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Abstract 
The aim of this work was the formation of multilayer structures of macroporous silicon and the study of their structural, 
morphological, and optical properties in comparison with the properties of multilayer structures of mesoporous silicon.
The paper presents the results of the development of techniques for the formation of multilayer structures of porous silicon 
por-Si by stepwise change in the current with two-stage modes of electrochemical etching.
The data on the morphology, composition, and porosity of macroporous and mesoporous silicon samples were obtained 
using scanning electron microscopy, IR spectroscopy, and X-ray reflectivity. It was shown that with the two-stage growth 
of porous silicon layers, the depth of the boundary between the layers of the structure was determined by the primary mode 
of electrochemical etching, while the total layer thickness increased with an increase in the current density of electrochemical 
etching.
A comparative analysis of the relative intensity and fine structure of vibrational modes of IR spectra indicated a significantly 
more developed specific pore surface and greater sorption capacity of mesoporous silicon as compared to macroporous 
silicon.
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1. Introduction
The use of porous silicon por-Si as one of 

the materials of modern solid-state functional 
electronics is due to the presence of many 
practically useful functional properties of 
this material and its compatibility with most 
technological production processes. It is known 
that depending on the method of its production, 
por-Si can have an extremely large area of specific 
surface of pores (up to 500 m2/g), high reactivity, 
and intense photoluminescence (PL) in the visible 
range of wavelengths [1–4]. 

Previously in the 20th century, before the 
concept of “nano” and the nanoscopic scale were 
introduced into scientific terminology, according 
to the IUPAC classification, pores with a radius 
of up to 0.2 nm were called submicropores, 
pores with a radius of 0.2–1.0 nm were called 
micropores, pores with a radius of 1–25 nm were 
called mesopores, and those with a radius of more 
than 25 nm were called macropores [5]. Currently 
there are different variants of systematisation 
of porous materials by their morphology and 
physicochemical properties. Regardless of 
the size of the pores, porous silicon is usually 
characterised by such parameter as “porosity” P, 
which is the ratio of the volume of pores to the 
total volume of the porous layer of the sample, 
as well as by the average size of the structural 
elements. With a low value of porosity, the 
properties of por-Si are similar to the properties 
of crystal silicon, although they can change if the 
value increases. For instance, photoluminescence 
was found in the samples of por-Si with a value 
of porosity of at least 50 % [6].

Depending on the initial material, porosity, 
and formation conditions, porous silicon has 
a wide range of values of resistivity (10–2–
1011  Ohm·cm), absolute permittivity (1.75–12), 
and refractive index (1.2–3.5) [7]. In a number 
of works [1–4] it is shown that changes in the 
modes of formation of por-Si and post-processing 

of its surface allow effectively controlling the 
morphology, surface composition, and optical 
and adsorption properties of por-Si [6].

The possibilities of creating gas sensors, 
optical sensors, and moisture sensors were 
demonstrated on the structures of porous silicon. 
The use of multi-stage modes of formation 
of a porous layer on single-crystal silicon can 
also be promising for fine adjustment of the 
functional properties of its surface and volume 
for the further formation of thin layers of such 
modern nanoelectronic materials as metal oxide 
structures or structures of the А3B5 type on its 
surface [1–4, 8–10]. 

The aim of this work was the study of multi-
layer structures of macroporous silicon and their 
structural, morphological, and optical characte
ristics in comparison with the characteristics of 
multilayer structures of mesoporous silicon that 
we previously obtained [11].

2. Experimental
Multilayer structures of porous silicon (hence-

forth referred to as “macroporous silicon”) were 
formed on the surface of crystal silicon substrates 
c-Si (100) with a resistivity of 0.3 Ohm·cm, doped 
with phosphorus. Electrochemical etching (ECE) 
was performed in a solution of hydrofluoric acid 
and dimethylformamide with the addition of hyd
rogen peroxide and sulphuric acid while period-
ically changing the current density. At the same 
time, the current density gradually changed during 
the process of the two-stage ECE. The modes of 
electrochemical etching are presented in table 1. 

