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3AT'AJIbHA XAPAKTEPUCTHUKA POBOTHU

AKTyaJbHicTh TeMU. CTaHOBJICHHS HOBOI MapaJMrMy HAYKOBOT'O Mi3HAHHS ‘‘3HU3Y —
Bropy”’ Ta TIOsSBa HOBOTO HAaNpPSMKY - HAHOHAYKH JO3BOJIJIO PO3IIMPUTH KOJO HOBHUX
MaTepiaiiB 3 YHIKAILHUMH (DI3UKO-XIMIYHUMH BJIACTUBOCTAMH. Ha chOrojiHi akTyalbHICTh
HAyKOBOTO TIOIIYKY OOYMOBJIEHA 3POCTAIOUHUM CIIEKTPOM MPAKTUYHOTO 3aCTOCYBaHHS
HaHOMAaTepialliB. 32 YMOBH BUPIIICHHS Py HAYKOBHUX 1 TEXHIYHUX MPOOJIEM 31 CTBOPEHHS
PI3HOBUMIPHHMX METAJIEBUX Ta METAJIOOKCUIHUX CTPYKTYP 3 HEOOXIAHUMH MapaMeTpamH 1
BUTOTOBJICHHS BIJIMTOBITHUX €JEMEHTIB 1 KOHCTPYKIIIHA, iX BUKOPUCTaHHS B Haymi 1
MPAKTHII 001IsI€ PEBOIIONIIHI 3MIHH.

Pi3nomanitHi BractuBocti 0D-, 2D Ta 3D-cTpykTyp MeTainiB, K BiJOMO, 3HAUHOIO
MIpOIO0 BH3HAYAIOTHCA I1X EJIIEKTPOHHOIO OyI0BOIO, BHACTIJIOK YOTO BCTAaHOBIICHHS
3aKOHOMIpHOCTEH (POpMyBaHHS €IEKTPOHHOI CTPYKTYPH BIEPIIE CHHTE30BAHUX CIOIYK €
HAWBaXIMBIIIMM €TAarioM B PO3pOOIll METOJUK OTPUMAaHHS HOBUX MaTepiajiB 13 3aJaHUMHU
XapaKTEepPUCTUKAMU. 3Ba)KalOUM Ha BaXKJIMBICTh O3HAYEHOI MpOOJIeMH B JIaHU Yac MaOyTh
BAKKO BKa3aTM Ha Ti METOJAU, SKi O HE BHUKOPHUCTOBYBAJHUCSA TMPH JOCTIHKEHHI
HAHOPO3MIPHUX 00 €KTIB 1 cepell HUX CIEKTPalibHI METOJU € OJHHUMH 3 HaWOUIbII
e(eKTUBHUX Y BUBUCHHI €JIEKTPOHHUX BJIACTUBOCTEH PEUOBHH.

[TosiBa 30HIOBUX METO/IIB TOCIIPKEHHS JIOKaJIbHOT aTOMHOI Ta €JIEKTPOHHOI Oy10BH
— BUCOKOBAYyMHOT 30HI0BOi TYHEJIbHOI MIKPOCKOIIIT Ta CIIEKTPOCKOITii, 30HI0BOT aTOMHO-
CWJIOBOi MiKpockomii chopMmyBajla HOBMM MIiAXIJ JO BHUBYEHHS PEYOBUHH B
HAaHOMETPOBOMY  Jniama3oHi.  lloenHaHHsS ~ 30HAOBUX  METOJIB 3  IHIIUMU
EKCIICpUMCHTATLbHUMIA METOJIaMH Ta KBAaHTOBO-MEXaHIYHUMH pPO3paxyHKaMH TpH
JOCIIKEHHI HAHOCTPYKTYP 3aJa€ 1€papXidyHe pO3yMIHHS pPaKypCiB OMUCY AOCIIIKYBAHOI
cuctemu. KomruiekcHUI miaxia B JOCHIIKEHHSIX MOKE€ BUBECTH Ha KOMITO3MIT CKIIAJIIB 3
[[IKaBUMH BJIACTUBOCTSAMHM, OJJHAK METOI0 MPEMapaTUBHOTO TMONIYKY 1 OCHOBOIO CHHTE3Y
CTOJNYK 13 33JaHUMHU CKJIaJIOM, IPOCTOPOBOIO OPTaHi3alli€l0 Ta eKCTPEMaIbHUMHU I HUX
BJIACTUBOCTSIMU MOXE CTaTH TUIHKU OCSTHEHHS 1 OBOJIOAIHHS MeXaH13MOM (pOpMyBaHHS Ta
1HI1OBAaHKX MEPETBOPEHB TAKUX CTPYKTYp. Tomy aHaini3 cTpykTypHux monenei 0D-, 2D
Ta 3D-CTpyKTyp METalliB Ta METAJIOOKCHIIB J03BOJISIE CPOPMYIIIOBATH DS/l 3arajibHUX 1
TOYHHUX PE3yJIbTATIB, MPABUIBHICTh KX MOXE OyTH €KCIepHMEHTAIbHO OOTpyHTOBaHa
MpU  JTOCHI/KEHHI PEaJlbHO CHHTE30BAaHUX PI3HOBUMIPHUX CTpYKTyp. I[lpm 1mpomy B
TEepMiHaX CTPYKTYPHOI CaMOMO/1IOHOCTI, IHBAPIAHTHICTD JJI TAKUX CTPYKTYP JOCITAETHCS
[IUISIXOM MHOKMHHOTO HaOOpy TakuxX BUMAJAKIB, IPH SAKUX Pealli3ye€ThCs peaibHa KapTUHA
EKCIIEPUMEHTY.

JlocnmiKeHHsT MEXaHI3MIB yYTBOPEHHS METAJIeBUX MOHOIIAPOBUX HAHOCTPYKTYpP €
OJIHUM 13 HampsIMKIB aTOMHOI 1H>KE€HEp1i MOBEPXHI, AKa J03BOJIAE OTPUMATH 1HPOPMALIIIO
Mpo TPOLIECH CcaMOopraHizaiii Ta MeEXaHI3MH pPOCTYy HAHOOO'€KTIB, IO CTBOPIOE
MepelyMOBU JIJII CHUHTE3y MaTepialliB 13 3aJlaHUMU XapakTepucTukamu. JlocmimkeHHs
npoiieciB PopMyBaHHSI HAHOCTPYKTYP METAJIIB IPU TEPMIYHOMY HAaHECEHHI € aKTyaJbHUM
HE TUIbKH 3 (YHIAMEHTAIbHOI TOYKH 30py — 3 SICYBaHHS MPHUHIMIIB OpraHizarii
HAaHOCTPYKTYP, 30KpeMa, OJJHOKOMIIOHEHTHIX METAJICBUX, a W 1X MOXKJIUBUM MPAKTUYHUM
3aCTOCYBaHHSM, 30KpeMa, B HAHOCJIEKTPOHIIII.

Ha croroani, He3Bakar04M Ha JOCUTH BEITUKY KIJIBKICTh POOIT, TEOPisl €IEKTPOHHOT
OylloBH HAHOOO €KTIB Ta HAHOCTPYKTYPOBaHMX CIIOJIyK BCE I Jalieka BiJ CBOTO
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3aBepuieHHs. Llg oOcraBuHa mTOB's3aHAa HacaMmmepen 3 BIACYTHICTIO TEPEKOHIUBUX
CUCTEMATU30BAHUX JAHUX MPO XapakTep MIKATOMHHMX B3a€MOJIIH, 3apsiIOBUX 1 CITIHOBUX
CTaHax aTOMIB, CHEPreTUYHOMY PO3IOIiIl BaJICHTHUX €JICKTPOHIB PI3HUX CHUMETpid 1 B
NepIry 4Yepry BIJCYTHICTIO HACTUIBKH YHIBEPCAJIBHOTO MIAX0ay sK Teopema bioxa s
PEYOBHH 3 JalbHIM NopsaakoM. Tomy, He 3Bakatouu Maibke Ha SO-TiTHIN mepioj MOIIyKYy,
Ha CbOTOJIHI /10 KIHISA HEAOCTIHPKEHOI 00JIaCTI0O € HAHOCTPYKTYPOBaH1 CUCTEMH, 30KpeMa
amopdui wmetaneBi cmiaBu (AMC). IlepcrnekTuBa 3acTOCyBaHb TaKMX pPEUYOBUH
6e3mocepeIHbO MOB'sI3aHa 3 IOCHIKEHHSIMI B HAHOMETPOBOMY Jliala3oHi.

OpauM 13 cnocoOiB CTBOPEHHS HOBUX MaTepialliB Ta yYOpaBiiHHA (Di3UKO-
XIMIYHUMH BJIACTHBOCTSMU PEUOBHMHH € CHHTE3 HAHOKOMIIO3UTIB 13 OKPEMHUX
HaHOCTPYKTYp. OpHaK, AN IUIECTIPIMOBAHOTO CHHTE3Y TaKHX CTPYKTYp HEOOXigHi
3HAHHSA 3aK0H0MipHOCTeﬁ (bopMyBaHHﬂ €JIEKTPOHHOI OYyJIOBU B 3QJIGKHOCTI BiJl CKIamdy,
YMOB CHHTE3Yy, 3MIH PO3MIPHOCTI 1 TOIOJIOTIi KIFOYOBHX €JIEMEHTIB, 3B'SI3KYy MIX
OCOOJIMBOCTSIMHU CKJIaTy 1 CTPYKTYpH CHOJYK 1 €JIEKTPOHHOIO OynoBOi0. (CTaHOBJIECHHS
METOJIOJIOT1i CHHTE3y Ta BMBUEHHS BJIACTHBOCTEH PI3MOBHMIPHUX CTPYKTYp METajiB Ta
METaJIOOKCH/IIB OOYMOBJIIOE 3HAYHHUM Mporpec B Il Heo3opiid obnacti. [lutaHHsM
CHUHTE3Y, €JEKTPOHHO-EHEPreTU4YHOI OYyJOBHM BAJIEHTHUX CMYT, IPOCTOPOBOI JIOKaIi3amii
€JICKTPOHHUX CTaHIB, B3a€MO3B'SI3Ky aTOMHOIO Ta €JIEKTPOHHOI OyJOBH, MeXaHI3MaM
dbopmyBaHHS, a TaKOXK (PyHKIIOHAIBHUM BiIacTUBOCTIM 0D-, 2D Ta 3D-cTpykTyp MeramniB
Ta METAJIOOKCUJIHUX CTPYKTYp MPHUCBSYEHA JaHa poOoTa.

3B's130k po0OTH 3 HAYKOBMMM NpOrpamMaMu, IUIaHaMHu, TeMaMmu. Jluceprariiina
poOoTa BHUKOHAHA Yy BIAAUIl (PI3UKKM HAHOCTPYKTYp I[HCTUTYTY MeETamopi3uKu 1M.
I'. B. KyparomoBa HamionansHOi akagemii HayK YKpaiHM B paMKaX OCHOBHHMX HAayKOBO-
JOOCIITHUX poOIT 1HCTUTYTY: TeMHu ‘‘Po3poOka (Pi3MKO-XIMIYHHX OCHOB CHHTE3Y,
JTIarHOCTUKM Ta (OpMYBaHHS (PYHKI[IOHAJIBHUX BJIACTUBOCTEN HAHOCTPYKTYPOBAHUX
MeTaneBux i Metanookcuanux cuctem” (2011-2015) (PKO111U000762); “CtpyKTypHO-
¢dazoBi npuHIUNU (HOPMYBaHHS BJIACTHBOCTEM METaleBUX MaTepialliB BIAMOBIIHO 10
BUMOT CY4YacHUX HaykKoeMHHX TexHosorii” (2013-2015) (PK0113U002185); “Po3pobka
(b13UKO-XIMIYHMX OCHOB CHUHTE3y Ta JIarHOCTUKH HAHOCTPYKTYp Ha OCHOBI METalliB Ta
oiotemmiaris” (2016-2020) (PK0116U003051); “CunHTe3, MeTOAM JOCIIKEHHS,
CTPYKTypa Ta BJIACTUBOCTI METAJIOBMICHUX CHCTEM B CHUJIbHOKOPEJIbOBAHOMY Ta
HAHOCTPYKTypHOMY cTaHax” (2017-2021) (PKO0113U004588); “KpanroBa mpupoaa
MEXaHI3MIB YTBOPEHHS Ta J[1IarHOCTHKA BJIACTUBOCTEM HAHOMACIITAOHUX CTPYKTYp 1
nprCTpoiB Ha ix ocHOBI” (2018-2019) (PK0O118U007087).

Mera i 3amaui JociaifKeHHsl. AKTYaJbHICTb TEMHU JUCEpTaIliiHOI POOOTH
0OyMOBJIIOE METY Ta 3aBllaHHS JOCHikeHb. OCHOBHA MeTa J1aHOi pOOOTH moJjsraia y
BUSIBJICHH1 OCOOJIMBOCTEH 1 BCTAHOBJIEHHI 3aKOHOMIPHOCTEH €JIEKTPOHHO-EHEPTreTUYHOI Ta
aTOMHOi OyJOBM B 3aJ€XHOCTI BiJ CKJIaay, PO3MIPHOCTI 1 TOMOJOrI KIFOYOBHX
CTPYKTYPHUX €JIEMEHTIB Ha €JIEKTPOHHY OyJOBY PpI3HOBUMIPDHUX HAHOCTPYKTYP.
BcranoBnenni mexani3miB pocty MoHomapoBux (MII) ctpykryp meraniB. Ilomyky
KOPEJISIIii eJIeKTPOHHOI eHepreTuyHOol Oyn0oBU 3 (hi3MKO-XIMIYHUMH XapaKTePUCTUKAMHU
0D-, 2D- ta 3D — HaHOCTPYKTYP.

Ha ocHOBI 11b0r0 BHpILTYBATUCS HACTYITHI OCHOBHI1 HAYKOBI 3a/1a4i:
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- po3poOKa TEXHOJOTI] HAHECEHHsI MOHO- Ta OaraTomapoBux HaHOCTPYKTYp Cu, Ag,

Au, Ni Ta In Ha aTOMHO-TJIa7IKI HAMIBNPOBIIHMUKOBI MOBEPXHI MOHOKPHUCTAJIB MpHU

TEPMIYHOMY HAHECEHHI Y HaIBUCOKOMY BaKyyMi Ta 0€3 0XOJIO/KEHHS 3pa3Ka;

- JIOCJI/DKEHHS BIUIUBY TEPMiIdHOT 0OpOoOKH y Bakyymi Ha MOP(]OJIOTiI0 MOBEPXOHb

METaleBUX IUTIBOK;

- XapakTepu3allisi OTPUMaHMX IIIIBOK 3a JOIMOMOIOK METOIIB MIKPOCKOIMIT 1

CIIEKTPOCKOMIi Ta BCTAHOBJICHHS HAHOTPUOOJIOTIYHUX TapaMeTpiB JTOCTIIKYBaHUX

HAHOCTPYKTYD;

- BCTAHOBJICHHSI MEXaHI3MiB (JOPMYBaHHS HAHOCTPYKTYp OJIarOpOJHUX METaliB B

3aJIeKHOCTI BiJl TEPMOJUHAMIYHHUX MapaMeTpiB HAHECEHHS Ta MOIIYK KOPEeJsIii MK

XapaKTepUCTHUKaMH HaHOPEIhE(PIB MOBEPXOHB, 30KpEMa, CyOIIOPCTKICTIO, YMOBAMH

OTPUMaHHS Ta TEPMIUYHOT 00OPOOKH;

- BCTAQHOBJICHHA (DI3UYHUX BIIACTUBOCTEH, 30KpeMa, PEHTTEHIBCHKUX Ta TYHEJIBHHUX

CHEKTPIB IOCIHIKYBAHUX HAHOCTPYKTYP;

- BCTAHOBJICHHA ~ 3aKOHOMIpHOCTEH  (OpMYyBaHHS  €JIEKTPOHHO-EHEPreTUYHOI

CTPYKTYpH BaJCHTHUX CTaHIB 1 XapaKTepy XIMIYHHMX 3B'S3KIB Y cepii HAHOCTPYKTYP,

0 JOCHIIKyBalduch. BuBUeHHS e(eKTIB BIUIMBY €JIEMEHTHOTO CKJIaJy Ha

€JIEKTPOHHY OYyAOBY AOCHIIKYBaHUX CTPYKTYP;

- BCTAHOBJICHHS BILJIMBY HEBIIOPSIKOBAHOCTI Ta TEPMOOOPOOKH Ha €JEKTPOHHY

OyZ0BYy HAHOCTPYKTYP;

- BUSBIICHHS BIUIMBY TEPEXO/y MOPSAIOK-HEBIOPSAIKOBAHICTh Ta PO3MIPHOTO e(EeKTy

Ha €JIEKTPOHHY OYyJ0BY 1 (PI3UUYH1 BIACTUBOCTI CTPYKTYD;

- po3po0Ka OPUTIHATFHUX METOJIWK BUAUICHHS CTPYKTYpHOi iHpopMmarttii 3 EXAFS- 1

PEHTTEHIBCHKUX CIEKTPIB HEBNOPSAKOBAHUX CHUCTEM;

- CUHTE3 HOBUX HaHOKOMITO3UTIB HA OCHOBI HAHOCTPYKTYD;

- TOCJIIJIPKEHHSI aTOMHOI Ta €JIEKTPOHHOI O0y/10BU aMOP(PHUX METAIEBUX METAJIIB;

- CIIIBCTABJICHHSI €KCIEPUMEHTAIIbHUX JTAaHUX 3 pe3yjbTaTaMHU KBAHTOBOMEXAHIYHHX

PO3paxyHKIB 1 TOCTIPKEHHSI IMHAMIKY 3MiH €JIEKTPOHHUX T'yCTHH CTaHIB;

- IOITYK KOPENAI MK XapaKTepUCTUKAMH €JIEKTPOHHOI OyJoBU Ta (i3HUKO-

XIMIYHUMU BIACTUBOCTSAMHU JIOCHI/DKYBAaHUX OO0'€KTIB, 3 METOI0 IPOTHO3YBaHHS

HAIPaBJICHOTO CHUHTE3Yy 3pa3KiB Ta BCTAHOBIEHHS (yHIaMEHTAIbHUX MPUHIUIIIB

oprasizailii HEBIOPSIKOBaHUX CTPYKTYP;

- HaJlaHHSI PEKOMEHJIAIlii 1110/10 MOKJIMBOTO MPAKTUYHOI'O 3aCTOCYBAHHS OTPUMAHUX

HAHOCTPYKTYD.

OO0’ exkTH HOCHITAKEHHS — HYJb-, ABO- T4 TPUBUMIPHI HAHOCTPYKTYPHU Ha OCHOBI
METaJiB Ta METAJOKCUIIB CHUHTE30BaHi aBTopoM Ta Yy cmiBopami B IM®
im. I'.B. Kypatomoa HAH VYkpainu.

IIpeamer [ocJizkeHHs1 — e€JIEKTpOHHAa OyJoBa, MeXaHI3MU (OPMyBaHHS
HAaHOCTPYKTYp METaJlIB MpPU TEPMIYHOMY HAHECEHHI HAa MOHOKpPHUCTAJIYHI TOBEPXHI
HaIIBIPOBITHUKIB, HAHOIIOPCTKICTh MOHOIIAPOBUX CTPYKTYp METalliB, KPUTHUYHA
TOBIMHA TUTIBKH, PEJIaKCaIliifHl MPOIIECH Ha TMTOBEPXHI aMOP(hHUX METAJIIEBUX CILJIABIB.

Metoan JOCTIZKeHHS. OcHOBHUMH METOIaMU JOCHIKEHHS, 10
BUKOPUCTOBYBAJIUCA Yy JHUCEpTaliiHIi poOOTI OyiaM BHCOKOBaKYyMHa CKaHYBaJlbHA
TyHEJIbHA MIKPOCKOIIS 3 aTOMHOIO PO3JUIHHOI0 3[IaTHICTIO, CKaHyBajbHa TYyHEJbHA
cuektpockomiss  (CTC), aromHo-cmiioBa  Mikpockomiss, EXAFS, peHTreHiBchka
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dotoenektponHa cnektpockomisi (P®C), onTudHa CHEKTPOCKOIMs, TpaHCMICiiiHa
enektponHa Mikpockomiss (TEM), KBaHTOBOMEXaHIUHI PO3pPaxXyHKU €JIEKTPOHHOI
CTPYKTYpH Ta (p13UMYHUX BIACTUBOCTEH Ha OCHOBI Teopii pyHKIIoHATY TycTHHHU (TOI).

JocToBipHicTh  OoTpuMaHuUX B POOOTI  pe3yibTaTiB  3a0e3MedyeThCs
BUKOPUCTAHHSIM BUCOKOYYTJIMBUX EKCHEPUMEHTAIBHUX METOJIB JOCHIHDKEHHS Ta
3aCTOCYBAaHHSAM KOMIUIEKCY HE3QJICKHUX EKCIEPUMEHTAIbHUX 1 TEOPETUYHUX METO/IIB,
pe3yJabTaTh SKUX BIJAMNOBIJAIOTh CYYaCHUM YSABJICHHSM (DI3UKM TBEpAOro Tijda 1
Y3TOKYIOTBCS MIXK COOO0IO.

