MinicTepcTBO OCBITH 1 HAYKHU Y KpalHU
Bepasuchkuil mep:xaBHUI IIearoriYHIN YHIBEPCUTET

Anma Cuuirosa, Irop Bormaumos, Cepriit KoBauos

MIIXOJIU JTO OIIIHIOBAHHS IKOCTI HAHOCTPYKTYP
HA TIOBEPXHI HATIIBOPOBITHUKIB

Beposarcer, 2024

Yrpaina



YOK: 54.072.7; 621.3.049.77; 620.3; 621.315.592; 502.5

C51
Pexomeroosaro 0o Opyky Bueror padoro
BeposiHcbkoz2o 0epakasHo20 nedazo2iuHoz20 YyHigepcumemy
(npomoron Ne 9 gi0 28.12.2023)
PeunenseHTH:

AHaroaiit I. IIOTIOB, crapiiuii HayKOBHH CIiBPOOITHUK [HCTUTYTY (Pi3UKH
TBEPAOTro Tira AaTBiACEKOIO YHIBEPCUTETY, JOKTOP (Pi3MKO-MaTeMaTUIHUX HaAYK,

npocpecop;

Haxun KAPIIIBAEB, acorifioBanuii npodecop €BpasziiicbKoro HaIlioHAABHOTO
yHiBepcureTy imMeHi A. M. I'ymiavoBa (Kazaxcras), nokrop PhD;

sipocaae MKHJAYEBCBKHH, mnpodecop kadenpu disHKH Ta METOAUKN HABYAHHSI
¢hisuky BepagHCHKOro fep:KaBHOIO0 I1€1AarOTiYHOr0 YHIBEPCUTETY, CTAPIINH
HayKOBHH cIiBpoOiTHUK [HeTuTyTy hizuku [loabcbKOI akaaemii HAyK, JOKTOP
TEeXHIYHUX HAYK, CTAPIINI HAYKOBUH CIiBPOOITHHK.

C51 Cuuikona 4., Borgauos 1., Koagos C. ITigxoau oo OIiHIOBAHHS SIKOCTI
HaHOCTPYKTYpP Ha INOBEPXHi HalliBOpPoBiAHUKIB. MoHorpadis, — K.: $OII
Camuenko A. M., 2024. - 352 c.

ISBN 978-617-95380-5-6

Iss MmoHOrpadisa € KOMIIAeKCHUM TOCAIIZKEHHAM B 00AaCTi HAHOTEXHOAOTIH,
30CcepezKeHUM Ha OLIiHIOBaHHI SKOCTi HAHOCTPYKTYP Ha IOBEPXHI
HaIiBIPOBiAHUKIB. B po6oTi po3ragnaroThCa KAIOYOBI TTOKA3HUKHU SKOCTL
HaAHOCTPYKTYP, IXHI BAQCTHUBOCTI, a TAKOXK METOAH iX Kaacudikallii Ta oIiHIOBaHHS.
OcobauBa yBara NpuaiAgeThCSI HOPMATUBHOMY PETYAIOBAHHIO y cdepi
HaHoOMaTepiaaiB, MeTOIaM OTPHUMAaHHSI HAaHOCTPYKTYPOBaHUX IIapiB Ha IOBEPXHI
HaITiBIIPOBIAHUKIB Ta IX 3aCTOCYBaHHIO B CUCTEMaxX HAKOIHUYEeHHs Ta 30epiraHHs
eHeprii. [Ipyra yacTuHa MoHorpadii IpHUCBIYeHa AeTaABHOMY aHaAi3y METOMIIB
OLIIHIOBAHHS SKOCTiI HAHOCTPYKTYP, BKAIOYAIOYH (PYHKITIOHAABHI MoZeAi Ta
CHUCTEeMHHH MiXiA [0 YIPaBAIHHS IKICTIO. TaKOXK PO3TASIaIOTHCS TEXHOAOTIYHI
KpHuTepii 3abe3redeHHs SKOCTI HAHOCTPYKTYP Ta METOAHU OIliHIOBAHHS ITOKA3HHUKIB
akocTi. OcTaHHS YacTUHA IIPUCBAYEHA PO3POOIli HOPMATUBHUX JOKYMEHTIB AT
OILIiHIOBaHHS IKOCTiI HAHOCTPYKTYP Ta aHaAily eKoAoriuHoi 6e3reKr HaHoMaTepiaais.
Monorpadisa MiCTUTB 3HAYHUHE 00CAT eKCIIEPUMEHTAABHUX JAHUX, aHAAI3 AlTepaTypu
Ta BHCHOBKIB, 1110 poOUTH iI IIIHHUM PECypCOM [JASI JOCAIMHUKIB, iHXKEHEpPiB Ta
CTYIEHTIB, fKi 3a¥iMaloTbCs BUBYEHHSIM Ta 3aCTOCYBAHHSM HaHOTEXHOAOTIH y
HAaIiBIPOBIIHUKOBIY IPOMHCAOBOCTI.

YOK 378.091.011.3-051:373.3.018.43.091.33
ISBN 978-617-95380-5-6

© CuuikoBa 4., Bormauos 1., Koauos C., 2024



IMEPEJIIK YMOBHUX ITOBHAUYEHD.........cccciiiieieiieciseeeeesste e 5
S T 0 VA TSRS 6
PO3ALJI 1 TTOKABHUKN AKOCTI I BJIACTUBOCTI HAHOCTPYKTYP TA
METOIM IX OLITHIOBAHHS ..ottt 9
1.1 HopmaTuBHE peryIoBaHHSA B TAJLy31 HAHOMATEPIAIIIB ...cccecveeveireereereereereeseeseeseeseessessessennes 9
1.2 TIigxomu 10 KITACHMIKAIIT HAHOCTDYETYD «evvererrererreeererseressessssessesessesessessesessesessesessessesesseses 21

1.3. MeTonu oTpuMaHHs HAHOCTPYKTYPOBAHUX IITAPIB HA II0BEPXHI HAIIIBIPOBITHUKIB 26

1.4 BacrocyBaHHS HAMIBIPOBITHUKOBUX HAHOCTPYKTYD JJISI CHCTEM HAKOITUYEHHS Ta

BOEPITAHHST EHEPTIT -veveuverieeseeteeetestesertesesseseesessesessesesseseesessesesseseesensesensesessesesseseesensesessenessensesensesenes 38
1.5 BUCHOBKH JT0 TIEPIIIOTO POBITIILY v.veuverervereesesesessesessessesessessssassesessesessessesessessssessssessesessesessesssses 55
PO3ALI 2 METOAU OLIIHIOBAHHA AKOCTI HAHOCTPYEKTVP ..o 57
2.1 MeToam Ta miAX0aM OIIIHIOBAHHS STKOCTI HAHOTEXHOIOTTIHOL TIPOTYKITIT «.vvvivevnnene 57

2.2 OyHKITIOHAJIBHA MO/IeJIb IIPOIECY CHHTE3y HAHOCTPYKTYP 3aJaHOT0 PIBHSA SKOCTI ... 63
2.3 CucreMHUIT MAXIJT IO YIIPABIIHHS SKICTIO HAHOCTPYETYD cveverervererereerersesessensssessesessesens 75

2.4 Bubip MeTOoIMKY OIIHIOBAHHS SKOCTI HAHOCTPYKTYP

2.5 BUCHOBKH 10 IPYTOT0 POBILILY ...veveeveereereereereereensesessesens
PO31JI 3 XAPAKTEPUCTUKU HAHOCTPYKTYP, CUHTE30BAHUX HA
TIOBEPXHI HAIIIBITPOBIJTHIIKIB .......cocieiiieiieiceeeeeeee et 87
3.1 3pasku Qs CUHTe3y HAHOCTPYKTYP HA ITOBEPXHI HAINBIPOBLIHUKIB .....cvevvverereaeanens 87
3.2 CuHTe3 pi3HUX THUIIIB HAHOCTPYKTYP HA TOBEPXHI HAIBIPOBITHUKIB . vevveveeerereenenens 91

3.2.1 ®opmyBaHHA 6JIOKOBUX HAHOCTPYKTYP HA MOBepxXHI docdimy 1HIi0 p- TAMY .... 91

3.2.2 ®opMyBaHHSA HUTKOIIOAIOHUX OKCHUIHHUX CTPYKTYP Ha MOBEPXHI MOHOKPHUCTAJIIB

3.2.3 YTBOpeHHS OKCHUIHUX IIapiB HA IIOBEPXHI HAIIIBIIPOBIIHUKIB
3.2.4 @opMyBaHHS IIOPYBATHX IIAPIB HA MOBEPXHI HAMIBIPOBIITHUKIB....evrvevrrvereeeenes 107

3.3 JlocmimsreHHs MOP(OJIONYHAX XapaKTePUCTUK HAHOIIOPYBATHUX ITAPIB HA II0BEPXHI
HATTIBITPOBIIEITKIB. ... euveutetetestestessessessesseeseesssseeseessessessessessessessessessessessessessessessessessesssessessessessensans 109

3.3.1. Anaia MopoJIOTIUHNX XapaKTePUCTHUE ITOPYBATOI TIOBEPXHI HA MPUKJIAJ] POr-
TP ettt a ettt et et nen s te s eneeteneens 109

3.3.2 IlepeBipka BiAmoBiTHOCTI MOPQOJIOTIUHIX XaPAKTEPUCTUK HAHOCTPYKTYD
3aJaHUM KpUATEPisaM HA TPUKIATL POT-GaP ..ot 122

3.4 JlocmimskeHHSA XIMIYHUX XapaKTePUCTUK HAHOCTPYKTYPOBAHUX IIAPIB Ha OBEPXHI
HATTIBITPOBIIEIIKIB. ... cuvevetestesestesteetessesseeseesseseeseessessessessesessessessessessessesssssessesssssessesssesesessessensans 132

3.5 IlacuBalris moBepxHI HAHOCTPYKTYPOBAHUX HAIMIBIPOBIIHUKIB JJIs cTA0LII3aIl 1X

BITACTIIBOCTE ..cuuveeuttesiteesuteesiteessee et eeseesseesaseesateesabeesaseeeaneeene e e beeeabeeeaneesasnesasneeneeenneeennneennneen eas 147
3.6 BHCHOBKY JTO TPETBHOTO POBIILITY vuveverearerrrereeseesteseessesessessessessessessessessessessessessessesssssesssesenes 152
PO3JI1JI 4 TEXHOJIOTTYHI KPUTEPII BABE3IIEUYEHHA AKOCTI
HAHOCTPYETYP ..ottt sttt a et te e ae e enennan 156
4.1 Bubip meTo/iB CMHTE3y HAHOCTPYKTYP HA MOBEPXHI HATIIBIIPOBIIHIKIB ...c.cvvevnnens 156
4.2 MeTomoJiorivsi 3acaay YIPABIIHHS AKICTI0O HAHOCTPYETYD «veeveerereereereereereeeesesereennes 169



4.3 BusHaueHHS KOPEJIAINHI MK yMOBAMH CHHTE3y HAHOCTPYKTYD Ta iXHIMH HAOyTHMU

B2 30 =Y 2 T0 TG 5152 N 183
4.3.1. TexHOJIOrYH] YHHHHUKH, K1 BILITUBAIOTDH HA AKICTD HAHOCTPYKTYP «.veeveererreerenns 183
4.3.2 JlocmireHHSA KPUTUIHUX TOUOK HATIPYTH TTOPOYTBOPEHHS «..veveeereerreereeeneveneens 185

4.3.3 BusHaueHHS KOPeJIAIiA MK 4acoM TPaBJIEHHS Ta MOPQOJIOTITUHUMU
TMOKA3HUKAMU AKOCTL HAHOCTPYETYP veeveerrerrereereereersersersersessessessessessessessessessessessessessessssssenes 193

4.3.4 Bruus 11iJIbHOCT1 CTPYMY aHOIYBAHHS HA MOP(OJIOTIYHI ITOKA3HUKN
HAHOCTPYKTYP, CHHTE30BAHHUX HA MOBEPXHI HAINBIPOBLIHUKIB .....ecvveveereerrenrerieeersennens 202

4.3.5 Bruus crJtamy Ta KOHIEHTPAI[T eJIeKTPOIITY Ha MOPQOJIOTIUHI

XAPAKTEPUCTUKI HAHOCTPYETYD .uuvrrrriieeieiiiiiiiiiiiiiieieeesissiiiissiiseeessssssssssssssesessssssssssssssssnens 205

4.5 BUCHOBKY JT0 YETBEPTOTO POBIILILY vvververrerersersessessesseeseeseessessessessessessessessessessessessessessessessenss 209
PO3A1JI 5 METOM OIIIHIOBAHHA ITOKASHUKIB AKOCTI HAHOCTPYKTYP HA
ITOBEPXHI HAIBITPOBIJTHIIKIB ......ooiieiieiiciseeeeeee e 211
5.1 BusHaueHHsS XapaKTePUCTUK Ta IMTOKASHUKIB STKOCTI HAHOCTPYETYD vvevererverererereerenens 211
5.2 BusHadeHHs y3araJbHEHOTO KPUTEPI0 SKOCTI HAHOCTPYETYD cevevereerervererieneerenseressenene 214

5.3 IIpursia OIiHIOBAHHS SIKOCTI HAHOCTPYKTYP, CDOPMOBAHUX HA ITOBEPXHI
HATTIBIIPOBIIEIIIKA ....veevveutesteueesesesseesessesseesessessesseessessessessessessessessessessessessessessessessessessesssssesssesesens 227

5.4 BabesreueHHs (PYHKITIOHAIHHOTO KPUTEPIO STKOCTI HAHOCTPYKTYP, CPOPMOBAHUX HA
TIOBEPXHI HATIIBITPOBIITHITKIB .. c.vevevtrtrteteuesesetesestasetesesessssesestsessesesessssesentssssesenesesesesensssesenessssesens 238

5.4.1 BuropucraHHSA HAHOCTPYKTYPOBAHNX HAINBIIPOBIAHUKIB 3 METOIO II1BUIIEHHS

e(peKTUBHOCTI (POTOCTIEKTPUUHUX IIEPETBOPIOBAUIB EHEPTII c.vevvevierecreereereereereereeeenenaens 238
5.4.2 VY ockoHAJIEHHS eJIEKTPOXIMIUYHUX CYIIePKOHIEHCATOPIB IIJISIXOM BUKOPUCTAHHS
HAHOCTPYKTYPOBAHUX HAITIBITPOBIIHIIKIB .. .cvesvevirtererreseeseseesessesessesesessessssesessessesessesessessns 252
5.5 BHUCHOBKH 10 TI'SITOTO POBIIIILY «..vevveververeeseseerissesessessessssesesseseesessesessessssessessssessssesessessesessesssses 259
PO31JI 6 POBPOBKA HOPMATHBHUX JIOKYMEHTIB 3 OIIIHIOBAHHA AKOCTI
HAHOCTPYERTY Pttt sttt ne st e s enessenesseneas 261
6.1 MeTonmka BU3HAYEHHS STKICHUX ITOKA3HUKIB HAHOCTPYKTYD, CHHTE30BAHUX HA
TIOBEPXH] HATIIBITPOBIITHITKIB .. .vveueutrteteuesetetesestasetesesessssesestssssesestssssesensasssesenessesesesessssesentssssesens 261

6.2 Po3pobra craHgapTHOTO 3pa3ka HAHOCTPYKTYPH, CHHTE30BAHOI HA ITOBEPXHIL

HATTIBIIPOBIIEIIKA ....vvevveuvereessessessessesessessessessessessesssssseseessessessessessessessessessessessessessessesessessesssssessens 267
6.3 BusHaueHHs I aHAI3 CKJIQI0BUX KPUTEPI0 €KOJIOTIYHOI HeDe3mekn HaHoMaTepiais
.......................................................................................................................................................... 276
SATAJIBHI BUCHOBEKMU ITO POBOTI ..ottt 304
CITMCOK BUKOPUCTAHUX JITKEPEIL.....c.ciiiiieieieececeeeeeseiee e 308



INEPEJIIK YMOBHUX IIOBHAYEHD

BKO - 6araroxpurepiajgbHa OIITUMI3ATIIS;

B3 — Bnacrusicrs 3paska;

EaXT — enexTpoximMiuHe TpaBJIeHHST,

KHII — xputrysa Hampyra mopoyTBOPEeHHS;

K — roedirrient saxocti;

JIT — mrorpadidyte TpaBIeHHs;

KKJI — xoediiienT KopurcHOIL mii;

KH — xputnuna Hampyra;

KT — gputnuni TOUKH;

MATI — meTon amasmidy lepapxiif;

MHEK — meron HaiMeHIIINX KBAIPAaTIB;

MOK — meTonuka OIIHKYN SKOCTI;

MC — meros cunTE3Y;

HPC — maHOpo3MipHI CTPYKTYPH;

OII — o6’emHa TOPyBAaTICTH;

PII — poamip mop;

PP —posmomii mo poamipy;

PPII — piBHOMIpPHICTE PO3MOIIITY II0 ITOBEPXHI;

C3 — crangapTHUH 3pa30K;

CV{ — cucrema yrpaBIIiHHSA SKICTIO;

@IT — dopwma 10pP;

OEII — doroesrekTpuyHi IepeTBOPIOBAYI;

®JI — doToIIrOMIHECIICHITIS;

XT — xiMmiuHe TpaBJIEHHST;

IIIII — urIBHICTE IIOP;

TIIII — ToBIIMHA TOPYBATOIO IIIAPY;

A3B5 — 6imapHi criosryku esiemenTis 1111V rpyn mepiogudsoi cucremu;
EDAX — peHTreHoCIIeKTpaIbHUN aHaJIi3 METOIOM €HEePreTUYHOI TUCIIePCi;
por-GaAs — mmopyBaTHl apCeHi raJiio;

por-GaP — mopysaruit docdig rasmio;

por-InP — mopyBaTuit docdis ir/1i10;

por-Si — IIOpyBaTH KPEeMHIIL;

por-InN/mono-InP — 6GimapHa cTpykTypa IIOpyBATHIl HITPH 1HIIIO Ha
MOHOKpucTaIYHOMY docdil 1H/TI0;

por-InN/por-InP — Gimapua cTpykTypa mopyBaTH HITPHI 1HIII0 Ha IIOPYBATOMY
doedim 1HmIO.



BCTVII

3a ocTaHHI OECATHIITTA HAHOTEXHOJIOTIl CTaJH CTPATErTYHHM
IHAYCTPlaJIbHUM HAIPAMKOM. ¥ 0arathox rajy3sx HayKH ¥ TeXHIKN Ta
chepax MOPOMMCIOBOCTI CIIOCTEPIraeThCSI BeJIMKA 3alllKaBJICHICTH Y
MPOAYKTAX HAHOTEXHOJIOTIH, IO II0B’SI3aHO 3 PeasIbHOKN MOKJIUBICTIO
IPaKTHUYHOI peaJti3alii iXHIX YHIKQJIbHUX BJacTuBocTeil. Bimbmie 50
KpalH BeJyTh JIOCIIIKEeHHS I PO3POOKH B raJry3l HAHOTEXHOJIOTII ¥ He
menire 30 KpaiH MaiTb CBOI HAIIOHAJBHI IIPOTpaMH B IIIH rajysi.
AMepHrKaHCHKHUM TOBAPHUCTBOM 3 BUIIPOOYBaHHS MaTepiaiaiB (American
Society for Testing and Materials — ASTM) po3pobJieHi craHgapTH, 10
CTOCYIOTHCSI TEPMIHIB y TajIy3l HAHOTEXHOJIOT#, METO/1IB BUMIPIOBAHHS
M XapakTepHMCTHK  HAHOYACTHMHOK, a4  TaKOK  cIelrdikainii
HanoMmaTepiaaiB. ¥ pamrax [SO/TC 229 BusHaveHi kpaiHu-KypaTopu 3
OKpeMHX Trajiy3ed MeTpoJIorii, craggapTh3amil # cepTUdixari
HAHOTEXHOJIOTIM. 3a migpaxyHKaMu aMepukaHcbkoro Ilpoexrty 3
nocmmxenaa HanorexHosorid (Wilson Center's Project on Emerging
Nanotechnologies) y BlabHOMY HOpomasky 3HaXoOATbCA moHanm 350
HalilMeHyBaHb TOBaplB, BUIOTOBJIEHUX 13  3aCTOCYBAHHSIM
"Hamomarepias. OpHak HaHOMAaTeplaJgd MICTATBCI B HabaraTto
OLTBIIHM KIJTBKOCTI TOBApPiB: JHCIIEPCHI HAHOYACTHHKU J0IAI0TH Y
OyIIBHHYI TOBApH; TOHKI ILTIBKM BUKOPHCTOBYIOTHCS Y BUPOOHHUIITBI
T10JTIB, JIa3epiB; IOpPYBATI MaTeplajii — HPU BUTOTOBJIEHHI CEHCOPIB.
MosxHa cTBepIsxyBaTH, 10 HAHOMATEPlaJH MICTATHCSI y OLIBII HIMK
1000 mHatimenyBaHb mpoaykii. IcHye 0e3idu  MeTOmIB CHHTE3Y
HaHomatepiamiB. Ile 3ymoBIioe BesimKe PO3MAITTS CHHTE30BAHUX
HAHOCTPYKTYp. Yepe3 Ile BUHUKAIOTH TPYIHOIIl y BCTAHOBJIEHHIL
€IUHOI0 IIIXO0y [0 IIPOIECIB YIPABJIHHSA SKICTIO HAHOCTPYKTYP Ta
JTOCJTITIPKeHH] IXHIX BJjlacTuBOCTeH. J[0 OCHOBHUX IIPHUYHH BIACYTHOCTI
€IUHOTO INIXOAY J0 BHUMIPIOBAaHb IIapaMeTpiB Ta BJIACTHUBOCTE
HAHOCTPYKTYP MOKHA BIIHECTH: BIACYTHICTD YITKMX BUMOT 1 CTaHIaPTIB
JI0 SAKOCTI HAHOMATeplaJlB, CTAHJAPTHUX 3pas3KiB  OlJIBIIIOCTI
HaHOMAaTepiaiB, HEIOCTATHS KIJIBKICTb Bepu@IKOBAHUX METOIUK
BUMIPIOBaHb, KAJTIOpyBaHHsa Ta ImepeBipku Toimo. Ocoboro 1mpod1emMoro
CUHTe3y HaHOMATeplaslB € OTPUMAHHS CTPYKTYP 13 BCTAHOBJIEHUMU
BJAcTHUBOCTAMU. Hacamiepen 1ie cTocyeTbcsI MOP(QOJIOTIYHUX Ta
XIMIYHUX XapaKTePUCTUK HAHOCTPYKTYpP, Tak SK caMe BOHU
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3yMOBJIIOIOTH (PYHKIIIOHAJIbHE NpH3HAYEHHS HaHoMareplairy. Tomy
AKTYaJbHUMU € JOCJIPKEeHHS II0JI0 BCTAHOBJIEHHS KPHUTEPIIB SKOCTI
HaHOMATeplaJlB Ta YMOB, 34 SAKHX CTae MOMKJINBUM CHHTE3
HAHOCTPYKTYPOBAHUX MaTeplayjiB 13 3aJaHUMH BJIACTUBOCTSIMH,
BU3HAYEHHS KOPEeJAIli MIK YMOBAMH CHHTE3y HAHOCTPYKTYP Ta
OCHOBHHUMH IXHIMHU IMOKA3HUKAMHK. Taxl JOCTIIKeHH HeoOX1IH1, IIepIIl
3a Bce, JJII CTBOPEHHS HHU3KH HOPMATUBHUX JOKYMEHTIB, SKi
perJIaMeHTYIOTh KpUTepli SKOCTI HaHOMATeplaJIiB.

[Ipencrasierna moHOrpadis € pe3yIbTaTOM BUKOHAHHS HAYKOBUX
JIePsKO0MKeTHNX NoCIIkeHb: « HaHmocTpykTypoBaHi HAIMIBIIPOBITHUKHN
IJIS eHeproeeKTUBHUX eKOJIOTIYHO Oe3meUHUX TEeXHOJOTIH, I
OIJBUINYIOTH PIBEHb eHepro30epeskeHHs Ta eKOJIOTIYHOI Oe3IleKu
ypbocucreMmm» (mep:xaBHHEA peectparniinuii Homep 0116U006961, 2016
— 2018 pp.); «Po3pobra TexHOIOTII OIIHIOBAHHS MOKA3HUKIB SIKOCT1 Ta
0e3IleKu MPOAYKTIB HAHOTEXHOJIOTIH HPOTATOM SKUTTEBOTO ITUKJIY»
(mepsxaBumit peecrpariiitauit Homep 01170003860, 2017 — 2020 pp.);
«Teopetuko-MeToquuH1  3acagy  CHUCTeMHOI  QyHIamMeHTa13aIni
HIITOTOBKM MaMOyTHIX (paxiBINB y rajy3l HaHOMATEeplaJIo3HABCTBA 10
OPOAYKTHUBHOL IIPO(eCcifHOl JIAIbHOCT (IepsKaBHUM peecTpaIlliHMIIA
momep 0121U109426, 2021 — 2023 pp.). Takox BoHA y3arajbHIOE
HAYKOBl Ta MPaKTUYHI pPe3yJabTaTH, OTPHUMAHI IIiJ Yac MIIATOTOBKH
nucepTariii Ha 3m00yTTda  HaykoBoro crymens Cuuikosoro .0.:
KaHguaaTta pisuKo-MaTeMaTHIYHUX HayK (3a crernasbHicTio 01.04.10 —
(¢ismKka  HAMBIPOBITHUKIB Ta  JleJeKTpukiB, «Mopdosoriuni
BJIACTHUBOCTI HAHOCTPYKTYD, cchopmoBaHUX Ha IIOBEPXHI
MOHOKPHUCTAJIYHOr0 pociay 1HIII0O MeETOAOM eJIeKTPOXIMIYHOTO
TpaBJIEHHS») Ta JIOKTOPA TeXHIYHUX HaYK (3a cueriaapHicTo 05.01.02 —
CTaHIAPTHU3Alllsd, cepTUQIKAIlld Ta MeTPOJIOriuHe 3a0e3medennusa. Tema
nucepraiii «HayxoBo-mMeromosioriudi 3acaay OINHIOBAHHS SKOCT1 I
BJIACTHUBOCTEHl HAHOCTPYKTYP HaA MOBEPXHI HAMIBIPOBIIHUKIBY). Y
MoHorpadii 3HANIILIN CBOE IIPOIOBKEHHS, 146l BUKJIaIeH] Y IoIlepeIHIX
MOHOTpapisix aBTOPIB, a caMe:

1. d.0. CwuuirkoBa, C.O. Bawmboms, H.B. [leiinexo.
EneproedektuBHIicTh  (POTOETIETEKTPUIHNUX MIePEeTBOPIOBAYIB  JIJIS
3a0e3lleueHHsI  EKOJIOTIYHO  YMCTOI  €HEepreTHKH:  MoHorpadis.
Beprsrcpk: Bugasers Trauyk O.B., 2016. 256 c.



2. d4.0. CuuikoBa. CucremMu ympaBJIiHHS SKICTIO Ta CTAOLII3AIsd
BJIACTUBOCTEM HAHOCTPYKTYDP, chopmoBaHmx  Ha IIOBEPXHI
HamspoBiguaukiB. Mororpadis. K.: Ocsita Yrpainu, 2018. 380 c.

3. A.0. Cuuirosa, I. T. Bormanos, C. O. Bam6oss, B. B. Bam6oun,
O. M. Kougparenko. CydyacHl TeXHOJIOTII OTpUMaHHI HaHOMATepiaiB
JIJIsT  BIIHOBJIIOBAJIBHOI €HEPreTHMKHW 3 ypaxyBaHHAM eKOJIOIIYHOI
oeanexn. Monorpadis. K.: Ocsira Yrpaian, 2018. 64-188 c.

4. Y. Suchikova, S. O. Vambol, V. V. Vambol, I. V. Mishchenko,
0. M. Kondratenko. Scientific and practical problems of application of
ecological safety management systems in technics and technologies.
Opole: The Academy of Management and Administration in Opole,
2017. pp.205.



PO3JIII 1
IMMOKABHUKM SKOCTI I BIACTUBOCTI HAHOCTPYKTYP
TA METOIU iX ONIHIOBAHHS

1.1 HopmaTuBHe pery/jiioBaHHS B rajiy3i HaHoMmarepiaiais

Cyyacuum TpeHJOM y TayIy3l HAIIBIPOBIIHUKOBOI TEXHOJIOTII €
HAHOCTPYKTYPYBAHHS IIOBEPXHI HAIIBIIPOBIIHUKIB 3 METOI HAJAHHS
HOBHUX BJIACTHUBOCTEH, IKMMM He BOJIOMIB BHXITHUI Marepia. Bimomo,
0  HAHOCTPYKTYPOBAHI  MAaTeplajii  BOJIOAIIOTH  KOMILJIEKCOM
BaactuBocTeit (PI3MUHUX, XIMIYHUX, 010JOTIYHUX, MEXaHIYHUX TOIIO),
SIK1 YaCTO PaJUKaJIbHO PI3HATHCS BIJl BJACTUBOCTEH IT€]l K PEUYOBUHU B
MOHOKpucTaiuHii a3l [1]. Jlo cmemmudiyHUxX BIaCTUBOCTEMH
HaHOMAaTeplaiB MOKHA BigHeCTH [2 — 6]:

— 3IATHICTH JI0 aKyMYJISIIl;

— BHCOKMHM XIMIYHMM IIOTEHINAJ 1, SAK HACILI0K, 3MlHa
PO3YMHHOCT1, PEaKINIHHOI i KaTaJITUIHOI 3JaTHOCTI;

— BeJIMKA IATOMA IMOBEPXHs HaHOMATeplaJIiB, IO IIPU3BOIUTH 0
OIJIBUINECHHA 3HAYEHHS aJICOPOINIMHOI €eMHOCT1 MaTeplaJIiB;

— aKTUBHI IIOBEPXHEB1 CTAHU;

— HAaMAaJIl po3MipH ¥ PI3HOMAHITHICTH THUIIB HAaHOMAaTeplaJIiB;

— BHCOKA aJcopOIliiiHa AaKTHUBHICTH, IO € HACJILIKOM
BHUCOKOPO3BHHEHOI ITOBEPXH1 HAHOMATEp1aIy.

VeBimomeHHsT 3pocTarodol  posil  HaHOMATEepladiB y  PISHHUX
rajys3sx IIPOMHCJIOBOCTI CTAJI0 TOIITOBXOM JO PO3POOJIeHHS
HaAHOTEeXHOJIOTIYHUX CTpaTeriil IJsa ypaaiB 6aratbox kpain. Ilouatkom
HOPMATHBHOIO PEryJIOBAaHHSI HAHOTEXHOJOIIYHOI Tajiy3l MOMKHA
BBaskaTH KoMioHIKe E€Bporomicii «Ha muiaxy mo eBpomeiicbKol cTpaTerii
HAHOTEeXHOJIOTi», mpeacrasiaerne B 2004 pormi B JliokcemOypsi [7]. ¥V
IIbOMY JOKYMEHT1 IIPOIIOHYETHCS PO3Po0Ka 1HTETPOBAHOI CHCTEMH Ta
cTpaTerii Po3BUTKY HAHOTEXHOJIOTIYHOI rasrysi. IlpomoBsxeHHAM I11ux
3aKJIMKIB cTajsia JomoBigbs €Bpomeiicbkoro coody (€C) «Hamomaykwm 1
HAHOTEeXHOoJIOrI: raH mii miasa €sporm 2005-2009 pp.» [8]. V mii
JIOIIOBIAl IIPEJCTABJIEHO IIEPeJIIK 3axXO[IB 3 peaJssalili crpaTerii
HaHoTexHojorll. Peasiszamis 1mmx  crpaTeriii  3HaHWILIA  CBOE
BlIoOpaskeHHa B 6-if Tta 7-i PamMkoBux mporpamax 3 HAYKOBUX

JocJIiIskeHb Ta TexHosoriuuaoro po3sutky €C. Hampam «Hanomaykm,
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HAHOTEXHOJIOT1I, MaTeplajd Ta HOBI BUPOOHWYl  TEXHOJIOTII»
peasri3oByBaBCs 3a TAKHUMU BeKTopamu [9]:

— HAHOHAYKH Ta HAHOTEXHOJIOTI;

— MaTeplajim;

— HOBI IIPOIIeCH BUPOOHUIITBA;

— IHTerparlisa TeXHOJIOTH JJI ITPOMUCIOBOI0 BUKOPUCTAHHSI.

I[Ipo HeoOXITHICTH JEep:KABHOTO Ta CBITOBOTO BpEryJIIOBAHHS
HaHOMAaTeplasiB Ta IX BUSHAYEHHS HOeThCSI ¥ y 1HIINX JUPEKTHUBaX Ta
nmomoBigax €C [10 — 15]. V peromenpgamisax €C BuaHauveHO, IO ITiJT
«HAHOMATEPlaJOM» CJlJ PO3YMITH HPUPOIHHM, BUTOTOBJIEHUII Ta
CyIyTHI#N (moOluHMiT) MaTepiaj, AKHH MICTHUTh 4YacTKu (Y BLIBHOMY
CTaHl, y BUIVISIIl CYKYIIHOCTL a00 arjomepary), mouaimenine 50% axux
(y 4mcIOBOMY pOSIIONLIL 3a pPO3MIpoM) MAalOTh OIWH a0o OljIbIie
30BHIINTHIX rabapuTiB y giana3oui Big 1 #M 10 100 uM [13]. B okpemux
BUITAJIKAX, KOJHW Ile BUIIPABIAHO MIPKYBAHHIMU 30epesKeHHs
JIOBKLJLJISI, OXOPOHH 3I0POB'd Ta 0e3IIeKH, KOHKYPEHTOCIPOMOKXHOCTI,
mexxa 50%, BCTAHOBJIEHA IJIsI PO3MOOLIY 3a PO3MIPOM, MOKe OyTu
3aMiHeHa 1HTepBaJioM Big 1% mo 50% [16].

Y Koperci €C 3 BiAmOBIOAJBbHOIO IIPOBENEHHS IOCIIIMKEHDL Y
chepl HAHOHAYKU 1 HAHOTEXHOJIOTIHA [14] MICTATHCA IPUHIIUOU, K1 €
HEBII'€MHOI0 YaCTHHOI OPraHI3aIlliHOTO MexXaHI3My 3a0e3mevyeHHs
SAKOCT1 MOCJIJIPKeHBb Ta $AKlI HeOOXIJHO BKJIIOUYATH B HAIlOHAJILHE
3aKOHOJABCTBO Ta IIPOIEAYyPH KOHTPOJIO ¥ OIIHKH, 3IIACHIOBAHI
HAITIOHAJIBbHUMHU JepskaBHUMU opramamu (puc. 1.1).
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3araasni npuamnnmm Koaexey €C 3 BignorigaasHoOT0 MpoOBeIeHAA A0 CTiREHE

y chepi HAHOHAYKH | HAHOTEXHOIOT il

Cenc

HaykoBo-gociiana JisibHICT y cepl HAHOHAYKH | HAHOTEXHOJIOT1i Ma€e Oy TH
3p03yMilTa rPOMaJICEKOCTI, a TAKOK y3TOMKYBATACE 3 OCHOBOTIONOKHAMHA
TIpaBaMU Ta 3[iHCHIOBATHCA K B {HTepecax oKpeMol JIFO/IMHH, TaK i B iHTepecax
CYCITITHCTBA 3arajloM.

Cminkicmn

HayxkoBo-nocriana gisTeHICTE ¥ cdepl HAHOHAYKHM 1 HAHOTEXHOITOT1H Mae 6y TH
0e3mednolo, BiIIOBLIATH eTHYHAM HOPMaM 1 3IHCHIOBATH BHECOK V CTIHKHE
PO3BUTOK cycinbeTBa. BoHa He MOBUHHA 3aBAABATH 11IKOIU JIKOSM, TBAPMHAM,
POCIIMHAM i IOBKIJUIIO Hi 3apa3, Hi B MafOy THEOMY.

—

Jacmepexncennn

Haykoo-gocaiara QisitbHICTE ¥ cepi HAHOHAYKH 1 HAHOTEXHOJIOT1H TTOBUHHA
3 CHIOBATHCS BilIIOBITHO JI0 OPHHITHITY 3acTepeikeHHS (BPAXOBYIOUH MOKIHBI
BIUIMBY HAHOHAYKH i HAHOTEXHOJNOriH HA HABKOJMLIHE CEPEIOBULLE, 310POB's 1
Ge3IeKy) i MaroTh BAKHBATHCA HeoOXiIHI 3aX01H Oe3IEKH.

3anyuenna

>

YrpaBniHHA HAYKOBO-OCHIAHOIO MISUTHHICTIO B Chepi HAHOHAYKH 1
HAHOTEXHOJIOTi/i HOBUHHO IPYHTYBaTHCS Ha IPHHINIAX BiIKPUTOCTI /7 BeixX
34LIKABICHUX CTOPIH, IPO30POCTI T HOBArH 3AKOHHUX IPAB HA JOCTYIL A0
indopmarii. Ilix wac mpomecy mpUHHATTS pimreHs Ug cdepa Mae OyTH BiIKpHATa
JUIS y9acTi BCix 0cif, 3amikaBleHnX ¥ il JisUIEHOCTI Ta AKAX TYPOYIOTh
PE3yIbTATH HAYKOBO-A0CHIHOT JisIbHOCTI B c(pepi HAHOHAYKH 1
HAHOTEXHOIOTIH.

Bucoka akicnp

>

HayxoBo-mociiiHa isSpHICTE Y cdepl HAHOHAYKH i HAHOTEXHOJOTIH TTOBUHHAA
BIi/INIOBIIATU BUCOKUM HAYKOBHUM CTAHAAPTAM, Y TOMY YMCI LIAiCHOCTI B
JOCIHLKEHHIX 1 HANEKHOT 1aD0paTOPHOT NPAKTUKU.

—>

Innosayiiinicme

>

YTpaBiiHHS HAyKOBO-AOCIIAHOK MISIBHICTIO B c(hepl HAHOHAYKH 1
HaHOTEXHOJIOTiH Mae 3abe3metdyBaTH MAKCHMAaIbHy KPeaTHBHICTE, THYIKICTb i
MOSKITUBICTH ITAHYBAHH IS IILITPUMKE iHHOBAIIHHOTO PO3BUTKY.

—»

Bionosioaavnicmo

>

Pucymox

JlocmiaAnMKN Ta HAYKOBI OpraHizallil MOBHHHI HECTH BIAMOBIIATBHICTD 3a
HACJIIKU CBOET AisILHOCTI JUIsl CYCNiIbCTBA, AOBKI/LIS Ta 310POB's MI0eH.

1.

1 — QBarameai npuanunu Komexcy €C 3

BIAIIOBIJAJIBHOIO IIPOBENEHHS OCIIIKeHb y cdepl HaHOHAYKH 1

HAHOTEXHOJIOrH (CKJIameHo aBropamu 3a [14] Ta [16])

[Tpomor:xkenussm PamkoBux mporpam crasia mporpama «['opu3oHT

2020», B gKIf BUIIEHO TaKl HAIPAMKH JISJIBHOCTI IIMOJO PO3BUTKY

HaAHOTEeXHOJIOT1YHOI rayyal [17]:

1. Po3poOka HOBOro IOKOJIHHS HAHOMATEPlaJlB, HAHOIIPUJIAIIB

Ta HaHocucreM. CripssMyBaHHS HA PYHIaMEHTAJIbHO HOBY IIPOIYKIIIIO,

110 3abearieuye HaIMHI PIIIEHHS B 0araTboxX CEKTOpax.
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2. 3abesmneuenHss 0e3IeYHOI PO3POOKHM Ta BHUKOPHCTAHHS
HaHorexHosorii. [IpocyBaHHS HAyKOBUX 3HAHBL IIPO IIOTEHITIHHUN
BILIMB HAHOTEXHOJIOTIM Ta HAHOCHUCTEM Ha 3J0POB’s a00 HABKOJIMIIIHE
cepesioBUIlle Ta 3a0e3IeYeHHs 1HCTPYMEHTIB [JIS OIIIHKU PU3UKIB H
VIIPABJIHHSI HUMHU BIPOJIOBIK YCHOTO IIEPIOAY eKCILIIyaTalrii.

3. Po3BUTOK CycHIJIBHOTO BUMIPY HAHOTEXHOJIOT1H. 30cepesKeHHs
Ha yOpaBJIHHI HAHOTEXHOJIOTISAMHA HA KOPUCTh CYCIILJILCTBA.

4. EdextuBHuii cmHTE3 Ta BHUIOTOBJECHHS HAHOMATEPIAJIB,
KOMIIOHEHTIB 1 CHCTeM. 30CepeIsKeHHI Ha HOBHUX OIIepalliax, PO3YMHOMY
MOETHAHHI HOBUX Ta ICHYIOUYHMX IIPOIIECIB, a TAKOK, HA MacIITa0yBaHHL
TIJIsT JOCSITHEHHST MacOBOTO BUPOOHUIITBA MPOYKIII HA YHIBEPCATbHUX
yCTaHOBKAX, IO 3a0e3medye edeKTHBHY Iiepemady 1HdopMalii Ijis
CTBOPEHHS IIPOMUCIOBUX 1HHOBAIIIH.

5. Po3poOka TexH1KH, METO1B BUMIPIOBAHHS Ta 00JIaHAHHSI, 1110
OIJBUINYE  TPOAYKTHUBHICTb,  30CEPEIKYIOUMCH  HA  OCHOBHHX
TEXHOJIOTIAX, Kl CIPHUSIIOTH PO3BUTKY Ta BUBENEHHIO HA PHHOK
CKJIATHUX HaHOMAaTepiaslB Ta HAHOCHUCTEM.

3 PO3BUTKOM HAHOTEXHOJIOT1H 3 METOI0 iIXHBOT'O BIIOPSIKYBAHHS i
IIPUBEIEHHS JI0 €UHUX HOPM OyJIO IIPUHHSTO HU3KY craumapTiB 1SO,
10 CTOCYIOThCSI SK 3abe3medyeHHsS Oe3leKr HAHOTEeXHOJOTIH 1
HaHOMAaTepiaJiB, TaK 1 METOAIB IXHLOI'0 CUHTE3Y, aHaJ13y BJIaCTHBOCTE
Ta BU3HAUYeHHsA TepMmiHoiorii. OpraHisaiiiny po0OTy B IIbOMY
HAOpPSAMKY ITPOBOAHUTH CHEIAJIbHO CTBOpeHuil TexHIYHUIT KoMITeT 3
HAHOTEXHOJIOTIH, 1m0 Mae HaimeHyBauHs TC-229.

Couparouncs Ha Te, III0 HAHOTEXHOJIOTII PO3BUBAIOTHCS
HAIIIBUAKUMU TemiamMu [18], mesxl 3 IIMX CTAaHIAPTIB IITBHUIKO
BTpPAYalTh TEPMIH I1i Ta 3aMIHIOIOTBHCS OLIBIIT HOBUMH, IEIKl — IIe
TUIBKK 3HAXOOATHCSI B cTamli po3podku. KinbKicTh TaKMX CTAHOAPTIB
cTaHOBUTH 0J1u3bKko 1100 [19]. ¥V Tabauii 1.1 HaBemgeHO JIHIe OCHOBHI
cTaHIapTu y cdepl HAHOTEeXHOJIOTIH.
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Tabmuiig 1.1 — Craggaptu ISO y cdepl HaHoTexHOIOTIH

Crangapt Hasga (anrur.) Hasga (yxp.) 3MicT Jxepeno
ISO
ISO/TR Nanomaterials. Hanomarepianm. MicTHTb KepiBHI BKa3iBKU [20]
13329:2012 | Preparation of ITinroroBka IOZ0 PO3POOKH 3MICTy Ta
material safety macropra 0e3nekn | y3roKeHOCTI mepenadi
data sheet MaTepiaiB iHpopmarii mpo Oe3mexy,
(MSDS) 3/I0pOB'Sl Ta HABKOJIHIITHE
CepeJIoBHIIE Y Macloprax 3
Oesnekn nanux (SDS) mst
peYoBHH, KIacu()iKOBAaHUX 5K
BUTOTOBJICHI HAHOMAaTepiann
Ta XiMi9HI TPOAYKTH, IO
MICTSTH BUPOOIICHI
HaHOMAaTepiaiu.
ISO/TS Nanotechnologies | HaroTexuomorii. HaBoxsatecs pexomenaamii [21]
10868:2017 | — XapakTepucTuKa | JUISI XapaKTePUCTHKH CIOMYK,
Characterization | OZHOCTIHOBHX 10 MICTSTh OMHOCTEHHI
of single-wall BYTJICTIEBUX BYTJICIIEBI HAHOTPYOKH
carbon nanotubes | HaHOTPYOOK 3 (SWCNTs), 3a onoMororo
using ultraviolet- | BUKopuCTaHHSIM ONTUYHOT abCOPOIIIHHOT
visible-near yabTpadionera- CIEKTPOCKOIIT.
infrared (UV- BHIMMOI-
Vis-NIR) OJIMKHBOT
absorption iH(ppauepBOHOT
spectroscopy (UV-Vis-NIR)
abcopOmiitHo1
CHEKTPOCKOMil
ISO/TS Nanotechnologies | Hanorexnosorii. | Ilepeniuye Tepminu ta [22-27]
80004- - Vocabulary - CJ10BHHK BU3HAUYCHHSI, [II0 CTOCYIOThCS
1...13:2015- | Part 1-13 (wactuam 1 — 13) | ocHOBHHUX TepMiHIB y cepi
2017 HAHOTEXHOJIOT1H.

IIpuzHauenuit nus
TIOJICTIIICHHS 3B'A3KY MK
OpraHi3alisiMi Ta OKPEMIMH
0cobaMu B IIPOMHUCIIOBOCTI Ta
THMH, XTO B3a€MOJII€ 3 HUMH.
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IIpoodosocenns mabauyi 1.1

Cranmapr Hasgsa (anrum.) Hasga (yp.) Bmicr Jlaxepedto
1SO
ISO/TR Nanotechnologies | Hanorexwuomorii. InenTndikye ocHoBHL [28]
10929:2012 | — Characterization | Xapakrepuctura BJIACTHUBOCT1
of multiwall 3pasKiB baraTonrapoBux
carbon nanotube baraTolrapoBux BYIJICILIEBUX HAHOTPYOOK
(MWCNT) samples | ByrirereBux (MWCNTSs) Ta BmicT
HAHOTPYOOK JIOMIIIIOK, SIK1
MWCNT) XapaKTepUu3yoTh
00'eMHI 3pas3ku
MWCNTSs, 1 BucsiT/II0€
OCHOBHI MeTOIH
BUMIPIOBAHHS, JOCTYITHI
IIPOMMCJIOBOCTI 3 METOIO
BU3HAYEHHS ITUX
HapaMeTpis.
ISO/TS Nanotechnologies | Hamorexuoorii. Braaye mero [29]
11251:2010 | — Characterization | Xapakrepuctuka XapakTepu3arrii JIeTKUX
of volatile JIETKUX KOMIIOHEHTIB y 3pa3Kax
components in KOMIIOHEHTIB y 3 OJTHOIIIAPOBUX
single-wall carbon | ommOCTeHOBHX BYTJIEIIEBUX HAHOTPYOOK
nanotube samples | apaskax (SWCNTSs) 3
using evolved gas | ByrirereBux BUKOPHUCTAHHIM
analysis/gas HAHOTPYOOK 3 MACJISTHOI CIeKTPOMEeTpPil
chromatograph- BUKOPUCTAHHIM (EGA / GCMS) nosa
mass spectrometry | eBOJIIOIIIAHOTO aHAaJI13y eBOJIIOIIIIHOIO
aHaJI3y raay.
rasoxpomarorpad-
MAaCCIeKTPOMeTpil
ISO/TS Nanotechnologies | Hanorexwuosmorii. Ormucye metoau [30]
11888:2017 | — Characterization | Xapakrepuctura XapakTepuaarii
of multiwall baraTonrapoBux Me30CKOITIYHUX
carbon nanotubes | ByriemeBux daxrTopis dopm
— Mesoscopic HAHOTPYOOK. baraTonrapoBux
shape factors Mesockomiumni BYTIJICIIEBUX HAHOTPYOOK
daxropu dopmu (MWCNTSs).
Buropucrosysami

METOJIH BRJIIOYAIOTH
CKAHYIOUY €JIEKTPOHHY
Mikpockorio (SEM),
TPaHCMICIHHY
€JIEKTPOHHY
mikpockorio (TEM),
BICKO3HMETP Ta aHAaJI3
CBITJIOPO3CIIOBAHHS.
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IIpoodosocenns mabauyi 1.1

Crampmapr | Hassa (anrum.) Hasga (yrp.) Bmicr Jlaxepesto
ISO
ISO/TR Nanotechnologies | Hanorexnosorii. | Hagae kepiBHHAIITBO 11010 [31]
16196:2016 | — Compilation 36ip Ta ommc MATOTOBKY HAHOMATepPlasIiB
and description MEeTOI1B VIS eKOJIOTIYHUX Ta
of sample HIATOTOBKI Ol0TOKCHUKOJIOTTUHUX
preparation and | 3paskiB Ta BuIpoOyBaub. Micturh
dosing methods MEeTOI1B pPeKoOMeHIAIIll 100
for engineered 03yBaHHA I | PAKTOPIB, IO CTOCYIOTHCS
and po3po0JIeHuX Ta | IIATOTOBKH 3PA3KIB TA
manufactured BHUT'OTOBJIEHUX BU3HAYEHHS 103U, K1
nanomaterials HaHOMATeplajaiB | MOMKYTh OYyTH KOPUCHUMU B
TOKCHUKOJIOTTYHUX, B TOMY
YHCJI €KOTOKCHKOJIOTTUHUX,
BUIIPOOYBAHSIX PO3POOIEHUX
Ta BUTOTOBJIEHUX
HAHOMACIITAOHUX
MaTepiais.
ISO/TR Nanotechnologies | Hanorexnosorii | Hamae maTpuirio, sika [32]
18196:2016 | — Measurement . MaTpurisa CIIPSMOBYE KOPHUCTYBAYIB Ha
technique matrix | BumipooBaJIbHOI | KOMEPINIAHO JOCTYITHL
for the TEeXHIKH JIJI5 METO/IH, III0 CTOCYIOTHCS
characterization | xapaxkTepuUCTHKX | BUMIPIOBAHD 3araJIbHUX
of nano-objects HAHO00'€KTIB disnKo-XIMIYHUX TTapaMeTpiB
s HaHooO'ekTiB. Jleski
METOJIM 3aCTOCOBYIOTHCS
TAKOMK 0
HAHOCTPYKTYPOBAHUX
MaTepiais.
ISO/TR Nanotechnologies | Hanorexuosorii. | Ilpusaadenuit 1y Hagaus [33]
18401:2017 | — Plain language | IIpocre JIOIIOMOT'Y 3aI[IKABJIEHIM
explanation of HOSICHeHHS MOBH | 0co0aM, AKI IIPUIAMAIOTh
selected terms OKpeMuX PIIIeHHs II0/I0 HATIPSIMEKY,

from the ISO/IEC
80004 series

TEPMIHIB 13 cepil
ISO / TEC 80004

VIIPABJIIHHS Ta 3aCTOCYBAHHS
HAHOTEXHOJIOTIH, 11100 Kpalie
3p03yMiTH BUOpaHI OCHOBHI
TepMIiHN Ta BU3HAYCHHS B
cepii CJIOBHUKOBHX 3aI1aCiB
ISO / IEC 80004 muist
HAHOTEXHOJIOTIH.
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IIpoodosocenns mabauyi 1.1

Crampmapr | Hassa (anrum.) Hasga (yrp.) 3mict Jlxepemno
1SO
ISO/TR Nanotechnologies | Hanorexuosorii. | Hamae orssin moctymHux [34]
18637:2016 | — Overview of Oruisig HATBHUX | METO/IIB 1 IPOIIeIYP JJIS
available pPaMoK J1J1st PO3pPO0KY JIIMITIB
frameworks for pPO3pobKHI mpodpecitiroro BruBy (OEL)
the development | simiTiB i cmyT, Ta cMyT IpodecifHoro
of occupational TIOB'sI3aHUX 3 oupomiuenus (OEBs) nis
exposure limits OIIPOMIHEHHSIM, | BUTOTOBJIEHHX HAHO000'€KTiB
and bands for TJIsT Ta ix arperaris Ta
nano-objects and | marooO'ekriB Ta | arsomepatie (NOAAS) miist
their aggregates | ix arperaris Ta BUKOPHUCTAHHS y IIPUAHATTL
and arJoMeparis PpIIIeHb OO0 YIIPABIIHHS
agglomerates (NOAA) PU3UKOM 1715 TTPOdeCIHHOTO
(NOAAs) 3JI0POB's.
ISO/TR Nanotechnologies | Hanorexnousiorii. | Posriissnae sBukopucranus ta | [35]
19057:2017 | — Use and Buxropucrannus 3aCTOCYBAHHS AllEJUIIPHUX 1N
application of Ta 3aCTOCYBAHHS | vitro BUIIpoOyBaHb Ta
acellular in vitro | amesuIgApHUX In METOJI0JIOTIH, BIIPOBAIIKEHUX
tests and vitro TecTiB Ta [P OITIHII 010CTIAKOCTI
methodologies to | meTomosoriit HaHOMAaTepiaiB Ta IXHIX
assess IJIS OITIHKNA JITAHIIB Y MOJEJIIOBAHUX
nanomaterial 610JI0TIYHO 010JIOTIYHHUX Ta €KOJOTIYHUX
biodurability OpPlEHTOBAHOL CepeoBUIIaX.
HAaHOMATEPIaJiB
ISO/TS Nanotechnologies | Hanorexuosorii. | Bkasye crmoci6 BusiBiieHHsS [36]
19590:2017 | — Size Posmomin HAHOYACTUHOK Y BOJHUX
distribution and | poamipis Ta CyCIIeH31IX Ta
concentration of | KoHIEHTpAIlis XapaKTEePUCTUKY KIJTBKOCTL
inorganic HEOPraHIYHUX MACH TiJIa Ta YaCTKHU, a TAKOXK
nanoparticles in | HAHOYACTHHOK ¥ | PO3MIOILIY PO3MIpPIB 3a
aqueous media BOTHOMY JTOTIOMOTOI0 I POBUX
via single CepEeJIOBHUIII 3a PO3paxyHKIB 3a JTOTIOMOTOTO
particle JIOITOMOTOFO ICP-MS B pesumi
inductively IHAYKTUBHO PO3B'A3aHHA Yacy JJId
coupled plasma 3B's13aHOL BHU3HAYEHHS MACH OKPEMUX
mass IJTa3MH Maco- HAHOYACTUHOK Ta
spectrometry CIIeKTpOMeTpil KOHIIEHTPAITii 10HIB.
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Taxosx y po3pobiieHHl 3HAX0AAThCA Takl crangaptu 1SO:

— ISO/NP TS 10798 Nanotechnologies — Characterization of
carbon nanotubes using scanning electron microscopy and energy
dispersive X-ray spectrometry (Hamorexuomorii. Xapakxrtepuctukra
BYIJIEIIeBUX HAHOTPYOOK 3a [JOIOMOTOK CKAHYIOUYOl eJIeKTPOHHOL
MIKPOCKOIIII ~ Ta  €HepreTUYHO  JHUCIIEePCIHHOI  peHTreHIBCHKOI
crrekTpomerpii) [37];

— ISO/DTS 16195 — Nanotechnologies — Guidance for developing
representative test materials consisting of nano-objects in dry powder
form (Hamorexmosorii. IlociOHMEK Mg po3poOKH perrpe3eHTaTUBHUX
TECTOBUX MAaTeplaJsIiB, IO CKJIAJAI0THCSA 3 HAHO00'€KTIB y popMl CYyXOTo
moporiky) [38];

—ISO/NP TS 17200 — Nanotechnology — Nanoparticles in powder
form — Characteristics and measurements (Hanorexwosrorii.
Hanmouyactuakm B IOpomrkoBifi  dopmi. XapaKTepHUCTUKKU  Ta
BuMipoBaHHs) [39];

— ISO 19007 — Nanotechnologies — In vitro MTS assay for
measuring the cytotoxic effect of nanoparticles (Hamorexmosiorii.
Anama in vitro MTC mia BuUMIpIOBAHHS ITMTOTOKCHYHOTO BILJIUBY
HaHOYACTHHOK) [40];

— ISO/NP TR 19733 — Matrix of characterization and
measurement methods for graphene (Marpuiiga xapaxTepucTUK Ta
MeTO/TIB BUMIpIOBaHHSA J1J1sa rpadena) [41];

—ISO/WD 19749 — Nanotechnologies — Measurements of particle
size and shape distributions by scanning electron microscopy
(Hamorexxoustorii. BumipioBaHHs po3IIOalIiB po3MIpiB 1 (pOPM YaCTHHOK
3a JIOIIOMOT'0I0 CKAHYIY0l eJIEKTPOHHOI MIKpocKoIrii) Torro [42].

V3araJpHO0OYM, MOKHA KOHCTATYBaTH, IO CTAHIAPTH B Tajyal
HAHOTEXHOJIOTIM CTOCYIOTBhCS TEPMIHIB BU3HAYEHb Ta KJAacCHU@IKaIlii;
KEepIBHUIITB Ta IIPAKTUK CUHTE3y, 3aCTOCYBAHHS Ta yTHJII3aIlll; METOI1B
BUIIPOOYBAaHb Ta XapakKTepuaallli BJIACTUBOCTEeH; 3a0e3medeHHs
Oes3lleKH Ta OIIIHKW PHU3UKIB, 3ac00lB 1 MeTOMIB 1HQOPMAIIHHOI
OIATPUMEKH, TPOAYKINI HaHOIHIycTpll (puc. 1.2).
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[poayKiis HAHOIHAYCTPIT, ISt AKOI BCTAHOBIIOIOTHCA BUMOTU i METO/IH KOHTPOMIO Ge3neKd,
OCHOBHI CHOXKHBYI BIACTUBOCTI, @ TAKOXK BUMOTH 710 yMOB i IpaBu il po3podku,
BUPOOHUUTBA, eKCILTyaTalil, 30epiranHs, 3acToCyBaHHs 1 yTuizauil

A

TepmiHomnoris, wo besneka, B TOMy 4ucii
3aCTOCOBY€ETHCA Y HAHOIHAYCTPI, (yHKLiOHANbHA, TEXHONOTIHA
knacudikanis HaHooG'ekTis, Ta indopmauiiina Gesneka na
HaHOCHCTEM, HAaHOTEXHOMOTIH, BCiX eTanax xkKHTTEBOTO IHKITY
HaHOMaTepiasiB Ta MPoIyKIil HAHOTEXHOJIOTIi
HaHOIHAyCTpIiT

006’ exTH cTanaapTH3ANIT
y cdepi HaHOTEXHOJTOTIi

3acobu i MmeTonH
iH(opmariiHoT NiATPUMKH Ha
BCIX eTanax KHTTEBOTO HHAKITY

HAaHOTEXHOJIOri i

Hanoo6'exTn, HaHOCHCTEMH
HAHOTEXHOJIOTI, y TOMY YHCIi
CHHTe3 HaHOMaTepianis,
NPaKkTUKHN, KePiBHHULITBA

A4

BumipioBanHs, BKII0YAIOUH 3pa3ku, BUMipIoBaibHe, BUNpoOyBalbHe, TEXHOIOrYHe
obnagHaHHsl, 3ac00U JUIs 3 HCHEHHS MeTponorquoT noBipKH, a TaKOX MeTOJU KOHTPOITFO
(BUTIPOOYBaHb, BUMiPIOBaHb, aHANII3Y ), ZUTS SIKHX BCTAHOBITIOIOTHCS BUMOTH J10
BHKOPHCTOBYBAHOI'0 YCTaTKyBaHH:A, YMOB i Tpolieyp 31ilicHeHH Beix onepaiii, o6po6ui i
NPEeACTABACHHIO OTPUMAHUX Pe3yIbTaTiB, KBanidikauil nepconany

Pucynox 1.2 — Knacudikaiiisa craumapTisB y cdepi
HaHOTEeXHOJIOT1H

[Muraraavu HOPMAaTHUBHOTO peryIoBaHHSI B raJysi
HaHOTEXHOJIOTIH 3afMAaEeThCA JOCUTH BEJINKA KIIbKICTh OPTaHI13aIllii:

— Mixxknapongua Pana ympasmiuusa pusukavu (International Risk
Governance Council, IRGC) [43];

— ArenrcTtBo 3axmcTy HaBKoJUIIHBOrO cepemosuiina CIITA
(Environmental Protection Agency - EPA) [44];

— ATeHTCTBO KOHTPOJIIO ¥ PEryJIIOBAHHS XapuOBUX MHPOIYKTIB Ta
mikie CHIA (Food and Drug Administration - FDA) [45];

— AreHTCTBO 110 KOHTPOJIIO 3a XiMiuHOW mmpoaykiien (Registration,
Evaluation, Authorisation and Restriction of Chemical Substances
REACH) [46];

— IIKOMITET eKCIEePTIB 3 IJIO0AJIbHOI TapMOHI3AIlll CHCTEMK
Kaacudikarliii Ta mapkyBaHHs ximikaTiB (Sub - Committee of Experts
on the Globally Harmonized System of Classification and Labelling of
Chemicals) Komirery excrmepTiB 3 TpaHCIIOPTYBAHHS HeOE3IIEeYHNX
BaHTAKIB Ta II0 TJI00aJBHIN TapMoHI3aIli cucTeMHu KJacudiraiii ta
MmapkyBauusa ximikariB (Committee of Experts on the Transport of
Dangerous Goods and on the Globally Harmonized System of
Classification and Labelling of Chemicals) Cexperapiaty OOH [47];
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— Kowmicia €sponeiicbrnx Komiteris (Commission of the European
Communities) [48].

[Humu opranisarisgaMu, y CBOIO Yepry, po3po0JIeHo Pl JOKYMEHTIB
y rairy3i 3abesmeueHHs 0e3leKu HAHOIHAycTpll Ta i mpoaykimi [49 —
55]:

— Recommendations for a global, coordinated approach to the
governance of potential risks (Pexomenmaiii 1o rirobaabHOMY,
CKOOPAMHOBAHOMY IIAXO0IY A0 YIIPABJIIHHSI HOTEHIIIAHUMY PU3UKAMMN);

— Regulatory Aspects of nanomaterials (PerymoBauus B obyiacti
BHPOOHUIITBA 1 CIOKMBAHHS HAHOMATEP1aJIiB);

— Nanotechnology Safety Act of 2010 (HamorexHoJIOMYHMA aKT
Oes3mexmn)

— Nanotechnology Law Report (3sit 110 3akoHOTBOpUOCT1 B chepi
HaHOTEXHOJIOT1H) TOIIIO.

BaraapHl 3acagu yOPaABIIHHS SKICTIO IIPOAYKINI BH3HAUYEHI
cepiero craamaptis ISO 9000. V3aranbpueHo cdepy Al IIUX CTAHIAPTIB
Ta OCHOBHI 30HH IX 3aCTOCYBAHHS MOYKHA IIPEICTABUTH Y BUTJIAIL CX€MU
(puc. 1.3) [56].

Po3pobka mpoexTy IlocTavanHaa Bupobunurso # CnoxHBaHHA ¥ OGcIyroByBaHHA

ISO 9003 | q—pl
1SO 9002

1SO 9001 “ 1

Pucynor 1.3 — Craggapru ISO 9000 Ta 30HM iX 3acCTOCyBaHHS y

Bupobumuomy mporieci: ISO 9001 — «Cucremmu ympaBIiHHSA SKICTIO.
Bumorm»; ISO 9002 — «Cucremu arocri. Momenp mjs 3abe3rnedeHHd
SIKOCT1 HPH BUPOOHHUIITBI, MOHTAK1 Ta oOcayroByBauu»; ISO 9003 —
«Cucrema sKOCTI: MOMOeJb 3a0e3lMeUeHHsI SIKOCT1 IIPU OCTATOUYHOMY
KOHTPOJII 1 BUIIPOOYBAHHAX» (CKJIALEHO aBTOpoM 3a [56])

Bumoru crammapris cepii ISO 9000 € 3araspHUMY 1 TpU3HAYEH]
IJIS 3aCTOCyBAHHS BCIMa OpraHisamigaMyd Ta IIAIPHEMCTBAMU
He3aJIeKHO BT IX BUIy, po3mipy # mpoaykiii [57]. Axicte —
HaWBaKJIMBIIIA CIIO}KUBYA XapaKTEePUCTHUKA ToBapy abo mocayru [58].

[lomsaTTas saxocTl TICHO MOB'A3aHO 3 CYKYIIHICTIO JEeAKHX
BJIACTHUBOCTEH Ta yMOB BHKOPHCTAHHS TOBApY, AKl XapaKTepU3yHTh
BUPI10 3 TOUKU 30PY HOro IpU3HAYEHHA. XapaKTepHl 03HAKH POPMYIOTH
TAKO’K BUMOTH, SKHM IIOBHHEH BIAMOBIIATH MPOAYKT, SIK Ha pPIBHI
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OPOEKTHUX JOKYMEHTIB, TakK 1 B ACIEeKTl (PAKTUYHUX CIIOKUBUNX
BJIACTHBOCTEH y:ke BHUrotoBjeHoro tosapy [59, 60]. Crammaptu cepii
ISO 9000 m03BOJIAIOTE 3aIPOBAIKYBATH CUCTEMHU YIIPABJIIHHS SKICTIO
(CV$) ma mignpueMcTBax.

Cucrema ympasmaiaHa sarictio (CY{) Bimirpae poJib crJiamoBoi
YaCTUHU 3arajbHOI CUCTEMU YIIPaBJIIHHSI, SKa 3a0e3rnevuye cTablIbHICTh
STKOCT1 TOBApPY ¥ IABUIILYE CTYIIIHDb 3aJ0BOJIEHOCTI CIIOKHBAaYIB [61, 62].

B  Vikpaimi  HaHoTexHOJIOTII  BKJIIOYEHO [0  IMEpesiky
CepeTHbOCTPOKOBUX IIPIOPUTETHUX HAIIPAMIB 1HHOBAIMHOI TISIJIHHOCTI
3arayibHOmeps:xaBHOro piBHA Ha 2017-2021 poru. Ile BimoOpaskeHo B
po3mimi «OCBOeHHS HOBUX TEXHOJIOTIN BHPOOHHUIITBA MaTepiasiiB, ix
00pobsieHHa 1 3’eqHAHHSA, CTBOPEHHs 1HAycTpll HaHOMAaTeplayiB Ta
HAHOTEXHOJIOT1I» 1 MICTUTDL HAIIPAMKH [62]:

1. OcBoeHHsI HOBUX TEXHOJIOTI OTPHUMAHHS, OOpPOOJIEHHS 1
3aCTOCYBAHHSA  KOMIIOSHIIIHHHX Ta (PYHKIIIOHAJIbHO-TPAJIEHTHUX
MaTepiasiB.

2. HoBl mporpecuBHl wMaTepiajgum Ta BUPOOM 3 HHX JId
MIIIPUEMCTB B1HIChKOBO-IIPOMHUCJIOBOTO0 KOMILIIEKCY.

3. IIpommcioBe OCBOEHHSI HOBHX TEXHOJIOTIM OTPUMAaHHSI,
00pobseHHsA 1 3J'eMHAHHS KOHCTPYKINHUHNX, QYHKIIOHAJIHPHUX Ta
1IHCTPYMEHTAJILHUX MaTeplaJIiB.

4. CrBopeHHs 1HAyCTpll HAHOTEXHOJIOTIH, HaHOMAaTeplasiB Ta
BAPOOHUIITBO IIPOAYKINI 3 HUX.

5. OcBOeHHSI HOBHX TEXHOJIOTIH OTPUMAaHHS, O0pOOJIEeHHS 1
3acTocyBaHHA (PYHKIOHAJBRHUX MAaTeplasiB y 010JI0r11 Ta MeIUITIHI.

6. CrBOpeHHs HOBHX MaTeplajiB 13 3aCTOCYBAHHAM XIMIUHHUX
TeXHOJIOT1H.

7. CTBOpeHHSI 1 BUTOTOBJIEHHS MaTeplajiB JJis BHPOOHUIITBA,
AKyMYyJIAIll, 30epesxeHHsa eHepril, 3aMillleHHsd KPUTHYHUX MAaTeplasiB
Ta 0XOPOHHU HABKOJIMIIHBOTO IIPHUPOIHOTO CEPEIOBHUIIA.

8. CrBopenHs MareplagiB Ta  TexHoJyoria giasa  3D-
ITPOTOTHUITY BAHHSI.

Bce 11e minTBepmikye, IO THUTAHHA CUHTE3Yy HAHOCTPYKTYD,
YTOYHEHHSI TEePMIHOJIOT1l, BHPOOHWYOI Oe3lleKu B HaHOIHAyCTpil I
0e3lmeKky CIIOKMBAHHSA 11 MIPOAYKINI AKTHBHO HJOCILIKYIOTHCSI 1
PO3POOIIAIOTHCS.
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Pasom 3 1mmum BigcyTHA HOpMATHBHA HJOKYMEHTAIllsd IIOJ0
3a0e3leueHHsT SKOCTI HaHOTeXHoJoTiuHOl mpoxykiii. Jloci He
BH3HAYEHO, SAKI BJIACTHBOCTI Ta XapaKTepPHUCTUKN HaHOMAaTepiasiB
MAalOTh IIJIaBATUCA CTAHAAPTHA3AILI.

Kpim Toro, sanuinaerbcsi BIAKPUTUME ITUTAHHS pPeryJIIOBAHHS
BCHOT'0 SKUTTEBOI0 IIMKJIYy HaHOMAaTeplaiB, 30KpeMa:

— 30epiraHHs;

— YIIaKOBKA;

— TPAHCIOPTYBAHHS,

— YTHJTI3aI1is.

HenmocratHbo pobiT mpHUCBAYEHO PU3UKAM BUKOPUCTAHHS
HaHOMAaTeplaJis, X MOBEIIHII IPH PISHUX TeMIIepaTypax, IIoMKesKo- Ta
BHOyXOHEOe3Ierr.

Jls BuUpilIeHHS ITUX OUTAHb HEOOXIJTHO PO3POOHTH METOMH, IO
JI03BOJIAATH OI[IHIOBATH Ta 3a0e3medyBaTH SKICTb HaHOMAaTeplaJIiB
IPOTSATOM YCHOI'O sKUTTEBOTO IIUKJIY.

1.2 Iligxomau mo Kiaacudikamii HAHOCTPYKTYP

HanocTpykTypoBami  HAMIBOPOBIOHHUKKA  CTAHOBJATHL  1HTEpeEC
3aBISKH MOYKJIMBOCTI 3aCTOCYBAHHS B (POTOHII[ TA MIKPOEJIEKTPOHIITL
[63, 64]. ¥V wmam wuyac IIMHPOKO 3aCTOCOBYIOTHCSI TOHKI ILTIBKH,
HAHOBICKEpPH, KBAHTOBl IIATKH, HaHO3epHa Tomo [656 — 67].
PisuomanmiTtrss dopM Ta BHOIB HAHOCTPYKTYP MOPOIIKYE IIPodJIEeMy
BCTAHOBJIEHHSI €IWHOTO MHIAXO0Ay J0 IX Kjacudikalrll Ta BU3HAYEHHS
KpuTepiiB, 3a AKHUMU CJIJ OIliHIoOBATH HauHoMarepiaiaum. OmuHmM 3
MePCIeKTUBHUX HAIIPAMKIB € HAHOCTPYKTPYBaHHS
HAaMOIBIPOBITHUKOBOI IIOBEPXHI 3 METOI0 (DOPMYBAHHS ITIOPYBATOTO IIAPY
[68]. IlopyBaTi CTPpYKTypH OTPHMYIOTH Ha MOBEpXHI1 ¢ocdimy 1HIiIO,
docdimy ramiro, apceHimy raJiio, KpeMHI0, repMaHiio Toio [68 — 70].
HamocTpykTypHu, chopmMoBaHI HA MTOBEPXHI ITUX HAITIBOPOBIIHUKIB,
JIEMOHCTPYIOTh ~ PIZHOMAHITTS  (opM, po3MIpIB Ta  KILJIBKOCTI
HAHO00 €KTIB. 3 0ogHOTO OOKy, IIe PO3IIMPIOE MeiKl 3aCTOCYBaHHSI, 3
IHIIIOT0 — MPHU3BOAUTH [0 TPYIHOIIIB, IIOBSI3aHUX 3 PO3POOKOIO
KpUTeplaJbHOTO amapaTy OIHKH IIOKA3HUKIB SIKOCTI HAHOCTPYKTYP.
IaTepec Mo 1UX CTPYKTYP BUKJIUKAHUN, V TIEPIITY Yepry, 301IbIITeHHAM

ol edextuBHOl moBepxHi [71]. Ile m03BOJISIE BUKOPHUCTOBYBATH ITi
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CTPYKTYpPH K  MaTeplaJ [JId CTBOPEHHS  (POTOEJIEKTPHUYHUX
IepeTBOPI0BAYIB eHeprii [72]. AKTyaIbHUM € IIOIIYK IIJIAX1B yHI(IKaIii
MIOXOMIB J0 BHU3HAYEHHS MOP(QOIOTIYHUX II0KA3HUKIB IIOPYBATHX
CTPYKTYpP, SKHH  JI03BOJIUTH  CTAHJAPTHU3YBATH  BHMOTH IO
HaHoMaTepiagiB. KpiM Toro, y mopyBaTuX CTPYKTYpax IIPOCTEIKYETHCS
HAsIBHICTh KBaHTOBOpo3MipHuUX edexriBs [73]. Ila BiacTtusicThb
3YMOBJIIO€ 3CYB IIKIB (POTOJIOMIHECIIEHIII B KOPOTKOXBUJIHBOBY
vyactuHy ciektpy [74]. Taxuit edpeKT cTae KOPUCHUM JIS 3aCTOCYBAHbD
HOPYBATHX IIApiB y JasepHii TexHosorii [75]. OgHak mo cbOrogHl He
BH3HAYEHO 3araJIbHUHA MeXaHI3M YTBOPEHHsS IIOp HA [TOBEPXHI
HamiBIpoBiaHUKIB. HemocTaTHBO TaKOK MOCTIIKEHO BILIMB YMHHUKIB,
SIK1 3YMOBJIIOIOTH MIKPOMOPQOJIOTI0 IIOBEPXHI OTPUMYBAHUX CTPYKTYP.

3rigHo 3 0(pIIIIAHOI CTATUCTHUKOIO [76] CHOr0/IHI Bike 3apeecTPOBAHO
7497 TPOMUCIIOBUX IIPOAYKTIB, Kl MICTATh HAHOCTPYKTYpH. Taxe
ITUPOKE  3aCTOCYBAHHS  3yMOBJIEHO  PISHOMAHITTAM  HASIBHHUX
HAHOCTPYKTYP, SKHUX HaJIYyeThes Olabline 40 BHIIB. YMOBHO Il BUIH
MOKHA KJIACU(IKYBATU 34 PO3MIPHICTIO HAHOCTPYKTYP.

IIig po3MIpHICTIO CTPYKTYPH PO3YMIETHCS KILIBKICTH JEKapPTOBUX
Bicell KOOpAWMHAT, HEOOXITHHX [JIs OIHCYy JIHIAHUX poamipiB. Jlirsa
BU3HAYEHHS HAHOOO'€KTIB ICHYE€ JOMOBJIEHICTH IIPO Te, IO PO3MIPU
Iporo ob0'ekTa xXodya O y OQHOMY 3 IIPOCTOPOBMX HAIPSIMIB IIOBHHHI
sHaxoguTtHch y miamas3oHi (0,1-100) BEM — Takl 00'€KTH HA3WBAIOTH
HuU3bKopoaMipHuMH. Hu3bkopoamipHI 00'eKTH TOLISIOTE HA [77]:

— HYJIbBUMIPHI / KBa31HYJIbBUMIPHI,

— OZHOBUMIPHI / KBa310JHOBUMIPHI;

— IBOBUMIPHI / KBA31IBOBUMIPHI;

— TPUBUMIPHI / KBa31TPUBUMIPHI.

Taxox ocobimBe Miclle 3aliMAlTh CTPYKTYPH 3 JIPOOOBOIO
poamipuicTio D: 1<D<2 a6o 2<D<3 (rerepocTpyKTypH, KBa3irpaTKH
tomo) [78]. BigmoBimmmit miAXiJ  3aCTOCOBYETBCS  TaKOMK 10
HAHOCTPYKTYP, TIIBKH B ITbOMY BUIIAJKY TOBOPSTH HPO CTPYKTYPHIL
eJIeMEeHTH. Y3araJbHeHO 3TIJHO Ifel Kjaaculxaiii MoKHA BUILINTH
YOTHPU THUIIH PO3MIPHOCTI HAH000 €KTiB (Tabsr. 1.2).

Tabmuig 1.2 — Knacudixairis HaH000 €KTIB 32 PO3MIPHICTIO

Poamipwuicts | Hassa Tun HaHOCTPYKTYpPH

0D KBa3lHYJILBUMIPHI | KBAHTOBlL IATKK [17], KJacrepu
[18, 19]
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1D KBas3logHOBUMIpHI | HaHoJaHmorun [20], HaHOCTpIUKH

[21], HAHOBOJIOKHA [22],
HAHOHUTKHU [23]
2D KBa3laBOBUMIPHI | HaHomapu [24], HaHomIiBKY [25]
3D KBa3iTPUBUMIPHI | HaHO3epHa [26], HAHOKOMIIO3UTHU

[27], maarpatkm [28], HaHOmOPU
[29, 30]

Icaye minxim m0 Kiacugikailli HAHOCTPYKTYP 34 PO3MIipoM,
3aIIPOIIOHOBAHMUN aBTOpaMu poboTtu [79], 3rigHo SAKOI BHILISIOTH
JOTHPH THUIIM HAHOMATEPI1aJIIB.

[lepmmit TUII MICTHUTH TBEpPAl HAHOMATEPlAJIH, PO3MIPH SKUX Y
OJTHOMY, JBOX a00 TphoX BuMipax He mepeBuinyoorhb 100 M. Jlo Hux
TPAIUITIHHO BIIHOCATH YACTUHKK (HAHOMIOPOIIKH), HAHOIPOTH,
HAHOBOJIOKHA, TOHK] ITIBKK (TOBIIHHOIO MeHIme 100 HM), HaHOTPYOKH
rorro. Takl marepiasm MOMKYTH MICTUTHA Bl OJHOIO CTPYKTYPHOTO
eJIeMEeHTy 0 JeKLJIbKOX ImapiB. ¥ 3B'I3Ky 3 IIUM III0 KaTeropiio
KJacuIKyITh AK HaHOMATeplaau 13 MaJHUM YHCJIOM CTPYKTYPHHX
eJIeMeHTIB a00 HaHOMAaTeplaau y BULJIAIl HAHOBUPOOIB [78].

Jlpyra rarteropiss MICTUTH MaTeplajd Y BUTJISAAl MaJIOPO3IMIPHUX
BUPOOIB 3 XapaKTepHUM po3MipoM y jmiarmas3oHi Bix 1 MM g0 1 mum. Jlo
HUX HaJIeKaTb JIPOTH, HAHOCTPIYKH, HaHodoabru. Tarkl marepiaaun
MAIOTh 3HAYHE UNCJIO CTPYKTYPHHX €JEMEeHTIB. IXx IpHHHSATO
KJaculKyBaTH K HaHOMAaTeplaan 3 BEeJIHUKHM YHCJIOM CTPYKTYPHHX
eixeMeHTiB [79].

Jlo Tpernboi Kareropili BIJHOCATH 00'eMHl HaHOMATeplaid 3
poaMipamMu BHPOOIB y Makpoiama3oHi (0libIlle JeKLJIbKOX MM). Taki
MaTeplaJd CRJIAJAIOTHCA 3 JAysKe BEJIMKOT0 YHCJIa HaAHOPO3MIPHHUX
eJeMeHTIB  (KpHUCTAJMTIB) 1 (PAKTUYHO € IIOJIKPUCTATIIHUMU
MaTteplajaMu 3 po3mipom 3epHa (1 — 100) am [78, 79].

Jlo derBepTol KaTeropii HaseKaTh KOMIIOSUIMHI MAaTeplasI, IO
MICTSATH B CBOEMY CKJIaJl KOMIIOHEHTH 3 HaHomarepiasis [76 — 79].
V3aranapHeHO 1110 KiIacudikalio HaBeqeHo Ha puc. 1.4.

OmgupM 3 HAWUOOMIMPEHININX MIAXOMIB 10  KJacudixarrii
HAHOCTPYKTYP BBaskaeThbcsa Kiaacudikarig 3a ['eiirepom (puce. 1.5) [80,
81].
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Knacudirairis HaHOCTPYKTYp 3a HAHOOA3MCOM BlmoOpaskae pi3Hl
MOXOMKEeHHSI HAHOCTPYKTYP, a HAIIPSIMOK 34 TOIIOJIOTIEI0 PO3/Iise
HAHOCTPYKTYpH 110 besrepepBHOcTI [81] (Tabir. 1.3).

3Baskarun Ha BHUINEBHUKJANEHE BHUILJIMMO T1 IIOXOOH, HAKl
CTOCYIOTBCS MOP(POJIOTIUHKX  BJIACTHBOCTEH HAHOCTPYKTYp. Taxi
HIJIXO0IH JT03BOJISAIOTE KJIaCH(PIKyBATH HAHO00 €KTH, CHHTE30BAH1 OTHIM
MEeTOJIOM MawiKe 3a OJJHaKOBUX YMOB [82, 83].

Hanomatepiamu
L
| Y
A7 MacuBH HAHOMATepiaTH
Hamopupotu (xapaxTepHHif po3Mip 61IbIT HUK 1...2 MM)
(XapaxTepHHIT po3Mip He O1IBIN
. v Y
Hix 100 mM) T e —
; — Onrodazul == == bararodazHi
- HAHOTIOPOTITKH: ) . I
- HAHOZIPOTH; | |- exmo: | :
|- cKnazHi CruTaBH;
- HAHOBOTIOKHA! | |- rems: . :
= . |- xepamiku
- HAHOTPYOKIH | |- TREpai po3UHEE |
- TOHKI IUIiBKH
KOMIIOZHTH 3 KOMIIOHEHTAMH 3 HAHOMATepiamig [
MixpoBHpoGH ‘ . = s
| (xapak it po3Mip ¥ JiamazoHi <— s
| (xapakTepHHEt po3Mip y AiamasoHi . B 3 3 cxma
1 o) MM, HaHOBHPOOAMH L -
2 MIKpOBHpOGaMH IOy IeHEDM
- apotn; - 3 HAHOWACTKAMH; KOMITOHEHTIB
: - 3 HAHOBOTOKHAMH; [ 7 HAHOCTRY KTy DHHMH
i EI)HHOCTPMKH“ L i ' Yac TRAMH;
- (POIBrH : . - 3 HAHOCTPY KTy PHHMH
1OHHOMO:[H¢I1KOB?IHD]'O ™y ij
TMOKPHTITAMH 800
IOBEPXHEI0

mapamMH

Pucynox 1.4 — Kinacudikais sagomareplaiis (CKJIAIEHO aBTOPOM
3a [89])

Cknaz i po3nois

Bararodasunii
Dopma Onvodasuii CraTHe THYHHI
InenTHyHi HeinenTtnuni Marpusii
MeaK1 MEIK1
InacTuHuara
Crosnuara

ITOITIIIITY

10 04

]”:@

T

o It
o|

[9ss0a e

[sassss

PisHoocboBa

Pucynor 1.5 — Knacudikaris manomarepiami 3a I'. [meitrepom
(ckameno aBropamu 3a [80,81])
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— 3a posmipom

> Mezo

> Makpo

> Mikpo

Tlimxomu no Knacudikarti HAHOCTPYKTYP

) 3a po3MIpHICTIO o
| | CTPYKTYPHIIX OIMHHIIb |

—

- ,.‘

—

v

3a dopmoro ‘

KBaHTOBI LATKH

HaroruTkn ‘

» Ilopyeari MaTepianu

> TlniBkH

Pucynor 1.6 — Knacudikaiili HaHOCTPYKTYP 3a MOP(OIOTIUHUMU

O3HaAKaMMn

Puc. 1.6 nmemomcTpye MOpQOJIOTIYHI INAXOAH 0 KJacHUpiraini

HAHOCTPYKTYP. KosKeH 3 1ux miIX0I1B XapaKkTepru3ye HAaHOCTPYKTYPH 3a

OJTHIEI0 3 KJIFOUOBHUX MOP(OJIOTIYHMX BJIACTHBOCTEH CTPYyKTyp. Kpim

TOr0, MOKHA HPOBOJUTU KJACH(@IKAITI0 3a XIMIYHHM CKJIAJ0M, 34

(pisUUHUME XapaKTepUCTUKAMU, 34 (PA30BUM CTAHOM TOIIIQ.

Tabmums 1.3 — Kiacudikaiisa HaHOCTPYKTYP 3a HAHOOA3MCOM Ta

TomoJiorieo [39, 82]

3a manobasucom
Teepoominvni HPC Cunmemuuni HPC Hanoposmiphi
blocmpykmypu

® HAHOYACTKU; ® HAHOIIOJIIMEpPH; e 0lOMOJIEKYJISPHL
¢ HAHOTPYOKH; e CHUHTETHUYHI KOMILIIEKCH;
e IleJIeKTPUYHI TOHKI HAHOBOJIOKHA; o MOIU(IKOBAHI

ILUTIBKH; e CHUHTETHUYHI TOHKI BIpyCH;
e KBa310JHOMIp1 IUTIBKH; e OpraivHl

HPOBIIHUK, ® HAHOKOJLJIOLIM; HAHOCTPYKTYPHU
e KBas3lHyJLMIPHI 00'eKTH; ® HAHOKPUCTAJIN
® HAHOKPHUCTAJIU TOIIO

3a Tomostorien

Besnepepesni, Jluckpemmni, Komb6inosani HPC
rkeazibeanepesni HPC rkeazinysumipri HPC
° KBa31TPHLOXBUMIPHI ° HAHOYACTUHKM, ° reTeporeHHl
(bararomraposi, 3 ° KBAHTOBI TOUKH; | CTPYKTYPH;
HAHOPO3MIPHUMU ° KBAHTOBI sIMU; ° epiouaHi
AuCJIOKalIusAMY, HaATpaTu, ° HAHOPO3MIPHI 0araTOKOMIIOHEHTHI
HAHOKJIACTEPHN); TOYKOBI JIe(peKTH; CTPYKTYPH;
e KBa31IByXBUMIipHI ° eJIeMeHTH ° baraTtood’exTHI
(TOHKOILITIBKOBI); MEePIOAUYHKX CTPYKTYP | CKJIAIHI CTPYKTYpH
° KBa310JHOBUMIpHI (bparranpHi)
(HaHOITPOBITHUKH,
HAHOTPYOKH)
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Knacudikairiss HaHOCTPYKTYp 3a PO3MIPOM € OBOJII YMOBHOIO,
OJHAK 3araJIbHOBKMBAHOMI. 3TiAHO 13 Kaacudikarriero MisxHapPOIHOTO
coro3y Teopermunoi 1 mpuriagHoi ximili (IUPAC) mikpocrpyrTypamu
BBAJKAIOTHCSA O0'€KTH, OJWH 13 pOo3MIp SAKHX He IIePeBHINye 2 HM;
ME30CTPYKTypaMu — po3Mipu B mama3oHl Big 2 go 200 mwm;
MaKpOCTPYKTYypH — Ot Hisk 200 um [77 — 81].

IIpencraBieni kKiaacudikalili HaHOCTPYKTYp (puc. 1.6) He
OPeTeHAYITh Ha BCEOCSIKHICTH Ta IIOBHOTY, I1CHYeE Ime 0e3Jdu pi3HuX
KOHIIEIIIIIH Ta y3araJibHeHb. Taka CUTyallis CKJIaIAaeThCa Yepes BeJIuKe
PISHOMAHITTS THUINB HAHOCTPYKTYpP, IO Hapas3l IIPOEeKTYITHCS Ta
CUHTE3yIThCA JOCIITHHUKAMK. J3HAYHA KIUIBKICTh CHHTE30BAHUX
HAHOCTPYKTYP POSIIMUPIOE Tajydl IiX 3acTocyBaHHsA. UYepe3 1ie
BUHHUKAIOTH TPYIHOII Y BCTAHOBJIEHH] €UHOTO ITIX0/TY J0 YIIPABJIIHHS
BUPOOHUIITBOM HaHOMATEPlaJIiB 1 JOCTIIKeHHSIM IXHIX BJIACTHBOCTE.
OCHOBHUMH IIPUYMHAMHE BIJICYTHOCT1 €QUHOIO MIAX0IY 0 BUMIPIOBAHB
mapaMeTpiB 1 OIIHKKM BJIACTUBOCTEH HAHOCTPYKTYP SBJISIOTHCS:
BIJCYTHICTH YITKHMX BHMOT 1 CTAHJAPTIB [0 SKOCTI HaHOMATEPlaJIiB;
BIACYTHICTH CTAHOAPTHUX 3Pa3KiB OLIBIIOCTI HaHOMAaTeplaJIis;
HEJIOCTATHS KLIbKICTb Bepu(IKOBAHUX METOAUK BHUMIPIOBAHb,
Kal0pyBaHHS Ta II€PEBIPKH TOIIIO.

1.3. MeTtongu oTpHMaHHS HAHOCTPYKTYPOBAHHX HIApPiB Ha
MOBEPXHi HAIIBIPOBITHUKIB

Icaye nBa cmocobm cHMHTE3y HAHOCTPYKTYP — «3TOPH 0 HU3Y» Ta
«3HH3y 10 ropm» (puc. 1.7).

«3HU3Y—BTOPY» «3TOpU—BHU3»

it HY

I/\_/\_/\,./“ sl N ’\_/\./'L/‘\-;‘\I NN B S0 N 0 N WP W

(arrm. "bottom—up” nanotechnology)  (aHrm. "top—down” nanotechnology)

Pucysox 1.7 — Texwostorii cTBOpeHHST HAHOO0 €KTIB

Texuomoris TUILY «3HU3Y-BTOPY» (amrI. «bottom-up»
nanotechnology)  (pmc.1.7) — 1l  TexXHOJIOTiId  OTPHUMAHHSI
HAHOCTPYKTYPOBAHUX MaTeplasiB, y SAKIA peasi3yeTbCss OTPUMAaHHS
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HAHOYACTHUHOK 3 ATOMIB 1 MOJIEKYJI, TOOTO JOCATAEThCS YKPYITHEHHS
BUXITHUX eJIEMEeHTIB CTPYKTYPHU JI0 YaCTUHOK HAHOMETPOBOTO PO3MIpY
(84, 85].

TexHomoris THUILY «3BepPXy-BHHU3» (amra. «top-down»
nanotechnology) (puc. 1.7) - TeXHOJIOT1s OTPUMAaHHS
HAHOCTPYKTYPOBAHUX MaTeplasiB, y SK1l HAHOMETPOBHUH pO3MIip YACTOK
JOCSATAaEThCS 3a JOIIOMOTOI0 II0API0HEeHHS OLIBIIINX YaCTHHOK, IIOPOIIIKIB
abo 3epeH TBepmoro Tisia [86, 87]. Hapasli axTuBHO pPO3BHUBAIOTHCSI
KoMOlHOBaH1 MeTonu [89].

IIpoTe BiacTUBOCTI Ta 3aCTOCYBAHHS HAHOCTPYKTYP 3aJIeKATh BIJT
Mmetony cuHTedy. IlcHye Kinbka xiMiuamx [90, 91] 1 isuyHUX METOIB,
SIK1 YCITIIITHO BUKOPHUCTOBYIOTHCS [JIS BUIOTOBJIEHHSI HAHOCTPYKTYD
pisumx Marepiamie [92, 93]. IlomynspHuMu 3aJuNIalOTHCA METOIU
HaIJIaBJIEHHS Ha OCHOBI ILTa3Mu, Takl Ak [94, 95]:

— IYTOBUH PO3PSAT;

— pamiovyacToTHe Ta MArHeTPOHHEe HAITHUJIeHHST,

— IMIIyJIbCHE JIa3epHe 0CasKeHHS;

— MOOHQIKOBAHI HPHCTPOI IIJILHOIO IIJIA3MOBOIO (POKYCYBAHHS
(DPF) Toro.

Binpmiicrs 13 1X IJIa3MOBHUX METOIIB MAalOTh II€BHI HEIOJIIKH.
Jeaxl 3 HmX BUMAaramoTh MmIOIrpiBy abo 3MIIIeHHS CcyocTpary,
HaIBUCOKOTO Bakyymy [96]. YacTto 3a [d0momMoromo IMX METOMIB
HEMOKJIUBO JOCSTTH BUCOKOI ITIJTBHOCTI HAHOKPUCTAJIITIB HA IIOBEPXHI,
npoTre POPMYIOTHCSA 3HAYHI IMKH TPaBJIEHHS TA CIIOCTEPITaeThCS BUXI1T
medexTiB Ha mnmoBepxH [97]. Blapmmers 3 IMX MeTOMIB MalOTh
oOMesKkeHHsd, a caMe:

— HOBLJIBHI TEMIIU OCAIKCHHS;

— 3a0PyaHIOIY] PEUOBMHII;

— BeJIUKe CIIOKUBAHHS eHeprii;

— HeOOXITHICTh Y HAIBHCOKOMY BaKyyMi TOIIIQ.

AKTyaslbHUM € TIOIIYK ONTHUMAJBhHOTO METOAy CHUHTEe3y
HAHOCTPYKTYP Ha ITOBEPXHI HAIIBIIPOBITHUKIB.

HamBrpoBigHuKkH, BUTOTOBJIEH] Y HaHOMACIITA0l, JEeMOHCTPYIOTh
Pi3Ky 3MIHY OIITUYHUX Ta eJeKTPoHHHX BaactuBocteir [98]. L1 aminnu
00yMOBJIEHI, HacaMIIepes, KBAaHTOBOPO3MIPHUMK ederTaMu,
MIOB'SI3aHUMHU 3 KBAHTYBAHHSAM €HepTrii HOCIIB 3apsay, pyX SAKHX
o0MesKeHO B OJTHOMY, JBOX abo Tphox Hampsamirax [99]. Bmactusocti
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OTPUMYBAHUX HAHOCTPYKTYP, Y CBOIO Yepry, 3ajiesKaTh Bl IIapaMeTpiB
BUXITHOIO KPUCTAJy Ta MeToaiB cuuTe3y [100].

Cepenm 0Oessriul METOHIB CHHTE3y HAHOCTPYKTYP XIMIdYHI U
€JIEKTPOXIMIUHI METOIH 3aMai0Th 0COOJIHBE MICIIE, 3aBIAKH:

— JIeIIeBU3HI;

— IIPOCTOTI,;

— MaJIi# K1JIBKOCT]1 TeXHOJIOTIYHUX KPOKIB;

— KOPOTKUM TepMiHAM TPUBAJIOCT1 TEXHOJIOTTUHOT'O IPOIIECY TOIIIO.

KoporkouacHe TpaB/ieHHS KPHUCTAJIy BUKJIHUKAE YTBOPEHHS PIryp
TpaBJieHHs (HaddJacTilile sSMOK) 1 IIaplB PO3YHMHEHHS Ha MOro
TIOBEPXHSIX 0e3 BTpaTH MAaKPOCKOIIYHUX 0co0JTMBOCTEH
(maxpomopdoJiorii) [101], y Toit yac Sk TpuUBajie TPABJICHHS CIIPHUSIE
BUHUKHEHHIO MaKPOCKOIIYHOI (popMHU, BIIMIHHOI Bi1 mmodaTkoBoi [102].
Ax  wmikpo-, Tak 1 MaKpoOMOP@OJIOTiSA KPHUCTAJIIB 3YMOBJIIOIOTHCS
napamerpamMu 00poOku. Kpim Toro, TpaBJjieHHS KPHCTAJIB 3HAYHO
BILIMBA€E Ha XIMIUYHMU CcKJjIan ¥oro mosepxHi [103, 104]. ¥V pobori [105]
TOCJTIIZKYBAJIHM XIMIYHUE CKJIa] APCEeHIIY TaJIiio IICIs eJIEKTPOXIMIUHOI
00poOxu. Byso moxasaxo, 1o mij i€ CBITJIA HA IIOBEPXHI CTPYKTYPH
chopmyBaBca okcun apceHy. BeraHoBII€HO, IO KJIACTEPH OKCHIIIB
bopmyOTHCS JTHINIe HA THUX JIISHKAX KPUCTAJY, SIKl OCBITJIIOBAJIM I
yac TpasiieHHs. Pobora [106] meMoHCTpye, IO y BOOHUX Ta KHUCIUX
po3unHAaX BiA0yBaeThCA 3HAUHE OKHUCIeHHS Kapoims. IlokasaHo, 1110 Big
YMOB OKHUCJIEHHS 3JIEKUTH MOPQOJIOT1SI OTPUMYBAHUX CTPYKTYP. ¥ ITUX
poboTax HEBHUPIINIEHUMHN 3aJIUINAITHC [UTAHHS BCTAHOBJICHHS
XIMIYHOI PIBHOBArW HAHOCTPYKTYP. OCKIIbKM TOBEPXHS OLIBIIOCTL
HAITBIIPOBIIHUKIB rpynu ASBS xapakTepu3yeThCsi BUCOKO IIIJIHHICTIO
TOBEPXHEBUX CTAHIB y 3abopoHeHi# 30H1 [106], To BimOyBaeTbCcs
sarpimwienHs pisasa @epmi. Moro mososxeHHs HA TOBEpPXH] IPAKTHIHO
He 3aJIeKUTh Big mpupoau agcopbosanux aromis [107]. Ilg obcraBuHa
HEeTaTHUBHO BILJIMBA€ Ha Po00TY O0araTtbox MIKpPO- Ta OIITOEJIEKTPOHUX
opuaanis [108, 109], saBakamouym B IIOBHIN Mipl PO3KPUTU BHUCOKI
MOTEHITIAJIbHI MOKJIMBOCT] HAIIIBIIPOBIIHHUKIB.

Jliss crabumasaiii XIMIYHAX Ta €JeKTPOXIMIYHUX BJIACTHBOCTEHN
Hapas3l AaKTHUBHO 3aIIpPOBaPKye€ThbCsS MeTOd XIMIUHOI IIacHBalrii.
TexHosoris macuBalllli OBEPXHI HAIIBIIPOBIAHMKA BHpPIIIyE TPHU
BaKJIMBl  TexHosoriuHl 3amadil. Ilo-mepmme, 3amobirae  peakinii
HAIMBIIPOBITHUKA 3 AaTMOC(EpPOI0 IIPOTATOM BCHOTO Yacy KHTTS
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HaOIBIPOBIIHUKOBOrO mpuiaany (ximiuua macusainis) [110]. Ilo-gpyre,
ycyBae 1HTepdeicHl cTaHu 13 3a00pOHEeHO0I 30HH, a TAKOK IIOIepPeIsKye
ix momasibiie yrBopeHHs (eqekTpmuyHa nacuBarisg) [111]. ITo-Tpere,
3abeareuye gocraTHIM Oap’ep, 100 €JEKTPOHM HAIIIBIIPOBIIHUKA HE
«3aryomtucs» B macusyiodomy 1rapi [110]. Tax, y pobori [112] Oyso
IpoaHaJII30BAHO BIJIUB CYJIb(QIIHOI macuBallll HA eJeKTPOHHIL
BiactuBoctl kKoHTakty Illortrkl Au/n-Hgsln:Tes. Ilokasawmo, 1110
KOHIIEHTpAIllsT eJieMeHTa 1e 3MeHIIUIacsd, a Ha IIOBEePXHl ITCJIsS
nacuBaiii 3'aBusiucsa 3B'ssku In-S ta Hg-S. PiBennr @epmi 0yB
«3HUIIEHU» dYepe3 MMaCHBAIII0 CYJb(LIOM, IO IIATBEP/IKYETHCSI
apocraHusaM pobouol ¢yHKIII. KpiM Toro, crpym BHTOKY KOHTAKTY
Au/n-HgslnzTes lllorTku 3MeHITyBaBCSA Yepe3 3MeHIeHHs II1JIbHOCTI
OBEPXHEBUX CTaHIB. TakumM YuHOM, IIefi MeToa Mae e(eKTUBHY
3IATHICTH 3MEHIIYBATH CTPYM BHTOKY TA 3MIHIOBATU BHIIPSAMJISIOUY
moBemiHKy. Y poOoti [113] cynbdimHy macuBaIlilo BHKOPHCTOBYBAJIH
JIJIsI 3MEHIIeHHS «CTaplHHsS» ImapiB mopyBatoro docdimy immio. [lpu
XIMIYHIN ITacHBAaIlll 3 IMOBEPXH1 HAMIBIIPOBIJHUKA BHIAJIAETHCA IIAP
OKHCJIY, 3aMICTh HBOTO (pOPMY€ETHCA TOHKA KPHUCTAJIIYHA ILTIBKA XIMIUHO
1HepTHOTO MaTepiasry. Taka IIIBKa MOKe BUKOHYBATH BJIACTHBOCTL
HAITOHKOrO  OycdpepHOro  Immapy Ta  3axXUINATH  TOBEPXHIO
HAIMBIIPOBITHUKA B1J KOHTAKTY 3 AarpeCUBHUMHU KOMIIOHEHTaAMU
HAaBKOJIUIITHBOTO CePeIOBUIIIA.

OpHak BaKJIMBUM € He TLIBKHA CTA0LII3alllsd BJIACTUBOCTEM BIKE
OTPUMAHUX CIIOJIYK, & KOHTPOJb iXHIX XIMIYHUX BJIACTHUBOCTEH IIle HAa
erarri ctBopeHHs. [le M03BOIUTE 3HAYHO MOKPAIIIUTHA POOOTY IIPUIAIIB,
SIK1 CTBOPIOIOTHCSA HA OCHOBI ITMX HAHOCTPYKTYp. OCHOBHOIO IIp00I€MOI0
Opu IILOMY € 3a0e3lledeHHsS BIJTBOPIOBAHOCTI EKCIIEPUMEHTY IJIS
MOSKJIMBOCT1 ITOJAJIBIIIOTO CEPIAHOTO BUPOOHUIITBA CHUHTE30BAHHUX
cTpYKTYp. JJ1s1 116010 €11/ 3aCTOCOBYBATH IIOKA3HUKH, 110 0a3YIOTHCS Ha
OCHOBI CTATUCTUYHHUX METOMIB. ToMy aHAaJI3 BJIIACTUBOCTEH IIOPYyBATUX
HAHOCTPYKTYP 1 BCTAHOBJIEHHS SIKOCTI BUIPOOYBAHB € aKTyaJIbHOIO
HAYKOBO-IIPUKJIATHOIO 3aIaY€el0.

Y pob6oti [108] orpumyBanu perysspai 30 HaHOIOPYBATI MACHBU
IIJIAXOM eJIeKTpoxiMiuuoro tpasiieHHs n-InP (100) y po3dyuHl cOISTHOI
KucJioTH. PedysbraTy mokasasiu, 1Mo Jlala30oHu CTPYMY NIIBHOCTI Ta
IIBUIKICTH TPABJIEHHS BILIMBAIOTL HAa MopdoJoriio mop. Ilokasaxo, 1110
IIBUOKICTL  TPABJIEHHS  MOJKJIMBO  3MIHIOBATH  AMILIITYJHUM
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MIOTEeHINIHHUM KOJIUBAHHAM. 3aps/l 3a IIepiojT 1 aMILIITY1a MOKYTh Oy TH
HaJIAIITOBAH1 III00POM BIOMOBIIHHUX €JEKTPOXIMIUYHHMX IIapaMeTpiB.
[Topysarti mapu Ha moBepxui GaAs p-tuiy 0yJi0 cOpMOBAHO ¥ PO3UHHI
miIaBuKoBoi  kmcyotu  [115]. Byso  BusaBieHo, 1o Imicasd
€JIeKTPOXIMIYHOTO0 TpaBJIEHHS ITOPYyBATHUI IIap JEeMOHCTPYBAB 3HAUYHE
SHMKEHHS 1HTEHCHBHOCTI KATOMOJIOMIHECIEHIII, 3MIHY XIMIYHOI'O
CKJIQJY Ta KpHUCTAJIYHOI asu. 3as3HayeHo, IO YTBOPEHHH IIap
CKJIQAETHCA IIepeBasKHO 3 mopyBaToro As20s. OgHak aBTOPHU IIUX POOIT
00MEsKYIOTHCSI BUKOPUCTAHHAM JIHIIE OIHOTO eJIeKTpoJnTy: miasa InP —
posunn HCI, nna GaAs — posumn HF. Takwmii mpaxin He J03BOJISE
OLIIHITA BHECOK CKJIAaOy U KOHIEHTPAIlll eJEeKTPOJITY B IIPOIEC
dopMyBaHHA MOPYBATHUX IIIAPIB.

Hanomopysatuit InP (111) 0ysio copMOBaHO METOIOM MOKPO-
€JIeKTPOXIMIYHOTO TpaBJIEHHS 3a JOIOMOrol nomiHry  [116].
Mopdomoris MmeMOpaHHOI MOBEPXHI OyJia MOCIIIKeHa 34 JIOIIOMOIOI0
CKAHYIOYOT0 €JIEKTPOHHOTO MIKPOCKOILY. Bymo BUSBJIEHO
KBa310JHOPIIHY Ta CaMOOpPTaHI30BaHy HAHOIIOPYBATy MeEPesKy, IO
CKJIQJAETbCA 3 HAIMBIPOBIIHUKOBUX ocTpoBiB. (Cmocrepirasocs
30epeske s OCHOBHUX MAaKPO/I1eJIeKTPUIHUX BJIACTHBOCTEM.
BusnauvenHsa moxkasHHKA 3aJI0MJIEHHS TOKA3aJI0 OIITUYHY aH130TPOIII0
JI1sT MeMOpaHU, TKa CUJIBHO 3aJIEKUTD Bl JIOBKWHU XBUJIL I1JAI0Y0TO
CBITJIa, 1 [EMOHCTPYe I[KaBy 1HBepciio (II03UTHBHA AHI30TPOMISA [0
"HeratuBHOI). [HBepcia omTuuHOl amidoTpomii Oyja IIOSCHEHA CHJIBHO
SHUKEHOI «MEeTaJIeBOI» IOBeMIHKO B MeMOpani. OpmHax 11e
JOCTPKeHHS He [a€ YyABJEeHHS IIP0 MeXaHI3MH (OpMyBaHHS
IIOPYBATOrO MIapy Ha MoBepxHi (ocdiay 1HIi0.

¥ pobGorax [116, 117] mokas3aHo, IO 3aBKIU 1CHYe MIHIMAJIbHE
3HAYEHHS HAIPYTd aHOAM3allll, MpPU HAKOMY CTa€ MOKJIUBUM
bopMyBaHHS OPYBATOrO ITapy HA MOBEPXHI HAIBIIPOBIIHUKIB IPYIIX
A3B5. Jlna BusHaueHHS ITl€l BeJIMYMHU aBTOopaMu poodotu [112] Oyso
3aIIPpOTIOHOBAHO  METOM, SAKUHA  XapaKTepHU3yeTbCs  MOCTYIIOBUM
30JIBIIIEHHAM HAIIPYTH II1J] Yac TpaBJeHHsa. Byo BcraHoBjIeHO, 110 11
BeJIMYMHA € I1HAWBIAYAJIBHOI [JIs KOKHOTO OKPEMOr0 BHUIAIKY M
3aJIe’KUTh BIJI IHIIUX yMOB TpaBjeHHs. Ilpore, 3anmumraerbcs
HEBUPIIIIEHUM ITUTAHHS BIUINBY KOKHOI0 3 YMHHUKIB (CKJI1a]T TPDABHUKA,
KOHIIEHTpAITll 10HIB B PO3YHHI EJIEKTPOJIITY, TEMIIepPaTypHu Ta dYacy
TPaBJIEHHsI) HA IIPOIEC II0YATKOBOI'O 3apOJKeHHsI II0p Ha MIOBEPXHI1

30



HAIMBIIPOBITHUKOBOTO  KpHCTasy. MeToioM  eJeKTPOXIMIYHOTO
TpaBJIEHHS OTPUMYIOTh IOPYBAT1 IPOCTOPYU KPEMHI0, TepMaHi{0, OKCHIY
nuHKY Tomio [113 — 115, 118, 119]. OgHak Bcl 11 pobOTH He IAXTh
3araJIbHOTO YSIBJIEHHS IIPO MeXaHI13MHU (pOPMyBAHHS MOPYBATOIO ITAPY
i1 Yac eJeKTpoxiMiuHol 00pooku. Taka curyarria o0yMoBIeHa THUM, IO
OUTBIIICTE JTOCIKEHDb 30Cepe/IsKeH] Ha BCTAHOBJIEHH] BILJIUBY SIKOTOCH
OKpPEeMOro YMHHHUKA Ha ITPOIleC IIOPOyTBOTEHHS. To/al AK HEoOXITHUM €
BpaxyBaHHS KOMILJIEKCY YMHHHUKIB 1 MJOCTLIKEHHS KOpeJdiii Iix 3
MOPQOJIOTIYHUMHY  BJIACTHUBOCTSIMH  HAHOCTPYKTYp. HosuHuit 3
mapaMeTpiB IIOPYBATOl CTPYKTYPHU (PO3Mip HMOPHU, TOBIIMHA TOPYBATOTO
Iapy TOIIO) MOKe OyTH pe3yJIbTaTOM BILJIMBY He OJHOTO YMHHHKA, a 1X
cykymHOCTl. | HaBmaku, OJlMH YMHHUK MOKe KOpPeJIIoBaTH Blapasy i3
JeKLJIbKOMa IIapaMeTpaMi HAHOCTPYKTYpH. TaKo:k HeBUPIIIeHUMH
3aJINIIAITHCA MUTAHHSA — SIKl caMe YMOBM TPABJIEHHS BILIMBAIOTHL Ha
MOP(OJIOTIUHI BJIACTUBOCTI OTPUMYBAHHUX IIOpyBaTux cTpykryp. loci
HEJIOCTATHBO JIOCTIIKEHO 3aKOHOMIPHOCTI, IO 3YMOBJIIOIOTH PO3MIP
Iopu Ta IIOBEPXHEBY IIOPYBATICTh HAHOCTPYKTYP. BusasieHi
CYIIePEYHOCT] i HeBUPIIIeH] IINTAHHSI 00yMOBJIEHI:

— BEJIMKOKI KUIBKICTIO MOIH(QIKAINNA METOMIB eJeKTPOXIMIYHOIO
TPaBJICHHST;

— PI3HOMAHITHICTIO HAMIBOPOBIOHHKIB Ta IXHIX BUXITHHUX
mapaMeTpiB, III0 BUKOPHUCTOBYIOTHCS I (POPMYBaHHS IIOPYyBATOTO
mapy;

— IIMPOKHM I1aIIa30HOM YMOB, IO 3a0€3IeUyITh IIOPOYTBOPEHHS
Ha IIOBEPXHI KPUCTAJIY;

— BIJCYTHICTIO KOMILJIEKCHOI'O IIJXOIY JI0 OIIIHKK KOPEJIAIlA MIsK
yMOBAMHK  TPaBJIEHHA T4  MOP(QOJOTIYHMMH  BJIACTHBOCTSIMU
HAHOCTPYKTYP.

Y pobori [120] miTpua iHmilo 0yJio copMoOBAHO 3a JIOIIOMOTOIO
IOJATKOBOIO PEKMMY TPAaBJIEHHS — OCBITJIEHHS 3pas3KiB I dYac
aHOOYBaHHSA. Y pe3yJIbTaTi Oy oJep: Kaml MopyBaTl IIapH, IK1 MaJIn
YepBOHUU 3CyB Kpawo Qoromorauuanas. CIliocTepeskyBaHe SBUIIE
SIKICHO T10sicHIOEThCSA eperToMm Ppanma-Kesrguma. Asropu podorm [121]
KepyBaJau 3MIHOIO poO3MipiB 1 (opMu mop 3a JOIIOMOTOIO
doromrorpadgiuaoro  BikHa. Ha  moBepxmi  docdimy  1HIIO
cchopmyBasimch HamoMeMOpaHM I HaHOmporu. llokasaHo, 1o Ipu
MOTEHIIIOCTATUYHUX yMOBAX TPAaBJIEHHS, MOPQOJIOTISA IIPOTPaBIEHUX
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3pa3KiB CUJIBHO 3aJIeJKUTH Bl IPUKJIaIeH0l Hanpyru. Bymo BusBieHo,
mo adomyBamusa mupu (b — 7) B, mpum3BoguTh 10 yYTBOpEHHS
BHCOKOIIOPYBATHX IIAPIB 3 MEXaHIYHO CTa0OLIbHMX CKeJIeTIB, SKI
OPOABJISIOTH IIEPKOJAINI. ¥ TOM Ke dYac IIlepeBaskHe YTBOPEHHS
HAHOPOTIB CIIOCTEPITAJIOCS IIPH 301JIBIIEHH] IPUKJIAIeH0I HAIIPYTH 10
15 B. MexaHi3mu, I110 IIPOTIKAIOTH HA MEJKl PO3/ILITY «HAIIBIPOBLIHUK —
eJIEKTPOJIIT», 0YJI0 JOCTIsKeHo B poboTax [111 — 116].

YV poborax [120, 121] aBTOpaMu PO3TJIAOAETHCSI IIPOCYBAHHS
IIOPYBATOl CTPYKTYPH B TVIMOMHY MOHOKPHCTAJIIYHOTO (pocdimy 1HII.
Ilokasawmo, 110 opleHTAIlsT OP B 00'€Ml KPHUCTAJIy 3aJIEKUTH BIJI
IIBUIKOCTI TPABJIEHHS Ta KpucTtasiorpadgiunoi opierrarii InP. OmgHax,
y pobori [121] He IDOCTIIMKYETHCS BILINB IIBHUIKOCTI TPABJIEHHS Ha
MOIepeyHnil IMepepi3 mopyBaTHUX OTBOPiB. ¥ pobori [98] aBTopamm
3aITPOIIOHOBAHO OTPUMYBATH BUCOKOAKICHI 3pa3Ku IIOPYyBATOTO ocdiTy
1HOII0 13 PeryJIbOBAHMME BJIACTHBOCTSIMH MeETOIOM (poTossiTorpadii.
Tagmit muoxig 3abe3medye  peryJspHHAN  IIOpyBaTUH  Iap y
BCTAHOBJIEHHX 00JIACTAX IIOBEPXHI1. Y poOoTi [122] Tesx 3ampomoHOBAHO
BUKOPHCTAHHS  poToyiTorpadgpidyHoro BiKHA g  (POPMYyBaHHS
PeryJsipHOI IOPYBaTOI CTPYKTYpHU. EAMHUM HEI0I1KOM 3aIIPOIIOHOBAHOI
TeXHOJIOrI MOKHA HAa3BATH 11 BAPTICTh TA CKJIAJHICTh TEXHOJIOTIUHHUX
omeparriii. ABropu pobotu [115] crocrepiraju BIJIUB HPHUKJIALEHOIO
HOTEHINIAJIy Ha MOP(oJorifo IIOpyBaTUX IIapiB, cpopMOBaHHX Ha
MOBEPXHI MOHOKPHCTAJIIYHOTO (pocdimy immio. Omuaar 3 podiT [123, 124]
BLOMO, ITI0 He JIUIIe IIPUKJIATeHUH ITOTeHIAa 3yMOBJIIOE MIKpopeaIbed
mopyBaTol II0BepxHi. ¥ pobori [125] mpomeMOHCTPOBAHO 3aJIEKHICTH
MOPQOJIOTIYHUX XapPaKTePUCTHUK MOPyBaToro ¢ocdiay 1HIII BiN THUILY
eJIeKTPOJIITY, IO Oepe ydacTh y PO3UYHHEHH] HAaMIBIPOBIJHUKOBOI
noBepxH1. OTHAK He BU3HAYEHO 3AJIeKHOCTI BlJl KOHIIEHTPAIIll KHUCJIOTH
B PO3YMHI €JIeKTPOIITY. ¥ poboTi [126] mOBIIOMIISAETHCSA PO Te, 10 Ha
PO3Mip TOpP BILIMBAIOTH Pi3HI (PAKTOPH, 30KpPEMa YMOBU TPaBJIEHHS Ta
XapaKTePUCTUKU BUXITHOTO Kpuctay. [Ipore, mux manux Heq0CTATHBO
JIJIsT TOTO, IMO0 BHUSBUTHU 3arajibHI MeXaHi3MH IIOPOYTBOPEHHS M
BCTAHOBUTH YMOBH, 3a SIKHUX CTa€ MOKJIMBUM (POPMYBAHHS IIOPYBATHX
CTPYKTYpP 13 3aJaHUMM BJIACTUBOCTAMH. Y poboTi [127] mokasaHo, 10
KOHTPOJIb 34 SKICTI0O HaHOMAaTeplaslB HeOOX1JTHO IIPOBOAUTH B IIEPIILY
vepry JJis MOKJIMBOCTI IIPOMMKCJIOBOrO 3acrocyBaHHsA. OmHar He
BU3HAYEHO OCHOBH1 MOP(OIOTIUHI KpUTEP1i SKOCTI IIOPYBATUX CTPYKTYP
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Ha TIIOBEepXH1 HAIMBIPOBIAHHUKIB. ¥ pobori [128] mopyBati
HAIMBIIPOBITHUKHU 3aCTOCOBYBAJIMCA JJIS CTBOPEHHS Ha IX OCHOBI
coHsuHUX naHese. OqHAaK 10 CbOr0IHI He BU3SHAYEHO KPUTEPI1iB SKOCTI
MOpYBaTHUX MAaTeplasiB, sKI JI03BOJIATH BHUKOPUCTOBYBATH IX Y
IIPOMHUCJIOBUX MAacIITadax.