The samples were obtained in the modes 
similar to those that were used to synthesise the 
samples of mesoporous silicon in our previous 
work [11]. Only the composition of the ECE 
solution was changed towards a lower content of 
hydrofluoric acid. The morphological features of 
the samples were studied using scanning electron 
microscopy SEM (JEОL JSM 6380 LV). 

Table 1. Conditions for obtaining the samples of porous silicon

No. Etching mode Anodic current density, 
mА/cm 2

Etching time, 
minutes

1 single-stage 15 10
2 single-stage 50 10
3 two-stage 50/15 5/5
4 two-stage 15/50 5/5
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IR spectra of multilayer structures were ob-
tained on a Vertex 70 (Bruker) IR Fourier spec-
trometer using an attachment for disturbed total 
internal reflection (ATR) spectroscopy [9] in the 
range of 400–4000 cm–1. IR spectra were collected 
two weeks after the samples had been obtained. 

To determine the porosity of the surface layer 
of por-Si with the thickness of 10 nm, the samples 
obtained using single-stage ECE were studied using 
X-ray reflectivity (XRR) on a laboratory diffractom-
eter ARL X’TRA (Сu Ka) with Bragg-Brentano ge-
ometry within a small angle range of (2q = 0.1–1°). 

3. Results and discussion

3.1. Structural and morphological SEM data
Figure 1 presents SEM microphotographs 

of cleavages of macroporous por-Si samples 

with an average diameter of the main type of 
pores of approximately 150–200 nm obtained in 
single-stage and two-stage ECE modes with the 
following anodic current densities: 15 mA/cm2 

(No. 1) and 50 mA/cm2 (No. 2), 50/15 mA/cm2 
(No. 3) and15/50 mA/cm2 (No. 4). 

The analysis of the SEM data shows that an 
increase in the current density in the specified 
range causes an increase in the thickness of the 
porous layer and in the size of the pores, but, 
unlike mesoporous silicon [11] obtained with 
the same ECE modes (Fig. 2), there is no partial 
cracking of the porous layer, and the boundary 
between the porous layers is less pronounced. 
For example, the thickness of the porous layer of 
sample No. 1 obtained using a single-stage mode 
with the current density of j = 15 mA/cm2 was~ 

Fig. 1. SEM images of cleavages of porous silicon samples obtained in single and two-stage etching modes 
а) No. 1, jа = 15 mA/cm2; b) No. 2, jа = 50 mA/cm2, c) No. 3, jа = 50/15 mA/cm2; d) No. 4, jа = 15/50 mA/cm2

Condensed Matter and Interphases / Конденсированные среды и межфазные границы  	 2021;23(1): 41–48

A. S. Lenshin et al.	 Original articles



44

15 μ, while the thickness of the porous layer of 
sample No. 2 obtained with the current density 
of j = 50 mA/cm2 was ~ 25 μ (Fig. 1). The average 
diameter of the main type of pores in the samples 
was 150-200 nm.

The smaller thickness of the macroporous 
silicon layer, as compared to the mesoporous 
silicon, as well as the absence of stratification in 
the surface layer, can be explained by the lower 
concentration of hydrofluoric acid in the ECE 
solution. Taking into account the etching time of 
10 min, the etching rate of the porous layer was 
~ 1.5 μ/min and 2.5 μ/min for samples No. 1 and 
No. 2 respectively, and it increased by 1.5 times 
with more than a threefold increase in the 
current density (similar to mesoporous silicon). 
The average size of vertical pores in mesoporous 
silicon was ~ 50–100 nm.

As for samples No. 3 and 4 (fig. 1с, d), 
obtained using two-stage modes of changing 
the anodic current density, that is in the modes 
of decreasing (j = 50/15 mA/cm2) and increasing 
(j = 15/50 mA/cm2) the ECE current density, the 
thickness of the porous layer of the samples was 
~ 15 μ and ~ 18 μ respectively. An analysis of 
the images of sample cleavages indicates that 
the depth of the boundary between the layers of 
the structure, similar to mesoporous silicon, is 
determined by the primary ECE mode [11]. 

