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Abstract

Polydimethylsiloxane (PDMS) samples of different crosslink densities were oxidized in air plasma, and the stiffness change in the oxidized
PDMS surface was monitored by performing tapping mode atomic force microscopy (TMAFM) distance-sweep measurements and numer-
ical simulations of the cantilever equation of motion based on a contact mechanics model. The diffusion mechanism of hydrophobic recovery
of an oxidized PDMS surface was examined by a combined use of TMAFM distance-sweep and phase imaging experiments. Our work shows
that the modulus of the oxidized PDMS surface increases with increasing the oxidation time, and supports the diffusion mechanism of
hydrophobic recovery. It is possible to extract information about the indentation force from observed indentation curves and to employ

TMAFM for force modulation experiments at high modulation frequency. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Among physical and chemical modifications of polymer
surfaces corona and plasma treatments of polymers are of
practical importance for many applications. For example, in
biomedical applications such as contact lenses and blood-
contacting devices, a wettable surface is desired [1]. Poly-
dimethylsiloxane (PDMS) has a hydrophobic surface, and
oxygen plasma or corona treatments can be used to make its
surface hydrophilic and improve its wettability (needed for
biomedical applications) [2]. From fundamental and practi-
cal viewpoints, it is therefore crucial to understand what
physical and chemical changes corona or plasma treatments
bring about. It is known that the hydrophilicity of PDMS
surfaces induced by corona and plasma treatments is lost
with time, which is referred to as hydrophobic recovery [3].
This phenomenon has been the subject of many studies and
several explanations have been put forward for the mechan-
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ism of hydrophobic recovery [3—6]. A number of experi-
mental methods such as contact angle measurements,
Fourier transform infrared (FTIR) reflectance, X-ray photo-
electron spectroscopy (XPS) and static secondary ion mass
spectroscopy (SSIMS) have been used to characterize the
wettability of and the chemical changes in plasma-oxidized
PDMS surfaces. However, very little is known about the
local mechanical changes caused by the plasma treatment,
and the structures of plasma-treated surfaces are not
completely understood. Nevertheless, the plasma oxidation
is believed to introduce new crosslinks through the forma-
tion of new Si—O-Si bonds because FTIR, XPS and SSIMS
data indicate that the oxidation converts the sample surface
into a silica (SiO,)-like layer with thickness ranging from
several tens to several hundreds of nanometers depending
on oxidation time and intensity [3,7]. It has been suggested
that cracks are formed on the brittle silica-like surface due to
mechanically and/or thermally induced stresses, and these
cracks allow unoxidized low molecular weight PDMS lying
under the oxidized surface to ooze out covering the surface
and hence causing hydrophobic recovery [3] (hereafter
referred to as the diffusion mechanism of hydrophobic
recovery). Recently Bowden et al. [8] showed that complex
patterns form spontaneously when PDMS is first heated, then
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Fig. 1. Si 2p peaks of the XPS spectra obtained for unoxidized and oxidized PDMS samples: (a) unoxidized “1.2” sample; (b) “1.2” sample exposed to air

plasma for 30 s.

exposed to oxygen plasma and finally cooled. To explain
this observation they had to assume that the plasma
oxidation increases the modulus of the surface. This
assumption is quite reasonable given that the surface of
PDMS is converted to a brittle, silica-like layer under oxida-
tion. Nevertheless, it is important to monitor directly the
mechanical changes induced by the plasma oxidation and
provide direct experimental evidence for supporting this
assumption.

