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Abstract. Some features of formation of porous silicon, its morphology and composition, as well as 
its optical properties were investigated in this work. Porous silicon was obtained on the substrates of 
single-crystalline Si as well as on the structures with p-n junctions. In order to obtain different struc-
tures of nano-, meso- and macroporous silicon as well as multi-layered porous structures several 
technological parameters were changed — orientation of substrates, conductivity type and compo-
sition of the etching solution. Correlation between photoluminescence intensity of the obtained 
samples and intensity of the absorption band in their IR spectra (the band at 616 cm–1) that is due to 
the presence of Si-Si bonds in porous layer. The influence of porous silicon storage in the air on the 
degradation of photoluminescence parameters of porous silicon was estimated.
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INTRODUCTION
At present a lot of investigations are performed in 

the area of design of various structures on the basis of 
porous silicon (por-Si) for a number of practical ap-
plications. Porous silicon obtained on highly-doped 
substrates of crystalline silicon is very prospective for 
a design of the optical waveguides, solar cells and 
avalanche LEDs [1, 2]. At the same time por-Si ob-
tained on the substrate with the resistivity of 
1—5 Ohm·cm can be used for producing of microac-
tuators, self-destructed silicon chips, different silicon 
membranes for filters [3, 4]. If the wafers with the 
higher resistivity are used it is possible to produce 
microreactors, microresonators, photonic crystals, etc. 
[5—7]. One of the prospective abilities to use porous 
silicon is its application as sensitive elements in dif-
ferent sensors [8].

Porous silicon is not surely the best material for 
these applications. However, a possibility of integra-
tion of the optoelectronic devices based on por-Si 
with the elements and units of existing electronic 
circuits into a common module represents serious 
advantages as compared with the other approaches to 
the problem. Moreover, a controllable electrochemi-
cal etching, the choice of composition of the etching 
solution, further treatment of the samples in different 
gaseous environments or in organic/inorganic com-
pounds, incorporation of metal ions and atoms into 

the pores as well as deposition of masking layers make 
it possible to govern the functional characteristics of 
porous silicon for in order to optimize them for prac-
tical application [9, 10].

Optical parameters of porous materials are consid-
erably determined by morphology of the pores and 
composition of the porous layers. Therefore the aim 
of the work was a determination of the dependence 
between optical characteristics of photoluminescence 
spectra and parameters of IR spectra for the different 
structures of nano-, meso- and macroporous silicon — 
IR spectra correlate with the chemical composition of 
investigated material. The role of porous layer oxida-
tion in the change of photoluminescence spectra was 
determined when the samples were stored in the at-
mosphere for rather long time.

EXPERIMENTAL TECHNIQUE FOR 
OBTAINING OF THE SAMPLES AND 

MORPHOLOGY OF POR-Si
Surface composition of porous silicon, direction 

of pores growth, their sizes and morphology as well 
as porous layer thickness depend on the type and dop-
ing degree, crystalline orientation of original silicon 
wafer, composition and temperature of etching solution 
and on the etching mode. In the work porous silicon 
was obtained by electrochemical etching of sin-
gle-crystalline silicon plates as well as silicon struc-
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tures with p-n junctions in the alcoholic solutions of 
fluoric acid. Composition of HF alcoholic solutions 
and etching parameters varied insignificantly due to 
some specific features of electrochemical etching of 
silicon plates with p-n junctions. In one case we used 
an alternative etching solution based on dimethylfor-
mamide (DMFA) ((CH3)2NC(O)H) and HF in order to 
obtain porous silicon that did not show photolumines-
cence in the visible spectral range [9]. Parameters of 

obtaining of the investigated samples and their basic 
characteristics are given in our previous works [9—13].

All of the samples of porous silicon were obtained 
actually in one day and after that they were stored in 
the air in laboratory conditions for 30 days. Techno-
logical parameters of the techniques used for obtaining 
the samples are presented in Table 1. The samples are 
enumerated according to the order of their obtaining 
in the laboratory unit.

