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ARTICLE INFO ABSTRACT
Keywords: The large inner surface of porous silicon (pSi) not only provides unique opportunities for intro-
porous silicon ducing various foreign materials into the open pores, but is also responsible for a lot of processes
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during the pSi cathode polarization. PSi surface and contact effects are considered in the article.
The space charge layer induced by both the surface states and the double electrical layer in the
solution is shown to have a decisive influence on the electrical conductivity of the silicon skeleton
in the pSi layer. Depending on the depletion degree of the pSi skeleton, the electrochemical
deposition of metals is possible either on the entire pSi surface or pore filling from the bottom.
The erbium hydroxide formation in the process of the cathode polarization of pSi in the solution
of erbium salt is shown to have a chemical nature and is stimulated by the alkalization of the
cathode space. The formation of erbium-containing deposits occurs by the following mechanism.
First, hydrogen is electrochemically reduced at the cathode. This causes the ion imbalance and
leads to the alkalinization in the space near the cathode. The alkaline medium creates conditions
for the chemical process of the erbium hydroxide formation. Formed as a gel, erbium hydroxide is
physically adsorbed on the cathode surface as a film. The components of the solution are
necessarily included in the deposit composition. The accompanying oxidation and dehydroge-
nation effects during the cathode pSi polarization are considered. Moreover, during the pSi
oxidation, the solid phase extends in the pore increases the steric factor, which is essential for the
formation of internal oxygen bonds. These effects are characteristic features of any pSi cathode
treatment. These formation rules are true for any lanthanide. The obtained results open wide
prospects for practical application of Er-filled pSi as a promising material for practical biomedical
application as prospective electrodes.
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1. Introduction

Silicon dominates modern microelectronic technology. At the same time, other materials occupy a leading place in the production
of optoelectronic, electromagnetic, and other devices. Successful integration of dissimilar materials with silicon would allow many
different silicon electronic devices to be combined into a compact, reliable, and low cost system. Porous silicon (pSi) is a highly suitable
material to form silicon-based composite and hybrid materials [1]. Note the difference between composite and hybrid materials. A
composite material is a material consisting of two or more phases with a distinct interface. The properties of composites are usually
much higher than the average characteristics of the original components that make up the composite. At the same time, hybrid
materials are materials obtained by the chemical interaction of different components to form a specific (crystalline, spatial) structure
that differs from the structures of the original reagents, but often inherits certain functions of the original structures [2].

Why do we choose porous silicon? PSi is a silicon single crystal penetrated by a network of numerous pores. So, a characteristic
feature of pSi is the large internal surface. Depending on the porosity range, it amounts to 10-100 m?/cm? for macro-PSi, 100-300 m?/
cm?® for meso-PSi, and 300-800 m?/cm? for micro-PSi [3].

PSi can be made by diverse means. Electrochemical methods of silicon etching predominate. During the anodic polarization in
certain solutions, silicon dissolves. At high potentials at the anode, the silicon surface is electropolished, providing a flat smooth
surface. However, at low anode potentials, a network of channels is formed that penetrates from the surface into the Si bulk. The pore
formation is possible at voltages up to the electropolishing voltage. Several comprehensive books on porous silicon that provide
detailed information related to silicon anodization have been published [3-7].

The pSi surface is passivated, however remains chemically highly active. The very large internal surface area offers unique op-
portunities for introducing various foreign substances into the open pores of pSi [3-9]. It is noticeable that pSi (as well as solid silicon
itself) is a strong reducing agent capable of reducing many substances in solutions. This property is used to deposit reductively various
materials onto the internal surface of pSi. The deposition of foreign substances into pSi can be made by different methods. Electro-
chemical or electroless metal depositions from solutions are most preferred [10]. It is noteworthy that both processes are electro-
chemical in nature because they are reduction reactions with charge transfer. In the electrochemical method, the redox potential is
easy to change, which creates unique opportunities for oxidation and reduction processes. Metals located in the metal activity series to
the right of Al are easily reduced from solutions at the pSi internal surface by a cathode polarization. Other metals, particularly the rare
earth elements (REEs), are usually deposited as hydroxides [11,12]. The successful cathode deposition of metals and semiconductors
(Ni, In, Ge, ZnO) into pSi has been reported [13-19].

In 1994, T. Kimura and co-workers first proposed introducing erbium into pSi by the electrochemical cathodic polarization in an
erbium salt solution [20]. However, neither the processes during the electrochemical cathode deposition nor the composition of
material formed have been considered by the authors. In succeeding years, a large number of papers on the study of the optical
properties of pSi electrochemically doped with Er were published [21-25]. However, almost all works only report how (electrolyte
compositions, polarization regimes, etc.) the deposition was carried out, but do not answer questions about why it proceeds in this
particular way. Moreover, many researchers still believe that metallic erbium is reduced at the cathode surface when the cathode is
polarized in the solutions of erbium salts, which is impossible in principle, since according to Pourbaix diagrams, the equilibrium
electrode potential of erbium reduction reactions is —2.296 V [26]. When attempting to provide the cathode polarization up to this
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Fig. 1. The schematic of the electrochemical cell for the Si anodization: 1 — electrolyte; 2 — mechanical stirrer; 3 — Pt cathode; 4 — screw-in Teflon
cylinder; 5 — current supply to anode; 6 — anode (Si wafer); 7 — graphite contact to Si anode; 8 — screw-in Teflon cylinder.
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potential, the electrochemical degradation of solvents in the solutions gets ahead of the process.

