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PREFACE

12th International School and Conference on
Optoelectronics, Photonics, Engineering and

PEN Nanostructures (SPb OPEN — 2025) / 12-a
MexayHapoanass  MKOJa-KOH(epeHIUss 1o

CONFERENC ONTOJJIEKTPOHNKE, ()OTOHHMKE, WHXKEHepuun WU

HAHOCTPYKTYpaMm

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 / loffe Institute)

- Alexey Toropov (loffe 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

© peter the Great St. Petersburg Polytechnic University, 2025
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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 (#) 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 (A) 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(A) 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 » after adsorption of
NH, and H,O in both air and oxygen-free (N,) 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, §].

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

© Pomamikun A.B., PozanoB P.1O., Bumnesckuit A.C., MurtpodanoBa A.E., CrebenbkoB A.H., Hemomwiyesa B.B.,
Jlesun JI.0., CetukoB B.B., Hesommn B.K., 2025. M3narens: Cankr-IleTepOyprckuii moauTeXHU4ecKuii yuuBepcuret [letpa
Benukoro.
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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
SiO,. 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 A = 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
SiO, (300 nm)/Si substrate. The resistive responses were measured by conductivity recovery after
exposure for 15 min to ~12500 ppm H,O (ARH ~45%) or 2-propanol (IPA) or ethanol (22% and
17% of saturated vapor at 23 °C, but both ~12500 ppm) or 2000 ppm NH, 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 N,) angle of
incidence after exposure in a chamber with H,O or NH, and after 25 min of desorption under
normal conditions in the same sample area, but different for each analyte. Exposure to H,O or
IPA in N, 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 NH, 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 E = 0.63—0.81 e¢V) 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 H,O and NH, (Fig. 1, ¢) compared to CCNT [11], the
response to IPA (4%) is noticeably lower than to H,O (40%) or even to ethanol (15%). For
CCNT, on the contrary, the response to ethanol can be comparable to NH, in N, [12]. This can
be used to form an array of resistive and optical sensors for gas recognition.

[©Nso[> 40T resuits; in air ar ~30% RIF 1.4 TR e

\ Sparse ACNT netwark: e P ) i
o= <NH,, kppm: 2 — 0 ‘g_ : _‘_iﬂ:’.‘nm .Sr[)_‘,—’S:_
R = =RH, : 85 — 40 % -~
= [ No= = Ethanol, %: 1I7—03F . T
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Fig. 1. AFM of sparse (top), dense (below) ACNT networks (a); graph of thickness versus absorbance (5);
resistive response versus time after analyte exposure, inset: graph of current (/) versus gate voltage

(Ugy) (©)

When exposed to H,O in air, the n of ACNT dropped slightly from 1.708 to 1.706 at 1625 nm
(An = —0.002 as opposed to An = 0.002 for CCNT) and was 1.628, but did not change at 1319 nm
(An < 0.001 versus An ~ 0.012 for CCNT, Fig. 2, a). The decrease in the n with increasing H,O
concentration occurs only near 1625 and 1410 nm (0.763 and 0.88 ¢V), which corresponds to the
opposite changes in experimental A(F) and W(£) 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 H,O, 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 N,) with a
slight decrease in the charge carriers concentration (p) for ACNTs in the Drude—Lorentz model:
Ap = —0.2% in air, but Ap = 1% with RH change from 20 to 65% in N,. 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 N, and is observed for both ACNT and CCNT [4, 6]. H,O and NH, are donors for CNTs,
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opposed to O, and NO,, both of which are charge acceptors [13]. Thus, in air, H,O and NH,
reduce the concentration of CNT carriers [11], but in the absence of O,, the opposite occurs
for both ACNT and CCNT [4]. When exposed to NH,, 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, ¢) and CCNTs [4, 11]. However, the ratio of responses to
NH, and H,O 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 NH, versus
H,O in air using only CCNTs [4] or ACNTs, in contrast to resistive sensors [11].

@air—NH, 2 kpph —RH 65% 1 1.6gr—] D3 a2

NH; 0 kppm—RH 20% : wb;_ #4003 ae,gEE Tl
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102} v .-
- _- — L -
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8551 3, 10.0f
1 c_,,,,:ge %1681 %
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Fig. 2. n and k as a function of photon energy (F) for ACNT and CCNT (a), insets: enlarged n(E)

near A = 1625 nm and A = 1319 nm; Drude—Lorentz model (lines) for fitting to ellipsometry data

(dots): A(E) and W(E) near the specified A for the adsorption of H,0O and NH, in air (b, ¢); H,O and
IPA in N, (d, e)

The ACNTs, differing in the An direction in air after adsorption of NH, (“+” An) and H,O
(low, but “~” An) at 1625 nm with response (i.e., An) only to NH, 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
(E the IR absorption peaks) are similar, and for non-functionalized CNTs, both NH, and
H, ‘0 are donors [4] and should not form the opposite sensor response in air. Although H O in
dry N, as a carrier gas gives a drop in the n for both ACNT and CCNT. The initial n value at
A= 1319 nm for ACNT in dry N, was 1.602. The n values during exposure to H,O (subsequent
N, 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 N, purge, which is typical for
CNTs [4, 11]. For ACNT, despite the low resistive response to IPA in air and low An value at
IPA exposure in N, near the main peak of n(E) (An~ -0.02 at £~ 0.65 eV), the An was higher
in modulus at 1625 nm and 1319 nm (An = —0.05), which is higher than for NH, in air. This
indicates an improvement in the gas recognition capabilities when using several A.

Modeling showed that the phase shift of 0.2° per 100 um length is achieved in the Si waveguide
coated with a I nm ACNT layer with a 50 nm SiO, sublayer. Thus, at ~22.5 mm a w/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 um (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
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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 NH, 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 Ilayer. Therefore, the MRR radius was chosen to be limited to
20 pym. 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 NH, adsorption
was about 5 pm (Fig. 3, ¢, 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 NH, as
2.5:1073 pm/ppm and a detection limit of ~40 ppm, comparable to the use of a special polymer,
with higher changes in its # 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 A can allow the recognition of NH, versus H,O 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 A (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 » 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 NH, and H,O, expressed in the refractive
index changes (An) 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 NH, versus H O. 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 An 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 1x10713 C/um?), followed by spot treatment with medium doses
(from 1x107" to 1x107!? C/um?) — 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
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AnnoTtanus. BriepBbie MPOJEMOHCTPUPOBAHO CEIEKTUBHOE (DOPMUPOBAHUE YITOPSIAOUEHHBIX
MAaCCHBOB BepTUKAJbHBIX HUTEBUIHBIX HaHOKpucTauioB GaAs Ha momioxkax Si(111) c
COOCTBEHHBIM OKCHUIIOM, MOAM(DUIIMPOBAHHBIX MYTEM IBYX3TAlTHOU 00pabOTKM MOBEPXHOCTHU
MOHHBIM ITydykoM Ga*. B 1aHHOM oaxoie cHavYas1a MpOBOAUTCS CIUIOLIHAS 00pab0oTKa MOIJTOXKKHN
MaJIBIMM, a 3aTe€M TOYeYHas OOJBIIMMU J03aMU, YTO TTO3BOJISIET TTOAABUTh Mapa3uTHBINA POCT
B 00lacT¥ MOIMMUKALIMU U CTUMYJIMPOBATh (OPMUPOBAHNE HUTEBUIHBIX HAHOKPUCTAIJIOB B
3aJIaHHBIX Toukax. ONTUMU3ALUS 103 U PACCTOSIHUS MEXAYy TOUKAMU BO3ACHCTBUSI MOHHOTO
My4yKka TMO3BOJISIET MOJYyYaTh OJAUHOYHbBIE BEPTUKATbHbIE HUTEBUAHbIE HaAaHOKpUCTA/UTbl GaAs,
JIEMOHCTPUPYIOILINE NHTEHCUBHYIO (DOTOJIOMUHECLIEHIIMIO TTPY KOMHATHOW TeMIlepaType
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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 1x107"* C/um?) 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 1x107" to 1x107> C/um?>.

© Ianneiba H.A., Epémenko M.M., dyxan .., Yepnenko H.E., Kupuuenko .B., Kyraesckuii A Jl., Maxos U.C.,
KpoeokanoBckast H.B., banakupeB C.B., ConomoBuuk M.C., 2025. UMzpmarenns: Cankr-IleTepOyprckuii moJIMTeXHUYECKUI
yHuBepcuret I[lerpa Benaukoro.
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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 pm, pitch 5 pm).

Figure also shows that optimizing the dose allows to limit growth to a single NW at each FIB
exposure point (e.g., with 1 um 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 um). In turn, in arrays with closely spaced exposure points
(pitch 0.5—1 um), 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.

pitch 0.5 pum pitch 1 pm pitch 5 ym

Middle dose value increase

valua
r all pitches

Fig. SEM images of the modified Si(111)/SiO_surface after GaAs NW growth

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.

21



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

REFERENCES

1. Shandyba N., Kirichenko D., Sharov V., Chernenko N., Balakirev S., Solodovnik M., Modulation of
GaAs nanowire growth by pre-treatment of Si substrate using a Ga focused ion beam, Nanotechnology.
34 (46) (2023) 465603.

2. Shandyba N., Balakirev S., Sharov V., Chernenko N., Kirichenko D., Solodovnik M., Effect of
Si(111) surface modification by Ga focused ion beam at 30 kV on GaAs nanowire growth, Int. J. Mol.
Sci. 24 (1) (2023) 224.

THE AUTHORS

SHANDYBA Nikita A. KUGAEVSKY Alexander D.
shandyba.nikita@gmail.com kugaevskii@sfedu.ru

ORCID: 0000-0001-8488-9932 ORCID: 0009-0001-5183-5396
EREMENKO Mikhail M. MAKHOY Ivan S.
eryomenko@sfedu.ru imahov@hse.ru

ORCID: 0000-0002-7987-0695 ORCID: 0000-0003-4527-1958
DUKHAN Denis D. KRYZHANOVSKAYA Natalia V.
duhan@sfedu.ru nkryzhanovskaya@hse.ru
ORCID: 0000-0002-6762-2053 ORCID: 0000-0002-4945-9803
CHERNENKO Natalia E. BALAKIREYV Sergey V.
nchernenko@sfedu.ru sbalakirev@sfedu.ru

ORCID: 0000-0001-8468-7425 ORCID: 0000-0003-2566-7840
KIRICHENKO Danil V. SOLODOVNIK Maxim S.
dankir@sfedu.ru solodovnikms@sfedu.ru
ORCID: 0000-0001-7476-2778 ORCID: 0000-0002-0557-5909

Received 17.09.2025. Approved after reviewing 29.09.2025. Accepted 30.09.2025.

© Ppeter the Great St. Petersburg Polytechnic University, 2025

22



A St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1
HayuHo-TexHnuyeckne segomoctu CMN6ITY. dusnko-mateMaTnyeckme Hayku. 18 (3.1) 2025

Conference materials
uDC 620.3
DOI: https://doi.org/10.18721/JPM.183.103

Thin reduced graphene oxide based films
for nanoelectronics and sensors

S.l. Babenko!, A.S. Bryleva', K.V. Kanaev', O.A. Kudryavtsev',
R.R. Nigmatullina', K.A. Rayanova', A.D. Sudakova',
M.l. Trukhanova? 3, I.LA. Komarov 4=

1 Moscow Polytechnic University, Moscow, Russia;
2Lomonosov Moscow State University, Moscow, Russia;
3Nuclear Safety Institute of the RAS, Moscow, Russia;
*Federal Research Center of Problems of Chemical Physics and Medicinal Chemistry RAS,
Chernogolovka, Russia
= master_kom@mail.ru
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—8x10° cm?/V-s! mobility.

Keywords: contact angle, dispersion medium, graphene oxide, reduced graphene oxide, thin
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Annoramus. Co3faHue HOBBIX YCTPOWCTB TMOKOW M OPraHUYECKON BJIEKTPOHUKU TpeOyeT
HOBbIX MaTepuasoB. OQHUM M3 MEPCIEKTUBHBIX KJIACCOB MAaTEPUAJIOB SIBJISIIOTCS ITPOM3BOAHBIC
rpapeHa. JIigd TIOBBILIEHUS CMAYMBAaEeMOCTH IIOJIMMEPHBIX TIOMIOKEK —MCITOIbh30Bajlach
MHOTOKOMITOHEHTHAsl CyCHeH3WsI OKcuaa TIpadeHa ¢ TOCIeAyIolMM BOCCTaHOBJIEHUEM
TOJTYyYE€HHBIX TIJICHOK JIa3epHBIM 00ydeHueM. Il JIOKaJIbHOTO BOCCTAHOBJICHUS 3TUX IJIEHOK
C HeTbI0 (hOPMHUPOBAHUS TPAH3UCTOPOB M OMOCEHCOPOB McToNMb3oBaMch Y®- n1 MK-ma3zepsl.
[Tnenka oxcuna rpacdena u3 cycnensuu 0,93 mMr/mi ¢ pacTBopuTesieM sl jiaka ObLia YCIeIIHO
ocakeHa 1 BocCTaHOBIeHa 151 popmupoBanus TpaH3uctopa BGTE. BoccranoBneHHas rieHka
okcuia rpadeHa Besa cedsl KakK IMOJIyIPOBOAHUK N-TUIA ¢ MOABXKHOCTBIO 2—8% 1073 cm?/B-c.

KmoueBbie ciaoBa: yroa cmauuBaHus, OUCTIEPCMOHHAs cpeda, oOKcun rpadeHa,
BOCCTAHOBJIEHHBIN OKCHUJ rpadeHa, TOHKUE TUICHKU, TPAH3UCTOP
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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 [§]
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 (6T) that should be close
or higher than that of graphene oxide (6T = 25.4 MPa'??).

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
2x1073 cm?/V-s! to 8x1073 cm?/V-s! that can be used for flexible electronics.

Materials and Methods

For device formation we used 125 um thick polyethylene terephthalate (PET) film as a substrate
with 15x15 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).

© baoenko C.U., bpeineBa A.C., Kanae K.B., Kyapssues O.A., Hurmatymnuna P.P., Pasnosa K.A., Cynakosa A./.,
Tpyxanosa M.U., Komapos U.A., 2025. Uznatenn: Cankr-IlerepOyprekuii moaurexHuyeckuii yuusepcuret Iletpa Benukoro.
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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 0T = 33 MPa'/.

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 (1.5x1073 mm?) 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 OU, 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/cm?; 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).

Oaxicli 2 Al -

Locally reduced Gate Ag films - Sourea

GO film i i &Dm'"i GO film

FET substrate

Fig. 1. Scheme of rGO transistor the top view and cross-section
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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/cm? results in partial
reduction of GO film which can be semiconduction due to opening of band gap.

1600 o S

2D

500 1006 1500 2000 %00 J000 3500 4009
Wavenumbers [1/om]

Fig. 2. Raman spectra of locally reduced graphene oxide in transistor channel

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™ and 2849 cm™' are
asymmetric and symmetric CH, stretching of GO. The band at ~1720 cm™ is attributed to
the presence of carbonyl and carboxyl groups; the 1582 cm™' band comes from aromatic ring
stretching; the 1400 cm™! 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™' band).
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| 1582 em-1 cid s stretching in C-
1 aromatic ring epoxidegroups / 0-C
| stretching -\
0.04 1 1400 em-1 -OH
. | bending in
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© |
- ] ]
2 003 |
E 616 cm-1
3 |
= | 2927 cm-1, 2849 Vv b
= 002 em-1 asymmetric :-pda‘m
: and symmetric CH2 N / ending
! stretching of GO 1720 em-1 l i
i carbonyl and |
Gl | carboxyl / ! J \ |
| groups f ;
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Wavenumber, cm-1

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.
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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 2x103 cm?/V-s™! to 8x1073 cm?/V-s'!. 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—8x1073 c¢cm?/V-s™!' 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 (WSe,), 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 WSe, monolayer integrated with a
plasmonic metasurface of Au-nanobumps to enhance photoluminescence (PL) through exci-
ton-plasmon coupling and strain-induced bandgap modulation. The WSe, 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 WSe,
monolayer lying on a nanobump compared to WSe, 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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AnHoranusa. JIByMepHble AMXaTbKOTEHUIbI TepexonHbix MeTawioB (TMDs) mwmpoxo
U3BECTHBI Ojiarogapsi CBOMM YHHUKAJbHBIM ONTHMYECKHMM M D3JIEKTPUUYECKMM CBOMCTBaAM,
B 0COOeHHOCTM JABYMepHbIH WSe, oOnagaer BHIIAIOIUMUCS — JTIOMUHECLIEHTHBIMU
XapakTepUCTUKAMM, 4YTO JeJaeT ero IEepCHeKTUBHBIM KaHIUAATOM ISl TIPUMEHEHMI
B HaHodoTOHMKe. B maHHOW paboTe wucciemyeTcs ruOpuaHasi CUCTeMa, COCTosIas U3
MoHocnos WSe,, MHTErpMPOBAHHOTO C IIJTA3MOHHON MOBEPXHOCTBLIO YIOPANOYEHHBIX
Au-HaHO0aMIIOB, M3TOTOBJICHHBIX C TTOMOIIBIO MeToAa (DEMTOCEKYHIHOM JTa3epHO mevaTu,
Mpeaiaraliiuii MacIiITabMpyeMylo aJbTePHATUBY TPAAULIMOHHBIM MeToAaM JuTorpaduu u
TpaBieHus. OnTuYecKas xapakKTepUCTHKa MoKa3aja TPeXKpaTHOE YCUJIeHUEe MUHTEHCUBHOCTHU
®J1 monocnos WSe, Ha HaHoOamne mno cpaBHeHMio ¢ WSe,, JexalluM Ha IJIOCKOM
30JI0TOM TTOIOXKKE, YTO MOKHO OOBSICHUTH JOKAJIM30BAaHHBIM IIJIa3MOH-3KCUTOHHBIM
B3amMomelicTBueM M aedopMalMOHHBEIMU 3¢dekrtamu. MccremoBaHme IeMOHCTPUPYET
SKOHOMHMYECKA 3(GGEKTUBHBIN IMOAX0A K CO3daHWI0 TUOpHAHBIX TMDs-1m1a3MoOHHBIX
CHUCTEM, TIO3BOJIAIOIINI TOYHO KOHTPOJIMPOBATHL ONTUYECKME CBOMCTBA ABymepHoro WSe,
JUISI IPUMEHEHMs] B ONTO3JEKTPOHHBIX YCTPOMCTBAX CICAYIOLIETO MOKOJEHMUSI.
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Introduction

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

Materials and Methods
In our work, WSe, 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 pm, 5 pm and 10 pym.

Fig. 1. Au-nanobumps: optical (center) and SEM images of nanobump arrays with periods of 3, 5
and 10 pm obtained using laser pulses of different output, expressed as a percentage, where 100%
corresponds to 2 nJ

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
(A = 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 (ANTI130XY,
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 (A) defined by the sample scanning speed.
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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 WSe, 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
WSe, flake exhibits two distinct zones: a monolayer (1L-WSe,) and a bilayer (2L-WSe,). 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, ¢, 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 WSe,
lattice.
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Fig. 2. WSe, 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 (¢)

To characterize the mono- and bilayer regions of WSe,, 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-WSe, and 2L-WSe,
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is further confirmed by the shift in the A] peak position (Fig. 3, b), with the bilayer showing a
distinct cm™'-scale shift. Representative Raman spectra (Fig. 3, ¢, d) reveal key differences: the
bilayer not only shows enhanced A| 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™', arising from interlayer displacement, a layer breathing mode (LBM) at 311 cm™!, indicative
of strong interlayer interactions and also new optical modes at 376 cm™' and 397 cm™!, activated
by the reduced crystal symmetry in the bilayer.

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

a) b)
2522
2520
2518
2516
2514
) d)
1500 T T Y T T T 400 T T T T T
o 350 - ? =
1250 | I 4 AR L
| 2L L
g ‘ 5 30
m o
1000 |- | ] 2 i
5 ‘ z 250
[}
c 1
1 | & 200t
E ™ | =
“g | g 1ot
500 |- 1 g 8
£ E E qoof E’
I =
250 Z: E@, LBM - i 8
2 |- 58
ol L ek T3 L 1 S S of e e
1 1 Il 1 1 L 1 1 1 1
0 100 200 300 400 500 600 a 100 200 300 400 500 600
Raman shift, cm™ Raman shift, cm

Fig. 3. WSe, on Au-nanobumps (28%): Raman mapping of the area R representing integral intensity (a)
and the primary peak position in cm™ (b) of Raman spectra; 2L-WSe, (c) and 1L-WSe, (d) Raman
spectra with the designation of the main modes of combined light scattering

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 WSe, 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 Mg,Si/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 Qxcm. 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 Mg,Si 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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Annoranusa. B manHHOI paboTte OBUI TpPEMIOXEH METON CHUHTe3a HAHOIIPOBOJIOK C
reTepPOCTPYKTYpOl TUMa Aapo-oboaoyka Ha ocHose Mg Si/Si. HanompoBonoku KpeMHus,
BBICTYIAIOLIME B KayeCTBe MCTOYHMKA KpPEeMHHUS [JIs peakUuMy CUJIMLUA000pa3oBaHus,
ObUIM TOJYYEHBI XOPOIIO M3YYEHHBIM METAJLI-CTUMYJIUPOBAHHBIM XMMUUYECKUM TpaBJICHUEM
kpeMHUs1 ¢ opueHTtauueit (100), jserupoBaHHOro OOpPOM, C YAEJbHBIM COMPOTUBJICHUEM
1-10 Qxcm. B kauecTBe KaTaIUTUYECKOrO MeTajula UCII0/Ib30BaIach IVIEHKA 30J10Ta TOJILLMHOM
30 HM ¢ aATe3MOHHBIM ITOACIOCM THUTaHA TOMIIMHON 1,5 HM. BEITpaBieHHbIC HAHOIIPOBOJIOKHU
umenu Beicoty ~10 MM u auamerp 1,5 mkM. OGomouka Mg,Si Obuta chopmupoBaHa ¢
MOMOIBIO MeTOAA TBEPAO(hA3ZHON SMUTAKCUU B YCIOBUSIX CBEPXBBICOKOIO Bakyyma. ToslirMHa
CUMUIMIHON 0600ukK cocTtabisiia 400-600 HM Ha GOKOBBIX ITOBEPXHOCTSIX HAHOTIPOBOJIOK.

KnroueBbie cioBa: KpeMHUI, CUJIMLMA MAaTHUS, SIMTAKCHUsI, HaHOIIPOBOJOKHU, SIIAPO-
00oJ0uKa, Tepmoaniektpuyectso, MCXT, COM, BJC, I[15M
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Introduction

Micrometer-size thermoelectric converters (u-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 (10° vs 10°-10* cm™2). Such density provides a number
of advantages like high cooling response [2] and ability of u-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 Mg, Si 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 Qxcm 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), H,0, (37%, 1M) and deionized water with 12:4:34 volume
ratio, respectively, for one hour at room temperature.

© Cy66otun E.1O., Koznos A.T., ITasnos [.B., Jlucenkos O.E., Younos A. /1., lopomiko J.JI., [Tonsikos M.B., Bonkosa JI.C.,
IMpoxonnena I'.A., UepreB U.M., Xopommios [.A., CunoroBa C.A., lankun H.T., 2025. WU3narens: Cankr-IletepOyprekuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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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 SiO_removing. Mg,Si was grown by solid phase epitaxy (SPE) in UHV
conditions (107° 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 um height and 1.5 ym diameter
were etched (Fig. 1, a). Mg,Si shell was grown on the surface of these crystals (core) (Fig. 1, b, ¢
and Fig. 2, a) with 400—600 nm thickness on sidewalls and ~1 um on the top (Fig. 1, ¢). The
stoichiometric ratio estimated by EDX is 2:1 (Fig. 1, ¢).

Fig 1. SEM images of etched silicon nanowires (a) and synthesized Mg,Si/Si core-shell nanowires (b).
Magnesium (blue) distribution on Mg,Si “shell” (c)

~

Fig 2. SEM image of Mg,Si/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 Mg Si plane reflexes

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

Conclusion

The Mg,Si/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. Mg Si was formed by epitaxy
with the epitaxial relationship Mg Si(111)||Si(111). The Mg,Si 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 Mg,Si film on sili-
con substrate. The ~1 pm-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 Qxcm, the
mobility was 327 cm?/(Vxs), the density was 9.3x10'"> cm. We established that using the solid
phase epitaxy with the low temperature annealing regime led to mixed electron conductivity of
the doped Mg,Si: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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Annoranusa. B pabote wuccienoBaHbl TPAHCIIOPTHBIE CBOMCTBA JIETUPOBAHHOW TUICHKU
Mg,Si na kpemuueBoit nmomtoxke. Ilnenka Obita chopMUpoBaHa B YCIOBUAX CBEPXBHICOKOTO
BaKyyMa METOJIOM TBepro(a3HOW 3MUTAKCUM, €€ TOJIIMHA cocTaBisieT ~1 MKkM. B Kauectse
JIETUpYIOIle TpuMecH OBIJIO BBIOPAHO XOPOIIO 3apeKOMEHIOBaBlIee cebds cepedpo.
IMonBuxHOCT, HOCUTENEN 3apsiga coctaBwia 327 cm?/(Bxc), KOHUEHTpalyMs HOCUTENed —
9.3x10" cm3.
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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, Mg,Si-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 Qxcm 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
SiO_ removing. Mg,Si films were synthesized by solid phase epitaxy (SPE) at ultra-high vacuum
condition (~10 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 Mg, Si 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 pm-thickness film was synthesized with
Mg:Si = 2:1 stoichiometric ratio. Carrier density at room temperature was 9.3x10" cm=3, mobility
was 327 cm?/(Vxs) and resistivity was 2 2xcm. 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

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 Mg,Si 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 Mg,Si 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 Mg,Si 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 9.3x10"> cm™3, the carrier mobility was
327 cm?/(Vxs), and resistivity was 2 Qxcm. 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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Annoranuda. [IpogeMoHCTpHUpoBaHa BO3MOXHOCTh (DOPMUPOBAHUS 3aJaHHON HEJIMHEHHOMN
MePUOANYECKON CTPYKTYPHI B IPUIIOBEPXHOCTHOM 001aCTH CTEKJIA DJIEKTPOHHBIM OOJTyUeHUEM.
HenuHeitHOCTh MHAYLIMPOBAIACh SJEKTPUUYSCKUM MOJEM 3JEKTPOHOB, 3aXBAYCHHBIX CTEKJIOM.
CdopmupoBaHHas CTPYKTypa npu 00JydeHUU MOBEPXHOCTHU cTekJia o HopMmaiau MK nazepom
TeHepupoBaia BTOPYIO ONTUYECKYIO TApMOHMKY C IMarpaMMOii HaripaBJIeHHOCTH, aHAJIOTUIHOMN
IuarpaMMaM OT (a3oBBIX AUGPAKIIMOHHBIX pelIeToK. KapTupoBaHme W3TyYeHUSI BTOPOM
TapMOHUKHU IIPU OPTOTOHAJBHBIX IMOJSIpU3alUsAX (YHIAMEHTAIbLHON BOJHBI IT03BOJIMIO
cleaTh BBIBOA O pacHpeieieHUN JIEKTPUIECKOro MOl 3aXBaUy€HHBIX B CTEKJIE BJIEKTPOHOB.

