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Fig. 11. Photocurrent spectrum
of SE with array CNT normalized
by the number of photons:

1 — normalize;

2 —without normalize
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KUHETUKA U TEPMOANHAMUKA TIMPOAU3A ALUETUAEHA
NMPU CUHTE3E YTAEPOAHBIX HAHOTPYBOK

Ilocmynuna 6 pedaxyuro 25.04.2019

Onucana pazpabomka KUHeMu4ecKkou u mepmoOUHaMU4ecKou meopuy nUpoAU3a ayemuieHa npu pocme yenepoorslX HAaHOMpY -
6ok. Ilokazano, umo npoyecc nupoausa npu memnepamypax pocma yeaepoonsix Hanompyook (500...800 °C) npoucxodum 6vicmpo
u Hacmynaem mepmoouHamuieckoe pasrosecue. Ilupoaus e 2azoeoli pase npueodum K odpazosanuto nopsoxka 12 % monekyn ye-
aepoda. OcmanvHoll yenepod pacnadaemcsi HeNOCPeOCMEeHHO Ha kKamaauzamope, Hanpumep Hukeie. Ilpu nupoause auyemuneHa
00pa3yromcs BUHUAAUEMUNECHbL, KOMOPble MO2YM 0CANCOAMbCsi HA NOBEPXHOCMU KAMAAU3Amopa u 3amednsmes pocm HaHompyookK.
Tepmoounamuueckue pacuems nOKA3anu, Ymo no mepe 00pazoeanus yeaepoda u 6000po0a @ pe3yavmame NUPOAU3A KOHUEHM -

pauus smux eeuiecme ymMeHbulaemcs.

Karoueevie caosa: yenepoonvie Hanompyoku, ayemunier, nupou3, cunme3 HaHOmMpy 60K

BBenenune

Poct yrinepomHbIX HAaHOTPYOOK COCTOMT M3 LIeNU
CJIOXXKHBIX (DM3MKO-XUMHUYECKHUX TIPOIIECCOB, TPOUCXO-
IAIINX B Ta30BOM (paze peakTopa M Ha TOBEPXHOCTH
karanuszaropa [1]. BoabmHeTBO paboT paccmarpuBa-
€T B KaueCcTBe MCTOUYHMKA yIiiepoja aleTuIeH, a B Ka-
YeCTBE KaTaJlu3aTopa HUKENb, TaK KaK AUMEpHI yrje-
pona Tmpu amcopOIIMK Ha TTOBEPXHOCTh HUKEJIS CO3/a-
10T cTaOuIbHbIE KOHGUTYpaluu [2], mpuueM B CBSI3U
C TeM, UTO aleTWIeH OJM30K K IUMEepY, ero afcopOaThI
CTAaOMJIBLHO YASPXKMBAIOTCSI Ha TIOBEPXHOCTU HUKEJS U
pasjiaraiorcsl ¢ BbloeJdeHueM yriepona [3]. B ciyuae,
KOTa MoJIeKyJla almcopOupyeTcsl Ha MOBEPXHOCTb Me-
Tajula, aKTUBAIIMOHHBIN Oapbep IJIST ee Pa3IoXEeHUS
noHmxaeTrcsa. B Tom uncne Oapbep pasiioKeHus ale-
TuieHa Ha noBepxHoctu Ni(111) paseH 1,4 3B BMecTo
5,58 3B npu ero camopaszioxeHuu [4]. DTo ABIgETCSA
OIHOI W3 MPUYMH TOTO, YTO afcOpOMpPOBaHHAS MOJIE-
KyJa pasjaraercs ¢ OOJbIIEH CTEIIeHBIO BEPOSITHOCTH,
yeM BHOBB Aecopoupyercs. C TOBBIIICHHEM TeMITepa-
TYypbl BO3pacTaeT BepOSITHOCTb OOpa30BaHUs IOJIM-
MepHbIX Leneil BuHunaueruaeHos tuna C,H,,, B Ko-
HEYHOM WTOTe MPUBOIAIINX K (DOPMUPOBAHUIO MO-
HOCJI0s rpaduTa Ha MOBEPXHOCTH Katajau3aropa [5, 6].
B 3TOM ciyyae pocT HAHOTPYOKHM TOPMO3UTCS M C Te-
YeHWEM BpeMEHM OCTaHABJIMBAETCS.

AlIeTUJIEH UMEET BBICOKYIO CKJIOHHOCTb K 00pa3o-
BaHWIO BUHWJIALIETUJICHOB, KOTOPhIE 00pa3yloTCs T0-
JIMMepU3alreil MpoayKToB mupoiusa |35, 6]. Ilpu stom
3P HEKTUBHOCTh TEPMUUECKOTO PA3JIOKEHMS alleTuIe-
Ha CYIIeCTBEHHO HIKe 3(PHeKTMBHOCTA TUPOIN3a Ha
KaTaJM3aTope, KOTopast MOXeT nocTurath 85 % [7], u
nporekaer mo cxeme C,H, —» 2C + H,. Koncranra
CKOPOCTHM 3TOH peakilMM OMMCHIBAETCS YpaBHEHUEM
5,5 106exp(165/RT) mol/m3/c [8]. [Tpu 3TOM B TIpO-
JyKTax TEPMUUECKOTO MUPOJIM3a B ra3oBoii hase rpe-
00J1agaoT MoJUMEpHbIe MOJeKyIbl [6]. Hampumep,
sHeprud pasnoxenusa C4H, paBHa 335 kJIx/Moib, a ero
00pa3oBaHMsI U3 MOJIeKy aueTuiaeHa — 120 k/Ixk/Monb,
ITO3TOMY TIPOIIECC CABUTAETCS B CTOPOHY IOJUMEPH-
3alMM.

Takum 00pa3oM, pOCT YIJIEpOAHBIX HAHOTPYOOK
COITPOBOXIAETCS CJEAYIOIIMMHU MpoliecCaMU: TUPO-
JIN3 alleTUIeHa B ra30Boi ¢ha3e, MPUBOISIINI K TTOSIB-
JIEHUIO pa3HOOOpa3HbIX COeAMHEHU; Tuddy3ust aTux
COCMMHEHMII K TTIOBEPXHOCTH KaTaJm3aTopa; 3axBaT
alleTHJIeHa W APYTUX MPOAYKTOB peaKIueil TUpoIn3a
HA MOBEPXHOCTb HAHOYACTULIbl KATAIU3aTOPa; MUPO-
JIN3 alleTUJIeHa Ha KaTaju3aTope ¢ oOpa3oBaHUEM yT-
Jiepoia; IPOHUKHOBEHUE YIepoJa C MOBEPXHOCTU B
00beM KaTanmsaropa; GOpMHUpPOBaHNE Ha ITOBEPXHOC-
TU KaTaJiu3aTopa cjaosl U3 aMopdHOro yriepoaa v oc-
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TATKOB ITUPOJIN3a, KOTOPBIN MPENSITCTBYET aAcoOpOLIumn
alleTUJIeHa Ha MOBEPXHOCTU KaTajau3aTopa.