Tomy HeBUPINIEHUMU 3aJHUITAIOTHCI MUTAHHSA KPUTEPIaJIbHOTO
ammapaTry SKOCTl MOpPyBATHX HAIIBIIPOBLIHUKIB, PEryJIbOBAHOCTI IXHIX
BJIACTUBOCTEHM TA BCTAHOBJIEHHS PEKHUMIB, 32 SIKUX MOYKJIUBUM CTA€E
CUHTE3 CTPYKTYP 13 HOPMOBAHUMHU XapakTepuctukamu. HemgocraTHicThb
BU3HAYEHHS KOPEeJIAINN MIsK YMOBAMHY TPaBJEHHS Ta MOPOJIOTTYHUMHI
XapaKTepPUCTUKAMU HAHOCTPYKTYP IIOPOKYye IIpOOJIeMH y CTBOPEHHI
MaTeplayiiB 13 peryJibOBaHMMH BjacTuBocTAMHU. lle 3ymoBitioe
HEOOX1THICTH MPOBEIeHHS JOCTIIKEeHDb ¥ HAIPIMKY KOHTPOJIIO STKOCT1
HAHOCTPYKTYPOBAHUX MaTeplaJIiB y IIPOIeCl CHHTE3Y.

YV poborax [125 — 129] HamMm mpeacTaBJIEHO TeXHOJIOTIYHI
0COOJIMBOCTI CHHTE3y IMIOPYBATHX IIOBEPXOHb HA MOHOKPHCTAJIIYHIN
migraaam gocediny iHmioo n-1 p-tuny. Ilopysati mapu InP 0Oyiio
chopMOBaHO 3a TEXHOJIOTIEID €JIEKTPOXIMIUHOIO TpaBJIeHHs. bByiio
BUKOPHUCTAHO €JIEKTPOJITA HA OCHOBI KHCJIOT, €TAaHOJy Ta COJIeH
raJIOreHiB. [linTpumanHa MOCTIHAHOI TeMIlepaTypu npu
eJIeKTPOXIMIUYHOMY TpaBJIEHHI 3abe3lmeuyBaJyiocsi 3a JOIIOMOTOIO
HMUPKYJIAIN] eJeKTpoaiTy depe3 Tepmocrar. Ilepen esekTpoxiMiuuHmm
TPaBJIEHHSIM 3 OOOPOTHOI CTOPOHHM ILJIACTHHHW HAHOCHJIA OMIYHHHA
KOHTaAKT 3a Joromoroo BaxkyymHoro mpuctpoo BYIIL. Bymo mokasano,
1110 ITPOITeC YTBOPEHHS IIOP il Yac TPABJIEHHS € MOKJIUBUM y PIZHHUX
CKJIAIaX TPABHUKA B IIHPOKHUX 1HTEpBaJIaX IIJILHOCTI CTPYMY Ta Yacy
TpaBJieHHs. Y pobotax [129, 130] Oyy0 oTpuMaHO IIOpyBaTl IIapu Ha
moBepxHI docdiay 1HII0 p-TUILY. ¥ HAMIBOPOBIOHUKY InP p-THUIly T1pKK
€ ocHoBHUMH Hociamu. IlokasaHo, 1m0 mpu aHOIHIN 00poOIll 3pas3KiB
TIPKU PyXaThbCsS 10 MeKl HAMIBIPOBLIHUK/€JIEKTPOJIT CYILIBHUM
dporTOM Ta 3a0€3meuyTh peakIiiHy 3TaTHICTH JJIs BCIX aTOMIB Ha
moBepxHl wHamiBopoBigHmka [130]. 3a mmx ymoB BIIOyBAEeTHCS
€JIEKTPOIIOJIIpyBaHHs moBepxHil. JJ1s1 Toro, 100 Bia0yBaIocs JOKaJIbHE
PO3YHHEHHS aTOMIB (IJIs1 OTPUMAaHHS II0PYBaTOI CTPYKTYPH), HEOOX1THO
3MEHIINTH KOHIIEHTPAIN JipoK [131].

Jly1sa 3MeHIeHHs KOHIIEHTPAINl JIPOK y IIOBEPXHEBIH o0sacTi
docdiny immiro Oys0  3aIpOHOHOBAHO  OCBITJIEHHSI  3pa3KIB
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norauHaouuMm cBitiioMm [130]. [lokasamo, 110 mpu IIOTJIMHAHHI CBITJIA
HamiBmpoBigaukom InP p-TUIly B NPUIOBEPXHEBIA o00JIacTi
YTBOPIOIOTHCS €JEeKTPOHH Ta [IpKu. Yepe3 BHKPUBJIEHHS 30HHOI
JlarpaMy Ha MesKl pO3ILIy HaMIBIPOBIIHUK/€JIEKTPOJIIT JIPKU HIYThH
BIJIMO  HAINBIIPOBIIHHKA, IOBepXHEeBA  KOHIIEHTpPAI[sS  JIPOK
aMmenmyerbesa. Ilpm 1pomy mumcornaiiiss artomy ocdimy I1HmII0 Ha
IOBEpPXHI Ha IIO3UTHBHO 3apsakeHl 10HU ¢Qocchopy # 1HIIO
B1AOyBaeThes 3a y4uacTi 6 gipok [130]:

(InP)u + 6h* — (InP)n.s + In* + P+, 1.1)

VY pesysbraTi yTBOpeH] 10HU 1HAIIO Ta ¢gocdopy HIAYTH B PO3UHH,
3aBIOSKH IIHOMY HA MIKPOIOIJIMOJEHHSIX Ta Jederrax (popMymTbhCs
otBopu — mopu. IIpencrasienuit MexaHiaM J00pe IMOSICHIOE POPMYBAHHS
OPYyBATOI MOBEPXHI HA MOHOKpHCTAJ docdiay 1H/II0 JIPKOBOI0 THILY
IPOBIIHOCTI, OJHAK He J03BOJISIE€ Y3araJIbHUTH Il Pe3yJIbTATHA Ha OlJIbIIT
IIMPOKE KOJIO HAIIBOPOBIAHMKIB. KpiM Toro, orpmMaHmx ITaHHX
HEJIOCTATHBO JIJIS TOTO, MO0 3PO3YyMITH MeXaHI13MH, 3a SKHUMHU CTa€E
MOKJIUBUAM dopmyBaHHS IOPYyBaTUX HAITBIIPOBITHUKIB 3
HOPMOBaHHUMU, 3a3qaJIeTiIb 3aJaHUMH BJIACTUBOCTAMH. TOMy I1CHYye
HEOOXITHICTh y BCTAHOBJIEHHI KOPEJAINH MI%K TeXHOJIOTTUHUMUI
YUHHAKAMH  CUHTEe3y HAHOCTPYKTYp Ta IXHIMH  Ha0yTUMH
BJIACTUBOCTSMMU, & TAKOYK BUJIIJIEHHS IOKA3HUKIB SIKOCTI, 38 SKUMU CTAE
MOKJIMBUM OI[IHIOBAHHS CHHTE30BAHUX HAHOCTPYKTYP.

Y poboti [132] HaMu [OCITIIKEHO BILJIMB IIapaMeTpiB KPUCTAJILY
(kpucrasorpadgiuaa opleHTAIllss 3pas3KiB, pIiBeHb JIETYBAHHS) Ha
IpoIlecu MOpOyTBOpeHHs B MoHOKpucTasiax InP. ITokasaHo, 1110 mporiec
TpaBJIeHHs ocdiay 1HAII0 BIAOYBAE€THCA 3 PI3HOI IIIBUIKICTIO IIO
pisHmx KpucTasiorpadgiuaux rromuHax. Dopma 1op 3aJIeKUTh Bij
opierTaini mosepxui (puc. 1.8).

o &
"o ®a (111 &
Oop o, o AA
(100) | o o g & £
=] & @
=] a
Pucymor 1.8 — CxemarwuyHe 300paskeHHS QIryp TpaBJIeHHS

KpucTaJiB 3 opieHTarrieto mosepxHi (100) Ta (111) [132]
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TakuMm uymHOM, OyJI0 BCTAHOBJIEHO, II[0 MACHBU TPHUKYTHHUX IIOP
dopmyrorhes Ha moHOKpHcTaaax n-InP 3 opienrartiero mosepxHi (111) y
BOOHO-(PTOPUITHOMY PO3UYHHI. ¥ KpPHCTAJIAX 3 OPIEHTAIIEI0 IIOBEPXHI
(100) samru TpaBJeHHS MaioTh (opMy, OJIM3BKY J0 KBaJIpaTHOI.
JloBenmeHo, 110 TMpoIleCc pPO3TPABJIOBAHHS CTIHOK MK IIOpaMu
VCRJIQIHIOETHCA THM, 10 BigOyBaeTbcsi B HAOpsIMKAaX, Kl
XapaKTepU3yIThCA MEHIIOK IMBHUIKICTIO peakini. OmHoOYacHO 3 IMM
B1AOyBaeThbCs 301IBIIIEHHS BX1IHUX OTBOPIB mop. TOHKI CTIHKH 1IOp, SK1
YTBOPIOIOTHCS IIPU IIBOMY, CTAIOTh CTIMKHMU 110 po3unHeHHs [133]. Ile
IPU3BOIUTH 10 JIOKAJII3aIIll IIPoITecy TpaBJIeHHs Ha IH1 11op. BHacmmok
ITHOTO YTBOPIOIOTHCS TJTMOOK] JTOBT1 KAHAJIM TIOP.

3asesxHICTh MiKkpoMopdoIorii Bl opieHTaIlll IOBEPXHI JOBEIEHO
Taxkoxk y poboti [134]. Ilokasawo, 1m0 Ha MIKpoMOpPd0JIOriio IOPyBATOIO
IIapy BINIMBA€ KOHIIEHTPAINA HEOCHOBHMX HOCIIB 3apsiay — 3 POCTOM
JIeTYBAHHSI KPUCTAJIY e(PeKTUBHUU TlaMeTp ITOPU 3MEHIINYEThCSI, a IX
KOHIIeHTpAIlld JIHIAHO pocTe [135].

Ha BiacTmBOCTI CHHTE30BAHUX CTPYKTYP BIJIHBAIOTH TAKOMK
medextu moBepxHl [126]. TouxoBl moBepxHEBl IedeKTH € MICI[IMKI
YTBOPEHHSI IIEPBUHHUX SMOK TpaByeHHs. Jluciorarri 3yMOBJIIOIOTH
KLJIBKICTD IIOP Ta IXHIO KOHIIEHTPAIlio Ha oquHuIlo ol [127]. Tak, y
poborax [125 — 127] mamm OyJi0O IIPOJEMOHCTPOBAHO 3aJIEIKHICTH
MIKpopeabedy II0BEepXHI HAHOCTPYKTypoBaHoro d¢ocdiny 1HII0 Bl
PO3IIOALIY MOMINIKA B 00 €MHOMY KpucTaji. MeTomoM CeJIEKTHBHOIO
€JIeKTPOXIMIYHOIO TPAaBJIEHHSI B PO3UYMHAX IIJIABUKOBOI KKCJIOTH
JOCJIIIPKEHO CerperaiiiiiHy HeOOHOPIIHICTh PO3IOILIy KOMIIOHEHTIB
momimky (cipkm) InP, 110 BUHHEKae B IIPOIECI POCTY KpHCTATIy. Y
pe3yJbTaTl Ha IIOBEPXHI1 3pa3Ka yTBOPIOITHCS KOHIIEHTPHUYHI KILIbILT
mrprHoo 100 MKM, 110 € MicIgME cKyIrdeHHs mmop (puc. 1.9). Ilokasaso,
1110 O1JIBIN NMITbHE CKYIIYEeHHS II0p y IIeHTPAIbHUX JIHIAX cerperarrii 1mo
BIJHOIIEHHIO 10 IepuepiiHuX CBIAYUTH IIPO0  30LIBIIEeHHS
KOHIIEHTpAINI CIpKM B HAIIPSIMKY Bl IEHTPY 00 Iepudepii KpucTay
docdimy 1mmito.
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% Yo R o0 iod 100 X600 G XL
Pucysor 1.9 — Cmyru, 1mo 3’aBuincsa Ha MoBepxHI Kpucraiay InP
(111) n-tumy  Imcas — CeJIEKTUBHOIO  TPABJEHHS B PO3YHMHI
HF:C2H50H:H:0 (1:2:1), [211]

Posunnenus: kpucTally B pO3YHHI € TeTePOreHHUM KaTAJITUIHUM
mporiecoM. ToMy Ipoliec PO3UYMHEHHsI IIOBUHEH MICTHTH IIOCJI1IOBHI
eramu [136 — 138] (puc. 1.10).

IlosBa pearyrounx 10HE a00 MOMEKYN Ha IOBEPXHL B
pe3yibTari ix audysii 3 po3unHy

3axOIUIeHHA 1 MIrPaIisi 10HIE a00 MOJICKYII IO [IOBEPXHL

V1B OPCHHA IIOBCPXHEBOTI'0 KOMILICKCY

TTomanema amcopGiis KOMILIEKCY MOBEPXHEIO

YTBOPCHH}I Ha HOBerHi AKTUBOBAHOT O KOMIIICKCY

AncopOIrisa aKTHEOBAHOTO KOMILTEKCY

JIHCOITIAIA AKTHBOBAHOTO KOMIUIEKCY Ha MPOIYKTH
peakiii

AncopOrtig MPOMYKTIB PEaKIIii OBEPXHEIO

JlecopOinis KIHTICBMX MPOAYKTIE PeaKtii

Jludysisa mecopboBaHHX TIPOAYKTIB B TPABHUK

Pucymor 1.10 — Eramm posumHeHHs KpuUCTAJy I dYac
eJIEKTPOXIMIUHOI 00p0o0OKH (cKJIameHo aBTopoM 3a [138, 139])
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Bynb-saxuii 13 ux eTamiB MosKe CTPHUMYBATH IIPOIIEC TPABJICHHSI.
Eranu 1 1 10 mepeHeceHHsI pearyoyuX PEYOBUH 1 HPOAYKTIB pearIrii
BU3HAYAIOTHCI OUQPY3IAHOIW KIHETHKOI, TOIl SK BCl 1HIIN eTalu
00MEKYIOTBCS IIMBUAKICTIO PeakIli MIK KPHUCTAJIOM 1 TPaBHUKOM,
MIrpaifielo pearyodux 1 IIpopearyBaBIIHX PEUYOBHH II0 IIOBEPXHI, a
TaKO3K ITIOBEPXHEBUMH PeaKIIIAMU, BRJIOUaoun afacopoinio [138]. Heari
3 eTamlB PO3YMHEHHS MOKYTh OyTH BasKJIMBHUMHU B IEeBHUX CHCTEMAaXx,
TOJ1 SK 1HIIN He BIAIrpaoTh BUPIIIAJIBLHOL POJIl B IIPOIeCl TPABJIEHHSI.

IsorporiHe TpaBIEeHHS KPHUCTAJIIB XapaKTEePU3YEThCA THUM, IO
BHUJAJIEHHSI MaTeplajly BlI0yBaeTbCs II0 BCIM KPHCTAJIOTPAdIUHIM
IJIOIIMHAM 3 OJHAKOBOK IIBUIKICTIO. Take TpaBJIeHHS 3aCTOCOBYIOTD,
IK TPaBWIO, [JJIS 3MEHINEeHHS IIIOPCTKOCTI IIOBEPXHl, TOOTO JJIsg
XIMIYHOTO a00 eJIEKTPOXIMIYHOIO IIOJIIPYBAHHS HAMIBOPOBIIHUKA. K
IIPaBUJIO, BHUKOPHCTOBYBAHHM €JIEKTPOJIT HOBHMHEH MICTUTH a30THY
KHCJIOTY (K 130TPOIIHOI0 TPABHHUKA) Ta PTOPHUCTOBOSHEBY KUCJIOTY (SIK
KOMILIeKcoyTBopoBavua) [136]. Jlisa  cooBlabHEHHS — IIIBUIKOCTL
TpaBJIEHHS 3aCTOCOBYIOTH OIITOBY KucJjoTy [137, 139].

AHI30TpOITHE  TpaBJIEHHS MAa€ BeJUKe 3HAYeHHa  JJIA
CTPYKTYPYBAHHS HAIIBIIPOBIIHUKIB 1 B OCHOBHOMY IIOB'SI3aHO 13
PISHOMAHITTSIM IITBUTKOCTI TpaBJIEHHS HU3bKOIHIEKCOBAHUX
HOBEPXOHb KpucTasiB. [l aHI3OTPOIHOTO TPaBJIEHHS TIeOMETPUYHI
BJIACTHBOCT] KPHUCTAJIIYHOI I'PATKH BIOIrpaioTh BUPIIIAJIbHY PoJb [139].

3asBuuain JTOCJTITTZKYIOTBCS HU3LKOIHIIEKCOBAH] IIOBEPXHI
kpucrasy opierrami {111}, {110} Ta {100}. Kosxxen mablp miomme Mae
CBOI0O BIIMIHHY I[IOBeIIHKY B podumui. OpmHiel0o 3 IPpUYMH g
BU3HAYEHHS PI3HOMAHITHOCTI KPUCTAJIOTPapIYHUX IJIOIIUH MOYKe 0y THr
NIUTBHICTE aTOMIB Yy IIUX KPUCTAJOTPAMIUHUX IIJIOIIMHAX (BUCOKA
IIJIBHICTH ATOMIB BIJIIOBIJATHME HU3bKIHA IIBUIKOCTI PO3UHMHEHES)
[139].

Excriepumenranpal  gaHl  cBiguaTh, 1m0 IwtommHH {111}
PO3UMHSAIOTHCA IOBLIBHINIE, HiE {110} Ta {100} [121 — 137]. Le
HOSICHIOETBCS THUM, 10 IiommHu {111} oKucIoTECT HabaraTo
MIBHUIIINE, TOOTO HA HUX Maiyke MUTTEBO YTBOPIOITHCA BJIACHUM OKCH/I,
10 He BiAOyBaeThbcsa Ha moBepxHax miomuH {110} ta {100}. Tarkum
YMHOM, HA IIOBEPXHI1 KpucTayorpadiuHol miommeu {111} MicTHUThCS
MACUBYIOUMH IIAp, II0 M[EPeIIKOIKAE aHOJHOMY PO3YMHEHHIO
kpucraay. IBHAKICTE PO3YMHEHHS OKMCHOIO IITAPY € MEHIIOH, HIMK
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IIBUIKICTH Horo HapocraHus. JJid momosaHHs 1IbOro SIBUINA B CKJIAIL
TpaBHHUKA  MIABUIIYIOTH  KOHIIEHTPAII0  KOMJIEKCOYTBOPIOBAYA
(mnaBukoBOl KHcsoTn) [139].

Bennuesna KLJIBKICTD HIIXOIIIB o OITHCY IpOIIeCiB
CTYKTYPOYTBOPEHHS IIiJ dYac eJIEKTPOXIMIUHOI 00poOKH MaTeplasiiB
OpPO/Kye II0Tpedy B cucTeMaTu3allll IMX 3HAHb., ToMy II0CTae
HEOOX1THICTh Y BCTAHOBJIEHHS IIPUHITUIIIB 1 3aKOHOMIPHOCTE, HA SKUX
IPYHTYETBCS KepyBAHHS IIPOIlecoM (POpMYBAHHS TOp HA MTOBEPXHI
HAIMBIPOBIIHUKIB. HamocTpykTypu, cdopmoBanHi Ha TOBEepXHIL
HAOIBIPOBITHUKIB JIEMOHCTPYIOTh PI3HOMAHITTA (OopM, pPO3MipiB Ta
KIJTBKOCTI HaHOOO€KTIB. 3 OXHOr0 OOKy, Ile PpO3IIUPIoE MesKl
3aCTOCYBAHHS, 3 1HIIOTO — MPU3BOIUTH JI0 TPY/IHOIIIB, ITOBSA3aHUX 3
PO3POOKOI0 KPHUTEPIAJBLHOIO Aallapary OIIHKK IIOKA3HHUKIB SKOCT1
HAHOCTPYKTYP. AKTYaJIbHUM € IIOIIYK IUIAXIB YHIQIKAIII ITIX0IIB 10
BU3HAYEHHS MOPQOJOTIYHUX MOKA3HUKIB IIOPYBATUX CTPYKTYP, AKHH
JT03BOJIUTH CTAHIAPTHU3YBATH BHMOTH JI0 HaHOMAaTeplayiB. Bymb-axmit
KpUTeplaJbHUN arapaT IIOBUHEH TPYHTYBATCAI HA (PYHKIIIOHAJIHEHOMY
pu3HaYeHH] MaTepiaay. ['OBOpUTH IIPO IKICTh HAHOCTPYKTYP MOKJIMBO
JIAIe 3 IIO3UIN ITPAKTUYHOTO HOT0 3aCTOCYBAHHS B KOHKPETHOMY
HPUJIAIL.

1.4 3acrocyBaHHsA HAMIBIIPOBIIHUKOBUX HAHOCTPYKTYP
JIJIsI CHCTEM HAKOIIMYEHHs Ta 30epiranHsa eHeprii

HanoctpykTypoBaHl HAMIBIPOBLIHUKY PO3TJISIAI0OTHCA OaraTbMa
BUEHMMH SK 3aMiHa aMOp(HHX, IIOJ- Ta MOHOKPHCTAJIYHHUX JIJIs
3acTOCYBaHHSA IX y COHSYHINA eHepreTuill. HamiBIpOBITHUKKA — Iie
MaTeplayiv, AKl 3a CBOEI ITMTOMOIO IMPOBIIHICTIO 3afiMAalOTh IPOMIKHE
MicIle MK IPOBITHUKAMH 1 JleJIeKTpUKaMu. BoHM BIIPI3HAOTHCSI Bl
OPOBIOHHUKIB CHJIBHOIO  3aJIeKHICTIO IMIMTOMOI IIPOBIJTHOCTI  BIJ
KOHIIEHTpAITl JOMINIOK, TeMIIepaTypu 1 BILJIUBY pPI3HUX BUIIB
BunpoMiHoBaHHsa. (OCHOBHOIO BJIACTHBICTIO HAINBIIPOBIIHUKIB €
30JIBIIIEHHS eJIeKTPUYHOI IIPOBITHOCTI 3 pocToM Temmepatypu [140].

HopmaTtuBHe 3abesrevueHHs BH3HAYeHHs, NOPU3HAYEHHS Ta
BUITPOOYBAHHS HAIIBIIPOBIIHUKIB IIpeICTABJIEHO B Ta0JI. 1.4.
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Tabmuiga 1.4. — HopmatuBua 06asa [ BH3HAYEHHS,
Opu3HAYeHHs Ta BUIIPOOYBAHHS HAMIBIPOBIIHHUKIB 1 IMPHJIALIB Ha iX
OCHOB1

Howmep crangapry Hasgsa crammapry

JICTV IEC 60050-551:2007 | EjekrpoTexHIYHMN CJIOBHUK TepMIiHiB. YacTruHa
551. Cuosa enerrponika (IEC 60050-551:1998,
IDT)

JICTV IEC 60747-1:2009 IIpunagu mamisuposiguukosl. Yacruua 1.
BaraspHi osnoxkenss (IEC 60747-1:2006, IDT)

JICTVY 3480-96 IIpuiagy HAIIBIPOBIIHUKOBI CHJIOBI. 3arajbHl
texHiuni Bumoru (I'OCT 20859.1-98)
JICTV 4194-1-1:2004 [TeperBoproBaul HAIIBIIPOBIIHUKOBI.

[TeperBoproBadl 3 MepesREBOI0 KOMYTAITIE.
Yacruna 1-1. Saranabui rexaivai ymosu (IEC
60146-1-1:1991, MOD)

JICTY 4194-1-2:2004 [TeperBoproBaul HATIIBITPOBITHUKOBI.
[IeperBoproBaul 3 MepeKEBOI KOMYTAIIIEIO.

Yacruua 1-2. Hacraunosu o0 BubupasHs Ta
sacrocoByBauHa (IEC/TR 60146-1-2:1991, MOD)
JICTY 2862-94 Hamiitaicts Texuikm. MeToau po3paxyHKy

IOKA3HUKIB HAIIMHOCTIL. 3arajbHl BUMOT'A

JICTY 2847-94 [TepeTBoproBaui eekTpoeHEPTrii
HAIIBIIPOBLIHUKOBIL. TepMIHM Ta BU3HAYEHHS
JICTY IEC 60747-10:2015 | [Ipwmaau HamiBpoBimauKoBi. JluckperHi
OpHWJIASU Ta 1IHTerpaiabHl cxemu. Jacrtunga 10.

3araspH1 TeXHIYHI YMOBHU HA JUCKPETH] IIPUJIATN
ta inrerpasbHi cxemu (IEC 60747-10:1991, IDT)
JICTV IEC 60748-1:2015 IIpunanu HamiBIPOBITHUKOBL. IHTEerpaapHl

cxemu. Yactuna 1. 3aransai nomoskernus (IEC
60748-1:2002, IDT)

JICTY IEC 60747-2:20015 | [lpwnaau HamiBIpoBimauKoBi. JluckperHi
mpUIaaU Ta IHTerpabHi cxemu. JactuHa 2.
Bunpamui mionu (IEC 60747-2:2000, IDT)

Haii01/16111 IIepCIIeKTUBHUM METOIOM HeTPaSUINHOI eHepreTUKH
BBAYKAETHCST (DOTOCJIEKTPUUYHUN METO]T IIePETBOPEHHS COHAYHOI eHeprii
3aBISKHU HasIBHUM IlepeBaram [128, 141, 142]:

— IpsiMe TIePEeTBOPEHHS eHeprii CBITJIOBUX KBAHTIB Y €JIeKTPUYHY;

— PI3HOMAHITTS eJIeMeHTaPHOI 0a3u IJI1sT BUTOTOBJIEHHS COHIYHUX
€JIEMEHTIB;

— MOJKJIMBICTH CTBOPEHHS MOJIYJIBHUX CUCTEM PI3HOI ITOTYKHOCTI;
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— MOKJIMBICTH BHKOPHCTAHHS KOHIIEHTPOBAHOI'O COHSYHOIO
BUITPOMIHIOBAHHS,

— 0e3IIyMHICTD;

— IIPOCTOTA eKCILIyaTarrli;

— eKOJIOTTYHICTb.

Cepen HemoJIKIB BUKOPHUCTAHHS €HepPril COHILA HAMJaCTiIIe
BUILISIIOTE Takl [226, 227]:

— BHICOKA CO0IBAPTICTH COHAYHUX IIaHe el

— BUPOOJIEHHS €JIEKTPOeHEePTli TIIIBKK IIPOTSITOM CBITJIOBOTO JTHS;

— 3aJIeKHICTD B1J] KJIIMATUYHUX YMOB,;

— 1morpeba |y BeJMKHUX IUIONMIAX  [JIA  YJIAIITYBAHHS
poTOoETIEKTPUUHUX CTAHIIIH;

— Ipo0JIeMHU 3 AKYMYJIIOBAHHSIM €Heprii;

— HeJoCKOHAJIICTE TexHosori i Hepenukuii KKJI Torro.

Came HeIOCKOHAJIICTH TEXHOJIOTIl CTBOPEHHS (POTOEJIEKTPHUHUIX
neperpopioBauie (DOEIl) Ta ixmi#i mmsprkmit KKJ[ € ocHoBHEMEI
CTPUMYIOUUMH  (paKTOpaMud  IJI00AJIbHOI  3aMIHH  TPAIHINIHHOI
€HepreTHKW HAa BIJHOBJJOBaAHY. To0To icHye moTrpedba B po3poOIri
IHHOBAIIIMHUX TexHoJiori#, 3spartumx masumuty KKJI Ta 1mmm
€JIeKTPO(PI3NYHI XapaKTePUCTUKH COHIYHUX ITaHesIel.

V 3B’s13Ky 3 UM aKTyaJIbHUMH € JOCIIIMKEeHHS, 110 CIIPSIMOBAHI1 Ha
TIOTITY K IIIJISIX1B VIOCKOHAJIEHHST TeXHOJIOTIUHUX IIpoIIeciB
BHUIOTOBJICHHS (POTOCJIEKTPUYHMUX IeperBopoBadiB. Ilpu pospobirl
BIAMIOBIAHUX  TEXHOJOTIYHHUX  PIIIeHb HEOoOX1THO BpPaxoByBaTH
0COOJIMBOCTI MaTeplasiB, AKl BHKOPHCTOBYIOTHCA SIK CHPOBUHA IJId
OEIL

OcHOBOIO HAHUIOIIUPEHININX KOMEPIHHUX (POTOCTEKTPUIHUX
OPHUCTPOIB € TBEPOOTLIbHI MOHOKPHCTAJIYHI KpPEeMHIEBlI COHSIYHI
eleMeHTH 3 p-n-mepexomamu [145, 146]. JlobOpe BimmpaliboBaHa
TEXHOJIOT1SI OTPHUMAaHHS Ta OOPOOKM MOHOKPHCTAJIYHOTO KPEMHI0
JTO3BOJISIE OYIKYBATH YTPUMAHHS KJIIOYOBUX IIO3UINH JIA COHSIUYHHUX
€JIEMEeHTIB Ha MO0ro OCHOBI B HANOJIMIKIOMY MAMOYTHHEOMY.

KpewmHiit € npyruM HAHOLIBII HOIIMPEHUM €JIEMEHTOM y 3eMHIN
kKopli (35%) miciasa wkwucuio. Ile ocHoBHMIT Mmarepianx s
(poTOETIEKTPUYHOTO IIePEeTBOPEHHS COHAYHOIO BUIIPOMIHIOBAHHS
CIIEKTPY B J[Jlama3oHl Big  yJbTpadlosieroBoi 10  OJIMKHBOIL
1H(pPaYepBOHOI 00JIACT] CIIEKTPY, IIPOTE BIH MOsKe IIOTJIMHATH HEBEJIUKY
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YACTUHY COHSYHOI pajialili, To0TO mepeTBopoBaTH (POTOHU 3 €HepPrieo
3abopoHeHol 30HM KpeMmHID. TeopermyHa KpuBa I e€(PeKTHBHOCTI
IIEePEeTBOPEHHSI MaTepiajiB COHAYHUX eJIeMEeHTIB y IIOPiBHSIHHI 3
IMUPUHOI 3abopoHeHoi 3oHU (puc. 1.11) mokasye, 1o kpemHiit (1,1 eB)
He 3HAXOOUThCA Ha MakcuMyMml KpuBoi (0smmsbko 1,4-1,5 eB), aine
BIJHOCHO OJIM3BKO 10 HBOr0. KperTuBHICTD MJId 11eaIbHUX KPEeMHIEBUX
COHAYHMX OaTapei Mmoxke mocaratu 0m3sko 30% (mpu 300 K).

oy
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i

chl Gads

L
)
i

Ceonversion efficiency (%4
[ ]
=
.

[
o
L

1 2 3 Energy (V)
Pucynor 1.11 — I'padix ederxrusuocti OEII y 3amesxnocTl Bix
IIPHUHU 3a00poHeHo1 3oHM HamBIposlgauka (mpu 300 K) [3]

[Muporomy 3acTocyBaHHIO (POTOETEKTPUIHUX II€PETBOPIOBAYIB
MEePeIKOIKA0Th, y MepIly Yepry, BHCOKA BapTICTh TEXHOJIOTIH
oeps:KaHHSI MOHOKPHUCTAJIIYHHUX ILIIBOK KPEMHI Ta II0J1IKOMIIOHEHTHA
TEXHOJIOT1SI 0araToIapoBUX HAIIBIPOBIIHUKOBUX CTPYKTYp. Comsuni
eJleMeHTH Ha ocHOB1 mono-Si maioth KK][ 6amusbro (15 — 20)%.

Yepesd BUCOKHMIA Koe@lilleHT 3aJIOMJIeHHS KpeMmHII0 (n = 3,5)
3HaYHA 4YaCTHHA COHSYHOIO BHUIIPOMIHIOBAHHS BIlJIOMBAETHCSA B
TIOBEePXH1 doToBOTBTATUHOTO ImepeTBopioBava (BemuumHa
BIJIOOpasKeHHs MOKe CTAaHOBUTHU ~ 35%) 1, OTiKe, He BILTMBAE HA IIPOIIEC
redepaini emgexkTporHO-mipkoBux map. lle Beme mo amenmmenns KKJI
Takux IeperBopoBauviB [147]. fAx mpasmimo, 3aBOaHHSA 3IHUKEHHS
BIJIOOpasKeHHsI BUPIIIYETHCA HAHECEHHSM HA II0BEPXHI0 COHSIIHHUX
€eJIEMEeHTIB AHTUBIIOMBAIOYNUX IIOKPUTTIB. 3aCTOCYBAHHS TAKUX
HOKPUTTIB IIPU3BOIUTH 10 30LIbIIEHHS KoedilllleHTa edpeKTHBHOCTI

IepeTBOPEeHHs, IIOJOBKeHHS TepMIHY CJIYsKOM ¥  IOJIIIIIeHHS
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eJeKTPOPI3UYHUX 1 POOOYMX XapPaKTEPUCTHUK (POTOBOJIBTATUHUX
mepeTBOpioBaviB. BHCOKMIT TOKAa3HUK 3aJIOMJIEHHS KPUCTAJIIYHOTO
KpeMHio B coustaHoMy cirekTpi (300 — 1100) HM CTBOPIOE BEJIUKI OIITHIHL
BTPATH, K1 MOKYTH OyTH 3MEHIIEH1 3a JOIIOMOTOK ITPOCBITIIIOIOYOTO
moxputTsa (ARC) [148]. Xoua BHCOKOe(EKTHUBHI IMOABIMHI ¥ ITOTPIHHL
AHTUBIIOMBAIOYl ITOKPUTTSA  JIOCTYIIHI, OLJIBIIICTH ITPOMHUCJIOBUX
KPUCTATIYHUX KPEMHIEBUX COHSIYHUX €JIEMEHTIB BHUKOPHUCTOBYIOTH
npoctu#i 1 Hemoporui#i opxormapoBuii ARC 3 BimHOCHO IOraHUMI
aHTuBlAOMBaouYnMu BiractuBocTAME [149]. HopmaTtuBHe 3a0e3neverus
pumrpooyBaub OEII mogano B Tabu. 1.5.

Tabmuigg 1.5 — HopmaTtuBHI OKYMEHTH IJs1 BHUIIPOOYyBAHD
(poToETIEKTPUYHUX ITIePEeTBOPIOBAYIB eHepril
Howmep crangapry Hasgsa crammapry
JICTV EN 15316-4-3:2017 | EneproedekTuBHICTD OyxiBeJib. Metox

PO3paxyHKy eHepreTHYHHX XapaKTEePHUCTHK Ta
TOKa3HUKIB e)eKTUBHOCTI cuctemu. JactuHa 4-3.
CucreMy TeILJIONOCTAYAHHS, TEILJIOBl COHSYHI Ta
doroenexrpuuni cucremu, moayai M 3-8-3, M 8-8-
3, M 11-8-3 (EN 15316-4-3:2017, IDT)

JICTV 8328:2015 Tenioenepreruxa. Mopgymi  doToeseKTpHUUHI.

3araspHl TeXHIYHI BUMOTHA

JICTV 8635:2016 lemoenepreruka. ITnomankn g
doroestexTprunux craHini. Ilpuenuanus craniii
10 eJIeKTPOeHEePreTUYHOl CUCTEMU

JICTV IEC 60891:2015 Ilpunangu dororanpBamiuni. MeTomUKN KopeKIril
0 TeMmepaTrypl ¥ OCBITJIEHOCTI pPe3yJIbTATIB

BUMIPIOBAHHS BOJIBT-AMIIEPHOI XapaKTePUCTUKH
(IEC 60891:2009, IDT)

EN 61215-1:2016 Hazemmui doToeIeKTPUYHI Prv) MOTyJIl.
Kpamidiraimis nusaiiny Ta 3aTBepIyKeHHS THUILY.

Yacrura 1. CreriaabHl BUMOTH JIJIS T€CTYBAHHS
KPHUCTAIYHOTO KpeMHilo ¢oroesiekTpuunux (PV)

MOJIYJIIB

TEC 61646:2008 TouxrormiBroBi  ¢oroesextpuunil (PV) wmasemHi
momymi. Ksasmidikariis mpoekTy Ta yaroKeHHs
THUITY

IEC 61730-2:2004 OrinoBaHHS 0e3IeKu (POTOCTEKTPUYHNUX MOJIYJIIiB.

Yacruna 2. Bumoru 1o Buirpo0dyBaHb
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IIpooosocernna mabnuyi 1.5

IEC 61853-1: 2011

Hazemmui doToesreKTpUYHI PrVv) MOJTYJII.
Busnauennsi  poboumx  XapaKTepUCTHK  Ta
eHepPreTUYHOI HOMIHAJILHOI MOTYsKHOCTL. JacTuHa
1. BuwmipmoBaHusa  poOoOYMX  XapaKTEePHUCTHK
3aJIeJKHO BIJ TeMIlepaTypyd Ta eHEepPreTUJHOL
ocBiTieHocTi. HominabpHa OTYKHICTD

TEC 60904-1:2006.

DoToeTeKTPUUH1 TpUJIAIH. Yacruna 1.
DoToETEKTPUUHI BOJIBT-aMIIePHI XapaKTePUCTUKU.
Metonu BuMIpOBaAHHS

TEC 60904-2: 2009

®oroenexTpuuHl npumianu. JacruHa 2. EramonmHi
COHSYHI eJIeMEeHTH. 3arajibHl TeXHIYH] BUMOTHA

TEC 60904-3:2008

®oroenexTpuyHl nprmianu. Yacruna 3. [lpurimmnm
BUMIPIOBAHHSA mapaMmeTpiB Ha3eMHUX
oToeIeKTPUYHMX  COHAYHUX  IPWJIAMB 31
CTAHJAPTHUMHA XAPAKTePUCTUKAMHU CIIEKTPAJIBHOI
II1IBHOCTL 1HTEeHCUBHOCT1 Iaa10Y0r0
BUIIPOMIHIOBAHHS

IEC 60904-5:2011

@otroestekTpuyuHl mpmiaagu. dacruma 5.
Busnavenns exkBIBaJIEHTHOI TeMIlepaTypu
eJIeMeHTIB (POTOCJIEKTPUYHHUX IIPHJIAIIB
METO/IOM HAIIPYTHU PO3IMKHYTOTO KOJIa

IEC 60904-7:2008

@otoesrekTpuuHl nOpmiaagu. dactuma 7.
Busmauenna IOXUOK! BHACJIIIIOK
CIIEKTPaAJIbHOI HEBIJIIOBISHOCTI IIJI dYac
BUMIPIOBAHHS XapaKTePUCTUK
oTOETEKRTPUIHOTO ITPUIIATY

TEC 60904-9: 2007

@otoesekTpuyuHl nOpmwiagu. JactuHa 9.
Bumorn 10 poboumx  XapaKTepHUCTHK
IMITATOPIB COHSTYHOTO BUIIPOMIHIOBAHHS

ITEC 60904-10: 2009

@otoenexkTpuunl npumaaau. dactuHa 10.
MeTtogu BuMipoBaHHS JIHIAHOCTI

IEC 61215:2005

Haszemni coroenexkrpuuni moxysm (PV) ma
KpuctagiuaoMy kpemeni. KoHcerpywinsa 1
tur. MeToau omiHIOBaHHSA

ITEC 60891:2009

I[Ipunanu dororanbpBaniuul. MeToguku
KOPUTYBAaHHS  3a  TeMIeparypomo U
OCBITJICHICTIO pPe3yJIbTATIB BUMIPIOBAHHS

BOJIBT-aMIIEPHOI XapaKTePUCTUKHA
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IIpooosocernna mabnuyi 1.5

EN 62788-1-2:2016

BumiprosaapHi OpoIeaIypu IS
MAaTeplaJis, BUKOPHUCTOBYBAHUX y
doroenexTpuunnx Monysaax. Yacruma 1-2.
l'epmerurkn. BuwmipoBamHs  00‘eMHOr0
TTUTOMOTO oTIOpy oTorasbBaHIYHUX
repMeTUKIB Ta  1HIMUX  IIOJIMEepPHUX
MAaTeplasiB

Jnsa OIIHCY oToesIeKTPHIYHUX IepeTBOPIOBAYIB

3aCTOCOBYEThCSA HAOIp mapaMeTpiB 1 XapaKTePUCTUK, III0 JO3BOJISE

TIOPIBHIOBATH M13K c000I0 pOTOEJIEKTPUUHI IePeTBOPI0BAYl P13HOTO

tuny (Tadma. 1.6). 3riguo 3 exsiBasienTHOI cxemoro DEII kinbricanMu

XapaKTepuCTuUKaMu

doTOoEIeKTPHUUHNX IIPOIECIB € CBITJIOBL JIOIHI

XapaKTePUCTUKHU, K1 Po3paxoBy0Thesa Ha oquHUINO 1ot OEII [155]:

- BeJIMYUHA POTOCTPYMY;

- BeJIMYMHA JTI0JHOTO CTPYMY HACHYEHHST;

- KoeIITIeHT 1/IeaJIbHOCT1 J10/1Y;

- IIOC/IITOBHUH €JIeKTPOOIIIP;

- IMTYHTYIOUHH eJIeKTPOOIIIP.

Tabmuma 1.6

— OcHoBHI ITapaMeTpu Ta XapaKTePUCTHUKHU

doToenekTpuUHHUX ITepeTBopoBaviB [150 — 155 |

ITapametrp / Busunauenns
XapaKTepPUCTUKA
Iapamempu @EIT
CsiTsioBa BOJIBT- U+ IR U+ IR
I=1,-1, exp -1|- .
aMmIepHa ph 70 m R ’
XapaKTepPUCTUKA !

nem =AkT/e,

I - BemuumHA CTPyMYy, 1[0 IPOTIKAE Yepe3 HaBAHTAKEHHSI,
U - nmamiHHs HAIIPYSKEHHSI Ha HABAHTAKEHH],

Iph — BemumHa HOTOTOKY, IO TEHEPYETHCS,

Ip — BesTMUMHA CTPYyMY HACUYEHHS 10,

A — KoelIleHT 1eaJIbHOCTI JI0Iy,

k — moctiina Boabimana,

T — TepMoguHaMIYHA TeMIIEPaTypa,

Rs — moc1itoBHUI OTIip,

Rp — MIyHTYIOUMI OIIip
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IIpoodosorcernns mabauuyl 1.6

CrexrpasbpHa ) o
XApAKTEDHCTIEA Iurerpanbpra 4yTIMBICTE: ¥ = o’
(imTerpaspHAa Ta ) I,
CIeRTPATBHA CrexrpasibHa YyTIUBICTE: ¥, = P
Yy TJIABOCTI) ’
ne Ipn — BenmuuwmHa oTrocTpymy,
()] - MOTIK eHeprii HEMOHOXPOMATHUIHOTO
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHSI,
@) — BeJWYMHA [AJAYOT0 HA (POTOEJIEMEHT IIOTOKY
CBITJIOBOI eHeprii y BY3bKOMY 1HTEPBAJI [OBKHH XBHJIb
Big A mo A +dL
Xapaxmepucmurxu OEIT
Besmmuuna  crpymy | Ise — 16 MakcuMaJIbHUE CTpyM  (KOJIM  30BHIITHE
KOPOTKOTO HABAHTAKEHHS JOPIBHIOE HYJIIO), SKUM MOKe TeHepyBaTH
3aMUKAHHS eJIEMEeHT

Hampyra xosocToro
X0y

Use — 11e MakcuMaJIbHe HaBAHTAMKEHHS, sIKe BUHUKAE Ha
posimrHenux kiemax OEII mix yac #oro ormpomMiHIOBaAHHS

Xapaxmepucmurxu OEIT

DaxTop 3aII0BHEHHS
HaBaHTaYKyBaJIbHOI
CBITJIOBOI BOJIBT-
aMIIepHOI

XapaKTePUCTUKU

[m Um

’

FF =

ne Im ta Un — BennumHa CTPYyMy Ta HANPYTH, AKI

BIJIIOBIIAIOTH TOYIIl MakcuMaJIbHOIL moTy:kHocTl OEIT

KoedimienT kopucHoi
il

P, FF-I_-U,

m
b
P P
e ne P — moTysKHICTh COHAYHOrO0 BUIIPOMIHIOBAHHS, IO

"HagxoauThb Ha moBepxHio OEII (mysa OEIT 3 S =10x10 cm2
P =100 mBr/cm?2 ipu AM1,5), Pn — MakxcuMaIbHA BUXITHA
noryskuicte OEII, FF — (akrop 3alloBHEHHS CBITJIOBOI
BAX, Isc — crpym koporkoro samukaufs, U, — Hampyra
X0JIOCTOTO XOIIY.

Oaxrununa edertusHicTs OEII Moxke 1cTOTHO BIAPISHATHCS Bl

TEOPEeTUIHOI.

OcHOBHI1

XapaKTEePUCTUKN ITPOMHUCIOBUX COHIUYHUX

eJIEMEeHTIB, BUMIPSIHHUX IIPU IPSIMOMY OIPOMIHEH] HaBeaeHl B Tabs1. 1.7.
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Tabmuis 1.7 — OcCHOBHI XapaKTePUCTUKHN ITPOMUCIOBUX COHSIIHNX

eseMeHTIB [155]

Tumn corgaHOrO n, % I11oma Uoc, Isc, FF, | Po3pobHuk
eJleMeHTa IOBEPXHI, B MA/em? | %
cm?
Kpemniest
Kpucramiumi 24,4+0,5 | 4,00 0,706 | 42,7 82,8 | UNSW
[Momxpucramiymi | 20,4+0,5 | 1,002 0,664 | 38,0 80,9 | FhG-ISE
ToHKOmIIBKOB1 20,1+0,4 | 242,6 0,682 | 38,14 77,4 | Solexel
Awmopdmi 10,1+0,3 | 1,036 0,886 | 16,75 67 Oerlikon
DFEII na ocrosi nanienposionuxie A3SB5

Apceniz rasio 18,4+0,5 | 0,9927 1,122 | 29,68 86,5 | Alta

devices
Docdix immgio 22,1+0,7 | 4,02 0,878 | 29,5 85,4 | Spire

XanbKko2eHIOHL MOHKONJIL8KO08]
Tenypun xagmio | 18,3+0,5 | 1,005 10,857 [ 26,95 | 77,0 | GE GR
Domoximiumi

CencubiizoBani 11,94+0,4 | 1,005 0,744 | 22,47 71,2 | Sharp
0apBHUKOM
Oprasxivuni 10,7+0,3 | 1,013 0,872 | 17,75 68,9 | Mitsubi-si

Chem

Bazamonepexioni

InGaP/GaAs/InGaAs | 37,7+1,2 | 1.047 3,014 | 14.57 86 Sharp
a-Si/nc-Si 12,3+0,3 | 0.962 1,365 | 12.93 69,4 | Kaneka

OcHoBHUM QaxTopoM, sKUi BIUIMBae Ha edertuBHicTs DKEII,

MOKHa Ha3BaTHU BUTPATH eHeprii a00 HeedeKTHBHE PO3CIAHHS eHeprii

B 00’eM IIPHUJIATOBOI CTPYKTYpH y BUTIsami Terwia (puc. 1.12) [152 — 155].
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C Buau BTpat eHeprii y ©®EIL )

* L
C o A S— ) Brparu eneprii efekTpoHIB Ta AIpoK Mif vac
PYXY iX y cepeneni hoTonepeTBopioBaya

Bin6utra namarouoro
BHMPOMIHEHHS Bil MOBEpPXHi
DEII

Pekombinanies yTBOpeHUX CBITIOM nap,
KA CYTIPOBOKYETHCS Mepeaadero eHepril
rpatTii

Y

Y

DOTOCNCKTPHYHO HEAKTHBHE
> norjauHaHHs (POTOHIB B >
pobovomy 00'emi ®EI

Burok poroenekTponie ta potonipox
yepes YHTYI4YHit onip

Brparu eHepril goToenekrpoHaMu Ta
TTpoxomkeHHs AeAKOT KiNbKOCTI ¢oToipkaMu i ac 3iTKHEHHS 3
(OTOHIB 10 TUIBHOTO KOHTAKTY aTOMAaMHM TPaTKH

@EIT 3 noganbliuM

Y

A

IMpoxomxeHHs GOTOCTSKTPOHIB Ta
(doTonipok uepes nocyigosuuii onip OEIT

NOrJMHAHHAM B HbOMY

A4

Pucysox 1.12 — OcHoBHI Buu BTpaT eHeprii B (POTOETIEKTPUIHUX
ImepeTBopIoBavax

Cepen OCHOBHUX HAIIPAMKIB IOIOJIaHHS mpobeMu
HEeJT0OCKOHAJIOCT1 (POTOEJIEKTPUYHUX IIePeTBOPIOBAYIB €Heprii MoKy Th
OyTu BuAlaeHl Takl [149 — 152]:

—  YIOCKOHAJIEHHS  TeXHOJIOTIYHOTO mporiecy  ITJATOTOBKH
eJeMeHTapHOoI 0a3u;

— BUKOPHCTAHHS aHTUB1IOMBa0UYnX HOKpUTTIB 111 OEIT;

— TIOIIIYK HOBUX MaTeplasiB JJIs COHAYHUX TaHeei.

Bycuisa y momryky HoBux MaTtepiaims ais OEII cupsmosyoTses
B OIK 3acTOCyBaHHsS HAHOCTPYKTYPOBAHUX HAMIBIPOBIIHUKIB Ha
OCHOB1 MOHOKPHUCTAJIIYHUX.

Ilepmre cmocrepeskenHss BUAUMOI  (POTOJIIOMIHECIIEHINI IIPH
KIMHATHIH TeMIIepaTypl B HAHOCTPYKTYPOBAHOMY IOPYBATOMY KpPEeMHII
BIOKPHJIO MOYKJIMBOCTI IIMHMPOKOTO CIIEKTPY (POTOHHHX 1 Ol0JIOTIUHUX
3aCTOCYBAHDb Y 3B'SI3KY 31 3MIHOI MOKA3HWKA 3aJIOMJIEHHS, OlJIBIITUM
BIJHOIIIEHHSAM II0BEPXHA/00cAT 1 010CYMICHICTh ITOPYBATOTO0 KPEMHIO
[147]. Boxpema, y pobori [148] 3amporoHOBAHO (HOTOEJIEKTPUIHMIMA
IIepeTBOPIOBAY, IO MAa€E JBOCTOPOHHIO Uy TJIMBICTh TA BUTOTOBJISIETHCS HA
0a30BUX KpHUCTATaX SK p- TaK 1 N-TUMNY. 3MEHIIeHHS IIBUIKOCTI
moBepxHeBoi pexomOinaiii B Takumx @OEIl 3abesmeuyerbcsa mpu
peamaarrii Meronuku xapaxrepHol mias DOEII 3 PERL-cTtpykTypoo.
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EdexTnBHE NOrIIMHAHHA COHSYHOTO BUIIPOMIHIOBAHHS 3a0e3medeHo
MIJIIXOM BUKOPUCTAHHAM XAOTHUYHOI TEKCTYPH TUIIY MPSAMHUX ITipamizg
0e3 mmogaJtpioi porosaitorpadii. Koedirient BigouTTs Big (ppoHTATIBHOI
noepxul OEII 3 DSBC—crpyxrypoio cranoButsh (5 — 8)%. Taki OEII y
pesxkumi onpominenus AM1,5 maroTh Takl BuximHl mapamerpu Uxx —
(704 — 706) MmB, Jxs — 42,2 MA/em2, FF — (0,82 — 0,83). Taxo:x ixmil
TEXHOJIOTIYHI AaCIeKTH JO3BOJIMJIA JOCAITH HACTYIHHUX 3HAYEHD
Bux1gHUX mapamerpiB: Uw — (663 — 665) MB, Jx: — (32,6 — 36,6) MmA/cm2,
FF—-(0,76 - 0,78) n — (16,8 — 18,6)% [148].

BukopucraHHsa IOpyBaTOro KPEMHII [JIs COHSYHHUX ITaHeJIeHn
IOCJTIIKeHO aBTopamMu pobotu [156]. ¥V  poboTi moBemeHo, IO
301IbINIeHHS epeKTUBHOCTI meperBopeHHd 1m0 (25 — 30)% mocsraerbes
IJIsT por-Sl COHSAYHHUX Oarapeil y IIOPIBHSHHI 3 KOMIpKaMmu 0e3
IIOPYBATOTIO IIIAPYy.

Constuni 6arapei (CB) nmmpoxo BUKOPUCTOBYIOTHCS HA KOCMIUHUX
ammaparax sK IIepBHHHE [Kepeso eJeKTpuyHoi ewHeprii [157].
30ULIbIIeHH €eHEeProCIIoKMBAHHSI ¥ pecypcy KOCMIYHHX amaparis
Open'sIBJisie OO0 COHSYHHUX OaTapeil sKOPCTKlI BUMOTH Ha CTIMKICTH iX 110
il cepemoBuiia Ha op6OiTi [158]. Brime wa CB xomIuiexkcy YMHHUKIB
cepenoBHIIA OLJIsI CYIIyTHUKA BHUpaskaeTbesa y [159 — 161]:

— JerpaJaIlifHUX Mpollecax y Mareplajiax 1 eJjleMeHTax
KOHCTPYKINH POTOCTEKTPUIHUX II€PETBOPIOBAYIB;

— TIOTIPIMTeHH] TXHIX eKCILTyaTaAI[lHHUX XapaKTePUCTUK;

— CKOPOYEHHS Pecypcy;

— BTPATU eJIeKTPUIHOI ITOTYKHOCTI;

— 3MEHIIeHHs TepMIHy AaKTHBHOIO ICHYBAHHS KOCMIYHHX
araparis.

OCHOBHUMH  CKJIAQJOBUMHU  KOCMIUYHOTO  CEepeIoBHUINA,  SKl
BILIMBAIOTh HA COHSYHI OaTtapel B 1oHOC(epl i1 maruiTocdepl 3emil, €
HOTOKM Ta3dy, IIa3MH ¥  eJeKTPOMATHITHOTO BHIIPOMIHIOBAHHSI.
Jsxepemom pamairiiinoro BminBy Ha CB moske OyTH cOHAYHE KOCMIUHE
BUIIPOMIHIOBAHHS, 1[0 BUHUKAE B pe3yJbTaTl cirajaxiB Ha coHril. lle
SIBUIIE CYIPOBO/IKY€ETHCS BUKUIOM BEJIMKOI K1IJIBKOCT1 IIPOTOHIB.

Jas momomaHHS IMX IIPO0OJIEM HEOOXITHHM € IIOIIYK HOBUX
MaTepiaJiB, IO 3JaTHI 3a0€3IeYNTH BUCOKY e€EKTUBHICTh COHSIUHIX
MOJIYJIIB TA IIPOTHUCTOATH BILJIMBY arPECUBHOI0 KOCMIUHOI'O CEPEIOBHUIIA.
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Tpanmumiitai kpemuieBl OEII moka3yooTs HEBUCOKY e(PEeKTUBHICTD
IpH BUKOPHCTAHHI IX y KocMmiuHiit eHepreruinl. Jlocaigaukamu 0yJIo
3aIPOIIOHOBAHO BUKOPHMCTOBYBATH COHAYHI €JIeMEHTH HA OCHOB1 1HIIIHX
HaMOIBIPOBITHUKIB, 30KpeMa apceHiny rajiio [161]. Tarkl xKoHCTpyKIi
MaiTh OLIBINY pamlalliifiHy CTIMKICTbL y IIOpiBHAHHI 3 KpeMHlieMm. Lle
3HAYHO TIOJIOBIKYE Yac KUTTS COHIYHUX €JIeMEHTIB HA 3eMHIH opOiTI.

OcramuiM 4YacoM /I  KOCMIYHMX  COHSYHHX  Oarapein
poaryisgmaeTbea ol 1HIIO. Moro BapTiCTh HAbAraTo IIePEeBHUIILyE
BapTICTh KPEeMHI ¥ apceHiay ramio. OmHak el MmaTepias BBAKAETHCS
HAMOLIBIN palalfiifHo CTIMKUM cepell HAINBIPOBITHUKIB rpymu ASBS.
3BicHO, 3aCTOCYBAHHS HAIIBIPOBIIHUKOBUX CIOJIYK A3B5y COHSUHIN
€HepPreTHIll 1CTOTHO OOMEKYeThCS BHCOKOI0 cobiBapTticTio. Ha ocHoBi
IIBOr0 KJacy warepiaaiB (popMyoTh SK OJHOIEpPexXiaHl, Tak 1
paraTorepexigHl COHSYHI ejgeMeHTH. J[1s KomIenHcarrll INIBHIIEHOI
co01BapTOCTI IIPATHYTh MAaKCUMAJIbHO 301IBIIATHA KOe(IIIIeHT KOPHUCHOI
mi. Ile crae MOKIMBUM 3aBOSKHM HAHOCTPYKTYPYBAHHIO ITOBEPXHI
HAaIIBIPOBLIHUKA.

PesynpraTti anasmi3y /103BOJIAIOTH 3POOUTH BUCHOBOK, IO €IUHOI
ITYMKH 11010 MOYKJIMBOCT1 H1IBUIIECHHSA ePeKTUBHOCT1
(hoToesrekTpUUHOTO IMEePEeTBOPEHHS eHeprii He icHye. BoueBumanb, BuOIp
HaMOL/IBII IIPUHAHATHOTO TeXHIYHOTO PlIlIeHHs IIOBUHEH 0a3yBaTHCsS Ha
eKCIIePUMEHTAJbHUX 1 TEOPeTHYHUX OCTIMKeHHSIX CTPYKTYPH Ta
BJIACTUBOCTEN HAHOCTPYKTYPOBAHUX MaTePlaJIiB.

OcHOBHOIO  IIPOOJIEMOI0  3aCTOCYBAHHS  (POTOEJIEKTPUYHUX
IIepeTBOPIOBAYIB eHeprii € 3aJIesKHICTD BT Yacy JOOU Ta IIOTOTHUX YMOB,
1110 3yMOBJIIOE 200 HAJIUIIOK eHeprii, abo il mecrauy. Ilomoranusa 1poro
OpoTUpiuyuss BOAYAETHCA B PO3POOINl 1HHOBAINWHUX TEXHOJIOTIH
HaKOIMYEHHS Ta 30epiraHHsa eHeprii B eKOJOTIYHO IPUHHATHUN CII0Ci0.
Cepen IplopUTETHUX TEXHOJIONH HAKOIIMYEHHI eHepril CJIl BUILIATHA
eJeKTpoxiMiuHl HarkommuyBaul — cynepkormencaropu (CK) Ta siTiesi
mxepena crpymy (JIJIC) [162]. Ilepexn JIIC cymepxonmescaTopu
BOJIOJIIOTH PSJIOM IIepeBar, HalOLIbII 1CTOTHOIO 3 SIKMX € BIJICYTHICTH
€JIeKTPOXIMIYHUX PEaKIN#, IBUIKICTH ITPOXOKEHHS SIKUX OOMEKye
BEJIMYUHY TOTYKHOCTI.

Hai61iab1r IOIINPEHUM €JIEKTPOTHIM MaTepiaioMm
CYIIEPKOHIEHCATOPIB  3aJIUINAETHCA AKTUBOBAHE  BYTULISA,  SAKe
XapaKTepU3yeThCS PO3BMHEHOI IIOPYBATOI IIOBEPXHE, J00poIo
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HOJIIpU3alfiero, JOCTYHHICTIO ¥ [JeIlleBU3HOI BUPOOHUIITBA [163].
Ommax icHye psg  QaxTopiB, AK1  00OMEKYOTH HMOT0 IIMHPOKE
3acrocyBanusa. Cepeln HHUX BHYTPIIIHIA OIp CYIIEPKOHIEHCATOPA, IO
3aJIeKUTH B TIPOBITHOCTI €JIEKTPOJITY ¥ eJexkTpomiB [164].
EnexrpomnpoBigHicTh IIOPYBaTOTO BYTJIEIIEBOTO MaTepiajry
3MEHINYEThCA 31 30LIBINEHHSAM II0PyBaTOl CTPYKTYPH BHACIIIOK
PO3PHUBIB HPOBIIHUX ILJIAXIB 1 3apOCTAHHS KOHTAKTHOTO OIIOPY MIMK
vyacTuHkaMu [165]. Benuka muToma IIoIa mMOBEpPXHI TAKOMK 00MErKye
IIPOCTOPOBY €MHICTh, SKA HEraTHBHO BILJIMBAE HA IIOTYKHICTH
CyIIepKOHJIeHCaTopa. ByrilemeBuii  MarepiaJ  XapaKTepHU3yeThCs
BHUCOKOI0 AKTHBHICTIO ITOBEPXHI, KA TMOB'I3aHa 3 HAABHICTIO PI3HOTO
pony (pyHKIIIOHAJbHUX TpPyIll. AmcopboBaHl Ha IIOBEPXHI BYTLILIA
(pyHKITIOHAJIBbH]I TPYIIM MOKYTh B3aeMOIIATH 3 eJjexkTposiTtom. lleit
e(peKT IIPU3BOIUTH J0 PO3KJIAJAHHS €JIEKTPOIIB 1 CKOPOUEHHS ITUKJIIB
pobOTH CymepKOHIeH caATOPA.

Tobro, Takl maTepianau, Ik rpaeHOBl Ta ByIJIelleBl HAHOTPYOKH,
CIIYyIYIOTh ILIATQOPMAMHM [IJIsI YYJOBHX XAPAKTEPUCTHK KOHKPETHHX
OPUCTPOIB 3aBOSKH BJIACTHBOCTI €JeKTPOXIMIYHOI CTaOLJILHOCTI, ajie
MaTh OOMEKEeHHS ILJIONIl MOBEePXHl IopyBaTHX IrabJioHIB [166]. ¥V
TaKUX IIPUCTPOSIX 00'eMHA IIPOAYKTUBHICTE YaCTO He 0epeThes J0 yBATKh
Yyepe3 HeOTHOPIIHICTh TOBIIWHU 3pas3Kka, He3BAKAIUU Ha ITPOMUCIOBY
3HAYMMICTb XapaKTePUCTUK 00 €MHOro 30epiraHHs IIPH  OIIIHIL
OPOAYKTUBHOCTI TPAHCIIOPTHUX 3acTocyBaHb. Lleit dpharTop 3ymoBIIIOE
HEOOXITHICTH IIOIIYKY MaTeplayiB 3 KOHTPOJILOBAHOIO IIOPYBATOIO
CTPYKTYPOIO.

CrpyKTypHa IIepeBara KOHTPOJILOBAHMX IIOPYBATHX MaTeplaJIis,
TaKUX SIK IIOPYBaTl HAIMBIPOBIIHUKH, ITIKPECTIOETHCI TUM (PaKTOM,
110 IIPOIeC eJeKTPOXIMIYHOIO0 TpaBJIeHHS a00 IpoIlleC BUTOTOBJIEHHS,
AKUA (QOpMye CTPYKTYPY AaKTUBHOI PEYOBUHU, 3YMOBJIOE 00'€MHI
BJIACTUBOCTI Ta JI03BOJISIE JIETKO OITIHIOBATH ¥ KOHTPOJIIOBATH IIeH
moka3Huk [167].

Hacmpasnai icHye 0e3/1id THITB IIOPYBATUX MaTeplajiB, TAKUX SK
MeTaJIOOPTaHIYHI KapKach, Me30- Ta MAaKpoIopyBaTl Marepial,
CEeJIeKTUBHO BHUTpPABJIEH]I mopyBaTi HamiBupoBiguukwn [168]. Tomkwmit
KOHTPOJIb HAJ ILJIOIIEI MOBEPXHI, IIOPYBATICTIO 1 MOPQOJIOTie0 IIOp
JTOCATAETHCSA 3ABIAKH BUKOPUCTAHHIO KEPOBAHUX TEXHOJIOTIH.

TakuM YMHOM, OCHOBHMM 3aBIAHHSM IIOCTA€ BIOCKOHAJIEHHS
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NIJISIX1B CTPYKTYPHOI'O KOHTPOJTIO IIOPYBATUX MaTePlaJIiB 3 IIOPYBATICTIO,
SKY CKJIQIHO JOCATTHA y 3BUYAMHUX BYTJIEIIEBUX HaHOMAaTeplasax, 1
MomudikyBaTh  CTaOLIBHICTH IIOBEPXHI I[MX MaTeplaynB  JJIs
BUKOPHUCTAHHS iX y SKOCT1 ITa0JIOHIB, JKUTTE3TATHUX JJIs 30epiraHHsS
€JIEKTPOXIMIUHOI eHeprii.

TexHiuHa peaJsi3allisi CyIepKOHIeHcaTopa sABJse Co00I0 J1Ba
IIOCJILIOBHO 3'€IHAHMUX eJIeMeHTapHUX KoHmeHcaTtopa (puc. 1.13).

Cenaparop

ITopysaTuii

EnexrpomniT CICKTPO

CrpyMoszniMay
} - T CTpyMO3HIMay

Pucynok 1.13 — Ilpumanumosa cxema cyrepKoOHIeHcaTopa

S'eqHanusa  BIOOyBaeTbCss IO  EJIEKTPUYHHM  BEpCTBAM  y
€JIEKTPOJIITL. 3apsaa 3HIMAETHCS 3 €JIEKTPOHHUX 000JI0HOK Y IIOPYBATOMY
Marepial, SAKHA CIOyKUTH ejgexrpomoM. llocmmoBHe 3'eqHaHHS
CYIIEPKOH/IEHCATOPIB peasi3yeThCs IIJITXOM BUKOPUCTAHHS 3araJIbHOT0
€JIEKTPOJIITY, PO3/TIJIEHOTO CerrapaTopoM.

CymepkoHgeHcaTOpu MOMKYTH 30epiraTu OLIbIle eHeprii, Hix
3BUYaiiHl OaTapel Ta KOHIEHCATOPH, CTBOPIOIOYN IIOABIAHHUKN IIap
3apsaaiB, PO3UICHUX MK JBOMA IIJIACTHHAMU 3 IIOPYBATHX MATEPlaJIiB.
IlnactTuHM CTBOPOIOTH MisK €O00I0 IIOABIMHUI IIAp IIOJIAPHOIO
enekTposity. HopmaTuBHe 3a0e3lieueHHsT BU3HAYECHHS, IIPU3HAYECHHS
Ta BUIIPOOYBAHHS PISHUX THUINB KOHIEHCATOPIB IIPeICTaBJIEHO B
Tabs. 1.8.

YV mopiBHSHHI 3 JNTIA-IOHHUMH OarapeaMy 1 TPaguIlAHHUMUK
KOHIEHCATOPAMH CYIEePKOHIEHCATOPH MAOTh 0araTo repesar, OJJHaK €
¥ pang HemomikiB (puc. 1.14) [165 — 168]. YV poboTi [169] ast miaBUIeHHS
TYCTUHHU €Hepril Ta IOTYKHOCTI JJIS eJIEKTPOXIMIYHHUX KOHIEHCATOPIB
MIPOTIOHYETHCA BUKOPUCTAHHS IICEBJOEMHICHUX MaTeplajiB  Ha
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BHCOKOOPTaHI30BAHUX BYIJVIEIIEBUX HAHOTPYOKAxX BeJHKOI IIMTOMOL
mronrl moBepxHi (puc. 1.15).

Tabmumsa 1.8 — HopmartuBHI [0KyMEHTH [JII BUIPOOYBAHD
€JIEKTPOXIMIUYHHUX KOHIeHCATOPIB
Howmep crangapty Hassa crangapty
I'OCT 2.728-74 Ilosumauennss ymoBu TrpadQiuHl B CXemax.
Pesucropu, xoumerncaTopu
I'OCT 28885-90 Kounmencaropu. Mertogu BuMipioBaHb 1
BUIIPOOYBaHbD

JCTY EN 60831- | Kougencatopu MIYHTYBaJIbHI CHLJIOB1
2:2016 CAMOBILIHOBHI JJIsI CHCTEM 3MIHHOI'O CTPYMY
Ha HOMIHAJbHY Hampyry mo 1000 B
BryouHO. Yactmua 2. BumpoOysamus Ha
CTapIHHS, CAMOBITHOBJIEHHS TA PYHHYBaHHS
(EN 60831-2:2014, IDT)

JICTY IEC 60063:2015 | Peaucropu  Ta KOH/IEHCATOPH. Pammu
npedepenmiiianx uncesa (IEC 60063:2015,
IDT)

JICTY EN 61921:2015 | Kommencaropu  cmioBl. HwmabkoBoJIbTHI
OaTrapel KOHIEHCATOPIB JJIsI KOPUT'YBAHHS
roedimierra mory:kHOCcTl (EN 61921:2003,
IDT)

JICTY EN 60143- | KomgerncaTopu IIOCIIIOBHOTO 3’ €THAHHS JIJIsT

2:2016 cuioBux cucreMm. YactmHa 2. 3axwucHe
yCTaTKYBAHHS JIJIS IIOCJIJOBHOIO 3 €IHAHHS
kKoumencaropaux Oarapeir (EN 60143-
2:1994, IDT)

JICTY EN 61071:2016 | Kounmerncatopu 1151 CHJIOBOI €JIEKTPOHIKH
(EN 61071:2007, IDT)

JICTY HD 597 S1:2015 | KomnerncaTtopu Ta €MHICHI IIOJLIBHUKHA
gampyru (HD 597 S1:1992, IDT). 3
mompaskoio No 1

JICTY EN  62271- | [Ipucrpoi KOHTPOJIbHI PO3IIOILIBY1
109:2016 BHCOKOBOJIBTHI. Yactmra 109. OOBigHI
BUMHKAYl 3 IIOCJIJOBHUM KOHIEHCATOPOM
amirnoro crpymy (EN 62271-109:2009, IDT)
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IIpoodosorcenns mabauuyi 1.8

JCTY IEC 61881:2005

EnexTpoycratkyBanus 3aJTI3HUIIE.

YceraTtkyBaHHSA PYXOMOT0 CKJIAY.
Konnencatopu i cHI0BOI €JI€KTPOHIKH

(IEC 61881:1999, IDT)

JACTY
3:2005

IEC 60143-

Konmencatopu mocaigoBHO 3 emHAHI [IJIS

emeprocucreM. Yacrura 3. Buyrpinrai
miaaskl 3amobixaukn (IEC 60143-3:1998,
IDT)

JCTY EN 61071:2016

Konmencatopu 1151 CHIIOBOI €JIEKTPOHIKK
(EN 61071:2007, IDT)

JICTY HD 597 | Kommencaropu Ta €MHICHI IIOOLIBHUKHA

S1:2015 manpyru (HD 597 S1:1992, IDT). 3
mompaskoio No 1

JICTY EN 62271- | IIpucrpoi KOHTPOJIbHI PO3IIOaLITBY1

109:2016 BUCOKOBOJIbTHI. Yactmua 109. O6BigHI

BUMHKAYl 3 IIOCJIZOBHHM KOHIEHCATOPOM
amianaoro crpymy (EN 62271-109:2009, IDT)

C

CynepkoujencaTopu )

.

-

Benuknii Tepmin cayxon l

[Tatoma enepris MeHIIa, HiX B

aKyMyJasTopax

-

Manuii BHyTpiLuHiii onip l

Harmpyra Ge3nocepenbo 3a1exnTh

|

IIBuakuit 3apsn

l BIZ CTyNeHs 3apsKEeHOCTI

- - MoauBicTb BUTOPSHHS
Pobora npu Gy ab-sikiii Hanpysi, wo He > BHYTpIllIHIX KOHTAKTIB I1pH
TIepeBHIINye HOMIHATTEHOL KOPOTKOMY 3aMHKaHHi
4>|Heo6me>xene YHCTIO THKITIB 3apﬂ;1/p03psm[ Husbka poGoua Hanpyra B
> NOPiBHSHHI 3 OL1bLIICTIO
- - - - KOH/IEHCATOPIB iHIIHX THIIB
BijcyTHICTh HEOOXIHOCTI KOHTPOIO 3a
SKMMOM 3apsLIKH : - : g
B* Py 3HayvHO OiNBIINIA, B MOPIBHIHHI 3

AKyMyTSTOPAMH, CAMOPO3PAT

—v| BukopucTaHHs NPOCTUX METOIB 3apsLy I

4>|[J_lnpm<uﬁ aianazox pobounx Tew]epaTypl

Pucynox 1.14 — IlepeBaru i HeJOIIKH CYIIEPKOHIEHCATOPIB
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~+—— ctivated carbon grain

@ Pseudo-caparitive materil

Current collector Current collector

Carban nanotubes or rods—— @ Pseudo-capacitive material

Current collector . Current collector
Pucymor 1.15 — Cxema HaHeCeHHS HAHOCTPYKTYPOBAHHUX
IICEeBJOEMHICHAX MaTeplajiB HA I[IOBEPXHI0 BYIJVIEIIEBUX HAHOTPYOOK
IJIsT  TIOKpallleHHsS  OCHOBHUX  IIOKA3HUKIB  eJIEKTPOXIMIYHHUX
KoHIeHcaTopis [169]

TakuM YMHOM, HAHOCTPYKTYPOBAH1 HAITIBITPOBITHUK] BOJIOMIIOTH
HEe3BUYAMHUMU  BJIACTUBOCTSIMU B  IIOPIBHAHHI 3  BIJIOMUMU
MaTepilaJaMHu, 110 JO3BOJISE PO3TJISIATH iX SAK IIePCIIEKTUBHI MaTeplaain
IJIsI ~ COHSAYHUX  eJIEeMeHTIB Ta cynepkoHmeHcaropiBs. OpHak
BCTAHOBJIEHHSI MeXAaHI3MIB Ta MIOXOOIB [0 YIPABIIHHA SKICTIO
HAHOCTPYKTYpP moTpedye mocaimxenus. OIIIHIOBAHHSA ByKe TI'OTOBOTO
HaHOMAaTepiajay HeOOXIJTHO IIPOBOAUTH 34 MEeBHUM KpPUTepPlaJbHUM
amapaToM, SKWN BU3HAYAETHCSI QPYHKIIOHAJIBHUM ITPU3HAYEHHSIM
Marepiasy.

AHaina ICHYOUYHMX IIJIXOIIB [0 VIIPABJIHHS SKICTIO BHUSBUB
OCHOBHI TIp0o0JIeMU HHU3BKOI KOHKYPEHTOCIPOMOIKHOCTI ITPOMUCJIIOBOI
HAHOTEeXHOJIOTTYHOI ITPOSYKITII:

— BIICYTHICTH CHCTEMHOTO ITJIXOAY A0 BHOOPY MOKA3HHUKIB SKOCT1
HAHOMIPOIYKIIII;

— BUHUKHEHHSI PHU3UKY HEJIO0CTATHOCTI HEeOOXITHUX PUHKY
XapaKTEePUCTHUK ITPOIYKIIII.

Ortsxe, OCHOBHA mpobema KOHKYPEHTOCITPOMOIKHOCT1
HAHOIIPOAYKINI € BIJCYTHICTh aHAJITHYHOI'O 1HCTPYMEHTY, 10 (PopMye
HeOOX1TH1 BJIACTHBOCTI JI0 HAHOMATEplaJllB 3 ypaxXyBaHHSIM 1HTEpeciB
3aMOBHUKIB.
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1.5 BucHOBKU 10 mepuioro po3aiy

Ha ocuoBl aHami3y cydacHHX METOIIB Ta 3aco0lB JI CHHTE3y 1
BCTaHOBJIEHHS XapaKTePUCTHK HaHOMAaTeplaiB 3 METOIO
BIOCKOHAJIEHHSI KOHTPOJIIO SKOCTI HAHOTEeXHOJIOTIYHOI ITPOIYKITIT
MOKHA c(POPMYJIIOBATH TaKl y3araJbHEHHS Ta O0IPYHTYBAHHS:

1. IIpobGsiema po3pobieHHsT HOPMATUBHO-IIPABOBOr0O 3a0e3IeueHHs
010  KOHTPOJI SKOCTI HaHOMAaTeplaJglB € BaKJIUBOK  JJIs
BITPOBA/’KeHHS HAHOTEXHOJIOTIH y eHepreTUdHy raJjys3b. HopmaTtuBHl
Ta METOJUYH] OCHOBH OIIHIOBAHHS SKICHUX MOKA3HUKIB HAHOCTPYKTYP
HOTPeOyITh IIOJAJIBINION0 PO3BUTKY, OCKILIBKKM BIICYTHIA €IUHUN
KpHUTEepiit, 3a IkuM MoskHa ormiuaoBaT axictb HC, 1 Bus3HaueHHs SKOTro
JI03BOJIUTE 3iicHUTHA HmopiBHAHHA ogHoTUIHEX HC, cuHTe3oBaHMX Ha
OBEPXHI HAIIIBIIPOBITHUKIB.

2. Jlmsas BcTaHOBJIEHHS HOMEHKJIATYPW TIOKA3HUKIB SKOCTI
HAHOCTPYKTYP HeoOX1THO po3poduTH y3arajbHeHy Mojaesb cuuatedy HC
13 3aJTaHUM pIBHEM SIKOCT1 Ha ITOBEPXHI1 HAINBIIPOBITHUKIB.

3. PisHOMAaHITHICTE HAHO00 €KTIB, M0 (POPMYIOTHCA Ha IIOBEPXHI
HAITBIIPOBIIHUKIB 1 BIJICYTHICTH €IMHOI0 MEXaHI3My caMoopraHisairii
POCTy HAHOOO €KTIB II0TpeOy€e BCTAHOBJIEHHS KPUTEPIIB IXHBOI SIKOCTI.
BcranosienHsa BIIMBY TEXHOJIOTIYHWX UYWHHUKIB CHHTE3y Ha
XapaKTePUCTUKU HAHOCTPYKTYP J[JO03BOJIUTH BHUOpPATH ONTHUMAJIBHY
TeXHOJIOTII0  CHUHTe3y, II0 CIOPHUATHME CKOPOYEHHI0  JIAHOK
TeXHOJIOTIYHHUX IPOIECiB 1 BUTOTOBJIEHHS SKICHUX HAHOCTPYKTYP.

4. JInst mpoOoBIKeHHS TePMIHIB IIPUIATHOCTI HAHOCTPYKTYP 1T Uac
BUKOPHCTAHHS IX y IPWiIagax HeOoOXIJHO BHU3HAYUTHA IILIAX1
IOJIIIIIIeHHA IXHBOI AKOCT1 Ta CTA01I13aIll] BJIACTUBOCTEN.

5. HeoOximHO BHM3HAYHTH MOPQOJIOTIYHI IIOKA3HUKH SKOCTI
HAHOCTPYKTYP, CPOPMOBAHUX Ha MOBEPXHI HAIIIBIPOBIIHUKIB, a TAKOK
PO3POOUTH METOMUKH IX JIOCIIKEeHHS M aHaJIl3y 3 MEeTON BHILJICHHS
yHI(IKAIl BAMOTr 10 HAHOTEXHOJOTIYHOI IIPOAYKIN, IO ITPAKTHUIHO
JACTh MOSKJIMBICTh KILJIBKICHOI OINIHKK pe3yJbTaTlB BU3HAYECHHS
SIKICHUX TIOKAa3HUKIB.

6. Bunwukae moreba BH3HAYEHHS XIMIYHUX IIOKA3HUKIB SKOCTI
HAHOCTPYKTYP. BcTaHOBIEHHS KOPeJdIiii MIK TeXHOJOTTYHUMU
YMHHAKAMH  CHHTEe3y  IIOpyBATOTO  IIPOCTOPY  HA  IIOBEPXHI
HAIMBIIPOBITHUKIB Ta HAOYyTUMH XIMIYHUMH 1 MOP(OJIOTIYHUMU
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BJIACTUBOCTSAMHU JIACTh 3MOI'Y CTBOPUTH CTAHAAPTHI 3PA3KH, III0 MOKYThH
BUKOPHUCTOBYBATHUCS Y SIKOCT1 €TAJTOHHUX.

7. Ilorpeba B po3poOIl y3araJbHEHOI'O0 KPHUTEPII SKOCTI
HAHOCTPYKTYP 3yMOBJIEHA HEOOXITHICTIO yHI(IKAINi BUMOT 0
HAHOTEeXHOJIOTTYHOI HpoayKIirii. Po3poOka MeToIHuKIM OIIIHIOBAHHS SIKOCTI
HAHOCTPYKTYpP, CHHTE30BAHMX HA I[IOBEPXHI HAMNIBIPOBIIHUKIB
JTO3BOJIUTDH 3M1MCHIOBATH HOPIBHAHHS OJTHOTHUITHUX 3pa3KiB
HAHOCTPYKTYP Ta BIAIIOBIIHICTH IX €TaJIOHHIM.

8. BinmcyrHicTs MeTOOMK OIIHIOBAHHS PIBHA OTEHINHAHOI
HeOe3meKyr HaHoOMAaTeplaJlB 3YMOBJIIOE HEOOXIJHICTH PO3POOKH
AJITOPUTMIB, 3a IKUMHU MOKHA Oy/1e ITPOBOINTH OIIHIOBAHHS He0e3IIeKHn
HaHOMAaTeplajay IIPOTACOM BCHOI'O JKHUTTEBOIO IIUKJIY M J03BOJIHUTH
pO3pOoOUTH pexKoMeHJaIlll IMoJ0 IXHBOIO 0e3IIeYHOr0 CHHTe3y,
BUKOPHUCTAHHS Ta yTHI13aI.

9. O1iHIOBaHHS BIOIIOBIIHOCTI CHHTE30BAHMX MOPYBATHX IIAPIB
(pyHKITIOHAIBHOMY IIPHU3HAYEHHIO HEOOXITHO [JIA IX IIPaKTHUYHOIO
3aCTOCYBAHHS B SKOCT1 MaTeplayy (poTOeJIeKTPUUHUX IIePeTBOPIOBAYIB
eHeprii Ta CyIIepKOHIeHCATOPIB.
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PO31JI 2
METOJAH OOIHIOBAHHA AKOCTI HAHOCTPYKTYP

2.1 Meronu Ta migxonu OIliHIOBAHHSA AKOCTI
HAHOTEXHOJIOTIYHOI MPOAYKITil

CrammapTu, 1110 po3podasoThbess MiKHapPOIHOK OpraHi3allie mo
cTaHIapTaM He OOMEKYITBhCS PISHHMH CHCTeMaMH 3aXOdiB JIs
IIOKpAIlleHHsT  SKOCTI, BOHH  TAKOK  BHU3HAYAKTH  IIpaBHJIa
JOKYMEHTYBAHHSI IIPOIECIB 1 BKA3yOTh, Kl IIPOIECH HANOLIBII
BasKJIMBl 171 3a0e3medyeHHs HeOOX1THOro piBHsS sAkoctl [167, 168].
OnHak I1CHYIOTH TPAKTUKW, SAKI Jal0Thb MOMKJIUBICTH 3pOOUTH B
TeXHOJIOTISAX IIOKPAIeHHs SKOCTI HACTYIHUH IICJas cepTHdIiKaTy
ISO9001 xpox.

Sokpema, TQM (Total Quality Management) — 1me miaxiz mdo
yIpPaBJIHHSA OpraHisainen, HaIllIeHnit Ha akicTh. Tepmin Total Quality
Management 3ampoIrtoHOBAHUI JJIsT OITMCY METOIO0JIOTII, BIIIIOBITHO 10
SIKO1 KpHUTepli SKOCT1 CTAIOTh OCHOBHUM (PAKTOPOM [Jis KEepPIBHUIITBA
IpU IIPOEKTYBAHHI, IJIAHYBAHHI Ta MoaepHisalli TexHosori# [169 —
171]. Metomosioris TQM Bu3Hadae AKICTH HMPOAYKINI Ta IIOCIYT SIK
IHTETpy0Yy KaTeropiro. 3TiIHO 3 Hel AKICTh BH3HAYAETHCA HAOOpOM
kareropii [172] (puc. 2.1.).

Hait6iab1mn HOIITHUPEeHIMU 3araJIbHUMU 1IHCTPYMEHTAMU
3a0e3IIeueHHS STKOCT1 € P13H1 METOIU CTATUCTUYHOTO KOHTPOJIIO IIPOIIECY
(Statistic Process Control - SPC), sikl BUKOPHCTOBYIOTHCS TPyIlIaMH
CIIPUSIHHST SIKOCT1 JIJIsT BUPIIIEHHS PI3HUX 3aBIaHb 1 0e3mepepBHOrO
OIOBUINEHHS IrocTl [173, 174].

3aranpHe YIpPaBIIHHS SAKICTIO 0a3yeThbCs HA OPUHIIAIAX,
PO3yMIHHS ¥ peaJi3aifisi Ha IIPAKTUIN SKHX [J03BOJIAE JOCATATH
0asKaHOoro PIBHS SKOCTI1 «3 IIepIoro pasy» (puc. 2.2) [175 — 177].
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Pucynoxr 2.1 — Kareropii axocti mpomyxini arigeao 3 TQM
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Pucynoxr 2.2 — IlpuHIunm yIrpaBiaiHESa SKICTIO IPOIYKII

VYV pmermto 3mMiHeHOMY BUIJVISL Il €JIeMeHTH YBIHILIU 0 CKJIATY
IPUHITAITIB CUCTEMH MEHEeIKMEeHTY SKOCTl, IIPeJICTABJIeHUX Yy
craggaprax ISO cepii 9000.

€ayHuM 1)1 BCIX MIJXOIIB € Te, 0 KOHTPOJb SKOCT1 HeoOX1IHO
3I1HICHIOBATH IIJIIXOM MOPIBHAHHS 3aIJIAHOBAHOTO TIOKA3HUKA SKOCTI 3
M¥cHUM #oro 3HavyeHHAM [176]. BiracHe KOHTPOJIBb SKOCT1 IIOJIATAE B
TOMY, I100, IIEePEBIPAIYHN MOKA3SHUKHN SKOCTl, BUSBUTHU IX BIIXHWJIEHHS
BIJI 3aIJIaHOBAHWX 3HaueHb [177]. ¥V pasl BUABIEHHS BIIXUJIEHHS
HeO0OX1THO 3HANUTHA HPUYNHY H0ro0 MOSBH, 1 MIC/IsI KOPUTYBAHHS IIPOIIECY,
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3HOBY II€PEeBIPUTH BIAIIOBIAHICTH CKOPUTOBAHUX IIOKA3HHUKIB SIKOCT1
ixgiM  3amtaHoBaHuM — 3HadvenHaMm [178]. Came 1o Taxomy
0esmepepBHOMY IIMKJLy 3IIHMCHIOETHCSA YIIPABJIIHHSA, 3a0e3leuyeHHs
HEOOXIOHOI SKOCT1 Ta IIOJAJIBIINE MOr0 MOJIIIIIIIeHHS.

HayxoBoo 0CHOBOIO Cy4YacHOTO TEXHIYHOIO KOHTPOJIIO €
MATEeMaTHYHO-CTATUCTUYHI MEeTOAU. YIIPABJIHHS SKICTIO IIPOIYKITIT
MOsKe 3abe3reuyBaTucs JBoma metogamu [179, 180]:

— 3a JOIIOMOT00 PO30paKoBKU BUPOOIB;

— IIJIAXOM ITIJIBUINEHHS TeXHOJIOITYHOI TOYHOCTI.

Crpareria 1momo MOIOBUINEHHSA PIBHA  SKOCTI  Ta  HMOro
BIOCKOHAJIEHHS IIOBMHHA OyTH peaslidoBaHa HA BCIX eTalax sKUTTEBOTO
UKy IIPOOYKTY. IcHye HEOOXITHICTh BIICTEMKEHHS PIBHSA SKOCTI
OPOAYKINI Ha II0YATKOBUX eTamax BHUPOOHUYOrO IIpoIlecy, a He
MIJICYMKOBOTO M €IMHOI0 KOHTPOJIIO SKOCT1 BiKe I'OTOBOI'O IPOAYKTY Ha
Buxo/l. ToOTo HeoOXITHUM € BIACTE:KEeHHS PIBHS He TLIbKH T'OTOBOIO
MIPOOYKTY, ajie ¥ KOHTPOJIb SIKOCTI CHPOBHHU, BHPOOHHYOTO IIPOIIECY,
3acTocoByBaHHX TexHoJorii. I[limBuieHHs piBHS SAKOCTI MHPOIYKITII
3aJIeKUTD Bl 3a[0BOJIEHHS IIOTPed 3aMOBHMKIB. BiamoBigHICTE piBHS
SIKOCT1 IIPOAYKITI IToTpedaM CIIOKHMBAYIB O0YUCITIOETHCS 32 JTOIIOMOTOT0
eKCIIePTHUX BUMIPIOBAHL a00 morkymenTaapbHux mganux [181]. Cepen
ICHYIOYMX MeTOMIB BH3HAueHHs Imokas3HuKIB sarxocti (IId) memae
BIAIIOBIJHOIO IO BITHOIIEHHIO JI0 SIKOCT1I HAHOIIPOAYKIII B PUHKOBOMY
CEepPEeJIOBUII, TaK SK 1ICHYIOUl HIIX0H BU3HAUYEHHS ITOKA3HUKIB STKOCT1
He BpaxXOBYIOTh HAYKOEMHICTh HAHOTEXHOJIOTIH.

V manwnii yac iCHye BeJIMKA KIJIbKICTD IIIIXOIB Ta TeXHOJIOTLH, II10
CIIPHUSIOTH MIJIBUINEHHIO PIBHA SKOCTI Ta KOHKYPEHTOCIIPOMOIKHOCTI
mianpueMcTB (Tabst. 2.1).

Tabmuigg 2.1 — Iligxomm Ta TexHoJsorli, SKlI CIPHMOBAHO Ha
HIJBUIIEHHS PIBHSA SKOCT1 IIPOLYKIILI
ITigxizg / TexHOIOTIA ‘ Omnwmc ‘ sxepero
ITioxoou
Cucremu xourposo | [loplBHAHHS 3amIaHOBaHUX [167]
(CK) TIOKA3HUKIB 3 (PAKTUYHUMH, 1

BIJIIOBITHO aHAaJ13 OTPHUMAHUX
BIIXUJIEHDb IIPU X HASTBHOCTI.
Bapnauuam CK e po3poOka miamy
1, 3TIHO HBOT'0, JOCATHEHHS IT1JI1.
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Meror CK e indopmarriiina
MITPUMEA YIPABIIHCHKUX PIIIeHb
IS MOBUINIEHHA AKocTl. AKRICTD
VIIPABJIIHCHKOTO PIIIIEHHS — I1e
0e3yiu piireHb 3JaTHUX

3aJ0BOJIbHUTH BHUMOT'H CIIOYKMBAYIB.

CoamancoBana
crucreMa
nokasaukis (BSC —
balanced scorecard)

MetosoJtoris, sska 3acHOBaHA HA
IepeKJIal CTpaTeriii y KOHKPeTHI
LTl po3BUTKY Imanpuemcrsa. BSC
TPYHTYETHCS HA TAKUX OCHOBHUX
HAOPAMKAX, SK KJIIEHTH, (DIHAHCH,
BHYTPIIITHI ITPOITECU Ta HAaBYAHHSI.
3a maHUM HATPSIMKOM 3'SIBJISIETHCS
MOZKJIMBICTE €(PeKTUBHOI OI[IHKHI
MSIBHOCTI migirpueMcTBa. [Ipu
JIOCSATHEHH] pO3p0o0JIeHUX ITlIeit
HEOOX1THUM € Ha JaHHSI
Pe3yabTaTIB Yy BUMVISAl KIIBKICHUX
TTOKA3HUKIB

[168]

Cucrema
MeHeIKMEeHTY
axocrl (CMA)

YV CM{ 3 meToro migBUIlleHHA
SIKOCT1 3aCTOCOBYIOTH OIIIHKY
3aJI0BOJICHOCTI] CIIOKUBAYIB, AKA €
000B'sI3KOBOIO 32 BUMOT'aAMMK
craHmapriB. BuxigauMmu ganuMu
IpHU aHAaJII31 € JIaHl, OTPUMaH1
Jepes JIHI0 «3BOPOTHIN 3B'sI30K 31
CIIOKABAYAMMIY», IIPU aHAJII31 B
OCHOBHOMY BHKOPHCTOBYIOTHCS
1HIIEKC 3aJ0BOJICHOCT] CIIOKUBAUIB 1
KBaJIMETPHUYHI CIIOCOOM OITIHKH
SIKOCT1

[169]

Texronoetl

CrpykTypyBaHHS
dyHKINT gsxocTi(
QFD - Quality
Function
Deployment)

TexHosoris, AKka e Ha eTarrl
IIPOEKTYBAHHS BUPOOIB JO3BOJISIE
IIepeBeCcT BUABJIEH] II0TPeOH
CITOKHBAYIB Y TEXHIYHI BUMOTH [0
apoaykiri. JlaHa TexHoIoT1A

[170,
171]
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34CTOCOBYETHCS TUIBKH JIJIST
BU3HAUYEHHA MMIIBUIIEHHI SKOCTL

HPOAYKITII
Texnonoeii

FMEA-amamnis AHaJri3 IMOBIPpHOCTI BUHUKHEHHS [172]
(Failure Mode and | medekTiB 1 MOKJIMBUI BILJIUB IX HA
Effects Analysis, crrosxmBava. MeTorw JaHOro aHaI3y
aHaJII3 BU/B U € 3MEHIITeHHS KIJIbKOCTI PU3UKIB
HACJIIIKIB B1IIMOB B1JI MOKJIMBUX Je(EeKTIB IIPHU

PO3POOIIl TTPOTYKTY
DOyHKIIOHATIHHO- Ominka BUTpAT, IKA IPOBOAUTHC | [173]

BAPTICHUM aHAJI3 BIKEe JIJISI pPO3PO0JIEHUX IPOIYKTIB
IIJI 3MEHIIEeHHS KIJIBKOCTI BUTPAT
1, BIJIIOBITHO, 3HUKEHHS
co01BapTOCTI IIPOIYKTY

GAP-anamnia (metoq | 3aCTOCOBYETHCS J1s1 BUSIBJICHHS [174]
aHaJII3y IIePBUHHOI | BIIXWJIEHD Yy IIPOIlecax, IIo
1HdopMAaTrii) BUHUKJIU IIPU 1ICHYBAHHI Je(PeKTIB.
Crpusie MOJTINIITEeHHO 1ICHYI0YHUX
IIPOIIECIB, 4 TAK CAMO MOIKe
3aCTOCOBYBATHCS IIPU aHAJTI31

PO3PO0TIOBAHUX

JlaHl yopaBIlHCBKI TeXHOJIOTII, AK 1 CTAHIaPTH cepil CIpAMOBaHL
HAa IMIBUIIEHHS pe3yJibraTuBHOCTI podotr CMA.

TeopeTuuroo 0a3010 /IS OIIHKY IKOCT1 OYIb-IKOTO IPOAYKTY UM
OPOIECY € KBAJIIMEeTpld, Yy Meskax SIKOI PO3BHBAIOTHCS CTATHUCTHUYHI,
AHAJITAYHI, €KCIePTHI MEeTOAWKM OI[IHKH BIIIOBIIHOCTI OaskamHOMY
pisuio [181]. KouTpoapb sSKOCTI BiIOyBaeTbCSA ILJIAXOM IIOPIBHSHHS
3alJIAHOBAHOI'O0 IIOKA3HHKA 13 MIACHHUM #Horo 3HavyeHHaM [182].
Bigxuienss i 3am1aHOBAHUX ITIOKA3HUKIB B1IOYBAETHCS, SIK ITPABIIIO,
y Oir ripmux 3HaveHb. HeoOx11HO Tak0K BpaxoByBaTH, III0 cama I10 co01
SKICTh € JUHAMIYHUM 00’ €KTOM, SIKWH BHUMATAE€ IIOCTIHHOIO0 KOHTPOJIIO
[174].

Icrye 6e3nmiu cTaTUCTUYHUX METOJIB KOHTPOJI SKOCT1. ¥ IIHOMY
CEeHCI 3aBiKIU II0CTA€ IUTAHHSA — SKOMY METOY CJIIJ BIIJIATH IIepeBary.
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Jlesskl  cmerflaJricTM  IIPOIIOHYIOTH  KOPHUCTYBATHUCSA  HACTYITHUM
OPHUHIIMIIOM: BaKJIMBICTH CTATHCTAYHOIO METOIY IOPIBHIOE IOro
MATeMaTHYHOMY IIOTEHIlaJy, MHOKEeHOMY Ha IMOBIPHICTH HOrO
3actocyBaHHA [178 — 182]. ToOTo mIpu OITIHIIN SKOCT1 BUPOOY HEOOX1THO
obmpaTy Takl MeToOaM, AKl JAlOTh IOCTOBIPHY 1H(opMalriio, ogHAK €
MIPOCTUMU Ta 3po3yMmLIuMu (Tad. 2.2).

Tabmuiig 2.2 — MeToau KOHTPOJIIO SKOCT1 ITPOIYKITIT

Hasga, Ommc Mera, 3acTocyBaHHSS
JIFKepesIo

Merton I'padix, mHa axmit J103BOIAIOTH

KOHTPOJIBHUX | TIOCJIIJTIOBHO B BUKOPUCTOBYBATH ITOTOYHI1

Kapr, IOPSAKY B1IOOPY JTaHl IpoIrecy, 1od

[183, 184] BHOIPOK HAHOCSATH BCTAHOBUTH CTATUCTHUYIHO
3HAYEeHHS HOPMAaJIbHI Po00Yl KOPIOHHU B
CTATHUCTUYHOTO SIKUX IIOBUHHI ITepedyBaTu
MIOKA3HUKA, STKIHI rmapamerpu mpoitecy. [lpu
o0UmMCIIINeThCS 3a OI[IHIOBAHI AKOCT1
BUOIPKOBUMI HAHOCTPYKTYP JJIs
JTAHUMU. BCTAHOBJIEHHS 3aJIEIKHOCTEH

XapaKTepPUCTUK BIJT
TeXHOJIOFquI/IX YMOB CHUHTE3Yy.

Kourponbui | Imcrpyment s Mera 300py manux y mporieci
JIUCTKU 300py JaHUX Ta KOHTPOJIIO STKOCTI1
peectparii IXHBOTO HAQHOCTPYKTYD IIOJIATAE B
JTaHUX, aBTOMATHYHOTO KOHTPOJII TA PeryJIioBaHHI
[185, 186] VIIOPAIKYBAHHS JIJIs | IIPOIeCy CHHTE3y; aHaJI131
TIOJIETTIIeHH ST BIJIXMJIEHD B1J] BCTAHOBJIEHUX
TIOAJTBIIIOTO XapaKTePUCTUK; KOHTPOJI1
BUKOPHUCTAHHS HAHOTEXHOJIOTTYHOI
310pamoi 1HdopMaIrii. | TPOAYKILI.
[Ipuumano- | IHCTpymMeHT, AKMA BuxopucroByerbest qiis
HACJIIKOBA | JIO3BOJISIE BUSIBUTHU CHCTEMATUYIHOTO 1 TIOBHOTO
miarpama HAMNOL/IBII 1ICTOTHI BH3HAYEHHS [IPUYNH
IcikaBmu, daxTopu, 110 BUHUKHEHHS TPO0JIeMu; NI
[187 — 189] | BuHBaIOTHL HA aHaJI3y ¥ CTPYKTYypPyBaHHS

KIHIIEBUH pe3yIbTaT. | IPOIeciB; IIPU HEOOX1THOCTI
Bi3yaJsri3arrii Ta OIIHIOBAHHS
CITIBBIJHOIIIEHHS IPUINHHO-
HACJIITKOBUX 3B'SA3K1B.
Amnama IacTpy™menT, 1110 3acTocoByeThC SIK IJIST
ITapero, JI03BOJIsT€ 00'€KTHUBHO | BUSBJIEHHS IPo0JIeM, TaK 1
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[190 — 192] | mpencraBuTH i JIJIST QHAJTI3Y IIPUYHH, 110
BUSABUTH PAKTOPH, BUKJIMKAIOTH Il IIPO0JIEMH.
SIK1 BILIMBAIOTH HA
JIOCIIIKYBaHY
mpobemy.
INicrorpama | ImcTpymenT, 1o 3acTocoByeThCS IIPH OITIHITL
PO3IIoILITY JI03BOJISIE BI3yaJIbHO | IIPOIIECY 34 JOIIOMOTOI0
MMOKA3HUKIB | OIIHUTU PO3IIOILIT BUOIPKOBUX JAHUX, KOJIH
SIKOCTI, CTATUCTUYHUX IOTPi0HO 3’sICyBaTH
[193 — 195] | maHHX, 3TPYIOBAHUX | IMOBIPHICTD II€PETUHY
3a 4aCTOTOI0 POSIIOILIY reHepaIbHOI
MONAJAaHHSA JaHUX B | CYKYITHOCTI, MEK TI0JIIB
IIeBHUH 1HTEpPBAJI. JIOIIYCKY 1 IIOSIBU Y 3B SI3KY 3
IIMM HEBIJIIIOB1IHOCT1
BHUMOTaM CIIO;KHBAYA.
Jliarpama IacrpymenT, 110 Jlisa 3’sacyBaHHSA 3aJI€KHOCTL
PO3KuIy, JTO3BOJIsIE BUGHAUUTH | MI3K IIOKA3HUKAMU AKOCTI Ta
[196 — 200] | Bug 1 TICHOTY 3B'SI3KY | OCHOBHUMH (PAKTOPAMU
JIBOX TIapaMeTpiB BUPOOHUIITBA.
IIpoIIiecy.

[Ipencrasieni Bulle IiAXOAU J0 YIPABIIHHSA SIKICTIO 3aCTOCOBAHI
JIJISI IMUPOKOT0 KoJIa IIporieciB Ta npoaykini. Kosxen 3 Hux mae repesaru
B IIeBHUX Bumaakax. /lyse yacTo 3acToCOBYIOTH KOMOIHAIIII IIIIX0I1B Ta
texgosoriii. Hamam i Bu3HaueHHS MeXaHI3MIB YIIPABJIIHHS Ta
KOHTPOJTIO SKOCT1 HAHOTEXHOJIOTIYHOI ITPOAYKITIT Oy 1eMO KOPUCTYBATUCS
PO3TJITHYTUMY TEXHOJIOT1IMU, K1 JIeSKATh B OCHOB1 CHCTEMHOTO IT1IXO0TY
VIIPABJIHHS SAKICTIO IIPOIYKITII.

2.2
HAHOCTPYKTYP 3aJaHOT0 PiBHA AKOCTI

DOyuKIioHATIBHA MOeJIb npoiecy CUHTE3y

AxricTe HTpoAyKINl BU3HAYAETHCA SAK CTYIIHb XapaKTEePUCTUK
IPOIYKTY, III0 3aJI0BLIBbHSE BUCYHYTI 10 Hboro Bumoru [168]. PiBeHsb
SIKOCT1 PO3YyMIETHCS SIK KaTeropis UM po3psind, HAagaHl PI3HHM BHMOTaM
IPOAYKITII,
3acrocyBaHH4 [175]. Tomy 3amaHuii piBeHB SKOCTI JOIIJIFHO BUSHAYUTH

OO0 SIKOCT1 Kl MalTh Te caMe (QYHKIIIOHAJIbHE

AK BIJAIOBIIHICTHL OINHIOBAHUX IIOKA3HUKIB HAKOCTI BCTAHOBJIEHUM

(eTasoHHEM) 3HAYEHHAM. J3abe3lmedyeHHs SAKOCTI € CKJIAJ0BOIO

3araJIbHOI CHUCTeMH YIIPaBJIHHSA AKicTIO mpoxykiii. Tomy samaHwit
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pIBeHBb SKOCTl IIPOAYKINI € HACIIIKOM ISIJIBHOCTI BClel cucreMu
VIOPaBJIHHA AKICTIO. PeryiboBaHl BJIACTHBOCTI BU3HAUHMMO K HAOYTI
MOKA3HUKH IPOAYKIIil, 3aJaHOI0 PIBHS AKOCT1, SKUX MOMKJIMBO JOCATTH
IIPH 3aCTOCYBAHHI CUCTEMH YIIPABJIIHHS SIKICTIO.

Toxk, myg OTpUMAaHHSA SAKICHUX HAHOCTPYKTYP 13 3aJaHUMH
pPeryJIbOBAHUMU BJIACTHBOCTAMH HEOOXITHUM € CTBOPEHHS CHUCTeMU
3a0e3IeueHHsT SIKOCTI HAHOCTPYKTYpP dYepe3 VIIPABJIHHS IIPOIIECOM
cUHTe3y HaHOCTPYKTYpP. CHHTE3 HAHOCTPYKTYP OyIeMO PO3TJIAIaTH SK
IpoIlecC 3A1MCHEHHS IISJIbHOCTI, III0 PeaIl3yeTbCsa B IIEBHOMY YACOBOMY
IPOMIKKY Ta B IIEBHIN ITOCJIITOBHOCT1 BIJIIIOBITHO 0 3aJaHUX CTAJIIHA Ta
eramiB. ToOTo TyT 1 JaJ1 OyaeMo BBAsKATH, IO «YIPABJIIHHS SIKICTIO» Ta
«3a0e3IeveH s AKOCT» € CHHOHIMAMM, TaK SIK 3a0e3IIeYnTH SKICTh
HAHOCTPYKTYP MOKJIMBO TUIBKH Yepe3 YIPaBJIIHHS I[HOT0 IIPOIIECy.

Kpurepili saxocti BH3HAYAKIOTHECS JEKOMIIOSHI[ED  CHCTEMH
KPHUTEPIIB AKOCTI KOKHOTO CTPYKTYPHOTO PIBHS 3 ypaxyBaHHSIM HOTO
npusHavyeHHA. Kepyodl TeXHOJOTIYHI YMHHUKKA BCTAHOBJIIOIOTHCS HA
miJicTaBl aHaji3dy pe3yJIbTATiB JEeKOMIO3HUIIl BJIACTHBOCTEH Ha
KOKHOMY CTPYKTypHOMY piBHI [3]. 3ajesKHOCTI BIJIMBY KepyIOUHX
TeXHOJIOTIYHUX YHHHUKIB HA BJACTHBOCTI MaTeplajly BLIOOpaskaioTb y
BUIJISI €KCIIEPUMEHTAILHO-CTATUCTUYHNX MOEe/IeH, CYKYITHICTD AKUX
€ CIJIBHOI  MOIEJIII0  3a0e3leyeHHsI  SKOCTI CHHTE30BaAHHUX
HAHOCTPYKTYP.

Aricte  HamomareplasiB, a camMe  SAKICTh  IIIATOTOBKU
HAHOCTPYKTYPOBAHOI MOBEPXH1 [0 IIOZAJIBIIOT0 BHUKOPHUCTAHHSI
CIIOKMBAYEM, TICHO IIOBSI3AHO 3 SIKICTIO TEXHOJIOTIYHMX IrporeciB. [lo
TaKMX IIpolieciB HamexaTs [201, 202]:

— Tpollec OINHIOBAHHSA SKOCT1 BHUXIIHOI HAITBIIPOBIIHUKOBOL
IJIACTUHU,

— IIPOIIeC CUHTE3y HAHOCTPYKTYP 3aJaHOr0 PIBHS SKOCTI;

— IIOTOYHE OI[IHIOBAHHS IIPOIIECY CHHTE3y HAHOCTPYKTYP;

— IIPOIleC OCTATOYHOTO OINIHIOBAHHS SKOCTI HAHOCTPYKTYP, IO
BUPAKAETHCS Y BUXITTHOMY KOHTPOJIL;

— IIpoIlec KOPUTYBAHHS JIM Ta IIOJINNIEHHS MOKA3HHUKIB SKOCT1
BiKe c(pOpMOBAHUX HAHOCTPYKTYP.

Heobximumii 1 mocTaTHIN HAOIP IIOKA3HHUKIB SKOCTI HAHOCTPYKTYP
1 JOomaBaHHS HOBUX BJIACTHBOCTEM IIOBHHEH CKJIAHATHCA 3 TAKHX
TMOKA3HUKIB SKOCTl, SKl BILIMBAIOTH Ha pe3yJbTAaTHUBHICTH, TOOTO
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IOCATHEHHS 0askaHOro pe3yJibraTry. ¥ IIbOMY CEHCl B3a€MOIIOB sS3aHIl
IIPOITECH JIOPEUHO IIPEJICTABISATH K KOMIOHEHTH cuctemMu. HKosxma 31
CKJIQJOBUX CHCTEMH YIIPABJIIHHS SIKICTIO HAHOCTPYKTYP € CKJIAIHOIO
OIJICUCTEMOIO, II0 XapaKTepH3yeThbCs 3agadyaMi, QYHKIIAMHA i
3acobammu peaJtizaiiii. Tooro HeoOximamM € [203 — 208]:

— OITHC CTPYKTYPH IIPOIIECIB peaJri3ariii;

— BU3HAYEeHHS PYHKIIIN CUCTEMU,

— BCTAHOBJIEHHS BJIACTUBOCTEH CUCTEMHU.

3a MeToI0JIOTIUHY OCHOBY HOpeduHo HpiHaTu meTomosorio IDEFO0
(ICAM Definition), 1mo po3ymieThbCs SIK TOIIOJIOTiS OIIUCY CUCTEMU B
ITIJIOMY SIK 0e3JT14l B3aeMo3aJiesKHuX it a00 dpyHkIi [209]. ['padiuumit
cragmapt IDEFO e wactunoo meromostorii SADT (MeTom cTpyKTypHOIO
aHaJdy ¥ npoekryBaHH:A) [210]. OcHOBHOI MeTOIO Ifiel MeTOoI0JIorli €
mo0ynoBa PYHKITIOHAJIBHOI CXeMHU JOCJIIIKYBAHOI CUCTEMHU, KA OIUCYE
BCl HEOOXITHI IIPOIleCH 3 TOYHICTIO, JOCTATHBHBOI OIS OJHO3HAYHOIO
MonenoBaHHa mianabHocTl cucremu [211]. B IDEFO0 wmopesio
Ha3WBaeThCs OITrc Mepeskl mmporieciB. [Ipu oMy peasri3oByIOThHCS TPHU
0a30B1 IIPHUHITAIIN MOJIeJI0BAHHS Iporecis (Tadi. 2.2) [211, 212].

Tabmuia 2.2 — Basosi npuHIunm MmogeaoBaHH:Ag mporeciB y IDEFO

ITpunmMn Omnumc npuHIHILY
[TpunIMI ABnsge cobo10 crrocid MomesTIoBaAHHA TUIIOBOL
dyHKIIOHATIHEHOI cUTyallli, Ko Oyab-sKa Jis, olleparris,
JIEKOMIIO3HITI] (byHKINST MOKYTH OyTH pPO30mMTL

(mexomIIo30BaH1) HA O1JIBII IPOCT1 i,
omepairii, pyukIii. Iammmu ciioBamu,
CKJIQTHA (PYHKIIA MOsKe OyTH IIpeacTaBIeHa
Y BUTJISIJTL CYKYITHOCT1 €JIeMEeHTapPHUX

byHKITIH.
[TpunIMI CyTb IIPUHIIUILY IOJIATAE B TOMY, IIIO0
oOMesKeHHS KLJIBKICTH OJIOKIB Ha [Jiarpami Mae OyTu He
CKJIATHOCT1 MEHIIIe JBOX 1 He Ol/IbIIe IIIeCTH.
[TpunIMI MogesmroBaHHS I1JI0BOTO TIPOIIECY
KOHTEKCTHOI IIOYMHAETHCA 3 II00YI0BU KOHTEKCTHOI
miarpamMu marpamu. Ha 1miit miarpami BimobpaskaeTbes

TLIBKY OJJUH OJIOK — TOJIOBHA PYHKIIIS, IIT0

MOJIEJTIOETHCS.
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Ha mnepmomy erami moOymnoBu QYHKITIOHAJIBHOI MOIENl 3a
momomoroo IDEFO meobxigHOo BM3HAUMTH (PYHKINO, IO € IIPOIIECOM.
BusmaueHnus 1mporo mpoiiecy 3I1HMCHIOETBCA Yepes3 (POpMyBAHHSI METH.
Mera, y cBoIO 4epry, BlqoOpaskae MPUYNHY CTBOPEHHS MOJIEJI1 IIPOITeCy
1 BuaHavae i1 mpuaHaueHHs [211]. 3araiapHO MeTOW Momeseil y
pamrax metomosiorii IDEFO e amaims BiamoBigHOCTI OTpHEMAaHOI MOIEJI1
BcTaHOBJIeHUM BuMoram [212]. Jlas Toro, 1mo0 BUSBHUTH IIPOIIECH,
HeoOXx11HOo Bu3HaunTH [213]:

— ImapaMeTpu HaHOCTPYKTYPH;

— (pyHKITIOHAJIbHE IPU3HAYEeHHS HAHOIIPOIYKITIT;

— 00’eKTH IIepeTBOPeHHs (HAINBIIPOBIIHNKOBI ILJIACTHUHI).

Crouparouncs Ha 1100 1HPOPMAII, MOKHA BUOKPEMHUTH T'OJIOBHY
dyuriio (mporec) — «CuHTE3yBaTH HAHOCTPYKTYPHU 3aIAHOTO PIBHS
saroct» (puc. 2.3).

VipapniHHSI l

CHHTE3VBATH HAHOCTPYKTYPH
— 3aJ[AHOTO PIBHS SKOCTI | S
Bxomon A0 Buxoau

MexanisMu

Pucynox 2.3 — BcranoBieHHa (QYHKINI MIpOIEeCy CHUHTE3Y
HAHOCTPYKTYP

DOyHKITIOHAJTbHE MOJAEIIOBAHHS Hepeadadac MOCTYIOBUM IIepexiT
Bl 3arajIbHOTO 10 KOHKPETHOIO IIIJISIXOM JexommosuIni [214 — 217].
KouTexcrtHa miarpaMa MICTHTH ONKC [ISIJIBHOCTI, SKY IPOHU3YIOTh
HOTOKM, IO 3B'S3YIOTHh CYO0€KT IISJIBHOCTI Ta IIpoIec, TOOTO camy
MOJI€eJIb, 13 peaJIbHUM cepemgoBuIem [218].

Bxomamu 1mporiecy cuHTE3y HAHOCTPYKTYP Ha  IIOBEPXHI
HAMOIBIPOBIIHUKA 32JaHOr0 PIBHS AKOCTI €:
— HAINBIIPOBIIHUKOBI MJIACTHUHU,
— CIOHMBAYl MOPOAYKINI (Ipuiaamu, B SAKHUX OYIyTh 3aCTOCOBAHI
HAHOCTPYKTYPH);
— pecypeu;
— 3OBHIIIHA 1H(OpPMAISA IIPO CTAH BUXIAHUX HAINBIIPOBIIHHUKOBUX
3paskKiB.
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Buxomzamu mpoiiecy e:
— CHHTEe30BaH1 HAHOCTPYKTYPH 32TaHOTO PIBHS SKOCTI;
— crioskmBayl (IpUIagu, B SKUX MOMKYTH OyTH 3aCTOCOBAHI CMHTE30BaH1
HAHOCTPYKTYPH, BUMOTH J0 STKOCT1 AKUX BUKOHAHO);
— IpuOYTOK TA OKYIIHICTH Bl BAKHUTHUX TEXHOJIOTITYHUX 1HHOBAIIII;
— 1H(popMalliss I CHOKMBAYIB (OITIHKA PIBHSA SKOCTI HapaMeTpiB
HAHOCTPYKTYP Ta BIAIIOBIIHOCTI (PYHKITIOHAJIBHOMY ITPU3HAYEHHIO).
VupasiHHS IIPOIlecOoM 3MIMCHIOETHCS HA 0CHOBI, craugapTiB 1SO,
TeXHOJIOTIYHUX MAapHIpyTiB, KpurTepiiB sarocti Tomo [219]. o
MeXaHI3MIB BIJHECeMO J3O0BHIIIHI BILUIMBH, IIEPCOHAJI Ta HasIBHE
obJlamHaHHS JJIA CHHTe3y HAHOCTPYKTyp. HKapra  mporecy
mmpejicTaBjaeHa Ha puc. 2.4.

