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St. Petersburg State Polytechnical University Journal: Physics and Mathematics starts a 
series of special issues collecting the proceedings of international conferences in physics and 
mathematics.

Since its inception in 2008 as part of, the journal has been published 4 times a year. This  year 
marks our 15th anniversary. The journal has upheld the high standards of research excellence, 
with all manuscripts subjected to stringent peer review procedures. Our reviewers are world-
class scientists, many of them leading their own research teams. Our papers are indexed by 
both Russian (RSCI) and international databases such as Scopus and Web of Science. The 
Editorial Board welcomes manuscripts combining approaches from different fields of physical 
and mathematical sciences: thus, the journal provides a unique platform for exchange and 
dissemination of  new knowledge. The Editorial Board comprises renowned scientists from major 
research institutions around the world.

The journal has previously published selected papers from international conference proceedings. 
Opening a series of conference proceedings, this issue exclusively contains the reports presented 
at the Sixth Asian School-Conference on Physics and Technology of Nanostructured Materials 
(ASCO-Nanomat 2022). The Editorial Board believes that publishing materials from international 
conferences facilitates the exchange of scientific information, advancing the present state of 
physical knowledge. Furthermore, all researchers, especially young scientists, are given an 
opportunity to publish their best reports at international conferences, with further indexing in 
international databases.

Preserving the best traditions of Russian university journals, we are open to new ideas, striving 
to address the international scientific community. The Editorial Board hopes that additional 
conference issues will give us an opportunity to expand our readership around the world.

Professor Vadim Ivanov, 
Editor-in-Chief

MESSAGE FROM THE EDITORIAL BOARD

© Peter the Great St. Petersburg Polytechnic University, 2022
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The Sixth Asian School-Conference on Physics and Technology of 
Nanostructured Materials (ASCO-Nanomat 2022) has been held under 
the auspices of the Institute of Automation and Control Processes 
of the Far Eastern Branch of Russian Academy of Sciences and Far 
Eastern Federal University, in Vladivostok on April, 25–29, 2022. 
ASCO-NANOMAT 2022 was intended as a forum for senior and young 
scientists and technologists from Asian and European universities, 

academic institutes and industrial enterprises where they can present their latest findings and 
develop new synergies in the field of Physics and Technology of Nanostructured Materials and 
related subjects. 

Vladivostok is a Russian city in the Far Eastern region, geographically close to Asian countries: 
China, Japan, Korea, India, Taiwan, Australia and others. Therefore, the primary goal of this 
School-Conference is to stimulate multidisciplinary contacts and cooperation between scientists 
from Asia and Europe. Russia acts here as a bridge connecting two parts of the world. The second 
goal is to give young scientists an opportunity to deliver their presentations in an international 
conference, with awards for the best oral or poster report to motivate them. 

The conference was held in hybrid format, both on-site and online. The live sessions were 
held at the FEFU campus, attended by 56 participants from Vladivostok and 35 from other 
cities, including foreign students. The rest of the contributors from Russia and from abroad 
participated in an online format due to coronovirus restrictions. The School-Conference has 
been deemed a success achieving all of its goal. Due to a large number of reports, the conference 
was simultaneously held in two halls. Overall, 9 plenary, 17 invited, 59 oral and 125 poster reports 
have been presented (on-site and online) by the participants, including renowned professors, 
young scientists and post-graduate students from 13 Asian and European countries, including 
Russian Federation. The ASCO-Nanomat 2022 is a multidisciplinary school-conference, which 
has been held for the sixth time, and had six scientific sections: 

•Physics of nanostructures and interfaces, self-organization processes, two-dimensional 
materials

•Physics of semiconducting nanostructures and heterostructures, including silicide, Group-
IV alloy materials, A3B5 and A2B6 heterostructures: experiment, calculations and technology

•Ferromagnetic and ferroelectric materials, including nanomaterials, a spintronics
•Nanostructured coverages, nanocomposites, functional hybrid materials: formation, structure 

and properties
•Laser nanofabrication, all-dielectric materials, nanomaterials: fundamentals and applications

PREFACE
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Preface

© Peter the Great St. Petersburg Polytechnic University, 2022

Photonic and electronic devices: integrated circuits, solar cells, nanophotonics, biophotonics
Abstracts of all reports were published electronically by Dalnauka publishing house.
At the end of the conference, 8 young scientists (under 35 years old) were awarded prizes for 

the best oral and poster presentations. After the conference, the on-site participants visited an 
open-air zoo 60 km from Vladivostok.

The Publishing Committee and International Program Committee have selected 43 unpublished 
articles, which were recommended for publication in St. Petersburg Polytechnic University Journal: 
Physics and Mathematics as selected Proceedings.

We, the International Program Committee, are very pleased to publish selected articles of 
ASCO-NANOMAT 2022 for scientists, researchers and students with interest in the physics and 
technology of nanostructured materials. 

We would like to take this opportunity to thank all authors, plenary and invited lectors, the 
Organizing Committee and International Program Committee members for their contributions 
to the conference.

Professor Nikolay G. Galkin,
Chairman of ASCO-Nanomat 2022,
Vladivostok, Institute of Automation
and Control Processes FEB RAS
(galkin@iacp.dvo.ru) 
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Conference materials
UDC 538.9 + 535.3
DOI: https://doi.org/10.18721/JPM.153.101 

 Formation, structure, and optical properties of single-
phase CaSi and CaSi2 films on Si substrates

N. G. Galkin 1, 2 ✉, K. N. Galkin 1, O. V. Kropachev 1, I. M. Chernev 1, 

S. A. Dotsenko 1, D. L. Goroshko 1, 2, E. Yu. Subbotin 1, A. Yu. Alekseev 3, D. B. Migas 3 
1 Institute of Automation and Control Processes FEB RAS, Vladivostok, Russia;

2 Far Eastern Federal University, Vladivostok, Russia; 
3 Belarusian State University of Informatics and Radioelectronics, Minsk, Belarus

✉ galkin@iacp.dvo.ru
Abstract: In this paper, we report on optimizing the conditions for subsequently growing 

single-phase films of calcium monosilicide (CaSi) and calcium disilicide (CaSi2) on single-crys-
tal silicon by reactive deposition epitaxy (RDE) and molecular beam epitaxy (MBE). The tem-
perature range for the growth of CaSi films (400–500 °C) was determined, as well as the tem-
perature range (600–680 °C) for the growth of CaSi2 films on silicon with three orientations: 
(111), (100) and (110). The minimum temperatures for the epitaxial growth of CaSi films by 
the RDE method and CaSi2 films by the MBE method were determined, amounting to, respec-
tively, T = 475 °C and T = 640 °C. An increase in the ratio of Ca to Si deposition rates to 26 
made it possible to grow a large-block CaSi2 epitaxial film with the hR6 structure by the MBE 
method at T = 680 °C. Raman spectra and reflection spectra from single-phase epitaxial CaSi 
and CaSi2 films on silicon were recorded and identified for the first time. The correspondence 
between the experimental reflection spectra and the theoretically calculated reflection spectra 
in terms of amplitude and peak positions at photon energies of 0.1–6.5 eV has been established. 
Single-phase CaSi and CaSi2 films retain transparency in the photon energy range 0.4–1.2 eV.

Keywords: CaSi films, CaSi2 films, silicon, single-phase growth, optical functions, energy 
band structure, ab initio calculations

Funding: The study was supported by a Russian Foundation for Basic Research grant no. 
20-52-00001-Bel_а.

Citation: Galkin N.G., Galkin K.N., Kropachev O.V., Chernev I.M., Dotsenko S.A., 
Goroshko D.L., Subbotin E.Yu., Alekseev A.Yu., Migas D.B.,  Formation, structure, and 
optical properties of single-phase CaSi and CaSi2 films on Si substrates. St. Petersburg State 
Polytechnical University Journal. Physics and Mathematics. 15 (3.1) (2022) 9–15. DOI: 
https://doi.org/10.18721/JPM.153.101

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Материалы конференции
УДК 538.9 + 535.3
DOI: https://doi.org/10.18721/JPM.153.101

Формирование, структура и оптические свойства 
однофазных пленок CaSi И CaSi2 на Si подложках

Н. Г. Галкин 1,2 ✉, К. Н. Галкин 1, О. В. Кропачев 1, И. М. Чернев 1, 

С. А. Доценко 1, Д. Л. Горошко 1,2, Е. Ю. Субботин 1, А. Ю. Алексеев 3, Д. Б. Мигас 3 

1 Институт автоматики и процессов управления ДВО РАН, г. Владивосток, Россия;
2 Дальневосточный федеральный университет, Владивосток, Россия;

3 Белорусский государственный университет информатики и радиоэлектроники, г. Минск, Беларусь

CONDENSED MATTER PHYSICS 

© Galkin N.G., Galkin K.N., Kropachev O.V., Chernev I.M., Dotsenko S.A., Goroshko D.L., Subbotin E.Yu., Alekseev A.Yu., 

Migas D.B., 2022. Published by Peter the Great St. Petersburg Polytechnic University.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

10

© Галкин Н. Г., Галкин К. Н., Кропачев О. В., Чернев И. М., Доценко С. А., Горошко Д. Л., Субботин Е. Ю., 

Алексеев А. Ю., Мигас Д. Б., 2022. Издатель: Санкт-Петербургский политехнический университет Петра Великого.

✉ galkin@iacp.dvo.ru
Аннотация. В работе оптимизированы условия и выращены однофазные пленки 

моносилицида кальция (CaSi) и дисилицида кальция (CaSi2) на монокристаллическом 
кремнии с тремя ориентациями: (111), (100) и (110). Определена минимальная 
температура эпитаксиального роста пленок CaSi методом РДЭ: T = 475 °C и пленок 
CaSi2 методом МЛЭ: T = 640 °C, выращена крупноблочная эпитаксиальная пленка 
CaSi2 со структурой hR6.  Впервые зарегистрированы и идентифицированы спектры КР 
и спектры отражения от однофазных эпитаксиальных пленок CaSi и CaSi2 на кремнии. 
Установлено соответствие между экспериментальными спектрами отражения и 
теоретически рассчитанными спектрами отражения при энергиях фотонов 0,1 – 6,5 эВ. 
Однофазные пленки CaSi и CaSi2 сохраняют прозрачность в диапазоне энергий фотонов 
0,4–1,2 эВ.

Ключевые слова: пленки CaSi и CaSi2, кремний, однофазный рост, оптические 
функции, зонная структура, первопринципные расчеты

Финансирование: Работа выполнена при поддержке гранта РФФИ № 20-52-00001-Бел_а.

Ссылка при цитировании: Галкин Н. Г., Галкин К. Н., Кропачев О. В., Чернев И. 
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Introduction

Calcium silicides are environmentally friendly materials, taking a special place among alkaline 
earth metal silicides. This is primarily due to a wide range of properties of calcium silicides 
from semiconducting [1] to semimetallic [2]. This shows promise for their widespread use in 
various fields of technology and electronics. However, growing single-phase films of semimetallic 
monosilicide (CaSi) and calcium disilicide (CaSi2) on silicon and studying their optical properties 
are challenging tasks due to the presence of at least 6 silicides of different compositions in the 
Ca-Si system [3] and the lack of methods for separating the preferred orientation during growth 
silicon silicides.

The purpose of this work is to grow single-phase CaSi and CaSi2 epitaxial films on silicon with 
different orientations and to determine the features of their band structure and optical properties 
by experimental and theoretical methods.

Experimental

The growth of CaSi and CaSi2 films was carried out in an ultra-high vacuum (UHV) chamber 
of the OMICRON Compact setup (2×10-11 Torr) equipped with a LEED analytic equipment and 
different sources of Si and metals (Mg, Ca) [4]. The deposition of Ca (RDE method) or Ca and 
Si (MBE method) was carried out on an atomically clean Si(111)-7x7 surface in two temperature 
ranges: 400–500 °C and 600–680 °C. The deposition rates of Si and Ca were calibrated using 
a quartz thickness gauge. Data on growth regimes and structures of grown Ca silicide films are 
presented in Table 1.

Experimental equipment for optical and Raman spectroscopy and conditions for recording 
transmission (T) and reflection (R) spectra are described in [4]. The crystal structure of the grown 
films was studied by X-ray diffraction (XRD) using the equipment presented in [5]. The analysis 
of the optical characteristics of the grown films was carried out in the framework of a two-layer 
model [6]. Methods for the first-principle calculation of the band structure of CaSi and CaSi2 in 
bulk form and the form of films are presented in [7].
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Tab l e  1

Growth regimes and structures of CaSi and CaSi2 films on silicon substrates

Sample Substrate Growth 
method VCa/VSi

Substrate 
temperature, oC

Film 
thickness, nm XRD data

C440 Si(111) MBE 8.7 500 40 CaSi(010)||Si(111) CaSi(100)||-
Si(111)

V688 Si(111) RDE ‒ 400 100 CaSi (010)/Si(111)
V691 Si(111) RDE ‒ 475 90 CaSi (100)/Si(111)

C317 Si(001) MBE 26 680 400 hR6-CaSi2[100]||Si[10]
hR6-CaSi2(01)||Si(002)

C446 Si(001) MBE 29.3 640 120 h R 6 - C a S i 2( 0 1 ) | | S i ( 111 ) , 
hR6-CaSi2(012)||Si(111)  

V694 Si(111) RDE ‒ 625 80 hR6-CaSi2(001)/Si(111)
hR3-CaSi2(001)/Si(111)

V699 Si(110) RDE ‒ 600 140 hR3-CaSi2(001)/Si(110)

Results and Discussion
Studies of the morphology and structure of films formed by the RDE method at temperatures 

of 400–475 °C showed that there is a temperature limit (475 °C) when CaSi grains crystallize 
in the form of rectangular nanocrystals with dimensions 30–50 nm wide and 200–300 nm long. 
Application of the MBE method for film growth at a temperature of 500°C made it possible to 
form a single-phase CaSi film (Fig. 1,a), which also consisted of ordered rectangular nanocrystals 
(Fig. 1,a, inset). The formation of CaSi2 films was detected during Ca RDE method in the 
temperature range of 600–625 °C on two types of substrates: Si(111) (V694, Table 1) and 
Si(110) (V699, Table 1). Regardless of the substrate orientation, the growth of grains with the  
hR3-CaSi2(001)/Si(111) epitaxial orientation was observed. However, in the case of growth on 
a Si(111) substrate at a temperature of 625°C, the appearance of a polymorphic CaSi2 phase 
with the hR6-CaSi2(001)/Si(111) epitaxial orientation was also observed. During the growth of 
CaSi2 films, the orientation of the formed grains depended on the substrate temperature and the 
ratio of calcium to silicon deposition rates. An increase in the ratio of the Ca to Si deposition 
rate to 26 at a temperature of 680°C led to the formation by MBE method of a thick (400 nm) 
large-block CaSi2 film (sample C317) with epitaxial relationships: hR6-CaSi2[100]||Si[1 1 0] and  
hR6-CaSi2(01 1 )||Si(002) (Table 1). With a decrease in the substrate temperature and an 
approximate preservation of the ratio of rates, the formation of epitaxial grains with two epitaxial 
orientations was observed: hR6-CaSi2(01 )||Si(111) and hR6-CaSi2(012)||Si(111) (Fig. 1, b).

After the samples were unloaded from the growth chambers, the transmission and reflection 
spectra were recorded in the photon energy range from 0.05 eV to 6.5 eV. The main features for 

Fig. 1. XRD spectra for a single-phase CaSi film grown by MBE at T = 500 °C (a) and a single-phase 
CaSi2 film (MBE, T = 640 °C, sample C446) (b) 

The inset in (a) shows the AFM image of the CaSi film (sample C440)

a) b)
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Fig. 2. Reflectance and transmittance spectra for CaSi (a) (samples V688, V691, C440) and CaSi2 (b) 
(samples V694, V699, C317) films on Si substrates

a) b)

the CaSi and CaSi2 films were the partial transparency of both films in the photon energy range 
of 0.2–1.1 eV and the plasma minimum in reflection, which was previously observed for CaSi2 
films [8] with semimetallic properties. The transparency of CaSi2 films (Fig. 2, b) is slightly higher 
than the transparency of CaSi (Fig. 2, a).

Registration of Raman spectra showed that single-phase CaSi and CaSi2 films have several 
individual peaks, which are in good agreement with the data of theoretical calculations [8] 
and preliminary experimental studies for nanocrystalline and non-single-phase films [9, 10]. 
Therefore, Raman spectroscopy data can be used to identify the elemental composition and its single-
phase nature.

Comparison with the data of theoretical reflection spectra for three planes of a single crystal of 
CaSi (Fig. 4, a) and CaSi2 (Fig. 4, b) shows good agreement in the position of the plasma minimum 
for both silicides, which is associated with the contribution of two types of carriers, according to the 
calculations performed in this work. The reflection spectra also agree in magnitude and position of 
the main peaks in the photon energy range of 1.5–6.5 eV, which corresponds to the main interband 
transitions in CaSi and CaSi2 single crystals.

Calculations of the optical functions of CaSi films from the reflection and transmission spectra 
(Fig. 2, a) within the two-layer model [6], taking into account multiple reflection and absorption, 
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient 
(Fig. 5, a), absorption coefficient spectra (Fig. 5, b) and optical conductivity spectrum (Fig. 5, c) 
for CaSi films on silicon in the photon energy range of 0.1–1.2 eV. CaSi films in both samples 
(V691 and V688) have an almost constant absorption coefficient (4–5)∙104 cm–1 at energies of  
0.4–1.2 eV and increasing absorption on free carriers at energies less than 0.4 eV, which is consistent 
with the plasma minimum in the reflection spectrum (Fig. 2, a). An increase in the concentration 
of free carriers correlates with an increase in optical conductivity (Fig. 5, c).

a) b)

Fig. 3. Raman spectra for CaSi (a) (samples V688, V691, C440) and CaSi2 (b) 
(samples V694, V699, C317) films on Si substrates
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a) b)

Fig. 4. Comparison of the theoretical (xx, yy, zz correspond to polarizations) and experimental reflection 
and transmission spectra of CaSi (a) (samples V688, V691, C440) and CaSi2 (b) (samples V694, V699, 

C317) films on Si substrates

b) c)

Fig. 5. Spectra for refractive index n and extinction coefficient k (a), absorption coefficient (b) and 
optical conductivity (c) for CaSi films on Si(111) substrates (samples V688 and V691)

a)

Calculations of the optical functions of CaSi2 films from the reflection and transmission spectra 
(Fig. 2, a) within the two-layer model, taking into account multiple reflection and absorption, 
made it possible to obtain the spectral dependences of the refractive index and extinction coefficient  
(Fig. 6, a), absorption coefficient spectra (Fig. 6, b) and optical conductivity spectrum (Fig. 6, c) 
for CaSi2 films on silicon in the photon energy range of 0.1–1.2 eV. CaSi2 film in the sample V699 
has a slightly variable absorption coefficient (3–4)∙104 cm−1 at energies of 0.1–1.2 eV. The film 
in the V694 sample has a small thickness and may not be continuous, so the calculations showed 
underestimated values of the absorption coefficient (Fig. 6, c). The increase in optical conductivity 
in the sample V699 (Fig. 6, c) is also associated with plasma reflection on free carriers of two signs, 
typical for semimetals [2, 5].

a) b) c)

Fig. 6. Spectra for refractive index n and extinction coefficient k (a), absorption coefficient (b) and 
optical conductivity (c) for CaSi2 films on Si(111) substrates (samples V694 and V699)
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Conclusion

Methods for growing single-phase films of calcium monosilicide and disilicide on single-crystal 
silicon in the temperature range 400–680 °C are analyzed. It has been established that a CaSi 
film with grains without faceting is formed under RDE at a temperature of 400 °C. The faceting 
of CaSi grains was found at Т = 475 оС. Single-phase growth of the CaSi film with epitaxial 
grain orientation was observed during MBE growth at T = 500 °C. The formation of epitaxial 
CaSi2 on Si with (111), (100), and (110) orientations was detected in the temperature range 
600–680 °С by RDE and MBE methods. During the growth by the RDE method, the formation 
of two isomorphic phases was observed hR3-CaSi2 and hR6-CaSi2. At the same time, during 
MBE growth the increase in the ratio of Ca to Si deposition rates up to 26 makes it possible to 
increase the substrate temperature to 680 °C and grow a large-block epitaxial film with hR6-CaSi2 
modification. Raman spectra and reflection spectra from single-phase CaSi and CaSi2 films were 
recorded and identified, and their correspondence in amplitude and peak positions at 0.1–6.5 eV 
with the theoretically calculated reflection spectra, as well as with the available theoretical data 
on Raman spectra, was established. Calculations of the optical functions of single-phase CaSi and 
CaSi2 films, including the spectra of the absorption coefficient and optical conductivity, showed 
the retention of high transparency and high conductivity in the energy range of 0.4–1.2 eV and 
the determining effect of absorption on free carriers on the loss of transparency at energies below 
0.4 eV.
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метода расходуемого шаблона. Показано, что основные пики в экспериментальных 
спектрах отражения и оптической проводимости, рассчитанной по Крамерсу-Кронигу, 
хорошо согласуются друг с другом. Сравнение первопринципных расчетов зонной 
энергетической структуры и оптических свойств монокристалла Ca2Si и двумерных 
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показало хорошее совпадение. 
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Introduction

At least six silicides are formed in the calcium-silicon system [1], including calcium semi-
silicide (Ca2Si), which has semiconductor properties [2]. Since calcium silicides are formed from 
environmentally friendly and widely distributed elements in the Earth's crust [3], they are of 
considerable interest for silicon electronics and optoelectronics. Ca2Si, the most well-known and 
obtained in the form of films, has been mainly studied on silicon with the (111) orientation [4], 
while studies of its structure and optical properties on other surfaces (Si(100) and Si(110)) have 
not yet been carried out.

The goal of this work is to investigate experimentally and theoretically the parameters of the 
energy band structure and optical functions for Ca2Si epitaxial films on silicon substrates with 
different orientations.

Experimental

Ca2Si films were grown in an ultrahigh vacuum (UHV) chamber of an OMICRON Compact 
setup with a base vacuum of 2∙10–11 Torr, equipped with a LEED and AES/EELS analyzer, a 
block of molecular beam sources of silicon (Si), magnesium (Mg), and calcium (Ca) by carrying 
out the deposition of Mg, Ca and Si on the Si(111), Si(001) and Si(110) substrates. The deposition 
rates (Ca, Mg, and Si) were calibrated using a quartz thickness sensor. Sources of Ca, Mg, and 
Si and film growth techniques are described in [4].

The reflection spectra (R-spectra) and transmission spectra (T-spectra) of the grown samples 
were recorded within one day after unloading at room temperature in the photon energy range 
of 0.05–6.5 eV on a Hitachi U-3010 spectrophotometer with an integrating sphere and Fourier 
spectrometer Bruker Vertex 80 v. The optical functions were calculated in the transparency region 
from the T- and R-spectra in the frame of the two-layer model [5] as well as from the integral 
Kramers–Kronig relations over the entire range of photon energies.

Calculations of the electronic band structure and optical functions of Ca2Si were also performed 
using the method of self-consistent full-potential linearized augmented plane waves (FLAPW) in 
its scalar-relativistic version using the WIEN2k package [6].
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Results and Discussion

The morphology of the grown films was studied by AFM. Most of them for samples C423 and 
C424 on Si(111),  C419 on Si(100) and C422 on Si(110) substrates consist of nanograins with 
sizes of 50–150 nm. Only the film in sample C425 consists of rectangular grains 200–400 nm in 
size, what it says about their epitaxial ordering.

          a)                                    b)                                    c)
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Fig. 1. Reflection and transmission spectra of Ca2Si films on Si(111) (samples C423, C424, C425) (a), 
Si(001) (sample C419) (b) and Si(110) (sample C422) (c) substrates

The main features for the selected samples with Ca2Si films were transparency in the photon 
energy range of 0.05–1.2 eV. The shape of the reflection spectra (Fig. 1) and the position of the 
peaks at energies from 1.3 eV to 4.5 eV for Ca2Si films not covered by silicon are retained also 
taking into account Ca2Si films on silicon [4].

Furthermore, absorption coefficient spectra were calculated (Fig. 2, a). It can be seen that a 
high level of the absorption coefficient (1.0–1.5)∙104 cm-1 is maintained from 1.0 eV to 0.4 eV, 
which corresponds to a high density of states in the Ca2Si band gap. Fundamental absorption of 
light begins at photon energies above 1.0 eV, which is confirmed by the spectra of the squared 
absorption coefficient versus photon energy (Fig. 2, b). Extrapolation of the linear portions of 
this dependence for the grown films gives a certain spread in the values of the direct interband 
transition from 1.02 eV to 1.09 eV, which are close to the values of E1d = 1.095 ± 0.15 eV [4]. 
The maximum value of the direct interband transition was obtained for a film with a minimum 
thickness and grown at a temperature of 250 °C.

Comparison with the data of ab initio theoretical calculations of the absorption coefficient 
spectra (Fig. 3 left panel) and reflection spectra (Fig. 3, right panel) for three light polarizations 
in Ca2Si(100) thin films shows a good agreement in terms of peaks in Ca2Si, which corresponds 
to the main interband transitions in Ca2Si single crystals [7] and experimental spectra (Fig. 1).

Fig. 2. Spectra for absorption coefficient (a) and square of absorption coefficient versus photon energy 
(b) for Ca2Si films on Si(111) (samples C423, C424, C425) and Si(110) (sample C422) substrates

а) b)
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The absorption edge, according to the 
calculation data, is at an energy of about 
0.72– 0.82 eV (Fig. 3, left panel), depending 
on the polarization of the incident radiation 
(xx, yy, zz). The strongest interband 
transition begins at energy of about 1.2 eV. 
The latter value is in good agreement with 
the experimental data (Eg = 1.095 eV) [4].

Calculations from the reflection spectra 
by the Kramers–Kronig method showed 
the presence in Ca2Si films on silicon of 
strong absorption at energies higher than 
1.5–2.0 eV, depending on the presence of 
an additional phase, for example, CaSi 
(sample C419) (Fig. 4, a). This absorption 
is associated with direct interband transitions 
occurring with a strong oscillator far enough 
from the fundamental absorption edge in 
Ca2Si (0.88 eV). Calculation of the optical 
absorption value showed that it starts at 
energies above 1.5 eV with a peak above 
2.1 eV (Fig. 4, b) regardless of the crystalline 
quality of the films and the presence of the 
calcium monosilicide phase.

Fig. 3. Dependence of optical absorption (left 
panel) and reflection (right panel) coefficients 
on the energy of photons for thin Ca2Si(100) 

films in comparison with bulk Ca2Si material

Fig. 4. Spectra for absorption coefficient (a) and optical conductivity (b) for Ca2Si films on Si(111), 
Si(001) and Si(110) substrates in samples C419, C422, C423, C424 and C425

а) b)

          a)                                      b)                                    c)

Fig. 5. Spectral dependences of the square of the absorption coefficient versus photon energy for Ca2Si 
films on Si(111) (a), Si(001) (b) and Si(110) (c) substrates in samples C423, C424, C419 and C422
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The values of interband transitions were determined by the standard procedure for 
straightening the dependence of the square of the absorption coefficient on the photon 
energy [9] (Fig. 5). For Ca2Si films on a Si(111) substrate (samples C423 and C424), two 
direct interband transitions with energies of 1.37 eV and 1.64 eV were determined (Fig. 5, 
a). For the sample C419 on the Si(001) substrate, which contains the main Ca2Si phase 
and an additional CaSi phase, one direct interband transition with an energy of 1.46 eV is 
observed (Fig. 5, b). The same value is observed for the Ca2Si film on the Si(110) substrate  
(Fig. 5,c, sample C422). For grains of Ca2Si in the sample C425 the main interband transition 
is observed at 1.98 eV, and the first one is observed at about 1.27 eV.

Using the rules of integral sums [8] for samples with Ca2Si films on silicon substrates with 
(111), (001) and (110) orientations, effective values of the number of electrons per unit cell 
(neff) (Fig. 6, a) and effective permittivity (εeff) (Fig. 6, b) were calculated. The value of neff 
begins to increase at energies above 1.6 eV, which corresponds to the calculated reflectance 
spectra (Fig. 4). The initial contribution to the effective permittivity (εeff) (Fig. 6, b) is also 
made by interband transitions with energies from 0.4 eV to 1.4 eV, which is associated with 
their low oscillator strength according to the theoretical data [7]. This contribution increases 
with increasing density of states and transition probabilities at energies above 1.6 eV.

а) b)

Fig. 6. Spectral dependences of the effective values of the number of electrons per unit cell (neff) 
(Fig. 4, a) and effective permittivity (eeff) versus photon energy for Ca2Si films on the Si(111) (a), 

Si(001) (b) and Si(110) (c) substrates in samples C423, C424, C419 and C422

Conclusion
An analysis of the structure, phase composition, optical and phonon properties of films 

grown by MBE on silicon surfaces with (111), (100), and (110) orientations showed that 
the optimum temperature for single-phase formation of Ca2Si is 250 °C. An increase in the 
substrate temperature to 300 °C during growth on a template leads to an increase in the 
contribution of the CaSi phase and blocking the growth of Ca2Si, regardless of the ratio of 
the rates of Ca and Si deposition. From Kramers–Kronig calculations it was shown that the 
main peaks in the optical conductivity spectrum with energies of 1.60, 2.0, 2.67, 3.25 and 
4.05 eV repeat the peaks in the reflection spectrum. The absorption coefficient spectrum 
shows a major increase above 1.6 eV, which corresponds to the contribution from high-energy 
interband transitions in the Ca2Si film. The contribution of transitions with lower energies 
is poorly reproduced due to the contradictions between the idealized two-layer model with 
a sharp boundary and a film with a developed surface and interface. A comparison of ab 
initio calculations of the band energy structure and optical properties for a bulk Ca2Si and 
2D Ca2Si layers with experimental data in the region of high-energy transitions showed good 
agreement between the main maxima in the theoretical and experimental reflection spectra.
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Abstract: The modified Bridgeman method was used to obtain single crystals of 

(Cd0.69Zn0.31)3As2. It has been established that the studied sample crystallizes in space group 
P42/nmc with lattice parameters a = 8.78 Å, b = 12.42 Å. We have investigated the electrical 
conductivity in the temperature range from 10 to 300 K and in a magnetic field of 1 T, and 
determined the temperature dependences of the concentration and mobility of charge carriers. 
We have established that hopping conduction with a variable length of the Mott-type hop takes 
place in the temperature range from 10 to 33 K, and determined its micro parameters.
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Аннотация. Модифицированный метод Бриджмена был использован для получения 
монокристаллов (Cd0,69Zn0,31)3As2. Установлено, что исследуемый образец кристаллизуется 
в пространственной группе P42/nmc с параметрами решетки a = 8,78 Å, b = 12,42 Å. 
Была исследована электропроводность в диапазоне температур от 10 до 300 К и в 
магнитном поле 1 Тл, а также определены температурные зависимости концентрации 
и подвижности носителей заряда. Установлено, что в диапазоне температур от 10 до 
33 К имеет место прыжковая проводимость с переменной длиной прыжка типа Мотта, 
и определены ее микропараметры.
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Introduction
The narrow-gap semiconductor cadmium arsenide (Cd3As2) with an inverted structure of energy 

bands and the highest carrier mobility among semiconductors and semimetals (largely exceeding 
104 cm2/(V·s) at room temperature) is distinguished by its chemical stability, low toxicity, and 
good manufacturability [1,2]. Cd3As2 is believed to manifest an inverted band structure due 
to the spin-orbital coupling (SOC) [3]. The 3D Dirac cones of Cd3As2 have been observed in 
angle-resolved photoemission spectroscopy (ARPES) [2,4,5]. A phase transition from a Dirac 
semimetal to a semiconductor with an increase in the Zn content was experimentally observed in 
single crystals of solid solutions (Cd1–xZnx)3As2 at low temperatures [6]. In this study, we report 
single crystal (Cd0.69Zn0.31)3As2 close to the composition of the concentration phase transition.

Materials and Methods

A modified Bridgman method was used to obtain (Cd0.69Zn0.31)3As2 single crystals. Stoichiometric 
amounts of Cd3As2 and Zn3As2 binary compounds were placed in a graphitized and evacuated 

quartz ampoule. The CZA melt was slowly 
cooled from the melting temperature of 838 °C 
at a rate of 5 °C/h in the furnace temperature 
gradient.

The composition of the samples and their 
homogeneity were controlled by powder 
X-ray diffraction and energy dispersive X-ray 
spectroscopy (EDX). X-ray phase analysis 
(XPA) of the sample was performed using a 
GBC EMMA X-ray diffractometer (Cu Kα 
radiation, λ = 1.5401 Å) at room temperature. 
It has been established that the studied sample 
crystallizes in space group P42/nmc with 
lattice parameters a = 8.78 Å, b = 12.42 Å 
[7].  To study the composition and distribution 
of elements on the surface, we used a JSM-
6610LV (Jeol) scanning electron microscope 
(SEM) with an X-MaxN (Oxford Instruments) 
energy dispersive X-ray spectroscopy (EDX) 
attachment.

 Fig. 1 shows the EDX spectrum from the 
surface of the (Cd0.69Zn0.31)3As2 sample. Fig. 2 
shows the powder diffraction pattern of the 
(Cd0.69Zn0.31)3As2 sample. 

Samples for the study of electrical conductivity 
by the six-probe method were parallelepipeds 
with the dimensions of 1.35×0.67×0.50 mm. 
The temperature dependence of electrical 
conductivity was studied in the temperature 
range from 10 to 300 K, and the Hall effect in 
a magnetic field of 1 T. 

The results of the study of the temperature 
dependence of the resistivity of a solid solution 
single crystal (Cd0.69Zn0.31)3As2 are shown in 
Fig. 3. The inset to Fig. 3 highlights the section 
corresponding to the variable range of the 
hopping conductivity according to Mott.

Fig. 1. EDX spectrum from the surface 
of (Cd0.69Zn0.31)3As2 corresponding to the 

composition

Fig. 2. Powder diffraction pattern of the 
(Cd0.69Zn0.31)3As2 sample
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Results and discussions

As the temperature decreases from 320 K, the resistivity decreases from 2·10–3 Ω·cm to a 
minimum of 5·10–4 Ω·cm at 30 K, and then gradually increases. This behavior is typical of the 
Anderson transition [8]. The study of the Hall Effect in a magnetic field of 1 T made it possible 
to calculate the Hall coefficient RH, the concentration and mobility of charge carriers. At a 
temperature of 10 K, the concentration of charge carriers was equal to 2.81·1017 cm–3, decreasing 
with increasing temperature to 30 K corresponding to the metal-insulator transition.

Fig. 3. Temperature dependence for resistivity of (Cd0.69Zn0.31)3As2 solid solution single crystal. 
The temperature range of 10–33 K in the inset to Fig. 3 corresponds to the Mott variable range 

hopping conductivity

Above 30 K, an activation increase in the concentration of charge carriers was observed, 
which is typical for impurity semiconductors up to a value of 3.05·1017 cm–3. The mobility of 
charge carriers μ exhibits behavior characteristic of semiconductors, increasing with decreasing 
temperature. The value of mobility is maximum at the metal-dielectric transition point at a 
temperature of 30 K and is 4.51·104 cm2·V-1·s-1. A further decrease in temperature leads to a 
decrease in mobility to 4.16·104 cm2·V-1·s-1 at a temperature of 10 K. The mechanisms of charge 
carrier scattering were evaluated.

At low temperatures, in the temperature range from 10 to 30 K, scattering by ionized impurity 
atoms and mobility μ~Т3/2 prevail. In the temperature range from 30 to 300 K, scattering by 
thermal vibrations of the crystal lattice, µ~T–3/2, predominates (Fig. 4).

The inset to Fig. 3 shows a linear section of the temperature dependence of resistivity in the 
temperature range from 10 to 33 K, corresponding to the mechanism of hopping conduction by 
the states of the impurity band. Hopping conductivity is described by the universal equation (1) 
[8–10]:

( )0( ) exp / ,pmT DT T T ρ =                                                                
(1)

where D is a constant coefficient, T0 is the characteristic temperature, and the parameters m and 
p depend on the mechanism of hopping conduction.

Fig. 4. Temperature dependence of mobility of (Cd0.69Zn0.31)3As2 solid solution single crystal
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We have determined the values of the parameters m = 1/4 and p = 1/4, which indicates the 
predominance of the mechanism of hopping conduction with a variable range hop according to 
Mott. When calculating the microparameters, the following obtained values of the coefficients were 
used: the characteristic temperature of the hopping conductivity T0 = 28.60 K; hopping conduction 
onset temperature TV = 28.44 K; coefficient D = 8.488·10–5 Ω·cm·K–1/4. For hopping conduction 
with a variable hop length, the following values of microparameters were obtained: Coulomb gap 
width in the density of localized states Δ = 0.43 meV; acceptor zone width W = 2.45 meV; the 
value of the density of localized states outside the parabolic gap g = 2.93·1017 cm– 3·meV– 1; charge 
carrier localization radius а = 307 Å.

Conclusions

Single crystals of (Cd0.69Zn0.31)3As2 solid solutions were obtained by the modified Bridgman 
method. Sample composition and element distribution was controlled using JSM -6610LV (Jeol) 
scanning electron microscope (SEM) with an X-MaxN (Oxford Instruments) energy dispersive 
X-ray spectroscopy (EDX) attachment.

It has been established that the studied sample crystallizes in space group P42/nmc with 
lattice parameters a = 8.78 Å, b = 12.42 Å. We have investigated the electrical conductivity 
in the temperature range from 10 to 300 K and in a magnetic field of 1 T, and determined 
the temperature dependences of the concentration and mobility of charge carriers. It has been 
established that in the temperature range from 10 to 33 K, hopping conduction with a variable 
range of the Mott-type hop takes place, and its micro parameters have been determined: Coulomb 
gap width in the density of localized states Δ = 0.43 meV, acceptor zone width W = 2.45 meV; 
charge carrier localization radius а = 307 Å. The obtained values do not contradict the literature 
data, which confirms the conclusion about the type of hopping conductivity.
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Abstract. The paper reports on the study of optical phenomena peculiarities in metal-dielectric 
nanocomposite materials based on opal matrices caused by the excitation and propagation of sur-
face plasmon-polaritons along the metal-dielectric interface. It is shown that two types of surface 
plasmon polaritons (‘bright’ and ‘dark’) can occur in the studied structures, which manifests itself 
in the established anomalies of light transmission and absorption.
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Особенности возбуждения поверхностных плазмон-поляритонов 
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Аннотация. Представлены результаты исследования особенностей оптических явлений 
в металлодиэлектрических нанокомпозитных материалах на основе опаловых матриц, 
обусловленных возбуждением и распространением поверхностных плазмон-поляритонов 
вдоль границы раздела металл-диэлектрик. Показано, что в изученных структурах могут 
возникать два типа поверхностных плазмон-поляритонов («светлые» и «темные»), что 
проявляется в установленных аномалиях пропускания и поглощения света.

Ключевые слова: поверхностные плазмон-поляритоны, металлодиэлектрические структуры, 
опалы, оптические свойства
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Introduction

Surface plasmon-polaritons (SPPs) propagating at tangential directions along metal-dielectric 
interfaces [1] allows expanding functionality of photonic crystals [2] that control the flows of 
electromagnetic (EM) radiation [3–5].

One of the most common techniques for SPP excitation using phase-matching to SPP can be 
achieved by grating coupling:

β = kx + 2πl/a,                                                 (1)

where β and kx = ksinθ are tangential projections of wave vectors of SPP and incident photon, 
respectively, θ is the angle of light incidence, a is the period of grating, l is an integer. Thus, 
the peculiarity of SPP excitation by this method is that the metal-dielectric interfaces must be 
profiled. This can be achieved by covering the surface of opal globule [6] monolayer with a thin 
metal (usually silver) layer which retains the shape and spatial periodicity of the interface between 
the opal globules and this layer. To clarify these requirements, optical properties of two metal-
dielectric opal-based structures were studied in this paper. Assuming that the optical resonator 
plays the main role in the studied phenomena, we used the first structure with a profiled optical 
resonator (Fig. 1, a) and the second one (control sample) with a flat resonator (Fig. 1, b).

1

2

3

1

2

3

Fig. 1. Schematics of the metal-dielectric opal-based hybrid plasmon-photonic structures:
glass substrate 1, monolayer (ML) 2 of opal globules, Ag/SiO2/Ag resonator 3

hybrid plasmon-photonic crystal Ag/SiO2/Ag/ML/Ag (a), hybrid plasmon-photonic crystal Ag/ML/Ag/SiO2/Ag (b)

а) b)

Materials and Methods

Samples of hybrid plasmon-photonic crystals [7, 8] were fabricated by sequential deposition 
of metal (Ag) and dielectric (SiO2) film coatings of a given thickness on a grating that was a 
monolayer (ML) of opal globules made of polymethyl methacrylate by magnetron sputtering on 
an ATC Orion Series Sputtering System. 

Cross-sectional images of the samples (Fig. 2, 3) were obtained after processing them with 
a ZEISS FIB-SEM GEMINI scanning electron microscope (SEM). It should be noted that 
focused ion beam treatment (FIB-technology) probably enhances defect concentration in the 
Ag/ML/Ag/SiO2/Ag sample as compared with the Ag/SiO2/Ag/ML/Ag sample which has higher 
mechanical strength due to a rather thick SiO2 layer deposited on the opal globes.
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Fig. 2. SEM image of the sample of hybrid 
plasmon-photonic crystal Ag/SiO2/Ag/ML/Ag

Fig. 3. SEM image of the sample of hybrid 
plasmon-photonic crystal Ag/ML/Ag/SiO2/Ag

The transmission and reflectance spectra of s- and p-polarized light by layered thin-film 
heterostructures (when the vector of the electric field of the EM wave is perpendicular or 

parallel to the plane of incidence, respectively) 
were studied with angular resolution using an 
experimental setup based on the OceanOptics 
QE65000 spectrometer. 

At large angles θ, Bragg reflectance 
spectroscopy was successfully complemented 
with spectral ellipsometry due to the main 
ellipsometric equation [9, 10]:

tan Ψ · ei∆ = rp / rs,                  (2)

where rp and rs are the amplitude reflectance 
coefficients for two types of light polarisation, Ψ 
and ∆ are the ellipsometric parameters. In this 
work, ellipsometric measurements were carried 
out with the Ellipse-1891 spectral ellipsometer. 
As can be seen from Fig. 4, experimental results 
obtained by both optical methods are similar.

Results and Discussion

Both types of hybrid plasmon-photonic crystals under study (Figs. 1, 2 and 3) can be considered 
to be metal-dielectric optical systems consisting of two optical elements (monolayer of opal 
globules and resonator with transmission coefficients T1 and T2, respectively), series-connected 
and located one after another. In the absence of interaction between these ‘passive’ optical 
elements one can calculate the total transmission coefficient T of this system from the relation 
T = T1·T2, hence, the ratio r = T/(T1·T2) = 1. Experiment confirms this assumption [11] only 
for the control sample, the hybrid plasmon-photonic crystal Ag/ML/Ag/SiO2/Ag with a flat 
resonator (Fig. 3), but not for the Ag/SiO2/Ag/ML/Ag system (Fig. 2), where the outer surface of 
a thin layer covering the opal globules retained the shape and spatial periodicity characteristic of 
the interface between the opal-like film and this layer. In this case, excitation of surface plasmon-
polaritons of various types at the interfaces profiled metal layer–monolayer of opal globules takes 
place. Consequently, the ratio r demonstrates a pronounced spectral dependence with the maxima 
at about 489 and 584 nm and the minima at 392 and 760 nm (Fig. 5, curve 3).

We attributed these maxima to an extraordinary transmission (EOT) and the minima to an 
extraordinary absorption (EOA) associated with the excitation of ‘bright’ and ‘dark’ surface 
plasmon-polaritons, respectively [7, 8]. It should be noted that EOT maxima which can be seen in 
transmission spectrum of a hybrid plasmon-photonic crystal Ag/SiO2/Ag/ML/Ag (Fig. 5, curve 1) 

Fig. 4. Optical spectra of hybrid plasmon-photonic 
crystal Ag/ML/Ag/SiO2/Ag obtained from the 
ratio of its reflectance coefficients Rp/Rs (1) and 

from the ellipscometric parameter Ψ (2). 
Angle of light incidence θ = 50°
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correspond to the minima in its reflectance spectrum (Fig. 5, curve 2). At the same time, we 
emphasize that the spectral positions of EOA (Fig. 5, curve 3) correlate with the minima in the 
reflectance spectrum of the resonator (interference filter itself) Ag/SiO2/Ag (Fig. 5, curve 4). 

Fig. 5. Transmission (T(λ), curve 1) and reflectance (R(λ), curve 2) spectra of the hybrid plasmon-
photonic crystal Ag/SiO2/Ag/ML/Ag in comparison with the ratio r(λ)= T/(T1·T2) (curve 3) and 

reflectance spectrum of resonator (interference filter) Ag/SiO2/Ag (Rres(λ)), curve 4). 
Angle of light incidence θ = 50°

Fig. 6. Angular dispersion of the long wavelength EOA position and that of the corresponding minimum 
in the reflectance spectrum of resonator Ag/SiO2/Ag (circles). Solid line shows the angular dependence 

of the resonator transmission peak 2 2( 2 sin ,d nλ = − θ  d ≈ 250 nm, n ≈ 1.5)

We observed this correlation for all the light incidence angles θ [7], as can be seen from Fig. 6 
where the angular dispersion of the long wavelength EOA position and that of the corresponding 
minimum in the reflectance spectrum of resonator Ag/SiO2/Ag (circles) are demonstrated. The 
solid line shows angular dependence of the resonator transmission peak according to the well-
known equation

2 22 sin ,d nλ = − θ                                                (2)

where d ≈ 250 nm is the dielectric layer thickness, n ≈ 1.5 is its refractive index.

Conclusion
Excitation of surface plasmon-polaritons (SPPs) in opal-based hybrid plasmon-photonic 

crystals with a complex architecture is possible when the phase synchronism condition is met.
Two types of surface plasmon-polaritons may be excited in such metal-dielectric structures: 

these are ‘bright’ SPP, responsible for extraordinary transmission (EOT), and ‘dark’ SPP causing 
extraordinary absorption (EOA). 
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Abstract: In this work, we study the lateral photovoltaic effect in the TiO2/SiO2/p-Si struc-
ture. It was found the giant lateral photoeffect occurs in the TiO2/SiO2/p-Si heterostructure 
due to the high built-in barrier formation at the SiO2/p-Si interface. The maximum LPE 
sensitivity ~600 mV/mm is observed in the TiO2/SiO2/p-Si structure under the TiO2 film dep-
osition for 45 min. However, the LPE nonlinearity in this structure is too large for practical 
applications. A decrease of the nonlinearity is achieved by the TiO2 film thickness control. The 
structure fabricated by the TiO2 film deposition for 50 min has the LPE sensitivity and LPE 
nonlinearity are 477 mV/mm and 9%, respectively, which are more suitable for optoelectronic 
devise. The reason for the significant values of the rise time and fall time at pulsed illumination 
is the impedance behaviors of the TiO2/SiO2/p-Si structure in the near-contact region.

Keywords: lateral photovoltaic effect, heterostructure, silicon, titanium dioxide, interface, 
built-in barrier

Funding: This study was supported by State Task of the Ministry of Science and Higher 
Education of the Russian Federation, Physics of low-dimensional structures and semiconductor 
nanomaterials (project no. 0657-2020-0005).

Citation: Pisarenko T. A., Korobtsov V. V., Dimitriev A. A., Balashev V. V., Zheleznov 
V. V., Yakovlev A. A., Giant lateral photovoltaic effect in the TiO2/SiO2/p-Si heterostruc-
ture. St. Petersburg State Polytechnical University Journal. St. Petersburg State Polytechni-
cal University Journal. Physics and Mathematics. 15 (3.1) (2022) 32–37. DOI: https://doi.
org/10.18721/JPM.153.105

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Материалы конференции
УДК 538.971:535.215.6
DOI: https://doi.org/10.18721/JPM.153.105

Гигантский латеральный фотовольтаический 
эффект в гетероструктуре TiO2/SiO2/p-Si

Т. А. Писаренко 1,3 ✉, В. В. Коробцов 1, А. А. Димитриев 1,3, В. В. Балашев 1,3, 

В. В. Железнов 2, А. А. Яковлев 1 
1 Институт автоматики и процессов управления ДВО РАН, г. Владивосток, Россия;

2 Институт химии ДВО РАН, г. Владивосток, Россия;
3 Дальневосточный федеральный университет, Владивосток, Россия

✉ tata_dvo@iacp.dvo.ru

Аннотация. В данной работе проведено исследование латерального фотовольтаического 
эффекта в структуре TiO2/SiO2/p-Si. Установлено, что гигантский латеральный 

© Pisarenko T. A., Korobtsov V. V., Dimitriev A. A., Balashev V. V., Zheleznov V. V., Yakovlev A. A., 2022. Published by 

Peter the Great St. Petersburg Polytechnic University.



33

Condensed matter physics 

© Писаренко Т. А., Коробцов В. В., Димитриев А. А., Балашев В. В., Железнов В. В., Яковлев А. А., 2022. Издатель: 

Санкт-Петербургский политехнический университет Петра Великого.

фотоэффект наблюдался в гетероструктуре TiO2/SiO2/p-Si вследствие формирования 
в ней на границе раздела SiO2/p-Si высокого встроенного барьера. Максимальная 
чувствительность ЛФЭ ~600 мВ/мм наблюдается в структуре TiO2/SiO2/p-Si при толщине 
пленки TiO2, осажденной в течение 45 мин. Однако, нелинейность ЛФЭ в этой структуре 
слишком велика для практических применений. Уменьшение нелинейности достигается 
регулированием толщины пленки TiO2. Обнаружено, что характеристиками пригодными 
для оптоэлектронных устройств обладает структура, полученная при осаждении пленки 
TiO2 в течение 50 мин, в которой чувствительность и нелинейность ЛФЭ составляют 
477 мВ/мм и 9%, соответственно. Причиной значительных величин времени нарастания 
и спада при импульсном освещении являются импедансные характеристики структуры 
TiO2/SiO2/p-Si в области контактов.

Ключевые слова: латеральный фотовольтаический эффект, гетероструктура, кремний, 
диоксид титана, граница раздела, встроенный барьер
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Introduction

Recently, the lateral photoelectric effect (LPE), which is a characteristic feature of semiconductor 
structures, has been identified as an indispensable and effective method for studying the properties 
of nanomaterials and nanostructures due to the unique mechanism of operation [1]. It is known 
[2, 3] that LPE occurs when a laser beam nonuniformly irradiates the surface of a pn-junction or 
heterojunction; as a result, a large number of electron-hole pairs are excited and then separated 
by this pn-junction in the illuminated region by means of the built-in field. Thus, an electric 
potential difference is created by the carrier concentration gradient between the illuminated and 
unilluminated regions, which leads to lateral diffusion of non-equilibrium photocarriers from the 
illuminated region to the contacts. Interest in this effect is due to the linear dependence of the lateral 
photovoltage on the laser spot position between the electrodes, which makes it possible to convert 
light signals into electrical signals, which can be used as components of photovoltaic systems in 
various areas of optoelectronics, for example, in position-sensitive detectors (PSD) [2, 4–6]. The 
main operating characteristics of these optoelectronic devices are the LPE sensitivity and LPE 
nonlinearity [4, 5], as well as the response times under pulsed illumination [7, 8]. Innovations in 
the LPE scientific research field are precisely aimed at improving these characteristics.

It is known [1, 5, 6, 8–11] that LPE sensitivity is determined by several critical factors, such as 
the distance between the electrodes, the power and wavelength of the light source, the choice of 
a material for the top layer and substrate, and the thickness of the top layer of hybrid structures. 
The development of nanotechnologies has offered a new direction in LPE research, attracting 
attention to hybrid structures such as metal-oxide-semiconductor (MOS) structures [1, 5, 12] and 
heterostructures [1, 13, 14]. In these cases, one of the ways to increase the LPE sensitivity is to 
choose a material for the top layer with high resistivity and high work function. The high work 
function provides a significant band bending at the interface (structures with an inversion layer 
are preferred [15]), and the low specific conductivity shifts the optimal film thickness to the range 
that guarantees the formation of a homogeneous built-in barrier at the interface [16]. 

Previously, we studied the Fe/SiO2/n-Si [9] and Fe3O4/SiO2/n-Si [10] structures in which 
LPE was observed, and an increase of the top layer resistivity led both to an increase of the LPE 
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sensitivity by a factor of 4.7 and to a decrease of non-linearity from 6 to 5%. In both cases, there 
was a dependence of the LPE parameters on the top layer thickness. In this work, we chose low-
conductivity TiO2 films as the top layer satisfying the above properties [17].

Materials and Methods

TiO2 films doped by manganese were formed on the oxidized silicon surface by the sol-
gel method [17]. The film thickness dependence on the deposition time (in the selected time 
range) closes to linear [18]. To measure the photovoltage, aluminum contacts (2×1) mm were 
deposited on the film surface o with a distance of 2 mm between them. Illumination was carried 
out by a He-Ne laser with λ = 633 nm and a radiation power incident on the sample surface of 
0.3 mW. The dependences of the photovoltage U(x) and U(t) were measured using a Keitly-2000 
multimeter and an AKIP-4115/5A digital oscilloscope, respectively.

Results and Discussion
The band diagrams presented in Fig. 1 were plotted for the TiO2/SiO2/Si structure. For energy 

calculations, we used the values of the band gap and work function for titanium dioxide, 3.1 eV 
and 5.87 eV, respectively [19, 20]. It follows from the analysis of these diagrams that in the  
TiO2/SiO2/Si heterostructure a large built-in potential φi = 0.62 eV is formed at the SiO2/p-Si 
interface, while φi = 0.16 eV at the SiO2/n-Si interface. It is the small value of the built-in barrier 
in the TiO2/SiO2/n-Si structure that is the reason for the absence of the photovoltaic effect in it.

а) b)

Fig. 1. Energy band diagrams of the heterostructure: TiO2/SiO2/p-Si (a); TiO2/SiO2/n-Si (b)

Fig. 2,a shows the dependences of the lateral photovoltage on the laser spot position at 
different top layer thickness for the TiO2/SiO2/p-Si structure. As can be seen in Fig. 2, a, 
there is a non-linear dependence of the lateral photovoltage on the film thickness (deposition 
time). Fig. 2, b shows the thickness dependences of the LPE sensitivity and LPE nonlinearity. 
It can see from Fig. 2, b that the LPE sensitivity dependence on the thickness is extreme, as 
for the structures studied earlier [1, 5, 9, 10], and the LPE nonlinearity dependence decreases 
exponentially with an increase of the top layer thickness. As can be seen from Fig. 2, b, the 
maximum sensitivity is achieved at the thickness of the titanium dioxide film obtained for 45 min 
and reaches 605 mV/ mm. Unfortunately, the LPE nonlinearity at such a film thickness is 21%, 
which exceeds the applicability threshold, which is 15% for PSDs [4]. Based on the requirements 
for the performance characteristics of PSD [4], in this case, the optimal thickness should be a 
sample obtained for 50 min, having the sensitivity 477 mV/mm and the nonlinearity 9%.

The change in the thickness dependence of the LPE sensitivity is usually explained as follows. 
In the range of small thicknesses, a decrease in the LPE sensitivity is concerned with a film 
discontinuity and, accordingly, a decrease of the built-in barrier height [16, 21]. With an increase 
of the built-in potential, the number of excess photocarriers increases, and diffusion scattering 
decreases which results in an increase of the lateral photovoltage [16]. The LPE maximum 
is reached when the film becomes continuous and the height of the built-in barrier becomes 
homogeneous [9, 10, 21]. The decrease of the LPE sensitivity after passing the maximum is 
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а) b)

Fig. 2. LPE dependences for the TiO2/SiO2/p-Si heterostructure: lateral photovoltage dependence on 
the light spot position (a); TiO2 thickness dependences (b), where 1 corresponds to LPE 

sensitivity and 2 to LPE nonlinearity

due to the shorting of the measuring electrodes because of a decrease of the film resistance 
with an increase of its thickness. However, in the TiO2/SiO2/p-Si structure, the resistance of a 
titanium oxide film is orders of magnitude higher than the resistance of transition metal films  
[3, 5, 6]; therefore, a decrease in LPE sensitivity with an increase of the TiO2 film thickness, in 
our opinion, is due not to a decrease of its resistance, but rather to voltage losses at the contacts 
because of high film resistance in the transverse direction.

The high value of the LPE nonlinearity in the TiO2/SiO2/p-Si heterostructure, in our opinion, 
is due to the strong morphological roughness of the film, which may reach 30–50% of the film 
thickness [17, 22]. It was shown in Ref. [22] that the roughness in TiO2 films deposited on a glass 
substrate reaches ~90 nm at a grain size of ~150 nm. 

The time dependences of LPV at a pulsed illumination were also investigated. In this work, 
the rise time is defined as the time required to increase the photovoltage from 10% to 90% of 
the peak photovoltage (Umax), and the fall time is defined as the time required to reduce the 
photovoltage from 90% to 10% Umax. As can be seen from Fig. 3, a, the photovoltage signal 
in the TiO2/SiO2/p-Si heterostructure with a change of the top film thickness is characterized 
by both different pulse amplitude and different shape. The amplitude of the photoresponse 
signal varies proportionally to the change of LPE sensitivity, although it is ~3 times less. The 
change of the signal shape is related to the difference in the rates of excitation and quenching of 
photoconductivity in the TiO2/SiO2/p-Si heterostructure at different thicknesses of the titanium 
dioxide film. The dependences of the rise time and fall time on the TiO2 film thickness are 
shown in Fig. 3, b.

а) b)

Fig. 3. Transient LPE characteristics of the TiO2/SiO2/p-Si heterostructure: time dependences of the 
lateral photovoltage (a); thickness dependences (b) of rise time (1) and fall time (2)

In the case of an open measurement scheme in the TiO2/SiO2/p-Si heterostructure at the 
optimal film thickness, the rise time is 30 µs and the fall time is 240 µs. It is easy to see that 
from the point of view of the transient LPE, this structure is also optimal. 

Large value of time parameters in the TiO2/SiO2/p-Si heterostructure, in comparison with the 
previously studied structures [9, 23, 24], can be explained based on the equivalent circuit,  
Fig. 4. The equivalent circuit for the TiO2/SiO2/p-Si heterostructure at 300 K contains the 
following elements (Fig. 4): Cpn and Rpn are the capacitance and resistance in the separation 
region of non-equilibrium photocarriers at the SiO2/p-Si interface, characterizing the process of 
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photocarrier generation, Rinv and Rfilm are the lateral resistances of the inversion layer and TiO2 
film, characterizing the lateral diffusion of photocarriers, as well as capacitances and resistances 
arising in the heterostructure near the contact region in transverse direction: Css, Cdep, Cox, CTiO2 
are, respectively, the capacitances of surface states, space charge region, silicon oxide layer, TiO2 
film and Rss, Rdep, RTiO2

 are the resistances of surface states, depletion layer, TiO2 film. The 
substrate parameters of Rsub, ZSC are not considered in our case since these play a role only for 
measuring LPE from the substrate side.

Since the top layer in the TiO2/SiO2/p-Si 
heterostructure is a semi-insulator, current 
transfer through it does not occur, and this 
conduction channel is shunted by the inversion 
layer and the transverse conductivity in the 
near-contact region. Moreover, as can be 
seen from Fig. 4, in contrast to conventional 
MOS structures, in this case, in the transverse 
direction considering film impedance 
characteristics a complementary RC-filter for 
the TiO2 film is added to the RC-filter of the 
SiO2/p-Si interface, which slows down the 
photoresponse. The decrease of the signal 
amplitude U(t), from the standpoint of the 
equivalent circuit, can also be explained by the 
reactance losses in the transverse direction of 
the structure in the contact region.

Conclusion

In our opinion, the presented results conclusively prove that the giant lateral photoconductivity 
in the TiO2/SiO2/p-Si heterostructure, in which the semi-insulator is used as the top layer, occurs 
along the inversion layer and near-contact regions, bypassing the top film because of its high 
resistance. Meanwhile the titanium dioxide film serves only to generate the built-in potential at 
the SiO2/p-Si interface. 

The LPE characteristics obtained during the study of the TiO2/SiO2/p-Si heterostructure 
make it possible to consider this structure as a promising candidate for optoelectronics.

