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Paccmampusaromes eepmukaivbHo opueHmuposanivle yenepoouvie Hanompyoku (YHT), cunme3uposantble ¢ UCHOAb308AHUEM
WabaoHa u3 MoHK020 NOpucmozo aHooHo2o okcuda anomunus (I[IAOA). Ucxoonas mouKonaeHOUHAs CMPYKMypa cOCMOUm u3s
21eKmMpoOH020 CA05 (NAeHKA MUMAaHa) U 0CHOBHO20 105 (NAeHKA AMOMUHUS) HA KpeMHUegou nodroxcke. Hanouacmuyvr kama-
auzamopa c pazmepamu 15 £ 5 um 6viau cghopmuposanst anekmpoxumuueckum ocaxcoenuem Ni 6 nopwt [TAOA na nepemenrom mo-
Ke. B kaxcooii nope duamempom 70 = 5 um ¢ HanopazmepHbIMU Yacmuyamu kamasuzamopa oopazyemcs oona YHT duamempom
15 £ 5 um. Jlnuna YHT npesviuwaem 1 mkm, paccmosnue mexncdy numu — 110 = 5 um. Iloayuennvlie HaHOCMPYKMYpbl MO2Ym
0bimb UCNOAB3068aHbL NPU UzeomogreHuu Y HT-cencopoé u HaH03.1eKMPOHHBIX YCMPOUCME C GbICOKOU NAOMHOCMbIO YRAKOBKU e~

MeHmoe.

Karouesnie caosa: yenepodnsie HaHompyoKu, HOpUcmblll OKCUO ANOMUHUS, HAHOPA3MEPHble CIPYKMYPbl, IAeKMPOXUMUUECKoe

ocaxcoerue

Bsenenue

B GonbliMHCTBe MyOavKauuii 00 371eKTPOHHBIX MTPY-
0opax Ha yriepoaHbix HaHOTpyOKax (YHT) paccmar-
puBatorcst YHT, opueHTUpOBaHHBIE TOPU3OHTAIBLHO
(mapanneabHo ocHoBaHuw) [1—3]. Ho anst Mukpo-
9JIEKTPOHHBIX YCTPOUCTB C BBICOKOW IJIOTHOCTBIO
YIAKOBKU 3JIEMEHTOB LI€JIECO00pa3Hee UCIIOIb30BATh
BEPTUKAJBEHO OPUEHTUPOBAHHBIEC (TIEPIIEHINKYISIPHO
K MOBEPXHOCTU ITOIJIOKKM) HAaHOTPYyOKM. OmHUM U3
BO3MOXXHBIX METOMIOB CHHTE3a BEPTUKAJIBHO OPUEHTH -
poBaHHbIX YHT siBisieTcs ncmosib30BaHre HAHOIOPU-
CTOTO 11abJI0HA, HAIPUMEpP, TAKOTO KaK TOHKHUI TO-
pucThIif aHoAHBIN okcua amoMuuus (ITAOA) [6—S8].

Oco060ro BHUMaHUS 3aCIy>XKUBAIOT OMOCEHCOPHI C
ayiekTpoaaMu Ha ocHoBe YHT-komno3uToB. B Takux
OroceHcopax yalle BCEro UCIOAb3yI0T UMMOOWIIU30-
BaHHBIE, T. €. HEMOJABUKHbBIE OEJIKOBbIE MaKPOMOJIE-
KYJIbl, KOTOpbI€ BBIMOJHSIIOT POJIb KaTaau3aTOpOB B
KMBBIX OpraHusmax. Jlocturaercss 3ta "HeNOABMX-
HOCTB" CBSI3bIBAaHUEM (DepMEHTa C HOCUTEIEM, Hallpu-
Mep, BKIodYeHueM ¢gepMeHTOB B IuieHkM ¢ YHT nim
KOBaJICHTHbIM MPUCOCIUHEHUEM HX K IMOBEPXHOCTU

VHT. Ognako 6Gombiioe pa3inyue B pa3Mepax MoJie-
Kkyn (nmporeuHa, JJHK, kieTok, ¢pepMeHTOB) 1 3JIeK-
TPONOB TPAIWIIMOHHBIX OMOJATUMKOB TIPUBOAUT K
YBEJIMYCHUIO OTHOIIEHUST CUTHAJI/IIIYM W YXYAILIEHUIO
WX YYBCTBUTEIbHOCTU. ECNN ke 271eKTpO BbIOJTHUTD
B BUJ€ MHOTOYMCJIEHHBIX BEPTUKAIHLHO OPUEHTHPO-
BaHHBIX HAHOTPYOOK WJIM MaccuMBa HaHOTPYOOK, BTU
Mnpo0bJieMbl OyayT CBeAeHbl K MUHUMYMY. K TOMy Xe
MOSIBUTCSI BO3MOXHOCTb MHAMBUMIYAIbHOM aipecaiiuu
OTIEIbHBIX HAHOBJIEKTPOIOB OOJIBIIINX MUKPOMATPHII.

ITAOA-111a6710HBI B OCHOBHOM MCITOJIb30BaJIMCh
IUTST CMHTE3a BEpTUKAJTEHO OPUEeHTUPOBAHHEIX, MHOTO-
CJIOMHBIX YyriiepoaHbIx HaHOTPpYOOK (MYHT) [9—13]
n ycrpoiictB Ha MYHT [14], nMmelomux auamerp,
paBHblil nuameTpy nopbl ITAOA (o6bryHO 50...100 HM)
[15, 16]. B atux MeTomax MPUMEHSIETCSI KaTajau3arop,
BJIEKTPOXUMUUECKU OcaxaeHHbI Ha aHO 1op [TAOA
[9—14, 16], iy ocyluecTBIsIeTCS HEIOCPEACTBEHHOE
ocaxjeHue yriepoja Ha CTEHKU Top 0e3 meTajuinye-
ckoro Katanusaropa [15, 17, 18]. Coo01anoch o0 CUH-
te3e MYHT c ncnonb3oBaHueM TaKMX KaTaJu3aTOPOB,
kak Co [19—21] u Ni [20—22]. [JlaHHBIE TEXHOJOTUU
00ecIeyrBaloT MPEeBOCXOAHBIM KOHTPOJIbL IJIUHBI U
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Puc. 1. Cxemarnyeckoe n3odpaxenue 3ranos cunresa YHT: Bapuant | — a — ucxonmHas
TOHKOIUIEHOYHAsl CTPYKTypa; b — CTPYKTypa MocJjie CKBOZHOTO aHOAMPOBAHUST; ¢ — TIOCTIe
cunte3a YHT [25]; BapuaHT 2 — d — MCcXoaHAast TOHKOILUIECIIOYHAS CTPYKTYpa; € — CTPYKTypa
MocJie CKBO3HOTO aHOAMPOBaHUSI M ocaxaeHust Ni; f — nocie cuHteza YHT

Fig. 1. Schematic representation of the CNT synthesis: option 1 — a — a thin film structure;
b — the structure after through anodizing; ¢ — after CNT synthesis [25]); option 2 — d — a thin
film structure; e — the structure after through anodizing and Ni deposition; f — after CNT synthesis

IraMeTpa TpyOOK BapbMpPOBAHUEM TOMOJOTMYECKMX
napameTpoB ITAOA [23, 24]. OnHako CMHTE3MPOBaH-
Hele B okcuge MYHT, kak mpaBuio, CTpyKTypHO OT-
auyaroTcss oT oobluyHbIX MYHT, conepxaTt Oosblioe
yuciio AedekToB B rpaeHOBbBIX CJI0SX, TaK KaK UMEIOT
JIPYroyi M€XaHu3M poOCTa.

