AHOTANIA

Pesyyvka JI.O. BrnnauB ckinagy Ta JIeTyBaHHS Ha OMMKHIA  HOPSAOK
XaJIbKOTEHITHUX CTEKOJI Ta (OpMyBaHHS MOBEPXHEBUX pesbe(iB HA TOHKUX IUTIBKaX 1
HAHOKOMIIO3UTax Ha iX ocHoBl. — KBgsamidikarmiiina HaykoBa mpars Ha IpaBax
PYKOITHUCY.

Juceprartiist Ha 3100yTTsSI HAYKOBOTO CTYIIEHS IOKTOpa (igocodii 3 ramysi 3HaHb
10 IMpupoauuui Hayku 3a cnerianbHicTio 105 [puknaaHa dizuka Ta HAaHOMAaTepialu. —
HarmionansHuil TeXHIYHUHN YHIBEepcUTET YKpainu « KUTBChKUH MOMITEXHIYHUN IHCTUTYT

imeHi Iropst Cikopebkoroy, Kuis, 2020.

CyuacHi 1H(popMaliiiHl TEXHOJIOT1i NOTPEOYIOTh HOBUX Ta €()EKTUBHUX PILIEHb B
oOmacTi 3anucy Ta 30epiranns iHdopmarrii. KinrogyoBuM HanpsaMoM AJis BUPIIIEHHS X
3a/1a4 € po3poOka HOBUX (QYHKIIIOHATBHUX MaTepianiB. OJHUMHM 13 TAKUX MaTepialiB €
XaJIbKOTEHIJTHI CTEKJIA, JIJISl AKUX BIACTHUBI: MPo30picTh B [Y 001acTi CrieKTpy, BITHOCHO
BENUKI 3HAYEHHS JIHIHHOTO 1 HEJIIHIHHOTO TMOKa3HWKAa 3aJIOMJICHHS Ta TpPOsB
PI3HOMaHITHHUX (POTOIHAYKOBaHUX SBUIL. Lle poOUTH 1X NEPCIEKTUBHUMH MaTeplaaMu
JUIsL CTBOpEeHHS nprutaniB [Y onTuku, cepenoBuIl i 3anucy iHdopmMaliii, e1eMeHTIB
(OTOHIKH, ONTOENEKTPOHIKH Ta 1H.

Bigomo, 1o ¢i3uko-XiMiuHI BIIACTMBOCTI XaJIBKOTCHITHUX CTEKOJ MOJKHA
3MIHIOBATH IUISIXOM 3MiHHU CKJIafdy, JITYBaHHS Ta il 30BHIMIHIX YMHHUKIB. JleTanpHe
BUBYEHHS CTPYKTypHHX BiacTtuBocTeil XC 103BONMTH Kpalle 3pO3yMITH MPOLIECH
YTBOPEHHSI TIOBEPXHEBUX pelbe(iB HA TOHKHX IUNBKAaxX Ta OararomapoBUx
XaJIBKOTCHIIHUX HAHOCTPYKTYpax 1 PO3IMHMPUTh MOKIMBOCTI BHKOPHUCTAHHS JaHUX
MarepiaiiB B SKOCTI cepeloBul] Mg 3anucy iHgopmaiii. ToMmy BHUBUYEHHS
B3a€EMO3B’SI3Ky aTOMHOI CTPYKTYpH Ta JIOKQJIbHHUX, IHTETPAIbHUX (DI3UIHUX
BJIACTUBOCTEHN MOIU(IKOBAHUX XaJbKOTE€HITHUX CTEKOJI € HEOOX1THUM J1JIS BUPIIICHHS
psany GyHmaMeHTadbHUX MpooOsieM (PI3UKH HEYMOPSIIKOBAHOTO CTaHy, IO BH3HAYAE

aKTyaJIbHICTh Ta MPAKTUYHY IIHHICTH JaHOI pOOOTH.