Therefore, it is very important to understand the processes occurring in pSi during the cathode polarization in the solutions. When
we have carried out a thorough research into the cathode polarization of pSi in the solutions of erbium salt Er(NO3)3, a number of effect
were discovered. These effects are characteristic features of pSi and should be taken into account for any cathode polarization of pSi in
the solutions, for example, for the cathode cleaning, cathode precipitation of foreign materials into pSi, etc.

2. Materials and methods
2.1. Porous silicon formation by anodization

As initial substrates, n*-type (100) commercial silicon wafers with a resistivity of 0.01-Ohm-cm were used. The wafers were cut
from ingots obtained by the Czochralski method that were uniformly doped with antimony to the concentration of 4-10'8 at/cm®. The
surface of silicon wafers was cleaned in a boiling ammonium peroxide solution (NH4OH: H205: H,0 =1 : 1: 3) followed by washing in
distilled water. The layer of native silicon dioxide was removed from the surface of the wafers in a 4.5 vol% solution of hydrofluoric
acid. Anodizing was carried out in a non-thermostated two-electrode fluoroplastic cell with a horizontal placement of the working
electrode. The cell is shown schematically in Fig. 1.

The current source was a Metrohm Autolab PGSTAT302 N potentiogalvanostat controlled by a computer. When silicon wafers were
anodically polarized in the 48 % hydrofluoric acid at a current density of 10 mA/cm?, pSi layers of a 55 % porosity were formed at the
surface.

2.2. PSi cathode polarization in the solution of erbium salt

A pSi cathode polarization was carried out in the 0.1 M Er(NO3)3 solutions at the current density of 500 mA/cm?. Ethanol (95 %
C2Hs0H +5 % H0) and a five-water nitrous oxide salt of erbium Er(NO3)3-5H20 were used to prepare the working solution.

To determine the kinetics and peculiarities of the erbium-containing film formation, an electrochemical cell with separated anode
and cathode spaces was used. The cell schematic and general views are shown in Fig. 2.

The cell consists of separate anode and cathode fluoroplastic vessels. The cathode part is the electrochemical cell with the bottom
horizontal electrode arrangement. The anode part is a fluoroplastic container 2 with the working solution 3. The volume of both
anolyte and catholyte was every of 10 ml. Such a ratio of volumes makes easier a quantitative assessment of results to be obtained. The
anode and cathode containers are connected by a salt bridge 7. The connecting bridge between the cathode and anode spaces is a
flexible polymer tube of 2-mm inner diameter equipped with 2.5-um capillaries at both ends. The salt bridge was filled with the
working solution. A plate of spectrally pure graphite served as an anode. Such a design of the cell renders impossible mixing anolyte
and catholyte. The electrochemical treatment of the samples was performed in the galvanostatic regime at a 1.5 mA/cm? current
density.

Voltammetry with both single linear and cyclic potential sweeps was used to study the electrochemical processes occurring at the
electrode/solution interface. Information on the reversibility of electrochemical reactions, redox potentials of substances involved in
the reactions, kinetics of charge transfer, adsorption and chemical fixation of substances can be obtained from voltammograms (VA).

At the linear sweep (with monotonic variation) of the potential, the current density in the voltammetry is the sum of the non-
Faraday in¢ and Faraday if components. These current components are separated a priori as follows:

R dE .
1:lnf+lf:CdE+lf

where Cgq is a double layer capacitance, E is a true electrode potential, and ¢ is time. Since the capacitance of the double layer depends
on the potential, the non-Faraday component is variable. At voltage sweep rates less than 1 V-s-1, the densities of non-Faraday currents

Fig. 2. The electrochemical cell with separated anode and cathode spaces: (1) cathode container; (2) anode container; (3) working solution; (4)
anode; (5) cathode; (6) reference Ag/AgCl electrode; (7) salt bridge; (8) Luggin capillary system.
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compared to Faraday currents are usually much lower. At high sweep rates, the non-Faraday component can become high enough to
have a significant effect on the VA shape.

The Faraday current corresponds to the reduction/oxidation of the substance to be determined. The Faraday current density for a
reversible cathode electron transfer process of the O + ne < R type is:

i =i, + s

where i, is the current density at the flat electrode and is is its sphericity correction. The Faraday current density at the flat electrode
and the sweep rate of the voltage v in the direction of the cathode are related by the equation:

(nF)*"*c3(vDo) > W,
(RT)"

=

where cJ is the concentration of O particles in the volume, Dy is the diffusion coefficient of O particles, and Wj, is an electrode potential
function for which it is difficult to give an exact expression, but tables of numerical values are available [27]. The sphericity correction
data also provided in this paper.

