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Effect of hydrophilic group on water droplet contact angles on
surfaces of acid modified SiLK and Parylene polymers
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Abstract

The effect of surface roughness and surface chemistry of SiLK and Parylene polymers on the water droplet contact angle was investigated using
Atomic Force Microscopy (AFM) and X-ray Photoelectron Spectroscopy (XPS). AFM images show that the surface morphologies of SiLK and
Parylene treated with H2SO4 and H3PO4 solutions are qualitatively the same as those of the untreated SiLK and Parylene. However, the advancing
(θa) and receding (θr) contact angles on SiLK dramatically decrease from θa = 70 ± 3◦ and θr = 63 ± 2◦ to θa = 37 ± 2◦ and θr = 34 ± 3◦, respectively,
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fter being treated with a H2SO4 solution. In contrast, the advancing and receding contact angles on SiLK treated with H3PO4 solution or Parylene
reated with H2SO4 or H3PO4 solutions were changed within a few degrees. XPS results show that polar functional groups (C O and –OH) formed
n the SiLK sample surface after being treated with H2SO4 solution. However, H3PO4 reacts less aggressively with the ethynyl (–C C–) bonding
n the SiLK surface compared with H2SO4. Parylene lacks ethynyl chemistry and is therefore chemically more inert than SiLK. Thus, both H2SO4

nd H3PO4 solutions have fewer reactions with Parylene resulting in slight changes in the advancing and receding contact angles.
 2005 Elsevier B.V. All rights reserved.
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. Introduction

SiLK and Parylene-N (PPX) are low-k polymers and have
ttracted attention for their potential applications in the micro-
lectronics industry. SiLK has many good properties including
ow dielectric constant (2.65), high thermal stability (>425 ◦C),
nd low moisture uptake of 0.24 wt.% at 20 ◦C and 80% relative
umidity (RH) [1], which makes it a good candidate to replace
iO2 for Cu interconnect technology. PPX also has a low dielec-

ric constant of 2.66 [1], and moreover, it is highly chemically
nert so it also has applications in moisture barrier and chemical
nd corrosion resistance coatings.

SiLK and PPX polymers have poor wetting and adhesion to
etals. Many research groups have proposed various approaches

o improve the wetting and adhesion properties of polymers such
s Ag− ion implantation (to avoid charging problems on insula-
or surfaces) [2], O2/NF3, O2, remote argon, N2 plasma [3–6],
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ultraviolet-ozone [6], and (NH4)2S solution [7]. The goal of this
work is to modify the surface chemistry to improve the wetting
and adhesion by creating various functional groups such as –OH
group on the polymer surfaces [6,8–10]. However, ion implan-
tations and plasma treatments generally roughen the polymer
surfaces and result in more electron scattering and subsequently
an increase of metal thin film resistance. The major advantage of
improving the polymer wettability and adhesion by acid treat-
ment is that the acid treatments cause less damage to the poly-
mer surface than ion implantations or plasma treatments. The
(NH4)2S solution has been used to treat Trikon, SiLK, and PPX
polymers and the decrease of the water droplet contact angle due
to the introduction of hydrophilic groups was observed [7]. In the
case of Trikon, this was especially evident, as its advancing con-
tact angle decreased dramatically from ∼100◦ to below ∼12◦.
However, the advancing contact angles of (NH4)2S treated SiLK
and high molecular weight PPX polymers only decreased from
∼78 to ∼64◦ and from ∼80 to ∼75◦, respectively.

The aim of this work is to improve the wettability of SiLK
and PPX by functionalizing the polymer surfaces using H2SO4
and H3PO4 acid treatments. Here, we present our investigation
927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfa.2005.11.099
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of surface morphology and surface chemistry on the acid-treated
SiLK and PPX polymers and their corresponding contact angles
with de-ionized water (DI-H2O) droplets. The surface morphol-
ogy was studied using Atomic Force Microscopy (AFM) and the
change of surface chemistry was determined using X-ray Photo-
electron Spectroscopy (XPS). The results of these investigations
show that the wetting of SiLK can be improved by H2SO4 treat-
ment without significantly affecting its surface morphology. We
discussed results and elucidate possible mechanisms and impli-
cations.