3.2. IR spectra of macroporous and mesoporous 
silicon

To obtain information on the composition of 
the chemical bonds in porous layers, all samples 

of macroporous and mesoporous silicon were 
studied using IR  spectroscopy. 

Fig. 3 presents the IR spectra of ATR showing 
the effect of an increase in the ECE current density 
and changes in the sequence of values of currents 
during a two-stage ECE on the composition of 
chemical bonds of macroporous silicon samples. 
A band of 1000-1200 cm–1 corresponding to Si–O–
Si bonds and an intensity mode corresponding 
to the vibrations of Si–Si bonds (616 cm–1) are 
observed on these IR spectra. The Si–O–Si 
band is shown most clearly and intensively in 
sample No. 4 obtained in a two-stage ECE mode, 
jа = 15/50  mA/cm2. In addition, a low-intensity 
features appear in the IR spectra in the regions of 
~ 900 cm–1 and 2060–2120 cm–1 which are typical 
for various configurations of the Si–Hx and Ox–
SiH bonds. The presented results correlate well 
with the previously obtained results for different 
single layer structures of porous silicon [9]. 

Fig. 4 shows the IR spectra of ATR of 
mesoporous silicon samples obtained in the 
modes of single-stage and two-stage etching 
with a different sequence of changes in the ECE 
current values. At first glance, these spectra stand 
out due to their significantly higher intensity 
and pronounced structuredness of all modes 
that were barely visible in the IR spectra of the 
macroporous silicon samples presented in Fig. 
3. The most intensive and clearly structured 
modes in the spectra of mesoporous silicon are 
those in the region of 400–1200 cm–1 which are 
typical for this material [9] and correspond to 
the vibrations of the following bonds: Si–Si (616 

Fig. 2. SEM images of cleavages of mesoporous silicon samples obtained in two-stage etching modes: a) No. 208, 
jа =50/15 mA/cm2; b) No. 207, jа = 15/50 mA/cm2 [8]
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Fig. 3. IR-spectra of macroporous silicon samples obtained in single and two-stage etching modes: а) No. 1, 
jа = 15 мA/см2; b) No. 2, jа = 50 мА/см2, c) No. 3, jа = 50/15 мА/см 2; d) No. 4, jа = 15/50 мА/см2

Fig. 4. IR-spectra of mesoporous silicon samples obtained in single and two-stage etching modes: No. 205, 
jа = 15 mA/cm2; No. 206, jа = 50 mA/cm2; No. 207, jа = 15/50 mA/cm2; No. 208, jа = 50/15 mA/cm2
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cm–1), Si–Hx (664, 906, 2100–2250 cm–1), Si–O–Si 
(490, 1060–1170 cm–1), O2– Si–OH (~ 830 cm–1), 
O3−SiH (880 cm–1). 

In addition, there are noticeable bands in 
the region of 2060–2120 cm–1 on the spectra of 
the samples. These bands are typical for various 
configurations of Si–Hx and Ox−SiHy bonds as 
well as adsorbed СO2 (2360 cm–1). The presence 
of these bonds indicates a significantly greater 
sorption capacity of mesoporous silicon with a 
larger specific surface area of smaller pores as 
compared to macroporous silicon. 

While comparing mesoporous samples 
obtained in single-stage modes (No. 205 and 
No. 206), it should be noted that an increased 
ECE current density leads to an increase in 
relative intensity of absorption bands in the 
regions of 750–900 cm–1 (Si–Hx, O2–Si–OH, and 
Ox−SiHy bonds) and the 1000–1200 cm–1 band 
corresponding to Si–O–Si bonds. In combination 
with the SEM data, this indicates an increase 
in the specific surface area of the porous layer 
Ssp for the samples obtained with a higher ECE 
current density. At the same time, increased Ssp 
contributes to a more active interaction of the 
material with the environment, which leads 
to stronger oxidation of the porous layer and 
adsorption of hydrogen and hydroxyl groups on 
it [8, 9]. 