2.3. Sample evaluation

The pSi layer morphology was studied with a Hitachi S-4800 scanning electron microscope providing resolution of 1 nm. Energy
dispersive X-ray spectroscopy (EDX) and the IR transmission spectroscopy were used to evaluate the elemental composition. EDX
spectra were taken with a Bruker QUANTAX 200 spectrometer. The distribution of elements in the contact area was studied by the
secondary-ion mass spectroscopy (SIMS) on a TOF secondary ion mass spectrometer SIMS 5 (IONTOF, Germany). The samples were
etched with cesium ions at the accelerating voltage of 2 kV. The IR transmission spectra were recorded using a PERKIN-ELMER
spectrometer in the wave number range of 850-2300 cm L.

Crystal Vacuum

(@) T

Re ¥ Bulk states

AN
YAV

Re ¥ Surface states
£ %
NGV

Fig. 3. (a) Potential energy distribution near the crystal surface. Wave functions of a semi-infinite (terminated on the one hand) crystal corre-
sponding to (b) bulk and (c) surface states [29].
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3. Results and discussion
3.1. PSi surface and contact effects

As mentioned above, pSi has a huge specific surface area. The famous physicist Wolfgang Pauli figuratively said about the surface:
“God made the bulk; the surface was invented by the devil.” Indeed, many laws for the semiconductor crystal bulk are turned out to be
not applied to the description of surface properties. Most semiconductor surfaces are significantly modified compared to the corre-
sponding atomic planes in the semiconductor bulk. Since there are no neighboring atoms on one side, the forces acting on the surface
atoms change. It was experimentally established that the atoms of the surface layers of the atomically pure surface are displaced from
their normal positions in the crystal lattice and rearranged into surface structures of a different symmetry. Therefore, it is absolutely
clear that the structure of the surface atomic layer will differ from the structure of the corresponding atomic planes in the bulk. Special
conditions for atoms on the surface compared to atoms in the crystal bulk are the breaking of the crystal translational symmetry and the
formation of dangling bonds. The presence of dangling bonds on the surface is energetically very unfavorable. The surface will try to
eliminate dangling unsaturated bonds. In an effort to achieve equilibrium, surface electrons will form additional bonds between atoms
on the surface itself so that the number of broken bonds is significantly reduced. In particular, neighboring atoms form additional
bonds with each other and combine into pairs, so-called dimers. In this case, the atoms of each dimer come closer to each other, moving
away from neighboring atoms. As a result, the order of the crystal lattice on the surface changes and reconstruction occurs (i.e., a new
superstructure is formed). Therefore, after the reconstruction the surface actually becomes a new “phase”.

So, the silicon surface is a violation of the crystal periodic lattice. Obviously, the structure of the energy bands should also change in
this case. This issue was first investigated in 1932 by I.E. Tamm [28], who theoretically predicted the existence of surface levels due to
the fact that the periodicity of the potential is violated near the surface, i.e. the potential barrier of the boundary atom differs from the
potential barrier of the atom inside the crystal. An one-dimensional simplified model of the crystal potential is depicted in Fig. 3a [29].
In the bulk of the crystal, the potential periodicity is equal to the lattice constant a, and near the surface it reaches the vacuum level
value. In Fig. 3, the solid line shows a simplified step potential, which is mainly convenient for simple model calculations. The dashed
line shows the potential at the real surface.

The breakage of the crystal lattice and the associated violation of the translational symmetry in the crystal cause the appearance of
allowed energy levels in the band gap. The wave functions of electrons for these levels decay rapidly with distance from the surface,
both deep into the crystal and into vacuum Fig. 3b,c. Consequently, these states are characteristic of the surface itself, and the electrons
occupying them are located on the surface.

The solution of the Schrodinger equation in the surface region both for weakly bound electrons and in the case of a strong bond
leads to the conclusion that, in addition to the usual energy bands, there are surface energy states of electrons. These additional levels
should be acceptor ones because the surface atoms have incomplete electron shells, since they have three neighboring atoms instead of
four (Fig. 4.). Therefore, the surface of the silicon wafer will have p-type conductivity.

The density of surface levels called as surface states should be of the same order as the number of atoms per unit of the crystal
surface, i.e., about 10'®> cm™2. This density is very high, so the hole electrical conductivity of the silicon surface should be strongly
pronounced.

However, the real silicon surfaces have a much more complex structure than the model proposed by Tamm with a simple break in
the periodicity of the crystal lattice. The real semiconductor surfaces are always covered with a layer of adsorbed or chemically bonded
atoms and molecules. Fig. 5 [30] shows a representative example of a cluster SigH; 2 used as a model for describing the Si(100) surface.
At the ideal surface, there are two broken Si-Si bonds for every surface atom. The number of dangling bonds corresponding to
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Fig. 4. Schematic representation of an ideal as yet non-reconstructed Si surface.
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Fig. 5. SigH; cluster used as a model to describe a Si(100) surface [30]. The large balls correspond to silicon atoms and the small balls represent
hydrogen atoms. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

unsaturated orbitals is reduced by the surface reconstruction through the creation of Si dimers at the surface. The dangling silicon
bonds in the cluster can be saturated with hydrogen atoms. It should be mentioned that the pSi reactivity is dictated by the chemistry of
Si-H and Si-Si bonds, both being strong reducing agents that can reduce water to hydrogen [31,32]. A mixture of Si-H, SiH,, and SiHg
species are included in the pSi surface [33].

