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Mikpo-, HaHO- Ta onToeNeKTpoHiKa, I4- Ta Tlu-TexHiKa, CEeHCOpPUKa, NepeKnBalTb
CTPIMKUIA TEXHONOrYHUIA PICT | 3pOCTAaHHA NONUTY Y HAWPISHOMAHITHIWKX rany3ax, Big
iHAyCTpii po3Bar Ao 6e3nekn i 060pOHU. 3HAUHMM 3aNUT HA BNPOBAAKEHHA PiISHOMAHITHUX
CEHCOPHUX CUCTEM, AATYMKIB, MIKPOKOHTPONEpPiB, MiKPOENEeKTPOMEXAHIYHMUX CUCTEM
(MEMS) B pi3Hi cdepun nobyTy, npomucnoBocTi Ta 6€3neKkun, 3ymoB/IOE NOCTiliHY NoTpeby y
BAOCKOHA/NIeHHI icHytouux i po3pobui HOBUX maTtepianiB, ANA 3MeHLUEHHA BapPTOCTi i
NOKpaWeHHi iX XapaKTepuCTUK. 30Kpema, UiNuMh pAag TexXHOANOrin, AKi po3BuBanucA
NPOTAromM AEeCATUANITb, BXKe AO0CAI/IN YU AOCATHYTb B HAMOAMKUI POKK CBOET mexKi. Tomy,
AKTyaJIbHMM € NOLWYK HOBUX MaTepianiB 3 Kpawmmm pisuuHMMMN BNACTUBOCTAMM | HOBUX
TEXHOJIOTIYHUX pilleHb WOoAO0 iX BUKOPUCTAaHHA. 30Kpema, 3aCTOCyBaHHA TPaAULiMHUX
$oTowabnoHiB He € AOCTAaTHbO THYYKMM METOA0M CTBOPEHHA NPUIAAO0BUX CTPYKTYP Ha
etani ix po3pobKu i focnigKeHHA, OCKINbKU ANAa BHECEHHA HaBiTb HEe3HAaYHUX 3MiH B
apXiTEeKTypy npuaagy HeobxiagHO BMroToBMTM MOBHICTIO HOBWMIA Habip wabnoHis. Came
TOMY, NONYAAPHOCTI B CEKTOPi A0CNiaXKeHb Habupae 6e3mackoBa NpoeKLuifHa i CKaHylo4a
nasepHa dportonitorpadin, a TakoXK 30HA0BA HaHoniTOorpadin, AK meToan CTPYKTYpPYBaHHA
nocTyn ANA Winoi ranysi. B KOHTEKCTi BiTYN3HAHOI HAYKM | TEXHONOTII, LWe oAHA cTpaTerivyHa
nepesara Takux BUaiB nitorpadii Ta He 0bXigHICTb iIX PpO3BUTKY, NOB’A3aHa 3 BiACYTHICTIO
MOXX/INBOCTi BUTOTOB/JIEHHA TPaauLinHux ¢poTowabnoHis gnsa onTUUHOI nitorpadii.

Ha po3s’sa3aHHA uWiei npobnemu cnpAMoOBaHUW, 30Kpema, IHCTUTYLiAHUWA TPaHT
HauioHanbHoro ¢oHay pocnipgeHb YKpaiHu (2024-2026 pp) “CtBopeHHs [iep:KaBHOI
KNouoBoi nabopartopii «LLeHTP KPUTUUHUX ONTONEKTPOHHUX MiKPO-/ HaHO-TeXHOANOTil Ta
ekcnepTtus»”, AKNIA BUKOHYETbCA Ha 6a3i IHCcTUTYTY di3nKn HaniBnpoBigHUKiB imeHi B.E.
NawkapboBa HAH YKkpaiHu i nepegbauyae ctBopeHHA nabopatopii 6eamackoBoi nitorpadii.
Mopsag, i3 po36ypoBoo AOCNIAHULBKOI IHPPACTPYKTYPU, AOCNIANKYIOTbCA MOXKAUBOCTI
CTBOPEHHA MIKPOCTPYKTYpP Ta KepoBaHOi moaudiKaulii BAaCTUBOCTAMMU PiSHUX maTepianis
3a AO0MNOMOrold NpPOrpamoBaHMUX Jla3epHUX MapKepiB 3 pPi3HOK [OBXWHOID XBWAI
BUMPOMIHIOBAHHA Ta peXXxumom poboTtu (HenepepBHUM abo imnynbcHMM). BuB4Yaerbca
LWUMPOKE KONO MNEepPCneKTUBHUX MmaTtepianiB — HaniBNpoOBiAHWKOBI CNOAyKu 3
doToiHgykoBaHMMK ¢a3oBumu nepexogamm (VO2) Ta Kpucrtanisauieto (GeSn), TOHKi
nnisku meTanis (Au, Ni, Al) Ta KBaHTOBMUX MmaTepianiB (KBaHTOBI TOUKM, rpadeH).

3 metolo iHGOpMYyBaHHA HAYKOBOI CNiAbHOTM YKpAiHM Ta CBiTY NpO pe3ynbTatu
BOCNipXKeHb Yy NPOEKTi, a TAKOXK Nonynapu3sauii 4aHOro HAyKOBO-TEeXHOOrYHOro Hanpamy
cepea BYEHMX YKpaiHM i 3a1y4eHHA iX A0 cniBnpaui Ha 6a3i cTBOpOBaHOI A,0CAIAHULBKOT
iHppacTpyKTypu, B pamkax npodinbHOi HaniBNpoBiAHUKOBOI KOHdepeHLuii YKpaiHu
(YHK®H), cniBopraHizatopom akoi € I®H imeHi B.€E. lawKapboBa HAH YKpaiHuu, 6yno
npoBeaeHoO TeMaTUUHY Cecito, A0 AKOoi byno 3i6paHo AonoBiai 3a TemaTuKoro 6e3macKkoBoi
nitorpadii, 30Kkpema NpPAMOro nasepHoOro 3anucy Ta HaHO30HA0BOI nitorpadii. Cepepg,
aBTOpiB Aonosiged € BUKOHaBUi 3ragaHoro npoekty (O. Hasapos, A. Kopuoswuii, C.
KyxTapykK), iHwWwi BYeHi 3 YKpaiHu, a TaKoK HayKoBL,i 3 beabrii (Denis Flandre) Ta ChoBaunHu
(V. Komanicky). Y aaHomy 36ipHU1Ky BCi Te3n HaBeAeHi B iX aBTOPCbKil peaaKuii.

3 ycima martepianamu KoHoepeHuii YHKPH-10, a TaKoK AEeTaNnbHOK @&
iHpopMmauielo NPo NPOEKT MOXKHa O3HaMoMUTUCA Ha odiuiiHomy caiiTi IOH
imeHi JlawkapboBa HAH YKpaium (www.isp.kiev.ua).
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towards analog neuromorphic event sensing

Denis Flandre, Noémie Bidoul, Grégoire Brandsteert, Jean-Charles Delvenne, Thomas
Ratier, Xi Zeng, Léopold Van Brandt

SWIMS ERC project, ICTEAM institute, UCLouvain, Louvain-la-Neuve, Belgium

Event-based detection has emerged as a solution to lower the data rate
and energy consumption of sensor arrays, notably in the case of image
sensors. However, to combine them with promising spiking neural networks
(SNN) for event identification in internet-of-things edge nodes, digital
interfaces and spike regeneration circuits are still required, leading to
increased resource complexity and power consumption.

In our work, we first investigate how analog spikes could be generated
within the sensors themselves towards direct interfacing with neuromorphic
processors. We propose a specific implementation, based on vanadium
dioxide (VO,), a phase-change material that exhibits reversible metal-
insulator transitions (MIT) at a temperature of about 70 °C. Insulator-to-metal
transition (IMT) can also be triggered by applying a voltage across the VO,
resistor exceeding a certain threshold value (Viyr) and reversely when
lowering the voltage below another metal-to-insulator threshold (Vyyr). The
resulting 1-V characteristics are typical of a memristor behavior, featuring a
hysteresis in voltage-driven operation or a negative differential resistance
(NDR) in current-driven mode.

These behaviors can be leveraged to design oscillators made of a single
VO, memristor, a bias resistor or current source, and a capacitor. The
properties of such oscillators have been measured as a function of VO,
characteristics, temperature, bias current and capacitor value, and analyzed in
terms of average frequency and cycle-to-cycle fluctuations, leading to a
potential precision of about 0.1 °C on a hazard temperature threshold of about
45 °C. Similar studies have been carried out notably in EPFL (Switzerland)
with respect to other stimuli such as electromagnetic or strain.

Secondly, encoding the sensed stimulus into the rate or frequency of the
oscillator is not sufficiently energyefficient. A better encoding can be
achieved by sparse spikes or spike trains further used as input for the neurons
and synapses of a SNN. The proposed VO,-based sensory neuron is reported
to operate in this mode when biased below threshold, by exploiting intrinsic
noise sources to generate stochastic spike bursts. Their temperature
dependence has been measured and characterized. The statistics of the bursts
have been observed to follow Poisson distributions, corresponding to more
biologically-plausible signals.

Finally, we have adapted a physics-based memristor model to further
analyse and discuss the experimental behaviors. This compact model could be
used as a tool to design new sensors based on VO, memristor targeting ultra
low-power consumption (sub-plJ per spike) and bio-plausible signals (towards
event-based detection).



In memory of Ivan Blonskyi,
the founder of the “Laser Femtosecond Complex”

Femtoseconds for semiconductors

Andriy Dmytruk, Igor Dmytruk, Viktor Kadan
Institute of Physics, National Academy of Sciences of Ukraine, Kyiv 03028, Ukraine

The Laser Femtosecond Complex (LFC) is the Center for collective use
of equipment of NAS of Ukraine within the Institute of Physics [1]. The LFC
was founded in 2005 for fundamental research and applied laser technologies
in the field of interaction of ultrashort (~150 fs) powerful (up to 10 GW)
pulses of light (fundamental wavelength of 800 nm, 2nd and 3rd harmonics in
UV, parametric amplification in IR) with matter, as well as for education and
training of graduate and PhD students in the fields of laser physics, ultrafast
spectroscopy, and material processing [2].

Several optical research techniques have been elaborated at the LFC:
pump-probe for transient absorption [2], Kerr-gate for ultrafast secondary
emission [3], time-resolved polarization microscopy and shadowgraphy for
direct observation of space-time transformations of a femtosecond laser pulse
in transparent media [4], z-scan and low-frequency loss modulation technique
for nonlinear-optical measurements [5], and others.

As for semiconductors, the femtosecond laser processing provides a
unique possibility for “cold” (nonthermal) ablation, which is based on
Coulomb explosion phenomenon. As the excitation of a material (namely, of
its electron subsystem) by a femtosecond laser pulse occurs faster than heat
dissipation (vibrations of nuclei), such processing allows precise (submicron)
formation of surface structures on a semiconductor material without
disturbing its bulk, and so its electronic structure. Laser-induced periodic
surface structures (LIPSS) on semiconductors attract much attention as
potentially simple way to join electronic and optical elements within the same
production technology, but also — more practically — for coloring (darkening)
elements, for example, solar panels.

Silicon as a fundamental semiconductor technology material has been
extensively studied at LFC. Namely, the impact of wavelength, intensity and
polarization on the morphology of LIPSS on Si has been demonstrated [6], a
real-time optical diagnostic method of the LIPSS formation has been
suggested [7], polarization and kinetics of the emission, which accompany the
ablation, have been studied in details [8]. Features of surface structuring of
direct and indirect band gap semiconductors by femtosecond laser have been
investigated [9]. For GaAs wafer coated with semitransparent gold (Au) film,
the results of direct femtosecond laser structuring are presented recently [10].



® Impedance spectroscopy and ac conductivity mechanism in
GeSn Thin Films
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Kateryna Yablochkova', Peter M. Lytvyn®, Morgan E. Ware™®, Serhii Maliuta®, Shui-Qing Yu’,
Yuriy I. Mazur”", and Gregory J. Salamo®
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Temperature- and frequency-dependent impedance was investigated for GeSn
thin films epitaxially grown on Ge/Si substrates. Impedance spectroscopy
facilitates identifying the contribution to conductivity of each layer and reveals
temperature-dependent relaxation times and AC conductivity behavior,
consistent with conduction via hoping mechanisms. Analysis of frequency-
dependent AC conductivity, based on Jonscher universal power law, highlights
the impact of disorder-induced localized states on electrical conduction. The
findings enhance understanding of charge transport in GeSn films, providing

insights critical to optimizing their performance in advanced optoelectronic
devices.
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) Laser reduction and maskless laser lithography of Graphene
" Oxide films on dielectric

AN. Nazarov'”, P.V. Lylvyn', AA. Korchovyy', V.V. Strelchuk’, A.S. Nikolenko',
O.M. Slobodyan', S.I. Tyagulskiy’, V.M. Dzhagan'
9 Lashkaryov Institute of Semiconductor Physics NAS of Ukraine, Kyiv, Ukraine
’'National Technical University "lgor Sikorsky KPI", Kyiv, Ukraine
I Institute of Photonics and Electronics CAS, Praha, Czech Republic

Graphene oxide (GrO) is very promising 2D material that is widely used
to form effective catalysts, chemical and biosensors, supercapacitors and solar
cells. In most cases graphene oxide performs reduction to form physical
properties close to graphene. Though electrical resistance of graphene oxide
decreases easily with annealing temperature (107 times with increase of
temperature from 100 to 200°C) [1] but complete loss of oxygen bonds in
graphene structure demands temperature more than 500°C in vacuum or very
long chemical treatment. The formation of simple graphene based electronic
devices demands special photoresist and such chemicals as acetone. Using
laser treatment of the graphene oxide allows us to solve both tasks — to
perform maskless lithography (without using the chemicals) and effective
reduction of the material.

To form CMOS compatible graphene device the graphene oxide water
solution was deposited on Si0,/Si structure by drop casting method with
following heating at 50°C for 1 hour. For reduction of the GrO film and it
scribing the laser with wavelength of 455 £5nm and power of SW (Model CR
-Laser Falcon Laser) was used. For reduction of the GrO film the power from
0.150 W to 0.275 W was employed, for scribing of the GrO film on S10; the
power more than in factor 10 was used. Obtained structures are shown in
figure 1.

