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ARTICLE INFO ABSTRACT

Keywords: Polydimethylsiloxane (PDMS) is widely used in many areas of science due to its outstanding properties. The
PDMS continuous expansion of its applications is evidenced by a large number of research studies dedicated to
Wettability modifying this soft material, ultimately leading to tailored properties. These studies highlighted the important
Hydrophobic recovery role of film thickness (in the range of a few micrometers to millimeters) on surface properties, including
Oxygen plasma treatment mechanical properties, wettability, and surface topography. In this work, we investigated these surface
Buckling structure N L ? R L A
properties of pristine as well as oxygen plasma-treated PDMS, in a thickness range of submicrometer and
micrometer. We explored the effects of film thickness, dilution ratio, and plasma treatment time on effective
Young’s modulus, surface topography (buckling structures), and wettability (hydrophobicity recovery) of the
PDMS surfaces by conducting force-distance measurements, atomic force microscopy (AFM) and contact angle
(CA) measurements, respectively, over a period of more than one month after the plasma treatment. The
results of effective Young’s modulus on pristine PDMS show a high correlation with the dilution ratio and
no dependency on the thickness. The characterized waviness (1) and amplitude (A) of the resulting buckling
structures forming on the plasma-treated surfaces reveal a correlation with film thickness, which is not included
in the theoretical predictions. The results of CAs show a faster recovery process for the advancing than for the
receding condition, and uncover a high correlation with both film thickness and dilution ratio for short-time
plasma treatment. Furthermore, the buckling structures as well as the hydrophobicity recovery process in
this work revealed a significantly different domain in comparison to the studies in literature, where these
properties of PDMS membranes with a thickness ranging from a few micrometers to a few millimeters have
been investigated.

1. Introduction time due to the reorientation of the hydrophilic terminal groups into

the bulk material and the penetration of low molecule weight (LMW)

Polydimethylsiloxane (PDMS) exhibits excellent thermal and chem-
ical stability, optical transparency, biocompatibility, and extreme cost-
efficiency, and offers possibilities for efficient modification of its me-
chanical properties [1-3], wetting characteristics [4-6], and surface
topography [1,3,7]. These unique properties continuously attract con-
siderable interest and attention, leading to various application areas
such as surface engineering [8-11], optical gratings [12,13], microflu-
idics [14-16], stretchable electronics [17], biochips [10,15,18] and so
on.

The surface wetting property of PDMS, described by water contact
angle (CA), can be efficiently modified from hydrophobic to hydrophilic
using oxygen plasma or UV/ozone (UVO) treatment by introducing
silanol (Si-OH) terminal groups and generating a silica layer on the
surface [1-5,7,15,19]. Moreover, the hydrophobicity recovers over
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species from bulk to the surface [15]. In addition to the wettability
modification, the oxygen plasma treatment can also modify the surface
topography of PDMS. The plasma introduces high energy to the surface
and drastically increases the surface temperature. Compressive stress is
created in the stiff silica layer on the soft PDMS during the cooling
process. As the compressive stress reaches a critical value, buckling
structures are formed to relieve the stress [6,19-22].

The continuous expansion of PDMS’s application domain is evi-
denced by a large number of research studies dedicated to modifying
this soft material, ultimately leading to tailored properties that cater
to specific purposes and applications. For instance, Pascual et al. [23]
proposed a method to locally tune the wettability of a PDMS surface.
This method involves local heating of a plasma-hydrophilized PDMS
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Table 1
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The dilution ratio, thickness, and effective surface near Young’s modulus for each sample type. Buckling structures are formed

on the surface after 15 and 30 s oxygen plasma treatment. The characterized waviness (1) and amplitude (A) of the buckling

structures on each sample are shown in this table as well.