So, the surface levels induced by adsorbed atoms and various surface defects play a decisive role on the real surface. The energy
position of the surface level formed due to the foreign atom adsorption or surface defects depends both on the lattice parameters and on
the properties of the adsorbed atoms or defects. A theoretical consideration of the problem of the surface states caused by adsorbed
atoms showed that under certain conditions the adsorbed atom creates an energy level inside the band gap. When the adsorbed atom
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Fig. 6. Band bending at the surface of (a, b) n-type and (c, d) p-type semiconductors; (a) and (c) show the disequilibrium between the Si bulk and
surface. (b) and (d) illustrate the band bending in the equilibrium state; E. and E, are the edges of conduction and valence bands, Eg is the Fermi
energy, Ep and E, are the energies of the bulk donor and acceptor levels. Qg = -Qsc are the charges at the surface and in the space charge layer. eV,
= ev (z = 0) indicates the band bending [adapted from reference 29].



V. Yakovtseva et al. Heliyon 10 (2024) e34675

moves away from the surface, this local surface level is pulled up to the conduction band and disappears in the limit.

The surface states can be either donors or acceptors. Filling of acceptor levels means the localization of electrons, the removal of
electrons from the donor levels means the localization of holes. As a result of these processes, the surface is charged with negative or
positive charge. The charge due to surface states disrupts the electronic structure inside the semiconductor. Since at standard con-
ditions the semiconductor crystal should be electrically neutral, the surface charge is compensated by an equal and opposite charge in
the near-surface layer. Neutralization occurs due to the attraction to the surface of charge carriers with a sign opposite to the sign of the
surface charge, and the repulsion of charge carriers of the same sign. Therefore, the near-surface layer of the semiconductor turns out to
be depleted of charge carriers having the same sign as the surface charge, and enriched with carriers of the opposite sign. Thus, the
surface layers enriched with carriers are formed, and a potential difference (the surface potential) ¢ arises between the surface and the
bulk. This parabolic surface potential (Fig. 6) leads to the distortion (bending) of energy levels near the surface. Fig. 6 also illustrates
band bending at the surface of (a, b) n-type and (c, d) p-type semiconductors; (a) and (c) show the disequilibrium between the Si bulk
and surface. (b) and (d) illustrate the band bending in the equilibrium state; E. and E, are the edges of conduction and valence bands,
Er is the Fermi energy, Ep and E, are the energies of the bulk donor and acceptor levels. Qg = -Qsc are the charges at the surface and in
the space charge layer. eV = ev (z = 0) indicates the band bending.

The thickness of the space charge layer, during which the surface charge is neutralized, depends on the concentration of charge
carriers in the semiconductor. It is usually taken to be equal to the so-called Debye screening length Lp. The Debye length has the
following meaning: Ly, is the distance over which the field potential in a substance with free current carriers decreases by a factor of e.
The calculation shows that

1/2
L— (eosskT)

*m

where g is the dielectric constant of vacuum; g5 is the dielectric constant of the semiconductor; k is Boltzmann’s constant, T is the
absolute temperature, q is the electron charge, n; is the concentration of charge carriers in the intrinsic semiconductor [34].

As a result, the surface layer is depleted in carriers of one sign and at the same time enriched in carriers of another sign compared to
the bulk layers. The concentration of electrons and holes in the near-surface layer is described by the general relations

Er —E

o Lp =p;exp

E; — Ep

kT

n=n; exp

where E; is a middle of the band gap, Ep is the Fermi level. The Fermi level at the semiconductor surface is always in the middle of the
band gap. So, if in the near-surface layer the middle of the band gap is located below the Fermi level, the semiconductor near the
surface behaves like an n-type semiconductor, since in this case n > n; > p. Accordingly, if in the near-surface layer the middle of the
band gap is located above the Fermi level, the semiconductor changes the sign of the charge, i.e. becomes as if a hole semiconductor.
Charge-induced bending of the bands on the surface results in an increase in the distance from the Fermi level to the conduction band
bottom in n-type semiconductors and to the valence band top in p-type semiconductors. At the point of contact between the surface and
the bulk, electrons from the higher level move to unoccupied lower levels until the Fermi levels in the bulk and on the surface become
equilibrium (Fig. 6).

Let us consider what happens when pSi is placed in an electrolyte. The semiconductor-electrolyte interface is of great importance in
electrochemical reactions. Electrolytes are conductors of the second kind, the electrical conductivity of which is due to the movement
of positively charged cations and negatively charged anions in the solution. The decomposition of the electrolyte into ions (dissoci-
ation) occurs only in solvents whose molecules are polar, for example, in water. Water molecules are strongly bound together by H-
bonds. To dissolve apolar substances in water, the H-bonds must be broken, which is energetically unfavorable. To minimize energy
loss, water molecules will still try to form as many H-bonds as possible with apolar molecules. But water is the most polar liquid. Water
molecules are dipoles and interact electrostatically with solute ions, forming solvated cations and anions, shown schematically in
Fig. 7. This gives a certain arrangement of water structure around the apolar molecules, which results in a reduction of entropy.
Therefore, water layers in close proximity to apolar molecules have relatively low entropy.