1
CraHpaptH ISO | KpHrepii arocTi
l TexXHOTON9HI MapHIpyTH
CHpOBHHA CHHTe30BaHi HAHOCTPYKTYPH
—_— -
CroxHBadl OPOIyKLIiT CurTe3yBaTH HAHOCTPYKTYPH CriosKHBAtH TPOIYKIT
> ) . . >
3aJaHOI'0 P1BHA AKOCT1 v
PecypcH TIpHGYTOK Ta OKYTIHICTH
—_—p >
30BHI HA iHQOpMalia Iadopmarisa 1714 CroKHBAtiB
——— >
A0
¥ f F
30BHi mH{ o HaseHe
BILTHBH EpQoHat obnanHaHHA

Pucysorx 2.4 — Kourerxcrma miarpaMa CHHTE3y HAHOCTPYKTYP
3aJIaHOr0 PIBHSA AKOCTL

BpaxoByroun 11111 MOZEJIIOBAHHS — BIAMOBIAHICTH IIPOILECY
pumoram cragmaptiB [ISO — mportec «CuHTe3yBaTH HAHOCTPYKTYPH
3aJIaHOr0 PIBHS SKOCT» BKJIOYAE HACTYITHI (pyHKINI (mporecm) [220,
221]:

— YIOPAaBJIIHHS AKICTIO;

— YIpaBJIIHHSA pecypcaMu;

— YIOPAaBJIIHHS CUHTE30M;

— OILIIHIOBAHHSA 1 MOKPAIIeHHI SKOCTI.

3rigzao Metomosiorii IDEFO, wosmmuumii 00k 000B’A3KOBO Mae
MICTHUTHU X04a 0 o OIHIM Ay31 BXOAY, BUXO/Y, YIIPABJIIHHSI 1 MEeXaHI3MY.

Posrissremo B3aemomli Misk IIporiecaMu, IO CKJIAHAIOTH IIPOIEC
«CuHTe3yBaTH HAHOCTPYKTYPH 3aTaHOTO PIBHS AK0CT (pHC. 2.5).

67



|

o
A A 4 EE 4 _§5=§
ed. [ e | 2% £
TENAE gr o
SEEN |36 fe ¢
EB | s | Ef €
, e <|&% g
= E 3
> Eo'ﬁ N
EEB =
g2 E &
E}% &
2 EE 0.2 =
N 1 f%
E B 1§ |—\§ é‘E
m
- 2 &
t ; EE 5 |/ - z
= =
r se |LE)| [~ &
=) ; o)
ﬁo 4'—] g E
T 3 <
3\ \|
- B o g 8 s &
- ;%‘ . | &8 = AR » a
5 : 1 &% LU £
| & 2R S 2|
7 - - 2
5 — t 1 7| 5 =
g, e 1
: p K g
g g 8 g =
= gg =] l
g S & S =
-k g 5
o a"‘ :;-}
Bl | S
g =
g 2

Oyuriiga Al «YopaBaiHHS SKICTIO» € KepyUYoo JJIS BCIX 1HIHUX
dyurmii. BigmosimHo g0 1poro Buxogu «Bumorm, I1HCTPyKIND e
KepynYUM JIJIS BCIX 1HINHUX (PYHKIIH CUCTEMH.

Oyurmia A2 «YOopapinHHS pecypcaMm» Mae 3BSI30K «BHUXIJI-
MexaHiaM» 3 (yHKIeo A3 «YIIpaBalHHS CHHTE30M». Y CBOIO Uepry,
Buxig mporiecy A3 «YmupasiiaHa cuHTe3oM» € BxomoM 10 yHKINT A4
«O1lHIOBaHHS 1 IIOKPAIIEHHS SKOCTIY.
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Buxomamu ¢yurimi A4 «OimiHOBAHHA M HOKPAIIEHHS SKOCTI»
OyIyTh BUCTYIIATHA: HAHOCTPYKTYPHU 3 JaHOTO PIBHS SKOCTI; CIIOKHBAY1
OpoaykIni (mpmiaagu), 1HQOPMAINS IIPO SKICTh HAHOCTPYKTYP Ta
OKYTIHICTH TEXHOJIOTIYHUX OIEPAaIlil 10 CUHTE3y HAHOCTPYKTYP.

Jlaml mpoBOoAUTHECS TEKOMIIO3HIIISA II0 BCIM YOTHPHOM (PYHKITISIM
Al«Ymupasmiaasg axriction, A2 «YupaBaiHHS pecypcamm», A3
«Yupasmiaas cuaTe3oMm, A4 «OIIHIOBAHHS 1 IIOKPAIIEHHS STKOCTIY.

Aricts HaAHOCTPYKTYpP OyZe 3yMOBJIIOBATHUCS TEXHOJIOTTUHUMU
YUHHUKAMHU CHUHTE3y, TOMY PO3TJISHEMO CTPYKTYPY Mepeskl IIPOIleCiB,
0 CKJIAAAITh pyHKIN0 A3 «Yupasiaiaas cuaTe3om» (puc. 2.6).

Inerpyxnit

Bxinne
OIIIHIOBaHHS
AKOCTI Jaui npo 3miiy
A3 1 BJIACTHBOCTEH 3paske ETHHOHHi BHHCTI/IBOCTi
o / ﬂ
Erazonni yMoBu
4
XBXx 3 -
Habyrra )
BIACTHROCTEN
A3.2h KonTposs
l' CHHTE3Y
1
AX A33
A4
OriHIOBaHHS
A AKOCT] —
A3.4

Pucymor 2.6 — Crpyrrypa Mepeskl IIPOIIECIB, IO CKJIAIAITH
byHKITI0 «YTIpaBIIHHSI CHHTE30M»

Ha Bxig mportecy A.3.1 «BxigwHe oIiHIOBAHHS SIKOCT1» HAIXOIUTH
1HdopMAaIlis PO MaTeplau, SKl 3aCTOCOBYIOTHCS IJIS BHUPOOHHIITBA
HaAHOCTPYKTYP, TOOTO HAIBIIPOBLIHUKOBI IIAaCTUHU. [HOpMAITiO IIPo
mapaMeTpH IJIACTUH OTPUMYIOTh 3 ITaCIIopTa MaTeplasry, a00 IIPOBOIAIN
HepYHHIBHUN KOHTPOJIb THUX BJIACTUBOCTEHM HAITIBIIPOBIIHUKA, SK1
BIIMBATUMYTDH HA BUX1JIHI BJIACTUBOCTI CHHTE30BAHUX HAHOCTPYKTYD.

MmuosxxuHa BJIACTHUBOCTEH BHUXIJTHOIO 3pas3ka sABJsIE CO0OI0
CYKYIIHICTH YaCTKOBUX BJIACTHUBOCTEH, 1 MOKe OyTH IIpejlcTaBjieHa
MHOYKHHOIO TIOKA3HUKIB:

2= f(a), 2.1)
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oe n — KIUIBKICTH BJIACTUBOCTEH, IO OIIHIOITLCH, i —BJIACTHUBOCTL
3pa3Ka, KOKHA 3 SAKHX, y CBOI 4Yepry, MOke OyTH IIpelcTaBjieHa
MHOKHIHOIO [IOKA3HUKIB:

o= +an+..+ ik
o2 =0xn+0o2+...+a2 (2-2)

Om =O0m +C0m2 +...+ Omp

ne k,l,m,peN.

Jo HuxX HaJIexaTh:
— THUII IIPOBLTHOCT1 HATIBIPOBITHUKA,
— OpleHTAalIlld IOBEPXHI,
— piBeHb JIeryBaHHI,
— THII JIETYI0YOl JIOMITITKH,
— THUII 1 KIJIBKICTD Je(eKTIB TOIIIO.

3BicHO, BUXIZHI 3pa3Kd XapaKTepU3yIThCSI I[IEBHHUM piBHEM
SIKOCTI1 — cepeJ] 3araJIbHOI mapTili MOKyTh OyTH JedeKTHI 3pasku ado Ti,
110 YaCTKOBO He BIAIIOBIIAIOTh 3aJaHUM IapameTrpam. Tomy HeoOX1THO
MAaTH TOI HAO1p II0KAa3HUKIB BUX1IHNX BJIACTUBOCTEH 3pa3Ka, IKUi Oy me
BBAsKATHCA €TAJIOHHUM. BUX0IA4YM 3 ITHOT0 MOKHA BU3HAYNTH (PYHKITIIO
mporecy A3.1 «BximHHIA KOHTPOJIBb SKOCTIY, KA II0CTAE B IOPIBHSHHI
BJIACTUBOCTEH, 1110 BXOJIATH Y BXIIHY MHOKUHY BJIACTUBOCTEH 3pas3ka y
— 3 BJIACTHUBOCTSIMH, III0 BXOJSATH Y €TAJIOHHY MHOKUHY BJIACTUBOCTEM
3pas3ka, ILJISIXOM IEepeBIKpU IIOMaJaHHSA jy B 1HTEPBaJ eTAJOHHUX

3HAYEHb:
X € [Zstmin 3 Y stmax ] , (2 . 3)

e Jstmin— MIHIMAJIBHO JOILyCTHME eTAaJIOHHE 3HAUYEHHS BJIACTUBOCTI,
Jstmax — MIAKCHMAJIBHO JOIYCTUME €TaJIOHHE 3HAYEHHS BJIACTUBOCTI.

Eranonna MHOMHMHA BJIACTUBOCTEM 3pa3Ka (popMyeThCs HA OCHOBL
JaHUX, OTPUMAHUX 3 HAIBHUX I1HQOPMAINWHUX pPeCcypciB —
HAITIOHAJIBbHUX Ta MUIKHAPOIHHX CTAHIAPTIB, MACIIOPTIB MAaTeplay,
BHMOT, 1110 BUCYBAIOTHCS 10 YHCTOTH 1 SKOCTL MATEepPlajly, a TAKOK 1HIIIHIX
TEeXHIYHHUX MaTeplajiB, 1 CKJIAZAeTbCd 3 MHOMKHWHU eTaJIOHHUX
MOKA3HUKIB:
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Jstmin = Zf(Zistmin)
o (2.4)

Jstmax = Zf(sttmax)
i=1

[Ipu cuHTE31 HAHOCTPYKTYP HA MOBEPXHI HAMIBIPOBIIHUKIB JeIKl
BJIACTHBOCT] 3HAYHO 3MIHIOIOTBHCS, HesAKl — 30BCIM BTPAYalOTh CEHC
(mampukJiiand, riaagkicts moBepxHi). Kpim Toro, HAIMBIPOBIIHHKOBA
IJIACTHHA 3 IIIapoM HaHoMAaTeplasly Ha II0BepXHI1 HaO0yBae 30BCIM 1HIIIHIX
BJIACTUBOCTEM, SKMMHU He BOJIOJIB BUXITHUN KpucTasi. Tomy y meBHOMY
HAOJIMKEeHH] MOKHA BBECTH I OJHY XapaKTePUCTUKY Ay — IpHUpICT
(byHKINT BIACTUBOCTEH BXITHOI MHOMKWHU BJIACTUBOCTeH 3pas3ka. [ls
BEJIMYMHA OIUCYETHCS CBOEI0 MHOKHHOI TOKA3HUKIB:

Ay ={Ax,Ap2,..Ayn} (2.5)

Api=Ayn+Ayn+...+Ayu
e SAy2=Aya+Ayn+...+Ayu . (2.6)
Aym=Aym +Aym + ...+ Aymp
ne k,,bm,peN.

TobTo mpupict QYHKINI BJIACTUBOCTEH BXIJHOI MHOMKKIHI
BJIACTHUBOCTEM 3paska Ay e Buxomom mpoitecy A3.1 « BxigHe omiHIOBAHHS
aroct». IHdopmaliisg, y BHUINIAIl IPUPOCTy QPYHKINI BIaCTHBOCTEH
BXITHOI MHOKMHHM BJIACTUBOCTEHN 3pas3ka Ay SIBISEThCI KepyHOUuM
darxTopom misa mpoitecy A3.2 «HabyTrs BiractruBocTei».

Bxiguna wHoskmHa yMOB (QopMyBaHHS HAHOCTPYKTYP 1 €
CYKYITHICTIO YMOB, TIepeI0auyeHuX eTaraMu TeXHOJIOTTIHOT0 TIPOIIecy.

Ax B:ke OyJI0 cKasaHo paHille, BUXIAHI BJACTHUBOCTI 3pas3ka He
JIvIe 3MIHIOIOTHCS, a W BIIOyBAEeTbCsT HAOYTTS HOBUX BJIACTUBOCTEM.
Jly1st 3pydHocT1 OymemMo BBasKaTH, IO BJIACTUBOCTI caMe «HAOYBaIOThC».
3rigao 3 ocHoBHmMu npuHimmamu Hotalli IDEF0 ma Bxim mpoirecy
«HabyTrTsa BiacTuBOCTE» HAIXOAUTH MHOKUHA BXITHUX BJIACTUBOCTEM
3pas3ka y , To0TO T1 mapaMeTpu HAIIBIIPOBITHUKA, SKUMU B1H BOJIOJIIB IO
TeXHOJIOT1YHOI 00POOKH.

MuosxkuHa yMOB (DOPMYBAHHSI HAHOCTPYKTYP BU3HAUYAETHCS:
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— PpeKOMEeHIAIlIMH JO0 TeXHOJIOTIYHOTO TIIpoliecy (hOopMyBaHHS
HAHOCTPYKTYP Ha OCHOBI HAIIIBIIPOBIIHUKOBUX KPHUCTAJIIB;
— CTaHIapTaMU;
— IIOJIOYKEHHSIMU;
— TeXHOJIOTTYHUMHU MapIIpyTaMy Ta KapTaMU,
— KOJIeKCAMU yCTaJIeHOI IIPAKTUKH,;
— IIPOTOKOJIAMH J1a00PaTOPHUX JTOCILIKEHD;
— 1H(popMaIli€io, IO OTPUMYETHCS 3 1HINMHX dKepes (HayKoBl CTaTTI,
HATEeHTH) TOIIIO.
Ha ocHOBI 1MX JOKYMEHTIB CKJIaJIA€ThCS MHOKIHA
TEeXHOJIOTIYHUX YNHHUKIB:

TIZf(Ti), 2.7)

e k — KUIbKICTh yMOB pOPMYyBaHHS HAHOCTPYKTYD;

T = {rn,rn,...,m} — MHOKMHA 1HTEePBAJIIB TeXHOJIOTIYHOTO HpoIiecy (Jac
00poOKM 3araJbHHUI, TEPMIHK KOKHOTO 3 €TAIllB TEeXHOJOTITYHOIO
IPOIIECY TOIIO);

7i :{TZI,TZI,...,TZI} — MHOKMHA IIATOTOBYMX Ta 3aKJIIOUYHUX eTalllB
(maroToBKa, IMOJIIPOBKA, ITACUBAIIls, BIAMIAJ TOIIO);

n={r31,031,..,T3n} — MHOXHHA JOJATKOBHX YMOB (hOPMyBAHHS
HAHOCTPYKTYP (OCBITJIEHHS, IIIIIPIB Ta II€PEMIIIyBAHHA €JIeKTPOJIITY
TOIIIO);

rs={741,741,....,Tap| ~— MHOKHHA OCHOBHHUX yMOB (hOPMyBaHH:I

HAHOCTPYKTYP (IIIJIBHICTD CTPYMY, CKJIAJ 1 KOHIIEHTPAIIlA €JIEKTPOJIITY)

TOIIIO;
k,,m,peN.
ODyHKINSA —IIPoIecy «HabyTrTss BIIacTHBOCTEH» OIIHMCYETHCS
HaCTynHI/IM YHUHOM.
PerAtaLziGl 2.9)
fv)

ne f(y)— MHOMHMHA 30BHIIIHIX (QaKTOPiB fAKi MOXYTH BIUIMBATH Ha

BUXIJTH1 BJIACTHBOCT] 3Pa3KiB;
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H —vHOoxuHa HaOyTHUX BJIACTUBOCTEH 3pasKa:

H={h,ho,yhn} , (2.9)
sIKA OIIMCYETHhCSI HaOOPOM aTPHUOYTIB:
h=hi+h+...+ hi
h=hi+h2+..+h . (2.10)
Bm = hmt + B2 + ...+ B
ne k,l,m,peN.
Buxomammu mporiecy A3.2 «HabyTTs BiaacTuBocTe» ABISIOTHCS:
— MHOKMHA BUX1JHHUX BJIACTUBOCTEN 3pa3Ka,
— MHOKMHA HaOyTHUX BJIACTHUBOCTEH 3pasKa.

3BicHO, I Yac TEXHOJIOTITUYHOIO IIPOIeCy CHHTE3y HAHOCTPYKTYP
3IIMCHIOIOTHCA IIeBHI TexHoJioriudi omeparrii. IIi omeparri HeobOXimgwHO
OiIgaBaTH KOHTPOJIIO IIPOTATOM BCHOT'O TEXHOJIOTIYHOTO IIporiecy. Tomy
BpaxyBaHHS IIOTOYHOI'O OI[IHIOBAHHS SIBJISETHCS BaKJIMBOIO JIAHKOI B
3a0e3rmeveHHl SKOCTI CHHTE30BAaHUX HAHOCTPYKTYp. lloToummii
KOHTPOJIb y 3aJIeSKHOCTI BlJ METOIY CHHTE3y HAHOCTPYKTYP MOKHA
IIPOBOIUTH 324 JTBOMA HAIPIMKAMU:

— KOHTPOJIb CYTO TEXHOJIOTIYHHUX OIlepalliil (3HATTA BOJIbT-aMIIEPHUX
XapaKTEePUCTUK, KOHTPOJIb TEMIIEPATYPHOI'0 PEKIMY TOIIIO);

— IIPOMIKHHH KOHTPOJIb SKOCT1 3pas3kiB (AKIIO IIe € MOKJIUBUM 1
JIOITLIIBHIIM).

Jlisa 3pydmocTi o0’emHaemMo Il JBa HANPSIMKH KOHTPOJO IILJ
omauM IIporiecoMm «KoHTposb CHHTE3y», asKe HPOMIKHI BJIACTHUBOCTI
CHHTE30BAHMX HAHOCTPYKTYpP KOPEJIITh 3 yMOBAMHU CHHTE3Y.
OyukIio aporecy A3.3, 110 ocTae y BU3HAYEHH] IIOIIAAHHSI MOl
TEXHOJIOTIYHOTO IIPOIleCy CHHTE3y HAHOCTPYKTYP y 1HTepBaJ 3HAYEHD
€TaJIOHHOI MOJEeJLJTi, IIPeJICTABIUMO B HACTYIIHOMY BUTJIS/II:

i € [ pstmin fhstmax | , (2.11)
Jie [L— MOJIeJIb TEXHOJIOTTYHOTO IIPOIIECY;
Msimin— MIHIMAJIBHO JOIIYCTUME eTaJIOHHe 3HAYEeHHS eTaJIOHHOI MojesIl
TEXHOJIOTIYHOTO TIPOIIECY,
HUsimx — MIaKCHMAJIBHO JIOIIyCTHME €eTaJIOHHe 3HAYeHHS eTaJIOHHOI

MOJIeJI1 TeXHOJIOTTYHOI'O IIPOIIeCy.
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Eranmomra  MHOMKHMHA  MOAeJl  TEXHOJIOTIYHOTO  IIPOIleCcy
dopMyeThCs 13 TEXHOJIOTIYHUX PEKHMIB 1 CKJIATAETHCA 3 MHOMKHHH
e€TAJIOHHHUX ITOKA3HUKIB:

Mstmin = Zf(ﬂistmin)
- (2.12)

Mstmax = Zf(lujstmax)
=

Buxomamu mporecy A3.3 «KoHTpoab cuHTE3y» OYIyTh BUCTYIIATH
OITIHKH MOJIEJI1 TeXHOJIOTIUHOI0 IIPOIIeCy, K1 € 1H(opMaIriern mpo SKICTb
BUKOHAHHS I1poriecy A3 «YIIpaB/IiHHSI CHHTE30M».

IIpomec A3.4 «O1iiHIOBAHHS SIKOCTI» SABJISETHCSI 3aBePIIAILHHIM
most mportecy A3. Ha 1pomy erari HeoOX1THO 3pOOMTH BHCHOBOK IIPO
IJIMH TEXHOJIOTIYHOTO IIPOITeCY, OIIIHUTH HOr0 OCOOJIMBOCT1, 3POOUTH
BHCHOBOK TIPO MOYKJIMBICTh IIOBTOPIOBAHOCTI E€KCIIEPUMEHTY Ta
BIATBOPIOBAHICTL pea3yabrariB. lleil mpoiiec mepenye 3aKJIIOUHOMY
eramy — 3araJJbHOMy OITIHIOBAHHIO IIPOBEIEHHS [ISJIBHOCTI Ta
SIBJISIETHCS BAYKJIMBOIO JIAHKOI B 3arajibHOMY IIPOIIECl YITPABJIIHHSI
sakicTio HaHOCTPYKTYp. Ha Bxim mporecy AS3.4 «OIiiHIOBAHHS SKOCTD
HAJIXOJIUTh MHOKHHA Ha0yTHUX BiIacTuBocTel 3paska H. OyHKIIIA [IHOT0
mpoilecy — TOPIBHAHHSA HAOYTHX BJIACTUBOCTEN HAHOCTPYKTYD 3
erasmouuaumMu. JlocArHeHHs peadyJsbrary Oyae XapakTepu3yBaTHCS
MONAJaHHAM y 1HTEPBaJI eTAJOHHUX 3HAYEeHb HAOyTHUX BJIACTHBOCTEH
3paska:

H €[ Hitmin; Hsmax |, (2.13)
ne Hsmn— MIHIMAJIBHO [IOIDYyCTHME eTaJIOHHEe 3HAYeHHSa HaO0yTHxX
BJIACTUBOCTEU,

Hsimax— MIaKCUMAJIBHO JOIYCTUME eTaJIOHHe 3HAdYeHHsS Ha0yTHux
BJIACTHUBOCTEMN.

Buxomammu mporecy A3.4 «OIiiHIOBAHHS SKOCT SBJISITHCT
OIIHKYM BUXITHOI MHOKHMHU HaOyTHX BJIACTHBOCTEH 3pas3ka, SIKI €
1H(popMaIlien IIpo SKiCTh BUKOHAHHSA mpoiecy A3 «CumHTe3yBaTm
HAHOCTPYKTYpm». [HdopMAaIien 11 CIIoKUBaYIB Oyae OI[IHKA BUX1THOL
MHOKHUHHA HAOYTHX BJIACTUBOCTEM HAHOCTPYKTYP.

OcuoBaum mporecom A3  «CuHTe3yBaTH  HAHOCTPYKTYPI»
saBisieTbea mporiec A3.2 ««PeasidoByBaTu JogaBaHHS BJIACTUBOCTEID.
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Y3araJbHeHUN MTOKA3HUK SKOCTI OyJe MICTHUTH YaCTKOB1 KpUTepii, Skl
CKJIATAIOThCS 13 YACTKOBUX ITOKA3HHUKIB. T00OTO YacTKOBHUIT KpUTeplit
BUKOHYE (PYHKIIIO ITOPIBHIHHA HAOYTHX BJIACTHBOCTEH 3paska 3
eTAJIOHHUMU 3HAYEHHSIMA.

BinmosimHo, KpuTepieM 3aBepIIeHHS MIPOIeCy CHHTE3y MOKHA
BBAsKATU TIONAJAHHSA Yy eTAJOHHHUU 1HTepBaJ 3HaveHb. BusHavyeHHS
y3araJJbHEHOTO KPUTEPII0 SKOCTI Oyae IIpeJCcTaBJIEHO Yy HACTYITHUX
po3aiax.

B saxocti moKasHWMKa JIOCATHEHHS pe3yJIbTaTy BU3HAYHMO
KoedpirtieHT sikocTl Kg — BITHOINIEHHS peaJbHUX BJIACTUBOCTEM 3pas3ka
0 OYIKyBAaHMUX (THUX, IO HaMarajucsa [gOJAaTH I dYac CHHTe3y
HAHOCTPYKTYP). HKoedirieHT saxocTl XxapaxkTepusye napamMeTpu
CTPYKTYPH, II10 0yJ10 cPOPMOBAHO 1] YaC CHHTE3Y.

Buxomsau 13 BEUMOT 0 TOCTATHBOTO PIBHS SIKOCT1 BUX1THOI MO,
3aJaeTbcad HeoOXimHAa SKICTh — Hi weos. Taxmm umHOM, KpHUTEepiem
3aBepIIeHHs IIPOIeCcy CUHTE3y HAHOCTPYKTYP Oyie:

Hﬂ > Rﬂ HeoD. (2 14)

Ile osmavae, 110 1ma yYac 3OIACHEHHS TIPOIECY CHHTE3Y
HAHOCTPYKTYP JOCATJIHA 0asKaHOro pe3yJbTarTy.

2.3 CucremMHu#l  migxim g0  ynpaBiHHA — AKICTIO
HAHOCTPYKTYP

CucreMHMiI MmOXIT O0 YIPABIIHHA SAKICTIO HAHOCTPYKTYP Y
3araJIbHOMY PO3yMIHHI ITOBUHEH MICTHUTH IIeBH1 KOMIIOHeHTH (puc. 2.7)
[218 — 240].

BinmoBimHO 10 OCHOBHHX IIOJIOMKEHDB CHCTEMHOTO AaHAJI3Y,
HaHOMAaTeplaJu JOIJIPHO PO3TJISIATH SAK CKJIAJHY CHCTEMY, SKa
(pbyHKITIOHYE y 30BHINIHBOMY CEPEIOBHUIII. 3JOBHIIIHE CEPEIOBUIIE Y
IIbOMY CeHCl MOKHA BBaskaTH HajcucTemoro (218, 240], BoHO Bu3Havae:

- YMOBH dyHKIIOHYBaHHS (obs1acThb 3aCTOCYBAHHS)
HaHOMAaTeplaJy;

— BUMOTH JI0 MarTeplajly, 3TITHO 3 SKUMU MOKEe IIPOBOIUTUCS
OIlIHKA IXHHOI'0 PIBHS SAKOCTI.
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3apas mpocresKyeThbest TEHIEHINSA YIPABIIHHSA SKICTIO MaTeplaJiiB
3a JIOIIOMOTI0I0 3aCTOCYBAHHSI HAYKOBUX 3HAHbD, 30Kpema [203 — 205]:

— JOCJIIYKeHHS aJeKBATHOCTI HAYKOBUX TiIIOT€3 IIPO BILIKB
30BHINIHIX (PAKTOpPIB HAa  IIPOIECH CTPYKTYPOYTBOPEHHS  Ta
eKCILIyaTAI[lfHl BJIaCTHBOCTI HAHOMATEP1AJIIB,

— BCTAHOBJIEHHS KOPEJIAINN MK TeXHOJIOTIYHUMU YHHHUKAMHA 1
HaOyTUMHU BJIACTUBOCTSIMHU HAHOCTPYKTYP;

— [OOCTIIKEHHS MeXaHI3MIB caMoOpraHi3alllli MIpH CHHTe3l
HAHOCTPYKTYP TOIIIO.

AHai3 pe3ynbTaTiB qisUTBHOCTI Ta PO3poOKa 3aX0iB 3
MOKPAIIEHHS TIOKA3HHUKIB SIKOCTI

)

Po3poOKka HOBHX Ta yIOCKOHAJIEHHS BIKE
HAsIBHUX METO/IB Ta 3ac00IB CHHTE3Y
HAHOCTPYKTYP i3 3a/laHUM PiBHEM SKOCTI

Po3pobka anroputmis
3abe3reueHHs] BCTAHOBIIEHOTO
PIBHS SIKOCTI HAHOCTPYKTYP

Bcranosnenns KOpeJlﬂLliﬂ MI’K KOMIIOHEHTAaMU Ta BIACTUBOCTAMU

1‘

JlekoMTIO3u1ist MOJIE/i HA KOMIIOHEHTH isIbBHOCTI

)

Po3pobka y3aransHeHOI MOJemi ynpaBaiHHS SKICTIO
HAHOCTPYKTYP 3 ypaxXyBaHHIM MEeBHUX 0OMEKEeHb

A

TToctanoBKka i popMyTFOBaHHS METH i 3aBJaHb AisIBHOCTI

Pucynox 2.7. — KommoHeHTH cHcTeMH YIpPaBIIHHA SKICTIO
HAHOCTPYKTYP

TobOTo yupaB/IIHHS AKICTIO HAHOCTPYKTYP, SIK OyIb-aKa CKJIAIHA
crucTeMa, CKJIA[AEThCSA 13 0araTboX KOMIIOHEHTIB, SKl (POPMYIOTBHCS
BUXOJIAYH 3 iX PYHKIIOHATBPHUX XapPaKTEPUCTHUK Ta B3a€MOBIIHOIIEHD
y mpoiiecl (pyHKITIOHYBAHHS CUCTEMH B II1LJIOMY.
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3 ypaxyBaHHAM IIPEICTABJICHMX BHINE 3araJIbHUX IIOJIOKEHb
cuctemMHOro maxonay [209 — 211], a Takok creIruIIHuX 0COOIHUBOCTEH
PO3POOKM CHCTEMM YHOPAaBJIHHSA SKICTIO HaHOCTPYKTYp (pmc. 2.8)
HeOOXITHUM € peassalils CXeMM BHUPIIIeHHs 3amad 3a0e3meueHHs
SKOCTI  HAHOCTPYKTYPOBAHMX  HaAHOMAaTeplajiB  Ha  II0BEePXHI
HAMOIBIPOBITHUKIB (puc. 2.9).

Po3pobka pekoMeHIali# i HOPMATHBHO-TEXHIYHOI JOKYMEHTAIIIT 15
CTBOPCHHSA CTAHAAPTHUX 3pa3KiB MiANPUEMCTBA Ta CHHTE3Y HAHOCTPYKTYP i3
BHBHHJIEFiJIB 3aJaHKMMU BJIACTHUBOCTAMHA

*

ExkcriepuMeHTaNBHE TOCIIIKEHHST €eKTHBHOCTI 3aTIPOTIOHOBAHUX METOHK
YOPaBIIiHHA SKICTIO HAHOCTPYKTYP, IX MepeBipka Ta JOCIIHKeHHS
BIITBOPIOBAHHOCTI PE3yJIbTATIB EKCIIEPUMEHTY

*

Po3poOka MeToIiB 1 3aC00iB JUIs BUPIIIEHHS IOCTaBIEHHHX 3aBAaHb, Y TOMY
YHCITI BCTAHOBIICHHS KOPENSAIii M’k TeXHIKO-eKOHOMIYHUMH TTapaMeTpaMy
BUPOOHMIITBA Ta HAOYTHMH BJIACTHBOCTSIMH HaHOMATEPialiB, a TAKOXK po3podKa
aJIrOPUTMIB YIIPABIIHHS SKICTIO HAHOCTPYKTYP

3

Bubip kpuTepiiB SKOCTI HAHOCTPYKTYP Ta BCTAHOBJIEHHHS y3arajlbHEHOTO
KPUTEPIFO SKOCTI IS pallioHATI3AI] JOCTIIKYEMHX CHCTEM YIIPABIIiHHS
SKICTIO HAHOCTPYKTYpP Ta CKOPOUEHH$ JIAHOK 1 CTYTMEeHiB BHPOOHHUYOro Tpoliecy

A

Po3pobka Mosieneid ynpaBmiHHs SKICTIO HAHOCTPYKTYP ( 3 MeToro yHidikarii
BUMOT /10 HAHOTEXHOJIOTIYHOT NPOayKIIiT

A

IlocTaHOBKA METH i 3aB/laHb YNPaBIIHHA SAKICTIO HAHOTPYKTYp, BUBYEHHS
HasBHOI TEXHIKO-eKOHOMIYHOI iH(popMallii 70 MOCTaBIeHNX 3aBJaHb

Pucynox 2.8 — Eranu 3abesmedeHHs SIKOCTI HAHOCTPYKTYP

[IpoekTyBaHHA 1 CHHTE3 HAHOMATEP1aJIlB JOILIBLHO IIPOBOJIUTH 110
CTPYKTYPHHX pPIBHSX, TaK SAK Il BHUKJIOYAE BIUIUB JI0JATKOBUX
YMHHUKIB HA JOCTIIKYBaHI IIPOIECH 1 ABUINA. 3a3HAYEHHUH X1 OyB
3aITPOIIOHOBAHUMN y BUTJISAM] MOJIICTPYKTYpHOI Teopii B. I. CosomaToBa
[246]. 3rimHo mOJICTPYKTYpHOI Teopli KOMKeH pIBeHb CTPYKTYpPH
MaTreplagy pOo3TJIAHAEThCSI OKpPEeMO, a IIOKa3HWKKM MOro SKOCT1
BUILISIOTHCS BUXOOAYH 3 JIEKOMIIO3HINI CHCTEMU KPUTEPIiB sTKkoCT1 [244
— 246].
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Cucremu 3aGe3meTeHHA AKOCTI HAHOCTPYKTY], chopMOBaHHX Ha
TIOBEPXHI HAMIBITPORITHHKIB

Ilocramoepka 3aBJaHE, IIOMIYK

EkcriepuMenTanbHi JOCTITKEHHA Ta
(hopM TpenCTABTEHHS TA OITHCY

eKCITepHMeHTAaTEHA TiepeRipKa - ; .
: MojTeTIeif CHCTeM YIPARTIHHS SKiCTHO

Po2po0IeHHK ATOPHTMIR

HAHOCTPYKTYP
Po3po0xa MeTOAHIHHX PeKOMEH A Ta Po3polka Mozel mporiecy yipapIiHHL
HAyKOBO-TEXHITHOI JOKYMEHTaIll1 AKICTIO HAHOCTPYKTYP
] [

Pozpobka TexHOTOTTIHIX Budip yMoR 1 06MekeHs, po3podKa
MapINpPYTIiB, KapT, BU3HATEHHA YMOB OCHOBHHX METO/IIB 1 3ac00iB BHPITIEHHA
CHHTE3Y HAHOCTPYKTYP 13 3aTaHHMH €XHITHHX 3aBIaHb IO YIIPABIIHHIO AKIC

BIIACTHBOCTAMH HAHOCTPYKTYP
MeTonu i 3aco0H BHPINTEHHS 3aBaHb Ta ANTOPHTMH yHi(ikarmii i

pamioHam 3 ami

Pucymor 2.9 — Cxema BupilleHs 3aBJaHb CTBOPEHHS CHUCTEMH
3a0e3IleueHHsI SKOCTI HAHOCTPYKTYpP, COpPMOBAHUX Ha IIOBEPXHI
HAITBIIPOBITHUKIB

Kpim nmexomiiosminii cumcreMu KpUTepliB SIKOCTI HEKOMIIO3HUIILS
BKJIIOUA€E B ceOe BUSHAYECHHS JJIsI KOKHOTO PIBHS CTPYKTYPU KepPyIUnuX
pecypcHHX 1 TEeXHOJONIYHHUX YHHHHKIB Ha MIJCTABl  aHAJI3Y
CTPYKTYPOYTBOPEHHSI Ta SBHII, IO IIPOTIKAITH IIJ Yac CHUHTE3Y
HaHOCTPYKTypu. Ha 1migcraBl eMINpUYHHUX JaHUX IIOA0 BILIABY
KepynuynxX YMHHHUKIB BCTAHOBJIIOIOTH €KCIePUMEHTAJIbHO-CTaTUCTUUHL
MOJIeJIl.

CykymHICTh ITMX MOEJIeH MOKHA BBAYKATH 3aTraJIbHOI0 MOJIEJIIIIO
CHMHTE30BAHOTO MaTepiajly a3agaHoro piBHsg sgkocti. Ha ocHoBi
pPO3po0JIEHNX  YaCTKOBUX  MOJeJedl Ta  y3araJbHeHOI  MOoesl
3a0e3IeveHHsT STKOCTI HAHOCTPYKTYPHU CTA€ MOKJIMBUM IIPOBEICHHS
oaraToxpuTeplaJbHOl orrTuMi3alrii. MeToo IIbOro II0cTae BU3HAYEHHS
MeK BaplIOBAaHHS TEeXHOJIOTIYHUX YMHHHUKIB, SK1 3TaTHI 3a0e3IIeYnTiH
3aJaHUN PIBEHb AKOCTI CHHTE30BAHUX HAHOCTPYKTYpP [205 — 211]. TobTo
Opu  BHOOpl palloHaJbHUX BApIlaHTIB CHCTEM OIITUMAJILHOTO
VIOPABJIHHSA SKICTIO, OLIBIINCTE BUHHUKAOYHX 3aBIaHb ONTHMI3alrii
SABJISIOTHCS OaraTokpureplabEumMu [239 — 241].
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2.4 Bubip meToauKu OIiHIOBAHHA AKOCTI HAHOCTPYKTYP

Y  mammit vac  Opakye  aJeKBaTHA  XapaKTepPHUCTHUKA
HaHOMAaTeplaJlB Ta J0Cl He BUALJIEHO OCHOBHI KPHUTepll IXHBOI SKOCTI.
PisumomaniTtss ¢opM Ta BHIIB HAHOCTPYKTYP 3a3BUYAil POOUTH
HEMOKJIMBUM  I[IOPIBHAHHSA  IXHIX  IapaMerpiB. Ta  gKicTh
HaHOMAaTeplayy, gxa OyJge KOpHCHA B OJHOMY BHUMIAIKY, OyJae 30BCIM
HesacTocoBaHoio B iHITomy. Ha MiskHapogHOMY PiBHI BEIYTHCS 3yCHJLISI
III0JI0 PO3POOKH CIIMCKIB KJIIOYOBHUX (PIZUKO-XIMIYHUX IIapaMeTpiB, sSKI
BBAJKAIOTHCS ~ HEOOXITHHUMHK  JJIA  aJeKBATHOTO  BU3HAYEHHS
XapakTepuCTUEK HaHoMarepiams [76, 77, 81]. OngHak, HA CHOTOIHIIITHIA
JIeHb He JOCATHYTO JOMOBJIEHOCT] IOJ0 aJeKBATHOTO Ta BIJAIIOBITHOTO
ix 6a3oBoro HabOPYy.

[Tpu 1mpomy 3abe3meyeHHS BHCOKOI STKOCTI HAHOTEXHOJIOTTYHOI
OPOAYKIINI BHMATae YITKOTO PO3yMIHHS IIJIEH YIIPABJIIHHS SKICTIO,
3HAHHS CTPYKTYPH KPHUTEpIiB Ta IapaMeTpiB, AKl IX BU3HAYAIOTbH.
OmiHKy SAKOCTI ¥ KOHKYPEHTOCIIPOMOKHOCTI HPOMYKIMI TOIJIBHO
OPOBOJUTH 34 [OIOMOIOI0 JEKOMIIO3UINI CHCTeMH KPHUTEPIiB SKOCTI.
Cyrp Meromy mojisitrae B TOMY, IO MPHU IIOPIBHSJIBHOMY BHOOP1
IIPOIYKIIl BPAXOBYETHCSA He OQUH KPUTEPI, a JesKa IXHI CyKYITHICTD —
MOKa3HUKIB AKxocTi [357 — 359]. 3acTocyBaHHS IeKLIBKOX KPUTEPIIB IJIsT
OIIHKM 1CTOTHO IIABHUINYE AaAeKBATHICTb 1 IIPABMJIBHICTH OIIHKH
mocJrisxyBaHoro od'exra [181, 182].

Humi m1pu oriHIOBAHHI SKOCTI IPOAYKIII BCe OLJIBIITOTO 3HAYEHHS
Ha0yBaTh 0araTOKpUTEpiaIbHI OIIHKK BUILICHHUX KPHUTEpPIiB, AKl B
0araTboX BHUMNAJIKAX 3a0€3MeUYyITh OTPUMAHHS OLIBII JOCTOBIPHOI
1iacopmainii [181 — 183]. Tak Ak MeTo10 € 3a0e3IIeUeHHs BUCOKOL SKOCTI
HAHOTEeXHOJIOTIYHOI IIPOAYKINI, TO B POJI y3araJbHEHOT0 KPHUTEePio
MOKe BHCTYIIATH SKICTh BHPOOY, a B POJII YACTKOBHUX KPUTEpPiiB —
MOKA3HUKH, II[0 XapaKTepu3ylThb (PYHKINOHAJIBHI BJIACTHBOCTL
MarTepiaiy.

Basnanusa O0aratoxpurepianabHoi ontumisarii (BKRKO) mependauae
3BEePHEHHS 10 3aBIaHb JOCIIKEHHS OIlepalliii y TOMy BHIIQKY, KOJIH
BHUKOHYIOThCSI ymoBH [203]:

— KpHUTepil He3aJIeKHI;

— 3aJIaHO HAIIPSMOK IIOJIIIINEeHH 3HaYeHb KPUTEePIiB.
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V meaxumx BUMaaKax JOIIJILHO aHAJII3yBaTHU SKICTh MaTeplasy 3a
CTPYKTYPHHUMH PIBHAMH. MeT0o IeKOMIIO3HII CHCTEMU KPHUTEpIiB
SKOCTI IIpH IILOMY OyJe BCTAHOBJIEHHS IIOKA3HUKIB  SIKOCTI
(BmacTmBOCTEIT) Ta IXHIX KIJIBKICHUX 3HAYEHD (I1aTIa30H1B BAPIIOBAHHS)
JIJIsT KOSKHOT'O CTPYKTYPHOTro piBHs MaTepiaiy [216 — 218]. MakpopiBeHb
BIJITIOB1IAa€ CHHTE30BAHOMY MaTeplajy, [0 HBOTO 3aMOBHUKOM
BCTAHOBJIIOIOTHCSI BUMOTH ¥ B1JIOYBAETHCS HOT0 MOPIBHAHHSA 3 KPAIUMU
aHaJoraMu abo «iJleaJJbHUM MaTeplajioM», IMOKA3HUKU BJIACTHBOCTE
SIKOTO € eTayoHOM [234, 238, 245].

[Ipu 1mpomy ciig BpaxoByBaTH, IO OOOB'SIBKOBOI YMOBOIO
TEeKOMIIO3UIN] € BUABJICHHS IT1JIICHO-HEIJIICHUX BJIACTUBOCTEH IIIJIIXOM
«IILITICHOI0» PO30UTTSI CHUCTEMH, TOOTO OTPHUMAHI IICJS JEKOMIIO3HINI
YaCTUHU MOKYTHb YTBOPIOBATHU €UHE I[lJIe — IIe € 3aKJIOYHUM eTaroM
JIeKOMITIO3UINT CHUCTEeMU KPUTEpPliB SKOCTI, AKHH J03BOJISIE CTBOPHUTH
CTPYKTYPHY CXeMy YIIpaBJIHHSA SKICTIO MaTepiaiuy [239, 245].

IcHye Besmka KIJIBKICTH METOIIB KBAJIMeETpil, IO CJIYIYIOTHb
e(peKTUBHUMH 1HCTPYMEHTAMM OITIHKU SKOCTI mpoaykini. [Ipwu ormimIn
SIKOCT1 IIPOAYKITI 3aCTOCOBYIOTH TUQEPEHINHI Ta KOMIIJIEKCH1 METOIHN
omiukn. JludepeHmiinuii MeTon 3aCHOBAHHN Ha BHUKOPHCTAHHI
ONMHUYHUX IIOKA3HHUKIB sKocTl mpoaykini. Komimexkcuumit metos
BU3HAYEHHS  IIOKA3HUKIB  SKOCTI  mepeadayae  BUKOPUCTAHHS
BU3HAYAIOYOTO TIOKA3HUKA, TKUM MOKe CJIYTYBAaTU OJIUH 3 TOKA3HUKIB:
TOJIOBHUI, 1HTEeTPAJIbHHUH, cepeaHbo3Baskenmnit [182, 245].

Jlysxe 4acTo CYKyOHICTH OMUHUYHUX MOKA3HUKIB SIKOCTI € JOCUTH
BEJIMKOIO, 1 aHAJI3 3HAYEeHb KOYKHOIO IIOKA3HHUKA ITudepeHIlaIbHIM
METOJIOM He J03BOJIsI€E OTPUMATH y3arajJbHIOUYNX BUCHOBKIB. 3 1HIIIOIO
OOKy, MOKJIMBA CHUTyallld, KOJM KOMILJIEKCHHH IIOKA3HUK SKOCT1
HEeIOCTATHBO IIOBHO BPAXOBY€ BCl 1CTOTHI BJIACTHBOCTI IIPOMYKIMI I
MEPeIKoIKAaE OTPUMAHHIO aJIeKBATHUX BUCHOBKIB IIOJI0 JEAKHX
BJIACTUBOCTEM MaTeplasy. ¥ IIAX BHUIIAIKAX JOPEUHHM € 3aCTOCYBAHHSI
3MIIIIAHOTO MEeTOAYy OINHKHK SKOCTI IIPOAYKINI (MaTepiasy), SKHI
3aCHOBAHUM HA CILJIBPHOMY 3aCTOCYBAaHHI OOUHHUYHHUX 1 KOMILJIEKCHUX
(rpymoBux) mokasHukiB [245]. s peasisalrii iboro MeTomy YaCTHUHY
ONUHHUYHHUX IIOKA3HUKIB 00 €IHYIOTH y TPYIIH, 1 I KOMKHOI TPyIHn
BU3HAYAIOTh KOMILIEKCHUI mokasHuK [246]. Ha ocHoB1 orpmmanoi
CYKYITHOCT1 KOMILJIEKCHUX 1 OIMHUYHUX MOKA3HUKIB CTa€ MOKJIUBUM
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OITIHUTH PIBEHBb SKOCTI HPOAYKITi. AJIropuTM BU3HAYEHHS T'PYIOBUX
MOKA3HUKIB AKOCTI MaTepiaay HaBedeHo Ha puc. 2.10.

1. BuzHavenHsi cuTyauii ouiHiOBaHHA (MeTa)

e 3. [lobyoosa oepesa énacmueocmeti 1l e
4. Bubip noxasnuxie sixocmi npooyKyii
s e R e i
: 5. Buznauenns 3nauens oounuyHux noxazHukie axocmi
L 6. Buznauenus suauens koeghiyienmise eacomocmi )
L oL . """""'"""""""i"""""""".""""""""..'. """"""" 1
i 7. Bubip memody 32opmku noxasuuxis (kpumepiie) ;
e 8. Oyinka pieHs AKOCMI ... . oo

9. MpuiinsTTs pilieHb 1010 AKOCTI HAHOCTPYKTYP

Pucynor 2.10 — Asrroput™M BuU3HAYEHHS PIBHSA AKOCTI MaTeplajry
3a IPYIIOBUMH IIOKA3HUKAMU STKOCT1

[Ipu BuKOpHCTAHHI IIHOTO AJTOPUTMY CJII BPaxXOBYBATH IesIKl
ocobsmBocTl. Bas3osi, abo erajioHH] 3pas3Ky IIOBUHHI BIJHOCHUTHUCS [0
MaTeplaJIiB, AaHAJIOTIYHUX 32 MPU3HAYEHHAM T4 YMOBAMU €KCILIyaTaIrl
OIIIHIOBAHOTO HaHoOMAaTeplajy. SKIII0 TaKoro IpOTOTHILy He ICHYye, 3a
0a30B1 IIOKA3HUKU STKOCT1 €TAJIOHHUX 3HAYEHb MOKYTh OyTH HTPHUMHSATI
IIPOTHO30BAH]1 TOKA3HUKU SKOCTI MPOAYKIINI, II0 TMIPeJCTaBJIsIe
epPCHeKTUBHUM (OUIKYBaHUI) PIBEHB SIKOCTI.

[Tpu Bu3HAYeHH] BAroBUX KOEMIIIIEHTIB CJIIJI BPaXOBYBATHU, IO
iXHs cymMa MIOBHHHA JIOpPIBHIOBATH OmuHHIN [363, 366]. 3ropraHms
KPUTEpIiB SKOCTI Iepeadavyae IIepeTBOpeHHS Ha00py HaSIBHHUX
ONUHUYHHUX KPUTEPIiB Y OOUH y3araJabHeHUH kpurepiit [367 — 370]. [Ipu
IIbOMY KpHTepii IIOBUHHI OyTH OJHOPIIHUMHA M HAJIEKATH OQHIEl IpyIIi.
To0TO M1 KOKHOI TPYIT KPUTEPIIB 3TOPTKY Tpeda MPOBOIUTH OKPEMO.

Ha ocramabOMYy eTami IpoBOAATE OIIHKY pe3yJbTaTy. AKINo pe3yabpTar
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He3aJ0BLIbHUI, TO HEOOXITHO IIePEeOIiHUTHU METOIH CHUHTe3y
HAHOCTPYKTYpP, ab0 BpaxyBaTH HOOJATKOBl (pakTopu, sSKI He OyJum
BpaxoBaHI MiJ] Yac HPOEKTYBAHHSA Ta TEXHIYHOI peasri3arlii CHHTe3y
HAHOCTPYKTYpP. KpiM TOro, HeoOXIITHO BOEBHUTHCS, IO Pe3yJIbTaT
OITIHKU AKOCT1 € 00’ €KTUBHUM.

Ax yxe OyJio ckasaHo BHINE, [JIs1 BU3HAYEHHS y3araJIbHEHOIO
KpUTEpII0 SKOCTI HAHOCTPYKTYP, CPOpMOBAaHMX Ha IIOBEPXHI
HAMOIBIPOBIOHUKIB, HEOOXITHHM € IIPOBEJEeHHS JeKOMIIO3UILI]
BJIACTUBOCTEH HaHomarepiaay. JlJsg 11boro cKoOpHMCTAEMOCS 3PYUHHUM
IHCTPYMEHTOM KBaJIiMeTpii — mepeBoM BiactuBocTeit. [1o0ymosa mepesa
BJIACTUBOCTEM € BaKJIMBUM €TAIOM AJITOPUTMY PO3POOKH METOMUKK
ominoBaHHA AkocTl. Ile 3ymoBiieno psimom mpuuwms. [lo-mepre, 1mpu
HENpPaBUJILHOMY BWKOHAHHI CKJIAJ0BHUX HMOr0 OIlepalliii pe3yJsbTaTh
OIIIHIOBAHHS  AKOCTI, OTPHMAaHl 3a JOIIOMOTOK  HEKOPEeKTHO
mobymoBanoro mgepeBa (1 3acmoBanol Ha HBROMYy MOK), MoxyTh
BUSBUTHUCS 30BCIM HeBlpHuMU [245, 246]. Ilpu miboMy mmoMmiaka moske
OPOABJIATHCSA 3a OyIb-IKOI IMKAJIO, B SKIH OyIyTh BUPAKATHUCT
3HAYeHHS MOKAa3HMUKA IKOCT1 [246].

Bynp-axi BiacTtuBOoCcTI MaTepiasiiB MOMKHA KJIacH(IKyBaTH 3a
cryiagaicTo [181, 245]:

— CKJIQJHI BJaCTHUBOCTI (T1, III0 MOKHA JIJIUTH Ha OLJIBII IIPOCTL);

— IIPOCT1 BJIACTHBOCTI (IIOIJI SKHX Ha OLIBII IIPOCTI HEMOKJIMBHI);

— KBa3lIpocTi (BJIACTUBOCTI, IK1 MOYKHA JLJIATH HA OLJIBIII IIPOCTI, aJie Iie
He € JOpeuYHuM, a00 II011JI BJIACTUBOCTEH He Mpu3Beae 10 CIPOIIEeHHS).

Kpim Toro, icHye IOHATTSA «rpylia BJIACTHBOCTEM» — CYKYIIHICTH
MEHIII CKJIQJHUX BJIACTUBOCTEH, Ha Ky 0e3I10cepeHbO PO3KJIATAETHCS
ckaanua BaactuBicTs [181]. IIpukmamom 1poro moske OyTH MHOMKHHA
MOPQOJIOTIYHUX BJIACTUBOCTEH HAHOMAaTeplasly, sSKa B CBOI dYepry
CKJIQAETHCSA 3 MHOKMHU YACTKOBUX KPUTEPIiB: po3Mip HAHOCTPYKTYP,
K1JIBKICTB, PIBHOMIPHICTB 1 T.I.

3 1iHII0r0 OOKY, BJIACTHBOCTI MaTepiajiB YMOBHO PO3ILJISAIOTH Ha
y3ro[sKeHl, HelTpabHl Ta cymepeunusl. Jlo yaromxeHmx KpuTepiis
MOJKHA BIOHECTH TOM BUIIAIOK, KOJIM IIOJIMNINEHHS IIOKA3HHKA SKOCTI
OJTHOTO KPUTEpII0 IPU3BOJUTEH O IIOJIIIIEHHS IIOKAa3HUKA SKOCTI
1HIIIOTO. Y IIHOMY pasl IJIg TOro, o0 MOJIIIINTH 3arajbHy SKICTHb
BHAPOOY IOCTATHHO IIOJIIIIIIATA MOKA3HUKHU SKOCT1 OIHOTO 3 KPHUTEpPIiB
[245].
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Heiirpanbul xpuTepli — 1e T1 KpuTeplli, 3HAUYEHHS ITOKA3HUKIB
SKOCTl SIKWX He BIIMBAIOTH OJWH HA OJHOT0. 3a0e3leyeHHs SKOCTI
BHUPOOY [IOCATAETHCS TOJIIIIIEHHAM IIOKA3HHUKIB SIKOCTI KOKHOTO 3
HeUTpaJIbHUX KpuTepliB [181].

Oco0JIMBUMU € CyIepeds Bl KpUTepli — MpU MOJIIIIIeHH] 0THOTO 3
HHUX, I1HIOUHA [OKA3HHK IOTIPIIYETHCI. Toml pimreHHs 11040
HOJIIIIIEHHS SKOCTlI ITPOAYKITI CTAae MOMKJIMBHM JIUIIE 34 YMOBH
KoMITpomicy [245].

TakuM uWHOM, [JII BCTAHOBJIEHHS y3arajJbHEHOTO KPHUTEPIo
SIKOCT1 HEOOX1HO IIPOBOJUTH OIITUMI3AIII0 CHUCTEMH 3a BclMa
KpUTepiaMu, y TomMy uucal cymnepewrnBumu. OgHAK ONTHMI3AIlisa
CHCTEeMH II0 OJTHOMY 3 KPUTEPIiB IMPAKTHUYHO BUKJIIOYAE MOKJIUBICTDH
ontuMmiadaliii 3a iHmuMu kpurepismu [245, 246]. Tomy BaskIHBO 3HAUTH
V3TO/I’KeHU ONTUMYM [JIs BCIX BUKOPHCTOBYBAHUX KpUTEPIiB [246].
HeobOximamMm e BpaxyBaHHS TOro (pakTy, II0 OI[HIOBAHHS
y3arajJbHEHOr0 KPHUTEPlI0 SKOCTI YCKJIQAHSETHCS dYepe3 BIAMIHHOCTI
OMHHUIIH, B SKUX BUPAKAIOTHCSA 3HAUYEHHS IIapaMeTpiB.

JlepeBo BiIacTuBOCTEM HaHOMATEPlAJIY B 3HAYHIN MIpl € AaHAJIOTOM
JepeBy IIOKA3HUKIB (II0 € MeTO  peaJisallil  aJIrOpUTMYy
KBAJIMETPUYHOIO0 AaHaJi3y Ha eTamnl BU3HAYEHHS y3arajJbHEeHOTO
KpUTepilo sKocTl). Y JepeBl BJIACTUBOCTEH SKICTb, SK HANOLIBII
CKJIQJHA BJIACTUBICTH, PO3TJISIAETHCA SK CTOBOYp JepeBa, 3a3BUUail
YMOBHO BBAKAETHCS PO3TAIIIOBAHUM Ha HYJIHOBOMY spycl gepesa [181].
s craamHa BJIACTHBICTE TEKOMIIO3YETHCS HA HACTYIIHOMY Spycl Ha
MEHIIT CKJIaTH1 BJIACTUBOCT1, KOKHA 3 AKHUX, B CBOIO Yepry, JIUTHCSI Ha
e MeHII ckaamHl 1 T.10. Bmacrusocrti mumsxdoro, (k - 1)-ro apycy e
y3araJbHIOOYUMHA IJIS BIJIIOBIJHUX BJIACTHUBOCTEIH II0AAJIBIIOr0, K-T0
apycy (k =1, 2, ..., m, 1e m — HOMep HAKBHUIIOrO (OCTAHHLOTO) APYCY
nepesa BJiiactuBocrei) (puc. 2.11) [362 — 364].
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Apvcu depesa Kpumepiie/giacmugocmeil

Hvavoeuii (k—2) (k—1) m
1
11 2
3
15
4
12
5
Kys 6
13
7
16
8
14 9
10
Pucynor 2.11 — 3aranpHa cxemMa mgexomMmosuili (1o spycam

IepeBa) KpHUTEpliB AKOCTI HAHOMATEplaJ B OLIbII CKJIAJHAX Ha
YaCTKOBI 1 HymMepaIls KpuTepiiB

[Tpu mobymoBi mepeBa BJIACTUBOCTEN HAHOCTPYKTYP JOIMILHUM €
PO30UTTSI HA 3arajibH1 BJIACTHUBOCTI Ta crerudivui. Ilpu mbomy mo
3araJbHUX BJIACTUBOCTEM BiIHECeMO Ti, SK1 IpHUTaMaHHI OyIb-IKOMY
chopMoBaHOMY HAHOMATEpPialy, HE3aJIeKHO BiJ METOIy CHHTe3y Ta
Mopdostoriuaux — ocobsmmBocrei.  Jlo  crmerudluHMX — BJIACTHBOCTEM
BlAHeceMO Ti, K1 BIOPI3HAOTh HaHOMAaTeplaaum oquH Big omuoro. Ileit
MOJILJI € YMOBHHUM, PSI BJIACTHBOCTEHN MOMKHA PO3TJIAIATHA B 000X I'PyIIax
omHodacHo. TwM He MeHIN, pPaHKYBAaHHS 34 TAKUM IIPUHIIUIIOM €
HEOOXITHWUM  [JI1 BU3HAYEHHS  CIEIU@IKK  KOKHOI  OKpemoi
HAHOCTPYKTYPHU Ta PO3YMIHHS 11 pOJIl JJIS IIPOMUCIOBOTO BUPOOHUIITBA.
Takum yrHOM, CIeIr(pIYHI BJJACTHBOCTI MOKHA HA3BATH YaCTKOBUMHU.

JJ1s1 K1IBKICHOI OITIHKHY SKOCT1 HAHOCTPYKTYP HEO0OX1THO:

— BH3HAUYUTH, AKI caMe XapaKTePUCTUKH 3yMOBJIOIOTH SKICTH
HAHOMIPOIYKIIII;

— BCTAHOBUTU METOMU TAa METOIWKH, SIK1 CJI1J 3aCTOCOBYBATH JIJIS
OIIIHIOBAHHS 3HAUYEHb XapPaKTEePUCTUK HAHOCTPYKTYP;

— JIOCJIIIUTH ILJISAXH KOHTPOJIIO TA OI[HIOBAHHS SIKOCT1 YACTKOBMX
KpHUTEPIiB SIKOCTI.
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Bce 11e crame miArpyHTAM I BHU3HAYEHHS y3araJIbHEHOTO
KPUTEPI0 AKOCTI HAHOCTPYKTYP.

2.5 BucHoOBKHY 10 Jpyroro po3miiy

1. Ha ocHOBI1 mIpoBeJeHHOr0 aHAaJI13y MEeTO/IB OLIIHIOBAHHS SKOCTI
HAHOTEeXHOJIOTTYHOI IMPOAYKITI MOKHA KOHCTATYBATH:

— cyvYyacHUIl CTaH HOPMATHUBHOTO 3a0e3levYeHHs, a TaKOoX
TPYAOMICTKICTE TA CKJIAIHICTH HPOILEAYP JOCTIIMKEHHS OCHOBHUX
MOKA3HUKIB SKOCTI HAHOCTPYKTYP CYTTEBO CTPHUMY€E BIIPOBAIKEHEHS
HAHOTEeXHOJIOTTYHOI IIPOAYKIIII B Pi3Hl rajy3l IIPOMHUCIOBOCTI;

— PUHOK HAHOTEXHOJIOTIYHOI IIPOAYKIII moTpedye IracmopTHU3alili Ta
cepTrgiraIri HaHOCTPYKTYP, 110 3YMOBJIIOE HEOOX1IHICTD
y3arajJbHEHOr0 KPHUTEepilo SKOCTI BIAIIOBIAHO [0 MIKHAPOSHUX Ta
BITYM3HSHHUX CTAHIAPTIB TA aIIpodaIriio pisHUX METOINK BHUIIPOOYBaHb,
CIIPSIMOBAHUX HA 3a0e3IIeYeHHs IXHBOI SKOCTI 1] YaC CHHTE3Y;

— dYepe3 pISHOMAHITHICTH HAHOCTPYKTYpP 1 IXHIX XapaKTEePUCTUK
CHOTOJTHI ITPAKTUYHO BIJICYTHI METOJWKN BU3HAYEHHS Ta KOHTPOJIIO
SIKOCT1 HAHOCTPYKTYP, HAABHI METOAUKN KOHTPOJII SKOCT1 ITPOIYKITIT
MOKYTh OyTH 3aCTOCOBAHI1 JIMIIIE B OKPEMHUX BUIIAJKAX 1 HOTPEOYIOTH
y3araJbHeHHS Ta yHi(pikaiii.

2. OyHKIlOHAJbHA MOJEJb IIPOIeCy CHUHTEe3y HAHOCTPYKTYP
3aJaHOr0 PIBHS SAKOCTl IIpeAcTaBJieHa 3a JJOIIOMOIOK METOI0JIOrI
IDEFO. 3a gomomororoo pgexommosuirii mporecy «CuHTe3yBaTn
HAHOCTPYKTYPH 3aJaHOr0 PIBHA SKOCT» IIOKA3aHo, IIM0 JJIS
3a0e3meveHHsT SKOCTI HAHOCTPYKTYP HEOOXITHO peasTi3oByBaTH
VIOPaBJIHHSA  SKICTIO, 3OIACHIOBATH  VIIPABJIHHS  pecypcaMmi,
peasi3oByBaTH TEXHOJIOTIYHI IIPOIECH CHUHTe3y Ta IIPOBOIUTHU
OIIIHIOBAHHS 1 IIOKpPAIlleHHS TEeXHOJIOTIYHUX IIPOIIECIB CHHTE3Y
HAHOCTPYKTYP.

3. Ha ocHOB1I w™Mojmesl cuHTE3y HAHOCTPYKTYP BHU3HAYEHO
HOMEHKJIATYPY HOKA3HUKIB AKOCTI HAHOCTPYKTYP. Y SIKOCTI ITOKA3HUKA
JIOCATHEHHS pe3yJIbTaTy BU3HAYEHO KOe@IITIEHT SKOCT1 — BLIHOIIEHHS
peasibHUX BJIACTUBOCTEM 3pas3Ka JI0 OYIKyBaHHUX (THX, 10 HaMaraJucs
JomaTH I Yac CUHTe3y HaHOCTPYKTYp). KoediiieHT sxocTi
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XapakTepuaye IMmapaMeTpH CTPYKTYPH, 110 0yJI0 cpOpMOBAHO ITIT Yac
CUHTEe3Yy.

4. Jlma BuU3HAUYEHHS  y3araJbHEHOIO0 KPHUTEPilo  SKOCTI
HAHOCTPYKTYpP, CHHTE30BAHMX Ha IIOBEPXHI HAMIBIPOBIIHUKIB
HEOOX1THO 3acTocoByBaTH cucTeMHuil miaxig. OIHIOBAHHS SKOCTI
HAHOCTPYKTYP HEOOXITHO IIPOBOJUTH 34 YaCTKOBUMH KPHUTEPISIMH,
TOOTO IIPOBOIUTH JTEKOMIIO3UIN0 Y3araJIbHEHOTO KPUTEPI0 SKOCTI.
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PO31JI 3
XAPAKTEPUCTUKHN HAHOCTPYEKTYP, CUHTE3OBAHUX
HA ITOBEPXHI HAIIIBITPOBITHNKIB

3.1 3paskm A CHHTE3y HAHOCTPYKTYP Ha MOBEpPXHi
HAIIIBIIPOBITHUKIB

Jl1a Bu3HAUYEHHS ITOKA3HUKIB SIKOCTI HAHOCTPYKTYP HEOOX1THO,
IepIn 3a Bce, JOCTIIUTA OCHOBHI IXHI XapaKTepPHUCTUKU TA YMOBH, 34
SKUX Ha I[I0OBEPXHl HAITIBOPOBIIHUKIB (OPMYIOTHCS II€BHI BUIH
HAHOCTPYKTYp. HaImBIPOBITHUKN OTPUMYIOTH, SIK IIPABUJIO Y TPHOX
dasax: amopdHii, IMOJTIKPHUCTATIYHIN Ta MOHOKpHcTaMIuHIi. Komkmmit 3
X TUIMIB 3HAXOJUTH CBOE 3aCTOCYBAHHS B PI3HHUX TajIy3sax. AMopdmi
Ta TOJIKPUCTAJIIYHI HAIMBIPOBIIHUKU YacTO 3aCTOCOBYIOTHCS B
coHsuHIft eHepreruilli. OCHOBHOIO MepeBaroo IIPU ITLOMY € HHU3bKa
BApPTICTh HAIIBIIPOBIIHUKOBOI CUPOBUHU. MOHOKPHUCTAJIIYHI IIJIACTUHNA
MAaloTh IIEPCIEKTUBY 3aCTOCYBAHHS K ITIKJIAIKY IJISI CHHTEe3y Ha IXHIH
MOBEPXHI HITPUIIB TA 1HIINX reTepocTpykTyp. IlepeBaroio npu mpomy e
BHCOKA SKICTh HANIBIIPOBIIHUKIB, HEJOJIIKOM — I[1HA.

[IpoBoaMTH CTPYKTYpPYBAHHS Ha HAHOPIBHI MOYKJIMBO HA IIOBEPXHI
OlIbITocTl HammBIpoBigHMKIB. Hafuacriime a1 11b0ro 3acTOCOBYIOTH
HamBIpoBigHuKH rpyrn A3B5 ta A2B6, kpemHiil, repMaHiil ToOIo. Y
MesKax OxHIel PoOOTH HEMOYKJIMBO OXOIIMTH BECh CIIEKTDP MOMKJIMBHX
BaplaHTIB, TOMYy  OOMEKHMOCS  HAUOLIBII  IIePCHeKTHBHUMUI
IpeJICTAaBHUKAMU, 4 caMe MOHOKPHCTAJIIYHUMH HAIIBIIPOBITHUKAMU
rpynu A3B5 (InP, GaP, GaAs) ta kpemuiem (Si).

HamBupoBimauku tuny ASB5 KpHUCTAM3YIOThCA B KyOIUHY
KPHUCTAJIIYHY TpaTKy THUILY cdaepuTy, KPeMHIH Mae T'paTKy THUILY
anmady (puc. 3.1 a, 0) [247]. HamiBuposiguuku tuiry A3B5 maoTh
BUIJISIN TEMHO-CIpUX KpHCTAJIB 13 MertasieBuM Oimckom. OcHOBHI
(ismuHl BiacTUBOCTI HABeOeHO y TaoJI. 3.1.
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Pucynox 3.1 — Kpucramiuna rparka: a) tuiy cdasaepury (docdisn

1Hm1s), 0) Tuny aaMady (kpemmiin) [133, 247]

Tabmuiig 3.1 — OcHoBHI PI3HYHI BJIACTUBOCTI HAIIBIPOBITHUKIB

rpynu A3B5 Ta KpeMHio

Braacrusicts HamiemposigHuE
GaAs InP GaP Si
MMupura 3adboporeHol
1.424 1,35 2,27 1,12
3ouu npu 300 K, eB
Twun kpucramiaHol Ky6iuna Ky6iuna Ky6iuna )
Ky06iuna,
rpaTKu THUITY THUILY THUITY
aJMasHa
chastepury chanmepury | chasepury
T
eviepatypa 1240 1060 1477 1415
mwiasJieHHs, °C
M
O7IAIDHA MAcd, 144,64 144,63 100,70 28
r/MOJIBb
I
YCTHIEA B TREPAONY 5,32 4,81 4,138 2,33
crai, r/cm3
Hlenextpurna 12,9 12,5 11,1 12
IIPOHUKHICTD
[Tocriiina rpaTku opu
2.45 5,8687 0,5451 5,4307
300 K, A
C .. .. .. T -
ram Temuo-cipi Temuo-cipl Temuo-cipi elYIH.O
.. .. .. cipi
KyOluH1 KyOluH1 KyOluH1 ..
KyOiuH1
KPUCTAJIN KPUCTAIIN KPUCTAJIN
KpUCTAJIT
Bupomrerni 3a wMetomom YoxpasabChbKOTO  HAIBIIPOBIIHUKH

pO3pi3aoTh HA 3JIUTKH Ta IIOJIPYIOTH 3 000X OokiB (pmc. 3.2) [134].

[lonmipyBarHa wMicTUTh (PISUUYHY, MEXaHIYHY Ta XIMIYHY OOpOOKY
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3paskiB. [ XIMIYHOTO IIOJIIPYBAHHS BUKOPHUCTOBYIOTH HECEJIEKTUBHI
PO3YHHHU eJIEKTPOJIITIB Ha OCHOB1 KHCJIOT Ta JyTiB [248].

a 5}
Pucynox 3.2 — MoHoKpucTaIIYHUI KPEeMHIN: ¢ — MOHOKPHUCTAJIIYHI
3JINTKH; O — BIOIIOJIIPOBAHI IIJIACTHHU

[Iepen cuHTE30M HAHOCTPYKTYP 3pa3KU MOBUHHI IPOUTH (PIHIIITHY
mporenypy ouutieHHs. Ila 1mporeaypa MICTUTH 3aX0gud  IIOJIO
3HEKUPEHHS 3pas3KiB, BUJAJIEHHS OPy/Iy Ta MUY, a TAKOK BUIAJIEHHS
OpraHIYHUX Ta HeopraHiuHux 3abpynaHensb. lleit eram € 0008’ sI3KOBUM ¥
MeTOIaX CHHTe3y HAHOCTPYKTYpP, TaK SAK OyIb-gkl 3a0pyaHmoBadil
MOBEPXHI MOMKYTb 3HAYHUM YHWHOM BIUIMHYTH HA IIPOTIKAHHS
CTPYKTYPOYTBOPEHHS Ha MOBEPXHI HAIIBIPOBIIHUKIB. Tak, Iesakl
OpTaHivyHl 3a0pyAHIOBAYl MOKYThH OYTH HEPO3UMHUMH B €JIEeKTPOJIITI,
SKUH 3aCTOCOBYETHCS [IJII CHHTE3y HAHOCTPYKTYp, IHIIN — MOKYTH
MPU3BOIUTH 10 (POPMYBAHHS HEPOIUYMHHHX ILIIBOK Ha I[TOBEPXHI
kpuctasy [135]. [Iua npu3BoaAuTE 10 YTBOPEHHS HA II0BEPXHI KPUCTAILY
MIKPOIIOJPSAIINH, 10 COPUYUHSE PO3TPABJIIOBAHHA 3HAYHUX TIISHOK
noBepxHI Kpucraay. OCHOBHI eTamy OYMINEHHS HAIIIBIIPOBIIHUKOBUX
IJIACTUH HaBeJIeHO Ha puc. 3.3. Y 3aJIeKHOCTI B IIOTPeOH JedKl eTarru
MOSKHA IIPOITYCTUTH UM 3aMIHUTU 1HIITHMHU.

Jliia exkcmepumenTy OyJIo BIIIOPAHO 3pasKyd MOHOKPHCTAJIIYHHUX
docdiny immio, docdiny rasiio, apceHiay TaJlio Ta KpeMHIl 0e3
BUIUMUX JIepeKTiB p- Ta n-tuny. OpieHTarris moBepxHi 3paskis (111) Ta
(100) (Tabma. 3.2).
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1. IllniyBaHHs 3pasKiB aIMa3HUM IOPOLIKOM

Bunanenns numy

2. OUHIeHHAs THIACTHH TOIY OIIOM Bumamenns opramiyaux 3’ €THAHL
3. O06po0Ka B rapguOMy aMiaqHOMY PO3THHIL 3HeKUPEHHA

4. TTpomuBaHHs ACI0HI30BAHOK BOAOHD

Bupanexns npoaykris peakuii nonepeHsol
00pobKu

|

5. OOpo0Oka rapgIcK a30THOK KHCIOTOK

|

6. OuMLLIEHHS KNCTSAMU B CTPYMEHI BOAM

Bunanenss ioHiB MeTaliB

Iigpoamnnamiuna 00podka

'

7. Cywika niacTuH LEHTPUPYTOIO B CTPYMEHI NOBITPA

Bunaneuns kpanenn

'

8. Ximiune TpaBiaeHHs

TTonipyBaHHs nnactTuH

Pucynox 3.3 — Cxema 04YMCTKM HAITIBIIPOBITHUKOBUX ILJTACTHH

Tabmuigg 3.2 — Habopu HAOIBOPOBIMHHUKOBHX ILJIACTHUH, IO
BHKOPHCTOBYBAJINCS B €KCIIEPHMEHTI
No
. . Tun . .
Hamsoposigauk | Habopy ) . | Opienrars | [losuauenns
IIPOBIHOCTI
ILTACTUH
1 p (111) p-Si(111)
Kpenriii 2 p (100) p-Si (100)
3 n (111) n-Si (111)
4 n (100) n-Si (100)
5 p (111) p-InP (111)
Docdix i 6 p (100) p-InP(100)
7 n (111) n-InP (111)
8 n (100) n-InP (100)
9 » (111) p (JG;’SS
ApceHij rasio 10 p (100) p%?gg)ls
11 n (111) ”(ZG zazf)ls
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12 n (100) ”(f{;‘;)‘s
13 p (111) | p-GaP (111)
®Docdin ramio 14 p (100) p-GaP(100)
15 n (111) | n-GaP (111)
16 n (100) | n-GaP (100)

Konmenrpairia HeOCHOBHMX HOCIIB 3apsamlB Oyiga BubOpaHa
CTAHIAPTHOIO IS TEeXHOJIOT1] BUPOIITYBaHHS BHOpaHUX
HAMIIBIPOBIIHUKIB 3a MeTogoM JoXpaibChLKOro.

3.2 CunurTe3 pi3HUX THIIIB HAHOCTPYKTYP Ha MNOBEPXHi
HAIIIBOPOBIOHUKIB

3.2.1 @opmysanHs OJI0KOBUX HAHOCMPYKMYD HA NOBEPXHI
gocghioy iHOII0 p- muny

Y sgKocTl BHXITHOTO MaTeplajly BHUKOPUCTOBYBaJIu HabOpU
miaactuH gocdimy 1HIi0 p-Tuny 3 opieHTalnien moepxHi (111). Ilepexn
IOYATKOM EKCIIEPUMEHTY 3pa3KM IIPOXOIMJIN TIOMEePeIHI0 00poOKy 3
METOI0 OYHCTKHU B1JI XIMIUHUX TA (PI3SUIHUX 3a0PyTHEHb.

BioxoBl  mHamocTpykTypum  OyJio  chopMOBAHO — METOIOM
€JIeKTPOXIMIYHOT0 TPaBJIEHHS ¥ BOJHOMY PO3YMHI COJISTHOI TA OPOMUCTOI
KucyoT. Yac TpaBiieHHs 00MpaBes B M1anas3oHl Big 5 10 15 XB, IIIIBHICTE
ctpymy j = 100 mA/cm?2. Takosx a1 HessKuX 3paskiB 0yJI0 3aCTOCOBAHO
JIOIaTKOBl YMOBH — OCBITJIEHHSI 3pa3KiB BOJIHL(PPAMOBOI JIAMIIOI Ta
migirpie  exexrposity. Ilicisa  ekcmepuMeHnTy Ui craOLTisarril
BJIACTUBOCTEM 3pasKy IIPOXOMWJIN CyJab(imyBaHHA B po3umHl NasS.
JleranpHO YMOBU eKCIIepUMEHTY HaBejieHo B Ta0J1. 3.3. I[Ipu TpaBiienH1
p-InP (111) xpucTaliB 3 HEBEJIWKOI IIePeOpleHTAIllel0 B HATPITOMY
XJIOPO-OPOMUCTOMY €JIEKTPOJIITI Ha ITOBEPXHI YTBOPUJINCSI TPUBUMIPHIL
KyOluH1 OJioKH (puc. 3.4).

Pesynpryroua  mikpomopdposioria  moBepxui  (111)  cuiabHO
3aJIeKUTDH Bl Temmeparypu 1 koumeHTtpaiii HCIl V pemxumi BHCOKOI
kourtenrpaiii HCl 1 HH3BKOI TeMmMIepaTypyd YTBOPKITHCA AMKK
TpaBJIEHHS, a TAKOK IydKH [248].
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IIpu mocraTHBO BHCOKMX Temmeparypax TpasieHHsa (Bim 50°C)
MOKHA CIIOCTEpPIraTH YTBOPEHHs OJIOKIB HAHOCTPYKTYP 3 PI3HUM
HaxuyioMm rpareii. OcBITJIEHHS 3pa3KiB Il Yac aHOAYBAHHS IIPUCKOPIOE
IIBUIKICTh pPeakIli PO3YMHEHHS Ta CIPUYHHSAE YTBOPEHHS IIOp HA
IOBEpPXHI KpHCTajdy abo Ha TpaHIX BiKe CHPOPMOBAHHX OJIOKOBUX
CTPYKTYP. 3pasKH, IO He OCBITJIIOBAJIUCS JIAMIIOK TPABHUJIMCSI MAaliike
PIBHOMIPHO.

Tabmuis 3.3 — YMOBU eKCHepUMEHTY 3 OTPHUMAHHS OJIOKOBUX
HAHOCTPYKTYP Ha MOBepxHI pocdiay 1HI110

Yac )
) Temmeparypa | [lomaTtkoBi

No Enexrpomit TpaBJICHHS, X
€JIEKTPOJIITY YMOBH

XB

1 | 12H:0+1HCI+1HBr 5 9200C OCBITIICHI
JIaAMIIOIO
9 | 12H>0+1HCI+1HBr 10 9200C OCBITVICHHA
JIAMIIOIO

3 | 12H:0+1HCIl+1HBr 15 20°C
4 | 12H0+2HCI+1HBr 5 9200C OCBITIICHI
JIAMIIOIO
5 | 12H:0+2HCI+1HBr 10 9200C OCBITVICHHEA
JIaAMIIOIO

6 | 12H2:0+2HCIl+1HBr 15 20°C
7 | 12H:0+3HCI+1HBr 5 9200C OCBITTICHHA
JIAMIIOIO
8 | 12H0+3HCI+1HBr 10 9200C OCBITICHHEA
JIaAMIIOIO

9 | 12H:0+3HCI[+1HBr 15 20°C
OCBITJIEHHH
10 | 12H-0+1HCI+1HBr 5 500C TIANIIOI0,
IIT1TP1B
eJIEKTPOJIITY
OCBITJIEHHSH
11| 12H:0+IHCI+IHBr | 10 50°C o
IIT1TP1B
€JIEKTPOJIITY
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12

12H20+1HCI+1HBr

15

500C

IIIrpiB
eJIEKTPOJIITY

13

12H20+2HCI+1HBr

50°C

IIrpiB
eJIEKTPOJIITY

14

12H20+2HCI+1HBr

10

500C

OCBITJICHHS
JIAMIIOIO,
IIrpiB

eJIEKTPOJIITY

15

12H20+2HCI+1HBr

15

500C

OCBITJICHHS
JIAMIIOIO,
IMIIrpiB

eJIEKTPOJIITY

16

12H20+3HCI+1HBr

500C

OCBITJIEHHS
JIAMIIOIO,
IMIIrpiB

eJIEKTPOJIITY

17

12H>0+3HCI+1HBr

10

500C

OCBITJIEHHS
JIAMIIOIO,
IMIIrpiB

eJIEKTPOJIITY

18

12H>0+3HCI+1HBr

15

500C

IIrpiB
€JIEKTPOJIITY

YTBOpeHHd rpaHeii (0JIOKOBUX CTPYKTYP) MOSICHIOETHCA BUXOITIN

3 CTIHKOCTI KpHcTaJorpadIiuyHux ILJIOIINH I[UX I'paHeld K pe3yIbTaTy

aacopOIni XIMIYHO AKTUBHUX TrasiB; IPU I[LOMY BHUTPAIl y BLILHII

OBEpPXHEBIA eHeprii

€ PYIIHHOI CHJIOI0

IX YTBOpPEHHSA

[249].

AnbTepHaTHBHE TOSICHeHHS (QOpPMYBaHHS TpaHell 3acHOBaHe Ha

POSTJISAI KIHETUKH 3aPO/IKEeHH. Y [TbOMY BUITAIKY I'PaH]l YTBOPIOIOTHCS

B pe3yJIbTaTl TOTO, III0 BUX1JHA TOBEPXH Mae Ay Ke MaJIio CTYIIeH1B, 1100

HaJIeKHUM YHHOM BI1AMIOBIAATH HEOOXITHIH IIBUIKOCT] TPABICHHSI.
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Pucynoxr 3.4 — BsokoB1 HaAHOCTPYKTYpH Ha HOBEepxHI ¢ocdimy
1o (enexrpomt 12H20+2HCI+1HBr, TeMiiepatypa eJIEKTPOJITY —
500C, uac TpaBienHs — 10 XB, i1 Yac TpaBJIEHHS 3PA3KH OCBITJIIOBAJIN
BOJIB(PPaAMOBOIO JIAMIIOIO)

[Ipu gyske BHCOKIM IIBHUIKOCTI PO3YHMHEHHS MIK CTYIIeHSIMH
PO3BUBAETHCA HEIOHACUYEHHS, IO € IIPUYNHOK IIOSIBH 3apPOJKIB Ha
MOBEPXHI MIK CTYHEeHAMU. Y Mipy (popMyBaHHS 3apOoKa PO3BUBAETHCS
HOBUH 11abesib; 3 ITbOI0 MaJIOTO IIOTJIMOJIEHHS TpaBJIEHHS MOKe
MONIUPIOBATUCS Y3I0BK TPHOX HAIIPAMKIB, BU3HAUYEHUX BEKTOPAMU
TPABJICHHS.

Taxkum ymHOM, HA IMOBEPXHI KPHCTAJIY YTBOPIOIOTHCA T'paHil, SKI
MAaOTh OLIBII BEJHKY PO30PIEHTAIIII0 II0 BIJHOIIEHHIO 10 IIJIOIIMHI
(111), mixk BuxigHA. 3aBIAKH I 3araJbHIN Po3opleHTAIl HA IpaHaxX
JeTKo  BlaOyBaeTbCcsI  YTBOPEHHS  IIYUKIB. Takum  ymHOM,
3aMPOIIOHOBAHUM CIIOCIO J03BOJIsIE OTPUMYBATH OJIOKKM HAHOCTPYKTYP 3
PISHUM HAXHUJIOM TpaHel, I0 3HAYHO POIIHPIOE TEeXHOJIOTIUHI MeKl
3acrtocyBaHHA Qocdiny 1Hmi0. 31 30LIBIITEHHAM BX1THOI KOHIIEHTPAIIll
HCI ipu 3agaHiit TeMIIepaTypl IIOCIIIOBHO CIIOCTEPITaeThCS YTBOPEHHS
TJIQJKUX IIOBEPXOHb, (DOPMYBAHHS IpaHell 1 MydKiB, IMOK TPABJIEHHS,
HOPYBATHUX IIAPIB.

3.2.2 @opmysaHHs HUMKONOOIOHUX OKCUOHUX CMPYKMYyp HQ
noeepxHi MOHOKPUCMAJLLE

OnHOBUMIpPHI HAHOCTPYKTYPH IIPHUBEPTAIOTH YBAry IOCIIIHUKIB
3aBJISIKH MOKJIMBOCTI X BUKOPUCTAHHS Y (POTOBOJILTAIII Ta (POTOHIITI.
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Jlo OmHOBUMIPHMX HAHOCTPYKTYP TPAIHUINHNHO BITHOCATH: BICKEpH,
HUTKH, HAHOIPOTH, HAHOCTPUKHI1, HAHOTPYOKH. 3a3BUYail BBAKAETHCH,
110 JOBJKMHA BICKEPIB 1 HAHOCTPUIKHEN MEHIIe NOBMKHHN HAHOHUTOK 1
HaHOAPOTIB [250 — 253]. Bel 111 cTpyKTypH MOKHA YMOBHO BIJTHECTH 0
OJTHOT'O 3araJIbHOTO TEPMIHY — KHUTKOIOM10H] HAHOCTPYKTYPID.

Jliua  pocty 1 dopMyBaHHS  OJHOBHUMIPDHUX  CTPYKTYP
3aIpPOIIOHOBAHO BeJIMKE YMCJIO PI3HUX METO/IB, K1 YMOBHO MOKHA
PO3OIIUTA HA Bl TPYOHU: «3TOPHU JTOHH3Y» Ta «3Hu3y goropm». Jlo
OCTAHHBLOI IPYIH METOMIB MOKHA BIJHECTH CIOHTAHHY KPUCTAJII3AIIIO,
KA 3a3BHUYadl I[PU3BOOUTH OO0 YTBOPEHHS MOHOKPHCTAJIIYHHUX
HAHOJPOTIB 400 HAHOCTPUIKHEH Y3I0BK BICI EPEBAYKHOTO 3POCTAHHS.
Hampsimoxk 11i€l Bicl 3a/I€KUTD Bl KPUCTAIIYHOI CTPYKTYPH PEUOBUHH 1
BJIACTUBOCTEM IOBepxH1 Marepianay [63]. V mamomy ekKcmepuMeHT1
IoKa3aHa MOMKJIHBICTE (POPMyBAHHS HHUTKOHOMIOHMX OKCHIHUX
CTPYKTYp  Ha IIOBEPXHI MOHOKPHCTAJIIYHOIO apceHigy raJiio 3a
JIOIIOMOT'0I0 €JIEKTPOXIMIYHOI'O TPABJIEHHS.

Jlns exkcumepuMeHTy OyJjio 00paHO MOHOKPHCTAJIIYHI 3JIUTKU
apceHioy rajiio n-THUIy 3 opledraiieo mosepxHl (111). Ilepen
E€KCIIePUMEHTOM 3PAa3KH XIMIYHO IIOJIIPYBAJIM Ta OYHIIYBAJI Y BOIIHO-
amiau"oMmy po3umHi. J1a dpopMyBaHHA OJHOBUMIPHHUX CTPYKTYP OyJIO
o0paHO €eJIEKTPOJIT Ha OCHOBI COJSIHOI I OpPOMMCTOI KHCJIOT
(5H20+1HCI+1HBr). Yac tpasierssa — (10 — 60) xB, IIIIJIBHICTh CTPYMY
J = (25 —-100) mA/cm? (Tabu. 3.4).

Temmeparypa emaexrpomaity 50 O0C. IligirpiB eJIeKTpOJITY
3aCTOCOBYETHCS JIJTST IIPUCKOPEHHS IITBUIKOCT1 peaxiii
€JIEKTPOJIITUYHOI0 PO3YMHEHHS Kpucrasiay. Kpim Toro, 1e Iokparrye
OPOHUKHICTH 10HIB PO3YMHY [0 BUTPABJEHHX IJIAHOK HA IIOBEPXHI
3paska. s plBHOMIPHOCTI PO3MOMLIY €JeKTPOJIITY 3aCTOCOBYETHCS
foro mepeMmiltyBaHHSA M Yac TpaBjieHHsA. lle Takosk 3yMoBJIIOE
BIABEIEHHS «B1ANPAIbOBAHUXY IITAP1B POSYUHY Bl IIOBEPXHI KPUCTAY.
Ilicnss ekcmepuMeHTY 3pas3Ky BUTPUMYBAJH Ha BIAKPUTOMY MOBITP1
mporaroMm Tpbox mi6. JlocmimsxenHss Mopdosiorii TpoBOAUIIH  3a
JIOIIOMOTOI0 CKAHYIOYOl €eJIEeKTPOHHOI CIIEKTPOCKOMII Ha MIKPOCKOII]
JEOL. Ximiuanii ckaag BU3HaUYaBCA 3a Jomomorom merony EDAX.
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Tabmuiga 3.4 — YMoBu eKCIIepUMEHTY 110 OTPUMAaHHIO
HUATKOIIOMIOHNX HAHOCTPYKTYP Ha moBepxHl n-GaAs (111)

Ne 3paska Yac tpasiaensd, xB | HixbHIicTE cTpymy, MA/cMm?2
1 10 25
2 10 50
3 10 100
4 20 25
5 20 50
6 20 100
7 30 25
8 30 50
9 30 100
10 40 25
11 40 50
12 40 100
13 50 25
14 50 50
15 50 100
16 60 25
17 60 50
18 60 100

TpaBieHHS B XJIOPHO-OPOMHCTOMY PO3YHHI MPU3BOIUTHL 0O
opMyBaHHSA TIOPYyBATOI CTPYKTYPH HA TTOBEPXHI1 KPUCTAJIIB apCeHITY
ramio. [Ipuw HH3BKHX MHILIBHOCTAX cTpyMy (25 MA/cm?2) TpaBiieHHS
OPOTIKAE JIys:Kke IIOBLILHO, IIOBEPXHS KPHCTAJy TEKCTypyeTbCcsa 0e3
YTBOPEHHS YITKO BUPAMKEHUX II0P. AHOAYBAHHSA IIPH IILJIBHOCTI CTPYMY
100 mA/em?2  mporsirom (10 — 60) xB 3ymoBaoe QOpMyBaHHS
posrasyskeHol cucreMu mop, a mporsarom (30 — 60) XB — eJIeKTPOXIMIYHE
moJIIpyBaHHS Kpuctaity. [lompyBanis BiI0yBa€eThCSI 3aBIASAKH TOMY, IIIO
HOPYBATHUH ITap BIAJIISIETHCS Bl IIOBEPXHI 3pas3Ka.

Tpasinenns B pesxmmi 50 MA/cm2 mpu3BogUTH A0 POPMYBAHHS
posrasyskeHol cucremu 1op. MopdoJsioriio 3pas3kiB 00yMOBJIIOE dYAacC
tpasienHs. Ilpu TpaBmenHi n- GaAs (111) kpucraiB y Harpiromy
XJIOPO-OpOMHCTOMY €JIeKTpoiTli mporsaroM b0 XB Ha IIOBEpxXHI
YTBOPHUJINCS OTHOBHUMIpPHI HaHOCTPYKTYypH (pumc. 3.5). Ilpu Tpasiaenui
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KpuctaaiB mporsarom 20 XB Ha MOBEPXHI apceHiay rajiin 0yJio
chopmoBaro mopyBaTuii piBHOMIpHHH 1rap. Ilpm 30iabIIeHH] Yacy
TpaBeHHs 10 30 XB, IIIJIBHICTH IOP JOCATJIA KPUTUIHOIO 3HAYCHHS —
85 % 1 cTiHKHM mop Iovasu pyiHyBaTucsa. Hanoaporu 0yJsio cdopmoBaHo
npu 50-XBMJIMHHINA 00poO0IIl KpucTaly. 30UILIIEHHS Yacy TPaBJIEHHS
IIPU3BEJIO JI0 PYHHYBAHHSI HAHOCTPYKTYPHU — HAHOAPOTU KOCUTIAJINCS» B
eseKTpoJIliT. JloB:krHA HAHOIPOTIB CKJIagae 25 MKM, ToBirHA — 100 HM.

10kV ~ X2,500 10pm 0384 1041 SEI

Pucynoxr 3.5 — Hamomporu, cdopmoBani Ha moBepxHlI n-GaAs
(111) MmeTomOM €JI€eKTPOXIMIYHOTO TPABJIEHHS

Jly1s yTBOpeHHS OJHOBHUMIPHUX CTPYKTYP HEOOXITHOI YMOBOIO €
AQHI30TPOIHE 3POCTAHHSA. PicT KpucTasa y3IOBK IEBHOTO HAIPSAMEKY
HOBWHEH BIIOyBATHCS INBHUAIIE, HIK Y3JO0BMK 1HINMHX HAIPIMKIB.
OnmopimHl 3a po3mipoM (OQHOTO JglaMeTpy Y3IOBK Bclel TOBIKUHUN)
HAHOJPOTH, MOMKYTb OYyTH OTpPHMAaHl, SKIIO 3POCTAHHS KPHUCTAIY
BIOYBA€eTbCS V3[IOBK OJHOTO HAIPAMKY, a4 B I1HIIHUX HAIIPAMKAaX
Kpuctaa He pocte [254]. TobTO yTBOpeHHs HAXUJIEHUX HAHOIPOTIB
MOSICHIOETHCA BUXOISIYH 3 CTIMKOCTI KPUCTAJOTPAMPIUHUX IIJIOIIAH ITUX
rpauei (puc. 3.6).
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(111)

(111)

“\illl)

X7,000 “2pm 0384 1041 SEl

Pucysox 3.6 — Haxun mamonporie GaAs (111), 1m0 3yMoBJIeHUH
KpHUCTAJIOTPA(PIIHOIO OPIEHTAIIIEI0 KPUCTAILY

Kimetury mporiecy MosKHA IIOSCHATHA HACTyOHUM dYmHOM. [lpm
KOPOTKMX TepMiHax TpasieHHsa (o 20 XB) Ha IIOBEPXHI KPHUCTATIY
bopMyOTBECST OTBOPH IIOP Yy MICIHX IIOBEePXHEBHUX JederTiB. 31
30LIBIIIEHHAM Yacy TPaBJIEHHS KIJIbKICTH ITIOP CTAHOBUTHCS OLJIBIINOH0, a
JlaMeTp MIKIIOPOBHX CTIHOK — MEHIIHM. 3 YacOM CTIHKH 30BCIM
TOHIIIAIOTh, 1 YacTUHA IX PO3CHIIAETHCS I €0 eJeKTpoiTy [255].
OpgHovacHO 3 IIMM IIPOIECOM HA IIKAX YTBOPEHHX CTIHOK IIOYHHAE
dopmyBaTucsa Biracumit oxkcuyg (puc. 3.7).

B)

Pucynox 3.7 — Cxematudne 300paskeHHs bopmyBaHHSI
HAHOAPOTIB Ha IOBEPXHI apCeHIAy TaJIili0 METOAOM eJIEKTPOXIMIUHOIO0
TpPaBJIEHHS: a) 3apo/yKeHHs Mop; 0) MHPOCYBAHHS IIOP BIVIHOUHY
KPHCTAJy B3IOBK KPHUCTAJIOrpaIUYHUX HAMNPSIMKIB, B) CTOHIIEHEHS
MIKIIOPOBUX IITPOCTIHOK — (pOpMyBaHHS HAHOIPOTIB; T') POPMyBaHHS
OKCHIHOI ILTIBKY Ha BePXIBKAX HAHOIPOTIB
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TakuM YMHOM, HAHOIPOTH «POCTYTH» BIAPa3y y ABOX HAIPIMKAM
— BIVIMOMHY KpHCTAJy 34 PaAXyHOK IIPOCYBAHHSI €JIEKTPOXIMIUHOIO
PO3UYMHEHHS JI0 JOHY IOp 1, HABIIAKH, y IIPOTHUJIEKHOMY HAIIPSAMKY — 3a
PaxyHOK OCaJsKeHHs OKCHIY Ha BepxiBkax. Lleil mpoiiec miaCcHUII0ETHCS
OITITPIBAHHAM €JIEKTPOJITY 3a paxyHok audysii aHloHIB, IO 0EpyTh
y4acThb y peakinii posunHenHsa. HagBHICTh okcHIHOI (pa3u Ha BepXiBKaX
HaAHOPOTIB IIATBEP/IKYEThCA XIMIYHIM aHAaJ130M, II0 0yJIO IIPOBEIEHO
metogoMm EDAX (tabu. 3.5).

Tabmuiga 3.5 — IlpomenTHMII crjaal ejleMeHTIB Ha IIOBEPXHI
HAHOCTPYKTYPOBAHHOIO apCeHIOy TaJjiio, OTPUMAHUI 3a JIOIIOMOTOI0
metony EDAX

Crextp (0] Ga As
Coexrrp 1 22.16 54.12 23.72
Cmexrp 2 18.56 33.48 47.96
Coexrp 3 23.80 48.18 28.02
Cmexrp 4 19.45 50.86 29,69

Crmexrpu Oya0o 3HATO B dYOTHpPHOX Toukax. (mocrepiraerbcs
HOPYIIeHH cTexioMeTpll KpHCcTaly B OlK HAIJIHIIKY aTOMIB TaJIio.
BoueBunp, marparka apceHy BUTPABJIIOETHCSA 3HAYHO IIBUIIINE, 1 HA Ti
micirl opMyeTbesT BiIacHUI okcuy rasio. Iliciasa sakiHdeHHs Iporecy
€JIeKTPOXIMIUHOI O00pOOKH, 3pasKh OKHCJIIIOTHCI Ha  MIOBITpI.
Bunasmenus mporo okcumy — 3ajada ayske CKJIaIHA 38 CBOEIO TEXHIYHOIO
peasisarri€eso.

Ha fesgwmx mgHKaX yYTBOPEHOI HAHOCTPYKTYPH MOYKHA
CITOCTEpIraTH YTBOPEHHS MACUBHHX KPHUCTAJITIB, IO € OKCUIHHUMU
ctpykrypamu (puc. 3.8), sIKl MOKYTHb (POPMYBATHCSI B MICIISIX BUXOIY
IUCJIOKAIII Ha MOBEPXHIO0 a00 MICIIAX CKYIIYeHHS TOYKOBHUX Je(eKTiB.
I3-3a HasgBHOCTI HeeKTiB IIOTEHINaJd y IIHX TOYKAX 3HAYHO BHIIIH, 1
eJIEKTPOXIMIUHEe PO3YMHEHHS KPHUCTAJIy BIIOyBaeThCcs 3a 1HIINAM
MeXaH13MOM.

99



p
. -

2 B W
10kV ~ X10,000 - 1um 0384.. 1041 SEI

Pucynoxr 3.8 — Oxcuami KPUCTAJIITH Ha OBEPXHI
HAHOTEKCTYPOBAHHOTO apPCEHITy TaJIiio

OTpumaHi y JOCTII3KEeHH] HAHOCTPYKTYPH MOKHA 3aCTOCOBYBATH
IS BUTOTOBJIEHHSI ra3oBux ceHcopiB. Ilpmerpiit Ha ix ocHOB1 Oyme
BOJIO[ITH PSIIOM IIepeBar y IIOPIBHSHHI 3 TPAIUINAHUMU Ta30BUMU
CEeHCOpaMM, OTPMMAHMMHA MATHETPOHHUM HAIIMJIEHHSIM a00 30JIb-TeJib
metomoMm. lle moB's3aHo 3 TUM, MO0 TIPU HAA3BUYANHO BHUCOKOMY
CITIBBIJHOIIIEHH] ITOBEPXHS-00' €M OTPUMAHA HAHOCTPYKTYPA SBJISIETHCS
MOHOKPHCTAJIIYHUM MAaTeplajioM, IO BOJIOAlE MIHIMAJIbHOI K1JIBKICTIO
medextiB. MiHIMaabHA KIIBKICTE He(eKTIB Yy IIbOMY BHIAIKY
0o0yMOBJIeHA IIPOIleCAMH BUTPABJIIOBAHHS MOBEPXHEBUX Ta 00 €MHUX
nedeKTIB Il Yac eJIEKTPOXIMIYHOI 00pOOKH.

3aBOsgKM IIbOMY JaHHUHA MaTeplasl XapaKTepU3yeThCS BUCOKOIO
CTaOLIBHICTIO XIMIYHHUX Ta  eJeKTPOPIsMUYHUX XapaKTePUCTHUK.
JlomaTkoBa cTaOlIBHICTE BJIACTHUBOCTEN 3a0e3IredyeTbCcsi HASBHICTIO
OKHCJIy, II[0 BKPHUBA€ BEPXIBKH Ta MOBEPXHIO HAHOAPOTIB. OmumM 13
HAMNCYTTEBININX HEIOJIKIB TPAJUINAHAX METaJOOKCHIHUX CEHCOPIB €
BHCOKA poboYa TeMmIiiepaTrypa, a, OT:Ke, 1 BUCOKE €HepPTOCIOKUBAHHS.
CTpykTypu Ha OCHOBI HAHOHWUTEBUJIHUX KPUCTAJIB 3JATHI ITOJ0JIATH
el HeoJIlK.

3.2.3 Ymeoperns okcuonux wapie Ha no8epxHi HAni8nposiloHUKLE

Ax mpasmio, y kpucranax tumy A3BS eneKTpoxiMiuHe TpaBJIEHHS
IIPOBOKY€E IOSIBY SIMOK TPABJIEHHS — II0P, ITIOBEPXHEBA IIMLJIBHICTh AKUX
mosxke gocaratu  80%. OpHaK, eJIeKTPOXIMIUHHM IIPOIleC MOJKe
CYIIPOBOKYBATHUCSI PSAIOM AJIBTEPHATHBHUX XIMIUYHMX Ta (QPISHYHHX
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peaxiIiiii, pe3yJIbTaTOM SIKUX € TOJIIPYyBaHHS OBEPXHI1, TEKCTYPyBaHHSI,
YTBOPEHHS CYIILJIbHUX HEPO3YMHHUX ILIIBOK, BUHUKHEHHS OKCH/IIB.
TexHoJOTIUHA CYMICHICTH BJIACHHX OKCHIIB 3 HAIIBIIPOBIIHMKOBHIM
MaTeplajioM CTHMYJIIOE 1HTepec [OCAITHUKIB [0 3aJadl MLIAXIB
OIJBUIMEHHS SKOCTI OKCUOHUX [IleJIeKTPUYHMX IIapliB Ta IXHIX
1HTepdeiiciB 3 BUKOPUCTAHHSAM PI3HOMAHITHUX JTIATHOCTUYHUX 3aC001B
[256].

Jl1s eKcmeprMeHTY BUKOPHCTOBYBAJIHUCSI MOHOKPHUCTAJIIYHI 3pas3Ku
InP n- ta p- tuny 3 opieHrtainen moBepxHi (111), jieroBaHl CipKOIO 0
KoHIleHTpaIi #HociiB 2,3x10!8 cm3. Ilepen ekcmepuMeHTOM 3pas3Ku
ountnaancsa B etwoBomy cuoupti. [lopyBara moBepxus dopmysasiacs
MIJIIXOM AHOIHOTO €JIEKTPOJIITUYHOTO0 TpPaBJIEHHS. Y SKOCTI OCHOBU
eJIeKTPOJIITY HaMmu Oyiaa obpaHa 1wiaBikoBa kKuciiora (HF).
BuropucroByBaBcsa po3uMH IJTaBUKOBOI KucaoTu (48%), eTHJIOBOTO
cimpty (C2H50H) Ta Boau B PI3HUX KOHIIEHTPAISIX OKHCJIIOIYOTO
pearenty. Bysmo o0pamo peskuMm (QikcoBaHOI TYCTHHU CTPyMy, sSKa
perymoBasiaca B giama3omi 110 mA/cm2, 1110 JOCTaTHRBO AJI BUHUKHEHHS
M PO3HOBCIOJKEHHS IIOp y  KpHUCTAJaX 3  MOPYIIeHHAM
KPHCTAJIOTPApIUHOI CTPYKTYPH.

Excnepument mpoBommeesas y gBa  eranu. CriodaTky 3pasku
tpaBusucs mpotaroMm 10 xB. [loTim mpoTsaroM 2X TOAUH BUTPUMYBAJIHACS
Ha 1oBiTpi. Iicss rmboro 3pasku 3HOBY IIIABAJIHCS €JIeKTPOXIMIYHOMY
TpasieHHo nporsrom 10 xB. Takum yrmHOM, CyMapHUHA Yac TPABJIEHHS
crmamae 15 xpunma. Katomom coyskmia mmactuua mratuau. Poboua
IMOBEPXHs 3pas3kiB b cm2. ExcriepuMeHTH ITPOBOIUINCS TPU KIMHATHIHN
TeMIIepaTypi.

[licna mpoBeeHHs IIEpIIOrO eTally TpaBJeHHS Ha II0BEpPXHI
docdimy immio n-TUIy yrBOpHBCA mopyBaTuii map (puc. 3.9). Poamip
0P 3HAXOOUTHCA B IIIMPOKOMY Hlalla30Hl — B1J OMUHHUIIL HAHOMETPIB
JIO JTeCSATKIB MIKPOH.
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Pucynox 3.9 — SEM-300paskeHHs mopyBaTol moBepxH1 gocdimy

| . Wi
1H/I110 - TUILY IICJISA TPABJIEHHS B PO3UMHI €JIeKTPOIITY HpoTsaroM 10
XB

Takwuit po30dIr glamMeTpiB MOP CBIAYHUTH, III0 IIOPyBAaTa IIOBEPXHS
opmyBasiacsa 3a aBoMa KOHKypyloumMu Mexauismamu. [leprwmii
MeXaHi3M I0B’S3aHO 3 BJIACTUBICTIO KPHUCTAJIYy PO3TPABJIIOBATHUCS B
JIedeKTHUX Ta MOPYIIeHUX TIJISHKAaX IoBepXHl (MacuBHI mopn) [257].
Jlpyruit MexaH13M — BHUIIQJKOBe, CIIOHTAHHE IIOPOYTBOPEHHS, IO
IIPOBOKYE IIOSBY IIOP HAHOMETPOBOIr0 po3Mipy [258].

[licns mpoBedeHHS IIOBTOPHOTO TpPABJIEHHS Ha IIOPYyBaTIH
moBepxHI1 docdlay 1HIII0 YTBOPHJINCI MACHBHI OKCHUIHI KPHUCTAJITH
poamipoM Bixg 100 mo 300 mm (puc. 3.10). Kpucramiti MaroTh J0CUTH
CKJIATHY «31puacTy» opmy.

%

Pucynox 3.10 — SEM-300paskeHHsT OKCHIHHNX KPHCTAJJITIB Ha
HOBEPXHI ITOpyBaTOro pocdiay 1HIII0 1-THILY

Puc. 3.10 moxasye, 1110 KPHCTAJITH POCIU HEOIHOPITHUMI

mapamu. ToBIIMHA HMKHIX IIaplB CKJIAJA€ OJUHHUIN MIKPOMETPIB,

BepxHix mnpumoamano (15— 20) wmrm. Taxumm dvwmHOM, MOKHA
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CTBEPIPKYBATH, IO CTPYKTYPH YTBOPIOBAJIMCA IIIJ Yac TPABJICHHS
BHACJIIJIOK XIMIYHOI peakIrni MisK HAITIBIIPOBIIHUKOM 1 €JIEKTPOJIITOM.

Ha pwmc. 3.11 Hasemeno cmextpu EDAX mocmimxyBamol
CTpYKTypHu. Pe3ynapTaTé XIMIYHOTO aHAJI3y IIOBEPXHI MTOPYyBATOTO
HAHOCTPYKTYpPH, IIpeacTaBiieHo y Ttabi. 3.6. Cuexrpu Oysio 3HaTO y 6
TOUYKAX IIOBEPXHI 3pas3Ka.

OIn

In

In

0 2 4 6 8 10 12 14 16 18 20
keV

Pucymor 3.11 — EDAX-pesynbratm 3paska, II0 1IeHTH(DIKye
KOKHY 3 aToMHUX KommoHeHTIB In, O 1 P Ha noBepxHl docdiny 1HIi0

Tabmuiig 3.6 — [IporeHETHMHN cKIaD XIMIYHAX €JIEMEHTIB IIOBEPXHI
KPHCTAJIITIB, OTPUMAaHUH 3a Jormomoron meroqy EDAX

Touka Enement
TIOBEPXH1 (@) P In
1 25,72 1,02 73,26
2 28,78 2,75 68,47
3 31,21 0,05 68,74
4 31,98 0,79 67,23
5 24,57 1,98 73,45
6 28,01 3,09 68,90
Cepenne 3HaUEHHS 28,38 1,61 70,01

Tabm. 3.6 meMoHCTpye, IO KPHUCTAJITH CKJIAJAIOTHCI 3 aTOMIB
KucHIO, 1HmII0 Ta ¢docdopy. D@ocdhop HOpHUCYTHIH y HAUMEHIITHX
roHIteHTpariax (1%). Ile miareep:xaye rimore3y IIpo Te, 0 KPUCTAJIITHA

MIPEJICTABJISIOTH COO0I0 OKCHUIH 1H/IIIO.
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[lepeBaskHUMHU MICIIIMU 3POCTAHHS KPUCTAJIIYHOTO OKCHIY Ha
moBepxHI ocdimy I1HmIIO € aToOMHI JgedeKTH, II0BepXHI-CTyIIeHl Ta
mucitorarrii [247]. MikpomopdoJIorist IT0BepxHIl JOCTLIKYBAHNUX 3Pa3KiB
CBIIUUTH, IO IIOPYBATHUIl IAp YTBOPHBCSI HE II0 BCIA IIOBEPXHI
KpPHCTAaJIy, a II0 pagiaJbHuM cmyram. L1 cmyru — pesysibTaT po3mogiy
JIETYIOUHX JIOMIIIOK I Yac pocty kpuctasry [238]. Ak Bimomo, docedin
1IHII0 BHUPOIIYIOTH 3a MeromoM Hoxpasabcbkoro. Ilpum 1pomy
CIIOCTEPIra€eThCs IIeBHA OCOOJIMBICTH PO3IOALILy KoMIioHeHTIB. Ilo mipi
BIJITAJIEHHS BiJ IIeHTPY MOBEPXHI POCTY KOHIIEHTPAI[S HOCIIB 3apsmay
3pocTtae, a IX PYXJIHUBICTH 3MEHIIyeTbCcA [256]. @®opmMyBaHHIO
TeOMeTPUYHOI Ta KOHIIEHTPAITIHHOI OJHOPITHOCT] 3am00IraloTh MPYKHL
JAJIEKOIiIoul MexaHluHl Hampy:keHHs [257]. xepemamu 1mumx
MeXaHIYHHUX HAIPY:KEeHb € CMYTH cerperariii, JOMIHYIOUYNM MeXaH13MOM
CTBOPEHHSI SAKHUX € [JUCJIOKaIli (Ta iX MyJbTHILIIKAINS), IIo
3apOIsKYIOThCS Ha BHYTPIIIHIX gederrax pocty. OKCHOIHI KPHUCTAITH
hbopMyOTHCS B MICIAX CKYITYEHHS II0P, TOOTO B3JOBK JIIHIM cerperarrii.

[Iim vac yTBOpeHHSI OKCHUIHOTO IIapy HAIIBIIPOBIITHUK 1 peareHT
BIJIOKPEMJIIOIOTBCS ITMM IIApoM OAuWH Big oxHOro. IIpomor:keHHs
3POCTAHHS OKCHIY € pe3yJIbTaTOM MIrpaiili peareHTy uepe3 Iiei
MOBEePXHEeBUM 1map. K0 yTBOpeHWI Ha IIOBEPXHI IIap OKCHUIY
MOPYBATHM, OKUCJIEHHS IIPOJOBKYEThCSI SO0 THUX IIp, IIOKU He
OKHCJIUTHCS BeCh HAIMBIPOBITHUK (puc. 3.12).

ARI0 map oKCcuay CyIJIbHUH, IIJIBHO IPUJISTae g0 IIOBEPXHI Ta
He MICTUTh IIOp, BIH o00epirae HAOIBIPOBIOHUK BT IOJAJIBIIIOTO
okuciaeHus (pumc. 3.13). TmMm camum yTBOpeHa ILIIBKA He [gae
mpocyBaTHUCA (PPOHTY TPaBJICHHS y TVIMOMHY KPHUCTAJy — HOPYBATHH
1rap Ha IIOBEPXHI HAITBIIPOBITHUKA He (DOPMYETHCH.

£, X30,000 0.5pm 0384 1041 SEI

Pucynox 3.12 — IlopyBatwuii map okcuay Ha moBepxHi InP
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Pucynox 3.13 — Cy1ispHui map okcuay Ha moBepxHi InP

ExcriepumenT mokasas, 10 CYITLIbHI IJIIBKH OKCHUIY (DOPMYIOTHCS
Ha moBepxH1 gocdiay 1HmI0 p-TUny IpoBigHOCTL. Takl MIIBKK II1JIBHO
IPUJIATAIOTE JI0 II0BEePXHI Kpucrasdy. BumameHss ix 3 HoOBepxHIl
MOSKJIMBE TLIBKH 34 YMOBH IIPOBEIEHHS IIIe OJHOI0 eTAIly TPABJIEHHS B
tempsBi. [lopyBaTi okcuaH1 IMmapu Ta OKCHUIHI KPUCTAJITHA 3’ €THAHI 3
IOBEPXHEI0 KPUCTAJIY He TaK MIITHO.

AmHaJTi3 II0IIepevHoro PO3K0JIy OTPUMAHUX CTPYKTYP CBIIUHTh, IO
CYIIUIbHI ILTIBKM HA KpHCTaJax OAysKe TOHKI — IX TOBIIMHA CKJIAJgae
MeHIT Hisk 2 MKM. HaTomicTs mmopyBaTi mapu OKCHIY MAIOTh TOBIIUHY
mo 10 mrm. Crpykrypa Imapy OKCHIOY 3aJIeKHUTh Bl CTPYKTYpPH
HAIMBIIPOBIOHUKA Ta yMOB TpasieHHsa. OpileHTalnis OKCHTHUX
KPHUCTAJIITIB BU3HAYAETHCA €KCIIePUMEHTAJIbHUMNI YMOBAMH, 30KpeMa
TEeMIIepPaTypol0 Ta HaABHICTI0O KucHiO. Koam okKuciIoBaHHS iae y
JEeK1IbKAa eTalllB, CKJIaJ 1 BJIACTUBOCT1 Pe3yJIbTYIU0l OKCHUIHOI ILIIBKU
TAKOK BU3HAYAIOTHCS EKCIIepUMeHTAJbHUMH ymoBamu. OKuCIeHHS
HAITBIIPOBIIHUKIB He O0OMEKYEThbCS BILJIMBOM ATMOC(EPHOro IIOBITPS
abo migBumieHnx Temieparyp. OKHMCIEHHsS Tako:k I1me I dJac
€JIEKTPOXIMIUYHOIO TpaBJIeHHS I IIPH IIOJAJIBIIOMY BlAMHUBAHHI. Ak
IOKa3aB XIMIYHUM aHaJi3, YTBOPEHHH Yy pe3yJIbTaTl OKCHI He
000B'A3K0OBO € CTeXIOMEeTPIYHMM 400 TOMOTe€HHMM, MOKJIMBOIO € II0SBa
SIK TIOPYBATUX, TAK 1 CYIILJIBHUX ILTIBOK.

VY TBOpeHHS ITOBEPXHEBUX OKCUIHUX ILJTIBOK MOKe 3MIHIOBATH BeCh
mporiec posunHeHHd. [[[11pHO mpriTersi # CyIijabHI TOBEPXHEB] IIIBKKA
VIOBLJIBHIOIOTh po3umHeHHs. IlpoTe XIMIUHHI BILIMB MOKe OyTH

JIOKAJI130BAHO Ha JUISHKAX, OIBII JOCTYIHUX [JIs €eJeKTPOJITY
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BHACJIIOK PO3BHUHEHHs HA HUX TPIIUH 1 oTBOpiB. IIyxKi #1 HeNrlIbHO
IpUJIeryil ILTIBKU, IO YTBOPHWJIMCS B OKHCJIIOIOYNX TPaABHUKAX, He
3aBXKIM HANAOTh CKLUIBKH-HEOyIh IIOMITHHM BILJIMB HA IIPOLEC
TpaBJyieHHs. llacuByBaHHS Mo:Ke OyTH TOIIepeIsKeHO IIPUCYTHICTIO B
PO3YMHI KOMIIOHEHTa, 3a3BUYail 3BAHOIO KOMILIEKCOYTBOPIOIUUM,
KWW IIepeTBOpIOEe OKCHJ y po3umHHe 3'eqHaHHsA. OKHCII0BAJIBHO-
BIJHOBHI TPAaBHUKHU [JIS HAIMIBOPOBIIHUKIB 3BHYANHO ITPUILYCKAIOTH
IepeHeceHHs [BOX YK MEHINOT0 YHCJIa 3apsamiB 1 JalTh IT0YaTOK
XIMIYHIHA IJISMI Ha IIOBEePXHI HamlBOpoBlgHuKA (puc. 3.14).

Y

0384 1041 SEI

10KV . X30,000% 0.5um

Pucymox 3.14 — Okcunna missMa Ha moBepXHi pocdiay 1H/III0

I nmnsma 3'aBisgerbesa K pe3ysIbTaT He3aBepPIIeHOr'o OKMCIeHHS
HaAOIBIPOBIJHUKA 34 PaXyHOK IIBUJIKOTO 301JHEHHS OKMCJIIOI0YOTO
peareHTa II00JIM3y KOPAOHY PO3OLUIYy HAIIBIPOBIIHUK/TPABHUK.
VTBOpeHHd IJISMHA Mae MICIle 0COOJIMBO IIPU HU3BKKUX KOHIIEHTPAI[SIX
OKHCJIIOIOUOI'0 peareHTa.

