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Mertoau AOCTHiAKeHHsT OyZOBH Ta YHCTOTH
ByrjeieBnx HaHOTPyOok (Or.six)

[TpoTsiroM JIEKiIIBKOX OCTaHHIX JIECSATUJITD BYTJIEIEBi HAHOTPYOKHU TIOCTYIIOBO CTAIOTh BaKJIM-
BUM iHIycTpiasibHUM MartepiajsioM. HejoctaTHicTh Ta HecucteMaTHYHICTb iH(opMariii mogao me-
TOJIIB JIOCJi/KEHHST YUCTOTH Ta OY/IOBU BYTJIEIIEBUX HAHOTPYOOK TIPU3BOAUTH /10 HEMOKJIMBOCTI
CIiBCTABJICHHS Pe3yJIbTaTiB, OTPUMAHUX Pi3HUMU aBTOpaMu. [lg crarTd € OorysgmoM HayKOBOI
JIITEpATypu 3 €JUMHOI0 METOI0 — PO3IVIAHYTH Ta IiJACYyMyBaTH TakKi iCHYIOYi METoju, K CKa-

HylOYa €JIEKTPOHHA MIKPOCKOIligd, IIPOCBiUyloUa €JIeKTPOHHA MiKPOCKOIIid,

CIIEKTPOCKOIIiA

KOMOIHAIIITHOTO PO3CIIOBaHHS CBIiTJ/IA, TEPMOrPABIMETPUYHI METOAM aHAJI3Y, a TaKOXK aacopOIii
rasy /il BUBYEHHSI TOBepXHi. 3pobJieHo oryisiy icHyiounx JgedexTiB y rpadeHoBOMy miapi Ta

Hanorpy6kax. bioa. 72, puc. 3.
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1. BBegenus

Y 1991 p. B xypnami Nature Buiinia crarrs
linzima, e BiH PO3MOBiJIaB PO CTPYKTYPHY MOP-
(posrorito HGaraTocTiHHUX BYTJIEIEBIX HAHOTPYOOK,
AKi BHUABHUB 3a JOIIOMOIOIO IIPOCBIiUyIOUOi eJsIeK-
TPOHHOI MiKPOCKOIii 3 BHCOKOIO pO3AiJIbHOIO
3natHicTio Ta audpakiieo enexkTponis [1]. 1la
CTATTs CTaJa BiJIIPABHOIO TOYKOIO /s 6aratbox
BUEHUX, $SIKi BOAYaJW MEPCIEKTUBY y BUKOPH-
cranni Byrsenesux Hanorpy6oxk (BHT) y mpomu-
cJI0OBOCTI Ta TexHili. bes cymuiBiB, yncrora ta oj-
HOPIAHICTD OTPUMAaHUX 3pa3KiB OyJau OJHUM i3
BAKJIMBUX IHUTaHb, 110 IEPENIKO0I0 BUHUKJIM Ha
HIJIAXY /10 HIMPOKOTO BUKOPUCTAHHA IIbOIO Ma-
Tepiany. I foci fOCaiIHUKY 321a10TbCS TTUTAHHSM,
AK MBUJAKO Ta AKICHO BU3HAYUTHU KiJIbKiCTh HAHO-
TpyOOK y Kymi caxi, Bi/[pi3sHUTH OHOCTIHHI Ta Ga-
ratocTiHHi TPyOKM YW HAHOTPYOKH BiJl HAHOBOJIO-
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KoH? AJuKe moniOHa iHdopMalis ayske BasKIMBa
JUIS TeXHIYHUX XapaKTepPUCTUK MaTepiasy.
Otpumani ligziMoio HanOTPYyOKHU OyJH 3po0-
JIeHI TIPU eKCTPEeMaJIbHO BUCOKHMX TeMIlepaTypax
(6m3bko 3500 °C) 3 BUKOPHCTaHHAM JIyTOBOTO
po3psay Mixk rpadiroBumu enekrpogamu [1]. Ta-
KOK BMKOPHCTOBYIOTb 3HAUHO HIDKYi TeMIlepaTypu
(6mmm3bK0 700-950 °C), nMpu 1BOMY 3aCTOCOBYIOThH
KaTaIi3aToOp! I XiMiYHOTO OCA/PKCHHSA 3 I1apOBOi
(dasu (CVD, Chemical Vapor Deposition). Ileii
MeToZ OyB pospobaernuii y 1970-x pp. [2]. Ilpu
Oy/Ib-IKOMY METOJIi OTPUMAaHHS MacUB BYTJIEIEBOTO
MaTepiasy, KpiM caMUX HAHOTPYOOK 3 Pi3HUMHU Xa-
PaKTEepUCTUKAMU, HapaXOBY€ BEJUKY KiJbKiCTb
gomimok  (aMopdHUl  ByrJenb, HaHOYACTHHKH
rpadiTy, yacTMHKM KaraJizaTopis Ta in). Tomy
po3po6Ka MiKHADOJAHUX CTAHAAPTIB S TeXHid-
HUX XapaKTEePUCTUK BYTJEIEeBUX HAHOTPYOOK, a
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TaKO>X METOJU OI[iHKM IINX IOKa3HHUKIiB € JyxKe
BAKJINBUMH.

HanionasbHe KocMiuHe areHCTBO AMEpPHUKH
(NASA) pasom 3 HanioHaJbHUM iHCTUTYTOM CTaH-
papris ta Texnonorii CIITA (NIST, National Insti-
tute of Standards and Technology) pospo6un
IHCTPYKLIIO 1100 METOAIB JOCJHIKEHHA OJ-
voctinanx BHT [3]. Crnupatouncs Ha mo iHCT-
PYKIilO, BBa’Ka€MoO, 110 iHTepec CTAaHOBJATb TaKi
XapaKTePUCTUKU Ta BUMipoBauHsa: 1) Tumm ByrJe-
nesux Hanotpy6ok (ogHOCTiHHI yu GaraTocTiHHi,
KOHIEHTPUYHI UWJIHAPYU YU CKJIQJEHI Yalleyku,
KiJIbKiCTh CTiHOK); 2) KoH(irypailis KiHIiB HaHO-
Tpy6ok (3akputi, BiAKpPHUTiI, KancyJaboBaHi Ka-
tanizaropom); 3) onuc Oyab-sKOi PO3raaysKeH-
HOCTi; 4) IUPUHA Ta JiaMeTP BHYTPIiNIHBOI CTiHKM
uyn Tpy6kn (cepeans Ta mianason); 5) mMopdosoris
HAHOTPYOKU Y3[0BK M0Broi oci (mpsimi, BUTHYTI,
3B’s3aHi y Ty4ykM 4yu arsomeparn); 6) mepesara
rekcaroHajJbHoi opieHTalii MacuBy B cepeauHi
TpyOOK B3J0BXK iX Oceif; 7) po3Mip YaCTHHOK Ka-
TaJai3aTopa, IO BUKOPUCTOBYBABCS Yy BUPOOHUIIT-
Bi; 8) Moueky/sipra Bara (cepejHsi Ta jianason);
9) BriactuBocTi yacTuHOK: (opma, posmip (cepes-
HsI Ta PO3IOJiJ), Bara, IJoia nosepxti (cepemtst
Ta PO3IO/iN), CHiBBiZHOIIEHHS PO3IO/IiIy MOBEpPX-
ns,/06’eM, arperanis/ariomepanis; 10) crpyk-
TypHi Jfedexru.

2. Big6ip Ta nmiaroroBka 3paskiB /0 aHAJTi3y

Brepie ByrieneBi HaHOTPYOKU OyJid BUSIB-
JieHi SIK TTOO6IYHUH TTPOYKT MPUPOTHUX TA ITPOMUC-
JgoBux tpoieciB [4]. Hanpuknan, Garatoctinui
BHT 6ysu 3maiiieHi Ha JiCOBUX TOTEJHINAX Ta
IpU IPUTOTYBaHHI IKi B JOMalIHIX yMOBax Ha
MpOTIaHi YW TPWU CHAJOBAaHHI MPUPOJHOTO Ta3y B
meuax [5, 6].

OTpuManHs BiTBOPIOBAHUX Ta CTATUCTUYHO
JIOCTOBIpHWX 3pa3KiB HapaxoBye Oarato Tpy/-
HOIIiB. 3 TOYKHU 30py JabOPATOPHUX JOCJTI/XKEHD
Ta TPOMHUCJIOBOTO BUKOPHUCTAaHHS Bif6ip mpob 3a-
JIEKUTb BiJl TPU3HAYEHHS OCTi/PKyBaHOTO Ma-
tepiamy. Taxk camo, Ak Hi OAWH MeTOJ IOCJif-
>kenHa He xapakrtepusdye BHT mosnicTio, >komHa 3
¢dopM MWiATOTOBKU 3paskiB He MiAXOAUTD IS
Oy/Ib-IKIX METOIB JOCTi/pKeHHs. Byrmenesi TpyO-
KW, 9K TIpaBuso, Tigpodobui. TakuM 4ymHOM, BOHU
He JIerKO AMCHepryoTbes y Boi. Buxkopucranus
YVJbTPA3BYKY A€ pe3yJabTaT, aje 0e3 J0/aBaHHSA
nosepxueBo-akTuBHux pevosun (ITAP) wanorpy6-
KM BHIAQAYTh i3 BOJAHOI cycmensii mnporarom
JIeKiTbKOX XBUJAUH. Buxopucranug opraHidvHUX
pos3uMHHUKIB (HAPUKIAL, AlETOH, TOJIYOJ, XJO-
pPoopM, METaHOJI Ta eTaHOJ) OCTAHHIM 4acoM CTa-
JIo OiJIbIN TIOMUPEHUM. [{Jist CIeKTPOCKOTIiT 3aMicTh
nucnepcii B kioBeri 3pasku BHT moxyTtb 6yTn

poscigni 3a gomnomoroio aeporpady [7] na mpo-
3opuii caailg. JleTki po3uMHHUKN BUIAPOBYIOTb-
csd, a B pasi Bukopucranug IIAP, zanumox ciain
posTaggaTi 3 ypaxXyBaHHSM BJaCTUBOCTell oc-
tannix. [lniBku HAHOTPY6OK MOXKYTb OyTH OTpU-
MaHi 3 pO34YMHY Ha IEeJI0JOIAHUX YU TedJIOHO-
Bux ¢inprpax [7]. [Moxi6ui naiBku go6pe BU-
BUEHi 3a JIOMOMOIrOIO CIIEKTPOCKOTT KOMOiHa-
iffHOTO PO3CcifoBAaHHA CBiTJ/Ia Ta CKAHYIOUOI eJeK-
TPOHHOI MiKPOCKOIIii.

Y poboti [8] mocriskeHo MOBEIIHKY ce/IMMeH-
raiii B pamkax tmentpudyrysanus BHT-Bmicnoro
marepiasy. OrpumaHni jgaHi KopesioBajaucs 3 OTll-
TUYHOIO criekTpockorieio. [loxi6ui pesyabratu
HaBesleHi st yJabTpadioseToBol Ta BUAMMOI 00-
ngacreit cnekrtpa nornunanasa [9]. /o mouartky
yJIbTPa3BYKOBOI 06pOOKHM HAHOTPYOKU iCHYIOTH y
BUIJIAL arperariB Ta IIy4KiB y cyclensii, i B Tako-
My BUIVIA/JI HE CIIOCTEPIra€TbCsa HIAKUX BUHATKO-
BUX BJIACTUBOCTEW B yJbTpadioseToBOMy Ta BU/U-
MOMY CIIEKTpi cBiTsia. 3 BUKODUCTAHHAM eHeprii
VJbTPa3BYKY BJ/IA€TbCS I0JI0JIATH BaH/€PBAIbCOBI
CUJIM MK cycigHiMu TpyOKaMmu, 1[0 ITPU3BOIUTDH
JI0 PO3ILIYTYBaHHS arperatiB Ta 30iJbIIeHHSd Juc-
nepcii, a Ha CIEKTpax MOXKHA CIIOCTEPITaTu IMOABY
p-mnasMoBoro miky. IH(padepBoHA CIEKTPOCKO-
mis, SK TPaBUJIO, 3/iHCHIOETHCS HA HAHOTPYOKaX,
3MimaHuX 3 OpoMijioM KaJilo abo TPecoBaHUX Y
rpanyan 4u Tabaetkn. HebaskaHWUMHN € 3aHIIKH
BOJM UM HASBHICTh KapOOKCHJIBHUX (DYHKITIOHATH-
HUX TPYII.