HaykoBa HOBH3HA O/ep:KaHUX Ppe3yJbTATIiB. YCi BHIIE MepepaxoBaHi 3aaadl €
OpUTIHAIBHUMH HaYKOBHUMH ITpoOJieMamH, 1110 Oyiu Brepiie chopMyibOBaH1 1 BUPIIIEH] Y
TOMY BUTJISA[1, 110 IPUBOJUTHCS B AMCEPTAlii. Y MO€JHAHHI PI3HUX €KCIEPUMEHTAIBHUX
METOJIIB 1 KBAaHTOBOMEXAHIYHHX PO3PAXYHKIB IMPOBEICHO CHUCTEMATUYHE JOCIIIKEHHS
€JIEKTPOHHOI, aTOMHOi OyJ0OBHM 1 BJIACTUBOCTEH IIUPOKOTO PsiAy OO €KTIB 1 BIIEpIIe
OTpUMMaHI1 HaCTyITHI OCHOBHI HAYKOBI1 pe3yJIbTaTH:

- BIEpILE OTPUMAHO CAMOBIOPSIKOBAHI I'€KCaroHaJbHO-MIpaMiiajJbHl HAaHOCTPYKTYPHU
Mifi Ta 30J10Ta Ha MOHOKpUCTaiyHii moBepxHi Si (111) 7x7 Ta onmcaHO MeXaHi3M iX
(dbopmyBaHHs. BcTaHOBIEHO, IO CUMETpIA MOBEPXHI 1HTEpPECcy MOHOKPUCTAIIUHOT
wionwar  Si (111) 7X7 € neTepMiHYyIOYOK B MeEXaHi3Mi pOCTy T'eKCaroHaJIbHO-
nipaMiJaibHUX CTPYKTYp  Mial Ta 30s0Ta. CaMOBHOPSIKOBAaHI TeKCaroHajJbHO-
nipamMijaibHl HAHOCTPYKTYpU 30J0Ta Ta MiJl MNP BaKyyMHOMY TEPMIYHOMY
HaHeceHHI GopmytoTbes numie Ha Si (111) monwmHi, Toal sk ans miomuau Si (110)
CIIOCTEPIratoThCs JHILIE MOHOIIAPOBI T€KCArOHAIbHI YTBOPEHHS,

- BIEpUIE OTPUMAaHI MOHOLIAPOBI JYCOUKOBI CTPYKTypH 30j0Ta. HasBHICTP TOYKOBUX
nedEeKTIB B MOHOIIIAPOBHUX JIaMEJIAX 30J10Ta ASTepMiHOBaHA HEOOXITHICTIO MiHIMIi3aIil
eHeprii;

- aTOMHOIUIAcKa IJIiBKa Ag He MOKe OyTH OTpUMaHa Ha HallBIPOBIIHUKOBIN MAKIAALI
mMoHokpuctainy Si(111) 7X7 3a DONOMOror TEPMIYHOTO HAHECCHHS INMPH KIMHATHIN
temnepatypi (KT). BinOyBaerbcst yrBopeHHs 2D KiIacTepHUX YTBOPEHb, ITPOTPIB AKUX
MpU KUIbKacoT rpagycax Llenbcis mpu3BOAMTH 10 iX KOHCOMiAAlii B aTOMHO pPiBHE
MOKPUTTS TOBEPXHI. YTBOpPEHHS e(eKkTy “KOBApPU~’ OMNUCYETHCA MEXaHI3MOM
€JICKTPOHHOTO BUPOIITYBaHHS,

- Tpancopmarttis 2D-rpaHuis 3epeH MOHOIIAPOBHX KJIACTEPIiB CpiOia HA MOBEPXHI
Si(111) 7x7 npu Biamami NOPU3BOIUTH IO MOSBH TOMOJOTTYHMX HEOIHOPITHOCTEH
rianonHo 10 0.04 uwMm;

- BCTAHOBJICHO CJ1a0Ky B3a€MOJI1I0 MOHOIIIAPOBUX MOKPUTTIB Ag 13 MIAKIAAKOIO, 1110 TIPH
HE3HAYHOMY IPOTPiBi JO3BOJISIE OUUIIYBATH MOHOKPUCTAIIYHY TTOBEPXHIO BiJl METAITY
i3 BIITBOPEHHIM peKOHCTpyiHoBaHoi moBepxHi Si (111) 7x7. 3amponoHOBaHHA METO/T
MOXHa BHUKOPHUCTOBYBAaTH Il 3aXHCTY MOHOKPHUCTAJIYHMX TOBEPXOHb BiJl
pyHHYBaHHS,

- BCTaHOBJICHO MEXaHI3M BIIOPSIKYBaHHS HYJbBUMIPDHUX HAaHOCTPYKTYp HIKEIIO Ha
MOHOKPHUCTQIIYHUX TOBEPXHAX. Bu3HavalibHUM (AKTOpOM BHUCTYHAlOTh TIpaHULII
NBIMHUKYBaHHS, K1 HIIIIOIOTh YTBOPEHHS JIHIHOTO BIOPSAIKYBaHHS;

- TepMiuHE HaHeCceHHs 1Hail0 Ha moBepxHio Si (111) 7x7 1 Si (110) iHirmitoe
YTBOPEHHSI KJIACTepPIiB MPaBWIbHOI KyOI4YHOI (pOpMH, IO CBIAYUTH MpO (popMyBaHHS
HaHOKPHCTATIB 1HIIIO,
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- BCTaHOBJIEHO Manwil BIMB moBepxHi iHTepdeticy InSe (0001) Ta GaSe (0001) na
r€OMETPII0 YTBOPIOBAHMX HAHOCTPYKTYp Mial 1 30i0Ta. MexaHi3MU yTBOpPEHHS
HAHOCTPYKTYp MiJil 1 30J0Ta B yMOBaX BHUCOKOI'O BaKyyMy Ta 0€3 OXOJOJKEHHS
3pa3Kka Ha BaH-JEpP-BaalbCOBUX IOBEPXHSAX HE MOXYTh OyTH OJIHO3HAYHO OIMCaHI
B1JIOMUMH MeXaH13MaMHU POCTY;

- pelakcaliiHi TeMmmepaTypHi Tpouecd B aMOp(HUX METaJIeBUX  CILJIaBax
CYNPOBOKYIOTbCSI YTBOPEHHSIM Ha TMOBEPXHI 3pa3KiB HAHOCTPYKTYp MPaBHIbHOI
dopMu y BUTIIAII CTPMXKHIB — HAHOKPUCTANIIB 3ali3a. BcTaHOBIEHO TemiiepaTypHi
3aJIeXKHOCTI TpUOOJIOriuHNX napameTpiB HaHomopeTkocTi AMC Ry, Ry, Ryjis v R, s
aMop(HUX METAJEeBHUX CIUIaBIB HAa OCHOBI 3aji3a B iHTEpBajl HArpiBy BiJ KIMHATHOI
temmepatypu 10 700 °C;

- MeTOoAOM TyHenbHOI crnekTpockonii B AMC Ha OCHOBI 3aii3a BUSIBICHO 00JacTi 3i
3HIDKEHOIO TMPOBIJIHICTIO, IO XapakTepHo s yrBopeHHs HaHoda3 Fe-Si ta Fe-B.
CrnocrepiratoteCsi ICTOTHI HEOAHOPITHOCTI IIIJIBHOCTI €JIEKTPOHHUX CTaHIB Ha
MDKKJIACTEPHUX MeEXaxX, M0 CBIIYUTH MPO IX CKIAAHYy opradizamito. Pienb ®epmi
JOCIIKYBaHUX  CIUIaBIB  3HAXOAUTHCS B  JIOKAJIBHOMY MIHIMYMI HIUIBHOCTI
CJICKTPOHHUX CTaHIB, IO BiAMoBigae kputepito Harens-Tayka mnpo yTBopeHHsA
amMmop(HOTO CTaHy,

- HAHOKPUCTAJIM 3ai3a MpHU MOMIPHUX TeMIeparypax BiAmaly MarTh po3mip ~ 15 Hwm,
IO BIJIMOBIJIA€ JOBXKKWHI MarHiTHOT OOMIHHOI Kopeunsiii. Taka kapTUHA pO3NOILTY
CEepeIHBOTO PO3MIPY KJIacTepa MPU3BOAMTH 10 MIPOCTOPOBOTO YCEPEAHEHHS MarHiTHOI
aHI30TpPOIIIi Ta, K HACIIJIOK, JO ICTOTHOIO 3HMXEHHS KOSPUUTUBHOI cruin. B mporeci
IporpiBy amMop(HOTo CIUIaBy, M0 CYMPOBOKYETHCS CTPYKTYPHOIO peTaKcalli€ro,
B11I0YBA€THCS OLIBIIMI NEPEpO3NOALT aTOMIB OOpYy Yy MOpiBHAHHI 3 aromamu Fe 1 Si,
110 MPHU3BOJUTH J0 301JIbILIEHHS cTadI13amli aMOppHOT CTPYKTYpH;

- B IPOIECI TeMIepaTypHOi peakcallii GopMyroThesi 00J1acTi HAHOKPUCTAIIIB 3ai3a, sIKi
HAa paHHIX CTaIgX KpHUCTam3aiii po3auieHi MK coboro amopdHoo ¢a3zow i1

00'eqHYIOTBCS 31 30LIbIICHHSAM Temmeparypu 1 dacy mnporpiBy. IllinbpHicCTh

CJIEKTPOHHHMX CTaHIB XapaKTEPU3YEThCS 3MIIICHHSIM OCHOBHOTO TiKy d-30HM 3aii3a, y

01k piBHa Depmi, pu nepexo/1i BiJl KIMHATHOI TeMiiepaTypu 1o temmepatypu 500 °C;

- BIEpUIe CHUHTE30BAaHO KOMIIO3UTHM Ha OCHOBI HAHOJIUCIEPCHOTO T1IPOKCOANATUTY
KaJbIlii0 1 yabTpaaucrnepcHoro rpadity. Jocmimkeno Mopdosioriyai 0coOIMBOCTI Ta
€JICKTPOHHY OYyJ0BY KOMIUIEKCIB. BcTaHoBieHO, 1m0 Moaudikallis KOMIIO3UTY Ha
OCHOBI HaHOJAMCIIEPCHOTO araTUTy, HAHOAUCIIEPCHOTO TPpadiTy, METIOI03HIX BOJIOKOH
EMOKCHIHUM OJIITOMEPOM 3 3aTBEpP)KyBadyeM Ma€ CYTTE€BUW BIUIMB Ha KOMIUIEKC
BJACTUBOCTEH OTPUMAHOTO MaTepiany, 30KpeMa, HNPU3BOAUTH J0 BHHHKHEHHS
€JICKTPOITPOBITHOCTI 3pa3Ka.

IIpakTu4yHe 3HAYEHHS OJEP:KAHMX pe3yabTaTiB. Pe3ymbTaTé poOOTH TO3BONSIIOTH
3HAYHO PO3LIMPUTH 00JIACTI 3aCTOCYBaHHS MOHOIIAPOBHUX CTPYKTYyp MeTaiiB. OliHeHa
3aCTOCOBHICTH PI3HUX METOAMK B paMKax Teopii (GyHKIlIOHATA TYCTHHH JUIsl KUTHKICHOTO 1
SKICHOTO OMHCY €JIEKTPOHHOI CTPYKTYpH 1 BIacTUBOCTEH MeTaneBux 2D-cucrem.

Pesynbratu poOOTH CKJIaJai0Th HEOOXiJHY OCHOBY B YJOCKOHAJEHHI 1 po3pooOii
METO/IIB LIJIECTIPSIMOBAHOTO CUHTE3y HOBHUX MarepiaiiB Ha OCHOBI 2D CTpyKTyp MeTaiiB.
3anponoHOBAHO METOJUKY JIOBTOCTPOKOBOTO 30€pEKEHHS MOHOKPUCTAIIIYHUX TTOBEPXOHB
32 HOpMaJIbHUX YMOB.
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BceranoBneni edextu ¢GopMyBaHHS HAHOKPUCTANIB 3aiiza B MOPQOJIOTIuHIN
kKapTuHi 1oBepxoHb AMC Ha OCHOBI 3aji3a 3 XapakKTePHUMH PO3MIpaMU MPH TEPMIUHIM
00poOITll J03BOJISATH BUPOOUTH MPAKTUYHI pekoMmeHpaalii mo o6pobui AMC s
MOKpAIIEHHs IX MarHITHUX BJIACTUBOCTEH.

3anponoHOBaHO METOAMKY CHUHTE3y EJEKTPONPOBIIHUX O10HAHOKOMIIO3UTIB Ha
OCHOB1 HaHOJIMCIIEPCHOTO aNaTUTy KaJbII0 Ta YJIbTPAAUCIEPCHOTO TpadiTy s moTped
O10J10T11 T METUIIAHH.

OcoOucTuii BHecok aBTopa. Jlucepraiis mpeacTaBisie pe3yabTaTH AOCTIIKEHb,
BUKOHAaHI 0e3MmocepeiHbO aBTOPOM. ABTOpPY HAJCKHUTh BHOIp TEXHOJIOTIM CHHTE3Y 1
KOMITJIEKCY JOCTIAHUIIBKAX TPUMOMIB, TTOCTAHOBKA 3a7a4 JIOCHIKEHb Ta y3arajabHEHHS
oJiepkaHUX pe3yiabTaTiB. OCHOBHA YaCTHHA €KCTICPUMEHTAILHUX POOIT BUKOHAHA CITUTHHO
31 cmiBpoOiTHUKaMHu, acmipantamu IHctutyty metamodizuku im.I.B.KypmiomoBa HAH
VYkpainu. Martepianu nuceprailii He MICTATh 11eH 1 po3po0OK CIiBaBTOPIB MyOiKALIiM.
Anpo6auisa podoTu. MixkHapoaHa KOHpEPEHITIs:

e |EEE 39th International Conference on Electronics and Nanotechnology (ELNANO) —
Kyiv, Ukraine, 16-18 April 2019;

e OdyHKIIOHAIBHI MaTepianu s iHHOBaIiiHOT eHepretuku (PMIE-2019) — Kuis,
VYkpaina, 13-15 tpaBus 2019;

e International Conference Nanotechnology and Nanomaterials (NANO-2019) — Lviv,
Ukraine, 26-29 August 2019;

e XXIV Galyna Puchkovska International School-Seminar — Odessa, Ukraine, 25-30
August 2019;

e International Conference Nanotechnology and Nanomaterials (NANO-2017) —
Chernivtsi, Ukraine, 23-26 August 2017;

e [V Mexnaynapoanas Hay4dHas KoH(pepeHuus “HaHocTpykrypHble MaTepuansl - 2014:
benapycb-Poccusi-Ykpanna” — Munck, benapycs, 7-10 oxtsi6pst, 2014 r.;

o [V MexnyHnaponnas Hay4yHas KoH(pepeHuus ‘“HaHopasmepHbIe CHCTEMBI: CTPOCHHE,
cBorictBa, TexHosorun” “HAHCHUC-2013” — KueB, Ykpauna, 19-22 nos6ps 2013;

e International Conference “Functional Materials” ICFM’2013 — Yalta, Crimea,
Ukraine, 29 September — 5 October 2013;

e Microscopy Conference 2013 — Regensburg, Germany, 25-30 August, 2013;

e International Conference «E-MRS Fall Meeting» — Warsaw, Poland, 17-21 September
2012;

e Meeting Clusters and Nanostructured Materials «CNM-3°2012» — Yxropon, Ykpaina,
14-17 xxoBTH 2012;

e VI Mixunapoguuii cuMinosiyM «DyepeHsbl U HAHOCTPYKTYPbl B KOHJIEHCUPOBAHHBIX
cpenax» — Mincek, Peciyomika binopycs, 14-17 uepBus 2011;

e International Conference “Functional Materials” ICFM 2011 — Partenit, Crimea,
Ukraine, 3-8 October 2011,

e International Symposium and Summer School in Saint Petersburg “Nuclear Magnetic
Resonance in Condensed Matter” 8th meeting: “NMR in Life Sciences” — Saint
Petersburg, Russia, 27 June — 1 July 2011,

e || Mexnaynaponnass HayuHas koHdepeHiuus ‘“Hanoctpykrypuble matepuainbi-2010:
benapych — Poccust — Ykpauna” — Kues, Ykpauna, 19-22 oxts6pst 2010.
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Iy6aixanii. OcHOBHI MaTepiaiu qucepralii npeacrasieHl y 39 HayKOBHX Mpalsix, y
toMy uncii 1 monorpadii, 1 po3ainai moHorpadii, 25 ctarTsix y axoBUX BUIAHHSX.
Ctpykrypa Ta o6csar aucepraiii. {ucepraliisi CKJ1agaeThes 13 BCTYITY, IIECTH PO3/LIIB
Ta BHCHOBKIB, BuKiageHa Ha 309 cropinkax, mictuth 90 pucynkiB ta 10 Tabnuip;
6i6miorpadiuamii ciucok BKItoYae 344 HaiiMeHyBaHHS.

OCHOBHMUM 3MICT POBOTHU

Y Berymi 10 aucepranii JaHa KOpOTKa XapakTepuctuka pobotu. OOrpyHTOBaHA
aKTyaJbHICTh HAmNpsAMKY JOCHKEHb, PO3MVIAHYTO Cy4YaCHUH cTaH mpobiieM, IIIo
BUPIIIYIOTHCS B JUCEpTalliiHili poboTi, chopmysboBaHI MeTa 1 3ajadl JOCHIKCHD,
3a3Hau€Ha HayKOBa HOBU3HA OJIEp’KaHUX PE3yJIbTaTiB, BKa3aHO anmpoOarlliro poOoTH.

Y nepmomy poszgim ‘'Cunmes,  mexamizmu 6nopaOKyeaHHA ma npoyecu
penaxkcauii ¢ HAHOPO3MIPDHUX MA HAHOCHMPYKMYPOBAHUX cucmemax'' PpOo3IIIJaAEThCs
aToMHa OyJ/10Ba, (pi3MKO-XIMIUHI BJACTUBOCTI Ta TEXHOJOT1i OTPUMAaHHS HAaHOCTPYKTYp Ha
OCHOBI METaJiB 3 pI3HOI BHUMIPHICTIO. 3 YypaxXyBaHHSIM 3aJlay, IO IIOCTaBJC€HI B
AaucepTalii, OCHOBHa  yBara HpPHUIUISETbCS 3'SICYBAHHIO B3a€EMO3B'A3KY (PI3MUHHMX
BJIACTUBOCTEN 31 CTPYKTYPHUMH OCOOJMBOCTSIMM Ta €JIEKTPOHHOIO OYy/IOBOIO CIOJIYK.
Posrnspaerbcst  BIWIIMB  (PAKTOpPIB PO3MIPHOCTI, CTPYKTYPHHX HEJOCKOHAJIOCTEH Ta
HEBIOPSIKOBAHOCTI HA €JIEKTPOHHY OYJ0BY JOCHII)KYBaHUX CTPYKTYP.

JlocimiKeHHs! TOBEIIHKM HAaHOCTPYKTYpP METaliB Ha aTOMAapHO-YHUCTHUX MOBEPXHIX
HaIIBIPOBIJIHUKIB € OJHHUM 3 HAampsIMKIB aTOMHOI 1HXKEHEpii MOBEPXHI, fKa JI03BOJIE
oTpuMaTHu iH(OpMAIIiI0 MPO MPOILIECH CaMOOpraHi3allii 1 MexaHi3MU POCTY HaHOOO'EKTIB 1
CTBOPIOE TEPEAYMOBH U1 CHHTE3Y MarepialiB 13 3aJaHUMH XapaKTePUCTUKaMH.
3a3HauvaeThCs, WI0 «KBAHTOBAa 1HXKEHEPIsH BUPOIIYBAaHHSA IUIBOK METallB Ha
HaIIBIIPOBIIHUKOBUX MIJIKJIAJIKaX € aKTyaJJbHUM HANpPSMKOM JIOCHIIKEHHS, 10 J03BOJIsE
OTPUMYBATH HOB1 ()OPMH PEUOBUHU. AHAJII3 POCTY METAJIEBUX IUTIBOK BKa3zy€ Ha Te, IO
KBaHTOBl €(eKTH BIIIrpaloTh BaXJIMBY pOJIb B KOHCTPYIOBAHHI aTOMAapHO TIJIACKUX
METaJeBUX IapIB.