5.5% 4.5% 3.5%
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2.0% 4.0% 3.0%

Figure 1. Photo of the GrO strips formed by laser scribing.

Analysis of electrical resistance, surface morphology and structure of the
laser reduced strips and comparison with thermal annealing in air at 230C for
15 minutes using correspondingly I-V characteristics, AFM microscopy and
Raman spectroscopy was performed. It was shown that resistance of GrO strip
at optimal laser reduction 1s considerably less than in the case of the thermal
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annealing. Raman spectra show (Fig. 2) that at optimal regime of laser
treatment three narrow lines corresponding to D-line at 1351.3 cm™, G-line at
1587,6 cm™ and 2D-line at 2700.8 cm™ were formed, that is similar to defect
graphene structure. Comparison of amplitudes relation D to G-lines and D- to
2D-lines attests better graphene structure in case of laser reduction of the GrO
in compared with thermal reduction at 230°C for 15 minutes. In the same time
surface morphology measured by AFM microscopy method testified that laser
treatment forms the graphene surface with more roughness than in case of
thermal annealing in air (see Fig.3). Such graphene surface can be useful for
using the structures for bio- and chemical sensors.
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Figure 1. Raman spectra of the GrO films after laser annealing at optimal treatment regime
(LA) and thermal annealing at 230°C for 15 minutes (TA).
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Figure 1. Surface morphology of reduced GrO measured by AFM technique for laser
annealing (a) and thermal annealing (b).
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analysis of electrical properties. The gas resistance sensitivity was examined
by measurement of resistance between Ni contacts.

It was shown in [1] that MPECVD deposition of carbon film from methane
(CH,4) results in formation of highly porous (density — 1.4 gfcm3, calculated
porosity — 56%) but high resistance (10° - 10" Ohm»cm) amorphous film with
pores size on the surface about 50 nm. Subsequent thermal annealing in
vacuum at 600°C formed more dense film (density — 1.6 g/em’, calculated
porosity — 27%) with pores size on the surface about 10 nm and considerably
less resistance (about 5x10° Ohmxcm). XPS researches demonstrated that
after the thermal annealing relation of sp”/sp’ carbon bonds in such material
reached 5.5. Relative resistance sensitivity to 100 ppm ammonia in chamber
was about 0.3%.

Treatment of the thermal annealed graphitized carbon film by nitrogen RF
plasma led to nitrogen introduction into carbon film up to 6 at% and to
considerably increase of the surface hydrophilicity. Such plasma treatment
resulted in increase of resistance gas sensitivity of the film to ammonia in
factor two and decrease of the sensitivity to humidity in three times [2].
Adding nitrogen into reactive gas (CH,) resulted in strong changing of the
deposited carbon film structure [3]. Density of the films decreases from 1.28
to 0.90 g;ﬁ;:m3 in dependence on deposition power. Subsequent thermal
annealing in vacuum at 700°C formed less dense film (density — from 0.65 to
0.75 gfch, calculated porosity — from 60% to 70%). Structure of the films in
dependence of deposition power and nitrogen concentration in the gas mixture
was changing from sponge-like porous structure to nanorods. XPS
measurements shown that CNy carbon films contain noticeable concentration
of sp’ carbon bonds even after high temperature vacuum annealing. Relative
resistance sensitivity to 100 ppm ammonia in chamber was about 1.5% that 1s
in factor 5 more that in case of porous graphitized carbon films.

Highly porous CNx films was used to form of Pt nanocomposite for
hydrogen evolution catalysts for water splitting. The Pt nanocomposite on
base of graphitized CNx porous film contains about 2 at% of nanoclustered Pt
and can be used as catalytic layer of cathode in hydrogen electrolyzer. Test on
hydrogen generation performed using typical three-electrode cell filled with
IM KOH electrolyte demonstrated that the efficiency is very similar to pure
Pt plate with the same area.

[1] O.M. Slobodian, A V. Rusavsky, A.V. Vasin et al. Applied Surface Science, V.496,
143735 (2019)

[2] O.M. Slobodian, P.N. Okholin, P.M. Lytvyn et al. Applied Surface Science, V.544,
148876 (2021)

[3] A. Vasin, O. Slobodian, A. Rusavsky et al. Journal of Physics D: Applied Physics,
V.56 275302 (2023)
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) Electron beam induced phenomena in amorphous chalcogenide
semiconductors and their applications

V. Komanicky', V. Bilanych'?, S. Vorobiov', O. Shylenko', S. Soroka', V. M. Rizak®, P.
M. Lytvyn’

'Pavol Jozef Safirik University, Park Angelinum 9, Kosice 04001, Slovakia
’Uzhhorod National University, Pidhirna 46, Uzhhorod 88000, Ukraine
V. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, 03680 Kyiv, Ukraine

Chalcogenide glasses (ChGs) have been used as construction materials in optics

and photonics for over 50 years [1]. The original articles about their applications in optical
fiber production were published in the 1960s [2, 3]. Subsequently, there was significant
progress in their other applications, described in numerous scientific papers [4-6], and
many compositions of these materials have been tested. The most promising results for
optical applications were obtained with arsenic and germanium-based chalcogenide
materials. Their physical and chemical properties—such as a wide transparency range, low
optical losses, stability in humid environments, high nonlinearity of optical properties,
etc.—led to further technological applications.
ChGs are sensitive to electromagnetic radiation. The absorption of radiation by these
materials leads to various photo-induced phenomena [7], such as photo-induced reversible
phase transitions on a nanosecond time scale between two structural phases with different
clectromagnetic properties [8]. Thanks to this property, these materials have found broad
commercial use in the production of optical recording media with writing speeds
exceeding 200 Mbit/s [9]. These applications exploit the significant difference in
reflectivity between the amorphous and crystalline phases. The phase transition is caused
by local heating of the material using laser light. Phase transitions can also be induced by
electric current. Interestingly, in addition to different reflectivity, the mentioned phases
also have different electrical conductivity. This feature enabled further applications in
computing technology. One of the latest 1s phase-change memory (PRAM), where a bit 1s
stored in an island just a few nanometers in size, and the write energy is on the order of a
picojoule [10].

The interaction of ChGs with electromagnetic radiation or an electron beam is often
accompanied by visible material transport [11]. However, a deeper understanding of the
fundamental processes occurring during this phenomenon is currently lacking. The
groundbreaking work of Ovshinsky [9], who explained the structural changes in some
types of ChGs when irradiated with electromagnetic radiation, led to many important
applications of these materials in the computer industry and information storage
technology.

The aim of the present work is to advance the understanding of the processes that
occur during the interaction of electrons and electromagnetic radiation with ChGs, using
state-of-the-art structural analysis methods and other physical techniques.

Presented work is the result of the author’s systematic study of external and internal
processes taking place in thin layers of ChG-based glasses under irradiation by an electron
beam with energies ranging from 10-30 keV. Changes in surface morphology and surface
potential after electron beam irradiation were studied using Atomic Force Microscopy
(AFM) and Kelvin Probe Force Microscopy (KFM). Based on the observed surface
structures, a physical model was proposed describing charge accumulation and dissipation,
which explains the observed phenomena. This model will be described in detail. The
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model was later confirmed by KFM measurements and further refined. Using advanced
synchrotron-based X-ray spectroscopy techniques, processes occurring during electron
irradiation of these materials were studied at the atomic level. These results will be
presented. Many new discovered phenomena phenomena such as the formation of surface
structures during electron beam exposure, electrohydrodynamic flow, and stress-induced
catalysis—have inspired several application-oriented articles and patents which also be
presented.
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CTBROpEHHA 3YCTPIYHO-IITHPLOBHX KOHTAKTIB

3a I0MOMOT 010 iHTeppepenuiiinoi goroaitorpadii
Hanvko B.A. Muneko B.1., benses O.€., Ingyramii 1.3., Mamukin C.B.
Tnemumvm ghiztcy nanienposiomcis iy, B.C, JTmuvapsosa HAH Vepainu,
03028, Kuig - 28, np.Hayxu, 41, Vepaina

Jycrpruno-wtHpeosl koutakTd (3LIK) - ue crpykrypa, mo cknatacTecs 3
JBOX  CHCTEM METAMTIYHHX CMYKOK, NEpIOJHYHO PO3TallOBAaHHX Ha TUIOCKIH
noeepxHi KoskHa cHeTeMa Mae OKpeMHH enexkTpo/l, AKHH 3" €/IHYE CMYKKH TUIBKH
3 OJHOro Kpaw, 1o0T0  MeTamyHHil (eleKTPHYHHH) KOHTAKT MK  CHCTEMAMH
gigcyTHii., 31K BHKOPHCTOBYIOTECA B PI3HMX Tany3sXx HAYKH Ta TEXHIKH,
BEJIFOYAKOMH TAKI AK EJIEKTPOHIKA, KOMN'IOTEPHA TEXHIKA, TENeKOMYHIKamil 1 T.m.
Jokpema, B COHAYHIH eHEpPreTHill 3apas Aya&e WHPOKO J0CHLIAYETECH TeXHOIOT A
«Interdigitated Back Contact cells», To6To TexHOmOTIA NpH AKIH COHAYHA KOMIpKa
HE Mae TMEPEIHBOTD EIEKTPHYHOIO KOHTAKTY, 4 3AHIH 1T KOHTAKT BHKOHAHO B
(popmi  sycrpiudo  —wrupsosoro.  Ilpuknagom sacrocyesanus 3K e rakox
MaloiHepuiiini netexktopH indpadepsonoro sunpominosanig. Burorosnarun 31K
MOMKHA PI3HHMH METO/IAMH, AK TO IITAMITYBAHHSA, Ja3epHa Pi3Ka, NIABISHHA, THTTA
111 ko & rosoputn npo BucokodactotHi 3K 3 cyOMikpoHHUMEH mIMpHHAMEH
METATIYHHX CMY#OK, TO KOO TeXHOMOTiH X BHTOTOBIEHHS 3BYKYETBCS i Ha
NepIInii NIaH BUXOIATE TiTorpadiuHi MeToIH.

[Tonepenni aocHmeHHAs ABTOPIE NMOKA3aM, 0 CHCTEMH TMJIaHAPHHX
MeTaTI 9 HHX CTPYETYp 3 TEXHONOUIYHO  3aJaHHMH  MiKeleMeHTHUMHI
NPOMIZKKAMH, 110 MOKYTh CKIafaTh Beanduny 1o 100 M, Mo#HA OTpHMATH
MeTo0M iHTepheperuiiinoi GoToniTorpadii 3 BAKOPHCTAHHAM HEOPIaHIUHHX
xanbKoreHIHUX  dortopesucti. OIMH 3 BapiaHTIB METOAY OTPHMAaHHA
IUTAHAPHHX METATIYHHX CTPYKTYP 3d JOMOMOTOH JBOXIIAPOBOTD PE3HCTY
(1Ba TOHKONIIBKOBI XaJALKOTEHIIHI PE3MCTH, OJOHH 3 SKHX (POTOUYTIHBHIL)
3a0De3MedyRaR BHTOTOBICHHA XPOMOBOI NIaHapHOI CTPYKTYPH METall9HHX
emy#ok [1].

B naniii poboti npeacTaeneHo HOBHI TEXHOMOTIHHHI Tpolec, AKHI
no3eose cTBOpHTH 31K 3 cyOMIKPOHHHMH INTHPBOBHMH eleMeHTaMH 3a
AonoMorow  iHtepdepeniiiinol  mitorpadii  Ta  JEAKHX  JI0JATKOBHX
TEXHOJOIYHHX onepaiiid. B saxocr makiaaguiox wis gopmyesadns 31TK
BHKOPHCTOBYBAIHCE TOJIPOBaH] CKJIsHI, ad0 K KPEeMHIEB] IUIACTHHH HA SKI
METOJIOM TepMiunoro ocamkenns y Bakyymi 2,5107 Ila nocnizosno
HAHOCHIIMCL: AP MeTany (Xpom, amoMiniii, abo 3om010) TORMKHHOW ~ 30-
50 wMm, Ta  ABOXWIAPOBHI XaneKoreHianwil dotopesuct ( AsySgGeyp
TopuHOK 80 HM Ta AsySiSeyp ToBummow 100 nm). Ilicna usoro
MIACTHHY POIMITIIYBAITH B ONMTHYHIH cXeMi JUTA JaAMHCY
iHTeppepenIiiHOrO CRITIOROTO TMOJAA Ta  3MHACHIOWTE  eKCIIOHYBAHHS,
BUKOPHCTOBYHOUH BHIIPOMIHIOBAHHS TIeliii-KaJMIEBOTO Jlasepa Ha JOBHAMHI
xBum 441,60 vm. ExcnoHyBaHHA — 3[IICHIOBAIIH HA BIOPO3axXHILEHOMY
Na3epHOMY CTEH[l, BEIWYHHA eKcrnosuumli cranosuaa 0.4 ,[[}Kfcml. [Tepioa

IHTepdepeHillifHOl  KapTHHH BH3HAYABCH BeJHYHHOK KyTa MK JIBOMA
KOIEPEHTHUMH [IYYKAMH JIa3¢PHOIO BHIPOMIHIOBAHHA, HKI IaJali  Ha
IUIACTHHY 3 HAHECEHOK DaraToapoBo CTPYKTYPOR).
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Hacrynui TexHonoriuni onepauii 3adezneuypand GOpMyBAHHA NEpioaHYHOT
CTPYKTYPH METANERHX CMYWKOK TOJIBOEHOT HWACTOTH TOPIBHAHO 3 TPOCTOPORO
YACTOTOW IHTEPPepeHUIHHOr0 CBITIOBOIO 110J8, AHANONIYHO TEeXHOIOIIYHOMY
npotecy, onHcaHomy B poboti [1]. Ane B ganiii podori Oy BBeAcHI J10JaTKOBI
onepanii — HaHeceHHs TOMATKOROTO 1apy (GOTOPEIUCTY Ta MOUYEProRe SKPaHYRAHHA
KpaiB MeTalleBUX CMYM#OK IpH TakoMmy Hadecensi. lle nozponuno cdopmysatn
KOHTAKTH [0 JABOX CHCTCM MeETaneBHx cMmys:kok Ta orpuMati 3K samanoi
NpoOCTOPOROT wacToTH (puc. 1).