KimoueBble cjioBa: TeHepalys BTOPOW ONTUYECKOW TapMOHWKHW, CTEKJIO, 3JIEKTPOHHAast
nutorpacdusi, IepuoandecKast CTpyKTypa
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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 ¥® and DC electric field E’¢ 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% SiO,; 6.8% B,O,; 2.5% AlO;;
0.6% Sb,0,; 0.4% As,0,; 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 pC/cm?. The written structure is a set of two-dimensional gratings with the
periods A = 4, 8, 16, and 32 um. The gaps in the gratings coincided in width with the strips
and made up half the period, i.e. A/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 pm, using a short-focal-length
lens allowed to reduce it to 1—2 pum. 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 £”€ 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, @). Fig. 1, b presents the
radiation patterns of the SH generated by a 16 um 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 m-phase modulation

SHG mapping was performed using a long-focal-length lens (size of the light spot (~90 um)
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

© Teprnuukuit A.H., Pemero W.B., Illepbak C.A., Jlunosckuit A.A., 2025. Wzparenn: Canxr-IletepOyprckuit
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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 A = 16 um (b)
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Fig. 2. SHG maps at orthogonal polarizations of the laser beam: across the strips (a); along the
strips (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 um) noticeably exceeds the periods, the E-field inside the gratings is
unresolved.

To visualize FE-field inside the gratings, we used a short-focal-length lens (the light spot
(~2 um) 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 E”¢ maxima in the
irradiated region. Fig. 3, a presents the SH signal profile for a A = 4 pm 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 pum compared to the original 2 pm), confirming
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Fig. 3. SH signal profiles under laser irradiation of a A = 4 um grating: within the grating area (a) and
at the grating edge (b)
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the corresponding increase in the EP¢ 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 pm for A = 4 um), as shown in Fig. 3, b.

Conclusion

We demonstrated SHG for visualizing E”C¢ 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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Annoramusa. TIpoBeseHo uccienoBaHue CTPYKTYphl AUMOY3MOHHOTO TJIAMEHU KEepPOCUHA
mapku TC-1. ITocpeacTBoM MeToma mpobooTdopa moaydyeHa IJIeHKa MUPOJTUTUUECKON Caxu,
W3yYeHBbl CTPYKTYpPHblE W3MEHEHWS JAHHOW TUIEHKW MpU TEPMUYECKOM Bo3aelicTBUU. B
pe3ysibTaTe J1a3epHOro OOJIyYeHUs] BBICOKOIWCIIEPCHOM caXu MOJydyeHa HOBas yriiepoaHast
CTPYKTYpa — CTEKJIOYIJIepO. YCTaHOBJICH MeXaHU3M (DOPMHUPOBAHMS TTy3bIPHKOB B CTPYKTYpE
CTEKJIOYTJIepo/a, OrpeesieHa CKpbITas TeTUIoTa «IJIaBjieHus» yriepona, paBHas 2110 Jxx/kr.
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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.

a)

[ l".' i, ! !
Fig. 1. Pyrolytic carbon film before thermal exposure (a); after thermal exposure (b)

© Jlemaes A.H., KcenodontroB C.U., BacumseBa O.B., KympsBue A.A., 2025. Uzmarens: Canxr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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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.
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Fig. 2. Surface of pyrolytic film on AFM: 3D—surface (a); surface profile at x = 800 nm (b)

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™'. 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 C,, and C, 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 C,, and C, ) 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, ¢), 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 50000x, 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 (50000x) (b); the structure of deposited highly
dispersed carbon black — scanning electron microscope (50000x) (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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Annoranua: Ilnenka Mg,Si TonummHod ~2.3 MKM Oblla CHHTE3UPOBAaHA METOLOM
peakTuBHOro ocaxaeHust Mg Ha Si(111) npu temnepatype 340 °C B CBEpXBBICOKOM BaKyyMme.
®oroorkauk cTpykTypel Llortkm Al/Si/Mg,Si npencrasiser coOoi KOJOKOJIO0OPa3HYIO
KpuBylo ¢ ukom mipu 1047 am u uHTeHCUBHOCTHIO 29 MA/BT, 105 MA/BT 1 195 MA/BT 1ipu
cvemieHuu 0B, 1 B u 5 B, cooTrBeTcTBEeHHO, ¢ IMpUHOM NuKa ~130 HM.

© Chernev .M., Subbotin E.Yu., Kozlov A.G., Sinotova S.A., Prikhodchenko A.V., Lembikov A.O., Prokopeva G.A.,

Goroshko D.L., Galkin N.G., 2025. Published by Peter the Great St. Petersburg Polytechnic University.



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

KnoueBble caoBa: CWIMIUAO MAarHusI, KPEeMHMI, IUICHKM, OIUTAKCUS, pPCaKTUBHAas
SIUTAKCHUS, KpUCTAJIINUeCcKass CTPYKTypa, MUKPOCKOMHUS, (DOTOOTKIUK

®unancuposanue: PaboTa BBEITIOIHEHA 3a CUET CPEACTB rocyaapcTBeHHOro oiomkera MAITY
OBO PAH FWFW-2021-0002. A.T. Ko3moB n A.O. JleMOnkoB Ojaromapsit MUHHUCTEPCTBO
HayKM M BbICIIero obpasoBaHust Poccuiickoit Depepaliy 3a rocyJapCTBEHHYIO ITOMIEPKKY
Hay4HbIX ucciaenoBanuii (roczaganre Ne ®3HC2023-0012).

Ccpiika npn murupoBanun: Yepues .M., Cyo6otun E.1O., Kosnos A.T'., Cunorosa C.A.,
[Mpuxomuenko A.B., JlemoukoB A.O., IIpoxkomwseBa I'.A., T'opomko H.JI., Tl'ankua H.T.
DOTONETEKTOP HA OCHOBE KPEMHMUS C KOHTAKTHBIM cioeM Mg Si g koporkosonHosoro MK
nuanazoHa // HayuHo-texHudeckue Begomoctu CIIOITTY. ®dusuko-maTreMaTUYeCKUE HAYKU.
2025. T. 18. Ne 3.1. C. 53—58. DOI: https://doi.org/10.18721/JPM.183.109

CraTbsl OTKPBHITOTO AocTymna, pacrnpoctpaHseMas no jguieH3uu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

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 Mg,Si is known as a material for near-infrared p-n photodetectors
and thermoelectric generators [4-6]. However, beyond these applications, there is evidence that
Mg Si 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/Mg,Si Schottky photodetector based on 500 um thick Si
with a Mg,Si back contact.

Materials and Methods

Growth experiments were conducted in an ultra-high vacuum (UHV) chamber “Varian”
with a base pressure of ~10~ Torr. A 500 pm thick Si(111) substrate (p > 1000 Q-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 um was deposited onto the preheated up to 340 °C
substrate over ~200 msec. Details of the Mg,Si film synthesis procedure can be found in our
previous works [9-11]. Finally, the Mg,Si film = 2.3 pm 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 Ko wavelength of A = 1.54 A. The thickness of the grown
Mg,Si 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.

© YepueB .M., Cyo6otun E.}1O., Koznos A.T'., CunotoBa C.A., [1puxomuenko A.B., JlemoukoB A.O., [Ipokonnesa I'A.,
T'opomiko JI.J1., T'ankun H.T'., 2025. W3narens: Cankr-IlerepOyprekuii monmutexunueckuii yuusepcuret [letpa Benukoro.
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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 2x2 mm and then stacked by Ag glue (to Mg,Si 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).

a) b)

o mesi
s

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)

Mg atoms flow

The thickness of the fabricated Mg,Si film is ~2.3 um, as determined by cross-sectional SEM
analysis (see Fig. 2, a). The XRD results are presented in Fig. 2, . The spectrum shows peaks
associated with diffraction from the Si(111) substrate, as well as Mg,Si peaks corresponding
to diffraction from the (111) and (222) planes at 20 angles of 24.31° and 49.81°, respectively.
The calculated lattice parameter was 6.339 A, which is 0.2% smaller than the reference value
6.351 A [13], indicating the compressive strain.
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Fig. 2. Mg,Si film on Si(111) substrate. Cross-sectional SEM image (a), XRD pattern (b), Raman
scattering spectrum (c)

Fig. 2, ¢ demonstrates Raman spectroscopy data for the grown Mg,Si film. The intense peak
at 259 cm™', along with peaks at 349 cm™ and 693 cm™!, are characteristic of Mg,Si [13, 14]. The
absence of the 520 cm™! peak, which is typical for crystalline silicon, results from the substantial
thickness of the Mg,Si 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/Mg,Si structure also exhibits a photoresponse at zero bias
29 mA/W, indicating the presence of a built-in field at the Si/Mg,Si junction (see Fig. 3, ). 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)

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/Mg,Si 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/Mg,Si junction.
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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 Vand 5V, 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 um thick Mg,Si film was fabricated on Si(111). The photosensitive
structure Al/Si/Mg,Si 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.

Keywords: porous silicon, composites, thin films, copper, vacuum-thermal sputtering

Citation: Kim K.B., Chernenko S.S, Niftaliev S.I., Frolova V.E., Grechkina M.V,
Grigoryan G.S., Belokopytov D.O., Chukavin A.l., Lenshin A.S. Copper deposition onto
porous silicon by vacuum thermal evaporation, St. Petersburg State Polytechnical University
Journal. Physics and Mathematics. 18 (3.1) (2025) 59—64. DOI: https://doi.org/10.18721/
JPM.183.110

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

MaTtepuarnbl KOHdepeHUnn
YK 546.3-126:544.2
DOI: https://doi.org/10.18721/IJPM.183.110

OcaxxpeHue MeAM Ha NOPUCTOM KPEMHUU MeTOAO0M
BaKYyMHO-TEPMMUECKOro HanblJIEHUA

K.b. Kum'®, C.C. YepHeHko', C./. Hudptanmer', B. E. Pponosa?, M.B. [peukunHa?,
I.C. Tpuropsin?, [.0. benokonbitoB ?, A.N. YykaBuH 3, A.C. JleHbwwnH "2

1 BOPOHEXCKUIA FOCYAapPCTBEHHBIM YHUBEPCUTET MHXKEHEPHbBIX TEXHOMOMMIA, . BopoHex, Poccus;
2 BOPOHEXCKMI FOCyAapCTBEHHLIN YHUBEPCUTET, . BopoHex, Poccus;
3yamypTcknit henepanbHblii UCcnenoBaTeNbCKuii LeHTp Ypanbckoro Otaenenus PAH, r. Mxesck, Poccus
H kmkseniya@yandex.ru

AnHOTanusa. MeTomaM aTOMHO-CUJIOBOM MUKPOCKOITMN, MH(PPAKPaCHO! M pEeHTITeHOBCKOMW
(GOTO2AEKTPOHHOMN CHEKTPOCKOMUU MOJYYEHBbl JaHHbIE O MOP(OJOruM M cocTaBe oOpas3LoB
MOPUCTOr0 KPEMHMUS C BAKYYMHO-TEPMUUECKUM HamnblieHUeM Meau. MccinenoBaHus rmokasanu,
YTO HAHOKOMIIO3UTHI, ITOJYYEHHBIE C WCMOJb30BAHUEM JAHHOTO METONA, COAEpPXAT Kak
METAJIJINYECKYIO MeIb, TaK U okcua Meau. I[loaydyeHHbIe pe3yabTaThl CBUAETEIbCTBYIOT O TOM,
YTO BaKYyMHO-TEPMUYECKOE OCaKICHUE MeIU CITOCOOCTBYET 3(h(HEKTUBHOMY MPOHUKHOBEHUIO
3TOTO BJIEMEHTA B IMIOPUCTYIO CTPYKTYPY KPEMHMUS U 3aMEIJISIET IMPOLIECC OKUCIEHUS IIOPUCTOTO
CJIOSl IPY JJIUTEAbHOM XpaHEHUU B aTMOC(HEPHBIX YCIOBUSIX.
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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 = 0.5-107*
— 1073 Torr, v = 0.97! ym/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

© Kum K.b., Yepnenko C.C., Hudranue C.U., ®ponosa B.E., I'peukuna M.B., I'puropsin I'.C., BenokonsitoB [1.0.,
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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.
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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

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™') and non-valence Si-O-Si
bonds (432 cm™), different bonds of Si-H_ type (624, 708 cm™). The sample also demonstrates
adsorbed CO, (2355 ¢cm™), which is present during spectrum survey in the air. One can also
see the traces of hydrofluoric acid affect in the form of SiF, contamination (941 cm™) and the
bonds of O SlH type (863 cm™'). Within the range of 2400 4000 cm no any distinctions are
observed except of the adsorbed water in the band range of 3400 cm™!. From this figure it can
be seen that while comparing IR spectra of porous silicon sample w1th that one where copper
was deposited that majority of abrupt absorption jumps in the spectra were leveled. This can be
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Fig 2. IR-absorption spectrum of por-Si and por-Si/Cu
Table
Absorption bands in IR-spectrum [3]

Wave number, cm™! Porous silicon
432 Si-O-Si non-valence
616 Si-Si
708 Si-Hy
863 Ox-SiHy deforms., SiF
941 SiF,
1061 Si-O-Si valence.
2253 O,SiH
2355 CO,

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™) 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,
E, = 103.5 V), silicon sub-oxides (Si 2p, E, = 100.5—103 eV), and non-oxidized silicon in
crystalline or amorphous state (Si 2p, £, = 99.5 €V). 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, ¢) indicates that the surface is mainly composed
of metallic copper (Cu 2p, /29 E, = 933 ¢V) with a minor contribution from copper oxide CuO
(Cu 2p,,,, E,=935eV).
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Fig. 3. XPS Si2p spectrum of the original porous silicon (a), Si2p spectrum of por-Si/Cu (b); Cu2p
spectrum of por-Si/Cu (c¢) along with their decomposition into the components

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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AHHOTanmUsA. YTJICpOmHBIE HAHOTPYOKM 00JagaloT YHUKAJIBHBIMM  CBOWCTBAMHM U
NpUMEHEHMEM B pas3inuHbIX objacTtax. [TposiBieHrne MU CBOMCTB HEJTMHEHHOTO MOTJIOIEHUS
ITO3BOJISIET YCOBEPIICHCTBOBATh METOABI (OpMHPOBaHMSI U OOpPabOTKM MaTepPUANIOB,
coJepxXalluMx yrjiepoaHble HaHOTpyOKM. B mgaHHOIT paboTe wuccleloBaHbl CBOMCTBA
HEJIMHEHHOro MOTJIOLIEHUS B YAbTpadroJeTOBOM U BUAMMOM AMana3oHax B 3aBUCHMOCTHU OT
TUIIA YIJAEPOAHBIX HAHOTPYOOK M TUIIA PACTBOPUTEIS.

© Vasilevsky P.N., Savelyev M.S., Gerasimenko A.Yu., 2025. Published by Peter the Great St. Petersburg Polytechnic Uni-
versity.

65



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

KnoueBbie cioBa: JazepHOe WM3IyUYCHUE, HEJIMHEUHOE IIOTJIOIICHUE, YIJIEPOIHBIC
HAHOTPYOKM, YJAbTPadUOJETOBbIM CBET, BUIAMMbBII CBET, HAHOCEKYHIHbIE MMIIYJIbChI,
Z-CKaHUpOBaHUE

®unancupoBanne: PaboTa BeITIOJIHEHA B paMKax roCyIapCTBEHHOTO 3agaHusi MUHOOpHAyKu
Poccun (ITpoexr FSMR-2024-0003).

Ccbiika npu nmrupoBanum: Bacunesckuit I1.H., CaBenbeB M.C., T'epacumenko A.l1O.
HenuHeitHoe morioieHre J1a3epHOTO M3JIydYeHUs B IUCIEPCUU YIJIEPOIHBIX HaHOTPYOOK B
yIbTpahroeTOBOM M BUIMMOM auanazoHax // HayuHo-texuuueckue Bemomoctu CIIOITTY.
duszuko-mareMarnueckue Hayku. 2025. T. 18. Ne 3.1. C. 65—70. DOI: https://doi.org/10.18721/
JPM.183.111

Cratbst OTKpPBITOTO Aoctyna, pacmpoctpansiemas no juiieHsuu CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

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 (SWCNTSs) 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

© Bacunesckuii I[1.H., CaBenveB M.C., I'epacumenko A.1O., 2025. Uznatens: Cankr-IlerepOyprckuii mosuTeXHUUECKUI
yHuBepcuret I[lerpa Benaukoro.
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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.

Table 1
DLS results for prepared dispersions
Sample nlfl)relﬁoker Hydrodynamic radius, nm ?&2{22232&:;2%
+
SWCNT/water ; 133(5)3 T igoo g?
+
SWENT/DMF ; 133?)(1) + :43100 991
+
MWCENT/water ; 21(3)(1)3 n 2200 §§
+
MWCNTIDMF | — 5000 4200 %

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 pJ. 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 um. Optical transmission spectra were
obtained using a Genesys 10 UV-Vis spectrophotometer (Thermo Fisher Scientific, US).

) Linear Energy
Lotis L5-2147N-5  attenuator lens  Sample  Lens sensor

Glan prism

Fig. 1. Optical scheme of experimental setup

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 (T ) 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.

67



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1 >
I

a) b)

SWCNT/water
SWCNT/DMF

MWCNT/water
MWCNT/DMF

SWCNT/water
SWCNT/DMF

L ]
-
-
s 7] . Ay 'S g 07 -o::'a f.'.
5 08 - AT ; 5 08 . 4n
& - o Py ¥ o"‘ B,
z 0.5+ A ] A’ 05 LI

§ " . - § T e
= 0.4+ fva "“: - 04 "av b.':

Am 7 s
0,2+ N 0.2
0.1+ 0,14

0,0 0.0

Trrrrrrr rrrrrrrrrr~rrr L 1 MU--r---rrTr—T T T T
-35 <30 -25 <20 15 10 5 0 5 10 15 20 25 30 35
Z, mm Z, mm

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.

Table 2
Calculated values of optical coefficients for liquid dispersed media with CNTs
Sample Wavelength, | Linear absorption | Nonlinear absorption | Threshold fluence,
p nm coefficient, 1/cm coefficient, cm/GW J/em?
532 1.54 £0.03 70£5 0.2+0.02
SWENT/water 355 1.68 % 0.03 76+ 5 0.18 = 0.02
532 1.57+0.03 133+ 7 0.16 £0.02
SWENT/DMF 355 1.68 £ 0.03 108 £ 6 0.15+£0.02
532 1.57+0.03 68+5 0.21 £0.02
MWENT/water 355 1.74 +0.03 35+3 0.22+0.03
532 1.50 +0.03 95 +5 0.19+0.02
MWCENT/DMF 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 (T ) 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.
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Fig. 3. Optical transmission spectra of dispersed media before and after the experiment: SWCNT /water (a),
SWCNT/DME (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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AnHoranuga. OTOXCKEHHBIE IIPOTOHOOOMEHHBIC BOJHOBOABI B HHOOATE JUTHUS IIUPOKO
HCIIOJIB3YIOTCSl B MHTErpalibHOM (DOTOHMKE AJIs HABUTAllMU, TEJICKOMMYHUKALMIA M TaTYMKOB
aJIeKTpMyeckoro mojisi. B maHHoOl pabGoTe Mbl aHAIM3UPYEM XapaKTePUCTUKU ILJIaHAPHBIX
BOJIHOBOJIOB B HOBBIX CMEIIAHHBIX MOHOKPMCTaJJIaX TBEPAOTO pacTBopa HMoOaTa-TaHTajgaTa
JIUTUST C TIOMOIIBIO DPA3IMYHBIX METOMOB (TIPU3MEHHBIN 2JIEMEHT CBSI3U, PEHTICHOBCKAS
nudpakuusi, UK-crekrpockonusi, peHTreHO(GIyOpeCIeHTHBIN aHan3). DJIeMEHTHBIN COCTaB
(cootHomenue Nb/Ta) wucciaemyeMbIXx o00pa3loB Z-cpe3a AEMOHCTPUPYET OIHOPOIHOE
pacnpejiejieHre Mo BCel Molaad moBepXHOCTU. ONTUYECKHE BOJIHOBOABLI XapaKTepU3YIOTCS
0oJiee HM3KMM 3HAUCHUEM MpHUpallleHUs [oKa3aTesIs MPpeJoMICHUS U3-3a MPUCYTCTBUS aTOMOB
Ta (7%) u Gosiee BRICOKMMU KO3 bulimeHTaMu AU hy3un MpOTOHOB M3-3a pa3ymopsa0ueHUs
KPUCTAJITMIECKON peIIeTKM 10 CPpaBHEHWIO ¢ HMOOATOM JuTHs. Bbicokmne Koa(hdUIIMeHTH
nuddy3nn odbecreunBaloT 0oJiee TIIYyOOKHMI BOJHOBOMHBIN CION M OBICTPOE BOCCTaHOBJIEHUE
KPUCTAJUIMYECKON pPEIIeTKU TIIPU II0OCTOOMEHHOM oTxkure. I[loaydyeHHBIE pe3yJabTaThl
paciIvpsoT TOHMMaHue Mpoliecca MPOTOHHOTO OOMeHa B CMEIIaHHBIX TBEPIbIX PacTBOpax
HuobaTa-TaHTajgaTa JUTUS IJI1 CO3AaHUSI OMHOMOIOBBIX ONTUYECKUX BOJTHOBOJIOB.
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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 LiNb Ta, O, (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.

© CocynoB A.B., IetyxoB U.B., Kopuuiuibia A.P., Mononakun A.A., YMmbuinn B.E., ®@axptaunos P.P., Kynukos A.T., 2025.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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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 LiNb,.Ta, O, 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 10x12x1 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 um, an accelerating voltage of 40 kV, and a cathode filament
current of 400 pA. Two-dimensional maps were obtained. The mapping grid resolution was
256x200 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.

X, mm

Fig. 1. XRF image of LNT sample

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 Kﬁ—line of
Co-emission (A = 1.62075 A) from the crystallographic plane (111). XRD spectra were obtained
from the crystallographic plane (006) for Z-cut samples. The deformations €., (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 €,, =Ad/d were calculated from
the Wulff-Bragg equation:
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__r (1
2sin 0

where A is the wavelength, d is the interplanar distance, 0 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™!' with a resolution of 1.0 cm™.
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 A, = 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 An, can be explained by the increase in diffusion coefficients D (7),
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):

Xx=2D. 1, )

where ¢ — 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.

0,035

0,030
—— APE LNT

0.023 —  APELN

» 0,020
3
0,015
0,010

0,005

0,000
0

X, um
Fig. 2. APE waveguide profile

Table
Optical and diffusion parameters of APE waveguides

Sample T,°C |t,h| An, | X,um | D(T), um’/h

APE LN 350 | 5 [0.032| 438 0.61
APELNT | 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 o-phase for APE LNT crystals (Fig. 3, a, inset, 3489 cm™' [6]). This is consistent
with the contrast of the refractive index, since for the a-phase it is less than <0.025. At the same
time, for APE LN, the phase analysis shows the presence of the «k -phase (Fig. 3, a, 3494 cm™).
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This means that the annealing time was insufficient for the formation of the a-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, ). Relative
deformations of the crystal lattice show the formation of the i -phase for APE LNT and the
a-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 a-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 k,-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.

a) b)
g 10 - 1.0
S APE LN 02 APE LN | —APE LNT
——APELNT — o-phase
—— 3478 cm’! — 3476 e o-phase
04 k—— 3494 cm’! / —— 3489 e D8 K,-phase

0,1
/ 0.6 F

=
o
£
=
04}
0.0

3400 3450 3500 3550 3600

031

Absorbance

02F

: s ' 0.0 — L ;
s 3450 3500 3550 3600 0,002 -0.001 0000 0001 0002 0003 0004

Wavenumber, cm’! €33

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)

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.

Acknowledgments

XRF measurements was made of NRC “Kurchatov Institute” using the equipment of the
Shared Research Center “Structure diagnostics of materials”. We used a proton exchange reactor
AN-0034 manufactured by Concept-Lab LLC (Moscow).

REFERENCES

1. Karagoz E., Asik F.Y., Gokkavas M., Akbas E.E., Yertutanol A., Ozbay E., Ozcan S., Reduction
in Temperature-Dependent Fiber-Optic Gyroscope Bias Drift by Using Multifunctional Integrated
Optical Chip Fabricated on Pre-Annealed LiNbO,, Photonics. 11 (2024) 1057.

2. Sinatkas G., Christopoulos T., Tsilipakos O., Kriezis E.E., Electro-optic modulation in integrated
photonics, J. Appl. Phys. 130 (2021) 010901.

3. Zeng R., Wang B., Yu Z., Niu B., Hua Y., Integrated optical E-field sensor based on balanced
Mach-Zehnder interferometer, Optical Engineering. 50 (2011) 114404.

4. Roshchupkin D.V., Emelin E., Plotitcina E. et al., Single crystals of ferroelectric lithium niobate-
tantalate LiNb,_Ta O, solid solutions for high-temperature sensor and actuator applications, Acta
Crystallographica, Section B: Structural Science. 76 (2020) 1071-1076.

75



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

5. Bazzan M., Sada C., Optical waveguides in lithium niobate: Recent developments and applications,
Appl. Phys. Rev. 2 (2015) 040603.

6. Sosunov A.V., Petukhov 1.V., Myasnikova E.V., Kornilicyn A.R., Mololkin A.A.,
Fakhrtdinov R.R., Kulikov A.G., Kuneva M., Structural-phase transformations during annealing
of proton exchange layers in mixed lithium niobate-tantalate solid solutions, Materials Today
Communications. 43 (2025) 111840-6.

7. Sosunov A.V., Petukhov 1.V., Kornilicyn A.R., Mololkin A.A., Komarnitskaya E.A.,
Tabachkova N.Yu., Kuneva M., Structure and properties of proton exchange layers in lithium niobate-
tantalate solid solutions, Solid State Ionics. 417 (2024) 116692-6.

8. Bashir U., Klimm D., Riising M., Bickermann M., Ganschow S., Evaluation and thermodynamic
optimization of phase diagram of lithium niobate tantalate solid solutions, Journal of Materials Science.
59 (2024) 12305-12316.

9. Bernhardt F., Gharat S., Kapp A., Pfeiffer F., Buschbeck R., Hempel F., Pashkin O., Kehr S.C.,
Riising M., Sanna S. and Eng L.M., Lattice Dynamics of LiNb,_Ta_O, Solid Solutions: Theory and
Experiment, Phys. Status Solidi A. 222 (2025) 2300968.

10. Onodera H., Awai I., Ikenoue J., Refractive-index measurement of bulk materials: prism coupling
method, Appl. Opt. 22 (8) (1983) 1194-1197.

11. Vohra S.T., Mickelson A.R., Asher S.E., Diffusion characteristics and waveguiding properties
of proton exchanged and annealed LiNbO, channel waveguides, J. Appl. Phys. 66 (1989) 5161-5174.

12. Korkishko Yu.N., Fedorov V.A., Relationship between refractive indices and hydrogen
concentration in proton exchanged LiNbO, waveguides, J. Appl. Phys. 82 (1997) 1010-1017.