2. Experimental

2.1. Sample preparation

Parylene-N (PPX) polymer film was deposited on the Si wafer
by chemical vapor deposition (CVD) technique. The PPX reac-
tor consists of a sublimation furnace, a pyrolysis furnace, and a
deposition chamber with a bell jar. The base pressure in the
deposition chamber was at mid 10−6 Torr and during depo-
sition the chamber pressure was 2 mTorr. A detailed descrip-
tion of the reactor and deposition process has been presented
elsewhere [11,12]. Briefly, the precursor [2,2]paracyclophane
was sublimed at a temperature of 155 ◦C, and transported to
a high temperature region (650 ◦C) of the reactor inlet where
most precursors was cleaved into two p-xylylene monomers by
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point is not convenient experimentally so the common procedure
is to plot the observed contact angle (either to obtain θa or θr)
versus the tilting angle. For each of these plots, either θa or θr
is obtained by the average of the points on this plot where the
observed contact angle stabilizes.

2.3. AFM and XPS

The surface morphologies after acid treatments were imaged
and analyzed using Atomic Force Microscopy (AFM) and the
associated image software (Park Scientific Instrument). Sur-
face images were scanned in non-contact mode at four different
locations on each sample to detect any difference in surface
morphology. The surface chemical bonding on each sample was
analyzed using X-ray Photoelectron Spectroscopy (XPS). The
samples were loaded into a stainless chamber with a base pres-
sure of (∼1 to 2) × 10−9 Torr. During the collection of an XPS
spectrum the pressure rose to (∼3 to 4) × 10−9 Torr. The X-ray
Mg K� source (PHI model 04-151) used in this experiment had a
primary energy of 1253.6 eV, and a double pass cylindrical mir-
ror energy analyzer controller (PHI Model 15-255G) was used to
detect the electrons. A high-resolution spectrum averaged over
40 repeated scans was collected at a passing energy of 50 eV.

3. Results and discussion
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apor phase pyrolysis. These reactive intermediate p-xylylene
onomers were then transported to a room temperature deposi-

ion chamber where physisorption and subsequent polymeriza-
ion took place. Linear chains of poly(p-xylylene) or PPX were
ormed. SiLK polymer film was deposited on a Si wafer by a
pin coating technique, and the SiLK polymer film was provided
y IBM. The polymer films were dipped into a sulfuric (H2SO4)
f 50 vol% at room-temperature or the phosphoric (H3PO4) of
5 vol% at 80 ◦C for 30 s and then rinsed in the de-ionized (DI)
ater for 30 s and followed by nitrogen gas blow-drying [13].
he as-deposited and acid-treated polymer film thickness was
etermined using a Variable Angle Spectroscopic Ellipsometer
M-44, J.A. Woollam Co., Lincoln, Nebraska). No detectable
hanges of the film thickness after the acid treatments were
bserved.

.2. Contact angle

The sessile drop technique was used to measure the contact
ngle where a 5 �L drop of distilled water in a syringe was
ropped on the sample surface at room temperature. The water
roplet formed an equilibrium dome shape on the horizontal
ample surface and imaged by a microscope (Intel Play QX3)
ith a 60× magnification. The advancing (θa) and receding (θr)

ontact angles were measured by the tilting-plate goniometric
echnique. The sample was slowly tilted in 5◦ increments from
he horizontal position and the water droplet was imaged with