In the present study we employ tapping mode atomic
force microscopy (TMAFM) [9] to monitor stiffness
changes in plasma-treated PDMS surfaces and provide
support for the diffusion mechanism of hydrophobic recov-
ery. In recent years TMAFM [10] is routinely used to study
structures, morphologies and compositions of various poly-
mer surfaces because it provides enhanced image contrasts
and resolution [11]. Phase images of TMAFM depend sensi-
tively on local materials properties and also on experimental
parameters (e.g. the free amplitude A, the set-point ampli-
tude Ay, the tip shape, and the force constant k, of a free
cantilever) [12]. The repulsive tip—sample force interactions
are often described by the Hertzian contact mechanics
model [13], in which the indentation force of a tip—sample
system in static contact is related to the indentation depth.
To gain insight into the tip—force interaction, TMAFM
experiments are carried out in frequency- or distance-
sweep mode. When the amplitude and phase angle are
recorded as a function of the tip—sample rest distance z at
a fixed drive frequency, one obtains A(z) and @(z) curves.
These curves can be simulated by numerically solving the
equation of motion for a tapping cantilever within the
framework of an appropriate contact mechanics model.
Recent experimental and numerical simulation studies
have shown [14-16] that a cantilever tapping on compliant
samples deeply indents their surfaces and behaves like a
simple harmonic oscillator. In the present work we monitor
the stiffness change in plasma-oxidized PDMS surfaces by
performing distance-sweep (Z-sweep) TMAFM experi-
ments as well as numerical simulations of the resulting
A(z) curves.

2. Experimental

The PDMS samples used in our study are very compliant
elastomers. They were prepared by mixing a base and a cure
agent in the 15:x ratio (e.g. x = 0.6, 0.9, 1.2) by weight and
then heating to induce a crosslink reaction. The crosslink
density, and hence the elastic modulus, of a PDMS sample
increases with increasing the x value. Our dynamic mechan-
ical analysis (DMA) [17] shows that the unoxidized PDMS
samples with x = 0.6, 0.9 and 1.2 (hereafter referred to as
“0.6”, “0.9” and “1.2” samples) have storage moduli of
0.50, 0.97 and 1.32 MPa, respectively, at room temperature.
The DMA data show a typical rubber-like behavior. All the
unoxidized samples have very similar glass transition
temperature (T, = —119°C), density (p = 1.02 g/cm3)
and surface free energy (advancing contact angle 6 =
110°). The PDMS samples were exposed to air plasma in
a home-built apparatus for 1 s to 30 min using a power of
1.5 W and a pressure of about 0.1 mbar.

XPS measurements were carried out for oxidized and
unoxidized PDMS samples to confirm the oxidized nature
of the plasma-treated PDMS surfaces. As shown in Fig. 1a,
the Si 2p peak of an unoxidized PDMS sample, located at
102.1 eV, is symmetrical. Fig. 1b shows that the Si 2p peak
of the plasma-treated PDMS for 30 s is unsymmetrical, and
is decomposed into two peaks located at 109.1 and
103.4 eV. As the oxidation time increases, the lower-energy
peak diminishes while the higher-energy peak grows. These
features are identical with those reported by Hillborg and
Gedde [3], and indicate that oxidation on PDMS surfaces
involves the formation of linkages between Si and O atoms.

The TMAFM measurements were performed using a
Nanoscope IIl scanning probe microscope immediately
after the treatment as well as after several hours to monitor
the effect of aging. We used commercial Si cantilevers with
spring constants ky = 34 N/m and resonance frequencies
wy =2mX 166 kHz. All TMAFM measurements were
carried out at ambient conditions and by driving the canti-
lever at its resonance frequency. The Z-sweep experiments
were performed with free amplitude Ay = 73 nm. In this
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Fig. 2. Experimental (open symbols) and simulated (solid lines) amplitude
curves as a function of z for the “1.2” sample. The squares, triangles, circles
and diamonds refer to the samples exposed to plasma for 5, 10, 20 and 30 s,
respectively. The tip—sample reduced moduli E* used to simulate the
experimental A(z) curves for the samples for 5, 10, 20 and 30 s plasma
oxidation are 14, 25, 80 and 220 MPa, respectively. The dotted line repre-
sents the A(z) curve simulated for a very stiff surface (with E* = 100 GPa).