Sample Ratio [wt%] Thickness [pm] E [MPa] 4 [nm] A [nm]

15s 30 s 15s 30 s
M 0:1 3.5+0.10 3.1+0.12 222+ 0.1 231+9.2 6.3 +0.63 19.8 +1.87
m 5:1 3.5+0.10 1.8+0.19 321+ 14.1 342 +2.1 17.5+1.22 27.0+3.14
N 5:1 0.86 +0.13 1.8+0.14 299+ 7.8 318 +£12.0 144 +1.79 23.6 +2.45
n 9:1 0.86 +£0.13 0.9 +0.06 380 +41.7 367 +13.44 16.1 +1.74 31.7+3.12

surface to accelerate the hydrophobicity recovery process while the
rest surface remains hydrophilic [23]. Tan et al. [13] proposed tunable
phase gratings by wrinkling of the plasma-oxidized PDMS [13]. Addi-
tionally, a few review papers are available for the various applications
and modifications of PDMS in recent years [10,15,16,24,25]. Despite its
significance and application interest, the surface properties of pristine
and plasma-treated PDMS are subject to variability due to the influ-
ence of fabrication parameters (e.g. prepolymer-to-crosslinker ratio,
treatment time) as well as the layer thickness [1-5,26,27]. Liu et al.
[2] investigated the mechanical properties of PDMS with a thickness
ranging from 30 to 350 pm and the results showed that an increased
thickness results in a decrease in Young’s modulus [2]. Hyun and Jeong
[1] deposited a thin polymer layer on an oxygen plasma-treated PDMS
surface and induced buckling structures on the surface. The resulting
waviness of the buckling structures (2.76, 3.31 and 3.52 pm) increases
when the thickness of PDMS increases (0.5, 2 and 20 mm) [1]. Nguyen
et al. [4] and Bhandaru et al. [5] investigated the effect of thickness
on the hydrophobicity recovery process after hydrophilization of the
PDMS surface, in the thickness range of a few micrometers to one
millimeter and 3.9 to 30 mm, respectively. Both studies revealed a faster
recovery process on thicker films [4,5]. Firpo et al. [28] showed that
the permeability of PDMS membranes to CO, and He depends on the
membranes thickness below tens of micrometers [28]. In summary,
these studies highlight the critical role of the PDMS film thickness
on the mechanical properties, the resulting buckling structures, hy-
drophobicity recovery after surface modification, and consequently the
applications of PDMS. As PDMS films become progressively thinner
in many device applications, it is crucial to understand how surface
properties of PDMS in the micrometer and submicrometer thickness
range depend on process parameters.

In this work, we manage to provide a comprehensive understanding
of the surface properties of both pristine and plasma-modified PDMS
thin films in the thickness range of submicrometer and micrometer.
We fabricated thin PDMS films by varying the dilution ratio, exposed
the PDMS surface to oxygen plasma treatment with various treatment
times, and investigated a wide range of surface properties, namely,
effective Young’s modulus, surface topography, and wetting properties
as well as the hydrophobicity recovery process, over a time period of
more than one month.

2. Experimental details
2.1. Materials and sample preparation

The PDMS elastomer was prepared by mixing the prepolymer base
and the crosslinker with a 10:1 ratio by weight (Sylgard 184 kit, Dow
Corning). Next, it was degassed in a vacuum desiccator for 30 min. To
achieve film thicknesses in the micrometer and sub-micrometer range,
the PDMS mixture was diluted with a non-aqueous liquid, n-heptane,
at various dilution ratios. The diluted PDMS mixture was spin-coated
onto a silicon die with a dimension of 20 x 20 mm? in a nitrogen envi-
ronment. The spin coating process was carefully optimized by adjusting
the spin speed and time [15,29]. Subsequently, the samples were cured
for 2h at 100°C in a clean room environment. The thickness of the
films was determined by measuring the step height with a profilometer

(Dektak). The dilution ratio, i.e., n-heptane to PDMS by mass, and the
resulting thickness for each sample are shown in Table 1. For a better
overview in the following part, the PDMS films with a thickness of
3.5pum and 0.86 pm are labeled M, m (indicating the micrometer range)
and N, n (indicating the nanometer range), respectively. A lowercase
letter, for instance, m, indicates a relatively higher dilution ratio than
the uppercase letter, M. The applied spin speed and spin time for
achieving the desired thickness are 7000, 500, 6000, and 500 rpm and
150, 30, 120, and 30 s for sample M, m, N, and n, respectively.