Posrnspatorees MexaHi3Mu (DOpMYBaHHSI TOHKHMX IUTIBOK, 30KpeMa, IOIIapOBHMA
O®panka — Ban nep Mepse, Ctpancekoro — KpactanoBa Ta octpiBkoBHil Bonbmepa —
Bebepa. OnrcaHo MexaHi3M €JeKTPOHHOI'0 BUpOIyBaHHs. HaBelneHo neTanbHUM aHaui3
JiTepaTypHUX JAaHUX 10 2D-HaHOCTPYKTypax MeETalliB, 30KpeMa, CHCTEMI MeTall-
HAIIBIPOBIMHUK. Taki CHCTEMH MOXYTh MaTH 3aCTOCYBAaHHS B ONTOEIEKTPOHHHUX
MPUCTPOSAX, 1H(GPAUYEPBOHUX JETEKTOpaX Ta MEPEeTBOPIOBAYax COHSYHOI €Heprii, a
THXKEKILISI CMIH-TIOJISPU30BAHUX €JIEKTPOHIB B HAMIBIPOBIJHUKOBHUI 1Iap BIJIKPUBAE HOBI
MOXJIUBOCTI JIJIi TPHUCTPOIB CHIHTPOHIKK. [loka3aHO, M0 OCHOBHOI MPUYHHOIO
Jerpajaiii TOHKOIUTIBKOBUX CTPYKTYp € 3HAYHWI PIBEHb BHYTPINIHIX HAMPYKEHb, IO
BCTAQHOBJIIOETHCA B TOHKMX METaJeBUX IUTIBKaX B MPOLEC] iX HAaHECEHHsS. BUHUKHEHHS
BHYTPILIHIX HaNpy>XeHb B MPOIIECI POCTY IUIIBOK OOYMOBJIEHO B1JIMIHHOCTSIMH MOCTIMHUX
IpaToK Ta KOe(iII€HTIB TEPMIYHOTO PO3IIMPEHHS TUTIBKH Ta MiIKIAIKA, HE PIBHOBAXKHUMU
YMOBaMH OCAJ>KE€HHS IUTIBOK, @ TaKOX XIMIYHHUMH 1 CTPYKTYpPHUMHU 3MIHAMU B IIPOLEC]
pocty. OIlIHEHO BIUIMB NapaMeTpiB HAHECEHHA Ha (POPMYBaHHS Ta PICT METATIUYHUX
IUTIBOK, 30KpeMa, TEMIEPATYPH MIIKIAIKH, IIBUIKOCTI OCAKEHHS, CTPYKTYPH IiJIKJIaIKH
Ta BHYTPIIIHIX HaNpy»eHb. Bi3HAU€HO TaKOX, 1110 BapitOBaHHS TAKUMU MapaMeTpaMH, siK
yac HAaHECEHHs, BIJCTaHb BiJl KIOBETH JI0 3pa3Ky, TUCK B KaMepl, TeMIlepaTypa po3IjiaBy B
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KIOBETI, Ja€ MOXJIMBICTH OTPUMYBATH CTiIMKI HAHOCTPYKTYpH MeETaliB  Ha
MOHOKPHUCTAJIIYHUX TOBEPXHAX. AHAII3ye€TbCd BIUIMB TEPMIYHOTO  BIJMAly Ha
(dbopMyBaHHS TOBEPXHEBUX HAHOCTPYKTYp MeTaniB. (OOroBOPIOIOTHCS  MUTAHHS
CJICKTPOHHO-EHEPreTHYHOi OyJOoBM Ta BiIacTUBOCTed 2D CTpyKTyp MeTalniB Ha
MOHOKPHCTAJIIYHUX MTOBEPXHSX HAIIBIPOBITHUKIB.

Cepen 3D HaHOCTPYKTYpPOBaHMX CHUCTEM PO3TISAAlOTbCA HAaHOKOMITO3UTH Ta AMC
Ha OCHOBI 3aJli3a, Kl HAa CbOTOJIHI € HAWOUIbII MEPCIEeKTUBHUMHU JJIs 3aCTOCYBAHHS B
SKOCTI MarHiTHUX marepianiB. AMop¢Hi Fe-Si-B craBu BUKOPUCTOBYIOTHCS B SIKOCTI
OCHOBHUX MaTepialiB MpU BHUTOTOBJIEHHI TpaHCPOpPMATOPIB HANPYTH, OCKUIBKU
J03BOJISIIOTh  YHUKHYTH BEJMKUX BTpAaT Ha TepeMmarHidyBaHHsA. [Ipore, iX HemOIIKOM
3aJIMIIAETHCS HHU3bKa 1HAYKIS HacudeHHs. B AMC Fe-Si-B migBuieHHs KOHIICHTpAIii
3aji3a crpusie 30UTBIICHHIO 1HAYKIIT HACHYEeHHS, OJHAK, 11e 30UIBIIY€E 1 BTPAaTH B OCEPAl B
pe3ynbTari Aectabimizarii aMmoppHOTro cTaHy. TakuM YHHOM, OCOOJIMBO BaXKJIMBO IS
peaniizanlii BUCOKMX 3HAa4Y€Hb 1HAYKI[l HACUUYEHHS 3 HU3BKUMU BTpaTaMu OCepAs 3HANTH
croci6 cradumizaiii aMmop(HOro cTaHy CIUIaBiB 3 BUCOKMM BMICTOM 3aiiza. OCKUIbKU
KpHUcTamizaiis aMOppHUX CIUIaBIB 1HIIIIOETHCS HA MOBEPXHI CTPIYKU, TO MPHU MPUTHIYCHH]
MOBEPXHEBOI KpHUCTali3allii, CIijlaB MOBUHEH 30epiraT aMmop(HUIA CTaH 10 BCbOMY 00'eMy.
Tomy pocnipkeHHsT (13MKO-XIMIYHUX BIACTUBOCTEH MOBEPXHi, 30KpeMa, MOP(HOIOTIHHUX
O0COOMBOCTEM TIpH TEMIEpaTypHUX peJaKcallifHuX mpolecax 1 KpucTami3ari Ta
enekTpoHHoi OymoBu HasBHUX AMC cucremu Fe-Si-B € HeoOXimHuM 3aBHaHHSIM IS
HaKOIMWYEHHS eKCTICPUMEHTAIBHOTO 0a3ucy.

OngHuM 13 epeKTUBHUX MEXaHI3MIB CTBOPEHHS HOBUX HaHOMAaTepialiB € CHUHTE3
HAaHOKOMIIO3UTIB. Ha chorojni mnepeBakHe YHUCIO POOIT NPHUCBIYEHO BHUBYEHHIO
BJIACTUBOCTEH MaTepiajiB Ha OCHOBI alaTUTIB /0 CKJIAJy SKUX BXOAUTH BYTJEUb - II€
MOSICHIOETHCS, 30KpeMa, TUM, 1110 MiHEpaJbHa KOMIIOHEHTa KICTKHU, ICHTUH, a TAaKOX 3yOHa
eMajlb B OCHOBHOMY CKJIQJIal0ThCs 3 KapOOHI30BAHOIO aMaTUTY, IKK MICTUTH Bil 4 10 6%
ByrJeo. ToMy i1l BUPIIIEHHS HarajlbHUX MOTPeO 010MEIMYHOI CIIPSIMOBAHOCTI, a caMe
CTBOPEHHSI €JIEKTPOIPOBIAHIX 010aKTUBHUX IMIUIAHTIB, CHHTE3 MPOBITHUX KOMIIO3UTIB Ha
OCHOBI BYTJICIIEBUX MaTepiajiB 1 HAHOJUCIIEPCHOTO aMaTUTy € aKTyaJIbHOIO MPOOJIEMOIO.
3a3HaueHi MpoOJIeMH € CKIIaI0BOIO YaCTHHOO JOCIIIIKCHb, BUKOHAHUX B JaH1l poOOTI.

Cepen HyIb BHUMIPHUX HAHOCTPYKTYpP aHATI3YIOTbCS TIOBEPXHEBO HAHECEHI
HAaHOYACTUHKH METaJIB Ta HAHOKJIACTEPH CKJIAIHMX OKCHIIB METaJliB, 30KpeMa, Ha OCHOBI
CKJIQIHUX TETPAOKCUIIB Kaibllifo. PO3rasHyTO mNHUTAaHHS CUHTE3y JOCTIIKYBaHHX
CTPYKTYD, iX JlarHOCTHKA Ta OJCP)KaHHS 3pa3KiB.

VY apyromy posaini “Memoou 0ocniorcennsn 10KanbHOi amomHol ma en1eKkmpoHHoi
0yooeu nanocmpykmyp” KOpOTKO pO3IIISAa€ThCA (Pi3MUHA CYyTh Ta MOMJIMBOCTI METOIB,
SIKI BUKOPUCTOBYIOTBCS JIJISI BUPIIIICHHS TTOCTABJICHUX B JUCEpTallii 3a7a4d. AHATI3YIOThCS
MOJIMBOCTI ~METOJIB PEHTIeHIBCbKOi CHEKTPOCKOMilI y BHUBYEHHI EJIEKTPOHHHUX
BJIACTUBOCTEN PEYOBHMH, CHOCOOM 1 MPUHOMU IHTEpIIpETallii PEHTI€HIBCHKUX €MICIHHUX
CIIEKTPIB.

Hocmimkenas MopdoJiorii MOBEpXOHb TBEPIUX T, 10 HEAABHHOTO YaCy 3aJUIIAIOCS
B 3HAYHIM Mipi ONMHCOBUM BHACHIZOK OOMEXEHHX MOXJIMBOCTEH 1HCTPYMEHTIB, SKi
BUKOPUCTOBYIOThCA. [losiBa HOBUX TEXHOJIOTIN OTpUMaHHS 300pa)xX€Hb 3a JOMOMOTOIO
CKaHYyBaJIbHO1 TYHEJIbHOI Ta aTOMHO-CHJIOBOI MIKPOCKOTIIT CTUMYJTIOBAJIO BEITUKY KUIBKICTh
JOCHKEHb B JAaHii oOmacti. YUepe3 CKIaaHICTh OAHO3HAYHOTO OIKCY aTOMHOI Ta
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€JIEKTPOHHOI Oy/I0BU JOCHIKYBAHUX PEYOBHH OKPEMUM METOIOM, PO3TIIIAETHCS M1AXI1]T
3 BUKOPUCTAHHSM JEKIJTbKOX METOJIUK.

Peumeeniecoka pomoenexkmponna cnexmpockonia (P@C) 6a3yeTbCsi Ha B3a€MOJIII
€JICKTPOMATHITHOTO BUIIPOMIHIOBAHHS 3 PEYOBMHOIO, IO OIUCYETHCS PIBHIHHAM
Eitnmreitna mist gotoedexty. B sIKOCTI kepesa BUIIPOMIHIOBAHHS BUKOPUCTOBYBAIOCH
xapaktepuctuune BunpomiHoBaHHs (K -mixist) Mg abo Al 3 eHeprisMu BiIMOBIAHO
1253.6 1 1486.7 eB. Mertoa BUKOPUCTAHHWH /IS JOCITIKCHHS BHYTPIIIHIX €ICKTPOHHUX
PIBHIB aTOMIB.

PentreniBcki (OTOENEKTPOHHI CHEKTpU OylId OTpUMaHI HAa PEHTTCHIBCBKOMY
doTtoenexkTpoHHOMY criekTpomeTpi ¢pipmu — JEOL.

Penmeeniecoka  emicitina  cnexmpockonia. B paniii  poOOTI BUKOPHCTaHO
bayopectieHTHUI (BTOpUHHUI) MeTOA 30yIKCHHsSI PEHTICHIBCHKUX EMICIHHUX CIEKTpPIB
aTOMIB B pPEYOBMHI. PEHTTeHIBChbKI €MICIiiHI CHEKTpU HECYyTh 1H(OpMalii0 TMpo CTaH
BaJICHTHOI 30HM Ta BCHOTO EHEPreTUYHOIO CIIEKTpa EJEKTPOHIB PEYOBHMHU 1 IIPO
PEHTI€HIBCHKOT €MICIHHOI CHEKTPOCKOMIT € MOXJIMBICTh OJiepaHHsa 1HdopMaIlii po
CHEpPreTU4Hl CTaHW MO BCI IMpHHI BaJeHTHOI 30HU. KpiM Toro, BpaxoByrouu MpaBHiia
BIIOOPY, MOXKHA aHaJI3yBaTH CEHEPreTUYHUMA PO3MOJLI EJIEKTPOHIB PI3HOI CHUMETpPIl y
BaJICHTHIA 30HI W THM caMUM MaTd 1HOpPMAII0 MPO XapakTep XIMIYHOTO 3B'SA3KY Yy
JOCIIPKYBaHUX PEUOBHHAX.

Keanmosomexaniune modentosannsi enekmponnoi 06yooeu ma 61acmueocmell.
OnHovyacHE BUKOPUCTAHHSI CHEKTPAJbHUX 1 KBAHTOBOMEXAHIYHUX METOMAIB JOCIHIIKCHHS
30UTbLIY€E MOKJIMBOCTI BU3HAYEHHS (Pi3UyHUX napameTpiB. lJis AOCTIIKYBAHUX CHCTEM,
AK TIOKa3aB JIOCBiJ, HaWOUIbII €()EeKTUBHUMHU BHSIBUIIMCS PO3PAXYHKU y paMKax Teopil
(yHKLIOHATY TYCTUHH, IO JO3BOJISIIOTH JOCIHIIKYBATH OO0'€KTH 3 BEIMKOIO KUIBKICTIO
aTOMIB Ta 3HAYHO CKOPOTUTH PO3paxyHKOBHI yac. B poOOTI BUKOPUCTAHO TPU METOJU B
pamKax TOI™: ITOBHOEJIEKTPOHHU I MOBHOTOTEHI1AJTbHUN JIIIXHIIO,
ncepnonoteHmianbanii Ta PAW. Haeneno mnpuHimnu BuOOpY BXIJIHMX IapaMmeTpiB
METO/IiB, 30KpeMa, IIUTbHICTh K-CITKH, TapaMeTpH 3pi3KU KIHETHYHOI SHEeprii Ta TpaKTOBKa
«HAIIBOCTOBHUX)» OpOiTaJICH.

Ilosnonomenyianvruti JIIITIX memoo (MHIAHUN METOJ IPUETHAHUX TJIACKUX XBHJIb)
o6epe cBii mowatok 3 III[IX wmeroma (Meroma TmpUEAHAHUX TUIACKUX — XBUJIb),
3anponoHoBaHoro CrnerrepoM. B HbOMY BUKOPHUCTOBYETHCS PO3OUTTS MPOCTOPY
MT-cdhepamu, 10 HE MEPETUHAIOTHCS, MIPU LIbOMY BcepeanHi MT-cdep B gaxocTi 6a3ucy
BUKOPUCTOBYIOTBCA «AaTOMHID» XBHWJIbOBI (YHKLIi, IO BIAMNOBIJAIOTh KOHKPETHOMY
3HAYEHHIO OpOITAIbHOIO MOMEHTY Ta iX MOXIgHI, a 3a Mexxamu MT-cdhep OazucHUMU
¢bynkuisiMu € utackl xBuil. [lpu npbomy xBUiIboB1 (yHKIIIT Ta X moxigHi Ha MT-cdepax
3MUBal0ThCA. «HamiBOCTOBHI» CTaHM TPAKTYIOTHCSA 3a JOTIOMOTOIO BBEACHHS JIOKAJIBHHUX
opOirtaineit (JIO).

Ilces0onomenyianona memoouxka 3 NAACKUMU XGUAAMU 8 AKOCMI 6a3ucy € HalOIbII
PO3MOBCIOJDKEHUM  criocoOoM  po3B’si3ky  3amaui  Kona-Illema.  Bukopucranas
MICEBJONOTEHIIaly aBTOMAaTHYHO O3HA4Ya€ HAaOMKEHHS «3aMOpPOKEHOTO OCTOoBa». B
poOOTI BHKOPHUCTOBYBAJIUCh JBa MIAXOAW JJiI OTPUMAHHS <«30€piralounx HOPMY»
ncepnonotenimiama: cxema HGH 1 Tprommiep-Maprinca.
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PAW-yemoo0 € anpTepHAaTUBHUM IUISIXOM 1O TCEBAONOTEHIIAIbHUX, & TaKOX
JITIIIX wMeronaiB, NOAOJAHHS TPYIHOIIB, IO BHUKJIMKAaHI IIBUJIKOK OCHUJIAIIEID
XBUJIbOBUX (DYHKIIIA BaJE€HTHUX EJICKTPOHIB B 00JIacTIX Oe3MOcepeHbOi OJM3BKOCTI J10
snep. Ilpu Bukopuctanui PAW-metony iHdopMaliis mpo XBUIbOB1 PyHKIIII OUIg saep He
BTPAYa€ThCs, Ha BIIMIHY B1JI IICEBIOTOTEHITIAIbBHIUX METOIHK.

Bucoxoeakyymna cranysanbHa 30HO008a MIKPOCKONIS 3 AMOMHON PO30LIbHOIO
30amuicmio.  BUKOpPUCTOBYeTbCS Uil JOCHIDKEHHS ~ aTOMHOI  CTPYKTypH  Ta
Mop(donoriuHux  ocoOiMBOcTE TOBEpXHI. B  OCHOBI MeTOAy BHCOKOBaKyyMHOT
CKaHYyBaJIbHO1 TYHEIBHOI MIKPOCKOMIi JISKUTh BUKOPUCTaHHS TyHEIbHOTO edekty. Jlo
BICTpS TOJIKH, SIKa PO3TAIIOBaHa HAJl TOBEPXHEIO, MIPUKIATAETHCS TYHEIBHUN CTPYM, MPHU
MIEBHOMY 3HAYCHHI SIKOTO BUHUKAE TYHETIOBAHHS €JICKTPOHIB Yepe3 CHEPTeTUUHY IIITHHY
MIDX BICTPSIM TOJIKH Ta MoBepxHero. CKaHyBaHHSAM MOBEPXHI OTPUMYEThCS Tomorpadiuna
KapTa IMOBEPXHI.

VY MeTolll aTOMHO-CHUJIOBOi MIKPOCKOIIi Il OTpUMaHHS 300pa)KeHb MOBEPXHI 3
ATOMHOIO PO3JIIJIBHOI0 3/IaTHICTIO HAaMU BHUKOPHUCTOBYBAJIMCH KOHTIJIEBEPHM Ha OCHOBI
aJIMa3HUX BICTPIB.

OtpuMani B poOOTI 300pak€HHS METOJOM CKaHIYBaJIbHOI 30HJIOBOi MIKpOCKOIi1
(CTM) Oynu eKCrioHOBaHI B OCHOBHOMY METOJIOM MOCTIMHOI BUCOTH.

EXAFS-cnexmpockonis. Meton EXAFS-cniektpockomnii € HalOUIbII TPUAATHUM
JUISL  TOCHIPKEHHS JIOKaJbHOI aTOMHOI OYJOBM HEBIOPSAKOBAHUX CHCTEM, 4Yepe3
MaJOe(PEKTUBHICTh 1HIIUX CTPYKTYpHHUX MeTOAMK. Ha chOroaH1 iCHye NEKijIbKa METOIUK
EXAFS-ekciepuMeHTy, 30KpemMa, METOJUKa Ha  MPOIYyCKaHHS, METOAMKA
dbnyopecuentHoi EXAFS-cnekrpockomii (FEXAFS), Meronuka noBepxneBoi EXAFS—
cnektpockomnii (SEXAFS), EXAFS—cnekrpockomnisi ontuuHoi mdtomiHecteHiii (XEOL)
(X-ray Excited Optical Luminiscence), EXAFS— cnekrpockomnisi MOBHOTO 30BHIIIHBOIO
BinouBanus (II13B), tomo. B pobori EXAFS-cnektpu oTpuMaHi  METOJIOM Ha
MPOITYCKAHHS 3 BUKOPUCTAHHSIM CHHXPOTPOHHOTO BUMpPOMiHIOBaHHA. KpHBi pamiaibHOTO
po3noaury atomiB g(r) HABKOJO TOTJIMHAIOYOTO aroma Bu3Hadaiucs 13 Dyp'e-
nepetBoperns Y (K):

or) = 2k KPk)e 2K gk

_J2m(hv - E,)

e |K| =k =[0.2526(hv—E,)]”.

EXAFS - octiumsatii onmucyBanuch HACTYITHUM BHPA30M:
1= N, : —207k® 5-2rify(k
_ j iy
X(k)—Ezj)?fj(k,n)sm(Zkrj+goj(k))e e ( ), e
j
Nj, rj, ©j - mapaMeTpu KOOpAMHALIIHOI CQepH; Y-AOBXKHHA BLIBHOIO IPOOIry
enektpona; fj(k,m) - ammiityma po3citoBaHHS (POTOENEKTpOHA Ha 180° (dpakrop
3BopoTHOTO  poscitoBanHs); @j(K) -3mina  dasu  QoroenexTpona. s oOpoOku
EKCIIEPUMEHTAJIbHUX JTaHUX BUKOPHUCTaHI TEOPETHUYHI 3HAUYeHHS (PYHKIIH 3CyBY a3 Ta
aMIutiTy poscitoBanust McKale (¢yp'e-nepemeopenns 3 ghazoro).
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Ckanysanvha 30H006a cnekmpockonisi. B maniii poOOTI Ha OCHOBI 30HIIOBOTO
TyHeapHOro Mikpockony JSPM-4500 iHcTanboBaHa MeETOAMKA CKaHYBaJIbHOI 30HJI0BOL
criekTpockomii. TyHenbHUN CTPyM SIBJISE COOOI0 3TOPTKY IIIJILHOCTI €JIEKTPOHHUX CTAaHIB
30HJa Ta 3pa3ka. 3aJeKHICTh TYHEJIBHOTO CTPYMY BiJl HAIIPYTH BU3HAYAETHCS, 32 TIEBHUX
YMOB, TYCTHHOIO €JIEKTPOHHUX CTaHIB 3pa3ka. BelnunHa IyCTHHU €IEKTPOHHHUX CTaHIB
3pa3Ka OI[iHIOBAJIACh 3a MOX1JHOIO TYHEIBHOTO CTPYMY MO HaIpy3i.

JUist oTpuMaHHS TYHEJNbHMX CIEKTpiB Oyina MpoBeleHa METOAMYHA poboTa 3
MIATOTOBKH BICTps. BicTpsi BUTOTOBISIOCH 13 BOJB(PPAMOBOI MPOBOJIOKH JTiaMETPOM
0.2 mm. Ilicns oTpuMaHHs BiCTpsl MPOBOAMBCS HOTO TEPMIYHHIM HArpiB Ta OOMOapIyBaHHS
10HaMHU 17151 JOCATHEHHSI TIOCTIHHOTO 3HAYCHHS TYCTHUHH €JIEKTPOHHHUX CTaHIB OTPUMAHOTO
Kparo BICTpsI.