Cuuraercs, 4To popMUpPOBaHNUE OJHOCTEHHBIX YT-
JnepoaHbix HaHOTPyOoK (OYHT) m MYHT wmanoro
JMaMeTpa C MCTOJIb30BaHUEM YITOMSIHYTHIX 111a0JIOHOB
1 KaTaJM3aTopoB — YPe3BbIYATHO TPYIHAS 3amadya 13-
32 OYE€Hb BBICOKOI PHEPIrUM aKTUBALIMU, B YACTHOCTH,
IIpU CUHTE3¢ METOIOM XMMHUUYECKOTO OCAaXICHUS W3
mapora3oBoii ¢a3sl (CVD — chemical vapor deposition)
[25, 26]. s 3apoxaenuss YHT tpeGyrorcst yacTHib
KaTajM3aTropa 3HAUYMTEJIbHO MEHBIIUX pa3MepoB (I10-
psiika eauHUI] HaHomeTpa). YacTulibl Karaau3aropa
TaKoro pa3Mepa JOCTaTOUYHO CJIIOXHO MOJYYUTh Tpa-
JULMOHHBIMU METOJAMU OCaXKIEHUsI MeTalljla B Ka-
KIYI0 TIOPY 1IabjIoHa — 3JEKTPOXUMUYECKUMU WU
BaKyyMHBIMU.

OnuH 13 BapMaHTOB CO3MaHUSI BEPTUKAJIBLHO OpH-
eHTupoBaHHbIX OYHT B ToHkorieHouHoM I[TAOA
paccMaTpuBaeTcd B cepuu paboT Maimana u ®paHk-
nquHa (Matthew R. Maschmann, Aaron D. Franklin)
[25—27]1. B sToM MeTone ncrons3yercs Tonkuii [TAOA
Ha KPEMHMEBOM MOIJI0XKE, B KOTOPBIA BCTpauBaeTCs
IUIeHKa MeTajia KaTtanuzaTtopa (Fe) TomuuHoi mo-
psnaxa 2...10 um (puc. 1). Cunte3 YHT ocyiectBisi-
€TCs METOJIOM TIa3MOXMMUYECKOI0 OCaKACHMWS U3 Ma-
porazoBoii pa3bl (PECVD — plasma enhanced chemical

! Birck Nanotechnology Center, Purdue University, West La-
fayette, IN47907, USA School of Mechanical Engineering, Purdue
University, West Lafayette, IN47907, USA.
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vapor deposition). B kaxmoii kata-
JIMTUYECKM aKTUBHON MOpe 3apoxK-
naetcss Toiabko omHa OYHT wunm
nByxcioitHasg YHT. Ho tonbko 10 %
nop obOpasyior YHT mist oObruHO
paccMaTpuBacMOM TOHKOIUIEHOYHOM
KoMmro3uuu [25], T. e. SIBASIIOTCS
KaTaJUTUIECKU aKTUBHBIMU. Kpome
TOro, NMPU aHOAMPOBAHUM HUXKHEH
IJIeHKM ajoMuHus (puc. 1, a) nox
cioeMm Fe, TonmuHoi 6oJibliie, 4yeM
10 HM, HabiogaeTcsl pacTBOpeHUE
TUIEHKH 3kene3a B cTpykType Al/Fe/Al
U OTCJIauBaHUEe OKCUIA aJTIOMUHUS,
c(OpMUPOBAHHOIO M3 BepXHeu
TUIEHKU aJTIOMUHUSIL.

BocnipousBoarMoe M3roToBJIeHHE
CILIOIIHOTO HaHOTOHKoro ciosi Fe
Ha JOCTaTOYHO KPYITHO3EPHUCTHIX
TUIEHKaX aJlOMUHUS (OcaxmaroTcs
3JIEKTPOHHO-JTYYeBbIM UCITapEHUEM)
TakXe HeOZHO3HauyHo. B omtumu-
3MPOBAHHBIX CTPYKTypax (TOJIIMHA
mwieHku Fe mopsiaka 0,5...2,0 HM), 10 MHEHMIO aBTO-
POB JAHHOU WAEU, MOXHO MOJYYUTh 0OJiee BbICOKUIA
MPOLIEHT 3aIIOJIHEHMSI.

B npencraBieHHoi paboTe paccMaTpuBaeTcs Mpo-
1ecc TOJIydeHUsT MacCHUBa BEPTUKAIBHO OPHEHTHUPO-
BaHHbIX MYHT Ha HaHouactuuax (HY) katanuzato-
pa, BCTPOCHHBIX B MOPHI TOHKOIIeHOUYHOTO TTAOA-
mabiaoHa. McxomHasi CTpyKTypa COCTOUT M3 BJIEK-
TpoaHoro cjios Ti 1 ocHOBHOTO cJiost Al, ocaxIeHHBIX
Ha Si nomioxky. M3 mnenku Al ¢popMupyeTcs TOHKU
TOPUCTBIA OKCU ATIOMUHUS C YIIOPSITOYEHHOM CTPYK-
Typoit mop. HaHoUacTHIIHI KaTanm3aropa ¢ pa3MepaMu
15 £ 5 HM M3roTaBIMBAIOTCS METOAOM 3JEKTPOXUMMU-
yeckoro ocaxaeHus Ni Ha IlepeMeHHOM ToKe (ac-oca-
xnenue). YHT cuHTe3upyloTCs Ha HAaHOYACTUIIAX Ka-
Tajau3aropa BbICOKOTEMIIEPATYPHBIM XMMUYECKUM OcCa-
XKIeHueM u3 napora3oBoit ¢asel (CVD-mpouecc).

Ha puc. 1 npeacraBieHbl ABa BapuaHTa CO3JaHMUS
BepTUKaJIbHO opueHTHUpoBaHHBIX YHT B TOHKOILIE-
HouHOoM ITAOA — 1o pa6boram Maiimana u ®pask-
JinHa [25—27] — BapuaHT | ¥ nNpemsioKeHHbIM B JaH-
HOI1 paboTe BapuaHT 2.

ITonydyeHnHbie MaccuBbl YHT oTinyarorcst oT paHee
MpeacTaBIeHHbIX [25—28] TeM, 4TO UMEIOT MOTEeHLIM-
aJIbHYIO YAEJbHYIO TLUIOTHOCTh 128 YHT/MKM2, a-
meTp 15 £ 5 um c untepBaniom YHT—VYHT 110 £ 5 um.
Hwxuwit m BepXHUIT KOHTaKThI K MACCHBY MOTYT OBITH
M3TOTOBJICHBI C MCIIOJNB30BAaHUEM DIIEKTPOXMMMYIEC-
CKOT0 M BaKyyMHOI'O OCaXICHUSI METAIJIOB COOTBET-
ctBeHHO. JInnHoil YHT MoXHO ynpaBisTh, U3MEHSIS
BeicoTy TTAOA ¢ TouHOCThIO 20 HM. ITomyuyeHHas
CTPYKTypa MOXET ObITh 0a30BOI eIUMHUILIeH MpPU CO3-
JaHUM BepTUKAJIbHO opueHTHpoBaHHOW YHT-snek-
TpoHuku u YHT-ceHcopoB.




