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Abstract: Porous silicon (PS) can be used as a loading template in sensing or as a matrix to develop
nanoparticle arrays. We present a comprehensive study of PS morphology and optical properties
before and after the pore opening process, including the determination of thickness, pore size, and
pore density of PS layers, its surface wettability, and reflectivity. The PS samples were fabricated by
electrochemical anodization of monocrystalline silicon wafer in 5–20 wt.% hydrofluoric acid (HF)
solution at a current density in the range of 20–200 mA/cm2. Anodization was followed by the
pore opening process, i.e., the removal of a parasitic superficial layer with a “bottleneck” structure
by reactive ion etching (RIE). The results illustrate that “bottleneck”-free PS allows to achieve a
high pore density using a low HF concentration and a reduced current density. We established
that this structure demonstrates higher hydrophobicity in comparison to the samples before RIE.
The applicability of the developed “bottleneck”-free PS was tested via filling the pores with silver
nanoparticles, indicating its potential use as a template for the fabrication of nanoparticle arrays.

Keywords: porous silicon; electrochemical etching; parasitic layer; reactive ion etching; nanoparti-
cle array

1. Introduction

Porous silicon (PS) represents an intriguing platform to engineer miniature sensors
compatible with Si technology that provide accurate and reliable detection of various
organic molecules in a liquid or gaseous environment. The unique structural and optical
properties of this porous material are easily tuned via the variation of regimes of its
formation during the electrochemical anodization of monocrystalline silicon, which is
the most convenient and affordable method to be used in both a research laboratory and
industrial facilities [1,2].

The anodization of silicon wafers is usually accompanied by the growth of a thin
parasitic layer caused by surface defects (e.g., surface roughness or uneven distribution
of doping atoms) on the initial monocrystalline substrate. This surface layer usually
consists of pores with a lower diameter compared to the pores distributed in the deeper
layer, resulting in the so-called “bottleneck” effect. Therefore, it can strongly affect the
morphology, mechanical, and electrical properties of the final PS-based device [3]. Such
an effect is critical for the mesoporous silicon used to host or to capture nanostructures of
other materials. Many applications imply the full filling of mesopores, which cannot be
achieved due to the presence of the “bottleneck” layer [4]. For instance, mesoporous silicon
is a suitable material for sensing elements because the pore diameters are equal or easily
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adjustable to the size of organic molecules of the analyzed media. However, the parasitic
layer can hamper their incorporation and diffusion within the porous matrix. Therefore,
there is a need for the removal of the parasitic layer or prevention of its occurrence to
provide a high loading effect of the PS sensing components [5]. Various methods to achieve
this objective through the destruction of the “bottleneck” are reported. Among them,
such methods as chemical dissolution [6,7], oxidation of PS followed by silicon dioxide
removal in hydrofluoric acid (HF) [8], electropolishing, and plasma etching [9] have been
demonstrated. Plasma etching is characterized by several advantages in comparison
to other techniques [9]. The structural, chemical, electrical, and optical properties of
the PS samples not subjected to the “bottleneck” layer removal have been thoroughly
characterized and reported in [2,10,11]. However, the features of the final porous material
free of the parasitic layer have not been sufficiently studied, despite their strong influence
on the efficiency and reliability of the final devices containing PS components.

In the present work, PS was fabricated by electrochemical anodization at different
formation conditions (HF concentration in the electrolyte and current density), and the
parasitic layer was removed by reactive ion etching (RIE).

We present a comprehensive study of PS morphology and optical properties before
and after the pore opening process provided via the removal of the parasitic layer. This
work included the determination of the thickness, pore size, and pore density of the PS
layers, its surface wettability, and reflectivity. The reflectance spectra of the PS layers were
used to calculate the average refractive index. The influence of the HF concentration in the
electrolyte and current density on the original size of pores was studied to define optimal
conditions to produce nanostructures that can be used as templates for metal nanoparticles’
(NPs) deposition.