Y pobori [10] ommcano HarpiBaHHSI TTpecoBa-
HUX 3pas3KiB NPOTATOM 24 roj 3a TeMIlepaTrypH,
6/IM3bKOT 10 TeMIlepaTypu KHIiHHS BOAM. BBaka-
Jgocd, mo O—H-kosuBanHg Bifi0yBalOTbCS Y MoJie-
KyJax BOAM, a He Y DYKIIOHATHHUX I'PyIax, MOXK-
JIUBO, TIPUCYTHIX i B HaHOTpyOKax. IligroroBKa
3pasKiB JIJIsT TEPMIYHUX METOJIB aHaJi3dy norpebye
3—10 Mr cyxoro HOpOIIKY /Jig OJHOTO BUMIipY
[11]. Meron Kammosuuosoi [12], Tak 3BaHuii Me-
TOJl PEIJIiK, MTPU3HAYCHWIT 3a6e31MeYnT KpaIly pe-
NIPE3eHTaTUBHICTb OTPUMAHOTO CHPOTO MaTrepiasy.
Haii6ipn nomupenuM € yJabTpasBYKOBUIT MeTO/,
ne 3pazok BHT 3imkpsiOyioTb B opraniunuii pos-
unHHUK (€TaHoJ, METAHOJ 4YH aleToH), 06po0Jis-
I0Tb yJbTPAa3BYKOM Ta BHUCA/KYIOTh Ha BYIJICLEBY
YU MiJIHY CiTKY.

3. Poamip Ta popMa ByrJjeneBux HaHOTPYOOK

Cepesr HaAWGIJIBIT TONUPEHUX THCTPYMEHTIB
JUIS XapakTepucTuku mopdosorii Ta posmipis
OTPUMAHUX BYTJIEIEBUX HAHOTPYOOK CKaHyioua
erektponna Mmikpockomiss (CEM) € mafinomy-
JIIPHIIMNM, OCKiJIbKM BOHA J03BOJIsTe Gearocepen-
HBO 6auuTH AOCTi/KyBaHi 3pasku. Came 3aBISIKH
MPOCBiuyOUill eleKTPOHHIN Mikpockorii cTaso
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MOKJIMBUM BiJIKDUTTSI BYTJIEIIEBUX HAHOTPYOOK. Y
cKaHyIo4iil enekrponniit Mikpockonii (CEM, scan-
ning electron microscopy (SEM)) 3o6paskents
(opmyeTbcss BTOPUHHMMU YU BiAGUTUMH BiJ T10-
BEPXHi JIOCJi/PKyBaHOTO 3pa3Ka eJeKTPOHAMU, a Y
npocsiuyiouiii (ITEM, transmission electron mi-
croscopy (TEM)) — esieKTpoHamMu, 10 TIPOHILIN
Kpi3b 3pas3ok. Ili BracTuBOCTI BU3HAYAIOTH MOKJIH-
BOCTi JlaHUX BU/IiB eJeKTpOHHOI Mikpockorii. Sko-
ioch Mipoio CEM e ananoroMm TpajulliiiHoi onrud-
HOI MiKpOCKOTii, TiJibKu 3 GiJibIll BHCOKOIO PO3-
JinbHOIO 3xatHicTIiO. Lleit MeTon JMOCHiKEHHST Jlae
3MOTY OTPUMATH 300pa’KE€HHS Ta OIIHUTH TaKi
3oBHinTHi xapakrtepuctukn BHT um marepianiB Ha
iX ocHOBi, sk MOpQoJIOTist, 30BHINTHI PO3MipH,
MPUCYTHICTD JOMIIIOK iHIIOT aJoTpornHoi (opmu
ByTJeIo Ta iH. PeXXnM cKaHyBaHHS [a€ 3MOTY
OTMMATH 300pa’keHHs MOBEPXHiI TEBHOI [iJISHKH
JIOCTiPKYBAHOTO 3pa3ka. bBimbmricTs iHCTPyMeHTIB
CEM 3partHi mokasatu CTPYKTYpH Oijble Hix
S HM y JiaMeTpi, a HalCKJIAHII MOXYTb JOCsTa-
TH TOYKM pesomonii Menm Hixk 1 nm (Hanpukaan,
MiKPOCKOII MOJIbOBOI eMicii 3 MOHOXPOMaTOpOM).
3.1. Hucmoma eyzaeuesux Hanompy-
60x. MeTosIOM KiJIbKiCHOTO BH3HAYEHHS BiJCOT-
KOBOTO BMiCTy HEOKAHUX [OMIIIOK HA OJMHUIIO
niomi B Mexkax Bubipku 3o6paxxenb CEM moskna
onianTu cryminb yucroru (Hanpuxian, 90 % Tpy6-
qacToro Marepiany, 5 % chepudyHux Ta 5 % HEpe-
ryJaapHuX 06’€KTiB). Y HiJOMy [/ CTaHAAPTHHUX
XapaKTepUCTUK POOIATH 3amiC 306pakeHb MPH J0-
parkoBux 36imbpnierni y 20, 500, 2500, 5000,
15000 ta 50000 pasiB. TakuM YUHOM MOKHA
orinutu Mopdosoriio 3paska B 1isomy. Hamnpuk-
naz, Ha 36impmendi y 20 ta 50 pasiB Mo)kHA BCTa-
HOBUTH 3arajJbHUI BUTJIS/ /IOCJi/PKYBAaHOTO 3pa3-
Ka: 9 CKJIAJIA€ThCA BiH 3 TpyO6UyacTWX MYyUKiB, 3a-
IUIyTaHUX TPYy6YacTHX 06’€KTiB, KPYTJIUX arjoMe-
patiB, cymimr Tpy6OK Ta iHIIMX YACTUHOK HEIpa-
BusibHOI (popmu Tomto. Ilpu 36inbmienni y 2500 Tta
5000 pasiB MOXHA JaTh KiJbKiCHY OIIHKY 3araJib-
HOi TIOBepXHi, 3aifHATOI Tpy6uacTHMU 00 €KTaMu,
[T TOTO, 106 BU3HAUUTU CTYTiHb YUCTOTH TTOPOIII-
KoBoro 3pasky. I1lo6 orpumaTu HaiiTouHinmii MOp-
osoriunuii onuc, MOTPiGHO MPoaHATI3yBaTH XOuYa
6 m’atb CEM-300paskeHb 3 pi3HUM 36i/bIIEHHSIM.
3.2. diamemp ma 0os:xuna gyzieuesux
Hanompy6ok. [liamerpu 0araToCTiHHUX HAHO
Tpy6OK MOXKyTb OyTtu nupubaAu3Ho oOIineHi 3
CEM-306paskenb, 3alMuCaHuX IIPU PO3IUIUPEHHI
6impme Hixk y 20000 pasiB. PempesentatnsHi ce-
peAHI 3HAYEHHA Ta PO3UOALN AiaMeTpiB MOXKYTb
O6yth oTpuMaHi 3 JeKinbKox Hesajsexxunx CEM-
306paskenb. Hwskusa meska nossoay CEM nus 6a-
raTOCTiHHUX HAHOTPYGOK 3HAXOANTHCS B Aialla3oHi
1-20 1M, TOMYy oIliHKa AiamMeTpy TPyOOK Ta iX pos-

nojiay 1morpebye MiATBEP/KEHHS 3a JJ0NOMOr0I0
IHIIUX METOAIB JOCJIiIKEHHA.

Puc.1. Bynosa ByrseneBux HaHOTPYOOK: a — TPHUCTiHHA; 6 —
6araTtocTiHHa; B — 3arocTpeHa; I — 3irHyra.



Suepzomexnonozuu u pecypcocbepesenue. 2016. No 1 35

[ns Toro, mo6 onucatu BHYTpilrHio Mopdo-
Jorilo 6araToCTiHHUX BYTIJENEBUX TPYOOK II0-
Tpi6HO BUKOPUCTOBYBATU MPOCBiUyIOYy eJeK-
TpoHHy Mikpockoniio (ITEM, transmission elec-
tron microscopy (TEM)) Ta mpocsiuyouy Mik-
POCKOIIiII0 3 BUCOKOIO PO3/iJbHOIO 3JaTHiICTIO
(HRTEM, high-resolution transmission electron
microscopy).

Ax Bxe Gyqo Bigmiveno, y IIEM 3o6paskenus
¢opmMyeTbes 3a paxyHOK €JEKTPOHIB, IO MPOHIII-
mu Kpisb 3pasok (puc.1). Ile 3abesneuye MoOK-
JuBicTb BisyasizyBatu BHyTpimmuio 6yaosy BHT
Ta oTpuMartu iHdopmalio, HATPUKJIAL, MO0
KiJIbKOCTI TMapiB, MiXKNIapoBoi AWCTaHIlT, medek-
TiB, HagABHOCTI BYIJIEIEBUX JIOMIIIOK y BHYTPill-
HbOMY KaHaJi Ta MiXKIapoBoMmy mpocTopi. /oBxku-
Ha TPyOOK MoxKe GyTH OIliHeHa, SKIO BOHW MPSMi,
MTOMITHI Ta JIETKO PO3Pi3HAIOTbCA. TWM He MEHII,
SIKIO0 TPYOKMW 3aTIyTaHi, MOXXHA J[I0JaTKOBO
nigrorysatu 3pasok (HampuKIam, 36iabIINTH IUC-
nepcioo) Ta MPOBECTH MOBTOPHUI aHamiz. IIpa-
BUJIbHA iHTeprperallis 3uiMKiB [IEM morpebye Bu-
cokoi kBagidikalii Ta XOpONIOro B3HAHHS [O-
CJIJIUKYBAHOTO 00’€KTY, OCKiJIbKH TakKi 3HIMKH €
MJIOCKUMHY JBOBUMIPDHUME 300PaKEeHHIMU.

3.3. Besaiad ma xpucmanaiunicme. Ilpo-
CBiuyl04a MIKPOCKOIIig 3 BUCOKOIO PO3/iJbHOIO
3[IATHICTIO € JIONOMI>XHUM iHCTPYMEHTOM, KW MO-
’ke OYTH BUKOPHCTAHUI B KOHKPETHUX BHITAJKaX
JUIT  BU3HAYEHHS PO3TAlIyBaHHS TPy6UACTUX
crpykryp (Hanpukias, KOHIEHTPUYHI TPYOKH uu
BKJIQJICHI CKpYyuYeHi JUCTKU TpadeHy TUTY SIMHKA
Tomo). TakoK BaKJIWBO BU3HAUNTH Pi3HUINIO MiX
HAHOTPYOKAMU Ta HAHOBOJIOKHAMU.