Caig 3a3HauuTH, 110 JOCTIIKEeHHS yMOB (DOPMYBaHHS BJIACHUX
OKCHU[IB Ha II0BepxH1 ¢ocdiay 1HIII € BaMKJIUBOI TEXHOJIOTIYHOIO
3amauer0. Ha cooromul o KiHIE He BU3HAYEHO MEXaHI3MHU, 34 AKUMHU
BlAOyBaeThbcss POpMyBaHHS OKCUOAHUX ILTIBOK. OZHAK BiKe CHOTOMHI
MOKHA CTBEPIKYBATH, 110 OKCHUIM 1H/I10 MAOTh IIINPOK] IePCIIeKTUBHI
OPOMICJIOBOIO  34CTOCYBAHHS B  AKOCTI  IIACHUBYIOUOrO  IApYy,
AHTUBIIOMBAIOYOTO IIOKPUTTS TOIIO. ToMy Iie IIMTAHHSA II0Tpedye
OpPOBEIEHHsS MOMAJIBbIIHNX  JOCHIIMKeHb. 3oKpema, I[IKaBUM €
JOCJIIMKEHHS TeII0(PI3UIHNX TA eJIEKTPUYHHUX BJIACTHBOCTEHN BJIACHUX
okcumiB ocdiay 1H/IIO.
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3.2.4  @opmysaHHs  nopysamux  uiapié  HA  NOBEPXHIL
HANL8NPOBIOHUKLE

ITopyBaTi moBepxHI1 POPMYyBAJIHCS METOLOM (POTOECJIEKTPOXIMIUHOTO
TpaBieHHs. Byso obpano miactuau HamBipoBiguukis Si, InP, GaP,
GaAs n-taiy mOpoBigHOCTI 3 opileHTariero 1mosepxHi (111). Yac
TpaBJIeHHs JIJIS BCIX 3pas3KiB o0mMpaBcsa ogHAKOBUHA — 10 XB, IIIJIBHICTH
ctpymy — 150 mA/cm2. BurkoprcToByoUn pi3Hl peskuMEI 00POOKH, MOKHA
KOHTPOJIIOBATH IIapaMeTpPH OIep:KyBaHUX CTPYKTyp (Tabdm. 3.7, pwuc.
3.15).

OTpuMami CTPYKTYPH XapaKTepPHU3YITHCS CTAOLIBHICTIO XIMIUHUX
Ta eJeKTpodisuunux BaactuBocTeil. [lopyBaTicTs 3paskiB 3HAXOIUTHCS
B mmporomy 1HTepBas Big 20 o 80%, HAMOL/IBII TUIIOBUM € 3HAYEHHS
(40 — 60)%. 3a pesyabTaTaMu JOCTIIMKEHHS MOKHA 3POOUTH BUCHOBOK,
110 YMM MEHIIIHI PO3MIp IIOP, TUM OLJIBII BIIOPSIKOBAHO PO3TAIIOBAHI
mopu Ta OLIBIINM € 3HAUYEeHHS II0PYBATOCTI.

Tabmuig 3.7 — Peskumm CcHUHTE3y HAHOCTPYKTYP Ha IIOBEPXHI
HAITIBIIPOBITHUKIB TA PO3MIPU YTBOPEHHUX II0P

Poamip .
. . . OcobuBocTi
HamisopoBigauk Enexrpomit mop,
IIOPOYTBOPEHHS
MEM
HF: H:0=1:1 0,2-0,4 | HunipgpuymHi opu,
OBEPXHSA BKpUTA
Si [MACUBYIOUUM I1APOM
(puc 2a) HF:H:0:C2Hs0H=2:1:1 | 0,4-0,8 | Hnmagpuami opu,
JIOBJKMHA IIOPU JI0CATaE
100 MM
HF: H0=1:1 0,05— | IlinxsEO yIIAKOBAHI1
0,1 IMJNHIPWUYHI ITIOPK
HF:H20:C2H50H=2:1:1 | 0,1-0,4 | lIlinpHO yIIAKOBAH1
ATIHIPUYHL mopu,
InP CIIOYATKy  POCTYTH  IIO
(puc 26) KpPHCTAJIOrpa]IYHIM
HAIIPAMEKAM, OTIM
BHPIBHIOIOTBCSI  B3JIOBK
JIHIA CTPyMy, TOBKHHA
mopu — 10 100 MEM
GaAs HF: H20=1:1 0,4-0,8 | HepiBHOMIipHMIA
(puc 2B) opyBaTHUit map 3
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HHU3bKOI  IIOPYBAaTICTIO
(mo  20%), 1OBepxHA
BKPHTA IITAPOM OKHUCJLY

HF:H20:C2H50H=2:1:1 | 0,6-0,9 | I[TopysaricTb csrae
0mm3pko 50%, moBKMHA

mopu Moxke nmocaratu 20
MEKM

HF: H20=1:1 0,4-0,7 | Ilopu MmawTh «KpaTepHY»
OyIoBy, PO3TAIIIOBAHI IIO

OBEPXHI HEePIBHOMIPHO,
IIOBKMHA TIOPH 0 3 MKM
HF:H20:C2H50H=2:1:1 | 0,56-0,8 | [lopu MawmoTh «KpaTepHy»
OyIoBy, PO3TAIIOBAHI IIO

GaP
(puc 2r)

OBEPXHI HepPIBHOMIPHO,
moB:kmHa 1opm  10-20

MEKM

Anamayoun gaxi Tadi. 3.7, MOKHA CTBEPIKYBATH, 10 J0IaBaHHSI
B PO3YMH €JIEKTPOJITY eTaHOJy IIPU3BOAUTH [0 30LJIbIIEHHS
IPOHUKHOCTI PO3UMHHUKA B mopu. lle 3ymoBioe OLIBIN TIHOOKE
IIPOPOCTAHHS II0P Y TOBIILY KPUCTAJLY TA YTBOPEHHS MAaCHBHUX IIOP.

HeonmmopigmicTs IopyBaTocTl Ta TOBIIMHU IIOPYBATUX IIApPiB
MOKHA TIOSICHHUTH HASBHICTIO OyJbpOaIloK, sKi (QopMyoOThCSI B
€JIEKTPOJIITI Ta IIPUKJEIITHCS 10 moBepxHI kpucrasay [259]. IIlob
VHUKHYTH I1lel HeOTHOPIITHOCTl, KoHIleHTpalis HF moBuHHaA OyTH
JIOKAJIBHO IIOCTIMHOI HA II0BEPXHI 00POOJIIOBAHOTO 3pas3Ka.

10kV  X20,000 1pm 0296 1048 SEI &WV X4,000 5um 0334 1041 SEl
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Pucynorx 3.15 — Mopdosoris mopyBaTHUX CTPYKTYp HaA ITOBEPXHI
HAITBIIPOBITHUKIB, OTPUMAHUX METOI0M €JIeKTPOXIMIYHOTO TPABJIEHHS
mpu IibHOCTI cTpyMmy 150 mA/em2 mporsirom 10 XB y  po3umHil
enexrpomity HF: H:0O=1:1: a— por-Si; 6 — por-InP; 6 — por-GaAs, e — por-
GaP

Bupanenns Oysn0amiok 3 II0BepXH1 ILJIACTUHN, a OTHKe MU
OTPUMAHHSA OIHOPITHUX IMapiB IIOPYBATOTO IMApy 3IIMCHIOETHCA 3a
JIOTIOMOTOI0 TIEPEMIIITYBAHHS eJIeKTPOJIITY. BicTaHb MIMK ILJTAaCTUHOIO I
IJTATUHOBUM KAaTOJOM TAKOK BIJIMBAe HA OJHOPILIHICTH, Y TOM Yac SK
(hopma IIATHHOBOIO KAaTOIy IMPAKTUYHO He BIIMBAE HA I1el MOKA3HUK.

JlJ1s1 G17IBIIT TPYHTOBHOTO ¥ CTATHUCTUYHOTO aHAJII3y HAHOCTPYKTYP
HEOOX1THO BU3HAYUTHU OCHOBHI MOPQOJIOTIUHI XapaKTEePUCTHUKH, SK1
JOIILJIBHO OITIHIOBATH 34 JOIOMOIOK KOMII'IOTePHUX IIporpaM 13
CTATUCTHYHOI 00POOKOI0 JTaHUX.

3.3 Hocaimxkenusa  mMop@gooridHnx  XapaKTepPHUCTHK
HAHOIIOPYBATHUX IIIaPiB HA MOBEPXHI HAIIBIPOBITHUKIB

3.8.1. AHaniz MOpEON0IUHUX XAPAKMEPUCMUK NOPY8Amoi
noeepxHi Ha npuraadi por-InP

3aBgaHHAMAMEA aHaJII3y MiKpocoTorpadiii TIOBEPXHI
HAHOCTPYKTYPOBAHUX 3Pa3KiB € [258 — 263]:
— CTAaTHUCTHYHA O00poOKa OTpUMAHUX Yy MpoIllecl BHUMIPIOBAHHSI
XapaKTePUCTUK 00'€KTIB;
— BU3HAYEHHS CepeHIX 3HAUYEeHb OTPUMAHUX BEJINYHNH,
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— mobOymoBa TpadlyHUX 3aJIesKHOCTEH [ BlayaJsnaarri Iporiecy
aHAaJTI3Y.

JlBoBuMipHE 300paskeHHsI, IO OTPHUMYETHCS 34 JIOIIOMOTOIO
MIKPOCKOIIY MOKHA YSBUTH SK MATPHIO, 1HIEKCH SKOI OIIHCYIOTH
HOMEpPH PSAAKIB 1 KOJOHOK, a YHCeJbHI 3HAYeHHs eJIeMEeHTIB
XapaKTepua3ynTh  I1HTEHCHUBHICTL  Koabopy  [263].  OcHoBHEUMU
mapameTrpamMu, IO XapaKTepuayloTh ITudpPoBe 300paskeHHsI, € MOoro
JO3BLJI (YHCJI0 IKCEJIIB Y BUXITHOMY 300paskeHH] ¥ rInOuHAa KOJIbopy).

Mopdosoriuauii aHaIi3 IIPOBEIEHO HA IIPUKJIAL TOPYBATOIrO
docdiny 1HI1I0 N-TUITY, COOPMOBAHOTO B PO3YHHI COJIAHOI Kucaotu. Ha
puc. 3.16 mpeacraBeHo MiIKpodoTorpadio mopyBaToro 3apaska docdimay
1H/T110, OTPHUMAHY 34 JIOIIOMOI'0I0 PACTPOBOIO eJIEKTPOHHOT'0 MIKPOCKOILY
JEOL-6490. 3rigHo 3 BidyasibHuM aHasizoM 3o00paskends PEM, mopu
MalTh KPYyriy ¢opMy, OLIBIIICTH IIOP 130JIbOBAHI OJHA BLJ OIHOI,
poaTaloBaHl PIBHOMIPHO II0 IoBepxHl. Ha meskmx mgijasgHkax Imopu
YTBOPIOIOTh BHUTPABJICHI KAaHABKH 3aBISIKK TOMY, IO MPUJIATAIOTH
IITJIBHO OJHA M0 OMHOI B3MOBIK IIpsaMol cMmyTH. L1 cMyru MoskyThb OyTH
MOBEPXHEBUMH JederTaMu 3paska (MIKPOMOOPSAIHNHNI) Ta POCTOBMMI
nedexramu (JTiHII cerperarrii gomimnkm) [131].

Pucynor 3.16 — Mopdostoriss por-InP: enexrpomit 10H20+1HCI,
vac TpasjeHHd ¢ = 20 XB, IIJIBHICTE cTpyMy j = 150 mA/cm?2

Puc. 3.17 (a - B) JIEMOHCTPYIOTH PACTPOBY OOPOOKY
MikpocoTorpadii, BukoHany B mporpami Imaged [261]. Taxa o0pobka
IIPOBOJUTHCS [IJIsT aHAJ3y IIOBEPXHI 3a BUOPAHOI MOPQOJIOTIUHOIO
XapaKTePUCTUKOO (Y HAIIIOMY BHIIAJKY — JlaMeTpy 0P Ta II0BEPXHEBOI
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nopyBatocTi). J{s1s 11010, 300paskeHHA HEOOX1THO BIIKPUTH B IIpoTrpami
Imaged Ta mpoBectu kamiOpysanusd. JJ1a migBUIEHHS KOHTPACTHOCTL
rPpaHUIL II0p JOIJIBHO BuKopumcrtatu Bandpass ¢iabTp, axmit
BukopucTtoBye meperBopeHHsa Dyp’e (puc. 3.17 a). Ile mossoauThb
BHUIAJUTHU SIK BHMCOKI, TaK 1 HU3bKl IIPOCTOPOBl YACTOTH y 300paskKeHHl.
IIpu rmboMy HEOOXITHO eKCIIePUMEHTAJIBHO II0paTH PiBHI YacTOT, II10
BIACIKAIOTHCSI. TakuM YMHOM 3a0e3medyeThCs HAWOLIBIIT KOHTPACTHE
300paskenHs. Jlasg posmiieHHS CyMIKHHX KPHCTAJIITIB 1 IOp 3
HEYITKUMHU TPAHUIEIMHU JIOIIbHO BuKopucTtatu Watershed-asropurm
(puc. 3.17 0). Ilepem 00poOKO0 300pa’keHHSI II0 TAHOMY AJITOPUTMY
doTorpadis momepeaHBO MiAgaeThbcs OlHApPH3AITll JIJIA IIePexX0oay Bl
BIATIHKIB CIpOro J0 IBOKOJILOPOBOro 300paskeHHs. Jlaml mporpama
ABTOMATHYHO MIIPaxoBye KUIBKICTH 1mop (pumc. 3.17 B), ix miamerp Ta
IJIOIILY TIOBEPXHI, 1110 3afiHATa ITopaMu (TOOTO ITI0BEpPXHEBY IOPYBATICTD).
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Pucynmor  3.17 —  PesynapratTt = mocaiZoBHOI  00pOOKH

MIKPOCKOIIIYHOr0 300paskeHus moBepxHi por-InP: a - Bandpass ¢iibTp;
6 — Oimapusainis 1 Watershed-amropurm; ¢ — po3paxyHOK cepeaHbBOTO

PO3MIpYy KPHCTAJITIB; d — ricTorpamMa pPo3IoALIy IOp 3a JiaMeTpoOM

111



B apcemam mporpamm Imaged e ¢yHKIIA MomesroBAHHS
ob’emuoro 3oo0paskenus. Jma mwporo muaaakm PEM-3o0paskenmsa
po3papOOBYIOTECA  PIBHUMH  KOJBOPAMU B 3aJIEIKHOCTI  BIJ
IHTEHCHUBHOCT1 YOPHOro KoJibopy. [Iporpama Oymye miarpamy posImmomiay
X JUISHOK 34 IJIOMIEI0 MOKPHUTTS IIOBEPXHI, IO JI03BOJISIE OI[IHUTHU
ILJIOIILY HEeIPOTPABJIEHUX AIISHOK Ta BUTPABJIEHUX 3 PIZHOI TJIMOMHOO
(puc. 3.18). Puc. 3.19 nemoHCTpYy€E pe3yabTaTH MOJIEJIIOBAHHI.

Color Space: ‘RGB "‘ Display Mode: ‘Histo«;ram "‘ Humber of Calor Cells

452790 Pixels, 313 Ci

R{x10) G(x10} Bix1.0) Brightness [ +0 } Contrast (x 1.0 } Saturation { x 0.91) Color Rotation (0 }

Puc. 3.18 — Kostopusaiis PEM-3o0paskentsa Ta giarpama
IHTEHCHUBHOCT1 BUTPABJIIOBAHHS IIOBEPXHI 3pas3ka por-InP, Bukonaua y
mporpami Imaged

Puc. 3.19 — MogesroBaHHst pocTy IIOp B TVIMOMHY 3pas3ka, BUKOHAHE Y
mporpami Imaged
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AmHaunia mpoBemeHoro mozeaBaHusa (puc. 3.19) mosBosisge 3poduTHr
BHUCHOBOK, II[0 TIOPY B IIPEJCTABJIEHOMY BHUIIQJIKy IIPOCYBAIOTHCSI B
rIMOMHY 3pas3ka JOBTUMU IapajeJbHUMU KaHaJdaMu. ['JIKyBaHHS mop
miJ] TOBEpXHeI0 He cIocTepiraeTbesa. Taka IOBeIIHKA € THUIIOBOK JIJIs
KpuctaaiB ¢ocdiny i1Hmioo 3 oplerraiieo moBepxHl (100), 110
HIITBEPIKYETHCS PAIOM JOCTIIKeHb [135, 264].

Kpim Toro, 3a momomororo mporpamu Imaged mosxHa mmpoBecTH
migpaxyHok (Count) aHari3oBaHHX YaCTUHOK, iX mepumeTtp (Perimeter),
cepenuiii po3mip (Average size) 1 mrubHICTE (Solidity), ska
XapaKTepua3ye BLIHOIIEHHS ILJIOIIl BHILIEHOI 00JacTi 10 Belel IO,
PO3IIOILI YACTUHOK 32 PO3MIPOM.

[Iporpama BupaxoBye KIJIBKICTH IIOp HA BHUOpaHINA MIJISHII, IPH
IIbOMY IIOPHM, $AKI 3HAXOOATHCA Ha MeKl 300paskeHHs IOILJILHO
paxyBaTh 3a TaKHM IIPABUJIOM: PAXyIOTHCS IIOPH JIMIIE II0 JIBOM
CYMIKHUM CTOPOHAM IIPAMOKYTHUKA, HA IBOX 1HIIUX CTOPOHAX IIOPH 0
yBaru He 0epyThCs.

Jlns muasHKM  3pas3ka, IM0 JOCTIKYEThCsS, OyJI0O TIPOBEIEHO
po3paxyHOK KiabKocTl mop (ix BuaBmyocsa 558) Ta posmomiya ix 3a
mamerpom (puc. 3.20, 3.21).
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Pucymox 3.20 — [Nicrorpama po3mo/iiiiy mmop 3a JiaMeTpoM, 3pa3oK
por-InP
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0,1
0,08
0,06
0,04
0,02

600

Pucynox 3.21 — Jliarpama po3mogiiy IIop 3a JiaMeTpoM

Jlas  craTHCTHYHOL OIIHKKM  PO3IOMIy IIOp 3a JlaMeTPoM
HEOOXITHO IIPOBECTH PAHKYBAHHS Ta COPTYBAHHS 3HAYEHHS
MOKA3HUKIB PSIy CEepeaHboro maiaMerpy 3a 3poctaHuam. J{as omHKK
PSITY PO3MOILITY 3HAMIEMO HACTYITHI ITIOKA3HUKH.

Iorkasnuxku uenmpy poanoodiny. Jlo 1poro kJiacy IIOKa3HUKIB
BIJTHOCSAITH MOJIY, MEI1aHy Ta IIPOCTY CepeaHio apudmeruynHy (TadJ. 3.8).

Tabmuig 3.8 — IlokasHUKH IIEHTPY PO3IOALIY PAAY dlaMeTpPiB
mop

IToxasuuk Busnauenusa 3HaveHHs,
MEKM

Cepemua - Yiid; 0,0683

apupmMeTuuHAa n

Mona 3HAUYeHHd JlaMeTpy, axe Hauolwiem | 0,07136

YaCTO 3yCTPIUaeThCs

Menmiaua 3HAYEeHHs JlaMeTpy Hop, SKe 0,07136 m
PO3I1JIsI€ OMUHUIIL PSIIY POSIIOLLITY

II0Op 34 J1aMeTpoM, Ha Bl YACTHHU

Takum uYmHOM, MOKHA OauuWTH, IO MOJAa 1 MemglaHa pPAIY
CITIBIIAAAI0Th, OJHAK IIePEBUIIYIOTH CcepedHe 3HadYeHHs. Taxkuil psag
MOKHA BBAYKATH YMOBHO CUMETPHYHIM.

Ilokasnuxku eapiauii. JocmmkeHHsa Baplaifli Mae BeJIHIKe
OpaKTHYHEe 3HAYEHHS Ta € HeoOXIJHOI JAHKOK y BaplaTHUBHOMY
aHamai. HeoOxigHicTh BHBYeHHd Bapiaifi mos's3aHa 3 THM, IO
cepenHs, Oyaydn PIBHOIIOYON, BUKOHYE CBOIO OCHOBHY 3a/1a4y 3 PI3HUM
CTyIeHeM TOYHOCTI: YUM MeHIIIe BIAMIHHOCTI 1HAUBIAyaIbHUX 3HAYEeHb
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O03HAaKH, 10 HIJIATA0Th YCepeaIHeHH0, TUM OJHOPIIHIIIE CYKYITHICTD,

a, OT:Ke, TOUHIIIEe ¥ HamlfHIIIEe cepedHs, 1 HaBmaku [266]. OT:ke 3a

cTyIlleHeM Bapialfii MOKHA CYIUTH IIPO Meskl Bapiallil giameTrpy IIop,

OJTHOPITHOCTI CyKYITHOCT1 3HAYEHb JlaMeTpy. 3MiHA Bapiallil po3moIiiLy

paAny 3a glaMeTpoM Y CYKYIIHOCTL

a0COTIOTHHUX 1 BITHOCHUX ITOKa3HUKIB (Ta0J1. 3.9).

3OIACHIOETHCA 34 JIOIIOMOIOIO

Tabomuigg 3.9 — Ilokasaukm Bapiamii psaay pPo3IOMIy IIOp 3a
JTiaMeTpoM
[Toxasuux Busnauents, noscHeHHS ®opmyJia SuaueHHs
AOcCo/II0OTHI TOKa3HUKHU Bapiarii
Posmax Bapiamii Pizaung mix R = dmax-dmin 0.1564074
MAaKCUMAJIBHUMIU 1
MIHIMAJILHAMY 3HAYCHHAMUI
JlaMeTpy Iop
Cepenne niniitne | Cepenna apudmerndna 3 5 Y|d—d|f 0,0222
BIAXUJICHHSA a0COJIIOTHUX BIIXUJIEHD - Y f
OKpPEeMUX 3HAUeHb JiaMeTpy
TIOp BIJT 3araJIbHOI CepeTHbO1
Jucmepcis Cepennsa apudmernana ,  x(d- d)?-f | 0,000821
.. 0 =—F5—7—
KBaJIpaTiB BIXUJIEHb >f
KOYKHOI0 3HAYEHHS
JlaMeTpy IIOp Bl cepeqHbOl
apuPMeTHIHOT
CepenunorBanpar | KBagparuuii KopiHb 3 o =+ o2 0,0286
WYHEe BIAXWJIEHHS | giciepcii
Bunpasiena CrpomoskHa OIIHKA g2 Y(d; —d)*> |0,00552
JIycIepcis JIucIepcii T oon-1
Oriuaka KBanparawnii kopias 3 s = /52 0,0743
CepeIHBOKBAAPAT | BUIIPABJIEHOI JUCIIEPCIl
HYHOIO
BIIXUJICHHS
BinnocHi noxkasuuku Bapiamii
Koediiienr Mipa BITHOCHOTO PO3KUITY b= g 41,92%
Bapiamil 3HAYEHDb CYKYITHOCTI: d

OKAa3ye, AKY YaCTKY
CepensHbOro 3HAYEeHH Iiel
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BeJIUMYNHU CKJIagae i
CepeIHIN PO3KUI

Bignocue mimitine | XapaxkTepusye 4acTry 32,48%

=
QU
Il
Q| T

BIAXUJICHHS yCepeaIHeHOro 3HAYeHHST
03HAKU a0COJIIOTHUX
BIIXHWJIEHB BlJl CEpeIHBOI
BEJINYMHA

YV rabmuil: dmax — MAKCUMAJbHUR JiaMeTp IIOp, HM; dmin —

MiHIMaIBLHU qiamMeTp mop, HM; d — cepeHiil qiamMeTp mop, HM; f - cyMa
JacToT Bapiaimi psamy.

Taxkum drHOM, OCKLIBKH KoediIlleHT Bapialiii olabinuit 30%, ate
menmui 3a 70%, To Bapiaiisg momipHa. AOCOJIIOTHI BIAXWUJIEHHS Bl
cepeTHbOl BeJTUMYUHY 3HAX0AAThea y meskax 30 %.

Iokasnuxu ¢opmu posznooiny. CHUMETPUUYHHM € PO3IOLLI, B
SIKOMY YacTOTH OyIb-IKHX JTBOX BAplaHTIB, PIBHOBIIIAJIEHUX y OOMIB1
CTOPOHHU BIJ IIEHTPY PO3MOILIy, piBHI MIxk cobowo. Jast Toro, 1mo0
BU3HAYUTHU CTYIIHb CHUMETPUYHOCT] PO3IIOALITY BH3HAUHUMO KOeIIIeHT
acumetpii [265]:

M3

As=
3 0
S

(3.1)

e Ms — 1ieHTpaJIbHUA MOMEHT TPETHOTO MOPSAAKY PSAAY PO3IIOILITY II0p
3a J1aMeTpoM,

$ — cepeTHbOKBAIpaTUYHE BIIXUJIEHHS.

As = 4,254,

JlomaTHe 3HAUYEHHS IIHOI0 MOKA3HHUKA CBIIYUTH PO Te, IO B
JTAHOMY PO3MOJIIII Mae MiCIle TIPaBOCTOPOHHSA acumerpisa. CyTTeBiCTh
IOKa3HUKa acuMeTpli BU3HAYAETHCSI 34 JOIOMOIOI CepeIHbOI
KBAIPaTHYHOI IOMIJIKH KoedilileHTa acumMeTpii [265]:

6(n — 2)
(n + 1)(n + 3) .

Sds =

(3.2)

Armo |As|/sas< 3, To acumerpisa HecyTTeBa, il HasSBHICTH
HOSCHIOETHCS BUIIAAKOBUMH oOcraBuHamu. Axmo |As|/sas> 3, To
ACHMeTpIsI CyTTEBA 1 PO3IMOMJLJI 03HAKHW y TeHepaJbHIN CYKYIHOCTI He
SIBJISIETBCA cuMeTpuuHUM. [leHTpaibHl MOMEHTH Py PO3MOILIY II0P
3a laMeTpoM PO3PaxoBYeMO B aHAJITHUHIN TabauIrl (tads. 3.10).

SAs = 0,171, TOOTO CIIOCTEPITAETHCS CYTTEBA ACUMETP1ST POIIOILITY:
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4,254 : 0,171 = 24,93 > 3.

Tabmuig 3.10 — Pos3paxyHOK II€eHTpPAJbHUX MOMEHTIB JJIs
BH3HAYEHHS CYTTEBOCTI aCHMeTPll psaay PO3IOLLIY IOp 3a JlaMeTpoM
(dbparmenrt)

d d? (d-dep)? (d-dep)?
0,00317 1,05 -1,06 1,85
0,00317 1,05 -1,06 1,85
0,00317 1,05 -1,06 1,85
0,00317 1,05 -1,06 1,85
0,00317 1,05 -1,06 1,85
0,00448 2,05 -1,06 1,75
0,00549 3,05 -2,06 1,65
0,00776 6,05 -4,06 1,35

0,015849617 0,000251 -1,35 8,06
0,018482707 0,000342 -1,75 6,06
0,019278458 0,000372 -1,85 6,06
0,020045816 0,000402 -1,95 5,06
0,02102544 0,000442 -2,15 5,06
0,022856304 0,000522 -2,45 4,06
0,02372014 0,000563 -2,55 4,06
Beroro 1,09843341 0,0226162 0,00045

Ile osmauae, moO y mgaHoMy (QparMeHTl IIOPYyBATOl IIOBEPXHI
mepeBaskaoTh OlJIbIII MACHBHI IIOPH, IIOP 3 MEHIIUM 3a CepexHii
JlaMeTp 3HAYHO MeHIe. TakuM YMHOM, MOKHA 3POOUTH IPHUITYIIEeHHI,
10 KILJIBKICTH IIOP Ta PO3IOALI IX 3a PO3MIPOM 3aJIeKUTH Bl dacy
TpaBJIEHHS KPHUCTAJy — YHUM JOBIIEe B1I0yBA€eThCsI 00pOOKA KPHCTAJILY,
THM OlJIbIIIA KLJIBKICTh 3aPOJKOBHUX IIOP 3 IBUTHCS HA IIOBEPXHI.

CTpykTypHI IIOKAQ3HHKM aCHUMETPIi  J03BOJIAITH  OI[HUTHA
ACUMeTPI0 TIJIBKH B IIEHTPAJIbHINA YaCTUHI PO3IIOILIY, TOOTO B OCHOBHI
Macl OIWHHIb, BOHH He 3aJieskaTh Bl KpaWoBHUX 3HaAYeHb. Taki
XapPaKTEePUCTUKN € BAKJIMBUM €JIEMEHTOM aHAJI3y PO3IOALIY II0p 3a
po3MipaMu, TaK SIK BOHH JOIIOMAaraiTh IIPOBECTH aHAJI3 OCHOBHOI MacH

Iop, 1 He BPaxOBYBATHU T IIOPH, SIK1 € HEIIOKA30BHUMU:
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— 3apOJIKOBI1 OPH, SIK1 Ille MAIOTh JAy*Ke MaJUi Po3MIip;
— MAacCHBHI IIOpH, SKI KJIACHQPIKYIOTHCA SK SAMKH TpPAaBJIEHHS, III0
BUHHUKJIA B pe3yJIbTaTl PO3TPABJIIOBAHHS IIOBEPXHEBHUX HedeKTiB Ta
IOHUCJIOKAIIII.

Pospaxyemo crpykTypHMii koediiient Ilipcona [263]:

Asp :M 5 (33)
O

Agp=0,11.

JIJ1s1 cuMeTpUYHUX POSIIOILIIB 3aCTOCOBYETHCS IIOKA3HUK €KCIIeCY
(rocrpoBepxicth). Excilec € BUMIA BEepIIUMHU eMITIPUYHOIO POSIIOILITY
Bropy abo BHHM3 BIJ BepXIBKM KPHUBOI HOPMAaJBHOTO PO3IIOILIY.
IIpoBememo po3paxyHOK ekciiecy 3a popmyJiow [264]:

M
Ed = 2 3 . (34)
s
JlJ1g BUTATHYTHX PO3MOMLIIB (3 IOCTPOI BEPXIBKOK) ITOKA3HUK
eKcItecy monaTtHii: Kq > 0, msa crmiocHeHUX — BT eMuUi: Kq< 0, Tak IK

JIJIT HOPMAJIBHOTO PO3TIOJTLITY:

—F=3 . (3.5)

M+=0.000456/200 = 2.06.
Eq=0,38

Maemo roctpoBepxiBHuit posmomiia. Ilo0 OIIHWUTH CYyTTEBICTH
eKcIlecy HeOoOX1THO po3paxyBaTU CTATUCTURY FKd/Skd, e Sed cepemHs
KBaJpaTUYHA IIOMIJIKA KoeIIlleHTy eKciiecy [265]:

24n(n—2)(n —3)
(n +1)2(n +3)(n +5)

SEd =

, (3.6)

AKIO FKx/SEx > 3, TO BIAXWUJIEHHS Bl HOPMAJLHOTO PO3IIOILIY
BBAYKAETHCSI CYTTEBUM;
SIKINO SEx < 3, TO BIIXHJICEHHS HECyTTEBE.
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Ocrinprkn seq= 0,33, TOOTO SEd < 3, TO BIAXWJIEHHS BIJ
HOPMAJILHOT'O0 PO3IIOALIYy € HecyTTeBHUM. Po3momla Imop 3a po3mMipom
MOSKHA BBAYKATH PIBHOMIPHUM.

Inmepsanivre ouiHI08AHHA UeHMPY 2eHEePATIbHOL CYKYNHOCML PAOY
po3nodisty nop 3a diamempom. JloBipunii IHTEpBAJI [IJIsI TeHEePAILHOTO
CepeTHbOT0 PO3PAXOBYETHCA 3a popMyJiow [265]:

(}—tkpi;}w@ ij . (3.7)
Jn Jn

BHaueHHsa trp BH3HAYaeMo 3a Tabauieno posmonlay CroiogeHTa:
Tmaﬁﬂ(n-l;a/2) = Tmaﬁﬂ(] 99,0 025) = 1,972
CramgapTHa moxmbka BUOIPKU IJIsI cepeqHboro [265]:

5o =—— (3.8)

sc = 0,00525

CragmapTHa IIOXMOKA CepeqHBOr0 BKA3ye, HA CKIIBKH CepeIHe
BuOiprn 0,0683 B1API3HAETHCA Bl CEPESHBOI0 TeHEePaIbHOI CYKYIIHOCTI.
I'papnmuna momumaka BubOipku & = 0,0104. Jlosipumit iHTEepBaI
3HaxoguThea B mexkax: (0,058 — 0,0787).

Tob6To 3 imoBipHIicTIO 0,95 MOKHA CTBEPKYBATH, IO CEpPeIHe
3HAYeHHs Ipu BUO1PIl O1IBIIIOr0 00 €My He BHUIie 3a MesKl 3HAIeHOr0
1HTepBAaJy.

Pospaxyemo moBipumii iHTepBaJI IJIs JIHCIIEPCII. mosipHicTs
BUXOJTy 34 HUKHIO MEKY JTOPIBHIOE:

P(zii = m):@ =0,023.

Jl1sa klabprocTl cTymeHiB cBoooau k = 199 sHaxoammo:
x2(199; 0,023) = 241,0579.
BumangxoBy moxmOKy muciiepcil HHMKHBOI MesKl po3paxyeMo 3a
dopmyioto [265]:
P ) (3.9)
hH
tn=0,00456.

IMoBipHICTE BUXOY 3a BEPXHIO MEKY JOPIBHIOE:
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P(x2=hs)=1-P(z2, < hu) = 0,977,

x2(199; 0,977) = 241,0579.
Bumnanxosa mmoxmnbka gucmepcii BepXHBOI MesKi:

le = (n;ll)sz ’ (310)

ts=0,00456.

Taxum unaoMm, 1HTepBaJa (0,00456; 0,00456) moxkpuBae mapamerp
S? 3 mamiHicto ¥ = 0,954.

JloBipunii iHTepBAJI JIA CEepPeIHBOKBAAPATHUYHOTO BlIXHJICHHS
po3paxoByeThCA 3a hopmyiom [265]:

S(l—q)<0'<S(1+q) . (3.11)

3HaidimeMo OOBIpUYME 1HTEpPBAJ [JIS CEepPeIHBOKBAAPATHYIHOTO
BIOXWJIeHHA 3 HamidHicTio ¥ = 0,954 1 obcsirom BuOiprm n = 200. 3a
Tabymuren q = q (y ; n) BusHauumo mapametp q (0,954; 200) = 0.

0,0743 <0< 0,0743.

Taxkum unnowMm, 1HTepBaJ (0,0743; 0,07435) mokpuBae mapamerp o
3 HamiHicTio Yy = 0,954.

3a oLlHEeHMMH IIOKA3HUKAMK MOYKHA 3POOUTH BHCHOBOK, IIIO
KOKHE 3HaUYeHHS PAIY BIAPI3HsSIeThCS B cepequboro sHavenusa 0,0683
y cepenuabomy Ha 0,0286. 3Havenns As 1 K¢ Masio BIAPISHAOTHCA B[
Hysasa. Tomy MoOKkHA HTPHUIIYCTUTH OJIM3BKICTH JaHOI BUOIPKHA 10
HOPMAJIHHOTO PO3IIOILITY.

Busnauenns ocHosnux xapakmepucmuk ¢gopmu nop. Jisa oaucy
onHlel 3 OCHOBHMX XapaKTepHCTHK dopMu mop y mporpami Imaged
BUKOPHUCTOBYIOTh ITOHATTS OKPYTJIOCT1, SIK€ MOKe OyTHU peasIi3oBaHO
K1JIBKOMA METOIAMII.

[lepmmit meron omiHKEM QaxkTopy ¢(opMu II0Op — OKPYIJIOCTL
(Circularity) mepemgdaduae po3apaxyHOK 3a popmyJion [266]:

478
2 b

p

Fy (3.12)
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e S — mIoma mopu, p — IepuMeTp IOPH.

Bnauenns gaxropy dopmu Fy = 1 BRasye Ha Te, Iepepis IOPH €
1measbHe Koy1o. YmMm OJmmekde 3HavYeHHS oKpyrJyioctl o 0, THM OlJIbII
BUTSATHYTAM a00 J1edopMoBaHUM Oy/ie IIepepi3 mopH.

Jpyruit meton ormiaku okpyryiocti (Round) 3acHOBaHMIT HA Bupasi
[266]:

48

B )
T limax

Fr = (3.13)

1€ Imax — OLJIBINA BICH IIOPH.

O6uaBa MeTomu 3a0e3MMeUyiOTh 1eHTHYHI Pe3yJIbTATH IJIsA II0p,
10 MalTh y mepepisl dopmy mpaBuabHOrO KoJa. Jyas mop Ta Mok
TpaBJIeHHsI, QopMa SAKUX I1CTOTHO BIAXWJIAETHCSI Bl  KOJA,
BUKOPHUCTOBYETHCS XapaKTePUCTHUKA CIiBBlIHOIIIeHHS cTopiH (AR), saxa
MIOKa3ye BeJIMYUHY BITHOIIIEHHS OCHOBHOI OCl IO MEHIIIO].

YV sgrocti mpurigagy B Taba. 3.11 HaBedeHl pea3yJIbTaTU
BU3HAYEHHS OCHOBHUX KIJBKICHHUX XapPaKTEePUCTUK JTOCTLIKYBAHOTO
3paska, OTPHUMaHI1 Ha IIJIcTaBl aHaaidy MiKpocTpykTypu por-InP (100).

Tabmumsa 3.11 — KinpkicHl XapakTepHCTUKN MOPQOJIOTTIHHX

moka3HukiB mmoBepxHi por-InP (100) (pparmeHT)

No ILmomr | [lepumer | @axro | Oxpyriic | Coiseiguommex | [igpwicT

a, P, MEM P Thb Hs b,
MEM? dopm CTOPIH TBEPJIICT
n b

1 0,005 |0,293 0,690 | 0,522 1,917 0,954

2 0,006 | 0,327 0,708 | 0,629 1,591 0,887

3 0,007 0,331 0,793 | 0,673 1,485 0,918

4 0,002 | 0,161 0,848 | 0,603 1,659 0,921

5 0,002 | 0,177 0,868 | 0,804 1,243 0,935

6 0,003 | 0,220 0,767 | 0,687 1,455 0,929

7 0,013 | 0,567 0,501 | 0,443 2,257 0,790

8 0,003 | 0,197 0,850 | 0,840 1,191 0,936

9 0,012 | 0,530 0,558 | 0,710 1,408 0,860

10 0,009 | 0,387 0,745 | 0,675 1,481 0,931

11 0,005 | 0,299 0,724 | 0,516 1,938 0,915

12 0,007 | 0,363 0,683 | 0,707 1,414 0,908

13 0,004 |0,278 0,681 | 0,399 2,603 0,928

14 0,005 | 0,323 0,567 | 0,456 2,193 0,902
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Cepenne 0,0516 | 0,294 0,723 |0,671 1,604 0,894
Cepenne 0,0063 | 0,104 0,114 | 0,175 0,451 0,0567
KBagpaThy

He

BIIXUJICHH

a

Cranmmapra | 0,0011 | 0,0189 0,020 |0,0319 0,0824 0,0103
a moxubOKa | 4 8

'pammuna | 0,0023 | 0,0387 0,042 | 0,0651 0,168 0,0211
moXuoKa 3 4

Pesysibratu ysarasibHeHOro aHAJI3y IUX XaPAKTEPUCTHK JIJIS
mepepi3y mopyBaTtoi moBepxHl 20 T0CTIIKeHUX 3pas3KiB, CHHTEe30BAHUX
MIPY AHAJIOTIYHUX YMOBAX TAKOK MOKA3YIOTHh IIPAKTAYHO ITOBHUI 30ir
ITUX XapaKkTepucTuk (Tads. 3.12).

Tabmuig 3.12 — Ycepenuenwi suavenHs i1 20 3paskis por-InP

[Tapamerp | Ilmom | [lepumer | @akro | Oxpyruic | CoisBimmomren | [IlirpHic
a, P, MEM p Th Hs Thb
MEKM? dopm CTOPIH
u
Cepenue 0,0532 | 0,324 0,652 | 0,587 1,511 0,953
3HAYEHHST
Cepenre 0,0071 | 0,111 0,098 | 0,165 0,402 0,0687
KBaIpaTuy
He
BIIXUJIEHH
a

3.3.2 Ilepesipkra 810no8ioHocmL MOPEPHOSI02IUHUX XAPAKMEPUCMUK
HAHOCMPYKMYP 3a0aHUM Kpumepiam Ha npuraaoi por-GaP

Mikpomopdosoriss  HOBEpXHI CHHTE30BAHUX  HAHOCTPYKTYP
KOpeJe 3 TeXHOJOTIYHMMM JYWHHHKAMHK  IIPOIleCY  CHHTE3y
HAHOCTPYKTYP. BeTaHOBJIEHHS ITUX 3aJI€KHOCTEH € BAMKJINBOIO JIAHKOIO
y 3abealmeveHl AKOCTI HAHOCTPYKTYP Ta CTBOPEHH] CTAHJAPTHUX
3pasKiB, IO MOKYTh CJIYTYBAaTH €TAJIOHAMH [JII IAapTid 3pas3kiB 13
BCTAHOBJIEHHIMH MOPQOJIOTNYHUMH XapakTeprucTukamu. s mpuriamy
PO3TJITHEMO OCHOBHI MOP(OJIOTIUHI XapaKTepPUCTUKH II0PYyBATUX
3paskiB ocdimy ramo Ta NUIEXKA 3a0e3lleYeHHs  BIAIOBIIHOCTI
BCTAaHOBJIEHUM KputTepisaMm saxocti. [IpemcrasieHa Humixde mporenypa
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OITIHKM SAKOCTl 3pa3KiB MoOKe OyTu IIommupeHa I Ha  1HIII
HAHOCTPYKTYPH, CHHTE30BaHI Ha I[IOBEPXHI HAMIBIPOBIIHUKIB 3a
TEXHOJIOTIEI0 eJIEKTPOXIMIYHOTO TPaBJICHHSI.

Jlns ekcmepuMeHTY OyJ0 00paHO 3pa3Ku MOHOKPUCTAJIIYHOTO
docdimy ramio n-tumy 3 opieHTairieio mosepxHi (100), BupoIeHoro 3a
meTtomom Yoxpasbebkoro. Ilmactuau OyJto BimmosipoBaHo 3 000X OOKIB.
[lepen ekcmepuMeHTOM 3pas3Ky IIPOXOJUJIA OYHINEHHS 3 METOI0
BUIAJIEHHS XIMIYHUX 1 (PI3UIHUX 3a0pyJHIOBAYIB.

Jl1a opMyBaHHS IIOPYBATOTO IIAPY Ha IoBepxHI mono-GaP 0yo
00paHO MEeTOJI eJIEKTPOXIMIYHOIO TPABJEHHS B PO3YHHI IIJIABUKOBOI
KHCJIOTU. Y MOBH €KCIIEpUMEHTY HaBeageHo y Tabu. 3.13.

Mopdosorito 1oBepXHl OOCHIIKYBAJIH 13 BHKOPHCTAHHSIM
PacTpoOBOro eJIEKTPOHHOro Mikpockony. J[is aHassy mopdosoriyaux
BJIACTUBOCTEH CHHTE30BAHUX HAHOCTPYKTYP OYyJI0O 3aCTOCOBAHO
nporpamMue 3abesneuenns Imaged it Origin.

3a  pesympraTaMu = PacTpPOBOl  E€JIEKTPOHHOI  MIKPOCKOIII
BCTAHOBJIEHO, II0 AKTHBHE IIOPOYTBOPEHHS IIOYMHAETHCS, SIKIIO
TPUBAJIICTE TpaBJjeHH He Hikde 10 xB. J[J15 00paHoro THILy KpHCTaJIlB
(3 opienrarrieno moBepxHl (100)) crocrepiraerbcss POpMyBaHHS IIOP 3
KPYyIJInM IIomepedyHuM giamerpom. Maiizke Bcl omepskaHl 3pasku
JIeMOHCTPYIOTH PIBHOMIPHHH PO3MO/IL/I IIOP IO IIOBEPXHI, OKPIM 3pa3KiB
No 7, No 11, Ne 19, No 20, saxi BusBuancsa gedpextanmu. 3pa3ok Ne 7 mas
MeXaHIuHe YIITKOMIKeHHs (IOAPSAINNHY), B3I0BXK SKOI 30Cepeausiacs
3HAYHA KLIbKICTh JpiOHmMX mop. 3pasox Ne 11 mMaB Ha MTOBEpXHI
MPOTSKHY JUCJIOKAIII0, KA 3yMOBHJIA (DOPMYBAHHS MACHBHUX SIMOK
TpaBiaeHHs. 3paskum Ne 19 Ta Ne 20 TtpaBumiancsa 0e3 aKTHBHOIO
IOPOYTBOPEHHS,  CIIOCTEPITAJIOCS  eJIeKTPOXIMIUHEe  IOJIpyBaHHS
IIOBEPXHI.

Tabmunga 3.13 — YMOBU eKCIIepUMEHTY 3 YTBOPEHHSI TOPYBATHUX

mapis
No Yac tpasaenus | Hi1bHiCcTE Enexrpomit
3paska | t, xB. CTPYyMY J,
MA/cm2
1 5 75 HF:H:0:C:H;0H=2:1:1
10 75 HF:H:0:C:H;0H=2:1:1
3 15 75 HF:H:0:C:H;0H=2:1:1
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4 20 75 HF:H:0:C:H;0H=2:1:1
5 25 75 HF:H:0:C:H;0H=2:1:1
6 5 100 HF:H:20:C2:H;0H=2:1:1
7 10 100 HF:H:0:C:H;0H=2:1:1
8 15 100 HF:H:0:C:H;0H=2:1:1
9 20 100 HF:H:0:C:H;0H=2:1:1
10 25 100 HF:H:20:C:H5;0H=2:1:1
11 5 125 HF:H:0:C:H5;0H=2:1:1
12 10 125 HF:H:0:C:H;0H=2:1:1
13 15 125 HF:H:0:C:H5;0H=2:1:1
14 20 125 HF:H:0:C:Hs;0H=2:1:1
15 25 125 HF:H:0:C:H;0H=2:1:1
16 5 150 HF:H:0:C2H;0H=2:1:1
17 10 150 HF:H:0:C:H;0H=2:1:1
18 15 150 HF:H:0:C:H;0H=2:1:1
19 20 150 HF:H:0:C2:H;0H=2:1:1
20 25 150 HF:H:0:C2:H;0H=2:1:1

TakuMm YwWHOM, IIpU BI3yaJbHOMY aHaJ31 MiKpodoTorpadiit

3paskiB Biapasy Oy BIIOPAKOBAHI:

—3pasku Ne 1, No 6, Ne 12, No 16 yepes HU3bKY IIJIBHICTE TIOP;

— 3pasku Ne 3 ta No 12 uepes HasABHICTH qe)eKTiB;

— 3pa3km Ne 19 Tta Ne 20 yepes3 eJIeKTPOXIMIUHE IIOJIPYBAHHSI IXHBHOI

OBEpPXHI.

Bci 1111 3pasku BU3HAYAEMO SAK YMOBHO SIKICHI.

3 MeTow JeTaJIbHOTO JOCIIMKEHHS MopdoJIorii
OJIepsKaHoro IMOPyBATOrO IIapy YMOBHO AKICHUX 3pas3kiB Ha puc. 3.22

IPOJIEMOHCTPOBaHAa MIKpodoTorpadist 0qHOro 3 HuX — 3pa3ka No 9.

TIOBEPXHI



Pucynox 3.22 — Mikpodororpadisa por-GaP, omep:xaHoro 3a yMmoB
CHUHTe3y: TPUBAJICTh TpasieHHsa t = 20 xB, mJIbHICTE cTpyMy j = 100
MA/em2, enexrponit HF:H20:C2H;0OH=2:1:1

Ha mixpodoropadii spaska Ne 9 (puc. 3.22) 6aunmo cpopMoBaHmin
PIBHOMIPHUI IIOPYBATHUH ITap Ha IoBepxHl ocdiny rasioo. Maiisxe Ha
BCIX OUJISHKAX IIOPH PIBHOBIOAAJI€H]1 OZHA Bl OMHOI, J€MOHCTPYIOTH
Kpyruuii mmepepi3. [Hom cmocTrepiraerbesi yTBOPEHHSI MACUBHUX IIOP —
poamipom O1bI Hik 300 MEM, OgHAK IXHS KLIbKICTD HedHayHA. OIiHKY
TIOBEPXHEBOi TIOPYBAaTOCTI TIPOBOTUIHA OearocepeTHBO 13
BUKOPHUCTAHHSAM PACTPOBOI0 €JIEKTPOHHOr0 MiKpockoiry. J[is 1boro
IOBEPXHs JIOCJIIHOTO 3pas3ka Oysiaa poadapboBaHa B KOHTPACTHIL
Koabopu (pumc. 3.23, a), IO JI03BOJIMJIO BCTAHOBUTHU BIlJHOIIEHHS
CyMAapHOI ILJIOII TeMHHX JIJISTHOK JI0 BClel IO MOBEePXHI 3pa3ka (puc.
3.23, 0)

[Tioma nop 69

® [Tnoma marepi

100

31

50
0
a) 0)
Pucymor 3.23 — OiilHka moBepxHeBOI IIOPpyBATOCTI: a —

MikpocoTorpadisa apaska Ne 9, 06pobdIeHa KOHTPACTHUMHU KOJIbOPAMIT;
0 — BIOHOIIEHHS CyMapHOI ILJIONIl TEeMHMX IIJISHOK 10 Bclel ILJIOII
HOBEPXHI 3pas3Ka.

3a pesyJsibraTaMu OIIHKY IIOBEPXHEBOI IIOPYBATOCT1 BCTAHOBJIEHO,

mo mopysaTicTb 3pasdka Ne 9 ckmamae 31 %. Awmasioriu"o OyJiu
JTOCJTIZIZKEH]1 BCl 3pa3KH, AK1 B13yaJbHO BU3HAH]1 YMOBHO AKICHUMMU.
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Is BuKopumcTaHHAM CKAHYY0l €JIEKTPOHHOI  MIKPOCKOIII]
BCTAHOBJIEHO, IO ITOBEPXHEBA IIOPYBATICTH KOPEJIIE 3 TPHUBAJICTIO
TpasieHHs (puc. 3.24).

70 + =0—Pinl
X 60 =o—Psn2
.5 50 F =o—Pan3
540
%30 -
=20 |

10 f

0 1 1 1 1 )I
5 10 15 20 25
Yac t, xB

Pucynor 3.24 — 3ajesxHicTs HoBepxHEBOI mopyBaTocTl docdimy
rajiio BIJ TPUBAJOCTI TpaBJEHHS JI PISHUX 3HAYEHDb IIIJIHBHOCTI
crpymy: panx 1 — j = 7bmA/em?2, pag 2 — j = T5mA/em2, pag 3 — j =
T5mA/em2, psan 4 —j = T5mA/cm?

Amnama puc. 3.24 Bka3ye HaA Te, IO IIOPYBATICTh POChIay TrasIio
Maiske JIIHIAHO 3aJIe’KUTh BIO TPHUBAJIOCTI TpaBJieHHs. Taxosk
KOPEJIAIlisd  CIIOCTepIraeThess 13 IMIJIBHICTIO CTPyMy, IIpA  SKIH
IpoBOAUTHCSA aHomyBaHHs. OIHAK, MOMKHA II00AYNUTH, IO IJIS 3PA3KIB
No 18, No 19, No 20 1151 3aJI€3KHICTD IIOPYIIYETHCA. A OTIKe, IIPHU 3aHAITO
BUCOKIHM IIMIJIBHOCTI CTPYMY IIOPOYTBOPEHHS Mailske He BIJI0YBAETHCH.
HaromicTs, Mae miciie eJIeKTPOXIMIUHE IT0JIIPyBAHHS IOBEPXHI 3Pa3KiB.

Puc. 3.25 nmemomctpye 3momesboBaHmit ob0em 3paska No 9 y
mporpami Imaged. MopgentoBanus gae 3Mory moOaYUTH, IO IIOPU
IpOpOCTAOTH y  TOBILY  KPHUCTAJy  B3JOBMXK  JIHIA  CTPyMy
B3aeMomnapase IbHUMHI KaHAJTaAMH.
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Pucymor 3.25 — Mogens o0’emy 3paska No 9, 1m0 memoHCTpye
IIPOPOCTAHHS II0P Y TJIMOMHY KPHUCTATY

[IpoBenene MomenOBaHHA 00€My IIOPYBATOTO 3pasKa A€ 3MOTY
3pO3yMITH, IO YHM MACHBHIIIIA IIOpa HA IIOBEPXHI, THM OLJIBIII
IMOBIPHHUM € Te, 110 BOHA HAWTr/IMOIe IMpopocTe y TOBIMY Kpucrasy. Lle
BIIOYBAETbCA TOMY, III0 10HAM €JIEKTPOJIITY HabaraTo Jieriie
MPOHUKHYTU B MACUBHI OTBOPH ¥ IIPOCYBATH (PPOHT TPABJIEHHS B TOBIILY
KpHCTaJy, HI3K y TOHKl IMMIIHIpWUYHI kKaHaau mop. JloB:kwuHa 1mop
KOpeJIIoE 3 TPUBAJIICTIO TPABJIEHHS Ta KOHIIEHTPAIIIEI0 eJIEKTPOJIITY.

Poamomis mmop 3a miameTpom mpoaHAJII30BAHO 13 BUKOPUCTAHHSIM
mporpamuoro 3abesmnevenus Imaged ta Origin. Puc. 3.26 memoHcTpye
POS3IIOILII IIOP Ha IIoBepXHl 3paska No 9 3a miamerpom.

60

50 |

40 +

30 |

YacroTa, o1

20 |

0,1 02 03 04 05 06
Jliamerp, MKM

a

Il Bins

65 Gaussian Fit Counts"Counts"

60 Model Gaussian
Equation y=y0 +Allw*sqrt(Pl/(4"In(2)))) * expi-
4In(2)* (x=xc)"2/w"2)
Reduced Chi-S  10,33012
ar
Adj. R-Square  0,96878
Value Standard Error

Counts ¥y 264193 1,18483
Counts xc 0,23733 0,00363
Counts A 8,25106 0.57159
Counts w 0,14724 0.00974

Yacrora, o1.
w
o

0,075 0,150 0,225 0,300 0,375 0450 0,525 0,600 0,675 0,750
JliameTp, MKM

)
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Puc. 3.26
Ne 9: a — 3a miameTpoM; 60 — rayciBchbKe HAOJIMKEHHs PO3IIOALIY IIOp 3a

— Posmomin mop Ha moBepxHI1, HAa IPHUKJIAAl 3paskKa

JlaMeTpoM; B — TicTorpamMa po3KHIY II0p 34 JIlaMeTpoM

3 puc. 3.26 6aurMo, 110 3HAYEHHS JlaMeTplB II0p 3HAXOOATHLCSI B
JIOBOJI1 By3bKOMY Jiamna3oHi (Tabs. 3.14).

Amnaorivyil JOCTIIMKEeHHS 3 OIIIHKK PO3MIPY IIOP M PO3MOILIY IIOP
3a 3HAYEHHSM JiamMeTpy OyJM IIpoBeIeH1 JJIs BCIX 3pasKiB, Kl
BI3yaJIbHO BU3HAHI YMOBHO SIKICHUMH.

Taxkum YUMHOM, OCKLIBKH BCTAHOBJIEHO KOPEJISIIN0 TeXHOJOTTUHNX
dakTopiB cumHTEe3y mopyBaroro dQocdiay rajio Ta Horo HaOyTHX
BJIACTUBOCTEHM, TO Mae OyTH KpPUTEpPid SIKOCTI, BIAIOBIAHICTH SKOMY

JI0O3BOJIUTH YMOBHO SIKICHI 3pa3KHU II€PEBeCTH 0 T'PYIIH AKICHUX.

Tabmuiig 3.14 — Po3moais mmop 3a BeIMYHHOIO JlaMeTpy

XapakTepucTuka, | Busnauenus IaTepBan Bigzocua
III0 aHAJI3YEThCI | OTMHMILL JIOIIYCTHMIX IoXuoOKa
JismunOI 3Ha4YeHb (P =0,95),%
BEJIUIUHU
D10 HM [65 — 100] +7
D50 HM [200 — 250] +5
D90 HM [80 — 420] +7
[Tpu po3pobIi KpuTepilo CJi BPaxOoByBAaTU pPe3yJabTaTH
YHCeJIbHUX IIOIePEeTHIX JIOC/III3KEeHb, OCKLJIBKH AKICTD
HAHOTEXHOJIOTIYHOI IPOAYKINI MOKHA OIIHIOBATH 3a KIJIbKOMa
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KpuTepismu. BasxauBumM e Te, IM0 AKICTh 3paska 3a IIUMH
BJIACTUBOCTSAMM BU3HAYAETHCS 3AJIEKHO B1J HMOr0 MpU3HAYEHHS, TOOTO
HOJAJIBIIOID eKcILIyaTalien. Ake BUPIIIEHHS IIEBHUX 3aBIaHb ¥
OTHUX BUIIQJKAX IOTPedye CHHTEe3 HAHOCTPYKTYP 13 MIKPOIIOPYBATOIO
OBEPXHeEI0, Y 1HIIMNX — 13 MAKPOIOoPyBaTon. AHAJIOTIYHO, ICHye moTpeda
y CTBOPEHHI HAHOCTPYKTYP 3 HHU3BKHM PIBHEM IIOPYBATOCTI, CEpeIHIM
Ta BUCOKUM. J[0 SIKICHMX BJIACTUBOCTEH CJI1J BIJHECTH PIBHOMIPHICTH
po3TallyBaHHs II0p 110 moBepxHI Ta dopmy. Ilix cepenrim miamerpom
IOp CJII PO3YMITH [JlaMeTp, SKUHA BH3HAUYAE MeEKYy, HIMKYE KOl
suaxonuTtbea 50% 1op.

Jl1s mpukIaay BCTAHOBHUMO IIOKA3HUKHU SIKOCT1, HaBeaeHl B Ta0JI.
3.15. ¥V tabs. 3.15: D10 — giamerp, 1110 BU3HAYAE MEKY, HUIKYE SKOI
saaxoxutbea 10% mop; D50 — miameTp, 1110 BU3HAYAE MEIKY, HUMKYIE TKOL
aHaxoguthbes 50% mop; D90 — miameTp, 1110 BU3HAYAE MEKY, HIKYIE SKO1
spaxoguTtbea 90% mop. AricHMM MOMKYTH BBAKATHCS T1 3Pa3KH, SKl
3aI0BOJIbHSIIOTH IIPOITOHOBAHNM IIOKA3HUKAM.

Tabmuig 3.15 — [lokasHUKM sKOCTI mOpPyBATHX IHIApiB ocdimy
raJiiio

Hagsga nmokasuuka | 3Hauenna
ITopysaTicThb (30 £7)%
(IIIJIBHICTBD)

Cepenmmiii  posmip | MmakporopH, (200 — 250) HEm

op
®opwma 10p KpyTrJia
PiBrOMIpHICTE TIOPH PO3TAIIOBAHI PIBHOMIPHO II0 BCli ITOBEPXHI

po3TalryBaHHS 0 | 3pa3ka

TIOBEPXHI
Posmoxin mop 3a || Xapakrepucruka, | Iurepsan Binaocua
po3mipom III0 ATeCTYEThCS | JOIIYCTUMUX | IIOXMOKA

aTeCTOBaHUX | aTeCTOBAHOI'O

3HAYEeHb 3HAYeHHH

(P=0,95)%
D10 [75 —100] +7
D50 [200 — 300] |+b5

D90 [75 — 400] +7
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Tosmmua He MeHII HIk 10 MEM
IIOPYBATOrO LIAPy

OpienTaiiis mop 3a crpymoM (IepHeHIUKYJISIPHO  IIOBEPXHI
3paska)

3a pesyabTaTaMu IIPOBEIEHOr0 eKCIIEPUMEHTY M aHaJl3y JTaHuX
momaHa TAOJMUWILE BIAIIOBIIHOCT] IIOKA3HUKIB JOCIIITHUX CHUHTE30BAHUX
CTPYKTYP IPOIIOHOBAHOMY KPHUTEPII0 SKOCTI MOPQOJIOTIYHOIO CKJIAIY
(Tabs. 3.16).

Tabmuig 3.16 — Mopdosoriual mapaMeTpu CHHTE30BAHUX
CTPYKTYp Ha 1oBepxHl docdlay ramio Ta  BIIIOBLIHICTH
TIPOIIOHOBAHOMY KPHUTEPII0 STKOCTI

- a B ) -
= o >y
s | B S Eq & e s 2| x 2.2 8 g8
® & o B g S o = E T S o B & H
S|s=|gg4d E9 g HE| 388 g & "
Rl 27138 ¢ g ¢ 2 B2 52839 8& ¢
ol o, TN 2, o o < O 8 = ] s
“18 |Eg§ o & |FE2|CRg |F3g&
= £ 8 =
1 7 Mae miciie yTBOpeHHS ITOOJTUHOKHUX SIMOK —
TpaBJIEHHS
2 10 Mae miciie yTBOpeHHS ITOOJUHOKHUX SIMOK -
TpaBJIEHHS
3 12 Mae miciie yTBOpEeHHS IOOJUHOKUX SIMOK -
TpaBJIeHHS
4 20 + 3a kpyriaa | 8,5 140...165 —
CTPYMOM
IIpoodosocennsa mabauyl 3.16
- [ 1 H
0 >
g | B EE: & | s 8|lwm 22 |8 &
=R - = |Eg|EHcg g S
S| ST a8 & 5 < 5 & R e B o= 8
S | 8 o H o S H &S| o028 o @ S
™ > o d o R o, m > o, 2 9 9o 9 m
s | 2 = IS 8 8 2| o3 & &8 E g
Z | o m 9 S E | O 9 = =
= £ ¢ © a 28 |/ 8
5 28 + 3a Kpyria | 15 190...245 +
CTPYMOM
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6 9 Mae miciie yTBOpEeHHS IOOJUHOKUX SIMOK —
TPaBJICHHS

7 20 - 3a kpyria | 16,5 | 140...200 -
CTPYMOM

8 22 + 3a kpyria | 24,3 | 160...220 -
CTPYMOM

9 31 + 3a kpyraa | 27,2 | 200...250 +
CTPYMOM

10 40 + 3a kpyrya | 28,4 | 200...260 —
CTPYMOM

11 15 - 3a kpyria | 7,3 | 210...270 -
CTPYMOM

12| 32 + 3a kpyria | 20,6 | 195...250 +
CTPYMOM

13| 43 + 3a kpyria | 30,1 | 150...280 -
CTPYMOM

14 | 50 + 3a kpyria | 32,7 | 175...330 -
CTPYMOM

15| 72 + 3a Kpyria | 33,2 | 125...185 -
CTPYMOM

16 | 17 + 3a Kpyria | 9,1 140...185 -
CTPYMOM

17| 34 + 3a kpyria | 25,1 | 200...330 —
CTPYMOM

18| 14 + 3a Kpyriaa | 7,1 70...180 -
CTPYMOM

19| 10 Mae miciie yTBOpeHHS IOOJUHOKUX SIMOK —

TPaBJIEHHS Ta €JIEKTPOXIMIUHEe II0J1PyBAHHS
TIOBEPXH1
20 3 Mae miciie yTBOpeHHs MOOTUHOKUX SIMOK —
TPAaBJIEHHS Ta €JIEKTPOXIMIUHE II0JI1PyBAHHSI
TIOBEPXHI

Taxkum YrHOM, BCTAHOBJIEHHMM BUMOTaM SIKOCT1 B1AMIOB1AA0TH TPH
apaskn: Ne 5, No 9, Ne 12. Tobto mis curaresy Ha moBepxHi n-GaP (100)
IOPYyBaTOTO IIpocTOpy 3 mopyBaTicTio 30% Ta cepeaHIM pO3MIPOM IIOP
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HEOOXITHHM € 3aCTOCYBAHHS TAKUX PELIENTYPHUX 1 TEXHOJOTTYHNX YMOB
TpaBJIEHHS, K1 ITogaHo B Tab. 3.17.

Tabmuigg 3.17 — 3paskm, SKI BIANOBIIAIOTH BCTAHOBJICHNM
BHMOTaM SIKOCT1 TA PECYPCHI ¥ TeXHOJIOTIYH1 YMOBH CHHTE3Y
No Tpusaiictb [inpHICTE Enexrpomir
3pa3ka | TpaBJIeHHsa t, | cTpyMy j,
XB MA/cm?2

5 257 % D +5% HF:H:0:C2:H5;0H=2:1:1

9 20+ 7 % 100+ 5 % HF:H:0:C:Hs0H=2:1:1
12 10+7 % 125+5 % HF:H:0:C:H;0H=2:1:1

Omuax Ha OPaKTHUIN AKICHOIO aHAJII3Y YacTO HeJOCTATHHO, TOMY
mocTae HeOOXITHICTH y PO3po0Ill KPHUTEpliB SIKOCTI TA BCTAHOBJIEHHI
3aKOHOMIPHOCTEHM, SK1 O0YMOBJIIOIOTH IIOIIAJAHHS MEeBHOI KIJIBKOCTI
3pasKiB y MexKl, IKl XapaKTepHU3yI0Th PIBEHb SIKOCT1 HAHOCTPYKTYP.

Bcranosiena opesdiiss MK TEXHOJIOTIYHUMH (PAaKTOpaMH
CUHTE3y II0PYyBaTOro pociay rajrio Ta Horo HaOyTUMHU BJIACTUBOCTSIMU
Jae  3MOr'y KepyBaTH  TEXHOJIOTIYHMM  IIPOIIECOM  CTBOPEHHS
HAHOCTPYKTYP II€BHOI MOP(OJIOTI.

3.4 JHocaim:xennsa XiMIiYHUX XapaKTepPUCTUK
HAHOCTPYKTYPOBAHUX IIapPiB HA MOBEPXHIi HANNIBOPOBIIHUKIB

KoporkouacHe TpaBiieHHS KpHCTaIy BUKJIUKAE YTBOPEHHS PIryp
TpaBJieHHs (HafdacTiille sSMOK) 1 IIaplB PO3YMHEHHS Ha MOro
TIOBEPXHSIX 0e3 BTpaTH MAaKPOCKOITIIYHUX 0co0JTMBOCTEH
(maxpomopdostorii) [267], y Toit yac K TpuBaJie TPABJEHHS CIIPHUSIE
BUHUKHEHHIO MaKPOCKOIIYHOI (DOpMHU, BIIMIHHOI Bl ITOYATKOBOI [268].
Ax wmikpo-, Taxk 1 MaxpoMopdoJorig KpPHCTAJIIB 3ajIesKaTh Bl
napamerpiB TpaBieHHsa. KpiM Toro, TpasJjieHHS HAIIBIIPOBIIHHKA
3HAYHO BIJIMBAE HA XIMIUHUI CKJjaj ioro moBepxHl [269]. Ockiabkn
IIOBEPXHS O1JIBIITOCT] HAMIBITPOBITHUKIB rpynu A3B5 xapakrepusyerbest
BHCOKOIO IITJTBHICTIO TOBEPXHEBUX CTAHIB y 3a00poHeHiit 30H1 [267], To
BiIOyBaeThbCcsA 3akpimieHHs piBHa Oepmi. Woro monoskeHHsT Ha
MOBEPXHI IIPAKTUYHO He 3aJIeKUTD Bl IIPUPOIH aacopOOBAHUX ATOMIB
[268, 269]. la obcraBmHa HeraTHMBHO BILIMBAe Ha Po0OOTYy 0Oararbox
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MIKPO- Ta OITOEJeKTPOHUX IIPUJIAJIB, 3aBaKal04d B IIOBHIHA Mipl
PO3KPHUTH BHCOKI IIOTEHINAIbHI MOKJINBOCTI HAIIIBIIPOBIIHUKIB [267].

Jlia crabumaaiii XIMIYHAX Ta €JeKTPOXIMIYHHX BJIACTHBOCTEM
Hapa3l AaKTUBHO 3aIlPOBaJ’KYeTbCS METO[ XIMIUHOI ITacHUBalrii.
TexwHosoriss macuBalllli IIOBEPXHI HAIIBIIPOBIIHWKA BHpPIIIye TPHU
BaKJIMBl TexHosoriyHl 3amadi. Ilo-meprire, 3amobirae peakirii
HAOIBOPOBIOHUKA 3 aTMocepoio IMIPOTATOM BCHOTO dYaCy KHUTTS
HAMOIBIPOBIIHUKOBOrO Impuiaany (ximiuua macusariisa) [270]. Ilo-gpyre,
ycyBae 1HTepdeicHl cTaHu 13 3a00POHEHOI 30HH, a TAKOMK IIOIepPeIsKye
ix momaJsibiie yTBopeHHs (enekTpmuHa nacusarisg) [271]. Ilo-Tpere,
3abeareuye mocraTHIM Oap’ep, 100 €JEKTPOHM HAIIBIIPOBIIHHKA HE
«3aryomtmcs» y macuByiodomy iapl [272]. Tax, y pobori [273] Oyso
IPOAHAaJII30BAHO BIJIMB CYJb(MIIHOI macuBallli Ha eJeKTPOHHIL
piactuBocti kKoHTakty Ilortki Au/n-HgslnsTes. Ilokasawmo, 1110
KOHIIEHTpAIllsT eJieMeHTa 1e 3MeHIIuUIacsd, a Ha IIOBEePXHl ITCJIsA
nacuBarii 3’apuiuca 3B'sa3ku In-S ta Hg-S. Tum yacom piBerb Pepmi
OyB SHHUIIEHUN dYepe3 IIACHUBAIII0 CYJIbQIIOM, IO ITATBEPIKYETHCS
3pocTaHHAM pobouoi dyukini. KpiM Toro, crpym BHTOKY KOHTAKTY
Au/n-HgslnzTes lllorTku 3MeHIITyBaBCSA Yepe3 3MeHIIeHHS II1JIbHOCTI
MOBEPXHEBUX CTaHIB. TaKWM YMHOM, Ieii MeTox Mae eQEeKTUBHY
3IaTHICTb 3MEHIIYBATH CTPYM BHUTOKY Ta 3MIHIOBATHA BUIIPAMJITIOUY
moBeMHKY. ¥ poboti [274] cynbdgigHy macuBaIliio BUKOPHUCTOBYBaINA
JIJIST 3MEHIeHHS «CTaplHHs» mMIapiB mopysaToro dgocdiny iumio. I[Ipu
XIMIUHIH I1acuBaIlili 3 IIOBEPXHI1 HAINBIIPOBIIHWKA BUOAJISIETHCA IIApP
OKHCJIY, 3aMICTh AKOT0 (DOPMYETHCS TOHKA KPUCTAJIIYHA IIIBKA XIMIYHO
1HepTHOTO MaTeplayy. Taka ITIBKAa MOKe BUKOHYBATHU BJIACTHBOCTL
HAJITOHKOTO  OydepHOTrOo  Immapy  Ta  3axXUIATH  ITOBEPXHIO
HAIMBIIPOBITHUKA B1J KOHTAKTY 3 AarpeCUBHUMHU KOMIIOHEHTAMU
HAaBKOJIUIITHBOTO CEePEeIOBUIIA.

OfHaK BAKJIWBUM € He TIIBKU CTA0LIl3alllsd BJIACTUBOCTEM BiKe
OTPUMAHUX CIIOJIYK, & KOHTPOJb iXHIX XIMIYHUX BJIACTUBOCTEH IIe Ha
erarri crBoperHst. OCHOBHOI ITPO0JIEMOIO IIPU IIOMY € 3a0e3IeYeHHs
BIJITBOPIOBAHOCTI  €KCIIEPMMEHTY JJIsI  MOYKJIMBOCTI  IIOAJIBIIIOTO
CEepIHOTO BHUPOOHUIITBA CHHTE30BAHHUX CTPYKTYp. Jas 1mporo ciing
3aCTOCOBYBATH IMOKA3HUKH, 1110 0Aa3YIOTHCSI HA CTATUCTUYHUX METO/IaX.

Tomy JTOCTII3KEeHHS XIMITHIX XapaKTepPUCTUK
HAHOCTPYKTYPOBAHUX IIOBEPXOHBb IIOBUHHO BKJIOYATH B cebe aHaJi3
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PIBHOMIPHOCTI PO3IOALIY eJIEMEHTIB II0 IIOBEpPXHI; 30epesKeHHs iX
MIPOIEHTHOI'0 CIIBBIAHOIIEHHS; HAABHICTL HA IIOBEPXHI JIOMIIIKOBUX
aTOMIB, ILTIBOK; CTYIIIHb OKHCJIEHHS MOBEPXHl; XIMIYHA 1HEPTHICTH
MOBEPXHI Ta cTablJILHICTD y Yaci.

Jly1s1 BU3HAYeHHS OJHOPI1IHOCTI JOCTIIKYBAHOI0 3pa3Kka Mae OyTu
BUKOPHCTAaHA METOIHKA, KA 3a0e3revuye OTPUMAHHS BlITBOPIOBAHOCTL
¥ 3013KHOCTI pe3yJibTaTiB exkcriepuMeHTy. [1i1 301sKHICTIO aHAI3Y CJIILT
PO3yMITH SIKICTH BUMIpPIB, IKA JEMOHCTPY€e OJM3BKICTh OJUH J0 OTHOTO
pe3yabpTaTiB BUMIPIOBAaHb, BUKOHAHUX NPH OJHAKOBUX yMoBax (B
KOpPOTKMI uvac). 30LKHICTHP AHAJI3Yy XapaKTepPU3YeThCSI BEJIUINHOIO
cepeqHbOl KBAIPATHYHOI IIOXMOKH OJWHHYHOIO BUMIPIOBAHHS U
mo3HavYaeThesa Syu. 1111 BIATBOPIOBAHICTIO aHAJI3Y PO3yMIETHCSA SKICTH
BHUMIpIB, IO B1I0OpaskaTh OJIM3BKICTH OAWH JI0 OJHOIO pe3yJIbTaTiB
BUMIPDIOBAHb, BHUKOHAHUX IIPW PI3HUX YMOBaX. BiATBOPIOBAHICTH
aHaJI3y XapaKTepU3yeTbCsI BEeJIMYHWHOI BITHOCHOTO CTaHIAPTHOIO
BIIXWJIEHHS OJJUHUYHOIO BU3HAYEHHS U IMO3HAYAETHCT San.

JocmimxeHHsa 3 PO3POOKH CTAHJAPTHOIO 3pasKka IIPOBOLUJIOCS 13
BukopuctanHaM Merony EDAX — aHaIITUYHOrO METOy eJIeMeHTHOTO
aHAJII3y TBEePI0l PEUOBMHH, 1110 0a3yeThCs HA aHAaJI131 eHeprii emicii #oro
PEHTTeHIBCHKOTO ceKTpy. JJIa BuaHaueHHsS KOHIIEHTpAIlll eJIeMeHTIB
Ha MOBEPXHI 3pa3Ka 3acTOCOBYyBaM IIporpaMHe 3abesmeuenHHs INCA
Energy wommamii Oxford Instruments [275], sake e miatdopmyio
€JIEKTPOHHO-30HI0BOT0 MIKPOAHAJII3Y JIS PACTPOBUX 1 €JIEKTPOHHUX
MI1KPOCKOTIIB.

[Iporpamue 3abesmneuenns INCA Energy mo0ymoBarno Ha 0CHOBI
HABITATOPIB, SKI IIPOBOIATHL oOIlepaTopa dYepe3 IMOCJIIIOBHICTH
HeoOX1THUX KpokiB (puc. 3.27, 3.28) [275, 276].
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Pucysor 3.28 — AnropurM IeKOHBOJIOMII IMKIB IS IIPABUJILHOI
1mesTHU(IKAINI Ta PO3PaAXyHKY KOHIIEHTPAIIll eJIeMeHTIB B KOMKHII TOUIT]
KapTKHU

V anropurmi (puc. 3.31) KpoKM BHKOHYIOTH HmeBHI QPyHKINI [277]
(Tabs. 3.18). BumipoBaHHS KOHIIEHTpAINl eJeMeHTIB BlI0yBajocsa 3l
CTOPOHM 3pasKa, IKa BKpPHUTA MOPaMH. |[HIMKAaTOPOM OXHOPIIHOCTI, SK
IIpaBWJIO, € OAWH ab0 IeKLIbKAa eJIEMEHTIB, II0 XapaKTePU3YIThCS
3MIHHICTIO KOHIleHTpaIli Ha I1oBepxHI abo B o0eml MaTepiajy
CTAHJAPTHOIO 3pa3Ka. ¥ HAIIOMY BUIAIKY OyJI0 00paHo KOHIIEHTPAIIIIO
dochopy. TobTo BBakaemo, IO KOHIIEHTpAIllsd Tajiilo Oyae THUM
O1JIBIIIOI0, UMM MEHIIIOI0 € KOHIleHTpaIs docdopy.

Tabmuigg 3.18 — DyHKINI KPOKIB JeKOMIIO3HUINI KapTyBaHHS
3HIMKIB 3pa3KiB JJIs IPOBEIEHHS CIeKTPAJILHOI0 aHAJI3y
Kpox DOyHKINS
«Jinsguka OTPUMAHHSA 3HIMKY TUIAHKKA Y BTOPUHHUX a00
aHaII3y» BIJIOOpasKeHNX eJIeKTPOHAX
«SmartMap» BHO1P TUTSTHKHA OJIsT PEHTTeHIBCHKOI0

KapTyBaHHS a00 mpodliaro [ BUBYEHHS
PO3IIOLIY 1HTEHCUBHOCTI

«Kaptu JIOBUIbHHUM BHOIp ejleMeHTa, aHaJITUJHOI JIIHII,

eJIeMeHTIB» IMUPUHU BiKHA. MOKIUBICTE MAaTEMATHUYHUX
omeparriii MK KapTaMu, HAIIPUKJIA BlIHIMAHHI
dory

«Posmomn II0 | O3HAUAe Texk camMe, II0 U PO3IOALI 34

JIIH1I» 1IHTEHCHUBHOCTIO

«Cameo» KOJIBOPOKOIYBaHHS IJIsT BI3yaJsmaarrii
PEHTTEeHIBCHKOTO CIIeKTpa

«Kapra daa» HaO0lp 1HCTPYMEHTIB [IJISI aHaJ13y PO3IIoaLIy a3

«3B1T» CKJIQIAHHA «3BITy» IIPO IIPHUPOIAY KOKHOIO
3pas3ka

Jocmimxenssa 3015KHOCTI MeTOOUKH OyaIeMo BH3HAYATU Ceplero
mapaJieJJbHUX BUMIPIOBAHb KOHIIEHTPAINI eJIEMEHTIB y IIOPYBATHX
3paskax. CriouaTky 3HAXOQMMO CTAHIAPTHE BIOXUJICHHS 3a (POPMYJIOI:
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(3.14)

Jle N — YHCJIO0 BHMIPOBAHL OJHOro 3paska (y Hamomy Buagxy 10
BUMIPIOBAHD);
C, — CepemHs KOHIIEHTDAIIS eJIEeMEeHTY, IO IiITaeThC aHATI3y, SAKY
BHPAXOBYBAJIH II0 N BUMIPIOBAHHSIM;
c; — KOHIIeHTpaIsa docdopy.

BinzHocHe cramHmapTHe BUMIPIOBAHHS, SKe XapaKTepHuaye
3013KHICTH BUMIPIOBAHb BU3HAYAETHCS (POPMYJIOL0:

/
St
6I'l

Sta (3.15)

BusnaueHnuss BiATBOPIOBAHOCTI METOMWKM JOILIIBHO IIPOBOJIUTH
cepiamu (ogHa cepis Ha ma00y) IJI JOBOX 3paskKiB IpoTAroMm 2 0.
BigmocHe cranmapTHe BIAXUIEHHS 00YKUCITIOETHCS 32 (DOPMYJIOIO:

/
— SaM
C

, (3.16)

SaM

Jie C — cepeIHs KOHIIEHTPAIS eJIeMeHTY, SIKa po3paxoBaHA IO ITSITH
3HAUYEHHSIX BUMIPIOBAHHS y JBOX 3pa3Kax.

Jlam [nas KOsKHOrO 3paska HeoOX1JHO BH3HAYUTUA CTAHIAPTHE
BIIXUJIEHHS 32 (DOPMYJIOIO:

2 2
S +S
Sp =Y 2, (3.17)
n
Jie N — KLJIbKICTh 3pa3KiB,;
Si2, S92 — craHmapTHe BIIXHJIEHHS, INANOPSIIKOBAHE BIIIIOBIIHO

epIromMy ¥ Jpyromy 3pas3ram.
J1sa xkosKHOTO 3paska O0YHMCIIEMO CTAHOAPTHE BIOXWJIEHHS 34
dopmy.roro:
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; (3.18)

Jie N — KLJIBKICTh BUMIPIOBAHD;

Ci — CepeIHs KOHIIEHTpAIlls eJIeMeHTy, fgKa BH3HAYeHa 3a II'sITbMa
BUMIPIOBAHHSIMIU.

Cls — KOHIIEHTpAI[sd eJIeMeHTy, sAKa BH3HAYeHa 3a JBOMa
BUMIPIOBAHHSIMU.

JlocmimxeHHs OMHOPITHOCTI PO3IIOALIIY €JIeMEeHTIB II0 IIOpyBaTiHi
HOBEPXHI JOLLIBLHO mpoBomuTh Ha 10 3paskax 1 IS KOMKHOI 3 HUX
mpoBoauTH OnmHe BuMipoBaHHA. CrammapTHe BIOXWUJIEHHS, SKe
XapaKTepua3ye PO3CIIOBAHHS pe3yJIbTaTIiB BIJHOCHO IX 3araJIbHOTO
cepeIHbOr0 PO3PAXOBYETHCA 34 POPMYJIOT0:

S, = (3.19)
Jle m — KIJIbKICTh BUMIPIOBAHD B cepii;

Cmj — CepemHs KOHIIEHTpAIllsd eJIeMeHTy, sSKa BH3HA4YeHa 3a m
BUMIPIOBAHHSIMU.

C; — KOHIIeHTpaIlld eJleMeHTy B 3pas3Ky, sKa BU3HadYeHa 3a )
BUMIPIOBAHHSIMH.

[lopiBHsIEMO 3HAuYeHHs BHOIPKOBUX IHCIEPCI JIBOX PS/IIB
eKcrepuMeHTiB 3a kpurepiem Dimrepa F 13 3acrocyBaHHAM POPMYJIH:

_Sx

F=2X
29
Sy

(3.20)

e Sx? — OlIbIIIa 3a BeJIMYHNHOIO JUCIIePCls;
Sy? — MeHIIIa 3a BEeJIMYUHOKO JTUCIIEPCIA.

Jlass po3paxyHKY OMHOPIZHOCTI €JIEMEeHTIB II0 TIOBEpPXHI Ta
BIATBOPIOBAHOCTI ¥ 301%KHOCTI METOMUKK [JI HPHUKJIAAY PO3TJISHEMO
OpyBaTi mapu, Ikl OyJu cuHTe30BaHl Ha ocediml 1HaII0 Ta docdimi
raJjiio MEeTOIOM eJIeKTPOXIMIYHOI'0 TPABJICHHSI.
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['abaputHi poamipu 3paskiB 5x5x1 mwm. Ilepen excrepumenTom
3pa3KW TPOXOJIUJIHN OUHUIIEHHS 3 METO 3HEeKUPeHHS ¥ BUIAJeHHS
nuity. ExcriepumenT mpoBommyin gBoMa eramamMu. MeToo mepImoro
eTalry 0yJio OTPUMAaHHS IIOPYBAaTUX IIAapiB Ha MOBepXH1 docdiay rajio
ta ocdimy 1m0 i1 mporo O0yso Bigiopano 20 3pas3kiB 3 OMHAKOBUMI
BUX1THUMH BJIACTUBOCTSIMU.

Tpasienns d¢ocdiay rajiio TPOBOAUIN Y BOIHO-CIIHPTOBOMY
PO3UmHI IIJIABIKOBOI1 KHCJIOTH y CITIBBIJHOIIIEHH1
HF:H:0:C:H50H=2:1:1, uac tpaBiyiedusa ¢t = 20 XB, IIIJIbHICTb CTPYMY J
= 100 mA/cm2. 3pasku docdimy 1HIIIO MIITaBaAINCA eJIEKTPOXIMIUHIN
00po0IlI B pO3YHMHAX €JIEKTPOJIITY, BHUTOTOBJIEHOTO 34 TAaKOIO
perteritrypoto:  10H20+1HCI; mmiapHIicT crpymy 150 mA/cm2, dac
tpaBisienas 20 xB. Ha npyromy erami Bu3Hadaau XiMIdHI BJIACTHBOCTI
HOPYyBATUX 3Pa3KiB 3 METOI MOYKJIHBOCTI BIJHECEHHS IX 0 TPYyIH
CTAaHJAPTHUX Ta AKICTh BUIIPOOYBAHDb 3a 3013KHICTIO, BIATBOPIOBAHICTIO
M OJHOPIIHICTIO.

Monokpucraaiytil mracTuHu gocdimy 1HmII0 Ta docdiay rasaiio
JIEMOHCTPYIOTh CTEeXIOMETPUYHHU CKJIaJ]l eJIeMeHTIB, TOOTO eJeMeHTH
IPUCYTHI B OMHAKOBUX J0JiAX. OgHAK I Yac TpaBJIEHHS KPUCTAJIIB
MO3Ke B1IOYBATHCS IIOPYIIEHHS I[l€l PIBHOCTI B OlK HAJIMIIKY aTOMIB
1umio Ta rasi. Ile BimOyBaeThest uepes OL/IBII ITBUIKE BUTPABJIIOBAHHS
migrpaten gocdopy # MOKe CYTTEBO BILIMBATH HA CTEX1OMETPHUYHI
MOKA3HUKH aHOJI0BAHUX 3pa3KiB. ToMy piBeHb SIKOCT1 XIMIYHOTO CKJIATY
TIOPYBATHUX 3Pa3KIB JOITIJIBHO BCTAHOBUTH 32 XapaKTEPU3AIIIE OTHOTO
3 eJIeMeHTIB, BpaX0OBYIOUH HECTeX10MeTPUYHICTD ITI0PyBaTuX Iapis. s
IIbOI0 HEOOXIJHO ITPOBECTH AaHaJIl3 BMICTY €JI€MEHTIB Ha MOBEepPXHI1
BHOpaHOTO 3pas3Ka.

XiMIYHHH CKJIQJ Mae BCTAHOBJIIOBATHCSI, BUXOAIYH 3 YMOB
MOZKJIMBOCT1 BUSHAUYEHHS CKJIAJAY BCIX €JIEMEHTIB, IKl KOHTPOJIIOIOTHCS,
y  BCbOMY Jlamas3oHl  KOHIIEHTpAIllil [ [OeBHOI  MapKH
HamiBOpoBigHuKa. J[J1s HaAHOCTPYKTYpPOBAHUX 3pas3KIiB JOPEYHUM €
BCTAHOBJIEHHS TEPMIHY He OLIbIIe TPHOX POKIB, OCKLJIBKH ITOBEPXHS
HAHOCTPYKTYP € [OyKe KPHUXKOK 1 3 YacoM MOosKe BIlI0yBaTHUCS
BIOALJIEHHS YaCTUHH IIOPYBATOr0 IMapy BlA MOHOKPHUCTAJIIYHOI
migraagku. Kpim Toro, moBepxHs HAIIIBIPOBIIHUKIB Mae 3IATHICTD 10
OKHCJIEHHsS. 3 YacoM IIOPYyBATHH Iap MOKe 3apOCTaTH OKCHIHOIO
ILUTIBKOIO, 1[0 3HAYHOIO M1pOI0 BIIMHE Ha XIMIYHI BJIACTUBOCT1 3pa3Ka.
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Cepen Bcix 3paskiB 13 cOPMOBAHMM IIOPYBATHM IIIAPOM Ha
moBepxHi1 Bubepemo 110 ogqHoMmy 1st InP ta GaP, skl OymyTh 3acToCOBaH1
SK eTAJIOHHUM [JIs JOCJIIMKEeHHS BIITBOPIOBAHOCTI pPe3yJIbTaTiB
eKcriepuMeHTy. BidyasabHo 0yJs10 BiI1OpaHO 3pas3KH, IIOpyBaTa IIOBEPXHS
SKUX 3aJ0BOJIbHSIE BUMOTaM, IO IIPEIABJISIOTHCA 0 3Pa3KIB JIJIs
BUKOPHUCTAHHS IX AK OydepHUX mapiB aJ1s (popMyBaHHS HITPUTIB [4,
5]. Takil cTpyKTypu IIOBUHHI MaTH PIBHOMIPHHUHN Me30IIOPyBATHH HIap 3
moBepxHeBoio mopysaTtictio Big 30 mo 70%.

Jlas mocmimskeHHS OOHOPIIHOCTI KOHIIGHTpPAII eJIEMEHTIB Ha
noBepxHi por-GaP 1 por-InP mpoBeeHo CIeKTPaJIbHUNA aHAJI3 METOI0M
INCA Energy. Amamia mpoBogmam 10 BciM emgemeHTtam. Jlas
JTOCJIIIPKeHHSI eJIeMEeHTHOI0 CKJIay Ha MOBEPXHl IMMOPYBATHX CTPYKTYP
OyJI0  3aCTOCOBAHO METOJ €HepProJHCIIePCIHHOI  PEeHTTeHIBCHKOI
crrekTpockotii (amri. Energy-dispersive X-ray spectroscopy, EDX,
EDRS a6o EDS) — amamiTuuanii MeTon eJIeMeHTHOI0 aHaJi3y TBepaol
peYoOBMHM, IO 0a3yeTbCcss Ha aHaN3l eHeprii ewicii  #oro
PEHTTEHIBCHKOI0 CIIEKTPAa, BaplaHT PEHTreHOCHEKTPAILHOTO AHAJI3Y
[277]. MeToro aHaI13y 0yJI0 BCTAHOBJICHHST:

— IIPOILIEHTHOIO CIIIBBITHOIIEHHS €JIEMEHTIB;

— HASBHOCTI Ha IIOBEPXHI 3pa3Ka OKCHUIHOI IUIBKKM YH OKCHJHHX
KPHCTAJIITIB;

— (popMyBaHHS MOPOAYKTIB pPeakini eJeKTPOXIMIYHOIO pPO3UYHMHEHHS
KpHCTaJy.

JlocmigxeHHST TPOBOIWIM II0 BClHi HOBEPXHI 3pas3KiB 3 METOI0
BUpaxyBaHHSI CyMapHOro CIIEKTPY €JIEMEeHTHOTI'0 CRJIATY
JIOCJIII?KYBAHOI0 3pa3Ka.

Iarepdeiic mporpamu INCA Energy it pe3yabTaTi po3paxyHKIB
MOPOIEHTHOI'0 CKJIAAy eJIEMEHTIB Ha [IOBEpPXH1 IIopyBaToro ¢ocdimy
raJiiio HaBegeHo Ha puc. 3.29 ta y Tabu. 3.19. Tabaunsa 3.20 nemoHcTpye
eJIEeMEeHTHHH CKJIa]l Ha TToBepxHi por-InP.
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Pucynorx 3.29 — Cmerrpanpuuit aHamid por-GaP, orpumanwuii

metogoMm INCA Energy

P Kal

Tabmuma 3.19 — CyMmapHUII CIIEKTp €JeMEeHTIB Ha II0OBepXHI
apaska por-GaP , orpumanmnit meromom INCA Energy
Cuexrp 0] F P Ga Beroro
CyMmapHUii ciekTp 0,30 0,07 37,26 62,37 100,00
Cepenne 3HaUeHHS 0,30 0,07 37,26 62,37 100,00
Maxkcumasnbae 0,30 0,07 30,26 62,37
3HAYEHHS
MinimaabpHe 0,30 0,07 30,26 62,37
3HAYEHHS

Tabmuig 3.20 — CyMmapHH CIEKTpP eJIeMeHTIB Ha II0BEPXHI
3paska por-InP
Crextp O Cl P In Bceworo
CymapHUii cuexkTp 0,29 0,08 39,26 60,37 100,00
CepeHe 3HaUYEHHS 0,29 0,08 39,26 60,37 100,00
MaxkcumasnbHe 0,29 0,08 39,26 39,26
3HAYEHHS
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MiuimanabHe 0,29 10,08 39,26 | 39,26

3HAYEeHHA

Amnamia puc. 3.29, tabm. 3.19 1 Tabs. 3.20 cBIOYKUTH, IO LT Yac
AQHOAYBAHHS CTEXIOMeTpid JOCILIKYBAHUX KPHUCTAJIB He CYTTEBO
apymmiacs: 1jist GaP — y 01K HaIIUIIKy aToMiB raJio, s InP —y 01k
HAOJIUIIKYy aToMmiB 1Hmio. Kucenms 1mpucyTHI vy  He3HAUHIH
rourternTparii — 0,3 %. V myske Masiii KOHIIEHTPAIl CIIOCTEPITaeThCs
HasBHICTE aTomiB ¢ropy misa GaP 1 xmopy nns InP, skl 3’saBuiancs Ha
HOBEPXHI B Pe3yJIbTATl peaKIill 3 eJIeKTPOJIITOM IIiJ] Yac TpaBJIeHHI. 3a
UMM pe3yJIbTaTaMH MOKHA 3POOMTH BHCHOBOK, IO 3Pa30K MaAae
OUIKyBaH1 XIMIYHI XapaKTEePUCTUKU.

[IpaBauBicTh BHUMIPIOBAHD 3aJIEKUTHh BI1I CTYHEHS IOBIPHU [0
pe3yabpTaTy ¥ XapakKTepU3yeTbCcsl HMOBIPHICTIO TOTO, IO ICTUHHE
3HAYEHHS BHUMIPIOBAHOI BEJWYUHH JIEKUATH y 3a3HAYEHHUX T'PAHUIIAX
miticaoro. Curly 3asHAYWUTH, IO Pe3ybTaTH BUMIPIOBAHB, 10 SKHX
CTYHIHBb BIIEBHEHOCTI B IX HpPaBIMBOCTI HM3bKA, HE MAIOTh I[IHHOCTI.
Ilopsn 3 TakuMu IIOKAa3HUKAMM, SK TOYHICTH, IIPABAMBICTL 1
HPaBUJIbHICT, SKICTH BUMIPIOBAJILHUX OIEpalllili XapaKTepu3yeThCs
TAKOK 30LKHICTIO ¥ BIATBOPIOBAHICTIO pe3yabTaTiB. Ll moxasHUKHK
HAMOLIBINT IIONIMPEH] IIPX OIMHIN SKOCTI BHIIPOOYBaHb, OCKILIBKK
XapaKTepu3ylTh TOUHICTh BUIPOOYBaHb.

3a erasIoHHI 3HAYEHHS eJIEMEHTHOrO CKJaay Ha mmosBepxHi GaP
IPUAMEMO CITIBB1THOIIIEHHST eJIeMEeHTIB MOHOKPHCTAJIIHOIO
crexiomerpudroro ¢ocediny ramio (Ga:P = 1:1). Jljsa BcTaHOBJIEHHS
PO3IIOIIIY eJIeMeHTIB 110 IIOBEPXH1 3pa3Ka IIpoBeaeMo XIMIUYHUH aHaJI3
mopysatol rmoBepxHl merogqom EDAX y 10x Tourax moBepxHi (puc. 3.30

).
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Pucynox 3.30 — Mikpomopdosoria por-GaP 3 Bubpanumu
TOYKAMHU [IJIsT IIPOBEIEHHS XIMIYyHOro asHasmdy wmeromom EDAX
(HF:H:0:C2H50H=2:1:1, yac TpaByienHs t = 20 XB, IIIJILHICTH CTPYMY ]
= 100 MmA/cm?2)

3a erayioHHI 3HAYEHHS €JIEMEHTHOTO CKJIaay Ha moBepxHl InP
IPUAMEMO CITIBBITHOIIIEHHS eJIeMeHTIB MOHOKPHCTAJIIYHOIO
crexiomerpudroro ¢ocdiny iHmiro (In:P = 1:1). Jlas BcraHOBJIEHHS
POS3IIO/ITY eJIeMeHTIB 110 IIOBEPXHI 3pas3Ka IIpoBeaeMo XIMIUYHUN aHAaJT3
mopysatoi moBepxHi MetogoM EDAX y 10x Toukax moBepxHi (puc. 3.31).

0 o 4 6§ & 10 12 14 18 15 20
MNonteas wrana 2277 wan. Kypeop: 0.000 Kot

Pucymor 3.31 — Cmextp EDAX 3paska por-InP: 10H:0+1HCI;
IIUIBHICTE cTpymy 150 MA/cMm2, vac TpasiaenHs 20 XB

OueBuagHO, II0 OBa 1 OLIBIIE BUIIPOOYBAHL XIMIUHOI'O CKJIAILY
OJJHOTO ¥ TOTO JK 3paskKa OJHHM METOJIOM He [JalTh OJHAKOBUX
peaysbraTiB. OO0'€eKTHBHOIO MIPOI0 MOMKYTHb CJIYTYBATH CTATHCTHUYHO
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OOIPpYHTOBaHI OITIHKM OYIKyBaHOI OJIM3BKOCTI JBOX a00 OljbIie
pe3yJIbTaTiB, OTPUMAHHUX IIPH CTPOrOMY JOTPUMAHHI METOJUKH
BuUIIpoOyBaHb. JIJIT BH3HAYEHHS OIHOPIIHOCTI XIMIYHOTO CKJIAIY
TOBEPXHI JIOCTIIKYBAHOTO 3pa3ka Mae OyTH 3acTOCOBAHA METOIUKA,
sKa 3abe3Ievuye MOKJINBICTD BIATBOPIOBAHOCTI ¥ 3013KHOCT1 3HAYEHb.

Jus  mgocmimskeHHs — 3019KHOCTI BH3HAYMMO CTaHIAPTHE
BIOXUJIEHHS KOHIeHTpaIli dgocdopy 3a dopmysoio (3.14). PeayabraTtu
PO3paxyHKIB I1ogaHo B Taba. 3.21.

Tabmuigg 3.21 — Jlaml BuMIpOBAHb BHU3HAYEHHS 3013KHOCTI
MEeTOJUKN aHAJII3y Ha IPHUKJIAIl OJHOTO0 3pa3Ka
n Ci (ci — Cn)2
por-GaP
1 0,37 0,000016
2 0,30 0,004356
3 0,40 0,001156
4 0,48 0,012996
5 0,28 0,007396
6 0,45 0,007056
7 0,43 0,004096
8 0,36 0,000036
9 0,29 0,005776
10 0,30 0,004356
= 0,37 Y(ci— ¢n)2=0,0472
por-InP
1 0.,39 0.000256
2 0.37 0.001296
3 0.41 0.000016
4 0.48 0.005476
5 0.45 0.001936
6 0.45 0.001936
7 0.41 0.000016
8 0.39 0.000256
9 0.33 0.005776
10 0.38 0.00676
cn=0.41 Y(ci— ¢tn)2=0.0176
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[limcraBuBINIK omep:kaHl pPe3yJIbTATH PO3PAXyHKY B (opMyJIn
(3.13) 1 (3.14), maTuMeMO CTaHIAPTHE BIAXUJIEHHS —SﬁM Ta BIJTHOCHE
IIEePEBIPKY IIPUIATHOCTI Pe3yJIbTaTiB

CTaHHapTHe BIOXWIIEHHA S, ,

napaJieJIbHUX BUMIPIOBAHb IIPOBEIEMO 34 TPUCUTMOBUM KpHUTEpleM

(Tabu. 3.22).

Tabmuma 3.22 -—
koHIreHTparrii gpochopy Ha moBepxHi por-GaP 1 por-InP Ta BIIHOCHOTO

Pospaxysox cTraHmapTHOTO BIIXUJIEHHS

CTAHIAPTHOTO BIAXUJIEHHS JIJIS IIePeBIPKHU 3013KHOCT1I METOTUKH

ng;ii?i::;ja ons por-GaP ons por-InP
S/, 0,072449 0,072449
Stu 0,197948 0,197948

[C—ci, 1> 38Ty 0,37 > 0,079549 0,37 > 0,079549

Omxe, po3paxyHOK 30LKHOCTI Ja€ IIO3UTUBHHUI pPe3yJbTar.
Busnauennsa BiATBOPIOBAHOCTI METOMUKU IIPOBOAWJIM ceplaMu (ogHA
ceplss Ha m00y) O/ OBOX 3pas3kiB mporsarom 2x m10. Pesyiabratm

BH3HAYEeHHS BIATBOPIOBAHOCTI METOAUKHN HaBedeHo B TabJ. 3.23.

Tabmuig 3.23 — Jlaxl Bu3HAUeHHS BIATBOPIOBAHOCTI METOIWKH
aHaJsi3dy (KoHIeHTpaIlsa docdopy y mopyBaTux 3pasxax gocdiay 1H/Ii0
Ta ¢ocdimy raio)

H
OM.ep 1 9 3 1 5 o S1
BHAMIpPY
por-GaP
3pasox 1 | 0,39 0,33 0,35 0,41 0,29 | 0,078 |0,2165
3pasox 2 | 0,32 0,36 0,37 0,48 0,33 | 0,064 |0,1756
CragmapTHe BIIXWJICHHS SQM 0,2130
BigsocHe crangapTHe BIOXUJIEHHS
0,5868
SaM
por-InP
Bpagox 1 | 0.47 | 0.48 | 0.45 | 0.39 | 0.40 | 0.094 | 0.272
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Bpasox 2 | 0.43 | 0.46 | 0.37 | 0.44 | 0.38 | 0.086 | 0.268

CrannapTHe BIIXUIEeHHA SQM 0.2700

Bigaocue crapmapTHe BIOXUJIEHHS
0.5870

SaM

TakuM YMHOM, MOKHA 3POOMTH BHCHOBOK, IO IIpPEeJICTaBJICHA
MEeTOJWKA IIPOBeJdeHHS BHUIIPOOYyBaHB € BiaTBopoBaHOoO. Jlma
JTOCJIIIPKeHHS 0JHOP1IHOCTI PO3IIOALILY pocchopy Ha IIOpyBaTIH MOBEPXHI
InP i GaP nposoguiu Ha 10 3pa3kax JJIs KOMKHOTO HAIIBIIPOBITHUKA ¥
JIJIT KOKHOI 3 HHUX IPOBOAWUJIM OJHE BUMIpIOBaHHsS. Pe3ynbpraTu
BU3HAUYEHHA HABeIeHO B TA0JI. 3.24.

Tabmuig 3.24 — Jlaml BH3HaAYEHHS OIHOPLIHOCTI IIOPYyBATOI
moBepxHi por-GaP 1 por-InP
m Ci (C — Cmj)?
por-GaP
1 0,35 0,001521
2 0,29 0,004761
3 0,37 0,000361
4 0,40 0,001681
5 0,33 0,000841
6 0,45 0,008281
7 0,41 0,002601
8 0,39 0,000961
9 0,32 0,001521
10 0,34 0,000361
Cmj= 0,36 (G — tmj)2 = 0,0229
Si 0,0504
Sox 0,14
F 2
por-InP
m C] (¢ — €mj)2
1 0.39 0.001849
2 0.45 0.000289
3 0.47 0.001369
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4 0.40 0.001089
5 0.48 0.002209
6 0.46 0.000729
7 0.43 0.000009
8 0.38 0.002809
9 0.44 0.000005
10 0.43 0.000009
Cmj= 0.43 (G — Cmj)? = 0.01041
S; 0.0340
Sox 0.0785
F 1.93

Jlsa piBusa saauymocti a = 0,05 Ta fimoBipHaocTi p = 0,95 3HaYeHHA
Frpur = 3,18. Ockinbku F' = 2 < Fipur = 3,18, To mopyBaTa IIOBEepPXHS
apaska por- GaP e ogHopigHoo. AHasoriuao misa por-InP F = 1.93<
Fipur = 3.18, 1110 TAKO0K CBIIYUTH IIPO OJHOPITHICTE 3pas3Ka.

HaseneHi ekcrieprMeHTAIBHI JOCILIMKEHHS IIOKA3aJIH, 1110 00paHil
3pas3ku 3a 301KHICTIO, BIATBOPIOBAHICTIO, OJHOPITHICTIO MOMKYTh OyTH
BUKOPUCTAHUMH SIK CTAHIAPTHI 3pas3Ky IMANPUEMCTBA IIPU aHaJIi31
XIMIYHOTO CKJIQJY ITOBEPXHI MOPYyBATOr0 (pociay rasiio Ta IOpPyBaTOIO
docdiny 1mmiro. o Toro K HaBemeHa MeTOAWKA BH3HAYEHHS
CTAHJAPTHOTO 3pa3Ka MOKe OyTH 3acToCOBaHA ¥ JJIS 1HIITUX II0PYyBATUX
HamBHOpPoBIAHUKIB. IlpoBemeHHs TakMX MOCTIIMKEHb € BaKJIHUBOIO
TEXHOJIOTIYHOIO 3aJaYel0, AKa T03BOJIUTH CTBOPUTH CEPII0 CTAHIAPTHUX
3pasKiB IIOPYBATHUX HAIIBIPOBIIHUKIB.

3.5 ITacuBamis MOBEPXHi HAHOCTPYKTYPOBAHUX
HAIIIBIPOBIOHMKIB IJ1a cTadiisdaiii ix Bj1acTuBocTemn

PismomamniTHI B 00poOOK, B 0COOJIMBOCTI (pIHIIIIHE TPaBJIEHHS
Ta OOMMBKA, a TAKO [OBMOTPHUBAJIMNA KOHTAKT HAMIIBIPOBIIHHUKA 3
HOBITPSM CIIPUAIOTH YTBOPEHHIO TIAPOKCHUIHOIO IITapy TOBIITMHOI Bl
0,5 1m0 MOeKlIbKOX OecaTkiB HaHomeTpiB [278]. lle mpumaBoguTh 110
XIMIYHOI HEOJHOPITHOCTI IIOBEPXH1 M 3YMOBJIIOE IIOJAJIBIIl IIPOIIECH
B3a€MOIl HAIIBOPOBIAHMKA 3 OTOoUymuuM cepemoBuinem. Crian
3aJIUIITKOBOI0 OKCHUIY HA IIOBEPXHI ILJTACTHUH HEOTHOPLIHUIH 110 TJINOMHI.
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Bin 3ame:xuTh Big mpupoau Ta BIJHOIIEHHS KOMIIOHEHTIB TPABHUKA.
OxriceHHs IIOBEPXH1 HAMIBIPOBIIHUKA — HACILAOK Mil IIOBITPS ITICJIS
TpaBiaeHHs. Meska po3mly KPHUCTAI-OKCHI Mae 3HAYHY Te(PeKTHICTD.
Ha me:xi po3mlay HAIMBIPOBIIHUKA 3 OKCHUIAMH 3aBKIH IIPUCYTHI
medeKTH CTeX1IOMeTPUYHOTO CKJIAIy, II0 0epyTh yyacThb v (popMyBaHHL
TIOBEPXHEBUX eJIEKTPOHHUX cTaHiB [279]. KpiMm cTaHiB, 1110 po3TarmoBaui
Ha IIOBePXHl HAMNIBIPOBITHUKA, 3 ABJAIOTHCA IOBEPXHEBl CTaHU 1
BCepeIrHI, 1 Ha 30BHIIIHIN ITOBEPXH1 OKCH/IIB.

[TpobGiiema rmpuUrHiYeHHS ITOBEPXHEBOI peKOMOIHAIIIl HOCIIB 3apsaay
OyJia 1 3aJIUITAETHCS OIHIE0 3 OCHOBHUX IIPH ITOJIIIIIIIEHH] BJIACTHBOCTEMN
TPAH3UCTOPIB, COHAYHHUX €JIeMEHTIB, CBITJIOMIONIB, MJIA 3MEHIIeHHS
TPAaHUYHO MAJHUX PO3MIpPIB eJIEMEeHTIB, JJIs CIIOCTEepPesKeHHs KpamroBol
doTosrroMIHECITEHIT] HAIIBIIPOBIHUKIB.

JlocmimxeHHsa BILIUBY ITacUBAIIll Ha cTA01JIbHICTD XapPaAKTEPUCTHE
HAMIBIPOBIOHUKIB PO3IJIAHEMO Ha IIPHUKJIAIl OOpPOOKH IIOBEPXHI
mopyBatoro docdimy I1HTIIO B po3umHAX CyJabQigiB. 3MiHy B
cTablJIPHOCT1 IIOBEPXHEBUX ITapiB OyJgeMo BHU3HAYATH 3a CIIEKTPAMH
doTorOMIHECITEHITI.

[Mapu IIOPYBaTOTO docdimy 1H/T1T0 BUTOTOBJIIOBAJIA
€JIEKTPOXIMIYHUM TPABJIEHHSAM IIACTUH cuIbHoJIeropanux n-InP (100)
y 5% PO3YMHI COJIAHOI KUCJIOTH IIPH CePeaHii rycTruHl crpymy 50 MA/cm?2
mpotsaroM 15 xB. BUTOTOBIIEH] CTPYKTYPH IIPOMHUBAJIHCS TUCTHIIHOBAHOIO
Bojioo. [loTiM poskosoBasmcs Tak, 00 IPOBECTH HA OJIHIN CTPYKTYPl
XiMiuHy 00poOKy. Ile m03BOJIIIIO 3amOOITTH HEOSHAKOBICTH CIIEKTPIB
@JI, mor’ss3aHy 3 TEXHIKOI0 BHUIOTOBJIEHHS MOPYBATHX IMapiB Ta
JOCJIIIUTH BILJIMB Ha Hel TLILKKA 00po0OoK.

Ilepen mpoBemeHHAM XIMIYHOI OOPOOKM 3pas3Ky BUTPUMYBAJIH B
pobouomy Baryymi mpu Temmeparypl 3000 mporsrom (10 — 20) xB g
BHUIAJIEHHS 3 IIOBEPXHI HAHOKPHCTAJITIB aIcopOOBaHHX Yy IIPOILEC]
BHPOIILYBAHHS IIOPYBATOrO IIAPy €JIEMEHTIB Ta CIIOJIYK.

Ji1ga XapaKTepuUCTUKU eJIEKTPOHHUX BJIACTUBOCTEH ITOBEPXHI
IOPYBaTOTO docdimy 1HT110 BUKOPHUCTOBYBABCS MeTO/T
doromrominectienii. Ileft cammii MeTox BUKOPHUCTOBYBABCSA IJIS
BU3HAYEHHSI OIITUMAaJIbHOI TPHUBAJIOCTI OOPOOKM IIOBEPXHI KPHCTAJIIB
cynbdigauM podumHoM. OQueBMIHO, III0 Yac OOPOOKH IIOBMHEH OyTH
JOCTATHIM JIJIs1 (POPMYBAHHS HA II0BEPXHI CYJIb(IIHOI0 MOHOIIAPY. 3
1HIIIOTO OOKY, Yac He IIOBHHEH OyTH HAIATO TPHUBAJIUM, OCKLUIBKK Ha
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TIOBEPXHI MOKe CQOPMyBATHUCS TOBCTHUM IIAp, IO CKJIAIAETHCI 3
eJIeMeHTapHOl CIPKH, AKa 3 SIBJSETHCA B PO3YMHAX CYJIb(MIIIB IpH
KOHTAKTI 3 IIOBITPSAM.

[loBepxusi mopyBaTtmx mrapiB ¢ocdiay I1HMII0 TPU 3IBUYANHUX
yMOBax 30epiraHHs BKPHUBAETHCA ITAPOM OKHCIYy. XIMIYHHN aHaJIi3
noBepxHI mopysaToro InP (puc. 3.32) moka3aB MOPYIIEHHS cTexloMeTpil
BUXIJTHOTO Kpuctasry. Ha moBepxHl 3paska 3'IBHUJIMCA aTOMHU KHUCHIO H
He3HavHa YacTka aToMiB propy (tads. 3.25). Ile cBiqunTh Ipo CTBOPEHHSS
Tak 3BAHUX BJIACHUX OKCHIIB InP.

_ 10kV. X12,000 1pnﬁ.v ;§0384 =10 41 SEI

Pucynoxr 3.32 — IloBepxHsa mopysaToro InP

Tabmuia 3.25 — IlpomeHTHHIT CcKIag eJeMeHTIB Ha TTOBEpPXHI
nopyBatoro n-InP, orpumanuit 3a morromororo metoay EDAX
C Komnonenr
MEeKTP 0 B o

Coexrrp 1 17,46 22,12 60,42
Coexkrp 2 2,76 22,36 74,88
Coexkrp 3 3,80 22,10 74,10
Cmexrp 4 3,80 22,10 74,10

[Tpu ximiuHi# macuBaili 3 MOBEpXHI HAINBIPOBIIHUKA
BUJAJISAETHCSA IIAap OKHCJIY, 3aMICTh SAKOTO (POPMYEThCSI TOHKA
KpHCTaJIYHA ILIIBKA XIMIYHO 1HepTHOro martepiany (puc. 3.33). Taxa
ITIBKA MOYKe BUKOHYBATH BJIACTHBOCTI HAITOHKOI0 OydhepHOoro mapy ta
3aXUIIATH OBEPXHI0 HAIIBIPOBILIHUKA BIJI KOHTAKTY 3 arpeCUBHUMU
KOMIIOHEHTAMHU HABKOJIUIITHLBOTO cepeaoBuima [58].

149



HWléP@G

OO e
PR 8 9
®» ® ® ¢

/N /TN /TN

OIOACIGNOIORBIO),

Pucynox 3.33 — CxemaTudte 300paskeHHs dopmyBaHHSA

-

CyJIb(ITHOTO ITACHBYIOUOTO ITapy Ha IOBEPXHI IopyBaToro docdiay
1H/I1I0: PO3PUB 3aB’SI3KIB MK aToMaMH 1H[I0 1 docdopy, BuUIATIEHHS
OKICHOIO IIapy i mucorriaiig ioH1B HS- .

Ha puc. 3.34 300paskeno cuexrpu OJI 3paskis mopysaToro dgpocdimy
imiro (1, 2 me o0pobsieHuMX Ccipkolo Ta 3,4 — THUX, IO IIPOUIILIA
XaKbKOTEHIJTHY IaCHUBAIIIIO).
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Pucynox 3.34 — Cuexrpu ®JI 3paskis mopysaToro dpocdiny 1HI1I0

OTrpuMmani pe3ysIbTaTH JAI0Th YSBJIEHHS IIPO Yac (popMyBaHHSI Ha
moBepxHl por-InP TOHKOTO IIACHBYIOYOr0 HMOKPUTTS. Tak, yac 0OpoOKm
MEHIUH, HIK 5 XB He ABJISETHCA JOCTATHIM [JIsI YTBOPEHHS TaKOTO
MMOKPUTTSA, a 3pocranHs iHTeHcrBHOCTI DJI Ha 1BOMY BIAPI3KY Uacy
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YaCTKOBO IIOB'd3aHe 3 BUAAJIEHHSIM OKHCIIY B JIY’KHOMY CEpPeIOBHIII. 3
1HIII0T0 OOKY, HPH TPHUBAJIOCTI OOPOOKH B PO3YMHI OLIBII HiIK 15 XB,
crrocrepiraerbes amennenus iHTercuBaocTi OJI. Ie 3ymoriteHo, ckopir
3a Bce, IIOSIBOI0 HOBUX KAHAJIIB IIOBEPXHEBOI peKOMOIHAIII, OB I3aHUX 31
craHaMi B c)OPMOBAHOMY TOBCTOMY Iapi eseMeHTapHOI cipkm [280].
Orpumani pesyJsbTaTé MAlOTh YABJIEHHS IIpo 4yac (POpMyBAHHS Ha
moBepxHl por-InP TOHKOTO IIACHBYIOYOr0 HMOKPUTTSA. Tak, yac 0OpoOKuU
MEHIIUH, HI3K 5 XB He ABJISEThCA JOCTATHIM [JII YTBOPEHHS TaKOTO
HOKPUTTsI, a 3pocraHHs 1HTeHcrBHOCcTI DJI HaA 1IHOMY BIAPI3KY dYacy
YaCTKOBO IIOB'sI3aHe 3 BUAAJIEHHSM OKHCIIY B JIY:KHOMY CEPEeIOBHIII. 3
1HIIIOT0 OOKY, IIPW TPUBAJIOCTI O0OPOOKM B PO3YMHI OUTBHII HI3K 15 XB,
criocrepiraerbea aMeHieHHsa 1HTeHcuBHOcT1 OJI. [le 3ymoBeno, ckopiin
3a BCe, IOSTBOIO HOBUX KAHAJIIB TOBEPXHEBOI peKoMOIHAIl1, ITOB’I3aHUX 31
cTaHaMH’ B c)OPMOBAHOMY TOBCTOMY IITapl eJIeMeHTAPHOI CIPKH.

Jloriueo  mpumycTwTH, 10 — MaKCHUMAaJibHe  30LIbIIeHHS
1iaTeHcuBHOcTl DJI mocsaraeTbest 3a yac, IIPOTSATrOM SIKOTO Ha MOBEPXHI
dopMyeThCs CYITITTPHUN ITIACUBYIOUYNIT MOHOIIIAp. ToMy MOKHA BBasKaTH
yac (10 — 15) XB oOTHMAJIbHIM 4acoM 00pOOKHM II0BEPXHI IIOPYBATOTO 7~
InP (100) y po3umnsi NazS.

