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We present results of experimental study of nanoporous Si (SiNP) structure formation by using
the method of metal-stimulated chemical etching upon irradiation with small doses of y-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 y-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 final
structure. Studying the influence of gamma radiation
on the properties of crystalline materials has shown
that there is a so-called effect of small doses (D =
=103-10° R), in which, in contrast to large doses, the
structure is ordered and, accordingly, the properties
of the material are modified [10-12].

The explanation of this effect assumes the crucial
influence of the initial crystal defect on the processes
which are caused by radiation exposure. At the same
time, it is supposed that at the first 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
influence the semiconductor properties [9-18].

According to [11-18], the radiation treatment of
the final 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
modification 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 y-radiation
directly in the process of production (in situ).

P-type mono-crystal silicon with a resistivity of
4.5 Q cm and a crystallographic direction of <111>
was used to form porous silicon by the two-stage EE
method on unirradiated and y-irradiated substrates.
The substrates were irradiated with bremsstrahlung-
radiation of the electron accelerator of the SGU
betatron at a maximum energy of £, =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
first 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
0f 0.01 MAgNO; 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
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MH,0, 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-K,), 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
y-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
identification 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 significantly
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 y-rays at the angle range of
20 = 28°, 59°, 95° showed that the changes in the
intensity for each angle were manifested individually.
Diffraction patterns of irradiated with y-radiation and
unirradiated silicon substrates are shown in Fig. 3.

On the unirradiated substrate, a “bifurcation”
of the diffraction peak is observed at 20 = 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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Fig. 1. Surface morphology and cleavage of a SiNP sample
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Fig. 2. Dependence of the etching depth of the
SiNP on the etching time (irradiation of the

substrate with y-rays of 30 kR (circles) and 40 kR
(squares))

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
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Fig. 3. X-ray diffraction patterns of SINP samples of
Si peaks <111> (a), <222> (b), <511> (c) obtained in
situ on unirradiated (/ — black circle) and irradiated
(2 — blank circle) substrates

were defined 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
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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 y-radiation [12—18]. Due to the influence of
y-rays in the irradiation chamber and change in situ
properties of the hydrofluoric acid aqueous solution,
the rate of radiation-induced oxidation of samples
also changed [10].

Acknowledgements: This work was supported by
the Russian Foundation for Basic Research (project
No. 18-07-00752).

References

1. Huang Z., Geyer N., Werner P., Gosele U. Metal-Assisted
Chemical Etching of Silicon: A Review. Adv. Mater., 2011,
no. 23, pp. 285-308.

2. Meicheng Lia, Yingfeng Lia, Wenjian Liua, Luo Yueb,
Ruike Lia, Younan Luoa, Mwenya Trevora, Bing Jianga,
Fan Baia, Pengfei Fua, Yan Zhaoc, Chao Shenc, Joseph
Michel Mbenguea. Metal-assisted chemical etching for
designable monocrystalline silicon nanostructure. Materi-
als Research Bulletin, 2016, vol. 76, pp. 436—449.

3. Yuliang He, Chenzhong Yin, Guangxu Cheng, Luchun
Wang, Xiangna Liu The structure and properties of nano-
size crystalline silicon films. J. Appl. Phys., 1994, vol. 75,
no. 2, pp. 797-803.

4. Cao G., Wang Y. Nanostructures and Nanomaterials: Syn-
thesis, Properties, and Applications. 2" ed. World Scientific
Publishing Company, 2011, book 2, 596 p. (World Scientific
Series in Nanoscience and Nanotechnology).

5. Kotkovsky G. E., Kuzishchin Yu. A., Nabieva I. R., Mar-
tynov L. L., Chistyakova A. A. Photophysical properties
of porous silicon and its application in engineering and
biomedicine. Yadernaya fizika i inzhiniring [Nuclear
Physics and Engineering], 2013, vol. 4, no. 2, pp. 174—
192 (in Russian). DOI: 10.1134/S2079562913020073

6. Gonchar K. A, Kitaeva V. Y., Zharik G. A, Eliseev A. A.,
Osminkina L. A. Structural and Optical Properties of Sili-
con Nanowire Arrays Fabricated by Metal Assisted Chemi-
cal Etching With Ammonium Fluoride. Front. Chem.,
2019, vol. 6, pp. 1-7. DOI: 10.3389/fchem.2018.00653