CrabinbHICTh AOCTIKYBAaHUX 3pa3KiB MiJl PEHTICHIBCBKUM ITYYKOM TIepeBIpsIach
100-romMHHUM PEHTIeHIBCHKUM OINPOMIHEHHSM, IO HE MPHU3BOAWIO 10 3MIiH B
PEHTIeHIBCHKHUX CIIEKTPaXx.

Y tperbomy  posnini  “Hanocmpykmypu Cu, Ag, Au, Ni ma In Ha
MOHOKPUCMATIIMHUX NOBEPXHAX KPEMHII0 npu ix mepmiuHOMy HaHeceHHi” HaBecHI
pe3yJbTaTU EKCHEPUMEHTAIBHUX JIOCTI/DKEHb €JIEKTPOHHOI Oyl0BM Ta MOP(QOIOUIYHUX
0COOJIMBOCTEM MOHO- Ta OaraTomapoBHX HAHOCTPYKTYP OJArOpOJHUX METaNiB, HIKEIIO Ta
1HJIIF0 HA MOHOKPHCTAIIYHKUX TOBepXHsX KpemHiro Si (111) 7x7 ta Si (110) npu ix TepMidHOMY
HAHECCHHI.

JocnipxeHo MexaHi3MH (OpMYyBaHHS HAHOCTPYKTYp — OJIaropogHuUX MeETaliB,
HIKEJII0 Ta 1HJII0 Ha MOBEPXHAX MOHOKpucTaiy kKpeMmHiro Si(111)7x7 Ta Si(110) npu
OararocTajiitHOMy TepMIYHOMY HaHeceHH1. KapTuHu HaHopenbedy noBepxHi 3a(iKCOBaH1
Ha KOXXHOMY €Tall HalopoueHHs . BcTaHOBIEHI OCHOBHI cTajii MOp(dOIOridyHOI
TpaHcdopmalllii HAaHOyTBOPEHb. PiCT MeTaneBUX HAHOCTPYKTYp Ha HaIlIBIPOBIIHUKOBIN
MOHOKPHUCTAIIYHIA MOBEPXHI 0€3 OXOJIOHPKEHHS 3pa3ka Ta B YMOBAaX HaJBHCOKOIO
BaKyyMy MPU3BOJUTH JI0 CKJIQJHUX MEXaHI3MIB 3apPOKEHHS Ta pOCTy HaHOCTpYKTyp CU,
Ag, Au, Ni Ta In, gxi Bigpi3HSAIOTHCSA BijJ 3arallbHOBIJOMHX MeXaHi3MiB. BapitoBaHHSIM
TEXHOJIOTIYHUMH TlapaMeTpaMH HaHECEHHS MOKHa OTPUMAaTH pPI3HOMAaHITHI KapTUHU
CaMOBITOPSIIKOBAaHUX HAHOCTPYKTYpP 13 UYITKMMH Ta MPaBUIBHUMU TE€OMETPUYHUMU
dbopmamu. [Ipu TepMiYHOMY HAHECEHHI 30J10Ta HA MOBEPXHIO MOHOKPHUCTAIY KPEMHIIO
Si(111) 7x7 Ha mMOYATKOBIMH CTamii MEPEBAKHO CIIOCTEPIra€TbCs T'eKCArOHaIbHE
BIOPSAKYBAaHHS CPEPUUHUX KIACTEPIB OJTHAKOBOTO po3Mipy. ITicis mporo crocrepirainch
JiHII BOOPSAAKYBaHHS chepuyHHX KiactepiB. llomanmpmmii MexaHi3M pOCTYy MOJSTAa€E B
YTBOPEHHI ()pakTajJbHUX arperariB 3 HACTYIHOIO CTal€l0 TpaHcpopMallii — YyTBOPEHHIM
TOJIKOMOA1I0HUX HAHOKPHUCTAIB.

BaxxiuBum pesyiapTaTtoM OyJ0 OTPUMAaHHS CaMOBITOPSIKOBAHUX TE€KCarOHAIbHO-
nipaMiJaibHUX HAHOCTPYKTYp MiJi Ta 30JI0Ta Ha MOHOKPHUCTAJIYHIA MOBEPXHI
Si (111) 7x7. Mexani3mu (GopMyBaHHS TeKCaroHaJbHO-TIpaMiIabHUX CTPYKTYp 30JI0Ta
Ta MiJl BHU3HAYAIOTHCS OCOOJUBOCTSAMHU TIOBEHIHKU €JIEKTPOHHOI TYCTHHH Ha Kpasx
MOHOOATOMHOI CXOAUHKH pocTy. KpaifHi aToMH TIIOMMH MalOTh 3HAYHO OLIBIN BUCOKUN
CHEPIeTUYHUN CTaH 1 SK HACHIAOK PICT KOXKHOI HaCTyHHOi' MOHOATOMHOI TIJIOIIMHU
MMOYMHAETHCS HE B1J] Kpalo MJIONIMHY, a 3 IEBHOI XapakTepHoi BificTaHHi ~3.0 HM Bij Kparo,
AKa 3a6e3neqye pellaKkcalilo HEOJHOPITHOCTEH TYyCTUHU €JIEKTPOHHUX CTaHIB, IO 1
BHU3HAYAE MipaMiiaabHy GpopMy yTBOpeHb (puc.l).
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1.18 UM

0.89 Hm

0.59 um

0.30 Hm

0.00 Hm

D0 Yot Nl

0.720 Hm - 3 HM

0.480 HMm .

6.b HM 15.0 HM 18'.0 HM 24.0 UM

Puc. 1. I'ekcaronanbHO-TIipamMifaibHl CTPYKTYpH 30J10Ta Ha moBepxHi Si (111) 7x7:
a) CTM-300paxenHs; 6) 3D npencraBneHHs 300pakeHHs; ) podiib Ha (a).

CaMOBHNOPSAAKOBaHI T'€KCArOHAJIBHO-TIPAMIaibHI HAHOCTPYKTYPH 30J0Ta Ta Mijl
IpH BaKyyMHOMY TEpMIYHOMY HaHeceHHI (GopMyroThes juire Ha tutonwai Si(111) 7X7,
tom sk juisi monuHA Si (110) cmoctepiratoThes JUIE MOHOIIAPOBI T€KCAroHaIbHI
yrBopeHHs. CuMeTpis TMMOBepXHI MOHOKpHcTamiunol miomman  Si (111) 7x7 €
JETEPMIHYIOUOI0 B MEXaHI3Ml POCTY IeKCaroHaJIbHO-MipaMilalbHUX CTPYKTYp MiJi Ta
30710Ta. BrcoTa rekcaroHanbHO-MipaMilabHUX CTPYKTYp MIJI Ta 30J10Ta JETepMiHOBaHA
JTHIAHUMHA PO3MIpaMU IIECTUKYTHUKIB OCHOBHU TMIpaMiTu Ta XapaKTEPHOI BIJICTaHHIO
BIJICTYIy TIOYaTKy POCTY HACTymHOI IMa0JWHU MipaMiJiyd, 10 BU3HAYAE XapaKTEpHY
BHCOTY mipamigu B iHTepBaim Big 2.0 mo 3.0 aM. Taka BucoTa mipamiau Biamnosimgae 9-10
MOHOIIIapaM 30JI0Ta Yd Mial, 1Mo (OpMYyIOTh HAHOYTBOpEHHs. Miab, Topsan 3
reKCaroHAJIbHO-MIpaMiJaIbHUMU ~ YTBOPEHHSIMHU, Y DAl E€KCIEPUMEHTIB IOKa3aa
dbopmyBaHHs OimipaMmifadbHUX YTBOPEHb, 1110, 3 OIJISAy Ha BCE, BU3HAYAETHCS
MIHIMI3alll€l0 MMOBEPXHEBOI eHeprii. B 1iioMy, BHCOTa rekcaroHajabHO-MIpaMiJTalibHUX
YTBOpPEHb 30JI0Ta Ta MiJil 3aJI0BUIBHO Y3TOJKYETHCA 3 MEXaHI3MOM €JEKTPOHHOIO
BHUPOIIYBaHHS.

3aBepIleHHs] POCTYy TeKCAarOHAJIbHO-MIpaMiaIbHUX YTBOPEHb 30J0Ta Ta MIIl
CYNPOBO/KYBAJIOCh YTBOPEHSIM KJIAcTepiB 13 cepeaHiM po3mipoMm g0 1.0 HM Ha Kpasx
wionmH. Bigomo, 10 HAaHOYACTHMHKHU 30JI0TAa MAlOTh MEPEBAaXXHO HETaTHBHUM 3apsl.
Mo>kJIMBO, 1110 0OCOOJIMBOCTI TYCTHHH €JIEKTPOHHUX CTaHIB, IO CIIOCTEPITAIOTHCSA Ha Kpasx
MOHOATOMHHUX TUIONTUH MPU3BOAATH 10 KYJIOHIBCHKOTO OCAKCHHS B IIMX TOYKaX. TaKuM
YHOM OYEBH/IHA JIOKAJI3AIlisl KJIACTEPIB HA KPasX TUIOIIHH.
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11 8x11.8 am*

Puc. 2. MOHOIIAPOBi JTyCOYKOBI CTPYKTYpu 8)

3010Ta Ha nosepxHi Si (111) 7x7: g)  0-440mm AP 6_ _

— CTM 3o0paxenns, 6) — CTM  0.350um:

300pa’keHHSI OKPEMOI JIYyCOUKH; 8) — () 260 1M

npoias Ha 300pakeHHi (6). 16 32,,48 64 80

Bnepmie otpuMaHi JIyCOYKOBI MOHOMIAPOBI CTPYKTypm 3oJj0Ta. Camo30ipka
JYCOYOK 3IIMCHIOETHCS 32 PaxXyHOK JBOX MEXaHi3MIB — aTOMIB, sIKI OCITM Ha 3pa3oK,
4yepe3 MEXaHI3M TEeIIOBOro ApU(TY Ta MOTOKY aTOMIB BiJl pO3IUIABY, SIKMH HE O KIHUSA
3amoBHIOE BakaHCli (puc.2). JIiHIAHI pPO3MIpU JYCOYOK 3HAXOASATHCA B 1HTEpBai
5.0+30.0 am. Crnoctepiraerbcsi BUCOKa BaKaHCIMHA JAe(EKTHICTh JycouoK. HasiBHICTBH
TOYKOBUX JACPEKTIB B JIAMEIISIX BH3HAYAETHCSA HEOOXITHICTIO MiHIMI3amil eHeprii jJameri.
AHani3 Kpyrmmx 3ariaubiieHp 3 aiametpoMm ~ 0.5 HM CBITYUTH MPO HASBHICTH TOYKOBUX
nedeKTiB, B SKUX BIACYTHI 2-3 aroma 3oji0Ta. Takuéi po3Mip nedexTiB € HanOUIbII
PO3MOBCIOJIKEHUM 1711 AaHUX 3pas3kiB. OJHAK, crocTepirajauch AedexkTH 3 JiaMeTpoM
mpuoJIM3HO B 3 pa3u MEHIIIe, 0 BIAMOBIAAI0 pO3Mipy aToMa 30j0Ta. JlertanpHuil ananis
JyCOYOK TOKa3ye, 110 3HaYyHa YaCTHHA 3 HUX MalOTh CYyTT€BUHN mporuH (puc.2,6) Jlycouka
13 npoTspkHicTIO ~ 8.0 HM Ha Kkpasix Buctynae Ha ~ 0.16 HM Haj ySIBHOIO TOPHU30HTAIBHOIO
IJIOLMHOKO JIyCOUKH. JlaHuil (pakT MOXke CBIAYMTH MPO MOKJIIMBE BUIbHE ICHYBAaHHS KpaiB
MOHOIIIAPOBUX JlaMened 3om0T1a. JloCHiDKeHHS JIyCOYOK 30JI0Ta 3 MaKCHUMAaJIbHOIO
PO3IUILHOIO 3JaTHICTIO TI0Ka3ajio, HI0 B JIYCOYKAaX CIIOCTEPITaEThCA BIOPSIKYBaHHS
aToMiB OJiM3bKe 10 Kpuctanorpadiunoi miomunn Au (111) (puc. 2, 6, obnacts B).

Cpib1o, ocapkeHe TEPMIYHUM CIOCOOOM 3a OAWH UK HamopoiueHHs, npu KT, y
BHCOKOMY BaKyyMi, MOXX€ YTBOpIOBaTH MoHomapoBi 2D kmactepu. HaHoyTBOpeHHs
MOXYTb MaTH BWIJISi[, NPABWIBHUX HIECTUKYTHHUKIB, $KI CKIAJAlOThCS 3 KIIBKOX
MoHomIapiB cpibma. Ilpu 1BOMYy cHocTepiraeTbCsi camoopraHizailis HaHOCTPYKYpP
npaBWiIbHOT (GopMu. ATOMapHO IUIacka IUIiBKa Ag He Moke OyTh oTpuMaHa Ha
HAIIBIPOBIAHUKOBIH migKian MoHokpuctany Si (111) 7x7 3a HOMOMOTOI0 TEPMIYHOTO
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HAHECEHHs TMpH KIMHATHIA TemrepaTypl y BHCOKOMY Bakyymi. Croctepiraerbcs
yrBOpeHHs1 2D KiacTepHUX yTBOpeHb cpibna 3 ToBimmHOKW 3-4 MIII (puc. 3, a). Ilpu
IOMIpPHOMY TepMidHOMY IpOrpiBi 3paska 3 ToBuuHOW 8-9 MIII 1o 350 °C BinGyBaerbes
3MiHa MOp(OJIOrii TOBEPXHI — CIIOCTEPIraeTbcsl 3MEHIIEHHS KUIBKOCTI 1IapiB cpibia Ta
Maii’ke TOBHE MOKPUTTS MOBEPXHI. 3MEHILIEHHS KUIBKOCTI IIApiB Ta YTBOPEHHS e(eKTy
“KOBJIpH~ OIMHCYETHCSA MEXaHI3MOM €JIEKTPOHHOIO BHUPOIIYBaHHS, SKHM TMoJsArae y
3MEHIIICHHI TIOBHOT €JICKTPOHHOT eHeprii HOKpUTTA (puc.3, 0).

108x108 Hm?2 |

1.5 Hm

1.1 um
0.7 HM

0.3 HMm

| | |
16.0 Hm 32.0 HM 48.0 HmM 64.0 HM 80.0 Hm
Puc. 3. 2D-nanoctpyktypu Ag Ha moBepxHi Si(111) 7x7: a) CTM -
300pakenHs 2D - xiacrepiB cpidia; 6) CTM — 300paskeHHS MiCs
TepMI4HOi 00pOOKH - edeKT “kosopu’.

B mporeci mocsirHeHHs edekTy “xodpu’” TpU MOMIPHOMY MPOTPiBI BiIOyBa€eThCs
06 eqHanHs 2D KiacTepiB B aTOMHO PiBHE MOKPHUTTS MOBepxHi. CIIOCTEPIraloThCs 3IUTTS
“IBOBUMIPHUX~ TpaHUIlL Ta TOSBAa TOMOJOTIYHUX HEOJHOPITHOCTEH 3 TIMOWHOK 0
0.04 am (puc.4). HeomHOpimHOCTI MOBEpXHI TAMOMHOIO MEHII HDK TIB PO3MIpy aromMa
MOYKHa TOSCHUTH HEBIAMOBIIHICTIO MDKAaTOMHMX BIJICTAaHEH B TOUYKAaX CIOCTEPEKECHHS
cepenHiii MikaToMHIM BifcTani B rmiomuHi A(Q (111). SIkmo BpaxyBaTd, MO aTOMHE
BIIOPSAKYBAaHHS B MOHoIapax cpibna ommseke 10 Ag (111), To B pesynbrati 3murts 2D
KJIACTEpIB 4Yepe3 Ppi3Hy OpPIEHTAIlI0 aTOMHUX PsIiB B KJIacTepax HE HACTYIa€ MOBHA
penakcarlis Mi>kaTOMHUX BIJICTaHEH.
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Jlyis BCTAaHOBJIEHHS BIUTUBY HEBIAIOBIIHOCTEM aTOMHHUX MapaMeTpiB iHTepdeiicy i
HaHeceHHs Oyno mpoBeaeHo CTM  pocaimkeHHss MOpP(OJOTIYHUX — BJIACTUBOCTEN
HAaHOCTPYKTYp cpiOJa npu Temiepatypi piakoro azory 77 K.

BceraHoBi€eHO, 1110 0X0JIOIKEHHS 3pa3Ka /10 TEMIEPATypH PIIKOrO a30Ty, HE 3MIHIOE
MOPQOJIOTiI0 TOBEPXHI.

10x10 HMm2
1.211 um npoine a
1.175 Hm
1.139 HM | . | . | . | . | . | .
4.0 HM 8.0 Hm 12.0 HM 16.0 HM 20.0 oM
npodine 6
0.068 um
0.040 am
0.012 um
I T I T T T T T T T T
1.8 Hm 3.6 HM 5.4 HM 7.2 HM 9.0 HM

Puc. 4. I'panwui 3epen 2D knactepis: @) CTM 300pakeHHsI 37UTTS KJIacTEPiB,
0) neranbie CTM 300paskeHHs pe3yJIbTaTH 3JIUTTS [PAaHUIlb 3EPEH.

Binomo, mio peKOHCprI/IOBaHa MOHOKpI/ICTaJII‘-IHa noepxHs Si (111) 7x7 npm
KIMHATHIN TeMriepaTypi i HaJ[BUCOKOMY BaKyyMi 4epe3 MEeBHHUI 4Yac pyWHYeTbCsS depes
TETJIOBUHM IpU(T MOBEPXHEBUX aTOMIB Ta BIUIMB 3aMIIKOBOI atMochepu. [Iporpis 3paska
3 edekTtoM “koedpu” mnpu Temmeparypi ~750 K iHimiroBaB aecopOiiiro cpioina.
BcranoBneHa ciabka B3aeMO/Iisi MOHOIIIAPOBUX MOKPUTTIB Ag 13 moBepxHero Si (111) 7x7,
0 J03BOJISIE OYHUIYBAaTH MOHOKPHUCTAJIIYHY TIOBEPXHIO KpUCTAJla BIJlT MeETaly 13
BIITBOPEHHSAM peKoHCTpyhHoBaHoi moBepxHi Si(111) 7x7. 3anpomoHOBaHUN METOJ
30epeKeHHsT PEKOHCTpyHoBaHOI MOHOKpucTamiunoi moBepxHi Si(111) 7x7 moxxHa B
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MOJajJbIIOMy BHUKOPHUCTOBYBATH JJISi 3aXHUCTy MOHOKPHUCTAIIYHUX TOBEPXOHb BiJl
pPYHWHYBAaHHS.

PexoncrpyiioBana  MoHOkpucTaimiuna moBepxHs  Si(111) 7x7 €  cuibHO
MOJISIPU30BAHOI0 Yepe3 Te, M0 M—OopOiTall KPEMHII0 MaroTh MEBHUX KYT 3 ILJIOIIMHOIO
nmoBepxHi. Uepes me Oyno Oyio IiKaBUM TOJWBHUTHCH HA TOBEMIHKY HE TUIBKH Miji, a 1
HIKEJTIO Ha JaHii moBepxHi. JlochipkeHo MexaHi3M (popMyBaHHS HAaHOPEIbe(y HIKETIO HA
noBepxHi Si (111) 7x7 npu TepmiuHOMY BUIIApOBYBaHHI y BakyyMi. Ha modartkoBiii ctasii
HAHECEHHS HiKeJIh GopMye aTOMapHI OCTPiBI BUCOTOIO Onu3bko (.11 HM. 301bIIeHHS B
TPU pa3d 4Yacy HAHECEHHS TMPUBOJIUIO 1O TMEPKOJSAUIKHOIO e(eKTy, Mpu LIbOMY
HAHOYACTUHKU HIKEIIO TMOBHICTIO TOKPUBAJIM KpPEeMHI€BY mMmiakiaaky. [lpu 30uibleHH1
4acy HaIropOLIEHHS CIIOCTEPIrajJoch CyIJIbHE MOKPUTTS MOBEPXHI.

BcraHoBiieH1 HAHOTPUOOJIOTIYHI IapaMeTpu cyomopeTkocTi Ra, Rg, Ryis, Rz Sratio
JUIsl TpaHC(OPMOBAHUX MOBEPXOHD HIKEJIO 1 OJIAarOpOIHUX METaJlIB, Ta iX 3aJIEKHOCTI Bij
TEXHOJIOTIYHUX TapameTpiB HaHeceHHsA. [l KiIbKICHOI OLIHKK CyOImopTKOCTi Oyiu
BUKOPHCTaHl HAacTymHi mapameTrpu: Ra, Ry, Ryis, Ri; Sraio — cepenne apudmerndne
aOCONMIOTHUX  3HAYEeHb  BIAXWIEHb Mpodimo B Mexax  0a30BOi  JOBXKHHH,
CepeIHbOKBAAPATUIHE 3HAYCHHS BIIXHICHb MPOQLII0 B MEXax 0a30BOi JOBXKHHHU, Cyma
cepeHiX a0COMIOTHUX 3HAYEHb BHCOT M'SITH HAMOILIBIIMX BUCTYMIB MPOQLII0 1 TIHOUH
I'ITH HAHOITBIINX BIAIWH MPODUTI0 B Mekax 0a30BOi TOBXKHHU, PI3HUIS MK BUCTYIaMHU
1 BIaAMHAMU TI0 JIECATH TOYKaX, CITIBBIIHOIICHHS ILIOINI aHATI30BaHOT 00JIaCTi y BUITAIKY
17IealbHO PIBHOI MOBEPXHI JO MOBHOI TUIOIII MOBEPXHI 00JacTi 1m0 aHami3yeTses. [Ipu
0aratocTaJiifHOMy HaHECEHH1 Ma€ MICIIEe 3pOCTaHHs PO3MIPY KJIACTEPIiB MPH 3arajibHOMY
30epexeHH]1 TEHACHINT 3pOCTaHHS MAaKCHUMAJIbHOI PI3HUII M1 BUCTyIaMHU Ta BIaJWHAMU
(tabu. 1).