The oxygen plasma treatment of the PDMS films was conducted
in an STS 320 RIE plasma etching system using a radio frequency
(RF) power supply at 13.56 MHz. The plasma chamber was firstly
evacuated to a pressure of 12 mTorr and purged by nitrogen gas. The
oxygen plasma treatment was then conducted at a chamber pressure of
20 mTorr, oxygen gas flow rate of 20 sccm, plasma power of 100 W,
and various treatment times: 5, 15 and 30s, followed by a purging
process through nitrogen gas for 1 min and pumping down the pressure
back to 12 mTorr for 2 min. In the following chapter, the number after
each sample labeling represents the treatment time, e.g. N5 for an N
sample treated by oxygen plasma for 5 s. The samples were stored in
ultra-violet (UV) light protected boxes in a clean room.

2.2. Characterization

The surface topography was analyzed with an atomic force mi-
croscope (AFM, Bruker Dimension Edge, cantilever NCHV-A). Based
on the AFM results, the characteristic waviness and amplitude of the
buckling structure were acquired by Gwyddion [30]. The former one is
quantified by the height-height correlation function [31]. Additionally,
effective Young’s modulus was obtained based on the force-distance
curves measured through the contact mode of AFM [29,32-34]. The
cantilever applied for contact mode is the Bruker Scanasyst-Fluid with
a spring constant of 0.7N/m. Typical acquired force-distance curves
are shown in Fig. 1. These force-distance curves were then used for
effective Young’s modulus determination by the open-source software
AtomicJ [34,35], which supports a wide range of contact mechanics
models for various materials, including the hyperelastic PDMS. The
measurement of the force-distance curve was repeated at three dif-
ferent positions for each sample. The arithmetic mean value is then
presented for effective Young’s modulus in the following sections.

A drop shape analyzer (DSA, Kriiss DSA30S) with a resolution of
0.01° and an accuracy of 0.1°, was used for the contact angle (CA)
measurement. The wettability of samples is described by the advancing
and receding water CA through the sessile drop method [36,37] at
laboratory atmospheric condition with a temperature of 20 + 1 °C and
humidity of 35 + 5 %. The advancing CA was measured by increasing
the droplet volume through the dosing needle [37]. As the receding
CA is considerably smaller (<20 °) and even zero (see results and
discussion part of wettability), it was impossible to use the same
dosing system to establish the receding CA. Therefore, we applied the
droplet evaporation method [38-40] to measure the receding CA. The
maximum speed of the volume change for advancing and receding CA
was 0.1 pL/s and 0.003 pL/s, respectively. The volume change results in
a triple line movement. The capillary number, Ca, is used to evaluate
the effect of the triple line movement on the determination of contact
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Fig. 1. The force-distance curve acquired by AFM for (a) untreated pristine sample n, and (b) m sample treated by oxygen plasma for 15 s, m15.

angle. Ca is calculated by Ca = (u - v)/y},, with dynamic viscosity u,
liquid-air surface tension y;, and triple line velocity v, and describes the
relative effect of viscous drag force versus surface tension [41]. The
maximum Ca due to the triple line movement, which is induced by
volume change in this work, is equal to 7.2 - 10~°. This value is smaller
than the critical value of ~ 107>. Therefore, in the first approximation,
the effect of viscous forces on the CA can be neglected [36,41,42], and
we may say that the triple line movement and volume change do not
play a role in the CA determination.

3. Results and discussion
3.1. Effective Young’s modulus

The obtained results of the effective Young’s modulus of each sam-
ple are shown in Table 1. The value for cross-linked PDMS film with
a dilution ratio of 0:1 (M sample, non-diluted), 3.1 + 0.12 MPa, is
comparable to those in literature [1,15,43,44]. The samples m and
N, which have the same dilution ratio (5:1) but with different film
thicknesses, show an identical value of effective Young’s modulus. We
may therefore conclude that the dilution ratio plays the dominant
role in the effective Young’s modulus of the film in the investigated
thickness range, as only a higher dilution ratio results in a lower value
of effective Young’s modulus.