MeToauka 3KCnepuMeHTa

MaccuBbl BEpTUKAJIbHO OpreHTUpOoBaHHBIX MYHT
¢opmupoBanu ¢ ucnonb3oBaHueM ToHKoro ITAOA B
KayecTBe MaTpMIbl (TeMIUIaTbl — femplate) METOIOM
BBICOKOTEMITEPaTyPHOTO XUMUIECKOTO OCaXKIEHUS yT-
JIeBOIOPOAOB 13 napora3oBoii ¢asel (CVD-mporecc).

Taxk xak cunTe3 MaccuBoB MYHT ocyuiectasieTcst
npu Temmneparype 1173 K, anekrpoaHast cuctema g0JK-
Ha OBITH JIOCTATOYHO TepMocToikoi. [loaTomy ms
(bopMHUpOBaHUS HIDKHETO SJIEKTPOIA WCITOIb30BaIN
ToHkMe TTeHKu Ti [23].

DKcnepuMeHTaIbHble  00pa3libl  MpeacTaBsiIn
co00it IBYXCIOMHbBIE TOHKOTIJIEHOUHbIE KOMITO3UIIMU
(Ti — Al): renka tutana toamumaon 300...500 aM —
11 (popMUPOBAHMSI HMXKHErO B3JeKTpoia W TUIeHKa
amomuuus tommuHon 2000...3000 aM — mns dop-
MHMPOBAaHMS IMMOPUCTON MATPULIBI METOIOM aHOIHOTO
okucaenus. ITomukpucrammnaeckue tureHku Al n Ti
ocaxiaayd Ha KpeMHHeBble (muamerp 76 MM) TOA-
JIOXKKU 3JIEKTPOHHO-JIYYEBbIM PACMblIEHUEM B €lU-
HOM BakKyyMHOM ILuKJje Ha yctaHoBke 01HD-7-004
(Opartopus-9). Bakyym npu pacnbiieHuu Ti cocTaB-
i 5,0- 1077 Ila, Temnepatypa noaioxku — 573 K,
ckopocth ocaxaenust — 2,0 + 0,2 um/c. Ilnenku Al
ocaxgan n3 A-995 (0,005 % npumeceii) MUILLIEHU B
Bakyyme 1,4 107 Ma npu temneparype 423 K co
ckopoctbio 5,0 = 0,5 uM/c. ToauHy U CKOPOCTh
OCaxXJeHMUs TIJICHOK KOHTPOJMPOBAIM KBapIIEBBIM
JATYMKOM.

IIpouecc MOPUCTOTO AHOIMPOBAHUS CJIOS ATIO-
MUWHUS TPOBOJIMIIM IBYXCTaAUNHBIM MeToaoM [29] B
4 %-HOM BOIHOM pacTBOpE IIaBEJIeBOM KMCIOTHI
(H,C,0,4) B MOTEHUMOCTATUYECKOM PeXMME TIPU Ha-
npskeHun 40 B 1 temmnepatype aaektponuta 287 K.
ITocne ckBO3HOTO aHOAUPOBAHUS TIJIEHKU Al M 1O0CTU-
sxeHUs TieHKn Ti aHogmpoBaHMe TIpekpaiianu. B pe-
3yJIbTaTe TOJIydeHHas MaTpUIla NMeJTa CAeIyrolue Ta-
pameTpel: BeicoTa TTAOA 1,3 = 0,05 mkMm, auameTrp
nop 45 £ 5 M, 1ar Matpuusl 105 £ 5 HM. Iocre yro-
HeHMs1 GapbepHOTO ClIOS, KakK omucaHo B padore [30],
JuaMeTp Top yBeauuuBaics 1o 70 £ 5 HM.

Hanouactunsl karanuszatopa (Ni) ¢ pa3mepamu
15 £ 5 HM dopMUpPOBaIU, UCIIONB3YSl aAcC-3JeKTPO-
XUMMYECKOE OCaXKACHUE B CICAYIOLIEM JICKTPOJIUTE
(8 r/m): NiSO,4* 7H,O (140) + NiCl, - 6H,O (30) +
+ H3BO5 (25) + Na,SO, (60). TemnepaTypa 351eKTpo-
qura — 293 K, pH = 5,2. [Ipouecc npoBoauIu B ABYX-
BJIEKTPOAHON SYeliKe C rpadUTOBBIM TPOTUBOSJIEK-
TpoIOM. BbulM uMcchaenoBaHbl pa3iMyHbIE BapUAHTHI
ocaxXImeHUsI, YTOOBI OTpeNeINTh ONTUMAJTbHBIC TTapa-
MeTpbl: yactorta — 180 ', HanpskeHue — 3 B, mior-
HOCTb ToKa — 10 MA/CMz, MPONOJDKUTETBHOCTD —
1...3 MuH.

YnpaBieHue mapamMeTpaMu MPOLIECCOB aHOIUPO-
BaHUS U DJIEKTPOXMMHUUECKOTO OCaXKIEHUS OCYIIECT-
BJISUIM C MCMOJIb30BaHUEM IoTeHimocTata [1-5827 u

crnelranbHO pa3paboTaHHOM J1abopaTOPHOI YCTaHOB-
K1 Ha OCHOBE HU3KOUYACTOTHOI'O r'eHepaTopa CUTHAJIOB
GZ-123 coOTBETCTBEHHO.

Cunre3 YHT ocymectsiasuin CVD-MmeTonoMm ImyTeM
BBICOKOTEMIIEPATYPHOI'O MUPOJIU3A KUIKOTO YIIeBO-
nopona — aekana [C;yH,,]. IIponiecc mposonmim npu
aTMOC(epHOM [aBJIeHUU ¢ ucnosnb3oBanueM Ar/NH;
B KayecTBe rasa-HocuTess. AMMUAK A00aBISIIA s
YCUJIEHUS KaTaTUTUUYECKON aKTUBHOCTH HAHOYACTUII
Ni. O6pasisl u3 I[TAOA ¢ kiacTepaMu HUKEJsSI ToMe-
1IaaM B TPyOUyaThIii peakTop M3 KBaplia CHelUaJIbHO
CO3IaHHOTO IJIsl 3TUX lieJieil obopynoBaHus. Temme-
parypa B 30He peakuuu O0buta paBHa 1173 K, ckopocTb
notoka aproHa — 100 CM3/MI/IH, CKOpPOCTh ITOTOKA
NH; — 10 cM3/MuH. BpeMs CMHTe3a COCTaBISNO
1...10 MUH, a CKOPOCTh OXJIAXKIEHUS OINpelensiach
MIPOIIECCOM €CTECTBEHHOTO OCTRIBAaHUS HarpeBaTelb-
Horo ycTpoiicTBa. boiyee netaibHO Mpoliecc NoAroToB-
K1 00pa31oB ommcaH B paborax [23, 31].