microscope in order to observe any changes to the droplet
ontact angle on both the left and right sides of the droplet. The
aximum θa and minimum θr were attained when the droplet
as at the incipient motion [14]. However, finding the incipient
Fig. 1 shows the images of the water droplets on untreated and
2SO4 solution treated SiLK and PPX samples in the horizontal
osition. Their advancing and receding contact angles were ana-
yzed by the tilting-plate goniometric technique and the angles
re listed in Table 1. We observed a significant decrease of the
dvancing and receding contact angles of the water droplets from
a = 70 ± 3◦ and θr = 63 ± 2◦ to θa = 37 ± 2◦ and θr = 34 ± 3◦,
espectively, on SiLK treated with the H2SO4 solution. How-
ver, the contact angles of SiLK treated with the H3PO4 solution
nd PPX treated with either H2SO4 or H3PO4 solution showed
nly slight changes.

The wetting of material surfaces generally depends on two
ajor factors: chemical functionality and/or surface roughness

15]. Changes in either chemical or surface morphology will
ontribute to the observed value of the contact angle. By treating
iLK and PPX surfaces with either H2SO4 or H3PO4 solution,
oth the surface chemistry and surface morphology may be mod-
fied and result in contact angle changes.

.1. Surface morphology

The effect of surface roughness on the liquid droplet contact
ngle has been studied both theoretically and experimentally
16–23]. Wenzel first predicted that a change in surface rough-
ess will affect the liquid droplet contact angle [16] and gave
he relationship between a contact angle and the roughness area
atio as

os θR = WRcosθo, (1)

here WR is the roughness area ratio (true area/nominal area), θR
nd θo are the contact angles of water drops on rough surface and
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Fig. 1. The images and contact angles of water droplets on sample surfaces positioned horizontally before tilting of the samples. The images were taken by a
microscope with a 60× magnification. (a) Untreated SiLK, 70 ± 3◦, (b) SiLK treated with H2SO4 solution (half of the water droplet spreads beyond the camera’s
viewing field), 37 ± 2◦, (c) untreated Parylene, 76 ± 2◦, and (d) Parylene treated with H2SO4 solution, 70 ± 2◦.

smooth surface, respectively. From Wenzel’s Eq. (1), the surface
must become very rough in order to increase the true surface
area, which will then increase WR and results in a significant
change on the liquid droplet contact angle. In order to detect
the change on surface roughness and WR on SiLK and PPX
surfaces after the acid treatments, Atomic Force Microscopy
(AFM) was used to image and analyze these polymer surface
morphologies.

The 4 �m × 4 �m 3D AFM images in Fig. 2a and b show
the surface morphology of untreated SiLK and SiLK after being
treated with H2SO4 solution, respectively. These two images
qualitatively have a similar surface roughness. Table 1 lists the
vertical root mean square roughness (w) of the untreated SiLK,
SiLK treated with H3PO4 acid, and SiLK treated with H2SO4
acid obtained from the AFM results to be about 0.440, 0.468,
and 0.443 nm, respectively. The small change of w after either
H2SO4 acid treatment or H3PO4 acid treatment suggests that
SiLK surface undergoes a very small change after the acid treat-
ments.

Table 1
The measured advancing (θa) and receding (θr) contact angles, and the values
of vertical root mean square roughness (w) analyzed from the AFM images
for untreated and acid (H3PO4 or H2SO4) treated SiLK and Parylene (PPX)
polymers

Sample θa (◦) θr (◦) w (nm)

U
H
H
U
H
H

Similarly, the surface morphology of the acid treated PPX
shows a nominal change after treated with either H3PO4 or
H2SO4 acid compared to that of the untreated PPX. The
4 �m × 4 �m 3D AFM image of the untreated PPX surface mor-
phology (Fig. 2c) shows a similar surface morphology as that
of the H2SO4 acid treated PPX (Fig. 2d), which suggests that
H2SO4 acid treatment has a small effect on the PPX surface
morphology. Table 1 lists the root mean square roughness (w)
of the untreated PPX, PPX treated with H3PO4 acid, and PPX
treated with H2SO4 acid to be about 3.502, 3.058, and 3.269 nm,
respectively.

