
S
c

D
a

b

c

a

A
R
R
A
A

K
P
S
A
c
H
S
P

1

r
b
e
t
s
t
F

v
p
R
p

g
f

0
d

Sensors and Actuators B 162 (2012) 425– 434

Contents lists available at SciVerse ScienceDirect

Sensors  and  Actuators  B:  Chemical

journa l h o mepage: www.elsev ier .com/ locate /snb

urface  modification  of  PDMS  by  atmospheric-pressure  plasma-enhanced
hemical  vapor  deposition  and  analysis  of  long-lasting  surface  hydrophilicity

onghee  Leea,  Sung  Yanga,b,c,∗

Graduate Program of Medical System Engineering, Gwangju Institute of Science and Technology (GIST), Gwangju 500712, Republic of Korea
School of Mechatronics, Gwangju Institute of Science and Technology (GIST), Gwangju 500712, Republic of Korea
Department of Nanobio Materials and Electronics, Gwangju Institute of Science and Technology (GIST), Gwangju 500712, Republic of Korea

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 12 July 2011
eceived in revised form 1 November 2011
ccepted 8 December 2011
vailable online 17 December 2011

eywords:
DMS
urface modification
tmospheric-pressure plasma-enhanced
hemical vapor deposition
ydrophilicity
urface analysis

a  b  s  t  r  a  c  t

Atmospheric-pressure  plasma-enhanced  chemical  vapor  deposition  (AP-PECVD)  offers  several  benefits
such as  simplicity,  high  productivity,  and versatility.  An  AP-PECVD-based  method  is  proposed  in  this  study
to modify  hydrophobic  PDMS  (polydimethylsiloxane)  surfaces  towards  a  long-lasting  hydrophilic  char-
acter. To  enhance  the  sustainability  of  the hydrophilicity,  two  kinds  of  layers  were  sequentially  deposited
by  AP-PECVD  on the  surface  of a PDMS  block  (TEOS-O2/CH4/PDMS).  A hydrocarbon  layer  was  first  coated
on  the  bare  PDMS  surface  using  CH4 as  the  reactant,  and  then,  a hydrophilic  SiOx layer  was  deposited
using  tetraethyl  orthosilicate  and  oxygen  (TEOS-O2). The  highly  cross-linked  hydrocarbon  layer  acted  as
a physical  barrier  layer  (PBL)  between  the  bare  PDMS  surface  and  the  hydrophilic  layer.  To  confirm  that
the PBL  suppresses  the hydrophobic  recovery  of the modified  PDMS  surface  with  double  layer,  a  single-
layer-coated  PDMS  sample  (TEOS-O2/PDMS)  without  the PBL  was prepared  by  AP-PECVD  using TEOS-O2.
The  surface  characteristics  were  determined  by static  contact  angle  measurements,  surface  roughness
measurements,  and  surface  chemical  composition/chemical  bonding  determination  and  compared  with
lasma polymerization those  of modified  PDMS  surface  with  double  layer.  The  surface  morphology  of  TEOS-O2/PDMS  degraded
seriously  by  the  diffusion  of PDMS  oligomers  to the hydrophilic  layer,  but that  of  TEOS-O2/CH4/PDMS  was
sustained  for  a  long  time.  Thus,  TEOS-O2/CH4/PDMS  had  the  lowest  contact  angle,  almost  0◦,  and  showed
long-lasting  surface  hydrophilicity,  with  almost  no change  in the  contact  angle  for  28  days.  Thus,  this
proposed  method  is  confirmed  to be  well  suited  for use  in  applications  that  require  stable  hydrophilic
surface  property  in PDMS.
. Introduction

Polydimethylsiloxane (PDMS) is widely used for the microfab-
ication of various lab-on-a-chip devices because it is inexpensive,
iocompatible, self-sealable, and highly elastic; further, it has
xcellent optical transparency and allows for easy device fabrica-
ion [1,2]. However, because of its innate hydrophobicity, PDMS

hows nonspecific binding with biomolecules via physical adsorp-
ion [3] and has limited electro-osmotic flow applications [4].
urthermore, an external mechanical or electrical power source is

Abbreviations: AP-PECVD, atmospheric-pressure plasma-enhanced chemical
apor deposition; PDMS, polydimethylsiloxane; TEOS, tetraethyl orthosilicate; PBL,
hysical barrier layer; LBL, layer-by-layer; PPAA, plasma polymerized acrylic acid;
F,  radiofrequency; DOE, design of study; ANOVA, analysis of variance; XPS, X-ray
hotoelectron spectroscopy; SEM, scanning electron microscopy.
∗ Corresponding author at: #406 Mechatronics Bldg., GIST, 261 Cheomdan-

wagiro, Buk-gu, Gwangju 500712, Republic of Korea. Tel.: +82 62 715 2407;
ax:  +82 62 715 2384.