OG6pobra 3paskiB 1mopysaroro docdimy I1HIIIO B cyJabdimax
npu3BoAuiIa g0 pocty iHTeHcrBHOCTI DJI Ta 3menenso il gerpamarrii.
36inpmierasa iHTencuBHOCTI DJI micas oOpoOOK IMOBEpPXHI MOPYBATOIO
HAITBIIPOBIIHUKA, OYEBHIHO, 3yMOBJIEHO 3MEHIIEHHSIM IIOBEPXHEBOI
Oe3BuUIpoMIHIOIOUYOI peromOiHAIi. Bimomo, mio moBepxusa por-InP,
BHUI'OTOBJICHOI'0 €JIEKTPOXIMIYHMM METOJOM, BEKPHUTA T1IPATOBAHOIO
OKCHIHOI0 ILTIBKOI. KoopamHaIliifHo 3B’d3aHI MOJIEKYJIM BOIH HA
MOBHICTIO TiApPaTOBAHIA IIOBEPXHI OKCHIHOI ILIIBKKA OJIOKYIOTH
KOOpPJIUHAINIMHO-HeHACHYEeH] IIeHTPA Ta 3MEHIIYIOTh IIBUIKICTD
pexomOiHaIii uyepe3 mBHAKI craHu. CyTTeBHM HEIOJIKOM TAaKOI
IIOBEPXHI € Ii Jerpajairis, 10 OB sI3aHa 3 HeOIHOPIIHICTIO IlIPaTHOrO
TOKPUTTS OKCHUJY Ta MeXaHIYHUMU HaIpyramu, OO0yMOBJIEHUMU
craauMu IpaTtok docdiny 1HAI0 Ta okxmcaiB. OO0poOKa IIOBepxHI B
cysIb@imax 3MeHIIye HeOTHOPITHOCTI Ta HAIPYTH B OKCHUIHIN ILTIBII
NIJIIXOM  3aMIIEeHHsT KOOPAMHAINNWHO 3B'SI3aHUX MOJIEKYJ BOIUA
KOMILJIEKCAMHU, IO MICTATH cipky. lle mIpusBomguTh 10 3MEHIIEHHS
TYCTUHU IIOBEPXHEBUX CTAHIB Ta MOCHUJIEHHIO JeTPAIUITIHHOI CTIAKOCTI
doToromiHectieHIIii mopyBaToro ocdiny iHmgio. Taxkum YHHOM,
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XaJbKOTeHIJHA mnacuBaiisa (y [JaHOMYy BHIIAQAKY — MOJHAQIKAIST
aToOMaMH CIPKM) JT03BOJISAE 3MIMCHIOBATH SIK XIMIUHY, TaK 1 €JIEKTPUYHY
[ACHBAI[I0 IOBEPXHI, TOMY SABJISETHCA 0araToOOIIHIOUYUM METOIOM Y
TexXHoJIOT1l cHTe3y IIOPpYyBATHUX HAMIBOPOBIAHUKIB. BukopucranHs
macuBaIlll CIPKOI, 3 OJHOTO OOKY, JJ03BOJISE CYTTEBO 3MEHIIUTUA
IIUJTBHOCTI TIOBEPXHEBUX CTAHIB y 3a00pOHEHIH 30HI, 3HU3IUTH
IIBUKICTH IIOBEPXHEBOI PEeKOMOIHAII 1 3a paxyHOK IIbOTO
BIOCKOHAJIUTH XaPAKTEePUCTUKU MIPUJIAIB, 3 I1HIIOTO — JO3BOJISIE
CyTTEBO 3araJIbMyBaTH IIPOIIECH OKHCJIEHHS HAIIBIIPOBLIHUKOBOI
noBepxH1 B armocdepl [281]. Ja Toro, 1mod IpoBOOUTH OIHIOBAHHSI
SKOCTI HAHOCTPYKTYp IIe TIIJ dYac IIPOeKTYBAaHHsS Ta CHHTE3Y,
HEeOOX1THUM €:

—  JOCHIT;KEeHHS KOpeJaIlll MK yMOBAMH CHHTE3y Ta
XapaKTePUCTUKAMU HAHOCTPYKTYP;

— BCTAHOBJIEHHS OIITUMAJILHOI TeXHOJIOT1 CHHTE3y, 3a JOIIOMOTOI0
SIKO1 MOSKJIMBO (DOPMYBATH HAHOCTPYKTYPH 3aIaHOT0 PIBHS SKOCTI;

—  poO3poOMTH  CHCTEMHO-CTPYKTYPHY  MOIEJIb  CHHTE3y
HAHOCTPYKTYP Ha IIOBepPXHl HAINBIPOBIAHUKIB IJI KepyBaHHS
IpoIecoM 3a0e3neueHHsI PIBHS SKOCTI.

3.6 BricHOBKUY 10 TPETHOTO PO3IiTy

1. Ha mnpuraaml egekTpoxiMidHOI Ta (OTOEJIEKTPOXIMIYHOI
00pOOKKM MOHOKPHCTAJIYHUX ILTacTHH Qocdiay 1Hmio0, docdiay rasiio,
apceHiy TraJill0 Ta KPEeMHI IIPOJEeMOHCTPOBAHO  3JAaTHICTH
HAMOIBIPOBITHUKIB 0 HAHOCTPYKTYPYBAHHS 1 MOKJIUBICTh YTBOPEHHS
HAa iX IOBEPXHAX PI3HUX THUIIB HAHOCTPYKTYP.

2. Buxopucramus merony (POTOEJIeKTPOXIMIYHOIO TPABJIEHHS B
OIJITPITOMY  XJIOPHO-OPOMHCTOMY  €JIEKTPOJITI  HPHU3BOAUTH 10
dopMmyBaHHA OJIOKOBMX HAHOCTPYKTYP Ha MHOBepxHI (hocdimy 1HIIO.
YTBOpeHHs 0JIOKIB Ha IIOBEPXHI KPUCTAJIY BHACJIIOK aHOIHOI 00pOOKHT
MOKHA IOACHUTH KIHETUYHUM MeXaHI3MOM 3apO/KeHHS KJIACTEpIB,
SKWUH BPaxXOBY€ pPI3HY INMBUAKICTE TPABJIEHHS KPUCTAJIOTPadIYHUX
Hanpamkis InP.

3. Jlocaimrerno meron (popMyBaHHSA HUTKOIIOAIOHUX CTPYKTYP HA
MOBEPXHI MOHOKPHCTAJIIYHOIO apCeHIay raJjiio, a camMe HaI0JpOTIB.
Hanoaporu 0yJsio cdopMOBAHO METOLOM €JIEKTPOXIMIUHOIO TPaBJIEHHS
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OpU JOJATKOBUX pPEeRKMMaxX — MAITPIBAHHI Ta IIepeMIITyBaHH1
erxexrpoaity. IlpemcraBienuit meronm (opMyBaHHS HHUTKOIIOZIOHHX
KPHCTAJIITIB HA OBEPXHIl ApCeHIIy TraJii0 € IIPOCTHUM 34 TeXHIYHOIO
peasmisaiiieio. Bin mo3Bosisie hopMyBaTH HAHOIPOTHU IOBKUHOIO 110 25
MKM.

4. Po3riigHyTo yMOBH, 3a AKHX HA II0BEPXHI HAIIBIPOBIIHUKA II1T
Jac eJIeKTPOXIMIUYHOI 00poOKM (hopmyroThea okcumHl mapu. CyiabHl
ILUTIBKK OKCHY YTBOPIOIOTHCS Ha II0BepPXH1 ¢docdiay 1HII0 p-TUILY
nposigHocTi. Takl IIIBKY IIJIBHO HPUJIATAIOTh 0 HOBEPXHI KPUCTAJLY.
Bunanenns ix 3 moBepXH1 MOKJIMBE TLJIBKHU 32 YMOBU ITPOBEJIEHHS IIe
OJTHOTO eTamy TpaBJeHHa B TeMmpsaBl. l[lopyBari mTiBkM OKcuIy
hopMyOTHCS ITIT Yac JBOXCTYIIEHEBOI0 TPaBJIeHHS HAIIIBIPOBIIHUKA 7-
tuty. Jlocmmxenas yMoB popMyBaHHS BJIACHUX OKCHIIB HA TOBEPXHI
HAITBIIPOBITHUKIB rpynu A3BS € BayKJIMBOIO TEXHOJOTIYHOIO 3a/1a9€e10 1
MAaIOTh ITHUPOK] IIePCIIEKTHUBU ITPOMHUCIOBOTO 3aCTOCYBAHHS B SIKOCT1
MACHUBYIOYOTO IIaPy, aHTUBIIOMBAIOYOTO IIOKPHUTTS TOIIIO.

5. JocmmxeHo ymoBu QOpPMYyBaHHS IIOPYBATHX IMapiB HAa
MOBEPXH] HAIMBIPOBIIHUKIB Ha IIPUKJIAAl HAMIBIPOBIIHHUKIB T'PYIIH
A3B5 Ta kpemuiro. IlpemcraBieHo  MeTOOHMKY — OIIHIOBAHHS
MOP(}OJIOTIYHUX ITOKA3HUKIB HAHOCTPYKTYpP. Mopdosoris moBepxHI
JIOCJTIPKYBaJjIacsa 3a JIOIOMOTOI0 PacTPOBOI eJIEKTPOHHOI MIKPOCKOIIII.
Amnamia MikpodoTorpadiii 3mificHIOBABCSA 3a JOIOMOIOI0 IIPOTPaMK
ImagedJ. Ha ocHOBI oTpuMaHuUX HJaHUX pPO3PAaXxOBAHO OCHOBHI
CTATUCTUYHI IOKA3HUKH PSJIY PO3IOJILIIY IOP 3a J1aMeTPOM.

6. Mg mocmimsxeHHS XIMIYHOTO CKJIAIy IIOBEPXHI IIOPYBATHX
HAITBIIPOBIIHUKIB 0yJI0 3aCTOCOBAHO METO[I CIEKTPAJILHOTO AHAJI3Y
INCA Energy ta amamituyamii MmeToj ejiemeHTHOro amasidy EDAX.
Amnauis nposeneHo s 3pas3kiB por-GaP ta por-InP. BecranosieHo, 1110
IIOPYBATI MIapX MATh PIBHOMIPHUM PO3MO/ILJI €JIEMEHTIB 110 TOBEPXH1
3 IOpPYIIeHHAM cTexioMeTpll B OlK HAIJIHUIIKY aTOMIB Tajiio Ta 1HII0
BigmoBigHo. Hammumiox aTtomiB raJjiio Ta 1HIIO 3yMOBJIEHO OlJIBIIIOIO
IIBUIKICTIO BUTPABJIIOBAHHSA Ppocopy 3 MOBEpPXHI 3pasKa.

7. JIst BU3HAUEHHS XIMIYHOTO KPUTEPIIO SKOCTI IIOPYBATHUX ITapiB
Ha TIOBEepXHl HAMMIBIPOBIIHUKIB OyJIO MPOBEIEHO OINHKY SKOCTI
BHUIIpOOYBAHb 34 MOKA3HHKAMH 3015KHOCT1, BIOTBOPIOBAHOCTI I
omuopizaocTi. [IpoBemeHa oiHKa IMATBEPANUIIA, IO ITIOPYyBATA IIOBEPXHS
JOCTIIPKYBAHUX 3Pas3KiB € OJHOPIJHOK, 1 3pas3oK Meske OyTu
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BUKOPUCTAHUU SK CTAHTAPTHUMI 3pas3oK HIAIPUEMCTBA IIPU aHAaJII31
XIMIYHOTO CKJIAIy MOBEepxHI mopyBartoro dgocdginy rasmo. Jlo Toro x
HaBeJeHa MeTOJVWKA BU3HAYEHHS CTAHJAPTHOTO 3pa3Ka MOoike OyTu
3acTocoBaHa ¥ JJId 1HIIMUX IIOPYBAaTUX HAMIBOPOBIAHUKIB. [IpoBemenHsa
TAKUX JOCJTIIJKeHh € BaKJIMBOI TEXHOJIOTIYHOI 3ajavelo, sIKa
JI03BOJIUTH CTBOPUTH Cepil0 CTAHJAPTHHUX 3pas3KiB MOPYBATHUX
HaMOIBOPOBIIHUKIB rpynu A3B5.

8. IlpencraBiieHo MeTOOUKY aHAJII3y OCHOBHUX MOPQOIOTIUHHX
MOKA3HUKIB SAKOCTI MOPYBATHUX CTPYKTYP, CPOPMOBAHUX HA MOBEPXHI
HamiBOpoBIOHUKIB rpynu A3B5 ta Kpemuiio. Ha mpurianl 3paska
mopyBaToro cocdiay 1HMII0 3a JOIOMOTOK IiporpamMu Imaged O0yJio
IPOBEIEHO PO3PAXYHOK KLIHKOCT1 IIOPp Ta PO3MOMLI IX 3a J1aMeTpOM.
Busuaueno craTucTHYHI HOKA3HUKY PAIY POSIIOALILY IIOP 34 J1aMEeTPOM.
Bymo BcramoBmeno, 1mo wmoma 1 Memiana psaay (0,07136 mrm)
CITIBIIAZAIOTH 1 JeI0 IMepeBUIyITh cepente 3HaueHHsa (0,0683 MEM).
Ile cBimumTe IIPO Te, IO MOAHUHA PAT € YMOBHO CHMETPUYHUM.
KoedimienT Bapiamii crragae 41,92%, To0TO Baplalisa psaay PO3MOILILY
Iop 3a JlaMeTpoM € IMOMipHOI0. Po3paxyHOK MOMEHTHOTO KOe(iI[leHTy
acuMeTpii II0Ka3aB, 110 y JAHOMY PO3IOALIl Mae MICIle IIPABOCTOPOHHS
acumetpis. Iarepsan (0.0743;0.0743) MKEM IIOKpHBae mapaMerp O 3
HamHicTio Y = 0.954. Ile cBlqunTh Opo O0JH3BKICTh JAaHOI BHOIPKU 10
HOPMAaJILHOT'O POSIIOILITY.

9. IIpencraBieHo METOOUKY XaJIBKOTEHITHOI macuBAaIlll II0BepPXHl
HaHOCTPYKTYp. Ha mpurmam por-InP mpomeMOHCTPOBAHO, IO
MakKcuMaJibHe 30uIbineHHsa 1HTeHcuBHocTi ®OJI mocsaraerncs 3a dac,
IPOTATOM SIKOTO HAa IIOBEPXHI (POPMYETHCA CYIIJIBHUM HACUBYIOYHHI
monomiap. [lokazano, mo wac (10 — 15) XB € ONTUMAJBHHUM YacoM
00poOkm moBepxHi 1mopyBaToro n-InP (100) B posumul NasS.
XasmpkoreHigHa macuBaiisg (y JaHOMY BHOAIKY — MOIUQPIKAIILS
aToMaMU CIpKH) JI03BOJIsI€ 3IMCHIOBATU SIK XIMIUHY, TaK 1 €JIeKTPUIHY
IacHUBAIlI0 OBEPXHI, TOMY SABJISIETHCSI 0araTOOOIIHIOYHNM METOIOM B
TexHoJIOrll mopyBaTuxX HamBIpPoBITHUKIB ASB5. Buropucrammsa
macuBaifi CipKowo, 3 OJHOTO OOKY, [J03BOJISIE€ CYTTEBO 3MEHIIHUTH
IIJIBHOCTI IIOBEPXHEBUX CTAHIB B 3a00pOHEHIH 30HI, 3HHU3UTHU
IIBUIKICTH IIOBEPXHEBOI peKoMOiHAaIii 1 3a pPaxyHOK IIbOTO
BIOCKOHAJINTH XaPAKTEePHCTUKN IIPHUJIAIIB, 3 I1HIIONO — JO3BOJISE
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CyTTEBO 3arajJbMyBaTHd IIPOIIECH OKUCJIEHHS HAIIBIPOBIIHHUKOBOI
OBepxXHI B atMocdepi.

10. OcklIbKM SIKICTh HAHOIPOAYKTY BH3HAYAETHCA 3AJIEKHO BIJI
Woro  HOpW3HAYEHHs, TO  NPOIIOHOBAHUN  KPUTEplif  SKOCTI
MOP(OJIOTIYHOr0 CKJIagy, MICTUTH BCl BHU3HAYAJBHI ITOKA3HUKHI
mopyBaTol moBepxHi. basymounch Ha IIPOBEIEHUX JIOCTIIKEHHIX
3aMPOIIOHOBAHO IIOKA3HUKN IOPYBATOl IIOBEPXHI, BIIIIOBIIHICTh AKHUM
JTO3BOJIUTDH BLTHECTU OJIePsKaHl 3pa3Ku JI0 CTAHIAPTHUX.
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PO31I 4
TEXHOJIOTTYHI KPUTEPII 3BABE3INEYEHHAI AKOCTI
HAHOCTPYKTYP

4.1 Bubip meToxiB CHHTE3y HAHOCTPYKTYP Ha IMOBEpPXHi
HAIIIBIPOBITHUKIB

Meromu  cuuaTedy (MC)  HaHOCTPYKTYp Ha  IIOBEpPXHI
HAITBIIPOBITHUKIB 3YMOBJIIOIOTh PIBEHBb SIKOCTI HAHOCTPYKTYPOBAHHUX
TTOBEPXOHb. Tomy BKpau HEOoOX1THUM € BCTAHOBJIEHHSA
HAWONTUMAJBHINION0 MeTOAy, SAKHA JacTh 3MOTry 3a0e3leYyuTu
HEOOXTHUM SKICTh HAHOCTPYKTYpP. BuOip MeTomiB CHHTE3y MOBHHEH
IPYHTYBATHCS  Ha  HACTYIIHHUX  IIOKA3HUKAX:  eKOHOMIYHICTH;
€KOJIOTIYHICTD; KIJBKICTh JIAHOK TEXHOJIOTIYHOTO IIPOIIeCY; CKJIATHICTD
TEXHOJIOTIYHHUX OIlepallii; KIJILKICTh BUTPAYEHUX PECypPCiB.

Meronm cuHTE3y 3yMOBJIIOE MOP(OJIOTIYHI Ta IHIM ITOKA3HUKHU
CHHTe30BaHMX HAHOCTPYKTyp. Cepen HANIMIOIMIUPEHININX METOIIB
dopMyBaHHA mOPyBATHX IIAPIB HA IIOBEPXHI HAIIIBIPOBLIHUKIB CJI1T
BUJLIATHA TAKl: XIMIYHOTO TPABJIEHHS;, €JIeKTPOXIMIYHOIO TPABJIEHHST,
MeToau JiTorpadii [286 — 291].

Tam meromm B pisHiM Mipl COIN PO3TJIAOaTh SK MOIHQIKAINi
mpejacTaBjeHux Buie. Tak, QOTOeJEeKTPOXIMIYHE TpPABJIEHHSI €
BaplaHTOM €JIEKTPOXIMIYHOTO METOAYy 3 TIel JIUIe PI3HHUIE, IIo
TpaBJIeHHS BIJIOYBA€eThCA HE B TeMPsABl, a 3pa3ku HABMHUCHO
OIJICBIUYIOTH JaMmaMu pidHol mory:kHocTl [292]. Ileit mMerton
34CTOCOBYETBHCS JIJIsI IIPUCKOPEHHSI TPaBJIEHHS Ta IIPU (POPMYBAHHSI
HAHOCTPYKTYP HaA IIOBEPXHI HAMIBIPOBLIHUKIB p-TUILY. TO3K, Maemo
3aga4vy BHOOPY OIITUMAJIBHOIO METOAy CHHTe3y IMOPYyBaTHX IMapiB Ha
MIOBEPXHI1 HAIIIBIPOBIIHUKIB.

Bapianm 1. Ximiune mpasienHs — peasni3yeTbesl 3aHypeHHSIM
HAIMBIIPOBITHUKA B CEJIEKTUBHUHN TPaBHUK Ha TPUBAJIMK dac.
IIepeBaramu metony € [293]:

— HHU3bKA BAPTICTh;

— MaJja KIJIbKICTh JIAHOK TeXHOJIOTTYHOTO Ipoliecy (110 CyTl TLIBKK
oJiHa — Oe3mocepeIHe TPaBJICHHS);

— mpocrora (He IIoTpedye CIIeIiaJbHOro 00JIaJHAHHS TA CKJIATHUX

TeXHOJIOTIYHUX OIlepalrii);
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— He 1OoTpedye HIAKUX JOJATKOBUX PpPecypciB  (TLIbKU
HAMIBIPOBITHUK Ta €JIEKTPOJIIT);

— @KOHOMIYHICTh (HM3bKa BAapTICTh METOAY 3a PaxXyHOK JIETKOCT1
#oTo peaJstidalili Ta BUKOPUCTAHHS CTAHIAPTHUX €JIeKTPOJIITIB).

Henmomixkamu XxiMIYHOTO TPABJIEHHS SABJISIOTHCS:

— 3HAYHHUHM dYac IIPOBeJeHHs omeparii (3pasku HeoOXI1THO
BUTPUMYBATH B €JIEKTPOJIITI IIPOTATOM dEKILJIbKOX YaciB, a 1HKOJIH
HAaBITH JHIB);

— JysKe HU3bKaA SKICTh OTPUMYBAHHUX IIOPYBATHUX IIapiB (Iy:ke
YacTO TPABJIEHHS B1A0yBaeThCa 0€3 IMOPOyTBOPEHHS, a 3 (POPMYBAHHSIM
TEKCTYPOBAHUX ITAPIB).

Bapianm 2. Enexmpoximiune mpassieHHs — € Pi3HOBHIOM
XIMIYHOT'O TPaBJIEHHS, ajie BIAPISHAETHCSI THUM, IO ITIJ Yac TPABJIEHHS
3pa3KM IOTATHCS [JiI eJIEKTPUYHOTO CTPyMy. ¥ pe3yJbTaTi IIiei
00poOKM Ha IIOBEPXHI HAIIBIIPOBIIHUKIB POPMYETHCS IIOPYBATHI IIIap.
VY 1mopiBHAHHI 3 XIMIYHUM TPaBJIEHHAM HEIOJIKAMU €JIeKTPOXIMIYHOI
00poOKM MoskHAa BBaskaTu [294 — 295]:

— OLJIBIIA CKJIAJHICTH TeXHOJIOTIYHOI0 IIPOIIECY;

— HeOOXIOJHMM € HagBHICTHL O00JIagHAHHA [IJIs IIPOBEIEeHHS
TEXHOJIOTIYHHUX OIIePAIIIH.

Jlo ocHOBHUX TIiepeBar HaJ XIMIYHUM TpPaBJIEHHAM MOKHA
BITHECTU:

— mabaraTo meHmui yac 00pooku (Maxcumym 30 — 40 xB);

— 3HAYHO Kpamll SAKICHI XapaKTepPUCTUKU CUHTE30BAHUX
mopyBaTux Imapis (IIapu [geMOHCTPYIOTH BICOKY IILJIBHICTH IIOP,
PIBHOMIPHICTH PO3IO/ILILY 34 PO3MIPAMHM TOIIIO).

KimbkicTsh JTaHOK IIpoIecy, eKOJIOTIYHICTh Ta PeCyPCOBUTPATHICTH
3HAXOOUTHCA HA PIBHI 3 XIMIYHOI T€XHOJIOTIEIO.

Bapianm 3. Jlimoepagiunuii memoo. 3a mormomMoroo Jirtorpadii
Ta goTomiTorpadii BAAETHCS OTPUMYBATH HAMOLIBIN SKICHI IIOPYyBaTi
mrapu. Lle# meron peasiayeTbcss HaAHECEHHSM Ha ITOBEPXHIO KPUCTAJLY
mabgony (mackwm). Jlam mpoBomguThbCA 3BHUUYAMHE eJIEKTPOXIMIYHE
TpaBerHss. OCHOBHOI II€PeBarol0 SIBJISETHCS SAKICTH HAHOCTPYKTYP —
mopyBaTi 1mapu  (QPOpMYyIOThbCA 13 3a3dalieriihb BH3HAYEHUMH
xapakrepucturamu. OgHAK MeTOI Mae Psill HEeIOJIIKIB, cepel AKUX:

— BHCOKA BapTICTh TEXHOJIOII;

— CKJIQJHICTHb TeXHOJIOTIYHUX ITPOIIECIB;
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— BeJIMKA K1JIBKICTD JIAHOK TeXHOJIOTIYHOIO IIPOIIECy;

— HeoOX1JHICTh BUTpPAYaTH JOJATKOBI pecypcu (II1abJI0HM MAaCOK).

Jliia  Bu3HAYEHHS  ONTHMAJIBHOTO  METOLy  (bopMyBaHHS
HAHOIIOPYBATHUX IIMapiB Ha IIOBEPXH1 HAIBIIPOBIIHUKIB IIPOBEIEMO
OIIIHKY Ha IPUKJIAAl POpMyBaHHS HAHOCTPYKTYpH por-Si/mono-Si.
Cropucraemocss meromom aHaumady lepapxiii (MAI). OcmoBy meromy
CKJIagae JeKOMIIO3HIIlA IPo0IieMHr Ha OLIBII IIPOCT1 CKJIAL0Bl YaCTHHU
1 1momasibiiia 00poOKa CyIsKeHb Ha KOMKHOMY lepapxXidHOMY PIBHI 3a
JIOIIOMOT0I0 ITAPHUX IOPIBHSAHB. ¥ pe3yJIbTaTl Moke OyTH BHUpaskeHa
BITHOCHA  CTYyIiHb (IHTEHCHBHICTH) B3a€MOIIl eJIeMEeHTaMU B
aHAJII30BAHOMY lepapxXidyHOMY pIBHI a00 IlepeBara OJHUX eJIEMEeHTIB
Hayg iHmuMA [296]. [{um cymsxeHHEIM HAJaeThCA YUCeIbHA OIIIHKA.

Ha mepmromy erami meoOximuum e amasid e [297 — 300].
Jlpyruit eran miosisirae B moOyJoB1 iepapxiii. BepiuHoio Oyae BucTymaTu
MeTa, y HamoMy BHIAIKy — «Onmumanvhuii memoo curmesy
Hanocmpykmyp». JlocarHeHHS MeTH BIJIOYBAETHCS dYepe3 MPOMIMKHI
piBH1 (kpuTepil) OO0 caMOro HHIKHBOTO PIBHS, SAKHH € MepesikoM
ambTepHATHB. lepapxio OyzeMo OyayBaTH IIOYHMHAIOYN 3 BEPIIHHHA
(MeTH) yepes IIPOMIKHI PIBHI (KpUTepii) 10 caMOro HUKHBOIO PIBHSA, HA
SIKOMY 3HAXOIATHCAI METOAU CHHTE3y IIopyBaTux mapis. JJis spyuHocTi
BBeIeMO II03HAYeHHSI KPUTEPIiB Ta MOKJINBUX aJIbTepHATHUB (TA0JI. 4.1).

Tabmuuga 4.1 — IlosHaueHHsT KpuUTepliB Ta AJbBTEPHATHB IIPHU
BHOOP1 OITUMAJILHOTO METOJIy CUHTe3y IIOPYBATHX IaplB Ha MOBEPXHI
HAMIIBIPOBITHUKOBUX 3PA3KIB

Kpurepii Ta anprepuaTusu

No | [IosmauenHusa Hassa [losscuenHs
1 | Kexon Kpurepiit OmixronThes plHaAHCOB1
€KOHOMIYHOCTI1 BHUTPATH, [0 BKJIIOYAIOTH:

BUTPATHU Ha pecypcHu, Ha
obJIagHAHHS, HA IPOBEIeHHSI
TEXHOJIOTIYHOI'O IIPOIIECY

2 | Kexon Kpwurepiit OLIHIETHCS eKOJIOTIUHA
€KOJIOTTYHOCTI Oesmexa TexHosoTII TA
IIKIIJIAB1 BUPOOHMY1 (paKkTOpPH

3 | Kxin-me Kpurepiit O1HI0ETHCS KIIBKICTD JIAHOK
KLJIBKOCT1 JIAHOK | CyTO T€XHOJIOTTYHOTO IIPOIIECy.
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TEeXHOJIOTTYHOT'O IligroroBka 3pas3kiB 110
IIpoIiecy IIPOIiecy Ta IMocTOOpoOKa He
BPAXOBYETHCS, TAK STK BOHU €
OJHAKOBUMHM JI0 BCIX TPHOX
BUOPAHUX TEXHOJIOTIH CHUHTE3Y

4 | Kexnao Kpurepiit CrnagHiCcTh BUKOHAHHS
CKJIQTHOCT1 TEXHOJIOTIYHHUX IIPOILECiB,
CKJIQIHICTH 3aCTOCOBAHOTO
00JIaTHAHHA TAa HEeo0X1IHAa
KBaJIi(plKAIlISA IIePCOHAILY

5 | Kpec Kpurepiit KinskicTs pecypceis, 1110
pecypcis HeoOX1HAa JIJI IIPOBEIeHHS
TEXHOJIOTIYHOTO IIPOIIECy
(3paskmu, eJIeKTPOJIITH,
€JIEKTPO/TH, MAaCKH TOIIIO)

6 | Kuac Kpurepiit vacy Yac, BuTpadeHuii Ha
IIPOBEJIEHHS TeXHOJIOTTUHOI
omeparrii CMHTe3y II0pyBaTol
CTPYKTYpH

7 | Kpes Kpurepiit JlocasTHEHUM pe3yJIbTaTOM

pe3yaIbTaTUBHOCTI | Oy/ie BBasKaTHCSI POPMYBaHHS
PIBHOMIPHOTO IIOPYBAaTOTO
1rapy Ha MOBepPXHi
HamiBiposlgauka. I1ig
PIBHOMIpPHICTIO Oy aeMO0
PO3yMITH PIBHOMIPHICTD
pO3TalllyBaHHS 110 TIOBEPXHI
3pas3ka Ta pOo3IIoILI Iop 3a

poaMipamMu
MeToau cuHTE3y
No | [Tosnauenus Hassa
1 | XT XimMiuHe TpaBJICHHS
ExT EnexTpoxiMmiuHe TpaBeHH
3 |JIT Jlitorpadiune TpaBIeHHsS

Coumparunch Ha HAABHHUM JIOCBI TA YMOBH 3aavl, MOKHA JIETKO

mo0aYUTH, IO KPUTEPIA eKOJOTIYHOCTI Oyae MaTH PIBHY 3HAYHMICTD
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IJIsT BCIX TPHOX HAABHUX AaJIbTepHATIB. ToMy /s CIpOIIEHHS Ta
3PYYHOCT1 BUAAJIUMO 1eil KpUTeplil 3 MATPUIIl ITIaPHUX ITOPIBHAHb.
Bynyemo mpocry lepapxiuHy CTPYKTYpyY, IO Mae€ OIUH pPIBEHb
KpuTepiiB (MICTUTH CIM IMOKA3HUKIB) Ta IIepesiiK HAaIBHUX aJIbTePHATHUB
(puc. 4.1). OminoBaHHA 0y/1eMO IPOBOIUTHU 34 IIPUHITAIIOM MIHIMI3aIrii
BUTPAT Yacy, pecypciB, KOIITIB, CKJIQJHOCTI Ta JAHOK IMPOIleCY MIpPU
JIOCATHEHHI MaKCHUMaJILHOTO pe3yabTary, €KOJIOTIYHOCTI,
eKOHOMIYHOCTI. T00TO haKTHUUHO OIIIHIOITHCS IIOKA3HUKIL:

— MAaKCUMaJbHOTO pe3yJIbTaTy;

— MAaKCHMAaJIbHOI eKOHOMIYHOCTI;

—  MAaKCHMAJIbHOI €KOJIOTTUHOCTI;

— MIHIMaJbHUX BUTPAT PECypPCiB;

— MIHIMaJIBHOIO Yacy 00po0OKH;

MIHIMAJIBHOI CKJIAJHOCT1 IPOIIECY;

— MiIHIMAaJbHOI K1JIBKOCT1 JIAHOK TeXHOJIOTTYHOTO IIPOIIECY .

— Metonu cHHTe3y ITOPYBaTHX IIAPIB
¢ v v v *
KCKOH KCKOH KH&H KCKJIa,Z[
k. A 4
Kuac Kpec Kpes
P 4 Py
. ‘ ’
b 4 h *
XT EnXT JIT
Pucymox 4.1 — IepapxiuyHa cTpyKTypa BUOOPY OITHUMAaJIBLHOTO

METOy CUHTe3y II0PyBaTUX IIapiB

3a Takoro maxoay IpH pe3yJIbTAaTUBHIN OITIHII OITHMAJILHOTO
MEeTOJly CHHTe3y HAHOIOPYBATHX IMapiB  HAWONTHUMAJbHIIITAM
pe3yabpTaToM Oyme TOH, IIOKAa3HUKU AKOT0 € HAMHUKINMH.

Jly1a BU3HAYeHHS POBEJEeHHS IOIIAPHOT0 HOPIBHAHHSI KPUTEPIiB
HEOOX1THO YMOBUTHCS IIPO IIMKaJy OmmiHoBaHHA. HaspyuHimon mpu
bOMY € InKaJia, sampononoBana T. Caari [296 — 299] (ta6u. 4.2). Caati
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IIPOIIOHYBAB KOPHCTYBATHCA EKCIIEPpTHHMM MeETOIO0M, IIpu AKOMY
HA3HAYAKOThCA KOMIIETEHTHI EeKCIIePTH, SKI IIPOBOMATH OIHKY 3a
3ampoIloHOBaHOW0 IKaJiow [296 — 300]. V Hamomy BUIIaIKY TOPEUYHO

HOKJIAJAaTHCA Ha pPe3yJabTaTh EeMINPUYHUX JaHWUX 1 HagBHI JaHl Yy

HAYKOBHUX IIyOJIIKAISAX IIPOBIIHUX YUeHHUX Ta IIaTEeHTIB.

Tabmauia 4.2 — [MIkamna BimHOCHOI Baromocti [299]

IaTeucusuicts | Busnavenns Iosscuenns
BITHOCHOI
BATOMOCTI1 y
basrax
1 PiBua Baromicts | BaromicTs ABOX KpuUTEpliB, IO
IIOPIBHIOIOTHCS, piBHA a00 11
HEMOKJINBO BU3HAYNUTH /
00’€KTUBHO OIIIHUTHA
3 ITomipraa Emmipuununit qocsig ta
mepeBara OJHOI0 | CYyI:KeHHS JAl0Th JIETKY
HaJT IHIITUM mepeBary
5 CyrreBa abo Hassui gaHl cBlg4aTh IIpo
CHUJIbHA IIepeBara | CyTTEBY IepeBary
7 Jysxe cunbpHa IIepeBara ommoro Hag 1HIIUM €
mepeBara OYEBUIHOIO
9 AbcoJstroTHA OueBUIHICTD ITepeBAT KPUTEPIIO
mepeBara 10 BCIM HAABHUM O3HAKAM
2,4,6,8 IIpomisxml 3acTocoByOTHCA Y
PIIITeHHS MK KOMITPOMICHHUX CYIKeHHIX
JIBOMA CYCITHIMK
CYIsKEeHHSIMU
Hanmami pmima  3pyusocTi OymemMo omepyBaTH HOPMOBAHUMH

BenuuuHaMu Wi (i=1,...,n), IK1 BOJOMIOTH TIE BJIACTUBICTIO, 1110 [296]

witwset...fwn=1.

(4.1)

HpI/I BI/IROpI/ICTaHHi HOPMOBAHHUX BEJIMYNH MOXHA CTBEPAKYBATH:

wi ‘100% — Bara kpurepio (PpaxrTopy), sSKa BHpa’keHa y BIJICOTKAX.
AnropuTM BU3HAYEHHS BAarOMOCT1 KPUTeP1iB y BIAIIOBIIHOCTI 0 METOIa
T. Caari HaBemeHo Ha puc. 4.2.
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( ITouaTok )

TIoGy yBaTH MaTPHITKO MAPHHX [OPiBHAHE

TlepeRipHTH, YH BHKOHYHOTHCA YMOBH

1. ay=wyW;> 0 ms BCiX i © j, Tax AK BCi OLIHKH € JONATHIMH
THCITAMH.

2. a=wy'w; =1 maBcixi=1,2.....1n.

3. EMeMeHTH MaTpHIli 4 BONOI0TE 3B0POTHOK0 CHMETPIEI0, 4 CaMe dy =
1 /ﬂﬁ,

3HAHTH MaKCHMAIBHE BIACHE 3HATCHHA Amax

IlepeBipHTH, MO Amax>n

BH3HAYHTH BIACHHH BEeKTOp MaTpHIi W

BHKOHATH HOPMYBAHHS B/IACHOIO BEKTOpPY W

OG™HCIHTH iHIEKC Y3romEeHOCTI [c

BexTop We
RiHIIEEHM
pimmeHHAM 3a1a4i

Pucymor 4.2 — AnropurM BHU3HAYEHHS BaroMoCTl KPHUTEPIiB y
BiamoBigHOCcT1 10 Metony T. Caati

V3romxeHICTh CYI:KEeHHS OITIHIOEThCS 1HIEKCOM OJHOPITHOCTI
(Immexcom Y3TOIKEeHOCT1) abo BITHOIIIEHHAM OJTHOPITHOCTI
(B1OHOIIIEHHAM y3TOIKeHOCT]) 3a TaKuMHU popmystamu [297]:

n —-n
1, ="max: (4.2)
v,=le 4.3)
C Ml :
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M; — cepenHe 3HAYEHHS 1HIEKCY OJHOPLIHOCT1 BUIAIKOBUM YHHOM
CKJIAIeHOol MaTpHI[l IIapHUX IIOpPIBHAHL, AKe 3acHOBaHe Ha
eKCIIEpUMEHTAJIbHUX JaHWX. JHAYeHHs € Ta0/JMJYHa BeJNYrHA,
BXITHUM ITapaMeTPOM BUCTYIIA€ PO3MIPHICTh MaTpuill (TadJ. 4.3).

Tabmuigg 4.3 — CepenHe 3HAYEHHS 1HIEKCY OIHOPIIHOCTI JIJIs
MaTpHIIl 3 1 KpuTeplis [298]
n 1 2 3 4 5 6 7 8 9 10 | 11
M; 0 0O 058 09 1.12/1.24 1.32 1.41 1.45/1.49/|1.51

B saxocti qomyctumMoro BUKOpucToByeThes 3HaueHHs I < 0,2. Ax1mo
JIJIS MATPHUIN TapHUX TOpiBHSAHDL I > 0.2, TO I1e CBIIYUTH PO 1CTOTHE
TOPYIIeHHS JIOTIKKA CyIKeHb, JOIyIlleHe IpH 3all0OBHEHHI MAaTPHII],
TOMY HEOOXIJHO MEeperjITHyTH JaHl, BUKOPHUCTAHI JJsd MO0yI0BU
MAaTPHUIIL1, 100 IIOJIIIIITATYA OJHOPIIHICTD.

[Tpu mapHOMY TOPIBHAHHI MATPHUILA 3ATIOBHIOETHCS YUCTIAMU Qij =
wi/wj, IO XapaKTepU3yITh BITHOCHY IIepeBary Kpurepio Ai Ham
o0'ekToM Aj, y TOHM 4Yac AK BJIACHI Barw Iux O0'€KTIB wi 1 wj Ie He
BH3HAYeHl. [HIIIMH cJI0BaMH, i IPU3HAYAIOTHCSA, a Baru Wi 1 wj, Kl
YTBOPIOIOTH IIPY PO3IIOLJI OJMH HA OIHOTO BEJIMYUHY Qij, HMIJIATAIOTH
IIOIAJIBIIIOMY BU3HAYEHHIO.

TakuM YHOM, MATPHUIIO TAPHUX MOPIBHIHBL MOKHA ITPEJICTABUTH
y BUrIam [297]:

a dp a,
a a e a
* 21 22 2n
A =(a )= (4.4)
an anz e Ay

Martpuiifo mapHux TOPIBHSAHD IJIS PIBHSA KPUTEPIiB PEICTABUMO
Yy BUTJISI1 TAaOJIUIN, BAKOPUCTOBYIOUH IITKAJIY KPUTEPIiB.

Tabmuiig 4.4 — MaTpulisg napHUX IIOPIBHAHD IJIS PIBHS KPUTEPIiB

erS RCK‘ KIZ(IH K%ac erc Hemm
Kpes 1 9 7 5 5 7
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Kex g 1 s s 1 Y3
Kran Y7 3 1 1 1
Kuac 15 3 1 1/3 3
Kpec 1/5 1 1 1 5
Kexon 1/q 3 1 1/3 15 1

[Ipu moOymoBl 1riel MATPHUIl MU COUPAJINCI He Ha eKCIepTHHM

METO/I, a HA CUCTEMY IPIOPUTETIB — HEOOX1THICTh BIOOPY OIITUMAJILHOIO

Bapiauty. ToOTO mOCATHEHHS Pe3yIbTaTy 3 MIHIMAJILHUMHA BUTPATAMH.

Jlia Toro, mob6 yHOpPMyBaTH BEKTOP 3HAMNIEMO CyMy BCIX HOTO

KOMIIOHEHT, MHICJIA YOr0 KOMIIOHEHTH HOPMOBAHOI'O BEKTOPY MOMHAa

BU3HAYUTH TAKUM YHUHOM [297]:

* n *
w /2w,
i=1

*

W,

n
2w,

i=1

*

k n *
Wn Z Wi
i=1

Jls Toro, 1100 3HAWTH CyMy BCIX €JIEMEHTIB MATPHUIIl HEeOOX1THO

OPOCYMYBAaTH €JIeMEHTH KOKHOI CTPOKH:

Sw

34
3,111
7,143
8,533
11,2

5,676
=85

(4.5)

[IpoBememo mijTeHHS KOKHOI KOOPAMHATHA HA BEJIUYUHY S Ha

SHAYCHHA I'OJIOBHOI'O BJIACHOI'O BEKTOPY:
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0,184
0,161
0,184
w=[0,12
0,0965
0,224
0,0306

BexTop Ws BiamoBigae ymoBl HOpMyBaHHS [296]:
% * *
W +wy, + 4w, =1
Habnu:xene sHaveHHSA MAaKCHMAJIBHOTO BJIACHOTO 3HAYEHHS
MOKHAa 3HauTH 3a dopmyiowo [297]:

Amax=ETAW (4.6)
1 97 5 5 7 \/0,488
o1 Us s 1 Vs || 0,0447
3111 1 [ 0103 |
(U137 1 vy 3 | o122 [ 7026
511 8 1 5 | 0161
;31 13151 /\0,0815

Taxkum yuHOM:

Amax=7,026

1.= 0, 205

Ve=0,165.

Iumexc 301skHOCTI Ta OMHOPIZHOCTI BIJIIOBIA€ BCTAHOBJIEHHM
ymoBaM. MoskHA IIepexouTH 0 HACTYIIHOTO KPOKY — BU3HAYEHHS
MATPHIH HAPHUX MOPIBHAHD JIJIsI HASBHUX aJIbTEPHATHUB I10 KOKHOMY 3
KpHUTEepIiB.

Ax B:ke OyJ10 ckaszaHo BHINE, HANPIBHOMIPHIIINN IOPYBATHIH IIIap
OTPUMYETHCA IIPU 3aCTOCyBaHHI TexHosorli Jitorpadgii. Tomy B
HOPIBHSAHHI 3 XIMIYHUM METOJOM OOpPOOKH Iie¥i meTond Oyle MaTu
a0COJIIOTHY IIepeBary, 3 MEeTOIOM eJIEKTPOXIMIUHOI 00POOKH — CHUJIBHY
mepeBary. Y CBOI0 Yepry eJIeKTPOXIMIYHe TPaBJEHHS Mae CyTTEBY
Pe3yJIbTAaTHUBHY IIepeBary HaJ MeTO0M XIMIYHOIO TPpaBJIeHHSI.

Haii6inpr tpuBasimm MC mopyBaTmx ImapiB Ha IIOBEpPXHI
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HAMOIBIPOBIIHUKIB € XIMIYHEe TPABJIEHHS, 3aBIKH TOMY, III0 IITBUIKICTH
TpaBJeHHsS 0e3 [Jii  eJIeKTPUYHOI0 CTPyMy JysKe  HU3bKA.
Enexrpoximiuae Ta JirtorpadidHe TpaBJeHHS IIOTPEOYIOTH s
TpaBJIEHHS OJHAKOBOIO Yacy, OJHAK JJid JiTorpadili HeoOXITHUM €
IPOBEIeHHs IIOIePeIHIX oIlepallii, o 3aiiMae JOJATKOBUMA TPUBAJIMI
yac. Tomy aOCOIIOTHOIO IIepeBaroid BOJIOAIE caMe eJIeKTPOXIMIUHe
TpaBJIEHHS II0 BIIHOIIEHHIO 10 000X MeTomiB. JIiTorpadiuHe TpaBaeHHs
0 BIJHOIIEHHIO JI0 XIMIYHOIO BOJIOJZIE CHJIBHOIO IIepeBarom 3a
KpHUTepieM dacy.

3BicHo, mio Jritorpadiss moTpedye 3HAYHO OLIBIIHUX PECYPCIB Yy
TMOPIBHAHHI 3 TBOMA 1HIITUMH METO/IaMHU. ¥ CBOIO YePTY, METOIH XIMIUHOL
Ta eJEeKTPOXIMIYHOI 00pOOKH IIOTPeOYIOTh Mailike OJHAKOBOI KlJIbKOCTI
pecypciB, ToMmy iM Oyde HaJaHa plBHA BATOMICTD 3a KPHUTEPleEM PECypCiB.

3a CKJIAIHICTIO TEXHOJIONIYHHX IIPOIECIB BOUYEBHOL IIEPEBAKAE
gitorpadgis. Came 3a 1€l IPUYHHM 1€ METOI € MAaJI0 3aCTOCOBHIIM.
Hait611b111 mpocTM € XIMIUHE TPpaBJISHHS, TOMY MOMY HaJaHO IIepeBary
HaJ 1HITUMA: a0COJIIOTHY II0 BIJHOIIEHHIO 10 METOIy JIlTorpadii Ta
CUJIBHY TI0 BIIHOIIIEHHIO 10 eJIEKTPOXIMIYHOTO TPaBJIeHHSI.

3a KIJIBKICTIO JIAHOK TEeXHOJIOTIYHOTO IIpoIlecy XIMIuHe Ta
€JIEKTPOXIMIUHE TPaBJIEHHS MAIOTh PIBHY 3HAaUYUMICTh. JIiTorpadiuumii
MeToJ] IoTpeldye 3HAYHO OLIBIIOI KIJIBKOCTI JIAHOK TEeXHOJIOTTYHOTO
mpoIiecy, 1o 0yJI0 TOKa3aHO BUIIIE.

Haii6inpir BapricHmM € JriTorpadivyHe TpaBJIEeHHS, TOMl SK
XIMIYHA Ta eJIEKTPOXIMiuHa 00pOOKM Maiiske PIBHI 3a €KOHOMIYHICTIO.
Tomy BOHH OyayTh MaTH aOCOJIOTHY IlepeBary HaJ JITorpadluHuM
METOJIOM 3a KpuTepileM exoHoMmiuHocTi. Ha 0CHOBI IMX yMOBHBOIIB
CKJIQIeMO MaTPUITIO TTAPHUX ITOPIBHSIHB JJId PI3HUX PIBHIB KPUTEPIIB y
BUJIAI] Tabuinl (tabir. 4.5).

Tabmutig 4.5 — MaTpuiid mapHUX IIOPIBHSAHD JJI5I PIBHIB KPUTEPIiB

XT . EnXT JIT
Kpumepiii pezynomamusrocmi
XT 1 7 9
EnXT 1/7 1 3
JIT 1/9 1/3 1
Kpumepiii uacy
XT 1 9 7
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EnXT 1/9 1 1/5
JIT 1/7 5 1
Kpumepiii pecypcis
XT 1 1 1/9
EnXT 1 1 1/7
JIT 9 7 1
Kpumepiii cknaonocmi mexnono2iuHux npoueci
XT 1 1 1/9
EnXT 1 1 1/7
JIT 9 7 1
Kpumepiii nanox mexnoso2iuno2o npovecy
XT 1 1 1/9
EnXT 1 1 1/5
JIT 9 5 1
Kpumepiii exonomiurocmi
XT 1 1 g
EnXT 1 1 15
JIT 9 5 1

PospaxyHkoBl 3HaueHHs HaBegeHO B TabJI. 4.6.

Tabmuig 4.6 — PospaxyHKOBI

3HAUYEeHHs /s PI3HUX pPIBHIB

KpHUTepIiB
I[Tokasaurx  Kpes Kex Kan Kuac Kpec Keron
Ws 17 17 2,111 2,111 2111 2111
4,143 1,311 2,143 2,143 2,2 2,2
1,444 6,143 17 17 15 15
S 22,687 | 24,454 | 21,254 | 21,254 19,311 19,311
w 0,753 0,695 0,0993 0,0993) (0,109 0,109
0,183 0,0536 0,101 0,101 0,114 0,114
0,0639 0,251 0,8 0,8 0,777 0,777
Amax 3,3 3,734 3,004 3,004 3,016 3,016
I 0,15 0,367 0,002 0,002 0,008 0,008
Ve 0,259 0,633 0,0034 | 0,0034 0,0038 | 0,0038
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SmiticHoemo iepapxiuuuii cuHTe3. l[loC/IIOBHO BH3HAYAEMO
BEKTOPU IIPIOPUTETIB aJILTEePHATUB IIOJI0 €JIEMEeHTIB, Kl 3HAXO0IATHCS
Ha BCiX lepapxivynmx piBHAX. OOYHCIIEHHS BEKTOPIB IIPIOPUTETIB
OPOBOAUTHCA B HAMNOPAMKY Bl HHKHIX PIBHIB 0 BepXHIX 3
ypaxyBaHHSIM KOHKPETHUX 3B'S3KIB MK eJIleMeHTaMU, IO HAJIeKaTb
pisuuM piBHAM. OOUYMCI€HHS IIPOBOJUTHCS ILISIXOM II€PEMHOMKEHHS
BIAIOBIJHUX BEKTOPIB 1 MATPHIIb:

0,488
0,0447

0,753 0,0993 0,109 0,695 0,09930,109 ) o 0,49279051

0,183 0,101 0,1140,05360,101 0,114 | » oo |=0,1376519

0063908 07770251 0,8  0,777)| o'y 0,3697217
,0815

CriagemMo TaOJIHINIO BIOIIOBIIHOCTI mpiopuTeTiB (Tabma. 4.7) Bif
MEHIIIOT0 3HaYeHHs M0 OLabImoro. K Bike OyJI0 CKasaHo BHUIIE, 3a
epeBaskHe 3HAYEHHS KPUTEPI0 MU ITPUHAMAJIA HAUMEHIIINHN ITIOKA3HUK,
TOMY 1 TaOJIMIIS BEKTOPIB IPIOPUTETIB ITOBUHHA aHAJII3YBATUCA TAKUM
caMuM YHUHOM. Y HAIIOMYy BHUIIQJKy HAWHW/KYE 3HAYEHHS BEKTOPY
IIPIOPUTETY Ma€ eJIeKTPOXIMIUHE TPAaBJIEHHS, TOMY BOHO € HaNOLJIBII
BaKJIMBOIO AJIbTEPHATHBOIO, 1 IepeBary IIpu BHUOOP1 METOIY CHUHTE3Y
HAHOCTPYKTYP Ha IIOBEPXHI HAINBIIPOBIIHHKIB CJIiA BlOJaBATH caMe
ITBOMY METO/IY.

Tabmutig 4.7 — Tabsuiia IplopUTeTIB A1 HAIBHUX aJIbTEePHATHB

No 3HaveHHa BekTopy | Meton
IPIOPUTETY

1 0,1376 EnexTpoxiMmiuHe TpaBJIeHHS
0,3697 Jlitorpadiute TpaBIeHHS

3 0,4928 XiMiuHe TpaBJIeHHS

Ha gpyromy wmiciii 3HAXOOUTHCS JITOTPA(IYHUI METOMd, IO €
JOTIUHHM — HPH HAWKPAIIOMy pe3yJbTaTl HeOoOX1JHO BHUTpPAYATH
HaMoL kI pecypcu. ToOTO 11eif MEeTOT PEKOMEHIOBAHUN TIIBKH B THX
BUITAIKAX, KOJIM HANTOJOBHIIIION METO € OTPUMAHHSI MaKCHMAJIbHOTO
pea3yJsibTaTy. 30BCIM He PEKOMEHIOBAHO BHKOPHCTOBYBATH XIMIUHE
TPaBJIEHHS JJIsI CUHTe3y PIBHOMIPHOTO IIOPYBATOTO IIapy Ha MOBEPXHI1
HAaMOIBIPOBITHUKIB.
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Jliisa 3abeanieueHHs TOCATHEHHS MeTU (DOPMYBaHHS PIBHOMIPHOTO
IIOPYBATOTO ITapy HEOOXIJHO IIPOBOIUTH YIIPABJIIHHS IIPOIECOM
€JIEKTPOXIMIYHOI0 TPABJIEHHS.

4.2 MeTtomosoriuni 3acangu yIpPaBJIiHHSA AKICTIO
HAHOCTPYKTYP

VropaBimiHHSA SKICTIO HAHOCTPYKTYP y IIPOIeCl IX CHHTe3y
PO3TJIAHEMO Ha KOHKPETHOMY MPHUKIAII — IIpolteci ¢opMyBaHHS
IOpPyBATOl CTPYKTYPH 13 3aJaHHUM pPIBHEM SKOCTI HA II0OBEpPXHI
HAITBIIPOBITHUKIB METOIOM eJIeKTPOXIMIYHOrO TpaBjeHHs. Kawyun
PO YIIPABJIIHHS IIPOIECOM SKOCTI IIOPYBATHUX CTPYKTYP Ha IIOBEPXHI
HAMOIBIPOBITHUKIB, PO3TJISHEMO CHCTEMY VIPAaBJIHHSA B IILJIOMY Ta Ii
MIJICUCTEMY — «HAINBIPOBIOHUK — eJIeKTpoi™. OCKUIbKH Ha
MIJICUCTEMY — «HAIIIBIPOBIIHUK — €JIEKTPOJIT» Jle 0e3J1id 30BHIIIHIX
cdaxTopiB, To BoHa € BigkpuTon. Cy0'€KTOM CHCTEMHU YIIPaBJIIHHSI
BHUCTYIATHME IIPOIeC eJIEKTPOXIMIUHOI 00POOKH KPHCTAJIB, a 00 €KTOM
VIIPABJIHHS, TOOTO KEpPOBAHOK CHCTEMOIO, BBAKATUMEMO ITIICUCTEMY
«HAMIBIIPOBITHUK — eeKTposri™. CTaH KepoBaHOI CHCTEMHU 3aJIEKUTH
Bl 3O0BHIIIHIX BIUIMBIB, BIUIMBIB 3 OOKY Kepyloduoro Oprafy
(ympaBiiHHSA) 1 g1t camol KepoBanol cuctemu (pmc. 4.3). Ilig miavu
KepoBaHOI cHCTeMH OyJgeMO PO3yMITH IIPOIeCH CcaMOOopraHi3arrii
YTBOPEHHS HAHOCTPYKTYP HA MOBEPXHI HAIIBIIPOBIIHUKIB.

Cy0’eKT ynpaBiiiHHs
\  Ilpouec enexrpoximivnoi !
: 00pOoOKH KpUCTAJlIB !
CraHn
VnpaiiHHS KepoBaHOT
CUCTEMH
KepoBana cucrema -
30BHIILIHI BIJINBH, Cucrema '

!«Hal‘llBﬂpOBl}ZlHI/IK/e.HeKTpOJTlT» |

. i S e el

Pucynor 4.3 — 3aranpHa cxema CHCTEMH YIIPABIIHHS SKICTIO
HAHOCTPYKTYP

OcHoBHe 3aBHaHHS YHOpaBJIHHA AKicTi0O HaHocTpykTyp (VAH)
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oJiArae B 3M1HMCHEH]1 TAKWX YIIPABJIIHCHKHUX i, SAKl HAaAyTh 3MOTY
3abes3meunTH HeoOX1HII cTaH KepoBaHoi cuctemu [301]. Jlo Toro & mpu
poMy Oyme BpaxoBaHa 1Hdopmariisgs mmpo 30BHIIHI mi. Posropaena
cxeMa 3 TOSICHEHHSM CTPYKTYPHUX KOMIIOHEHTIB Ta IX B3aeMoii
mpejacTaBjeHa Ha puc. 4.4.

3OBHIIIHE CEpeToOBHUINE CJIJT PO3YMITH SK CYKYOHICTH BCIX
00'eKTIB/Cy0'€KTIB, 110 HEe BXOJATH y JIAHy CHUCTEMY, 1 00'€KTIB/Cy0'€KTIB,
yui BJIACTUBOCTI 3MIHIOIOTBCS B 3aJIEKHOCTI BT CTAHY CHCTEMH.
SMIHIOBAHHSA IX BJIACTUBOCTEM BILJIMBAE HA OCILIKYBAHY CHCTEMY. ¥
HAIIIOMY BHUIIQIKY 0 30BHINIHIX BIJIUBIB BIJTHOCHMO:

— OCBITJIEHICTH IIPUMIIIEHHs (OCKIJIBKHM I J1€0 KBAHTIB CBITJIA
IIBUIKICTH IIOPOYTBOPEHHS 301JIBIITYETHC);

— TeMIlepaTypa PO3YMHY eJIEKTPOJIITY (3aJIesKHO B THUIY AHIOHY,
AKUii Oepe ydacTh y IIPOIECl PO3UYMHEHHS KPUCTAIY, €JIeKTPOJIT
OIJIrpiBaoTh 00 0XOJIOIIKYIOTD);

— YHCTOTY eKCIIepuMeHTy (IOBEpPXHSI KPUCTAJIy, SK IIPaBHJIO,
MICTUTh AKTHUBHI PEKOMOIHAINNHI ITeHTPU, K1 JIETKO BCTYHAKTH Y
PeaKIriio 3 10HaAMH, 1[0 MICTATHCS B IIOBITP1) TOIIIO.

JoBHIIIHI BILINBH

P i, ey

YmoBH Buwmorn, Hopmu, | MexaHnizMu
MOPOYTPOBOPEHHS Kpurepii MOPOYTBOPEHHSI
S~ _—
- Rl e = T -
= =
= Jith Pesynerar =
= TMotpeda, ‘ TexHomorii =
ok PEYL, o Mera +3anaui (meroau (TpaBiieHHs! ->(3n/?0ré2$§? —- A
= Moty CUHTE3Y) KpHCTaiB) Py =
= CTPYKTYpH) =
= A A A A l 2
o =
1] A
- .
=¥ 5
2| =
=i Heel
T e
Qi 0=
el
Kopuryrouif g G
i i Ipomeen | £ g
rcamoopranizauiiy S | £
30BHINIHI BILTUBH
Pucyror 4.4 — CrpyKTypHI KOMIIOHEHTH PO3TOPHYTOI CXeMU

CHCTeMH YIIPABJIHHS SAKICTIO HAHOCTPYKTYP
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TakuMm yYMHOM, TpH IMOOYIOBlI CHUCTEMHU VIIPABJIIHHSA SKICTIO
HAHOCTPYKTYP HEeOOX1THO BPaXOBYBATH: TEXHOJIOTIYHI PEKUMI; BUMOTH,
1110 BUCYBAIOTHCS J0 SIKOCTI OJIEP:KAHUX HAHOCTPYKTYP; MeXaHI13MH, II10
JIesKaTh B OCHOB1 CUHTE3Y HAHOCTPYKTYP Ha ITOBEPXH1 HAITIBIIOBLTHUKIB.
IIpu TpaBseHH]I KpUCTAJIIB MOYMHAIOTH MPOSBJISATHUCI IIPOIlECH
caMoopragisaifii pocTy mop, IO BIAOYBAIOTHCA HaA MeKl PO3OLIY
HIJICUCTEMH «eJICKTPOJIT — HamBOpoBlOHUEK». KpiMm Toro, 3rigHo
IedeKTHO-TUCIOKAINNHOTO MeXaHI13My MOPOYTBOPEHHS IIOYNHAETHCSI B
TIA TOYI[l IIOBEPXHI, € HASBHI TOYKOBl a00 IMCIOKAINNHI JedeKTH
[293]. YmpaBiiHHA SKICTIO HAHOCTPYKTYP KPUCTAILY ITOYMHAETHCS 3
moTpedu, 10 3yMOBJIeHA HEOOXI1JTHICTI0O CTBOPEHHS HAHOMATEplaJiB 13
3amaHUMHU BJyacTuBocTsaMu. lle crae MOKIMBUM JIuIlle 3a yMOBU
KOHTPOJIBOBAHOCTI TEXHOJIOTIYHOI'O MPOIIECY Ta PO3YMIHHS OCHOBHHX
MeXaHi3MIB, IO JIeKATh Y OCHOBI ITOpOyTBOpeHHs. s 3a10BoJIeHHS
moTpedu HeoOX1THO cOpPMYyJIIOBATH MeETy, SKa B HAIIOMY BHIIAIKY
mocrae B (OPMyBaHHI HA  MOBEPXHI  HAHOCTPYKTYPOBAHOI
HAITIBIPOBITHUKOBOI IJIACTUHU. 3 YPaxyBaHHSIM yMOB, BUMOT, HOPM 1
OPUHININB ISJIBHOCTI MeTa KOHKPeTHU3yeThbCcad B HaOIp 3amad.
BamayaMy yOpaBIiHHS € BCTAHOBJIEHHS TaKHUX TEXHOJOTIYHHX
PEKUMIB, IIPU SAKHX CTAa€ MOKJIMBUM OTPUMAaHHS HAHOCTPYKTYP 13
3alaHUM P1BHEM SIKOCTI.

TexHomoriss — 11e cucTeMa yMOB, KPUTEPI1iB Ta 3ac001B BHUPIIIEHHSI
mocTtaBJieHUX 3amad [286, 287]. V 1boMy KOHTEKCT1 HacaMIlepes
HEOOX1THO BH3HAUUTHCSA 3 METOJaMH CHHTEe3y HAHOCTPYKTYpP, IO
BKJIOYAIOTH y cebe ypaxyBaHHS JI0JATKOBUX YMOB Ta BILJIUBIB
3oBHIIIHIX QakrTopiB. Jlam odupaerbes mesara mist (abo HAOIp i), sKa
3 ypaxyBaHHSM BILIMBY HABKOJIMIIHBOIO CEPEIOBUINA IIPU3BOIUTH 0
IIEeBHOI'0 Pe3yJIbTAaTy AlSIbHOCTI. Bubip miii pyHTyeThCSI HA BU3HAYEHHI]
eTamiB (POpMyBAHHS HAHOCTPYKTYP 1 BU3HAUYAETbCs 0Oe3ImocepesHiM
BUT'OTOBJICHHSIM.

J171s1 oIIHKH pe3ysIbTaTy OTPUMAHHI HAHOCTPYKTYPH IIOPIBHIOIOTH 3
eTAJIOHHUMU 32 3a3Jajerib BU3HAYEHUMHU KpuUTepiaMu srocti. [lpwu
IIbOMY BHOIP KPUTEPIIB 3a3BUYAN JUKTYETHCA IMLIAMU orfiHKN. OIiHKa
BIAOyBaeThbCsI Ha OCHOB1 aHAJI3y OCIIIKEHHS II0BEPXHI KPHUCTAJY.
BasxanuM € BUKOpHCTAHHS HEPYHHIBHHUX METOIB KOHTPOJIIO, SKHUMU
MOJKYTh BHUCTYIIATH: CKAHyIoUa eJIeKTpoHHA Mikpockomris (SEM), mertos
ximiuHoro anamidy moBepxui kpucraaiB (EDAX), penrtreniscbka
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crrekTpockoiis, dorosominectieHinis (FL) Tomro. Jlo Kopuryouunx miit
MOKHA BITHECTH: II1IIrP1B/0XO0JIOIKEHHS eJIeKTPOJIITY; IepeMIITyBaHHI
€JIEKTPOJIITY; OCBITJIEHHS 3Pa3KiB i YaC TPABJIEHHS TOIIIQ.

BukopucranHsS KOPUTYIOUHX ¥ TOBUHHO BUPIIYBATH 3aBIaHHSI
TOKpAIeHHsT TOKA3HUKIB 1 JIOBEJIEHHS pPe3yJbTaTy 10 eTaJIOHHOTO
3HAYEHHs. JHAYEHHS KpUTepilo eQeKTUBHOCTI (PYHKIIOHYBAHHS
KepOBaHOI CUCTEMH 3aJIEKUTD Bl CTAHY K€POBAHOL CHCTEMH 1 KEPYIOUNX
BILTHBIB. fKIIMO BimoMa 3aJIeKHICTh CTAHy KepPOBAHOI CHCTEeMH Bl
yIIPABJIIHHS, TO OTPUMYEMO 3aJIeKHICTD e(peKTUBHOCTI
(pyHKITIOHYBaHHS KepPOBAHOI CUCTEMHU TLIBKU BIJI J1i, 110 YIPABJISAIOTh.
[lei1 kpuTepiit Ha3UBaETHCSI KpUTepieM eDeKTUBHOCTI yIIpaBIiHHs [287,
288]. Taxmm uymHOM, 1100 JOCATTH HAKOLILIIOI e(eKTHBHOCTI
VIIPABJIIHHS, MOTPIOHO BHPIIIATUA 3aJa4y OITHUMI3aIlii — 3TiACHUTHA
BUOIp ONTUMAJIFHOTO YIPABJIIHHS (OIITUMAJIbHUX KePYIOUYNUX BILJIUBIB).

Cepel OCHOBHUX 3aBlaHb, SKI CTOATH IIepesd JOCTITHUKAMU
MOKHA BHUILJINTH Takl [285 — 288]:

— po3poOKa  TEXHOJIOTIYHUX OCHOB CHUHTE3y IIOpYBATHX
HaHOMAaTeplaJiB, AKl € CKJIAQJOBOI YACTHHOK CHUCTEMU YIIPABJIIHHS
SKICTIO;

—  JOCATHEHHsS  BIAIOBIAHMX 3HAYEHL  (PISHUKO-TEXHIUHMIX
mapamMeTpiB BUPOOJIeHHNX HaHOMATEPlaiB y IIPoIieci BUPOOHUIITBA;

— opraHisailisg KOHTPOJI SKOCTI mIapaMeTpiB BHPOOJIEHUX
MaTeplayiiB Ha HePYHHIBHUX METOJAX 3 MEeTOI HaOJIMKeHHS CHUCTEeMN
VIIPaABIIHHSA AKICTI0O HAHOCTPYKTYP 0 17eaJTi30BAHOI CXEeMU,

— 3abes3IleyeHHsI B CHCTEMl YIIPABJIHHS SKICTIO HAHOCTPYKTYP
BUKOHAHHSA (YHKINI JIAHKA 3BOPOTHOTO 3B'SIBKYy 34 JIOIIOMOTOI0
METPOJIOTIYHOTO 3a0e3eUeHHs.

Jlas  ycmimmeEOro BHUPIIMIEHHS IIUX 3aBIaHb HEOOXITHHUM €
BCTAHOBJIEHHS MPUHIIUITIE 1 3aKOHOMIPHOCTEH, Ha AKUX I'PYHTYETHCS
cucTeMa YIIPaABJIHHS IIpolecoM (popMyBaHHS IIOp HA II0OBEPXHI
HAMIIBIPOBIIHUKIB.

Axmmo posryismaTy mIpoiec CHHTE3y HAHOCTPYKTYP 3aaHOTO PIBHS
SIKOCT1 SIK JTSIJIBHICTDB, IO MAa€ HPOEeKTHO-TEXHIYHUIN TUII OpTraHi3ari
[301, 302], To 3aBepIlIeHICTb KOMKHOTO IIMKJIY TaKol JisIJIBHOCTI
BU3HAYAETHCA TPhoMa (padaMu: IPOEKTYBaHHS, TEXHOJIOTIYHA (pasa Ta
haza amamiay [303 — 306]. Koxkry 3 dpas mosxxHA po3dUBaTH HA JTOBLILHE
YMCJIIO CTAIN.
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Ha pwuc. 4.5 mpencraBierHo po30uTTss a3 mpoilecy yIIPaBJIIHHS
CHHTE30M HAHOCTPYKTYP, III0 CKJIaIeHo Ha ocHOBl [307] 3 ypaxyBaHHAM
CIIEIM(PIKK YIIPABJIIHCHKOI J1SJIHHOCTI CHHTE30M HAHOCTPYKTYP.
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Pucynor 4.5 — CrpykTypa Ipoliecy yIPaBJIIHCHKOI JISJIBHOCTI
3a0e3meUeHHs SKOCT1 HAHOCTPYKTYP

Koxuy 3 ¢as momxHA posragmaTé sSEK IIOCTIIOBHICTH CTAIii
peasizarii mporecy. Cramii, B CBOIO dYepry MOKHA PO3KJIAJATH Ha
enemenTapHl eramu. Opraris3aliiio IIpoIecy yIpaBJIlHCHKOI JisIJIbHOCTI
CUHTEe3y HAHOCTPYKTYP MOKHA IIPEICTABUTH Y BUIVISOl YaCOBOI
CTPYKTYPH Ha 0CHOB1 MeTozmoJIorii yapasaiuausa [303, 305, 307].

Posrnsimemo gerasibHO KOMKHY CTamilo (a3  yIIpaBJIiHCHKOI
TSIIBHOCT1 3a0e3IeUeHHs STKOCT1 HAaHOCTPYKTYp. IIpu pos3durti cramii
Ha eramm OyJeMO HaMaraThucs 3aCTOCOBYBATHU y3araJbHEHHS JIS
yHIQIKAIN] cuCTeMH YIIPABJIIHHS CHHTE30M HAHOCTPYKTYP.

Iepwa paza «lIpoexmysarnra» Bignosigae iy «Ilmanysasms»
arigHo 3 Teopieio wmeHemkmenty A. @ationma [307]. Ia dasa
XapaKTepU3yEeThCS BUPINIEHHIM 3aB/IaHb:

— MOHITOPHWHTY Ta aHAJI3y HASBHOIO CTAHY CUCTEMU;

— TIIPOTHO3YBAHHS PO3BUTKY CHCTEMH TIPH YIIPABJIIHHI SKICTIO
HAHOCTPYKTYD;

— IIOCTAHOBKHM I[lJIeH Ta MIJTOTOBKH J10 0e3II0CepemaHBOro 31HCHEHHS
YIPaBIIHCHKOIL JISJIBHOCTI 3a0e3meUeHHs SKOCTI HAaHOCTPYKTYP.
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Eranu cramit dpasu «IlpoexryBanus» mpeacrasiieHo Ha puc. 4.6.

e ®a3za npoeKTyBaHHSA
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! v
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= !
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3 IIPOUECOM KOpeJsiid MDK =
3aBIaHb K mineft VIIPABITiHHS MeXaH13MIB
OKpPEMIX JIAHOK YMOBHMU 11 YTIpaBIiHHA
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Eranu /
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P 1.4.2. TlinrotoBka 10 1.4.3. TlizroroBka
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Etann
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Pucynox 4.6 — Eramm cramiit ¢pasu OpoeKTyBAHHS IIPOIECY

YIPaBIIHCHKOIL JISJIHHOCTI 3a0e3mMeUeHHs SKOCTI HaHOCTPYKTYP
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Jlns mpuwiagy mOKJIAZeMO B OCHOBY JOCTIIKEHHS IIOTpedy y
CTBOpPeH] OydepHOro mapy Ha MOBEPXHI IIOPYBATOT0 HAIIBIPOBIJHIKA.
Bydepri mapm y 1pomMy ceHCl HeOOXITHI JJIs 3MEHIIEHHS
HEeBIAMOBITHOCTEH MIK I'paTKaAMU IIIKJIAIKA ¥ BJIACHO HITPHUIY.

Towx, MmaemMo nepwuii eman KoHuenmyasavrol cmaoil (1.1.1) —
BUSBJIEHHS IIPOTHUPIYYs. Y HAIIOMY BUMNAJIKY ICHYE HTPOTUPIUUS MIK
HASSBHUMH XapPaKTEePUCTUKAMHK HAIIBIIPOBLIHUKOBOIO KPHUCTAIY 1
OaskaHUMM.

Jlpyeuti eman konuenmyasvHol cmaoii (1.1.2.) — dopMyIr0oBaHHS
mpobsiemu. ['ol0BHOIO IIPO0JIEMOI OTPUMAHHS ILIIBOK HITPUIY HA
YyKOPLIHUX MIAKJIAJKAX € HeBIAMOBIIHICTH IIEPIOJIB I'PATOK ILIIBKU
HITPUAY Ta BUKOPUCTOBYBaHOI miakaaniku. lle mpu3BoguTh [0 IOSBU
3HAYHOI KIJIBKOCTI Je(peKTiB Ha MeKl IUIBKY HITPUIY Ta IIIKIaTKHA i,
SIK HACJIJIOK, TIOTAHOI SSKOCT1 OTPUMYBAHUX ILJIIBOK MIapiB. PirteHHs 1miel
3amadl € 3aCTOCYBaHHS «MSAKHX» IIIIKJIAJ0K, a caMe IOpyBaTHX
OPOCTOPIB, IO 3MATHI HpuiMaTH HA cebe mpys:kHI gedopmairli, Imo
BUHUKAIOTH y IIpoiiecl Ti (popMyBaHHS Ta IIOCIAYIONIOTO OXOJI0IKEeHHS,
1 3a0e3medyBaTH BIATIK IJIs JUCJIOKAINA HEBIIIIOBIIHOCTI.

Tpemiii eman konuenmyanivbHoi cmaoii (1.1.3) — popmyTroBaHHS
meru. MeTomo Oyme BHCTyHATH CHMHTE3 IIOPYyBATOTO IIapy HA MOBEPXHI1
HAMOIBIPOBIOHUKA, SKWH IIOCIY:KHUTH OydepoM i QOopMyBaHHS
HiTpuay. s mocsarHeHHS IIOCTaBJIEHOI METH HEOOXITHO BHPIIIHTH
3aBIAHHSI:

1) Bubpatu kpuTepii, 3a AKUMHU OyaeMO OIIIHIOBATH C(HOPMOBAHI
HAHOCTPYKTYPH;

2) cMHTe3yBaTH HAHOCTPYKTYPH HA MOBEPXHI MOHOKPHUCTAJIIYHOTO
HAIBIPOBITHUKA;

3) 1IepeBIpUTH BIOIIOBIOHICTHE XapaKTEePHUCTHUK OdEePsKAHMIX
HAHOCTPYKTYP BCTAHOBJIEHUM KPUTEPIAM SKOCTI.

Yemsepmuli eman konuenmyasvHol cmaodii (1.1.4) — Bubip
KputepiiB. Bimomo, 1m0 y saxocti OycdepHHMxXx ImapiB HaHKpaiie
3aCTOCOBYBATH IMOPYBATI IIPOCTOPU 3 HEBUCOKUM CTYII€HEM IIOPYBaTOCTI
(mo 30%). Tosk, ocHOBHHMM KpuTepieM, 3a SKHM OyaemMo oOmparTu
OpyBaTl 3pa3Kku Oyje BUCTYIATHU IOBEPXHEBA IIOPYBATICTh CTPYKTYPH.
JlogaTkoBHM KpHUTEpiEM SIKOCTI BUOEPEMO CepeIHIM po3Mip IIOp — BIH He
noBuHeH mepeBuinyBatu 0,5 MM Ta O0asxaHo He OyTtm MmeHmmuMm 3a 0,1
mrM. Came Takuil po3Mip IIOp 3JaTeH 3a0e3MeUnTH BIATIK Jed)opMAaIii
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HEeBIJIIOBIIHOCT] 1 3HATH MPYKHI HAIPY:KEHHS, III0 HAsSIBHI B 00eMl
kpuctasay. [lopu Taxoro po3amipy sBASIOTH CO00I0 IMKIM TPaBJIEHHS, SIKI
hopMyoOTHCS ¥ MICIIAX CKYITYEHHS TOUKOBUX Te(eKTIB 1 JUCTOKAIIIH.

Bauumo, 1o Ha meprmi#t cramii ¢asm TpPOEeKTYBaHHS MU
BU3HAUYUJINUCSA 3 MeTOI Ta o0pasii Kpurepii, 3a SKUMU OyaemMo
OITIHIOBATH CTYITIHb BUPIIITEHHS IOCTABJICHUX 3aBIAHb.

Iepwuii eman cmadii modenwsarus (1.2.3) — mobymoBa mojmesti
OTPpUMAaHOI HAHOCTPYKTypHu. (K Oys0 cKasaHo BUIINE, OCHOBHUM
KpuTepieM Oyje CJIyryBaTH HOPYBATICTh, JOJATKOBUM — PO3MIp IIOP.
TobTo crrpoieHa Moae b HAHOCTPYKTYPH IIOBUHHA B1I0OpaskaTH JIHIITE
MOpPOJIOTIUHI TIOBEPXHEBl BJIACTUBOCTI TOpyBaToro mapy. ImeanbHa
MOJIeJIb IIOPYBATOr0 HAINBIPOBIIHUKA 13 3aJaHUMH BJIACTUBOCTSIMU
(p=30%, d=100 MmxM) Mae BUTJISII, IpeAcTaBJIeHN Ha puc. 4.7.

Pucymorx 4.7 — Mogenb 1opyBaToro HAaIIBOPOBIIHUKA 13
3agaaumu BiractuBoctamu: (p = 30%, d = 100 mxm)

Jlpyeuit eman cmaoii modenosanus (1.2.2) — dopmasisarisa
3agad. TexHosioriyHa miIrOTOBKA J0 peaJsria3alfii IpoIleciB yIrpaBIiHHS
CUHTE30M HAHOCTPYKTYp Ha IIOBEPXHI HAITIBOPOBIIHUKIB 1 IIpOIlec
OearocepeTHHOTO0 POPMYBAHHS IIOPYBATOI CTPYKTYPH, IIPUIATHOL JIJIsT
OydepHoro mapy, MOpeICTaBJISIOTH CO00I0 €IUHY CHCTEMY, KA
HAIIpaBJieHa HAa CTBOPEHHS CHUCTEMHU YIIPABJIHHS MOP(OJIOTIYHUMU
BJIACTHUBOCTAMU HAHOCTPYKTypu [294, 295]. V mporieci TexHIUHOI
MIATOTOBKM  J0  peaJsnaarfii MOpoIleciB  yOPABJIHHSA  CHHTE30M
HAHOCTPYKTYP HEOOX1THO, 13 HAasgBHOI HOPMATHBHOI Ta TEXHOJOTITYHOI
JOKyMeHTAaIlll, IIPOBEIeHNX eKCIEePHMEHTAJbHUX [OCIIIKEeHb Ta
BUILJIEHUX  KPUTEPIiB  SKOCTl, BHUKOHATH  IIPOCTOPOBO-YACOBY
CTPYKTypHu3allio cuaTedy HAaHOCTPYKTYP [303, 304]. Tak sk miaroroBka
JI0 peaJri3arrii IocTaBJieHOI 3amadl popMyBaHHS HAHOCTPYKTYPH 13
3alaHIMH BJIACTHBOCTAMU IIOTPeOye 3HAUHHUX 3aTpaT 4Yacy 1 pecypcis,
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TO MOMKJIMBICTh EKCHEePUMEHTAJBbHOI TepeBIpKU PI3HOMAHITHHUX
BaplaHTIB [Jis BHpPIIIEHHS OKPEeMHUX 3ada4 PO3POOKH CHCTEMH
VIIPABJIIHHS IIPOIECOM CHHTE3y HAHOCTPYKTYP HPAKTUYHO BUKJIIOUYEHA.
YV 1mmx ymoBax MOJEJIIOBAHHS 1 BH3HAYEHHS PAIlOHAJBHOCTI
OPUAHATHX PIIIeHDb ABJISETHCI EIUHUM 1 JOBOJI1 e(DEKTUBHIM CIIOCOO0M,
110 J03BOJISIE BUPIIIYBATH 3a7advl 3 MIHIMAJIbHUMU BUTpPATaAMU Ta
mocTaTHBOI TouHicTio [305, 306].

Tpemiti eman cmaoii mooenwsarnsa (1.2.3) — ontumisamis. Ha
IIbOMY eTaIll BasKJIMBIM € IPUAHATTSI ONTUMAJIBHUX TEXHOJIOTIYHUX Ta
VIIPABJIIHCHKUX PIIIEHb JJIS CUHTE3y HAHOCTPYKTYP 13 3aJaHUMU
BJIACTHUBOCTAMU. BuOpaHwii HaMMU THI HAHOCTPYKTYP JIOILIBHO
dopMyBaTH METOIOM €JIEKTPOXIMIUHOrO TpaByieHHs. Jlaal HeoOX1gHuM
€ OIITUMI3AaIlid BUHOOPY 3pas3KiB: THII IIPOBIIHOCTL, OPIEHTAIlS IIOBEPXHI,
rabapuTHI PO3MIPH TOIIIO.

Cramis KOHCTPYIOBAHHS SIBJISETHCA BAKJIUBOIO, TaK SK caMe Ha
i cramli BU3HAYAETHCS IIOCJIIIOBHICTE Ml TEXHOJIOTTYHOIO IIPOIIECY.
[lst cTamis MicTUTH YOTHPHU eTaru: Jexomiro3uinisa (1.3.1); arperyBaHHs
(1.3.2); mocmimxenusa ymoB (1.3.3); imeHTH(]IKAIIA KePOBAHOI CUCTEMH
(1.3.4).

Iepwuii eman cmaoii koncmpyosarnHs (1.3.1) — TeKOMIIO3UILIS.
Ha mpomy erami BimOyBaeThess (pOpMyJIIOBAHHS 3aBOAHb YIPABJIIHHS
[ICH sax 1imeit BUpIIIEHHS OKpPEMHX JIAHOK, IO 3a0e3meuyioTh
TIOCAATHEHHSI TEBHOI CITUTBHOI MEeTH YIIPaBJIHHS B PaMKaxX ICHYIOUYHX
oOMeskeHb, 3yMOBJIEHHX IIpollecaMH camoopramisarii. [[pyeuii eman
cmaoii koncmpywsarHs (1.3.2) — arperyBanHs. Ha 1pomy erarmn
HEOOX1THO MPOBECTH Y3TOMKEeHHS pPe3yJIbTATIB BUPIIMIEHHS OKPEMHX
3aBJAaHb YIIPABJIHHS IIPOIIECOM CHHTE3y HAHOCTPYKTYP HA IIOBEPXHI
HamIBOpoBIOHHUKA. HeoOX1gHO BHUMTIINTH MOYKJIHBICTD  CITLIBHHUX
MeXaHI3MIB JIAHOK IIPOIlecy VIIPABJIIHHS YMOBaMU CHHTE3Y.
Jlocnidocerns ymos (1.3.3) € TpeTiM eTamoM cTall KOHCTpyoBaHHs. Ha
mifi cramli HeoOXITHWM € BHUSABJEHHS He TLIbKM KepPOBAHUX YMOB
CUHTe3y HAHOCTPYKTYP, a I 30BHIIIHIX BILIUBIB, IK1 MOKYTh BILJIUBATH
Ha SAKICTb OTPUMYBAHUX HAHOCTPYKTYpP. Jlo Takmx ymoB MOKHA
BIOHECTH: HASBHICTD IIHMJIY B IIPUMIIIEHH], MIKPOKJIIMATHYHI YMOBH
BHPOOHUYHNX IPUMIIIEHD, OCBITJIEHICTD TOIIIO.

TakmuM YMHOM, pPO3yMIHHS BCIX BHXITHUX YMOB CHHTE3Y
HAHOCTPYKTYP 3aJaHOr0 piBHS SKOCT1 [J03BOJIAE 1IeHTHQIKYBATH
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JIOCTPKYBaHY CHUCTEMY SIK BIIKPUTY CHUCTEMY «HAMIIBIPOBIIHUK /
eJeKTpoiT / 30BHIIIHE cepenoBuine». Ildenmugpirauis (1.3.4) e
OCTAHHIM eTaIoM CTaIll KOHCTPYIOBAHHS I JO3BOJISIE CHCTEMHO OI[IHUTH
YMHHUKN, IK1 BILTMBATAMYTH HA SKICTH CHHTE30BAHUX HAHOCTPYKTYP.
Cramiga TexHOJIOrIYHOI IIATOTOBKM € 3aBepliajJbHO B hasi
mpoexTyBaHHA. Ha 1Mt cramii moBuHHI OyTH 3aBepIlieH] BCl MIATOTOBY1
pobOTH Ta BCTAHOBJIEHO BCl JIAHKK BUpoOHMYOTO mporiecy. Ha eram
Ooemauizayii (1.4.1) HTpPoOBOAATH ETAJI3AII0 BCIX TEXHOJOTTYHUX
PEKHMIB, CKJIQJAIOTh TEXHOJIOTIYHI MapiipyTu BupoOHHIrTBa. Jlasi
IIPOBOJUTHCS IIATNOTOBKA YCTATKYBAHHS TA 3PA3KIB J0 €KCIIEPUMEHTY.
[l misIBHICTE CKJIagae APYTHH eTall cTall TeXHOJJIOTIYHOI ITATOTOBKH
1 mae Ha3By «lliccomosrka HeobxiOnux ymos» (1.4.2). 3aBepinyerbes
cTajis IIPOIIECOM IMIJTOTOBKH 3aCO0IB YIPABJIIHHSA TISJILHOCTI, 3aC001B
KOHTpPOJI0 Ta TectryBaHHsA (1.4.3). Ilicas mboro MoskHAa HMEePEXoIuTH 10
Oe3mocepeIHBOTO 3MIMCHEHHS TISIIBHOCTI.

Dasza «Peanizauii» crocyeTbCs 3IIMCHEHHS 0Oe3mocepeaHbol
TSIIBHOCT1 ¥ MICTUTB CTA/I11 OpraHi3alili, MOHITOPHHTY Ta OIIePaTUBHOIO
yaopaBaiaasa (puc. 4.8). Boma sBigmosimae 1mriaam A, Datvions
opramisarii Ta crumysaooBaHHA. l[a dasa micturh KoMILTEKCc 3amad
VIIPABJIIHHS, a caMe: IIAHYBAaHHS JISJIBHOCTI (II0€TAITHO); PO3IIOJILIT
dyHKINNE yOpaBaiHHSA, 3a0e3lleUyeHHs pecypcaMiu s 3O1HCHEHHS
MSIBHOCT]; CTUMYJIIOBAHHS ISJIBHOCTL (CTUMYJIOM MOMKE CJIYTyBATH
OYIKYyBaHHS Pe3yJIbTaTy YIPABJIIHCHKOL T1SIBHOCTI).

Konmenryasbaa cramis 3yMOBJIIOETHCS KOHKPETHOK BHPOOHIYIOK
morpeboro. Ha 1t cramil HeoOX1HO 3pO3yMITH, HJId AKHX IILIeH Oyme
dopmyBaTHcss  HaHOCTPYKTypa. Buxomauym 3  I[bOro  MOKHA
dbopmystroBaTH METY.
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( | Texnonoriuna dasa J

2.1. Cmadia op2anizauii |

211 Peaﬂi3auiﬂ > 2.1.2. BHI[iJTeHHSI pecypciB > 2.1.3. P03n0)1irr ¢dyskmii
o Bpax BaHHSI BILIUB
HpOBe,[[eHHSI i paxy. : Y
TEeXHOJIOTIYHOTO NPOLECy arnisij 3a po3MoioM YUHHHKIB Ha
XapaKTePUCTUKH
Erann

Ilaka ynpaBaiHChKOI AiJILHOCTI

2.2. Cmadia monimopzunzy

2.2.1. Oprani3anis oniHku 2.2.2. OpraHi3alist oLjiHK# 2.2.3. Opranizarnist
- .

cTaHy CI/ICTeMI/] CTaHy 06 €KTIB OI[IHKH cepeoBHIIa
S
Haruisin 32 niinHom npotiecis KonTposns 3a XiMiuHHUMHA BpaxyBaHHs 30BHIIITHIX
1 pexHMaMu eakliiMM, yMOBaMU CUHTE3Y (dakTopis
Erann

Ik ynpapainebKol AisiJIbHOCTI

2.3. Cmadia onepamuenozo ynpasiiHHs |

2.3.1. OneparuBHe
KOPHT'YBaHHSI 3a >
peB_y.]leaTaMM MOHITOPUHTY

2.3.2. KoperyBanus L, 2.3.3. Anpobattist
MeXaHi3MiB ynpaBﬂiHHﬂ NPUHHATUX pillieHb

pecypciB, yCyHeHHS BTOMAaTU30BaHOrO PEXKUMH Al 3 ypaxyBaHHAM
HeG2KAHHX SIBHIL JI0 KEPOBAHOIO \_[pulHATHX pilleHb

=
KOpeKT}’BaHHH YMOB CHHTQ? C HCOGXII[HOCTI Hepexu:l BIZL /ﬁOpeKTyBaHHH aﬂrOpHTMiB\
a

Hukn ynpaBaiHCebKoi AisiILHOCTI

Pucynorx 4.8 — Eramu cramiit peasrisaifii yImpaBJIiHHS SKICTIO
HAHOCTPYKTYP B IIPOIlEC] IX CHHTE3Y

[lepmuit eram cramli opramisaifii MICTHUTH Takl ckamzol [302,
305]:
(2.1.1) — peamizaiis ymoB, BHUIIB, 3aco0iB, ¢opM 1 MexaHI3MIB
VIIPABJIIHHS, 1110 BUPAKAETHCSA B IIPOBEIEHH] TEXHOJIOTTYHOIO IIPOIIECY
CUHTe3y HAHOCTPYKTYP;
(2.1.2) — BualIeHHA pecypciB,  HATJISI 3a PO3IIOI1JIOM CHPOBUHH, 3a
HEeO0OX1THOCTI 3aJIyUeHHSs JOJAaTKOBUX IIOPIIiii;
(2.1.3) — poamomin QpyHKINH 1 3aBHaHb MK eJleMeHTaMU KepOoBaHOI
cHCTeMH, TOOTO BpaxyBaHHS BILJIMBY yYMOB CHHTE3y Ha KOHKPETHY
BJIACTHUBICTH HAHOCTPYKTYPH, BUSIBJICHHS 3aKOHOMIPHOCTEM CHHTE3Y.
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[lim uac peasisarii eramy MOHITOPHHTY cCTamll peastisarnii
POBOAUTHCSA TIAJIBHICTh, CIPIMOBAHA HA OPraHi3alliio CHCTeMU
beanepepsHol omiuku [303, 306]:

(2.2.1) — pmisutbHOCTI 00'€eKTa YHOPAaBJIHHSA, IO MICTUTH HATJIAL 34
peskmMamMu 00pOOKM 3pa3KiB Ta MPOBEIEeHHS 0IIePATUBHOI0 KOHTPOJIIO;
(2.2.2) — crany KepoBaHUX Cy0'€KTIB, TOOTO IIPOBEIEHHS KOHTPOJIIO 3a
IIBUIKICTIO IIPOTIKAHHS peaKIiiii, 3a JOCTATHICTIO PO3X1THOI CHPOBUHH,
YMOBaAMU CUHTE3Y;

(2.2.3) — 30BHIIIHLOIO CEPEIOBUINA, TOOTO BpPaxXyBaHHS  30BHIIIHIX
YUHHUKIB.

Axrmo mig yac cuHTE3y HAHOCTPYKTYP BUSABJIEHO UMHHUKH, SKI
MOSKYTh 3aBasKaTH JOCATHEHHIO 3aJaHOT0 PIBHS SIKOCTI HAHOCTPYKTYD,
BUHHUKAe I0Tpeda B IIPOBEIEHH] cTadll OllepaTUBHOIO YIIPABJIIHHSI,
3aBmanuaMu kol e [303 — 305, 307]:

(2.3.1) — omepaTHBHEe KOpPEKTYBaHHS 3a pe3yJIbTaTaMH MOHITOPUHTY
YMOB YIIPABJIIHHS, TOOTO KOPEKTYBAHHS yMOB CHHTE3y, HEOOXIJTHUX
pecypciB, yCYHEeHHS HeOAKaHUX SBHIIL;

(2.3.2) — xoperyBaHHsa MeXaHI3MIB VIIPDABIIHHSI, 34 HEOOX1THOCTI
mepexijg Bl aBTOMATH30BAHOI'0 PEKUMY 0 KePOBAHOIO;

(2.3.3) — mpakTHuHa Aampodallid IPUHHATHX PIIlleHb KOpPeryBaHHs
QJITOPUTMIB J1i 3 ypaxyBaHHSIM NPUHUHSATAX YIIPABIIHCHKUX PIIIEHb.

Qasza yopaBaiHHA «AHAI3Yy TIAJIBHOCTY € 3aBepIIajibHOI M
Bimmosigae mukiay Dattons «Komrpoaw». JlificHo, KOKHA MISJIBHICTDH
HOBUHHA 3aKIHYyBATUCSA KOHTPOJIEM [JOCATHYTHX Pe3yJbTaTiB 1
MOPIBHSAHHAM 3 OYIKyBaHHUMHU. Tomy I (pasa CKIATAETHCSI 3 TAKHX
crami (puc. 4.9):

— cragig o0JKYy 1 KOHTPOJIO (CTATHCTUYHHEN aHas 3, 301p
1H(OopMAaIlil pIBHUMHA METOIAMU JTOCIIIKEeHHS);

— cTamisg aHaJIi3dy IIAJIBHOCTI Ta Ii pedysbTaTiB (BIAIIOBIIL HaA
nutasHHA «Yu TpoayKTUBHOIO OyJiia MisIbHICTD?, «Hu mpaBUIbHO 0yJ10
00paHO MOJIeJIb YIIPABJIIHHSA? TOIIIO)

— CcTa/isl KOPEeKITi paHille IIPUHHITHX PIIeHb;

— cTaI1d MOJIINIICHHA J1AJIBHOCTL.

TobTo 3aBmamuaM 11iel a3y IIOBUHHO CTATH aHAaJI3 1 MOKpaIieHa
pe3yJIbTATIB YIIPABJIIHHS Ta J1SJIbHOCTI.
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— da3a anamizy aisabHOCTI

3.1. Cmadisn konmpoarw |

31.1. 36ip indopmauii npo 3.1.2. 36ip inpopmauii npo i .
1A 3.1.3. Ouinka pe3ynbTaTiB

pe3ynbTaTl OUISLTEHOCTI [ pe3yIbTaTH AisIIBHOCTI
, . 5
LIl cy0’exra y:TpaBHIHHSI KepOBaHOl cHcTeMH 7
: i CriBBinHeCeHHA
(TeCTyBaHHﬂ HaHOCprKTya GH'EU]B OTpHMAaHHX KOPCJM”‘@ ( PE3YIbTATIB 3 METOIO
Erann

Luka ynpapaiHcbKoi AistabHOCTI

3.2, Cmadia ananizy 0iansHocmi i pe3yiomamis

3.2.1. Pedpnekcis sk cnoci6 ycpigomnenus
LIJTICHOCTI MsIBHOCTI

¥
BrcHOBOK 1IPO NPABHIBHICTL BHGOpY O1iHKa NpaBUIBHOCTI BHOOPY METO/IIB
MarepiajiB, peKHMIB 1 p Py R

1K ynpaBJ/iHCbKOI AifILHOCTI

3.2.2. KpuTu4Huii aHani3 pe3ynbTaris

¥

3.3. Cmadia Kopexuyii paniwie npuiiHAMUX pileHs

3.3.1. JTokanbHa 3aMiHa TTapaMeTpiB Ha L, 3.3.2. YpaxyBaHHs 10J[aTKOBHX
1i/ICTaBi OTPUMAHUX Pe3yJbTaTiB napaMeTpiB, PeKUMIB
"/ IlpoBencHHs aHATOTIYHUX AOCILKEHb Ha AHani3 BIUIHBY HEeBPaXOBaHHUX paHiITe
IHIIKX 3pa3Kax YUHHUKIB
Erann

I{uka ynpapaincbKol AisIbHOCTI

3.4. Cmadin noainuenun disaivbHocmi

3.4.1. CucteMHuit eperna CTPYKTYpH L 3.4.2. Tlepernsn kpuTepiiB epeKTUBHOCTI

oprasizarii IisIbHOCTI IiSTBHOCTI
b + - ¥ -
YpaxyBaHHs! LITAXIB [IOKPAILEHHS ) Buninenns crannapTHoro 3paska i
ZisSTBHOCTI TepeBipKa BiAMOBIAHOCTI IHIIMX 3pa3KiB
Erann €TaJIOHHOMY

IHk ynpaBriHebKOT TislIBHOCTI

Pucynoxr 4.9 — Etanu cTtamiii oIliHKY SKOCT1 HAHOCTPYKTYP Y HpPOIlecl ix
CUHTE3y

Ha cramii o0iriky 1 KoHTpOJIIO BigOyBaeThes [307]:
(3.1.1) — 301p 1mdopmarlrii IPo Pe3yJIbTATH JISJIBHOCTI OO
3a0e3meveHHs IKOCT1 HAHOCTPYKTYP I YaC CHHTE3Y, 10 BUPAKAEThCI
y BI3yaJIbHIH OI[IHII OTPUMAaHUX HAHOCTPYKTYP, TECTYBAHHS 3Pa3KiB;
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(3.1.2) — 3061p 1HGOpPMAIII] ITPO Pe3yIbTATH I1SJIbHOCTI, TOOTO IIepeBipKa
BIJITTOBITHOCTI XapPaKTEPUCTUK OTPUMAHUX CTPYKTYP BCTAHOBJICHUM
KPHUTEPIAM SKOCTL, AHAJI3 OTPUMAHUX 3aJIEKHOCTEH Ta KOPEJIAIIli;
(3.1.3) — omiHKa pe3yabTaTIB [ISJBHOCTI Ta CIIIBBIIHECEHHSI 3
TIOCTABJIEHOI0 METOI0, BUSABJIEHHS ITPOIIEHTY BUXOMY TITHHUX CTPYKTYD,
BCTAHOBJIEHHS THUX PEKUMIB, SKI BUABUJINCA HAHOITHUMAJIBHIIIAMN
JIJISI CHHTE3yY HAHOCTPYKTYP 3aJaHOT0 PIBHS SIKOCTI.

Cramis aHa i3y OISJIbHOCTI 3a0e3mMeueHHsI SIKOCT1 HAHOCTPYKTYP
BEKJnIouae aBa eranu [302, 305]:
(3.2.1) — pedpirercis Ak cIrocib yCBIOOMJIEHHS I[LTICHOCTI JiSIJIBHOCTI, Ii
e, amicTy, gopM, cocobiB, 3acobiB. ToOTO pOOUTHCS BUCHOBOK IIPO
OPaBUJIbHICTE BHOOPY CHPOBUHH, PEKHMIB OOpPOOKM KPHCTALy Ta
PeIeNTyPHUX YNHHUKIB,
(3.2.2) — xpuTHYHUI AaHAJII3 OTPUMAHHUX pPe3yJbTATIB, TOOTO
IPOBOIUTHCS OI[IHKA JOIJILHOCTI BHOOPY METOIIB CHHTE3y TA CHPOBMHI
3 ypaxyBaHHSIM BUKOPUCTAHUX PECYPCIB.

Aximo BusABIeHO OyIb-sIKl HEBIAMOBIIHOCTI TIOCTABJIEHIN MeTI,
IPOBOJUTHCSA CTAIS KOPEKIIll paHilie IpUHHATAX pIIleHb AKa
mocrae B peaJsaarrii eramis [295, 301, 303]:

(3.3.1) — JokaybHA 3aMiHA HOapaMeTpiB Ha IIJACTABl OTPUMAaHUX
pe3yJIbTaTiB, TOOTO MPOBEIEHHS [JOJATKOBUX M1, aHAJOTIYHHX
TEXHOJIOTIYHHUX IIPOIIECIB Ha 1HIIMNX 3pas3kax (3 1HIIMMH IIapaMeTPaMu)
TOIIIO;

(3.1.2) — ypaxyBaHHS HOJAaTKOBUX IIapaMeTpPiB Ta PEKUMIB OOpOOKM
KPHCTAJIB, IO HEeBPAaxOBaHlI Ha cTagll ILIaHYBAHHS IISIJIBHOCTL IIO
3a0e3IMeYeHHI0 STKOCT1 HAHOCTPYKTYP.

3aBepIryeThes IPoIec yIIpaBIHES SKICTI0O HAHOCTPYKTYP CTATIE0
HOJIIIINEHHS JISJILHOCT1, TOOTO 301HACHIOETHC:

(3.4.1) — cucreMHHI Teperyiaa yclel CTPYKTypH Opranisarrii
YIIPaBJIIHCHKOI TISIJIHHOCTI;

(3.4.2) — meperasag KpuTepiiB ePeKTUBHOCT1, BU/ILICHHSI CTAHIAPTHOTO
3paska Ta IIepeBlpKa BIAIIOBLIHOCTI 1HIIMKX 3Pa3KiB €TaJIOHHOMY.

[IpencraBiena cucrema PO3OUTTS MPOIECY YIPABJIIHHS SKICTIO
HAHOCTPYKTYP J03BOJISIE IIPOCTEKUTHU KOKHY JIAHKY TEeXHOJIOTTYHOTO
IpoIlecy CHUHTEe3y HAHOCTPYKTYP 3aTaHOT0 PiBHS sKocTi. J[as 1iboro
HeOOX1JTHO BCTAHOBUTHU, SKI TEXHOJIOTIYHI YMHHUKK BILIABAIOTH HAa
SKICHI TIOKAa3HUKH CHUHTE30BAHUX HAHOCTPYKTYP Ta IIPOCTEKUTU
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KOPeJIAII MisK HUMH.

4.3 BusHauyeHHA KopeJadamidi MiK yYMOBAMH CHHTE3Y
HAHOCTPYKTYP Ta IXHIMH HAOYTUMH BJIACTUBOCTAMU

4.3.1. Texnonociuni YUHHUKU, AKL 6NJAUBAIOMb HA AKLCMb
HAHOCMPYKMYyP

J1J1s1 OIIHIOBAHHS AKOCTI HAHOCTPYKTYP HEOOXITHUM € BUIIJIEHHS
OCHOBHHUX YMHHHUKIB, IIM0 BIUIMBAIOTh HA BJACTUBOCTI Ta SKICTh
CUHTEe30BaHUX HAHOCTPYKTYp. Kepyoul YMHHUKN MaOTh JOMIHYOUYNAH
BILTHB HAa JOCJIIKYBAH1 BJIACTHUBOCTI OJIepsKyBaHOTro MaTepiairy [288].
JlocmimskeHHST BIIMBY €JIEMEHTAPHUX KepyouuX UWHHHUKIB Ha
CTPYKTYPY ¥ BJIACTHBOCTI MaTeplasiiB BHUPAKAETHCS y BCTAHOBJIEHHI
3aKOHOMIPHOCTEH 3MIHH CTPYKTYPHU M XapaKTePUCTHUK MaTeplajy Bif
IHTEHCUBHOCT1 BILJIUBY eJIEMEHTApHUX UHHHUKIB [286 — 287].
BceramoBiienns eeMeHTapHUX KepPyHOUYHX YMHHUKIB ITPOBOJIUTHCS Ha
miJicTaBl 3HAHB IIPO TEXHOJIOTIYHI IIPOIECH CHHTE3y HaHoMAaTeplasy,
SIBAII B3aeMO/I1 Ha Meskl pos3aiay das [204, 205]. 3asuaueHi mporiecH i
SIBUIIA € B3AEMOIIOB'A3aHUMH, TOMY JOILIBHUM € 1X CHIJIbHUMN PO3TJIS/I.

PecypcHl #1 TexHOJIOTIUYHI YMHHUKH, K1 BIIMBAIOTH HAa IIPOIIEC
VIOPAaBJIHHSA CHHTE30M HAHOCTPYKTYP HaA MOBEPXHI HAMIBIPOBIIHUKIB
PO3TJIAHYTO HA IIPHUKJIAIl TEXHOJOTIl eJeKTPOXIMIYHOTO TpaBJIEHHS
HamiBIpoBITHUKIB (puc 4.10).
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3okpeMa, I0 pecypCHHUX UYMHHMKIB BIJHECEHO CTAaH 1 mapaMeTpu
BUXIJTHOIO HAITIBOPOBIIHUKA, KOHIIEHTPAINSA 1 CKJIAJ eJeKTPOJIITY Ta
JIOMATKOBl pecypcu, sKl Oyam BuTpadeHl 1mig 4vac cuHTedy. o
TeXHOJIOTIYHUX YNHHUKIB HAJIEKATh YMOBH Ta PEKUMU €KCIIEPUMEHTY,
3acTtocoBaHe obsiagHaHHsS. Taxok HeoOXITHUM € BpaxXyBaHHS TAKHX
YUHHUKIB, AK KBaJI(IKAId IIepCOHASy Ta IOTPUMAHHS PEKHUMIB
00poOKM, BCTAHOBJEHI pOOOY0OI0  JOKyMEHTAIllel0  (TeXHIYHUM
3aBIAHHAM, TeXHOJIOTIYHUM MAapIIPyTOM, IIPOIeAyPOI0 TOIIO).

Ilomin Ha 3asHaveHl TPyIH BJIACTUBOCTEH [H03BOJISE€ BHILIATHA
YMHHUKN, $Kl BIUIMBAKOTH HAa CTPYKTYPOYTBOPEHHS MaTeplaJy.
BpaxyBamHs BIIMBY IIMX UYMHHHUKIB € BAKJIWUBUM J[JIS BHUPIIIEHHS
IHJKeHepHol 3aJavl II0 BCTAHOBJIEHHIO [11ala3OoHIB BapllOBaHHS
TeXHOJIOTIYHUX  PEeKUMIB  JJIsI  OTPUMAaHHA  HaHOMAaTepiasis
BCTAHOBJIEHOTO PiBHsA sKOCTI [289 — 291].

4.3.2 JlocniooceHHs KPUMUYHUX MOYOK HAnpy2u NOPOYMEOPeHHs

VYMOBU ITOPOYTBOPEHHS 3aBKIN 00MEsKeH]1 OlJIBIIN-MEHII BY3bKUM
mlamnas3oHoM Hampyr mossgpuaaiii [269]. Haibiabmr piskum, YITKO
BU3HAYEHUM KOPJIOHOM TaKOI'0 J1alla30Hy BUSABJSIETHCS MIHIMAaJbHA,
IOpOroBa BeJWYMHA HAMIPYrd, AKa HeoO0XIJTHa s [oYaTKy
3apOoKeHHs IOop, TAK 3BaHA KPUTHYHA HaIpyra mopoyrsBopeHHs — Un
(KH).

Kputruna wmampyra ImOpoyTBOPEHHS SBJISIETHCA KIJIBKICHOIO
XapaKTEePUCTUKOIO IPOIIeCY MOPOYTBOPEHHS I BI0Opaskae Te 3HAUEHHST
HAOpyru, a BIAOOBIAHO ¥  IMIJIBHOCTI CTPYyMYy, IIPHU  SKOMY
IHTEHCU((PIKYIOTHCA ~ IPOIECH  YTBOPEHHS  I@OP HAa  II0BEePXHI
HamIBOPOBIMHUKIB. KH 3aJeXuTh Bl TEXHOJONIYHHUX YNHHHUKIB 1
mapaMeTpiB BHUXITHOTO KpHCTAJIy. ToMy I BeJWYWHA IIOBUHHA
BU3HAYATUCS JJIS KOMKHOTO OKPEMOT0 BUMIAIKY 1HIUBIIYaIbHO.

Busmavenuss KpUTHYHMX 3HAYeHb HAIPYTrH IIPOBEIEMO Ha
OPUKJIAl CTPYKTYPYBAHHS HAIMIBOPOBIAHUKIB rpynu A3B5, 30Kkpema
InP, GaAs, GaP meromoM eJIeKTPOXIMIYHOTO TpaBJieHHd. TpaBiieHHS
ITPOBOJTUJIA V €JIEKTPOJITHYHIN (PTOPOILTACTOBIM KOMIPIN 3 ILJIATHHOIO
Ha Katoml (puc. 4.11).
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Mixer

Cathode (Pt)

Potentiostat
Fluoroplastic cell

Solution of electrolyte Sample Aluminum plate

Pucynox 4.11 — EnexrpoaiThyHa KOMIpKA [IJI CHHTE3Y
HAHOCTPYKTYP Ha MOBEPXHI HAIIIBIIPOBIIHUKIB

ExcnepumenranbHuil  3pa3oKk  IIPUTHUCKAETHC 0  JIOHY
€JIeKTPOJIITUYHOI KOMIpKH. JIHO KOMIPpKH BUTOTOBJIEHO 3 AJIIOMIHIEBOI
IUTACTUHU. B IKOCT1 KaTOIy BUKOPHCTOBYETHCSA IJIaCTUHA ItaTuHu. 11i
Jac TpaBJIEHHS 0yJI0 3aCTOCOBAHO PEKUM II€PEeMIITyBAHHS TPaBHUKA.
Taka mporemypa 3abesredye OLIBIIT PIBHOMIPpHE HAIXOMKEHHS 10HIB
€JIEKTPOJIITY JI0 IIOBEPXHI 3pa3KiB Ta JOIIOMATrae YHUKHEHHIO YTBOPEHHSI
Oysnb0OaIlloKk Ha HAMIBIPOBLIHUKOBIM I1wtactuHl. llepemimyBanus
BiIOyBaJIOCA 3aBASKN BUKOPUCTAHHIO MiKcepa, pododa YacTUHA STKOTO
BHUTOTOBJIEHA 3 Te(PJIOHY.

Kpurnuna manpyra BusHadvasacs HactymauM yuaom. [IBuakicrs
aMmiam Hampyru ckiaagaaa 1 B/xs. Ilpu mpomy miiibHICTE cTpyMy (o
KPUTHYHOTO 3HAYEHHS HAIPYTru IovaTKy mopoyTBopeHHS Uki)
dasmmasacad B Mexkax 20 mMA/cm2. Tloumuaroun 3 mesaxoro 3HadeHHS
HAOpyru, IJIBHICTE CTPyMy pi3ko Hapocrae. Came I ToYKa
BBAJKAETHCST KPUTHUUHOIO HAIPYrol MoYaTKy ItopoyTBopeHHs. Jlami 31
301JIBITIeHHAM HAIIPYTH 0 OLJIBII BUCOKUX 3HAUYEHb, BUSBJISJIH ITIe OJTHY
TOUKY excrpemyMy. Ilicia [gocArHeHHS I[HOrO0 3HAYEHHS CTPYM
mepecraBaB Hapocratu. lle 3HadyeHHa Hampyru OyaeMO BBaskaTU
JIPYTOI0 KPUTUIHOI TOYKOI — KPUTHYHA HAIPyra 3aBepIIeHH IIPOIecy
nopoyTtBopenusa Uke. BoHa xapakTepuaye 3MeHIIIeHHS ITBUIKOCTI POCTY
op.

Puc. 4.12 pnemoHcTpye BOJIBT-aMIIEpHI XapaKTEPUCTUKU JJIs
BU3HAYEHHS KPUTUYHOI HATIPYTH HOPOYTBOPEHHS KPHUCTAJIB hocdimgy
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Pucymor 4.12 — 3aseskHICTh IIIJIBHOCTI CTPYMY Bl 3HAYEHHS
MPUKJIAAEHOI HANPYTH I Yac eJIEKTPOXIMIYHOI 00pPOOKH KPHCTAJIIB
docdiny iHmIIO, docdimy rasiio Ta apceHITy Tano (eJEeKTPOJIIT
HF:C2H50H:H20=1:2:1; vac TpaBjeHHs 15 XB)

J1J1 9MCTOTH eKCIIepUMEeHTY YMOBH IIOPOYTBOPEHHS V BCIX TPHOX
BuIIagkax Oy ogHaxosumu: esexrposnt HF:C2HsOH:H20=1:2:1; yac
tpaBiaenns 15 xB. 3Havemns KHII nmas ob0panmx xkpucrane mpu
OTHAKOBUX YMOBAaX ITpeJICTABJIEHO B Ta0JI. 4.8.

Amnaia Tabsminl 1moxasye, 110 ocdla 1HIII0 IIPOSIBJISE OLIBIILY
3IaTHICTH J0 IIOPOYTBOPEHHS, y MOPIBHAHHI 3 ¢ocdigoM raiio Ta
apCeHIIOM raJiiio. AKTHBAILS IIporecy (popMyBaHHS IIOP Ha IIOBEPXHI
TIOYMHAETHCSA 3 TPEThOI XBUJIUHU, TOOTO TIPU JNOCATHEHH] 3HaueHb KH
3B. Haiimenin axTUBHUMH ABJIAEThCS apceHlm ramio. Jlasa
bopMyBaHHS Ha HOro IMOBEPXHI IIOP HEOOXITHO MPHUKJIATATH BUCOKY
HAIIPYTY, IpH 3aTaHuX ymoBax tpaBiaenus Urr=4, 5 B.

Tabmumsa 4.8 — 3HaYeHHS KPUTHYHUX TOYOK HAIIPYTH
nopoyTBopenusa Up pmya HamBUpPOBIIHUKIB rpynu A3B5 mnpu
€JIEKTPOXIMIUHIH 00pOoO0IIl B CIHPTOBOMY PO3YMHI IIJIABMKOBOI KHMCJIOTH
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HamiBopoBiguuk Ur:,, B Urs, B
InP 3 4
GaP 4,5 6
GaAs 3,5 6,5

BuadeHHsa apyroi kputudHOol Touku Ukz XapaKTepuaye MIPOIecH,
IIpU AKUX IIPOIEC 3aPO/IKEeHHsI HOBUX IOp yIIoBLIbHIOETHCsI. Ha mibomy
eTarrl 30LIBIIYIOTBCSA MollepedHl po3mipu 1mop. POpoHT TpaBIeHHS
IOYMHAE MTPOCYBATUCA B TnbOmHYy Kpucrtauay. [lopu BupiBHIOIOTHBCS
POCTYTBH JOBIUMHU ITapajielbHuMU Kaunaaamu. [leit mporec BimOyBaeThest
JI0 TOTO MOMEHTY, IIOKH AHIOHU eJIeKTPOJITY MOKYThb ITPOHHKATH 10
JIOHY TIOPH. SAKIIO IIPOJOBKyBATHU 301JBINTYBATH HAIIPYTY, TOPYBATHI
1map movyHe pyHHyBATHCA M OCUIIATHCI B eJIGKTPOJIT [294].

Jlytsa Toro, 1006 3po3yMiTH KIHETHUKY IIPOIleCy MOPOYTBOPEHHS B
peskuMI 301TBIIIEHHSI HATIPYTH, PO3Paxy€eMO IIOKA3HUKU TUHAMIKYU PSITY
3MIHH IIJIBHOCTL cTpyMy ocdimy immiro. Jys mporo mopeuno BudOpaTu
3aJIEKHICTDh IIMIJIBHOCTI CTPYMy BiJ HAIpPyrd IIOPOYTBOPEHHS B
inTepBasi Hanopyr (0 — 5) B.

Jly1s po3paxyHKy IIOKa3HUKIB AUHAMIKI Ha MOCTIHHIN 0a31 KOMKeH
piBEHBb POy ITOPIBHIOETHCS 3 OJHHUM 1 TUM ke OasucHuM piBHeM. [l
PO3paxyHKY MOKA3HHUKIB [JUHAMIKKM Ha 3MIHHIA 0a31 KOMKHUKN
HACTYIHUH piBEeHb PSAAY MOPIBHIOETHCSA 3 mollepeqHiM. BusnaueHHS
TAKUX TOKA3HUKIB € BaKJIUBUM 1HCTPYMEHTOM [JIsI PO3yMIHHS
JUHAMIKW HAPOIIYBAHHS IIIJIBHOCTI CTPYMY 31 301JIBIITEHHAM HAIIPYTH

amomyBaHusa. OcHOBHI (hopMyTH /I 00YHCIeHHS HaBeaeHo B Ta01. 4.9.

Tabmuma 4.9 — @opMmynm 1 po3paxyHKYy JIAHITIOMOBHX Ta
0a3MCHUX IIOKA3HUKIB TUHAMIKA
[lorkasauk ®opmya [losicuenns
ITUHAMIKA
Abcosrorauit | JlaHIrorosuit: Haiipasxnusimmit
IIPUPICT Ajn =Ji - Ji-1; CTATUCTUYHUHN MOKA3HUK
IIBUIKOCTL Basucunii: nuHaMiku. BusHauaernea
CTPYyMY Aj6 =ji - j1 SIK Pi3HUIIEBE
3lCTaBJIEHHS JTBOX PIBHIB
pAany.
Temn Jlauirrorosuii: XapakTepuaye
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IIPHUPOCTY Trpni = Aji / Ji-1 a0COJIIOTHUM IIPUPICT Y

IIBUIKOCTI Basucuuii: BIJHOCHUX BEJINYMHAX.

CTPYyMY Trpei = Njoi / 1 Ilokasye, Ha CKLIBKH
BIJICOTKIB 3MIHHBCS
MOPIBHIOBAHUH PIBEHD 3
piBHEM, IPUHAHATAM 34
0a3y mopiBHAHHSA.

