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12th International School and Conference on 
Optoelectronics, Photonics, Engineering and 
Nanostructures (SPb OPEN – 2025) / 12-я 
Международная школа-конференция по 
оптоэлектронике, фотонике, инженерии и 

наноструктурам

PREFACE

The 12th International School and Conference on Optoelectronics, Photonics, Engineering 
and Nanostructures (SPb OPEN 2025) was held on May 20–25, 2025. It continues the annual 
schools and seminars for young scientists on physics and technology of nanostructures, organized 
since 2009, spearheaded by Zhores Alferov, RAS Academician and winner of the 2000 Nobel 
Prize in Physics. 

The School was organized by the St. Petersburg Higher School of Economics, Peter the 
Great St. Petersburg Polytechnic University, with the support of the HSE Academic Fund 
Programme, Photonics Russia and Special Systems Photonics LLC. 

The Program Committee of the School and Conference selected 250 papers by young 
scientists, graduate and undergraduate students from 22 cities in Russia and Belarus. The same 
as last year, the average age of the attendees was under 27 years old, over 70% of the reports 
were presented by attendees under 30.

Presentations were given in six panels:
	 - Synthesis and structural properties of semiconductor materials and nanostructures,
	 - Lasers, solar cells, other optoelectronic devices,
	 - Nanophotonics, spectroscopy, microresonators, optical properties, plasmonics,
	 - Biophysics, nanobiotechnology, biophotonics,
	 - Electrical, magnetic and microwave characteristics and devices,
	 - Other aspects of nanotechnology.

The highest percentage of reports (23%) were given in the section “Nanophotonics...”, closely 
followed by “Lasers...” with 22% of reports. Twenty of the best reports by young scientists were 
awarded with diplomas of the conference.

In addition to poster presentations from young scientists, the programme included a series of 
keynote speeches by prominent researchers, outlining the main advances and challenges in various 
fields of physics and technology. In total, 99 leading scientists participated in the conference. The 
keynote speakers included:

	 - Alexander Alodjants (ITMO University)
	 - Alexander Mintairov (University of Notre Dame, USA / Ioffe Institute)
	 - Alexey Toropov (Ioffe Institute)
	 - Maria Kuznetsova (St. Petersburg State University)
	 - Ivan Mukhin (Alferov University)
	 - Ivan Makhov (St. Petersburg Higher School of Economics)
	 - Georgiy Sapunov (Changchun Institute of Optics, Fine Mechanics and Physics, China)
	 - Yating Wan (King Abdullah University of Science and Technology, Saudi Arabia)
	 - Alexey Ustinov (Saint Petersburg Electrotechnical University “LETI”)
	 - Maxim Vinnichenko (Peter the Great St. Petersburg Polytechnic University)

The same as last year, the peer-reviewed reports from the conference are published in 
St. Petersburg State Polytechnical University Journal: Physics and Mathematics. The 
Programme Committee of SPbOPEN-2025 hopes that the range of subjects presented at 
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the conference will be of interest to the journal's audience. We would like to thank the 
journal for giving us the opportunity to publish the proceedings, and thank the reviewers for 
useful recommendations and constructive criticism. We of course express our gratitude to all 
participants of the conference.

We invite young scientists, graduate and undergraduate students to take part in the next Saint 
Petersburg OPEN School and Conference in 2026! Please visit https://spb.hse.ru/spbopen/ for 
more details.

Alexey Zhukov
School of Computer Science, Physics and Technology
Higher School of Economics, St. Petersburg

aezhukov@hse.ru
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Abstract. Spray-deposited layers of amidated carbon nanotubes (ACNTs) were charac-

terized using AFM, Raman scattering, and spectroscopic ellipsometry. The layer thickness, 
diameters, and band gap of ACNTs, as well as the changes in the refractive index (n) at 1319 
nm and 1625 nm after H2O and NH3 adsorption in air and H2O in N2 were analyzed in com-
parison with carboxylated CNTs. Modeling the resonance peak shift due to changes in n for the 
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Аннотация. Аэрозольно нанесенные слои амидированных углеродных нанотрубок 
(АУНТ) исследовались методами АСМ, комбинационного рассеяния света и 
спектроскопической эллипсометрии. Изменения показателя преломления (n) при 
1319 нм и 1625 нм после адсорбции H2O и NH3 сравнивались с карбоксилированными 
УНТ. Смоделированный сдвиг резонансного пика Si микрокольцевого волноводного 
резонатора, покрытого АУНТ, при адсорбции NH3 позволяет предложить использование 
таких слоев УНТ для интегрально-оптических сенсоров для задач распознавания газов.

Ключевые слова: углеродная нанотрубка, эллипсометрия, интегральная оптика, 
микрокольцевой резонатор, сенсор
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Introduction

For an integrated optical sensor array providing gas recognition, to achieve high sensitivity and 
form sensors with significantly different responses, it is important to develop thin modifying layers 
that significantly change the intrinsic refractive index (n) upon adsorption of the analyte [1–4]. 
Various modified carbon nanomaterials are promising for these tasks and can provide opposite 
sensor responses to the same analyte by changing only the functional group type [5] or by 
changing the carrier gas, which can alter their electronic structure [4, 6]. However, identifying 
the mechanisms of change in the n for CNTs functionalized by different groups at different 
wavelengths (λ) during the adsorption of various molecules remains a relevant task to develop such 
a sensor array. Previously, we studied the effect of molecular adsorption on the n(λ) dependence 
only for carboxylated CNTs (CCNT) [4], but amidated CNTs (ACNT) have not been studied 
enough [5]. Therefore, the aims of this work are to study the change in the n after adsorption of 
NH3 and H2O in both air and oxygen-free (N2) gas in order to identify the features of the sensor 
response of ACNT and its differences from CCNTs. Recent results on optical gas sensors based 
on microring resonators (MRR), which even use metallic layers (high extinction coefficient (k)), 
also open up new possibilities for the development of such sensor layers [7, 8].

Materials and Methods
We studied sparse and dense networks of ACNTs (P9-SWNT, Carbon Solutions). Layer 

thicknesses were measured by AFM (NT-MDT). The CNT diameter and band gap (Eg) were 
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Fig. 1. AFM of sparse (top), dense (below) ACNT networks (a); graph of thickness versus absorbance (b);  
resistive response versus time after analyte exposure, inset: graph of current (IDS) versus gate voltage 

(UGS) (c)

evaluated [9] from the RBM-band Raman map (532 nm laser, Nano Scan Technology). ACNTs 
were spray deposited from a dispersion [4] onto an oxygen plasma treated Si substrate with 29 nm 
SiO2. The residual solvent (ethanolamine, instead of N-methylpyrrolidone used for CCNT [4], 
due to the higher ACNT dispersion stability) was removed with iterative rinsing in solutions of 
acetic and then formic acid in butyl acetate. The ACNT layer absorbance was evaluated by the 
suppression of Raman of Si by the ACNT layer (at λ ≈ 550 nm), and thickness was evaluated by 
AFM force–distance curves and lithography [4]. Conductivity type in air at a relative humidity 
(RH) of 40% was determined from the I–V characteristics for the ACNT sparse network on a 
SiO2 (300 nm)/Si substrate. The resistive responses were measured by conductivity recovery after 
exposure for 15 min to ~12500 ppm H2O (∆RH ~45%) or 2-propanol (IPA) or ethanol (22% and 
17% of saturated vapor at 23 °C, but both ~12500 ppm) or 2000 ppm NH3 and compared with a 
denser ACNT network. The latter was also measured by spectroscopic ellipsometry (SENTECH 
Instruments) using similar analyte concentrations. It was performed at a 75° (70° in N2) angle of 
incidence after exposure in a chamber with H2O or NH3 and after 25 min of desorption under 
normal conditions in the same sample area, but different for each analyte. Exposure to H2O or 
IPA in N2 was realized in situ [4]. The values of the n and k of the layer were estimated from 
the Drude–Lorentz model [4]. Numerical modeling (finite-difference time-domain and beam 
propagation methods, RSoft CAD) was performed to evaluate phase shift, losses, and resonance 
peak shift of the ACNT-coated Si waveguide and MRR after NH3 adsorption at 1625 nm.

Results and Discussion
Dense and sparse ACNT networks (~10 nm and ~1 nm layers, Fig. 1, a) with diameters ranging 

from 1.3 to 1.7 nm (band gap Eg ≈ 0.63–0.81 eV) show similar values for both CNT diameters, band 
gaps, and the dependence of absorbance on layer thickness compared to CCNTs [4] (Fig. 1, b). 
However, despite the similar (p-type) behavior of channel conductivity under gate field control [10] 
and similar ACNT resistive responses to H2O and NH3 (Fig. 1, c) compared to CCNT [11], the 
response to IPA (4%) is noticeably lower than to H2O (40%) or even to ethanol (15%). For 
CCNT, on the contrary, the response to ethanol can be comparable to NH3 in N2 [12]. This can 
be used to form an array of resistive and optical sensors for gas recognition.

When exposed to H2O in air, the n of ACNT dropped slightly from 1.708 to 1.706 at 1625 nm 
(∆n ≈ −0.002 as opposed to ∆n ≈ 0.002 for CCNT) and was 1.628, but did not change at 1319 nm 
(∆n < 0.001 versus ∆n ~ 0.012 for CCNT, Fig. 2, a). The decrease in the n with increasing H2O 
concentration occurs only near 1625 and 1410 nm (0.763 and 0.88 eV), which corresponds to the 
opposite changes in experimental ∆(E) and Ψ(E) data for ACNT compared to CCNT (Fig. 2, b, c). 
This is presumably due to specific local changes in the density of states spectrum [13] for ACNTs. 
Although, when exposed to H2O, near the main peak of n(E), located at the photon energy close 
to the CNT band gap energy, an increase in the n is observed in air (but a decrease in N2) with a 
slight decrease in the charge carriers concentration (p) for ACNTs in the Drude–Lorentz model: 
∆p ≈ −0.2% in air, but ∆p ≈ 1% with RH change from 20 to 65% in N2. This also corresponds 
to the resistive response in air for CCNT [11] and ACNT (~7% for dense network, Fig. 2, c). 
This effect is presumably related to a charge carrier type change: from holes in air to electrons in 
dry N2, and is observed for both ACNT and CCNT [4, 6]. H2O and NH3 are donors for CNTs, 
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Fig. 2. n and k as a function of photon energy (E) for ACNT and CCNT (a), insets: enlarged n(E) 
near λ = 1625 nm and λ = 1319 nm; Drude–Lorentz model (lines) for fitting to ellipsometry data 
(dots): ∆(E) and Ψ(E) near the specified λ for the adsorption of H2O and NH3 in air (b, c); H2O and 

IPA in N2 (d, e)

opposed to O2 and NO2, both of which are charge acceptors [13]. Thus, in air, H2O and NH3 
reduce the concentration of CNT carriers [11], but in the absence of O2, the opposite occurs 
for both ACNT and CCNT [4]. When exposed to NH3, the n increased: from 1.697 to 1.710 at 
1625 nm, from 1.620 to 1.638 at 1319 nm for ACNTs (Fig. 2, a). It corresponds to an increase 
in resistivity for both ACNTs (Fig. 1, c) and CCNTs [4, 11]. However, the ratio of responses to 
NH3 and H2O changes for ACNTs from −6.5 at 1625 nm to ~18 at 1319 nm. In contrast, for 
CCNTs this ratio is ~2 at 1625 nm and close to zero at 1319 nm. These changes in the ratio are 
apparently due to local but different changes in the band structure (and away from the edges of 
the CNT band gap) for both ACNT and CCNT and can provide the recognition of NH3 versus 
H2O in air using only CCNTs [4] or ACNTs, in contrast to resistive sensors [11].

The ACNTs, differing in the ∆n direction in air after adsorption of NH3 (“+” ∆n) and H2O 
(low, but “−” ∆n) at 1625 nm with response (i.e., ∆n) only to NH3 at 1319 nm, also allow 
recognition of these gases. The response behavior differences for ACNT versus CCNT can only 
be associated with the different types of functional groups, since the remaining features of CNTs 
(Eg, the IR absorption peaks) are similar, and for non-functionalized CNTs, both NH3 and 
H2O are donors [4] and should not form the opposite sensor response in air. Although, H2O in 
dry N2 as a carrier gas gives a drop in the n for both ACNT and CCNT. The initial n value at 
λ = 1319 nm for ACNT in dry N2 was 1.602. The n values during exposure to H2O (subsequent 
N2 purging) were at 20% and 65% RH: 1.579 (1.596) and 1.541 (1.565). The incomplete return 
is due to incomplete desorption during the 20-minute low-flow N2 purge, which is typical for 
CNTs [4, 11]. For ACNT, despite the low resistive response to IPA in air and low ∆n value at 
IPA exposure in N2 near the main peak of n(E) (∆n ≈ −0.02 at E ≈ 0.65 eV), the ∆n was higher 
in modulus at 1625 nm and 1319 nm (∆n ≈ −0.05), which is higher than for NH3 in air. This 
indicates an improvement in the gas recognition capabilities when using several λ.

Modeling showed that the phase shift of 0.2° per 100 μm length is achieved in the Si waveguide 
coated with a 1 nm ACNT layer with a 50 nm SiO2 sublayer. Thus, at ~22.5 mm a π/2 phase 
shift can be achieved. However, accounting for losses due to the high k of CNT obtained from 
ellipsometry (Fig. 2, a) does not allow the implementation of such an interferometer arm. The 
losses are ~0.9 dB per 100 μm (Fig. 3, a). The phase shift to loss ratio is 0.22°/dB.

Further increases in the sublayer do not lead to an improvement in this ratio. However, 
despite the high losses, the sensor structure can be implemented based on the ACNT-coated 
Si waveguide MRR structure (Fig. 3, b), similar to known results [7]. Modeling showed that 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

16

Fig. 3. Simulation results: electric field distribution and losses of ACNT-coated waveguide (a); scheme of 
microring resonator sensor (b); transmission spectra with resonance peak shift after NH3 adsorption (c)

the quality factor (Q) of the proposed structure is 1900 without the CNT layer and 1200 with 
it, due to losses in the ACNT layer. Therefore, the MRR radius was chosen to be limited to 
20 µm. The free spectral range was 6 nm, slightly higher than known [14] due to the use of a 
ribbed waveguide (Fig 3, a, b). Since the implementation of a gap between coupled waveguides 
less than 150 nm complicates the implementation [7, 8], this distance was chosen, even though 
critical coupling has not yet been fully realized. Thus, the extinction ratio and Q were lower than 
reported in the experiment [7]. The estimate of the resonance peak shift after NH3 adsorption 
was about 5 pm (Fig. 3, c, red shift). This, assuming a noise level estimation of ~0.1 pm [7] and a 
linear response on concentration dependence, yielded an estimate of the sensitivity (S) to NH3 as 
2.5·10–3 pm/ppm and a detection limit of ~40 ppm, comparable to the use of a special polymer, 
with higher changes in its n during the analyte adsorption [7]. However, recently a higher S value 
has been achieved for a similar sensor layer by changing only the MRR parameters [8]. Thus, it 
is presumed that the S of the proposed structure can also be improved. Moreover, the proposed 
structure with ACNT implemented for two λ can allow the recognition of NH3 versus H2O due 
to the difference in their response ratios at 1319 nm and 1625 nm. More reliable recognition can 
be implemented using ACNTs and CCNTs together, even at the same λ (even at 1625 nm), due 
to the larger differences in the responses between them. This is important because typically for a 
single sensor layer, the RH change can also affect the resonance peak shift, interfering with the 
analysis of target analyte [8]. However, changes in the band structure of CNTs during analyte 
adsorption can change not only the n but also k, which distinguishes them from the known 
polymer [7, 8], and can change the resonance peak width, complicating measurements.

Conclusion
Despite the similar behavior of the resistive response of ACNT and CCNT, ellipsometry 

showed significant changes in the ratio of responses to NH3 and H2O, expressed in the refractive 
index changes (∆n) at 1625 nm and 1319 nm for both ACNT and CCNT, especially between 
them, despite their differing only in the functional group types. Therefore, spray-deposited 
ACNTs or CCNTs can be used to modify the Si waveguide in a microring resonator (MRR) to 
manufacture the proposed integrated optical sensor, providing acceptable sensitivity, recognition 
of NH3 versus H2O. It can be implemented for two wavelengths using only ACNT or CCNT, 
or even for one wavelength when using ACNT and CCNT together in a sensor set capable of 
even better recognition of the gases. Despite the fairly high extinction coefficient of CNTs, the 
use of the MRR structure allows the use of such thin (~1 nm) CNT layers to implement integral 
optical sensor structures. The noticeable CNT ∆n at photon energies far from the CNT band 
gap, presumably caused by the density of states changes in the CNT band structure with analyte 
adsorption, opens up new additional mechanisms for improving the sensors response selectivity. 
The combined use of such optical and resistive sensors significantly expands the possibilities of 
developing multisensor systems. This can be used for the development of integrated optical gas 
sensor array based on functionalized carbon nanomaterials and new principles of gas recognition.
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Abstract. This work demonstrates, for the first time, the selective formation of ordered arrays 
of vertical GaAs nanowires on Si(111) with a native oxide layer using a two-step pre-treatment 
of the substrate surface with a focused Ga-ion beam. Based on our previous studies, we show 
that modifying the substrate through a two-step protocol — first applying a continuous surface 
treatment with low doses (up to 1×10–13 C/µm2), followed by spot treatment with medium doses 
(from 1×10–13 to 1×10–12 C/µm2) — effectively suppresses parasitic growth and enables nano-
wire formation at defined surface locations. Furthermore, adjusting the spacing between ion 
implantation points (from 0.5 to 5 um) allows precise control over the pitch of the nanowire 
array. By optimizing dose values, we achieve the formation of single, free-standing, vertically 
oriented nanowires at each ion beam impact site. The study of optical properties of nanowire 
arrays reveals their high structural quality, as evidenced by intense photoluminescence of GaAs 
up to room temperatures

Keywords: silicon, focused ion beam, molecular beam epitaxy, nanowires, III-V, nanopat-
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Аннотация. Впервые продемонстрировано селективное формирование упорядоченных 
массивов вертикальных нитевидных нанокристаллов GaAs на подложках Si(111) с 
собственным оксидом, модифицированных путем двухэтапной обработки поверхности 
ионным пучком Ga+. В данном подходе сначала проводится сплошная обработка подложки 
малыми, а затем точечная большими дозами, что позволяет подавить паразитный рост 
в области модификации и стимулировать формирование нитевидных нанокристаллов в 
заданных точках. Оптимизация доз и расстояния между точками воздействия ионного 
пучка позволяет получать одиночные вертикальные нитевидные нанокристаллы GaAs, 
демонстрирующие интенсивную фотолюминесценцию при комнатной температуре

Ключевые слова: кремний, фокусированный ионный пучок, молекулярно-лучевая 
эпитаксия, нитевидные нанокристаллы, полупроводники III-V, нанолитография, 
позиционно-контролируемый рост
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Introduction

III-V nanowires (NWs) open wide possibilities for the fabrication of integrated microscale 
light sources and detectors on cost-effective Si substrates. NW-based devices require efficient self-
organization techniques that ensure precise positioning and control over nanowire properties. A 
promising approach to this problem involves the pre-treatment of the growth surface by focused 
ion beam (FIB) and nanowire formation via molecular beam epitaxy (MBE) [1]. However, this 
method remains poorly understood, especially in the context of creating regular structures and 
investigating their properties. In this work, we proposed a new approach to obtain regular NWs 
using a two-step pre-growth FIB treatment of the Si(111) surface with native oxide layer.

Materials and Methods
In our previous research, we have shown that pre-treatment of Si(111) substrate with a low ion 

dose leads to local suppression of NW growth, a medium dose intensifies NW growth and a high 
dose results in the formation of polycrystalline GaAs [2]. Understanding the mechanisms and 
optimizing the modes allows precise control of nanowire characteristics and prediction of surface 
morphology when using multiple ion beam processing modes simultaneously. In this work, to 
form ordered NW arrays without parasitic growth, a two-stage treatment of the Si(111) surface by 
ion beam with growth suppression and intensification modes is proposed. This approach will allow 
the creation of selective NW arrays without the need for additional masking layers. First, the area 
of growth suppression was created through low-dose FIB treatment (up to 1×10–13 C/µm2) using 
a uniformly spread pattern. After this modified area was additionally patterned by FIB using a 
dot-template with different distances between ion beam impact points and a dose optimized for 
NW growth enhancement, varying in the medium dose range from 1×10–13 to 1×10–12 C/µm2. 
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Fig. SEM images of the modified Si(111)/SiOx surface after GaAs NW growth

The modified substrate was subsequently annealed at 600 °C, followed by MBE synthesis of GaAs 
NWs at 750 °C. The resulting arrays were analyzed using SEM and PL techniques.

Results and Discussion
Figure clearly illustrates the effect of the proposed FIB treatment on NW growth – an 

ordered array of vertical GaAs NWs is formed, with nearly complete suppression of parasitic 
growth between neighboring NWs and within the array itself. A distinct transition zone is 
observed between the modified region (highlighted in orange) and the unmodified area of 
the Si surface, where random NW growth occurs. Increasing the spacing between ion beam 
exposure points results in a corresponding change in the pitch of the NWs. Notably, parasitic 
growth suppression remains effective even with a tenfold increase in the FIB-treated area size 
(50×50 µm, pitch 5 µm).

Figure also shows that optimizing the dose allows to limit growth to a single NW at each FIB 
exposure point (e.g., with 1 µm pitch). However, increasing the dose disrupts array homogeneity, 
leading to the formation of multiple NWs at a single exposure point and the emergence of 
extended NW arrays ordered in a line. We attribute this effect to the lateral spread of ions, 
both during implantation and subsequent annealing. As a result, the growth intensification 
effect [2] extends over a greater distance at higher doses, promoting the formation of multiple 
NWs at a single point (e.g., pitch 5 µm). In turn, in arrays with closely spaced exposure points 
(pitch 0.5–1 µm), this leads to an overlap of the ion spreading areas between neighboring 
points and their mutual influence, resulting in the formation of NW rows with parasitic growth 
between exposure sites. The localized dose increases due to overlap likely shifts the process 
into the high-dose regime, where parasitic growth dominates, leading to the formation of GaAs 
polycrystals in these regions [2].

The optical characterization of these core-shell NW arrays reveals high structural quality, as 
evidenced by intense photoluminescence at room temperatures.

Conclusion

Thus, we demonstrated that a two-stage FIB pre-treatment of the Si(111) surface with a 
native oxide layer enables the selective formation of ordered vertical GaAs NW arrays. The array 
parameters can be precisely controlled by modifying the FIB treatment template. Additionally, 
optical characterization revealed that the fabricated arrays exhibit intense photoluminescence, 
even at room temperatures.
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Abstract. Formation of new devices of flexible and organic electronics requires new materi-

als. One of the perspective classes of materials is graphene derivatives. To enhance wettability of 
polymer substrates we used multicomponent graphene oxide suspension with further reduction 
of obtained films with laser irradiation. We used UV and IR lasers for local reduction of these 
films to form transistors and biosensors. Graphene oxide film from 0.93 mg/ml suspension with 
lacquer thinner was successfully deposited and reduced for BGTE transistor formation. Re-
duced graphene oxide film acted as an n-type semiconductor with 2–8×10−3 cm2/V·s−1 mobility.
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Аннотация. Создание новых устройств гибкой и органической электроники требует 
новых материалов. Одним из перспективных классов материалов являются производные 
графена. Для повышения смачиваемости полимерных подложек использовалась 
многокомпонентная суспензия оксида графена с последующим восстановлением 
полученных пленок лазерным облучением. Для локального восстановления этих пленок 
с целью формирования транзисторов и биосенсоров использовались УФ- и ИК-лазеры. 
Пленка оксида графена из суспензии 0,93 мг/мл с растворителем для лака была успешно 
осаждена и восстановлена для формирования транзистора BGTE. Восстановленная пленка 
оксида графена вела себя как полупроводник n-типа с подвижностью 2–8×10−3 см2/В·с−1.

Ключевые слова: угол смачивания, дисперсионная среда, оксид графена, 
восстановленный оксид графена, тонкие пленки, транзистор
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Introduction

Overcoming limitations of classic microelectronic technology has been one of the main points 
of interest of scientists during last 30 years. Since the beginning of the 2000s, researchers have 
tried to create or adopt new materials for electronics to obtain flexibility and overcome shape 
limitations of electronic products. 

Among the variety of new materials like fullerenes [1], nanotubes [2], organic semiconductors [3] 
graphene derivatives seem to be the most perspective [4]. Graphene oxide (GO) is a material 
that on one hand can be relatively easy deposited on the large area substrates and on the other 
hand by the management of the presence of functional groups on its surface. The last fact allows 
reduced graphene oxide (rGO) [5] to be either conducting of semiconducting. Such management 
can be done by different techniques, including chemical and electrochemical [6, 7], thermal [8] 
or laser [9], reduction. Presence of functional groups is attractive for other rGO applications, 
especially for chemical and biosensors [10]. The use of laser for GO reduction may be the 
most prospect due to the possibility of treatment localization and obtain different additional 
chemical [11] effects in case of pico- and femtosecond lasers [12].

Wet deposition methods seem to be the most suitable for formation of large area graphene 
oxide films. And such methods as spin- [13] and spray [14] coating are most perspective due to 
the possibility of deposition of large-area uniform films. Management of suspension properties 
can be done by varying its composition. Moreover, the effect of dispersion on the quality of GO 
structure hasn’t been studied properly. According to the literature data [15−17] we found a set of 
possible additional organic solvents based on its Hildebrand parameter (δT) that should be close 
or higher than that of graphene oxide (δT = 25.4 MPa1/2).

Based on the multicomponent GO suspension with thinner for lacquer paints as additional 
component, we made macrosized uniform films for further local laser reduction. We showed the 
possibility to use the cheap microsecond laser for local reduction of spin-coated GO film with 
transistor channels formation. We obtained n-type rGO transistor with mobility in the range from 
2×10−3 cm2/V·s−1 to 8×10−3 cm2/V·s−1 that can be used for flexible electronics.

Materials and Methods
For device formation we used 125 µm thick polyethylene terephthalate (PET) film as a substrate 

with 15×15 mm size. All substrates were mechanically precleaned with isopropanol with further 
drying in a 4 atm air stream.

For GO film formation we used graphene oxide water suspension with 3.11 mg/ml concentration 
was synthesized by the modified Hummers method (MIP Graphen LLC, Russian Federation). 
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Fig. 1. Scheme of rGO transistor the top view and cross-section

As additional component for better wettability we used thinner for lacquer paints (LT, Tamiya 
Ink., Japan) with concentration 1.24 mg/ml. that is in range of 1–1.5 mg/ml that is suitable for 
uniform film formation [18]. Also, Hildebrand parameter of the main component of this thinner 
− ethylene glycol is δT = 33 MPa1/2.

GO deposition was obtained with the EZ4 spin-coater (LEBO Science, PRC) with the 
following deposition profile: 1000 rpm for 60 sec with a further 30 min heat treatment in the low-
vacuum chamber VAC-24 (Stegler, PRC) at 110 °C. Gate (Al), Source and Drain (Ag) electrodes 
deposited by thermal sputtering on a modified VUP-4 thermal evaporator (USSR). The thickness 
of all electrodes was ~100 nm, measured by a quartz monitor crystal (INFICON AG, Germany). 
For Gate passivation, we used anodic oxidation of Al on a self-designed laboratory setup under 
30 V voltage. Local laser treatment was carried out by the self-designed system with a 445nm 
solid-state laser facility with a motorized table. Output laser power was about 200 mW at a 30 
MHz frequency. Treatment time in a spot (1.5×10−3 mm2) was constant at 30 ms.

Raman spectra were obtained on an InVia Raman spectrometer (Renishaw, UK). FTIR 
spectroscopy data for films was collected on the Nicolet iS10 (Thermo Scientific, USA) in 
attenuated total reflectance mode. I–V curves of reduced graphene oxide transistors were 
measured on Keithley 4200A (Tektronix, USA). Transfer curve measurements were done with 
the next parameters: Source-Drain voltage was constant at 5 V in all cases; Gate-Source voltages 
were measured in a range from –1 V to 10 V depending on the specific transistor. The thickness 
of the GO film was measured on NTEGRA PRIMA SPM (NT-MDT, Russian Federation) in 
semicontact mode with an NSG 30 cantilever: 320 kHz resonance frequency, 40 N/m force 
constant (Tipsnano OÜ, Estonia).

Results and Discussion
Deposition of GO films were done with the use of multicomponent suspension with LT as 

additional component and 1.24 mg/ml concentration. This suspension allows for better wettability 
of PET substrate, and its characteristic drying time of about 70 seconds is very close to that of spin 
coating process. Nevertheless, we observed much better adhesion in case of additional low vacuum 
thermal treatment at 110 °C for 30 min. After abovementioned operations a thin GO film (thickness 
about 80−90 nm according to AFM data) that uniformly covers all the substrate was formed. 

For investigation of laser modification, we used BGTE transistor configuration (Fig. 1) with 
GO film (suspension with LT as additional component, 1.24 mg/ml) deposited on the passivated 
gate electrode with further top source and drain electrode formation by thermal sputtering trough 
the mask. Local laser treatment was carried out by the own-designed system with a 445nm solid-
state laser facility with a motorized table. For GO reduction, we used laser parameters that were 
equal to ~35−37 mJ/cm2; the reduction process was made in a camera with nitrogen flow to 
remove possible impurities arising in the reduction process. Reduced GO areas are shown in Fig. 1 
(black regions). Reduction of GO was confirmed by Raman (Fig. 2) and IR spectroscopy (Fig. 3).
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Fig. 2. Raman spectra of locally reduced graphene oxide in transistor channel

A general view of Raman spectra of rGO correlates with results observed in [19, 20]. From 
these articles, we can clearly identify high-intensity G, D and 2D bands. We also clearly observe 
low-intensity D*, G*, D+G, and 2G bands. The relatively sharp and intensive 2D peak in our case 
tells us that on one hand defects in rGO structure are partially healed, and GO film successfully 
reduced, on the other the intensity of 2D band is much lower compared to the spectra typical for 
the fully reduced GO. Thus, we assume that laser irradiation with 35−37 mJ/cm2 results in partial 
reduction of GO film which can be semiconduction due to opening of band gap.

In IR spectra (Fig. 3), we clearly observe the presence of different bands, most of which are 
common for graphene oxide and reduced graphene oxide. This fact is one more confirmation of 
the partial reduction of the initial graphene oxide film. According to the literature data presented 
in [21, 22] we can identify the next bands: two small bands at 2927 cm–1 and 2849 cm–1 are 
asymmetric and symmetric CH2 stretching of GO. The band at ~1720 cm–1 is attributed to 
the presence of carbonyl and carboxyl groups; the 1582 cm–1 band comes from aromatic ring 
stretching; the 1400 cm–1 band comes from –OH bending in phenol etc. Thus, we can clearly 
see the presence of different functional groups that mean partial reduction of graphene oxide. 
Moreover, partial reduction can be used for the task of transistor formation due to the presence 
of carbonyl and carboxyl groups (~1720 cm–1 band).

Fig. 3. FTIR spectra of locally reduced graphene oxide in transistor channel

After GO reduction, we made Source and Drain electrodes by thermal evaporation of Ag with 
a thickness of about 100 nm (measured by a quartz detector in the evaporation camera). The total 
number of substrates was 5, with four transistors on each substrate, i.e., we made measurements 
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of 20 individual transistors. Measurement of CV characteristics was made in a nitrogen box with 
special probes on Keithley 4200A semiconductor measurement station. The typical CV transfer 
curve of the obtained rGO transistors is shown in Fig. 4.

As can be seen from Fig. 4, the n-type conductivity is observed. This fact correlates with the 
result of the [23], where the n-type of p-type charge carriers and rGO film depend on reduction 
temperature. For n-type charge carriers, rGO film should be reduced with temperatures in ranges 
of 250−450 °C and from 800 to 1000 °C. According to the similarity of FTIR spectra in our article 
and [23] we can assume the local reduction temperature in the range > 350–450 °C in our case.

Fig. 4. Transfer CV curve of rGO transistor. IDS – Drain-Source Current, IGS – Gate-Source 
current, VDS – Drain-Source voltage, VDS – Gate-Source voltage

The mobility of the rGO films was calculated from the CV characteristics of transistors. We 
found that mobility is in the range from 2×10−3 cm2/V·s−1 to 8×10−3 cm2/V·s−1. This result is much 
lower compared with data from [24, 25] and close to the results obtained in [26]. We attribute 
relatively low mobility to the not full reduction of GO film. Nevertheless, such transistors can 
be used in biosensor development due to transistor effect on one hand and presence of carboxyl 
functional groups that is important sensitive biomolecule immobilization through the coupling 
with carboxyl groups.

Conclusion
The work successfully demonstrated the possibility of formation of uniform GO films ready for 

further local laser induced reduction by the use of additional organic component in the deposited 
GO suspension with concentration in range 1−1.5 mg/ml. By the use of relatively cheap laser, 
it is possible to obtain local reduction of graphene oxide film with formation of BGTE design 
transistors, where the rGO film behaved as an n-type semiconductor. Despite the relatively low 
mobility in range about 2–8×10−3 cm2/V·s−1 partially reduced rGO films with the presence of 
carboxyl functional groups can be used as basis for chemical or biosensor formation due to the 
possibility of sensitive molecules’ immobilization.
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Abstract. Two-dimensional transition metal dichalcogenides (TMDs), particularly tungsten 

diselenide (WSe2), exhibit exceptional optoelectronic properties, including strong light-matter 
interactions and tunable exciton behavior, making them promising for nanophotonic applica-
tions. This work investigates a hybrid system comprising a WSe2 monolayer integrated with a 
plasmonic metasurface of Au-nanobumps to enhance photoluminescence (PL) through exci-
ton-plasmon coupling and strain-induced bandgap modulation. The WSe2 monolayers were 
mechanically exfoliated and transferred onto a laser-patterned Au-nanobump array fabricated 
via femtosecond laser printing, offering a scalable alternative to conventional lithography. Op-
tical characterization showed a threefold enhancement of photoluminescence intensity of WSe2 
monolayer lying on a nanobump compared to WSe2 on a flat gold substrate, what attributed to 
localized plasmon-exciton interactions and strain effects. The study demonstrates a cost-effec-
tive, lithography-free approach for tailoring hybrid TMD-plasmonic systems, enabling precise 
control over optical properties for next-generation optoelectronic devices. 
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Аннотация. Двумерные дихалькогениды переходных металлов (TMDs) широко 

известны благодаря своим уникальным оптическим и электрическим свойствам, 
в особенности двумерный WSe2 обладает выдающимися люминесцентными 
характеристиками, что делает его перспективным кандидатом для применений 
в нанофотонике. В данной работе исследуется гибридная система, состоящая из 
монослоя WSe2, интегрированного с плазмонной поверхностью упорядоченных 
Au-нанобампов, изготовленных с помощью метода фемтосекундной лазерной печати, 
предлагающий масштабируемую альтернативу традиционным методам литографии и 
травления. Оптическая характеристика показала трехкратное усиление интенсивности 
ФЛ монослоя WSe2 на нанобампе по сравнению с WSe2, лежащим на плоской 
золотой подложке, что можно объяснить локализованным плазмон-экситонным 
взаимодействием и деформационными эффектами. Исследование демонстрирует 
экономически эффективный подход к созданию гибридных TMDs-плазмонных 
систем, позволяющий точно контролировать оптические свойства двумерного WSe2 
для применения в оптоэлектронных устройствах следующего поколения.

Ключевые слова: WSe2, эмиттер, фотолюминесценция 
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Fig. 1. Au-nanobumps: optical (center) and SEM images of nanobump arrays with periods of 3, 5 
and 10 μm obtained using laser pulses of different output, expressed as a percentage, where 100% 

corresponds to 2 nJ

Introduction

Two-dimensional materials, particularly transition metal dichalcogenides (TMDs) like MoS2, 
WS2, MoSe2, and WSe2, exhibit exceptional optical and electronic properties, including direct 
bandgaps in monolayer form, strong light-matter interactions, and tunable exciton behavior [1−3]. 
Among them, WSe2 stands out for its superior luminescence, making it promising for optoelectronic 
applications. This work explores a hybrid system combining WSe2 with plasmonic nanostructures 
to enhance optical properties through exciton-plasmon coupling [4]. Additionally, strain 
induced by transferring WSe2 onto nanostructured surfaces modifies its bandgap and exciton 
transitions [5], further boosting photoluminescence efficiency.

Materials and Methods
In our work, WSe2 monolayers were obtained using a mechanical exfoliation method and 

transferred to a target substrate with Au-nanobumps using a custom transfer system based on tsc2 
hq graphene (HQ Graphene, Netherlands). 

Figure 1 shows Au-nanobumps of different heights with periods of 3 μm, 5 μm and 10 μm.

The Au-nanobumps metasurface was fabricated by combination of an inexpensive and scalable 
magnetron sputtering of thin Au films with a direct fs-laser printing technique. First, a gold film 
with a thickness of 50 nm was coated over a glass substrate using magnetron deposition. Then, 
laser patterning of the glass-supported Au films was carried out using ≈ 200 fs second-harmonic 
(λ = 515 nm) pulses generated by a regeneratively amplified Yb:KGW laser system (Pharos, Light 
Conversion) at 50 kHz repetition rate. Output laser radiation with a Gaussian-shaped lateral in 
tensity profile was focused onto the Au film surface by a microscope objective (50×, Mitutoyo) 
with a numerical aperture NA = 0.42. A computer-driven nanopositioning platform (ANT130XY, 
Aerotech) ensured precise (position deviation less than 100 nm) movement of the sample surface 
with respect to the laser focal spot, allowing each pulse to form isolated nanobumps arranged into 
a square-shaped lattice with a period (Λ) defined by the sample scanning speed.
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a) b)

Fig. 2. WSe2 on Au-nanobumps (28%): optical image (above) with the selected areas “PL” and “R” 
and AFM-image (below) (a); PL-mapping of the selected area “PL” representing integral intensity of 
a PL-spectra (b); PL-spectra of line 1 (c) and line 2 (d) with the addition of waterfall graph showing 

the shift of the PL-peak respectively (c)

c)

Results and Discussion

Optical properties of such a structure were characterized using Raman and photoluminescence 
(PL) microspectroscopy. The measurements were carried out on a Horiba LabRAM HR 800 
spectrometer. The excitation radiation source was a diode-pumped 532 nm solid-state laser. 

Figure 2, a presents an optical image of a WSe2 layer transferred onto a substrate patterned 
with an array of Au-nanobumps (147 nm height, 364 nm base diameter), fabricated using a laser 
pulse output of 28% (0.56 nJ), alongside the corresponding AFM image of the same region. The 
WSe2 flake exhibits two distinct zones: a monolayer (1L-WSe2) and a bilayer (2L-WSe2). AFM 
analysis reveals that the flake conforms to the nanobump topography, forming a tensile “tent”-like 
structure over each bump, while folding between adjacent bumps is a behavior more pronounced 
in the bilayer regions. Disordered Au particles of varying sizes, residual from fabrication, are 
also observed on the substrate. PL-mapping along two bump-to-plane directions (Fig. 2, b) and 
their spectra (Fig. 2, c, d) demonstrate two key strain-dependent effects. First, it is an enhanced 
PL-intensity as the monolayer approaches the bump region (higher strain), attributed to exciton 
localization suppressing non-radiative recombination and plasmonic nanoantenna effects from 
Au-nanobumps amplifying the local electromagnetic field. Second, it is a redshift of the PL-peak 
(by a few nm) under tensile strain, consistent with bandgap reduction in the deformed WSe2 
lattice.

d)

To characterize the mono- and bilayer regions of WSe2, Raman mapping was performed in area 
“R” (Fig. 2, a). The bilayer region exhibits significantly higher integrated Raman spectra intensity 
compared to the monolayer (Fig 3, a). The spatial boundary between 1L-WSe2 and 2L-WSe2 
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is further confirmed by the shift in the 1A′  peak position (Fig. 3, b), with the bilayer showing a 
distinct cm–1-scale shift. Representative Raman spectra (Fig. 3, c, d) reveal key differences: the 
bilayer not only shows enhanced 1A′  and E' modes due to modified electron-phonon coupling but 
also displays new characteristic modes. The observed modes include a shear mode (ZO') at 138 
cm–1, arising from interlayer displacement, a layer breathing mode (LBM) at 311 cm–1, indicative 
of strong interlayer interactions and also new optical modes at 376 cm–1 and 397 cm–1, activated 
by the reduced crystal symmetry in the bilayer.

Notably, complete photoluminescence quenching was absent at the WSe2/Au interface, 
suggesting high quantum efficiency in the WSe2 monolayer. The enhanced PL intensity in this 
system likely stems from two synergistic effects: strain-induced modification of the WSe2 monolayer 
and plasmonic enhancement from the Au-nanobumps.

a) b)

Fig. 3. WSe2 on Au-nanobumps (28%): Raman mapping of the area R representing integral intensity (a) 
and the primary peak position in cm–1 (b) of Raman spectra; 2L-WSe2 (c) and 1L-WSe2 (d) Raman 

spectra with the designation of the main modes of combined light scattering

c) d)

Conclusion

The innovation and practical significance of the presented work is attributed to the use 
of Au-nanobumps, the formation of which is carried out by a simple and effective method 
alternative to the traditional processes of lithography and etching. The laser radiation parameters 
allow controlling the geometry of the nanobumps and the lattice period, which provides the 
possibility of precise control over the optical characteristics of the hybrid structure. Furthermore, 
the ability to transfer two-dimensional WSe2 layers onto such structures with good adhesion 
provides an avenue for the fabrication of efficient hybrid emitters and heterostructures based 
on this platform.
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Abstract. In this work, we proposed the method for synthesis of nanowires with Mg2Si/Si-
based core-shell heterostructure. Silicon nanowires acting as a source of silicon for the silicifi-
cation reaction were obtained by well-studied metal-stimulated chemical etching of silicon with 
orientation (100) doped with boron, with a resistivity of 1–10 Ω×cm. A 30 nm thick gold film 
with an adhesive titanium sublayer 1.5 nm thick was used as the catalytic metal. The etched 
nanowires had a height of ~10 microns and a diameter of 1.5 microns. The Mg2Si shell was 
formed using the solid-phase epitaxy method under ultrahigh vacuum conditions. The thickness 
of the silicide shell was 400–600 nm on the side surfaces of the nanowires. 

Keywords: silicon, magnesium silicide, epitaxy, nanowires, core-shell, thermoelectricity, 
MACE, SEM, EDX, TEM
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Аннотация. В данной работе был предложен метод синтеза нанопроволок с 
гетероструктурой типа ядро-оболочка на основе Mg2Si/Si. Нанопроволоки кремния, 
выступающие в качестве источника кремния для реакции силицидообразования, 
были получены хорошо изученным металл-стимулированным химическим травлением 
кремния с ориентацией (100), легированного бором, с удельным сопротивлением 
1−10 Ω×см. В качестве каталитического металла использовалась пленка золота толщиной 
30 нм с адгезионным подслоем титана толщиной 1,5 нм. Вытравленные нанопроволоки 
имели высоту ~10 мкм и диаметр 1,5 мкм. Оболочка Mg2Si была сформирована с 
помощью метода твердофазной эпитаксии в условиях сверхвысокого вакуума. Толщина 
силицидной оболочки составляла 400−600 нм на боковых поверхностях нанопроволок.

Ключевые слова: кремний, силицид магния, эпитаксия, нанопроволоки, ядро-
оболочка, термоэлектричество, МСХТ, СЭМ, ЭДС, ПЭМ
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Introduction

Micrometer-size thermoelectric converters (µ-TEC) [1] are at the cutting edge of science and 
technology due to their potential of both development and application. These converters could 
be used as a power source of microelectromechanical systems and micro-watt devices. Surface 
density of micrometer-size thermocouples (nanowires, for example) arrangement is higher than 
standard modules for two-three order (106 vs 103−104 cm−2). Such density provides a number 
of advantages like high cooling response [2] and ability of µ-TECs to work at low temperature 
gradient [3]. However, traditional production methods (cutting and assembling) are complicated 
in this size range. So, it is required to find some new approaches. Among them, a reactive ion 
etching and an anisotropic wet chemical etching combined with a high-resolution lithography 
or a laser nanofabrication are the most popular. There are many works using these methods of 
treatment the silicon. Unfortunately, this material has poor thermoelectric properties due to its 
large thermal conductivity. There is worth considering the Mg2Si as a more perspective Si-based 
thermoelectric material [4] that could be synthesized directly on etched silicon nanowires as a 
substrate. We should note that the using of nanowires in thermoelectricity is the promising idea 
because these objects have both the same power factor and much less thermal conductivity as 
compared with bulk ones [5].

Materials and methods
Silicon nanowires with controllable size and arrangement were etched by the well-known 

metal-assisted chemical etching (MACE) of a monocrystalline boron doped silicon wafer with 
(100) orientation and 1–10 Ω×cm resistivity. A 30 nm thick gold film with an adhesive titanium 
sublayer 1.5 nm thick was used as the catalytic metal, which was deposited by electron beam 
evaporation on silicon surface pre-cleaned with isopropanol and Ar+ ion beam. The sample was 
etched in solution of HF (48%, 5.7M), H2O2 (37%, 1M) and deionized water with 12:4:34 volume 
ratio, respectively, for one hour at room temperature.
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Fig 1. SEM images of etched silicon nanowires (a) and synthesized Mg2Si/Si core-shell nanowires (b). 
Magnesium (blue) distribution on Mg2Si “shell” (c)

Fig 2. SEM image of Mg2Si/Si cross-section (a) with highlighted section that used for TEM 
analysis (b). On the insert of TEM scan (B) was shown the Fast Fourier Transformation image of 

selected area with Mg2Si plane reflexes

The etched silicon nanowires were cleaned in aqua regia for Au film removing, Piranha 
solution and rinsed in isopropanol and deionized water before loading into ultra-high vacuum 
(UHV) chamber. After the loading, outgassing was carried out at 600 °C for 12 hours and 850 °C 
for 20 minutes for SiOx removing. Mg2Si was grown by solid phase epitaxy (SPE) in UHV 
conditions (10–9 Torr). Mg amorphous film was deposited onto the cleaned nanowire’s surface at 
room temperature and then there recrystallization annealing was carried out with consequently 
increasing temperature, at 300, 330 and 360 °C. Size of nanowires was estimated by scanning 
electron microscope (SEM, Scios 2 DualBeam Thermofisher) combined with X-ray energy 
dispersive spectroscopy (EDX) to establish chemical element distribution. Structural analysis was 
carried out by high-resolution transmission electron microscopy (TEM, JEOL JEM-2100 Plus).

Results and discussion
As a result, anisotropic MACE silicon nanowires with 10 µm height and 1.5 µm diameter 

were etched (Fig. 1, a). Mg2Si shell was grown on the surface of these crystals (core) (Fig. 1, b, c 
and Fig. 2, a) with 400–600 nm thickness on sidewalls and ~1 µm on the top (Fig. 1, c). The 
stoichiometric ratio estimated by EDX is 2:1 (Fig. 1, c).

a) b) с)

a) b)

The analysis of Mg2Si/Si structure was carried out by the high-resolution TEM (Fig. 2). Mg2Si 
layer has been formed epitaxially with the relation Mg2Si(111)||Si(111) (Fig. 2, b). According 
to peak analysis of FFT image (Fig. 2, b) Mg2Si lattice is stretched for 2.7% along [111] and 
7.6% along [220].

Conclusion
The Mg2Si/Si core-shell nanowires were synthesized by the SPE at UHV condition. Silicon 

nanowires array played the role of a substrate, and a core was etched by MACE. The etched 
nanowires had a height of ~10 microns and a diameter of 1.5 microns, and the thickness of the 
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silicide shell was 400–600 nm on the side surfaces of nanowires. Mg2Si was formed by epitaxy 
with the epitaxial relationship Mg2Si(111)||Si(111). The Mg2Si lattice is found to be stretched by 
2.7% along [111] and 7.6% along [220].
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Abstract. In this work, we studied transport properties of the doped Mg2Si film on sili-

con substrate. The ~1 µm-thickness film was synthesized by the solid phase epitaxy method. 
Well-proven Ag was chosen as a dopant. At room temperature, the resistivity was 2 Ω×cm, the 
mobility was 327 cm2/(V×s), the density was 9.3×1015 cm−3. We established that using the solid 
phase epitaxy with the low temperature annealing regime led to mixed electron conductivity of 
the doped Mg2Si:Ag film due to the substitution of Si-site by Ag. The activation energy of the 
donor level is 24 meV. 

Keywords: silicon, magnesium silicide, solid phase epitaxy, silver, Hall-measurements, 
SEM, EDX
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Аннотация. В работе исследованы транспортные свойства легированной пленки 
Mg2Si на кремниевой подложке. Пленка была сформирована в условиях сверхвысокого 
вакуума методом твердофазной эпитаксии, ее толщина составляет ~1 мкм. В качестве 
легирующей примеси было выбрано хорошо зарекомендовавшее себя серебро. 
Подвижность носителей заряда составила 327 см2/(В×с), концентрация носителей — 
9.3×1015 см−3. 

Ключевые слова: кремний, силицид магния, твердофазная эпитаксия, серебро, 
холловские измерения, СЭМ, ЭДС
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Introduction

Recently, thin-film thermoelectric converters (TEC) have attracted the attention of researchers 
due to their wide range applications. They could be used as power sources for microwatt devices [1], 
heat flow sensors [2], and coolers for local thermal management [3]. Also, thin-film TEC could 
be combined with photovoltaic and thermophotovoltaic cells in hybrid converters [4]. The most 
popular thermoelectric compounds include expensive and toxic chemical elements that limits 
their wide commercial distribution. Silicide-based thermoelectric converters are considered as 
feasible low-cost and eco-friendly alternative. Among them, Mg2Si-based materials demonstrate 
competitive properties [5]. The bulk samples are well-researched but there is a lack of works on 
synthesis and transport measurements of doped films.

Materials and methods
Substrates were cut from floated zone silicon with >1000 Ω×cm resistivity and (111) orientation. 

First, silicon substrates were washed by isopropanol, and then rinsed in Piranha solution and 
deionized water. After loading cleaned samples in ultra-high vacuum chamber series of degassing 
cleaning was conducted at 600 °C and 850 °C for 12 hours and 20 minutes, respectively, for the 
SiOx removing. Mg2Si films were synthesized by solid phase epitaxy (SPE) at ultra-high vacuum 
condition (~10−9 Torr). Amorphous Mg-Ag mixture was deposited on the cleaned Si surface 
at room temperature. Then, we conducted recrystallization annealing at 300, 330 and 360 °C 
consequently without interrupting molecular flows. The Mg2Si forming was proofed by infra-red 
Fourier spectroscopy. For Hall measurements, metallic pads (Ti-Au) were deposited and annealed 
in argon atmosphere at 450 °C for 20 minutes to create ohmic contacts. Hall-measurements were 
carried out in Van der Pauw geometry. The film thickness was estimated by scanning electron 
microscopy. Stoichiometric ratio was established by X-ray energy dispersive spectroscopy.

Results and discussions
As a result of these growth procedures, a 1 µm-thickness film was synthesized with 

Mg:Si = 2:1 stoichiometric ratio. Carrier density at room temperature was 9.3×1015 cm−3, mobility 
was 327 cm2/(V×s) and resistivity was 2 Ω×cm. The characteristic feature of the film synthesized 
by the described method is electron conductivity with moderate doping level. Previously, in many 
papers, the Ag impurity was used as an acceptor [6, 7]. This phenomena could be caused by the 
following. Theoretical works say that Ag impurity can be both donor and acceptor depending 
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Fig. 1. Temperature dependence of the resistivity from 30 to 300K, main transport coefficients at the 
room temperature and activation energy of Ag-donor impurities in the insert
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on the occupied site [8]. An acceptor level is formed when an Ag atom substitutes a Mg-site. 
This scenario has the highest probability. A donor level is caused by occupation of a Si-site or 
a 4b-site by an Ag atom. It should be noted that probability of these scenarios was estimated at 
1105 °C that is much more than experimental temperature regime. Also, in reported works, the 
doping was conducted after the crystallization of Mg2Si at high temperature (450−500 °C) [6, 7]. 
This temperature could lead to desorption of Mg atoms that produced vacancy occupied by Ag 
impurity. In our case, the Mg-Ag mixture was firstly deposited on the Si surface. So, due to the 
increased diffusion length there is some Si deficit in the Mg2Si film. The occupation of these Si 
vacancies by Ag atoms led to the donor level formation [8].

Conclusion
In this work, we reported about the Ag-doped Mg2Si film growth on the silicon substrate 

by solid phase epitaxy method under ultra-high vacuum conditions. We measured main Hall 
parameters. At room temperature, the carrier density was 9.3×1015 cm−3, the carrier mobility was 
327 cm2/(V×s), and resistivity was 2 Ω×cm. It was shown that the used growth mechanism leads 
to donor behavior of the Ag impurity in contrast with thermal diffusion methods described in 
literature. The phenomena is caused by occupation of Si sites by Ag atoms.
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Abstract. We have formed a given pattern of the second order optical nonlinearity in the 
subsurface region of a glass by electron irradiation. The nonlinearity was induced by the electric 
field of the electrons captured by the glass. Formed structure consisted of periodic “strips” and, 
being irradiated normally to the glass surface with an IR laser, generated the second harmonic 
(SH) radiation pattern similar to one of a phase diffraction grating. The pattern presented the 
results of an interference of the SH waves generated by nonlinear strips. Mapping of the SH 
radiation pattern in orthogonal polarizations of the fundamental laser beam allowed concluding 
about the distribution of the electric field of electrons captured in the glass.
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Аннотация. Продемонстрирована возможность формирования заданной нелинейной 
периодической структуры в приповерхностной области стекла электронным облучением. 
Нелинейность индуцировалась электрическим полем электронов, захваченных стеклом. 
Сформированная структура при облучении поверхности стекла по нормали ИК лазером 
генерировала вторую оптическую гармонику с диаграммой направленности, аналогичной 
диаграммам от фазовых дифракционных решеток. Картирование излучения второй 
гармоники при ортогональных поляризациях фундаментальной волны позволило 
сделать вывод о распределении электрического поля захваченных в стекле электронов.

Ключевые слова: генерация второй оптической гармоники, стекло, электронная 
литография, периодическая структура
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Introduction

Currently, nonlinear optical effects are used in various devices, such as optical modulators, 
optical frequency converters, etc. One of the main fields of research in nonlinear optics relates 
to the second harmonic generation (SHG). In general, such an effect can only be achieved in 
materials without the inversion center. However, a lot of optical elements is based on glasses. 
This is because of their low price, optical transparency in a wide range of wavelengths and a 
high variability of other characteristics. In glasses, the presence of the inversion center forbids 
SHG, with the exception of the glass surface. However, SHG in glasses can be provided by the 
EFISH (electric field induced second harmonic) effect [1] that is nonlinear conversion involving 
3rd order electric susceptibility χ(3) and DC electric field EDC created by a charge “frozen” in the 
glass. Among such approaches to create a frozen electric charge as thermal poling [2, 3], optical 
poling [4], etc., the e-beam irradiation stands out primarily due to its high resolution and the 
opportunity of direct writing of complicated patterns [5].

The visualization of the distribution of electric field is an important problem in the design of 
various micro- and optoelectronic components. If optically transparent materials are used, SHG 
can be a convenient tool for this, e.g. mapping of the SHG signal. In this paper we demonstrate 
the visualization of the electric field distribution in nonlinear periodic structures created by 
electron irradiation in a glass.

Materials and Methods
We used BF16 glass with the following composition: 27% SiO2; 6.8% B2O3; 2.5% Al2O3; 

0.6% Sb2O3; 0.4% As2O3; 10% PbO; 42% BaO; 5.7% ZnO; 5.1% CaO. Electron irradiation 
was carried out using a Raith EBPG5000 + ES electron beam writer. The electron energy 
was 100 keV, the beam size was 2 nm, and the charge density of the irradiated pattern was 
maintained at 8 μC/cm2. The written structure is a set of two-dimensional gratings with the 
periods Λ = 4, 8, 16, and 32 μm. The gaps in the gratings coincided in width with the strips 
and made up half the period, i.e. Λ/2. The gratings are about 1 mm wide and 3 mm long. 
Optical measurements were performed using a 1064 nm pulsed picosecond laser (Nordlase 
IGUL-PS-205-1064-50-50-10-50). Laser beam width was 90 µm, using a short-focal-length 
lens allowed to reduce it to 1–2 µm. To map the SH signal, the irradiated glass was mounted 
on a two-dimensional translation stage. SH signal registration was carried out using a photon 
counter (Hamamatsu H11890-110).

Results and Discussion
The distribution of EDC in this structure, which was obtained by solving the Poisson equation [6] 

for the given charge distribution, is characterized by specific SH radiation patterns. These patterns 
were observed under normal-incidence laser irradiation (see Fig. 1, a). Fig. 1, b presents the 
radiation patterns of the SH generated by a 16 μm grating under laser excitation with transverse 
polarization (relative to the grating stripes). The observed profiles are consistent with the theoretical 
distributions of diffraction gratings exhibiting π-phase modulation

SHG mapping was performed using a long-focal-length lens (size of the light spot (~90 μm) 
noticeably exceeds the periods). The obtained maps are presented in Fig. 2. The strongest SH 
signal is observed at the edges of the gratings – the side faces for the transverse polarizations 
and the end faces for the longitudinal polarization. Since in this structure SHG occurs via the 
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Fig. 1. Optical measurement scheme (a); normalized SH signal as a function of the scattering angle 
for periodically e-beam irradiated area with period Λ = 16 μm (b)

Fig. 2. SHG maps at orthogonal polarizations of the laser beam: across the strips (a); along the 
strips (b)

Fig. 3. SH signal profiles under laser irradiation of a Λ = 4 μm grating: within the grating area (a) and 
at the grating edge (b)

EFISH effect [1], the signal magnitude directly depends on the electric field strength. Thus, Fig. 2 
demonstrate visualization of static E-field in the structure. Note, since size of the light spot in 
these measurements (~90 μm) noticeably exceeds the periods, the E-field inside the gratings is 
unresolved.

To visualize E-field inside the gratings, we used a short-focal-length lens (the light spot 
(~2 μm) is smaller than the periods). As described by the model in Ref. [6], the charge distribution 
expands beyond the boundaries of the fabricated strips due to electron scattering in the glass. This 
leads to an increase (compared to the grating period) spacing between the EDC maxima in the 
irradiated region. Fig. 3, a presents the SH signal profile for a Λ = 4 μm grating, measured with 
the laser polarization oriented transverse to the strips. We observe a significant increase in the 
SH peaks spacing within the irradiated zone (2.5 μm compared to the original 2 μm), confirming 
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the corresponding increase in the EDC maxima separation. Furthermore, at the outermost strip, 
the implanted charge is no longer confined by neighboring strip, resulting in the predicted decay 
of the SH signal to zero over extended distances (~40 μm for Λ = 4 μm), as shown in Fig. 3, b.

Conclusion
We demonstrated SHG for visualizing EDC distributions in periodic structures fabricated by 

electron beam in glass. SHG spatial mapping revealed pronounced electric field localization at 
grating edges. Moreover, high-resolution SHG profiling with a short-focal-length lens allowed 
visualizing local electric field inside the grating. Obtained profiles of the local E-field are in 
agreement with the recent simulations [6].
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Abstract. The structure of the diffusion flame of TC-1 kerosene has been studied. A film of 

pyrolytic soot was obtained using the sampling method, and the structural changes of this film 
under thermal exposure were studied. A new carbon structure – glass carbon was obtained as a 
result of laser irradiation of highly dispersed carbon black.  The mechanism of bubble formation 
in the glassy carbon structure has been established, and the latent heat of carbon “melting” 
equal to 2110 J/kg has been determined.
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Аннотация. Проведено исследование структуры диффузионного пламени керосина 
марки ТС-1. Посредством метода пробоотбора получена пленка пиролитической сажи, 
изучены структурные изменения данной пленки при термическом воздействии. В 
результате лазерного облучения высокодисперсной сажи получена новая углеродная 
структура – стеклоуглерод. Установлен механизм формирования пузырьков в структуре 
стеклоуглерода, определена скрытая теплота «плавления» углерода, равная 2110 Дж/кг.
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Introduction

Soot particles are formed during the combustion of hydrocarbon fuels. Despite numerous 
studies of the morphology and structure of soot particles, the mechanism of their formation is 
still not fully understood [1, 2, 3]. According to one hypothesis, soot particles are formed as 
a result of the hydrogenation of hydrocarbon molecules, followed by their combination into a 
single particle. Primary soot particles are described as amorphous carbon. In contrast, another 
hypothesis suggests the formation of more complex molecular structures, in particular polycyclic 
aromatic hydrocarbons, which serve as nuclei for the formation of carbon black particles. 

Materials and Methods
Light fractions of oil (TC–1 fuel) burn to form a diffusive luminous flame. The shape of the 

flame is determined by the design of the burner device. In the case of a cylindrical burner, the 
formation of a conical-shaped diffusion flame is observed. At the base of the flare, the mixture 
formation is such that the hydrocarbon fuel burns almost in a stoichiometric ratio. The position 
of the combustion front of the flame is close to the side surface of the cone.  With increasing 
altitude, due to the lack of injected oxygen, the completeness of combustion decreases, highly 
dispersed soot particles are formed from fuel molecules, the glow of which turns the torch yellow-
orange. A plume of sooty particles forms at the top of the torch. There is a zone near the top of 
the flare cone, where the density of the heat flow from the combustion front is high. Volumetric 
pyrolysis of a combustible substance without ignition is possible in this zone. Pyrolysis products 
can condense on the surface of soot particles in the plume area at the top of the flare. Pyrolysis 
products also occur at the boundary adjacent to the combustion zone. They can undergo further 
oxidation, when pass through the combustion zone.

Results and Discussion
The introduction of the sampler into the volumetric pyrolysis zone creates conditions for 

pyrolysis products to settle on the surface of the sampler. In the central region of the flame, in 
the zone of active pyrolysis, carbon was deposited on the surface by a film-island mechanism, on 
the periphery of the flame – in the form of highly dispersed particles.

Examination of the film surface using an optical microscope shows the absence of pronounced 
irregularities. However, when the sampler is heated, the film begins to break apart and peel off 
from the glass (Fig. 1). The lines of discontinuity are characterized by the absence of pronounced 
symmetry. Eventually, a pile of detached film fragments forms in place of the film.

Fig. 1. Pyrolytic carbon film before thermal exposure (a); after thermal exposure (b)

a) b)
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Fig. 2. Surface of pyrolytic film on AFM: 3D–surface (a); surface profile at x = 800 nm (b)

b)

The use of an atomic force microscope SolverNext made it possible to obtain a micro relief of 
the film surface (Fig. 2). The film consists of a set of soot particles in contact with each other, 
having a predominantly rounded shape. The particle sizes range from 200 to 300 nm, but there 
are also larger formations reaching 1300 nm in diameter. The surface of the particles, as a rule, is 
not characterized by a spherical shape, but consists of layers.

a)

The space between the particles is filled with binder. However, break lines representing 
structural inhomogeneities (defects) are detected. Thermal influence on the sampler leads to the 
fact that the film destruction starts in the areas corresponding to these defects.

Spectral analysis of soot samples obtained using the FSM–1201 spectrometer showed continuous 
absorption of radiation in the entire studied wavelength range [4], from 4000 to 500 cm−1. Similar 
results were obtained for industrial carbon black samples, in particular, PM-50 and LM-15 
grades. During the production process, industrial carbon black undergoes a stabilization stage, 
during which active centers such as CH-groups and oxygen-containing compounds are removed. 
Further it provides its long-term storage without significant changes in characteristics.

In the work by Prikhodko N.G., Mansurova Z.A. [2] describes the process of nucleation 
of carbon nanostructures in the form of C60 and C70 fullerenes in a hydrocarbon flame at low 
pressures. At the initial moment, amorphous carbon is formed, from which graphene plates are 
then formed. Graphene plates, folding, form fullerene molecules. The author emphasizes that 
the ratio between C60 and C70 molecules can be controlled. There is no information about the 
properties of amorphous carbon in the work.