Fig. 4. Equivalent circuit of lateral 
photoconductivity at pulsed illumination
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Аннотация. Исследованы порошки Nd-(Fe,Co)-B, синтезированные 
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микроскопии изучены структура и морфология порошков. По данным сканирующей 
электронной микроскопии определен средний размер частиц. Методом 
просвечивающей электронной микроскопии установлена внутренняя структура 
агломератов наночастиц. С помощью локальной дифракция обнаружена фаза Nd2Fe14B. 
С помощью вибромагнетометрии при комнатной температуре получены зависимости 
намагниченности насыщения и коэрцитивной силы порошков NdFe1–xCoxB от 
содержания кобальта. Установлено возрастание коэрцитивной силы за счет увеличения 
содержания Со. Показано, что отсутствие фазовой чистоты приводит к понижению 
коэрцитивной силы в сравнении с магнитожесткими материалами на основе Nd, 
полученными металлургическим методами.

Ключевые слова: NdFeCoB, порошковые материалы, метод Печини, микроструктура, 
элементный анализ, магнитные свойства
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Introduction

Hard magnetic materials based on Nd2Fe14B are widely used in automotive transport, generators, 
micromotors, and microelectronics [1–3]. This is due to their unique technical characteristics, 
and first, the maximum energy product (BH)max among all permanent magnets [4]. The most 
promising are composite magnetic materials in which there are two phases: a magnetically hard 
phase (for example, Nd2Fe14B), including a magnetically soft phase [5]. To form such compounds, 
we used Nd-based powders made of nanocrystalline alloys with subsequent grinding (top-down 
approach) or chemical synthesis (bottom-up approach).

At the top-down approach during the ball milling process, it is possible to introduce additives 
(Tb, DyCo, Cu + DyCo, Al + DyCo, Cu) using mechanosynthesis, which increase the energy 
product, reduce the degradation of magnetic parameters during sintering [6–8]. These methods 
also have disadvantages associated with the heterogeneity of the compounds, caused by a wide 
spread in particle size, segregation of impurities, for example, carbon, oxidation during the 
manufacturing process, and the high cost of initial pure raw materials.

Bottom-up approaches are based on the synthesis of magnetic powders by chemical methods, 
which makes it possible to more precisely control the size and structures of particles from nano- 
to micro-sizes. Different methods are used, for example, sol-gel Pechini [9,10], sol-gel auto 
combustion [11], and the microwave technique [12]. The powders of magnetic nanomaterials 
obtained by chemical synthesis are potentially applicable in biomedicine [13] and to solve 
environmental problems (waste treatment) [14].

In this paper, we present the results of a study of the structure and magnetic properties of 
Nd2(Fe1–x,Cox)14B powders with a change in Co concentration from 0 to 100%, obtained by the 
modified Pechini method. It is shown that the addition of Co leads to the formation of the Fe-Co 
alloy and increases the coercive force.

Materials and Methods
The synthesis of oxidized Nd-(Fe1–xCox)-B powders was carried out according to the procedure 
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described in [15]. The reduction of the mixture of oxides was carried out by mixing this powder 
with calcium hydride CaH2 (weight ratio 1:1.5) in an argon atmosphere and pressing the resulting 
mixture into a tablet and subsequent calcination in vacuum (pressure 10–3–10–4 Torr) at 800 °C 
according to the following stepwise heating scheme. The product obtained after heat treatment is 
subjected to washing from impurities of metallic calcium and its oxide in an aqueous solution of 
ammonium chloride (NH4Cl).

The structure and morphology of the powders were studied using a Tecnai G2 30 transmission 
electron microscope (TEM) and a Quanta 200 Pegasus scanning electron microscope (SEM).

Magnetic parameters (hysteresis loops, temperature dependences of magnetization) were 
measured on a Lakeshore 7400 vibromagnetometer.

Results and Discussion
Fig. 1 and 2 show electron microscopic images and elemental microanalysis data of nanopowders 

with Co content: 0, 30, 60, and 100%. The powder particles in the sample without Co have an 
asymmetric shape; additionally, 15 µm in size and larger agglomerates are formed. Agglomerates 
have a loose structure with particles of various sizes and types. The average size of the powders is 
870 nm. According to the local elemental analysis, Ca, Cl, O and Si were in the samples, which 
may have remained due to the powder preparation method (Fig. 2, a). 

а) b)

d)c)

Fig. 1. SEM images of NdFe1–xCoxB particles 
without Co (a) and the declared percentage of 

cobalt: 30 (b), 60 (c), 100% (d)

Fig. 2. EDX analysis of NdFe1–xCoxB particles 
without Co (a) and declared percentage of cobalt: 

30 (b), 60 (c), 100% (d)

а) b)

d)c)

Fig. 1, b shows the SEM image of a sample with 30% Co. The average size of the powders 
is 690 nm. According to the initial elemental analysis, the composition approaches the expected 
composition (Fig.2, b). For samples with 60% Co, images against the background of agglomerates 
show mainly 'smooth' particles that do not have sharp protrusions. It can be seen that the particles 
are fairly close in size. The average particle size is about 550 nm. According to the data of local 
elemental analysis, the samples predominantly contain the elements Nd, Fe and Co equal to 
10.8, 30.0, and 59.2 at%, respectively, without taking into account the content of contaminating 
elements Ca, Cl and O (Fig. 2, c).

In a sample with 100% Co, that is, without iron, particles with clear boundaries and surface 
relief are observed (Fig. 1, c). There are agglomerates and individual particles of different sizes. 
The average size of the powders is about 620 nm. According to the data of local elemental 
analysis, Ca, Cl, and O are present in the samples (Fig. 2, d). The local content of Co in an 
individual particle is 61.8 to 78.7 at.%.
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Thus, the SEM method showed that the powders contain both individual particles, mostly 
irregular in shape, and agglomerates. The most uniform in size structure of the powder in the 
sample with 60% Co. According to the data from local elemental analysis, all of the studied samples 
contain Ca, Cl, O, and Si, which may have remained due to the powder preparation method. In 
general, the content of Nd, Fe, and Co in individual particles corresponds to the declared ones. 

A TEM study showed (Fig. 3) that 
the powders contain both individual 
particles of mostly irregular shapes and 
agglomerates. In this case, the particle 
sizes range from 25 to 1500 nm. Some 
large particles contain smaller particles 
of the order of (5–20) nm. The 
nanoparticles in NdFeB samples without 
Co were identified as the Nd2Fe14B phase  
(a = 0.88 nm, c = 1.22 nm), see  
Fig. 3, c.

Fig. 4 shows the magnetic hysteresis 
loops measured on a vibromagnetometer 
at room temperature. The maximum 
value of the specific magnetization 
σ17, measured in a magnetizing field of 
17 kOe, reaches a value of approximately 
125 G cm3/g and the coercive force  
Hc = 260 Oe of the corresponding 
powder. Although the cobalt sublattice 
in the Nd2Co14B compound has an easy-
plane anisotropy, an increase in the 
coercive force is observed with increasing 
Co concentration (see the inset in 
Fig. 5), but the Hc values are not typical 
for magnetically hard materials (usually 
several kOe and higher).

Fig. 5 shows the dependence of 
the maximum specific magnetization 
σ17 and the coercive force Hc of the  

а) b)

c)

Fig. 3. TEM images of NdFeB particles (without 
cobalt): bright-field image (a), direct resolution of the 
microstructure (b); as well as microelectron diffraction 
pattern of the NdFeB nanopowder microstructure and 

its interpretation (c)

Fig. 4. Magnetic hysteresis loops of NdFe1–xCoxB 
powders, depending on Co concentration: 0, 30, 
60, and 100. The inset shows enlarged fragments 

of hysteresis loops

Fig. 5. Dependence of saturation magnetization 
σ17 and coercive force Hc of NdFe1–xCoxB 

powders on cobalt content
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NdFe1–xCoxB powders on the content of cobalt, which replaces iron. After the addition of Co, 
there is a sharp increase in the magnetization, which decreases with the substitution of iron. The 
value of Hc increases from 10 to almost 415 Oe with increasing Co concentration.

Thus, NdFe1–xCoxB powders were obtained, in which nanoparticles of a predominantly 
magnetically soft phase are formed. It follows from the TEM results that the indicated method 
can form particles with a magnetically hard Nd2Fe14B phase. It is theoretically predicted that 
the maximum values of NS and energy product can be achieved in nanocomposite materials 
consisting of soft and hard phases [16]. It is likely that the presence of impurities in the samples 
reduces the purity of the phases, leading to a deterioration in the magnetic properties. A wide 
spread of particle sizes and their shapes leads to the fact that the magnetization reversal process 
occurs with the help of different mechanisms (magnetization rotation or domain wall motion). 
Furthermore, the magnitude of the coercive force in agglomerates of nanoparticles can decrease 
as a result of magnetostatic interaction. These features appear as a smooth hysteresis loop.

Conclusion

The NdFe1–xCoxB powders were obtained by chemical synthesis using the modified Pechini 
method. A series of samples with Co concentrations from 0 to 100% was obtained and studied. The 
resulting material consists of both individual particles, mostly irregular in shape, and agglomerates 
(up to 15 µm). The average particle size according to electron microscopy varies from 550 to 
870 nm. In this case, particles smaller than 100 nm in size can also be encountered. According 
to the data from local elemental analysis, all of the studied samples contain Ca, Cl, O, and Si, 
which may have remained due to the powder preparation method. The content of Nd, Fe, and Co 
in the particles corresponds to the declared ones. The magnetic properties of powders are typical 
for soft magnetic materials. An increase in the Co content leads to an increase in the coercive 
force up to 415 Oe. Probably, such magnetic properties are due to the low phase purity and a 
wide range of particle sizes.
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Introduction

Artificial spin ices are nanomagnetic systems consisting of monodomain Ising-type 
nanomagnets that are lithographically defined onto two- and three-dimensional lattices [1, 2].  
A distinctive feature of spin ice is a special lattice geometry, which makes any state of the system 
of magnetic moments energetically tense, and the artificial spin ice has non-zero entropy even 
at absolute zero [3]. Because of this property, such system can form phases, unusual for ordinary 
magnetic substances. However, studies in this area are facing computational problems, such as 
slow dynamics at low temperatures and exponential growth of computational time. For example, 
for the long-range action model, the complete enumeration algorithm cannot compute systems 

larger than N = 40 particles. Therefore, 
the probabilistic Monte Carlo methods, 
although affected by the problem of 
critical slowing down, are still among 
the most important for the study of spin 
ices.

Trimerized triangular spin ice 
consists of repeating triplets (trimers) of 
particles arranged relative to each other 
at an angle of 60 degrees (Fig. 1) [4].

In this paper, we investigate the heat 
capacity [5] of a trimerized triangular 
point dipole spin ice, modeled by 
GPU-accelerated parallel Metropolis 

algorithm. The dependence of the heat capacity maximum on the lattice parameter b, as well as 
on the number of particles was investigated.

Model and computational methods
Energy of dipole-dipole interaction calculated by the formula:
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where i, j are the numbers of the interacting dipoles, r is the vector between the centers of the 
magnetic moments of the interacting dipoles, m is the value of the magnetic moment vector.

To study the properties of the system, we used the GPU-accelerated parallel Metropolis 
algorithm. The essence of the algorithm was to simultaneously independently simulate many 
systems at different temperatures. The calculations were performed on the NVIDIA A100 GPU, 
which allows to simultaneously simulate the system at 6912 temperatures. The probability of 
adopting a new configuration was calculated by the formula:
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After the new configuration is accepted, thermodynamics averages are recalculated. In this 
case we recalculate an average energy:
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Next, we can obtain the heat capacity by the formula:
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Fig 1. Trimerized triangular lattice with lattice parameters 
a and b
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Therefore, the value of the heat capacity is calculated per particle and there is no direct 
dependence of the heat capacity on the number of particles.

Results and discussion
Graphs of the heat capacity per particle as a function of temperature were plotted for 1200 particles 

with different lattice parameters b (Fig. 1,a). Fig. 2, b shows some of them. It is easy to see that the 
graph for b = 560 shows a sharp increase in the region of a certain critical temperature. The heat 
capacity at b = 600 exhibits somewhat different behavior. There is no sharp increase at a certain critical 

temperature.
Fig. 2, b shows the dependence of the 

maximum heat capacity on the lattice 
parameter b.

The flatness of the graph can be 
explained by the strong frustration of the 
systems having the parameter b ≈ 580. 
For the initial study of frustrations in the 
system, we investigated low energy states 
(Fig. 3). The low energy states of closed 
vortexes and frustrated states of trimers 
having only two states are typical for 
parameter b ≤ 560. The frustrated vortexes 
and low energy states of trimers for the 
parameter b ≥ 600 are characteristic, and 
they have six possible states each.

a) b)

c) d)

Fig. 3. Typical vortex configuration for low energy configuration for b ≤ 560 and b ≥ 600 
(a, b) respectively; typical trimer configuration for b ≤ 560 and b ≥ 600 respectively (c, d).

Fig. 4. The presence of a phase transition at b = 560 (a); absence at b = 600 (b).

a) b)

а) b)

Fig 2. Heat capacity for b = 600, 560, 500 respectively 
(from left to right) (a);

dependence of the maximum heat capacity on the lattice 
parameter (b).
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Fig. 4 shows the dependence of the height of the heat capacity peak on the number of particles in 
the system. An increase in peak height indicates a phase transition. Systems with lattice parameters 
b ≤ 560 exhibit a phase transition and systems with  do not.

Systems with lattice parameters 560 < b < 600 is extrimely frustrated and have very complex energy 
relief and cannot be investigate with the Metropolis method. We are planing to use Wang-Landay and 
parallel tempering methods in the future to overcome critical slowdown.

Conclusion
Phase transitions in trimerized triangular lattice were investigated, the causes of disappearance are 

explained, and estimates of the frustration of systems with different lattice parameters are made.
Additional studies are required by methods capable of overcoming the critical slowing down to 

determine the specific value of the lattice parameter and to investigate the nature of the disappearance 
of the phase transition.

REFERENCES

THE AUTHORS

1. Wang R. F. et al., Artificial ‘spin ice’in a geometrically frustrated lattice of nanoscale ferromagnetic 
islands, Nature. 439 (7074) (2006) 303–306.

2. Qi Y., Brintlinger T., Cumings J., Direct observation of the ice rule in an artificial kagome spin 
ice, Physical Review B. 77 (9) (2008) 094418.

3. Farhan A. et al., Exploring hyper-cubic energy landscapes in thermally active finite artificial spin-
ice systems, Nature Physics. 9 (6) (2013) 375–382.

4. Hofhuis K. et al., Geometrical frustration and competing orders in the dipolar trimerized triangular 
lattice, Physical Review B. 104 (1) (2021) 014409.

5. Shevchenko Yu. A., Thermodynamic properties of frustrated spin system FEFU, Vladivostok, 
PhD thesis (in Russian), 2017.

STRONGIN Vladislav S.
strongin.vs@dvfu.ru
ORCID: 0000-0002-8420-9893

NALIVAIKO Igor N.
nalivaiko.in@students.dvfu.ru
ORCID: 0000-0003-4433-2990

CHESNOKOV Mikhail A.
chesnokov.ma@students.dvfu.ru
ORCID: 0000-0003-1173-8775

Received 22.05.2022. Approved after reviewing 27.07.2022. Accepted 27.07.2022.

© Peter the Great St. Petersburg Polytechnic University, 2022



48

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1 
Научно-технические ведомости СПбГПУ. Физико-математические науки. 15 (3.1) 2022

Conference materials
UDC 546.824-31:539.211
DOI: https://doi.org/10.18721/JPM.153.108

Estimation of local and long-range ordering 
of the structure of TiO2 nanotubes

S. A. Schegoleva 1 ✉, P. L. Titov 1, N. B. Kondrikov 1 
1 Far Eastern Federal University, Vladivostok, Russia

✉ sveta170@bk.ru
Abstract: We present a study of the scanning electron microscopy images of the TiO2 na-

notube array. The initial and modified samples were examined before and after annealing. It 
has been found that the annealing of the modified and unmodified samples results in different 
degrees of the local ordering. The nanotubular coverings were modified by Pt nanoparticles 
formed by the H2PtCl6 solutions infiltration for change of their electro- and photo-catalytic 
properties estimated by measuring the photoelectric currents. The influence of the morpholo-
gy and ordering degree of the nanotubular coverings on the manifestation of their functional 
properties has been studied. A two-dimensional Fourier transform was applied for obtaining 
information on the occurrence of periodicities in the ordering of nanotubes. Correlation anal-
ysis was performed to find out the invisible regularities and periodicities in the structure of the 
nanotube arrays. The analysis of the photoactivity of the samples was also carried out.

Keywords: nanotubes, titanium dioxide, ordered structure

Citation: Schegoleva S. A., Titov P. L., Kondrikov N. B., Estimation of local and long-
range ordering of the structure of TiO2 nanotubes. St. Petersburg State Polytechnical University 
Journal. Physics and Mathematics. 15 (3.1) (2022) 48–53. DOI: https://doi.org/10.18721/
JPM.153.108

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Материалы конференции
УДК 546.824-31:539.211
DOI: https://doi.org/10.18721/JPM.153.108

Оценка локального и дальнего упорядочения 
массива нанотрубок диоксида титана

С. А. Щеголева 1 ✉, П. Л. Титов 1, Н. Б. Кондриков 1 
1 Дальневосточный Федеральный Университет, г. Владивосток, Россия

✉ sveta170@bk.ru
Аннотация. В работе проведено исследование изображений сканирующей 

электронной микроскопии массива нанотрубок диоксида титана. Изучались исходные 
и модифицированные образцы до и после отжига. Обнаружено, что отжиг образцов 
приводит к различным степеням локального упорядочения. Исследовано влияние 
морфологии и степени упорядочения нанотубулярных покрытий на проявление их 
функциональных свойств.

Ключевые слова: нанотрубки, диоксид титана, упорядоченная структура

Ссылка при цитировании: Щеголева С. А., Титов П. Л., Кондриков Н. Б. Оценка 
локального и дальнего упорядочения массива нанотрубок диоксида титана // Научно-
технические ведомости СПбГПУ. Физико-математические науки. 2022. Т. 15. № 3.1. С. 
48–53. DOI: https://doi.org/10.18721/ JPM.153.108

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

© Schegoleva S.A., Titov P. L., Kondrikov N. B., 2022. Published by Peter the Great St.Petersburg Polytechnic University.



49

Condensed matter physics 

© Щеголева С. А., Титов П. Л., Кондриков Н. Б., 2022. Издатель: Санкт-Петербургский политехнический университет 

Петра Великого.

Introduction

Nanostructured and microstructured materials, whose principally new physical properties 
result from the developed surface and quantum-size effects, constitute the group of promising 
objects for advanced materials science. In the last decade, adsorption, optical, electrical, catalytic, 
and photocatalytic properties of TiO2 have attracted a special interest of researchers [1–3]. Self-
organization of titanium dioxide can be attained by its anodization in acids (for instance, sulfuric 
or phosphoric), most often, in fluorine-containing electrolytes, since dissolution proceeds there 
through formation of fluoride complexes. Anodic oxidation of titanium in a fluorine-containing 
electrolyte enables one to obtain nanostructured coatings consisting of TiO2 nanotubes, whose 
parameters can be controlled varying the oxidation conditions [4–9].

Materials and Methods
Anodic oxidation of titanium was performed in a two-electrode electrochemical cell using 

a B5-49 direct current source. Pt served as an auxiliary electrode, the Ti plate was a working 
electrode. To obtain the nanotubular structure of titanium anodes, an aqueous solution of 
NH4F∙HF with addition of Na2SO4 and complexing agents was used. Thereafter, for the sake of 
properties modification, the obtained Ti/TiO2(nano) systems were held in an aqueous solution 
of H2PtCl6 of the concentration 3·10–2 mol·l–1 for 1 h, dried, and annealed in a muffle furnace 
at 500 °C for 4 h (Table 1). The surface structure was investigated on a Hitachi S-5500 scanning 
electron microscope (SEM) (Hitachi, Japan).

Sample H2PtCl6 concentration, M Anneal time, h
No. 1 ‒ ‒
No. 2 ‒ 4
No. 3 3·10–2 ‒
No. 4 3·10–2 4

Tab l e  1
Modification Condition

The photocurrent generated by the sample under the action of the UV radiation was measured 
to determine the photoactivity of titanium dioxide. The measurements were carried out using 
the DUV-35W Labino UV xenon lamp with the spectrum within the range of 315–400 nm 
with the peak at 365 nm. The current was recorded using the AUTOLAB POSTAT-302N 
potentiostat with PC-controlled data acquisition.

Results and Discussion
Nanotubes with well-defined boundaries of a regular form are observed in the SEM-image 

of Sample 1 (Fig. 1, a, b).
A sufficiently great number of boundaries approximates the shape of convex polygons with 

well-defined directions of sides. The average diameter of nanotubes is approximately 100 nm. 
Some defects of the surface can be also seen in the sample. Considering the local configurations 
of nanotubes, it can be observed that they are sufficiently similar in nature to the ‘plate’ 
structure. Because the boundaries of nanotubes often have marked sides, the nanotubes ‘contact’ 
each other along these sides. Therefore, different types of local ordering arise. Sometimes, one 
can also observe the near correct configurations in the shape of square, rectangle and, less 
frequently, hexagon.

Fig. 1, c, d show that the boundaries of nanotubes become blurred and widen after annealing. 
Although the structure deteriorates and becomes generally more uneven, the short-range local 
order in the relative positioning of nanotubes is preserved. The same stable configurations in 
the shape of square, rectangle and hexagon can be seen (Fig. 1, c).
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Let us consider the SEM-image of Sample 3 modified by Pt (Fig. 1, e, f). A large quantity 
of platinum nanoparticles can be observed; their size mainly is in the order of 10 nm but can 
also reach 30 nm. We used the X-ray photoelectron spectroscopy method to confirm that Pt 
nanoparticles on the surface of nanotubes correspond to the non-oxidized and oxidized states.

The nanotubes, in contrast to Sample 1, have no individual boundaries. Neighboring nanotubes 
are separated by common and, at the same time, sufficiently wide boundaries (walls), whose 
thickness can reach 20–50 nm. The inner diameters of nanotubes are commensurate with the 
wall thickness and predominantly equal 50–60 nm. It can be said that the structure of the 
nanotube array is completely stochastically uniform, including only rare ‘pieces’ of regular local 
configurations of nanotubes.

After annealing, the common structure of the nanotube array acquires a sharpness (Fig. 1, e). 
The boundaries of nanotubes become essentially thinner and, in this case, the inner diameter of 
nanotubes increases automatically. The image is more contrasted compared to Sample 3, which 

Fig. 1. SEM images of electrode surface: Sample 1 (a, b); Sample 2 (c, d); Sample 3 (e, f); 
Sample 4 (g, h).

а) b)

c) d)

e) f)

g) h)
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is to say that the nanotubes become deeper or open. The observed quantity of the platinum 
nanoparticles decreases essentially compared to Sample 3.

Because the walls of nanotubes become thinner after annealing, this suggests local ordering. 
Considering the fact that the average diameter of nanotubes changes weakly and the sections 
of nanotubes are tightly packed on the image plane, the hexagon should be the predominant 
configuration. The character of the Fourier spectrum may provide evidence to confirm this 
circumstance.

The two-dimensional Fourier transform [10] allows to reveal the periodicities and regularities 
in the structure of the object observed in the process of visual analysis. Fig. 2 shows the respective 
two-dimensional spectra for the SEM-images of the samples considered.

Contrary to expectations, the SEM-images are characterized by roughly the same topology 
differing only in detail. In all images, the halo responsible for the short-range ordering is present. 
Such halo is characteristic of the ‘amorphous’ order where the structural elements have the order 
only within the limits of the first coordination sphere.

The halo for Sample 1 is poorly expressed in spite of the sharp edges of nanotubes in the  
SEM-image. There is no pronounced periodicity in all directions, which stipulates the weak 
intensity of the halo. The presence of the low-frequency region in the spectrum can be identified 
with the defects of nanotubes structure within the SEM-image. Judging from Sample 1, we can 
draw the preliminary conclusion that the Fourier spectrum in this case does not reflect the well-
defined boundaries of separate nanotubes.

а) b) c) d)

Fig. 2. Fourier spectra of SEM-images: Sample 1 (a); Sample 2 (b); Sample 3 (c); Sample 4 (d).

In Spectrum 2, the halo is shown brighter than in Spectrum 1. Such change is due to the fact 
that the boundaries of nanotubes ‘become blurred’ under annealing, at the same time the hollows 
of nanotubes take on a more identical shape. Such ‘averaging’ of nanotube configurations leads 
to the fact that the structure within the SEM-image becomes more uniform and isotropic. The 
uniformity of the structure elements (in the absence of well-defined local configurations) results 
in the pronounced halo. The low-frequency components in Spectrum 2 (as well as in Spectra 3, 
4) are practically non-existent which shows a decrease in the number of defects in the structure 
of the array of nanotubes.

Modifying the sample with platinum worsens visually the structure of the array of nanotubes. 
The existence of halo in Spectrum 3 can be related to the fact that the nanoparticles Pt do not 
cover the nanotubes but lie predominantly at their boundaries. Thereby, the structure is for the 
most part preserved.

The SEM-image of Sample 4 is similar enough to the image of Sample 2 and differs only in 
the fact that the boundaries of nanotubes form a solid continuous ‘grid’. In the present case, even 
more significant ‘averaging’ is observed which touches on the boundaries of nanotubes also. The 
halo in Spectrum 4 begins to acquire a hexagonal shape with the intensity maxima in its corners. 
This spectrum coincides with the expectable one.

Next, we turn to correlation analysis which allows to additionally find out the hidden 
regularities and periodicities in the structure of the nanotube arrays. We use the one-dimensional 
autocorrelation function (ACF) under the vertical direction of the SEM-image [11].
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It has been established that ACFs do not have overly large differences (Fig. 3). At the same 
time, the value of the range of the first side maximum allows to obtain the additional information 
about the ordering. The relative range of the first side maximum for ACFs 1, 2, 3 and 4 was 5.3%, 
18.8%, 11.2% and 18.2% respectively. Over the first 1–2 periods, ACFs 1 and 3 as well as ACFs 
2 and 4 are similar to one another. As seen from Fig. 3 (as well as from presented quantitative 
evaluations), ACFs 1 and 3 fall within the group of less structured ones. ACFs 2 and 4, which are 
characterized by a practically similar value of the first side maximum, are more pronounced. In 
this case, the same as for analysis of the Fourier spectra, the ‘averaging’ of the nanotube structure 
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Fig. 4. Impulses of photoinduced current for TiO2 
nanotubes: Sample 4 (1); Sample 1 (2).

under annealing influences the ACF ordering.
The photoactivity of nanotubular covers of 

titanium dioxide was also examined. Fig. 4 
shows that the sample modified with platinum 
and exposed additionally to heat treatment has 
the characteristic values of photocurrents which 
are 2–3 times as large compared with the  
non-modified sample.

We can argue that the values of the 
detected photocurrent change over time from 
60– 110 mA·cm–2 (the first UV-irradiation) to 
40–60 mA·cm–2 (the final UV-irradiation) for 
the modified sample. The photocurrent density 
of the non-modified sample also demonstrates a 
tendency to reduction with increase of the UV-
exposition time, in this case, the values change 
from 26–54 mA·cm–2 to 10–12 mA·cm–2.

Conclusion
In this paper, we have carried out analysis of 

the ordering indicators of the nanotube arrays both as an independent objective and in connection 
with the functional properties. The titanium dioxide nanotubes obtained using the aqueous 
solution of NH4F∙HF with added Na2SO4 and complexing agents (Sample 1) have a sufficiently 
well-defined structure, sections appearing to be shaped as roundish convex polygons as well as 
boundaries individual for each nanotube. Visually, the local order can be characterized as the 
most pronounced. Moreover, Sample 1 does not exhibit meaningful ordering at the level of the 
Fourier-spectra and ACF due to defects of structure.

Modification with Pt (Sample 3) results in changing the character of the nanotube structure 
and ‘coarseness’, ‘adhesion’ of the boundaries of nanotubes with disturbance of geometry as well 
as appearance of large number of the platinum nanoparticles predominantly at the boundaries of 
nanotubes. Visually, the given sample is the least ordered.

Annealing of these samples leads to different results. For the unmodified sample, the shape of 
the nanotube sections became less delineated (Sample 1 → Sample 2). The SEM-image became 
‘blurred’ and local ordering was less pronounced. Conversely, the annealing of the modified sample 
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Abstract: In this work, we experimentally studied the structure and magnetic properties of epitax-
ially grown ultrathin Pd/Co/Ta films. We have studied the effect of Ta on the structural and mag-
netic properties of Pd/Co epitaxial films. The deposition of a Ta layer on an epitaxial Co layer leads 
to a decrease in the saturation magnetization of the film due to strong magnetic disordering and the 
formation of a dead magnetic layer with a thickness of about 0.5 nm. Perpendicular magnetic aniso-
tropy is observed for Co layer thicknesses less than 1.3 nm. The volume and surface components of 
magnetic anisotropy are determined. Additionally, the Dzyaloshinskii–Moriya interaction (DMI) is 
observed in epitaxial films with perpendicular magnetic anisotropy, with a DMI field value of about 
30 mT.
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Аннотация. В данной работе экспериментально исследовались структура и магнитные 
свойства ультратонких пленок Pd/Co/Ta выращенных эпитаксиально. Мы исследовали 
влияние Ta на структурные и магнитные свойства эпитаксиальных пленок Pd/Co. Осаждение 
пленки Та на эпитаксиальный слой Со приводит к понижению намагниченности насыщения 
пленки за счет сильного магнитного разупорядочения и формирования магнитомертвого слоя, 
толщиной около 0,5 нм. При толщине слоя Co меньше 1,3 нм наблюдается перпендикулярная 
магнитная анизотропия. Определены вклады объемной и поверхностной анизотропии. 
Также в эпитаксиальных пленках с перпендикулярной магнитной анизотропией наблюдается 
взаимодействие Дзялошинского-Мории (ВДМ) с величиной поля ВДМ примерно 30 мTл.
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Introduction

As advances are made in spintronics, there is an ongoing search for new nanostructured materials 
with potential applications in controllable magnetic processes for creating skyrmionium racetrack 
memory, logic devices etc. Trilayer magnetic structures comprising heavy metal (1)/ferromagnet/ 
heavy metal (2) are very promising for developing spintronics devices. Ultrathin epitaxial magnetic 
films (~1 nm) have exhibited anisotropy properties, which lead to a series of interface effects: 
enhanced perpendicular magnetic anisotropy (PMA), interfacial Dzyaloshinskii–Moriya interaction 
(DMI), spin-Hall effect etc. These effects are used for forming, stabilizing and controlling spin 
textures. The goal of this paper is to study the prospects of using thin epitaxial films with a Ta 
layer to create structures with a high DMI. This metal is currently the most interesting, because 
it is effective in experiments with other magnetic effects. For example, multilayer structures with 
tantalum have shown large values of the spin-orbit torque effect, as well as the ability to produce 
high-density skyrmion lattices [1].

Materials and Methods
The epitaxial films were deposited by molecular beam epitaxy in an ultrahigh vacuum chamber 

with a base pressure of 3×10-11 Torr, (Omicron Nanotechnology). We used intrinsic undoped 
Si(111) substrates with the resistivity of 20–40 kΩ×cm with a Cu (2.1 nm) buffer layer. Before 
deposition, the substrates were flash-heated by direct current at 1200 °C a few times and slowly 
cooled down to room temperature. Cu, Pd and Co films were deposited by effusion cells, and 
deposition rates were controlled by quartz crystal microbalance and were 1 nm/min for Cu, 0.3 
nm/min for Pd, and 0.1 nm/min Co, respectively. Deposition rates measured by quartz crystal 
microbalance were calibrated using reflection high-energy electron diffraction (RHEED, STAIB 
Instruments) based on intensity oscillations of specular beam reflection measured during layer 
deposition. The Cu 2.1 nm buffer layer prevents the intermixing of Pd with Si and protects from 
formation of amorphous silicide. A value of 2 nm Pd thickness was chosen because the lattice 
parameter reaches the bulk value, while the roughness parameter is small for the selected thickness 
[2]; moreover, we varied the thickness of the Co layer from 0.75 nm for inducing strong PMA for 
deposition on Pd [3, 4] to 4.5 nm. The temperature of the substrate was about 75 °C during Cu 
deposition and increased up to 110 °C for Pd and Co deposition. Ta (2 nm) layers were deposited by 
the electron-beam evaporation technique. Finally, films were covered with a Pd (3 nm) protection 
layer to prevent oxidation of the structure. Magnetization reversal processes and the effective 
PMA energy were estimated by hysteresis loops, measured by a vibrating-sample magnetometer 
(VSM, LakeShore 7410). Domain structure images were observed with a magnetooptical  
Kerr-effect microscope (Evico Magnetics) equipped with an in-plane electromagnet and custom-
made out-of-plane electromagnet coil. Investigation of the DMI was performed using the observation 
of domain walls (DWs) displacement in a combination of IP and OP magnetic fields. The value of 
the internal Dzyaloshinskii–Moriya interaction field (HDMI) was determined by the minimum in 
the domain wall velocity dependencies on in-plane magnetic fields [5].
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Results and Discussion

Crystalline structure of Si(111)//Cu(2.1)/Pd(2)/Co(dCo)/Ta(2)/Pd(3) films was studied in situ 
via RHEED. Detailed investigation of the growth processes of epitaxial Pd and Co was presented 
in our previous works [2, 4]. A RHEED image of the epitaxial fcc Co (1 nm) layer is presented 
in Fig. 1, a. The mismatch between the lattice parameters of Co (0.354 nm) and Ta (0.331 nm) 
is insignificant, amounting to about 6.6%. However, due to the difference in crystal symmetry 
(fcc Co vs bcc Ta), as well as the fact that Ta has a very high melting point (3017 °C), it exhibits 
a tendency toward amorphous growth, which is accompanied by the disappearance of diffraction 
stripes and an increase in the background level on the RHEED pattern, as shown in Fig. 1, b. 
Despite the strong disordering of the Ta layer, further deposition of the fcc Pd layer occurs in 
the (111) direction with the predetermined predominant crystallographic direction retained. This 
makes it possible to obtain multilayer films with the preservation of the epitaxial orientation.

Fig. 1. RHEED images for different layers in Si(111)//Cu(2.1)/Pd(2)/Co(1)/Ta(2)/Pd(3) film

The magnetic properties of Si(111)/Cu/Pd/Co/Ta/Pd films were studied using the magnetic 
hysteresis loops obtained using VSM in magnetic fields, applied along the in-plane (IP) and 
out-of-plane (OP) directions. The saturation magnetization normalized to the thickness of the 
deposited Co layer in Pd/Co/Ta films demonstrates values below the magnetization of bulk 
single-crystal Co (Ms Co bulk = 1420 G). At a thickness of 0.75 nm of the ferromagnetic layer, Ms 
is equal about 600 G, and with increasing thickness, Co increases sharply, however, even at a 
thickness of 4.5 nm, it does not reach the bulk value, as shown on the inset of fig.2(a). In this 
case Ms, determined by the slope of the line graph (ms/S) = f(dCo) is about 1440 G, this is less 
than еру saturation magnetization of Pd/Co/Pd films (Ms = 1520 G) which was investigated in 
our previous work [4], where the increase of saturation magnetization is related to the magnetic 
polarization Pd. It is known that magnetic polarization of the 4d Pd boundary layer is observed 
in Pd/Co/Pd films due to hybridization of 3d electrons of Co, which leads to an overall increase 
in the magnetic saturation moment. In Pd/Co/Ta films, the magnetic moment decreases linearly 
with decreasing Co thickness; however, the zero moment (the point of intersection of the graph 
with the abscissa axis) is expected at a nonzero positive value of dСо ≈ 0.4 nm (Fig. 2, a), 
which indicates the existence of a magnetically disordered ‘dead magnetic’ layer at the Co/Ta 
interface. Magnetic polarization at the Pd/Co interfaces shifts the intersection point to negative 
thicknesses [4] of –0.1 nm, and thus the dead layer thickness can be determined as the difference  
dDL ≈0.4 – (–0.1) ≈ 0.5 nm, which is about 2.5 monolayers of Co(111).

The dependence of the effective magnetic anisotropy on the thickness is shown in Fig. 2, b. 
Epitaxial Pd/Co/Ta films demonstrate the perpendicular magnetic anisotropy at small thicknesses. 
Compared to epitaxial Pd/Co/Pd films, in which magnetic anisotropy is induced at the interfaces, 
mainly due to strong crystalline stresses, the energy of perpendicular magnetic anisotropy in  
Pd/Co/Ta films is significantly lower due to the disordered layer at the Co/Ta interface. Maximum 
value of effective anisotropy is Keff  × dCo = 8∙10–5 J/m2 in the range of perpendicular magnetic 
anisotropy observed at dCo = 1 nm. At the same thickness, there is also a maximum of coercive 
force μ0Hc = 13 mT. A decrease in the layer thickness leads to a decline of the coercive force, 
which may be due to a significant influence of dead layer dDL and nonzero roughness of the  
Pd/Co interface, which can lead to the appearance of sections of a ferromagnetically discontinuous 
layer. On the other hand, an increase in the thickness of the Co layer to 1.2 nm also leads to a 
decrease in the coercive force, which is associated with a decrease in the magnetic anisotropy. 
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а) b)

Fig. 2. Magnetic moment per unit of sample area (a), saturation magnetization (inset in (a)), effective 
magnetic anisotropy and coercive force (b) as a function of dCo 

The transition between perpendicular and in-plane anisotropy is observed at a thickness of about 
1.3 nm; with a further increase in thickness in-plane magnetic anisotropy is observed at which 
the coercive force does not exceed the value of μ0Hc = 1–2 mT. Effective magnetic anisotropy 
may be determined as

Co
Co

(2) .s
eff v

KK d K
d

⋅ = +

The slope of the linear section of curve of the magnetic anisotropy was used to determine the 
volume contribution to the effective anisotropy Kv = 1 MJ/m3, and to determine the constant of 
surface anisotropy Ks = 1.4 mJ/m2.

 The study of the Dzyaloshinskii–Moriya 
interaction was carried out based on the asymmetry 
of the propagation of domain walls in the creep 
mode for the Pd/Co(1)/Ta sample, since it 
demonstrates the highest perpendicular magnetic 
anisotropy. The necessary conditions for accurate 
measurement of the Dzyaloshinskii–Moriya 
interaction field are the following: stable nucleation 
of a domain in the same place, the absence of 
anisotropic macrodefects and roughness, a 
coercive force of less than 30 mT, and the absence 
of other domains in the field of view of the selected 
domain during its propagation. Using by the 
focused ion beam technique, an artificial defect 
was formed, which played the role of a stable 
center of domain nucleation The dynamics of 
domain wall propagation was studied using a 
magnetooptical Kerr microscope. On an artificial 
defect, using a short out-of-plane field (Hz) pulse, 
with duration of 2 ms, a domain was generated, 
after which a constant in-plane magnetic field (Hx) 
was switched on and after that, gave a second pulse 

of the out-of-plane magnetic field. Under the action of a displacing external in-plane field, the 
displacement of domain walls moving along the field and against the field occurs unequally 
(shown in the inset to Fig. 3). The domain wall velocity of movement is recorded from the shift 
of the left and right domain walls at a known Hz pulse width. The minimum of domain wall 
velocity is observed at nonzero Hx (Fig. 3). The in-plane displacement field is compensated by 
the action of the internal non-zero Dzyaloshinskii–Moriya interaction field (HDMI, which is 
oriented against the direction of the magnetic field), which displaces Hmin, i.e., the field at which 
the domain wall velocity is minimal, relative to zero. The shape of the curves at low speeds is 
quite symmetrical and close to parabolic, suggesting that μ0HDMI ≈ μ0Hmin = 30 mT. Slight kinks 
on the curves indicate an insignificant damping component.

Fig. 3. Dependence of domain wall velocity 
on in-plane magnetic field Hx. Visualization 
of magnetic domains was carried out with 

magnetooptical Kerr microscopy
A simple scheme of the experiment is 

presented in the inset
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Conclusion
We have studied the structure and magnetic properties of Si(111)/Cu/Pd/Co/Ta/Pd epitaxial 

films. The study of the layer growth process showed a disordered growth of Ta on the epitaxial 
Co layer, as well as a tendency to ordering with further deposition of Pd with the preservation of 
crystallographic symmetry. Ta, when deposited on the Co epitaxial layer, forms a magnetically 
disordered layer about 0.5 nm thick. The magnetically dead layer leads to a decrease in the 
perpendicular magnetic anisotropy in comparison with the previously studied symmetric epitaxial 
structures of the Pd/Co/Pd composition. For the Pd/Co/Ta system, the effective anisotropy 
components are determined: the volume anisotropy constant Kv = 1 MJ/m3, and the surface 
anisotropy constant Ks = 1.4 mJ/m2. It was expected that the violation of the symmetry of 
the structure by introducing the Ta layer would lead to an increase HDMI, compared with  
Pd/Co/Pd films, but this did not happen, since Ta leads to a decrease in anisotropy compared 
to a symmetrical structure due to strong mixing at the interface. However, breaking of the film 
symmetry in this case leads to more symmetric velocity curves, which indicates a decrease in 
the contribution of chiral damping. Thus, despite the disordered growth of Ta and the relatively 
small μ0HDMI ≈ 30 mT, it is possible to create DMI-enhanced ordered multilayer superlattices by 
increasing the number of layers based on the epitaxial films. 
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Abstract: The effect of vacuum annealing (600 °C, 30 min) on the temperature stability 
against oxidation in air of germanium nanowires obtained by cathodic deposition from aqueous 
solutions of germanium oxide was studied by the method of photoluminescence in the visible 
range and Raman scattering. The stability was checked by laser annealing at temperatures above 
1000 °C. It was shown that the evolution of photoluminescence and Raman peaks is associated 
with the formation of germanium oxide or suboxide upon laser annealing. Preliminary vacuum 
annealing of the sample significantly suppresses this process. The observed effect is associated 
with the formation of germanium oxide and the influence of indium atoms on this process.
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Аннотация. Методом фотолюминесценции в видимом диапазоне и КРС изучено влияние 
вакуумного отжига (600 °С, 30 мин) на температурную стабильность против окисления 
на воздухе нанопроволоки германия, полученные методом катодного осаждения из 
водных растворов оксида германия. Стабильность проверялась путем лазерного отжига 
при температуре более 1000 °С. Показано, что эволюция пиков фотолюминесценции и 
КРС связана с формированием оксида или субоксида германия при лазерном отжиге. 
Предварительный вакуумный отжиг образца существенно подавляет этот процесс. 
Наблюдаемый эффект связывается с особенностями формирования оксида германия и 
влиянием на этот процесс атомов индия.

Ключевые слова: германиевые нанопроволоки, оксид германия, фотолюминесценции, 
комбинационное рассеяние света
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Introduction

Germanium nanowires (NWs) obtained by cathodic deposition from aqueous solutions of germanium 
oxide are a promising material for a new elemental base of electronic devices, since, compared to 
silicon, it has a higher charge carrier mobility, a smaller band gap, and a lower processing temperature 
[1]. Also of great interest is the use of Ge NWs in lithium-ion batteries [2–4]. In addition, they are 
an interesting example of nanosized structures in which quantum effects associated with size limitation 
can be observed [5, 6].

The possibility of electrochemical deposition of Ge NW from aqueous solutions using particles of 
low-melting metals (Ga, In, etc.) at nearly room temperature has been demonstrated [7, 8]. In this 
case, liquid metal nanodroplets have been used as an electrode for reduction of Ge-containing ions at 
the electrode surface, followed by dissolving and crystallizing the melt at the substrate interface. The 
growth mechanism, which is known as electrochemical liquid–liquid–solid (ec-LLS) crystal growth, is 
similar to the vapor–liquid–solid method [7].

It was shown in a series of works [9, 10] that successive laser annealing of Ge NWs obtained by 
this method lead to the recrystallization of samples and the appearance of Ge nanocrystals (NCs) 
of different sizes from 1.5 to 5 nm, and the behavior of the samples varies greatly depending on the 
presence or no vacuum annealing. In this paper, we analyze the effect of preliminary vacuum annealing 
of germanium nanowires obtained by cathodic deposition from aqueous solutions of germanium oxide 
on the change in their temperature stability against oxidation at high temperature at ambient conditions.

Materials and Methods

Electrochemical deposition of Ge NWs was carried out in a three-electrode cell. Fifty micrometer 
thickness titanium foil was used as the substrate. Indium nanoparticles were deposited on a Ti foil, as 
described in previous work [9]. The solution contained 0.05 M of germanium (IV) oxide GeO2, 0.5 M 
of potassium sulfate K2SO4, and 0.5 M of succinic acid. Deposition was carried out at 0.2 mA∙cm–2 

at a solution temperature of 20 °C. The prepared samples were washed in deionized water and were 
dried in an argon flow. Some of the obtained samples were annealed at 600 °C in vacuum at a residual 
pressure below 1∙10–9 Torr for 30 min. 

Photoluminescence (PL) measurements and backscattered Raman spectra were registered under 
excitation with focused laser radiation using a NTEGRA Spectra II micro-Raman spectrometer at 
room temperature and ambient conditions. We used a He-Ne laser (maximal power 50 mW and 
minimal spot diameter 2 μm) for Raman experiments. Photoluminescence spectra were registered 
under 405 nm excitation with background subtraction. The laser power was attenuated by means of 
neutral filters with different optical densities. 

Before carrying out experiments on recording Raman and PL spectra, the maximum excitation power 
was determined, which did not lead to phase transformations in the sample, that would be reflected 

in changes in the spectra. However, to study the effect of 
high temperature on the state of the samples, exposure was 
carried out under a HeNe laser at maximum power for  
1 – 60 seconds at ambient conditions. The temperature 
under the beam at such laser annealing was determined 
from the ratio of the intensities of the Stokes and anti-
Stokes peaks of the optical phonon. Four sets of spectra 
were taken corresponding to different conditions of the 
sample. These sample conditions are conventionally 
presented in Table 1 and will be called accordingly.

Sample condition
Notation

A B C D
Vacuum annealing ‒ + ‒ +

Laser annealing ‒ ‒ + +

Tab l e  1 

Sample list
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Results and Discussion
PL was recorded in a wide wavelength range from 0.4 to 2 μm, where the appearance of exciton 

PL could be expected. The size effect in the samples under considered can lead to appearance of 
PL in the infrared range (IR), since the Bohr radius of a direct-gap exciton in Ge is 20–30 nm 
(depending on the conditions and calculation procedure [10], [11]) and can thus exceed the 
actually achievable size of a germanium nanocrystal or the filament diameter [9]. In this case, the 
emission of a photon with an energy of 1.3–2.67 eV is expected. Indeed, in a sample with Ge 
nanocrystals (NCs) 2–6 nm in size formed in a SiO2 matrix, a weak shoulder with an energy of 
1.6–1.8 eV was observed against the background of an intense peak with a position of 2.2–2.4 eV 
[10]. It should be noted that the intensity of this high-energy peak increased significantly upon 
annealing but the position did not change; nevertheless, the authors associated the nature of this 
PL with quantum-confinement effects in Ge NCs. Considering samples with Ge NCs less than 4 
nm in size, the authors of [12] attributed the PL in the range of 2.2–2.3 eV to a new crystalline 
nanostructure in NCs with direct interband transitions; in this case, the absence of a temperature 
dependence of the position of the PL peak is not commented in any way. The convincing 
presence of IR PL in Ge nanowires was demonstrated in [13], however, as the authors point out, 
quantum confinement effects are unlikely to be involved in this, since the NW diameter is 40 nm 
and exceeds the exciton Bohr radius.

There was no photoluminescence for our samples with NWs in infrared region, but strong PL 
signal was found in the range of 400–950 nm (Fig. 1). The peak in the region of 450–475 nm in 
both spectra is associated with a drop in the detector sensitivity at the edge of the range; however, 
an increase in the intensity in the short-wavelength region below 500 nm is not an artifact of 
the measurements. It can be seen that in the initial state (without laser annealing, Fig. 1, a), 
a noticeable PL signal with a maximum at 635 nm is manifested only by the sample without 
vacuum annealing. Laser annealing of this sample for 1 second leads to a 4-fold increase in the 
PL intensity (Fig. 1, b, sample C) and a shift of the maximum to the blue region up to 536 nm. In 
turn, the PL intensity of the sample in the vacuum-annealed state B (Fig. 1, a) and D (Fig. 1, b) 
practically does not change: a slight elevated spectrum is observed in the region of 550–750 nm. 
A significant increase in the PL signal for sample D is achieved after laser annealing for 60 sec 
(Fig. 1, b); the peak maximum is located at about 600 nm.

Wavelength, nm Wavelength, nm

a) b)

Fig. 1. PL spectra of sample with NWs before (a) and after (b) vacuum annealing. Different curves in 
each panel correspond to PL without and with laser annealing of different duration.

The sharp line at 800 nm is a second laser harmonic.

As shown above, the quantum size effect is an unlikely reason for the appearance of PL in 
a system with Ge NWs. Therefore, there must be other sources of PL observed in the studied 
samples. First of all, it can be germanium oxide, since germanium is actively oxidized at ambient 
conditions. The oxidation of germanium as the cause of PL is also indicated by its high intensity 
in the laser-annealed sample C. An estimate of the temperature in the region of the laser spot 
during annealing, measured from the ratio of Stokes and anti-Stokes peaks, gives a value of at 
least 1000 °C.
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At present, most authors are inclined to believe that the source of PL in the visible and UV 
ranges is the Ge/GeОх or GeОх interface states. Similar conclusions are reached by studying 
freestanding Ge/GeO2 core-shell NCs. Strong PL peaks in the same region are attributed to 
Ge/GeO2 interface defect states [14] or GeOxs [15]. Annealing in air or a hydrogen-containing 
atmosphere of nanocrystalline germanium obtained by chemical etching also allowed to conclude 
that the PL from these materials is from GeOxs [16]. The effect of passivation on the PL from  
Ge NCs is shown in [17]. The deposition of a thin silicon layer on Ge NCs formed in high 
vacuum on the SiO2 surface resulted in the appearance of a weak PL signal with a peak position 
of 0.85 and 0.82 eV, depending on the NC size. On the other hand, passivation reduced the PL 
intensity in the visible region due to the prevention of GeOx formation on the surface. 

The change in the state of germanium and its amount in the samples under the laser annealing 
is well traced in the Raman spectra (Fig. 2). After laser annealing of the sample without vacuum 
annealing (Fig. 2, a), the germanium phonon TO peak shifts from the position of 281 cm–1 
to 300 cm–1. In turn, the initial position of the TO peak in the vacuum annealed sample was  
297.3 cm–1, after laser annealing 300.7 cm–1, and the intensity decreased by a factor of 4. Taking 
into account the fact that parts of the same sample were used for experiments with and without 
vacuum annealing, and the measurement conditions for all spectra in Fig. 2 coincided, it can be 
argued that, after laser annealing of the vacuum annealed sample, a significantly larger amount 
of germanium contained in NWs was retained in it. The shift of the Raman peaks to the blue 
region upon annealing is explained by an increase in the size of nanocrystalline grains in NWs. 
It is noteworthy that, prior to laser annealing, the position of the peak of the vacuum annealed 
sample is 297.3 cm–1, which indicates recrystallization of NWs during the annealing.

a) b)

Fig. 2. Raman spectra of the sample with Ge NWs before (a) and after (b) vacuum annealing. Different 
curves in each panel correspond to the conditions without (samples A and B) and with 

(samples C and D) laser annealing.

It should be noted that the need for vacuum annealing in these samples was dictated by 
the need to get rid of the high concentration of indium used as a catalyst in the formation of 
NWs. According to our studies using in-situ electron beam annealing in a transmission electron 
microscope, indium segregates on the surface of the filaments. The results of studies in [18] indicate 
that the oxidation of germanium occurs at the GeO2/Ge interface due to the decomposition 
of GeO2. The resulting oxygen vacancy plays a key role in Ge oxidation, as oxygen atoms 
diffuse through these vacancies to interface with germanium with an exchange type of process. 
In turn, paper [19] presents a theoretical study of the influence of 4 and 3 valence metals on the 
passivation of vacancies in germanium suboxides in order to find out the reason for the success in 
obtaining excellent p- and n- MOSFET mobilities in the GeOx/Al2O3 gate stack [20]. It turned 
out that the pre-existing oxygen vacancies in the intermediate GeO2 layer affect the performance 
of the device. Since indium can exhibit 3 valence electrons in compounds, it can saturate oxygen 
vacancies in germanium suboxide by suppressing oxygen diffusion to the GeO2/Ge interface and 
preventing oxidation. The difference between vacuum and laser annealing of NWs lies in the 
kinetics of these processes: vacuum annealing at 600 °C is not sufficient for the decomposition of 
GeO2 [21], but this temperature is sufficient for active diffusion of indium.
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Conclusion

Thus, the observed evolution of the PL spectra depending on the state of the sample is 
unambiguously related to oxidation of germanium NWs. A strong increase in PL after laser 
annealing at ambient conditions from a vacuum unannealed sample is explained by the formation 
of a large amount of oxide from germanium, which is included in NWs. This process correlates with 
the evolution of the Raman spectra, where the oxidation of NWs is accompanied by a significant 
decrease in the intensity of the TO phonon peak. After vacuum annealing, NWs become more 
resistant to oxidation, which manifests itself in the absence of PL in the studied range before 
laser annealing and its slight increase after a short laser annealing. In turn, the TO Raman peak 
remains quite intense. However, an increase in the duration promotes the occurrence of diffusion 
processes in NWs and their oxidation, which results in the appearance of intense PL. The analysis 
of these phenomena is based on the facts about the features of germanium oxidation, during 
which suboxides are formed, which, in turn, are the cause of PL in the studied range. Vacuum 
annealing leads to passivation of these germanium suboxides, resulting in a low PL intensity and 
resistance of NWs to oxidation at elevated temperatures.
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Аннотация. Атомная и электронная структура поверхности YFeO3 при формировании 
кислородных вакансий исследована при помощи квантово-механических методов 
моделирования. Рассмотрены поверхности (100), (001) и (010). Продемонстрирована 
зависимость энергии формирования кислородных вакансий от их концентрации 
и типа поверхности. С наименьшими энергетическими затратами кислородные 
вакансии формируются на поверхности (100). При формировании вакансий на 
поверхности происходит расщепление 3d-состояний Fe на объемные, поверхностные и 
приповерхностные.

Ключевые слова: теория функционала плотности, метод псевдопотенциалов, 
поверхностные эффекты, ортоферрит иттрия, кислородные вакансии

Ссылка при цитировании: Гниденко А. А., Чигрин П. Г. Атомная и электронная 
структура поверхности YFeO3 с кислородными вакансиями // Научно-технические 
ведомости СПбГПУ. Физико-математические науки. 2022. Т. 15. № 3.1. С. 65–70. DOI: 
https://doi.org/10.18721/ JPM.153.111

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

SIMULATION OF PHYSICAL PROCESSES 

© Gnidenko A. A., Chigrin P. G., 2022. Published by Peter the Great St.Petersburg Polytechnic University.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

66

© Гниденко А. А., Чигрин П. Г., 2022. Издатель: Санкт-Петербургский политехнический университет Петра Великого.

Introduction

In the last two decades, complex oxides with a perovskite structure (ABO3) have become the 
subject of intensive research over the world [1, 2]. The field of application of these materials is 
very wide: various types of sensors and detectors, solar cells, photocatalysts and solid oxide fuel 
cells [3–6]. The functional properties of these compounds are mostly determined by stoichiometry 
and structural changes within ABO3 [7]. It was found that defect formation in the crystal lattice of 
ABO3 leads to a significant increase in catalytic activity [8], while the oxygen non-stoichiometry 
of YFeO3–δ can reach δ = 0.25 [9]. A lot of research has been dedicated to developing perovskite 
catalysts for redox reactions such as the oxidation of hydrocarbons, soot and carbon monoxide. 
Thus, perovskite compounds can be used as alternative multifunctional catalysts for neutralizing 
diesel gases.

The mechanism of carbon oxidation in the presence of catalysts with a perovskite structure has 
not been comprehensively explored this far. It should be noted that vacancies on the perovskite 
surface are filled with oxygen from the bulk of the crystal. Thus, the influence of the structural 
characteristics of perovskite on the mobility, surface/volume reactivity of oxygen, and catalytic 
activity in carbon oxidation is of great interest for fundamental research. In the present work, 
yttrium orthoferrite (YFeO3) was considered; the atomic and electronic structure of this perovskite 
at the formation of oxygen vacancies on the surface was studied using modern computer simulation 
methods.

Methods and Calculation Parameters

The Quantum Espresso software package [10], based on the density functional theory [11, 12] 
and the pseudopotential method, was used to perform quantum mechanical calculations. The 
exchange-correlation contribution to the total energy was described by the generalized gradient 
approximation. Uniform k-point grids were specified by Monkhorst-Pack procedures and varied 
depending on the size of the supercell. Cutoff energy of the plane wave basis was about 816 eV. 
Ultrasoft pseudopotentials for yttrium, iron, and oxygen were taken from the Quantum Espresso 
pseudopotential database [13] and were tested for a correct description of the properties of the Y 
and Fe crystal lattices, as well as of the O2 molecule.

YFeO3 has an orthorhombic primitive cell (Pnma space group); according to our calculation, 
the lattice parameters are a = 5.65 Å, b = 7.64 Å, c = 5.29 Å; deviation from the experimental 
values is less than 1%. ABO3 perovskites (where B = Fe) are often antiferromagnets; the equilibrium 
configuration for YFeO3 corresponds to the G-type antiferromagnetic state, which is consistent 
with the literature data. Furthermore, Hubbard correction (DFT + U) [14] was applied into the 
calculations with Ueff = 4 eV for adequate description of strongly localized 3d-states of Fe.

Results and Discussion
A primitive orthorhombic cell of YFeO3 was taken to construct the slab models. It contains 

4 structural units (20 atoms in total). For simplicity of construction, we considered the facets 
of the primitive cell, thus we obtained surfaces with indices (001), (010) and (100). To estimate 
the surface energy of non-stoichiometric slab we calculated a difference between the slab energy 
before (Eunrel.slab) and after (Erel.slab) atomic relaxation, reduced to a unit of surface area (S):

. . .
2

unrel slab rel slab
surf

E EE
S
−

=
                                                              

(1)

We considered an asymmetric slab: the lower atomic layers were fixed. Fig. 1 shows the slab 
where only the middle atomic layers are fixed, before (a) and after (b) relaxation, as well as the 
slab with fixed lower atomic layers after relaxation (c). Fe atoms in Fig. 1 and 2 are marked in 
dark grey, Y atoms in light gray, and O atoms in white. Atomic structure analysis showed that 
the bond lengths in the surface layers after relaxation in both cases coincide with an accuracy of  
0.01 Å. The surface energy for the slab with fixed lower layers was determined by a formula 
similar to (1), but without a factor of 2 in the denominator, since only one (upper) surface is 
considered. The vacuum gap in our calculations was about 14 Å. The calculated values of surface 
energies are given in Table 1.
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For the (001) surface, the influence of the number of atomic layers on surface energy was 
estimated. It had been shown that the difference in surface energy between 5- and 7-layer slabs is 
only 0.01 J/m2. The fixation of the lower atomic layers leads to an insignificant (within 0.05 J/m2) 
increase in the surface energy, which indicates that the approach we have chosen is acceptable. 
The same results for slabs with fixed lower layers were obtained for YFeO3(100) and YFeO3(010). 
The number of layers in the (010) slab is 9, because in this direction, the linear size of the unit cell 
is larger. Additionally, the atomic layers for the direction [010] consist of either Fe and O atoms 
or Y and O atoms. Our calculations showed that formation of a (FeO2) surface is more favorable; 
the energy difference is 0.3 J/m2. Further, we considered only this type of surface.

In the simplest approximation, taking the chemical potential of oxygen as half the O2 molecule 
total energy, the formation energy of a surface vacancy is determined as follows:

2O
1 ,
2form slab vac slabE E E E+= − +

                                                         
(2)

where Eslab is the energy of the YFeO3 slab, Eslab+vac is the energy of the slab with oxygen surface 
vacancy, EO2

 is the energy of an isolated O2 molecule. The obtained values are shown in Table 2.
For each surface, we considered two cases, which differed from each other by the  

Fig. 1. Slab for the YFeO3 (001) surface in two projections: before relaxation (a); after relaxation of 
the upper and lower atomic layers (b); after relaxation of only the upper atomic layers (c)

Tab l e  1

Surface energies of YFeO3 (001), (010) and (100)

Surface Area, m2 Slab characteristics Surface energy, 
J/m2

(001) 4.36 ∙ 10–19

5 layers 0.92
7 layers 0.91

5 layers, the lower layers are fixed 0.97

(010) 3.01 ∙ 10–19

9 layers (FeO2) 1.03
9 layers (YO) 1.31

9 layers (FeO2), the lower layers are fixed 1.05

(100) 4.11 ∙ 10–19 5 layers 1.06
5 layers, the lower layers are fixed 1.11

a) b) c)
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cross-section area. In contrast to the 
description of bulk oxygen vacancies, we 
cannot operate in terms of oxygen non-
stoichiometry; therefore, below we consider 
high and low concentrations of surface 
oxygen vacancies. Fig. 2 shows the atoms 
forming the surface layer for (001), (100), 
and (010); the second and third images 
in each row correspond to high and low 
vacancy concentrations. To create a vacancy 
on the surface, we removed the oxygen atom 
with the highest position in the direction of 
the slab orientation; for all surfaces, it was 
an oxygen atom from the Fe-O-Fe bridge. 
Thus, the formation of an oxygen vacancy 
leads to the formation of a Fe-Fe bond on 
the surface (its length varies from 2.62 to 
2.82 Å).