The AFM result shows that SiLK and PPX surfaces undergo
a nominal change after either treated with H2SO4 solution or
H3PO4 solution, thus, the water droplet contact angle should
not have a significant change for all cases. However, the advanc-
ing and receding contact angle decrease significantly in case of
SiLK treated with H2SO4 solution even though the surface mor-
phology change of SiLK treated with H2SO4 solution is in a
nanometer scale. Therefore, the surface morphology change of
SiLK treated with H2SO4 solution should not be the main con-
tributor to the significant decrease of the advancing and receding
water droplet contact angles. This observation leads to a hypoth-
esis that any change of surface chemistry on SiLK treated with
H2SO4 acid solution may play a more dominant role in the
decrease of the water droplet contact angle.

3

b
t
t

ntreated SiLK 70 ± 3 63 ± 2 0.440

3PO4 treated SiLK 76 ± 3 71 ± 3 0.468

2SO4 treated SiLK 37 ± 2 34 ± 3 0.443
ntreated PPX 76 ± 2 65 ± 3 3.502

3PO4 treated PPX 78 ± 4 70 ± 3 3.058

2SO4 treated PPX 70 ± 2 64 ± 3 3.269
.2. Surface chemistry

XPS analyses were performed from spectra collected from
oth SiLK and PPX treated with either H2SO4 or H3PO4 solu-
ion. Neither sulfur nor phosphorus peaks were observed on
he polymer after acid treatments. In contrast, polar functional
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Fig. 2. The 4 �m × 4 �m 3D AFM images of (a) untreated SiLK with rms roughness w = 0.440 nm, (b) SiLK treated with H2SO4 solution with w = 0.443 nm, (c)
untreated PPX with w = 3.502 nm, and (d) Parylene treated with H2SO4 solution with w = 3.269 nm.

groups composed of C OH and C O were incorporated onto
the SiLK surface after being treated with H2SO4. The change
of the surface chemistry or the presence of the polar functional
groups on the polymer surface will change the apparent con-
tact angle because different surface chemistries have different
surface energies [2,5,7,24].

Fig. 3a shows that the C 1s core level spectrum of untreated
SiLK surface can be decomposed into two peaks: C H bond-
ing and C O bonding at 284.6 and 286.2 eV, respectively. The
C H bonding at binding energy 284.6 eV was used as the refer-
ence. This result agrees with the untreated sample obtained by
Yu et al. [25,26]. The C 1s spectrum of SiLK treated with the
H3PO4 solution is still composed of these two peaks (not shown
in Fig. 3a). The ratio of integrated peak areas C H/C O is very
close to that of untreated SiLK as listed in Table 2, suggesting
that SiLK is not reactive with the H3PO4 solution. However, in
the case of SiLK treated with H2SO4 solution, the change of
the C 1s spectrum is more visible. The best curve fit for C 1s
spectrum of SiLK treated with the H2SO4 solution consists of
three different species: C H bonding, C O bonding, and C O
bonding, where C O binging energy is at 287.5 eV, which are
shown in Fig. 3a. The results of the areas obtained from curve
fits for SiLK untreated, SiLK treated with H3PO4, and H2SO4
solutions are summarized in Table 2. The ratio of the integrated
peak area C H/C O of SiLK treated with H2SO4 solution is
significantly lower (∼7) than those of untreated SiLK (∼16)
a

C
b
S

Fig. 3. XPS C 1s spectra of (a) SiLK untreated and SiLK treated with the H2SO4

solution and (b) PPX untreated and treated with H2SO4 solution. The peak fit
gives peaks C H, C O and C O. The number to the right hand side of the
equal sign is the integrated intensity area from a peak fit.
nd SiLK treated with H3PO4 solution (∼18).
The decrease in the ratio of the integrated XPS peak area
H/C O and the existence of C O at the SiLK surface after

eing treated with H2SO4 solution suggests that certain bonds of
iLK react with H2SO4 solution. This chemical reaction facil-
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Table 2
The areas of integrated XPS intensity for C H, C O, C O peaks and ratio of areas C H/C O of C 1s spectra for untreated and acid (H3PO4 or H2SO4) treated
SiLK and Parylene (PPX) polymer samples