So, the solute molecule is surrounded by a solvate shell, consisting of more or less closely bound solvent molecules. A certain
amount of energy is released in the process of solvation.

Fig. 7. Solvated cations and anions.
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The pSi/solution interface represents a double electrical layer consisting of an electrical charge on the pSi surface and a charge of
ions in the solution at a short distance from the pSi surface. This double layer is generated as a potential is applied to pSi and a charging
current (non-faradic current) flows through the cell.

The half of the double layer located in the solution can be visualized as consisting of separate sub-layers (Fig. 8). The first layer is
composed of the specifically adsorbed solvent molecules and desolvated ions. The location of the electric centers of this layer rep-
resents the boundary of the inner plane of the Helmholtz layer and is located at a distance y; from the pSi surface. Solvated ions
constitute the second layer. Being completely surrounded by the solvent molecules, these ions cannot come closer than x5, and the
location of the electric centers of these ions represents the outer plane of the Helmholtz layer. The interaction of solvated (non-spe-
cifically adsorbed) ions with the pSi surface consists only in long-range electrostatics. The ions in this plane are less compactly ar-
ranged than in the inner plane of the Helmholtz layer and are distributed in a diffuse layer that extends deep into the solution.

The pSi half of the double layer may be outlined as follows. The charge in the Helmholtz layer is compensated by the supply or
removal of electrons in the pSi surface layer to a depth of about 10 thousand monolayers of the crystal lattice. In real situation, the
width of this layer depleted with majority carriers (space charge layer) is much larger, since the distribution of charges occurs diffusely,
according to the exponential law [35,36]. For example, for n-type semiconductor the depletion layer width, W, can be calculated from
the following relation, knowing the values of Vg, and Np:

1/2
2e08, (v -V — kl)

W= eND

where ¢ is permeability; ¢ is dielectric constant of semiconductor; e is the charge of electron; N is the donor density; k is Boltzmann
constant; T is absolute temperature; V is the electrode potential; Vp is the flat band potential.

The space charge layer has a decisive influence on the electrical conductivity of the elements of the silicon skeleton in the pSi layer
and the pSi layer as a whole. There are several possible cases of the electrical state of the silicon skeleton between the pores. We have
already determined that both surface states and the double electrical layer determine the thickness of the space charge layer in
semiconductor. Fig. 9 illustrates the electrical conductivity of porous silicon skeleton elements as their width decreases. For macro-
porous silicon (Fig. 9a), the width of the skeleton elements range from 0.5 to 1.5-3 pm. This means that space charge layer layers even
0.1 pm thick will not have a significant effect on the electrical conductivity of the skeleton. The skeleton will be practically undepleted.
The width of the skeleton elements in mesoporous silicon is in the range of 30-150 nm. The skeleton of such pSi will be partially
depleted (Fig. 9b). For microporous silicon with the skeleton element width less than 2 nm and mesoporous silicon with the width of
the skeleton elements less than 30 nm, the full depletion of the semiconductor skeleton is observed (Fig. 9c). At such dimensions, the
space charge layers on the opposite walls of the skeleton overlap. In this case, the porous silicon skeleton practically turns into
dielectric due to the absence of charge carriers. The considered cases of the conductivity state of the pSi skeleton manifest themselves
most clearly during the electrochemical deposition of metals into the pore channels.

Fig. 10 illustrates the pore filling with metal during the pSi cathode polarization in suitable electrolytes for cases of various widths
of the silicon skeleton.
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Fig. 8. Double electric layer at the pSi/solution interface (adapted from Ref. [30]).
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Fig. 10. The pore filling with metal during the cathode polarization of pSi depending on the width of the pSi skeleton elements: (a) pSi skeleton is
partially depleted and metal is deposited on the skeleton walls, (b) pSi skeleton is partially depleted and pore channels are filled with metal, (c) pSi
skeleton is completely depleted and pore channels are filled with metal, (d) SEM image of macroporous pSi with metal tubes formed by the
electrochemical metal deposition, (e) SEM image of a cross section of mesoporous pSi with metal nanoparticles deposited on the surface of silicon
skeleton, (f) SEM image of a cross section of mesoporous pSi with metal nanowires formed by the electrochemical deposition of metal. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

If the silicon skeleton of pSi is undepleted or partially depleted of charge carriers, metal particles nucleate over the entire geometric
skeleton surface, including top, side, and pore bottom surfaces. Next, the metal particles are combined into a thin film covering the
skeleton (Fig. 10a and b). The difference between the electrochemical deposition of metals into macro- and mesoporous silicon is only
that in the first case, a metal tube is formed inside the pore, while in the second, the formation of metal columns is possible. SEM images
of the corresponding structures favours this view (Fig. 10d and e). The SEM image of a cross section of mesoporous pSi with metal
nanowires formed by the electrochemical deposition of metal is shown in Fig. 10f.