Table 1. Modes of obtaining and characteristics of the investigated por-Si samples [9—13]

Sample 
designation

Original plate, 
resistivity ρ, Ohm·cm

Composition of the 
etchant

Current density 
and etching time

Pores sizes, according to SEM 
data, nm

3 KEF (100), 0.3 HF:C3H7OH: H2O2
15 min,

~ 30 mA/cm 2 50—100

7 KEF (111), 1.0 HF:C3H7OH: H2O2
15 min,

~ 30 mA/cm 2 50—100

18 KEF (100), 0.3 DMFA:HF: H2O2
15 min,

~ 30 mA/cm 2 150—200

29 KEF (111), 10 HF:C3H7OH: H2O2
15 min,

~ 50 mA/cm 2 Less than 10

30

Multi-layered KDB 
(11) p-/n structure

p-layer: 0.4
n-layer:

KEF (111), 10

HF:C3H7OH: H2O2
25 min,

~ 30 mA/cm 2

а) p-layer
~ 1000—2000

б) n layer under p layer — 
pores of different diameter.

Small pores are less than 30 nm, 
large ones — up to 2000 nm.

Scanning electron images of the cleavages were 
obtained with scanning electron microscope (SEM) 
produced by JEOL Co — JSM 6380LV (Figs. 1 and 2). 
Microscope images of porous silicon obtained on the 
substrates of KEF (doped by phosphorus) <100> 
(sample 3) and KEF <111> (sample 7) obtained in the 
alcoholic solution of fluoric acid, as well as porous 
silicon obtained on the substrates of KEF <100> (sam-

ple 18) in a solution of DMFA — fluoric acid in the 
same etching mode are presented in Fig. 1.

Analyzing the images one can note that the sub-
strate orientation at the small difference in the doping 
level has a considerable effect on the morphology of 
pore formation, but only slightly influences on the 
diameter of large vertical pores. The difference in 
morphology is in appearance of smaller lateral pores 

а) b) c)
Fig. 1. SEM images of porous silicon cleavages: a) sample № 3, b) sample № 7, c) sample № 18

а) b)
Fig. 2. SEM images of porous silicon cleavages: а) sample № 29, б) sample № 30
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Scanning electron images of the cleavages were 
obtained with scanning electron microscope (SEM) 
produced by JEOL Co — JSM 6380LV (Figs. 1 and 2). 
Microscope images of porous silicon obtained on the 
substrates of KEF (doped by phosphorus) <100> 
(sample 3) and KEF <111> (sample 7) obtained in the 
alcoholic solution of fluoric acid, as well as porous 
silicon obtained on the substrates of KEF <100> (sam-

а) b) c)
Fig. 1. SEM images of porous silicon cleavages: a) sample № 3, b) sample № 7, c) sample № 18

а) b)
Fig. 2. SEM images of porous silicon cleavages: а) sample № 29, б) sample № 30

in the form of “herring-bone” in the porous silicon 
grown on <111> substrates. These features are due to 
the difference in the directions of the most optimal 
release of silicon ions in the process of electrochemi-
cal etching.

Porous silicon samples obtained with the use of 
DMFA-fluoric acid solution were characterized by 
a greater mean diameter of the vertical pores than 
in por-Si obtained by a standard technique with the 
use of alcoholic etchant at the same technological 
parameters. This could be due to the differences in 
the composition of the etchant solution providing 
another rate of the charge exchange between the 
electrolyte and silicon substrate [9, 14]. Thickness 
of the porous layer for the samples of 3, 7 and 18 was 
of ~ 15 mm.

Fig. 2 represents SEM images of porous silicon 
samples obtained by electrochemical etching of the plate 
KEF <111> with n-type conductivity and resistivity of 
10 Ohm·cm (sample 29) and the plate KEF <111>, 
10 Ohm·cm with epitaxially grown p-layer of KDB 
<111> (doped by boron) with a resistivity of 0.4 Ohm·cm 
(sample 30). Technique for obtaining of such samples 
were previously described in our work [12].

Porous layer thickness in the sample 29 was of ~ 
30 mm, and in this sample no any pores with the diam-
eter more than 10 nm were observed. At the same time 
this sample demonstrated rather good photolumines-
cence properties that in combination with the standard 
technique for producing of porous silicon in the etchant 
on the basis of alcoholic etching solution made it pos-
sible to consider it as a nanoporous silicon. Compari-
son of morphology of the sample 29 with the samples 
3 and 7 demonstrated that under etching in the same 
technological modes pore diameter for the highly 

doped samples is greater than for low-doped ones. This 
can be easily explained by the presence of much more 
amount of the impurity defects facilitating formation 
of the pores with the sizes of 10—100 nm.