THE AUTHORS

SOSUNOYV Aleksei V.
alexeisosunov@gmail.com
ORCID: 0000-0002-5760-1523

PETUKHOY Igor V.
Petukhov-309@yandex.ru
ORCID: 0000-0002-3110-668X

KORNILICYN Andrey R.
Akornilicyn@gmail.com
ORCID: 0000-0002-8267-0168

MOLOLKIN Anatoliy A.
mololkin@newpiezo.com
ORCID: 0000-0003-3053-1892

UMYLIN Vladislav E.
vu@koncept-lab.ru
ORCID: 0009-0006-1447-3310

FAKHRTDINOYV Rashid R.
fakhrtd@gmail.com
ORCID: 0000-0003-1077-7975

KULIKOV Anton G.
ontonic@gmail.com
ORCID: 0000-0002-6040-6403

Received 11.08.2025. Approved after reviewing 09.09.2025. Accepted 09.09.2025.

© Ppeter the Great St. Petersburg Polytechnic University, 2025

76



A St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1
HayuHo-TexHuuyeckne segomoctu CMNO6IMY. dusnko-matemMaTnyeckme Hayku. 18 (3.1) 2025

Conference materials
UDC 53.043
DOI: https://doi.org/10.18721/JPM.183.113

Thermal poling of photosensitive glasses
containing Ag* and Ce3* ions

A.Yu. Moroz', |.E. Chistikov?, V.G. Melehin3, V.P. Kaasik "4 &

! Peter the Great St. Petersburg Polytechnic University, St. Petersburg, Russia;
2Institute for Problems of Mechanical Engineering RAS, St. Petersburg, Russia;
3 Joffe Institute, St. Petersburg, Russia;
4 Alferov University, St. Petersburg, Russia
= vkaasik@yandex.ru
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 Ce** — Ce*". The mechanisms of the crystallization suppression and ion recharge
in the poled region of the glass are discussed.
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u HanpspkeHun 400-1000 B. B xauectBe mcTtouHMKOB Y® u3ydeHUs] UCIIOJb30Bajach 3-s
rapMoHukKa (beMTOCEKYHIHOIO Jla3epa ¢ JJIMHOM BOJHBI 343 HM. MccaenoBaHusl MPOBOANINCH
METOJAaMM ONTUYECKOI MUKPOCKOITMH, OIITUYECKOTO MOIJIOIIEHUSI 1 PAMaHOBCKOTO pacCestHUS.
[MokazaHo, 4YTO B NPHAHOMHOM CJIO€ CTEKJIa MOCJe MOJMHTa, nocieaytoiiero Y® obaydeHus
W TepMOOOPaObOTKM KpUCTAJUIM3aIMs CTEKJIa TOJIHOCThIO monapisercs. [locie moiwHra u
TOCJIeYIoNIel TepMOOOPaOOTKN B 3TOM CJIO€ MPOUCXOAUT TAKXKe Tepe3apsiaKka MOHOB 1e3Ust
Ce’t — Ce**. O0CYKIa10TCsl MEXaHU3MBbI MTOAABACHMUSI KPUCTA/UIM3ALMU U Iepe3apsiiKi MOHOB
B IOJISIPM30BAHHOI 00JIaCTU CTEKIIA.
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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: Ce** + hv + Agt — Ce** + Ag’ [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 SiO,; 10.44% of Li,0; 5.33% of AL,O,; 5.74%
of K,0; 1.17% of Na,O; 1.13% of ZnO; 0.236% of Ag,0; 0.085% of CeO,; 0.33% of Sb,0.,.
Transition temperature of this glass is T = 480 °C. It should be mentioned that in the synthesized
glass cerium state is Ce** [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 Ce*" [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

© Mopo3s A.10., Yuctukos U.E., Menexun B.I'., Kaacux B.I1., 2025. Uznarens: CaHkr-IleTepOyprckuii moJuTeXHUUECKU
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(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: 4Ce** + 20%* «» 4Ce’* + O2.

Oxidization occurs both during poling due to the recombination of non-bridging oxygens with
the formation of O, 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 Ce** band
increases.
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Fig. 1. Differential optical absorption spectra of the glass after poling under 800 V (/) and after poling

under 500 V followed by anneal at 500 °C (a); Raman spectra of the initial glass (/), 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)

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™ and
980 cm™', corresponding to lithium metasilicate, Li,SiO, [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™' and the “crystal” peak at ~ 980 cm™'. 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 pm-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 pm-scale (see “crystal” intensity line in Fig. 2).

—=— "Glass" intensity (1080 1/cm)
s— "Crystal” intensity (980 1/cm)

Surface

o 1 2 3 4 5 6 71 8
d, um
Fig. 2. Depth-dependence of normalized intensities of Raman peaks at ~ 1080 1/cm (“glass” peak)
and at ~ 980 1/cm (“crystal” peak)
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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 ctched 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 um-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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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 SnO, [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 (NH,) and hydrochloric acid (HCI)
vapors.

Materials and Methods

Top-down cryogen plasma chemical etching of the [001]-oriented B-doped silicon substrate
with resistivity of 12 Q-cm was used for Si NWs vertical array fabrication by Oxford Plasmal.ab
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 um 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, #) 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 HCI and NH,
vapors. To provide indirect measurement of the fluid chemical composition, aqueous solutions of
NH, and HCI 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. (@) SEM image of the as-fabricated Si NWs. (h—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. (/) — typical EIS spectrum of a sensor. (m) — equivalent circuit: R, — 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 NH, and HCI aqueous solutions in a wide concentration range of 62.5 (1.25 ppm
for NH, and 1.88 ppm for HCI) to 1000.0 pmol-I-" (20 ppm for NH, and 30 ppm for HCI).
The impedance spectra were depicted as the Nyquist plots, typical spectrum is presented in
Fig. 1, I. 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: R — 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, I—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 NH, and HCI 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-
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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-
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AnHoraumua. WccinenyeTcss BAMSIHWE TIPOLIECCOB  KOAJECHEHLIMM U arperalydu  Ha
MEMPHUCTUBHBIC CBOMCTBA aHCaMOJeil HaHouacTull cepedpa. CHUcTeMbl HAHOYACTUL MOJIYUEHbI
METOJIOM BaKyyM-TEPMHUUYECKOTO WCIIAPEHUSI HAa KPEMHUEBBIE MOMIOXKU C 30JIOTBIMU
2JIEKTPOJaMU M Ha KBapleBble CTeKja IJIs1 KOHTpoJs Mopdoysoruu. Mop@dosoruio 4acTuil
aHaIM3upoBaau MeTogaMu POM n Y®-BunmMoii CIIeKTpOCKOTINT, a MEMPUCTUBHEIE CBOMCTBA
C TIOMOILIBIO LIMKJIIMYECKOU BOJbTaMIEpOMETPpUU. BeaeacTBue oCTBaabI0BCKOTO CO3pEBAHUS 1
YBEJIMYEHUS CpeIHero pa3Mepa HaHOUACTULL, CHUKAETCS paboyee HaIpsKeHue, HeoOXoaumoe
Ui NEePEeKIIYEHUST CUCTEMbl B MEMPUCTUBHOE COCTOSIHME, IIPU 3TOM U3MEHSETCS
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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.

© Bacunesckas 10.0., Uymauenko 10.B., 2025. Uznarens: Cankr-IlerepOyprckuii monutexHuueckuii yHusepcurteT [letpa
Benukoro.
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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.
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Fig. 1. Optical spectra of annealed experimental samples (a) and their photo () on quartz glass (mass
increase from 0.62 mg to 20.05 mg from left to right), (¢) — (¢) 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

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
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Fig. 2. Shift of the absorption maximum («) 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
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Fig. 3. The result of processing SEM images in the program for a 4.71 mg sample: (@) 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).
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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 pm). MWIR devices are widely used
in, e.g., environmental monitoring, defense applications, industry, and medical diagnostics [1].
Usmg InAs, ySb in the active layer of a semiconductor heterostructure (HS), one can cover a
3.4-11.0 ;,lm 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 InAs . Sb, , layer was ~3 um, and that of the InAsSb0 5,P, 4, layers ~1.2 pym.

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 7= 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/cm?. 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 E = 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 7= 11 K) and a peak related to the InAsSb layer (~0.27 eV
at 7=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 ‘E ’). 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 7= 11—120 K range; at higher 7, its energy was decreasing, approaching the Varshni law.

© Pyxesuu M.C., Kupunenko .., Yymanos W.B., ®upcos [.J., KomxkoB O.C., Mbiu6aes K.J., Pomano B.B.,
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Fig. 1. Variable-temperature PL spectra of InAs/InAsSbP (a) and InAs/InAsSb/InAsSbP (b)
heterostructures

The positions of both the PL and PR peaks within the whole 7"= 11—300 K range did not
correspond to the E calculated according to the expected composition of the layer. For InAs/
InAsSb/InAsSbP H§, the PL peak of the InAsSbP layer in 7= 11—200 K range showed some
blue-shift with temperature increasing, and at higher 7 also followed the Varshni law. Its position
again did not correspond to the calculated £, and was indicative of greater InSb content as
compared to that in the InAsSbP layer in the IgnAs/InAsSbP HS.
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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 E (7) dependences (lines) calculated
according to the Varshni law [7] with parameters oo = 3.3-10* ei//K, B = 120 K for InAsSbP (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.
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Annoranuga. HMcciemoBaHBI  CIEKTPHI  (DOTONFOMMHECLIEHIIUM  KOPOTKOITEPUOTHBIX
cBepxpeireTok InGaAs/InAlAs B IIMpOKOM IMamma3oHe MOITHOCTEH HaKaYKM IIPU TeMITepaTypax
5-300 K. Cmextpsl doTomomuHectueHunu mpu 5 K cocTtosiim u3 1oJa0c JTIOMUHECICHIINH,
CBSI3aHHBIX C M3JydyaTeIbHOM peKOMOMHAIIME SJIEKTPOHOB U ABIPOK B CBepXpelleTKax,

a TakxXe B IMOUIOXKKE M OYy(epHBIX CI0sIX IreTepocTpyKTyp. CreKTpaabHbIe MOJOXKEHHUS MO0JI0C
MU3JIyYeHUST CBEPXPELIETOK XOPOIIO COTJACYIOTCSI ¢ PaCUETHBIMU 3HAUYCHUSIMU.
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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 VCSELSs, an active region with high modal gain is necessary, especially
for lasers operating near 1.3 um and 1.55 pm 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 Ing,,Al ,As 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
In,,,Ga, As/In, Al ,As with a total period width of 22 A 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 In, Ga, ,As/In ,,Al ,As/In ., Ga, As/
In, ,Al, ,As epilayers with a widths of 6/4.7/12.6/4.7 A for the sample A, 5/4.9/13.2/4.9 /i for
the sample B and 6.5/4.6/12.3/4.6 A for the sample C. All the studied heterostructures also had
a 30 nm thick In,,Al ,.As 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 Inj Ga,,As 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 (A = 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 5x 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 7= 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 ym (Fig. 1, a) due to

© BoiiroBuu B.U., Maxos WU.C., Aunpromikun B.B., Konwiro I1.E., TMansuteB [1.C., Kpsrkanosckass H.B., XKykos A.E.,
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the temperature change in bandgap values of heterostructure epilayers. At 7'= 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.
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Fig. 1. PL spectra of the samples measured at the pumping power P = 0.34 mW and 7 = 5 K (solid

curves) and 7 = 300 K (dash-dotted curves) (a). Dashed lines show calculated values of optical

interband transitions in SLs at the 7'= 5 K. Dependencies of the integrated PL intensity /,, on the
pumping power P at the 7= 5 K and 7= 300 K and approximating curves P* (b)

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 7"= 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 the 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 In, Ga, As epilayer energy
gap on the temperature are shown in Fig. 2. However, below 7= 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.
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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 In;  GaAs epilayer
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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 77 = 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 um 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.

Keywords: mesoporous silicon, nanopowders, nanopowders, spectroscopy, cinnarizine, sys-
tems of drug delivery
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Annoramusa. B pesynbraTe paGoThl ObUIM TIOJyYe€HBI 0Opa3ilbl HAHOMOPOIIKOB MOPUCTOTO
KPEMHHUSI C OCaXJIEHHBIM IMHHAPU3UHOM U OTpaboTaHa METOAMKA XUMUYECKOTO OCaXKIACHUS
LIMHHApU3WHA B MOPUCTHIN cioii. [lonydyeHHbIE CTPYKTYpbhl MOPUCTOTO KPEMHUsSI MOTYT
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OBbITb MCIIOJIB30BaHBI JUISI JOCTAaBKM PA3JIMYHBIX TEPareBTUUECKUX CPEIACTB, OT MaJlbIX
MOJIEKYJl TIperapaToB A0 OOJBIIMX TEeNTHA0B/OEJKOBBIX TepareBTUUYECKUX MpernapaToB Mpu
VIpPaBJICHUN COCTAaBOM TMOBEPXHOCTU U Mopdosiorueil ero mopucrtoro cios. Hanomopoiiok
MMOPUCTOIO0 KPEMHUS ObLI MOJYYeH MEXaHWYECKUM U YJIbTPa3BYKOBBIM H3MEJIbUCHUEM
TUTACTUH TIOPUCTOTO KpeMHUs. MeTomaMu MpOoCBEUMBAIONIEH 3JIEKTPOHHON CIEKTPOCKOIINH,
nH(pPaKpacHOU CIEKTPOCKONMUU W yJAbTPauUONETOBON  CMEKTPOCKOIUU  MCCIETOBAHbBI
MopdoJIorisT M COCTaB 00pa3loB mopucToro kKpemuus. Ilo pesyabraram wucclieqOBaHUI
MPOCBEUMBAIOIIEH 3JIEKTPOHHONH MUMKPOCKOMUM OMNpeAeauan TPUCYTCTBUE B oOpaslax
KaK KpUCTALIMYECKOM, TaK M amMopdHOil da3bl. XMMUUECKHUI COCTaB M TUIbI CBSI3El B
CJI0€ TIOPUCTOrO0 KPEeMHUS ObLI OMpeaesieH IO JaHHBIM WMH@PaKpacHO CIEeKTPOCKOIMUHU.
[To naHHBIM yIBTPAhUOJIETOBON CHEKTPOCKONMUU OBbLUIM OIPEAeeHbBl SHEPTUM BO3MOXKHBIX
MPSIMBIX TIEPEXOIOB B HAHOCTPYKTYpax. MccaemoBaHbl POIIECCHl aacopOIMm 1 Necoponm Ha
HAHOCTPYKTypax.

Knouesbie cjoBa: Me30HOpHCTHﬁ erMHHﬁ, HaHOITOPOIIKM, HaHO4YaCTUIbI, CIICKTPO-
CKoImud, TMHHAapMU3WH, CUCTEMbI JOCTABKHN JICKAPCTB
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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 Libral20 (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.

© Jlenbnn A.C., IMonkoBuukoBa K.A., Yepnoycosa O.B., ®ponosa B.E., Jomaiesckast 3.11., 2025. Wznarenb: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.
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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 M solution of HCI, containing 0.5 mg/cm?® of cinnarizine. The volume of the media
was 100 cm?. 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.

a) b)

N 100 m
Fig.1. TEM image of the porous silicon powder (a) and electron-diffraction pattern of the porous
silicon powder (b)

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].

porSi+cinn | — b —
[ —— P

1.0 4cinn

T r T T T T T

4000 3500 3000 2500 2000 1500 1000 500
-1

v, cm

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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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™ and 2936 cm™', corresponding to the
valence vibrations of C—H bond in alicyclic compounds; 1597 cm™!, corresponding to the valence
vibrations of C=C bond in aromatic ring, 1134 cm™!, corresponding to the valence vibrations of
C—N bond; 999 cm™ and 962 cm™', 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™), Si-O-Si (1060 cm™), Si-H (805 cm™) [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:

T= exp[—D],

where T is transmission, D — optical density, transmission-reflection spectra were reconstructed
into absorption spectra. Dependences (D-hv)? 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-hv)? 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.

a) 1004 b) 100

(hvD)?

g

(hvD)?
\

i / porSi P /
204 / f’/ 2 B
/ |/

P

: . i

1 /273 4 5 8 T N TR
hv.eV hv.eV

Fig.3. Dependences of (D-hv)? on the quanta energy for original porous silicon (@) and
porous silicon with the deposited cinnarizine (b)

o
=

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/cm? (Fig. 4). While increase of the adsorption
time cinnarizine concentration was slightly reduced up to 1.00 mg/cm?, 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/cm?® (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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Fig. 4. Dependence of cinnarizine concentration on: (a) the time of deposition on the surface of
porous silicon and (b) on the time of desorption from the surface of porous silicon

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-H , 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 pJ-cm™ enhancing their potential for efficient optoelectronic applications, including
light-emitting devices and lasers.

Keywords: perovskite, metal-organic framework, composites, enhanced spontaneous
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Annoranusg. HaHOKpHCTa/UIBl METaJUIOTAJOT¢HUAHBIX TIEPOBCKUTOB CTaIU OTIMYHBIMU
MaTepualaMyu-KaHAWIaTaMU [JIs Pa3IMyHbIX MPUMEHEHMI B ONTO3JCKTPOHMKE Ojaromapsi
CBOUM BBIIAMOIIMMCS OMTORJEKTPOHHBIM CBOMCTBaM. OmHAaKO HECTAaOWUJIBHOCTb B YCJIOBUSIX
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OKpYKaIleil cpeabl, TAKUX KaK BIaXXKHOCTb, TeMIepaTypa 1 YIbTpaduOJIeTOBOE U3yUCHUE,
OorpaHMYMBAET WX JajJbHENIIyI0 pa3paboTKy M ILIMPOKOMACIITaOHOe TMpuUMeHeHue. B aTom
UCCIEeNOBAaHMU Mbl TIpEACTaBasieM KOMIIO3UTHbIE TOHKHME IUIeHKM mnepoBckuta FAPbBr3
U METaJJIOOPraHMYeCKoro Kapkaca Ha OCHOBE CBMHIA C ITOBBIILIEHHON CTaOUJIbHOCTBIO,
TMOJIyIeHHBIE OTHOJTAITHBIM MeTOoHoM. IIpm 3TOM TIOJyYeHHBIE KOMIIO3UTHBIC IIICHKU
TIPOIEMOHCTPUPOBAIM HU3KHWIL ITOPOT YCWJICHHOTO CIIOHTAHHOTO M3JIYYCHHUS C ITOPOTOBOU
IUIOTHOCTBIO 3HEpruu Bo30yxkmeHus 12,3 MKJIXK'CM 2, 4YTO CBUAETEJbCTBYET 00 MX BBICOKOM
rnoreHuane wisg 3p@PEeKTUBHOTIO TPUMEHEHHUS B ONITORJIEKTPOHUKE , BKITIOYASI CBETOU3TYYaIOII1e
YCTPOMCTBA M Ja3ephl.
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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
ABX, 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 FAPbBr, (FA- CH(NH,),, 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 FAPbBr,-MOF
composite thin films, enabling a simplified and faster preparation process. This approach yielded
a record-low ASE threshold for FAPbBr, (12.3 pJ-cm™), 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(NO,),, 99.7%,
LenReaktiv), trimesic acid (1,3,5-H,BTC, 95%, Sigma-Aldrich), Acetic acid (CH,COOH, 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 FAPbBr,-MOF composite

© Moznusko C.B., Marseea E.JI., Jlu IlI., CanmkueBa M.A., Makapos C.B., 2025. Uznarens: Cankr-IletepOyprckuit
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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 SmartSPM'™~-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].

@:—An—BnZ—CIf. (1)
dt

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:

n(t) = An-exp(—At)
A+ Bn(1—exp(—At)

+ const, (2)

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

n=1F-Abs, 3)

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

Abs =(1-R)-[1-exp(-ad)], 4

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

Results and Discussion

The resulting FAPbBr,-MOF composite film has a low surface roughness of 0.99 nanometers
and a thickness of 116 nanometers (Fig. 1, a). The composition of FAPbBr,-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 FAPbBr, nanoparticle size of
11.6 nm (Fig. 1, ¢).

b) x10% C)

59 (100 —— FAPDbEBr3
* Pb-MOF

a) Roughness = 0.99 nm

1.8
nm (200)

0.0 nm %

Intensity, counts

1] ’

U {0y * | (210)
04 w M\M-
10 20 20 40 50
28,°

Fig. 1. AFM image of FAPbBr,-MOF film (a), XRD analysis of FAPbBr,-MOF (b), TEM analysis of
FAPbBr,-MOF (c). Inset in (c) is a histogram of the NCs size distribution
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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 FAPbBr,-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, ¢). The best PLQY is 43% at a power density of
993 mW-cm2, 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 (4, non-radiative) and bimolecular (B, radiative) recombination
coefficients increased from 4 = 2.4-10° s and Bn = 9.4-10°s' at 1.3 pJ.-cm2to A = 18.7-10° s°!
and Bn = 6.5:-10® s! at 10.4 pJ-cm? (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 pJ-cm™ (Fig. 2, e, f), which is lower
than previously reported [9], demonstrating the suitability of FAPbBr,-MOF films for integration
into next-generation low-threshold laser systems and other light-emitting applications.
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Fig. 2. Photoluminescence spectrum of FAPbBr,-MOF (@), Normalized absorbance spectrum of

FAPbBr,-MOF (b), Dependence of PLQY on the power density (c), decay curves of FAPbBr,-MOF

under increasing pump fluence (d), evolution of the PL spectra of the FAPbBr,-MOF films under
increasing pump fluence (e), ASE threshold of FAPbBr,-MOF (/)

Table
Analysis of decay curves of FAPbBr,-MOF film
Pump fluence, pJ-cm™ | n, cm™ A, s™! Bn, s™!
10.4 3.3-10" 18.7-10°¢ 6.5-10%
5.5 1.7-10" 16.0-10¢ 2.0-108
3.1 9.6-10" 8.1-10° 6.5:-107
1.9 5.9-10" 4.7-10° 2.2-107
1.3 4.0-10" 2.4-10° 9.4-10°
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Conclusion

We developed a simple one-step method for fabricating FAPbBr,-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 pJ-cm?), 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 x,_ : %, 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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AnHotanuda. I1poaeMOHCTpUPOBAHO, YTO MOHHBIA OOMEH MpU ITOMOIIM 3JEKTPUYECKOIO
Mojsi B CTEeKJE II03BOJISIET TIOJYYUTh CTPYKTYpPY C TIpodWISIMM KOHUEHTpalluu |
MPOBOAUMOCTH, ONM3KUMMU K CTyrneH4yaTbiM. [loCcTOsSIHHOe HampsDkeHue, MPWIOKEHHOE K
MOHOOOMEHHOMY CTEKJIy, TPUBOIUT K HAKOTUICHUIO 3apsia, dJEKTPUIECKOE TMOoJie KOTOPOTO
BBI3BIBACT HapyIICHUE CUMMETPUU U pa3pellaeT KBaIpaTUIHYI0 ONTUUYECKYI0 HEIMHEHHOCTh
B cTekie. HennHeliHO-onTHUYeCKUE CBOMCTBA MOAMGMUIIMPOBAHHOIO CTEKJIa MCCIEAOBAaHBI C
MCII0JIb30BaHUEM MeToa nosoc Meiikepa. B yacTHOCTH, UCClIeNOBaHO BIMSTHUE COOTHOLLICHMS
KOMITOHEHT TEH30pa KBaApaTUYHON ONTUYECKOW BOCIIPUUMUUBOCTH ¥, - ¥, HA HEIUHEHHO-
ONITUYECKME XapakTepucTuku. CpaBHEHWE BSKCIEPUMEHTOB M MOJEIMPOBAHUS TTO3BOJIMIIO
3aKJTIOYUTh, YTO 3TO COOTHOIIEHWE COCTaBISIeT 1:3, YTO XOPOIIO COOTBETCTBYET YCIOBUSIM
cummMeTpun KieiiHMaHa IJ19 M30TPOIHBIX CPEI.
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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 (1E) 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 %> due EFISH (Electric-Field
Induced Second-Harmonic) phenomenon [2].

Nonlinear optical properties of the material are determined by the 5((2) 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 (/, ) on the angle of incidence of the fundamental wave (0).

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 y,_:,,,» 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
C, = 6.9-10” m> 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
NaNO, 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 g,.
After, we cooled down the cell under applied voltage for about 15 min. The charge value allows us
to estimate interface depth as L = g,/(SeC) 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 A = 1.03 um). The details of
optical setup can be found elsewhere [4].

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

- . 1
I, ~ Xz,fft(:f]—'z,:p sin’ (E AkLJ; (1)

where ¥ — effective nonlinear coefficient (or their combination) corresponding to the geometry
of the experiment normalized by ¥,
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0, 0,, — angle of the propagation of the fundamental and SH waves in glass, defined by Snell’s
law refractlve index of these waves. For the simulations we use n, = 1.5134 and n, = 1.5288.
Changmg Yo * KXoz ratio from 1:2 to 1:4 only slightly modifies the shape of the ﬁaker fringe,

as illustrated in Fig. 1 a.

Moreover, the inﬂuence of x, . 1%, 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
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Fig. 1. Simulation of Maker fringe for L = 0.9 um (@) and angle of maximum SH dependence on

thickness (b) for different x, :y, , vs experimental data (crosses)
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for thicknesses close to the coherence length. For more accurate identification of the ratio we
consider the ratio x,_:7%,,, 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 y, %, for 10 specimens with L from 0.9 pm to 20.5 pm 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 y, :y, .. 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 y,_ :x,,, 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/cm?2. The resulting oxide layers have a crystalline structure, providing
minimal faradaic resistance, which is promising for use in electrochemical double-layer super-
capacitors.
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AnHOTanmua. PaccMOTpeHBI €MKOCTHBIE XapaKTEePUCTUKM KOMITO3UTHBIX DIIEKTPOIOB
Ha OCHOBE HAHOMOPHCTOTO OKCHIAa THUTaHA, IIOJYUEHHOTO METOIOM ILIa3MEHHO-
BJIEKTPOJUTUYECKOTO OKcuaupoBaHus. IlokazaHo, 4TO ymelbHass €MKOCTb MHOTOCJIOMHOTIO
CylepKOHAeHcaTOpa Ha OCHOBE C(hOPMUPOBAHHOI'O OKcUAa TUTaHa U noauanuiavHa (ITAHHW)
coctapisgeT 10 Mm®/cm?. TlonydeHHBIE OKCHIHBIE CIIOM MMEIOT KPUCTAUIMYECKYIO CTPYKTYpY,
obecrieunBasgs MUHUMaJIbHOE (papameeBCKOE COIPOTHBIICHUE, UTO SBISCTCS IePCIIEKTUBHBIM
JIJIST MCTIOJTb30BAHUS B DJIEKTPOXMMMUYCCKUX JIBYXCIOMHBIX CYIIEPKOHIEHCATOpaX.
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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, @) 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).