Murga M.S. [3] considers the structure of amorphous carbon as a medium with a short-range 
order in the arrangement of atoms. It is hypothesized that amorphous carbon in the intergraphine 
space may exhibit properties characteristic of the liquid phase.

Spherical particles of highly dispersed carbon black consist of a set of individual crystallites [4, 5]. 
Within each crystallite, the arrangement of carbon atoms is ordered. However, within a spherical 
particle, the relative arrangement of crystallites is chaotic. 

When exposed to laser radiation, the structure of highly dispersed carbon black changes. A 
semiconductor OCG at a wavelength of 450 nm with a beam power of 4.5 W was used as a laser. 
When focusing with the output lens, you can get a spot with a diameter of 0.33 mm. Highly 
dispersed soot within the beam turns into a glassy mass. Some of the carbon is oxidized in the air 
and forms a gas that inflates the glassy substance into a bubble. Nearby, the bubbles form thin walls 
between each other, which are easily visualized when viewed with an optical microscope (Fig. 3, a). 
The resulting carbon dioxide diffuses through the pores in the film and leaves the bubble cavity.

Further study of the structure of glass carbon and highly dispersed carbon black was carried out 
using a scanning electron microscope JQSCAN W–32. Microphotographs of the sampler sections 
were obtained (Fig. 3, b, c), the elemental composition of dispersed particles was studied. The 
film is characterized by a porous structure with pore sizes ranging from 250 to 1250 nm. At a 
magnification of 50000х, the internal structure of the film itself can be seen. It is a spatial mesh 
consisting of nanoparticles of 30–60 nm in size and interconnected by thin junctions. Highly 
dispersed carbon black consists of particles that vary in size over a wide range from 50 to 230 nm. 
The particles are in contact with each other but do not merge.
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Fig. 3. The surface of the sampler section: the structure of a glass–carbon bubbles – optical microscope 
(reference line 1 mm) (a); scanning electron microscope (50000х) (b); the structure of deposited highly 

dispersed carbon black – scanning electron microscope (50000х) (с)

a) b) c)

X-ray microanalysis allowed to determine the elemental composition of the studied samples. 
In particular, the mass fraction of carbon in glass carbon amounted to 23.6%, in highly dispersed 
carbon black – 25.16%. It was found that under the influence of laser radiation 1.56% of carbon 
black is burned out with the formation of carbon dioxide, which, expanding, forms a bubble in 
the glass-carbon matrix.

Thus, the energy of laser radiation is spent on the process of carbon black burnout, as well as 
on the phase transition of carbon black crystallites into the liquid phase – glass-carbon. The latent 
heat of carbon “melting” turned out to be equal to 2110 J/kg. The obtained results require further 
investigation. Literature sources [6] contain data on the heats of phase transitions of graphite and 
diamond, the values of which are 1000 and 5000 J/kg, respectively. 

Glass carbon is produced on an industrial scale by pyrolysis sintering from phenolic resins in 
vacuum and is subsequently used as a chemically inert structural material capable of withstanding 
high temperatures [6, 7].

Conclusion
1. A film of pyrolytic soot was obtained by the method of passing a glass plate through a flame, 

and the structural changes of this film under thermal influence were studied. 
2. It has been established that as a result of the effect of optical radiation on highly dispersed 

carbon black a new carbon structure – vitreous carbon – is formed.
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Аннотация: Пленка Mg2Si толщиной ~2.3 мкм была синтезирована методом 

реактивного осаждения Mg на Si(111) при температуре 340 °C в сверхвысоком вакууме. 
Фотоотклик структуры Шоттки Al/Si/Mg2Si представляет собой колоколообразную 
кривую с пиком при 1047 нм и интенсивностью 29 мА/Вт, 105 мА/Вт и 195 мА/Вт при 
смещении 0В, 1 В и 5 В, соответственно, с шириной пика ~130 нм.
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Introduction

Photodetectors for the 1000–1600 nm range find applications in fields such as medical 
imaging, health and environmental monitoring, optical communication systems, as well as sorting/
identification systems [1, 2] and brain imaging [3]. The narrowband spectral photoresponse with a 
FWHM of ~100 nm not only reduces the impact of noise-induced illumination but also enables 
the development of wavelength-division multiplexing devices.

Narrow-band semiconducting Mg2Si is known as a material for near-infrared p-n photodetectors 
and thermoelectric generators [4−6]. However, beyond these applications, there is evidence that 
Mg2Si is perspective as a contact material for silicon as well. It was demonstrated [7, 8] that metal 
silicides (Yb, Y, Ca, Ba, Sr, Fe) are of particular interest as contact materials for n-type silicon 
because selectively open for the electronic part of the photogenerated carriers. This effect occurs due 
to the reduction of energy barriers at the silicide/silicon interface caused by Fermi-level pinning, 
leading to more efficient extraction of photogenerated charge carriers from silicon. This approach 
avoids overdoping of under-contact regions, thereby further reducing recombination losses.

In this work, we tested an Al/n-Si/Mg2Si Schottky photodetector based on 500 µm thick Si 
with a Mg2Si back contact.

Materials and Methods
Growth experiments were conducted in an ultra-high vacuum (UHV) chamber “Varian” 

with a base pressure of ~10–9 Torr. A 500 µm thick Si(111) substrate (ρ > 1000 Ω·cm) was first 
cleaned in a piranha solution and then degassed under UHV conditions at 650 °C for 6 hours. 
Subsequently, a high-temperature annealing at 850 °C for 10 minutes was performed to remove 
the native silicon oxide. A high-purity Mg (5N) source was degassed under UHV conditions for 
several hours as well. The Si substrate temperature of 340 °C was monitored using a PhotriX 
optical pyrometer. A magnesium portion ≈1.7 µm was deposited onto the preheated up to 340 °C 
substrate over ≈200 msec. Details of the Mg2Si film synthesis procedure can be found in our 
previous works [9−11]. Finally, the Mg2Si film ≈ 2.3 µm was synthesized.

The X-ray diffraction (XRD) technique was performed on a Kolibri (Burevestnik) X-ray 
diffractometer equipped with a Cu(29) anode operating at an excitation voltage of U = 8.86 kV, 
emitting radiation with an average Kα wavelength of λ = 1.54 Å. The thickness of the grown 
Mg2Si film was studied with the ThermoFisher Scios 2 DualBeam scanning electron microscope 
(SEM). For preparing a hole with a smooth flat surface a focused Ga+ ion beam (FIB) was 
used. Raman spectroscopy measurements were performed using an NTEGRA Spectra II system 
(NT-MDT) at room temperature with 473 nm laser excitation. 

The spectral photosensitivity was measured in 420−1400 nm spectral range with a setup 
consisting of: a W halogen lamp, monochromator with a set of optical filters and diffraction 
gratings, mechanical light modulator (f = 533 Hz) and Lock-In Amplifier for signal enhancement. 
The current-voltage characteristics were acquired employing high-accuracy multimeters AKIP 
B7-78/1 and a Keithley instrument.
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Fig. 1. Schematic growth procedure and sample preparation for photoresponse measurements (a), real 
photo of photodetector prototype. “1” and “2” are copper contact pads (b)

a)

Results and Discussion

The procedure of sample growth and preparation for photoresponse measurements is 
schematically illustrated in Fig. 1, a. For spectral photosensitivity measurements, the sample was 
cut to a size of about 2×2 mm and then stacked by Ag glue (to Mg2Si film side) in a chip with 
a copper pad – contact “2”. The top contact “1” was fabricated with ultrasonic Al wiring to 
another copper pad (see Fig. 1, b).

b)

The thickness of the fabricated Mg2Si film is ~2.3 µm, as determined by cross-sectional SEM 
analysis (see Fig. 2, a). The XRD results are presented in Fig. 2, b. The spectrum shows peaks 
associated with diffraction from the Si(111) substrate, as well as Mg2Si peaks corresponding 
to diffraction from the (111) and (222) planes at 2θ angles of 24.31° and 49.81°, respectively. 
The calculated lattice parameter was 6.339 Å, which is 0.2% smaller than the reference value 
6.351 Å [13], indicating the compressive strain.

Fig. 2. Mg2Si film on Si(111) substrate. Cross-sectional SEM image (a), XRD pattern (b), Raman 
scattering spectrum (c)

a) b) c)

Fig. 2, c demonstrates Raman spectroscopy data for the grown Mg2Si film. The intense peak 
at 259 cm−1, along with peaks at 349 cm−1 and 693 cm−1, are characteristic of Mg2Si [13, 14]. The 
absence of the 520 cm−1 peak, which is typical for crystalline silicon, results from the substantial 
thickness of the Mg2Si film that completely absorbs the 473 nm excitation laser radiation.

Fig. 3, a shows the spectral photoresponse measurements in the diode mode. The curves exhibit a 
pronounced peak at a wavelength of 1045 nm. The response behavior is uncommon of conventional 
Si p-n and Schottky photodiodes. For comparison, Fig. 3, a presents the spectral photoresponse of 
a commercially available Hamamatsu Si photodiode (red curve). As the external bias is applied, the 
signal intensity increases; however, the overall spectral behavior remains the same.

The photoresponse intensity at the peak is 105 mA/W and 195 mA/W under 1 V and 5 V bias, 
respectively (see Fig. 3, a). The Al/Si/Mg2Si structure also exhibits a photoresponse at zero bias 
29 mA/W, indicating the presence of a built-in field at the Si/Mg2Si junction (see Fig. 3, b). The 
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Fig. 3. Spectral photoresponse measured in diode mode, commercially available Hamamatsu Si p-n 
photodiode photoresponse curve is red (a), at zero-bias. I-V is in insert (b)

a) b)

rectifying junction is further confirmed by the current-voltage characteristic, which exhibits diode-
like behavior (see Fig. 3, b, inset). The peak photoresponse wavelength of 1045 nm corresponds to 
the energy of a number of indirect interband transitions in Si, while the substrate thickness filters 
out the short-wavelength range of the incident light.

The photoresponse measurements were performed in a configuration where the positive 
terminal of the external bias source was connected to the top contact “1”(see Fig. 1). The 
Al/Si/Mg2Si structure forms a double Schottky junction, and the “positive-1” & “negative-2” 
connection geometry is forward-biasing for the upper Al/Si junction while reverse-biasing the 
lower Si/Mg2Si junction.

Fig. 4. Spectral photoresponse at 0.5 V bias. FWHM vs. bias dependence is in insert

The FWHM exhibited slight variations under different bias, measuring 128 nm and 134 nm at 
1 V and 5 V, respectively (see Fig. 4, inset). The minimum FWHM of 120 nm was observed at a 
bias of 0.5 V (see Fig. 4), with a corresponding photoresponse intensity of 90 mA/W.

Conclusions

High crystal quality ~2.3 µm thick Mg2Si film was fabricated on Si(111). The photosensitive 
structure Al/Si/Mg2Si was prepared and spectral photoresponse was tested in diode and zero-bias 
mode. It was demonstrated the narrowband photoresponse with peak at 1045 nm and intensity 
of 29 mA/W, 105 mA/W and 195 mA/W under the 0 V, 1 V and 5 V respectively. The FWHM 
varies from 140nm at zero-bias to ~130 nm at 1−5 V. The lowest FWHM = 120 nm observed at 
0.5 V bias and 90 mA/W intensity.
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Abstract. The morphology and composition of porous silicon samples with thermally evap-
orated copper coatings were studied using atomic-force microscopy (AFM), infrared spec-
troscopy (IR), and X-ray photoelectron spectroscopy (XPS). Our research demonstrated that 
nanocomposites obtained with this method involve both metallic copper and copper oxide. The 
results indicate that vacuum thermal deposition of copper promotes efficient penetration of this 
element into the porous silicon structure and retards the oxidation process of the porous layer 
during long-term storage in the atmosphere.
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Аннотация. Методами атомно-силовой микроскопии, инфракрасной и рентгеновской 
фотоэлектронной спектроскопии получены данные о морфологии и составе образцов 
пористого кремния с вакуумно-термическим напылением меди. Исследования показали, 
что нанокомпозиты, полученные с использованием данного метода, содержат как 
металлическую медь, так и оксид меди. Полученные результаты свидетельствуют о том, 
что вакуумно-термическое осаждение меди способствует эффективному проникновению 
этого элемента в пористую структуру кремния и замедляет процесс окисления пористого 
слоя при длительном хранении в атмосферных условиях.
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Introduction

The development of technologies in nanoelectronics relies heavily on the use of advanced 
materials and novel synthesis methods. Among the promising materials for nanoelectronics are 
porous silicon structures and copper [1, 2]. Porous silicon demonstrates remarkable optical 
properties, a large specific surface area, and tunable porosity, making it highly attractive for 
applications in microelectronics, photonics, and sensing [3]. Copper, due to its high electrical 
conductivity and relatively low cost, is one of the most widely used materials in modern 
electronics [4].

Copper coatings on porous silicon can be fabricated by various methods, including chemical 
deposition from solution [2, 5], immersion plating [3], electrodeposition [5, 6], as well as 
physical and chemical vapour deposition [1, 4, 9]. Many of these approaches require complex 
technological equipment, strict process control, or the use of aggressive chemical media, which 
limits their scalability and cost-efficiency. In contrast, thermal deposition of copper offers several 
advantages: it is a simpler and more technologically feasible method that does not require plasma-
based setups or complex chemical precursors [1, 3]. Previous studies have demonstrated that 
thermal deposition provides good adhesion of copper films to porous silicon substrates, allows 
precise control of film thickness, and can be integrated into existing microelectronic fabrication 
schemes [1, 7]. At the international level, research has shown the potential of copper–porous 
silicon systems in improving sensor sensitivity [4, 5], tailoring surface morphology [2, 8], and 
filling deep silicon pores uniformly with copper by electrodeposition [5, 6]. Porous silicon/
copper nanocomposites have also been explored for enhanced photoluminescence and sensing 
applications [10]. Nevertheless, systematic studies of thermal deposition mechanisms and features 
remain limited, which makes this direction scientifically and technologically relevant [1, 3, 7].

The purpose of this work is to study the features of thermal copper deposition into porous 
silicon. 

Materials and Methods
Porous silicon substrates (por-Si) were obtained from single-crystalline silicon (KEF 100; 

0.2 Ohm·cm) [7]. Using thermal vacuum deposition technique, copper oxide film was sputtered 
on por-Si substrate. The process of deposition was employed with VUP-4 facility (P = 0.5∙10–4 
– 10–3 Torr, υ = 0.9–1 μm/min), etching time was 10 minutes. Morphology of the samples was 
studied by atomic-force microscopy (AFM) with Solver P47 PRO microscope. The studies of 
the chemical bonds and their potential deformations on the surface of porous silicon samples 
were made with the use of infrared spectroscopy technique (Vertex 70 Bruker). Spectra of X-ray 
photoelectron spectroscopy (XPS) of the original porous silicon and nanocomposite with the 
deposited copper were obtained with the use of laboratory spectrometer (SPECS FTI UrO RAS) 
according to the technique described in [9, 10].

Results and Discussion
AFM images of porous silicon samples before and after copper films deposition are presented 

in Fig. 1, as well as histograms of distribution of non-uniformities over the surface of samples. 
AFM images of the original porous silicon demonstrate the presence of non-uniformities with 
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different sizes (from 50 to 300 nm) on its surface, while the mean roughness of the surface is 
of ~70 nm. After copper film deposition mean roughness of the surface is reduced up to 6 nm, 
whereas histogram of distribution shows the presence of non-uniformities on the surface with 
the size of about 50 nm. Thus, the obtained results demonstrated that copper deposition on the 
surface of porous silicon in the process of its vacuum-thermal evaporation results in the formation 
of rather uniform continuous film that considerably smoothened relief of porous silicon.

Fig. 1. AFM images of porous silicon samples: (a) surface of porous silicon, (b) histogram of particle 
size distribution on porous silicon, (c) surface of porous silicon with deposited copper, (d) histogram 

of copper particle sizes on porous silicon

a) b)

c) d)

IR transmittance spectra of the porous silicon samples as well as those with the deposited copper 
obtained by IR-spectroscopy with the use of ATR (Attenuated Total Reflection) attachment are 
presented in Fig. 2.

Characteristic features of the material are present in IR transmission spectrum (Fig. 2) of 
porous silicon which correspond to the valence Si-O-Si (1061 cm−1) and non-valence Si-O-Si 
bonds (432 cm−1), different bonds of Si-Hx type (624, 708 cm–1). The sample also demonstrates 
adsorbed СО2 (2355 cm−1), which is present during spectrum survey in the air. One can also 
see the traces of hydrofluoric acid affect in the form of SiF3 contamination (941 cm−1) and the 
bonds of Ox-SiHy type (863 cm−1). Within the range of 2400–4000 cm−1 no any distinctions are 
observed except of the adsorbed water in the band range of 3400 cm−1. From this figure it can 
be seen that while comparing IR spectra of porous silicon sample with that one where copper 
was deposited that majority of abrupt absorption jumps in the spectra were leveled. This can be 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

62

Fig 2. IR-absorption spectrum of por-Si and por-Si/Cu

Tab l e

Absorption bands in IR-spectrum [3]

Wave number, cm−1 Porous silicon
432 Si-O-Si non-valence
616 Si-Si
708 Si-Hy
863 Ox-SiHy deforms., SiF
941 SiF3

1061 Si-O-Si valence.
2253 O3SiH
2355 CO2

explained by the fact that the absorption bands present in the porous silicon bound with oxide 
and other adsorbing bonds disappear because copper covering the substrate surface restrains its 
contact with the air and as a result, prevents oxide growth. Hardly observable peak in the range 
of Si-Si bond (616 cm−1) remains as well. Disappearance of absorption bands can be explained by 
copper deposition which covers considerable number of silicon nanocrystals/clusters formed in 
porous silicon. These smallest particles reflect an incident radiation.

Analysis of the survey XPS (X-ray Photoelectron Spectroscopy) spectra allows determining 
the chemical composition of the material surface. Figure 3, a presents the XPS Si 2p spectrum 
of the initial porous silicon (por-Si). The obtained data are in good agreement with literature 
values [7, 9]. The surface layer of porous silicon typically consists of silicon dioxide (Si 2p, 
Eb ≈ 103.5 eV), silicon sub-oxides (Si 2p, Eb ≈ 100.5–103 eV), and non-oxidized silicon in 
crystalline or amorphous state (Si 2p, Eb ≈ 99.5 eV). It is also known that with increasing storage 
time, the amount of oxide phases grows, especially in the near-surface region. For the composite 
sample por-Si/Cu, the XPS Si 2p spectrum (Fig. 3, b) shows a similar component distribution 
to that of the initial substrate, with silicon dioxide dominating and a small contribution of sub-
oxide at ≈ 101.5 eV, whereas the signal of elemental silicon at ≈ 99.5 eV is absent. The XPS 
Cu 2p spectrum of the por-Si/Cu sample (Fig. 3, c) indicates that the surface is mainly composed 
of metallic copper (Cu 2p3/2, Eb ≈ 933 eV) with a minor contribution from copper oxide CuO 
(Cu 2p3/2, Eb ≈ 935 eV).
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Conclusion

Nanostructures composites of porous silicon with the deposited layer of copper oxide were 
obtained in the work using vacuum-thermal evaporation technique. The obtained results 
demonstrated that applying vacuum-thermal evaporation of copper forms steady continuous film 
repetitive porous silicon relief. Nanocomposites of porous silicon with the deposited copper 
obtained by vacuum-thermal deposition involve the phases of metallic copper and copper oxide. 
According to IR-spectroscopy data vacuum-thermal copper deposition retards the oxidation 
process of porous silicon during its long-term storage in the atmosphere.
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Abstract. Carbon nanotubes have unique properties and applications in various fields such 

as nonlinear optics, flexible electronics, biocompatible composites for tissue repair, etc. The 
properties of carbon nanotubes can be tuned when exposed to laser radiation. The manifesta-
tion of nonlinear absorption properties can improve the methods of formation and processing 
of materials containing carbon nanotubes. In this work, the properties of nonlinear absorption 
in the ultraviolet (355 nm) and visible (532 nm) ranges depending on the type of carbon na-
notubes and the type of solvent are investigated. The study was performed using the Z-scan 
method with pulsed exposure (pulse duration is 20 ns). It was shown that the homogeneity of 
the carbon nanotubes distribution in a liquid medium affects the nonlinear absorption of laser 
radiation. Single-walled carbon nanotubes in dimethylformamide showed the best nonlinear 
absorption coefficient and the lowest threshold fluence when the interaction of the medium 
with laser radiation becomes nonlinear. The demonstrated laser stability of nanotubes also 
makes them a promising material for laser radiation limiters and nonlinear optical switchers.
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Аннотация. Углеродные нанотрубки обладают уникальными свойствами и 

применением в различных областях. Проявление ими свойств нелинейного поглощения 
позволяет усовершенствовать методы формирования и обработки материалов, 
содержащих углеродные нанотрубки. В данной работе исследованы свойства 
нелинейного поглощения в ультрафиолетовом и видимом диапазонах в зависимости от 
типа углеродных нанотрубок и типа растворителя.
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Introduction

Experimental study of nonlinear optical properties of nanodispersed media is an urgent 
task. It is known that optical parameters of condensed media such as absorption and scattering 
coefficients, as well as the refractive index are often not constant values. In addition to the linear 
component, they also have a nonlinear component, which depends on the intensity of the laser 
radiation incident on the medium [1]. 

Nonlinear optical properties of media affect the change in the parameters of laser radiation 
transmitted through the medium, such as the energy and power of laser radiation, the spatial 
shape of the laser beam, the direction of propagation of radiation, etc. In this regard, media 
with nonlinear optical properties are important for various applications such as optical limiting 
and switching, laser formation of three-dimensional materials, its processing, etc [2, 3]. The 
manifestation of nonlinear optical effects in various media depends on the parameters of laser 
radiation (continuous exposure or exposure to single pulses, duration of laser pulses, their 
energy, etc.), as well as the nonlinear optical properties of the medium [4]. One of the most 
promising objects are carbon nanotubes (CNTs), which have a uniform monotonic spectrum of 
linear optical transmission in the wavelength range from ultraviolet to near infrared radiation [5]. 

Laser radiation is a convenient tool for creating or precision modifying the surface of composites 
and nanosystems based on carbon nanotubes [6]. In turn, the increased absorption of laser 
radiation due to nonlinear processes such as reverse saturable absorption or multiphoton processes 
opens up new possibilities for laser 3D formation and patterning of CNT-based systems. In this 
paper, the nonlinear optical properties of dispersed media with single-walled and multi-walled 
carbon nanotubes were investigated under the influence of pulsed nanosecond laser radiation in 
the UV and visible ranges. 

Materials and Methods
To study the nonlinear optical characteristics, liquid dispersions with CNTs were prepared. 

Two types of CNTs were used to create dispersions: single-walled CNTs (SWCNTs) and multi-
walled CNTs (MWCNTs). Water and dimethylformamide (DMF) were used as solvents. The 
mass fraction of the complexes in the dispersion did not exceed 0.004 wt.%. This concentration 
was chosen so that the linear transmittance was greater than 60%. Ultrasonic treatment with a 
homogenizer was used to form homogeneous dispersed media. The power of ultrasonic treatment 
was 300 W and the duration of treatment was 1 h.

The final dispersions were studied by dynamic light scattering (DLS). DLS was performed to 
determine the hydrodynamic radius of carbon nanotubes, as well as to determine the number 
of large agglomerates after preparation. The hydrodynamic radius corresponds to the size of the 
nano-object, based on the assumption of its spherical shape. Since carbon nanoparticles have a 
shape far from spherical, the values of the hydrodynamic radius for nanotubes only indirectly 
show the particle size. In this paper, the values of the hydrodynamic radius for nanotubes are used 
to assess the presence of individual “small” nanoparticles and “large” agglomerates of nanotubes 
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Fig. 1. Optical scheme of experimental setup

in the dispersed medium. A large number of large agglomerates may indicate an increased 
contribution of scattering to the overall attenuation pattern, as well as reduced sedimentation 
stability of the dispersed medium. The obtained values of the hydrodynamic radii of the particles 
are presented in Table 1. The graph of the scattering intensity dependence on the hydrodynamic 
radius of nanoparticles for the carbon nanotubes dispersion has a bimodal distribution. The values 
of the hydrodynamic radius for peak number 1 correspond to individual separate nanoparticles. 
The values of the hydrodynamic radius for peak number 2 correspond to large agglomerates of 
carbon nanotubes. In general, it can be noted that SWCNTs show better sedimentation stability 
compared to MWCNTs. Nanodispersed media, the solvent of which was DMF, showed the 
smallest contribution of large agglomerates (less than 10%), which indicates the best stability of 
such dispersions.

Tab l e  1

DLS results for prepared dispersions

Sample Peak 
number Hydrodynamic radius, nm Contribution to the 

total scattering, %

SWCNT/water 1 250 ± 39 69
2 13000 ± 4300 31

SWCNT/DMF 1 251 ± 43 91
2 13000 ± 5400 9

MWCNT/water 1 312 ± 69 62
2 21000 ± 5500 38

MWCNT/DMF 1 311 ± 66 78
2 19000 ± 4200 22

Optical scheme of experimental setup is shown at Fig. 1. The nonlinear optical properties were 
evaluated by exposure to pulsed laser radiation with a pulse duration of 20 ns (laser LS-2147N-5, 
Lotis TII, Belarus). During the experiments using the Z-scanning method, the energy of the 
laser pulse acting on the nanodispersed medium was ≈ 350 μJ. The experiments were performed 
at wavelengths of 355 and 532 nm. Lenses with a focal length of 10 cm were used to focus the 
radiation, the radius of the beam at the lens focus was 35 μm. Optical transmission spectra were 
obtained using a Genesys 10 UV-Vis spectrophotometer (Thermo Fisher Scientific, US).

Results and Discussion

Experimental dependences of normalized transmittance on the position of the sample relative 
to the lens focus were obtained as a result of Z-scan experiments. Fig. 2 shows the experimental 
results for SWCNTs at a wavelength of 532 nm. For each sample studied, a decrease in normalized 
transmittance (Tnorm) was obtained when approaching the lens focus. It is worth noting that the 
decrease in transmittance has a pronounced threshold character. The graphs clearly distinguish the 
areas of linear (when the normalized transmittance does not change) and nonlinear interaction. 
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Fig. 2. Dependences of normalized transmittance on Z-axis coordinate for samples at a wavelength of: 
532 nm (a), 355 nm (b)

This phenomenon can be described as follows: the leading edge of the nanosecond pulse acts as 
an exciter of the medium, itself interacting with the medium linearly. When the medium goes 
into an excited state, the trailing edge begins to be absorbed much more strongly, which leads to 
a decrease in the transmittance of the medium.

Based on the experimental dependences obtained, such optical parameters of the studied media 
as linear absorption, nonlinear absorption, and threshold fluence were calculated. To determine 
these parameters, the threshold model based on the radiative transfer equation was used [7]. The 
results are presented in Table 2.

CNTs in DMF showed a larger nonlinear absorption coefficient compared to aqueous 
dispersions. This is explained by the lower value of surface tension for DMFA. In this way a 
homogeneous distribution of nanoparticles in the material is achieved, while large agglomerates 
in aqueous dispersion are slower to enter the excited state.

a) b)

Tab l e  2

Calculated values of optical coefficients for liquid dispersed media with CNTs

Sample Wavelength, 
nm

Linear absorption 
coefficient, 1/cm

Nonlinear absorption 
coefficient, cm/GW

Threshold fluence, 
J/cm2

SWCNT/water 532 1.54 ± 0.03 70 ± 5 0.2 ± 0.02
355 1.68 ± 0.03 76 ± 5 0.18 ± 0.02

SWCNT/DMF 532 1.57 ± 0.03 133 ± 7 0.16 ± 0.02
355 1.68 ± 0.03 108 ± 6 0.15 ± 0.02

MWCNT/water 532 1.57 ± 0.03 68 ± 5 0.21 ± 0.02
355 1.74 ± 0.03 35 ± 3 0.22 ± 0.03

MWCNT/DMF 532 1.50 ±0.03 95 ± 5 0.19 ± 0.02
355 1.72 ± 0.03 40 ± 3 0.1 ± 0.02

The studied media demonstrated high laser stability during the experiments. Optical 
transmission spectra were obtained before and after the Z-scan experiments (Fig. 3). The 
graphs show no changes in linear transmission (T0) after laser exposure, which is especially 
important for optical applications such as nonlinear optical limiters and switches. This also 
indirectly indicates the prevalence of nonlinear absorption of light over scattering. Nonlinear 
scattering of light occurs at scattering centers such as laser-induced solvent bubbles [8] or 
other inhomogeneities that arise under the action of laser radiation, which lead to a change in 
the linear absorption of the material [9]. In addition, inhomogeneities can lead to a change in 
the concentration of CNT in the area of influence, which also negatively affects the nonlinear 
optical properties of dispersion.



69

Condensed matter physics

REFERENCES

1. Ganeev R.A., Usmanov T., Nonlinear-optical parameters of various media, Quantum Electronics. 
37 (7) (2007) 605.

2. Vivien L., Lancon P., Riehl D., Hache F., Anglaret E., Carbon nanotubes for optical limiting, 
Carbon. 10 (40) 2002 1789−1797.

3. Nair V.S., Pusala A., Hatamimoslehabadi M., Yelleswarapu C., Impact of carbon nanotube 
geometrical volume on nonlinear absorption and scattering properties, Optical Materials. 73 (2017) 
306−311.

4. Sorokina I.T., Cr2
+-doped II–VI materials for lasers and nonlinear optics, Optical Materials. 26 

(4) (2004) 395−412.
5. Kuang Y., Liu J., Sun X., Ultrashort single-walled carbon nanotubes: density gradient separation, 

optical property, and mathematical modeling study, The Journal of Physical Chemistry C. 116 (46) 
(2012) 24770−24776.

6. Zhao Y., Han Q., Cheng Z., Jiang L., Qu L., Integrated graphene systems by laser irradiation for 
advanced devices, Nano Today. 12 (2017) 14−30.

7. Tereshchenko S.A., Savelyev M.S., Podgaetsky V.M., Gerasimenko A.Y., Selishchev S.V., 
Nonlinear threshold effect in the Z-scan method of characterizing limiters for high-intensity laser 
light, Journal of applied physics. 9 (120) (2016) 093109.

8. Mansour K., Soileau M.J., Van Stryland E.W., Nonlinear optical properties of carbon-black 
suspensions (ink), Journal of the Optical Society of America B. 9 (7) (1992) 1100−1109.

9. Côa F., de Souza Delite F., Strauss M., Martinez D.S.T., Toxicity mitigation and biodistribution of 
albumin corona coated graphene oxide and carbon nanotubes in Caenorhabditis elegans, NanoImpact. 
27 (2022) 100413.

Fig. 3. Optical transmission spectra of dispersed media before and after the experiment: SWCNT/water (a), 
SWCNT/DMF (b)

a) b)

Conclusion

It is shown that SWCNTs in the liquid dispersion medium have better nonlinear absorption 
properties in comparison with MWCNTs. The choice of solvent is also an important factor 
that influences the aggregability of nanoparticles in the dispersion. Thus, SWCNTs in solvents 
with lower surface tension have a greater potential for nonlinear absorption applications. 
Exposure of the prepared samples to laser radiation does not cause changes in the linear 
transmission of dispersions.
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Abstract. Annealed proton-exchange (APE) waveguides in lithium niobate are widely used 
in integrated photonics for navigation, telecommunications and electric field sensors. In this 
paper, we analyze the characteristics of planar APE waveguides in new mixed single crystals 
of lithium niobate-tantalate solid solution by various methods (prism coupling, XRD and IR 
spectroscopy). The elemental composition (ratio Nb/Ta) of Z-cut mixed lithium niobate-tan-
talate samples gives a good uniform distribution over the all-surface area by X-ray fluorescence 
method. APE waveguides in mixed lithium niobate-tantalate single crystals are characterized by 
a lower value of refractive index increment due to Ta atoms and higher proton diffusion coef-
ficients due to lattice disordering. High diffusion coefficients provide a deeper APE waveguide 
layer and rapid recovery of the crystal lattice during post-exchange annealing. These results 
expand the understanding of the proton exchange process in mixed lithium niobate-tantalate 
solid solutions for the creation of single-mode APE waveguides.
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Аннотация. Отожженные протонообменные волноводы в ниобате лития широко 
используются в интегральной фотонике для навигации, телекоммуникаций и датчиков 
электрического поля. В данной работе мы анализируем характеристики планарных 
волноводов в новых смешанных монокристаллах твердого раствора ниобата-танталата 
лития с помощью различных методов (призменный элемент связи, рентгеновская 
дифракция, ИК-спектроскопия, рентгенофлуоресцентный анализ). Элементный состав 
(соотношение Nb/Ta) исследуемых образцов Z-среза демонстрирует однородное 
распределение по всей площади поверхности. Оптические волноводы характеризуются 
более низким значением приращения показателя преломления из-за присутствия атомов 
Ta (7%) и более высокими коэффициентами диффузии протонов из-за разупорядочения 
кристаллической решетки по сравнению с ниобатом лития. Высокие коэффициенты 
диффузии обеспечивают более глубокий волноводный слой и быстрое восстановление 
кристаллической решетки при постобменном отжиге. Полученные результаты 
расширяют понимание процесса протонного обмена в смешанных твердых растворах 
ниобата-танталата лития для создания одномодовых оптических волноводов.

Ключевые слова: оптические материалы, ниобат-танталат лития, волновод, протонный 
обмен

Финансирование: Работа выполнена при финансовой поддержке Министерства 
образования и науки Пермского края [грант № С-26/37], экспериментальные образцы 
получены при финансовой поддержке госзадания [FSME-2023-0003 и 075-00295-25-00]. 
Результаты РФЭС получены  в рамках выполнения государственного задания НИЦ 
«Курчатовский институт».

Ссылка при цитировании: Сосунов А.В., Петухов И.В., Корнилицын А.Р., 
Мололкин А.А., Умылин В.Е., Фахртдинов Р.Р., Куликов А.Г. Отожженные 
протонообменные волноводы в смешанных кристаллах твердого раствора ниобата-
танталата лития // Научно-технические ведомости СПбГПУ. Физико-математические 
науки. 2025. Т. 18. № 3.1. С. 71–76. DOI: https://doi.org/10.18721/JPM.183.112

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

Introduction

Integrated photonics and nonlinear optics are rapidly growing scientific and practical areas. 
Integrated optical circuits allow the production of navigation systems [1], telecommunication 
systems [2] and sensors [3]. The key position of lithium niobate (LN) and lithium tantalate (LT) for 
optoelectronics is due to their high electrooptical coefficients, excellent piezoelectric and acousto-
optic features, strong birefringence and nonlinearity, suitability for industrial manufacturing, etc. 

The mixed LiNbхTa1−xO3 (LNT) crystal attracts the attention since its physical, optical and 
electrooptical properties can be tuned by varying the crystal composition (changing x from 0 
(LT) to 1 (LN)). LNT to combine the best properties of LN (e.g. high electrooptical coefficients 
and high Tc and thermal stability) and LT (e.g. high photorefractive damage resistance). The 
possibility of controlling the crystal composition makes it possible to control birefringence and, 
in the future, to obtain crystals without birefringence at all.

Recently, the production of single-domain LNT crystals with isomorphic substitution of Nb 
by Ta in the cationic sublattice, with a Curie temperature of 1105 °C, close to the Tc of lithium 
niobate (1140 °C), was demonstrated [4]. It is shown that the change in the unit cell parameters 
depends linearly on the composition of the crystals. The LNT solid crystal solutions seem to be 
promising functional materials for integrated optics.



73

Condensed matter physics

Fig. 1. XRF image of LNT sample

One of the main passive elements in photonics is an optical waveguide. Diffuse waveguides are 
obtained either by annealed proton exchange (APE) or by Ti diffusion [5]. APE waveguides are 
characterized by a complex phase composition, but they are easy to manufacture. Description of 
structural-phase transformations during proton exchange and annealing in LNT crystals is given 
in [6, 7].

The aim of this work is to produce a planar APE waveguide in Z-cut LNT single-crystal 
and study its characteristics in comparison to these of a waveguide in LN produced at the same 
technological parameters.

Materials and Methods
The crystals of LNT solid solution with composition LiNb0.93Ta0.07O3 were grown by the 

Czochralski method in NIKA-3M apparatus with induction heating and automatic control of 
crystal diameter at the Institute of Microelectronics Technology and High Purity Materials, 
Russian Academy of Sciences. The crystal was drawn along the polar Z axis. The experimental 
samples had size 10×12×1 mm and double-side polished. The single-domain state analysis, the 
phase diagram and the description of the growth effects were also previously reported in [4, 8−9]. 

X-ray fluorescence (XRF) method was used to analyze the Nb/Ta atomic ratio on the LNT 
surface (Fig. 1). XRF was performed by ORBIS micro-XRF setup (USA) with a rhodium (Rh) 
X-ray tube, a probe beam of 30 μm, an accelerating voltage of 40 kV, and a cathode filament 
current of 400 μA. Two-dimensional maps were obtained. The mapping grid resolution was 
256×200 points. The spectral accumulation time at each point was 700 ms in the Live time 
mode. The “dead time” in the experiment did not exceed 24%. The intensity of the regions of 
the spectrum corresponding to the NbK (16.6 keV) and TaL (8.1 keV) series lines was analyzed. 
The percentage ratio of the specified chemical elements was determined by the ratio of the total 
intensities of all lines included in the specified series.

XRF analysis over the entire LNT sample area shows a fairly uniform distribution of Ta atoms 
(X and Y axes). We did not observe loci of frontal segregation. This is very important for the 
stable PE process.

APE waveguides were created in a closed zirconium reactor containing a benzoic acid melt at 
a temperature of 190 °C for 2 hours and annealed in air at a temperature of 350 °C for 5 hours. 
APE planar waveguides were obtained in LN and LNT under identical conditions.

The structure of the APE waveguides was studied by X-ray diffraction (XRD) and IR absorption 
spectroscopy. XRD was carried out using a double-crystal spectrometer. A single crystal of 
dislocation-free Si was used as a monochromator, set to the reflecting position of the Kβ-line of 
Co-emission (λ = 1.62075 Å) from the crystallographic plane (111). XRD spectra were obtained 
from the crystallographic plane (006) for Z-cut samples. The deformations ε33 (deformations in 
the direction normal to the surface of the sample) of the crystal lattice of LNT samples were 
determined by the shift of lines in the spectrum. Deformations ε33 =Δd/d were calculated from 
the Wulff-Bragg equation:
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Fig. 2. APE waveguide profile

 
(1)

where λ is the wavelength, d is the interplanar distance, θ is the Bragg reflection angle, n = 1 is 
the order of reflection.

IR spectroscopy was carried out using a Spectrum Two Fourier transform spectrometer 
(PerkinElmer) in the range valence vibrations of 2800−4000 cm−1 with a resolution of 1.0 cm−1. 
The decomposition of the IR and XRD spectra was done using the Fityk program.

Integrated-optical parameters of APE waveguides were determined by prism coupling method 
at a wavelength λHe-Ne = 632 nm. Numerical method for reconstruction of the refractive index 
profile of diffused APE waveguides was used [10].

Results and Discussion
APE waveguide profile. APE waveguides have a gradient profile (Fig. 2). However, we observe 

a decrease in the refractive index increment (waveguide contrast) for LNT crystal. The decrease in 
the refractive index increment Δne can be explained by the increase in diffusion coefficients Dz(T), 
which are caused by a more disordered crystal lattice, which allows protons to penetrate deeper 
into the LNT crystal faster. The diffusion coefficients were calculated from the root equation, 
where the waveguide depth X is proportional to the square root of time [11]. This equation allows 
a comparative assessment of the diffusion coefficient (Table):

 
(2)

where t – annealing time. According to equation (2), the proton penetration depth and diffusion 
coefficient increase for LNT, respectively. The results of the optical properties of the APE 
waveguides in LNT crystals are well explained by the results of structural studies, which are given 
in the next section B.

,
2sin

d λ
=

θ

2 ,zX D t= ⋅

Tab l e

Optical and diffusion parameters of APE waveguides

Sample T, °C t, h Δne X, μm Dz(T), μm2/h

APE LN 350 5 0.032 4.8 0.61
APE LNT 350 5 0.022 5.7 0.88

Structure. The phase analysis of the experimental samples is shown in Fig. 3. The IR spectra indicate 
the formation of the α-phase for APE LNT crystals (Fig. 3, a, inset, 3489 cm−1 [6]). This is consistent 
with the contrast of the refractive index, since for the α-phase it is less than ≤ 0.025. At the same 
time, for APE LN, the phase analysis shows the presence of the κ1-phase (Fig. 3, a, 3494 cm−1). 
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This means that the annealing time was insufficient for the formation of the α-phase. Also, 
the integral intensity of the OH-group band in the IR spectrum of APE LNT is lower than for 
APE LN, which corresponds to a lower proton concentration and faster relaxation of the crystal 
lattice during post-annealing. This is also confirmed by the XRD results (Fig. 3, b). Relative 
deformations of the crystal lattice show the formation of the κ1-phase for APE LNT and the 
α-phase for APE LN. The APE waveguides in LN are characterized by a refractive index increment 
of ≤ 0.025 and have the so-called stable α-phase [12]. The proton exchange and annealing time 
allowed us to form such waveguides in mixed LNT solid solutions. However, for LN crystals, an 
intermediate κ1-phase is formed, which requires additional annealing time. This means that higher 
proton diffusion coefficients lead to rapid relaxation of the structure during annealing, which is 
shown in Section A. Our results show the fundamental possibility of obtaining planar waveguides 
in new mixed LNT solid solutions.

Fig. 3. Structure of APE waveguides: IR spectra of valence vibrations OH groups for APE LN and 
APE LNT (insert right) (a), relative deformations for APE LN and APE LNT (insert right) (b)

a)

Conclusion

We have obtained and characterized planar proton-exchange waveguides in mixed crystals of 
LNT solid solution for the first time. They have higher diffusion coefficients, which lead to rapid 
relaxation of deformations of the LNT crystal lattice. Our results open up the possibility of using 
new mixed LNT crystals for the problems of integrated and nonlinear photonics.

Further, it is planned to study the characteristics of channel waveguides and establish the 
relationship between structure and optical losses.
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Abstract. We present the results on the crystallization of photo-thermo-refractive glass 

under thermal poling and ultraviolet (UV) irradiation followed by heat treatment. Poling was 
carried out at a temperature of 300 °C and a voltage of 400−1000 V. A femtosecond laser with 
a wavelength of 343 nm was used as UV sources. The studies were carried out using optical 
microscopy, optical absorption and Raman scattering. It is shown that in the subanode layer of 
the glass after poling, subsequent UV irradiation and heat treatment, crystallization of glass is 
completely suppressed. After the poling and the heat treatment cesium ions are also recharged 
in this layer Ce3+ → Ce4+. The mechanisms of the crystallization suppression and ion recharge 
in the poled region of the glass are discussed. 
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Аннотация. Представлены результаты исследования кристаллизации фото-
терморефрактивного стекла при термическом полинге и ультрафиолетовом (УФ) 
облучении с последующей термообработкой. Полинг проводился при температуре 300 °С 
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и напряжении 400−1000 В. В качестве источников УФ излучения использовалась 3-я 
гармоника фемтосекундного лазера с длиной волны 343 нм. Исследования проводились 
методами оптической микроскопии, оптического поглощения и Рамановского рассеяния. 
Показано, что в прианодном слое стекла после полинга, последующего УФ облучения 
и термообработки кристаллизация стекла полностью подавляется. После полинга и 
последующей термообработки в этом слое происходит также перезарядка ионов цезия 
Ce3+ → Ce4+. Обсуждаются механизмы подавления кристаллизации и перезарядки ионов 
в поляризованной области стекла.

Ключевые слова: фоточувствительные стёкла, термический полинг, УФ облучение, 
термическая обработка, кристаллизация
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Introduction

Photocrystallized glasses [1] are used in various fields of optics, such as holography, photonics, 
sensors, laser technology (see [2, 3] and references therein). Under the influence of UV radiation 
in the absorption band of trivalent cerium, its charge exchange occurs, and an electron is captured 
by a silver ion: Ce3+ + hν + Ag+ → Ce4+ + Ag0 [1]. Subsequent heat treatment at 500 °C leads to 
the formation of silver clusters, which are the crystallization centers of the glass occurring under 
heat treatment at 600 °C. With local excitation by UV radiation and subsequent heat treatments, 
local photothermoinduced crystallization of the glass occurs, which is used to create various 
2D and 3D structures, such as Bragg gratings for lasers and holographic optical elements [2]. 
An important factor is also the difference in the rate of chemical etching of the crystalline and 
amorphous phases in such glasses, which makes it possible to create relief structures at the surface 
and inside photo-thermo-refractive glasses, e.g. microfluidic chips [3]. A common method of 
modifying glasses is also thermal poling, the essence of which lies in placing a glass plate between 
electrodes (flat capacitor configuration) and heating to a temperature at which noticeable ionic 
conductivity appears (~ 300 °C), with subsequent application of voltage to the electrodes [4]. As a 
result, the composition and structure of the subsurface layer of glass changes, and the layer itself 
acquires a set of new properties, e.g. the second-order optical nonlinearity [5]. The aim of this 
work is to study the effect of thermal poling on photothermally induced crystallization of the glass 
and the processes of charge recharging of cerium ions.

Experiments and results
In the experiments, we used synthesized alumina-lithium-silicate glass with the following 

composition (in weight % of oxides): 75.5% of SiO2; 10.44% of Li2O; 5.33% of Al2O3; 5.74% 
of K2O; 1.17% of Na2O; 1.13% of ZnO; 0.236% of Ag2O; 0.085% of CeO2; 0.33% of Sb2O3. 
Transition temperature of this glass is Tg = 480 °C. It should be mentioned that in the synthesized 
glass cerium state is Ce3+ [6]. For poling, the glass plate was placed between two electrodes, one 
(cathode) completely covering the glass surface, and anode only partially. Then the structure 
was heated to temperature of 300 °C, after which a DC voltage of 400−1000 V (depending on 
the experiment) was applied to the electrodes. In Fig. 1, a we demonstrate differential (minus 
the spectrum of the initial glass) absorption spectra of the poled glass and the glass poled and 
subsequently annealed at 500 °C. In the spectra, we observe appearance of an absorption band 
near 245 nm, which is the charge transfer band of Ce4+ [7, 8]. The intensity of this band after 
poling is weak (see curve 1 in Fig. 1, a), but the anneal results in ~ 5-fold increase of the intensity 
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Fig. 1. Differential optical absorption spectra of the glass after poling under 800 V (1) and after poling 
under 500 V followed by anneal at 500 °C (a); Raman spectra of the initial glass (1), glass after poling 
and subsequent anneals at 500 and 600 °C (2), glass after poling, UV irradiation and subsequent 

anneals at 500 and 600 °C (3) (b)

Fig. 2. Depth-dependence of normalized intensities of Raman peaks at ~ 1080 1/cm (“glass” peak) 
and at ~ 980 1/cm (“crystal” peak)

(see curve 2 in Fig. 1, a). This behavior can be apparently associated with a leftward shift in the 
equilibrium of the following oxidization process: 4Ce4+ + 2O2– ↔ 4Ce3+ + O2. 

Oxidization occurs both during poling due to the recombination of non-bridging oxygens with 
the formation of O2 after the alkali ions have gone deep into the glass [9], and evidently during 
heat treatment in air. With increasing temperature, the rate of oxygen diffusion increases and the 
process of cerium oxidation activates, as a consequence, the intensity of the 245 nm Ce4+ band 
increases.

a) b)

When poled glass is subjected to UV irradiation and conventional crystallization procedure [6], 
the samples become opaque due to the formation of crystals which scatter the light. Raman 
spectra (Fig. 1, b) clearly demonstrate appearance of the peaks at frequencies of 615 cm−1 and 
980 cm–1, corresponding to lithium metasilicate, Li2SiO3 [8] in the specimen, which was poled, 
UV-irradiated and annealed. We also performed depth-scan via Raman spectroscopy by varying 
the distance between the objective lens and the sample surface and studied depth-dependence of 
intensities of the “glass” peak at ~ 1080 cm−1 and the “crystal” peak at ~ 980 cm−1. Using a 530 nm 
wavelength and a 100x objective lens gave us a depth resolution about one micron. The results are 
shown in Fig. 2. We see the absence of crystals in a ~ 1 μm-thick subsurface layer. This is due 
to the fact that during poling lithium ions migrate into the glass under the action of the electric 
field and the subsurface region is depleted of these ions. Also, depth-scan demonstrated that the 
crystallites are not uniformly distributed at μm-scale (see “crystal” intensity line in Fig. 2).
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This nonuniformity, in particular the appearance of a second peak on the 980 1/cm line in 
parallel with the decline on the 1080 1/cm line may be due to the redistribution of reduced silver 
atoms during the first thermal treatment (500 °C) of the samples. 

We etched the specimen in a 4% hydrofluoric acid solution, which showed that the surface 
of the poled region of the glass, unlike the regions without polarization, is not sensitive to the 
etching. This indicates a change in the composition of the near-surface layer of the polarized 
region, and that it completely lacks lithium metasilicate crystals, which are easily soluble in the 
etchant used.

Conclusions
We demonstrated that thermal poling of the photo-thermo-refractive glass results in the 

complete suppression of crystallization in the subsurface ~1 μm-thick layer, but does not affect 
the crystallization of deeper regions of the glass. Thus, thermal poling provides an additional tool 
to control crystallization of the photosensitive glass.
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Abstract. This study focuses on methods to modify the adsorption properties of silicon na-
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Аннотация. Работа посвящена разработке высокочувствительных газовых сенсоров 

на основе нитевидных нанокристаллов кремния (ННК). Сенсоры были использованы 
для детектирования биологических маркеров здоровья человека на примере аммиака и 
соляной кислоты. 
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Introduction

The influence of analyte adsorption on the electronic properties of nanostructures has been 
extensively utilized in sensor technologies, including those based on optical, resistive, capacitive, 
and current-voltage analyses. Among the earliest materials employed for gas detection were 
polycrystalline metal oxide films, such as SnO2 [1, 2] and ZnO [3, 4], which were fabricated 
in various configurations [5]. The electronic behavior of these sensors is primarily determined 
by surface depletion effects caused by adsorption processes. Classical materials such as silicon 
and III-V compounds are also actively used to form sensor devices. The synthesis of these 
materials can be carried out both by epitaxial methods (“bottom-up”) [6] and, for example, by 
etching methods (“top-down”) [7]. As a result, it becomes possible to synthesize nanostructures 
of complex morphology, which makes it possible to increase the sensitivity of gas sensors [7]. 
However, such sensors often suffer from significant limitations, including reduced performance 
in humid conditions and limited selectivity. In this study, we develop gas sensors based on silicon 
nanowires (Si NWs) and systematically investigate their electronic properties using electrochemical 
impedance spectroscopy (EIS) [7] when exposed to ammonia (NH3) and hydrochloric acid (HCl) 
vapors.

Materials and Methods
Top-down cryogen plasma chemical etching of the [001]-oriented B-doped silicon substrate 

with resistivity of 12 Ω·cm was used for Si NWs vertical array fabrication by Oxford PlasmaLab 
System 100 ICP 380 (Oxford instruments, UK) according to the protocol reported previously [7]. 
These nanowires exhibit a high aspect ratio and offer a significantly large surface area (cylindrical 
shape, approximately 10 μm in length and 150 nm in diameter). The nanowires were detached 
from the silicon substrate using ultrasonication in water and transferred onto a sensor platform 
with pre-patterned gold interdigital electrodes, forming the Si NW-based sensor. The electronic 
properties of the sensor were characterized using electrochemical impedance spectroscopy (EIS) 
(with the use of a Z500P impedance meter (Elins, Russia)) under ambient conditions and in 
the presence of target analytes (ammonia and hydrochloric acid). This study investigated three 
distinct types of Si NW-based sensors: as-grown Si nanowires, Si nanowires treated with a 10% 
aqueous hydrofluoric acid (HF) solution for 3 minutes, and Si nanowires decorated with silver 
nanoparticles (Ag NPs). Spherical silver nanoparticles (~20 nm in diameter) were synthesized via 
colloidal chemistry, deposited onto the as-grown Si NWs by drop-casting the colloidal solution, 
and dried under a nitrogen stream to remove residual solvent.

Results and Discussion
The as-grown Si nanowires, Si nanowires treated with HF and Si nanowires decorated with silver 

nanoparticles (Ag NPs) were studied using scanning electron microscopy (SEM, Zeiss Supra25, 
Carl Zeiss, Germany) (Fig. 1, a) and transmission electron microscopy (TEM, Jeol JEM-2100F, 
JEOL Ltd, Japan) (Fig. 1, b–d). The HRTEM (Fig. 1, e–g) and selected area electron diffraction 
(SAED) patterns demonstrated high crystalline quality of the Si NWs (Fig. 1, h) and Ag NPs 
(Fig. 1, i) without amorphization. The Au−NW contacts for all nanowire based sensors are found 
to be Schottky-type (Fig. 1, j). The fabricated sensors were tested upon exposure to HCl and NH3 
vapors. To provide indirect measurement of the fluid chemical composition, aqueous solutions of 
NH3 and HCl were poured into 3 ml pools with a diameter of 4 cm and evaporated naturally at 
ambient conditions. The sensors were located at a distance of 5.0 cm above the pool (Fig. 1, k).

To study the sensitivity of the sensors, interdigital electrodes were connected to the impedance 
meter and EIS spectra were obtained in the presence of air, reference medium − water vapor, 
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Fig. 1. (a) SEM image of the as-fabricated Si NWs. (b–d) TEM images and (e–g) HRTEM images of 
individual as-fabricated Si NW, NW treated with HF and NW decorated with Ag NPs, respectively. 
(h) selective area electron diffraction (SAED) pattern of a Si NW. (i) SAED pattern of a Ag NP. 
(j) current–voltage characteristics of the fabricated sensors based on as-fabricated (red), treated with 
HF (green) and decorated with Ag NPs (blue) Si NWs. (k) – Schematic of the measurement setup: 
1 – contact platform, 2 – gold electrodes, 3 – NW, 4 – impedance meter, 5 – pool, 6 – solution, 7 
– analyzed vapor. (l) – typical EIS spectrum of a sensor. (m) – equivalent circuit: RΩ – resistance of 
the electrodes, R – resistance of the sensor, C – capacitance of the sensor and constant phase element 
(CPE). (n–p) – F(R) maps for the sensors based on: Si NWs, NWs treated with HF and decorated 

with Ag NPs, respectively, exposure time 1 min – round dots, 10 min – square dots

and vapors of NH3 and HCl aqueous solutions in a wide concentration range of 62.5 (1.25 ppm 
for NH3 and 1.88 ppm for HCl) to 1000.0 µmol⋅l−1 (20 ppm for NH3 and 30 ppm for HCl). 
The impedance spectra were depicted as the Nyquist plots, typical spectrum is presented in 
Fig. 1, l. The obtained curves consist of high-frequency (100 kHz to 500 kHz) and low-frequency 
(<100 kHz) domains. The high-frequency domain corresponds to the impedance of the NWs 
and Schottky barrier and represented by a semicircle. The low frequency domain follows nearly 
linear dependence and is considered as the result of the diffusion processes at the nanowire-
gold interface [7]. All the obtained EIS spectra were fitted using the equivalent electrical circuit 
method. The employed circuit (Fig.e 1, m) contains: RΩ – contact resistance corresponding to the 
resistance of the gold interdigital electrodes, R – resistance related to the Si NWs and Schottky 
barriers (referred to as the sensor resistance), C – capacitance of the sensor and CPE – constant 
phase element associated with the linear low frequency part of the spectra. These parameters evolve 
with adsorption of the analyte species on the NW sidewalls, so their analysis allows us to quantify 
the sensor response with the change in the resistive and capacitive characteristics. The carried out 
fitting allows one to obtain two parameters in the presence of various vapors: R and characteristic 
EIS frequency F (see Fig. 2, l–m) corresponding to the transition between the predominant action 
of the contact processes described by CPE at low frequencies, to the major role of the resistance 
R and capacitance C of the NWs and Schottky barriers at higher frequencies. According to the 
data analysis results, the R and F parameters are the fingerprint of the atmosphere surrounding the 
sensor due to the corresponding change in the spectra governed by the analyte species adsorption. 
So, exposure under NH3 and HCl vapors of different concentrations can be quantified via F(R) 
mapping of the sensory response in order to obtain selectivity in sensing (Fig. 1, n–p). 

Conclusion
It is shown that sensors based on silicon nanowires and silver nanoparticles exhibit an enhanced 

response to hydrochloric acid vapors compared to sensors made from as-grown silicon nanowires. 
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In opposite untreated silicon nanowires demonstrated good sensitivity to ammonia vapors. The 
results of this study are highly promising for the development of advanced semiconductor devices 
for portable health monitoring applications.
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Abstract. The effect of coalescence and aggregation processes on the memristive proper-

ties of silver nanoparticle assemblies has been investigated. Nanoparticles were prepared by 
vacuum-thermal evaporation on silicon substrates with gold electrodes and quartz glasses for 
morphological control. The structure of the samples and size distribution of nanoparticles were 
studied using scanning electron microscopy (SEM) and UV-visible spectroscopy. Memristive 
properties were estimated using cyclic voltammetry. Due to Ostwald ripening and an increase 
in average nanoparticle size, the operating voltage required to switch the system into the mem-
ristive state decreased, while the conductivity dynamics changed. These findings are useful for 
ensuring the stability of memristive devices based on silver nanoparticle assemblies.
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Аннотация. Исследуется влияние процессов коалесценции и агрегации на 

мемристивные свойства ансамблей наночастиц серебра. Системы наночастиц получены 
методом вакуум-термического испарения на кремниевые подложки с золотыми 
электродами и на кварцевые стекла для контроля морфологии. Морфологию частиц 
анализировали методами РЭМ и УФ-видимой спектроскопии, а мемристивные свойства 
с помощью циклической вольтамперометрии. Вследствие оствальдовского созревания и 
увеличения среднего размера наночастиц, снижается рабочее напряжение, необходимое 
для переключения системы в мемристивное состояние, при этом изменяется 
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динамика проводимости. Приведенные оценки полезны для обеспечения стабильности 
работы мемристивных устройств на основе ансамблей наночастиц серебра.

Ключевые слова: коалесценция, наночастицы серебра, поверхностный плазмонный 
резонанс, мемристивная динамика, поверхностная диффузия
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Introduction

Silver nanoparticles and nanowires are promising materials for the development of neuromorphic 
computing devices. Their main advantages include (1) the ability to scale, (2) the technological 
simplicity of application to various substrates, and (3) the presence of complex nonlinear dynamic 
characteristics [1–3]. In such systems, a self-organizing network of discrete memristive elements 
is formed, separated by nanometer gaps, where each nanoobject functions as an independent 
memristor [4]. The applied electric field induces the formation of atomically thin conductive 
filaments (filaments) between the nanoparticles, which is clearly detected by the characteristic 
hysteresis loops on the volt-ampere characteristics [5–7].

Experimental studies [8, 9] confirm the prospects of using nanoscale silver structures for 
processing time signals and solving predictive tasks. The main advantage of such systems is the 
implementation of the principle of reservoir computing, where learning affects only the output 
connections, while the internal network of nanoelements retains the same random configuration 
of connections. However, the key limitation of this technology is the temporary instability of 
silver nanostructures caused by the processes of coalescence (gradual particle enlargement) and 
aggregation (cluster formation), which leads to degradation of the original network architecture 
and deterioration of its functional characteristics. This work presents the results of a study of the 
temporal dynamics and the effect of coalescence and aggregation processes in an ensemble of 
silver nanoparticles on the memristive properties. It has been revealed that, in order to practically 
apply such systems, it is necessary to address the issue of nanoparticle stabilization, which can be 
accomplished by either modifying the surface of silver structures or by using additional materials 
that have increased resistance to structural changes [10].

Materials and Methods
Experimental samples were obtained by vacuum thermal deposition of silver onto a thermally 

oxidized silicon substrate, with a gap of either 2 or 20 microns (depending on the weight of the 
sample), between two gold electrodes. Silver weights of 0.62 mg, 1.18 mg, 3.34 mg, 4.71 mg, 6.06 
mg, 10.05 mg, 15.06 mg, 17.2 mg, and 20.05 mg were selected for deposition. Simultaneously, 
deposition also occurred on quartz glass, for further investigation into the temporal dynamics of 
structural changes using optical spectroscopy (UV-VIS spectrometer, Thermo Fisher Scientific, US). 
After deposition, all samples underwent vacuum annealing at 230°C for 30 minutes. 

The geometric dimensions of the nanoparticles were estimated from the SEM images obtained 
using the FEI Helios NanoLab 650i DualBeam electron-ion scanning microscope. To calculate 
the average values of nanoparticle diameters and distances between them, a Python program 
was developed, which uses the Delaunay method for distance calculation. Voltammograms were 
obtained for experimental samples using a probe station (Cascade Microtech Summit, US) and 
a B1500A parametric analyzer (Keysight, US). All samples were stored in a nitrogen-dry storage 
cabinet at 23 ± 2 °C and 14 ± 2% humidity.
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Fig. 1. Optical spectra of annealed experimental samples (a) and their photo (b) on quartz glass (mass 
increase from 0.62 mg to 20.05 mg from left to right), (c) – (e) SEM images for samples 3.34 mg, 
10.05 mg and 20.05 mg respectively (from top to bottom). Scale bar for all SEM images is 100 nm

Results and Discussion

Figure 1 shows the results obtained for the experimental samples in their original form. For 
samples with an evaporated silver mass above 10 mg, the shape of the nanoparticles became distinct 
from spherical and represented arbitrarily oriented cluster-like elements. This was confirmed by 
both SEM images and the position of the surface plasmon resonance peak on optical spectra. 
The distance between nanoparticles was comparable to their diameter. Over time, coalescence 
and diffusion led to a characteristic Ostwald ripening process, accompanied by an increase in 
nanoparticle size due to the system's tendency to minimize surface energy.

Figure 2 allows to estimate the rate of morphological change in nanoparticle ensembles over 
time based on the dynamics of the redshift of the absorption peak and its broadening. The results 
obtained confirm the general trend of nanoparticle enlargement over time. It is worth noting that 
for large silver sample masses, the rate of change in the geometric dimensions of nanoparticles 
is lower (for samples weighing 17.2 mg and 20.05 mg, the displacement was in the range of 

Fig. 2. Shift of the absorption maximum (a) and its broadening (b) for different masses of silver bulk
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up to 5 nm during the presented time), which can be characterized as a more kinetically and 
thermodynamically stable structure due to a reduction in the surface area to volume ratio, which 
leads to a decrease in the driving force for minimizing surface energy. A more stable configuration 
is an important parameter in the development of architecture for practical applications.

Figure 3 also shows the unimodal diameter distribution obtained from analyzing the SEM 
image in the initial case, and the bimodal distribution after 2 months.

The decrease in the average diameter is explained by the appearance of many small 
nanoparticles in close proximity to large “nuclei”, which is typical of Ostwald ripening. This 
result was observed in all samples up to a mass of 10 mg, as it reproduced the known mechanism 
of coalescence, including the stages of formation of a “neck” between adjacent nanoparticles, 
followed by “spherification” and gradual relaxation towards a thermodynamically stable structure. 
For elongated silver clusters with larger masses, it will take considerably longer to reach a spherical 
shape, as they initially have a larger surface area.

After the “molding” process, all experimental samples of silver nanoparticles exhibited 
characteristic memristive behavior and a hysteresis loop in their voltammograms. The less spherical 
the nanoparticles were in the ensemble, the lower the value of the switching voltage required to 

Fig. 3. The result of processing SEM images in the program for a 4.71 mg sample: (a) the initial 
ensemble, (b) after 2 months, (c) and (d) histograms of the diameter (d) size distribution via number of 
particles (Q), respectively, and (e) and (f) - a histogram for the gaps sizes (dgap) between nanoparticles. 
The scale bar on the SEM is 200 nm, the boundaries of the nanoparticles are outlined in green, and 

the distances taken into account are in red
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transition to the conductive state. This behavior can be explained by the presence of areas with 
higher electric field strength near elongated protrusions on the nanoparticles, which facilitate the 
formation of conductive pathways (filaments) in a more directed manner.