Puc. 1. Cxema TeXHOTOTITHIX

onepaiiii npu popmysanuni 3K, T1- — o2
MiaKTaIHHES, M1 -meTamn, ipl- ) — o
(poTOpEIHCT AsySeles, 02 _ :’
poropesner  AsySsSew,  JI - B
miapparma, K —  konrakrn,  1-

OCATHEHHA MeTAmy Ta (poTopesncty, 2
— (opMyBaHHA TiTOrpadidyHoT MackH B
mapi @2, 3- gacTroRE TPARICHHA APy
], 4, 5 - eEpanyRAHHA KPao 3paika

7
8
miaparmoo [ ra sanecedns B2, 6 -
BHIANEHHA BIIKPHTHX [UIAHOK wiapy AR R
merany M1, 7, 8§ - Tpapnedna wapy
$l(mapuena  mrTorpadgis), 9 -
3

EKPAHYBANA MPOTHIEHOTD Kary
spazka giaparsorn [l 1a HaseceHHs —A
2, 10, 11 - suganenna @2, 12 -
eKPAHYBAHHA CTPYKTYPH
IdiapparMolo, 3a BHHATKOM Kpais, Ta
HAHECEHHA KOHTAKTIE 13 cpibno-
MApraHucsoro ciasy (K).

B pesyibTaT BJanocs 1
pO3pOOHTH J0OCTATHRO TIPOCTY |
JIEIIERY TEXHOMOTIH

(POPMYBAHHA  BHCOKOYACTOTHUX
(mpocTopoerii nepioa eix 200 o
1000 uwm) 3UIK 3 ckBamkHICTIO 6 1
Big 30 go 70%.  Jleska

MOJH(pIKALA NPOIUTIOCTPOBAHOTO pPHC. | TEXHOMOTIYHOTO MapPIIPYTyY J03BOIAE
takox chopmysaru 3K, B skomy 1B cHCTEMH WITHPIB BHTOTOBIEHI 3 PI3HMX
meranis,  Oxpim  Toro Oyila NPOJEMOHCTPOBAHA MOMJIMBICTE  ONEPATHBHO
IMIHIOBATH — MOPQONOriyHi  mapaMeTpH  CTPYKTYPH (po3Mipd Ta 4acToTy
enementie) manux  3IIK B cyOMmikponnoMmy iHTepBami, &, BUINOBIIHO, 1 X
(pYHKLIOHATIBHI YACTOTH.
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BukopucTaHHA MOBEPXHEBO IJIA3MOHOI'0 PE30HAHCY B
JIABUHHMX KpeMHieBHX (poTOai0AAX

Kopotees B.B. Pomantox B., Canon C., Kynsbaunncexkuii, Mensuuk B. Makcumenko 3.,
JyGikoscbkmii O.
Inemumym gizuku nanisnposgiontixis in B.€ Jlawkapvosa HAHY m. Kuis, np. Hayru 41

KpemuieBuit  napunnuii  ortomion (JIGJ]) € KIOUOBUM  €IECMEHTOM
BUABJICHHA CNaOKMX ONTHYHHX CHTHAMIB OJmkHBOTO 1H(pauepBoHoro Y
Jiara3oHy CHEKTPY Ui HIBHIKOJIFOYHX CHCTEM PEeCcTpallii BUNIPOMIHIOBAHHS Ta
Ja3epHOr0 BHU3HAUEHHS BIJCTaHI /10 CKaHOBAHOro 00’ekTy. BukxopucraHus
JTaBUHHMUX TIOAIB J03BOJIAE€ HA TIOPAAKM BEIHYMH MIJABMLIIMTH YYTJIMBICTE 1,
BIMOBIIHO, BEIHYMHY 1 TOYHICTh BH3HAYEHHA BiAcTaHi A0 00 ekTiB. Jns aHamizy
OCHOBHHX €JIEKTPHYHUX XapaKTEPUCTHK JIABHHHOTO J1io/1a HaMH Oylio po3podieHa
TEOPETUYHY MO/Ie)Ib, siKa OyJia 3aCTOCOBAHA JJIsl BU3HAUEHHS OCHOBHHX NapaMeTpiB
Ta Npo(iIiB JIEryBaHHS JIABUHHOIO JiojJa Ha OCHOBI Si. Y po3paxyHKax
BUKOPHUCTOBYBAIM TaKi MapamMeTpu: p = 2x10" ¢m-3, Ly = 380 Mxm, m, = 6 %
0,36m, (TYT m, — mMaca BITBHOTO EIEKTpOHA, KOE(Ili€HT 6 BpPaxOBYE KUIBKICTH
nonuH), m, = 0,81m,, g, =11 eB, kg = 11,7 1 1y, = 1000 (500) eM*/Brc

Ha pucynky la nokasaHo rnornepedHuii nepepi3 BUTOTOBJIEHOI0 KPEMHIEBOIO
JITIJT wa mnardopmi KMOH Texnonorii. BuaHo, mo po3po0neHa KOHCTPYKIIsS
CKITaa€ThCA 3 KIACHYHOTO HAbOpy €NeKTPOaKTHMBHHUX n+-p-p+-m-p obnacreit. Jlns
dopmyBaHHs nt-mapy Oyl0 BHKOPHCTaHO BHCOKO/IO30BY IMIUIAHTAIlil0 10HIB
apceny (E = 60 keB, D = 6.25x1015 cM-2) B imrutantosany 6opom (E = 800 keB,
D = 3.1x10" cM-2) BrcokooMmHy miactuny Si (111) 3 HACTYNHHMH TEPMiYHHMH
oOpobdxamu npu Temnepatypi 1000°C 120cek B armocdepi N,.

E2 hf’ (=)
¥ 1EX
M — { i
{1 8 | 1
—di R 7| oo ] .'
RS — { r5-54100) m 2110" o’ g | ok |

m

Concenlration (e
o
&
n
£

.: 1570 nm 38 mI
1. A =l v ‘{ 1 el | \ /
i f i | — _

0 1500 F 380000 ‘ - T TR TR S E am
Depth [nim] X,

a 0 B
Puc.1. a) nonepeunuii nepepiz surorosieHoro JIII; 6) SIMS- npodini posnoainy
JICTYIOYMX JIOMIIIOK; B) pO3paxoBaHU PO3MOAUT €JIEKTPOHIB (CHHS KpHBa) Ta JipoK
(uepBOHA KpHBA) MO TOBILHHI TUTACTHHH .

s nmokpameHHs  dotomerekuii HaMu  OyJI0  BHUKOPHCTAHO  SIBHILE
MOBEPXHEBOro IJIA3MOHHOIrO pe3oHancy. Iliaxia I1pyHTyeTrbes Ha 30y DKeHHI
JNOKambHUX TUa3MoHIB B 1D (oqHo-nepioguunii) meraniyniii rparui (Puc.2a). Take
MOKPUTTA  J03BOJAE  30UIBIIMTH  ©(DEKTHBHE  TIOTIMHAHHA  TIAJal04¥0ro
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BUIIPOMiHIOBaHHS B Oaxkanii ofsacti  ¢(oToaiony, 3aBASKH PE30HAHCHOMY
30Y/PKEHHIO MOBEPXHEBUX MJIA3MOH-NOIAPUTOHIB Ta eeKTIB OIMKHBOIO MO,

VY Bunaaky 30ymKeHHS MIa3MOHHOTO PE30HAHCY IHTEHCHBHICTH OJIHAKHBOTO
0Js 30UIBIIYETHCA HA MOPALOK BeJIMYMHH. BIANOBIIHO, cepelHE IOITIUHAHHA B
AKTHBHOMY Iapi TakoK 30UIblIyeThes. Bakiaupo, mod yacToTa JIOKaai30BaHHOIO
I'PaTKOBOIO IUIa3MOHA Jiekasa 3a Kpaem (yHIaMEHTalIbHOIO IMOIVIMHAHHA. 3
pe3ynbTaTiB MOACNIOBaHHSA, NpuBeaeHUX Ha Puc.20, O6aunmo, mo edexTuBHICTH
NOrIMHAHHA 1O BClM rMOWHI nmartiBku  30imepmmuiace Ha 1,6% Tomi AK B
PUIIOBEPXHEBIH 00J1aCTi MOTIIMHAHHS CTPYKTYPH 13 I'PaTKOI0 HE BUMIILIO 3a MEKY
CTPYKTYPH 3 aHTUBIIOMBAKOYMM IMOKPHTTSIM. Takuil HECYTTEBUH IPUPICT MONKE
MOSICHIOBATHCH BEJIMKOI [UIONICHD 3aTIHEHHS, TOMY, MH BHUPILIWIH HAHECTH Ha
MOBEPXHIO HAIIUX CTPYKTYPH HAHOYACTHHKH 30J10Ta.

Ilepen HaHECEHHSM HAHOYACTHHOK HaA cepii BHUTOTOBJICHHUX JIABUHHHUX
GoTOM10/IB HOHHUM IYYKOM TMPOTPABIIOBAIOCH ONTHYHE BIKHO JI0 AKTHBHOI
obnacti karony. Jlam 3o0sb-rens MeTogoM Ha noBepxHi chopmosanoro JID/]
HAHOCHJIMCh HAHOYACTHHKHM 3070Ta. KOHIEHTpaliss HaHOYaCTHHOK CTAHOBMIA
pemmanny (1,5 10" em™), a ix cepeaniii posmip 6yB ~ 17 Hum.

Au film Au grating

K N | TN

a= 100 4 .,
| — a=103 " -
== SHSION L o 095

W
Photecurnent ratic

pure Si

Partial absarption 5 i Silayer

Si SUBSIT

-t
0900 082% 0850 097% 1000 103% 1080 107% 04 05 68 o7 BE 0B 10 i
Aum Wl angth (um]

a 0 B
Puc.2 a) Ctpykrypa noBepxHeBOi MeTani4HOi IrpaTku 0) 3aJekKHOCTI MMOTJIHHAHHS
BUIIPOMIHIOBAHHS B IPHIIOBEPXHEBIH oOmacTi 5 MKM B mepiogy rpark, B) rpadik
3AJIEKHOCT] CHIBBIIHOIIEHHS (DOTOCTPYMY IMICIs Ta [0 OCAKEHHsS HAHOYACTHHOK BIJ

JIOBKHHH XBHIII.

Ha Puc. 2a npuBeneHi pe3yiabTaTH BHUMIPIOBAHHS  CTIEKTPATbHHUX
xapakTepuctuk Buxigaux JI®J Tta 3 HaHOKmacTepaMH 30moTa. 3 rpadikiB Ha
PUCYHKY 26 0auumo, 10 OCa/KEHHS HAHOYACTHHOK 30UIBIIMIIO YYTJIHBICTH Ha
>10% B manazoHi AoBxkHH XBWiIb BLI 0.9 mo 1.1 mxm. Cioijag BUIMITHTH, IO
3MIHIOIOUH apXiTeKTypy rpaTok abo reoMeTpu4Hi po3MipH HAHOYACTHHOK MOKHA
eexTHBHO 3MIHIOBATH pPE30OHAHCHI YaCcTOTH TOBEPXHEBMX (ITOKaTi30BaHMX)
IUIa3MOHIB U TEOMETPIK ONMKHBOTO MOJA IS KOJIMallll MOTJIMHAHHA B aKTHBHY
obnacte p-n nepexojiB. Lle moxe OyTH e(eKTHBHO BHKOPHUCTAHO /I CTBOPEHHS
CHEKTPaIbHO CeJIEKTUBHUX MpUiiMauiB OmxkHbOro [K.
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® OcobauBocTi 6e3MaCKOBOro JiazepHOro 3anucy rpagiuynux

300pa’keHb HA TOHKUX METaJIeBHX IUTIBKAX
10.1. Yerine O.M,Eym]{], J1.IO.Mangko', €.€. Autonoz', B.M. ,[[}KaraHz,
Kopuosnii AAZ
Incmumym npo6rem peecmpayii inghopmayiit HAH Vipainu, 03113, Kuis, eyn.
[Ilnaxa, 2.
THemumym @izuxu nanienposionuxise imeni B.€. Jlawkapvoea HAH Yxpainu. 030286,
Kuis, npocn. Hayxu, 41

VY ©Oe3mackoBiii mitorpadii MIMPOKO 3aCTOCOBYETHCA TEXHOJOTIA
NPsIMOTO JIa3epHOTO 3alucy Ha miapax (OTOPE3UCTIB 3 TMOAATLIION
CeJIeKTUBHOIO 00poOko1o. IlepeBarow 1bOro cnocody € BHCOKA
pO3aUIbHA  3AATHICTh, 110  JO3BOJAE€  (DOPMYBATH  €IEMEHTH
cyOmikpoHHHX po3mipiB. [Iponec cTBOpeHHsA 300pakeHP Ha OCHOBI
tdhoTope3ncTiB € OaraToCcTyneHEeBHM 1 MOTpeOye BHCOKOI YHCTOTH TIPH
orepamisx CeJeKTHBHOTO XimiuHoro TtpaBienns. g dopmyBanHs
MEeTaJIeBUX 300pakeHb 3 eJIEeMEHTAaMU PO3MIPOM Y JIECITKH MIKPOMETPIB
e(p)eKTUBHHUM € TMPOIEC JIa3epHOi abuALil MeTaleBUX MJIIBOK KOPOTKUMHU
IMITyIECaMH ¢(hOKYCOBAHOTO JIA3ePHOTO BUITpoMiHIOBaHHA. [Ipu 0OpoOii
METaJIEBHX llJliBOK nepepara HaIacTbCA (])EMTOCCKYHJJ,HHM iMll)UIbCElM,
K1 3a0e311euyl0Th BHCOKY pPO3JUIbHY 3JaTHICTB 3anucy [1]. Byio
NPOBEACHO JOCILDKCHHA 3amucy 300pa)keHb Ha IUNBKax XpoMy
ToBIIMHOKO 180-200 HM 3 ONTHYHOI INUIBHICTIO 2,3—2,5 Ha JOBXKHHI
xpuiai 1,06 mxm. OnpomiHeHHs MOTYKHUMH JIA3EPHUMH IMITYJIbCAMU
no3Bosse GopmyBaTh 300paKeHHA 0€3 MOMATKOBOI XIMIYHOI OOpOOKH
nigkIaaok. 300paykeHHsA, OTPUMaHI MUIAXOM TPSMOro BHUIIAPOBYBAHHA
XpOMOBHX TIUIIBOK C(OKYyCOBaHHM BHIIpOMiHIOBaHHAM IR-rpaBepa
Raycus 30W RA20, nokasano Ha puc. 1.

