
Thin Solid Films 519 (2010) 1387–1390

Contents lists available at ScienceDirect

Thin Solid Films

j ourna l homepage: www.e lsev ie r.com/ locate / ts f
Analytical modeling of wetting dependence on surface nanotopography
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An analytical model was developed to describe the mechanism of wetting dependence on surface nano-
topography. This model relates the contact angle formation with the asperity geometry for application to a
hydrophilic wafer surface, which is derived based on liquid–solid interfacial contact over the contact line.
Experimental investigations were performed to verify the model. For much of the examined parameter room
in the hydrophilic silicon wafer surface, it was found that the contact angle was strongly dependent on the
ratio of asperity height to length, and the sharper asperity led to the higher contact angle. The observations are
well consistent with Gibbs' contact-line theory.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Wetting, as one of the most important properties of solid
surfaces, has been widely used, from fundamental material research
to many practical processes [1]. The wettability of a surface is
commonly characterized by the static contact angle between a liquid
droplet and the surface, which is mainly governed by solid–liquid
interface chemistries and surface micro-nano geometries [2,3]. Apart
from the chemical nature, the contact angle of a liquid drop dis-
pensed onto a solid surface is not unique but can vary over a finite
range. The topography of the surface influences this range of contact
angles. In the past few years, many experimental results have con-
firmed that wettability can be tuned by surface geometry. Rough-
ening the surface can enhance its repellent or wetting properties,
resulting in “superhydrophobic” or “superhydrophilic” textures [4].
Wenzel [5] and Cassie [6] have initially published a relationship
between physical structure and contact angle through the liquid–
solid interfacial area. In the literature, quantitative agreements
between experimental contact angles and those predicted by the
Wenzel and Cassie equations have sometimes been claimed [7–12],
yet many examples where they are inconsistent have also been
reported [1,13]. It is obvious that Wenzel and Cassie equations do
not fully account for the geometry of the surface such as the feature
shape. Furthermore, when the surface roughness is not in a regular
pattern, it is hard to incorporate the geometry factors into con-
sideration. It is also argued that contact angles are not determined by
the liquid–solid interfacial area since wetting is controlled by
interactions at the contact line [14–18]. Generally, for the systems
with a high degree of roughness or nanotopography, the picture of
wetting and its roughness dependence are not conclusive. On the
other hand, many researchers have contributed to the fabrication
and understanding of superhydrophobic surfaces, and most of the
theories for both hydrophobic and hydrophilic rough surfaces have
been tested by preparing surfaces structured on the micrometer
scale. Only few studies have been done recently on the surface with
nanotopograhies [18–23], mainly because of the difficulty of fab-
rication, and much less work has been dedicated to the study of
superhydrophilic surfaces [19,21,22].

With the development of silicon-based technology, the surface
topography of the silicon substrate can be tuned to be within nano-
scale range and its superhydrophilicity can also be achieved through
drying (plasma and photoinduced approach) or wet chemical
treatment. With the advent of atomic force microscopy (AFM), the
characteristics of surface nanotopography can be obtained [24].
However, when the surface topographies are in nano-scale range,
the structure patterns are usually in random distribution, which are
commonly described by a statistical approach. As yet no analytical
approaches are available to determine the role of surface nanotopo-
graphy on wetting. In this research, we will propose an analytical
model based on the liquid–solid contact-line theory with special
attention to wetting dependence on the nanotopographic surface. The
geometry of the surface will be fully considered, and experimental
investigationswith the hydrophilic silicon substrate will be conducted
to examine the model.

http://dx.doi.org/10.1016/j.tsf.2010.09.047
mailto:shyliu@mail.hust.edu.cn
http://dx.doi.org/10.1016/j.tsf.2010.09.047
http://www.sciencedirect.com/science/journal/00406090


1388 Z. Tang et al. / Thin Solid Films 519 (2010) 1387–1390
2. Theoretical model

Gibbs has proposed a simple geometric relation that describes the
interaction of liquids with solid sharp edges a long time ago, which
demonstrated the contact angle formation with the advance of the
contact line between the liquid and the rectilinear edge of solid [2]. In
many cases, the real facets of the solid surface can be curved. Extrand
has improved Gibbs' model for the case of the spherical surface re-
cently [16]. In the present work, an analytical model will be developed
for the surface with nanotopography following the contact-line
theory. Taking wavelength of asperity as a measure, the surface
roughness distribution can be described by the sinusoidal function
[25]. Assuming that the surface nano-scale profile is periodically
rough as shown in Fig. 1(a), the surface roughness is illustrated by a
two-dimensional schematic drawing of asperities, which can be given
by the following equation.

f xð Þ = h cos2
πx
L

� �
ð1Þ

where x∈(−kL/2,kL/2), k is an integer, L and h are the length and
height of asperity, respectively.