Over time, a gradual decrease in the “ON” voltage was observed, which is associated with the 
gradual formation of areas of large clusters, remaining after the incomplete destruction of the 
percolation cluster by voltages of different polarities. For small spherical nanoparticles, this is also 
due to their gradual enlargement. There was also an asymmetry of the hysteresis curve for small 
nanoparticles (Fig. 4) and a decrease in the number of intermediate “memory” states for large 
ones (a more rectangular loop shape).

Fig. 4. Voltammograms for samples of 4.71 mg silver (a), 10.05 mg (b) and 17.2 mg (c). The curves 
for the initial state are highlighted in black, and after 8 weeks – in red

Conclusion

The paper presents the results of a study on the coalescence dynamics of ensembles of silver 
nanoparticles with various sizes (ranging from 5 nm to 200 nm, for evaporation masses of 0.62 mg 
and 20.05 mg, respectively), and its impact on the memristive properties. The observed slow 
relaxation of these systems towards a thermodynamically stable structure leads to changes in the 
morphology and geometric dimensions of the nanoparticles, which affects the control switching 
voltage and the operating characteristics. The smaller the nanoparticles are, the greater the ratio 
of their surface area to their volume, and therefore, the higher the mobility of surface atoms. 
Therefore, nanoparticles require external conditions for limiting coalescence to stabilize the 
system and reduce the frequency of tuning output connections.
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Introduction

InAsSb is an indispensable material for the fabrication of optoelectronic devices that cover 
the mid-wavelength infrared (MWIR) spectral range (2–6 μm). MWIR devices are widely used 
in, e.g., environmental monitoring, defense applications, industry, and medical diagnostics [1]. 
Using InAs1–ySby in the active layer of a semiconductor heterostructure (HS), one can cover a 
3.4–11.0 μm range. Increasing y, which is necessary for extending the working range of the HSs 
towards longer wavelengths, however, leads to a strong lattice mismatch between the InAsSb 
epitaxial layer and the substrate (typically made of InAs), as well as in technological challenges in 
deposition of InAsSbP on InAsSb using metal-organic vapor-phase epitaxy (MOVPE) [2]. These 
factors can result in a number of competing channels of radiative recombination in the HSs, 
which, in fact, may be useful in the design of multi-color LEDs [3]. Electroluminescence (EL) 
and electrical studies used for characterization of HSs do not always give sufficient information 
on their actual construction and its difference from the original design, inherent to lattice-
mismatched systems. This information, however, can be obtained by studying optical properties 
of HS constituents, with the advantage of optical methods being non-destructive (see, e.g., [4]). 
In this paper, we present the results of the studies of InAs/(InAsSb)/InAsSbP HSs performed with 
Fourier-transform infrared (FTIR) photoluminescence (PL) and photoreflectance (PR).

Materials and Methods
The studied HSs were grown by MOVPE on undoped InAs (001) substrates. The deposition of 

undoped InAsSb active layer and/or zinc-doped InAsSbP layers was performed in a horizontal 
reactor under atmospheric pressure with the growth details reported elsewhere [2]. The thickness 
of the InAs0.88Sb0.12 layer was ~3 μm, and that of the InAsSb0.22P0.47 layers ~1.2 μm.

Optical studies were performed using the setup described in [5] and based on a Bruker Vertex 
80 FTIR spectrometer with a cooled InSb or HgCdTe photodetector. PL and PR studies were 
carried out in a T = 11–300 K range under excitation with an 809 nm cw laser diode modulated 
with 2.5 kHz frequency, and providing power density up to 4.0 W/cm2. During the measurements 
the HSs were placed in a Janis CCS-150 closed-cycle helium cryostat.

Results and Discussion
PL spectra of the InAs/InAsSbP HS (Fig. 1, a) contained a strong asymmetrical band with 

its peak at ~0.52 eV (T = 11 K) obviously related to the PL from the InAsSbP layer. The low-
energy shoulder of the band could be related to PL from acceptor states in the layer (possibly, 
arising due to the introduction of Zn) and to the signal coming from the underlying InAs substrate 
(bandgap Eg = 0.41 eV at T = 11 K). The intensity of the band was gradually decreasing with T 
increasing, while the full-width at half-maximum (FWHM ~ 30 meV at T =11 K) of the main 
peak was increasing.

The PL spectra of InAs/InAsSb/InAsSbP HS (Fig. 1, b) contained an almost symmetrical peak 
from the InAsSbP layer (~0.42 eV at T = 11 K) and a peak related to the InAsSb layer (~0.27 eV 
at T =11 K). The FWHMs of the PL peaks related to InAsSbP layers in the two HSs were similar. 
The peak from the InAsSb layer had a FWHM of ~25 meV at T =11 K. Its energy differed by 
~ 20 meV from that of the EL peak of the HS as presented in [6], which confirmed the interface 
origin of the EL in these HSs, as was suggested earlier.

Fig. 2, a shows PR spectra of the InAs/InAsSbP HS. The spectra had an oscillating shape and, 
most probably, represented a superimposition of the Fabry-Perot interference and the differential 
signal from the interband transitions in the InAsSbP layer (marked as ‘Eg’). For the InAs/InAsSb/
InAsSbP HS, PR signal was not detected, possibly indicating lower structural quality of the 
InAsSbP layer, which in this case was grown on lattice-mismatched InAsSb. Measured under 
identical conditions, the PL signal from InAsSbP in the InAs/InAsSb/InAsSbP HS was also 
weaker than that from the similar layer in the InAs/InAsSbP HS.

The temperature dependences of the energy of the PL and PR peaks are shown in Fig. 2, b. 
For the InAs/InAsSbP HS, the PL peak related to the InAsSbP layer did not change its energy 
in the T = 11–120 K range; at higher T, its energy was decreasing, approaching the Varshni law. 
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Fig. 1. Variable-temperature PL spectra of InAs/InAsSbP (a) and InAs/InAsSb/InAsSbP (b) 
heterostructures

a) b)

The positions of both the PL and PR peaks within the whole T = 11–300 K range did not 
correspond to the Eg calculated according to the expected composition of the layer. For InAs/
InAsSb/InAsSbP HS, the PL peak of the InAsSbP layer in T = 11–200 K range showed some 
blue-shift with temperature increasing, and at higher T also followed the Varshni law. Its position 
again did not correspond to the calculated Eg, and was indicative of greater InSb content as 
compared to that in the InAsSbP layer in the InAs/InAsSbP HS.

Fig. 2. Variable-temperature PR spectra of InAsSbP/InAs HS (a), and temperature dependences of 
the energy of PL and PR peaks (symbols) with corresponding Eg(T) dependences (lines) calculated 

according to the Varshni law [7] with parameters α = 3.3·10−4 eV/K, β = 120 K for InAsSbP (b)

a) b)

Conclusion

The results of the optical studies of InAs/InAsSbP and InAs/InAsSb/InAsSbP heterostructures 
performed with FTIR photoluminescence and photoreflectance methods allowed for a non-
destructive study of the properties of the layers constituting the structures. For InAs/InAsSb/
InAsSbP HS, a weakening of the optical response was detected, indicating lower structural quality 
of the InAsSbP material. In the PL spectra, a signal was observed from both the InAs(Sb) 
and InAsSbP, and for the latter, the position of the PL peak depended on the composition 
of the underlying material. This meant that during the growth of InAsSbP layer, its chemical 
composition got adjusted to the “substrate”, which affected the optical properties of the HS. 
In the InAs/InAsSbP HS, the presence of defect states was detected, possibly associated with 
introduction of Zn.



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

94

REFERENCES

1. Tang Y., Zhao Y., Liu H., Room-Temperature Semiconductor Gas Sensors: Challenges and 
Opportunities, ACS Sens. 7 (12) (2022) 3582–3597.

2. Romanov V.V., Moiseev K.D., Features of the Energy Band Structure of the InAsSbP Epilayer 
Deposited on a Surface of the InAs1−ySby Solid Solution, Phys. Solid State. 65 (10) (2023) 1634–1641.

3. Grigoryev M.M., Alekseev P.A., Ivanov E.V., Moiseev K.D., Two-color luminescence from a 
single type-II InAsSbP/InAs heterostructure, Semiconductors. 47 (1) (2013) 28–32.

4. Smołka T., Motyka M., Romanov V.V., Moiseev K.D., Photoluminescence Spectroscopy of the 
InAsSb-Based p-i-n Heterostructure, Materials. 15 (2022) 1419.

5. Firsov D.D., Komkov O.S., Solov’ev V.A., Kop’ev P.S., Ivanov S.V., Temperature-dependent 
photoluminescence of InSb/InAs nanostructures with InSb thickness in the above-monolayer range, 
J. Phys. D: Appl. Phys. 49 (28) (2016) 285108.

6. Ruzhevich M.S., Mynbaev K.D., Bazhenov N.L., Romanov V.V., Moiseev K.D., Electroluminescence 
of narrow-gap InAs/InAs1–ySby/InAsSbP heterostructures with y = 0.07–0.12, St. Petersburg. State. 
Polytech. Univ. J. Phys. Math. 17 (1.1) (2024) 77–82.

7. Varshni Y., Temperature dependence of the energy gap in semiconductors, Physica. 34(1) (1967) 
149–154.

© Peter the Great St. Petersburg Polytechnic University, 2025

THE AUTHORS

RUZHEVICH Maxim S.
max.ruzhevich@niuitmo.ru
ORCID: 0000-0002-4513-6345

KIRILENKO Iaroslav D. 
idkirilenko@itmo.ru
ORCID: 0009-0007-1056-5100

CHUMANOV Ivan V.
chumanov2000@yandex.ru
ORCID: 0009-0009-2564-6100

FIRSOV Dmitrii D.
ddfirsov@gmail.com
ORCID: 0000-0001-7608-9580

KOMKOV Oleg S.
oskomkov@yahoo.com
ORCID: 0000-0002-8999-1175

MYNBAEV Karim D.
mynkad@mail.ioffe.ru
ORCID: 0000-0002-9853-8874

ROMANOV Vyacheslav V.
romanovvv@mail.ioffe.ru
ORCID: 0000-0002-9989-3843

MOISEEV Konstantin D.
mkd@iropt2.mail.ioffe.ru
ORCID: 0000-0002-6306-0129

Received 13.08.2025. Approved after reviewing 02.09.2025. Accepted 03.09.2025.



95

Conference materials
UDC 535.3
DOI: https://doi.org/10.18721/JPM.183.117

Photoluminescence of InGaAs/InAlAs short-
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V.I. Voitovich 1 ✉, I.S. Makhov 1, V.V. Andryushkin 2, P.E. Kopytov 2 

D.S. Papylev 2, N.V. Kryzhanovskaya 1, A.E. Zhukov 1 
1 National Research University Higher School of Economics, St. Petersburg branch, St. Petersburg, Russia;

2 ITMO University, St. Petersburg, Russia
✉ vivoytovich@edu.hse.ru

Abstract. The photoluminescence spectra of short-period InGaAs/InAlAs superlattices 
emitting in the 1.3 µm spectral range were investigated in the wide range of pumping powers 
at the temperatures of 5−300 K. The 5 K photoluminescence spectra consisted of luminescence 
bands associated with radiative electron-hole recombination in superlattices as well as in the 
InP substrate and buffer layers of heterostructures. Spectral positions of superlattice emission 
bands are in a good agreement with calculated values obtained with transfer matrix method for 
all the samples. The temperature evolution of emission spectra was investigated as well.
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Аннотация. Исследованы спектры фотолюминесценции короткопериодных 
сверхрешеток InGaAs/InAlAs в широком диапазоне мощностей накачки при температурах 
5−300 К. Спектры фотолюминесценции при 5 К состояли из полос люминесценции, 
связанных с излучательной рекомбинацией электронов и дырок в сверхрешетках, 
а также в подложке и буферных слоях гетероструктур. Спектральные положения полос 
излучения сверхрешеток хорошо согласуются с расчетными значениями. 
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Introduction

Nowadays, the development of miniature laser sources for fast data transmission is an important 
task. One of the them is vertical-cavity surface-emitting laser (VCSEL) [1], which has high 
temperature stability of the lasing wavelength, small angular divergence and threshold currents. In 
order to achieve lasing in VCSELs, an active region with high modal gain is necessary, especially 
for lasers operating near 1.3 µm and 1.55 µm wavelengths. Short-period superlattices (SLs) in this 
case allow to get a higher modal gain due to increased values of longitudinal optical confinement 
factor [2] compared to the quantum well or quantum dot active region. Thus, the development of 
heterostructures with SLs with high optical quality is an actual goal. The present work is devoted 
to the investigation of photoluminescence (PL) characteristics of InGaAs/InAlAs short-period 
SLs, which are promising for implementation as an VCSEL active region.

Materials and Methods
Samples under study were molecular beam epitaxy grown on an InP (100) substrate on a 

200 nm thick In0.52Al0.48As buffer layer. The active region of each sample consisted of three SLs 
grown sequentially one after another. First and third SLs were formed by 23 periods of epilayers 
In0.53Ga0.47As/In0.52Al0.48As with a total period width of 22 Å remaining the same for all the 
samples in order to provide average mole fractions of Ga and Al in the SLs at the level of 27 and 
20% respectively. Middle SL was formed by 25 periods of In0.6Ga0.4As/In0.52Al0.48As/In0.53Ga0.47As/
In0.52Al0.48As epilayers with a widths of 6/4.7/12.6/4.7 Å for the sample A, 5/4.9/13.2/4.9 Å for 
the sample B and 6.5/4.6/12.3/4.6 Å for the sample C. All the studied heterostructures also had 
a 30 nm thick In0.52Al0.48As and 5 nm thick InP cap layers.

The energy spectrum calculation of SLs under investigation was performed using transfer 
matrix method. The material parameters used were taken from Ref. [3]. The presence of stresses 
in lattice-mismatched with substrate In0.6Ga0.4As layers was taken into account by the change in 
its bandgap value compared to the unstrained one according to Ref. [4].

A continuous-wave Nd:YLF solid state laser (λ = 527 nm) was used for the optical excitation 
of the samples, mounted in a low-vibrational closed cycle optical cryostat. Laser radiation was 
focused on the sample surface using 5× microlense, which was also used to collect the PL of 
the samples. PL spectra were investigated with a grating monochromator supplemented with a 
thermoelectrically cooled InGaAs array.

Results and Discussion
The obtained PL spectra of the samples at the temperature T = 5 K are presented in Fig. 1, a. 

They look similar and are consisted of one dominant emission band, which is associated with the 
interband radiative electron-hole recombination in the middle SL since its spectral position is close 
to the calculated value (it is shown with dashed lines in Fig. 1, a for each sample). Temperature 
increase up to the 300 K leads to the SL emission band shift towards 1.26–1.29 µm (Fig. 1, a) due to 
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Fig. 1. PL spectra of the samples measured at the pumping power P = 0.34 mW and T = 5 K (solid 
curves) and T = 300 K (dash-dotted curves) (a). Dashed lines show calculated values of optical 
interband transitions in SLs at the T = 5 K. Dependencies of the integrated PL intensity IPL on the 

pumping power P at the T = 5 K and T = 300 K and approximating curves P   k (b)

Fig. 2. Temperature dependencies of the photon energies (symbols), corresponded to the peak position 
of middle SL emission band, measured at the P = 0.34 mW. Dashed curves show approximation of 
the experimental data with the Varshni model with parameters of the unstrained In0.6Ga0.4As epilayer

the temperature change in bandgap values of heterostructure epilayers. At T = 300 K an additional 
emission band close to the 1.03 eV also appears in the PL spectra of all the samples, attributed to 
the luminescence from the 1st and 3rd SLs surrounding the central SL of the structures.

Fig. 1, b shows the dependencies of the integrated PL intensity on the optical pumping power 
and their approximation by the power function for all three heterostructures. The exponent of 
the power function k is close to 1 for all samples at the temperature of 5 K, which indicates the 
predominance of the radiative recombination processes. At the T = 300 K the exponent k varies 
in the range ~1.6−1.7, which shows that nonradiative recombination via defects also takes place. 
Temperature increase from 5 K to 300 K also results in decrease in integrated PL intensity for all 
the samples (Fig. 1, b), that we also associate with an increase of nonradiative recombination in 
SLs at high temperatures. Moreover, increase in the crystal lattice temperature above 75 K leads 
to a redshift of peak position of the middle SL emission band as it is presented in Fig. 2.

In thе temperature range of 75−300 K the experimental data are well approximated within 
the Varshni model, describing the temperature induced change in bandgap values of epilayers 
forming SLs.Vertically shifted theoretical dependencies of unstrained In0.6Ga0.4As epilayer energy 
gap on the temperature are shown in Fig. 2. However, below T = 75 K a discrepancy between 
experimental and theoretical data is obtained and a slight redshift of PL peak position of the 
SL with the temperature decrease is observed, that can be associated with several reasons. 

a) b)
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Firstly, excitonic recombination should dominate at low lattice temperatures over the direct 
electron-hole recombination. Secondly, such a blueshift of PL peak at low lattice temperatures was 
also attributed to the exciton population states redistribution due to the potential fluctuations [5].

Conclusion
The PL spectra of short-period SLs are investigated in a wide range of pumping powers and 

temperatures. The emission bands associated with an optical transitions of charge carriers in 
SLs and buffer layers of heterostructures are revealed in the spectra. According to the analysis 
of integrated PL intensity on the pumping power at T = 5 K the domination of radiative 
recombination mechanism is observed. Spectral position of the luminescence peak is controlled 
in a relatively wide range by changing the SL composition. At room temperature, a required 
wavelength of about 1.3 µm is achieved.
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Abstract. As a result of our work samples of nanopowders of porous silicon with the depos-
ited cinnarizine were obtained and technique of the chemical deposition of cinnarizine into the 
porous layer was elaborated. The obtained structures of porous silicon can be used for delivery 
of various therapeutic agents starting from small molecules of the preparations up to the large 
peptides/protein therapeutic agents while controlling composition of the surface and morphol-
ogy of the porous layer.  Nanopowder of porous silicon was obtained by mechanical and ultra-
sound grinding of the porous silicon wafers. Using transmission electron microscopy, infrared 
and ultraviolet spectroscopy morphology and composition of the porous silicon samples were 
studied. According to the results of transmission electron microscopy (TEM) a presence of 
both crystalline and amorphous phases was determined. Chemical composition and types of the 
bonds in the porous silicon layer was studied according to the data of infrared (IR) spectros-
copy. The data on ultraviolet (UV) allowed to determine the energy of the possible direct tran-
sitions in nanostructures. Adsorption and desorption processes in nanostructures were studied.
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Аннотация. В результате работы были получены образцы нанопорошков пористого 

кремния с осажденным циннаризином и отработана методика химического осаждения 
циннаризина в пористый слой. Полученные структуры пористого кремния могут 
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быть использованы для доставки различных терапевтических средств, от малых 
молекул препаратов до больших пептидов/белковых терапевтических препаратов при 
управлении составом поверхности и морфологией его пористого слоя. Нанопорошок 
пористого кремния был получен механическим и ультразвуковым измельчением 
пластин пористого кремния. Методами просвечивающей электронной спектроскопии, 
инфракрасной спектроскопии и ультрафиолетовой спектроскопии исследованы 
морфология и состав образцов пористого кремния. По результатам исследований 
просвечивающей электронной микроскопии определили присутствие в образцах 
как кристаллической, так и аморфной фазы. Химический состав и типы связей в 
слое пористого кремния был определен по данным инфракрасной спектроскопии. 
По данным ультрафиолетовой спектроскопии были определены энергии возможных 
прямых переходов в наноструктурах. Исследованы процессы адсорбции и десорбции на 
наноструктурах.

Ключевые слова: мезопористый кремний, нанопорошки, наночастицы, спектро-
скопия, циннаризин, системы доставки лекарств
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Introduction

Now one of the most prospective areas for the application of porous silicon proves to be 
biomedicine. Therefore an interest to porous silicon from the viewpoint of biomedicine problems 
is due to its good biocompatibility and high specific surface as well to the possibility of modification 
of the surface chemical properties and controlling of the porous layer morphology. Porous silicon 
can be well used for the delivery of various therapeutic agents starting from the small molecules of 
the drugs up to the large peptides/protein preparations while controlling surface composition and 
morphology of the porous layer. Drug preparations made on the basis of silicon nanostructures 
show the main properties advanced to systems of directed drug delivery: a slight release of the 
drug agent after attainment of the predetermined goal, as well a possibility of paranteral dosing, 
in particular, intravenous injection. Therefore, an experience in the use neuroprotective and 
neurotrophic preparation of cinnarizine for the patients with neurologic disorders in post-Covid 
period is of a great interest [1−4]. Goal of the work is a formation of the structures of porous 
silicon – cinnarizine type and the study of their features, investigations of its composition and 
sorption-desorption process of cinnarizine from the surface of porous silicon. 

Materials and Methods
Samples of porous silicon were obtained by anodic electrochemical etching of single-crystalline 

silicon with n-type conductivity having specific resistivity of 0.2 Ohm·cm in the alcoholic solution 
of hydrofluoric acid with an addition of hydrogen peroxide. Nanopowder of porous silicon was 
obtained first by mechanical separation of the porous layer with its further grinding in the alcohol 
solution with the use of ultrasound for 10 minutes [4].

Morphology and microstructure of the samples were studied by transmission electron 
microscopy with the use of transmission electron microscope Libra120 (CarlZeiss, Germany, 
CKPNO VSU). Chemical composition of the samples was determined with IR-Fourier 
spectrometer Vertex Bruker 70 with an attachment for the measurement of absorption/ 
transmission in thin-film samples. Optical properties of the samples were investigated by 
ultraviolet spectroscopy in the range of 190–190 nm with the use of spectrometer LAMBDA 
650 produced by Perkin Elmer company.
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Fig.1. TEM image of the porous silicon powder (a) and electron-diffraction pattern of the porous 
silicon powder (b)

a) b)

To study optical properties of the samples in the UV-range specially elaborated approach 
method was employed applying a technique for surveying of reflection spectra [5]. This technique 
makes it possible to obtain information concerning the films and layers deposited/formed on 
the optically denser and bulk substrates. In order to study the features of sorption/desorption of 
cinnarizine to/from the surface of porous silicon the wafers of silicon with por-Si layers were 
placed in 0.1 М solution of HCl, containing 0.5 mg/cm3 of cinnarizine. The volume of the media 
was 100 cm3. Tests of dialyzate (5 ml) were sampled every 30 minutes. In order to determine 
cinnarizine content spectrophotometry technique in the UV-range (254 ± 2 nm) was applied with 
the use of spectrophotometer SF-2000. Cinnarizine concentration in solutions was determined 
by the calibrating curve. Release of cinnarizine from the surface was studied by dialysis technique 
applying semi-permeable cellophane membrane also using spectrophotometer technique.

Results and Discussion
Figure 1 represents TEM-image and electron-diffraction pattern of the obtained porous silicon 

powder. To make phase analysis with the use of external standard in order to analyze electron-
diffraction pattern previously obtained value of the device constant was used. 

Results of TEM showed the presence of as crystalline (points at the electron-diffraction pattern) 
as amorphous phase of silicon (rings at the electron-diffraction pattern) in the powder. Size of the 
particles according to TEM data was of ~ 5 nm.

IR-spectra of the samples with the deposited cinnarizine are presented in Fig. 2. Comparative 
analysis of IR-spectra for the samples of original porous silicon and those ones after cinnarizine 
deposition demonstrated the presence of cinnarizine on the surface of porous silicon. Position of 
the distinctions in IR-spectra for the deposited drug agents was determined with the use of AIST 
database: Spectral Database for Organic Compounds, SDBS [6].

Fig.2. IR transmission spectra of porous silicon with the deposited cinnarizine and reference samples: 
cinnarizine powder and original porous silicon
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Fig.3. Dependences of (D·hν)2 on the quanta energy for original porous silicon (а) and
porous silicon with the deposited cinnarizine (b)

While comparing spectrum of the obtained sample with the standard spectrum of cinnarizine it 
was found that after cinnarizine deposition into porous silicon new peaks appeared in the spectrum, 
corresponding to those ones of cinnarizine: 2959 cm−1 and 2936 cm−1, corresponding to the 
valence vibrations of C–H bond in alicyclic compounds; 1597 cm−1, corresponding to the valence 
vibrations of C=С bond in aromatic ring, 1134 cm−1, corresponding to the valence vibrations of 
C–N bond; 999 cm−1 and 962 cm−1, corresponding to the valence vibrations of =CH bond. Note 
that in the spectra of all the samples one can clearly observe the bands characteristic of porous 
silicon Si-Si (616 cm−1), Si-O-Si (1060 cm−1), Si-Hx (805 cm−1) [7].

In order to know the mechanism of optical absorption in porous layers formed by electrochemical 
etching with the use of the software package OPUS Bruker and taking into account Lambert-
Bugger formula:

where T is transmission, D – optical density, transmission-reflection spectra were reconstructed 
into absorption spectra. Dependences (D·hν)2 on the quanta energy for single-crystalline Si are 
presented in Fig. 3, as well those ones for porous silicon samples; the latter ones were calculated 
from the spectra of specular reflection with the use of of Kramers-Kronig relations [8]. Graphical 
analysis allowed to reveal separate parts with linear dependence of (D·hν)2 on the quanta energy. 
This can indicate at the presence of the direct allowed transition in this spectral range (Fig. 3). 
Linear extrapolation of these parts in the spectra to the value makes it possible to determine the 
energy of direct transitions which are characteristic for these samples.

[ ]T exp D ,= −

a) b)

Applying tangents concept one can determine the following possible direct transitions in the 
range of 2.3–2.5 eV for light powders, corresponding to nanocrystals with the size of ~2 nm, 
according to [9], and to transition of 1.8–2 eV, corresponding to the particles with the size of 
~3 nm, for more heavy fractions of mesoporous silicon nanopowders. Basing on the obtained 
dependences for the samples with the deposited cinnarizine one can also determine direct 
transition in the range of 1.5 eV, which can be associated with the features of cinnarizine optical 
absorption, or formation of its bonds with silicon, or either with more large silicon nanocrystals.

During the study of cinnarizine adsorption on the surface of porous silicon (Fig. 4) it was 
found that for the time of adsorption equal to 30 minutes cinnarizine concentration on the wafers 
of meso- and macroporous silicon was of 1.1 mg/cm3 (Fig. 4). While increase of the adsorption 
time cinnarizine concentration was slightly reduced up to 1.00 mg/cm3, respectively. Thus, the 
optimal time for cinnarizine adsorption is of 30 minutes. 

While cinnarizine desorption from the surface of silicon wafers with por-Si layer it was 
determined that for 45 minutes of the experiment cinnarizine concentration in the hydrochloric 
acid medium of 0.1 M concentration equal to 0.70 mg/cm3 (Fig. 4, b). The obtained results 
showed the availability of the mesoporous silicon usage for the preparation of the carriers drug 
agents with a durable action.
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Conclusion

As a result of the performed investigations samples of the porous silicon nanopowders with 
a diameter of less than 5 nm and the deposited cinnarizine were obtained in the work. Data 
of the transmission electron microscopy helped us to determine a presence of both crystalline 
and amorphous phase in the sample. Using infrared spectroscopy chemical composition of 
the porous layer was determined as well as the types of bonds in this layer. It was shown 
that Si-O, Si-Hx, Si-OH and Si-Si bonds are present in the porous layer as well those ones 
characteristic of cinnarizine. According to UV-spectroscopy possible direct transitions were 
determined with the energy of 1.8 eV and 2 .3 eV for the original porous silicon and the 
additional transition at 1.5 eV for the sample with the deposited cinnarizine. It was ascertained 
that cinnarizine on the surface of porous silicon is most efficiently sorbed and desorbed for 
the time of 30–45 minutes.
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Abstract. Metal halide perovskite nanocrystals have emerged as excellent candidate materi-

als for various optoelectronic applications due to their distinguished optoelectronic properties. 
However, suffering from instability under environmental conditions such as humidity, temper-
ature and ultraviolet radiation restricts its further development and larger-scale application. In 
this study, we present a one-step method for fabricating composite thin films of formamidin-
ium lead bromide and a lead-based metal-organic framework with enhanced stability. Mean-
while, the obtained composite films exhibited a low amplified spontaneous emission threshold 
of 12.3 μJ·cm−2 enhancing their potential for efficient optoelectronic applications, including 
light-emitting devices and lasers.
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Аннотация. Нанокристаллы металлогалогенидных перовскитов стали отличными 
материалами-кандидатами для различных применений в оптоэлектронике благодаря 
своим выдающимся оптоэлектронным свойствам. Однако нестабильность в условиях 
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окружающей среды, таких как влажность, температура и ультрафиолетовое излучение, 
ограничивает их дальнейшую разработку и широкомасштабное применение. В этом 
исследовании мы представляем композитные тонкие пленки перовскита FAPbBr3 
и металлоорганического каркаса на основе свинца с повышенной стабильностью, 
полученные одноэтапным методом. При этом полученные композитные пленки 
продемонстрировали низкий порог усиленного спонтанного излучения с пороговой 
плотностью энергии возбуждения 12,3 мкДж·см−2, что свидетельствует об их высоком 
потенциале для эффективного применения в оптоэлектронике, включая светоизлучающие 
устройства и лазеры.

Ключевые слова: перовскит, металлорганический каркас, композитные материалы, 
усиленное спонтанное излучение
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Introduction

Metal-halide perovskite nanocrystals (MPNCs) based on lead halides exhibit exceptional 
optoelectronic properties, such as high absorption coefficients, high photoluminescence quantum 
yields, tunable band gaps, and defect tolerance [1]. These characteristics make them promising 
candidates for various optoelectronic applications, including light-emitting diodes and lasers. 
However, due to the ionic structure, halides perovskites are unstable under the influence of 
external influences such as high temperature, air and ultraviolet radiation. 

To address the stability issue, researchers vary the composition of the elements included in the 
ABX3 perovskite structure (A is an organic or inorganic cation, B is a divalent metal, X is a halide 
anion) or use ligands, polymer materials, or metal-organic frameworks [2−4]. Metal-organic 
frameworks are a class of compounds in which metals and organic ligands form a crystalline 
structure called a framework [3, 4].

In this work, we focused on the recombination dynamics and amplified spontaneous emission 
(ASE) characteristics of FAPbBr3 (FA- CH(NH2)2, formamidinium) by incorporating it into a 
lead based metal-organic framework constructed with trimesic acid (Pb-MOF). Previous studies 
have demonstrated improved perovskite stability using Pb-MOF and a two-step method for film 
fabrication [3, 4]. In contrast, we developed a one-step fabrication approach for FAPbBr3-MOF 
composite thin films, enabling a simplified and faster preparation process. This approach yielded 
a record-low ASE threshold for FAPbBr3 (12.3 μJ·cm−2), which we were able to rationalize 
by examining the underlying recombination mechanisms. A Low ASE threshold is important 
for photonic applications, as it enables the development of devices with higher efficiency and 
improved operational stability.

Materials and Methods
Materials. The following materials were used in experiments: Lead Nitrate (Pb(NO3)2, 99.7%, 

LenReaktiv), trimesic acid (1,3,5-H3BTC, 95%, Sigma-Aldrich), Acetic acid (CH3COOH, 93%, 
ECOS), dimethyl sulfoxide (DMSO, 99%, ECOS), formamidinium bromide (FABr, >99.99%, 
Dyesol). 

Methods. Pb-MOF was synthesized using a sonochemical method [5]. The obtained 
Pb-MOF and FABr were dissolved in anhydrous dimethylsulfoxide (DMSO) with the addition 
of methylammonium acetate (MAAc). The solution was stirred for 5 min (3500 rpm) using 
vortex MSV-3500 BioSan. The resulting solution was used to fabricate FAPbBr3-MOF composite 
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Fig. 1. AFM image of FAPbBr3-MOF film (a), XRD analysis of FAPbBr3-MOF (b), TEM analysis of 
FAPbBr3-MOF (c). Inset in (c) is a histogram of the NCs size distribution

thin films via spin-coating: first at 3,000 rpm for 90 seconds, then at 5,000 rpm for 10 seconds, 
followed by annealing at 80 °C for 10 minutes.

The morphology of the synthesized films was analyzed using a Zeiss LIBRA 200FE transmission 
electron microscope (TEM) and a scanning probe microscope AIST-NT SPM SmartSPMtm −1000.

Optical measurements were performed using an Antaus Ytterbium femtosecond fiber 
laser operating at a repetition rate of 10 kHz and a wavelength of 343 nm. Time-resolved 
photoluminescence (TRPL) was measured using a single-photon avalanche diode detector (SPAD 
PDM, Micro Photon Devices). Photoluminescence spectra were recorded with a QE Pro fiber-
optic spectrometer.

The ABC model (equation 1) was used to approximate the decay curves [6].

 (1)

The term A is responsible for trap-assisted recombination, B for bimolecular recombination, 
and C for Auger recombination. At low fluence, Auger recombination does not contribute to 
charge carrier recombination [6]. Thus, the normalized PL (equation 2) decay curve exhibits 
bimolecular behavior and can be approximated by the following equation:

 
(2)

where n is the initial charge carrier density. The initial charge carrier density was calculated using 
the following equation:

 
(3)

where F is the fluence and Abs is the fraction of incident photons that are absorbed. Abs is 
calculated as:

 
(4)

d is the thickness of the film and a is the attenuation coefficient. 

Results and Discussion
The resulting FAPbBr3-MOF composite film has a low surface roughness of 0.99 nanometers 

and a thickness of 116 nanometers (Fig. 1, a). The composition of FAPbBr3-MOF composite 
films was confirmed by X-ray diffraction analysis (XRD). The presence of the cubic Pm−3m 
phase is indicated by strong peaks at 14.8 degrees (100) and 29.8 (200) (Fig. 1, b), along with 
weaker peaks at 20.9 (110) and 33.8 (210) [7]. Peaks corresponding to Pb-MOF also confirm the 
composite nature of the films [5]. Transmission electron microscopy (TEM) revealed encapsulation 
of perovskite within the Pb-MOF matrix and showed an average FAPbBr3 nanoparticle size of 
11.6 nm (Fig. 1, c).

2 3.dn An Bn Cn
dt

= − − −

exp( )( ) const,
(1 exp( )

An Atn t
A Bn At

⋅ −
= +

+ − −
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Fig. 2. Photoluminescence spectrum of FAPbBr3-MOF (a), Normalized absorbance spectrum of 
FAPbBr3-MOF (b), Dependence of PLQY on the power density (c), decay curves of FAPbBr3-MOF 
under increasing pump fluence (d), evolution of the PL spectra of the FAPbBr3-MOF films under 

increasing pump fluence (e), ASE threshold of FAPbBr3-MOF (f)

Tab l e

Analysis of decay curves of FAPbBr3-MOF film

The photoluminescence (PL) peak of the film is at 530.1 nm with a full width at half maximum 
(FWHM) is 24.3 nm (Fig. 2, a) also a similar peak position was confirmed by studying the 
absorption spectrum of FAPbBr3-MOF (532.5 nm). For the subsequent analysis of the optical 
properties of our film, we investigated the dependence of the photoluminescence quantum 
yield on the increasing power density (Fig. 2, c). The best PLQY is 43% at a power density of 
993 mW·cm−2, and the growing dependence of PLQY at an increasing power density indicates high 
film quality, as well as a greater contribution of radiative processes relative to non-radiative [8]. To 
study the origin of the recombination process in more detail, we performed time-resolved 
photoluminescence (TRPL) measurements, as shown in Fig. 2, d. TRPL measurements showed 
that the monomolecular (A, non-radiative) and bimolecular (B, radiative) recombination 
coefficients increased from A = 2.4·106 s−1 and Bn = 9.4·106 s−1 at 1.3 μJ·cm−2 to A = 18.7·106 s−1 
and Bn = 6.5·108 s−1 at 10.4 μJ·cm−2 (Table). This enhancement of radiative recombination 
and acceleration of carrier dynamics at higher fluence are beneficial for ASE, as these effects 
support faster population inversion and gain buildup. As a result, PL spectra evolution under 
increasing pump fluence revealed an ASE threshold of 12.3 μJ·cm−2 (Fig. 2, e, f), which is lower 
than previously reported [9], demonstrating the suitability of FAPbBr3-MOF films for integration 
into next-generation low-threshold laser systems and other light-emitting applications.

a) b) c)

d) e) f)

Pump fluence, μJ·cm−2 n, cm−3 A, s−1 Bn, s−1

10.4 3.3·1018 18.7·106 6.5·108

5.5 1.7·1018 16.0·106 2.0·108

3.1 9.6·1017 8.1·106 6.5·107

1.9 5.9·1017 4.7·106 2.2·107

1.3 4.0·1017 2.4·106 9.4·106
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Conclusion

We developed a simple one-step method for fabricating FAPbBr3-MOF composite thin 
films with improved structural stability and promising optical properties. The encapsulation of 
Pb-MOF ensured the formation of a stable composite matrix, while the films demonstrated 
efficient radiative recombination and a low ASE threshold (12.3 μJ·cm−2), making them suitable 
for photonic applications.
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Abstract. We demonstrate that electric-field-assisted ion-exchange in glass allows one to 
obtain a structure with close to a step-like concentration and conductivity profiles. Application 
of DC voltage to the ion-exchanged glass results in charge accumulation. The electric field 
induces symmetry breaking and provides quadratic optical susceptibility in the glass. Nonlinear 
optical properties of modified glass are studied using the Maker fringe technique. Particularly, 
we study the influence of the nonlinear susceptibility tensor components ratio χzxx : χzzz on re-
sulting characteristics. Comparing modeling and experiments, we deduced the ratio 1:3 which 
corresponds to Kleinman symmetry of isotropic materials.
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Аннотация. Продемонстрировано, что ионный обмен при помощи электрического 

поля в стекле позволяет получить структуру с профилями концентрации и 
проводимости, близкими к ступенчатым. Постоянное напряжение, приложенное к 
ионообменному стеклу, приводит к накоплению заряда, электрическое поле которого 
вызывает нарушение симметрии и разрешает квадратичную оптическую нелинейность 
в стекле. Нелинейно-оптические свойства модифицированного стекла исследованы с 
использованием метода полос Мейкера. В частности, исследовано влияние соотношения 
компонент тензора квадратичной оптической восприимчивости χzxx : χzzz на нелинейно-
оптические характеристики. Сравнение экспериментов и моделирования позволило 
заключить, что это соотношение составляет 1:3, что хорошо соответствует условиям 
симметрии Клейнмана для изотропных сред.
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Introduction

Isotropic nature of glass forbids second order optical nonlinearity, limiting glass functionality in 
nonlinear optics. Recently, a method was demonstrated [1] that allows for breaking the material’s 
isotropy by applying DC voltage to ion-exchanged (IE) glass at room temperature. During IE, the 
subsurface layer of glass is enriched with potassium ions, which provides conductivity gradient in 
the structure. Under applied voltage, nonequilibrium charge can accumulate in the region with 
conductivity gradient (Maxwell-Wagner effect). Electric field of this charge combined with the 
third-order nonlinearity induces effective quadratic susceptibility (2)χ̂ due EFISH (Electric-Field 
Induced Second-Harmonic) phenomenon [2].

Nonlinear optical properties of the material are determined by the (2)χ̂ tensor components, 
particularly, by their ratio. A powerful tool for evaluating this ratio is the analysis of Maker fringes 
[3] – dependence of the SH intensity (I2ω) on the angle of incidence of the fundamental wave (θ). 

In this study, we analyze the ratio of the tensor components of the second-order nonlinear 
optical susceptibility of charged field-assisted ion-exchanged (FIE) glass. Advantage of the FIE is 
that it allows us to obtain a step-like concentration profile, where one can consider known analytical 
solutions applicable to crystals and thin films. Thus, having determined all parameters except the 
ratio χzxx : χzzz, we consider a series of Maker fringes with different thicknesses of the nonlinear layer.

Materials and Methods
In our experiments we subjected 1-mm-thick soda-lime glass slide with concentration 

C0 = 6.9∙1027 m−3 of mobile alkali ions to FIE. On the anodic side of the specimen, we placed a 
stainless-steel tube with an inner diameter of 16 mm restraining potassium nitrate melt. We use 
Teflon spacer between the tube and the specimen to prevent any leakage of the melt. Then we 
placed it in a graphite crucible with glass spacers where cathodic side of the glass contacts with 
NaNO3 melt. The spacers create a gap filled with the melt, which allows free displacement of 
sodium ions from the glass by potassium ones. Then, we heated the cell up to 365 °C, applied a 
DC voltage of U = 10 V and registered DC current, which allows to calculate passed charge q0. 
After, we cooled down the cell under applied voltage for about 15 min. The charge value allows us 
to estimate interface depth as L = q0/(SeC0) considering full replacement of sodium by potassium, 
where S is the tube opening and e – electron charge.

For optical measurements we fixed the specimen in motorized rotating platform and irradiated 
it with a p-polarized light beam of a femtosecond laser (wavelength λ = 1.03 μm). The details of 
optical setup can be found elsewhere [4].

Results and Discussion
We rewrite analytical expression of Maker fringe [3] as:

  
(1)

where effχ – effective nonlinear coefficient (or their combination) corresponding to the geometry 
of the experiment normalized by χzzz:

2 4 2
2 eff 2

1sin ;
2

I t T kLω ω ω
 ′ ′′∼ χ ∆ 
 


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Fig. 1. Simulation of Maker fringe for L = 0.9 μm (a) and angle of maximum SH dependence on 
thickness (b) for different χzxx : χzzz vs experimental data (crosses)

a) b)

 
(2)

ùt′  – Fresnel transmission of fundamental p-polarized wave:

 
(3)

2T ω′′  – SH transmission determined as [3]:

 
(4)

and Δk – wavevector mismatch:

 (5)

2,ω ω′ ′θ θ −  angle of the propagation of the fundamental and SH waves in glass, defined by Snell’s 
law,  refractive index of these waves. For the simulations we use nω = 1.5134 and n2ω = 1.5288.

Changing χzxx : χzzz ratio from 1:2 to 1:4 only slightly modifies the shape of the Maker fringe, 
as illustrated in Fig. 1, a.

Moreover, the influence of χzxx : χzzz on angular maxima is most noticeable for small thicknesses 
of the nonlinear layer, becoming negligible when the thickness approaches the coherence length, 
as shown in Fig. 1, b. Therefore, direct identification of the ratio is challenging, especially 

2 2zxx zxx
eff 2 2 2

zzz zzz

2 cos sin cos cos sin sin sin ;ω ω ω ω ω ω ω

χ χ′ ′ ′ ′ ′ ′ ′χ = θ θ θ + θ θ + θ θ
χ χ



2cos ;
cos cos
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nω
ω ω
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4 cos cos ,k n nω ω ω ω
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Fig. 2. Experimental data (dots) and simulation with fitted ratio of Maker fringes for L = 0.9 μm, 
9 μm and 18 μm
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for thicknesses close to the coherence length. For more accurate identification of the ratio we 
consider the ratio χzxx : χzzz as a fitting parameter and simulate Maker fringes for the specimens 
different depths of  FIE-modified layers. Several results of the fitting are presented in Figure 2.

The average χzxx : χzzz for 10 specimens with L from 0.9 μm to 20.5 μm was found to be 1:3.1 
which is very close to the 1:3 ratio predicted by Kleinman’s symmetry condition for isotropic 
materials [5].

Conclusion
We analyzed the shape of angular dependences of the second harmonic in FIE glass with 

varying thicknesses of the ion-exchanged layer and ratio χzxx : χzzz. We determined this ratio by 
fitting, and obtain a value that approximately corresponds to the Kleinman symmetry condition 
in isotropic media. Thus, we have shown that in polarized ion-exchanged glasses the ratio of 
nonlinear optical susceptibility components χzxx : χzzz is confirmed to be 1:3.
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Abstract. The capacitive characteristics of composite electrodes based on nanoporous ti-

tanium oxide obtained by plasma electrolytic oxidation are considered. It is shown that the 
specific capacitance of a multilayer supercapacitor based on formed titanium oxide and poly-
aniline (PANI) is 10 mF/cm2. The resulting oxide layers have a crystalline structure, providing 
minimal faradaic resistance, which is promising for use in electrochemical double-layer super-
capacitors.

Keywords: titanium, electrolyte plasma, nanoporous oxide, polyaniline, supercapacitor

Citation: Adamovich A.A., Golovanov V.N., Makhmud-Akhunov M.Yu., Yavtushenko I.O., 
Solovyev A.A., Bodnarsky D.S., Сapacitive properties of composite electrodes based on pol-
yaniline and nanoporous titanium oxide obtained by plasma-electrolytic oxidation, St. Pe-
tersburg State Polytechnical University Journal. Physics and Mathematics. 18 (3.1) (2025) 
114–118. DOI: https://doi.org/10.18721/JPM.183.121

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 537.9
DOI: https://doi.org/10.18721/JPM.183.121
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Аннотация. Рассмотрены емкостные характеристики композитных электродов 

на основе нанопористого оксида титана, полученного методом плазменно-
электролитического оксидирования. Показано, что удельная емкость многослойного 
суперконденсатора на основе сформированного оксида титана и полианилина (ПАНИ) 
составляет 10 мФ/см2. Полученные оксидные слои имеют кристаллическую структуру, 
обеспечивая минимальное фарадеевское сопротивление, что является перспективным 
для использования в электрохимических двухслойных суперконденсаторах.
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Introduction

Research and development of high-capacity components and systems are important and 
rapidly developing areas in modern electronics. To increase the effective area of electrodes of 
electrochemical capacitors, materials with a highly developed surface are used. Such electrodes 
are usually formed on the basis of activated carbons [1], carbon nanotubes [2], nanoporous metal 
oxides [3] and other materials. These materials can significantly increase the specific capacity of 
devices, improve their energy characteristics and provide a higher charging rate. An important 
aspect is also ensuring the stability and durability of electrode materials during multiple operating 
cycles. Modern research is aimed at developing new composite materials, methods for their 
synthesis and processing, as well as optimizing the structure to achieve maximum efficiency 
and reliability of high-capacity electrochemical systems. In this paper, the characteristics of 
supercapacitors based on nanoporous titanium oxide obtained by plasma electrolytic oxidation 
(PEO) will be considered.

Materials and Methods
Titanium with a purity of 99.7% was used to study the features of plasma electrolytic oxidation 

(PEO). Porous titanium oxide was obtained by plasma electrolytic treatment in a 1 M aqueous 
solution of sulfuric acid, the technique is described in [4]. Then, each electrode was chemically 
coated with a layer of emeraldine form of polyaniline, and a solution of polyvinyl alcohol with 3.4 M 
orthophosphoric acid served as a layer between the electrodes. The capacitive characteristics of 
the obtained structures were determined by cyclic voltammetry (potentiostat-galvanostat P-45X) 
in the range from –0.5 to 0.5 V at potential scan rates from 20 to 100 mV/s. Impedance spectra 
were recorded in the frequency range from 0.1 Hz to 50 kHz with an amplitude of 50 mV. The 
EIS Spectrum Analyzer software based on the Levenberg-Marquardt algorithm with amplitude 
minimization was used for their analysis. The surface morphology of the oxide layers was analyzed 
using scanning electron microscope (PHENOM PRO-X). A Bruker D2 Phaser diffractometer 
was used for qualitative and quantitative phase analysis of the samples.

Results and Discussion
The electrolyte used to obtain titanium oxide nanotubes largely determines the characteristics 

of the structures formed on the metal surface. In this work, an analysis of the structures obtained 
using an aqueous solution based on sulfuric acid was carried out. A distinctive feature of PEO 
from conventional oxidation of metals is that when a certain voltage is reached, a breakdown of 
the screening gas bubbles occurs with the formation of plasma. 

The formation of pores (average size ~ 110 nm) in titanium oxide (Fig. 1, а) is due to the 
implementation of extreme conditions during the processing, namely, an increase in the chemical 
activity of the solution near the anode [4].

The discharges observed visually on the electrode surface move along the surface. Such discharges 
exist for a rather short time, but this time is sufficient for the polymorphic transformation of the 
oxide layer from an amorphous state to a crystalline one. This is confirmed by the data of X-ray 
structural analysis (Fig. 1, b).
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Fig. 1. Characteristics of nanoporous titanium oxide obtained by the PEO method: SEM image of the 
surface (a); diffraction pattern (b)

Fig. 2. Capacitive characteristics of the obtained electrodes: cyclic voltammograms (a) and 
electrochemical impedance spectra. The inset shows the equivalent circuit (b)

a) b)

The capacitive properties of the supercapacitor formed on the basis of the obtained electrodes 
with porous titanium oxide were estimated by cyclic voltammograms, a typical form of which is 
shown in Fig. 2, а. The specific capacitance of the obtained electrodes was ~ 10 mF/cm2 (at a 
scanning rate of 20 mV/s). The specific capacitance value of such structures, depending on the 
degree of modification, can reach ~ 6–7 mF/cm2 [5].

a) b)

The structural features of the functional layers of the formed multilayer capacitive systems 
were judged by the impedance spectroscopy data. The Im Z (Re Z) dependencies (Fig. 2, b) are 
typical for capacitors and have sections with a shape close to a semicircle, which characterizes 
the Faraday resistance value, which is 32 Ohm, which is 6 times less than the electrodes obtained 
in 0.6 wt. % HF [6]. The end point of the high-frequency region of the obtained impedance 
spectra is determined by the active resistance R of the systems under consideration, which lies 
in the range of 1.5 ... 2 Ohm. The nanostructured nature of the electrodes used determines the 
shape of the impedance in the low-frequency region and is described by a constant-phase element 
– CPE  ( )1

CPE( )Z C j −α−
α= ω . In addition to the surface roughness, diffusion processes occurring 

in the interelectrode space have a significant effect on the nature of the recorded spectra. To 
describe these processes, Warburg elements were introduced into the equivalent circuit. Element 
WS is characterized by the impedance of finite diffusion with a transmitting boundary, element 

WO – is characterized by a reflecting boundary, and ,S O
db
D

=  (d – is the thickness of the Nernst 
diffusion layer, D – is the ion diffusion coefficient):
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WZ j b j= − ω
ω
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O
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Tab l e
Equivalent circuit parameters

Parameter R, Ohm r, Ohm C α, 10−5 
sα·Ohm−1

α WS , Ohm·s−1/2
 bs, s

−1/2
 WО , 

Ohm·s−1/2
bO, s−1/2

Value 1.98 32 6.13 0.65 210 1.43 0.16 0.007

Analysis of the parameters obtained during approximation showed high diffusion permeability 
(Table) of supercapacitors based on electrodes with nanoporous titanium oxide obtained by the 
PEO method.

Conclusion
Thus, in this work, nanostructured electrodes based on porous titanium oxide were created by 

the method of plasma-electrolytic oxidation of titanium. It is shown that the obtained composite 
electrodes in the supercapacitor structure have a specific capacity of 10 mF/cm2. The obtained 
electrodes have a low faradaic resistance (32 Ohm), which is promising for use in electrochemical 
double-layer supercapacitors.
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Abstract. This paper presents the first comprehensive theoretical explanation, based on 
computational physical kinetics, for the phenomenon of electrons attaining energies exceeding 
the amplitude of the applied voltage (in eV units) in a vacuum diode. The proposed theory 
thoroughly elucidates the existence of so-called “anomalous electrons”, detailing their gen-
eration dynamics and underlying mechanisms. Additionally, the work calculates the integral 
energy spectra of these anomalous electrons in a high-current pulsed vacuum discharge and 
quantifies their contribution to the total current flow. The main tool used for numerical calcu-
lations is the latest meshless method for solving Vlasov-Poisson equation systems, known as the 
numerical flow iteration method (NuFI). The findings provide critical insights into non-equi-
librium electron behaviour under extreme conditions, advancing the understanding of electron 
transport in vacuum-based high-power devices.
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Аннотация. В работе впервые представлено теоретическое объяснение явления, при 
котором электроны в вакуумном диоде приобретают энергии, превышающие амплитуду 
приложенного напряжения (в единицах эВ). Исследуются динамика формирования 
«аномальных электронов», их энергетические спектры и их вклад в общий токоперенос 
в импульсных сильноточных вакуумных разрядах.
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Introduction

“Anomalous electrons” is the name given to a group of electrons in a vacuum discharge whose 
average kinetic energy ε exceeds the maximum value qU0, where q is the electron charge and U0 is 
the voltage amplitude across the vacuum gap. The existence of such electrons has been discussed 
in some experimental studies, for example in [1], but the reasons for their appearance were 
considered unclear for a long time. In [1] the electron energy distributions were calculated using 
Tikhonov regularization for a Fredholm integral equation, minimizing a priori assumptions about 
the spectral shape. The reconstructed electron spectra, obtained experimentally in a vacuum 
diode, revealed two distinctive groups in the beam incident on the collector filter: a low-energy 
component with a monotonic decrease up to 200 keV (ε ≤ qU0) and an anomalous high-energy 
component peaking at 220 keV, followed by an extended tail reaching energies of 320 keV, 
i.e. ε > qU0.

For a long time, experiments indicating the existence of electrons with anomalously high 
energies in vacuum discharges were met with considerable scepticism. Some researchers attributed 
the observation of such electrons to various experimental artefacts or to inaccuracies in the 
methods used to reconstruct the energy characteristics of electron beams beyond the anode, 
given the practical impossibility of performing direct measurements within the interelectrode 
gap. The first explanation for the emergence of anomalous electrons was provided in [2], where 
the solution of kinetic equations was studied for a low-current vacuum diode with an unlimited 
cathode emission capacity. This work presents a more detailed investigation of the fundamental 
physical mechanisms responsible for the formation of electrons with anomalously high energies in 
pulsed high-current vacuum diodes.

Materials and Methods
As it is supposed, the phenomenon of anomalous electron generation is a general manifestation 

in vacuum devices, so the configuration without geometric features was chosen as the starting 
point of the theory – it is a planar vacuum diode formed by a gap D between two plane-parallel 
electrodes. The coordinate axis x is located normally to the electrode's surface, where point x = 0 
corresponds to the cathode position. It is the source of electron emission, which can be specified 
in terms of corresponding boundary condition for the EDF (electron distribution function) fe as 
follow:

where x и v – phase coordinates (coordinate and velocity), t – time variable, n0 – emission 
number density, Te – the electron temperature in eV, me – electron rest mass. The type of 
emission in this modeling is not essential, but the value of n0 is determined by the condition of 
unlimited electron emission from the cathode – jem ≫ jCL, where the emission current density 
and the Child-Langmuir current are determined by the following relationships, respectively 
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this paper are given in SI units.
According to the general methodology of physical kinetics, the dynamics of electron flows in 

this diode is described in terms of relativistic Vlasov-Poisson equations system

 
(1)

where Ex – electric field, φ – electrostatic potential, 2 21 / 1 v cγ = − −  relativistic gamma factor.  
The system of equations (1) forms a closed mathematical model of the proposed theory. The 

solution of the system is the electron distribution function fe, knowing which at an arbitrary 
time point one can find the velocity, current density, and other “moments” of the distribution 
function. Initially vacuum diode is supposed to be empty, i.e., fe(t = 0) = 0. The emission 
boundary condition is established at x = 0, simulating the injection of the emission current into 
an empty vacuum diode.

It is necessary to note only one more point, we assume the vacuum diode to be connected to a 
pulse voltage source U(t) directly without any ballast load. The voltage pulse U(t) has a trapezoidal 
shape. It is set by three parameters – the duration of the leading (and trailing) edges trise, the 
voltage amplitude U0, and the total pulse duration by its base twidth.

Results and Discussion
To analyze the behavior of the solution of system (1) for a pulsed vacuum diode, a numerical 

solution was constructed. For the numerical solution of the Vlasov–Poisson system of equations, 
a modern mesh-free method known as NuFI (Numerical Flow Iterations) was employed. This 
approach provides an effectively infinite spatial resolution in phase space while maintaining second-
order accuracy in time. The method has demonstrated particular efficiency in problems requiring 
a relatively small number of time steps, which is characteristic of the scenario considered in this 
study. Unlike the widely used grid-based methods or PIC methods [3], which are significantly 
affected by numerical diffusion or numerical noise, the NuFI method ensures the strict fulfillment 
of all conservation laws, which is crucial for the accurate simulation of collisionless processes. In 
the current one-dimensional case (1), the Poisson equation admits a straightforward solution in 
quadratures.

Thus, for a planar vacuum gap, we can define the so-called “flight time” for electrons 
( )2

02 .f et m D qU≡  This estimate is obtained directly from solving the equation of motion for a 
single electron starting with zero velocity at the cathode, i.e. ( ) ( )0 , 0 0, 0 0.em x qU D x x′′ ′= = =  
It determines the characteristic time scale during which electrons from the cathode reach the 
anode under the action of the accelerating voltage. We consider the numerical solution of (1) for 
two cases: when a voltage with amplitude U0 is applied to the diode by a long voltage rise front 
trise ≫ tf and a short one trise ~ tf. In both cases, we plot the time profile of the electron current 
density through the collector (anode), which is determined by the following moment of the 
electron distribution function

 

Fig. 1 shows the time profiles jc for these two cases for D = 1 cm, U0 = 50 kV, jem /jCL = 10 
diode parameters. Short rise time for this configuration corresponds to trise = 100 ps, and the 
long rise time case here is trise = 500 ps. The most general case of establishing a steady-state 
current flow in a diode includes three successive stages: a) flight time, b) transition region, and 
c) region of steady-state current flow. The second stage occurs only if the voltage is applied fast, 
i.e., trise ~ tf. Its key feature is the generation of the limiting value of the diode current. Simplified 
modeling [3] gives an estimate of the limiting current density as jmax = 2.75·jCL, and the actual 
kinetic theory corrects this value downwards.
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Fig. 2. The collector EDF fe (x = D, ε, t) distribution at selected time points corresponding to the peak 
collector current density (t = 210 ps) and the steady-state collector current density (t = 2 ns). The red 
arrow indicates the instantaneous energy of the electrons at the time point when they reach the anode

The major minimum value of the instant current density is provided by the first electrons that 
are delivered to the anode in times of the order of tf, then damped oscillations of the volumetric 
charge density occur, and the value of the diode current density is established at the level of the 
stationary value jCL. The key observation of the kinetic theory is the fact that the limiting current 
jmax is delivered to the collector (anode) precisely by anomalous electrons. This was first noted in 
the work [2] precisely due to the kinetic description. 

Figure 2 shows the electron distribution function at two characteristic time points in the case 
where the voltage rise time is comparable to the pulse duration (trise ~ tf): (left plot) when the 
current density reaches its peak value, and (right plot) when it reaches a steady-state level. At 
t = 210 ps, the current density attains its maximum, and the electrons arriving at the anode have 
an average energy of 57.8 keV, which exceeds the applied voltage amplitude (multiplied by the 
electron charge) by 16%. Thus, all electrons reaching the anode at this moment are anomalous, 
with ε > qU0. When the current density becomes stationary at t = 2 ns, the average kinetic energy 
of the electrons is ε = qU0.

Fig. 1. Collector current density profiles of a planar vacuum diode

a) b) c)

An extended voltage pulse rise time (trise ≫ tf) leads to the disappearance of the transient region 
associated with relaxation oscillations and, consequently, to the vanishing of the anomalous 
energy component in the spectrum of electrons arriving at the collector. 

The theory enables the simulation of a pulsed process with short leading (and trailing) edges 
equal to trise = 0.1 ns of the voltage pulse and a total duration of twidth = 1 ns, and allows the 
calculation of the integral spectral energy distribution of electrons at the anode according to the 
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Fig. 3. Integral energy spectrum of the electron beam passing through the anode in a pulsed high-
current vacuum discharge of 1 ns duration with a voltage pulse rise time of 0.1 ns

formula ( )
0

( ) ~ , ( ), .
widtht

eg f x D v t dtε = ε∫  The resulting energy spectrum is shown in Fig. 3. It can be 
noted that the spectral distribution contains a principal maximum corresponding to the kinetic 
energy value ε = qU0, as well as two additional maxima. One of these characterises the low-energy 
fraction of the electron beam, ε < qU0, which corresponds to the peak of the diode current curve 
at time t = 333 ps. The second spectral maximum corresponds to a group of anomalous electrons 
with ε > qU0 generated at t = 210 ps. This integral spectrum has been obtained for the first time 
based on the proposed kinetic theory. The spectral energy distribution, including the half-widths 
of the peaks (at Te ≪ qU0), depends nonlinearly on the pulse front duration and the anode 
voltage amplitude. This issue requires further research regarding to its use in modern high-current 
electronic devices with the parameters on demand.

This scenario was simulated for voltage pulses typical of those used in modern nanosecond-
scale devices. However, if experimental capabilities allow the generation of subnanosecond pulses 
with even steeper rise times, it may be possible to achieve conditions under which the electron 
beam beyond the collector consists exclusively of electrons with anomalously high energies, i.e., 
with kinetic energies ε > qU0. This opens up the possibility of using vacuum diodes to generate 
electron fluxes with energies exceeding the product of the applied voltage and the elementary 
charge, which is of significant practical interest.

Conclusion
The appearance of anomalous electrons in a vacuum discharge is caused by the imbalance 

between two physical processes – charged particles entry into the gap (emission current injection) 
and their absorption at the anode (collector current outflow), which maintains a local space 
charge oscillations in the gap and the consistent electric field distortion providing the electron 
acceleration to high kinetic energies ε > qU0. In this paper, this imbalance is provoked by specific 
electrophysical conditions (a short front edge of a voltage supply) that are confirmed experimentally 
[1]. However, in a broader sense, such a space charge imbalance can also be created by other 
factors inherent in most vacuum electronic devices. For example, the instability of emission 
current within the “ectonic” mechanism or non-trivial geometrical conditions of the discharge 
gap can provide short beams of the anomalous electrons, e.g., [4].

Modern vacuum and plasma electronics is an electrophysical technique operating at the 
nanosecond scales of pulse duration. Further development of high-current electronics is associated 
with the use of even shorter pulses having subnanosecond durations. For such devices, the 
influence of anomalous electrons, which inevitably arise in experimental conditions and industrial 
applications, will become even more significant, since the characteristic voltage rise fronts will be 
significantly shorter than the flight times of electrons (and ions) in vacuum gaps.
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Introduction

The growing demand for high-speed data transmission in integrated photonic systems has 
driven the development of compact and efficient on-chip light sources. III-nitride semiconductors 
have emerged as promising candidates due to their direct bandgap, high thermal and chemical 
stability, and wide spectral tunability from ultraviolet to near-infrared [1]. GaN microdisk lasers 
integrated on silicon substrates are of particular interest, as they combine the optical advantages 
of III-nitrides with the scalability and integration with other silicon devices [2].

 This study investigates the impact of microdisk laser heating on lasing threshold power and 
wavelength shift, which are crucial for ensuring the stability of the laser operation.

Materials and Methods
The studied heterostructure was fabricated by metal-organic chemical vapor deposition 

(MOCVD) on misoriented (111) Si-substrate. The structure contains a 200 nm thick AlN layer, 
a composition of AlGaN buffer layers of variable composition with a total thickness of 770 nm, a 
200 nm thick GaN waveguide layer, 5x In0.1Ga0.9N/GaN quantum wells (QWs) of 2 nm thickness 
each, separated from each other by 8 nm thick GaN layers, and a 200 nm thick GaN cover layer. 
Mesas with a diameter of 5 μm were formed by plasma chemical etching method. 

Microphotoluminescence (μPL) spectroscopy was used to investigate the optical properties 
of heterostructures. The sample was placed on heater, the temperature in which varied from 
25 °C to 100 °C. Optical pumping was carried out by a pulsed laser (λ = 355 nm, pulses 9 ns, 
frequency 10 kHz) with an acousto-optic modulator. The pump laser beam was directed along 
the normal to the substrate and focused onto a single microlaser using a Thorlabs LMU-
5X-NUV objective (NA 0.12). Radiation from the microlaser was collected with a Mitutoyo 
Plan Apo NUV 50X microobjective (NA 0.42), located at an angle of ~30° relative to the 
substrate plane. Detection of the microlaser emission spectra was performed using a Thorlabs 
CCS200/M spectrometer.
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Results and Discussion

μPL spectra over a wide temperature range were investigated. The room temperature 
photoluminescence spectra of the microdisk laser at optical pump powers of 205 uW, 253 uW, 
and 314 uW (0.8Pth, Pth, 1.25Pth) are shown in Fig. 1, a. 

