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Axnesuy V.B. Moaudikamii kpuctaniB LiNbO; nuisixom TepMidHUX 0OpOOOK Y
MPUCYTHOCT! 10HIB METAJIB JUIsl MPUCTPOIB MIKPO- Ta HAHOCUCTEMHOI TEXHIKH. —

Kganidikaiiitna HaykoBa mpartlsi Ha IpaBax PyKOIKUCY.

Hucepramiss Ha 37400yTTS HAYKOBOTO CTYIEHS JOKTOpa (imocodii 3a
cremiayibHicTIO 153 «Mikpo- Ta HaHOCHMCTeMHa TexHika». — HanioHanbHUI

yHiBepcuteT «JIbBiBchka momitexHikay MOH VYkpainu, JIbBiB, 2021.

Jucepraiito MPUCBSYEHO BCTAHOBJIEHHIO 3aKOHOMIPHOCTEH IMpoueciB audy3ii
10HIB MeTamiB y kpuctamax LiNbO3 Ta BH3HAUYE€HHS ONTUMAJIBHUX YMOB
TEPMOXIMIYHUX OOpOOOK i 3acTOCyBaHHS MOAM(IKOBAHUX MaTepialiB y

MPUCTPOSAX PYHKIIOHATHHOI EIEKTPOHIKH.

B nuceprartiii po3B’s3aH0 BaXKJIMBI HAYKOBI 3aBJaHHs, a caMe: JOCHII)KEHO 3MIHU
CTPYKTYPHUX, ONITUYHUX, MEXaHIYHUX Ta MipoeNneKTpuyHux BiactuBocTeil LiNbOs,
CIPUYMHEHI BUCOKOTEMIIEpAaTYpHUMHU BiANaJlaMH KPUCTANIB y TPHUCYTHOCTI 10HIB
METaJliB; BUKOPHCTOBYIOYM METOJIM JIOKAJIBHOTO KOHTPOJIO Ta CKaHYBaHHA 3MiH
(G13MYHKUX BIIACTUBOCTEN 3pa3KiB H100aTy JITIIO, MIJJAAHUX TEPMOXIMidHIN 00poOiii,
BU3HAUYEHO Yy PI3HUX KpUCTAIOrpadiuHUX HaNpsAMKax I[POCTOPOBI PO3MOIAUIH
KOHIIEHTpAIli JOMIIIKOBUX 10HIB, BIPOBAKCHUX y KPUCTANHM NUIAXOM AUQY3ii;
JOCIIIJKEHO BIUIUB PEXKUMIB TEPMOXIMIYHUX 00poOok kpuctamiB LiNbO; y
NPUCYTHOCTI 10HIB METaliB Ha Mepedir mporeciB Audy3ii; OmucaHo, Ha OCHOBI
MaTeMaTUYHUX MoJieneit nudy3ii, mpolecy BIpPOBaHKEHHS 10HIB METaIIB y KPUCTAIIU
LiNbO3, cnpuunHeHi TEepMOXIMIYHUMHU OOpOOKaMH; BHUKOHAHO MOJICTIOBAHHS Ta
CTBOPEHO AII0YMUM MaKeT aKTHaTopa TOYHOTO IMO3UIIIOBAaHHS Ha OCHOBI O170MEHHO1
IJIACTUHU HI00aTy JiTi0, CTBOPEHOI HUIAXOM au(dy3ii, eKclepuMeHTaIbHO
JOCIIIJDKEHO 3aJIe)KHOCTI BEJIUYMHM 3MIMICHHS Bl NPUKIAICHOI EJIEeKTPUYHOI
HAIlpyrd, BU3HAYEHO ONTHUMAabHI KpucTajorpadiyHi oOpieHTalli IUIACTHUH, IO

YTBOPIOIOTH  OIMOp(HY CTPYKTYpy; 3alpONOHOBAHO 3aCTOCYBAaHHS METOAUK



IECTIPSIMOBAHOI TEPMOXIMIYHOT HAHOCTPYKTYPHOI Moau(iKarii KpucTaiiB HI00aTy
JiTiE0 JUist €(EeKTUBHOIO BHKOPUCTAHHS y HPUCTPOAX MIKPO- Ta HAHOCHCTEMHOI

TEXHIKH, IPUMIPOM, Y aKTIOATOpaXx.