Metorw nucepTalliitHoi poOOTH € BCTAaHOBJICHHS BIUIMBY CKJaiy, JETYBaHHS Ha
CTPYKTYpPHI BJACTHUBOCTI OO0 ’€MHHX XaJIbKOTCHIIHMX CTEKOJI 1 MOKIIUBOCTI
NPUKIAAHOTO 3aCTOCYBaHHS TOHKHMX XaJbKOT€HIHMX IUIBOK 1 OaraTomapoBUX
HAHOCTPYKTYp Ha iX OCHOBI B SIKOCTI MarepiamiB ajsi rosnorpadii Ta oTpuMaHHs
eJIeMEeHTIB ()OTOHIKH.

VY nuceprariii Oyj0 OTpUMaHO HACTYITHI HAYKOBI pe3yJbTaTH:

* BusiBnieHo, 1110 st po3pisiB As-S-Sh, As-Se-S, As;Ses:Mn BiOyBarOThCs 3MiHH
y CTPYKTYpi OmkHbOTO NopsAKy. st cuctem AspSsiAg, As-S-Ge — 3MiHU HEICTOTHI.

* 3’51COBaHO, 1110 B KOMIO3MUIIHHUX po3pizax As-S-Sb, As-Se-Ge, As-Se-S, As-S-
Ge, As;Ses:Mn, As,S3:Ag ripy 3MiHI KOMITO3HUIIIT @00 JIeryBaHHI cpibJIOM 1 MapraHieM
B1I0YBa€ThCSl BIAHOCHA 3MIHA KOHIIEHTpAllli OCHOBHUX CTPYKTYPHUX OJWHUIIb Ta
HECTEX10METPUYHUX MOJIEKYJISIpHUX (hparMeHTiB.

* Briepire mokasaHo MOXJIHMBICTh IPSIMOTO €IEKTPOHHO-TIPOMEHEBOTO 3aMUCy Ha
XaIbKOTCHITHUX TUTIBKAX AS3sS365€26 Ta As3S77Ger. @opmyBanHs penbedy mo0pe
OMMCYETHCS EKCIOHEHIIMHOIO 3aJIeKHICTIO B 4Yacy EKCIIO3WINI Ta MOXe OyTu
MOSICHEHO 3apsII0BO0 MOJIEILIIO.

* [TokazaHo, 1110 KOMITO3UTHI OaraTonapoBi HAHOCTPYKTYpU AsySz:Ag/Se naroTh
MOXJIMBICTh peali3yBaTh OJIHOCTAIIMHUI ONTUYHUN 3alUC MOBEPXHEBOTO pPEbedy
rojiorpadgiyHUX TpaTok 0e3 cTajii CeISKTUBHOIO TPABJICHHS.

IIpakTH4Ha WiHHiCTH AUCEPTALIIHOI POOOTH MOJIATae y TOMY, IO IPOBEAECHI
JOCIIIJIKEHHSI PO3IIUPIOIOTh HAyKOBE MIATPYHTS IIOAO PO3YMIHHS CTPYKTYpH
XaNbKOTCHIIHUX CTEKOJ, JaloTh 3MOTYy OINTHMI3yBaTH TIPOLIECH YTBOPCHHS
MOBEPXHEBOr0 pefibedy HAa TOHKHMX IUIIBKAax Ta OararomapoBUX XaJbKOTCHITHUX
HaHOCTPYKTypax. OTprMaHi pe3yJbTaTy MOKA3yIOTh NEPCIEKTUBHICTh BUKOPUCTAHHS
JAHUX MatrepiaiiB B SKOCTI CEpPEeJOBMIL IJisi 3amucy 1HQOpMalii Ta BUTOTOBJICHHS
ONTUYHUX CJICMEHTIB.

