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Surface Wettability of Oxygen Plasma Treated Porous Silicon
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Oxygen plasma treatment on porous silicon (p-Si) surfaces was studied as a practical and effective means to modify wetting
properties of as-fabricated p-Si surfaces, that is, contact angles of the p-Si materials. P-Si samples spanning a wide range of surface
nanostructures have been fabricated which were subjected to a series of oxygen plasma treatments. Reduction of the p-Si surface
contact angles has been systematically observed, and the surface activation rate constant as a function of different pore geometries
has been analyzed to achieve an empirical equation. The underlying diffusion mechanisms have been discussed by taking into
account of different pore diameters of p-Si samples. It is envisaged that such an approach as well as the corresponding empirical
equation may be used to provide relevant process guidance in order to achieve precise control of p-Si contact angles, which is
essential for many p-Si applications especially in biosensor areas.

1. Introduction

The past decade has seen the rapid development of porous
silicon (p-Si) in many applications including microelectron-
ics, implantation, drug delivery, and biosensor [1–3] due
to its distinctive properties such as large surface-area-to-
volume ratio, wide range of pore geometry and morphology,
biocompatibility, There has been a particular interest in the
use of p-Si for biosensors to detect biomolecular interactions
and cell adhesion [4], leading to significant potentials towards
applications in the fields of tissue engineering and drug
delivery [5–8]. However, one of the major challenges with
these applications is the precise control of surface wetting
properties of p-Si. This is particularly important as both
protein and living cells are very sensitive to these wetting
properties, and, when not optimized, protein or cells may
either lose their bioactivity on the surface or simply resist
adhering to the surface [4]. For instance, it was reported that
human MG63 osteosarcoma cells tend to attach and grow
only on surfaces which present the contact angle of around
64∘ [9].

Wetting properties of p-Si surface largely rely on surface
morphology and chemical bonds [10]. While morphology is

usually controlled at fabrication stage [11], surface chemical
bond composition can be modified during postprocessing
steps which have been the focus of many research activities.
As a result, approaches using molecular grafting [12, 13], UV
photosensitive molecular coating [14, 15], electrochemical
methods [16], and so forth have been reported. However,
despite some success, these reported approaches are neither
efficient nor practical for the precise control of p-Si surface
wetting properties. For instance, the chemical reaction con-
ditions and the grafting density of grafted molecules may be
difficult to control [12, 13] and the operating window may
be too narrow for electrochemical method [16], let alone the
costly materials for surface coating means [14, 15]. A more
practical postfabrication means is yet to be established.

Oxygen plasma treatment, a common process in semi-
conductor industry, has been previously used to successfully
control wetting of smooth silicon wafer surface with high
efficiency, controllability, and reproducibility as well as being
a fast, easy-to-scale-up, and clean process [17–20]. Detailed
relationship between the resultant hydrophilicity and key
processing parameters has been recently studied [19, 20].
However, to the best of our knowledge, little work has
been reported to modify p-Si surface wetting using this
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oxygen plasma treatment. As a result, there are no systematic
process studies or mechanism studies in relation to these.
Considering that p-Si has distinctive surface morphologies
in comparison with that of smooth Si, it is important to
study not only the effectiveness of controlled wetting in p-
Si using oxygen plasma treatment, but also the underpinning
mechanism and models which can be potentially exploited
for future processes.

This work reports experimental results of contact angles
as a function of oxygen plasma treatments of p-Si substrates
with various surface morphologies. Surface chemical bond-
ing modifications induced by oxygen plasma are discussed.
A simple empirical model is developed to study the possible
reaction kinetics on p-Si surface with a view to establishing a
first model which can be potentially exploited in applications
such as biosensors and drug delivery, where precise controls
of p-Si surface wetting properties are required [4, 21, 22].

2. Materials and Methods

P-Si samples were prepared by a two-electrode anodisation
method using p-type ⟨100⟩ Si wafers as starting substrates.
Figure 1 shows a schematic of the experimental setup. The
electrolyte solution consists of hydrofluoric acid (HF, 48%
w/w) and ethanol (99.86% w/w). By varying the key anodisa-
tion parameters such as electrolyte concentrations, current,
power densities and typical p-Si samples with a range of
surfacemorphologies (average pore size ranged from approx-
imately 10 nm to 1000 nm) have been obtained [23], which
were then selected for the subsequent characterization and
wetting studies.

The as-fabricated p-Si samples were characterized using
scanning electron microscope (SEM, JSM 6500F, JEOL Ltd),
and the contact angles of these p-Si samples were measured
using a tensiometer (DSA 100, Kruss Ltd) with 5𝜇LMillipore
water (18.2MΩ resistivity) based on sessile drop method
[24]. At least 3 separate drops on different spots of each
sample have been measured, and the average values of the
contact angles were obtained. Oxygen plasma treatments
were conducted using an oxygen plasma generation system
(Mycro, Harrick Plasma) under a working condition of
10.5W, 30mL/min oxygen flow, and 1 Torr chamber pres-
sure. Different treatment durations were implemented. P-
Si samples were subjected to contact angle measurements
immediately after each oxygen plasma treatment.