E-mail address: syang@gist.ac.kr (S. Yang).

925-4005/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.snb.2011.12.017
© 2011 Elsevier B.V. All rights reserved.

required, in general, to support the transport of liquids in a PDMS-
based lab-on-a-chip system [5].

Attempts have been made to make the PDMS surface hydrophilic
by surface modification, while preserving the bulk-material prop-
erties [4–6]. Oxygen-based plasma treatment is a simple and
commonly used means of making the PDMS surface hydrophilic,
but the hydrophilicity is soon lost because PDMS oligomers migrat-
ing from the bulk to the air-surface interface cause hydrophobic
recovery within a few hours following the plasma treatment
[4,7]. Storing PDMS under water after oxygen-based plasma treat-
ment can reduce the rate of hydrophobic recovery, but this
method of storage is not applicable to PDMS-based microfluidic
devices [2,8,9].  Thus, increasing the hydrophilicity to the max-
imum possible extent and preserving it for a long time even
when PDMS is stored under dry conditions are critical issues. In
addition, the surface modification procedure to be chosen should

be simple and cost-effective so that it can be used for large-
scale surface modification. Numerous methods such as thermal
aging [10], sol–gel coating [11], deliberate protein adsorption
[12], layer-by-layer (LBL) deposition [13], silanization [14], and

dx.doi.org/10.1016/j.snb.2011.12.017
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:syang@gist.ac.kr
dx.doi.org/10.1016/j.snb.2011.12.017
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adiation-induced graft polymerization [7,15,16] have been pro-
osed for achieving long-term surface hydrophilicity. Moreover,
o inhibit the migration of PDMS oligomers from the bulk to
he surface, the physical barrier layer (PBL) concept has been
ntroduced in various surface modification methods such as UV
olymerization [17], silanization [18], and chemical vapor depo-
ition (CVD) [19,20]. Plasma polymerization has been used for the
urface modification of PDMS by the deposition of a PBL such as

 plasma polymerized acrylic acid (PPAA) layer [19]. The wet-
ability and hydrophilicity of the PDMS surface modified using
hese PBL-based methods are retained for a long time, and the
ate of hydrophobic recovery is efficiently decreased [4]. Cur-
ently, there is a strong demand for surface modification methods
hat can induce surface hydrophilicity not only in PDMS but
lso in synthetic polymers with an inert hydrophobic surface
21,22].

Plasma polymerization that includes plasma-enhanced chem-
cal vapor deposition (PECVD) is widely used for surface

odification and thin-film fabrication since it is a gas-phase pro-
ess in which chemical wastes are not produced, and therefore,
ashing and drying steps are not necessary. Furthermore, the depo-

ition layer in PECVD can be changed by simply changing the
eactant, similar to the case of chemical polymerization, where
he nature of the product can be varied by changing the monomer
sed. Recently, atmospheric-pressure PECVD (AP-PECVD), in which
lasma deposition is effected at atmospheric pressure, has gained
opularity [23–25].  Since the AP-PECVD apparatus can be operated
t atmospheric pressure, no vacuum chamber or pumping system is
equired; further, there is no limit on the substrate size to be used in
P-PECVD, as opposed to low-pressure plasma-enhanced chemical
apor deposition, in which only small substrates can be employed.
n addition, AP-PECVD allows for parallel and in-line processing
26–28].

A stable hydrophobic layer on hydrophilic materials has
een previously developed by depositing a hydrocarbon layer
n the substrate by AP-PECVD using CH4 as the reactant [29].
lasma polymerization yields a highly cross-linked layer by pro-
oting random chemical reactions between various radicals

ctivated by the radiofrequency (RF) plasma in the polymer-
zation step, and the hydrophobicity of the coating layer is
etained for more than 4 months. In addition, SiOx or SiOC lay-
rs can be deposited by AP-PECVD using tetraethyl orthosilicate
TEOS) with/without O2 [24,30,31].  The SiOx layer is strongly
ydrophilic, and hence, it can be used to make the PDMS surface
ydrophilic.