Y [13] 6yJi0 3aPOIIOHOBAHO HA3WBATU HAHOT-
pyOKaM¥u TOBHICTIO TOPOKHUCTY CTPYKTYpy O6e3
Oy/ZIb-IKUX Tepentkos, a Oyab-saki Tpy6dacTi KOH-
cTpyknii 3 wacrkosoio (mHanmpukaaz, GamMOyKo-
noni6ui [14], teneckomiuni [15]) a6o 1moBHOIO 06-
CTPYKIEI0 BHYTPIlIHbOI 1opoxxkuunu [16] nasusa-
TH HaHOBoJIOKHaMu. CTpykTypa siamnouka [17]
CKJIAJAETBCS 31 3TOPHYTHX Trpad)eHOBUX CTPIUOK,
1[0 YTBOPIOIOTH ClIIipaJii, 3aKpy4yeHi KOHYyCH, 3a/iu-
HIAI0YN MOPOXKHUCTUN CepPACYHUK, IKUN, 3TiIHO 3
BU3HAYEHHSIM, HAJEKUTH 10 TPYOOK, a He /0 BOJIO-
koH. Hapemri IIEM 3 BHCOKOIO pO3/iJIbHOIO
3ATHICTIO MOKe OyTH [JyXe KOPUCHWM iHCT-
PYMEHTOM /I BU3HAQUYEHHA  CTYNEHS  KpH-
crajgivnocti BHT marepianiB ta HasgBHocTi amopd-
HOTO BYIJIEIIO, TIOKPUBAIOYOrO 30BHIIIHI IIapu Ha-
HOTpy6oK [18]. Cryminb kpucramziuHoCcTi MOke 6y-
TH BCTAHOBJIEHWI TIJITXOM TE€PEPaxXyHKY HIBU/IKOTO
nepersopennss Dyp’e (FFT, fast Fourier trans-
form) ojHOTO cerMeHTa tpy6xu nig ITEM 3 Buco-
KO0 po3ainbHOI0 3aarHicTio: gkmo FFT ckia-
JLA€ETbCA 3 BY3bKUX IIiKiB, MaTepianq Mae BHCOKY

Puc.2. ®parmentu rpadeHOBOro mapy, mo MicTaTb JedeKTH.
IIpocri: 1 — 4YOTHPBLOXKYTHUK; 2 — II'SITUKYTHUK; 3 — CeMH-
KyTHUK; 4 — BOCBMHKYTHHK. Kom6inoBami Tomosoriumi: 5 —
mapui 5—7; 6 — 4-8; xomGinoBani 7 — 7-4-7; 8§ — 5-8-5;
9 — 4-8-8-4; 10 — 5-7-7-5; 11 — 4-8-7-5.

KPUCTAJIYHICTD; AKIO 3 MUPOKUX — MaTepiaa He
€ BUCOKOKPUCTAJIYHUM.

3.4. dedexmu. [lebextun MaioTh HaA3BU-
YaifHO Ba’XJMBe 3HAUYEHHS TIPU BU3HAYEHHI
(pismKO-XiMiUHNX BJIACTHBOCTEH KPHCTAJiB Ta Ha-
HOCTPYKTYP, Y TOMY YHCJi BYTIJIELlEBUX HAHOTPY-
60k. 3okpeMma, gedeKTH MOXYTb BIJIUBATH Ha
Mopdoorito Ta ¢ynknionaabaicte BHT. Ha
JKaJib, HA/3BUYANHO Ba’KKO TOYHO Ta KIJIbKiCHO
BU3HAYUTH TUT JedeKTiB, MO MicTATbcs B rpade-
HOBUX IHapax. /o TenepinrHboro vacy JOCJiJHUKI
Ta BUYEHI 3MOTJIM BiAPIBHUTH iX OiJIbIN-MEHII CUCTe-
MATUYHO. 3BUYANHO, 3aBIaHHSAM Ha MailOyTHE Oy-
Jle BUKOPHCTaHHS Je(eKTiB AIS Po3pOOKH HOBUX
tunie BHT, mo mMatumyTh BiacTuBOCTI [/ BUSB-
JIEHHS THX YM iHIIMX MOJIEKYJ a60 MOJiMepHUIX
JIQHITIOTIB.

Y wmisomy gedekTu ByrJeneBoi CTPYKTypH
MOXKHa poaaiautn Ha aBi rpynu. [lo mnepmoi
BifIHOCATBCA JedeKTH, MOoB g3aHi 3 MPUCYTHICTIO
06ipBaHUX MiXKATOMHMX 3B’sI3KiB; BOHM XapaKTe-
PU3YIOTbCSA TOPYIICHHSAM BiJIHOCHOTO PO3TallyBaH-
HS aTOMiB ByKe B TepHiiil koopawHatiiiHiii cdepi.
Hedextu 1iei rpynu MoxyTh OyTi ToukoBi (Ba-
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KaHcii, BOyjgoBani atomm), ainiiini (gucaokanii)
un noBepxHeBi (MisKKpUCTATiuHi KOPAOHH, IO-
BepXHs KpucTatiB). IIpucyTHicTb gedeKTiB Takoro
TUILy Mae CHUJbHUN BIJINB Ha BJACTUBOCTI KpPU-
craniB. Hedexktn apyroi rpynu mnoB’s3aHi 3 mopy-
HIEHHSIM TiJIbKU JJaJIbHbOTO TOPSJKY PO3II0JIOKEeH-
HS aTOMiB y KPUCTATIUHUX CTPYKTypax: 1e gedek-
T YNaKOBKHU MmapiB Ta Tonorpadiuni aedextu B
GararomapoBux cTpyKrypax. [ledekrtn ymakoBku,
MOB’s13aHi 3i 3MiHOIO NOPSI/IKY TMOJOXKEHHS IIapiB,
€ MPUYUHOIO IOJHITUMI3MY, ajie MaJO BILJINBAIOTDH
Ha BiaactuBocTi. Tomonorivni gedextn mapis, Ha-
BIIAKU, MOXKYTb CUJIBHO 3MIiHUTH IIi BJIACTUBOCTI Ta
€ TpuYnHOI0 (POPMYBAHHSA CTPYKTYP, HiJTKOBUTO
BiZIMiHHUX Bijl 6e3/1eDeKTHUX CTPYKTYP.

3.4.1. Cmpyxmypni dedpexmu. Crpyk-
TypHi JepekTn € HefoiKaMu, SIKi CYTTEBO CIIOTBO-
piototb kpuBu3ny BHT. OcnoBoio kapkacHuUX ByT-
JIEIIEBUX HAHOTPYKTYp € TpadeHoBuii map, noby-
JIOBaHWH 3 aTOMiB BYTJIEIIO, KOXHUN 3 SIKMX 3Ha-
XOJMThCA y cTaHi sp?-ribpuansanii, 38 sg3anuii
CUJTbHUMHU KOBAJEHTHUMHU 3B sI3KaMU 3 TPboMa
CyCiIHIMI aTOMaM#, B pe3yJibTaTi 4Or0 aTOMU PO3-
TAIlOBaHi y BepIINHAX MPAaBUJbHUX IIECTUKYT-
HuKiB. DOpPMYyBaHHS KapKaCHUX BYTJIEIEeBUX HAHO-
CTPYKTYP 3 (parMeHTiB TrpadeHOBOTO Mapy €
HACJIIKOM JI0JIaBaHHs B I1i mapu Tomnorpadivamx
nedexti, To6TO TIepeOy/IOBY TIapy Tak, M0, KpiM
MIECTUKYTHUKIB, Y WOTO CTPYKTYpPi 3’ ABISIOTHCS
YOTUPHU-, II'dTU-, CEMU- Ta BOCBMUKYTHHUKHU
(puc.2). Tlpucyrhicts y rpadeHOBHX IIapax ToIo-
JOTiyHuX JedeKTiB 10Be/leHO eKCIePUMEeHTAIbHO
[19, 20]. Taki nmedertu MOXKYTb 3’ SABJIATUCS Yy
cTajii pocTy 4M OYMCTKM HaHOMarepiaJiB, y pe-
3ysabTari ioHHOro 6oMOapJyBaHHS Ta iHIIUX Me-
TO/IiB BILJIUBY.

Bukpusienns rpadeHoBOro mapy, 3yMOBJEHE
TonosorivnuMu lepekramu, Moxke OyTH MO3UTHB-
HHUM 4K HeraTMBHUM. BUKpUBJIEHHS HIapy 4OTHUPHU-
yu 11’ aTuKyTHUKOM (TO6TO TOmoMorivHuME J1epek-
TamMu 4 Ta 5 BiJIOBIIHO) TPUHHATO HA3MBATH I10-
sutuBHUMU. [lecdopmariii mapy TOMOJOTIYHUMHA [ie-
dexTamu, umca0 CTOpPiH Y AKOTO Gijibllle TMECTH,
BBasKaeThcd HeratmBHUMHU [21, 22]. Tomosoriuni
gedektn MOXYTb OyTH TMPOCTUMU uYud  KOMOi-
HoBanwMu. [Ipocti gedexktn — 1e OKpeMi n-KyT-
mukn (e n = 3, 4, 5, 7, 8...), mo MicTaTbea y
rpacderoBomy 1mapi. Kom6inoBani jgedextu ckJia-
JIAIOTHCST 3 JIBOX 4M OiJbINOT KiJIBKOCTI TPOCTHX
nedexriB. Pisuuig Mix mnpoctuMu Ta KOMOi-
HOBaHUMH JiepeKTaMM € B TOMY, 1110 1TPOCTi Jedek-
TH CHPUYMHAIOTH JedopMalliio ycboro mapy, a
KOMOIHOBaHi, CKJIaJeHi 3 TPOCTHX, CIPUUUHSIOTH
KPUBU3HY IPOTUJIEKHUX 3HAKiB, MOXXYTb IPU3BO-
JINTH JI0 JIOKAJbHOTO CHOTBOPEHHS CTPYKTYpH. Jlo-
KaJbHEe CIOTBOPEHHSI TpadeHOBOTO IMapy MOXYTb

BU3WBATH TiJIbKM KOMOiHOBaHi JieeKTH, mapaMeTp
P nng axux piBauii mysao [23]. Haii6iapnr BuBye-
HUMW Ta HAWMOMMUPEHINMMI 3 KOMOIHOBAHUX /[le-
dexriB € gedext 5—7. 3a JOMOMOTOI0 TAKOTO Jle-
dexTy Mo)xHA 3’€IHYBATH HAHOTPYOKHM pi3HOI
xipasbHocti Ta giamerpy. Iloai6ui 3’ennanus cra-
HOBJIATh iHTEpec SK reTeporepexojil B HaHOEJeK-
TPOHiILi.

3.4.2. IIpoxpyuyeanna 36’sa3xie. Ilpo-
KPy4yBaHHS 3B’43KiB 3’ ABJISETbCA BHACJIZIOK i30Me-
pusaiii ta Bizi0yBaeTbcsi Ha moBepxHi TPyOOK. Bo-
HO TIPU3BOJAMTDL /IO JIOKAJBLHOTO CIIOTBOPEHHS Tpa-
¢enoro mapy. 3HayHa yBara B JOCJiKEHHSX
npuginsgerncs  gedexry Croyna-Benbca (aums.
puc.2) — komGinoBanomy aedexty 5—7—7-5, 3aB-
JIKU STKOMY MOJKJIMBA TJIACTHYHA JepopMaliis Ha-
HOTPYOOK [24—26]. Ilpu oGepranHi 3B’S3KiB BYT-
JieTlb — BYTJIETb Y YOTUPBOX CYCi/IHIX IMTIECTUKYT-
HUKIB YTBOPIOIOTBCS /[BAa TI'SSTUKYTHUKHU Ta JiBa Ce-
MUKyTHUKH, Tak 3BaHi Thrower-Stone-Wales
(TSW-type) medexrn [27, 28]. Peter Thrower
[27] 6yB nepimuM, XTO TIepei6aYNB HASBHICTD OJIU-
HApHUX YU TOJBIHUX map 5—7 KiJjelb y rpadeno-
BoMmy mrapi. Stone ta Wales nepmumu mosicHuIN
ta obrpyuryBasu 90-rpagycui poranii B ¢yaepe-
Hax. /lekisbka pokiB Tomy criBpoGiTHuku Kaui-
dopuiiicbkoro  ymiBepcurery (Zettl Research
Group) 3morsn 6e3nocepeHbo crocrepiratu 5—7
ta TSW-tuny nedexrtn B i3osboBanux rpadeto-
BUX TIOBEPXHAX 3 BUKOPHUCTAHHAM CKaHYIOUOi
eJleKTpoHHoi Mikpockomii [29].