Puc.1.300paxenns oTpuMaHi MPAMHM BHIIAPOBYBAHHAM C(POKYCOBAHHM JIa3EPHHM
BHIIPOMIHIOBAHHAM IUTIBOK Xpomy Ha IR rpasepi Raycus 30W RA20

Takuit pexum 3anucy 300pa)xeHb BHMara€ TOYHOIO BHOOpPY
nmapamMeTpiB eKCroHyBaHHS. [lepeBHIEHHS TMOTY)XHOCTI Ja3epHOTrO
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BUIIPOMIHIOBAHHSA TPU3BOJUTH JO JIOKAIBHOI Aedopmariii miaKIagkH.
300paskeHHs, OTPMMaHi BHACIIZOK MPSIMOI0 BHUIIAPOBYBAHHS IUIIBOK
XpoMmy C(OKYCOBaHMM JIa3épHUM BHIIPOMiHIOBaHHAM Ha [Y-rpaBepi
Raycus 30W RA20 3 mOmKOMKEHHAM IMOBEpPXHI MiAKIAAKH, HABEICHO
Ha puc. 2.

Puc.2.300paskennss oTpuMaHi NMPAMHM BHIIAPOBYBAHHAM C(OKYCOBAHHM JIa3ePHUM
BUIIPOMIHIOBaHHSAM IUIBOK XpoMmy Ha IR rpaeepi Raycus 30W RA20 3
PYHHYBAHHSM MOBEPXHI MMiJIKJIAIKH .

3anuc 300pakeHb 3JIMCHIOBABCA 3 YaCcTOTOK IOBTOPIOBAHOCTI
iMmynbei 40 kI, motokom 95 JIk/cM” 3 KPOKOM TO MOBEPXHi 8 MKM.
Tpusanicte ojpHoro imnyibca 150 He. TouHicTh (OKyCyBaHHS Jiazepa
ckiaana +/- 250 mxm. Takuit cniocid npsaMoro abuisAIiHOro 3anucy 3MoXKe
3HAWTHU peallbHl 3aCTOCYBaHHS IIPU BUTOTOBJEHHI JIMOIB Ta KOZOBHUX
JIUCKIB.
1. TIpojmeMOHCTpOBaHO, MIO ONPOMIHEHHS TOHKHX IUTIBOK TYTOIUTABKHX
METaIIB MOTY/KHUMH IMITYJIbCAMH JIA3EPHOI0 BUIIPOMIHIOBAHHS A€ 3MOI'Y
dopmyBatu npeteHsiiinl - rpadiunl  300paxkeHHs 0e3  HEOOX1THOCTI
JIONATKOBOT XIMIYHOI OOpOOKM MIAKIAA0K, IO CIHPOMIYE TEXHOJOTTYHUIN
npouec.
2. EdexTHBHE 3aCTOCYBaHHS PEKUMY JIOKAJIHHOI abJIAIIT MeTaIeBHX TUIIBOK
noTpedye TOYHMX HANAMTYyBaHb OMNTHUYHOT CHUCTEMH 3 TMOKpPaLIEHUM
HAJTANITYBAHHIM BHOOPY NMapaMeTpiB €KCTIOHYBAHHS, TOTOBHEHOT HAG0pOM
JIHIMHUX ONTHYHUX (DIUIBTPIB 1 KOHTPOJEM TEMIlepaTypu Ta armochepu
Ju1s 3an00iraHHs HeOaKaHUX YIIKOKEHb ITIKIaIKH.

Hocmimpkenns BukoHani 3a miarpumku Hamonansaoro gonay nocniaxeHb
Ykpainu rpant 2023.04/004, 2023.05/0022.
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i@ AHAJI3 MOKJIHMBOCTEH NPSIMOIO JIa3epHOIO0 3aMUCy 3 CTBOPEHHS
CTPYKTYP 3 CYOMIKPpOHHMMH pO3MipamMu

A.A. Kprouun, B.B. ITerpos, €.B. bemsixk, I.B. Kocsix
Incmumym npobrem peecmpayii inghopmayii Hayionanenoi akademii nayx Vipainu

Texnonoris npsamoro nasepuoro 3amucy (Direct Laser Writing, DLW), sax
MeToauka Oe3mackoBoi QoTomiTorpadii MIKpOpO3MIpHHX 1 HAHOPO3MIPHUX
CTPYKTYp, Ha CbOTOJHIIIHIK JeHb HaOyBae 3HA4YHOrO MOIIMPEHHA Y Tamy3i
ONTOCJIEKTPOHIKU. 3a3HAYAETHCS, IO BIANOBIJHA TEXHOJIOrS HAJae ILMPOKHIA
IHCTpyMeHTapiid 3 BHUIOTOBJIEHHS BHUCOKOSKICHMX JH(DpaKUifHMX ONTHYHUX
enementiB (Diffractive Optical Elements, DOE) pisuux THmiB 1 npusHa4deHHs y
BIIMOBITHOCTI /10 IIBHAKOIO POCTY BHMOI CYYacCHOTO HAHOTEXHOJIOTIYHOTO
BupoOHuNTBa. [IpH 1IbOMY HEOOXITHO BKa3aTH Ha BAXKIIUBICTH JOTPUMAHHA BUMOT
13 pO3JIUILHOI 3JaTHOCTI Ta MIBHUAKOCTI (hOpMYyBaHHS CYOMIKPDOHHHX CTPYKTYp
CHCTEMOI MPSMOTO JIA3ePHOI0 3alMCy TPH BUTOTOBIICHHI METAllOBEPXOHb, sKi
BUKOPHCTOBYIOTHCS JUIsl KEPYBaHHs CBITJIOBUMHU MOTOKAMHM, K TO KOHLUEHTPHUHHUX
KutbLieBUX MeTautin3 [1]. IIpu 1bOMy OCHOBHMMM NepeBaraMM TEXHOJIOTT HNpsAMOoro
7a3epHOTO 3aMUCy € 3AaTHICTH CTBOPIOBATH pPeKOH(IrypoBaHi MeTarnoBepxHi Ha
OCHOBI  ()OTOYYTJIMBUX MaTepialdiB 3aBASKHA BIACYTHOCTI HEOOXiTHOCTI Yy
3acToCyBaHHI (DOTOIMAOIOHY, IO [03BOJISIE JIOJATKOBO TPHCKOPUTH TPOIEC
BHIOTOBJICHHST Ta MiJIBUIIMTH SKICTh BHUTOTOBJIEHHX CTPYKTYp. SIK IoKa3aiu
IPOBEACH] HaMH EKCIEPUMEHTAJbHI JOCJIKEHHS BIIPOBAKCHHA TEXHOJIOIT
MPSAMOro JIa3€pPHOr0 3alMCy TAKOMK JIO3BOJSIE CYTTEBO 30UIBIIMTH PO3ALTBHY
3patHicTh  (Qotomrtorpadiynoro mnpouecy [2]. Ha posmip enemeHTiB, sKi
(GOpMyIOTECS B TpoOLECi MPSAMOTO J1a3epHOTO 3aliCy 3HAYHWI BIUTMB MAalOTh
XapaKTEPUCTHKH JIa3epHOTO BHUIPOMIHIOBAHHA, TaKi AK PO3IMOMIiN IHTEHCHBHOCTI
c(hOKYCOBAHOIO JIa3epHOr0 MPOMEHI0, I[IBUAKICTh CKAHYBAHHS Ta TOYHICTH
¢doxycyBanns. [IpuHuMnoBe 3Ha4eHHs 11 HOpMyBaHHS CyOMIKPOHHUX CTPYKTYP
Ma€ BHKOPHUCTAHHS HEJNIHIAHOT B3aeMoii jasepa 3 GOTOUYTIMBUM MaTepiaioM Ha
OCHOBI SIKOTO TPOBOAWTHCS oTomiTorpadivyHa mpoueaypa. 3amiuc MaTepHy
iHpopMaLiiHOT CTPYKTYpH Cc(OKYCOBAaHUM JIa3€PHAM MPOMEHEM 3 HEOJTHOPIIHUM
PO3MOJAUIOM IPH Takiid B3aeMOAIl [103BONAE€ OOIHTH OOMEXKEeHHs Yy pO3JALIbHIN
31aTHOCTI, AK1 BH3Ha4arThcs kputepiem Pexes [3]. Ilpu upomy miist 1ocsArHeHHs
BUCOKOI TOYHOCTI y 3amuci CyOMIKPOHHHX eJIeMEHTIB HeoOXiJHO 3ale3neyuTH
BHCOKY TOYHICTh POOOTH CHCTEMHU aBTO(OKYBAHHS JIA3€PHOTO BUIIPOMiHIOBaHHA. B
peskuMi 3amucy 3 BUKOPHUCTAHHS HeiHiitHOI B3aemonii mazepa 3 (OTOUYTIMBUM
MaTepiajioM KOJMBaHHS IIUIBHOCTI MOTYKHOCTI €KCIIOHYEOUOTO BUIPOMiHIOBaAHHS
OPUBOJATH 10 3HAYHUX 3MiH Y pO3Mipi 3aluCaHUX EIEMEHTIB, MOPYIIYIOUn
iHbopMaLiHY CTPYKTYpY.

Takox BaxJIUBUM aciekToM (OPMYBaHHs 3 3aCTOCYBAHHAM TEXHOJOIT
MPSAIMOro Ja3epHOT0 3aIUCy NaTepHiB iHGOPMAIIHUX CTPYKTYP € MpOrpaMyBaHHs
npoliecy MepeMilieHHs ¢(POKYCOBAHOTO JIA3€PHOTO MPOMEHI0 abo pyxX MiAKIAIKH 3
(GoTOUyTIHBHM MaTepialioM BiTHOCHO HBOTO. Y pe3ynbTaTi TNpoBeIeHHS cepil
CKCIIEPHMEHTAJIbHUX ~ JIOCHI/DKEHb  OyJi0  3anpoNOHOBAaHO 1  peajli30BaHO
ONTUMATTBHUN BapiaHT MPSIMOTO JIA3€PHOTO 3aIIUCY PACTPOBUX ONTHYHHX CTPYKTYP.

Juckopa mijxnajaka B npoueci 3anucy audpakuifHuX elleMeHTIB pO3MILyeThCS HA
TU1aHaioi — MOBOPOTHOMY CTOJI IIMHHAENA 1 (PIKCYETHCS BAKYYMHOIO CHCTEMOIH.
s 3a0e3nedeHHs BHCOKOI PO3IUIBHOI 37aTHOCTI (hoTomiTorpadgiunoro mpouecy
OyJI0 BHUKOPHCTAHO IIMUHJEIb HAa aepoCTaTHYHHUX ONopax, AKUi 3ade3nedye
MiHIMalbHI pamianeHi OuttTs. [Ipu TexHomorii mpsMoro naa3epHOro 3ammucy Ha
KPYToBiH J1a3epHIN 3anuCcyrO4Yiil cucTeMi, Ha BIJAMIHY B TeXHOJOrIl JIa3epHOro
3anucy (poToiadoHIB B JIEKAPTOBUX KOOPAHMHATAX, EKCIIOHYBAHHS 3/UIHCHIOETHCA
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c(hOKYCOBAHMM IA3€PHUM TMPOMEHEM NPH BHCOKHUX IIBHUIAKOCTAX CKAaHYBAHHSA Y
0,3-0,6 m/c. [Tpn BUTOTOBIICHHI eleMeHTa 1HPOPMALIHHOT CTPYKTYPH MiJKIaIKa 31
CBITJIOUYTIIMBMM MaTepiazioM Oe3rnepepBHO 00epTaeThes, Y TOH Yac SK 3aluCyrOunii
NPOMiHb IOBUIBHO PYXa€ThCA y pajiaJbHOMY HANpsAMKY BiJ LEHTPY 10 Kpaio
BIANOBLIHO JI0 3ajJaHoro mnarepHy. IlepemilleHHs npOMEHIO Yy pajlajJbHOMY
HaNpsMKY 3 3a1aHOK0 TOYHICTIO 3a0e3mneuye cXxeMa yrnpapiHHS JTIHIHHUM MPHBOIOM
MO3HIIIOHEPA HAa OCHOBI JiasepHoOro nudposoro iHtepdepenuiiinoro namexomipa 3
aOCOMIOTHUM  BUITIKOM  KOOpAMHATH. Po3aiibHa  3MaTHICTE — cpopmMoBaHUX
pamialbHAX ONTHYHHX CTPYKTYp Ha TWIAKJAAINI METOIOM TPAMOro J1a3epHOTO
3aIuCy 3aJIeKUTh 10 OCI Y BiJl KPOKY TIEPEMIIIEHHS ITO3HUIIIOHEPa, a TI0 OCi X Bij
KIJIBKOCTI CEKTOPHHMX MITOK KYTOBOI'O pe()epeHTHOro eHkojepa. 3arporoHOBaHHi
HPUCTPIHA NPSAMOTro JazepHoro 3anucy AudpakuifHUX ONTUYHUX €JIeMEHTIB, TAKUM
YHHOM, J03BOIIAE 3aMCYBATH PACTPOBI OMTHYHI CTPYKTYPH IOBLILHOI opmu [4].
3Ha4Ha yBara, 1o MpUIUIAETHCS po3po0Ili Ta BIPOBAIKEHHIO METOIB TIOAATIBIIOT0
30UTBIICHHS AKOCTI MAaTepHIB 1H(OPMAIiHHOT CTPYKTYpPH OTPUMAHHX METOJIOM
NpsAMOTO JIa3€PHOTO 3alliCy, TOJOBHMM YHHOM CIpPSMOBaHAa Ha BUIIPABICHHSA
OKPYTJIEHHS KYTIB 1 CKOPOYEHHS KIHLIB JIiHIH 1HQopMauiiiHux enemeHTtiB. [lns
1IbOTO BUKOPHCTOBYETLCA KOHTPOJILOBAHA 3MIHA PO3MOINY €HEprii €eKCIOHYBaHHS,
1110 HA/1a€ MOYKJIMBICTh MOKPAIIKATH 3a3HAYEH] MOKA3HHUKH [S].