B nanHoili paboTe n3ydaeTcss KWHETUKA U TEPMOJIM -
HaMMKa MMUPOoJIn3a aleTUIeHa, a TaKXKe MPoLecChl 00-
pa30BaHUSI BBICOKOMOJICKYJISIDHBIX COSAMHEHUI, KO-
TOpBIE COIPOBOXIAIOT POCT YIJIEPOAHBIX HAHOTPYOOK.
PacueTtnl, mpoBeaeHHbIE B pabOTe, MOKA3bIBAIOT, YTO
MUPOJIU3 MOJIEKYJT alleTU/IeHA MPOUCXOAUT C BHICOKOM
CKOpOCTBIO, TIO3TOMY B Ta30BOIi (ha3e peakTopa ycIe-
BaeT YCTAHOBUTHCS TEPMOAMHAMUYECKOE PaBHOBECHE.
DTO MO3BOJISIET pacCUUTATh PABHOBECHBIE KOHIICHTpA-
LM CIOXHBIX MOJICKYJI TP M3MEHEHUH TeMIIepaTyphI.

1. KuneTnyeckas Moaeab MHAPOJIN3A ANETHIEHA
NpH POCTe YIJIEPOIHbIX HAHOTPYOOK

Vrnepon sBAsSIETCS OCHOBOM pOCTa HAHOTPYOOK,
MO3TOMY B MEPBYIO OYepelb HAC MHTEPECYET €ro Ha-
KOIJIeHWEe B ra3oBoil (paze peakTopa. Peakuusi nupo-
JIU3a MOXET ObITh ONMCaHa KUHETUYECKUM YpPaBHEHU -
€M MEepBOro MopsiaKa:

dNe _

a5 €C,H, ~ ¢c,H, NcNys (1)

N,
C2H2

rae N — KOHLEHTpalu yIjieposia B ra3oBoii ase, Ko-

TOPBIII 00pa3oBajICs B pe3yibTaTe pacliaja alleTUIeHa;
t

e — BEPOSITHOCThb IMPOJIN3a alleTUJICHA; ¢ —
CH, p p s > "CyH,

BEpPOSITHOCTb OOpa30BaHUs alleTUJIEHa; NC2H2 — KOH-

LEHTPALMs aLeTUIEHa B peakTope; Ny — KOHLIEHTpa-

LI1sI BOIOpoAa B peakTope. B cooTBeTCTBUY ¢ IPUHLIM-
MOM AeTajIbHOro paBHOBecus [1]:

4 — s
ec,H, = ¢c,H, No,n,exP(=8c,n,/kT), ()

rae gC2H2 — cBobOOIHAs OHCPIUA 06pa30BaHI/IH MOJIC-

A}
KyJIbl alleTUjIeHa; NC2H2 — KOHIIEHTpALs MOJIEKYI
HaCBIIIEHHOTO I1apa aleTWIeHa pY TeMIepaTtype -
S S S
ojim3a; N = kT, — JaBJIEHUE Ha-
p » VC,H, pC2H2/ 5 pC2H2 I

CHINIAIONIETO TTapa TPy JaHHOM TeMIiepaTtype.

BepositHOCTh 00pa3oBaHus alleTAJIEHA OIIPEASIsi-
€TCsl CKOPOCThbIO MpoTeKaHUus AUDOY3MOHHBIX IMPO-
1ieccoB B razoBoii (aze [1]:

CC2H2 = 4TEDC2H2 7\.C2H2 , (3)
rae DC2Hz — Ko3dpuuueHT auddy3un alueTuicHa B

ra3oBoii ¢ase; kcsz — JJIMHA CBOOOMHOro mpobera

alleTHJICHa B ra3oBoi (hase.

OlreHKa BepOSITHOCTH pacTiama areTieHa IIpy TeM-
repaTypax pocTa yriaepoaHbix HaHoTpyook (500...800 °C)
o dopmyiam (2) u (3) naer 3HayeHus ot 1,9+ 1020 ¢
10 3,6 1020 ¢~ 1. Takum o0pa3oM, Ionajasi B peakTop,
alleTWJIEH pasJjiaraeTcsl OYeHb OBICTPO.
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Peiuienue ypaBHeHus (1) mpu HayaabHOM YCJIOBUM
HYJIEBOI KOHILIEHTpAllMU YIJepoJa B peakTope MMeeT
B

0

Neon
Ne = —2=2 11 = exp(—ec,y, /kT)]. (4)

YpaBHeHue (4) moKasbIBaeT, UTO alETUJIEH pacra-
JlaeTcsl TIpU HarpeBe TO0CTaTOYHO OBICTPO, HO HE MOJI-
HocThlo. Tonbko 12 % sroro rasa mnpeBpainaercs B
yrJiepo, KOTOpbiii AuGGYHAUPYET K KaTau3aTopy U
y4yacTBYeT B pOCT€ YIJIEPOIHBIX HaHOTPYOOK. DTa
OLIEHKAa COTJIacyeTcsl ¢ 3KCMEPUMEHTAIILHBIMU U pac-
YEeTHBIMU JaHHBIMU PaOOTHL [8], roe IOJy4eHO, YTO
0KoJ10 14 % aneruieHa pacnanajioch ¢ 00pa3oBaHUEM
yraepona. Takum o6pa3oM, moaTBepxKaaeTcs ¢GakT, 4To
MUPOJIU3 aleTuaeHa 6osiee 3¢GHEKTUBHO MPOUCXOIUT
HEIOCPEJCTBEHHO Ha MOBEPXHOCTU KaTajuzaTopa.

2. TepMoaHaMHKAa MUPOJIH3A ANlETHIEHA

Tak kak nyposu3 aleTuIeHa MPOUCXOAUT OBICTPO,
TO B PEAKTOPE MPAKTUUYECKU CPa3y HACTYMAeT TEPMOIU-
HaMH4YecKkoe paBHOBecue. PaBHOBecue B TepMOAMHA-
MMUYECKOW CUCTeME MO3BOJIsIET MPUMEHUTh METOM MU-
HUMM3ALMK CBOOONHON sHepruu ['mbOOca masa aHanusa
MPOLIECCOB, KOTOPHIE MPOUCXOAAT C MHBIMM MPOAYKTa-
Mu ruposnusa [6, 7]. Cieays MeToaMKe JaHHOM PaboThI,
onpeaesiiM JUISl Ta30B-peareHToB, 00pa3yIoIIUXCsl MPU

m

C
mposmse, yucio mect (N " " = pé u /kT) naucno
n m

_ S
JaCTHII (NCnHm = anHm/kT), Tie pc u, - Pc,H, —

JaBJCHUEC HACBILICHHBIX ITApOB U NnapuuaJlbHOC AaBJIC-
HHE Trada-p€arcHra B p€aKTopeE.