© Anamosuu A.A., lomoBanos B.H., Maxmyn-Axynos M.IO., fstymenko M.0., ConoBbéB A.A., bonnapckuii [1.C., 2025.
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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)

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, a. The specific capacitance of the obtained electrodes was ~ 10 mF/cm? (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/cm? [5].
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Fig. 2. Capacitive characteristics of the obtained electrodes: cyclic voltammograms (a) and
electrochemical impedance spectra. The inset shows the equivalent circuit (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 (Zg =C,' ( jco)fa). 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
W is characterized by the impedance of finite diffusion w1th a transmitting boundary, element

W, — is characterized by a reflecting boundary, and b, = \/_ (d — is the thickness of the Nernst

diffusion layer, D — is the ion diffusion coefficient):
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W . ;
Zy, —ﬁ(l—J)tanh(bS ]co), (1)
2, =2 (1 j)coth (b, 7o ). 2
° " Jo
Table
Equivalent circuit parameters
Parameter | R, Ohm | r, Ohm | C 107 o | W,,Ohm=s"*| b, s? w,, b, s'?
s®Ohm™! Ohm-s 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/cm? The obtained
electrodes have a low faradaic resistance (32 Ohm), which is promising for use in electrochemical
double-layer supercapacitors.

REFERENCES

1. Peng Z., Ni J., Surface properties and bioactivity of TiO, nanotube array prepared by two-step
anodic oxidation for biomedical applications, Royal Society Open Science. 4 (6) (2019) 181948.

2. Sibatov R.T., Uchaikin V.V., Fractional kinetics of charge carriers in supercapacitors, Handbook
of Fractional Calculus with Applications. 8 (2019) 87—118.

3. Lamberti A., Sacco A., Hidalgo D., Bianco S., Manfredi D., Quaglio M., Pirri C., TiO, Nanotube
Array as Efficient Transparent Photoanode in Dye-Sensitized Solar Cell with High Electron Lifetime,
Acta Physica Polonica A. 2 (132) (2013) 376—379.

4. Makhmud-AKkhunov M.Y., Adamovich A.A., On the Plasma-Electrolytic Formation of Porous Films
of Titanium Oxide, Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques.
4 (14) (2020) 684—690.

5. Wu H., Xu C., Xu J., Lu L., Fan Z., Chen X., Li D., Enhanced supercapacitance in anodic TiO,
nanotube films by hydrogen plasma treatment, Nanotechnology, 24 (45) (2013) 455401.

6. Yavtushenko 1.0., Makhmud-Akhunov M.Y., Adamovich A.A., Nanostructured electrodes for
supercapacitors, Journal of Physics: Conference Series. IOP Publishing. 2086 (1) (2021) 012022.

117



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

I
THE AUTHORS

ADAMOVICH Artem A. SOLOVYEYV Alexander A.
artem.adamovich@bk.ru shurken@mail.ru

ORCID: 0000-0002-7829-5326 ORCID: 0000-0001-7317-2813
IYAVTUSHENKO Igor O. GOLOVANOY YVictor N.
yavigor@mail.ru golovanov_vn@mail.ru

ORCID: 0000-0002-8612-6258

BODNARSKY Dmitry S.
MAKHMUD-AKHUNOYV Marat Yu. bodnarskiy@gmail.com
maratmau@mail.ru
ORCID: 0000-0009-6999-9030

Received 28.08.2025. Approved after reviewing 15.09.2025. Accepted 15.09.2025.

© Ppeter the Great St. Petersburg Polytechnic University, 2025

118



ASt. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1
HayuHo-TexHuueckne segomoctu CMN6ITY. dusnko-matemMaTnyeckmne Hayku. 18 (3.1) 2025

SIMULATION OF PHYSICAL PROCESSES

Conference materials
UDC 533.9.02
DOI: https://doi.org/10.18721/IJPM.183.122

The phenomenon of “anomalous electrons”
in pulsed high-current vacuum discharges

V.Yu. Kozhevnikov'®, A.V. Kozyrev'

! Institute of High Current Electronics, Siberian Branch, RAS, Tomsk, Russia
H Vasily.Y.Kozhevnikov@ieee.org

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-
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Introduction

“Anomalous electrons” is the name given to a group of electrons in a vacuum discharge whose
average kinetic energy € exceeds the maximum value gU,, where g is the electron charge and U 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 (e < gUj)) and an anomalous high-energy
component peaking at 220 keV, followed by an extended tail reaching energies of 320 keV,
ie.e> qU,

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) f, as
follow:

£ (sz,v,t) =n—°ei T

\2mm,T,

where x 1 v — phase coordinates (coordinate and velocity), # — time variable, n, — emission
number density, 7, — the electron temperature in eV, m, — electron rest mass. The type of
emission in this modeling is not essential, but the value of #; is determined by the condition of
unlimited electron emission from the cathode — j > j., 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

o, 4 .
ot ox my’ ov

8T, 4 / U’ . . s : .
_ 4% |2 o = 28 D where g, — vacuum dielectric permittivity. All variables in
nm, m,

-0,
(1)

where E_— electric field, ¢ — electrostatic potential, y=1/ «ll—vz/ ¢* — 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 f, 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, ie., f(f = 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(f) directly without any ballast load. The voltage pulse U(f) has a trapezoidal
shape. It is set by three parameters — the duration of the leading (and trailing) edges 7, , the
voltage amplitude U, and the total pulse duration by its base 7 .

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

2m,D / (qU,). This estimate is obtained directly from solving the equation of motion for a
s1ng1e electron starting with zero velocity at the cathode, i.e. m,x"=qU,/D,x(0)=0,x'(0)=0.
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 U, is applied to the diode by a long voltage rise front
t.,>» t.and a short one 7 ~ 7. 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

Ja =qj v- f.(x=D,v,t)dv.

Fig. 1 shows the time profiles j, for these two cases for D = 1 ¢cm, U, = 50 kV, j /i, = 10
diode parameters. Short rise time for this configuration corresponds to 7. = 100 ps, and the
long rise time case here is 7., = 500 ps. The most general case of establishing a steady-state
current flow in a diode includes three successive stages: @) flight time, b) transition region, and
c) region of steady-state current flow. The second stage occurs only if the voltage is applied fast,

.~ . Its key feature is the generation of the limiting value of the diode current. Slmphﬁed
modehng 3] gives an estimate of the limiting current density as j = 2.75+,, and the actual
kinetic theory corrects this value downwards.

121



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

a) b) c)

OpF—~ ——100ps ]
sE f i -~ 500 ps

J.C'L

Jon Alcm?
)
(=3
I
1

AT A T P N B
0,0 0,5 1,0 1.5 2,0
t,ns

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

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 1 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 j.,. The key observation of the kinetic theory is the fact that the limiting current
J.y 18 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 (7, ~ f): (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 € > qU,. When the current density becomes stationary at # = 2 ns, the average kinetic energy
of the electrons is € = qU,.

60 €= 57.6 K__e\/

q - Uy =50 keV q - Uy =50 keV
e 5
40 p

%J /
X 30 /
W Y
P
20 yd
10
oL 210 ps - 2000 ps
0 02 04 06 08 1 0 02 04 06 08 1
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Fig. 2. The collector EDF [ (x = D, ¢, 1) distribution at selected time points corresponding to the peak
collector current density (f = 210 ps) and the steady-state collector current density (# = 2 ns). The red
arrow indicates the instantaneous energy of the electrons at the time point when they reach the anode

An extended voltage pulse rise time (7, > 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 7, = 0.1 ns of the voltage pulse and a total duration of # = = 1 ns, and allows the

rise width

calculation of the integral spectral energy distribution of electrons at the anode according to the
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formula g(e)~ j f.(x=D,e(v),t)dt. 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 ¢ = qU,, as well as two additional maxima. One of these characterises the low-energy
fraction of the electron beam, ¢ < gUj, which corresponds to the peak of the diode current curve
at time ¢ = 333 ps. The second spectral maximum corresponds to a group of anomalous electrons
with ¢ > qU, generated at 7 = 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 7, « ¢U,), 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.
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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

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.c.,
with kinetic energies € > qU,. 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 € > qU,. 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. I11-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 IlI-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 AIN 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 In, Ga ,N/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 pm were formed by plasma chemical etching method.

Microphotoluminescence (UPL) 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 (A = 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-NUYV 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

UPL 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 (0.8P,, P, 1.25P ) 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.
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Fig. 1. pPL spectra of microdisk laser at room temperature (a) and L-L curves for 5 um microdisk (b)

Figure 2, a shows the uPL 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].
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Fig. 2. uPL 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)

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 I1I-N lasers with Si devices.
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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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Annoramua. Ilpemnoxena Momudukauus MeTtona BuabrenbMu mis1  omnpenesieHUs
IMOBEPXHOCTHOTO  HATSKEHUsI  OMCIIEPCHMI  IIOJMMEpPHBIX ~ HAHOYACTHI,  KJIIOUEBOIA
OCOOCHHOCTBIO KOTOPOM SIBJISIETCSI CTaTUYHOCTh TUIACTUHBI BuibreabMu IIpu M3MEPEHUM
CHJTBI TIOBEPXHOCTHOI'O HATsDKeHUs. TecTMpoBaHME Ha IpUMepe HAHOCTPYKTYPUPOBAHHOIO
acraparvHarta XWTO3aHa TI0Ka3aJo YAOBJIETBOPUTENbHYIO TOYHOCTb MOIUGMUIIMPOBAHHOTO
MeTOo/a IIPU OIlpeie/IeHUU OBEPXHOCTHOM aKTUBHOCTH HAHOAUCIIEPCUI B LIMPOKOM JAUana3oHe
KOHILIEHTpALIMiA IOJIMMEPHOro BelecTBa. IlojydyeHa KOHLIEHTpAaLMOHHAS 3aBUCHUMOCTb
MOBEPXHOCTHOIO HATSXKEHMS AUCIIEPCUM HAHOYACTUIL acrapardHaTa XMTO3aHa, OIpeaeseHbI
KOHIIEHTPAIIMOHHBIC TMAIa30HbI ¢ Pa3IMYaroIIMMUCS TTOBePXHOCTHBIMU 3 dekTamu. OrieHeH
BKJIaJ WHIWBHUIYaJIbHBIX KOMIIOHEHTOB, WCITOJIB3YEeMBIX IIpM ITTOJYYCHWM HaHOYACTHII, Ha
ITOBEPXHOCTHYIO aKTUBHOCTh HAHOMMCIICPCHU.
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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),-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 (C), L- and D-AspA (C,_,) were varied in a
range of 0.05-1.2 g/dL, maintaining the molar ratio [Asp]/[CS] = 1.3 molp-(mol of NH,))™". 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 C., = 1.2 g/dl with
distilled water (method B).

© Illunenok K.M., MaxwukeHoBa A.M., ['nyxosckoit E.T'., lllunosckas A.b., 2025. Uznarens: Canxkr-IletepOyprckuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.

130



4 Atom physics and physics of clusters and nanostructures

Gravimetric measurements were carried out on an analytical balance “OhausDiscovery”
(USA), weighing accuracy +0.01 mg. Interfacial surface tension (o, 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 o values, a correction was introduced for the temperature coefficient of the surface
tension of water. Ultrasonic treatment was performed on a JY96-1IN 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 o
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.

L
T

r 3 ‘ I r
3_.
_\L_I =
a

 SE— T S —

Fig. 1. Scheme of the modified setup for measuring surface tension: / — 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

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 ¢ 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 6 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 I, 2 and 4). In the range of medium concentrations
(Cs = 0.3—1.2 g/dl) the surface tension decreased with decreasing C.¢ (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
(Ces = 0.1-0.3 g/dl) an increase in the surface tension of the nanodispersions was observed with
a decrease in Cq (region II). When C < 0.05—0.1 g/dl the system was surface-inactive and
the experimentally determined ¢ values became comparable with the surface tension of water
(region III). This character of ¢ = f(C_) 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 ¢ 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.

o, mN/m
11
801 0°°°

701

601

50 - , . — Cs g/dL
03 0.6 09 1.2
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 (/, 2, and 4) and after aging under room atmosphere
conditions for r = 35-60 days (3, 5), obtained by method A (7, 3-5) or method B (2); 24 £2 °C, The
dotted line shows the ¢ 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 ¢ 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, C., > 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 C. > 0.8 g/dl. It is noteworthy that after a short-term dispersing ultrasonic effect (15 s), the
o values returned to the initial readings, characteristic of a freshly prepared nanostructured system.

The influence of the individual components (GlyOH and Si(OGly),) 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), 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 ¢ 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), 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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Table

Effect of the individual components of Si(OGly), 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 C ¢, = 0.3 g/dl,

C,,x = 0.3 g/dl and L-(D-)AspA with C,, = 0.3 g/dl
Surface tension 6, mN/m
Aqueous solution | Individual components Si(OGly), -3 GlyOH
— GlyOH Si(OGly),
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
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 ¢ 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.
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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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AnHOTamusa. MeToooM  JIa3epHOIl  BCIBILIKM  UCCIEAOBAHA  TEIJIONPOBOLHOCTH
HAHOKOMIIO3UTHBIX [TOJIMMEPHBLIX MATEPUANOB HAa OCHOBE IIOJUBUHWIOBOTO CIIMPTa
" 31'[0KCPII[HOI71 CMOJIbI C BKIKOYCHUEM MHOTOCTCHHBIX yFJTCpO[[HBIﬁ HaHOTPY6OK.
HpOI[eMOHCTpI/IpOBaHa BO3MOXKHOCTb U BBbISABJIICHbBI OCOﬁeHHOCTI/I HCIIOJIB30BaAaHUA MCETOOA
Ha3CpHOI>)I BCIIBIIIKU OJIsA ONIPEACTICHUS TECIJIOIIPOBOJHOCT B TOHKOIIVICHOYHBIX IMOJTMMEPHBIX
MmaTtepuaiax. [lokazaHo, 4TO HaJM4yKe B TMOJMMEPHBLIX MaTpULAX YIJIEPOJHBIX HAHOTPYOOK
MPUBOLUT K YBEJIMYEHUIO KO3(POUILMEHTOB TEMIIEPATYPOIIPOBOAHOCTU U TEIUIONPOBOLHOCTH
B HECKOJIbKO pa3 110 CPABHEHUIO C YMCTLIMU MOJIMMEPHLIMU MaTepUaIaMu.
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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 MWCNTSs 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 (MWCNTSs) 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 / 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 A 7{(7) on time is constructed (Fig. 2).
The graph is used to determine the maximum value of the temperature increment A7 and the
temperature increment A7 after exposure to a laser radiation pulse (section b in Fig. 2). Next,
using formula (1):

fog T fog 1 AT
m, = J- A (t) _ J- A (l‘) (1)
{1 ATmax t0/1

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

F(m_)=-0.0819+0.305m_,, 2)
we calculate the approximating function F(m_).
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And finally, using formula (3):
d’F
o2 LEm) 3)
m,
the thermal diffusivity coefficient a is calculated, and using formula (4):
AL=apC,. (4)

the thermal conductivity coefficient A is calculated, where p 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 P1640 Optris IR camera operating in the spectral range of 8—14 um with a
temperature resolution of 0.04 degrees and a frame refresh rate of 32 Hz was used as a sensor.

a) b)
. 2
! ﬂ

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

AT()
ATmax T __‘—_———__-___--_
0
| a | b | ¢ |
————— —l

Fig. 2. Temperature change at a given point on the lower surface of the film after exposure to a laser
pulse

Results and Discussion

Fig. 3 shows the dependence of the obtained values of the thermal diffusivity coefficient o
of PVA films and epoxy resin plates on the concentration of MWCNTs. It can be seen that the
addition of MWCNTSs 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 MWCNTSs, the dependence of the thermal diffusivity coefficient a
of the polymer nanocomposite on the concentration of MWCNTSs C for both polymers is well
described within the framework of the partial influence model:

a=(1=C)py +C Uy (5)

where a,,, is the thermal diffusivity of the pure polymer, a,., . is the thermal diffusivity of MWCNTSs
and o, ~ 2.6...3.2 m?/s. One of the possible explanations for the saturation of the dependence of
PVA-based composites at MWCNTSs concentrations greater than 2% is the process of MWCNTSs
clustering in the polymer matrix and an increase in contact resistance at the MWCNTSs — polymer
interface.
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Fig. 3. Dependence of the thermal diffusivity coefficient o of epoxy resin plates (a) and PVA films (b)
on the concentration of MWCNTs

Conclusion

The studies carried out showed a significant effect of the addition of MWCNTSs 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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Introduction

ITI-N wurtzite materials (AIN, 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, AIN) [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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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° Torr, and the substrate was nitridated
for 20 min to form Si_ N thin layer. At the next stage, Al was dep031ted 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
1.5-107 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 1-107 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 1-1077 Torr. It should be noted that the substrate temperature
was measured using an Optris CT Laser 3MHI1 pyrometer calibrated on the 7x7 to 1x1 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 IK57511-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 80x, NA = 0.55) was used to focus the laser beam and
collect the PL signal from the sample area of ~0.5 um in diameter. To prevent damage and heating
effects on the nanostructures, the incident laser power was limited to 60 uW. The spectra were
measured using excitation power density ~0.5 W/cm? and spectral resolution 2-10 meV.

Results and Discussion

The N'Ws 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 ~10% 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 30x30 um region on a squire
grid with a step of 1 um at 5K. The inclusions show PL intensity maps for the ranges 3.34-3.30 eV,
3.23-3.17eVand 3.15-2.90eV. We attribute most intense PL (inthe range 3.23-3.17eV) to 1 M Lthick
InN inserts embedded in GaN nanowires which is in good agreement with previously published data
showingthe emission froma 1 ML InN quantum well embeddedina GaN layerat ~3.2¢eV [6, 7]. Other
PL bands may originate from thicker inserts, which will be discussed in detail in subsequent works.

a)

i)
a
8
E

Fig. 1. Representative SEM image of grown InN/GaN nanowires (a). Integrated PL spectra measured
in a 30x30 pm region on a squire grid having a step 1 pum 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
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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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AnHotanusa. B nmaHHoIi pabore umcciemyeTrcsl BO3MOXHOCTb NMPUMEHEHMST CIIEKTPOCKOITUU
ONTUYECKOTO OTPaXEHUS B KayecTBe OBICTPOM M HENOPOroMl ajJbTepHATHUBBI METOIY
pentreHoBckol pedekromerpuu (XRR) misgs m3mepeHus TonmuHbl 6aphepHOTo ciost Al-
GaN B AlGaN/GaN rerepocTpykTypax. Pe3yabraThl, moJy4eHHBIC IBYMSI METOJAMU, XOPOIIIO
COIVIACYIOTCSI OPYr C OPYrOM; OTKJIOHEHMSI He mpeBbllaloT 1 HM. [lojgydyeHHbIe HaHHbIE
JNEMOHCTPUPYIOT, UTO CIIEKTPOCKOITMS ONTUYECKOTO OTPak€HUsI MOXET pacCMaTpMBAThCsl Kak
MPaKTUYHBINA U HAAEXKHBI METOJ JJIsI PETYJISIPHOTO KOHTPOJIS TeTepOoCTPYKTYp Ha ocHOoBe GaNN.
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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 (~ 2.5x107 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 6x10" ¢cm™ [3] and mobility up to 2500 cm?V-!s™' 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 AIGaN/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 AlIGaN/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, AIN-on-Si templates were prepared in separate growth runs through the
deposition of an AIN nucleation layer to prevent unintentional Ga incorporation. The AIN 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 um-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 AIN 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 Si;,N, 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 (TMAI) and ammonia (NH,), as well as ferrocene (Cp,Fe) and
monosilane (SiH,), 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 Ka,
L= 1.5406 A). 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

© ApreeB /1.C., CaxapoB A.B., HukonaeB A.E., 3aBapun E.E., ®uiumonoB A.B., LlanynsHukoB A.D., 2025. Usnatenn:
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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.

AlGaN barrier

GaN channel

Step-graded AlGaN:Fe buffer

Si (111) substrate

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 Si,N, passivation, AlGaN
barrier, AIN 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 Si,N,, AlGaN, and AIN are 4.49 nm, 16.93 nm and
0.71 nm, respectively. However, noted, the determined thickness of such ultra-thin AIN interlayer
from XRR measurements may be ambiguous [14]; therefore, only the combined thickness of AIN
and AlGaN barrier layers is meaningful.

a) b)
25

—o— experimental

—o— experimental fit

fit

SisN,  4.50 nm (fixed)
AlGaN 16.79 nm
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i Si;N, 449nm |1 20t
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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)

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 Si,N,
and AIN 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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The fitting procedures described above were repeated for all investigated samples. A comparison
of the combined thickness of the AlGaN and AIN 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 AIN and Si;N, layers in the OR
modeling, which may slightly differ from their actual thicknesses.

25¢
'E*2Of
= <& SigN,
_§15— <& 0.00 nm|
< 2.25nmm
10l € 450nm| |
1,
E ol i
< l l
b | | -
10 15 20 25

dygg (NM)

Fig. 3. Comparison of the combined thickness of the AlGaN and AIN barrier layers as determined by

the XRR and OR method. The black line represents the ideal 1:1 agreement. Symbol fill denotes Si,N,

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

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 AlIGaN/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.

146



4 Atom physics and physics of clusters and nanostructures

REFERENCES

1. Khurgin J., Ding Y.J., Jena D., Hot phonon effect on electron velocity saturation in GaN: A
second look, Appl. Phys. Lett. 25 (2007) 252104.

2. Dmitriev V.A., Irvine K.G., Carter C.H., Kuznetsov N.I., Kalinina E.V., Electric breakdown in
GaN p-n junctions, Appl. Phys. Lett. 2 (1996) 229—231.

3. Cao Y., Jena D., High-mobility window for two-dimensional electron gases at ultrathin AIN/
GaN heterojunctions, Appl. Phys. Lett. 18 (2007) 182112.

4. Yang L., Wang X., Wang T., Wang J., Zhang W., Quach P., Wang P., Liu F., Li D., Chen L.,
Liu S., Wei J., Yang X., Xu F., Tang N., Tan W., Zhang J., Ge W., Wu X., Zhang C., Shen B.,
Three Subband Occupation of the Two-Dimensional Electron Gas in Ultrathin Barrier AIN/GaN
Heterostructures, Adv. Funct. Mater. 46 (2020) 2004450.

5. Krost A., Dadgar A., GaN-Based Devices on Si, Phys. Status Solidi A. 2 (2002) 361—375.

6. Sakharov A.V., Arteev D.S., Zavarin E.E., Nikolaev A.E., Lundin W.V., Prasolov N.D., Yagovkina
M.A., Tsatsulnikov A.F., Fedotov S.D., Sokolov E.M., Statsenko V.N., AlGaN HEMT Structures
Grown on Miscut Si(111) Wafers, Materials. 12 (2023) 4265.

7. Arteev D.S., Sakharov A.V., Zavarin E.E., Nikolaev A.E., Yagovkina M.A., Tsatsulnikov A.F., Stress
Analysis of GaN-Based Heterostructures on Silicon Substrates, Semiconductors. 2 (2024) 99—102.

8. Arteev D.S., Sakharov A.V., Lundin W.V., Zavarin E.E., Zakheim D.A., Tsatsulnikov A.F., Gindina
M.I., Brunkov P.N., Influence of doping profile of GaN:Fe buffer layer on the properties of AlGaN/
AIN/GaN heterostructures for high-electron mobility transistors, J. Phys. Conf. Ser. 1 (2020) 012206.

9. Arteev D.S., Sakharov A.V., Lundin W.V., Zavarin E.E., Nikolaev A.E., Tsatsulnikov A.F.,
Ustinov V.M., Scattering Analysis of AIGaN/AIN/GaN Heterostructures with Fe-Doped GaN Buffer,
Materials. 24 (2022) 8945.

10. Penkov O.V., Li M., Mikki S., Devizenko A., Kopylets I., X-Ray Calc 3: improved software for
simulation and inverse problem solving for X-ray reflectivity, J. Appl. Crystallogr. 2 (2024) 555—566.

11. Katsidis C.C., Siapkas D.I., General transfer-matrix method for optical multilayer systems with
coherent, partially coherent, and incoherent interference, Appl. Opt. 19 (2002) 3978.

12. Kim T.J., Hwang S.Y., Byun J.S., Barange N.S., Park H.G., Dong Kim Y., Temperature
dependent dielectric function and the E critical points of hexagonal GaN from 30 to 690 K, AIP Adv.
2 (2014) 027124.

13. Liu Y., Li Q.X., Wan L.Y., Kucukgok B., Ghafari E., Ferguson I.T., Zhang X., Wang S.,
Feng Z.C., Lu N., Composition and temperature dependent optical properties of Al Ga, N alloy by
spectroscopic ellipsometry, Appl. Surf. Sci. (2017) 389—396.

14. Lesnik A., Blising J., Hennig J., Dadgar A., Krost A., Characterization of AlInN/AIN/GaN
FET structures using x-ray diffraction, x-ray reflectometry and grazing incidence x-ray fluorescence
analysis, J. Phys. Appl. Phys. 35 (2014) 355106.

THE AUTHORS

ARTEEYV Dmitri S. ZAVARIN Evgenii E.
ArteevDS@mail.ioffe.ru EZavarin@mail.ioffe.ru

ORCID: 0000-0003-4447-8789 ORCID: 0000-0001-8380-3172
SAKHAROYV Alexei V. FILIMONOYV Arkadii V.
Val@beam.ioffe.ru filimonov@connector-optics.com
ORCID: 0000-0002-9976-999X ORCID:

NIKOLAEYV Andrey E. TSATSULNIKOV Andrey F.
Aen@mail.ioffe.ru Andrew@beam.ioffe.ru

ORCID: 0000-0001-6522-4484 ORCID: 0000-0002-5078-8946

Received 14.08.2025. Approved after reviewing 18.08.2025. Accepted 01.09.2025.

© peter the Great St. Petersburg Polytechnic University, 2025

147



A st. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1
HayuHo-TexHuueckue seaomoctu Cr6rmy. dusnko-matematmyeckue Hayku. 18 (3.1) 2025

Conference materials
uDC 538.9
DOI: https://doi.org/10.18721/IJPM.183.128

MBE growth of wurtzite AlGaAs nanowires with zinc-blende insertions

A.S. Andreeva' &, L.V. llkiv' 2, K.P. Kotlyar' 23, A.l. Khrebtov ' ?,
V.O. Gridchin %3, G.E. Cirlin % 3, R.R. Reznik 23

! St. Petersburg State University, St. Petersburg, Russia;
2 Alferov University, St. Petersburg, Russia;
3 Institute for Analytical Instrumentation of the RAS, Saint Petersburg, Russia
B aa5991696@gmail.com

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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AnHotanmusa. B paboTe TpencTaBieHBl Pe3yabTaThl IKCIIEPUMEHTATBHBIX WCCIEIOBAaHUN

MO POCTY METOJOM MOJIEKYJISIPHO-TTyYKOBOW 3MUTAKCUU BIOPUUTHBIX AlGaAs HUTEBUIHBIX
HAHOKPHUCTAJIJIOB C HAHOpPa3MEpPHbIMM BCTaBKaMM KyOMuYecKoil KkpucTtamiorpaduieckoi
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(a3pl Ha MOBEPXHOCTU KpeMHMsI. Pe3yabTaTbl HUCCAEHOBAHUI CTPYKTYPHBIX CBOMCTB
noATBepaIuAn (GOPMUPOBaHME BCTaBOK KyOMuecKoi ¢a3bl B BIOpPLUUTHYIO cTpykTypy HHK.
PesyabraTtel M3MepeHMit aBTOKOPPEASUMOHHON (DYHKLMU IJIST U3IYYEHUs] Ha JJIMHE BOJIHBI
710 HM IIPOAEMOHCTPUPOBAJIM XapaKTEPHBIN MPOBaJl MPU HYJICBOM BPEMEHHOM 3aepXKKe, UTO
XapaKTepU3yeT CUHTE3MPOBAaHHBIC HAHOCTPYKTYPHI KaK MCTOUHUKN OTWHOUYHBIX (POTOHOB.
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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, I1I-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

© AnpnpeeBa A.C., Unbkus U., Kotnsap K.I1., XpeoroB A.U., I'pumuun B.O., Lpipaun I'.9., Pesnuk P.P., 2025. Usnarens:
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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 1-107 Torr to 4-10°¢ 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 pm.
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 ~2-10” cm™ which allows
exciting a single NW using the laser with a spot area of 1 um.

b)

B VT B ]

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)

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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AnHoTtanus. [TokazaHa BO3MOXHOCTb OCaXKIEHMST KOJJIOUAHBIX HAHOUACTUIL Ha aMOPMHBII
cnoit GaAs, BeipaiiieHHbIM Ha ToBepxHOCTH Si(111) moanoxex. C MCMOIb30BaHUEM MTOJTYIEHHBIX
MOMJIOKEK METOAOM MOJEKYJISIPHO-IIYIYKOBOM SMHUTAKCUU IIPOASCMOHCTPUPOBAH TIPSIMOU
pPOCT OOHOPOIHBIX MO padMepy (GaAs HUTEBUIHBIX HAHOKPHUCTAIOB C AUAMETPOM MeEHee
20 HM. YcraHOBIEHO, 4YTO (GOpMHUpPyeMble HUTEBUAHBIE KPUCTA/IbI 00JadaioT BIOPLUUTHOM
KPUCTAJUTMYECKON CTPYKTYPOIl C HU3KUM KOJUUYECTBOM Ae(EKTOB YITaKOBKH.
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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 I1I-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 SiO, layer. After
etching, the substrates were immediately loaded into the MBE chamber to prevent the formation
of a new SiO, 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).