Mopdosorrio NoBepXHOCTU U TTOMEPEUHbBIX CKOJIOB
00pas3LoB MCCIENOBAIA C TTOMOLIBIO PAacTPOBOM 3JIEK-
TpoHHOU Mukpockornuu (POM — Philips XL 30 S FEG
n Hitachi S-4800), mpocBeunBamlleii 3J1eKTPOHHOI
mukpockormu (IT9M — Philips CM-30), crieKTpocKo-
nuu KomouHauroHHoro paccesiHus (KP — 3D ckaHu-
pylomunii 1a3zep, KoHPoKaIbHBIM Raman Mukpockor-
CIIEKTPOMETP) C UIMHOM BoyIHBI 473 HM 1 100* yBenu-
yeHreM. KpucTammyeckyro CTpyKTypy HaHodyacTul Ni
HCCIIEAOBAIM METOIOM PEHTITEHOCTPYKTYPHOTO aHa-
Jm3a, ucnojb3ysd monuduipoBaHHblii DRON-3M nn-
dpakromerp ¢ Cu K -usnyyennem (L = 0,154242 um),
KakK omnucaHo B paborte [32].

Pe3yabraTsl u 00cyxknenne

Pesynbratnr ac-ocaxknenust Ni B ITAOA npencras-
JieHbl Ha POM-dortorpadusx (puc. 2). Cuuraetcs, 4TO
OKCHJI aTIOMUHUS, OKPYKAIOIINIA HAaHOYACTHUIIBI KaTa-
JIU3aTopa, TMPEISITCTBYET UX arperaiuu, CIiocoOCTBYSI
COXpaHEHWIO WX KaTATUTUIECKON aKTUBHOCTH B TIPO-
necce YHT-cunresa [24, 31, 33—35].

M3 dortorpacduii BugHO, 4TO ocaxaeHue Ni Ha Ie-
pEMEHHOM TOKE IMPOUCXOOUT TUCKPETHO B BHIE Ma-
JIEHbKMX 4YacTull (KJIacTepoB) IMAMETPOM IIPUMEPHO
10...20 M, 1O Bcel mimHe Top. To ecTh ocaxiIeHue
HauYMHAEeTCsS He CO IHA TTOp, KaK MPHW OCaXICHUU Ha
MOCTOSTHHOM TOKE, a BAOJIb CTEHOK IOp OT JHA 10 T10-
BEPXHOCTU (CBETJIbIE MSATHBIIUKKA Ha puc. 2, b). Bos-
MOXHO, 3TO CBSI3aHO C 00pabOTKOIl BHYTpEHHEH I10-
BepxHOCTU TOp B 4 %-HOM BogHOM pactBope H;PO,
B Ipoliecce pacllMpeHus AuaMeTpa mop (Ipoueaypa
YTOHEHUSI 0apbepHOTO CJI0s1) /WU C BBIIEPKKOI 00-
pasiia nepen ocakKIeHNEM B paCTBOPE HUKEIMPOBAHUS
(2...3 muHn). PacimupeHue nuamerpa mop He0oOXOAUMO
IUTSL YITYYIIEHUST YCIOBUI TPAHCIIOPTa MHOTOATOMHBIX
MOJIEKYJ yrieBogoponaa B Ipoliecce cuHTe3da YHT,
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Puc. 2. POM-dortorpadun noBepxHocTd (a) u nonepeyHoro ceyenus (b) skcnepuMeHTaIb-
HOTO 00pa3ua nocJje ac-ocaxaenus Ni 1 yBeIMueHHoe H300paxkenne (BCTaBKa Ha puc. 2, b):

ocaxIeHHe BbINOJHEHO B onTuMajibHoM pexumve — 180 I'u, 3B, 10 MA/CMZ, MPOIOJIKM-

TeJIbHOCTh OCAXKIECHHA — 2 MHH

Fig. 2. SEM photographs of the surface (a) and the cross section (b) of the sample after
ac-deposition of Ni and the enlarged image (inset to fig. 2, b): the depositing in the optimal
mode — 180 Hz, 3V, 10 mA/cmZ, the duration of the deposition — 2 min
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Puc. 3. XRD-cnekrp Ni, ocaxnennoro B [IAOA Ha nepeMeHHOM TOKe
B ONTHMAJILHOM PeXHME

Fig. 3. XRD-spectrum of Ni, deposited in PAAO in AC in the optimal
mode

Puc. 4. POM-¢ 010 N0oBepXHOCTH IKCIEPUMEHTAILHOrO 00pa3ia nocje CKBO3HOro ABYXCTY-
neHyaToro aHoaupoBanus (a), nocje cunresa YHT B mopax ITAOA (b) W yBemyeHHbIi
dbparment 370it hoTorpadpun (BcTaBka)
Fig. 4. SEM image of the surface of the sample after the through two-step anodization (a), after
CNT synthesis in the pores of PAAO (b) and the enlarged fragment of photo (inset)
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XOTSl YTOHEHUE OapbepHOIo CIIOS
MpU ac-oCaXIEHUU MPOBOAUTL HE
00513aTeNIBHO.

C yBeaMYeHUEM BPEMEHM OCax-
JeHus1 Kiuactepbl Ni pa3pacTaroTcs,
npuobpeTast GopMy TMPYTKOB U MO-
CTEIEHHO 3aIOJHSIS MopYy.

Kpucrammaeckas cTpykTypa Ha-
Houactul Ni B Al,O3 Oblia usyye-
Ha METOIOM PEHTTEHOCTPYKTYPHOTO
aHanus3a. TunuuHeii XRD-crexTp
HanovacTtun Ni B [TAOA mpencraB-
JIeH Ha puc. 3.

®dopma MPUBEIEHHOTO CITEKTpa
C Y3KMMU MUKaMU TIO3BOJISET Oll-
HO3HAYHO YTBEPXKIaTh, YTO AEMO3UT
UMeEeT KPUCTAIINUECKYIO CTPYKTY-
py. ®opMmupyomecs: KpUCTalIv-
Tl Ni MMEIOT IpaHEeLeHTPUPOBAH-
HYI0 KyOUYeCKYyIO CTPYKTYpy fcc (face-centered cubic)
C OCHOBHBIM KpHUCTAJIOTpadMIecKrM HaIIpaBlIeHUEM
[111]. ®a3sl Ni ¢ opuenramusmu (111), (200), (220)
TATTAYHB JUIST 3JEKTPOXUMUYECKN OCaXKIEHHBIX Ha-
HoHuteil Ni [36]. Matpuna Al,O5 siBnsieTcd peHTre-
HoaMopdHo# (1MpoKuil muk npu 20 = 25,89°) u He
BHOCHUT CYIIIECTBEHHOTO BKJajga B IU(MPaKIIMOHHBIC
CIIEKTPHI.

O6paboTka naHHbIX XRD ¢ ncrnoiap3oBaHreM ypaB-
HeHus ebas—Illepepa mo3poaniia onpeaeanuTb Cpe-
Huit pazmep Ni (111) KpucTaaiuToB, KOTOPbI KoJieo-
jercst ot 15,6 mo 23,8 HMm.

Pesynbratel CVD-cunTe3a MYHT B nmopax ITAOA
TIpeACTaBIeHbl Ha puc. 4, 5.

M3 ¢doro BUIHO, YTO B KaxXIoi IMope obpasyeTcs
ogHa YHT mmamerpom 10...25 um. Hnuua YHT npe-
BbIILIaeT OJMH MUKpoMeTp. HecMoTpst Ha Takylo ITMHY
(acniexktHoe otHoweHue Oojpiie 50), YHT u HeGonn-
mue cBa3ku YHT noamepxuBaloT BepTUKAIBHYIO OpHU-
SHTAINI0 WM WMEIOT BUA BEPTUKAJIHLHO OPHEHTUPO-
BaHHBIX T1€TENb.

