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Abstract: This review presents the results of the local formation of nanostructured porous silicon
(NPSi) on the surface of silicon wafers by anodic etching using a durite intermediate ring. The
morphological and crystallographic features of NPSi structures formed on n- and p-type silicon with
low and relatively high resistivity have also been investigated. The proposed scheme allows one to
experiment with biological objects (for example, stem cells, neurons, and other objects) in a locally
formed porous structure located in close proximity to the electronic periphery of sensor devices on a
silicon wafer.
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1. Introduction

The nanoscale textured porous silicon (NPSi) is gaining great interest for applications
in various fields of science and technology. The main characteristic of NPSi which prevails
in most cases of practical applications is a very significant specific surface area (up to
1000 m2/g). The first research materials on the storage of hydrogen in the volume of NPSi
have already been published [1–4]. Further development of work in this direction will
make it possible to integrate such a hydrogen source with its consumers on a single silicon
wafer. In this regard, it is important to carry out work using the porous silicon (PSi) in the
structures of micro-fuel cells based on silicon, for which hydrogen is a fuel [5]. Works on the
formation of various membrane and electrode structures based on NPSi are of considerable
interest [6,7].

Another area of application of NPSi is the modern development of neuromorphic
engineering research. Tests are being successfully carried out to develop the architecture of
the surface of a microelectronic sensor, on which biological neural networks could be culti-
vated [8,9]. While creating neuroprocessors, such sensors must have high-tech electronic
interfaces to implement communication with neural networks [10–12]. Considering that
cellular structures, for example, based on pluripotent or neuronal stem cells, are able to
transform (differentiate) into neurons (see, for example, in [10]), studies were carried out
on the cytotoxicity of the nanostructured surface of silicon wafers to mammalian cells [13].
Samples of pure silicon, as well as NPSi, are not cytotoxic. At the same time, there is a
tendency towards an increase in viable cells incubated on nanoporous samples compared
to control structures (107% of viable cells for NPSi samples). This may indicate that the
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created developed porous surface favors cell growth. (this may indicate that the resulting
porous developed surface favors cell growth).

This review presents the results of the local formation of NPSi on the surface of
silicon wafers by anodic etching using a durite intermediate ring. The morphological and
crystallographic features of NPSi structures formed on n- and p-type silicon with low and
relatively high resistivity have also been investigated.

2. Materials and Methods
2.1. Materials and Reagents

Silicon wafers of n- and p-types, heavily doped with arsenic and boron, were used
for the formation of NPSi structures. The resistivity did not exceed 0.002 Ω cm; the
orientation of the surface of the plates was (100). NPSi structures were made by anodic
etching in a HF:C2H5OH = 1:1 solution with the addition of a 10−3 M concentration of
cetyltrimethylammonium chloride (CTAC:CH3(CH2)15N(CH3)3Cl). Etching was carried
out at a constant current density J = 80 mA/cm2 at room temperature. The formation of
NPSi structures on n-type silicon wafers was carried out without additional illumination in
the etching area.

To obtain gradient porous layers with a variable morphology (GPS-var structure), p-type
silicon wafers with a higher resistivity $v = (10–1000) Ω cm were used [14]. The formation of
GPS-var structure was conducted by anodic etching in solution HF:C3H8O(ISO) + 10−3 M
CTAC at a constant etching current J = 10 mA/cm2 at room temperature.

2.2. Obtaining Porous Layers on the Surface of Silicon Wafers

We used silicon wafers of 100 mm in diameter. Before carrying out the anodic etching,
processes on the front side of the plate formed an oxide layer 0.2–0.3 mm thick. On the
reverse side of the plate, a contact layer of aluminum by vacuum deposition was formed. On
the oxide-coated plate (numbered 2 in Figure 1a,b), a durite intermediate ring (numbered 3
in Figure 1) was located in the place required for etching.

Figure 1. Device for local anodic etching. (a) disassembled cassette: 3—durite intermediate ring, 2—Si
wafer (front (working) surface), (b) Cassette “assembled”: 1—Fluoroplastic container for electrolyte,
4—fasteners.

An electrolyte-resistant fluoroplastic container (1), with a matching ring (3) hole in the
bottom, is positioned on the ring and secured with mechanical fasteners (Figure 1b).

At the first stage, we carry out a local removal of the oxide film in the circular area
with the diameter of the intermediate ring. Oxide etching is carried out using standard
solutions based on hydrofluoric acid (for example—HF:H2O = 1:10).

After removing the oxide from the silicon surface inside the ring and drying with a
stream of warm air, one or another mode of anodic etching of the exposed silicon region can
be carried out (without additional disassembly of the cassette). Thus, the proposed etching
process allows the formation of a porous structure locally, at the same time, minimally
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affecting on the region of the silicon wafer, which was not selected for anodic etching. If
more accurate local topological formation of the porous region is required, more complex
photolithography processes can be used [15].

2.3. Research Equipment

The structure of samples and their elemental composition were examined by scanning
electron microscope (SEM) Tescan LYRA 3 equipped with X-Max 80 EDX detector for
X-ray microanalysis by Oxford Instruments with Aztec control system. SEM images were
collected using an SE detector with an accelerating voltage of 10 kV. Overall, 200,000 pulses
were accumulated for each elemental composition measurement.

The samples were examined by force microscopy in a tapping mode, cantilever NSG10, tip
curvature radius 10–15 nm, at a scanning probe nanolaboratory (NT-MDT, Moscow, Russia).

The studies were carried out on a JEM 2100 transmission electron microscope (JEOL,
Tokyo, Japan) at an accelerating voltage of 200 kV.