06]]_[66 YHMCJIO aTOMOB yIJjepoaa 1 BOaopoaa B CUC-
TeMe TaKXKe OCTaeTCsI MOCTOSTHHBIM. 3aKOHBI coxpa-
HEHHA aTOMOB OIIMCBLIBAIOTCA CICAYIOIIMMU YPaBHC-
HHUSAMMU:
tot

oc=Nc' = 2N u, — Ne:

rae Néo " _ nonnas KOHIICHTpAIXs yIiIepona, BKITIO-
Yaoulas yrepoa B COCTaBe COENMHEHUM; N- — KOH-
LIEHTparus CBOOOMTHOTO yIiiepoaa B peakTope, KOTO-
pasi COOTBETCTBYET pelleHUIO ypaBHEHUS (4); Nﬁ” —
NOJIHAsl KOHLIEHTpalMs BOAOpoaa B peakTope; Ny —
KOHILIEHTpalMsI CBOOOIHOI0 BOIOPOJA.

7151 BEIMUCIIEHUS] KOHIIEHTPALMKM YIJIEBOIOPOIOB,
BO3HMKAIOUIMX B XOJ€ MUPOJU3a, NMPUMEHUM METOJ
MWHUMM3ALMKU CBOOOIHOM 3Heprun [mb0ca crucTeMsl,
pazpabotaHHbiii B paborax [1, 9, 10]. CBoGoaHas
SHEPTUS CUCTEMBI CKJIAIBIBACTCS M3 IBYX COCTABIISIO-
IIMX: AIIUTUBHOM, paBHON CyMME MapLUUAIbHBIX I10-
TeHIMaaoB ['M66ca OTHEeTBHBIX MOJEKYJ, YMHOXEH-
HOI Ha MX YMCJIO, U KOH(PUTYPALIMOHHON 3HTPOIINU,
ornpeneasseMoil TepMOAMHAMUYECKON BEPOSITHOCTHIO.




VYa06HO BBeCTM HaplLUalbHYl0 3Hepruio I'mdoOca
obpaszoBanus Monekynsl C,H,

0 0
Gnm = gCnHm + tc + HH s (6)

e &c,H, — U30bITOUHAS MapUuraibHas SHEeprus 00-
pa3oBaHMsl MONIEKYJIbI; e M [l — XUMUYECKUE I10-
TeHLIMaJIbl YMCTBHIX YIJiepojJa W BOAOPOJIA MpPU CTaH-
JMApTHBIX YCIOBUSX, KOTOPbIE SBJISIIOTCS CIIPaBOYHOMN
BeJIMYMHOK. OHU ClTy>kKaT ypOBHEM OTCUYETa Maplyaib-
Holi sHepruu ['md0ca MoIeKyIbl, 3Ta SHEPTUS COCTO-
WUT U3 DHTAIBIMU U TEIUIOBOM SHTPOMMUM, CBSI3aHHBIX
ypaBHEHUEM:
gc,n, = Hen, = TSc,n,, - ™)

m

rae HCnHm — TapuuajbHasT SHTAJBIINUS; SCnHm —

napuMaibHasi KosiebarejbHas (TeruioBasl) 3HTPOIUS
oOpazoBaHus (pacriajga) MOJIEKYJIbI.

JanpHelre BeIKJIAAKK OyaeM AeaaTh Ijis (PUKCH-
pOBaHHOI TeMmepaTypbl. B 3ToM ciydae mapuuaib-
HBI TePMOAMHAMUYCCKUI TOTEHIIMAT MOXHO CUM-
TaTh KOHCTaHTOH. YMCIIO 3aKOHOB COXpaHEHUST YMciIa
MECT PaBHO YMCITY XMMUYECKUX KOMIIOHEHTOB CUCTE-
MBI, 1 U151 K&KIOTO U3 HUX MOXKHO 3aIliCaTh 3aKOH CO-
XpaHEeHUs Yyucia MecT:

C,Hy, 0
Oam =N """ =Ncu, = Ncu, =0 B

rue NgnHm — YHCJIO MECT B ra3oBoii (paze, KOTOphIe
OCTalOTCs CBOOOAHBIMU.

KoHdurypalroHHasi 3HTponusi, Kak U3BeCTHO, OIl-
penessieTcs TepMOAMHAMUYECKOM BEPOSITHOCTBIO CUC-
TeMbl. YuCI0 c0COOO0B, C MOMOILBIO KOTOPBIX MOXHO

CnHm
pasmecTuTh N y vactuil mo N y3JIaM, paBHO
n m

YUCITy pa3MelleHuii [9]:

NCHHWI'

(N Ny ) |

TepMoaguHAMUUYECKHUE COCTOSIHUSI, B KOTOPBIX TOJIb-
KO JIB€ MOJIEKYJIbl TIOMEHSUIUCh MEeCTaMU, B CUJTY MIPU-
HIIMIIA TOXIASCTBEHHOCTU HE OTIMYAIOTCS, ITO3TOMY
YUCJIO HE3aBUCHUMBIX CIIOCOOOB pa3MelleHUsI MEHbIIIe
BO CTOJIBKO pa3, CKOJIbKO TMepecTaHOBOK MOXHO Cle-
JIaTh MeXIy BakaHCHUSIMU. TO €CTh YMCIIO MepecTaHO-
BOK YM€HbIIAeTCs B N 1y ! pa3 ¥ paBHO YKCITy COYe-
taHuit. Ce10BaTeIbHO, B ATOM Clyyae

A:

NCnHm'

(NC”H"’ - NC”H”) Ny ! |

Ecnu B cucteme nMeeTcss HECKOIBKO TUIIOB MOJIE-
KyJ, TO Kaxaasd U3 HUX pa3sMeIIacTCAa 1o CBOUM MEC-

W= )

TaM HE€3aBUCHUMO. HOSTOMY OKOHYAaTECJIbHO TEPMOIUN-
HaMMUyeCcKasli BEPOSITHOCTh BCEW CUCTEMbI paBHA

CnHm'
W= A . (10)

N7 Ne y INe !

st Toro 4roObl BHIYMCIWTH PABHOBECHYIO KOH-
LIEHTPALMIO MOJIEKYJ, BOCIOJb3YEMCS CIEIYIOLIUM
aJITOPUTMOM: COCTaBUM (PYHKLIMOHANI YPaBHEHUS IJIsT
cBOOOmHOI 3Hepruu ['mbO6ca crucTeMBl; TIPOBEAEM M-
HUMM3aLUI0 CBOOOJHOI SHEPTUU METOJOM HeoIllpeae-
JICHHBIX MHOXwuTenei JlarpaHxka ¢ ydyeTOM 3aKOHOB
coxpaneHus (5) u (8).

DyHKIMOHAT IJ11 HaXOXAEHWs YCJIOBHOTO MWHU-
MyMa UMEET CIAEAYIOIIUNA BU:

= Y gmNcy — kTInW + rcoc +
n,m nttm
+ kH(PH + xnm(\onmv (1 ])

LA€ Ay hcs Ay — HEONpPEAEIeHHbIe MHOXUTENN Jlar-
paHxa, KOTOPble BO3HUKIIM U3 3aKOHOB COXPAHEHUS;
Ac — 4MClIa aTOMOB yIjiepoja; Ay — YKCJIa aTOMOB BO-
nopona. Yucno HeomnpeneneHHbIX MHoxuTtesei Jlar-
paHxka paBHO YUCIY 3aKOHOB COXPaHEHUS.