Heckonbko ropu3oHTaIbHO OpU-
eHTupoBaHHbIXx YHT HabGmonmaercs
Ha ckonaax [TAOA (puc. 5, a, b, 060-
3HayeHbl Kpyramu). Heobxomumo
OTMETHUTb, UTO CKOJIbI OBUIM TOJY-
YeHbl pacKaJibiBAaHUEM (Pa3IOMOM)
obpasua, B pe3yabTaTe 4ero Ipo-
ucxoaut otaeiaeHue YHT ot mect
UX 3apoxaeHus B nopax. IToaTomy
UIeHTUDUKALIUS MECT 3apOXKACHUS
YHT B npenenax nopsl o norepey-
HBIM CKOJIaM 3aTpyAHeHa.

CornacHo HaOJIOAEHUSM TOJb-
Ko ogHa YHT oOpa3syeTcs B Kaxa0it
Tope HeCMOTPSI Ha TO, YTO B KaxKI0it
1mope HMeeTcsl MHOXECTBO IOYTH
UIEHTUYHBIX YyacTull Ni. DTo MoXeT




ObITb OOYCJIOBJIEHO OTpaHUYEHUEM
MOCTaBKM Ta3000pa3HOro yrjaepoaa
B TJyOb MOpbI, OTHOCUTEJbHO BbI-
COKOM BHEpruei akTuBallMu, Tpe-
oyemoit g 3apoxnenuss YHT, n
pasMepHBIMU TTapaMeTpaMy YacTHUIL
Hukens [28]. CymecTBeHHO TO, YTO
OOJIBIIIMHCTBO HAHOTPYOOK BO3HU-
kaet Ha Ni (111) HaHOYacTULIAX, KO-
TOpbl€ HAXOIATCS B TJIyOMHE TOPHI,
a He Ha MmoBepxHOoCTU. Buaumo yc-
JIOBUSI, HEOOXOIMMBIE TSI 3apOXKIIe-
HUSI HAHOTPYOKU, CO31aI0TCSl UMEH-
HO 31echb. B HekoTopbix paborax
[37—40] oTMeuaeTcsl, UTO KaXKAylO
Mopy MOXKHO paccMaTpuBaTh Kak
MUKPOMUHUATIOPHBIA XUMUYECKUMN
peakTop, B KOTOPOM JABUKYTCSI MHO-
roaToMHble MOJieKyJibl. Takoil momu-
XOJ TpeanojaraeT MperuMyIlecT-
BEHHYIO KOHLIEHTpAlLIMIO PeareHTOB
M KaTaJM3aTtopa B OrpaHUYEHHOM
o0beMe ¢ M3OJISILIMel peareHTOB OT
OKPYKalolIel BHEILIHEHA CPEeIbl.
ITocne obpazoBaHMST 3aponbllla
HaHOTpYOKa IMpOIOJIKaeT pacTy Bep-

Puc. 5. POM-u300paxkeHus nonepeyHbix CeYeHWil 00pa3uoB MpH Pa3jiMyHOM YBeJIHYECHHH
(a, b) n yBennyennoie pparmentsl 3THX (poTorpaduii (c, d)

Fig. 5. SEM images of the cross-sections of the samples at different magnifications (a, b) and
the enlarged fragments these images (c, d)

TUKaJbHO A0 MoBepxHocTu ITAOA
K MECTYy HEOrpaHMYECHHOM TOCTaBKU
yraeponHoit cMmecu. I[loaTrBepxkue-
HUEM TaKOTO BEPTUKAIBHOTO pOCTa
apnsiiorest POM-¢oTorpaduu mo-
BEpXHOCTH M CKOJIOB 3KCIIEpUMEH-
TaJIbHbIX 00pa31IoB.

O6pazoBanue YHT-cBsi30K Tak-
XK€ YCJIOXHSET ONPEAeIeHUE MecTa
pacrojioXKeHUsT 3apojblllla B TMOpe

(MecTa TIPOMCXOXIEHUS) OTHENb-
Hbix YHT. IToaToMy KOIM4YeCTBEH-
Hoe onpeaeneHue miaoTHoctu YHT,
BeIpacTatomux u3 nop [AOA, Obl-
o0 mnposeneHo 1Mo POM-dotorpa-
¢usm nosepxHocTH (cM. puc. 4). OLIEeHKM MOKa3biBa-
10T, 4TOo NMpubau3uTeabHo 70 % (90 YHT/MKMZ) op
reHepupytoT YHT nis1 naHHOM MJI€HOUYHOM CTPYKTYPbI
u tosibko onHa YHT nossisercsa B Kaxa0i KaTalu-
TUYECKM aKTUBHOM MoOpe.

CornacHo TIpeABapUTEbHBIM NaHHBIM yIeJbHas
mwiotHocTh YHT u pmuna YHT 3aBucsT ot perynsip-
Hoctu ITAOA, mapaMeTpoB ac-ocaxaeHus Ni U pe-
xkuma cuHTe3a YHT. B manHoe BpeMs IIpomoKaioT-
Csl UCCJIEIOBAHUSI OTHOCUTEIBHO KOPPEJISILIMNA MEXIY
yaenabHo# miotHocThio YHT u ycnoBusimu hopmupo-
BaHMs HAHOKOMIIO3UTa C pa3jIMYHbIMU MeTajinye-
ckumu Karanuzatopamu (Ni + Fe, Fe, Co).

I[IDM-n3o00paxenus ornenbHbIx MYHT mist nByx
pasIMYHbIX 00pa3LIOB ITOKa3aHbI Ha puc. 6 (¢ — Ha cu-
TaJUIOBOM MOJUIOXKE, b — HA KPEMHUEBOM MOUIOXKKE).

Puc. 6. [IDM-u3oopaxennss MYHT. Macmraonas auneiika = 40 um
Fig. 6. TEM images of MWCNTs. Scale bar = 40 nm

HanpHeliIass onTUMU3aUs Mpollecca aHOIMPO-
BaHUS MJeHKU Al (AuamMeTp U pPeryasipHOCTb MOp),
napaMeTpoB ac-ocaxaeHuss Ni (pa3mep KpucTal-
IuTOB) U ycnoBuii cuHTe3a YHT (temmeparypa u
MPOAOJIKUTEIbHOCTD) MPEATNOI0XKUTEIbHO YBEJIUUUT
yaeabHylo mioTHocth YHT mo 128 YHT/MKM2 90 %
3anojHeHus nop). bonbmuHcTBO YHT, BUAMMBIX Ha
noBepxHocTu ITAOA, BepTUKaIbHO OPUEHTHUPOBAHO,
HO TMpearnoJjiaraercsi, 4YTo CTeNeHb BbIPaBHUBAHMS
VHT craner nyyiie npv OpUJIOXKEHUU OTpULIATEb-
HOTro NoTeHIMajla K ocHoBaHMIo B Tipouecce PECVD-
cuHTe3a [41].