3.4.3. Jlezytoui dechexmu. Jleryioui ne-
ekt BUHUKAIOTH TIPU 3aMillleHHi aTOMiB BYTJIEIO
y rpadenoBomy mapi BHT. Hanpukaazn, 6ymno no-
Be/IEHO, MO aTOMH a30Ty Ta 6OPY MOXKYTh OyTH
BBesleHI y cTpykTypy BHT. V¥V o060x Bumagkax
XiMiuHa peakIliiiHa 3/aTHICTb TOBEPXHi TPYyOKH
3pOCTa€: y TMepHIoMy BUIAJKY Yepe3 Te, MO a3oT
Ma€ Ha OJWH eJeKTPOH OiJbIle, HiXK BYTJIEIb, Y
JIpyroMy — TOMY, 1o 60p Mae Ha OJWH eJeKTPOH
MeHIlle, Hi’K ByIJellb. TakuM 4YWMHOM, IIi THIH Jie-
exTiB MOKYTh 6yTH BUKOPUCTAHI JJISI HAJAIITY-
BAaHHI TUIy MPOBiJHOCTI y HAHOTPYOKaxX, IOYU-
Halo4YM BiJl N-THUILY TPOBiJHOCTI (]Iel“yBaHHH a30-
TOM) 10 p-THIy TIpoBigHOCTI (JeryBanus Gopom).
Hepnasui gocaimkennsa nmoxasaJu, 10 Taki eaeMeH-
™1, aK ¢ocdop, cipka, KpeMHill, a Takox Taxi
crapeHi Jjeryioui egeMeHTH, K (ocdop-a3oT, Mo-
KyTb OyTH BBe/IeHI B T€KCAroHaJbHY PeIIiTKy Ta
6aratoctinHi ByrJeneBi HanoTpyOku [30, 31].

3.4.4. Inwi Oedpexmu eyeneuesoi
cmpyxmypu. lumi, ne sp?-ri6puausosBani, je-
(extn MoxyTtp Oyt nmpucytHi y BHT ta o6ymoB-
JIeHi HagBHICTIO BUCOKOI PeakIiiHOl 31aTHOCTI
aroMmiB ByrJiemio. Ile oGipBani 3B’s13KM, ByTJeleBi
JIQHITIOTH, MiXKBY3JIOBi BiJibHI aTomu, mo OyJu 3a-
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Puc.3. Iumi romosoriumi ByruereBi nedextH, He sp-TiGpn-
musaris: 1 — Bakamcii; 2 — pebpa aGo oGipBanmii kpait; 3 —
Mi’KBY3JI0Bi aTOMK; 4 — a/JaTOMH.

XOT/IeHi rpadg)eHOBUMU MapaMu, BiJIKpUTiI Kpai Ha-
norpy6ku, pebpa, amaromu Ta Bakamcii ta im. Il
nedexT, SK MpaBmJio, CHOCTEPIiTaloThCA 3a JIOTOo-
MOTOI0 MiKPOCKOIIIB 3 BHCOKOIO PO3/iJbHOI0
sparnictio (puc.3).

4. CriekTpaJibHi MeTOAH

BunpominoBaHHS, MOTJWHAHHS, PO3CiIOBaHHSI
a6o pedpakilis eTeKTPOMATHITHOTO BUIIPOMIHIO-
BaHHS MOXKE PO3TJISJATHCS SIK AHAJITUYHUN CHUT-
HaJ, 1o Hece iHdopMamilo mpo gkicHUil Ta
KiJIbKiCHUIT CKJIaJi pedoBUHU ab0 PO HOTO CTPYK-
Typy. Yacrora (s0BKUHA XBUJIi) BUIMIPOMIHIOBAHHS
BU3HAYAETbCA CKJAJAOM JOC/i/PKYBAHOI PEUYOBUHHU,
a IHTEHCUBHICTb BUIIPOMiHIOBAHHS IPOMOPILiiiHA
YICJy YACTUHOK, 110 BUKJIUKAJIU HOTO IMOSBY, TO6-
TO KIiJIBKOCTi PeYOoBUHU 260 KOMIIOHEHTA CYMIillli.
Kosken 3 ananiTHYHUX METO/iB 3a3BUYAil BUKOPHU-
CTOBY€ He IOBHUI CIIEKTP, IO OXOILIIOE Jlialla30H
JIOB)KUHU XBWJIb BiJl PEHTTeHiBCbKUX BUIIPO-
MiHIOBaHb /IO PaJliOXBUJIb, a JIKIIE HOro YacTUHY.
CnexrtpaJsbHi MeTo/u 3a3BUYail PO3PI3HAIOTH IO
Jliaraszony JOBKUHU XBUJIb CIIEKTPa, IO € pobo-
YUM UL JJaHOro MeToAy. Mertoju, fKi NpaliooTb
B YD, Bugumomy ta IY giamazoni, HasWBaTh OM-
THyHUMU. BoHu Haiibinbiie 3acTOCOBYIOTHCS B
CIIEKTPAJIbHUX METOJaX BHACJIJOK IIOPIBHAJbBHOI
MPOCTOTH OOGJIA[HAHHS /IJI OTPUMAHHS Ta PEECT-
pamii crextpa. CHekTpu ONTHYHOTO [ialla30HY €
pPe3yJIbTaTOM 3MiHU eHeprii aToMiB a0 MOJIEKY.I.

4.1. Paman-cnexmpu. PamaniBcbKa CIek-
TPOCKOIIig € OJHUM i3 BUJIB KOJIMBAJIbHOI CIIEK-
TPOCKOIIIT Ta 3aBJAdKKU CBOIM BJIACTUBOCTAM JIyKe
IIUPOKO BUKOPUCTOBYETHCS NP JOCHTiJPKEHHi BYT-
JIeTIeBUX HAHOTPYOOK Ta iHIMMX aJoTPONHUX (HOpM
syraemio. Jlanuii mMeton gocaijukenus 6asyeTbes
Ha Tak 3BaHoMy edekri Pamana. Voro 3mict nosg-
rac y ToMy, IO IIPU ONPOMiHEHHi 3PasKy MOHO-
XpOMATUYHIM CBITJIOM BUHMKAEe U NpyskHe, i He-
NpysKHE PO3CilOBaHHA NaJaloyux mpomMeHiB. IIpysx-
HE PO3CIIOBAHHA Ma€ Ty K CaMy [JOBXKUHY XBUJI

(ninig Penes), mo i najgaioue Ha 06 €KT BU-
npoMinoBanuA. Hempyskne Mae He3HauHi 3CyBH
(uepBoHUii yu GIAKUTHUIT) BiIHOCHO I1aJal0Y0T0
BUNIPOMiHIOBaHHA (CTOKCOBA YM aHTHCTOKCOBA
JiniT). HanpsMOK Ta BeJIMYMHM 1IMX 3CYBiB Xapak-
TEpU3YIOTh IIpOIlecH, 10 IPOXOJATb B OIPOMi-
HEHOMY 3pa3Ky Ha aToMHOMY piBHi. PamaHiBcbkuil
cuexktp BHT mae psig xapaktpenux obmacreit. [lo-
JIO)KEHHA CMyr Ha HIKaJai 4acTOT paMaHiBCbKUX
3CyBiB, iX HmMUpUHA Ta BiIHOCHA iHTCHCUBHICTb He-
cyTb iHdoOpMaIifo TPo UYUCTOTY Ta TPO Pi3HO-
MaHiTHi BJACTUBOCTI MOCJi/PKYyBAaHHUX TPYOOK.

4.1.1. Padianvna duxaioua moda. Cvyra
paliaJIbHUX JUXAI0UNX MO/l 3HAXOAMTHCS B 00-
JIaCTi HU3BKMX YaCTOT CIIEKTpa Ta 3yMOBJIEHA
pafialIbHUMN KOJWBAHHSAMHM aTOMiB BYTJIEIIO Y
crinkax wHaworpyOku. Ileii mik BigcyTHiit y
rpaditi. HagBuicte a6o 4iTKa BUPaKEHHICTb IliEl
CMYTH € XapaKTepPUCTUYHOIO O3HAKOIO IPHUCYTHOCTI
B JIOCJIi/PKyBaHOMY 3Pa3Ky OJHOCTiHHUX HaHOTPY-
60K, TOMYy 110 y 6araTOCTiHHUX PaJiaJIbHUM KOJIU-
BaHHAM aTOMIB IEPEeIIKO/PKAIOTh CTiHKU CYCiAHIX
Tpy6ok. Came 3 Ili€el NPUYUHU BOHU [TyXKe He-
3HayHi, i JaHa cMmyra Ha crekTpi abo 30BciM He
BH/HA, ab0 ciabo Bupaskena. Yacrtora 1iei mMoan
3aJIeXKUTh Bijl AiaMerpa HaHOTPYOKU Ta € obepie-
HO-TIPOTIOPIIIHHOIO 70 HbOro. IHTeHcuBHiCTDH Iri€l
CMYTU MIBUJKO 3MEHbBINYETHCS 31 306iJIbIIeHHIM
JiamMeTpa Ta JOPiBHIOE HYJIO, KOJIM BHYTPIilIHIiN
niameTp niepesuiye 2 uM [32, 33].

4.1.2. G-band. JIpyroio xapakTepHOIO0 0C0O6-
JgusicTio pamaHiBcbkux crnektpiB BHT e masBricTb
y HUX Tak 3BaHoi G-cMyTH, sika € Hai6iIbIl CHJIb-
HOIO 32 iHTEHCHBHICTIO Ta 3HAXOAWUTBHCSI B 06JacTi
1500—-1600 cm~!. /Jana cmyra 3yMOBJIE€HA KOJIH-
BaHHAMM CYCIZHIX aTOMiB BYTJIENIO Yy IJIOIWHI
rpad)eHOBOrO TMIapy — TaK 3BaHi TaHTEHIiaJbHi
KOJIMBAHHS. Y 3aJe3KHOCTI BiJl CTPYKTYPHOI /JOCKO-
HaJIOCTi Ta BEJAWYNHM KPUBU3HU JAHOTO IIApPy
G-cmyra Moxke BiJApi3HATHCSA 3a 4YacTOTOIO Ta
dopmoto. Y paMaHiBCBKHX CIIEKTpaxX YHCTOTO
rpadiry, nanpukaajs, G-cMyra Mae BY3bKy Ta He-
posninbHy dopmy. Ile Hacxigiok Bucokoi cumeTpii
Ta HEHAIPY>KEHOro CTaHy 3B’fA3KiB MiK aroMamu
ByIJIEII0 Y TIOIMKHI rpadeHOBUX IMapiB /1aHOTO
Mmarepiany. Y crinkax ognomaposux BHT aromn
BYIJIEI[IO MOXYTb CTBOPIOBAaTH KOJIMBAHHS Y
Pi3HUX, €HEePreTUYHO He iJICHTUYHMX, HAIPSMKaX.
Haii6inbiry pi3Huilio mo emeprii MaioTh KOJUBAHHSI
B3/IOBXK Ta BIonepek Bici manorpy6ok. Xipasb-
HiCTb, BHU3HAYal04a XapakTep eJIeKTPOIPOBiHOCTI
y BHT, raxkosxx BnjauBae Ha Taki KOJIMBaHHA
aToMiB BYTJeI0 y cTinkax Tpy6ok. Tomy y crek-
TpaxX OAHOCTiHHWX HaHOTPYOOK G-cMyra BHPO/I-
JKYETBCA y JIeKiJbKa CMYT, IO yTBOPIOIOTH /Bi
migrpynu ecmyt: Gt ra GT. [logi6ny kapTuny MOX-
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Ha criocrepiratm W y HamiBIPOBiJIHUKOBUX HAHO-
Tpy6Kax, ne G-cMyra TakoK Mae Ay6JeTHY CTPYK-
Typy, npudomy oaut 3 nikis (G*) BusBanuii KoJm-
BAHHSIMHU aTOMiB B3JOBX Bici HaHOTPYyOKH, a
IHINN, caabKimuili 3a iHTEHCUBHICTIO Ta MEHbIIOT
vacrotu (G™), NOB’g3aHuii 3 KOJMBAHHAME y TI€p-
HeHUKYJISIPHOMY Bici HampsMKy. 3CyB BHHU3 IIO
YacTOTi OCTAaHHBLOTO TMiKa TOB’A3aHUN 3 TIpH-
CYTHICTIO HEBEJUKOI KiJTbKOCTI HU3bKOYACTOTHUX
(OHOHHMX MOJI, IO KOJUBAIOTHCA y TEPIEHINKY-
JapHUX rpadeHoBoMy mapy HampsMKax. Y Oara-
toctinanx BHT ognodacHo Bin0yBaoTbcs KOJIHU-
BaHHA BEJUKOI KIJIBKOCTI aTOMiB BYIVIELIO, PO3Ta-
MOBAHNUX y CTiHKaxX TPyOOK pisHOTO Aiamerpa 3
pisHoto kpuBm3How. lle mpmusBoguTL MO0 TOTO, IO
G-cMyra y crekTpax TaKuX TPYOOK MICTHUTH IysKe
6arato GJM3BKO PO3TAIIOBAHNX MOJ i TOMy € He-
pO3iJabHOI0 Ta cX0X010 1o dopmi Ha G-cMyTy B
crekTpax rpadiry, Jauiie Mae 6iJblry IUPHHY. Y
CIIEKTPax METAJOBMiCHUX HAHOTPYOOK TaKOXK CIIO-
crepiraerbcs posuieniennsd, G-IMK OTOTOXKHIO-
€THCS 3 KOJIMBAHHAMHU NEPIEeHJNKYJIAPHO Bici, a
KOJIMBaHHA Y3/I0BXK Bici MaloTb Jy’ke HU3bKY 4Yac-
TOTY, IO TOB’43aHO 3 CHJIBHOIO €JEeKTPOHHO-(O-
HOHHOIO B3aeMO/Iielo Ta aHoMasisimu KoHa.