ITocne mpoBeneHusi onepanuii MOUCKA YCIOBHBIX
BKCTPEMYMOB, B COOTBETCTBUM C MeTomukoi [1, 9],
HAXOIUM BBIPAXEHUS Ui KOHUEHTPALUU PEAreHTOB,
KOTOpbIe BOZHUKIIM B Pe3yabTaTe MUPOJIU3A:

NS
CnHm

" @) (@

Ne,

e gc H, — CcBOOOAHAsI 3HEPrusi o0pa3oBaHUS CO-
exmHenus C,H, ; a‘;{l , a‘é — aKTMBHOCTU BOIOPOJA U
yrjiepoja B ra3oBoii (ase.

BripaxkeHue (12) 1mokasbIiBaeT, UTO B YCJIOBUSIX paB-
HOBeCHUsI YUCJIO YacTUIl YIJEBOAOPOAOB Pa3IWYHBIX
COPTOB MOKHO BBIYMCJISITh HE3aBUCUMO JIPYT OT JIpyTa.
Hx uucno onpenensieTcsi JaBJ€HUEM HACHIIIAIOIIETO
mnapa u napuuajibHbIM IoTeHuuaaoM I'mooca. O6e atu
BEJMYMHBI SIBJISTIOTCS] TAOIMYHBIMU, OAHAKO UX CIIeTyeT
YTOUHMTH IIPU OTpabOTKe pexxuMoB moiydeHus YHT.

3aMeTHM, YTO KOHLEHTpallus BUHUJALIETUIIEHA,
KOTOpasi BOBHUKAET B pe3yjbTaTe MUPOJIM3a, YMEHb-
1IAeTCs B MPUCYTCTBUY U30BITOUHOTO BOAOPOIA U yT-
JIepoJia, YTO COIIaCyeTCsl C SKCIEePUMEHTATbHBIMU pe-
3yJIbTaTaMU pa0oTHI [8]. DTU MOJIUMEpPHBIE MOJIEKYJIbI
MOTYT OCaXJaThCsl Ha MOBEPXHOCTU KaTajauzaTopa U
TOPMO3UTh POCT HAHOTPYOOK, ITOSTOMY MX KOHIIEHT-
paluIo HEOOXOIMMO CHMXKATh. DTOr0 MOXHO TOOUTh-
Csl IyTeM BBEJEHUSI B peaKTOP AOIMOJHUTEIHLHOTO BO-
JopoAa B TIPOLIECCE CUHTE3a, KOTOPBIM YMEHBIIUT
KOHLEHTpaLUKIO0 BUHWIALETUIEeHA.

Takum oOpa3om, pe3yabTaThl MUPOJIM3a 3aBUCST OT
TEPMOAMHAMUYECKUX CBOMCTB peareHTa, TemIiepary-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 8, 2019 453



pPBI ¥ TIPUCYTCTBUS B peakTOpe BOAOPOIA M yrjaepoia.
[Tpu nmoBbllIEHUU OOI1LEr0 JABAECHUSI B CUCTEME JIMOO
VBEJIMICHWH TTOTOKA alleTHIeHA MapirajbHbIe TaBie-
HUSI peareHTOB PacTyT M pacTeT KOJUYECTBO CBOOOI-
HOTO YIJIEpoia, CKOPOCTh POCTA YIJIEPOAHBIX HAHOTPY-
0OK yBEJIMYMBAETCS.
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Introduction

Growth of the carbon nanotubes consists of a chain of
complex physical and chemical processes happening in the
gas phase of the reactor and on the surface of a catalyst [1].
Most of the works consider carbon as the source of acetylene,
and nickel as the catalyst, because during adsorption the car-
bon dimers create stable configurations on the surface of nick-
el [2], and since acetylene is close to a dimer, its adsorbates
are kept steadily on the surface of nickel and decay with a re-
lease of carbon [3]. In case, when a molecule is adsorbed on
the surface of a metal, the activation barrier to its decompo-
sition goes down. Including the barrier of decomposition of
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the acetylene on the surface of Ni(111) is equal to 1.4 eV, in-
stead of 5.58 eV during its self-decomposition [4]. This is one
of the reasons, why the adsorbed molecule decays with a big-
ger degree of probability, than it is desorbed again. With a
temperature increase the probability of formation of the pol-
ymeric chains of the vinylacetylenes of C,H,, type increases,
which finally lead to formation of a monolayer of the graphite
on the surface of the catalyst [5, 6]. In this case the growth
of a nanotube slows down and eventually stops.

The acetylene is highly prone to formation of the viny-
lacetylenes, which are formed by polymerization of the prod-
ucts of the pyrolysis [5, 6]. At the same time, the efficiency




of the thermal decomposition of the acetylene is significantly
lower than the efficiency of the pyrolysis on a catalyst, which
can reach 85 % [7], and proceeds according to the scheme
C,H, —» 2C + H, The constant of the speed of this reaction
is described by equation 5.5 - 1066Xp(165/RT) mol/m3/s [8].
At that, in the products of the thermal pyrolysis in the gas phase
the polymeric molecules prevail [6]. For example, the energy of
decomposition of C4H, is equal 335 kJ/mol, while that of its
derivatives from the acetylene molecules — 120 kJ/mol, there-
fore, the process moves towards the polymerization.

Thus, the growth of the carbon nanotubes is accompanied
by the following processes: the pyrolysis of the acetylene in
the gas phase leading to emergence of various compounds;
diffusion of these compounds to the surface of the catalyst;
capture of the acetylene and the other products of reaction of
the pyrolysis to the surface of the catalyst’ nanoparticle; the
pyrolysis of the acetylene on the catalyst with formation of
carbon; penetration of carbon from the surface into the cat-
alyst volume; formation on the surface of the catalyst of a lay-
er from the amorphous carbon and the remains of the pyrol-
ysis, which hinders the adsorption of the acetylene on the sur-
face of the catalyst.

In this work the kinetics and thermodynamics of the py-
rolysis of acetylene and also the processes of formation of
high-molecular compounds, which accompany the growth of
the carbon nanotubes, are studied. The calculations, which
were carried out in the work, demonstrate, that the pyrolysis
of the molecules of the acetylene goes on with a high speed,
therefore, in the gas phase of the reactor there is enough time
for a thermodynamic balance to be established. This allows us
to calculate the equilibrium concentrations of complex mol-
ecules during a change of the temperature.