At low pumping, the photoluminescence spectrum of microlaser has a form characteristic 
of spontaneous emission. The emission maximum of the main optical transition was at room 
temperature at a wavelength of 427 nm. With increasing pumping power, a narrow line appears on 
the short-wave slope of the emission peak, corresponding to one of the modes of the whispering 
gallery of the microresonator. For the resonance line (420 nm), the transition to the lasing mode 
is observed, as evidenced by the threshold dependence of the integral intensity (Fig. 1, b). The 
threshold of lasing is 249 uW for room temperature.

Figure 2, a shows the μPL spectra of the laser at 25 °C and 100 °C at an optical pump power 
of 314 uW. High-temperature lasing is observed, it’s confirmed by a defense of mode intensity on 
pump power (the inset of Fig. 2, a). The threshold power is slightly variable between 245 uW and 
255 uW (Fig. 2, b black) and lasing continued to be observed with a slight long-wavelength shift 
from 413 nm to 415 nm (Fig. 2, b red) in the temperature range from 25 °C to 100 °C. We assume 
that the additional optical losses at high temperatures are caused by enhanced absorption of free 
carriers in the waveguide layer of the laser [3].

Fig. 1. μPL spectra of microdisk laser at room temperature (a) and L-L curves for 5 um microdisk (b)

a) b)

Fig. 2. μPL spectra of microdisk laser and L-L curves (insert) at temperatures 25 °C (black) and 100 °C 
(red) (a), temperature dependence of the threshold power density (black, left axis) and lasing peak 

position (red, right axis) (b)

b)a)

Conclusion

For the first time, lasing has been demonstrated at elevated temperatures (up to 100 °C) 
for InGaN/GaN microdisk with QW in the active region. The laser shows line and threshold 
power stability with a temperature range from 25 °C to 100 °C. The results obtained represent a 
significant contribution to the progress of technologies integration III-N lasers with Si devices.
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Surface tension measurement of chitosan aspartate 
nanoparticle dispersions by a modified Wilhelmy method
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Abstract. A modification of the Wilhelmy method is proposed for measuring the surface 

tension of polymer nanoparticle dispersions, whose key feature is the static nature of the Wil-
helmy plate when measuring the surface tension force. Tests on the example of nanostructured 
chitosan aspartate showed satisfactory accuracy of the modified method in estimating the sur-
face activity of nanodispersions in a wide range of polymer concentrations. The concentration 
dependence of the surface tension of the dispersion of chitosan aspartate nanoparticles was 
obtained, and concentration ranges with different surface effects were outlined. The contri-
bution of individual components used in obtaining nanoparticles to the surface activity of the 
nanodispersion was estimated.
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Измерение поверхностного натяжения дисперсий наночастиц 
аспарагината хитозана модифицированным методом Вильгельми

К.М. Шипенок 1 ✉, А.М. Мажикенова 1, Е.Г. Глуховской 1, А.Б. Шиповская 1 
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Аннотация. Предложена модификация метода Вильгельми для определения 
поверхностного натяжения дисперсий полимерных наночастиц, ключевой 
особенностью которой является статичность пластины Вильгельми при измерении 
силы поверхностного натяжения. Тестирование на примере наноструктурированного 
аспарагината хитозана показало удовлетворительную точность модифицированного 
метода при определении поверхностной активности нанодисперсий в широком диапазоне 
концентраций полимерного вещества. Получена концентрационная зависимость 
поверхностного натяжения дисперсии наночастиц аспарагината хитозана, определены 
концентрационные диапазоны с различающимися поверхностными эффектами. Оценен 
вклад индивидуальных компонентов, используемых при получении наночастиц, на 
поверхностную активность нанодисперсии.
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Introduction

Chitosan (CS) nanoparticles with targeted functional action are very promising in nanophotonic 
biosensors, nanofluidics, nanoelectromechanics, as well as in medical and biological applications 
and the agro-industrial complex [1, 2]. This is due not only to the biological activity of CS 
and dimensional features of its nanomaterials (high specific surface area and reactivity of the 
interacting substance), but also to non-trivial surface properties of nanodispersions [3–5]. E.g., 
the surface tension of nanosized aggregates of the salt form of CS and aspartic acid (AspA) is 
determined by the force of electrostatic interaction between positively charged polymer chains 
and counterions of the acid residue and plays a key role in stabilizing nanoparticles [6]. In 
the process of forming chitosan-containing nanodispersions, the Coulomb repulsion of charged 
monomer units is compensated by the dipole–dipole attraction of ionogenic groups of macrochains 
with condensed counterions, so the nanosized structure is stabilized by hydrogen bonding and 
hydrophobic interactions [7, 8]. The ability to reduce the surface tension of water was noted for 
oleoyl chitosan [9]. Chitosan nanoparticles obtained by dispersing salt chitosan in an alkaline 
medium promote emulsification of edible oil or petroleum in water [3, 4].

The decrease in the surface tension of the main liquid upon introduction of nanoparticles is due 
to the high adsorption energy and is largely similar to the behavior of surfactant molecules [10]. 
However, measuring the surface energy of nanodispersions is associated with such methodological 
difficulties as system metastability, size effects and nanoparticle surface heterogeneity, double 
electric layer, deformation of the interfacial surface and lateral interactions of particles in the surface 
layer, the influence of steric effects of stabilizers and artifacts [10–12]. In the case of polymer 
nanodispersed systems, the problem is also experimental limitations in studying low concentrations 
of the substance and, accordingly, a limited number of nanoparticles. Minimization of the influence 
of the above features predetermines modifications of classical methods of experimental evaluation 
of the surface tension of nanoobjects. In this work, a modification of the Wilhelmy method is 
proposed to measure the surface energy of dispersions of nanostructured chitosan aspartate.

Materials and Methods
The starting reagents were CS with a viscosity-average molecular mass 200 kDa, a degree of 

deacetylation 82 mol% (Bioprogress Ltd., RF); L-AspA (JSC Bioamid, RF); D-AspA (Vekton 
Corp., RF); silicon tetraglycerolate in a 3-molar excess of glycerol (Si(OGly)4∙3 GlyOH, 
Ural Branch of Russian Academy of Sciences, Institute of Organic Synthesis named after 
I.Ya. Postovsky, RF); distilled water. In obtaining the dispersion of chitosan aspartate nanoparticles 
(CS∙L-(D-)AspA), the concentrations of CS (CCS), L- and D-AspA (CAspA) were varied in a 
range of 0.05−1.2 g/dL, maintaining the molar ratio [Asp]/[CS] = 1.3 mol·(mol of NH2)

–1. To 
form an aggregation and sedimentation resistant dispersion of nanoparticles, their surface was 
functionalized with a polysiloxane shell (CS∙L-(D-)AspA∙Si). A detailed procedure for obtaining 
shell nanoparticles is described in Ref. [6]. Nanodispersions were obtained by accurately weighing 
CS and L-(D-)AspA (method A), or by diluting the initial solution with CCS = 1.2 g/dl with 
distilled water (method B).
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Fig. 1. Scheme of the modified setup for measuring surface tension: 1 – tensiometric sensor, 
2 – Wilhelmy plate, 3 – laboratory vessel with the system under study, 4 – laboratory beaker with 

distilled water, and 5 – liquid level control system

Gravimetric measurements were carried out on an analytical balance “OhausDiscovery” 
(USA), weighing accuracy ± 0.01 mg. Interfacial surface tension (σ, mN/m) was measured by 
the Wilhelmy plate method at the liquid–gas (air) interface at 24 ± 2 °C on tensiometers KSV 
NIMA Langmuir & Langmuir–Blodgett Troug (Biolin Scientific, Sweden), the accuracy being 
0.1 mN/m. Three replicate experiments with 10 measurements each were carried out. When 
calculating σ values, a correction was introduced for the temperature coefficient of the surface 
tension of water. Ultrasonic treatment was performed on a JY96-IIN ultrasonic homogenizer 
(Ningbo Scientz Bio-Technology Co., Ltd., China). Exposure time was 15 s, power was 40 W, 
frequency was 150 kHz, and temperature was 22 ± 2 °C. The probe was immersed into the surface 
layer of the system under study.

Results and Discussion
The following modification of the Wilhelmy method was proposed to determine the surface 

tension of aqueous dispersions of polymer nanoparticles. Unlike the classical method, which 
consists in measuring the force of plate separation from the surface of the tested liquid (International 
Standard ISO 304), the key feature of the modified approach is the static nature of the Wilhelmy 
plate during the experiment (Fig. 1). To comply with these conditions, the polymer liquid was 
placed into a transparent laboratory vessel in the form of a low flat cylinder (e.g., in a Petri dish), 
which was raised vertically until contact of the studied liquid with the plate fixed on the strain 
gauge was achieved. The laboratory vessel with the system under study was moved by regulating 
the distilled water level. This approach allows minimizing the hydrodynamic effects during plate 
movement which occur in the standard Wilhelmy method and increasing the accuracy of σ 
measurements due to the directed movement of the test system toward the sensor. A paper 
deashed filter “Blue Ribbon” was used as the Wilhelmy plate, ensuring rapid complete wettability 
of the plate with the liquid medium.

Testing our modified version of the Wilhelmy method on standard liquids showed that the 
obtained surface tension values were identical to the reference data. The σ values of aqueous 
solutions of surface-inactive L-(D-) chitosan aspartate and L-(D-) AspA were also reproducible 
with known literature data. Verification testing also confirmed the manifestation of surface 
activity by CS∙L-(D-)AspA∙Si shell nanoparticles, which was more pronounced for CS∙L-AspA·Si 
nanoparticles [6].

The positive approbation of the proposed modification of the Wilhelmy method justified our 
study of the surface tension of nanostructured CS L-(D-)aspartate in a wide range of polymer 
concentrations. It was found that the concentration dependence of σ of aqueous CS∙L-(D-)AspA∙Si 
nanodispersions had a non-monotonic character and did not depend on the method of obtaining 
the nanostructured system (Fig. 2, curves 1, 2 and 4). In the range of medium concentrations 
(CCS = 0.3–1.2 g/dl) the surface tension decreased with decreasing CCS (region I), which could 
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be due to weakening of the interactions between the components of the aqueous medium and 
a decrease in the surface energy at the liquid–gas interface. In the range of low concentrations 
(CCS = 0.1–0.3 g/dl) an increase in the surface tension of the nanodispersions was observed with 
a decrease in CCS (region II). When CCS < 0.05–0.1 g/dl the system was surface-inactive and 
the experimentally determined σ values became comparable with the surface tension of water 
(region III). This character of σ = f (CCS) may be caused by a small number of nanoparticles in 
the dispersion, which is insufficient to exhibit surface activity and reduce the surface tension at 
the phase boundary. Since the structure of the nanoparticles contains the salt form of CS, the 
effect of increasing σ can be also associated with polyelectrolyte swelling of shell macrocoils and, 
accordingly, an increase in the size of the nanoparticles up to the rupture of their protective 
polysiloxane shell. In this case, the aqueous medium will be filled with isolated macromolecules 
of surface-inactive chitosan aspartate. The latter is consistent with the hydrodynamic behavior of 
the studied nanodispersions, which showed an increase in the viscosity number upon dilution of 
the system.

Fig. 2. Concentration dependence of the surface tension of aqueous dispersions of CS·L-AspA·Si 
(1‒3) and CS·D-AspA·Si (4, 5): freshly prepared (1, 2, and 4) and after aging under room atmosphere 
conditions for t = 35‒60 days (3, 5), obtained by method A (1, 3‒5) or method B (2); 24 ± 2 °C, The 
dotted line shows the σ value of distilled water at 25 °C. Roman numerals indicate concentration 

regions with different surface effects, explanation in the text

When freshly prepared nanodispersions were aged under room atmosphere conditions, an 
increase in their surface tension was observed (Fig. 2, curves 3 and 5). This may be a consequence 
of partial aggregation of particles, but not very significant, since the realized σ values weare lower 
than the surface tension of the main liquid (water), and the greatest effect was observed in the 
region with a high concentration of the polymer substance, CCS > 0.4 g/dl (Fig. 2, region I). The 
greatest tendency for such aggregation over time was shown by the CS·L-AspA·Si nanodispersion 
when CCS > 0.8 g/dl. It is noteworthy that after a short-term dispersing ultrasonic effect (15 s), the 
σ values returned to the initial readings, characteristic of a freshly prepared nanostructured system.

The influence of the individual components (GlyOH and Si(OGly)4) of the glycerol solution 
of silicon tetraglycerolate on the surface activity of aqueous solutions of CS in L-(D-)AspA and 
L-(D-)AspA (the main ingredients in obtaining the target substance of nanodispersion) was also 
assessed. The concentration of GlyOH and Si(OGly)4 corresponded to that in forming the shell 
coating of CS∙L-(D-)AspA∙Si nanoparticles. It turned out that glycerol incorporation had little 
effect on the surface tension of aqueous solutions of chitosan and acid (Table). However, silicon 
tetraglycerolate introduction led to a significant decrease in σ compared to the control solutions. 
In this case, for chitosan L-(D-)aspartate solutions, the effect of decreasing surface activity upon 
introduction of Si(OGly)4 was expressed to a greater extent than for L-(D-)aspartic acid solutions. 
Therefore, the surface energy of the nanodispersion was largely due to the contribution of the shell 
polysiloxane coating formed as a result of chemical functionalization of silicon tetraglycerolate on 
the surface of the nanoparticles.
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Tab l e

Effect of the individual components of Si(OGly)4∙3 GlyOH used in the formation
of the shell coating of CS·L-(D-)AspA·Si nanoparticles on the surface tension 

of aqueous CS solutions in L-(D-)AspA with CCS = 0.3 g/dl, 
CAspA = 0.3 g/dl and L-(D-)AspA with CAspA = 0.3 g/dl

Conclusion

The use of filter paper as a contacting test element in the modified capillary-gravimetric Wilhelmy 
plate method and its static nature when measuring the gravitational tensile force allows measuring 
the surface tension of chitosan aspartate nanoparticle dispersions with satisfactory accuracy even 
at low concentrations of the polymer substance. Satisfactory accuracy of σ measurements in the 
modified Wilhelmy method is manifested up to chitosan aspartate concentrations of ~0.05 g/dl. It 
was found that the surface tension of nanodispersions depends on the concentration of chitosan 
aspartate and the isomeric form of aspartic acid and is largely determined by the contribution of 
silicon tetraglycerolate, which participates in nanoparticle functionalization with a polysiloxane 
shell coating.

Aqueous solution
Surface tension σ, mN/m 

Individual components Si(OGly)4 ∙3 GlyOH
‒ GlyOH Si(OGly)4

CS + L-AspA 67.4 69.2 58.5
CS + D-AspA 70.5 68.7 62.8

L-AspA 74.0 74.1 62.5
D-AspA 72.0 68.5 64.3
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Abstract. The thermal conductivity of nanocomposite polymer materials based on polyvinyl 

alcohol and epoxy resin with the inclusion of multi-walled carbon nanotubes was studied using 
the laser flash method. The possibility of using the laser flash method to determine thermal 
conductivity in thin-film polymer materials is demonstrated and its features are revealed. It has 
been shown that the presence of carbon nanotubes in polymer matrices leads to an increase in 
the coefficients of thermal diffusivity and thermal conductivity by several times compared to 
pure polymer materials.
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Исследование теплопроводности полимерных материалов с 
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Аннотация. Методом лазерной вспышки исследована теплопроводность 
нанокомпозитных полимерных материалов на основе поливинилового спирта 
и эпоксидной смолы с включением многостенных углеродный нанотрубок. 
Продемонстрирована возможность и выявлены особенности использования метода 
лазерной вспышки для определения теплопроводности в тонкопленочных полимерных 
материалах. Показано, что наличие в полимерных матрицах углеродных нанотрубок 
приводит к увеличению коэффициентов температуропроводности и теплопроводности 
в несколько раз по сравнению с чистыми полимерными материалами.
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Introduction

Polymer nanocomposites with carbon nanotubes (CNTs) serve as the basis for creating 
microelectronic sensors, optical elements, protective coatings and other products [1]. One of the 
characteristics of polymer nanocomposite materials that determines their functional properties 
is thermal conductivity [2]. It is expected that the use of CNT additives in polymeric materials 
can significantly improve their temperature characteristics. The purpose of this work was to study 
the thermal conductivity of polymer materials with different concentrations of CNTs using a 
promising non-contact laser flash method (LFM). In LFM, the upper surface of the controlled 
object is exposed to a short pulse of heating focused laser radiation, and at certain points on the 
surface on the back side of the object, a thermal imager or IR camera measures the change in 
temperature over time. It is also of interest to determine the possibilities and features of using 
LFM for studying polymeric materials, including in the form of thin films.

Materials and Methods
In this study, we used multi-walled carbon nanotubes (MWCNTs) with a diameter of 40-80 nm, 

synthesized by the MOCVD method at the experimental facility of the Ulyanovsk State Technical 
University [3]. MWCNTs were subjected to multi-stage liquid-phase treatment to remove metallic 
impurities and improve the compatibility of MWCNTs with the polymer matrix [4]. Films based 
on polyvinyl alcohol (PVA) were manufactured using the method described in [5], with different 
mass concentrations of MWCNTs. 

Plates of polymer nanocomposites with a thickness of 2–5 mm and a diameter of 16 cm were 
obtained on a base of EDP grade epoxy resin, into which, after mixing with a hardener, multi-
walled carbon nanotubes (MWCNTs) were introduced, dispersed by ultrasonic treatment [6].

When implementing the LFM using an IR camera as a temperature sensor, a measurement 
point is selected on the lower surface of the film on the image obtained from the IR camera, 
located at a distance l from the center of the laser radiation spot on the upper surface of the 
film (Fig. 1, b). For a point opposite the center of the laser spot on the top surface of the film, 
this distance is equal to the film thickness d. Based on the measurement results at the selected 
point, a graph of the dependence of the temperature change ΔT(t) on time is constructed (Fig. 2). 
The graph is used to determine the maximum value of the temperature increment ΔTmax and the 
temperature increment ΔT after exposure to a laser radiation pulse (section b in Fig. 2). Next, 
using formula (1):

 
(1)

we calculate the partial moments of time m0 and m−1, and using formula (2):

 
(2)

we calculate the approximating function F(m−1).
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Fig. 2. Temperature change at a given point on the lower surface of the film after exposure to a laser 
pulse

And finally, using formula (3):

 

(3)

the thermal diffusivity coefficient α is calculated, and using formula (4):

 
(4)

the thermal conductivity coefficient λ is calculated, where ρ is the density and Cp is the specific 
heat capacity of the material.

A laser with a wavelength of 960 nm and a power of 50 mW was used as a source of the 
heating pulse, and a PI640 Optris IR camera operating in the spectral range of 8–14 µm with a 
temperature resolution of 0.04 degrees and a frame refresh rate of 32 Hz was used as a sensor.

( )2
1
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,
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m
−α =
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Fig. 1. Scheme (a) and geometry (b) of the arrangement of the IR camera 1, laser 2 and object 3 when 
implementing the LFM

a) b)

Results and Discussion

Fig. 3 shows the dependence of the obtained values of the thermal diffusivity coefficient α 
of PVA films and epoxy resin plates on the concentration of MWCNTs. It can be seen that the 
addition of MWCNTs to the polymer leads to an increase in the thermal diffusivity and thermal 
conductivity coefficients several times compared to samples without MWCNTs. 

At low concentrations of MWCNTs, the dependence of the thermal diffusivity coefficient α 
of the polymer nanocomposite on the concentration of MWCNTs C for both polymers is well 
described within the framework of the partial influence model:

 
(5)

where αPOL is the thermal diffusivity of the pure polymer, αCNT is the thermal diffusivity of MWCNTs 
and αCNT ≈ 2.6…3.2 m2/s. One of the possible explanations for the saturation of the dependence of 
PVA-based composites at MWCNTs concentrations greater than 2% is the process of MWCNTs 
clustering in the polymer matrix and an increase in contact resistance at the MWCNTs – polymer 
interface.

(1 ) ,POL CNTC Cα = − α + ⋅α
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Fig. 3. Dependence of the thermal diffusivity coefficient α of epoxy resin plates (a) and PVA films (b) 
on the concentration of MWCNTs

a) b)

Conclusion

The studies carried out showed a significant effect of the addition of MWCNTs on the thermal 
conductivity of the resulting polymer composite materials. In our opinion, the LFM for determining 
the thermal conductivity of polymer nanocomposite materials is a promising method that can 
be further improved by using, for example, not one, but four measurement points located at the 
vertices of a square. This orthogonal arrangement of measurement points will make it possible to 
detect and evaluate the anisotropy of thermal conductivity in composites with ordered nanotubes.
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Abstract. For the first time, the growth details and photoluminescence properties of ul-

tra-thin InN insertions embedded in GaN nanowires are presented. The InN insertions em-
bedded in GaN nanowires exhibit photoluminescence in the range of 2.9–3.35 eV, where the 
most intense emission line at 3.17–3.23 eV is tentatively attributed to monolayer-thick InN 
insert based on comparative spectral analysis. These findings can be promising for the develop-
ment of single-photon sources and Wigner quantum dots operating from cryogenic to elevated 
temperatures.
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Аннотация. Представлены результаты по росту и фотолюминесцентным свойствам 
InN вставок в GaN нитевидных нанокристаллах. Установлено, что такие InN 
вставки демонстрируют фотолюминесценцию в диапазоне 2,9–3,35 эВ, при этом 
наиболее интенсивная линия излучения при 3,17–3,23 эВ связывается с излучением 
от монослойных InN вставок на основании сравнительного спектрального анализа. 
Полученные результаты могут представлять интерес для создания источников одиночных 
фотонов и вигнеровских квантовых точек, способных работать в диапазоне от гелиевых 
до более высоких температур.
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Introduction

III-N wurtzite materials (AlN, GaN, InN) attract wide attention for fabrication novel two-
dimensional optoelectronic structures. Of particular interest is the ultra-thin InN inserts (1 ML 
thick) embedded in GaN matrices. These structures exhibit photoluminescence at 3.2 eV which 
is substantially higher than the InN bulk band gap [1]. Theoretical studies predict that thin 
InN/GaN heterostructures can host topological insulator states [2], potentially enabling new 
opto-topological electronic applications. Furthermore, combined with the strong piezoelectric 
fields of III-N wurtzite materials, these structures may exhibit Wigner crystallization when InN 
is confined as quantum dot (QD) within GaN matric [3]. 

However, a growth of high-quality InN-based heterostructures remains challenging due to 
the relatively low growth temperature and the high lattice-mismatch between InN and other 
III-N materials (GaN, AlN) [4]. To overcome these limitations, we investigate the InN/GaN 
heterostructures through the nanowire (NW) growth. Due to a very efficient relaxation of elastic 
stress on strain-free sidewalls, NW heterostructures can be grown in lattice-mismatched system 
without structural defects or with largely reduced dislocation density compared to epi-layers [5]. 

In this work, the growth details and photoluminescence properties of ultra-thin InN inserts 
embedded in GaN NWs are presented. We demonstrate that the InN inserts within GaN nanowires 
exhibit photoluminescence in the 2.9–3.35 eV with the most intense line at 3.17−3.23 eV which 
assigns to monolayer-thick InN inserts based on comparative spectral analysis.

Materials and Methods
Growth experiments were carried out on one-side polished n-type Si substrates with resistivity of 

0.002−0.004 Ohm∙cm in a Riber Compact 12 plasma-assisted molecular beam epitaxy (PA-MBE) 
system. The surface orientation of the substrate was (111) with a 4° miscut toward the [110] 
direction. The MBE chamber equipped with Addon RF-N 600 plasma source and Knudsen cells 
of Ga and In. Prior to loading into the growth chamber, the substrate was etched in a 47.5% 
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Fig. 1. Representative SEM image of grown InN/GaN nanowires (a). Integrated PL spectra measured 
in a 30×30 µm region on a squire grid having a step 1 µm at 5K (b). The inclusions show PL intensity 

maps for the ranges 3.34−3.30 eV, 3.23−3.17 eV and 3.15−2.90 eV

a) b)

hydrofluoric acid solution for 40 seconds, followed by a 60 second washing in deionized water. 
After that, the substrate was thermally cleaned in the MBE growth chamber at 855 °C for 20 min. 
Then, the substrate temperature was decreased to 620 °C. Next, the nitrogen plasma was ignited 
at a source power of 350 W with nitrogen flow of 4.4∙10−6 Torr, and the substrate was nitridated 
for 20 min to form SixNy thin layer. At the next stage, Al was deposited onto the formed layer for 
6 seconds in the absence of nitrogen plasma, nominally corresponding to ~2 ML coverage. After 
that, the substrate temperature was increased to 805 °C, the nitrogen plasma was ignited at the 
same parameters, and the Ga source was opened to grow of GaN NWs. This procedure allowed 
one to achieve the N-polar GaN NWs. The beam equivalent pressure of Ga corresponded to 
1.5∙10−7 Torr. After a 18h of growth, the Ga source was closed, and the substrate temperature was 
decreased to 425 °C. The In source was opened with beam equivalent pressure of 1∙10−7 Torr for 
25.9 sec to grow a thin InN insertion. Following the formation of the InN insertion, a 20 nm 
GaN cupping layer was grown at the same substrate temperature. The beam equivalent pressure 
of Ga in this case corresponded to 1∙10−7 Torr. It should be noted that the substrate temperature 
was measured using an Optris CT Laser 3MH1 pyrometer calibrated on the 7×7 to 1×1 surface 
reconstruction of the Si(111) substrate.

Morphological properties were studied using a Carl Zeiss Supra 25 scanning electron microscopy 
(SEM) system. Micro-PL measurements were carried out using a setup based on Horiba LabRAM 
HREvo UV-VIS-NIR-Open spectrometer. The spectra were excited by the 325 nm (3.81 eV) line 
of a He-Cd laser (Kimmon Koha IK5751I-G). To control the sample temperature, it was mounted 
in a Linkam THMS600 closed-cycle He cryostat (CRYO Industries of America). A long-working-
distance objective (Mitutoyo Plan UV 80×, NA = 0.55) was used to focus the laser beam and 
collect the PL signal from the sample area of ~0.5 μm in diameter. To prevent damage and heating 
effects on the nanostructures, the incident laser power was limited to 60 μW. The spectra were 
measured using excitation power density ~0.5 W/cm2 and spectral resolution 2−10 meV.

Results and Discussion
The NWs were synthesized through a self-induced mechanism, where NW nucleation occurs 

due to the lattice mismatch between the epitaxially growing material and the substrate. Figure 1, a 
demonstrates a representative SEM image of the grown InN/GaN NW array. The NW density is 
only ~108 cm−2, which is unusually small for III-N NW growth, and was achieved by exploiting 
the high substrate growth temperature, where the Ga desorption from the Si surface becomes 
significant [37]. The NWs have hexagonal shape with a mean lateral sizes D ~ 40 nm and lengths 
ranging from 100 to 500 nm.

Figure 1, b presents integrated PL spectra measured in a region of 30×30 µm region on a squire 
grid with a step of 1 µm at 5K. The inclusions show PL intensity maps for the ranges 3.34−3.30 eV, 
3.23−3.17 eV and 3.15−2.90 eV. We attribute most intense PL (in the range 3.23−3.17 eV) to 1 ML thick 
InN inserts embedded in GaN nanowires which is in good agreement with previously published data 
showing the emission from a 1 ML InN quantum well embedded in a GaN layer at ~3.2 eV [6, 7]. Other 
PL bands may originate from thicker inserts, which will be discussed in detail in subsequent works. 
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                                                       Conclusion

In summary, our study reveals that InN inserts embedded in GaN nanowires demonstrate 
distinct photoluminescence at 2.9−3.35 eV and a dominant peak at 3.17−3.23 eV. We attribute 
the latter dominant peak to monolayer-thick InN inserts based on comparative spectral analysis. 
Notably, these quantum-confined systems can be promising for single-photon emitters and 
Wigner quantum dots with operational capabilities ranging from helium temperatures to elevated 
temperature regimes.
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Abstract. This study evaluates optical reflectance (OR) spectroscopy as a rapid, cost-effec-

tive alternative to X-ray reflectometry (XRR) for measuring the thickness of the AlGaN barrier 
layer in AlGaN/GaN heterostructures. OR spectroscopy demonstrated excellent agreement 
with XRR, with deviations not exceeding 1 nm. The results highlight OR spectroscopy as an 
efficient and reliable method for routine characterization of GaN-based heterostructures.
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Аннотация. В данной работе исследуется возможность применения спектроскопии 
оптического отражения в качестве быстрой и недорогой альтернативы методу 
рентгеновской рефлектометрии (XRR) для измерения толщины барьерного слоя Al-
GaN в AlGaN/GaN гетероструктурах. Результаты, полученные двумя методами, хорошо 
согласуются друг с другом; отклонения не превышают 1 нм. Полученные данные 
демонстрируют, что спектроскопия оптического отражения может рассматриваться как 
практичный и надежный метод для регулярного контроля гетероструктур на основе GaN.
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Introduction

Gallium nitride (GaN) is becoming a cornerstone of modern high-power devices due to 
its wide bandgap (~ 3.4 eV), high electron saturation velocity (~ 2.5×107 cm/s) [1] and large 
breakdown electric fields (> 3 MV/cm) [2]. In Al(Ga)N/GaN heterostructures − key to high-
performance transistors — a two-dimensional electron gas (2DEG) with a concentration up 
to 6×1013 cm−2 [3] and mobility up to 2500 cm2V−1s−1 at room temperature [4] is formed at the 
heterointerface. Precise control of the barrier layer thickness is crucial, as this parameter affects 
the 2DEG density, mobility, and overall device performance.

X-ray reflectometry (XRR) is a standard, non-destructive technique capable of measuring 
layer thickness with sub-nanometer accuracy.  However, it is relatively time-consuming, requires 
expensive complex equipment, and is often impractical for high-throughput measurements. 
Optical reflectance (OR) spectroscopy offers a simple, rapid, and more accessible alternative, 
particularly well-suited for routine measurement. Despite its advantages, the accuracy of OR for 
measuring barrier layers in AlGaN/GaN has yet to be evaluated.

In this work, we compare the performance of OR spectroscopy against XRR for determining 
the thickness of the barrier layer in AlGaN/GaN heterostructures. We demonstrate that OR 
spectroscopy provides reliable results with sub-nanometer agreement to XRR, while offering 
significant benefits in terms of cost, speed, and suitability for full-wafer analysis.

Materials and Methods

The heterostructures were grown on Si(111) substrates via metalorganic vapor phase epitaxy 
(MOVPE) in a custom Dragon-125 epitaxial system featuring an inductively heated horizontal 
reactor. Initially, AlN-on-Si templates were prepared in separate growth runs through the 
deposition of an AlN nucleation layer to prevent unintentional Ga incorporation. The AlN layer 
prevents Si wafer etching by gallium (referred to as the meltback etching effect [5]). The subsequent 
structure was grown in a second, main process as follows. First, a six-step compositionally graded 
AlGaN:Fe buffer layer was deposited on the templates. This design effectively addresses stress 
arising from the significant lattice mismatch and thermal expansion coefficient differences between 
GaN and Si, thereby reducing dislocation density and preventing crack formation during growth 
and cooling [6, 7]. Next, a ~1 μm-thick unintentionally doped GaN channel layer was grown, 
as we determined this thickness to be optimal for mitigating the detrimental effects of the Fe 
doping tail on the 2DEG properties, while maintaining good breakdown characteristics [8, 9]. 
Subsequently, a nominally binary ~1 nm thick AlN interlayer was deposited, followed by an 
AlGaN barrier layer with a different Al mole fraction and thickness. Finally, the structures were 
in-situ passivated with a Si3N4 layer (0.00 nm, 2.25 nm or 4.50 nm thick). A schematic cross-
section of the grown structures is shown in Figure 1. Standard precursors – trimethylgallium 
(TMGa), trimethylaluminum (TMAl) and ammonia (NH3), as well as ferrocene (Cp2Fe) and 
monosilane (SiH4), were used. A more detailed description of the growth conditions can be found 
in [6].

XRR measurements were performed with a PANalytical X’Pert PRO diffractometer (Cu Kα, 
λ = 1.5406 Å). The measured XRR spectra were analyzed and fit using X-ray Calc 3 software [10]. 
OR spectra were acquired at quasi-normal incidence using an Avantes AvaSpec 2048 fiber-optic 
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Fig. 2. Examples of the measured (red lines with symbols) XRR spectrum (a) and OR spectrum (b) 
along with the corresponding fitted curves (black lines)
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spectrometer with an AvaLight-DHc light source (deuterium mode only) and a 6-around-1 fiber 
optic reflection probe. The OR spectra were fit using the general transfer matrix method [11], with 
a custom Python-based implementation developed in-house. The complex refractive index for 
GaN were derived from the dielectric function in [12], while for AlGaN, data from [13] were used.

Fig. 1. Schematic cross-section of the epitaxial structures

Results and Discussion

The experimental XRR spectrum of one of the samples, along with the corresponding fitted 
curve, is shown in Fig. 2, a. Only the four topmost layers − namely, the Si3N4 passivation, AlGaN 
barrier, AlN interlayer, and GaN channel − were included in the analysis. The underlying buffer 
layers and substrate were found to have no impact on the results and were therefore omitted 
from the model. Consequently, the GaN channel layer was treated as an effective semi-infinite 
substrate. The obtained thicknesses of the Si3N4, AlGaN, and AlN are 4.49 nm, 16.93 nm and 
0.71 nm, respectively. However, noted, the determined thickness of such ultra-thin AlN interlayer 
from XRR measurements may be ambiguous [14]; therefore, only the combined thickness of AlN 
and AlGaN barrier layers is meaningful.
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Figure 2, b shows the measured optical reflectance spectrum of the previously discussed sample. 
Fabry-Perot oscillations are observed at wavelengths above around 365 nm, while absorption in 
the GaN layer suppresses these oscillations at shorter wavelengths. A distinct feature at around 
290 nm corresponds to the bandgap of the AlGaN barrier layer. Due to the spectral range 
limitations of the equipment used (~240 nm), distinct spectral features attributable to the Si3N4 
and AlN layers were not observed. Therefore, their nominal thickness values were fixed during 
the fitting procedures. Only the four topmost layers were included to the model, as in the XRR 
analysis. As shown in Fig. 2, b, the calculated OR spectrum (thin black line) accurately reproduces 
the shape and key features of the experimental spectrum. The fitted combined thickness of the 
barrier layers, 17.79 nm, is in excellent agreement with the XRR-derived value of 17.64 nm.
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Fig. 3. Comparison of the combined thickness of the AlGaN and AlN barrier layers as determined by 
the XRR and OR method. The black line represents the ideal 1:1 agreement. Symbol fill denotes Si3N4 

layer thickness: white for 0 nm, gray for 2.25 nm and black for 4.50 nm. The lower panel shows the 
difference between the values obtained by the two methods
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The fitting procedures described above were repeated for all investigated samples. A comparison 
of the combined thickness of the AlGaN and AlN barrier layers obtained using the XRR and 
OR methods is shown in Fig. 3. A good agreement is observed for all samples, with deviations 
not exceeding 1 nm, which is well within the estimated experimental uncertainty. These small 
differences may be attributed to spatial non-uniformities across the wafer, uncertainties in the 
optical constants, or the use of nominal thickness values for the AlN and Si3N4 layers in the OR 
modeling, which may slightly differ from their actual thicknesses.

Beyond the good agreement with XRR, the OR method is fast, non-destructive, and cost-
effective. When combined with a CNC router or similar scanning setup, full-wafer mapping 
at dozens of locations can be completed within several minutes − a significant advantage over 
XRR, which is time-consuming and less suitable for large-area characterization. Additionally, the 
equipment required for OR measurements is relatively simple and inexpensive compared to the 
more complex and costly instrumentation needed for both XRR and spectroscopic ellipsometry, 
making OR highly accessible for routine use.

Nonetheless, the OR method has some inherent limitations. It requires prior knowledge 
of the optical constants of the materials involved, and the accuracy of the results strongly 
depends on the precision of these parameters. Moreover, OR is less sensitive to very thin 
layers. In contrast, XRR and ellipsometry techniques generally do not require such a priory 
information, often allowing the extraction of layer thicknesses and optical constants (in the 
case of ellipsometry) through model fitting. This restricts the flexibility of OR, especially when 
investigating novel or poorly characterized materials. However, even in the absence of precisely 
known optical constants, OR can still serve as a valuable tool for comparative “run-to-run” 
characterization. When a series of nominally identical structures is fabricated, or a previously 
grown structure is being reproduced, relative variations in OR spectra can be used to monitor 
process repeatability and detect early signs of drift in growth parameters. Thus, despite its 
limitations, OR remains a practical and efficient method for routine control in the production 
of semiconductor heterostructures.

Conclusion

In this work, optical reflectance (OR) spectroscopy was evaluated against X-ray reflectometry 
(XRR) for measuring the barrier thickness in AlGaN/GaN heterostructure. OR spectroscopy 
demonstrated excellent agreement with XRR, with deviations not exceeding 1 nm. These results 
highlight OR as reliable and cost-effective technique for routine, non-destructive analysis of 
GaN-based heterostructures, particularly in context requiring fast and/or large-area measurements.
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Abstract. In this work we present the experimental results on the molecular-beam epitaxy 

growth of wurtzite AlGaAs nanowires with nanoscale zinc-blende insertions on silicon sub-
strate. Structural characterization confirmed the formation of zinc-blende nanoscale segments 
within the wurtzite nanowire matrix. Autocorrelation function measurements for emission at 
710 nm have shown the characteristic dip at zero time delay, which indicates that the synthe-
sized nanostructures are sources of single photons.
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Аннотация. В работе представлены результаты экспериментальных исследований 
по росту методом молекулярно-пучковой эпитаксии вюрцитных AlGaAs нитевидных 
нанокристаллов с наноразмерными вставками кубической кристаллографической 
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фазы на поверхности кремния. Результаты исследований структурных свойств 
подтвердили формирование вставок кубической фазы в вюрцитную структуру ННК. 
Результаты измерений автокорреляционной функции для излучения на длине волны 
710 нм продемонстрировали характерный провал при нулевой временной задержке, что 
характеризует синтезированные наноструктуры как источники одиночных фотонов.
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Introduction

Nowadays, III-V semiconductor nanowires (NWs) are promising platform for nanoscale 
devices due to their unique optoelectronic, electrophysical, transport and other properties [1, 2]. 
Recent advances in NWs formation enable integration of quantum dots (QDs) in the NWs matrix, 
allowing precise control over QDs’ size and position, which define physical properties of QDs. 
In turn, III-V QDs are particularly promising as single photon sources, essential components for 
quantum communication and computing [3]. Moreover, the unique morphology of NWs allows 
the synthesis of such nanostructures directly on the silicon surface [4, 5]. However, the growth 
of QDs in NWs based on different material systems may come with a set of challenges, due to 
the possible reservoir effect during catalytic growth or significant mismatch of lattice constants. It 
has been shown previously that varying the growth conditions during NWs synthesis, for example 
III/V flux ratio, enables reversible alternation of the catalyst droplet’s contact angle and change 
the crystallographic phase of the growing NW segment [6]. Furthermore, it was demonstrated 
that bands offset between the wurtzite (WZ) and zinc-blende (ZB) crystal phases can lead to an 
indirect electron-hole pair recombination [7] and formation of QDs within the single material 
system for III-V NWs, including GaAs, InAs and InP NWs, which can be sources of single 
photons [8]. However, to expand the number of applications, it is necessary to increase the 
range of compositions for such nanostructures. Previously, we have shown the possibility of Au-
catalyzed WZ AlGaAs NWs on silicon for the first time and demonstrated their potential as a 
promising material system for optoelectronic applications [9, 10]. Formation of crystal phase QDs 
in such NWs could further increase the range of applications based on this material.

 In this work we demonstrate the results of experimental studies on the Au-catalyzed WZ 
AlGaAs NWs with ZB nanoscale insertions growth by molecular-beam epitaxy (MBE) on Si(111). 
It was shown for the first time that AlGaAs NWs could be sources of single photons according to 
autocorrelation function measurements results.

Materials and Methods

Growth experiments were carried out using a Riber Compact 21 MBE setup equipped with 
Ga and Al effusion cells, As cracker source and additional metallization chamber. The one-
side polished p-type Si wafers with surface orientation (111) were used as the substrates for 
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MBE growth. Initially, native oxide layer was removed by wafer etching in aqueous solution of 
hydrofluoric acid (10:1). Then the substrate was loaded into the metallization chamber where it was 
annealed at 850 °C for 20 minutes to remove residual oxide layer. Then substrate temperature was 
decreased to 550 °C and a 1 nm layer of Au was deposited onto the surface. The substrate was kept 
at the same temperature for one minute to form gold droplets on substrate. On the next stage the 
substrate was transferred into the growth chamber without breaking ultra-high vacuum conditions. 
In growth chamber the substrate temperature was increased to 510 °C and As shutter was open. 
After stabilization of As flux, Al and Ga shutters were opened simultaneously for 20 minutes 
initiating AlGaAs NWs growth. In order to form ZB segments As flux was periodically decreased 
from 1·10−5 Torr to 4·10−6 Torr by source aperture modulation from 100% to 45% for 5 seconds. 
The aperture response time was ~1 second. Although As is not pumped instantly from growth 
chamber, the growth conditions on the substrate surface change rapidly from group V-stabilized 
to group III-stabilized and back [8]. The fluxes from the Ga and Al sources corresponded to 
AlGaAs layer growth rate of 1 monolayer per second at a Ga/Al ratio of 0.5/0.5 according to 
preliminary calibrations.

Morphological properties of grown samples were studied using a Carl Zeiss Supra 25 scanning 
electron microscopy (SEM) system. Structural properties of single NWs were studied using Jeol 
2100 transmission electron microscopy (TEM) system. Correlation measurements were performed 
using the optical stand equipped with the cryostat, monochromator, lasers for excitation of 
nanostructures and single photon detectors.

Results and Discussion

Figure 1, a demonstrates the typical SEM image of grown AlGaAs NWs array on Si(111) 
substrate. As can be seen from the figure, AlGaAs NWs formed strictly in [111] direction which 
indicates their epitaxial bond with the substrate. The average height of the NWs is 1.4 µm. 
It should be noted that the NWs have a non-uniform diameter in height – 140 nm at the base 
and 30 nm at the top of the NWs. The average NWs surface density is ~2·107 cm−2 which allows 
exciting a single NW using the laser with a spot area of 1 μm.

Fig. 1. Typical SEM image of grown AlGaAs NWs array on Si(111) substrate (a). Typical TEM image 
of the AlGaAs NW segment. The insert shows the results of the autocorrelation function measurements 

for emission at the wavelength of 710 nm (b)

a) b)

Figure 1, b shows typical TEM image of the AlGaAs NW segment. It can be seen that 
NW segment demonstrates predominately WZ crystal structure with a presence of nanoscale ZB 
insertion. The height of the ZB insertion is ~2 nm. The insert to Fig. 1, b shows the results of 
the autocorrelation function measurements for photoluminescence emission at the wavelength 
of 715 nm, corresponding to AlGaAs [9]. The characteristic dip of the function at zero time 
indicates that the synthesized nanostructures are sources of single photons. It should be noted that 
the high noise level is associated with the short measurement time.
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Conclusion

In summary, we demonstrated the MBE growth of WZ AlGaAs NWs with ZB insertions on 
the silicon surface using Au as a catalyst. The height of the ZB insertion studied using TEM 
is ~2 nm. The characteristic dip of the autocorrelation function at zero time indicates that the 
synthesized nanostructures are sources of single photons. These results open up new prospects for 
creating devices in the field of quantum technologies.
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Abstract. The possibility of depositing colloidal nanoparticles onto an amorphous GaAs 

layer grown on Si(111) substrates and the direct molecular beam epitaxy of size-uniform GaAs 
nanowires with diameters below 20 nm were demonstrated. Examination of the nanowires re-
vealed a nearly pure wurtzite crystal structure with low stacking fault density.
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Аннотация. Показана возможность осаждения коллоидных наночастиц на аморфный 
слой GaAs, выращенный на поверхности Si(111) подложек. С использованием полученных 
подложек методом молекулярно-пучковой эпитаксии продемонстрирован прямой 
рост однородных по размеру GaAs нитевидных нанокристаллов с диаметром менее 
20 нм. Установлено, что формируемые нитевидные кристаллы обладают вюрцитной 
кристаллической структурой с низким количеством дефектов упаковки.
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Introduction

During recent years, semiconductor nanowires (NWs) have attracted great attention due to 
their unique optical and electronic properties. On the practical side, semiconductor NWs are 
very attractive for the direct integration of III-V materials on Si, opening up new possibilities for 
the design and fabrication of various applications, such as light-emitting diodes [1], field-effect 
transistors [2], etc. For a large number of devices, it is essential to synthesize ensembles with well-
defined dimensions, size, shape, and phase purity of NWs because even small variations in size 
can have a large effect on overall device performance. Up to now, the most common technique 
for NW synthesis is vapor-liquid-solid growth using Au metal seed particles, which act as catalysts 
to initiate and guide the growth, directly controlling both diameter and orientation. Recent 
advances in this area have demonstrated the use of size-selected colloidal particles as seeds for 
MBE growth of GaAs NWs directly on Si [3−5]. However, there are several key issues concerning 
the use of colloidal nanoparticles as seed particles for the growth of NWs on Si. Specifically, the 
formation of GaAs NWs with diameters of about 50–100 nm is typically observed despite the 
use of nanoparticles 2–20 nm in diameter [4]. Besides that, diameter stabilization at the early 
growth stages also results in the tapering of NW bases [5]. The observed NW broadening effects 
are assumed to be due to the presence of Si atoms in the catalyst, which diffuse into the droplet 
during the high-temperature annealing of Au nanoparticles deposited on Si substrates [5−7].

In this work, we investigate the deposition of gold colloidal nanoparticles on a thin amorphous 
GaAs layer grown on Si(111) and how the presence of this GaAs layer affects the Au-assisted 
growth of GaAs NWs.

Materials and Methods
A Compact 21 Riber MBE system was used for the growth experiments. The investigations 

were carried out using a gold colloid containing 10-nm-diameter nanoparticles and Si(111) wafers. 
Two approaches for colloid deposition were applied. In the first case, colloid deposition was 
carried out on Si(111) substrates covered by native oxide with an Ar-plasma-irradiated surface. 
The plasma treatment was performed to improve the wetting properties of the silicon surface, 
enabling the direct deposition of Au nanoparticles onto the substrate [7]. In the second case, 
Si(111) substrates were etched by dipping in an HF solution to remove the native SiO2 layer. After 
etching, the substrates were immediately loaded into the MBE chamber to prevent the formation 
of a new SiO2 layer. The substrates were then annealed at 800 °C, after which a GaAs layer with 
a thickness of 50 nm was grown at 330 °C. Finally, the substrates were unloaded for colloidal 
deposition and loaded back for NW growth.

After the preparation step, NW growth was carried out. Upon loading the substrates, the 
temperature was ramped up to 520 °C and maintained throughout the process. NW growth was 
initiated by the simultaneous opening of the Ga and As shutters and lasted for 10 min. The Ga 
deposition rate was 0.9 ML/s, and the V/III flux ratio was ~20. After growth completion, the 
samples were cooled to room temperature and unloaded for morphological characterization via 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
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Fig. 1. GaAs NW ensembles grown on GaAs/Si(111) (a) and Si(111) surface without (b) and with (c) 
high-temperature annealing

Results and Discussion

It is well established that the specific surface states of silicon substrates significantly affect 
colloidal nanoparticle deposition [8]. The deposition of Au nanoparticles (NPs) from colloidal 
solutions has been previously demonstrated using short Ar plasma modification [4]. The wettability 
of the GaAs surface layer grown on Si(111) substrates was significantly improved, resulting in a 
homogeneous distribution of Au nanoparticles across the substrate.

Bird-view SEM images of the grown samples are shown in Fig. 1. As seen in the figure, 
GaAs NWs grown on the GaAs/Si(111) substrate exhibited near-vertical alignment, consistent 
with the {111} crystal orientation family. These NWs maintained a uniform diameter along their 
entire length. In contrast, most GaAs NWs grown directly on Si(111) were non-directional 
and exhibited pronounced tapering (Fig. 1, b). This non-ideal growth behavior is attributed to 
suboptimal annealing temperatures for the Au NPs. To address this issue, an additional annealing 
step at 850 °C was performed to remove the native oxide underneath the Au seed particles. 
This modification increased the number of vertically aligned GaAs NWs. However, the NW 
morphology remained inhomogeneous, with noticeable tapering at both the bases and tips. The 
narrowing of the NW bases suggests the incorporation of Si atoms from the substrate into the 
Au-Ga catalyst droplet.

Fig. 2. TEM images of GaAs NW grown on GaAs/Si(111) substrate. Right inset is the diffraction 
pattern corresponded to wurtzite crustal structure

Cross-sectional SEM imaging was used to determine the mean nanowire (NW) diameters. 
For GaAs NWs grown on GaAs/Si(111), the diameters of ten carefully measured nanowires 
ranged from 13 to 18 nm. In contrast, GaAs NWs grown directly on Si(111) exhibited a mean 
diameter approximately five times larger, despite the use of identical seed nanoparticles and growth 
conditions. The average NW length was similar for both samples, measuring approximately 2 µm.

Characterization of thin GaAs NWs by scanning TEM (STEM) was conducted in high angular 
annular dark field mode. GaAs NW in Fig. 2 exhibited a wurtzite structure. It was uniform along 
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its length and shows no evidence of zinc-blend structure segmentation. Actually, stacking faults 
density was found to be around 0.5 µm−1. The diameter of GaAs NW, measured next to NW tops, 
was found to be consistent with diameter of the 10 nm Au seed nanoparticle used. It indicates 
the Au-rich growth regime. Meanwhile, the slight increase in diameter towards the NW base 
was likely due to radial growth during the later growth stage. This result show a possibility of 
exploiting the bandgap engineering and quantum confinement effects in GaAs.

Conclusion
In summary, the possibility of depositing colloidal nanoparticles onto an amorphous GaAs 

layer grown on Si(111) substrates and direct molecular beam epitaxy of size-uniform GaAs 
nanowires with diameters below 20 nm was demonstrated. Examination of nanowires revealed 
nearly pure wurtzite crystal structure with low stacking fault density.
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Abstract. Since bioelectrical signals typically have amplitudes below μA and lower than mV, 

their measurement is significantly susceptible to environmental electromagnetic interference 
(EMI). In this study, we measured and analyzed the levels of electromagnetic interference in 
biolaboratory rooms – the birthplace and preliminary test center for any bioelectronic device. 
We have shown that in an ordinary biolaboratory, which is equipped with typical modern in-
struments, like digital microscopes, EMI in the sub-250 kHz range can include both periodic 
and wide-band signals, which can influence the working of impedance sensors and neuro-
prosthetic implants. The results of our study can be used for the development and testing of 
noise-suppression systems for bioelectronics applications. 
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Аннотация. Поскольку биоэлектрические сигналы как правило характеризуются 

низкими значениями своих амплитуд (<мкA и <мВ), на их измерение значительно влияют 
электромагнитные помехи окружающей среды (ЭМП). В настоящем исследовании мы 
измерили и проанализировали уровни электромагнитных помех, которые могут возникать 
в биолабораторных помещениях – в месте создания и первом испытательном центре 
любого биоэлектронного устройства. Мы показали, что в обычной биолаборатории, 
которая оснащена типичными современными приборами, такими как цифровые 
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микроскопы, ЭМП в диапазоне до 250 кГц могут включать как периодические, так 
и широкополосные составляющие, которые способны влиять на работу импедансных 
цитосенсоров и нейро-имплантатов. Результаты нашего исследования могут быть 
использованы для разработки и тестирования систем подавления шума в биоэлектронных 
приборах.
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Introduction

Bioelectronic technologies are rapidly entering our lives today [1−3]. Moreover, the devices 
most commonly used in this field, such as impedance living cell-based biosensors and living 
neurons/computer interfaces, show great potential for solving important medical problems, 
such as lost vision restoration and artificial organ development.  At the same time, since any 
cell-based bioelectronic system requires the usage of low voltage and current levels to prevent 
cell destruction, one of the central challenges in this field is device protection from external 
electromagnetic interference (EMI) [4−6]. In addition, in-lab testing of bioelectronic devices also 
requires the use of EMI mitigation methods. 

For the development and application of both in-door and out-door EMI-canceling techniques, 
it is very useful to have real-life noise profiles, which can be used as an example for modeling 
and testing of the EMI-combat approaches. For this purpose, we have developed the noise 
measurement unit and MatLab/GNU Octave data processing scripts for capturing the examples 
of the EMI signals, which can be found in the ordinary biolaboratory, where bioelectronic 
devices are tested. The obtained data indicates that in such facilities the EMI signal contains not 
only 50-Hz powerline interference, but also periodic and wideband parts from other electronic 
devices, in particular from modern digital microscopes. The results of our study can be used 
as a methodology for EMI analyzing as well as examples of real noise data samples for noise-
suppression digital algorithms approbation. Samples can be found on our GitHub page https://
github.com/BioElectronicsLab/Noise-samples or available upon request.

Materials and Methods
EMI signals were measured using the setup, the main scheme of which is presented in 

Fig.1. It consists of a transimpedance amplifier (TIA) [8], which is commonly used for current 
measurements in electrophysiological studies [1]. As an operational amplifier, AD8606 (Analog 
Devices, USA) was used. As input for TIA the 10-cm antenna made of wire was used, which 
imitates the living-cell interface cable. The TIA output signal was recorded using the L-Card E20-
10 ADC (L-Card, Russia). The sampling rate was 500 kHz and the data collection time for one 
EMI sample was 500 ms (i.e. 2 Hz resolution is achieved). The resistance to TIA feedback was 
1 MΩ. The EMI spectra were obtained from the analog-to-digital converter time-domain input 
signal using the fft routine in MatLab and presented in the amplitude spectral density format. 

We have measured the EMI noise levels in the five rooms at Saint-Petersburg Academic 
University: in the special room for cell diagnostics, which contains a lot of switched on devices, 
including confocal microscope Zeiss Observer.Z1 (Zeiss, Germany); the room for microscopic 
studies only, which is equipped with Leica DM 4000 B microscope (Leica, Germany); office 
room, with no switched on devices, which is located near switchgear room; break-room, with 
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Fig. 1. Experimental setup, used for measuring EMI signals

several switch on PCs; and hall. In addition, since microscopes are widely used in bioelectronics 
to observe cells, we measured the EMI signals with the microscopes turned on and off to extract 
the EMI generated by them. For better visual detection of periodic components, the FFT spectra 
were averaged over 10 EMI samples (i.e. the level of random noise presented in one sample is 

10  times higher than that shown in the figures).

Results and Discussion
The results obtained are presented in Fig. 2. One can see from Fig. 2, a the EMI in the cell 

diagnostic room contains a wide band spectrum with significant intensity, which increased with 
frequency. This observation clearly indicates that the noise influence problem can be relevant 
for bioelectronics devices even in the testing rooms (Table). Moreover, the wide band nature 
of this noise sample makes the usage of static filtering noise-cancellation methods inapplicable 
for EMI suppression if the wide band impedance sensors are tested. To overcome this problem, 
the progressive tools, like artificial intelligence adaptive filtering approach [8], can be used. 
Contrary to the cell diagnostic room, in the microscopy room we observed only two wide-band 
noise parts (57–72.5 kHz and 120–135 kHz), and periodic signal at 78 kHz. The presented 
78-kHz signal and its overtones are also presented in all other rooms except the cell diagnostic 
room, where it possibly is lost in the other interferences. The break room also contains band 
noises in the ranges of 4–10 kHz, 187–194 kHz, and 204–210 kHz. Surprisingly, the clear 
50-Hz powerline EMI with odd overtones (Fig. 2, b) is observed only in the office room, which 
is located near the switchgear room. The most noise-free room was a hall, where only 78 kHz 
interference was observed.

From the panels Fig. 2, c and Fig. 2, d one can see that microscopes introduce into the EMI 
new signatures (78–82~kHz for Leica; 24 kHz, 73 kHz ≈ 24×3 kHz, and 122 kHz ≈ 24×5 kHz for 
Zeiss); however, their impact is not so high with respect to environment EMI signals. Thus, since 
the observed EMI spectra demonstrate the variety of noise types, which can be both wide and narrow 
band, for protecting bioelectronic devices from EMI the common noise canceling techniques are 
preferable, which may be classified as technological, electronic, and software methods. From a 
technological point of view, the noise canceling can be achieved not by noise level decreasing, but 
by increasing the amplitude of the useful signal, which can be done by decreasing the impedance 
value (increasing current value) of the bioelectrodes via increasing their surface. The last one can be 
done without affecting the size of bioelectrodes using porous surfaces [1]. The electronic methods 
for noise canceling include the shielding, which can be utilized in the at-lab conditions; however 
implementation of such method is complicated in the bioelectronic implantation technologies and 
with portable biosensor design. The software methods are a more promising tool with respect to 
shielding for EMI suppression, since these approaches only require the utilization of the computing 
unit in the bioelectronic device components. For example, the already mentioned above adaptive 
filtering approach allows to suppress environment noises in the impedance-based biosensors and 
can be implemented in the real-time regime (see the package NELM for MatLab [9]).
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Fig. 2. Comparison of different EMI spectra. For clarity data presented in the amplitude spectral 
density format. Background (without any microscopes on) noise in a set of rooms (a); office room 
background noise from 1 Hz to 1 kHz that shows 50-Hz powerline and its harmonics (b); EMI signals 
detected while microscopes Leica (c) and Zeiss (d) were switched on (red) and switched off (green). 
As one can see, there are clear peaks (78–82 kHz for Leica, and 24 kHz, 73 kHz, and 122 kHz for 

Zeiss) that correspond with the work of microscopes

a) b)

c) d)

Tab l e

Modeled signal-to-noise ratios for multielectrode array (MEA) 
60MEA200/30iR-Ti (MultiChannel Systems, Germany)

Cells diagnostic 
room

Microscopy 
room Hall Office Breakroom

Signal-to-noise 
ratio (dB) −3.5 14.2 15.0 8.0 16

Notation: The signal-to-noise ratios are calculated in the practically used range 10 Hz – 40 kHz as 
MEA current power to noise power relation in decibels. The power is calculated using rms MatLab 
routine. The MEA current excitation was performed by sweep-shaped 15-mV excitation voltage in 
the 240 kHz range. Both noise and MEA signals were preliminary filtered by 10th-order Butterworth 
filter with cutting frequency 40 kHz. This is simulation of data processing for wideband MEA 
experiments. Noises are assumed to be additive.

Conclusion

In this study, we have shown that, in the common case, the influence of EMI on the bioelectronic 
device functioning cannot be overlooked. Our data shows that even in biolaboratories, where 
bioelectronic devices are fabricated and tested, the EMI spectra can contain both periodic and 
wideband noises, which are results of the large number of electronic devices used in the modern 
world. For fighting with EMI, it is desirable to use low-impedance cell/electronic interfaces 
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like porous electrodes and short-length cables, as well as software noise suppression techniques. 
In addition, during our work on this study, we have observed that it is very hard to identify 
the EMI sources using only standalone EMI spectra because there is a significant lack of 
information on characteristic EMI peaks for various devices. To our best knowledge, only in a 
few handbooks [10, 11] about ten EMI sources signatures are presented, including electromotor, 
cell phones, and marginal EMI from nuclear explosion. The creation of a more informative EMI 
signature database will be very useful for the development of future EMI combat algorithms and 
electronic devices design. We believe that the results of our study will help bio-electronic engineers 
to create robust EMI biosensors and implants, which will solve actual healthcare problems.
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Abstract. In the presented work, a unit cell of a self-complementary metamaterial was de-
signed, which is alternating patches and holes in a conductive graphene-like layer 7 μm thick 
on a silicon carbide substrate 250 μm thick. The results of a numerical study of the developed 
structure are presented. The calculations considered the conductivity of the graphene-like film, 
as well as the dielectric parameters of the silicon carbide substrate. The developed metamate-
rial is designed to convert circular polarization into linear; the central operating frequency of 
the resulting structure is 10 GHz. The dimensions of the unit cell are 2.8 mm × 5.6 mm. The 
elements obtained can be used in microwave technology and antenna structures. For the man-
ufacture of structures, it is planned to use the method of plasma-chemical etching of silicon 
carbide in a fluorine-containing gas environment, which destroys the silicon component and 
leaves a graphene-like conductive layer on the surface. The thickness of the graphene-like layer 
depends on the power of the inductively coupled plasma source and the processing time; in 
this work, a thickness of 7 µm was taken, obtained at 800 W and 8.5 minutes of etching SiC 
in an SF6/Ar atmosphere. 

Keywords: plasma etching, metamaterials, graphene-like film, silicon carbide, microelec-
tronics
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Аннотация. В представленной работе была спроектирована элементарная ячейка 
самодополняющего метаматериала, представляющего собой чередующиеся патчи 
и отверстия в проводящем графеноподобном слое толщиной 7 мкм на подложке 
из карбида кремния толщиной 250 мкм. Представлены результаты численного 
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исследования разработанной структуры. При проведении расчетов учитывались 
проводимость графеноподобной пленки, а также диэлектрические параметры подложки 
из карбида кремния. Разработанный метаматериал предназначен для конвертации 
круговой поляризации в линейную, центральная рабочая частота полученной структуры 
10 ГГц. Размеры элементарной ячейки 2.8 мм × 5.6 мм. Полученные элементы могут 
быть использованы в СВЧ-технике и антенных структурах. Для изготовления структур 
планируется применять метод плазмохимического травления карбида кремния в 
среде фторсодержащего газа, при котором происходит деструкция кремниевой 
составляющей и на поверхности остается графеноподобный проводящий слой. Толщина 
графеноподобного слоя зависит от мощности источника индуктивно-связанной плазмы 
и времени обработки, так в работе была взята толщина 7 мкм, получаемая при 800 Вт и 
8,5 минутах травления SiC в атмосфере SF6/Ar.

Ключевые слова: плазменное травление, метаматериалы, графеноподобные пленки, 
карбид кремния, микроэлектроника 
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Introduction

Modern technologies of micro- and nanoelectronics, operating in extreme conditions such 
as high temperatures, aggressive environments, strong electric fields, require materials with a 
unique combination of mechanical strength, thermal stability and controlled electrophysical 
properties. Silicon carbide (SiC) is a promising basis for such devices due to its wide band gap, 
high thermal conductivity and chemical inertness. However, to create functional elements such 
as metamaterials with specified electromagnetic characteristics, it is necessary to form conductive 
nanostructures on the SiC surface, in particular graphene-like films [1]. One of the most effective 
methods for their production is plasma etching, which allows for controlled modification of the 
SiC surface with the formation of conductive carbon layers with atomic precision. The formation 
of graphene-like films on SiC using plasma etching offers a fundamental new solution that 
combines the advantages of a semiconductor substrate and a conductive carbon layer [2].

Metamaterials [3] are artificially engineered thin and tightly packed two-dimensional arrays of 
resonant structures designed to have properties that are not found in naturally occurring materials. 
They achieve these unusual properties through their carefully structured internal architecture 
rather than their chemical composition. Metamaterials have been employed to control and 
manipulate electromagnetic waves.

A specific class of metamaterials exhibits band-pass filtering properties for one linear polarization 
while simultaneously acting as a band-stop filter for the orthogonal linear polarization [4]. An 
application of such structures could be the conversion of incident circularly polarized waves 
to linearly polarized waves. One such metamaterial is a self-complementary patch and hole 
metasurface [4].

In this paper the feasibility of fabricating self-complementary metasurfaces on a SiC substrates 
using a two-stage plasma chemical etching method is studied.