A similar situation is observed when changing 
the sequence of changes in the current values 
during ECE. The IR spectrum of sample No. 207 
obtained in a two-stage mode jа = 15/50 mA/cm 2 

shows more intensive, as compared to the spectrum 
of a single-stage sample No. 205 (obtained 
in the mode with minimal current density 
jа = 15 mA/cm2), absorption bands 50–900 cm–1 
and 1000–1200 cm–1 corresponding to Si–O–
Si, Si–Hx, O2–Si–OH, and Ox−SiHy bonds. These 
modes are less intensive as compared to the 
spectrum of the mode obtained with maximum 
ECE current density (No. 208, jа = 50/15 mA/cm2) 
in a two-stage mode. 

Thus, a comparative analysis of the relative 
intensity and fine structure of vibrational modes 
of IR spectra indicated a significantly more 
developed specific pore surface and greater 
sorption capacity of mesoporous silicon as 
compared to macroporous silicon.

3.3. X-ray reflectivity 
Fig. 5 shows XRR reflectograms of mesoporous 

and macroporous silicon samples (No. 206 and 
No. 2) obtained in single-stage modes and a 
silicon substrate of single-crystal silicon Si (100) 
on which porous layers were formed. The results 
show that the intensity of the XRR curves begins 
to decrease significantly after passing the critical 
angle qc of the total external reflection (TER) of 
X-ray radiation where the intensity of the reflected 
X-ray radiation is reduced by half. In this case, 
the values of critical angles of TER for the three 
studied samples were markedly different. The 
critical angle of TER for a single-crystal silicon 
wafer c-Si is qc-Si = 0.223°, which correlates well 
with theoretical calculations (0.226°). At the same 
time, the values of critical angles for macroporous 
and mesoporous silicon are considerably lower: qc-

PS = 0.186° and qc-PS = 0.105° respectively.
The porosity (P) of the surface layer of 

the samples can be evaluated using ratio (1) 
presented in [12]: 

P c c(%) / ,PS Si= - ( )È
Î

˘
˚ ¥- -1 100

2q q 	 (1)

where qc-Si is the critical angle of TER of 
single-crystal silicon с-Si, qc-PS is a critical angle 
of TER of the porous layer of the samples of mac-
roporous or mesoporous silicon. In accordance 
with ratio (1), the value of porosity of mesoporous 

Fig. 5. XRR profiles of the samples of macroporous 
(the blue curve) and mesoporous silicon (the green 
curve) and single-crystal silicon substrate c-Si. The 
dotted lines indicate the positions of the critical angles 
of total external reflection
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silicon Р = 79 % is 2.5 times higher than the cor-
responding value of macroporous silicon Р = 31 %.

The measurements of the photoluminescence 
of porous silicon samples using the technique 
described in [13] showed the absence of PL in a 
sample of macroporous silicon with porosity of 
31 % (sample No. 2) and the presence of typical 
PL for sample No. 206 of mesoporous silicon with 
porosity of P = 79 %. This correlates with the 
results of previous studies, according to which 
porous silicon begins to luminesce with the value 
of porosity Р higher than 50 % [13, 14].

4. Conclusions
The paper presented the results related to 

the development of techniques or the two-stage 
formation of multilayer structures of porous 
silicon with various porosity and various sizes 
of pores. 

Using scanning electron microscopy, it was 
shown that with the two-stage growth of porous 
silicon layers, the depth of the boundary between 
the layers of the structure was determined by 
the primary mode of electrochemical etching, 
while the total layer thickness increased with an 
increase in the ECE current density. 

The average diameter of the main type of 
pores in the samples of macroporous silicon was 
150–200 nm, while the average diameter vertical 
pores in mesoporous silicon was two-three times 
less, ~ 50–100 nm.

Comparative analysis of the relative intensity 
and fine structure of vibrational modes of IR 
spectra indicated that multilayer samples of 
macroporous silicon were less oxidated as 
compared to the samples of mesoporous silicon 
and that the surface of pores contained fewer 
bonds of the Si–OH and Si–H type.

The porosity of the surface layer of mesoporous 
silicon P = 79 % determined by the X-ray reflectivity 
was 2.5 times higher than the corresponding value 
of macroporous silicon P = 31 %, which correlated 
well with the significantly more developed 
specific surface of pores and greater sorption 
capacity of mesoporous silicon as compared to 
macroporous silicon. 
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