Bi/IH. Of1.

~——— eKCIIePUMEHT
~— PO3PaxyHOK

Puc. 5. a) CTM 300pakxeHHs: HaHOCTPYKTYp Ni Ha MOBEPXHI MOHOKPHUCTATY
Si (111) 7x7 (nanpyea smiwenns -2.0 B); 6) CHekTpu TyHEIbHOI
CIIEKTPOCKOTIIi Ta pO3paXyHKOB1 T'YCTUHU CTaHIB HAHOCTPYKTYP HIKEIIIO.
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HarpiB 3paska 3 moBHUM MOKpuUTTsAM moBepxHi Si (111) 7X7 wHikenem 10
temreparypu ~ 980 °C npoIoBK AEKUTBKOX XBUIIMH Ta HOTO MOJAIBIINAM OXOJIOKEHHSIM
0 KIMHATHOI TeMIIEpaTypH IOKa3aB, IO TeMIIEpaTypHE HAaBaHTAKEHHS MPU3BEJIO IO
AecopOIlil HIKEI0 Ta YacTKOBOTO BimHoBieHHS moBepxHi Si (111) 7x7 (puc.5). Ha
HaBEJCHOMY 300paKCHHI BHIHO pPEKOHCTPYHOBaHY TOBEPXHIO KPEMHII0 Ha sKii
CIIOCTEPIraroThCsl CKYIUEHHs HAHOYACTHMHOK OJHaKkoBoi Qopmu Ta po3mipy. Take
pO3TalllyBaHHS € EHEPreTHYHO BWTIJHUM, aJDKe IPH HarpiBaHHI Ta MOJAIBIIOMY
OXOJIO/IPKEHH1 MTOBEPXHI KPEMH1IO Bi/I0YBA€THCSI BCTAHOBJICHHS PIBHOBAKHOTO CTaHY.

Tabmuus 1. 3Mina mapaMeTpiB CyOmOPCTKOCTI Bijl 4aCy HAHECCHHS HIKEIo Ha
aroMHOpiBHY noBepxHto Si (111) 7x7.

tc Rai, HM Ry, HM Rjis, HM R,, HM Sratio
1 0.044 0.061 0.494 0.529 1.01

0.035 0.045 0.334 0.442 1.00
5 0.058 0.075 0.632 0.749 1.01

BuaHo, mo cumeTpisi KIacTepHUX YTBOPEHb Hikenro Ha moepxHi Si (111) 7x7
MOBTOPIOE CUMETPII0 MIJKIAJUHKA. BCTaHOBIEHO, 110  BHU3HAYaJIbHUM (HAaKTOPOM B
MEXaHI3M1 BIOPSIKYBaHHS HAHOCTPYKTYP HIKEII0 HAa MOHOKPHUCTAIIYHUX MOBEPXHIX
KPEMHIIO BHCTYNAIOTh T'PAaHULI JBINHUKYBaHHA, SKI 1HIIIIOIOTh YTBOPEHHS JIIHIMHHUX
HAaHOCTPYKTYP HIKEJIIO.

Ha ocHOBI TyHENBHUX CHEKTPIB HAHOKJIACTEPIB HIKEIIO Ta KBAHTOBO-MEXaHIYHHUX
po3paxynkiB (T®I') BcraHoBieHa cyTTeBa B3aemoxis Ni 3 migkiaaakor. OTpumani
KimactepHi cdepo 1oaiOHI HaHOCTPYKTypu ~1.0 HM, $KI TICAS TEeMIepaTypHOIro
HABAHTAKEHHS YTBOPIOIOTH (pa3y NiSi,.

[H1#1, y TOpIBHSAHHI 13 MONIEPEAHBO PO3TIITHYTUMHU METallaMi, Ma€ Habarato MEHIIY
TeMmneparypy IuaBieHHas — 156.6 °C, mo nmo3Bommiio oTpuMmaTd 'y Oarato pasiB
neperpiTuil pos3miaB iHA1I0. Bygo BCTaHOBIEHO, 1O CTYMiHL MEPErpiBy pO3IUIaBy HE
BIUITMBAE Ha MOPQOJIOTIYHY KapTUHY HAHOCTPYKTYp IHZII0 TICIAS OCa/DKEHHS Ha
MOHOKpHCTaNniuHy nosepxHto Si (111) 7X7 (puc.6).

Cnocrepiraerbcss  yTBOPEHHSI  KJIacTEpiB  OJHAKOBUX  PO3MIPIB  MEPEBAKHO
MpaBUIbHOI KyOIl4yHOI (opMH, 1O CBIAYUTH MpO (HOPMYBaHHS HAHOKPHUCTAIIB I1HIIIO.
MeTonamu TyHEIBHOI CIIEKTPOCKOITii BCTAHOBJIEHA TpaHChOpMaIlis TYCTUHU EIEKTPOHHHUX
craniB In Big okpemoro kmactepa (po3mipom ~ 10 HM) Ha moBepxHi Si(111) 7x7 mo
TPOHOBOTO MOKPUTTSI IOBEPXHI MOHOKPUCTAJIA 3 TOBIIMHOIO MOKpUTTS ~40 HM.

[TokazaHo, 1m0 Mpu TOBIIMHI MOKPUTTA ~40 HM BIOYBAa€ThCS MOBHA MOIIOHICTH
KPUBOi TYCTUHU €JIEKTPOHHUX CTaHIB KPUBIM TYCTHHI EJIEKTPOHHUX CTaHIB MaCHBHOTO
3pa3ka.

KBanTOBOMEXaHIUHI PO3pAaXyHKH 3aWHATUX 1 BUIBHUX CTaHIB MOHOIIAPOBUX
CTPYKTYp 0JIaropoHUX METaiB Ha OCHOBI T€Opii (GYHKI[IOHATY T'YCTUHU MOKA3aJId MIOBHY
BIJIMOBIJIHICTh CIEKTPaM, L0 OTPUMaHI METOJIOM TYHENbHOI cHeKTpockomii. TyHenbHi
cnektpu 6-7 MI 305m0Ta Ha MOHOKpuUcTaniyHii nmoBepxHi Si (111) 7x7 Ta po3paxoBaHi
BUIMOBIIHI HIIJILHOCTI €JEKTPOHHUX CTaHIB MalOTh CYTTEBY CXOXICTh 31 CHEKTPOM
BaJICHTHOI CMYTH MacHBHOTO 3pa3Ka 30JI10Ta.
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VY uerBepromy posnini “Hanocmpykmypu Cu, Ag ma Au na moHoKpucmaniunux
nogsepxuax InSe ma GaSe npu ix mepmiuHomy HaneceHHi” TOCITIKEHI HAHOCTPYKTYPH
0JIaropoAHMX METAaJIB HA MOBEPHAX HAIIBIPOBITHUKOBUX MOHOKpHCTaliB InSe Ta GaSe, B
SAKUX CIIOCTEpIraeThcsl ciabka BaH-IIep-BaajbcoBa B3aeMOJid MK Imapamu. Omnwucadi
MOpGOIOTIUHI 0COOIMBOCTI Ta €JIEKTPOHHA Oy10Ba TOCIIKYBAaHUX TTOBEPXOHb.

dl/dV, Bign. on
o =
1 1

V, eB

0,201

dl/dv, singn. on.

0,154

0,101

0,051

Puc. 6. a) - CTM 300pakeHHs TOOJMHOKMX KJIACTEPIB I1HIIO; 6) - TyCTHHA
CNICKTPOHHUX CTaHIB Okpemoro kiactepa In; ) -CTM 300paxkeHHs
CYLIUILHOTO TOKPUTTA IN; 2) - TycTHHA EJIEeKTPOHHUX CTaHiB CYIUIBHOTO

TTOKPUTTSL.

ATOMapHO YHMCTa TIOBEpXHS HamiBNpoBigHUKOBUX KpucTtams InSe (0001) Ta
GaSe (0001) oTpuMyBanach METOIOM 371aMy y HajaBucokomy Bakyymi (107 ITa). Ockinbku
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KpUB1 BOJBT-aMIEPHUX XAPAKTEPUCTHUK BUXOIWIM JOCUTH TIAAKAMH, TO OTPUMYBAIU
JIUIIE MepIry MOXiAHY IPU OTPUMAaHHI KPUBUX MOBHUX T'YCTUH 3aWHATHX 1 BUIBHUX CTaHIB
MoHokpuctaimn (0001) InSe. [Ilupuna 3a00poHEHOT 30HM aTOMApHO YHUCTOI IOBEPXHI
moHokpucTasia InSe (0001) BuMmipsiHa METOIOM TYHEJIbHOI CIEKTPOCKOIi JIE€MOHCTPYE
BigxuneHHs ~0.2 eB Bixg iHmmx metoniB (~1.4 eB mpotu ~1.2 eB), mo o06yMoBI€eHO
nmoBepxHeBUM edekToM (puc.7). JIoCHiPKeHHS €HEPreTMYHHUX CTaHIB EJEeKTPOHIB IpHU
temnepatypi piakoro azoty (77 K) mokasayio icToTHI 3MiHHM, B 00JIacTi 3alHATHUX CTaHIB
OCHOBHHH TIiK Ha -1.0 eB po3uermoeTbes Ha aBa miku. HU3bKi TemmepaTtypu 103BOJSIIOTH
HaflHime nocnipkyBatu eHepretuyHi piBHi Illokmi. Croocrepira€TbCcsi 3MEHIIECHHS
IIMPUHU  CIEKTPAJbHUX JIHINA, a TakoXX 3MEHIICHHS BIACTaHI MK MNEPIIUMU
MaKCUMyMaMH B 00J1aCTi 3alHITHX 1 BUTbHUX CTaHIB.

6) 160+ dI/dV, Bign. op.
20 -
80 -
0-
|1.4¢B
I T I N 1 T I 'O N I N 1 ' 1 ' 1
4 3 2 -1 0 1 2 3 4
E, eB
npodine a
0.074 M /r\ [\f\j‘\J,»\,,a.\_,/v \\»-\»-\ \ \ \U.\1 )
’ /’ A\ N V \ AN
0.050 HM g . ) YAV, "
0.026 uM4 | VA
I T I T I T I T | T I
0.2 um 0.4 um 0.6 Hm 0.8 M 1.0 um

Puc.7. AtomapHo umcra MoHOKpucrtamiuHa noBepxHs (0001) InSe — (a) ta crekp
3aliHATOI Ta BUIbHOI YaCTHHH BaJIeHTHOI cMyTH INSe — (6).

[Ipodins Ha atomapuo yucTiit moBepxHi (0001) InSe (puc. 7) mokasye, 1o nepenaau
BHUCOT CTaHOBIATH ~0.05 HM, 110 BiIMOBIAE pajaiycy aTroma. TomoJaoridyHi po3Mipu aToMiB
3HAXOAAThCA B Mexkax 0.2 aM, a Mmbkatomui Biactani 0.45 aM. JloBIIKOBI JaHi IIO
MI>KaTOMHIHM BIJICTaHI HE CYTTEBO BIIPI3HAIOTHCS BiJ HABEACHUX YEpe3 TE, 1110 300paKeHHs
MOBEPXHI B TYHEJIBbHIA MIKPOCKOIMII BiI0Opa’kae BICTaHI MK CaMUMHU IOBEPXHEBUMU
aTOMaMH, BiATaHb MK SIKUMH JICIIIO 3MIHIOIOTHCS 32 PaXyHOK ITOBEPXHEBOTO €(PEKTY.

HocnipkeHo MexaHIi3Mu (OpMYBaHHS HAHOCTPYKTYpP MIJl 1 30J0Ta Ha BaH-AEp-
BaaJIbCOBIN MOBEPXHI HAMiBNPOBIAHUKOBOrO MOHOKpucTany InSe (0001) mpu BakyymMHOMY
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TEPMIYHOMY HaHECEHH1 0e3 OXOJIOMKEHHS 3pa3Ka, sKl € TOEIHAHHIM PI3HUX MEXaHi3MIB
OCQ/PKEHHSI 3 aToMapHOi MeTaneBoi Ta30oBoi (aszu. Tak maiIsg MiAl  XapakTepHUH
MOHOMOJAIBHUN PO3MOJLT PO3MIpIB CcHEpUUHMX KJIacTepiB, B TOM HYac SK 30J0TO
(bopMyeThCs y BUTIISIAL JTYCKAaTOI CTPYKTYpH MpaBmiibHOI popmu (puc.8). Cepeaniil po3mip
kinacrepa wmial ckinanae ~8.0 uM. CroctepiraeTbes CyTTEBE JIiHIMHE BIOPSIKYBAHHS
KJIACTEpIB Ha TMOBEPXHI, SKE MOXKE XapaKTepHU3yBaTH KPUTHUYHE 3alIOBHEHHS IMOBEPXHI
KJIaCT€paMU MPU SIKOMY MTOYMHAIOTh CIIOCTEPIraTUCh MPOILIECH CAaMOBIIOPSAKYBAaHHS.

6)
5 0008
O
O C)oO O o°
e O OO O
5 0Q
O
o® 97 ogen
N & 00
o 00 OcP 0 ©
O O O % O
o 280 O
50.0 o & 709,
.0 HM 0.0 &
2) npodins 8
2.8 HM{ e AT
2.4 HM
2.0 Hwmd

' é.OIHMI EIS.OIHM‘ ‘Q.OIHM‘ 126HM 15|0HM ‘18.|0HIM

Puc. 8. Hanoctpyktypy Cu Ta AU Ha
noBepxHi MoHokpuctana (0001) InSe: a)
CTM 3o00paxeHHsl KJacTepiB Mifl; 6) diHil
BIOPSAKYBaHHA  kjactepiB; ¢) CTM
: 300pak€HHSI TeKCAarOHaJbHHUX  CTPYKTYP
¥ 30J10Ta; 2) Ipodisib Ha 300pakeHH1 ().
34.6x34.6 HM?2

Po3Mip rekcaronanpHux jamesneit 3050Ta ckiaagaB ~15.0 um y gosxuny Ta 0.6 HM B
TOBIIMHY, 10 Mae BianoBimatd 3 MII. BcranHoBieHo wManuii BIUIMB CHUMETPIi
MoHOKpucTanmiyHuXx moBepxoHb INSe (0001) ta GaSe (0001) Ha reoMeTpiro i CHMETPIirO
YTBOPIOBAHUX HAHOCTPYKTYp Mifl 1 3050Ta. [llectukyTHa hopma ament, 3 OorjsiAy Ha BCe,
BHU3HAYAETHCS (POPMYBAHHSIM IIIOMIMHM 30510Ta (111).

Jlemio iHIIa KapTHHA CIOCTEpiraeThcs Mpu HaHeceHHI 3oy0Ta Ha GaSe (0001).
Jlannmadt moBepxHI XapaKTepu3yBaBCs HEPIBHOCTAMH 10 1.0 HM, MO CBIIYWIIO TIPO
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Maiike piBHOMIpHE HAaHECEHHsI HAHOYACTHHOK 30JI0Ta Ha MoBepxHio. Knactepu, B nijiomy,
BHUIMAKOBUM YMHOM OPIEHTOBaHI Ha IMOBEPXHI, MPU IIbOMY BOHH MaJId PO3KHJ PO3MIpPiB 110
~18.0 am. Yepe3 moBHE 3alOBHEHHS BCi€l MOBEPXHI HAMWJICHHS KJacTepaMH MOKHA
3pOOUTH BUCHOBOK, 110 IEPKOJIALIMHUN eeKT HACTa€e BAKE MICIsI MEPUIOTO HAUICHHS.

Cnocrepiranucs o0nacTi, B SKMX Ha BEpIIMHAX KiacTepiB (opmyBaiucs piBHI
IUIOIIMHKY, 1HOMI Y BUIJISAI MOHOIIApiB. TOMOJIOTIYHI PO3MIPU TAKUX MOHOIIAPOBHX
obnacteit He nepepuiyBain 10.0 HM.

TakuM yuHOM, PICT KJIACTEPIB 30JI0Ta 3 aTOMAapHOi (a3u B KIHIIEBOMY pPe3yJIbTaTi
3aBEepUIYETHCS] YTBOPEHHIM MOHOIIAPOBUX CTPYKTYP Y BEpXHIii 4acTUHI KiacTepiB (puc.9,

Puc. 9. Knacrepni ctpykTypu 3050Ta Ha moBepxHi MoHokpucTana (0001) GaSe:
(bopMyBaHHSI MOHOIIIAPOBUX CTPYKTYP y BEPXHIil YaCTHHI KiacTepis (a);
TpaHchopMarlisi MOOJMHOKUX KJIACTepiB B TpoHa (6).

BcranoBnieHo, 1m0 npu JOCSATHEHHI KITBKOCTI HAMWJICHUX YAaCTUHOK HA TOBEPXHI
(0001) GaSe nesikoro KpuMTHUHOTO 3HAYEHHS, BiIOYBaeThcs TpaHchopMarllis Kiacrepa,
SKUW CKJIAIa€ThCs 3 JEKUIBKOX HAHOYACTUHOK, B OJIHY YaCTHHKY, IO CYMPOBOKYETHCS
3HUKHCHHSIM TPaHMIIb MK YaCTHMHKAMHM, a TaKOK BUILHOTO 00’eMy Mixk HUMH (puc.9, 6).
MexaHi3M pocTy 30Ji0Ta Ha noBepxHI MoHOKpucTana (0001) GaSe, B nijioMy, BIAIOBIIA€
MmexaHi3My Crpancki-KpacTtaHosa.

Y w’aromy posaun “Mopghonoziuni ocodvausocmi nosepxHi, eiekmponna 6yooea
ma npouecu penaxkcayii 6 HAHOCMPYKMYPOBAHUX CUCHMEMAX HA OCHO8L 3aniza”
METOJJaMi BHCOKOBAaKYYMHOI TYHEJIbHOT MIKPOCKOIII aTOMHOI PO3AUIBHOT 34aTHOCTI,
TyHenbHOI, peHTreHiBcbkoi Ta EXAFS-cnektpockonii mocmikeHO MopdoIoriuHi
0COOJIMBOCTI MOBEPXHI MPH TEPMIUHii 00poO1Il B IIUPOKOMY Jiana3oHl TeMIepaTyp — BiJ
kimMHatHOT Temrieparypu (KT) mo 700 °C Ta enexTtpoHHa 1 aromMHa OyaoBa amMop(HHX
METaJIeBUX CIUIaBIB Ha OCHOBI 3aJ1i3a.
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HakonuueHHs naHuX MO aTOMHIM 1 enekTpoHHii O0yaoBi 3D HaHacTpykTypoBaHHX
cucteM, 30kpema, AMC, € HEoOX1THOIO YMOBOIO ISl MOOYAOBU MPUHITUIIIB OpraHi3aiii
HEBIMOPSAIKOBAHUX METAIEBUX CTPYKTYpP B IIJIOMYy. Y 3B'A3Ky 3 IIUM CKCIEPUMEHTAJbHI
JOCTI/DKEHHSI TeMIIEpaTypHUX peNIaKCallifHUX TPOIeciB 1 iX BIUIMBY Ha aTOMHY,
€JIEKTPOHHY OynoBy Ta Mopdooriudi ocodmuBocti noBepxHi AMC B mpoiieci 00poOKH €
OJTHUM 13 BaXKJIUBHX 3aBJIaHb.

Jliis BuximHuX amMop(HHUX CIUIaBiB HAa OCHOBI 3aiti3a, 30kpema Feg,SiyBig 1 Fe;7SigBys,
XapaKTepHA HAsBHICTh 3HAYHOTO OKMCHEHOTO IMOBEPXHEBOTO Iapy Ha ruouHy 10 150 HM
(puc.10). Kpim 3B's3kiB C-C B 11bOMY IIapi BUSBJICHO 3B'SI3KH, XapaKTEPHI IS CKIIaTHUX
ByrieneBux cnoilyk C=0O. B oxucHeHomy mapi O0op 3HaxomuThcs B cmoiymi BN.
InTencuBHicTh HiHIT OOpy Maibke HE 3MIHIOETHCS B 3aJI€KHOCTI BiJl TIMOMHU TPaBJICHHS,
TOOTO Mae Micie J00pa po3dumHHICTE 00opy B 00'emi cTpiuku. CrocTepiraerbcsi 3HaYHA
MMOBEPXHEBA CErperallisi KPeMHi0, KOHIICHTPAIlisl SKOTO 30epiracThCsl MOCTIMHOI, SK B
OKHMCHEHOMY Iapi Tak 1 Mo riauOuHi cTpiuku. B 00'eMi CTpIUKK BHUSBICHO MPUCYTHICTH
kapOiny kpemHito Si-C, a TakoX HE3HauyHl KUIBKOCTI KHCHIO Ta a3oTy. OCKUIbKA
MDKaTOMHAa BlacTaHb Fe-Si Outplma 3a Biactanb Fe-B 1 Omamspka no Bincrani Fe-Fe
nudy3isd MPU3BOJIUTH 0 TOro, M0 aTOMH Si Mpu (GOPMYBaHHI KPUCTAIIYHOI CTPYKTYpPHU
3aiiMaroTh MICIlsl aTOMIB 3aii3a. 3 OISy Ha BHINECKA3aHe, 1€ MOXKE OyTH OJUHUM 13
MO>KJIMBUX MEXaH13MiB TOBEPXHEBOI cerperaili KpeMHiro.