There are a few studies in the literature investigating Young’s
modulus of cross-linked PDMS films and membranes [1-3,45]. The
work of Liu et al. [2], who fabricated PDMS membranes in a thickness
range of 35-350 pm from non-diluted PDMS, revealed a thickness-
dependency of Young’s modulus [2]. An increase in thickness leads
to a decrease in Young’s modulus of the cross-linked PDMS. This
result is in contrast to ours, as the effective surface near Young’s
modulus appeared independent of the film thickness, in the investi-
gated thickness of 0.86 pm and 3.5 pm. In addition to the thickness
difference, it is necessary to note that in their study, the tensile tests
were performed by a microforce tester for acquiring Young’s modulus,
indicating the property of the bulk material, while in our work, the
force-distance curves were conducted by AFM, revealing the surface
near Young’s modulus. Hyun and Jeong [1] and Kim et al. [3] investi-
gated the effect of prepolymer-to-crosslinker ratio on Young’s modulus
of bulk PDMS [1,3]. Their results revealed that a lower prepolymer-
to-crosslinker ratio (higher percentage of crosslinker) leads to a higher
density of crosslinked PDMS and therefore a higher Young’s modulus.
In our investigations, the prepolymer-to-crosslinker ratio is kept at
10:1 and the mixture of prepolymer and crosslinker is diluted by n-
heptane to achieve thin layers by spin-coating. Our results provide
new insight into controlling the effective surface near Young’s modulus.
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Fig. 2. The effective surface near Young’s modulus of PDMS as a function of plasma
treatment time.

Recent work from Inoue et al. [45], who diluted the PDMS with hexane
to create PDMS rubber and conducted tensile tests, showed a similar
dependence of bulk Young’s modulus on the dilution ratio.

After the formation of the stiff silica layer on the surface by oxygen
plasma treatment, the effective surface near Young’s modulus increased
to 8-10 MPa, as shown in Fig. 2. When the plasma treatment time
increases, the value of the effective surface near Young’s modulus is
slightly enhanced. No clear correlation can be seen between effec-
tive Young’s modulus and sample type (i.e. PDMS film thickness and
dilution ratio).

The effective surface near Young’s modulus has been investigated
over time. The results reveal a decrease smaller than 1 MPa on all types
of samples over one month. It is important to note that the thickness
of the silica layer generated by plasma treatment is in the range of a
few nanometers [46], and the effective Young’s modulus measured by
force—distance curve refers to the bilayer, i.e., the silica/PDMS layer.

3.2. Surface topography

In the following the results of surface topography analyses with
respect to the plasma treatment time, the sample type (thickness,
dilution ratio, and effective Young’s modulus) and as a function of time
are discussed.

To start, the results of surface topography changing with plasma
treatment times are presented and discussed. Examples of AFM images
of both untreated and plasma-treated N samples are shown in Fig. 3.
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Fig. 4. Typical surface profiles for sample m treated by oxygen plasma for 15 s (a) and 30 s (b).

At a treatment time of 5s, the surface topography stays unchanged
compared to the pristine PDMS surface, while the CAs show a dramatic
drop (for details see Discussion of wetting property). This dramatic
drop in CAs indicates that the oxygen plasma treatment introduces
the hydrophilic silanol (Si-OH) terminal groups and generates a silica
layer [15]. A significant topographical modification is observed after
15 s plasma treatment, as buckling structures are formed on the surface,
see Fig. 3(c). This surface modification is due to the mismatch of the
thermal expansion coefficients of the stiff silica surface (1 x 107¢ K~!
to 1x 1077 K~!) and the bulk elastomeric PDMS (~ 3.1 x 10~ K1) [6,
20-22]. The plasma treatment considerably increases the sample tem-
perature while the stiff silica layer is generated. Compressive stress
is created in the top silica layer when the temperature decreases
again during the purging process. The buckling structures are therefore

formed to relieve the compressive stress [6,20-22], as we can see
from the AFM images illustrated in Fig. 3(c)(d). Typically, the buckling
structure is characterized by its waviness 1 and amplitude A, which are
described by [19,47,48]

i 1/3
A=2rh,| = , @
3Ep
and
. 1/2
A= hy <— - 1> . @
86

where £, is the thickness of the stiff silica layer. E, and Ep are the in-
plane strain moduli of the silica and PDMS layer, and are described by
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Young’s modulus E and Poisson’s ratio v, as E=E /(1=V?). € represents
the compressive strain on the bilayer. The parameter ¢, is described by

— 2/3
_1(3Ep /
gc_4 ES >

and defined as the critical buckling strain, or in other words, the min-
imum strain needed to induce buckling [48]. These equations indicate
that the waviness and amplitude are both proportional to the thickness
of the silica layer, and the latter additionally depends on the strain.