VY mepmioMy po3aiii MoJIaHi OCHOBHI BIJOMOCTI MPO OCOOJIMBOCTI CTPYKTYPH Ta
BJIACTUBOCTI H100aTy JiTit0, HEOOX1AHI 711 pO3yMiHHS HACTYNMHUX po3ainiB. [leprmii
pO3MIUT MICTUTh OIVISIA JITEpaTypyd 3a TEMOK JucepTallli IoJ0 pe3yJbTaTiB
JOCIIJKeHb (Da30BOi JiarpaMu Ta CTPYKTYpPH KPHUCTANIB, BJIACHUX TOYKOBUX
nedeKTiB KPUCTANIIB Ta MOXIMBOCTEH BIUTMBY Ha Ae(eKTHY miacucTeMy Hio0aTy
miTito. B 3aranpHOMY omucaHo MexaHi3M Ju(]y31iHOTO BIPOBAIHKEHHS JOMIIIOK 10

KpucTana Hio0aTy JiTilo.

Jpyruii po3nail aucepraiiii MPUCBSIYEHO OIMKMCY METOMIB JOCTIIHKEHHS, IO
BUKOPHCTOBYBAIWCS 11 BUKOHAaHHA JaHOi poOoTu. TakumMu MeTogamMu €:
CTPYKTYpHUM aHaji3, IO 3A1ICHIOBaBCA 3a JONOMOIOK) PEHTTE€HIBCHKOIO
muppakromerpa JPOH-3M y  pexumi  BigOMBaHHS;,  CIEKTpOodOTOMETpis
JIOTATKOBOTO TIOTJIMHAHHS, 1HAyKOBaHOTO mudysiero. CrekTpu Ticas Biamalis
peecTpyBaiucs 3a gornoMororo crekrpodoromerpa ShimadzuUV-3600 y miama3oHi
300...1500 um. [anuii meTo OyB MOAM(IKOBAHUM TaKUM YHHOM, 1100 CKaHyBaHHS
IPOBOAMIIUCH Y KpHUCTaTO(I3WYHUX HampsMkax X, Y Ta Z (B3IOBX HaNpSMKY
mudy3ii), ToAl K CKaHYyIOYUH MPOMIHb PO3MOBCIOKYBABCS MEPIEHIUKYISIPHO [0
o0paHoro KpucTtanogi3uyHOTO HANPSAMKY (HanpsamMKy audysii); HaHOTHACHTAIls AJIs
BU3HAYCHHS 3MIH MEXaHIYHUX BJIACTHMBOCTEH , IO 3JIMCHIOBAJIACS 3a JOIOMOTOIO
YCTAaHOBKM HAHOIHJEHTAIlli 3 HaJAHU3bKUM HaBaHTaxeHHsM Nano Indenter (CSM
Instruments SA); MeTox MOAYIALII IHTEHCUBHOCTI JIA3€PHOTO0 BUIPOMIHIOBAHHS IS
BU3HAYECHHS 3MIH MIPOCNEKTPUYHUX Koe(ilieHTIB 3 TiauOuHow. KoMriekcHuit
NIPOCNIEKTPUYHUN  CTPYM  BH3HAYABCS  aMIUTITYJAHO-(a30BUM  aHaJi3aTOpOM

imrnienancy (Solartron 1260,20 Solartron Analytical).