Z-sweep method, the lateral position of the tip is fixed, and
the amplitude and phase angle of a tapping cantilever are
measured as a function of the tip—sample rest distance z.
Z-sweep measurements lead to amplitude vs. distance and
phase vs. distance curves, i.e. A(z) and PD(z) curves,
respectively [14,16].

3. Stiffness change and indentation force
3.1. Effect of oxidation on amplitude

For the “1.2” samples exposed to air plasma for 5, 10, 20
and 30 s, the amplitude A(z) is plotted as a function of z in
Fig. 2. The samples oxidized for 5 s have the A(z) curves
very similar to those found for the unoxidized samples. The
A(z) curves exhibit a nonlinear decrease with decreasing z.
As z begins to decrease, the amplitude decreases slowly
compared with the case of stiff materials. As described
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earlier [14,16], this stems from the fact that the tip deeply
indents sample surfaces (see below). With decreasing z
further, the A(z) curves decrease steadily until a certain
large negative z value, below which the A(z) curves decrease
very slowly. As the oxidation time is increased, the A(z)
curves decrease faster with decreasing z, the sharp decrease
in the slope of A(z) occurs at a smaller negative z, and the
amplitude approaches a smaller value in the region of large
negative z. When the oxidation time exceeds 30 s, the A(z)
curves decrease almost linearly with decreasing z, and their
shape does not alter significantly with further increasing the
oxidation time. (Though not shown, similar results are
obtained for the “0.6” and “0.9” samples. Thus we will
present results obtained only for the “1.2” samples.)

The solid lines in Fig. 2 show the A(z) curves obtained by
numerical simulations using a commercially available soft-
ware package [18]. For our simulation study, the Burnham,
Colton and Pollock [19] contact mechanics model was
selected. The parameters used are the force constant ky =
34 N/m, the resonance frequency wy, = 27X 166 kHz and
the quality factor Q, = 400 of a free cantilever as well as the
drive frequency w = w, and the tip—sample reduced radius
of curvature R = 10 nm. These parameters are based on
experimental values. The ratio of the tip—sample interaction
damping to the viscous damping in air (i.e. yi/7y,) was
chosen between 1 and 2, because our experimental studies
showed that the quality factor of a tapping cantilever
decreases from that of a free cantilever by about 2 when
the tip—sample interaction is increased [13]. According to
our DMA study [17], the elastic storage moduli of unoxi-
dized PDMS samples are in the range of 8 MPa at 100 kHz.
The latter means that the tip—sample reduced modulus E” is
about 14 MPa since a silicon tip was employed in our study.
The dotted line of Fig. 2 represents the amplitude curve
calculated (using E* = 100 GPa) for very stiff samples
(e.g. Si and SiO») on which the indentation & is practically
zero, and will be referred to as the A, (z) curve.

The experimental A(z) curves are reproduced by numer-
ical simulation when the reduced modulus E” of an oxidized
PDMS is assumed to increase with increasing the oxidation
time. The A(z) curves recorded for the PDMS samples

60 _(b) % a 14MPa
o A 25MPa
500 409 o §0MPa
ol 2 % © 220MPa
% "0oog o
30t 2 o

AAAAAAAADE
Bg
201 !AZEA

00005,
10-%00000000000006%3

Fig. 3. (a) Experimental and (b) simulated indentation depths 8(ry,) of for the ““1.2” samples as a function of r,. In (a) the squares, triangles, circles and
diamonds refer to the samples exposed to plasma for 5, 10, 20 and 30 s, respectively. In (b) the squares, triangles, circles and diamonds refer to the results of

simulation obtained with E* = 14, 25, 80 and 220 MPa, respectively.
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Fig. 4. (a) Indentation force curves F(ry,) associated with the 8(ry,) curves calculated for the “1.2” samples. The squares, triangles, circles and diamonds refer
to the F (rsp) curves for E* = 14, 25, 80 and 220 MPa, respectively. (b) Phase shifts A® recorded for the “1.2” samples as a function of z. The squares,
triangles, circles and diamonds refer to the samples exposed to plasma for 5, 10, 20 and 30 s, respectively.

