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Abstract: In this paper, we present an inexpensive technique to produce superhydrophobic surfaces
from porous silicon. Superhydrophobic surfaces are a key technology for their ability to reduce friction
losses in microchannels and their self cleaning properties. The morphology of a p-type silicon wafer is
modified by an electrochemical wet etch to produce pores with controlled size and distribution and
coated with a silane hydrophobic layer. Surface morphology is characterized by means of scanning
electron microscope images. Large contact angles are observed on such surfaces and the results are
compared with classical wetting models (Cassie and Wenzel) suggesting a mixed Wenzel-Cassie
behavior. The presented technique represents a cost-effective means for friction reduction in
microfluidic applications, such as lab-on-a-chip. Copyright © 2011 IFSA.

Keywords: Macroporous silicon, Hydrophobic coatings, Superhydrophobic surfaces.

1. Introduction

In recent years superhydrophobic surfaces (SHS) [1] have increasingly attracted the interest of the
scientific and technological community thanks to their self-cleaning properties and to the large wall-
slippage they present for liquid water [2]. Natural SHSs have been observed in plant leaves (Lotus)
and insect wings and are characterized by large contact angles, low contact angle hysteresis and large
slippage. The typical feature of natural SHSs is their micro/nano scale roughness where air bubbles can
get trapped. The presence of the air-water interface is the cause of the surface’s low contact angle
hysteresis, and slippage. Several research groups have been working towards the development of
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synthetic SHSs capable of mimicking the roughness hierarchy of natural SHSs. The air-trapping
capability of a surface alone is not enough for SHS application to microfluidics. A crucial issue,
indeed, is the stability of the Cassie state [3], since trapped bubbles, under environmental fluctuations,
could lead to the transition to the Wenzel state, with water filling completely the roughness elements.
A strategy to fulfill this requirement is combining surface morphology modification and hydrophobic
coating. The Cassie-Wenzel transition threshold is actually affected by the liquid-solid interface
energy which can be significantly reduced by appropriate surface coating, e.g. silane layer deposition.
A promising approach to produce robust and economical silicon SHSs is the use of porous silicon [4].
Porous silicon (pSi) is made by crystalline silicon (cSi) anodization in electrolytes (aqueous or
organic) containing Hydrofluoric acid (HF). The typical experimental setup is shown in Fig. 1. The
morphology of pSi depends from process parameters (mainly the anodization current density and HF
concentration in the electrolyte) and spans from 2 nm (nanoporous silicon) up to hundreds of nm
(macroporous silicon). The wetting properties of porous silicon strictly depend on the surface
morphology, in particular on the pore diameter and porosity. Nanoporous silicon is reportedly highly
hydrophilic [5], while macroporous silicon, without surface coatings, can be either highly hydrophobic
[5], or hydrophilic, as in this work, depending on the electrolyte and silicon doping type and level.
SHSs characterized by contact angles in excess of 150° have been recently obtained from pSi surfaces
by morphology modification and/or coating of the surface with a low surface energy layer [5], [6].

In this paper we present an easy-to-implement and economical procedure to realize and characterize
macroporous silicon SHSs.

Counter-electrode

Electrolyte

+ p—
I |

Si wafer

Al back-contact

Fig. 1. Electrochemical cell for porous silicon formation.

Teflon cell

2. Experimental Section
2.1. Surface Preparation

The sample SHSs are realized, in this work, from 10-20 Qcm resistivity, boron doped, p-type silicon
wafers with {100} orientation. An organic electrolyte, made by mixing HF 48 wt% and Dimethyl
sulfoxide (DMSO) with 10:46 ratio has been used to obtain macropores.

Silicon wafers have been cleaned in piranha solution (H,O; (30 %):H,SO4 (98 %) 1:3) for 10 minutes,
rinsed in deionized water (DI) for 5 minutes and dried with nitrogen. Each wafer has been cut in
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square chips of approximately 2.5 cm edge. Silicon chips have been dipped in buffered oxide etch
(BOE) solution and rinsed for 5 minutes in DI and dried in nitrogen before being processed.