VY BeTyni aucepraniiHoi poOOTH BUCBITICHO MPOOJEMATHKY, BUSHAUYCHO 00’ €KT

Ta HaMpsIMUA JOCIIIKEHHS, OOTPYHTOBAHO aKTyaJIbHICTh Ta HAYKOBY HOBU3HY POOOTH,



chOpMyITHLOBAHO METY 1 3aBJaHHS, BH3HAYEHO METOAM OCIIKCHHS, OKPECICHO
IPaKTHYHY LIHHICTH OJIEP>KaHUX Pe3yibTaTiB Ta (hopMu ix ampooariii.

VY nepiiomy po3aiii MPOBEICHO aHai3 JITepaTypHHUX JHKepell Mo JaHii TeMaTHII.
[IpencraBiaeHo orisii poOIT CTOCOBHO CTPYKTYPHHX Ta ONTHYHHMX BIIACTUBOCTEH
XaJIbKOTEHITHUX cTeKoJ1. [TokazaHo posib CTpyKTYypH, 30KpeMa, OIHKHBOTO OPSIKY Ha
MaKpOCKOMIYHI BJIAacCTUBOCTI. HaBeleHO BXe ICHYIOYl Ta MOXKJIHBI B MalOyTHHOMY
MPaKTUYHI 3aCTOCYBAHHS XaJbKOTCHITHUX CTEKOJI, TOHKUX IUTIBOK Ta HAHOKOMIIO3HUTIB
Ha X OCHOBI. 3Ba)KalOUM Ha PE3yJbTaTH aHaMI3y JITEpaTypHUX JKepen, Oyio
c(hopMyJILOBAHO METY JOCIIIPKEHHSI Ta MOCTABJICHO 3aBJAaHHS.

Y npyromy po3aiiai onmucaHi OCHOBHI METOJAM OTpUMaHHs 00 €MHHMX 3pa3KiB
XaJIbKOTEHIJTHUX CTEKOJI Ta TOHKMX IUNBOK Ha iX OCHOBI. HaBeneHO MeTOIMKH, IO
BUKOPUCTOBYBAINCH JUIsl JOCHIDKEHHS: pEeHTreHocTpykTypHuid anams (PCA),
criekTpockomisi koMmOiHamiiHoro po3scisiuaga cBitia (KPC), enepromucrnepciiina
pentreniBcbka cnektpockomnisi (EJIPC), ontuuna ronorpadia (OI'), atromMHO-criioBa
Mmikpockornis (ACM) Ta ckanytoua enektponHa mikpockoris (CEM).

Y TpeTthoMy pO3IiTl MPEACTaBICHO pe3yJbTaTH JOCHIIXKEHb CTPYKTYPHUX
BiacTHBOCTeH 3 BHKopucTaHHIM PCA xampkoreHimuumx crekon As-Se-Ge, As-S-Sb,
As-S-Ge, As-Se-S, As;Ses: Mn  ta  AsySs: Ag. s BCiX  KOMITO3HITIN
peHTreHoaupaKiiiftHi KpuB1 I€MOHCTPYIOTh aHAJIOTIYHY MOBEIIHKY — MAaIOTh IIUPOKI
miky (Tajio), MO CUCTEeMaTUYHO 3MilleHl. Takuii XapakTep KyTOBHX 3aJ€KHOCTEH
PO3CISIHOTO PEHTI€HIBCHKOTO BUIPOMIHIOBAHHS MiATBEPIKY€E aMOP(hHICTh MaTepialliB
Ta BIICYTHICTb Y HUX JAJIbHBOT'O MOPSJIKY Ta TPUBUMIPHOI nepioguvyHocTi. Ha ocHOBI
OTpUMaHUX AaHUX Audpakiii Oy’g0 po3paxoBaHO (PYHKII MAPHOTO PO3MOJAUTY IS
CTEKOJI, III0 BUBYAIMCh. OOUUCIICH] MapaMeTpu OJIMKHBOTO TOPSIIKY (paalycu mepiioi
Ta JPYroi KOOpAWHAIINHUX cdep) MmoKasaju, o CTpykTypa crekoa As-S-Sh, As,Ses:
Mn, As-S-Se 3a3Hae 3MiH IpH 3MiHI CKJIaay abo JieryBaHHi, As cuctem As;S3:Ag, As-

S-Ge — 3M1HH HEICTOTHI.