Tpetiif po3AT MICTUTh PE3YNBTATH JOCHIIKEHHS 3MIH ONTUYHUX, CTPYKTYPHUX,
MEXaHIYHUX Ta MIPOETICKTPUYHUX BJIACTUBOCTEH KpucTaja Hio0aTy JITIIO,
CIPUYMHEHI BHCOKOTEMIIEPATypHUMH BIJNAjJaMU y MPUCYTHOCTI 10HIB METAJIB.
OTpumaH1 pe3ynbTaTH MOKa3ylTh, IO CTPYKTypa MPOCTOPOBOTO PO3MOALIY 10HIB
METaJiB MiJii, 110 BIPOBADKYIOTHCS O KpUCTaJla Hio0aTy JITIIO MiJ 4ac BiAMAIy B
MPUCYTHOCTI BIJMTOBITHUX 10HIB, 0OYMOBJICHA CKJIAJTHUM TIPOIIECOM 10HHOTO OOMIiHY
3a y4acTi 10HIB MeTamiB Ta Jitito. OnucaHo, Ha OCHOBI MaTeMaTHYHUX MoJeein
nudy3ii, mporiecu BIPOBAKEHHS 10HIB MeTaliB y Kpuctanu LiNbOs3, cnpuunHeHi
TEPMOXIMIYHUMH  00poOkamu. IlokazaHo, 1O BEJIWYMHU NIPOEIEKTPUUHUX
koediiieHTiB y nudys3iiHux mapax kpuctamiB LiNbOs, migmanux tepmooOpoOiii y
NPUCYTHOCTI 10HIB MiJl Ta 3aii3a, 30UIbIIYIOTHCS, IO € BaXJIMBUM MNPAKTHYHUM
pE3yJIbTaTOM, SIKMIl BIJIKpUBA€E MUISAX J0 MO3UTHBHOI MOAM(DIKALIi MIPOETEKTPUYHHUX
BJIACTUBOCTEN KpucTainiB HioOary mitito. [leit pesynpraT Moke Takox OyTu
BUKOPHUCTAHUH JJII 3MEHIIICHHS CIIOHTaHHOI ToJIsIpu3aIlii mooiam3y iHTepdeicis, mo

TTOJIITIIUTD XapaKTCPUCTUKN HpHCTpOIB.

VY 4eTBepTOMY PO3ILII HA OCHOBI €KCIIEPUMEHTAILHUX JOCJIIKEHb MPOLIECIB
mudy3ii MeTalliB Ta MAaTeMaTHYHOTO MOJEIIOBAHHS CTBOPEHO JIIOYMNA MakKeT
aKTI0OATOpa TOYHOTO TIO3MITIFOBaHHS HA OCHOBI 0iJOMEHHOTO aKTHBHOTO E€JICMEHTY,
BUTOTOBJICHOTO LIJISXOM 3’ €QHYBaHHS IUPY31€0 MiAl JBOX KPUCTAIIYHUX IUIACTHH
H100aTy JIITIIO 3 AHTUKOJIHEAPHUMHU BEKTOpaMH ToJisgpu3ailii. BcranoBneHo, 1o
3’€IHYBaHHS 3a JOTIOMOTOI0 Mu(y3ii Mill OJHOMMEHHO 3apsSKEHUX TUTONIUH JTBOX
IJIACTUH H100aTy JITIIO Ja€ HAaWKpaIuil pe3ybTaT, KOJU OJIHA 3 TOBEPXOHb MTOKPHUTA
IUTIBKOIO Miji TOBIIMHOIO 350 HM, a pyra € BUIbHOIO. 3a IOMOMOIOK0 MiAXOAY, IO
0a3yeTbcsl Ha aHalli3l EKCTPEMAJbHUX ITOBEPXOHb I1’€30€JIEKTPUYHOrO €(EeKTy,
TEOPETUYHO BCTAHOBJICHO ONTHUMAJIbHI KpUCTaIO(i3MUHI Opi€HTallli 3’€HYyBaHUX
IUIACTUH H100aTy JITIIO JUIsl CTBOPEHHS aKTHBHOI'O €JIEMEHTY aKTHATOpa TOYHOIO
MO3UIIIIOBAHHSA, KU 3a0e3rneuyBaTiMe MaKCHUMAaJIbHE MEPEeMIleHHs 3a BU3HAYEHOI

CJIEKTPUYHO1 HATIPYTH.
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Thesis for a scientific degree of the doctor of philosophy on a specialty 153
"Micro- and nanosystem technologies". - Lviv Polytechnic National University,

Ministry of Education and Science of Ukraine, Lviv, 2021.