Each chip is placed in our custom made cell, sketched in Fig. 1. The cell consists of two machined
PTFE cylinders that seal the silicon chip, leaving a 1 cm” circular surface exposed to the electrolyte.
The back of the chip is pressed, by the sealing system, to an aluminum disc that connects it to the
external electrical circuit. The circuit is closed via a counter electrode (consisting of a platinum grid)
immersed in the electrolyte. A magnetic anchor is used to stir the solution during the anodization
process (the cell assembly is placed onto a magnetic stirrer) to remove gas bubbles from the silicon
surface and to homogenize the solution. The anodization process is realized by applying a constant
current to the silicon chip (the anode) using an AMEL 2055 potentiostat. Immediately after the
anodization process, silicon chips are rinsed in DI water for 5 minutes and dried with N,. The porous
surfaces are then activated in an oxygen plasma (50 sccm O, at 200 mTorr for 3 minutes) and coated
with perfluorooctyltrichlorosilane via low pressure physical vapor deposition (LP-PVD). In addition,
the effect of acetone washing on silanized samples is investigated, by performing a 4 min sonication of
part of the samples.

2.2. Porous Silicon Morphology

Porous silicon morphology, in particular at the surface, determines its superhydrophobic behavior. The
pore morphology depends in general on wafer type, doping density, crystal orientation, electrolyte
type, HF concentration in the electrolyte, anodization current density, illumination intensity and
anodization time. An extend survey of such morphologies is beyond the scope of this work and the
interested reader may find it in [4]. This work concentrates on the study of porous surfaces obtained in
HF:DMSO (volume ratio 10:46) organic electrolyte from low-doped p-type silicon wafers. The
electrolyte has been chosen to reduce health risks as DMSO is the least dangerous among the solvents
used in organic electrolytes for macropore development, the others being Dimethylformamide (DMF)
and Acetonitrile (MeCN). The composition of the electrolyte has been optimized to grow stable (non
branching), open (not filled by microporous silicon), vertical pores. All processes have been carried in
dark. The silicon wafers used in this work can be employed in CMOS processes. Developing a process
on CMOS compatible wafers opens the possibility of integrating microfluidic circuits based on SHSs
with standard Integrated Circuit (IC) technology. The advantage of such an approach becomes clear
when considering the increasing miniaturization of lab-on-a-chip devices that could benefit from
electronic control and actuation of microfluidic circuits.

Considering the aforementioned working conditions, the parameter space is reduced to current density
and anodization time. We further require pores to have a depth greater than 10 um, to disfavor the
transition to the Wenzel state, as will become clearer in the next section. The mechanism of macropore
development on low-doped silicon wafer has been studied in [7], where a growth model is proposed
that well agrees with experiments on a broad range of doping levels. Porous silicon formation requires
the presence of holes at the silicon-electrolyte interface, the majority carriers in p-type wafers.
According to the model in [7], the silicon-electrolyte interface behaves like a Schottky-diode in
forward conditions. On silicon side, a space charge region (SCR) not fully depleted of holes, whose
width 7 depends on the built-in potential V3;, silicon doping density Ny, applied bias V,,, and the
geometry interface. Equation (1) relative to the ideal planar geometry, expresses the SCR width as
function of the aforementioned parameters (¢s=11.8 is the silicon permittivity, E=1.12 V is the silicon
gap and #; is the silicon intrinsic carrier concentration):

64



Sensors & Transducers Journal, Vol. 13, Special Issue, December 2011, pp. 62-72

W:\/zgogs(Vbi - Vappl)
gN

(1)

The width of the SCR is minimal at the pore tip due to the geometrical field enhancement while the
Schottky barrier height remains constant thus, the majority of the charge transport happens there. The
consequence is that depressions in the silicon surface dissolve faster than flat areas, thus producing
pores. The charge transport is mainly due to holes diffusion, caused by the concentration gradient of
holes near the electrode surface, and involve the entire pore surface. The consequence is that pore
walls tend to dissolve but at a slower rate that pores tips. The wall dissolution process stops when the
SCRs of adjacent pores join and deplete the walls of holes, ceasing the diffusion current. Detailed
analysis of macropore formation physics is reported in [7] and is beyond the scope of this work but the
consequences are important for the hydrophobicity of the resulting porous surfaces, in particular:
e Pore starts from pits in the silicon electrode. It is possible to control pore formation by pre-etching
pits in the wafer.
e Pore diameter, for a given doping level, is determined by the pore wall thickness between adjacent
pores.

In this work, silicon pre-etching has not been performed, as the intent is to produce low cost SHSs.
The obtained SHSs are characterized by the presence of two kinds of pores: fully developed pores that
extend into the bulk and shallow inter-pores that grow between the former. Inter-pores are depressions
that start in the pore walls and extend in the bulk for a few microns. Their growth is suppressed as
soon as the development of adjacent pores depletes the wall of holes, thus passivating it against further
dissolution.