4.1.3. D-band. Cmyra posramoBana y jia-
nazoni 1250—1450 cm~! paMaHiBCbKHX CIEKTPiB
yCiX BYIJIENeBUX MarepiafiB, y TOMY 4ucyai amopd-
Horo ByrJewo. InTencuBHicTb gaHOI CMyrH Xapak-
Tepusye aedeKTHiCTb, TOOTO CTYNIiHb MOPYIIECHHS
cuMeTpii imeaspHOro TpadiTOBOTO TApy 3 Sp-
ri6puausanieto atomiB Byrseiio. Lli mnedextn mo-
JKyTb OyTU CHIPUYUHEHI Hei/lleaJqbHICTIO rPATKH Ha-
HOTPYOKM, a TaKOXX MPUCYTHICTIO gomimok. Came
TOMY CHiBBifiHOMEeHHS iHTeHCcHBHOCTI cMyr D /G
XapaKTepU3ye BiJHOIIEHHA Yy TOCJiJPKYBAHOMY
3pasKy KiJbKOCTi MarepiajiB 3 pPi3HOBIOPSAL-
KOBAHOIO Ta BIIOPSI/IKOBAHOIO CTPYKTYPOIO Ta MOXKe
e(eKTUBHO BUKOPUCTOBYBATHUCS [IJiS BU3HAYCHHS
yuctotn BHT. [lng xopommx 3paskiB cmyra D Ha
JleKinbka 1mopgakiB Menbma, Hixk G. Cmyra G,
o crocTepiraerbes B obaacti 2450-2650 cm1,
iHTepIpeTyeThcs K mepiuit o6epron D-cmyru;
BOHA 3’SBJISETHCS Y BUCOKOBIOPSIIKOBAHUX Tpadi-
toroni6unx marepianax [34]. Ha Bigminy Bix on-
HOCTIHHUX HAHOTPYOOK crekTp 6araToCTiHHUX
OiHimuii Ha MKW, OCKIJIbKH BeJUKa KiJbKiCThb
mapiB HE Ja€ MOKJIUBOCTI PO3PI3HUTH OKpPeEMi Yac-
TUHU B CIIEKTPi, aje i y HUX MOXKHa CcriocTepirartu
G- ta D-niku.

4.1.4. Buxopucmanna G'-band O0as
8CMAHOBACHHA yucmomu. Turosi migxoan 10
BUKOPUCTaHHA CHEKTPOCKOIII /I OI[iHKNA YUCTOTH
MOKJTafancst Ha criBctaBienns inteHcuBHocTi (1)
nikiB D- ta G-cmyrn. Ha sxasnb, intepnperarttia ma-
nux Ip/lg He e Jyerkoio crnpaBoio yepe3 BILJIUB

JIOMIIIIOK BYTJIENIO Ha Ii iHTEHCUBHOCTI. Y poO6OTi
[35] BukopucroByerbcst G'-cmyra sK Oisiblll TOUHA
aJbTepHATUBA [/ BU3HAaYeHHS sKocTi 6Gara-
toctinaux BHT Ta ix wwucroru. Ilpwumna 1mporo
edexry monsirae y Tomy, 1o HOro iHTEHCUBHICTD
0COOJTMBO YYTJIUBA /IO YHCTOTH 3pasKa.

4.2. Onmuuna adcopouiiina cnexmpo-
ckonis. Ontuuni BiaactuBocti BHT BusHavyaoTh-
cd iX YHiKaJbHUMM €JeKTPOHHUMH BJIACTHUBOCTSI-
mu. Hlap rpadeny mae 2D-po3mipHicTb, yTBOpeHa
3 HbOTO HAHOTPYOKA € BXKE OJHOMIPHOIO CTPYKTY-
poio. bynoBa eHepreTMYHHUX 30H TaKUX OJHO-
MipHUX MaTepiajiB Mae 0co6JMBOCTI, Tak 3BaHi
cunryJisipHocti Ban-Xosa. CyTb iX 1mossrae B To-
My, 10 BHACJiJIOK TPOCTOPOBUX OOMEKEHb, IO
HAKJIAIAI0TbCd HA XBUJIbOBY (DYHKINIO B pajiiasib-
HOMY HaIIpSIMKY, TYCTHMHA €eHepreTMYHUX CTaHiB
HaHOTPYyOKHN 6/iu3bKO piBHst DepMi BUPOIKYETHCS
3 MiJicHOTO crekTpa y Habip TikiB, JA3epKaJTbHO
pO3TalIoOBaHUX BiJIHOCHO OJMH OJHOTO. OmnTnuHe
30y/PKEeHHS MOJKe BUWKJNKATH EJEKTPOHHI Mepexo-
M Mi’)K UMW €HEPreTMYHUMU PiBHAMH, WO IIPU-
3BOJIUTH JI0 TOSIBM MAKCUMYyMiB Yy CIIEKTPi ONTHY-
HOTO TIOTJIMHAHHS. EHepreTnyHe MOJIOKEHHS MakK-
CHUMYMiB TYCTHMHU €JCKTPOHHUX CTaHiB 3aJIeKUTh
Biz miamerpa Ta Xipaspaocti BHT, a taxi xapak-
TEPUCTUKU MaKCUMYyMiB, dK aMILIiTy/Ja, HalliBIIN-
puHa Ta piBeHb 6a30BOI JiHil, BU3HAYAIOTb Y JO-
CJIIJPKYBAaHOMY 3Pa3Ky KiJIbKiCHHWIT BMIiCT HAHOTpY-
60K 3 KOHKPETHNMHU BJIACTUBOCTSIMHU Ta iHIIHUX BYT-
JeneBux jomimok. Came TOMY OIS ONTHYHUX
CHEeKTPiB HorauHaHHsg B OamkHboMy Y- Ta [U-
Jiara3oHi CclekTpa 3a CleliaJbHUM aJrOPUTMOM
JIa€ 3MOTY BU3HAYHMTHU KiJIbKiCHUI BMICT TPyOOK y
3pasKy Ta XapaKkTepUCTUKU INX TPYOOK.

Onrtuyna aacopOIriiiHa CreKTPOCKOIIisl € BHUCO-
KOYYT/JIUBUM Ta YHiBepCaJbHUM METOJOM JOCJIi/I-
JKEHHA BYIJIELIEBUX HaHOMarepiasiB, TOMY IO Jae€
3MOI'y BMBYaTU iX BJIACTMBOCTI Y TBEPAOMY CTaHi
ta y po3umHax. Tpamutiiitna [U-criektpockomnis ce-
peanboro gianasony (2,5-50 MKM) TaKOK BUKOPHU-
crtoByeTbest nipu gocaijpkenni BHT, ane ne Ttak
yacto. JlocsaifpkeHHST B 1IbOMY /[lialla30Hi TPOBO-
JAThb, HaAIPUKJIAQL, A eKCIepUMEeHTaJIbHOI Iie-
PEBIiPKN TEOPETUYHHX PO3PaxXyHKiB, BHUBUCHHS
npoiieciB  Moaudikaiii moBepxHi HAHOTPYOOK
pi3HUMHM aToMaM¥, MOJeKyJaMu, (YHKIiOHATb-
HUMW TPYIIaMU Ta JJI BUBYCHHS XiMiUHOIO CKJIQIY
NIPOAYKTIB, 1[0 yTBOPIOIOTHCS B PeaKIiAX 3a yda-
ctio Hanotpy6ok. Ocobausocti pocaiprers BHT
y cepeanbomy IYU-zpiamasoni mosgraioTb y TOMYy,
mo BHT me MaioTh HOCTIMHUX CTAaTUYHUX JIUIIOJIb-
HUX MOMEHTIB, i CMyI¥M IOTJIMHAHHA 3YMOBJIIOIOTh-
Cs HaBEJIEHUMU JMHAMiYHUMU JUIOJbHUMHI MOMEH-
tTaMu, dKki € gocuthb caabkumu. Kpim Toro, o6-
JIacTh JIy’Ke 4yTJuBa /10 HPUCYTHOCTI y 3pas3Kax
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¢yHkIioHaIbHUX TPyl Ta 3B’A3KiB 3 HeBYyTIJelle-
BUMHM aToMaMM, $SKi MaloTb CHJbHI ITIO0JIOCHU, Ha-
npukaag, —COOH, -OH, -C-0-C-, -C=0,
—CH ra in. Taki cmyru 3 [YU-cnextpy BHT, sx
MIOKa3yIOTh JOCJi/PKEHHS, MOXKYTb 3HUKHYTH JIH-
IIe Iicjs BHCOKOTEMIEPATypHOi 06pO6KH 3paska
y Bakyymi [36].

OcHoBHi BUCHOBKH, $Ki MOXHa 3poOUTH 3
aHaJtigy my6mikaiiii [36—39] cTocoBHO moCTizKEHD
BHT y cepeanvomy IY-pianasoni, € TakuMmu: Teo-
pPETUYHO Tepe0avyeHo Ta €KCIIEPUMEHTAJIbHO BUSB-
geno y BHT 61m3bko jecdTka aKTMBHUX KOJH-
BAJbHUX MOJI, dKi € YyTJIMBUMH /IO XipaJbHOCTi Ta
Jopkunu Tpy6oK. Haiibinbii cuapbHUMU 3 HUX €
Moau B o6jacti 6amsbko 860, 1575 cm~ 1. Bcera-
HOBJICHO, IO IIi MOJM He 3aJjekaTrb BiJl JiaMerpa
HAHOTPYOOK. EKCIepuMeHTaJbHO CIIOCTEPesKyBaHi
Pi3HUMH aBTOPaMU YacTOTH MAlOTb JIeIKUN PO3TAT,
SIKUN Moke 6yTH 3 Pi3HUX TIPUYMH, Ta HOTO BeJH-
yuna y migomy He nepesuinye + 10 em~!. Cmyra
860 cm~! HanexuThb 10 pajiaJbHUX KOJIMBAaHb Ta
crocrepiraetbest y crekrpax ojxomaposux BHT.
Cmyra 1575 cM~! HaJeKuTh A0 TaHTEHIiaJbHUX
KOJIMBaHb aTOMiB BYTJICII0 Ta CIIOCTEPITaeTbCd Y
cnekTpax ycix BHT.