exposed to air plasma for 5, 10, 20 and 30 s are well repro-
duced by using E* = 14, 25, 80 and 220 MPa, respectively.
The A(z) curves of the oxidized PDMS samples lie above the
A (z) curve due to the indentation on these samples. With
increasing the oxidation time, the resulting A(z) curve
becomes more similar to the Ay (z) curve because the inden-
tation decreases. The agreement between the experimental
and simulated A(z) curves is quite excellent, although there
is some uncertainty in the tip shape and radius as well as in
the validity of the chosen contact mechanics model for
highly viscoelastic materials.

3.2. Effect of oxidation on indentation

The tip indentation 6 on a compliant sample can be deter-
mined as a function of z and as a function of the set-point
ratio r, = A/A, from the experimental A(z) curves [16]. The
A(z) curves observed for the oxidized PDMS samples lie
above the A (z) curve (Fig. 2). For a stiff sample the inden-
tation is essentially zero, so that the Ay (z) curve is given by
Ay(z) = Ay — 7. The deformation of the stiff silicon tip is
negligible compared with that of the PDMS samples. Thus,
for a given PDMS sample, the indentation depth 8(z) at a

given z is practically given by 8(z) = A(z) — Ast(z)lﬁ. The
O(ry) curves derived from the 8(z) curves for the “1.2”
sample are presented in Fig. 3a. At a given r,, the indenta-
tion 0 decreases by more than a factor of two as the oxida-
tion time is increased from 5 to 30 s. With decreasing 7, the
d(rgp) curves for short oxidation time first increase fast,
saturate at moderate ry, values, and then increase sharply
below a certain small r, value. The sharp increase in &(ryp)
at small r,, corresponds to the sharp decrease in the slope of
the corresponding A(z) curves at large negative z (Fig. 2).
Fig. 3b shows the calculated B(rsp) curves determined from
the calculated A(z) curves. As expected from the good
agreement between the experimental and simulated A(z)
curves in Fig. 2, the calculated O(ry,) curves are quite
close to the experimental &(rg,) curves.

3.3. Indentation force and phase shift

To understand the cause for the sharp increase in the
8(rsp) curves at low ry, and its implications, we examine
the calculated indentation force curves F(ry,), shown in
Fig. 4a, which are associated with the calculated &(r,)
curves of Fig. 3b. It is clear from Figs. 3b and 4a that the
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Fig. 5. Upper and lower turning points of oscillation (squares) calculated for the “1.2” sample with E* = 14 as a function of the tip—sample rest distance z. The
solid line refers to the relative position of the surface as a function of z, and the dashed line to the rest position of the tip.
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Fig. 6. Phase images of the “1.2” sample treated with plasma for 5 min after heating at 150°C for 1 h 30 min. The scan size is 90 wm in (a), and 25 pm in (b).

ryp-dependences of the F(rg,) curves are quite similar to
those of the &(ry,) curves. This is not surprising because in
the Hertzian contact mechanics the indentation force is
related to the indentation depth by F oc 8" (for a spherical
body in contact with a flat surface) [13]. Nevertheless, it is
important to recognize from the above result and the close-
ness of the experimental and calculated d(rg,) curves that
information about the indentation force can be gained from
the experimental o(ry,) curves. Fig. 4a shows that the inden-
tation force F(rg,) increases with increasing the sample
modulus in the region of 0.2 < ry, < 1.