1. Kinetic model of the pyrolysis of the acetylene
during the growth of the carbon nanotubes

Carbon is the basis for growth of the nanotubes, therefore,
first of all, we are interested in its accumulation in the gas
phase of the reactor. The pyrolysis reaction can be described
by a kinetic equation of the first order:

ar  fGH, N, = ¢cyn, NeNns (D

where N — concentration of carbon in the gas phase, which
was formed as a result of disintegration of the acetylene;
e’CZH2 — probability of the pyrolysis of the acetylene; ¢c,H, —
probability of formation of the acetylene; NCZHZ — concen-

tration of the acetylene in the reactor; Ny — concentration

of hydrogen in the reactor. According to the principle of a de-
tailed balance [1]:

ecu, = ccu, Now, exp(—gc u, /kT), )

where gc,H, — free energy of formation of a molecule of the
acetylene; Nész — concentration of the molecules of the
saturated vapor of the acetylene at the pyrolysis temperature;
s _ s K .
NCZH2 = Pc,H, /kT, Pc,n, — pressure of the saturating va-

por at the given temperature.

The probability of formation of the acetylene is defined by
the speed of the diffusive processes in the gas phase [1]:

CC2H2 = 4TCDC2H2 7\,C2H2 N (3)
where DC2 H, — coefficient of diffusion of the acetylene in the

gas phase; }“Csz — length of a free run of the acetylene in

the gas phase.

According to formulas (2) and (3), assessment of the prob-
ability of disintegration of the acetylene at the temperatures
of growth of the carbon nanotubes (500...800 °C) gives values
from 1.9- 1020 57! up to 3.6 1020 571 Thus, when in the re-
actor, the acetylene decays very quickly.

The solution to the equation (1), at the initial condition
of the zero concentration of carbon in the reactor, has the fol-
lowing appearance:

Ne,u
Ne = =211 = exp(—ec,u, /kT)]. )

The equation (4) shows that during heating the acetylene
disintegrates quickly enough, but not completely. Only 12 %
of this gas turn into the carbon, which diffuses to the catalyst
and participates in the growth of the carbon nanotubes. This
assessment coincides with the experimental and calculated data
of the work [8], in which it was found out that about 14 % of
the acetylene disintegrated with the formation of the carbon.
Thus the fact was proved that the acetylene pyrolysis proceed-
ed more efficiently directly on the surface of the catalyst.

2. Thermodynamics of the acetylene pyrolysis

Since the pyrolysis of the acetylene happens quickly, the
thermodynamic balance in the reactor comes practically at
once. The balance in the thermodynamic system allows us to
apply the method of minimization of the free energy of Gibbs
to the analysis of the processes, which happen to the other prod-
ucts of the pyrolysis [6, 7]. By using the technique of this work,
let us define for the gases-reagents, which are formed during

C H
the pyrolysis, the number of places (N " " = pi y /kT)

and the number of particles (Nanm = Pcu, /kT) where,

pSC”Hm » Pc,u, — pressure of the saturated vapors and partial

pressure of the gas-reagent in the reactor.

The total number of the atoms of carbon and hydrogen in
the system also remains constant. The laws of conservation of
the atoms are described by the following equations:

oc= N - Zn:NC”Hm - Nes
on= N~ ZmNeu, — My, 5)

where NZ " — full concentration of carbon including the car-
bon in the compounds; N- — concentration of the free car-
bon in the reactor, which corresponds to the solution of the
equation (4); N{;’ " _ full concentration of hydrogen in the re-
actor; Ny — concentration of free hydrogen.

For calculation of the concentration of the hydrocarbons
arising during the pyrolysis we will apply the method of min-
imization of the free energy of Gibbs of the system developed

in the works [1, 9, 10]. The free energy of the system consists
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of two components: the additive one, equal to the sum of the
partial potentials of Gibbs of separate molecules multiplied by
their number, and the configuration of the entropy deter-
mined by the thermodynamic probability.

It is convenient to introduce the partial energy of Gibbs
for formation of molecule C, H,,:

0 0
Gum = 8c,H,, Tuc topp, (6)
where gc y ~— excess partial energy for formation of a mol-

ecule; “oc and u(z, — chemical potentials of pure carbon and

hydrogen under standard conditions, which are the reference
values. They serve as a reference level for the partial energy
of Gibbs of a molecule, and this energy consists of the en-
thalpy and the thermal entropy connected by the following
equation:

gc,n, = Hen, = TScom,, (7

where HC”Hm — partial enthalpy; SCnHm — partial oscillatory

(thermal) entropy of formation (disintegration) of a molecule.

We will present the further calculations for a fixed tem-
perature. In this case the partial thermodynamic potential can
be considered as a constant. The number of the laws for con-
servation of the number of places is equal to the number of
the chemical components of the system, and for each of them
it is possible to write down the law for conservation of the
number of places:

CoHp 0
o= N~ New Ny =0, @®)

where Ng u_ — number of places in the gas phase which re-

main free.
As is known, the configuration entropy is defined by the
thermodynamic probability of the system. The number of the

methods, by means of which it is possible to place Nanm

C H
particles in N " ™ nodes, is equal to the number of place-
ments [9]:
C H
N ™
C H '
(N Ne g )

The thermodynamic states, in which only two molecules
exchange their places, owing to the principle of identity do
not differ, therefore, the number of independent methods of
placement is so many times less, how many permutations can
be made between the vacancies. That is, the number of the per-

mutations decreases in N ! number of times and is equal
n-"m

A=

to the number of the combinations. Therefore, in this case

CnHm'
W= N . )

(N Ne )1V i !

If in the system there are several types of molecules, then
each of them is put in its place independently. Therefore, fi-
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nally, the thermodynamic probability of all the system is
equal to

w= Tl N

"N Ne g )N !
~Nem,)!Nen,)!

(10)

In order to calculate the equilibrium concentration of the
molecules, we will use the following algorithm: we will make
a functional of the equation for the free energy of Gibbs of the
system; we will carry out a minimization of the free energy by
the method of undetermined multipliers of Lagrange taking
into account the conservation laws (5) and (8).

The functional for finding out of a conditional minimum
has the following appearance:

n,m nm
+ XH(PH + }“nm(an’ (11)

where A, Ac, Ay — undetermined multipliers of Lagrange
which arose from the conservation laws; A — numbers of the
carbon atoms; Ay — numbers of the atoms of hydrogen. The
number of the undetermined multipliers of Lagrange is equal
to the number of the conservation laws.

After carrying out operations of search for the conditional
extrema, according to the technique [1,9], we find expressions
for the concentration of the reagents which resulted from the
pyrolysis.

NS g -~ mHO _ ”HO

New = ——1m_ex [ Cull kT“ Cj . (12)
(aé) (af)

where gc,H, — free energy of formation of compound C,H,,;

a‘é s aﬁ — activities of hydrogen and carbon in the gas phase.

Expression (12) shows that in the conditions of balance
the number of the particles of hydrocarbons of various kinds
can be calculated independently from each other. Their
number is defined by the pressure of the saturating vapor and
the partial potential of Gibbs. Both of these values are tabular,
however, they should be specified during development of the
modes of receiving of CNT.