Sample Area of C H (a.u.) Area of C O (a.u.) Area of C O (a.u.) Area ratio of C H/C O

Untreated SiLK 775.02 46.67 – 16.61
H3PO4 treated SiLK 817.93 45.34 – 18.04
H2SO4 treated SiLK 702.32 100.17 21.41 7.01
Untreated PPX 671.13 39.17 – 17.13
H3PO4 treated PPX 744.54 54.45 – 13.67
H2SO4 treated PPX 892.48 66.62 – 13.40

itates the formation of polar functional groups (C O or –OH)
on the polymer surface. A similar phenomenon has also been
observed by Yu et al. [25,26] with SiLK treated by Ar plasma
and subsequently exposed to air. Ar plasma is able to break
chemical bonds and introduces free radicals on SiLK surface.
These free radicals facilitate the formation of polar functional
groups (–OOH and –O O–) during the exposure to air. How-
ever, the strong Ar plasma energy not only modifies the SiLK
surface chemistry, but also roughens the SiLK surface. On the
contrary, the H2SO4 solution seems to only break and/or react
with certain unsaturated bonds in the chemical structure of SiLK.
The formation of SiLK cross-link has been reported and dis-
cussed [1]. Fig. 4a shows that the SiLK cross-link contains the
ethynyl bonding (–C C–) that has a much higher reactivity than
aliphatic bonding (–C C–) [27]. Thus, we believe that the reac-
tion of SiLK with H2SO4 solution should take place at the SiLK

cross-link, and carries out in the following mechanism:

(2)

The mechanism shown in Eq. (2) is supported by the increase
of the integrated area of the XPS peak associated with the C O
bond and the appearance of C O in the C 1s spectrum of SiLK
after H2SO4 treatment, see Fig. 3a. However, the H3PO4 is less
acidic than H2SO4 and has difficulty reacting with the –C C–
bonds. The C 1s peak of SiLK treated with H2SO4 solution
(Fig. 3a) shows that the integrated area of C O is higher than
the integrated area of C O even though the C OH bonding can
become the C O bonding easier than the C O bonding convert-
ing back to the C OH bonding as indicated by the long and short
arrows, respectively in Eq. (6). We are not clear about the reason

F
r

ig. 4. The chemical structures of (a) SiLK and part of SiLK cross-link and (b) th
espectively.
e PPX polymer. Where O, Ph and Ar are oxygen, phenyl, and aromatic ring,
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why we observed a higher C O bonding than a C O bonding.
However, the significant decrease of the advancing and receding
contact angles on SiLK after being treated with H2SO4 solution
agrees with the observation of a higher C O bonding than a C O
bonding. This is because the C OH bonding can form a strong
hydrogen bond with the water molecules but the C O bond-
ing cannot form the hydrogen bond with the water molecules.
Other possible causes of the change of the water droplet con-
tact angle may due to the SiLK chain reorientation during the
acid treatment or during the contact angle measurement and the
penetration of the liquid into the polymer.