2. Materials and Methods

Antimony-doped Si (100) wafer (Siegert Wafer, Aachen, Germany) with the resistivity
of 0.008–0.02 ohm·cm was used for the PS formation. Before etching, the native silicon
dioxide was removed in a low concentration (4 wt.%) hydrofluoric acid (Fluka, Seezle,
Germany) solution. The electrochemical etching for the PS formation was carried out in
an aqueous HF solution at different concentrations (5, 10, and 20 wt.%) for 90 s. Current
density (j) was varied from 20 mA/cm2 to 200 mA/cm2. The removal of the parasitic
surface layer was performed using RIE for 5 min in a 50 sccm gas flow of SF6 at 20 mT
pressure, 40 V bias voltage, and 500 W ICP (inductively coupled plasma) coil power (Vision
LL-ICP, Plasma-Therm, Lomma, Sweden). After the RIE process, all the PS samples were
cleaned in an ultrasonic bath in chloroform for 5 min to remove the oil that was used to
bond them to a carrier wafer. Just before the characterization, the PS layers were treated
with the diluted HF solution for a few seconds to remove oxidized areas.

The morphology and thickness of the PS samples were investigated using a scanning
electron microscope FEI Quanta 200 FEG (FEI, Hillsboro, OR, USA) and analyzed using
ImageJ software [12]. A drop shape analyzer DSA 25 (Kruss GmbH, Hamburg, Germany)
was used for determining the water contact angle of the samples. The sessile drop method
was applied for the contact angle determination.

Optical reflectance spectra of the PS layers were collected in the 400–800 nm spectral
range with an optical microscope Olympus equipped with a fiber-optic spectrometer
AvaSpec-2048 (Avantes, Apeldoorn, Netherlands) with 1.4 nm resolution.

To check the possibility to use PS as a template for the metal nanoparticles’ deposition,
spherical silver nanoparticles of 62 nm diameter with ~10% standard deviation in size were
synthesized according to a previously described method [13]. In brief, the procedure of
nanoparticles’ synthesis consisted of two typical steps. At first, 100 mL of seed solution was
prepared using 0.05 mM of tannic acid (TA) (Sigma-Aldrich, China), 5 mM of trisodium
citrate (TC) (Lach-Ner, Neratovice, Czech Republic) and 0.025 mM silver nitrate (AgNO3)
(Girochem, Teplička nad Váhom, Slovenia) in Milli-Q water (Merck, Massachusetts, USA).
Afterwards, the particles’ size was tuned in the second synthesis step-growth of the seeds.
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For this procedure 19.5 mL of seed solution was mixed with 16.5 mL of water and heated
under the 90 ◦C. Then 500 mL of TC (25 mM), 1.5 mL of TA (2.5 mM) and 1 mL of AgNO3
(25 mM) were added and kept heated and stirred for 30 min. The second step was repeated
three times until the required nanoparticles’ size was achieved. Synthesized silver NPs
were deposited on PS by a capillary-assisted particle assembly (CAPA) procedure [14,15].

3. Results and Discussion
3.1. Surface Morphology

Scanning electron microscopy (SEM) top views and the pore diameter distribution
of the standard, pre-polished, and RIE-treated PS samples are shown in Figure 1. The
“standard” PS was fabricated using 10 wt.% HF solution at 100 mA/cm2, whereas the
“pre-polished” PS sample was additionally subjected to primary surface electropolishing at
a current density of 3 A/cm2 for 1 min.
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Figure 1. Scanning electron microscopy (SEM) top views of porous silicon (PS) formed in 10 wt.% hydrofluoric acid (HF)
solution at 100 mA/cm2 current density: (a) standard, (b) pre-polished, and (c) standard after reactive ion etching (RIE).
The scale bar is 500 nm. (d) Pore size (diameter) distribution of the corresponding samples.

According to the SEM top-view images of the PS surface, one can see that the
single-step electrochemical anodization process produces at least two different layers.
The first layer is composed of small pores with a diameter of 15–20 nm that are irregu-
larly shaped and randomly arranged. These pores are separated by silicon walls of the
nanoscaled thickness (Figure 1a). A similar layer is observed on the pre-polished sample
(Figure 1b). This layer has nearly the same surface morphology, but the size distribution of
pore diameters becomes broader, and the number of “black” pores increases in comparison
to the standard PS sample morphology (Figure 1a). It seems that the polishing procedure
before the electrochemical anodization minimizes the number of defects on the surface,
but some of them are still present and contribute to further PS formation. The pore size
distribution determined for the sample after RIE (Figure 1c) indicates that the parasitic
“bottleneck” layer was removed and the second layer with a mean pore size of 60–70 nm
was uncovered (Figure 1d).