Materials and Methods
In this work, we propose obtaining a conductive layer on the surface of silicon carbide by a 

two-stage plasma-chemical etching method. In this method of obtaining, at the first stage, the 
near-surface layers are removed in a fluoride and oxygen plasma environment at minimum bias 
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Fig. 1. Unit-cell of the rectangular patch and hole metasurface etched on a SiC substrate. Periodic 
boundary conditions are applied to the sides A, A', B, B'

voltage values and maximum voltage values of the inductively coupled plasma source. This mode 
allows for the actual plasma polishing of the surface and the removal of several defective surface 
layers. At the second stage, the bulk of the material was etched in fluoride plasma, which made 
it possible to remove the silicon component from the surface layers with the formation of a 
conductive graphene-like layer. 

To study the possibility of creating self-complementary metasurfaces on SiC substrates by a 
two-stage plasma-chemical etching method, a cell of a rectangular patch-hole metasurface was 
designed and numerically studied using the Ansys HFSS full-wave electromagnetic simulation 
software.

The designed unit-cell is shown on a Fig. 1. The unit-cell consists of a 250 μm thick 
SiC substrate (colored light grey) and an etched 7 μm conductive graphene-like layer (colored 
dark grey on a Fig. 1). The relative permittivity of a SiC substrate in a simulation is equal to 10 
and tg(δ) = 1×10−6. Periodic boundary conditions are applied to the A, A', B, B' sides of the unit-
cell. Two ports are placed at the sides parallel to the SiC surface. The dimensions of the designed 
structure are 2.8 mm by 5.6 mm.

Results and Discussion

Simulated transmission and reflection coefficients of the designed unit-cell at normal incidence 
are shown on a Fig. 2. 

The magnitudes of the transmission coefficients for y-polarized and x-polarized waves are 
shown in Fig. 2, a. The central operating frequency of this metamaterial is 10 GHz. At that 
frequency, the designed metasurface functions as a band-pass filter for the y-polarized wave, and 
simultaneously as a band-stop filter for the x-polarized wave. The reflection coefficient for the 
y-polarized wave in Fig. 2, b approaches zero, confirming the performance of the metasurface.

Fig. 2. Simulated magnitude of a transmission (a) and reflection (b) coefficients at normal incidence 
for rectangular patch and hole metamaterial unit-cell

a) b)
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The numerical study conducted demonstrates the potential for fabricating self-complementary 
metasurfaces on SiC substrates, for polarization conversion. However, experimental study is 
planned to validate the proposed hypotheses.

Conclusion
A unit cell of a self-complementary metamaterial for converting circular polarization into linear 

polarization has been developed and numerically studied. The metamaterial consists of alternating 
sections and holes in a 7-μm-thick conductive graphene-like layer on a 250-μm-thick silicon 
carbide substrate. The central operating frequency of the developed metamaterial is 10 GHz. The 
numerical study demonstrates the possibility of creating self-complementary metasurfaces on SiC 
substrates for polarization conversion in the X-band. 

The developed and numerically studied structure, like most metamaterials, is periodic, which 
means that it is sufficient to model only one unit cell with periodic boundary conditions on the 
faces. To manufacture an array of self-complementary metasurface cells, it is planned to use the 
method of creating a conductive graphene-like film on the SiC surface by plasma destruction of 
the silicon component.
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Abstract. In the presented study, nanostructures on a silicon substrate were experimentally 

formed using the plasma-chemical etching method in a combined discharge plasma. The main 
objective was to analyze the relationship between the plasma-chemical etching process param-
eters and the structure geometry, namely: the deviation angle from the vertical, the height of 
the elements, and deviations from the nominal dimensions. Particular attention was paid to the 
influence of the active gas concentration, the power of the inductively coupled plasma source 
(ICP), and the power of the capacitively coupled source (CCP, bias voltage) on the structure 
geometry. The resulting nanostructures are considered as potential elements of terahertz pho-
tonics of metasurfaces. For example, process settings with an ICP power of 400 W, an active 
gas volume fraction of 7%, and a bias voltage of 101 V made it possible to obtain structures with 
a height of 136 nm, deviating from the specified dimensions by only 2% (98% compliance).
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Аннотация. Основная задача представленного исследования заключалась в 
исследовании связи параметров процесса плазмохимического травления с геометрией 
структур, а именно: углом отклонения от вертикали, высотой элементов и отклонениями 
от номинальных размеров. Особое внимание уделялось влиянию концентрации активного 
газа, мощности индуктивно-связанного плазменного источника (ICP) и мощности 
емкостно-связанного источника (CCP, напряжение смещения) на геометрию структур. 
Созданные наноструктуры рассматриваются как потенциальные элементы терагерцовой 
фотоники метаповерхностей. Например, настройки процесса с мощностью ICP 400 
Вт, объемной долей активного газа 7% и напряжением смещения 101 В позволили 
получить структуры высотой 136 нм, отклоняющиеся от заданных размеров лишь на 2% 
(соответствие 98%).

Ключевые слова: кремниевая микроэлектроника, терагерцовая фотоника, 
метаматериалы, плазменное травление, микроэлектроника
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Introduction

The development of modern micro- and nanoelectronics technologies dictates the need to create 
materials with unique properties unattainable in nature. Metamaterials meet these requirements, 
they open new possibilities for photonics, plasmonic, sensors and stealth technology devices [1]. 
However, traditional lithography and etching methods are limited in creating the subwavelength 
structures required for metamaterials [2]. Plasma-chemical etching has several advantages, such 
as a high degree of control over the geometry of nanostructures, scalability and selectivity of the 
process [3]. Integration of metamaterials with silicon substrates can expand their functionality 
and lead to the creation of new optoelectronic devices, including ultra-sensitive sensors and 
elements of quantum computers. Thus, the study of plasma etching processes for the formation of 
metamaterials on silicon is of significant scientific and practical interest, opening the way to the 
development of innovative components for nanophotonic and microelectronics.

Materials and Methods
The samples were silicon wafers coated with a resistive masking aluminum film 500 nm 

thick, deposited by magnetron sputtering. A group of geometric structures simulating elements 
of terahertz lenses was formed on part of the surface. The pattern was created using standard 
photolithography with FP 9120-1 photoresist. Development was carried out in an aqueous NaOH 
solution (0.6%) until the aluminum areas not protected by the photoresist were completely etched. 
Complete removal of the photoresist was performed in inductive oxygen plasma for 3 minutes 
at a plasma source power of 650 W. The composition of the gas mixture during etching was a 
mixture of oxygen, argon, and dichlorodifluoromethane active gas. The ratio of the gas mixture 
was changed during the study, the dependence of which is given in the results. The silicon surface 
was etched using inductive RF plasma (13.56 MHz) with a constant bias generated by a CX-600 
generator, the power of which was maintained constant at 100 W during the experiment. Three 
groups of samples were formed using a CCl2F2 gas mixture. In each group, the power of the plasma 
source and the percentage composition of the gas mixture were varied. The obtained structures 
were examined on a profilometer, and numerical results were obtained using the SensoVIEW 8.1 
software package.
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Fig. 1. Images of structures and profiles obtained on the silicon surface by plasma-chemical etching

Results and Discussion

As a result of experimental studies, arrays of structures of various configurations were obtained 
on the silicon surface, some of which are shown in Figure 1.

During the work, the dependence of the height of the formed silicon structures on the power 
source of capacitive coupled plasma was obtained for different percentages of active gas in the 
mixture (Fig. 2).

Fig. 2. Dependence of the height of the structures on the power source of capacitive coupled plasma, 
for different percentages of active gas in the mixture

During the studies, the dependences of the structure parameters on the plasma processing 
modes were obtained, so with a volume fraction of active gas of 14%, a bias voltage of 157 V, the 
height of the structures was 256 nm, and the correspondence of the sizes to the initially specified 
ones was 79%. At the same time, with a volume fraction of active gas of 21% and a bias voltage 
of 168 V, the height of the structures was 338 nm, and the correspondence of the sizes to the 
initially specified ones was 99%.

Conclusion
In this paper, we study the dependences of nanostructure parameters on plasma-chemical 

etching modes. The obtained dependences will allow us to form nanostructures of a given size 
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and minimize deviations from the given size in terms of deviation angle and lateral dimensions. 
For example, with an inductively coupled plasma source power of 400 W, an active gas volume 
fraction of 7%, and a bias voltage of 101 V, we obtained structures measuring 136 nm with 98% 
compliance with the dimensions specified during design. The obtained structures can be used as 
metasurface structures for terahertz photonics.
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Abstract. This study is devoted to the formation of conductive graphene-like layers on the 

surface of silicon carbide by laser removal of silicon in local zones. The work demonstrates 
the effect of the laser system pulse frequency on the thickness and electrical conductivity of 
the resulting conductive graphene-like layer on a silicon carbide plate. In addition, optimal 
parameters for obtaining a conductive coating and the required surface roughness suitable for 
designing antenna devices are determined. At a frequency of 100 kHz, conductive graphene 
films of the coating with a thickness of 6.5 μm were obtained, while the modified zone was 
93% of the total impact area. The thickness of the conductive layer in the local zone processed 
at a frequency of 40 kHz reached 5 μm, and at a frequency of 120 kHz − 7 μm. The results 
demonstrate the potential for the development and creation of sensor elements, optoelectronics 
and photonics devices.
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Аннотация. Данное исследование посвящено формированию проводящих 

графеноподобных слоев на поверхности карбида кремния методом лазерного удаления 
кремния в локальных зонах. В работе продемонстрировано влияние частоты импульсов 
лазерной системы на толщину и электропроводность образующегося проводящего 
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графеноподобного слоя на пластине карбида кремния. Кроме того, определены 
оптимальные параметры для получения проводящего покрытия и требуемой 
шероховатости поверхности, пригодных для проектирования антенных устройств. В 
частности, при частоте 100 кГц были получены проводящие пленки графена покрытия 
толщиной 6,5 мкм, при этом модифицированная зона составила 93% от общей площади 
воздействия. Толщина проводящего слоя в локальной зоне, обработанной при частоте 
40 кГц, достигала 5 мкм, а при частоте 120 кГц – 7 мкм. Полученные результаты 
демонстрируют потенциал для разработки и создания сенсорных элементов, устройств 
оптоэлектроники и фотоники.

Ключевые слова: графен, лазерное разрушение, карбид кремния, микроэлектроника
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Introduction

In recent decades, graphene and graphene-like materials have gained significant popularity 
in the scientific community due to their unique electronic, mechanical and thermodynamic 
properties. These materials offer prospects for the development of more efficient electronic devices 
and sensors, as well as energy storage systems. Traditional methods of graphene synthesis, such 
as chemical vapor deposition or mechanical exfoliation, are associated with certain difficulties, 
including high cost and complexity of the processes [1–2]. One of the promising approaches to 
the formation of graphene-like coatings is laser ablation of the silicon component from a silicon 
carbide (SiC) substrate. This technique allows one to obtain graphene-like films directly on the 
SiC surface and control the process by optimizing the laser exposure parameters. This method 
provides a high degree of control over the properties of the final material and helps to reduce the 
time and cost of synthesis [3]. 

The relevance of this study is due to the growing demand for graphene and graphene-like 
materials in microelectronics and sensors, which necessitates the creation of new efficient and 
cost-effective methods for their production. The SiC substrate on which the conductive layer is 
formed has properties suitable for creating power electronics devices, which makes it a promising 
basis for working with graphene-like films [4]. In addition, the SiC laser ablation method opens 
new opportunities for studying the interaction of laser radiation with materials, which can 
contribute to the creation of innovative technologies for surface treatment and the formation of 
structures for microelectronics tasks [5–7]. Thus, the study is significant not only for materials 
science but also has practical value for the creation of new electronic devices, confirming their 
relevance in modern scientific and technical conditions.

Materials and Methods
The objects of the study were silicon carbide (SiC) substrates of the 6H-SiC polytype, on 

the surface of which a conductive graphene layer was formed by laser ablation. In this work, 
we studied the change in the pulse frequency of the laser system at a constant beam scanning 
speed of 400 mm/s. For the experiments, we used a PL-DFB-1060 laser system – a source of 
coherent radiation with a central wavelength of 1060 nm. The size of the processed local area was 
700×700 μm. The diameter of the laser spot was 20 μm. The resulting graphene-like film samples 
were laser-cut to measure the thickness.
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Fig. 1. Images of a local area on the surface of silicon carbide after the formation of a conductive 
coating using the laser ablation method at a pulse frequency of 40 kHz (a) and at a pulse frequency 

of 120 kHz (b)
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Results and Discussion

Based on the results of the conducted experimental studies, the dependences of physical and 
electrophysical parameters on the pulse frequency of laser processing of the local zone were 
established. Thus, Figure 1, a illustrates a local area with a formed graphene-like film at a pulse 
frequency of 40 kHz, where the thickness of the conductive layer reached 5 μm. Figure 1, b 
demonstrates the result of laser ablation on a section of silicon carbide at a frequency of 120 kHz 
with a conductive layer thickness of 7 μm.

Despite the color and filling of the area, all local areas starting with a laser pulse frequency of 
20 kHz had a conductive surface but had heterogeneity on the surface of the local area, which 
complicated the calculations of materials or antenna devices for which it was planned to develop 
this technology. Starting with a pulse frequency of 100 kHz, the surface of the local area changed 
insignificantly, and the conductivity reached its limit value for the film. The study of samples 
by Raman spectroscopy showed that it can be stated that graphene was formed on the surface 
starting with a frequency of 60 kHz. This fact is also indirectly confirmed by the measured specific 
conductivity of the samples of 5.7∙103 S/cm.

Conclusion
In the presented work, the effect of the laser system pulse frequency on the thickness and 

electrical conductivity of the formed conductive graphene-like layer on a silicon carbide plate was 
established. Additionally, the optimal parameters for the synthesis of the conductive coating and 
surface roughness suitable for designing antenna devices were determined. At 100 kHz, conductive 
films of the graphene-like coating with a thickness of 6.5 μm with a proportion of the modified 
zone of 93% were obtained. The study of the samples by the Raman spectroscopy method 
directly indicates the formation of graphene on the surface, starting from a frequency of 60 kHz. 
This fact is indirectly confirmed by the measured specific conductivity of the samples, which 
was 5.7×103 S/cm. The results obtained are applicable in the development of sensor elements, 
optoelectronics and photonics devices.
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Abstract. The radiation hardness of the operational amplifiers IS-OU2 and LM358 has been 

performed experimentally using X-ray research complex. It was found that the measured char-
acteristics of operational amplifiers (input offset voltage, consumption current, voltage gain) 
for the IS-OU2 and its analogue LM358 are similar and demonstrate radiation hardness. As a 
result, the designed and produced IS-OU2 operational amplifier can be used for producing of 
spacecraft equipment electronics that can operate under space radiation conditions.
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Аннотация. Радиационная стойкость операционных усилителей IS-OU2 и LM358 была 

исследована экспериментально с использованием рентгеновского исследовательского 
комплекса. Установлено, что измеренные характеристики операционных усилителей 
(входное напряжение смещения, потребляемый ток, коэффициента усиления 
напряжения) для IS-OU2 и его аналога LM358 схожи и демонстрируют радиационную 
стойкость. Спроектированный и изготовленный IS-OU2 операционный усилитель может 
быть использован для производства электроники бортовой аппаратуры космических 
аппаратов работающих в условиях космического излучения.

Ключевые слова: операционные усилители, рентгеновское излучение, эффекты 
поглощенной дозы
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Introduction

As it is well known, the operational amplifiers are important parts of modern electronics devices 
that are used widely in many industrial applications such as power engineering, energy systems, 
electrical engineering etc. [1]. For development of industries (cosmonautics, aircraft, engineering 
etc) it is necessary to achieve reliable functioning of the electronic components that used under 
radiation conditions such as space and nuclear radiations [2]. For instance, for similar type of 
bipolar operational amplifier (LM358) were established earlier its radiation hardness and some 
radiation-sensitive parameters to the total ionizing dose effects during its irradiation treatment [3]. 
Therefore, with taking into account, the main goal of this work is to study the radiation behavior 
features, define radiation-sensitive parameters and estimate radiation hardness to the effects of 
the total ionizing dose of designed operational amplifier IS-OU2 (analogue of LM358) using the 
developed X-ray research hardware and software complex (XRC).

Materials and Methods
The objects of the study were operational amplifier IS-OU2 (designed by Bryansk State 

Technical University) and then manufactured by JSC “GRUPPA KREMNY EL” [4]) and its 
analogue LM358 in the SO-8 type package. For radiation behavior study was used the developed 
XRC consisting of the following parts: X-ray equipment RIK-0401, X-ray comparator DRI-0401, 
a set of measuring equipment (sources-measuring instruments PXIe-4143, PXIe-4139), and the 
developed software. The developed XRC is described in detail earlier in [5, 6]. For operational 
amplifier microcircuit, the XRC allows monitoring the main characteristics (input offset voltage, 
consumption current, voltage gain, input offset current etc.). The radiation behavior study 
of operational amplifiers IS-OU2 and LM358 was performed the following operating mode 
of RIK-0401: anode voltage – 70 kV, anode current – 220 μA, the rate of radiation dose 
accumulation was 250 un./s (un. – units of the DRI-0401 comparator including in XRC), the 
distance between the X-ray tube window and the sample – 25 mm. 

Results and Discussion
The operational amplifiers IS-OU2 and foreign analogue LM358 [7] during irradiation 

process were in the active electrical mode (at supply voltage ± 16 V). During the study, the main 
radiation-sensitive parameters of the IS-OU2 have been established (VOS – input offset voltage, 
IC – consumption current, KU – voltage gain). For instance, the dependencies of the input offset 
voltage VOS at the minimum and maximum supply voltage on the total ionizing radiation dose 
D for samples of operational amplifier IS-OU2 and analogue LM358 are shown in Fig. 1, a 
and Fig. 1, b. As follows from Fig. 1, the input offset voltage at the minimum (Fig. 1, a) and 
maximum (Fig. 1, b) supply voltage for the developed operational amplifier IS-OU2 and the 
analogue LM358 increases very slightly with an increase in the total ionizing dose of radiation 
up to 600×103 un. It should be noted that input offset voltage is the radiation-sensitive parameter 
as was established earlier for similar operational amplifier LM358 in paper [3] during gamma 
irradiation treatment. Because of this input offset voltage values for developed amplifier IS-OU2 
do not exceed maximum (± 3.5 mV [4, 7]) and are comparable with LM358. Also it was found 
that the consumption current and voltage gain for the samples of the operational amplifiers IS-
OU2 and its analogue LM358 are quite close.
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Figure 2 shows the results of the radiation study of the consumption current IC of negative 
(Fig. 2, a) and positive (Fig. 2, b) polarity of operational amplifiers for 2 samples of IS-OU2 
(IS-OU2-1 – the first sample and IS-OU2-2 – second sample) and its analogue – LM358.

The consumption currents for the developed operational amplifier IS-OU2 and the analogue 
LM321 change very insignificantly with an increase in the total ionizing radiation dose.

Fig. 1. Dependence of the input offset voltage VOS at the minimum ± 1.5 V (a) and maximum 
± 16 V (b) supply voltage on the total ionizing dose D for operational amplifier LM358 and IS-OU2 

(IS-OU2-1 – the first sample and IS-OU2-2 – second sample) and LM358

a) b)

Fig. 2. Dependence consumption current IC of the negative (a) and positive (b) polarity on the total 
ionizing dose D for operational amplifier IS-OU2 (IS-OU2-1 – the first sample and IS-OU2-2 – 

second sample) and LM358

a) b)

Fig. 3. Dependence of voltage gain KU on the total ionizing dose D for operational amplifier IS-OU2 
(IS-OU2-1 – the first sample and IS-OU2-2 – the second sample) and LM358



176

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

At the same time, the values of the consumption currents of negative and positive polarity 
for the developed operational amplifier IS-OU2 are quite comparable in order of magnitude 
with the analogue LM358. Figure 3 shows the dependences of the gain KU on the total ionizing 
radiation dose D for the operational amplifier IS-OU2 and its foreign analogue LM358. It is 
evident that the gain does not decrease significantly with increasing total ionizing radiation 
dose. At the same time, the values of the gain for the developed operational amplifier IS-OU2, 
although somewhat smaller, are quite comparable in order of magnitude with the analogue 
LM358. Thus, the operational amplifier IS-OU2 samples and its foreign analogue LM358 in 
studied radiation exposure interval (0–600×103 un.) do not undergone a functional failure and 
demonstrate radiation hardness to the effects of the total ionizing dose by studied parameters 
(input offset voltage, consumption current, voltage gain) and therefore can operate under 
radiation conditions such as spice and others [2].

Conclusion
The experimental study of the radiation hardness of the integrated circuit of the operational 

amplifiers IS-OU2 and analogue LM358 has been performed using X-ray research complex. Based 
on the results of experimental studies the radiation-sensitive parameters (input offset voltage, 
consumption current, voltage gain) have been found. It is established that operational amplifier IS-
OU2 samples and its foreign analogue LM358 in investigated radiation exposure interval preserves 
a functional state without functional failure and demonstrate radiation hardness to the effects of 
the total ionizing dose by studied parameters. Because of this, the measured characteristics for 
the samples of the designed operational amplifiers IS-OU2 and analogue LM358 are quite close. 
Therefore, with taking into account, the designed and developed IS-OU2 operational amplifier 
demonstrates radiation hardness and can operate under radiation conditions and can be used for 
producing of devices in spacecraft electronics.
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Abstract. MEMS switches are considered as a promising element base of microwave elec-

tronics, but their performance has not reached the required level yet. The ratio of capacitances 
in the closed and open states does not exceed 10 and has to be increased. A possible method 
is to apply an intermediate electrode over the dielectric coating of a transmission line. In this 
work, a MEMS switch with an intermediate electrode is proposed for use in 5G communica-
tion networks.

Keywords: MEMS switch, intermediate electrode, capacitance ratio, isolation, insertion 
loss, finite element method

Funding: This work was carried out within the state assignment of NRC “Kurchatov institute”.

Citation: Morozov M.O., Uvarov I.V., MEMS switch with an intermediate electrode for 
high-speed communication networks, St. Petersburg State Polytechnical University Jour-
nal. Physics and Mathematics. 18 (3.1) (2025) 178–181. DOI: https://doi.org/10.18721/
JPM.183.135

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 621.3
DOI: https://doi.org/10.18721/JPM.183.135

МЭМС-переключатель с дополнительным электродом 
для систем высокоскоростной связи

М.О. Морозов 1, 2 ✉, И.В. Уваров 1

1 Отдел микротехнологий – Ярославль ОФТИ им. К.А. Валиева НИЦ 
«Курчатовский институт», г. Ярославль, Россия;

2 Ярославский государственный университет им. П.Г. Демидова, г. Ярославль, Россия
✉ matvey11212@gmail.com

Аннотация. МЭМС-переключатели рассматриваются в качестве основы перспективной 
элементной базы СВЧ-электроники, но к настоящему времени их характеристики 
не достигли нужного уровня. Отношение емкостей в разомкнутом и замкнутом 
состояниях не превышает 10 и требует увеличения. Один из способов заключается в 
нанесении дополнительного электрода на диэлектрическое покрытие линии передач. В 
настоящей работе представлен МЭМС-переключатель с дополнительным электродом, 
предназначенный для работы в сетях связи 5G.
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Introduction

Development of 5G high-speed communication networks with frequency ranges of 3.4–3.8 and 
4.4–4.99 GHz requires advanced electronic components for switching microwave signals. Widely 
used semiconductor switches are fast and reliable due to the absence of movable mechanical 
structures, but suffer from high signal loss and power consumption. Alternative switches are 
fabricated using microelectromechanical systems (MEMS) technology. These are miniature 
electromechanical relays that operate on an electrostatic principle. MEMS switches provide low 
insertion loss and high isolation combined with low power consumption and short switching time.

The important parameter of a MEMS switch with a capacitive contact is the ratio of 
capacitances in the closed and open states. This value usually does not exceed 10 [1–3] and does 
not provide the required switching effect. The capacitance ratio can be improved by applying an 
intermediate electrode on top of the dielectric. In this case, the capacitance ratio can be varied 
widely by changing the size of the intermediate electrode and the dielectric layer material. This 
work is devoted to the investigation of the working characteristics of a switch with an intermediate 
electrode designed for the frequency range of 3.4–4.99 GHz.

Materials and Methods
The MEMS switch is schematically shown in Fig. 1, a. A movable electrode is an aluminum 

cantilever with a length of 50 µm attached to a grounded conductor of a coplanar waveguide. A 
signal conductor with width wl = 150 µm passes under the cantilever at a distance of 1 µm. A 50 
nm thick dielectric layer and 100 nm thick intermediate electrode of ruthenium are formed on the 
signal conductor. When the cantilever is located horizontally (Fig. 1, b), the switch is open. The 
capacitance Cup between the signal and the grounded conductor is small, so the signal goes through 
the transmission line with minimal loss. When a voltage is applied to the driving electrode, the 
switch is closed. The cantilever bends under the electrostatic force and touches the intermediate 
electrode. The capacitance between the signal and the grounded conductor increased significantly 
due to the high capacitance Cdown between the signal conductor and the intermediate electrode. 
This capacitance shunts the signal conductor and blocks the signal path. A necessary condition is 
low contact resistance between the cantilever and the electrode.

The capacitance ratio can be estimated using an expression [4]:

 
(1)

where ε is the dielectric constant of the material between the intermediate electrode and the 
signal conductor, le is the length of the intermediate electrode, S = 179 µm2 is the overlap area 
between the cantilever and the electrode, g = 1 µm is the air gap between the cantilever and 
the signal conductor, td = 50 nm and te = 100 nm are the thicknesses of the dielectric and the 
electrode, respectively. For ε ~ 10 and le ~ 100 µm the capacitance ratio is 104. This estimate is 
three orders of magnitude higher than the Сdown /Сup of conventional switches. 

The passage of a signal in two states of the switch can be estimated by a single parameter S21:
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where Z0 = 50 Ohm is the characteristic impedance, Z is the series impedance, ω is the frequency 
of the switched signal, R, L, C are the resistance, inductance and capacitance of the switch. In 
the open state, S21 has a minimal value with a capacitance Cup, and a maximum value in the 
closed state with a capacitance Cdown. However, formulas (1)−(3) use ideal capacitance between 
cantilever and the signal line. The real switch uses a capacitance between the grounded and the 
signal conductors, which includes a parasitic component. Parasitic capacitance increases total C, 
and therefore we have a larger signal loss and lower capacitance ratio. It is impossible to account 
for all parasitic relationships analytically. Precise calculation is performed by the finite element 
method. It simulates an actual chip design and takes into account parasitic capacitances.

The model includes a sapphire substrate with an area of 1.7×1.6 mm2 and a thickness of 460 µm, 
on which a coplanar waveguide is formed (Fig. 1, c). The conductors consist of ruthenium and 
an aluminum layers with a thickness of 0.1 and 3 µm, respectively. The cantilever is placed in 
the central area of the chip, while the driving electrode is connected to a contact pad on the 
periphery. To reduce the calculation time, the bending of the cantilever under electrostatic force 
is not considered. The change of the switch state is simulated by varying the height of contact 
bumps of the cantilever. 

Fig. 1. MEMS switch with an intermediate electrode: general view (a); open and closed states (b); 
a model of the chip (c)

a) b)

c)

Results and Discussion

Switch performance is optimized by varying the length of the intermediate electrode and the 
material of the dielectric layer. The initial parameters are le = 400 µm and ε = 3.9 (for SiO2). 
The radio frequency characteristics of a switch with these parameters are shown in Fig. 2, a. 
Acceptable insertion loss below 0.15 dB and isolation more than 20 dB are provided in the range 
of 1.3–4.8 GHz, which does not include an upper part of the target range. To shift the operating 
range upward, one has to increase the resonant frequency f0, at which the isolation takes the 
maximum value. An increase of f0 is achieved by reducing le, which reduces the capacitance Cdown. 
The performance of the switch with an electrode length of 100 and 200 µm is shown in Fig. 2, a. 
The optimal value is le = 200 µm, which provides the working range of 2.1–5.7 GHz. The 
calculated Cdown and Cup are 20.40 pF and 0.14 pF. The capacitance ratio of 146 is more than an 
order of magnitude higher than the typical value for switches without an intermediate electrode.
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Fig. 2. The dependence of isolation and insertion loss on the signal frequency: for different lengths of 
the intermediate electrode (a); for different dielectrics at le = 200 µm (b). The values of ε are shown 

in brackets

a)

A further growth of the capacitance ratio is possible by use of dielectrics with higher ε. AlN, 
Si3N4, Al2O3, Ta2O5, HfO2, TiO2 and SrTiO3 are considered as an alternative to SiO2. The highest 
ratio of 6502 is provided by SrTiO3 (ε = 120) [5]. Increasing ε has negligible effect on insertion 
loss, but significantly changes isolation, as shown in Fig. 2, b. The maximum isolation increases 
with ε, but the operating range shifts below the target frequencies. For the range of 3.4–4.99 GHz, 
SiO2 remains the best material.

Conclusion

The paper describes a MEMS switch with an intermediate electrode designed for 5G 
communication networks. The finite element method was used to calculate the capacitive 
characteristics, as well as isolation and insertion loss in the frequency range up to 10 GHz. 
A switch with an intermediate electrode length of 200 µm and a dielectric layer of SiO2 provides a 
capacitance ratio of 146, which is more than an order of magnitude higher than that for switches 
without an intermediate electrode. Acceptable insertion loss of less than 0.15 dB and isolation 
higher than 20 dB are achieved in the range of 2.1–5.7 GHz, fully covering the operating 
frequencies of 5G communication networks.

REFERENCES

1. Yang H.-H., Zareie H., Rebeiz G.M., A high power stress-gradient resilient RF MEMS capacitive 
switch, J. Microelectromech. 24 (2015) 599–607.

2. Grichener A., Rebeiz G. M., High-reliability RF-MEMS switched capacitors with digital and analog 
tuning characteristics, IEEE transactions on microwave theory and techniques. 58 (10) (2010) 2692–2701.

3. Zareie H., Rebeiz G. M., High-power RF MEMS switched capacitors using a thick metal 
process, IEEE transactions on microwave theory and techniques. 61 (1) (2012) 455–463.

4. Morozov M.O., Uvarov I.V., Performance Calculation for a MEMS switch with a Floating 
Electrode, Russ. Microelectron. 52 (6) (2023) 493–503.

5. Park J.Y., Kim G.H., Chung K.W., Bu J.U., Electroplated RF MEMS capacitive switches, 
Proceedings IEEE Thirteenth Annual International Conference on Micro Electro Mechanical Systems 
(Cat. No. 00CH36308). (2000) 639–644.

THE AUTHORS

MOROZOV Matvey O.
matvey11212@gmail.com
ORCID: 0009-0005-3723-5924

UVAROV Ilia V.
i.v.uvarov@bk.ru
ORCID: 0000-0002-6882-0625

Received 12.08.2025. Approved after reviewing 10.09.2025. Accepted 10.09.2025.

© Peter the Great St. Petersburg Polytechnic University, 2025

b)



182

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

Conference materials
UDC 621.383.51
DOI: https://doi.org/10.18721/JPM.183.136

Black silicon formation using cryogenic etching and photoresist layer

E.A. Vyacheslavova 1✉, D.V. Mokhov 1, A.V. Uvarov 1, A.A. Maksimova 1, 2, 

O.P. Mikhaylov 1, A.I. Baranov 1, A.S. Gudovskikh 1, 2 

1 Alferov University, St. Petersburg, Russia;
2 St. Petersburg Electrotechnical University “LETI”, St. Petersburg, Russia

✉ cate.viacheslavova@yandex.ru
Abstract. A series of experiments were conducted to develop the plasma etching of black 

silicon through a layer of polydimethylglutarimide (PMGI) photoresist. The silicon wafers were 
previously subjected to wet-chemical treatment. A ~25 nm thick photoresist layer facilitates the 
process of creating regular black silicon structures on substrates with a diameter of 100 mm. 
The etching process was varied in terms of the sulfur hexafluoride (SF6) and oxygen (O2) gas 
mixture ratio, RF power applied to the substrate holder (bias power), inductively coupled 
plasma (ICP) power and chamber pressure. Increasing the bias power from 10 to 30 W under 
otherwise constant conditions enhances the etching rate. Reducing the pressure in the reactor 
from 10 to 5 mTorr at a constant gas flow rate leading to a higher etching rate. Increasing the 
proportion of oxygen in the SF6/O2 gas mixture (2:1) enhances passivation, reducing the black 
silicon structures size. 
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Аннотация. Была проведена серия экспериментов по разработке технологии плазмен-

ного травления черного кремния через слой фоторезиста полидиметилглутаримида 
(PMGI). Кремниевые пластины предварительно подвергались жидкой химической 
обработке. Слой фоторезиста толщиной ~25 нм способствует процессу создания 
регулярных структур черного кремния на подложках диаметром 100 мм. 
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Процесс травления проведен с вариаций соотношения газовой смеси гексафторида 
серы (SF6) и кислорода (O2), мощности радиочастотного излучения, подаваемого на 
держатель подложки (мощность смещения), мощности индуктивно-связанной плазмы 
(ИСП) и давления в камере. Увеличение мощности смещения с 10 до 30 Вт при прочих 
равных условиях увеличивает скорость травления. Снижение давления в реакторе с 10 
до 5 мТорр при постоянном расходе газа приводит к увеличению скорости травления. 
Увеличение доли кислорода в газовой смеси SF6/O2 (2:1) усиливает пассивацию, 
уменьшая размер структур черного кремния. 

Ключевые слова: черный кремний, резист PMGI, криогенное травление, солнечный 
элемент
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Introduction

Solar photovoltaic power is among the most dynamically advancing fields in renewable energy. 
Around 95% of the global photovoltaic market consists of silicon solar cells [1]. Nanostructured 
black silicon (b-Si) is a promising solution for reducing optical reflectance in solar cells. This 
material exhibits excellent optical characteristics across a wide wavelengths range and angles of 
light incidence [2]. 

Black silicon can be obtained by various methods, including metal assistant chemical etching 
(MACE) [3], laser texturing [4] and plasma etching [5]. MACE and laser texturing methods are 
inferior to plasma etching in terms of precision, structure control, safety and scalability. Thus, 
plasma etching demonstrates the best balance between structural quality and process flexibility. 
The cryogenic etching [6] makes it possible to create highly aspect structures on a silicon substrate 
using plasma etching techniques. 

During cryogenic etching of substrates that had wet-chemical treatment, we encountered 
an issue with the non-uniform formation of areas with b-Si structures. Therefore, a series of 
experiments were conducted to develop and optimize the etching process for nanostructured 
silicon using a photoresist layer. The influence of key parameters such as bias power, ICP 
power, gas composition and pressure on the morphology and optical properties of black silicon 
is investigated.

Experimental section
The etching was carried out using c-Si (100) wafers (n-type doped, 2−3·1015 cm−3) through 

a PMGI photoresist layer. The substrates were previously subjected to wet-chemical treatment. 
It were boiled in carbon tetrachloride and then in isopropyl alcohol for 5 minutes. Then the 
substrates were dipped in a hydrofluoric acid solution for 1 minute to remove the natural oxide. 
The substrates were washed with deionized water after each stage. 

To obtain a thin and uniform coating, PMGI was diluted with the solvent T-Thinner (by 
Micro Chem). Before applying PMGI, it was heated to room temperature to ensure optimal 
adhesion of the photoresist to the substrate surface and to reproduce the layer thickness. The 
PMGI photoresist was applied via spin coating at 4000 rpm for 4 minutes across the entire surface 
of silicon substrate with a diameter of 100 mm. Followed by baking on a hotplate of 5 minutes at 
180 °C. A thin (~25 nm) photoresist layer acts as the organic layer that initiates the formation of 
ordered black silicon structures.



184

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

Then we used cryogenic etching (−150 °C) in an SF6/O2 gas mixture to obtain b-Si structures. 
The etching process time was 10 min. A series of experiments was conducted with variations in 
SF6/O2 process gas flow ratio, RF power, ICP power and pressure. The different technological 
parameters of cryogenic etching summarized in Table.

Tab l e

Investigation of different cryogenic etching parameters

№ RF power, W SF6/O2 Pressure, mTorr ICP power, W h, µm
1.1 10

3/1
5

1000

~4.1
1.2 20 ~6.3
1.3 30 −
1.4 5 ~1.1
2.2

10

2/1 ~1.4
2.3 5/1 −
3.2

3/1

7 ~2.8
3.3 10 −
4.2

5
1200 ~6.3

4.3 700 −

The b-Si morphology was examined by SEM (Carl Zeiss Supra 25). The total reflectance 
spectra were measured using an integrating sphere and an AvaSpec SensLine spectrometer.

Results and Discussion
The key challenge is to optimize the nanostructure geometry (height, shape, and periodicity) to 

achieve low reflectivity through surface texturing while maintaining effective passivation properties 
for recombination suppression.

The etched silicon wafers consist of high density of b-Si structures. Figure 1 shows a SEM 
images of nanostructures at different bias power (a–c), pressure (d) and ICP power (e).

Fig. 1. A SEM image of the b-Si at different RF power (a–c), pressure (d) and ICP power (e)

a) b) c) d) e)

Increasing the RF power from 10 to 30 W under otherwise constant conditions (SF6/O2 of 
3/1, pressure of 5 mTorr, ICP power of 1000 W) enhances the etching rate due to the growing 
contribution of the ion-induced (physical) component of the etching process. However, at 30 W, 
the process becomes destructive to the b-Si structure formation. 

To investigate the effect of the oxygen ratio in the SF6/O2 gas mixture, the gas proportion was 
varied while keeping the other parameters constant (RF power of 10 W, pressure of 5 mTorr, ICP 
power of 1000 W). Increasing the proportion of oxygen in the SF6/O2 gas mixture (2:1) enhances 
passivation, reducing the structures size. With an SF6/O2 ratio of 5:1, the oxygen proportion may 
be too low for passivation, and black silicon structures do not form.
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Reducing the pressure in the reactor from 10 to 5 mTorr at a constant gas flow rate increases 
the mean free path and energy of ions, leading to a higher etching rate. 

Raising the ICP power to 1200 W causes excessive etching of the nanostructures tips, making 
subsequent surface passivation more challenging. Constant process parameters include RF power 
of 10 W, SF6/O2 of 3/1, pressure of 5 mTorr. 

Figure 2 compares the total reflectance spectra of the non-cryogenically etching c-Si wafer and 
substrates with black silicon structures.

Fig. 2. Total reflectance spectrum of b-Si structures fabricated under different etching parameters

The Si substrate exhibits the total reflectance of more than 24% from 400 to 1000 nm. 
The nanostructure obtained at a RF power of 5 W consists of sparse cone-shaped formations 
approximately 1.1 µm in height. Its reflectance is similar to that of an non-etched substrate. 

The b-Si structures obtained at a pressure of 7 mTorr exhibit a conical shape with a height 
of ~2.8 μm. It demonstrate a total reflectance below 10% across a broad spectral range and are 
likely to achieve even lower reflectivity after the emitter layer deposition.

Conclusion
The technology for plasma etching of black silicon on substrates subjected to wet-chemical 

treatment has been developed. A ~25 nm thick PMGI resist layer, formed via spin-coating, 
facilitates the process of creating black silicon structures on substrate with diameter of 100 mm. 
The etching process was carried out by varying parameters such as the SF6/O2 gas mixture ratio, 
bias power, ICP power and chamber pressure.
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Abstract. A method for manufacturing a gas-analytical multisensor chip is presented. The 

technological process of manufacturing with an additional SiO2 layer is described. It was found 
that the design of the experimental sample of the multisensor chip and the technology of syn-
thesis of low-dimensional gas-sensitive layers provide sensitivity to detected gases up to 1 ppm 
and allow to increase the speed and temporal stability.
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Аннотация. Представлен способ изготовления газоаналитического мультисенсорного 

чипа. Описан технологический процесс изготовления с дополнительным слоем 
SiO2. Установлено, что конструкция экспериментального образца мультисенсорного 
чипа и технология синтеза низкоразмерных газочувствительных слоев обеспечивают 
чувствительность к детектируемым газам до 1 ppm и позволяют повысить быстродействие 
и временную стабильность.
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Introduction

Despite their high gas sensitivity and long-term stability, existing methods for manufacturing a 
gas multisensor based on zinc oxide have obvious drawbacks. In one method, a zinc oxide layer 
is obtained by electrochemical deposition on a dielectric substrate with strip electrodes, to which 
a constant electric potential is applied. The disadvantage is that it is impossible to completely 
control the filling of the zinc oxide structures of the gaps between the strip electrodes, which 
demonstrates the lag of the electrochemical deposition method compared to the hydrothermal 
method of zinc oxide deposition. In another method, the heaters are placed on the opposite side 
from the gas-sensitive layer, which leads to a longer heating due to the heat flow to the heater 
through the substrate [1]. 

Thus, there is a problem of creating a gas-analytical multisensor chip, the chemoresistive 
elements of which are made on the basis of zinc oxide nanostructures, the synthesis of which is 
carried out by the hydrothermal method with high temporal stability and increased speed. Such a 
multisensor chip should be distinguished by an increased service life at a low cost and is capable 
of detecting organic vapors with different concentrations.

Experimental technique
During the implementation of the technology for obtaining a gas-sensitive multisensor based 

on zinc oxide nanorods, sitall St 50−1−1, which has low thermal conductivity, was taken as the 
material of the dielectric substrate [2]. At the first stage, the substrate is cleaned and the surface 
is prepared. At the second stage, a set of meander heaters is formed from Pt using the thermal 
vacuum deposition method. At the third stage, a dielectric heat-transfer layer is deposited from 
polycrystalline SiC with a thickness of 1.5−2 μm, which has low oxide formation energy with 
high thermal conductivity. This allows increasing the heating rate of the gas -analytical layer. At 
the fourth stage, a set of coplanar interdigital electrodes is formed. At the fifth stage, zinc oxide 
nanorods obtained by hydrothermal synthesis are deposited. The technological process is shown 
in Figure 1.

The nanorods are synthesized as follows. The first seed layer of zinc oxide is applied by 
magnetron sputtering methods with a thickness of about 20−50 nm. To form the embryonic layer, 
a solution was prepared by mixing 50 ml of isopropyl alcohol and 0.05 g of dihydrate zinc acetate. 
This solution was first applied in a single layer (10 µl), then subjected to centrifugation at 3000 rpm 
for 60 seconds, followed by annealing at 350 °C for 2 minutes. This layer application process was 
repeated three times. Accordingly, the embryonic layer consists of a base of three layers of 10 µl 
each, applied using the described technology. To grow the second structured functional layer of 
ZnO nanostructures, zinc acetate (175.6 mg), water (80 ml), hexamethylenetetramine (112.1 mg) 
and centrimonium bromide (27.6 mg) are mixed. Substrates with the seed layer are dipped into 
the resulting solution. Synthesis is carried out in a thermostat at a temperature of 85 °C for 
1 hour. Then the substrates are washed with distilled water and dried at room temperature. Then, 
annealing is performed and ZnO nanorods with a SiO2 film, followed by etching to the level of 
colloidal quantum dots are passivated. The SiO2 film, which provides protection from oxidation, 
is obtained by RF magnetron sputtering [3].
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Tab l e

Chip characteristics

Fig. 1. Scheme of the sensor layer structure synthesis

Results and Discussion

The analysis of the obtained gas-sensitive multisensor chip was conducted using scanning 
microscopy on an atomic force microscope (AFM) platform NTEGRA, which allows contact and 
semi-contact modes. However, it was more appropriate to measure the samples using the more 
complex semi-contact mode, due to the inevitable damage to fragile nanorods in contact mode.

Analysis showed that the growth pattern of nanorods on the metal and on the embryonic 
layer differs [4]. Nanorods grow not only on the embryonic layer (the substrate itself) but also 
throughout the volume of the solution. However, nanorods growing within the solution volume 
eventually fall onto the surface of the substrate [5]. Such rods do not participate in electrical 
conductivity (they are not anchored) and, therefore, do not affect gas sensitivity.

Nanorods were studied under the influence of isopropanol vapors of concentrations equal to 
1150 ppm and 5370 ppm (Fig. 2).

Fig. 2. A graph of resistance dependence upon exposure to isopropanol vapors of concentrations equal 
to 1150 ppm and 5370 ppm

The results are presented in Table. It was found that the gas-sensitive chip meets the specified 
parameters and provides sensitivity to detected gases up to 1 ppm.

Isopropanol  
concentration Sensitivity, ppm Detection rate, s

T heater

210 °C

n S t
1150 1.01 219
1150 0.99 287
5370 1.18 340
5370 0.96 417
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Thus, due to the location of the heaters on the front side of the substrate and the high thermal 
conductivity of SiC, the gas-sensitive chip reaches the mode faster. Evaluation of the effect of 
an additional protective layer of SiO2 demonstrated the absence of an effect of this film on gas 
sensitivity. For this purpose, samples with and without SiO2 film were placed in an environment 
with detectable gas (isopropanol) at a temperature for 10 days and it was found that the deviations 
in resistance were insignificant.

Conclusion
Thus, the use of the proposed method for manufacturing a gas-sensitive multisensor chip 

allows to increase performance with higher temporal stability. It has been established that the 
protective SiO2 layer does not impair the sensitivity of the gases being detected.
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Abstract. In this work, experimental and numerical investigation of second harmonic gen-
eration (SHG) in mesoporous Si/SiO2 nanoparticles has been performed. Experimental results 
are well-described by simulations. Spectral analysis reveals that SHG efficiency maxima cor-
relate with Mie resonances of Si/SiO2 nanoparticles. Tuning the diameter of the structures 
the maximum SHG efficiency for required wavelength can be achieved. The nonlinear optical 
susceptibility of the studied nanoparticles attains values on the order of 1.59×10−14 m2/V, which 
exceeds that of bulk silicon. Spherical mesoporous Si/SiO2 nanoparticles demonstrate effective 
second harmonic generation with simple, low-cost fabrication, making them promising candi-
dates as tunable frequency converters for integrated nanophotonic circuits. 
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Аннотация. В данной работе проведено экспериментальное и численное 

исследование генерации второй гармоники (ГВГ) в мезопористых наночастицах Si/SiO2. 
Спектральный анализ показывает, что максимумы эффективности ГВГ коррелируют 
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с резонансами Ми наночастиц Si/SiO2. Путем настройки диаметра структур можно 
достичь максимальной эффективности ГВГ для требуемой длины волны. Нелинейная 
оптическая восприимчивость исследуемых наночастиц достигает значений порядка 
1,59×10−14 м2/В, что превышает значения для объемного кремния. Сферические 
мезопористые наночастицы Si/SiO2 демонстрируют эффективную генерацию второй 
гармоники при простом и недорогом изготовлении, что делает их перспективной 
альтернативой в качестве перестраиваемых преобразователей частоты для интегральных 
нанофотонных схем.

Ключевые слова: генерация второй гармоники, кремний, сферические наночастицы, 
Ми резонансы, золото, мезопористый 
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Introduction

Second-order nonlinear optical effects are essential for coherent light sources, optical 
amplifiers, and nanophotonic devices, particularly for converting infrared to visible light via 
second harmonic generation (SHG). While nonlinear crystals like KDP and LiNbO3 [1, 2] and 
III-V semiconductors [3] offer efficient frequency conversion, their high cost and limited silicon 
compatibility restrict integration into modern optical systems.

Silicon platforms provide cost-effective fabrication of diverse structures but suffer from 
poor second-order nonlinear efficiency due to silicon's symmetry of the crystal lattice, which 
eliminates bulk SHG. However, SHG can be allowed through symmetry breaking at crystal 
boundaries [4] and higher-order interactions. Since SHG depends on morphology and surface 
properties, approaches include porous silicon and silicon nanoparticles/nanowires with 
favorable second-order characteristics [5]. Additional enhancement approaches include optical 
cavities for electromagnetic field enhancement, which are formed by dielectric or plasmonic 
materials. 

Previous work, devoted to the study of the mesoporous Si/SiO2 nanoparticles [6], represents 
experimental results for the array of the nanoparticles. In this work, investigation of the second 
harmonic generation in single mesoporous nanoparticles of different diameters was held 
numerically and experimentally. Nanoparticles are a framework of silicon oxide (SiO2) filled with 
nanocrystalline silicon. 

Materials and Methods
The mesoporous Si/SiO2 nanoparticles have complex structure that is challenging to construct 

and calculate numerically. However, when material crystallites are much smaller than the incident 
wavelength, the Bruggeman effective medium approximation can describe the optical properties of 
these composite materials. Numerical calculations were performed using COMSOL Multiphysics 
for spherical mesoporous Si/SiO2 nanoparticles of different diameters. The model used Si/SiO2 
particles laying on gold substrate and surrounded by air shell, with incident wavelengths of 
840–1000 nm. Refractive indices and extinction coefficients for silicon and silicon oxide taken 
from references [7] and [8], respectively.

Nonlinear polarization, which determines the SHG in the studied Si/SiO2 nanoparticles on 
gold is considered as follows:
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Fig. 1. SHG efficiency spectra (λexc – excitation wavelength) for mesoporous Si/SiO2 nanoparticles 
with diameters d = 370 nm and 420 nm

There are 2 possible mechanisms of SHG: surface SHG ,surfP
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components of the surface tensor of nonlinear optical susceptibility.

Second harmonic measurements were performed using a Zeiss LSM-980 confocal scanning 
laser microscope with a Coherent Discovery-NX acousto-optic modulator. The sample was 
excited by 150 fs femtosecond pulses at 80 MHz repetition rate with maximum power of ~25 
MW (0.3 nJ per pulse). Signals were detected in reflection geometry.

Results and Discussion
Experimental and numerical results of the investigation are represented on Fig. 1.
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Experimental spectra has different maxima, representing enhancement in nonlinear response. 
However, the nature of these peaks can be figured out using numerical calculations. Thus, the 
results of the numerical calculations, related to different SHG mechanisms, were plotted in the 
experimental graphs. In Fig. 1, one can see two main contributions to SHG from mesoporous 
Si/SiO2 nanoparticles: external surface contribution and nonlinear response from the crystallites 
edges. Both this mechanisms shows some maxima that can be related to different Mie and 
hybrid resonances formed by nanoparticle and gold substrate. The calculated nonlinear optical 
susceptibility of the considered nanoparticles under resonance conditions can reach values on the 
order of 1.59×10−14 m2/V, which exceeds that of bulk silicon [9].

Comparing experimental and numerical results one can talk about the relationship of the 
maxima of the spectra with the resonances at different wavelengths. Both mechanisms of SHG 
in nanoparticles under investigation contribute to experimental nonlinear response. All peaks 
obtained experimentally are described by calculated curves adjusted for their intensity. This 
correction may be related to the inaccuracy of modeling in relation to experimental conditions. 
Nevertheless, we can talk about a good agreement between experiment and theory.

Conclusion
In this work, the results of a numerical and experimental study of the second harmonic 

response from single mesoporous Si/SiO2 nanoparticles are considered. SHG in such strictures 
is mainly described by two mechanisms: external surface SHG and crystallites edges SHG. 
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It was found that both SHG mechanisms contribute to nonlinear response in the nanoparticles, 
which manifests itself as an increased efficiency of second harmonic generation at resonant 
wavelengths.

Thus, the possibility of effective generation of the second harmonic in spherical mesoporous 
Si/SiO2 nanoparticles is shown. The simplicity, as well as the low cost of their manufacture, makes it 
possible to propose these structures as efficient tunable frequency converters for nanophotonic circuits.
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Аннотация. В статье рассмотрены различные режимы лазерной полировки поверхности 
нержавеющей стали с целью снижения шероховатости поверхности для создания 
модельных микроканавок, соответствующих элементам микрофлюидной топологии. 
Рассмотрен эффект образования оксидной пленки и ее влияние на шероховатость 
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Introduction

Microfluidics is one of the fastest growing fields in the modern world. Microfluidic technologies 
are used in such areas as medicine, pharmacology, microelectronics, mechanical engineering 
and the aerospace industry [1]. Therefore, the search for new materials and methods of their 
processing determines the economic, environmental and technological needs of microfluidic chip 
production.

The main difficulty is to create microchannels with low roughness and surface morphology 
without microcracks and nanopoils. Previously, in our work [2], using multi-stage laser processing 
of a stainless steel plate, where parameters such as repetition rate, power and pulse duration were 
changed between iterations, model microchannels were obtained on its surface (Fig. 1), which are 
elements of a microfluidic system.

Fig. 1. Photos of experimental grooves

Obtained results showed that the stripes corresponding to the scanning paths of the laser beam 
are clearly visible on the walls of the obtained topologies, which indicate the high roughness of 
this surface of the microchannels. In particular, these parameters are important for controlling 
the technological process, since a high roughness value can noticeably change the properties 
of fluid movement due to the transformation of the influence of capillary and gravitational 
forces inside the microfluidic chip, up to the impossibility of stable functioning of the entire 
system [3, 4]. Therefore, the development and improvement of the polishing process when 
creating a microfluidic topology is very important. Moreover, AFM research indicated micro 
cracks on the surface after laser treatment with such energy parameters, which meant that laser 
processing iterations must be transform and include some steps, which allow decreasing the 
surface roughness. To reduce this surface parameter, it was decided to develop softer, polishing 
laser treatment modes.

There are 3 main processes of laser polishing: ablation of large areas of the surface, ablation of 
local (small) areas of the surface and polishing by remelting the surface layer of the material [5]. When 
polishing large areas by ablation, the material evaporates over the entire surface, while local areas 
ablation leads to removing the material from the peaks of the surface (a complex and expensive 
measurement system is needed to find the peak positions). When polishing by remelting, a thin 
surface layer melts and the surface tension leads to the alignment of the material [6, 7]. In this 
paper, the results of the development of laser treatment modes based on the 3rd method of 
polishing metal surfaces described above are presented. 

Materials and Methods
The studies were carried out on a 2 mm thick stainless steel plate. The percentage of chemical 

elements of metal is shown in Table 1 (the data were obtained by X-ray fluorescence analysis). 
The sample was processed with a precision laser marker “MiniMarker2” (Laser Center LLC, 
Russia) based on ytterbium fiber laser with a wavelength of 1.064 microns.
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Fig. 2. Photos of polishing treatment modes

Tab l e  1

Percentage content of chemical Elements 

Elements Content, % Elements Content, %

Iron (Fe) 71.738 ± 0.348 Silicon (Si) 0.424 ± 0.115
Chromium (Cr) 18.233 ± 0.147 Cobalt (Co) 0.259 ± 0.020

Nickel (Ni) 8.076 ± 0.138 Vanadium (V) 0.077 ± 0.011
Manganese (Mn) 1.165 ± 0.040 Titanium (Ti) 0.021 ± 0.006

The roughness of the treated surface was assessed using an Industrial NSRT-100 profilometer 
(NORGAU, Russia). Before evaluating the roughness parameter of the treated zones, the 
profilometer was calibrated on a reference sample with known roughness. The measurement error 
of the parameter Ra was about 5%. Measurements of 1 sample occurred 5 times, after which the 
average roughness was calculated.

Results and Discussion
During a multi-stage exposure to a metal plate with an IR laser, it was possible to identify 

processing modes to create a polished surface. The initial roughness of the plate (Ra) is 
0.754 microns. Such parameters as power, frequency, pulse duration, and fill angle were changed 
between the stages of exposure. Examples of some modes are shown in Figure 2.

Tab l e  2

Roughness parameters of polishing modes

№ Ra, µm № Ra, µm
1 0.775 7 0.447
2 0.690 8 0.270
3 0.615 9 0.232
4 0.704 10 0.188
5 0.420 11 0.180
6 0.370 12 0.173

In the first 4 treatment modes, one can notice a change in the color of the treated area as 
a result of the appearance of an oxide film. This effect is observed due to the fact that heated 
ambient gases react with the heated plate material, forming iron oxides and other impurities on 
its surface.
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According to our previous study [2] the effect of oxide film formation is negative, as it 
increases the roughness of a larger area, as can be seen from the table above. It proves our 
previous measurements and conclusions.

At the same time, the presence of a metallic sheen indicates a lower surface roughness value. 
In this case, the most effective laser treatment modes are from 10 to 12 from the table above. 
These modes were obtained by a laser beam with a diameter of 50 microns and a pulse duration of 
350 ns with four-stage processing, between which the power (from 5.4 to 2.1 W), pulse repetition 
rate (from 40 to 60 kHz), scanning speed (from 500 to 1000 mm per second), as well as the fill 
density varied (from 100 to 200 lines per mm) and the fill angle (from 45 to 315 degrees).

However, it is necessary to take into account the corrosion resistance of the material both with 
and without the presence of an oxide film to the effects of chemical liquids, therefore, one of the 
next stages of the work will be experiments to identify the corrosion resistance of the metal under 
different polishing conditions.

Conclusion
Using laser treatment with IR radiation, it was possible to reduce the roughness from 

0.754 microns to 0.173 microns, that is, this parameter improved by 77.1%. The most effective 
laser polishing modes demonstrated in this work will be used in further studies as part of iterations 
in obtaining model grooves with subsequent AFM examination for the presence of microcracks.
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Abstract. This study explores the optical properties of a perovskite-GST hybrid platform, 
revealing a remarkable, up to twofold, increasing of photoluminescence intensity of halide per-
ovskite thin film by switching the phase of GST substrate from amorphous to crystalline. The 
underlying mechanisms responsible for this strong modulation in photoluminescence intensity 
are related to interaction between the halide perovskite and the GST substrate, which we are 
investigating through comprehensive morphological and optical characterization techniques, 
highlighting the different reflectance properties of the crystalline and amorphous phases of 
GST. We consider this hybrid platform as a promising architecture for a neuromorphic system, 
leveraging the volatile properties of halide perovskites with the non-volatile characteristics of 
GST. This architecture aims to mimic the functionalities of the human brain, including the 
behavior of neurons and synapses, thus opening new avenues for the development of energy-ef-
ficient and highly adaptive computing systems. Our findings contribute to a deeper understand-
ing of hybrid perovskite-GST platform and its potential in future technological applications in 
neuromorphic systems.
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Аннотация. Данное исследование изучает оптические свойства гибридной 
платформы на основе перовскита и GST, демонстрируя увеличение интенсивности 
фотолюминесценции тонких пленок галогенидного перовскита до двух раз при 
переключении фазы GST с аморфной на кристаллическую. В этой работе мы 
фокусируемся на исследовании возможных механизмов такой модуляции и ее 
потенциальных применений для нейроморфных систем.
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Introduction

Nowadays, artificial intelligence (AI) and machine learning are making significant progress 
as they can be applied to various aspects of our lives. While AI software continuously improves 
through machine learning techniques, it is also important to develop the technical basis of AI. 
Commonly, advanced AI systems use bio-inspired neuromorphic architectures that operate based 
on the principles of the human brain, utilizing volatile neurons and non-volatile synapses [1]. To 
increase the operational speed and energy efficiency of such systems, the scientific community 
is actively exploring novel architectures and materials suitable for this application. Hybrid 
platforms with halide perovskite, such as silicon-perovskite, already demonstrate high potential in 
optoelectronic applications, including Si-perovskite tandem solar cells and photodetectors [2, 3]. 
Here, we study the properties of halide perovskite in combination with germanium-antimony-
tellurium (GST) phase-change alloy as it is a promising platform for neuromorphic applications. 
This combination possesses the energy-independent (non-volatile) properties of GST [4] and 
the energy-dependent (volatile) characteristic of halide perovskite [5], effectively imitating the 
functionality of the human brain.

Materials and Methods
CsPbBr3 solution was synthesized using stoichiometric mixtures of 0.3 mmol CsBr (>99.999%) 

and 0.3 mmol PbBr2 (> 99.9%) in dimethyl sulfoxide. The solution was prepared and stored in 
an inert atmosphere of nitrogen-filled glove box. Halide perovskite thin films were deposited via 
spin-coating method using a one-step spin-cycle with 3000 rpm to obtain a film with thickness of 
80–100 nm. Amorphous GST (a-GST) films were deposited on the glass substrate by a magnetron 
sputtering. Switching from a-GST to crystalline GST (c-GST) phase was made by local heating 
of one half of the substrate on the hotplate at 200°C, which allows us to obtain substrate with 
a-GST and c-GST areas. Reflectance (R) and photoluminescence (PL) spectra were measured 
using a QE pro Ocean optic spectrometer connected to the Axio Imager.A2m (Carl Zeiss SMT) 
optical microscope with optical fiber. For PL measurements, optical pumping was performed 
using a 350 nm wavelength UV lamp. Optical pumping for time-resolved photoluminescence 
(TRPL) measurements was achieved using a TEMA femtosecond pulse laser with a wavelength of 
350 nm, frequency of 10 kHz, and a laser fluence of 10 nJ/cm2. Atomic force microscopy (AFM) 
was made on AIST-NT SmartSPM 1000.

Results and Discussion
In this work we studied the optical properties of perovskite-GST platform by comparing 

the R and PL spectra of CsPbBr3 halide perovskite deposited on a-GST and c-GST thin film. 
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Fig. 1, a presents a photo of a 100 nm GST thin film deposited on a glass substrate. The different 
crystal structures of the a-GST and c-GST phases result in different optical properties. In the 
transmission mode, where the light source is positioned behind the sample, c-GST appears as 
a darker region compared to the lighter a-GST. The morphology of the thin film of CsPbBr3 
perovskite deposited on top of both the a-GST and c-GST phases was analyzed using AFM. The 
results, shown in Fig. 1, b, indicate no significant differences, suggesting that the GST phase does 
not affect the formation of the perovskite thin film. Fig.1, c presents an optical microscope image 
in reflection mode of the perovskite thin film on the GST layer, clearly divided into two regions: 
lighter area associated with c-GST and darker area with a-GST.

In addition to morphology study and optical imaging, we measured the R spectra for both 
GST phases. The c-GST, with a higher refractive index due to highly ordered crystal structure, 
demonstrated increased reflection, as illustrated in Fig. 2, a. This trend remains consistent even 
after the deposition of the CsPbBr3 thin film on top of the GST layer, as shown in Fig. 2, b. 
Notably, the reflection peak observed near 525 nm in Fig. 2, b corresponds to the bandgap energy 
of the perovskite layer, which is supported by absorption spectra measurements also presented in 
Fig. 2, b. Furthermore, the photoluminescence (PL) peak of the CsPbBr3 thin film, depicted in 
Fig. 2, c, is located at the same wavelength of 525 nm, indicating that it represents band-edge 
photoluminescence.

Furthermore, the reflection difference of the two GST phases can influence the PL intensity of 
CsPbBr3 thin film, as demonstrated in Fig. 2, с. The PL intensity of perovskite film deposited on 
top of the c-GST is twice higher compared to the same film deposited on a-GST. The strong PL 
modulation can be attributed to several factors. The primary factor is the difference in reflectance, 
which likely has the most significant impact. Additionally, two other important factors influence 
the PL intensity of halide perovskite. The first factor is Purcell effect which involves a modification 
of the local density of photonic states due to the GST impact. The second factor is the difference 
in defect density at the perovskite-GST interface between the crystalline and amorphous phases. 
Carriers can migrate to and localize at the defects present at this interface. Regarding the last two 
factors, the crystalline state is more favorable for emission enhancement [6].

To demonstrate the influence of different defect densities in the two phases, we conducted 
TRPL measurements on CsPbBr3 perovskite film deposited on both a-GST and c-GST, as 
illustrated in Fig. 2, d. To extract the non-radiative lifetime (τnr) from the decay data plot, the 
ABC-model fitting was employed [7]. In this analysis, the C coefficient, which corresponds to 
Auger recombination, was set to zero due to the low pump fluence of 10 nJ/cm2. The equation (1) 
governing the dependence of charge carrier density (n) on time (t) is presented below:
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Fig. 1. Photo of 100 nm GST thin film in both phases of the glass substrate (a). AFM image of 
CsPbBr3 film on top of the a-GST and c-GST (b). Image made by optical microscope of CsPbBr3 thin 

film on the border of a-GST and c-GST (c)

a) b) c)
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Fig. 2. R spectra of a-GST and c-GST thin film on the glass substrate (a). R spectra of CsPbBr3 thin 
film on top of the a-GST and c-GST alongside with absorption spectra of CsPbBr3 thin film (b). 
PL spectra of CsPbBr3 thin film on top of the a-GST and c-GST layer. (d) TRPL measurement of 

CsPbBr3 thin film on crystalline and amorphous GST and fitting with ABC-model (c)

Here, n represents the charge carrier density, t is a time, τnr denotes the trap-assisted lifetime, 
τr is a radiative lifetime, n0 is the initial charge carrier density, and D is a constant. Based on the 
fitting results τnr for CsPbBr3 film on c-GST was found to be 14.58±0.2 ns, while for the film 
on a-GST, it was 13.95±0.16 ns. This small difference (approximately 4-5%) in τnr indicates 
a minor variation in defect density. Consequently, the possible impact of defect density at the 
perovskite-GST interface − between the crystalline and amorphous phases – on photoluminescence 
modulation is several times lower than that of the Purcell effect [8] and an order of magnitude 
lower compared to the reflectance factor. Therefore, this influence can be considered negligible.