The results of waviness and amplitude for the buckling structure
are shown in Table 1, and reveal enhanced values of both on samples
M, m, and N, when the plasma treatment time increases from 15 to
30 s. This increasing trend of waviness and amplitude with plasma
treatment time is consistent with Egs. (1) and (2). As the plasma
treatment time increases, the thickness of the silica layer (4,) and the
thermally-induced strain (¢) raises [49-51]. The raise in the former (#;)
results in an increase in waviness, while the raise of both the A, and ¢
leads to an increase in amplitude. Accordingly, the amplitude shows
a more pronounced increase (>50%) compared to waviness (<7%).
Typical surface profiles of the m sample treated for 15 and 30 s are
shown in Fig. 4 and reveal the significant increase in amplitude with
plasma treatment time. However, the waviness of sample n shows a
higher deviation in comparison to other samples. The waviness changes
from 380 + 41.7 to 367 + 13.44. No significant increasing trend of
waviness by increasing the plasma treatment time can be revealed, as
the error bars overlap.

Additionally, the surface topography is discussed regarding the
sample type, more specifically, thickness, dilution ratio, and effective
Young’s modulus. We assume that the thickness of the silica layer is

3

independent of the sample type, as it is determined by the plasma treat-
ment time and energy input [49-51]. According to Eq. (1), a decreased
value of Young’s modulus of PDMS leads to a raised value in waviness.
Our results are consistent with this statement, see the waviness results
in Table 1, and AFM images in Fig. 5. Furthermore, by comparing
the samples m and N, which have the same dilution ratio (5:1) and
effective Young’s modulus of PDMS (1.8 MPa), but different thicknesses,
the waviness of the buckling structure on sample m (3.5 pm), is larger
than on sample N (0.86 pm). It is evident that the thickness of the
PDMS also plays a role in waviness. This correlation between the PDMS
thickness and the waviness is not included in Eq. (1).

The resulting amplitude shows a similar trend as the waviness. The
higher the effective Young’s modulus, the higher the critical strain
(e, x EP2/3), and accordingly, the lower the amplitude of the resulting
buckling structure, as described by Eq. (2). In addition to the effective
Young’s modulus, the thickness of the PDMS layer also contributes
to the resulting amplitude. The thicker the PDMS film, the larger the
amplitude of the formed buckling structure. This correlation between
the amplitude and the film thickness is also not included in Eq. (2).

Moreover, the surface topography has been investigated over a
period of 30 days after plasma treatment. The waviness and amplitude
of the buckling structure as a function of time are shown in Figs. 6
and 7, respectively. The blue graphs represent results for the sub-
micrometer samples N and n, while the brown graphs show results
for the micrometer samples, M and m. The lighter color represents
samples with a higher dilution ratio. The results reveal a rather constant
waviness and a decrease in amplitude over time, and the latter indicates
surface relaxation.
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3.3. Wetting property

The CA results are shown in Fig. 8. The advancing and receding CA
on pristine PDMS, 0;‘1" = 1174 £ 1.02° and 0;“ 98.4 + 0.61°, reveal
its natural hydrophobicity. The CAs drastically reduce to a hydrophilic
state by the oxygen plasma treatment. These initial CAs on plasma-
treated PDMS, H?d" = 17-27° and Gim = 0° as shown in Fig. 8 at
the first day after plasma treatment, are independent of the plasma
treatment time, surface topography, film thickness, and dilution ratio.

This reduction of CAs is attributed to the creation of hydrophilic silanol
(Si-OH) terminal groups on the surface [4,5,15]. The CAs on these
plasma-treated surfaces increase over time due to the reorientation of
the hydrophilic functional groups to the bulk PDMS and the migration
of hydrophobic LMW species from bulk to the surface [4,5,15]. Fig. 8
depicts the recovery process as the CAs on plasma-treated surfaces
increase with time.

According to Young’s equation [52], the CA is determined by the
force equilibrium of the surface tensions at the triple line. This allows
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Fig. 9. Results of log(%) at the (a) advancing limit and (b) receding limit. The inserted lines represent the linear fit. The recovery speed in the first recovery stage is represented

by the absolute value (I)f LEhe slope, 1/7.

the effective solid surface tension, y, to be expressed as

Y = Ysa — ¥s1 = 71a €08(0), ()]

where the yg,, v4 and y, represent solid-air, solid-liquid and liquid-
air interface tension. 6 can be advancing or receding CA. Using the
measured CAs and the y;, at 20°C, 72.8 mN/m[53], the effective solid
surface tension, y, is calculated for the advancing and receding limit.