It was found that the formation energy 
of a surface oxygen vacancy decreases with 
an increase in the cross-section area, i.e., 
a decrease in the vacancy concentration. 
Due to the specific arrangement of atoms 
on the YFeO3(010) surface layer, the 
formation energies do not differ too much 
from previously calculated values for bulk 
oxygen vacancies (3.13–3.79 eV) [15]. 
However, the vacancy formation energies 

were significantly lower for the (001) and (100) surfaces; in the case of low concentration on the 
(100) surface, the lowest value was obtained, amounting to 0.81 eV. For more detailed analysis, 
we plotted the density of electronic states (DOS) for all considered cases.

The left side of Fig. 3 shows the total and projected densities of electronic states for an 
ideal YFeO3 cell and a cell with an oxygen vacancy (with high and low concentration). The 
Fermi level is at zero. The formation of an oxygen vacancy leads to appearance of levels 
in the band gap, as well as to partial delocalization of 3d states of Fe; in the case of high 
concentrations this is more pronounced. At the vacancy formation on the YFeO3 (010) 
surface (right panel in Fig. 3), it is noticeable that, in addition to the sharp peak at −8 eV 
corresponding to 3d states of bulk Fe atoms, there are distributed states (in the range from  
−7 eV to −6 eV) corresponding to surface Fe atoms. In the case of the (001) and (100) surfaces 
(Fig. 4), there is a partial splitting of the peak corresponding to the bulk states; it becomes the 
superposition from the states of the bulk and near-surface Fe atoms. This occurs due to formation 
of the Fe-Fe bond when oxygen is removed from the surface and the surface layers are included 
in the atomic relaxation process.

Tab l e  2

Energies of oxygen vacancy formation for different types of YFeO3 surfaces

Fig. 2. Atoms of YFeO3 surface layers: without oxygen 
vacancy (a); one vacancy per unit cell cross-section 
(b); one vacancy per cell area increased by 4 times(c)

b) c)

Surface Area, m2 Eform, eV

(001)
4.36∙10-19 2.40

17.45∙10-19 1.74

(100)
4.11∙10-19 1.79

16.44∙10-19 0.81

(010)
3.01∙10-19 3.51
12.03∙10-19 3.33

a)
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Fig. 3. Densities of electronic states for YFeO3 and YFeO3(010) surface in the absence and 
presence of oxygen vacancies

Fig. 4. Densities of electronic states for YFeO3(100) and YFeO3(001) surfaces in the absence and 
presence of oxygen vacancies

Conclusion
Computer simulation methods have been used to study changes in the atomic and electronic 

structure upon formation of oxygen vacancies on different surfaces of yttrium orthoferrite. It 
was found that there is a tendency to a decrease in the formation energy with an increase in the 
surface area, which corresponds to a decrease in the vacancy concentration. The smallest value 
of 0.81 eV was obtained for the (100) surface, which is about four times less than the formation 
energy of a bulk oxygen vacancy. Analysis of the electronic structure showed delocalization of 
3d states of Fe atoms for the surface formation process; the formation of an oxygen vacancy 
enhances this effect due to the appearance of Fe-Fe bond.
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Abstract: The solution to the problem of finding the probability density of all possible states 
(configurations) in dipole lattices, which also allows obtaining information about the degree 
of frustration in the system, is considered in the article. As an example, the Cairo lattice of 
40 particles (dipoles) was used - a two-dimensional system of artificial spin ice, combining 
the geometry of square and Kagome lattices. Our method was created by combining the 
approximate polynomial algorithms of the MC-walk and the Greedy algorithm. We used the 
Greedy algorithm to obtain the energy data points for each possible spin excess, then partition 
the space into an equal number of intervals, and MC-walk to accumulate the data points. It 
was shown that the use of intervals makes it possible to ensure good performance of the method 
on the most degenerate energy regions but has a problem in finding data points on the least 
degenerate regions. The distribution of the density of states is constructed.
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Метод расчета плотности состояний для дипольных решеток
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Аннотация. В статье рассматривается решение проблемы нахождения плотности 

вероятности всех возможных состояний (конфигураций) в дипольных решетках, также 
позволяющий получить информацию о степени фрустраций в системе. В качестве примера 
была использована Каирская решетка – двумерной системе искусственного спинового 
льда, совмещающей геометрии квадратной и кагоме систем из 40 частиц (диполей). 
Наш метод создан путем комбинирования приближенных полиномиальных алгоритмов 
МК-блуждания и Жадного алгоритма. Мы используем Жадный алгоритм для получения 
энергетических границ для каждого возможного спинового избытка, для последующего 
разбиения пространства на равное число интервалов, и МК-блуждания для накопления 
точек данных. Показано, что использование интервалов позволяет обеспечить хорошую 
работу метода на наиболее вырожденных энергетических участках, но имеет проблему 
в поиске точек данных на наименее вырожденных участках. Построено распределение 
плотности состояний.

© Chesnokov M. A., Nalivaiko I. N., Strongin V. S., 2022. Published by Peter the Great St.Petersburg Polytechnic 
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Introduction

Artificial spin ice is a nanomagnetic multiferroic artificial material consisting of nanoparticles 
of elongated shape. The magnetic moment of a particle consists of many spins, therefore it is 
called a superspin or macrospin. The behavior of magnetic moment of nanoparticles makes it 
possible to use the Ising model, since there are only two possible mutually exclusive orientations 
for it, ‘up’ or ‘down’. Initially, artificial spin ice was understood as a two-dimensional artificial 
equivalent of spin ice on a pyrochlore lattice. Research on artificial spin ice is of major importance. 
Thermodynamic properties of systems are investigated. Theoretical work is usually aimed at 
confirming experimental observations. However, the most fundamental issue is developing 
algorithms that could allow calculating a complete group of events based on a sample from the 
state space. Currently, there are no theories and, consequently, technical, software capabilities 
for accurate calculation of the statistical sum of a large number (>40) of interacting particles of 
a fully connected model. Therefore, interest in the topic of artificial spin systems is constantly 
growing.

The method we used for calculating the density of states is independent of geometry and is 
suitable for studying any dipole lattices.

As an example, the Cairo lattice was used, which is a two-dimensional system of artificial spin 
ice that combines the geometry of the square and kagome systems [1].

Model and Computational Methods

A system of 40 dipoles was observed, since its dimension is large enough for the obtained 
data to have statistical value, and at the same time, it is still possible to calculate the exact 
values by exhaustive search, which is used for comparison.

The greedy algorithm made it possible to ‘descend’ to low-energy configurations in a relatively 
small number of operations, but rarely allows to find the ground state or configurations that 
are energetically close to it [2]. The algorithm can be reversed to find the highest energy in the 
system.

In the study, we applied this algorithm sequentially for various parameters of the spin excess 
M to obtain the graph for E(M), which is the basis of the future three-dimensional graph of the 
density of states. For each M, there are two points that the boundary passes through: Emax and 
Emin (except M = N, where the lines converge). These are the maximum and minimum energies 
found for a fixed spin excess M respectively.

A random Monte Carlo walk over the system’s energy spectrum was used to accumulate 
a statistically significant number of possible energy values [3]. The algorithm is simple: we 
generated a random spin configuration, calculated the system’s total energy and saved the 
result. The operation was performed for each of the M possible using the MC averaging steps. 
The energy of the dipole-dipole interaction of a system of dipoles on the Cairo lattice is 
calculated using the formula:

© Чесноков М. А., Наливайко И. Н., Стронгин В. С., 2022. Издатель: Санкт-Петербургский политехнический 

университет Петра Великого.
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where im  is the value of the magnetic moment vector; ijr  is the vector between the centers of 
the magnetic moments of the interacting dipoles.

Due to energy degeneracies (states in which several configurations can correspond to the same 
energy value) some energies are much more common than others, serving to generate the function 
g(E) corresponding to the upper part of the general three-dimensional density of states.

The step was calculated for dividing the energy space into intervals for each spin excess M 
using the formula:

max min ,E Estep
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−
=
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where num is the number of intervals.
Then, for each interval, the degeneracy multiplicity g (describing how many of the previously 

generated energies are included in each interval) was calculated. 
The area under the graph S is equal to the binomial coefficient calculated using formula (3):
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−
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For each spin excess, we multiplied g(Ei) so that the area under the graph is equal to the 
corresponding binomial coefficient.

Results and Discussion
The energy boundaries were calculated using a greedy algorithm. We generated 100,000 possible 

energy points for each spin excess M. NVIDIA CUDA parallel computing technology was used 
to speed up the implementation [4]. For each spin excess M, the energy space was divided into 
1,000 intervals with an equal step. This approach made it possible to obtain a fairly correct (with 
respect to exhaustive search values) distribution of energies and multiplicity of degeneracies using 
a relatively small amount of data.

Fig. 1. Function g(E) for spin excess M = 0 for exact solution (straight line) 
and approximate solution (dots).

Fig. 1 shows the g(E) plot for the spin excess M = 0, on which the dark straight line is the 
distribution plot for the exact solution (also divided into intervals, otherwise we would obtain a 
different dimension), the brighter dots are the approximate data extracted using the algorithm. 
Evidently, the curves exhibit a similar shape along the entire length with a slight inaccuracy in the 
peak region, where the largest number of possible energies is located.
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Fig. 2. M(E) for all generated energy points found by the MC method and bounds found 
by the greedy algorithm. 

However, it can be seen from Fig. 2 that the points generated by Monte Carlo do not occupy 
all the available space (that is also calculated by the approximate greedy algorithm). Because the 
multiplicities of degeneracy g for the energies located in the middle were much larger, the points 
along the edges were chosen much less often, or not chosen at all. Fig. 1 shows how strong the 
growth dynamics was in the middle, relative to the edges. This introduces an additional inaccuracy 
in the approximate method, requiring to search for solutions.

Fig. 3. Function g(E) for the spin excess M = 0 (a); dependence of the ground state on 
the number of particles (b) [5].

We found from an exhaustive data search that the graph in the low-energy regions close to 
the ground state can be approximated by a straight line (Fig. 3, a) extended to a zone that is well 
calculated by the Monte Carlo method from the starting point (the ground state or a value close 
to it).

The first option is to improve the existing greedy algorithm to be able to search for lower 
energy points close to the ground state for each fixed spin excess M. However, improving of 
the greedy algorithm is a challenge in itself. A more promising option is to refine the existing 
method of the ground state energy calculation by scaling. Fig. 3, b shows a graph of the change 
in the minimum energy with a change in the size of the system for the Cairo lattice with different 
parameters [5].

a)     b)

Fig. 4. Density of states (the axis x represents the energy E in arbitrary units; y the spin excess M;
z the multiplicity of degeneracy g).
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Finally, the binomial coefficients were calculated; the area under each g(E) plot for each spin 
excess M has been proportionally increased to match the binomial coefficient.

The result is a density of states plot (Fig. 4). We will be able to calculate a fairly accurate DOS 
after improving the algorithm.

Conclusion

We used 2 approximate methods to construct a polynomial algorithm for finding the density 
of states for dipole lattices of artificial spin ice. We have found that our approach demonstrates 
good accuracy for a part of the system (in the center of the energy space) but does not perform 
well at the edges. We made suggestions about possible ways to solve the problem and improve the 
algorithm, based on previously obtained data.
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Abstract: We apply the hybrid multispin Monte Carlo method to calculate the properties 

for artificial dipole ice on hexagonal and Cairo lattices. The method is based on combining a 
random selection of a set of spins (cluster) using the Monte Carlo with complete enumeration 
of all states of the selected cluster. The method works only for Ising models with a restricted 
radius of interaction. In addition, the method makes it possible to bring spin systems to the 
ground state at low temperatures.
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Применение гибридного мультиспинового Монте-
Карло метода для искусственного дипольного льда 
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Аннотация. Для расчета характеристик искусственного дипольного льда на 

гексагональной и Каирской решетках мы применяем гибридный мультиспиновый 
Монте-Карло метод. Метод основан на сочетании случайного выбора набора спинов 
(кластера) методом Монте-Карло с полным перебором всех состояний выделенного 
кластера. Метод работает только для моделей Изинга с ограниченным радиусом 
взаимодействия. Кроме того, метод позволяет привести спиновые системы к основному 
состоянию при низкой температуре.

Ключевые слова: гибридный Монте-Карло метод, дипольные антиферромагнетики, 
спиновой лед, статистическая термодинамика
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Introduction

To calculate the properties of a system of interacting magnetic moments (spins) at a given 
temperature in thermodynamic equilibrium, it is necessary to determine the partition function, 
i.e., it is necessary to obtain information about all possible states (configurations). However, in 
practice, exact calculation of the partition function is possible only in very rare cases. Finding the 
properties of a full set of events is an important computational problem. Attempts are currently 
underway to solve this fundamental problem using Monte Carlo algorithms, a combination of 
Monte Carlo methods and machine learning.

One such method is the Metropolis–Hastings algorithm, which was proposed in 1953 [1]. The 
Metropolis–Hastings algorithm is one of the most important algorithms that have been developed 
in the last century [2]. This approach remains to this day one of the most popular not only in 
statistical mechanics, but also in an extremely wide field of diverse sciences. 

Indeed, the Metropolis algorithm has fundamental importance, but the one-spin approach is 
unfortunately insufficient at low temperatures. This phenomenon is called the ‘critical slowing 
down’ [3, 4].

Therefore, efforts are made to develop new approaches. For example, Melko et al. introduced 
loop flips into the Metropolis algorithm, performing simulations of a spin-ice model at low 
temperatures [3, 5]. There are combinations of the conventional Metropolis method with single 
spin rotations and replica exchange method [6, 7], and with the over-relaxation method, with 
the replica-exchange method [8]. There are Monte Carlo simulations combined with finite-size 
scaling [9].

In this paper, we applied the hybrid Monte Carlo method of our own design [10, 11], in 
which, instead of a single spin-flip, we use a complete enumeration of 2Nc states of Nc spins 
(moments) within a small cluster that interact with a configuration of ‘frozen boundary’ of Nb 
spins or moments. The basic idea of our approach is to search for the thermodynamic equilibrium 
of subsystems of relatively small size at finite temperature at almost adiabatic process. Naturally, 
equilibrium is achieved significantly faster in small subsystems than in the entire system. If 
all subsystems with the same local Hamiltonian are physically and statistically equivalent, the 
statistical thermodynamic characteristics of one subsystem (replica) can be calculated only once 
to be used to calculate the thermodynamic averages.

Hexagonal Dipolar Spin Ice, Nearest Neighbors Model

‘Artificial spin ice’ (ASI) is not just an artificial analog of natural spin ice, which is to say, 
geometrically frustrated magnetic pyrochlores that imitate the ordering of the spins of water 
protons, but a convenient framework for developing and testing theoretical models of many 
interacting bodies and new statistical methods, as well as verifying their accuracy.

We use Ising-like point dipoles located on the edges of a two-dimensional hexagonal lattice 
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with periodic boundary conditions. The magnetic moment of the dipole i is defined as im


 and 
is directed along the edges (see [10, 11] for details). Аn example of a dipole hexagonal lattice is 
shown in Fig. 1, a.

For the operation of the hybrid Monte Carlo method, we limited the radius of the dipole-
dipole interaction to three coordination spheres according to the results [12]. To calculate the 
energy, it is necessary to determine the neighbors for each dipole. Each cluster dipole has 14 
nearest neighbors (see Fig. 1, b). Since the boundary conditions are periodic, all elements in the 
system have the same number of neighbors.

For the method to work correctly, it is necessary to determine the clusters and boundaries of 
each hexagon. A hexagon is taken as a cluster, and the nearest neighbors of the hexagon dipoles 
are the boundary that interacts with the cluster and separates it from all other dipoles. The cluster 
is shown by red arrows in Fig. 1, a and consists of six dipoles. The cluster boundary is shown by 
blue arrows and consists of 24 nearest neighboring dipoles. In total, the cluster and the boundary 
block contain 30 dipoles, whose states can be easily enumerated by complete enumeration. This 
block will be subsequently used for sampling.

Fig. 1. Example of hexagonal lattice with Ising-like point dipoles (spins): cluster spins are marked in 
red (small circle) and border spins in blue color (large circle), which are used as subsystems in the 
hybrid Monte Carlo method (a); cluster spin and interacting dipole-dipole neighbors up to the third 

coordination sphere (b)

a)

b)

The energy of the dipole-dipole interaction between dipoles is defined as 

(1)

where D = μ2/a3 is the dipole coupling constant, 3 2a =  is the lattice parameter (Fig. 1, a) and 
ijr

 
is the radius vector between dipoles i and j with magnetic moments im  and jm , respectively.
For systems with different numbers N of spins, we calculated the specific heat capacity C(T) 

per spin depending on temperature
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where 〈E〉 is the average thermodynamic quantity, kB is the Boltzmann coefficient, T is the 
temperature.

Hexagonal Dipolar Ice Thermodynamics and Ground State

Using our method, we obtained the specific heat (Fig. 2) for the hexagonal spin ice consisting 
of different numbers of spins; the data are presented in relative units.

The temperature behavior of the heat capacity has two peaks. An increase in one of the heat 
capacity peaks with an increase in the size of the system may indicate the presence of a phase 
transition. In addition, there is no low-temperature peak in the temperature behavior of heat 
capacity in the model of Ising-like point dipoles on a hexagonal lattice. The low temperature pick 
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Fig. 2. Temperature behavior of specific heat for different numbers of spins on the hexagonal lattice, 
calculated by the hybrid Monte Carlo method

was discussed in [13, 14]. The presence of a peak is usually associated with a phase transition to 
a low-energy phase. The low-temperature transition to long-range order, which is discussed in 
[15], is absent in the nearest-environment model. Thus, the phase transition to an ordered phase 
in artificial macrospin ice materials is associated with the long-range nature of dipole interaction, 
which lifts the macroscopic degeneracy of the ground state.

Developing an algorithm to search for ground state is a fundamental problem. The multispin 
cluster Monte Carlo method allows to search for configurations of low-energy states. Fig. 2 from 
[16] shows an example of one of the ground state candidates for the hexagonal lattice of Ising-like 
dipoles obtained by our method.

Cairo Dipolar Ice, Nearest Neighbors Model

The Cairo lattice with periodic boundary conditions is shown in Fig 3, a. The lattice parameters 
were a = 472 nm, b = 344 nm, and c = 376 nm. The interaction radius and nearest neighbors of 
one of the dipoles of the cluster are shown in Fig. 3, b. To implement the hybrid multispin Monte 
Carlo method, five dipoles are taken as a cluster, and their nearest neighbors form a boundary 
(Fig. 3, c).

Fig. 3. Example of Cairo lattice with Ising-like point dipoles (spins): relevant parameters a, b, and c 
(a); the cluster spin and interacting dipole–dipole neighbors (b); cluster spins are marked in red (small 
circle) and border spins in blue (large rectangle), which are used as subsystems in the hybrid Monte 

Carlo method (c)

The energy of the dipole-dipole interaction in the Cairo lattice was calculated using Eq. (1).

Thermodynamics Cairo Dipolar Ice and Ground State

Calculating thermodynamic averages allowed calculating the temperature dependence of the 
specific heat capacity for the pentagonal Cairo lattice as a function of the given number of 
dipoles. The size of the cluster with the boundary had 29 dipoles. The lattice parameters were 
a = 472 nm, b = 344 nm, and c = 376 nm

As can be seen from Fig. 4, with an increase in the number of dipoles on Cairo lattice, there 
is no increase in the height of the heat capacity peak in models with a limited interaction radius. 

a) b) c)
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The absence of size effects in the temperature behavior of the heat capacity is observed. The heat 
capacity peak height is the same for all studied systems with the number of particles N = 80, 500 
and 980, in the nearest neighbors model.

Fig. 4. Temperature behavior of specific heat of Cairo dipolar ice, calculated by hybrid Monte Carlo 
method

It should be noted that a model and, specifically, the interaction radius should be selected very 
carefully, since it is known that depending on the value of the interaction radius of Ising dipoles, 
the same model can lead to existence of several heat capacity peaks. For a limited interaction 
radius in the model of nearest neighbors, only one heat capacity peak is observed. Moreover, we 
calculated the ground state of the Cairo lattice of dipoles N = 80 dipoles (see [10], Fig. 8).

Conclusion

The hybrid multispin Monte Carlo method allows increasing the size of counting systems and 
to expand the amount of calculated statistical-thermodynamic parameters while preserving the 
accuracy and performance at the same level. Furthermore, the method allows to calculate the 
temperature dependence of thermodynamic quantities such as heat capacity and others, and in 
some cases solve the fundamental problem of searching for configurations of low-energy states or 
even ground states at T → 0. It can be easily generalized to spin lattices of arbitrary dimensions, 
arbitrary Hamiltonian, arbitrary dilution, and external field.
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при попытке расчета таких систем. Основным объектом исследования в данной работе 
является двумерная модель Эдвардса-Андерсона на квадратной решетке. В работе 
предложен оптимизированный гибридный метод Монте-Карло для расчета значений 
термодинамических средних и энергий основного состояния модели фрустрированного 
спинового стекла. Достоверность результатов подтверждается сравнением с численным 
моделированием с помощью параллельного отжига методом Монте-Карло, алгоритмом 
полного перебора и надежным алгоритмом машинного обучения - нейронной сети RBM. 
Предложенный алгоритм обладает рядом преимуществ: возможность параллелизации 
алгоритма для ускорения моделирования, точность расчетов и низкое потребление 
ресурсов, что позволяет рассчитывать решетки относительно большого размера. 
Данный алгоритм может быть применен для расчета решеток с различной геометрией 
и размерами.

Ключевые слова: модель Эдвардса-Андерсона, алгоритм Монте-Карло, основное 
состояние, фрустрации
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Introduction

Nowadays, frustrated spin systems, such as spin glasses and ices, are actively studied in modern 
condensed matter physics [1–3]. In such models, frustrations arise due to the special lattice 
topology or the competition of exchange interactions, which leads to the search for new magnetic 
ground states and unique effects that can arise. 

Spin glasses are disordered magnetics, which are characterized by two unique properties that 
greatly distinguish these systems from others: in such systems there is strong competition between 
ferromagnetic and antiferromagnetic interactions, i.e., frustrations, and disorder, which is freezing 
(or solidifying) of atoms in different locations during alloy formation. Many processes occurring in 
spin glasses cannot be described within the framework of the classical theory of phase transitions 
and require some new non-standard approaches.

The process of reaching the ground states and studying the thermodynamic properties even in 
the simplest model, the Ising model, is associated with serious difficulties in theoretical analysis 
and numerical calculations. This problem is much more complicated than it seems at first sight. 
Creating an efficient algorithm for finding the ground states is one of the main challenges in the 
theory of frustrated magnetism.

The classical Monte Carlo algorithm and its many optimizations have their drawbacks. Single-
spin sampling methods near critical points drastically lose in efficiency, the so-called ‘critical 
slowdown’ occurs. In addition, at very low temperatures, only a small fraction of spins makes a 
flip. The motion of the system in phase space is very slow, so the system requires generation of 
a very large number of states to move to an equilibrium state. In turn, the use of multicanonical 
methods has difficulties in calculating the thermodynamics of systems with a relatively large 
number of spins.

To solve the problem of searching for thermodynamics of frustrated models of many interacting 
bodies, as well as to search for ground state configurations, a new hybrid multispin method is 
applied, which is a logical continuation of the Metropolis algorithm.
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Edwards-Anderson model

The main object of research in this paper is two-dimensional Edwards-Anderson model on 
a square lattice (see Fig. 1). Edwards and Anderson proposed in [4] to change the distribution 
function of the exchange interaction to a more complex one, where the exchange integral Jij is a 
random function and the average value of Jij is equal to zero. In such systems, half of the spins has 
ferromagnetic interaction with its nearest neighbors, and the other part is antiferromagnetic one.

The interaction Jij between the spin pair (ij) changes during the transition from one pair to 
another. The Hamiltonian is then expressed as:

 

(1)

St, Sj are the spins in lattice, 〈i,j〉 denotes summation over pairs of interacting spins in a system 
with the size N, h is the external magnetic field. Edwards and Anderson suggested in [4] that each 
Jij distributed independently according to the probability distribution P(Jij). In this work, we have 
used the bimodal distribution, i.e., the amount of positive and negative bond values is equal.

The average energy of the spin glass model at temperature T is calculated by Eq. (2) and the 
average magnetization by Eq. (3).

 
(2)

 (3)

Based on these two main characteristics, we can calculate the various thermodynamic properties, 
such as magnetic susceptibility (4) and specific heat (5)

 
(4)

 
(5)

In this study, we investigated models on the square lattice with different number of spins, such 
as N = 6×6, 10×10, 20×20, 30×30.

Parallel Hybrid Monte-Carlo Algorithm:

Initially, the hybrid algorithm was proposed for field theory studies on a lattice with fermionic 
degrees of freedom [5]. Subsequently, this algorithm was transferred and adapted for various 
problems [6, 7]. More recently, we proposed an approach for studying the temperature behavior 
of the frustration parameter in a geometrically frustrated hexagonal lattice [8]. It is based on 
combining the canonical and multicanonical sampling of the Gibbs distribution.

However, after comparing the results of the algorithm with the complete enumeration method, 
it turned out that as the size of the systems increased, the algorithm did not arrive at the ground 
state. For this reason, the algorithm was optimized and reduced to the form presented below.
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● → random spins and bonds initialization
● → for all threads do

	     ○ → choosing random spin in the system
	            if cluster borders are not crossing then
		       ∎ → copy cluster spin array to private memory
		       ∎ → for 2*Nc steps do
			         ● → for every spin in the cluster do
				          ○ → current spin value = ((counter >> 2*Nc –1) & 1)
				          ○ → if new energy<previous energy then
					        ∎ → save current configuration as minimal configuration
	     ○ →collect spin values in main system array

● → ground state and thermodynamics calculation.
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Results and Discussion

To demonstrate the work of the algorithm, we compare its accuracy with different methods 
[9– 11], such as complete enumeration algorithm, ML approach using RBM, see Table 1. 
Algorithms were tested on a square lattice of the two-dimensional Edwards-Anderson model, 
with number of spins N = 6×6, 10×10, 20×20, 30×30. As can be seen from the table, proposed 
hybrid Monte Carlo algorithm demonstrates the same accuracy as the complete enumeration 
algorithm, but, unlike the latter, it is much less resource-intensive, which allows us to calculate 
larger systems.

Tab l e  1
Comparison of results obtained by different computational approaches

In contrast to the other algorithms presented in Table 1, the hybrid Monte Carlo algorithm 
can be used to study other important properties of the system, such as the dependence of 
the staggered magnetization and the system degeneracy multiplicity on the external magnetic 
field. It also allows the calculation of basic thermodynamic quantities such as heat capacity 
and magnetic susceptibility. A comparative graph of the dependence of heat capacity on 
temperature is shown in Fig. 1. We checked the accuracy of the proposed algorithm by 
comparing it with the parallel tempering (PT) method, which has proved [12–14] to be 
excellent for such problems.

System size
Emin

CE HM RBM
6 x 6 ‒1.30 ‒1.30 ‒1.30

10 x 10 ‒ ‒1.40 ‒1.40
20 x 20 ‒ ‒1.38 ‒1.38
30 x 30 ‒ ‒1.34 ‒1.34

Fig. 1. Dependence of heat capacity on temperature according to Edwards-Anderson with N = 20×20, 
obtained by Hybrid Monte Carlo (HMC) and Parallel Tempering (PT) algorithms

Based on the values obtained, we can conclude that the optimized hybrid Monte Carlo 
algorithm is well adapted to searching for the main states of complex lattices, as well as to the 
calculation of the main thermodynamic characteristics.

Conclusion
In this work, we proposed and implemented an optimization of a hybrid Monte Carlo 

algorithm. Using this method, various important characteristics on spin glass lattices with different 
numbers of spins were obtained, such as: energy of ground states, dependence of heat capacity 
and susceptibility on temperature. The validity of the obtained results was validated using well-
proven algorithms. Due to its accuracy and versatility, this algorithm can be used to study systems 
with a large number of spins and different lattice geometries.
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scientific areas. In this paper, the applying of convolutional neural network was considered in 
frame of problems from statistical physics and computer simulation of magnetic films. In a 
frame of the first task, CNN was used to determine critical Curie point for Ising model on 2D 
square lattice. Obtained results were compared with classical Monte-Carlo method and exact 
solution. Systems of various lattice sizes and the influence of the size effect on the results’ 
accuracy were considered. Also, authors considered the classical two-dimensional Heisenberg 
model, a spin system with direct short-range exchange, and studied of its competition with the 
Dzyaloshinskii-Moriya interaction. A neural network was applied to the recognition of Spiral 
(Sp), Spiral-skyrmion (SpSk) Skyrmion (Sk), Skyrmion-ferromagnetic (SkF) and Ferromag-
netic (FM) phases of the Heisenberg spin system with magnetic skyrmions.
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Аннотация. В настоящее время методы глубокого обучения используются в различных 

научных областях. В данной работе применение сверточной нейронной сети рассмотрено 
в рамках задач статистической физики и компьютерного моделирования магнитных 
пленок. В рамках первой задачи CNN использовалась для определения критической 
точки Кюри для модели Изинга на двумерной квадратной решетке. Полученные 
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результаты сравнивались с классическим методом Монте-Карло и точным решением. 
Рассмотрены системы с различными размерами решетки и влияние размерного эффекта 
на точность результатов. Также авторы рассмотрели классическую двумерную модель 
Гейзенберга, спиновую систему с прямым короткодействующим обменом, и изучили ее 
конкуренцию с взаимодействием Дзялошинского-Мория. Нейронная сеть применялась 
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Introduction

In the fundamental scientific works [1, 2], as well as in modern ones [3-6], much attention is 
paid to lattice structures. The interactions between spins in the lattice sites can lead to collective 
behavior and macroscopic effects, for example, as widely known as ferromagnetism or anti-
ferromagnetism. Also, recently, structures that have no analogues in natural materials have been 
actively investigated. This is the reason for the use of supercomputer modelling to study such 
artificial structures and theoretically predict their properties. Because of supercomputers, it possible 
to use new classes of algorithms and operate with large and super-large amounts of data to carry 
out numerical experiments. Numerical methods and computer simulation on a supercomputer 
are of paramount importance in statistical and mathematical physics, nanophysics, and statistical 
thermodynamics since supercomputers significantly speed up the solution of various scientific 
problems [7]. And thanks to the development of machine learning (ML), the software tools for 
conducting numerical experiments have significantly expanded recently, but scientists are just 
beginning to reveal the full potential of introducing machine learning methods into their research 
[8-10].

In our paper, we discussed the applying of CNN in frame of two problems from statistical 
physics and computer simulation of magnetic films. The first problem is about determination of 
critical Curie point for Ising model. And the second one is the recognition of different phases of 
the Heisenberg spin system with magnetic skyrmions. 

Research problems and methods

In our work, it was demonstrated that modern machine learning methods can provide new 
approaches to the study of physical systems within the frame of statistical physics models. For 
this, the TensorFlow library was used to create a convolutional neural network [11]. In this study, 
the Metropolis algorithm for Monte Carlo simulation was applied to generate input data for the 
neural network, and then compared with the results obtained after training the convolutional 
neural network. We considered two mathematical models of statistical physics: the Ising model 
with direct exchange and the Heisenberg one with the Dzyaloshinskii-Moriya [12,13] interaction 
and skyrmions in a system, see more details [7,14]. All values in the work are given in dimensionless 
values.
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A convolutional neural network
We used configurations of spin systems obtained at different simulation parameters for the 

training and subsequent classification of them in a neural network. To date, the most accurate 
analysis results are demonstrated by neural networks based on convolutional architecture. We 
used the TensorFlow library to create a convolutional neural network and to classify our spin 
systems to different phases.

In our research, we have reduced the problem of determining the phases of spin systems to 
the problem of image classification - in fact, to the main problem area in which neural networks 
are used. For recognizing images, CNN accepts them in the RGB format as a three-dimensional 
matrix. In our case, the convolutional neural network received as input a three-dimensional array 
representing the components of a spin.

Following this, the convolutional neural network learned, using the training dataset, to highlight 
the features inherent in one or another spin configuration. Our CNN consists of next layers (main 
ones), see Figure 1:

Fig. 1. Architecture of the convolutional neural network

1. Input layer
Input data (configurations of spins), each of the neurons (spins) of which is assigned an 

initial random weight. The components of a three-dimensional vector were fed to the network 
input (i.e., the components of Heisenberg spin). The dataset was prepared using Monte Carlo 
simulation data for training the neural network in state recognition.

2. Convolutional layer with 3×3 filter
When neurons are connected to only a few neurons in the next layer, the layer is said to be 

convolutional. The convolutional layer acts as a filter that discards the least informative parts of 
the input data. Each layer has filters (i.e., matrices with weight values). When the filter moves 
along the matrix of the previous layer, each filter element is multiplied by the value of the neuron, 
and the values are summed up and written to the feature map.

3. Pooling layer for reducing the dimensions of the data.
4. Fully connected layer
Fully connected layers are used for classification. All layers before the fully connected layer 

are used to highlight various features that are fed to the input of the classifier. This layer can 
also be used as the final (output) CNN layer, the result of which is the probability of the input 
configuration of spins belonging to a certain class. 

Results and Discussion
Determination of the second order transition of the Ising model

Different sets of input data of the neural network obtained with different parameters of the 
Metropolis algorithm for systems of 10×10 and 20×20 Ising spins were used. The obtained data 
will be used to select the optimal simulation parameters, which will be further used in the study 
of more complex spin systems. A comparative analysis is carried out with the results of MC 
modelling and the exact solution of Onsager.
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At the first stage, the network was trained on spin configurations obtained during on MC 
simulation with the following parameters: system size: 10×10, T = 0.1 ... 5.0 with a step of 0.01, 
the number of MC steps for preliminary equilibration of the system: 10000, the number of MC 
steps for calculating thermodynamic averages in the Metropolis algorithm: 10000, the sample size 
of configurations for training the network: 50 per one step in temperature, the results are shown 
in Fig. 2. In Fig. 2, the result of applying a convolutional neural network to the calculation of 
the critical point Tc was presented in comparison with Onsager's exact solution and the result of 
MС simulation.

Fig. 2. Results of Tc calculations by various methods

The effect of system size on the accuracy of the obtained results was tested on the system with 
20×20 spins. These values were generally similar to the ones given above. It should be noted 
that an increase of the system size had a positive effect on the results of MC modelling in the 
calculations of Tc: Tc = 2.29, due to a decrease of the influence of the size effect, while the increase 
in the system size did not significantly affect the results of the neural network operation. The 
accuracy of the predicted value of the critical temperature, in comparison with the case described 
above, on average did not change, and in some numerical experiments it even worsened, because 
network training is based on a probabilistic approach. 

The recognition of different phases of the Heisenberg 
spin system with magnetic skyrmions

Our second way of using the CCN was a data analysis of a study of different phases that 
appeared depending on the magnitude of the external magnetic field and temperature T at fixed 
Dzyaloshinskii-Moriya interaction D, see Fig. 3. The diagram in Fig. 3 shows that in the low 
temperature zone we have ordered phases. Thus, the ground state is the spiral phase, which is 
observed in the field range 0 – 0.3; with a further increase in the magnetic field, the spiral phase 
passes into the skyrmion phase, after which a further transition from one phase to another is 
observed, up to the temperature range T > 0.5, where the system goes into a paramagnetic state. 
Skyrmions are thermally stable in a fairly wide temperature range, with an external magnetic 
field Hz from 0.8 to 1.5. The convolutional neural network was used to analyze the data obtained 
from the Monte Carlo simulations for the recognition of the different phases of the spin system, 
dependent on the simulation parameters.

One of the conventional methods is to compute the skyrmion number, which is evaluated to 
keep track of the skyrmion creation process. However, it does not indicate the mixed states of 
the spin systems very well, depending on the simulation parameters, e.g. a spiral-skyrmion phase, 
therefore, we use the convolutional neural network in our work.

In a magnetic film, with an increase of the magnetic field strength and temperature, various 
phases were observed for the flat Heisenberg spin systems: Spiral (S), Labyrinths (L) Spiral-
skyrmion (SS) Skyrmion (Sk), Skyrmion-Ferromagnetic (SkF), Ferromagnetic (F), Paramagnetic 
(P) phases, see Fig. 3. In Skyrmion phase, due to the alignment of the stripes against the magnetic 
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Fig. 3. Phase diagram (T, Hz) at D = 1.3

field, stable skyrmions are formed in the system. In these skyrmions, the spins of the nucleus are 
directed against the magnetic field. In this study, skyrmions of the Bloch type were formed.

Conclusion

The paper considered the application of convolutional neural networks to determine the critical 
temperature of a second-order phase transition in comparison with performed MC simulations 
and known solutions. As it was shown above CNN could be successfully used to such problems by 
reducing them to the problem of classifying spin states at different temperatures. The dependence 
on the number of Monte Carlo steps and the sample size for the accuracy of training the network 
and its subsequent application is shown in comparison with the Metropolis algorithm. Systems 
of various sizes and the influence of the size effect on the accuracy of the results are considered.

The authors also noted the feature of the results obtained using neural networks to determine 
Tc: if the calculation is performed using the Metropolis algorithm, then always .MC exact

c cT T≥ In 
turn, in the calculations carried out using convolutional neural networks .NN exact

c cT T≥ The reasons 
for this behaviour are the subject of future research, during which it is planned to apply neural 
networks for studying more complex models and lattices.

Also, in the frame of the classical two-dimensional Heisenberg model, a spin system with direct 
short-range exchange was modelled, and a study of its competition with the Dzyaloshinskii-Moriya 
interaction was carried out. Due to the direct exchange interaction, the neighbouring spins of the 
system are collinearly aligned, and, in turn, the Dzyaloshinskii-Moriya interaction contributes 
to the deviation of the spins from parallel orientation. As a result, competition results between 
collinear and noncollinear alignments of spins, which leads to the transition of the system of spins 
from a ferromagnetic to a spiral ground state. In the presence of an external magnetic field, stable 
topological structures, i.e., magnetic skyrmions, are generated in such systems. 

One of the most effective and popular approaches in statistical physics is Monte Carlo 
simulation, which consists of a stochastic sample over the state space and an estimate of physical 
quantities. Monte Carlo methods are not only actively used to study various physical systems, but 
also continue to actively develop and improve due to the development of supercomputers. The 
ability of modern machine learning algorithms to classify, identify and interpret large data sets 
and, on their basis, to predict new properties and states of the systems under study provides an 
additional paradigm to the above approach for processing the exponentially increasing number of 
analyzed states in statistical physics. 
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Abstract: In this paper, we report the preparation of porous silicon powder by two-step 

Pd- assisted chemical etching with metallurgical grade polycrystalline silicon powder by varying 
the etching time from 30 to 90 minutes and solution temperature from 25 °C to 75 °C with 
and without thermal stabilization. A rapid temperature increase is observed with a maximum 
value of 95 – 100 °C in the case of etching without thermal stabilization. A high etching 
time of 90 minutes and a dissolution temperature above 50 °C have a negative effect on the 
formation of porous particles, which leads to the complete dissolution of silicon particles. The 
slow temperature growth for all initial temperatures in the case of the etching with thermal 
stabilization is observed. We established the positive effect of thermal stabilization in the 
process of etching on the thickness of the pores walls, reducing the uncontrollably growing rate 
of silicon etching, as a result, overetching of silicon.
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Эволюция морфологии мезопористого порошка 
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✉ 5ilova87@gmail.com

Аннотация. В этой работе мы сообщаем о формировании порошка пористого 
кремния путем двухстадийного химического травления металлургического порошка 
поликристаллического кремния с использованием Pd путем изменения времени 
травления от 30 до 90 минут и температуры раствора от 25 до 75 ° C с термостабилизацией 
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и без нее. Наблюдается быстрое повышение температуры с максимальным значением 
95 – 100°C в случае травления без термостабилизации. Длительное время травления 
90 минут и температура растворения выше 50°C оказывают негативное влияние на 
формирование пористых частиц, что приводит к их полному растворению. Наблюдается 
медленный рост температуры для всех начальных температур в случае травления с 
термостабилизацией. Показано положительное влияние термостабилизации в процессе 
травления на толщину стенок пор, снижающее неконтролируемо растущую скорость 
травления кремния, и как следствие, перетрав кремния.

Ключевые слова: порошок пористого кремния, MACE, размер кристалла, рамановская 
спектроскопия, термостабилизация, температурно-временные зависимости

Финансирование: Исследование выполнено за счет гранта Российского научного фонда 
(проект № 19-79-00205) в части, связанной с формированием образцов, исследованием 
на приборе Quantachrome Nova 3200e, за счет государственного задания Министерства 
науки и высшего образования Российской Федерации 2020-2022 № FSMR-2020-0018 в 
части, связанной с определением характеристик пористого кремния с использованием 
LabRAM HR UV-VIS-NIR.
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Introduction

Increasing energy demand caused by technological advancement results in high consumption 
of non-renewable natural resources, in particular, natural gas. Depletion of these resources is 
one of the most significant global issues today. At present, hydrogen fuel cells are one of the 
most promising resources and energy-saving technologies. Their benefits include low emissions, 
high efficiency, portability, and silent operation [1]. One possible implementation is generating 
electricity by means of alcohol oxidation directly in a fuel cell [2, 3]. Recent scientific research 
results on alternative fuels have highlighted a growing interest in using porous silicon for 
miniaturized fuel cells and energy generators [4–6]. Potential benefits of using porous silicon for 
this purpose include several factors; in particular, high specific surface area and surface chemical 
reactivity, the possibility of modifying the surface morphology of the porous layers at the nano- 
and micro levels [7, 8]. In this regard, using porous Si powder allows increasing the specific 
surface area due to an extensive pore network [9] and higher cost-effectiveness thanks to replacing 
expensive single-crystal wafers with cheaper metallurgical Si powder.

Metal-assisted chemical etching (MACE) is a promising method for porous Si powder fabrication 
[10, 11] without an external current source. Various metals have been used for studying the 
MACE of Si powder [7, 12]. It has been shown that Ag [13, 14] and Fe [15] are among the most 
cost-effective and efficient. The implementation of MACE to Si powders provides the increase 
of pore diameter range and total porosity. Nonetheless, this results in the additional complexity 
of technology caused by an increased number of process parameters needing to be monitored. 
For instance, apart from the reactant concentration, etching duration, type and amount of metal, 
the formation of pores will also be affected by powder particle size. Furthermore, the etching of 
metallurgical-grade Si powder is accompanied by a number of difficulties, in particular, flotation, 
preventing the wetting of Si and hence uniform etching. This concern can be successfully remedied 
by adding an appropriate surfactant. Another general challenge consists of increasing the solution 
temperature that leads to a higher etching rate [11]. This causes undesirable effects such as 
overetching of small particles and underetching of large particles. Additionally, as shown earlier 
[16], the etching of Si powder with Ag and Fe as a catalyst is accompanied by the formation of 
silicate sediment. In order to avoid this phenomenon, we proposed using the Pd catalyst [17].

© Воловликова О. В., Силаков Г. О., Гаврилов С. А., Лазоркина Е. Н., 2022. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.



95

Atom physics and physics of clusters and nanostructures

This study aims to adapt the Pd-assisted chemical etching for the metallurgical-grade Si powder 
so as to control the surface area and porous volume of the porous powder using different process 
duration and solution temperature; thereby decreasing the flotation and overetching effect using 
thermal stabilization of the solution during the etching.

Materials and Methods

Porous layers were formed at the surface of metallurgical-grade polycrystalline Si powder  
(Fig. 1, a) by Pd-assisted chemical etching. Mean particle diameter is 0.2 – 5 μm. Si powder 
was treated in a mixture of 0.5 g/L PdCl2 and 0.65 M НС1 aqueous solutions for 30 min at 
25 °С. Constant stirring was used to provide the uniform distribution of Pd particles on the 
surface of Si powder (Fig. 1, b). Etching of Si/Pd powder was carried out in a mixture of 40 % 
aqueous HF solution, 30 % aqueous H2O2 solution, and deionized water in a volume ratio of  
25:10:4 25°C, 50°C, and 75°C both with and without thermal stabilization. Etching duration 
was 30 – 120 minutes. For thermal stabilization, a liquid thermostat was used with water as a 
heat carrying medium and a Teflon cell provided with a ventilated lid. The solution temperature 
was controlled using an external k-type thermocouple, covered with varnish for HF protection. 
Finally, the powders were rinsed with a mixture of deionized water and ethanol, centrifuged 
(MPW-351, Advanced Worldwide Technologies, Russia) and dried in room air for 24 hours. 

The surface morphology of porous Si powder was analyzed using a scanning electron 
microscope (SEM; HeliosNanoLab 650, FEI Company, USA). Raman spectroscopy  
(LabRAM HR UV-VIS-NIR Raman Microscope, Horiba Scientific, Japan) was used to 
characterize porous silicon structures. The surface area and pore size of the porous structure 
formed by etching were measured using N2 adsorption-desorption isotherms on a Quantachrome 
Nova 3200e adsorption analyzer (Quantachrome Instruments, USA). Prior to measurements being 
taken, the porous Si samples were degassed at 300 °C for 3 hours to minimize contamination 
and water in the pores. Then, nitrogen adsorption and desorption isotherms were measured at  
77 K. The specific surface area was calculated using BET (Brunauer-Emmett-Teller) method. The 
relative pressure interval was from 0.05 to 0.25. The BJH (Barrett-Joyner-Halenda) method was 
used for the calculation of the mesopore size distribution using the Kelvin model of pore filling 
[18, 19].

Results and discussions

Figure 1, c shows the micrographs of Si powder after 120 min etching in HF/H2O2/H2O at 
25 °C.

As a result of the SEM studies carried out, it has been observed that porous silicon powders 
contain mesopores. Figure 2 shows the nitrogen adsorption/desorption isotherms at 77 K of the Si 
powder before etching and after etching at 25 °C, 50 °C and 75 °C throughout 30 – 90 minutes. 
The presence of mesopores is confirmed by a capillary-condensation hysteresis on the isotherms.

The specific surface area of the Si powder determined by the Brunauer-Emmett-Teller (BET) 
method was found to be 4.7 m2∙g–1 for initial powder, 5.4 – 19.7 m2∙g–1 for samples etched for  
25 °C, 6 – 25.9 m2∙g–1 for samples etched for 50 °C, and 4.67 – 13.6 m2∙g–1 for samples etched for  
75 °C. The total volume of the Si powder determined by the Barrett-Joyner-Halenda (BJH) 

Fig. 1. SEM images of Si powder (a), Pd nanoparticles on silicon powder (b), 
porous silicon powder after 120 min etching (c)

a) b) c)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

96

method was found to be 17 cc∙g–1 for initial powder, 43 – 196 cc∙g–1 for samples etched for 25 
°C, 18 – 45 cc∙g–1 for samples etched for 50 °C, and 19 – 60 cc∙g–1 for samples etched for 75 °C. 
The pore size distribution plots obtained by the BJH method are shown in Fig. 3.

According to the data presented, all samples contain mesopores with diameters in the 

Fig. 2. Isotherms of N2 adsorption-desorption at 77 K for Si powders before etching (a) and after 
etching for 30 (b), 60 (c) and 90 min (d)

Fig. 3. Pore size distributions for Si powders before etching (a), after etching during 30 (b), 60 (c) 
and 90 min (d)

a)

c) d)

b)

a) b)

c) d)
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The distribution of the size of powder particles is described by several spectra. Thus, the 
maximum shift ∆ω is 17.1 cm–1 for 25 °C, 9.61 cm–1 for 50 °C and 27.7 cm–1 for 75 °C. For pure 
Si crystal and powder, a peak appears at 520.9 cm–1. We used the equation (1) to calculate the 
size of the nanoparticles [22]:

( ) ( ) ,D A D γ∆ω = − ⋅ α 	
(1)

where ∆ω(D) is the Raman shift in nanostructures with diameter D, α is the lattice constant of 
silicon (0.543 nm) and A = 97.76 cm-1, γ = 1.44 are the fit parameters that describe the phonon 
confinement in nanometric spheres of diameter D.

Table 1 shows crystal size of porous silicon powder after etching with different temperatures 
and durations with and without thermal stabilization. It was calculated by data of Raman spectra 
by Eq. 1. 

The crystal size decreases to 2 nm with increasing temperature of etching up to 50 °C and  
75 °C without thermal stabilization. Silicon powder completely dissolves, irrespective of the 
powder/etchant ratio at 75 °C and the etching duration of more than 90 min. According to the 
results on crystal sizes obtained for the etching with thermal stabilization, crystal size at 25 °C is 
slightly higher than without thermal stabilization. Crystals 5 – 6 times larger in size were detect-
ed at 50 °C. Furthermore, there is no complete dissolution of Si powder at 75 °C. 

range of 3 – 42 nm. Etching duration and solution temperature are known to be an essential 
parameter for the formation of porous materials especially when etching the powder, mainly 
due to problems such as flotation and possible overetching. The metallurgical-grade Si powders 
are dominated by pores with a diameter of 4 nm. Moreover, the samples after etching at 25, 
50 and 75 °C are dominated by pores with a diameter of 21 – 41.67 nm, 3.65 – 31.1 nm, 
and 2.41 – 31.7 nm, respectively. The surface area of the porous powder and specific pore 
volume increase to a certain value with an increase in the solution temperature and etching 
duration. With further etching, the porous layer dissolves. The size of the pores increased 
and bond with the nearest pores with an increase in the duration of etching. Subsequently, 
the quantity of the pores with a big diameter decreases and the quantity of the pores with a 
small diameter increases.

Raman spectroscopy provides a swift and convenient method for the study of vibrational 
and structural properties of the porous material. It is also possible to obtain the average 
size of the crystals (pore walls) from the position of the phonon Raman peak [20, 21]. The 
shift (∆ω) increases with increasing etching time without thermal stabilization. Thus, the 
maximum shift is 13.6 cm-1 for the etching duration of 30 min, 17.1 cm–1 for 60 min, and 
21.9 cm–1 for 90 min at 25 °C. Increasing wavenumber shift indicates that the crystal size 
decreases, and thus, pore walls become thinner. At the same time, the etching duration of 
120 min induces the formation of porous Si powder with ∆ω = 9.6 cm–1. Fig. 4 shows the 
Raman spectra of porous Si powder formed by MACE with 60 min etching duration at  
25 °C, 50 °C and 75 °C without thermal stabilization.

Fig. 4. Raman spectra obtained for Si powder etched in HF/H2O2/H2O with 60 min etching at 25 °С 
(a), 50 °С (b), 75 °С (c)

a) b) c)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

98

Etching duration 
(t), min

Crystal size (D), nm
Without thermal stabilization

T = 25 °C T = 50 °C T = 75 °C
30 2–7 2 2
60 2–4 2 2
90 2–3 2 full etching

120 2–5 2 full etching

Etching duration 
(t), min

Crystal size (D), nm
With thermal stabilization

T = 25 °C T = 50 °C T = 75 °C
30 6–10 2–13 2–11
60 2–6 3–10 3–8
90 2–6 2–10 2–8

120 4–13 2–6 2–4

Tab l e  1

Crystal size of porous Si powder formed by MACE with 
and without thermal stabilization at different temperatures

Figure 5 shows plots of solution temperature as a function of etching duration at different 
initial temperatures. A rapid solution temperature increase is observed with a maximum value of  
95 – 100 °C in the case of etching without thermal stabilization. The growth rates of temperature 
were found to be 16.8 °C/min, 30 °C/min, and 9.6 °C/min for initial temperatures of 25 °C, 50 °C 
and 75 °C, respectively. Following this, the temperature of the solution decreases monotonously 
and stabilizes at certain values. Moreover, the increase in temperature up to 90 – 100°C results in 
an uncontrolled dissolution of the powder and a decrease in the sample weight.

a) b)

Fig. 5. Temperature-time dependencies for solutions during the Si powder etching process at different 
initial temperatures without (a) and with thermal stabilization (b).

Metal-assisted chemical etching, in particular Pd-assisted chemical etching, is an exothermic 
process. The heating of the solution is always occurrent. The stated temperature of the etching 
process varies with the surface area of Si particles accessible to the etchant. Therefore, the higher 
the surface area of Si powder, the higher the etching temperature and consequently, the etching 
rate. Thermal stabilization (cooling) allows the limitation of the growth rate of temperature 
(Fig. 5, b), and thereby prevents overetching of powder particles. The slow temperature growth 
for all initial temperatures in the case of the etching with thermal stabilization is observed. The 
temperature changes were found to be from 25 °C to 41 °C, from 50 °C to 57 °C and from 70 °C 
to 75 °C for initial temperatures of 25 °C, 50 °C and 75 °C, respectively.

The overetching of the porous layer is not observed due to the absence of solution overheating.  
It has a positive effect on the surface morphology of the porous powder and material properties. 
Therefore, the thermal stabilization should be used during the etching of the metallurgical silicon 
powder in a solution containing HF/H2O2.
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Conclusions

Thus, it was shown that silicon powder etching in HF/H2O2 leads to form porous layer with 
the specific surface area equaling 5.4 – 19.7 m2∙g–1 for samples etched for 25 °C, 6 – 25.9 m2∙g–1 
for samples etched for 50 °C, and 4.67 – 13.6 m2∙g–1 for samples etched for 75 °C. The silicon 
powder etching for 90 and 120 minutes at Т = 50 °С and 75 °С without stabilization leads to its 
complete dissolution. A rapid increase in the solution temperature is observed with a maximum 
value of 95 °C (100 °C in the case of etching without thermal stabilization). The temperature 
growth rates were found to be 16.8 °C/min, 30 °C/min, and 9.6 °C/min for initial temperatures 
of 25° C, 50 °C and 75 °C, respectively. Using thermal stabilization changes the dissolution rate 
of the powder, which leads to formation of a porous layer with a crystal size 5 – 6 times higher 
than without thermal stabilization. The temperature changes were found to be from 25 °C to  
41 °C, from 50 °C to 57 °C and from 70 °C to 75 °C for initial temperatures of 25 °C, 50 °C and 
75 °C, respectively.
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Аннотация. Представлены результаты моделирования пучка протонов с энергиями 100 кэВ 
на частицах оксида цинка в форме звезды и цветка в программном комплексе Geant4. 
Продемонстрирована высокая способность к накоплению первичных дефектов для частиц 
звездчатого типа по сравнению с частицами цветочного типа. Проведен сравнительный 
анализ расчетных данных по исследованию дефектов в результате моделирования с 
экспериментальными данными.

Ключевые слова: оксид цинка, частицы в форме цветка, частицы в форме звезды, деградация, 
радиационная стойкость, дефекты, протоны, облучение

Финансирование: Исследование выполнено при поддержке Министерства науки и высшего 
образования Российской Федерации № 122082600014-6.

Ссылка при цитировании: Дудин А. Н., Юрина В. Ю., Нещименко В. В., Ли Ч. Радиационные 
дефекты частиц оксида цинка в форме звезды и цветка // Научно-технические ведомости 
СПбГПУ. Физико-математические науки. 2022. Т. 15. № 3.1. С. 101–106. DOI: https://doi.
org/10.18721/ JPM.153.117

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://creative-
commons.org/licenses/by-nc/4.0/)

© Dudin A.N., Iurina V.I., Neshchimenko V. V., Li C., 2022. Published by Peter the Great St. Petersburg Polytechnic  

University.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

102

© Дудин А. Н., Юрина В. Ю., Нещименко В. В., Ли Ч., 2022. Издатель: Санкт-Петербургский политехнический 

университет Петра Великого.

Introduction

ZnO is a versatile semiconductor with excellent optical and electrical properties. The presence 
of a relatively large band gap and binding energy, combined with high optical stability when 
irradiated with charged particles, makes it promising for use in the space environment as thermal 
control coatings.

However, with prolonged exposure to sunlight quanta and ionizing study, a number of radiation 
defects and color centers are formed in zinc oxide grains [1–2]. This leads to degradation of 
optical properties due to absorption in the ultraviolet and visible regions, as well as to an increase 
in solar absorption. Therefore, it is important to investigate the effects of morphology on the 
behavior of the degradation of optical properties and related radiation defects.

Nanostructured particles have a number of differences from bulk materials: an increase in the 
specific surface of particles, as well as non-stoichiometry and high free surface energy, which 
provides a driving force for the diffusion of defects; structural distortions caused by size determine 
the stability of nanostructures; quantum limitation associated with electronic characteristics. The 
balance of the above properties and the concentration of point defects determine the stability of 
the optical properties under the action of ionizing radiation.

Studies of the radiation resistance and optical properties of pigments in thermal control coatings 
based on the direct-gap semiconductor II-IV of the semiconductor group ZnO have shown that 
the particle morphology plays an important role in the accumulation of radiation defects [3–4]. 
Therefore, we set ourselves the goal of comparing the resistance of ZnO particles with the ‘star’ 
and ‘flower’ form factors to the effects of low-energy protons, using both a model approach and 
a direct experimental one.

Materials and Methods

All chemicals used in this experiment were of analytical grade without purification.
Star-type particles were synthesized by the following method [5]: 0.9 mmol of  Zn(CH3COO)2∙2H2O 

was dissolved in 1 mol of deionized water under magnetic stirring, then 14 mol of NH4OH  
(25% aqueous solution) was added, after which 5.5 mmol of KBH4 was added, continuing mixing. 
The solution was labeled in a Teflon lined autoclave. The closed autoclave was kept at 140°C for 
8 hours. The autoclave was then cooled to room temperature naturally. The white product was 
collected without centrifugation and washed successively several times with deionized water and 
ethanol. The solution was dried in air at 60 °C without heat treatment.

To obtain flower type particles, 1 mol of deionized water and 1 mol of ethanol were mixed 
with 4 mmol of Zn(CH3COO)2∙2H2O, followed by the addition of 25 mmol of NH4HCO3 and 
0.8 mmol of γ-methacryloxypropyltrimethoxysilane. The solution was poured into a Teflon-
coated autoclave, which was kept at 100° C for 6 hours. After cooling, the autoclave was opened, 
the white product was collected and washed successively several times with deionized water and 
ethanol. Finally, the thick solution was air dried at 60 °C and then heat treated at 650 °C for 3 
hours.

The surface morphologies of the powders were analyzed by using a scanning electron 
microscope (SEM) Helios NanoLab 600i. The specific surface area of the powder was determined 
by the Brunauer–Emmet–Teller (BET) method with physical adsorption of nitrogen using an  
AutoSorb 6iSA technique.

Modeling was carried out in the GEANT4 software package, the star-type target geometry is 
a set of 13 cylinders 0.25 µm in diameter, crossed with each other, with a total swept diameter 
of 5 µm. The geometry of the flower-type target was half a sphere with a radius of 3 μm with 
segments of spheres included in it, forming petals with a thickness of 0.05 μm. The particles under 
consideration were packed into an ensemble sized 35×35×14 µm for star type particles, 36×36×9 
µm for flower type particles.

Irradiation was carried out relative to the normal to the target surface by a monoenergetic 
proton beam with an energy of 100 keV and a fluence of 5×109 cm–2. The threshold displacement 
energy for the zinc atom was chosen to be 52 eV, and 57 eV for the oxygen one [6].

When modeling, the processes used in the QGSP_BIG_EMY physics set were taken into 
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account, including: ionization of the medium, multiple scattering, elastic and inelastic scattering 
of hadrons, bremsstrahlung, etc.

The Frenkel defect concentration calculated in GEANT4 was determined using the modified 
Kinchin-Pisa formula [7]:

                                                                                                                                                                            
 (1)

where Ed is the threshold displacement energy, Edis is the dissipated energy in nuclear collisions.
Samples were tested using the Space Environment Simulator, which was composed of a system 

of vacuum pumps, chamber 0.06 m3 in useful volume, a source of electromagnetic solar radiation, 
electron and proton Van de Graaff accelerators, and an in situ optical reflectance measurement 
system. The samples were irradiated by protons with an energy of 100 keV fluence 5×1015 cm−2 

with a flux of 5×1011 cm−2s−1 in vacuum 2.5×10−4 Pa, while the initial vacuum was 5× 10×5 Pa.
The comparison was made with synthesized ZnO star and flower particles obtained by the 

hydrothermal method described above.