The porous surfaces have been prepared using three different processes, named 4, B and C, reported in
Table 1. The highest current density (J,s) has been chosen to be the half of electropolishing threshold,
to obtain uniform, reproducible, porous surfaces. The lowest values have been chosen to grow 10 um
deep pores with a process time of 30 minutes to reduce the effect of wall dissolution.

Table 1. Process parameters for the porous silicon surfaces.

Process J,s [mMA/cm?] Time [min]
A 5 30
B 10 30
C 15 15

2.3. Contact Angle Measurements

We adopt the sessile drop method to measure the contact angles (CA) over the porous silicon samples.
We use a Nikon D7000 camera, equipped with a Micro-Nikkor 60 mm f 2.8/D objective, to record
images of millimeter size sessile DI water drops, at rest over horizontal samples. We use freely
available software, Drop-Snake [8], to process images and measure contact angles. In Fig. 2 we show
some representative results of image analysis. In particular, panels (@)-(c) show drops sitting on porous
silanized samples obtained, respectively with the processes 4-C explained in Table 1. The (d) panel,
instead, shows a sessile drop on a smooth silane coated silicon wafer.
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(c) (d)
Fig. 2. Contact angles on selected silanized samples: (a) Sample /, (b) Sample 2, (c) Sample 3 as defined in

Table 2, corresponding, respectively, to process parameters A-C in Table 1; (d) flat silanized wafer.

Table 2. Static contact angles on realized SHSs. The effect of surface morphology (see Table 1
for sample types and Table 3 for pore characteristics) and acetone wash is highlighted.

Sample Process Acetone wash Porous Contact Angle [°]
1 A NO YES 156.0 £ 1.6
2 B NO YES 1545 = 1.5
3 C NO YES 160.8 £ 1.6
4 B YES YES 152.8 = 1.1
5 - NO NO 98.5 = 0.6
6 - YES NO 101.8 =23

The software requires a user-defined detection of the drop boundary (the blue solid line in the figures),
which is used as initial guess for the B-spline fitting of the drop boundary. The red solid line is the
final computed boundary whence the left and right contact angles are measured. Further details on the
software implementation and accuracy may be found in Ref. [8]. The contact angles extracted with
Drop-Snake are found to be robust to small changes in the user-defined definition of the drop
boundary. The average contact angles are reported in Table 2. We compute the averages by analyzing
at least 5 images of a sessile drop on the same sample, recorded after moving the drop on different
positions of the observed region. In this way we aim at averaging the effect of local morphology on the
contact angle, that is one of the causes of contact angle hysteresis. For the same reason, we average
right and left contact angles.
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Table 3. Characterization of the surface porosity: Diameter of the pores, area and perimeter as evaluated from
top SEM images. Pore depth is evaluated from cross sectional SEM images.

Proces Pore depth Pore diameter Pore area [um?] | Pore Perimeter Porosity
S [um] [um] [um] [%0]
A 13.2 1.88 £0.53 224 £0.94 5.77+1.61 55.5-61.6
B 14.6 1.84 +0.70 1.79 £ 0.89 5.83+2.50 68.8 - 70.6
C 14.3 2.42 +0.82 328+1.44 7.47 £2.69 69.5 - 69.7

2.4. Surface Analysis

Scanning Electron Microscopy (SEM) has been used to characterize the porous surfaces (see
Fig. 3).

Fig. 3. SEM images of macroporous surfaces (top images on the left column, 63° tilted cross sections
on the right) obtained with the processes in Table 1: Images here are ordered from A to C
as in the table. The green stroke corresponds to 2 pm.
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In particular, all images are obtained from an Auriga FE-SEM produced by Carl Zeiss GmbH. SEM
images of macro-porous surfaces have been analyzed using Imagel [9] software. The porosity value
has been computed from the surface topography by counting the percentage of pixels whose intensity
is below a set threshold. As can be seen from Fig. 3, fully developed pores appear black with well
defined perimeter while shallow pores appear as dark gray areas. The measured porosity is the “surface
porosity” of the sample, that is, the area fraction occupied by depressions. This definition differs from
the porosity obtained from the gravimetric method [4] that takes into account the bulk porosity, i.e. the
mean void fraction of the sample. In this context, mainly concerned with surface interactions, surface
porosity is the figure that better describes the interaction with water droplets.

Pore depth has been computed from cross sections of cleaved samples (Fig. 3, right half). All the
images were taken at an angle of 63° as this is the maximum angle allowed by the microscope stage.