1. Zhao Jin, Yu Lin, Chengmiao Wang, Yeming Han, Bowen Li, Jianyu Zhang, Xin
Zhang, Ping Jia, Yueqiang Hu, Qing Liu, Huigao Duan, Jan G. Korvink, Yingchao
Li, Huilin Jiang, and Yongbo Deng, "Topologically optimized concentric-nanoring
metalens with 1 mm diameter, 0.8 NA and 600 nm imaging resolution in the
visible," Opt. Express 31, 10489-10499 (2023) https://doi.org/10.1364/OE.478680

2. Petrov V.V., Kryuchyn A.A., Beliak le.V., Manko D.Yu., Kosyak L.V., Melnik
0.G. Advantages of direct laser writing for enhancing the resolution of diffractive
optical element fabrication processes. Physics and Chemistry of Solid State. 2024,
V.25, No 3, P. 587-594. DOI: 10.15330/pcss.25.3.587-594.

3. Wang, Shu & Zhou, Zhican & Bo, Li & Wang, Cong & Liu, Qian. (2021).
Progresses on New Generation Laser Direct Writing Technique. Materials Today
Nano. 16. 100142, https://doi.org/10.1016/j.mtnano.2021.100142.

4. 1.B. Kocsak, O.A. Lly6in dopmyBaHHS pajialbHMX ONTHYHUX CTPYKTYp Ha
KpYroBii maszepHiii 3anmcyiodii cucremi Peecrpauis, 30epiranns i1 oOpoOka
nanux2024, T. 26, N 1, C. 3-8. https://doi.org/10.35681/1560-9189.2024.26.1.
308326.

5. Yang, S., Zhang, L., & Wei, Y. (2020a). Model-based image quality optimization
for submicron direct laser writing. AIP Advances, 10 (12). https://doi.org/
10.1063/6.0000595.
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Inocko-poxkycyBaJbHA ONTHKA JIJIA HANIBNPOBIIHHKOBHX

KOHUHCHTPATOPHHX COHAYHHX IIJDTOI'IEPETBOPIEI]BH‘[iB
Kpiounn A A., Autodos C.C., Jenin B.M.
[nemumym npoiaem pecempayii inghopwanit HAH Vepainu,
Viepaina, 03113, m. Kuis, eva. M Ilinaxa, 2. E-mail: kryuchyn@gmail com

Comstunl  KoHUeHTpaTopHi  doroenektpuudi  nepersoprosaui  (DEIT)
CBOTO/IHI IIHPOKO BHKOPHCTOBYIOTLCA 11 TEHEPYBAHHA enekTpuku [1-2].
OcHOBHOIW [EpeBarold TAKHX CHCTEM TMOPIBHAHO 3 TpagHLIiTHHMH
kpemuieeiMH DEIT € exonomis doToenekTpuunux martepiani, fka NpAMO
NMponopiiiiHa KpaTHOCTI k¢ KOHLEHTPYBAaHHSA COHAYHOTO CBITJIA 1 MOKE
nepedineimyBatd  HaeiTe ko = 500-1000 [3]. Takoxk € MONKIHBICTh
EHKOPHCTAHHA B COHAYHHX MOJIYIIHX Dararo-kKackaJIHHX HﬂHiBHDGBiHHHKGEHR
MaTepiaiiB HA OCHOBI apceHiny raniwo 3 edexrusuicrio 40-45 %, wo Maiixe
BTPHYI HEPEBUILYE Takuil koeditienT s kpemHuio (16-25 %).

3a3BHuall KOHLEHTPYBAHHA COHAYHOIO CBITIA B ICHYHOYHMX COHAYHHX
MOAYIAX 3AIHCHIOETBCA TPaIULIHHHMH IUIOCKMMH iH3amu Ppenens, #ki
CTBOPIOIOTL HA MOBEPXHI (OTONEPETROPIOBAYA HEPIBHOMIPHE OCBITICHHS,
posnoain Akoro OnM3eKMH g0 raycosoro. lle npu3BoaMTE 10 reHepyBaHHSA
piznoi Hanpyrd no nosepxui MEIl, Bracnigok boro BMHHEKAIOTE Hedamkami
OI4HI OMIYHI BTPATH eNeKTPHKH, a4 TAKOX BHHHKAE 3HAYHHH JI0JaTKOBHIl
HArpiB MOBEPXHI MOy, ToMY 3anponoHOBAHO Pi3HI KOHCTPYKLIT ONTHYHHX
CHCTEM U1 roMoreHizamii oceitinenHs nosepxdi TEIT [4], nailuactime 3
BUKOPHCTAHHAM JIBOX-JH30B01 a0 noniroHaisHoi ontHkd [5], Kl 10CHTS
KOIITOBHI 1 CKIA/IHI U1 NPAKTHYHOTO MACOBOTO BHIOTOBJIEHHA.

B namomy IHCTHTYTI po3po0JIeHO IUIOCK] KOPCTKI MIKPOIIPH3IMOBI JIH3H
Mpenens [3], axi creopowTe B QokansHiil muommHi  goTonpuiiMaya
MPAaKTHYHO TOMOTEHHE OCBITIHEHHA HEOOXIZHOTO PO3MIPY | TOMY MOBHICTIO
YCYBAKTR 3azHadeHi npodaemu. @OKycHa BIACTaAHBR TaKHX  IUIOCKO-
(poKyCYBAIBHHX JIIH3 MOke OyTH OyIb-fSKOK B MeKax KpPHTHYHHX
FATIOMITHOKOYHX KYTIB MIKpOnpu3M. [ MacoBOro THPAKYBaHHA CTBOPEHHX
II0CKO-(POKYCYBAIBHUX  J1IH3  PO3pOOJIEHO  AITOPUTMH  MOJIE/IHOBAHHA
[MapaMeTpiB MaTpHUb TAKHX JIH3 1 METOJOM HPEUH3IiHOrO aaMa3Horo
mikpotouinus (AMT) suroroBneHo 3 cnerlalbHOTO ATIOMIHIEBOTO CIHIABY
W-95 mwramn-marpunl g opMyBaHHA  METOAOM  TEPMOMNpECyBaHHA
HEOOXI/IHOT KITBKOCTI (DIHIMIHHX BHPOOIB 3 ONTHYHOTO nosikapboHary [6].

3aranbHUH BHIIAI OJIHICET 3 BUTOTOBICHHX TAKHX IITAMII-MAaTPHIL #3 1 m
A (pOpPMYBAHHA IIIH3 COHAYHOTO MOV 3 KPaTHICTH) KOHIEHTpalii
kc= 280 (a), zo0paxenns cdopmopaHol 3 BHKOPHCTAHHAM L€l MaTpHIN
BIANOBIAHOT niH3K #31m-#06 (6) 1a dopma dokalbHOT CBITIOBOI IUISAMH
paaiycoMm vy = 1,5 MM Ha expanl ans HOMIHaasHOTO (orycy fi =40 MM s
LI€l JIH3H B MPOHISHOMY MapalelbHOMY KOJTIMOBAHOMY IMOTOLL (30BHIIIHE
CBITJIOBE Kono JlameTpoM g =59 mMm) BIO AlarHOCTHYHOTO "3eneHoro”
nasepa 3 J0BkKHHOI XBHL A = (0,532 um (B) HaBeeHO HA pUCYHKY 1.
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Pucynok 1. Marpuus #31m (a), ninza #31m-#06 (), dokanena nnama (&)

Poanoin oceitaeHocTi Ha ekpaHi s wiel miusn #3 1m-#06 s pisaux
BlICTaHel cnocrepexenns L=39 (a), 40 (6) ta 41 MM (B) HaBeneHO Ha
pucyHky 2. Ilpodini orpumano 3a ponoMorow nporpamu Image J 1.53 [6].
Hns nominanenoi BiacTanl Ly=f; = 40 My npodine npakTHYHO rOMOTEHHHI,
MPH HABITH HEBETHKHX 3MIHAX BlACTaHl L npodiil ICTOTHO 3MIHIOOTHCA.
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Pucynok 2. Llpodini sobpamens 1ad ninsn #3 1m-#06: L =39 (a), 40 (), 41 mm (B)

TakuM YHHOM, CTBOPEHO MIKPOIPH3MOBI I10CKO-(POKYCYBAIBHI JIIH3H,
AKI MOKHA BHKOPHUCTOBYBATH B KOHLEHTPATOPHHX COHAYHHX MOIYIAX JUIA
JIOCATHEHHS ONTHMANLHOTO PEXKUMY ocBITHeHoCTI noeepxHl TEILL

1. Xie W.T., Da1 ¥.1., B.Z Wang R.Z., Sumathy K. Concentrated solar energy
applications using Fresnel lenses: A review. Renewable and Sustainable Energy Reviews.
2011, V.15, P. 2588-2606. http://doi.org/10.1016/].rser.2011.03.031.
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® Raman and photoluminescence spectroscopy of laser-induced

structural phase transition in polycrystalline VO,
Danylenko .M., Maziar D.M., Kolomys O.F., Strelchuk V.V., Dzhahan V.M.,
Dubikovskyi O.V.
V.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine,
Prospect Nauky, 41, Kyiv-03028, Ukraine
E-mail: igor.tesVidgmail.com

Vanadium oxides (VO,) constitute a class of transition metal oxides with
diverse oxidation states (V2* to V*°) and crystal structures, leading to unique
electronic, optical, and catalytic properties and making them highly adaptable
for a range of advanced technologies. Structural modifications in VO,
including the formation of higher oxides such as V4O;3 or V,0s, can be
induced by laser thermal effects or ionizing high-energy radiation. In oxygen-
rich environments, this process is further accelerated due to the interaction of
activated oxygen species with radiation-induced defects in the crystal lattice.

In this study, we investigate laser-induced structural changes in
vanadium oxide around the metal-insulator transition (MIT) as a function of
laser irradiation power. The optical properties of the VO, films during the
phase transition process were investigated using in-situ temperature- and
excitation-dependent Raman and photoluminescence (PL) spectroscopy - a
non-destructive and effective method for identifying and mapping their spatial
distribution.

As clearly shown in Fig. 1, the vibrational bands of vanadium oxide
exhibit spectral changes as a function of laser irradiation power. Well-defined
intense narrow phonon bands of A, and B, symmetry of the monoclinic
VO,(M1) phase are observed in the Stokes and Anti-Stokes Raman spectra at
low laser power excitation ~10 MW/m® | Ly = 532 nm (Fig. 1a).

As shown by the analysis of the intensity ratio of the vibrational bands in
Stokes and anti-Stokes Raman spectra laser excitation power ~25 MW/m” on
the sample surface could cause instantaneous local heating up to more than
70°C. It is known that as the temperature increases to T, = 67 °C, a metal-
insulator transition occurs, resulting in a gradual decrease in the intensity of
the Raman peaks corresponding to the monoclinic VO,(M1) phase with their
subsequent disappearance. At the same time, a broad bands corresponding to
the tetragonal rutile VO,(R) phase are registered in the Raman spectrum. This
phenomenon mainly originates from the structural phase transition in VO,
caused by the laser-induced accumulation of thermal effects.

Further increase in laser irradiation power above 50 MW/m” induces a
gradual structural transformation from of VO»(R) to V,0Os phase via the
intermediate V4O,; phase due to the increase in temperature and interaction
with an oxygen atmosphere.
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The laser heating process induces a reaction between VO, and oxygen in
the air: 4VO,+0,—2V,0s. This structural change is irreversible. The research
indicates that laser irradiation of an oxide material can significantly influence
deviations in oxygen stoichiometry. Laser irradiation of VO, promotes the
gradual diffusion of oxygen from the air into the surface of thin films. The
resulting V,O, thin film exhibits varying stoichiometries as the oxygen
content increases.

In order to investigate the inter- and intraband transitions in V,0s structure
prepared using laser irradiation at a laser power density of 100 MW/m’, the PL
spectra of the films were measured at temperatures from 78 to 438 K. The V,05 PL
spectra exhibit two bands at 2.0 eV and 1.8 eV caused by the interband transitions
from the conduction band to the valence band and intraband transitions of oxygen
vacancies, respectively. The position of the PL bands showed a strong dependence
on temperature, with a gradual high-energy shift (from 1.94 and 1.82 at 78 K to
2.06 and 1.88 eV at 450 K, Fig. 1b), and a decrease in oxygen vacancies
contribution with temperature, as evidenced by the redistribution of low- and high-
energy band intensities. The presence of oxygen vacancies and structural defects
(e.g., from phase transitions) can significantly enhance PL, particularly in the
visible range. As the temperature increases, the contribution of defect-related
emission decreases, indicating improved structural quality of the V,0s film.
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Figure 1. a) Stokes and anti-Stokes Raman spectra of VO, films at varied

laser powers; b) Temperature-dependent PL spectra of VO, films. A, = 532
nm.

The obtained results enhance understanding of the physical properties of vanadium
oxide and its structural and phase transformations, which is essential for further application
in semiconductor devices. Using optical techniques to study changes in optical properties
and phase transition mechanisms under laser irradiation of VO, films will be beneficial for
the further development of phase transition materials.

The work was financially supported by National Research foundation, grant by
NRFU project #2023.05/0022 by S.V.V., D.V.M. and grant # 2023.04/0026 for M.D.M.,
K.O.F. and grant Ne08/01-2025(6).

25



Structural studies of Ge-Sb-Se alloys
Kochubei H.', Stronski A.", Dzhagan V.. Shportko K.'. Shamrovska P.Z,
Zahn D.R.T?
I- V.Lashkaryov Institute of Semiconductor Physics NAS Ukraine, Kyiv, Ukraine
2-Chemnitz University of Technology, Chemnitz, Germany
kochubei.hanna@gmail.com

Ge-Sb-Se alloys possess a broad glass formation region, enabling
customizable properties through compositional adjustments [1-4]. These
alloys are characterized by high nonlinear optical properties, excellent
transmission in the IR, and notable acousto-optic properties [2]. Such features
allow for targeted optimization of the material's parameters, making them
suitable for diverse applications, including optical sensors, infrared lenses,
amplifiers, and switching components in optical communication systems.