Results and Discussion

The SEM micrographs of synthesized particles are presented in Fig. 1. Star-type particles have 
a hierarchical structure with an average size of about 4 – 7 µm and consist of a radial arrangement 
of hundreds of nanorods. Flower-type particles with a size of 4 – 8 µm have rounded shapes, 
consisting of sheets located in an arbitrary direction. The yield of star and flower type particles is 
about 80%. The resulting nanostructured particles are micron in size, but consist of nanoparticles; 
accordingly, such particles have a combination of properties at the micro- and nanoscales. The 
average specific surface area measured by the BET method is 44.3 ± 2.9 m2g–1 for star-type 
particles and 68.4 ± 6.6 m2g–1 for flower-type particles.

~ ,
2.5

dis

d

EFP
E

Fig. 1. SEM images of star (a) and flower (b) ZnO particles

The process of a proton beam with an energy of 100 keV with a fluence of 5×109 cm–2 passing 
through particles of the star and flower type is visualized in Fig. 2 and 3, respectively.

Fig. 2. Simulation in Geant4: zinc oxide particles 
star shape irradiated by protons

Fig. 3. Simulation in Geant4: zinc oxide particles 
flower shape irradiated by protons

Numerical calculations of the effect of radiation on a star-type particle give the proton mean 
free path equal to 1.41 Å The total number of primary knocked-on atoms (PKA) is 4.7×106 cm–3. 
Concentration of formed primary defects (Frenkel pairs) is 1.88×1017 cm–3. These parameters 

   a)    b)
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Fig. 4. Reflection spectra of synthesized particles before and after irradiation for flower (1, 3) and 
star types (2, 4)

take the following values for a flower-type particle: mean free path of 1.65 Å; PKA of  
1.3×106 cm–3; concentration of primary defects of 4.82×1016 cm–3.

The reflectance spectra of the synthesized particles (Fig. 4) show a close match of the main 
absorption edge. The diffuse reflection coefficient before (ρλ0) and after irradiation (ρλф) of flower-
type particles is higher than that of star-type particles in the wavelength range from the edge of the 
main absorption to the near infrared (NIR) region. The difference between the spectra of synthesized 
particles in the near infrared region of the spectrum is due to free electrons and chemisorbed gases.

The induced absorption spectra (Fig. 5) of the synthesized particles after irradiation with 
protons (Δρλ = ρλ0 – ρλФ) show the main peak in the UV and visible spectral region. The induced 
absorption bands in the region from 350 to 630 nm of synthesized star and flower particles are 
similar in intensity and have a maximum value of 60%. As for the near-IR region, there is a 
decrease in the induced absorption spectrum for flower-type particles, in comparison with star-
type particles. The difference in the intensity of the absorption bands in this region reaches 5%.

Fig. 5. Induced absorption spectra of synthesized particles for star (1) and flower (2) types

The ratio of intensities between different types of particles is associated with different 
concentrations of radiation defects Zni, VZn, Oi and VO in different charge states, which are 
absorbed in different parts of the spectrum. The absorption of light quanta in the UV region is due 
to centers associated with Zni, but the absorption in the visible region of the spectrum with VZn, 
Oi, VO and related complexes VZn-Oi and VZn-H, which is formed during implantation of hydrogen 
into the crystal lattice of ZnO. The absorption intensity in the near infrared region of the spectra 
after irradiation increases due to the Urbach tail.

The basic processes leading to the formation and accumulation of such defects are denoted as 
follows: X

ZnZn , X
OO  refer to atoms of zinc and oxygen in the lattice; ••

iZn , iZn  , ''
ZnV , '

ZnV , ''
iO , 

'
iO , OV , OV  to interstitial ions and vacancies of oxygen and zinc in different charge states; (H•)*, 

H• correspond to accelerated and thermalized protons; e′, h• to electron and hole.
The formation and separation of charge carriers by irradiation with accelerated protons may 

occur during the reactions of the formation of interstitial zinc and oxygen:

                                                                                                                     (2)
X X • ' •• X
Zn O Zn i OZn + O + (H )* V + Zn + O + H,→
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 (3)

 (4)

 (5)
The numerous knocked-out atoms can induce the cascade of atomic collisions. As a result, no 

equilibrium and inhomogeneous distribution of point defects: in the center vacancies predominate, 
on the periphery–interstitial atoms. For nanostructured particles at high energies of impinging 
particles normally only a small part of the projectile energy is deposited onto the nanosystem, in 
contrast to the case of irradiation of bulk systems when all the energy is eventually dispersed in the 
sample [8]. The following stage is defect recovery, i.e., the mutual recombination of vacancies and 
interstitial atoms, resulting in both point defects disappearance. Other processes simultaneously 
occur, such as vacancies being captured by pores and dislocations of the unoccupied type, the 
interstitial atoms being absorbed by dislocations, and the association of vacancies with complexes.

The numerous knocked-out atoms can induce the cascade of atomic collisions. As a result, no 
equilibrium and inhomogeneous distribution of point defects: in the center vacancies predominate, 
on the periphery–interstitial atoms. For nanostructured particles at high energies of impinging 
particles normally only a small part of the projectile energy is deposited onto the nanosystem, in 
contrast to the case of irradiation of bulk systems when all the energy is eventually dispersed in the 
sample [8]. The following stage is defect recovery, i.e., the mutual recombination of vacancies and 
interstitial atoms, resulting in both point defects disappearance. Other processes simultaneously 
occur, such as vacancies being captured by pores and dislocations of the unoccupied type, the 
interstitial atoms being absorbed by dislocations, and the association of vacancies with complexes.

Thermalized hydrogen and oxygen can diffuse from the lattice to the pigment surface with the 
subsequent desorption. The remaining defects after this stage are stable to exist for a long time. 
These defects will further define optical properties of a pigment. These peaks can be attributed to 
the surface molecules oxygen or hydrogen, or its association with lattice cation vacancies such as 
(VZn-H) [8].

Thermalized protons can interact with zinc vacancies or interstitial oxygen:

 
(6)

The process of release begins with the surface oxygen and subsequently the oxygen in the 
lattice, which is then accompanied by appearance of anion vacancies and interstitial zinc in 
differently charged states. The molecular oxygen reaction can occur in the vacuum volume:

 (7)

 
(8)

 (9)

Conclusion

It has been established that ZnO particles of the flower type have a higher radiation resistance 
to the action of protons compared to ZnO particles of the star type This is indicated by the 
calculated values obtained in the simulation, which demonstrate a higher concentration of primary 
defects for star-type particles, i.e., 1.88×1017 cm3 compared to 4.82×1016 cm–3 for flower-type 
particles. The synthesized flower-shaped particles have a higher reflectivity, which indicates a 
lower concentration of intrinsic pre-radiation defects, which, in turn, can become one of the 
factors determining a lower concentration of radiation defects compared to star-shaped particles. 
The induced absorption spectra of synthesized particles demonstrate a high concentration of 
induced defects for star-type particles, which directly correlates with the data obtained from 
the simulation. To summarize, we can conclude that ZnO particles of the flower type are more 
radiation-resistant to the effects of protons compared to ZnO particles of the star type.

' ••
Zn i Zn iV + Zn V Zn ,X→ + 

X X • X '
Zn O Zn O iZn + O + (H )* Zn V + O + H,→ + 

' X
O O O iV + O V + O .↔ 

' '
Zn i Zn iV + H V H .X→ +

'
O Zn i 22O +Zn Zn +2e +O ,↔ 

X '
O O 2

1O V 2e + O ,
2

↔ +

''
2 O ZnO 2O +V +2h .↔ 
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Abstract: In the present work, we have studied the growth of Mg ultrathin films on the 

Si(111) surface modified by Pb reconstructions using low-energy electron diffraction and the 
four-point-probe method. The new binary surface reconstructions √7×√7-(Mg, Pb) and √19×√3-
(Mg, Pb) have been observed for the first time. The growth of magnesium layers depends both 
on the structure of Pb-induced surface reconstruction and on the Mg deposition manner. It is 
assumed that inclusion of magnesium atoms in the √7×√7 surface structure stabilizes the growth 
of Mg film which is independent of the manner of deposition in this case. We have investigat-
ed surface electrical conductance after the formation of magnesium layers at room temperature 
until about 9 monolayers of Mg coverage. In addition to the magnesium film Mg(0001), the 
highest electrical conductance among the presented surface structures has been detected for the  
Si(111)-6×6-(Pb, Mg) surface phase that consists of the maximum number of metal atoms, both 
lead and magnesium.
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Аннотация. В данной работе с помощью дифракции медленных электронов и 
четырехзондового метода измерения электрической проводимости изучен рост сверхтонких 
пленок Mg на поверхности Si(111), модифицированной поверхностными фазами свинца. 
Поверхностные структуры √7×√7-(Mg, Pb) и √19×√3-(Mg, Pb) были получены впервые. 
Рост слоев магния зависит как от структуры поверхности, модифицированной Pb, так 
и от способа осаждения Mg. Предполагается, что включение атомов магния в структуру 
поверхности √7×√7 стабилизирует рост пленки Mg, который в данном случае не зависит 
от способа осаждения. Мы исследовали электрическую проводимость поверхности 
после формирования слоев магния при комнатной температуре до покрытия примерно 
9 монослоями магния. Помимо пленки магния Mg(0001), наибольшая электрическая 
проводимость среди представленных поверхностных структур обнаружена для 
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поверхностной фазы Si(111)-6×6-(Pb, Mg), состоящей из максимального числа атомов 
металла.
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Introduction

Adsorption of metals on the silicon surface leads to the formation of ultrathin films or other 
nanostructures and attracts attention from the fundamental point of view as well as of practical 
interest. In particular, adsorption of magnesium has been intensively studied for the past few years 
because of the possible application in optoelectronics of the Mg2Si silicide which is a narrow band 
gap semiconductor. The growth of Mg-induced superstructures and thin films has been examined 
previously by several groups [1–5]. It is known that adsorbed magnesium atoms on Si(111)-7×7 
surface form a silicide layer at room temperature [1]; specifically, it features the first layer as a 
silicide formation [1–3], dependence of the growth mode on the flux rate [1, 3] or dependence 
on the deposition manner [4]. Given high flux rates (at relatively large doses) of magnesium 
deposition, in the first instance, a Mg2Si silicide film is formed with the structure of 2/3√3×2/3√3 
[1–4], followed by the growth of a polycrystalline magnesium film [1–4]. At low flux rate or small 
Mg doses, silicide islands grow starting from the initial stage of deposition, followed by the growth 
of a polycrystalline magnesium film [4].

In all cases, a large mass transport of silicon takes place and the resulting surface morphology 
must be quite complicated. However, when magnesium is deposited onto the 1×1-Pb reconstructed 
surface, some ordered superstructures, 4×4-(Mg, Pb) or 6×6-(Mg, Pb) [6, 7], are formed, and 
silicon mass transport is hindered up to 1 monolayer (ML) of adsorbed magnesium coverage. 
Such conditions have a strong impact on the growth of epitaxial film with an abrupt interface for 
a reactive system such as the Mg/Si(111) one. 

In this work, we have studied the influence of surface reconstructions formed by preliminary Pb 
deposition on the growth of magnesium films. Moreover, Mg was deposited at room temperature 
on various surfaces containing both Pb and Mg atoms. The structural ordering of Si(111)-(Mg,Pb) 
systems was studied by low-energy electron diffraction (LEED) and surface conductance was 
investigated by four-point-probe (4PP) measurements in situ.

Materials and Methods

The experiments were performed in the dual ultrahigh vacuum chamber with a base pressure of 
2×10–10 Torr. Silicon specimens with (111) surface orientation were used. All samples were n-type 
(P-doped) with the nominal electrical resistivity of 20 – 100 Ohm·cm. The sizes of specimen 
were 15×5×0.3 mm3. Mg was deposited from a heated tantalum cell at rate of 0.6 ML/min.  
A magnesium amount was calibrated by the formation of 4×4-(Pb, Mg) and 6×6-(Pb, Mg)  
(Fig. 1, a, d) surface reconstructions, which were formed at 0.4 ML and 1 ML of magnesium 
coverage, respectively [6, 7]. These phases were created at room temperature so there was no 
desorption of Mg atoms from the surface. Pb was deposited from heated Ta tube at rate of  
0.4 ML/min. Pb was calibrated by formation of 1×1-Pb surface structure containing 1 ML of Pb. 
Surface structures of the (Pb, Mg)/Si(111) systems were observed by LEED. Surface conductance 
of the samples was measured by the in situ 4PP method where probes are arranged in square 
cones with the interprobe distance of 0.6 mm. The measured resistance values (Rmeasure) were 
converted into a surface conductance σ according to the formula
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ln(2)( ) .
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S
R

σ =
π



According to this formula, the surface conductance of the bared Si(111)-7×7 sample before 
the deposition experiments was 7.6 ± 0.5∙10–5 S/□.

Results and Discussion

Figure 1, a – e shows the LEED patterns observed after Mg adsorption onto the  
Si(111)-1×1-Pb reconstructed surface at room temperature. It is evident that Mg deposition up to 
1 ML coverage leads to a series of consistent transformations of the surface structures. The 4×4 
periodicity in (Fig. 1, a) was obtained after the adsorption of 0.4 ML of magnesium. After Mg 
deposition of 0.5 ML, the LEED pattern of so-called ‘perforated ribbons’ phase [6] is observed 
(Fig. 1, b) while the LEED pattern 6√3×6√3 at more than 0.5 ML is seen quite well in the LEED 
picture together with 4×4 spots (Fig. 1, c). With a further increase of the magnesium coverage, 
a 6×6 (1 ML of Mg) structure is formed (Fig. 1, d). At coverage slightly above 1 ML and up to  
7 ML the corresponding LEED patterns show a 2×2 periodicity (Fig. 1, e). It should be noted 
that the LEED patterns at this stage of deposition are different depending on the manner of 
deposition.

At Mg coverage up to 1 ML, it makes no difference whether magnesium is deposited in large 
or small portions. However, in the case when magnesium is deposited in large doses (each dose 
is about 2 ML at a time), a 4×4 periodicity appears in the LEED pattern above 2 ML (Fig. 1, f) 
instead of the 2×2 one. After deposition of small Mg doses (each dose is about 0.2 – 0.5 ML at 
a time), the LEED pattern has shown the 2×2 periodicity. A mixture of 2×2 and 4×4 structures 
were often observed at average portions of adsorbed Mg. It is suggested in [4] that magnesium 
grown depends strongly on the deposition manner. It was shown that deposition of large Mg 
portions of about 4 – 10 ML led to the formation of a silicide film followed by the growth of 
magnesium islands, while deposition of small Mg portions of about 0.1 ML [4] results in the 
formation of silicide islands. According to [6], magnesium atoms penetrate under the Pb layer and 
form stable ties with Si and Pb atoms. During deposition, Pb atoms float on top of the magnesium 
layer. Therefore, we can assume that Pb atoms form both the 4×4 periodicity and the 2×2 one on 
the surface of two types of islands formed at large and small portions of deposition, respectively.

Figure 2 illustrates the effect of Mg deposition on the surface conductance of Si(111) samples 
covered by Pb-induced or binary (Pb, Mg)-induced surface reconstructions. In the case of Mg 
deposition onto the Si(111)-1×1-Pb surface, some decrease in the surface conductance was 

Fig. 1. LEED patterns (40eV) of surface structures formed on Si(111)-1×1-Pb surface at room 
temperature after Mg deposition. Dashed circles indicate the 1×1 spots; 

4×4-(Pb, Mg) with 0.4 ML of Mg (a); ‘perforated ribbons’ with 0.5 ML of Mg (b); 6√3+4×4-(Pb, Mg) 
structure with 0.5 ML of Mg (c); 6×6-(Pb, Mg) with 1 ML of Mg (d); 2×2-(Pb, Mg) with 7 ML of 

Mg at small doses (e); 4×4-(Pb, Mg) with 9 ML of Mg at large doses (f).
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established (Fig. 2). Formation of the 6√3×6√3 structure at 0.5 ML of Mg results in the minimum 
conductance that is extended up to 1 ML magnesium coverage. With a further increase of 
magnesium coverage (6×6 structure), surface electrical conductance begin to increase. According 
to [7], the work function increases in the range of 0 – 0.5 ML, which is a fairly natural picture 
inherent in the deposition of alkali and alkaline earth metals [8, 9], and the resulting band bending 
leads to a decrease in conductance (see Fig. 2). However, when the 6×6 structure appears, surface 
electrical conductance increases due the formation of a continuous metal layer. Recently, the 
presence of metallic states in the Si(111)-6×6-(Mg, Pb) surface phase was confirmed by data 

of angle-resolved photoemission spectroscopy 
(ARPES) [6].

After the further deposition of magnesium 
atoms, conductance begins to decrease until 
7 ML of Mg depending on the manner of 
deposition. At large portions of adsorbed Mg 
(about 2 ML at a time), the corresponding 
surface electrical conductance was 13.7∙10– 5 S/□ 
whereas at small portions (0.2 – 0.5 ML at a 
time) surface electrical conductance appeared 
to be 7∙10–5 S/□.

At the next stage, magnesium was 
deposited at room temperature onto the  
Si(111)-β√3×√3-Pb reconstructed surface 
contained the 0.33 ML of Pb [10, 11]. It 
was observed that √3×√3 superspots in the 
LEED pattern are fainted gradually while the 
1×1 periodicity disappeared only at 6 ML 
of adsorbed Mg coverage leaving the high 

background on the screen. Deposition of large portions of Mg leads to appearance of LEED ‘1×1’ 
spots that are specific to the grown magnesium film with the Mg(0001) orientation (Fig. 3, a). This 
magnesium film demonstrated a relatively high conductivity value (marked by stars in Fig. 2) of  
150∙10–5 S/□, which is however lower then the calculated value 3189∙10–5 S/□ for the Mg 
layer of 1.4 nm (Fig. 2, horizontal line). It was established for the LEED picture that this 
metal film has a polycrystalline structure (Fig. 3, a) because the spots look like arcs meaning 
a large number of defects on the surface. The ratio of lattice constants was evaluated as  
Si/Mg = 3.84Å/3.21Å = 1.196, that is, 1/1.196 = 0.84 in reciprocal space. The LEED pattern 
was used to measure the Si/Mg ratio as 0.86, which is very close to the calculated value  
(Fig. 3, a).

A structure known as a δ(7×7) was observed upon Mg deposition onto the Pb layer preliminarily 
formed by lead adsorption at room temperature onto the Si(111)-7×7 bared surface. The LEED 
pattern has shown a gradual uniform decay of diffraction spots following with background 
after 2.5 ML of deposited Mg. Figure 2 shows the changes in surface conductance (triangles), 
exhibiting a smooth decrease in conductance after 1 ML of adsorbed Mg reaching the constant 
value of 1·10–4 S/□ coverage at about 2 ML of Mg. In that case, electrical conductance is 
significantly higher than that for the Mg deposited on the β√3-Pb surface due to the lower 

Fig. 2. Surface electrical conductance of surface 
structures at magnesium deposition.

Fig. 3. LEED patterns (40 eV) for magnesium film Mg (0001) of 1.4 nm (a);
 √7×√7-(Pb,Mg) (b); √3×√19-(Pb,Mg) (c), dashed circles indicate the 1×1 spots.
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initial surface electrical conductance of the β√3-Pb sample as compared to the δ(7×7) one 
(Tab. 1). 

Figure 2 shows the changes in the surface electrical conductance during magnesium 
deposition on the surface phase Si(111)-√7×√7-(Pb, Mg) which already contains both Pb and 
Mg atoms (squares). The optimal conditions for preparation of this structure are the following:  
1 – 1.3 ML of magnesium deposited onto the Si(111)-β√3×√3-Pb surface phase, followed 
by heating the sample for 30 seconds at 250 °C. The LEED pattern has shown a gradual 
decay of √7×√7 (Fig. 3, b) superspots up to 2.6 ML of adsorbed Mg, then fading of the 
1×1 spots intensity is observed and finally the ring appears in the LEED pattern indicating 
the formation of magnesium film at Mg coverage of 7 ML. This ring is identical to the 
case of Mg deposition onto the Si(111)-β√3×√3-Pb surface (large Mg portions) (Fig. 3, c). 
It was concluded that formation of the magnesium layer does not depend on the manner 
of deposition in this case due to a stabilizing role of magnesium in the √7×√7 surface 
phase. The surface electrical conductance slightly changed until the Mg coverage reached the  
5.5 ML and further the conductance began to increase due to the formation of magnesium 
film.

As indicated in Table 1, an increase in metal coverage in the studied structures results in 
increase in conductance except for some cases. For example, in the case of √7×√7-(Pb, Mg) 
structure the conductance value is higher than that for the β√3×√3-Pb one but if the same 
amount of magnesium is deposited onto the β√3×√3-Pb surface at room temperature 
conductance is not changed (Fig. 2) due to islanding of adsorbed species. In the case of 
another structure contained magnesium, Si(111)-√19×√3-(Pb, Mg) (Fig. 3, c), obtained 
by deposition of 0.6 – 0.9 ML of Mg onto the β√3×√3-Pb surface followed by heating the 
sample for 30 seconds at 350 °C, the electrical conductance is slightly lower than that for 
the √7×√7- (Pb, Mg) surface phase because the total amount of metal atoms, Mg and Pb, is 
smaller. The highest electrical conductance among the presented surface structures, except 
for the magnesium film Mg(0001), was demonstrated for the Si(111)-6×6-(Pb, Mg) surface 
phase which has a maximum amount of metal atoms, both Pb and Mg, in the structure, 
2 ML in total.

T ab l e  1

Surface electrical conductance σ and metal 
compounds for some surface structures

Structures σ, 10–5 S/□ Θsum, МL ΘPb, МL ΘMg, МL

β√3√×3Pb 6.7 0,3 0,3 0
δ(7×7)-Pb 16.6 1 1 0
1×1-Pb 30.7 1 1 0

√3×√19-(Pb, Mg) 6.7 0.9 0.3 0.6
4×4-(Pb, Mg) 28.5 1.4 1 0.4

√7×√7-(Pb, Mg) 9.1 1.3 0.3 1
6×6-(Pb, Mg) 40.8 2 1 1

6√3×6√3-(Pb, Mg) 28.4 1.7 1 0.7
Mg(0001) of 8.6 ML 152.7 8.9 0.3 8.6

Conclusion
Growth of Mg films depends on the deposition manner of magnesium atoms in all cases 

except for the formation Mg film on the √7×√7-(Pb, Mg). Deposition of the large portions 
of Mg atoms (about 1-2 ML at once) results in the formation of Mg (0001) polycrystalline 
film. The small portions (about 0.5 – 1 ML at once) lead to disordered film formation. The 
corresponding electrical conductance is higher for the magnesium film and lower for the 
disordered layers. Magnesium growth on the √7-(Pb, Mg) surface does not depend on the 
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form. Using porous templates with short times of anodization results in synthesis of branched 
Ni nanowires, while templates with longer times allow to achieve cylindrical nanostructures.  
Magnetic properties of Ni nanowires arrays were studied using the FORC method, which 
allowed to investigate the distribution of interaction fields and coercive forces in the arrays. 
It was found that two magnetic phases with different coercive forces and interaction field are 
observed in the samples with a short duration of first anodization.
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Аннотация. Данная работа посвящена исследованию магнитных свойств массивов 

нанопроволок Ni, синтезированных с использованием пористых мембран Al2O3 с разной 
продолжительностью первого анодирования. Показано, что с увеличением времени 
первого анодирования до 2 часов медианный диаметр пор на верхней поверхности 
мембраны увеличивается, а расстояние между порами становится более равномерным. 
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Использование пористых шаблонов с малым временем анодирования приводит к 
получению разветвленных нанопроволок Ni, а шаблоны с большим временем позволяют 
получить цилиндрические наноструктуры. Магнитные свойства массивов нанопроволок 
Ni изучались с использованием FORC метода, который позволил исследовать 
распределение полей взаимодействия и коэрцитивных сил в массивах. Он показал, что 
в образцах с малым временем первого анодирования присутствуют две магнитные фазы 
с разными коэрцитивными силами и полем взаимодействия.
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Финансирование: Работа выполнена при финансовой поддержке Российского 
научного фонда (проект № 19-72-20071): пробоподготовка и измерение FORC.  
А. С. Самардак выражает благодарность Минобрнауки России за поддержку (Госзадание 
№ 0657-2020-0013) в проведении измерений СЭМ.

Ссылка при цитировании: Собиров М. И., Самардак А. Ю., Потапова С. Р.,  
Карибов М. Б., Рогачев К. А., Огнев А. В., Самардак А. С. Исследование FORC-методом 
магнитных свойств массивов ni нанопроволок, синтезированных с использованием 
шаблонов Al2O3 с разным порядком пор // Научно-технические ведомости СПбГПУ. 
Физико-математические науки. 2022. Т. 15. № 3.1. С. 113–118. DOI: https://doi.
org/10.18721/ JPM.153.119

Статья открытого доступа, распространяемая по лицензии CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

Many recent studies have focused on the magnetic properties of one-dimensional ferromagnetic 
nanostructures because of their nontrivial magnetic behavior due to strong uniaxial shape anisotropy 
[1]. Their potential applications range widely, from biomedicine to nanoelectronics, notably 
including sources of secondary irradiation in radiotherapy, agents for targeted drug delivery, 
agents for destroying cancer by hyperthermia and mechanical destruction of tumors, elements 
of magnetic memory and nanoelectronics, various biosensors and sensors of magnetic fields [2].

Many methods for synthesizing various one-dimensional nanostructures are discussed in 
the literature [3–5]. Method of electrodeposition into porous alumina matrices, in which the 
deposited nanostructures replicate the shape of pores in the membrane, is one of the most 
common and widely used method due to a number of notable advantages. They include, in 
particular, the possibility to precisely and easily control the geometrical parameters of arrays 
of synthesized one-dimensional nanostructures by controlling the conditions during two-step 
anodization of porous Al2O3 matrices. This method can be used to obtain arrays of hexagonal 
ordered high-uniform one-dimensional nanostructures with different diameters, distance between 
neighbors and the thickness of wall between them [6]. Changing certain parameters can allow to 
modify the geometry even further, synthesizing one-dimensional nanowires with a shape different 
than a cylinder. 

The goal of this work is to study the effect of the first anodization time on the structure of 
porous Al2O3 matrices and, consequently, on the magnetic properties of Ni nanowire arrays 
synthesized inside them using the FORC method [7], which allows to estimate the distribution of 
interaction fields and coercive forces in the investigated samples.

Materials and Methods

To produce porous matrices of aluminum oxide, we used 2×2 cm Al plates with a thickness 
of 1.7 mm, annealed at 500 °C for 5 hours under vacuum conditions. To obtain a smooth 
surface, the samples were mechanically polished with abrasive paper and subjected to chemical 
polishing in HNO3 (50%) + HF (40%) at T = 100 °C for 60 s. After chemical treatment, 
samples were electropolished in 1:4 HClO4 + C2H5OH solution with the current density of 
500  mA/ cm, resulting in a mirror-like surface. The non-working side of the plates was coated 
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with a photoresist to prevent oxide formation, while the working side was left open for contact 
with an acidic solution. Anodizing was carried out using an Agilent 6030A power supply in  
0.3 M solution of oxalic acid (C2H2O4) cooled down to 2–3 °C in a soft potentiostatic mode at 
40 V. The duration of the first anodization was selected as t = 0, 15 and 120 minutes for different 
samples, after which the oxide layer was removed with the solution of H2CrO4 (1.8%) + H3PO4 
(6%) at T = 60 °C and magnetic stirring for 15–20 minutes. Second anodization for all samples 
was carried out for 18 hours. After preparation of porous membranes, a 1 µm thick layer of Cu 
was deposited by thermal sputtering on the working side to be used as a conductive layer during 
subsequent electrodeposition and impart additional strength to fragile porous membranes. After 
Cu deposition, non-oxidized Al was dissolved in 0.08 M CuCl2 + 8% HCl at room temperature 
until only porous Al2O3 membrane left. After that the barrier layer at the bottom of the pores 
was subjected to dissolution in 1 M H3PO4 for 60 minutes to form through pores. Nanowires 
were electrodeposited using Watts solution containing NiSO4, NiCl2, and H3BO3 into prepared 
matrices in a potentiostatic mode at –1 V for 10 minutes using a Keithley 2460 power supply.

Studies of the surface of porous membranes and the geometry of nanowires were carried out 
using ThermoScientific SCIOS2 scanning electron microscope (SEM). To study Ni nanowire 
geometry, they were etched from the oxide matrix using H2CrO4 (1.8%) + H3PO4 (6%) at  
T = 60 °C and deposited on a copper plate. The study of the distribution of pore diameters, 
interpore distances and Fast Fourier Transform (FFT) analysis of SEM pictures were carried 
out using the Fiji software. Investigation of the magnetic properties of Ni nanowires arrays and 
FORC-method were performed using LakeShore 7400 vibrating sample magnetometer (VSM) at 
room temperature. 

Results and Discussion

Results of SEM investigation of porous matrices surfaces for all samples are presented in  
Figure 1. The sample with t = 0 min (Fig. 1, a) showed comparably uniform distribution of the 
pore diameters (D) in the range of 20–50 nm, with the median D = 33 nm (Fig. 1, g). FFT image 
(Fig. 1, d) displayed a blurred circle, which corresponds to a somewhat uniform distribution of 
interpore distances in the matrix. Increasing the time of first anodization t to 15 min results in a 
drastically changed surface of the porous template (Fig. 1, b). Pores with diameters from 25 nm to 
125 nm (median D = 50 nm) (Fig. 1, g) were placed with no order, resulting in completely vague 
FFT picture (Fig. 1, e). The sample synthesized with t = 120 min (Fig. 1, c) revealed that D has 
increased to 45 nm, with the distribution of diameters 30–60 nm. The FFT image appeared as a 
thin, non-blurred circle, because of identical interpore distances and close-range order of pores 
in the membrane. It should be noted that no sample exhibited a long-range order, which would 
result in non-blurred peaks in hexagonal shape on the FFT picture. Analysis of the SEM pictures 
of the surface of porous templates demonstrated that the average distance between the pores rip 
is about 120 nm for the sample with t = 0 min, rip = 20–200 nm for the sample with t = 15 min 
and rip = 70 nm for the sample with t = 120 min. 

Fig. 1. SEM-images of porous membrane surface, obtained for 0 (a), 15 (b) and 120 min (c) of first 
anodization; images corresponding to the FFT analysis (d – f); histogram of distribution of pore 

diameters for all samples (g)
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SEM-investigation of Ni nanowires, etched out of porous membrane, revealed that the 
nanowires appeared branched in samples with t = 0 min and t = 15 min, due to the branched 
structure of the pores. The sample with t = 120 min showed a cylindrical shape of the nanowires, 
with no branches. Such geometry of the pores originates in pore creation and merging in the 
process of oxide growth. Their D followed the diameter of the pores in the template, and the 
length amounted to 4, 2.5 and 3 µm for 0, 15 and 120 min of the first anodization accordingly.

1 µm

a) b) c)

1 µm 1 µm

Fig. 2. SEM-images Ni nanowires etched out of porous template with time of first anodization 0 (a), 
15 (b) and 120 (c) min on top of the Cu substrate

Magnetic measurements in the direction of external magnetic field H along the long axis of 
nanowires are presented in Fig. 3 and summarized in Table 1. Measured from the hysteresis 
loops, the coercive force Hc

loop is increasing from Hc
loop = 690 Oe to Hc

loop = 914 Oe with first 
anodization time changing from 0 to 15 min. The sample with t = 120 min showed slightly lower 
coercivity Hc

loop = 914 Oe than the sample with no first anodization. Such behavior of Hc can 
be related to the changing D of nanowires, since Hc is very sensitive to that parameter in the 
single-domain range of diameters (40 – 150 nm). Moreover, nanowires synthesized with the first 
anodization time below 15 nm are of branched structure (Fig. 2, a, b), which also can be the 
reason for increasing Hc, with branches acting as pinning centers.

The ratio of remnant magnetization Mr to saturation magnetization Ms was determined from 
hysteresis loops (Fig. 3, a) as 0.85 for all samples. A ratio so close to 1 corresponds to that in the 
absence of H, the majority of the nanowires in the array are keeping their magnetization in the 
way, predetermined by the previously applied H. This behavior can originate from two possible 
factors: a single-domain micromagnetic state of nanowires and relatively weak interaction fields 
between them. A single-domain state is common for nanowires with D below 100 nm [8] and 
resulting in a square hysteresis loop with ratio Mr/Ms = 1 for an individual nanowire in the array. 
On the other hand, strong magnetostatic interaction fields Hu in the array, induced by nanowires 
with a high value of Ms, often result in the Mr/Ms value tending to zero, changing the critical fields 
and shifting the hysteresis loop of the single nanowire, due to self-demagnetizing effect. Thus, in 
our case, it is safe to assume that interwire interactions in investigated samples are limited due to 
the low Ms of Ni and do not induce any serious changes to magnetic behavior of the array.

To prove this assumption and investigate the Hc distribution in the samples, FORC-method 
analysis was employed. A set of 70 first-order reversal curves was measured on VSM in the range 
of the fields from –2000 Oe to +2000 Oe. Using second order derivative of magnetization M 

Tab l e  1
Magnetic and structural properties of Ni nanowire arrays

Sample Time of 1st 
anodization, min D, nm Hc

loop, Oe min Hc
FORC, Oe max Hc

FORC, Oe Hu, Oe

1 0 33 690 594 1013 600
2 15 50 914 712 1382 1200
3 120 45 675 670 1272 980
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on starting field of each curve Hr and applied field H, a density of states ρ was achieved from 
experimental loops, as presented in Fig. 3, b – d. The overall similarity of the shape of FORC-
diagrams suggests that they have similar magnetization switching processes. Nevertheless, Hc

FORC 
distribution varies differently for samples with different first anodization times. A wide distribution 
of Hc

FORC from 712 Oe to 1382 Oe for the sample with t = 15 min points to their geometrical 
irregularity, originating from non-uniform pores in the matrix. The range of Hc

FORC distribution 
is comparably lower in the samples with t = 0 and 120 min: Hc

FORC = 594–1013 Oe for t = 0 
min and Hc

FORC = 670–1272 Oe for t = 120 min, due to their comparably more even distribution 
of D. The FORC-diagram of the sample with t = 0 min is characterized, in contrast to other 
samples, by an additional ρ distribution peak with a smaller Hc

FORC = 280 Oe. This peak could 
stand for a low-coercive phase, possibly located close to the work surface of the Al2O3 template, 
which has a smaller D of nanowires and thus smaller coercive forces. The interaction fields Hu in 
the sample with t = 0 min is twice as smaller as in the sample with t = 15 min (Hu = 600 Oe and 
Hu = 1200 Oe, respectively), possibly due to large distances between nanowires in the first sample 
and much more closely packed nanowires in the second sample. The sample with t = 120 min is 
characterized with an average Hu = 980 Oe because of the small distance between the nanowires 
in the array.

a) b)

c) d)

Fig. 3. Hysteresis loops measured in the direction of the external field H along the long axis of 
nanowires for all samples (a). FORC-diagrams in the same orientation of H for samples with 

t = 0 (b), 15 (c) and 120 (d) min of first anodization.

Conclusion

As a result of the study, magnetic properties of Ni nanowires depending on the time of first 
anodization of Al2O3 membranes were studied. Ni nanowires were obtained by electrochemical 
deposition into porous matrices, synthesized with the time of first anodization varied from 0 to 
120 min. SEM investigation of morphology of the porous templates revealed a heavy dependence 
of the pore diameters, interpore distance and pore order in the membrane on the time of first 
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anodization. A morphological study of Ni nanowires showed that samples with t < 15 min were 
characterized by branched structure. A study of magnetic properties demonstrated a possible 
single-domain micromagnetic structure of the Ni nanowires and low interaction fields in the array. 
FORC-studies indicated strong dependence of coercive forces on the geometrical parameters of 
Ni nanowires in the array. It has been shown that the sample with t = 15 min possesses a wide 
distribution of coercive forces due to ununiform diameters of nanowires in the array, while other 
samples have a more uniform distribution of coercive forces and thus geometrical parameters of 
the samples. Magnetostatic interactions are also heavily dependent on the distance between pores 
and show the highest fields for the sample synthesized with a porous matrix anodized for 15 min. 
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Abstract: This work is concerned with developing an approach to producing an array of plas-

monic Ag nanoparticles on the nanopipette surface. The vacuum thermal evaporation method 
followed by annealing was used to form the nanoparticle array. The surface morphology of the 
modified pipettes was investigated by scanning electron microscopy. Based on the SEM images 
obtained, the most efficient method for particle deposition on the pipette was selected. It was 
found that two-stage depositions on the horizontally mounted pipette formed an array of silver 
nanoparticles with a size of about 16 nm. The obtained modified nanopipettes were investigated 
by Raman spectroscopy. A laser with a wavelength of 532 nm was used to obtain the spectra. 
Rhodamine in the R6G modification was used as an analytical substance. The enhance factor 
of the modified pipette was calculated by comparing it with pure glass at the same power values 
of the laser and concentration of the analytical substance, rhodamine R6G.  The developed 
approach to modifying the surface of nanopipettes allows fabricating SERS pipettes for moni-
toring various intracellular biomarkers.
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плазмонных наночастиц Ag на поверхности нанопипетки. Для формирования массива 
наночастиц использовался метод вакуум термического испарения с последующим 
отжигом. Морфология поверхности модифицированных пипеток была исследована 
с помощью растрового электронной микроскопии. На основе полученных РЭМ 
изображений была выбрана наиболее эффективная методика осаждения частиц 
на пипетку. Установлено, что при двух стадийном нанесении на горизонтально 
закреплённую пипетку формируется массив наночастиц серебра с размером порядка 
16 нм. Полученные модифицированные нанопипетки исследовались с помощью 
рамановской спектроскопии. В ходе получения спектров использовался лазер с 
длинной волны 532 нм. В качестве аналитического вещества использовался родамин в 
модификации R6G. Был проведен расчёт коэффициента усиления модифицированной 
пипетки путём сравнения с чистым стеклом при одинаковых значения мощности 
лазера и концентрации аналитического вещества родамин R6G.  Разработанный подход 
к модифицированию поверхности нанопипеток возможен для изготовления SERS-
пипеток для мониторинга различных внутриклеточных биомаркеров.

Ключевые слова: нанопипетка, SERS, Ag-частицы, рамановская спектроскопия
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Introduction

Substance diagnostics is an indispensable part of many fields. It is especially important in 
the medical industry, where biomarkers are identified to detect various diseases [1]. Detection 
of biomarkers from a single cell represents an important task today.  The low concentration of 
biomarkers and the dynamic nature of living cells make it challenging to use traditional methods 
for analysis of intracellular contents of single cells [2, 3]. One example of such methods is 
atomic force microscopy (AFM). It is difficult to use classical AFM to visualize the dynamics of 
living biological objects due to the time required to obtain an image of surface morphology.   In 
addition, as the tip always exerts a mechanical load on the sample, it can be damaged, therefore, 
it is difficult to image soft biomaterials with the AFM [4]. Tip-enhanced Raman spectroscopy 
(TERS) can be used to obtain the most detailed and accurate information about the studied 
object. TERS is a well-known method that combines scanning probe microscopy and Raman 
spectroscopy [5], allowing to carry out effective investigations into the objects of interest [6]. 
One of the disadvantages of TERS is that it works with only one type of molecule at a time, 
which limits its deposition [7]. Raman enhancement with TERS is associated with strong fields, 
which can destroy molecules, leaving only carbon residues [7]. Although the above methods have 
achieved some success for the study of biochemical processes within cells or the interaction of a 
cell with its environment, they are still complicated to apply to observation of individual living 
cells.

Raman spectroscopy has been increasingly used with modified pipettes for analysis of 
biomaterial because it has a minimal impact on the cell considered during its introduction to 
the cell due to the nanoscale tip of the pipette (10–100 nm) [8]. The pipette modified with 
plasmonic metals can be used to regulate the delivery of molecules/ions and perform in situ 
measurements of the effects of delivered molecules/ions on a living cell via Raman spectroscopy. 
The main advantage of using nanopipettes is the simplicity and low cost of the manufacturing 
process, so such pipettes will allow rapid intracellular studies to obtain accurate information about 
the single cell structure without the need for complex techniques. However, the nanopipette tip 
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surface has a complicated topology, which makes the formation of plasmonic particles a non-
trivial task. Current methods of pipettes modification have a number of limitations. Ho and 
colleagues [9] developed a modified pipette by holding in a solution of Ag particles synthesized by 
reduction from AgNO3 with ethanol. During the modification, the authors used a large number 
of deposition stages, preparation of several solutions and a large amount of time to successfully 
precipitate the nanoparticles. It was established in [10] that a pipette could be modified with gold 
for highly sensitive detection of DNA damage in living cells using electrodeposition from HAuCl4 
solution was shown. For successful deposition, the pipette was treated with carbon from the inside 
via butane pyrolysis, which greatly complicates the modification process. The given methods of 
pipette modification are cheap to use, but they, as well as a number of others, don't have the 
reproducibility [11,12]. An alternative method of forming arrays of nanoparticles on the pipette 
surface is the method of vacuum-thermal evaporation followed by annealing. This method has 
high reproducibility, controllability of the process to control the size of nanoparticles [13, 14]. 
It is worth noting that the obtained nanoparticle arrays or thin films have a distinct interfacial 
boundary, which is important for surface plasmon resonance.

This work is dedicated to developing techniques for forming Ag nanoparticles on the nanopipette 
surface. In the course of the experiments, the morphology of the pipette surface was studied 
using scanning electron microscopy. The optimal parameters of Raman studies of the modified 
nanopipette were revealed and the enhance factor was calculated for the obtained SERS (surface 
enhanced Raman spectroscopy) active structure.

Materials and Methods
We conducted a series of experiments with borosilicate glass pipettes prepared from a  

CO2-laser-based glass pipette (P-2000, SutterInstrument Co.). The length of the fabricated pipettes 
was about 45 mm, the size of the exit hole was about 50–70 nm. 

Before the nanoparticles deposition process, the pipettes were washed as usual to remove the 
impurities. Cleaning was performed in peroxide-ammonia solution (PAS) and deionized water  
at ~50 °C followed by drying in isopropyl alcohol vapor.

The formation of metallic nanoparticles was performed using vacuum thermal evaporation 
followed by heat treatment. As the evaporation material for every deposition was used silver with 
a mass of 3 mg. The working pressure in the chamber was about 3·10–5 Torr. The samples were 
annealed in vacuum at a pressure of 3·10–5 Torr at 230 °C for 30 minutes.

Two techniques were used to form an array of silver nanoparticles on the pipette: one deposition 
on the vertically fixed pipette; two consecutive depositions on the two sides of the pipette. A 
schematic representation of the methods of nanoparticles formation on the pipette is shown in 
Fig. 1. Depending on the variant of the technique and deposition, the pipette was attached to the 
substrate holder in different ways and the number of particle deposition processes varied.

A Helios C4 GX scanning electron microscope was used to study the morphology of the 
obtained arrays of silver nanoparticles. A Raman spectrometer based on an inVia confocal 
microscope (Renishaw) was used to obtain Raman spectra. A laser with a wavelength of 532 nm 
and a power of about 100 mW according to the documentation, 44 mW according to the lens exit 

a)

b)

Fig. 1. Illustration of techniques for forming nanoparticles on a pipette: one deposition on a vertically 
attached sample (a); two consecutive depositions on a horizontally attached pipette (b)
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measurement and a spot size of 2 μm were used. Rhodamine R6G with a concentration of 1 mM 
was used as the analyte. The analyte was applied by dipping in the appropriate analyte solution 
for 5 seconds followed by drying for 10 minutes.

Results and Discussion
Analysis of the pipette surface morphology with arrays of silver nanoparticles is shown in  

Fig. 2. Notably, nanoparticles were not present on the pipette surface when the first technique 
was used. With the second technique, the average particle size was ~ 16 nm and the distance 
between them was ~ 14 nm, as shown in Figure 2, a.

a) b)

Fig. 2. SEM images of the Ag nanoparticle array for the sample with two horizontal depositions (a) 
and histogram of nanoparticle size distribution per 1 µm2 (b)

Figure 3 shows the results of a Raman spectroscopy study using a pipette with two consecutive 
depositions at a wavelength of 532 nm, the spot power density was on the order of 0.007 and  
0.14 mW/μm2. Fig. 3 shows that the spectrum obtained at 0.007 mW/μm2 shows clearly 
distinguishable peaks corresponding to R6G [15]. When the laser power was increased  

Fig. 3. Raman spectra for a pipette with two consecutive depositions at 532 nm and different laser 
powers during the study of R6G concentration of 1 mM

Fig. 4. Raman spectra obtained from pipettes with two consecutive depositions and clean glass at 
532 nm of R6G analyte concentration 1 mМ
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to ~ 0.14 mW/μm2, individual R6G modes were observed as well as characteristic peaks of 
amorphous carbon at 1536 cm–1 and in the 1500–1600 cm–1 region [16]. The presence of 
characteristic peaks of amorphous carbon is associated with the burning of the analytical substance 
[17]. Further Raman studies of modified Ag pipettes were performed at ~ 0.007 mW/μm2.

Figure 4 shows the results of Raman spectroscopy of a pipette with two consecutive depositions 
and pure glass with the analyte R6G 1 mM at a wavelength of 532 nm with a laser power of  
0.007 mW/μm2. Based on these spectra, the enhance factor of the SERS pipette was calculated 
[18]. The calculated enhance factor of the modified pipette was ~ 103. The lines in (Fig. 4) mark 
the R6G characteristic peaks, which were used to calculate the enhance factor of the SERS-active 
pipette.

Conclusion

This paper has outlined an approach to forming the SERS active layer based on the array of 
silver nanoparticles on the pipette surface by vacuum thermal evaporation method followed by 
annealing. Morphological study of the modified pipette surface by scanning electron microscopy 
showed that an array of silver nanoparticles with a size of about 16 nm was formed at two stages 
of deposition on the horizontally mounted pipette. It was found that the optimal laser power for 
Raman studies is 0.007 mW/μm, as there are no amorphous carbon peaks at this value. When this 
laser power is used, the R6G modes are present in the Raman spectrum. The calculated enhance 
factor of the modified pipette was ~103.
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Abstract: This paper presents the results of facile fabrication of a non-enzymatic glucose 
sensor by forming a sensing element based on TiO2 nanofilaments using direct ink writing 
(DIW). The glucose concentration in the solution was determined by changing the resistance 
of the TiO2 layer. Nanowires (NW) were obtained by hydrothermal synthesis in 10 M sodium 
alkali solution followed by heat treatment. The surface morphology of obtained samples was 
studied using scanning electron microscopy. The formation of a sensitive layer was carried out 
on a 3D printer with a specially designed print head from a suspension based on an aqueous 
solution of polyvinyl alcohol (PVA) followed by heat treatment in air. The suspension was 
analyzed for viscosity and contact angle. The sensitive layers were formed on a silicon substrate 
with a SiO2 surface oxide layer and gold contacts. Layers of TiO2 NW were formed between 
the contacts. The sensitivity of the sensor to glucose solutions of various concentrations was 
studied. As a result of the studies, the studied structures showed sensitivity to a glucose solution 
in the range from 1 to 100 mmol.
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Аннотация. В данной работе приводятся результаты простого изготовления 

неферментативного сенсора глюкозы путём формирования чувствительного элемента 
сенсора на основе нанонитей TiO2 методом робокастинга. Определение концентрации 
глюкозы в растворе происходило за счёт изменения сопротивления слоя TiO2. Полученные 
структуры показали отклик на раствор глюкозы микромолярной концентрации.
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Introduction

Today, biosensors are attractive objects for research due to their high sensitivity and high 
detection rate of substances with low concentrations, for example, the level of glucose in human 
blood. About 85 % of the market for modern glucose sensors is occupied by devices using 
electrochemical, chemiluminescent and phenylboronic acid-based glucose detection methods 
[1]. In recent years, FET-based sensors, which determine the concentration by changing the 
resistance when interacting with an analyte, are considered good candidates for creating glucose 
sensors. Most often, semiconductor materials (for example, ZnO [2], BaTiO3 [3] or TiO2 [4]) are 
used as a sensitive layer in such sensors. A particularly attractive option is using TiO2 in the form 
of nanofilaments as a sensitive element of the sensor, due to its high stability and photocatalytic 
activity, which will allow to construct reusable sensors [5].

The creation of sensitive sensors is associated with difficulties in controlling their properties 
through using hybrid materials. Traditional methods of microelectronics are quite expensive and 
require highly qualified personnel. Additive technologies, in particular the method of direct printing 
from a solution (DIW), can provide an affordable alternative to traditional methods [6]. Additive 
technologies are introduced today in many areas, such as biomedicine, engineering and sensorics [7].

In this work, we demonstrate the formation of a sensitive layer of a glucose sensor by the 
DIW method based on TiO2 NWs obtained by the hydrothermal method. A study of the surface 
morphology of the obtained TiO2 nanowires was carried out, an approach to the formation of a 
sensitive layer was developed, and the sensitivity range of the sensor was identified. As a result, 
the developed sensor based on TiO2 made it possible to detect glucose concentrations from 1 to 
100 mmol.

Materials and Methods
Titanium dioxide NWs were obtained using the hydrothermal synthesis method. A stainless 

steel autoclave with a Teflon container was used to prepare 50 ml of 10 M NaOH solution (CAS 
number: 1310-73-2) and 0.6 mg of commercial TiO2 powder (CAS number: 13463-67-7). The 
filling factor was 1/2. Then the autoclave was placed in a muffle furnace and heated to 250 °C. 
The synthesis time was about 12 hours. After synthesis was completed, the autoclave was cooled 
together with the oven to room temperature. The resulting nanowires were washed in a 0.1 M 
HCl solution (CAS number: 7647-01-0) with constant stirring to neutralize alkali residues and 
Na ions. To remove the acid, the NWs were washed in deionized water with heating to 60 °C 
and constant stirring. Washing was carried out to normal pH. Then the NWs were dried in air at 
100 °C. At the final step, the obtained samples of NWs were heat treated at 700 °C for 4 hours 
in an air atmosphere. The structure morphology was studied using a Helios Nanolab 650 SEM 
microscope (20 kV, 10 pA). X-ray phase analysis of TiO2 nanowires was carried out on a Malverin 
PanAnalytical Empirean diffractometer.

Ink was prepared for the formation of sensitive elements of the glucose sensor by the DIW 
method. The ink was based on an aqueous solution of polyvinyl alcohol (PVA). 20 g of PVA was 
added to 20 ml of deionized water and stirred until complete dissolution. Then, 20 mg of TiO2 
nanofilaments were added to the solution and sonicated for 1 minute using a Skymen JP-010T 
ultrasonic bath.

© Тарасов А. М., Дубков С. В., Громов Д. Г., Рязанов Р. М., Волкова Л. С., 2022. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.
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The viscosity of the suspension was measured with a VPZh-3 viscometer with a capillary 
diameter of 0.91 mm. Viscosity was measured at a constant temperature of 30 °C, which was 
provided by heating the viscometer case using a Lauda Alpha thermostat. The viscometer was 
filled with a PVA solution using a vacuum pump, then the solution was thermally stabilized for 
10 minutes.

The contact angle was measured using an LK-1 goniometer. A drop of suspension with a 
volume of 0.5 μl was formed on the surface of a silicon wafer. After that, the goniometer focused 
on the drop and took a picture of the image. The resulting images were processed in the Drop 
Shape program.

A silicon wafer with SiO2 on the surface about 300 nm thick was used as a substrate for the 
glucose sensor. Au-based contacts were formed by vacuum-thermal evaporation of a sample of 
the corresponding material (about 150 mg). The thickness of the obtained gold contacts was about 
100 nm. The dimensions of the contacts were 1×1 mm2, the step between the contacts was about 
5 mm. The scheme for manufacturing contacts is shown in Figure 1, a.

Fig 1. Scheme of sensor fabrication: deposition of gold contacts (a), formation of nanowire layer by 
the DIW method (b), polymer burning (c), measurement of the current-voltage characteristics of the 

sensitive layer with a glucose solution on the surface (d).

The formation of TiO2 nanowires layers was carried out on a modified Anet A6 3d printer 
with a specially designed print head. A glass syringe with prepared ink was installed inside the 
print head (Fig. 1, b). A nozzle with a diameter of 0.4 mm was used for printing. Printing was 
carried out with a table temperature of 100 °C, and the water evaporated from the polymer in a 
few seconds. Next, the samples were annealed in air at a temperature of 600 °C for 10 minutes 
to remove the polymer (Fig. 1, c).

Study of the sensory properties of assets obtained by measuring the current-voltage 
characteristics. A drop of 10 µl of a transparent solution with a concentration of 5, 10, and 100 
mM was applied with two gold contacts. Applying voltage to the Agilent e3647a power energy 
impact sensitive level. The current was measured with a Keithley 6485 picoammeter, and the 
voltage was measured with a Keithley 2700 multimeter. The measurement circuit is shown in 
Figure 1,d.

Results and Discussion

Figure 2, a shows the SEM image of TiO2 NWs. The histogram of the length distribution of 
TiO2 NWs is shown in Figure 2, b. Evidently, the length of the nanowires turned out to be fairly 
uniform. The predominant length of the nanowires was 8 μm.

Fig. 2. SEM images of nanowires after 12 hours synthesis at 250 °C (а) and histograms of the size 
distribution of TiO2 NWs (b)
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Figure 3 shows X-ray diffraction (XRD) of the synthesized nanowires before and after 
annealing. The unannealed nanowires do not exhibit the peaks characteristic of anatase and 
rutile. After synthesis, Na2Ti3O7 is formed, which, when washed with hydrochloric acid, passes 
into H2Ti3O7, whose peaks are observed at 24.8° and 48.5° [8]. Annealed nanowires exhibit peaks 
characteristic of ananthase and rutile.

Fig. 3. X-ray diffraction (XRD) of TiO2 NWs before and after annealing

The measured viscosity of the PVA solution showed a value of 19.44 mm2/s. The viscosity of 
water at 30 °C is 0.8 mm2/s. The addition of PVA to the ink allows the use of aqueous solutions 
for DIW printing. The edge wetting angle of the PVA solution was 46 °, which is less than that 
of water. However, the evaporation of water from the solution is faster, so there is no strong 
spreading of the ink.

Figure 4, a shows the SEM image of the formed layers of TiO2 nanowires. With a nozzle 
diameter of 0.4 mm, the resulting line thickness is approximately 0.7 mm. This can be attributed 
to the spreading of ink over the surface of the silicon substrate before the water evaporates. After 
annealing in air (Fig. 4, b), cracking of the layer is observed as a result of polymer boiling.

Fig. 4. SEM images of TiO2 NW layer formed by DIW method before annealing (a) 
and after annealing (b)

At a higher magnification (Fig. 5), we can see that the NWs have a predominant direction, 
which coincides with the direction of movement of the print head. This effect occurs due to 
the friction that occurs in the nozzle in a viscous medium. For sensing applications, this can be 
beneficial as it increases the chance of making a contact with nearby nanowires [9].

Fig. 5. SEM image of TiO2 nanowire layer formed by DIW method after annealing

The study of the current-voltage characteristics of sensitive layers at different concentrations of 
glucose solution showed the results presented in Figure 6. With an increase in the concentration 
of glucose solution, the conductivity of the structure increases. This effect can be explained by the 
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doping of the TiO2 surface with glucose, which plays the role of an electron donor. This increases 
the conductivity of the sensitive layer [10].

Fig. 6. Volt-ampere characteristic as a function of glucose concentration

Conclusion

In the course of this work, we synthesized TiO2 nanowires with a length of about 8 μm and 
a diameter of about 200 nm. An approach using an Anet A6 3D printer was developed to form 
sensitive sensor layers using the direct ink writing method based on a TiO2-PVA suspension. 
The developed suspension based on the TiO2-polymer has a contact angle of 46° and a viscosity 
of about 19.44 mm2/s. A glucose sensor based on TiO2 nanowires formed by the DIW method 
made it possible to detect the concentration of a glucose solution from 1 to 100 mM. Additive 
technology methods make it easy to form functional layers for sensors of arbitrary shape without 
involving expensive equipment. Using TiO2 as a sensitive element of the sensor in the future 
will allow us to study the effect of self-cleaning of the surface of the glucose sensor and create a 
structure with the option for reuse.
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Аннотация. Слоистые нанопленки на основе Fe, Co и Cu были выращены на 

смачивающих слоях Si(001)2×1-Cu с толщинами 1 ML и 2 ML и исследованы методами 
AES, EELS и LEED в сверхвысоковакуумной камере. После выгрузки на воздух образцы 
были исследованы методами AFM и MOKE. Было обнаружено, что увеличение толщины 
и отжиг смачивающего слоя Si(001)2×1-Cu увеличивают агломерацию нанопленок и, 
как следствие, их намагниченность и коэрцитивную силу. Хотя, отжиг смачивающего 
слоя Cu, уменьшает степень прямоугольности петли магнитного гистерезиса. 

Ключевые слова: многослойные пленки, смачивающий слой, рост, агломерация, 
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Introduction

In recent years, considerable attention has been paid to developing spin transistors and spin 
injectors using spin valves made of multilayer metal nanostructures based on ferromagnetic metals 
and their alloys [1]. Such nanostructures should have high spin conductivity, degree of polarization, 
magnetization, and Curie temperature. To increase the spin conductivity, it is suggested to place 
these nanostructures on top of an intermediate layer of an inert noble metal on a substrate [2]. 
Additionally, it is proposed to use layered composite nanomaterials from a ferromagnetic metal 
and a noble metal [3]. Therefore, the study of the influence of intermediate layers of noble metals 
(Cu) or their wetting layers on the growth, morphology, and magnetic properties of multilayer 
metal nanostructures on silicon is topical for spintronics.

From a physical point of view, the fundamental interest is a multilayer structure made of 
dissimilar metals on an alien (silicon) substrate. It is important to understand what phenomena 
occur during the growth of this structure and how are they related to the growth phenomena of 
the first wetting layer. In addition, it is important to clarify how the combination of a magnetic 
transition metal and a noble non-magnetic metal will affect the growth of a multilayer film and 
its magnetic properties. In this work we try to clarify these questions.

It can be expected that the difference between layers of different nature and degree of reactivity, 
which wet the substrate to different degrees, can have different effects on the growth of a multilayer 
film and its morphology. Thus, we can expect a significant morphological dependence on the type 
of the first metallic film on silicon. On the contrary, the growth of metal on metal may have a 
weaker morphological dependence on the type of the first metal. However, in general, the film 
morphology should significantly affect its magnetic properties.

Previously, we studied the growth of ultrathin and atomically smooth layers and films of Cu 
(1–5 ML) [4], Fe (10–25 ML) [5, 3], and Co (10 ML) [6] on silicon. A technology for their 
growth was based on a decrease in the temperature of steam in sources during the formation of a 
wetting layer (see [4–8]). Multilayer nanofilms based on Fe, Co, and Cu were also prepared [3]. 
However, the morphology of these films, its relation to film production conditions, and the effect 
on magnetic properties were not studied yet.

Here we present the growth and study of Fe (10–12 ML) and Cu (8 ML)/Fe(16 ML)/
Cu (5 ML)/Co(10 mL) multilayer nanofilms on an intermediate two-dimensional layer of Cu  
(1–2 mL), which plays not only the role of a wetting layer but also that of a buffer layer blocking 
the formation of compounds or alloys between the overlying and underlying layers. Moreover, two-
dimensional layers of noble metals simultaneously play the role of a highly conductive transport 
layer, which increases the longitudinal conductivity of a two-layer or multilayer nanofilm. The 
purpose of this study is to determine the effect of the thickness and annealing of a two-dimensional 
wetting layer on the morphology and magnetic properties of multilayer nanofilms in order to 
determine the optimal modes for their production as spin injectors.

Experiment

Samples were prepared in a microwave chamber with RIBER analyzers for low energy electron 
diffraction (LEED) and Auger electron spectroscopy (AES) electron energy loss spectroscopy 
(EELS). The chamber was equipped with a sample manipulator, a quartz microbalance, as well 
as molecular beam (ribbon) sources of Fe, Co, and Cu, and other equipment (see [3]).

Metal layers were deposited on silicon at room temperature of the Si(001) substrate and at a low 
temperature of metal vapors. They were deposited on a Si(001)-2×1-Cu wetting layer (1–2 ML 
thick) before and after its annealing at 250°C. The thickness of the wetting layer corresponded 
to the formation of a phase of average composition Cu2Si [5] and was in the range of 1–2 ML.
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Phosphorus-doped single-crystal silicon wafers were used as substrates. They had a size of 
20×5 mm2, a thickness of 0.42 mm, orientation (001) and a resistivity of 4.5 Ω⋅cm. The Si 
wafers were preliminarily cleaned with organic solvents and then loaded into a degassed ultrahigh 
vacuum chamber with a base pressure of 5×10–10 Torr. After that, the Si wafers were heated at a 
temperature of 600 °C for several hours. Before the first deposition of metal on a clean Si surface, 
the temperature of the Si wafers was raised to 1250 °C and then gradually lowered to room 
temperature, quickly passing the temperature range of about 1000 °C.