Some silicon fragments are visible in cross sectional images, due to imperfect cleaving. Sample cross
sections clearly show the morphology of pores. Straight, open, pores with uniform depth extend in the
silicon bulk.

Cross sections show that, after the porosification process, the silicon fraction far from the surface is
still relevant. Furthermore, from top view images, it is evident the continuous structure of the pore
walls. Both characteristics contribute to the mechanical stability of the surface. Such an ordered
situation does not exist close to the sample surface, as Fig. 4 clearly shows. The presence of inter-pores
and the partial dissolution of pore walls confer roughness to the surface, contributing to its
hydrophobicity.

Fig. 4. Surface of the sample obtained with B process (10mA/cm?®, 30 min). Shallow inter-pores
are visible as well as the partial dissolution of pore walls.

Three figures have been chosen for surface characterization: pore Feret's diameter, area, and perimeter.
The distributions of the parameters have been computed with Imagel] particle analysis tool. We will
refer hereafter to diameter with the meaning of maximum Feret's diameter, i.e. the longest dimension
of the pore. A summary of surface characteristics, as obtained with the three processes in Table 1, is
reported in Table 3. It is noted that the inter-pores dissolution increases with increasing current
densities, leading to a spiked surface and pore overlap. As a result the pore perimeter increases and
circularity decreases.
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3. Results and Discussion
3.1. Surface Characterization

In Table 2 we summarize the contact angle measurements under different experimental conditions,
with the aim of investigating the effect of (i) surface morphology and (ii) low energy coating. We
preliminarily note that non-coated samples are hydrophilic, presenting contact angles of 75° on
smooth samples and almost total wetting on porous ones. Only contact angles after silanization are
reported in Table 2. Cases /-3 refer to silanized porous surfaces obtained, respectively, with the
processes A-C of Table 1. For instance, after anodization at 10 mA/cm’ for 30 minutes (Case 2) and
silanization, the resulting contact angle is 154.5° & 1.5°. This figure shows that the presented method is
successful in providing highly hydrophobic silicon surfaces.

By comparing Cases /-3, we note that the sensitivity of contact angles to process parameters -that is,
density current and anodization time- is very low. This is due to the fact that, below the
electropolishing level, the surface porosity and pore diameter vary only slightly with our free
parameters. In view of microfluidic applications, the tolerance on process parameters to obtain SHS
with controlled wetting properties is a positive fact.

The evidence that an effective surface energy modification was prompted by the silane PVD is
provided by the contact angle of 98.5° + 0.6° measured over silanized smooth silicon surfaces,
corresponding to the static Young angle (Case 5). This value is in line with the experimental contact
angle values reported in [10] for surfaces coated with various silane types. This value is also
compatible with that reported in the molecular dynamics simulations of [11] for OTS coated cSi. The
influence of surface morphology on the contact angle is reflected in the largely different values
reported in for Cases 2 and 5, and is immediately evident by comparing panels (b) and (d) in Fig. 2.

The effect of organic solvent washing of the coated samples was tested by performing an acetone
sonication of the samples. The cleaning procedure is applied to both porous and smooth silicon
surfaces, corresponding to Cases 4 and 6 of Table 2, respectively. Acetone wash may be effective in
removing excess silane deposited physically but not grafted on the surface. However, we only detect
slight variations in contact angles. A possible explanation of these small variations is the effective
cleaning from surface contaminants obtained with the acetone wash.

3.2. Wetting Models

We compare two classical models in order to interpret the reported experimental data in relation to the
surface morphology. In particular, the increase of contact angle between porous silicon samples and
smooth ones is analyzed in view of Cassie and Wenzel models.

In the Wenzel model, the liquid is assumed to fill in completely the roughness profile. The variation in
CA of a rough surface with respect to a perfectly smooth one is ascribed to the larger solid-liquid
interface. According to the Wenzel model, the contact angle 8y is given by

cosf, = rcost, 2)

where 7 is the ratio of the actually wet area to the projected area of the surface and € is the Young
contact angle on the smooth surface having the same surface composition. In our experiments, the
value of § is computed as an average of Cases 5 and 6 of Table 2.
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In the Cassie model, air bubbles are trapped within the pores and the liquid is in contact with the solid
only at the peaks of the roughness. The resulting contact angle 6¢ is:

cost), =—1+¢ (1+cosb), 3)

where ¢; is the solid fraction of the interface, i.e. the ratio of solid-liquid area to whole droplet base.
Though liquid droplets can be observed in both states, the truly superhydrophobic one is the Cassie
state which promotes water slippage and low CA hysteresis.