In order to characterize the recovery process, we approximate the
recovery process by an exponential function, starting with the effective
solid surface tension of the initial plasma-treated surface, y;, and as-
sume that the final state of the recovery process is the pristine PDMS,
¥p- The recovery process of hydrophobicity described by y is therefore
written as

r=0i—1)- eXP(—f) + 7ps )

where 7 is the time constant and characterizes the initial and maximum
speed of the recovery process. y; and y, are calculated through Eq. (4)
with the corresponding 6; and 6, respectively.

The recovery process within the first month is fitted according to
Eq. (5). The slope of the fitting line, —1/7, is shown in Fig. 9, and
characterizes the recovery speed. The higher the 1/z, the faster the
surface hydrophobicity recovers. Overall, the recovery speed reveals a
smaller value when the plasma treatment time increases, and shows a
significantly smaller value in the receding limit than in the advancing
limit. For PDMS treated by oxygen plasma for 5 s, the recovery speed
(1/7) for the micrometer samples M and m is considerably larger than
that for the sub-micrometer samples N and n. Additionally, the dilution
ratio contributes to the recovery process as well. A lower dilution
ratio leads to a higher recovery speed. This higher recovery speed
is assumed to be caused by the greater reservoir of LMW species in
the thicker [4,5,15] and the less-diluted PDMS films. However, for

samples treated with oxygen plasma for 15 and 30 s, there is no clear
correlation between recovery speed and film thickness or dilution ratio.
It is worthwhile to mention that we have neglected the influence of
the buckling structures on the CAs, since the effective increase of the
surface area by the buckling structures is less than 4.4%. The CAs
were measured again two months after the plasma treatment as shown
in Fig. 8. The CAs on all plasma-treated samples did not reach the
hydrophobic state of pristine PDMS.

4. Conclusion

In this work, we explored the effects of film thickness (submicrom-
eter and a few micrometers), dilution ratio, and plasma treatment time
on effective Young’s modulus, wettability, hydrophobic recovery, and
buckling structure of PDMS surfaces.

The results of effective Young’s modulus on pristine PDMS show a
high correlation with the dilution ratio and are independent of thick-
ness. A higher dilution ratio leads to a lower effective Young’s modulus
of PDMS. The oxygen plasma treatment can modify both surface wetta-
bility and surface topography. The hydrophilization of the PDMS does
not depend on the film thickness, dilution ratio, and oxygen plasma
treatment time. Even a 5-second oxygen plasma treatment results in a
significant drop in CAs. However, the hydrophobicity recovery process
does show a dependency on both film thickness and dilution ratio.
Thicker and less-diluted PDMS films lead to a higher recovery speed
due to their higher LMW species reservoirs. Moreover, the recovery
speed shows a lower value as the treatment time increases, and reveals
a higher value in the advancing than in the receding limit.

Surface topography is modified, namely, buckling structures are
formed on the surface when the critical strain is reached, in our case,
when the plasma treatment time is longer than 15 s. Our results reveal
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that the thickness of PDMS has an impact on both waviness and ampli-
tude. A higher thickness results in higher values of both. Furthermore,
the buckling structure has been observed over time, the results show a
constant value of the waviness but a decrease in amplitude.

All in all, the surface properties of PDMS can be easily and effi-
ciently modified by oxygen plasma treatment, and the resulting prop-
erties highly depend on the dilution ratio and film thickness. In compar-
ison to thicker PDMS films (ranging from a few tens of micrometers to
millimeters), thin films (submicrometer and micrometer range) exhibit
significantly different domains of buckling structures and hydropho-
bicity recovery. The buckling structures forming on thin films exhibit
a waviness in the submicrometer range, while thicker films typically
show a waviness ranging from a few micrometers to tens of microme-
ters. Moreover, the recovery process of hydrophobicity for thin films is
considerably longer, lasting more than a month, in contrast to thicker
films which typically recover within a few days or even hours. These
differences in the surface properties underscore the impact of film
thickness, indicating that the film thickness is crucial for advancing the
proper utilization of PDMS in various applications.
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