O 1s
191.3 Bls 2316
BN :
S~
B ~ Fe0,, Fe O,
187.2
9)
1
(1372)
187.2 Fe LMM
(238)
136
(136)
Fe LMM
(127)
3 (43
195 190 185 180 545 540 535 530 525 520
E, eB E, eB

Puc. 10. Pentrenisenki portoenexkrponni cuektpu B 1S Ta O1s 8 AMC Feg,SiyB14:
1 — mouaTKoBHUIi 3pa3oK, 2 — mepie 10HHe TpaBieHHs - 15 xB; 3 — apyre
10HHE TpaBlIeHHS — 15 XB (8 Oyoickax eéxazami iHMEeHCUBHOCMI 20]108HUX
MaKCUMymis).
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B mpoueci mporpiBy amMopdHOro crjaBy, IO CYNPOBOIKYETHCS CTPYKTYPHOIO
pernakcarii€ro, Bi10yBaeThCs OUIBIINKN EPEPO3NOL aTOMIB 00py y TOPIBHSIHHI 3 aTOMaMu
Fe i Si, mo npu3BoauTh 10 301IbIICHHS cTabiTi3alii aMopdHOi cTpykTypH. Byriens Ha
noBepxHi fociikyBaHux AMC B OCHOBHOMY B OKUCHEHOMY CTaH1, B TOM 4yac K B 00'eMi
BIH 3HAXOJUTHCA Y BHUIJIS/I CIOJYK 13 KPEMHIEM, 3 OISy Ha BCe, y BUIUIAAI KapOiny
KPEMHIIO.

MeTto0M TYHENBHOI CIIEKTPOCKOITIT BUSABICHO 00JIaCTi 31 3HMKEHOIO MPOBIIHICTIO,
mo xapakTtepHo misi yTBopeHHs HaHoda3 Fe-Si ta Fe-B. Cmoctepirarorhcs icTOTHI
HEOHOPIAHOCTI MIUTBHOCTI €IEKTPOHHUX CTaHIB Ha MIKKIACTEPHUX MEXaxX, 10 CBIIYNTH
mpo ix ckiagHy oprasizamiro. PiBenp depmi MOCHIHKyBaHUX CIJIaBIB 3HAXOIUTHCS B
JIOKaJIbHOMY MiHIMYMI IIITBHOCTI €IEKTPOHHUX CTaHiB, IO BiANOBigae kpurepito Harens-
Tayxka npo yrBopeHHs1 amopdHoro crany (puc.11).

a) 00 dy/dv, Bigm. oz I[OCJ'IiI[)IieHO npq}[ecn
: TEMIepaTypHOi  penakcaiii B
8.0 LIMPOKOMY 1HTEpBaIi BiJI
KIMHATHOI ~ TeMIepaTypu [0
A .

6.0 700 °C Ta pu OXOJIOJKEHHI 10
TEMIEpATyp  PIAKOTO  a3oTy.
4.0 [Tepexin BIJ KIMHATHOIL
D temnepatypu (a) mo 600 °C (6)
20 C bt AMC Fe7/SigB1s
B CYNPOBOJIKYETHCS 3CYBOM MIKY

30 20 10 3 0 20 30 d-cranis Fe y ik pias ®epwmi.
V, B BcranoBieHo 3aJIEKHICTh
9 el ofupenie &
2.50 7 g Njis 1 e -
E Hus  crutaBy  Feg,SisBiys B
2003 iHTepBani HarpiBy Big KT mo
B 700 °C  cmocTepira€rbcs  He
1.50 3 MOHOTOHHA 3aJIEKHICTb
E napameTpiB  CyOIIOCTKOCTI BiJ
i 1.003 TEMIIEPATYPH. IIpu
temriepatypax Onuszpko 500 ° C
0.50 BiIMi4€HO YTBOPEHHS
\ f HAHOCTPYKTYD PaBUIBHOT
30 20 -0 5 0 20 30 (GopM 'y  BUIIAAL CTPHOKHIB
V. eB (puc.12). B ymoBax naniekux Bin
PIBHOBaKHUX B1JI0YBAETHCS
Puc. 11. I'ycTuHa BUIbHUX 1 3aHHATUX €JIEKTPOHHUX YTBOPCHITL FQHKOHOH@HHX
craniz AMC Fe;;SigBis iput KT () Ta 600 °C (5). ~ MAHOKpHCTAIB 327133, B ymoBax
NOBHOT  KpHUCTami3amii  mpu
700 °C CIIOCTEPIraloThCs

TEpacoBl CTPYKTypH, TMpHU JEIKOMY 3MEHIICHHI TapamMeTpiB HAHOIIOPCTKOCTI 3a
JIOTIOMOT'OX0 YTBOPEHHS MPAKTUYHO piBHUX TutontuH Ok Hix 200 aM. Cepenni po3mipu
HAHOKPHUCTAIIB MPU MOMIPHHUX TeMIepaTypax BiJaay MalTh po3Mip OJu3bko 15 HM, 110
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MO>KHA TOPIBHATH 3 JOBKHHOIO MAarHITHOI OOMIHHOI Kopesiii. Taka kapTuHa po3MOILTy
CepeHBOTO PO3MIpY KiIacTepa MPU3BOJIUTH IO MPOCTOPOBOTO YCEPEIHEHHS MarHiTHOI
aHI30TpOMil Ta, SIK HACTIIOK, 0 iICTOTHOTO 3HM)KCHHS KOSPIIMTUBHOI CHIIH.

3alie)kHO Bl JIOKAIbHOI aTOMHOI BIOPSIKOBAHOCTI, IO BIUIMBAa€E Ha IMpPOIIEC
3apOJIKOYTBOPEHHS, (OPMYIOTHCS HEBEJIMKI OO0JacTi HAHOKPHUCTAJiB, SKI Ha paHHIX
CTaIisAX KpHUCTadizamii po3fiaeHi Mix coboro amopdHO (a3zoro 1 00'eqHYIOThCS 3i
30UTBLIEHHSIM TEMITepaTypH 1 yacy nporpiBy. CrocTepiraeTbes 3MIIIEHHS OCHOBHOTO ITIKY,
mo xapaktepu3ye d-30Hy 3aimiza, y Oik piBHS Depmi, Tpu mepexoi Bija KiMHATHOT
temriepatypu 1o temrepatypu 500 °C. BcTaHOBIEHO CyTTEBE 3MEHIICHHS BiJICTaHI MiX
OCHOBHHMH OCOOJMBOCTSIMU 3alHATHX 1 BUIBHHMX €JICKTPOHHUX CTaHIB MPHU MEPEXOIl 10
temrepatypu 500 °C.

126.0x126.0 Hm?

270.0x270.0 HM?

3251 |
23.0 A T
S
- "_”‘.H#_H! 140 k T T I| T T |“\‘-"
80 16.0 24.0 32.0 40.0 30.0 60.0 90.0 120.0 150.0 180.0
HM HM

Puc. 12. CTM-300paxkeHHs1 HaHOCTpHKHIB Ha moBepxHi AMC Feg,SiyBys npu
temneparypi 500 °C (a) Ta TepacoBHX HAHOCTPYKTYyp Ha moBepxHi AMC
F6828i4Bl4 Ipu TeMHepaTypi 700 °C (6)

AHaJti3 mapaMmeTpiB acuMeTpii ocToBHUX piBHIB Fe 2pP3, 1 CO 2ps3, okazaB, Mo npu
30UTbLIEHH] KOHLIeHTpalli 3ami3a B AMC napametp acumetpii CO 2p3, 3MEHITY€EThCA, TOAI
K TlapaMeTp acuMeTpii Fe 2Pz, eneKTpOHHOIro PiBHS 30UIBIIYETHCS, IO CBIAYUTH MPO
3MEHIIICHHS 1 30UTBIIICHHSI €JIEKTPOHHOI TYCTUHU Ha PiBHI DepMi B MICIISIX PO3TAITyBaHHS
aTOMIB 3aJli3a 1 KoOaJbTa.

OTtpumani pesynbrat MeTogoM EXAFS-cnektpockonii AMC cuctem Fe-Co-B 1 Fe-
Cr-B mobpe IHTepIpeTyIThCsl B paMKaxX KJIACTEPHOT MIKPOHEOTHOPIAHOI MOJeni OyI0BU
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AMC. Jlnsa nocnimxyBanux AMC moka3aHa MOKJTUBICTh ICHYBaHHS MIKpOOOJIacTeil TphOX
TUITIB: MiKpooOJacTe, 30araueHnux OOpoM 1 M0 XapaKTEPU3YIOThCS OJM3bKUM MOPSIKOM

dI/dV, BigH. op.

dl/dV, Bign. o,

dI/dV, BigH. of.

‘ 10.0 M

0.006+
0.005+
0.004+
0.003+
0.002+

0.001+

0.04+

0.03-

e @

(@) (@]

= N
1 1

0.00

no TUly OOpHUIIB, a TaKOX
MiKpooOiacTel, 301THEHUX
O6opom; 11 MIKpooOJacTi, B
CBOIO 4Yepry, XapakTepu-
3YIOThCSI HAsBHICTIO JBOX
TUMIB OJIM3BKOTO TOPSIKY,
0  BIAPIBHAIOTBCS IS
MIKpOTpYITyBaHb, 30ara-
YCHUX MEPIINM TMEPeXiTHUM
METaJIoM, 1 MIKpOTPYITyBaHb,
30araueHux JIPYTHM
HepexiTHIM METAJIOM.

Puc. 13. Jlunamika
TpaHchopmariii TYCTUH
enekTpoHHuX craHiB AMC B
yMOBax IHTEHCHUBHOL
KpUCTaJi3alii:

a) - CTM 300paxeHHs

HOBerHi F8828i4Bl4 (500 OO
ta criektpu dl/dV;
06) - CTM 300paxeHHs
HOBerHi FEggSi4Bl4 (550 OC)
Ta TYCTHHA €JIEKTPOHHUX
CTaHIB KJIaCTEPIB;
6) - CTM 300paxkeHHs
noBepxHi Feg,Si;B14 (600 °C)
ta criektpu dl/dV ;
2) - CTM 300pakeHHS
noBepxHi Feg,Si;B14 (700 °C)
ta cnektpu dl/dV.

MexaHi3M CTPYKTypHOT
penakcarii AMC  cmnaBy
F9828i4Bl4 B TeMIIEpa-
TypHOMY iHTepBaii Big 77 K

1o 1000 K xapakrepu3yeTbcsi pOCTOM KJIacTepiB Ta YTBOPEHHSIM HaHOPO3MIPHUX MOHO-
KpUCTAJIIYHUX CTPMIKHEW 3amiza Ha mnoBepxHi 3paskiB. [lapamerpu cyOmopcTkocTi
HaOuparoTh MakcuMaiabHUX 3HaueHb 1pu 630 K. OO0 emHI 3M1HU NOB’sI3aH1 3 YTBOPEHHSIM
Hanogas tumny Fe-Si ta Fe-B Ta anomanbHOIO MOBEMIHKOIO 1X MIKKIACTEPHUX 00JacTei,
II0 XapaKTEepPU3YIOThCSl TOHMKEHOIO MPOBIIHICTIO. 30UIbIIEHHS TYCTHHHM 3pa3ka 3
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BIJIITAJIOM CYMPOBOIKYETHCS 3MEHIICHHSIM PailyCy MEPINoi KOOPAUHAIINHOL chepu 3aiiza
Ta 30UIBIIEHHAM B3aeMOIi1 3aj1i3a 3 METAJIOIIOM.

[Tporpie AMC npu Temneparypax HUK4Y€ TeMIEpaTypu CKIIyBaHHSI CyTPOBOKYEThCS,
AK BIJJOMO, CTPYKTYPHOIO peJlaKCalli€ro.

MeTrogaMu BHCOKOBayyMHOI 30HJIOBOi MIKPOCKOMIi Ta TYHEIBHOI CIEKTPOCKOITIT
JOCIIKeHa JuHaMika TpaHcdopmarlii Tpancdopmariii Mmopdosorii moBepXHI Ta I'yCTHHH
esniekTpoHHUX cTaHiB AMC B yMOBax CTpYKTYpHOI peliakcartii.

XapakTepHOIO OCOOIUBICTIO € CIIEKTPH TYHEIbHUX €JEKTPOHIB, AKi OyJin OTpUMaHi
B MIXKKJIACTEepHii oOmacti. bimbrricte otpumanmx 3anexnocterr dI/dV y mixknactepHiit
o0JacTi BKa3ye Ha Te, 10 BOHA OJbKYe 3a Bce 110 ¢asu o-3aii3a.

VYTBOpeHHs chepryHMX CTIMKUX KiacTepiB Ha ocHOBI Fe-Si Ta Fe-B ckopimie 3a Bce
BiIOYBAa€ThCS Ha CTaAll HAIIMIBHIKOTO OXOJO/DKEHHS pO3IUIaBy 3a MEXaHI3MOM
npioputeTHOCTI 3B's13Ky Fe-B ta Fe-Si man Fe-Fe, a He cerperarii nerkux ejJeMeHTIB B
MpoIIeCi CTPYKTYpHOI penakcailii. J[anuii BUCHOBOK MIATBEP/IKYETHCS HASIBHICTIO TaKUX
KJIACTEPiB y BUXITHOMY aMOp()HOMY CILIaBI.

Haii6inpmn xapaktepHi 3mian B AMC cnioctepiratotbest ipu temmiepatypi 500 °C ta
Buille. CIIOCTEPIraeThCsi PICT KIACTEPHUX YTBOPEHb B PE3YJbTATI 4YOTO (POPMYIOTHCA
KJIacTepH 3HayHO OubIoro o0'eMy. HarpiBanus 1o 550 °C oco0aMBUX 3MiH B €IEKTPOHHY
CTPYKTYPY KJIACTEpiB pI3HUX PO3MIPIB HE BHOCHUTH, SIK MOKHa Oauutu Ha puc. 13 q,6.
Cxoxa (opMa KpUBHUX JJIsl IBOX PI3HUX 3a PO3MipaMHu KJIACTEPIB Ta PI3HUX TEMIIEPaTyp
(puc. 13 a,06) no3Bojsie 3pOoOMTH BUCHOBOK, IO PICT KIacTepa CYMPOBOIHKYETHCS
30epeKEeHHSIM XIMIYHOTO CKJIaAy KiacTtepiB. Buxonasuu 3 aHami3dy CHEKTPIB €JIEKTPOHHUX
CTaHIB MOKHa 3pOOUTH BUCHOBOK, 1110 MTPOLIEC KPUCTANI3allli TOUYNHAETHCA 3 TEMIIEpATypHU
350 °C Ta tpuBae ax no 550 °C. [loganbiie miaBUIICHHS TEMIEPATypyu HE MPUBOIUTH JI0
ICTOTHHX 3MiH B KpUBUX T'yCTUH E€IEKTPOHHUX cTaHiB (puc. 13 g,2).

VY mocromy poznini “Hanokomnozumu na ocHo6i gy2ienesux HAHOCMPYKHLYp ma
HAHOOUCNEPCHO20 anamumy Kaabyito” onucaHo (Pi3MKO-XIMIYHI  BJIACTHBOCTI
BYTJICLIEBUX HAHOCTPYKTYP 1 HAHOJUCIIEPCHOTO anaTUTy KaJbI[iI0 Ta CHHTE3 1 BIACTUBOCTI
psAIy HAHOKOMITO3UTIB Ha iX OCHOBI g OloMeIMYHOro mpu3HaueHHs. Ha choromHi
CTBOPEHHS €JICKTPONPOBITHMX HAHOKOMITO3HMTIB Ha OCHOBI BYTJICIICBUX HAHOMATEPialiB Ta
HAHOJMCIIEPCHOTO AaMaTUTy KalbIIO0 JJisi OlOMEJUYHOTO 3aCTOCYBAaHHS € aKTyallbHOIO
33/1a4€0 Yepe3 BIJHOBICHHS HE TUIBKM KICTKOBOi TKaHWHH, aje€ 1 BIIHOBJICHHS
MPOBIAHOCTI HEPBOBUX IMITYJIbCIB.

B po0oTi BriepIie CHHTE30BaHO KOMIIO3UTH Ha OCHOBI HAHOJMCIIEPCHOrO rpadity i
HaHOJIMCIIEPCHOIO T1APOKCOANaTUTy Kaibllilo. OTpUMaHO JBa BUIU 3pa3KiB: | - KOMIO3UT
Cayo(PO4)s(OH),+rpadit+uemtonosni BomokHa; I - Cayp(PO,)e(OH) trpadit+ientonosHi
BOJIOKHa +EeNOKCUAHUH oJjliroMep. MeToJaMu  €JNEeKTPOHHOI CKaHyK4Oi MIKPOCKOII1
JOCIIKEHO MOP(QOJIOTiuHI 0COOMMBOCTI 3pa3kiB. Kommo3utu MawTh pi3Hy OYyI0BY
noBepxHi (puc.14 a,6) maiike Ha BCiX MaciTadax i€papXidHOro YCTPOIO, OJHAK, SIK OYII0
MOKa3aHo, J0JIaBaHHs €TMOKCHIHOTO OJIITOMEPY Majo 3MiHIO€ MOP(]OJIOTIuHI apameTpu
3pa3ka Ha HaHOpiBHI (puc.14 s, 2).

Po3risiHyTO MUTaHHS €IeKTPOHHO-CHEPTETUYHOI Oy1I0BH, B3a€EMO3B'SI3Ky aTOMHO1 Ta
€JeKTPOHHOI OyJOBH, a TakKoX (YHKI[IOHATHHUX BJIACTHBOCTEH CHHTE30BAHHX
KOMITIEKCIiB. JloCmikeHO MeXaHI3MH B3a€MOJii HAHOPO3MIPHMX YAaCTUHOK amaTUuTy 3
BYTJICIICBUMHU HaHOMaTepianamu. Moaudikaiiisi anaTuTy BYTJICIIEBUMH HaHOMaTEplalaMH,
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SK TIPaBUJIO, TPHU3BOIUTH J0 YTBOPCHHS MOJEKYISPHUX KOMIUIEKCIB 1 BIOPSAKYBAHHS
CTPYKTYpH 31 30UIBIICHHSIM YacTKU KOBAJICHTHOI CKJIAQJ0BOI B 3arajlbHOMYy OayaHci
XxiM3B’s13Ky. Mikpockomiudi Ta POC paHi moka3aid HasBHICTb BEJIMKOI KUIBKOCTI SIK
€JICKTPOIPOBITHUX TaK 1 HEMPOBITHUX JIUISHOK B KOMITO3UTI I. BcTaHOBIEHO HAsIBHICTH
NEPKOJSIIHHOTO  eeKTy, SKUH NPU3BOAUTH JO HE3HAYHOI EJIEKTPOIPOBIAHOCTI
kommno3uty l. JlogaBanHsi emokcuaHoro ojiiromepy B kommo3ut Il crpusie popmyBaHHIO
3HAYHO OUIBII MIIHUX 3B'A3KIB MK MPOBIAHUMHU (parMeHTamMH 3paska 1, K HacCHiJIOK,
koMrno3uT Il € 3HayHO OUIBII OJHOPITHUM IO MPOBITHOCTI 1 MPOSIBISE BIACTUBOCTI
npoBigHuKa. EdexTpodi3sMuHMU METOAaMH BUMIPSIHO OMIYHHM 1 PEaKTUBHUHN IMIIEAHC
3pa3KiB.

500 nm

Puc.14. CEM-300paxxennst 3pa3kiB kommo3utiB I Ta II: 3006paxenns kommo3uTi I Ta
IT mpu manomy 30inbinenHi (a), (6); 300paxkenHs kommno3uTiB I Ta Il mpu
MaKCHMaJIbHOMY 30ibIneHHi (8), (2).
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Ananiz POC paamx 000X KOMMIO3UTIB TMOKa3aB, IO JojaBaHHs Tpadity ado/Ta
€MOKCHIHOTO OJIITOMEPY 1CTOTHO 3MIHIOE 3apsJIOBUM CTaH aTOMIB 1 MPUPOIY XIMIYHOTO
3B'SI3KY B 3pa3Ky. Jlo/laBaHHs €MOKCUIHOTO OJITOMEpPY /10 CKJIaly KOMIIO3UTY MPU3BOJIUTH
JI0 3MEHIIICHHS HETaTUBHOIO 3apsJly Ha KUCHI 1 301IbIIIEHHS HOTr0 Ha aToMaX KaJlbIIiio, 1110
BKa3y€ Ha 3MEHIIEHHS 10HHOI CKJIaJ0BOi XIMIYHOTO 3B'S3Ky B 3arajJlbHoMy OayiaHci
xiMigHOTro 3B's3Ky. OKpiM 3B's13kiB -C-C- B IOCHIIKYBaHUX CIIOJTyKaxX BUSBIICHI 3B'SI3KH,
XapaKTEepH1 I CKJIQJHUX ByrieneBux crnoiyk tumny -C-O- 1 -C = 0. [Jnsa kommnosury |l
CHIOCTepiraeThCcsl 30UIBIIEHHSI BIIHOCHOI yacTKu 3B's3kiB -C = O B 3araipbHOMy OanaHCi
3B'SI3KIB BYTJICIIIO.