The crystallographic quality of the prepared surface of the Si(001)-2×1 silicon substrate was 
controlled by the presence of sharp and bright 2×1 reflections in the LEED pattern. Surface 
cleanliness was monitored by the presence of oxygen and carbon peaks in the AES. The temperature 
of the Si substrate was set by passing a constant electric current through it.

Metal vapors were deposited on the substrate by thermal sublimation of metals from Cu, Co, 
and Fe films preliminarily deposited onto a Ta tape 5×25 mm2 in size and 10–20 µm thick. 
These films were deposited using evaporation from Fe or Co rods placed inside a tungsten 
coil or from a drop of Cu formed on a V-shaped tungsten wire. All metals had more than 
99.98% pure. The metal vapor temperature (TFe =1250 ºC, TCo = 1130 ºC and TCu = 900 ºC,  
ΔT < ± 5 ºC) was maintained by passing a direct electric current through tungsten tape or wire 
heaters. Simultaneously, deposition was carried out on two samples, while the distance from the 
tape source to the Si substrates was about 2 cm.

Magnetic characteristics of the samples were studied in longitudinal geometry using an 
experimental setup based on the magneto-optical Kerr effect (MOKE). The light source used 
in the MOKE studies was a helium-neon laser with the wavelength of 632 nm and whose light 
intensity was modulated at a frequency of 42 kHz. A PEM-100 photo-elastic modulator from 
Hinds Instruments was used for modulation, and an SR830 lock-in amplifier from Sanford 
Research was used for signal detection. The sensitivity to the rotation angle of the polarization 
plane was about 1 second of arc.

AES and EELS spectra were recorded using low electron energy (300 eV). This made it 
possible to ensure high sensitivity of the spectra in the film thickness range of 1–10 ML, as well 
as sensitivity to the state of the interface at a film thickness of 0–3 ML. To obtain LEED images, 
electron energies were used in the range of 50–100 eV, which ensured a probing depth of about 
1 ML. Quantitative analysis of AES was performed with an error of ~20%, taking into account 
the accuracy of determining the probing depth in the literature. The AFM data were acquired in 
semi-contact scanning mode on an NT MDT Silver-47 microscope and processed using standard 
software from NT MDT.

Results and Discussion

The LEED images show that a partial attenuation of the 2×1 reflections occurred after 
deposition of 1 ML and 2 ML Cu on Si(001)-2×1. However, the 2×1 reflections became brighter 
after 1st ML annealing, showing the formation of a two-dimensional layer with a 2×1 structure. 
Complete attenuation of the reflections occurred after the deposition of 3 ML or its annealing, 
which indicates the growth of a continuous Cu layer with a subcrystalline (cluster) structure.

According to changes in the intensity of Cu, Fe, and Co Auger peaks, after the formation of 
the Cu (WL) wetting layer, pseudolayered growth of Co (Fe), Cu, Fe, and Cu and Si segregation 
occurred. The last Si layer was apparently forced out of the substrate during film growth.

The formation stages of surface and bulk plasmonic peaks of Fe and Co losses in EELS also 
corresponded to pseudolayered growth. However, for Fe and Co on Cu, a slower growth was 
observed, which indicates film agglomeration and the growth of Fe and Co islands. 

The AFM data directly showed film agglomeration in all samples. As can be seen from Fig. 1, 
the average relief height was in the range of 1–12 nm and, depending on the presence and 
annealing of the Cu wetting layer, increased by a factor of 1.2–1.5 in the case of an Fe nanofilm 
and by a factor of 2 in the case of multilayer films. At the same time, the lateral size of grains in 
the samples and their number decreased.

Since the morphology of the entire multilayer film as a whole is given by the morphology of 
the first ferromagnetic layer (Co, Fe), it can be concluded that the presence of Cu-WL leads 
to agglomeration of this first layer. However, as the next layers grow, additional agglomeration 
occurs and grains of similar sizes are formed (Fig. 1, c, f).
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a) b) c)

d) e) f)

Fig. 1. AFM images (1000×1000 nm2) of Fe (a, b, d, e) nanofilms with a thickness of 10–12 ML 
and Cu/Fe/Cu/Co multilayer (c, f) with a total thickness of 39 ML grown on Cu WL, respectively,  

1 and 2 ML thick: without pre-annealing (a, b, c), subjected to annealing (d, f), 
with Cu WL thickness increasing from 1 ML (b) to 2 ML (e)
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Fig. 2. Longitudinal Kerr rotation (red) and ellipticity (blue) in Fe (a, b, d, e) nanofilms with a 
thickness of 10–12 ML and Cu/Fe/Cu/Co multilayer (c, f) with a total thickness of 39 ML grown 
on a Cu WL respectively, 1 and 2 ML thick: without pre-annealing (a, b, c), subjected to annealing 

(d, f), with Cu WL thickness increasing from 1 ML (b) to 2 ML (e)
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When a non-magnetic metal (Cu) is grown on a wetting layer and annealed, the multilayer 
film composed of Cu/Fe/Cu/Co layers becomes looser and consists of larger islands (Fig. 1, d, 
e, f). In this case, the coercive force and magnetization in the obtained nanofilms become much 
higher (Fig. 2, d, e, f) than without the interlayer and its annealing (Fig. 2, a, b, c). At the same 
time, generally, increased values of the coercive force are observed, which cannot be explained 
only by a change in the type of metal or morphology. Since, according to the AES data, Si solid 
solutions are formed in the grown layers, the presence of Si in the Fe and Co layers increases the 
coercive force.

In general, the observed phenomena have the following explanations. When a metal is deposited 
on a clean silicon surface, a 2D wetting layer grows, a 3D metastable phase grows, and then a 
3D stable bulk metal phase grows [4–5, 8]. At the same time, the 2D-3D transition causes the 
separation of a small amount of silicon from the substrate and the segregation of silicon atoms 
(the thickness of the segregated layer is less than the monolayer). At the last stage of growth 
(when a stable bulk metal phase is formed), the precipitated Si dissolves in the growing metal 
film. Meanwhile, without an intermediate Cu layer, the formation of silicide and the dissolution 
of Si suppress the ferromagnetism of the multilayer film.

At the same time, these processes are blocked for wetting with copper, and ferromagnetism 
becomes more pronounced. Obviously, wetting with copper leads to an increase in the degree of 
agglomeration of ferromagnetic layers caused by the chemical inertness of copper. In addition, 
the presence of an intermediate wetting metal layer (Cu) blocks the mixing of the ferromagnetic 
metal with silicon during its pseudolayer (multi-island) growth. However, during annealing, the 
Cu layer is partially collected into islands near the substrate steps. This leads to a concentration 
of multi-island growth on the terraces and the film becomes less continuous.

In both cases, the nanofilm on the Cu wetting layer collects into islands more strongly than 
when grown on a clean surface of a silicon substrate. As for the growth of intermediate (between 
ferromagnetic layers) and upper layers of Cu, it proceeds in accordance with the pseudolayer-by-
layer growth mechanism, since the Cu layers spread well over the surface of the ferromagnetic 
metal. In addition, the Cu layers increase the mobility of atoms in the film and help even out the 
shape of the agglomerates. The subsequent growth of the ferromagnetic metal on Cu also occurs 
in accordance with the pseudolayer growth mechanism, but is accompanied by an increase in 
agglomeration. Finally, the last noble metal layer (Cu) spreads over the film again and evens out 
the shape of the agglomerates.

As can be seen from Figure 2, the larger the diameter and height of the agglomerates, the 
more pronounced the ferromagnetic properties (magnetization and coercive force) become. This 
corresponds to the well-known data on the relationship between the sizes of crystals and their 
magnetic properties (see, for example, [9]). However, as can be seen from Figure 2, c, the 
squareness of the hysteresis loop is obviously more pronounced if there are ferromagnetic grains 
of the same size, as happens in the case of an unannealed wetting layer. In addition, saving the 
thickness of the ferromagnetic layers leads to an exchange interaction between the layers and to 
the formation of the smallest coercive force (coercive force Co) between the two ferromagnetic 
layers.

Conclusions

• Ultrathin layers of Cu on silicon with a thickness of 1–2 monolayers with and without 
annealing were prepared, which were used as a wetting and buffer layer for the subsequent growth 
of ferromagnetic layers of Fe and Co.

• The effect of wetting layer annealing and its thickness on the morphology of layered 
nanofilms on silicon with ferromagnetic (transition metals Fe and Co) and nonmagnetic (noble 
metal Cu) layers is shown.

• The degree of agglomeration and grain size in multilayer nanofilms have a decisive influence 
on the magnetic properties (magnetization and coercive force) of the obtained nanomultilayers. 

• Optimum nanofilms for spin valves, in terms of magnetization strength, are nanofilms that 
are grown with annealing of the Cu wetting layer, and in terms of a more rectangular hysteresis 
loop and a narrower hysteresis loop, those that are grown without annealing.
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Аннотация. Исследовано формирование слоя пористого кремния (ПК) в тонком 

слое p-типа, эпитаксиально выращенном на кремнии n-типа, при двух плотностях тока 
анодирования и разном времени анодирования, и проведено сравнение поперечных 
сколов, морфологии поверхности, спектров отражения, и спектры фотолюминесценции. 
Установлена минимальная продолжительность анодирования (15 и 10 минут) при 
плотностях тока 10 мА/см2 и 20 мА/см2, при которых формируется однослойная 
структура ПС. С увеличением времени анодирования независимо от плотности тока 
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Introduction

For anodizing n-type silicon wafers, regardless of their electrical conductivity, it is necessary 
to ensure the generation of holes, which are minority carriers. This can be done in two ways 
[1]: either by applying a critical electric field to induce electrical breakdown, or by illuminating 
with radiation sufficient to generate holes due to the photoelectric effect [1]. It is known that 
IR illumination from the reverse side of the substrate provides the generation of electron-hole 
phases, their separation, and diffusion of holes to the front side of the substrate that is under 
the action of a negative potential, which in turn leads to formation of macroporous structures 
during anodization [1, 2]. However, under conditions of illumination from the front side of the 
silicon substrate [3], depending on the parameters of anodization and the degree of its doping, 
the formation of a two-layer structure was observed, consisting of a thin nanoporous layer and 
a thicker macroporous layer. However, complex studies of anodization in silicon with a built-in 
p–n junction, to our knowledge, have not been previously carried out.

Experimental

For anodizing, single-crystal silicon Si(100) wafers of n-type conductivity with an epitaxial layer 
of p-type conductivity were used. Layers of porous silicon (por-Si) were formed at two anodizing 
current densities (10 and 20 mA/cm2) and etching durations from 10 to 30 minutes, as well as using 
illumination with a 150 W tungsten lamp during the anodizing process.

A home-made Teflon attachment with a platinum wire cathode was used for anodizing and a 
copper anode, which was pressed through a layer of conductive silver paste to the reverse side of the 
silicon sample with the burnt Au-Sb contact. The edges of the front surface of the sample with an 
area of up to 1 cm2 were protected with a special varnish. After anodizing, the samples were washed 
in deionized water and dried in a flow of dry nitrogen.

After mechanical removal of varnish residues and wiping with isopropyl alcohol, a porous silicon 
layer was studied by optical reflectance and photoluminescent (PL) spectroscopies, as well as by 
scanning electron microscopy (SEM), including cross-section images for porous structures [4]. 
During anodization, 8 samples of por-Si were formed with two current densities and different 
anodization durations.

Results and Discussion
When anodizing with a current density of 10 mA/cm2 for up to 15 minutes (sample 2-5), the 

formation of a relatively homogeneous por-Si layer with a low density of punctures is observed. The 
overall thickness of PS layer is about 0.72 µm (Fig. 1, a). It consists of two parts. The lighter part is 
closer to the surface. Its thickness is about 0.56 µm (Fig. 1, a). The darker part with a thickness of 0.16 
µm lies under the top layer at the interface with single-crystal silicon. The color of the porous silicon 
layer is light, which corresponds to a weak absorption of electrons and, accordingly, its low porosity. 
The darker part of the porous layer should have a higher porosity.
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a) b)

c) d)

Fig. 1. SEM cross-section images of porous silicon (PS) layers on Si substrate with a p–n junction 
formed at anodizing current density of 10 mA/cm2 and different anodizing times: 15 minutes for 
sample 2-5 (a); 25 minutes for sample 2-6 (b) and 30 minutes for sample 2-2 (c). A surface image of 

PS layer (sample 2-6) after 25 minutes of anodizing is also shown (d)

Increasing the anodization time to 25 minutes and then to 30 minutes led to the formation of a 
por-Si tree-like porous structure inside silicon with an increase in the total por-Si thickness from 
5.2 µm to 7.2 µm (Fig. 1, b, c). After 25 minutes of anodizing, a certain disturbed layer with a 
network of small punctures (Fig. 1, b) covering the underlying tree-like porous structure is observed 
on the surface of the porous layer (sample 2-6). Such a disturbed layer is always or often formed 
over a por-Si layer [5]. After 30 minutes of anodizing (sample 2-2), the thickness of the tree-like 
porous layer increased (Fig. 1, c), but the thickness of the damaged layer also increased to about 
2 µm. The upper (disturbed) layer has a darker color, which corresponds to its higher porosity.

The photoluminescence (PL) spectra from the formed samples with porous silicon were studied 
at room temperature and two laser lines: = 405 nm and = 532 nm.

Fig. 2. Photoluminescence (PL) spectra of por-Si layers at different laser wavelengths: 405 nm (a) and 
532 nm (b) for samples formed at anodizing current density of 10 mA/cm2 and different anodizing 

times: 15 minutes (sample 2-5), 25 minutes (sample 2-6) and 30 minutes (sample 2-2)

a) b)
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The maximum intensity of the PL spectrum at = 405 nm was observed for the PC layer with 
an anodizing time of 15 minutes (sample 2-5, Fig. 2, a), which indicates high porosity [3] of the 
internal porous layer (Fig. 1, a) and the generation of the PL signal only in this thin internal 
por-Si layer. With an increase in the anodizing time (samples 2-6 and 2-2), the PL spectra 
decreased in intensity and red-shifted. With an increase in the laser wavelength (= 532 nm, 
Fig. 2, b) and hence the depth of penetration into the por-Si layer, the intensity of the PL 
spectra strongly decreased for all samples (Fig. 2, b). At the same time, the maximum intensity 
and red shift of the spectrum was exhibited by a sample with an anodizing time of 30 minutes. 
This indicates the main contribution to the PL spectrum from the near-surface PS layer for 
samples 2-6 and 2-5. However, for sample 2-2, the decrease in the PL intensity at = 532 nm 
is noticeably smaller, and the red shift is larger than for the other two samples (Fig. 2, b), which 
is associated with a larger thickness of the damaged layer and its lower porosity.

Recording the reflectance spectra in the UV-VIS range showed (Fig. 3) that a sharp decrease 
in reflection is observed over the entire range in layers with a tree-like structure (samples 
2-2, 2-6), which indicates an increase in irretrievable light losses in such layers. Noticeable 
interference features in the reflection spectra (Fig. 3) for samples 2-2 and 2-6 indicate that 
the por-Si layer remains sufficiently flat. At the same time, the high reflectance for sample 2-5 
(15 minutes) corresponds to the preservation of the flat surface of the por-Si layer.  Taking 
into account the noticeable blue shift of the PL spectrum (Fig. 1, a) in the sample 2-5, we 
can suggest the small sizes of Si nanocrystals internal porous layer with a high porosity [3]. 
The small thickness of porous silicon in sample 2-5 is confirmed by the appearance of peaks 
from single-crystal silicon, which are observed in the reflection spectrum of this sample at 
wavelengths of about 270 nm and 360 nm (Fig. 3).

An increase in the anodization current 
density to 20 mA/cm2 led to the formation of 
a two-layer por-Si structure, which includes a 
thin homogeneous PS layer (Fig. 4, a, sample 
2-3) and then a tree-like structure (samples 
2-4 and 2-10). The thickness of the entire 
por-Si layer increased with the etching time 
(10, 15, 30 min) from 1.67 µm to 16.7 µm.

The position of the maximum in the PL 
spectra practically did not depend on the 
anodizing time, and the intensity of the PL 
peak decreased with increasing anodizing 
time, which is confirmed by a decrease in the 
PL intensity upon going from = 405 nm to 
= 532 nm and PL localization mainly in the 
upper por-Si layer, but with variable porosity. 
Porosity turned out to be maximum for the 
minimum of anodizing time (see samples 2-3 
and 2-9 with 10 minutes of anodizing time).

The reflection spectra of the 
samples of the second series with 
an anodizing current of 20 mA/cm2 

showed that in the samples with the maximum 
PL intensity (2-3 and 2-9) with a minimum 

anodizing time (10 minutes), intense interference peaks are observed (Fig. 6), despite the small 
thickness of the upper por-Si layer (Fig. 4, a). This means that a certain contribution is made 
by the inner layer with a tree structure and different porosity. The upper flat layer with low 
porosity is retained in samples 2-4 and 2-10 with a greater thickness of the inner tree-like layer, 
which determines a greater reflection coefficient. This is confirmed by the presence of peaks 
from single crystal silicon at wavelengths of 270 nm and 370 nm.

Fig. 3. Reflection spectra of por-Si layers formed 
at anodizing current density of 10 mA/cm2 and 
different anodizing times: 15 minutes (sample 

2-5), 25 minutes (sample 2-6) and 30 minutes 
(sample 2-2)
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c) d)

Fig. 4. SEM cross-section images of porous silicon (por-Si) layers on Si substrate with p–n junction 
formed at anodizing current density of 20 mA/cm2 and different anodizing times: 10 minutes for 
sample 2-3 (a); 15 minutes for sample 2-10 (b) and 30 minutes for sample 2-4 (c). A surface image of 
PS layer (sample 2-10) after 15 minutes of anodizing is also shown (d). The inset in (b) corresponds 

to the sample surface.

a) b)

Fig. 5. Photoluminescence (PL) spectra of por-Si layers at different laser wavelengths: (a) =405 nm and 
(b) =532 nm for samples formed at anodizing current density of 20 mA/cm2 and different anodizing 

times: 10 minutes (samples 2-3 and 2-9), 15 minutes (sample 2-10) and 30 minutes (sample 2-4)

Fig. 6. Reflection spectra of por-Si layers formed at anodizing current density of 20 mA/cm2 and different 
anodizing times: 10 minutes (samples 2-3 and 2-9), 15 minutes (sample 2-10) and 30 minutes (sample 2-4)

a) b)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

142

REFERENCES
1. Lehmann V., The physics of macropore formation in low doped n-type silicon J. Electrochem. 

Soc. 140 (1993) 2836–2843.
2. Kleimann P., Linnros J., Peterson S., Formation of wide deep pores in silicon by electrochemical 

etching, Mater. Sci. & Engineer. B 69 (2000) 29–33.
3. Levy-Clement C., Logoubi A., Tomkiewicz M., Morphology of porous n-type silicon obtained by 

photoelectrochemical etching: 1. Correlation with material and etching parameters, J. Electrochem. 
Soc. 141 (1994) 958–967.

4. Galkin N. G., Yan D.T., Galkin K. N., Nepomnyashchiy A.V., Establishment of the relationship 
between the coefficients of reflection, refraction and porosity index for mesoporous silicon layers with 
different surface morphology, Chemical Physics and Mesoscopy, 23(4) (2021) 220–230.

5. Fukuda Y., Zhou W., Furuya K., Suzuki H., Photoluminescence Change of As-Prepared and 
Aged Porous Silicon with NaOH Treatment, Journal of The Electrochemical Society, 146 (7) (1999) 
2697–2701.

THE AUTHORS

Received 04.05.2022. Approved after reviewing 05.07.2022. Accepted 05.07.2022.

© Peter the Great St. Petersburg Polytechnic University, 2022

YAN Dmitriy T.
dmitry_yan@mail.ru
ORCID: 0000-0002-0602-9301

GALKIN Nikolay G.
galkin@iacp.dvo.ru
ORCID: 0000-0003-4127-2988

GALKIN Konstantin N.
galkinkn@iacp.dvo.ru
ORCID: 0000-0001-5386-1013

NEPOMNYASHCHIY Aleksandr V.
santila001@mail.ru
ORCID: 0000-0002-8726-983

Conclusion

The effect of anodizing modes (anodizing current and duration) on the formation of porous 
silicon layers in a Si-p/Si-n epitaxial structure under conditions of white light illumination has 
been studied. It has been established that at short anodization times of 10 minutes at 10 mA/cm2 

and 15 minutes at 20 mA/cm2, an upper porous layer with a noticeable porosity is formed, which 
ensures strong photoluminescence (PL), which is more pronounced at a laser excitation length 
of = 405 nm and decreases noticeably at = 532 nm. With an increase in anodizing time  
(20–30 minutes), a tree-like porous layer is formed inside under the first layer of por-Si, the 
thickness of which increases with an increase in anodizing time and anodizing current density. 
The photoluminescence in the double porous structure decreases with an increase in the anodizing 
time. In this case, the PL intensity from thick tree-like layers is minimal at a laser radiation length  
= 532 nm. The reflection coefficient in samples with a double porous structure becomes less than 
0.1, if the upper layer of the por-Si is highly porous and does not retain the contribution from single-
crystal silicon.
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Abstract: In this work, the current-voltage and photoelectric spectral characteristics of double 

heterodiodes por-Si/Si-p/Si-n and a reference diode with a p–n junction at room temperature are 
analyzed and compared with data on the thickness of porous silicon layers and photoluminescence 
spectra for the synthesized heterostructures. It is shown that photospectral sensitivity in the 
region of 400–800 nm is exhibited by diodes with a single-layer structure of porous silicon 
whose thickness does not exceed 2 μm. In this case, the amplitude of the spectral photoresponse 
decreases with a decrease in the thickness of the porous layer. As for diodes with a two-layer 
structure of porous silicon (ordinary porous and tree-like porous) and thicknesses from 4.5 µm to 
17.4 µm, currents do not flow due to rapid oxidation of such structures. A band energy diagram 
of a double heterodiode with a layer of porous silicon is proposed based on the experimental data.
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Аннотация. В данной работе проведен анализ вольтамперных и фотоэлектрических 

спектральных характеристик двойных гетеродиодов por-Si/Si-p/Si-n и эталонного 
диода с p–n переходом при комнатной температуре и сопоставление с данными о 
толщине слоев пористого кремнияспектров фотолюминесценции синтезированных 
гетероструктур. Показано, что фотоспектральной чувствительностью в области 800-400 
нм обладают диоды с однослойной структурой пористого кремния и его толщиной не 
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более 2 мкм. При этом с уменьшением толщины пористого слоя амплитуда спектрального 
фотоотклика уменьшается. В диодах с двухслойной структурой пористого кремния 
(обычный пористый и древовидный пористый) и толщиной от 4,5 мкм до 17,4 мкм токи 
не протекают из-за быстрого окисления такой структуры. На основе экспериментальных 
данных предложена зонная энергетическая диаграмма двойного гетеродиода со слоем 
пористого кремния.

Ключевые слова: Кремний, встроенный p–n переход, освещение, толщина пористого 
слоя, древовидная пористая структура, двойной гетеродиод, блокировка тока, спектры 
фотоотклика, зонная диаграмма диода
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Introduction

Studies dedicated to creating LEDs based on porous silicon (por-Si) heterostructures on 
single-crystal silicon with a built-in p–n junction are well known [1, 2]. They focus on two 
issues: increasing the efficiency of electroluminescence and improving the stability of this type 
of LEDs. It is known that the formed LED structures based on porous silicon lose up to 75% 
of their integrated electroluminescence intensity for half an hour during operation in ambient 
conditions [2, 3], which is associated with a decrease in the injection of carriers from por-Si due 
to rapid oxidation of nanocrystals in an applied electric field even at room temperature. At the 
same time, the question of the influence of the thickness of the porous silicon layer in a Si wafer 
with a built-in p–n junction on the current-voltage and photospectral characteristics of diode 
structures remained unexplored.

The goal of this study is to establish a correlation between the thickness and microstructure of 
the porous silicon layer in the double por-Si/S-p/Si-n mesa-diodes of and their current-voltage 
and photospectral characteristics.

Experimental

In this work, porous silicon layers were created on n-type Si(100) wafers with a resistivity 
of 0.1 Ω cm with an epitaxial layer of p-type silicon (3 µm) with a resistivity of 7–10 Ω⋅cm by 
anodizing in a solution of HF:C3H8OH = 1:1 at two current densities: 10 and 20 mA/cm2, etching 
times from 10 to 30 minutes and under illumination with a 150 W tungsten halogen lamp from a 
distance of 30 cm from the sample. Eight samples were formed at of 10 and 20 mA/cm2. 

A home-made Teflon attachment with a Pt wire cathode was used for anodizing and a copper 
anode, which was pressed through a layer of conductive silver paste to the reverse side of the 
silicon sample with the burnt Au-Sb contact. The edges of the front surface of the sample with 
an area of up to 1 cm2 were protected with a special varnish. After anodizing, the samples were 
washed in deionized water and dried in a flow of dry nitrogen.

Results and Discussion

After mechanical removal of varnish residues and wiping with isopropyl alcohol, an Al layer was 
deposited to the por-Si surface at room temperature in a high vacuum through a square-shaped 
mask with a square hole in the center (Fig. 1, left). A layer of Au-Sb mixture was deposited on 

© Ян Д. Т., Галкин Н. Г., Галкин К. Н., Чернев И. М., 2022. Издатель: Санкт-Петербургский политехнический 

университет Петра Великого.



145

Physical electronics 

the rear sample surface to form a diode structure. After that, the samples with deposited contacts 
were subjected to annealing at a temperature of 450ºC for 30 minutes. Next, the samples were 
placed on silver paste in the package of the integrated circuit, and ultrasonic welding of Al wire 
with a diameter of 20 μm was carried out from Al-plating to the pads of the microcircuit package 
(Fig. 1, right). The main parameters of the created samples of mesa-diodes are given in Table 1. 
At room temperature, the current-voltage (I–V) characteristics were measured in the dark and 
under illumination with a 150 W tungsten halogen lamp based on a stabilized power source and a 
microvoltmeter. The spectral characteristics of the photoresponse were studied using a setup based 

on a monochromator with a radiation source, a modulator, and a differential amplification system.
Studies of the current-voltage (I–V) characteristics of all diodes in the dark and under 

illumination showed that currents through them are observed only for samples with an anodizing 
time of 10 to 25 minutes at a current density of 10 mA/cm2, and a time of no more than 10 
minutes at a current density of 20 mA/cm2. Fig. 2 (left side) shows the I–V characteristics for a 
reference diode with a p–n junction and sample 2-1 (10 mA/cm2, 20 minutes). 

In the dark, the direct branch of the I–V (sample 2-1, black squares) increases faster than for 
the reference sample (PN-ref, red circles), but has an order of magnitude greater reverse current. 
And when illuminated, the characteristics are close, but with minimum short circuit current 
density (52–53 µ/cm2) (Fig. 2, right side). With an increase in time from 20 to 30 minutes at a 
current density of 10 and 20 mA/cm2, no currents flow through the diodes, both in the dark and 
in the light. This fact is associated primarily with an increase in the thickness of the porous layer 
and its tree structure [4], which ensures rapid oxidation of the por-Si layer. 

Separately, we compared (Fig. 3, left panel) the I–V characteristics of diodes formed at two 
current densities (10 mA/cm2 and 20 mA/cm2) and close anodizing times (10 and 15 minutes) 
in the dark. Sample 2-3 has the maximum forward current density at 1.5 V bias (20 mA/cm2, 10 
minutes). However, sample 2-5 (10 mA/cm2, 15 minutes) has a lower reverse current, indicating 
less leakage in the diode structure. Under white light illumination, short circuit current density 
(Jsc), open circuit voltage (Voc), and fill factor (FF) were determined for two diodes (Fig. 3, right 

Fig. 1. Scheme of a diode structure (left) based on a layer of por-Si and a built-in p–n junction 
in single-crystal silicon. Photo of a diode structure (right) built into the microcircuit package 

with an aluminum contact (yellow) to a layer of porous silicon

Tab l e  1 
Parameters of double por-Si/Si-p/Si-n and reference Si-p/Si-n mesa-diodes

Diode 
number 

Current 
density, 
mA/cm2

Anodizing 
time, min

Short circuit 
current density, 

µA/cm2

por-Si 
thickness, µm

Open 
circuit 

voltage, V
Fill factor 
(FF), %

Photo-response 
maximum, 

V/W
2-1 10 20 52 0.675 0.1 38 0.2
2-3 20 10 318 1.67 0.069 33.2 0.09
2-5 10 15 300 0.726 0.15 21 0.08
2-7 10 15 351 0.833 0.097 32 0.104
2-8 10 25 124 0.82 0.19 15.2 0.074

PN_ref – – 53 – 0.12 29 0.078
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panel and Table 1). Sample 2-5 showed the highest Voc, but a lower fill factor (FF = 2%). As for  
sample 2-3, the maximum fill factor (FF = 33.2%) was observed at the maximum short circuit 
current (318 µA/cm2). Comparison of the diode in sample 2-1 with the maximum anodization 
time (Table 1) and diodes 2-5 and 2-3 (Table 1) showed that an increase in the anodization 
time leads to a decrease in current through the diodes and a deterioration in their sensitivity to 
illumination with white light. These facts are related to the additional contribution of the por-
Si layers to the photocurrent due to the additional photogeneration of carriers in them upon 
illumination and separation by the p–n junction field.

Fig. 2. I–V characteristics in the dark (left side) and under illumination with a W-lamp (right side)  
for sample 2-1 (10 mA/cm2, 20 min) and a reference sample (PN-ref) with a p–n junction 

The graphs on the right side show the short circuit current (Isc), open circuit voltage (Voc) and fill factor (FF)

Fig. 3. I–V characteristics in the dark (left side) and under illumination with a W-lamp (right side) 
for sample 2-5 (10 mA/cm2, 15 min) and sample 2-3 (20 mA/cm2, 10 min)

The graphs on the right side show the short circuit current (Isc), open circuit voltage (Voc) and fill factor (FF)
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Measuring the spectral characteristics of the photoresponse and photocurrent, we found 
(Fig. 4, a, b) that sample 2-1 with a minimum por-Si layer thickness of 0,675 µm [4] has the 
maximum photoresponse and photocurrent. With an increase in the thickness of the por-Si layer 
from 0.8 µm to 1.09 µm and 2.7 µm, a decrease in the amplitude of the photoresponse (Fig. 4,a) 
and photocurrent (Fig. 4,b) is observed. A characteristic difference between the photoresponse 
spectra of working diodes and a reference diode based on a silicon p–n junction is an increase 
in the short-wavelength contribution and a shift in the maximum of the spectra to the short-
wavelength region, which is associated with the generation of electron-hole pairs in the wide-gap 
por-Si layer and their separation by the field of the p–n junction. A band model of photodiodes 
is constructed to explain the dependence of the photoresponse on the por-Si layer thickness.

To plot the band diagrams [5] of diode structures based on por-Si layers located over the p–n 
junction in single-crystal silicon, it is necessary to take into account its thickness and compare it 
with the initial thickness of the epitaxial silicon substrate of n-type conductivity.

Since anodization began in p-type silicon epitaxial layer, 
the formed por-Si layer should also have p-type conductiv-
ity. Due to the band gap of 1.7–1.8 eV (from PL data [4]), 
a heterojunction is formed at the interface with Si-p layer. 
In general, the structure has one p-p heterojunction and 
one silicon p–n junction (Fig. 5,a), which blocks the flow 
of current up to a forward bias of 0.5-0.6 V. In this case, 
the bias is distributed relative to the Fermi level (Fig. 5,b). 
The wide-gap part provides high-energy photogeneration 
of carriers and their separation by a Si p–n junction. This 
leads to an increase in the contribution to the photore-
sponse (Fig. 4,a) and photocurrent (Fig. 4,b) of the por-
Si/Si-p/Si-n diodes at wavelengths from 400 nm to 800 
nm compared to the reference photodiode (PN-ref diode). 
In this case, the maximum photoresponse is observed for 
sample 2-1 (10 mA/cm2, 20 minutes) with the maximum 
por-Si thickness (2 μm), and the minimum for samples 
with a smaller thickness (2-5 (10mA/cm2, 15 minutes) and 

2-7 (10 mA/cm2, 15 minutes)). According to [4], there is no direct correlation between the PL 
signal, which depends on the porosity of the por-Si layer, and the photoresponse, which, on the 
contrary, is maximum for layers with minimal porosity.

Conclusion

The current-voltage and photoelectric characteristics of diodes based on porous silicon of 
various thicknesses embedded in a p-layer of silicon, which is epitaxially grown on an n-type 
silicon substrate, have been studied. It has been established that I–V diode characteristics and 

Fig. 4. Spectral dependences of photoresponse (a) and photocurrent (b) 
of por-Si p–n diodes (2-1, 2-3, 2-5, 2-7, 2-8) and reference Si p–n diode)

Fig. 5. Energy band diagrams  
of por-Si/Si-p/Si-n diodes without 

bias (a) and with bias (UB) (b)
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photospectral sensitivity are demonstrated by diodes with single-layer porous silicon less than 2 µm 
thick. In porous Si layers of greater thickness (4–17 µm), a two-layer tree-like structure of porous 
silicon with different porosity was formed, which was rapidly oxidized, which blocked the flow of 
current through the diodes. It has been demonstrated that a diode with a porous layer 2 μm thick, 
low porosity and the absence of photoluminescence has the maximum photosensitivity in the 
wavelength range of 400–800 nm. Diodes with a noticeable PL signal and a single-layer structure 
showed a photoresponse close to that of a reference silicon diode. The band energy structure of 
double heterodiodes is constructed and the photo-emf generation is analyzed.
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Abstract: Thin TiO2 films were produced on single-crystal Si-wafers by magnetron sputtering. 
Subsequently, they were annealed in air at different temperatures. We researched the structure, 
the phase composition, the morphology, and the dimensional characteristics of the films before 
and after annealing using X-ray diffraction, energy-dispersive and spectrophotometric analysis, 
scanning electron microscopy, and small-angle X-ray scattering. The analysis of the influence 
of annealing parameters on the characteristics of TiO2 films is carried out. The technique for 
determining the qualitative and quantitative phase composition of TiO2 during its polymorphic 
transformations at high-temperature heating has been developed. It was found that TiO2 
annealing at 400 ºC leads to crystallization of the anatase phase, and annealing at 600 ºC 
leads to transformations into the rutile phase. The optical band gap decreases with increasing 
temperature and with increasing annealing time.
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Влияние термического отжига на размер зерен и фазовые 
превращения в магнетронных пленках диоксида титана
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Аннотация. Объектом исследования являются тонкие пленки диоксида титана, 
полученные методом магнетронного распыления на подложках из монокристаллического 
кремния. Пленки TiO2 отжигались на воздухе при различных температурах. Исследовались 
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структура, фазовый состав, морфология и размерные характеристики пленок до и 
после отжига. Использовались методы рентгенофазового, энергодисперсионного 
и спектрофотометрического анализа, сканирующая электронная микроскопия и 
малоугловое рентгеновское рассеяние. Проведен анализ влияния параметров отжига 
на характеристики пленок диоксида титана. Разработана методика определения 
качественного и количественного фазового состава пленок в процессе его полиморфных 
превращений при высокотемпературном нагреве. Установлено, что отжиг TiO2 при 400 
ºC приводит к кристаллизации фазы анатаза, а отжиг при 600 ºC – к превращениям 
в фазу рутила. Оптическая ширина запрещенной зоны уменьшается с повышением 
температуры и увеличением времени отжига.

Ключевые слова: диоксид титана, отжиг, фазовый состав, морфология, полиморфные 
превращения, СЭМ, МУРР
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Introduction

Nanostructured materials are one of the most fast-evolving areas of research. Among all the 
transition metal oxides, titanium dioxide nanostructures have the largest potential in modern science 
and technology [1]. TiO2 can be obtained by oxidation of thin Ti films. TiO2 has become famous 
because of its unique photocatalitic properties [2-4]. Active electron-hole pairs can be generated in 
the electronic structure of TiO2 due to the absorption of photons with energies above 2.8 eV. When 
electron-hole pairs emerge on the surface, they participate in redox reactions with the formation of 
radical complexes. TiO2 crystal exists in three common polymorphs, i.e., brookite, anatase (A), and 
rutile (R) [5, 6]. The photocatalytic activity of anatase is estimated to be higher than that of rutile. 
However, due to the smaller band gap, rutile can absorb a wider range of sunlight up to 450 nm [7, 8].

It is a daunting task to obtain TiO2 films with suitable characteristics. We applied thermal 
annealing with trial-and-error adjustment of optimal parameters of the processing mode [9]. 
On the other hand, it is equally important to determine the qualitative and quantitative phase 
composition of TiO2 during its polymorphic transformations at high-temperature heating. 
Therefore, our goal was to investigate the effect of thermal annealing on the morphology and 
phase composition of magnetron TiO2 films under various processing modes. 

Materials and Methods

To obtain thin TiO2 films, we used a magnetron sputtering device, MVU TM Magna T 
(NIITM, Russia). The films were grown for 30 min on monocrystalline Si substrates in Ar 
atmosphere at magnetron discharge power of 300 W. Before deposition, the substrates were 
heated to 120 ºC (for 1 min), then we carried out ion beam cleaning at a current of 60 mA (for 
2 min). To obtain the Ti oxide, the prepared Ti films were annealed in air at 400 ºC, 600 ºC and 
800 ºC for 2, 4 and 6 hours using a Mini Lamp Annealer MILA-5050 heater.

Phase composition of the samples was analyzed by the X-ray crystallography technique. To 
perform measurements, we used a GBC EMMA powder diffractometer (60 kV/80 mA, 0.005%, 
radiation power 2.2 kW, goniometer step 0.002). First, we obtained X-ray diffraction patterns 
from pure Ti films, then from annealed films.

© Чекаданов А. С., Пугачевский М. А., Аунг Хейн Ч., Кузьменко А. П., Стороженко А. М., 2022. Издатель: 

Санкт-Петербургский политехнический университет Петра Великого.
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The morphological features and changes in the surface structure of the films were studied using 
the JEOL JSM-6610LV scanning electron microscope (SEM, 20 kV, up to 100000×). X-Max 
Silicon Drift Detector (Oxford Instruments) allowed getting the distribution of chemical elements 
in the samples. 

Line-collimation small-angle X-ray scattering was also used in the characterization of the 
samples (diffractometer SAXSess mc2, Anton Paar, Austria). This device is designed to find 
the structural features of objects with sizes from 0.1 to 100 nm. It is equipped with a typical 
X-ray tube with a Cu anti-cathode and monochromator, which allows obtaining X-rays with a 
wavelength of 0.154 nm. The measurement time was 30 s. The SAXS data were processed using 
GIFT software (PCG Software Package). 

To study the optical properties of the annealed films, we used an SF-2000 spectrophotometer 
(OKB Spectr, Russia). Its wavelength range is 190–1100 nm. The obtained reflection spectra were 
converted to absorption spectra using the Kubelka–Munk equation:

	
2(1 ) .

2
RK

S R
∞

∞

−
= 	 (1)

Here K and S are the absorption and back-scattering coefficients, R∞ is remission fraction of 
an infinitely thick layer. The absorption spectra were used to determine the value of band gap.

Results and Discussion

Scanning electron microscopy (SEM) revealed that all our TiO2 films were polydisperse (scan 
for 800 ºC, 2 hours is shown in Fig. 1,a). The grain sizes grow with an increase in annealing time. 
The minimum grain sizes found on SEM scans are listed in Table 1.

According to SEM results, the thickness of the films varied from 0.95 to 1 µm (Fig. 1, b). 
During the experiment, the samples were placed at an angle of 89º to the horizontal plane.

To gain insights into the integral characteristics of TiO2 grains, we considered the samples us-
ing SAXS. The scattering intensity data (Fig. 2, a) were used for plotting the pair distance distri-
bution functions (PDDF) shown in Fig. 2,b). The configuration of these functions clearly shows 
that TiO2 grains have an irregular shape and different sizes. The Guinier approximation applied 
at the very beginning of the scattering curves give the minimum dimension of grains, amounting 
to 20–25 nm.

The phase composition of the annealed films was determined using powder diffractometer. As 
evident from the obtained spectra, the TiO2 anatase phase is formed at a temperature of 400 ºC, 
while at 600 ºC it transforms into a rutile phase (Fig. 3).

Each peak of the diffractograms was approximated by a Gaussian curve using OriginPro 
software:
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Fig. 1. SEM results: front view (a); cross-sectional view (b)

a)	 b)
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The concept of the coherent scattering region (CSR) was also used to research TiO2 films. The 
CSR size is generally 10–15% smaller than the size of grains identified using electron microscopy, 
while coherent scattering region corresponds to the inner (ordered) region of grain and does not 
include severely distorted boundaries [10]. CSR sizes were calculated using the Scherrer equation:

	
,

cos
kD λ

=
δ θ 	

(3)

where k = 0.95 is the dimensionless shape factor; δ is the line broadening at half the maximum 
intensity; θ is the Bragg angle; λ = 0.154 nm is the X-ray wavelength. The estimation gives the 
average size of crystallites is from 3 to 11 nm.

In order to research the influence of the size factor on the width of band gap, we studied the 
optical absorption spectrums of TiO2 nanofilms. We obtained the reflection spectrums of the 
annealed films and then calculated absorption spectrums using Kubelka–Munk equation (1). 

According to quantum-mechanical calculations, in the case of intrinsic absorption of 
semiconductors and dielectric materials, transitions of electrons from valence band to conduction 
band are determined through the sum of the probabilities αP for all states of electrons:
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where me and mp are effective electron and hole masses; qe is elementary charge; n is refraction 
coefficient. 

For all samples, the band gap Eg was obtained by extrapolating the linear part of the square of 
absorption spectrum at (α(hν))2. The dependence of the band gap values on the annealing time at 
each temperature appears linear (Fig. 4).

The optical band gap decreases with increasing temperature from 3.10 eV (at 400 ºC) to  
3.02 eV (at 800 ºC). It also decreases with the annealing time growing. SEM and SAXS data prove 
that the higher the annealing temperature, the larger the crystallite size, which is accompanied by 
a decrease in the band gap Eg.

Fig. 2. SAXS results: scattering intensity data (a); pair distance distribution functions (b)

a)	 b)

Table 1 

Minimum grain sizes found in SEM scans

Time Temperature
400 ºC 600 ºC 800 ºC

2 hours 25 nm 25 nm > 100 nm
4 hours 35 nm 30 nm
6 hours 40 nm 50 nm



153

Physical materials technology

Conclusion
Titanium oxide films were obtained by magnetron Ti sputtering and subsequent annealing in 

air for 2, 4, and 6 hours at 400 ºC, 600 ºC and 800 ºC. The thickness of the obtained TiO2 films 
is ~1 μm. According to SEM and SAXS data, all studied TiO2 films are polydisperse. The grains 
have an irregular shape, and their size grows with increasing of temperature and the duration of 
annealing.

The phase analysis shows that TiO2 annealing at 400 ºC leads to crystallization of the anatase 
phase, and annealing at 600 ºC leads to the transformations into the rutile phase. According to 
our estimations of coherent scattering region, the average size of crystallites is in the range from 
3 to 11 nm. Optical absorption spectra were used to obtain the band gap for each sample. The 
value of the band gap decreases with increasing annealing time and with increasing temperature. 
It is 3.10 eV at 400 ºC and 3.02 eV at 800 ºC. To summarize, it is evident that an increase in 
the annealing temperature leads to an increase in the crystallite size, which is accompanied by a 
decrease in the band gap.
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Abstract: The work presents a study on the influence of high-speed nonequilibrium of the melt-

spinning process on the morphological and magnetic properties of the amorphous Co58Ni10Fe5Si11B16 
alloy. It is shown that the amorphous states with a different extent of disordering may be produced 
by varying the melt-spinning conditions. A correlation has been established between the fractal 
structure of morphological inhomogeneities and the magnetic properties of the melt-spun alloy: the 
higher the fractal dimension of the hierarchical mesoscale structure, the more the soft magnetic 
alloy. The optimal ordering of both the morphological and magnetic structure of the melt-spun 
Co58Ni10Fe5Si11B16 alloy is achieved at a cooling roller speed of 28 m/s.
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Аннотация. В работе представлены результаты исследования морфологии и магнитных 

свойств сплава Co58Ni10Fe5Si11B16 в зависимости от скоростных режимов получения. 
Показано, что технология спиннингования при вариации параметров получения 
позволяет получить аморфные состояния с разной степенью разупорядочения. В ходе 
работы установлена корреляция фрактальной структуры морфонеоднородностей и 
магнитных свойств быстрозакаленных сплавов: чем выше фрактальная размерность 
иерархической мезомасштабной структуры, тем более ярко выражены магнитомягкие 
свойства. Оптимальное упорядочение как морфологической, так и магнитной структуры 
сплава Co58Ni10Fe5Si11B16 достигается при скорости роллера 28 м/с.
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Introduction

Amorphous metal alloys (AMA) are of great scientific interest in the study of the physical 
properties of disordered system. Soft magnetic AMA fabricated by the melt-spinning technique 
has a high magnetic permeability as a result one may be successfully applied for the manufacture 
of magnetic heads, magnetic shields, and secondary power supplies [1–4]. These alloys have high 
strength and corrosion resistance, which is important for operation in aggressive environments.

In order to increase the practical efficiency of such materials in technology, it is necessary 
to find new ways to control their special properties. For this reason, there has recently been an 
increased interest in studying the structural state and functional properties of melt-spun alloys, in 
particular, those made of soft magnetic materials.

The goal of this study is to identify the structural/morphological ordering and magnetic ordering 
in cobalt-based AMA produced by melt-spinning on a cooling roller at various technological 
conditions. It is interesting to study the correlations of the surface morphology and physical 
properties with a change in high-speed nonequilibrium, since, on the one hand, disordered media 
are characterized by the collective behavior of defects forming a hierarchical system with a fractal 
structure in the configuration space [5–7], and, on the other hand, it is well known that magnetic 
properties are structure-sensitive [4, 8, 9].

Materials and Methods

Amorphous Co58Ni10Fe5Si11B16 alloys were fabricated by the melt-spinning technique with 
a single Cu roller at various linear speeds on the MeltSpinner SC equipment. Several samples 
of ribbons from this alloy were prepared, parametrized by high-speed production conditions. 
Technological and geometric parameters of the ribbons are given in Table 1. 

© Фролов А. М., Писаренко Т. А., Крайнова Г. С., Ильин Н. В., Ралин А. Ю., 2022. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.

T ab l e  1 

Parameters of samples

Sample V, m/s P1, mbar P2, mbar t, mm
A 22.0±0.1 50±5 200±5 21.0±4
B 25.1±0.1 50±5 250±5 23.0±1
C 28.3±0.1 50±5 350±5 23.0±1
D 31.4±0.1 50±5 350±5 19.3±0.5
E 37.0±0.1 60±5 400±5 16.0 ±1

Not a t i on s .  V is the linear speed of the cooling roller, P1 is the 
pressure in the chamber, P2 is the pressure in the crucible, t is the 
ribbon thickness.
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As seen from Table 1, in this series of samples, the cooling roller speed (V) is the most 
interesting parameter which affects the nonequilibrium of the melt-spinning process. In addition, 
it should be noted that at low Р1, with an increase of the linear speed of the cooling roller, an 
increase of Р2 is necessary to maintain the ribbon thickness. 

To identify the atomic ordering, we used the X-ray diffraction method by a Bruker D8 Advance 
diffractometer, Fe-Kα radiation. 

Morphology analysis was carried out using amorphous alloy HRTEM images obtained on 
FEI TITAN 300 TEM. The samples were preliminarily prepared: 3 mm circles were cut from 
the ribbon bulk, which were then placed in an ionic thinning plant (GATAN PIPS Model 691), 
where they were thinned until through holes appeared in central part. 

Fraunhofer diffraction patterns were obtained by the System for Spectral Analysis of Electron-
Optical Imaging software for digital spectral analysis of images, based on the FFT procedure [10]. 
The spectrum of spatial inhomogeneities (integral frequency characteristic) was calculated as a 
result of angular convolution of Fraunhofer diffraction pattern. Moreover, HRTEM images were 
parametrized by fractal dimensions using the fracton technique for analyzing a structural ordering 
based on the integral frequency characteristic [7]. 

Hysteresis loops and magnetization curves for the Co58Ni10Fe5Si11B16 alloy were measured on 
an automated vibromagnetometer.

Results and Discussion

X-ray diffraction analysis showed that the melt-spun Co58Ni10Fe5Si11B16 alloy remains X-ray 
amorphous at all speed conditions [11], and the profiles of X-ray diffraction patterns practically 
coincide when superimposed. The diffraction patterns reveal a single diffuse peak at the angle of 
2θ = (57–59)º, which corresponds to the short-range order period of (0.203–0.197) nm, while 
there are no crystalline peaks.

The study of fractograms obtained by antiplanar deformation of the Co58Ni10Fe5Si11B16 ribbons 
revealed a hierarchical structure in the range from 20 nm to (1–2) µm containing coral-like 
and cellular structures [11]. To understand the features of structure formation in AMA, it is 
important to note that the coral-like structure (see Fig. 1) as well as the solidification process, 
begins from the ribbon contact surface [12]. From the point of view of structure formation of 
a melt-spun ribbon as a whole, coral branches can be considered as elementary structural units 
of wave-like heat transfer through the ribbon thickness by means of a density gradient in the 
mesoscale structure. The hierarchical nature of the coral-like structure implies its quantitative 
parametrization by fractal dimensions.

Fig. 2,a shows a fragment of a HRTEM image of the mesoscale structure for the sample A. As 
seen from Fig. 2,a, a salt-pepper contrast nanostructure is observed, typical for the amorphous 
structure observed in TEM images for the as-spun Co58Ni10Fe5Si11B16 ribbon. We applied the 
fracton technique for analyzing structural ordering [7] to HRTEM images, plotting the depen-
dence Df(V), see Fig. 3, curve 1. According to the kinetics of fractal dimensions, two classes of 

Fig. 1. Electron microscopic images of fractograms for melt-spun Co58Ni10Fe5Si11B16 alloy 
(characteristic fracture with a coral-like structure): 22 m/s (a); 28 m/s (b); 38 m/s (c)

a)	 b)	 c)
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hierarchical subordination were distinguished by fractal dimensions greater than and less than 
2. In the case of D > 2, the fractal cluster is the so-called contact cluster that fills the surface, 
for example, a fractal sponge and fractal foam [5]. Thus, the condition for the formation of a 
connected spatial cluster is D > DT = 2.

As noted above, structure formation in AMAs affects their functional properties, in our case, 
magnetic ones. Therefore, it is of interest to analyze the influence of the fractal structure on the 
magnetic ordering. Hysteresis loops were measured for all Co58Ni10Fe5Si11B16 ribbons produced at 
different melt-spinning conditions, Fig. 2,b. As seen from Fig. 2,b, all samples are soft magnetic. 
In Fig. 3, curve 2 the dependence of the coercive force (Hc) on the high-speed nonequilibrium 
is present. The shape of the dependence Hc(V) may be interpreted as structural relaxation within 
the amorphous state, accompanied by a change in the magnetic ordering.

As seen from curve 1 in Fig. 3, a fractal structure is formed in all alloys, which may 
be interpreted as a fractal percolation σ-cluster near a percolation threshold. However, the 
condition D > 2 is satisfied by only sample C (28 m/s), which implies that in this case the 
deterministic component prevails in the subordination by means of forming a connected 
spatial percolation cluster, which ensures the minimum coercive force. In cases of D < 2, the 
stochastic component dominates in the subordination; as a result, a frustrated fractal cluster 
is formed, which weakens largely the magnetic interaction, increasing the coercive force of 
these alloys.

The Hc decrease in the speed range of 22–28 m/s can be associated with an ordering change 
of the hierarchical complex structure of mesoscale morphological inhomogeneities due to the 
appearance of order from chaos (the formation of fractal dissipative structures). Moreover, with 
an increase of nonequilibrium, the fractal structure becomes more organized.

Fig. 2. HRTEM subimage of the Co58Ni10Fe5Si11B16 alloy (Sample A); 
the inset shows the Fraunhofer diffraction pattern (a); hysteresis loops 

of the melt-spun Co58Ni10Fe5Si11B16 alloy are shown in (b)

a)	 b)

Fig. 3. Dependences of fractal dimension and coercive force 
for melt-spun Co58Ni10Fe5Si11B16 alloy on cooling roller speed
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The amorphous state of the Co58Ni10Fe5Si11B16 alloy, produced at a low speed of 22 m/s, is 
usually interpreted as microcrystalline, which is characterized by the presence of grain bound-
aries, which significantly weaken the magnetic interaction. As the cooling roller speed increases 
to 25 m/s, the alloy structure evolves into a heterogeneous amorphous state, while Hc decreases, 
identifying an increase of the magnetic interaction. These changes are due to the absence of grain 
boundaries in the amorphous matrix, on the one hand, and the formation of a more ordered 
fractal cluster (including magnetic), as a result of emergence of order from chaos, on the other 
hand. It is possible that the fractal cluster is still frustrated at 25 m/s due to heterogeneity of the 
amorphous state.

A subsequent increase of the cooling roller speed to 28 m/s results in the so-called 
nanocrystallization of the melt, when the nanoclusters are dissolved in an amorphous (glassy) 
matrix, which provides the continuity of the magnetic interaction. Thus, at optimal subordination 
of the multiscale structure, a minimum of the coercive force is achieved. A high value of Df  = 2.08 
and a low value of Hc = 0.008 Oe indicate that a connected spatial magnetic percolation cluster 
is formed under these melt-spinning conditions in the amorphous matrix in addition (dualism) 
to the fractal cluster of morpho-inhomogeneities. In this case, it can be concluded that fractally 
ordered magnetic nanocrystals dissolve in an amorphous (glassy) matrix [4]. 

The maximum Df is due to fractal ordering of the hierarchical complex structure of the 
morphological inhomogeneities of the alloy. The subsequent decrease in Df is explained by an 
increase in high-speed nonequilibrium and, therefore, by a mesoscale structure randomization. 

The jump of the Hc dependence from the minimum value to the maximum (Fig. 3, curve 2) 
is due to the change in the ordering of the hierarchical mesoscale structure from nanocrystalline 
ordering, in which nanocrystals are dissolved in an amorphous matrix, where they are fractally 
ordered, to a homogeneous glassy state, where the magnetic percolation cluster is strongly 
randomized and, as a result, contains an infinite number of non-intersecting fragments. As the 
speed increases to 31 m/s, structural randomization destroys the nanocrystalline component, 
while a magnetic percolation cluster is formed in the atomic scale, which significantly weakens 
the magnetic interaction, increasing the Hc to a value 0.11 Oe.

The subsequent decrease in Hc with an increase of the roller speed to 38 m/s is associated with 
the evolution of the coral-like structure due to a reduction in the contact time of the melt with 
the cooling roller surface. In this case, the coral-like (foamy) structure emerges on the ribbon 
contact surface (Fig. 1, c), since the thermo-hydrodynamic wave does not have time to overcome 
the ribbon thickness as the ribbon quickly tears away from the cooling roller surface. Thus, the 
high speed results in strong randomization of the hierarchical mesoscale structure as a whole. The 
structure randomization is reflected by low Df (Fig. 3, curve 1). The short-time contact causes 
a heat transfer rate (supercooling degree) to decrease at such high-speed conditions, as a result, 
the solidification process continues after the ribbon separates from the cooling roller surface. In 
these conditions, magnetic nanocrystals (nanoclusters) are again formed in the glassy matrix, 
but they are strongly randomized and spatially broken, which follows from the reduction in the 
fractal dimension. It can be assumed that in the case of sample C, a fractal percolation cluster 
parameterized by D > 2 is formed as a result of dynamic chaos, while in other cases, with D < 2, 
the organization of structural ordering decreases as a result of the contribution from orthodox 
stochastization to the heat transfer process. It is likely that the high-speed conditions in which 
the solidification process continues outside the roller surface require taking into account the local 
magnetization inside the magnetic percolation cluster. Then the decrease in the coercive force of 
the sample E can be interpreted as an increase in the magnetization of non-intersecting fragments 
of the magnetic percolation cluster.

Based on the obtained results, it can be assumed that the hierarchical mesoscale structure of 
morphological inhomogeneities, characterized by fractal dimension as a randomization measure 
induced by high-speed nonequilibrium, determines the division of the functional space, in our 
case, it is the spatial distribution of the magnetic percolation cluster (ignoring magnetization), 
starting from short-range order scales (atomic scales) to the hierarchical (nano) cluster structure. 
The spatial division of both the morphological and magnetic structure is fractal (dualism), but 
not identical, since the obtained fractal characteristics of the hierarchical mesoscale structure of 
rapidly quenched Co58Ni10Fe5Si11B16 alloy agree with their magnetic parameters only taking into 
account the difference in the structural-phase composition of the disordered material. Therefore, 
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the fractally ordered hierarchical mesoscale structure of the ribbons determines only the nature of 
the magnetic division, disregarding the distribution of the magnetization magnitude. Most likely, 
high-speed melt-spinning processes are characterized by an increase of the randomization measure, 
which reduces the fractal dimensionality, on the one hand. On the other hand, an increase in 
the magnetization of elementary nanoclusters results in an increase in the magnetic interaction of 
these structures. That is, a magnetic percolation cluster must in addition be characterized by the 
magnetization magnitude. We can only be certain that the fractally ordered hierarchical mesoscale 
structure of the rapidly quenched alloy with a fractal dimension D > 2 provides an increase in 
the magnetic interaction. In this case, the Co58Ni10Fe5Si11B16 alloy will have more pronounced 
soft magnetic properties. Thus, to obtain soft-magnetic materials, it is necessary to form an alloy 
structure with the maximum fractal dimension, at least in the mesoscale range.

It should be noted that the correlation between the fractal morphological structure and 
magnetic behaviors has a more complex dependence than that determined in the present study. 
It is known [8] that a dimension of the magnetic microstructure depends very strongly on the 
applied magnetization field. For example, the dipole-dipole interaction between nanoparticles of 
a fractal magnetic cluster will have a significant effect, both in low and in high fields.

Conclusion

In this work, a systematic analysis of the structural and magnetic properties of the melt-spun 
Co58Ni10Fe5Si11B16 alloy fabricated at different melt-spinning speeds has been carried out. High-
speed nonequilibrium (in the speed range V = 22–38 m/s) leads to amorphization of the alloy at 
all melt-spinning speed conditions, however, the structural disorder in these alloys differs largely. 
It is shown that the amount of order-disorder in an amorphous medium can be characterized by 
fractal dimension. The maximum fractal dimension is due to the fractal ordering of the hierarchical 
complex structure of morphological inhomogeneities into a connected spatial percolation cluster, 
which ensures a minimum coercive force. Thus, study of the functional properties of melt-spun 
alloys using fractal analysis increases the efficiency of developing technical conditions for the 
formation of soft magnetic materials.
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Abstract: Modeling of the hysteresis characteristics of Fe3O4–Fe3–xTixO4 composites 

was performed using the method of magnetic rectangles. Their magnetic properties are well 
explained within the model of an ensemble of magnetostatically interacting two-phase chemically 
inhomogeneous particles. It is shown that accounting for the contribution of the superparamagnetic 
fraction makes it possible to obtain agreement between the theoretical and experimental magnetic 
characteristics of the samples. The model allows calculating the magnetization reversal fields and 
magnetizations of the studied composites theoretically and also to show that the main contribution 
to the remanent magnetization is made by two-phase particles. In addition, a possibility of using 
this model for samples containing superparamagnetic particles is demonstrated.
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Аннотация. Методом «магнитных прямоугольников» проведено моделирование 
гистерезисных характеристик композитов Fe3O4–Fe3–xTixO4. Их магнитные свойства 
хорошо объясняются в рамках модели ансамбля магнитостатически взаимодействующих 
двухфазных химически неоднородных частиц. Данная модель позволила теоретически 
рассчитать поля перемагничивания и намагниченности исследуемых композитов, а также 
показать, что основной вклад в остаточную намагниченность вносят двухфазные частицы. 
Используемая модель применима для образцов, содержащих суперпарамагнитные частицы.

Ключевые слова: магнитная гранулометрия, суперпарамагнетизм, микромагнитное 
моделирование, магнитостатическое взаимодействие, двухфазные частицы
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Introduction
Theoretical works dedicated to ensembles of superparamagnetic (SP) particles often use the 

approximation of non-interacting particles, assuming their chemical homogeneity. Earlier studies 
[1, 2] considered Fe3O4–Fe3–xTixO4 composites, where the presence of a significant fraction of 
SP particles was found. It was shown that the magnetic properties of the studied samples cannot 
be explained without accounting for the chemical inhomogeneity of individual particles and 
the magnetostatic interaction between them, including the SP fraction. Existing micromagnetic 
modeling methods allow to investigate in detail the magnetic states of individual grains (e.g., [3, 
4]). However, significant computational resources are required for considering even small sets of 
such grains. The approach we adopt allows making a simpler estimate of the magnetic states of 
individual particles and their ensembles [5, 6].