We should point out that the concentration of vinylacety-
lene, which results from the pyrolysis, decreases in the pres-
ence of excess hydrogen and carbon, which agrees with the
experimental results of the work [8]. These polymeric mole-
cules can precipitate on the surface of the catalyst and slow
down the growth of the nanotubes, therefore, their concen-
tration should be reduced. This can be achieved by introduc-
tion of additional hydrogen into the reactor in the process of
synthesis, which will reduce the concentration of vinylacety-
lene.

Thus, the results of the pyrolysis depend on the thermo-
dynamic properties of a reagent, temperature and presence of
hydrogen and carbon in the reactor. In case of increase of the
total pressure in the system, or increase of the flow of the
acetylene, the partial pressures of the reagents grow and the
amount of free carbon grows, and so does the growth rate of
the carbon nanotubes.
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NMPUMEHEHMUE NMAA3ZMOHHbBIX DOOEKTOB B YTAEPOAHBIX HAHOTPYBKAX
AAA TTOBBIWEHNA DO®EKTUBHOCTHU KPEMHUEBbLIX COAHEYHbIX

MPEOGPA3OBATEAEN DHEPTUM

Ilocmynuna 6 pedaxyuro 25.04.2019

OnucaHbl uccaedosanus MexaHusma mpaHcnopma Hocumeneu 3apsoa 6 yenepoonsix Hanompyokax (YHT), noayuenHoix me-
modom ocadcdenus uz eazoeol gasvl. [lokazano, ymo 6 0CHOBHOM Npeobradaem NPbIHCKOBbLL MEXAHUZM NPOBOOUMOCHU, 8 MO Jice
8peMs aHaAU3 SHepeuu aKkmueayuu yKasvieaem Ha memaniudeckue ceovcmea YHT.

Hccenedosana cnekmpanvhas XxapaKkmepucmuka noeaoweHus u gomoatomunecyenyuu 0aa maccueog YHT ¢ pazauunoimu épe-
MeHem u memnepamypou cunmesa. Ilokazano, umo onmumanvHoli memnepamypoii cunmeza YHT 043 uccredosanusi naa3moHHbIX
aghpexmos seasemes 750 °C. Jlromunecyenyus 6030yxcoaracst KOpoOmMKOBOIHOBbIM N1A3EPOM, nepeusnyyerHue Habandaioch 6 eu-

dumom dceamom ceeme.

B pezyavmame dannoi pabomol Oblau NOAYHEHbI MECMOBble COAHeYHble dAeMeHmbl ¢ nokpbimuem u3 maccuea YHT u s¢pgpex-
muerocmoio 50 % 6 KopomK080AHOE0M duanaszoxe auoumoeo cnekmpa. llpu smom ucxoonas xapaxkmepucmuka sgpgexmusHocmu

6 ONUHHOBOAHOBOM OUANA30HE CHU3UAACH He3HAUUMENbHO.

Karoueevie caosa: conneynvie s1emenmol, yenepooHsle HAHOMPYOKU, (hOMONOMUHECUEHYUS, NAA3MOHHbLe dhpexmbl

BBenenne

XOpol1lI0 U3BECTHO, YTO YIJIEPOJHbIE HAHOCTPYK-
TypMpPOBaHHBIE MaTePHUAIbI MOTYT IIPOSBISATH pas3JInd-
Hble 9(DHEKThl B 3aBUCKMOCTU OT T€OMETPUYECKUX U
Mopdonornmyeckux ocobeHHocTeil. Hampumep, yrie-
poanbie HaHOTPYOKU (YHT) MoryT OBITh KakK IOJIyIIpO-
BOJHUKOBBIMHU, TaK U MeTa/lIMuecKuMu. VX aynekrpo-
¢uznyeckue CBOMCTBA OIpenesieT psia (GU3NYECKUX
0CODEHHOCTEM, TAKUX KaK XUPATbHOCTh, N1€(PEKTHOCTb,
JJIMHA W TOJIIMHA, a TAKXKe YMCIIO CTeHOK [1, 2].

Maccusnl YHT npeacrasisioT coboit MaTepuan
K02 OUIIMEHTOM ONTUYECKOTO MOTJIOIIEHUS B BUIU-

MOM JMalla30He IMH BOJIH, OJM3KUM K €IUHHIIE.
Ecth Bce ocHoBanus monarath, 4yto YHT, momoOHO
MeTaJUIMYeCKUM HAaHOYaCTULIAM, CAMU CITOCOOHBI YCU-
JIMBaTh CUTHAaJ Mafaolero uanydeHus [3]. Drta Bo3-
MOXHOCTb OblJIa TIPOJIEMOHCTPUPOBAHA B 3KCIIEpUMEH-
Te [4]. B aTom skcnepuMmeHTe YHT BblpaiuuBaiu Ha
KPEMHUEBOU MOIJIOXKKE METOAOM XUMUUECKOTO OCaXK-
nexust napoB (CVD).

B nanHoli paboTe paccMaTpUBAIOTCS PE3YJIbTAThI
SKCIIEPMMEHTAJIBHBIX MCCIIEIOBAaHUN (HOTOTIOMUHEC-
meHuun MaccuBoB YHT u mx mHTerpauus B IOJU-
KpeMHEBBIE COJTHEYHBIE OaTapen.
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1. MexaHu3mM TPaHCHOPTA HOCHTENIEd M MPeANOCHLIKH
JJIs TUIA3MOHHOTO pe30HaHCa

IToBepXHOCTHBIN IUIa3MOHHBINM PEe30HAHC HAOJIIO-
JlaeTcsl, Kak IpaBUJIO, Ha HaHOYACTHUIIAX METAJJIOB,
HAHECEHHBIX Ha TMOBEPXHOCTb M30JIATOpa, IIe BaX-
HYIO POJIb UTPAIOT KaK MaTepual HAaHOYACTHULIbI, TaK U
Martepuaj IU3JIeKTpUKa.

PaccmatpuBass YHT B KauecTBe MI1a3MOHHOTO pe-
30HATOpa, B MEPBYIO OoYepelb HEOOXOAUMO BBISICHUTD
MPUYMHBI TaHHOTO 3(deKTa U HAyUUThCs YIPABISATh
€ro XapakKTepUCTUKAMHU.