OnHuM 3 HAIPAMKIB M0JAJbIIOIO PO3BUTKY
OTITHYHO-CIIEKTOrpadiuHuX METOiB JOCi/XKCHHS
BHT y Bcix pgiama3oHaxX /JOBKWUHU XBWJIb €
intepdepentiiiiia CEeKTPOCKOITiS 3 TEPETBOPEHHSAM
Dyp’e. Ileit MeTo cEKTPOCKOITT y MOPiBHAHHI 3i
3puyaiinolo (JucnepciiiHon) CHEKTPOCKOIEID Mae
TaKi IepeBarn: MOKJIUBICTb pericTpauii CHeKTpiB y
BCbOMY OINTHYHOMY Jiialla3oHi JOBXXUHU XBUJIb, BU-
COKY 4YYyT/JUBICTb Ta PO3/AiJbHY 3JaTHICTh, IIOKpa-
IeHe CHiBi{HONIEHHAM CHUTHAJ /IIyM Ta iH.
[40—42].

4.3. @omoatominicuencisa. Y ByrJeleBux
HaHOTPYOKax icHye ¢oTomoMiHicieHcisa, Ha ii oc-
HOBi OCTAHHIM YacOM aKTUBHO PO3POOJISIOTHCS Me-
TOAM CIIeKTPaJbHOTO aHamidy. [lame sBuie mae
Micite TiJIbKH Yy HaMiBIPOBIJHUKOBUX HAHOTPYO-
KaxX, TOMY TI[0 B HUX iCHy€ 3a00pOHEHA 30HA MiXK
BaJIEHTHOIO 30HOIO Ta 30HOIO IIPOBiJHOCTi. Y MeTa-
JIOBMiCHUX HAHOTPYOKax I1i 30HUW 3 €IHYIOTHCA.
3TiTHO OJJHOMY 3 3aKOHIB MOJEKYJsApHOi ¢o-
toximii, Tak 3Banomy mpasuiy Karmri, Bumpowmi-
HeHHs (POTOHIB MOKe BiGyBaTHCS 32 PaxXyHOK Iie-
pexojy eJeKTpoHIB Ha He30y/KeHuil piBeHb
eHeprii TiJIbBKU 3 HAWHWKYOTO 30Y/KEHOTO PiBHS.
Enepriga mporo mepexojy 3aJieXUTb BiJl XipaJsb-
HOCTi HAHOTPYO6OK. Came TOMY 3a CHEKTpoM (POTO-
goMiniciiencii MoxHa edeKTUBHO BU3HAUYUTH, 3
SKUMU iHJEKCAMU XipaJbHOCTI TPYOKHU € y JOCTiJI-
JKYBAHOMY 3pasky. CMyra 1bOTo I1epexojy 3HaXo-
quthbes y 6mkabomy [U-miamasoni, a cam crexTp
nyske cxoxkuii Ha [Y-ciektp [43].

5. Iloepxus

bararo ymikaapHUX ABUII, TOB’43aHUX 3
BHT, wMmoskHa BijjHeCTH [0 B3aeEMOJill, dKi
BisiyBaloThcsl Ha moBepxHi. Hampukiam, crnymninb
aucrepcii HaHOTPYGOK y KOMIIO3UIIIHHOMY Ma-
Tepiani 6a3yeTbcd Ha B3a€MOJil iX MOBepXHi 3
HaBKOJUIIHIM MaTepiasoM 4u po3dynmHOM. TOK-
CUYHiCTb, ajcopbIlis rasiB Ta KaTaJiTUYHA aK-
TUBHICTb TAaKOX [Ay’Ke 3aJieXaTb BiJl IOBEPXHi.
Edexrusnicte momudikarnii HaHoTpy6bOK, y TOMY
yucJi iX ouminenss, (YHKIiOHaJgi3aIis, 3B sA3y-
BaHHA Yy IIYYKH, AY>KE 3MIiHIOIOTH ILJIOINY IMOBEPXHIi
3paskiB HAaHOTPYOOK. XapaKTepHCTHUKA MTOBEpXHe-
Boi mJomii gornoMarae 3’gcyBaTu IIi B3aeMojii.
Busnauennsi moBepXHeBoi IJIOII HAHOTPYOOK 3a-
3BuYail 6a3yeTbcd Ha ancopoIii Tasy.

Icaye neximbka Momesieil s pO3PaxyHKY.
Pisuanuga Jlenrmiopa MoXHa BHUKOPHUCTOBYBaTH
TIJBKYM TpH aJAcopOIilii PEeYOBUHU MOHOIIAPOM.
Taki yMOBM BUKOHYIOTbCI TIpu XeMmocopoOiii,
¢izuuniit agzcopOIil TPpU HEBUCOKOMY THUCKY Ta
TeMIeparypi BHILe KPUTHMYHOI Ta 4acToO IpPH aj-
cop61tii 3 po3unuiB. Y OiJbIIOCTI BUNAJAKIB pe-
aJbHa IOBEPXHA TBEPJOro Tija 30BCiM Heoj-
HOpi/JiHA eHepPreTuYHOo; aJAcopOIlist, SK MPaBUJIO,
He € JIOKaJi30BaHO0; aJcopOOBaHi MOJIEKYJH
Maii’ke 3aBXKIM B3a€MOJIIOTh Mi’K c000I0; CTeXio-
METpisi MOKe IOpPYUIyBaTHUCS, BHACJIJIOK YOTO a-
copbuisi He Oyze ob6MelKeHa JHIE MOHOIIAPOM.
Tomy peanpui i3oTepMu amcopOIii 3aBXKau
BinMinHi Bif i3otepmu Jlenrmiopa.

BET w™ozenpr (BET, Brunauer-Emmett-
Teller) 6yna pospo6aena y 1938 p. Bona sacro-
COBYETBCS JI0 i30TepMiuHoi azcopOliuii a3ory npu
77 K (temneparypa pigkoro aszory) [44], posmu-
pioe Teopito ajacopo6iii Jlenrmiopa ams ommcy Oa-
raromapoBoi ajcopOiii a3oTy Ha MOBepXHi Ma-
tepiany. Teopiss BET 36epirae ysBiaenns mpo au-
HaMiuHWiT Xapakrep azacopOilii, aje mpu IbOMY OC-
TaHHS € MOJINIapoBo0. MoJieKyan Mepuioro mapy
acopOyIOThCS Ha TOBEPXHIO aJcopOeHTa y pe-
3yJabrati B3aemoJii ajgcopbar-agcopbeHT. KosxHa
ajcopboBaHa MoOJIeKyJa IEPIIOTo aacopOIiiiHOTO
nmapy, B CBOIO 4epry, Moxe OyTH IEHTPOM aJ-
copO1Iii MoJieky.1 ipyroro mapy i tak gami. [Tos-
Huit onmc Teopii BET Tta iioro BUCHOBOK MOKHA
suaiitu y [45, 46]. AsoT Haituacriiiie BUKOPHUCTO-
BYETbCA K ajacopbar s muomnli noBepxHi. Sk
aJbTepHATUBY BUKOPUCTOBYIOTH Ta3W 3 MEHIIUM
JiaMeTpoM MoJieKyJT abo Taki crenudiuni agcopba-
TH, SIK APTOH, BYTJIEKUCJUN Ta3, TeJiil, BogeHb. lle
3abesrieuye OTpUMaHHS OiJbII TOYHUX JaHUX. AJie
BUMipIOBaHHS TIJIOINII TTOBEPXHi Mae OyTH BUKOHAHE
npu Temieparypi Kuminns ajgcopbenty. Tomy Bu-
KOPHMCTAHHS 1HINUX Ta3iB 4acTo € OiJIbIIl CKJIAHUM
y MOPiBHAHHI 3 BUKOPUCTAHHAM a30Ty.
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Mogenb BET mae psajg KpUTHUYHUX 3ayBaKeHb.
Teopiss ocHoBana Ha [JONyIleHHi, 1[0 BUMipioBaHa
nosepxus € oxaHopiguoo. Ilpore maa BHT an-
copOIliiiHi MicCIsl He € OJHAKOBUMH Yepe3 KOMILIEK-
tamii um arperamnii a6o gedextu. Takox Tteopis
BET wne touno ommcye B3aeMojiio aacopboBaHUX
MOJIEKYJI, & 3HAYeHHA IO IOIePeYHoro nepepisy
MOJIEKYJT ajicoOpary Moke OyTH 3MiHeHe uyepe3 aji-
copbar-ascopbar ab6o aacopbaT-aIcOOPEHT B3aEMO-
nito. Jlns matepianiB 3 MikporopamMu 3arOBHEHHS
BifIOyBAaETbCS MPU HU3bKUX TUCKAX [0 IIOBHOTO
OXOIIJIEHHST MOHOIIIApy, OT)Ke IJIoIa MOBepXHi MO-
JKe OyTtu mepeoltinena. IIpote, AKIo a3oT He MOXe
OTPUMATH JOCTYT O TIOp YJbTPaMiKPOIOPHUCTUX
MaTepiasiB, TJIONIa TOBEPXHI MOKe OyTH HeEI0-
orliHeHa. AJie He3Ba)KalO4YW HA BCi CBOI HEIOJIKH,
monenb DET 3anmuinmaetbcst cTaHIapTHUM METOOM
JUIS BU3HA4YeHHs 1ot mosepxHi amxsa BHT.

Y pobori [47] BiamiveHo, IO ILIOIIA TTOBEPX-
ni BHT npyske 3anexutb Bij KiJgbKOCTi CTiHOK Y
HaHoTpyOKax. EkcnepmMeHTabHO BUMIPSHI TO-
BEPXHEBi MiJIAHKN BUTOTOBJIEHUX CHPHUX HAHOTPY-
60K 3a3BWuail 3HAXOAATHCS y MeKaX BiJ TpH-
6musno 10 mo 500 M2 /r. AxTuBalig ta XiMmiuHa
06po6Ka, AKi BUKOPUCTOBYIOTHCS [IJIsI OYUCTKH,
MOXXYTb TPHU3BECTH /O BIAKPUTTA OJOKOBAHUX
KiHIIB, IO [J03BOJdA€ OTpUMaTH [JOCTYII [0
BHYTPIITHBOT TIOBEPXHi, TAKUM YMHOM 3061JbINTYIOUN
3arajpHe 3HaUeHHs moBepxHeBoi muomti. Ilomi6Hy
pobory OyJio onucano y [48—52], mo npusseso 10
36ispirentst moBepxHeBoi mmaonti g0 50—380 %
micas BiIKPUTTS KiHIIB HaHOTPYOOK. Bumipio-
BaHHS aJcopOIlii a3oTy Moske OyTH BUKOPHCTAHE
JUIST OTPUMaHHS XapaKTepPUCTUKU PO3IOMAiLY IIOP
3a poamipamu [53].