The phase angles @(z) recorded for the “1.2” samples are
plotted as a function of the tip—sample rest distance z in Fig.
4b. The P(z) curves for the sample with 5 s oxidation are
very similar to those for unoxidized samples, as expected
from the corresponding A(z) curves. For a given z, a longer
oxidation time leads to a greater positive phase shift. This
result is expected, because the phase shift A® is governed
by two factors, i.e. the frequency shift Aw and the effective
quality factor Q.g. For compliant elastomers the Q¢ term is
related to the viscous damping and the energy dissipation
caused by tip—sample interaction. The Aw term is related to
the force constant change Ak in the tapping cantilever,
namely, Aw = Ak(wy/2ky), and therefore to the tip—sample
reduced modulus (in the repulsive tip—sample interaction
regime) [13,20,21]. Thus the phase curves also indicate
that the reduced modulus of the oxidized PDMS surface
increases with increasing the oxidation time.

4. Quasi force modulation with TMAFM

We now probe the cause for the sharp decrease in the
slopes of the A(z) curves at large negative z (equivalently,
the sharp increase in the 8(r,) curves at small ry,) by study-
ing the cantilever amplitude calculated during numerical
simulations. Fig. 5 presents the highest and lowest positions
of the oscillating tip (i.e. the upper and lower turning points
of the cantilever oscillation, respectively) calculated for the

case of E* = 14 MPa (squares) as a function of z. The rela-
tive surface position (solid line) is also shown as a function
of z. Here the zero of the relative surface position (dashed
line) is equal to the rest position of the tip. The tip does not
touch the surface when the lower turning point lies above
the solid line, but it does otherwise. When the upper turning
point lies above the solid line, the tip is in intermittent
contact with the surface during each cycle of oscillation
so that the cantilever taps the surface. However, in the
region of z where the upper turning point lies below the
solid line, the tip is in permanent contact with the surface
during each cycle of oscillation so that the function of an
oscillating cantilever becomes quasi force modulation [22]
instead of tapping.

Thus the sharp decrease in the slopes of the A(z) curves at
large negative z (Fig. 2) and the sharp increase in the o(r)
curves at small r, (Fig. 3a) signify that the oscillating canti-
lever switches its role from tapping to force modulation.
This suggests that TMAFM can be used for force modula-
tion experiments. Since the drive frequency of the cantilever
is typically high (e.g. 100—300 kHz range) in TMAFM,
such experiments might allow one to extract information
about the storage and loss moduli of elastomers at high
modulation frequencies. This question will be probed in
detail elsewhere [17].

5. Hydrophobic recovery

In this section we discuss the diffusion mechanism of
hydrophobic recovery by studying the effect of mechanical
stress on the oxidized surface of PDMS. For this purpose the
“1.2” samples were heated at 150°C for 1 h 30 min and then
immediately exposed to air plasma for 30 s to 30 min. Fig.
6a and b show TMAFM phase images for such thermally
treated “1.2” samples exposed to plasma for 5 min. Cracks
up to several tens of microns (Fig. 6a) and a significant
change in surface roughness at higher magnifications (Fig.
6b) are observed. Thermal treatment leads to an expansion
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of the PDMS sample and upon cooling the sample shrinks
causing a mechanical stress due to the silica-like thin film on
the surface. Shorter time of oxidation or heating results in
less and smaller cracks. For thermally untreated samples
exposed to plasma for a short time (up to 30s), cracks
were generally not observed although the presence of
some local cracks and increased roughness cannot be
excluded. As expected, we observed hydrophobic recovery
for the plasma-oxidized PDMS samples. However, even
after leaving such samples in ambient conditions for hours
or days, we found that the A(z) curves determined after
hydrophobic recovery are practically identical with those
determined before hydrophobic recovery. Therefore our
results support the diffusion mechanism of hydrophobic
recovery.

6. Concluding remarks

Our work shows that the modulus of the oxidized PDMS
surface increases with increasing the oxidation time, that
information about the indentation force can be extracted
from the observed indentation curves, and that hydrophobic
recovery occurs most likely by the diffusion mechanism. On
compliant polymers the function of an oscillating cantilever
can switch from tapping to force modulation. The latter
suggests the possibility of using TMAFM for force modula-
tion experiments at high modulation frequencies.
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