MexaHu3M TpaHcIiopta Hocuteneil 3apsima B YHT
SIBJISIETCS MIPEAMETOM MHTEHCUBHBIX OTMCKyccHid [5].
B oT0it cBsI3U chemyeT OTMETUTD, YTO MpobdaemMa TpaHC-
rMopTa HOCUTeJel 3apsiia B TaKUX HU3KOPa3MEPHbBIX
cucTeMax, Kak HaHOTPYOKM, SIBJISIeTCSl B HAacToOsllee
BpeMsl HEIOCTaTOYHO u3yuyeHHOW. B TpexmMepHBIX
MPOBOISIINX CTPYKTYpax, Kak M B KPUCTAUTMYECKUX U
aMop(HBIX MOJYITPOBOAHUKAX, HAOJIIOIAIOTCS TPU pe-
JKMMa TpaHCIOpTa HOCUTEINe 3apsina (B 3aBUCUMOCTH
OT CTENEHU Pa3yNopsiAOYEHHOCTH): METaUIMYeCKUH,
KPUTUYECKUU U AuBJIeKTpUuuecKuii. B nuanexkrprkax
MPOBOAMMOCTb OCYILECTBIISIETCSI TOCPENCTBOM TYHHE-

M0 ey O W o

e
0347 FMA 35,0003 5004V 017mA ETD E77e-4Pa 40 mm 80"

Puc. 1. Oopasen aas usmepenns xapakrepuctuk YHT (a) u nepxkarens oopasuna (b)
Fig. 1. Sample for measuring the characteristics of CNT (a) and sample holder (b)

JIMPOBAHMsSI HOCUTEJIEeH 3apsiga MeXIy JIOKaJTu30BaH-
HBbIMU COCTOSIHUSIMM B 3allpellleHHO# 30He. B psae
CIyJ4aeB IIPOBOAMMOCTb OITMCHIBAETCS OSKCITOHEHIIN-
aJbHOM TeMIIepaTypHOU 3aBUCUMOCTBIO, XapaKTEePHOM
JUJIS. TIPIXKKOBOM MPOBOAMMOCTHU C TIEPEMEHHON v~
HOH MpbBLKKA.

Pezyromamur  sxcnepumenmanvhvix  uccaedoganuil.
7151 IpoBeAeHUS SKCIIEPUMEHTATIBLHBIX MCCIeI0OBAaHUI
B IIIMPOKOM JMamna3oHe TeMIlepaTyp ObLT M3rOTOBJEH
psn 00pa3IoB M MOATOTOBJIEHA CIIeIMATU3UPOBAaHHAS
cucTeMa M3MEepeHUid, Io3BoJjsolas (GUKCUpoBaTh
00JIbIIMHCTBO (D (HEKTOB, XapaKTEPHBIX JIJIs MOJYIPO-
BOJIHUKOBBIX MaTepHUasoB.

Criennaiin3zupoBaHHbIe 00pasiibl (puc. 1, a) mome-
1IAJIA B UBMEPUTEIIbHYIO STUeliKy (puc. 1, b), koTopas
MO3BOJISIET TTPOBOIUTH BJICKTPUUECKHUE U3MEPEHUS MO
BO3IEMCTBUEM CHJIBHBIX DJIEKTPUIECKUX M MAaTHUTHBIX
noJjieil B LIMPOKOM JWara3oHe TeMIleparyp.

HenuHeliHOCTh Ha BOJIBT-aMMEPHOU XapaKTepuc-
THUKE, TOJIydeHHas1 B Pe3yJIbTaTe YeThIPEXKOHTAKTHOTO
U3MEPEHMSI, TOBOPUT O TOM, YTO KOHTAKTHbIE SIBJIEHUSI
B JAHHOM cjiyyae MOXHO MCKII0oYuTh. CremoBaresb-
HO, HEJIMHEHOCTb CBsI3aHa B OCHOBHOM CO CBOICTBa-
mu camoit YHT.

Ha puc. 2 (cM. BTopyto CTOPOHY
00JI0XXKM) TPUBEICHBI BOJIbT-aM-
MepHbIe XapaKTEPUCTUKU OJMHAP-
Hoit YHT. Ha xapakrtepucTukax
SIBHO MPOCMATPUBAETCS HEJIMHEM-
HOCTb, KOTOpasi MOXET OBbITh CBSI-
3aHa ¢ pazorpeBoM YHT npoteka-
IOIMM TOKOM, a Takxke ¢ 3ddek-
TBMU CUJIBHBIX moyieil. OmgHaKo
comnpotuBiaenrue YHT npwu yBenu-
YEeHWU TOKA M HaNpPSKEHMS T1afa-
€T, YTo OoJiee XapaKTepHO ISl MO~
JIyITIPOBOJAHUKOBOI'O AMOAA.

B pesyabraTe HalllMX 3KCIIEPU-
MEHTOB ObLIO MTOATBEPXKIEHO, UTO
BOJIbT-aMIIEpHBIE XapaKTePUCTU-
ku (BAX) ogunounsix YHT ume-

T.K

Puc. 3. 3aBucumocts conporuienust cTpykrypol ¢ YHT ot Temnepatypsi (a), norapugm

NMPOBOJAMMOCTH OT 00paTHO# Temnepatypsi (b)

Fig. 3. Dependence of the resistance of the structure with CNT on temperature (a), the logarithm

of conductivity on the inverse temperature (b)
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MIPOBOANMOCTH.

Ha puc. 3, b npuBeneH rpadpuk
3aBUCUMOCTHU Jiorapudma MpoBO-
JUMOCTH OT OOpaTHOI TeMmmepa-
Typel. Ha rpaduxke BuaHO nBa
MPSIMOJIMHETHBIX Y4acTKa, 4YTO CO-
OTBETCTBYET SKCIIOHEHIIMATbHOM

: 7.0 T : IOT HEJIMHEWHBIA XapakTep, Tpu
: 65 | 138 : 3TOM HeJqnHelHocTh BAX Bo3pac-
| 801 | TaeT NPU MOHMXEHUU TeMIlepaTy-
| o %% EE_‘ e | pet ot 300 oo 1,8 K.

| = 801 h S s ‘ Ha puc. 3, a npuseneHa 3aBu-
| o245 | cumocThb conpotusieHus YHT or
| :Z' b ] 138 | TeMIiepaTtypbl. XapakTep 3aBUCHU-
: 20 . . . L ‘ 5 TR e e | MOCTH B OOJIbIIIEI CTETIEHN yKasbl-
| 0 50 100 150 200 250 300 1000/T.X | BaeT Ha MOJIyTIPOBOTHUKOBBIN THUIT
| |

| |

| |




3aBUCHMMOCTHU TIPOBOAUMOCTH ISl Pa3HBIX MHTEpPBa-
JioB Temneparyp. OnpeaeneHo, 4to 3aBUCUMOCTb o(7T)
IUIST MICCIeMyeMbIX HAHOTPYOOK SIBJISIETCS] SKCITOHEH-
LIMaJTbHON Y MPU OTHOCUTEIBLHO BBICOKMX TeMIIepaTy-
pax caenyeT 3akoHy Inc(7) ~ T —0,25 , TOrga Kaxk Ipu
HU3KUX TeMIIepaTypax Habaoaancs nepexol K 3aKOHY
Inc(T)~T ~05 Takoe nosexeHue COOTBETCTBYET MO-
nenu 3D-TpaHcmopTa U CBUAETENIBbCTBYET O TIEPEXoae
OT MOTTOBCKO# MPBIKKOBOK MPOBOAUMOCTHU K MpPO-
BOJAMMOCTU C NEPEMEHHON MIMHON Mpbixkka Ddpo-
ca—IIIKJIOBCKOTO NMpM HaJUYMU KYJOHOBCKOM IIEIU
B CIIEKTpe TUIOTHOCTU COCTOSHUI BCJICACTBUE BJICKT-
POH-3JICKTPOHHOT'O B3aUMOACUCTBYS [6]. DTH pe3yib-
TaTBHl O3HAYAIOT, YTO XapakKTep TpaHCIOpTa B TaKWUX
HU3KOpPAa3MEPHBIX CHUCTeMax, KaK HAaHOTPYyOKM, aHa-
JlorndyeH TpaHcnopty B 3D-cucremax, 4To Mo3BOJISIET
MIPEIIIONOXUTh BBICOKYIO CTEeTIeHb pPa3yIopsmovYeH-
HOCTH, Ae(eKTHOCTU (aMOp(hHOCTU) UCCIIeTOBAHHBIX
oOpa3uoB. Majast sHeprusl akKTUBAllMM TaKXKe CBU-
NEeTEeJbCTBYET O TPBIKKOBOM MeEXaHU3Me ITPOBOIM-
MOCTH.

