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ABSTRACT 
Porous silicon (PSi) is a nanostructured material that has received a huge interest for use in biomedical 
applications such as drug delivery, brachytherapy, implantology, etc. The article deals with the analysis and 
perspectives of biochemical synthesis of PSi. This study contains formation of porous silicon by anodization, 
images of formed structures obtained by SEM, analysis of photoluminescence properties of samples, modeling of 
formation via cellular automaton. 
 
Keywords: Porous Silicon, Anodization, Modeling, Cellular automaton, Surface    morphology, 
Photoluminescence 
 
1. INTRODUCTION 
The development of safe biomaterials is one of 
the most important aspects of modern 
biotechnology. Silicon has such properties as 
biocompatibility and bioavailability that allow 
it to be used to solve many biological and 
medical problems in the field of diagnosis and 
treatment of diseases, implantology and 
biomolecular imaging. It is known that silicon 
(Si) is the second (after oxygen) most 
widespread element in the earth's crust, which 
accounts for about 28%. In addition, Si is one 
of the most important elements of the human 
body [1]. It is found in many organs and tissues, 
such as the lungs, adrenal glands, trachea, bones 
and ligaments, which indicate its high 
biocompatibility. Deficiency of this element can 
lead to weakening of bones and infectious 
diseases [2]. Porous silicon (PSi) is a natural 
nanostructured material, which can easily be 

obtained without any expensive equipment 
[3,4]. Medical and biochemical research is 
currently focused on various properties of 
silicon nanoparticles (nPSi). Particular attention 
is paid to nPSi and their further use in the 
diagnosis and treatment of common diseases. 
Their biocompatibility with living tissues and 
the possibility of rapid removal from the body 
were also investigated [5-6]. 
In Langmuir-Blodgett technology Ultrathin 
films composed of a single layer or multilayer 
of biomolecules with highly organized nPSi 
onto solid surfaces have been drawing increased 
attention because of their potential applications 
in a broad range of fields, such as chemical or 
biosensors, drug delivery, catalysis, nano-
electronic devices and their important role in 
the fundamental investigation of complex 
interactions in natural systems [7-11]. The 
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nanostructures, either two dimensional surface 
features or three dimensional inner alignments, 
presenting in the artificial bio-systems can yield 
interesting novel chemical and/ or physical 
properties or provide templates for fabricating 
new materials[12-13]. 
PSi structures are suitable for loading, storing, 
transporting and efficiently isolating the drugs 
encapsulated in them. This method has several 
advantages over other means of drug delivery. 
In particular, the administration of a drug on a 
PSi nanostructured carrier close to the target 
organ allows a significant reduction in drug 
concentration in other tissues while maintaining 
an effective concentration in the affected area, 
thereby reducing side effects [14-15]. In the 
past few years, nPSi have come into widespread 
use in the treatment of cancer. nPSi can act as 
effective photosensitizers of active oxygen. 
This type of excited molecular oxygen is 
characterized by high chemical activity, which 
allows it to be used in photodynamic therapy of 
cancer diseases [16]. Modified nPSi can be used 
as biosensors to detect proteins, antigens or 
nucleic acid molecules, since PSi has a large 
specific surface area [17]. Recently, it has been 
shown that nPSi can be used in tissue 
engineering and orthopedics to repair 
connective tissue elements, PSi promotes the 
growth of osteoblasts, affecting the bone 
mineralization phase. Typically, PSi is used in a 
composite material in combination with some 
biocompatible polymers, which has several 
advantages [18]. nPSi can also be used in the 
treatment of diabetes for the targeted delivery 
of insulin: the synthesis of pancreatic cells, the 
transfer of insulin by ligands, including 
proteins, and the implantation of biocapsules 
containing Langerhans cells [19]. 
The concept of PSi covers a wide class of 
materials with a skeletal structure formed as a 
result of self-organization during the process of 
the anodic etching of single-crystal silicon [20-
21].  
The resulting structures are classified 
depending on the transverse pore size (d): 
1) Macroporous (d > 50 nm),  
2) Mesoporous   (2nm < d < 50 nm),  
3) Nanoporous   (d < 2 nm) [8]. 