7. Galushka V. V., Belobrovaya O. Ya., Bratashov D. N.,
Kondrateva O. Yu., Polyanskaya V. P., Sidorov V. I,
Yagudin I. T., Terin D. V. Gamma-Radiation Monitoring
of Luminescent Porous Silicon for Tumor Imaging. Bio-
NanoScience, 2018, vol. 8, no. 3, pp. 818-822.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Bilenko D. 1., Belobrovaya O. Ya., Terin D. V., Galush-
ka V. V., Galushka I. V., Zharkova E. A., Polyanskaya V. P.,
Sidorov V. I, Yagudin I. T. Effect of Low y-Radiation
Doses on the Optical Properties of Porous Silicon. Semi-
conductors, 2018, vol. 52, no. 3, pp. 331-334.
Galushka V. V., Zharkova E. A., Terin D. V., Sidorov V. L,
Khasina E. I. Mechanisms of frequency-dependent
conductivity of mesoporoussilicon at y-irradiation
with small doses. Tech. Phys. Lett., 2019, vol. 45,
pp. 533-536.

Astrova E. V., Vitman R. F., Emtsev V. V. Effect of
y-radiation on the properties of porous silicon. Semicon-
ductors, 1996, vol. 30, no. 3, pp. 279-286.

Mamontov A. P., Chernov 1. P. Small Dose lonizing Ra-
diation Effect. Tomsk, Del’taplan Publ., 2009. 286 p. (in
Russian).

Chernov 1. P., Mamontov A. P., Korotchenko 1. A. Radia-
tion Ordering of the Structure of Imperfect Semiconduc-
tor Crystals. Sov. Phys. Semicon., 1980, vol.14, no. 11,
pp. 1346-1348 (in Russian).

Chernov I. P.,, Momontov A. P., Cherdantsev P. A.,
Chakhlov B. V. Ordering the crystal structure by ion-
izing radiation. Russ. Phys J., 1994, vol. 37, no. 12,
pp. 1161-1168 (in Russian). DOI: https://doi.org/10.1007/
BF00569797

Chernov I. P., Mamontov A. P. Ordering of the crystal
structure by ionizing radiation (the effect of small doses
of ionizing radiation.) /zv. Tomsk. Politekhn. Univers.
Inzhiniring georesursov, 2000, vol. 303, iss. 1, pp. 74-80
(in Russian).

Ushakov V. V., Dravin V. A., Mel’nik N. N., Karavan-
skii V. A., Konstantinova E. A., Timoshenko V. Yu. Radia-
tion Resistance of Porous Silicon. Semiconductors, 1997,
vol. 31, no. 9, pp. 966-968.

Chernov 1. P., Mamontov A. P., Betaki A. L. Anomalous
effect of small doses of gamma radiation on metals and
alloys. Atomic Energy, 1984, vol. 57, iss. 1, pp. 56-58 (in
Russian).

Ismail Khalaf Abbas, Laith Ahmed Najam, Abd Ulkkahliq
Auobsulaiman. The Effect of Gamma Irradiation on the
Structural Properties of Porous Silicon. International
Journal of Physics, 2015, vol. 3, no. 1, pp. 1-7.
Belobrovaya O. Ya., Galushka V. V., Galushka I. V.,
Zharkova E. A., Polyanskaya V. P., Sidorov V. L.,
Terin D. V., Yagudin I. T. Change in the parameters
of porous silicon upon irradiation of the substrate.
In: Nanostructures in condensed matter: collection
of scientific articles. Minsk, A. V. Luikov Heat and
Mass Transfer Institute of NAS of Belarus, 2018,
pp- 291-294 (in Russian).

Cite this article as:

Belobrovaya O. Ya., Galushka V. V., Karagaychev A. L., Zharkova E. A., Polyanskaya V. P., Sidorov V. L., Terin D. V., Man-
tsurov A. A. Nanostructured Porous Silicon Layers Formation at Low Doses of y-Radiation. Izv. Saratov Univ. (N. S.), Ser.
Physics, 2019, vol. 19, iss. 4, pp. 312-316. DOI: https://doi.org/10.18500/1817-3020-2019-19-4-312-316

Kpatkne coobluerns

315



==

r3s. Capart. yH-Ta. HoBs. cep. Cep. Pr3nka. 2019. T. 19, Bbin. 4

YK 535.375.5:537.533.35:539.23:54-7

dopmMupoBanue cnoes HaHOCTPYKTYPUPOBAHHOIO
NOPUCTOro KPeMHUS Npu 0651y4eHun
ManbiMK £03aMK Y-paguaLuu