In this study, we developed a method for making the hydropho-
ic PDMS surface hydrophilic by surface modification and ensuring

ong-lasting hydrophilicity. Two layers were sequentially deposited
n a PDMS block via AP-PECVD using CH4 and TEOS-O2 reactants. A
BL, the lower layer in the double layer, was first deposited on the
are PDMS surface by using CH4 as the reactant, and then, a highly
ydrophilic layer, the upper layer, was deposited using TEOS-O2 as
he reactant. The combination of two functional layers deposited
y AP-PECVD helps in achieving long-lasting hydrophilicity on the
DMS surface, and this double-layer deposition is simple and rapid.
n the basis of the idea of surface modification, the optimal pro-
essing conditions for double-layer deposition through AP-PECVD
ere investigated by monitoring the static contact angle, which

s related to the rate of hydrophobic recovery. To compare the
ong-term hydrophilicity after surface modification, four PDMS
amples—unmodified PDMS sample, two PDMS samples modi-
ed by single-layer deposition (CH4/PDMS, TEOS-O2/PDMS), and

he PDMS sample modified by double-layer deposition (TEOS-
2/CH4/PDMS)—were characterized. The modified PDMS surface
as characterized by surface topography analysis, static contact

ngle measurements, and surface chemical composition/chemical
tors B 162 (2012) 425– 434

bonding determination to confirm the effectiveness of the proposed
method.

2. Experimental

2.1. Materials

PDMS (prepolymer) and Sylgard 184 (curing agent) were mixed
in 10:1 ratio and stirred. Then, 20-g portions of this mixture were
poured into a polystyrene Petri dish, 10150 (SPL Life Science Co.,
Republic of Korea) to form a 1-mm-thick layer, degassed in a vac-
uum desiccator for removing bubbles, and cured in an oven at
80 ◦C for 90 min. Subsequently, the flat PDMS samples were cut
into 2 cm × 4 cm pieces and peeled off.

2.2. Surface modification by AP-PECVD

For depositing each layer of the double layer, a commercial
AP-PECVD system (IDP-1000; APPlasma Co., Republic of Korea)
operating at an RF of 13.56 MHz  was utilized. 5% of CH4 mixed
with argon was used as the reactant for the PBL deposition, while
a mixture of TEOS (vaporized by 1 slm of argon) and O2 was used
for depositing the hydrophilic SiOx layer on the PBL. Helium was
used as the carrier gas (15 slm for AP-PECVD with CH4; 5–15 slm
for AP-PECVD with TEOS-O2). A RF power of 200 W was employed
for plasma deposition. The distance between the nozzle head of
the plasma source and the sample was  adjusted to 1.5 mm for
PBL deposition and 2 mm for the hydrophilic layer deposition. The
samples were mounted on a moving stage positioned below the
plasma source; the stage moved at a speed of about 20 mm/s in the
orthogonal direction with respect to the plasma source head. The
substrate was repeatedly passed back and forth across the plasma
head region. This surface modification on each PDMS sample could
be completed within 10 min  for long-lasting hydrophilicity.

2.3. Design of experiment for optimal processing conditions

The processing conditions that afford long-lasting hydrophilic-
ity of the PDMS surface were determined by design of experiment
(DOE). The optimal processing conditions for the double-layer
deposition were investigated by monitoring the static contact angle
on the seventh day following surface modification, which repre-
sented the rate of hydrophobic recovery of the modified surface. A
DOE was performed using a standard L18 orthogonal array including
five factors to identify the optimal processing conditions. A num-
ber of controllable factors that may  influence the characteristics of
plasma deposition were selected. Five of these factors were con-
sidered the major ones affecting the wettability; two  influenced
only the PBL properties, and three were related to the proper-
ties of the hydrophilic layer. One of the five factors was selected
to investigate the efficiency of the two reactants, CH4 and vapor-
ized TEOS, in acting as a PBL and inhibiting hydrophobic recovery
on the modified hydrophilic PDMS surface. The first factor deter-
mined the chemical composition of the PBL. Two  factors that affect
the thickness of each PBL and hydrophilic layer were chosen by
controlling the number of head movements in AP-PECVD. The flow
rates of the carrier gas helium and O2 in the hydrophilic layer depo-
sition were added as factors that would determine the activation
ratio of the chemical reaction and the physical bombardment in
the atmospheric-pressure plasma field, which in turn influence the
physical and chemical properties of the SiOx layer. When using
L18 orthogonal array, only 18 cases were required under each set

of processing conditions, for accurately evaluating the contribu-
tion of each factor to the contact angle. A balanced level of each
factor was assigned to each trial, the L18 orthogonal array was  con-
structed, and two PDMS samples were considered for each set of
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AP-PECVD using TEOS-O2 (Fig. 2(c) and (d)). However, the inten-
sity of the C 1s peak was the highest for CH4/PDMS (Fig. 2(b))
since only the hydrocarbon layer was  deposited. A quantitative
analysis of these results is shown in Table 1, including the sur-

F
(
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rocessing conditions. The main effects of the factors were eval-
ated on the basis of a general linear model analysis of variance
ANOVA).