When a liquid microdrop is deposited on the surface as presented
in Fig. 1(b), and assuming that the drop is symmetrical with the axis y,
then the static contact angle θa can be described by the following
equation.

θa = θa;o + θ ð2Þ

where θa,o is the original contact angle when no roughness is in-
troduced, and θ is the advanced contact angle due to the effect of
roughness, which is the tangential angle of the asperity curve at the
(a)

(b)

Fig. 1. (a) Surface nanotopography modelled by the sinusoidal function. (b) Relation of
the contact angle formation with the surface asperity geometry.
any point x. Therefore, θ can be calculated from the derivation of the
following equation.

tan θ = f 0 xð Þ ð3Þ

From Eq. (1), we get

f 0 xð Þ = −πh
L
sin

2πx
L

ð4Þ

then

tan θ =
πh
L
sin

2πx
L

; x∈ 0;
L
2

� �
: ð5Þ

Let γ = Sx
SL

= 4πx2
πL2 , where Sx is the lateral circular area of the

asperity at the position x, and SL is the circular area at asperity bottom
position x=L/2, then, xL =

ffiffiffi
γ

p
2 , and we get

θ = arctan
πh
L
sinπ

ffiffiffiffi
γ

p� �
: ð6Þ

Then Eq. (2) becomes

θa = θa;o + arctan
πh
L
sinπ

ffiffiffiffi
γ

p� �
: ð7Þ

The above equation predicts the contact angle for sinusoidal
distributed surface topography, where γ is the ratio of the lateral
circular area of asperity at any position x to that of the bottom position
x=L/2, which illustrates the degree of sharpness at the line edge of
asperity. For the case when the surface is initially completely wetted,
θa,o is equal to 0 and x is at the location of L/4, and γ is equal to 1/4,
Eq. (7) becomes

θ = arctan
h
L
π

� �
: ð8Þ

Eq. (8) shows that the contact angle is dependent on h and L,
where h is calculated through another key parameter root-mean-
square (RMS), that is h=2RMS. Both RMS and L can also be obtained
through surface characterizations.

3. Experimental details

To verify the above model, we use a silicon wafer as an experi-
mental model system, since its surface can be modified and wetta-
bility can be tuned to be hydrophilic or superhydrophilic through
mature surface treatment procedures [26]. In our experiment, single-
side polished p-type (111) standard wafers with a thickness of
380 μm and RMS of around 6 nm were selected. After chemical me-
chanical polishing, the wafers were diced into small pieces as original
samples for hydrophilicity enhancement and wetting experiments.
Samples were modified through the following wet chemical treat-
ments to achieve strong hydrophilic surfaces. (1) Samples were
cleaned by acetone in supersonic cleaner for 20 min to removemost of
the organic contaminations. (2) Samples were boiled in a mixture of
hydrogen peroxide and sulfuric acid (volume ratio H2SO4:H2O2=2:1)
for 20 min to eliminate metal particle contaminations. (3) Samples
were dipped in dilute hydrofluoric acid for 30 s to remove the native
oxide layer from surfaces. (4) Samples were immersed in a modified
RCA1 solution (volume ratio NH4OH: H2O2: H2O=1:1:5) for duration
of 5 min to 30 min at a temperature of 25 °C or 50 °C. Deionized water
flushing was followed after each step. Finally the substrates were spin-
dried after rinsing. By varying the immersion durations and tempera-
tures of substrates in the RCA1 solution, the surface roughness with
different groups of surface characteristics was accomplished, and the



Table 1
Sample surface modifications, characterizations and contact angle measurements+.

Group
no#

Surface
treatments

L (μm) RMS
(nm)

h/L (10−3) Static CA (°)

1 50 °C, RCA1, 30 min 0.121–0.273 1.5 11–24.77 5.21±0.25
2 50 °C, RCA1, 25 min 0.11–0.25 1.5 12.01–27.18 5.60±0.35
3 50 °C, RCA1, 15 min 0.081–0.182 1.5 16.51–37.22 8.25±0.35
4 50 °C, RCA1, 5 min 0.12–0.276 2.5 18.13–40.83 9.11±0.45
5 25 °C, RCA1, 30 min 0.11–0.227 2.5 21.98–45.3 8.35±0.45
6 25 °C, RCA1, 25 min 0.109–0.204 2.5 24.49–45.7 9.25±0.45
7 25 °C, RCA1, 15 min 0.161–0.309 5 32.39–62.21 10.42±0.5
8 25 °C, RCA1, 5 min 0.125–0.267 5 37.39–80.01 13.41±0.5

+All data are measured and calculated from one cross-section profile with a AFM scan
area of 10×10 μm2, h=2RMS, CA=contact angle.
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surface became hydrophilic after modification. As presented in Table 1,
8 groups of substrate having 10 samples in each group were modified
with the above hydrophilic enhancement process. Nanotopographies
of these samples were characterized by AFM (Veeco Instruments Inc.,
Nanoscope Multi-mode) with contact-mode and SiN probe of triangu-
lar shape, and further measurements of contact angles for wettability
were conducted for samples of each group.