© Jlenpamona B.B., Kotnsap K.I1., XpeotoB A.W., Upipnun [.9., Unekus U.B., 2025. WUznatens: Cankr-IletepOyprekuit
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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. 1. GaAs NW ensembles grown on GaAs/Si(111) (a) and Si(111) surface without (b) and with (¢)
high-temperature annealing

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 pm.

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

200 nm

Fig. 2. TEM images of GaAs NW grown on GaAs/Si(111) substrate. Right inset is the diffraction
pattern corresponded to wurtzite crustal structure
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its Iength and shows no evidence of zinc-blend structure segmentation. Actually, stacking faults
density was found to be around 0.5 pm™!. 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 N'W 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 pA 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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AnHotanusa. [TockonbKy OMO2JIEKTPUUYECKHME CHUTHAJIBI KaK IPaBUJIO XapaKTEepPU3YIOTCS
HU3KUMMU 3HAYEHUSIMU CBOUX aMTUTUTY (<MKA 1 <MB), Ha X nu3MepeHne 3HAUUTETbHO BIUSIOT
BJICKTPOMArHUTHBIC TTIOMEXM OKpyxKamleil cpeabl (DMII). B HacToseM mccienoBaHUM MBI
M3MEPUIN U ITPOaHATU3UPOBAIM YPOBHHU 3JIEKTPOMATHUTHBIX ITOMEX, KOTOPbIE MOTYT BO3HUKATh
B 0M071a00paTOPHBIX MOMEIIEHUSIX — B MECTE CO3IaHUs U TMEPBOM MCIBITATEIbHOM LIEHTPE
JII000ro OGUOBJIEKTPOHHOTO yCTpoiicTBa. Mbl ToKa3ajaud, YTO B OObIYHOI OuojabopaTopuu,
KOTOpasi OCHallleHa TUMUYHBIMU COBPEMEHHBIMU TpUOOpaMM, TaKMMU KakK IHU(GPOBbIE
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MuKpockonbl, DMIIT B nuamazone go 250 kI MoryT BKJIIOYaTh KakK IepUOIMYECKUE, TaK
U IIMPOKOIIOJOCHBIE COCTABJISIOLINE, KOTOPbIe CIIOCOOHBI BIMSITH Ha PabOTy MMIIeIaHCHBIX
LIMTOCEHCOPOB Y HEUpPO-MMIUIAaHTaTOB. Pe3yabTaThl Halllero MCCAEAOBaHUSI MOIYT OBbITh
HCITOJIb30BaHbI 7151 pa3pad0TKU U TECTUPOBAHUS CUCTEM MOAABACHUS 1IIyMa B 0M037I€KTPOHHBIX
npudopax.
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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 MQ. 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

© boitoBa H.A., Adenut A.A., Bepnos H.A., Ctynun HO.J1., 2025. U3narens: CaHkT-IleTepOyprckuili moJMTeXHUUECKUI
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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
\/E 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, ¢ and Fig. 2, d one can see that microscopes introduce into the EMI
new signatures (78—82~kHz for Leica; 24 kHz, 73 kHz = 24x3 kHz, and 122 kHz = 24x5 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

Table

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

Cells diagnostic | Microscopy Hall | Office | Breakroom
room room
Signal-to-noise _
ratio (dB) 35 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 um thick
on a silicon carbide substrate 250 um 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 x 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 um was taken, obtained at 800 W and 8.5 minutes of etching SiC
in an SF_/Ar atmosphere.

Keywords: plasma etching, metamaterials, graphene-like film, silicon carbide, microelec-
tronics
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AnHoramua. B mipencrtaBieHHOI paboTe Obljla CIPOEKTUpOBaHA BJIEMEHTapHas s4Yelika
CaMOJIOIOJIHSIOLIEr0 MeTaMaTepuala, IIPeICTaBISIoONIero Cco0oil uYepeAylolluecs: maTdu
M OTBEPCTUSI B IIPOBOAMIIEM TpadeHOMom00HOM CcJIoe TOJIIMHOW 7 MKM Ha ITOJIOXKE
u3 Kkapbuma kpeMHus TommnuHoW 250 wmkwm. IlpeacTtaBieHbl pe3yiabTaTbl YMCICHHOTO

© Klimin V.S., Demyanenko A.V., Bobkov I.N., 2025. Published by Peter the Great St. Petersburg Polytechnic University.

161



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

uccienoBaHus pa3paboTaHHOW CTPYKTypel. [Ipu TmpoBeAeHUM paACUETOB YUYUTHIBAIUCH
MPOBOAUMOCTb TpapeHONO00HON MIEHKH!, a TaKXKe AURIEKTPUUYECKUE MapaMeTphl MOIJTOXKHU
u3 Kapobuna KpemHwusi. PaszpabGoTaHHbBI MeTamaTepuan MpedHa3HauYeH JUIsi KOHBEpPTaLWU
KPYTOBOM MOJISIpU3allMy B JUHENHYIO, LIEHTpajJbHAasl padoyast 4yacToTa MOJyYEHHON CTPYKTYPhI
10 I'Tu. Pasmepsl snemeHTapHOU stueitku 2.8 MM x 5.6 MM. [lojyyeHHBIE 3JIEeMEHTBI MOTYT
OBITH MCTTONb30BaHbl B CBU-TexHUKe M aHTeHHBIX CTPYKTypax. i1 M3roToBIeHUST CTPYKTYP
TUIAHUPYETCS] TIPUMEHSTh METOJ TUIAa3MOXMMMYECKOTO TpaBJieHUsI KapOuja KpeMHUs B
cpene ¢ropcomepxkaniero rasa, MpU KOTOPOM MPOUCXOAUT HECTPYKLMSI KPEMHUEBOM
COCTaBJISIOIIEN W HA TTOBEPXHOCTHU OCcTaeTcsl rpacdeHonoao0HbIi poBoAsnii cioii. TonumHa
rpaeHOMOTOOHOTO CJI0ST 3aBUCUT OT MOIIIHOCTY UCTOYHUKA WHAYKTUBHO-CBSI3aHHOU TJIa3Mbl
1 BpeMeHU 00pabOTKM, TaK B paboTre OblIa B3sTa TONIIMHA 7 MKM, nosydaemast ipu 800 Bt u
8,5 munyrax TpaBnenus SiC B armocdepe SF /Ar.

KnoueBble ciioBa: miaiasMeHHOE TpaBJICHUE, ME€TaMaTEpuaJbl, I‘pa(beHOHOZ[OfSHbIe TIJICHKH,
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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

© Kmumun B.C., [lembsinenko A.B., bookos U.H., 2025. Uznarens: Cankr-IlerepOyprckuii MoJUTEXHUUECKUI YHUBEPCUTET
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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 pm thick
SiC substrate (colored light grey) and an etched 7 um 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(d) = 1x10°°. Periodic boundary conditions are applied to the 4, 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.

T y=polar,
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~= N 5.6
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| v E
,:B' z *

Fig. 1. Unit-cell of the rectangular patch and hole metasurface etched on a SiC substrate. Periodic
boundary conditions are applied to the sides 4, A', B, B’

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.

a) b)
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Fig. 2. Simulated magnitude of a transmission (@) and reflection () coefficients at normal incidence
for rectangular patch and hole metamaterial unit-cell
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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-um-thick conductive graphene-like layer on a 250-um-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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Annoramusa. OcHOBHAs 3amaya IIPEACTABICHHOIO MCCIACHOBAHMSI 3aKI04yajaach B
HCCIeI0BAaHUM CBSI3U MapaMeTpoB Ipollecca IIa3MOXMMHUYECKOTO TPaBAECHUSI ¢ FeoOMeTpUei
CTPYKTYP, @ UMEHHO: YIJIOM OTKJIOHEHHS OT BEPTUKAIU, BLICOTOI 3JIEMEHTOB U OTKJIOHEHUSIMU
OT HOMMHAaJbHBIX padMepoB. Ocob0e BHUMaHME YACISJIOCH BIUSHUIO KOHLIEHTPALlMU aKTUBHOTO
raza, MOILIHOCTM MHAYKTMBHO-CBSI3aHHOTro IuiadMeHHoro ucrtouHuka (ICP) u moliHocTH
€MKOCTHO-CBs3aHHOTO nctouHnka (CCP, HampsskeHIe CMEIIeHMST) Ha TeOMETPUIO CTPYKTYP.
Cos3maHHBIC HAHOCTPYKTYPHI pacCMaTPUBAIOTCS KaK ITOTEHIIMAIbHBIC SJIEMEHTHI Tepare plioBoit
¢oTtoHMKM MeTamoBepxHocTeil. Hampumep, HacTtpoiiku mpoiecca ¢ mourHocTbio ICP 400
Br, o0beMHOI mosieil akTMBHOTO Tasa 7% wu HampsbkeHueMm cMmelleHus 101 B mosBomwim
MOJYYUTh CTPYKTYPBI BBICOTOM 136 HM, OTKJIOHSIIOIIKMECS OT 3aJaHHbBIX pa3MepoB JUIIb Ha 2%
(coorBetcTBUE 98%).

KmoueBble ciaoBa: KpeMHMEBass MUMKPOIJIEKTpPOHMKA, TeparepuoBas  (oToOHHUKa,
MeTaMaTepuabl, IUIA3MEHHOE TpaBJIeHUE, MUKPOIJIEKTPOHUKA
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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 CCLF, 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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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.
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Fig. 1. Images of structures and profiles obtained on the silicon surface by plasma-chemical etching

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).
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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 pm 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 pum, and at a frequency of 120 kHz — 7 um. The results
demonstrate the potential for the development and creation of sensor elements, optoelectronics
and photonics devices.
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AnHotanusa. [laHHoe WccilemoBaHWE  IOCBSIIEHO  (OPMUPOBAHUIO  TPOBOISIIIUX
rpacheHOTIOIOOHBIX CJIOEB Ha MOBEPXHOCTU KapOuaa KpeMHMSI METOJ0M JIa3epPHOTO YAaJleHUs
KpPEeMHUSI B JJOKQJIbHBIX 30HaX. B paboTe mponeMOHCTPUPOBAHO BJIUSIHUE YaCTOTHI UMITYJILCOB
JIa3epHON CHUCTEMbl Ha TOJIIMHY U 3JIEKTPOINPOBOJHOCTH OOPA3YIOLIErocsi MPOBOISIIETO
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rpadeHOMOOOOHOI0 CJI0s Ha IlacTUHe Kapouma KpemHus. Kpome Toro, omnpenejeHbl
ONTUMAaJIbHbIE TapaMeTpbl JUIS TIOJIyY€HUs IIPOBOISIIEIO IOKPBITHSL U  TpebyeMoii
LIEPOXOBATOCTU MOBEPXHOCTH, IPUIOAHBIX IS IPOSKTUPOBAHUS AHTEHHBIX YCTPOMCTB. B
yacTHocTH, nipu yactote 100 k' ObLIM MoaydeHbl MPOBOASIIME TJIEHKU rpacdeHa MOKPHITUS
TOJILLIMHOM 6,5 MKM, IpY 3TOM MoAuGUIMPOBaHHAs 30Ha cocTaBuia 93% ot o0lIel mIowanm
Bo3zaelicTBUs. ToJluHa MPOBOSIIETO CI0ST B JIOKAJbHOW 30HE, 00pabOTaHHOU TpU YacToTe
40 xI'u, mocturana 5 mxkM, a mpu 4vactore 120 x['m — 7 mMxm. [lomxydeHHBIe pe3yJabTaThl
JEMOHCTPUPYIOT MOTEHIIUA ISl pa3pabOTKU U CO3AAHUSI CEHCOPHBIX 2JIEMEHTOB, YCTPOMCTB
OIITORJICKTPOHUKU U (POTOHUKH.
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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 areca was
700x700 um. The diameter of the laser spot was 20 um. The resulting graphene-like film samples
were laser-cut to measure the thickness.

© Kmumun B.C., Tapacos I1.A., I'puropseB M.H., I'aBpui I1.E., TkaueBa A.A., [Mtamnuxk B.B., 2025. W3nartens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.

170



4 Physical electronics

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 um. 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 um.

b)

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)

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 5.7-10° 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 um 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 5.7x10° 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 LM 358 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
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AHHoTanusA. PaguanimoHHast CTOMKOCTB orepaiimoHHbIX yeuiutesnei IS-OU2 u LM358 6bu1a
WCCleloBaHa IKCIIEPUMEHTABHO C WMCITOJb30BAHUEM PEHTTEHOBCKOTO HCCIIENOBATEIHCKOTO
KOMILJIEKCa. YCTaHOBJIIEHO, YTO M3MEPEHHBIC XapaKTePUCTUKU OICPALIMOHHBIX YCHIMTEICH
(BXOmHOE HaMpsDKeHWE CMEIIEeHUS, IOTpeOJisieMblili  TOK, Ko3GhbdULINEHTa YCUICHUS
HanpsikeHus) a1 IS-OU2 u ero aHajgora LM358 cxoxXu U IeMOHCTPUPYIOT paauallMOHHYIO
cToiiKoCTh. CIpOEKTUPOBAHHBIN U U3roToBAeHHBIN [S-OU2 onepallMOHHBINA YCUIIUTENb MOXKET
OBITH MCITOJIb30BaH JISI TPOM3BOJACTBA 3JEKTPOHUKM OOPTOBOIl ammapatypbl KOCMHUUYECKHMX
armapaToB paboTaloIMX B YCIOBUSIX KOCMUYECKOTO M3JIy4YeHUS.
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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 systemes,
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-OU?2 (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 PXle-4143, PXle-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 pA, 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 (V,; — input offset voltage,
1. — consumption current, K, — voltage gain). For instance, the dependencies of the input offset
voltage V¢ 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 600x10° 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-OU?2
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 1S-
OU?2 and its analogue LM358 are quite close.

© Pwibanka C.b., bpynmacoB [.C., KynbuenkoB E.A., JlemumoB A.A., 2025. Usparenn: Canxr-IletepOyprckuit
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Fig. 1. Dependence of the input offset voltage V, at the minimum 1.5 V (¢) 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)
0.80 -0.40
L e s =
0.70
-0.50
0.65 [~
0.60 & -0.55 ——15-0U2-T
< — 5-0U2-
E o055 50U E 460 —Is-0U2-2__
2 , 1S-0U2-2 £ — — M358
0.5 — — M358 -0.65
0.45 K4
0.7
0.40 S~~~ —T
e -0.75
g T T T = -0.80
0 100 200 300 400 500 600 0 100 200 300 400 500 600
i 3
D, x10 un. D, x10 un.

Fig. 2. Dependence consumption current /. 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

Figure 2 shows the results of the radiation study of the consumption current /. 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-OU?2 and the analogue
LM321 change very insignificantly with an increase in the total ionizing radiation dose.
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Fig. 3. Dependence of voltage gain K, on the total ionizing dose D for operational amplifier IS-OU2
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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 K, 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—600x10° 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 L.M358 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-
OU?2 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.
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Annoranusg. MOMC-nepekiaouaTes pacCMaTPUBAIOTCS B KAU€CTBE OCHOBBI ITIEPCIIEKTUBHOM
ayeMeHTHON 0a3bl CBY-371eKTpOHMKM, HO K HACTOSIIEMY BpEMEHM HUX XapaKTepUCTUKU
He JOCTUTJM HYXHOTO YpoBHSI. OTHOLIEHME €eMKOCTeii B pPa3sOMKHYTOM M 3aMKHYTOM
cocTossHUSX He mnpeBbiiaeT 10 u Tpedyer yBeauueHus. OOuH U3 CIIOCOOOB 3aKJl04yaeTcs B
HaHECEHWH TOIOJHUTEILHOTO 3JICKTPOAa Ha AURJIEKTPUUICCKOE MOKPBITUE JIUHUM Tiepenad. B
HacTogIeil padbote mpeactaBieH MOMC-nepeKiogaTesb ¢ TOMOJTHUTSILHBIM 3JIEKTPOIOM,
IpeaHa3HAYCHHBIN 1719 paOoTH B ceTsax cBsa3u S5G.
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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 pm attached to a grounded conductor of a coplanar waveguide. A
signal conductor with width w, = 150 um passes under the cantilever at a distance of 1 um. 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 C 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 1ntermed1ate
electrode. The capacitance between the signal and the grounded conductor increased significantly
due to the high capacitance C, 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]:

Cdown zglewl g_td _te , (l)
c, S 1

where ¢ is the dielectric constant of the material between the intermediate electrode and the
signal conductor, / is the length of the intermediate electrode, S = 179 pm? is the overlap area
between the cantilever and the electrode, g = 1 um is the air gap between the cantilever and
the signal conductor, 7, = 50 nm and 7, = 100 nm are the thicknesses of the dielectric and the
electrode, respectively. For € ~ 10 and /, ~ 100 pm the capacitance ratio is 10%. This estimate is
three orders of magnitude higher than the C oo/ C of conventional switches.

The passage of a signal in two states of the switch can be estimated by a single parameter S, :

27
S, =20-1o — |, 2
21 glO(ZO_‘_zZJ ()
1
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o) >
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where Z = 50 Ohm is the characteristic impedance, Z is the series impedance, o is the frequency
of the switched signal, R, L, C are the resistance, inductance and capacitance of the switch. In
the open state, S, has a minimal value with a capacitance C_, and a maximum value in the
closed state with a capacitance C, . 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 1.7x1.6 mm? and a thickness of 460 pum,
on which a coplanar waveguide is formed (Fig. 1, ¢). The conductors consist of ruthenium and
an aluminum layers with a thickness of 0.1 and 3 pum, 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.

a) Intermediate Transmission line b) Cup
|
1

electrode it

Cantilever
Driving I
electrode N
Coovn
|1
i
h _—Re

B Ru Al B Dielectric =

c) Contact pad Transmission line

0.3 mm
—

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

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 /, = 400 um and € = 3.9 (for SiO,).
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 f,, at which the isolation takes the
maximum value. An increase of f is achieved by reducing /, which reduces the capacitance C, .
The performance of the switch with an electrode length of 100 and 200 yum is shown in Fig. 2, a.
The optimal value is /. = 200 pm, which provides the working range of 2.1-5.7 GHz. The
calculated C, and C _ are 20.40 pF and 0.14 pF. The capacitance ratio of 146 is more than an

down

order of magnitude hig‘iier than the typical value for switches without an intermediate electrode.
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A further growth of the capacitance ratio is possible by use of dielectrics with higher €. AIN,
Si,N,, AL O,, Ta,O,, HfO,, TiO, and SrTiO, are considered as an alternative to SiO,. The highest
ratio of 6502 is provided by SrTiO, (¢ = 120) [5]. Increasing ¢ has negligible effect on insertion
loss, but significantly changes isolation, as shown in Fig. 2, . The maximum isolation increases
with g, but the operating range shifts below the target frequencies. For the range of 3.4—4.99 GHz,
SiO, remains the best material.

a)rJ"I'I'I'I'I'I'I'I'I' b)G'I'I'I'I'I'I'I'I'I'

0.0 0.0
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2 Wy . . 2 s \ i .
S AW Joag = ISR 04 4
= . = = \ 4 i=]
2 5E\ Y =-05% £ 20 \ 1052
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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 /, = 200 um (b). The values of € are shown
in brackets

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 um and a dielectric layer of SiO, 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.
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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 (SF,) and oxygen (O,) 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 SF /O, gas mixture (2:1) enhances passivation, reducing the black
silicon structures size.
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Annoranuga. bruta mpoBeseHa cepusi SKCIEPUMEHTOB 10 pa3pabOoTKe TEXHOJOIMU I1Ia3MeH-
HOTO TpaBJIIEHUS YEPHOTO KpPEeMHMSI 4epe3 cjaoil (oTope3ucrta IOJIMAMMETUILIYTapUMUIA
(PMGI). KpeMHueBbIe IUIACTUHBI IPEABAPUTEIbHO IIOABEPTaJMCh KUIAKOU XMMUUYECKOM
obpabotke. Cnoii (orope3ucra TOJIIMHON ~25 HM CHOCOOCTBYET MpOLECCY CO3AaHUs
PeTyISIpHBIX CTPYKTYp UEpHOTO KpPEeMHMSI Ha TOMIOXKax amamerpoMm 100  mwM.
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[Ipouecc TpaBieHUs IPOBEACH C BapuUallMii COOTHOIICHMS Ta30BOM CMecH Tekcadropuaa
cepnl (SF,) u kucnopona (O,), MOUIHOCTU PaaAMOYaCTOTHOTO U3JIyYEHHUs, TOJABAEMOrO Ha
Jepxxartesib MOMJ0XKU (MOIIHOCTb CMEIEHUSI), MOIIIHOCTU MHAYKTUBHO-CBSI3aHHON IJIa3Mbl
(UCII) u gaBneHus: B Kamepe. YBeandyeHue MoliHocTy cmelneHus ¢ 10 no 30 BT npu npouunx
PaBHBIX YCJIOBMSIX YBEJIMUMBAET CKOPOCTh TpaBiieHUs. CHUXXeHMUe naBjieHus B peaktope ¢ 10
1m0 5 mTopp mMpu MOCTOSTHHOM pacxojie ra3a MPUBOAUT K YBEJIMYEHUIO CKOPOCTH TPABICHMUSI.
YBenuuenue nonu Kuciaopoma B rasosoir cmecu SF /O, (2:1) ycunupaeT mnaccMBaluio,
yYMEHbIIIasl pa3Mep CTPYKTYp UepHOI0 KPeMHMUS.

Kiouesbie ciaoBa: uyepHbBI KpeMHMI, pe3uct PMGI, kproreHHOe TpaBiieHUE, COTHCUHBIN
2JIEMEHT
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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 ¢-Si (100) wafers (n-type doped, 2-3-10"° c¢cm3) 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.

© BsauecnaBoBa E.A., Moxos [1.B., YBapos A.B., Makcumosa A.A., Muxaiinos O.I1., bapanos A.U., I'ynosckux A.C., 2025.
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Then we used cryogenic etching (—150 °C) in an SF /O, gas mixture to obtain 5-Si structures.
The etching process time was 10 min. A series of experiments was conducted with variations in
SF,/O, process gas flow ratio, RF power, ICP power and pressure. The different technological
parameters of cryogenic etching summarized in Table.

Table
Investigation of different cryogenic etching parameters
Ne RF power, W SF /O, Pressure, mTorr ICP power, W h, pum
1.1 10 ~4.1
1.2 20 ~6.3
3/1
1.3 30 5 -
1.4 5 ~1.1
1000
2.2 2/1 ~1.4
2.3 5/1 -
3.2 7 ~2.8
10
33 10 -
3/1
4.2 5 1200 ~6.3
43 700 -

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).

1200
SmTorr, 10W

10w ooy B3ow 7mTorr
SmTorr, 10000 § o iy (I w8 & 10W, 1000W

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

Increasing the RF power from 10 to 30 W under otherwise constant conditions (SF,/O, 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 SF,/O, 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 SF /O, gas mixture (2:1) enhances
passivation, reducing the structures size. With an SF,/O, 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, SF,/O, of 3/1, pressure of 5 mTorr.

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

100 —T T T T i T
90 | ¢-8i substrate (non-etching)

| ———B-Si SW_SmTorr_1000W

80 [ e .87 10W_SmTorr_1000W g

2oL B-8i 20W SmTorr 1000W ]
——b-Si_10W_7mTorr 1000W
60 - b-Si_10W SmTorr 1200W ]

50 - s

E _.,s._:/L

0 T T T T T T ¥ T T T T T T
400 500 600 700 800 900 1000 1100

A nm
Fig. 2. Total reflectance spectrum of h-Si structures fabricated under different etching parameters

R, %

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 pm 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 um. 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 SF,/O, 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 SiO, 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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rasovyyBCrBUMTE€J/IbHOIoO MyJ/ibTUCEHCOPHOIo umna Ha ocHoBe
NMacCUMBUPYIOLLEro NOKPbITUS HAHOCTEP)XKHEN OKCUMAA LMHKA,
MOJIYY€HHbIX MO TOHKOMNJIGHOYHOW TeXHOJIOTUU
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Annoranus. IIpeacrasieH croco6 M3roTOBICHUS Ira30aHAIUTUYECKOTO MYJIbTUCEHCOPHOIO
ypna. OmnucaH TEeXHOJIOTMYECKMII MPOLECC WM3TOTOBICHUS C JOIOJHUTEIbHBIM CJIOEM
SiO,. YCTaHOBIEHO, YTO KOHCTPYKLMSI IKCHEPUMEHTAIBHOTO OOpasua MYJILTUCEHCOPHOTrO
yyma M TEXHOJOTHS CHMHTEe3a HU3KOPa3MEpPHbBIX ra304yBCTBUTEIbHBIX CJI0EB 00€CIEeYMBAIOT
JYBCTBUTEIBHOCTD K IETCKTUPYEMBIM Ta3aM 10 1 ppm 1 TTO3BOJISIOT ITOBBICUTH OBICTPOICIICTBIE
1 BPEMEHHYIO CTaOMIBHOCTb.
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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 pum, 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 ul), 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 ul
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 SiO, film, followed by etching to the level of
colloidal quantum dots are passivated. The SiO, film, which provides protection from oxidation,
is obtained by RF magnetron sputtering [3].

© Ilenenesa A.9., I'ypun C.A., HoBuukoB M./., AradonoB [I.B., Ileuepckas E.A., 3yes B.J., 2025. MUznatens: CaHKT-
[MeTepOyprckuii moauTeXHMYeCKUii yHuBepcuteT [letpa Bemmkoro.

188



4 Physical electronics

&
&

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).
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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.