In SEM images of the cleavage for the sample 30 
formed at p/n junction from the side of p-layer two 
clearly expressed porous layers can be observed with 
the different sizes of the ordered vertical macropores 
as well as the interface between these two layers. 
Thickness of the layers was of ~ 10 mm for p-layer and 
~ 15 mm for the underlying layer of n-por-Si. Next 
some part of p-layer was mechanically removed and 
after that IR and photoluminescence (PL) investiga-
tions were performed as for the top layer (designated 
as sample 30-p), as for the underlying layer (designat-
ed as 30-n).

PHOTOLUMINESCENCE AND 
IR SPECTROSCOPY OF POROUS SILICON

The origin of visible photoluminescence (PL) in 
porous silicon yet remains a subject of scientific con-
troversy. At present there are several hypotheses on 
the mechanisms and models of photoluminescence in 
porous silicon: quantum-size model [15, 16], model 
of luminescence as a result of formation Si-H bonds 
appearing in the process of formation amorphous-like 
layer on the surface of (nano) wires in por-Si [17—19] 
and some others. To elucidate the role of surface de-
fects, and also the substances adsorbed on the surface 
of the crystallites in porous layer as well as to under-
stand the effect of technology of porous silicon obtain-
ing we studied photoluminescence spectra of this 
material obtained by different methods, as soon after 
obtaining the samples as after their storage in the at-
mosphere for a certain time.
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Measurements of PL spectra were performed with 
the automated spectral-luminescent unit based on mono-
chromator MDR-4. Semiconductor laser with the wave-
length of 405 nm corresponding the energy of 3.05 eV 
was applied for the excitation photoluminescence.

Photoluminescence spectra for the samples of 
porous silicon, excited with the laser at the wavelength 

of 405 nm are presented in Fig. 3. It should be noted 
that under PL excitation with the source having wave-
length of 532 nm just the same ratio of intensities for 
the investigated samples was observed as in the case 
of 405 nm laser (see Table 2), except the fact that the 
integral PL intensity was lower.

а) b)
Fig. 3. PL spectra of porous silicon samples under excitation with the light source — laser with the wavelength of 405 nm: 

a) storage for 30 days; b) storage for 120 days

Table 2. Intensity and position of the main PL peak for the samples of porous silicon

Sample PL intensity for 
405 nm source, a. u.

PL intensity for 
532 nm source, a. u.

Position of PL peak, 
405 nm source, eV

Position of PL peak, 
532 nm source, eV

3 	 16000 	 11500 	 1.93 	 1.78

30 — n layer under 
p-layer 	 6000 	 5000 	 1.80 	 1.65

29 	 8000 	 4500 	 1.93 	 1.78

7 	 3600 	 600 	 1.93 	 1.86

30 p-layer 	 600 	 300 	 1.7 	 1.6

Analysis of the data on PL shows that the most 
intensive photoluminescence demonstrated the sample 
№ 3, and a little less intensive spectra are characteris-
tic of the samples 29 and 30-n. Position of the main 
luminescence peak for all of the samples is within the 
range of ~ 1.8—1.9 eV, while under PL excitation with 
the laser operating at 532 nm the peak is shifted by 
0.05—0.15 eV towards less energy range as compared 
with the PL spectra obtained with 405 nm laser. The 
shape of PL band under excitation with different sourc-
es changed insignificantly.

Main parameters of PL spectra for the investigated 
porous silicon samples are presented in Tab 2.

For elucidating of the influence of the surface 
composition on the photoluminescence of porous sil-
icon we performed the investigations of the samples 
by IR spectroscopy technique. IR transmission spectra 
of porous silicon samples were obtained IR Fourier 
spectrometer Vertex 70 (Bruker) with the use of at-
tachment for the attenuated total internal reflection 
(FTIR ATR) (Fig. 4).
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Fig. 4. Transmission IR spectra of porous silicon samples 
with the different pore sizes after 30 days of storage

The estimate calculations show that the depth of 
analysis for this technique for the samples of porous 
silicon for the wave numbers up to 2000 cm–1 does not 
exceed 1.5 mm, while for the range of 2000—
4000  cm–1  — it does not exceed 10 mm. Thus one 
obtains the data on the chemical bonds just within the 
thickness of porous layer.