J1st ucciiemoBaHUs CTPYKTYPbl HAHOTPYOOK 00pa3-
16l ObLTM M3yyeHbl MeToaoM KP-cnekTpockonuu. Ha
puc. 7 nokazaH tunuuHeiii KP-cnektp MYHT, cun-
te3upoBaHHBIX B [TAOA.
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Puc. 7. KP-cnektp (A = 473 um) noayyennsix MYHT
Fig. 7. Raman spectrum (2 = 473 nm) of MWNT

KP-uccnemoBaHust mokasaau, YTO B CIIEKTpe MpU-
CYTCTBYET mojioca B obyactu 1618 Y (G-30Ha), co-
OTBETCTBYIOIIAS IBAXKIbl BEIPOXKICHHBIM Ac(opMariu-
OHHBIM KOJIeOAHUSIM BJIeMeHTa rpadeHOBOI CTPYKTY-
pBI, 1 Tojoca B obactu 1361 Y (D-30Ha), COOTBET-
CTBYIOILIas1 BUOPALIMOHHBIM COCTOSIHUSIM CTPYKTYPHBIX
JIe(eKTOB reKCaroHaJlbHOW pelleTKU BOJIM3U TPaHMII
VIJIEPOAHBIX KPUCTALIUTOB. OTHOIIIEHNE WHTEHCUB-
HocTelt I/ ABnseTCsa NMEPBUYHON MEPOii KauecTsa
VHT u paBHO npuOAM3UTENBLHO 2, UTO YKa3bIBaeT Ha
OTHOCHUTEJFHO BbIcOKOe KauecTBo YHT. OtMmeTnm,
YTO yBeJMYEHHAs] WHTEHCUBHOCTb D-30HBI MOXET
OBITH CBsI3aHA C OOJIBIITNMM YMCIIOM KOPOTKUX HAaHO-
TpYOOK, B KOTOPBIX KpaeBble 3¢(hheKThl IPOSIBISIOTCS
HauboJjiee 3HAYUTEJIbHO.

3akioueHue

Toukomnenounslii [TAOA-1m1a0I0H ¢ JIOKAIM30-
BaHHBIM Katain3atopoM B Buae Ni (111) HaHouacTull,
BHEJIPEHHBIX B IMOPbI MOCPEACTBOM aC-OCAXKICHMUSI,
BIEPBBbIC MCITOJIL30BAJICS IJISI CHMHTE3a BEPTUKAIBHO
opueHtupoBaHHbix YHT. IIODM u cnekrpockorus
PamaHa mokasbiBaloT, 4YTO 00pa3yrTCs OTHOCUTEIBLHO
BbIcOKOKauecTBeHHble MYHT ¢ manbsiM guaMeTpom
(10...25 HM). POM-aHanu3 MokKa3blBaeT, YTO TOJBKO
onHa YHT HauuHaeT pacTv OT HAHOYACTUIIbl KaTaau-
3aTopa Ni 1 BeIXoOUT Ha ToBepxHOocTh ITAOA u3 ka-
XKIO0W TOpbl OT MecTa 3apoxaeHusi. CTpykTypa co-
nepxut npoBomsiuuii cioi Ti moxg ITAOA, xotopsiit
MOXET CIYXUTh KOHTAaKTHBIM 3JIEKTPOJIOM IIpU TMO-
ciaenywoueM GOopMUPOBAHMM HAHOCTOJOUKOB MeTas-
Ja, m1s1 OpMUPOBAaHUS BJIEKTPUUYECKOTO KOHTaKTa K
HkHei nmosepxHoct YHT. PazpaboraH mpocrtoit u
OYeHb r'MOKUI BOCIIPOUZBOAMMBIN METOJ JTOKAIbHOTO
M3TOTOBJIEHUSI MACCUBA BEPTUKAIBHO YITOPSIOYSHHBIX
YHT B TOHKOM OPHCTOM OKCHE ATIOMWAHMS Ha pa3-

8 HAHO- 1 MMKPOCHCTEMHAS TEXHMKA, Tom 18, Ne 1, 2016

JMYHBIX ocHoBaHUsX. Ilocnenyroliasa nopaboTka Tex-
HOJIOTMYECKHUX OIepaliui U ONTUMU3ALUS CTPYKTYPhI
MO3BOJISIT MOJYYUTh BJIEKTPOHHbIE ycTpoiicTBa Ha YHT
C BBICOKO# IJIOTHOCTBIO YITAKOBKU U CEHCOPHbIE YCT-
poiicTBa Ha (PyHKIMOHaIu3upoBaHHbIX YHT.

Paboma evinoanena 6 pamxax Tocyoapcmeenuoli Ha-
VUHO-MeXHU4ecKou npoepammol "Mexcoucyunaunapuoie
Hay4Hble Uccae008aHUsl, HOBble 3aPOXNCOAIOUUECss MEXHO-
A02UU KAK OCHO8A YCMOUMUE020 UHHOBAUUOHHO20 DA3GU-
mus" ("Konsepeenyusn") Munucmepcmea oopazosanus Ph.

Aemopbl ebipaxcarom baacodaprHocms Huyuikeguyy
Kasumupy Hocugosuuy (kand. us.-mam. Hayk,
UDTTIIHAHB) 3a nomowb npu nposedeHuu peHmeeHo-
CMPYKMYPHO20 AHAAU3A IKCHEPUMEHMANbHBIX 00pA3Y08.
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Carbon Nanotube Arrays Synthesized in Thin-Films of Porous Aluminum Oxide

The topic of the article is vertical aligned carbon nanotubes (CNT) synthesized with the use of thin porous anodic aluminum
(PAA) oxide films. The initial thin-film structure consisted of Ti electrode layer and basic Al layer, deposited on a Si substrate. The
Al layer was anodized to create a vertically oriented pore structure. CNTs were synthesized by a high-temperature chemical vapor
deposition. The catalyst of NPs of Ni with dimensions of 15 £ 5 nm was formed using electrochemical deposition on an alternating
current. One CNT with diameter of 15 £ 5 nm was formed within the etch pore of PAA with the pore diameter of 70 = 5 nm. Length
of the CNT exceeded one micron and the distance between CNT was 110 = 5 nm. The resulting structure can be used for devel-
opment of the vertically oriented CNT-based electronic products and sensors.

Keywords: carbon nanotubes, thin porous aluminum oxide, nanosized particles, electrochemical processes

Introduction

The publications about the electronic devices on
carbon nanotubes (CNT) consider CNT oriented hor-
izontally (parallel to the base) [1—5]. For microelec-

tronic devices with a high packing density it is better to
use a vertically oriented CNT (perpendicular to the
substrate). One method of their synthesis is the use of
a nanoporous template, for example, a thin porous
anodic aluminum oxide (PAAO) [6—S8].
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The particular attention should be paid to the bio-
sensors with electrodes based on CNT-composites.
They often use immobilized, i.e. fixed protein macro-
molecules that serve as catalysts in living organisms.
The "immobility" is achieved by binding of the enzyme
with a carrier, for example, by inclusion of the enzymes
in the CNT film or by covalent attachment of them to
the surface of the nanotube. However, a large difference
in the sizes of the molecules (proteins, DNA, cells, en-
zymes) and electrodes of the conventional biosensor in-
creases the signal/noise ratio and decreases the sensi-
tivity. If the electrode is made as a vertically oriented
CNT or its array, these problems arc minimized. It will
be possible to individually address the individual nano-
lectrodes of large microarrays.

PAAO-templates are used for synthesis of the
vertically-oriented, multi-walled carbon nanotubes
(MWCNT) [9—13] and MWCNT devices [14], having
a diameter equal to the diameter of the PAAO pores
(usually 50...100 nm) [15, 16]. These methods use a
catalyst electrochemically deposited on the bottom of
PAAO pores [9—14, 16], or deposition of carbon is
carried out on the pores’ walls without a metal catalyst
[15, 17, 18]. The synthesis of MWNT using catalysts,
Co [19—21] and Ni [20—22] is reported. The technol-
ogies provide control of length and diameter of the
tubes by varying of the topological parameters of PAAO
[23, 24]. However, MWNTs synthesized in an oxide are
typically structurally different from the usual, contain a
large number of defects in the graphene layers, as they
have a different growth mechanism.