.4. Surface analysis of modified PDMS sample

Static contact angles were measured in a Phoenix 300 appa-
atus (SEO Co., Republic of Korea) using deionized water. A 4-�l
roplet of deionized water was added to the sample surface by
ontrolled injection. The topography of the modified PDMS sur-
ace was characterized by using a Hitachi S-4700 scanning electron

icroscope at an acceleration voltage of 10 kV. Prior to the imag-
ng process, all the samples were sputter-coated with platinum for

 period of 65 s. To validate the optimal conditions and investigate
he effect of hydrophobic recovery over a long time, static con-
act angle measurements and SEM images were performed at two
oints each on the surface of three fresh samples on day 0, 7, 14,
nd 28 after surface modification. The PDMS samples were stored
or 28 days at room temperature in a clean room with 30% relative
umidity.

X-ray photoelectron spectroscopy (XPS) analysis of the surface
omposition was carried out 3 days after surface modification,
sing a MultiLab 2000 instrument (Thermo Electron Corp., MA,US)
ith an Al-K� X-ray source. The analyzed core-level lines (C 1s,

i 2p) were calibrated with respect to the C 1s binding energy set
t 285 eV. Changes in the chemical bonds on the modified PDMS
urfaces were examined by refining the C and Si peaks.

UV–VIS transmission spectra were measured using a Cary
000 spectrophotometer (Varian Inc., Australia) to determine the
ransmittance of the modified PDMS sample with double layer com-
aring with those of unmodified PDMS sample.

To measure the thickness of the PBL according to the number of
ead movements in applying AP-PECVD using CH4, one-half of the
DMS surface was blocked by a cover slip, and a CH4 layer (PBL)

as deposited by AP-PECVD on the exposed area. After the cover

lip was removed, the thickness of the PBL was estimated from
he height of the PBL measured by an optical 3D profiler, �Surf
NanoFocus AG, Germany).

ig. 1. SEM images under 50kx magnification with the static contact angle of PDMS after 

d)  TEOS-O2/CH4/PDMS. The PDMS surface could be made hydrophilic by AP-PECVD usin
tors B 162 (2012) 425– 434 427

3.  Results and discussion

3.1. Surface properties of modified PDMS samples

SEM images of the PDMS surfaces are shown in Fig. 1, with the
static contact angle images measured on the day of surface mod-
ification. The hydrophobic surfaces of the unmodified PDMS and
CH4/PDMS samples were smoother than those of the hydrophilic
TEOS-O2/PDMS and TEOS-O2/CH4/PDMS samples; this was  because
the TEOS-O2 coating layer comprised hydrophilic SiOx particles,
which made the surface rough in the latter two  samples [24].

Fig. 2 shows the XPS results before and after plasma treatment.
The marked increase in the intensity of the O 1s peak and the mod-
erate increase in the intensities of the Si 2s and Si 2p peaks were
due to the deposition of the hydrophilic SiOx layer generated by
Fig. 2. XPS survey spectra: (a) unmodified PDMS, (b) CH4/PDMS, (c) TEOS-O2/PDMS,
and (d) TEOS-O2/CH4/PDMS. The chemical composition differed with the precursor
used in AP-PECVD.

surface modification: (a) unmodified PDMS, (b) CH4/PDMS, (c) TEOS-O2/PDMS, and
g TEOS-O2.
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Table 1
Surface chemical compositions and relative percentages of bonds to XPS C 1s peaks and Si 2p peaks for unmodified and modified PDMS surfaces.

(a) Chemical composition (At %) (b) Chemical bonds (area %)

C O Si O/Si O/C C 1s peaks Si 2p peaks

C1 C2 Silicone Silicate

Unmodified PDMS 44.9 27.2 27.9 0.97 0.60 95.5 4.5 71.8 28.2
CH4/PDMS 57.3 22.6 20.1 1.12 0.39 92.3 7.7 70.7 29.3
TEOS-O2/PDMS 23.4 44.8 31.8 1.41 1.91 84.9 15.1 17.8 82.2
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TEOS-O2/CH4/PDMS 20.7 47.1 32.2 1.46 

Estimated chemical bonds 

ace chemical composition and the relative percentages of bonds
o the C 1s and Si 2p peaks. Table 1(a) shows that the atomic per-
entage of oxygen increased sharply from 27.2% in the unmodified
DMS to 44.8% in TEOS-O2/PDMS and from 27.2% to 47.1% in TEOS-
2/CH4/PDMS; however, there was a little decrease in the atomic
ercentage of oxygen in CH4/PDMS comparing with unmodified
DMS. Moreover, the O/C ratio and O/Si ratio increased abruptly
n the TEOS-O2/PDMS and TEOS-O2/CH4/PDMS samples containing
iOx layer in common. Considering the hydrophilic surface prop-
rty of those two modified PDMS samples (Fig. 1(c) and (d): contact
ngle images), these observations confirmed that the hydrophilic-
ty of the modified PDMS surface was due to the incorporation of
xygen-containing groups on the surface.

