrophilic elevated domains
surrounded by a softer, less hydrophilic matrix. This
structure is summarized in Figure 11, showing an
adhesion image of oxidized PDMS 40 days after 60 min
of UV/ozone exposure.

Conclusions

CFM in water was used to map the surface hydropho-
bicity on UV/ozone-treated PDMS (Sylgard 184) and to
follow its changes as a function of storage/aging time. In
addition to CFM pull-off force mapping, we applied
indentation mapping to probe the changes in the normal-
ized modulus. These experiments were complemented by
results on surface properties assessed on the micrometer
scale by XPS and water contact-angle measurements. UV/
ozone exposure times shorter than 30 min resulted in
oxidized surfaces with a high segmental mobility, reflected
in relatively hydrophobic surfaces exhibiting a high water
contact-angle hysteresis. SFM pull-off force and indenta-
tion measurements revealed the formation of a homoge-
neous (on a <50-nm scale), hydrophilic surface with an
increased normalized surface modulus directly after
exposure. The subsequent “hydrophobic recovery” was
characterized by a gradual increase in the pull-off forces,

Hillborg et al.

toward the initial values, in combination with a decrease
in the normalized modulus to 2 times the original value.
Lateral imaging showed the appearance of liquid PDMS,
in the form of droplets (ranging from 30 nm to several
micrometers in size) with increasing recovery time. By
contrast, longer UV/ozone exposure times (60 min) led to
the formation of a hydrophilic silica-like structure, as
assessed by XPS and water contact-angle measurements,
which exhibited a slow and incomplete hydrophobic
recovery. CFM pull-off force and stiffness mapping
revealed a laterally heterogeneous, high modulus surface
with <50-nm features with higher hydrophobicity (higher
pull-off forces) directly after exposure. A gradual surface
reconstruction within the silica-like layer occurred with
time after exposure, where a hydrophilic SiO4-enriched
phase formed <100-nm sized domains, surrounded by a
more hydrophobic matrix with a lower normalized modu-
lus.
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