2. EXPERIMENTAL PART 
0,03 ; 3; 4,5 ; 10 Ω×cm (100) p-type boron 
doped and 0,01 Ω×cm (111) n-type phosphorus 
doped mono-crystalline silicon wafers were 
used for PSi formation. PSi was formed by 
anodization in HF/C3H8O aqueous solution. 
Etching time varied from 15 to 40 minutes. 
Current density varied from 10 to 30 mA/ cm2. 
Surface morphology of PSi samples was studied 
on SEM Tescan MIRA II LMU. 
Photoluminescence peaks were obtained on 
confocal Raman microscope Renishaw InVia 
(laser source wavelength 785 nm, power 0,05 
/0,5 mW, matrix exposure time 10 sec). 
Biodegradable properties of PSi were studied 
by analyzing of optical properties of water 
solutions with biology active medium on 
spectrophotometer SF-56 and ellipsometer 
Ellips-1000 ASG. 
 
2.1 FORMATION OF POROUS SILICON 
BY ANODIZATION 
 Silicon wafer is placed in the HF/C3H8O 
aqueous solution between anode and cathode 
Figure 1. Electrolytic and chemical methods of 
etching of silicon are largely similar. These are 
multi-step processes, which can be represented 
by a large number of consecutive and parallel 
reactions. Here we will present a simplified 
model of PSi formation.  

 
Figure 1: Silicon anodization unit,(1)Teflon 
cell,(2)Sample Si substrate,(3)Cathode -Pt. 
,(4)Elastic O-ring,(5)Si wafer,(6)Metal back contact. 
The first reaction is directly related to the 
charge transfer across the interface 
silicon/solution and proceeds with the 
consumption of holes h+. Anodization process 
starts with bifluoride formation (1): 
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 (1) 

Later development of process depends on 
anodization properties, mainly current density. 
Increasing of it may lead to electropolishing 
process (2) – (4): 

 (2) 

 (3) 

 (4) 

Reactions (2) – (3) describe the process of 
chemical oxidation of silicon bifluoride to silica 
and its dissolution in hydrofluoric acid. 
PSi formation takes place when current density 
is lower than some critical value. Oppositely (2) 
– (3) formation process is the chemical 
reduction of silicon from silicon bifluoride 
followed by oxidation of amorphous silicon 
with water    (5) - (7): 

 
(5) 

 
(6) 

 
(7) 

Both processes have the same reaction product 
of hexafluorosilicic acid (4), (7) [17]. 
 
2.2 SCANNING ELECTRON 
MICROSCOPY 
We studied surface morphology of PSi samples 
using SEM Tescan MIRA II LMU. Obtained 
images are given in Figures 2(a) – 2(b). 

 

  
Figure 2: Surface morphology of PSi (a) 10kx, (b) 
100kx 
 
2.3 PHOTOLUMINESCENSE 
PROPERTIES 
The spectra numbers in Figures 3 & 4 are 
corresponded to the sample numbers in Table 1. 
Approximation of the photoluminescence and 
Raman spectra allowed us to find the spectral 
position of the maxima and half-widths of the 
lines for individual samples. 
 
Table 1 – List of porous silicon samples 
№ R, 

Ω×см 
J, 

мA/см2 
t, 

мин 
d, нм λmax, 

нм 
Eg, 
эВ 

1 0.03 20 20 1.61 723 1.71 
2 3 20 40 1.65 736 1.68 
3 3 20 10 1.82 782 1.58 
4 3 10 10 1.60 719 1.72 
5 3 30 10 1.57 710 1.74 
6 10 10 25 1.70 750 1.65 
7 0.03 20, 50, 

100 
3, 3, 

4 
1.67 741 1.67 

8 4.5 10 15 1.78 741 1.67 
9 10 10 20 1.67 745 1.66 

10 0.03 30 15 1.60 721 1.71 
 
R – resistivity (Ω×cm), J – current density 
(mA/cm2), t – etching time (min),                 d – 
diameter of nanocrystalline (nm), λmax – 
wavelength of photoluminescence (nm),    Eg – 
band gap (eV). 
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Figure 3: Photoluminescence spectra of samples 