OTpuMaHi KOMIO3UTH MAalOTh BHCOKY TEPMIUHY  CTIHKICTb, BJIACTUBY
T1IPOKCOANATUTy 1 MOXYTh OYTH MEPCHEKTUBHUMH Yy BHKOPUCTaHHI JJS HIHPOKOTO
CIEKTpa 3acTOCyBaHb. BcraHoBieHO, ™0 Moau(iKalisi KOMIIO3UTYy Ha OCHOBI
HAHOJMCIIEPCHOTO  amaTUTY, HAHOAMUCIEPCHOTO rpadiTy, LEIIOJI03HUX  BOJOKOH
CMOKCUJHUM OJIITOMEPOM 3 3aTBEpPKyBaueéM Ma€ CYTTEBUM BIUIMB Ha KOMIUIEKC
BJIACTUBOCTEH OTPUMAHOrO MaTepially, 30KpeMa MPU3BOJUTH 10 BUHUKHEHHS
€JICKTPOIIPOBITHOCTI 3pa3Ka.

BcranoBneHo, 110 OCHOBHUMH OCOOJIMBOCTSMH €JIEKTPOHHOI OYyZ0BH PO3TIISIHYTHX
CIOJYK € MOMIOHICTh K-CIEKTpiB Kajbllilo, a TaKOK ICTOTHA JoKami3aifis d-000JI0OHKH
KaJIbIlit0, IO BH3HAaYae 1i aTOMHONOMIOHMI XapakTep. BcTaHoBiaeHO 301IbIICHHS
€JICKTPOHHOI TYCTHHU Ha aToOMax KaJbI[IO JJISi KOMIIO3UTIB TiJIPOKCHANIATUT KaJbIlilO-
BYIJICIICBI HaHOMAaTepiand, sKe OOYMOBJICHE HASBHICTIO y Kaibllito 3d piBHA, IO
3apOJIKY€ETHCSI.

Pe3ynbpraTtu qociixeHb MOXKYTh OyTH BUKOPUCTaHHI IPU CTBOPEHH1 OloMmarepialiB
HOBOTO TOKOJIHHS 3 PEryJIbOBAaHUMH MaKpO- Ta HAHOCTPYKTYPHUMHU XapaKTEPUCTUKAMH
TSt 3a0€e31eYeHHs1 O10MEeTUYHUX MOTPED.

BUCHOBKHA

1. Bmepie B yMoBax HaJIBUCOKOTO BaKyyMa Ta 0€3 0XOJIO/KEHHS 3pa3ka CHHTE30BaHO
CaMOBIOPSIIKOBaH1 TE€KCAaroHaJbHO-TIIpaMiajibHI HAHOCTPYKTYpU MiJii Ta 30JI0Ta Ha
MOHOKpHcTamuHiit moBepxHi Si (111) 7x7, mexaHi3M (GopMyBaHHS SAKAX BU3HAYAETHCS
OCOOJIMBOCTSIMU TIOBEAIHKUA EJEKTPOHHOI T'YyCTHHM Ha Kpasx MOHOATOMHUX IaOJInMH
pocty. KpaiiHi atomu mabiauH MarOTh OUTBII BUCOKHM €HEPIEeTUYHUN CTaH 1 TOMY, SIK
HACJIIJIOK, PICT KOXHOT HACTYITHOI MOHOATOMHOI TUIOIIMHUA TTOYMHAETHCS HE BiJl 11 Kparo,
a 3 MEeBHOI XapakTepHOi BIACTaHHI ~3 HM BiJ Hei, ska 3a0e3nedye perakcalio
HEOJHOPIAHOCTEN T'yCTUHHU €JIEKTPOHHUX CTaHIB, IO 1 BU3HAYAE MipaMiJlajgbHy (popMy
YTBOPEHB.

2. BcranoBneHo, 1m0 cuUMeTpis NMOBEpXHI 1HTEepdercy MOHOKPUCTAIIYHOI IUIOIIMHU
Si (111) 7x7 € nerepMiHyIOUYOI0 B MEXaHI3Mi pPOCTY TIeKCaroHaJbHO-IipaMigaIbHUX
CTPYKTYP Migl  Ta 3o0so0Ta. CaMOBIOpSIIKOBAHI TE€KCAaroHaJIbHO-TIpaMigalibHi
HAHOCTPYKTYpH 30J0Ta Ta MiJl IpHU BUCOKOBAKyYyMHOMY TEPMIYHOMY HaHECEHHI
dbopmyroteess e Ha Si (111) 7x7 mnmomumnui, Ttomi sk ans momuuaua Si (110)
CIIOCTEPITaI0ThCS JIUIIIE MOHOIIIAPOBI TeKCaroHaIbHI YTBOPEHHSI.

3. Bmepie otpuMaHi MOHOIIAPOBI JIyCOYKOBI CTPYKTYpH 30710Ta. HasiBHICTH TOUKOBHUX
ne(dEeKTIB B MOHOIIIAPOBHX JIAMEIISX 30J10Ta JSTEPMIHOBaHA HEOOXIAHICTIO MiHIMI3aIli
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e”eprii. MeTogamMu 30HA0BOI MIKPOCKOMIT MOKa3aHa MOXJIMBICTh BUIHBHOTO 1CHYBaHHS
MOHOIIIAPOBUX CTPYKTYpP OJIArOpoIHUX METalliB O0e3 iHTepdeiicy.

4., ArtoMapHO IUIacka IUTIBKa Ag HEe MOXe OyTHM OTpUMaHa Ha HaIiBIPOBIIHUKOBIM
noBepxHi MoHOkpuctanmy Si (111) 3a AOMOMOror TEpPMIYHOIO HAHECEHHS B YMOBAax
HAJBUCOKOTO BaKyyMy IpU KIMHATHIM TeMmmeparypi. BinOyBaeTbcs yTBOpEHHS
JeKUTbKaapoBux 2D KiacTepHUX YTBOpPEHB, MPOTPIB SIKUX MPHU KUIBKACOT Tpagycax
Llenbcis MPU3BOAUTH O 11X pO3TATYBaHHS B aTOMHO pIBHE MOKPUTTS IOBEPXHI.
YTBOpeHHs edeKTy “KOBAPHU OMUCYETHCS MEXaHI3MOM €JIEKTPOHHOTO BUPOIILyBaHHS.

5. Tpanchopmariss rpanuns 2D MoHomapoBux kiacTepiB cpibia Ha TOBEpXHI
Si (111) 7x7 npu nomipaoMy Bimmam 10 350 C OPU3BOAUTH [0 MOSBH TOMOIOTIYHUX
HeonHopigHOCcTed TmOuHOI 10 0.04 HM, sKi JETEepMIHOBaHI BIJICYTHICTIO MOBHOT
penakcailii Mi>KaTOMHHX BiZICTAaHEH y MDKKJIACTEpHIN 00acTi.

6. BcranoBieHo citabKy B3a€MOIIF0 MOHOIIAPOBUX TOKPHUTTIB Ag 13 MiAKIAIKOI0, 0
OpU HE3HAYHOMY HPOIpiBl JO3BOJISE OYMILYBATH MOHOKPHUCTAJIIYHY MOBEPXHIO BiJ
METajy i3 BIATBOPCHHSM peKOHCTpyiHoBaHoi moBepxHi Si (111) 7x7. 3ampornoHoBaHUit
METOJI IOBIOCTPOKOBOTO 30epe:KeHHs peKoHCTpyiHoBaHol nmoBepxHi Si (111) 7x7 moxe
OyTH BUKOPUCTAHO JJIS 3aXUCTY TAKUX MOHOKPUCTAJIIYHUX IMOBEPXOHb BiJl pyHHYBaHHS.
7. BcTaHOBJIEHO MeXaHI3M BIOPSAJIKYBaHHS HYJIbBUMIPHUX HAHOCTPYKTYP HIKEIIO Ha
MOHOKPHUCTAJIIYHUX TIOBEPXHAX KPEMHIIO MPU BaKyyMHOMY TEPMIYHOMY HaHECEHHI.
CumMeTpisi po3TallyBaHHs KJIaCTEpHUX yTBOpeHb 3d-meTaniB Ha moBepxHi Si (111) 7X7
MOBTOPIOE CHUMETPIIO MiAKIAAUHKU. BHU3HaualibHUM (PakTOpoM BHCTYNAIOTh TPaHUI
JBIMHUKYBaHHS, SIK1 IHILIIOIOTH JIIHIMHE BHOPSAAKYBaHHS. TepMidyHE HAHECEHHS HIKEIIO
0e3 OXOJIO[KEHHS 3pa3ka y HAJBHCOKOMY BaKyyMi Ha IOBEPXHIO MOHOKPHCTAIY
Si (111) 7X7 3 momanmbIIUM BigHaJOM MPHBOAWTH 10 yTBOpeHHs kiactepiB NiSi, 3
XapakTepHUM PO3KUJOM 3a po3mipoMm HaBkosio 1.0 HM Ta oOsacTio iX JoKamizamii
B3/I0OBK I'PAaHMUIIl IBINHUKYBAaHHS KPUCTAIY.

8. BcraHoBneHI HaHOTPHOOJIOIIYHI HmapaMeTpu cyOomopcTKocTl Ra, Ry Ryis Rz Sratio
JUTSI TIOBEPXHEBO HAHECEHUX HAHOCTPYKTYp HIKEIIO 1 OJIarOpoJHMX METalliB, Ta iXx
3aJIKHOCTI BiJ] TEXHOJIOTIYHMX TMapaMeTpiB HaHeceHHsa. [Ipu OararoctagiitHomy
HAHECEHHI Ma€ MICIIe 3pPOCTaHHS PO3MIpY KIacTepiB 31 30€pEeKECHHSIM TEHJICHIIIT
3pOCTaHHSI MAaKCHUMAJIBHOI PI3HUII MK BUCTYTIAMU Ta BIIaIMHAMHU.

9. Tepmiune HaHeceHHs iHAIO Ha moBepxHto Si(111) 7x7 1 Si (110) iHimiroe
YTBOPEHHS KJIaCTEPiB MPaBMWIHHOI KyOl4HOI (opMHU, IO CBIAYUTH TPO (HOpPMYyBaHHS
HAaHOKPHUCTANIB 1HAII0. BcTaHoBieHa nTuHaMika TpaHcdopmallii TYCTUHU €JIeKTPOHHHUX
ctaniB In Bixm okpemoro knactepa (po3mipom ~ 10 HM) Ha moBepxHi Si (111) 7X7 no
I'POHOBOTO MOKPUTTS TOBEPXHI MOHOKpPHCTaja 3 TOBIUHOIO MOKPUTTS ~40 M. ['ycTuHa
€JIEKTPOHHUX CTaHIB MOKPHUTTS 3 TOBHIMHOIO ~40 HM BIJIMOBIJAE TYCTUHI €IEKTPOHHUX
CTaHIB MAaCHBHOTO 3pa3Ka.

10. Bcranosneno manuii BruB noBepxHi InSe (0001) ta GaSe (0001) Ha reometpito
YTBOPIOBAHUX HAHOCTPYKTYP Mifl 1 30J70Ta TIPH iX TEPMIYHOMY HAHECEHH1 Y BUCOKOMY
BakyyMi 0e3 0XO0JIO/DKeHHS 3pa3ka. MexaHi3MH YyTBOPEHHSI HAHOCTPYKTYP Miji 1 30J10Ta
Ha BaH-/IE€P-BaaJIbCOBUX IOBEPXHSAX MOHOKPHUCTAJIIB HE MOXYTb OyTH OJHO3HAYHO
ONHMcaHl BIAOMUMHU MexaHi3MaMu pocty. Bakyymue tepmiune HaneceHHs Cu 1 Au Ha
noBepxHi0 MoHOKpucTtaia InSe (0001) nmpu ogHAKOBUX yMOBaxX HAaHECEHHS JEMOHCTPYE
pI3HI MEXaHI3MH OCa/PKEHHS 3 aToMapHOi MeTaneBoi razoBoi (azu. Jlms wmimi
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XapaKTepHU MOHOMOAANBHUN pO3KuI po3MipiB kiactepiB (~10.0 HM), B Tol yac sk
JUIsE 30J10Ta (POPMYIOTHCSI MOHOIIAPU JIAMENEBOI CTPYKTYPH.

11. BcraHoBlieHO  TemIepaTypHi 3QJICKHOCTI  TPUOOJIOTIYHMX  TapaMeTpiB
HAHOLIOPCTKOCTI aMOp(HUX METaJIeBUX CIUIaBIB Ha OCHOBI 3aii3a Ra, Ry, Rjis v R, B
intepBasi HarpiBy Big KT mo 700 °C. Penmakcamiiini TeMmriepaTypHi MpolecH B
aMOp(HUX MeTaJeBUX CIUIaBaX CYIPOBOJKYIOTHCS YTBOPEHHSIM Ha MOBEPXHI 3pa3KiB
HAHOCTPYKTYp NpaBWIbHOI (OPMU Yy BHUIJISAIAlI CTPHKHIB — HAHOKPHUCTATIB 3aji3a.
MonokpucTanu 3aiiza mpu NOMIPHUX TeMIiepaTypax BiAMany MaioTh po3Mip OIU3BKO
15 HM, 110 CHIBPO3MIPHO 3 IOBXKHHOIO MarHiTHOI 0OMIHHOT Kopensiii. Takuii po3momain
CEPEeIHBOTO PO3MIPY KJIACTEPIB MOXE MPU3BOJUTH JO TPOCTOPOBOTO YCEPETHCHHS
MarHiTHOT aHI30TPOITii Ta, IK HACIIIOK, 10 ICTOTHOTO 3HMKCHHS KOEPIIUTHBHOI CHIIH.
12. Metogom TyHenbHOI criekTpockorii B AMC Ha OCHOBI 3alli3a BUSBIIEHO 00JACTi 31
3HIDKEHOIO TMPOBIAHICTIO, M0 xapaktepHo s HaHodas3 Fe-Si Tta Fe-B.
CrocrepiratoteCsi  ICTOTHI ~ HEOJHOPIAHOCTI TYCTHH  €JEKTPOHHUX CTaHIB Ha
MDKKJIACTEPHUX MeXaxX, IO CBUIYATH MO iX CKIAIHy opraHizaiiro. B mporeci
TepMiyHOi 00pOOKH aMOp(pHOTO CIUIaBy, IO CYMNPOBOIKYETHCS CTPYKTYPHOIO
penakcaiiiero, BiAOyBaeTbCs OUIBIINN TMEPEepo3NOia aTOMiB OOpy Yy MOpPIBHSHHI 3
atromamu Fe 1 Si, mo nmpu3BoauTh 10 301bIICHHS cTadiIi3arii aMoppHOI CTPYKTYpH.
PiBenp depmi JOCTIKYBAaHUX CILJIABIB 3HAXOJIUTHCS B JIOKAIILHOMY MIHIMYMI T'YCTUHHU
CJIEKTPOHHUX CTaHIB, W0 BiAnoBigae Kpurepito Harens-Tayka npo yTBOpeHHS
amop@dHnoro crany. [Ipu nepexoai Big KiMHaTHOI Temneparypu 10 temneparypu 500 °C
TYCTUHA 3aWHSATHUX EJICKTPOHHUX CTaHIB XapaKTEPU3YETHCS 3MIIICHHSIM OCHOBHOTO
niky d-30Hu 3amiza y Oik piBHSI Depwmi.

13. Jlns BuxigHux moBepxoHb AMC Ha OCHOBI 3aii3a XapakTepHa MPUCYTHICTh OKCUIY
Ta KapOiay KpemHilo, O0p Ha MoBepxHI 3HaxoauThes y cronyii BN. Konuenrtpairis
KPEMHIIO MaJI0 3MIHIOEThCS MPU MEPEXO/1 Bl MOBEPXHI A0 00 emy 3paszka. B 00'emi
3pa3Kka BCTAHOBJICHA HASBHICTh HE3HAYHOI KUJIBKOCTI BYTJICIIO Ta KHCHIO, IO 3 OTJISTY
Ha BCE, BU3HAYAETHCS TEXHOJIOTTYHUMH YMOBaMU OTPUMAaHHS CIUIaBIB.

14. Brnepmie oTpuMaHO TIOpHAHI HAHOCTPYKTYpU HA OCHOBI HAHOJUCIIEPCHOTO
TAPOKCOAnaTUTy Kalbllilo 1 HaHoaucmnepcHoro rpadiry. Jocmimkeno mopdosoridi
0COOJIMBOCTI Ta EIEKTPOHHY OyJ0BY KOMIUICKCIB. BcTaHOBIIEHO, 10 MOAMQIKaIls
KOMIIO3UTY Ha OCHOBI HAHOJMCIIEPCHOTO amaTUTy, HaHOAUCIEPCHOTO TpadiTy Ta
I[EJTI0JI03HUX BOJIOKOH EMOKCHUIHUM OJIITOMEPOM 3 3aTBEP)KyBadeM Ma€ CyTTEBHM BIUIUB
Ha KOMIUIEKC BIIACTUBOCTEH OTPMMAHOTO Marepianmy, 30KpeMa MPH3BOAUTH 0
BUHHUKHEHHS €JICKTPOIPOBITHOCTI 3pa3Ka.
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AHOTAILIA
Kapo6iscbka JI.I. EjleKTpOHHI BJIACTHBOCTI Ta MeXaHi3MH BIOPSAKYBAHHS
0D-, 2D- 1a 3D — HAHOCTPYKTYP HA OCHOBiI MeTajliB Ta MeTaJ0OKCHIIB —

KBanigikaniiina HaykoBa nmpaimsi Ha NPaBax PyKoMucy.

Po6ota Ha 3100yTTS HAYKOBOTO CTYMHEHS JOKTOpa (Pi3MKO-MAaTEMaTUYHHX HAyK 3a
cnemianbhicTio  01.04.07 — ¢i3uka TBepmoro Tima. IHcTHTYT MeTanodizuku
im.I".B.KyparomoBa HAH Vkpainu, Kuis, 2019.

PobGoTa mpucBsiueHa JOCTIKEHHIO €JIEKTPOHHOI, aTOMHOI OYJIOBH, BJIACTMBOCTEU Ta
MexaHi3miB BriopsakyBanHs OD-, 2D- ta 3D — HaHOCTPYKTyp Ha OCHOBI METalliB Ta
METAJIOOKCH/I1B.

Y poboTi HaBeleHI pe3ybTaTH EKCIEPUMEHTAILHUX Ta TEOPETHYHUX JOCTIKEHb
EJIEKTPOHHOI, aTOMHOI OyZ0BH Ta MOP(QOJIOUIYHMX OCOOJMBOCTEH MOHO- 1 OararomapoBHUX
HAHOCTPYKTYp OJIaropoJHUX METaliB, HIKETIO Ta 1H/AII0 HA MOHOKPUCTATIYHHUX TMOBEPXHSIX
Si (111) 7x7, Si (110), InSe (0001) Ta GaSe (0001) mpwm ix TepMiYHOMY HAaHECEHHI B YMOBax
BUCOKOTO Bakyymy. [locnipkeHo MexaHi3Mu (POpMYBaHHS HAaHOCTPYKTYp OJaropoaHux
METaJiB, HIKEII Ta 1HIII0 Ha MOHOKpHCTamiuHux moBepxHsax Si(111)7x7, Si(110),
InSe (0001) Ta GaSe(0001) mpu GararocTaaiitHOMY TEPMIYHOMY HAHECEHHI.

Po3pobsiena  TexHOJIOTISS  OTMMaHHA  CaMOBIOPSAJIKOBAaHMX  T'€KCaroHajJbHO-
nipaMiJaibHUX HAHOCTPYKTYP MiJl Ta 30J0Ta Ha MOHOKpUCTaniyHii nosepxHi Si (111)
7x7. MexaHi3mu (opMyBaHHSI T€KCArOHAIBHO-TIIpaMiJaIbHUX CTPYKTYp 30J0Ta Ta MIiJl
BU3HAUYAIOTHCA OCOOJIMBOCTSIMU TIOBEMIIHKH €EKTPOHHOI TYCTUHU Ha KpasX MOHOATOMHOI
mabauau  pocty. (CaMOBHOPSAKOBaHI TIeKCAaroHaJIbHO-MIpaMiJlajbHl HAHOCTPYKTYpPH
30J10Ta Ta MIJOl NpPU BaKyyMHOMY TEPMIYHOMY HaHECEHHI (OpMYIOThCA JIMILIE Ha
Si (111) 7x7 mnomwui, Tomi sk s mmomuHU  Si (110) crmocTepiraroThCs JIHIIE
MOHOIIIAPOB1 TeKCArOHaNIbH1 YTBOpEeHHs. CUMETPisi TOBEPXHI MOHOKPUCTATIYHOI TIJIONMUHA
Si (111) 7x7 € [OeTepMiHYIOYOK B MeEXaHi3Mi POCTY TI'€KCaroHalIbHO-IpaMiJalbHUX
CTPYKTYp MiJai Ta 30J0Ta. MexaHi3M €JeKTPOHHOTO BUPOIIYBAaHHS 33JI0BUIBHO OMHCYE
(hopMyBaHHS TeKCaroHaJbLHO-TPaMiIaIbHUX HAHOCTPYKTYP MiJli Ta 30J10Ta.