When the current is passed through the structure shown in Fig. 10c, only the pore bottoms remain electrochemically active, while
the rest of the Si skeleton surface is excluded from the electron exchange reactions with the solution. This case is confirmed by the
following our study. Fig. 11 shows voltammograms for the cathode polarization of single-crystal and microporous silicon in an aqueous
0.1 M Er(NOg)s solution. As can be seen from Fig. 11, at the equal polarization potentials, almost half the current flows through pSi
compared to single-crystal silicon. This indicates that the electrochemically active area in porous silicon is indeed smaller than both the
geometric surface area of pSi and the surface area of monocrystalline silicon.

This means that complete depletion of the pSi skeleton stimulates the initiation of the electrochemical deposition from the pore
bottoms and enables complete pore filling with metal. The SEM image of the structure (Fig. 10f) confirms this statement.

Thus, the pSi formation with various sizes of the Si skeleton makes it possible to control the space charge layer in the silicon
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Fig. 11. Voltamograms of single-crystal and porous silicon in aqueous Er(NO3)3 solution. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

skeleton of the porous matrix and, as a result, to choose the deposition option depending on the required conditions.

3.2. Cathode polarization of pSi in the Er(NO3)3 solution

Like any electrochemical process, the cathode deposition follows the basic principles of electrochemical kinetics based on Faraday’s
and Fick’s laws as well as the theory of sequential and parallel reactions. The electrochemical deposition involves the reduction of
metal ions dissolved in the electrolyte at the cathode surface. As noted above, metals in the series of metal activity, located to the right
of Al, are readily reduced from the solutions during the pSi cathode polarization [15,37-39]. However, as mentioned above with
reference to Pourbaix diagrams [26], the electrochemical reduction of metallic erbium from salt solutions is practically unfeasible,
since the attempt to reach the equilibrium electrode potential for erbium reduction of —2.296 V is outpaced by the electrochemical
destruction of solutes in solutions. Indeed, the electrochemical stability of water and light alcohol is limited by processes of direct
electrolysis and a cathode hydrogen reduction, and corresponding potentials are within -(1-1.5) V [40]. Therefore, the electrochemical
cathode reduction of Er from the solutions is seemed to be impossible.

Let us consider the reactions involved in the electrochemical cathode treatment of the pSi electrode in the 0.1 M alcohol solution of
Er(NOs3)s3. The solution consists of ethyl alcohol (95 % C2HsOH + 5 % H20) and five-water erbium nitrate Er(NO3)3-5H20. When

dissolved in water, erbium nitrate as a salt of a strong acid HNO5 dissociates into positively charged Er>* ions and negatively charged
NO®~ ions:

Er(NOs3); 2 3NO3+Er**

The ethyl alcohol electrolysis proceeds by the following reaction:
CoHsOH + 28 2 Hy + 2CoHs0™

One-step dissociation of water as a weak amphoteric electrolyte takes place in the solution:
H,0 2 H' + OH™

Fig. 12 shows cyclic VAs of pSi in the working solution taken at various potential sweep rates.
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Fig. 12. Cyclic voltammograms of pSi in the 0.1 M alcohol solution of Er(NO3)3 salt at various potential sweep rates.
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Referring to Fig. 12, in the direct branches of the VA a current peak at the potential of —800 mV is observed. The peak amplitude
increases with the increase in the potential sweep rate. As calculations have shown, the amplitude of this peak is proportional to the
square root of the potential sweep rate. This is typical for reversible reactions [41]. Since the electrolyte does not contain any cations
other than hydrogen and erbium, these peaks are logically associated with the hydrogen reduction by the discharge and adsorption of
atomic hydrogen according to the reaction:

2H" + 26 — 2H® — Hyt
At higher potentials, molecular hydrogen is reduced at the cathode by the reaction:
H® + H" + & - Hat

The depletion of H' ions takes place in the cathode region in the process, while an excess of OH™ groups is observed in the solution.
That is, the solution is alkalized in the cathode space. The solution alkalinization promotes the chemical reaction of the erbium hy-
droxide formation, because in the solutions with pH = 6.8-7.5 the chemical reaction of the lanthanide hydroxide Ln(OH)3 formation is
typical for all lanthanides [41]:

Er’* + OH™ = (ErOH)*"

In addition, there appears to be an excess of alcohol radicals relative to H" hydrogen ions. In addition, there appears to be an excess of
alcohol radicals relative to H™ hydrogen ions. In this case, a reaction of Er>* ions bonding with the alcohol radical takes place. Since
this reaction proceeds without the involvement of electrons, it is a purely chemical reaction rather than an electrochemical one:

CoHs0™ + Er®" — Er(CoHs0)3

This reaction propagates from the immediate surface of the cathode to the solution at some distance. It is clear that the concen-
tration of erbium-containing molecules is maximum at the electrode surface and decreases with distance from the electrode into the
solution. Typically, hydroxides of any lanthanides Ln(OH)3 appear as amorphous gels [42]. Such a gel is formed in PSi when a suf-
ficient number of erbium-containing molecules are formed. Being physically adsorbed on the pore sidewalls, this gel forms
erbium-containing deposit.

Fig. 13 shows the elemental composition of the pSi after the cathode treatment in the 0.1 M alcohol solution of Er(NO3)3 evaluated
by EDX.