Y derBepTOMY pO3IUTl HABEIEHO pPE3YJIbTAaTH MAOCITIIKEHb CTPYKTYPHHX
BJIACTUBOCTEH 3 BUKOpucTaHHsM criekTpockomnii KPC xanpkoreninnux crexon As-Se-
Ge, As-S-Sh, As-S-Ge, As-Se-S, As;Ses: Mn Ta As;S;: Ag. bymo mposeneHo
monetoBanHsl oTpuManux crnekTpiB KPC nanux crexon. Kommno3uiiitHi 3ai1exHOCTI
iHTeHCUBHOCTI cMmyT criekTpiB KPC noka3anu BiIHOCHY 3M1HY KOHIIEHTpallli OCHOBHUX
Ta HECTEXIOMETPUUYHUX MOJCKYIAPHUX (hparMeHTIB MICIS 3MIHU CKJAay Ta IICHs
neryBanHs XC. Pesynbpratu anamizy 3moaensoBanux crnektpiB KPC y3romxkyroTses 3
OTPUMAaHUMHU TapaMeTpamMu OJMKHBOTO MOPSAKY 1 CBIAYATH MPO Te, 110 JIETYBAHHS 1
3miHa cknany XC, cOpUyYMHSA€E€ 3MIHY BIJHOCHOI KOHLEHTpalli MOJIEKYJISIPHUX
(dbparMeHTiB, 0 MICTATH 3B’ SI3KU AS-S 17151 Cynb(1IHUX CTEKOJ Ta 3B’ s13KU As-Se 1ist
CEJIEHITHUX CTEKOJI.

Y m’aromy po3aiii TOKa3aHO MPaKTUYHE 3aCTOCYBAHHS TOHKUX ITiBOK AS-S-Se 1
As-S-Ge ta HaHOKOMMO3UTIB AS;S3:AQ/Se, 30kpema, MPHUIATHICTH J0 EJIEKTPOHHO-
nmpoMeHeBoro Ta roJyiorpadiuyHoro 3amucy. Ha TOHKHMX IUTBKax As3gS3sS€2 Ta
AS3S77Geyy Oyro mocmimkeHo (GopMyBaHHS TOBEPXHEBOTO pelbedy B pe3yibTaTi
B3a€MOJIIT 13 €JEKTPOHHUM TyuykoM. [IpomemMoHcTpoBaHO, 110 Tpoiiec (popMyBaHHS
MOBEPXHEBUX CTPYKTYpP OMHCYETHCS 3apsSIOBOI0 MOJEIIIIO, a TAaKOXXK BU3HAYCHO
OCHOBHI TMMapaMeTpH: MOYaTKOBY Ta 1HBEPCIHHY 7103 1 yacu penakcamii. Ha mpuknani
BUTOTOBJICHUX  0araToIIapoBUX  HAHOCTPYKTYp  AsyS3:AQ/Se  mokaszaHo, 1110
dhoTocTUMYIIHOBaHI TIpoiiecH B mapax XC J03BOJIAIOTh peali30BYyBaTU NMPSIMUN 3aIKC
MIOBEPXHEBOTO pelbe)y 3 BHUCOKMMH 3HAYCHHAMH JudpakiiiiHoi epeKTUBHOCTI
roJIOTpaMHUX AU(PaKIIHHIX PEIIiTOK y mponyckanHi (~22%) Ta npodineM penbedy
OJIN3bKUM JI0 CUHYCO11aJIbHOTO.

VY nonatky HaBeIEHO CITUCOK IyOJTiKaIliil 3a TEMOIO JUcepTarlii Ta BIJOMOCTI PO
ampo0ailito pe3yabTaTiB AUCEPTAIlii.