0. 9. BenoGpogas, B. B. Manywka, A. JI. Kaparaitues,
3. A. Xapkoga, B. 1. Monsxckas, B. U. Cugopos,
4. B. Tepun, A. A. MaHuypos

Benobposas Onbra $koBneBHa, BEAyLUMIA MHXEHep nabopatopuu
MUKDPO3NEKTPOHNKN (akKynbTeTa HAHO- U GUOMEAMLIMHCKMX TEXHO-
noruid, CapaToBCKMIN HALMOHAMBHBIA UCCNE0BATENLCKMIA rOCYAap-
CTBEHHbII yHMBepcuTeT UMeHu H. I YepHbiwesckoro, olgabel50@
yandex.ru

lanywka Buktop Bnagumuposuy, HayyHblii cotpyaHuk OHUHC u
BC, CapaToBCKWiA HauMOHanbHbIi UCCNEA0BATENbCKMIA rocynap-
CTBEHHbII YHUBepcuTeT uMeHu H. T Yepubiwesckoro, gwiktor@
mail.ru

Kaparainyes Angpeit JIeOHMA0BMY, HayanbHUK OTAENA MEeANLMH-
ckoii duankn, Y3 «Q6nacTHO KIMHWUYECKWUA OHKONOrMYECKMit
ancnaxcep», r. Caparos, carandleo@gmail.com

Xapkoa 3nbBupa AnekcaHapoBHa, CTApLINA HAYYHBI COTPYAHNK
nabopaTopum MUKPOINEKTPOHUKM aKynbTeTa HaHo- U Bruomeau-
LMHCKUX TEXHOMOrWiA, KaHAMAAT (GU3NKO-MATEMATMYECKMX HayK,
CapaToBCKMii HaLMOHANbHbIA UCCNEeA0BaTeNbCKUA YHUBEPCUTET
umenn H. T. YepHbiwesckoro, lab32@mail.ru

MonsiHckas BaneHTuHa MeTpoBHa, BeAyLLMiA MHXEHeP nabopaTopum
MUKDPO3NEKTPOHNKN (akynbTeTa HaHO- U OMOMEAMLIMHCKMX TEXHO-
norvid, CapaToBCKMIA HALMOHAMBHBIA UCCNEA0BATENLCKMIA rOCYaap-
CTBEHHbIN YHMBepcuTeT umenn H. T YepHbiwesckoro, polvalpet@
gmail.com

CunopoB Bacunuii MBaHoBwy, 3aBeayiowwmii JIAD n Y, Capatosckuii
HaUMOHANbHbIVA MCCNEA0BATENbCKUN FOCYAAPCTBEHHBIA YHUBEPCUTET
umenn H. I YepHbiwesckoro, lab32@mail.ru

TepuH [lennc Bnagummnposuy, JOLEHT Kadeapbl MaTepuanoBeaeHus,
KaHAMAAT TEXHUYECKUX Hayk, CapaToBCKMiA HALMOHANbHBIN Uccneao-
BaTe/bCKUA rOCYAAPCTBEHHbIN YHUBEPCUTET UMEHM H. I YepHbllues-
ckoro, lab32@mail.ru

MaHLypoB AHTOH AHppeeBumy, acnupaHT dakynbTeTa HaHo- 1 6uo-
MELMLMHCKNX TexHoNormuii, CapaToBCKMIn HALMOHANbHBIA UCcneao-
BaTe/bCKUIA rOCYAAPCTBEHHBIN YHUBEPCUTET MMEHM H. I YepHbllwes-
ckoro, lab32@mail.ru

MpnBoasATCS pe3ynbTaThl 3KCMEPUMEHTANBHOTO MCCAEA0BaHMS
dopmuposanns cTpykTyp Havonopuctoro Si (SiNP) metomom
MeTanN CTUMYNMPOBAHHOTO XMMUYECKOr0 TPaBeHWs npu 06-
JIy4EHUN ManbIMM [103aMM Y-pajnauunm  HenoCcpeACTBEHHO B
npouecce nonyyeHns (in situ). MokasaHo, 4TO pagmaLMOHHOE
U3Ny4YeHNe NPUBOAMT K YBENMYEHUIO KPUCTANIM3ALMN CTPYKTYP
SiNP, nonyyeHHbIX Ha NpefBApPUTENbHO 00YYEHHBIX MOA0KKAX,
1 MOXET ObITb CBA3AHO C MOHUXEHWEM UCXOAHON [edeKTHOCTU
MOLNOXKU KPEMHNS.
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