The PL enhancement attributed to the Purcell effect is approximately 15–20% [6, 8]. However, 
when we account for the reflectance factor, we observe an enhancement of around 100%. This 
demonstrates that reflectance is a primary factor in PL modulation.

Conclusion

Our research highlights the potential of tuning the PL signal of perovskite thin film through 
the phase switching of GST substrate for possible application in photoluminescence computing. 
Our findings indicate that the difference in reflectance between a-GST and c-GST is the primary 
factor influencing the modulation of the PL signal. This platform could significantly enhance 
the development of all-optical memristors, utilizing direct laser writing for GST phase switching, 
resulting in a distinct PL response from halide perovskite thin films. Furthermore, we propose 
that optoelectronic devices employing electrical field-induced GST phase transitions (or hybrid 
optical-electrical) might also be a promising direction for future research.
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Abstract. Recently emerged van der Waals antiferromagnetic CrSBr provides new opportu-
nities for developing compact integrated photonic and optoelectronic devices since it exhibits 
high refractive index, strong excitonic response, and magnetic ordering. However, experimental 
methods for nanostructuring CrSBr to tailor its photonic properties are not yet well developed. 
Here we demonstrate photonic dispersion engineering in subwavelength-thick CrSBr slabs 
through patterning and creating slab photonic crystal structures. Using mechanical scanning 
probe lithography − a non-destructive technique benefiting from piezostage precision − we fab-
ricate nanostructured CrSBr flakes of controlled geometry. Back-focal-plane reflectance spec-
troscopy measurements reveal modified photonic dispersion characteristics, with the photonic 
crystal dispersion tuned close to the CrSBr exciton resonance. The demonstrated engineering 
of the photonic dispersion in CrSBr, with tunable alignment between the photonic crystal reso-
nance and the exciton energy, provides a base for further studies of exciton-photon interaction 
in 2D magnetic materials.
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Аннотация. Новый Ван-дер-Ваальсов антиферромагнетик CrSBr открывает перспек-
тивы для компактных фотонных и оптоэлектронных устройств благодаря сочетанию 
высокого показателя преломления, сильного экситонного отклика и магнитного 
упорядочения. Однако методы наноструктурирования CrSBr для управления его 
фотонными свойствами пока недостаточно развиты. В данной работе мы демонстрируем 
управление фотонной дисперсией в CrSBr путем создания фотонно-кристаллических 
структур. Используя механическую зондовую литографию − неразрушающую методику 
с прецизионным пьезопозиционированием − мы создаем наноструктурированные 
фотонные кристаллы в CrSBr с контролируемой геометрией.

Ключевые слова: сканирующая зондовая литография, Ван-дер-Ваальсовы 
антиферромагнетики, фотонные кристаллы
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Introduction

In recent years, enhanced light-matter interaction in novel van der Waals materials has attracted 
significant attention as a promising approach for developing nonlinear optical and optoelectronic 
devices. In the regime of strong light-matter coupling, exciton-polariton quasiparticles can be 
formed, which are manifested in the energy spectrum as Rabi splitting between material and 
optical dispersions. A promising platform for realizing exciton-polaritons with additional degrees 
of freedom is the two-dimensional van der Waals magnetic semiconductor CrSBr. Its optical 
response is dominated by an excitonic resonance, with excitons exhibiting high oscillator strength, 
stability under ambient conditions, and strong anisotropy – making CrSBr a promising candidate 
for room-temperature polaritonic devices with enhanced functionality [1]. Typically, strong 
light-matter interaction is achieved by coupling excitonic resonances in thin-layer materials to 
resonant optical modes supported by external cavities, such as distributed Bragg reflectors [2] and 
subwavelength gratings [3]. CrSBr is also a high-refractive-index semiconductor (refractive index 
of ~5), enabling its use as a waveguide for self-hybridized polaritons [4].

Additionally, since CrSBr excitons are sensitive to magnetic order [5], this provides a new 
degree of freedom for tuning the optical response. However, nanostructuring this material for 
creating waveguides and photonic crystal slabs remains largely unexplored. In this work, we 
investigate photon dispersion engineering in CrSBr to align the photonic crystal resonance with 
the exciton energy via scanning probe lithography.

Materials and Methods
To fabricate photonic crystals in CrSBr, we employed mechanical probe lithography, a technique 

chosen for its non-degradative impact on the material, simplicity, and dynamic tunability via 
high-precision piezostages. To enhance contrast and photonic crystal quality factor (Q), we 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

206

Fig. 1. Schematic illustration of the scanning mechanical probe lithography method (a), AFM images 
of fabricated photonic crystals (b), AFM profiles of the obtained photonic crystals (c)

selected samples with 50−100 nm thicknesses supporting only a single transverse electric (TE) 
mode. The required thickness was achieved via iterative mechanical exfoliation from bulk crystals 
with low-residue Nitto tape monitored via optical microscopy. Atomic force microscopy (AFM) 
was used to precisely determine sample thickness after dry transfer onto SiO2/Si substrates with 
oxide thickness of 1000 nm.

Results and Discussion
Crystal orientation was determined via polarization-resolved photoluminescence revealing the 

excitonic easy axis (b-axis), which is critical for dispersion control. Photonic crystals were fabricated 
via mechanical probe lithography. The method is schematically illustrated in Fig. 1, a. Designs 
for 4 photonic crystals were calculated via Fourier modal method (FMM) and implemented via 
scanning probe. Fig. 1, b and Fig. 1, c show the AFM maps and profiles of the resulting photonic 
crystals. Atomic force microscopy measurements confirmed that the spatial parameters of the 
fabricated photonic crystals closely match the designed values.

a)

b)

c)

Using the FMM method, the dispersion relations of the fabricated photonic crystals were 
calculated as angle-resolved reflectivity spectra. Fig. 2, a shows the simulation results for the 4 
structures with thickness of 105 nm, duty cycle of, 0.3, and different grating periods indicated 
above each plot. The optical dispersions of the fabricated nanostructured CrSBr films were 
experimentally investigated through back-focal-plane (BFP) photoluminescence measurements 
with angular resolution in the polarization channel corresponding to TE modes. The experimental 
dispersion characteristics are shown in Fig. 2, b and exhibit good agreement with the results of 
FMM simulations.

In Fig. 2, b, the red line indicates the exciton resonance position, while the orange dashed line 
shows the lower polariton branches calculated using the coupled oscillator model. From the plots, 
we observe increasing bending of the dispersion curve away from the exciton resonance as they 
approach each other for gratings with smaller periods. This is due to increase of the exciton-photon 
interaction, which can be described by a coupled oscillator model with parameters including the 
coupling strength and excitonic/photonic relaxation rates. The exciton-photon coupling strength g 
values were derived from curve fitting for all gratings. It was found to be in a range of 35−45 meV, 
indicating a sizeable interaction between the photonic and excitonic modes.  The results showed 
that the photonic-crystal dispersion can be sensitively controlled via the pitch and duty cycle of 
the grating fabricated in the CrSBr flake and thus can be brought into resonance with CrSBr 
exciton at 1.34 eV. The demonstrated coupling strength (g = 35–40 meV) significantly exceeds 
the polariton linewidth (γ ≈ 20 meV), which suggests that the system operates in the strong light-
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Fig. 2. Simulated grating dispersions using FMM (a) and experimentally measured photoluminescence 
spectra in the back focal plane from fabricated CrSBr gratings (b)

a)

b)

matter coupling regime. Future studies should characterize temperature-dependent linewidth 
narrowing to fully exploit the light-matter hybridization for polaritonic devices.

In Fig. 3, a, the expected energy of the original photonic mode without coupling to the exciton 
resonance is shown as extracted from fitting the experimental data with the coupled oscillator 
model. In Fig. 3, b, the actual experimentally observed energy is shown, when coupling to the 
exciton resonance is present. The overall energy is lower in the coupled case (Fig. 3, b) due to 
anticrossing, while the photonic mode (Fig. 3, a) can actually reach the exciton energy at 1.34 eV 
and cross it. The difference in energy for 2 selected wavevectors (empty and filled symbols, 
corresponding to 0.5 µm−1 and 3.5 µm−1) is smaller in the coupled case (b), which is due to the 
increased fraction of excitons in the polaritons at higher k.

Fig. 3. Photonic dispersion energy in (a) in the absence of exciton-photon coupling.
Polaritonic dispersion energy in (b) in the presence of exciton-photon coupling

a) b)

Conclusion

Using mechanical scanning probe lithography, we successfully patterned subwavelength 
thick flakes of van der Waals antiferromagnetic CrSBr and engineered its photonic dispersion, 
achieving tunable alignment between the photonic crystal resonance and the excitonic transition 
energy. The coupling strength between the excitonic and photonic modes was evaluated and 
determined to lie in the range of 35−40 meV. These results create further opportunities for 
achieving enhanced light-matter coupling in nanopatterned CrSBr for developing novel compact 
photonic and optoelectronic devices.
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Abstract. Fabrication, optical study, and mode modeling of III-N microdisk resonators with 
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Аннотация. Проведено исследование оптических свойств и моделирование мод III-N 
микродисковых резонаторов с квантовыми ямами InGaN/GaN на подложке Al2O3. 
Показано, что созданные эпитаксиальные структуры обладают высоким оптическим 
качеством, а микрорезонаторы поддерживают высокодобротные моды шепчущей 
галереи.
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Introduction

Microdisk lasers based on III-N semiconductor materials are promising candidates for use as 
compact and efficient radiation sources in optoelectronic and photonic integrated circuits due to 
a combination of their unique characteristics [1]. III-N materials feature a wide direct bandgap, 
high thermal stability of their characteristics, and significant chemical and mechanical durability, 
enabling the development of light-emitting devices operating across a broad wavelength range and 
capable of functioning in harsh environmental conditions [2–4]. Resonators of disk shape support 
the propagation of high-quality whispering gallery modes (WGMs), allowing lasers with such 
resonators to achieve ultralow lasing thresholds [5]. Moreover, these lasers have a small footprint, 
low power consumption, and offer high modulation frequencies [1]. In this study, the design 
and fabrication of epitaxial structures with InGaN/GaN quantum wells on an Al2O3 substrate 
were carried out. Microscale disk resonators were formed from these structures, and their optical 
properties were investigated using photoluminescence (PL) spectroscopy.

Materials and Methods
A heterostructure with an active region in the form of In0.1Ga0.9N/GaN quantum wells (QWs) 

was grown on an Al2O3 (0001) substrate using metalorganic vapour-phase epitaxy (MOVPE). The 
growth process started with a low-temperature GaN nucleation layer, followed by the deposition 
of a 3 µm thick GaN buffer layer ensuring full surface planarization. The active region was then 
formed, consisting of three 5 nm thick In0.1Ga0.9N QWs separated by 100 nm thick GaN barriers. 
A 30 nm thick GaN capping layer was then grown as the final step. Disk microresonators with 
diameters ranging from 1 to 12 µm were fabricated via plasma chemical etching through a Ni 
mask. Figure 1 shows scanning electron microscopy (SEM) images of the formed microresonators. 
The spatial distribution of mode intensity in the fabricated disk resonators was simulated using the 
finite element method (FEM).

The photoluminescence study was performed under optical pumping in continuous wave 
excitation mode at room temperature using а He Cd laser (λ = 325 nm). Laser beam was focused 
on the sample surface into an 8 µm spot with a 5× UV objective. The PL signal was collected by 
the same objective and recorded using a SOL Instruments MS 5004i monochromator and a Sol 
Instruments HS 101H CCD camera.

Results and Discussion
The PL spectra obtained from different regions of the samples with grown epitaxial heterostructure 

exhibit negligible variation, which indicates a high degree of their homogeneity. These spectra 
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Fig. 1. SEM images of an array of formed disk resonators (a) and a single 6 µm diameter resonator (b)

a) b)

feature two PL bands at wavelengths of 365 nm and 415 nm, corresponding to emission from 
GaN layers and In0.1Ga0.9N quantum wells, respectively (Fig. 2, a). In the PL spectra of the 
microresonators, multiple intensity maxima are observed within the QW emission band, spaced 
by a few nanometers. Specifically, in the PL spectrum of the 6 µm-diameter resonator, shown in 
Fig. 2, b, these maxima are ~3 nm apart.

For microdisks of all diameters, the distance between the maxima closely matches the WGM 
free spectral range, corresponding to the respective resonator sizes. The integrated PL intensity 
of the quantum wells exhibits a linear dependence on the optical pump power over a wide range 
for both planar heterostructures and fabricated disk microresonators of all diameters (Fig. 3, a).  

Fig. 2. PL spectra of the planar epitaxial heterostructure (a) and a single 6 µm diameter resonator (b)

a) b)

Fig. 3. Dependences of integrated PL intensity of the QWs on pump power (a) and a spatial distribution 
of WGM in 10 µm diameter resonator (b)

a) b)
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This indicates the predominance of the radiative recombination mechanism and, as a consequence, 
the high quality of the obtained structures [6]. However, laser emission was not achieved in the 
fabricated resonators. The calculated spatial distribution of WGM in the formed microresonators 
is presented on Fig. 3, b. The obtained modeling results indicate strong mode leakage into the 
buffer layer, with a calculated Γ factor of only 0.2%. This is attributed to insufficient optical 
confinement in the structure, which is likely the reason for the absence of lasing.

Conclusion
This study demonstrates that the fabricated heterostructure on Al2O3 substrate have high quality 

and uniformity, while the disk microresonators created from this structure support the propagation 
of high-quality whispering gallery modes. Additionally, spatial intensity distribution modeling of 
the modes in the investigated resonators was performed to further optimize the heterostructures for 
laser applications. The obtained results are an important step in the advancement of technologies 
for the development of nitride-based microdisk lasers. Subsequently, taking into account the 
significant leakage of modes into the buffer layer, the vertical confinement in the epitaxial structure 
will be improved by introducing additional buffer layers with a low refractive index. This change 
is expected to enable laser generation under optical pumping.
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Abstract. The problems arising in the processing of optical images formed from laser signals 

reflected from the surface of a railway wheel are considered. A design has been developed for 
the placement of laser emitters and photodetector devices for examining railway wheels in mo-
tion. A new algorithm has been developed aimed at improving the accuracy of constructing the 
profile of the rolling surface of the wheel. To process the recorded optical images in the laser 
radiation reflected from the surface of the wheel, a new technique based on the use of data 
filtering has been proposed, which uses a new algorithm that allows removing glare (a cloud 
of points with false data), outliers (single false points) and leaving only the necessary profile 
points. The new algorithm is based on the HDBSCAN (Hierarchical Density-Based Spatial 
Clustering of Applications with Noise) clustering algorithm. The algorithm makes it possible to 
exclude points forming errors during the construction of the profile of the rolling surface of the 
wheel. The use of a new design for the placement of optical elements and an algorithm made it 
possible to increase the accuracy of measurements of key wheel parameters, such as thickness, 
height and steepness of the ridge, and uniform rolling.
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Аннотация. Рассмотрены проблемы, возникающие при обработке оптических 
изображений, сформированных из отраженных от поверхности колеса железнодорожного 
транспорта лазерных сигналов. Разработана конструкция размещения лазерных 
излучателей и фотоприемных устройств для обследования колес в движении. Разработан 
новый алгоритм, направленный на повышение точности построения профиля 
поверхности катания колеса. Для обработки регистрируемых оптических изображений 
в отраженном от поверхности колеса лазерном излучении предложена новая методика, 
основанная на использовании фильтрация данных, в которой применен новый 
алгоритм, позволяющий удалить засветку (облако точек с ложными данными), выбросы 
(одиночные ложные точки) и оставить только нужные точки профиля. Новый алгоритм 
разработан на основе плотностного алгоритма кластеризации HDBSCAN (Hierarchical 
Density-Based Spatial Clustering of Applications with Noise). Алгоритм позволяет исключить 
точки формирующие ошибки при построении профиля поверхности катания колеса. 
Использование новой конструкции размещения оптических элементов и алгоритма 
позволило повысить точность измерений ключевых параметров колеса, таких как 
толщина, высота и крутизна гребня, и равномерный прокат.

Ключевые слова: лазерное излучение, отраженный сигнал, оптическое изображение, 
матричный фотоприемник, профиль колесной пары, поверхность, дефекты
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Introduction

Traditional methods of monitoring the condition of rolling stock wheels based on manual 
measurements during routine maintenance demonstrate significant limitations: high labor 
intensity, significant time costs and insufficient accuracy [1]. These disadvantages make them 
ineffective for modern conditions of intensive railway operation. The use of other methods for 
monitoring the condition of wheels, which are successfully used in the subway [2] or in trams [3] 
on mainline railways, is not effective.

Modern research in the field of surface control of both rail condition and wheel design focuses 
on the development of optoelectronic measurement methods [4]. The use of laser systems has 
been recognized as the most effective approach [4−7]. This technique includes capturing images 
of wheelsets using matrix receivers, processing the received data with special algorithms, and 
automatically determining geometric parameters.

Experimental data confirm that laser measuring systems, which are used in many devices, 
provide the necessary accuracy with minimal processing time [8−10]. The use of optical systems 
on railways makes it possible to effectively solve the problems of operational control of the 
condition of wheelsets in real-world operating conditions, meeting modern requirements for 
transportation safety.
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Fig. 1. The process of irradiating the wheel with profilometers side view (a), front view (b)

In this paper, we consider a wheel parameter monitoring system that provides automated non-
contact measurement of the geometric characteristics of wheelsets for a wide range of railway 
rolling stock. The key feature of solving the problem considered in this paper is the ability to take 
measurements during the movement of the train without having to stop it, which significantly 
increases the effectiveness of diagnostic procedures. This required the development of a new 
optical image processing algorithm, as well as the modernization of the design for placing optical 
elements below the rail level on various sections of the railway, mainly at stations and stages.

Materials and Methods
The developed monitoring system is based on the principle of laser triangulation and includes 

three key components: a high-precision laser profilometer, a multi-channel photodetector and 
specialized software for digital signal processing [11, 12].

The measuring complex is based on a pulsed semiconductor laser source (λ = 638 nm) with 
an integrated thermal stabilization system [12]. A special feature of the design is the use of 
Peltier elements with a digital control controller and a precision temperature sensor mounted on 
a Common heat-dissipating substrate with an emitter. To form the measuring field, an optical 
scheme for converting a laser beam into a line is used, including a collimating module for forming 
a parallel light flux and a spherical prism that rotates the beam into a 1.0–1.3 m long line.

The formed light plane is projected onto the controlled surface of the wheel at a given angle. 
The reflected radiation is recorded by a highly sensitive CMOS sensor, while the spatial distribution 
of the light line on the matrix carries information about the geometric parameters of the profile. 
The distance to the object, which complements the information about the spot's coordinate, is 
calculated using the formula (1).

 
(1)

The angle θ is determined by changing the image on the matrix for each highlighted pixel with 
coordinates (u, v). D and α are set during calibration. 

The optical matrix receiver is made in the format of a highly sensitive CMOS matrix with a 
dimension of n×m pixels, it provides the transformation of the spatial distribution of the light line 
into a digital profile image in the coordinate system (u, v). The information processing device is 
implemented on the basis of an industrial programmable controller, it performs data processing 
in real time, followed by recalculation from the pixel coordinate system to the matrix (u, v), into 
the real coordinate system of the measuring object.

Built-in protection and self-diagnosis mechanisms guarantee safe operation in conditions 
of heavy railway traffic, and special signal processing algorithms compensate for the effects of 
external interference, ensuring the reliability of results in real-world operating conditions.

The method of irradiating the wheel is shown in Figure 1.

sin( ) .
sin( )
DL ⋅ α

=
θ+α

a) b)
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The outer (rolling surface) and inner sides (wheel crest) of the wheel profile are scanned 
separately with two profilometers pre-calibrated into one coordinate system.

The main task of the system is to measure the parameters and highlight the defects of the 
skating surface against the background of noise and other interference. To solve this problem, an 
algorithm for mathematical data processing based on the analysis of surface geometry was tested. 
This method analyzes the geometric parameters of the surface, such as the thickness, height and 
steepness of the ridge, rolling along the rolling circle and the width of the wheel rim, using laser 
scanning data. The known defect data is used for the analysis.

The algorithm for filtering profile data
When processing data obtained from laser profilometers in the form of a cloud of points 

{(xk,yk)} (where k = 1 ... N), various spurious reflections can have a significant impact on the 
measurement accuracy, forming separate clusters of points that do not correspond to the real 
profile of the wheelset, and random emissions that distort the measurement results. Spurious 
reflections mainly occur due to the reflection of sunlight from a controlled surface, droplets of 
moisture or other reflective elements, creating false light signals on the receiver. Optical noise 
(emissions) they appear under the influence of external factors: vibration loads, electromagnetic 
interference, mutual influence of signals and other operational influences.

To remove outliers and spurious reflections, filtering using the density clustering algorithm 
HDBSCAN (Hierarchical Density-Based Spatial Clustering of Applications with Noise) 
is used [13, 14]. 

For HDBSCAN to work, two parameters need to be set: the neighborhood ε is the maximum 
distance between data points so that they can be considered part of the same cluster, and m is the 
minimum number of points required to form a cluster. Two stages of clustering are performed. 
In the first stage, the values ε = 5 and m =20 are selected so as to discard outliers located at 
a distance greater than ε = 5 mm from the main point cloud. For the second stage, the values 
ε = 0.5 and m = 2 are chosen so as to divide the entire point cloud into a set of clusters A and 
subsequently discard those clusters that do not characterize the profile. For further filtering of 
clusters that do not characterize the profile, the distance d between the last point of cluster Ai and 
the first point of cluster Aj is estimated, where j = i + 1.

 (2)

According to the value of the RMS error (RMSE) of the linear approximation, clusters are 
obtained. If d is less than 1 mm, then the points Aj of the cluster are added to Ai, the value 
of 1 was selected empirically. If d is greater than 1, then the standard deviation of the linear 
approximation of the N boundary points of the two clusters Ai and Aj is estimated. 5 points are 
taken from each, where the value of 5 is selected empirically. If the RMSE is less than 0.25, then 
the clusters are combined into one. At the end of the algorithm, there should be one, the largest 
cluster characterizing the profile of the railway wheel.

The values were selected based on the representation of the data and the resulting shape of 
the wheel profile. The threshold distance d = 1 mm is close to the average Euclidean distance 
between neighboring points in the main cloud characterizing the rail profile. If you choose d ≪ 1, 
the algorithm will become unnecessarily strict. Neighboring clusters that are parts of the same 
profile but are separated due to small noise or profilometer errors will not be combined.

If you select d ≫ 1 mm (for example, 3 mm), the algorithm will begin to combine the real 
profile and sufficiently distant parasitic reflections into one cluster, which is an error.

The value 5 is selected for the number of boundary points. If you select fewer points (1−3), the 
approximating line will be extremely sensitive to noise and outliers. Any “bad” point will greatly 
distort the tilt angle and RMSE.

If you select a large number of points (10−15), the algorithm will lose its ability to respond 
to local curvature. On the rounded edges of the profile (for example, the crest of the wheel), the 
local geometry is nonlinear. 

The threshold of the deviation RMSE = 0.25 was chosen based on the analysis of the 
approximation error of obviously continuous sections of the profile.

( ) ( )1 1

2 2
.

end endAi Aj Ai Ajd x x y y= − + −
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Fig. 2. Restored wheel profile:H2 − is the height of the ridge; H3 − is the rolling circle; T1 − is the 
thickness of the ridge at a distance of 18 mm from the top; T2 − is the thickness of the ridge at a 
distance of 20 mm from the top; T3 − the steepness of the ridge; T4 − the width of the rim or band.

The algorithm for restoring the profile and calculating its basic geometric parameters

The filtered data set is divided into i number of segments, with 10 points in each segment, 
and a 5–point shift between segments. A linear approximation and calculation of the average 
current is performed for each segment. This part of the algorithm was called piecewise linear 
approximation. In the end, the external and internal profiles are combined into one, taking into 
account the potential for rupture, that is, if necessary, a quadratic approximation of the rupture 
site on the wheel crest is performed.

The point cloud profile reconstruction algorithm uses a piecewise linear approximation for a set 
of filtered point data ( ){ } 1

, ,fN

k k k
x y

=
 the outer and inner profiles separately, with their subsequent 

combination. 
Each segment is approximated by a first-degree polynomial using the least squares method. 

The problem is reduced to solving a system of linear equations:

 
(3)

Also, the key step of the algorithm is to connect the two parts of the profile – the outside of 
the wheel and the inside. When data breaks in the ridge area, approximation by a second-degree 
polynomial is provided for a data set of the outermost 5 points from each part of the profile. If 
there is no gap, then the data on the ridge overlaps, since at this point the right and left halves of 
the profile obtained from the two profilometers are stitched. 

In the end, all the coordinates are combined into the resulting matrix P:

 
(4)

The basic geometric parameters shown in Table are calculated using the reconstructed profile.

Results and Discussion
The graph of the gap approximation in the ridge area and the reconstructed wheel profile 

along with the dimensions are shown in Fig. 2. In this profile, there are a total of 1635 points, 
359 filtered points (points from the ridge approximation are added here), 350 segments and 29 
clusters.
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The root–mean–square error of each segment, where t is the index of a point in the segment, 
ŷi is the approximated segment value, calculated using the formula:

 
(5)

In the result after averaging: RMSEaverage = 0.0818 mm (Fig. 3).

( )2

1

1 ˆRMSE .
n

i t iy y
n

= −∑

Fig. 3. Approximation error by internal profile segments

The test was carried out on a laboratory stand, the parameters were controlled using templates 
for monitoring and measuring the parameters of wheelsets of T–series wagons - an absolute 
template, universal and thickness gauge. 

The laboratory wheel was measured 60 times, and based on this, the COE and confidence 
interval for each size were calculated using the formula:

 
(6)

where, the number t (n, p) is determined by special tables of critical values of the Student's 
distribution points;

σ is the mean square deviation. t (60, 95 %) = 2; n = 60.
The results are listed in Table 1.

( ),
,

t n p
n
⋅σ

δ =

Tab l e
Geometric parameters of the wheel

Name of the parameter
The value of the parameters in mm

Algorithm RMSE Template measurement Acceptable range

Parameter ridge thickness at a 
distance of 18 mm from the top – T1 27.02 ± 0.07 0.23 27.0 ± 0.3 from 24 to 33

Parameter ridge thickness at a 
distance of 20 mm from the top – T2 28.34 ± 0.06 0.19 28.5 ± 0.5 –

Parameter ridge steepness – T3 5.02 ± 0.02 0.07 5 ± 0.1 –

The thickness of the bandage – T4 132.27 ± 0.03 0.13 132 ± 0.5 –

Ridge height parameter – H2 28.96 ± 0.09 0.27 29.0 ± 0.1 –

Rolling circle parameter – H3 0.96 ± 0.01 0.03 1.0 ± 0.1 less than 2
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Analysis of the data obtained shows that the values of the wheel parameters do not exceed the 
permissible limits, therefore, this wheelset can be operated further. 

The system demonstrates reliability in monitoring critical parameters of wheelsets, such as 
ridge height, rim thickness and rolling size, ensuring stable measurement quality at rolling stock 
speeds up to 120 km/h.

Conclusion
In the course of the research, an optoelectronic monitoring system for the geometric parameters 

of wheelsets and track was developed and improved, adapted to work in difficult operating 
conditions of railway transport. Optimized operation in real conditions due to adaptability to 
vibrations, temperature fluctuations and precipitation. Data recovery capabilities with partial 
signal loss have optimized the system's performance in harsh environments.

It was possible to increase the accuracy and reliability of measurements due to the pulse mode 
of operation of the thermally stabilized laser, which provides resistance to external illumination, 
improved filtration algorithms that effectively suppress spurious reflections and noise, and an 
optical circuit that forms a uniform light line with high spatial resolution.

Early detection of defects (cracks, potholes, wear) with an accuracy of 0.2 mm, reduction of 
maintenance costs due to the transition to repairs according to the actual condition will improve 
the safety of rolling stock.

The prospects for further research are related to the integration of machine learning methods 
for automatic defect classification and prediction of the remaining life of undercarriage elements. 
The developed technical solutions can be scaled for use in other areas of non-destructive testing.
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Аннотация. В работе установлены параметры высоты отдельных зон субволновых 

кольцевых решеток, для которых в ближней зоне дифракции наблюдается формирование 
длинной световой иглы (7,85 длин волн) при азимутальной поляризации лазерного 
излучения. Также показана возможность уменьшения размера фокального пятна до 0,31 
длин волн при круговой поляризации моды Лагерра–Гаусса (0,1). 
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Introduction

It should be noted that with the development of optical technologies, it has become 
necessary to form structured optical fields with certain characteristics of phase, amplitude, and 
polarization [1−3]. Such structured laser beams find application in such areas as data processing [4], 
creation of three-dimensional images [5], optical manipulation [6], tight focusing [7], formation 
of optical needles [8] and others. It should be noted that laser beams with phase and polarization 
singularities [9] have become widely used to solve problems of modern photonics. Their formation 
is possible using various optical structures, among which are metasurfaces [5, 10], diffractive 
optical elements [11] and ring gratings [12].

In this paper, the finite difference time domain (FDTD) method is used to study the optimization 
of the height of individual zones of subwavelength ring gratings to form a long light needle. The 
numerical calculations of the Laguerre–Gaussian (0,1) modes propagation in the near diffraction 
zone (3D) are carried out using high-performance computer systems.

Materials and Methods
The numerical simulation by the FDTD method was carried out with the following parameters: 

the size of the 3D region surrounded on all sides by the absorbing PML layer was 18λ, the PML 
thickness was 1.1λ, λ = 0.532 μm. The following simulation steps were considered: the time step 
was λ/(100c), where c is the speed of light, and the spatial step was λ/50.

The ring gratings with a period of 1.05λ were used, in this elements the relief height varied in 
accordance with the phase of π radians. The refractive index of the relief n was chosen to be 2.46, 
and the refractive index of the substrate was 1.46. Then, the relief height is:

 
(1)

where k = 2π/λ is the wave number. The height of individual zones of the grating relief changed 
in multiples of this value.

The Laguerre–Gaussian mode (0,1) with circular and azimuthal polarizations was considered 
as the input beam. The sign of the circular polarization was chosen to be opposite to the sign of 
the vortex phase singularity in order to maximize the intensity value on the optical axis.

The assessment of the formed light segment on the optical axis in the transverse region was 
determined by the full width at half maximum (FWHM) intensity value on the optical axis, and 
similarly in the longitudinal region (depth of focus – DOF). 

Results and Discussion 
A diffraction axicon with a height of h = 0.34λ was used as a standard element for comparison 

(Fig. 1, a, e). Also a diffraction patterns in the case of a simultaneous increase in the height of 
all relief zones are shown in Fig. 1, which led to a reduction in the size of the light needle for 
azimuthal polarization and its slight increase for circular polarization. Also it should be noted that 
the focal spot broadened for circular polarization.  

Let us move on to changing the size hi of individual zones of the ring gratings relief. The 
following cases of changing the height of the relief rings were considered (Fig. 2): with a step of 
0.34λ (π), from the minimum height in the center (h1 = 0.34λ) to the maximum height at the 
edge of the element (h8 = 2.72λ); a similar change in height, but with the height of even elements  
h2 = h4 = h6 = h8 = 0 (h1 = 0.34λ, h3 = 1.02λ, h5 = 1.7λ, h7 = 2.38λ); the case when the height of 

0,34 ,
( 1)

h
k n

π
= = λ

−
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Fig. 1. Laguerre–Gaussian mode (0,1) diffraction, intensity, (a−d) circular polarization and (e−h) 
azimuthal polarization: (a, e) h = 0.34λ, (b, f) h = 0.51λ, (c, g) h = 0.68λ, (d, h) h = 1.36λ

Fig. 2. Laguerre–Gaussian mode (0,1) diffraction, intensity, (a−d) circular polarization and (e−h) 
azimuthal polarization: (a, e) h1 = 0.34λ, h2 = 0.68λ, h3 = 1.02λ, h4 = 1.36λ, h5 = 1.7λ, h6 = 2.04λ, 
h7 = 2.38λ, h8 = 2.72λ; (b, f) h1 = 0.34λ, h3 = 1.02λ, h5 = 1.7λ, h7 = 2.38λ, h2 = h4 = h6 = h8 = 0;  
(c, g) h1 = h3 = h5 = h7 = 1.36λ, h2 = h4 = h6 = h8 = 0; (d, h) h1 = h3 = h5 = h7 = 0, h2 = h4 = h6 = h8 = 1.36λ

the odd zones was the same (h1 = h3 = h5 = h7 = 1.36λ), and the height of the even zones was 0, 
and also the opposite case (h2 = h4 = h6 = h8 = 1.36λ, and the height of odd zones is 0).

The required distribution on the optical axis can be formed by selecting the heights of individual 
relief zones. The formation of a long light needle, a set of optical bottles, and a sharply focused 
beam are shown in Fig. 2. 

It should be noted that the reduction in the number of ring gratings relief zones made it 
possible to increase the size of the light needle in the case of azimuthal polarization (Fig. 2, e, f), 
and a significant reduction in the size of the focal spot is observed for circular polarization: from 
FWHM = 0.52λ to FWHM = 0.38λ (Fig. 2, a, b) in the case of changing all relief zones, as well 
as from FWHM = 0.94λ to FWHM = 0.31λ in the case of the same height of the remaining non-
zero relief zones (Fig. 1, d; Fig. 2, c).
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The smallest focal spot size was FWHM = 0.31λ, and the longest light needle was DOF = 7.85λ, 
which was 2.54 times larger than the light needle formed by a standard diffractive axicon with 
h = 0.34λ. Experiments have shown that using electron-beam lithography it is possible to produce 
similar elements (with different heights of individual relief rings).

Conclusion 
The numerical simulation using the FDTD method showed that it is possible to optimize the 

height of individual zones of ring gratings to obtain the required distribution on the optical axis 
in the near diffraction zone. 

The parameters have been established at which the size of the formed light segment is maximum 
(DOF = 7.85λ): the height of even zones is zero, and the height of odd zones of the element 
increases from the center to the edges (h1 = 0.34λ, h3 = 1.02λ, h5 = 1.7λ, h7 = 2.38λ) with 
azimuthal polarization of the Laguerre–Gaussian mode (0,1). The minimum size of the focal spot 
(FWHM = 0.31λ) was also obtained at zero height of even zones and h1 = h3 = h5 = h7 = 1.36λ 
with circular polarization of the laser radiation.
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Abstract. This paper is devoted to the investigation of laser cleaning of organic pigments on 

paper. In recent years, laser technologies have been widely used in the preservation of Cultural 
Heritage (CH). One of the main fields of laser application in this area is the cleaning of CH 
objects from various contaminations of natural or anthropogenic origin. Experimental results 
of laser cleaning with the Ytterbium pulsed fibre laser (1064 nm wavelength) of model samples 
of modern organic pigments on paper as well as Raman spectroscopy analysis of the obtained 
results are presented.
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Аннотация. Статья посвящена исследованию лазерной очистки органических 
пигментов на бумаге. В последнее время лазерные технологии все чаще 
распространяются в сфере сохранение культурно-исторического наследия. Одним 
из основных направлений применения лазерных технологий в реставрации является 
очистка объектов культурно- исторического наследия от различных загрязнений 
естественного и антропогенного происхождений. В данной работе представлены 
экспериментальные результаты лазерной очистки модельных образцов современных 
органических пигментов на бумаге при помощи иттербиевого импульсного лазера на 
длине волны 1064 нм, а также анализ полученных результатов методом спектроскопии 
комбинационного рассеяния.

© Neelova A.D., Parfenov V.A., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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Introduction

Recent studies have shown that laser cleaning is a safe and efficient instrument for restoration 
of cultural heritage (CH) objects [1−2]. Laser cleaning of artefacts made out of inorganic materials 
such as stone and metal is well developed, whereas cleaning CH objects based on organic ones is 
still in the process of experimental studies. Organic materials in cultural heritage include paper, 
leather, parchment, textiles and also organic paints and colourants.

Based on scientific literature on the topic and authors’ experience laser could be applied for 
removing various deteriorations such as dust, soot, fungi, foxings, oil and wax from the surface 
of the paper without causing it any damage [3−5]. CH artefacts on paper base such as books, 
documents, manuscripts and painting are complex objects and include not only paper but ink, 
pencil, paint, colourant, etc.

In the given research we will consider laser treatment of organic pigments on paper. Organic 
pigments for paints and colourants production were used since the dawn of time. A lot of historical 
paints and colourants are known to be of organic origin, for example, plant derivative ones, such 
as indigo or madder. These pigments could be found in paintings, books, documents, historical 
textiles, taxidermy objects, etc. Nowadays organic pigments are even more widely spread in the 
manufacturing of paints and colourants, apart from their predecessors modern pigments are 
nearly all synthesised. Therefore, using organic synthetic pigments is a well established practice 
by contemporary artists. Thus, investigating novel restoration and conservation technics for the 
future CH objects is an actual scientific task.

Experiment
The authors of this work have already reported about laser cleaning of CH objects on paper 

base using Ytterbium fibre laser with the wavelength of 1064 nm [3−5]. Given wavelength was 
chosen based on the reflectance of the paper. Preliminary to the experiment on leaser cleaning 
reflectance spectra of pigments on paper samples were obtained as well. Reflectance spectra show 
that up from 800 to 1100 nm about 80–90 % of laser irradiation is reflected from the paint surface 
(Fig. 1). Therefore, it was proven that laser with the wavelength of 1064 nm is suitable for carrying 
out the given task.

Investigated pigments are modern organic synthetic pigments most widely used in paint 
production. These pigments are pigment blue 15 (PB15), pigment green 7 (PG7), pigment violet 
19 (PV19), pigment violet 23 (PV23) and pigment yellow 3 (PY3). Pigments were present in 
different paints such as watercolour, gouache and acrylic. The selection of listed pigments was 
based on the fact that they make an average palette of a contemporary artist. 

Samples were prepared by applying paint on the surface of the paper. To imitate contamination 
graphite dust was used. During the experiment samples were cleaned from the contamination by 
laser and then studied by optical microscopy and Raman spectroscopy. 

Laser cleaning from contaminations was achieved by laser irradiation with following 
parameters: wavelength of 1064 nm, pulse duration of 100 ns, pulse repetition frequency of 
20 kHz, peak power density about 3∙105 W/cm2, beam scanning speed of 800 mm/s. Cleaned 
area was 10 by 10 mm.
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Fig.1. Reflectance spectra of pigments on paper

Fig.2. Images of samples after laser cleaning. Cleaned areas are marked with white (10×10 mm). 
Untreated area of a sample is marked (1) and contaminated area (2)

Results and Discussion

Samples of pigments on paper were successfully cleaned by laser irradiation from contamination 
without any visual damage. The results of laser cleaning are shown in Fig. 2. Images obtained by 
the means of optical microscope additionally proved that the laser irradiation caused no damage 
to the paint layer or any colour degradation in it.

Raman spectroscopy was performed to detect any changes in the chemical composition 
of pigments caused by laser irradiation and to control the efficacy of laser cleaning. Raman 
microscope by SOL Instruments (Belarus) was utilised during the experiment with the solid laser 
irradiation source with the wavelength of 785 nm. Spectra were registered with the diffraction 
grating of 600 lines per mm, measurement range ran from 100 to 1800 cm−1, integration time 
for a spectrum was set at 20 seconds. Spectral resolution of a microscope 0.07 nm. Spectra were 
obtained in two points of a sample: in the untreated area and in the area undergone laser cleaning. 
In Fig. 2 untreated area labeled by number (1) and cleaned area is within the white square.
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Summary results of laser cleaning and Raman analysis are presented in Table. It can be seen 
that cleaning results and spectra analysis correlate. There are no visible changes in the treated 
areas and there are no changes in a pigment spectrum.

Tab l e

Summary table of laser cleaning results and Raman spectroscopy analysis 

Pigment
Class of the chem-
ical substance of a 

pigment

Laser cleaning 
result

Raman spectroscopy result

Raman wavenumbers 
(cm−1) before cleaning 

Raman wavenumbers 
(cm−1) after cleaning 

PY 3 Azomethine No damages

Intense peaks at 1619, 
1500, 1390, 1338, 1314, 
1141; medium peaks at 
1678, 1250 and 1198; 
weak peaks at 1572, 

1449, 1282, 1040, 960, 
826, 748, 650, 622, 410, 
393, 201, 181, 133, 108

Intense peaks at 1618, 
1498, 1390, 1341, 1314, 
1141; medium peaks at 
1685, 1250 and 1198; 

weak peaks at 1575, 1446, 
1295, 1039, 990, 960, 

824, 748, 650, 621, 411, 
393, 201, 185, 135 and 

103

PV 19 Quinacridone No damages

Intense peaks at 1612 and 
1366; medium peaks at 
1552, 1519, 1491, 1289, 
1250, 1169, 1247, 731; 

weak peaks at 1433, 
1390, 1336, 1117, 1017, 
968, 804, 610, 575, 522, 
502, 425, 333, 260, 210

Intense peaks at 1613 and 
1366; medium peaks at 
1553, 1517, 1491, 1287, 
1249, 1169, 733; weak 
peaks at 1428, 1391, 

1334, 1121, 1014, 966, 
804, 611, 577, 522, 501, 

426, 331, 261, 210

PV 23 Dioxazine No damages

Intense peaks at 1435, 
1396, 1349, 1209; 

medium peaks at 1595, 
1260, 1168; weak peaks 

at 1655, 1533, 1113, 999, 
925, 674, 622, 592, 528, 

485, 418, 315

Intense peaks at 1435, 
1393, 1349, 1209; medi-
um peaks at 1595, 1260, 

1168; weak peaks at 1655, 
1533, 1113, 999, 925, 674, 
622, 592, 528, 485, 418, 

315

PB 15 Phthalocyanine No damages

Intense peaks at 1525, 
1338, 746; medium peaks 
at 1452, 1144, 678; weak 

peaks at 1637-1578, 
1214, 1190, 1010, 953, 
879-820, 775, 596, 485, 

256, 171 

Intense peaks at 1525, 
1338, 746; medium peaks 
at 1452, 1144, 678; weak 

peaks at 1633-1576, 1216, 
1199, 1111, 953, 879-820, 
777, 596, 481, 255, 171 

PG 7 Phthalocyanine No damages

Intense peak at 1538, 
peaks of medium inten-
sity at 1335, 1280, 1206, 

772, 741, 685, weak 
peaks are at 1384, 1077 

and 980  

Intense peak at 1538, 
peaks of medium intensity 
at 1335, 1280, 1206, 772, 
741, 685, weak peaks are 

at 1384, 1077 and 980 
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Fig.3. Raman spectra of pigment samples in the untreated area (a) and in the laser cleaned area (b)
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the matter.
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Abstract. In this research, optical properties of Al films based on Al nanoparticles (Al NPs) 

with a particle size of 55 nm were studied by analyzing the absorption spectra before and af-
ter deposition of polymer coatings. Plasmonic Al nanostructures films were fabricated using 
spin-coating on quartz substrates, followed by sequential deposition of polymer using po-
ly-L-lysine (PLL) and dextran. The obtained results showed that dextran coating did not 
induce significant spectral changes, whereas PLL provided a shift in the absorption resonance 
peak of Al films from 230 nm to 300 nm. Additionally, at an excitation wavelength of 325 nm, 
the photoluminescence enhancement of ZnO nanocrystals with 27 nm in particle size was 
investigated in the presence of Al nanostructures with and without PLL film as intermediate 
film. The results demonstrated that the increase in photoluminescence enhancement factor at 
an emission wavelength of 377 nm in the presence of PLL film between ZnO and Al films up 
to 68%. These findings proved that polymer coatings have a significant impact on the optical 
response of aluminum nanostructures. The obtained results provide a promising methodology 
for tuning their optical properties and plasmon-enhanced photoluminescence factor for many 
plasmonic and biosensing applications in the ultraviolet region.
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Аннотация. Проведено исследование влияния полимерных покрытий, нанесенных 
методом спинкоатинга, на оптические свойства алюминиевых наноструктур. Показано, 
что использование поли-L-лизина (PLL) приводит к сдвигу пика поглощения с 
230 до 300 нм, тогда как декстран не вызывает значимых спектральных изменений. 
Аналогичный эффект смещения пика поглощения наблюдается и в спектрах поглощения 
для тонкой пленки из платиновой наноструктуры, что подтверждает универсальность 
метода. Установлено, что внедрение PLL в структуру ZnO/Al для получения ZnO/PLL/Al 
структуры обеспечивает увеличение интенсивности фотолюминесценции на длине волны 
377 нм до 68% по сравнению с двухслойной системой ZnO/Al без полимерной прослойки 
при длине волны возбуждения 325 нм. Результаты демонстрируют потенциал полимерной 
модификации для управления оптическим откликом наноструктур в задачах создания 
ультрафиолетовых биосенсоров и металл-усиленной фотолюминесценции.

Ключевые слова: наночастицы алюминия, поли-L-лизин (PLL), декстран, наночастицы 
оксида цинка, плазмонный резонанс, плазмон-усиленная фотолюминесценция, 
ультрафиолет (UV), спин-коатинг
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Introduction

In recent decades, there has been an increasing interest in Al NPs and the methods of their 
synthesis, as well as film creation and characterization due to their promising properties in 
the UV region of spectrum especially their role in plasmon-enhanced photoluminescence for 
several applications in biosensing [1−3]. One of the approaches to altering the optical response of 
nanostructures is surface modification with polymer coatings [4]. Polymers such as poly-L-lysine 
(PLL) and dextran can interact with metal nanoparticles differently, affecting their spectral 
characteristics. PLL, a positively charged polymer, is known to induce electronic and dielectric 
modifications at the nanoparticle interface, while neutral polymers like dextran primarily act as 
passive stabilizers. These interactions are crucial for understanding the plasmonic nanomaterials 
and optimizing their behaviors [5]. For instance, polymeric coatings on thin films of gold 
nanoparticles (Au NPs) have been shown to induce a redshift in the localized surface plasmon 
resonance (LSPR) peak due to changes in the surrounding dielectric permittivity [6]. Moreover, 
the localized surface plasmon resonance of silver nanoparticles (Ag NPs) had shown to red-shift 
in response to increasing polymer such as PS-b-PBD-b-PS, PS-co-PMMA and PS-b-PI-b-PS 
layer thickness and refractive index, as both experimental data and numerical simulations revealed 
a strong dependence of the plasmonic behavior on the dielectric properties of the surrounding 
polymer matrix [7]. These results confirm that surface polymer modification enables precise 
control over the plasmonic response of metal nanostructures. In this work, we investigated the 
influence of PLL and dextran coatings on the optical properties of Al NPs films by analyzing 
changes in the absorption in the UV region and the plasmon-enhanced photoluminescence of 
ZnO NPs in the presence of Al NPs, providing insights into potential applications in plasmonic 
sensing and material design.

Materials and Methods
Poly-L-lysine (PLL) (Sigma-Aldrich, USA; 0.1% w/v in H2O) and Dextran (Sigma-Aldrich, 

USA; 1 g/L in deionized water) were used as film-forming polymers. Both polymer solutions were 
pre-diluted by the ratio of 1:3 (v:v) with 2-propanol for HPLC (Hipersolv Chromanorm, VWR 
BDH Chemicals, Allemagne). Aluminum NPs colloid of 0.18 g/L (54.6 ± 25.1 nm in particle 
size, synthesized by an electrical wire explosion method) was prepared in chromatographically 
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Fig. 1. Spin-coating process for Al NPs with sequential PLL layering

pure isopropanol containing citric acid (0.05 g/L) as a stabilizer, following the procedure described 
in [1]. Zinc oxide NPs colloid of 1.1 g/L with an average particle size of 26.6 ± 7.4 nm was 
prepared from a dispersion of ZnO particles (Sigma-Aldrich, Switzerland; 40 wt.%) by the steps 
described in [1]. Suspensions were spin-coated onto quartz substrates (1.2 × 4) cm2 using a spin 
coater (EZ4, Schwan technology) with the following coating parameters: 15 µL of suspension, 
1000 rpm for 30 s, and acceleration 500 rpm/s (Fig. 1).

The changes of absorption spectra were analyzed for two Al films with different optical densities, 
resulting in 12 and 27 layers of Al NPs (AlI and AlII), coated with 5 sequential polymer layers, 
separately.

For photoluminescence enhancement investigation, three layers of ZnO NPs were spin-coated 
and studied in presence of PLL film (5 layers of PLL) and Al NPs film (12 layers of Al). Where 
seven samples were prepared with various structures: pure film of PLL (PLL), pure film of Al 
NPs (Al), pure film of ZnO NPs (ZnO), ZnO film applied on PLL film (ZnO/PLL), ZnO film 
on Al film (ZnO/Al), PLL film on Al film (PLL/Al), and PLL film deposited between ZnO and 
Al films (ZnO/PLL/Al).

The size and crystal structure of primary NPs were received by transmission electron microscopy 
(TEM) JEOL JEM 2100 (200 kV). UV-vis-NIR spectra and luminescence emission were obtained 
using JASCO V-770 and JASCO FP-8300 spectrometers, correspondingly. Surface morphology 
of the obtained nanostructures films was analyzed by scanning electron microscopy (SEM) JEOL 
JSM 7001F.

Results and Discussion
TEM analysis showed spherical shape and core-shell structure for Al nanoparticles with metal 

crystal core and oxide shell (Fig. 2, a). The average primary particle size of Al NPs, which formed 
large agglomerates, was 54.6 ± 25.1 nm including the shell thickness of 3 nm. 

According to the obtained spectra of Al NPs films (AlI and AlII) with different initial optical 
densities before and after coating with PLL layers (Fig. 2, b), the absorption peak of Al NPs films, 
initially observed at approximately 230 nm, shifts towards longer wavelengths after the deposition 
of PLL layers, reaching approximately 300 nm.

Fig. 2. TEM analysis of aluminum nanoparticles, synthesized by an electrical wire explosion 
method (a); Optical density spectra of Al NPs films before (solid lines) and after PLL modification 

(dashed lines) (b) 
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In contrast, no significant peak shift was observed when dextran was used as the polymer 
coating. This shift is attributed to the changes in the local refractive index and potential electronic 
interactions at the nanoparticle-polymer interface. Another group [8] presented that the absorption 
peak of oleate-modified iron oxide magnetite nanoparticles shifted from 255 nm to 267 nm after 
PLL adsorption onto OL-MNPs. This confirms that PLL coating significantly influences the UV 
plasmonic behavior of different metal nanoparticles that can be utilized for tuning their optical 
properties in UV region.

SEM images of the surface morphology for various nanostructures films of pure Al, pure 
ZnO, and ZnO applied on PLL deposited on Al films (ZnO/PLL/Al), presented in (Fig. 3, a). 
The Al film consists of aggregated nanoparticles forming uneven coverage on the substrate. The 
ZnO film exhibits large, poorly distributed clusters with weak surface adhesion. In contrast, 
the ZnO/PLL/Al nanostructure demonstrates a more uniform and continuous layer, indicating 
improved adhesion and surface compatibility using polymer PLL between ZnO and Al films.

Fig. 3. SEM images of nanostructures films: pure Al, pure ZnO, and ZnO/PLL/Al (a); Photoluminescence 
enhancement factor of ZnO film in the presence of Al nanostructure with and without PLL film 

between them at an excitation wavelength of 325 nm (b)

The optical properties of various structures, including (PLL, Al, ZnO, ZnO/PLL, ZnO/Al, 
PLL/Al, and ZnO/PLL/Al), were examined to determine the effect of PLL film on PL enhancement 
of ZnO NPs emission in the presence of Al NPs. As shown in (Fig. 3, b), the ZnO film deposited 
on Al film (ZnO/Al) has provided PL enhancement factor of 1.13-fold at an emission wavelength 
of 377 nm, whereas applying PLL film between ZnO and Al films (ZnO/PLL/Al) increased the 
PL enhancement factor up to 1.9-fold. In another study [9], the researchers used PLL coating to 
achieve yield percentage of Au nanoplates up to 59%.

In summary, the obtained results indicate a positive role of polymer not only to modify 
the optical behaviors of metal nanoparticles but also to enhance the fluorescence and the 
electromagnetic interaction between fluorophore and metal nanoparticles to reach higher 
amplification of PL emission.

Conclusion
The influence of polymer coatings on the optical properties of Al nanostructures films in 

UV region was investigated. The obtained results showed that while dextran did not induce 
any noticeable spectral shifts, PLL caused a significant shift in the absorption peak of Al NPs 
films from 230 nm to 300 nm. Moreover, the ZnO/PLL/Al nanostructure demonstrated PL 
enhancement amplification up to 68% at an emission wavelength of 377 nm compared to 
ZnO/Al sample without PLL, at an excitation wavelength of 325 nm. These outcomes confirm 
the promising potential of polymer-modified aluminum nanostructures for plasmon-enhanced 
photoluminescence. Thus, polymer modification on plasmonic behavior of Al NPs will be a 
promising field to tune and achieve new properties of Al nanostructures for many metal-enhanced 
fluorescence applications and biosensing in the UV region.

a) b)
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Abstract. A remarkable increase in photoluminescence intensity for passivated mesa struc-
tures with InGaAs/GaAs quantum wells were demonstrated using the method of sol-gel SiO2 
passivation. The photoluminescence signal enhancement up to 50 times for 1.25 μm diameter 
mesas after passivation was observed. The obtained results are promising for use in microlasers 
with active region based on InGaAs quantum wells.
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Аннотация. Продемонстрировано значительное увеличение интенсивности 

фотолюминесценции для пассивированных SiO2 методом золь-гель меза-структур с 
квантовой ямой InGaAs/GaAs. Наблюдалось усиление сигнала фотолюминесценции 
до 50 раз для мез диаметром 1,25 мкм после пассивации. Полученные результаты 
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перспективны для использования в микролазерах с активной областью на основе 
квантовых ям InGaAs.
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Introduction

Semiconductor materials based on GaAs are widely used in modern optoelectronic devices, 
solar cells, and communication due to their high electron mobility and direct bandgap structure. 
However, one of the critical challenges limiting the efficiency of GaAs-based devices is the 
high density of surface states, which leads to an increased surface recombination velocity on the 
order of 105–106 cm/s [1]. To minimize negative factors affecting the surface of devices, various 
approaches have been developed for passivating the surface of radiating devices, including thin 
film deposition using atomic layer deposition (ALD), plasma treatment, and surface nitridation, 
which significantly improve the optical characteristics of GaAs structures [2]. 

A new promising technique for passivating microstructures is the sol-gel SiO2 passivation method, 
which is attractive due to its low-temperature deposition process and high efficiency [3, 4]. Notably, 
sol-gel-derived SiO2 coatings provide uniform coverage with controllable thickness (10–100 nm), 
leading to a substantial enhancement in the photoluminescence intensity and carrier lifetime of 
InGaN nanostructures [4]. In this study, we investigate the impact of sol-gel SiO2 passivation 
on the photoluminescence emission properties of InGaAs/GaAs quantum well (QW) structures, 
demonstrating its potential for enhancing the performance of semiconductor lasers.

Materials and Methods
The epitaxial structures were grown on a GaAs (001) substrate using molecular beam epitaxy. 

Sample №1 consists of a 250 nm-thick GaAs buffer layer. Followed by a 500 nm-thick Al0.33Ga0.67As 
barrier layer to confine carriers within the active region. The active region was grown in a 
100 nm-thick GaAs layer and consisted of a single 10 nm-thick In0.2Ga0.8As QW. Finally, the 
structure was capped with a 100 nm-thick Al0.33Ga0.67As upper barrier and a 10 nm-thick GaAs 
layer to prevent oxidation.

In sample №2 a GaAs buffer layer was deposited, then a 50 nm thick Al0.25Ga0.75As layer was 
formed to prevent the leakage of charge carriers into the substrate. Then, a 200 nm thick GaAs 
layer was grown with a 10 nm-thick In0.2Ga0.8As QW layer placed in the middle, followed by 
10 periods of superlattice (SL) consisting of GaAs/AlAs layers with thicknesses of 10 nm/10 nm. 
The structure was covered up with a 10 nm thick GaAs layer.

Microdisk mesas of various diameters from 1 to 20 µm were fabricated using photolithography 
and plasma etching for both structures. Samples №1 and №2 also differed in the density of the 
etched mesas: sample №1 had single mesostructure etched, while sample №2 had arrays of mesas 
etched in an area with a diameter of 20 μm.

The SiO2 passivation shell was synthesized using the Stöber’s method, which involves the 
hydrolysis and condensation of tetraethoxysilane in an ethanol-water-ammonia solution as follows. 
2.1 mL of ethanol and 2.9 mL of deionized water were added to the sample, after which 0.012 g 
of the surfactant cetyltrimethylammonium bromide (CTAB) was introduced, which acts as growth 
centers for the SiO2 gel structure and ensures the formation of SiO2 gel on the entire microlaser 
surface. The resulting mixture was incubated for 5 min at room temperature. Then 25 μl of 20% 
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Fig. 1. PL spectra of 2 μm diameter mesa from sample №1 before and after passivation with sol-gel 
SiO2 layer (a) integrated PL intensity for mesas of different diameter in 890−1000 nm wavelength range 

for structure №1 (b)

a) b)

aqueous ammonia solution and 13 μl of TEOS were added. Then reaction mixture was maintained 
under stirring for 60 minutes. The thickness of the resulting SiO2 layer strongly depends both on 
the reaction time and on the concentrations of reagents and estimated to be around 10 nm thick.

Photoluminescence (PL) spectra were measured using an Integra Spectra NT-MDT confocal 
microscope at room temperature. The excitation laser radiation (YAG:Nd 527 nm) was focused 
using a 20x objective (Mitutoyo, M Plan APO NIR) with numerical aperture NA = 0.4 into a 
spot up to approximately 5 µm in diameter with pump power density of 1 kW/cm2. Detection 
was performed using a Sol Instruments MS5204i monochromator and a cooled CCD Si camera 
(Andor iVac).

Results and Discussion
The PL spectra of disk mesas in sample №1 were studied at room temperature before and after 

SiO2 sol-gel passivation. Fig. 1, a shows PL spectra for mesa with 2 µm diameter. In the inset 
to Fig. 1, a there is a scanning electron microscope image of a single mesa with a diameter of 
2 μm. The PL maximum in the range of 950–1000 nm characterizes the transition in a single 
In0.2Ga0.8As/GaAs QW. The Fig. 1, a shows that the PL signal intensity for both GaAs and the 
In0.2Ga0.8As/GaAs QW demonstrates strong enhancement after passivation. The maximum change 
in PL intensity for the ground-state transition of the In0.2Ga0.8As/GaAs QW in a 2 and 3 µm mesa 
was approximately 8-fold (Fig. 1, b) after passivation. To compile comprehensive statistics, five 
mesas were examined for each diameter. An increase in PL intensity after passivation is observed 
across the entire range of studied mesas diameters. The significant spread of PL intensities for the 
1 μm diameter mesa is due to etching defects in the mesa structures.

To verify the passivation effect and to investigate the influence of the mesa alignment further, 
sample №2 with a denser arrangement of mesa structures was also investigated. For sample №2, 
the pump laser illuminated the entire array of mesas with same diameter simultaneously. On insert 
to Fig. 2, b one can observe a scanning electron microscope image of an array of mesas with a 
diameter of 2 μm.

Fig. 2, a shows the PL spectra for an array of 1.25 μm diameter mesa structures before 
passivation and after passivation immediately and after 1 min of pump laser exposure. The spectra 
show an emission maximum associated with the GaAs/AlAs superlattice at 845 nm, GaAs at 
870 nm, as well as line at 950−1000 nm characterizing the emission of In0.2Ga0.8As/GaAs QW. 
Prolonged exposure to optical pumping on the surface of mesas leads to a gradual decrease in the 
PL signal of In0.2Ga0.8As/GaAs QW. The observed photoluminescence decline within one minute 
(green spectra on Fig. 2, a can be related to the photopolymerization within the SiO2 passivation 
layer structure under the action of optical pumping by the laser. 

The PL intensity of the GaAs/AlAs superlattice also increases after SiO2 passivation, but not as 
much as the QW signal (demonstrating a maximum signal amplification of 5 times for mesas with 
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Fig. 2. PL spectra before and after passivation for sample №2 with 1.25 µm diameter mesas (a). 
Integrated PL intensity for different mesas diameter of sample №2 (b)

a) b)

a diameter of 1.25 μm). The reason for much lower PL enhancement of SL signal may be that 
AlAs is much more sensitive to moisture and oxidation and can degrade or form unstable oxides 
that are not eliminated by passivation.

Fig. 2, b shows the integral PL intensity of the studied arrays of mesa structures of different 
diameters for sample №2. The greatest enhancement of the integral PL intensity is observed for 
mesostructures with a diameter of 1.25 μm. As the mesa’s diameter increases, the contribution of 
nonradiative recombination to the PL signal decreases, leading to the most significant passivation 
effect being observed for small mesas with diameters of 1.25–3 µm in diameter. Thus, further 
mesas’s diameter increment does not lead to enhancement of PL signal. This dependence also 
can be attributed to the diffusion length of charge carriers in InGaAs/GaAs quantum wells, which 
is on the order of 2–3 μm [5].

Conclusion
For the first time the effect of surface passivation of GaAs mesa structures with active 

region on the basis of InGaAs/GaAs QW using SiO2 layer obtained by sol-gel method was 
investigated. Investigated PL intensity from the InGaAs/GaAs QW was significantly enhanced 
after SiO2 passivation by sol-gel method. For sample №1 a maximum increase in the integrated 
intensity of 8 times was observed for the 2 and 3 μm diameter mesa structures. For sample №2 
the maximum PL signal enhancement was 50 times for the diameter of 1.25 μm structures. The 
obtained results are promising for usage in microlasers with active region based on InGaAs/GaAs 
quantum wells.
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Abstract. To achieve clinical relevance, tissue-engineered constructs should replicate the 

metabolic activity and vasculature of native tissues and organs. Currently, conventional bioinks 
struggle to mimic the structural complexity of human tissues. Adding microgels with living cells 
into bioinks enables precise control over structural and functional complexity, offering a scala-
ble platform for regenerative therapies and drug testing. The study introduces a heterogeneous 
bioink with microgels designed to bioprint tissue engineering constructs with complex archi-
tecture. To do this, we optimized the 1.5 % wt. alginate bioink composition adding Pluronic 
F-127 10 % wt. together with 3.75 % wt. gelatin microgels, fabricated via droplet microfluidics. 
An extrusion bioprinter was used to print test structures using this compound. As a result, it 
was possible to outline the first steps toward an effective protocol for creating tissue-engineered 
constructs from the multicomponent hydrogel solution with CT-26 eGFP cell viability up to 
95% for the 10th cultivation day.
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Аннотация. В настоящее время технология тканевой инженерии не позволяет 

воссоздавать сложную структуру тканей и органов человека. Добавление микрогелей, 
представляющих собой гидрогелевые микрочастицы диаметром от 10 до 500 мкм с 
клетками, в раствор биочернил позволяет задавать расположение клеток в получаемых 
тканеинженерных конструкциях. Такие структуры в дальнейшем могут использоваться 
в качестве масштабируемых моделей для регенеративной терапии и тестирования 
лекарств. Состав гетерогенных биочернил представлял собой 1,5% wt. раствора 

PHYSICAL MATERIALS TECHNOLOGY

© Tiushkevich A.A., Pleshakov P.S., Filatov N.A., Bukatin A.S., 2025. Published by Peter the Great St. Petersburg Polytechnic 

University.