 
Figure 4: Nanocrystalline silicon diameter 
 
2.4 BIODEGRADABLE PROPERTIES 
Comparative studying of optical properties and 
morphology of various modification of silicon 
and their dissolution is lead during interaction 
with distilled water and the biology active 
medium (BAM). Non-pathogenic baker’s yeast 
(Saccharomycetes cereviseae) is chosen as the 
possible biological medium. 
Two series of PSi samples were left in distilled 
water and baker’s yeast for 24 hours at 26.5°C. 
As the quantities characterizing the solubility of 
PSi X/m (mass concentration per mass, 
mg/(dm3×cm2)) and X/S (mass concentration 
per surface square, dm-3) were taken. 
The results indicate that for porous silicon in 
water X/m ≈ 1 dm-3, X/S ≈ 2,5×10-3 
mg/(dm3×cm2), for porous silicon in baker’s 

yeast X/m ≈ 3,2 dm-3, X/S ≈ 1,6×10-3 
mg/(dm3×cm2) [22]. 
 
3. MODELING OF POROUS SILICON 
FORMATION VIA CELLULAR 
AUTOMATON 
Cellular automaton is a great method for 
simulating of porous silicon formation. The first 
attempt was made by Erlebacher et al. in 1994 
(Erlebacher, Sieradzki, Searson, 1994)[23]. By 
using correct algorithms, we can achieve 
realistic structures that match the images of 
porous silicon layers obtained by scanning 
electron microscope. In this article we give 
algorithms and results of our modeling of 
porous silicon formation by electrochemical 
etching via cellular automaton. 
The simulation of complete process consists of 
four models:  
1) Model of HF molecules moving on the 
silicon substrate surface which simulates the 
interaction of holes and HF molecules with Si 
atoms (1): 

 
2) Model of oxidization of the substrate surface 
with formation of amorphous Si         film (2): 

 
3) Model of the surface etching by oxidation of 
amorphous Si with water (3) followed by 
etching of silicon dioxide (4): 
 

 
(3) 

 
(4) 

4) Model of the single crystal etching (Lin, 
Guo, Sun, 2010; Foll et al., 2002). 
 
Three of these models are 2D cellular 
automatons and the final model is 3D 
automaton. All models were performed on a 
system-design platform and development 
environment LabVIEW (National Instruments, 
USA). 
Firstly, for modeling the substrate surface we 
created a 2D lattice (Figure 5). Each cell in the 
lattice has its own coordinates (i,j). 
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Figure 5: Modeling the substrate surface 
In our first model cells simulate the areas on the 
surface which will adsorb the HF molecules. 
Each cell can exist in three states: 1) no 
adsorbed molecule (state 0); 2) with adsorbed 
uncharged molecule (state 2); 3) with absorbed 
charged molecule (state 3). When simulation 
starts all the cells are in the state 0. The state of 
every cell depends on the states of its 
neighborhood. Every cell has its neighborhood 
given in the (Figure 6). 

 
Figure 6: Cell neighborhood in 2D automaton 
Conditions required for the cell transition 
between states 0 – 2 are basically numbers of 
cells with different states in the neighborhood 
of the central cell. These conditions are 
different for each state, Table 2. For describing 
conditions we give some definitions: 
1. N (i) – number of cells in the state i in the 
neighborhood of the central cell; 
2. N12 – condition (N (1) > (2) – number of the 
cells with the state 1 must be more than 2); 
3. Pij – probability of cell transition from state i 
to state j. It is worth noting that condition P01 
divides in P01

1 and P01
2. 