OcHOBHI pe3ynbTaTH JaucepTauiiHoi poOoTtu omyoOmikoBani y 10 crarrsax y
(axoBUX BITUM3HSIHHUX Ta MIKHAPOJHHUX HAYKOBHX JKypHayiax (5 3 HHX BKIIOYEHI 110

MIXKHApOIHOT HaykoBo-MeTpuuHOl 0azu SCOPUS), y 2 crarrax y 30ipHHKax Ipailb



KOH(epeHIiil (BXomiTs 10 MixkHapomHoi HaykoBo-MeTpuuHoi 6asu SCOPUS) ta 31
Te31 TOMOBieH Ha KOH(DEPECHITISX.

KiarouoBi cjoBa: XalbKOreHIIHI CTEKJIA, XaJIbKOIE€HIJHI TOHKI IUIIBKH,
CTPYKTYpPH1 BJIACTUBOCTI, OJV>KHIN MOPSIOK, PYHKIIIS TAPHOTO PO3MOILTY, HAaHO(hA3H,
CIIEKTPOCKOMIsl KOMOIHAIIIMHOTO PO3CIFOBaHHS CBITJIAa, EJIEKTPOHHO-TIPOMEHEBUI

3anuc, rojgorpadiyHuii 3anuc, 6araTomapori HAHOKOMIIO3HUTH.



SUMMARY

Revutska L.O. The influence of composition and doping on the short-range
structure of chalcogenide glasses and formation of surface reliefs on thin films and
nanocomposites based on them. — Qualifying scientific work, the manuscript.

PhD thesis in the field of knowledge 10 Natural Science in specialty 105 Applied
Physics and Nanomaterials. — National Technical University of Ukraine “Thor Sikorsky

Kyiv Polytechnic Institute”, Kyiv, 2020.

Modern information technologies need new and effective solutions in the field of
recording and storage of information. The key direction for solving these problems is
the development of new functional materials. One of such materials are chalcogenide
glasses, that are characterized by: transparency in the IR range of the spectrum,
relatively large values of linear and nonlinear refractive indices and the manifestation
of various photoinduced phenomena. It makes them promising materials for the
designing of devices for infrared optics, information recording, photonics and
optoelectronics, etc.

It is known that the physicochemical properties of chalcogenide glasses can be
varied by changing the composition, doping and by influence of external factors.
Detailed study of the structural properties of chalcogenide glasses will provide a deeper
understanding of the processes of surface relief formation on thin films and multilayer
chalcogenide nanostructures and will expand the possibilities of using these materials
as media for information recording. Therefore, the study of the relationship between
atomic structure and local, integral physical properties of modified chalcogenide
glasses is necessary to solve an amount of fundamental problems in the disordered state
physics, that determines the relevance and practical value of this work.

The aim of the dissertation is to analyze the influence of composition, doping on

the structural properties of bulk chalcogenide glasses and the possibility of application



of thin chalcogenide films and multilayer nanostructures based on them as materials for
holography and photonics.

The following scientific results were obtained in the dissertation:

* It was found the changes in short-range order for the glasses As-S-Sh, As-Se-S,
As,Ses: Mn. At the same time for As,Ss: Ag, As-S-Ge systems these changes are
insignificant.

» It was found the relative change in the concentration of basic structural units and
non-stoichiometric molecular fragments of As-S-Sb, As-Se-Ge, As-Se-S, As-S-Ge,
As,Ses:Mn, As,S3:Ag due to the changing of the composition or doping with silver and
manganese.

* For the first time it was shown the possibility of direct electron beam recording
on chalcogenide films As3gS3sSezs and AssS77Geyo. The relief formation was described
by the exponential dependence on the exposure time and can be explained by the charge
model.

» It was shown that composite multilayer nanostructures As;S3;:Ag/Se are suitable
for realization of the one-stage optical recording of the surface relief of holographic
gratings without the stage of selective etching.