As evident from Fig. 13, gel contains a significant amount of erbium. Fig. 14 shows the SIMS spectrum of the sample. As shown in
Fig. 14, erbium, oxygen, and carbon are detected throughout the film thickness in significant amounts. Since the samples were
sputtered with nitrogen ions during the SIMS spectra recording, the nitrogen distribution profiles in the deposit are not given. Carbon
in the SIMS spectrum confirms the presence of the alcohol radical (C2Hs0) in the composition of the erbium-containing deposit.

Thus, it was revealed that the cathodic polarization of pSi in the Er(NOgs)3 alcohol solution resulted in the formation of the erbium-
containing deposit, which contains contains Er’t, OH™, and NO3- groups and the alcohol radical CoH50 . The composition of the
deposit can be summarized as Er(OH),(NO3),(C2H50),-nH20. Because the oxidation degree of erbium in the compounds is 3+, the
stoichiometric coefficients equal x +y + z = 3.

It should be noted that replacing the alcohol solution with an aqueous one leads to the formation of a gel of the following
composition:

Er*" + OH™ + NO3 — Er(OH)x(NO3),

where x + y = 3. At low current densities, the ion unbalance is negligible and NO3 groups is a considerable fraction of the deposit (x ~
y). When the current density increases, a fraction of OH™ groups in the space at the cathode increases. This results in formation of the

Si Er
a
5 Er
o
Q

Er . Er
E’;I " 1 " 1 " 1 " 1
2 4 6 8 10
Energy, keV

Fig. 13. EDX spectrum of pSi after the cathode treatment in the 0.1 M alcohol solution of Er(NO3)s3.
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Fig. 14. SIMS depth profiling the erbium-containing deposit.

deposit with negligible content of NO3 groups (x — 3, y — 0).

The following mechanism of the erbium-containing deposit formation during the cathode polarization of pSi in the solution of
erbium salt is proposed. First, the electrochemical process of the cathode reduction of hydrogen takes place. This process leads to the ion
imbalance in the cathode space, creating its alkalinization. The alkaline medium promotes the chemical reaction of the erbium hy-
droxide formation. Formed as a gel, erbium hydroxide is physically adsorbed on the cathode surface as a film. The components of the
solution are necessarily included in the deposit composition. There is no doubt that the character of Er>* ion bonding with NO 3, OH~
and CoHsO ™ groups, as well as with water molecules recorded in IR spectra, can be different: ionic, covalent, etc. Water detected as a
part of the deposit may be both crystalline hydrate and accluded water. These issues are the subject of a special study.

The following experiment was a direct confirmation of the described mechanism. Dielectric paper fibers were introduced into the
working solution before the cathode treatment. The fibers were randomly distributed in the solution. After the cathode treatment, the
fibers located at the surface of the porous silicon sample (in the near-cathode space) were also covered with a gel-like precipitate,
despite the fact that they are electrically neutral. The fibers in the solution thickness outside the Gui-Helmholtz layer remained un-
changed. Thus, this experiment shows that the precipitate is deposited not only on the charged surfaces, but also on electrically neutral
surfaces that are electrically unconnected to the cathode.

The above-described rules of the Er-containing hydroxide deposit formation are true for any lanthanide [12].

Si-O-Si
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© SiH,
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Fig. 15. IR spectra of pSi: (a) as-prepared; (b) cathodically polarized in the 0.1 M ethanol solution of Er(NO3)s.
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3.3. Effects of cathode oxidation and dehydrogenation of porous silicon

The accompanying effects of cathode oxidation and dehydrogenation of pSi occurring during cathode polarization of pSi are
revealed.

Fig. 15 shows the IR transmission spectra of as-prepared pSi (a) and pSi cathodically polarized in the 0.1 M ethanol solution of Er
(NO3)3 (b). As can be seen from Fig. 15, the spectrum of as-prepared pSi contains valence vibrations of SiH, SiHy, and SiHsz groups
(wave numbers of v; ~ 2080 cm ™!, s ~ 2105 cm ™, and v3 ~ 2130 cm™ 1) and deformation oscillations of SiH and SiH, (wave numbers
of vy ~ 970 cm™! and vs ~ 905 cm ™). A band characteristic of stretching vibrations of the surface siloxane groups of Si-O-Si is
observed at 6 ~ 1100 cm-1, indicating a slight oxidation of the pSi surface.

As can be seen from Fig. 15b, after the 20-min cathode polarization of pSi in the Er(NO3)3 ethanol solution, the strong doublet
transmission band of 0,SiH and O3SiH groups (v; ~ 2190 cm ™! and vg ~ 2240 cm™!) appears in the spectrum. This band is indicative
of the reverse pSi oxidation with the formation of internal oxygen bonds. At the same time, the SiHy transmission bands are attenuated
and the deformation vibrations of SiH groups at v3 ~ 2130 cm ™! are decayed. A sharp transmittance appears at vg ~ 1050 cm ™! with a
broad shoulder in the wave number range of 110 ~ 1150 cm ™. It should be noted that a similar spectrum in the range 850-1300 cm-1 is
observed for pSi subjected to the thermal oxidation. But in contrast to thermally oxidized pSi, a significant transmittance at v3 ~ 934
cm ™! attributed to SiOH groups is observed for cathodically polarized pSi. As the cathode polarization time increases, the transmission
bands related to all hydride bonds are attenuated. At the same time, the intensities of bands from internal oxygen bonds (vg ~ 2240
cm’l) and siloxane groups Si-O-Si (v ~ 1100 cm’l) are enhanced.