Table
Chip characteristics
Isopropanol e .
concentration Sensitivity, ppm | Detection rate, s
n S t T heater
1150 1.01 219
1150 0.99 287 210°C
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 SiO, demonstrated the absence of an effect of this film on gas
sensitivity. For this purpose, samples with and without SiO, 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 SiO, 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/SiO, 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/SiO, 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 1.59x10°* m?/V, which
exceeds that of bulk silicon. Spherical mesoporous Si/SiO, 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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AnHoramua. B gaHHOIT paboTe TIpOBEIEHO IKCIIEPMMEHTAJIbHOE U YUCJIEHHOE

uccienoBanre reHepauuu sropoit rapmonuku (I'BI') B Mesonopucthix HaHoyactuuax Si/SiO,.
CrnekTpaJbHbIli aHaIM3 TMOKa3biBaeT, 4YTo MakKcUMyMbl 3¢ dexkTtuBHocTu I'BI' kKoppenupyror
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¢ pesonancamu Mwu nanouactuu Si/SiO,. Ilyrem HacTpo#KM aMameTpa CTPYKTYP MOXHO
JnocTuYb MakcuMmanbHoU addexktuBHoctr ['BIT nyst Tpebyemoit ninvHbl BojaHbl. HenuHeitHas
OITUYECKass BOCHPUMMYMBOCTb MCCJICAYEMbIX HAHOYACTMI JOCTMIaeT 3HAUYCHUI IOpsaKa
1,59x10'* wm2/B, 4ro TipeBbIlIaeT 3HauYeHUs Isi oObemMHOro kpeMHus. Cdepuueckue
MEe30MOpUCThIe HaHodacTUlbl Si/Si0, neMOHCTPUPYIOT 5()(MEKTUBHYIO I€HEPALUIO BTOPOi
TapMOHUKM TIPU TIPOCTOM WM HEJOPOTOM W3TOTOBJIEHWM, YTO JeJIaeT WX TEPCIeKTUBHOMN
aJbTEPHATUBOM B KAYeCTBE MepecTpanuBaeMbIX Ipeodpa3oBaTelieil YacTOThl JUIsl MHTErpabHbIX
HaHO(OTOHHBIX CXEM.

KiroueBble ciioBa: TeHepansl BTOPO TApMOHWKN, KPeMHU, chepruuecKre HAaHOUACTHUIIHI,
Mu pe30HaHCHI, 30JI0TO, ME30TIOPUCTHIH
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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 LiNbO, [1, 2] and
ITI-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/SiO, 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 (SiO,) filled with
nanocrystalline silicon.

Materials and Methods

The mesoporous Si/SiO, 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/SiO, nanoparticles of different diameters. The model used Si/SiO,
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/SiO, nanoparticles on
gold is considered as follows:

© dynrtukosa A.C., Moxapos A.M., [llapos B.A., Hosukosa K.H., [IBopetikas JI.H., 2025. M3narens: Cankr-IlerepOyprekuii
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There are 2 possible mechanisms of SHG: surface SHG P™7 ,determined by violations
of translational symmetry of the crystal lattice and crystallites SHG P™. x(ﬁ 1 x(jﬁl, xﬁi)” -
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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Fig. 1. SHG efficiency spectra (A, — excitation wavelength) for mesoporous Si/SiO, nanoparticles
with diameters d = 370 nm and 420 nm

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/SiO, 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 1.59x107'* m?/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/SiO, 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/SiO, 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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Abstract. The paper examines various modes of laser polishing of stainless steel surface to
decrease a surface roughness for creating model micro-grooves corresponding to the elements
of the microfluidic topology. The effect of the formation of an oxide film and its effect on the
roughness of the treated area is considered as well. The data obtained is confirmed by meas-
urements using a profilometer.
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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.

e o s !
OVEeS

Fig. 1. Phofos df experimental gro

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.

© JlaBpunenko B. B., BacumweBa A. B., [Mapdenos B. A., 2025. Uznarenn: CaHkr-IleTepOyprckuil MmoJUTEXHUUECKUI
yHuBepcuret I[lerpa Benaukoro.
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Table 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 R, 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 (R) 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

Fig. 2. Photos of polishing treatment modes

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.

Table 2
Roughness parameters of polishing modes

Ne R, um Ne R, um
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
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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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investigating through comprehensive morphological and optical characterization techniques,
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Introduction

Nowadays, artificial intelligence (Al) and machine learning are making significant progress
as they can be applied to various aspects of our lives. While Al software continuously improves
through machine learning techniques, it is also important to develop the technical basis of Al.
Commonly, advanced Al 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

CsPbBr, solution was synthesized using stoichiometric mixtures of 0.3 mmol CsBr (>99.999%)
and 0.3 mmol PbBr, (>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/cm?. 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 CsPbBr, halide perovskite deposited on a-GST and ¢-GST thin film.

© Bepxornsanos [LA., Mapynuenko A.A., CanoxnukoBa E.B., Kymenko O.M., CunensHuk A.J., [lymxapes A.I1., 2025.
Wznarens: Cankr-IlerepOyprekuii monmutexHuueckuii yuusepcuret Ilerpa Benukoro.
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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 CsPbBr,
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, ¢ 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.
a) b)

Opm5 10 15 20 25 30

Amorphous

60 Crystalline  Amorphous

Crystalline

Fig. 1. Photo of 100 nm GST thin film in both phases of the glass substrate (a). AFM image of
CsPbBr, film on top of the a-GST and ¢-GST (b). Image made by optical microscope of CsPbBr, thin
film on the border of a-GST and ¢-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 CsPbBr, 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 CsPbBr, thin film, depicted in
Fig. 2, ¢, 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
CsPbBr, thin film, as demonstrated in Fig. 2, ¢. 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 CsPbBr, perovskite film deposited on both a-GST and c¢-GST, as
illustrated in Fig. 2, d. To extract the non-radiative lifetime (r, ) 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/cm?. The equation (1)
governing the dependence of charge carrier density (#) on time () is presented below:

t
exp| ——
nlr) _ ( Tm] +D, (M
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Here, n represents the charge carrier density, 7 is a time, t__denotes the trap-assisted lifetime,
t_is a radiative lifetime, n, is the initial charge carrier density, and D is a constant. Based on the
fitting results ¢ for CsPbBr, film on ¢-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 t_ 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.
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Fig. 2. R spectra of a-GST and ¢-GST thin film on the glass substrate (a). R spectra of CsPbBr, thin

film on top of the a-GST and c-GST alongside with absorption spectra of CsPbBr, thin film (b).

PL spectra of CsPbBr, thin film on top of the a-GST and ¢-GST layer. (d) TRPL measurement of
CsPbBr, thin film on crystalline and amorphous GST and fitting with ABC-model (c)

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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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
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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 SiO,/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, ¢ 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.

kr

kn
a) |

Grating 3 Grating 4

g 0
c) E 60 E 20
2 2
i 0o 1 2 05— 72 3
X, um X, pum X, um X, um

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 (¢)

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 (y =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)

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 um™ and 3.5 pm™') is smaller in the coupled case (b), which is due to the
increased fraction of excitons in the polaritons at higher k.
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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

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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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 ALQO, 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 In;,Ga,,N/GaN quantum wells (QWs)
was grown on an AL O, (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 um thick GaN buffer layer ensuring full surface planarization. The active region was then
formed, consisting of three 5 nm thick In, ,Ga ;N 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 um 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 a He Cd laser (A = 325 nm). Laser beam was focused
on the sample surface into an 8 pum spot with a 5x 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

© Komapos C.., BoitnunoBuu A.I'., @eiirun [A., CaxapoB A.B., HukxonaeB A.E., MBanoB K.A., Moucees 3.U.,
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Fig. 1. SEM images of an array of formed disk resonators (a) and a single 6 um diameter resonator (b)

feature two PL bands at wavelengths of 365 nm and 415 nm, corresponding to emission from
GaN layers and Inj,Ga N quantum wells, respectively (Fig. 2, a). In the PL spectra of the
microresonators, multlple 1nten31ty maxima are observed within the QW emission band, spaced
by a few nanometers. Specifically, in the PL spectrum of the 6 pm-diameter resonator, shown in
Fig. 2, b, these maxima are ~3 nm apart.
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Fig. 2. PL spectra of the planar epitaxial heterostructure (a) and a single 6 pm diameter resonator (b)

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).
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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 I" 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 Al O, 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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AnHoramua. PaccmoTrpeHbl TipoOJieMbl, BO3HMKAIOU[ME TMpPU OOpPabOTKE ONTUUYECKUX
n300pakeHui, cCHOOpMUPOBAHHBIX U3 OTPAKEHHBIX OT TOBEPXHOCTH KOJIeCa XKeJIe3HOA0POXKHOIO
TpaHCMOpPTa Ja3epHBIX CUTHAJOB. Pa3paboTaHa KOHCTPYKUMSI pa3MEIIeHMsT Ja3epHbIX
uzjyyartesieit 1 poTonpueMHbIX YCTPORCTB JAJIs1 00caeI0BaHUs Kojec B ABMKeHun. Pazpaboran
HOBBII aJlTOPWUTM, HAMPABJICHHBI Ha TMOBBIIICHNE TOYHOCTU TIOCTPOCHMS IIPODWIIS
TMOBEPXHOCTH KaTaHMs Koseca. st 00pabOTKM PEeruCTpUPYEMBIX ONMTUYCCKUX M300paKeHUH
B OTPaXXCHHOM OT ITOBEPXHOCTU KoJieca JIa3epPHOM M3JIYYCHUU MPEeAIOXKeHa HOBas METOIMKA,
OCHOBaHHasl Ha WUCMHOJb30BaHUM (DUIbTpaLUsl JaHHBIX, B KOTOPOM TpMMEHEH HOBBII
aJITOPUTM, MO3BOJISIIOIIUI YIAJIUTh 3aCBETKY (00JIaKO TOYEK C JIO(KHBIMU JaHHBIMU), BHIOPOCHI
(OIMHOYHBIE JIOXKHBIC TOUYKH) M OCTaBUTh TOJBKO HYKHBIC TOUKM npoduisg. HoBwlil anroputm
pa3paboTaH Ha OCHOBE IUIOTHOCTHOTO airoputMma kjacrepudaunu HDBSCAN (Hierarchical
Density-Based Spatial Clustering of Applications with Noise). AJIropuT™M Mo3BoJIsIeT UCKITIOUUTh
TOYKU (opMUpYIOIIME OIMIMOKM IPU MOCTPOCHUU IPOGMIS MOBEPXHOCTU KaTaHHUs KoJjeca.
Wcnonp3oBaHue HOBOM KOHCTPYKIIMM pa3MEIIEHUS ONTUYECKUX DJIEMEHTOB U ajJropuTrMa
MO3BOJIUJIO MOBBICUTH TOYHOCTh WM3MEPEHMUII KIIOUEBBIX MapaMeTpoB KoJieca, TaKUX Kak
TOJIIIIMHA, BBICOTA M KPYTU3HA TPeOHsI, 1 paBHOMEPHBIN MpOKaT.
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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.

© ApunymikunHa K.T'., CasenbeB U.10., 1assinos B.B., Ananypos A.C., Llomaes [1.W., 2025. U3natens: Cankr-IletepOyprekuit
rnosMtexHuueckuit ynusepcuret [lerpa Benukoro.
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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 (A = 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).

I D -sin(a)
sin(0+ o)

(1)

The angle 0 is determined by changing the image on the matrix for each highlighted pixel with
coordinates (u, v). D and a are set during calibration.

The optical matrix receiver is made in the format of a highly sensitive CMOS matrix with a
dimension of nxm 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.

Fig. 1. The process of irradiating the wheel with profilometers side view (a), front view (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
{(x,y)} (where kK = 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 ¢ 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 ¢ = 5 and m =20 are selected so as to discard outliers located at
a distance greater than ¢ = 5 mm from the main point cloud. For the second stage, the values
¢= 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 4, and
the first point of cluster Aj is estimated, where j = i + 1.

d=(xa, ~x0 ) + (-3 ) @

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 A, 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 A and A 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.
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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 {(xk, Y, )}sz’l 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:

1 x 3y

1 ‘x2 aO — y2 (3)
IR | P

I X, Y

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:

(outer) (outer)
(e, yioer)

(x,,, 7, ), when breaking up
if thereisno gap '

) )
X

A
min > ymin 2

(inner inner)
(e, ey
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.

¥, mm

of| * Data
* Approdmation points

= The main points of the measured pamemeters| | :
T T

T
10 100

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.
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The root—mean—square error of each segment, where 7 is the index of a point in the segment,
Y, is the approximated segment value, calculated using the formula:

RMSE, = /%j( %-3). (5)

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

average

035 [~

| |

il il

| M\ /| H‘ ““
\

i

350

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:

s_1(mp)o ()
Jn
where, the number #(n, p) is determined by special tables of critical values of the Student's
distribution points;
c is the mean square deviation. 7 (60, 95 %) = 2; n = 60.
The results are listed in Table 1.
Table
Geometric parameters of the wheel

The value of the parameters in mm

Name of the parameter .
Algorithm | RMSE | Template measurement | Acceptable range

gf‘ézfce;e;fri‘iggr:ﬁigiﬁsfhztgp oy | 27024007 | 023 27.0+0.3 from 24 to 33
—
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 2896 +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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AnHoTtamua. B paboTe ycTaHOBIEHBI MapaMeTPhl BHICOTHI OTIEIBHBIX 30H CYOBOJIHOBBIX
KOJIBIIEBBIX PEIIETOK, MIJII KOTOPHIX B OJMKHE! 30He nudpakimyu HabmogaeTcst GopMUpoBaHUE
IJIUHHON cBeTOBOI uriabl (7,85 OMH BOJIH) MPU a3UMYTAJIbHOM TOJSPU3ALMM Ja3ePHOTO
n3nydyeHus. Takke MokazaHa BO3MOXHOCTb YMEHbIIEHUS pa3Mepa okalbHoro mnsaTtHa 1o 0,31
JUTUH BOJIH MPU KPyrosou nossipusanuu monsl Jlareppa—Taycca (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 (#D7TD) 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 18\, the PML
thickness was 1.1A, A = 0.532 um. The following simulation steps were considered: the time step
was A/(100c), where c is the speed of light, and the spatial step was A/50.

The ring gratings with a period of 1.05\ were used, in this elements the relief height varied in
accordance with the phase of 7 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:

PR
k(n—1)

=0,34A, (1)

where k = 2m/\ 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 2 = 0.34\ 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 4, 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
0.34) (m), from the minimum height in the center (4, = 0.34)) to the maximum height at the
edge of the element (4, = 2.72)); a similar change in height, but with the height of even elements
h,=h,=h,=h, =0 (h, = 0.34A, h, = 1.02)\, h, = 1.7k, h, = 2.381); the case when the height of
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Fig. 2. Laguerre—Gaussian mode (0,1) diffraction, intensity, (a—d) circular polarization and (e—h)
azimuthal polarization: (a, e) h, = 0.34X, h, = 0.68%, h, = 1.02A, h, = 1.36A, hy = 1.7k, h, = 2.04A,
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the odd zones was the same (h, = h, = h, = h, = 1.36)), and the height of the even zones was 0,
and also the opposite case (h, = h, = h, = h, = 1.36), 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 = 0.52\ to FWHM = 0.38\ (Fig. 2, a, b) in the case of changing all relief zones, as well
as from FWHM = 0.94\ to FWHM = 0.31\ in the case of the same height of the remaining non-
zero relief zones (Fig. 1, d; Fig. 2, ¢).
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The smallest focal spot size was FWHM = 0.31\, and the longest light needle was DOF = 7.85A,
which was 2.54 times larger than the light needle formed by a standard diffractive axicon with
h = 0.34)\. 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 = 7.85)): the height of even zones is zero, and the height of odd zones of the element
increases from the center to the edges (A, = 0.34A, h, = 1.02A, h, = 1.7, h, = 2.38)) with
azimuthal polarization of the Laguerre—Gaussian mode (0,1). The minimum size of the focal spot
(FWHM = 0.311) was also obtained at zero height of even zones and h, = h, = hy = h, = 1.36\
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.

Keywords: cultural heritage, laser cleaning, pigments, contaminations, fibre laser

Funding: The was funded by RSF “Physical and chemical processes of changes in Russian
writing artefacts of XI-XVII centuries during their historical existence as a reflection of circum-
stances of their creation and provenance” grant number No. 25-68-00028.

Citation: Neelova A.D., Parfenov V.A., Laser cleaning of organic pigments on paper, St.
Petersburg State Polytechnical University Journal. Physics and Mathematics. 18 (3.1) (2025)
226—231. DOI: https://doi.org/10.18721/JPM.183.145

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

MaTepwuarnbl KoHbepeHLmn
YK 544.032.65
DOI: https://doi.org/10.18721/IJPM.183.145

JlazepHas OUMCTKA OpraHM4YecKMX NMrMeHTOB Ha 6ymare

A.[l. Heenora "2 =, B.A. MNMapgeHoB '3

1 CaHkT-MNeTepbyprckuii rocyAapCTBEHHbIN 3N1EKTPOTEXHUYECKUIA YHUBEPCUTET
«JI3TU» um. B.W. YnbsiHoBa (JlenuHa), CaHkT-INeTepbypr, Poccus;
2 Poccuiickas HaumoHanbHas 6ubnuoTeka, CaHkT-MeTepbypr, Poccus;
3 CaHkT-MeTepbyprckmint UHCTUTYT uctopumn PAH, CaHkT-Tetepbypr, Poccus
= angelina.neelova@gmail.com

AnHoranusa. CraTbs TOCBsIIEHA MCCAEAOBAHUIO JIa3¢PHOM OYMCTKM OPraHMYECKUX
MUTMEHTOB Ha Oymare. B TmociemHee BpeMmsl Ja3epHble TEXHOJIOTMM BCe dalle
pacIpocTpaHsdioTcs B cdepe coxpaHeHUe KYJIbTYPHO-HCTOPUYECKOIro Haciueauss. OmHuM
M3 OCHOBHBIX HalpaBJeHUI NMPUMEHEHUS JIa3ePHBIX TEXHOJOTMI B pecTaBpallMU SIBJISIETCS
OYMCTKA OOBEKTOB KYJBTYPHO- MCTOPUYECKOrO HACAEAUs OT pa3IMYHBIX 3arpsi3HEHUIl
€CTECTBEHHOIO M aHTPOIIOTEHHOI0 IIPOMCXOXIeHMIi. B maHHO! paboTe IpeacTaBlieHbI
AKCIEPUMEHTAJbHbIC PE3yJbTaThl JIA3€PHON OUYMCTKU MOICIbHBIX 00pa3lloB COBPEMEHHBIX
OpraHMYeCcKUX MUTMEHTOB Ha OyMare Ipu IMOMOILUM UTTEPOMEBOrO MMITYJILCHOIO Jja3epa Ha
JUIMHe BOJIHBI 1064 HM, a TakKe aHaJu3 MOJIyYeHHBIX pe3yJbTaTOB METOAOM CIIEKTPOCKOITUU
KOMOMHAI[MOHHOTO PACCESHUSI.
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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 3-10° W/cm?, 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

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™, 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.

Fig.2. Images of samples after laser cleaning. Cleaned areas are marked with white (10x10 mm).
Untreated area of a sample is marked (1) and contaminated area (2)
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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.

Table

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™) before cleaning

Raman wavenumbers
(cm™) after cleaning

PY3

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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Obtained Raman spectra of samples are shown in Fig. 3. The difference in intensity of the
spectra before and after cleaning is likely to be due to the unequal distribution of the pigment
layer on paper since there is no evidence of any damage done to it during laser treatment.
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Fig.3. Raman spectra of pigment samples in the untreated area (@) and in the laser cleaned area (b)

It can be seen that for all of the samples Raman spectra in the untreated area and in the cleaned
area do not differ. Main peaks are listed in Table, it can be noted that there is an insignificant shift
in the wavenumbers of the corresponding peaks of a sample. Nevertheless, it can be concluded
that laser irradiation impact does not lead to any dangerous changes in the pigment layer after
removing contaminations.

Conclusion

Samples of organic pigments on paper were successfully cleaned from contaminations by the
laser irradiation with the wavelength of 1.06 pum. Investigation of laser treatment results by means
of optical microscopy showed no damage to the pigment layer after laser cleaning. A study of the
issue using the method of Raman spectroscopy further proved that laser cleaning does not cause
damage to the pigment layer as well as chemical transformation in it.

To conclude, it could be presumed that laser cleaning can be safely applied to the restoration
of cultural heritage objects containing organic synthetic pigments of paper, such as paintings,
book miniatures, documents, etc. Nevertheless, authors will proceed with further investigation on
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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Annoranus. [IpoBemeHO HMcciIenOBaHUE BIMSHHS TOJIMMEPHBIX IMOKPHITHI, HAHECEHHBIX
METOJOM CIIMHKOATMHIA, Ha ONTUYECKHUE CBOMCTBA aJIlOMUHMEBBIX HAHOCTPYKTYp. ITokazaHo,
YTO HCIOJb30BaHUe mnoau-L-nmu3uHa (PLL) mpuBoauT K CABUTY THMKa IOTJIOLIEHUS C
230 mo 300 HM, TorAa KakK JEKCTpaH HE BbI3bIBAET 3HAUYMMBIX CHEKTPaJbHBIX W3MEHEHMI.
AHasornaHbIit 3(pexT cMelleHrs TMKa MOTJIOIIEHUST HaOII0AaeTCs U B CIIEKTpaX MOTJIOIICHUS
IIJIS TOHKOW TIJICHKW W3 TUIATWHOBOW HAHOCTPYKTYPHI, UTO ITOATBEPKIACT YHUBEPCATHLHOCTH
MeToja. YcraHoBieHo, uto BHeapeHue PLL B crpykrypy ZnO/Al mis nonyuenust ZnO/PLL/AlL
CTPYKTYpPbI OOecreunBaeT yBeJIMYeHUEe MHTEHCUBHOCTH (DOTOTIOMUHECLICHIIMK Ha JUIMHE BOJIHBI
377 um 10 68% 110 CpaBHEHUIO C ABYXCIOMHOI cucteMoii ZnO/Al 6e3 moJIMMepHOI MPOCIONKU
MpU JJIMHE BOJHBI BO30YXKIeHUs 325 HM. Pe3ynbTaThl 1€eMOHCTPUPYIOT MOTEHLIMAI TTOJJUMEPHO
MOIM(MUKAIIAYN IIJISI YIIPAaBICHUS ONTUYECKUM OTKJIMKOM HAHOCTPYKTYP B 3amadax CO3IaHMUs
YIbTpa(UOJIETOBEIX OMOCEHCOPOB W METAJII-YCHJIICHHOU (hOTOTIOMUHECICHIINH.

KioueBble cjioBa: HAHOYACTUILIBI AIFOMUHUS, 11011 - L-mu3uH (PLL), nekcTpaH, HAHOYaCTHUIIBI
OKCUJa IIMHKA, IUIa3MOHHBIA pe30HaHC, IUIa3MOH-YCHJIeHHass (OTOJIOMUHECHICHIINS,
yabtpaduoner (UV), ciMH-KOaTUHT

®unancuposanue: [1poexr Ne 22-19-00311-TI1, https://rscf.ru/en/project/22-19-00311.

Ccpuika mpu nutupoBanmm: Koctmna JI.E., Mamo ., JIusynoBa A.A., Kamenesa E.U.
OnTuyeckue CBOWCTBA AJIIOMUHUEBBIX HAHOCTPYKTYP, MOAMMDUUIMPOBAHHBIX MOJIUMEPHBIMU
nokpeitusiMu  // HaydHo-texHudeckue Begomoctu CIIOITIY. dPusuko-mareMaTuveckue
Hayku. 2025. T. 18. Ne 3.1. C. 232—236. DOI: https://doi.org/10.18721/JPM.183.146

Cratbst OTKpPBITOTO Aoctyna, pacmpoctpansiemas no junieHsun CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

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 H,O) 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

© Koctuna I.E., Mano /., JlusynoBa A.A., Kamenea E.W., 2025. Uznarens: CaHkT-IleTepOyprckuii moJuTeXHUUECKUI
yHuBepcuret I[lerpa Benaukoro.
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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 x 4) cm? using a spin
coater (EZ4, Schwan technology) with the following coating parameters: 15 pLL 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 (All and Alll), coated with 5 sequential polymer layers,
separately.

Quartz substrate
AlNPs drop spin Al layers PLL drop spin PLL on Al NPs film

Fig. 1. Spin-coating process for Al NPs with sequential PLL layering

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 (Zn0O), 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 (All and Alll) 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.
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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
Zn0O, 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/AI nanostructure demonstrates a more uniform and continuous layer, indicating
improved adhesion and surface compatibility using polymer PLL between ZnO and Al films.

a) b)

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.
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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 SiO,
passivation. The photoluminescence signal enhancement up to 50 times for 1.25 um 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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Annoramuga. [IpomeMOHCTpUpPOBAaHO  3HAUUTEIbHOE  YBEJIMYEHUE  MHTEHCUBHOCTU
(HOTOTIOMUHECLIEHUMK ISl MACCUBUPOBAHHBIX SiO, METOIOM 30jb-Teb ME3a-CTPYKTYp C

kBaHTOBOI siMoii InGaAs/GaAs. HaOmomanoch ycuiaeHMe cuTHala (OTOTIOMUHECIEHIIUT
mo 50 pa3 misg me3 mmametpoMm 1,25 MKM mociie maccuBanuu. I[lojydeHHBIE pe3yabTaThl
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MEPCIIEKTUBHBI UISI MCIOJL30BaHUS B MMKpoJiazepax C aKTHBHOM 00JIacTbI0O Ha OCHOBE
KBaHTOBBIX M 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 10°—10° 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 SiO, passivation method,
which is attractive due to its low-temperature deposition process and high efficiency [3, 4]. Notably,
sol-gel-derived SiO, 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 SiO, 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 Nel consists of a 250 nm-thick GaAs buffer layer. Followed by a 500 nm-thick Al ,,Ga, As
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 In ,Ga  As QW. Finally, the
structure was capped with a 100 nm-thick Al ,,Ga As upper barrier and a 10 nm-thick GaAs
layer to prevent oxidation.

In sample Ne2 a GaAs buffer layer was deposited, then a 50 nm thick Al ,.Ga ,.As 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 In ,Ga, ,As 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 um were fabricated using photolithography
and plasma etching for both structures. Samples Nel and Ne2 also differed in the density of the
etched mesas: sample Nel had single mesostructure etched, while sample Ne2 had arrays of mesas
etched in an area with a diameter of 20 pm.

The SiO, passivation shell was synthesized using the Stober’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 SiO, gel structure and ensures the formation of SiO, gel on the entire microlaser
surface. The resulting mixture was incubated for 5 min at room temperature. Then 25 pl of 20%

© Menbauuenko M.A., lllyra6aes T., 'pumuun B.O., Kpsokanosckast H.B., banakupes C.B., Cononosauk M.C., KykoB A.E.,
2025. Uznatenn: Cankr-IleTepOyprckuii moantexHmyeckuii yaupepcutet [letpa Bemmkoro.