In this work, the GesSb,;Seq, alloy was studied by X-ray diffraction
and Raman spectroscopy. The alloy under study was obtained by the
traditional melt quenching method. Using the Rad GTK+ software, the radial
distribution function was calculated from which the radius of the first and
second coordination spheres was obtained, and the bond angle ® was
calculated.

The position of the first peak of the radial distribution function (RDF)
gives the distance to the nearest neighbor r;, and similarly, the position of the
second peak gives the distance to the next neighbor r,. The RDF provides
only a limited amount of information, which is essentially limited to the local
structure around a given atom, i.e. bond lengths and bond angles. Knowing
both bond lengths r; and r, allows us to obtain the value of the bond angle 0.
The values of r; and r, obtained from the radial distribution function of
Ge 6Sb,sSeq glasses were 2.56 and 3.79 A, respectively, and the value of the
bond angle 6 was 95.5"

Diffraction and EXAFS studies [1] have shown that the structure of
Ge-Sb-Se glasses can be described by the chemical ordered network model
(CONM). According to the CONM model, in the Ge-Sb-Se system, the bonds
between M and Se (M = Ge or Sb) are predominant, and the number of M-M
and Se-Se bonds is minimized. The network is constructed from structural
units such as GeSey, or SbSe;,, which are connected by their corners and
edges or through Se-Se bridges in Se-rich glasses. In systems with low Se
content, where there are not enough Se atoms to satisfy the binding needs of
M atoms, M-M bonds are also expected to be present [1]. According to [3],
the lengths of the bonds are in the range: Ge-Se 2.36-2.37 A, Ge-Ge - 2.45-
2.46 A, Sb-Se - (2.58-2.59 A). It is noted that the structure of the Ge,oSb,Sego
glass (which is quite close in composition to the Ge;sSby;Seq, glasses studied
in this work) corresponds to the model of a chemical ordered network and
that, along with the structural units GeSe,, and SbSe;s, there are Se;,Ge-
Ge(Sb)Ses, blocks to compensate for selenium deficiency [3]. The obtained
values of r; and r» and 0 for the studied Ge sSbysSeq glasses are consistent
with the literature data for other Ge-Sb-Se glass compositions.
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Raman spectroscopy was used to obtain structural information. The
following bands can be recognized in the Raman spectra of Ge-Sb-Se glasses
[4], which correspond to the vibrations of the corresponding structural units:
~ 100 cm™ band - vibrations in Sb-Ses, pyramids, ~ 150 cm” band - Sb-Sb
vibrations in Se,Sb-SbSe,, ~ 170 ecm™ band - Ge-Ge vibrations in Ge-Se,.
.Ge,, ~ 190 cm™ band - Sb-Se stretching vibrations in Sb-Sey, pyramids, ~
200 cm’’ band - symmetric stretching vibrations of angular GeSey), tetrahedra,
band ~ 215 ¢cm™ - vibrations of GeSe,, tetrahedra, bands in the region ~ 235-
250 cm™ - vibrations of different structural units of Se, band ~ 265 ¢m™ -
vibrations of angular GeSey; tetrahedra, band in the region ~ 285-300 cm’ -
asymmetric vibrations of GeSey, tetrahedra. The spectra of Raman light
scattering of the studied Ge;sSby;Seq glasses were decomposed using the
above-mentioned bands (156, 170, 190, 201, 216, 232, 267 cm’") [4], and a
good agreement with the experimental spectra was obtained. Raman
experiments show the presence of GeSe,;» and SbSe;, structural units in
Ge 6Sb,ySeq glasses, as well as some chemical ordering disorders in the form
of Se-Se and M-M bonds. However, further studies of their structure at the
atomic level are still needed to help us better understand their structural
properties.
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Today there exist various methods of processing of surface to obtain a
uniform alignment of liquid crystals (LCs), e.g., rubbing [1], photoalignment
[2] and many other methods [3-7]. We should also highlight the perspective
technique of alignment of LCs based on the laser-induced periodic surface
structuring (LIPSS) recently studied in detail [8,9].

It is generally known that one of the main characteristics of aligning
layer, possessing by anisotropic features, is the anchoring energy (AE), which
is connected with period A and depth A of nanogrooves as follows [10]:

where K is the average value of elastic
Wy = 2103 x A2 xi (1), constants of the splay K,;, twist K, and bend
A3 K33 deformation of LC.

The dependence of value of the azimuthal AE (AAE) on the depth A of
nanogrooves of the LIPSS-treated titanium surfaces was early studied in [8].

The aligning features of transparent dielectric material, e.g., sapphire,
was studied in [11]. Due to some difficulties during LIPSS processing of
surface, so-called zebra-like layer with periodic alternating both the
nanostructured line and unstructured gap is formed [12] (Figure 1).
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Figure 1. (a) SEM image of zebra-like layer. (b) The cross-section of the nanostructured
line taken with the AFM.

As has been suggested previously [11,12], to increase the azimuthal
anchoring the nanostructured surface is covered with polymer PI2555. The
use of photosensitive polymer PVCN-F allows changing of AAE depending
on irradiation conditions (e.g., relative orientation between the light
polarization and direction of nanogrooves) [12].
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In this work the influence of nanogrooves period A (Eq. 1) on the value
of AAE of the LIPSS-treated SiO, surfaces was studied. For this purpose, the
femtosecond lasers with various wavelengths were used. Owing to the use of
different lasers zebra-like layers are characterized by various periods A of
nanogrooves (i.e., 352, 556 and 1111 nm) and various width L of unstructured
gaps (from 5 to 17 pm with a step of 2 um). It was obtained that the decrease
of the nanogrooves period A leads to increase of AAE (Figure 2a).
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Figure 2. Dependence of AAE value for pure (a) and coated by polymer (b) zebra-like
layer possessing by various nanogrooves periods A on width L of the unstructured gap.

Figure 2b shows both increasing of AAE value and enhancing of
stabilization of azimuthal anchoring (i.e., when AAE does not change from
width L of unstructured gap) after polyimide coating on the zebra-like
surfaces having various periods A of nanogrooves and widths A of
unstructured gaps. LIPSS-treated surfaces possessing 352 nm period covered
with a layer of polyimide PI2555 are a very promising for future applications.
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Modem requirements for information security, including the protection
of documents and securities, impose high standards on technologies for
creating elements of visual and electronic authentication. Development of
high-precision, reliable and effective methods for forming master originals of
security elements with a complex micro- and nanostructure is the one of the
key areas in this area. Chalcogenide amorphous semiconductors are promising
materials for direct recording in lithography due to their high sensitivity to
laser and electron irradiation, ability to undergo structural transformations,
amorphous-crystalline transformations and formation of surface relief.
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Fig. 1. Laser-induced periodic relief (surface relief grating) on the As;sSess film and its
cross-section (@), as well as the result of the test for an electron exposure dose of 500
pC/em® when using this film as a negative electron resist (b).

In this paper, we consider the application of chalcogenide films based
on Ge-Se and As-Se systems as photo- and electron resists in single-stage
lithographic technologies for creating master originals of security elements.
The laser-induced effects of surface structuring and direct optical recording of
surface relief gratings were studied on a microscale on As,Sey., and
Ge,Se g films irradiated with a thin polarized laser beam of a Bruker ICON
atomic force microscope. The laser beam nterference on the film surface
occurred during its diffraction at the cantilever edge. The appearance of the
resulting laser-induced surface relief i1s shown in Fig. la. The formed
diffraction element on the As;sSess film had an amplitude of 32 nm and a
period of 1.7 pm at a laser wavelength of 650 nm. The dependences of the
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parameters of the surface diffraction elements on the chemical composition
and configuration of the experiment were studied.
The efficiency of the electron beam effect on chalcogenide films of the

Ge-Se and As-Se systems in the context of their lithographic application was
studied. Dose tests for films of some chemical compositions showed good
contrast and amplitude of the formed surface relief (Fig. 1 c, Fig. 2 ¢) with a
certain configuration of the lithographic process.

Ge,Sey

020 %0 60
Surface position, um

- . c‘
Fig. 2. Images of some logos on the surface of Ge sSegs film (@) and their metallization (b),
as well as the profile of some of their elements (c).

A process for creating originals of security elements on chalcogenide
films by dry electron lithography was developed. Logos of some images were
made on the surface of chalcogenide films (Fig. 2). "In-Flight Beam Tracing"
technology was used for the lithographic process, which allows tracking the
characteristics of the electron beam in real time. An analysis of the density of
image elements was carried out, the proximity element was taken into
account, and various electron beam parameters were selected for the
production of image elements. The change in the quality of the surface
elements image was studied depending on the electron beam parameters,
exposure time, and the structure of the electron resist. As a result, good
quality emblem images were obtained on chalcogenide films of a certain
chemical composition (Fig. 2).They were coated with metal coatings, which
ensured the removal of a replica of the image. Such replicas can be used to
manufacture corresponding protective elements by stamping onto a polymer
base.
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JIA3EP IHIYKOBAHA KPUCTAJI3ALIS IOHHO- (C*, BY)
IMILJIAHTOBAHHUX GeSn IJIIBOK
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Tnemumym isuku nanienposionurie im. B.€. Jawxapvosa HAH Yipainu
> . -
“Inemumym ¢hizuku HAH Vrpainu

Ha cporomui Oinbme HiK 90% eJeKTpOHHMX TIPUIAAIB, IO
BUPOOISIIOTHCS B CBITI 0a3yroThbesl Ha J0Ope pO3BHHYTIM Ta JemieBid Si
TEXHOJIOTl 1, $K CBII4aTh [POTHO3M [OJI0 TOAAJIBIIOIO PO3BUTKY
enexkTpoHiku [1], Taka TeHmeHiis Oyae 30epiraTucs Ime TPUBAIMK dac.
Boanowac ans Si npuTaMaHHME CyTTEBHMH HENOJIK — BIH € HENPAMO30HHHM
HaIBIPOBITHAKOM, III0 HE J03BOJIS€ HOro BHKOPUCTOBYBATH B POJI
eeKTUBHUX BHIpOMIHIOBauiB. Tomy e nomyk (yHIaMEHTAIBHUX Ta
TEXHOJOTIYHUX PIIICHB, AKI O J03BOJIMIM peali3yBaTH Ha OCHOBI Si
NPAMO30HHI CTPYKTYypH. B OCTaHHI pOKM IHTEHCHBHO AOCTiTKYyHOThCA Ge.
«Sn, TUIBKH, CJICKTPOHHA CTPYKTYpa SKUX MPH MEBHOMY 3Ha4YCHHI X (= 6,5 %)
[2] TtpanchopmyeThesi B mpsMo3oHHy. Ge sk 1 Si € HENpsIMO30HHUM
HamiBNpOBIAHMKOM, ojaHak Ge Habararo Jerime TpaHcopMmyBatH B
NPSIMO30HHMI, 110 3yMOBIIEHO HeBeJlHKOW (~ 136 meB) pisuuuero eneprii
MK BepmiMHaMd JoyMH L Ta [T 30HM NOPOBLAHOCTI, SIKI BHM3HAYAIOTh
HEMpPAMO30HHI Ta TMPAMO30OHHI TMepexoau, BiamosigHo. Jlma peanizarrii
ocTaHHbOro B uiBkax GeSn/Si 3 HasBHUMH B HHUX HaIpy)KEHHAMH CTHCKY
7011 Sn MOBUHHA OyTH OUIBIIOK0. 3a3HAYMMO, 1110 3a HOPMAJIBLHUX YMOB B (Ge
po3uuHAKTECA He Oinbine 0,5% aTomiB Sn, 110 3yMOBJICHO 3HAYHO OUIBIIAM
(162 nm) ix koBasieHTHUM pajiycoM B ropiBasHHI 3 Ge (137 nm). Otpumaru
Ge|xSny IUTIBKH 3 BUCOKOHO JIOJICK) SN MOXKHA HEPIBHOBHKHUMH METOIaMH,
3okpema MIIE, omHak octanHHIi HE € mpomucinoBMM MertoaoM. Tomy #ae
MOMIYK iX OTPUMAaHHA IHIIMMH METOJaMH, 30Kpema 3a JOTOMOTOI0
MarHeTpoOHHOI0 Ta TEPMIYHOIo posnuieHHs MimeHei. ChopmoBaHi TaKUMH
METO/IaMH IUIBKH € aMOP(HUMH, TOMY BakKJIMBY POJb Y IX KpucTamisauli
BiZITparoTh Biamanu. TepMiduHi BiAMAIN, AK MPaBUIIO, MPU3BOIATH 10 3HAYHOI
cerperamii aromiB Sn Ta audy3ii iX g0 TOBepXHI Ta iHTepdency
ronBKa/migkaaaka. o6 3MeHmuTy 11 nponecH MoKHa BUKOpPHCTATH (POTOHHI
Ta JNazepHl Biananu. [Hma iges, peamsauis sAKoi J03BOJSE 3MEHUIMTH
cerperaiiio atoMiB Sn B MpoLEC BIAMAIIB, — 1€ J0JAaTKOBA 1HKOPIIOpaLlis B
GeSn miBKYy aToMiB, 110 MakTh 3HAYHO MEHIIMH KOBAaJICHTHHUI pajlyC B
nopiBusiHHI 3 aromamMu Ge. Hesnaunuii Bijncotok BOynoanux B Ge rpartky
TAKMX AaTOMIB JIO3BOJISIE  KOMIICHCYBAaTH JIOKAJIBHI HAINPYXXCHHS, SKI
CTBOPIOIOTH aToMH Sn. ToMy MeTor0 1i€i poboTH OYyI0 AOCHIIKEHHS BILTUBY
IMITYJIBCHUX JTa3epHUX Biamanie Ha BiaacTHBocTi GeSn, GeSn:C i GeSn:B
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IUTIBOK, C(OPMOBAHUX TEPMIYHHUM PO3IMHICHHSAM BIINOBIAHUX MIIIEHEH.
Mertogom Tepmiunoro posmwieHHs Ge Ta Sn MilleHeH Ha MOMEPEaHBO
chopmoranmii 100 um Ge Oydepuuii map Ha Si mAKIAALII OCATKYBAIUCA Sn
ta Ge mapu, 3 ToBUIMHaMH ~ 2 Ta ~ 17 aHwM, BianosiaHo. [InactuHa 3 miiBkow
po3spi3anacs Ha 3 YaCTHHHM, B OJHY 3 AKHX iMruanTyBaimcs ionu C' (E=50
keB, D=6,2-10" iow/cm’), a B immny
iorn B" (E=50 xeB, D=1,6-10"
ior/cm), OCTaHHs JacTHHA
3ajMIlaiacs — HeIMIUIAHTOBAHOIO 1
BHKOPHUCTOBYBAJIACs /IS IOPIBHAHHS.
CdopmoBaHi TUTIBKM BIATATIOBATHCS
3a JOTOMOTOI0 IMIYJBCHUX JIa3epiB:
: 123; HAaHOCEKYHIHOro 3 A =455 HM Ta
100 150 200 250 300 350 400 450 (PemnrTocekynaHoro 3 A =800 HMm.