Refinement of the C 1s and Si 2p peaks in the XPS spectra
evealed that these elements existed in two different chemical
tates (see Table 1(b)). The C 1s peak was fitted to –C–C– and –C–O–
onds, while the Si 2p peak was fitted to silicone (C3–Si–O and
2–Si–O2) and silicate (C–Si–O3 and Si–O4) bonds [32–34]. Dur-
ng AP-PECVD, the concentrations of different C and Si species on
he PDMS surface changed owing to the bond scission resulting
rom the bombardment of ionized radicals or electrons and the

Fig. 3. XPS narrow spectra for C 1s: (a) unmodified PDMS, (b) CH
7 91.9 8.1 18.4 81.6

–C–C– –C–O– C3–Si–O, C2–Si–O2 C–Si–O3, Si–O4

consequent random reactions between the various formed ion-
ized radicals. The –C–C– (C1, 284.6 eV) groups were greater in
number than the –C–O– (C2, 286.3 eV) groups on all the PDMS
surfaces considered (Fig. 3). –C–C– and –C–O– groups have no
influence on the wettability, but the –C O– group contributes in
a greater extent to surface hydrophilicity than does the –C–O–
group [21]. However, in this study, the –C–O– content of the TEOS-
O2/PDMS sample increased only, and –C O– groups were hardly
detected on any PDMS surface. Fig. 4 shows that the surfaces of
the unmodified PDMS and CH4/PDMS contain about 70% silicone
(102.4 eV) and 30% silicate (103.7 eV). The silicone-silicate ratio on
the PDMS surface reversed after surface modification by AP-PECVD
with TEOS-O2 (TEOS-O2/PDMS and TEOS-O2/CH4/PDMS): the sil-
icate content became four times higher than the silicone content
(see Table 1(b)). Because of the negative electrical polarity of the
chemical bonds, the silicate group is more hydrophilic than silicone,
and hence, a silicate-rich surface would be highly hydrophilic. Thus,
silicate-silicone ratio is the major factor determining the surface

hydrophilicity of PDMS modified by AP-PECVD using TEOS-O2.

The surface layer deposited by AP-PECVD with TEOS-O2
becomes highly rough because of the presence of hydrophilic

4/PDMS, (c) TEOS-O2/PDMS, and (d) TEOS-O2/CH4/PDMS.
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Fig. 4. XPS narrow spectra for Si 2p: (a) unmodified PDMS

hemical groups and the high hydrophilicity of the modified PDMS
urfaces (Fig. 1(c) and (d): contact angle images) can be explained
y introducing the Wenzel model. The Wenzel model describes the
ontact angles on nanostructured surfaces as those according to:

os �∗ = r cos �

here �* is the apparent contact angle; r, the roughness ratio, i.e.,
he ratio of the true contact area to the apparent area; and �, the
oung contact angle as defined for an ideal surface [35,36].

Summarizing the characterization data for the modified PDMS
urfaces, it can be qualitatively determined that the high rough-
ess (Fig. 1(c) and (d): SEM image) of the hydrophilic SiOx layer
Table 1(b)) deposited by AP-PECVD using TEOS-O2 made the mod-
fied PDMS surface extremely hydrophilic, i.e., the contact angle

as nearly 0◦.

.2. Aging effect on the modified PDMS surfaces

To monitor the change in the wettability and thus evaluate the
ustainability of the surface hydrophilicity, the static contact angles
n the PDMS surfaces were measured over a period of 28 days
fter AP-PECVD. Fig. 5 shows the representative static contact angle
mages recorded 0, 7, 14, and 28 days after surface modification
or our PDMS samples. The contact angle on the unmodified PDMS
urface was the highest (100.9◦), and that on the CH4/PDMS surface
as slightly lower (79.7◦); however, the TEOS-O2/PDMS and TEOS-
2/CH4/PDMS samples had highly hydrophilic surfaces, with the

tatic contact angle being almost 0◦. Thus, we confirmed that the
ydrophilic SiOx layer formed by AP-PECVD using TEOS-O2 makes

he PDMS surface hydrophilic on the day of surface modification,
egardless of the existence of the PBL. The contact angle remained
lmost unchanged in the case of the unmodified PDMS and
H4/PDMS but increased drastically in the case of TEOS-O2/PDMS
4/PDMS, (c) TEOS-O2/PDMS, and (d) TEOS-O2/CH4/PDMS.