3. Results
3.1. Nanostructured Layers of GPS-var Structures

Formation features and morphological characteristics of gradient-porous silicon struc-
ture with variable pore morphology were set out in [14,16]. For GPS-var, the structure is
characterized by the presence of a nanoporous layer on the surface. Depending on the
etching modes and, first of all, on the resistivity of silicon wafers, NPSi is observed at
different depths of the porous layer. In the same etching modes for silicon wafers with
resistance $v = 10 Ω cm or $v = 1000 Ω cm, the NPSi layer, to some extent, fills the volume
of macropores. For silicon with lower resistance ($v = 10 Ω cm), NPSi is located at the
entire depth of the pores (~31µm). In porous structures formed on silicon with higher
resistance, NPSi is observed mainly in the near-surface macroporous layer, with a thickness
1–3 µm [14]. As noted in [6,14,16], the formation of both the surface nanostructure of the
amorphous silicon layer and the complete or partial filling of the volume of the silicon
skeleton are associated with the disproportionation reaction (precipitation of silicon atoms
from the electrolyte [chemical reactions are presented, for example, in 14]). This etching
process is carried out at a given anode current density and electrolyte composition.

Figure 2 shows the results of TEM and AFM analyses of the surface NPSi layer GPS-var
structure. Based on the results of these analyses, it can be concluded that the nanoporous
layer forms a highly developed porous surface with a pore diameter of (20–50) Å; the
height difference (along the z axis) does not exceed Rms initial = 0.230 nm. For the initial
surface of the silicon wafer, this value was Rms = 0.077 nm. The electron diffraction pattern
(Figure 2b) indicates that the structure of the surface NPSi layer is amorphous (α-Si).

Figure 2. TEM and AFM analysis of superficial nanoscale GPS-var structure: (a) TEM image of
the surface nanolayer; (b) electron diffraction pattern of the surface nanolayer. (c) AFM image of a
fragment of the surface of the GPSi-var structure.
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As noted in [6,14,16], the formation of the surface nanostructure of the amorphous
silicon layer, as well as the complete or partial filling of the volume of the silicon skeleton,
is associated with the disproportionation reaction (deposition of silicon atoms on the
surface). This process proceeds at the given anodic etching current densities and electrolyte
compositions to a greater or lesser extent, depending on the specific resistance of silicon.

3.2. Nanostructured Layers Based on Heavily Doped Silicon

Pore formation in silicon during anodic etching is related to anodic polarization in
aqueous HF solution and depends on the electrode potential and HF concentration. Var-
ious mechanisms of the formation of porous layers are described in the literature [17–21].
Figures 3 and 4 show the results of the formation of nanoporous layers on silicon wafers of
n-type and p-type conductivity, with the same resistivity $v = 0.002 Ω cm, orientation of the
surface of the plates (100). Anodic etching was carried out in a solution 1:1 = HF:Ethanol
(C2H5OH). Etching was carried out at room temperature without any additional illumina-
tion of the samples in the mode of constant etching current density j = 80 mA/cm2 within
60 min. The etching depth for both samples was (155–160) µm.

Figure 3. Surface of p-type silicon wafers with resistance $v = 0.002 Ohm cm after NPSi formation.
Images obtained with SEM-(a) and AFM-(b).

Figure 4. SEM images of cleavage fragments of porous layers of n-type (a) and p-type (b) silicon
wafers after anodic etching.

The SEM analysis of NPSi structures of n-type and p-type Figure 4a,b shows that the
pores for both structures are characterized by normal disposition to the etched surface. The
pores are tubular. The diameter for the p-type is slightly larger than for the n-type pores.
The porous layers have a crystalline structure. The porous layers are characterized by a
surface, the typical SEM and AFM views of which are shown in Figure 3a,b. The roughness
of the porous surface is Rms = 0.313 nm.
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3.3. The Edge Structures of the Porous Region

A comparative analysis of the topological arrangement of the pores in the central
part of the porous ring (Figure 3a) and at the edge of the porous region at a distance of
about 1 mm from the intermediate ring (Figure 5a) indicates a significant difference in the
mechanisms of pore nucleation in these regions. In the central part of the porous circle, this
corresponds most closely to the quasi-hexagonal arrangement of the pores. The topological
arrangement of pores (Figure 3a) corresponds to the defect–deformation (DD) mechanism
of pore nucleation on the surface during anodic etching, which is described in detail in [22].

Figure 5. SEM image of the porous layer at the boundary of the porous layer with the outer sur-face
of the silicon wafer: (a) surface image; (b) view of the angle of the chipping edge (5 µm); (c) view of
the angle of the chipping edge (500 nm).

The arrangement of the pores in the immediate vicinity of the edge of the porous circle,
in contrast to the central part, corresponds to the “slit” arrangement of the pores. Such a
topological arrangement of pores is typical for structures in the process of anodic etching
under conditions of compressive mechanical stresses [23]. A visual demonstration of the
crevice nature of the pores is shown in Figure 5b,c. At the edge of the chipping, you can
observe the spreading of the crevice pores from the surface to the volume on the chipping.
Compressive stresses arise in the vicinity of the rubber ring, which is pressed against the
plate using the fixing screws (No. 4 in Figure 1).

4. Conclusions

The processes of local formation of nanostructured regions on the surface of silicon
wafers are considered. The presented results testify the possibility of practical realization
of the process of localization of the porous region on the surface of silicon wafers, without
any noticeable influence on the structure of the silicon wafer outside the porous region.

The porous structure is characterized by sufficient homogeneity over the entire area,
except for the areas adjacent to the rubber spacer ring. This distance did not exceed 1 mm
from the border of the ring and depends on the degree of clamping by the fixing screws.

The proposed scheme allows conducting experiments with biological objects (for
example, stem cells, neurons, and other objects) in a locally formed porous structure located
in the vicinity of the electronic periphery of sensor devices, which can be pre-formed on a
silicon wafer.
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