3. Results and Discussion

To study the influence of the oxygen plasma treatment,
four typical as-fabricated p-Si substrates were intentionally
selected in such a way that they represent a wide range of
pore diameters and surface morphologies. SEM was used to
characterize the surface morphologies, as shown in Figure 2.
The average pore radii are estimated to be approximately
5 nm, 25 nm, 50 nm, and 500 nm for samples a, b, c, and d,
respectively. These values will be used for the subsequent
evaluation of contact angle changes.
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Figure 1: Schematic of fabrication of p-Si.

The initial contact angles of 𝑐
𝑖
of 18∘, 36∘, 66∘, and 138∘

have been obtained from as-fabricated p-Si samples a, b, c
and d, respectively. It is observed that 𝑐

𝑖
is strongly dependent

on the surface morphologies where smaller contact angles
correspond to smaller pore sizes. These results are in line
with the previous study by Ressine et al. in that the contact
angle increases as the p-Si surface structure changes from
nanoporous to macroporous [11]. The water droplet on solid
surface will maintain its spherical shape in order to minimize
the surface energy and reach thermodynamic equilibrium
between the liquid, solid, and air phases [25]. Therefore the
water contact angle is mainly determined by the chemical
composition and microstructure of the solid surfaces [25].
It was well reported that the ordered pattern can affect the
surface wetting, and several models such as Young, Wenzel,
and Cassie models, and so forth, have been developed to
numerically account for the influence of roughness on solid
surface, as the p-Si used in this study [1, 11]. The data also
suggests that our p-Si substrates represent a wide span of
surface morphology and initial surface wetting properties,
providing a desirable range of p-Si samples for the subsequent
wetting studies using oxygen plasma treatments.

Figure 3 shows the contact angle variation as a function
of oxygen plasma treatment duration for each p-Si sample. It
is observed that p-Si contact angles can be effectively reduced
by using oxygen plasma treatment even in lower power and
low oxygen flow conditions as used in this work, especially
at the early stage of the treatments. Extreme hydrophilicity
has been observed for all the samples after 100 s. For smooth
Si surfaces, it has been reported [20, 26] that contact angle 𝑐
follows:

𝑐 = 𝑐
∞
+ (𝑐
𝑖
− 𝑐
∞
) 𝑒
−𝜀𝑡

, (1)

where 𝑡 is oxygen plasma treatment time duration, 𝑐
𝑖
is the

initial contact angle, 𝑐
∞

is the final stabilized contact angle,



Journal of Nanomaterials 3

10nm

(a)

50nm

(b)

50nm

(c)

1000nm

(d)

Figure 2: SEM images of four types of p-Si surfaces.
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Figure 3: Dependence of contact angle at p-Si (samples A, B, C,
andD) surface on oxygen plasma treatment time duration.The solid
lines are the best fit from (1).

and 𝜀 is the surface activation rate constant [26]. Figure 3
suggests that our contact angle results can be well-fit by using
(1), suggesting that, despite the distinctive morphologies
difference between smooth and porous Si, similar surface
reaction mechanism may exist for both cases.

It is known that oxygen plasma induces chemical bonding
modifications for Si surfaces, leading to changes of contact
angles [27]. In particular, oxygen species (O∗), for example,
O
2

− and O− in oxygen plasma, are first absorbed onto the
Si surface, and then they react with the Si–H groups on the
surface to form Si–O–Si bonds, as shown in the following
reaction

—

Si

—

O

— —

H H

Si + Si O∗

Si + H2O
(2)

These Si–O–Si bonds spontaneously convert to polar Si–
OHbonds once in contact with water in the following contact
angle measurement. These Si–OH groups are extremely
hydrophilic [28, 29], so we envisage that the number of
polarized groups increases with the oxygen treatment dura-
tion. As a result, the whole surface appears to be extremely
hydrophilic as the ultimate contact angle is below detection
limit (≤0.5∘) and this process underpins the 𝑐 reduction as
shown in Figure 3.

Based on the fitting in Figure 3 using (1), the surface
activation rate constants 𝜀 can also be obtained as 0.217, 0.115,
0.050, and 0.034 s−1 for samples A, B, C, and D, respectively.
Figure 4 shows 𝜀 as a function of average pore radius 𝑟
as obtained from surface characterization with error bars.
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Figure 4: Correlation between surface activation rate constant 𝜀 and
the pore radius 𝑟 of four p-Si samples. The solid line represents the
best fit from (3). The dashed line is a guide for the eye to show the
possible linear trend.

Through the best fit, an exponential equation is obtained as
follows:

𝜀 = 𝛼𝑒
𝛽𝑟

+ 𝛿, (3)

where constants 𝛼 = 0.233 s−1, 𝛽 = −0.043 nm−1 are 𝛿 =
0.031 s−1.