Materials and Experimental data

Synthesis of composites based on the FemOn–TiO2 system was carried out by magnetite 
precipitation in suspension of TiO2 powder [1, 2]; 4 g of FeCl3·6H2O and 2 g of FeSO4·7H2O 
(molar ratio 2:1) were dissolved in 100 mL of distilled water. Samples T05L, T10L, and T20L 
were obtained by dispersing TiO2 powder (0.5, 1.0, and 2.0 g, respectively) into solution, 
followed by hydrothermal treatment (240 ºC, 50 MPa) for 4 hours. Sample T05H was treated 
under different conditions (470 ºC, 42 MPa). Sample T20R was not subjected to temperature 
treatment.

According to the experimental data [1, 2], titanomagnetites are formed in very small quantities 
under the specified conditions. Significant content of hematite is detected, indicating significant 
oxidation of the samples during processing. The lattice period of 0.8362–0.8367 nm is intermediate 
between the constants of the lattice of maghemite and magnetite.

Since the particles are grouped into conglomerates, embedding of titanium atoms into the 
ferrimagnetic does not occur on all sides, but only from a limited number of surfaces. For 
simplicity, we will assume that titanomagnetite is formed only on one side of the ferrimagnetic 
particle, i.e., chemically heterogeneous two-phase particles are formed. Since there is little 
titanomagnetite, the corresponding phase is a thin layer. Besides, if the particle size is smaller 
than the single-domain size, then two-phase particles that are in a SP state should be present.

Table 1 shows the characteristics of the samples [1, 2]: Ms is the saturation magnetization and 
Mrs is the saturation remanence, Hc is the coercive force and Hcr is the remanence coercivity.

For the first four samples, the ratios of Mrs/Ms values are in the range of 0.1–0.2 and Hcr/Hc 
in the range of 2–3. For sample T20R, these ratios are approximately 0.01 and 4, respectively. 
According to magnetic granulometry data, it can be assumed that the first group of samples is 
dominated by single- and low-domain particles, whereas in sample T20R by SP particles.

Theoretical Modeling

For the modeled samples [1, 2], the presence of three groups of particles was assumed: 
1) a fraction of chemically inhomogeneous two-phase particles (magnetite/maghemite–
titanomagnetite), 2) a weakly magnetic fraction (mainly hematite), and 3) superparamagnetic 
particles of the first two fractions. Since the spontaneous magnetization Is1 of the first fraction 
is two orders of magnitude higher than that of the weakly magnetic fraction (Is2), the two-phase 
particles make the main contribution to the saturation remanent magnetization of Mrs samples.

© Ралин А. Ю., Харитонский П. В., Золотов Н. А., Гареев К. Г., Аникиева Ю. А., 2022. Издатель: Санкт-Петербургский 

политехнический университет Петра Великого.
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The first fraction is an ensemble of cubic two-phase particles with an infinitely thin boundary 
between the phases [5]. Each phase is a homogeneously magnetized crystallographically uniaxial 
ferrimagnetic (magnetite/maghemite and titanomagnetite). The characteristic size of particle а 
ranged from 20 to 80 nm, and the relative thickness of the second phase ε = 0.05–0.20.

To find the magnetic states and critical fields of remagnetization, the free energy was minimized, 
including magnetocrystalline, magnetostatic, and Zeeman energies. The magnetostatic energy was 
calculated by the method of magnetic rectangles [5, 6]. In this case, the two-phase particle can be 
in four states: the magnetic moments of the phases are parallel to each other along (n1) or against 
(n2) the external magnetic field H or antiparallel to each other (n3 and n4). In the absence of an 
external field, it is possible to determine their relative number in the mth state:

( )( )0| exp / ,m H mn A E kT= = − (1)

where A is found from the normalization condition, in which the sum of nm equals unity.
Then the magnetization of the ensemble of two-phase ferrimagnetic particles is [5]:

( ) ( )( ) ( )1  1 2 3 4  1 2 3 4, 1  .s sm s wmM H C I n n n n I n n n n ε = − ε − + − + ε − − +  (2)

Here C1 = N·v/V is the volume concentration of the first fraction (N and v are the number and 
average volume of two-phase particles, V is the sample volume), and Is sm and Is wm are the effective 
spontaneous magnetizations of the first and second phases, respectively.

If we assume that the random fields of magnetostatic interaction Hi are uniformly distributed 
in the interval from –Hmax to +Hmax, the calculation of the magnetization of the fraction of two-
phase particles with the same ε in the first approximation is reduced to the case of non-interacting 
particles with a shift of the critical fields by −Hmax [5]:

( ) ( )
1 1 1 1 1 1

1   1   

5 at 0.07 and 1.3 at 0.07 ,

1  ,  1  .

  max s max s

s s sm s wm u u sm u wm

H C I C H C I C

I I I K K K

≈ < ≈ >

= − ε ± ε = − ε + ε
(3)

Here Is1 is the average spontaneous magnetization of a two-phase grain. The plus sign 
corresponds to the state n1 = 1 (saturation) when the magnetic moments of both phases 
are oriented along the applied field, and the minus sign indicates the state when the 
magnetic moments of the phases are directed opposite to each other. Ku sm and Ku wm are the 
crystallographic anisotropy constants of the strongly magnetic (magnetite) and less magnetic 
(titanomagnetite) phases, respectively, and Ku1 is the average constant of a two-phase grain 
(magnetite – Is = 484 kA/m, Кu = 1.36⋅104 J/m3; titanomagnetite (x = 0.1) – Is = 426 kA/m, 
Кu = 2.5⋅104 J/m3; T = 290 K [7]).

During modeling, the saturation remanence was provided by the strongly magnetic two-phase 
particles and the weakly magnetic fraction. However, it was possible to agree the theoretical 
values of the saturation magnetization with the experimental data only in the assumption of the 
presence of a large number of SP particles in the samples. Then for the first four samples 

Table 1
Hysteresis characteristics of the samples

Sample Ms, A⋅m2/kg Mrs, A⋅m2/kg µ0Hc, mT µ0Hcr, mT Mrs/Ms Hcr/Hc

T05L 26.37 2.95 5.62 14.92 0.11 2.66
T10L 19.53 2.06 4.77 12.61 0.11 2.65
T20L 14.11 1.92 5.97 13.77 0.14 2.31
T05H 23.79 4.15 8.78 18.32 0.18 2.09
T20R 28.95 0.35 0.51 1.90 0.01 3.73
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1 2   1 2 , . s s s s sp rs rs rsM M M M M M M= + + = + (4)

where Ms1 and Mrs1, Ms2 and Mrs2, Ms sp are the magnetizations of the corresponding three fractions.
Judging by the hysteresis characteristics (Table 1), the fifth sample (T20R) contains mainly 

superparamagnetic particles. Therefore, the average particle size of this sample varied in the 
range of 20–30 nm (for spherical magnetite grains, the single-domain size is 29–36 nm). The 
contribution of all particles to the saturation magnetization was taken into consideration, and 
only the particles blocked due to the magnetostatic interaction were included in the remanence. 
In this case, the two-phase particle model was also used for the strongly magnetic fraction.

Magnetostatic interaction results in that a particle with the volume v > vb(Hi) can contribute 
to the remanence. Here vb(Hi) is the volume of a particle whose magnetic moment remains stable 
when the particle is exposed to the interaction field Hi [8]. In this case, the blocking volume is

( ) ( )
( )

2
0 0

0 0

/ 1 / , ;

/ 4 / , .
b i i

b i
b i i

v H H H H H H
v H

v H H H H H H

 + + + ≤= 
+ + >

(5)

Here H0 ≈ Hcr is the magnetization reversal field, and vb ≈ 50kT/(IsH0) is the blocking volume 
in the zero field [9]. For interacting SP particles, the time-averaged magnetic moment is [8]:

( )  n ,ta h /s b i s i s spm vI v H I H H kT vI = + =  (6)

where Is sp is the effective spontaneous magnetization of two-phase SP particles blocked due 
to magnetostatic interaction, which coincides with Is = Is1 in the saturation field, and when 
calculating the saturation remanence is about a tenth of the value. Then for the SP sample T20R

1 2  1 2  ,,s s b s b s nb rs rs b rs bM M M M M M M= + + = + (7)

where Ms1 b and Mrs1 b, Ms2 b and Mrs2 b correspond to the blocked particles and Ms nb to the unblocked 
particles. The magnetization reversal fields of the SP particles blocked by the interaction can be 
estimated as [10]:

( ){ }1/2
0 0 1 / ,sp sd b iH H v H v = −   (8)

where H0 sd is the magnetization reversal field of a single-domain particle, and the value of v lies in 
the range from vb (without regard to the interaction) to the critical volume of the single-domain. 
Since most of the particles in the sample T20R are superparamagnetic, then v ≈ vb.

Results and Discussion

After calculating the fields H0 of the strongly magnetic fraction using the uniaxial two-phase 
particle model and provided that H0 = Hcr1, we estimated the coercive force of this group of 
particles Hc1. The value of the coercive force in terms of remanent magnetization for two-phase 
particles, which in our case are in two possible states n1 and n3, is equal to:

( ) ( ) ( ) ( ) ( )1 1 3 1 1 1 3 1 , (1 ) , , / .crH H n n H n M n M n n M n= ⋅ − ∆ + ⋅∆ ∆ = −   (9)

Here H(n1,n3) and H(n1), M(n1, n3) and M(n1) are the reversal fields and magnetizations of 
two-phase particles (Eq. (2)) in the states n1 and n3 and in the state n1 = 1, respectively. It should 
be noted that M (n1) = Ms1. Let us estimate the coercive force of this fraction of particles as 
Hc1 = (Hcr1 – Hmax)/3, where the factor 1/3 accounts for the disordering of magnetic moments’ 
orientations when the external field is removed.

Further on, using the experimental values of Hc and Hcr of the sample, we estimate the values 
of the coercive force and the remanence coercivity for the weakly magnetic fraction with the vol-
ume concentration C2 (δ1 = C1/(C1 + C2) and δ2 = C2/(C1 + C2) are the relative concentrations):
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( ) ( )2 1 1 2 2 1 1 2 / ,  / .c c c cr cr crH H H H H H= − ⋅δ δ = − ⋅δ δ (10)

Saturation remanence of the fraction of two-phase ferrimagnetic particles (i = 1) and weakly 
magnetic fraction (i = 2) can be written as follows [11]:

 

,
( )

rsi ci
rsi si

i s

i

p sii cri

C I HM M
C C I H

= ⋅ ⋅
+ (11)

where Ci sp is the concentration of SP particles, Irsi and Isi are the effective magnetizations in 
Mrs and Ms states, respectively, and their ratio characterizes the decrease of remanence due to 
chemical and magnetic inhomogeneities (see Eq. (3)). For the SP sample T20R, the same model 
of interacting uniaxial two-phase particles was used, taking into consideration Eqs. (6-8).

Table 2 shows the calculated magnetizations for the studied samples. The best agreement with 
the experiment was obtained with the following parameters. For the first four samples: a = 60 nm 
(greater than the single-domain size of magnetite), ε = 0.05–0.20 (according to the amount of 
TiO2 added during synthesis 0.5–2.0 g), Is sm = 400 kA/m and Is wm = 380 kA/m, Is2 = 3 kA/m 
(corresponding to hematite). For the SP sample T20R: a = 30 nm (close to the single-domain 
size), ε = 0.05, Is sm = 15 kA/m and Is wm = 13 kA/m (see Eqs. (3) and (6)), Is2 = 3 kA/m.

As can be seen from the table, the calculated total values of Ms and Mrs of the samples (Table 1) 
coincide with the experimental values. In all the samples except for the sample T05H obtained at 
a higher temperature, a large fraction of SP particles is present. In the sample T20R, SP particles 
clearly dominate, with a significant portion of them blocked due to magnetostatic interaction.

For the first three samples, the theoretical values of the ferrimagnetic volume concentrations 
of the fractions under consideration are in the following ranges: С1 = 0.03–0.05, С2 = 0.16–0.20, 
Сsp = 0.27–0.34. For the sample T05H: С1 = 0.11, С2 = 0.40, Сsp = 0.02; such values are ap-
parently connected with enlargement of particles and oxidation of magnetite into hematite upon 
heating. For the SP sample T20R: С1 = 0.12, С2 = 0.34, Сsp = 0.09; here С1 and С2 correspond 
to the blocked particles of the first two fractions, Сsp to the unblocked ones. The second fraction 
makes a relatively significant contribution to Mrs only in the case of the samples T05H and T20R.

Conclusion

The hysteresis characteristics of the simulated composites are well explained within the model 
of an ensemble of magnetostatically interacting two-phase particles. The superparamagnetic 
fraction largely determines the magnetic properties of the samples, and its consideration makes it 
possible to agree their theoretical and experimental characteristics.

Isolation of three fractions of ferrimagnetic particles: strongly magnetic chemically 
inhomogeneous particles (magnetite/maghemite–titanomagnetite), weakly magnetic particles 
(hematite, goethite, and other iron hydroxides) and superparamagnetic particles belonging to the 
first two fractions, served as a basis for theoretical modeling. Assuming a uniform spatial distribution 

Tab l e  2
Theoretical values of magnetizations, A⋅m2/kg

Sample Ms = Ms1 + Ms2 + Ms sp Mrs = Mrs1 + Mrs2

T05L 26.37 10.07 + 0.26 + 16.04 2.95 2.89 + 0.06
T10L 19.53 7.26 + 0.24 + 12.03 2.06 2.02 + 0.04
T20L 14.11 6.20 + 0.30 + 7.61 1.92 1.84 + 0.08
T05H 23.79 22.14 + 0.60 + 1.05 4.15 3.79 + 0.36

Ms = Ms1 b + Ms2 b + Ms nb Mrs = Mrs1 b + Mrs2 b

T20R 28.95 23.74 + 0.51 + 4.70 0.35 0.23 + 0.12



167

Physical materials technology

© Peter the Great St. Petersburg Polytechnic University, 2022

of ferrimagnetic particles, we used a random magnetostatic interaction field approximation 
and obtained theoretical estimates of average (effective) spontaneous magnetizations Is1 and Is2, 
remanence coercivities Hcr1 and Hcr2, and coercive forces Hc1 and Hc2 of the corresponding particle 
fractions, which are in good agreement with the experimental data.

The model of two-phase interacting particles allows calculating the magnetization reversal 
fields and magnetizations of the studied composites theoretically and to show that the main 
contribution to the remanence is made by chemically inhomogeneous particles. The possibility of 
using this model for samples containing superparamagnetic particles is demonstrated.
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Abstract: The properties of the coatings formed on the MA8 magnesium alloy by plasma 
electrolytic oxidation in electrolytes containing halloysite nanotubes in the concentrations of 
0, 10, 20, 30 and 40 g/l were investigated. It has been found that the presence of halloysite 
nanotubes in the composition of the coatings has a positive impact on protective properties of 
the coatings and leads to the increase of roughness and heterogeneity. Obtained coatings reduce 
corrosion current density in comparison with the base PEO layers.
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Аннотация. Изучены свойства покрытий, формируемых на магниевом сплаве МА8 
методом плазменного электролитического оксидирования в электролитах, содержащих 
нанотрубки галлуазита в концентрациях 30 ,20 ,10 ,0 и 40 г/л. Установлено, что наличие 
нанотрубок галлуазита в составе покрытий, приводит к увеличению шероховатости 
поверхности и положительно влияет на защитные свойства покрытий.

Ключевые слова: плазменное электролитическое оксидирование, наночастицы, 
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Introduction

Magnesium alloys are lightweight materials with excellent strength and vibration damping 
capacity that have found application in multiple engineering fields [1]. Interest in magnesium 
alloys has particularly increased among researchers from the biomedical materials science field 
since a potential use of Mg as a biodegradable material has been established. However, modern 
engineering and science face a problem of low corrosion resistance of magnesium alloys. This 
shortcoming crucially limits their usage as construction materials and alloys for bioresorbable 
implant fabrication.

One of the most promising methods of protective surface modification for light alloys 
is plasma electrolytic oxidation (PEO). PEO coatings combine improvement of corrosion 
resistance of a treated materials along with development of a new functional properties. PEO 
became widely investigated by the scientific community due to a broad range of adjustable 
process parameters and a prospect of coatings properties management. Ceramic-like coatings 
formed by the PEO can be improved through incorporating nanoparticles. PEO coatings 
with various nanoscale additives demonstrate improved hardness [2–4], corrosion [2, 3] and 
wear resistance [2, 4–6], biocompatibility [7]. Halloysite nanotubes are naturally formed 
nanoparticles that can be incorporated into PEO coatings and used as an nanocontainers 
[8] for loading, storage, and controlled release of active molecules such as drugs, corrosion 
inhibitors, proteins, etc. 

Magnesium alloys with PEO-coating containing halloysite nanotubes are of great scientific 
interest because of their low density, bioresorbability, and improved corrosion resistance.

In this paper, the formation of protective multifunctional coatings on the MA8 magnesium 
alloy by the PEO in electrolytes with halloysite nanotubes was investigated. The electrochemical 
and mechanical properties of the obtained PEO-layers are represented.

Materials and Methods

The MA8 magnesium alloy sheets (Mn 1.30; Ce 0.15; Mg bal. (wt.%)) were used as a substrate. 
The size of specimens was 20 mm × 15 mm × 2 mm. The base electrolyte contained sodium 
fluoride (5 g/l) and sodium silicate (20 g/l). In this work, we used the halloysite nanotubes 
(Halloysite Ural, Russia) with a length of 1–3 μm, an outer diameter of 50–70 nm and inner 
diameter of 15–30 nm were used. The halloysite nanotubes were dispersed in the base electrolyte 
in concentrations of 0, 10, 20, 30 and 40 g/l with addition of anionic surfactant (sodium dodecyl 
sulfate) at concentration of 0.25 g/l. The corresponding coatings were named in reference to 
the concentration of the halloysite nanotubes in the used electrolytes: H0, H10, H20, H30, and 
H40, respectively. Samples surface morphology were studied using a Carl Zeiss EVO 40 scanning 
electron microscope (SEM) (Carl Zeiss, Germany). The thickness of the coatings was measured 
by eddy-current thickness gauge. The electrochemical tests were carried out using VersaSTAT 
MC (Princeton Applied Research, USA). The samples were studied in 3.5 wt.% NaCl solution. 
As a reference electrode was used the saturated calomel electrode (SCE).

© Имшинецкий И. М., Кашепа В. В., Надараиа К. В., Машталяр Д. В., Синебрюхов С. Л., Гнеденков С. В., 2022. 
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Results and Discussion

The SEM images of surfaces show significant differences in surface morphology of the studied 
specimens (Fig. 1). Samples obtained in electrolytes with high concentrations of halloysite 
nanotubes have a more rugged and irregular surface. Heterogeneity of the coatings increased 
with increasing content of halloysite nanotubes in electrolytes. Thus, clusters and aggregates of 
nanoparticles are primarily visible on the H20, H30, and H40, which were obtained in electrolytes 
enriched with nanoparticles.

The same tendency for roughness dependency on nanoparticles content is apparent according 
to results of optical laser profilometry (Table 1). Agglomerates occurrence rises with halloysite 
nanotubes content, as well as the surface roughness. The results of the thickness measurements are 
represented in the Table 1. It is plain to see, that the thickness of the layers is in direct proportion 
to halloysite nanotubes concentration.

The change in corrosion properties of the coatings containing halloysite nanotubes compared to 
the PEO-coating obtained in the electrolyte without nanoparticles was studied by potentiodynamic 
polarization test (Fig. 2). 

Fig. 1. SEM images of the coatings surface: H0 (a), H10 (b), H20 (c), H30 (d), H40 (e)

Table 1
Thickness and roughness parameters of the studied samples

Sample name Ra [µm] Rz [µm] Thickness [μm]
H0 1.8 ± 0.4 9.6 ± 2.2 51.4 ± 1.3

H10 2.0 ± 0.3 10.8 ± 2.8 54.8 ± 1.0
H20 2.5 ± 0.6 12.2 ± 2.9 55.0 ± 1.5
H30 3.0 ± 0.7 15.5 ± 2.9 68.6 ± 2.0
H40 3.4 ± 0.7 16.5 ± 3.1 78.8 ± 1.5

Notations: Ra and Rz are the arithmetical mean deviation of the profile, 
the ten-point height of irregularities, respectively.
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The corrosion parameters calculated from obtained data are represented in the Table 2. The 
results of tests demonstrate a decrease of the corrosion current density (Ic) and an increase of the 
polarization resistance (Rp) up to the concentration of nanoparticles of 20 g/l. 

The lowest current density was demonstrated by the sample with coating obtained in the 
electrolytes containing halloysite nanotubes in concentration of 20 g/l. The corrosion current 
density for the H20 sample decreased twofold in comparison with the H0 sample (from 
1.2⋅10– 7 A/cm2 for base PEO layer down to 4.9⋅10– 8 A/cm2 for H20 coating). The H20 samples 
also exhibited the highest polarization resistance of 1.2⋅106 Ω∙cm2, which is almost two times higher 
than Rp value for H0 coating. Such results can be explained with nanoparticles incorporation, 
which leads to partial pores filling with chemically stable halloysite nanotubes. Plasma discharge 
temperature enables sintering of the halloysite nanotubes on the bottoms of the pores and sealing 
of incompletely closed channels with sintering products. 

A decrease in protective characteristics of coatings obtained in electrolytes with concentrations 
of halloysite nanotubes above 20 g/l can be observed. The main reason for a such tendency is an 
increase in heterogeneity of the coatings due to the more intensive nanoparticles incorporation, 
which led to the porosity increase. As a result, the value of Rp for H40 sample is even lower than 
for the base PEO coating.

Conclusion

It has been established that PEO-coatings formed on the MA8 magnesium alloy in electrolytes 
containing halloysite nanotubes have improved electrochemical characteristics in comparison 
with the surface layers obtained in the electrolyte without nanoparticles. Based on obtained 
results, it has been concluded that the coatings formed in an electrolyte with a 20 g/l nanoparticle 
concentration have the highest protective properties in the corrosive medium. The incorporation 
of nanoparticles led to an increase in the roughness parameters, which are comparably high for 
all PEO coatings containing halloysite nanotubes. Formed coatings are perspective for biomedical 
applications due to their suitable roughness parameters and corrosion resistance.

Fig. 2. Polarization curves for the H0 (1), H10 (2), H20 (3), H30 (4), H40 (5) samples

Table 2 
Corrosion parameters of the obtained coatings

Sample name Rp [Ω∙cm2] Iс [А/cm2] Eс [V]
H0 6.4×105 1.2×10–7 –1.46

H10 8.6×105 5.7×10–8 –1.50

H20 1.2×106 4.9×10–8 –1.45

H30 1.1×106 5.6×10–8 –1.47

H40 2.9×105 1.1×10–7 –1.52
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Abstract: The study considers composite coatings formed on the AlMg3 aluminum alloy, 
consisting of PEO-coatings impregnated with corrosion inhibitors, 1,2,4-triazole and benzotriazole, 
in various concentrations. The morphology and composition of the resulting coatings were studied 
by scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The increase 
in the protective properties of composite coatings was studied by electrochemical impedance 
spectroscopy (EIS). SEM-images showed that the coatings have a self-assembled microtubular 
structure with a tube diameter varying from 300 to 500 nm and average tube height of 9 µm. 
EIS results showed that samples with composite inhibitor-containing PEO-coatings have better 
protective properties compared to pure aluminum alloy and base PEO-layer. An increase in the 
concentration of inhibitors of the triazole group from 0.05 M to 0.1 M during impregnation into a 
PEO-coating leads to a decrease in the corrosion resistance of the samples with composite coatings.
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Аннотация. В данной работе на алюминиевом сплаве AlMg3 сформированы 
композиционные покрытия, состоящие из ПЭО-покрытий, импрегнированных 
ингибиторами коррозии, 1,2,4- триазолом и бензотриазолом, в различных концентрациях. 
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Морфология и состав полученных покрытий исследовались методами растровой 
электронной микроскопии (РЭМ) и энергодисперсионной спектроскопии (ЭДС). 
Увеличение защитных свойств композиционных покрытий фиксировали методом 
электрохимической импедансной спектроскопии (ЭИС). РЭМ-изображения показали, 
что покрытия имеют самоорганизованную микротрубчатую структуру с диаметром трубки 
варьирующимся от 300 до 500 нм, и высотой трубки, в среднем, составляющей 9 мкм. 
Результаты ЭИС показали, что образцы с композиционными ингибиторсодержащими 
ПЭО-покрытиями обладают лучшими антикоррозионными свойствами по сравнению 
с чистым алюминием сплавом и образцом с базовым ПЭО-покрытием. Увеличение 
концентрации ингибиторов группы триазолов с 0,05 М до 0,1 М при импрегнировании 
в ПЭО-покрытие приводит к уменьшению коррозионный стойкости алюминиевого 
сплава с композиционным покрытием.

Ключевые слова: Антикоррозийное композиционное покрытие, алюминиевый сплав, 
ПЭО-покрытие, микротрубчатая структура, ингибитор коррозии
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Introduction
Aluminum is a structural material with such important properties as light weight, high strength 

and ductility, etc. It found application in many industries. However, during operation, aluminum 
may contact the aggressive environment, which results in corrosion degradation [1, 2].

One of the ways to prevent aluminum corrosion is to produce protective coatings on its surface. 
Plasma electrolytic oxidation (PEO) is one of the easiest and most optimal methods to protect the 
surface of valve metals (including aluminum and its alloys) [3–8]. In some cases, the duration of 
the corrosion protection of PEO-coatings may be insufficient due to high heterogeneity (including 
porosity) of obtained surface layers. Corrosion inhibitors are widely used for modification of 
coatings in order to provide autonomous self-healing properties and prolong the provision of 
protective ability [9–12]. The most studied metallic corrosion inhibitors are phosphates, nitrites, 
molybdates, tungstates, vanadates, borates, rare earth salts and the organic corrosion inhibitors 
including different types of triazoles [13]. For example, [14] describes the efficiency of a composite 
coating applied by a sol-gel method, with benzotriazole. It was established that this corrosion 
inhibitor, in a protective layer, is capable of starting the process of healing damage of the coating 
on AA7075 alloy.

This study is focused on forming composite coatings on the AlMg3 alloy introducing inhibitors 
of the triazole group of various concentrations in the previously formed base PEO-layer with the 
purpose of improving the protective properties of the material.

Materials and Methods

The experiments were carried out with samples made of the AlMg3 aluminum alloy with the 
size of 20×30×2 mm. The surface preparation of the samples was realized through wet grinding 
with SiC paper with a gradual decrease in abrasive grain size from 28–40 to 14–20 μm, followed 

© Кононенко Я. И., Гнеденков А. С., Синебрюхов С. Л., Филонина В. С., Вялый И. Е., Гнеденков С. В., 2022. 
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by washing in isopropyl alcohol and drying in a desiccator. PEO was carried out in a tartrate-
fluoride electrolyte in a galvanostatic mode for 40 s. The current density was equal to 1.79 A∙cm–2 
and the duty cycle was equal to 1. To ensure the best filling of coating microtubes with inhibitor, 
the formed samples were subjected to vacuum impregnation in aqueous solutions of 1,2,4-triazole 
and benzotriazole at various concentrations (0.05 M and 0.1 M), with the following exposure to 
inhibitor solutions for 1 h under constant stirring, and then dried in a desiccator at a temperature 
of 40 ºC for 24 h.

The protective properties of the formed coatings were assessed using the electrochemical 
techniques, including electrochemical impedance spectroscopy (EIS) and open circuit potential 
(OCP) measurements. Experiments were carried out in a three-electrode cell with a silver chloride 
(Ag/AgCl) electrode as a reference electrode and platinum mesh as a counter electrode using the 
VersaSTAT MC potentiostat/galvanostat electrochemical system (Princeton Applied Research, 
USA). 3 wt.% NaCl solution was used as an electrolyte. The area of the surface in a contact with 
solution was 1 cm2.

A Sigma 300VP (Carl Zeiss, Germany) scanning electron microscope (SEM) with energy dispersive 
spectroscopy (EDS) was used to analyze the morphology and composition of the surface.

Results and Discussion

As a result of the study the composite inhibitor-containing coatings with high protective 
properties were obtained on the AlMg3 aluminum alloy. Coatings consisted of a PEO-layer with 
a microtubular structure (Fig. 1) and inhibitors of the triazole group.

SEM analysis of the sample surface (Fig. 1, a) showed that the PEO-coating has a well-
ordered porous structure with a pore diameter ranging from 300 to 500 nm. It can be concluded 
from analyzing the SEM image of the sample cross-section that the coating has a self-organized 
microtubular structure (Fig. 1, b). The tube height averages 9 µm.

Analysis of the results obtained by EDS showed that the main elements of the coating are 
aluminum (Fig. 2,a) and oxygen (Fig. 2, c). Magnesium is contained in a smaller amount 
(Fig. 2, b). The presence of Mg in the coating is explained by the composition of the original 
AlMg3 alloy (that is one of the alloyed elements in this alloy). Such elements as fluorine, carbon, 
sodium and potassium, which are presented in the composition electrolyte for oxidation of the 
samples, are absent in the composition of the coating.

Table 1 shows the results of EIS study for an uncoated AlMg3 aluminum alloy (A), the AlMg3 
aluminum alloy immersed in 1,2,4-triazole or benzotriazole with a concentration of 0.1 M (B, C), 
a PEO-coated sample (D), and samples with inhibitor-containing layers (E–H) after the exposure 
for 1 h in a 3 wt. % NaCl solution. It should be mentioned that Table 1 presents the specific 
values of the impedance modulus normalized by the area of the sample (i.e., Ω∙cm2).

The obtained results indicate higher protective properties of the AlMg3 1,2,4-tr 0.1 M and 
AlMg3 b-tr 0.1 M compared to AlMg3 uncoated, which suggests a high efficiency of the inhib-
itors selected for the AlMg3 alloy (Table 1). As can be seen from the analysis of the impedance 
modulus measured at the lowest frequency (ǀZǀf=0.1 Hz, Table 1) after 1 h of exposure, all samples 

Fig. 1. SEM images of PEO-coating morphology: SEM-image of PEO-coating surface (a), 
SEM-image of a cross-section of PEO-coating (b)

a)	 b)
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with composite inhibitor-containing coatings (E–H) have a higher corrosion resistance compared 
to the uncoated sample (A) and base PEO-layer (D).

The sample with a PEO-layer impregnated with 1,2,4-triazole at a concentration of 0.05 M 
(E) is characterized by the best protective properties. The value of ǀZǀf=0.1 Hz for this composite 
coating is more than one order of magnitude higher than one for the sample with base PEO-
layer (Table 1). An increase in the concentration of inhibitors to 0.1 M leads to a decrease in 
the ǀZǀf=0.1 Hz, and, as a consequence, a decrease in corrosion resistance, due to the PEO-layer 
degradation, which is consistent with the data presented in [14]. This result can be related with 
probable reaction of inhibitor with components of PEO-coating matrix with following formation 
of the compounds, which have higher solubility as compared to PEO-layer [15]. However all 
inhibitor-conatining coatings have higher protective properties as compared to base PEO-layer. 
Therefore, lower values of the ǀZǀf=0.1 Hz for PEO 1,2,4-tr 0.1 M and PEO b-tr 0.1 M as compared 
to PEO 1,2,4-tr 0.05 M and PEO b-tr 0.05 M can be related with probable lower density of the 
formed inhibitor layer. 

1,2,4-triazole and benzotriazole are used to retard the corrosion rate of Cu, Fe, Zn, Mg and Al 
materials. The mechanism of the corrosion protection is based on the adsorption on the surface 
of treated metal or alloy [16–19]. It should be noted that PEO-coating is suitable as a matrix 
for inhibitor storage due to its complex morphology. As a result of coating degradation during 
immersion of the sample in an aggressive environment, the inhibitor can be released from the 
pores of the PEO-layer to the damaged part of the surface and form an additional barrier layer, 
which will delay the corrosion rate of the material.

Fig. 2. Image of element distribution in the cross-section of a sample with a PEO-layer, 
where (a) is the distribution of aluminum, (b) is magnesium, and (c) is oxygen

a)	 b)	 c)

Tab l e  1

Coating specification and electrochemical parameters of samples
according to the results of EIS test

Sample Coating type ǀZǀf=0.1 Hz, Ω∙cm2

A AlMg3 uncoated 2.56∙104

B AlMg3 1,2,4-tr 0.1 M 7.23∙106

C AlMg3 b-tr 0.1 M 6.40∙106

D PEO-coating 4.65∙106

E PEO 1,2,4-tr 0.05 M 6.61∙107

F PEO 1,2,4-tr 0.1 M 6.11∙106

G PEO b-tr 0.05 M 1.63∙107

H PEO b-tr 0.1 M 7.72∙106
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Conclusion

During the study, heterooxide layers with a microtubular structure were obtained on the AlMg3 
aluminum alloy. Impregnation of the PEO-coating with corrosion inhibitors contributed to a 
significant increase in the corrosion resistance of the studied material. The sample impregnated 
with 1,2,4-triazole at a concentration of 0.05 M is characterized by the best protective properties.
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Abstract: This paper proposes a method for synthesis of hexagonal GaN on Si(100) and 
Si(113) substrates, where nanostructures with an element size less than 100 nm are formed on 
the surface. It has been established that the method of gas-phase epitaxy from metalorganic 
compounds in a hydrogen atmosphere on such substrates makes it possible to form semipolar 
layers of GaN(10-11) and GaN(11-22) with a minimum half-width of the X-ray diffraction 
swing curve of about 30 arcmin. It is shown that during the formation of a semipolar AlN layer 
at the initial stage of epitaxy, a corrugated surface is formed on NP-Si(100) from the semipolar 
planes AlN(10-11) and AlN(10-1-1) with counter-directional c axes. Then, during the growth 
of the GaN layer, a transition is made from the symmetrical state of the semipolar GaN(10-
11) and GaN(10-1-1) planes to an asymmetric state with the orientation of the c axis of the 
GaN(10-11) layer. That transition is apparently determined by the difference in the values of 
the surface energy of GaN during epitaxy on the corrugated surface.
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Полуполярные слои GaN на наноструктурированном 
кремнии: технология и свойства
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Аннотация. Предложен метод синтеза гексагонального GaN на подложках Si(100) и 
Si(113), на поверхности которой сформирована наноструктура с размером элементов 
меньше 100 нм. Установлено, что метод газофазной эпитаксии из металлоорганических 
соединений в атмосфере водорода на таких подложках позволяет сформировать 
полуполярные слои GaN(10-11) и GaN(11-22) при минимальной полуширине 
рентгенодифракционной кривой качания около 30 arcmin. Показано, что в процессе 
образования слоя полуполярного AlN на начальной стадии эпитаксии на NP-Si(100) 
формируется гофрированная поверхность из полуполярных плоскостей AlN(10-11) и 
AlN(10-1-1) с противонаправленными «с»-осями. Затем в процессе роста GaN слоя 
осуществляется переход из симметричного состояния полуполярных GaN(10-11) и 
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GaN(10-1-1) плоскостей в асимметричное состояние с ориентацией «с»-оси слоя  
GaN(10-11), причем переход , по видимому, определяется различием величин 
поверхностной энергии GaN при эпитаксии на гофрированной поверхности.

Ключевые слова: полуполярный нитрид галлия, наноструктурированная кремниевая 
подложка, поверхностная энергия
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Introduction

Gallium nitride is an attractive material for various electronic and optoelectronic applications. 
An important physical property of III-nitrides with a hexagonal crystal structure is that in the 
heterostructures of these compounds, layers in the direction along the c axis are characterized by 
the presence of piezoelectric polarization, which leads to an internal electric field, to the spatial 
separation of electrons and holes in quantum wells and a decrease in their radiative recombination 
(quantum-dimensional Stark effect) [1]. The Stark effect increases the recombination of charge 
carriers and negatively affects the injection of carriers [2], which significantly reduces the 
parameters of optoelectronic and electronic devices. 

As a solution to these problems related to polarization, using non-polar and semipolar 
orientations of GaN has been proposed [3]. Currently, attempts are made to synthesize semipolar 
gallium and aluminum nitrides on micro [4] and nanostructured Si(100) [5] and Si(113) 
[6] substrates, in which it is proposed to use an inclined face of Si(111) for synthesis. The 
known methods for creating semipolar layers of GaN(1011) and GaN(1122) on silicon involve 
microstructured substrates Si(100) and Si(113), respectively, with a one-sided (111)-face in an 
array of microchannels [7, 8].

Recently, it has been proposed to use both inclined faces of Si(111) and Si(1-1-1) nanostructures 
for synthesis on Si(100) and Si(113). (Fig.1, a). This work is dedicated to developing a technology 
of semipolar GaN(10-11) and GaN(11-22) layers on V-shaped and U-shaped nanostructured 
Si(100) and Si(113) substrates, respectively, with element sizes less than 100 nm.

The nanomask was formed according to the technology described in [9]. 

© Бессолов В. Н., Коненкова Е. В., Родин С. Н., 2022. Издатель: Санкт-Петербургский политехнический университет 
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Fig. 1. SEM images of the AlN/NP-Si(100) structure: at the initial stage 
of growth (a), during the formation of a solid layer (b)

a)	 b)
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Materials and Methods

The GaN layers on NP-Si(100) substrates were grown by MOCVD on a modified EpiQuip 
installation with a horizontal reactor and an induction-heated graphite substrate holder at tem-
perature 1030 ºС [5]. Hydrogen was used as the carrier gas, and ammonia, trimethylgallium 
and trimethylaluminum were employed as precursors. The structures consisted of an AlN layer  
~20-40-nm thick and a GaN layer ~1-μm thick. The structural characteristics of the GaN layers 
were determined by X-ray diffraction, scanning electron microscopy and atomic force microscopy.

A thin AlN layer is formed on the Si(111) and Si(1-1-1) faces at the initial stage of AlN growth 
on the NP-Si(100) substrate (Fig.1, a). A corrugated surface is formed from AlN(10-11) and 
AlN(10-1-1) layers during further epitaxy (Fig. 1, b). 

Then the growth of continuous GaN layers on NP-Si(100) occurs in the semipolar direction, 
as evidenced by the typical nature of the surface morphology (Fig. 2, a, b) and a minimum half-
width of the XRD GaN(10-11) swing curve of about ωθ = 30 arcmin. 

A buffer layer of AlN with a thickness of 20 nm was grown on all structures during epitaxy 
of AlN and then GaN on NP-Si(113) substrates (Fig. 3, a), then either an island layer of 
GaN(11-22) with dimensions of ~0.05–0.2 µm (Fig. 3, b) or a solid layer was grown on the 
buffer layer thickness ~0.6–1 µm GaN(11-22) (Fig. 4, a, b). X-ray diffraction analysis showed 
that the solid layers have a half-width of the X-ray diffraction curve ωθ ~ 30 arcmin of the 
semipolar GaN(11-22). 

It can be seen that the AlN layer completely and uniformly covers the NP-Si(113) surface 
(Fig. 2). The formation of a GaN layer on an NP-Si(113) substrate covered with a buffer AlN 
layer occurs by an island mechanism on the open faces of Si(111) nanochannels (Fig. 3, a). The 
shape of the crystals of the GaN island layer indicates the presence of (0001), (11-20) and (11-22) 
faces (Fig. 3, b). It can be seen that the island GaN(11-22) layer is given by the direction of the 
Si(111) plane and tends to form a continuous layer at thicknesses of about 1 mm (Fig. 4). 

Fig. 2. AFM image and surface profile of the GaN(10-11)/AlN/NP-Si(100) structure

a)	 b)

Fig. 3. SEM-images of AlN/ NP-Si(113) structure (а), 
GaN/AlN/NP-Si(113) for a solid layer formed (b)

a)	 b)
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The surface of the GaN(10-11) and GaN(11-22) layers differs according to atomic force 
microscopy data (Figs. 2, 4). The surface of the GaN(10-11) layer shows blocks of semipolar 
gallium nitride elongated along the grooves with a surface inhomogeneity of 150-200 nm (Fig. 2, b), 
and the surface of the GaN(11-22) layer shows rectangular almost square blocks, between which 
dips of up to 1.3 microns are observed (Fig. 4, b). The aspect ratio (the ratio of height to width 
dimensions) of the blocks is 0,03 for GaN(10-11) and 0,15 for Ga(11-22). (Figs. 2, b, 4, b). 

Results and Discussion

At the initial nucleation stage of the epitaxial AlN layer by MOCVD, AlN(10-11) and 
AlN(10-1-1) planes form on NP-Si(100) substrates. These planes have different surface energies. 
The values of surface energies known in the literature are given rather averaged and the influence 
of surface nanostructuring is not taken into account. 

The calculated surface energy of ideal AlN and GaN surfaces with polar and semipolar 
orientations according to [10] shows that these values are less for polar planes than for semipolar 
(1-101) and (11-22) planes (Table 1). 

Data on the surface energy of ideal GaN surfaces with polar and semipolar orientations in a 
nitrogen-enriched gas atmosphere show that the energy values also depend on the orientation of 
the face [11].

It can be seen that the surface energy increases depending on the orientation of the GaN 
surface in the following order: (0001), (11-22), (1-101), (000-1), (11-2-2) and (1-10-1). The 
corrugated AlN surface leads to the synthesis of GaN(1-101) and GaN(1-10-1) layers [12], which 
have different surface energies (Table 2). These differences, as well as differences in the properties 
of the NP-Si(100) substrate [13], can provide different growth rates of GaN faces in different 
directions, and lead to the formation of a GaN layer in one direction (Fig. 2, a, b).

Fig. 4. AFM image (a) and surface profiles of the GaN(11-22)/AlN/NP-Si(113) 
structure in the direction along (b) and perpendicular (c) to the nanochannel

a)	 b)	 c)

Tab l e  1
Surface energy of ideal AlN and GaN surfaces 

with polar and semipolar orientations

ev/A2 (0001) (000-1) (1-101) (11-22) (11-20)
AlN 0.250 0.255 0.261 0.259 0.170
GaN 0.185 0.228 0.193 0.194 0.141

Tab l e  2
Surface energy of the faces of GaN surfaces 

in an atmosphere enriched with nitrogen atoms [11]

(0001) (000-1) (1-101) (1-10-1) (11-22) (11-2-2)
eV/A2 0.204 0.234 0.224 0.257 0.221 0.250
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The nucleation of the GaN(11-22) layer occurs on the surface of the AlN/Si(111) face, 
at higher growth rates than AlN (Fig. 1, b). First, an island layer is formed (Fig. 3, a, b) and 
after the coalescence stage, a continuous layer with a semipolar GaN(11-22) surface is formed 
(Fig. 4, a, b). The different character of the profile of the initial NP-Si(100) and NP-Si(113) leads 
to different morphology of the GaN(10-11) and GaN(11-22) surfaces. The different morphology 
of the layers, in our opinion, is associated with the formation of GaN(10-11) at a later stage of 
growth after the synthesis of the corrugated AlN layer, in contrast to the synthesis of GaN(11-22), 
which occurs directly on a thin AlN layer on the Si(111) face.

The shape of the insular nucleus (Fig. 2, b) shows the presence of the planes c-GaN, m-GaN 
and GaN(11-22). The orientation of the nanocrystallites in the array is set by the direction of the 
plane Si(111) of the nanochannels in NP-Si(113). 

The thickness of the layer in the direction of growth [0001] and in the direction of formation 
of the plane (11-22) is about 100 nm (Fig. 3, b), which corresponds to the close values of the 
surface energy of these planes (Table 1).

The larger size of the nucleus (Fig. 3, b) and the larger width of the peaks of the ACM image 
(Fig. 4,b) in the direction along the nanochannels than in the direction perpendicular to them 
clearly indicates the different diffusion length of Ga-L adatoms during the formation of the 
insular layer. As is known, L = (D⋅t)1/2, where D is the diffusion coefficient of Ga atoms on the 
surface, and t is the lifetime of the Ga atom on the surface of the nanostructure. The coefficient 
D depends on the epitaxy temperature, which has been constant throughout the growth, and we 
believe that D is the same in both directions and, therefore, the influencing factor t remains. 
When atoms diffuse along the nanochannels, the adatoms on the surface have a larger value t 
than in the direction perpendicular to the nanochannels. Perhaps this is due to the presence of 
nanogrooves in the direction perpendicular to the nanochannels, which lead to a violation of 
surface diffusion and a decrease in t; and, consequently, leads to a shorter period of undulation 
and a smaller island size in this direction (Fig. 3, b).

Conclusion

Thus, it is shown that during the synthesis of GaN(11-22) by MOCVD in a hydrogen 
atmosphere at the initial stages of growth, the orientation of the layer is set by the direction 
of the plane of Si(111) nanochannels in NP-Si(113). The detected effect of transition from 
the symmetric state of semipolar linear AlN(10-11) nanocrystallites with counter-directional 
c axes, which are formed on symmetrical silicon NP-Si(100) nanogrooves of the substrate, 
to an asymmetric state with a single orientation of the c axis GaN(10-11) layer, according to 
the model, is determined by the difference in surface energy (10-11) and (10-1-1) faces of 
the GaN layer. 
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Abstract: Metallic biomaterials are widely used for clinical purposes due to their excellent 
mechanical properties and good biocompatibility. Inspired by the functional surface of natural 
biological systems, many new designs and concepts have recently emerged to create multifunctional 
surfaces with great potential for biomedical applications. In present study, bioactive coatings 
were formed on Mg alloy by plasma electrolytic oxidation (PEO). Morphological features 
and composition of formed layers were studied by SEM and EDS. It was revealed that PEO-
coatings have in their composition Ca and P, which can increase biocompatibility. Moreover, 
obtained coatings demonstrated high corrosion properties: corrosion current density substantially 
decreased compared to bare alloy.
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Аннотация. Металлические биоматериалы широко используются в клинических целях 

благодаря их превосходным механическим свойствам и хорошей биосовместимости. 
В последнее время появилось много новых подходов и концепций для создания 
многофункциональных поверхностей с большим потенциалом для биомедицинских 
приложений, которые вдохновлены функциональной поверхностью природных 
биологических систем. В данной работе биоактивные покрытия были сформированы 
на сплаве магния MA8 методом плазменного электролитического оксидирования 
(ПЭО). Установлено, что ПЭО-покрытия имеют в своем составе Ca и P, которые могут 
повышать биосовместимость. Кроме того, полученные покрытия продемонстрировали 
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Introduction

The current advances in technologies make it possible to create safe implants that are 
biocompatible with the human body. Developing new materials for implants requires a deep 
knowledge of the chemical, physical and mechanical properties of natural bone tissue, the 
qualitative and quantitative characteristics of implant materials. Recently, the possibility of natural 
regeneration has been actively studied, when the implant material biodegrades and dissolves in 
body fluids, and the process of healing of damaged tissues occurs with the replacement of the 
implant with the body’s own tissue. This property of bioresorption is exhibited by magnesium 
and magnesium alloys. Early clinical studies, as well as in vivo and in vitro studies shown that 
magnesium-based implants are highly biocompatible. It has also been reported that magnesium-
based implants can stimulate the bone tissue heals [1].

The unique mechanical properties of Mg alloys also make them desirable for fabrication of 
load-bearing implants. Magnesium has been tested as non-allergenic and stimulates new bone 
formation in vivo and in vitro tests [1]. However, the high electrochemical activity of magnesium 
and low wear resistance of this material can lead to early failure of the implant, which in turn can 
significantly affect to the patient’s healing [2]. As result, magnesium needs additional protection 
to improve corrosion resistance and reduce wear. 

Alloying of metals is a widely used method for improving the functional characteristics of a 
material, including in the field of protection against corrosion damage. This method of protection 
is laid down at the stage of creating a certain brand of alloy. The essence of alloying is the 
addition of certain impurity substances to the composition of metals that improve the mechanical 
or physico-chemical properties of these compositions.

A suitable alloy composition can improve corrosion resistance, mechanical properties and 
facilitate the production of magnesium (Mg) based materials. The two main groups of Mg-based 
alloys are those containing 2–10 wt.% aluminum (Al) with trace additions of zinc (Zn) and 
manganese (Mn), they show moderate corrosion resistance and improved mechanical properties 
[3], and those that use a mixture of rare earth elements in combination with another metal 
such as zinc, yttrium, and a small amount of zirconium, which gives a fine-grained structure 
and improved mechanical properties [3]. Because these materials are used in the body, non-
toxic alloying elements must be selected. However, it is well known that aluminum is harmful 
to neurons and osteoblasts and also associated with dementia and Alzheimer’s disease [4]. The 
introduction of rare earth metals (Pr, Ce, Y, etc.) can lead to hepatotoxicity. Excess yttrium 
ions (Y+3) have been shown to alter the expression of several rat genes and adversely affect DNA 
transcription factors.

One of the possible ways to solve this problem is formation of coating on the surface of a 
magnesium implant by the plasma electrolytic oxidation (PEO) [5]. Note that this method gives 
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opportunity creating surface layers of a purposeful structure and composition; thus, the use of 
PEO makes it possible to form coatings similar in composition to mineral component of human 
bone tissue [1]. 

Materials and Methods

Samples. The samples were prepared from rectangular sheets made of MA8 magnesium alloy 
(Mg–Mn–Ce system, wt.%: 1.30 Mn; 0.15 Ce; Mg to balance), 8×8×1 mm3 and 30×20×2 mm3 
in size. Before the coatings were produced, all samples were treated with sandpaper, washed with 
distilled water, and degreased with alcohol. 

Coating formation. In accordance with the previously developed principles of directed plasma 
electrochemical synthesis of coatings on the surface of metals and alloys [6, 7] and conclusions 
drawn from the analysis of literature data [6,7], plasma electrolytic oxidation was carried out in 
bipolar mode: in the anode component the voltage 400 V, while in the cathode component, the 
current decreased from 5 to 3 A at a sweep rate of 0.04 A/s. PEO of the samples was carried out 
in an electrolyte containing 25 g/l calcium glycerophosphate (C3H7CaO6P), 5 g/l sodium fluoride 
(NaF), and 7 g/l sodium metasilicate (Na2SiO3). The duration of the process was 100 s. After the 
coatings were formed, all samples were washed with distilled water, degreased with alcohol, and 
dried with warm air.

Coating characterization. To evaluate the morphology and chemical composition of the 
obtained samples the scanning electron microscopy and energy dispersive spectroscopy were 
used. EVO 40 scanning electron microscope (SEM, Carl Zeiss, Germany) equipped with INCA 
X-act instrument (Oxford Instruments, UK) for energy dispersive spectroscopy (EDS) was used 
for surface characterization [2]. 

Study of electrochemical properties. The electrochemical parameters of the samples were 
studied by potentiodynamic polarization using VersaSTAT MC electrochemical system (Princeton 
Applied Research, USA) in accordance with the technique described in [2].

The measurements were carried out in a three-electrode cell at a temperature of 37 ºC in 
Earle’s solution with and without phenol red, which are similar in ionic composition to human 
blood plasma (Table 1). The concentration of phenol red in Earle’s solution was 0.02 g/L. Thus, 
phenol red is a pH indicator, its often used in medicine and microbiology for determination of 
metabolic products of bacteria. However, the presence of this substance in solution can directly 
affect the corrosion of such an electrochemically active material as magnesium/magnesium alloy. 
In this regard, and due to the fact that solutions with and without phenol red can be used in 
the course of research on implantation materials, it is of great interest to study the effect of this 

Tab l e  1

Ionic concentration (mmol/L) in Earle’s solution 
and human blood plasma

Ion concentration, 
mmol/L

Human blood 
plasma

Earle’s  
solution

Na+ 142 143.5
Сl– 103 123.5

НСО3– 27 26.2
K+ 5.0 5.4

Са2+ 2.5 1.8
Mg2+ 1.5 0.8
PO–3

4 1.0 0.9
SO–2

4 0.5 0.8
Glucose, g/L 1.1 1.0
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substance on the corrosion of Mg alloy, including those with protective PEO-layers.

Results and Discussion

It can be concluded from SEM analysis that the PEO-coating formed has a typical surface 
morphology with crater-like pores (Fig. 1). This is the result of sharp cooling of the breakdown 
zone down to the electrolyte temperature after the attenuation of the plasma discharge as well as 
gas evaporation during the PEO. According to [6], such a developed surface can positively affect 
cell proliferation and improve bone-to-implant contact.

Analysis of the EDS data indicates the presence of Mg, Si, O, Ca, P in the coating composition 
(Fig. 1). The presence of Si, Ca, P and O is due to their incorporation from the electrolyte during 
PEO. Mg is a substrate element. Formed layer is enriched with Ca and P, as result of transfer of 
these elements in the plasma discharge channel form the electrolyte to the surface of substrate. 
The presence of Ca and P can significantly increase the biocompatibility of PEO-coatings, because 
these elements are the main components of bone tissue.

Potentiodynamic polarization data indicate an improvement in the corrosion properties of 
the samples after coatings formation on their surface. Based on analysis of the potentiodynamic 
measurements, it can be concluded that the corrosion current density, icorr, decreased after 
application of PEO-coating on Mg alloy (Table 2).

Fig. 1. SEM-image of the PEO-coating and EDS map of the element distribution

Tab l e  2
Electrochemical parameters of samples 

in Earle’s solution with and without phenol red

Electro-
chemical 

parameters

Earle’s solution without phenol red Earle’s solution with phenol red
Bare magnesium 

alloy With PEO-coating Bare magnesium 
alloy With PEO-coating

Ecorr
(V vs. SCE) –1.75 –1.62 –1.82 –1.63

icorr
(A/cm2) 8.6×10–6 6.7×10–6 1.0×10–5 6.9×10–6
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There are no significant differences between the coatings studied in Earle’s solution without 
phenol red and with this compound (Fig. 2, Table 2). This fact is related to the features of the 
formed coatings. It is known that the PEO-coating consists of an outer porous layer, which mainly 
determines the mechanical properties, and an inner, practically non-porous sublayer, which is 
responsible for corrosion resistance [7]. Since the formed sublayer consists of poorly soluble 
magnesium compounds, in particular, MgF2 [8], the probability of reactions occurring between it 
and the substances present in the Earle’s solution is extremely low probability. However, for bare 
Mg alloy, with the addition of phenol red the corrosion current density increased. According to 
the analysis of the polarization curves, the presence of phenol red leads to a shift in the corrosion 
potential to more negative values compared to a solution that does not contain this substance 
(Fig. 2). Accordingly, this leads to an intensification of the magnesium alloy corrosion process. It 
is known that corrosion of magnesium materials proceeds with alkalization of the medium, which, 
apparently, leads to reactions between phenol red and evolving hydrogen. In addition, Earle’s 
solution with phenol red has a higher electrical conductivity (14.41 mS/cm) compared to Earle’s 
solution without phenol red (5.67 mS/cm).

Of interest are the details of this interaction, considering the complex composition of Earle’s 
solution, the presence in it of not only phenol red, inorganic compounds, but also organic matter: 
glucose. The features of the occurring reactions will be the subject of study in our next works. 

Conclusion

Coatings containing Ca/P were obtained on MA8 Mg alloy by plasma electrolytic oxidation. 
Obtained coatings have high corrosion resistance compared to bare alloy. Differences in the results 
of electrochemical studies showed that the phenol red in Earle’s solution affects the course of 
reactions on the surface of the samples without coatings. However, PEO-coatings demonstrated 
high protective properties regardless of presence phenol red in Earle’s solution, which additionally 
confirms the high corrosion resistance of the formed surface layers. 

Fig. 2. Polarization curves obtained for MA8 alloy samples with and without 
PEO-coating in Earle’s solution without (a) and with (b) phenol red

b)

a)
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Abstract: Surface free energy (SFE) is a crucial parameter for predicting the cell adhesion 
and proliferation on implantation materials. In this work, the influence of bioactive calcium-
phosphate coatings on the SFE of titanium and magnesium implants was studied. Results shows 
that the formation of bioactive coatings increase SFE by 139 % for magnesium alloy and 38 
% for titanium, which in turn should have a positive effect on the adhesion and proliferation 
of osteoblasts.
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Аннотация. Свободная поверхностная энергия (СПЭ) играет важную роль для 
прогнозирования адгезии и пролиферации клеток на имплантационных материалах. В 
данной работе было изучено влияние биоактивных кальций-фосфатных покрытий на 
свободную поверхностную энергию титановых и магниевых имплантатов. Результаты 
показывают, что формирование биоактивных покрытий увеличивает СПЭ на 139 % 
для магниевого сплава и на 38 % для титана, что, в свою очередь, должно оказывать 
положительное влияние на адгезию и пролиферацию клеток костной ткани.

Ключевые слова: титан, магниевые сплавы, плазменное электролитическое 
оксидирование, биосовместимость, свободная энергия поверхности
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Introduction

Metal implants are the main material for bone surgery [1]. Titanium is widely used for pro-
duction of dental and orthopedic implants, due to its high strength, corrosion resistance and 
bioinertness [2]. Magnesium is also of considerable interest as an implantation material, due to 
its biocompatibility, biodegradability and mechanical properties, which are closer to human bone 
tissue properties compared to other metals [3]. However, these metals have significant drawbacks, 
as a result of which the implant surface requires additional processing to improve osseointegration 
and increase the adhesion of bone tissue cells [3,4].

The coatings formation is one of the modification methods leading to the elimination of the 
disadvantages of metal surface. Plasma electrolytic oxidation (PEO) is one of the most promising 
methods of protecting metals from electrochemical dissolution and improving mechanical char-
acteristics [5]; in addition, PEO is used to form bioactive coatings on implants [6,7].

The contact of the implant surface with the living tissue is important for osseointegration. The 
chemical composition of the implant determines directly the biocompatibility; roughness affects the 
contact area of the material with the biological environment and cell adhesion. In addition, the bone 
tissue cell adhesion is associated with wettability, which depends on the surface free energy (SFE) [8]. 
Many authors note that high-energy surfaces are more desirable for enhancing osteointegration and 
osteogenesis [9]. Thus, the study of the effect of the modification process on the SFE is important 
for the further practical application of PEO technology for the treatment of metal implants.

Materials and Methods

Rectangular sheets (35×25×1.5 mm3) of VT1-0 commercially pure titanium (Ti) and MA8 
magnesium alloy (Mg) (1.3–2.2 wt.% of Mn, 0.15–0.35 wt.% of Ce, Mg to balance) were used 
as the substrates.

PEO of the titanium was carried out in an electrolyte containing 30 g L–1 calcium glycero-
phosphate (C3H7CaO6P) and 40 g L–1 calcium acetate (Ca(CH3COO)2) in a monopolar poten-
tiodynamic mode [10], sample is designated as Ti-PEO. PEO of the magnesium alloy was carried 
out in an electrolyte containing 25 g L–1 calcium glycerophosphate (C3H7CaO6P), 5 g L–1 sodi-
um fluoride (NaF), and 7 g L–1 sodium metasilicate (Na2SiO3) in a bipolar mode [11], sample 
is designated as Mg-PEO. The use of different modes of PEO for magnesium alloy and titanium 
is due to differences in the mechanism of formation of the anode coating on various metals, de-
scribed in more detail in previous studies [10,11].

The wettability of the investigated samples was studied by the sessile drop method using the 
drop shape analyzer DSA100 (KRÜSS, Germany). Contact angle (CA) technique is used to 
estimate wetting properties of the localized area of solid surface. According to this method, the 
angle between the baseline of the drop and the tangent at the three-phase point was measured. 
For calculations of CA, the Young-Laplace method was used. Before recording the CA results, 
the drop stabilized on the surface for 60 s. Deionized water (H2O) and methylene iodide (CH2I2) 

© Сучков С. Н., Надараиа К. В., Имшинецкий И. М., Машталяр Д. В., Синебрюхов С. Л., Гнеденков С. В., 2022. 
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were used as test liquids. Before contact angle measurements, metal surfaces were mechanically 
treated with sanding papers from #150 to #2500 sequentially, washed with distilled water and 
degreased with alcohol in ultrasonic bath (Bandelin electronic, Germany). The surfaces of PEO 
coatings were washed with distilled water and dried at 25ºC.

Surface free energy (γs) was calculated (Eq. 1) as the sum of the dispersed (γs
d) and polar (γs

p) 
interactions of a liquid droplet with the solid surface, calculated using a system of equations 
obtained on the basis of the Owens equation [12]:

( ) ( )

( ) ( )

2
1 2

2
3 4

1 cos 1 cos

1 cos 1 cos ,

d
s w mi

p
s w mi

C C

C C

γ = + θ − + θ   


γ = + θ + + θ   
(1)

where θw, θmi are the CA for the surface in contact with water and methylene iodide, respectively. 
The constants C1–C4 are determined by the values of the liquid surface tension.