It is believed, that the formation of the single-walled
carbon nanotubes (SWNT) and MWCNT of small di-
ameter using above named templates and catalysts is
difficult task because of the very high activation energy,
particularly, in the synthesis by the chemical vapor dep-
osition (CVD) [25, 26]. The origin of CNT needs the
catalyst particles of much smaller size (about several
nanometers). Such particles are difficult to obtain by
conventional metal deposition techniques in each pore
of a template (by electrochemical or vacuum).

One of the ways to create a vertically oriented
SWCNT in a thin PAAO film is observed in a series of
works (Matthew R. Maschmann, Aaron D. Franklin)
[25—27]]. A thin PAAO on a silicon substrate is used,
in which the metal catalyst film (Fe) with the thickness
of 2...10 nm is embedded in (fig. 1). CNT synthesis is
carried out by plasma enhanced chemical vapor depo-
sition (PECVD). Only one SWCNT or double-layer
CNT arise in each of the catalytically active pore. But
only 10 % of the pores form a CNT of the generally
considered thin film composition [25], in other words
they are catalytically active. Furthermore, at anodizing

! Birck Nanotechnology Center, Purdue University, West Lafay-
ette, IN47907, USA School of Mechanical Engineering, Purdue Uni-
versity, West Lafayette, IN47907, USA.
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of the bottom aluminum film (fig. 1, @) under the layer
of Fe, which thickness is more than 10 nm, the disso-
lution of iron film in the structure of Al/Fe/Al and flak-
ing of alumina formed from an upper aluminum film
occur.

The reproducible manufacturing of solid nanothin
Fc layer on a fairly coarse-grained aluminum films (de-
posited by electron beam evaporation) is also ambigu-
ous. In the optimized structures (Fe film thickness of
0,5...2,0 nm) according to the authors of this idea, you
can get a higher percentage of filling.

In the present article, we consider obtaining of the
array of vertically aligned MWCNTs on catalyst nano-
particles (NPs) embedded in the pores of the thin film
PAAO pattern. The initial structure consists of the Ti
electrode layer and Al base layer, deposited on the Si
substrate. A thin porous aluminum oxide with an or-
dered pore structure is formed from Al film. Catalyst
nanoparticles with dimensions of 15 £ 5 nm are made
by electrochemical deposition of Ni by alternating cur-
rent (ac-deposition). CNT are synthesized on catalyst
nanoparticles by a high-temperature chemical vapor
deposition (CVD-proccss).

Fig. 1 shows the two options for creating of a verti-
cally oriented CNT in the thin film PAAO — on works
[25—27] — option 1 and the proposed option 2.

CNT arrays differ from previously reported [25—28],
by means of they have a potential specific gravity of
128 CNT/umz, the diameter of 15 = 5 nm with the in-
tervals of CNT 110 £ 5 nm. The lower and upper con-
tacts to the array may be fabricated by electrochemical
and vacuum deposition of metals. The length of the na-
notube can be controlled by changing of the height of
PAAO within £ 20 nm. The resulting structure may be
the basic unit of a vertically oriented CNT electronics
and CNT sensors.

Experimental procedure

The arrays of vertically oriented MWNTs were
formed using thin PAAO as a template by high-tem-
perature chemical vapor deposition of hydrocarbons
from the vapor phase (CVD-process).

Since the synthesis of MWNTSs arrays is carried out
at 1173 K, the electrode system must be sufficiently
heat-resistant. Therefore, Ti thin films were used to
form the lower electrode [23].

The experimental samples represent two-layer thin-
film compositions (Ti—Al): Ti film with the thickness
of 300...500 nm is used to form the lower electrode and
the aluminum film with the thickness of 2000...3000 nm
is used to form a porous matrix by anodic oxidation.

The polycrystalline films of Al and Ti were deposited
on the silicon substrates (diameter of 76 mm) by the
electron beam sputtering in a single vacuum cycle on
01NE-7-004 (Oratorio-9). The vacuum in Ti spraying
was 5,0 X 1074 Pa, the substrate temperature — 573 K,




the deposition rate — (2,0 & 0,2) nm/s. Al films were
precipitated from the A-995 target (0,005 % impurities)
in the vacuum of 1,4 x 10™* Pa at 423 K at the depo-
sition rate of (5,0 = 0,5) nm/s. The thickness and dep-
osition rate of the films were controlled by quartz sensor.

Porous anodization of the aluminum layer was per-
formed in two stages [29] in the 4 % aqueous solution
of oxalic acid in the potcntiostatic mode at the voltage
of 40 V and the electrolyte’s temperature of 287 K.
The anodizing was terminated after the through ano-
dization of the electrolyte film Al and achieving of Ti
film. The resulting matrix had the height of PAAO —
1,3 £ 0,05 um, pore diameter of 45 £ 5 nm, matrix
pitch of 105 = 5 nm. After the thinning of the barrier
layer, as described in [30], the pore diameter increased
to 70 = 5 nm.

Catalyst’s nanoparticles (Ni) with the dimensions of
15+ 5 nm were formed using AC-electrochemical
deposition of the electrolyte (g/1): NiSO, * 7H,0 (140) +
+ NiCl, - 6H,0 (30) + H3BO;5 (25) + Na,SO, (60).
The temperature of electrolyte was 293 K, pH = 5,2.
The process was conducted in the two-electrode cell
with the graphite counterclectrode. The various tech-
niques of the deposition were investigated to determine
the optimum parameters: the frequency — 180 Hz, the
voltage — 3 V, the current density — 10 mA/cmz, the
length — 1...3 min.

Managing of anodization and electrochemical
deposition settings was carried out using a potentiostat
P-5827 and developed the Ilaboratory installation
GZ-123 based on the low-frequency signal generator,
respectively.

CNT synthesis was performed by CVD method by
high-temperature pyrolysis of liquid hydrocarbon —
decane [C;yN,,] under atmospheric pressure with the
use of Ar/NHj as the gas carrier. The ammonia was
added to enhance the catalytic activity of the Ni nan-
oparticles. The PAAO samples with the clusters of nick-
el were placed in a tubular reactor made of quartz of the
equipment created for this purpose. The temperature in
the reaction zone was 1173 K, the argon flow rate —
100 cm3 - min_l, the flow rate of NH; — 10 cm3-min~ L.
The synthesis time was 1...10 min, and the cooling rate
was determined by the natural cooling of the heated
device.

More detailed sample preparation is described in
[23, 31].

The morphology of surface and cross chipping of
the samples were investigated by scanning electron mi-
croscopy (SEM — Philips XL 30 S FEG and Hitachi
S-4800), transmission electron microscopy (TEM —
Philips CM-30), Raman spectroscopy (RS — 3D scan-
ning laser, confocal Raman microscope-spectrometer)
with the wavelength of 473 nm and 100* magnification.
The crystalline structure of Ni nanoparticles was inves-
tigated by X-ray analysis using modified diffractometer

DRON-3M with Cu-K, radiation (A = 0,154242 nm),
as in [32].