It is clear that 𝜀 is strongly dependent on the pore radius
of p-Si. 𝜀 is a primary constant which determines contact
angle reduction rate as shown in (1). To the best of our
knowledge, (3) is the first empirical equation to indicate such
a relationship between 𝜀 and 𝑟 in p-Si. To further understand
themechanismunderpinning such a relationship, we feel that
it is essential to take into account the diffusion mechanisms
of O∗ in pore structures of the p-Si samples, whereas such
morphologies are not relevant for smooth Si surfaces. In
a simplified manner, we assume that the p-Si pores are
cylindrical shapes with different pore radius 𝑟, as shown
in Figure 5 corresponding to different p-Si samples in this
work. When the plasma conditions such as O∗ flow rate and
working pressure are constant, we believe that the diffusion
rate of O∗ to the pores are dependent on the pore radius 𝑟,
thus leading to different O∗ concentration in the pores, as
indicated in Figure 5. Indeed, strong dependence of plasma
reaction rates on opening pattern dimensions have been
frequently observed in the fabrication of semiconductor
based devices such as the aspect ratio dependent etching
(ARDE) effect in deep reactive ion etching [30, 31]. As such,
diffusion based mechanism such as Knudsen diffusion [32]
has been widely accepted to account for such aspect ratio
dependent plasma reaction phenomena [31]. Similarly in
this work, it is possible that, for smaller pore dimensions,
that is, 𝑟 ≤ 100 nm, Knudsen diffusion can also potentially
play a role in affecting the diffusion rate and hence the
concentration of O∗ in the pores [O∗]pore, leading to the
impact on reaction rate of reaction (2), as Knudsen diffusivity
is linearly proportional to 𝑟 which seems to align with the
relationship between 𝜀 and 𝑟 when 𝑟 ≤ 100 nm, as the

dotted line shows in Figure 5. However, it is also known
that Knudsen diffusion underpins pore side wall collision
dominant mechanism which is only suitable to be applied
for small opening pores. For bigger pore openings that is
over Knudsen diffusion regime, other diffusion mechanisms
such as Fickian diffusion [33] and viscous flow [34] may
participate in the mechanism, which deviates the effective
diffusion rate from the linear correlation with 𝑟. As all the
key plasma conditions, that is, oxygen flow rate and working
pressure in this work, have been kept the same for all the
plasma treatments, it is possible that is with the increase of
𝑟, the O∗ concentration in the pores [O∗]pore can potentially
reach a plateau that equivalent to the O∗ concentration in the
chamber [O∗]bulk (Figure 5), corresponding to a saturated 𝜀
value. With largest 𝑟 of all the p-Si samples used in this work,
sample D is likely to be within this range as also indicated
in Figure 5. We acknowledge that more experiments with a
large number of p-Si samples may induce more empirical
evidence that could be potentially exploited to study, in
our view, the extremely complex diffusion mechanism and
modeling in p-Si samples with a vase range of morphologies.
Nonetheless, these initial results as well as the empirical
equation (3) provide a first approach that can be potentially
used to estimate plasma treatment time durations in order
to achieve precise control of the subsequent p-Si contact
angles and wetting properties. As Figure 3 shows that these
contact angles are extremely sensitive to the plasma treatment
durations, we envisage that such an empirical equation could
be beneficial. For instance, with a set of fixed oxygen plasma
conditions, by characterizing the contact angle change and
surface activation rate constant 𝜀 using a few p-Si samples,
a similar empirical equation (3) could be obtained with a
set constants of 𝛼, 𝛽, and 𝛿. With these constants which are
only dependent on plasma conditions, it is possible to use
(3) to estimate the related 𝜀, leading to the corresponding
relationship between 𝑐 and time 𝑡 in (1). This relationship
between 𝑐 and 𝑡 could thus be applied to any p-Si substrates
with known pore radius 𝑟 which can be potentially useful for
precise control of p-Si wetting properties.

4. Conclusions

Effects of oxygen plasma treatment on the contact angles of
p-Si substrates have been studied with a view to developing
a practical and efficient postfabrication process to achieve
precise control of wetting properties of p-Si materials. P-
Si samples with a wide range of surface morphologies have
been fabricated and characterized followed by oxygen plasma
treatment in a series of time durations. The results suggest
that contact angles of p-Si are very sensitive to oxygen plasma
treatments even when using a lower plasma power. It is also
observed that the surface activation rate constant is strongly
dependent on surface morphologies of the p-Si samples that
is, pore radius. For the first time, an empirical equation was
developed between the surface activation rate constants and
pore radius. This can be potentially exploited to estimate
relationship between contact angle and plasma treatment
durations which may be beneficial towards precision control
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Figure 5: Schematic of oxygen species O∗ diffusing into the pores.
In the pore of small radius 𝑟 (left pore), the concentration of
O∗ inside the pore [O∗]pore is dependent on 𝑟 due to collision
with pore walls based on Knudsen model, while for pore size of
sufficiently large 𝑟 (right pore), [O∗]pore is almost equal to the bulk
O∗ concentration in the chamber [O∗]bulk.

of p-Si contact angles. Possible diffusion mechanisms in
relation to the variation of pore radius are discussed aligning
with the empirical results.
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