Temn Jlauirrorosmii: XapakTepuaye

3pOCTaHHS Toni =Ji / ji-1; BIIHOIIIEHHS JBOX P1BHIB

IIIBHTKOCT1 Basucumnii: PAOY 1 BUPAKAETHCA Y

CTPYMY Tos =Jj6i / j1 BIJICOTKAX

AbcosmroTHe Jlanrorosuit: Iloxaaye 3a AKUX

aHaveHHs 1% | 1%ni = ji1 / 100%; BeJIMYUH B1IOYBa€eTHCS

IIPUPOCTY Baswucumii: HAPOIILyBAHHS 1%

IITBUIKOCT1 1%¢6 =j6 /100% IIJTBHOCT1 CTPYMY

cTpyMy

Tem Tw=Njni / ji Buwmipioe nHaponryBaunHsa

HaPOIIeHHS IIJTBHOCT1 CTPYMY B
OUHAMIII

VY Tabaurl: ji — i-Te 3HAYEHHS IIJIBHOCTI CTPYMY; Aji — IIPUPICT i-
o 3HAYEHHS IIIJIBHOCTI CTPYMY; Ajx Ta Ajé — JTAHITIOTOBUI Ta 0A3UCHUHA
a0COJTIOTHUM TPUPICT MIBUIAKOCTI CTPYMY; Tnpni Ta Tnpsi — JTAHITIOTOBUH
Ta 0A3WCHUM TEeMIIM MPUPOCTY INMBUIKOCTI CTPyMY; TpniTa Tps—
JIQHITIOTOBUHM Ta Oa3WMCHUN TeMIIN 3POCTAHHS IIIBUIKOCTI CTPYMY;
1% ta 1%6— JsaHIoroBe Ta 0OasmcHe abOcosoTHe 3HaveHHA 1%

IPUPOCTY IIIBUIKOCT1 CTPyMY; 1% — T€MIT HApOIIeHHS IITBUIKOCT1 CTPYMY.

Jlauirorosl Ta 0as3wCHI IOKA3HUKU PAAY OUHAMIKK IITBHIKOCTI
POCTY IIMIJIBHOCTI CTPYMY IIPW TIOCTIMHOMY WIIBUINEHH] HAIPYyTH
TpaBJieHHs docdiay 1HIII0 HaBemaeHo B Tad. 4.10..

Tabmuigg 4.10 — JlamigoroBl Ta 0a3MCHI IIOKA3HUKH PSAIY
JTUHAMIKH ITBUIKOCT] POCTY CTPYMY TPaBJIeHHS (OCcdiIy 1H/II10

BasucHil mokasHukmu
pany

Pospaxynkosi | JIaHIIOTOBl IIOKAa3HUKN PSIIy

maHl
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Un, Js A | Trp, | Tp, % 1% T, | Nj | Tup, | Tp,
B | mA/cm? % mpupocty | % % %
0,5 20 - - 100 - 0 - - 100
1 22 2 | 10 110 0,2 10 | 2 10 | 110
1,5 23 1 |4,565|104,55 0,22 5 3 15 | 115
2 25 2 | 87 | 108,7 0,23 10 | 5 25 | 125
3 50 25 | 100 | 200 0,25 125| 30 | 150 | 250
3,5 100 50 | 100 | 200 0,5 250 | 80 | 400 | 500
4 250 | 150 | 150 | 250 1 750 | 230 | 1150 | 1250
4,5 270 20 | 8 108 2,5 100 | 250 | 1250 | 1350
5 280 10 | 3,7 | 103,7 2,7 50 | 260 | 1300 | 1400

Anama Ttabmuin 4.10 nos3Bosige II00AYUTH, IO HANOLIBIIAHA
IPHUPICT ITJIBHOCTI CTPYMYy criocTepiraerbes mpu Un = 4 B, miHiManbpHUIT
mpupict ipu U, = 1,5 B. BpaxoByoun Bu3HaYeHy KPUTHYHY HAIPYTY,
MOKHA 3POOMTH BHCHOBOK ITPO YaC AKTHUBHOIO IIOPOYTBOPEHHS HAa
moBepxHI1 (ociay 1HII0 TpH 3aTaHUX yMOBax. Y HAIIOMY BHIAIKY
osIBa HAMOLIBIIOI KIJIBKOCTI IIOP CIIOCTepiraeThess B giamasoHl (3 — 5)
xB. Temn mpupocTy IOKasye, IO TeHAEHINS pAay 3pocraroua. lle
CBIIYHTH ITPO IPUCKOPEHHS TEMILY IIOPOYTBOPEHHS 3 YaCOM.

Cepenmiii piBeHb POy [JUHAMIKKA XapaKTepU3ye THUIIOBY
BEeJIMYUHY a0COJIIOTHUX piBHIB. J[J1a 3HAXOI:KeHHS CepeaHbOro PIBHS
CKOpHCTaeMocs popMyJIoio:

0,51+ j2+...4 ju1 + jn

j= p— (4.7

Tosx, cepeiHe 3HAUEHHS IIIJIBHOCTI CTPYMY JopiBHI0E J = 111,25
MA/ecm2. CepenHiil TeMII TPUPOCTY OOUHUCTIUMO 3a (POPMYJIOIO:

Fp = n—\l/z . (4.8)
N

Y cepemHbOMy 3a Bechb IIepioj] TPABJIEHHS IIPUPICT ITIJIBHOCTI
CTPYMY CKJIaIae T_p = 1,3908. CepemHiil TeMII IPUPOCTY OOUHCIIOETHCSI

3a dopmyJI0t0:
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Tp=T,—1. (4.9)

Cepenniii aOCOMIOTHHUM IIPUPICT IPEICTABJISIE COO0I0 y3arajlbHEeHY
XapaKTePUCTUKY 1HIAWBIAYAJIBHUX aOCOJIOTHUX IIPUPICTIB  PAIY
JUHAMIKYW 3POCTAHHS IITIJIBHOCTI CTPYMY ¥ 00YHMCJITIOETHCS 38 (DOPMYJIOI:

d_y:u ) (4.10)
n—1

Taxkum YMHOM, CepemHINl TeMII IIPUPOCTY CKJIATAae @ = 39%. ¥V
cepeIHbOMY 3 KOKHUM II€P10I0OM IIMJIBHICTE CTPYMY 301/IbIITyBaJIacsa Ha
32,5 mA/cm2.

Pesynpratu JIOCTIPKeHb  HANpyTd IIOPOYTBOPEHHS  IIPU
€JIEKTPOXIMIYHOMY TPAaBJICHH] HAIIBIPOBIIHHUKIB JeMOHCTPYIOTH, IO
HAOIBIPOBIIHUKNA BOJIOAIIOTH PI3SHOI 3TATHICTIO 0 ITOPOYTBOPEHHSI.
BcranoriieHo, 1m0 Tipm  TpaBJeHHI HAMIBIPOBLIHUKIB Yy PeKUMI
IIOCTYIIOBOTO 30LIBIIEHHS HAIIPYTH, 1ICHYIOTH OBl KPUTHYHI TOUKH —
HAIIpyra II0YaTKy IopoyTBopeHHs Uk Ta Hapyra 3akiHYeHHS
aKTUBHOTO IopoyTBopeHHsa Uke. BusHaueHHsS IIUX TOYOK A€ 3MOTY
3pO3yMITH KIHETHUKY IIpoIlecy YTBOPEHHS TOp Ha II0BepPXHI
HAITIBIIPOBITHUKIB.

Ha pwuc. 4.13 (a—B) mpencraBiieHo mikpodgoTorpadii mopdosrorii
TIOBEPXHI1 00pOOJIIOBAHUX IIPU OJHAKOBUX YMOBAX Y PO3YHHI IJIABUKOBOI
KucJioTH kpuctasaiB rpymnu ASB5. OcHOBHI XapaKTePUCTUKH IIOPYBATHX
mapiB HaBeaeHo B Tao0I. 4.11.

f 4 Gy < vy
10kV - X2,500° 10pm 0384+ 1041 SEI 10KY  X1,000°7 210pm: ;0384 1041 SEE

T s SEL X 6) B)

Pucynox 4.13 —  MopdoJsoris  1mopyBaTUX  IIOBEPXOHb
HAITBIIPOBITHUKIB rpynn A3B5, OTPUMAaHUX METOJIOM

€JIEKTPOXIMIYHOIO TPABJEHHA Yy PO3YMHI ILJIABUKOBOI KHCJIOTH
mporssirom 15 xB: a) InP; 6) GaP; B) GaAs
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Tabsmurs 4.11 — XapaKTepUCTUKU IIOPYBATUX IIAPIB, OTPUMAHUX
Ha MOBEepXHI1 HAIMBIIPOBIAHUKIB rpymnu A3SB5 metomom
€JIEKTPOXIMIYHOI0 TPABJIEHHS B PO3YHNHI IIJIABUKOBOI KHUCJIOTH

HamisopoBigauk Cepemmii Cepemus ITopyBaricts, %
JiaMeTp 1op, JTIOBIKUTHA
HM IOpY, MKM
InP 80 um 35 55
GaP 260 M 15 40
GaAs 140 am 25 60

OTrpuMani pe3yJIbTaTH JeMOHCTPYIOTD, IO IIPHU OJHAKOBUX yMOBAX
TpaBJIEHHS HAMIBOPOBIOHHUKK BOJIOAIIOTH PI3HOK 3JATHICTIO [0
nopoyTBopenus. [lperncraBieni Buille 3aJI€KHOCTI BJIACTUBOCTEH
HaHOCTPYKTYP B, TEXHOJIOTYHUX YNHHHUKIB IOTPeOyIOThH
y3araJibHeHHd. Taka HeoOX1JHICTh 3yMOBJIeHA MIEPIII 3a Bce MOTPed0Io B
CHHTEe31 HAHOCTPYKTYP 13 BCTAHOBJIEHUMI KPUTEP1AMU SKOCTI.

Ax  Oymo morkasamo  BHIme, MOPQOJIOTIYHI  BJIACTHBOCTL
HAHOCTPYKTYP 3aJIesKaTh Bl 0araTh0X YNHHHUKIB, KOKEH 3 SKUX POOUTH
CBIi BHECOK y MiKpoMopdosorito mopyBatux 1iapis. Tomy
y3araJIbHeHHSI  MOJKJIMBO  IIPOBOJUTH  JIMIIEe 32  BHUOpPaAHOIO
XapaKTePUCTHUKOI, BBAKAIOUHN 1HII CTA0lJIbHIMU.

PosrnsmemMo BIJIMB OCHOBHUX TEXHOJIOTIYHUX YWHHUKIB Ha
opmyBaHHA HaHOpeJbedy HAHOCTPYKTYP Ha IIOBEPXHI
HAITBIIPOBIIHUKIB /I 3a0e3lleueHHsT (pOpMyBaHHS IIApiB 3aaHOITO
piBHsA skoctl. Jya excrmepumeHTy OyJio BigiOpaHo HAOOPH ILJIACTHUH
apceHimy raJiio, docdiny rasiio, d¢ocdiay I1HIID Ta KpeMmMHII0 3
opierTainien nosepxHi (111) Ta (100).

B sarocTl eneKTpOSITIB BUKOPUCTOBYBAJIU PO3YMHU COJISTHOI Ta
IJIABUKOBOI KHCJIOT. dac TpaBjieHHs oOupaBcs y giamas3oui Big 2 qo 30
XB, IIUIBHICTE cTpyMy (25 — 350) mA/cm2. XapaKTepHUCTUKN IIOPYBATHX
CTPYKTYP, OJIS SKUX BCTAHOBJIIOBAJIKCS KOPEJIAINI HACTYIIHI: IILJIbHICTD
op (ImoBepxHeBa MOPYBATICTh); TOBIIIHMHA ITOPYBATOTO ITAPY; PO3MIp HOP
(momepevHUIT iaMeTp).
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4.3.3 Bu3HaueHHsa KoOpenaulil MIixc uQcoM mMpPasJieHHs ma
MOPPOTI0IUHUMU NOKASHUKAMU AKOCMI HAHOCMPYKMYD

AricTb HAHOCTPYKTYP 3YMOBJIIOETHCS UITKHM JOTPHUMAHHSIM
TeXHOJIOTIYHHUX Pe:KkuMIB cuHTe3y. [/ 1mboro HeoOXiqHO BCTAHOBUTH
KOpeJIAIll MK YMHHHKAMU CHHTEe3y Ta SAKICHUMHU IIOKa3HUKAMH
HAHOCTPYKTYPOBAHUX II0BEPXO0Hb. JJIg BU3HAYEHHS THUIY 3aJI€KHOCTL
po3Mipy TIIOp BiJ dYacy TpaBJIEHHS 3pa3KH HAIBIIPOBLIHUKIB
O1IIaBAJINCS €JIeKTPOXIMIYHIA 00pOo0Ill B PO3UMHI IIJIaBUKOBOI KHCJIOTH
(HF:H:20:C2H50H = 1:1:2) mpu mmiabHOCTI cTpyMmy 100 mA/cm2. ['padiru
3aJIeKHOCTI PO3MIpy IIOp BiJ Yacy TpaBJIEHHS IIPEJCTAaBJICHO HA PHC.
4.14.

400 &
A -9 InP
=300 | - GaP & 4
(T a°
- eelhe e GaAs A
g, .
E
=

() 1 )I
0 10 20 30 40
Yac TpaBieHHs, XB
Pucynor 4.14 — Kopensiis Mk glaMeTpoM IIOp Ta dYacoM

TpaBJIEHHS HAINBIIPOBIAHUKIB rpymnu A3B5 Ta KpeMHIio

Amnamia puc. 4.14 1mo3Bosige 0aumTH, IO PO3MIP IIOP 3HAYHOIO
MIpOI0 3aJIeSKUTh BIJ Yacy TPaBJEeHHS — IIPU 301LJIbIITEHH]I TEePMIHIB
AQHOAYBAHHS TOPHU 30UIBIIYIOTHCA B PO3MIpax. 3 PHUCYHKY MOKHA
0auuTH, IO IIepIrl XBUJWUHUA AHOIYBAHHS 3PasKiB IIPOXOIATH 0e3
mopoyTBopeHHs. Ha 1boMy eraml BimOyBaeThbess  PO3UMHEHHS
IOBEPXHEBOI0 HEPIBHOMIPHOro IIapy. PlcT mop po3mouyMHAETHCS 3
mepInol KPUTUIHOI TOYKU TPABJIEHHS [xpipos. Hactymmi (10 — 15) xB
3aJIeKHICTh HOCUTH Maiike JIHINHUK xapakTtep. lloumHaioum 3
BU3HAYEHOIO JIJI KOJKHOTO HAIBIPOBIIHUKA KPUTHYHOI TOUKU, PO3MIP
0P PI3KO 30LIBIIYETHCA 32 KOPOTKHUMI IIPOMIMKOK Yacy, TOOTO IIBUIKICTE
TpaBJIeHHS Ha IbOMy BIApi3Ky pocte. Jlaml pict mmop Tpoxu
VIOBUILHIOETHCA. Pi3ke 301/IbIIIeHHS PO3MIPY IIOp ITIC/IS JOCATHEHHS

Lip2pos MOYKHA IIOSICHUTH BUTPABJIOBAHHSIM MACHUBHHX JedeKTIB Ta
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IUCJIOKAIIIN, a TAKOX 3JUTTAM 0P y arJioMepaTHd Ta YTBOPEHHS B
pe3yabTaTi I[bOTO0 MACUBHUX SIMOK TPaBJICHHSI.

3BICHO, TaKy 3aJIeKHICTb BAaMKKO ONMCATH JIHIAHAM YU
rimepoomiyanM 3akoHoM. OHAK, BPaxXOBYIOUM IIO3UTUBHY AUHAMIKY
BCHOTO POy MAHUX, MOYKHA CKJIACTH PIBHAHHS TpeHay. Jlas 1boro
IPOAHAJII3YEeMO JIMIIe OJUH HAINBIIPOBIIHUK — MOBEIIHKA 1HINUX IIPHU
BU3HAYEHUX YMOBAX € aHAJIOTIYHOIO.

Jns mpuraamy moOyayemMo pIBHSHHS TPeHOY OJIs 301JIBITEHHS
mamMerpy mop y 4daci. Ilpu 1iboMy cKopumcTaeMocss METOIO0M KIHIIEBUX
pisuuip. KiHIEeBHMU pPISHHUIAMEK IIEPIIOr0 IMOPAIKY € PISHHUIN MIK
TIOCJTITOBHUMY PIBHAMU PSAIY:

At=di—di1 | (4.11)

ne d — cepemHIH giaMeTp Iop.
KinmeBumMu pisHUIIMU [JPYyroro IMOPSAAKY € PISHHUIN MIK
TOCTIIJOBHUMU KIHIIEBUMH PI3HHUISIMU 1-T0 TOPSIIKY:

S=AL-AL (4.12)

KinmeBumuy  pisHUIAMK  J-TO  IOPSAOKY €  PISHHUII MK
MHOCJIIAOBHUMH KIHIIEBUMH PISHULIEAMHU (J-1) -0 IIOPAIKY:

A=A A (4.13)

Bubip dopmu kpuBoi Moske 3MIMCHIOBATHCSI HA OCHOB1 IIPUHAHSATOTO
KPUTEPII0 SKOCT1 PIBHSIHHS perpecii, B SKOCT1 SIKOTO MOKe CJIYKUTH
cyMa KBaIpaTiB BIOXWJIEHb (PAKTHUYHMX 3HAYEHDL PIBHA PAAY 3MIHH
3HAYeHHs JlaMeTpy HOop y Yacl BiJ 3HAYEeHb PIBHIB, pO3paxXOBaHUX 3a
PIBHAHHAM TpeHAy. [3 CYKymHOCTI KPUBUX BHUOHpPAETHCA Ta, SKIH
BIAIIOBAAae MiHIMaJbHEe 3HAYeHHsa KpurTepio. ¥ Tabdm. 4.12
IIPEeJICTABJIEHO PI3HUIIl IIEPIIOro Ta JPYTOro MOPAIKY TA TEMIIH POCTY
pAamy.

Tabmuia 4.12 — Po3paxyHOK pI3HHIL MEPIIOT0 Ta JIPYroro
HOPSAIKY Ta TEMITH POCTY PSIAY 3MIHU J1aMeTpy 0P Y Yacl JIJ1sI 00y 10BH
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PIBHSHHS TPEHIY 3aJIeKHOCT1 JTlaMeTpy II0p Bl Yacy TpaBJIeHHS IIPU
TpaBJIeHH] pocdiay 1HIII0 B PO3UYHHI IILJIABHKOBOI KHUCJIOTH

di Al A% Temn pocmy

0

8

30 22 22 3,75
34 4 18 1,133
34 0 -4 1
50 16 16 1,471
58 8 -8 1,16
68 10 2 1,172
120 52 42 1,765
160 40 -12 1,333
187 27 -13 1,169
204 17 -10 1,091
215 11 6 1,054
218 3 8 1,014
220 2 -1 1,009

3uaiieMo mapaMeTpy piBHIHHS METOI0M HAMMEHIINX KBaIpaTiB
(MHEK). Cucrema pisasaus MHK mae surmsan;

a+bYi+cXr?= Yd
aXt+bY2 ey = Ydr . (4.14)
aX 2 +bY B3 +eYt= Ydr?

,Z[JIH: HaImnX JaHUX CUCTEeMY piBHHHB MOJKHA 3allicaTu y

BUTJIAL:

16a + 240b + 4960c = 1606
240a + 4960b + 115200c = 35988
4960a + 11520006 + 2852992¢ = 867904

Tom: a=-10,779; b = 4,447; ¢ = 0,143.
PiBuannsa Tpeuay Oyae MaTH BUTJIST:
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d=0,143t2+ 4,447t — 10,779 . (4.15)
Jl1s BuU3HAUYeHHs po3MIpiB MOXHUOKH a00 TOYHOCTI IIPOTHO3Y
mpoBeeMo KoediiieHT HeBlamoBiguocTl Teiina:

(4.16)

Koedimment Teitna amimtoerbes Big 0 mo 1. Yum Ommskymii BiH 10
HYJIsI, TUM TOYHINITAMHY € Pe3yJIbTATU IIPOTHO3Y.
Jlns mamux 3Havens K= 0,00195.

CratrcTuduHl PO3paxyHKH PSAAy 3aJIesKHOCTL JlaMeTpy IIOp B
yacy TpaBJIEHHsI HaBeIeHo B Ta0J1. 4.13.

Tabmuia 4.13 — BusHadeHHsS XapaKTEePHUCTUK Py 3aJIEKHOCTI
JiaMeTpy mop BiJ yacy

XapaKkTepHuCcTHUKA @opmyJia i | S3HaYeHHs
o0YmCIeHb
Cepenni 3HAUYeHHH 15
pagy 2t
PR—
n
o th 310
2= 1
n
>d 100,375
d=_ 1L
n
>td 2249,25
td= 11
n
Jucnepcia > t2 B 85
D(t)=—t 12
5 y2 o 6955
D(t)=—-+—y
n
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CepenubokBanpaTuyHe | o (f)=,/D(f) 9,2195
BIIXUWUJIEHHSA
o(d)= /D(d) 83,4025
Iamexc merepminarmni S (d —d )2 0,952
R2_j___ it f_z
2.(d —d)
i

Taxkum YMHOM, TOCTIIYKEHO YacOBY 3aJIEKHICTh JglaMeTpy mop d
Big dacy t. Ha erami cmermmdpixarrii 0yB oOpaHuii mapaboTiuHUi TPEHI.
Ormimeni #oro mapaMeTpd MeTOJAOM HaWMEHINIHX KBaJIpaTiB.
CratucTuuHa 3HAYMMICTH PIBHAHHS IIepeBipeHa 3a  JIOIOMOIOI0
KoedpimienTa gerepminaiii ta kpurepiio Dimrepa. Beranosmiewo, 1o B
JocaimkyBaHiM curyarii 95,21 % sarasbHOl  BaplabeabHOCTl d
MOSICHIOETBCA 3MIHOI0 YacOBOTO IapaMeTrpy. BcTaHOBIEHO TaKOMK, IO
mapaMeTrpu MOIeJl CTaTUCTUYHO HesHadyuml. OTpuMaHl OI[HKN
PIBHSIHHS perpecii J03BOJISITh BUKOPUCTOBYBATH HOT0 JIJIsI IIPOTHO3Y .

BasxnuBoro mepeayMoBoo ITOOYI0BH SIKICHOI perpeciiiHiil Mojiesri
no MHK e HesanmesxHICTh 3HaYEeHDb BUIIAAKOBUX BIAXWJICHD Bl 3HAYEHD
BIOXWJIEHb y BCIX 1HINMHX cmocTepeskeHHaX. lle rapanTye BiacyTHICTH
KOpPeJIbOBAHOCTI MK OyIb-IKHMHK BIIXHJIEHHSIMH 1, 30KpeMa, ML
CYCITHIMHY BIIXUJICHHSIMH.

Jns IIepeBlpKH rirore3u HAasIBHOCTI aBTOKOPEJIAIII]
ckopucraemocss kpurepleM JlapOina-Yorcoma [294]. V Tabm. 4.14
OpeacTaBJeHO PO3PAXyHKOBI [JaHI JJI aHal3y KOopeJIbOoBaHOCTI
BIIXWJIEHD.

Tabmuia 4.14 — Po3paxyHKoB1 JaH] IJIs1 aHAII3y KOPeJIbOBAHOCTI
B1OXWJICHD

d d(t) e = d-d(t) e? (ei - ei1)?
0 1,312 1,312 1,721

8 9,303 1,303 1,698 6,837
30 21,065 8,935 79,839 104,821
34 33,974 0,0265 0,000701 79,367
34 48,029 114,029 196,824 197,568
50 63,232 113,232 175,095 0,635
58 79,582 21,582 465,798 69,722
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68 97,079 -29,079 845,612 56,206
120 115,724 4,276 18,288 1112,615
160 135,515 24,485 599,53 408,397
187 156,453 30,547 933,123 36,745
204 178,538 25,462 648,302 25,86
215 201,771 13,229 175,017 149,63
218 226,15 -8,15 66,422 457,079
220 251,676 -31,676 1003,399 553,495

Jlia aHami3y KOpeJIbOBAHOCTI CKOPHUCTAEMOCS CTATHCTHKOIO
Jlap6ina-Yorcona [308]:

2
S(e—e )
pWw=1 =1L (4.17)
2
de
I
DW=10,95.
3a rabmaunero Jlapbima-Yorcoma masg n = 16 1 B = 1 (piBeHb
agauymroctli 5%) sgaxomumo: d; = 1,10; d2 = 1,37. Ockinpku 1,10 > 0.95
u 1,37 > 0,95 <4 — 1,37, To aBTOKOPEJIAIIlA 3aJIUIIKIB IPUCYTH.
HasgBHicTh reTepocKeJaHTUYHOCT] IIEPEBIPUMO 3a JOIIOMOTOI0
rpacivuHoro aHasidy saaumikis (puc. 4.15).
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Pucynor 4.15 — I'padiunwmii aHai3 3aJUIIKIB /IS IEePeBIPKH

riIoTe3n HASBHOCTI TeTePOCKeJaHTUIHOCTI
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Amnamas pucyHky 4.15 mae 3mory mo0adunTH, 10 3aKOHOMIPHOCTIL y
PO3IIOMLII 3aJHIIKIB HE CIOCTepiraeThbcs, TIImoTe3a IIPO BIICYTHICTH
reTePOCKETaHTUYHOCT] MIATBEPIKYETHCS, IHUCIIEPCIST BIIXHWJIEHD €
mocTiiHo0. To0TO He 3BaKAOUN HA Te, IO IIPU KOKHOMY KOHKPETHOMY
CITOCTEpesKeHH]1 BUIIQJKOBEe BIIXUJIEHHS MOKe NpHUUMATH OyIb-sKe
3HAYEHHs, He ICHye IPUYUHU, TKA 3yMOBJIIOBaJIa OM BEJIUKY MOXUOKY
IPHU OJHUX CIIOCTEPEKEHHAX, 1 MEHIIY — IIPU 1HIITHX.

Takum YymHOM, IOSTBA aBTOKOPEJISAIII 3yMOBJIEHA PAI0M (paKTOPIB.
Ilo-mepiire, aBTO3aJIEKHICTIO 3MIHHMX — YHMM OLIBINA IOpa, THM Ha
OLIBIIy BeJIWYMHY BOHA MOske 30LabimuTHcsa. Ilo-gpyre, mae wiciie
dakTOp 0OMEKEeHHS — caMOOpPTraHi3allls POCTy IOP MOKe 3aBAIUTH iX
IOsIBl B II€BHHUX MICIIX, TOAl AK HA IHIMHX IUISHKAX IIOPH OyIyTh
MIPOJIOBIKYBATH 30L/IbITyBaTCA B po3mipax. Ilo-Tpere, mae wmiciie 1me
SKACh 3aJIEKHICTh — PO3MIpP IIOp 3YMOBJIIOETHCSI HE TLIBKH YacoM
TpaBJIeHHS, a ¥ IHIITUMU TeXHOJOTTYHUMH YNHHUKAMU.

He Burimkae cymMHIBY 3aJI€sKHICTh TOBIIMHHK IIOPYBATOrO APy
BIJI Yacy TpaBJIeHHSA. 3 YacoM (PpPOHT TpaBJIEHHS IIPOCYBAETHCS B
TJIMOWHY 3pa3ka, yTBopoooUYHM 0BTl kaHaau 1mop. OmgHak 11eil mporiec
BiIOyBaeThbCs He Mo JiHIMHOMY 3axkony. Ha pmc. 4.16 1mpemacraBiieHo
rpadiky 3aJIeKHOCT1 TOBIIMHU IIOPYBATOTO IIApy, cOpPMOBAHOIO HA
IOBEPXHI1 HAINBIIPOBIIHUKIB METOIOM €JIeKTPOXIMIYHOTO TPABJIEHHS B
PO3YMHI ILJTABUKOBOI KUCJIOTH.

50 &
5 ==& [nP
o
S40 | - %= GaP A
E @+ GaAs ’. o _é' \
530 ¢ —4—Si L \ A
< 5 A. .-*~
ag) r A/-é',""‘-"-..‘?o
§ A/.:.;‘x %
210 | e S 4 ‘o
g A/A< "_"-'"“
é 0 _(A""g‘l 1 1 1 1 1 1 1 1 1 1 1 J

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
UYac TpaBieHHs ¢, XB

Pucysox 4.16 — 3aesxHICTh TOBIIIUHHU OPYBATOIO IIAPy BIT Yacy
TPaBJIEHHS JIJIsI KPUCTAJIB rpynu A3B5 Ta KpeMHI0
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Amnamas puc. 4.16 mmokaaye, 110 IPOCYBaHHS (PPOHTY TPABJICHHS B
TIMOWHY KPHUCTAJy II0YMHAEeThCes He Biapady. Jlo I[bOro ITOBMHHO
BIIOYTHCA PO3TPABJIIOBAHHS IIOBEPXHEBOIO IIIapy Ta yTBOPEHHS
3apoOKIB  SMOK TpaBJIEHHS. OJHAYEHHS dYacy, IIpH  SKOMY
CITOCTEPITAETHCS PO3TPABJIIOBAHHS KPUCTAJIY B TJIMOMHY ITO3HAYUMO SK
HepINy KPUTUYHY TOUKY Ilxplen. Jlasl #ige MIOCTYIIOBHM PICT KPHUBUX
3aJIesKHOCTel, TOOTO (PPOHT TpAaBJIEHHS HAIIPABJIEHUH y TJIHOUHY
kpuctaay. Ilpu mmpomy MoskHA ciiocTepiraTvl 301JIBIIEHHS IITBUIKOCTI
TpaBJIEHHS 3a PAXyHOK BHpPIBHIOBAHHS II0p, IO 3abe3reuye
HOTPANJISHHS €eJIEKTPOJIITY 10 MoHy mopy. lloumHaroum 3 mesKoro
3HAYEHHS fxp2en CIIOCTEPITAETHCS ILJIATO — HA I[BOMY eTall Iopu
mepectarTh poctu B raumbmHy. Ile 3ymoBieHO CKJaIHICTIO
IIPOHUKHEHHS 10HIB eJIEKTPOJITY 10 HoHY mmopu. Kpim Toro, eekTposIit
13 4YacoM BHCHAKYeThCS 1 HOro 10HIB HEeJOCTATHBLO MJIs 3a0e3mevueHHs
TI0/TAJIBIITOTO PO3TPABJIIOBAHHS HAITIBIIPOBITHUKA B TVIMOMHY KPUCTAJIY.
Hait6inpin 1iKkaBoo € HAABHICTD TPETHbOl KPUTHYHOI TOUKH lrp3en —
MOYMHAKYH 3 JeSKOT0 3HAUEHHS MU MOKEMO CIIOCTEPIraTH HeraTUBHY
muHamMiky kpuBux. Ha 1poMy eraml BIAOYBaeTbCS CTPaABJICHHS
BEPXHBOTO TMOPYBATOr0 IIIapy, 3pas3oK TOHIINAE, pPasoM 3 THUM
3MEHIIYEThCSA TOBIIIMHA IIOPYBATOIO IIApy. SHAUYEHHI KPUTHYHUX TOYOK
HaBeaeHO Ha puc. 4.17.
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Pucynorx 4.17 — KpuTuumi TOYKM 4vacy TpaBJIeHHS 3Pas3KiB y
TJIHOMHY
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Amnamia ricrorpamm, mpejcraBieHol Ha pwuc. 4.17 m03BoJIsIE
3pOo0OUTH BHUCHOBOK IIPO Te, 110 pocdia 1H/III0 Ta KPeMHINA Ipu 3aJaHuX
yMOBaxX  TpPaBJEHHS  IPOABJIAIOTH  OLIBINY  AKTUBHICTH 110
IOPOYTBOPEHH, HI apceHin ramio Ta ¢ocdinx ramio. OmHax,
He3aJIesKHO Bl THIIY HAMIBOPOBIOHHUKA [JIsI BCIX HHX XapakTepHa
O/THAKOBA IIOBEIIHKA IT1/] Yac TpaBJIeHHI.

I[lim wac  eJexTpoxXIMIYHOI  OOpPOOKM  HAMIBIPOBIIHHUKIB
B1AOYBaeThCsI PO3TPABJIIOBAHHS ITOoBepxHl. llei mpoiiec mae mexiabka
eTalriB 1 TOMy Mae 3aJIeKHICTD BiJ yacy TpasjeHHs. [lopu Ha moBepxHI
3SIBJISIIOTBCS TOCTYmoBO. llepmm mopm — I SIMKM TpPaBJIEHHS, SKI
YTBOPUJIUCS TIIJ Yac PpPO3TPABJIIOBAHHSA JedeKTIB IOBepxHI. depes
IIOPCTKICTh Je(PeKTHUX TUISHOK Y I[MX 00JIacTIX BlIOyBaeThCS
CKYITUeHHS HAJIUIITKOBOTO IIOTEHINAJY, IO M CIIYyT'ye MOIITOBXOM JIJIS
YTBOPEHHS TOp. 3 YacoM KIJIBKICTh IIOP 3POCTAa€E, BIIOYBAETHCS ITOCIBHE
mopoyTBopeHH. ['padik 3/1€KHOCTI IIIJILHOCTI IOP BT Yacy TpaBJIeHHS
JIJIsT HAIIBIIPOBIIHUKIB rpynu ASBS HaBeneno Ha puc. 4.18.

100 £

=—=InP

IMopysaricts, %

2 4 6 8 1012 14 16 18 20 22 24 26 28 30
Yac, xB

Pucynoxr 4.18 — Kopessiiisg Misk 4acoM TpaBJIEHHS Ta ITLJILHICTIO
YTBOPEHUX IIOP JJIS HAIIIBIPOBIIHUKIB rpymnu A3BS Ta KpeMHio

Amnamia puc. 4.18 mokaaye, 1o AJsI 00paHUX YMOB TPaBJICHHS
HOBeIIHKA HAMIBIPOBIJHUKIB Mae 3arajibHy TeHIEHII0 3POCTaAHHSI
KLJIBKOCT1 op 3 yacoM. MosKHA BUIIJIUTH HASBHICTh JIBOX KPUTUUYHUX
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TOYOK: tipInop — 9AC IMOYATKY IIOPOYTBOPEHHS IIPU IKOMY CIIOCTEPITa€ThCS
yTBOPEeHHs mepBUHHUX 1op. Jlaml BigOyBaeTbCcs IMIBUAKHEI PICT
K1JIBKOCTI IIOP HAa IIOBEPXHI 3pas3Ka.

[loumnaroun 3 nApyroi KPUTHIHOI TOYUKH Lrp2nop TIOKA3HUK
IIBUIKOCTI POCTY IIMLJIBHOCTI IOP Helno 3MeHiryeTbesa. Ha mbomy erari
Maiiske BCS IMOBEPXHS HAINBIIPOBIIHHKA BKPHUTA IOPAMH, IIOBEPXHEBA
IOPYBATICTh JIOCSATae BUCOKHUX 3HAYEHDb, 1 HOBI IIOPU BiKe MailiKe He
YTBOPIOIOTHCS — (PPOHT TPABJICHHS CIIPIMOBAHUN Y TJIMOMHY KPUCTAJLY.
SHaYeHHS KPUTHYHUX TOYOK lxplnop MQ  txp2nop JJIA BUOpPaAHUX
HAITBIIPOBIIHUKIB IIpeACcTaBJIeHO y Ta0JI. 4.15.

Tabmuia 4.15 — 3HavyeHHSI KPUTHYHHUX TOYOK YaCy YTBOPEHHS
HOBHX II0p HA II0BEPXHI HAMIBIIPOBLTHUKIB

HamisopoBigauk Lrpinop, XB Lrp2nop, XB
InP 1 24
GaP 4 25
GaAs 6 27
Si 2 24

Haiibinpira miutbHICT, TOP AJIA O00pPAaHWUX YMOB TpPAaBJIEHHS
CIIOCTEpITAEThCA JJIsd KPEeMHII0 — II0BepXHeBa IIOPYBATICTH CsATAE
sHaveHHs p = 81%. Hatamxkdue 3mavenus p = 36% sadikcoBaHo 115
apceuiay rasmio. Ile cBlAuuTh IIpo Te, IO 3a TAKHUX yMOB TPaBJIEHHS
dopMyBaHHS TOPYBATOrO MIAPy 3 BHCOKOIO IIOPYBATICTIO Ha IIOBEPXHI
apCeHiy raJjiilo HeMOKJINBeE.

4.3.4 Bnaue ujisibHocmi cmpymy aHo0y8AHHS HA MOPEHOI02TUHT
NOKA3HUKU HAHOCMPYKMYp, CUHME308AHUX Ha nosepxHi
HAni8NpPosIOHUKIE

BoueBunpb, TOBIIMHA IIOPYBATOTO IIApy, CHUHTE30BAHOTO Ha
IIOBEPXHI  HAMIBOPOBIAHUKIB IIEBHOI  MIPOI  3aJI€KUTHh  BIT
TeXHOJIOTIYHUX PEeKUMIB 00pOOKH 3pas3kiB. Xoda BHUPIIIAJIbHA POJb Yy
IIbOMY HAJIEKUTh IIapaMeTpaM CcaMoOro  HAamiBIPOBIIHUKOBOTO
KPHCTaJIy, SIKl 3yMOBJIOIOTH II0SBY CUHEPIeTUYHUX SIBUII, BPAaXyBaHHS
BILIUBY PEKUMIB OOPOOKH € HEeOOXITHHUM JJIS PO3YMIHHS MOKJIMBOCTI
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peryJIroBaHHS BJIACTUBOCTEH HAHOCTPYKTYP y Irpoiieci cuuTely. Ha pruc.
4.19 maBemeHO TpadiKH 3aJIEKHOCTI TOBIIMHHK IIOPYBATOrO IIAPY Bifg
IIJTBHOCT CTPYMY QHOIYBAHHS.

AHainia pHCYHKY [103BOJIsI€ OQuUTH, IO [JISA BCIX KPHCTAJIIB
XapakTepHa HAABHICTh JBOX KPUTHUYHHUX 3HAYEHb IILJIBHOCTI CTPYMY
(Tabs. 4.16).
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Pucymor 4.19 — 3aseskHICTH TOBIIUHH IIOPYBATOTO IMApy Bi
MIUTBHOCT1 CTPYMY aHOAYBaHHS IJI KpucTaJIiB rpynu A3BS5 Ta kpeMH110

Tabmuisg 4.16 — 3HavyeHHS KPUTHYHHUX TOYOK YaCy YTBOPEHHS
HOBHX IIOP HA MOBEPXHI HAITIBIIPOBIIHUKIB

HamnisnposigHuk Jrpinop, MA/cM2 Jrp2nop, MA/cm2
InP 125 225
GaP 150 225
GaAs 200 250
Si 175 250
V mamasomax mrbHOCTI cTpymy mo (125 — 200) mA/cwm?

CIIOCTEepPIraeThcss Maiske JIHIMHA Kopesdaiis. To0To, YnMM BHIIUM €
3HAYEHHS IIMIJIBHOCTI CTPYMY, THM TIJIMOIIlEe IIOPH IIPOCYBAIOTHCSI B
rauouHy Kpuctaay. Ilpm gocsarHeHH1 IIHOTO 3HAYEHHS IIJIBHICTH
CTPpyMy IIepecrae 3yMOBJOBATH picT mop y riaubmay. Ha rpadixy
crrocrepiraerbes 1iaro. Ilepira kpuTwmyHA TOYKA IIIBHOCTI CTPYMY
Jxpinop MOYKE BBAKATHCSI HAHOITUMAJIBHIIIOKW IIJIBHICTIO CTPYMY IJIs
OTPUMAaHHS TOBCTOTO IIOPYBATOTO APy Ha TOBEPXH1 HAITIBIIPOBITHUKIB.
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3a mux ymMoB (popMyeThCS PEryJaspHUN IIOPYyBATHH IMap, SKUUA He
pytiyerbesa. Ilpm nmocarHeHHI Jpyroro KPHUTUYHOTO 3HAUYEHHHA
IIUTBHOCTI CTPYMY jxp2nop CIIOCTEPITAE€THCSI 3MEHINEHHS TOBIIUHN
IIOPYBATOTO IIIapy.

Ha puc. 4.20 ta 4.21 mpencraB/IeHO KOPEJIAINMHI 3aJI€KHOCTL
IIOBEpPXHEeBOI Ta 00'eMHOI IIOpyBATOCTI Bl IMUIBHOCTI CTPyMY
AHOAYBAHHA. AHAIN3 IUX 3aJIEKHOCTEH [J03BOJISIE OAUMTH, IIO
1IHTEeHCHUBHE ITOPOYTBOPEHHS MOYNHAETHCSA 3 BU3HAYEHOTO JIJIsT KOYKHOTO
OKpPEeMOro BUIIAIKY 3HAUEHHS IIIJILHOCTL CTPYMY.
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Pucymor 4.20 — 3ajieskHICTH II0BEPXHEBOI MOPYBATOCTI BIJ
HIJIBHOCT1 CTPYMY
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Pucymor 4.21 —3asesxHicTb 00'€MHOI OPYBATOCT1 BiJ IIIJIBHOCTI

CTpyMy
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Haii611b111 aKTUBHUM I10 3TATHOCTI JI0 TIOPOYTBOPEHHS € KPEeMHIIH.
Apcenim rajio OeMOHCTPYe HAWHMIKYl IIOKA3HUKKW IIOPYyBATOCTI.
Kopenami matore cremeHeBy 3asieskHicTb. OmHAK, ITOYMHAKYN 3
JIEeSTKOr0 3HAYEHHS CTPYMy aHOIHM3aIlli, MopyBaTIiCTh, IK 00’ €MHA, TaK 1
IIOBEepXHEeBa JIEMOHCTPYIOTh pI3Ke 3MeHIIeHHs cBoro 3HaveHHs. [[i
pe3yabTaTH J100pe KOPeJITh 3 BUINE PO3TVISHYTHMU 3aJIEKHOCTAMU
TOBIIIMHY IIOPYBATOIO ITapy BiJ IIJIBHOCTI cTpyMy. To0TO rimore3y mpo
Te, 110 HAIMIPHO BHCOKl 3HAYEHHS IIJIBHOCTI CTPYMY IIPHU3BOISATH 10
€JIEKTPOXIMIYHOI0 IIOJIIPYyBAaHHS MOBEPXHI KPHUCTAJLY, MOKHA BBAKATH
O1OTBEPIKEHOIO.

4.3.5 Bnnue cknady ma KOHUEHMPAUll enieKkmposiimy Ha
MOPEPHOSI02IUHT XAPAKMEPUCMUKU HAHOCIMPYKMYD

V momepenHix poa3aiyiax OyJo IIOKa3aHo, IO HIPH BUKOPHMCTAHHI
PISHHUX PEIENTYP eJIEKTPOJNTY IIPU (PIKCOBAHUX TEXHOJIOTITUYHUX YMOBAX
TpaBJIEHHS (POPMYIOThCSI TOPYyBATl IIaph pi3HOI MIKPOMOPJOJIOTii.
OxpiM CKJIaay eJeKTPOJIITY, HeOOX1JHO TAKOK BPaXOBYBATH KIJIbKICTh
AHIOHIB y PO3YHMHI TPABHUKA, TOOTO KOHIIEHTPAIII eJIeKTPoJIiTy. Puc.
4.22 neMOHCTpYe 3aJIesKHICTh TOBEPXHEBOI MOPYBATOCTI HAHOCTPYKTYD,
cchopMOBaHUX HA TIOBEPXHI1 HAINIBIPOBIIHUKIB rpynu A3B5 Ta KpeMHI,
B1J KOHIIEHTPAII COJIAHOI KHUCIOTH.
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Pucymor 4.22 — 3ajieskKHICTH IIOPyBATOCT1 BiJ KOHIIEHTPAILI

COJISHOI KHCJIOTH B €JIEKTPOJIITI

3 pHCYHKY BUIHO, 10 HAUOLIBIN aKTUBHE ITIOPOYTBOPEHHS B
PO3YHHI COJISHOI KMCJIOTH BIAOYBaeThbCs HA II0BepXH1 docdimy 1HII.
Tomi sx GaAs y HHU3BKOKOHIIEHTPOBAHUX €JIEKTPOJIITAX Malske
1HepPTHUI J0 aH10HIB XJIOPHOTO eJIEKTPOJITY. TaKok MOosKHA 0aUnUTH, 1110
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CHye ONTHMAJIBHUN CKJIAJ eJEeKTPOJITy, IIPH SKOMY IIPOIIEC
IOPOYTBOPEHH:A cTae aomiHyoumM. Tak, masa InP 1ie elekTposT 3
KOHIIEHTPAIIIEI0 COJISIHOI Krcaotu 6%, nus Si — 7%, GaP — 9%, GaAs —
9%. V3araapHOOUYN BHINEHABEOEH] KOPEJIAIll MOKHA 3POo0UTH
BHCHOBOK IIPO Te, HACKUIBKKM KOMKEH 3 PeCypCHO-TeXHOJIOTTUYHUX
YMHHHWKIB BIIMBAE€ HA MOP(OJIOrIUHI MOKA3HUKHN SKOCTI CHHTE30BAHUX
HaHOCTPYKTYp. KpiM 115010, HEOOXIZHO TaKOK BpaxyBaTH CTaH
BUXITHOIO KpHCTAJIy Ta ¥oro mapaMmerpu. Pesysbratu ysarajabHeHHS
HaBeJeHo B Tab. 4.17.

Tabmuig 4.17 — BriuB pecypcHO-TEXHOJIOTIYHUX (PAKTOPIB Ta
CTaHy BHXIJHOTO KPHCTAJIy HA MOPQOJOTIUHI MOKA3HUKHU SKOCT1
OPYBATHUX HAHOCTPYKTYP™

® i
s |5E EE |58 g 4 E
s |SEHESfaE.ZA|E |5Ed:
7 IEEB S| S :T e8| |FE S
FC B8 Tes BE| 2 22 &
Eg 3 | = = =
Poamip nop +++ |+ [+ | |+ +++ |+ +++ | ++
TinbHicTH e ol [ = o S I S IR S ++ |t | |
mop
Topmuna +++ |+ |+ |+ ++ | ++ |+ |+
IIOPYyBaTOT0 o+
mapy
PiBHOMIpHICTE | ++ |++ |+++ |++ |+++ |++ |+ ++ | +++
POSBIIOMIILY IO
poamipy
PienomipHicts | + + +++ |+ |+ ++ | +++
POSIIOMILY IO
TOBEPXHI
®opma mop + +++ |+ +++ | ++
OG’emna + +++ | +++ |+ |+ |+ + +++ | ++
IIOPYBATICTD

* ¥V rabsuirl: «+++» — CHJIIBHUN BILIUB; «++» — IIOMIPpHUI BILJIUB,;
«+» — cra0KHUil BIUIMB; IIyCTa KJIITHHKA — He BIJIMBAae a00 BILJIUB He
BHUSIBJIEHO

Jliarpama, mpezcrasieHa Ha puc. 4.23, J03BOJISIE IIPOCTEKUTH
BHECOK KOYKHOTO PeCypCHO-TEXHOJIOTIYHOTO UHMHHUKA B IIPOIEeC

dopmyBarHa MIKpoMOpPdOJIOTii Ha ITOBEPXHI KPHUCTAILY.
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Pucymor 4.23 — BHecok pecypCHO-TE€XHOJIOTIYHHX YHUHHHUKIB Yy
mpoirec PopMyBaHHS MIKPOMOPQOJI0Tii HA IIOBEPXHI1 KPUCTATY

Amnamia puc. 4.23 1 Taba. 4.17 103BOJISAIOTE OAYUTH, IO BKJIAT,

KOKHOTO 3 YNHHUKIB € HEPIBHOMIPHUM, KOKeH I10-PI3HOMY BILJIMBa€E Ha
OKpeMy XapakTepuctury (puc. 4.24).
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Puc. 4.24 — VszaranpHeHa jiarpamMa BIUIUBY PeCypCHO-
TeXHOJIOTIYHHUX YHHHHUKIB 1 ITapaMeTpiB BUXIJTHOTO KPHUCTAJIy HA OCHOBHI
MOPQOJIOTIUHI XapaKTePUCTHUKU HAHOCTPYKTYDP, CcQOPMOBAHUX HA
MOBEPXHI HAIMBIIPOBIOHUKIB rpynu A3B5 ta kpemuio: PII — po3mip
mop; I — urinsuicts mop; TIIIIT — ToBuimHA mTopyBaToro mapy; PP —
PIBHOMIPHICTE PO3IIOALTY 110 po3mipy; PPII — piBHOMIPHICTh PO3ITOILIY
o mmoBepxHi; @I — dpopma mop; OII — 06’emHa TOPYBATICTH
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PosyminHs 1mmx 1poreciB Jae 3MOTY KepyBaTH IIPOIEeCOM
TpaBJIEHHS I (POpMyBaTH HAHOCTPYKTYPH 13 3aJaHUM PIBHEM SKOCT1. 3
OIJIAAOM Ha Ie II0CTae HEeOOXIAHICTL y Ppo3podIll ys3araJbHEHOI'0
KPUTEPII0 SKOCTI HAHOCTPYKTYP, SAKHHA JIO03BOJIUTH OIHO3HAYHO
BCTAHOBHUTH BIJIOBIIHICTh XapaKTEePUCTUK HAHOCTPYKTYP €TAJIOHHHM
3HAYEHHSIM.

4.5 BuCcHOBKH 10 4€TBEPTOr0 PO3IiIy

1. Bubip omTmMasabHOTO METOAY CHUHTE3y HAHOCTPYKTYD K
3a0e3IeueHHsI TeXHOJIOTIYHOT0 KPUTEPI0 STKOCT1 JOIJIBHO IIPOBOIUTH
3a  JOIOMOIOI0 METOAy AaHaidy lepapxiii. Merogu cuHTE3y
HAHOCTPYKTYP Ha MOBEpPXHI HAIBOPOBIIHUKIB, a caMe XIMIYHe,
eJIeKTPOXIMIUHE Ta JI'TorpadiuHe TpaBJIeHHS, TOBUHHI OIIHIOBATHC 34
KPUTEPIAMH  €KOHOMIYHOCTI, €KOJIOTIYHOCTI, KIJIbKOCTl  JIAHOK
TEeXHOJIOTIYHOI'0  IIpOoIlecy,  CKJIAQJHOCTI,  pecypciB, dacy Ta
Pe3yJIbTATUBHOCTI.

2. Ha skicTh HAHOCTPYKTYP BILIMBAIOTH CECYPCHI Ta TEXHOJIOTIUHI
yuHHUKA. J[0 pecypCcHMX YMHHHUKIB, IK1 HEOOX1THO BPAXOBYBATH JIJIS
VIIPaABJIIHHS TEXHOJIOTIEID CUHTE3y HAHOCTPYKTYpP 13 3aJaHUM pPIBHEM
SIKOCT1, BIJHOCATBHCS: TapaMeTpu Ta CTAH II0BEePXHI BUXITHOTO
HAMOIBOPOBIOHUKA; CKJIAQJ 1 KOHIEHTPAIS TPaBHUKA, SKUH
34CTOCOBYETHCS JJIsI CUHTE3y HAHOCTPYKTYPH; IOIATKOBl PECYPCH, IIO
MOKYTh BIUIMBATH HA TIPOIlEC PO3YMHEHHS HAaMIBIPOBIIHUKOBOTO
Kpuctaay. Jlo TeXHOJIOMYHNX YMHHUKIB BIJJHOCATHCS YacoBl BUTPATH,
€HEeProBUTPATH Ta BHUTPATH, II0 MOB'SI3aHl 13 crablii3alrieo
BJIACTHUBOCTEU YK€ CHHTE30BAHOI HAHOCTPYKTYPH.

3. CumHTe3 HAHOCTPYKTYpP JOIIJIBHO IIPEJCTABJIATH SK IIPOIEC
3IIMCHEHHS JISAJIBbHOCTI, IO peai3yeTbCsa B IIEBHOMY YaCOBOMY
IPOMIKKY Ta B II€BHIN ITOCJIITOBHOCT1 BIITIOBITHO 0 3aJaHUX CTAIIHA Ta
eTariB. 3aBepIeHHs eTally O3Havyae IIPOXOJyKEeHHS OJHOTO ITUKJIY 3
MOSKJIMBICTIO TI€PEXO/Ty JI0 1HIIIOTO.

4. Ha oCHOBI CHCTeMHO-CTPYKTYPHOI MeTOMOJIOTI yIIpaBJIIHHS
CUHTE30M HAHOCTPYKTYpP CTAa€ MOMKJIMBUM PO3POOUTH  CHCTEMY
VIIPABJIHHS TIPOIECOM SKOCTI HAHOCTPYKTYp. OcHOBHe 3aBIaHHS

KepyBaHHs IIPOIECOM [JOJAaBAHHS OaKaHUX SKOCTEH HAHOCTPYKTYP
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moJIsATae B 3OIMCHEH1 TaKUX [, K1 JaJyTh 3MOry 3a0e3IeYunTH
HeOOXITHMHK cTaH KepoBaHol cucremu. llpm yupaBmiHHI SAKICTIO
HAHOCTPYKTYP I Yac CHHTe3y Ha [IOBEPXHl KPHUCTAJIy HEeOOX1IHO
BPaxOBYBATH YMOBH IIOPOYTBOPEHHSI, BHUMOTH, IO BHCYBAKTHCA 0
SIKOCT1 OJep:KaHuX HAHOCTPYKTYP 1 MeXaHl3MH, IO JIeKaTb y OCHOBI1
IIPOIIECY TTOPOYTBOPEHHS.

5. IcHYI0 KOpeJssIisa MIsK pecypCHO-TeXHOJOTIYHUMU YMHHUKAMU
CHHTEe3y IOPYBATOT0 IIPOCTOPY HA IIOBEPXH1 HAIIBIIPOBIIHUKIB TA HOT0
HaOyTuMu BaactuBocTsaMu. Ile mae 3mory kepyBaTy TeXHOJIOTIYHUM
IIPOIIECOM CTBOPEHHS HAHOCTPYKTYP 13 3aJaHHMU XapaKTePUCTUKAM.
Ilokasamo, 1m0 Yac TpaBJIEHHS 3yYMOBJIIOE PO3MIP IIOp, IIOPYBATICTH Ta
TOBIIMHY mopyBaroro 1mapy. IingpHICTE CcTpyMy Mae BHpIIIaJIbHE
3HAYEHHS [JIs KLJIBKOCTI yTBOpeHHX mop (o0’eMHA 1 IOBepXHEBa
mopyBarticTh). KoHIleHTpaIls eJIeKTPOJIITY BIJIMBAe HAa PIBHOMIPHICTH
PO3IIOALIY IIOp IO IIOBEPXHI Ta TOBIIHUHY IIOPYBATOrO ITapy, TOMl SK
CKJIAJ eJIEKTPOJIITY BU3HAaUYae popmy 1 po3mip mop. BeraHoBieHo, 1110 He
JTutIe PEeCypCHO-TEXHOJIOTTYHI UNHHUKN BILJIMBAIOTH HA
MIKPOMOPQOJIOTI0 CHHTEe30BAHUX HAHOCTPYKTYp. HeoOximHuM € Taxkox
BpaxyBaHHs IIapaMeTpiB BUXIAHOro Kpucrauy. lloemHamHs pi3HHX
YMOB TPaBJIEHHS BU3HAYA€ MOP(OJIOTIIO IIOPYBATHUX 3PA3KIB.

210



PO3LJI 5
METOAHU OOIHIOBAHHA IIOKA3ZHUKIB
AKOCTI HAHOCTPYKTYP HA ITOBEPXHI
HAIBITPOBIJTHUKIB

5.1 BusHayeHH:a XapaKTEpPHCTHK Ta IIOKAa3HUKIB SKOCTI
HAHOCTPYKTYP

HawmocTpykTypy MoOKHA oOXapakTepuU3yBaTH 34 CYKYITHICTIO

MOKas3HUKIB Ta BiactuBocreii. Cepex 3arajJibHUX BJIACTHBOCTEH,

OpUTAMAHHUX OyIb-IKOMY HaHOMATEplasly MOKHA BUILJIUTH (PISUUHI,
X1MiuHI1, 010JIOT1YHI, MOP(OJIOriUHI, eKOJIOTIuHl Ta MexaHiuHi. Kpim

TOr0, CHHTE30BaHlI  MaTeplaJgd  MOMKHA  KJacH@plikyBaTtu  3a

TeXHOJIOMTYHUMI, IIATeHTHO-IIPABOBUMII, €KOHOMIYHUMU Ta
JyHKITIOHATPHUME ITOKA3HUKAMH.
VaromkeHicTh KpUTepliB HaHOMAaTeplaJy HaBeIeHO y BTV

cxXeMu 3aJIesKHOCTel Ha puc. 5.1.

DyKITOHATHHL

Texnonoriumi

~.

Exomnorium
4

Mopdomoriuai e

Exomomiumi

I
\/

XimiuHl

IlaTeHTHO-IIPAB OB1

Mexamiuai

@iziumi

Biomoriumi

Pucynor 5.1 — Cxema y3rom»eHOCT] BJIACTHBOCTEH 1 IIOKA3HUKIB
HaHOMAaTeplaay

Koskma rpyma BiactuBocTeit Moske OyTu po30uTa HA IIPOCT1 PIBHI.

Tak, HampuUrIam, A0 PI3UUHUX 6/1ACMUBOCMell HAJTIEKUTH MHOMKIHA
BJIACTUBOCTEM PEYOBHUHU / MaTepiajly mos3a XiMiauoi B3aemo il (puc. 5.2).
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Pucysox 5.2 — ®i3uyH1 BJIACTUBOCTI HAHOMATEP1aJIiB

Di3uyHl BJIACTHBOCTI HAHOMATEPIAJY Y3TOMKEH] 3 MeXAHIYHUMU
81ACMUBOCMAMU, Cepel SKUX HAWBAKJIUBIINIUMH €. MIIHICTB;
OPYKHICTD; IIJIACTUYHICTD; TBEP/IICTh.

Bionoeiuni enacmusocmi HaHOMAaTEP1aTIIB 3yMOBJIIOIOTHCS:

— 3IATHICTIO MaTepiajy UMHUTH OIIp pyHAHIBHIA  mii
MIKPOOPTaHI3MIB;

— B3a€MO/IIEI0 13 CePeIOBUIIEM, Y AKOMY BOHU 3HAXOISATHCS.

YV 1mpomy ceHcl 010J0OTIYHI BJIACTUBOCTI  Y3TOMKYIOTBCSI 3
eKO0JI02TYHUMU NOKA3HUKAMU, STK1 CJLT PO3TJISIATHA IIPOTATOM BCHOTO
JKUTTEBOTO ITURJY HaHoMmarepiasy. Ilpm OIIHII  eKOJIOTIYHUX
TMOKA3HUKIB HaHOMATeplasiB, SK IIPABUJIO, 3aCTOCOBYIOTH IIOHATTS
PHU3HKY — KLIBKICHOIO IIOKAa3HMKA Hebe3lexku. 3 1HIIOrO OOKY,
HEOOXITHUM € BpaxyBaHHsS TOTO (paKTy, IO HAHOTEXHOJOTl 3aaTHI
TOKPAIIUTH CTAH eKOJIOTIYHOI 0e3MeKN 3a paXyHOK BUKOPUCTAHHS IX y
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aJbTePHATUBHIN €HepreTHIll, CeHCOPHIN TexHoJorii Tomo. CTBOpeHHs
HOBHX MAaTeplajiB YaCTKOBO BHPIIIye IIPo0JIeMy paIfloHAJIHLHOIO
BHUKOPHUCTAHHS IIPUPOTHUX PECYPCIB TOIIIO.

Ximiuni gracmusocmi  HAHOMATEpPlaJiB  3yMOBJOIOTHCS
eJIEMeHTHHM CKJIAJ0M IIOBEPXHl I IIOBMHHI MICTUTH OI[IHKY II0I0
OJTHOPITHOCTI IIHOTO CKJIAY.

Jlo exoHOMIUHUX NOKA3HUKIE HAJEXATh T1, IO IIOB'SA3aHI 3
BUTpATAMU pecypciB 1 OKYIIHICTIO BiJ IIPOBAIKEHHS TISJIBLHOCTI.
ExoHoMiuHl MIOKA3HHMKHM MAIOTh KOPEJSINI 3 MexXHOJI02TUHUMU
NOKA3HUKQMU, TaK SIK BT CKJIAIHOCTI TEXHOJOTIYHOIO IIPOIIECY
3aJIeskaTh BUTPATH HA BHPOOHUIITBO. KpiM TOro, mokasHUKM BUTPAT
OysKe YacTO € CYHepPeuwIUBHUMHU I0 MOPEOJI02IUHUX 8JIacmiU8ocmel
IIOBEPXHI, Tak SK MOKPAIIEHHs MOP(QOJOTIYHUX BJIACTUBOCTEH
MOKJIMBE JIMIIE 34 PAXYHOK YCKJIQJHEHHS TEeXHOJIOTIUHOIO IIPOIeCy Ta
BUKOPHMCTAHHS OLIbIN BapTicHol cupoBuHu. Came y IIbOMY BHIIAIKY
HEOOX1THO MTH Ha KOMIIPOMIC — a00 MOKpAaIlyBaTH SIKICTH TOBapy, a0o
SHHUKATH BUTPATH HA BUPOOHUIITBO. J[JIa 11b0T0 HEOOX1THO IIPOBOSUTH
JeTaJbHUM eKOHOMIYHUI aHaJi3 1 BpaX0oBYyBaTH KOHKYPEHTO3IATHICTD
MIPOJIYKIIII, 1110 BUPOOJISIETHCS.

[laTenTHO-TIpaBOBMiIT piIBEHBb SAKOCTI OyAb-IKOTO IIPOAYKTY
BU3HAYAETHCS MOKA3HUKAMU IIaTEHTHOIO0 3aXMCTY, IIATEeHTHOI YHUCTOTH,
TEePUTOPIAIBHOI PO3IIOBCIOaKeHOoCTl. IloKasHUKM ITATEHTHOTO 3aXHCTy
Ta HATEHTHOI YMCTOTHA IIOBUHHI BHKOPHCTOBYBATHCS HE TLUIBKH IIPK
OILTIHII TKOCTI IPOAYKINI, aje i mpwm il ceprudirarrii. Kpim Toro, mosxua
BUILIUTH IIIe NOKA3HUKU CMaHOApmMu3ayli ma yHipIKauyil, 0O SKUX
BIJTHOCATH ITOKA3HUKN 3aCTOCOBHOCT1, IIOBTOPIOBAHOCTI, MISKIIPOEKTHOL
yHidikaIi Torro.

DyHKUIOHANbHUL NOKA3HUK HaHOMATeplaly BU3HAYAETHCA SIK i1
(byHKITIOHAIbPHA HPUIATHICTB, TOOTO HAOIp aTpPHOYTIB, IO 3YMOBJIIOE
IpU3HAYEeHHs, OCHOBHI HeOoOXIJH1 ¥ gocTaTHl (QYHKINI, 3amaHi
TeXHIYHUM 3aBIAHHAM a00 BUMOTaMH CIOKHBAYA.

Di3uuHi, 010JI0TIUHI, MEXAHIYHI BJIACTUBOCT1, & TAKOM €KOJIOTIYHI,
€KOHOMIYHI, ITaTeHTH], (PYHKITIOHAJIbHI IIOKA3HUKU € 3araJIbHUMU JIJIs
BCHOTO HA0OOPY 3pas3kiB, CHHTE30BAHUX 34 OJHAKOBUX yMoB. Bouwn
XapaKTepu3yoTh XapaKTePUCTUKHI MaTepiairy 3araJjiom.
CroenmdiuauMy JJI KOKHOTO OKPEMOro 3paska € MOP(oJIOoriyHl Ta
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XIMIYHI1 BJIACTUBOCTI, TK1 MOKYTb 1CTOTHO P13HUTHUCS JIJIsT 3pa3KIB O HIel
mapTii Ta XapaKTepu3yTh SKICTh HaHOMATeplay.

Vszaeanvnenuti xkpumepiti saxocmi HaHOMaTepiady Oymemo
PO3TJIAIATUA K CYKYITHICTh YACTKOBMX HMOKA3HUKIB, SIK1 BIJIIIOBIIAIOTH
eTaJIOHHUM,  3a3Jajerigb  BU3HAYEHUM  3HAYeHHAM.  SKICTb
HaHOMAaTeplaly IOIJIbHO PO3TJISJATH JIWIIEe 3 OIJIAAOM Ha HOoro
(byHKITIOHAIbHE ITPU3HAYEHHS.

5.2 BuaHavyeHHs y3araJiJbHEHOro KpPHUTEPil0 AKOCTi
HAHOCTPYKTYP

Jlua  oIiHIOBAaHHSA  SAKOCTI  HaHOMATEplally y  KOKHOMY
KOHKPETHOMY BHUIIAIKy HEOOX1THO BUPIIINTH HACTYIIHI 3aBIAHHSI:

— BUOpaTH KpHUTepil, K1 BIOOPaKaoTh PYHKITIOHAIbHE IPU3HAYCHHS
HaHOMAaTeplamy;

— BHOpaTH MOKA3HUKM SKOCTl, Kl 3a0e3leuyBaTUMYTh HPHUIATHICTD
HaHOMAaTepiaJy;

— OIIIHUTH PI1BEHbDb SKOCTI 110 y3araJbHEHOMY ITOKa3HUKY;

— BHUABUTH B3a€MO3B’SI30K MIK ONUHHUYHMMH Ta y3araJbHeHHUM
TMOKA3HUKOM SKOCT1 3 METOI0 PO3POOKH peKOMEeH/Ialliil 110 3a0e3eUeHHIO
SIKOCTI.

Mopdomoriuamnii Ta XIMIUHUHA KpuTepii SIKOCTI
HAHOCTPYKTYPOBAHOTO MaTepiajly XapaKTepU3yoTh SKICTh JIOCJILTHOTO
3paska U 3a0e3meuyrThbcs UYepe3  TeXHOJOTIYHUN  KPUTEpIi.
TexHOJMOTIUHUNA KPUTEPIH SKOCTI, y CBOI0 UYepry, 3YMOBJIIOETHCS
YMOBAMH CHHTE3y HAHOCTPYKTYP HAa MIOBEPXHI HAINBIIPOBIIHHUKIB 1
MICTUTHL KpuUTepil eKOJOTIYHOCTI, €KOHOMIYHOCTI, pecypciB, dYacy,
CKJIAJTHOCTI TEeXHOJIOTTYHOTO IIPOIlecy, KIJIBKOCTI JIAHOK IIPOIlecy Ta
pe3yJIbTATUBHOCTL. 3abe3lleueHHs IIbOTO KPHUTEpilo dYepe3 BUOIP
ONTHUMAJIPHOTO METOJy CHHTEe3y HAHOCTPYKTYP IIOKa3aHO HAMH Y
[Posmin 4]. Taxmm uwmHOM, y3araJbHEHHH KpPUTEPIA  SKOCTI
HAHOCTPYKTYP MICTUTh JBa piBHI: 1#f — 3a0e3medyeHHS SKOCTI
TeXHOJIOTIYHOTO IIPOIlecy Yepe3 BUO1p ONTUMAJIBbHOI TEXHOJIOTI1 CUHTe3y,;
21 — 3abesmeveHHd KPUTEPlI0 HAKOCTI, IO CKJIAJAETHCA 3
MOPQOJIOTIIHOTO Ta XIMIYHOTO KpuTeplis (puc. 5.3).
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Pucynox 5.3 — V3aranbuaeHUit KpUTep1it SKOCT1 HAHOCTPYKTYP: Hys
— ya3araJbHeHUH Kpurepiit Axoctl; Kax — kpurepiit arKocTi; Kmex —
TeXHOJIOTIYHUHA KpuTeplit skoctl; Ku — Mopdosoriuamii KpuTepii
sarocTl; Ky — XIMIYHUHA KpuTeplit AaKocTl; Kexon — KPpUTEP1A €KOHOMIYHOCTI;
Keron — KpuTEpilt €K0JTOTIYHOCTI; Kiin-ms — KPUTEPIA KIJIBKOCTI JIAHOK
TEXHOJIOTIYHOTO TIpotiecy; Kexnao — KpuTepiit ckaagHocTl; Kpee —
Kputepiit pecypciB; Kuwe — xpurepiti duacy; Hpes — KpHUTepii
peaysabTatuBHOCTL; KRin , kewm, ksw, kiw — YACTKOBI HOKA3HUKH
MOPQOJIOTIYHOTO KpUTEPito; kix, ko, ksx, ks« — YACTKOBI IOKA3HUKU
XIMIYHOTO KPUTEPII0 SKOCT1

Y [Posmin 5] mamm OyJio IIpoBeIeHO aHAJ3 OCHOBHUX
MOPQOJIOTIYHUX  XAPaKTePUCTHK HAHOCTPYKTYpP. ¥Y3arajbHIOYH,
MOKHA  KJacuIKyBaTH Il XapaKTEePUCTHKKM 3a MaKpo- Ta
MiKkpopiBHAME (puc. 5.4).
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A 4

Hiametp nopu

A 4

TosmuHAa TOpyBaTOro

mapy

A 4

A 4

HopxuHa nopu

daxtop hopmu /
OKpPYIJIiCTh

A 4

HasiBHicTb nedexTis

Opienrariis miop (3a

> IMopygaricth
| CTpyMOM, 3a
KpucranorpagiuHuMu
HaIlpsIMKaMHu) : .
PiBHOMIpHiCTB

PO3TIOIITY TIO TTOBEPXHI

Pucynor 5.4 — Makpo- Ta MiKpo- MOPQOJIOTIYHI XapaKTEePUCTUKH
HaHOMaTepiaay (Ha IPUKJIAI] IIOPYBATUX CTPYKTYP)

Cepenm Bcix Makpo- 1 MIKPOMOPQOJIOTIYHUX XaPaAKTEPUCTUK
BuOepeMo Ti, SKI 3YMOBJWOTH (PYHKIIOHAJIBbHY IIPUIATHICTD
HaHoOMAaTepiayy, ToOTO MOKYTh 1CTOTHO BILJIMBATH HA HOro (pi3WvHI Ta
XIM14YHI BjacTuBocTi. Jlo HUX JOpedHo BiHECTH:

— cepenHli qlaMeTp Iop / HAaHOKPUCTAJIITIB,;

— chaxTop popMu mOpH / HAHOKPHUCTAJIIITY;

— IOpyBAaTICTh / IMUIBHICTE HAHOKPHCTAJITIB HA ONWHUILIO ILIOIIL
OBEpPXHI,;

— TOBIIIMHY ITOPYBATOTO IIapy / BUCOTY HAHOKPUCTAJIITIB.

Kosxen 3 1ux moKasHUKIB XapaKTepU3yeThbCss HAOOPOM 3HAYEHB
(puc. 5.5).

216



( HdiameTp mop
¢ ]

v
Mikpo Meso Maxkpo
F &2 Py d=(2-=200) nu d > 200 um W
L MopyBaricTh J
Huzeka Cepenus Bucoxa
( P <30% P=(30-60)% P> 60% W
L daxTop hopMH / OKPYIIiCTh j
TTporsoxaa Bursaruayra Kpyrna
F F<05 F=(0,5-09 F=1 W
L ToBIINHA MOPYBATOrO MIAPY JJ
Tonki Cepenni ToseTi
[ <200 wm =201 2000)um [ > 2 mrm
Pucynox 5.5 — Jllamasonu 3HaUYeHb YAaCTKOBUX IIOKA3HUKIB

MOPQOJIOTIUHOTO KPUTEPIIO AKOCT1 IIOPYBATUX HAHOCTPYKTYP
XiMIYHUH KPUTepPidl SAKOCT1 OyaeMo OITIHIOBATH 3a IOKA3HUKAMU

crexioMeTpii, cTaOIBHOCT1 CTPYKTYP Y Yacl, OHOPIIHOCTI PO3TOILIY I10
MOBEPXHI Ta HASIBHOCT1 OKCHIHOI ha3u (puc. 5.6).
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( CrexioMerpis j

v v
F OnTHMATBHII piBeHb Jlonyctumuii piBeHb He3sanoBinbHuii piBeHb
A 4
P CrabinbHicTh y 4aci —‘
v v v

— CrabinbHi YMOBHO cTabiibHI HecraGinpHi —

A 4
OanopinnicTs

A 4

i OnHOpiTHIH po3TOaiN YMOBHO OTHOPITHHIT Heonnopigantt —

A 4

HasBnicTe OKCHOIB

A 4

[pucyTHi y BUrisiai Bxputi okcHaHOKO

Bincytni . .
BKpAIUIEHb, KPHCTANITIB TUTIBKOO

Pucynor 5.6 — YacTKoBI IMOKA3HUKNM XIMIYHOTO KPHTEPII SKOCTI
HAHOCTPYKTYP.

CrexiomeTpisds HAHOCTPYKTYpP, CHUHTE30BAHHX HAa MIOBEPXHI
OTHOKOMIIOHEHTHMX HAIIBIIPOBLIHUKIB IPUMMAETHCSI SIK OINTHMAaJIbHE
3HAYeHHd, TOMl SK [ OlHApHUX HAIIBIPOBIIHUKIB HEOOX1IHO
BU3HAYATHA [1alla30H MAaCOBUX YaCTOK OJHOTO 3 €eJIeMEeHTIB.
CrabinpHIiCTh y dYacl IIepeBIpseTbCs 3a  JIOIIOMOTOK  METO[Y
doTomoMiHECIIEHITI, a caMe BHU3HAYAETHCSA CTAPIHHS CIEKTPIB 3
mimaoM  4vacy. Metox @OJI moTpebye mpoBemeHHS JOATKOBUX
JOCJIIIZKEeHD 1 € He IysKe IIPOCTUM JIJIsI 0O0POOKH JaHHX, TOMY JOILILHO
CKOPHCTYBATHUCS OIIOCEPEIKOBAHMM METOAOM — OIIHIOBATH 34 YacOM
OpOBEeIeHHs IIacuBallli MmoBepxHi. YWM ONTUMAJBHIIIMM € dYac
nacuBaifli, TUM crablLIpHIINIO Oyzme crpykrypa. IlepeBipky
OJHOPITHOCTI PO3IIOALIIY €JIEMEHTIB II0 IIOBEPXHI JIOILJIHLHO IIPOBOIUTH
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3a meromoMm INCA, kiIbKICHEe BHpasKeHHsS OyaeMo IITPOBOIUTH 3a
kpurepiem Dimepa 3a MeTonukomwo, HaBegeHowo y [Posain 4]. HasaswaicTs
OKCH/IB HIATBEePIKyeThes 3a gormoMmoron merony EDAX.

CyTTeBOIO TIepeBaroi0 3amporOHOBAHOTO IIIAXOAY € Te, IO JJIS
BCTAHOBJIEHHS PIBHS TKOCT1 HAHOCTPYKTYP HEOOX1THUM € 3aCTOCYBAHHS
sauiite ckanyBasbHoro (SEM) enexrporsoro mikpockory, meroqu EDAX
ta INCA e mogatkamu qo gpyukmionary SEM.

Ha ocHoB1 Buml/IeHNX HOKA3HUKIB MOPQOJIOTIUHOIO 1 XIMIYHOTO
KPHUTEPIIB 3 ypaxyBaHHAM IIPUHUHSITOr0 3MIITAHOTO MIIX0AY MO0y IyeEMO
JIepeBO KPUTEPIIO AKOCTI HAHOCTPYKTYP Ha MOBEPXHI1 HAIIIBIIPOBLTHUKIB
(puc. 5.7).

Po3mip nop

Mopdonociuni
Kpumepii

K]

[MopyearticTh

BEEEE
W N~

®daxrop popMu
Tosmuna md
Ka
—> Crexiomerpis kx1

Crabinehicts | kx2

Ximiuni
Kpumepii OnHopigHicTh W

| Kx |

HasiBHICTb OKCHAIB | fixd

B

Pucynox 5.7 — JlepeBo KpuTepiio SKOCTI HAHOCTPYKTYp Ha
MOBEPXHI HAINBIIPOBIIHUKIB

Taxkum YmHOM, KPUTEPIH SKOCTI HAHOCTPYKTYP € QYHKI[E
MOP(OJIOTIYHOro ¥ XIMIYHOIO KPUTEPIiB:

K, = f (R.M; Rx) (51)

YMoBoIO sKOCTI OyIemMo BBa’KaTH JOCATHEHHS MAaKCHMAaJIbHOTO
3HAYEHHS KPUTEpIiB:
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K —max

=K —max. (5.2)
K —max A

3roprry KpurTepiiB OygemMo HPOBOJUTH 3a MYJIbTHUILIIKATHBHIM
3aKOHOM:

K. (5.3)

Mopdomoriuauii KpuTepii SKOCTI HAHOCTPYKTYP € (PYHKITIEHO
MOP(OJIOTIYHUX ITOKA3HUKIB:

Km :f(kM], kM2, kM3, kM4), (54)

ne ki, kow, ksu, ks — MOP(OJIOriUHI IIOKA3HHUKK SKOCTI, IO
XapaKTepu3ynTh pO3MIp IMOp, IIOPYBaTICTh, (PakTOp (OPMHU IIOPH,
TOBIIIMHY TIOPYBATOIO IIIapy B1AMOBIIHO.

XiMIYHUH KPUTEPIH STKOCTI HAHOCTPYKTYP € PYHKINEH XIMIUHUX
MMOKA3HUKIB:

X :f(kxl, kx2, kxé’, kx4), (55)

e kix, kex, Rsx, kar — XIMIYHI TTOKA3HUKU SIKOCTI, III0 XaPaKTEPHU3YIOTh
CcTeX1OMeTpll0 IIOBEePXHEBUX IMapiB, CTAOLIBHICTh IIOBEPXHEBHUX
BJIACTHBOCTEH y Yacl, OOQHOPIIHICTh, HASIBHICTh OKCH/IIB B1AIIOB1IHO.

Tom xpuTepiii AKOCTI BU3HAYAETHCSI SK JOOYTOK BEKTOPIB
MOPQOJIOTIYHOTO Ta XIMIYHOTO KPUTEPIIB TKOCTI:

K= filkyiky sk, 3ikya) fokgpskyikysikyg ) (5.6)

BusnauenHs Mopghosio2iuHo20 Kpumepio sKocmi
3ropTry MOKa3HHUKIB MOPQOJIOTIYHOTO KPHUTEPII0 SKOCTI 0yI1eMo
TIPOBOJUTH 34 JIHIAHUM 3aKOHOM:

Ky =a1kM1+a2kM2+a3kM3+a4kM4 , (57)
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e ai, az as, a4 — Koe@IlIleHTr BArOMOCTI,
kmi, kme, kms, kms— 9aCTKOBI OKA3HUKU MOPQOIOTIUHOTO KPUTEPIIO
SIKOCTI.

[Iim moBepxHeBoio mopyBaTicTio (P) 3pas3kiB OymemMo po3yMiTH
BIJTHOIIIEHHS ILJIOII], 3aMHATOl IIOPaMH, 0 3araJIbHOI IIJIOIIl 3pa3Ka:

S
_°p
P= $ (5.8

e Sp — cymMapHa IJIoIA II0BepXl, 3aifHATa IIOPaAMU;
S — 3araspHa IJIOIIA 3pa3Ka.

[Tlix miamerpom mop (d) OymemMo po3yMiTH ceperHe apuMeTUIHe
3HAYEeHHs BCIX 10D, IO 3HAXOIATHCSA B IOJI1 30PY MIKPOCKOILY.

@opMy II0p OXapaKTEePU3yeEMO BEJIHUYHWHOI, IO HOCUTH HA3BY
daxrop dopmu (Fip), a0 OKPYIIIICTE ITOPH:

Fy _47sp (5.9)

Jie Sp — ILTOIIA TIOPH,
p — TIepUMeTp IIOPH.

Buavenns daxropy dopmu Fy = 1 BKasye Ha Te, 10 ITepepi3 Iopu
€ 1measbHe K0J10. YuM Osmskye 3HaYeHHS OKpyrJiocTi 10 0, TUM Okl
BUTSTHYTUM a00 JedopMoBaHuM Oy/ie IIepepi3 mopH.

Tosmmay mopysaroro tmapy (/) BHU3HAYMMO $SK ycepeaHeHe
3HAUYEHHS BHMCOTH IIIapPy I10 BCIH ILJIOIIMHI 3pa3Ka.

[Tokasuumg, 10 xXapaxkTepu3ye poO3Mip II0p BU3HAYAETHCA 34
dopmyioio:

1,}ZKU/;0 dc (dmin;dmax );
_ d_dmin
M g — dmax

d—d
}ﬂ[, axuwo d > dmax

‘d—d

, Akwo d <d (5.10)

min’ °

min
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Ie d — cepeqHii glameTp Mop, HM;
dmin — MIHIMAJIBHO JIOIyCTUME 3HAYEHHS J1aMeTpy op, HM;
dmax — MAKCUMAJIBHO JIOILyCTHME 3HAYEHHS JlaMeTpy II0p, HM.

[lorkasuuk, 110 XapaKTepu3ye IIOPYBATICTh BU3HAYAETHCS 3a
dopmy.ioo:

£,;11<u;0 P<P,
= };“ , (5.11)
%, aKkwo P~ Py

e P — mmoBepxHeBa IIOPYBATICTD 3pas3kKiB, %;
Ps: — eranonHa (craHmapTHA) IOPYBATICTh, %.

[Torkasuuk, 110 XapakTepuaye opMy IOp BU3HAYAETHCS 34
dopmy.roro:

e =% , (5.12)

e Fy — darrop hopmu mmopu;
Fst — etanonne 3HavueHHA PakTOpy POPMH.

[lokasuuk, 1m0 XapakTepuaye TOBIIUHY IIOPYBATOTO IApy
BU3HAYAETHCS 3a (POPMYJIOIO:

1,}ZKWO lc (lmin;lmax ),
s = [ ~lin

1< 5, 5.13
\Z—lmax’ﬂmo <Lnins (5.13)

I —Imax

-

, axuo > Imax

lmin

Iie | — ycepenHeHa TOBIIMHA IIOPYBATOTO IIAPY, MKM;
Imin — MIHIMAQJIBHO JOIIyCTHMeE 3HAYEHHS TOBIIMHH IIOPYBATOTO Iapy,
MEKM;

Imax — MAKCUMAJILHO JOILyCTHME 3HAUEHHS TOBIIMUHI IIOPYBATOrO IIapy,
MEKM.

222



3HaveHHA KOe@II[IEHTIB BaroMoCTl IIOBHHHI 3aJ0BOJIHLHSITH
BUMOT1:

artaz+as+as=1. (5.14)

BusnauernHsa ximiuno020 Kpumepino aKocmi
3roprry IIOKA3HHUKIB XIMIYHOTO KPHUTEpPI0 SAKOCTI OymeMo
HPOBOIUTH 34 JIHIAHUM 3aKOHOM:

K. =bk.+bk.+bk:+bk. , (5 15)

e bi, b, bs, b4 — KoedilirieHTH BATOMOCTIL,

kxi, kxe, kxs, kx4— 9aCTKOB1 MOKA3HUKU XIMIYHOTO KPUTEPIIO SKOCTI.
[lokasauk, 10 XapakKTepu3ye CTeXIOMeTplld II0BEPXHEBOTO

IOPYBATOIO ITAPY JJIs OJJHOKOMIIOHEHTHHX HamiBOpoBITHUKIB (Si, Ge)

3aBKIU Mae 3HaYeHHA kv = 1. Jlyia Olmapuux HamsBrpoBigaukis (InP,

GaAs, GaP, ZnSe, SiC, CdTe) BmaHauyaeTbCa BMICTOM OIHOIO 3

eJIEMEHTIB 1 MOsKe Ha0yBaTH 3HAYEHb:

1, siciyo C < [Cmin :Cmax ];
ka=10.5, sixcuyo € <[ Crmin ~10%Cinin; Chin ) U( Cinaxs Cinax +10%Cinax 5,
0, scuyo C <[ 0%;Crmin—10%Camin ) U( Crmax +10%Crmax;100% |
(5.16)

ne C — macoBa 4yacTka ejieMenTa, %;

Cinin — MIHIMAJIBHO JOIIYCTHME 3HAYEHHS MaCOBOI YaCTKH €JIeMEHTY, 1[0
JIOCTIIMKY€ThC, %;

Cnax — MAKCUMAJIBHO JOIYCTUME 3HAYEHHS MACOBOI YaCTKU eJIEMeHTY,
110 JTOCJTIIPKYeThest, %.

[lokasauk, MmO XapakTepu3ye CTAOLIBHICTh IIOBEPXHEBHUX
BJIACTUBOCTEHM y daci (XIMIYHA Ta eJIEKTPUYHA 1HEPTHICTH) OyaeMo
OIIIHIOBATH 34 YacoMm (1) IpoBeIeHol XaJabKkoreH1THOI macusarii. et
MOKA3HUK MOKe HaOyBaTH 3HAYEHD:
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1, axwo tC[tmin;lmax :I;
k= 0,5, AaKwo t < I:tmin —10%min sfmin )U(fmax;tmax +10%tmax :|; , (5 17)

0, axwo t < [O;fmin —10%tmin )U (l>'tmax +10%tmax )

e t — yac IpoBeIeHHs IacuBAaIlli, XB;
tmin — MIHIMAJIBHO JOIIYCTUME 3HAUEHHS Yacy ITacCUBAallll JJId YTBOPEHHS
PIBHOMIPHOTO IIACUBYIOUOTO IIIAPy, XB;
tmax — MAaKCHMAJIBHO [IOIIyCTMME 3HA4YeHHs 4dYacy IlacuBalii s
YTBOPEHHS PIBHOMIPHOIO IACUBYIOYOI0 IIapy, XB.

[Torkasnuk, 1m0 XapakTepu3ye OTHOPIIHICTh POIIOIIIY eJIeMeHTY
IO IIOBEPXHl JIs OJHOKOMIIOHEHTHMX HAIMBOPOBIOHUKIB (Si, Ge)
3aBKIM Mae 3HaYeHHA kys = 1. Jlyia Olmapuux HamsBupoBiguaukis (InP,
GaAs, GaP, ZnSe, SiC, CdTe) BusHauvaerbca wmeromom EDAX.
JocmimxeHHsT OSHOPITHOCTI PO3IIOALILY €eJeMEeHTIB II0 IIOpyBaTii
IIOBEPXHI1 JOIJILHO IIPOBOAMTH He MeHIn ak Ha 10 rTourax. Jlirsa
BU3HAYEHHS OJHOPITHOCTI PO3MOALIY €JIEMEHTIB II0 IIOBEPXHI
JOCTaTHHO IIPOBOAUTH PO3PAXYHKH I10 OJHOMY 3 esieMeHTiB. Koediitient
Bapialii — Mipa BIIHOCHOI'0 PO3KHUIY 3HAYEHDb CYKYIIHOCTI: IIOKA3ye, AKY
YACTKY CepeqHbOr0 3HAUYeHHs ITlel BEeJIWYHHH CKJIaae il cepemHii
poskus. KoedimienT Bapiai OygeMo BU3HAYAETHCA 3 (POPMYJIOH0:

(5.16)

ne C — cepeqHbOaprdMeTHIHe SHAYCHHST KOHIEHTPAL eJeMeHTa 10
IIOBEPXHI;

O — CepegHbOKBAJpaTHUYHE BIAXUJIEHHS, IOPIBHIOE KBAJIPATHOMY
KOpeHIo 3 aucmepcii [265]:

o=+D , (5.17)
2

Toml xoediifieHT Bapialiii MOKHA 00UHCIUTH 3a PopMyJIow [265]:
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(5.19)

Yum Olabllle 3HAUEHHS KoediiieHTa Bapiaifii, TUM BIJHOCHO
OUIBIIMI PO3KHI 1 MEHINA BHPIBHSIHICTD JOCIIIKYBAHUX 3SHAYEHD
(tabu. 5.1).

Tabmuma 5.1 — 3HauvenHs KoedillieHTy Bapilaiii Ta
XapaKTepUCTUKA OJHOPITHOCTI BaplaIllifHoOro PsIy
.. XapaKkTepHUCTHUKA OTHOPIIHOCT1
o Bapiansa
pany
v=<30% cJIabka OOHOPITHUHA
30<v<70% IoMipHAa HEeI0CTATHBO OTHOPIIHUIA
v>=T70% CHJIbBHA HEOIHOP1IHUI

Takum YMHOM, TOKA3HUK kx3 MOKe HAOYBATH 3HAYEHD:

1, saxwo vc(O; 30)%;
ks =10.5, axwo vc[30; 70]%;. (5.20)
0, axwo VC(70; 100)%

[lokasuuk, 110 XapakTepu3ye HASBHICTH OKCHIIB Ha IIOBEPXHI
MOsKe HaO0yBaTH 3HAUEHD:
kx4 = 1, AKIITO OKCUIW BIACYTHI HA IIOPYBATI¥ MOBEPXHI,
kxe = 0,5, SKIIO CIOCTEPIralOTHCS MOOIWHOKI BKPAILJIEHHS OKCHIIB Y
BUTJISAT HAHOKPHUCTAJIITIB,;
kx4 = 0, AKIIO OpyBaTa MOBEPXHS BKPUTA OKCHIHOIO ILIIBKOIO.

[Ticns obumcaeHHS MOPOJIOTIIHOTO 1 XIMIYHOI'0 KPUTEPIiB IKOCTI,
BH3HAYAETHbCA 3HAUYEHHS y3araJbHeHOro Kpurepiio saxocti. Jlaml 3a
ka0 Oaskamocti XappiarroHa (tabs. 5.2, puc. 5.8) BuaHauaeThbCs
PiBEHB SKOCT1 HAHOCTPYKTYPH.

Tabmuig 5.2 — «lllkana 6amanocri» Xappiarrona [309]

[MIxama «d» AxicHl xapaKTepHUCTUKH IIKAJIN MOKAa3HUKA 0askaHOCT1
«d»

1,00 BimoOpaskae KpaiiHili piBeHb BIAMIHHOI  SIKOCTI,
TIOKPAIeHHs TKOT0 HeMae CeHCy.
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1,00 — 0,80 INpuiimarauii Ha piBHI «BlOMIHHO». Bimobpaskae
XOPOIITY SIKICTh.

0,80 - 0,63 [Tpuitusaruawuit Ha piBHI «100pe». Bimobpaskae piBeHb, 1110
IepeBUIlye HaWKpalldil piBeHb, AKOMY BIIIOBigae
3HavenHda d = 0,63.

0,63 - 0,40 IlpuitHarauii  Ha  piBHI  «3aJ0BLIBHO».  KiCTh
OPUUHATHA J0 TPAHWUYHO J[OIMYyCTUMOTO pIBHSI, aje
moTpedye BIOCKOHAJIEHHS.

0,40 - 0,30 I'panuunwnii piBeHb. AKINO ICHYIOTH CTAHIAPTHI BUMOTH
JI0 XapaKTepPUCTUK, OKPeMi 3 TIPOIYKTIB OyAyTh JIesKaTH
3a MesKaMu X XapaKTEePUCTUK (Gatanilo)
XapaKTePUCTUKA B TOYHOCTI BIJIIIOB1Ia€ BCTAHOBJIEHOMY
MIHIMyMY YH MAaKCUMyMy, TO 3HAYEeHHS «d» Mae
mopisuioBatu 0,36788=1/e).

0,30 — 0,00 Henpuitnsarauit piBeHb.

0,00 [ToBHICTIO HETPUAHATHUN PIBEHb.

d I
00 | |
BimMiHED I
080 I
0,70 mofpe :
1
060 | onopimme | /HOPMATHBHE
0,40 / 3HAYeHHA
o0 | T -
II0TAHO 1
1
00 | "YEe I
TIOTaHo |
0,00 1
-40 30 -20 -10 00 10 20 30 40
YI
Pucymorx 5.8 — @Oyakiia XapplHIToOHA [JIS TOKA3HUKIB 3

OJHOCTOPOHHIM oOMeskeHHAM [311, 312]

Aximo Oyab-axkuit 3 MOPQOJIOTIYHUX YK XIMIYHUX ITOKA3HUKIB

SIKOCT1 HEMOYKJIMBO BU3HAYUTH, a00 He Mae IOTpeOu HOoro BU3HAYATH,
FOT0 MOKHA OIIYCTUTH. SIKII0 HAHOCTPYKTYPH IIPEJICTABISIOTH COO0I0 He
mopyBaTl IIapuW, a I1HIIN TeoMeTpuYHl (OPMH, TO TOMAl 3aMICTh
HOPYBATOCTI BU3HAYAETHCS IILJIBHICTD HAHOCTPYKTYP HA OJUHHILIO
IJIOI1, 3aMICTh TOBIIMHHK IIOPYBATOTO ITApy — yCepemaHeHy BHCOTY /
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TJTMOMHY HAHOCTPYKTYP. AKIIO HAHOCTPYKTYPH MAalOTh HipaMigaIbHY
dopmy, To 3a miaMeTp IpUNMAETHCSI 3HAUYEHHS e(PeKTUBHOIO JiaMeTpy
JIOHY II1paMIIH.

5.3 Ilpukman oOmiHIOBAaHHA  SAKOCTI HAHOCTPYKTYP,
chopMOBaAHMX HA MOBEPXHI HAMIBOPOBITHUKA

¥V sgrocTl IpUKIAIy PO3TJISTHEMO IIOPYBATI CTPYKTYpu por-InP, skl
OyJ10 cpopmoBaHO 3a €JIeKTPOXIMIYHUM TpaBJIEHHSIM
MOHOKPHCTAJIYHOrO ocdiay 1HIII0 Yy BOIHEBOMY PO3YMHI COJISHOL
kucsotu. [lepen ekcriepuMeHTOM 3Pa3KU MIPOXOIUIUA OUUCTKY 3 METOI0
BUJAJIEHHS MEeXaHIYHUX Ta XIMIYHUX 3a0pyaHioBadiB. Jlaml mimactuan
3aHYPIOBAJINCSI y EJIeKTPOXIMIUHY KOMIPKY 3 IIJIATHHOI HA KaToIl.
TpaBieHHA B1IOyBaJI0OCA IIPHU MOCTIMHIN IILIBHOCTI cTpyMmy 150 MA/cm2,
VYMoBH eKcIepuMeHTy HaBedeHo y TabJ1. 5.3.

Tabmumsg 5.3— YMoBH cuHTe3y IIOpyBATHX IMapiB HA MOBEPXHI
docdimy 1HIII0

No 3paska Yac TpaBieHHa Enexrpomit

1 10 10H20+1HCI
2 15 10H20+1HCI
3 20 10H>:0+1HCI
4 10 10H20+3HCI
5 15 10H:0+3HCI1
6 20 10H:0+3HCI1
7 10 10H:0+5HCI
8 15 10H:0+5HCI
9 20 10H:0+5HCI

[Ticiia excmepuMeHTY 3pasKH IMIIaBAJINACSA BIAIIAJIY B PO3YHMHI
amMiaky 3 mMeToo crtaOuridarii BiaactuBocTeit. Mopdosoria orpumaHux
CTPYKTYP JOCJIIKYyBaJIacss Ha PACTPOBOMY €JIEKTPOHHOMY MIKPOCKOII
JEOL-6490, xiMIuHuii CKJIag HOBepXHEBHUX ImapiB — merogamu EDAX
ta INCA. Amamia oOCHOBHMX MOPQOJIOTIYHHUX XaPAKTEPHUCTUK
IIPOBOJUJIH 34 JOIIOMOI00 KOMIT IoTepHuX mmporpaMm Imaged ta Origin.
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3a erasoHHI 3HaYeHHS MOPQOJIOTIYHUX  XAPAKTEPUCTHUK
IOPYBATOTO I1apy, cOpMOBAHOTO Ha IIOBepxXHi docdimy ixgiro (por-InP)
OpUiMeMO 3HAYeHHs, IO BIOIOBIIAITH CTPYKTYpPaM 3 HHU3BKOIO
NITJIBHICTIO TOP (TIOBEPXHEBOIO ITIOPYBATICTIO) TA MAKPOIIOPAMU KPYTJIOTO
nepepidy. KoedirienTr BaromocTi BU3HAYAJINCSA 3 MIPKYBAHHS, 110 JIJIs
IIPOMUCJIOBOTO BUKOPUCTAHHS IIOPYBATUX CTPYKTYpP  HANOLIBII
BATOMUMM € 3HAYEHHs II0BEPXHEBOl IIOPYBATOCTI Ta TOBIIUHN
IOPYBATOTO IIapy; MEHII BaKJIUBUMH — popMa Ta po3mipu 1mop [313 —
315]. CrexiomeTpis 3pa3KiB BU3HAUAJIACA 34 KOHIIEHTpaIrieo dgocdopy.
¥ nopyBaTtux mapax dgocdiay 1H710 TiarpaTka pocdopy IIpu TpaBJIEHH]
BUTPABJIIOETHCSA IIBU/IINE, HISK 1HI1I0, TOMY CT€X10MeTpid 3PYIIYeThCS B
O0lk wHamIummky aromiB immioo. IlopyBari 3paskm I1OBMHHI OyTH
CcTaOLILHUMU B Yacl, He MaTH OKCUIHUX ILTIBOK, €JIeMEHTH II0 II0OBEPXHI
po3moalyieH]l piBHOMIpHO. ETaloHHI IIOKA3HUKKW SKOCT1I IIOPYBATHX
mIapis Ha IIoBepXxHI pocdiay 1H/I10 ¥ BarosBl KoeiIlleHTH IpeacTaBIeHO
B Ta0I. 5.4.

Tabmuig 5.4 — EramoHHl HOKA3HUKH SIKOCTI HAHOCTPYKTYP,
cchopmoBaHMX Ha MHOBepxHI ¢ocdigy 1HIIIO Ta BaroBl KoediIlieHTH
(mpurIam)

[lorkasauk Eranonne sHavenus | Barosi koedimientu
JliameTp 1op (50 — 100) am a:=0,2

ITopyBaTicTh 30% a2=0,3

®axTop dpopmu 1 as=0,2

ToBmmHa (15 — 25) MM a4+=0,3
Konrenrpains (35 —45)% b:=0,25

dochopy

CrabliapHICTH cTablIbHI y yacl b2=0,25
OnmHOPITHICTE OIHOPITHUMA posonli | bs=0,3

Oxcunu B1ICYTHIL b4+=0,2

3a  pesymabraTaMyM =~ PacTPOBOI  €JEKTPOHHOI  MIKPOCKOIILI
BCTAHOBJIEHO, IO BCl JOCIIIMKYBAHI 3pa3KH IICJIS €JeKTPOXIMIYHOI
00pOOKH B PO3YMHI COJIAHOI KHCJIOTH MAJIM Ha IIOBEPXHI IIOPYyBATHI
map. Pumc. 5.9 memomcTpye MOpdoOJIOTII0 OTHOTO 3 HJOCILIMKYBAHUX
3paskiB (3pas3ox Ne 5).
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10kV' _ X45,000, 0.5um . 0289. 10 40 SEI

Pucynor 5.9 — PEM-300paskennsa mopdosorii por-InP (3pa3ok
Nob5)

Bisyanpauit anamis puc. 5.9 m03BoJisse 0AYMTH, III0 HA IIOBEPXHI
MOHOKPHCTAJIYHOrO pocdiay 1HIII0 MPU 3aJaHUX YMOBAX TPABJIEHHS
YTBOPHUBCS BIIOPSITKOBAHUI aHCcaMOJIb mop. IlpoTs:kul saHIforu mop €
HACJIJKOM HASBHOCTI HA TOBEPXHI BUXITHOTO 3pas3ka JIedeKTiB, Kl
CTAJIH 3aPOIKaMU IIEPBUHHUX IMOK TpaBJyieHHs. Ha 1iux migHkax mopu
OLIBIII MACHUBHI, HIX Ha 0e3medeKTHHX 00JacTAX. 3arajioM, TAKWMA
IOPYyBATHM IITap MOKHA BBaKATH YMOBHO sAkicHuUM. Jlyia OlabImn
IeTAJILHOIO OIIMCY MOPQOJIOTIUHNX XaAPaKTePUCTUK HEOOXITHHM €
mpoBeneHHA aHaiady B mporpami Imaged. Puc. 5.10 memonctpye
ricTorpaMy PO3MOJLIy Hop 3a miaMeTrpoM. Y Tabj. 5.5 IpejcTaBIeHO
OCHOBHI CTATUCTHUYHI XapPaAKTePUCTUKU PSAAY PO3MOILIY IIOp 3a

PO3MIpOM.
180
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60 N \ 51
N
40 30 \ \
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0 DOV
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Pucynor 5.10 — I'icrorpama po3moailiy mmop 3a po3MipoM 3pas3ka
No5, modymoBana B mmporpami Origin Ha OCHOBI JaHHUX, OTPUMAHUX 34
morromoromo Imaged

Tabmauia 5.5 — OCHOBHI CTATUCTUYHI JaHI PAIY POIIOILIY II0p 3a
poamipom s 3paska Neb (Ha ocHOB1 MikpodoTorpadii, mpeacTaBieHol

Ha puc. 5.10)
[Tapametp 3HaueHHs
Kinpricts mop 558
Cepenue apudmeTnyHe 3HAYCHHS 0,0683 am
Mona 0,071364995 um
Meniana 0,071364995 um
Poamax Bapiarii 0,156407458 um
Jucmepcisa 0,000821
CepenHbOKBaApATUYHE BIIXUICHHS 0,0286
KoedimienT Bapiarii 41,92%
Koediment acumerpii 4,254

Jlani, mpencraBiiernl Ha puc. 5.10 Ta B Tabs. 5.5 M03BOJISIOTH
oauuTH, IO MOZa 1 Me[laHa PAIYy PO3IOALIYy IIOp 3a JlaMeTPoM
30iraroThCsd Ta  IIEPEeBUIILYIOTH  CepedHe 3HAYeHHS  (cepegHe
apucpmermure). [le cBiqUnTh IIPO IPaBOCTOPOHHIO acuMeTpio psady, Lle
o3HAUae, IO IOP 3 JlaMeTPOM BHIIHMM 34 CEpPeIHIN, OLIbIle HIK 31
3HAYEHHSM HIKYUM 32 cepejiHe 3HaueHHs. Takuil pe3yapTaT IoKaaye,
1110 IIPOIeC TPABJIECHHS IIOP 3HAXOIUTHCA He HA IMOYATKOBOMY eTalll, BCl
HOPH 10 ITHOTO MOMEHTY C(OpPMYyBAJIHCSA, 1 3aPOAKOBl TOPU TOCATJIN
cepeqHIX 3HAUYeHb. 3a TAKUM CAMHUM ITPUHITUIIOM ITPOBOIMBCS AHAJI3
BCIX 3pa3KiB.

3HavyeHHA MOPYBATOCTI, CEPETHBOrO glaMeTpy IIop, (axTopy
(hopMu Ta TOBIIIUMHY IIOPYBATOTO MIAPY JJIsI BCIX JOCTLIKYBAHUX 3PA3KIB
IIpU PI3HOMY CKJIAIL eJIEKTPOJIITY IpecTaBjieHo Ha puc. 5.11 — 5.14.
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Pucysox 5.11 — 3aseskHICTh IT0BEPXHEBOI mopyBaTocTi por-InP Big
Jacy TpaBJIEHHS JJIS PI3HOTO CKJIAILY €JIeKTPOJIITY
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Pucynoxr 5.12 — 3anesxHicTb cepegHbOr0 AiaMmeTpy mop por-InP Bix
Yacy TpaBJIEHHS JJIS PI3HOIO CKJIAIY €JIeKTPOJITY
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Pucynoxr 5.13 — 3ajexHicTh 3HaUYeHHS (pakTopy POPMH II0P POr-
InP Bix yacy TpaBJIEHHS JJIsI PI3HOTO CKJIAIY €JIEKTPOJIITY
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Pucysox 5.14 — 3asesxHiCTb TOBIIUHH IOPYyBaTOro mapy por-InP
B1J] Yacy TPaBJIEHHS JIJIS PI3HOTO CKJIAIY eJIEKTPOJIITY

Amamiz puc. 5.11 — 5.12 nmossosisge moO0auYUTH, IO IIPH HAJITO
skopceTkux ymoBax (emexrposit 10H:0+5HCI), moumnarpoum 3 15-1
XBUJIMHU TPABJIEHHS, ITOPYBATICTh HE 301/IBIIMYETHCH, 4 3MEHIIYETHC.
Ile moxxma mosicauTH eEKTOM BIIJIICHHS IIOPYBATOrO IIPOCTOPY 3
HOBEPXHI IMJAKJIAIKH Ta PO3CUIIAHHS HOT0 B PO3YHH eJIEKTPOJIITY.
Taxkum YMHOM, TOBEPXHS 3PA3KIB IIOJIIPYETHCA. Y IIOMIPHHX PO3UYMHAX
enexrposity (10H:0+1HCl ta 10H20+3HCI) copmyoThcsa IIOpyBaTi
mapu 3 mopamMu maizke Kpyrirol dpopmu. Toml sk 301IbITEHHS BMICTY
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COJITHOI KUCJIOTH B PO3YMHI €JIEKTPOJITY IIPU3BOIUTH JI0 (DOPMYBAHHS

dopmu.  Ile
PO3TPAaBJIIOBAHHS ded)eKTiB IIOBEPXHI Ta PO3POCTAHHS iX II0 IIOBEPXHI

MAaCHBHHX IIOp HEOPaBUJIbHOL CBIOIYUTH  TIPO
3pa3KiB.

Ha ocHoB1 manux, npeacraBiieHux Ha puc. 5.12 — 5.12, po3paxyemo
3HAUYEeHHS YACTKOBUX ITOKA3HHUKIB SIKOCTI MOP(OJIONIYHOI0 KPHUTEPIIO
3paskiB ocdiay 1H/II0 3 IIOPYBATHUM IITapoM HA IIoBepxHi (Tabs1. 5.6). ¥V

TabJ1. 5.7 IIpeacTaBIeHO PO3PaXyHOK MOP(OIOTIUHOI0 KPUTEPII0 STKOCTI.

Tabmuis 5.6 — YacTkoBl IMOKAa3HUKH MOPQOJIOTIYHOI0 KPHUTEPI0
SIKOCT1 3paskiB por-InP

Ne doum |P%| F | Lowewn | kot | knz | kus | Foos
3paska
1 24 | 181 ] 0,61 7 10,34 0.60 | 0,61 0.44
2 51 | 298073 15 1 1099]073] 1
3 109 | 375 0,79 | 17 |05 0,80 0,79 | 1
4 61 | 228|078 | 14 1 076078 1
5 71 | 31,2 | 0,82 | 20 1 096|082 1
6 205 | 479|032 21 067062032 1
7 70 | 16,9 | 051 | 15 1 056|051 1
8 187 | 17,2043 | 27 | 063|057 | 0,43 | 0,50
9 231 | 105|021 | 30 0,72 0,35 | 0,21 | 0,33

Tabmuigg 5.7 — PospaxyHOK MOP(OJIOTIYHOrO KPHUTEPI0 SKOCTI

JOCIIIPKYBAHUX 3PA3KIB

Ne aikui azknz askus askna K
3paska

1 0,068 0,18 0,122 0,132 0,502
2 0,2 0,297 0,146 0,3 0,943
3 0,03 0,24 0,158 0,3 0,728
4 0,2 0,228 0,156 0,3 0,884
5 0,2 0,288 0,164 0,3 0,952
6 0,134 0,186 0,064 0,3 0,684
7 0,2 0,168 0,102 0,3 0,77
8 0,126 0,171 0,086 0,15 0,533
9 0,144 0,105 0,042 0,099 0,39
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Amnamia 3HavyeHb MOPQOJIOTIYHOTO KPHUTEPI0 SKOCT1 T03BOJISE
oaunTH, 1o 3pasku Nol, Ne8, No9 xapakrTepmayroThCs He3aJ0BLILHOIO
SIKICTIO, 1HIIT 3pa3KH — MAIOTh BUCOKHIT a00 cepeaHii piBeHb SKOCTI.

CymapHMX OKCHUIHUX ILJTIBOK HA IIOBEepPXHI 3pas3KiB He
CIIOCTEpIraeThCcsA, Ha JeIKUX 3pa3Kkax € TIIO0O0JUHOKI OKCHIHI
BKpAILJIEHHsI, BMICT IKUX He BIIJIMBA€E CYTTEBO Ha pexomOiHarno. Jlmaa
IOCJIIIPKeHH  CTexXloMeTpll [JIs KOMKHOIO 3pas3ka BH3HAYAJIHN
ycepenHeHuit BMicT esieMeHTIB Ha moBepxHl metogoM INCA Energy
(trabus. 5.8). Jlysa mocaifgKeHHS OSHOPLIHOCTI PO3IIOMIY €JI€MEHTIB IO
moBepxHl Merogom EDAX BusHauvaaum KOHIEHTpAIlilo ejgeMeHTiB y 10
TOYKAX IJIS KOMKHOIO 13 3paskiB. PesyabpraTu BmicTy docopy B KoskHIM
JIOCJIIIZKYBAHIN TOYII 3PpAa3KiB IIPeICTaBJIeHO B TabJ1. 5.9.

Tabmuig 5.8 — CruexrpaJbHHN aHAJI3 eJIeMEHTIB Ha II0BEPXHI
3paskiB por-InP meromom INCA Energy 1 3HayeHHS NIOKa3HHUKA
XIMIYHOTO KPUTEPIIO SKOCT1

No spaska KonnenTpaiisa exemenry, y % b
In P (0]
1 61,93 38,06 0,01
2 63,60 36,10 0,30
3 61,99 37,00 1,01
4 65,91 33,09 1,00 0,5
5 60,02 39,67 0,31
6 56,11 41,83 2,06
7 61,26 37,00 1,74
8 60,86 34,07 5,07 0,5
9 66,73 33,21 0,06 0,5

Tabmuia 5.9 — Koumenrpairiss dochopy Ha IIOBEpXHI 3pas3KiB por-
InP, ciextpu 3HaTl B 10 Toukax KO:HOTO 13 3paskiB merogqom EDAX

N No Touky moBepxHI1 / KOHIIEHTPAIIS €JIEMEHTY Y MaCOBUX
0

3paska

IOJISIX
1 2 3 4 5 6 7 8 9 10
1 0,43 0,28 0,37 |0,41 | 0,30 | 0,54 | 0,39 | 0,28 | 0,45 | 0,38
2 0,36 | 0,30 | 0,30 | 0,28 | 0,40 | 0,6 | 0,32 | 0,30 | 0,43 | 0,45
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0,29
0,18
0,37
0,46
0,50
0,20
0,24

0,29
0,23
0,54
0,43
0,31
0,19
0.34

0,40
0,48
0,28
0,45
0,43
0,36
0,29

0,30
0,51
0,45
0,43
0,37
0,38
0,35

0,48
0,28
0,30
0,40
0,34
0,30
0,22

0,43
0,36
0,34
0,6
0,31
0,51
0,41

0,30
0,40
0,38
0,28
0,26
0,35
0,17

0,40
0,35
0,37
0,29
0,45
0,25
0,36

0,36
0,29
0,45
0,41
0,34
0,38
0,29

0,43
0,31
0,22
0,34
0,38
0,54
0,62

O[O0 |J|S| O =~ W

Jlaul pospaxyHkiB, HEOOXITHI JIS HOCILIMKEHHS OJHOPIIHOCTL
posmomisry docdopy IO TOBEPXHI Ta 3HAYEHHS I[IOKA3HHWKA, IO
XapaxkTepua3ye OTHOPIIHICTh Po3moaliay docdopy mo moBepxHi por-InP
npeacrasieHo y Tabua. 5.10

Tabmuig 5.10 — Jlaml po3paxyHKIB 1 3HaUeHHS HOKA3HMUKA, IO
XapakTepuaye OqHOPIIHICTE po3moaiiay docdopy

No 3paska C D o V,% kx3
1 0,38 0,00604 0,0777 20,29 1
2 0,37 0,0089 0,0944 25,23 1
3 0,37 0,00438 0,0662 17,78 1
4 0,34 0,00973 0,0986 29,1 1
5 0,37 0,00782 0.08884 23,9 1
6 0,41 0,00773 0,0879 21,5 1
7 0,37 0,00481 0,0693 18,79 1
8 0,35 0,0124 0,111 32,19 0,5
9 0.33 0,0141 0,119 36,08 0,5

PospaxyHkm omHOPIZHOCTI PO3IOILIYy €JeMEHTIB II0 IIOBEPXHI
JI03BOJIsIE OAYUTH, IO BCl 3pasku, OoKpiM 3pas3kiB Ne8 1 No9 marmrh

a0COJIIOTHO  PIBHOMIPHMM  PO3IIOOLI  €JIeMEeHTIB II0  IIOBEepPXHI.

Heonmopiguicts 3paskiB No8 1 Ne9 moske 3yMOBIIOBATHUCA HH3KOIO
(haKTOpIB: KOHIIEHTPAIIHNHOO HEPIBHOMIPHICTIO PO3MOJILIY €JIeMEeHTIB
0 TOBEPXHI BHXIJHOTO KPHCTAJY, IO 3YMOBJIIOETHCI POCTOBUMU
K1

nedeKkTaMy; HASBHICTIO MACHUBHUX IIOBEPXHEBUX JedeKTiB,

CIIPUYMHAIOTHL OLJIBII INMBHUIKE BUTPABJIIOBAHHS INATPATKU OJHOIO 3

eJIeMeHTIB; (PIYKTyalllaMH pPO3IOIALIYy ejieMeHTIB Tomio. Jlaa
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00YUCITIEHHS XIMIYHOTO KPUTEPII0 SKOCTI BU3HAYUMO 3HAYEHHS TOOYTKY
YACTKOBUX KpPUTEpiiB Ha HOPMOBaHI KoeplIlleHTH Ta o00paxyemo
0earrocepeIHbO XIMIYHHM KpUTEPii sKocTi (Tadsr. 5.11)

Tabmuigg 5.11 — Jlami po3paxyHKIB 1 3HaAUYEHHS XIMIYHOIO

KPHUTEPIIO0 AKOCT1

No spaska | bikas boky2 bskxs bakxa K
1 0,25 0,25 0,25 0,20 0,95
2 0,25 0,25 0,25 0,20 0,95
3 0,25 0,25 0,25 0,20 0,95
4 0,125 0,25 0,25 0,20 0,825
5 0,25 0,25 0,25 0,20 0,95
6 0,25 0,25 0,25 0,20 0,95
7 0,25 0,25 0,25 0,20 0,95
8 0,125 0,25 0,125 0,1 0,6
9 0,125 0,25 0,125 0,20 0,7

Amnauria 3HaYeHb XIMIYHOT0 KPUTEPII0 SIKOCT1 J03BOJIsI€ OAUUTH, II10
BCl 3pas3KH JEeMOHCTPYIOTH HOIYCTHMHM 1 BHCOKHM pPIBEHH SKOCTI,
3HAYHUX BIOXWJIEHb He cHoocrepiraerbess. Jlamli — obOumciieHHs
y3araJIbHEHOI0 KPHUTEPIIo SKOCTI M paHKyBAHHS I1X 34 IIKAJIOK
baskanocTl XapplHIToOHA IIpeacTaBiIeH] y Taba. 5.12.

Tabmuigg 5.12 — Jlaml obOumciaeHHS y3araJbHEHOI0 KPHUTEPIo
SIKOCT1 M paHsKyBaHH IX 3a IIIKAJION OaskaHocTl XapplHIToHA

No 3paska Kax = Ko Ky Pigenv axocmi 3a
WK QJI010

XappiHemona

5 0,9044 Binmigaui

2 0,89585

7 0,7315 Jlobpmuit

4 0,7293

3 0,6916

6 0,6498

1 0,4769 3anoBlIbHEUN

8 0,3198 I'parnunM‘it

9 0,273 Henputinarauit
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Orxe, gBa 3pas3ku (Neb 1 Ne2) mMaroTh BIAMIHHUI pIBEeHb SIKOCTI,
YOTHPH 3Pas3Kyd — JI00PHUiL, 1 0 OJHOMY 3pas3Ky MalTh 3aJ0BLIBHUMN
(3pas3ox Nel), rpanununuii (3pa3ox Ne8) 1 HempuitHATHUI (3pa3or Ne9)
piBHI sKocTi. OTpuMaHl pe3yIbTaTUA T03BOJISIOTEH II00AYUTH, IPU TKUX
YMOBaxX CHHTE3y YTBOPIOIOTHCSI HAHOCTPYKTYPH 13 3HAYEHHSIMU
XapaKTePUCTUK, OJIM3bKUX JI0 €TAJIOHHIX, TOOTO BUCOKOI'0 PIBHS SKOCTI,
a IIpH SKUX — PIBEHb SKOCT1 He BiamoBigae BuMoram. 3pa3ox Nol, axmit
Mae 3a IIKaJI0I0 XappiHrTOHA 3aJ0BLILHUI PIBEHBb SIKOCTI, IPOXOIUB
eJIEKTPOXIMIUHY 00POOKY IIPH CAMUX «M AKHMX» YMOBAX — YaC TPABJICHHS
(t = 10 xB) 1 KouueHTpamisa exexrpomry (10H:0+HCI) miHiMaJIbHIL.
To0To 111 MOKpAIeHHs SIKOCTI HEOOX1THO IIPOBOIUTH OLIBII TPHUBAJY
00poOky. 3paskm No8 1 Ne9 mpoxommam 00poOKYy B CHIIBHO
KOHIIeHTpoBaHOMY po3umHl esiexrposity (I0H20+5HCI) mpotsarom
TpuBaJsioro dacy (151 20 xB Bimmosimeo). PospaxyHok ysaraJbHEHOIO
KPUTEPII0 SKOCT1 MOKAa3aB, IO TaKl YMOBU € HENPUHHATHUMH, Iy:Ke
SKOPCTKUMH. BIIMIHHUEI piBeHb SAKOCT1 MaooTh 3pasku No2 (f = 15 xB,
10H20+1HCIl) 1 Ne5 (t =15 xB, 10H20+3HCI). TobT0 orTMMAaIbHUTT Yac
TpaBJI€HHS [JIS JOCATHEHHS eTaJIOHHUX 3HAYeHb CKJIagae 15 Xs,
€JIEKTPOJIIT moBuHEeH MicTuTH Big 10 1o 33% CoJIsIHOI KMCJIOTH.