238



Physical opti
4 ysical optics >

aqueous ammonia solution and 13 ul of TEOS were added. Then reaction mixture was maintained
under stirring for 60 minutes. The thickness of the resulting SiO, 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 um in diameter with pump power density of 1 kW/cm?. 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 Nel were studied at room temperature before and after
SiO, sol-gel passivation. Fig. 1, a shows PL spectra for mesa with 2 pm diameter. In the inset
to Fig. 1, a there is a scanning electron microscope image of a single mesa with a diameter of
2 um. The PL maximum in the range of 950—1000 nm characterizes the transition in a single
In;,Ga, ,As/GaAs QW. The Fig. 1, a shows that the PL signal intensity for both GaAs and the
In;,Ga, ,As/GaAs QW demonstrates strong enhancement after passivation. The maximum change
in PL intensity for the ground-state transition of the In ,Ga, ,As/GaAs QW in a 2 and 3 pm 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 um diameter mesa is due to etching defects in the mesa structures.
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Fig. 1. PL spectra of 2 um diameter mesa from sample Nel before and after passivation with sol-gel
SiO, layer (a) integrated PL intensity for mesas of different diameter in 890-1000 nm wavelength range
for structure Nel (b)

To verify the passivation effect and to investigate the influence of the mesa alignment further,
sample Ne2 with a denser arrangement of mesa structures was also investigated. For sample Ne2,
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 um.

Fig. 2, a shows the PL spectra for an array of 1.25 um 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 In ,Ga  As/GaAs QW.
Prolonged exposure to optical pumping on the surface of mesas leads to a gradual decrease in the
PL signal of In ,Ga, ,As/GaAs QW. The observed photoluminescence decline within one minute
(green spectra on Fig. 2, a can be related to the photopolymerization within the SiO, passivation
layer structure under the action of optical pumping by the laser.

The PL intensity of the GaAs/AlAs superlattice also increases after SiO, 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 Ne2 with 1.25 pm diameter mesas (a).
Integrated PL intensity for different mesas diameter of sample Ne2 (b)

a diameter of 1.25 pum). 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 Ne2. The greatest enhancement of the integral PL intensity is observed for
mesostructures with a diameter of 1.25 um. 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 pum 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 um [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 SiO, layer obtained by sol-gel method was
investigated. Investigated PL intensity from the InGaAs/GaAs QW was significantly enhanced
after SiO, passivation by sol-gel method. For sample Nel a maximum increase in the integrated
intensity of 8 times was observed for the 2 and 3 um diameter mesa structures. For sample Ne2
the maximum PL signal enhancement was 50 times for the diameter of 1.25 um 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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Pa3pa6oTKa reteporeHHbIX 6MoOUEepHUN C MUKpOrenaMm
ANA Co3aHUA TKaHeBbIX Moaenei meroaom 3D neuaru
ANA TeCTUPOBAHMUSA JIEKAPCTBEHHbIX NpenapaTtoB
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AnHoTanusa. B HacTosiee BpeMs TEXHOJOTHS TKAaHEBOW WHXXEHEPUM HeE I103BOJISIET
BOCCO3/IaBaTh CJIOXHYIO CTPYKTYpPY TKaHeil W opraHOB uejoBeka. JloOaBieHUEe MUKpOTEJEH,
MPEACTaBISIONNX CO00I TUApoTeseBble MUKpouacTulilbl auamerpom oT 10 mo 500 mxm ¢
KJIETKaMU, B PacTBOP OMOYEpHUJ IO3BOJISIET 3aJaBaTh PACIIONIOXEHUE KJIETOK B I1OJIyd4aeMbIX
TKAHEMHXEHEPHBIX KOHCTPYKLUsIX. Takue CTPYKTyphl B JajbHEMIIeM MOTYT MCIOJIb30BAThCS
B KauyecTBe MacIUTaOMpPyeMbIX MOJeJeii Uil pereHepaTMBHOM Tepanuu M TECTUPOBAHUS
nexapcTB. CocTaB TeTepOTeHHBIX OWOYEpPHWI TIpencTaBisiii coboit 1,5% wt. pacTBopa
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ajgpruHata ¢ pobasieHueM 10% wt. PluronicTM F-127 u XeJaTMHOBBIX MMKpOTeei
nauameTpoMm 120 MKM, M3rOTOBJIEHHBIX METOAOM KamejJbHOW MUKpodmouanku. Jaa mneyatn
TECTOBBIX CTPYKTYP MCIIOJIb30BAJICS 3KCTPY3MOHHBIA OuonpuHTep. B pesynbTaTe ymaaoch
MOJYYUTh TKAHEMHXXEHEPHbIE KOHCTPYKIIMK U3 TBYXKOMIIOHEHTHOTO I'MAPOIeJIeBOTO pacTBOpa
¢ Xu3HecrnocoOoHOCThI0 KIeToK CT26 eGFP 10 95% Ha 10-i1 1eHb KyJIbTUBUPOBAHUSI.

KnioueBble ciioBa: TKaHeBasi WHXXEHEPHUS, TUAPOTrejeBble MUKPOYACTULIBI, MUKPOTEJIH,
KareabHasi Mukpodonauka, 3D Ouonevyatb
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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-C™, 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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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, Pluronic™ 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, ¢) with a relative speed
between the nozzle and X-Y table of 1.3 mm. s

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. CaCl, within 2 minutes
for alginate cross-linking. Thereafter, the cross-linked structures were filled with cell culture
medium and placed in a CO, 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).

a)

Microgel synthesis Microgel selection Mixing Extrusion bioprinting

Microgel translation Cell medium  Final bio-ink solution
to cell medium removal with microgels

Centrifuging l /_\I l
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Cell-laden tissue-engineering construction

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)
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Results and Discussion

Initially, we printed the test models using a homogeneous bioink solution of alginate/Pluronic™
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, ¢). 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.

Viability , %

day 5 |e(iii) 5+ L

Viabiliry , %
&

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/Pluronic™ 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 um) (d)

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 pm, 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.
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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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WUCIIOJb30BaH 111 ocaxkneHus: ¢dochduna unaus (InP) Ha KpeMHMEeBbIe MNOMIOXKMU IIpU
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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 I1I—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 Q-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 (PH,), 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 PH, pulse only, with an RF power of 200 W (power density
440 mW/cm?). 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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Table
Process parameters
Indium Phosphorus
Step deposition Purge dep(f)sition Purge
Precursor TMI/H, Ar PH./H, Ar
Pulse time, s 5 10 3 10
Dose, nmol/cm? 50
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.

144
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Fig. 1. GPC of InP at PE-ALD process as a function of deposition 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™' 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)

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 A/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 II1I—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 (mSiO,) 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 mSiO,/Si and the modification of photonic crystal prop-
erties in the case of opal-Si.
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AnHoTanug. M3ydyeHa Mopdoi0russ KpeMHMEBBIX HAHOCTPYKTYp, IOJydyaeMbIX METOI0M
TEPMUYECKOTO Ta30(ha3HOro OCaXAEHMs, BHYTPU YaCTULL ME3OTIOPUCTOTO KpeMHeseMa (mSiO,)
W KOJUIOMIHOTO KpHCTa/sla — MaKpOIOPMCTOTO CHMHTETHMYECKOro omana. [IpemrokeHHbIN
METOJI TTIO3BOJISIET TTOJYYUTh OHOPOIHBIN CJION Si Ha MOBEPXHOCTHU HEITOPUCTHIX ChepruecKnx
yacTull KpeMHe3ema, 00pa3yloliMx MakKpomopbl B omaje, TOrna Kak 3-HM TIOpbl BHYTPU
ME30MOPUCTBIX YACTUI] ITOJHOCTHIO 3alOJHSIOTCI aMOp¢hHBIM KpemHHueM. I[IpuMmeHsieMbIi
TeXHOJOTMYECKUI TIOAXOA OOecrneyrMBaeT MOCTENEHHOEe W3MEHEHUE CTeNeHU 3aloJTHEHMUS
op, B CBOIO ouepelb, OMpeAesiollee CTyleHYaToe U3MEHEHUE XapaKTePUCTUK MOPUCTOCTU
mSiO,/Si 1 MmoauduKauno GOTOHHO-KPUCTAIUIMYECKMX CBOMCTB KOMITO3MUTA Onaj-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,
C,H,N(CH,),Br), 99.99% (Acros Organics); aqueous ammonia (NH,), 24 wt%; ethanol
(C,H,OH), 95.7 vol%, deionized water (H,0) with a resistance of 10 MQ; tetraethoxysilane
(TEOS, Si(OC,H,),), 99.9% (Acros Organics); monosilane (SiH,), 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 SiO,/Si composites were obtained based on our
previously developed methods. In particular, the procedure for the synthesis of non-porous
spherical silica particles (nSiO,) with a diameter of 740 £ 30 was similar to that employed in [5, 6]
via hydrolysis of TEOS in a mixture NH,—H,O—C,H,OH. Spherical mesoporous silica particles
(mSiO,) 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 NH,—H,0—C,H.OH—
CTAB mixture [7, 8]. The opal films were grown from close-packed nSiO, 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 mSiO, 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 cm™'. The incident light was focused onto the sample within the solid angle of 10°.
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Results and Discussion

We used different porous silicas, namely, spherical mSiO, particles with 3-nm cylindrical
mesopores and silica colloidal crystals (synthetic opals) with interparticle macropore size of
100—300 nm. The thermal destruction of SiH, 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 mSiO, particles as the mesopores are filled with silicon
due to thermal decomposition of SiH,. 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 mSiO, particles, there is a complete filling of
the mesopores with silicon (Fig. 1, ¢, 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 SiH, into the volume of particles
preserves since they possess the branched interconnected structure of pores. When the pore
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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, ¢). The
pore filling degree was calculated based on the change in free pore volume. The TEM images of
mSiO,/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)

Fig. 3. TEM and STEM images for the mSiO,/Si (a) and opal/Si (b) and EDX elemental maps for
opal/Si (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
A,,, at normal incidence can be described by Bragg’s formula A, = 2d(m)\/@, where 4, is the
interplane distance, () is the average dielectric constant of the composite, and <s> =) ¢, f; (g,and
J; are the dielectric constant and the volume fraction of the i-th constituent, respectively [10]).
The dielectric constant of the SiO, 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 nSiO, 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 SiO, 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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Abstract. This study investigates defect states in GaN/InP multilayer structures fabricated
using plasma-enhanced atomic layer deposition (PEALD) for potential applications in high-ef-
ficiency multijunction solar cells. Deep-level transient spectroscopy (DLTS) and admittance
spectroscopy were employed to characterize defects in the heterostructures. The DLTS spectra
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
—1 to 0 V). Admittance spectroscopy confirmed the presence of similar defects, demonstrating
voltage-dependent activation energies in the range of 0.36—0.57 eV, which is likely associated
with interface states at the GaN/InP interface.
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Annoranus. B nanHoit paboTe n3ydueHbl 1e(heKTHBIE COCTOSTHUS B MHOTOCTIOMHBIX CTPYKTYpax
GaN/InP, BeIpaleHHBIX METOZAMHM TUIA3MOXMMHMYECKOTO ATOMHO-CJIOCBOTO OCAXKICHMUS
(PEALD), nns moTeHLMAaJbHOTO NMPUMEHEHHUS B BBICOKOI(P(MEKTUBHBIX MHOIOIEPEXOIHBIX
COJIHEUHBIX dJieMeHTax. [Jis1 xapakTepusaluu n1eheKToB B reTepoCTPYKTypax MCIOIb30BaIUCh
METOJbl HECTAaMOHApHOM cIeKTpocKonuu riayookux ypoBHeil (DLTS) u cnexkrpockonuu
moJiHo# nmpoBoauMocT. CriekTpbl DLTS mokasaiu 4eTKo BhIpaXXeHHBII MUK B TEMIIEPATypPHOM
nuanazone 230-300 K, cooTBeTcTBYIOIMIMI Ne(PEKTHBIM COCTOSTHUSM C SHEPTUSIMU aKTUBALIMU
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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 1II-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 Ilayers 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/H,O 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

© Muxaitnos O.I1., bapanos A.U., [Mo3neeB B.A., YBapoB A.B., MakcumoBa A.A., BsuecnaBosa E.A., I'ynosckux A.C., 2025.
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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.
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Fig. 2. The C-t plot for the studied sample under different bias voltages

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).

Table
Parameters used for obtaining the band diagrams
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InP GaN Si
Eg, eV 1.34 3.39 1.12
Y, eV 4.4 4.1 4.05
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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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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 10° cd/m? 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 PEAJMA _ Pb Br, ., 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 # = 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

PEA,FAPb,Br, and MePEA,FAPb,Br, 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 MePEABTr 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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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 » = 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 » = 2 phase, we clearly observe an excitonic
peak corresponding to n = 1 and another peak associated with the bandgap of bulk FAPbBr,
perovskite. Due to energy transfer between these quasi-2D phases, peak shifts closer to the
wavelength of bulk FAPbBr,, as shown in Fig. I, ¢ and 1, d (green curves).
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Fig. 1. Antisolvent treatment technique. Absorption spectra for PEA,FAPb Br, with and without toluene

treatment (a). Absorption spectra for MePEA,FAPb,Br, with and without toluene treatment (b).

Normalized PL spectra for PEA,FAPb,Br, with and without toluene treatment (c). Normalized PL

spectra for MePEA,FAPb,Br, with and without toluene treatment (d). AFM image of PEA,FAPb,Br,

thin film without toluene treatment (e). AFM image of PEA,FAPb,Br, thin film with toluene
treatment (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 (» = 2 phase) and 470 nm (» = 3 phase),
as shown in Fig. 1, ¢ and 1, d (blue curves). Furthermore, while removing higher » phases, this
method also reduces the amount of the » = 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 PEA,FAPb,Br, samples (Fig. 1, a), the untreated film exhibited FWHM values of 12.76 nm
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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 MePEA,FAPb,Br, (Fig. 1, b), the
untreated sample displayed a FWHM of 15.15 nm for the » = 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, ¢ and 1, d).
For PEA,FAPDb,Br,, 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 MePEA,FAPb,Br, PL
spectra on Fig. I, d FWHM is 22.29 nm, and for MePEA,FAPb Br,, 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 PEA,FAPb Br,
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 » = 1 phase in PEA-based perovskite, while the
n = 2 phase remains largely unchanged, as illustrated in Fig. 2, a.
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Fig. 2. Post-treatment technique: PEA FAPb,Br, post-treatment with 15% DMF solution (a).

MePEA,FAPb,Br, post-treatment with 15% DMF solution (b). AFM image of AFM image of

PEA,FAPD,Br, thin film before solvent post-treatment (c). AFM image of AFM image of PEA,FAPb Br,
thin film after solvent post-treatment (d)

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.
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Furthermore, the AFM images of PEA-based thin films (Fig. 2, ¢ 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 # = 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 /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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Annoranuda. [lpeactaBieHbl pe3yabTaThl MCCIEIOBAHUS OINTUYECKHUX U PaaAMOYaCTOTHBIX
CBOICTB  CepeOpsSIHBIX  HEPEeryJsIpHbIX  MHUKPOCETUaThIX IPO3PAuYHBIX  IPOBOJHUKOB,
MOJIyYEHHBIX MPU MTOMOIIM OPUTMHAJBHOIO caMOOpraHuM30BaHHOTO 1abjaoHa. [TokazaHo, 4TO
Bapualys TOJIIMHBI HAMbUISIEMOIO cepedpa IMO3BOJISIET JIETKO YMPaBJsSITh MOBEPXHOCTHBIM
COTIPOTUBIIEHUEM, UYTO SIBJISIETCSI OMpPENESISTIONMM (haKTOpOM, BIMSIIONIMM Ha IPOITyCKaHWE
B PaaMOYacTOTHOM Juamna3oHe. B yacTHOCTM, HaAMM TIOydYeHa HeperyJspHas cepeOpsiHas
MUKpOCETKa, KOTOpas MMeeT MOBEepXHOCTHOE compoTtusieHue 1,44 OM/KB MpU ONTUIECCKOMU
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MPO3PavyHOCTU B BUIMMOM auarna3oHe, nopsaka ~81 %. Takoe coueTaHue ONTOINEKTPUUECKUX
IapaMeTpOB, MO3BOJMUIIO JOCTUYD KpaiiHe Majoro Koad@uiimeHTa poInyckKaHus B Auana3oHe
0,7-14 T'Tu B cpeaHeM mo auamna3oHy paBHo —37,34 n1b, 4yTo o3HayaeT, YTO JaHHOE MOKPbITUE
osokupyet 99,9815 % uznydeHus: paaro4acTOTHOIO JMalia3oHa.
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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 (S,,) and reflection (S),) 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 um and an average crack width of 6.5 + 3.3 pum.
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 um, and the average
track width is 7.2 = 3.6 um. The Ag mesh closely replicates the geometry of the original cracked
template, demonstrating high fidelity in structural transfer.

© Boponun A.C., MakeeB M.O., [Mapmun B.A., Xaptos C.B., 2025. WUznatens: Cankr-IletepOyprckuii mosiuTeXHUUECKuit
yHuBepcuret I[lerpa Benaukoro.

269



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.1

a) b)

300 um LK P A= 3001

oK
(=]

]"—Agmesh - 100 nm +R L 1400
==Ag mesh - 300 nm 91 &+ FoM
| ==Ag mesh - 600 nm 8 1 1200
.85 g’ 1000
= 6 1
= | c sl 800 3
] ¥ w
4 600
80 F
31 400
2 4
] 11 200
75 0 T T T 0
400 500 600 700 800 0 100 300 600 1000
A, nm t,nm

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:

Z
—(1)' (1)
2R | — -1
&g

Here, T is the optical transmittance at a wavelength of 550 nm; R is the sheet resistance;
Z, = 377 Q 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 (S,,) and reflection (5))) 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 S, 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).
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Fig. 2. Transmittance (a) and reflectance (b) spectra of irregular Ag meshes

Conclusion

We have demonstrated how template structures can be obtained using a self-organized cracking
process of egg white. Based on their crack patterns, irregular Ag grids were created with a unique
combination of optoelectric and shielding parameters. The properties of the coatings can be easily
tuned by varying the thickness of the sputtered metal.
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gap values depend on the Burstein—Moss effect caused by the filling of low-energy states in
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Annoramuga. B nmanHOil paGote Mbl uccienyeM TmiponyckaHue B TeparepiioBom (TT)
IMara3oHe U IIMPUHY 3amnpelieHHo# 30HbI (33) TOHKMX IJIEHOK okcuaa uHaus-ojosa (I1TO),
MOJYYCHHBIX MarHeTPOHHBIM paciblieHrueM. [Iponyckanue B Tl amamazoHe M3Mepsioch
C TOMOIIbIO TeparepluoBOil CIEKTPOCKONMMK BO BPEMEHHOM 00JacTh, 4YTO ITO3BOJMIIO
MU3YyYUTh B3aMMOJEUCTBUE TEpareplioBOro M3JAy4eHUsI CO CBOOOIHBIMU HOCHUTEJISIMU 3apsiia
B 1ieHKax. [llupuHa 3ampeiieHHONW 30HBI OIpeAesuiach MO CIEeKTPO(POTOMETpUIECKUM
JaHHBIM C WCIIOJIb30BAaHMEM IHarpaMM Tayka, 4YTO TO3BOJMJIO IIPOAHAJM3MPOBATh KakK
MpsIMble, TaK U HEMPSIMbIE 3JIEKTPOHHbBIE ITepexoabl. Pe3yibraThl MOKa3ajiu, 4TO IPONyCKaHue
B TI'u auama3zoHe yMEHBIIAETCS C YBEJIMYEHUEM TOJILMHBLI TUICHKU, B TIEPBYIO OYyepelb
M3-3a YBEJIMYCHMS IIOIJIOLIEHUsI CBOOOTHBIMM HOCHUTEJSIMU 3apsiia, CBSI3aHHOTO C OoJiee
BBICOKOI TIPOBOAMMOCTBIO M KOHIIEHTpallMeil HocuTeslel 3apsima B 0ojee TOJCTBIX IJIEHKAX.
Habmiogaemble 3HAUEHMST ONITUYECKOW HIMPUHBI 3allpellleHHONW 30HBI 3aBUCAT OT 3ddekra
BypimreitnHa—Mocca, BBI3BAHHOTO 3alOJIHEHHEM HU3KOYHEPTeTUUECKUX COCTOSTHMI B 30HE
MIPOBOAMMOCTH CBOOOAHBIMM 2jieKTpoHamu. [lojiydeHHBIE pe3yJabTaThbl JAEMOHCTPHUPYIOT
TECHYIO B3aMMOCBSI3b MEXIY 3JICKTPOHHOM CTPYKTYpOIl M TeparepLiOBbIM OTKJIMKOM ILICHOK
ITO, noaTBep:kaast ux moTeHUMa 1151 3POEKTUBHOTO YIIpaBJAeHUS TepareploBbIM U3JIydYeHUEM
W MPUMEHEHMS B ONTORJIEKTPOHHBIX YCTPOMCTBAX.
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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

© TIlapumn B.A., Bopouun A.C., MakapoBa K.T., MakeeB M.O., byruna M.B., ®aneeB l0.B., Muxanes Il.A.,
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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
(25x25 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 (o/v)!/" versus photon
energy where o 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.

10
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Fig. 1. Transmission spectra of ITO films with different thicknesses in the THz range

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 » = 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

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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Introduction

Semiconductor nanowires (NWSs) 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 10* cm™ [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/AIO /Ag heterostructure. The results
demonstrate that these NWs placed on an AlO -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 um. 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/AlO /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 AlO_
layer, an InGaN layer (thickness equal to the NW diameter), and a top air cladding. The in-plane
length of the structure was 1 um. The optical constants of InGaN and AlO_were adopted from
Refs. [3, 4]. Distribution of the electric field intensity in the Ag/AlO /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 pum. 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, ¢ 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. 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 (AlO_or SiO ) [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/AlO /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).

Normalized electric field intensity distribution, a.u.
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Fig. 2. Schematic illustration of the plasmonic nanolaser design (a); calculated dispersion relation of
Ag/AlO /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)

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, ¢ 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 AIO_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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Annotramusa. B maHHOIT paboTe TPUBOASATCS pe3yabTaThl MCCIENOBAHUS  BIUSHUS

KpaTkoBpeMeHHOro Harpesa pactsopa HF:H,O-Al-Zn na mopdonoruio u (a3oBblii cocTas
MukpocTpykryp AlF,. Wccnenosanue mokasano, 4TO KPaTKOBPEMEHHBIM Harpes pacTBOpa
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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 (AlF,) 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 AIF, 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 AlF, 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 AlF,-based

structures.
et 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:H,O~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.

Table 1

Synthesis parameters

e mol VHF/V N

3.63 1| 10 | 0.257 5 0.01 0.043 2.161 0.032 34

HF % | x y Al g Zn,mg | Al,mol | C % | C,mol/L | v

init”
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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.

Fig. 1. SEM images show the obtained samples in isometric view: without heating (a), with heating ()

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 (AIF,-3H,0) [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 AlF, was obtained.
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Fig. 2. XRD pattern of the synthesized samples (a). X-ray diffraction analysis data comparison for the
synthesized samples (b)
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However, the spectrum of the sample obtained under short-term heating requires further
study. The peaks in the region of 20—30° (20) correspond to the crystalline phases of AlF,. 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 AlF, microstructures, producing cushion-like formations. The
rapid thermal treatment promotes crystalline AIF, 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 AlF, microstructures with tailored
characteristics for advanced applications in electronics and nanotechnology.
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Abstract. A panoscopic approach for governing the size of Stéber 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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AnHoranusa. [lpennoxeH YHUBEpPCATbHBIA TMOAXOA [JIsI YIpPAaBIECHUSI PA3MEPOM YaCTUIL
KpeMHe3eMa, CUHTe3upyeMbIx o Meroxy LlTtoGepa, B IIMPOKOM AHMAIa3oHE pa3MepoB — OT
NIECITKOB HAHOMETPOB JO HECKOJbKMX MUKPOH. Yactuibsl Mainoro pasmepa (10—400 Hwm)
TOJTyYEHBI ITyTeM 3aMeHbI KDeMHHEBOTO ITPEeKypcopa, YacTUIls cpeaHero pazMepa (0.4—0.7 mxm)
CUHTE3UPOBAaHbl 32 CUET BAPbMPOBAHUS KOHIIEHTpPAllMM aMMuakKa, KPYIHbIE 4acTULBI (10
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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 C,H,OH-H,O-NH, media (the Stober-
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], H,O [8] and NH, [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
I wm 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(OC,H,),, 99+% (Acros), 3-methacryloxypropyltrimethoxysilane
(MPTMOS), C, H,,0,Si, 98+% (Aldrich); aqueous ammonia (NH,), 24% wt., > 99.99%; ethanol
(C,H,OH), 95% wt.; deionized water (H,0) 10 MQ. TEOS was subjected to fractional distillation
collecting a fraction with boiling temperature T, = 166—168 °C.

Methods. SSPs were synthesized via basic hydrolysis of TEOS (or TEOS+MPTMOS) in a
H,O0-NH,-C H,OH mixture (1 L) at 30 °C. We performed three sets of syntheses. The ratio of the
reagent concentrations (TEOS:NH:H,0) in the first set was 0.18 : 1.8 : 9 mol L™, 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™'. 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 NH, : HO : CH,OH (3.4:9: 14 mol L™,
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 H,O-NH,-C,H,OH
under intensive stirring with the formation of the initial SiO, 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 um) and optical microscopy (for D > 2 pum).

© Bomomuna .B., Bansin 3.C., Eypos [.A., Kypmiokos [.A., Crosmsra E.}O., 2025. Uznarens: Cankr-IletepOyprekuit
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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 (X,,,;\,0s) 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 X, pruos 18 reduced from 12.5 to 0 % mol., the number of nucleation centers becomes

40
351 5
I

AV /AW
100 1000
d, nm
Fig.2 Particle size distribution (by number) measured by DLS method. (/—4) SSPs synthesized at NH,
concentration of 1.8M and variable MPTMOS content in organosilane precursor: (/) — 12.5 % mol.,
(2) 4 % mol., (3) 2% mol., (4 1% mol.; (5—7) SSPs synthesized using TEOS as silica precursor and
variable NH, concentration: (5) 1.8M, (6) 2.5M, (7) 3.4M. (8) SSPs obtained by successive growth of
720 nm nuclei at NH, 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 SiO, 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, ¢). The results of DLS measurements (Fig. 2) correlate with TEM data (Fig. 3).

a 9

200 il
——

SUU plen
 CE—

Fig.3 TEM (a—e, f (insef)) and optical microscopy (f) images of the particles obtained. (a—d) SSPs

synthesized at NH, concentration of 1.8M and variable MPTMOS content in organosilane precursor:

(@) — 12.5 % mol., (b) 2 % mol., (c) 1% mol., (d) 0 % mol. (e—f) SSPs obtained by successive growth
of 720 nm nuclei at NH, 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™ 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-SiO, and, hence, providing
their further growth. Ammonia concentration was 3.4 mol L! 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, ¢), that after addition
of 5 TEOS portions the particle diameter doubled, 20 portions — tripled, and after addition of
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95 portions the diameter increases up to ~4 um. Fig. 3, e, f demonstrates that the particles are
covered with a uniform SiO, 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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peXMMOB, TaKMX KaK TUIOTHOCTb TOKAa M BpeMsl, Ha CBOMCTBA MOKPBITUIA, MOJYyYEHHBIX
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MHMKPOAYTOBBIM OKCUAMpOBaHWEM. IIpenyokeH MeToA KOHTPOJS TapaMeTpoB KauyecTBa
(opMHUpPYEeMBbIX OKCHIHBIX MOKPBHITUM B peXMMe peaJlbHOT0 BpEeMEHM, OCHOBaHHBIN Ha
aHaju3e OTKJIOHEHUS (DOPMOBOUYHOI KPUBOM OT TPAAULIMOHHOIO KYCOUYHO-JIMHEWHHOro BHUMA.
PesynbTaThl MccienoBaHus MOTYT ObITh MCIIOJIb30BAaHbI MPU pa3padOTKe WHTEIEKTYaJbHbIX
AJITOPUTMOB TSI CO3MaHMS M(PPOBOTO ABOWHMKA TTpOIiecca MUKPOAYTOBOTO OKCUINPOBAHUS.
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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
23x15x1.5 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 = (.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.