6. IlispHicT

[[lirpHicTD TaKWMX TOPUCTUX MaTepiasiB, SK
ByTJlelleBi HaHOTPYOKM, Ma€e KiJbKa 3HadeHb, 1o Oa-
3YIOTbCSI Ha BU3HAueHHI 00’eMmy Marepiany. Ilepie
BU3HAYEHHS TIiJIBHOCTI, 06’€éMHa IiJbHICTh, Bpaxo-
BY€ Macy Ha OJIMHHINIO 06’€My MaTepiasy, SKWil [
BHT BpaxoBye 00’eM 1Op, MOPOKHUH Ta 00’€M Mix
My4YKaMW Ta 3aJeKUTh Bijl KOHQITypallii Ta arjome-
parii HanoTpy6ok. /lpyra miiJbHiCTH, CKeJeTHA
HIIJIbHICTh, BPaXxoBye 06’eM MaTepiany, SIKUH BHK-
moyae 06’em tmop. Lo MminbHICTH Ile HA3UBAIOTDH
iCTUHHOIO YU peajabHOIO, TOMY WIO0 BOHA € BJa-
ctuBictio mMarepiany. IllinbHicTh ynakoBku € TpeTiM
TUTIOM Ta BUBHAYAETHCS Y TIEpEPaxXyHKy Ha 06CsT
KOHTeliHepa, y AKUl  BMillyeTbcd — MarepiaJ.
[IlinbHicTh yIAKOBKM HE € BJACTUBICTIO Marepiaiy,
azie Moyke GyTH BaXKJMBHUM MOKA3HUKOM JIJIS CIIOXKU-
BaviB Ta BUPOOHUKIB.

[ispHiCTD ByTJIENeBUX HAHOTPYOOK 3a3BHYAil
BUMIPIOETbCA 3a JIOIIOMOIOI0 ra30BOI IIKHOMETPIi.

[Ipn mpoMy 3pa3ok BiIOMOi Macu TOMINAETHCI Y
kamepy mig truck. IlotiM BigKpUBaoTh KaamaH Mix
KaMepolo 3i 3pa3KOM Ta €TaJOHHOIO KaMepolo.
[lani MOpiBHIOIOTH 3HAYEHHSA THCKY, IO CIIO-
CTepiraeTbcst B KOHTPOJbHIN KOMIpIli, KON BOHA €
nopoxkHg. O6’eMHa Ta CKeJeTHa IIiJbHICTD MO-
JKYTb OYTH BHUMIpsiHi 3 BUKOPUCTAHHSIM I[bOTO Me-
tony. [l BumipioBanHs 06’€MHOI MIiJIBHOCTI SIK
ajcopbaT BUKODPHCTOBYIOTHCS MOJIEKYJIU, IO He
MOKYTb IIPOHMKATH Yy Topu Martepiany. /laHi ree-
BOI MiKHOMeETPii JaloTh YABJEHHA IIPO CKEJIETHY
mimbuicts  BHT. {x asnbrepnaruBa ckejeTHa
NIJIBHICTD TaKOXK MOske OyTH BHpaxyBaHa Ha OC-
HOBi Mi>KaTOMHMX BiJICTaHEH y Me)kax eJeMeHTap-
HOI KOMipKH, gKa BUMIPIOETbCS 34 JIONIOMOIOIO0 J1a-
HUX PEHTTEHOCTPYKTYPHOIO aHaJi3y.

[Tepmie excriepuMeHTaJbHE OCJI/KEHHS [JIs
6araroctinnux BHT O6ysmo 3po6aeno y pobori
[54]. BumipioBanHs BUKOHyBasm Ha TPyOKax, sSKi
Maan Tpu6IN3HO OJMHAKOBI JOBXUHY Ta JAiaMerp,
BUKOPUCTOBYIOUN aHagizatop audepeHiiaaibHOT
PYXJIUBOCTI 3 Mac-AeTeKTOPOM. 3HauyeHHs MiJb-
HOCTi OyJI0o OTpUMaHe fK BiJHONIECHHS BUMipIloBa-
HOT Macu 10 06’eMy, i, SK BKazaHO y cTaTTi, CTa-
Hosuso 1,74 r/cm3. O6’eMHa MIJAbHICTD Bif KO-
MEepIifHIX TIOCTAYaJIbHUKIB BapilOEThCST y TMHUPOKUX
Mexkax: Big maiftmmxuoi 0,03 r/cM3 go naiiBuimof
0,22 r/cm3 [55]; ckeseTHa IiJIbHICT € 3a3BUYAil
6/msbko 2,1 1/cM3. Y pobori [56] Gyso mokasano,
M0 Bara Ta MWIJBHICTb BYTJENEBUX HAHOTPYOOK
BapiloOThCa y AysKe MIHMPOKUX MeKaX 3aJesKHO Bif
KIJIBKOCTi CTiHOK, BHYTPIIIHBOIO Ta 30BHILIHBOIO
Jiamerpa.

7. TepmiuHi MeTOU aHaJI3y Ta YHCTOTA

Tepmiuni MeToau anasizy 4acTo BUKOPUCTOBY-
IOTBCS JIJIST OIIHKU TE€PMivHOI CTaGiIbHOCTI, YUCTO-
TH, CTPYKTYPHOI [JOCKOHAJOCTi Ta O/JHOPIJAHOCTI
3pa3KiB ByrJeneBUX HAHOTPYOOK. 3asBuuaii Ie
repmorpasimerpis (TT), audepeniianbua Tepmo-
rpasimerpis (JITT) Tta andepenniaabauii Tepmiy-
uuii awanis (JITA). Ha BiaMiny Big iHmmx me-
TOJiB TEPMIiUHUN aHasi3 BUKOHYETHCS 3 BUKOPH-
CTaHHAM BEJIUKOI KiJbKOCTI JOC/iI/KyBaHOrO0 Ma-
tepiany (Bisi AEKibKOX MIiKpOrpamiB 10 JECATKIB
rpamis.) Haltuacrine nmpm TepMiuyHHX JOCJTiKEH-
nsax spaskiB BHT orpumaiors TT-kpusi (kpusi 3a-
JIEKHOCT] Bi/THOCHOI 3MiHM MacH 3paska BiJl Temile-
parypu HarpiBy) Ta JITT-kpusi (KpuBi mBHAKOCTI
3MiHM Macu 3pasKa Bijl TeMIepaTypu HarpiBy).
Tepmiuni gocaifykenns 3azBuyail BUKOHYIOTb Y
KHucHeBMicHOMY cepegoBumti  (mositpsa, cymim
iHepTHUIA ra3 + KUCeHb) Yi iHEPTHOMY CEPEeJOBHIIi
(apron, remiii).

BaxxksuBuMu mapamerpamMu Ha KpHUBiHl BTpaTH
Baru € remleparypa iHililoBaHH:d, TeMileparypa
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OKHCJIEHHS Ta 3aJUIIKOBAa Maca. TeMIeparyporo
iHil[iIOBaHHS BBa’KAETbCS TeMmIleparypa, NP sKii
MarepiaJ TOuMHAe po3kJaagaTtucs. TemmepaTyporo
OKHCJIEHHSI € TOYKa Hai6GijbInol BTpaTu MacH, IO
imeHTH(iKy€eThCS K TiK 3 TOXiJHOI BTpaTH Baru
Big ¢ynkuii Temmneparypu. Temmeparypa oxwuc-
JICHHS 4aCTO BU3HAYAETHCA K IapaMeTp TepMidyHOl
crabimpHOCTI Matepiany. 3ammmkoBa Maca y TTA
BYTJIEIIEBUX HAHOTPYOOK BiIHOCUTBCS [0 Me-
TaJIYHUX KaTaJ/i3aTopiB, 10 BUKOPUCTOBYBAJUCH
npu BUPOOHUIITBI HAHOTPYOOK, ab0 OKHCJIB Ka-
TaJi3aToOpiB. 3AJUIIKOBA Maca MOXKe BapiloBaTucs
Big 6sm3bko 0 710 50 % y 3ayeXHOCTi BiJ SIKOCTI
Ta TOMOTeHHOCTi MaTepiamy. AxicTb Martepiany B
3QJIEXKHOCTI BiJl 3aJIMIIKOBOI MacH BHU3HAYalOTh 3a
CKJIa/IOM TIOTIeJTy 3Ti/IHO CTaH/1apTiB.

Bukopucranuga TtepMiuyHUX MeTOJiB y Ipolie-
cax oumcTku Ta oiinkn uynctotu BHT 6asyerncs
Ha pi3Hiil TepMmiuniii cTabijbHOCTI DOPM BYTJIEINO
Ta MeTaJIeBUX [OMIIIOK IIpYU IX HarpiBaHHI B OKHUC-
JIIOI0UOMY cepeloBullli. YacTuHK aMOpgHOTO BYT-
JICHIO, a TaKOK P4/l iHIIMX BYTJICHEBUX CTPYKTYP
BHACJi/JIOK BEJIMWKOI KiJIbKOCTi CTPYKTYPHUX Jie-
dekTiB Ta HeHacHueHWX XiMiYHWX 3B’S3KiB OKHC-
JIIOIOTBCST Y Pi3HUX cepeloBHUIIaX OibIl aKTHBHO Y
MOPiBHAHHI 3 cCaMUMM HAHOTPYOKaMu, OCKiJbKH
octaHHi € BuUCOKOKpucTamiuaumu [57]. Tepmiuna
cTabifbHICTD Ge3MMocepeIHbO HAJEKUTD [0 apoMa-
THYHUX 3B’43kiB y cTpykrypi BHT, ane takosx
MOJKe 3ajieXKaTH Biji KiJIbKOCTI CTIHOK y TpyOKax,
IIPUCYTHOCTI YaCTUHOK KaraJi3aTopiB 4u iHIINX
JIOMIIOK, JedeKTiB y cTiHkax Ta iH.

ITpu oxucsaenni ByrjeneBux MarepiatiB y
KHCHEBMICHUX CepelOBUIIAX YTBOPIOIOTHCA JIETKi
razgu CO ta COy. lle mpu3BOANTD /10 3MEHIIEHHS
Macu 3paska, mo ¢ikcyerbes Ha TT- Ta JITT-xpu-
Bux. Came 11i KpuBi yacTo HasaoOTh iHQOpPMaIio
IIPO YUCTOTY MaTepiajy 4yepes3 MyJIbTUILIETHICTb Ta
mupuHy 1ikiB. Ha ocHOBI ekcrniepuMeHTaJIbHUX fla-
HuUX OyJI0 BCTAHOBJIEHO, IO Ha TepMOrpaMax
BUXIJJHOrO MatTepiaJjy icHye 4K MiHIMyM TpuU Xa-
PaKTepHi JIJIAHKY Ta BiANOBiai04i iM MaKCUMYMH.
Bizomo, mo amopduUil ByTJIeb PO3KIATAETHC
npu caMux HU3bKMX Temmneparypax (200-300 °C),
TOMY TepIInuii MiK iHTeplIpeTyeTbcs came sIK TIPo-
1eC OKUCJEHHS 4acToK amopdHoro ByrJerio [38,
59]. Maui iile MEHIINI 3a BEJUYMHOIO IIK, SIKUI
MOJKe HaKJaJaTucs Ha Ieplinii, 11e OKHCJIO-
forbes onuocTinHi BHT (350-500 °C), motim 6a-
ratoctinni BHT Ta xpucraniuni Byraenesi yactuu-
KM, XOY TeMIlepaTypHUWl AianasoH A pi3HUX
(opm Byruemio He OyB j06pe BCTAHOBJICHMUIA.
[MopiBusanbHMIT aHaMi3 GaraTbox MMyOJiKaIiil moka-
3ye€ CYTTEBY BiJMiHHICTb Ppe3yJbTaTiB TEPMO-
rpaBiMeTpuyHUX jocsi/pKkenb OGararoctinnnx BHT
Bil Marepiany n0 Marepiany, aJje, AK IIPaBUJIO,
TeMIlepaTypa OKUCJICHHA 3HAXOAUTbCA Y Jiaras3oni

400—650 °C. CrocrepexxyBaHy Pi3HUINIO €KCIepu-
MEHTAJIbHUX Pe3yJ/bTaTiB 3a TEPMOIPABIMETPUYHUM
metonoM nocaipkendas BHT mosxkna mogcHutu Be-
JIMKUM Pi3HOMAHITTAM MarepiaiB, AKi MIiCTATb Y
co6i HAaHOTPYOKH, Ta XapaKTEPUCTUKAMHU CAMHUX Ha-
HOTPYOOK, 10 Gy OTpUMAaHi Pi3HUME CIIOCOGAMH.
CyTTeBuil BIIMB Ha OTPUMAaHi pPe3yJIbTaTH TaKOX
HA/Ial0Th METOJIMKH Ta OCOOJIMBOCTI BUKOHAHHS Tep-
MOTpaBiMETPUYHUX JTOCJi/IPKEHb, HAIPUKJIA/, IBU/-
KicTb HarpiBy, CKJaJ CepeloBHIla, METOJNKA
BUMipoBaHHs Temmeparypu Ta iH. lle cuig Bpaxo-
BYBaTH IIpU IOPIBHAJIBHOMY aHaJli3l pe3yJibTarTiB, a
TaKOK BUKOPUCTAHHI METOLY TepMOrpaBiMeTpil A/
ominku yncroru BHT Ta ix gxocri.