Results and discussion

Results of ac-deposition of Ni in PAJIO are shown
in fig. 2. It is believed that the alumina, surrounding the
catalyst nanoparticles, prevents their aggregation, pro-
moting preservation of their catalytic activity at CNT
synthesis [24, 31, 33—35].

It is seen that the deposition of Ni on alternating
current occurs discretely in the form of small particles
(clusters) having the diameter of about 10...20 nm on
the entire length of the pores. That is, the deposition
does not start from the bottom of the pores as at the
deposition on a constant current, but along the walls
from the bottom to the surface (light spots in fig. 2, b).
It is possible, this is caused by processing of the inner
surface of the pores in the 4 % aqueous solution of
H;PO, during expansion of the pores’ diameter (the
procedure of thinning of the barrier layer) and/or ex-
posure of the sample before precipitation in the nickel
plating solution for 2...3 min. The expansion of the
pores’ diameter is necessary to improve the transport of
polyatomic hydrocarbon molecules in the synthesis of
CNT, although the thinning of the barrier layer during
the ac-deposition is not necessary.

Ni clusters grow with increasing of the deposition
rate, taking the form of rods and gradually filling a pore.

The crystalline structure of Ni nanoparticlcs in Al,O5
was studied by X-ray analysis. The typical XRD spec-
trum of Ni nanoparticlcs in PJIJIO is shown in fig. 3.
The form of the above given spectrum with the narrow
peaks suggests that the deposit has a crystalline struc-
ture. Emerging Ni crystallites have a face-centered cubic
structure of the fcc-type (face-centered cubic) with the
main crystallographic direction [111]. Ni phases with ori-
entations of (111), (200) and (220) are typical lor elec-
trochcmically deposited Ni nanowires [36]. The Al,O;
matrix is X-ray amorphous (broad peak at 20 = 25,89°)
and does not contribute significantly in to the diffrac-
tion spectra.

Processing of XRD data using Debye-Schcrrer
equation allowed us to determine the average size of Ni
(111) crystallites, which ranges from 15,6 to 23,8 nm.

Results of CVD synthesis of MWCNTSs in PAAO
pores arc shown in figs. 4, 5. It is seen, that a single
CNT with the diameter of 10...25 nm is formed in an
every pore. The length of CNT is greater than one mi-
crometer. Despite this length (the aspect ratio is greater
than 50), CNT and small bundles of CNT maintain a
vertical orientation or take the form of the vertically
oriented loops.

Several horizontally oriented CNT are observed on
PAAO chips (fig. 5, a, ¢ (circles)). The chips arc re-
ceived by splintering (destruction) of a sample, result-
ing in the separation of CNTs from their places of or-
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igin in the pores. Therefore, the identification of places
of origin of the CNTs within the pores by the transverse
chipping is difficult.

According to observations, only one CNT is formed
in every pore despite the fact that there is a plurality of
nearly identical Ni particles. This is due to the restric-
tion of the supply of gaseous carbon deep into a pore,
relatively to high activation energy for the nucleation of
CNT and the size parameters of Ni particles [28]. Sig-
nificantly, that most of CNTs occur on Ni (111) nan-
oparticles, which are situated in the depth of a pore, but
not on the surface. Apparently, the conditions neces-
sary for emergence of a nanotube are created just here.
In works [37—40] it is noted, that every pore can be re-
garded as a microminiature chemical reactor, where the
polyatomic molecules move. The approach involves
preferential concentration of the reactants and a cata-
lyst in a limited volume with their isolation from the ex-
ternal environment.

After formation of the nucleus, the CNT’s grow
continues vertically to the surface of PAAO to the place
of unlimited delivery of carbon mixture. The confirma-
tion of vertical growth are photographs of the surface
and chips of the experimental samples.

Creation of the CNT-bundles also complicates de-
termination of the location of the nucleus in a pore
(place of origin) of individual CNTs. Therefore, the
quantitative determination of the CNT density, grow-
ing from PAAO pores was held on the photographs of
a surface (see fig. 4). The estimates indicate that ap-
proximately 70 % of pores (90 of CNT/pmz) generate
CNTs for a given film structure, and only one CNTs
appears in each of the catalytically active pore.

According to preliminary data, the specific density
of CNT and CNT length depend on the regularity of
PAAO, parameters of ac-deposition of Ni and mode
of CNTs synthesis. The research are being continued
along the correlation between the specific density of
CNT and the conditions of formation of a nanocom-
posite with various metal catalysts (Ni + Fe, Fe, Co).

The images of the separate MWCNTs for two dif-
ferent samples are shown in fig. 6 (¢ — on a glass-ce-
ramics substrate, b — on a silicon substrate).

Optimization of the anodizing process of an Al
film (diameter and regularity of the pores), parameters
of Ni ac-deposition (crystallites’ size) and CNT syn-
thesis conditions (temperature and duration), will pre-
sumably increase the specific density of the CNTs to
128 CNT/ pmz (90 % of pore filling). The most of CNTs
on the surface of PAAO are vertically oriented, but it is
assumed that the degree of alignment of CNTs will be
better at applying of the negative potential to the base
at the PECVD synthesis [41].

The samples were studied by the Raman spectros-
copy to study the structure of the nanotubes. Fig. 7

12 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 18, Ne 1, 2016

shows a typical Raman spectrum of MWCNTSs synthe-
sized in PAAO.

The Raman studies have shown that the spectrum
contains a band at 1618 cm™! (Gband), corresponding
to the double degenerated bending vibrations of the
element of the graphene structure and the band at
1361 cm™! (D band), corresponding to the vibration
states of the structural defects of the hexagonal lattice
near the boundaries of the carbon crystallites. The in-
tensity ratio /;/Ip is the primary measure for the CNT
quality, and is equal to about 2, indicating a relatively
high quality of a nanotubc. Increasing intensity of the
band D can be associated with a large number of short
nanotubes, in which the edge effects are manifested
most significantly.

Conclusion

The thin film PAAO pattern with the localized Ni
(111) catalyst nanoparticles, embedded into the pores
by means of ac-deposition was firstly used for synthesis
of the vertically aligned CNTs. TEM and Raman spec-
troscopy show that the high quality MWNTs with small
diameter of 10...25 nm become synthesized. SEM anal-
ysis shows that only one CNT starts to grow from a Ni
nanoparticle and comes to the surface of PAAO from
every pore, starting from the place of origin. The struc-
ture comprises a conductive Ti layer under the PAAO,
which may serve as the contact electrode during the
subsequent formation of metals’ nanopillars to form
the electrical contact to the lower surface of the CNT.
A simple and flexible reproducible method of the local
manufacturing of the array of vertically arranged CNTs
in a thin porous aluminum oxide on various bases. The
subsequent adaptation of manufacturing operations and
optimization of the structure will allow to obtain the
electronic devices based on CNTs with the high-density
packing and the sensor devices based on CNTs.

The work was performed in the framework of the Stale
Scientific and Technical Program "Interdisciplinary sci-
entific research and new emerging technologies as the ba-
sis for the sustainable innovation development" (conver-
gence) of the Ministry of Education of the Republic of
Belarus.

The authors express thanks to Mr. K. 1. Yanushkevich
(PhD, Institute of Solid State Physics and Semiconduc-
tors, the National Academy of Sciences of the Republic of
Belarus) for help with the studies of the structural prop-
erties of the experimental samples.
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