243

Physical materials and technology

© Тюшкевич А.А., Плешаков П.С., Филатов Н.А., Букатин А.С., 2025. Издатель: Санкт-Петербургский политехнический 

университет Петра Великого.

альгината с добавлением 10% wt. PluronicTM F-127 и желатиновых микрогелей 
диаметром 120 мкм, изготовленных методом капельной микрофлюидики. Для печати 
тестовых структур использовался экструзионный биопринтер. В результате удалось 
получить тканеинженерные конструкции из двухкомпонентного гидрогелевого раствора 
с жизнеспособностью клеток CT26 eGFP до 95% на 10-й день культивирования.

Ключевые слова: тканевая инженерия, гидрогелевые микрочастицы, микрогели, 
капельная микрофлюидика, 3D биопечать
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Introduction

To be used in clinical practice, tissue engineering constructs must replicate cellular metabolic 
activity and have a vascular system that mimics human tissues and organs. Currently, bioprinting 
methods that use conventional homogeneous bioink solutions challenge imitating the structural 
complexity of natural tissues [1]. Adding microgels with living cells to such solutions allows precise 
control of the structural and functional features of the selected tissue while offering a scalable 
model for the course of diseases and drug testing for cytotoxicity [2]. The aim of this study is to 
develop tissue engineering models made of composite bioinks based on hydrogel solution with 
hydrogel microparticles and encapsulated living cells, synthesised by droplet microfluidics, for 
drug testing applications. 

Materials and Methods
Microfluidic Device Fabrication. A soft lithography approach was employed to fabricate 

microfluidic devices from polydimethylsiloxane (PDMS, Sylgard 184, Dow Silicones, Midland, 
MI, USA) [3–4]. The mold was produced using a two-step contact photolithography process 
through a chromium mask on a silicon wafer coated with SU-8 2025 photoresist layers (Kayaku 
Advanced Materials, Westborough, MA, USA). The PDMS mixture, comprising prepolymer and 
curing agent in a 10:1 weight ratio, was thoroughly mixed, degassed, and subsequently put onto 
the mold. Following a 4-hour curing process in an oven at 65 °C, the PDMS replica was detached 
from the mold and sectioned into individual devices. Inlet and outlet interfaces were made via 
a 2 mm biopsy puncher. Oxygen plasma treatment was used to bond the PDMS replica with a 
standard glass slide. A rain-repellent treatment (Aquapel, USA) was used to create a hydrophobic 
coating on the inner walls of the microchannels achieving a contact angle of ~ 100°.

Microgel Synthesis. To prepare hydrogel microparticles (microgels) with living cells we used 
a microfluidic device with a flow-focusing “water-in-oil” droplet generator. A dispersed and 
continuous phase of liquids were injected into the microfluidic device under constant pressures 
using a custom microfluidic pressure controller [5]. As a dispersed phase we used 0.8 ml of 5 % 
wt. gelatin solution (Bovine gelatin, Sigma-Aldrich, CAS Number 9000-70-8) and mixed it with 
a 0.2 ml mice colon adenocarcinoma with enhanced green fluorescent protein (CT26 eGFP) cell 
solution with final cell concentration from 4 to 5 million cells per 1 ml. Roswell Park Memorial 
Institute (RPMI) 1640 growth cell medium with 10% vol of fetal bovine serum (FBS) was 
used for cell cultivation, which facilitated cell proliferation and tissue model development. As 
a continuous phase for microgel generation we used fluorinated oil (HFE-7500, CAS Number 
297730-93-9) with 1 % wt. nonionic surfactant (FluoSurf-CTM, Emulseo, France).

Bioink Preparation. A detailed scheme of heterogeneous bioink fabrication is shown in 
Figure 1. The whole process can be divided into four stages: microgel synthesis, microgel 
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Fig. 1. Bioprinting using a heterogeneous bioink solution. Preparation scheme of heterogeneous bioink 
solution with microgels incorporation (a); top view of a microfluidic PDMS device used for generation 
microgels with living cells (b); a well of 12-well cell plate with a 3D printed model (c); an optical 
image of the 3D printed model (the scale bar is 2 mm) (d); an enlarged image of the 3D printed model 
with gelatin microgels and living cells directly after fabrication (e); an optical image of the 3D printed 

model after 10 days of cultivation (f)

selection, solutions mixing and extrusion bioprinting. Initially we synthesized the monodispersed 
microgels with diameter from 120 ± 5 um in the microfluidic device. Subsequently, the acquired 
microparticles were transferred from oil to cell media and concentrated via centrifugation to 
achieve a dense suspension of microgels. After that, we mechanically mixed this suspension with 
the homogeneous bulk bioink solution in a ratio of 1:1 in a 5 ml tube placed in an icebox. The 
bulk solution consisted of alginate 3% w/v, PluronicTM F-127 20% w/v, D-mannitol 4.65 w/v 
and FBS 3% vol and was prepared by so-called “cold method”, presented elsewhere [6]. The 
resulting heterogeneous solution was loaded into 1 ml syringe and inserted into the customized 
3D bioprinter. 

3D bioprinting. Direct-write deposition of the bioink solution was performed using a custom 
extrusion 3D bioprinter. The bioink mixture was loaded into a 1 ml syringe with 0.41 ID blunt 
end dispensing tip. The syringe was inserted into the printing head and connected to a E-axed 
motorized stage for the extrusion to the sterile 12-well cell plate (Fig. 1, c) with a relative speed 
between the nozzle and X-Y table of 1.3 mm. s−1. 

To prepare computer-aided designed (CAD) models for bioprinting we used custom scripts 
written in Python and the Slic3r program. Printing commands were transmitted to the printer as 
a G-code through the Repetier-Host program. A test model was a 10 mm long and 0.3 mm high 
square lattice (Fig. 1, d). The distance between the neighboring extruding fibers was in the range 
from 1 to 1.7 mm. After bioprinting, the lattice was exposed to 0.2 % wt. CaCl2 within 2 minutes 
for alginate cross-linking. Thereafter, the cross-linked structures were filled with cell culture 
medium and placed in a CO2 incubator for further cell development. The cell structures were 
analyzed using a Zeiss Axio Observer Z1 spinning disk confocal microscope. Dead and damaged 
cells were stained with 1 mM propidium iodide (red). Live CT26 eGFP cells expressed green 
fluorescent protein (green).
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Fig. 2. Viability of CT26-eGFP cells inside 3D printed test lattices: confocal fluorescent images of 
a test lattice printed from the homogeneous solution of alginate/Pluronic F-127 with CT26 eGFP 
cells during in vitro cultivation (the scale bar is 500 um) (a); the CT26 eGFP cells viability in the 
lattice made from homogeneous bioink (b); confocal fluorescent images of a test lattice printed with 
heterogeneous solution of alginate/PluronicTM F-127 with CT26 eGFP cell-laden gelatin microgels 
during in vitro cultivation (the scale bar is 500 um) (c); the CT26 eGFP cells viability in the lattice made 
from heterogeneous bioink with gelatin microgels (n = 3 experiments). The inserts show representative 

enlarged merged bright field and confocal images of test structures (the scale bar is 100 µm) (d)

Results and Discussion

Initially, we printed the test models using a homogeneous bioink solution of alginate/PluronicTM 
F-127 with CT26 eGFP cells, which are shown in Fig. 2, a. In the obtained structures the cells 
evolved separately, increasing in size and forming spheroids during cultivation. The viability of the 
cells in the first 7 days of cultivation was below 85% increasing above 95% by day 12 (Fig. 2, b), 
which showed that a significant amount of cells was damaged during the bioprinting. After that, 
we printed the 3D lattice structure using a heterogeneous bioink solution where CT26-eGFP cells 
were encapsulated in gelatin microgels (Fig. 2, c). The presence of gelatin microgels reduces the 
viscosity of the final solution and thus affects the spatial resolution of the final structure. Therefore, 
we set a distance of 1.6 mm between the nearest parallel lines in the test lattice model. As a 
result, the width of each filament line in the printed model was 0.6 ± 1 mm. In this case the cell's 
viability exceeded 90% after printing and increased up to 95% by day 10 (Fig. 2, d). Moreover, 
on the 5th day of cultivation, the number of cells increased, and they were spread along the inner 
microgel surface (Fig 2, c(ii)). On the 10th day of cultivation, the cells were intended to fill the 
entire volume of microgels (Fig 2, c(iii)). In both cases the cells kept growing inside the lattice 
and did not transfer to the surface of the microwell plate. Such behavior indicates that the cells 
have high adhesion to the alginate surface.

Conclusion

Here we presented 3D printed tissue engineering models consisting of a heterogeneous bioink 
solution with monodisperse gelatin microgels that contain CT26 eGFP cells. The microgels were 
synthesized in a microfluidic flow-focusing “water-in-oil” droplet generator. Their diameter was 
120 µm, which showed to be enough for encapsulation of several cells and their development 
inside. Careful mixing of dense suspension of microgels with the bulk hydrogel solution allowed to 
obtain a heterogeneous bioink with uniform distribution of microgels. Extrusion of the obtained 
bioink via a custom 3D bioprinter allowed us to achieve a test lattice with an average extruding 
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fiber width of 0.6 ± 0.1 mm. According to the optical images, the distribution of microgels in 
the printed lattice was uniform along the whole structure. The cells inside gelatine microgels 
in printed lattices had the total viability up to 95% by the fifth day of incubation, whereas the 
cells inside a lattice printed from homogeneous bioink solution demonstrated a viability rate 
below 80% by the seventh day of incubation. This shows that encapsulation of cells into gelatin 
microgels can protect them from the large shear rate in the nozzle during the bioprinting process. 
Moreover, in the lattice with microgels the cells have better proliferation activity and form a 3D 
construct with higher cell density during 10 days of incubation. We believe that the obtained 3D 
cell structures are promising to be used as models for drug cytotoxicity testing.



247

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1 
Научно-технические ведомости СПбГПУ. Физико-математические науки. 18 (3.1) 2025

Conference materials
UDC 538.975
DOI: https://doi.org/10.18721/JPM.183.149

Structural and optical properties of InP layers obtained by 
plasma-enhanced atomic layer deposition at different temperatures

A.V. Uvarov 1 ✉, A.I. Baranov 1, A.A. Maksimova 1, E.A. Vyacheslavova 1,

V.A. Pozdeev 1, O.P. Mikhaylov 2, E.V. Nikitina 1, A.S. Gudovskikh 1 
1 Alferov University, St. Petersburg, Russia;

2 St. Petersburg Electrotechnical University “LETI”, St. Petersburg, Russia
✉ lumenlight@mail.ru

Abstract. Plasma-enhanced atomic layer deposition (PE-ALD) was employed to deposit 
indium phosphide (InP) thin films on silicon substrates at temperatures ranging from 250 °C to 
380 °C. Using trimethylindium and phosphine as precursors, the influence of deposition tem-
perature on film growth rate, structural, and optical properties was investigated. A stable growth 
per cycle (GPC) was observed within the 250–350 °C range, indicating self-limiting ALD be-
havior, while an increase in GPC at 380 °C suggested onset of non-ideal growth mechanisms. 
Raman spectroscopy revealed improved crystallinity with increasing temperature, demonstrated 
by intensified longitudinal optical phonon peaks. Photoluminescence measurements showed 
near-band-edge emission around 1.36–1.39 eV, with a blue shift and narrowing of the emission 
peak at higher temperatures, indicating enhanced optical quality and reduced defect density.
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температурах от 250 до 380 °C. Изучено влияние температуры осаждения на скорость 
роста, структуру и оптические свойства пленок. Повышение температуры приводит 
к улучшению кристалличности и качеству фотолюминесценции, что указывает на 
снижение плотности дефектов.
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Introduction

Deposition of functional materials by the method of plasma-enhanced atomic layer deposition 
(PE-ALD) has gained increasing popularity in recent years. The number of different precursors, as 
well as the number of materials available for this method, continues to grow [1]. One such material 
is indium phosphide (InP), an AIII-BV semiconductor with a direct band gap of 1.34 eV, making 
it highly useful for optoelectronic devices such as laser diodes and photonic integrated circuits in 
the optical telecommunications industry. Atomic layer deposition (ALD) is a critical technique 
for achieving precise, conformal, and uniform thin-film growth at the atomic scale. PE-ALD 
further enhances this capability by enabling low-temperature processing and improved film quality, 
which is essential for temperature-sensitive substrates and advanced semiconductor applications. 
PE-ALD of InP presents a potential solution by enabling low-temperature, conformal growth, 
which could facilitate the monolithic integration of InP-based optoelectronics with silicon 
platforms, opening new possibilities for advanced photonic and electronic systems [2]. This work 
investigates the PE-ALD of InP using trimethylindium and phosphine as precursors, focusing on 
the influence of deposition temperature on the structural and optical properties of the resulting 
films. The findings are aimed at advancing the integration of III–V/Si heterostructures for future 
photonic and electronic applications.

Materials and Methods
Indium phosphide thin films were deposited on (100)-oriented n-type silicon wafers (double-

side polished, 5–10 Ω·cm) using a plasma-enhanced atomic layer deposition (PE-ALD) process. 
Prior to deposition, the substrates were cleaned in a 10% aqueous hydrofluoric acid (HF) solution 
to remove the native oxide layer. The deposition process were carried out in an Oxford Instruments 
Plasmalab 100 PECVD system equipped with a 13.56 MHz capacitive-coupled RF direct plasma 
source. Trimethylindium (TMI) and phosphine (PH3), both diluted in hydrogen, were used as the 
indium and phosphorus precursors, respectively, while high-purity argon served as the purge gas. 
The plasma was ignited during the PH3 pulse only, with an RF power of 200 W (power density 
440 mW/cm2). The precursor pulse and purge times were optimized to ensure self-limiting surface 
reactions and avoid parasitic CVD effects. The deposition sequence are summarized in Table.

In all experiments, the number of ALD cycles was fixed at 400. The substrate temperature 
was varied between 250 °C and 380 °C to study its effect on the film’s growth rate and structural 
quality. Film thicknesses were measured using a Zeiss Supra 25 scanning electron microscope 
(SEM). Raman spectroscopy was performed using an Enspectr R532 system equipped with a 
532 nm excitation laser to assess the crystallinity of the deposited layers. Photoluminescence (PL) 
measurements were carried out at room temperature using an Accent RPM Sigma system with an 
excitation wavelength of 798 nm to evaluate the optical quality of the InP films.
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Fig. 1. GPC of InP at PE-ALD process as a function of deposition temperature

Tab l e

Process parameters

Step Indium 
deposition Purge Phosphorus 

deposition Purge

Precursor TMI/H2 Ar PH3/H2 Ar
Pulse time, s 5 10 3 10

Dose, nmol/cm2 50 2
Pressure, mTorr 350 0 350 0

RF power, W 0 0 200 0

Results and Discussion

The structural and optical properties of InP thin films deposited by PE-ALD were investigated 
across a substrate temperature range from 250 °C to 380 °C. In all experiments, the number of 
ALD cycles was fixed at 400, resulting in film thicknesses ranging from 26.0 to 43.7 nm depending 
on the growth per cycle (GPC) at each temperature.

These results indicate a relatively stable growth rate in the 250–350 °C range, suggesting 
operation within the ALD saturation window. The pronounced increase in GPC at 380 °C is 
likely due to enhanced surface reactivity or partial onset of non-self-limiting reactions at elevated 
temperature. At these temperatures, partial decomposition of TMI may also occur, leading to an 
increased growth rate due to monolayer densification and reduced steric hindrance. Figure 2, a 
presents Raman spectra of the InP films deposited at different temperatures. A pronounced 
longitudinal optical (LO) phonon peak near 345 cm–1 is observed for all samples, with increasing 
intensity at higher temperatures, indicating improved crystallinity. In contrast, broader spectral 
features and reduced LO intensity at lower temperatures suggest higher structural disorder [3].

Room-temperature photoluminescence (PL) spectra (Fig. 2, b), measured using an Accent 
RPM Sigma system with 798 nm excitation, revealed a strong near-band-edge (NBE) emission in 
the range of 893–890 nm (corresponding to 1.388–1.393 eV), which is close to the fundamental 
bandgap of bulk InP. A slight blue shift of the emission peak with increasing deposition 
temperature – from 893 nm at 250–300 °C to 890 nm at 380 °C – may be attributed to quantum 
confinement effects in nanocrystalline grains or internal strain in the film [4, 5]. In addition 
to peak position, the full width at half maximum (FWHM) of the PL signal exhibited a strong 
temperature dependence, decreasing from 35 nm at 250 °C to 23.2 nm at 350 °C. The narrowing 
of the emission band indicates an improvement in structural and electronic uniformity, with a 
reduction in defect-related localized states and nonradiative recombination centers [6, 7]. A slight 
broadening at 380 °C (FWHM = 24.5 nm) may result from increased surface roughness or grain 
coalescence at elevated temperatures. These PL results are in good agreement with the Raman 
data and confirm the superior optical quality of films grown at higher temperatures.
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Fig. 2. Raman spectra of PE-ALD InP films deposited at 250 °C – 380 °C (a). Room-temperature 
photoluminescence spectra of InP films (b)

a) b)

Conclusion

Indium phosphide thin films were successfully deposited on silicon substrates using plasma-
enhanced atomic layer deposition (PE-ALD) at temperatures ranging from 250 °C to 380 °C. 
A consistent ALD growth regime was observed at lower temperatures (250–350 °C), with a 
significant increase in GPC at 380 °C, reaching 1.09 Å/cycle. Structural characterization via Raman 
spectroscopy confirmed that higher deposition temperatures resulted in improved crystallinity, 
as evidenced by the intensified LO phonon peak. Photoluminescence analysis revealed near-
band-edge emission centered around 1.36–1.39 eV, with a slight blue shift and pronounced 
narrowing of the emission peak at higher growth temperatures. This behavior suggests enhanced 
optical quality due to reduced defect density and improved electronic uniformity. These findings 
demonstrate that PE-ALD enables the low-temperature growth of high-quality InP thin films 
on silicon, making it a promising method for the monolithic integration of III–V optoelectronic 
components with Si-based platforms.
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Abstract. Morphology of silicon nanostructures obtained by thermal chemical vapour dep-
osition (CVD) method in mesoporous silica particles (mSiO2) and macroporous synthetic opal 
were studied. The proposed method allows obtaining a uniform Si layer on the surface of 
non-porous spherical silica particles forming macropores in opal, in contrary, to complete 
filling of 3-nm pores inside mesoporous particles with amorphous silicon. The thermal CVD 
provides for gradual change of pore filling which, in turn, leads to step-to-step variation of 
porosity characteristics in the case of mSiO2/Si and the modification of photonic crystal prop-
erties in the case of opal-Si.
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Аннотация. Изучена морфология кремниевых наноструктур, получаемых методом 

термического газофазного осаждения, внутри частиц мезопористого кремнезема (mSiO2) 
и коллоидного кристалла – макропористого синтетического опала. Предложенный 
метод позволяет получить однородный слой Si на поверхности непористых сферических 
частиц кремнезема, образующих макропоры в опале, тогда как 3-нм поры внутри 
мезопористых частиц полностью заполняются аморфным кремнием. Применяемый 
технологический подход обеспечивает постепенное изменение степени заполнения 
пор, в свою очередь, определяющее ступенчатое изменение характеристик пористости 
mSiO2/Si и модификацию фотонно-кристаллических свойств композита опал-Si.
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Introduction

There has been rapidly increasing interest in design and synthesis of silicon-based nanostructured 
materials for photonics, photovoltaics and bioapplications [1, 2]. Silicon nanocrystals, nanowires 
and photonic crystals are key examples of functional nanostructures with properties determined 
by their morphology [1, 2]. One of the ways to tailor the morphology of nanostructures is the 
use of porous template approach [3, 4]. The pore size and shape of the template are the main 
characteristics which determine the morphological features and thus the structural parameters of the 
silicon nanostructures formed. The goal of this work was to study the difference in morphology of 
silicon nanostructures grown by thermal chemical vapor deposition (CVD) method in two kind of 
silica templates: mesoporous particles and macroporous synthetic opals. The variation of porosity 
characteristics and the modification of opal-Si photonic crystal properties were demonstrated.

Materials and Methods
Materials. We used the following reagents: cetyltrimethylammonium bromide (CTAB, 

C16H33N(CH3)3Br), 99.99% (Acros Organics); aqueous ammonia (NH3), 24 wt%; ethanol 
(C2H5OH), 95.7 vol%; deionized water (H2O) with a resistance of 10 MΩ; tetraethoxysilane 
(TEOS, Si(OC2H5)4), 99.9% (Acros Organics); monosilane (SiH4), electronic grade (Sigma-
Aldrich); argon (Ar), 99.998% (Sigma-Aldrich). All the chemicals were of analytical purity grade 
commercially available. There was no need to additionally purify the reagents.

Methods. The silica particles, opals and SiO2/Si composites were obtained based on our 
previously developed methods. In particular, the procedure for the synthesis of non-porous 
spherical silica particles (nSiO2) with a diameter of 740 ± 30 was similar to that employed in [5, 6] 
via hydrolysis of TEOS in a mixture NH3–H2O–C2H5OH. Spherical mesoporous silica particles 
(mSiO2) with a diameter of 385 ± 20 nm and a pore diameter of 3.1 ± 0.15 nm were synthesized 
according to the method developed by us via basic hydrolysis of TEOS in NH3–H2O–C2H5OH–
CTAB mixture [7, 8]. The opal films were grown from close-packed nSiO2 particles on substrates 
made from optically polished microscope glass by using the vertical deposition technique as 
described in [9, 10]. The volume available for filling was up to 26% of the total opal volume, and 
the interparticle macropore size was 100–300 nm. For the synthesis of silicon within the pores of 
opal and mSiO2 particles we used the modified method of monosilane thermal decomposition at 
450 °C during 0−60 h [11, 12].

Transmission electron microscopic (TEM) measurements were performed using a Jeol JEM-
2100F microscope (accelerating voltage 200 kV, point-to-point resolution 0.19 nm) equipped with 
Bruker XFlash 6T-30 energy dispersive X-ray (EDX) spectrometer. The nitrogen adsorption was 
performed using a Micromeritics 3FLEX at a temperature of 77 K. The specific surface area was 
calculated by the Brunauer − Emmett − Teller (BET) method, and the pore size distribution was 
found using the nonlocal density functional theory (NLDFT). The optical transmission spectra 
were measured by a Bruker IFS 113v Fourier spectrometer in the near infrared region. The spectra 
were registered by using a cooled InSb detector and a halogen lamp as a light source. The spectral 
resolution was 4 сm−1. The incident light was focused onto the sample within the solid angle of 10°. 



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

254

Fig. 1. N2 adsorption and desorption isotherms measured at 77 K (a) and NLDFT pore size distributions 
(b) for the mesoporous silica particles filled with silicon. Filling duration (h): 1 – 0, 2 – 6, 3 – 12, 
4 – 17, 5 – 22, 6 – 45, 7 – 60. (c) Dependence of pore fill factor (1), specific surface area (2) and 
free pore volume (3) of mSiO2/Si particles on filling duration. Inset shows a schematic of filled pore

a) b) c)

Fig. 2. (a) Transmission spectra of the opal/Si composite on a glass substrate. Filling duration (h): 
1 – 0, 2 – 6, 3 – 12, 4 – 25, 5 – 30, 6 – 35, 7 – 40, 8 – 45, 9 – 50. (b) Dependence of pore fill 
factor (1), and photonic stop-band position (2) of opal/Si on filling duration. Inset shows a schematic 

of a non-porous particle covered with Si layer

Results and Discussion
We used different porous silicas, namely, spherical mSiO2 particles with 3-nm cylindrical 

mesopores and silica colloidal crystals (synthetic opals) with interparticle macropore size of 
100–300 nm. The thermal destruction of SiH4 occurs uniformly within the whole pore volume 
of the templates because in the thermal CVD method we developed, the limiting stage of the 
process in which pores are filled with silicon is the reaction in which monosilane is decomposed, 
rather than its diffusion within template pores [11, 12]. According to X-ray diffraction and Raman 
measurements, silicon formed in the macro- and mesopores is amorphous.

Fig. 1, a shows the isotherms for the mSiO2 particles as the mesopores are filled with silicon 
due to thermal decomposition of SiH4. It can be seen, that for particles that were filled with Si for 
up to 45 hours, the shape of the isotherms does not change. The NLDFT pore size distribution 
(Fig. 1, b) indicates the presence of only one pronounced peak at 3.1 nm, which corresponds to 
the size of CTAB micelles. Apparently, inside the mSiO2 particles, there is a complete filling of 
the mesopores with silicon (Fig. 1, c, inset). Probably, the near-surface pores are filled first, then, 
gradually, as the duration of the process increases, the boundary between the regions of filled 
and unfilled pores shifts deeper inside the particles. Access of SiH4 into the volume of particles 
preserves since they possess the branched interconnected structure of pores. When the pore 

a) b)
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Fig. 3. TEM and STEM images for the mSiO2/Si (a) and opal/Si (b) and EDX elemental maps for 
opal/Si (b)

filling is close to complete (Fig. 1, a, b, curve 7), the 3-nm pores disappear and larger pores are 
recorded, which are apparently interparticle pores. The SSA values calculated by BET method 
(BET SSA) and pore volumes decrease monotonically as filling time increases (Fig. 1, c). The 
pore filling degree was calculated based on the change in free pore volume. The TEM images of 
mSiO2/Si composite particles (Fig. 3, a) show that the particle contrast is uniform, indicating 
uniform filling of the particles with silicon without any unfilled regions. Note, that there is no 
silicon layer on the outer surface of the particles, thus the developed technique allows selective 
filling of mesopores.

a) b)

An essential feature of the opal/Si composite obtained is the manifestation of typical properties 
of photonic crystals [10, 13]. We could control and estimate the filling degree from the stop-band 
(dip) position in the transmission spectra caused by Bragg diffraction from the (111) planes of 
the f.c.c. lattice of the composite (Fig. 2, a). The position of the extremum of the diffraction line 
λ111 at normal incidence can be described by Bragg’s formula 111 (111)2 ,dλ = ε  where d(111) is the 
interplane distance, 〈ε〉 is the average dielectric constant of the composite, and i ifε = ε∑  (εi and 
fi are the dielectric constant and the volume fraction of the i-th constituent, respectively [10]). 
The dielectric constant of the SiO2 spheres and a-Si were taken to be 1.96 [10], and 13.7, 
correspondingly. There is no stop-band in curve 2 in Fig. 2, a due to the absence of optical 
contrast when the alignment of the average dielectric constants of spherical particles and the 
pore space occurs. In addition to the Bragg diffraction line, the transmission spectra contained 
interference fringes due to light reflection from two plane-parallel film surfaces.

Fig. 2, b shows that in the opal film, which was filled with Si for up to 40 hours, the position of 
the stop-band and the corresponding value of the pore fill factor change linearly with the change 
in the duration of the filling process. Then, the dependencies reach saturation, probably due to 
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the fact that the narrowest areas of the pores are completely filled with silicon. Unlike mesoporous 
particles, in opal the complete filling of the pores is not achieved, the maximum degree of filling 
is ~65%.

Fig. 3, b shows TEM images and EDX elemental maps for the obtained opal/Si composite. The 
boundaries of the nSiO2 particles forming opal structure and silicon shell are clearly distinguishable. 
It can be seen that, unlike the mesoporous template, in opal the process of layer-by-layer coating 
of the surface of silica particles with silicon is realized (Fig. 2, b, inset) and the thickness of the 
layer can be controllably varied, which follows from the smooth change in the photonic crystal 
properties of the composite (Fig. 2).

Conclusion
An approach for the gradual variation of fill factor of both meso- and macroporous silicas with 

amorphous silicon by use of thermal CVD technique is proposed. The synthesis of a-Si is carried 
out by thermal decomposition of monosilane within the pores of the templates. It is shown that the 
fill factor changes lead to step-to-step variation of porosity characteristics and the modification of 
opal-Si photonic crystal properties. It is found that in the opal template the formation of uniform 
layer of the same thickness on each SiO2 particle occurs, in contrast, the complete filling of 3-nm 
pores inside mesoporous particles with amorphous silicon takes place. The developed technique is 
a promising tool for obtaining functional particles for biomedical applications and active optical 
media on the base of synthetic opals.
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revealed a distinct peak in the temperature range of 230−300 K, corresponding to defect states 
with activation energies of 0.46−0.58 eV under various bias voltages (from 0 to +2 V and from 
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Аннотация. В данной работе изучены дефектные состояния в многослойных структурах 

GaN/InP, выращенных методами плазмохимического атомно-слоевого осаждения 
(PEALD), для потенциального применения в высокоэффективных многопереходных 
солнечных элементах. Для характеризации дефектов в гетероструктурах использовались 
методы нестационарной спектроскопии глубоких уровней (DLTS) и спектроскопии 
полной проводимости. Спектры DLTS показали четко выраженный пик в температурном 
диапазоне 230−300 K, соответствующий дефектным состояниям с энергиями активации 
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0,46−0,58 эВ при различных напряжениях смещения (от 0 до +2 В и от −1 до 0 В). 
Спектроскопия полной проводимости подтвердила наличие аналогичных дефектов, 
продемонстрировав зависимость энергии активации от приложенного напряжения 
в диапазоне 0,36−0,57 эВ, вероятно, связанных с поверхностными состояниями на 
границе раздела GaN/InP.
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Introduction

In the modern world, there is a shift toward renewable energy sources, which has been particularly 
active since 2020, after which the cost of electricity has significantly increased. Today, single-
junction solar cells (SCs) based on an anisotype heterojunction of hydrogenated amorphous and 
crystalline silicon (a-Si:H/c-Si) demonstrate the most popular in terms of efficiency and economic 
benefits. However, such structures have practically reached its maximum theoretical efficiency due 
to fundamental reasons [1]. The most significant limitation on the maximum achievable efficiency 
of single-junction solar cells is the thermalization loss of charge carriers, where the excess photon 
energy transferred to the generated charge carriers is dissipated as lattice vibrations. Consequently, 
researchers have recently been exploring alternative approaches to enhance efficiency, with multi-
junction solar cells with active layers of III-V semiconductors in top subcells emerging as a 
promising solution [2−3]. However, the selection of top-junction materials must satisfy energy 
balance requirements, where the optimal bandgap should fall within the 1.7−1.8 eV range [4]. 
Therefore, selecting appropriate materials presents a significant challenge. Additionally, lattice 
constant mismatch must be considered as it can significantly degrade the quality of the top-
junction material [5]. Layers of short-period superlattices of GaN/InP is promising candidate for 
these challenges since its bandgap can be precise tuned, and strain-induced elastic deformations 
can be compensated by lattice mismatch. Most studies in this field is devoted to exploration 
of III-V alloys grown by molecular beam epitaxy (MBE) [6]. For mass production, however, 
this approach is prohibitively expensive and complex. Therefore, we fabricate these structures 
using plasma-enhanced chemical deposition (PECVD) as for amorphous silicon. The resulting 
samples were then characterized for defects using deep-level transient spectroscopy (DLTS) and 
admittance spectroscopy.

Materials and Methods
InP and GaN layers were deposited using plasma-enhanced atomic layer deposition (PEALD) 

on n-type monocrystalline Si (100) substrates. Prior to deposition, the Si substrates were treated 
with a 10% HF/H2O solution to remove the native oxide. The growth program consisted of 
5 repetitions of 60-cycle InP (6 nm) and 20-cycle GaN (3 nm) depositions. The deposition 
process was carried out in an Oxford Plasmalab System 100 PECVD reactor at a pressure 
of 350 mTorr, temperature of 380 °C, and P = 200 W. Further, DLTS measurements were 
performed for the obtained structures. DLTS is a capacitance-based method for investigating 
defect properties in semiconductors, which relies on analyzing capacitance relaxation in response 
to changes in applied bias voltage. Measurements of capacitance DLTS were performed using 
an automated installation based on a Boonton-7200B capacitance bridge in the temperature 
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Fig. 1. DLTS signal graphs for the studied samples at (a) Vinit = 0 V, Vpulse = +2 V and (b) 
Vinit = −1 V, Vpulse = +1 V for emission rate of 10−500 s−1

Fig. 2. The C-t plot for the studied sample under different bias voltages

range of 80–360 K in a Janis VPF-100 nitrogen vacuum cryostat. Admittance spectroscopy 
measurements were also performed. This technique involves temperature scanning of the sample 
while continuously measuring its capacitance and conductance at multiple frequencies.

Results and Discussion
In the DLTS spectra in Figure 1, obtained under positive (0 to +2 V) and negative (−1 to 0 V) 

biases, a characteristic peak is observed in the temperature range of 230–300 K, corresponding to 
a defect with an activation energy of 0.46–0.58 eV.

a) b)

c)a) b)

The observed dependence of activation energy on bias voltage in GaN/InP superlattices clearly 
indicates the presence of interface states at the GaN/InP heterointerface, where the applied bias 
voltage modifies the potential barrier at the heterojunction through band bending.

Figure 3 shows the band diagram of the studied structure under different applied voltages, 
obtained using the A-force software. The data used is specified in Table. In Fig. 3, a, the applied 
voltage is 0 V, while Fig. 3, b displays the band diagram at −1 V. It is clearly visible that the 
applied bias voltage leads to band bending and an increase in the activation energy (the distance 
from the Fermi level to the conduction band, indicated by the arrow on the graph).

Tab l e
Parameters used for obtaining the band diagrams

InP GaN Si
Eg, eV 1.34 3.39 1.12
χ, eV 4.4 4.1 4.05
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Fig. 3. Schematic view of the simulated band diagram for the GaN/InP superlattice structure at 
voltages of: 0 V (a) and −1 V(b)

b)a)

Conclusion

The observed dependence of defect activation energies (0.36−0.58 eV) on applied bias voltage 
in GaN/InP heterostructures unequivocally indicates that the primary defect states are localized 
at the interface, where the activation energy is modulated by external voltage through band 
bending effects. These results highlight the critical importance of interface engineering, including 
optimization of growth conditions. 
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Abstract. The fabrication of efficient and stable deep blue halide perovskite light-emit-

ting diodes has attracted significant interest nowadays due to their potential applications in 
next-generation display technologies. Quasi-2D halide perovskite seems to be perfect material 
for this application, owing to their unique optoelectronic properties and tunability. However, 
during the deposition from stoichiometrically clear phase solution mixture of phases is form-
ing in the thin film leading to redshift of luminescence peak. This shift occurs due to energy 
transfer between different phases, affecting the performance and stability of the light-emitting 
diode. In this study, we explore various approaches for phase control in multiple quantum 
well structures to achieve stable and efficient emission in the blue region. Additionally, we 
conduct a comparative analysis of two distinct quasi-2D ligands used in the synthesis of these 
materials, evaluating their influence on the optical and electronic properties. We study possible 
ways for synthesis of pure phase quasi-2D perovskite thin films for their implementation in 
light-emitting diodes.
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Аннотация. Данное исследование изучает различные подходы для контроля фаз в 

квази-двумерных перовскитных тонких пленках для получения стабильного излучения 
в синей области видимого спектра. Мы сравниваем различные подходы, а также 
квазидвумерные лиганды для их дальнейшего применения в изготовлении светодиодов.
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Introduction

Quasi-2D halide perovskites are currently attracting significant interest due to their remarkable 
properties and diverse applications in photonics and optoelectronics. One of the most promising 
areas is in perovskite light-emitting diodes (PeLEDs), where the incorporation of quasi-2D 
perovskites has enabled the achievement of brightness exceeding 105 cd/m2 and external quantum 
efficiency (EQE) over 30% [1]. Moreover, these materials are valuable for the development of 
efficient and stable deep blue PeLEDs [2]. For instance, the excitonic peak of the widely used 
phenethylammonium (PEA)-based quasi-2D perovskite phase PEA2MAn−1PbnBr3n+1, where n = 2, 
exhibits a deep blue luminescence wavelength around 450 nm [3]. Another unstudied but promising 
ligand for stable PeLED applications is methyl-phenethylammonium (MePEA) [4]. However, 
even a stoichiometric n = 2 solution can result in a mixture of phases during deposition, leading 
to a redshift in the luminescence peak due to energy transfer between these phases. Consequently, 
effective phase control in quasi-2D halide perovskites is crucial for the development of stable 
blue PeLEDs.

Materials and Methods
PEA2FAPb2Br7 and MePEA2FAPb2Br7 quasi-2D perovskite were prepared using stoichiometric 

mixtures of 0.3 mmol PbBr2 (>99.9%), 0.15 mmol FABr (>99.9%) and 0.3 mmol MePEABr or 
PEABr (>98%) in dimethyl sulfoxide. The solution was deposited and stored in a glove box filled 
with nitrogen atmosphere. Halide perovskite thin films were deposited via spin-coating method 
using a one-step spin-cycle with 2000 rpm to obtain a film with thickness of 60–80 nm. For 
antisolvent treatment 0.3 ml of toluene was dripped during the spin-coating deposition. For post-
treatment techniques diluted polar solvent with toluene was deposited on formed perovskite thin 
film [5]. Absorption spectra were measured using a UV-Vis-NIR spectrophotometer UV-3600 
Plus (Shimadzu). The instrument is equipped with a grating–grating dual-monochromator system, 
which minimizes stray light and allows for high-accuracy spectral measurements. A deuterium 
lamp was employed as the radiation source for the ultraviolet region, while a tungsten–halogen 
lamp provided illumination for the visible and near-infrared regions. Spectral detection across 
the range of 185–3300 nm was achieved using three detectors: a photomultiplier tube for the 
ultraviolet–visible region, and InGaAs and cooled PbS detectors for the near-infrared region. 
Photoluminescence (PL) spectra were obtained using a QE pro Ocean optic spectrometer 
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Fig. 1. Antisolvent treatment technique. Absorption spectra for PEA2FAPb2Br7 with and without toluene 
treatment (a). Absorption spectra for MePEA2FAPb2Br7 with and without toluene treatment (b). 
Normalized PL spectra for PEA2FAPb2Br7 with and without toluene treatment (c). Normalized PL 
spectra for MePEA2FAPb2Br7 with and without toluene treatment (d). AFM image of PEA2FAPb2Br7 
thin film without toluene treatment (e). AFM image of PEA2FAPb2Br7 thin film with toluene 

treatment (f)

connected to the Axio Imager.A2m (Carl Zeiss SMT) optical microscope via fiber optic, with 
optical pumping provided by a UV lamp emitting at a wavelength of 350 nm. Atomic force 
microscopy (AFM) was made on AIST-NT SmartSPM 1000.

Results and Discussion
In this work, we study approaches for phase control in quasi-2D perovskite, using two treatment 

techniques. The first technique involves antisolvent treatment. We examined two types of quasi-
2D ligands, PEA and a novel MePEA, and demonstrated that this antisolvent method is effective 
for both ligands. 

Although we employ a stoichiometric solution for quasi-2D perovskite with n = 2, the thin film 
deposited via the spin-coating technique consists of a mixture of different phases, as illustrated in 
Fig. 1, a and 1, b (green curves). In addition to the n = 2 phase, we clearly observe an excitonic 
peak corresponding to n = 1 and another peak associated with the bandgap of bulk FAPbBr3 
perovskite. Due to energy transfer between these quasi-2D phases, peak shifts closer to the 
wavelength of bulk FAPbBr3, as shown in Fig. 1, c and 1, d (green curves).

a) b) e)

c) d) f)

There are several methods to control the phase formation in quasi-2D perovskite thin films. 
By dripping toluene at a specific time during the spin-coating process, we can promote the 
formation of the quasi-2D phase with n = 2, as illustrated in Fig. 1, a and 1, b (blue curves), 
while reducing or even washing away unwanted phases. This approach enables us to achieve blue 
photoluminescence with two distinct peaks at 450 nm (n = 2 phase) and 470 nm (n = 3 phase), 
as shown in Fig. 1, c and 1, d (blue curves). Furthermore, while removing higher n phases, this 
method also reduces the amount of the n = 1 phase (peak near 400 nm in the absorption spectra), 
which contains many dielectric quasi-2D ligands that can decrease the electrical conductivity of 
the thin films. The full width at half maximum (FWHM) values of the absorption spectra were 
analyzed to evaluate the effect of toluene treatment on the optical properties of the films. For 
the PEA2FAPb2Br7 samples (Fig. 1, a), the untreated film exhibited FWHM values of 12.76 nm 

λ, nm λ, nm

λ, nm λ, nm

A A
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for the n = 1 peak and 11.73 nm for the n = 2 peak. After toluene treatment, the corresponding 
values were 8.48 nm (n = 1) and 14.45 nm (n = 2). For MePEA2FAPb2Br7 (Fig. 1, b), the 
untreated sample displayed a FWHM of 15.15 nm for the n = 1 peak, while the n = 2 peak 
was barely distinguishable. Following toluene treatment, in general, the MePEA-based films 
exhibited slightly larger FWHM values than the PEA-based films, although the differences were 
relatively small.

 Similar trends were observed in the photoluminescence (PL) spectra (Fig. 1, c and 1, d). 
For PEA2FAPb2Br7, the untreated sample showed a single emission peak with a FWHM of 
22.93 nm. In contrast, the toluene-treated film exhibited two emission peaks: one at 443 nm 
(FWHM = 14.17 nm) and another at 473 nm (FWHM = 30.10 nm). For MePEA2FAPb2Br7 PL 
spectra on Fig. 1, d FWHM is 22.29 nm, and for MePEA2FAPb2Br7, the untreated film displayed 
an emission peak with a FWHM of 22.29 nm. Upon toluene treatment, two peaks emerged at 
442 nm (FWHM = 22.61 nm) and 481 nm (FWHM = 45.96 nm). Notably, the toluene-treated 
MePEA-based films exhibited broader PL emission compared to the PEA-based counterparts.

Additionally, atomic force microscopy (AFM) was employed to compare the morphology of 
thin films before and after toluene treatment. Fig. 1, e and 1f display images of PEA2FAPb2Br7 
thin films: one without toluene treatment (Fig. 1, e) and the other with treatment (Fig. 1, f). Both 
films exhibit relatively similar morphological characteristics; however, small difference is observed 
in the average grain sizes. The average grain size in the perovskite film after toluene treatment is 
smaller compared to the thin film without treatment. This reduction in grain size may influence 
the material's properties and performance in potential device applications. 

The second method involves post-treatment, originally described in work [5]. This approach 
also reduces the intensity of unwanted excitonic peaks in the absorption spectrum; however, it 
decreases the intensity of all peaks, albeit at different ratios. In this technique a polar solvent 
(DMF) is mixed with antisolvents (toluene) to make a 15% DMF solution in our case. This 
mixture is deposited on the surface of the fully-formed perovskite film for a few seconds. After 
that, the substrate rotates at high speed. This brief exposure helps to reduce certain unwanted 
quasi-2D phases, especially the low-n phases, without damaging the thin film itself. A 15% DMF 
solution in toluene can significantly reduce the n = 1 phase in PEA-based perovskite, while the 
n = 2 phase remains largely unchanged, as illustrated in Fig. 2, a.

Quasi-2D perovskites that use a methyl-substituted PEA derivative, known as MePEA, 
show improved stability against moisture and polar solvents compared to traditional PEA-based 
quasi-2D perovskites. When exposed to a 15% DMF solution, which can greatly decrease the 
n = 1 phase of the PEA-based thin film, the MePEA-based perovskite thin film remains mostly 
unaffected, as illustrated in Fig. 2, b. This demonstrates that MePEA-based perovskite films have 
enhanced structural stability compared to PEA-based quasi-2D halide perovskites.

Fig. 2. Post-treatment technique: PEA2FAPb2Br7 post-treatment with 15% DMF solution (a). 
MePEA2FAPb2Br7 post-treatment with 15% DMF solution (b). AFM image of AFM image of 
PEA2FAPb2Br7 thin film before solvent post-treatment (c). AFM image of AFM image of PEA2FAPb2Br7 

thin film after solvent post-treatment (d)

a) b)

c)

d)

λ, nmλ, nm
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Furthermore, the AFM images of PEA-based thin films (Fig. 2, c and 2, d) reveal an improved 
morphology following solvent post-treatment. This technique effectively dissolves and removes 
some of the thin film's surface. Such uniformity is crucial for future device applications, as it can 
significantly influence charge transport, reduce defects, and improve overall device performance. 
The observed morphological enhancements suggest that solvent post-treatment could be a 
promising strategy for optimizing PEA-based materials in various optoelectronic applications.

Conclusion
Our research demonstrates effective methods for controlling the formation of quasi-2D phases 

in halide perovskites. This approach enables us to achieve clearer quasi-2D perovskites, shifting 
the luminescence peak to a deep blue region, in contrast to the initial green luminescence, while 
also reducing the presence of the highly dielectric n = 1 phase in the thin film. Furthermore, 
we compared two different quasi-2D ligands and discovered a new property of MePEA-based 
perovskite films, which exhibit greater structural stability against solvent influence. These findings 
represent significant progress toward the development of efficient and stable deep blue PeLEDs.
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Abstract. The article presents the results of studying the optical and radio-frequency prop-

erties of silver irregular mesh transparent conductors obtained using an original self-organized 
template. It is shown that variation in the thickness of the deposited silver allows easy control 
of the surface resistance, which is the determining factor affecting the transmission in the 
radio-frequency range. In particular, we have obtained an irregular silver mesh, which has 
a surface resistance of 1.44 Ω/sq with an optical transparency in the visible range of about 
~81%. This combination of optoelectric parameters made it possible to achieve an extremely 
low transmittance in the range of 0.7−14 GHz, an average of −37.34 dB over the range, which 
means that this mesh blocks 99.9815% of radiowave.
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Аннотация. Представлены результаты исследования оптических и радиочастотных 
свойств серебряных нерегулярных микросетчатых прозрачных проводников, 
полученных при помощи оригинального самоорганизованного шаблона. Показано, что 
вариация толщины напыляемого серебра позволяет легко управлять поверхностным 
сопротивлением, что является определяющим фактором, влияющим на пропускание 
в радиочастотном диапазоне. В частности, нами получена нерегулярная серебряная 
микросетка, которая имеет поверхностное сопротивление 1,44 Ом/кв при оптической 
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прозрачности в видимом диапазоне, порядка ~81 %. Такое сочетание оптоэлектрических 
параметров, позволило достичь крайне малого коэффициента пропускания в диапазоне 
0,7−14 ГГц в среднем по диапазону равно −37,34 дБ, что означает, что данное покрытие 
блокирует 99,9815 % излучения радиочастотного диапазона.

Ключевые слова: самоорганизованный шаблон, прозрачное проводящее покрытие, 
нерегулярная сетка, коэффициент экранирования
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Introduction

Optically transparent conductors are an important class of materials for optoelectronics, 
automotive, aerospace, and buildings industries. Studying the radio-frequency (RF) characteristics 
of these materials is crucial for designing optically transparent screens, antennas and metamaterials. 
Metallic meshes are among the most promising types of transparent conductors, particularly for 
RF applications [1], due to their combination of high optical transparency and low surface 
resistance. Typically, metallic micro- and nanomeshes are fabricated using standard methods such 
as: photolithography [2], imprinting [3], Electrohydrodynamic jet printing [4]. These methods for 
producing micro- and nanomeshes offer advantages related to excellent performance parameters 
but also have drawbacks, such as difficulties in scaling or high production costs. In terms of 
balancing optoelectronic properties, shielding performance, and production costs, some of the 
most notable examples include cracked template lithography [5] and nanosphere lithography [6]. 
In this work, we investigate the broadband shielding properties of irregular Ag meshes fabricated 
using the cracked template method.

Materials and Methods
The method of forming cracked template, based egg white and irregular Ag meshes based him 

is described in detail in our previous work [5]. The morphology of cracked tenplate and irregular 
silver meshes was studied by the method of scanning electron microscopy (SEM) using Hitachi 
TM-4000 Plus (Hitachi, Japan).

Optical Transmittance spectra of irregular Ag meshes were obtained in the range of 
400–800 nm on a UV-3600i Plus spectrophotometer (Shimadzu, Japan).

The sheet resistance was measured by the four-probe method using a JG ST2258 four-point 
probe station (Suzhou Jingge Electronics Co., China) and a JG ST2558-F01 four-probe head 
(Suzhou Jingge Electronics Co., China).

The transmission (S21) and reflection (S11) coefficients were measured in the range of 
0.7–14 GHz. The measurement technique is described in our previous work [7].

Results and Discussion
Fig. 1, a shows an SEM image of the cracked template. Statistical analysis of the SEM image 

revealed an average cell size of 78.9 ± 39.4 µm and an average crack width of 6.5 ± 3.3 µm. 
Fig. 1, b presents an SEM image of the irregular Ag mesh with a deposited silver thickness of 
600 nm. According to statistical analysis, the average cell size is 75.3 ± 37.7 µm, and the average 
track width is 7.2 ± 3.6 µm. The Ag mesh closely replicates the geometry of the original cracked 
template, demonstrating high fidelity in structural transfer.
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Fig. 1. SEM image cracked template (a) and irregular mesh with 600 nm Ag thickness (b) Optical 
transmittance irregular Ag meshes (c) and sheet resistance with FoM parameter (d)

Visible-range transmittance of irregular Ag meshes with varying thicknesses is presented in 
Fig. 1, c. The data show that increasing the silver thickness leads to only a minor reduction 
in transmittance. At a wavelength of 550 nm, the transmittance values are 81.94%, 81.25%, 
and 80.84%, respectively. On the other hand, the sheet resistance decreases significantly with 
increasing deposited silver thickness (Fig. 1, d). The relationship between these two values is 
characterized by the Figure of Merit (FoM) parameter, calculated using the formula:

 

(1)

Here, T is the optical transmittance at a wavelength of 550 nm; R□ is the sheet resistance; 
Z0 = 377 Ω is the impedance of free space. Increasing the thickness of the deposited silver leads 
to a significant decrease in sheer resistance, with a slight decrease in transmission in the visible 
range, which ultimately leads to an increase in the FoM parameter (Fig. 1, d).

The spectral transmission (S21) and reflection (S11) coefficients for all fabricated irregular Ag 
meshes are presented in Fig. 2, a and Fig. 2, b. The transmission coefficient decreases proportionally 
with increasing mesh thickness due to the corresponding reduction in sheet resistance. The 
average transmission coefficients measure −28.15 dB, −34.91 dB, and −37.34 dB, respectively. 
The frequency dependence of transmission coefficients in the 0.7−14 GHz range results from 
wave diffraction through the mesh perforated structure. This dependence is well described by the 
Kontorovich model [8]. Notably, the frequency dependence of S21 becomes more pronounced 
with decreasing sheet resistance of the Ag mesh.

The reflection coefficient (S11) is also quite uniform throughout the studied range; there is a 
tendency for the reflection coefficient to increase with decreasing sheet resistance of the irregular 
mesh (Fig. 2, b).

0 .
12 1
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R

T
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Fig. 2. Transmittance (a) and reflectance (b) spectra of irregular Ag meshes
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Abstract. In this paper, we investigate the terahertz (THz) transmittance and band gap (BG) 

properties of magnetron sputtered indium tin oxide (ITO) thin films. The THz transmittance 
was measured using THz time domain spectroscopy, which provides insight into the interaction 
of terahertz radiation and free carriers inside the films. The band gap was determined from 
spectrophotometric data using Tauc diagrams, which allowed the analysis of both direct and 
indirect electron transitions. The results showed that the THz transmittance decreases with 
increasing film thickness, primarily due to the increase in free carrier absorption associated 
with higher conductivity and carrier concentration in thicker films. The observed optical band 
gap values depend on the Burstein–Moss effect caused by the filling of low-energy states in 
the conduction band with free electrons. The obtained results demonstrate a close relationship 
between the electronic structure and terahertz response in ITO films, confirming their potential 
for efficient control of terahertz radiation and application in optoelectronic devices.
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Аннотация. В данной работе мы исследуем пропускание в терагерцовом (ТГц) 
диапазоне и ширину запрещенной зоны (ЗЗ) тонких пленок оксида индия-олова (ITO), 
полученных магнетронным распылением. Пропускание в ТГц диапазоне измерялось 
с помощью терагерцовой спектроскопии во временной области, что позволило 
изучить взаимодействие терагерцового излучения со свободными носителями заряда 
в пленках. Ширина запрещенной зоны определялась по спектрофотометрическим 
данным с использованием диаграмм Таука, что позволило проанализировать как 
прямые, так и непрямые электронные переходы. Результаты показали, что пропускание 
в ТГц диапазоне уменьшается с увеличением толщины пленки, в первую очередь 
из-за увеличения поглощения свободными носителями заряда, связанного с более 
высокой проводимостью и концентрацией носителей заряда в более толстых пленках. 
Наблюдаемые значения оптической ширины запрещенной зоны зависят от эффекта 
Бурштейна–Мосса, вызванного заполнением низкоэнергетических состояний в зоне 
проводимости свободными электронами. Полученные результаты демонстрируют 
тесную взаимосвязь между электронной структурой и терагерцовым откликом пленок 
ITO, подтверждая их потенциал для эффективного управления терагерцовым излучением 
и применения в оптоэлектронных устройствах.

Ключевые слова: оксид индия-олова, ТГц пропускание, запрещенная зона, ТГц 
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Introduction

The terahertz (THz) range is regarded as one of the most promising and has seen 
significant development in recent years [1] for a wide range of applications, including wireless 
communications [2], spectroscopy [3], and biomedical diagnostics [4]. However, the effective 
shielding of THz radiation remains a challenge, especially in the development of functional 
coatings that are transparent in the visible range.

One of the most promising materials for THz radiation shielding is indium tin oxide (ITO) 
thin films. Thanks to their combination of high transparency in the visible range and excellent 
electrical conductivity [5], ITO films are widely used in display technologies [6], sensors [7], and 
solar cells [8]. Importantly, the optoelectronic performance of ITO can be significantly improved 
through post-deposition annealing, which enhances crystallinity, increases carrier mobility, and 
reduces the concentration of lattice defects, thereby simultaneously improving both conductivity 
and transparency.

In recent years, numerous studies have focused on the electrical and optical properties of ITO 
films across a broad spectral range, including the visible and THz regions. These investigations 
have addressed both as-deposited and annealed samples. However, most studies have focused on 
films thicker than 100 nm. For example, Sahoo et al. [9] examined the effect of annealing in 
a nitrogen atmosphere at 400–800 °C on the THz optical properties and their correlation with 
electrical characteristics of ITO films with a thickness of approximately 275 nm.

At the same time, ultrathin coatings with thicknesses below 100 nm remain largely unexplored. 
In this thickness range, carrier concentration, structural defects, and annealing conditions play a 
particularly significant role, directly affecting terahertz transmittance and the optical band gap.

In the present work, we investigate annealed ultrathin ITO films with thicknesses of 20–100 nm 



275

Physical materials and technology

Fig. 1. Transmission spectra of ITO films with different thicknesses in the THz range

and demonstrate how thickness influences their terahertz transmittance and optical band gap. 
This approach allows us to establish the correlation between carrier concentration and the spectral 
properties of ITO.

Materials and Methods
ITO films of various thicknesses (20, 40, 60, and 100 nm) were deposited on glass substrates 

(25×25 mm) by magnetron sputtering using a VUP-11M vacuum system. The deposition was 
carried out in an argon atmosphere at a working pressure of 0.2 Pa and a DC power of 85 W. 
Prior to deposition, the substrates underwent ultrasonic cleaning.

To improve the structural and optoelectronic properties of ITO films, such as crystallinity, 
conductivity and transparency, post deposition annealing was performed. Thermal treatment helps 
to eliminate lattice defects, increase the mobility of charge carriers and reduce the resistance of 
the film, which is especially important for its use as a transparent conductive coating.

Annealing of ITO coated glass samples was performed in a nitrogen atmosphere at 200 °C for 
1 hour using a CVDomna setup. The heating rate was 10 °C/min, and the nitrogen pressure was 
maintained at 20 kPa throughout the thermal cycle.

The THz transmittance of ITO thin films was characterized using terahertz time-domain 
spectroscopy (THz-TDS), which allows direct measurement of both the amplitude and phase of 
THz pulses passing through samples in the frequency range of 0.1–1.0 THz. The optical band gap 
(BG) of the films was determined using UV-visible spectrophotometric measurements. Transmission 
spectra were analyzed by the Tauc plot method, which involves plotting (αhν)1/n versus photon 
energy where α is the absorption coefficient and n depends on the type of electronic transition.

Results and Discussion
The results of the transmittance coefficient study in the THz range for ITO films of different 

thicknesses are presented in Fig. 1. The decrease in transmittance with increasing thickness in 
the THz range is primarily due to the increase in the absorption of terahertz radiation in thicker 
ITO layers. This effect is associated with the high concentration of free charge carriers in ITO. 
The behavior can be described by the Drude model, which takes into account the dynamics of 
these free carriers. According to this model, the terahertz electromagnetic field causes oscillations 
of free electrons, which leads to a loss of field energy due to scattering and absorption processes.

To gain a deeper understanding of the electronic properties of the ITO films, the optical band 
gap energy was investigated. The band gap was determined using the Tauc plot method, which 
is a widely used approach to extract optical band gap values from absorption spectra. Since ITO 
is an indirect bandgap semiconductor, Tauc plots were constructed for both direct and indirect 
electronic transitions. The parameter n in the Tauc equation determines the type of electronic 
transition, with n = 1/2 used for direct allowed transitions which are generally more probable, 
and n = 2 for indirect allowed transitions, which typically have lower probability due to the 
involvement of phonons. The corresponding Tauc diagrams for the films are shown in Fig. 2.

In ITO films, the optical band gap determined from direct transitions is approximately 3.86 
eV for all film thicknesses. This wide band gap is attributed to the Burstein-Moss effect, where a 
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Fig. 2. Tauc plots used to determine the optical bandgap of the ITO films
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high concentration of free carriers fills the low-energy states in the conduction band. As a result, 
electrons require higher energy to transition from the valence band to the conduction band, which 
shifts the absorption edge to higher energies, resulting in increased transmission in the visible 
range and higher electrical conductivity. Meanwhile, the lower-energy indirect band gap is due to 
defect states or localized structural disorder inside the films, which introduce absorption channels 
in the ultraviolet region due to below-bandgap transitions.

Conclusion
In this work, we investigated the spectral characteristics of annealed ultrathin ITO films 

deposited by magnetron sputtering in the terahertz range. It was shown that films with thicknesses 
below 100 nm can provide effective shielding, reducing the transmittance down to 0.1 at 1 THz. 
This behavior is attributed to the high concentration of free charge carriers, which also affects the 
optical band gap via the Burstein–Moss effect and ensures high transparency in the visible range. 
The interplay between carrier concentration, band structure, and scattering processes governs 
both THz absorption and the optical properties of the films.

However, a more precise correlation between the optical band gap and THz transmittance 
requires further investigation. In particular, additional measurements, including the determination 
of carrier mobility and concentration via the Hall effect, as well as the study of structural features of 
ultrathin films, will be essential for a comprehensive quantitative understanding of the relationship 
between free carrier dynamics, optical absorption, and electrical conductivity.

The present study provides a foundation for further research and the optimization of ultrathin 
ITO films for applications in transparent and flexible optoelectronic and terahertz devices.
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Abstract. Plasmonic nanolasers based on semiconductor nanowires are presently attracting 

wide interest due to the breaking in the light diffraction limit and the deep subwavelength mode 
operation. In this work, we synthesize and investigate the optical properties of GaN nanow-
ires with InGaN quantum wells as the core element of plasmonic nanolasers. The results of 
modeling the electric field intensity distribution for propagating modes and dispersion curve of 
surface plasmon polaritons in the studied nanowires placed on the AlOх-coated atomically flat 
Ag film confirm the formation of hybrid plasmonic modes and the viability of these structures 
for subwavelength light confinement and nanolaser applications.
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Аннотация. Данная работа посвящена синтезу и исследованию оптических свойств 
гетероструктурных нитевидных нанокристаллов InGaN/GaN как потенциально 
ключевых элементов плазмонных нанолазеров. Представлены результаты моделирования 
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Introduction

Semiconductor nanowires (NWs) are promising structures for creating micro- and nanolasers 
due to their inherent high crystal quality and large aspect ratio. However, the size of semiconductor 
lasers is limited by the diffraction limit, which obstruct them to use in many optoelectronic 
applications. A promising route to overcome this limitation is the integration of NWs with a 
metal-dielectric system. Such hybrid structures enable the realization of plasmonic nanolasers 
operating at the deep subwavelength scale [1]. Among them, NWs based on ternary InGaN 
compounds occupy a special niche, capable of emitting in the entire visible range and having a 
gain of about 104 cm−1 [2].

In this work, we synthesize and study the optical properties of GaN NWs with embedded 
InGaN quantum wells (QWs) which demonstrated room temperature photoluminescence at 
545 nm. Numerical simulations were conducted to analyze the dispersion curve and propagation 
modes of surface plasmon polaritons (SPPs) in the NW/AlOx/Ag heterostructure. The results 
demonstrate that these NWs placed on an AlOx-coated ultra-smooth Ag film are well-suited for 
nanolaser fabrication.

Materials and Methods
The GaN NWs with InGaN QWs were grown directly on p-type Si(111) substrates using 

Riber Compact 12 molecular beam epitaxy setup, equipped with Ga, In, Al effusion cells, and 
a nitrogen plasma source. Prior to growth, the substrates were heated up to a temperature of 
920 °C and annealed for 20 min to remove the native oxide. The substrate temperature was then 
lowered to 600 °C, after which nitrogen plasma was activated and applied for 20 minutes to 
form a thin SixNy layer. At the next stage, Al was deposited onto the formed layer in the absence 
of nitrogen. Next, the substrate temperature was increased to 865 °C, the nitrogen plasma was 
ignited, and the Ga source was opened to grow of GaN NWs. After the 17h of growth, the 
Ga source was closed, and the substrate temperature was decreased to 580 °C. Then the In, 
Ga, Al sources were opened and closed in the required order to form 15 periods of InGaN 
QWs/(Al,Ga)N barriers. 

Photoluminescence (PL) was excited by a He-Cd laser operating at a wavelength of 325 nm. 
The diameter of the focused laser spot on the sample was 125 μm. The total optical power incident 
on the sample was amounted to 11.3 mW. Detection was performed using a single-channel 
silicon photodetector in combination with synchronous amplification. Measurements were 
carried out on an array of NWs, with the excitation area encompassing a large number of 
individual nanostructures. Therefore, the recorded PL spectra represent ensemble-averaged 
optical properties of the sample. The measurements were performed at room temperature. The 
structural properties of the samples were examined by scanning electron microscopy (SEM) on 
a Supra 25 microscope. 

Modeling the dispersion curve of SPP for the Ag/AlOx/InGaN was performed via finite 
elements method in COMSOL Multiphysics software. The hybrid system was simulated using 
a 2D layered model with the following sequence: a 300-nm-thick Ag layer, a 5-nm-thick AlOx 
layer, an InGaN layer (thickness equal to the NW diameter), and a top air cladding. The in-plane 
length of the structure was 1 μm. The optical constants of InGaN and AlOx were adopted from 
Refs. [3, 4]. Distribution of the electric field intensity in the Ag/AlOx/NW cross section for the 
propagating SPP mode was calculated using the finite-difference method in the frequency domain 
using the Ansys Lumerical software. 

Results and Discussion
Figure 1, a shows typical SEM images of the grown InGaN/GaN NW array. Measurements 

revealed an average NW diameter of 58 nm and a height of 1.3 μm. Structurally, 15 periods of 
axial InGaN QWs and (Al,Ga)N barriers were formed on the top of the NW (see Fig. 1, b). 

Figure 1, c demonstrates room temperature PL spectrum of the NW array. The sample has 
a bright PL with two maxima corresponding to a short wavelength peak (361 nm) and a long 
wavelength peak (545 nm). We attribute the short wavelength peak of PL with bulk GaN area of 
NW and long wavelength peak with InGaN QWs, respectively.