Raman shift, cm Jlist Kpucrtaiizauii aMopHHX ILIiBOK

Puc. 1. PamaniBebki cnextpu 10 maposoi TYCTHHM — TOTYKHOCTI  JIa3€PHOTO

GeSn_laser annealing
532 nm

Intensity, arb. un.

Ge/Sn cTpykTypH Bignanenoi imnynscuuy — BUIIPOMIHIOBaHHS nig0upanacs
Ja3epoM IPH BapilOBaHHI MOTYKHOCTI Y EECHEPHM?HT@"H"M ) IJLXOM.
. . . Binmaneni mmiBkH AOCITITKYBATTHCAH
BIJICOTKAX 10 IOBHOI IOTYKHOCTI J1a3epy. : .
METOdaMH pPaMaHIBCBKO1

cnexktpockomnii, XRD, XPS, CEM ta ACM. Ha puc. 1 HaBeaeHo pamMaHiBCbKi
crnekTpu He immuiaHToBaHoi GeSn IUIBKM, BIANAIEHOK HAHOCEKYHIHHUM
IMITYJIBCHHM J1a3€pOM 3 PI3HOIO MOTYKHICTI. BHAHO, 110 MpH MOTYKHOCTAX
nazepy 7 -10 % Bix nmoeHoi B criekTpax gominye Ge-Ge cmyra, 110 BiAMOBiga€e
KpuctamiyHiii ¢a3zi GeSn miBKU. 3 YaCTOTHOTO TMOJIOKEHHS Li€1 CMyrd
OLIIHEHO BMICT BOYJTOBAaHUX aTOMIB Sn B IUTIBII, 10 ckiaagae 5 at. %. 3rigHo
4aCcTOTHUX noJjoxkeHb Ge-Ge cMyr B paMaHiBCbKUX crniekTpax mimiBok GeSn:C
1 GeSn:B Bmict atomiB Sn Ha 1% Oinpme. OcTaHHE CBITYWATBL, MIO
imuranTanis ionie C° abo B’ B IuiBKy crpuse Oinbln edeKTHBHOMY
BOy10ByBaHHIO atroMiB Sn B Ge rparky. Bianan GeSn miilBok 3a 101OMOro0
(beMITOCCKYHIHOTO 7a3epy MOKa3ae, IO B MPOIECl B3aeMOJII Ja3epHOTO
BUTPOMIHIOBaHHSA 3 TUIIBKOIO, MOXKYTH peajizyBaTHCS JIeKiTbKa CLeHapiiB:
abnsinis TUTIBKW; BiAPUBAaHHA 11 BiJA MIAKIAJAKH Ta CKPy4yBaHHS B
MikpoTpyOky Ta QopmyBannsa, tak 3BaHux JIIIC (masep inaykoBaHMX
MJIa3MOHHHUX CTPYKTYp) [3].

1. N. Margalit, C. Xiang, S.M. Bowers, et al. Perspective on the future of silicon photonics and electronics.
Appl. Phys. Lett. 118, 220501 (2021).

2. S. Gupta, B. Magyari-Kope, Yo. Nishi, K.C. Saraswat Achieving direct band gap in germanium through
integration of Sn alloying and external strain. J.  Appl. Phys. 2013. 113, P. 073707
https://doi.org/10.1063/1.4792649.

3. S. Shangguan, J. Zhang, W. Wang, et al. Study on the periodic structure of polycrystalline GeSn prepared
by femtosecond pulse laser direct writing. Optics & Laser Technology. 167, 2023, 109606.
https://dot.org/10.1016/1.optlastec.2023.109606.

Poborta niarpumana HOIAY npoexkt Ne 2023.03/0186 «/ledopmauiiina iHKeHepis eleKTPOHHOT
cTpyKTYpH ToHKHX 11iBoK GeSn ana [Y onroenekTpoHiki HOBOTO MOKOJMIHHAY.
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CTpykTypHeE i CIeKTPOCKONiYHe JOCTiIKeHHs
(poToiHAYKOBAHUX MEPETBOPEHDb Y CKJIAX CHCTEeMH Ag—As—S
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Kuie, Vipaina
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Jaxapnamcekuil yeopcokuit incmumym im. Pepena Paxoyi 11, Bepezoso, Vipaina
5 . . ~ . . s . .
VYuisepcumem im. Hua Komencorozo y bpamuciasi, Bidokpemaene giodinenns (13853
Typanu, Cnosauvuna

HanmiBrnpoBilHMKOBI ckia Ha oOcHOBI As;S; BioMi Hacammepesn 3aBIsSKH
(OTOIHAYKOBAHUM CTPYKTYPHHM 3MIHAM, 10 CIOCTEPIraldThes B HUX I JAI€K0 CBITHA, 1
MOB'A3aHUM 3 HHUMH MOKIMBOCTAM JUIsd 3acTOCYBaHb Y Pl raimy3edl ONTHKH i
ontoenekrponiky. Cepel CKIONOAIOHHMX MarepialliB Ha OCHOBI Cylb(igy apceny,
Moau(IKOBAHUX MeTanaMH, HaiOIb BHBUeHI cucTeMH Ag—As—S. HaykoBuii iHTepec 10
amopHux MarepianiB Ag—As—S 00yMOBIIEHHH X 10HHOK MNPOBIIHICTIO M MOXIIHBICTIO
3aCTOCYBAHHS 1X 5K TBEPIAMX EJIEKTPOIITIB, @ TAKOXK IXHIMH TEPMOEIEKTPHYHUMHI
BJIACTHBOCTSIMH.

Hamu nocnijpkeHO CTPYKTYpPHI Ta ONTHYHI BJIACTHBOCTI CKIIOMOAIOHHMX MaTepiaiis
(As2S3)1«Ag, 3 BmicToM cpibia x g0 0.4, aki OTPUMAHO CIUIABJIEHHSAM [ONEPEIHBO
CHUHTE30BaHOTO As;S; Ta konoiguoro cpidbna mpu 600 °C y BakyyMOBaHHMX KBapLOBHX
aMITyiax IpH MOCTIHHOMY NOMIIIYBaHHI, BUTPUMKOIO TIPH 1M TeMIepaTypl BOpOAOBK 4
roj Ta IIBHMJKHM rapTyBAHHAM Ha MOBITPL. AMOpPQHY CTPYKTYPY 3pa3KiB Ta BIACYTHICTh
KpUCTAIYHMX (a3 NIATBEP/UKEHO PEHTIreHOAN(PPAKTOMETPHYHUMH  BHMIPHOBAHHSIMH
(mudpakromerp AXRD Benchtop, Cu K, BurpominioBaHHsi).

BumipioBanns eneproaucnepciiinux pentreHiBecbkux cnextpis (EJC) nns 3paskis
Ag(As:S3)1 3 x= 0.2 miaTBepAMIN OAHOPLIHICTH XIMIYMHOTO CKIQAy 3pa3KiB Ta Horo
BIAMOBIIHICTE 33JaHOMY CIIIBBIJTHOILEHHIO €IEMEHTIB Yy IHXTI. BoaHowac 1is 3paskis
Ag(As:S3)1x 3 x> 0.2 BCTAHOBIEHO HEOIHOPIAHICTL XIMIYHOIO CKJIANy 3 ICHYBAHHAM
obiacrei 3 MABHLIEHHM 1 MOHH/KEHHM BMICTOM cpibuia.

JlocnikeHHs CNEKTPIB PaMaHIBCHKOIO PO3CIIOBAHHSA, NMPOBEACHI NPH KiMHATHIH
temneparypi Ha crnektpomerpi XPloRa Plus (Horiba) npu 30yaseHHI TBEpAOTIIBHHM
na3epoM (hexe=532 HM) 3 T'YCTHHOI NOTYAKHOCTI Pe Bix 0.4 mo 100 kBr/cm® Ta Ha
ciekrpomerpi MJIP-23 npu 30ykeHHI JazepoM 3 Ay=671 HM 3 Pe~l KB’[‘fCME,
miaTBepauad aMophHMi Xapaktep ycix spaskiB. s 3paskie Ag(As:Si)i 3 x< 02y
CIIEKTPaX, OTPHUMAHMX INPH Ae =071 HM, CHOCTEpIraeTbCs XapakTepHa A1 aMop(HOro
As,S; mMpoKa JoMiHAHTHA cMyra 3 MakcUMymoM Oins 340 eM ! (moB's3ana HacamIiepes 3
KOJIMBAHHAMHM 3B'A3KIB As—S mipaMiganbHUX Tpyn AsS;, a TakoK 3 MEHII TTOMITHHUM
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BHECKOM KOJIMBaHb IHIIMX CTPYKTYPHHX IpyIl) Ta 3HAYHO MEHII IHTEHCHUBHI CMYTU B
obmacti 130-230 cM ', MO BiANOBIAKTE KOIMBAHHAM iHIIMX CTPYKTYPHHX TIpyi. Y
CHEKTpax, OTPHUMAHHX TPH Aee=532 HM, CTPYKTypa HH3BKOYACTOTHOI TPYIH
paMaHiBCBKHX CMYyr OLTBII PO3MHTA 3 MakcHMyMmaMmu moommsy 180 i 230 owm ', sxi
NOB'A3YI0Th 3 KOJIMBAHHAMM FOMOMOJIAPHHX 3B'A3KIB As—As y rpynax AsySsTa AsySs.

3a3HauMMo, 110 B OTPUMaHUX HamHu cnekTpax Ag(As;S;)i, 3 0.1 < x< 0.2 ne
CIIOCTEPIra€Thes OYIKYBAHOI MOSBH BIAOMOTO JUIS CKJIOMOAIOHHX MartepiamiB Ag—As—S
MakcuMyMy B ofuiacti 360-375 oM ', KMl 1OB'S3YIOTH 3 KOJMBAHHAME 3B'S3KiB As—S
nipaMiganeHUX Tpyn  AsS;, 3'elHaHMX MICTKOBMMH aTtoMamu cpibma. OnHak  3i
301MBIICHHAM  BMICTY cpidiia  x  crocrepiracrbes  TpaHcgopmanis  JIOMIHAHTHOT
paMaHiBCBKOT CMYTH, 30UILIIEHHS ii MIMPHHU Ta 3MIIMIEHHA MAKCUMyMY B 00JIaCTh BHIIIHX
gacToT. BunaineHHs BHeCKY B pamaHIBCbKHH cnekTp Ag. (As;S3)i,, oOymoBaeHOTO
HAsABHICTIO B HOro cKIaai atoMiB Ag, 4iTKO BKa3ye€ Ha 3POCTAHHSA IHTEHCHBHOCTI
paMaHiBChKOTO po3ciioBaHHs B o6macTi 3 MakcuMyMmom 6ins 360-375 oM ' Ta BizmnoBigHe
aMeHIeHHs B oGnacti 330-340 cm . Taky MOBeAiHKY MOJKHA MOSCHHTH 3DOCTAHHAM
KUJTBKOCTI MipaMilanbHUX rpyn AsSsi, 3'€/IHaHUX MICTKOBHUMH aTOMaMH Ag.

3a3Haunmo, 1o s 3pa3kiB Ag.(As»S3)1.; 3 x> 0.2 cnekTpH, OTpUMaHI B PI3HHX
TOUYOK 3pa3ka, BIAPI3HAIOTHCS, 30KpeEMa y JeAKHX 3 HUX MakCHMyM B obmacti 360-375 em !
MPOABISAETHCS B SBHOMY BHIJIA1 ab0 y BUIJIAA1 JoOpe noMiTHOTO muieva. e cBiaunTe mpo
HEOHOPIIHICTE PO3HOALIY cpidia B KX 3pa3kax 1 y3romkyerbes 3 qanumu EJIC.

JInd BCIX 3pasKiB NMPH Aexc=532 HM 31 3pocTaHHAM Py Bix 4 kBt/cm’ 10 40 kBr/em’
CIIOCTEPIraeThCsl  MEPEpO3NOJUT  IHTEHCHBHOCTI PAMaHIBCHKUX CMYT Ha KOPHCTh
MakcumymiB O 180 1 230 em . Lle cBimunth npo (OTOIHAYKOBAHY mepedyaoBy
CTPYKTYPHOI CITKH CKJa 31 3pOCTaHHAM YMCIA CTPYKTYPHHX Tpyn AssS; Ta AsyS; 3
rOMOIOJIAPHUMH 3B'3KkaMu As—As.

36inemenaa P go 40 kB1/cm’ (Aexc=532 uM) nans 3paskiB 3 x = 0.06 Bexe 1o
MOSBH HOBOTO BY3BKOTO ik Gissi 270 ¢M ', NOB'S3aHOr0 3 (OTOIHIYKOBAHMM YTBOPEHHSM
KpuctaniuHoro As,O; (apceHonity) Ha noBepxHi ckina Ag(As>S;3).,. Ha Biaminy Bix
HeJleropaHoro As,S;, ne miHIl, mos's3aHli 3 Asy;(O;, 3'BIAIOTBCA Mg JI€H
yApTPadioneTOBOro BHIPOMIHIOBAHHA, A1 Ag.(As>S;3)1., Lel npouec BLAOYBAeThCA MPH
ONMPOMIHEHHI CBIT/IOM HadaraTo HHK4YOI eHepril 3 3ejeHo] 001acTi CHEKTPY, 110 BKa3ye Ha
KJITKOYOBY poJib cpibna juis nepediry peakiii GoTOOKHCICHHS.