[Tpu PO3po0bIIl MOP(OJIOTIUHOrO KpPHUTEPIo SIKOCT1
HAHOCTPYKTYPOBAHUX IMMOPYBATHX ITapiB ociay 1H/I10 MU CIIMPAJIAC,
y TepIry dYepry, Ha 3aJIeKHOCT1 (PYHKIIIOHAJIHHOTO ITPU3HAYEHHS
HAHOCTPYKTYP B1A MIKPOMOPQOJIOTIYHUX BJIACTUBOCTEM IIOBEPXHI.
IIpencraBinenuii KpuTeplii Mo:ke OyTH 34CTOCOBAHUM JJIs 1HIIIHX
peskuMiB 00poOKu (pocdimy 1HII0, a00 IJIs 1HIMHX HAIBIIPOBIIHHUKIB.
Ile mosBosisge po3TJIAZATH HOr0 SIK YHIBEPCAJIBHHN MOPQOJIOTTIHUI
KpUTepifi sKocTl mopyBatux crpykryp. Ciig sayBaskuTh, IO IIeH
KPUTEpPifl MICTUTH TIJIBKK OCHOBHI IIOBEPXHEBl XapaKTEPUCTUKU 1 He
BpaxoBye iumm. KpiMm Toro, 4acto ajisi IpOMKCIOBOTO BUKOPHUCTAHHS
HAHOCTPYKTYPOBAHNX HAIIBIIPOBIIHUKIB HEOOX1THO BPaXOBYBATHU He
TUIBKH MOPQOJIOTIYHI ¥ XIMIYHI HOKA3HUKH SKOCTl, a ¥ MeXaHIJHI,
ismuH1, pamiaifiitHl TOIIIO.

OTtpumMaHi JaHl 11010 BIIUBY Yacy eJIeKTPOXIMIYHOI 00poOKM Ha
hopMy mOp TO3BOISIOTEH CTBEPIKYBATH HACTYITHE:

— (¢Qopma mOp HAHOCTPYKTYPOBAHMX IIApiB HA  ITOBEPXHI
HAMIIBIPOBIJHUKIB 3aJIe;KUTh He JIHIIEe Bl IIapaMeTpiB KPHUCTAJy, a i
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BT YMOB TpaBJIEHHs, 30KpeMa BIJ dYacy TpAaBJIEHHS Ta CKJIAIY
€JIEKTPOJIITY;

— 3aCTOCYBAHHS HACHYEHUX €JIEKTPOJIITIB IPU3BOIUTE 10 (DOPMYBaAHHSI
MAaCUBHUX 10D, K1 MalOTh POPMY KaHABOK — BUTATHYT1 €JIIIICH.

Takl BUCHOBKM MOKYTb BBAYKATHUCS OIIJIBHUMHU 3 HPAKTUYHOI
TOYKH 30Py, TOMY II0 JO3BOJIAIOTH OOIPYHTOBAHO IIAXOJUTH [I0
BH3HAYEHHS PEKMMIB €JIEKTPOXIMIYHOI 00pOOKM HAIIBIIPOBITHUKIB. 3
TEOPeTUYHOI TOYKHM 30py BOHU BIIKPUBAIOTH HOBI MHEPCHEKTUBU B
mo0yJOBl MOJIeJIl caMOOopTraHi3allli mopyBaTol CTPYKTYPH Ha HOBEPXHI
HaMOIBIPOBITHUKIB.

5.4 3abesmneuyeHHa (PYHKIIOHAJIBHOIO KPUTEPII0 HAKOCTI
HAHOCTPYKTYP, ChOpMOBAHKX HA MOBEPXHI HANMIBOPOBIIHUKIB

5.4.1 BuxopucmaHHs HAQHOCMPYKMYPOBAHUX HANIBNPOBIOHUKIE
3  Memow  ni0BUUWLEHHS  egeKmusHocmi  (hOmoeseK mpuuHux
nepemaeopoosauis enepell

Ax O0ymo mokasawmo y [Posmis 1], HaHOCTPYKTYpH, cOPMOBAHI HA
HOBEPXHI HAMIBIPOBIIHUKIB, IIIHUPOKO 3aCTOCOBYIOTHCS Ta MAIOTh
TePCHeKTUBYU TIOAJIBIIIOT0 3aCTOCYBAHHSA B PI3HUX TajIy3sdX TEXHIKH,
€JIeKTPOHIKHY, (DOTOHIKH TOIIIO.

Busunauennsa y3araJJbHeHOTO KpHUTEPI0 STKOCT1
HAHOTEeXHOJIOTIYHOTI IMPOAYKINI IIOBUHHO IPYHTYBATHCSI HA PO3yMIHHI
IpU3HAYEHHsS CHUHTEe30BaHUX HaHOCTPYKTYp. Ile 3ymoBiioeTbest
PIBHOMAHITTAM (OPM Ta BHIIB HAHOCTPYKTYP, IO MOKYTHb OyTH
CHMHTe30BaHl OararbMa MeromaMu. HKokxHaA 3 HOBHUX JOJAHHUX
BJIACTUBOCTEM TaKOl CTPYKTYpPH MOKe MAaTHh CBOE CHerudidmHe
3aCTOCYBAHHSA. 3 IHIIOrO0 OOKY, Ta SIKICTh MaTepiajy, SKa B OIJHOMY
BUIIAJKY BUSBJIAETHCSI KOPUCHOI a00 HaBITh HEOOXITHOI0, y 1HIITOMY
BUITAIKY 3aCTOCYBaHHS Oy/e BBAKATUCS OPAaKOM ITPOIYKITII.

Ha moBepxui wmamiBuopoBigHuUKIB Trpynu A3BS5 Ta KpeMHI
METOJOM CEeJIEKTUBHOTO eJIEKTPOXIMIUHOTO TPAaBJIEHHS MOMKJIUBUM €
dopMyBaHHA PISHUX THIIB HAHOCTPYKTYP, SK Ie OyJIO IIOKA3aHO ¥
[Posmin 4]. 3 orsigmoM Ha 1ie, HEOOXITHMM € BU3HAYEHHS caMe THUX
(pyHKITIOHAIBHUX KPHUTEpPI1iB, AKl 3JaTHI 3a0e3IIeYnTH 3aCTOCYBAHHS
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CUHTE30BAHNX HAHOCTPYKTYP 1 J03BOJIATH CTBOPIOBATH HA IX OCHOBI
MPUJIAIN 3 TIOKPAIIIEHUMH TeXHIKO-eKOHOMIYHUMH XapaKTePUCTUKAMU
B IIOPIBHSIHHI 3 MOHOKPHUCTAIIYHUMH aHAJIOTAMH.

EnexrpoxiMmiuHe TpaBJjieHHsS NOPHU3BOAUTH, y IIEPIINY dYepry, 0
3MIiHH MOPQOJIOril IOBEPXHEBUX IIaplB HAIIBIIPOBIAHMKA. J3MiHA
MopdoJIorii BIIOYBAEThCA 3a PAXyHOK BUTPABJIIOBAHHSA BEPXHIX ITapiB
Ta (popMyBaHHS HA IIOBEPXHI HAHOPEJIbey.

Hanopenbed, y cBoI0 Uepry, Mmae QyHKINIOHAJIbHE IIPU3HAYEHHS B
paratrox cdepax, 30KpemMa: CTBOPEHHS UyTTEBHX CEHCOPIB, Jia3epis,
COHSYHHX OaTapei, CylepKoHIeHCcaTopiB, OydepHUX mIapis, IIPUIAIIB
(byHKINIOHaIBbHOI eeKkTpoHiky ToIo [316, 317]. Kosxua mopdosoriuma
BJIACTUBICTH HAHOCTPYKTYPOBAHOI'O MaTeplasly MOKe PO3IIUPIBATUA
el mepestik. 3BICHO, y paMKax oxHiel poOOTH Bech IIEpeJsiK He €
MOKJIMBAM OITIHUTH, TOMY B SIKOCTl IIPHKJIAIy BHOepeMo Ti Tasrysi
3aCTOCYBAaHHS HAHOCTPYKTYpP, SKl, Ha HaIIly JIYMKY, € HaWOLIbII
MEePCHEeKTUBHUMH Ta [JIA SKHUX BJIACTUBOCTI HAHOCTPYKTYP OYyIyThb
BIJITpaBaTH BUPIIIAJIbHY POJIb ¥ 3aCTOCYBAHHI.

CroromHl  HAHOCTPYKTYPOBAaHI  HAMIBOPOBLIHUKK  IITUPOKO
3aCTOCOBYIOTBCSI B SIKOCTI  MaTeplajly JJJid  BHTOTOBJIEHHS
oToeTeKTpUUHIX IIePEeTBOPIOBAYIB eHeprii, CEHCOpIB,
CyIIepKOHIeHcaTOPiB, OydepHUX mapis Tomro. [Ipwu ommiHIl JOIlIBEHOCTI
BUKOPMCTAHHS HAHOCTPYKTYPOBAHHX HAINBIPOBIIHHUKIB, OyIeMo
BpaxoByBaTH He Jullle PYHKI[IOHAJILHUN KPUTEPIH, a TAKOK €KO0JIOTO-
eKOHOMIUYHHUN AacHeKT 3allpPOBaPKeHHsS HAHOTEXHOJIOTIH y Trayal
BUPOOHUIITBA.

TpaguifliiHO COHSYHI €JIEMEHTH BHUIOTOBJIIOIOTHCS HA OCHOBI1
MoHOKprcTagiuaoro kpemuio [318]. Ixmisi KKJI, sx mpasumio, He
nepeBuiye (15 — 20)% [318, 319]. o Toro & Takl eleMeHTH KPUXKI,
MOTPEeOYI0Th HASIBHOCTI aHTHUBIIOMBAIOYOTO ITOKPUTTS, BIOCKOHAJIEHHS
texHoJtorii To1ro. [lomomanus psaay mpobiieM cTae MOKJIUBUM 32 YMOBH
HAHOCTPYKTYPYBAHHS HAINBIPOBIOHHUKIB, a caMe (OpMyBaHHS
mopyBatoro 1mapy Ha mopepxHi mractut [320]. Taka TexHosorisa 3maTHa
3HAYHO OJIIIIIUTH eJIeKTPOJI3MYHI BJIACTUBOCT1 COHAYHUX €JIEMEHTIB
3aBIAKHN 0araTopa3oBoMy 301IBIIEHHI0 POO0YO] ILIOIII] IIACTUHH (depe3
IPHUCYTHICTh BEJIMYE3HOr0 uYmcia Iop Ha mosepxul). Kpim Toro,
ouikyeTbesa saHadHe 30utbimenHsa KKl corsunmnx eeMeHTiB, a Tako:x ix
1IHTEHCHUBHOCT1 IIOTVIMHAHHS CBITJIA, MOKJIUBICTD HAKOIIMYEHHS
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BEeJIMKUX 00cariB eHeprii, OLIBII [JOBIHMM TEPMIHOM eKCILIyaTalili
(IOBUIIEHHA  4Yacy JKHTTSI  IIPKUCTPOIO)  TOIIO. 3aCcTOCyBAHHS
HAHOCTPYKTYp y skoctl marepiamB aiasa OEIl mependbauae BBemenHs
JOJATKOBMX  €TAIlB Yy  CTAaHTAPTHY  TEXHOJIOTII0  CTBOPEHHS
oToeIeKTPHUUHIX TepPeTBOPIOBAYIB eHeprii. ¥ IIbOMY CeHCl JOPEeUHHNM
Oyle BHM3HAYEHHS OCHOBHHX €TAIllB TEeXHOJIOTIYHOIO IIPOIlecy
BHUTOTOBJICHHSI COHAYHMX €JI€MEHTIB HA OCHOBlI HAHOCTPYKTYPOBAHMX
HAMIBIPOBITHUKIB.

Erarrm  Burororsienns ®OEIl Ha ocHOBI HAHOCTPYKTYPOBAHUX
HAaIIBIPOBLIHUKIB HaBeIeHO Ha puc. 5.15.

OCHOBHI TEXHOJIOT'TYHI
ETAIIM BUTOTOBJIEHHSA
COHSYHOI ITAHEJII

i
1 CTYIIHb = ) CTVIIHb = 3 CTYIIHb
OTpumaHHs Buroropnenns BupoGHULTBO COHAYHHX
HAHOCTPYKTYPOBAHUX doroenekTpuuHmx navene
marepiaiis MepeTBOPIOBaYiB
1.1. Bubip 2.1. ®oronirorpadist 3.1.Iaiika coHsuHHX
HaMiBOPOBITHHKIB (cTBOpEHHS BIKOH 1Sl €JIEMEHTIB B CeKLliT
(hopmyBanHs ppoHTANTBEHOT
1.2. TTiAroroBKa 1mjiacTuH MeTaseBol CiTKN) 3.2. TlepeHoc roToBUx
CEKIIIH Ha CKJIO
1.3. EnekrpoximiuHa 2.2. OcamxkeHHs TUTIBOK
00poOKa MIacTHH AJIOMIHIIO 3.3. JlamiHyBaHHA MOJLyJIsi
1.4. INacuBalis JacTHH 3 2.3. Bignan 3.4. MoHTax pamkH i
MeTolo crabimizamil 3’ €AHYBaJIbHOT KOPOOKH
BIIACTHBOCTEii 2.4. dopmyBanHs

(bpoHTaNBLHOT CITKH

2.5. Pizka nyactun

v

TECTYBAHHA TA TECTYBAHHA TECTYBAHHSI

COPTYBAHHA OOTOEJIEKTPUYHUX COHAYHMX
HAHOCTPYKTYP EJIEMEHTIB [TAHEJIEH
- IOCIIi/PKEHHS - BUMIPIOBaHHs - BUMIpIOBaHHs
eNIeKTPUUYHHUX mapameTpis; | | enekTpHyHUX napameTpis €JIeKTPHUHHX NapameTpis;
OEIT;
- COPTYBaHHSI 10 - BUMIpPIOBaHHS
BIZIMOBIAHOCTI 3aJaHUX - COPTYBaHHS; XOJIOCTOTO XOAY;
napameTpis;
- KOHTPOJIb - MapKyBaHHS
- KOHTPOIIb 3pa3KiB Ha (oroenexkTpuuHHX
HasIBHICTb KPHUCTAIIYHHX eJIEMEHTIB Ha HasBHICTb
nedekTiB nedekTiB
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Pucyrnox 5.15 — TexHosioriyHl eTtanmu BUPOOHUIITBA COHSAYHUX
maHeJel Ha OCHOBI HAHOCTPYKTYPOBAHUX HAIIBIIPOBLIHUKIB.

Burorosnennsa COHSAYIHUX namesei HAa OCHOBI
HAHOCTPYKTYPOBAHUX HAIMIBIIPOBIIHUKIB CKJIAJAeTbCsI 3  TPHOX
OCHOBHUX OJIOKIB:

— HAHOCTPYKTYPYBAHHS HAIIBIPOBITHUKIB,;

— BUTOTOBJIEHHS COHSAYHUX naHeJiei Ha OCHOB1
HAHOCTPYKTYPOBAHUX HAIIBIIPOBLTHUKIB;

— BHUPOOHWIITBO COHAYHUX TaHeJedl — MOHTYBAHHS IX 3
hoToETIEKTPUUYHUX KOMIPOK.

[IpuHIHIIOBUM y BCIX TPHOX JIAHKAX TEXHOJIOTIYHOTO IIPOIECY €
MPOBEIEeHHA KOHTPOJI SKOCTI IPOAYKINI HA KOKHOMY 3 €eTAalllB.
KouTposib sKOCTI TOBMHEH BKJIYATA KOHTPOJb 34 TEXHOJIOTTYHUM
IIPOITeCOM, KOHTPOJIb Pe3yJIbTATIB MISJIBHOCTI Ta KOHTPOJIb BUXOMIY
rimauux geraseir. lle 3abesmedyerbcst TecTyBaHHSM 3pas3KiB  Ta
BIJICOPTYBAHHSAM HESIKICHUX.

Cmig BIOMITHUTH, IO Ha OPAKTHUIIl MOKJINBI pPidHI BaplaHTH
IIOCJIITOBHOCTI BUTOTOBJIEHHSI OJHiel ¥ Tiel & KoHCTpykmii. Ila
0araToBapilaHTHICTH € PE3yJIbTATOM BILIHBY BEJIMKOIO YHCJIA (PAKTOPIB,
110 BKJIFOYAIOTH [321]:

— po3mip cepii;

— HASABHICTH TEXHOJIOITYHOr0 00JIaJHAHHS;

— P13HOMAHITHICTb 1IHCTPYMEHTY;

— 3PYYHICTD yJIANITyBAHHSI;

— opradisaliiiil YMHHAKH Ta 1H.

Srigao 3 JICTY 8328:2015 «l'emoeneprerura. Momyi
doroenexTpuuni. 3aranbui TexHiuni sumorm» [322], IEC 60904-1:2006
«@otoesexTpuyHl mnpuiaamu. Yacruua 1. DoToeTeKTPUIH] BOJIBT-
amriepHi xapakTtepuctuxku. Meroqu sumipoBauus [323], IEC 60904-2:
2009 «@oroenexTpuuHi mupmaagu. JacrmHa 2. ErasommHl coHaYHI
enemMenTH. 3arajbHl TexHluHl BuMorm» [324], ederrusHicte DEII
BH3HAYAETHCA HAOOPOM XapakTepucTHK (Tadm. 5.13).

Tob6To g 361abiensas KIIJ OEII meobxiagHo mokpalyBaTu came
Il XapakTepUCTHKH. 3  1HIIOro 0OOKy, Ha  e(eKTHUBHICTDH
(poToETIEKTPUYHMX II€PETBOPIOBAYIB 3HAYHOK MIPOK BILJIMBAIOTH
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onTHyYHI I pekoMOiHaIitH1 BTpatH (puc. 1.12). Ile o3uauae, mio 3ycusiis

3 musumenas KIIJ[ moBuaHI OyTH cuipaMoBaHl Ha MIHIMI3alllio BTpaT

eneprii oij yac exciuryaraimii OEIL

HopcTrl HAMBIIPOBIIHUKOBI COHAYHI OaTtapel BHKOHYIOTH HA

OCHOB1 KpeMHII0, apceHiAy raJiio Ta docdimy immio. Komxen 3 mmx

HAITBIIPOBITHUKIB Mae€ CBOI IlepeBaru ¥ HeJO/IIKH JIJIsI BUKOPUCTAHHS Y

OEII (tabdma. 5.14).

Tabsurs 5.13 — Xapakrepucturu OEIL

XapaKTepHuCTHKA [Tosmauenusa
Tourka MakcUMaJIbHOI TOTYKHOCT1 MPP
CTpyM KOPOTKOTO 3aMUKAHHS Ls
PobGoua mampyra (mampyra B TOYIll MaKCHMAJIBHOI Unier
TIOTYSKHOCT1)
PoGounit ctpym (cTpymM y TOYINl MAaKCHMAaJIbHOI Tupp
IIOTYKEHOCT1)
Harmpyra xostocToro xomay Uxx
TemmepaTypHUit KOedIIIIEHT 3MIHH CTPYMY IIPHU CTPYM1
KOPOTKOT'O 3aMHUKaHHS “
TemmepatypHuii KoedIIIeHT 3MIHHM HAMNOPYTH OpH
HAIIPY31 X0JI0CTOTO XO/TY A
TemiepaTypHUH KoeIIlleHT 3MIHN MOTYKHOCT1 ¥ TOYII1 5
MAaKCHAMAaJIbHOI OTYKHOCT1
Tabmumsa  5.14 —  Ilapamerpm  HAIIIBOPOBIOAHHUKIB, IO
3acrocoByoThes ays1 ctBoperHs DEII Ha ix ocHOBI1

[Tapamerpu Si GaAs InP
[MMmpuua 3aboporeHOI 111 1.42 1.38
3ouu kg, eB
Bapsamgose uucio, Z 14 32 32
Pamamitaa
CTIHKICTB, J03a g- (102 —103) (105 — 108) (106 — 107)
ompoMiHeHHs, I p
[Tpubnusua Bf%lpTlCT]: 50 1500 3000
MOHOKPHUCTAJIIB, §/Ke
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MaxcumanbHa
poboua Temmeparypa 70 150 200
@EIL T, Ce

Amamiz  Tabmummi 5.14 gosBosisie  OaumTH, 110 OlHApPHI
HAIMBIPOBITHUKN Tpynu A3B5 MaioTh IIOKpalieHl MTOKAa3HUKH Y
nopiBusauHl 3 Si. OqHAK OCHOBHHHM 1X HEJIOJIK — BUCOKA BapTiCTh. ToMy
Takl HamBIpoBimHUEKN, Ak InP, GaAs ta cmoaykm Ha IX OCHOBI
3aCTOCOBYIOTHCS, SIK IIPABUJIO AJIsI BUroToBaeHHSA kKocmiuHux OEIL, Tom
aK Si — HaseMHUX. J01JbIITEHHS €HEepProCIOKUBAHHSI # pecypcy
KOCMIYHUX allapaTiB Ipe/ sBJIsSE 10 COHIUHUX OaTapeii JKOPCTK1 BUMOTH
HAa CTIMKICTD iX 110 Iii cepemonuina Ha opo6iti. Brumue Ha CB xommizexcy
YMHHUKIB cepeIoBUIa 01 CyIIyTHUKA BHpaskaeTbea y [327 — 331]:

— JerpajamifiHuX Ipollecax B MaTeplajiax 1 eJieMeHTaX KOHCTPYKIIH
(poToeIEKTPUYHMX ITIEPETBOPIOBAYIB;
— TOTIPIIIeHH] IXHIX eKCIIyaTaIlliHl XapaKTePUCTHUK;
— CKOpPOYEeHHS pecypcey;
— BTPATHU €JIEKTPUIHOI IOTYKHOCTI;
— 3MEeHIIIeHHA TePMIHY aKTUBHOTO ICHYBAHHS KOCMIYHHUX aIlapaTiB.
OCHOBHUMH CKJIAJIOBUMU KOCMIYHOTO CEpPEeIOBHUINA, IO BILIMBAE
Ha COHSYHI OaTapel B ioHocdepl i marHiTochepl 3eMIl, € IIOTOKH raay,
miIasMu ¥ eJeKTPOMATHITHOTO  BHUIIpoMIiHIOBAHHA. JI:kepemom
pamarmiiinoro BBy Ha CB Momke OyTH COHSYHE KOCMIYHE
BUIIPOMIHIOBAHHS, 1[0 BUHUKAE B pe3yJbTaTl cirajaxiB Ha courl. lle
SIBHIIE CYIIPOBOIYKYETHCSI BUKHUIOM BEJIMKOI KIJTBKOCT1 ITPOTOHIB.
Juas  momomaHHS — 1IMX  OpoOJeM  IOILJIBHO — IIPOBOJIUTH
HAHOCTPYKTYPYBaHHS HAITIBIIPOBITHUKIB ¥ IBOX HAIIPSIMKAX:
— CHHTe3 mipaMif (TeKCTypyBaHHS MOBEPXHI);
— YTBOPEHHS TIO0p.
Puc. 5.16 nemoHCTpye TEKCTYpPOBAHY IIOBEPXHIO pocimy.
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¢k

10kv’ X10,000 Apm 0384 10 41 SEl

Pucymorx 5.16 — SEM-300paskeHHSI TEKCTYpPOBAHOI ITOBEPXHI
docdiny imgit0; yMmoBU TpaBsienus t = 15 xB, j = 150 mA/cm?2, HBr:2H:0
=1:1

3 pucyury 5.16 BHgHO, III0 HA IIOBEPXHI MOHOKPHUCTAJY
YTBOPIOETHCS IIMIJIbHA KapTHHA IIpaMigaJbHUX HapocTiB. Haxwmi
mipaMiJ IOB'S3aHHUN 3 aHI3OTPOIIE KPHCTALY, 4 TAKOMK HAIIPIMOM
cTpymy aHoayBaHHs. Bucora mipaming Bapiroerbed Big 0,7 10 2 MEM.

VTBOpeHl CTPYKTypH 3 TEKCTYPOBAHHM IIIapoM HA IIOBEPXHI
MOSKYTh PO3TJIAIATHCA B SIKOCTI MaTeplasly JJisd KOCMIYHUX COHSUIHHUX
€JIEMEeHTIB 3aBJSIKN HASIBHUM CIEIIU(MPIYHUM BJIACTHBOCTAM. 30KpeMa,
CBITJIO, AKe II0IIaae Ha TEKCTYPOBaHY IoBepxHIo (prc. 5.17 a) magae Ha
OOKOBY CTOPOHY OAHIel 3 MmipaMil, YaCTKOBO MOTJIMHAETHCS HEM Il
MeBHUM KYTOM Ta YaCTKOBO BIJIOMBAETHCSA HA OOKOBY ITOBEPXHIO 1HIIIOL
mipaMigy ¥ IIOBHICTIO IIOTJIMHAEThCA Hero (puc. 5.17 0). Takum umHOM,
HaxuJa pebep Imipamin 3abearedye OTPUMAHHS JOCUTh HHU3BKOTO
KoedpimmienTa BigomTTtsa. KpimM Toro, TeKcTypyBaHHS —ILIACTUHH
HAITBIIPOBITHUKA 3yMOBJIIO€ 30LJIBIIEHHS PO0O0YOI ILJIOMNI IJIACTHHHU B
JIeCSTKU Pas3iB y IIOPIBHIHHI 3 MOHOKPUCTAJIYHUM aHAJIOTOM.
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Pucynor 5.17 — IloBepxus texcrypoBanoro OEII (a), onruunmit
IIIJISAX IIPOMEHIO, 110 magae Ha Hel (0)

Taxmit xapaxrTep OITHYHOIO I[IOTJIMHAHHS IIOPIBHSIHO 3
norauHaaHaM OEIl 3 nmyanapHoo moBepXHEO M03BOJISIE TOCATHYTHU
neBuux nepesar. Koediment omrrmunoro BigourTs Bl nosepxHi OEII
3aMeHIyeTbcd Ha 35% miIa miockol moBepxHi Ta g0 20%  mus
TEeKCTYpPOBaHOI, IO CIpHUsde 3pocTaHHI Jsc. HemeprmenmurymaspHe
BXOJsKeHHs cBiTsIoBOoTO pomenio y OEII nospossie fiomy moryimHaTHCh
ommkde g0 obsacti mpocropoBoro 3apsamy (OII3). Ile crmpuse
ONTHUMAJIFHOMY 34CTOCYBAHHIO TEKCTYPOBAHOI IIOBEPXHI IJIS «CHHIX»
OEIL

Ha puc. 5.18 npencrasiiero crpykrypy @EII, B sakiit peasizoBani
OIMCAHl BHINE OCOOJIMBOCTI 3aCTOCYBAHHS TEKCTYPOBAHUX IIAapiB

docdimy immito.
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KonTakTn

Pucymox 5.18 — Ctpykrypa Tekcryporaroro OEII

Peamizaiiis Takol cTpyKTypH J03BOJIUTE 301/IBITUTH €(DEKTUBHICTD
OEII o 21%. Iloganbiie migBuineHHd Buxigaux xapakrepuctur OEIL
MOKHA JIOCATTH, Yy IIEPIILy Yepry, 3a PaxyHOK 30LIbIIEHHS HAIpyTHh
xoJtocToro xoiy. lle cTtae MOKIMBUM 3aBISKU IIOJIIIIIEHIN ITacuBaIili
BLIBHOI BlJ KOHTAKTHOI I'peOIHKH YACTUHU (PPOHTAJIBHOI IIOBEPXHI i
3MEHIITeHHsI AaKTUBHOCTI IIOBEPXHEBHX CTAHIB Ha MeKl IOy
HAaIINBIPOBIIHUK / MeTaJI KOHTAKTHOI rpebiHkm; [332].

[TacuByounM TOKPUTTAM JJid (PPOHTAJIBHOI ITOBEPXHI CJIYKHUTH
1map OKCHUJY, IO YTBOPUBCA IMiJI YaCc BUTPUMYBAHHS TEKCTYPOBAHHUX
IJIACTHUH HAa IOBITPI.

HabyTt1 BiacTmBOCTI HAINBIPOBIIHUKIB 3 HAHOCTPYKTYPOBAHUM
IrapoM Ha II0BEPXHI BUPAKAITHCSI y BCTAHOBJIEHHI KOPHCTI, IO
3YMOBJIIOETHCS rmapaMeTpamMmu cchopmoBaHmX HAHOCTPYKTP.
DOoTOJTIOMIHECIIEHI[IST TEeKCTYPOBAHUX CTPYKTYP [IE€MOHCTPYE 3CYB ¥
BUAMMY dYacTHHY cBiTsIa (pmc. 5.19). 3a paxyHOK IIHOr0 IIJILOBHI
TaIIa30H eJeKTPOMATHITHOTO BUIIPOMIHIOBAHHS PO3IIUPIOETHCS Ha BCIO
BHUAUMY 00JIACTDH, BKJIIOYAOUH Ii JIOBIOXBUJILOBY YACTHHY.
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2or Tekctyposanuii InP

190
180 | _

- Monokpucraniunuii InP
170
160
150

140 |

[HTEeHCUBHICTD, BiJH. O11.

130 |

120

0,5 1 1,5 2 2.5
Ewneprisa ¢otoHis, eB

Pucyrox 5.19 — ®JI TekcrypoBaHoro (a) Ta MOHOKPHUCTAJIIYHOTO (0)
docdimy 1HmII0

Bucokuit cTymiHB IITOPCTKOCTI IIOBEPXHI TEKCTYPOBAHOIO IIIapy
mepeadavae MOKJIUBICTD HOTO 3aCTOCYBAHHS B SIKOCT1 IIPOCBITJIFOI0YOTO
IIOKPUTTS, TAK K TEKCTypOBaHa IIOBEPXHS 3MEHIIye BIIOUTTS CBITJIA.
Kpim Toro, posciroBaHHS MOMKJIMBE 34 PAXyHOK IITOPCTKOCT1 IIO
BITHOIIIEHHIO JI0 TOBIIMUHY TEKCTYPOBAHOTO IIIapYy.

[Ile G1IBII ITEPCIEKTUBHUM BBAYKAETHCS BUKOPUCTAHHS ITIOPYBATHUX
"ameporigaukiB 111 OEIL [lopyBaTy mmoBepxHIO HAIIIBIIPOBITHUKA Y
JIesTKOMY HAOJIMKEeHH] MOKHA BBAYKATH A0COJIOTHO YOPHUM TLJIOM, TAK
SIK IIPOMEH] CBITJIA 3aCTPSAITH y ITopyBaToMy mrpocTtopi (puc. 5.20).

TTaparoua XBHIIS

CTpyKTypHa
opa ‘

AJicopOyrounii map

Pucysox 5.20 — Mogenb IIOrJIMHAHHS CBITJIA IIOPOTO

Eramonni 3HAYeHHST IIOKA3HUKIB KpHUTEPio SIKOCT1
HAHOCTPYKTYPOBAHOI IIOBEPXHI HAINBIPOBIAHMKA BHU3HAYAIOTHCS
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BHUXOISYH 3 (DYHKINIOHAJIBHOIO IIPU3HAYEHH MaTeplajy. 3 OrJIsagoM Ha
11e, JOPEYHUM € BHOIp po3Mipy IIOP TAKUM YMHOM, 11100 paalyc Imopu 0yB
He MEHIINH 3a JOBKUHY XBHUJIl BUIUMOIO T1aIla30Hy, TOOTO ITOBHHHA
BUKOHYBATHCS YMOBA':

d
22, A<[380, 790],

Ie dp — miaMeTrp IIOpH, HM;
A — DOBKMHA CBITJIa BUAMMOIO J1aIIa30HY, HM.

3 1Hmoro OOKy, POSIIMPUTH [Jlalla3oH IIOTJIMHAHHS CBITJIA
MOSKJIMBUM CTA€ IIPH 3aCTOCYBAHHI CTPYKTYP, V AKUX IIPOSBJISIOTHCS
epeKTH pPO3MIPHOTO KBAHTYBAHHS, TOOTO 3MIHA TEPMOIUHAMIUYHHX,
KIHeTUYHUX, ONTHYHUX Ta 1HIIMHX BJIACTHBOCTEH MaTeplasly, KOJIM X0U
OM OMH 3 MOro reOMeTPUYHHUX PO3MIPIB CIIBPO3MIPHUI 3 TOBKHUHOIO
xBual fe Bpoitina enexrponis. KBanroBoposmipuuii edeKkT moB’a3aHO 3
KBAHTTYBAHHSIM e€Heprii HOCIIB 3apanay, pyX SKUX € OOMeKeHUM ¥
OJHOMY, OBOX, a00 Tphox Hampsamiax. Jlos:xmHa xBual ge Bpoiia
BH3HAYAETHCS 13 CIIIBBLAHOIIIeHH [331]:

h
/1:*’
b~ p

Jie p — IMIyJibe poToHY.

Tak ax Mu 00pasu MAcUBHI ITIOPU, TO BOHU HE MOYKYTh CJIYTYBATH
IeKepesiaMil  BUHHUKHEHHS KBAHTOBOPO3MIpPHUX edekTiB. TaxmMmu
JpKepesaMu  OyayTb — BHCTYIIATH  MISKIIOPOBI  IIPOCTIHKH — —
HAHOKPHUCTAJITH, IO pPO3aIATh 1mopu. Jlja  BUHUKHEHHS
KBAHTOBOPO3MIPHOI0 e(peKTy Iepepi3 Misk cTinkaMmu mop (hp) Mae OyTu
MIKpoMeTpoBoro macirrady. To0To 3a10BOJILHATH BUMOTH:

hpg[Z, 15} HM.

Busmavenuss 3HaveHb BeJUYUHH hp y 3aJaHOMY Jlalra3oHl
VCRJIQTHSETHCA dYepe3 OaysKe MaJll 3HadyeHHs. ToMy pO3paxyHOK
CepeIHBOr0 IIepepidy MIKIIOPOBOTO IIPOCTOPY IOILJIBHO IIPOBOIUTHU
OIIOCEeJKOBAHUMHE METOJAMU, HAIIPUKJIAT, BUSHAYEHHIM IIT1JIFHOCTI IIOP
a0o mopyBaTocTl. UM HIJIBHIIIE TOPU IIPUTUCKAIOTHCS OHA 0 OIHOI
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(blmpmra moOpyBAaTICTh), TUM MEHIIE 3HAYEHHs IIpUiiMae Iepepis
MISKIIOPOBOTO IIpocTopy. Tomy IopyBaTicTh IIOBMHHA 3HAXOIUTHUCS B
MeKax:

Pc[75,90]%.

Buavenna P = 90% e KpUTUYHUM, TOMY IO IIPU II€PEBUINEHHI
ITHOT0 3HAYEHHS ITOPYBATUH IIap CTAE AyKe KPUXKUM 1 PO3CUTIAETHC.

Jlu1sa Toro, 11100 3a0e31eYnTy TPOHUKHICTH CBITJIOBOTO IIPOMEHIO B
opy, HeoOX1THO (popMyBaTH HMIJIIHAPUYHI B3aeMOoIapajesibHl KaHAJIH
mop, SKI OpIEHTOBAHl IEPIEHAUKYJJISPHO [OBEPXHI KPHUCTAJY.
[MummBgpudHI IOPH MAOTh Y CBOEMY IIepepisl K010, ToMy pakTop PopMu
IIOBUHEH 3a0BOJIbHATH BUMOTH:

Fg— 1.

ToBmmua mopyBaTtoro Imapy (rjmmbuHa 1opw [) IIOBHHHA
BH3HAYATHUCA 3 HACTYIHHUX MIPKyBaHb. ['mOmHa mop moBHWHHA OyTH
TaKoI0, 1100 BIACTAHb BiJ JO0HY mopu 10 pt-mrapy (L) Oysia mpubIuswHo
Pi1BHOIO AUQYy31HHINA JOBKUHI HOCIIB 3apsaay:

LULj.

Judysitina qos:xuHa € PISUIHUM TapaMeTPOM, SIKHUI OIIHICYEThCS
dopmytorn [332]:

Li=~Dt,

me D — «xoedimienr gudysii HoclA 3apsAay B KOHKPETHOMY
HAIMBIIPOBITHUKY, ¢ — MIOT0 YaC JKUTTS.

Judysitina moB:KMHA CKJIagae IPUOIHU3HO 1 MKM, SBJISETHCS
BUMIPIOBAHOI0 BeJIMYWHOK. TOMYy oNnTUMajbHA TIJIMOMHA IOpH Oyie
BU3HAYATUCS TOBIMHHOW n—1mapy. Ilpu yMoBl BUKOHAHHS I1l€l BUMOTH
PEeKOMOIHAIIIITHI BTPATH MOKYTH OyTH MIHIM130BaHI.

Eranonnl 3HavYeHHs IIOPYBATOl CTPYKTYPH HAIMNBIIPOBIIHHUKA IJIs
@EII npencrasieso B Tadm. 5.15
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Tabmunsg 5.15 — KErasoHHI TOKa3HUKHW IIOPYyBATOTO Iapy Ha

MOBEPXHl HAMIBOPOBIOHHUKIB, IO 30ATHI IIABUIIUTH e(EeKTHUBHICTD
DEII

ITokasuuk OpuHnig Eramonne

BUMIPY 3HAUEHHd, O1alIa30H
JliameTp 10p HM [200 — 400]
ITopyBaTicThb % [75 —90]
®axTop dpopmu 1
ToBmHa TOPyBATOrO IIIAPY | MKM [20-35]

CTpyKTypH 3 TAKUMH Jlala30HAMHU 3HAYEHb IIOKA3HUKIB KPUTEPI0
SIKOCT1 DOPMYIOTHCS Ha MOBEPXH1 MOHOKPHUCTATIYHHUX (pocdiay 1H/II0 Ta
KpeMHI0 3 opleHTariero moBepxHi (111) MeTomoM eIeKTPOXIMIYHOTO
TpaBJIeHHS y PO3YMHI IIJIABUKOBOI KucJaoTH. Ha moBepxH1 apceHimTy
raJiiio Takl CTPYKTYpPH chopMyBaTH HAOATATO BasKyie, OJHAK MOKJIMBIIM
€ opMyBaHHS ITpaMiJaJbHUX KJIACTEPIB Ta HAHOHUTOK 3 HAXUJIOM
pedep.

QOopmyBaHHS MMOPYBATHUX ITAplB HA IIOBEPXHI HAIIBIIPOBIIHUKIB
MIPU3BOAUTH, y IIEPINy Yepry, A0 30LIbIMeHHS e(eKTHUBHOI IO Yy
THCAYl Ta JeCATKHM THCIY pasiB (B 3aJIeKHOCTI BiJ CTYIIEHS
mopysaTocTi). BoueBuan, meit pakT mpusBoguTh a0 30LabmIenHEsa KK
(Bim 20% 1 BUINE) COHAYHUX MOJYJIB 34 YMOBU BUKOPUCTAHHS

HaAHOCTPYKTYp (Tabs1. 5.16).

Tabmuia 5.16 —
HAITIBIPOBITHUKIB T 3yMOBJIEH] HUMU BJIACTUBOCT1

[Tapamerpy HAHOCTPYKTYpPOBAHUX IIIApiB

ITapamerp Habyra Axnit epert Kopucts
BJIACTUBICTD 3YMOBJIIOE

Ilopysaticts | 301IbIICHHS [Nornuuanns 3oumsmenna KK
e(peKTUBHOI OL/IBIIIOI K1JIBKOCT1
ILJIOIN] B THCSAY1 CBITJIA
Ta JeCATKU TUCIY
pasiB
KsauTose 301IbIIIeHHS 3acrocyBaHHA B
yTPUMAaHHST IMTUPUHA STKOCTI
3apsaiB B 3a00pOHEHOI 30HU | IITMPOKOCMYTOBOTO
MIKpPOKpHCTAJIITA CBITJIOUYTJIMBOTO
X mapy
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Poamip mop | 3eys mikis @JIy | LismsoBwmit Mo:sxanBicTh

BUOMMY YACTHHY | JlaIlla3oH TIOTJTUHAHHS
CIIEKTPY €JIEKTPOMATHITHOI | CBITJIA IIIHPOKOIO
) Jlamas3ony
BHUIIPOMIHIOBAHHS
POSIITHUPIOETHCST
Bunos cBiTia B Minimisamia MosxusicTs
mopax B1IOMBHOIL 3aCTOCYBaHHSA B
3IaTHOCTI SAKOCT1
AHTHUBLI0MBAIOYOT
0 TIOKPHUTTS
ITopyBaticts | Bucoka 3meHIIIeHHS MosxTuBiCTE
+ posmip IIIOPCTKICTh BIIOMTTS CBITJIA 3aCTOCYBAHHSA B
mop OBEPXHI STKOCTI
ITPOCBITJTIOIOYOTO
TIOKPUTTSI
Oxwucienns | YTBOpeHHS XimiuHa Ta SHIKYeThCS
IIOBEPXHEBHU | IIACHBYIOYOI'0 dismuna UYTJIUBICTE
X TI1apiB mapy 1HEepPTHICTH COHSTYHUX
barapei 1o
3a0pyaHEeHHS
OBEPXHI

3a paxynok 3cyBy mikiB OJI y BumuMmy yacTUHY CBITJIA IIJIBOBHI
JTaTIa30H eJIeKTPOMATHITHOTO BUIIPOMIHIOBAHHS PO3IITUPIOETHCSA Ha BCIO
BUAUMY 00JIaCTh, BKJIOYAOYHM Ii JOBMOXBHUJIBOBY YACTHUHY. BHCOKHI
CTYHIHBb IIMOPCTKOCTI IIOBEPXHI IOPYyBATOr0 IIapy Iiepemgdavae
MOSKJIMBICTh HOT0 3aCTOCYBAHHS B SIKOCT1 IIPOCBITJIIOIOYOTO ITOKPUTTS,
TaK SIK TEKCTYpOBAHAa MOBEPXHS 3MeHIIye BIIOUTTs cBiTyia. Kpim Toro,
PO3CIIOBAHHS MOKJIMBE 34 PAXYHOK IMOPCTKOCTI II0 BIIHOIIEHHIO 0
TOBIIIMHU TIOPYBATOTO IIIAPY.

MosgmuBocTi MiHIMI3aIlll BIAOMBHOI 34aTHOCTI (3a paXyHOK BHJIOBY
CBITJIA B TOpax), 30LIBIIEHHS IMHUPUHN 3a00POHEHO0I 30HU ITOPYyBATOrO
mapy (uepe3 KBAHTOBE YTPUMAHHS 3apAOiB Yy MIKPOKPHUCTAIITAX)
NLJIIXOM 3MIHUA TOPYBATOCTI JO3BOJIAIOTH BUKOPUCTOBYBATH IIAPHU
OPYBATOTO HAIBOPOBIIHUKA I SK aHTUBIIOMBAIOUE ITOKPUTTS, U AK
NITUPOKOCMYTOBUI CBITJIOUYTJIUBUH IITap.
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3a yMOBH BUKOPHUCTAHHS HAHOCTPYKTYPOBAHUX HAIIIBIIPOBIIHUKIB,
3HAYHO 3HUIKYETHCS UYTJUBICTh COHSYHUX OaTapeil 10 3a0pyaHeHHS
noBepxH1 [325]. Ile BimOyBaerbcss 3aBOSKH TOHKOMY IIACHBYIOUOMY
mapy, IO yTBOPIOETbCSA I Yac TPAaBJIEHHS HAMIBIPOBLIHUKA Ta
OJAJIBIIIO] 00POOKH 3pa3KiB aMiaKOM.

HaBemenl Builie mepeBaru BUKOPHUCTAHHS HAHOCTPYKTYPOBAHUX
HaOIBIPOBITHUKIB HaJT MOHOKPHUCTAJIIYHUMU pO0JIATH ix

Oe3cymepeuHuMU KaHIUAATaMH B SKOCTI OCHOBHOIO MAaTeplajy IJis
OEIL

5.4.2 YoockonQieHHs eleKMPOXIMIMHUX CYNePKOHOeHCAmople
ULTLAXOM BUKOPUCTMAHHA HAHOCMPYKMYPOBAHUX HANIBNPOBIOHUKLE

CymepkoHaeHCATOPH IIPEICTABISIOTL 1HTEpeC s 30eplraHHs
eHeprii y 3B'3Ky 3:
— BHCOKOIO ITUTOMOIO ITIOTYSKHICTIO;
— BIJIMIHHOIO 000POTHICTIO;
— BEJIMKUM ITUKJIYHUM SKATTSAM B IIOPIBHAHHI 3 OaTapesaMu.
JocmimsreHHs B Il#f TaJIy3l COPsIMOBAHI HA PO3BUTOK MaTepiaiB
eJIEKTPO/IIB, MOP(oJIorii mopyBaTOl MOBEPXHI ¥ ONMTHUMI3AIN] JeAKHX
mapamMeTpisB.
CymepKkoHIeHCcaTOPH IO CBOIM OCHOBHHMM IIapaMeTrpaM 3aiiMaioTh
OpOMI’KHE  MicIlle MK  TPAOUuINAHUMKA  KOHAeHcATOpaMK  Ta
akymyJigropamu (tabs. 5.17) [333].

Tabmumsa 5.17 — IlopiBHAJIBHA XapaKTepPHUCTHUKA IlapaMeTpiB

KOHJIEHCATOP1B, CYIIEePKOHIEHCATOPIB 1 AKyMYJISITOPIB

[Tapametp Kounencarop | CymepronmencaTop | AKyMyJsTop

u u u

Yac (106-10%c¢c |(1-30)c (0,2 —6) rox
po3psany/3apsn

y

ITuroma <0,1 1-12 20 -180
eHeprisd,

Bru/kr
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[Turoma >10000 1000 — 4000 100 — 600
TIOTYSKHICTb,

Br/xr

Binmaua o | 100% 95% (60 —90)%
eHeprii

Huxman HecKiHUYeHU# |> 5105 500 — 1500

VY mimackoMy KOHIEHCATOP1 3aps KOHIIEHTPYEThCS Ha 00epHEeHMX
OJTHA JI0 OJHOI IOBEPXHAX €JIEKTPOMIIB, a €Heprid eJeKTPUYHOrO II0JIs
CKOHIIEHTpOBAHA B 00eMl  MIMKEJIeKTPOIHOTO  IIPOMIKKY. Y
CYIIEepPKOH/IeHCATOPa 3 JBOMA OJJHAKOBUMH €JIeKTPOIaMH, PO3TIJIEHUMH
PIAKHMM  €JIEKTPOJIITOM, IIpHU  3apsal  Ha  reTeporepexojiax
€JIEKTPOJIIT/eIeKTPo T popMyThes oABiHHI eexTpuyHi mmapu (ITEI),
TOOTO IITapU IIPOCTOPOBO PO3IIEHHUX 3apsaiB pisHoro 3Haky [335]. Ha
omaomy esiexkTpomi IIEII dopmyoorbes HAIIHIIKOBI €JIEKTPOHH Ta
IPUTATHYTI JIO0 €JIEKTPOAY KATIOHK eJIeKTPOJITY, a Ha IHIIOMY —
TMO3UTHBHO 3apsAaKeHa IIOBEPXHsS eJIeKTpoda I IPUTATHYTI N0 Iriel
moBepxHl amionu. Oo6mmsa IIEIIl 3emmami mocaigoBHO depes
€JIEKTPOJIIT, IKUHM PO3IIIEHUM CeIapaTopoM, Ta KOHIIEHTPYIOTh 3apsi/I,
HAIIPYTY ¥ eHepriio.

[Ipu KOHTAKTI IIOPYBATOrO €JIEKTPOJA 3 €JIEKTPOJIITOM 3apsiau 3
omHiel pasu OyayTb TMEepexoauTH B I1HILY g0 THUX IIp, ITOKHU
€JIEKTPOXIMIUHI IIOTEHINAJIN eJIeKTPOHIB y eseKTpoml (piBens Depmm)
Ta B eJIEKTPOJITI (piBeHb OKHCJIIOBAJIHHO-BIJHOBHOTO IIOTEHITIAJY) He
OymyTh piBHuMH [336]. V mopyBaToMy eJIEKTPOLl B IILOMY BUIIAIKY
BUHHUKHE BeJINKA 00J1aCTh IIPOCTOPOBOTO 3aPSIIY.

Crpubox I'apBanI-moTeHITIANY HA Mekl a3 PO3IMOALISIETHCI MIK
00JTaCTSIMU IIPOCTOPOBOTO 3PSy B €JIEKTPOIl TA PO3UMHI M po3/Iijisie ix
IIUILHOK YaCTHHOKI IoaBiiHOoro mapy (oosactio I'enbmrosibiia),
TOBIIMHA SKOI JOPIBHIOE pajalycy 10HIB. JacTka KOKHOI 3 IIUX TPHOX
obJiacTeil y 3araJIbHOMY CTPHOKY IMOTEHITIAJIY IIPOIIOPITIHHA i1 TOBIIMHI
[337]. Ilagiums moTeHIAIy HA KOP/IOHI B IIbOMY BUIIQIKY 30CE€PEIKEeHO
OPaKTUYHO I[IJTKOM Y 00JIACT1 IIPOCTOPOBOTO 3aPSIY.

CuMeTpuYHHNI CYHEepKOHIEHCATOP CKJIANAETHCA 3 IIOPYBATHX
€JIEKTPO/IIB, MK TKMMHU PO3TAIIIOBAHO CEIIapaTop, II10 € IIPOHUKHUM JIJIs
10HIB pimKoro esiekrposirty. llpm momadl pi3HOCTI IIOTEHITIAJIIB HAa
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eJeKTpoaax (QopMmyloTbecs moABIMHI ejexrpuuHl 1mapu. [IEI
YTBOPIOETHCA HAJIUITKOBIMH HOCISIMH IIPOTUIEIKHOI IIOJIIPHOCTI.

€MHICTh CYIIEPKOHIEHCATOPA MOYKHA OIIMCATH  KJIACHYIHOIO
dopmyIIoto M1 IIacKoro KoHaeHcaTopa [338]:

oS
d

£ — leJIeKTPUYHA MPOHUKHICTE 130/I0I0Y0r0 mapy (eJIeKTpoJIiTy); S —
IJIOIIA eJIEKTPO.Y; d — BIICTAHDb MIK €JIeKTPOIaMMH.

Ewmuocti IIEII enexrponis C;ta Cp 3'emHaHl IIOCIIIOBHO Yepes
€JIEKTPOJIIT, TOMY 3araJibHy €MHICTb MOKHA BU3HAYUTH 3a (POPMYJIOI0
[335]:

C-C

:C1+C2

¥V BUNAIKy CHMETPHUYHOIO CYIIepKOHIeHcaTopa:

Ci1=Cs.
Tomy:
c-C
2

To0To 301bINIeHHS IITMTOMOI ILJIOIINl eJIEKTPOMIB HPHUBOAUTH [0
30LIbIIIEHHA ITUTOMOI eMHOCTi. ToMy ITOKpalleHHsI XapaKTePUCTUK
CYIIEPKOH/IEHCATOPIB  MOKJIMBE  IIJIAXOM  MiI0Opy — Marepiajis
enekTpoiity. Kpurepii, mo BH3HAYAOTH IIPUIATHICTH MaTeplajay B
SKOCT1 MIOKJIAAKKA MaTeplajy IIOBMHHI TPYHTYBATHUCSI HA TaKUX
BAMOTrax:

— BeJIMKA IIUTOMA BHYTPIIIHS IIOBEPXHS;

— MaTepiaj MOBUHEH MAaTHU BUCOKY CTYIIIHb II0PYyBATOCTI;

— BHCOKA eJIEKTPOITPOBITHICT;

— 1HEePTHICTH 110 BITHOIIEHHIO /10 PO3YHHY €JIEKTPOJIITY.

— IIOpW HOBHHHI OYyTH TAKOr0 PO3MIpy, 1100 10HH eJIEKTPOJIITY JIETKO
MOTJIY IIPOHUKATH BIJINO MaTepiasy;

— IOpHW IIOBUHHI OYTH BIAKPUTHUMHU, III00 €JIEKTPOJIT MIT JIETKO
HAIXOIUTH JI0 JOHY IIOPH.
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3 ormgmoM Ha Ie 3HAYEHHS IIOKA3HHUKIB KPHUTEPIID SKOCTI
IOPYBATOr0 MaTeplasy IJis CYHepKOHIEHCATOPIB MOKHA BU3HAYNTH Y
mamnasoHax (Tabs. 5.18)

Tabmuigg 5.18 — ErajioHHl IIOKa3HHUKK IIOPYBATOrO Iapy Ha
HOBEPXH] HAMIBOPOBIIHHUKIB, IO 30ATHI IIABUIIUTH e(EeKTHUBHICTH

CYIIepKOH/IEHCATOPIB
IToxasHuk OpuHnig Eranonne
BUMIPY 3HAYeHHs, Jlana3oH
JliameTp 10p HM [50 — 200]
ITopyBaTicThb % [75 —90]
®axTop dpopmu 1
ToBmimHa mopyBaTOro mapy | MKM [15 - 30]

Kpim Toro, cTpykTypm IOBHHHI OyTH CTAa0IJIPHUMH B Yaci,
IHEePTHUMHM 10 HABKOJMIIHBOTO CEPeOBUINA ¥  arpecUBHOTO
€JIEKTPOJIITY. DBIJIBIIICTE €JeKTPOJIITIB HA OCHOBlI KHCJIOT Ta JIYTiB
BOJIOTIIOTH CEJIEKTHUBHICTIO II0 BIAHOIIEHHIO 0 HAOIBIPOBIIHUKIB. Ileit
hakTOp yCKJIaIHIOE BUKOPUCTAHHS IIOPYBATUX HAMIBIIPOBLIHUKIB Y
SIKOCT1 eJIEKTPOMIB cylepkoumeHcaropis. Ilomomanus mboro 0ap’epy
CTa€e MOKJIMBUM 34 YMOBH HAHECEHHSI TOHKOTO rpadiTOBOrO Iapy Ha
OpPYBATy IOBEPXHIO HAITIBITPOBITHUKA.

['padiToBuii miap OOIIJIBPHO HAHOCUTHA HA IIOPYBATHI IIPOCTIP
HAIMBIIPOBIIHUKA IIJISIXOM BIJIAJy Y MOTOIIl MIJIKOIHUCIIEPCHOTO
rpadiToBoro mopoInky npu Temmoeparypl 350 °C. Yac Bimmasy moTpioHo
obupartu y mgiamasoni (5 — 25) xB.

[Ipu maHeceHH] HaA IIOPYBaTl 3pa3KH IpadIiTOBOrO IMIAPY METOIO0M
BIIIAaJIy Ha IIOBEPXHI HAMIBOPOBIIHUKA (POPMYETHCA TOHKA ILIIBKA
rpadiry.

Mertos Biimmasry BoJIofIie psAOM IrepeBar, cepen axux [339, 340]:

— 3aBISKM BUKOPHCTAHHIO MILJIKOIHCIIEPCHOIO IIOPOIIKY T'padiTy He
BIIOYBAETHCA 3aPOCTAHHS IIOP MIIKJIATKH;

— MeTO[I, Ja€ MOKJIMBICTh BUKOPUCTOBYBATH B SIKOCTI ITIKJIAIKK Oy Ib-
SIKWH MaTeplaJ, y TOMY YHCJIL ¥ IIOpyBaTl IIapu;

— y IIhOTO METOJy He Mae HeDaKaHUX MPOAYKTIB peakiiii, 110 MOKYThb
0CiJTaTH HA ITOBEPXH1 OTPUMYBAHUX CTPYKTYD;

— METOJI I03BOJIsI€ OTPUMYBATH 0AraTOKOMIIOHEHTH1 TOHK]I KOMITO3UTHI
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napu;

— YIpaBJIIHHS 3MIMCHIOETHCA 34 PAXYHOK 3MIHH CKJIAAY PEYOBHHHU, II10
HAIIMJTIOETHCS H IT1I00PY OITHMAJIbHUX PEKUMIB HAIIUJICHHS;

— OTPUMYBAHI IIAPW BOJIOIIIOTH BHUCOKOIO CTYIIE€HIO ITOPYBATOCTI, IO
3a0e3meuye JIOCTYII peareHTiB 10 epeKTUBHOI ITI0BEePXHI eJIEKTPOIIB;

— BHCOKA PIBHOMIPHICTH CKJIAJy, CTPYKTYPH, TOBIIUHU Ta 1HIIHAX
BJIACTUBOCTEH IIapiB MO TIJIOII;

— 3a paxyHOK BHCOKOI0 KOe(IIIleHTy BHUKOPHCTAHHS MaTeplay,
BUCOKI# IIPOJAYKTHUBHOCTI, JIETKOI KEpPOBAHOCTI OUYIKYeThCA HHU3bKA
co01BaPTICTD TPOIYKTY.

OxHak IpH IIBOMY CJILZ BPAXOBYBATH TAKy OCOOJIMBICTEH — IIOPU HE
MOBUHHI OyTH HAITO APIOHUMU, 1HAKIIE 1ICHYE IMOBIPHICTh 3apPOCTAHHS
TIOBEpPXHI IIOPYBATOTO IIIAPy CYIIJIBHOIO ILTiBKOIO (pmc. 5.21).
HationtumaspHIIIIIM ~ BapiaHTOM €  BUKOPHCTAHHS  Me30- Ta
MAaKpOIIOpyBaTHX IapiB 3 po3mipom 1mop Bix 50 mo 200 BM. ¥V 1pomy
BUIAJIKY I'pad)iTOBUI IIap BKPUBAE AK BUCTYIIX HAHOKPUCTAJIITIB, TAK 1
Me30II0PYBATY CTPYKTYPY.

Pucymok 5.21 — Cxematwuyne  300paskeHHs  (POPMYyBaHHSI

rpadiToBOi IIIBKM Ha IIOPyBAaTOMYy IIIapl HAIIIBOPOBIIHUKA: a)
MaKpomopyBaTa CTPYKTypa; 0) MIKpoIIopyBaTa CTPYKTypa

Ha puc. 5.22 ipeacrasieno SEM-mikpodororpadito mosepxwi por-InP
3 TiBKoo rpadity. MoskHa 6aunTH, 1110 MIKpOpeIbed ITOBEPXHI 30epirae
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mopyBaty cTpykTypy. lllapu rpadity 3amoBHIOIOTH MOPH ¥ YTBOPIOIOTH
CYIIJIbHY ILTIBKY.

oo et

X30,000 0.5um 0384 1041 SE

Pucynox 5.22 — IlopyBara moBepxHsa ¢ocdiay 1HIIIO, BKEPHUTA
IUTIBKOIO TpadiTy

ToBmimHA ILTIBKKA KOpeJioe 3 4vacom Bigmaay. [lpm Koporkumx
TepMmiHax mporiecy (10 XB) IJTIBKA Mae HECYIILJIBHUM XapaKTep, mopyBaTa
IOBEPXHS BKPUTA OCTPIBKAMU rpadiTy.

Bizomo, 1110 pocdiz 1110 BOTOglE CETEKTUBHICTIO IO B1IHOIIIEHHIO
JI0 PO3YMHIB KUCJOT 1 JyriB. Jlas mocmimskeHHS XIMIYHOI CTIHKOCT1
OTPHUMAHOI0 MaTeplajay IIPOBOAUIN BHUTPHUMKY HMOr0 y PO3UHHAX
IJTABUKOBOI Ta COJITHOI KHCJIOT MPOTSATOM 2X TOAWH. Y pe3yJIbTaTi
eKCIIepUMEeHTY 0yJIO BCTAHOBJIEHO, II0 IIIapy HOPyBaToro ocdimy 1HIio,
SAKl IPOXOmWJX BimmaJy mporarom 5, 10 Ta 15 XBHIIMH, CEJIEKTHBHO
TIPOTPABJIIOBAJINCSI KHCJIOTAMM — HA IIOBEPXHI (POPMYBAJIHCS T0IaTKOBL
IIOpH, IMKH TpaBJaeHHs Toio. CTPYKTYpPH, 10 CTBOPIOBAJIMCS BIIIIAJIOM
nporarom 20 Ta 25 XBMJIMH He IIOKa3aJIdI TAKOTO pe3yJbTaTy, 3a
BUHSTKOM OOIMHOKUX MICITh PO3TpaBJIioBanud. [le cBIIUnUTH Ipo Te, 1110
rpadiT yTBOpIOE Ha II0BEPXHI por-InP cyIIbHy ILIIBKY, KA € XIMIYHO
HEAKTHUBHOI JI0 PO3YMHIB KHCJI0T. HasgBHICTL po3TpaB/IeHUX I1JISTHOK
CBIIYNATH IIPO HEIOCKOHAJICTH TEXHOJIOTIYHOI'O IIPOIlecy Ta II0Tpedye
OIAJIBIIIOrO0 JOCIIIKEeHHS M OIITUMI3allil yMOB (pOpMyBaHHS ILIIBKH.

IIlo6 xparmre 3po3yMiTH Il CIOCTEPEKEHHSI, OyJIO0 IIPOBEIEHO
HACKPI3HI JBOKOHTAKTHI €JIEKTPUYHI BUIIPOOYBAHHS SIK Ha 3pasKax 13
mapoM rpadiTy, Tak 1 Ha YUCTUX 3pa3Kax mopyBaToro gocdiay 1HIio,
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III0 KOHTAKTYIOTh 3 IJIOCKMM €JIEKTPOIOM 3 Hep:xasirouoi crasm. Omp e
BIJHOCHOIO MIpOI0 €eJIEKTPOIIPOBITHOCTI ueped 1ap por-InP B 000x
BHUIIQJKAX, OCKLIBKM JIeroBaHHM ¢ocdia 1HIII0 € BHCOKOIIPOBLIHIM
marepiasom. OTpuMani BoJIbT-aMIIepHl KpuBl (puc. 5.23) MOKa3yIoTh,
o por-InP, mokpuTuii rpadgiToM, Mae OIip MEHIINI, HI%K YHUCTUH por-
InP, 1m0 IOSICHIOETHCS HASBHICTIO IIOBEPXHEBHUX ITIACTOK B YUCTOMY
mopyBaTomy docdiml irgio0. Iei dpakT 703BoJIsIE POITIIAIATH OTPUMAHY
rpaciToBy IIOPYyBATY CTPYKTYPY Ha OCHOB1 ¢ocdiay 1HIII0 B SKOCTI
eJIeKTpo/Ia cylepkoHaeHcaropa. Jlo peul, aHasoriudi pe3yabTaTu 0yJIo
orpumanHo aBropaMmu podoru [340]. ¥V poboTi posrisamaiacsa CTPYKTypa
HA OCHOBI TOPYBATOr0 KPEMHIiI0, BKPHUTOrO ImapoM rpadeHy. ABTopu
3MOJIeJII0OBAJIN €KBIBAJICHTHY cxemy €JIEKTPOXIMIYHOI0
CyIIepKOHJIeHCaTOpa Ha OCHOBI OTPUMAHOI CTPYKTYpPH, I CcXeMa
IOKa3aja IIOKPAIleHHs XapaKTepPHCTHUEK eJIEKTPOXIMIYHOI0 OIOpy Ha
50%.
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Pucynox 5.23 — BosbT-ammepHa xapakTepucTUKaA 3pas3kiB por-InP
3 mapoM rpadity Ta 0e3 HBOro, IO IIATBEPIKYIOTH PI3Ke SHUKEHHS
OIIOPY 3pas3ka dyepe3 HasIBHICTh rpadiTy

Takum YmHOM, MOKHA CTBEPKYBATH, 110 IPadiIT ¥ PO3TIIAHYTOMY
BUITAKY TIpeACTaBJisie CO00I0 MACHBYIOUHHM Iap JJs II0BepXi
mopyBaToro ¢ocdimy 1HAI0. ICHYIOTh 1HIN ITACUBYIOYl IIOKPUTTS I
HaOIBOPOBIOHUKIB rpynu A3B5. Hacammepen, 0o HUX BIIHOCATHCS
XAJIbKOTeH1IH.
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5.5 BucHOBKH 10 I’ATOr0 PO3aiIy

1. KoHTposb SKOCTI HAHOCTPYKTYP HEOOXIJTHO IIPOBOAMTH 3a
YACTKOBMMH KPUTEPIAMH, IO BKJIOYATH MOPQOJIOTIUHI, XIMIUHI Ta
TEeXHOJIOTIUH1 IIOKa3HWUKK gkocTl. [Ipm oImiHIl IUX II0OKAa3HUKIB
HEOOX1THO BPAaxXOBYBATH €KOJIOTIYHI, €KOHOMIYHI Ta (PYHKIOHAJbHI
KpUTepll SKOCTI HAHOCTPYKTYP IIJ Yac YChbOrO SKUTTEBOTO ITHKJIY
HaHOMAaTeplamy.

2. V3arajpHeHa cxXeMa TEXHOJIOTIYHOTO MIPOIleCy BUTOTOBJIEHHS
COHSIYHUX €JIEMEeHTIB Ha OCHOB1 HAHOCTPYKTYPOBAHUX
HAITBIIPOBIIHUKIB IIPEICTABJIAE CO00I0 TPBHOXCTYIEHEBY TEXHOJIOTIIO,
Mo  MICTUTh  OTPUMAHHSA  HAHOCTPYKTYD, BUTOTOBJIEHHS
doToeIeKTPUUHIX IIePeTBOPIOBAYIB Ta 0e3IlocepeaHe BUPOOHUIITBO
COHSIYHUX €JIEMEHTIB.

3. OuiKkyeThCs, II0 BUKOPUCTAHHS HAHOCTPYKTYP IJISI COHSUHHX
eaxemenTiB 3matHo miasuinuTy ix KK (Bix 20 % 1 BuIe) 3a paxyHOK
30LIbIIeHHS e(peKTUBHOI IJIOII HmpHuiMaodoi moBepxHi. IlacuByoumnit
map, 10 YTBOPIOETBCS I Yac TPABJIEHHS HaIBOPOBLIHUKA
3abesmeuye cTaOLII3aIli0 BJIACTUBOCTEH Ta 3MEHIIYE UyTJIMBICTH [0
3a0pyIHEeHHS IOBEPXHI.

4. JIns1 OIIHKW BIJIIOBIJHOCTI CHHTE30BAHUX MOPYBATHX ITapiB
(byHKITIOHAIBHOMY ITPU3HAYEHHIO JIJIsT 3aCTOCYBAaHb Y AKOCT1 MaTeplasry
@EII pospobsiero MopoI0TiyHII KPUTEPI SKOCT1 IIOPYBATHX ITapiB
Ha TOBEpXH1 HAIMBIPOBIIHUKIB. [leif mMoKasHUK Mae MICTUTH OIIHKY
K1JIBKOCT1, Po3Mipy, popMu mOp TA TOBIIHUHH IIOPYBATOrO miapy. Takmit
OIOX1T 703BOJIsIE BHOpaTw 3 mapTii 3paskiB T, AKl 3aJ0BOJILHSIIOTH
BCTAHOBJIEHOMY PIBHIO SKOCTI. Y SKOCTI TPHUKJIAAy BCTAHOBJIEHO
eTaJIOHH] IIOKA3HUKU SKOCT1 Me30IIopyBaToro docdiny 1HIII0
IPOBEIEHO OINHKY BIAIIOBIAHOCTI CHHTE30BAHUX IIMapiB eTaJIOHHUM
3HAYEHHSIM.

5. Ha mpurmaml cocdiny 1HIIIO TOKA3aHO, IO TEKCTYPOBaHI1
HAHOCTPYKTYPH Ha MOHOKPHCTAJIYHIN IINIKJIAAIN HAIIIIPOBIIHUKA
JOITUIBHO  PO3MJIAHATH Yy SKOCTI Mareplayly, MOPUIATHOTO 10
Burkopuctanuasa y Kocvmiuamx @EII. TexcrypyBamus moBepxHI
OPU3BOAUTE 0 30LIBIIEHHS IIOPCTKOCTI IIOBEPXHI, 301lIbIIeHHS
edeKTUBHOI  ILIOIIl  Ta PO3IIHPIOE IIJIBOBUE  JT1aIla3oH
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHS, AKuN Moxke npuiiHatu DOEIL

259



[lacuByBaHHS TEKCTYpPOBAHOI IOBEPXHI IIAPOM BJIACHOIO OKHCJILY
3abesmmeuye XIMIUYHY 1HEPTHICTh MaTeplaay. 3aBOSKHA  IIbOMY
SHUKYETHCS YyTJIUBICTD COHAYHUX OaTapeil 10 3a0pyJHEeHHS IIOBEPXHI.
6. Po3rassHyTO TIJISIXW BIIOCKOHAJIEHHSI CTPYKTYPHOTO KOHTPOJIIO
HOPYBATHUX MAaTepiaiB [JI BHKOPHCTAHHSA IX y SKOCT1 IIa0JIOHIB,
SKUTTE3TATHUX JJIA 30epiraHHs eJeKTPOXIMIYHOI eHeprii. ¥ SKOCTI
MACUBYIOUOTO IIOKPUTTSA OyJIO 3aCTOCOBAHO ILIIBKY TpadiTy, HAKY
HAHOCHJIH MeToA0M Biamasy mpu Temiepartypi 350 °C. {1 3ammoBHeHHS
mop rpadlToBUM IIapoM HEOOXI1THO 3aCTOCOBYBATH B SKOCTI IIITKJIATKI
OPyBAaTI IIapy 3 ITIOPaMH, SIK1 MAalOTh Me30- Ta MAaKPOMETPOBHUH PO3MIp.
Ilokasawmo, mo rpadiToBa IUTIBKA 3a0e3levyye ITOBEPXHI1 ITOPYBaTOl
CTPYKTYPH XIMIUHY 1HEPTHICTH Ta 3HAYHO 3HMIKYE OIIlp 3pas3ka. Taxi
CTPYKTYPH MOMKYTH CJIYKUTH €eJEeKTPOJaMH [JIsI €eJIeKTPOXIMIYHUX
CYIIePKOHIEHCATOPIB Ta 3HAYHO HIJBUIIYBATH 1X eDeKTUBHICTb.
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PO31JI 6
PO3POBKA HOPMATUBHUX JOKYMEHTIB 3
OIIIHIOBAHH{A AKOCTI HAHOCTPYKTYP

6.1 Metoguka  BU3HAYEHHS  AKICHUX ITOKA3HUKIB
HAHOCTPYKTYP, CHHT€30BAHHX HA MOBEPXHI HAIIIBIPOBIIHUKIB

MeTo0 KOHTPOJIIO SAKOCTI HAHOCTPYKTYpP, CHHTE30BAHUX Ha
HOBEPXHI HAMNIBIPOBIIHUKIB € eKCIIepUMeHTaJIbHe BU3HAYEHHS
darkTHUHNX (JOCATHYTHUX) XapaKTEePHUCTHK BJIACTUBOCTEM, HA OCHOBI
SIKUX MOKHA 3POOMTH BHCHOBOK IIPO HPHIATHICTH CHHTE30BAHOI
HAHOCTPYKTYPHU [IJIsE BHUKOPHUCTAHHS 34 HOro (PyHKINIOHAJIBHUM
IPU3HAYECHHIM.

Jly1a Bu3HAUYeHHs TA OIHKH SKICHHX MOKA3HUKIB HAHOCTPYKTYP
BUKOPHCTOBYIOTHCS Pi3Hl MeToau. BuMmipioBaabHUM MeTo T 0a3yeThest Ha
OTPpHUMYyBAHHI 1H(popMAIi PO BJACTHBOCTI Ta XapaKTePUCTUKHU
HAHOCTPYKTYP 3 BHUKOPHCTAHHAM TEXHIYHOr0 OOJIQZHAHHS 3aco0l1B
BUMIPIOBAHb (CKAHyBaJIbHA MIKPOCKOMISI, PEHTTreHOCTPYKTYpPHUN
aHaJ13, POTOTIOMIHECIIEHIIS TOIIIO).

PospaxyukoBuit meTo/1 6a3yeThcss Ha BUKOPUCTAHHI TEOPETUIHUX
1 eMIIIPUYHUX 3AJI€KHOCTEeH CTATUCTUYHUX JTaHUX, AKl HAKOIUIYIOTHCS
1J] Yac BUMIPIOBAHb ITapaMeTpiB 1 BJIACTUBOCTEM.

OwiHKa AKOCTI HAHOCTPYKTYP BKJIIOUAE BHOIP HOMEHKJIATYPH
HOKA3HMKIB, IXHIO OIHKY ¥ 3ICTaBJIEHHS 3HAYeHb IIOKA3HUKIB,
OTPUMAHUX Y pPe3yJIbTaTl IIOPIBHIHHS 13 €TaJOHHUMU 3HAYeHHSIMH a00
eTAJIOHHUMMU TallIa30HAMU 3HAYEHb.,

OrmiHIOBaHHSA SKOCTI CHHTE30BAHUX HAHOCTPYKTYP MOYKHA
MIPOBOJUTHU AK IIIJ] Yac CHHTE3y, TaK 1 MICJISI — IPU OPUAHATTI mmapTii.
OwiHOBAHHSA I dYac CHHTE3y IMIPOBOASATH 3 METOK YIIPABJIIHHSI
3abe3meueHHsT HeOOX1THOI SKOCTI, IIPU IIPUHMHATTI HapTii — IPOBOIATH
TOJ1, KOJI BCl KPOKH II0 VIIPABJIIHHIO 3a0e3eueHHs He00X1THOr0 PiBHS
SIKOCTI BUKOHAHO. HeoOXiqHO BU3HAUYMTHCA — IIEPEBIPATH SKICTH YCIX
3paskiB mapTii, Y¥ TPOBOJUTHA BHOIPKOBHI KOHTPOJIL. Bcio mapriio
JIOLILJIBHO IIePEeBIPATH, KOJM KIJIBKICTH BHPOOIB y mapTil HeBeJIMKa —
ornrumaabHo 10 3paskis / Bupobis. Koim mapTia ckiiagaersesa 3 BeInKol
KLJIBKOCTI BHPOOIB, IIPOBOISTH BUOIPKOBUM KOHTPOJIb. 3rigHo 3 ISO/TR
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8550-1:2007 [341], xoam MPUAHATTA POOJATH HAPTIAMH, MIK
OCTAaYaJIbHUKOM 1 CIIO}KMBAYEeM ITOTPIOHO BCTAHOBUTU JOMOBJIEHHOCT1
II01T0:

— KPUTEPI10 BIIIIOBITHOCTI;

— KPUTEPio IPUAHATHOCTI IIapTii;

— KpUTEPI0 HeIPUUHATHOCTI ITapTii;

— cHCTeMH, CXeMHt a00 IJIAHY IIPUAMAJILHOTO BHOIPKOBOI0 KOHTPOJIIO,
110 Oy/Ie 3acTOCOBAaHO.

VYV mpomy & cranmapti [341] BU3HAYEHO ITOHATTS IIPUHUMAJIBHOTO
BHOIPKOBOIO ILTAHY — Ile Hablp HmpaBWJI, 3a JOIIOMOIOK SIKHMX IIAPTIIO
epeBipSAI0TH 1 BU3HAYAKOTH i1 mpuaaTHICTE. [[1aH 00yMOBITIOE KIJTBKICTD
3paskiB / BUpPOOIB / IIpeaMeTiB y BHOIPI, K1 BUOUPAIOTH 3 mapTii aJid
IepeBIPKN BHUIIQJKOBO 3 YpPaxXyBaHHAM TEXHIUHUX XapaKTePUCTUK
BUpPOOY.

Mesxa npuiiasarra axocti (MILA) BctaroBIoe piBEHD IKOCTI, AKIMIT
BAMAramwTbcsi y BUPOOHHUIITBI. YdacTo mgocTaTHBRO BUPOOJISATH IIapTil
nmoctaTHBOI sAkoctl, kparmol HIxK MIIA. Tobro sakicts moBumHa OyTH
peasibHO JOCSKHOIO, OJHAK HPUHUHSATHOI 3 TOYKH 30py CIIOKHMBaYa.
3asBuuail Ile KOMIPOMIC MIK eTAJIOHHOK HAKICTI0 (MAaKCHMAJIBHO
JIOCS3KHOIO0) Ta IPUUHATHUM PIBHEM SIKOCT1, peaIbHO JOCIMKHIM.

[Ipu oIfiHIT SAKOCTI HAHOCTPYKTYP, SK IIPABUIJIO, MAEMO CIIPABY 3
HEBeJIMKOI0 BHUOIPKOI0, 3BaKaioyl Ha CKJIAIHICTL TEXHOJIOTIH CHHTE3Y,
BHUCOKY TEXHOJIOTIYHICTh METOJIIB OITIHIOBAHHS I BapTICTh MaTeplasiiB
(mamiBopoBiguuKiB). KpiMm Toro, 3a3Bmyail KOHTPOJIb STKOCT1 3BOJUTHCS
He JI0 IepeBIPKH KIJILKOCTIl JedeKTHHX 3Pas3KiB, a 0 BCTAHOBJICEHHS
YMOB CHHTE3y, IIPHU SKAX CHUHTE30BaHI HAHOCTPYKTYPH HaOyBalOThH
XapaKTEePUCTHUK, 3HAYCHHS SIKNUX BIJIIOBlIae BCTAHOBJICHNM BHMOTAM.

VYV [Posmia 5] mamu OyJio mokasaHoO. IO y3arajJbHEHHN KpHUTepli
SIKOCT1 HAHOCTPYKTYP MICTHUTBH XIMIUHI Ta Mopdosoriudi kpurepii. 3a
HeOOX1THOCT1, IIl KPUTEepil MOKHA POSIIHPUTH, MHOAABIIN (PI3HUHI,
010JI0TIUHI, MeXaHIUHl TOIo. BuaHaveHHs y3arajJbHEHOI0 KPHUTEPIo
SKOCTI 3HAMIIIO CBOE BIIOOpaskeHHS B PO3POOIIl  CTaHIapTy
migrpuemcrsa «IlopyBaTi HAHOCTPYKTYpH HA OCHOB1 HAIIIBIIPOBLTHUKIB:
MeTOMKA BU3HauYeHHs mokasHukiB axoct» (Jlomatox B). IIpomoosammii
CTAHIAPT  PO3IOBCIOKYEThCS  HA  IIOpyBaTl  HAHOCTPYKTYPH,
CUHTE30BaHl Ha IIOBEPXHI HAINBIIPOBIIHUKIB 1 BCTAHOBJIIOE METOJI
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BU3HAYEHHS TOKA3HUKIB SKOCTI IIOPYBAaTHUX IITaplB HA I[IOBEPXHI
HAMIIBIPOBIIHUKIB.

YV crampaprl 3asHayaerhcs, IO BiObOlp Ta  OIATOTOBKY
JIa00opaTOpHUX 3Pas3KiB JI0 BUIIPOOYBAHHS MPOBOAATEH BIAMOBIIHO 0
HOPMATHBHOI JOKyMeHTAallll Ha AJaHui BuA IIpoaykiii. BimiOpamxi
3pa3Ky aHAJI3YIOTh 3a JIOIIOMOIOI IIPOIIOHOBAHOI B ITHOMY CTaHIaPTI
MeTogukr.  KOHTpPOJIBOBaHI  XAPAKTEPUCTHUKM  IIOPIBHIOTH 3
eTAJIOHHUMHU 3HAueHHaAMu. Ha O0CHOBI IIPOBeIEeHOr0 IIOPIBHSHHS
POOUTHCSA BHCHOBOK IIOJO BIOIIOBIIHOCTI 3PAa3KiB 3aJaHOMY PIBHIO
STKOCTI.

Jia mocmigkeHHS MOP(OJIOTIYHUX XapaKTEPUCTHUK ITIOPYBATHX
1rapiB, CKHTE30BAHUX Ha IIOBEPXHI HAINBIIPOBIIHUKIB PEKOMEHIOBAHO
BUKOPHCTOBYBATH PACTPOBY €JIEKTPOHHY MIKPOCKOMII0 (HAIIPUKJIIA,
JEOL-6490). Jlima mocmiakeHHA XIMIYHUX XapaKTePUCTHUK ITOPYBATHX
IIapiB, CKHTE30BAHUX HA II0BEPXH1 HAINBIIPOBIIHUKIB BUKOPHUCTOBYIOTH
peutreHiBcbKy crexrpockomiio EDAX ta INCA. Anaimis ocHOBHHX
MOP(OJIOTIYHUX Ta XIMIYHUX XapaKTePUCTHK ITPOBOJAATEH 34 JTOIIOMOTOI0
kKoM orepaux — mporpam  Imaged ta  Origin.  Jlomyckaerbcst
3aCTOCYBAHHS 1HIIOTO OOJIQTHAHHS Ta IIPOTPAMHOr0 3a0e3lMeveHHsa 3
TeXHIYHUMH Ta METPOJIOTIYHUMH XapaKTepUCTUKAMH He Tiplie
3a3HAYEHUX.

V3arajpHeHUN KpUTEpl# SKOCTI MOMKEMO MPEeICTABUTH SK
(pYHKIIII0 YaCTKOBUX KPUTEPIIB:

K. =f(Ky, Ko, ..., K)) (6.1)

ne Ki; K, ..., Kj —vacTkoB1 KpuTepii SKOCTI.

KinpkicTh vacTKOBHUX KpuUTepiiB He IIOBUHHA OYTH 3aHAITO
BEJIMKOI — OaskaHo obmpaTyu He OLIbIe math. JacTkoBl KpuTepii
MOBMHHI CIIMPATHCS Ha (PISUUHI ¥ (DYHKITIOHAJIBHI 3aCaIH ITIOKPAIIeHHS
SIKOCT1 IPHJIAAY, IJIS SKOI0 CHHTE3yeThCa HAHOCTPYKTypa. s mboro
CJIIT BiOpa3y BH3HAUUTHCA: SKHHA caMe [TOKA3HHK HeOOX1IJHO
TIOKpAaIyBaTU ¥ [JIsI YOTO.

Jlam HeoOX1THO BCTAHOBUTH ETAJIOHH] ITOKA3HUKH YaCTKOBHUX
KpuTepliB gkoctl. BoHu MoskyTh OyTH mpeacTaBjieHl B sSKICHOMY a0o0
KlIbKiCHOMY Bursaml. KigbkicHe IIpeacTaBJIEHHS MOKe MICTUTHA
KOHKpEeTHEe 3HAUYeHHS ITOKA3HUKA, a00 I1alla3oH 3HaUYeHb, IONaJaHHI B
KU OyIe 03HAYATH JOCATHEHHS Heo0X1IHOr0 PIBHS SKOCTI.
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3roprry 4acTKOBHUX KPHUTEPIiB MOKHA IIPOBOIWTH 34 JOIIOMOIO
AOIUTUBHUX, MYJbTUILIIKATUBHUX, arperoBanux ¢yukmii. I[lpnu
BUKOPHUCTAHHI MYJbTHILTIKATUBHOI 3TOPTKH HE IIOTPIOHO IPOBOIUTH
HOPMYBAHHS YACTKOBUX KPUTEPIIB, IO € IIePEBATO TAKOI 3TOPTKHU:

K. =FKi Ky, ... K. (6.2)

[Ipu 1mbOMYy KOKEeH 3 YACTKOBUX KPUTEPIiB He MOBHHEH OyTH
BIJT€MHOI0O BeJIMYMHOK. baskano, ajie He 000B’SI3KOBO, PO3paxyHKOB1
dopMysIH OIS YACTKOBHX KPUTEPIiB 00MpPATH TAKHUM UHMHOM, 100 IXHI
3HAYEHHS IPU 00YKCJIeHH] He IIePeBUIILyBaJIO OIHHUIIL:

Kic[o, 1]

Keclo]. 6.3)

K; o, 1]

Toml 3HaYeHHS y3araJbHEHOT0 KPUTEPIo TeK He ITePeBUIIUTE 1:

K. [0, 1]. (6.4)
AxImo B mpoliecl OIIHIOBAHHS SKOCTI IIOCTae ITUTAHHS BHUOOPY

HaANSKICHIIIIOTO 3pas3ka (OJ1s BHMOOPY ONTUMAJbHUX YMOB CHHTE3Y),
YMOBOIO STKOCT1 OyJie JOCATHEHHS MaKCUMAaJbHOT0 Pe3yJIbTaTy:

Ki — max
K> — max

= K. —> max. (6.5)
K; — max

Jlia BuU3HAUYeHHS YACTKOBUX KPUTEPIiB SAKOCT1 JIOILJIBHO
3aCTOCOBYBATH aJUTUBHY 3TOPTKY:
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Ki = aku + ackiz + ...+ ankim
K> = bk + bokox +...+ bika

, (6.6)
K= Zlkjl + szjz +...+ Zpkjp
nme kii Riz ... Rim — TIOKQ3HUKN AKOCT1 4aCTKOBOIO Kpurepio Ki;
ko1, ke ..., k2l — IIOKA3HUKM SIKOCTI YACTKOBOTO KpuTepio Ko,
ki1, kj2....kjp — TIOKQ3HUKH SKOCTI YaCTKOBOTO KpuTepino Kj;
ai, A2 Qm — BaroBl KOeMIIIEHTH IIOKA3HUKIB SIKOCTI YaCTKOBOI'O

Kpurepio Ki,

b1, b2, b1 — BaroBl KOeMIII€HTH IIOKA3HUKIB TKOCT1 YaCTKOBOT'O0 KPUTEPITO
Ko,

21, 22, Zp — BAroBl KOe(MII[leHTH HOKA3HUKIB SIKOCTI YACTKOBOI'O KPUTEPIIO
K.

Barosi koediifieHTH BH3HAYAIOTHCA €KCIIEPTHHIM MEeTOI0M abo 3a
OPIOPUTETHICTIO I ITOBUHHI 32/I0BOJIbHITHA BUMOTH:

a+a+..+am=1

b+b+..+b =1
(6.7)

zZitz2+..+zp=1

BusnauenHsT TOKA3HHUKIB SKOCTI 3I1MCHIOETHCS IIOPIBHAHHIM
OTPUMAaHUX 3HAYEeHb 3 eTAJOHHUMH. SIKIMO0 eTaJIoHHI 3HAYeHHS
IIPEeJICTaBJIEHO TUCKPETHUMH 3HAYEHHSIMH, TO HOKA3HUKHU JIOILJIBHO
pPO3paxoByBaTH 3a (POPMYJIOIO:

ﬂaﬂkwo q)-< (ost

w=! , 6.8)

@a AKWO @ > Py

®»

Jie ¢ — 3HAYeHHs mapaMeTpa, 10 OI[IHIOETHC,;

@st — eTaJIOHHE 3HAUYEeHHd IIapaMeTrpa, 10 O]_IiHIOETBCH.
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Armo erasioHH1 3HAYEHHS 3a/laHl SAKICHO, TO PO3PaXyHOK
IIPOBOTUTHCS TAKUM YUHOM:

1, siKwo ¢ MOBHICTIO 3aJI0BUIbHSIE BUMOTH;
0.5, axuwo ¢ 9aCTKOBO 33 J0BITHHSIE BUMOTH,
k; ={a00 HEMOKIIMBO BU3HAYMTH, ) (6.9)

ab0 He Ma€ JOCTOBIPHUX JAHUX;

0, sKwo ¢ HE 3aI0BIUTBHSIE BUMOTH

e ¢ — 3HayeHHs ab0 SKICHA XapaKTepHCTHUKA IapaMerpy, IIo
OI[IHIOETHCH.

Aximo erasoHH1 3HAYEHHS 3aJaHl y [dlama3oHl JaHUX, TO
MOKA3HUK SAKOCTl BU3HAYAEMO:

1, kw0 l//C(l//minﬂ//max);
_1¥Y "¥min .
=y —ymax [ Y Y min® (610

¥V —¥max

, AKWO l// e l//max
“// “¥min

Jle ¥y — 3HAYeHHs mapaMeTpy, I0 OI[IHIOETHCT,
Wmax — 3HAYEHHS, 110 BIAIIOBIIA€ BEPXHIA MesKl eTaJOHHOI0 T1ana30Hy;

Wnin — 3HAYEHHS, III0 BIJIIOBIIAE HIKHINA MesKl eTaJIOHHOIO Jlalla3oHy.
Jlaml 3HaveHHS YAaCTKOBUX KPUTEPIiB 3aHOCATHCA B TAOJIMIN
00paxoOByEeThCA  3HAYEHHS  y3arajJbHEHOTO  KPUTEpilo  SIKOCTI.
BigmosigmicTs BCTAHOBJIEHMM BHMOIaM SIKOCT1 3Pa3KiB BH3HAUYAETHCS
3T1AHO 3 00paHOIo IIKaJI010. J[J1s 11H0r0 MOKHA HACTYITHI IITKAJIH:
— JIHIAHY;
— eKCIIOHEHITIaJIbHY;
— XapplHTTOHA,
— D160HaYYl TOIIIO.
3amporoHoBaHa METONUKA BU3HAYEHHS SKOCTI CHHTE30BAHHX
HAHOCTPYKTYP Mae CyTTeBY IepeBary — BH3HAUYEHHS OKPEMO KOYKHOIO
YACTKOBOTO KPHUTEPII0 T03BOJISAE IIPOCTEKUTH B SKOMY 3 KpUTepliB Mu
MaeMO MAKCHUMAJIBHUM pe3yabTaT (10 XapaKTepu3ye MAKCHMAJILHY

SdKICTB), a B SAKOMYy — MIHIMaJIbHe 3HAUeHHsa (XapakKTepusye
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HEBIJIIOBIIHICTE BCTAHOBJIEHMM BHMOTaM SKocCTl). Takum YmHOM
MOKHA BUSABJSATA YMOBH Ta UHHHUKH, AKI CIPUYUHSIIOTH IIOSBY
HESIKICHUX 3Pa3KiB IiJ] YaC CHHTE3Y.

6.2 Po3poOka cTaHIZapTHOro 3pa3dKa HaAHOCTPYKTYPH,
CHUHTE30BaHOI HA MOBEPXHIi HAMIBIPOBIAHUKA

Srimao 3 [342] crammapramii  3pasoxk (C3) ckmamy abo
BJIACTUBOCTEH PEUYOBUHHU (MaTepiasiy) — Iie 3aci0 BUMIPIOBAHD Y BUTJISIL
eBHOI KIJIBKOCTI PeYOBHHM abo MaTeplaay, HOpHU3HAYEHHH I/
BIATBOPEHHS I 30epiraHHs PO3MIpPIB BEJIWYMH, III0 XapaKTepPHU3yITh
ckJIan abo BJIACTHBOCTI Ifiel pedyoBMHU (MaTeplasy), 3HAUEHHS SAKUX
BCTAHOBJICHI B pe3yabTaTi MEeTPOJIOTTUHOL aTecrarri, 1110
BUKOPHUCTOBYETHCS [IJIs TIepefadvl pPo3MIpy OMWHHIN IIPU IIePeBipIli,
KaaiOpyBaHHl, TpaJayloBaHHl 3acC00lB BUMIPIOBAHb, aTECTAI[ll METOIUK
BUKOHAHHS BUMIPIOBAHL 1 3aTBEPIKEHUUA B SKOCTI CTAHIAPTHOTO
3pa3Ka B YCTAHOBJIEHOMY IIOPSAIKY.

B Vrpaiui Bumoru 1moq0 po3po0JIeHHs, BUIIYCKY Ta 3aCTOCYBaHHS
CTAaHIAPTHUX 3Pa3KiB perjiaMeHTye HU3Ka JOKyMeHTIB (TaoJ. 6.1).

Tabmuia 6.1 — HopmartuBHO-TeXHIYHA [OKYMEHTAIllsd, KA
peryiaMeHTy€e BUMOTH IIOJ0 PO3POOJIEHHS, BUMYCKY Ta 3aCTOCYBAHHS
CTAHIAPTHHUX 3PA3KiB

HopmaTupHuii Hassa

JIOKYMEHT

3akon Vipaiuu | [Ipo meTpoJiorito Ta MeTpOJIOTIUYHY JISJIBHICTD
No1314-VII BIX

05.06.2014 p.

Bakor Vrpaiam No |IIpo CTAHIaPTU3AIIIIO0 (I3 3MIHAMH,
1315-VII BiI | BHeceHMMH 3rimHo 13 3axoHoM No 124-VIII
05.06.2014 p. Big 15.01.2015, BBP, 2015, No 14, ¢T.96)

I'OCT 8.315-97 I'C1 | CrammaprHble 00pasIbl COCTABA M CBOMCTB

BeIlleCTB n MaTepuaJioB. OcHoBHEBIE
ITOJIOMKEHHM A
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JCTY TI'OCT 8.531-

Merpostorisz. CrangapTHi 3pas3KH  CKJIAIY

2003 MOHOJIITHUX Ta JUCHEPCHUX MaTeplais.
Crroco0u OITIHIOBAHHS OJHOPITHOCTL
MMH 1952-88 «CTabMIIBHOCTE  CTAHOAPTHBIX  00pa3IoB

cocTaBa BeIeCTB M MaTepuasioB. Metomuka
OITEHKID

JCTY TI'OCT 8.532-

2003

Mertpomorisz. CrammapTHl 3pasKHd CKJIALY
peuoBuH 1 MarepiamiB. MixmaabopaTopHa
arecraiig. 3MICT 1 MOPSIOK IIPOBEIEHHS

pooiT
PMI 53-2002 I'CH CrammapTtHbie 00pasIIsI. OnenuBaHUE
METPOJIOTHYECKHX XapaKTePUCTUK c

KCIIOJIL30BAHMEM OTAJIOHOB M 00pa3IlOBBIX
CpeiCTB m3MepeHUun

JICTV-H ISO/IEC
Guide 35:2006

Arecralifisi cTaHZAPTHUX 3Pas3KiB. 3arajibHI
Ta CTATUCTUYHI IIPUHITAIIA

JICTY-H ISO/IEC
Guide 34:2006

3arajgpHl BUMOTA OO0  KOMIIETEHTHOCTL
BUPOOHHUKIB CTAHIAPTHUX 3PA3KIB

JICTV-H ISO
Guide 31:2008

Merposorisz.  CrammapTHi 3pasKu. 3MICT
cepTUdIKATIB 1 eTUKETOK

ISO Guide 30:1992

Terms and definitions used in connection
with reference materials (Tepmianu Tta
BU3HAUYEHHsS, 1[0 IX BHUKOPHUCTOBYIOTH
CTOCOBHO CTAHIAPTHUX 3Pa3KiB)

IIpoodosocennsa mabauyi 6.1

HopmaTusumii
JIOKYMEHT

Hassa

ISO Guide 32:1997

Calibration in analytical chemistry and use
of certified reference materials
(KambpyBarHsg B aHamMTHYHIA XxiMii Ta
3aCTOCYBAHHS CTAHIAPTHUX 3PA3KiB)

ISO Guide 33:2000

Uses of certified reference materials
(BacrocyBaHHS CTaHIAPTHUX 3Pa3KiB)

JCTY  OIML
18:2008

D

Mertpomorisa. Jlep:xaBHl cTaHIAPTHI 3PA3KH Y
chepl METPOJIOTIYHOr0 KOHTPOJIIO 1 HATJIAAY,
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mo IX 3IIHMCHIITh HAIIOHAJBHI CJIyKOM
3aK0HOIaBY01
MeTtpoJiorii. OCHOBHI TOJIOKEHHS

ILAC-G9:2005

Guidelines for the Selection and Use of

Reference Materials (HacramoBa 1momo
BHOOPY Ta 3acTOCYyBAaHHS CTAHJAPTHHUX
3pas3KiB)

PMI" 56-2002 I'CH1

KommiexTsr CTaHOAPTHBIX O6pa3L[OB cocraBa

BEIIIeCTB n MaTepuaJioB. MeTOI(I/IRa

B3aMMHOI'O CJIMYEHUA

JACTY-H
26:2007

IIMTI

Peectp miskmep:raBHUX CTAaHIAPTHHX 3PA3KIB

CKRJIagy Ta BJIaCTUBOCTEM pPedYO0BUH "

marepiaaiB. OCHOBHI II0JIOMKEHHS

ISO GUIDE 99: 2007

International vocabulary of metrology —
Basic and general concepts and associated
terms (VIM) (MixHapogHuii CIOBHHK 3
meTposiorii — OcHOBHI 1 3arajbHI HOHATTSA Ta

HOB'sI3aH1 3 HUMHU TEPMIHU.

JICTY 3651.0-97

Mertposoriss. Oguuuill QpisUYHUX BEJIMYHH.

OcuHoBHI  oauHHUIN  (PISUYHUX  BEJIUYUH

MIKHApPOIHOI cucreMu oxuHUIL. (OCHOBHI

IIOJIOKEHHA, HAa3BU TA IIOSHAYEHHA

JICTY 3651.1-97

Metrposoriss. Oguuuinl QpiSUYHUX BEJIMYHH.

[Moximgal  omwHuMIl  (QISHYHUX  BEJIWYUH

MIKHApPOOHOI cucreMu oxuHUIL. (OCHOBHI

IIOJIOMKEHH A, HAa3BU TA IIOSHAYEHHA

JICTVY OIML D | Merposoria. YVsakoHeH1 OOWHUIN (PISHYHHIX

2:2007 peaununs (OIML D2:1999, IDT)

JICTY-H PMI' | Metrpostorisi.  OifiHeHHA  BUMIPIOBAJbHUX

72:2008 MOSKJIMBOCTEHM HAIIOHAJIBHUX METPOJIOTIUHUX
CITY K0 Ha OCHOBI MEeTPOJIOTIUHUX
XapaKTePUCTUK CTAHIAPTHUX 3PA3KiB CKJIAIy
Ta BJIACTUBOCTEH PEYOBHH 1 MaTepiaJIiB

JICTY I'OCT ToumicTs (IPABUJIBHICTE 1 MNPEIU3IAHICTE)

ISO 5725-1:2005

METOMIB Ta  pe3yJbTaTlB BUMIPIOBAHb.

Yacrura 1. OcHoBHI [OJOKEHHS Ta

BU3HAYEHHA
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Ilpoodosocenna mabauyl 6.1

HopmaTupHuit Hasgpa
JIOKYMEHT
JICTY I'OCT TounicTs (OPaBUJIBHICTH 1 HPEIU3IHHICTD)

ISO 5725-2:2005

METOMIB Ta pe3yJIbTATiB BUMIPIOBAHD.
Yacruua 2. OcHOBHHI MeTOJ BU3HAYEHHS
TIOBTOPIOBAHOCTI 1 BIZITBOPIOBAHOCT1
CTAHJAPTHOTO METOAY BUMIPIOBAHHS

JCTY I'OCT
ISO 5725-3:2005

TounicTs (OPABUILHICTE 1 HPEIU3IHHICTD)
METOIIB Ta  pe3yJIbTaTiB BUMIPIOBAHb.
Yactunaa 3. [TpomiskH1 TTOKA3HUKH
IPeIu31HOCT1 CTAHJAPTHOTO METOTY
BUMIPIOBAHHS

JCTY I'OCT
ISO 5725-4:2005

ToumicTe (IPABUIBHICTL 1 HIPEIU3IAHICTD)
METOMIB Ta  pe3yJIbTATIB BUMIPIOBAHb.
Yacrura 4. OcHOBHI MeTOOW BH3HAUYEHHSI
MPaBUJIBHOCTL CTAHIAPTHOIO METOIY
BUMIPIOBAHHS

JCTY I'OCT
ISO 5725-5:2005

TouHlcTs (OPaBUIBHICTHE 1 HPEIU3IHHICTD)
METOMIB Ta pe3yJIbTATiB  BUMIPIOBAHD.
Yactuma 5.  AJsibTepHATHBHI  MeTOIU
BU3HAYEHHS IIPEIMU3IAHOCTI CTAaHIaAPTHOIO
MeTOJy BUMIPIOBAHHS

JCTY I'OCT
ISO 5725-6:2005

TounicTs (OPAaBUILHICTHE 1 HPEIU3IHHICTD)
MEeTOIIB Ta  pe3yJIbTaTiB BUMIPIOBAHb.
Yacruua 6. BukopucranHs 3HaYeHb TOYHOCT1
Ha IPaKTHII

JCTY-H PMI' | MetpouJioris. 3acrocyBanusa «PykoBoacTsa 110
43:2006 BBIpasKeHUWIO Heollpe e IeHHOCTH N3MepeHn I
JICTYV-H PMI' | Merpouoris. IToxasauku TOYHOCTI,
61:2006 OPABUJILHOCTI,  HOPHUIIE3IAHOCTI  METOIHK

KIIBKICHOTO XIMIYHOro amajidy. Metomu
OIIIHEeHH

I'OCT 8.315-97

locymapctBennast cucrema — obecriedeHUs
emuacTtBa mamepernuit (I'CH). Crammaprabie
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o0pasipl cocraBa M CBOMCTB BEIECTB U

MaTepuaJioB. OCHOBHBIE II0JIOKEHUST

3 uMcIeHHUX BJIACTUBOCTEM, BJIACTUBUX KOHKPETHIN pPeYoBUHI
(MaTepiasy): TeEIJIOBHUX, MEXaHIYHHUX, XIMIYHHMX Ta iumunx, C3
OpU3HAYEHUN JJIsT BIATBOPEHHS PO3MIpIB JIHIE THUX 13 HHUX, SAKI
OIJIATA0Th KIJIBKICHIM OINHIIN IIJIAXOM BHMIPIOBAHL IPH KOHTPOJI,
BUIIPOOYBaHHAX a00 B I1HIMHX I[UIAX, OOYMOBJIEHUX HPAKTUYHHUM
BUKOPHUCTAHHSM ITl€l pedyoBUHU (MaTepiairy) [342].

IlepeBasxua Ourbmricte C3 € eIWHOI €TAJIOHHOK JIAHKOK ¥
BIAOBIAHMX Bumax (1 miOBUOIAX) BUMIPOBAHB. 3akoH Yipainu «lIpo
METPOJIOTII0 Ta METPOJIOTIUHY IIAJIbHICTEY [343] BU3HAYAE eTaJI0H SIK
peaJri3aliiio BU3HAUYEHHS JaHOI BeJIUYNHH 13 BCTAHOBJIEHUM 3HAUYEHHIM
BEeJIMYUHU Ta OB 'SI3aHOI 3 HUM HEBU3HAUYEHICTIO BUMIPIOBAHHS, IO
BUKOPHUCTOBYETHCS SIK OCHOBA JJIS IIOPIBHSIHHS.

C3 mpumsHadeHl IJIsI 3aCTOCYBAHHS B CHCTeMl 3a0e3MeYeHHS
€IHOCT1 BUMIPIOBAHb 115 [342]:

— IIOBIPpKM, KaJIOpyBaHHS, TI'paayioOBAaHHS 3ac001B BHMIPIOBAJILHOI
TeXHIKM, & TAaKOK KOHTPOJII0 METPOJIOTIYHUX XAPAKTEePUCTHK IIPK
IPOBeNeHH] iX BUOPOOYyBaHBb, y TOMY YHCJl 3 METOI 3aTBEpPKeHHS
THUILY;

— MEeTPOJIOTIYHOI aTecTallli MeToaIUuK BUKOHAHHA BuMipioBaub (MBB);

— rouTpoJrio moxubok MBB y mporieci ix 3actocyBaHHS BIAHOBIIHO 0
BCTAHOBJIEHUX Yy HHX aJITOPUTMIB, a TAKOK JJIsI METPOJIOTIUHOTO
KOHTPOJIIO 1HIIIUX BHUIIB.

CtBoperns C3 HAHOCTPYKTYP IIOBHMHHO BKJIIOYATH HHU3KY €TAIIB
[342, 344]:

— po3pobra TexHIuHOro 3aBmaHusg Ha C3, 1m0 BrIOUae B cebe IIPOEKT
IporpaMu ¥ MeTOOUKU KOHTPOJIIO;

— IIPOBEIEeHHS eKCIIepUMEeHTAJILHUX po0iT 3 BurorosieHHs C3;

— BCTAHOBJIEHHS MeTpoJoriyaux xapakrepuctuxk (C3 BIAIIOBLIHO 10
IporpamMu ¥ METOIUKN KOHTPOJIIO;

— po3pobka TexHIYHOI Ta HopMaTuBHOI moxymenTaiii ma (3,
odopMIIeHHS 3BITY PO Po3podry C3;

— 1mepeBipka TexHIuHOI mokymenTtairii Ha Tun C3 1 merposoriuaa
excneprusa (ME) mokymenrai aa C3;

— s3atBepxenns CO, fioro peecTparris.
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Texuiune saBmaHHA Ha po3pobky C3 criamae Ta 3aTBepiIiKye
opraisaiis-po3poouuk 3 ypaxysauaam sumor ['OCT 15.001 [345]. Ho
CKJIAZy PO3PO0IIOBAHMX TEeXHIUYHHMX MoKyMeHTIB Ha Tun C3 Bxomarsb
IIPOEKTH OIKCY TUITY CTAHAAPTHOIO 3pa3Ka Ta IIacIopT.

CrammapTHl 3pasku HAHOCTPYKTYP, CHHTE30BAHUX HA OBEPXHI
HAITBIIPOBITHUKIB MOKYTh OYTH:

— CTAaHIAPTHUMH 3pas3KaMi XIMIYHOTO CKJIAAy MaTeplay,
— CTAHIAPTHUMH 3pa3KaMU BJIACTUBOCTEH MaTeplasy (HampHUKJIAMd, 3a
MOPQOJIOTIYHUMHU XapPaKTePUCTUKAMU).

[Ipr pospodIl crapmapTHOro 3paska XIMIYHOIO  CKJIAIY
HaHOMAaTepiaJay BU3HAYAETHCS HOr0 HpH3HAYEHHs 3T1IHO 13 ceporo
3acrocyBanusa. C3 ckiaay HaHOMATEplaay MOKe 3aCTOCOBYBATH JIJIS:

— Bepidikalrll METOOIHWEK BHUMIPIOBAHL MACOBOI YACTKH €JIeMEHTIB
METOJIOM €HEepPTOIUCIIEPCIHHOI PEeHTIeHIBChKOI CIIEKTPOCKOIIII,

— KOHTPOJII0 TOYHOCT1 METOUK BUMIPIOBAHb MACOBOI YACTKU €JI€MEHTIB
METOJIOM €HEePrOAMCIIePCIMHOI PEHTIeHIBCHKOI CIIEKTPOCKOIII,

— KOHTPOJII0O METPOJIOTIYHUX XapPaKTePUCTUK IIPU IIPOBEIEeHH] IX
BUIIPOOYBaHDb, B TOMY YHCJI1 3 MeTO 3aTBep skeHHs tuny C3;

— Bepudgikarrii MeToguk (MeTo/11B) BUMIPIOBAHb;

— KOHTPOJII0O TOYHOCTI pe3yJbTAaTlB BHUMIPIOBAHb, OTPUMAHHUX 34
MeTogukaMu (MeTomam) y MpOoIecl 3aCTOCYBAHHS BIJIIOBIIHO 0
BCTAHOBJIEHUX Y HUX aJITOPUTMAMU,

— BU3HAYEHHS METPOJIOTIYHUX XAPAKTEePUCTHK I1HIMHX CTAHIAPTHHX
3pasKiB CKJIAAy aHAJOTIYHUX MAaTeplaJIiB.

CrammapTHi 3pasku HaHOMAaTeplary 3aCTOCOBYIOTHCS,
Hacammepes, [JIs KOHTPOJI0 TEeXHOJOTIYHUX IIPOIECIB CHUHTE3y
HaHOMAaTepiaJiB 13 3aJaHUMHU BJIACTUBOCTSIMHU Ta BUSHAYEHUM CKJIAIOM
XIMIYHHX €JIeMeHTIB.

Bumornu 110 CTAHIAPTHOTO 3paska HaHOMAaTeplaay
BCTAHOBJIIOIOTHCSI HA OCHOBI TEXHIYHOIO 3aBIaHHS, IIPOorpaMu
BUIIPOOYBAHb Ta IIPOTOKOJIIB JIA0OPATOPHUX HOCILIKEHb XIMIUYHOIO
CKJIQIy HaHOMAaTeplaJy.

YV Bumagky, KOJIHM CTAHZAPTHUN 3Pa30K PO3POOJIAETHCA JIJIs
HAHOCTPYKTYPH, CQOPMOBAHOI HA IIOBEPXHI OIHOKOMIIOHEHTHOTO
"HamBeporigauka (Si, Ge), HOCTIIKYETHCS BMICT CTOPOHHIX JOMIIIIOK Ta
HasIBHICTh OKCHIHUX ILIIBOK, BKpaIlJIeHh Ha ooBepxH1 Toimo. Jlia
OlHAPHUX HAIMBIIPOBIIHHUKIB Ta CKJIAIHHUX CIIOJIYK HEOOXITHO TaKOK
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BU3HAYATU CITIBBIJIHOIIIEHHS 0a30BUX eJIEMEHTIB. ¥ IIbOMY BHUHOAIKY
KOHTPOJIIO IIIIal0ThCSI MACOBl YaCTKU €JIEMEHTIB Yy BlICOTKax. Tawoxk
BCTAHOBJIIOETHCS 1HTEPBAJI OIMYyCTUMUX 3HAYEHb. TepMiH IIpUIaTHOCTL
CTAHOAPTHHUX 3pas3KiB CKJIQOy HaHoOMaTeplasy He IIOBUHEH
mepeBuILyBaTu ABa poku. lle 00yMOBJIEHO IIBUIKOI erpajalrieio
HAHOCTPYKTYP HpH IXHEOMY BUKOPHCTAHHI Ta 30epiraHHl Ha IIOBITPI.

CrammapTHHUII 3pasoKk CKJIALy HAHOMATEPlally € IIJIACTHUHOIO.
Poamip C3 moBumen OyTu TaxuMm, I100 BIH [I03BOJISAB IIPOBOIUTH
BUMIPIOBAHHS OCHOBHUX METPOJIOTTYHUX XaPaKTEePUCTUK.

[Tpu Po3pobILL CTaHIAPTHOTO 3paska BJIACTHUBOCTEM
HaHOMAaTepiaJay  BU3HAYAETHCSI, dKa  came BJIACTHBICTL [/
XapaKTepUCTUKA IMITaeThCs KOHTPOJI. AKIMO cTaHIapTHUN 3pas3ok
BU3HAUYA€e MOPQOJIOTIYHI XapPaKTePUCTUKU  HAHOCTPYKTYPH, TO
JIOITYCKAaeThCsT BUKOPUCTAHHS 3aMICTh CAMOTO 3pa3ka MikpodoTrorpadii
C3, mo 3pobisieHa 3a [IOIIOMOIOI0 PACTPOBOI YK ATOMHO-CHJIOBOI
Mikpockoirii. Mopdosoriual  BaacTHBOCTI / XapaKTEePUCTUKH, K1
MIITaI0THCS METPOJIOTTYHOMY KOHTPOJIIO MOKYTH Oy TH:

— BHCOTA HAHOCTPYKTYpPHU / TOBIIHMHA IIOPYBATOTO IIapy;
— po3Mipu HAHOOO €KTIB / JlamMeTp II0p;

— IIUIBHICTD HAHO00 €KTIB / MOPYBATICTD;

— chopma HAHO00 €KTIB / PakTOp POPMHU TOIIIO.

3 orsis1ioM Ha HaBeJIeH1 BUINle PeKOMEeH/ Iallll i IMOJ0MKeHHI HaMu
OyJI0 CTBOPEHHO CTAHIAPTHHUHN 3pas3ok ImiampuemcrBa «CrammapTHI
3pasKU CKJIAAY ITopyBaToro ocdiay rarioy, SsKuil BHKOPUCTOBYETHCSI Y
pupobumdomy mporieci TJ[ «TOB Cmermmpommocraw». Ormwc TrIy
CTaHIAPTHOIO 3paska CKJamy mopysaroro dgocdiay rajiio HaBeIeHO B
momatky B ta mogatky I’ BimmosimHoO.

[Tacmopt C3 moBuHen micTuth Taky iHdopmarrio [[lomaox BJ:

— 3arajibHlI BIJIOMOCTI IIpO 3pa3oK, HOro HaWMeHyBaHHS Ta
IPU3HAYEHHSI;

— METPOJIOTIYHI XapaKTePUCTUKH, 110 HIIIaI0ThCS KOHTPOJTIO;

— TepMiH nmpugaTHocTl ek3eMIsapy C3;

— TIIepIOJUYHICTh aKTyaJsi3aiii TexXHIUYHOI [JOKyMeHTallll Ha THII
CTAHJAPTHOTO 3Pa3Ka;

— OITKC CTAHJAPTHOTO 3Pa3Ka;

— METOOWKH Ta MEeTOAW BHUMIPIOBAHDb, SAKI OyJIM BHUKOPHCTAHI IIPH
BCTAHOBJIEHH] METPOJIOrYHUX Xxapakrepuctuk C3;
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— IHCTPYKIIIS IO 3aCTOCYBAHHIO;

— yMOBH 30epiraHHs Ta TPAHCIIOPTYBAHHS,
— BUMOI'U 0e3IIeKu;

— KOMILJIEKT IIOCTABKH;

— JIOTATKOB1 B1ITOMOCTI.

Ormuc TUITY cTaHIAPTHOIO 3pa3Kka MICTUTH Takl eeMenTH [Jlomaok

I:

— npusHauvenusa C3;

— OmHMC MPOMMCJIOBOCTI Ta BHPOOHHIITBA, € 3aCTOCOBYETHCS
CTaHOAPTHUHN 3Pa30K;

— IOKYMEHTH, K1 BCTAHOBJIIOITHL BuMoru g0 C3;

— Oe3mocepeTHBO OITHC 3PA3Ka;

— HOPMOBAHI METPOJIOTIYHI XapaKTePUCTUKI;

— TepMiH mpumatHocTi ek3deminsipa C3;

— IeploJUYHICTh aKTyasi3aiii TexXHIYHOI [JOKyMeHTallll Ha THII
CTAHJAPTHOTO 3Pa3Ka;

— B1JTOMOCTI ITPO PO3POOHUKA Ta BUPOOHHUKA.

Takosk ImacmopT CTaHIAPTHOTO 3pa3Ka MOKe OyTH JIOIIOBHEH!H
1HCTPYKIIIEIO 10 3aCTOCYBAHHIO, Y K1 3a3HAYEHO:
— 3araJjibHIl BKa31BKH,

— YMOBH 3aCTOCYBAaHHS Ta 30epiramusd;
— TOPSAIOK 3aCTOCYBAHHS,
— JOKYMEHTH, 1[0 BU3HAYAKOTEH 3aCTOCYBaHHSI.

CrammapTHHUII 3pas3oK XIMIYHOIO CKJIQAY IIOpyBaToro dgocdimy
rajgiio IIPU3HAYEHUN [JIsI [OPOBENeHHs BepH@ikailll MeTOIHK
BUMIPIOBAHb MaCOBOI YACTKU €JIEMEHTIB METOJIOM eHeproIUuCIIepCliHOl
PEHTTEHIBCHKOI  CIIEKTPOCKOITI, KOHTPOJII0  TOYHOCTI  METOIUK
BUMIPIOBAHb MACOBOI YAaCTKU eJIEMEHTIB MeTOI0M €HepProuCIIepCiitHol
PEHTTeHIBCHKOI CITEKTPOCKOIII], KOHTPOJIIO METPOJIOTTUHUX
XapaKTEePUCTUK IIPU IIPOBEJIEHH]1 BUIPOOYyBaHb, ¥ TOMY YHCJI1 3 METOIO
3aTBepIKeHHs Tumy; Bepudikaiii meromuk (MeTOHIB) BUMIPIOBAHD;
KOHTPOJII0O TOYHOCTI Pe3yJIbTATIB BHUMIPIOBAHb, OTPUMAaHHX 34
MeToauKaMu (MeToIaM) y IIPOIecl iIXHbOTO 3aCTOCYBAHHS BIIIIOBIITHO 10
BCTAHOBJIEHUX y Hux ajroputmiB. C3 Moske 3acTOCOBYBATHUCS JJIS
BU3HAYEHHS METPOJIOTIYHUX XapPaKTePUCTUK I1HIMUX CTAHJAPTHHUX
3pasKIiB CKJIQAY opyBaToro docdimay rasiio.
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CragmapTHUil 3pas3ok € mIacTuHo ¢ocdigy rasiio 3 MOpyBaTUM
mapom Ha moBepxHi. Poamip mractur 10x20x1 mMm. C3 posdacosBani B
KOHTeHHepu i 30epiraHHsa HaImMBIPOBIOHMKOBHUX 1iactuH. (C3
OCHAIIEHUH ITacmopToM craHgapTHoro 3paska. Mopma Bumycky C3 —
OqUHUYHE BUPOOHUIITBO. JlocmimKeHHs 3 PO3POOKH CTaHIAPTHOIO
3paska IIpoBoguJIoc 13 BukopucraHaaM merony EDAX — amamiTuyHOrO
METOAY €JIEMEHTHOI'0 aHaJIldy TBEepI0l PEeYoBHHH, II0 0a3yeThCs Ha
aHAaJI131 eHeprii emMiclii HOr0 PEeHTTeHIBCbKOTO CIIEKTPY.