The practical value of the dissertation is that the research expands the scientific
basis for better understanding the structure of chalcogenide glasses, allows to optimize
the processes of surface relief on thin films and multilayer chalcogenide nanostructures.
The obtained results show the prospects of using these materials as media for
information recording and optical elements manufacturing.

The introduction verifies the relevance of the topic of the dissertation, formulates
the purpose and objectives of the research, shows the scientific novelty and practical
significance of the obtained results, indicates the personal contribution of the
dissertation and presents data on the approbation of the results of the dissertation
research, lists the publications on the topics of the dissertation.



The first chapter is devoted to the review and analysis of reference sources on this
topic, highlights the basic data on the structural and optical properties of chalcogenide
glasses. The role of structure, in particular, of short-range order on macroscopic
properties and as a consequence of possible practical applications, is shown.

The second chapter of the dissertation deals with the basic methods of obtaining
chalcogenide glasses bulk samples and thin films based on them. Also, a description of
the used methods is presented: X-ray diffraction, Raman spectroscopy, X-ray energy
spectroscopy (EDX), holographic grating recording, atomic force (AFM) and scanning
electron microscopy (SEM).

The third chapter presents the results of structural properties studies of As-Se-Ge,
As-S-Sh, As-S-Ge, As-Se-S, As,Ses: Mn and As,Ss: Ag chalcogenide glasses using
XRD. The X-ray diffraction curves of studied compositions exhibit similar behavior —
containing wide peaks (halo) that are systematically displaced. This behavior of the
angular dependences of the X-ray scattering confirms the amorphous nature of the
materials and the absence of long-range order and three-dimensional periodicity. Based
on the obtained diffraction data, the pair distribution functions were calculated for the
studied glasses. The calculated short-range parameters (the radii of the first and second
coordination spheres) showed that the structure of the As-S-Sb, As,Ses: Mn, As-S-Se
glasses changes, for As,S3: Ag, As-S-Ge systems — changes are insignificant.

The fourth chapter shows the results of structural studies using Raman
spectroscopy of As,Ses: Mn, As-Se-Ge, As,S3;: Ag, As-S-Sh, As-S-Ge, As-Se-S
chalcogenide glasses. The Raman spectra of these glasses were also measured and
fitted. The analysis of the modeled Raman spectra of studied glasses was carried out.
The compositional dependences showed a relative change in the concentration of the
basic and non-stoichiometric molecular fragments with the composition change and
doping. The results of the analysis of the simulated Raman spectra are consistent with
the obtained parameters of short-range order and indicate that doping and changes in

the composition of chalcogenide glasses, causes a change in the relative concentration



of molecular fragments containing As-S bonds for sulfide glasses and As-Se bonds for
selenide glasses.

The fifth chapter shows the practical application of thin films As-S-Se and As-S-
Ge and nanocomposite As,S3:Ag/Se, the ability of direct electron beam and holographic
recording. The formation of surface relief as a result of interaction with the electron
beam on the As3sSssSezs and AszS77Gey thin films was investigated. The model
describing the process of formation of surface structures is presented, as well as the
basic parameters determined: initial and inversion doses and relaxation times. Also it
was shown that the photostimulated processes in As,S3:Ag/Se multilayer
nanostructures allow the direct recording of surface relief of holographic diffraction
gratings with high diffraction efficiency values in transmission (~22%) and relief
profile is close to sinusoidal one.

The appendix contains a list of publications on the topic of the dissertation and
information on the approbation of the dissertation results.

The main results of the thesis published 10 articles in specialized national and
international journals (5 of them included in the international scientific metric database
SCOPUS), 2 articles in the Proceedings of conferences (included in the international
scientific metric database SCOPUS) and 31 thesis papers of conferences.

Keywords: chalcogenide glasses, chalcogenide thin films, structural properties,
short-range order, pair distribution function, nanophases, Raman spectroscopy, electron

beam recording, holographic recording, diffraction gratings, composite nanostructures.
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