Table
Parameters of the MAO process
# Na,SiO,, g/l NaOH, g/l current density, A/dm?
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

© HosuukoB M.J., I'ypun C.A., lllenenea A.D., Ileuepckas E.A., Tonyokos I1.E., MakcoB A.A., Aradonos [I.B., 2025.
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Results and Discussion

The voltage—time curves of the samples obtained under different modes of the microarc
oxidation process are shown in Fig. 1.

400

300

< 200
>
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Fig. 1. The voltage—time curves

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.

Fig. 2. MAO coating in various stages of oxidation: 60 s (a); 120 s (b); 240 s (c); 480 s (d)
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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/dm?. Micrographs of the sample taken at various processing stages are
shown in Fig. 3.

e fre L) T e M e

Fig. 3. MAO coating at a current density of 15 A/dm? at various stages of oxidation: 60 s (a); 120 s (b);
240 s (c); 480 s (d)

Based on the image obtained, it can be concluded that an increase in current density to
15 A/dm? 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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AnHoTanus. Y3KoHanpasieHHOE, c(hOKYyCUPOBAHHOE (PEMTOCEKYHIHOE Ia3epHOE U3JTyUYeHUE
IIMPOKO HCIIONb3YeTCS KakK YAOOHBIA MHCTPYMEHT JUISI MaHUIYJISUUM OUOJIOTHMYECKUMU
o0bekTaMu. MeTon (HEMTOCEKYHIHOM Ja3epHOW XMPYPTMM oOKas3aJics IIOJe3HBIM ISt
MHOXECTBa MPWJIOKEHUI, OT KOPPEKIIMU 3PEHUS 0 pa3pylIeHUs] CYOKJIETOYHBIX CTPYKTYP.
Cpenu mpoyero, (eMTOCEKyHAHas Jia3epHasi XWPYpPrusl MPOAEMOHCTpUpPOBaHA B KauyeCTBE
nHcTpyMeHTa s paspymieHust JJHK, uTo mMoxeT ObITh TOJIE3HBIM IS BCTIOMOTATEIbHBIX
PeTIPONYKTUBHEIX TEXHOJOIWii. B KoHTeKcTe pa3pabOTKM 3TOTO MeToma M3YYCHUe
addexkTuBHoCcTU paspyuwienus JHK naszepom sBnsieTcss HeoOXoauMMbIM 3TanoM. B maHHOI
pabote Oblla ucciaegoBaHa 3¢@deKTUBHOCTL paspyuieHuss JHK nazepom B mpucyrcTBUU
¢ayopecueHTHoro kpacurenss 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 Il oocytes in the experiments.

Fluorescence measurement. The oocytes were stained in M2 medium at a dye concentration
of 1 uM 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 ug/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.

© 3amecckuit AJl., Ocwiuenko A.A., 2025. Wznmatens: Cankr-IlerepOyprckuii monuTexHuveckuii yHuBepcutet [letpa
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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).

20 pm
e PIT

Area 47.7 |.|m:
<

Area 65.1 pm 2

= Before irradiation = After irradiation

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); areca of metaphase plate before and after treatment comparison (c)
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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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AnHoTanmusa. PaboTta mocBsleHa TeXHOJOIMM (OPMUPOBAHUS U MCCJEIOBAHUIO
HaHOMaTepHaJioB HA OCHOBE TMOPUIHBIX CTPYKTYP YIJIEPOAHBIX HAHOTPYOOK M BOCCTAHOBJIEHHOTO
okcuna rpadeHa, MOJIyYeHHBIX METOJIOM HAIMBbUICHUS U JJA3€PHON 00pabOTKM HAHOCEKYHIHBIM
WMIYJIbCHBIM JIa3€pOM C JJIMHOW BOJHBI 1064 HM ISl TIpUMEHEHUS] B OMOBJICKTPOHUKE.
JlokazaHo oOpa3oBaHUE CBSI3aHHOM CTPYKTYpPbl MEXIYy KOMITOHEHTaMM, Ojarogaps udemy
JNIOCTUTAeTCsS BBICOKAsl 3JEKTPOIPOBOIHOCTb. DKCHEPHMMEHTBI IO 3JIEKTPOCTUMYISLIUM in
vitro mokasajau, 4TO KJIETKHM Ha CTPYKTYPUPOBAHHBIX JIa3€POM YYacTKaX B COBOKYMHOCTHU C
3JIEKTPOCTUMYJISIIIMEH TeMOHCTPUPYIOT JIYUIyO Tpoiudepannio u GopMrUpoBaHUE MOHOCIIOS
110 CPaBHEHUIO C KOHTPOJbHBIM 00pa3iioM. Takum o6pa3om, pa3paboTaHHBIE CTPYKTYPHI MOTYT
OBITH YCIIEIITHO MCITOJb30BAaHBI IJISI CO3JAaHUS UYMIIOB, CTUMYJIUPYIOIINX MOHHBIC ITPOIECCHI
KU3HEIESITeIbHOCTU KJIETOK OMOJIOTMYECKUX TKaHE B COCTaBe pa3IMYHBIX OMORJIEKTPOHHBIX
YCTPOMCTB.
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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.

© Kypunosa Y.E., Mypamko [.T., Cyukosa B.B., Cyetuna U.A., MesenueBa M.B., Pyccy JI.W., I'epacumenko A.1O., 2025.
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The obtained samples are shown on Fig. 1, 5. 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.

a) b)

Laser
radiation
source

Objective
lens

Deposited layers
of nanomaterials

Sisubstrate— ]

Fig. 1. The scheme of system for laser irradiation of samples (a), appearance of obtained samples (b)

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.

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)

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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Annoramua. OOocHoBaHa mpoOjieMa, CBsI3aHHAs C TOBPEXIECHUEM CHYTHUKOBBIX
I'PYIIMPOBOK B Pe3yJbTaTe CTOJKHOBEHMUSI C HEMCIIOJIb3yeMbIMU 00bEKTaMU Ha OpOUTE 3eMIIH.
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[MpennoxeHa cucteMa [IJs1 YKIOHEHUSI UCKYCCTBEHHBIX CIYTHMKOB 3e€MJIM OT KOCMUUYECKOIO
mycopa. OHa COCTOMUT M3 CIYTHUKOB C OOPTOBBIMU PaJMOJIOKALIMOHHBIMU CTaHLUSIMU U
KyOcaToB, O0ObENMHEHHBIX B Mell-ceTb. Mopaenb ceTu Obuia paspaboraHa B cpene MAT-
LAB. OueHka KauyeCTBeHHBIX ITapaMETPOB CETU I0Ka3aja BO3MOXHOCTb IMPUMEHEHUSI TaKOu
KOH(pUTYpaum I TepeJauyn JaHHBIX.

KmoueBblie ciioBa: MeXXCIYTHUKOBAsI ceTh, mesh-ceTh, Moaenb ceTu, LoRa, kocMuueckumii
MYCOD, YKIIOHEHHE OT KOCMUYECKOI0 Mycopa
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Introduction

Atrtificial 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.

A

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

© IMomoB A.A., laseinoB B.B., Lllasmmn A.B., bonnapes I.A., Kimmmenko [1.1O., Imutpues P.A., 2025. Uznarens: CaHKT-
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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 (LPWANSs). 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 loT 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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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.

Fig. 2. Model of the network

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.

Table 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

Table 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:

SNR
erfc(lO 10 ]
BER=——+2.

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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AnHoTamuga. B pabore paccmaTpuBaeTcsl TpexkyouTHasi mopaeiab TaBuca—KammwuHrca
C IByMS HE3aBUCHMMBIMU OTHOMOIOBEIMHM pe3oHaTopaMu 0e3 Torepb. Ilpemmosaraetcs,
YTO HAYaJIbHBIM COCTOSSHHMEM TIOJIC pPE30HATOPOB SBISIOTCS TEIJIOBBIC TOJSI, a KyOUTHI
HaXOmsITCSI B MCTUHHO TIepenyTaHHBIX cocTogHuAX W- m GHZ-tuma. g ucciemyemoi
MOJEIM M yKa3aHHBIX HayaJbHbIX COCTOSIHWI I1OJIe PEe30HATOPOB U KYyOMTOB HaMU ObLIO
TOYHO PELICHO KBaHTOBOE ypaBHeHMe JIMYBWILUIS Ui IOJHOM MaTpUUbI IJIOTHOCTU. IloHas
MaTpula IUIOTHOCTU MCHOJb30Bajach IJsl BBIYMCICHUS I1apaMETPOB MEpPenyThbIBAaHUS —
OTPUIATEIBHOCTA W CTETIEHW CoBHNaicHUs. Pe3yabTaTel KOMITBIOTEPHOTO MOIEIMPOBAHMUS
TMoKa3ajin, UYTO B MCCIEAYeMOM MOIENM IepelyTaHHOCTh IS BCeX HAYaJIbHBIX COCTOSHUU
KyOMTOB OBICTPO pa3pylIacTcs ¢ YBEINUCHNEM MHTCHCUBHOCTHU TETUIOBBIX TTOJICH Pe30HATOPOB
10 CPAaBHEHMIO C paHee MCCIeAyeMbIMM TPEXKYOUTHBIMU MoeasiMu. bojiee Toro, maxe mis
BaKyyMHBIX I10JIeii pe30HATOPOB HabmogaeTcs: 3P (PeKT MTHOBEHHOI CMEPTH IepeyThIBaHU.

© Bagrov A.R., Bashkirov E.K., 2025. Published by Peter the Great St. Petersburg Polytechnic University.
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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 Q,, Q, and Q, are
investigated. Qubit Q, is trapped in the resonator a, qubits Q, and Q, 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

Hy, =Ty(05,6+05 5"+ n+0,M" +6pn+0,107), (1)

where o, =|+),{~| and o] =|-),{+| are the transition operators between the excited |+);, and
the ground |-), states in the /-th qubit (/= Q,, 0,, Q,), &(nt) and &(n) are the creation and the
annihilation operators of the photons in the mode of the resonator a(b), y 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:

or =3 p, 1n,)n, |, 9,0 =3 p, [n,)n, . 2)

© barpos A.P., bamkupos E.K., 2025. Uznarens: Cankr-IlerepOyprckuii monmurexunueckuii ynusepcureT [letpa Benukoro.
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Here, there are weight coefficients p, =

(n),"
(1 < > )n+1’

photons in the i-th resonator (i = a, b), T’ is the cavity temperature. Let the initial states of qubits
be the W-states, such as

1 )
(n); =——1= is the mean number of
e i/ Kpti _1

[ W1(0)) 0,0, =€080]+,+,—) +sinOsin@|+,—,+) +sinOcos | —,+,+), 3)
| W,(0)) 0,0, =€080 | —,—,+) +sinOsin @ | —,+,—) +sinBcos | +,—,-), “4)

or GHZ-state
|G(0)) =cosd|+,+,+) +sin¢|—,—,-). (&)

Here 0, ¢, and ¢ 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
0,05, Of the considered system with Hamiltonian (1) and the indicated initial states for the

qu%its and the resonator field (2)-(5)

_0p
n ngth3FﬂFb - |:HI”’ ’SOQIQZQSFuFb :| (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 &, 0, (2)
and fidelity F(y?). The fidelity is written as follows [7]: F[(0), go(t)] Tr[ p(0)¢ (1) ], where
$(0) = 9,,0,0,(0) is the initial three-qubit density matrix, g (t)= $00,0, (1) is the three-qubit density
matrix at subsequent time instants 7. The three-qubit density matrix can be obtained from the full
density matrix by averaging over the field variables of the two resonators ©g0.0. =17 17 £4,0.0.r 1, -

We define the negativity €, (v?) in a standard way [8]: €gp = 227»,,j, where A, are the
negatwe eigenvalues of the two- qubit density matrixes partlally transpgosed in variables of one
qubit go .To calculate the negativity of two qubits, we need to compute a partially transposed

reduced two-qubit density matrix over the variables of one qub1t @QQ, whose elements are
defined as follows via the two-qubit density matrix (p,,m,|@,, Q, kil > (kl,m 1900, |Pis1;), where
| p),|m).|k),|I)=|+),|]-) and two-qubit density matrix @, =Ty £p00 (i:/,x=12,3;i# j*x).

Results and Discussion

The results of computer modeling of the pairwise negativities €, 0, (v?) and fidelity F(yr) 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
0 =arccos(1/ x/L =n/4. 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 ¢=m/4.

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 () for any initial states of qubits (3)-(5). From the
comparison of Fig. 1, aand 1, b, we can conclude that the Q, and Q, qubits are more robust to the
thermal noise of the resonator than the Q, and Q, (or Q, and Q,) qubits. Moreover, the maximum
entanglement degree of qubits Q, and Q, can exceed the initial pairwise entanglement of qubits
€00, = (\/g —1)/3 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 (a (yt)=0). Th1s 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 (n,) =(n,)=0.001. 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, ¢ and Fig. 2, a) shows that the initial genuine entangled
Wh-states (3)-(4) or GHZ-state (5) never return to the initial states during the evolution process.
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Fig. 1. The negativity &5, (vf) (a, b) and fidelity F(y?) (c) as functions of the scaled time vz for

the initial W-state of the form (3). The mean number of photons: (n,)=(n,)=0.001 (black solid

line), (n,)=(n,)=0.2 (red dashed line), (n,)=(n,)=05 (blue dotted line). Initial parameters:
0 =arccos(1/+3), ¢ = /4

a) b)

0.6l
04l

0.2

0.0; >yt 0T ¥t

5 10 15 20

Fig. 2. The fidelity F(yf) as a function of the scaled time vy7 for the initial GHZ-state of the form (5)

in the model (1) (@) and in the model “three qubits in common resonator” (b). The mean number of

photons: (n,)=(n,)=0.001 (black solid line), (n,) =(n,)=0.2 (red dashed line), (n,) =(n,) =0.5 (blue
dotted line). Initial parameter: ¢ =n/4

Thus, the initial entanglement is completely destroyed even in the case of the vacuum field of
the resonator ((n) —0). 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]).
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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 Q, is in the resonator @, and the two
remaining qubits Q, and Q, 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(yf), that the W- and GHZ-type
states never return to the initial states during evolution, even for vacuum fields of ({n) —>0)
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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YCJIOBUS MYBJIUKAIIAA CTATEN
B xkKypHane «Hay4Ho-TexHHYecKHe BeIOMOCTH
Cankr-IleTepOyprckoro rocynapcTBEHHOTO MOJINTEXHUYECKOTO YHUBEPCHUTETA.
DU3UKO-MaTEMaTUYECKUE HAyKI»

1.0BIIIUE NOJIOKEHUA

Kypnan «Hayuno-trexunueckue Beiomoctu CankT-IleTepOypreckoro rocyapcTBeHHOTO MOJUTEXHUYECKOTO YHUBEP-
curera. OU3NKO-MAaTEMAaTUUECKUE HAYKW» SBISETCSA MEPUOANYECKUM MEUaTHbIM HayYHBIM PELEH3UPYEMbIM U3JIaHHEM.
3aperucrpupoBan B DenepanbHoi ciayxOe 10 Haa30py B chepe MHYOPMAIIMOHHBIX TEXHOJIOTHH M MAacCCOBBIX KOMMY-
nukanuit (CuperensctBo [T NedC77-52144 ot 11 nexabps 2012 1) m pacnpocTpaHseTcst 10 IOIIMHCKE areHTCTBA
«Pocrieuars» (nHnekc n3nanus 71823).

C 2008 roma »ypHaJl M3aBAJICS B COCTaBe cepHanbHOro m3nanus "HayuHo-texHmueckue Bepomoctu CITOITIV".
CoxpaHsisi IPeeMCTBEHHOCTh M NPOJ0JIKAS HAy4YHble M NYOJIUKAIMOHHbIC TPAJAHLIHH CEPHATBHOIO HM3IAHUS
«Hayuno-texuuyeckue Begomoctu CIIOITTY», :xypHaa u3naBajiau noj ¢ABOCHHbIMU MeKAYHAPOIHBIMU CTAHAAPT-
HBIMH cepHaJbHbIMU HOMepamMu ISSN 1994-2354 (cepuaabhbrii) 2304-9782. B 2012 rogy oH 3aperucTpupoBaH Kak
camocrosTenbHoe nepuognueckoe n3nanne ISSN 2304-9782 (Ceuzperenserso o perucrparmu [TH Ne dC77-52144 ot 11
nexadpst 2012 r). C 2012 . HavaT BBITYCK )KypHaJIa B ABYSI3bIYHOM O()OPMIICHUH.

Wznanme Bxoaut B IlepedeHp BeaylIMX HAy4HBIX PELIEH3MPYEMBIX JKypHAJIOB M nm3nanui (nepeueHr BAK) u npu-
HUMAaeT JUIsl TIe4aTd MaTepralibl HaydHBIX MCCJICIOBAHHMH, a TAKXKE CTaThH JUIs OMYOJIMKOBaHMSI OCHOBHBIX PE3YJIBTaTOB
JuccepTaluil Ha COMCKAHUE YUYEHOH CTENEeHM JIOKTOpa HayK M KaHIuAaTa HayK 10 CJIEAYIOIIMM OCHOBHBIM HayYHBIM
HarpasieHusiM: @u3nka, Maremarnka, MexaHuka, BKIIO4as cieayronye mudpbl HayYHbIX crieruanbHocTei: 1.1.8.,
1.19,13.2,133,134.,13.5,13.6.,13.7,,13.8,1.3.11., 1.3.19.

XKypnan npencrasien B Pedeparusaom xypuae BUHUTU PAH u BkitoueH B (pOH HayYHO-TEXHUYIECKOH JINTEpa-
typsl (HTJI) BUHUTU PAH, a takxe B MexxayHapoHO# cucteMe 1o nepuogndeckum nananusm «Ulrich’s Periodicals
Directory». MnnexcupoBan B 6a3ax maHHbIX «Poccuiickuii nHaekc HayuHoro ruruposanus» (PMHILL), Web of Science
(Emerging Sources Citation Index).

[leproauuHOCTB BEIXO/A KypHaJa — 4 HOMEpA B TOJ.

Penakius xypHana coOioaeT npaBa MHTEIUIEKTYaIbHON COOCTBEHHOCTH M CO BCEMH aBTOPAaMM Hay4HBIX cTarei
3aKJIFOYAeT U3JaTelbCKUN JINIEH3UOHHBIN TOrOBOP.

2. TPEBOBAHMUS K ITIPEJCTABJISIEMBIM MATEPUAJIAM
2.1. OdopmiieHHe MaTepHAJIOB

1. Pexomennyemslit 00beM crareid — 12-20 crpanun ¢popmara A-4 ¢ yuetom rpaduueckux BiaoxeHnid. KonmuectBo
rpaYecKuX BIOKECHUH (1uarpamm, rpa)uKoB, pUCYHKOB, (hOTOrpaduil U T.I1.) HE TOIKHO MPEBBIIIATH HIECTH.

2. Yucno aBTOpOB CTAaThH, KaK MPABHUIIO, HE JIOJDKHO NPEBBILIATH MSITH YEJIOBEK.

3. ABTOpBI JOJDKHBI IPUIEPKUBATHCS ClIEYIONIeH 0000IEHHO CTPYKTYpBI CTaThH: BBOJHAS YaCTh (AKTYyaJbHOCTB,
cyliecTByomue npodinemsl — ooveM 0,5 — 1 cTp.); OCHOBHAs YacTh (IOCTAHOBKA M ONMCAHUE 3a/1a4H, METOMKA HCCiIe-
JIOBaHUS, U3JIOKECHNE U 00CY’KIEHHE OCHOBHBIX PE3YJIBTaTOB); 3aKIIOUUTEIbHAS YaCTh (IPEUIOKEHUS, BBIBOABI — 00BEM
0,5 — 1 ctp.); ciimcok muteparyps (opopmierue o FOCT 7.0.5-2008).

B criucku nmureparypsl peKkoMeHAyeTcsl BKIIIOYaTh CCHUIKM Ha Hay4HBIC CTAaThbH, MOHOTpaduu, COOPHMKU CTarew,
cOOpHUKH KOH(EPEHINH, HEKTPOHHBIE PECYPCHI C YKa3aHUEM J1aThl 00paIleHH s, TaTCHTEHI.

Kak npaBuiio, HeKeJIaTeJbHbI CCBIUIKM Ha JMCCEPTAlMU U aBTopedeparsl quccepTauii (Takue CChbUIKU JIOITYCKaroT-
Csl, €CIIM PE3YJIbTaThl HCCIICOBAHUHN ellle He OIyOIMKOBAaHBI, MIIN HE IPECTABICHBI JOCTATOYHO TTOIPOOHO).

B crnmcku nuTeparypbl He peKOMEHAyeTcsl BKJIIOYaTh CCHUIKM Ha y4eOHHMKH, y4eOHO-METOIMYECKHE MOCOOUs,
koHc1ekTs! Jekunit, [OCToI 1 1p. HOpMaTHBHBIE JIOKYMEHTBI, Ha 3aKOHBI M [IOCTAHOBJICHHS, @ TAKXKE Ha apXUBHBIC JIOKY-
MEHTBI (€CJIH BCE K€ HEOOXOMMO yKa3aTh TaKHe NCTOUYHUKH, TO OHU O(OPMIISIOTCS B BHJIE CHOCOK).

Pexomentyemblii 00beM CrIMCKa JIUTEpATyphl st 0030pHBIX cTaTteldl — He MeHee 50 MCTOYHHMKOB, ISl OCTalbHBIX
crareii — He MeHee 10.

JloJ1s1 ICTOYHMKOB JABHOCTBIO MEHEE 5 JIET JOJDKHA COCTABIISITH HE MEHEE ITOJIOBUHBI. JIOMyCTHMBII IPOLICHT CaMOIIH-
tupoBaHus — He Bbite 10 — 20. O0beM cChUIOK Ha 3apyOeKHbIE HCTOYHUKH JIOJDKEH ObITh He MeHee 20%.

4. YIK (UDC) odopmisiercst u popmupyercs B coorBerctBuu ¢ [OCT 7.90-2007.

5. Habop Tekcra ocymectsisiercs: B peaakrope MS Word.

6. @opmyanl Habupatores B penakrope MathType (He Bo BctpoenHoM penakrope Word) (Menkue popMyItbl, CHMBO-
JI6I 1 0003HAYECHUS HAOMparoTcs 6e3 NCIoNIb30BaHMs pefakTopa Gpopmyin). Tadauubl HabuparoTces B ToM e hopMare, 4To
1 OCHOBHOH TeKcT. B Tekcre OykBa «&» 3aMeHsieTcst Ha OYKBY «€» U OCTaBIISICTCS TOJIBKO B (DaMHIIHSX.

7. Pucynku (B dpopmare .tiff, .bmp, .jpeg) u Tadmuunr opopmisirorest B Buzae otaenbHbX daiios. pudt — Times
New Roman, pazmep mpugra ocHoBHOTO TekcTa — 14, uarepBai — 1,5. Tabmuisl 001611010 pa3mMepa MOTyT ObITh HaOpa-
Hbl kerieM 12. [TapameTpsl cTpaHULBL: OIS CJIeBA — 3 CM, CBEPXY M CHU3Y — 2 cM, crpaBa — 1,5 cM. Tekct pasmemaercs
0e3 3HaKOB NepeHoca. Ad3aHbIi oTcTyI — | cM.
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2.2. IlpeacraBieHne MaTepuaJjioB

1. [IpeacraBneHre BCex MATEpPHAaliOB OCYIIECTBISICTCS B AJICKTPOHHOM BHJC Yepe3 JICKTPOHHYI PEIaKIHIO
(http://journals.spbstu.ru). [Tocie perucrpamnuu B cucteMe 3JIeKTPOHHOM peJaKIMK aBTOMAaTHYeCcKH GOPMUPYETCS
MePCOHANBHBIN POQUIL aBTOPA, O3BONSIOLINI B3aUMOICHCTBOBATh KaK C pelaKIUeH, TaK U C PELIEH3CHTOM.

2. Bmecte ¢ marepuanamu CTaTbH JOJDKHO OBITH MPEACTABICHO YKCIIEPTHOE 3aKIIOUCHHE O BO3MOKHOCTHU OITy-
OJMKOBaHMS MaTePUAIOB B OTKPBITOM TeYaTH.

3. daiin cTaThy, MOJABACMBbIl Yepe3 AEKTPOHHYIO PEAaKIIHIO, TOJKEH COIEPKATh TOIBKO caM TeKCT Oe3 Ha3Ba-
HUS, CIIMCKA JTUTEPATyphl, aHHOTAIIMH U KIFOUEBBIX CIIOB, (aMHINi U cBeJeHUN 00 aBTOpax. Bee aTu mons 3amod-
HSIIOTCS OT/ACIBHO Yepe3 DICKTPOHHYIO PEAaKIHIO.

2.3. PaccMoTpeHHe MATepHAJIOB

[Ipenocrasnennsle Matepuaisl (. 2.2) nepBOHaYalIbHO PACCMATPHUBAIOTCS PEAAKIMOHHONW KOJUICTHEH M Irepeaa-
10TCsl JuIsl perieH3upoBanus. [locie ogoOpeHns MaTepHalioB, COIIACOBAHUS PA3IMYHBIX BOIPOCOB C aBTOPOM (IIpH
HEOOXOIMMOCTH) peJaKIMOHHAast KOJUIETHsl COO0MIAaeT aBTopy penieHue od omyOnnkoBaHUM cTaTbu. B ciydae oTtkasa B
IyOJIMKAIMK CTAaThH PEIAKIUsl HalPaBJIsieT aBTOPY MOTUBHPOBAHHBIN OTKa3.

[Ipu oTKIIOHEHNN MaTepHajIOB U3-3a HAPYLICHHUS CPOKOB I10/1auH, TPEOOBAHMH 110 OOPMIICHHUIO MM KaK HE OTBEYa-
IOLIMX TEMaTHKE JKypHaJla MaTepualibl He IyOIHKYIOTCS U HE BO3BPALIAIOTCSI.

PepakmoHHast KOJUIETHs HE BCTYIAET B IMCKYCCHIO C aBTOPAMHU OTKJIIOHEHHBIX MaTepHaJOB.

[Ipu mocTyruieHNH B PEAAKIMIO 3HAYUTEIBHOTO KOJIMUECTBA CTATEH MX MPHUEM B OUEPEAHON HOMEpP MOXKET 3aKOH-
yutca JOCPOYHO.
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