Analyzing IR transmission spectra of porous 
silicon samples one can see the presence of several 
specific features that are characteristic for this ma-
terial [19], corresponding to the vibrations of Si–Si 
(616 cm– 1), Si-H (664, 804, 906, 2100—2140 cm–1), 
Si-O (1060—1170 cm–1). Moreover, in the spectra 
of the samples there are absorption bands corre-
sponding to the adsorbed СO2 (2360 cm–1) and the 
traces of surface contamination with the etchant 
solution, probably due to the formation of Si-F bonds 
(830 and 950 cm–1).

Comparing data, obtained by IR spectroscopy with 
PL characteristics of por-Si samples one can note the 
following regularities: first, in IR spectra of all the 
samples with rather bright photoluminescence within 
the visible range an expressed quite broad band at 
600—700 cm–1 is observed with a peak approximate-
ly near 616 cm–1, that is characteristic for Si-Si bonds. 
For the samples with less PL intensity this band is also 
less expressed and it completely disappears for the 
samples that do not demonstrated PL properties in the 
visible range. This peculiarity can be explained by the 
presence of a great amount of silicon nanocrystals/
nanoclusters in the samples with a bright photolumi-
nescence that is in a good agreement with the results 
our previous investigations [10, 11]. This effect can 
get rather important practical application as a method 

of express-test of the obtained porous silicon suitable 
for optoelectronics requirements by IR spectra (FTIR 
ATR). However, this peculiarity can not be revealed 
in case of the deposition of different coatings on the 
surface of porous silicon including metal films, differ-
ent masks and so on due to the appearance of addition-
al radiative and non-radiative recombination levels in 
the obtained structure resulting in the changes in PL 
mechanisms.

Second distinctive feature of IR spectra of por-Si 
samples demonstrating a bright photoluminescence is 
the presence of absorption band due to S-H bonds in 
the range of 2100—2140 cm–1). Taking into account 
that these bonds are rather weak, they can actively 
participate in the different natural or technological 
processes on the sample surface, such as oxidation, 
carbonization, etc., resulting in enhancement or more 
often in a decrease of the luminescence properties of 
por-Si. This phenomenon also proposes the possibili-
ties for development of the control for the functional 
characteristics of the porous silicon structures for 
optoelectronic devices and various sensors.

Freshly obtained porous silicon is known to be 
gradually oxidized in the air; the most rapid oxidation 
processes take place during the first days after por-Si 
growth [11, 20]. Then a slow oxidation continues while 
storing of porous silicon in the atmosphere [11, 20]. 
The later process is not investigated in details as the 
rapid one.

Therefore, in connection with the observed corre-
lations between IR spectra and photoluminescence of 
the investigated samples with the pore sizes from 
several nanometers to several mm it seems actually 
interesting to investigate the behavior of the optical 
characteristics of por-Si with rather long period of time. 
So after 3 months of storage in the air the investigations 
of the obtained samples were repeated.

Morphology of the samples almost did not change. 
According to IR spectroscopy data a decrease of inten-
sity of the absorption band can be observed in the range 
of 600—700 cm–1 and a noticeable increase of the band 
at 1000—1200 cm–1, corresponding to Si-O bonds, the 
rest absorption bands changed insignificantly. The 
samples which demonstrated very weak photolumines-
cence or even its complete absence actually did not 
show any considerable changes of their IR spectra.

To show the results more clearly we can separate-
ly compare PL and IR spectra of “leaders”, kept in the 
atmosphere for 30 and 120 days. One can note that 
after 120 days of storage in the air the most bright PL 
is observed for the sample, which is characterized by 
the less changes in the shape and intensity of IR trans-
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mission band within the range of 600—700 cm–1, 
meaning a preservation of the correlation between IR 
spectral shape of this band and PL properties of the 
samples with time.

