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We present results of experimental study of nanoporous Si (SiNР) structure formation by using 
the method of metal-stimulated chemical etching upon irradiation with small doses of γ-radiation 
directly in the process of production (in situ). It is shown that the radiation leads to an increase 
of the crystallization of SiNP structures obtained on previously irradiated substrates. Apparently, 
this can be explained by a decrease in the initial defectiveness of the silicon substrate due to 
irradiation with small doses of γ-radiation.
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Recently there has been an increase in interest in porous silicon (SiNP) 
nanowires which are obtained by the method of metal-stimulated chemical 
etching (EE method) [1–3]. This is due to the use of nanostructured porous 
silicon in modern electronics, optoelectronics, biomedicine as the materials 
for creating active substrates for giant Raman spectroscopy (SERS) [4–7], as 
well as for elaborating multifunctional resistive and capacitive devices [8, 9].
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The morphology of nanostructures and their 
sizes can be controlled by selecting technological 
parameters, modifying the initial silicon or the fi nal 
structure. Studying the infl uence of gamma radiation 
on the properties of crystalline materials has shown 
that there is a so-called effect of small doses (D =
= 103−105 R), in which, in contrast to large doses, the 
structure is ordered and, accordingly, the properties 
of the material are modifi ed [10–12].

The explanation of this effect assumes the crucial 
infl uence of the initial crystal defect on the processes 
which are caused by radiation exposure. At the same 
time, it is supposed that at the fi rst stage of exposure, 
point defect transformations prevail and result in a 
decrease in the initial defect. At the next stage of 
radiation exposure, the concentration of radiation 
defects grows and, as a result, they predominantly 
infl uence the semiconductor properties [9–18]. 

According to [11–18], the radiation treatment of 
the fi nal nanostructures was carried out at the stage 
of substrate preparation and after the formation of 
a porous silicon layer. Taking into account that the 
substrate structure in SiNP is repeated for almost 
the entire formed layer, it is advisable to carry out a 
modifi cation by irradiating both the substrate and the 
SiNP layer during its formation. This issue has not 
been considered in the literature known to us. 

This work presents studies of the SiNP nano-
structure formation upon irradiation with γ-radiation 
directly in the process of production (in situ).

P-type mono-crystal silicon with a resistivity of 
4.5 Ω cm and a crystallographic direction of <111> 
was used to form porous silicon by the two-stage EE 
method on unirradiated and γ-irradiated substrates. 
The substrates were irradiated with bremsstrahlung-
radiation of the electron accelerator of the SGU 
betatron at a maximum energy of Eγmax = 25 MeV. 
Samples were placed in the beam center at the dis-
tance of 75 cm from the platinum inhibitory target. 
The exposure dose for substrate irradiation was 10, 
20, 30, and 40 kR. SiNP structures were obtained by 
irradiating with bremsstrahlung-radiation from the 
Varian Unique medical linear electron accelerator of 
the Saratov Regional Oncology Center at an electron 
energy of 6 MeV. The radiation dose was 24 kR. The 
fi rst stage of production consisted in the chemical dep-
osition of silver on the surface of various substrates. 
The substrates were immersed in an aqueous solution 
of 0.01 MAgNO3 and 5 MHF (1 min). Cuvettes with 
several unirradiated and irradiated substrates were 
placed in the irradiation chamber.

At the second stage, the treated samples were 
placed in an etching aqueous solution of 5 MHF, 0.5 

MH2O2 and were irradiated. After processing, the 
samples were etched in a concentrated nitric acid for 
an hour. The surface morphology and the cleavage 
of SiNP samples were studied. The SiNP structural 
properties were studied on the base of measurements 
performed on the analytical complex MIRA 2 LMU 
scanning electron microscope (SEM) and the DRON-
4 diffractometer using an X-ray tube with a copper 
anode (Cu-Kα), and the corresponding results were 
presented. 

The PCPDFWIN database (v. 2.02, 1999, Inter-
national Center for -Diffraction Data (JCPDS)) was 
used to analyze the diffraction patterns. The X-ray 
diffractometry allows to track changes in the crystal 
structure of samples and evaluate the effectiveness of 
γ-radiation. Fig. 1 shows a typical surface morphol-
ogy of a SiNP sample which is obtained using the EE 
method on an irradiated substrate with dose of 30 kR 
(the etching time is 60 minutes). 