Thesis is devoted to establishing regularities of metal ion diffusion processes in
LiNbOs crystals and determining optimal conditions of thermochemical treatments

for the application of modified materials in functional electronics devices.

In the thesis, important scientific tasks have been solved, namely: changes in the
structural, optical, mechanical, and pyroelectric properties of LiNbOs; caused by
high-temperature annealing of crystals in the presence of metal ions were studied; the
spatial distributions of the impurity ions concentrations incorporated into the crystals
by diffusion were determined in different crystallographic directions, using methods
of local control and scanning of changes in the physical properties of lithium niobate
samples caused by thermochemical treatments; the influence of the modes of
thermochemical treatments of LiNbOs crystals in the presence of metal ions on the
diffusion processes has been investigated; the processes of incorporation of metal
ions into LiNbOs crystals caused by thermochemical treatments were described on
the basis of mathematical diffusion models; modeling was performed and a working
model of precise positioning actuator based on the lithium niobate bimorph plate was
created; the dependences of the displacement value on the applied electric voltage
were experimentally investigated; the optimal crystallographic orientations of
bimorph plates were determined; the application of methods of purposefully
thermochemical nanostructural modification of lithium niobate crystals is proposed
for practical use in devices of micro- and nanosystem technology, for example, in

actuators.

The first chapter briefly describes the structure and the main properties of lithium
niobate, necessary for understanding the following chapters. First chapter contains a

review of literature on this investigation topic on the results of studies of the phase
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diagram and structure of crystals, intrinsic point defects of crystals, and the
possibility to influence on the defects subsystem of lithium niobate. General concepts
of the mechanism of diffusion incorporation of impurities into a lithium niobate

crystal are given.

The second chapter is devoted to the description of the research methods used to
perform this work. They were: structural analysis performed using an X-ray
diffractometer DRON-3M in the reflection mode; diffusion-induced additional
absorption spectrophotometry. The absorption and transmission spectra were
measured by UV3600 Shimadzu spectrophotometer in the range of 300... 1500 nm.
This method was modified so that the scans were performed in the crystal physics
directions X, Y and Z (along the diffusion direction), while the scanning beam
propagated perpendicular to the selected crystal physics direction (diffusion
direction); nanoindentation to determine changes in mechanical properties, which
was carried out by nanoindentation with ultra-low load Nano Indenter (CSM
Instruments SA); an approximate laser intensity modulation method to determine
changes in pyroelectric coefficients with depth. The complex pyroelectric current

was measured by an impedance/gain-phase analyzer.

The third chapter of the thesis contains the study results of changes in the optical,
structural, mechanical, and pyroelectric properties of lithium niobate crystal caused
by high-temperature annealing in the metal ions presence. The obtained results show
that the structure of the spatial distribution of copper metal ions incorporated into the
lithtum niobate crystal during annealing is due to a complex process of 1on exchange
involving metal ions and lithium. The processes of incorporation of metal ions into
LiNbO; crystals caused by thermochemical treatments are described on the basis of
mathematical models of diffusion. It is shown that the values of pyroelectric
coefficients in the diffusion layers of LiNbO; subjected to heat treatment in the
presence of iron and copper ions increase. This is an important practical result that

paves the way for a positive modification of the pyroelectric properties of lithium



niobate crystals. This can be also used to reduce spontaneous polarization near

interfaces, which will improve device performance.

The fourth chapter describes the working prototype of a precise positioning
actuator which was created based on experimental studies of metal diffusion
processes and mathematical modeling. The current working prototype of the
precision positioning actuator was created on the basis of a bidomain active element
made by combining two crystalline plates of lithium niobate with anti-collinear
polarization vectors by copper diffusion. The optimal crystal-physical orientations of
the connected lithium niobate plates ensured maximum displacement at a certain

electrical voltage have been theoretically established.

Key words: lithium niobate doped by metal ions; defective subsystem; doping;
diffusion; thermochemical treatments; spectrophotometry; structural analysis;
nanoindentation; approximate laser intensity modulation method; structural, optical,
mechanical, and pyroelectric properties; bidomain structure; precise positioning

actuator.
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