When pure water was applied to measure the contact angle, it was
found that all hydrophically treated samples were completely wetted,
which means that the hydrophilic treatment process was successful,
and the initial contact angle θa,o could be regarded as zero. Then lower
surface tension salted water (NaCl solution) with 30% volume con-
centration was applied to investigate the effect of surface nanotopo-
graphy on wetting by measuring contact angles on the modified
sample surfaces. Commercial contact angle measuring instrument
(a)
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Fig. 2. AFM images of sample surfaces after chemical treatments. (a) 50 °C, RCA1 immersion
25 °C, RCA1 immersion, 5 min.
(Automatic Contact Angle Meter Model SL200B from Sdon Informa-
tion Technology Co., China) was applied in this experiment. The liquid
droplet was dropped to the sample surface from a distance of 5 cm by
vibrating the syringe. The volume of the liquid drop was controlled to
be 2 μL each time. The sample plate was vibrating slightly before each
measurement to obtain the static contact angle.
3. Results and discussions

Surface characteristics of each modified samples are determined
through AFM image analysis. Fig. 2 shows AFM images for four typical
surfaces, where Fig. 2(a), (b), (c) and (d)were obtained from different
modification processes, respectively. The changes of surface rough-
ness quality can be clearly observed with different RCA1 immersion
temperature and duration. Through AFM characterization [25], the
asperity geometries (RMS and L) were obtained for samples of each
group and details were presented in Table 1. Fig. 3 is the section
analysis of a typical surface AFM image, where the RMS value is
around 1.5. From the analysis, it is observed that the surface nano-
scale roughness distribution displays closely a periodical profile of
asperities, which supports the previous assumption for surface rough-
ness modeling. It was illustrated that although RMS was almost con-
stant for each group, whilst the asperity length was in a wide range,
which means that surface nanotopographies must be closely modeled
as a mix of wide range sinusoidal groups.

Taking asperity data (RMS and L) from the AFM image of the
treated sample surface, the corresponding contact angle can be cal-
culated from Eq. (8), where h is equal to 2RMS in themodel. It is worth
saying that Wenzel or Cassie models always predict that the surface
(b)

(d)

3nm

0nm

0nm

10nm
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, 30 min, (b) 50 °C, RCA1 immersion, 5 min, (c) 25 °C, RCA1 immersion, 30 min, and (d)
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Fig. 5. Comparison of contact angles between theoretical calculations and experimental
measurements.
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Fig. 3. Section analysis of a typical AFM image with RMS of around 1.5.
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roughnesswill make the hydrophobic surface to bemore hydrophobic
and the hydrophilic surface to be more hydrophilic, therefore they are
not applicable for the case when the sample surface is completely
wetted initially (i. e. θa,o is equal to 0).

From contact angle measurements, the results of 10 samples from
each group were obtained and presented in Table 1. Fig. 4 shows
8 typical static contact angle images measured as 5.17°, 5.57°, 8.14°,
8.34°, 9.01°, 9.21°, 10.38°, and 13.38° from each sample group of 1 to
8 respectively, and the measurement error was from 0 to 1°. Then
theoretical predictions and experimental measurements can be com-
pared. Fig. 5 plots the contact angle from both theoretical calculations
and experimental measurements, where the upper limit data were
calculated from the highest h/L values of each group, while the lower
limit data are from the lowest h/L values of each group. In Fig. 5, it is
also shown that the surface nanotopography affects the formation of
the static contact angle. Since the liquid microdrop was deposited on
the surface covering more than one asperity, the change of the static
contact angle must be due to the overall effects of all asperities being
seated, which is statistically described by the ratio range of h/L as
shown in Table 1. Furthermore, it is also found that the contact angles
of experimental measurements were very close to the upper limit
data of the theoretical predictions, which means that the sharper
asperities of the surface nanotopogrphies play a dominant role in
determining the contact angle.

The observations here proved that the dominant factor for contact
angle formation was the liquid–solid contact line, which is consistent
with Gibbs' and Extrand's conclusions [2,16]. This analysis also agrees
with McHale's argument that some solid has a roughness induced
hydrophobic tendency [10].
Fig. 4. Typical contact angle images obtained from each sample group.
4. Conclusions

In summary, we have developed a quantitative description of the
contact angle dependence on the sinusoidal distributed nano-scale
surface. The proposed contact-line model was validated for relating
the contact angle formation with nanotopographies for the hy-
drophilic surface. It is concluded that sharper asperities dominate
the contact angle formation, and the shaper asperity leads to the
higher contact angle. The observations in this work provide an in-
sight view for the wetting dependence on the surface roughness at
nano-scale.
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