JlocrmipkenHs BUKOHAHO 3a miaATpuMKH rpanty Ne 2023.03/0013 nporpamu "llepenosa
Hayka B Ykpaini" HaiionansHoro ponay 10caypKkens YKpaiHH.
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OnTuyHi Ta poToeseKTpUYHI eJleMeHTH HA ocHOBI IngSe;,

MoAH(piKoBaHi B 00/1aCTi JIa3ePHOIo BILIHBY
M.O. Copoxaruii, B.M. Ctpedexes, .M. [Opiituyk, 10.b. Xanaexka, /I.A. Bypuenko
Yepuiseybruil nayionansuuil ynicepcumem imeni Opis @edvkoeuya,
m. Yepriayi, ayi. Koywburncerkozo 2, Vipaina

OcoOnmuBocTi  mIapyBaToi  CTPYKTYpH Ta  €HepreTHyHoi  OyJ10BH
HaMiBOPOBIIHUKOBUX KpHcTamB InsSe; (mmpuna 3aboponenoi 3onu E,=0,65
eB) 3yMOBIIOIOTE iX BUKOPHCTAHHS /IS CTBOPEHHA €JEMEHTHOI 0asu
ONTHYHOI TeXHIKH OJMKHBOrO Ta cepeaHporo IY-manazony [1]. ATomapHo
riaajka moBepxHs IwionmHu crnaiHocti  (100) onTumansHa  SK U1
HApOLLYBAHHA CIHITAKCIMHUX 1IapiB 1 TETEPOINEPEXOAiB, Tak 1 Juld
HAMWIIOBAHHA TOHKOIUTIBKOBUX MOHO- YHM 0araTomapoBHX ONTHYHHX
HOKPHUTTIB JUIsA MPOCBITIICHHA a0 (iIbTpanii BUIPOMIHIOBaHHA. B 3B 53Ky 3
IHTEHCHBHUM PO3BHUTKOM HAHOEIEKTPOHIKU JOCII/KYIOTBCS TEXHOJIOIYHI Ta
(p13MYHI OCHOBH MIKPO- Ta HAHOCTPYKTYPYBAHHS LMX HIAPYBAaTHX KPHUCTAJIIB,
B TOMY YHCJI MeToau jJa3zepHoi oopodku (JIO) Ta moaudikarii moBepxHi 1
nepexigHux odacTei.

CTpyKTYypHO JOCKOHAJIl, HEJIeroBaHi MOHOKpHCTaH InySe; MaioTh
BHCOKHH KoeilleHT mpomyckaHHs, J0 60-63% B obmacti mposopocti 0e3
npocBiTiaeHHsA. Tomy HaMu OyJiM TEOPETHYHO PO3PaxOBaHI Ta BUTOTOBIIEHI
inTepdepeniiiHo-adcopOIiiiHi (GITBTPH y BUTIISAAI MYJIbTHIIAPIB 3 TUIIBOK Ge
— MgF; Ta Ge-Si0, sixi HanwmoBanu Ha yucti ckoiu (100) kpucranis In,Ses.
['paHuyHa JTOBKMHA XBWII TAKUX BIAPIZHUX (PUIBTPIB CKiIajaia Ay, = 2,0 MKM
Ta Ayp = 3,5 mxm. Kopekuis napamerpis QinbTpiB, Takux AK MakCHMalbHE
MPOIyCKaHHA B poOOYOMY [iana3oHi, CHEKTpalbHe [OJOKEHHA A,
MDKIIApOBa ajaresis Ta ajresis A0 HNIAKIAJKH [POBOAMIACH METOLOM
nazepHoi 00poOKH 1 Bianany B pexxuml Maiiol TYCTHHH eHeprii nmyuka E=0,3-
0,8 Jhk/em”. Jlna  3agaHoi  3MIiHH  CIIGKTPANbHOI  XapaKTEPUCTHKH
iHTepdepeHIiiHoro (GiIbTpa AOCTATHRO KOPETYBaTH ONTHYHI TOBIIMHH
KIJIBKOX IUIIBOK HAa MEXI 13 OTOUYIOUUM CEpEeIOBULIEM, IIPHU L[LOMY OCHOBHHUIA
MaKeT YBEPTHXBWJILOBUX IUIIBOK 3QJIMINAECTHLCS HE3MIHHUM. 3acTOCOBYBAJacs
po3dokycoBana ais muticekyHaHoro Y AG-nasepa 3 Ag= 1,06 MKM Ha BepxHI1
IUIBKH (LILTPA, B IKUX €Hepris iMITyJIbCY 3HAYHUM YMHOM TOTJIHMHAETLCH B
mapax Ge. [Ipu TakomMy nazepHOMY Bijaii BiJIOYBacThCA 3MiHA MMOKA3HHKIB
3aJIOMJICHHsI BEPXHIX IUIBOK, 110 103BOJISIO miaidpatu Taxkuii pexum JIO,
npu sikomy Ha 7-10% 3pocTano MakcuMabHE MPONYCKaHHA 0araTomapoBoro
bLIBTPY.

Takox Oy/o MpPOBEAEHO CTBOPEHHS (POTOYYTIMBUX E€JIEMEHTIB Ha
kpucranax In;Se; 3 nonomororo nazepHux TexHosorii. B nepmomy Bunaaxy
MPOBOIANACA TPOIIJIaBKa Ja3epoM MOBEpXHI Kpuctamy n-IngSes. B obnacti
JIA3€pHOTO BIUIMBY IIPH 1IbOMY HE 3MIHIOETBHCA cKiaa InsSes, Ha 110 BKa3yroTh
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nocaypkenass B PEM (puc. 1), ane 1HBepTyeTbcs  NPOBIJIHICTD

PEeKPUCTATI30BAHOIO 1IAPY B P-THIL.

Puc. 1. OgHOpiAHICTE CKIaay nMoBepXHi Kpucrany IngSes B obnacTax nazepHoi NporiaBKH.

B npyromy BHIIaJIKy Ha IOBEpXHI Kpucrtainy n-IngSe; MeTogoM piauHHOL
ermitakcii (PE) napoutyBaBes map p-InsTes, skuit MmopudikyBaBcs na3zepHUM
ONMPOMIHCHHSM 3 BHKOPHMCTaHHAM MUIICEKYHAHHX Ja3epiB Ha pyOiHl (A =
0,694 mxm) Ta Ha YAG (A = 1,06 mxm). 'etepoctpykrypu InyTes-InsSes,
orpumani MerogoMm PE, Ta ctpykrypu p-InsSes—n-IngSe;, orpumani MeToaoM
Ja3epHOi MPOIUIaBKH, XapaKTePH3YIOThCS 3HAYHOKW (POTOYYTIUBICTIO B
obumacri 1,0 — 2,5 mxm 0e3 0X010/KeHHS (pHUC. 2).

12

08

06

U/Us, Bia. o1.

04

02

o5 1

A MKM

Puc. 2. CnekrpansHa dotouyriuBicts micas JIO: 1 — enitakciiina (PE) rerepoctpykTrypa
InsSes-InsTes; 2 — nponnasnenunii 1aszepom map Ha KpucTail n-IngSe; npu £ =8 JE[;»{U‘-::M2 :
3 — nporuiaeenHuii tazepom map npu £ = 12 Jlx/em’; 4 — npn ocitienHi 3paska (3) 3i
CTOPOHH T IKIAKH.

CrBopeHHss  Takux  (OTOUYTIMBHX  €JIEMEHTIB  MoOxke  OyTH
MePCIIEKTUBHUM JIIsl 3aCTOCYBAaHHS B TEIEKOMYHIKAIIMHUX CHCTeMax, JUIs

010JIOrYHUX Ta MEIUYHUX 00J1acTeil.

[1] Xapxanic JLIO., I'nyxos K.€., badyka T.fI. Enexkrponna cTpykTypa Ta ONTHYHI
BIIACTUBOCTI T'E€TEPOCTPYKTYp Ha OCHOBI KpucrtaniB InsSe; 1 IngTe; // HaykoBuil BicHMK
Yxropoacbkoro yHiBepcuteTy. Cepist “@isuka”, Bun. 40. — 2016 . — C.80-91.
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Practical Aspects of Single-, Multi-Pulse, and Continuous

Wave Laser Micro-/Nano-Structuring of Materials
P. Lytvyn, A. Korchovyii, A. Rusavsky, A. Vasin, K. Svezhentsova, V. Dzhagan
V.E. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine, prospect
Nauky, 41, Kyiv-03028, Ukraine.

Laser micro- and nano-structuring represents a transformative
approach in advanced manufacturing, offering exceptional precision and
adaptability for material processing. Its relevance spans a broad range of
industries, with prominence in the semiconductor sector, where laser
technologies enable the fabrication of intricate device architectures
essential for next-generation electronic systems. Laser-based processing
supports key operations such as photolithography, annealing, and direct-
write circuit patterning, thus driving innovation in high-performance,
miniaturized semiconductor components for modern computing and
communication technologies.

The interaction between laser radiation and materials is
fundamentally governed by their optical properties and electronic
structure. In metal films, laser energy i1s primarily absorbed by free
electrons through inverse bremsstrahlung, leading to rapid electron gas
heating. This interaction is effectively described by the two-temperature
model, wherein the electron and lattice subsystems evolve separately
before reaching thermal equilibrium, thereby influencing the ablation
dynamics and surface structuring. In semiconductors, incident photons
with energies exceeding the bandgap can excite electrons from the
valence to the conduction band, potentially inducing ultrafast melting or
phase transformations. These processes are critically dependent on the
material's band structure and thermal conductivity, parameters that are
vital for accurately predicting and controlling the structuring outcomes.

This study investigates the practical application of three laser
processing modalities—single-pulse, multi-pulse, and continuous wave
(CW)—for the micro- and nano-structuring of metal films and
semiconductor materials. Single-pulse irradiation involving nanosecond
pulses, enables high-resolution structuring by minimizing heat-affected
zones, making it ideal for precision ablation with well-defined
boundaries. The ablation threshold, determined experimentally, defines
the onset of material removal; it is measured at a high-resolution using
an atomic force microscopy. Phase transformation control 1s achieved
through complementary methods including micro-Raman spectroscopy
and grazing incidence X-ray diffraction. Multi-pulse irradiation exploits
incubation effects, wherein repeated pulses reduce the effective ablation
threshold, enhancing process efficiency for applications such as micro-
drilling or patterning. In contrast, CW lasers provide sustained energy
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input, facilitating thermal modifications like annealing or melting
without material removal.

The laser systems utilized in this work include a 1064 nm infrared
fiber laser operating in a pulsed regime (120 ns pulse duration, 0.75 mJ
pulse energy) and a 455 nm, 10 W CW semiconductor laser. The 1064
nm pulsed laser induces significant thermal effects, which, enable
efficient ablation of metals and semiconductors. The 455 nm CW laser,
due to its shorter wavelength, offers improved absorption in
semiconductors, thereby enhancing thermal energy coupling—especially
valuable for annealing processes aimed at modifying dopant profiles or
crystallinity. Environmental parameters such as preheating of the sample
and the control of ambient atmosphere were also systematically adjusted
to optimize the structuring process.

Representative applications demonstrated in this work include
maskless rapid prototyping of thin-film metal/semiconductor structures,
laser-assisted processing of two-dimensional materials for sensor
platforms, micro-polishing, semiconductor annealing, and surface nano-
structuring.

Fig.1. IR laser engraved Al on glass pressure sensor structure (a), CW laser produced
graphene oxide-based sensor test structure (b), AFM images of the CW laser
annealed VO thin film (c,d).

A comprehensive understanding of laser—material interactions is
essential for advancing micro- and nano-structuring technologies. By
tailoring laser parameters and employing state-of-the-art characterization
techniques, this study aims to enhance material processing strategies,
particularly within the semiconductor domain, thereby enabling novel
device architectures and facilitating technological innovation.

This study was supported by NRFU project #2023.05/0022
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MeTta npoekTy: oeaHATH EKCIIEPTU3Y KOJICKTHUBY BUKOHABIIIB 3 PI3HUX
raixy3eil (13UKH Ta TEXHOJIOT1T HaIiBIPOBIAHUKOBUX MIKpO- Ta
HAaHOCTPYKTYp HasiBHY Y BUKOHABIIIB MaTepiaiIbHO-TEXHIUHY 0a3y 3
BUTOTOBJICHHS Ta BCEOIYHOI XapaKTepu3allii MiKpo- Ta HAHOCTPYKTYP
MOJKJIUBOCT1 HOBOT'O TEXHOJIOTIYHOTO OOMaJHAHHS IO TUIAHYETHCS J10
npuAOaHHS B paMKaX MPOEKTY B HAYKOBO-OCBITHIH IIEHTP
HaIliBIIPOBIIHUKOBUX MIKPO-/ HAHO-TEXHOJIOT1H Ta €KCIEePTU3

OO6nanHaHHs 3a19HUX Y TPOEKTI BiaauliB [HcTuTyTYy Ta LleHTpy
KOJICKTUBHOT'O KOPUCTYBaHHS:

* CHHTE3 TOHKUX TUTIBOK

* 30HJ0Ba HaHOJITOrpadis Ta XapaKkTepu3allisi TOBEPXHI

* MikpoHHa 0e3MacKoBa JiazepHa
mitorpadis

e OnTuyHa CIEKTPOCKOIIiS Ta
MIKPOCKOITISI

* CrpyKTypHUH Ta €JIEMEHTHHUM aHaJIi3

* EnexkTpuuHa xapaktepu3ailis

[InanyeTbcst Ipu0aHHS Ta Laser
OTNaHyBaHHS 00JIaIHAHHS JJIs
CyOMiKpOHHOI 0€3MacKOBOi
naszepHoi jiTorpadii, sika €
ONTUMAaJIbHUM BapiaHTOM ISl
BUTOTOBJICHHS €JIEMEHTIB
MIKPOEJIEKTPOHIKU Ha eTalll
TOCIIJIKEHHS 1 pO3pOOKHU
HOBITHIX MaTepiajiB Ta
IpUIAJ0OBUX CTPYKTYP, a TAKOXK
HaBYAJIbHO-OCBITHBO1 POOOTH 3 MIATOTOBKHU MOJIOJMX CHEIIATICTIB

Spatial Light
Modulator

JlonarkoBa iHGOpMallist TPO MPOEKT Ta MPO MOXKIJIMBOCTI CIiBOpAIlL:
Ha caiiti [nctutyTy Ta cropinii npoekTty: http://isp.kiev.ua/
3a ten. +380937352206 (Bonogumup [xaran)
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