For the fabrication of the InGaN NW-based plasmonic nanolaser, the NW should be transferred 
to a plasmonic substrate (see Fig. 2, a) featuring an atomically flat Ag surface coated with a 
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Fig. 2. Schematic illustration of the plasmonic nanolaser design (a); calculated dispersion relation of 
Ag/AlOx/InGaN SPP and spectral overlap with InGaN QWs emission (b); distribution of the electric 

field intensity in the cross section view for the propagating SPP mode (c)

Fig. 1. Typical cross-section SEM image of synthesized NW array (a); schematic image of the single 
NW (b); room-temperature PL spectra of the NW array (c)

5 nm thick low-refractive-index layer (AlOx or SiOx) [2, 5]. Furthermore, strong exciton-plasmon 
interaction requires spectral overlap between the nanowire emission and the SPP dispersion in the 
semiconductor/dielectric/metal system [6]. To verify this, the modeling the dispersion curve of 
SPP were performed. A clear overlap was observed between the calculated Ag/AlOx/InGaN SPP 
dispersion and the PL spectrum of the InGaN QWs in the energy range of 2.0–2.5 eV, indicating 
efficient energy transfer from the synthesized heterostructured NWs to surface plasmon modes 
(see Fig. 2, b).

As a result, the excitation of the SPPs in such hybrid structures manifests itself the localization 
of the electric field in a thin dielectric layer [2, 7]. Figure 2, c shows the distribution of the electric 
field intensity in the cross section view for the propagating SPP mode. As expected, a significant 
part of the intensity is concentrated in the 5 nm thick AlOx layer, which is unattainable in the 
case of a fully dielectric waveguide for the above PL of InGaN QWs.

Conclusion
In summary, we synthesized heterostructured GaN NWs with InGaN QWs by molecular 

beam epitaxy. The observed photoluminescence of these structures and the results of numerical 
simulation showed that these NWs can be used as an element of plasmonic nanolasers. 
Thus, the demonstrated capabilities may be of interest for the creation of components of 
photonic integrated circuits and other applications related to the localization of light on the 
nanometer scale.
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Abstract. This work explores thermally modified AlF3 microstructures synthesized via  
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while room-temperature growths results in cracked crystals. The thermally treated samples  
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Аннотация. В данной работе приводятся результаты исследования влияния 
кратковременного нагрева раствора HF:H2O-Al-Zn на морфологию и фазовый состав 
микроструктур AlF3. Исследование показало, что кратковременный нагрев раствора 
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HF-Al-Zn способствует формированию подушкообразной микроструктуры AlF3. Для 
получившихся структур приведены результаты исследований методами растровой 
электронной микроскопии и рентгенодифракционного анализа. Полученные результаты 
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Introduction

The attention of many research groups is increasingly drawn to materials based on group  
III-VII elements of the periodic table, among which aluminum fluoride (AlF3) stands out 
prominently [1]. This material serves as an active emitting component in ultraviolet devices, 
independent catalyst, functions as an inorganic photolithographic resist [2]. The physicochemical 
properties of AlF3 present particular interest for applications in advanced micro- and nanostructures.

Despite existing theoretical and experimental investigations [3], the full potential for creating 
functional microstructures remains unexplored. To explain the fundamental mechanisms governing 
the formation of distinct AlF3 microstructures and fully explore their synthesis opportunities, 
comprehensive experimental investigations are required to systematically evaluate synthesis 
parameter effects. One of the most fundamental key factors for controlling material synthesis 
processes is temperature. Building upon previous findings [4], in this work we investigated the 
influence of short-term heating on the morphological and phase characteristics of AlF3-based 
structures.

Materials and Methods

The experiments were conducted in polypropylene bath. The dissolution reaction of aluminum 
(Al) was carried out in an aqueous hydrofluoric acid solution (HF:H2O~x:y) using zinc (Zn) 
as a catalyst. The solution volume was 15 mL. Al and Zn were immersed simultaneously in 
the HF solution and allowed to react until complete dissolution of Al was achieved. Following 
complete dissolution, the solution was mixed up using an ultrasonic bath to ensure uniformity.  
Subsequently, 1 mL aliquots were extracted from each reaction mixture and transferred to 
polypropylene Petri dishes. In the first experiment, the solution was maintained at ambient 
temperature (25 °C) until precipitation was complete, which took approximately 20 hours. Under 
the second condition, the solution was heated under controlled conditions at 60°C. Precipitation 
occurred within 9 seconds. Table 1 summarizes the initial precursor data.

                                                                             Tab l e  1 

Synthesis parameters

HFinit,% x y Al, g Zn, mg Al, mol Cm,% CM, mol/L νHF, mol νHF/νAl

3.63 1 10 0.257 5 0.01 0.043 2.161 0.032 3.4
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Fig. 1. SEM images show the obtained samples in isometric view: without heating (a), with heating (b)

a) b)

Fig. 2. XRD pattern of the synthesized samples (a). X-ray diffraction analysis data comparison for the 
synthesized samples (b)

In all experiments, high-purity (5N) Al and Zn (Saying, China) were used for analysis. The 
hydrofluoric acid solution complied with Russian GOST standards (GOST 10484-78) and had a 
concentration of 47.5%. Sample microstructures were characterized using a SUPRA 25 scanning 
electron microscope (SEM) (Carl Zeiss, Germany) equipped with an Ultima 100 energy-dispersive 
X-ray spectrometer (EDS; Oxford Instruments). To characterize the phase composition of the 
synthesized structures, X-ray diffraction (XRD) analysis was performed using a Bruker Kappa 
APEX II DUO system equipped with a microfocus source and a two-dimensional CCD detector.

Results and Discussion
Figure 1 demonstrates SEM images of the obtained sample morphologies. When the solution 

was dried without heating, scanning revealed that the resulting aluminum fluoride structure was 
characterized by numerous cracks (Fig. 1, a). Notably, upon closer examination, the crystals 
located between cracks exhibited a visually smooth surface morphology.

In contrast, the solution subjected to short-term heating exhibited a distinct cushion-like 
morphology (Fig. 2, a). At higher magnification, this pillow-like structure was observed across 
the entire sample. Furthermore, the heat-treated sample was exceptionally brittle and exhibited 
a strong tendency to delaminate, readily fragmenting into thin flakes upon minimal disturbance. 

The formation of cracks is typically caused by stresses in the structure resulting from non-uniform 
crystallization and solvent evaporation [5]. Short-term heating significantly accelerates synthesis, 
creating conditions for rapid nucleation and growth of fine-grained structures. Figure 2, a shows 
the XRD patterns of the obtained structures. According to the results, the spectrum of the sample 
synthesized without heating corresponds to rosenbergite (AlF3·3H2O) [6]. This observation can be 
explained by the fact that the synthesis solution was highly diluted. Due to prolonged synthesis in 
a highly aqueous environment, the hydrated form of AlF3 was obtained.

a) b)



St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

286

However, the spectrum of the sample obtained under short-term heating requires further 
study. The peaks in the region of 20–30° (2θ) correspond to the crystalline phases of AlF3. Rapid 
precipitation could have led to amorphous phases, which is reflected in the peak broadening. It 
is also noteworthy that no significant differences in the Al:F ratio of the obtained samples were 
detected by X-ray spectroscopy (Fig. 2, b).

Conclusion
This work demonstrates that short-term heating during synthesis significantly alters the 

morphology and crystallinity of AlF3 microstructures, producing cushion-like formations. The 
rapid thermal treatment promotes crystalline AlF3 formation, while room-temperature conditions 
yield hydrated rosenbergite, as confirmed by XRD analysis. The observed structural differences 
highlight the crucial role of temperature in controlling nucleation kinetics and material properties. 
Obtained results provide valuable insights for engineering AlF3 microstructures with tailored 
characteristics for advanced applications in electronics and nanotechnology.

REFERENCES

1. Pandharkar R., Becker C., Budau J.H., Kaawar Z., Paulus B., A Computational Study of AlF3 
and ACF Surfaces, Inorganics 6.4 (2018) 124.

2. Vergara L.I., Vidal R., Ferron J., Electron induced reduction on AlF3 thin film. Appl. Surf. Sci. 
229 (2004) 301.

3. Daniel P., Bulou A., Rousseau M., Nouet J., Fourquet J.L., Leblanc M., Burriel R., A study of 
the structural phase transitions in AlF3: X-ray powder diffraction, differential scanning calorimetry 
(DSC) and Raman scattering investigations of the lattice dynamics and phonon spectrum, Journal of 
physics: Condensed matter. 2 (26) (1990) 5663.

4. Dautov A.M., Lendyashova V., Shugabaev T., Khafizova A.M., Kotlyar K.P., Growth and 
properties of microstructures based on aluminum fluoride, In 2024 International Conference Laser 
Optics (ICLO) IEEE. (2024) 352−352.

5. Soshnikov I.P., Kotlyar K.P., Reznik R.R., Gridchin V.O., Lendyashova V.V., Vershinin A.V., 
Lysak V.V., Kirilenko D.A., Bert N.A., Cirlin G.E., Specific features of structural stresses in InGaN/
GaN nanowires, Semiconductors. 55 (10) (2021) 795−798.

6. Clos D.P., Nekså P., Johnsen S.G., Aune R.E., Investigation on scale formation in aluminium 
industry by means of a cold-finger, Light Metals, Springer International Publishing. (2019).

THE AUTHORS

DAUTOV Albert M.
amdautov24@gmail.com
ORCID: 0000-0002-0374-7033

FEDOROV Vladimir V.
fedorov_vv@spbstu.ru
ORCID: 0000-0001-5547-9387

KOTLYAR Konstantin P.
kopkot95@yandex.ru

LENDYASHOVA Vera V.
erilerican@gmail.com
ORCID: 0000-0001-8192-7614

SHUGABAEV Talgat 
talgashugabaev@mail.ru
ORCID: 0000-0002-4110-1647

GRIDCHIN Vladislav O.
gridchinvo@gmail.com
ORCID: 0000-0002-6522-3673

SHTROM Igor V.
igorstrohm@mail.ru
ORCID: 0000-0001-8912-2570

SIBIREV Nikolai V.
nicksibirev@yandex.ru
ORCID: 0000-0002-7566-2522

Received 19.08.2025. Approved after reviewing 22.08.2025. Accepted 25.08.2025.

© Peter the Great St. Petersburg Polytechnic University, 2025



287

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1 
Научно-технические ведомости СПбГПУ. Физико-математические науки. 18 (3.1) 2025

Conference materials
UDC 54.057
DOI: https://doi.org/10.18721/JPM.183.157

Control over the Stöber silica particles size within two 
orders of magnitude by tailoring the nucleation

D.V. Volodina 1 ✉, Z.S. Balysh 1, D.A. Eurov 1, D.A. Kurdyukov 1, E.Yu. Stovpiaga 1 
1 Ioffe Institute, St. Petersburg, Russia

✉ dasha13129@gmail.com
Abstract. A panoscopic approach for governing the size of Stöber silica particles over a wide 

length scale, from tens of nanometers to several microns has been suggested. Low-size particles 
(10–400 nm) are obtained by changing the silica precursor, mid-size particles (0.4–0.7 mm) 
are synthesized with variation of ammonia concentration, large particles (up to 4 mm) are 
made by successive growth method.
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Аннотация. Предложен универсальный подход для управления размером частиц 
кремнезема, синтезируемых по методу Штобера, в широком диапазоне размеров – от 
десятков нанометров до нескольких микрон. Частицы малого размера (10–400 нм) 
получены путем замены кремниевого прекурсора, частицы среднего размера (0.4–0.7 мкм) 
синтезированы за счет варьирования концентрации аммиака, крупные частицы (до 
4 мкм) получены методом послойного доращивания.

Ключевые слова: аморфный кремнезем, штоберовские частицы, послойное 
доращивание, тетраэтоксисилан, метакрилоксипропилтриметоксисилан
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Introduction

Spherical silica particles (SSPs) are one of the most important and widely used materials in 
many advanced applications, such as catalysis, chromatography, sensor technology, photonics, 
and biomedicine [1–5]. Monodisperse SSPs are used, in particular, for the fabrication of opal-
like photonic crystals [6], whose pores are filled with various semiconductor materials for optical 
contrast enhancement [6, 7]. Traditionally SSPs are synthesized by hydrolysis of orthosilicic 
acid ethers, such as tetraethoxysilane (TEOS), in the C2H5OH-H2O-NH3 media (the Stöber−
Fink−Bohn (SFB) method [8]). The diameter of spherical particles prepared by the SFB method 
depends on together with temperature, the concentrations of TEOS [9, 10], H2O [8] and NH3 [8] 
in a reaction mixture. A doubling in the concentration of each reagent leads to an approximately 
twofold enlargement of the SSP diameter [8, 10, 11]. To obtain the particles with the sizes over 
1 μm the successive growth method is applied [12]. To vary the size of SSP in a wide range (up 
to an order of magnitude), it is often necessary to substantially modify the synthesis procedure. 
As a result, the conditions for obtaining the particles with the sizes of tens and hundreds of 
nanometers vary significantly, which raises technological problems [10, 11]. The goal of this work 
was to develop an approach to the synthesis of SSPs that would allow varying their sizes in a wide 
range (from tens of nanometers to several microns) through minimal changes of the synthesis 
parameters.

Materials and Methods
Materials. TEOS, Si(OC2H5)4, 99+% (Acros), 3-methacryloxypropyltrimethoxysilane 

(MPTMOS), C10H20O5Si, 98+% (Aldrich); aqueous ammonia (NH3), 24% wt., ≥ 99.99%; ethanol 
(C2H5OH), 95% wt.; deionized water (Н2О) 10 MΩ. TEOS was subjected to fractional distillation 
collecting a fraction with boiling temperature Тb = 166–168 °С.

Methods. SSPs were synthesized via basic hydrolysis of TEOS (or TEOS+MPTMOS) in a 
H2O-NH3-C2H5OH mixture (1 L) at 30 °C. We performed three sets of syntheses. The ratio of the 
reagent concentrations (TEOS:NH3:H2O) in the first set was 0.18 : 1.8 : 9 mol L–1, respectively.  
A part (0–12.5 % mol.) of the silica precursor TEOS was replaced by MPTMOS. In the second 
set only ammonia concentration was varied in the range 1.8–3.5 mol L–1. A successive growth 
method was used to obtain the particles with the sizes over 700 nm. For this purpose, 5-g 
portions of TEOS were added every 10 min to 1 L of NH3 : H2O : C2H5OH (3.4 : 9 : 14 mol L–1, 
respectively) mixture containing 1 g of 720 nm SSPs. The obtained particles were centrifuged, 
dried, and annealed in air for 2 h at 500 °C. 

Particle size distribution (PSD) of synthesized SSPs was determined by dynamic light scattering 
(DLS) at 25 °C with the use of a Malvern Zetasizer Nano analyzer. The PSD was calculated 
using the built-in analyzer software. Transmission electron microscopic measurements (TEM) 
were performed using a Jeol JEM-2100F microscope (accelerating voltage 200 kV, point-to-point 
resolution 0.19 nm). Large particles were additionally studied using an optical microscope. 

Results and Discussion
The mechanism of SSPs formation is based on the aggregative model of the particle growth and 

lies in the fact that TEOS hydrolysis is occurred in the reaction mixture of H2O-NH3-C2H5OH 
under intensive stirring with the formation of the initial SiO2 particles of several nanometers in 
size, which then coagulate into submicron spherical aggregates. The formation, growth rate and 
the final size of SSPs directly depends on the conditions chosen. Fig. 1 shows the values of the 
synthesized particles diameters depending on the synthesis parameters. The size of the particles 
was determined by TEM, DLS (for D < 1.5 μm) and optical microscopy (for D > 2 μm).
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Fig.1 Dependence of particle diameter on: MPTMOS content in organosilane precursor (a); ammonia 
content in the reaction mixture (b); number of successive growth runs (c). The main synthesis 

parameters are shown above the panels

It can be seen (Fig.1, a) that an increase of the final size of the particles obtained by at least 
an order of magnitude can be achieved by reducing MPTMOS content (XMPTMOS) in the mixture 
of organosilanes. In Ref. [11], the mechanism by which MPTMOS affects the particle nucleation 
process was considered. The MPTMOS molecule has, compared with TEOS one, only three, rather 
than four, alkoxy groups subject to hydrolysis, the methacryloyloxypropyl group is not hydrolyzed. 
In the TEOS molecule, the electron density is uniformly distributed among the silicon atom and 
oxygen atoms. In turn, silicon is bonded in the MPTMOS molecule to a carbon atom, instead of 
the fourth oxygen atom, which leads to a shift of the electron density (the electronegativities of 
C and O are 5.2 and 8.1, respectively) and to a larger effective negative charge on three oxygen 
atoms of methoxy groups. This increased charge on oxygen atoms hinders the deprotonation of 
hydrolyzed monomers. As a result, the joint hydrolysis of TEOS + MPTMOS leads to a larger 
content of electroneutral (with respect to those ionized) orthosilicic acid monomers that can form 
siloxane bonds and, accordingly, nucleate as compared with a reagent mixture containing only 
TEOS. As XMPTMOS is reduced from 12.5 to 0 % mol., the number of nucleation centers becomes 

a) b) c)

Fig.2 Particle size distribution (by number) measured by DLS method. (1–4) SSPs synthesized at NH3 
concentration of 1.8M and variable MPTMOS content in organosilane precursor: (1) – 12.5 % mol., 
(2) 4 % mol., (3) 2% mol., (4) 1% mol.; (5–7) SSPs synthesized using TEOS as silica precursor and 
variable NH3 concentration: (5) 1.8M, (6) 2.5M, (7) 3.4M. (8) SSPs obtained by successive growth of 

720 nm nuclei at NH3 concentration of 3.4M (5 TEOS portions were added)
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four to five orders of magnitude lower [11], which leads, at a constant precursor concentration, 
to a larger particle size. As a result, at the same total content of precursor and as amount of 
MPTMOS in the TEOS + MPTMOS mixture is reduced from 12.5 % to 0 mol., the final size 
of the resulting SiO2 particles increases from ~10 nm to ~400 nm (Fig. 1, 2). SSPs, synthesized 
at low MPTMOS content, have low size deviation (Fig. 2 curves 3–4) and remain spherical 
(Fig. 3, b, c). The results of DLS measurements (Fig. 2) correlate with TEM data (Fig. 3).

Fig.3 TEM (a−e, f (inset)) and optical microscopy (f) images of the particles obtained. (a−d) SSPs 
synthesized at NH3 concentration of 1.8M and variable MPTMOS content in organosilane precursor: 
(a) – 12.5 % mol., (b) 2 % mol., (c) 1% mol., (d) 0 % mol. (e−f) SSPs obtained by successive growth 

of 720 nm nuclei at NH3 concentration of 3.4M: (e) 5 growth runs; (f) 95 growth runs were done

Ammonia in the reaction mixture act as a catalyst of the TEOS hydrolysis reaction. As the 
ammonia concentration increases the rate of TEOS hydrolysis and condensation of its products 
increase as well, which leads to a fast formation and growth of SSP. In this case new nucleation 
centers are not formed – they appear and dissolve [13]. When the ammonia concentration is 
increased in our reaction mixture from 1.8 to 3.5 mol L–1 the diameter of particles increases from 
~400 to ~700 nm (Fig. 1, b, Fig. 2, Fig. 3). Note, at higher ammonia concentration the particles 
obtained possess the lowest root-mean-square deviation of the sizes (< 4 %), spherical shape and 
low surface roughness of a few nanometers (Fig. 3, d). 

We used a successive growth method to obtain particles with the sizes over 700 nm. Portions 
of TEOS (5 g) were added every 10 min to 1 L of ammonia-water-alcoholic mixture containing 
1 g of 720 nm SSPs. TEOS hydrolysis products were concentrated in the vicinity of the submicron 
particle surface and coated the particles with a layer of hydrated a-SiO2 and, hence, providing 
their further growth. Ammonia concentration was 3.4 mol L−1 in the reaction mixture in order, 
first, to reduce the duration of the TEOS hydrolysis process to 10 min and, second, to prevent 
the formation of new nucleation centers [9, 12]. It can be seen (Fig. 1, c), that after addition 
of 5 TEOS portions the particle diameter doubled, 20 portions – tripled, and after addition of 

a) b) c)

d) e) f)
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95 portions the diameter increases up to ~4 μm. Fig. 3, e, f demonstrates that the particles are 
covered with a uniform SiO2 layer as a result of TEOS portions addition, they have smooth 
surface and the root-mean-square deviation of the sizes does not exceed 10%.

Conclusion
An approach has been developed to one-pot synthesis of spherical silica particles which allows 

controlling over the size of the particles in the wide range 10−4000 nm. The proposed approach 
is based on the governing the nucleation process within the reaction mixture by either varying the 
number of nuclei within five orders of magnitude by changing the concentrations of MPTMOS 
and ammonia or its forced suppression in the case of successive growth of the artificially added 
nucleation centers. It has been shown that by sequentially varying just one parameter of the 
reaction mixture – the composition of the silicon precursor, the concentration of ammonia or the 
number of additional portions of TEOS, it is possible to controllably change the final size of the 
resulting particles within two orders of magnitude in a single technological cycle.
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Abstract. The article presents studies of the physical patterns of formation of oxide coatings 
on aluminum substrates by microarc oxidation. Correlation dependences of the influence of 
technological modes, such as current density and time, on the properties of microarc oxidation 
coatings have been established. A method for monitoring the quality parameters of formed 
oxide coatings in real time is proposed, based on the analysis of the deviation of the voltage–
time curves from the traditional piecewise linear form. The results of the study can be used in 
the development of intelligent algorithms for creating a digital twin of the microarc oxidation 
process.
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Аннотация. В статье представлены исследования физических закономерностей 

формирования оксидных покрытий на алюминиевых подложках методом микродугового 
оксидирования. Установлены корреляционные зависимости влияния технологических 
режимов, таких как плотность тока и время, на свойства покрытий, полученных 
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микродуговым оксидированием. Предложен метод контроля параметров качества 
формируемых оксидных покрытий в режиме реального времени, основанный на 
анализе отклонения формовочной кривой от традиционного кусочно-линейного вида. 
Результаты исследования могут быть использованы при разработке интеллектуальных 
алгоритмов для создания цифрового двойника процесса микродугового оксидирования.

Ключевые слова: микродуговое оксидирование, оксидное покрытие, параметры 
покрытия, контролируемый синтез, технологические режимы
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Introduction

Microarc oxidation (MAO) is a plasma−chemical method of hardening valve metals, which 
synthesizes coatings with high microhardness (up to 25 GPa), wear resistance, corrosion resistance, 
electrical strength and heat resistance, and at the same time has good adhesion to the substrate, 
which contributes to the widespread use of the method in various industries [1, 2]. However, the 
spread of microarc oxidation technology Production is still limited due to insufficient fundamental 
study of the coating forming process. There is no single systematic assessment of the effect of 
technological conditions on the properties of coatings made of valve metals and their alloys [3, 4]. 
This leads to difficulties in choosing optimal technological modes that take into account many 
different factors, which reduces the quality of coatings and complicates the management of the 
technological process [5].

Materials and Methods
To form the MAO coatings, a galvanic cell with an anode (aluminum billet AD31T1 measuring 

23×15×1.5 mm) and a stainless steel cathode was used, to which a process current source was 
connected via a current line made of aluminum wire insulated with a polyolefin heat shrink 
tube. For the purity of the experiment, the surface of the samples was preliminarily adjusted to a 
roughness of Ra ≈ 0.1...0.2 microns. The oxidation was performed in the anode-cathode mode with 
the ratio of anode and cathode current equal to 1. Studies of the patterns of the MAO process, 
the development and debugging of new technological modes were carried out by registering the 
voltage–time curves. The parameters of the microarc oxidation process are shown in Table.

Tab l e

Parameters of the MAO process

# Na2SiO3, g/l NaOH, g/l current density, A/dm2

1 50 0.5 10
2 25 0.5 50
3 25 0.5 25
4 25 0.5 10
5 40 0.5 5
6 30 0.5 5
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Fig. 1. The voltage–time curves

Fig. 2. MAO coating in various stages of oxidation: 60 s (a); 120 s (b); 240 s (c); 480 s (d)

Results and Discussion

The voltage–time curves of the samples obtained under different modes of the microarc 
oxidation process are shown in Fig. 1.

Analyzing the forming curves, the following factors can be established that affect the quality of 
the coating being formed:

– destruction of the coating by powerful arc discharges (curve 2) due to too high current density; 
– low rate of increase in forming voltage at the beginning of the process and a rapid transition 

to the stage of arc discharges (curve 3);
– low forming voltage (curves 4−6). At the same time, for curves 4−6, the process did not enter 

the stage of spark discharges and was only electrochemical in nature.
High-quality MAO coverage was obtained according to the modes corresponding to curve 1.
Thus, it can be concluded that a piecewise linear curve can serve as a reliable sign of the 

formation of a high-quality coating. The structure of the coatings was studied on a VEGA 3 
scanning electron microscope using SBH surface topography. The results of the analysis are shown 
in Fig. 2.

a)

c)

b)

d)

T, s

U,
 V
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From those shown in Fig. 2 images of the surface of MAO coatings, it can be seen that with 
an increase in the processing time of aluminum plates, the surface development increases, the 
size and number of pores increase. Thus, we can talk about the layering of the resulting ceramic 
coating. Also, the image taken after the minimum processing time shows that the coating is not 
porous and repeats the structure of the substrate. Such a coating can be attributed to the basic 
adhesive sublayer. Further exposure time leads to the appearance of small pores, the coating 
structure gradually develops. Such layers have a well-developed structure. At the last stage, the 
fourth sample has a highly porous structure.

The study of surface roughness was carried out on a Mitaka FS150 3d laser conturograph 
profilometer. Examining the values of the arithmetic mean of the absolute values of the profile 
deviations within the base length Ra, it turns out that after the minimum processing time, before 
the start of the spark discharge stage, they are within 0.1 ...0.3 microns. This indicates that the 
coating at the initial stages of growth repeats the structures of the substrates, since the surface 
roughness of the samples was adjusted to the same values. As the time of the MAO process 
increases, the roughness gradually increases due to an increase in porosity and the development 
of relief. The data shows values in the range of 0.4...0.7 microns.

To assess the effect of current density, a sample was made in the same electrolyte, but at a 
current density of 15 A/dm2. Micrographs of the sample taken at various processing stages are 
shown in Fig. 3.

Fig. 3. MAO coating at a current density of 15 A/dm2 at various stages of oxidation: 60 s (a); 120 s (b); 
240 s (c); 480 s (d)

a)

c)

b)

d)

Based on the image obtained, it can be concluded that an increase in current density to 
15 A/dm2 leads to an even more complex surface development and an increase in porosity, which 
is associated with a higher power of microarc discharges and increased dissolution processes in 
the cathode half-life. This is also confirmed by roughness measurements, according to which the 
arithmetic mean is Ra = 1 micron. 

Conclusion
The forming curves of all the samples are shown on the slide and they all have a piecewise linear 

appearance. The above makes it possible to establish a quality criterion for MAO coatings, which 
can be used for an express assessment of the suitability of the technological regime in production 
conditions: the coating will be of inadequate quality if the voltage–time curves has a distorted shape.

The formed MAO coatings obtained according to these methods can be characterized as 
multilayer, consisting of a base adhesive layer, an intermediate porous layer and a highly porous 
layer with a developed surface microstructure.
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Abstract. Tightly-focused femtosecond laser radiation is widely used as a convenient tool for 

manipulating biological objects. The method of femtosecond laser surgery proved to be useful 
for the multiple applications, from eye correction to the subcellular structures destruction. 
Among other things, femtosecond laser surgery shown to be used as a tool for DNA destruc-
tion, which could be beneficial for assisted reproductive technologies in humans. In the context 
of the development of this method, the study of the DNA laser assisted destruction efficiency 
is of significant importance. In this work, DNA laser assisted destruction efficiency in presence 
of SYTO fluorescent dye was studied.
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Аннотация. Узконаправленное, сфокусированное фемтосекундное лазерное излучение 
широко используется как удобный инструмент для манипуляции биологическими 
объектами. Метод фемтосекундной лазерной хирургии оказался полезным для 
множества приложений, от коррекции зрения до разрушения субклеточных структур. 
Среди прочего, фемтосекундная лазерная хирургия продемонстрирована в качестве 
инструмента для разрушения ДНК, что может быть полезным для вспомогательных 
репродуктивных технологий. В контексте разработки этого метода изучение 
эффективности разрушения ДНК лазером является необходимым этапом. В данной 
работе была исследована эффективность разрушения ДНК лазером в присутствии 
флуоресцентного красителя SYTO.
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Introduction

Near-infrared femtosecond laser radiation has recently proved to be a low-invasive and high-
precision tool for manipulating biological objects. Through the focusing of femtosecond laser 
pulses with the microscope objectives of a high numerical aperture, highly localized biomaterial 
destruction on a submicron resolution level could be achieved (so called nanosurgary technique). 
Nanosurgery can be applied to perform operations inside living cells without damaging their 
integrity − in particular, to destroy DNA, that is, to perform enucleation. This approach has 
specific practical applications, for example, the preparation of recipient cytoplast for assisted 
reproductive technologies in humans and animal cloning. We have previously shown that using 
a femtosecond laser, mouse and human oocytes can be successfully enucleated [1, 2]. We 
have previously shown that femtosecond laser enucleation of mouse oocytes can be effectively 
performed using the fluorescent dye Hoechst 33342. The fluorescence spectrum of this dye 
is in the blue region of the spectrum (max. 454 nm), and ultraviolet light (max. 342 nm) is 
required for its excitation. In this work, possibility of using another dye with visible excitation 
was considered.

Materials and Methods
Animals and oocyte collection. The study was carried out on C57BL6/CBA female mice aged 

6−8 weeks (Mus musculus). The mice were induced to superovulate by the standard method of 
intraperitoneal (i.p.) injection of 10 IU pregnant mare’s serum gonadotropin (A036A02, Intervet) 
followed by an i.p. injection of 10 IU human chorionic gonadotropin (hCG) (A038A01, Intervet) 
48 h later. The mice were sacrificed by cervical dislocation 17 h after hCG injection. The oviducts 
were placed onto a Petri dish in a drop of M2 medium (M7167, Sigma-Aldrich) supplemented 
with 0.1% hyaluronidase (H4272, Sigma-Aldrich). The ampulla of the oviduct was disrupted with 
a pair of thin tweezers. The oocytes purified from cumulus were placed in M2 in four-well dishes 
(179830, Nunc). We used metaphase II oocytes in the experiments.

Fluorescence measurement. The oocytes were stained in M2 medium at a dye concentration 
of 1 µM for 30 minutes, then washed twice in a clean medium. The fluorescence of SYTO 9 was 
excited at wavelengths of 430−490 nm. The oocytes were stained with 5 µg/ml Hoechst 33342 dye 
(B2261, Sigma-Aldrich) for 15 minutes in M2 and then washed twice. Single-photon excitation of 
Hoechst was performed with the 405 nm laser wavelength. The fluorescence intensity of oocytes 
DNA was measured on a confocal microscope Zeiss LSM 980 (Carl Zeiss Microscopy, Jena, 
Germany), 20x Plan-Apochromat objective (NA = 0.8). 

Femtosecond laser treatment. Enucleation was performed at a wavelength of 900 nm, 
femtosecond laser pulse duration was 100 fs, pulse energy 3 nJ, and bursts of 50 ns with a pulse 
repetition frequency of 3 MHz were selected from the initial pulse sequence of 80 MHz using a 
modulator built into the laser. The selected wavelength of femtosecond laser radiation is due to 
the fact that it corresponds to 450 nm during a two-photon absorption process, which in turn falls 
into the absorption spectrum of the fluorescent dye SYTO 9 (Fig. 1). 

In the experiment, a metaphase plate was first visualized, then it was irradiated with 
femtosecond laser pulses until the fluorescence stopped. After that, a control staining with 
a spectrum-contrasting dye (Hoechst 33342) was performed and the samples were visualized 
on a confocal microscope in order to identify the remnants of the metaphase plate after 
enucleation.
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Fig. 1. The excitation and absorption spectrum of the dye SYTO 9 (S34854, Molecular probes)

Results and Discussion

As an alternative to the previous studies were we used Hoechst 33342 fluorescent dye, the 
vital fluorescent dye SYTO 9 (S34854, Molecular probes) was chosen, the absorption spectrum 
of which is shown in Fig. 1. Light with a wavelength of 400−500 is less phototoxic than UV, 
therefore, the use of this dye for enucleation may be less traumatic for the sample. We observed 
visible fluorescence from SYTO 9 dye during femtosecond laser treatment, which proves two-
photon excitation of dye. Similar results were reported by Kwok et al on successful two-photon 
excitation of cyanine-based dyes [3].

When the metaphase plate of an oocyte stained with the vital fluorescent dye SYTO 9 is 
exposed to femtosecond laser radiation with a wavelength of 900 nm, two-photon processes 
occur, leading to the luminescence of the dye at the time of irradiation, as in the case of 
Hoechst. The femtosecond laser treatment was performed until this visible fluorescence stops 
– this could be due to photobleaching. Moreover, in case of SYTO 9 usage, DNA destruction 
practically does not occur – upon repeated staining, the metaphase plate is revealed almost 
unchanged, and the area of its detection after irradiation does not significantly differ from the 
area of detection before exposure (Fig. 2, b).

Fig. 2. In a row from left to right: oocyte before laser treatment, immediately after treatment, contrast 
staining with Hoechst 33342 (a); fluorescent image of oocyte SYTO before treatment, Hoechst 33342 

after treatment (b); area of metaphase plate before and after treatment comparison (c)

a)

b) c)

λ, nm

A
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The mechanism of DNA destruction mediated via fluorescent dye under femtosecond laser 
irradiation is not fully revealed yet. Mechanisms of DNA destruction by itself (without any 
additional reagents) under femtosecond laser irradiation are traditionally described through low-
density plasma formation and resonant electron-molecule scattering [4, 5]. Additionally, reactive 
species produced upon the laser-induced lysis of water could be involved in DNA destruction and 
modification processes [6]. In our previous studies, we have shown that usage of fluorescent dye 
could decries amount of laser power density, required for DNA destruction [7] and for this reason 
we assume that fluorescent dye could be involved in processes of DNA destruction. In case of 
SYTO 9 usage, we think that the laser-induced lysis of water became less effective than in case 
of Hoechst 33342 dye usage, and so the production of reactive species declines. However, this 
hypothesis needs further investigation.

Conclusion
In this work, possibility of SYTO vital fluorescent dye usage for performing femtosecond 

laser-assisted metaphase plate enucleation of mouse oocyte was studied. We have shown that 
under femtosecond laser treatment photo bleaching of dye take place without significant DNA 
destruction. This result is quite interesting, considering that under similar laser parameters with 
only difference in wavelength (800 nm and 1033 nm) usage of Hoechst 33342 was efficient for 
DNA destruction. These results introduce new material for the model of femtosecond laser and 
biomaterial interaction.
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Abstract. The work is devoted to the technology of formation and study of physical and 

chemical characteristics and biocompatibility of nanomaterials based on hybrid structures of 
carbon nanotubes and reduced graphene oxide, obtained by spray deposition and laser pro-
cessing with nanosecond pulsed laser of 1064 nm wavelength, for bioelectronics applications. 
The formation of a connected structure between the components was proved with scanning 
electron microscopy, the optimal power of laser processing was found as 0.07 W to obtain the 
largest number of connections between carbon nanotubes and reduced graphene oxide, thanks 
to which high electrical conductivity was achieved. The experiments on electrical stimulation 
in vitro were provided with the developed setup based on a culture plate, an impulse generator 
and electrodes connected to samples. Cells seeded on the obtained structures with electrical 
stimulation demonstrate better proliferation and monolayer forming compared to the control 
sample. Thus, the developed structures can be successfully used as part of various bioelectronic 
devices for improved tissue recovery using electrical stimulation.
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Аннотация. Работа посвящена технологии формирования и исследованию 

наноматериалов на основе гибридных структур углеродных нанотрубок и восстановленного 
оксида графена, полученных методом напыления и лазерной обработки наносекундным 
импульсным лазером с длиной волны 1064 нм для применения в биоэлектронике. 
Доказано образование связанной структуры между компонентами, благодаря чему 
достигается высокая электропроводность. Эксперименты по электростимуляции in 
vitro показали, что клетки на структурированных лазером участках в совокупности с 
электростимуляцией демонстрируют лучшую пролиферацию и формирование монослоя 
по сравнению с контрольным образцом. Таким образом, разработанные структуры могут 
быть успешно использованы для создания чипов, стимулирующих ионные процессы 
жизнедеятельности клеток биологических тканей в составе различных биоэлектронных 
устройств.

Ключевые слова: углеродные нанотрубки, восстановленный оксид графена, 
биоэлектроника, фибробласты, электростимуляция

Финансирование: Работа выполнена при поддержке Министерства науки и высшего 
образования Российской Федерации (проект FSMR-2024-0003).

Ссылка при цитировании: Курилова У.Е., Мурашко Д.Т., Сучкова В.В., Суетина И.А., 
Мезенцева М.В., Руссу Л.И., Герасименко А.Ю. Наноматериалы на основе углеродного 
каркаса для стимуляции клеток // Научно-технические ведомости СПбГПУ. Физико-
математические науки. 2025. Т. 18. № 3.1. С. 302–305. DOI: https://doi.org/10.18721/
JPM.183.160

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

Introduction

Currently, such field of science as bioelectronics is actively developing. Bioelectronic devices 
can read signals and stimulate heart, nerve and other tissue regeneration through improved 
cell proliferation under the influence of electrical impulses [1, 2]. The electrical stimulation 
changes the transmembrane resting potential of the cells, which has a significant effect on cell 
functionality and cellular metabolism [3]. An important component of bioelectronic devices are 
electrically conductive biocompatible interfaces, which conduct efficiently ionic and electronic 
currents between soft biological tissues and electronic pulse generators [4].

Carbon nanomaterials are promising for flexible bioelectronics applications because they can 
conduct electrical signals with high resolution and signal-to-noise ratio [5]. These materials have 
high mechanical flexibility, stability, and tunable properties depending on their functionalization 
and treatment [6]. It is important to reveal patterns of structuring carbon nanotube systems to 
form chips that stimulate ionic processes in living cells and biological tissues. In our work we 
obtained and studied samples of carbon framework nanomaterials used as materials for stimulating 
connective tissue cells.

Materials and Methods
The process of forming was as follows. As the first step, homogeneous dispersed media were 

formed with single-wall carbon nanotubes (SWCNT), reduced graphene oxide (rGO), and 
combination of them to form hybrid structures. Then, up to 50 layers of these dispersions were 
applied layer by layer onto the surface of clean silicon wafers using the spray deposition method. 
After that, samples were irradiated with laser using the developed system shown on Fig. 1, a, 
based on a pulsed ytterbium laser with a wavelength of 1064 nm with moving the laser beam along 
a predetermined path over a sample; under the action of laser radiation, the liquid component 
evaporated and the nanotubes were oriented and connected for electrical conductivity increasing. 
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Fig. 1. The scheme of system for laser irradiation of samples (a), appearance of obtained samples (b)

Fig. 2. Results of experiments with obtained samples: SEM images before (a) and after (b) laser 
irradiation, fluorescence images of cells on samples: control – cover glass (c), experimental sample 

with structuring and cells stimulation (d) and its areas visualization (e)

a) b)

The obtained samples are shown on Fig. 1, b. The micro- and nanoarchitecture of the layers of 
the samples were evaluated with a scanning electron microscope.

Experiments were carried out on electrical stimulation of connective cells (fibroblasts) on 
the obtained samples with stimulation device based on a culture plate and electrodes connected 
to the samples. The cells were cultivated the first 24 hours without electrical stimulation, then 
stimulation was started and continued for 48 hours, after that the cells were stained with Hoechst 
33342 and observed with a fluorescence microscope.

Results and Discussion

It was found that carbon framework nanomaterials after laser structuring with a power of 
≥ 0.07 W are characterized by the formation of bonds between components and branched structure 
due to photon-phonon interaction (Fig. 2, a, b). A further increase in the processing power leads 
to gradual destruction of the structure and the formation of areas with amorphous carbon. 

The electrical conductivity of the obtained samples increased with increasing laser processing 
power, which is associated with the formation of a greater number of bonds between the nanotubes, 
the highest value obtained was 37.84 ± 1.16 mSm for irradiation power of 0.07 W (the initial 
value without radiation was 13.07 ± 0.71 mSm). With a further increase in power, the electrical 
conductivity decreases, which can be explained by the formation of an amorphous phase, which 
conducts the electrical signal poorly. Thus, by choosing the processing power, materials with 
different conductivities can be obtained depending on the proposed application.

To test the effectiveness of the developed samples for cell proliferation, electrical stimulation 
experiments were carried out (Fig. 2, c–e). Structured and unstructured areas for experimental 
sample (Fig. 2, d) are marked on Fig. 2, e.

According to microscopy data, connective tissue cells formed a monolayer during cultivation. 
It is seen that areas structured with laser radiation demonstrate better proliferation of cells on 
these surfaces compared to unstructured areas. An increase in the cell number was obtained by 
4.3 times for cells compared to normal conditions on control samples. The combined effect of 
the conductive framework and electrical stimulation shows active proliferation associated with 
electrical conductivity and suitable surface structure for cell adhesion. The morphology of cultured 
cells does not differ from the control sample, indicating the absence of toxicity.
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Conclusion

The method for creating biocompatible nanomaterials from carbon nanomaterial has been 
developed. The binding of nanotubes together occurs after pulsed laser irradiation in the near-
infrared region of the spectrum (1064 nm) with radiation power of 0.07 W. The resulting structures 
with SWCNT and rGO after laser irradiation were characterized by more than twofold increase in 
electrical conductivity compared to the original samples. The results of experiments on electrical 
stimulation of cells showed an increase of cell proliferation on obtained samples. The developed 
materials can be successfully used for various bioelectronic applications, including electrical 
stimulation for more effective cultivation for different types of cells, for wearable devices, which 
record and stimulate cells activity and many others.
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Abstract. The space debris problem was revealed. Research of space debris situation data 
from open sources of information such as European Space Agency was carried out. Methods 
of satellite protection were revealed. Collision avoidance system was proposed. It consists 
of satellites with a built-in location system and low speed mesh-network. Location satellites 
are used for long-range precise detection of objects with trajectories which are dangerous for 
protected spacecrafts, while the data is transmitted with CubeSat chain. The aim of this work 
is to develop an inter-satellite network for technical information exchange. As a result of the 
research, LoRa technology is selected because of low power consumption and significant cov-
erage range of a single device. The network operation was simulated using MATLAB software 
and calculated results confirmed that the proposed method is adequate.
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Предложена система для уклонения искусственных спутников Земли от космического 
мусора. Она состоит из спутников с бортовыми радиолокационными станциями и 
кубсатов, объединенных в меш-сеть. Модель сети была разработана в среде MAT-
LAB. Оценка качественных параметров сети показала возможность применения такой 
конфигурации для передачи данных.
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Introduction

Artificial Earth Satellites (AES) are among the most powerful tools across a wide range of fields, 
such as science, telecommunications, radio navigation, and many others [1−3]. Satellite systems 
are extremely important; therefore, all space nations strive to improve their operational reliability 
and efficiency [4, 5]. However, modern spaceflights must contend with space debris, which poses 
a threat to both AES and manned spacecraft [6]. Under the conditions of accumulating space 
debris in low Earth orbit (LEO), the safety of spacecraft is becoming one of the key challenges of 
modern astronautics. According to the European Space Agency (ESA), there are more than 40000 
objects larger than 10 cm in orbit, and the number of small debris fragments amounts to hundreds 
of millions [7, 8]. A collision with such objects could lead to damage or complete destruction 
of satellites, which would result in significant economic losses and pose a threat to further space 
exploration.

A complex solution to the abovementioned problem is required, consisting of specialized 
AES carrying equipment to detect potentially dangerous trajectories of small space debris and 
the creation of inter-satellite networks for exchanging operational information needed to adjust 
the orbital parameters of the threatened spacecraft. This paper examines one variant of such 
a network. The structural diagram of the network and its operational principle are shown in 
Figure 1.

Fig. 1. Structural diagram of the network; 1 – AES detecting space debris;
2 – space debris; 3 – AES – participant of the mesh network;

4 – satellite threatened by the detected object; 5 – intersection of the debris trajectory and the orbit 
of the at-risk satellite
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Materials and Methods

Technologies of the Internet of Things (IoT) were considered as the main devices for organizing 
networks because of their low power consumption which is necessary for implementation on 
CubeSats.

Among the different ones, LoRa technology was chosen as the primary transmission scheme.
 LoRa (Long Range) is a wireless communication technology based on Chirp Spread Spectrum 

(CSS) modulation, designed for low-power, long-range data transmission in the sub-GHz bands. It 
is widely used in low-power wide-area networks (LPWANs). In this work, the LoRa physical layer 
is considered with reference to the SX1276 transceiver chip, which implements the modulation 
and coding schemes defined by the datasheet [9].

The justification for this choice is in use of CSS modulation, which provides a large processing 
gain and enables long-range communication compared to other low-power IoT technologies. 
Moreover, LoRa can reliably decode signals at very low signal-to-noise ratios down to around 
negative tens dB for high spreading factors with additional robustness provided by forward error 
correction at the physical layer. These properties make LoRa particularly suitable for long-distance 
communication in low Earth orbit scenarios, where link budgets are highly constrained.

Simulation in MATLAB software, a time-based discrete event simulator, was used to calculate 
the main parameters of the network.

The simulations were performed specifically for the LoRa32 platform, which integrates the 
SX1276 transceiver operating at a carrier frequency of 868 MHz. The modeling included the 
estimation of maximum communication distance using the Friis free-space propagation model, 
the achievable data rate as a function of spreading factor and coding rate, and the probability of 
bit error under various channel conditions.

Detail review of simulation stages:
1. Parameters of the transceiver devices are specified: transmitter power, minimum receiver 

sensitivity threshold below which the signal cannot be detected, carrier frequency, and the gain of 
the transmitting and receiving antennas.

2. The orbital altitudes for satellites within one orbital plane are defined, along with the 
observation time for simulation visualization.

3. Orbital planes are generated for three groups: equatorial, polar, and inclined. It is possible to 
adjust the inclination, the right ascension of the ascending node, and the number of orbital planes 
in each group. Satellites are evenly distributed along each orbit within the group, according to the 
specified number and initial phase. For each satellite, the true anomaly and Cartesian coordinates 
are calculated. All satellite parameters are stored in a global matrix.

4. After the physical placement of satellites is completed, they are considered as nodes of a 
data transmission network.

 A classic case of CubeSat stabilization in a single plane is considered, where the main lobe 
of the antenna radiation pattern points toward the Earth. The antenna orientation for each node 
is defined by the angle relative to the velocity vector in the plane formed by that vector and the 
orbital plane normal. This angle can also be changed to model the stabilization type. 

The deviation of the dipole antenna pattern from the isotropic pattern in the direction of 
every other node is calculated. A dipole antenna is chosen due to its omnidirectional coverage 
capability, required under varying satellite orientations, and its low mass.

5. The communication range is calculated, and a connectivity matrix is built according to the 
Distance-Vector routing protocol model. This stage includes: calculation of free-space path loss as 
a function of wavelength; 5 dB noise to simulate various network losses reducing communication 
range; calculation of received power based on transmitter power, antenna gains with anisotropy 
taken into account, free-space attenuation, and distance losses; application of a function specific 
to LoRa technology (SX1276 chip), which collects metrics for each inter-satellite channel pair 
using received power, bandwidth, spreading factor, and coding rate. Signal-to-noise ratio and bit 
error rate are computed.

For each channel, the maximum communication distance is determined and, along with 
the SNR (threshold SNR = –20 dB for LoRa in this case), the feasibility of communication is 
decided and reflected in the connectivity matrix. Radio propagation delay is also calculated for 
each channel and stored in a separate matrix.

6. Isolated clusters and individual satellites are identified.
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Fig. 2. Model of the network

7. Nodes with the largest physical separation are identified, and the most efficient route 
in terms of transmission time is constructed using the Distance-Vector protocol model. Key 
parameters are evaluated, including packet transmission time, relative bit rate, signal-to-noise 
ratio at each hop and bit error probability along the route. Arbitrary node pairs may also be 
selected for analysis.

8. The same procedure is performed for the pair of nodes with the maximum propagation 
delay in the network. This allows assessment of the same parameters under worst-case conditions, 
ensuring that performance between arbitrary nodes will be superior to this worst-case baseline.

9. Visualization of all calculations described above is carried out.
Example of such visualization is shown in the Figure 2.

Results and Discussion

Key results of the simulation are represented in Table 1.
They were calculated as average between twenty simulations with 20 minutes difference in time 

for 500 satellites.

Tab l e  1
Results of simulation

Transmitter SX1276
Antenna gain 2 dBi
Calculated max link distance 1945.27 km
Time delay for 30-byte packet (15256 km) 21.7 s (purple)
Time delay for longest link in the network 28.9 s (red)
Mean SNR for purple path 1.82 dB
Mean SNR for red path 1.56 dB
Relative transmission rate 11.07 bps (purple)
Relative transmission rate 8.31 bps (red)

The maximum link distance was determined from the longest successfully established 
connection, implying that the SNR in that channel remained above –20 dB and the distance did 
not exceed the value predicted by the Friis propagation model.

End-to-end delays were calculated assuming the highest achievable LoRa coding rate and 
including routing hopping for a 30-byte packet, which was selected as the minimal payload 
required for collision avoidance.

The reported mean SNR values account for the entire multi-hop mesh path.
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Relative transmission rates were obtained by dividing the packet payload by the corresponding 
transmission time and are presented to enable comparison with alternative communication systems. 

Also, the calculation of bit errors was performed for chosen nodes 1 and 500. The topology is 
represented in Figure 3.

Fig. 3. Model of bit errors calculation

Tab l e  2

Results of bit errors calculation

channel BER
From 1 to 367 5.5235e-04

From 367 to 387 2.2218e-04
From 387 to 366 6.1843e-04
From 366 to 386 1.0180e-04
From 386 to 365 6.1857e-04
From 365 to 540 3.2315e-05
From 540 to 560 2.2215e-04
From 560 to 346 5.8258e-04
From 346 to 325 6.3956e-04
From 325 to 500 1.3506e-04

Bit errors for intersatellite channels were calculated using the following formula because it is 
suitable for lora chirp spread spectrum modulation:

Errors are not larger than six ten thousandths. They can be lowered using code rate enlargement. 
Each node recovers errors of previous transmission.

A mesh network meets all the requirements regarding architecture and scalability. It allows 
many nodes to be integrated, which will connect all satellites around the Earth so each individual 
device can send and receive data with any other node in the network thanks to signal routing. 
Therefore, the transmitter and receiver do not require direct radio contact, unlike in peer-to-peer 
networks. Moreover, this architecture is supported by many modern variants of technologies.

Also, IoT devices and protocols can achieve significant efficiency in space because of low signal 
path loss, low transmission power and small sizes of the telecommunication devices [10, 11].
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Conclusion

The model for intersatellite mesh network was developed. It contains mechanism for different 
satellite orbits creation including true anomaly calculation, so that model is basically discrete 
time-event simulator, tx/rx parameters setting, distance vector protocol simulation and delay and 
snr estimations for chosen links.

It should be noted that a network like this will significantly reduce the threat of collisions with 
space debris for satellites of various types, as well as make manned space expeditions much safer.
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Abstract. In this paper, a three-qubit Tavis–Cummings model with two independent loss-
less single-mode resonators is considered. It is assumed that the initial states of the resonator 
fields are thermal fields and the qubits are in genuine entangled W- and GHZ-type states. For 
the model under study and the specified initial states of the resonator fields and qubits, we 
have exactly solved the quantum Liouville equation for the full density matrix. The full density 
matrix was used to calculate the entanglement parameters – negativity and fidelity. The com-
puter simulation results showed that in the investigated model, the entanglement for all initial 
qubit states breaks down rapidly with increasing intensity of the thermal fields of the resonators 
compared to the previously investigated three-qubit models. Moreover, a sudden death of en-
tanglement is observed even for vacuum resonator fields. 
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Аннотация. В работе рассматривается трехкубитная модель Тависа–Каммингса 
с двумя независимыми одномодовыми резонаторами без потерь. Предполагается, 
что начальным состоянием полей резонаторов являются тепловые поля, а кубиты 
находятся в истинно перепутанных состояниях W- и GHZ-типа. Для исследуемой 
модели и указанных начальных состояний полей резонаторов и кубитов нами было 
точно решено квантовое уравнение Лиувилля для полной матрицы плотности. Полная 
матрица плотности использовалась для вычисления параметров перепутывания – 
отрицательности и степени совпадения. Результаты компьютерного моделирования 
показали, что в исследуемой модели перепутанность для всех начальных состояний 
кубитов быстро разрушается с увеличением интенсивности тепловых полей резонаторов 
по сравнению с ранее исследуемыми трехкубитными моделями. Более того, даже для 
вакуумных полей резонаторов наблюдается эффект мгновенной смерти перепутывания. 
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Introduction

Multiqubit genuine entangled qubit states are the foundation for various areas of quantum 
technology [1, 2]. In particular, entangled qubit states are used in quantum computers. The 
elementary cells of any quantum computer are so-called gates, which allow the performance of 
various operations on qubits, i.e., the building of various quantum algorithms. Descriptions of 
physical realizations of two- and three-qubit gates can be found, for example, in [3]. The increased 
interest in three-qubit systems is explained by the fact that they can be used for the creation of 
universal three-qubit gates of the Toffoli or Fredkin type, which can significantly simplify codes 
of quantum error corrections and will allow the creation of more complex quantum algorithms 
for solving various problems. Despite the large number of experimental and theoretical works 
devoted to the study of entangled states, many aspects of the entanglement, especially in the case 
of multiqubit systems, need further detailed study. One of the serious problems arising when using 
entangled states in quantum information processing problems is the inevitable degradation of 
entangled states and the sudden death of entanglement [4, 5]. These effects have been studied in 
detail in various two-qubit systems, and much less work is devoted to the study of sudden death 
of entanglement with respect to multiqubit systems (see refs. in [6]).

In this paper, we study in detail the dynamics of qubit entanglement for a three-qubit model in 
which three qubits are trapped in two independent resonators and interact with the corresponding 
mode of the resonator field via single-photon processes. For the model under study we have 
solved exactly the quantum Liouville equation for the full density matrix describing the “three 
qubits+two modes of the resonator field”. This density matrix was used to calculate the fidelity, 
the negativity criterion, and to analyze the dynamics of qubit entanglement.

The Tavis–Cummings model and its solution

In this work, the dynamics of entanglement of three identical qubits Q1, Q2 and Q3 are 
investigated. Qubit Q1 is trapped in the resonator a, qubits Q2 and Q3 are in the resonator b. 
Qubits resonantly interact with the quantum thermal field mode of their ideal resonator via single-
photon processes. The interaction Hamiltonian of the model under study in standard notations 
and approximations is written in the following form

 (1)

where | |l ll
+σ = +〉 〈−  and | |l ll

−σ = −〉 〈+  are the transition operators between the excited | l+〉  and 
the ground | l−〉  states in the l-th qubit (l = Q1, Q2, Q3), ξ

+(η+) and ξ(η) are the creation and the 
annihilation operators of the photons in the mode of the resonator a(b), γ is the qubit-photon 
coupling.

As the initial state of the resonator field, we choose a thermal states with a density matrixes 
of the form:

 

(2)

( )1 1 2 2 3 3
,Int Q Q Q Q Q QH + − + + − + + − += γ σ ξ + σ ξ + σ η+ σ η + σ η+ σ η

(0) | |, (0) | |,
a a b b

a b

F n a a F n b b
n n

p n n p n n℘ = 〉〈 ℘ = 〉〈∑ ∑



314

St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

Here, there are weight coefficients 
( ) 1 /

1,
11

i

i i i B i

n
i

n in k T
i

np n
en + ω

〈 〉
= 〈 〉 =

−+ 〈 〉 

 is the mean number of  

photons in the i-th resonator (i = a, b), Ti is the cavity temperature. Let the initial states of qubits 
be the W-states, such as

 
(3)

 
(4)

or GHZ-state

 
(5)

Here θ, φ, and φ  are the parameters that determine the initial degree of qubit entanglement.
We derived the solutions of the quantum Liouville equation for the whole density matrix  

1 2 3 a bQ Q Q F F℘ of the considered system with Hamiltonian (1) and the indicated initial states for the 
qubits and the resonator field (2)-(5)

  
(6)

Even compact solutions for the quantum Liouville equation (6) look too large and for this 
reason are not presented in this paper to save room.

In this paper, our focus was on two parameters of entanglement: pairwise negativity ( )
i jQ Q tε γ  

and fidelity F(γt). The fidelity is written as follows [7]: ' '(0), ( ) (0) ( ) ,F t Tr t℘ ℘ = ℘ ℘        where 

1 2 3
(0) (0)Q Q Q℘ ≡℘  is the initial three-qubit density matrix, 

1 2 3

' ( ) ( )Q Q Qt t℘ ≡℘  is the three-qubit density 
matrix at subsequent time instants t. The three-qubit density matrix can be obtained from the full 
density matrix by averaging over the field variables of the two resonators 

1 2 3 1 2 3
.

a b a bQ Q Q F F Q Q Q F FTr Tr℘ = ℘

We define the negativity ( )
i jQ Q tε γ  in a standard way [8]: ,2 ,

i jQ Q l ij
l

−ε = − λ∑  where ,l ij
−λ  are the 

negative eigenvalues of the two-qubit density matrixes partially transposed in variables of one 
qubit 1 .T

ij℘ To calculate the negativity of two qubits, we need to compute a partially transposed 
reduced two-qubit density matrix over the variables of one qubit 1 ,

i j

T
Q Q℘  whose elements are 

defined as follows via the two-qubit density matrix 1, , , , ,
i j i j

T
i j Q Q i j i j Q Q i jp m k l k m p l℘ = ℘  where 

, , , ,p m k l = + −  and two-qubit density matrix 
1 2 3i j xQ Q Q Q Q QTr℘ = ℘  ( ), , 1,2,3; .i j x i j x= ≠ ≠

Results and Discussion

The results of computer modeling of the pairwise negativities ( )
i jQ Q tε γ  and fidelity F(γt) for 

initial qubit W-state (3) and thermal field (2) are shown in Fig. 1. Figures represent the behavior 
of negativities, calculated for various mean photon numbers n〈 〉  with the initial parameters 

arccos(1 / 3)θ = , / 4ϕ = π . In Fig. 2, we plot the fidelity for the initial qubit GHZ-state (5) and 
thermal field (2) in the model (1) and model “three qubits in common resonator” with the initial 
parameters / 4φ = π .

The following conclusions can be drawn from the presented figures. From Figs. 1 and 2, we 
can clearly see that the maximum degree of entanglement decreases monotonically with increasing 
intensity of the thermal fields of the resonators n〈 〉  for any initial states of qubits (3)-(5). From the 
comparison of Fig. 1, a and 1, b, we can conclude that the Q2 and Q3 qubits are more robust to the 
thermal noise of the resonator than the Q1 and Q2 (or Q1 and Q3) qubits. Moreover, the maximum 
entanglement degree of qubits Q2 and Q3 can exceed the initial pairwise entanglement of qubits 

( 5 1) / 3
i jQ Qε = −  for the W-states (3)-(4). Moreover, from Fig. 1, a and Fig. 1, b we can clearly 

see that at some moments of time negativity takes zero values ( )( 0).
i jQ Q tε γ =  This suggests the 

presence of an sudden death effect of entanglement qubits for the W-state (3) even in the case of low 
intensities of the thermal fields of the resonators 0.001a bn n〈 〉 = 〈 〉 = . The entangled W-type states 
(3)-(4) behave identically and for this reason the plots for the W-state (4) are not given. An analysis 
of the behavior of the fidelity (see Fig. 1, c and Fig. 2, a) shows that the initial genuine entangled 
W-states (3)-(4) or GHZ-state (5) never return to the initial states during the evolution process. 

1 2 31| (0) cos | , , sin sin | , , sin cos | , , ,Q Q QW 〉 = θ + + −〉 + θ ϕ + − +〉 + θ ϕ − + +〉

1 2 32| (0) cos | , , sin sin | , , sin cos | , , ,Q Q QW 〉 = θ − − +〉 + θ ϕ − + −〉 + θ ϕ + − −〉

| (0) cos | , , sin | , , .G 〉 = φ + + +〉 + φ − − −〉

1 2 3
1 2 3

, .a b
a b

Q Q Q F F
Int Q Q Q F Fi H

t
∂℘

 = ℘ ∂

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Fig. 1. The negativity ( )
i jQ Q tε γ  (a, b) and fidelity F(γt) (c) as functions of the scaled time γt for 

the initial W-state of the form (3). The mean number of photons: 0.001a bn n〈 〉 = 〈 〉 =  (black solid 
line), 0.2a bn n〈 〉 = 〈 〉 =  (red dashed line), 0.5a bn n〈 〉 = 〈 〉 =  (blue dotted line). Initial parameters: 

arccos(1/ 3),θ =  φ = π/4

a) b)

a) b)

Fig. 2. The fidelity F(γt) as a function of the scaled time γt for the initial GHZ-state of the form (5) 
in the model (1) (a) and in the model “three qubits in common resonator” (b). The mean number of 
photons: 0.001a bn n〈 〉 = 〈 〉 =  (black solid line), 0.2a bn n〈 〉 = 〈 〉 =  (red dashed line), 0.5a bn n〈 〉 = 〈 〉 =  (blue 

dotted line). Initial parameter: / 4φ = π

Thus, the initial entanglement is completely destroyed even in the case of the vacuum field of 
the resonator ( )0n〈 〉 → . From the comparison of Fig. 2, a and Fig. 2, b, it can be seen that the 
entanglement of qubits in the model with three qubits in a common resonator is more robust 
to the thermal noise of the resonator than the model studied in this paper. A similar result is 
obtained for genuine entangled W-type states (3)-(4) (see refs. [9]).

F(γt) F(γt)

F(γt)
c)
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Conclusion

Thus, in this paper we have exactly solved the quantum Liouville equation for the three-
qubit Tavis–Cummings model in which one of the qubits Q1 is in the resonator a, and the two 
remaining qubits Q2 and Q3 are trapped in the second resonator b. It is assumed that all qubits are 
identical and their coupling to the field is equal. Our focus was on the genuine entangled Werner 
and Greenberger–Horn–Zeilinger states, and the fields of the resonators are in the thermal state. 
The computational results show that in the model under study, the genuine entangled states 
are quite fragile with respect to the thermal noise of the resonators compared to the previously 
studied three-qubit models [9]. We also show, using the fidelity F(γt), that the W- and GHZ-type 
states never return to the initial states during evolution, even for vacuum fields of ( )0n〈 〉 →  
resonators. Moreover, the evolution of the negativity criterion shows that the sudden death of pair 
entanglement occurs for both W-states (3)-(4).
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персональный профиль автора, позволяющий взаимодействовать как с редакцией, так и с рецензентом.

2. Вместе с материалами статьи должно быть представлено экспертное заключение о возможности опу-
бликования материалов в открытой печати.

3. Файл статьи, подаваемый через электронную редакцию, должен содержать только сам текст без назва-
ния, списка литературы, аннотации и ключевых слов, фамилий и сведений об авторах. Все эти поля запол-
няются отдельно через электронную редакцию.

2.3. Рассмотрение материалов
Предоставленные материалы (п. 2.2) первоначально рассматриваются редакционной коллегией и переда-

ются для рецензирования. После одобрения материалов, согласования различных вопросов с автором (при 
необходимости) редакционная коллегия сообщает автору решение об опубликовании статьи. В случае отказа в 
публикации статьи редакция направляет автору мотивированный отказ.

При отклонении материалов из-за нарушения сроков подачи, требований по оформлению или как не отвеча-
ющих тематике журнала материалы не публикуются и не возвращаются.

Редакционная коллегия не вступает в дискуссию с авторами отклоненных материалов.
При поступлении в редакцию значительного количества статей их прием в очередной номер может закон-

чится ДОСРОЧНО.

E-mail: physics@spbstu.ru, 
Тел. редакции 8 (812) 552-62-16.
Cайт журнала: https://physmath.spbstu.ru/
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