Brnepiie oTpumaHi JyCOYKOBI MOHOIIAPOBI CTPYKTypu 3ojota. HasiBHICTB
TOYKOBHX Je(EKTIB B JIAMEISAX 30JI0Ta BH3HAYAETHCSA HEOOXIIHICTIO MiHIMI3ZaIlli eHeprii
JTYyCOYKH. ATOMHE BIOPSAIKYBaHHS, IO CIOCTEPITacTbcs B JIyCOYKax ONM3bKE 10
kpuctajorpadiuaoi mwionman Au (111).

AToMapHO TuIacka IUIiBKa Ag He Moke OyTH OTpUMaHa Ha HaIiBIPOBIIHUKOBIN
noBepxHi MoHOKpucTtany Si (111) 7x7 3a 10mMOMOror TEpMIYHOTO HAHECEHHS B YMOBax
HAJBUCOKOTO BakyymMy T@pu KIMHATHIA Temmeparypi. BinOyBaeTbcsi yTBOpEHHS
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AeKinapKamapoBux 2D kiacTepHHX yTBOpPEHb, MPOTPIB SKUX IMPHU KUIBKACOT Tpagycax
Lenbcisg Mpu3BOIUTE 0 iX PO3TATYBAHHS B AaTOMHO PIBHE MOKPUTTS MOBEPXHI. Y TBOPEHHS
e(deKTy "KOBJIpU~ OMHUCYETHCSA MEXaHI3MOM €JIEKTPOHHOTO BUPOITYBaHHSI.

BcTranoBieHo cimabKy B3a€MOJIiF0 MOHOIIIAPOBUX MOKPUTTIB Ag 13 MiAKIAIKOI0, 1110
IpY HE3HAYHOMY IPOTPiB1 JI03BOJISIE OUUIIYBATH MOHOKPHUCTAIIIYHY TTOBEPXHIO Bl METAITY
13 BIITBOPCHHSM peKOHCTpyiHoBaHoi moBepxHi Si (111) 7x7. 3amponoHOBaHHN METOJ
JIOBFOCTPOKOBOTO 30CepEeKEHHsI pEeKOHCTpyhHoBaHOi moBepxHi Si(111) 7x7 moxe OyTH
BUKOPHCTAHUM JJIS 3aXUCTY TAKMX MOHOKPHUCTAIIYHUX MTOBEPXOHb Bl pyHHYBaHHSI.

BceranoBneHo  MmexaHi3M  BHOpsAAKyBaHHsA — 0D-HaHOCTpPYKTyp  HIKENIO  Ha
MOHOKPHUCTAIIYHUX TOBEPXHAX KPEMHIIO MpH BaKyyMHOMY TEPMIYHOMY HAHECEHHI.
CuMertpis po3TalryBaHHS KJiIacTepHUX yTBOpeHb 3d-MertamiB Ha moBepxHi Si(111) 7X7
MOBTOPIOE  CHUMETPII0 MIAKIATUHKKA. BcTaHOBIEHI HAHOTPUOOJOTiUHI MapameTpu
cyomopcetkocTi Ry, Ry, Ryjiss Ry, Sratio U151 HOBEpXHEBO HAaHECEHUX HAHOCTPYKTYP METAIIB.

Bcranosneno manuii BrmuB noBepxHi iHTepdeiricy InSe (0001) ta GaSe (0001) na
TE€OMETPII0 HAHOCTPYKTYpP METANIB MPH iX TEPMIYHOMY HAHECEHH! Y BUCOKOMY BaKyyMi
0e3 OXO0JIOKEHHS 3pa3ka. MexaHi3MH yTBOPEHHSI HaHOCTPYKTYpP Miji 1 30JI0Ta Ha BaH-
JIep-BaaJIbCOBUX TOBEPXHAX MOHOKPHUCTAJIIB HE MOXYTh OyTH OJIHO3HAYHO OIHMCAaHI
BIJIOMUMHU MeXaHi3MaMH pocTy. BakyymHe TepmiuHe HaHeceHHs Cu 1 Au Ha MOBEpPXHIO
MoHokpucTasia InSe (0001) mpu oOgHAKOBUX YMOBaxX HAHECEHHS JEMOHCTPY€E Ppi3HI
MEXaHI3MH OCaJKEHHS 3 aTOMapHOi MeTajieBOi ra3oBoi ¢aszu. [ns mial XapakTepHuUi
MOHOMOJAIBHUN PO3KHU PO3MIPIB KJIACTEPIB, B TOM 4Yac SIK ISl 30J0Ta (POPMYIOThCS
MOHOUIAPH JIAMEJIEBOI CTPYKTYPH.

MeTtoiaMyu BHUCOKOBaYyMHOI 30HJIOBOI MIKPOCKOMIT Ta TYHEJIBHOI CHEKTPOCKOMIT
JOCTPKEHa JUHaMika TpaHcpopMalili Mop@oJiorii MOBEpXHI Ta T'YCTUHU EJIEKTPOHHUX
ctaniB AMC B ymMoBax CTpyKTypHOI penakcaiili. CnoctepiratoTbCs iCTOTHI HEOJHOPITHOCTI
TYCTHH €JICKTPOHHUX CTaHIB Ha MDKKJIACTEPHHX MEKax, IO CBIAYMUTH MPO iX CKIATHY
opranizaiito. B mporeci TepmigHoi 00poOKM aMOp(HOTO CIIaBy, IO CYNPOBOIKYETHCS
CTPYKTYPHOIO peJlaKcaili€ro, BiOyBa€Tbcsl OUIBIIMNA TEPEepo3NOil aToMiB 0opy Y
MOPIBHSHHI 3 aTOMaMH 3aji3a Ta KPEMHII0, [0 MPU3BOJIUTH JO POCTY CTaOlLIBHOCTI
aMmopdHOi cTpyKTypH. PiBenp depmi J0CTiIKYBaHUX CIUIaBIB 3HAXOAUTHCS B JJOKAJTLHOMY
MIHIMYMi TYCTMHHM €JIEKTPOHHUX CTaHiB, IO BiamoBinae kputepito Harems-Tayka mpo
yTBOpeHHsI amopdHoro craHy. Ilpu mepexoal BiJ KIMHATHOI TeMIEpaTypu 0
temrniepatypu 500 °C  rycTHHa 3alHATUX E€JIEKTPOHHUX CTaHIB XapaKTEPHU3yEThCS
3MIIIICHHSIM OCHOBHOTO MKy 0-30HU 3aii3a y Oik piBHsI Depmi.

Jlnst Buxigaux noBepxoHb AMC Ha OCHOBI 3alli3a XapakTepHA MPUCYTHICTh OKCUIY
Ta KapOiy KpeMHilo, O0p Ha moBepxHI 3HaxoauThes y cnonyii BN. Konmentparis
KPEMHII0 MaJI0 3MIHIOETHCS MPU TEPEXOAl BiJ MOBEpPXHI 10 00 eMy 3pa3ka. B 00 emi
3pa3Kka BCTAHOBJICHA HASIBHICTh HE3HAYHOI KUTHKOCTI BYTJICIIO Ta KHCHIO, IO 3 OTJISAIy Ha
BCE€, BU3HAYAETHCS TEXHOJIOTIYHUMH YMOBAMH OTPUMAaHHS CILIaBIB.

Bnepmie otpumaHo TiOpuaHI HAHOCTPYKTYPH Ha OCHOBI HAHOJMCIIEPCHOTO
TiApOKCOAnaTUTy Kallbllifo 1 HaHomucrepcHoro rpadity. JocmimkeHo MopQosoriuHi
OCOONMBOCTI Ta €JIEKTPOHHY OyI0BYy KOMIUIEKCiB. BcTaHoBieHo, mo Moaudikaiis
KOMITO3UTY Ha OCHOBI HAHOJAMCIIEPCHOTO alaTuTy, TpadiTy Ta IETI0JI03HUX BOJOKOH
EMOKCUHUM OJIITOMEPOM 3 3aTBEPKyBaueM Ma€ CYTTEBUM BIUIMB Ha KOMIUIEKC
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BJIACTUBOCTEH OTPUMAHOTO MaTepially, 30KpemMa, TMPU3BOJAUTh O BUHUKHCHHS
€JICKTPOIPOBITHOCTI 3pa3Ka.

Kiro4oBi cioBa: KBaHTOBI SIMH, MOHOIIAPOBI CTPYKTYpH METaliB, €JICKTPOHHA
O0ynoBa, Mmopdosoriuai ocodnauBocti, 0 D- Ta 2D-knacrepu, MexaHi3MH BIIOPSIKYBaHHS,
amMop(Hi MeTaleBi CIUIaBU, BYTJCICBI HAHOCTPYKTYPH, HAaHOMUCIIEPCHHMU amaTuT, 3D-
HAaHOKOMIIO3UTH, Teopist (PyKI[iOHATY I'yCTHHHU.

AHHOTAIUA

KapoOosckas JI. K. DjieKTpPOHHbIE CBOMCTBA W MEXAaHU3Mbl YNOPSA0YECHHUSA
OD-, 2D- u 3D - HAHOCTPYKTYp HAa OCHOBe MeETAIJOB H METAJO00KCHIOB -
KBanugukauuoHHbI HAYYHbIH TPYA HA PAaBaX PYKONMCH.

Pabota Ha comckaHHe yueHOH CTENneHH JOKTOpa (PU3MKO-MATEeMAaTUYECKUX HAyK
no crneuuaidbHoctd 01.04.07 - ¢usuka TBepmoro Tena. MHCTHTYT Metamnodu3uku
um.I".B.KyparomoBa HAH VYkpaunsi, Kues, 2019.

Pabota mocssiiieHa UCCIeI0BaHUIO IEKTPOHHOTO, aTOMHOTO CTPOEHHS, CBOMCTB
u MexaHu3MmoB ynopsaoderuss 0D-, 2D- u 3D - HaHOCTPYKTYp Ha OCHOBE METAJUIOB U
METaJIO0KCHUJIOB.

B pabore mnpuBeaeHbl pe3yabTaThl SKCIEPUMEHTAIBHBIX U TEOPETUYECKUX
UCCJIEIOBAaHUM 3JIEKTPOHHOT0, aTOMHOI'O CTPOEHHUS U MOP(OIOrHUecKUX OCOOEHHOCTEH
MOHO- MU MHOTOCJIOMHBIX HAHOCTPYKTYp OJIarOpOJHBIX METAJUIOB, HUKEIS W MHAMS Ha
MOHOKpHUCTaJTnYecKkuXx moBepxHoctsax Si (111) 7x7, Si (110), InSe (0001) u GaSe (0001)
Ipyd HMX TEPMHYECKOM HAHECEHHMH B BBICOKOM Bakyyme. McciiemoBaHbl MEXaHU3MbI
(GbopMHpOBaHUS HAHOCTPYKTYp OJaropoJHbIX METAJUIOB, HUKEId M MWHAMS Ha
MOHOKpHUcTaJTnueckux mosepxHoctsax Si (111) 7x7, Si (110), InSe (0001) u GaSe (0001)
P MHOTOCTaIMMTHOM TEPMUYECKOM HAaHECEHUH.

ATomapHO IIOCKas IUIeHKa Ag HEe MOXeT ObITh MOJydyeHa Ha
MOJIYITPOBOJTHUKOBOM  MOBEpXHOCTU MOHOKpuctamuia Si (111) 7x7 ¢ mnomomisio
TEPMUYECKOTO HAHECEHUS B YCIOBHMSIX CBEpPXBBICOKOIO BaKyyMa NP KOMHAaTHOMN
TeMmrepaTrype. YCTaHOBJICHO cJIab0oe B3aMMOJCHCTBHE MOHOCIOWHBIX IMOKPBITHH Ag ¢
MO/UIOKKOM,  YTO  TPH  HE3HAYUTEIBHOM  IPOTPEBE  MO3BOJISIET  OYMILNATH
MOHOKPHUCTATINYECKYIO IIOBEPXHOCTh oT MeTaia C BOCCTaHOBJICHHEM
pPEeKOHCTpyHpoBaHHOM moBepxHocTH Si (111) 7x7.

VYcraHoBineH  MexaHusM  ynopsipodeHuss  0D-HaHOCTpYKTyp  HUKeNns — Ha
MOHOKPUCTANIMYECKUX TOBEPXHOCTSIX KPEMHHUS TP BaKyyMHOM TEPMHUYECKOM
HaHeceHnd. CHUMMETpHsl PaCMOJIOKEHUs KIACTepHbIX o0Opa3oBaHuil 3d-MeTamioB Ha
noBepxHocty  Si (111) 7x7 mnoOBTOpsS€T CUMMETPUIO TOMJIOXKKH. Y CTaHOBJIEHBI
HaHOTPHOOJOrHYeCKHe napameTpbl cybmepoxoBatocTd R, Ry, Ryis, Rz Sraio A4
MOBEPXHOCTHO HAHECEHHBIX HAHOCTPYKTYP METAJIIOB.

VYcranoBineHo Manioe BiusHUE ToBepxHocTH uHTepdeiica InSe (0001) u GaSe
(0001) Ha reomMeTpur0 HAHOCTPYKTYpP METAJIOB MPU MX TEPMHUYECKOM HAHECEHUH B
BBICOKOM BakyyMme 0e3 oxJsaxiaeHusi oOpasiia. MexaHu3mbl 00pa30BaHUs HAHOCTPYKTYP
MEIH U 30JI0Ta Ha BaH-JIEP-BaalbCOBBIX MOBEPXHOCTSIX MOHOKPUCTAJJIOB HE MOTYT OBITh
OJIHO3HAYHO OINHCAHbl U3BECTHBIMH MEXAaHU3MaMH POCTA.
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MerogamMu  BHCOKOBAayyMHOM  30HIOBOM  MMKPOCKOIIMM W TYHHEJIbHOM
CIEKTPOCKOIIMM HCCIIEJIOBaHA JMHAMUKA TpaHchopMauu MOp(}OIOruu MOBEPXHOCTH U
IUIOTHOCTH 3JIEKTPOHHBIX cocTosiHMM AMC Ha OCHOBE Xeje3a B YCIOBUSAX CTPYKTYPHOU
penakcauuu. B mpouecce Tepmuueckoi o0paboTKM aMOp(HOro cruiaBa IpPOUCXOAMT
OoJbllIEe IEpepacpeeIeHne aTOMOB O0pa M0 CPAaBHEHMIO C aTOMaMHU KeJie3a U KPEMHMUS,
4YTO MPHUBOJUT K POCTY CTAOWIBHOCTH amMOppHOM CTPyKTypbl. I HMCXOIHBIX
nosepxHocteii AMC Ha OCHOBe ’kejie3a XapaKTEepHO NPUCYTCTBHE OKCHAA M KapOuaa
KpeMmHus, O0p Ha MOBEpXHOCTU Haxonautcs B coeauHeHun BN. Konnenrtpanus kpemHus
Maji0 MEHSETCS MPHU MEePexo/ie OT MOBEPXHOCTH K 00beMy obOpasiia. B o6weme obpasma
YCTAQHOBJICHO HAJIM4YKME HE3HAYMTEIBHOTIO KOJIMYECTBA YIJIEPOJA M KHUCIOPOAA, CyAs IO
BCEMY, 3TOT (DaKT OMpEAeNAeTCS TEXHOJIOTMYECKUMHU YCIOBUSMU TOTYUYSHHS CILIAaBOB.

BrepBbie MosydyeHbl TMOPUIHBIE HAaHOCTPYKTYPbl HA OCHOBE HAaHOAMCIEPCHOIO

rUApOKCOanaTUTa  KalblMsl W HaHojaucrepcHoro  rpagura.  MccnegoBaHsl
Moponornueckue 0COOEHHOCTH U 3JEKTPOHHOE CTPOCHHE KOMILJIEKCOB. Y CTaHOBJIEHO,
4TO0 Moau(UKalMs KOMIIO3UTa Ha OCHOBE HAHOJAWCIEPCHOIO amaTura, rpadura,
LEJUIIOJIO3HBIX  BOJIOKOH DIIOKCHJIHBIM OJIMTOMEPOM C 3aTBEPAMTEIIEM OKa3bIBaeT
CYILLIECTBEHHOE BJIMSIHUE HA KOMIUIEKC CBOMCTB IIOJy4YEHHOI'O MaTepualla, B 4YaCTHOCTH,
IPUBOJUT K BOSHUKHOBEHHIO 3JIEKTPOIIPOBOJHOCTH O00OpasIia.
KuiroueBrble c10Ba: KBAHTOBBIE SIMbl, MOHOCJIOMHBIE CTPYKTYpPbl METAJUIOB, 3JIEKTPOHHOE
cTpoeHue, Mopdosaoruueckue ocodbenHoctd, O0D- wu 2D-kimactepbl, MeEXaHU3MBbI
YHOpAIOYEHHs, aMOp(HbIE METAUNIMYECKUE CIUIABbl, YIJIEPOAHBIE HAHOCTPYKTYPHI,
HaHOAMCIEPCHBIN anaTuT, 3D-HaHOKOMITO3UTHI, TEOPHS (QYyKLIHOHANA INIOTHOCTH.

SUMMARY

Karbivska L.I. Electronic properties and ordering mechanisms of 0D-, 2D-
and 3D - nanostructures based on metals and metal oxides. — Qualified scientific
work as a manuscript.

Work for a Doctor of Sciences degree in speciality — 01.04.07 - Solid-state physics.
G. V. Kurdyumov Institute for Metal Physics of the National Academy of Sciences of
Ukraine, Kyiv, 2019.

The work is devoted to the study of the electronic, atomic structure, properties
and mechanisms of ordering of OD-, 2D- and 3D - nanostructures based on metals and
metal oxides.

The work represents the results of experimental and theoretical studies of the
electronic, atomic structure and morphological features of mono- and multilayer
nanostructures of noble metals, nickel and indium on the Si (111) 7x7, Si (110), InSe
(0001) and GaSe (0001) single-crystal surfaces under their thermal deposition in high
vacuum. The mechanisms of the formation of nanostructures of noble metals, nickel, and
indium on the Si (111) 7x7, Si (110), InSe (0001) and GaSe (0001) single-crystal surfaces
under multistage thermal deposition are studied.

Technology for the production of self-ordered hexagonal-pyramidal
nanostructures of copper and gold on the Si (111) 7x7 single-crystal surface has been
developed. The formation mechanisms of the hexagonal-pyramidal structures of gold and
copper are determined by the behavior of the electron density at the edges of the
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monoatomic growth steps. Self-ordered hexagonal-pyramidal gold and copper
nanostructures under vacuum thermal deposition are formed only on the Si (111) 7x7
plane, while for the Si (110) plane only monolayer hexagonal formations are observed.
The surface symmetry of the single-crystal Si (111) 7x7 plane is determining in the growth
mechanism of the hexagonal-pyramidal structures of copper and gold. The electronic
growth mechanism satisfactorily describes the formation of hexagonal-pyramidal
nanostructures of copper and gold.

An atomically flat Ag film cannot be obtained on the semiconductor surface of
Si (111) 7x7 single crystal by thermal deposition under ultrahigh vacuum at the room
temperature. The formation of several-layer 2D cluster formations occurs, the heating of
which at several Celsius degrees leads to their stretching into an atomically even surface
coating. The formation of the “carpet” effect is described by the electronic growth
mechanism.

A weak interaction of monolayer coatings of Ag with a substrate is established,
which, with slight heating, allows the single-crystal surface to be cleaned of metal with
restoration of the Si (111) 7x7 surface. The proposed method for the long-term storage of
the reconstructed Si (111) 7x7 surface can be used to protect such single-crystal surfaces
from destruction.

The mechanism for ordering OD nickel nanostructures on single-crystal silicon
surfaces during vacuum thermal deposition has been established. The symmetry of the
arrangement of cluster formations of 3d metals on the Si (111) 7x7 surface repeats the
symmetry of the substrate. The nanotribological parameters of subsurface roughness R,
R, Rgjis; Rz, Sraiio fOr surface deposited metal nanostructures are established.

The dynamics of the transformation of the surface morphology and density of
electronic states of iron-based AMA under structural relaxation conditions are studied
using highvacuum probe microscopy and tunnel spectroscopy. Substantial
inhomogeneities of the densities of electronic states are observed at the intercluster limits,
which indicates their complex organization. In the process of heat treatment of an
amorphous alloy, a greater redistribution of boron atoms occurs compared with iron and
silicon atoms, which leads to an increase in the stability of the amorphous structure. The
Fermi level of the studied alloys is at the local minimum of the density of electronic states,
which corresponds to the Nagel-Tauke criterion on the formation of an amorphous state.

Upon transition from the room temperature to 500 °C, the density of occupied
electronic states is characterized by a shift of the main peak of the iron d-band toward the
Fermi level. The initial surfaces of iron-based AMAs are characterized by the presence of
silicon oxide and silicon carbide; boron on the surface is in the BN compound. The
concentration of silicon changes little when moving from the surface to the volume of the
sample. The presence of an insignificant amount of carbon and oxygen was established in
the sample volume; apparently, this fact is determined by the technological conditions for
the production of alloys.

For the first time, hybrid nanostructures based on nanodispersed calcium
hydroxoapatite and nanodispersed graphite were obtained. The morphological features and
electronic structure of the complexes are investigated. It has been established that the
modification of a composite based on nanodispersed apatite, graphite and cellulose fibers
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with an epoxy oligomer with a hardener has a significant effect on the set of properties of
the obtained material, in particular, the conductivity of the sample appeatrs.

Key words: quantum wells, monolayer metal structures, electronic structure,
morphological features, 0D- and 2D-clusters, ordering mechanisms, amorphous metal
alloys, carbon nanostructures, nanodispersed apatite, 3D-nanocomposites, density
functional theory.