(from 0◦ to about 113◦) for 28 days. However, the contact angle
remained close to 0◦ in the case of TEOS-O2/CH4/PDMS, indicating
that the PBL helped in preserving the hydrophilicity of the modi-
fied PDMS surface by preventing hydrophobic recovery. The PDMS
oligomers cannot easily penetrate the highly cross-linked hydro-
carbon layer formed by AP-PECVD using CH4; in other words, the
PBL prevents hydrophilicity degradation that may  result from the
diffusion of PDMS oligomers. As shown in Fig. 6(a), the slight change
in the contact angle on the CH4/PDMS and TEOS-O2/CH4/PDMS
surfaces and the steady increase in the contact angle on the TEOS-
O2/PDMS surface over 28 days indicated that the hydrophobic
recovery in the latter case was due to the absence of the PBL.
The proposed surface modification method affords much higher
sustainability of the surface hydrophilicity (over 28 days) than do
previously reported methods (Fig. 6(b)).

The changes in the surface roughness with aging time are shown
in Fig. 7 for the TEOS-O2/PDMS and TEOS-O2/CH4/PDMS sam-
ples. The influence of the PBL on the modified PDMS surfaces was
also investigated by monitoring the surface roughness 0, 7, 14,
and 28 days after surface modification. The surface topography of
the two samples was  initially almost identical but changed with
time. Degradation of the surface roughness in TEOS-O2/PDMS was
observed, as shown in Fig. 7(a), because of the presence of the bulky
PDMS oligomers, which gradually surrounded the hydrophilic SiOx

layer, resulting in loss of hydrophilicity. However, Fig. 7(b) shows
that the surface topography of TEOS-O2/CH4/PDMS hardly changed
and no bulky PDMS oligomers were detected on the hydrophilic
SiOx layer during the aging time of 28 days. Considering the
chemical composition/bonding of modified PDMS surfaces and the
change in surface topography during the aging time of 28 days,

the surface concentration of the PDMS molecules (hydrophobic
material) and SiOx (hydrophilic material) was probably responsi-
ble for the variation in the observed wettability on the modified
PDMS surfaces during the aging time. In addition, the change in
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ig. 5. Representative images of static contact angle on PDMS surfaces 0, 7, 14, a
2/PDMS, and (d) TEOS-O2/CH4/PDMS. The TEOS-O2/PDMS surface without the PBL

ong-lasting hydrophilicity.

he surface topography with aging had a notable effect on the con-
act angle resulting from the change in the roughness ratio in the

enzel model. Thus, the decrease in the surface area of the SiOx

articles and the change in the surface topography contributed
o the hydrophobic recovery of the TEOS-O2/PDMS surface. How-
ver, the hydrophilicity of the TEOS-O2/CH4/PDMS surface could
e completely preserved during the aging time without hydropho-
ic recovery since the initial hydrophilic SiOx layer was  protected
rom the diffusion of PDMS oligomers by the PBL formed between
he PDMS surface and the hydrophilic SiOx layer.

.3. DOE study to identify optimal processing conditions for
btaining hydrophilic PDMS surface
For identifying the optimal processing conditions under which
ong-lasting hydrophilicity can be achieved by double-layer depo-
ition (via AP-PECVD), a DOE was performed under various

ig. 6. Static contact angle measured 0, 7, 14, and 28 days after surface modification: (a) com
b)  comparison of results for TEOS-O2/CH4/PDMS with those of previous studies. The TEO
 days after surface modification: (a) unmodified PDMS, (b) CH4/PDMS, (c) TEOS-
ed hydrophobic recovery, but the TEOS-O2/CH4/PDMS surface with the PBL showed

conditions. A standard L18 orthogonal array, which consists of five
factors with two (Factor A only) or three (Factors B, C, D, E) levels,
was adopted. A number of controllable factors that may influence
the characteristics of the plasma deposition were selected. Five of
these factors were considered the major ones affecting the wetta-
bility; two influenced only the PBL, and three were relevant to the
hydrophilic SiOx layer (see Table 2).

Factor A was selected to investigate the efficiency of the two
reactants in inhibiting hydrophobic recovery on the modified
hydrophilic PDMS surface. Each layer of hydrocarbon or SiOC
was deposited by AP-PECVD using CH4 or vaporized TEOS as the
reactants, respectively; hence, Factor A determined the chemical
composition of the PBL. Factors B and E affected the thickness of

the deposited PBL and hydrophilic SiOx layers. Factors C and D
determined the activation ratio of the chemical reaction and the
physical bombardment in the atmospheric-pressure plasma field,
which influenced the composition of the hydrophilic SiOx layer.

parison of unmodified PDMS, CH4/PDMS, TEOS-O2/PDMS, and TEOS-O2/CH4/PDMS;
S-O2/CH4/PDMS surface in this study showed very long-lasting hydrophilicity.
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Fig. 7. Variation in surface morphology over 28 days: (a) TEOS-O /PDMS under 10k×, 100k× magnification and (b) TEOS-O /CH /PDMS under 10k×, 100k× magnification.
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he  PBL deposited by AP-PECVD using CH4 could block the diffusion of PDMS oligom

ach processing condition based on the L18 orthogonal array and
he averaged contact angles are shown in Table 3.