Figure 2 shows the SEM images of one set of the PS samples before and after RIE,
formed at j = 60 mA/cm2 in 5 wt.%, 10 wt.%, and 20 wt.% HF solutions. The morphology
of the RIE-treated PS formed in the electrolyte with 5 wt.% (for all samples) and 10 wt.% HF
(at high current density) mostly looks smooth, and only a slight increase in the roughness
of the PS indicates isotropic etching of the top layer. The surface of the samples made at
10 wt.% HF at a low current density (20–60 mA/cm2) and for all samples made in 20 wt.%
HF is characterized by the formation of a porous layer, which consists of islands that make
the surface rough. These substrates seem to be much less sensitive to liquid substances or
nanoparticles loading into PS than the others with higher pore density.
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20 wt.%. Top view and cross-section of the same samples after RIE treatment (at the bottom). The scale bar is 500 nm.

In addition, these results demonstrate that RIE is a suitable method to remove the
surface layer without damaging the inner morphology of the formed PS layers (Figure 2).

In general, the pores look uniform throughout the analyzed areas. The mean pore
diameter and the density of the pores are presented in Figure 3. One can see that the mean
diameter increases with the rise of current density. This linear dependence is followed
until some critical value of current density is reached and the pore size starts to decrease. It
should be noted that the critical current density value depends on the HF concentration, i.e.,
for 5 wt.% HF solution, the maximum pore diameter of ~130 nm is reached at 60 mA/cm2,
whereas for 10 wt.% HF solution a 160 nm pore diameter is observed at 140 mA/cm2.
These regularities can be explained by changes in the mechanism of PS formation by
anodization [16]. At high current densities, the produced pores become spatially irregular,
and a sponge-like structure is formed. The Si skeleton becomes thinner, and the pore density
increases. Further increase in the current density leads to the electropolishing process.
Moreover, the electropolishing can be predicted by the pore density value, e.g., we have
experimentally confirmed that in 5 wt.% HF solution this process starts at 100 mA/cm2,
and for 10 wt.% HF, current density must be higher than 400 mA/cm2.
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Figure 3. Dependence of the mean diameter (filled symbols) and pore density (empty symbols) on
the applied current density of the PS samples formed at different HF concentrations.

The PS thickness growth rate was determined from the cross-section analysis of SEM
images. It was established that the rate of the layer thickening is in direct dependence on
the applied current density. At the same time, we can observe that thicker layers were
created at higher HF concentrations during the same process time (Figure 4). The analysis
of the thickness of the RIE-treated PS layers shows that the RIE process runs slower for
PS with lower pore density. The RIE speed sharply increases for the samples fabricated in
5 wt.% HF at j = 80 mA/cm2 due to the high density of pores (which reaches up to 96%)
and thin Si walls. After the RIE, we observed that the most moiety of the PS layer was
removed and the thickness of the produced structure was about 500 nm, whereas the initial
thickness was about 2.6 µm.
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Figure 4. The PS thickness dependence on applied current density during electrochemical anodization
in different concentration HF solutions. Initial PS samples are marked with filled symbols, RIE-treated
samples with unfilled symbols.

3.2. Surface Wettability

The surface wettability is an essential surface characteristic in the case when the PS
is designed to be used as a component of a sensor. Figure 5 shows that the PS hydropho-



Coatings 2021, 11, 699 6 of 10

bicity is much higher than that of the monocrystalline Si, for which the contact angle was
measured to be 91◦ (Figure 5b).
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Figure 5. The contact angle of the PS samples before and after RIE. (a) the dependence of water
contact angle on the current density applied during the anodization process of porous silicon. Initial
PS samples are marked with filled symbols, RIE-treated samples with unfilled symbols; (b) water
contact angle measured on bare Si and (c) on RIE-treated PS formed in 10 wt.% HF solution at
j = 200 mA/cm2 (contact angle value is indicated with the “*” mark in the graph).