Results and Discussion

Based on the data of X-ray phase analysis and elemental composition [10,11], formed coatings 
include calcium-phosphate compounds, which can increase the formation rate of hydroxyapatite 
in body fluids. In addition to calcium phosphate compounds, the coatings consist of titanium 
dioxide (in the modification of rutile and anatase) for titanium, magnesium oxide and ortho-
silicate for magnesium alloy.

Analysis of the wettability of bioactive surface layers on titanium and magnesium alloy indicates 
a significant decrease in CA in comparison with the metal surface (Table 1). In particular, coatings 
on Mg alloy exhibit properties close to superhydrophilicity in contact with water. However, the 
values are approximate, since the drop spreads at a high speed and is absorbed by the material, as 
a result of which it is difficult to register the real CA.

When wetting Mg-PEO with methylene iodide, the equilibrium CA = 15.7º and is not 
established immediately but for some time, approximately 30–60 s (Fig. 1). This behavior of 
liquids on the surface of bioactive coatings on magnesium alloy is a result of high roughness and 
large porosity, because of which, due to capillary effects, the drop gradually penetrates deep into 
the texture of the coatings, and spreads over the surface, and the CA, in turn, decreases (Fig. 1).

At the initial stage of wetting (Fig. 1, a, b), the liquid/solid contact boundary contains both 
liquid/solid (fl–s) and liquid/vapor (fl–v) sections contained in the pores of the PEO layer. Thus, 
the wetting satisfies the Cassie-Baxter state (Eq. 2):

( )cos cos ,C l s Y l vf f− −θ = θ − (2)

where θC, θY are Cassie and Young’s CA, respectively.

Fig. 1. Optical images (a, c, e) and wetting models (b, d, f) of methylene iodide CA 
for Mg-PEO surface after 0 s (a, b), 25 s (c, d) and 40 s (e, f) sitting the drop
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Next, the contact area increases (Fig. 1, c, d), as can be seen from the increase in the contact 
line length (d). Accordingly, fl–s increases and fl–v decreases (fl–s = 1 – fl–v), which indicates par-
tial filling of the coating pores. Further, there is no increase in the contact line length, and the 
CA and drop volume (V) decreases, therefore the drop goes deep into the texture of the coating 
(fl–s → 1) and wetting passes from the Cassie-Baxter state to the Wenzel state (Eq. (3)):

( )cos cos ,w Yrθ = θ (3)

where fl–s = r is the roughness parameter, θW is Wenzel’s CA.
For Ti-PEO, a stable state is achieved immediately, and the wettability of such a surface im-

proves compared to uncoated metal. Water CA decreases by almost half, and methylene iodide 
CA increases (Table 1), which is probably a consequence of the presence of titanium oxide on 
the surface in advantage. A significant difference in the wetting of Mg-PEO and Ti-PEO is due to 
differences in the morphology of the surface. The size and number of pores of Mg-PEO coatings 
significantly exceed Ti-PEO [10, 11].

Fig. 2. Theoretical dependences of the SFE (γ, γd, γp) on the θw from 0 to 10º 
at different values of the θmi, by the Owens-Wendt equation.

Table 1
Wettability and components of surface free energy for different surfaces

Surface
Contact angle, º Surface free energy, mJ⋅m–2

H2O CH2I2 γs
p γs

d γs

Mg 82.6 ± 0.6 54.9 ± 1.1 5.23 ± 0.12 28.3 ± 0.3 33.6 ± 0.4

Mg-PEO 5.4 ± 4.3 15.7 ± 0.9 31.35 ± 0.16 48.9 ± 0.2 80.3 ± 0.4

Ti 75.1 ± 0.3 43.7 ± 0.4 5.73 ± 0.14 37.7 ± 0.2 43.5 ± 0.4

Ti-PEO 41.4 ± 1.1 50.0 ± 1.2 26.0 ± 0.8 34.3 ± 0.7 60.2 ± 1.4

N o t a t i o n s :  The results are presented as the mean ± standard deviation for 15 measurements.
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As the CA changes due to formation of PEO coatings on the surface of titanium and mag-
nesium, the value of SFE changes as well. To a large extent, the value of the polar component 
of the SFE changes for PEO coatings, which is due to a significant difference in the energy of 
interaction of the liquid with metal and metal oxides.

Since it is difficult to estimate the real water CA with the surface of Mg-PEO due to its 
high hydrophilicity, determining the value of SFE by the OWRK (Owens-Wendt-Rable-Kaelble) 
method is also non-trivial. Therefore, the Owens-Wendt equation was graphically presented in the 
area of the water CA 0–10º, with the value of the methylene iodide contact angle (15.7 ± 0.3)º 
(Fig. 2).

The results show that at this site the value of the SFE is determined with an accuracy of 
1 mJ⋅m–2, which is less than 1 % of the specified value. Also, decomposing the SFE by components, 
it is clearly seen that the polar component (0.9 mJ⋅m-2) makes the greatest contribution to this 
difference, and the dispersed component lies within the error (0.2 mJ⋅m-2). According to the data 
of the graphs, it can be assumed that the SFE of the Mg-PEO surface is 80.3 ± 0.4 mJ⋅m– 2.

Conclusion
In general, it is possible to establish the positive effect from treating the metal surface by 

plasma electrolytic oxidation, since the value of the SFE increases by 139% for magnesium alloy 
and 38% for titanium. An increase in wettability and, as a consequence, the amount of surface 
energy is a favorable factor for the biocompatibility and cell adhesion on the surface of the 
implantation material [8].
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Abstract: The coating containing a layered double hydroxide (LDH) was obtained on the MA8 
magnesium alloy. The coating morphology, its electrochemical and corrosion behavior were studied. 
Scanning electron microscopy confirmed the lamellar structure of the LDH. Maps of the element 
distribution on the surface (the aluminum content on the surface is 3.2 wt.%) and the diffraction 
pattern of the sample (the presence of a hydrotalcite phase) also confirmed the presence of LDH. 
The electrochemical and corrosion behavior of the base PEO-coating, an LDH-containing coating, 
and the LDH-containing coating after impregnation with sodium oleate was compared. According 
to the experimental data analysis the positive role of LDH in the protection of the magnesium alloy 
was established. Treatment of the LDH-containing coating with a 0.1 M solution of sodium oleate 
makes it possible to increase the impedance modulus measured at the frequency of 0.1 Hz by order 
of magnitude compared to the inhibitor free protective layer. The obtained LDHs have a positive 
effect on the stability of the protective properties in aggressive medium, which was shown by the 
decrease in corrosion current density for the investigated sample.
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Получение слоистого двойного гидроксида на ПЭО-
покрытии, сформированном на сплаве магния МА8: 

электрохимические и коррозионные свойства
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Аннотация. На магниевом сплаве МА8 было получено покрытие, содержащее 
слоистые двойные гидроксиды (СДГ) в своей структуре. Изучена морфология 
полученного покрытия, его электрохимическое и коррозионное поведение. Ламеллярная 
структура СДГ подтверждена анализом данных, полученных с помощью сканирующей 
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электронной микроскопии. Наличие СДГ также подтверждено картами распределения 
элементов на поверхности (содержание алюминия на поверхности 3.2 масс.%) и 
дифрактограммой образца (присутствие фазы гидроталькита). Было проведено сравнение 
электрохимического и коррозионного поведения базового ПЭО-покрытия, покрытия, 
содержащего СДГ, и покрытия, содержащего СДГ, после импрегнирования олеатом 
натрия. Согласно полученным экспериментальным данным, установлена положительное 
влияние СДГ на защитные свойства покрытия. Обработка 0.1 М раствором олеата натрия 
покрытия, содержащего СДГ, позволяет увеличить модуль импеданса, измеренного на 
частоте 0.1 Гц, на порядок по сравнению с покрытием без ингибитора. Полученные 
СДГ положительно влияют на устойчивость сплава с ПЭО-покрытием в агрессивной 
среде что следует из уменьшения плотности тока коррозии для исследуемого образца.

Ключевые слова: магниевые сплавы, слоистый двойной гидроксид, электрохимия, 
коррозия, ингибирование, плазменно-электролитическое оксидирование
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Introduction

Magnesium and its alloys are light materials with a density of about 1.8 g/cm3, which is lower 
than that of aluminum (about 2.7 g/cm3), titanium (about 4.5 g/cm3) and steel (about 7.8 g/cm3). 
Magnesium alloys have attracted considerable interest from researchers due to their good specific 
strength, lightness, high damping capacity, and good recyclability [1, 2]. 

Magnesium alloys do not have a protective oxide layer on their surface, unlike stainless 
steel, aluminum and titanium alloys. Therefore, Mg alloys are subject to strong corrosion in the 
marine atmosphere and other environment [2–5]. One of the well-known methods for applying 
ceramic-like coatings to metals and their alloys is plasma electrolytic oxidation (PEO), which 
is used to protect valve metals such as Al, Mg, Ti, Ta, Nb, and others [6–10]. This method is 
based on polarization of the material in electrolyte solutions at voltages that cause the flow of 
microdischarges on the surface of treated materials [11].

Currently, technologies aimed at obtaining the smart coatings are widespread [12]. To date, 
there is a need to develop eco-friendly self-healing coatings [13]. This type of coating has the 
property of self-healing in case of damage, which is based on the gradual release of corrosion 
inhibitors that prevent the material against degradation. In the aerospace industry the intensive 
aluminum corrosion was prevented using Cr(VI) salts, but this inhibitor has a negative (toxic) 
effect to environment. Alternative protection options were developed using coatings based on  
Zr/Ti, rare earth elements, including those based on LDH [12, 14–16].

However, for magnesium, a smaller number of possible protection methods (in comparison to 
Al) can be observed [3, 15], since Mg is a rather active metal. Previously, the coating impregnation 
with 8-hydroxyquinoline [18] was proposed as an additional protection for magnesium with a 
PEO-layer. This treatment made it possible to significantly improve the corrosion resistance of 
the base PEO-coating.

In [14, 19], it was proposed to use LDH as a paint pigment for steel, with the preliminary 
incorporation of 2-mercaptobenzothiazole, which makes it possible to inhibit corrosion processes. 
LDH [17, 18] is the ionic solids with the general formula [(M2+)1–x(M

3+)x(OH)2]
x+[(An–)x/n·mH2O]. 

© Номеровский А. Д., Гнеденков А. С., Синебрюхов С. Л., Гнеденков С. В., 2022. Издатель: Санкт-Петербургский 
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LDH has a hydrotalcite-like structure (the structure of brucite-like layers, that consist of mixed 
metal hydroxides, in which these metals are in an octahedral molecular geometry, and the 
interlayer space is filled with charge-compensating anions and water molecules [22, 23]. Due 
to the peculiarities of this structure, inhibitor molecules can be incorporated in the intercalated 
layers [14, 24–26] and subsequently be released to suppress corrosion [25].

In this paper, we propose the way of preparation and use of LDHs as nanocontainers for the 
protection of the PEO-coated MA8 magnesium alloy. Sodium oleate was chosen as a corrosion 
inhibitor [27].

Materials and Methods

Samples with the size of 20×20×2 mm3 made of MA8 magnesium alloy were used in this work 
as a substrate. The specimens were preliminarily processed on a grinding machine using an emery 
paper with a grit of P320, then washed with isopropyl alcohol and air-dried.

The following coatings were formed on MA8 magnesium alloy: base PEO-coating (MA8-
PEO), PEO-coating containing LDH (MA8-PEO-LDH), and PEO-coating containing LDH 
and treated with an inhibitor (MA8-PEO-LDH-oleat).

PEO treatment was carried out in an electrolyte containing 15 g/L Na2SiO3·5H2O and 5 g/L 
NaF in the bipolar mode. The duration of the process was 600 s. During the entire oxidation 
process, the potential of the cathode phase was maintained equal to -30 V, and the potential of 
the anode phase increased linearly from 30 to 300 V. The pulse duration was 30 ms with a pause 
for each phase.

To obtain LDH the treatment of the PEO-coating [24, 25] was carried out in a solution 
containing 50 g/L EDTA-Na, 40 g/L NaOH, 5 g/L Al (aluminum granules were preliminarily 
dissolved in sodium hydroxide). The samples were immersed in the solution and soaked for 48 h 
at 60 ℃ (hot solution treatment).

Treatment with the inhibitor was performed in a solution containing 0.1 M sodium oleate for 24 h.
An AUW120D analytical balance (Shimadzu, Japan) was used for sample weighting. To control 

the coating thickness, a VT-201 eddy current thickness gauge (KID, Russia) was used. SEM 
images and element distribution maps were obtained using an EVO 40 electron microscope (Carl 
Zeiss, Germany). X-ray phase analysis (XRD) was performed on a D8 Advance diffractometer 
(Bruker, USA). Electrochemical measurements were carried out using a VersaSTAT MC 
electrochemical station (Princeton Applied Research, USA) in a 3.5 % NaCl solution in a three-
electrode cell with an Ag/AgCl electrode as a reference electrode and Pt mesh as a counter one. 
The impedance spectra and polarization curves were processed using the ZView® and CView® 
programs, respectively (Scribner, USA).

Results and Discussion

The thickness of the resulting coatings for all samples was 15 ± 2 μm. The weight gain for 
the MA8-PEO-LDH sample was equal to 0.8 mg compared to MA8-PEO, and for the sample 
impregnated with the inhibitor, the weight gain was equal to 0.4 mg compared to MA8-PEO-
LDH. For samples with PEO-coating containing LDH, a change in the color of the coating was 
noted. The original PEO-coating was white, PEO-coating with inhibitor free LDH was yellow. 
The color of the MA8-PEO-LDH coating did not change when treated with an inhibitor. 

Fig. 1. XRD patterns of MA8, MA8-PEO, MA8-PEO-LDH samples



200

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

The XRD patterns (Fig. 1) and EDX maps of the distribution of elements (Fig. 2) 
indicate the formation of the layered double hydroxide (Mg-Al-LDH) phase (Mg0.667Al0.333)
(OH)2(CO3)0.167(H2O)0.5. The main phases of the base PEO-coating such as (Mg, MgO (periclase), 
Mg2SiO4 (forsterite)) are presented in the MA8-PEO-LDH sample. The element composition of 
the sample is as follows (wt.%): O, 46.0; Mg, 26.6; C, 15.1; Si, 7.8; Al, 3.2; Na, 1.3.

The surface morphology of MA8-PEO-LDH is shown in the SEM image (Fig. 2). This 
protective layer has a structure, which is typical for PEO-coating. According to the EDX maps, 
one can note the homogeneity of the distribution of Mg, Si, O in the PEO-coating. Aluminum is 
also homogeneously distributed over the sample surface (3.2 wt.%). This means that the process 
of formation of the LDH was successful. The high-resolution SEM image (Fig. 3) of the LDH-
containing PEO-coating shows areas with a lamellar structure, which corresponds to LDH, that 
is in accordance with [3, 12, 20, 25]. It should also be noted that not whole PEO-coating was 
covered with LDH crystallites, since PEO-coating structure was detected among the LDH. Fig. 3 
shows that LDH formation was mainly occurred in porous part of the PEO-layer.

Fig. 2. SEM image and EDX maps of the MA8-PEO-LDH

Fig. 3. SEM image of the MA8-PEO-LDH

Table 1
Electrochemical characteristics of the samples in 3.5% NaCl

Sample βa, mV βc, mV Ec, mV, vs 
Ag/AgCl Ic, mA/cm2 Rp, Ω∙cm2 |Z|f=0.1Hz, 

Ω∙cm2

MA8 43.3 169.9 –1512.2 16.67 8.7∙102 6.7∙102

MA8-PEO 97.2 251.6 –1411.2 0.41 7.4∙104 8.4∙103

MA8-PEO-LDH 135.3 543.7 –1422.2 0.35 1.4∙105 1.7∙104

MA8-PEO-
LDH-oleat 44.9 267.6 –1391.8 0.26 1.7∙105 2.1∙105

Notations: βa, βc, Ec, Ic, Rp, |Z|f=0.1Hz are the anodic and cathodic slope of Tafel curves, corrosion potential, 
corrosion current density, polarization resistance and impedance modulus at 0.1 Hz, respectively.
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The analysis of the potentiodynamic polarization curves (Fig. 4, a) shows a shift in the corrosion 
potential to the positive direction for coated MA8 samples. The curves for MA8 with different types 
of protective coatings lies in the same region. A decrease in the corrosion current density indicates 
a positive effect of LDH formation on the surface of PEO-layer. The results of electrochemical 
impedance spectroscopy (Fig. 4, b, c, d) show high protective properties of the LDH-containing 
coatings. The analysis of the Bode plot clearly shows the positive effect of the presence of LDH in 
the structure of the protective coating, an increase in impedance modulus is noted over the entire 
frequency range. Treatment with sodium oleate also increases the impedance values as compared 
to the specimen with inhibitor free LDH-containing coating. The electrochemical characteristics 
of MA8 alloy sample with and without protective coatings are presented in Table 1.

Conclusion

The Mg-Al-LDH was formed on the PEO-coating containing MgO and Mg2SiO4 using hot 
solution treatment. The obtained LDHs have a positive effect on the stability of the coating 
obtained by the PEO method in the corrosive environment. The impedance modulus measured 
at the lowest frequency (0.1 Hz) resistance was increased as compared to one for sample without 
coating. The corrosion current density decreased after forming a ‘smart coating’ on MA8 Mg 
alloy. Inhibitor treatment also improves the corrosion resistance of the protective coating. This 
work allows us to suggest the effective way of self-healing coating formation on the surface of 
PEO-treated magnesium alloy.
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Abstract. Developing anti-icing coatings is an important topic for many scientists. In 
this work, we describe composite coatings prepared by a combination of plasma electrolytic 
oxidation and deposition of polytetrafluoroethylene from suspension. The composite layers 
obtained had high strength and adhesion to metal, which made it possible to use them in 
extreme environmental conditions. The change in the adhesion strength of ice to the coating 
surface was considered with various methods for forming composite layers on the surface of 
the metal and compared with the base PEO layer. The wettability of the resulting coatings as 
well as the relationship between the contact angle and the ice adhesion strength were evaluated. 
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Аннотация. Разработка способов снижения образования льда на различных 
конструкциях представляет большой научный и практический интерес. В данной работе 
рассмотрено использование композиционных покрытий, полученных комбинацией 
методов плазменно-электролитного оксидирования и осаждения политетрафторэтилена 
из суспензий. Полученные композитные слои обладают высокой прочностью и 
адгезией к металлу, что позволяло использовать их в экстремальных условиях. В работе 
рассмотрено изменение прочности сцепления льда с поверхностью покрытий при 
различных способах формирования композиционных слоев на поверхности металла 
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и проведено сравнение с базовым ПЭО-слоем. Оценена смачиваемость полученных 
покрытий водой, а также взаимосвязь между контактным углом и прочностью сцепления 
льда с покрытием.

Ключевые слова: титан, антиобледенительные покрытия, защитные покрытия, 
композиционные покрытия, плазменное электролитное оксидирование, 
ультрадисперсный политетрафторэтилен

Финансирование: Формирование композиционных покрытий и исследование 
прочности адгезии льда с поверхностью выполнены в рамках гранта РФФИ (проект 
№ 13020-29-19 мк). Изучение взаимосвязи смачиваемости полученных покрытий с их 
морфологией и составом проводились в рамках государственного задания Министерства 
науки и высшего образования Российской Федерации, Россия (проект № FWFN-2021-
0003).
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Introduction

Ice accretion is one of the main problems that arise during operation of various equipment 
in the coastal regions of the Far North and in winter [1–3]. It leads to many problems that 
can cause the loss and destruction of equipment. Increased mass of the structure is one of 
the main problems for ships and aircraft, consequently increasing the consumption of fuel, 
and potentially leading to complete breakdown of equipment due to large quantities of ice. 
Furthermore, as water penetrates into cracks and surface defects, they expand, grow and violate 
the integrity of the structure, which can also cause breakdowns and even destruction under 
operating conditions.

The body of research on preventing the formation of ice on the surface of metal structures has 
accumulated as interest grew towards oil fields located in the Arctic Ocean. The conditions under 
which mining is carried out contribute to ice formation on the surface of structures. To protect 
ships, aircraft and mining structures, various anti-icing coatings were developed.

Most studies aimed at obtaining anti-icing coatings are associated with the formation of 
hydrophobic layers on the surface with high contact angles and low contact angle hysteresis 
[2–7]. This is ensured by the formation of a developed surface structure with the formation 
of micro- and nanoscale irregularities, which make it possible to achieve a superhydrophobic 
surface. However, at low ambient temperatures, with constant contact with a supercooled drops 
of water in the air, an ice can form at developed surface. That leads to damage to the structure 
and loss of the original superhydrophobic and anti-icing properties. At the same time, attempts 
to remove this ice from the surface can lead to further damage to a layer up to its detachment 
from the substrate.

To prevent this destructive process, it is necessary to change the principles underlying the 
formation of protective surfaces. Since one of the main problems observed when using protective 
coatings is the surface structure developing that ice can very easily adhere to, producing a flat 
and smooth surface which reduces the level of ice contact with the material. Fabricating smooth 
coatings is a more technologically simple method of forming anti-icing coatings, which also 
produces surfaces with high anti-corrosion properties through isolating the substrate from the 
environment with a strong surface layer. Nevertheless, for a better level of surface anti-icing, 
the protective layer had to be made of a material with strong hydrophobic properties, such as 
polytetrafluoroethylene [8, 9].
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In this work, a protective composite coating was formed on the commercially pure titanium 
VT1-0 using polytetrafluoroethylene [8, 9]. To form composite layers, two types of fluoropolymer 
suspensions were used: commercial suspension F4-d and isopropanol suspension of superdispersed 
polytetrafluoroethylene (SPTFE). Changes in the adhesion strength of ice to the surface depending 
on the processing method and processing conditions were considered.

Materials and Methods

Commercially pure titanium VT1-0 (98.6% Ti, 1.4 % impurities) was used as the substrate 
material for manufacturing the samples. The dimensions of the samples were 50×50×1 mm3. 
Before coating, the samples were subjected to mechanical processing with sandpaper with a 
decrease in abrasive grain size to 30 μm. The samples were then washed with deionized water and 
alcohol using an ultrasonic bath for 5 min.

The coating was formed by plasma electrolytic oxidation in a phosphate electrolyte containing 25 
g/l sodium phosphate (Na3PO4). The process was carried out in two stages using a potentiodynamic 
mode. In the first stage, the potentiodynamic voltage changed from 80 to 300 V, at a rate of 
1.83 V/s. In the second one, the voltage was decreased from 300 to 240 V, at a rate of 0.1 V/s. 
During the process, the electrolyte temperature was maintained at a level of about 16 ºC using 
a ChillerSmart H150-3000 cooling unit (LabTech Group, UK). After that, the samples were 
washed and dried in an oven at a temperature of 105 ºC.

The composite coating was formed by immersion in an industrial aqueous suspension F-4d at 
an angle of 15º to the horizon and holding for 60 s, followed by slow withdrawal at a rate of 60 
mm/min and air drying. Then the samples were subjected to heat treatment at 365 ºC for 20 min. 
Heat treatment was carried out after each application of the fluoropolymer to obtain a smooth 
uniform surface of composite coating.

The second method consisted in vertical immersion of the samples with base PEO-coating in 
an alcohol suspension with SPTFE concentration 15% for 10 s, after which they were removed 
and dried in air. Samples with deposited polymer were etched for heat treatment in an oven at 
315 ºC for 15 min.

Samples with composite coatings formed with both polymers were processed from 1 to 3 times.
Samples subjected to plasma electrolytic oxidation will be referred to as the Basic PEO layer. 

Samples with composite coatings receive the designation SS with the designations of one- (1X), 
two- (2X) and three-fold (3X) application of fluoropolymer materials and an indication of 
the source of the material for application: commercial suspension (F-4d), and suspension of 
superdispersed polytetrafluoroethylene (SPTFE).

To determine the ice adhesion to the surface the shear test was carried out. An ice column of 
deionized water 30 mm in diameter and 7 ml in volume was formed on the surface of the sample 
at a temperature of –10 ºC. After that, the sample with the formed column was fixed in on a 
rigid frame and, under constant cooling, an increasing load was exerted on the column with a rod 
with a diameter of 5 mm at 1 mm from the sample surface using an AG-Xplus Universal Testing 
Machine (Shimadzu, Japan). At the moment of ice shear, the obtained load values were recorded 
and compared with those obtained for the base PEO-layer.

The wettability of the coatings was studied by the sessile drop method using a DSA-100 (Krüss, 
Germany). The sessile drop method measures the optical contact angle (CA) and is used to evaluate 
the wetting properties of a localized region of a solid surface. Distilled water was used as the test 
liquid. To take into account the gravitational distortions of the contour of a drop under its own 
weight, the Young–Laplace method was used in this work when calculating the contact angle.

Results and Discussion

The base PEO-coating formed on titanium has high hydrophilic properties, which are due to their 
composition (titanium dioxide) and a developed surface, on which the pores and micron size defects, 
due to which a capillary effect occurs, are presented. Due to this, during icing, the base PEO-layer is 
easily covered with a thick layer of ice. At the same time, during the formation of ice, the volume of 
water, that has penetrated into the pores and defects, expands, causing the formation of larger cracks, 
ruptures and undermining the PEO-layer. During shear, the cracked parts of the PEO-coating will 
finally break (Fig. 1), removing not only the ice column, but also part of the protective coating. This 
is the reason for such a high adhesion strength of ice to the surface, which can be observed in Table 1.
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Comparing the adhesion strength of the ice to the base PEO-layer and composite coatings 
of the two types, we can trace noticeable changes even after a single application. Thus, for 
composite coatings obtained using SPTFE, the ice adhesion strength to the coating decreased by 
more than 4 times compared the sample with base PEO-coating. This was due to the change in 
the level of interaction between water and the surface. Due to the hydrophobicity of PTFE, fewer 
spots are available for the ice formation, which reduces the ice adhesion to the coating. However, 
the adhesion strength is still high due to presence of open pores and defects in the coating, 
forming cavities and irregularities to which the ice can still adhere (Fig. 1). The processing of 
composite coatings with SPTFE affects the change in the adhesion force of ice to the surface. 
Triple application of polytetrafluoroethylene on the base PEO-coating reduces the ice adhesion 
strength to the surface by 6 times. This is due to penetration of PTFE into the pores and defects of 
the coating. This decrease is the result of obtaining smooth surface with small amount of defects 
compared to the PEO-coating or composite coatings obtained with single and double treatment 
with SPFTE (Table 1).

Fig. 1. Schematic representation of ice adhesion to various types of coatings

Tab l e  1
Strength of ice adhesion to the surface of samples 

for different processing methods

Coating Ice adhesion 
strength (kPa)

Base PEO-layer 653
СС-1Х–F-4d 27
СС-2Х–F-4d 17
СС-3Х–F-4d 5

СС-1Х–SPTFE 157
СС-2Х–SPTFE 111
СС-3Х–SPTFE 107
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At the same time, composite coatings formed using the commercial suspension F-4d have an 
even lower ice adhesion strength between to the surface. This is caused by the formation of a more 
uniform and smoother fluoropolymer film on the surface, which closes pores and defects, and evens 
out most of the irregularities on the coating surface providing fewer contact points. This reduces the 
ice adhesion strength to the coating by more than 20 times. Further observation and evaluation of 
the adhesion strength of the coating to the surface showed that a single application does not provide 
the most uniform distribution of the polymer over the surface. There are still some defects that the 
ice can catch on. Further processing of the composite coating makes it possible to obtain a more 
uniform distribution of the polymer over the coating, which reduces the adhesion force of ice to the 
surface by more than two orders of magnitude in comparison with base PEO-layer.

The wettability of the obtained coatings is an important indicator of ice adhesion probability 
since they are in close contact with water. Depending on wettability, the composite coatings have a 
certain chance to prevent ice growth. However, as can be seen from the values in Table 2, the ice 
adhesion in the event of ice formation also depends on which contact angle provides the coating.

Analyzing the wettability of the PEO-layer, we established that the coating possesses hydrophilic 
properties (Table 2). Because of this, water actively interacts with the coating and penetrates into 
the pores of the layer. In the process of water freezing and ice is formed, the ice is locked and fixed 
on the surface due to a large number of pores and defects, which leads to the high of ice adhesion.

However, it should be noted that there is no direct correlation between the wettability of the 
composite coatings and the ice adhesion to their surface (Table 2). Thus, the wettability of compos-
ite coatings obtained using the F-4d suspension is higher than that of the layers formed using the 
SPTFE suspension (Table 2). However, the latter’s adhesion to the surface is much higher (Table 
1). This is explained by the difference in the structure of the composite layer. Therefore, F-4d can 
be used to form a smooth and thick polymer film on the surface, which exhibits low hydrophobic 
properties. Hydrophobicity also decreases with increasing multiplicity of treatment due to increas-
ing surface continuity. At the same time, SPTFE envelops the already existing PEO-layer surface 
relief, retaining most of the protrusions and irregularities that crystallizing ice can catch on during 
formation, which provide high wetting angles of the coating, but the presence of a fluoropolymer 
on the surface reduces the adhesion force of ice to the treated surface.

Thus, it can be concluded that a more important parameter in the formation of anti-icing coat-
ings is to obtain a smooth surface with a minimum number of defects, and not to achieve high 
hydrophobicity or superhydrophobicity of the surface. However, low wettability as such is still an 
important factor in the case of a decrease in the ice adhesion to the surface of the material.

Conclusion

In the course of the work, composite coatings were obtained on commercially pure titanium 
VT1-0 using a 15 % alcohol suspension of SPTFE, and commercial suspension F-4d. Studies have 
been carried out on ice adhesion to the surface of coatings, which showed a strong decrease (by 
6 times) in the ice adhesion strength to the surface for the surface layers obtained using SPTFE, 
and by two orders of magnitude for composite structures formed with using the commercial 
suspension, compared to the base PEO-layer. The wettability of the obtained surfaces was also 

Tab l e  2
Changes in contact angle depending on processing

Processing type Contact angle (º)
Base PEO-layer 72.2

СС-1Х–F-4d 115.7
СС-2Х–F-4d 114.6
СС-3Х–F-4d 111.3

СС-1Х–SPTFE 98.2
СС-2Х–SPTFE 141.2
СС-3Х–SPTFE 137.1
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studied to identify the main causes affecting the ice adhesion to the surface. The resulting smooth 
films have the lowest strength of ice adhesion to the surface due to the small interaction between 
the ice and the surface, as well as the absence of any large number of surface irregularities that 
crystallizing ice can catch onto.
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Abstract: Plasma electrolytic oxidation has been used to create a sublayer on aluminum 
alloy to form a composite coating to improve the corrosion properties of the processed 
material. The evolution of protective characteristics of the resulting coatings were examined 
by potentiodynamic polarization during the exposure in a salt spray chamber. The absence 
of pittings after a 10-day test for the entire series of composite coatings on aluminum alloy 
confirms the high level of barrier properties of the coated samples.
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Влияние УПТФЭ на коррозионное  
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Аннотация. Плазменное электролитическое оксидирование использовали для создания 
подслоя на сплаве алюминия для формирования композиционного покрытия для улучшения 
коррозионных свойств обрабатываемого материала. Изменение защитных характеристик 
сформированных покрытий оценивали методом потенциодинамической поляризации в 
ходе проведения испытаний в камере соляного тумана. Отсутствие точечной коррозии после 
10-дневного испытания для всей серии композиционных покрытий на сплаве алюминия 
подтверждает высокий уровень защиты, обеспечиваемый образцами с покрытиями.

Ключевые слова: плазменно-электролитическое оксидирование (ПЭО), композитное 
покрытие (КП), потенциодинамическая поляризация, испытания в камере соляного тумана
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Introduction
In order to provide protection against long-term corrosion, aluminum parts are coated by 

various protection methods: anodizing, painting, and others. Another modern method of corrosion 
protection is plasma electrolytic oxidation (PEO) [1,2]. However, such oxide layers possess a porous 
structure. Pores could be the pathway for corrosive media to the substrate. In order to overcome 
this drawback, a composite coating comprising a combination of paint applied to a PEO-coating 
could be formed. Additionally, the paint itself could be modified by different fillers aimed at 
providing new functional characteristics. Examples include biofouling coatings, which advance 
mainly in two directions: hydrophobic fouling-release and biocide-free coatings based on siloxanes 
and fluoropolymers that reduce the attachment of organisms, and antifouling systems, in particular, 
new environmentally friendly biocides with reduced toxicity and regulated leaching rates. To modify 
the paint, we have used the unique fluoropolymer material, superdispersed polytetrafluoroethylene 
(SPTFE) [3,4,5], which is a micropackage of nanofilms. Such coatings should possess high level 
of corrosion protection. Salt spray testing is an accelerated corrosion test that produces a corrosive 
attack to coated samples in order to evaluate the suitability of the coating. This paper reports on the 
evolution of electrochemical properties of a composite coating formed by spray coating of the PEO 
layer with the paint modified by SPTFE during salt spray testing.

Materials and Methods

Rectangular plates of the AlMg3 aluminum alloy with size of the 50 mm×50 mm×2 mm were 
used for the experiments. all samples were subsequently ground with SiC sand papers from 120 to 
1200 grit, washed with distilled water, air dried and degreased with alcohol. 

Plasma electrolytic oxidation (PEO) is an electrochemical surface treatment process for 
generating oxide coatings on valve metals. Process of PEO was carried out in the electrolyte, 
containing 20 g/L Na2SiO3·5H2O, 10 g/L Na2B4O7·10H2O, 2 g/L NaF, and 2 g/L KOH, dissolved 
in deionized water. All samples were processed in two stages in bipolar mode, with periodic 
alternation of cathodic and anodic pulses. At the first stage, the voltage in the anodic period 
increased from 30 to 540 V with a sweep rate of 3.4 V/s, and then the voltage value was fixed at 
540 V for 750 s. In the cathodic period, the current was held at 6.5 A for 900 s. The duty cycle 
was equal to 1. The presented electrolyte composition and mode parameters allowed us to obtain 
thick surface layers with a developed surface [1].

On the formed PEO coating, 5 types of paints were applied by spraying. Jotun SeaForce 30 
was chosen for modification. SPTFE was added to this paint in different concentrations from 0 
to 20 wt.%. As a result, 5 composite coatings were obtained for further study.

Morphology of surface was investigated by a field emission scanning electron microscope 
(SEM) Sigma 300 VP (Carl Zeiss, Germany).

The electrochemical properties of the coatings were investigated using the VersaSTAT MC 
electrochemical system (Princeton Applied Research, USA). The measurements were carried out 
in a three-electrode cell at room temperature in a 3% NaCl solution. A platinum-coated niobium 
mesh was used as a counter electrode, and a calomel electrode was used as a reference electrode. The 
working area of the sample was 1 cm2. To establish the corrosion potential ЕС the samples were kept in 
a solution for 30 min. Potentiodynamic measurements were carried out with a sweep rate of 1 mV/s.

© Изотов Н. В., Егоркин В. С., Харченко У. В., Вялый И. Е., Минаев А. Н., Синебрюхов С. Л., Гнеденков С. В., 2022. 
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Salt spray tests [5, 6, 7] were carried out in a salt spray chamber according to GOST 30630.2.5-
2013. 5% solution NaCl was sprayed for 15 min every 45 min. The temperature in the S120 
salt spray chamber (Ascott Analytical Equipment Ltd, UK) was maintained at 27 ± 2 ºC. The 
duration of the test was 10 days with an intermediate analysis after 4 days of exposure. Coatings 
were rinsed by deionized water and dried at room temperature for 120 min. 

Results and Discussion

The morphology of the PEO coating and composite coatings is shown in Fig. 1.
Analysis of the surface morphology of the coatings (Fig. 1), the following can be noted: PEO 

coating has porous and convoluted morphology, which ensure stable adhesion with paint, sprayed 
paint without the addition of SPTFE and with 5% SPTFE has the same morphology, subsequent 
increase in the concentration of SPTFE leads to appearance of a large number of depressions, 
which, when the concentration of SPTFE is brought to 15%, begin to combine. 

The formed PEO coating has a thickness of 45±5 µm (Fig. 2). The application of a paint on 
a PEO coating resulted in an increase in the coating thickness to 120±12 µm. Fig. 2 shows that 
paint fills the pores of the formed PEO coating.

The electrochemical characteristics of the studied samples were evaluated by potentiodynamic 
polarization. The polarization curves taken for the samples under study are presented in Fig. 3.

Fig. 1. Morphology of the studied coatings: PEO-coating (a), 
CC without SPTFE (b), CC with 5% SPTFE (c), CC with 10% SPTFE (d), 

CC with 15% SPTFE (e), CC with 20% SPTFE (f)

Fig. 2. Morphology of the studied coatings (sections): PEO-coating (a), 
CC without SPTFE (b), CC with 5% SPTFE (c), CC with 10% SPTFE (d), 

CC with 15% SPTFE (e), CC with 20% SPTFE(f)
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Analysis of the data in Fig. 3 showed that all protective coatings have a lower corrosion current 
density compared to pure aluminum AlMg3 (3.47·10–7). Composite coatings also showed increased 
barrier properties compared to PEO coatings (4.80·10–8). The lovest value of corrosion current 
density was demonstrated by the CC with the addition of 5% SPTFE to the paint (1.88·10–10). 
Relative to this CC, in both directions there is an increase in y by an order of magnitude without 
SPTFE in the coating (1.56·10–9) and with 10% SPTFE in the coating (2.79·10–9). A further in-
crease in the concentration of SPTFE leads to another increase in the corrosion current density 
by one order of magnitude (1.19·10–8 for 15%, 1.95·10–8 for 20%). 

The appearance of the samples during testing changed as the aluminum alloy became covered 
with a corrosive film, the PEO coating became darker (initially light gray) due to water uptake but 
without visible corrosion damage, and the composite coatings remained unchanged. 

Fig. 4 shows the bar graph with a change in the corrosion current density depending on the 
exposure time in the salt spray chamber.

It follows from analysis of the obtained electrochemical parameters that the sample with a 
composite coating with 5% SPTFE has the best characteristics. Fig. 4 shows that the corrosion 
current density did not change significantly over 10 days for this sample. The same changes are 
observed in the sample with a composite coating without SPTFE, but this coating initially has 
an order of magnitude higher corrosion current density (see Fig. 3). The remaining composite 
coatings have, on average, an increase in the corrosion current density by one order of magnitude 
(for a concentration of 10% SPTFE, it is slightly less, for a concentration of 20% SPTFE, more 
than one order of magnitude). We can assume from analyzing Fig. 4 that the barrier properties of 
the paint, with and without the addition of SPTFE, decrease with increasing exposure time in the 
salt spray chamber. However, due to the unchanged morphology with the addition of 5% SPTFE, 
it could be assumed that this coating will have better characteristics among the presented coatings 
and will be capable of withstanding approximately 30 days of exposure. 

Fig. 3. Potentiodynamic polarization curves for the studied samples taken in 3% NaCl

Fig. 4. Corrosion current density vs. exposure time in the salt spray chamber
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Conclusion

As a result of the performed study, it was found that adding 5% of SPTFE to paint leads to a 
significant increase of the protective properties. Thus, the value of corrosion current density for 
this sample is more than three, two, and one order of magnitude lower compared to the uncoated 
sample, PEO-coating, and unmodified CC, accordingly. Despite the fact that appearance of the CCs 
remained unchanged, application of potentiodynamic polarization allowed to unveil the difference in 
the dynamics of changes in the electrochemical parameters of coatings during exposure. These data 
are explained by the fact that adding a small concentration (5% SPTFE) does not lead to a change 
in the morphology of the coating. According to the results of microscopic study, the number of pores 
increases with increased concentration, at the same time the values of corrosion current increase. We 
can thus conclude that an increase in concentration leads to a change in the structure (appearance 
of defects and pores) through which the saline solution penetrates more easily into the substrate.
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Abstract: We considered coatings obtained on a magnesium based substrate with a different 
content of a bioactive component, nanosized hydroxyapatite (HAp). The properties of coatings 
formed by plasma electrolytic oxidation (PEO) in electrolytes containing calcium compounds 
were compared. Coatings obtained in the electrolyte with HAp demonstrated higher strength 
characteristics compared to coatings obtained in the glycerophosphate electrolyte. It can be 
explained by the hardness of the components included in the coating (Mg2SiO4) as well as by 
the presence of hydroxyapatite nanoparticles. Oxidation of composite samples in an electrolyte 
with HAp leads to a decrease in the corrosion current density by 2 orders of magnitude 
compared to this parameter for uncoated samples.
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Аннотация. В данной работе были исследованы ПЭО-покрытия для нужд имплантационной 
хирургии, полученные на магнии с различным содержанием биоактивного компонента – 
наноразмерного порошка гидроксиапатита кальция. Было проведено сравнение свойств 
покрытий, сформированных методом ПЭО в электролитах, содержащих соединения 
кальция. Покрытия, сформированные в электролите с гидроксиапатитом, демонстрируют 
более высокие прочностные характеристики и антикоррозионные свойства, по сравнению 
с покрытиями, полученными в электролите с глицерофосфатом.
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Introduction

Over the recent decades, implant surgery has made a great leap both in the methodological 
approach and in the variety of materials used [1]. Stents, orthopedic implants, including plates, 
prostheses, screws, etc., as well as bone substitute materials, can radically differ in the requirements 
for strength characteristics and surface properties [2–4]. An important role in the orthopedics of 
cortical bones is played by the implant resorption, which, in the case of restoring the functionality 
of the bone, excludes secondary surgical intervention to remove it, thereby improving the quality 
of life and health of the patient [4–6]. Biodegradable magnesium and its alloys evincing huge po-
tential to be used as a new class of implant materials [7, 8] due to outstanding features of biodeg-
radation [9], antibacterial [10], osteogenesis inductivity and some other biofunctional properties 
[11]. Among plenty techniques aimed to reducing the corrosivity of magnesium and its alloys the 
plasma electrolytic oxidation (PEO) is a powerful method for application an oxide coating on the 
metal substrate [12], which significantly reduces the tendency of the metal to corrode and wear 
out. Mg-PEO-coatings can ensure a stable composition, excellent adherence to the substrate and 
controllable surface roughness [13]. Wherein poor bioactivity due to moderation the adsorption 
and reproduction of osteoblast, remaining a disadvantage [14]. Calcium phosphorus compounds 
(specifically, hydroxyapatite – HAp) presence can activate bioactivity of implants [15] and en-
hance the healing process of wound in body fluid environment.  A number of approaches have 
been used with combined PEO technology or as a preliminary step to fabricate calcium phos-
phate protective coatings on the implant surface [16]. It is well known that coating morphology 
and properties of PEO-coating is greatly dependent on the electrolyte and polarization mode. 
Incorporating nanoparticles into PEO-coatings is recognized as a promising and effective method 
for pores filling and introducing some functional properties to PEO-coatings. In present work, 
a versatile approach is proposed to form a PEO-CaP composite coating on Mg-HAp composite 
substrate using in-situ suspending synthesized HAp nanoparticles into the basic sodium silicate 
electrolyte as well as an electrolyte with calcium-phosphate salts (glycerophosphate) at the stage 
of forming a PEO-coating. The influence of hydroxyapatite nanoparticles concentration and 
processing parameters on the dynamics of the growth of the coating, its morphology and com-
position were evaluated and studied with SEM and EDS, respectively. Evaluating the corrosion 
performance of the coatings was held by electrochemical impedance spectroscopy (EIS).

Materials and Methods

Magnesium powder (Mg, purity ≥99.9%, size ≤40 μm, Merck) and pre-synthesized hydroxy-
apatite were used as the basis for biodegradable substrate design. Hydroxyapatite nanoparticles 
(HAp, size ≤80 nm) were obtained by preparing an aqueous solution of (NH4)2HPO4 (Merck) 
and Ca(OH)2 (Merck) through gradual pouring until a suspension was formed. Aging of the sus-
pension were followed by microwave radiation. Resulting precipitate was centrifuged, washed and 
then dried at 343 K overnight. The final powder was subjected to sequential screening through 
sieves with a mesh size of 100–75–20 µm (Cisa, Italy). Magnesium and obtained hydroxyapatite 
powders were mixed in ratios of 97:3 and 93:7 (wt.), dispersed in solvent (ethanol), followed by 

© Сидорова М. В., Подгорбунский А. Б., Герасименко М. С., Синебрюхов С. Л., Гнеденков С. В., 2022. Издатель: 

Санкт-Петербургский политехнический университет Петра Великого.



217

Physical materials technology

evaporation of the solvent followed by continuous stirring. The resulting mixture as well as source 
magnesium powder were proceed using spark plasma sintering on an SPS-515S unit (Dr. Sinter-
LABTM, Japan) at a temperature of 823 К under a constant pressure of 25 MPa at a heating 
rate of 373 К/min. Sintering was carried out in a graphite mold in vacuum (10–5 atm), the 
samples were held at the maximum temperature for 5 min and then cooled for 45 min to room 
temperature. 

The formation of calcium-phosphate PEO-coating on magnesium samples was carried out by 
the PEO in various electrolytes using bipolar modes as described in our previous works [17, 18]. 
The composition of the electrolyte containing calcium glycerophosphate, C3H7CaO6P (25 g/l), 
NaF (5 g/l) and Na2SiO3 (8 g/l) described in [18]. Electrolyte containing HAp nanoparticles (20 
g/l) also included sodium fluoride (5 g/l) and silicate (20 g/l) as well as sodium dodecylsulfate 
(used as a stabilizer) in the amount of 0.5 g/l.

The phase composition of the surface layers was determined on a Rigaku X-ray diffractometer 
(XRD) (SmartLab, Japan), using CuKα-radiation. Bragg-Brentano geometry focusing was used 
in the 2θ angle range from 10º to 80º. Adhesive properties were studied on three samples with the 
same type of coating using Revetest Scratch Tester (CSM Instruments, Switzerland). The experi-
ments were carried out at a track length of 5 mm with a gradual increase of the applied load from 
1 to 30 N (Mg–7–H sample up to 60 N) using a Rockwell diamond indenter. The load, at which 
abrasion of the coating to the substrate occurs were determined, average value and error were 
calculated, the measurement error was up to 3%. The electrochemical tests were carried out us-
ing VersaSTAT MC (Princeton Applied Research, USA). EIS and potentiodynamic polarization 
were performed at room temperature using three-electrode K0235 Flat Cell (PAR, USA) in 0.9 
wt.% NaCl solution. The platinized niobium grid was used as a counter electrode, the saturated 
calomel electrode (SCE) was used as a reference electrode. The area of contact of the sample 
with electrolyte was equal to 1 cm2. The cross sections of the coated specimens were prepared 
using EpoxySet epoxy resin (NA) by cold pouring into a mold with a diameter of 30 mm, then 
polished using a Tegramin-25 polishing machine. The morphology of the cross sections as well 
as sample’s surface were studied by SEM measurements (Carl Zeiss EVO 40 Series and Hitachi 
S5500). Element mapping by means of SEM-EDS measurements were performed by Carl Zeiss 
EVO 40 Series using the AZtec 3.0 SP2 program (Oxford Instruments, USA). 

Results and Discussion

The properties of coatings formed by the PEO in electrolytes containing osteoinductive 
components: calcium glycerophosphate and hydroxyapatite were studied in the work (Table 1).

Using X-ray phase analysis, it was found that the coatings formed in the electrolyte with 
glycerophosphate contain Mg, MgO, Ca5(PO4)3F, Mg3(PO4)2, and those formed in the electrolyte 
with hydroxyapatite contain Mg, MgO, Mg2SiO4.

It has been established that the thickness of the oxide PEO-layers increases with a growth of cal-
cium hydroxyapatite content in the composition of the substrate (Table 1). The adhesive properties of 
the coatings are represented by the parameter LC3, which is the load at which the coating is abraded to 
the metal (Fig. 1). With almost the same thicknesses of the Mg–3–G and Mg–3–Н-coatings, the LC3 

Table 1
Designation of the samples

Ca content 
in the substrate

(wt.%)

Sample/coating thickness*, µm

Bare
+PEO obtained in the electrolyte

with glycerophosphate with HAp

0 Mg–0 Мg–0–G / 73 ± 5 Мg–0–H / 47 ± 8

3 Mg–3 Mg–3–G / 110 ± 8 Mg–3–H / 110 ± 7

7 Mg–7 Mg–7–G / 130 ± 10 Mg–7–H / 186 ± 12
Note . The asterisk corresponds to eddy current measurements.
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values differ significantly and amount to 19.3 N and 24.4 N, respectively. Composition of the substrate 
has a great influence on the adhesion properties of coatings. In the absence of calcium phosphate 
compounds in the substrate composition, the adhesive properties of the Mg–0–G and Mg–0–Н 
PEO-layers are nearly identical, despite a significant (almost 2 times) difference in thickness. The 
Mg–7–G-coating with the maximum content of calcium hydroxyapatite in the substrate reaches 
a thickness of 130 μm, while the thickness of the PEO-layer obtained in the electrolyte with HAp 
nanoparticles is even greater and reaches 186 µm (Mg–7–H-sample).  It should be taken into account 
that the data obtained by the eddy current measurements are somewhat overestimated, but the anal-
ysis of SEM-images of cross sections confirms the indicated trend (see below). This effect can be as-
sociated with the electrophoretic deposition of Hap-particles during the formation of the oxide layer, 
which provides a significant thickness of the coating, not excluding, at the same time, the variation of 
the thickness. Comparing the thickness of the PEO-layers and the LC3 load, it can be concluded that 
coatings formed in the electrolyte with hydroxyapatite have higher adhesive characteristics. It can be 
explained with the hardness of the components including in the coating as well as HAp nanoparticles. 
On the Mohs scale, fluorapatite (Ca5(PO4)3F), contained in the sample Mg–3–G has a hardness of 
5, while the forsterite (Mg2SiO4) detected in Mg–3–H sample has a hardness value of 7. 

During the formation of PEO-coatings on composites obtained by the spark plasma sintering, 
there are differences in the behavior of the current and voltage curves vs treatment time compared 
to traditional curves for wrought magnesium alloy [18]. There is an initial voltage rise with a 
steepness of ~1 V s–1, and the slope is much smaller, while it is “smeared” over the processing 
time (Fig. 2). That process occurs when a barrier film forms on the surface during conventional 
anodizing stage and, according to the absence of a drop in the current density curves, the anodizing 
process continues throughout the treatment. Depending on the surface area and concentration 
of non-metallic additives, modes were selected as increased current density from 0.59 A/cm2 

to 0.97 A/cm2 (Mg–0 → Mg–7). 
The difference in the strength characteristics of the studied coatings is also probably associated 

with different surface morphology of the layers. The coatings formed in the electrolyte with 
hydroxyapatite have a more uniform dense structure, while the coating obtained in glycerophosphate 
electrolyte is characterized by a more “fungous” structure (Fig. 3).

Fig. 1. Appearance of scratches on the coatings at a load of 30 N

Tab l e  2
Corrosion properties of the uncoated/coated samples

Sample Ec(V vs SCE)
Ic(A·cm–2) Rp (Ω·cm2) |Z| (Ω·cm2)

Mg–0 –1.61 1.06·10–5 1.61·102 1.77·103

Mg–3 –1.55 1.21·10–5 4.21·102 3.90∙102

Mg–7 –1.57 2.88·10–5 5.67·102 8.48∙102

Мg–0–G –1.58 1.25·10–6 1.07∙104 1.26∙104

Mg–3–G –1.59 9.80·10–7 2.29∙104 2.96∙104

Mg–7–G –1.57 1.33·10–6 1.46∙104 1.33∙104

Mg–0–H –1.54 7.37·10–7 7.06∙104 4.71∙104

Mg–3–H –1.66 1.27·10–7 4.05∙105 3.32∙105

Mg–7–H –1.69 6.30·10–7 1.52∙105 1.07∙105
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Evaluation of the results of electrochemical studies showed that the spectra for the samples 
Mg–0–G, Mg–7–G on the Bode plot (impedance modulus vs frequency) exhibit the same 
|Z| at low frequencies, while the Mg–3–G-sample shows a greater value of the impedance 
modulus (Fig. 4). The same trend can be traced in the values of the corrosion current density 
and polarization resistance (Table 2). Both PEO-coatings formed on the substrate containing 3 
wt.% hydroxyapatite in two used electrolytes, demonstrated greater corrosion resistance. But the 
coatings obtained in an electrolyte with hydroxyapatite on the Mg–3-substrate, have a higher 
anticorrosion characteristic, compared to the coatings formed in the electrolyte with calcium 
glycerophosphate.

Fig. 2. Evolution of current and voltage with time for bipolar PEO-process 
in electrolyte with HAp; anodic (a) and cathodic (b) phases are presented separately

a)	 b)

Fig. 3. SEM images of the surface of Mg-HAp composites coated with PEO, 
obtained in various electrolytes (a, b) and cross-section of Mg–7–H-sample (c)

a)	 b)	 c)

Fig. 4. Polarization curves and Bode plot for the studied samples



220

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

Conclusion

Coatings formed by the PEO on a composite material containing magnesium and hydroxyapatite 
obtained by spark plasma sintering have been studied. The phase composition of the PEO-
layers is established, which explains their mechanical properties. It has been established that 
the strength of the PEO-layer obtained in an electrolyte with hydroxyapatite (Mg–3–H) is 20% 
higher than the strength of coatings formed in an electrolyte with glycerophosphate (Mg–3–G). 
This mechanism is mainly due to the formation of the silicon-containing forsterite phase with 
high hardness. Coatings formed in an electrolyte with glycerophosphate allows to reduce the 
corrosion current density by 1 order of magnitude compared to untreated samples (from 1.1·10–5 
to 1.3·10–6 A·cm–2). Protective layers obtained in an electrolyte with hydroxyapatite nanoparticles 
further reduce corrosion currents by 2 orders of magnitude: up to 6.30·10–7 A·cm–2. Oxidation of 
composite samples in electrolyte with hydroxyapatite leads to increase in polarization resistance 
and impedance modulus by 3 orders of magnitude against uncoated samples. In addition, it has 
been demonstrated that the uncoated composites sintered with HAp demonstrate better protective 
properties than magnesium samples.
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Аннотация. В статье обсуждаются комплексные исследования химического состава 
и морфологии нанотрубчатых анодных слоев TiO2 на первых этапах зарождения 
пористой структуры методами сканирующей электронной микроскопии (СЭМ), 
Оже-спектроскопии (ОЭС), времяпролетной вторично-ионной масс-спектрометрии 
(ВИМС). Цель такого комплексного исследования — показать профильное 
распределение химических элементов и продуктов реакции на каждой из начальных 
стадий формирования анодного оксида во фторсодержащих электролитах на основе 
этиленгликоля, что позволит расширить представления о механизме порообразования 
в оксиде титана.
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Introduction
Nanostructured titanium oxide currently represents a major research interest due to its possible 

application in the storage of energy sources [1], photocatalysis [2], and solar cells [3].
One of the promising nanostructured modifications of titanium oxide is nanotubular anodic 

titanium oxide (TiO2 NTs). The anodic formation process makes it possible to create not only 
a highly ordered TiO2 NTs array on a titanium substrate, which facilitates the formation of 
electronic structures based on them but also allows very precise control of geometric parameters 
during growth, in contrast to classical powder nanomaterials based on TiO2 [4]. Despite the 
extensive studies of the structure-properties based on TiO2 NTs, the nucleation and growth 
mechanism of pores is still not fully clear. 

In this article, the distributions of chemical elements and ionic fragments of nanotube titanium 
oxide during the formation stages were demonstrated by Auger spectroscopy and time-of-flight 
secondary ion mass spectrometry methods.

Materials and Methods

TiO2 NTs were formed on titanium foil (0.89 mm thick, 99.7% metal basis, Alfa Aesar). The 
substrate was pretreatment in acetone in an ultrasonic bath for 15 min. Prior to anodization, 
substrates were chemically polished in HNO3:HF solution during 120 s, then washed in deionized 
water (18.2 MΩ) and dried in an air stream. The electrochemical growth of titanium oxide was 
carried out in a potentiostatic mode (60 V) and a temperature of 20 ºC. A platinum grid was used 
as a counter electrode. Anodizing was performed in 98 vol.% ethylene glycol with the addition 
of 0.3 vol.% NH4F and 2 vol.% H2O. After anodizing, the samples were washed in ethyl alcohol 
and dried in an air stream. Subsequently, ready samples were not subjected to heat treatment and 
remained in the amorphous state.

Fig. 1 shows a typical chronoamperometric curve of the 
nanotubes layer growth process with highlighted formation 
stages (1, 2, 3) and critical current density points A, B, C. 
These critical points were chosen to analyze the chemical 
composition of the samples by the depth. 

At the beginning of the anodizing process (i.e., when a 
potential is applied) in stage 1, the current sharply decreases 
to a critical value due to the formation of an initial oxide 
layer with high resistance. The current rises as the pores 
develop to a local maximum (stage 2). Finally, the current 
reaches a constant value in stage 3, when the equilibrium 
state of the formation of TiO2 is reached, which is achieved 
by the equality of the oxide formation rate at the metal/oxide 
interface and the dissolution rate at the oxide/electrolyte 
interface [5].

Research methods for titanium oxide

Morphological characterization of anodized samples was employed by scanning electron mi-
croscopy (FEI Quanta 3D FEG). No charging effects were observed; therefore, no additional 
coatings on the samples were required. The accelerating voltage used for imaging was 3 kV and 
the working distance was 4 mm.

© Дронова Д. А., Гаврилов С. А., Дронов А. А., 2022. Издатель: Санкт-Петербургский политехнический университет 

Петра Великого.

Fig. 1. Сhronoamperometry curve 
for growth of nanotube TiO2 layer
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The AES system used for investigations was Physical Electronics PHI-670xi Scanning Auger 
Nanoprobe. The argon ion gun operated at 2 kV with ion current 0.35 A was used for sample 
surface sputtering during depth profiling. The etching rate was controlled by a 1 × 1.5 mm2 ion 
beam raster. Depth profiling over an area was performed at the primary electron beam energy of 
10 keV and a current of 20 nA. A profile research of the composition of the TiO2 oxide layer was 
carried out on an area 75–100μm in diameter by a primary electron beam.

Time of flight secondary ion mass spectrometry investigations was performed on TOF.SIMS-5 
instrument (IonTOF GmbH, Germany). For depth profiles acquired in this study, 500V Cs+ with 
40 nA current was used to create a 300 µm by 300 µm area, and the middle 100 µm by 100 µm 
area was analyzed using a pulsed 0.6 pA Bi3

++ primary ion beam at 30 kV accelerating voltage with 
14 ns pulse width and 112 ns buncher delay.

Results and Discussion

Point A
As can be seen from the SEM image (Fig. 2, a), during the first 6 seconds of anodizing, a textured 

dense titanium oxide layer of about ~23–26 nm thickness is formed on the surface of the titanium foil.
Two types of carbon, one of which is hydrocarbon contamination (Csurf) and the other 

corresponds to the carbide state of carbon in the oxide film volume (Cvol), can be seen in the 
depth distribution graph obtained by Auger-electron spectroscopy (Fig. 2, b). A more detailed 
description of the features of the analysis and the rationale for the choice of the analyzed peaks 
of chemical elements are presented in our previous work [6]. Surface contamination disappears 
almost completely at about a depth of 10 nm, while the signal of carbide begins to drop noticeably 
only at a depth of about 20 nm. The carbide form of the carbon Auger peak can be associated 
with chemical bonds of titanium with organic fragments, i.e. the Ti-C bond [7].

The presence of fluorine atoms in the structure is associated with the use of fluoride electrolytes, 
the anions of which are incorporated into the film during growth. In addition, as was shown in 
[8], F– ions have a higher migration rate through the titanium oxide film as compared to oxygen 
ions O2–. This speed difference results in the formation of a fluorine-rich layer at the interface 
between the oxide and the titanium substrate. 

Secondary ion time-of-flight mass spectrometry (TOF.SIMS) was used to establish the chemical 
bonds of fluorine and carbon with other elements in the oxide. The possible chemical bonds and 
their variations of fluorine and carbon in the TiO2 oxide layer can be determined by analyzing the 
depth distribution of ionic fragments. 

From the results of TOF.SIMS profile analysis (Fig. 2, c) we can see that on the surface of 
the oxide (about 5 nm) there is an increased intensity of organic contamination, represented by 
the ionic fragment CH3O

–, which gradually decreases and is probably associated with the residual 
reaction products from the electrolyte.

The ionic fragment of TiF4
– repeats the shape of the distribution from fluorine in the AES 

method. The intensity of the TiF4
– fragment is at the upper limit of sensitivity of the device (105). 

The shape of the distribution of the TiC– ion fragment also repeats the shape of the distribution 
of Cvol by AES.