Table 2: Probability of cell transition between states 
State 0 1 2 

0 - 1;10-3 0 
1 1 - 1 
2 1 10-6 - 

Here we describe the conditions for cell 
transition: 
1) State 0: 
a) If N (1) > 0 or N (2) > 1 than with probability 
P01

1 cell will transit in state 1; 
b) If N (1) = N (2) = 0, than with P01

2 in state 1. 
2) State 1: 
If N12 than with P12 in state 2, if not than with 
P10 in state 0. 
3) State 2: 
If N12 than with Р21 in state 1, if not than with 
Р20 in state 0. 
 
The model of oxidization is the similar 2D 
automaton using the same lattice. But the cells 
can exist in two states: 1) un-oxidized (state 0) 
or 2) oxidized (state 1). Initially all the surface 
is un-oxidized. The process starts 
simultaneously with the adsorption of HF 
molecules. Cells can only transit from state 0 to 
state 1 with some constant probability Poxid 
without any additional conditions. 
The third model which describes the surface 
etching sums up the results of two previous 
ones. For simulation of pores appearance we 
use the same 2D lattice. Cells can exist in two 
states: 1) not etched (state 0) or 2) etched (state 
1). Of course initially all the surface is in the 
state 0. Pore appearance or in other words the 
cell transition in state 1 can happen only after 
the coincidence of two conditions: the cell has 
adsorbed the charged molecule and is oxidized. 
On the real surface pores are usually located on 
the defects and mechanic tensions of the 
surface. It is simulated by additional probability 
constant Pdef. 
After modeling the surface etching process we 
should switch to 3D automaton to simulate the 
Si crystal etching. We created 3D 
parallelepiped lattice with 2D lattice used in 
previous models as one side of this 
parallelepiped. Each cell in 3D lattice has (i,j,k) 
coordinates. Cells can exist in two states: 1) not 
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etched (state 0) or 2) etched (state 1) like in the 
surface etching model. If the surface cell in the 
third model becomes etched the volume cell 
under it automatically transits in the state 1. 
That is how the pore growth begins. The pore 
growth is an anisotropic process. Pores often 
grow downwards, sometimes sideways but 
almost never upwards. We realized it by adding 
a new parameter – probability multiplier 
M(dir). As we said earlier we have three 
directions of pore growth : 

1) , 

2) 
, 
3) . 
They are affiliated by condition (5).Taking into 
account that  should be around 0 and  
around 1. 

 
(5) 

Besides the pore growth probability also 
depends on the shape of pores. Every cell of 3D 
automaton has its own cube neighborhood. It 
consists of all the cells closest to the central 
cell. So cube neighborhood consists of 26 cells. 
Then we choose one cube face consisting of 9 
cells which are directed towards the present 
pore. Then let k number of these 9 cells be 
etched (k > 0 because the central cell is located 
near pore). The pore growth dependence on 
number of neighbor etched cells k is defined by 
exponential function P(k) (6): 

 

(6) 

Then we set a complete formula of pore growth 
probability Pgrow (7): 

(7) 

,  – minimum and maximum possible amounts 
of the pore growth probability, parameters of 
the model, the condition  must be fulfilled. 
As a result, we achieved a real time growth 
simulation of macro- and mesoporous silicon 
structures. Our simulated structures, Figure 7 
with values of model parameters, Table 3 are 
very similar to ones obtained by scanning 

electron microscope, Figure 8 (Lehmann, 
1993). 
Table 3: Values of model parameters for structures 
in Figure 3 

Parameter Value 

 1 

 0.1 

 0.01 

 10-5 

 0.9 

 0.05 

 0.9 

 

 
Figure 7: Porous silicon structures obtained by 
simulation 

 
Figure 8: SEM images of real porous silicon 
structures (Lehmann, 1993) [24]. 
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4. CONCLUSIONS 
It was shown that nanostructured silicon with 
high porosity can be converted into a 
biologically active state. PSi is capable of 
biodegradation in a physiological medium with 
a dissolution rate, depending on the acidity of 
the solution, the morphology and porosity of the 
particles, and also on the chemical nature of 
their original surface. These important 
properties can become a platform for the 
application of nPSi in diagnosis (biosensors) 
and the treatment of a wide range of 
pathologies. 
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