The main effects of the factors for the static contact angle on
he seventh day were evaluated from the experimental results (see
able 4). A general linear model ANOVA was used, and the con-
ribution of each factor was investigated, as shown in Table 4(a).
he variance of A (reactant for the first layer, PBL) had the most
ignificant effect on the contact angle variance; thus, the opti-
al  processing conditions when using CH4 as the reactant gas

n AP-PECVD had to be determined. Only Runs 1–9 were con-
idered to decide the optimal processing conditions from the L18
rthogonal array, and the latter 9 runs, in which factor A was
EOS (Runs 10–18), as shown in Table 4(b), were excluded. There-

ore, the optimal combination of factor levels for efficient PDMS
urface modification (for achieving the maximum hydrophilicity)
as A1–B3–C2–D1–E3. For validating this combination, the contact

ngle was measured 7 days after surface modification, as shown

able 2
actors considered in heterogeneous-double-layer deposition by atmospheric-pressure p

Factors 

Processing conditions for the PBL
A Reactant 

B  No. of head m

Processing conditions for the
hydrophilic layer

C O2 flow rate
D He flow rate
E  No. of head m
2 4

in Fig. 8. The results showed that the contact angle was  almost 0◦,
which was  smaller than the other contact angles obtained in the
18 trials listed in Table 3. This confirmed the validity of the optimal
processing combination for obtaining the most hydrophilic PDMS
surface by AP-PECVD.

Fig. 9 presents the thickness of the hydrocarbon layer deposited
by AP-PECVD using CH4 as a function of the number of head
movements on the PDMS samples. The average deposition rate
was almost 3 nm per head movement. Considering factor B from
ANOVA, in the case of level 3 (number of head movements: 90),
where the thickest PBL was deposited, the static contact angle
was the lowest. However, there was no linear correlation between
the PBL thickness and the static contact angle, implying that

there could be some interaction between the factors. To clarify
this interaction effect, an additional DOE study with a two-level
factorial design would be required. However, because the optimal
combination of the double layer yielded the most hydrophilic

lasma for PDMS surface modification.

Level

1 2 3

CH4 TEOS –
ovements 30 60 90

 100 150 200
 5 10 15

ovements 30 60 90
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Table 3
Processing conditions with L18 orthogonal array and static contact angle measure-
ment results.

Run Factors Static contact
angle (◦)

A B (No.) C (sccm) D (slm) E (No.)

1 CH4 30 100 5 30 18.6
2  CH4 30 150 10 60 17.7
3  CH4 30 200 15 90 21.3
4 CH4 60 100 5 60 14.0
5  CH4 60 150 10 90 19.8
6 CH4 60 200 15 30 54.2
7  CH4 90 100 10 30 22.5
8  CH4 90 150 15 60 17.1
9  CH4 90 200 5 90 5.5
10 TEOS 30 100 15 90 146.8
11 TEOS 30 150 5 30 61.0
12  TEOS 30 200 10 60 42.9
13  TEOS 60 100 10 90 147.6
14  TEOS 60 150 15 30 89.9
15  TEOS 60 200 5 60 17.5
16  TEOS 90 100 15 60 138.7
17  TEOS 90 150 5 90 154.4
18  TEOS 90 200 10 30 116.6

Fig. 8. Sequential snapshot of a water drop (4 �l) on PDMS surface with double layer
deposited under optimal processing conditions in AP-PECVD after 7 days of aging.
The optimal combination enhanced the long-lasting hydrophilicity of the modified
PDMS surface.

Fig. 9. Thickness of the layer deposited by AP-PECVD using CH4 as a function of the

Table 4
Main effects in DOE study of static contact angles by ANOVA for (a) full runs in L18, (b) ha

(a) ANOVA for full runs in L18

Factor A Factor B Factor C Factor D 

Level 1 21.18 51.38 81.37 45.17 

Level  2 101.70 57.16 59.97 61.17 

Level  3 – 75.78 42.98 77.97 

Delta 80.52 24.41 38.38 32.81 

Sum  of Squares 29177.2 1952.2 202.0 689.0 

Variance 29177.2 976.1 101.0 344.5 

Contribution 77.8% 2.6% 5.9% 4.3% 
number of head movements. The deposition rate is nearly 3 nm per head movement.