Informed by the analysis of the SEM images in section 2.4, it is possible to provide an estimate » and
@s. In particular, the ¢, coincides with the complement to unity of the surface porosity y, that is
@, =1—y . The estimate of r is less straightforward. We consider an ideal surface where each pore is
perfectly circular and pores are regularly distributed on a periodic square lattice of size L. In this
idealized scheme, we have the following relation between L, ¢, and R

L2(1—¢S)=7TRZ, (4)
that, after some manipulations, leads to:
2h
r=g,+(-g, )(? + lj : )

This expression is still valid if the pores are not on a regular lattice. However, formula (5) is not
appropriate in the case that pores overlap. Some overlaps actually happen as apparent in Fig. 2 and the
surface morphology is more complicated than the ideal case we are considering, nevertheless Eq. (5)
still provides a rough estimation of r.

Using the geometrical characterization of the surfaces in Table 3, along with the average contact angle
value measured on smooth silicon surfaces computed from Cases 5 and 6 in Table 2, that is, 8 = 100°,
we report in Table 4 the predictions for contact angle values corresponding to the models described by
Egs. (2) and (3).

Table 2. Summary of the geometrical features of the surfaces and related classical wetting models predictions
for contact angles. The last column reports the wet depth d as obtained from the mixed model in Eq. (6).

Process r 05 Ow 0c[°] Penetration [um]
A 17.44 0.41 non-wetting 131 1.25
B 23.12 0.30 non-wetting 139 0.55
C 17.45 0.30 non-wetting 138 1.01

For all processes, the Wenzel model leads to a left hand side of Eq. (2) smaller than —1. While this
value has no direct physical meaning, we can note that the closest physically significant case of
cos),=—1 corresponds to the perfectly hydrophobic state, where the surface is not wet and

0,, =180°. These considerations suggest that the Wenzel model is not adequate to explain the

phenomenology on the considered morphology, and that, reasonably, the roughness profile is not fully
wet. This tendency is reasonable in view of the high aspect ratio of the pores that causes the Wenzel
state to be extremely energetically unfavorable.

The Cassie equation (3), along with the solid fraction values of Table 4 and the experimental value
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6=100°, yields contact angles in the range 8¢ = 130° - 140°, depending on the process details, with the
higher values corresponding to the lower solid fractions. However, the experimental contact angles on
porous surfaces of Table 2 are larger than the Cassie estimates, while smaller than the perfectly
hydrophobic surface towards which the Wenzel model tends. A possible explanation of the
discrepancies between the experimental data and the Wenzel and Cassie models may be found in the
partial filling of the pores. This phenomenology is intermediate between the limiting cases of the fully
wet surface and the “fakir” state, embodied by the Wenzel and Cassie models, respectively.

A simple model for this scenario is now presented. Let us suppose that the pores in regular lattice
previously introduced, are filled with water up to a certain depth d. The contact angle is then given by
the weighted average of the cosine of contact angles, see [1]:

cosf)'= Zcos@i = ¢ cosO + p—jcos@ —(1-9,). (6)

Here p is the total perimeter of the pores and A is the total area of the considered SEM image.
Therefore the factor p-d/ A corresponds to the ratio between the lateral surface of the pores and the

projected area. The first term on the right hand side of Eq. (6) represents the contribution to the
average of the liquid-solid interface having contact angle 6. Eventually the third term on the RHS
results from the air-liquid interface, as already seen in the Cassie equation. Substituting in Eq. (6) the
experimental data & = 100° and @' as in Table 2, we can provide an estimate for the wet depth d.
Results for the three process analyzed here are reported in Table 4 and lie around 1 pum. This value
appears reasonable in view of the SEM images reported in Fig. 3, but provides only a consistency
check on the model.

4. Conclusions

In conclusion, in this paper we presented and characterized an economical microfabrication technique
for superhydrophobic surfaces, based on porous silicon. The SHS is realized on a p-type silicon wafer,
compatible with CMOS technology, allowing for a potential integration of microfluidics with
electronics, in view of the development of lab-on-chip applications. The silane coating proved
effective in stabilizing the superhydrophobic Cassie state, allowing for persistent air trapping within
the pores. Measured contact angles exceeded 150°. The resistance of the coating to organic solvents
was also tested, showing good characteristics. Comparison of contact angle measurements with the
available wetting models for heterogeneous surfaces suggested a partial filling of the pores, probably
connected to the presence of interpore pitting.
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