We can explain these results in the following way. As discussed above, the cathodic polarization of silicon is accompanied by the
reduction of atomic or molecular hydrogen. This process can occur due to adsorbed hydrogen ions or neutral solvent molecules. In
either case, the formation of hydrogen in atomic or molecular forms is preceded by the adsorption of particles from the solution. As
stated above, in porous silicon, hydrogen already exists as the SiHx groups at the surface of the pore sidewalls [33]. The attack of
electrons on SiHx groups leads to the breaking of silicon bonds. Broken silicon bonds are extremely disadvantageous from the ther-
modynamic point of view. For silicon in the 0.1 M Er(NOg3)3 solution, the oxidation thermodynamic potential by the usual chemical
mechanism is considered to be ~1.0 V below the conduction band bottom. Therefore, OH groups and then oxygen rapidly occupy the
dangling silicon bonds.

The extended structure of pSi ensures its postreaction oxidation with the formation of internal oxygen bonds. In addition, when pSi
is oxidized, the solid phase expands inside the pore increasing the steric factor. Note that the steric factor reflects the fact that there are
not only energetic, but also geometric obstacles in the path of the chemical reaction, depending on the geometric structure of the
particles and their spatial configuration in the reaction. So, the steric factor is of great importance for the formation of internal oxygen
bonds.

Thus, the oxidation and dehydrogenation are typical for pSi during the cathode polarization. These effects should be considered in
any cathode polarization of pSi in the solutions, for example, for the cathode cleaning, cathode deposition of foreign materials into pSi,
etc.

4. Conclusion

Special conditions for the surface atoms compared to atoms in the crystal bulk are the breaking of the crystal translational sym-
metry and the formation of dangling bonds. This causes the appearance of allowed energy levels in the band gap. The wave functions of
electrons for these levels decay rapidly with distance from the surface, both deep into the crystal and into vacuum. Consequently, these
states are characteristic of the surface itself, and the electrons occupying them are located on the surface. The charge due to surface
states disrupts the electronic structure inside the semiconductor and induces band bending near the surface. Since at standard con-
ditions the semiconductor crystal should be electrically neutral, the surface charge is compensated by an equal and opposite charge in
the near-surface layer. Neutralization occurs due to the attraction to the surface of charge carriers with a sign opposite to the sign of the
surface charge, and the repulsion of charge carriers of the same sign. Therefore, the near-surface layer of the semiconductor turns out to
be depleted of charge carriers having the same sign as the surface charge, and enriched with carriers of the opposite sign. The thickness
of the space charge layer, during which the surface charge is neutralized, depends on the concentration of charge carriers in the
semiconductor.

When pSi is placed in an electrolyte, a double electrical layer consisting of an electrical charge on the pSi surface and a charge of
ions in the solution at a short distance from the pSi surface is generated at the pSi/solution interface. The charge in this layer is
compensated by the supply or removal of electrons in the pSi surface layer to form the space charge layer. This layer has a decisive
influence on the electrical conductivity of the silicon skeleton in the pSi layer. Depending on the width, Si elements in pSi may remain
practically undepleted, to be partially depleted, or fully depleted. If the silicon skeleton of pSi is undepleted or partially depleted of
charge carriers, metal particles nucleate over the entire skeleton surface, including top, side, and pore bottom surfaces. Next, the metal
particles are combined into a thin film covering the skeleton. The complete depletion of the pSi skeleton stimulates the electrochemical
deposition starting from the pore bottoms and allows the pores to become completely filled with metal.

It has been found that a gel-like erbium-containing deposit is formed during the cathode treatment of pSi in 0.1 M Er(NOs)3 alcohol
solution. The formation of the deposit was shown to take place without the participation of electrons, i.e., the process is not elec-
trochemical but chemical in nature. The formation mechanism of the erbium-containing deposit during the cathode polarization of pSi
in the solution of erbium salt is proposed. First, the electrochemical process of the cathode reduction of hydrogen takes place. This
process leads to disruption of the ion balance in the cathode space, creating its alkalinization. The alkaline environment favors the
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occurrence and development of the chemical reaction of the erbium hydroxide formation. Formed as a gel, erbium hydroxide is
physically adsorbed on the cathode surface as a deposit. The deposit composition was found to be Er(OH),(NO3),(C2H50),-nH20, x +y
+ z = 3, for the pSi cathode polarization in the ethanol solution and Er®* + OH™ + NO3 — Er(OH)x(NO3)y, x + y = 3, for the pSi
cathode polarization in the aqueous solution of Er(NOs)s.

The oxidation and dehydrogenation are typical for pSi during the cathode polarization. These effects should be taken into account
for any cathode polarization of pSi in the solutions, for example, for the cathode cleaning, cathode deposition of foreign materials into
pSi, etc. The obtained results open wide prospects for practical application of Er-filled pSi as a promising material for practical
biomedical application as prospective electrodes.
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