It has been reported that the free radicals (chain ends) of
PPX are very reactive with oxygen in the air and form the per-
oxy group (–O O•) [7]. Similarly, the peroxy groups would also
form on the available SiLK free radicals on the SiLK surface in
an oxygen-containing environment. The peroxy group on poly-
mer surface is unstable and tends to be replaced by –OH or =O
groups when being dipped into an acid solution. The small num-
ber of polar groups formed at chain ends of free radicals on the
H3PO4 treated SiLK surface slightly changes the SiLK surface
energy resulting in a small change of the water droplet contact
angle. The small amount of polar function groups formed on the
SiLK treated with H3PO4 solution at the free radicals causes the
ratio of integrated XPS peak area C H/C O of SiLK treated
with H3PO4 solution (∼18.04) to be slightly different from that
of untreated SiLK (∼16.61).
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Fig. 5. A proposed mechanism of the formation of polar functional groups on
SiLK surface after reacting with H2SO4 solution. (a) Unexposed SiLK chains
and SiLK free radicals to the air. The shaded filled circles represent SiLK free
radicals. (b) Peroxy (–O O•) formed at the free radicals when exposed in the
air that contains O2. (c) The –C C– bond on SiLK cross-links at the surface
reacts with H2SO4 solution and forms polar function groups C O and –OH.

at free radicals after the acid treatments results in the slight
change of the water droplet contact angle. Other possible causes
of contact angle change may include the PPX chain reorientation
or the liquid penetration into the polymer.

4. Conclusion

Our results of AFM and XPS support that a dramatic decrease
in the advancing and receding contact angles on SiLK treated
with H2SO4 solution is attributed to the increase of polar func-
tional groups (C O and –OH) on SiLK surface instead of the
change on surface morphology. The H2SO4 solution tends to
react with the ethynyl bonding at the SiLK surface. The polar
functional groups are introduced on SiLK surface after H2SO4
treatment and it decreases the advancing and receding con-
tact angles from θa = 70 ± 3◦ and θr = 63 ± 2◦ to θa = 37 ± 2◦
and θr = 34 ± 3◦, respectively. H3PO4 solution is not aggres-
sive enough to react with any SiLK bond so there are no polar
groups present at the SiLK surface. Parylene is more chemically
inert than the SiLK polymer so that both H2SO4 and H3PO4
Fig. 5 illustrates a mechanism of the formation of polar func-
ional groups on SiLK surface after treated with H2SO4 solution.
n conjunction with the above AFM result, it appears that the

2SO4 solution introduces a significant change in the SiLK sur-
ace chemistry by forming polar functional groups composed of
OH and =O on the surface, which is the major factor respon-
ible for the dramatic decrease of the advancing and receding
ontact angles, while H2SO4 treatment has only a minor effect
o the SiLK surface morphology.

Fig. 3b shows that the C 1s spectrum of untreated PPX. It
s composed of two species: C H bonding and C O bonding
ith binding energies of 284.6 and 286.2 eV, respectively. No

ignificant change is observed in the XPS spectra of PPX treated
ith either H2SO4 or H3PO4 solutions. The ratios of integrated
PS peak areas C H/C O of PPX treated with either H2SO4
r H3PO4 solutions listed in Table 2 are similar to the ratio for
ntreated PPX. It appears that both H2SO4 and H3PO4 solutions
re not acidic enough to react with aliphatic bonds (–C C–) in
he PPX polymer chain (Fig. 4b). Therefore, the formation of
olar groups on the PPX surface merely relies on the chemical
eaction on PPX free radicals and leads to only a slight change
f the advancing and receding contact angles. This result further
upports our proposed chemical reaction mechanism that H2SO4
olution can only react with the ethynyl chemistry in SiLK while
t is not aggressive enough to react with the carbon-carbon single
ond in Parylene. The small amount of polar function groups
ormed at the free radicals on the PPX after treated with H2SO4
r H3PO4 solutions causes the ratio of integrated XPS peak
reas C H/C O of PPX treated with H2SO4 or H3PO4 solutions
iffers slightly from that of untreated PPX as listed in Table 2.
he small amount of polar functional groups formed on PPX
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solutions cannot react with its aliphatic bonding. That the slight
changes of the advancing and receding contact angles on SiLK
treated with the H3PO4 solution and PPX treated with either
H2SO4 or H3PO4 solutions is attributed to a small amount of
polar functional groups created by the chemical reaction of the
acid solutions with the unstable free radicals on SiLK and PPX
polymer surfaces.
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