The contact angle of the standard PS samples looks to be smaller than the contact
angle of RIE-treated samples, but it shows the same behavior in dependence on the current
density, i.e., the PS hydrophobicity increases with the increase of current density. The contact
angle value changed from 112◦ to 133◦, from 108◦ to 127◦, and from 102◦ to 118◦ for the PS
samples formed in 5 wt.%, 10 wt.%, and 20 wt.% HF solutions, respectively. The contact
angle of the RIE-treated PS samples formed in 5 wt.% and 10 wt.% HF solution increased
from 122◦ to 141◦, and from 116◦ to 152◦ respectively (Figure 5a). In the final case, the PS
layer formed in 10 wt.% HF and at j = 200 mA/cm2 (marked in the graph) demonstrates the
superhydrophobic effect as the contact angle is greater than 150◦ (Figure 5c).

In the case of the RIE-treated PS substrate formed in 20 wt.% HF solution, no clear
dependence of the contact angle on the current density was observed. Such an effect is
interplayed with the rough surface morphology that was found to be almost independent
on the applied current density.

The results illustrate that in all the cases when the PS was produced using the HF
concentrations lower than 20 wt. %, the contact angle (or wettability of the surface) can
be easily adjusted using different current densities applied in a course of the anodization.
Moreover, RIE contributes to an additional increase in the contact angle.

To successfully use the PS as a template for nanoparticles’ assembly by CAPA, the
contact angle of a suspension of nanoparticles and the substrate must be properly tuned
to achieve a high assembly yield. According to several studies [17–19], the value of the
contact angle ensuring a successful assembly is in the range from 30◦ to 75◦. In the PS case,
such conditions can be set by reducing the free surface energy using surfactants [20] or
changing the template wetting behavior by oxidation [21], oxygen plasma treatment [22],
or functionalization [23].

3.3. Optical Properties

Optical characterization of the PS layers, especially the investigation of the refractive
index, is the most important task for further development of photonic sensors based on
this porous material [24]. It is known that the PS surface layer consists of silicon crystallites
and pores that contribute to diffuse scattering and final reflectivity.
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The measured PS reflectance spectra (for samples formed at 5 wt.% and 10 wt.% HF)
show a series of interference fringes that correspond to the constructive and destructive
interference of the reflected light from air/PS and PS/Si interfaces that are also called Fabry–
Pérot interference fringes (Figure 6). Using the Fabry–Pérot interference principle [25], the
effective optical thickness (EOT) 2nPSL was evaluated and then the value of the average
refractive index (nPS) was extracted from EOT using the value of PS layer thickness
(L values were taken from Figure 4). The results obtained are presented in Table 1. The
frequency of the interference fringes strongly depends on the air fraction values in the
PS structure [26].
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Table 1. The Average Refractive Index of Initial and RIE-treated PS.

HF Conc.
Current Density (mA/cm2)

20 40 60 80 100 120 140 200

5 wt.%
initial 3.21 2.48 1.39 1.20 - - - -

RIE-treated 3.35 2.50 1.41 1.57 - - - -

10 wt.%
initial 3.24 3.14 2.99 2.73 2.40 2.13 2.10 2.01

RIE-treated - 3.17 2.97 2.87 2.72 2.20 2.17 2.04

The refractive index was calculated for the samples made using 5 wt.% and 10 wt.%
HF electrolytes. According to Table 1, the refractive index decreases with the increase of the
applied current density, and this is usually related to the increase of pore density (poros-
ity) [27]. The exception is observed for the PS sample formed in 5 wt.% at j = 80 mA/cm2,
where the refractive index increases sharply. We attribute this to the contribution of Si
to the reflection spectra due to the small amount of the remaining PS after etching (see
Section 3.1). In general, the RIE-treated samples are regarded as a single-layer structure,
whereas the initial samples are considered to be multi-layer consisting of the layers with
different porosity. In most cases, the refractive index value of the initial PS samples is
slightly lower than that of RIE-treated samples. This can be explained by the presence of a
highly porous surface parasitic layer that contributes to the refractive index and decreases
its value. Only in a single case (10 wt.% HF; j = 60 mA/cm2), the refractive index of the
RIE-treated PS sample is smaller than the value of the initial PS sample, but the difference
is rather small, and it could be attributed to the thickness estimation errors.