Fig. 2 Cross-sectional SEM images for an array of TiO2 detached from Ti foil (a), 
AES profile analysis (b) and TOF.SIMS profile (c) at point A

a)	 b)	 c)
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From the depth distribution profile of TiO2, it can be said that the oxide layer formed during 
the first 6 seconds of anodizing was about 25 nm, which agrees with the SEM image and the 
AES profile analysis. It is known that hydrocarbon contamination as well as matrix modification 
during ion sputtering changes the yield of secondary ions. This effect can influence the decrease 
of signal intensity from TiF4

– and TiC– ion fragments after removal of hydrocarbon-contaminated 
layer by ion sputtering.

Point B

At point B, the pores continue to grow (Fig. 3, a). At the previous anodization point, Cvol was 
practically not observed in the fluorine-enriched area. At point B, the Cvol concentration decreases 
from 10 to 5 at.% in the fluorine-enriched layer volume (Fig. 3, b). It should be noted that the 
highest carbon concentration is within the first 20–100 nm and is probably the thickness of the 
initial layer, which forms a porous crust over the nanotube array, which correlates with the results 
of SEM image. This is also confirmed by the results of the TOF.SIMS profile analysis (Fig. 3, c).

Point C

At point C, the pores become titanium oxide nanotubes (Fig. 4, a). According to the AES 
analysis at point C (85 s of anodization) (Fig. 4, b), the distribution of Cvol and F in the titanium 
oxide volume is uniform and is about 15 at.%. In previous work [6], we showed that a single TiO2 
nanotube has a three-layer structure, where Cvol is only in the inner layer of the tube, and fluorine 
is only contained on the outer part of the nanotube. The analysis of the TOF.SIMS depth profile 
(Fig. 4, c) shows that the CH3O

– ion fragments have a stable intensity from 100 to 500 nm, which 
indicates the presence of reaction products from the electrolyte in the tube array. The AES data 
confirm this, but due to the low sensitivity the hydrocarbon signal does not exceed 1–0.5 at.%. 
The distribution of the profile of the remaining ionic fragments confirms the results of the AES 
depth analysis.

Fig. 3 Cross-sectional SEM images for an array of TiO2 detached from Ti foil (a), 
AES profile analysis (b) and SIMS profile (c) at point B

a)	 b)	 c)

Fig. 4 Cross-sectional SEM images for an array of TiO2 (a), 
AES profile analysis (b) and SIMS profile (c) at point C

a)	 b)	 c)
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Conclusions

It can be concluded that a compact initial layer of titanium oxide is formed on the titanium 
surface at the first stage of anodizing. Then, fluorine and oxygen ions diffuse through it, under the 
influence of an electric field, to form a fluorine-enriched layer at the oxide/metal interface. Over 
time, the surface of the initiating oxide layer becomes more textured and the thickness increases. 
The fluorine-enriched layer also becomes thicker and eventually forms a porous/tubular structure 
underneath the compact oxide layer. 
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Abstract: The paper presents the results of the study of corrosion performance of HAp-
containing coating obtained on the Mg-0.8Ca bioresorbable magnesium alloy using plasma 
electrolytic oxidation (PEO). Electrochemical measurements were carried out in minimal 
essential medium (MEM) using electrochemical impedance spectroscopy (EIS), potentiodynamic 
polarization (PDP) and monitoring of open circuit potential (OCP) techniques. It was established 
that the PEO treatment of Mg-0.8Ca leads to a significant increase in corrosion resistance of 
the material. Formation of heterooxide layer on magnesium alloy contributes to a decrease in 
corrosion current density (IC) more than three times. The impedance modulus measured at low 
frequency (|Z|f=0.1 Hz) for a coated material increased by two times compared to an uncoated one.
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Аннотация. В работе представлены результаты исследования уровня защиты от коррозии 
гидроксиапатитсодержащих покрытий, полученных на поверхности биорезорбируемого 
магниевого сплава Mg-0,8Ca методом плазменного электролитического оксидирования 
(ПЭО). Электрохимические измерения проводились в среде для культивирования 
клеток млекопитающих minimal essential medium (MEM) с использованием методов 
электрохимической импедансной спектроскопии (EIS), потенциодинамической 
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поляризации (PDP), а также мониторинга электродного потенциала (OCP). Установлено, 
что обработка поверхности сплава Mg-0,8Ca методом ПЭО способствует значительному 
повышению коррозионной стойкости материала. Формирование гетерооксидного слоя 
на поверхности магниевого сплава способствует снижению значений плотности тока 
коррозии (IC) более, чем в 3 раза. Повышение значений модуля импеданса, измеренного 
на низкой частоте (|Z|f=0,1), для материала с покрытием составило 2 раза по сравнению с 
материалом без защитного слоя.

Ключевые слова: Магний, магниевые сплавы, коррозионная защита, плазменное 
электролитическое оксидирование (ПЭО), гидроксиапатит
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Introduction
Features of magnesium degradation process determines its great prospects in application 

as an implant material. Unfortunately, rapid and heterogeneous degradation as well as an 
alkalization of a surrounding area obstruct the expansion of magnesium scope [1–7]. Improving 
the corrosion resistance of bioresorbable magnesium-based materials will make it possible to 
control the degradation process of the material in the human body in order to ensure matching 
the rates of implant resorption and osteogenesis [8]. The most common way to improve both 
corrosion resistance and bioactivity of magnesium is to form protective coatings, containing Ca, 
P, Mg and their compounds, including hydroxyapatite (inorganic components of a bone) [9, 10]. 
According to [11], magnesium has a positive effect on the activity of osteoblasts and osteoclasts, 
and therefore on bone growth. In turn, the release of calcium ions and phosphates from surface 
layer compounds forms a saturated ionic solution at the interface. In this case, there is an ion 
exchange between the implant material and the patient's bone. Some of these ions can deposit on 
the bone matrix, forming new bone tissue. One of the easiest and technological ways to improve 
the corrosion resistance of valve metals (including Mg) is plasma electrolytic oxidation (PEO) 
[12, 13]. The PEO processing allows to create on magnesium surface protective layers of various 
morphology and composition, including hydroxyapatite-containing ones [14–18]. 

Materials and Methods

The experiments were carried out on Mg-0.8Ca alloy samples (0.8 wt.% Ca, balance Mg) with 
a size of 15×30×1 mm. Samples were ground with Si-C abrasive paper with gradual reduction of a 
grain size to 14–20 µm (P1000) with following rinsing in isopropyl alcohol and drying in air. Plasma 
electrolytic oxidation (PEO) coating was formed in a combined bipolar mode with the current density 
below 0.75 A·cm–2. Duty cycle was equal to 1, total oxidation time reached 120 s. The composition 
of the formed coating was studied via XRD using a SmartLab diffractometer (Rigaku, Japan). 
The measurements were carried out in the range 2θ = 4°–90° with a step of 0.01°. To evaluate the 
corrosion resistance of formed samples, electrochemical measurements (including potentiodynamic 
polarization (PDP), electrochemical impedance spectroscopy (EIS) and monitoring of open circuit 
potential (OCP) change) were realized. Experiments were carried out using a Versa STAT MC 
electrochemical system (Princeton Applied Research, USA) and the electrolyte was minimal 
essential medium (MEM) solution (a synthetic mammalian cell culture medium).

© Филонина В. С., Гнеденков А. С., Синебрюхов С. Л., Минаев А. Н., Гнеденков С. В., 2022. Издатель: Санкт-
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Results and Discussion

As a result of the PEO process, ceramic-like coating with high heterogeneity of the surface 
relief were obtained on the surface of a Mg-0.8Ca bioresorbable magnesium alloy. XRD analysis 
showed that the main component of the PEO-coating was hydroxyapatite. The other component 
of protective layer was periclase. According to data obtained by potentiodynamic polarization 
(PDP) and electrochemical impedance spectroscopy (EIS) methods, the formation of a PEO-
layer provides the material an advanced corrosion resistance. The corrosion current density (IC) 
for a coated sample (IC = 2.8·10-6 A·cm–2) is more than 3 times lower than the one for an 
uncoated Mg-0.8Ca (IC = 9.5·10-6 A·cm–2) (Fig. 1). The results of the analysis of electrochemical 
impedance spectroscopy data also make it possible to confirm the higher corrosion resistance 
of the sample with a PEO-coating, compared to the bare alloy. The values of the impedance 
modulus measured at a low frequency (|Z|f=0.1 Hz) after 1 h exposure to the MEM for a sample 
with a PEO-layer are more than 2 times higher (|Z|f=0.1 Hz = 1.7·104 Ω·cm2) than the value for 
uncoated Mg-0.8Ca (|Z|f=0.1 Hz = 8.1·103 Ω·cm2) (Fig. 2). For the coated sample the increase in 
the diameter of the half-cycle on the complex plane of Nyquist plot due to increase both the 
values of resistance of outer (porous, R1) and inner (nonporous, R2) layers of the PEO-coating 
(Figs. 2,d, 3, Table 1) is observed during the whole immersion time (42 h). This is due to the 
formation of a Ca-P film composed of corrosion products of the sample (including PEO-layer 
and substrate material) and components of the MEM, which leads to sealing the pores of the 
PEO-layer. For comparison, uncoated material is characterized by an increase in these parameters 
only during the first 30 h of exposure, then protective properties of the surface layer decrease 
noticeably, which is associated with the intensification of the corrosion process, leading to the 
destruction of the Ca-P compounds film [4].

Fig. 1. Polarization curves obtained as a result 
of electrochemical tests (PDP measurements) in MEM

Tab l e  1
Equivalent electrical circuit parameters, obtained during the fitting the
impedance spectra for PEO-coated sample exposed to MEM for 42 h

Immersion 
time, h

CPE1 R1,Ω·cm2

CPE2 R2,Ω·cm2Q1,Sm·cm–2·sn n1
Q2,Sm·cm–2·sn n2

1 1.00·10–5 0.69 678 1.90·10–6 0.86 16641
11 1.19·10–5 0.57 1100 9.05·10–6 0.86 45776
21 9.89·10–6 0.54 1760 1.08·10–5 0.85 76060
31 7.32·10–6 0.54 2156 1.28·10–5 0.82 89374
42 3.61·10–6 0.59 3307 1.53·10–5 0.76 87448
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Conclusion
The way to improve the corrosion resistance of bioresorbable Mg-0.8Ca magnesium alloy was 

obtained during the presented study. Formation of the hydroxyapatite-containing oxide layers 
leads both to a significant decrease in the values of IC and increase in |Z|f=0.1 Hz. Based on the 
analysis of the obtained data, the prospects for use of calcium-phosphate PEO-coatings on a 
bioresorbable magnesium alloy for the needs of implant surgery were established. 
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Abstract: Сobalt-based catalysts are one of the possible candidates for catalysts that 

accelerate the decomposition of water to produce energy. In this work, the one-dimension Ge-
Co nanostructures have been prepared by electrochemical deposition in a three-electrode cell. 
The samples have been annealed in atmosphere at various temperature (300 ºC, 450 ºC, 600 
ºC). Effect of thermal annealing on the composition of Ge-Co nanostructure has been studied. 
The morphology of the obtained Ge-Co nanostructures has been investigated using scanning 
electron microscopy The method of X-ray diffraction analysis has been used to investigate 
composition changes of Ge-Co. Diffractograms show the presence of Co2GeO4 catalyst at an 
annealing temperature of 600 ºC. The sample with this annealing temperature shows the best 
properties as oxygen evolution catalyst.
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Аннотация. В работе получены наноструктуры Ge-Co c помощью электрохимического 
осаждения. Исследовано влияние температурного отжига (300 ºC, 450 ºC, 600 ºC) на 
фазовый состав этой структуры методом рентгеновского дифракционного анализа. 
Выявлено присутствие катализатора Co2GeO4 при температуре отжига в 600 ºC. Образец 
при таком отжиге также показал наилучшие каталитические свойства.

Ключевые слова: наноструктуры Ge-Co, катализатор, нанонити Ge, электрохимическое 
осаждение
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Introduction

At present, due to the development of the global energy industry, there is a need to use clean 
and cheap fuel, including to reduce carbon dioxide emissions.

One of the ways to obtain ecological fuel is the electrolysis of water to produce hydrogen [1]. 
However, this process has a disadvantage, which is the slow reaction rate on conventional elec-
trodes. To eliminate it, it is necessary to investigate various substances that accelerate electro-
chemical reactions, which are called catalysts. In this case, catalysts are needed for two processes 
on two electrodes: the hydrogen evolution reaction and the oxygen evolution reaction (OER). 
Oxygen evolution reaction (OER) is a limiting reaction in the process of generating molecular 
oxygen through chemical reaction, such as electrolysis of water into oxygen and hydrogen, and 
electrocatalytic oxygen evolution from oxides and oxoacids [2].

One of the promising areas of research on effective and stable oxygen evolution catalysts 
(OECs) are cobalt-based catalysts because of its OER activity and thermal stability [3]. There are 
many known methods for the synthesis of a cobalt-based catalysts, such as a method of selective 
reduction-oxidation from metal nitrates for getting cobalt catalyst doping Ag [4] or synthesis 
by chemical reduction followed by a process of thermal oxidation, which allows to obtain a 
compound of cobalt with rare-earth materials: ruthenium and iridium in powder form [5]. There 
are also such methods for obtaining cobalt-based catalysts as the sol-gel method [6] and vacuum-
diffusion method [7] and electrochemical deposition [8]. The electrochemical deposition method 
is characterized by the absence of a high vacuum system, its speed and the ability to vary the 
parameters of the process to obtain various materials.

In this work, we report about formation OEC based on the one-dimension nanostructure Ge-
Co by electrochemical deposition and investigate effect of thermal annealing on the composition 
of this structure. 

Materials and Methods

In the syntesis of Ge-Co nanostucture the 50 μm-thickness titanium foil (batch VT 1–00) has 
been used as a substrate. These titanium samples have been previously cleaned in a mixture of 
H2O2:NH4OH:H2O (1:1:4) at 80 ºC for 15 min, and then they have been washed in hot and cold 
deionized water for 5 min and dried. Then the samples surface has been activated in a mixture of 
HF:HNO3:H2O (1:2:6), washed in deionized water and dried again.

After that an array of spherical indium nanoparticles has been deposited by vacuum-thermal 
evaporation at the residual pressure of 1 × 10−5 Torr of material weighed portion of 35 mg from a 
Mo evaporator, placed at 40 cm from the substrate. After depositing the metals, the samples have 
been annealed in vacuum at 150 ºC for 10 min. 

Ge-Сo structures have been formed on the substrates by electrochemical deposition in a 
three-electrode cell. A platinum plate has been used as an counter electrode, and a standard silver 
chloride electrode has been used as a reference one.

The solution contained 0.05 M of germanium (IV) oxide GeO2, 0.5 M of potassium sulfate 
Na2SO4 and 0.1 M of tartaric acid with the addition of 0.05 g CoCl2. The solution pH has been 
brought to 6.5 by adding NH4OH. The solution temperature has been controlled using a LAUDA 
Alpha thermostat (LAUDA, Germany). 
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Deposition has been performed at constant voltage of –1.3 V for 1 min at the solution tem-
perature of 85 ºC. The voltage has been set using Autolab PGSTAT302N potentiostat/galvanostat 
(Metrohm, Netherlands).

After deposition, the samples have been annealed in atmosphere at various temperature (300 ºC, 
450 ºC, 600 ºC).

The method of X-ray diffraction analysis (XRD) has been used to deteminate the crystalline 
phases (germanium, cobalt, their oxides, etc.) after the formation of the Ge-Co compound and 
to investigate the effect of annealing at different temperatures on the composition of Ge-Co.

X-ray diffraction patterns (diffractograms) of synthesized samples have been obtained using the 
RADIAN DR-02 device with a copper X-ray tube and a nickel filter.

CV measurements have been performed by sweeping the potential from a value of 0.1 to 1.2 V 
(vs Ag/AgCl) using Autolab PGSTAT302N and a three-electrode system.

Results and Discussion

The images of the morphology of the Ge-Co structures both with annealing and without it 
obtained by scanning electron microscopy are shown in Fig.1. 

According to the SEM images, a structural transformation of nanowires is observed in the an-
nealing process. In the image of the sample without annealing (Fig. 1,a), some nanowires formations 
with a thickness of 250 nm can be seen, but the nanowires structures are not predominant. At 300 
ºC more nanowires appear, the thickness of which varies from 150 to 200 nm (Fig. 1,b). Annealing 
at 450 ºC and 600 ºC has a similar effect on the morphology of Ge-Co nanowires (Fig. 1, c, d). 
Nanowires become less visible, the thickness of nanowires decreases to about 100 nm. However 
after annealing at 600 ºC it can be noticed more nanowires than that after annealing at 400 ºC.

The results of X-ray diffraction after annealing germanium nanostructures with cobalt Ge-
Co at various temperature are shown in Fig. 2. The sample without annealing has peaks of two 
phases: crystalline germanium and titanium substrate. 

At annealing temperatures of 300 ºC and 450 ºC, there is an increase in the intensity of germanium 
peaks, especially the first peak (27.3º) [9]. With an increase in the annealing temperature, a slight 
shift of the germanium peaks to the right to the reference values is also noticeable.	

However, at an annealing temperature of 600 ºC, the diffractogram shows a presence of 
germanium-cobalt compounds in the nanostructure, particularly cobalt germanate Co2GeO4  at 
2θ = 30–40º [4], which has not been observed at lower annealing temperatures. A well-marked 
phase of titanium oxide and a certain amount of the compound Ti5Ge3 are also visible.

The first peak of germanium becomes indistinguishable due to the presence of titanium oxide, 
which leads to the overlap of two peaks and its sharp increase. 

Fig. 1. SEM images of Ge-Co nanowires: sample without annealing (a), 
annealing 300 ºC (b), annealing 450 ºC (c), annealing 600 ºC (d)

a)	 b)

c)	 d)
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Additionally obtained Ge-Co samples after annealing and without it have been also tested for 
the OER activity in a solution of 1 M NaOH. Graphics of current density-voltage curve (CV 
curve) based on the results of the sample study are shown in Fig. 3. This figure also shows the CV 
curve of a pure titanium substrate obtained for comparison.

According to the graph of the titanium substrate, it can be seen that the current density almost does 
not change in the voltage range, which means that there are practically no electrochemical processes.

The current density for Ge-Co samples (except for the sample after annealing at 600ºC) at a 
potential of 0.2 V to 0.5 V indicates reactions caused with the oxidation of germanium and cobalt. 
At a potential of 0.5 V, the current density increases due to the beginning of oxygen release. For 
a sample without annealing, the current density increases more slowly compared to annealing 
samples, which indicates its lower OER activity.

At the same time, with an annealing at 600 ºC, reactions caused only with the release of oxygen 
are observed on the sample (the current density begins to increase only at a potential of 0.5 V) 
due to the presence of a cobalt germanate. It can be concluded that the annealing temperature at 
600 ºC is the most optimal temperature for the formation of an oxygen evolution catalyst based 
on Ge-Co nanostructure.

Conclusion

In the present work nanostructures Ge-Co have been prepared by electrodeposition from 
the aqueous solution. The effect of thermal annealing on the composition of Ge-Co has been 
investigated. According to the results of X-ray diffraction, with an increase in the annealing 
temperature, the crystal phase of germanium decreases and germanium compounds with cobalt 
are formed. On an annealing temperature at 600 ºC, a compound cobalt germanate Co2GeO4 is 
found that could be a good oxygen evolution catalyst.
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Abstract. Femtosecond laser structuring opens for chalcogenide semiconductor Ge2Sb2Te5 

new perspectives in photonics applications due to wide change of its structural and optical 
properties in such processing. We studied laser-induced modification of amorphous Ge2Sb2Te5 
thin films on silicon substrates. The investigations show that periodic relief formation is 
accompanied by phase transitions to the fcc crystalline phase and back. Furthermore, the 
irradiated Ge2Sb2Te5 samples demonstrate optical transparency in the near infrared region. The 
examined structures are interesting for further studies as a base of new memory devices which 
may possess optical anisotropy and be integrated into fiber optics applications.
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Аннотация. Фемтосекундное лазерное структурирование открывает для 
халькогенидного полупроводника Ge2Sb2Te5 новые перспективы использования в 
приложениях фотоники благодаря широкому изменению его структурных и оптических 
свойств при такой обработке. Нами исследована лазерно-индуцированная модификация 
тонких аморфных пленок Ge2Sb2Te5 на кремниевых подложках. Исследования 
показывают, что периодическое формирование рельефа сопровождается фазовыми 
переходами в ГЦК-кристаллическую фазу и обратно. Кроме того, облученные образцы 
Ge2Sb2Te5 демонстрируют оптическую прозрачность в ближней инфракрасной области. 
Рассмотренные структуры представляют интерес для дальнейших исследований в 
качестве основы новых запоминающих устройств, которые могут обладать оптической 
анизотропией и быть интегрированы в волоконно-оптические приложения.

Ключевые слова: Ge2Sb2Te5, фемтосекундная лазерная обработка, лазерно-
индуцированные поверхностные периодические структуры, обратимые фазовые 
переходы
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Introduction
The laser-induced periodic surface structures (LIPSS or “ripples”) based on Ge2Sb2Te5 

(GST225) promise large perspectives in the development of novel memory technologies and 
reconfigurable nanophotonic devices [1]. Usually, LIPSS have the period which is comparable 
to the wavelength of acted radiation and is significantly less than the laser spot diameter. Optical 
anisotropy in the visible and near-infrared ranges may emerge in such structures [2]. This is a 
promising way to encode information, especially in the case of GST225 processing via femtosecond 
laser irradiation when rewritable phase transitions to the crystalline phase are possible [3]. The 
significant difference between the optical properties of amorphous and crystalline phases of this 
material [4] makes a considerable contribution to optical anisotropy. Therefore, currently of great 
interest is the simultaneous LIPSS formation and phase transitions in amorphous GST225 thin 
films induced by femtosecond laser irradiation, including reversible phase transitions.

Thus, in this work we have irradiated thin GST225 films by femtosecond laser pulses to 
simultaneously fabricate LIPSS on the surface and achieve crystallization of GST225 and then 
investigated structural and optical properties of the modified samples.

Materials and Methods

Initial thin amorphous GST225 films with the thicknesses of 130 nm were deposited on di-
electric substrates by magnetron sputtering of a crystalline target (ACI Alloys). Subsequent irradi-
ation was provided by femtosecond laser system Avesta (wavelength λ = 1250 nm, pulse duration  
τ = 135 fs, repetition rate υ = 10 Hz). The laser fluence F varied from 0.05 to 0.15 J/cm2. The 
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focused laser spot diameter was D = 120±10 μm. The samples were irradiated at normal incidence 
while moving continuously in one direction along the laser polarization at various speeds. As a re-
sult, single scanlines with the number of overlapping laser spots Ns from 3 to 750 were formed on 
the sample surface. Additionally, based on the results obtained for the single scanlines, a square 
3x3 mm2 area was fabricated in a raster mode for the pulse number Ns = 150 and step between 
scanlines Γ =100 μm, for optical properties investigation.

The structural properties of initial and modified samples were studied by scanning electron 
microscopy (SEM; Carl Zeiss Supra 40) and Raman spectroscopy (Horiba Jobin Yvon HR800) 
at 488 nm excitation, as well as energy-dispersive X-ray (EDX) spectroscopy (Tescan Vega 3). 
Optical properties were defined via ellipsometry data analysis in the range 300–2000 nm (Horiba 
Uvisel 2). The type of phase transitions observed in the modified film was analyzed via the 
two-temperature model (TTM) calculations [5].

Results and Discussion
According to SEM data the LIPSS formation on the samples irradiated with F = 0.10 ± 0.02 J/cm2 

occurs at Ns=150 and higher values. Observed ripples period Λ varied from 1150 to 1350 nm, 
which is close to the wavelength of modifying laser pulses λ (Fig. 1,a). In all cases the gratings 
are directed orthogonally to the laser polarization. Such characteristics of the surface relief com-
monly indicate its formation mechanism as a result of interference between surface plasmon-po-
laritons and incident laser radiation [6]. In case of semiconductors such as GST225, the surface 
electromagnetic waves can be excited due to the transition of the near-surface layer to metal-like 
state, which means the dielectric permittivity of the irradiated material changes the sign from the 
positive to the negative one due to the intensive photoinduced generation of free charge carriers.

With the further increase of the Ns ≥ 300 another LIPSS type was observed on the irradiated 
surface, in a form of ordered elongated clusters with the period Λ = 130 ± 30 nm (Fig. 1,b). The 
orientation of obtained clusters is also perpendicular to the laser polarization. The clusters possess 
the longitudinal size in the range of 50–200 nm and the transversal size about 50 nm. The for-
mation of such LIPPS is most likely explained by the thermo-capillar effects at the times which 
exceed pulse duration [7].

Raman spectroscopy indicated that surface modification of amorphous GST225 thin films 
induced by femtosecond laser pulses is accompanied by reversible phase transitions (Fig. 2). The 
Raman spectra of non-irradiated GST225 areas (Ns=0) shows the wide broadband at the range of 
110–200 cm–1 due to the short-range crystallographic order of the amorphous phase (Fig. 2,a) [8]. 
The band consists of several lines near 125, 140, 158, 190 and 270 cm–1 which correspond to the 
A1 GeTe4−nGen (n = 1,2) corner-sharing tetrahedra, Sb2Te3 pyramids, A1g hexagonal GeTe4−nGen 
(n = 1,2), A1 GeTe4−nGen (n = 1,2) edge-sharing tetrahedra and F2 GeTe4 mode vibrations [8].

After femtosecond laser irradiation, the Raman spectra demonstrate the next transformations. 
The intensity of narrow peak near 125 cm–1, which corresponds to GenTe4–nGen (n=1,2), 
increases with the growth of Ns from 3 to 15 (Fig. 2, a, c) while the line at 158 cm–1 decreases 
in intensity (Fig. 2,d). Such behavior may indicate transition to the face-centered cubic (fcc) 
crystalline phase [8]. The TTM calculations for the F = 0.1 J/cm2 confirm this hypothesis (Fig. 
3,a). According to the calculations the temperature of electron gas achieves ~1.4·104 K during single 

Fig. 1. SEM images of GST225 thin film, irradiated 
by the Ns=150 (a) and Ns=750 (b) laser pulses

a)	 b)
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pulse treatment. The lattice temperature then increases due to the electron-phonon relaxation, 
and 2 ps after the laser pulse end exceeds the temperature of transition to fcc crystalline phase, 
which is 410 K. The peak temperature the GST225 lattice achieves during such heating is 480 K.

Additionally, at the values of Ns > 75, the 125 cm–1 Raman line decreases in intensity compared 
to the scan line edge (Fig. 2, b, с). Consequently, in the scan line center the Raman spectra 
become similar to non-irradiated GST225 thin films for Ns ≈ 300 and higher. Such behavior 
can indicate re-amorphization of GST225. Such reversible phase transition is possible due to 
metastability of fcc crystalline GST225 [9] or rapid quenching of the melted material [10]. The 
cooling velocity more 1010 K/s and heat removal to the surface substrate contribute to the second 
mechanism of re-amorphization. It should be noted that the stoichiometry of GST225 film is 
not changed by femtosecond laser irradiation, which is confirmed by EDX spectroscopy data 
(Table 1).

c)	 d)

a)	 b)

Fig. 2. Raman spectra of non-irradiated GST225 thin film (Ns=0) and samples for Ns=6 
and Ns=15 (a). Raman spectra of non-irradiated GST225 thin film (Ns=0) and samples 

for Ns=150 and Ns=750 (b). Dependencies of integrated intensities of 125 cm–1 (c) 
and 158 cm–1 (d) line for center and edge of the scanlines on Ns

Tab l e  1
Concentration of Ge, Sb and Te atoms in initial amorphous 

GST225 thin film (Ns
=0), as well as irradiated for the N

s 
=3, 

N
s 
=150 and N

s 
=750, defined by EDX spectroscopy

Ns
Atomic concentration, %

Ge Sb Te
0 18.9±1.5 25±3 56±3
3 17.1±1.0 25±1 58±5

150 19.5±1.2 26±2 55±2
750 18.9±0.7 27±1 54±3
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The reflectance and absorption spectra of irradiated GST225 sample are presented in Fig. 3,b. 
The reflectance coefficient grows from the 0.1 to 0.35 with the wavelength increase from 300 to 
800 nm. Additionally, it demonstrates oscillations in the range of 800–2000 nm. Such behavior 
can be caused by the interference in GST225 thin film. On the other hand, the absorption 
coefficient decreases from 3.5·105 cm–1 to 105 cm–1 with the wavelength increase from 400 to 1800 
nm. Thus, the studied GST225 films are transparent in the near-infrared range after femtosecond 
laser treatment and look promising for further studies and the development of new memory 
devices which may be compatible with the fiber optics applications, among other things.

Conclusion

We observed that surface modification of amorphous GST225 thin films induced by femtosecond 
laser pulses is accompanied by phase transitions to the fcc crystalline phase and back which is 
confirmed by Raman analysis and TTM simulations. Additionally, LIPSS with the period close to 
the laser wavelength were formed on GST225 surface at such treatment and the irradiated films 
are transparent in the near-infrared range. Therefore, the examined structures are interesting for 
further studies as a base of new memory devices which may possess optical anisotropy and be 
integrated into fiber optics applications.
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Abstract: This work is devoted to revealing the parameters of preparing SERS substrates for 
studying a low concentration trimethylamine oxide (TMAO) solution by Raman spectroscopy. 
A study was made of the effect of treatment with a 3,5% HCl solution, deionized water, and 
isopropanol vapor of planar surface enhance Raman spectroscopy (SERS) structures on the 
resulting Raman spectra of TMAO. We used a SERS substrate representing a multilayer structure: 
a mirror silver layer, a thin dielectric SiO2 insulating layer, and an array of plasmonic Ag 
nanoparticles about 25 nm in size. The influence of the duration of the substrate soaking in the 
analyte solution on the quality of the Raman spectra was established. Raman studies of SERS 
substrates with TMAO were carried out using 532 and 785 nm lasers.
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Аннотация. Данная работа посвящена выявлению параметров подготовки ГКР-подложек 
для исследования раствора триметиламин оксида (ТМАО) малой концентрации методом 
Рамановской спектроскопии. Было проведено исследование влияния обработки 3,5% 
(масс.) раствором HCl , деионизованной водой и парами изопропанола планарных структур 
гигантского комбинационного рассеяния (ГКР) на получаемые спектры ТМАО. В работе 
использовалась ГКР-подложка, представляющая многослойную структуру: зеркальный 
серебряный слой, тонкий диэлектрический слой-изолятора SiO2, массив плазмонных 
наночастиц Ag размером порядка 25 нм. Установлено влияние длительности вымачивания 
подложки в растворе аналита на качество рамановских спектров. Рамановские исследования 
ГКР-подложек с ТМАО производились с использованием лазеров 532 и 785 нм.

Ключевые слова: наночастицы, серебро, триметиламин оксид, гигантское 
комбинационное рассеяния
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Introduction

Today, the medical industry needs faster, more sensitive, and more accurate methods for 
analyzing biological samples. Effective methods have already been found to detect and determine 
the concentration for most components of human blood (cells, large proteins, inorganic salts) [1]. 
However, there are biomarkers that require long and painstaking analysis for their detection. One 
such substance is trimethylamine oxide. The risk of atherosclerosis, thrombosis and even stroke 
increase if the concentration of TMAO exceeds 2,25 µM [2]. TMAO detection is possible using 
the High Performance Liquid Chromatography (HPLC) method [3]. HPLC has disadvantages that 
prevent the effective use of this method everywhere - a significant amount of human blood, complex 
equipment, high price, complicated sample preparation, analysis duration (more than 2 days) [3].

Surface enhanced Raman spectroscopy is an alternative method for diagnosing and detecting 
biomarkers [4]. This method is highly sensitive due to SERS-substrates based on nanoparticles 
of plasmonic metals (Au, Cu, Ag) [4]. The resulting spectrum makes it possible to judge the 
concentration of one or another component of the sample in the case of a study of a complex 
composition. However, high sensitivity may require compliance with a number of conditions: 
tight contact between the surface of the nanoparticle and the molecules under study; using a 
laser of a suitable wavelength; substrate pretreatment. Thus, there is an increased interest in 
determining these parameters for a quick and inexpensive study of TMAO in human blood.

In this work, we used planar SERS substrates based on a metal–dielectric mirror and an 
array of Ag nanoparticles. TMAO at a concentration of 10 mM used as the analyte. A weakly 
concentrated solution of hydrochloric acid and vapors of boiling isopropanol were used to treat 
the substrates. Lasers of two different wavelengths were used to study TMAO.

Materials and Methods

The SERS substrate was created in accordance with the method presented in earlier works [5]. 
Si(100) substrate with 300 nm SiO2 thickness was used as the basis for the SERS structure. The 
adhesive layer Cr 50 nm deposited by magnetron sputtering. Then, a 100 nm Ag reflective layer 
formed on the substrate by vacuum thermal evaporation. After that, the reflective layer coated 

© Новиков Д. В., Латипов Е. В., Дубков С. В., Савицкий А. И., Бондаренко А. В., Беставашвили А. А.,  
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with 20 nm SiO2 as an insulator by the method of electron beam evaporation. The final step was 
the formation of an monolayer of uniformly distributed silver nanoparticles (NP) with average 
diameter 25 nm by annealing a 5 nm thin dispersed Ag film in vacuum at a temperature of 230 ºС 
for 10 minutes. The size and distribution of nanoparticles were controlled by a Helios NanoLab 
660 FEI scanning electron microscope. The formed monolayer of nanoparticles repeats the result 
obtained in previous work [5]. 

Before applying the analyte, some of the finished substrates were not processed. The second 
part was soaked in 3.5% (mass.) solution of hydrochloric acid (HCl) and washed in a slow flow of 
deionized water. The use of an identical technique by the authors in [6] showed that the treatment 
of Ag NPs in a weak solution of hydrochloric acid makes it possible to restore the intensity of 
the SERS signal for structures with different storage periods in air to the initial values. Thus, it 
can be assumed that the sulfide-oxide layer removed during the treatment from the surface of the 
nanoparticles is so small, so the treatment does not significantly affect the surface morphology. 
The third part treated with hot vapors of isopropyl alcohol 98.5%.

In this work TMAO with a concentration of 10 mM 
solutions used as analyte. The analyte was applied in 
two ways: by soaking the finished SERS structure in an 
analyte solution and by a drop from a dispenser. The 
substrates were soaked in the analyte solution for 5, 30, 
and 60 minutes. The substrates with the applied analyte 
dispenser dried in a fume hood at room temperature. Part 
of the samples with drops was covered with a cover slip 
for distribution and preservation in liquid form until the 
moment of examination.

The study was carried out on an inVia confocal 
microscope from Renishaw with the following parameters: 

wavelengths of 532 and 785 nm; laser power 5 mW; light spot diameter 4 μm; spectrum 
accumulation time 60 s.

Results and Discussion

Considering the effect of soaking on untreated substrates (see Fig. 1) in the solution, we found 
that the most rational approach is to expose the sample for 30 minutes (Fig. 2). Increasing the 
exposure time to 60 minutes (in 2 times) increases the intensity of the SERS spectrum by only 
18%. It should be noting that the soaking of the samples made it possible to distribute the analyte 
much more uniformly than when applied by a drop. 

The study of the pretreatment effect showed that the use of dilute hydrochloric acid makes it 
possible to increase the efficiency of SERS substrates due to the removal of oxide and sulfide layers 
from silver nanoparticles that appear as a result of annealing and in a natural way, respectively 
(Fig. 3). Processing for 30 seconds and subsequent washing in a weak stream of deionized water 
for 10 seconds showed the following results: reduction of noise level; an increase in the intensity 
of characteristic TMAO peaks; reduction of the thermal decomposition [7]. The use of an 
isopropanol led to a drop in the quality of the spectrum to the level of noise. 

Fig. 1. SERS-substrate scheme

Fig. 2. Dependence of the SERS intensity of the 760–1 cm 
TMAO peak on the soaking time, wavelength 532 nm
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The study of the influence of the treatment time on the intensity of the SERS spectrum 
showed that the optimal time for holding the substrate in the acid solution is from 15 to 30 
seconds (Fig. 4). A further increase in the treatment time of the substrate leads to a rapid decrease 
in the intensity. 

Fig. 5 demonstrates the influence of the laser wavelength on the efficiency of recording the 
Raman spectrum of TMAO. The TMAO spectra are of a high quality at 532 and 785 nm. The 
wavelength of 532 nm provides better visibility of more peaks, due to the greater plasmonic activity 
of Ag NPs in the blue-green region of the spectrum. The 785 nm wavelength provides better 
visibility of C-N and C-N-O bond peaks and reduces the thermal degradation of the analyte.

Conclusion
In the course of the work, it was possible to establish the importance of a pre-treatment, 

soaking time and the laser used on the effectiveness of the study of TMAO. It was founding that 
the greatest effect in the study of TMAO using SERS-substrate based on Ag NPs will be provided 
that the following parameters are observed: treatment of the substrate in a 3,5% HCl solution 
for 15 to 30 seconds, followed by washing in a weak stream of deionized water; soaking time in 
TMAO solution for at least 30 minutes; using a 532 nm laser to search for C-H bonds of TMAO; 
using a 785 nm laser to search for C-N and C-N-O bonds of TMAO.
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Abstract: The paper presents the results of an evaluation of the tribological characteristics 

of samples with composite coatings during 12 months of atmospheric corrosion. Composite 
coatings were obtained by treating oxide layer formed by plasma electrolytic oxidation (PEO) 
with fluoropolymers: superdispersed polytetrafluoroethylene (SPTFE) or polyvinylidene fluoride 
(PVDF), as well as a suspension of SPTFE in PVDF. It was found that the composite coatings 
formed in suspension with a ratio of PVDF to SPTFE 1:5 demonstrate the best tribological 
performance among the studied samples and characterizes by initial coefficient of friction 
0.006–0.010. It is shown that samples with composite coatings have 1–1.5 orders of magnitude 
lower wear rate (9.7∙10⁻5–4.4∙10⁻4 mm3/(N·m)), in comparison with the PEO-treated sample 
(3.9·10⁻3 mm3/(N·m)).
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tribology

Funding: This study was funded by RFBR, grant number 19–29–13020.

Citation: Vyaliy I. E., Egorkin V. S., Izotov N. V., Kharchenko U. V., Minaev A. N., 
Sinebryukhov S. L., Gnedenkov S. V., Evolution of tribological properties of the composite 
coatings on AMG3 aluminum alloy during the atmospheric exposure, St. Petersburg State 
Polytechnical University Journal. Physics and Mathematics. 15 (3.1) (2022) 248–252. DOI: 
https://doi.org/10.18721/JPM.153.142

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

Материалы конференции
УДК 539.232+620.178.16
DOI: https://doi.org/10.18721/JPM.153.142

Эволюция трибологических свойств  
композиционных покрытий на алюминиевом 
сплаве АМГ3 в процессе натурных испытаний
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Аннотация. В работе представлены результаты оценки изменения трибологических 

характеристик образцов с композиционными покрытиями в течение 12 месяцев 
атмосферной коррозии. Композиционные покрытия формировали обработкой 
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оксидных слоев, получаемых методом плазменного электролитического оксидирования 
(ПЭО), фторполимерами: ультрадисперсным политетрафторэтиленом (УПТФЭ) или 
поливинилиденфторидом (ПВДФ), а также суспензией УПТФЭ в ПВДФ. Выявлено, 
что композиционные покрытия, формируемые в суспензии с соотношением ПВДФ и 
УПТФЭ 1:5 демонстрируют наилучшие трибологические показатели среди исследованных 
образцов, обладая начальным значением коэффициента трения равным 0,006–0,010 
Установлено, что образцы с композиционными покрытиями характеризуются меньшей 
на 1–1,5 порядка величины (9,7∙10⁻5 – 4,4∙10⁻4 мм3/(Н·м)) скоростью износа в сравнении 
с ПЭО-покрытием (3,9·10⁻3 мм³/(Н·м)).

Ключевые слова: алюминий, защитное покрытие, плазменное электролитическое 
оксидирование, композиционное покрытие, трибология
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Introduction

The formation of wearproof protective surface layers on aluminum and its alloys is an import-
ant scientific and practical task. One of the possible ways to solve this problem is the creation of 
the composite polymer-containing coatings [1]. Plasma electrolytic oxidation (PEO) could be a 
suitable method to form the oxide matrix for such composite layers. The presence of CF2 groups 
provides polytetrafluoroethylene with nonpolarity and both low surface energy and a low coeffi-
cient of friction [2, 3]. The performed research established the high level of protection provided 
by such coatings to aluminum alloy [4, 5]. For the layers formed using PVDF:SPTFE suspensions 
additional increase in barrier properties is provided by the multimodal surface relief formed by the 
SPTFE microparticles. This type of morphological structure is responsible for the appearance of 
a three-phase coating/air/electrolyte interface. This results in a low part of the surface (less than 
3%) being in direct contact with corrosive medium [6]. However, it is necessary to verify the ob-
tained parameters under appropriate exploitation conditions due to the fact that properties of the 
polymeric layers could be affected by the UV light. The paper presents the results of an evaluation 
of changes in the tribological characteristics of samples with composite coatings during 12 months 
of atmospheric corrosion. Composite coatings were formed by treating oxide layers obtained by 
plasma electrolytic oxidation (PEO) with fluoropolymers: superdispersed polytetrafluoroethylene 
(SPTFE) or polyvinylidene fluoride (PVDF), as well as a suspension of SPTFE in PVDF.

Materials and Methods

AMg3 aluminum alloy rectangular sheets with dimensions 50×50×2 mm3 were used as samples 
to form the coatings.

For the formation of PEO-layers a two-stage bipolar mode was used. At the first stage the 
voltage during the anode period increased from 30 to 540 V at a rate of 3.4 V/s, and then during 
the second stage the voltage was maintained at 540 V for 750 s. In the cathodic period the current 
density was hold at 0.12 A/cm2 for 900 s. The electrolyte contained 20 g/L Na2SiO3·5H2O,  
10 g/L Na2B4O7·10H2O, 2 g/L NaF and 2 g/L KOH. The presented electrolyte composition and 
mode polarization parameters allowed us to obtain thick surface layers with a developed surface.

In order to form composite coating on the sample with the PEO-layer by dip-coating method, the 
15% suspension of SPTFE in isopropyl alcohol) was used (SPTFE sample). The samples were then 
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heat treated at 315 ºC for 15 min to provide the best pores filling with a fluoropolymer material. The 
PVDF-layer was formed by immersing the sample in a 6% solution of polyvinylidenefluoride (PVDF 
sample) in N-methyl-2-pyrrolidone followed by drying at 70 ºC for 2 h. To form PVDF/SPTFE-
coating, SPTFE particles were added to the PVDF solution at a ratio 1:5 (PVDF:SPTFE 1:5 
sample). Then the samples were dip-coated and dried at 65 ºC for 3 h.

Thickness of the formed PEO and composite coatings was measured using a VT-201 eddy 
current thickness gauge (KID, Russia).

The atmospheric corrosion testing of the samples during one year exposure was carried out 
at the Marine Corrosion Test Station of the Institute of Chemistry of FEB RAS, located on 
Russkiy Island, Rynda Bay (Sea of Japan). This water area has a salinity of seawater close to the 
average oceanic (34 ‰) and classifies according to ISO 9223:2012 as category C3, i.e., a marine 
environment with medium atmospheric corrosivity. The samples were exposed at an angle of 45 
to the horizon on racks located about 20 m away from the coastline. The samples were withdrawn 
from the test site after 3, 6 and 12 months of exposure.

Tribological tests were carried out using Tribometer (CSM Instruments, Switzerland) operated 
via InstrumX software. Tests were performed according to the “ball–disk” test scheme: Ø10 mm 
corundum  ball at load of 10 N and a linear rotation speed of 50 mm/s was used as a counterbody. 
After tribological tests, the wear tracks were examined using the MetekSurtronic 25 profilometer 
and the wear rate was calculated using InstrumX software (CSM Instruments, Switzerland).

Results and Discussion

Fig. 1 shows the dependences of the coefficient of friction (COF) on the number of cycles 
for SPTFE-coated samples tested after atmospheric exposure. The data for uncoated aluminum 
alloy and PEO-coating are provided for comparison. For the AMg3 aluminum alloy, there is a 
sharp rise in the COF from 0.11–0.14 to 0.55–0.56, which was stable during the entire test at 
100 cycles. The sample with 69±6 µm thickness PEO-coating showed a slightly smoother rise in 
COF from 0.15–0.16 to 0.84 with a gradual decrease to 0.80 over 42,000 cycles at the moment of 
abrasion of the coating to the substrate, which is accompanied by a sharp drop in COF, tending 
to the level of the uncoated sample.

For samples with 70±4 µm thickness PEO-coatings with SPTFE (Fig. 1), with 79±3 µm 
thickness PEO-coatings with PVDF-film and with 82±5 µm thickness with PVDF:SPTFE 
1:5-layer (Fig. 2), there is a significant decrease in the coefficient of friction, in comparison with 
the sample with PEO-coating only. As both graphs show, in comparison with the PEO-layer, 
the composite coatings reduce the COF by 16–17 times. For samples with composite coatings 
before corrosion testing, the coefficient of friction was equal to 0.009 for SPTFE-layers, 0.019 for 
PVDF-layers and 0.006 for PVDF:SPTFE 1:5-coatings. As a result of exposure for 3–12 months 
the increase in the coefficient of friction is observed from 0.015 to 0.060 for SPTFE, from 0.03 
to 0.04 for PVDF and from 0.007 to 0.010 for PVDF:SPTFE 1:5 samples.

The shape of the curves indicates that despite the tendency of tribological characteristics to 
decrease, the wear mechanism itself has not changed: it was uniform abrasion. However, after 

Fig. 1. Dependencies of the coefficient of friction on the number of cycles 
for uncoated samples, samples with PEO-coating and with SPTFE-coating 

during atmospheric corrosion
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12 months exposure to atmosphere, the smallest increase in the initial coefficient of friction from 
0.01 to 0.02 was recorded only for the PVDF:SPTFE 1:5 sample (Fig. 2).

The results presented in Table 1 allow us to conclude that samples with composite coat-
ings have 1 to 1.5 orders of magnitude lower wear rate (9.7·10–5 – 4.4·10–4 mm3/(N·m)), in 
comparison with PEO-treated (3.9·10−3 mm3/(N·m)) and uncoated aluminum alloy samples 
(5.8·10−3 mm3/(N·m)).

The SPTFE sample showed the highest wear (4.4·10−4 mm3/(N·m)) among the samples with 
polymer layers, due to the peculiarities of its preparation and smaller thickness, in comparison with 
PVDF and PVDF:SPTFE 1:5 samples (2.2·10−4 mm3/(N·m) and 1.1·10−4 mm3/(N·m)), respectively.

Conclusion
Evolution of tribological properties of the composite coatings on AMg3 aluminum alloy during 

one year of atmospheric corrosion tests. The least increase of the rate wear is observed for 
the SPTFE sample (from 4.2·10−4 to 4.4·10−4 mm3/(N·m), which is associated with its lower 
thickness compared to PVDF and PVDF:SPTFE 1:5 samples. For the last two CCs, having 
similar thickness, the rate wear increased from 1.2·10−4 to 2.2·10−4 mm3/(N·m) and from 9.7·10−5 
to 1.1·10−4 mm3/(N·m), respectively. Such a decrease in characteristics may be associated with 
some degradation of the polymer layer (due to exposure to solar radiation, temperature changes, 
penetration of a corrosive medium into coating microdefects). At the same time, it should be 
noted that the coating formed using SPTFE microparticles not only demonstrated the highest 
wearproof, but also the here smallest decrease.

Fig. 2. Dependencies of the coefficient of friction on the number of cycles 
for PVDF and PVDF:SPTFE 1:5 samples during atmospheric corrosion test

Table 1 
Number of cycles and wear rate for the samples under study 
after the atmospheric corrosion test for 0, 3, 6, 12 months

Samples Number of cycles (×103)* Wear rate, mm3/(N·m)
0 3 6 12 0 3 6 12

Uncoated 0.1 – 5.8·10−3 –
PEO 42 – 3.9·10−3 –

SPTFE 174 149 117 86 4.2·10−4 4.2·10−4 4.3·10−4 4.4·10−4

PVDF 823 669 614 525 1.2·10−4 1.8·10−4 1.9·10−4 2.2·10−4

PVDF:SPTFE 1:5 864 802 694 565 9.7·10−5 9.7·10−5 9.9·10−5 1.1·10−4

Note .  The number of cycles was fixed until the coating was abraded to the substrate.
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Changes in barrier properties of protective composite 
coatings on aluminum alloy during climatic testing
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Abstract: The paper reveals the changes in corrosion properties of the samples with 

composite coating subjected to atmospheric corrosion test for 6 months. Composite coating 
(CC) was formed by treatment of oxide layer obtained by plasma electrolytic oxidation 
(PEO) with suspension of superdispersed polytetrafluoroethylene microparticles (SPTFE) in 
polyvinylidenefluoride (PVDF). The corrosion current density was compared for the composite 
coatings, PEO-coated and untreated samples. It is shown that corrosion current density for 
the sample with СC tested for 6 months (2.9·10–11 A·cm–2) is more than 3 orders of magnitude 
lower in comparison with the sample with PEO-layer (3.5·10–8 A·cm–2) and almost 6 orders of 
magnitude less than for uncoated aluminium alloy (1.7·10–5 A·cm–2).
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Изменение барьерных свойств защитных композиционных 
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А. Н. Минаев 2, С. Л. Синебрюхов 1, С. В. Гнеденков 1 

1 Институт химии ДВО РАН, г. Владивосток, Россия
2 Дальневосточный Федеральный Университет, г. Владивосток, Россия 

✉ vyaly@ich.dvo.ru
Аннотация. В работе представлены данные, характеризующие динамику изменения 

коррозионных свойств образцов с композиционным покрытием, подвергнутых 
атмосферной коррозии в течение 6 мес. Композиционное покрытие (КП) формировали 
обработкой оксидного слоя, полученного плазменно-электролитическим оксидированием 
(ПЭО), суспензией микрочастиц ультрадисперсного политетрафторэтилена (УПТФЭ) 
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в поливинилиденфториде (ПВДФ). Проведено сопоставление полученных значений 
тока коррозии после 3 и 6 месяцев испытаний с соответствующими значениями для 
необработанного образца и образца с ПЭО-покрытием. Установлено, что барьерные 
свойства образца с КП более чем на 3 порядка выше по сравнению с образцом с ПЭО-
слоем и почти на 6 порядков выше, чем у сплава без покрытия.

Ключевые слова: алюминий, защитное покрытие, плазменное электролитическое 
оксидирование, композиционное покрытие, электрохимия
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Introduction

Protection of aluminum and its alloys, which are prone to corrosion in halide-containing media, 
is an important scientific and sought after practical task [1]. The performed studies established a 
high level of protection provided by a composite coating (CC), where heterogeneous oxide layer is 
used as a matrix for the polymer layer on AMg3 aluminum alloy [2, 3]. However, the conditions of 
exploitation and electrochemical express-testing may vary significantly [4]. Therefore, it is necessary 
to verify the obtained parameters under appropriate exploitation conditions. For this purpose, as 
the most suitable for testing and evaluating the influence of these factors on the anti-corrosion 
properties of composite coatings the estimation of protective properties assessed via electrochemical 
study of samples subjected to atmospheric corrosion test for 3 and 6 months was performed.

Materials and Methods

Plasma electrolytic oxidation of AMg3 aluminum alloy samples with size of 30 × 30 × 2 
(mm)3 was carried out in bipolar mode for 15 minutes. The voltage during the anodic period 
was increased from 30 to 540 V at a rate of 3.4 V/s. During the cathodic period current density 
was maintained at 0.12 A·cm−2. The duty cycle was equal to 1. The silicate electrolyte (20 g/L 
Na2SiO3·5H2O, 10 g/L Na2B4O7·10H2O, 2 g/L NaF and 2 g/L KOH) and polarization mode led 
to formation of the layer with a complex morphology [1].

To form CC, superdispersed polythetrafluoroetylene (SPTFE) particles were added to the 6% 
polyvinylidenefluoride (PVDF) solution in N-methyl-2-pyrrolidone [1]. Then the samples were 
dip-coated and dried at 65 ºC for 3 h.

To study the dynamics of changes in electrochemical properties during the atmospheric 
corrosion, the samples were installed at the Marine Corrosion Test Station of the Institute of 
Chemistry of FEB RAS, located on Russkiy Island, Rynda Bay [5]. This water area has a salinity 
of seawater close to the average oceanic (34‰) and classifies according to ISO 9223:2012 as 
category C3, i.e. a marine environment with medium atmospheric corrosivity. Samples with size 
of 30×30×2 (mm)3 were exposed at an angle of 45 to the horizon on racks located about 20 m 
away from the coastline. The witness samples were taken after 3 and 6 months of field testing. 

The morphology of the composite coatings was investigated by scanning electron microscopy 
(SEM) using Carl Zeiss EVO 40 microscope with an acceleration voltage of 20 kV.

Electrochemical properties were investigated using ModuLab XM ECS (Solartron analytical, 
Farnborough, UK). Measurements were carried out in a three-electrode cell in a 3 wt.% NaCl. 
Platinum mesh was used as a counter electrode, and saturated calomel electrode was used as a 
reference electrode. The exposed area of samples was equal to 1 cm2. The samples were kept 
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in a solution for 60 minutes prior to electrochemical tests to achieve a steady state. To record 
the impedance spectrum, a sinusoidal signal with an amplitude of 10 mV (rms) was used. The 
experiments were carried out in the frequency range from 0.1 MHz to 0.01 Hz at a logarithmic 
sweep of 10 points per decade. The potentiodynamic polarization measurements were carried out 
at a scan rate of 1 mV·s–1 in the range from Ec −0.25 V to Ec +2 V, where Ec is the corrosion 
potential. The values of polarization resistance Rp were determined in separate experiments from 
the linear potential current density plot in range of Ec ± 20 mV as the Rp = ΔE/Δj.

Results and Discussion

Analysis of the SEM-images in Fig. 1 indicates that PEO-layer formed in the established 
oxidation mode and electrolyte, have a complex morphology. Application of PVDF solution with 
SPTFE microparticles atop the PEO-layer leads to a shielding of microdefects and pores and 
covers surface with uniformly distributed particles. PVDF solution embeds microparticles and 
provides adhesion to the PEO-coating.

Moreover, the microparticles form large agglomerates, which probably better cover the porous 
part of the PEO-layer and increase its anti-corrosion parameters [1].

SEM image of the CC surface after 6 months of the atmospheric exposure is presented in 
Fig. 2. Composite coating has high strength and resistance to temperature changes, as well as 
resistance to ultraviolet radiation and atmospheric precipitation. The SPTFE particles sealed the 
pores and defects, preventing pitting corrosion. At the same time, there are no defects in the 
PEO-coating, which, during 6 months of atmospheric corrosion, remained completely covered 
with a PVDF/SPTFE-layer.

In the investigated range of potentials, the potentiodynamic curve for an uncoated aluminum 
alloy is the typical for this material. After the cathodic part of the curve (Fig. 3), a breakdown of 
the natural oxide-hydroxide film occurs with a corresponding sharp increase in the current density 
during the development of the corrosion process. The potentiodynamic curves obtained for the 
coated samples are located in the zone of significantly lower currents compared to the curve for 
the uncoated alloy and demonstrate a significant inhibition of the corrosion process.

Fig. 1. SEM-images of the PEO and composite coatings 
formed on the AMg3 aluminum alloy

Fig. 2. SEM-image of the composite coating 
after 6 months of the atmospheric corrosion test
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Electrochemical studies of the samples found that the formed protective layers significantly 
reduce the corrosion current density.

Thus, for a sample with a composite coating, the corrosion current density is equal to 
7.5·10–12 A·cm–2, which is more than 4 and 5 orders of magnitude lower than this parame-
ter for the PEO-coated (Ic = 8.4·10–8 A·cm–2) and for the uncoated AMg3 aluminum alloy 
(Ic = 1.1·10–6 A·cm–2), respectively.

The composite coating has the highest barrier properties among the studied layers due to its 
multimodal textured surface (Fig. 1). According to the results of [6], the area of direct contact of 
such coatings with an aggressive medium, calculated using the Cassie-Baxter equation, is no more 
than 3% of the total area of the sample immersed in a chloride-containing media. The stable state 
of the entrapped air in the irregularities of the multimodal surface, which prevents the formation 
of a wetting film between the liquid and the developed surface of the coating, provides high anti-
corrosion properties [6]. Therefore, a sample with a composite coating, having a multilevel relief 
formed by agglomerates of SPTFE microparticles, has a higher value of polarization resistance 
(Rp = 3.9·1010 Ω·cm2) compared to samples without a coating (Rp = 1.9·105 Ω·cm2) and with a 
PEO-coating (Rp = 2.4·104 Ω·cm2).

The results of electrochemical studies of samples after atmospheric corrosion are presented in 
Table 1 and Fig. 3. For sample with PEO-coating, the corrosion current density during 6 months 
exposition is reduced by 2.5 times due to the sealing of its pores with corrosion products. Similarly, 
the polarization resistance increases for it (in 3 times). Also, the corrosion current density for 
the sample with СC tested for 6 months (Ic = 2.9·10−11 A·cm−2) is 3 orders of magnitude lower 
in comparison with the sample with PEO-layer (Ic = 3.5·10−8 A·cm−2) and almost 6 orders of 

Fig. 3. Evolution of the electrochemical properties for uncoated, PEO-coated 
and composite polymer contained AMg3 aluminum alloy during atmospheric exposure

Table 1 
Electrochemical parameters calculated for the samples without coating, with PEO-layer 
and composite coating before and after atmospheric corrosion test for 0, 3 and 6 months

Samples βa, mV βc, mV Ec, V vs. SCE Ic, A∙cm−2 Rp, Ω∙cm2

AMg3 17.5 154.8 −0.67 1.1∙10−6 2.4∙104

AMg3 after 3 months 7.6 207.9 −0.73 1.6∙10−6 2.5∙103

AMg3 after 6 months 11.2 179.3 −0.95 1.7∙10−5 3.8∙102

PEO 39.0 429.5 −0.87 8.4∙10−8 1.9∙105

PEO after 3 months 86.3 334.3 −0.79 6.9∙10−8 4.3∙105

PEO after 6 months 78.3 422.1 −0.69 3.5∙10−8 5.7∙105

CC 488.8 243.2 −0.59 7.5∙10−12 3.9∙1010

CC after 3 months 279.3 416.4 −0.53 1.5∙10−11 4.9∙109

CC after 6 months 305.0 302.3 −0.48 2.9∙10−11 2.3∙109
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magnitude less than for uncoated AMg3 aluminum alloy (Ic = 1.7·10−5 A·cm−2). The polarization 
resistance for this sample over the same period showed the value 2.3·109 Ω·cm2, which is more 
than 3 orders of magnitude higher than one for sample with a PEO-layer (Rp = 5.7·105 Ω·cm2) and 
almost 7 orders of magnitude greater than for uncoated AMg3 aluminum alloy (Rp = 3.8·102 Ω·cm2).

Comparison of the corrosion current values obtained as a result of field tests (Table 1) with 
the literature data showed that after six months of exposure, both PEO (Ic = 3.5·10−8 A·cm−2) and 
composite coating (Ic = 2.9·10−11 A·cm−2) have higher barrier properties compared to other PEO 
coatings (Ic = 3.9·10−8 A·cm−2) [5], (Ic = 1.5–4.5·10−6 A·cm−2) [7], as well as composite coatings (Ic = 
7.6·10−10 A·cm−2) [7]. The initial values of corrosion current density for Alodine 1200s and PreCoat 
A32 chromium (VI) containing conversion coatings (Ic = 8.0-9.5 10−7 A·cm−2) in the work [8] an 
order of magnitude higher compared to the values registered for the PEO-layer (Ic = 8.4·10−8 A·cm−2) 
and 5 orders of magnitude higher than for the composite coating (Ic = 7.5·10−12 A·cm−2). Even after 
6 months of exposure the CC shows higher level of barrier properties (Ic = 2.9·10−11 A·cm−2) in 
comparison with PTFE-containing IFKhANAL-3 conversion coating (Ic = 1.0–2.0·10−6 A·cm−2) 
[9]. It can also be noted that the corrosion current density for the presented composite coating is 
one order of magnitude lower than estimated for the superhydrophobic coating formed by treatment 
of laser-processed aluminum alloy with fluorosilane (Ic = 10−10–10−11 A·cm−2) presented in [10].

Conclusion

It has been established that composite coating provides reliable protection even after a long-
term exposure, the difference in currents is half an order of magnitude. This result is ensured by 
the high stability of both the polymeric materials and the PEO-coating used as the matrix. The 
increase in protective parameters for the PEO-coating is explained by the sealing of its pores with 
corrosion products.
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