The increase in the etching time leads to a better 
identifi cation of the surface structure of the studied 
samples. While the diameter of the SiNP in their array 
was varied from about 40 to 300 nm, the diameter 
for each individual SiNP did not change signifi cantly 
along the nanowire. The SEM measurement data 
processing enabled us to obtain a dependence of the 
etching depth of the SiNP on the etching time (Fig. 2).

The etching depth of the SiNP depends on the 
etching time. For the etching time from 20 to 50 
minutes, the layer thickness of the SiNP did not de-
pend on the radiation dose within the measurement 
error. When the etching time increased, the height of 
the SiNP pillars was increased sharply with growing 
radiation dose. The X-ray diffraction analysis of the 
substrates and nanosilicon samples without exposure 
and after exposure with γ-rays at the angle range of 
2θ ≈ 28°, 59°, 95° showed that the changes in the 
intensity for each angle were manifested individually. 
Diffraction patterns of irradiated with γ-radiation and 
unirradiated silicon substrates are shown in Fig. 3.

On the unirradiated substrate, a “bifurcation” 
of the diffraction peak is observed at 2θ ≈ 28° of the 
crystallographic direction Si <111> (Fig. 3, a, curve 
1) and thus indicates the presence of microstresses. 
If we assume that the splitting of the Si <111> peak 
is due to a disturbance of the crystallinity of mono-
silicon, it is removed by irradiating the substrate (Fig. 
3, a, curve 2). As a result of radiation treatment, the 
crystallization in the SiNP sample increases. Fig. 3 
illustrates this situation.

The radiation treatment leads to an increase of the 
crystallization of SiNP structures which are obtained 
on previously irradiated substrates. The intensity of 
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the diffraction pattern peaks increases. The broad-
ening of the peaks remains almost unchanged. The 
interplanar spacings of the samples for each crystal-
lographic plane shown in Fig. 3 also differ. Moreover, 
for the <111> plane, the largest interplanar distance 
is observed in the sample which was not subjected 
to radiation treatment, while the smallest distance is 
evident for the sample obtained by irradiation on an 
irradiated substrate. The sizes of crystallites, which 

were defi ned from the diffraction patterns, are large 
enough and increase for the samples obtained in situ. 
The largest sizes were determined for a SiNP sample 
on an irradiated substrate. 

Thus, the studies of the Si nanostructures forma-
tion under irradiation with gamma radiation directly 
in the production process (in situ) are presented. The 
X-ray phase analysis of the studied substrates before 
and after irradiation and the SiNP samples obtained 

Fig. 1. Surface morphology and cleavage of a SiNP sample

Fig. 2. Dependence of the etching depth of the 
SiNP on the etching time (irradiation of the 
substrate with γ-rays of 30 kR (circles) and 40 kR

 (squares))

Fig. 3. X-ray diffraction patterns of SiNP samples of 
Si peaks <111> (a), <222> (b), <511> (c) obtained in 
situ on unirradiated (1 – black circle) and irradiated 

(2 – blank circle) substrates
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in situ by the EE method revealed the removal of 
microstresses in the SiNP structure. Evidently, this 
is related to a decrease in the initial defectiveness 
of the silicon substrate due to irradiation with small 
doses of γ-radiation [12–18]. Due to the infl uence of 
γ-rays in the irradiation chamber and change in situ 
properties of the hydrofl uoric acid aqueous solution, 
the rate of radiation-induced oxidation of samples 
also changed [10].
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Приводятся результаты экспериментального исследования 
формирования структур нанопористого Si (SiNР) методом 
металл стимулированного химического травления при об-
лучении малыми дозами γ-радиации непосредственно в 
процессе получения (in situ). Показано, что радиационное 
излучение приводит к увеличению кристаллизации структур 
SiNР, полученных на предварительно облученных подложках, 
и может быть связано с понижением исходной дефектности 
подложки кремния.

Ключевые слова: пористый кремний, металлстимулиро-
ванное химическое травление, наноструктуры, рентгеновская 
дифрактометрия, морфология, in situ, гамма радиация, доза 
облучения, микронапряжения, дефекты, сканирующий элек-
тронный микроскоп поры, размеры кристаллитов.
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