Barato gocaimprens Garatoctimanx BHT 6ymo
MPOBE/JIEHO /IS TOTO, MO0 TOKAa3aTH Pi3HUIO Y
mMartepiaJi micas Biamaay [60—62], oxwucienns,
ounctkn [61, 63—-65] Ta yabTpasByKOBOTO TpaHy-
BanHd [66]. Y misomy Bifmas moxparniye BificOTOK
KpucraJjgiyHocti ta Minnictb OGaratocrinnux BHT,
CIIOCTepiraeTbCsa MiJBUICHHA TEMIepaTypH, IIpU
SKiil BifOyBaeTbcs OKucjeHHs. Takox IMmic/as Tep-
MiuHOi 0O6pOOKH Ha MOBITPiI y BYTJIENEBOMY Ma-
TepiaJi 3HAYHO 3MEHIIYETbCA KiJIbKiCTh JOMIIIOK i,
gaK Hacaifok, BigHocHa jgoasa BHT spocrae y
NOPIBHAHHI 3 IX BMICTOM Yy BUXiJIHOMYy Marepiadi.
Bynp-sika 3mina maHoTpyOOK, crpuunHena (yHK-
miasisarieo moBepxHi ab6o omneparisMu, MO MpH-
3BOJATh 70 36ijblienus gedekTiB y Marepiadi,
3HIDKYE TeMIlepaTypy OKHCJeHHS. BIums poaMipy
Takok OyB IIMPOKO [JOCJi/KeHwi [ug 6ara-
TOCTIHHUX BYTJIEIIEBUX HAHOTPYOOK. Edext Brm-
By niamerpa Garartoctinumx BHT ma oxwucienHs
HaBOAUTLCA Y pobori [67], me iierbest Ipo Te, 110
TPyOKHU 3 BY3bKUMHU JiaMeTpaMyl MOYMHAIOTH PO3K-
JIAJIATHCS TIPpU GiJIbIT HU3BKUX TeMIlepaTypax, HixK
TPyOKHU 3 BEJWKUMHU JiamMeTpaMu. J[OBXKWHA TaKoXK
MO>Ke BIJINBATH HA TeMIepaTypy OKHUcJIeHH:s. Byso
BCTAHOBJIEHO, IO  TeMIepaTypa  OKHCJEHHS
3MIIYEThCS B 06JIACTD HUKUYUX TEMIIEPATYP, SKIIO
JIOBXKMHA Ta JiaMeTp TPyOOK 3MeHIIyoThest [68].

Caig gekaTn Kopesdamii MixK TPUPOJOI0 Ka-
ramizaropa (eJeMeHT, po3Mip) Ta NPUCYTHICTIO i0-
ro y Hanorpy6kax. 3riguo [69], ne Bci wyactunku
KaTaJi3aTopiB KAaICyJi0I0Th KiHIli HAHOTPYOOK.
g tux, mo BOYIOBYIOTbCSI, Bi/JHOIIEHHS Tpa-
ditoBUX mapiB [0 AiaMeTpy KaTaJisaTopa CKJIJIa€e
npu6ausno 1 : 0,25 um [70]. Ilpucyrnicts wactu-
HOK KaraJsizaTopiB y 3paskax Oaratoctinaux BHT
MO>Ke BijlirpaBatu 3HauHy posb y TTA, mo nase-
JeHo y Garatbox omy6JaiKoBaHUX po6oTax, opi-
€HTOBAHWX HAa KOHIEHTPAIiIO-KOMIO3UIIIO Ka-
Tajizaropa Ta Ha TOKPAIIEHHS SIKOCTi HAHOTPYOOK.
Hanpuknan, y po6ori [71] HaBeaeni mani 1momo
3aJ1i3HOr0 KaraJi3aTopa, 10 KOPEeJIoITbCd 3 JaHu-
M TT'A Ta miATBEp/KYIOTH 306iJIBIIEHHS TeMIIepa-
TYpH OKHUCJEHHS. 3POoOJeHO MPUITYIEeHHS, M0 TOo-
HUSKEHHSI PEAKTUBHOCTI HAHOTPYOOK 3 OiJIbIINM
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BMiCTOM 3aJi3a MOJKJIUBE 4Yepe3 BTpPaTH Ka-
TAJITUYHO aKTUBHUX [iJSHOK, 10 NPU3BOAUTDL 10
MiZIBUIIEHHS TeMIIepaTypu OKHUCJEeHHs, a TaKoX
mo gedeKTd y HAHOTPYOKaxX MOXKYTb OYyTH Miciis-
MU IiJABHUIIEHHOI peakTUBHOCTI. Y poGori [72]
JIOCJIJIPKEHUN BIJIMB PO3Mipy KarajizaTopa Ha
TeMIepaTypy OKucJeHHs Ta iHinianii. Byno Bcra-
HOBJIEHO, 10 cepenniit giamerp BHT 36iabimyeTn-
cd 3 po3MipoMm Karasdizatopa. [Ipm HarpiBanu:A
BHT BinOyBaloTbcsi CTPYKTYPHI 3MiHM, SIKi € TIpH-
JIATHUMU /1151 BUBUEHHSI MeXaHi3MiB pO3KJaIaHHI.

Bucnosknu

[IpocBiuytoua ejleKTPOHHA MiKPOCKOIis 3aJ1-
MIAETHCS HANUGIJIBIT BAKJIUBUM IHCTPYMEHTOM JIJIsI
XapaKTepUCTUKU CTPYKTYPHUX BJIACTUBOCTEH BYT-
JIeNeBUX HaHOTPYOOK. MDaKTUYHO 1€ €UHUI
croci6é BCTAHOBUTH KiJIbKiCTb CTiHOK y TpyO1i,
To6TO enuHMii croci6 joBectu icHyBaHHsT Gara-
TOCTIHHUX BYTJIEIIEBUX HAHOTPYOOK y 3pasKy. 3a
JIOIIOMOI0I0 CKAaHYIOYO0i €JeKTPOHHOI MiKPOCKOIIii
MO’KHA JIOCUTb TPUOJIU3HO OIIHUTU AiaMeTp Ha-
HOTPYOKM, aje 3po6UTH BUCHOBOK IIPO HASBHICTD
6aratocTiHHUX TPYOOK, a He BYIJIENEBOrO BOJIOKHA
Y OJHOCTIHHUX TPYOOK, 3 INX JAHUX HE MOKHA.
[Ipore nas mpoMmCJIOBOCTI MPOCBidYyoYa Ta CKa-
Hylo4a MiKPOCKOIIid He € Jy’Ke NPaKTUYHOI0 depe3
HEMOJKJINBICTb PO3TJAZAaTH MaTepias y BEJUKOMY
00’eMi Ta BCTAHOBUTH WOTO YHCTOTY y Macubi. IH-
i MEeTOJW MOKYTb HaJaTh BiAmoBigHY iHMOpMa-
ifo. CreKkTpocKoriss KOMOIHAIIITHOTO pPO3CitoBaHHS
CBiT/Ia Ta TepMOrpaBiMeTpid NalOTh YABJEHHA IIPO
YUCTOTY IWiCJS TOTrO, K BCTAHOBJICHO HAsABHICTh
TpyOoOK y 3pasky. /Jleski aBTopn BUBYAIN BILTHB
JnedeKTiB Ha MOBEMIHKY CHEeKTPiB KOMOGiHAIIIHOTO
pO3ciloBaHHA, 110 BKa3y€ Ha BEJAUKE 3HAYCHHA
cuekTpockouii cBiTia y pyrunuiil ouinni, a Takox
PO HEOOXiIHICTD THOTO TOCTI/IPKEHHS IJIT TIOBHO-
ninHoi xapakrepuctuku. IligbHicTb Ta 1J0IMA €
KiJIbKICHUMU ITOKa3HMKaMU, 10 BIJIMBAIOTh Ha
dyHgaMeHTATbHI TUTAHHA /IS TPUHHATTS TeX-
HIYHUX Ta €KOHOMIYHUX pillleHb. Y IiijoMy Haii-
KpamuM croco6oM xapakrepuctuku BHT-BmicHIX
3pa3kiB € KoMOiHalis 3 JekiabkoX MeTo/iB. Takum
9IHOM Oy/le TOCSATHYTO KOHTPOJIb SIKOCTi JIJIsT Ma-
coBoro Bupo6uuiTBa. OueBnpHA HEOOXiIHICTD eTa-
JIOHHUX 3pa3kiB. Besmkwuil komepiiiHuii iHntepec
Ta 3POCTaHHS BUPOOHMIITBA CTUMYJIOIOTH Ta CIO-
HYKaIOTb /10 TIPOJIOBXKEHHS JI0CJIi/IPKEHD.
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Metoapl HCCJEA0OBAHUS CTPOEHHSI M YHCTOTbI
yriaepoansix HaHoTpyOok (0030p)

Ha mporspkennn HECKOJIDKUX TIOCTAEAHUX JeCATUICTHH YIrylepoHble HAHOTPYOKH ITOCTEIIEHHO
CTAHOBATCS BasKHBIM WH/yCTPHAJIbHBIM MaTepuasoM. HesocTaTouyHOCTb U HECHCTEMATHYHOCTD
nH(OpPMANNN KacaTeJbHO METOJOB WCCJEJOBAaHUSA YHCTOTBI ¥ CTPYKTYPbI YTJIEPOJHBIX
HAHOTPYOOK IPUBOAMUT K HEBO3MOKHOCTH COIOCTABJICHUSA PE3YyJIbTAaTOB, IOJyYEHHbIX
pasHBIMI aBTOpaMH. OJTa CTaTbs MpeJACTaBsAeT co6oil 0630p HAy4HOIl JMTEpaTypbl C
e/IMHCTBEHHOIl IeJIbI0 — pAcCMOTPETb M OOOOIIUTH TaKWe CYIIECTBYION[ME METO/bI, Kak
CKAHMPYIOIIAs 3JIEKTPOHHAS MHKPOCKOIMS, ITPOCBEYMBAIONIAS 3JIEKTPOHHAS MHUKPOCKOINS,
CIIEKTPOCKOIHS  KOMOMHAIIMOHHOTO — pacCesHus CBETA, TEPMOIPaBHMETPUYECKUE METO/Ibl
aHaJM3a, a Takke ajacopOIM  Tasa I u3ydeHus 1osepxHoctH. Cresman  0630p
CYIIECTBYIONNX e(eKTOB B TpadeHOBbIX CI0IX U HAHOTPYOKax. buba. 72, puc. 3.
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Methods of Studying the Structure and Purity
of the Carbon Nanotubes (Review)

During the last several decades carbon nanotubes have gradually become an important in-
dustrial material. Insufficiency and no systematic information on research methods and
purity of structure leads to the impossibility of comparing the results obtained by differ-
ent authors. This article is a review of the scientific literature on the only goal to review
and summarize existing methods such as scanning electron microscopy, transmission elec-
tron microscopy, Raman, termogravimetric analysis and study of the adsorption of gas to
the surface. The review of existing defects in graphene layers and nanotubes has also
been made in this article. Bibl. 72, Fig. 3.

Key words: carbon nanotubes, research methods, defects.
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