To show the results more clearly we can separate-
ly compare PL and IR spectra of “leaders” (Designation 
“leader” means a group of samples with the highest 
PL intensity), kept in the atmosphere for 30 and 
120 days (Fig. 5). One can note that after 120 days of 
storage in the air the most bright PL is observed for 
the sample, which is characterized by the less changes 
in the shape and intensity of IR transmission band 
within the range of 600—700 cm–1, meaning a preser-
vation of the correlation between IR spectral shape of 
this band and PL properties of the samples with time.

Fig. 5. Transmission IR spectra of porous silicon samples 
with different pore sizes after 120 days of storage in the air

In this work we do not consider and discuss the 
problems of the changes in absolute PL intensity for 
certain samples with time due to specific features of 
the experimental technique while measuring photolu-
minescence of the samples. However, in [11] we per-
formed similar investigations for the samples like № 7 
that demonstrated a decrease of photoluminescence of 
porous silicon with time due to the oxidation of their 
surface. Our results are in an agreement with the works 
of other researchers and our data on IR spectroscopy.

Note, that the relative PL intensity in the series of 
porous silicon samples changed after storage in the air. 
In this case the highest relative intensity was observed 
fir the sample № 29, then followed the sample № 30‑n; 
the former “leader”, sample № 3 shifted down to the 
third place by intensity. But neither main peak of PL, 
nor PL band did not actually shifted by the wavelength, 

and the noticeable broadening of the band is also ab-
sent. In the same work [11], just as in lot of the others 
the shift of the luminescence band was observed to the 
less wavelengths with rather short periods of time when 
the samples were stored in the atmosphere (for sever-
al days). This shift is usually explained by the oxidation 
of silicon nanoclusters at the surface of porous layer.

The absence of such shift in the case of the samples 
studied in this work can be interpreted as follows. Un-
like of the results showing PL shift in porous silicon to 
the shorter wavelengths at the oxidation both of our 
experiments were performed for rather long time after 
producing the samples — 30 and 120 days, respective-
ly. It seems reasonable to assume that in this case the 
processes of natural ageing including oxidation and 
reconstruction of Si-Si bonds at the surface of pores and 
inside Si wires proceed very slowly as compared with 
the initial stage of the storage. In our opinion a decrease 
of silicon clusters in the surface layers is rather slow 
due to progressive formation of more compact oxide 
shell surrounding Si clusters. Surely, very small clusters 
can be completely oxidized during long periods of 
storage, but this is compensated by the oxidation of the 
deeper layers and formation of the clusters surrounded 
by oxide shell deep inside the porous layer. A decrease 
of PL intensity can be connected as with the change in 
the number of defects in the surface layers due to ap-
pearance of mechanical stresses after oxidation as with 
the total reduce of the number of silicon nanocrystals 
just on the surface due to their complete oxidation.

CONCLUSION
As a result of the investigations made in the work 

it was found that for all of the samples having the 
brightest photoluminescence within the visible optical 
range a wide band in the IR spectra is clearly observed 
at 600—700 cm–1 with the main peak at 616 cm–1, 
characteristic of Si-Si bonds.

For the samples with less intensive PL this band is 
expressed in a less extent and it completely disappears 
for the samples that do not demonstrate any PL prop-
erties. This peculiarity can be explained by the presence 
of a considerable amount of silicon nanocrystals/nano-
clusters in the porous layer that is in a good agreement 
with the previous investigations. Under storage in the 
air for a long time PL intensity for different samples 
was reduced in different manner but this decrease at 
least qualitatively correlated with a decay of intensity 
of the absorption band in IR spectra at the range of 
600—700 cm–1; at the same time the absorption band 
at ~ 1020 cm–1 corresponding to Si-O bonds was clear-
ly enhanced. It means that the correlation noted above 
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was kept. The shape and intensity of the other absorp-
tion bands of the IR spectra was changed to a less extent.

A decrease in sizes of silicon nanoclusters in the 
surface layers in the process of a long-term natural oxi-
dation during por-Si storage in the atmosphere seemed 
to result in a shift of PL band to the shorter wavelengths. 
However, it was not observed in our experiments. In our 
opinion, the processes of decrease of nanosilicon cluster 
sizes for the samples exposed in the atmosphere, proceed 
more slowly due to a gradual formation of more compact 
oxide shell around silicon core. Besides, an oxidation of 
the deeper por-Si layers occurs under longer time of the 
sample storage in the atmosphere.
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