Jly1a BU3HAYEeHHS KOHIIEHTpAIlll eJIeMeHTIB Ha II0BEePXHI 3pas3Ka
3acrocoByBasim mporpamue 3abesmederuss INCA Energy rommamii
Oxford Instruments, sKe e mIATHOPMOI0 EJIEKTPOHHO-30HIOBOIO
MIKPOAQHAJII3Y [JII PACTPOBHX 1 eJIEKTPOHHHX MIKpocKomiB. Boma
MICTHTB TaKl €JIeMEeHTH:

— nepcoHaapuui KoMmir'orep 3 [13 INCA Energy;

— Moyl «x-stream» 1 «micsy;

— X-stream — MIKpOAHANITHYHUN IIPOIECOP OTPHUMAHHS ¥ aHAJI3y
CIIEKTPY;

— Mics- cucrema 3axomyieHHs 300paskeHHs;

— eHerogiciepcioHHuM gerTexkTop X-MAX.

C3 crmamy mopysBatoro ocgimy Tajiio  IIOCTABJISETHCS
CIIOJKMBAYEBl 3 TEXHIYHUMHU XapaKTePUCTUKAMHU, B VIIAKOBIIl Ta
roMintexrarni sigmosigeo mo Ilacmopry C3. CranmapTHMI 3pas3ok CIIi
TPAHCIOPTYBATH ¥ 30epiraTu B yMOBaX, II0 BUKJIIOYAOTH BILIUB BOJIOTH
Ta XIMIYHO aKTHBHUX pedoBWH. HeoOxigHO BpaxoByBaTH, IO poboua
TOBEPXHS 3pas3Ka MICTUTh KPUXKHUEU mopyBatuii 1ap. Tomy C3
CTAHIAPTHUM 3pas30K IIOBHUHEH 30epiraThcs B HMAKYBAJIBHIN Tapl IIpu
temmepatypi (20+5) °C 1 BigHOCHI BoJIOr0CTI OBITPS He OlabIne 80% y
BIJCYTHOCTl KOHTAKTY 3 arpeCHBHHMHU CepeIOBHIIAMH. 30epiraHHs
PO3KPUTOI YIIAKOBKKM CTAHJAPTHOTO 3pa3Ka JOIYCKAETHCSA IIPHU
remmepatypi (20+£5) °C 1 BIZHOCHIN BOJIOTOCTI IIOBITPs He Olabime 80% y
BIJICYTHOCTI KOHTAKTy 3 AarpeCHBHUMH CEPEJIOBHUINAMU 34 YMOBHU
JIOTPUMAHHS 1HCTPYKITI 110 3aCTOCYBAHHIO.

TpaHCIIOpTYBaHHA CTAHIAPTHOIO 3pa3Ka JOIYCKAEThCSI TILIBKKA B
YIIAKOBAHOMY BUTJISIL OyIb-TKUM BHUIOM TPAHCIIOPTY IPU TEMIIEpaTypil
Big -10 mo +30 °C.

CrammapTHUII 3pas3oK XIMIYHOIO CKJIAIy IIOpyBaToro docdimgy

raJiiio OyJI0 CTBOPEHO METOI0OM eJIEKTPOXIMIYHOI0 TPABJIEHHS B PO3YMHI
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IJIABUKOBOI KucJaoTH mpoTsaroM 20 XB Ipu IMUJIbHOCTI cTpymy 100
MA/cm2.  JlokgagHO YMOBM Ta eTAlld eKCIIEPUMEHTY, a TaKOkK
MPOBENEHHA AaHaJ3y IIPEeICTaBJeHO0 Yy IIPOTOKOJL JIabopaTOPHHUX
JOCITI?KeHb, SK1 OyJim BUKOHAHI y bDepasHCBKOMY Iep:KaBHOMY
megarorivaEomMy yHiBepcuTeTi 3rigao 3 mraroMm HJIP Ne0116U006961 3a
temoio « HaHocTpyKTYypoBaH1 HAMIBIPOBLIHUKY TJIS €HeproeeKTUBHUX
€KOJIOTIYHO  0e3IeYHMX TEeXHOJIOTIH, II0 MABUIINYITH pPIBEeHb
eHepro3depeskeHHs Ta eK0JIOTIUYHOoI Oe3exu ypoocictemm» [[lomaTox ).

JlocmimsxeHHsT 3 PO3POOKH CTAHIAPTHOTO 3pa3Ka IIPOBOIMJIOC 13
BukopuctanHaM Merony EDAX — aHaIITUIHOrO METOIy eJIEeMEeHTHOTO
aHAaJII3y TBePJ01 PeUYOBUHH, 1110 0a3yeThCs HA aHAaJI131 eHeprii emicii #oro
PEHTTeHIBCHKOTO CIIEKTPY.

Jly1a BU3HAYEeHHS KOHIIEHTpAIll eJIEeMeHTIB Ha IOBEePXHI 3paska
3acrocoByBasin Iporpamue 3aOesmeuenus INCA Energy wxommamii
Oxford Instruments, sxe saBJsge coboo0 1IATHOPMY e€JIEKTPOHHO-
30HIOBOI'0 MIKPOAHAJII3Y JIJIsI PACTPOBUX 1 €JIEKTPOHHUX MIKPOCKOIIIB.

BumipoBaHHS KOHIIEHTpAIl eJeMeHTIB B1I0yBaJIoCcsa 31 CTOPOHH
3pas3Ka, dKka BKpUTA IMopaMu. [HIUKAaTOPOM OTHOPITHOCTI, TK ITPABHUJIO,
€ omguH ab0 [IeKlJIbKa eJIEMEHTIB, Kl XapaKTepU3yITbCS 3MIHHICTIO
KOHIIeHTpAaIrli Ha I0oBepxHI abo B 00eMi MaTeplally CTaHIapTHOTO
3paska. Y HaIIoMy BHHOAIKy OyJ0 o0paHO KOHIIeHTpaliio docdopy.
Bymo  mpoBemeno — ompallioBaHHS ~— pe3yJbTaTiB  BHUMIPIOBAHbD
BIJIIOBLJHOCT]1 3paska II0 3013HOCTI, BIATBOPIOBAHOCTI M OJHOPIIHOCTI
KPUTEP1o SKOCTI.

6.3 Busmayennas © aHaNi3 CKJIAQJO0OBHUX KpHUTEPilo
€KOJIOTiIYHOI He0e3IlIeKrn HaHOMaTepiaJjiB

Hapssmy 3 BHCOKOIO  3aIllKaABJIEHICTIO Yy  BIPOBAIMKEHHI
HAHOTEXHOJIOTIH Y peasibHl CeKTOPH BUPOOHUIITBA, CIIOCTEPIraeThCA PICT
KLJIBKOCTI KOMEHTAaplB Iomo Hacainkis Buropumcranas HT [346].
BismbmricTs 3 ux AuCKyClil MpUCBSIYeHA caMe TeXHOTeHHO-eKOJIOTIYHUM
acIleKTaM BHKOPHCTAHHSA IIPOAYKINI HaHolHaycTpll [347 — 349].
JlocmimsxeHHST JTeMOHCTPYIOTh, IO HACEJEeHHS Mae HU3bKHHI pPIBEHb
amaup 1po HT [347]. BigmosimHo, cmocid, saxumMm 1HGOpMAIIS
mpeacTaBjeHa Ha PaHHIN cTamll 3pocTandvoi IpoMaachbKol BHIHMMOCTI

HT, mBumire 3a Bce, MaTuMe BUpINIAJbHE 3HAYEHHS [JIS pearyBaHHs
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TPOMaJICHKOCTI Ha 1HHOBAIIII Ta NIMPOKEe BIIPOBAKEHHS HAHOIHIYCTPII
B TOpPOMHCIIOBUM cexkTop. Jliasa momostaHHA TIUX CyIepevyHOCTeH
HEOOX1THUM € IPOBEIeHHS JOCIIIIMKEeHb II[0JI0 BUABJIEHHI HAHOYACTOK Y
MaTepias, PO3POOKH METOJWK Ta KPHUTEeplaIbHOTO arapatry IIojo
KJaacudikarrii He0e3IIevyHoC Tl HAHOTEXHOJIOTIH, BCTAHOBJIEHHS
MOSKJINBUX PHU3UKIB BHKOPUCTAHHS HAHOTEXHOJOTTYHOI ITPOAYKIINI Ta
OIIPMJIIOTHEHHS Irel 1HgopMAaIni s CIOMKHUBAYIB HAHOTEXHOJOTTYHOI
POAYKITII.

Croro/Hi 115 mepeBaskHOl KIJIBKOCTI HAaHOMATEePlaIlB eK0JIOrYHA
XapakTepucTuka abo B3araJsil BIACYTHS, a00 IIpeacTaBIeHa 00MeKeHOI0
KLIbKicTIO TecTiB [350, 351]. KpiM Toro, MmeTomosiorist 1 pe3yJIbTaTh IUX
TECTIB YacTO B3a€MHO HEIIOPIBHSHHI a00 HaBITH cylmepeuwamsl [352,
353]. Tum uwmHOM, eKOJIOTIYHA XapaKTepHUCTUKA HaHOMAaTeplasiB
TMOBUHHA TPYHTYBATHUCS HA BEJIMKINA KIJIBKOCT1 JOCTIMKEHb 1n vitro Ta
in vivo [354, 355]. JlocalgHMKM CTBEPI:KYIOTb, III0 KIJIBKICTD
OPOMMCJIOBO  BHPOOJIEHMX  HAHOMATEeplaylB  IIMOPOKY  CYTTEBO
301biyerbest [357, 358]. Ile Brasye HA IPaAKTUYHY HEMOYKJIUBICTH
OXapaKTepU3yBATH HANOJIMKIUM YacoM 0e3MeKy BCIX 3aCTOCOBYBAHUX
y IIPOMHUCJIOBOCT] HAHOMATEPI1aJIiB.

[Ipu ormiHIll BIJIMBY HaHOMATEplasiB HA CTAH HABKOJIHIIIHBOTO
cepeioBUINA HEeOOX1THO PO3TVIANATH IXHIN HOBHHUHN SKUTTEBUN ITHKJI,
KW BKJIIOYAE TaKl eTalu: BUAOOYTOK CUPOBUHHU JIJIs1 HAHOMATEPlaIiB,
CUHTEe3 HaHOMAaTeplasiB, 30epiraHHs Ta YIAKOBKA, BHUPOOHUIITBO
BUpPOOIB 3 HaHOMAaTeplasiB, eKcILIyaTains, yruaisaiisa [358]. Ilpu
BHPOOHUIITBI HAHOMATEPIAJIIB, iX ekcinryaTalii (y Hac/IJI0K CTUPAHHSI 1
3HOCY), a Takok mpu yruiaizaiii (mepepodka) ad0 pO3MIIIIEHHS B MICIAX
30epiraHHs BIJIXO/IB MOKJIMBHUM CTa€ HAAXOMKEHHS HAHOYACTUHOK Y
arMocepHe mOBITpsA Ta cTiuml Bomu. Ile mpusBommTH 10
HEKOHTPOJILOBAHOCTI eKOJIOTIYHOTO BIUIMBY HaHOMATepiaaiB Ha
JOBKLJLJIS TA OPTraH13M JIIOIUHHA.

Tomy Bkpaili HEOOXITHHM € PO3YMIHHS THX XapaKTePUCTHK
HaHOMAaTeplaJIiB, SK1 MOKYTb HECTH IIOTEHITIaJIbHYy HeOe3meKy. Y MOBHO
BCl BA’KJIMBl 3 TOYKH 30pPY EKOJIOTIYHOTO BILJIUBY XapaKTEPHUCTUKH
HaHOMAaTepiaJaiB MOKHA KJIACHPIKyBaTH SAK MOPQOJIOrivHl, (i3UKO-
XIMIYHI Ta MOJIEKYJIApHO OlosoriuHi (puc. 6.1).
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Po3mip

Mopdonoriuni Dopma

PosmipHicTh

Po3uuHHiCTh

3apsl YacTUHOK

. L Ancop6miiina
XapaKTepuc'm }_cu Oizuko-xiMidHi s
HaHOMAaTepiaiB
— Anresis

31aTHICTh reHepyBaTH
BiIbHI paguKaiu

CriikicTs
JIo arperartii

Iluronoriuni
XapaKTEPUCTUKH

Moneky nspHo-
dionorivuni Toxkcuxonoriuni

XAPAKTCPHCTUKHA

B3aemonis 3 Ginkamwu,
JHK, memOpanamu

Pucynox 6.1 — XapakrepucTuKu HaHOMAaTEpPlaIlB, K1 IIOTPE0YIOTH
JTOCJTIPKeHHS JJIs BUSBJIEHHS CTYIIEeH IOTEeHITIMHOI Hebe3eKku

3rigHo 3 puc. 1 10 MOpPdOJIOrIYHNX XapaKTePUCTUK CJIL] BITHECTH
pO3Mip HAHOYACTUHOK, (popMy Ta po3MipHIicTh. Po3mip € cyTreBHM
MOKA3HUKOM, OCKLJIbKH 31 3MEHIIIEHHIM PO3MIPYy YaCTHHOK IIPH OTHIHN 1
TIA ke MacoBl¥ KOHIIEHTpAIlll MaTeplajy B OOWHHUII 00'€éMy YHCIIO
JacTok 3pocrae. TuM caMuM 301/IbITYETHCA PUSUK IITKIIIIMBOTO BILIUBY
YACTUHOK Ha JKHBlI OpPTaHI3MH, OCKLIBKKM OCHOBHI MeXaH13Mu
VIMTKOKYBAJBbHOI /11 HAHOYACTOK HA JKWBl CHCTEMH IIOB'S3aHl 3
poIlecaMu, 110 IPOTIKAITL Ha MiskdasHux Me:xax. Kpim Toro, saHaaro
JIP10H1 HAHOYACTHUHKU MOMKYTH IIPOHHUKATH JO0 OPTraHI3My He TUIbBKHU
Yyepe3 OpraHu [IUXaHHS I TpaBJIeHHs, aje ¥ duepe3 INKIpy. dum
JIPIOHIIT HAHOYACTUHKH, TUM BaKUYNUM € IX BUSBJIEHHS 1 BUJIOB ¥
atmocdepi Ta Bomdl. Ile Takoxk 3yMOBJIIOE T0IAaTKOB1 €KOJIOTIYH] PU3UKH
IX BUKOPUCTAHHS.

@opMy HAHOYACTHUHKU O0XapPaKTEePU3yEMO BEJIMYHHOK, III0 HOCUTH
Ha3By (parxTop dopmu. 3HaueHHs QarTopy popmu Fg= 1 Bkasye Ha Te,
110 IIepepi3 € imeasbHe K0J10. UM OJImskde 3HAYeHHS OKPYyrJyIocTi 10 0,
TUM OLIBII BUTATHYyTUM a00 JecdopmoBanmM Oyae mepepis.

278



HamnoBosokHAa 1 HAHOHUTKY (YACTUHKH 3 BUCOKHUM 3HAYEHHSIM PAaKTOPy
dopMmu) MaroTh OUIBITY 3ATHICTH NPHUEIHYBATHCA [0 TKAHUH
OpraHi3My, 3aBISKKA YOT0 3POCTAE YAC KOHTAKTY YACTUHKU 3 TKAHUHOIO
1, BIAIIOBITHO, TMOBIPHICTD 11 TOKCHYHOI ii.

Jlis Bu3HaveHHS HAHO00'€KTIB ICHYE JOMOBJIEHICTH IIPO Te, IO
po3Mipu IHOTO 00'eKTa X0ua O B OJHOMY 3 IIPOCTOPOBUX HAIIPSMIB
moBWHHI 3HaxomuTuch y miamas3oni (0,1 — 100) M — Taxl 00'ekTH
Ha3WBaOTh HU3bKOpo3MipHuMU. H13bkopo3mMipHI 00'€KTH O1IATHC HA:
HYJBBUMIPHI; OTHOBUMIPHI; JBOBUMIPHI; TPUBUMIPHI. J3TriAHO I1iel
kaacudikaiii  HAWOLIbII  HeO0e3IMeYHHUMH OyayTh  HYJIBBUMIpPHI
(HaHOYACTHHKN, KBAHTOBl IIOTKHM) Ta OJHOBHUMIPHI (HAHOBOJIOKHA,
HAHOBICKEPH) HAHOOO€KTH, TaK AK PHU3NK EKCIIOHYBAHHS TaKUMU
HaHOOO eKTaMHu HAMOLIBIT BUCOKHUM. IIpOoOHMKHEHHS q0 OpraHiaMmy
JBOBUMIPHUX (HAHOILJIIBKM) Ta TPUBUMIPHUX ((POTOHHI KpHCTAIIH,
IOPyBATI IITapH) Mae 3HAYHO MEHIIIl IITaHCH.

YV umcii  OCHOBHHX (PISMKO-XIMIYHUX XapaKTEePUCTHUK, IO
BU3HAYAIOTh IIOTEHINHHY HeO0e3MmeKy, CJiJ PO3TJIAJATH PO3YUHHICTH
HaHOMAaTeplaJiB y Boml I OloJoOTIYHHX piouHaX. Po3YMHHICTE €
BHCOKO3HAUYIIUM  YHHHUKOM, SKHH  BHU3HAYAE  TOKCHUYHICTH
HaHOMATePlaJIiB 1 MOKe PAHKYBATHUCS K. HEPO3UMHHI, MaJIOPO3UNHHI;
PO3YHHHI MaTeplaJiu.

HamouacTku, yTBOpeHlI BOIOPO3YMHHUMH pPEYOBHHAMU, IIPH
MOHAJAaHHI y BOJHE OTOYEHHS IIMBHUIKO JIHCOIIOITH 3 YTBOPEHHSIM
MOJIEKYJIAPHUX a00 10HHHUX PO3YMHIB, TOKCHUYHI BJIACTHBOCTI SKHX
HaIaJl BU3HAYAKIOTHCH TIJIBKU XIMIYHHM CKJIQIOM CKJIQJOBUX I1X
KOMIIOHEHTIB. [HaKIe KasKydu, pO3UNHHI HAHOUACTUHKH, SIK IPABUJIO,
He BIIPI3HATHCA 34 CBOIMH TOKCHKOJIOTIYHMMM BJIACTHBOCTSIMH B[
iXHIX XIMIYHHX aHAJOTIB TpaguliliiiHol guciepcHocTi. Hasmpormn,
YacTKU PEYOBUH, 110 HEPOIYMHHI Y BOJI1, 3aTHI IIepe0yBaTh TPUBAJIHI
Yyac y BUIBHOMY CTaHI B OlOJIOTIYHOMY OTOYEHH], BUKJIUKAIOYH
010JT0TIUH1 ederTH, 1110 BU3HAYAIOTHCSI IOBEPXHEBUMH
xXapaxkrepucTuramu [361].

3apsg J4acTHHOK € BHCOKO 3HauymmuMm (axropom. Haitbimeiry
He0Oe3meKy IIpeJCTABJISAIOTh II03UTUBHO 3apsS/IKeHl YaCTHHKHU, II0
BOJIOAIIOTH  BIHCOKOIO cIlopigHeHicTio g0 wmakpomosiekyn JIHE.
Heratuszo 3apsaoKeHl  YaCTUHKH He BOJIOIIOTE TAKMIMHI
BJIACTHUBOCTAMMY, OJHAK [JIS HUX XapaKTepHa MOIIBUINEHA 3IaTHICTH
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POHUKHEHHS Yyepe3 TKaHUHHI 0ap'epu. Y HAWMEHIII ! Mipl HeOe3meuH1
010JI0TIUHI e(peKTH CJIIT OUIKYBATH ¥ HeMTpaJIbHUX HAHOUYACTOK [362].

AgcopOrrifiHa €MHICTH BH3HAYA€ BIPOTIIHICTE TPAHCIOPTY
(mepeHeceHHs) Ha HAHOYACTUHKAX CTOPOHHIX JOMIIIOK. Ilei mokasHuk
BH3HAYAETHCS K BHCOKA a00 HH3bKa aIcopOIliiiHa eMHICThb. JHAUYEeHHS
aICOPOINMHOI €MHOCTI MOKe IIOJIATaTH B IINJIBHUINEHHI MMOBIPHOCTI
TpaHCIIOpTy (IlepeHeceHHsI) Ha HAHOYACTUIAX CTOPOHHIX JOMIIIOK
TOKCHUKAHTIB 13 30BHIIIHLOTO CEPEIOBHUINA Yy BHYTPIIIHE CEepeqOBUIIE
opraxiamy [356, 359].

CriiikicTs 1o arperaini e (pakxTopoM, IO BILIMBAE HA TOKCHYHICTH
HAHOYACTOK. Y  pe3yJabTaTl 3JHIaHHS AarperamiiHo-HeCcTIHKNUX
HAHOYACTUHOK I1XHS TOKCUYHICTDb 3HUIKYEThCA. AMre3iss HAHOYACTHHOK
0 IIOBEPXHI MOKe MOCHJIIOBATH IX IIPOHUKHEHHS Yepe3 TKAHWHHIL
Oap'epu, BUPUBAHHSA 3 TOBEPXHI HAHOMATEPIAJIY Ta POIMOBCIOIKEHHS Y
moBiTpi [356].

OgHyM 13 1CTOTHHUX YMHHHKIB, III0 BH3HAYaEe HEOE3IIeYHICTH
HaHOMAaTeplaJalB € IXHS 3JaTHICTh TI'eHepyBaTH BLJIbHI PaIWUKAJIH.
OcHoBHA 4yYacTHMHA TIPOIECIB YIIKOMKYOUOl [1i HaHOMAaTeplaJiB
OIIOCEPEIKOBYETHCS MEXaHI3MaMU BLIBHOPAIUKAJIBHOTO IIE€PEeKHUCHOTO
OKMCJIEHHS, 1HIIIHOBAHNME PEaKINNHO3TATHUMY (pOpMaMU KUCHIO, IO
YTBOPIOIOTHCS HAa IIOBEPXHI HAHOYACTHUHOK y IIPOIecax TreTeporeHHOTO
XIMIYHOTO KaTajidy. ToMy BHSBJIEHHS KATAJITHYHHX BJIACTHBOCTE
HAHOYACTUHOK Mae€ BHCOKY 3HAYMMICTH IIPW BCTAHOBJIEHHI IXHBOI
HOoTeHITHOl HeOe3mexku [361 — 363]. BamauBuMu MoJIEKyJISPHO-
010JIOTNIYHUMH XapaKTepHUCTHKAMH HaHOMATeplasiB € 3JaTHICTh iX 10
B3aemouii. 3oxpeMa, B3aemonisa 3 JIHK e maibd1ibmn cyTreBo0 03HAKOIO,
TaK AK BOHA BH3HAYAE MOMKJIMBUN TIPOSAB Yy HaHOMAaTeplasiB
TeHOTOKCHYHHX 1 MyTareHHUX BJjacTuBocTted [363]. Bsaemomisa 3
KJIITUHHAMH MeMOpaHaMU MOsKe OyTH UMHHHKOM, IO IIPHCKOPIOE
OPOHUKHEHHS HAHOYACTHHOK y KJITUHY. B3aemomis 3 OlIKaMu MoiKe
OyTH MPUYMHOI 3MIHHK IIJ Jl€ef0 HAHOYACTHHOK (QepMeHTaTHUBHOI
AKTHUBHOCTI.

I[Ipm  omiHil  mOTEHINHHOI HeOe3leKW  HAHOYACTHUHOK 1
HaHOMAaTepiajgiB  HEOOXIOJHHM €  BpaxyBaHHS  ITATOJIOTIYHUX
XapaKTepUCTUK, a caMme: 3JaTHICTbH HAHOMATeplaJllB BUKJIUKATUA
3JIOSIKICHY TpaHC(OpMAIliio KJIITUH; [IUTOTOKCUYIHICTD, TOOTO 3IaTHICTD
HaHOMAaTepiajalB  BUKJIUKATH  3aru0esjib  KJITAUH  TOIIO. o
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TOKCHUKOJIOTIYHUX XAPaKTEPUCTHK CJI1 BIIHECTH O3HAKU TOKCHUYHOCTI
(roctpa, XpoHIUHA), a4 TaKO IIOCHJIEHHS IIPOHHKHOCTI 0Oap'epliB
OpraHi3My 11 TOKCUKAHTIB Ta IIPOHUKHEHHS Yepes 0ap'epu opraHiamy.
Ile OPU3BOIUTH o IPSIMOTO eKCITOHYBaHHS OpraHi3miB
HaHOMAaTepiagamu [364, 365].

PosrastayTi BUIIE XapaKTePUCTUKNA HaHOMAaTeplaJiiB
00yMOBJIIOIOTH IX BILIMB Ha JOBKLIJIS TA KHBl OPraHI3MU. JHAYECHHS
X XapaKTepPHUCTHUK MOKYThb OyTH oJep:KaHl Bia BUpoOHMKA Ta/abo
HasIBHUX JPKepelt 1EdopMariii, HaIPHUKJIA]I, JTaHl Ipo
eKCIepUMeHTaIbH] JOCIIKeHHS, CTATUCTUYHI JaH1 TOIIO.

BinmoBimHO [0 PO3TJISHYTHX EKOJIOTIYHHX XapaKTePUCTUK
HaHOMAaTeplaiB PO3pP00IEHO METOIUKY IMIIIPHUEMCTBA
«Hanomarepiasu: BU3HAYEHHS EKOJIOTIYHOI Oe3MeKH MPOTArOM
skurTreBoro  mmiay»  [Jlomarok K],  3ampomonoBama  merommka
BCTAHOBJIIOE €AUHUN TOPAI0K BUSHAUYEHHS P1BHSA HeOE3MeKH IIPOIYKITIT,
0 MOKe MICTUTA HAHOOOE€KTH, Ta BCTAHOBJIEHHSA HEOOXI1IHOCTI
IIPOBEIeHHS €KOJIOTTYIHOI eKCIIePTU3M. Bumoru METOIUKN
PO3IIOBCIO/IPKYIOTBCS HA HAHOMATeplayid, a TaKOK IITPOIYKIII, IO
MICTHTh 400 MOKe MICTUTH HAHOMATEePlaid YU HAHOYACTKH.

Y  MerommIill  3ampPOIIOHOBAHO BHKOPHCTOBYBATH  KPUTEPIH
exoJsoriuHol Hebesmexn HamoMmatepiandy K. Ileit Kpureplit MICTHTH
YaCcTKOBI KpUTEPii:

K = f(KsI, Ks2, Ks3, Ks4), (611)

e Ks1 — KpuTepiit HassBHOCTI HaHO(a3u B MaTeplaJrl;
Ks2 — wpuTeplii MOKJIHMBOCTI €KCIIOHYBAHHS CIIOKMBAdYa ITPOIYKINT
HAHO000 eKTaMU;
K3 — xpuTepiit 0J1M3bKOCTI IIPOIYKITII J0 JIIOTUHU,
Ks4— xpuTepiil MoTEHITIHHOI HEOEIIIEKH.

3roprky YacTKOBHUX KPHUTEpliB JOIJILHO IIPOBOJWTH 34
MYJbTHUILTIKATUBHUM 3aKOHOM, SKHH 0as3yeTbcsa Ha IIPUHITAIIL
cIIpaBeJINBOI caTUC(paKINi BIIHOCHUX 3MIH YaCTKOBUX KPUTEPIiB:

Ks = KsiXKs2XKs3XKsa. (6 12)

J1J151 KO3KHOT0 3 YaCTKOBUX KPUTEPIIB BUSHAYNMO 3HAYEHHS (TabJI.

6.2).

281



Tabmuiig 6.2 — 3HaUeHHS YaCTKOBUX KPUTEPIIB [JId BU3HAUECHHS
y3araJbHEHOr0 KPUTEPi MOTEeHIIAHOI HeOe3eK HaHOMAaTepiary

Kpurepiit | 3aavenns | [Ipu sxux ymoBax HabyBae JAHOTO 3HAYEHHS

Ks: Ks1=0 Hawnodasa B maTepiasi BimcyTHS
Ks1=0,5 HeMmox1mBo BU3HAYNUTH HASIBHICTHL HAHOPA3H
y MaTepiajl abo He Mae BIAIIOBIIHUX JAHUX
Ksi=1 Hanodasa y matepiaal mpucyTHs
K2 Ks2=0 Excnonypanus CITOKMBAYIB IPOAYKITIT
HAHO00 €KTaMH HEMOKJIUBE
Ks2=0,5 Hewmosxiuso BU3HAYUTHU MOSKJIBICTH
eKCITOHYBaHHS CIIOJKMBAYIB IPOAYKITIT

HaHOoOO ekTaMu a00 He Mae BIOIOBLIHUX

JTaHUX
Kso=1 ExcrionyBanusa CITOKHBAYIB IIPOIYKITI1
HAHO00 €KTaMH MOKJINBE
Kss Ks3=0 HemomxmuBuii  KOHTAKT  MOPOAYKINI, IO
MICTUTH HAHOOO €KTH 3 JIIOIUHOIO
Ks3=0,5 [Ipomyxkitia, 110 MICTUTH  HAHOOD €KTH,
KOHTAKTY€E 3 JIIOJMHOI0 OII0CEPEITKOBAHO
Kss=1 I[Ipomykiria, 10  MICTHTHL  HAHOOO €KTH,
KOHTAKTYE 3 JIIOIIHOK
K4 Ks4=0 Husbxwuii piBeHb HeOE3IIeKH HAHOIIPOIYKINT
Ks4=0,5 Cepenuiii piBeHb HEOE3MEeKH HAHOIPOTYKIIII
Rsa=1 Bucokwuit piBeHb HeOe3meKku HAHOIIPOTYKITIT

3a Takux 3HAUYEHHAX YACTKOBHX KPHTEpiiB 1 IIpM yMOBI
3aCTOCYBAHHSA MYJIBTUILTIKATUBHOI 3TOPTKH KPUTEPIIB y3araJbHEHUH
KpHUTEepiit 3aB:xKau Oye IMOTPAILIATH B IHTePBAJI 3HAYEHD:
K €0, 1].
AjropuTM OIIHKM HaHOMATEplasiB, a TaKOK MaTeplasiB, III0
MOKYTBb MICTUTH HAHOYACTHHKY, HaBeJIeHO Ha puc. 6.2.
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,,,,,,,,,,,,,,,,, |. Bisnagenns nagenocTi mamo(asy y Marepiai

2. BusHauCHHA MOKIMBOCTI CKCITOHYBAHHA CIIOKMBAYA MPOTYKIiT
HAHOO0O  €KTAMU.

“He noTpi6o nposoanTh’ 3. Brsnagenns 6M3bKOCTI MPOIYKLIT 10 JIFOHIH
JNOAATKOBY OIHKY |

| |

Konraktye

v

4. BcTaHOBMEHHS KPUTEPitO MOTEHLiHHOT HeOe3neku

Husekwii pisers
HeOe31eKH

HCOKHIT PiBEHD
Hebesneku

Ceperiit piserrs
Hede3nekn

Heo0xiano npoBoanTH €KOIONMHY OUIHKY Ta po3pobasTh
pexoMenfauii o0 e3neuHoro BUKOPHUCTAHHS TA YTHI3auUiT
mpoaykuii

Pucynox 6.2 — AsaropuTM BCTAHOBJIEHHS pPIBHS He0e3lexku
OPOAYKIII, IO MOKe MICTUTH HAHOO0O€KTH, Ta BCTAHOBJICEHHS
HEOOX1THOCTI IIPOBEIEeHHS eKOJIOTTYHOI eKCIIePTHU3N

3rigao 3 puc. 6.2, Ha IepIIoMy eTalll HeOOX1JHO BH3HAYUTUA YU
MICTUTH IPOAYKIISA HAHO00 ekTH. BusHaueHHs HeEOOX1THO ITPOBOIWTH
HAa IIiacTaBil:

— macmopry Mareplasry abo 1HIINOI TeXHIYHOI [TOKyMeHTaIlll,
Ha JaHOI BUPOOHUKOM IIPOJIYKILIT;

— aBTOPHUTETHHX JITePATYPHHUX JKepeI, II10 MICTATH BIIOMOCTI1 IIPO
BJIACTUBOCTI MaTepiasy (IaTeHTH, CTATTI B ABTOPUTETHUX BHUIAHHSIX,
JIOBITHUKHU TOIIIO);

— BJIACHUX JAHUX, OTPEMAHHUX 3 BUKOPUCTAHHIM METOIIB OITIHKK
Oe3mexky HaHOMATEPlaJIlB, 3aTBEPIKEHNX B YCTAHOBICHOMY IIOPSIIKY .
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Axmo BcTaHOBIEHO, IIT0 HAHOOO €KTH B MaTeplasil IpHCyTHI, abo
JaH1 BIICYTHI, He0OX1JHO IIPOBOAUTH IIOAAIBINY OIHKY. I1pr HasgsBHOCTL
JIOCTOBIPHOI iH(opMAILii 11010 BIICYTHOCT1 HAHOYACTUHOK YK HAHOPA3K
B Mareplayi, pPOOUTHCA BHCHOBOK IIPO Te, IO MOJAJIBIINY OIIHKY
IPOBOIUTH HeMae morpebu [366, 367].

Ha gpyromy eram  HeoOX1ZTHO BU3HAYUTH  MOKJIMBICTH
EeKCIIOHYBAHHS CIOKMBAYA IIPOAYKINI HAHO00 €KTaMM, IO MICTSITHCS
ab0 MOKYyTHb MicTuTHCSA B Marepiaii. Il mami 30mparoThcs Ha OCHOBI
1iEdopMarliii, HagaHOI BHUPOOHMKOM UM IIPU MPOBEIEHHI eKCIIepPTHOI
omiuaku. Ilpu mpomy Tpeba BpaxoByBaTH XapaKTep HOPMAJILHUX YMOB
eKcILTyaTalni, a TaKoK CTPYKTYPHI XapaKTepUCTUKH MaTepiaay [368 —
371].

Jlaml mpoBoOMTHCA OIMHKA OJIM3BKOCTI IIPOMYKINI 10 JIIOQWHHU.
BBasxaerbcs, 110 IPOAYKINS He KOHTAKTYE 3 JIIOIWHOK, SIKIIO BOHA
mpeacTaBJisie cO00I0 TeXHIUHI MPHUCTPOI, K1 aBTOHOMHO (PYHKITIOHYOTH
y OeaymomgHiN 30H1 (KocMIiuHAa, OypoBa, IJIMOOKOBOIHA TeXHIKa Ta
obnamuanusa) [372]. OmocepeakoBaHMM BBAKAETHLCS KOHTAKT, SAKUMA
MOKe B1OOyBATHCsS Yepe3 HASIBHICTh HAHOMATEPIAJlB Y XapduOBOMY,
dapmalieBTUYHOMY, BOIOOUHIIYBAJILHOMY OOJaIHAHHI, BHUpobAX
eJeKTPOHHOI TexHIKM Tomio [372 — 374]. Ilpoaykiis KoHTakTye 31
CITOKMBAYEM, SKIMO il MOKHA BITHECTH 10 TEKCTHUJIIO, TaKyBAJBHUX
MaTeplaJiiB, XapdoBol MPOIYKIIi, 3ac00lB TirieHu, IT00yTOBOI XiMmii,
KOCMETHUYHOI ITPOIYKIT, JIKIB TOIIIO.

Kpim Toro, BpaxoByOUHM [OHUCKPETHICTH 3HAYEHb YaCTKOBHUX
KpUTEpliB, JIErKO II00QYMTH, IO y3araJbHEHHH KPUTEPIA MOoKe
HaOyBaTH JIWIle IIeCTU 3HAYeHb, AKI ¥ OyJAyTh BU3HAYATH CTYIIHDb
MOTEeHITIHHOI Hebe3meku HaHoMaTeplay (Tadi. 6.3).

Tabauiig 6.3 — 3HaueHHs y3araJbHEHOI'0 KPUTEPIn eKOJIOTIUHOI
Hebe3meKy HaHoMAaTeplaay

CrymiHab MOTEeHITIHHOT He0e3reKku
Buauvenus Ks )
HaHoOMAaTeplagy

HSZO
K. =0.0625 Husnrwmit
Ks=0,125 C .

epeIHii
K. =0,25 peA
K:=0,5
=1 Bucoxmit
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3amporioHoBaHa MeToOMKa KJacudikaiil HamoMaTeplaaiB Ta
PEYOBHH, IO MICTATH HAHOYACTHHKM, 34 CTYIEHSMH IIOTEHIIHHOI
HebOesnmeku e goBoJil cmporreHon. OmgHaK came Take CIPOIIEHHS
TO3BOJISIE BUBHAYNTHU HEOOX1THICTD II0MAJIBINO0L OI[IHKY TA JOCILIKEeHH
HaHoMmarepiaaiB. BoHa e yHIBepcaJbHOI0 ¥ INIXOAUTH SK JIJIs
HaHOMAaTepiaJiB, TaK 1 10 PEYOBUH, 10 MOKYTh MICTUTH HAHOYACTHUHKH.

Ha migcraBi po3po0sieHOTO BHINE KPUTEPI0 MOMKJIHUBUM CTAE
MIPOBEIeHHS PAHKUPYBAHHSI HAHOMATEpPlaIiB 3a CTylIeHeM HeOe3IeKu:
JIJIsT 00'€KTIB 3 HU3BKUM CTYIIEHEM HeOe3IIeKH IOIJIFHO IIPOBENeHHS
TUIBKH OKPEMMX, KPHUTHYHO BAKJIMBUX TECTOBUX IOCJIIKEHbD, IIJIS
HAHOYACTHUHOK, SK1 XapaKTepHU3yIOThCSA CEPEeIHIM CTylIeHeM HeOe3IIeKH,
KO0JIO IJIAHOBAHHX JOCJIKeHDb ITOBUHHO OyTH 1CTOTHO PO3IIUPEHUM 1,
HapeIITl, I HaHoMaTeplaJiB 3 BHCOKUM CTyIIeHeM IIOTeHITIHHOI
HeOe3IIeKr, TOKCHUKOJIOIO-TIMEHIYHA  XapaKTepPHCTHUKAa  IIOBHHHA
3IIMCHIOBATHCS B IIOBHOMY 00csa31 (puc. 6.3).

Crynine Hee3nmeKkH iH/KeHePHHX HAHOMATe PIAJIiB

@@@

He BHMaraeThes MpoBeeHHs Pexomentycrbes nposesenis Ouinku Pexomennyethes HPOBENCHHA : o
s . s 9 2 iauni 03rOPHYTO! TOKCUKOMOTO-TIr€HIYHOL
¢enewianbHux ouitoK B obaacti Ge3NECKN HAHOMATEPIAIIB, P! PHY’ ¢ NOFO-LL: =
. ¥ BUKOPHCTOBY BAHUX Y BUPOGHNUOMY Ta MEANKO-6i0A0ri4HOT OLIHKK =]
©e3MeKd B YacTHHI eeKTiB, ; g AR Q . o)
HIPOTIEC] 3 JLONOMOTOK) Bi/UTOBIAHNX BIIMOBIIHO 10 METOAMYHEX ]
3YMOBICHHX BHJH’[BOI'V[ PEHOBHH Y METOJIIB Ta METOJIK. 3aTBEPTKCHAX ¥ JIOKYMEHTIB, 3aTBEPIKSHHMH B | E
HaHO(l)ﬂ’!l BCTAHOBICHOMY NMOPSAKY. yC'EaHOBJ'IeHOM‘y HOpH.Zle, I
3a pe3yapTaTaMH MPOBeIeHOT OIIHKH !
. X PO3POBNAETHCA KOMIIEKE 3aX0/IB MO0 SHIUKEHHS I
TinnpremcTsa, sKi PU3HKIB, 06YMOBIEHHX BIITUBOM HAaHOMATEpiaNiB, 3a pesyasTaravn nposeienol |
BUTOTOBAAIOTH ) Ha BHPOGHHIITB], BRIIOMAIONH BCTAHOBEHHA ONIHKH POIPOTIAETREA KOMITTERe |
~. 3AXOIIB MO0 SHIKCHAA PH3WKIB
HAHOLPOYKIIO MOBHHH] KPUTITHAX KOHTPONBHAX TOTOK BUPOGHHIITBA, " RGNS DS |-
BUWIOBIATH: BEMOTaM MOB'A3aHNX 3 MOKITHBUM HAAXOMKEHHAM R A 12
saxonozascTsa Y Kpaiin, HAHOOG'eKTIB B [0BITPsl BUPOGHUUHX MPHMILLEHD. N R | g
BCTAHOBIEHHMH IS : 5 . i) HAaBKOTHIITHBOTO CLPC;[?F"HJB E
PR aTMoc(epHe TOBITPA IIPHIETIoL 10 DiANpHEMCTBA (npoBeIeHHs cTaiH 1=
BHPOOHHITE aHATOTIIHOT e sy S R i
NPOAYKLT, OTPHMAHOT 32 TEPUTOPIi i MPOMACTIOBI CTIYHI BOAN, BUKOPHCTAHHA BUPODHHUUOrO Opouecy, AKL |18
Y {HAMBILYaNbHUX | KOTEKTUBHHX 3acO0iB 3aXMCTY, XAPAKTEPHIYIOTHCA BUCOKHM e
TPAIRLIHHAMHA e PH3HKOM, B [30IL0BAINX KAMEPAX 2
TEXHOJIOTIAMH, AK1 HE ]J A - B . 400 auaparTax, 3acTocy BaLs |
BUKOPHCTOBY HOTh FaioHOl.Ilﬁl?HX 1 pUIKHX l'[_pOM?ICJIOBPIX BHKAIIB 1 CHCTEM BEITHIALIT Ta OHMIIe s |
HaHOMaTepian. CTOKiB Bi/l HAHOOO'€KTIB, PO3POOKY HpaBHI LoD Ta iie). |
HANEXHOT YTHAI3AUIT (MOXOBAHHA) TBEPAHX I
BiAX0AiB BUPOGHHLUTBA TA iHLIE I
Pucymor 6.3 — 3axomm, sK1I HeOOXIJTHO IIPOBOJUTH IIPH

BCTAHOBJIEHH] HeO0e3IeKH MPOAYKIIi, IO MICTATh HAHOYACTUHKU Ta
HaHOMAaTeplaan

Knacudiramis  mpomykili  HaHOIHOyCTpli 3a  CTyIeHEM
MOTEHIAHOI HeOe3lMeKu JIA 3I0pPOB'd HaCeJIeHHs Ta CepeloBHIIA
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OPOKUBAHHSA, Yy TOMY YHCJL Ha cTamli po3TyIsay HIPOEeKTIB
HAHOTEXHOJIOTIYHUX BUPOOHUIITB, IIOBUHHA 31HCHIOBATUCA 3 METOIO
[372, 375]:

— BUSABJEHHS IIPOAYKITNI HAHOIHAYCTPli, II0 WIpeaCcTaBJIsAE
TOTEeHINHHY He0e3IleKy [JIs SKUTTS 1 3J0pPOB'S JIIOAWHH, a TaKOXK
MOSKJIMBOCT1 3AITOMISTHHS IITKOIM 3[0POB'I0 JIIOJIUHU IIPU BUTOTOBJIEHHI,
000pOT1, BiKMBAHHI (BUKOPUCTAHHI) TA YTHJII3AIIll JAHOI IIPOIYKITIT;

— BU3HAYEHHS BUPOOHUIITB, IO 3aCTOCOBYIOTH ¥ TEXHOJOTTUHOMY
IpoIecl IIOTEHINMHO HeOe3meyHl HaHOMATePlasIn 1 3aTHUX, BHACIIIOK
IIbOTO, HAHECTU IIMKOIW CTAHy 3I0POB'S IIPAINIBHUKIB ITIIIPHUEMCTB,
HaceJIeHHs, y TOMY YHCJI TMPOKUBAIOYNX HA IPUJIETJIUX TEPUTOPIIX, 1
HABKOJIUIITHBOMY CEPEeJIOBHUIILY;

— PO3POOKHM KOMILIEKCY 3aXO[lB, CIPAMOBAHMUX HA 3a0e3IIeUeHHs
Oe3merku IIPOAYKINI HaHOIHAyCTPll M/as cmoskmBadva (30Kpema, 3aMiHa
O1/IBIII He0e3ImeuHnx HAHOPO3MIPHHUX KOMIIOHEHTIB MEHIIT
He0e3meuHnuMI, HaHECeHHs  IIONepeKyBaJbHUX  HAIKMCIB  HAa
OPOAYKIIIO Ta 11 yIIaKOBKY IIPU MapKyBaHHI ¥ eTUKeTyBAaHHS, 3aXO0/I1B
MO0 HEJOIIYIeHH HeHAJeKHOT0 BUKOPHUCTAHHS Ta YTHJII3aIlil
MIPOIYKITI HAHOIHYCTPll Ta 1HIIE);

— MiHIMI3aIll pPU3UKIB, IMOB'A3aHUX 13  34CTOCYBAHHSIM
HAHOTEXHOJIOT1H 1 HaHoMAaTeplayiB Y BHPOOHHUYUX IIPOIecax IIJISXOM
PO3POOKU Ta BIIPOBAKEHHS KOMILJIEKCY 3aXOJIIB IMOA0 3a0e3leveHHs
0e3IeYHNX YMOB IpAalll Ta 3ao0iranus 3a0pyIHEeHHIO JOBKIJLJIA.

Pesysmbratom  wimacudikaiii  mpoaykini  HaHOIHOycTpll  3a
CTYIIeHEM €eKOJIOT1YHOI HeOe3IleKH € BIJHeCeHHs Ii 10 HPOAyKINl 3
HU3BKUM, CepemHiM a00 BHCOKHM CTYIEeHeM IIOTeHINHHOI Hebe3IeKu
s il croskmBadva. lle M03BoJIMTH MIHIMI3yBATH HETATHUBHIN BIIJIUB
HaHOMAaTeplaJalB Ha OBKLLISA Ta MOIOBUIIUTH PIBEHbH €EKOJIOTIYHOI
0e3IexH 1 paIlioHAJILHOTO IIPUPOIOKOPUCTYBAHHS.

Ommak fgyske dYacro [aHWX, HEOOXIOHUX [JI OIIHIOBAHHS
YACTKOBOTO KPHUTEP10 IMOTeHINHHOI Hebedmeku Kss, HemocTaTHbO. J[i1st
300py JaHMUX Ta IX y3araJIbHeHHS JOITIJIBHO CKJIAIATH KaPTKY KOHTPOJIIO
HaHOMAaTeplamy.

ABTtopu pobotu [358] HAroJOIIyIOTH HA HEOOXI1THOCTI BpaXOByBATH
MIOX1  SKATTEBOTO ITUKJIY HAHOIPOAYKTIB IPU  OIMHIN IXHBOTO
MOSKJIMBOTO BILIMBY HA HABKOJIMIIIHE IIPUPOIHE CePEIOBUIIE I 3I0POB's
JIOOWHHA. 3aIIpolIOHOBAHO METOIHKY OIIIHKKM HaHoMAaTeplasiB, sSKa
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BrJriouae B cebe omiaky puauky «Nano LCRA» Tta xomIiuiexcHy
eKoJIOTIUuHY OIHKYy. OnHakK, aBTOpaMu BKa3yeTbCI Ha Te, IO JaHa
MEeTOANKA HOCUTDH MOKH II[0 3araJIbHUN XapakTep 1 IoTpedye I101aIbIrol
JeTaJi3alrll Ta KOHKPeTHU3alri.

JlocaimreHHs IIOKa3aJsIu, 0 caMe Tl SKOCT1 HaHoMaTeplaJiB, Skl
POOIATHL IX 3aTpeOyBaHMMM, MOMKYTh HECTH IIOTEHI[NHMHY €KOJIOTIUHY
3arpo3y. CporomHi € BasKJIMBMM BU3HAUYNUTHCH: ab0 3aCTOCOBYBATHU
MOTEHITIHO HebOe3meuHl maTteplayau, ab0 BIIMOBUTHCH Bl HHX Ha
KOPHCTH €KOJIOMYHO YHUCTUX 1 JOCTATHLO JOCIIIIMKEHIX.

3 orusimy Ha 11e, y poboTi [358] IIpomoHyeThCS ITPOBOSUTH AHAJII3
HAHOTEXHOJIOTIH 3 ypaxyBaHHSIM YOTUPHOX IIPUHITUIIIB:

— mepesl 3aCTOCYBAHHSAM IIPOAYKTIB HAHOTEXHOJOTIH, IMICJsS
OTPUMAHHSA IIOBHOI 1H(opmallii IIpo MOKJIIUBY HeOEe3MmeKy s
010JIOTIYHUX KOMIIOHEHTIB HAaBKOJIUIITHHOTO CEPEeJIOBUINA, 3POOUTHU
HOPIBHAJBHUNA aHajl3 BCIX AJbTePHATHUBHUX BaplaHTIB BHUPIIIEHHS
IIOCTABJIEHOTO 3aBIAHHS,

— KUIBKICHO BHU3HAYMTH XapakKTep KOMIIPOMICIB IIOB'SI3AHUX 3
HasIBHHUM BHOOPOM AJIbTePHATHBHUX BAPIAHTIB;

— HaHOMAaTeplaJau ¥ KOHCTPYKINMHI eJIeMEeHTH Ha IXHIHM OCHOBI CJILT
POSTJISAIATA AK €IUHY CUCTEMY;

—aHal3 PU3UKIB 1 3UCKY  BUKOPHUCTAHHS  IPOAYKTIB
HAHOTEXHOJIOT1H Mae OyTH 3PO03YyMIJIMM [IJIs CIIOMKMBAYIB.

¥V pobori [353] aBTOpaMu moKa3aHO, 110 CTAHIAPTHI TOKCHKOJIOTTUH1
MEeTOOW He MOMKYTh OYTHM 3aCTOCOBAaHl [0 BU3HAUEHHs Hebe3leKku
HaHoMmarepiaaiB. lle mosicHOETbCA THM, IO BJIACTHBOCTI OCTAHHIX
3YMOBJIIOIOTBCS He BHKJIIOUHO KOHIIEHTpAIlleld B 00'eMl MaTreplaiy, a
crrerinpIYHUMU KBAHTOBOPO3MIPHUMU BJIACTUBOCTSIMU.

3arasom, caHITaAPHO-EIIIeMI10JIOTIYHA eKCIePTH3a 3I1MCHIOEThCI 3
METOI0 BUSIBJICHHS:

— IPOAYKINI, IO CTAHOBUTH HEOEe3meKy I/ KUTTSI 1 3T0pOB'd
JIIOUHU;

— OpPOAYKINi, IIPM BUTOTOBJEHHI, 000poTi ¥  BKHWBAHHI
(BUKOpPHCTAHHI) KOl 1ICHYE MOYKJIMBICTH 3AIIOMISTHHS IITKOIH 3J0POB'I0
JIIOJTUHU.

IIpu BuKOpHCTAHHI HPOAYKTIB HAHOIHAYCTPll HEOOXITHO TAKOMK
HPOBOJUTHU OIIHKY BI1JIIIOBIIHOCTI/HEBIAIIOBIJHOCT1 IIPOAYKIII, YMOB Ii
BHAT'OTOBJIEHHSI Ta BHUKOPHUCTAHHA UYMHHOMY 3aKOHOJABCTBY Ta
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MIKHAPOIHUM CTaHIAPTaM.

Binpimicts  mocaigikeHb  OIHKKM — PH3WKIB — HaHOMAaTeplasiB
CTOCYIOThCS OKpEMUX, OJTHOPITHUX HaHOMAaTeplaJIiB, 110
XapaKTepU3yIThCA BUCOKMM crymeHem umcrToru. OmHAK IysKe YacTo
BUKOPHUCTOBYIOThCS T'€TEPOCTPYKTYPH, SAK1 MICTATH HAHOILIIBKH P13HOIO
ckaany. Kpim Toro, yBary HeEOOXIOHO 30CepesKyBaTH Ha TaKHX
MOKA3HUKAX, SIK:

— 3araJbHHN 00CAT pecypciB, BHUKOPUCTAHUX [JIsI CTBOPEHHS
HAHOMIPOIYKIIII;

— CTapiHHSA HAHOMATEpPIAJB;, METOOH OOpPOOKM Ta BKJIIOUYEHHS
HaHOMAaTePlaJIiB y KOMEPINHHUH ITPOIYKT;

— OCHOBHI  XapaKTEePHUCTHUKM  BHUXIJTHOIO  MaTepiay, IO
3a4CTOCOBYBABCSA JIJIsI CTBOPEHHS HAHOCTPYKTYP TOIIIO;

— 3MIHA BJIACTHUBOCTEIl HaHOMATeplasiB IIPOTATOM  BCHOTO
SKUTTEBOTO ITHKJIY.

3 orsgmomM Ha BHINEe3a3HAdeHe, II0CTae II0Tpeda y CTBOPEHHI
CHCTeMH HAHOOEe3IleKHu Ta cepTHudIKaIll IIPOAyKINI HaHOIHIYCTPIi.
BarajgpHa cxeMa TAKOro MiJIX01y HOBHHHA BKJIIOYATH PAI 3aX01B (pHC.
6.4).

Po3pobka HOpMaTHBHO-
Po3pobka meTonnaHmnx /;/ METOIHUHOTO
TTAXOAIB 10 BU3HAHCHHS \ 7 3a0e3nedenns i 3aco0iB
JIOKai3aLlil HAHOYACTHHOK ~\ KOHTPOIIO BMiCTY
B OPraHi3mi JIFOAMHI HAHOUATHHOK Y BOT,
HOBITPI, XK1
CTBOpeHHA
Po3pobka meTono0rii HOPMATHBHO-
ineHTH}ikauit aii : TIpaBoBOTO Ta JL
TEXHOT€HHUX {fj, METOAHIHOTO /
HaHOMATEpianiB 3a0e31ecUeHHS
Ha KUB1 OPraHizMu CHCTEMH 6631'[6[(1/[ CTBOPCHI{S{ _IICHTpiB
y mpomeci METpPOJIOTIYHOrO
f—
Po3po0ka meronouorii i BupoGHHLTEa, [ Ha?:);:?:;iz?lli{: Ta
3p00Ka METO10J10T
P MOBODKECHHS Ta e
CTBOPCHHS 3aC00IB PUREHEE HAHOTEXHOIOT1H
KOHTPOITIO JUISL OTIIHKH Jif -=E yTamsanm
HaHOMaTeplaliB Ha i HaHOMareplaiB
HaBKOJIHIIIHE CEPEJIOBHIIIE Ha TEPUTOPii s
Ykpainu 1
Po3pobka HopMaTUBHO-
METOAMYHOIO
Po3pobka METONOMOTT OLIHKH 3a0e3redeHHs i 3ac00iB
PV3HKIB, MOB’ 132HMX 3 — KOHTPOJIIO BMICTY
BHIOTOBJICHHSIM Ta / HaHO‘IﬂlCTHHOK.y
BHKOPHCTAHHSAM LPOAYKUIT (TeXHika,
HaHOMATepiaIiB y BAPOOHMHIX JIKH, KOCMETHKA, i7Ka)
TpoLIEcax TOIO)

Pucynox 6.4 — 3arasibHa cxema CTBOPEHHSI HOPMAaTHBHO-IIPABOBOTO
Ta METOOUYHOro 3a0e3lleUyeHHsS eKOJOTIYHOI O0e3IlleKHu y IIpoIieci
eKcILIyaTaini HaHoMaTeplaiB
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He guBisiunchk Ha Te, 1[0 HOPMATHBHO-IIPABOBE TA METOI0JIOTIYHE
3a0e3revyeHHsT OIIHKM  HAHOTEXHOJIOTIH  Ie  3HAXOAUTbCA Y
IIOYaTKOBOMY CTaHl, IPOJYKIIS HA OCHOBI HAHOMATEPI1aJIiB BiKe IIIHPOKO
BUKOPHUCTOBYETHCA. ToMy Bike Ha I[bOMY eTaml HeoOX1THUM € 301p Bciel
MOKJIMBOI 1HQOpMAIl IIpo HaHOMATeplaJd 1 OIPHUIISHEHHS Iel
1HdopMAaIii JJIg KOpUCTyBauiB. BuUpilieHHs 1TbOr0 MUTAHHS MOKJIMBE
3a paxyHOK CKJIaJaHHSI KapTKU KOHTPOJI0 HaHoMmaTtepiasy. Ilsa kapTia
HOBWHHA OyTH IIpeAcTaBJIeHa y BHIVISOl CXeMH, IO MICTHTh
1HdopMAaIliio PO  (PI3HUKO-XIMIUHI, MOP(QOIOTIYHI, TOKCHKOJIOTIUHL
XapaKTepUCTUKN BUPoOy / MmaTepiasay. 3a HAABHOCTI JaHUX, HEOOX1THO
BpaxoByBaTh yMoBH 30epiramas Ta yrwiaisdaiii. OcobsuBy yBary ciiif
OPUIIATH BMICTY HaHOMAaTeplaay y CKJIaal pedoBHHH abo BHPOOY
TOTIIO.

Bpaxosytoun 11e, BUPOOHUK IIPOAYKINI MOBHHEH HAJIABATH IIOBHY
1H(popMAaIIio Ipo HAaHOMAaTeplaa 3a CXeMOo, HaBeJIeHO Ha puc. 6.5.

Comip 3ayBaskyTH, IO CIIEIM(PIYHI BJIACTHBOCTI HAHOMATEPlaJIiB
MOKYTHb PISHHUTHCA IJIsI KOMKHOIO OKPEeMOro BHMNAIKY HABITH IIPHU
OHAKOBIM XIMIUHINA QopmMmysi Ta cmocodl orpumanusa. lleir daxt
VCRJIQTHIOE KJIacu@IKaIliio Ta MapKyBaHHs HaHomaTepiaiais. Kpim Toro,
He JIJIs BCIX PeUYOBMH BM3HAYEHO OLJIBIIICTE IIOKA3HUKIB, 1 BUSHAUYCHHS
iX YacTo YHEMOKJIHUBJIIOETHCSI Yepe3 BIACYTHICTH HEOOX1THOIO
obJiaHaHHSa a00 HABITH METOIy BUSHAYEHH.

YV saKocTl excrmepuMeHTaJBHOr0 HaHoMAarepiagy OyJio o0pamHo
nopyBatuii docdin iHIII0 (por-InP), aKuil OTpUMYyBaJJIU HA IIIKJIAJIIIL
MOHOKPHCTAJIYHOr0 (pocdimy I1HTIIO METOAOM €eJIEKTPOXIMIYHOIO
TPaBJIEHHS B PO3YMHI COJIAHOI KHUCJIOTH.

3Baskamouy Ha 3araJibHy CXeMy KHUTTEBOIO ITUKJIYy HAHOMATEPlaJLy
nortbHO ckiactu LCA por-InP i1 BupoOy Ha ioro ocHoBi. Ilpu mpomy
CJII BpaxyBaTH NPOMIMKHI cTamii — TecTyBaHHS Ta BIlICOPTYBAHHS
3pa3kiB (puc. 6.6).
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HaiimenyBanns

HaiiMeHyBaHHS MPOJIYKIiT Ma€e TOUHO BiINOBiIaTU

1 .
TMPOMYKITii 3a3HAYEHOMY Ha €THKeETI; (JopMa BHUILYCKY
2 Tamy3b 3acTOCYBaHHS TEXHOJIOTI4HE NPH3HAYCHHS (cupoBuHa,
NPOMIXKHUM, HINTEOBUN MPOAYKT TOIIIO)
3  Bizomocri npo noBHa odiiiiina Ha3Ba, agpeca; TenedoH, dakc;
BHPOOHMKA azpeca eneKTpPOHHOI MOIITH; CaiiT (3a HAgFBHOCTI)
4 BMICT HaHOYACTHHOK Y Maca /a0 YHCNO YacTOK B po3paxyHKy Ha
CKJIaJi Marepiany OFIMHUITIO Mack/00'eMy MpOTYKILii
5 | i » 3a CHCTEMAaTHYHOIK a0o TpUBiaJIbHOT
Ximiunuii ckaz HOMEHKJIATYpo10; POpMyITa; MOEKYISpHA Maca
6 | Cepenwiit poamip TMMTOMA MOBEPXHS B PO3PAXYHKY HA OJIMHMIIKO MacH
HACTOK HAHOYACTHHOK, PO3IIO/LI YACTOK 33 po3Mipamu
7 Bwmict y crrani BiNOBIHO 10 ['iricHIYHMX HOPMATHBIB
KaHIIEpOTeHiB
8  omimku CKJIa/1; KOHLEHTPALlis
9  PO34MHHICTH Y BOJIi, )KHUpax Ta iHIIHX CEPEIOBHIAX
JT03BOJISIOTH MIATBEPUTH HASBHICTDL B IPOMYKLIIL
10| MeToau nocnmifixenHs | HaHOYACTHHOK abo KnacH(ikyBaTH K HaHOMAaTepian
1 Coocio OTpHMAaHHS LIIAXOM JUCHEPryBaHHs; HITSIX0M KOH,agﬂcaui'f 3
HaHOMAaTEePHAIIiB razoBoi (a3, METOTH PO3UHHEHHS; 1HIIT
12 | Knac meGesnexn Bianoesiauo 10 FOCT 12.1.007-76
IPORYKIii
13 MokIMB1 TEXHOTEHHI [IpH iX HASBHOCTI
PH3HKH
14 TOKCHKOIOTO-TirieHivHi 3araIbHOTOKCHYHA Ta MOAPA3HIOI0MA is;
XapaKTepHCTHKH aJIEPreHHICTh; KaHIEPOTeHHICTh; MYTareHHICTh
15 BIUIMB Ha HaBKOIHIIHE Mi;pa.uisl B 06'€KTH HABKOJIMIIHBOTO CEPEIOBHIII,
CEpEIOBHILE CTIHKICTh; 3MaTHICTh 10 Oiomerpanaiii
16 IMpaBua NOBOKEHHS | 10 BUK/II0YAI0Th MOMIIUBICTh HECAHKLIIOHOBAHOTO
i 36epiranns BILTHBY MPOAYKIIii i (a60) i1 KOMITIOHEHTIB
i nopsiiok Gesneynoi HelTpasizarii, yruizanii Ta
17| Yrunisanis 3HUILEHHS NPOAYKIIT HaHOIHllyCTplI
18 HopMarrBHO-IIpaBOBE BiTOMOCTI 1TPO 3aKOHOJABCTBO B 06J'laCTl npaBuil

3a0e3neuyeHHs

Oe3neuHoro BUpoOHULTBA, 000POTY 1 yTHIi3auii

Pucynox 6.5 — PekoMmeH10BaHa cxeMa KOHTPOJII0 HAHOMATEP1aJIiB
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6 craaisa
Yrunizamis 1 BIIXOIHU
InN/por-InP
5 cranisa T
BuxkopucraHHs HaHOMaTepiaiiB
InN/por-InP 4A
A cTamis
: T
4 craais TECTYBaHH: Ta
Bupobauurso BupoOiB: BIJICOPTYBaHHs
InN/por-InP
a
3 craxisa
30epiranHs Ta yrnaKkoBKa
por-InP 2A
'y cranisg
2 crania .
— TECTYBaHHS Ta
BupoOuunreo Hanomarepiaiis: BizcopTyBaHHs
por-InP
1 cragis T
BrnoOyTok i BAPOOHULITBO CHPOBHHHE:
bulk-InP

Pucymor 6.6 — iKurreBuit muwi mopysBaToro docdiay iHmio 1
HITPUIY 1HIII0, OTPUMAHOI0 Ha HOro OCHOBI1

Bupobom Ha ocHOBI mmopyBaToro ¢gocdiay 1HIII0 TPpUAMeMO HITPHI
1m0 (InN/por-InP), sKkuii IMTUPOKO 3aCTOCOBYETHCS B OIITOEJIEKTPOHIIT,
doToemekTpUUHEX Ta POTOBOIBTATUHUX IIPUCTPOAX [376].

BasxauBuM MOMEHTOM € PO3yMIHHSI TOTO (PAKTy, IO IIOPYyBATHI
docding 1Hmi0 € crenu@iuyHow (POPMO0 MOHOKPHCTAIIYHOTO ocdiay
1H/TI10, TOMY 3araJjibHl BJIaCTUBOCTI 000X MaTeplasiB OyayTh CITIBIIAIATH,
TOI1 K CIIEI(PIUH] MOKYTH PI3HUTHC.

1 cmaois «Budobymok i supobruymeo cuposuru bulk-InP»

IlopyBatmit  ¢pocchiy  1HIIIO  BUTOTOBJSIOTH HA  ITOBEPXHI
MOHOKpHcTaIuHOoro ocdiny iumio (mono-InP abo bulk-InP). Y cBoio
Yyepry, MOHOKPUCTAIIYHHUHA Qocdia 1HTII0 BUTOTOBISIOTH METOIO0M
YoxpaabchbKoro 3 pimuHHOL repmerusaiieio posmiasy (LEC) 1 meromom
BepTuKaJabHOI crupsamoBanoi Kpucrtamizamii (VGF). OcobausicTs
TexHosorli BuporryBaHHa InP monsrae B Tomy, IO 00MOIBA METOIH
peasiayoThCs IIPHM BHCOKOMY THCKY 1HEPTHOro rady aoto docdopy B
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ramepl. Orpumani 3auTku ¢ocdimgy 1HIIIO PLKYTh Ha ILJIACTAHU Ta
HOJIIPYIOTh.

Icuyrors maHl mpo KamHIeporeHicts cocedimy 1HIIO: 3a JAHUMU
carry U.S. National Library of Medicine cocdiz immio Kiracupikyerbes
SIK BMOBIPHO KaHIIepPOreHHAa OJIS JIIOOAUHU pedoBuHA (rpyma 2A) [377].
JlocmimsxeHHS IIPOBOIMITHCS Ha MHIIAX Ta Iypax. Bask/imBe sHaYeHHS
Mae To¥ pakT, 10 301IBIIeHHS BAIIAJKIB HOBOYTBOPEHb B1I0YBAJIOCT Y
mypiB 1 MHUIIeH, MOIOJaHUX BIUIABY eKCTpeMaJbHO HH3BKUX
KoHIleHTpaIli docdiny immio (0,03-0,3 mr/m3), 1, mo Ime OLIbII
BaKJIMBO, 30UIBIIEHHS IIMX BUIIAJKIB CTAJIOCA Yy MUIIEH 1 IMypiB, AK1
MIIIaBaJINCA BILIMBY IIPOTATOM BCHOro 22 THIKHIB. 3 OISOy HAa
BUINlECKA3aHe, IJIACTUHHU (pocdiay 1H/II0 ITOBUHHI CYIIPOBOIKYBATHUC
nikrorpamoio Hebesmexu «Hebeammexka niis 3mopos’s».

Cuim, ogHAK, BpaxoByBaTH, 10 ocdlg 1HIII0 IIPeacTaBJIEHO, SK
OPaBUJIO, Y BUIVIAAl KPUCTAJIIYHUX ILJIACTHH, II0 SBJISIOTHCS
TEePMOIHUHAMIYHO ¥ eJIeKTPUYHO CTAOLIbHUME B ITOBITPl. TomMy MoskHA
BBAsKATH, 110 CaMI IJIACTUHHU 3aTPO3HU JJIA JKUTTS Ta 3[0POB S He HECYTh.

2 cmaodis «Bupobruymeo naromamepiasnig por-InP»

BpaxoByrouu Toit dakrT, 1mo qid popMyBaHHS IIOPYBATHUX ITapiB
34CTOCOBYIOTH PO3YMHH KHCJIOT, MOJKHA CTBEPIKYBAaTH, IO IIsd
TeXHOJIOT1sI He SIBJISETHbCS 0e3IeYHOI0 JISA 300POB’S JIomauHu. BilabImn
TOTO, IT1J] YaC eKCIePUMEHTY YaCTO 3aCTOCOBYETHCA PEIKUM HATPIBAHHS
€JIEKTPOJIITY JJIS IIPUCKOPEHHS IPOIlecy IIPOHUKHEHHS 10H1B PO3UUHY B
orBopu 1op. Tomy nmaHmii eKCIIepUMeHT HeOoOX1JTHO IPOBOIUTH 13
3aCTOCYBAHHAM 3aC001B KOJIEKTHBHOI'O Ta 1HIWBIIYaJbHOI'O 3aXHUCTY.
BigmparpoBauuii eJIeKTPOJIIT HEOOXIJHO YTHUJII3YBATH BIIMOBIIHO 0
BCTAHOBJIEHNX YMHHUM 3aKOHOIAaBCTBOM BHIMOT.

V pesynbraTi TpaBJIeHHsS HA HOBEepxHI docdiay 1HIII0 YTBOPHUBCSI
HOPYBATHH IIap 3 IIILHO ynakoBaHuMmu mopamu (puc. 6.7). Ilopysara
CTPYKTypa € HaHOMAaTeplajioM, IO CKJIATaeThCsI 3 TIJIMOOKHX
MIWINHIPAYHAX OTBOPIB — MHOP 1 CTIHOK MIYK HHUMU — KBAHTOB1 JPOTH.
Cawme 111 IpoTH € HAHOCTPYKTYPOoIo (puc. 6.8).
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kV . X30,
Pucynox 6.7 — SEM-3o0pasenus por-InP (100): 5% HCI, j = 80
MA/em2, ¢ = 10 XB

d

a o
Pucymor 6.8 —  Cxemarmume  300paskeHHs  IIOPYyBaToOi
HAHOCTPYKTYPH: @ — IMOBEPXHS 3 PO3TAIIOBAHHUMHU Ha HIHA IIOpamMu; 6 —
PO3KLJI 3 MIKIIOPOBMMHE IIPOCTIHKAMM, IO SBJISIOTH CO00OK KBAHTOBI
JIPOTH 3 TIOIIEPEYHUM PO3MipoM d

ExBiBasieHTHHI mgiamMeTp YAaCTHMHOK BHM3HAYABCSA 34 METOJIOM
BUKOPHUCTAHHS CepPeIHbOI0 IIPOEKTOBAHOIO JiaMeTpa, II0 IpeaCTaBJISE
co0o0 mglaMeTp KoJia, IIJIOIIa SIKOTO JOPIBHIOE IIJIOIIl 300pasKeHHs
npoekIni yactuaKku (6.13), (6.14). Tak gk 1mwoma mIpoekxIrii cepuaHol
YaCTUHKH JOPIBHIOE:

2
S= ”j , (6.13)

TO CEepeIHIN ITPOEKTOBAHUI JTIaMeTp PO3PaXOBYETHCS SIK:
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S

d=,]4=. 6.14
7 (6.14)

3a peayapTaTaMH CKAHYUYOl €JIeKTPOHHOI MIKPOCKOMII MOKHA
BCTAHOBUTH, 1110 PO3MIp II0P B cepemuabomy ckiaamnae 40 am. [le cBigunts
IIpo Te, 110 JaHa CTPYKTypa € Me30II0PyBaToIo.

CtymiHb IIOPYBATOCTI 3pas3Ky BH3HAYAETHCA TI'PaBIMETPUIHUM
MeTOI0M (3BasKyBAHHSIM) y TPU €TalN: 3BAKYBAHHA MOHOKPUCTAJIIYHOL
IJIACTUHU, BUTPABJIIOBAHHSA HA HIN MOPYBATOIO MIAPy ¥ 3BAKyBAHHI,
BUJAJIEHHS IIOPYyBATOrO IIIapy ¥ TOBTOpHe 3BaskyBaHHsA. Jlam
OPYBATICTh BU3HAYAETHCSI 3a popmyJiomn (6.15):

P=|1-£"1.100% (6.15)
PP

Jie Ppor 1 PP — MIUIBHICTH IIOPYBATOTO Ta MOHOKPHCTAJIIYHOTO
MaTepiasiiB.

Takum ynHOM, TTOPYBATICTh OTPUMAHUX MIAPIB Bapiroerbes Bl 40
mo  70%. @unykryallls II0BepPXHEBOI IIOPYyBATOCTI 00yMOBJIEHA
KOHIIEHTPAIIMHOI HEePIBHOMIPHICTIO PO3MOALIYy MJOMIIIKM B 00eMil
3JIUTKY, 10 BUHHUKAE IIJ Yac POCTy Kpucrtasy. BoueBunn, mopyBari
mrapu gocdiny I1HMIO € OAyKe KPUXKUMHU. BepxHIN 1map Moske
CKOJIIOBATHCS HAaBITH IIPW KOHTAKTI 3 PYKaAMH, YTBOPIOIOUYH
HAHOJIUCIIEPCHUU TIOPOIIOK, AKUU ABJIAETHCA PEAJIbHOI0 3arp0o30I0 119
370POB’ST JIIOJIMHU — TaKl HAHOYACTUHKU JIETKO MOTPAILISIOTH Y
IUXaJbHI IIJISAXY Ta IPOHUKAIOTHE I nrkipy. Hamummok 110 cTBOpIoE
JIOJIaTKOBY 3arpo3dy, Tak SK 1HIIA y YUCTOMY BUIJIAIl € TOKCHYHOIO
PEUYOBHHOIO.

2A cmaodis «TecmysanHs ma 810coOpMy8aAHHAN

TecryBanHsS 3pas3KiB MPOBOAATH 3 METO BUSBJIEHHS TIIHUX 10
HOJAJIBIIIOTO0 BUKOPHCTAHHSA. Y  3aJIe’KHOCTI Bl  BHUMOT, IO
Opeqx ABJISITHECSI 0 SKOCTI HAHOMATEpPlaslB, 3aCTOCOBYIOTH pi3HI
MEeTOOY  —  BI3YaJbHHHM  OIVISAZ,  €JIGKTPOHHA  MIKPOCKOIILS,
doTomOMIHECIIEHITISA, PEHTTeHIBChbKa JAuPPaKTOMeTplss Tomo. Y
HAIIIOMY BHUIIAOKy OyJIO 3aCTOCOBAHO METO[ CKAHYIOUOI eJeKTPOHHOI
MiKpockotrii. ¥ pesysabrari 3 10 1mapis 2 0yJio BiAOpaxkoBaHO — depes
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HaIMIPHO SKOPCTKI YMOBHU TpPaBJEeHHS (IILJIBHICTH CTPYMY IJIS HUX
ckaana 150 wMA/ecm2) —  mopyBaTuii  Immap  BIOJIIHBCA  Bifg
MOHOKPHCTAJIIYHOI IITKIATKHA.

3 cmadis «36epiearnna ma ynaxoska por-InP»

Ocobmnusictio por-InP e #oro 3gaTHICTH «CTAPITH» HA BIIKPUTOMY
noBiTpi. [loBepxus mopyBaTux mapie docdiay 1HIII0 IIPHU 3BUYATHUX
yMOBax 30epiraHHsS BKPHUBAETHCSI IIAPOM OKHUCJIY. XIMIYHUN aHAJI3
moBepxHI rmopyBaToro InP mokasaB mOPyIIeHHs CTeX10MeTpil BUX1THOIO
kpucraay. Ha moBepxHi 3paska 3'ABUINCSA aTOMH KHCHIO I He3HAYHA
yacTtka atomiB ¢rTopy. Ile cBIIUHTH ITPO CTBOPEHHS BJIACHUX OKCH/IIB
InP.

3apocraHHs [OPYBaATOr0 HAHOMATeplaly IIapoM  OKHUCJILY
BiIOyBAaeTbCA 34  HEeBHUX  IIPUYHH. IlopyBaTa  moBepxHs
XapaKTePU3yeTbCsT BUCOKOIO TYCTUHOK IIOBEPXHEBHX CTaHIB ¥
3a00pOHEHIH 30H1, IO IPHU3BOIUTEL [0 3akpiiieHHs piBHa Depwmi,
MIOJIOYKEHHS SKOr0 HA MOBEPXHI MPAKTUYHO He 3aJIeKUTh Bl IIPUPOINA
azcopooBaamx aromiB [378]. Il oOcraBmHA HeraTWBHO BIIJIMBAE HAa
poboTy O0araTbox MIKPO- TA OIITOEJIEKTPOHUX IPHJIAIIB, 3aBaKalouu B
MOBHIM Mipl PO3KPHUTH BHCOKI IIOTEHITIAJBbHI MOMKJIMBOCTI ITHX
HamBIpPoBIOHUKIB. Ilpm  ximiuHi#  macuBaiii 3  IIOBEpPXHI
HAIMBIIPOBITHUKA BHUIAJAETHCA IIApP OKUCIAY, 3aMICTh  SKOTO
opMyeThCca TOHKA KpHCTaIIYHA ILIIBKA XIMIYHO 1HEPTHOIO MaTepiay.
Taxi maHomaTtepiasu MOKHA 30epiraTh HpPU 3IBUYAUHUX yMOBaX ¥
CITeIaJILHIN Tapl, YHUKAIOUYN KOHTAKTY 3 arpeCUBHUMU PEYOBUHAMU.
IlopyBaTuit cocdin 1HTII0 HEe POIUHMHSIETHCS Y BOMl, POSUMHHHKOM €
KHCJIOTH Ta JIyTH.

4 cmaodisa «Bupobruuymeo eupobie 3 narnomamepianie InIN/por-
InP»

ToHK] IIIBKY HITPUIY 1HIII0 HA HIIKJIAIKAX TOpPyBaToro dgpocdimay
IHJII0 OTPUMYBAJIM METOJIOM ITIpOMEHeBOi emmiTakcii. ¥  SKoCTl
ATOMapPHOTO a30Ty BUKOPUCTOBYETHCS 0CO00 YHUCTHUHM amiak, SKUAN
IIPOXOJUTh Yepe3 BUCOKOYACTOTHUM po3psam. ¥ Tabsa. 6.4 HaBegeHO
OCHOBHI BJIACTHBOCT1 OTPHUMAHOI CTPYKTYPH.

Tabsurs 6.5 — BractuBocTi HITPHUIY 1H/IIIO

Tun KpucTa idHol rpaTKU BIOPITAT
ITocriiina rpaTku a=3.533+3.548 A,
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c=5.693+5.703+5.760 A

Monsipaa maca 128,83 r/moib

[Ili1pHICTS B TBEPAOMY CTAHI1 6,86—6,91 r/cm?®

Temmeparypa IIaBIeHHS 1200 °C

JlienmekTpuyHa IPOHUKHICTD cratuyHa — 12,5;
BHCOKOYACTOTHA — 9,61

MIupuua 3abopoHEeHOI 30HK 0,7-0,9 eB

Jleryroul qoMIiIKu s n-tuny — S, Se, Te, Si, Ge,
Sn;
nist p-runy — Zn, Cd

PosuunHicTh y BoI1 He PO3YNHAETHCS

Posunanaukn CYMIIITI KUCJIOT TIPYU KUIT ATIHH1

Hitpun imiro Moske BUKJIHKATHA: PO3ApaTyBaHHA Ha IIIKIPl Ta 0UaX,
OLTH y cyriiobax 1 KiCTKaxX, pyWHYBaHHS 3y01B, HEPBOBI Ta ILJIYHKOBO-
KUIITKOB1 po3Jiagau, 00J11 B ceplll ¥ 3arayibHy ciadkicts [377]. ['ocTpa 1
XPOHIYHA TOKCHYHICTD I[lel PeYOBUHM 0 KIHII He BiIoMl. 3BAKA0UYN
HA BHCOKY TEPMOJWMHAMIUHY, €JIeKTPUUYHY Ta XIMIUYHY CTa0lJIhHICTH
HITpHUIY 1HA10 [376], MOKHA CTBEPIKYBATH, III0 HOT0 KPUCTATIH MOYKHA
BBAsKATH YMOBHO O0€3II€UHUMHU IIPU HOPMAJIbHHUX YMOBAX.

4A cmaodia «Tecmysannsa ma eidcopmysanus InIN/por-InP
cmpyKmyp»

Ha npomy eratri HeoOX1THO BUSHAUYUTHCH, SIK1 13 3pa3K1B IBJISIOTHCS
MIHUMHA. XapaKTePUCTHUKOK TITHOCTI MJOIIJILHO O00paTH PO3MOILI
eJIeMEeHTIB 10 IToBepxH1 3paska. Jlyigd mpoBemeHHsS TeCcTyBaHHS Ta
BIJICOPTYBAHHSI 3PAa3KIB MPOBEJIEHO CIEKTPAJIbHUN aHAaJ I3 JIJId THX
eK3eMILJISIPIB, SK1 JIEMOHCTPYIOTH HEPIBHOMIPHY MOPQOJIOTII0 3TI1THO
pe3yJIbTaTiB CcKaHyiouol Mikpockomi. Puc. 6.9 meMoHCTpye IIIAHKY
noBepxul InN/por-InP 3 o0OpaHUMH CHEKTpaMu JJIS aHaJI3y.
PesynbraTtu amasisy HaBeaeHO B Ta0JIHII 6.7.
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& .
Bhakm BnekTpoHHoe usoGpaxeHite 1

Pucymor 6.9 — Mopdomoria InN/por-InP 13 BubpanumMmn

TITHKAMY JJIS PeHTTeHOCTPYKTypHOoro aHamidy INKA (kamiopyBaHHs:
8MKM)

Tabnuiga 6.6 — IlpomieHTHHIT CKJad eJIeMeHTIB Ha BHUOpaHUX
mgakax 3paska InN/por-InP

Crextp N P In

1 23.92 1.73 74.34
2 22.75 33.52 43.72
3 25.03 0.62 74.35
4 22.01 34.40 43.59
5 19.80 35.99 44.21
6 23.63 31.85 44.53
7 20.91 35.74 43.35
8 24.69 22.32 52.99
Cepenne 3HaUeHHS 22.84 24.52 52.64
CragmapTHe BIIXUJICHHS 1.84 15.05 13.77
MaxcumasbHe 3HAYEHHS 25.03 35.99 74.35
MixiMmabHe 3HAYCHHS 19.80 0.62 43.35

3 aHas3y pUCyHKY 1 TaOJJIMII MOKHA 3POOUTH BUCHOBOK, 1110 TEMHI
TUISHKA — e MICIIA CKyITYeHHs ¢pocopy, ToOTO T1 06JsIacTi 3paska, e
He Bcl atomu ocdopy Oyau 3amimieHi azotom. J[s1s OL/IBIT gJeTaIbHOTO
PO3yMIHHS IIPOBEAEeMO TaKHIl CAaMHUI aHaJI13, OJHAK Ha OLJILII IIMPOKIHI
muasHIl 3paska (puc. 6.10, puc. 6.11, Tabda. 6.7).
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SnexTpoHHoe uoGpaetie 1

Pucymorx 6.16 —  Mopdomorias InN/por-InP 3 Bubpanumu
MUISHKAME JIJIs peHTreHocTpyKTypHOoro aHamay INKA (kamopysanHs:
20 MEM)

Mkat_2

Pucymor 6.11 — Cuexrpanpuuit anama InN/por-InP, posmomi
aTOMIB TI0 TOBepxHI 3pa3ka a) IV; 0) P; B) In

Tabmuug 6.7 — IlpomeHTHHI craan ejleMeHTIB Ha BHOpaHHX
maHkax 3paska InN/por-InP
Crexrp N P In
1 25.16 2.08 72.76
2 27.89 0.85 71.26
3 22.81 33.46 43.73
4 18.33 35.08 46.59
5 27.43 1.79 70.78
6 27.86 2.34 69.80
7 26.56 1.76 71.68
Cepenne 3HaUYEHHS 25.15 11.05 63.80
CragmapTHe BIOXUJICHHS 3.51 15.88 12.79
MaxcumaJsbHe 3HAYEHHS 27.89 35.08 72.76
MinimManbHe 3HAYCHHS 18.33 0.85 43.73
CroexTpaJbHM aHAI3 [ae 3MOr'y 3pPOOHMTH BHCHOBOK, IO A30T
BKpHBAae IIOBEPXHI0O 3pas3ka Maiiike pIBHOMIPHO — CTaHgapTHe
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BioxmieHHd craagae 3,51%. CepenHs KoHIEHTpAaIllsd as30Ty Ha
moBepxHI 3pas3ka — 25,15%, 1110 BiAMOBigae 3aTaHOMY PIBHIO SIKOCTI.
®ocdop BuUmapoByBacsa 3 HOBEPXHI HEPIBHOMIPHO — HedAKl IUISHKHA
MicTATh ocop y woHIleHTpalni wMaiike 30%. HepiBHOMIpHICTH
BUITAPOBYBAHHS 3yMOBJIEHO HASBHICTIO HA IIOBEPXHI HEPOIUMHHUX
IUTIBOK, IIT0 MOYKYTh BKPHUBATH MOBEPXHIO KPHUCTAJLY. 3BICHO, 3pasKu 3
TAKUM PO3KUIOM KOHIIEHTPAIN eJIeMeHTIB He MOKYTh BBAKATHCST
SIKICHUMH 1 TOTPeOyI0Th BlICOPTYBAHHS.

5 cmaoia «BukopucmanHa HaHoMmamepiasiien

CrpykTypr Ha OCHOBI HITPUIIB TPeThol TPy MaoTh
MPOTHO30BAHUI CTPOK eKCILIyaTallll 0Ju3bko 5 pokiB [379]. V 1mpomy
KOHTEKCT1I MAE€ThCSI Ha yBa3l 30epiraHHS BCIX eJIEKTPO-(pI3MIHUX
MMOKA3HUKIB Ha BuxigHoMy piBHi. [liciia 1poro BimOyBaeThest MOBLIBHA
Jerpanariisi I10oBepxH1 CcTpyKTypu. InN/InP 3acTocoByeTbcs K
CUPOBUHA [IJIsI COHSYHUX OaTapei, CTPOK CJIY:KOM SKuX ckjamae 20
POKIB.

6 cmadia «Ymuanizauis i 610x00u»

Ax Bike 3a3HavasIOCd, BUXITHUN HAHOMAaTEP1aJl BUKOPUCTOBYETHCS
B SIKOCT1 CHPOBHMHH [JI BHUPOOIB Ta MPHUCTPOIB, YTHJI3AINI SKHX
PEKOMEHIOBAHO IIPOBOIUTH 3 IIOMITKOIO «HeOearmeunl simxomm». Ha
OaHUE MOMEHT ICHye OoOMeskeHa KIJIbKICTh po0IT, IIPHUCBSIYEHA
yTrai3aiii HaHoMaTeplasis, 1 IIOKK JaHUX He 0yIe J0CTATHLO, 3 TAKMMUI
MaTepilaJiaMu CJIi HOBOIUTHUC SAK 3 HeOe3IIeUHMU.

OcHOoBHOI MeTOI aTecTallli HAHOMATEPlaJNiB € IIATBEPIKeHHS
MOSKJIMBOCT1 BITBOPEHHSI YMOB CHHTE3y B MeKaxX JOHMYyCTUMHX
BIIXWJIEHb, BCTAHOBJIEHHS IIPUJATHOCTI BUKOPHUCTAHHS JaHOTO
HaHOMAaTepiaJay BIAOOBIAHO J[JgO0 HMOTr0 NpHU3HAYEHHS, BUABJIEHHS
MOTEHIIHAHOI HeOe3meKn Horo BUKOPHUCTAHHI.

[Ipencrasienunit BuIlle aHAJI3 KOHTPOJI SKOCTI IIOPYyBATOrO
docdimy 1HmII0O HA BCIX CTAIIAX SKUTTEBOTO ITHUKJIY JI03BOJISE CKJIACTH
KapTKy KoHTpoJiio por-InP (tabi. 6.8) 3a cxemolo, IIpeICcTaBICHOI Ha
puc. 6.5. Jlas BcraHoBJIeHHS 1MOBIpHOI HeOe3ImeKM HAHOIIPOIYKTY
HEOOXITHO OI[IHIOBATH MOr0 IIOKA3HUKM BIJ €TAIly IIPOEKTYBAHHS 0
eramry yrmmisamii. Taxuit miaxia MoskHA 3aCTOCOBYBATH IIPH aHAJII31
IHIKX HAaHOMAaTeplaJlB, BpaxoByoOUl IXHI crerudiuyHl 0CoOJIMBOCTI.

Tabnuga 6.8 — Kaprra KOHTpoJIIO SKOCTI Ta €KOJIOTIYHOI
OearrevHOCT1 TTOPYyBATOTO (pocdiay 1HIIIO
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No | HeoOxigHa iHdgopMaIia Komenrap

1 | HafimenyBaHHS IPOIYKITII [Topysatwuit ocdis irmito (por-
InP). ®opMa BUILYCKY: ILJIACTUHI

2 | 'amyss 3acrocyBaHHS TeXHOJIOTIYHE IIPU3HAYECHHS:
CUPOBUHA JIJIsI BUTOTOBJIEHHST
doToemekTpUUHIX
IepeTBOpI0BAaYiB eHeprii,
HITPHUIIB TPETHOI I'PYIIH,
CBITJIOMIOI1B, IPUJIAIIB IIepegadl
Ta 30epiraHHsA 1HPOPMAITL]

3 | BimomocTi BupoOHHKA -

(mocTavaIbHUKA)

4 | BimomocTi mpo BMICT 10 — 100 mop Ha MM?2 (B
HAHOYACTUHOK y CKJIAIL 3aJIEXKHOCTI B1Jl YMOB
MaTeplasy dopmyBaHHs)

5 | BimomocTi mIpo XIMIYHAHI por-InP, ckiagaeThesa 3 aTOMIB
CKJIaJ] HAHOYACTHUHOK, IIPO docdopy 1 1HAI0 Y BIIHOIIIEHH]
XIMIYHY CTPYKTYPY P:In=1:3.

KOMIIOHEHTIB IIpu 30epiramml Moxke
BKPHUBATHUCSA OKCHUIHOIO ILJI1BKOIO
(In203).

6 | BimomocTi 11po cepenHiit ITopu cepenuim posamipom 40 HM,
PO3Mip YACTOK TA POSIIIOILIT KBaHTOBI1 ApoTH — (5—10) HM
YaCTOK 3a po3MipamMu

7 | BigomocTi 1Ipo BMICT y CKJIAAL | 1HIIH — TOKCUYHUHA MeTaJl, JesaKl
KaHIIePOTeHHUX PEeYOBUH cIrosIyKH dpocopy aysxe

TOKCHUYH1

8 | BimomocTi mIpo JOMIIIKHK Mae y criagl oMKy Sy
KoHIeHTpaIii 2,3X1018 cm-3

9 | PosuunHIiCcTh VY BO/Il HE PO3YUHSIETHCA.
PosunzaMKaM CIy:KaTh PO3UNHN
KHCJIOT

10 | Metonu nocimimxeHHa Cranymoua eJIeKTPOHHA

MIKPOCKOIILS, AaTOMHO-CHJIOBA
€JIEKTPOHHA CIIEKTPOCKOIIS,
doTosTIOMIHECITEHITIS,

PEHTTEeHOCTPYKTYPHUH aHAJII3
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TOIIIO
11 | Bigomocri 1po crmoci6 EnexrpoxiMmiuHe TpaBJjieHHS B
OTPUMAHHSI HAHOMATEPHUAJIIB | PO3UMHAX KHUCJIOT
12 | Knac Hebe3mneku mpoayKIii He pernmamenToBano,
HAHOIHIYCTPII Perxomennosano BigHECTH 10
«He0e3IIeUHO JJI 30POB
13 | BimomocTi II1po MOKJIHB1 Binomocreit He 3HaMIEHO
TEeXHOTeHH]1 PU3UKU
14 | Bimomocri (m1pu ix HasgsHocTl) | Docdis 1HIII0 BBAKAETHCS
IIPO TOKCHUKOJIOIO-T1re€HIUH1 KaHIIePOTeHHOI0 PEYOBHHOIO
XapaKTePUCTUKHU TPOIYKILII
HaHOIHIYCTPIl
15 | Bimomocri (1pm ix HasgBHocTl) | BimomocTeii He 3HaiimeHo
ITPO BILJIUB ITPOIYKITIT
HAHOIHIYCTpPll HA
HAaBKOJIHIITHE CePEeIOBUIIE
16 | [IpaBua MOBOIIKEHHS 3 Heo0ximH0 cynpoBomsKyBaTH
IPOAYKIIEI0 HaHOIHAyCcTpll1 | mikTorpamoro «Hebeameuwno ais
1i 30epiranus 3mopoB’s»». Ilpu cuuTe31 Ta
HOJAJIBIIIOMY BUKOPHCTAHHIL
HEO0OX1THO 3aCTOCOBYBATH 3aCO0M
1HIUBIIyaJIbHOTO Ta
KOJIEKTUBHOI'O 3aXHCTY
17 | Vrumizamsa «Hebesmeun1 Biaxomm»
18 | HopmaTuBHO-IpaBoBe BinomocTeit He 3HATEHO
3abe3IIeueHHs
Metonuka BUMIpPIOBAHbL  IIapaMeTpiB Ta  BJIACTUBOCTEH

HAHOCTPYKTYP € BCTAHOBJIEHOI0 CYKYIIHICTIO oOIlepalilii 1 IIpaBmHi,
BHKOHAHHS SKNX 3a0e3leuye oIeps:kaHHs pPe3ybTaTiB BUMIPIOBAHD 13
rapaHTOBAHOI TOYHICTIO BIAMOBIIHO J0 HMPUUHATOTO MeTomy. MoskHa
TOBOPHUTH, III0 METOJUKA BHMIPIOBAHL € TEXHOJIOTIEI IIPOIECy
BuMipoBaHHga. OgHakK OLIBIICTE METOMUK 3HAXOOATHCSA Ile B CTaHI

PO3BUTKY 1 HE JT03BOJISIOTH ¥ IIOBHIHM Mipl 3a0€3IIeYNTH KOHTPOJIb SIKOCTI

Ta Oeameunocti HaHoMareplamB. OCHOBHMMM HOPHYMHAMH IIHOTO
ABJIAIOTHCA:
— BIACYTHICTh  YITKMX BHMOI' 1 CTaHIAPTIB OO0  SIKOCT1
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HaHOMAaTeplaJIiB;

— BICYTHICTh CTAHJAPTHUX 3PA3KiB OLIBIIIOCTI HAHOMATEP1aJIiB;

— HEIOCTATHS KUIBKICTH aTeCTOBAHMX METOIHK BUMIPIOBAHb,
KaJi0pyBaHHSA Ta IIePeBIPKU TOIIIO.

Jlanuit HanpsaM moTpedye ITOJAJIBIIION0 PO3BUTKY Ta JIep:KaBHOI
HIITPUMEKH.

6.5 BuCcHOBKHY 10 IIOCTOr0O PO3qiLy

1. VHiBepcasbHA MeTOUKA OITIHIOBAHHS SIKOCTI HAHOCTPYKTYP
JTI03BOJISIE KIJIBKICHO BUSHAYMTH SIKICTD STK KOKHOT0 3pas3Ka Tak 1 maprii,
a TAKOK pPAaHIKyBATH OIIIHEHl 3pas3Kh 3a piBHeM #AKocTi. B ocHoBy
IpeJICTaBJIeHOl METOJWKH IIOKJIQJeHO BHU3HAYEHHS  YACTKOBHUX
KPUTEPIIB AKOCTI, K1 € PYHKINE TOKA3HUKIB HAHOCTPYKTYPH.

2. Po3pobJieHo METOTUKY CTBOPEHHS CTAHIAPTHOIO 3pa3Ka CKJIAILY
HaHomatepiaay. Ha nmpurianl mopysaTtoro docdiay rasimo po3podsieHo
MIACIIOPT Ta OIIMC CTAHJAPTHOTO 3pas3Ka MianmpueMcTBa craamxy por-GaP.

3. AnropuT™M OIIIHKKM MaTepiajiB, IO MICTATH HAHOOO €KTH 3a
CTyIeHeM IIOTeHINHHOI HeOe3lIeKr Ta HeOoOXIJHICTI0O IIPOBOIUTH
€KOJIOTIYHY €eKCIIepTH3y IIOBUHEH MICTUTH IIOCTYIIOBE BHU3HAYEHHS
YACTKOBUX KPUTEPIIB MOTEHINHHOI HeOe3meKky HaHoMaTepiay.

4. Jlo xapakTepHuCTUK HaHOMATEeplaJaiB, Kl IIOBUHHI IIIIaBaTHCI
€KOJIOTIUHIN eKCIIepTH3l BITHOCATHCA MOPQOJIOTiuHI, (PI3UKO-XIMIUHI,
MOJIEKYJISIPHO-010JIOTIYHI Ta €KOJIOTIYHI. BU3HaveHHs X KPUTEpIiB
HeO0OX1THO ITPOBOIUTH 34 HASBHUMU JAHUMH, 110 MICTATHCS B IACIIOPTI
MPOAYKILI, 3a JAaHWMU aBTOPUTETHUX JKepesl UM IIPH IIPOBEIeHH1
€KCIePTHOI OIIHKH.

5. Metonmka oIiHKHM Ta KJacupikaiii HapoMaTepiasiB 1 peYOBHH,
10 MICTATH HAHOYACTUHKM TIOCTAae y BU3HAYEHH]1 y3araJbHEHOTO
KpHUTEplo IIOTEHINMHOI Hebesdmexn HaHomareplaay. Lleir kpureplii e
MYJIBTHUILTIKATUBHOK (PYHKITIEI0 YaCTKOBUX KPUTEPIIB.

6. OIIHKY €KOJIOTIYHOTO KPHUTEpPil0 SKOCTI HEOOXITHO ITPOBOIUTH
JIOCJTIPKEeHHAM €KOJIOTIYHOI 0e3IIeKd CHMHTEe30BaHUX HAHOCTPYKTYP Ha
BCIX eTamax SKUTTEBOTO ITHUKJY. B SKOCT1 IIpUKJIAIy pPO3pOo0JIeHO CXeMy
SKUTTEBOIO IIUKJIy IIOpyBaToro docdiay I1HmII0 Ta HITPUAY 1HII,
OTPHUMAHOI0 Ha #oro ocHoBl. sKuTTeBHMI IIMKJI HaHOMATEplasiB CJIL
PO3IJISAATA K MHOTOCTAIIMHUI IIPOIleC BiJ ITOTPeOM MOro CTBOPEHHS
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mo yrwmisamii. Ilpm 1mboMy citim BpaxoByBaTH HPOMIKHI CTamil —
TeCTyBaHHS ¥ BIJICOPTYBAHHS 3Pa3KiB, TAK K BIJICOPTOBAHI 3PA3KU TEIK
OTPEeOYIOTH YTHII3aIrii.

7. OcHOBHe  TIpU3HAYEHHS  EKCIEePTH3W  HAHOTEXHOJIOTIYIHOI
MPOAYKIII IT0JIAirae B 0e3MeYHOMY Ta MPOJAYKTUBHOMY BUKOPUCTAHHIL
HAHOTEXHOJIOTIH JJid 3a0e3rmeveHHs ekoJoriunol Oesmexu. [lpu mbomy
HEOOXITHUM € TOIIYyK Ta PO3BHUTOK METOMIB  JOCJTIIIKeHHS
HaHOMaTepiaaiB. EKosloriuHa ekciiepTr3a MPOAYKTIB HAHOTEeXHOJIOTIH
oTpedye JIeps;KaBHOIO PeryIloBaHHI.

8. IIpemcraBiieHO METOMHKY IIPOBEIEHHS KOHTPOJIO SKOCTI Ta
OearmevyHOCTl HaHOMATeplay Ta MPOAYKINI Ha #oro ocHoBl. KoHTposb
HEOOXITHO IIPOBOSWUTH Ha KOMKHIN crami KHUTTEBOrO IIHKJIY 13
3aCTOCYBAHHAM BIIIIOBIIHHX METOIUK TA METOIIB JOCILIKEHb. 3TLIHO
3aIIPOIIOHOBAHOI METOMMKH IIPOBEIEHO AaHaJl3 3pasKiB II0PyBaTOro
docdimy 1mmi0 TA IPHMIIAAY HA HOT0 OCHOBI — HITPHIY 1HIIIO.

9. PospobiieHo pexomeHmaIlli IMOJ0 KOHTPOJIK HAHOMATEPIaJIiB.
3rigHo 3ampoIIOHOBAHOI METOOWKM IIPOBEIEHO AaHAJI3 3pasKiB
mopyBaToro pocdiay 1H/I10 Ta IPUIaAy Ha HOro 0OCHOBI — HITPHUIY 1HIIO.
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3AT'AJIBHI BUCHOBEKMH 110 POBOTI

Ha OCHOBI BUKOHAHUX aHaJT3y, TEOPEeTUIHUX 1
eKCIIePUMEHTAJbHUX JOCTIJKeHh PO3B’SI3aH0 BaKJIMBY HAYKOBO-
MPUKJIASHY IIP00JIeMy OIIHIOBAHHS SKOCT1I HAHOCTPYKTYP HA MOBEPXHI
HAIMBIIPOBITHUKIB IIJIAXOM PO3POOJIEHHS CHUCTeMHU YHIPIKOBAHUX
BHUMOI' 1O SKOCTI HaHOMATeplaJB, MIPH I[LOMY OTPHUMAHO TakKil
pe3yabTaTH:

1. IlpoBemeHo aHaJia HOPMATHBHUX JOKYMEHTIB 1 HAYKOBO-
TeXHIYHOI JIITepaTypH 3 MOIAXOMIB [0 KJAacH(IKaIlll HAHOCTPYKTYP,
MEeTO[IB IXHBOI'O CHHTE3y Ta OI[HIOBAHHS SKOCTI IIPOIYKILL.
BcramosieHo, 110 IIOKa3HUKM, SIKI  XapaKTepU3yIOTh  SKICTH
HAHOCTPYKTYP, HEOOXITHO o0MpaTh 3 OIVIAJOM Ha iX KOHKpeTHe
mpakTuyHe npusHadeHHA. JlocaimeHo 3acToCyBAHHS HAHOCTPYKTYP
IJIsT  (POTOEJIEKTPUYHUX II€PETBOPIOBAYIB Ta CYIIEPKOHIEHCATOPIB.
Bceranoriteno, 1mio a1t 3acToCyBAHHSI HAHOCTPYKTYP HEOOXITHUM €
BU3HAUYEHHS y3araJbHEHOI0 KPUTEpil0 SKOCTI, PO3poOKa METOIUK
OITIHIOBAaHHA Ta 3a0e3leyeHHs SKOCTI HAHOCTPYKTYP, IXHBOI
eKOJIOTIUHOI ~ 0Oe3meku ¥  CTBOpPeHHsS  CTAHIAPTHUX  3Pa3KiB
HaHOMAaTePlaJIB JJIs BUKOPUCTAHHS 1X IK €TaJIOHHUX.

2. CrBopeHO ysarajibHEHY MOJeJIb CHUHTEe3y HAHOCTPYKTYpP 13
HOPMOBAaHHUM pPIBHEM SKOCT1I Ha OCHOB1 IIPUHIIUMOIB CHUCTEMHOIO 1
mporiecHoro mzaxomis. Ha ocHoB1I po3pobieHol Momesal IPOBEIEHO
JIeKOMIOo3uITi0 mporiecy «CHHTe3yBaTH HAHOCTPYKTYPH 3aIaHOTO PIBHS
SIKOCTI» Ta PO3po0JIEeHO MAaTeMaTHYHY MOJeJIb CHHTE3y HAHOCTPYKTYP,
Ha OCHOB1 AKOI BM3HAYEHO HOMEHKJIATYPY iXHIX HMOKA3HHKIB SKOCTI.
[lokasHmK [JOCATHEHHS OITHMAJIBHOTO pPe3yJIbTaTy BHU3HAYEHO SK
KoelIleHT AKOCTl — BIJHOIIEHHS pPeaJIbHUX BJIACTUBOCTEH 3pas3Ka [0
ouikyBauux. KoediiieHT Ix0CTI XapakTepu3ye HapaMeTpH CTPYKTYPH,
110 0yJI0 ¢chOPMOBAHO IIIJT YaC CHHTE3Y.

3. Ha migcrasl ekcrmepuMeHTAIBHUX JOCTI3KEeHD II0KA3aHO, 110 Ha
SIKICTh HAHOCTPYKTYP, CHHTE30BAHUX HAa II0BEPXHI1 HAMIBIPOBIIHUKIB
BILTUBAIOTH PECYPCHO-TEXHOJIOTIUHI YMHHUKH CUHTE3y Ta IlapamMeTpu
BUXIJTHOTO KpucTasy. Jlo pecypcHUX YMHHUKIB BIJHECEHO TapaMeTpu i
CTaH MOBEPXHI BUXITHOTO HAMIBIPOBLIHUKA; CKJIAL 1 KOHIIEHTPAIlld
TPaBHHUKA, SKHH 3aCTOCOBYETHCS [JIsI CHUHTE3y HAHOCTPYKTYPH,
JTOJATKOBl pecypcH, IO MOKYTh BILIMBATH HA IIPOIEC PO3IUYMHEHHS
HAMOIBIPOBIJHUKOBOTO KpucTay. Jl0o TeXHOJOTYHUX UMHHUKIB
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BIJTHECEHO YACOB1 BUTPATH, EHEPTOBUTPATH Ta BUTPATH, IIT0 IIOB I3aH1 31
cTablii3alfiero BJIACTUBOCTEH yike CHHTe30BAHOI HAHOCTPYKTypu. Bubdip
ONTHUMAJIFHOTO METOAY CHHTEe3y HAHOCTPYKTYP K 3a0e3leYeHHs
TEeXHOJIOTIYHOTO0 KPUTEPil0 SKOCTI IIPOBEIEeHO 3a JOIIOMOTOI METOIY
aHaady ilepapxiii. Merogm CcHHTe3y HAHOCTPYKTYP HA IIOBEPXHI
HAIIBIPOBIIHUKIB, a caMe XIMIUHA, eJIEKTPOXIMIUHA Ta JiTorpadluyHa
TeXHOJIOT1I, OIIIHEeHO 3a KPHUTEPIIMU E€KOHOMIYHOCT1, €KOJIOTIYHOCTI,
K1JIBKOCT] JIAHOK TEXHOJIOTIYHOI'0 IIPOIlecy, CKJIAJHOCTl, PecypciB, dacy
Ta pe3yJibTaTUBHOCTI. MeTomoM aHaJI3y lepapXiifi BCTAHOBJIEHO, IO
HAWONITUMAJIBHIIINM METOJIOM CHHTe3y HAHOCTPYKTYpP Ha MTOBEPXHI1
HAIMBIIPOBITHUKIB € eJIeKTpoXiMiuHe TpaBjeHHda. Ha mpurmam
HamiBOpoBIOHUKIB rpyou A3B5 Ta kpemuilo II0KasaHo, IO
€JIeKTPOXIMIYHUM TPaBJIEHHSIM MOKJINUBO (POPMYBATH BEJIUKY
KLJIBKICTh TUIIIB HAHOCTPYKTYP 13 3aJaHuMu mapamerpamu (0JIOKOBI,
TEKCTYPOBaHi, IIOPYBaTI CTPYKTYPH, HAHOHUTKH).

4. BwusmadeHo oO0CHOBHI MOPQOJIOTIYHI MOKA3HHUKH SKOCTI
HAHOCTPYKTYP, cOpMOBAHUX HA IIOBEPXHI HAINBIIPOBIIHUKIB, 0 TKUX
BIJHECEHO [JlaMeTp, IIIBHICTh, (axTop (opMyM HAHOKPHCTAJITIB 1
TOBIIIMHY HAHOCTPYKTypoBaHoro Imapy. Ha mnpurmaml mopyBaTtux
HAHOCTPYKTYPOBAHUX IapiB HA moBepxHi InP po3paxoBaHO PO3MIOIILIT
Iop 3a JlaMeTpoM, IIOKAa3HUKU Bapiallll Ta acuMeTpll Psay PO3IOILIY.
BcranosieHo, 1m0 Mae Miciie IIpaBOCTOPOHHS ACUMeTpls I OJH3bKICTh
po3IoAIy PpAxy g0 HopmasbHoro. lIle m03BoIMII0O BH3HAYUTH
MexXaHl3Mu, 3a SIKUMH BlIOYBAeThCSI CAMOOPTaHI3aIllsd  POCTY
HAHOCTPYKTYP 1 OITHUMI3yBAaTH METOAM IX CHHTEe3y, a TaKOK
yHIQIKyBATH BUMOTH J0 CHHTE30BAHUX HAHOMATEPIaJIiB.

5. BusHaueHO OCHOBHI XIMIUHI TOKA3HUKHU SIKOCTI HAHOCTPYKTYD,
10 AIKUX B1IHECEHO CTeX10MeTpisl, OJHOPIIHICTD PO3IIOIIIY eJIEMEHTIB 110
HOBEPXHI, HASBHICTb OKCHIHMX IIIaplB Ta XIMIUYHA CTAOLIbHICTD.
JlocaimxeHO KOPEJsdIiio MK TeXHOJOTIYHHMH YWHHUKAMU CUHTE3Y
IIOPYBATOTO IIPOCTOPY HA IIOBEPXHI HAIBIPOBIIHHUKIB Ta HAOYTUMH
XIMIYHUMH @ MOpQOJIOTIYHUME BJyiacTUBOCcTAMU. llokasaHo, mo Ha
SIKICTh HAHOCTPYKTYP BILJIMBAIOTH NIJIBHICTH CTPYMY aHOAYBAHHS, Yac
TpaBJIEHHS, CKJIa]T 1 KOHIIEHTPAIIlA eJIEKTPOJITY, ITapaMeTPU BUX1THOTO
kpucranay. OTpuMani KOpessilil [T03BOJISIOTH BUOpPATH OIITUMAJIbHIL
YMOBU CHHTE3y HAHOCTPYKTYpP HaA IIOBEPXHI1 HAIIBIPOBIIHUKIB JJIS
CTBOPEHHSI eTaJIOHHUX 3Pas3KiB BHCOKOTO PIBHsS sKocTi. Ha mpuraami
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docdimy rasio po3podIeHO METOIUKY CTBOPEHHS CTAHIaPTHOTO 3pas3ka
ckJanmy mopyBaToro dQocdiay raJiifo, a TaKOoK IIACIIOPT 1 OIIHC
CTAHIAPTHOI'O 3pa3Ka. Y JOCKOHAJIEHO METOAUKY IIOJIMIIIIeHHI SKOCT1 i
cTablai3alfli BJIACTHBOCTEH HAHOCTPYKTYP 3a JOIIOMOTOI0 ITacHBAIIll
TIOBEPXH1 HAHOCTPYKTYP, TKA IPHU3BOJIUTH J0 XIMIYHOI Ta €JIeKTPUYIHOI
1HepTHOCTI  HaHoMmarepiaidy. Po3po0JieHO  CHCTEMHO-CTPYKTYPHY
METOO0JIOTII0 YIIPABIIHHS SKICTI0O HAHOCTPYKTYP IIJT YaCc CUHTE3Y, SKUH
IpeaCcTaBJIeHO SK IIPOoIlec 3MIMCHEeHHS I1S/JIbHOCTI, III0 peasii3yeTbCs B
IIeBHOMY YaCOBOMY ITPOMIKKY Ta B IIE€BHIH ITOCJI1JOBHOCTI BIIIIOBIIHO 0
3amaHux cramii 1 eramB. lle 103BOIMTH ONTHUMI3yBAaTH CHHTE3
HAHOCTPYKTYP 13 3aJaHUMU BJIACTHBOCTSIMH.

6. Busnaueno ysarajgpHeHUII KPHUTEPiHl SIKOCTI HAHOCTPYKTYD,
KWW TIPeJCTaBJeHO Yy BHUIVIAAl (PYHKINH YACTKOBUX KPHUTEPIIB.
V3arasbHeHUT KpUTEPid € YHIBepCAJIbHUM 1 I03BOJISE OIIIHUTH SKICTH
PiBHMX THIIB HAHOCTPYKTYP HA IIOBEPXHI HAMIBIPOBIIHHUKIB.
Pospobiieno HOpMaTHBHUM JOKYMEHT, a caMe METOMUKY OI[IHIOBAHHS
SIKOCT1 HAHOCTPYKTYP, CMHTE30BAHHUX Ha IOBEPXHI HAITIBOPOBIIHUKIB,
10 JO3BOJUTH 3JIMCHIOBATA TOPIBHAHHS OJHOTHUITHHUX 3Pa3KiB
HAHOCTPYKTYP Ta BCTAHOBJIEHHS BIJIIOBLIHOCTI IXHIX IIOKA3HUKIB
eTAJIOHHUM 3HAYECHHSIM.

7. Pos3pobiieH0 MeTOOUWKY OIIIHIOBAHHS HaHOMATEeplaiB 3a
CTyIIeHeM ITOTeHITINHOI He0e3IlleKr 3 MeTOI0 CTBOPEHHS HOPMAaTHBHUX
JTOKYMEHTIB 3 HMHUTaHb 0e3lMeKr HAHOTeXHOJIOTIYHOI mpoaykKIni. Boma
MICTUTH IIOCTYIIOBE BHU3HAUEHHS YACTKOBHUX KPUTEPIiB MHOTEHITIHHOI
HebOesnekn HaHoMmarepiay. Jlo xapakTepucThk HaHOMATEplasiB, SIKI

IIOBHHHI HiITaBaTHCS €KOJIOTTYHIN eKCIIepTHu3l B1IHECEHO
MOP(OJIOTIYHI, Ji3uKo-XIMIUHI, MOJIEKYJIPHO-010I0TTUH1 Ta
€KOJIOTIYHI.

8. Ha ITPUKJIA I IIOPYBATHUX Ta TEKCTYPOBAHHUX

HAHOCTPYKTYPOBAHUX INApIB HA MOBEPXH1 HAMIBIIPOBLIHUKIB TPYIH
A3B5 Ta KpemHII0O [OpPOBEIEHO  OIIHIOBAHHS  BIJIIOBIIHOCTL
CUHTE30BaAHUX IIOPYBATHUX IIaPIB PYHKIIIOHAIHEHOMY IPU3HAYECHHIO JIJIsT
3acToCcyBaHb SIK MaTeplaay s (POTOEJeKTPUIHUX IIePeTBOPIOBAYIB
eHeprii. JloBeneHo, 1110 HAHOCTPYKTYPYBaHHS TIOBEPXHI
HAITBIIPOBITHUKIB IIPU3BOIUTH 0 301JIBIIMEHHS IITOPCTKOCTI MOBEPXHI,
301/IbITIeHHA e()eKTUBHOI IJIONI Ta PO3IIUPIE IIJILOBUM Jlalla3oH
€JIEKTPOMATHITHOTO BUIIPOMIHIOBAHHS, AKui Moxke npuiiaatu DOEIL
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[lacuByBaHHST TEKCTYpPOBAHOI IIOBEPXHI IIIAPOM BJIACHOTO OKHCJIIY
3abesmeuye XIMIUHY 1HEPTHICTh MaTeplaay. 3aBOSKHA  IIbOMY
SHUKYETHCS YyTJINBICTD COHAYHUX OaTapell 10 3a0pyJHEeHHS II0BEPXHI.
Posrnsgryro  mumsxu  BOOCKOHAJIEHHS  CTPYKTYPHOTO — KOHTPOJIIO
HOopyBATHX MaTeplajiB [Jid BHUKOPHUCTAHHS I1X K IIa0JIOHIB,
SKUTTE3TATHUX JJIA 30epiranus ejiekTpoxiMiunol erneprii. Ha mpurmami
docdiny 1HIII0 PO3PO0STEHO METOIUKY OTPUMAHHS ITOPYBATHUX ITapiB 13
3aJaHUMM BJIACTUBOCTSAMH JJIS 3aCTOCYBAHHS iX y SKOCT1 OOKJIAIOK
cyIllepKoHIeHcaTopa. KOHTPOJIBOBAHICTHE  IIPOLECY  JTOCATAETHCS
miI00pOM PEsKMMIB eJIEKTPOXIMIYHOrO TpaBjeHHs. s cTrBopeHHS
HACUBYIOUOTO IIOKPUTTSA OyJIO 3aCTOCOBAHO ILIIBKY TpadiTy, HAKY
HAHOCUJIM MeTo/10M BinnaJry mpu tremmepatypi 350°C. BeranoiieHo, 1110
JIJIsT 3aIIOBHEHHSI IOp rpadiTOBUM IIIAPOM HEOOXITHO 3aCTOCOBYBATH
TIOPYBATI IIIapH 3 TIOPaMU, K1 MAlOTh Me30- Ta MAKPOMETPOBUH PO3MIp.
Iloxasamo, 1m0 rpadgiroBa mIiBKa 3a0e3ledye MOBEPXHI MOPYBATOI
CTPYKTYPH XIMIYHY 1HEPTHICTD TA 3HAYHO 3HUIKYE OIIIP 3pas3Ka.
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