The reflectance spectra of the initial PS samples prepared in 20 wt.% HF solution
(Figure 6) look similar to the spectrum of the bare silicon. We assume that the porosity of
these samples is so low that we cannot observe any major changes in their optical properties.
The RIE-treated PS reflectivity is characterized by a lower intensity due to the scattering
effect that occurs on a rough surface. In both cases, the reflectance spectra demonstrate
fringes with a very low amplitude that are hardly distinguished and cannot be used for
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further determination of optical parameters. The optical parameters were not determined
for the sample formed in 10 wt.% HF and j = 20 mA/cm2 due to the same difficulties.

3.4. Reactive Ion Etching (RIE) Etched Porous Silicon Templates for the Nanoparticles’ Deposition

The “bottleneck”-free PS substrate has great potential as a template, which provides
a precise definition of shape, size, and spatial location of different nanostructures for the
development of radically new metamaterials with outstanding magnetic, optical, catalytic,
and other features. As a proof of concept of this work, we demonstrated how the meso-
porous silicon with pores opened by the RIE treatment can be used for ordered embedding
of spherical silver nanoparticles possessing the prominent surface plasmon resonance
(SPR) in the blue range of the optical spectrum. In particular, this property is in high
demand to design and engineer components of Si-based devices for photovoltaic and
sensing applications.

In our work, we deposited silver nanoparticles on the PS samples made in 10 wt.% HF
solution and at j = 100 mA/cm2. Silver nanoparticles with a mean diameter of 62 nm with
~10% standard deviation in size were used. The diameter of the spherical silver nanoparti-
cles was selected in accordance to the pore size of the developed PS sample and based on
the research showing the successful use of such particles’ size in sensing experiments [28].
The CAPA method [14] was selected for the silver nanoparticles’ deposition. Namely this
approach provides the most controlled distribution of the colloidal nanoparticles over a
template’s surface compared to other techniques (e.g., drop deposition). The PS surface af-
ter the silver nanoparticles’ deposition is shown in Figure 7 (the top view of the RIE-treated
PS sample before NPs implementation is presented in Figure 1c). To show the importance
of surface morphology on the deposition yield the particles were applied on the initial
sample and on RIE-treated sample in the same conditions (Figure 7). In both cases similar
silver nanoparticles were used. The PS sample not subjected to the RIE treatment provided
anchoring of the silver nanostructures in some places around the sample surface but their
distribution was uneven (Figure 7a). Due to a mismatch of pore and silver nanoparticle
diameter, all the particles were distributed on the top of the surface. On the other hand,
when the surface layer was etched away, the silver nanoparticles penetrated nearly all the
pores (pore entrance filling factor was ~85%). It should be noted that in rare cases, a few
nanoparticles occupied one pore or were displaced to the edge of the pore. It should be
highlighted that the removal of the “bottleneck” layer led to opening the structure that
provided deposition of the highly ordered ensemble of the silver nanoparticles divided
by the silicon walls of the nano scaled thickness. The final structure had the prospect of
possessing an extremely intensive electromagnetic field in the spots of silver nanoparticle
and silicon wall contact, due to plasmonic coupling between metallic nanoparticles and
semiconductor [29]. What is also important, the distance between the nanoparticles can be
tuned as well as the pore size and particle diameter by varying anodization and synthesis
conditions, respectively.
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4. Conclusions

We demonstrated that RIE is an efficient method for the removal of the parasitic
surface layer without damaging the morphology of the PS. The analysis of the electrochem-
ical anodization conditions revealed that the properties of the PS (pore size and density,
refractive index, wettability) can be tuned in a wide range. Changing the current density
and HF concentration during the electrochemical etching process enables the pore size to
be managed in a range from 10 nm up to 160 nm. We showed that the surface wettability is
in a good dependence on current density and by selecting proper conditions we can create
hydrophobic (100◦) or superhydrophobic (152◦) structures. The optimal HF concentration
for the creation of porous structures was determined to be in the range of 5–10 wt.%,
whereas PS formed at 20 wt.% HF concentration comprised of islands that reduce the
flatness of the surface. The RIE-etched PS sample formed at 10 wt.% HF solution was
shown to be a favorable template for the CAPA deposition of the highly ordered array of
the 62 nm size silver nanoparticles divided by silicon walls with the filling factor of ~85%,
which are expected to possess prominent plasmonic properties and present the object of
a future study. The selection of the described electrochemical etching conditions allows
us to create templates with a variable pore size and to adapt the surface morphology to
nanoparticle deposition.
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