PDMS surface, investigation of the aforementioned interaction
was out of scope of the present study.

To verify the influence of the double layer deposited by AP-
PECVD on the optical transparency, UV–VIS transmission analysis
was conducted. Fig. 10 presents the UV–VIS transmission spectra
of the unmodified PDMS sample and the PDMS sample modified
under the optimal processing conditions; both these samples were
colorless and showed a transmission of above 95% in the visible
region. The transmittance of the modified PDMS surface was  lower
than that of the unmodified PDMS by 10% in the 300–800-nm range.
However, the results of UV–VIS transmission analysis showed that
the optical transparency of PDMS was fairly well preserved even
after the sequential deposition of the double layer by AP-PECVD
using CH4 and TEOS-O2.

In terms of the self-sealability of PDMS, permanent bonding by
oxygen plasma treatment is not possible for the modified PDMS sur-
face deposited with the double layer. To induce permanent bonding
of PDMS with glass, silicon, or thermoplastics via the formation of
siloxane bonds (Si–O–Si), PDMS molecules should be treated by
oxygen plasma to produce silanol (Si–OH) groups on their surface
[2]. In the case of the PDMS sample modified by AP-PECVD, the
PDMS molecules cannot be exposed to the oxygen plasma since
the double layer is deposited on the bare PDMS block. To preserve
the self-sealing property of PDMS for the permanent bonding of
the unmodified PDMS surface with other substrates, as an alter-
native, selective surface modification by stencils with patternable
through-holes can be adopted, and the deposition of the double

layer can be selectively blocked for permanent bonding [37–39].
This approach can also be utilized to fabricate microfluidic channels

lf runs from Run 1 to Run 9 (Factor A: CH4).

(b) ANOVA for half runs (Runs 1–9)

Factor E Factor B Factor C Factor D Factor E

60.45 19.18 18.37 12.70 31.77
41.31 29.33 18.18 20.00 16.25
82.56 15.02 26.98 30.83 15.52

41.25 14.32 8.80 18.13 16.25

1094.4 325.4 97.0 105.8 401.2
547.2 162.7 48.5 52.9 200.6

6.8% 35.0% 10.4% 11.4% 43.2%
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Fig. 10. Comparison of UV–VIS transmittance spectra of modified PDMS sample
w
t
g

u
a

4

O
o
l
p
l
P
s
t
t
T
l
a
S
l
A
T
s
t
o
o
r
c
h
O
t
d
a
p

A

c
P
t
(
E

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

ith double layer deposited under optimal processing conditions in AP-PECVD with
hose of the unmodified PDMS sample. The modified PDMS sample showed fairly
ood optical transparency.

sing a three-dimensional PDMS block to which other substrates
re adhered by oxygen plasma treatment.

. Conclusion

In this study, the deposition of a double layer on PDMS (TEOS-
2/CH4/PDMS) by AP-PECVD is proposed for surface modification
f PDMS and for ensuring long-lasting hydrophilicity. The upper
ayer deposited using TEOS-O2 is composed of hydrophilic SiOx

articles, and the lower layer deposited using CH4 is a highly cross-
inked hydrocarbon layer. The hydrocarbon layer between the bare
DMS and the SiOx layer plays the role of a physical barrier that
uppresses hydrophobic recovery to conserve the hydrophilicity of
he SiOx layer. By a DOE study, the optimal processing conditions
hat yield PDMS with long-lasting hydrophilicity are identified.
o analyze the long-lasting hydrophilicity of the deposited double
ayer (TEOS-O2/CH4/PDMS), the modified PDMS surfaces are char-
cterized by static contact angle measurements, XPS analysis, and
EM images, and the results are compared with those for a single-
ayer PDMS sample without the PBL (TEOS-O2/PDMS, obtained by
P-PECVD using TEOS-O2 only). Surface morphology analysis of
EOS-O2/CH4/PDMS shows that the initial SiOx layer has been con-
erved over the aging time, while that of TEOS-O2/PDMS without
he PBL shows that the SiOx layer degrades steadily by the diffusion
f PDMS oligomers, resulting in loss of hydrophilicity. The results
f static contact angle observations on the modified surfaces cor-
espond to those of the surface morphology analysis: the static
ontact angle of TEOS-O2/CH4/PDMS is nearly 0◦, indicating high
ydrophilicity. On the other hand, the static contact angle of TEOS-
2/PDMS increases drastically from 0◦ to about 113◦ over the aging

ime. Therefore, it is believed that the surface modification with a
ouble layer by AP-PECVD using TEOS-O2 and CH4 is a promising
pproach for applications where long-lasting hydrophilic surface
roperty of innately hydrophobic materials is required.
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