[aHHble, TTOJydeHHbIE MPH HUCCIESIOBAHUU DJICKT-
podusnueckux xapakrepuctuk YHT, xopoiio corna-
CYIOTCSI C pe3yJibTaTaMu aHaiuza mopdosoruu YHT
C TIOMOIIBIO MPOCBEYMBAIOLLIEH 3JEKTPOHHONH MUKPO-
CKOITHM.

H3zobpaxenus (puc. 4—6) rmonydeHbl METOIOM ITPO-
CBeumMBalollleil 3JeKTpoHHON MuKpockonuu (ITOM)
BBICOKOTO pa3pelleHuUs.

M3 puc. 4 BUAHO, YTO MPM HU3KON TemIepaType
CHHTE3a TOoJyJaroTcs "6aMOykooopa3Hbie” MHOTOCTEH -
Hble YHT ¢ 60/1bp111M KOJIMYECTBOM aMOpP(HOro yrie-
poxna Ha noBepxHocTh. Kanan YHT nMeeT MHOXXECTBO
MNePEKPHITUA U Je(PEKTOB 000JOUKH.

Ha puc. 5 npuBeneHo nzoopaxenue YHT, nonyyeH-
HOe TIpU ONTUMAJILHOM TeMIlepaType cUHTe3a. B maH-
HOM cJTy4yae TOJIIIMHA CTEHOK JOCTaTOYHO OXHOPOIHA,
OIHaKO, Kak BUIHO M3 pucyHKa, kKaHan YHT taxke
WMEET TEePEeKPHITUSI.

Ha puc. 6 npuBeneH TUIMWYHBIA BUI YIJIEPOIHBIX
HAHOTPYOOK, TTOJIyIaeMbIX IMPHW BBICOKHUX TeMIIepaTy-
pax. CTpyKTypa COCTOUT M3 YelllyeK, IMPU 3TOM KaHas
TMOJTHOCTBIO OTCYTCTBYET.

MuHUMAaJIbHOE KOJIUUYECTBO Je(heKTOB TUIa "6aM-
Oyk" Habmomanock mpu Temmepatype 650...750 °C.
ITpu temnepatype 750 °C cpennsisi muHa YHT co-
craBisia 21 mxm. Ilpu temmneparype 700 u 800 °C
tonuumHa cioss YHT oka3zamace B HeCKOJbKO pas
MeHblIe, mostoMmy Temiepatypa 750 °C Oblna BHI-
OpaHa B KauyecTBe ONTUMAaJbHON IJis mpolecca CUH-
Te3a W JaJbHEHIIero MCCIeIOBAaHMS ILIa3MOHHBIX
3¢ deKTOB.

Takum oOpa3om, ObUIO ITOKAa3aHO, YTO CTPYKTypa
YHT, nonyyeHHass METOAOM OCaXIEHUS W3 Ta30BOU
(azpl, UMEET MHOTOCTEHHYIO KOH(MUTypaluio ¢ mne-
PUOINYECKHUM TIEPEKPHITUEM LIEHTPAJIBHOTO KaHaja.
DT0, B CBOIO OYepe/ib, MPUBOAUT K 0Opa30BaHUIO U30-

JIMPOBAHHBIX MPOBOASIINX OCTPOBKOB M BHOCHUT 3Ha-
YUTETbHBIN BKJIAI B IIPOBOAMMOCTD. Takasi CTpyKTypa
MOXKET OBITh TPUMEHUMA JIJIST CO3MaHMUSI TNIA3MOHHBIX
pPE30HaTOPOB.

Puc. 4. IIDM-u3zoopaxenune YHT, cunre3 npu remnepatype 550 °C
Fig. 4. TEM image of CNT, synthesis at temperature of 550 °C

Puc. 5. IIDM-n3o00paxenne YHT, cunte3 npu Temneparype 750 °C
Fig. 5. TEM image of CNT, synthesis at temperature of 750 °C

Puc. 6. IIDM-u3zoopaxenune YHT, cunre3 npu remnepatype 950 °C
Fig. 6. TEM image of CNT, synthesis at temperature of 950 °C
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2. Unrerpanua maccuBoB YHT B cTpyKTYypy
NOJIyNPOBOJHUKOBBIX COJIHEYHBIX 3JI€MEHTOB

st mccmemoBanust ontudecknx cBoiictB YHT Obi-
JIX TIPOBEIACHBI U3MEPEHUS CIIEKTPOB IOTJIOIICHUS U
JIIOMUHECUEHIIMY BEPTUKAIbHO OPUEHTUPOBAHHBIX
MacCCHBOB.

IIpu BO3OYXIEHUY JIa3epOM C JUTMHOM BOJHBI 365 1
382 HM HabJ0gaeTCs JIOMUHECLEHLIMS, TTPpeACTaBIeH-
Has Ha pUC. 7, OMHAKO MHTEHCUBHOCTH ITOJIOCH BO3-
OyXIeHUS BO MHOTO pa3 MpeBBIIIaeT MHTEHCUBHOCTD
JIIOMUHECIIEHIINH, 3TO B IMEPBYIO OYepelb CBA3aHO C
BBICOKOM morioliarliei cnocooHocteio YHT, a Tak-
Ke ¢ TeoOMeTpuel M3MepUTEIbHOUW YCTaHOBKHU. BBIITO
OIpe/ieJIeHO, YTO CIEeKTPaJIbHOE IMOJOXEHUE MaKCH-
MYMOB ¥ WHTEHCHBHOCTU TOJIOC (DOTOTIOMUHECIICH-
LMY TIPaKTUYECKU HE WU3MEHSETCS MPU U3MEHEHUU
JUTMH BOJIH BO30Y>KAAIOIETo YAbTpadroaeToOBOro aua-
IMa3oHa u3nydeHMs. Ha sKcrnepuMeHTalbHOM CITeKT-
pajibHOI XapakTepucTuke (puc. 7) 0603HaYeHbl MaK-
CUMYMBl WHTEHCHBHOCTH TIOJIOC JTIOMWUHECIICHITUU.
BuaHo, 4To mepeusnayyeHUe MPOUCXOAUT B BUAUMOM
JirarasoHe, OJIM3KOM K KeJITOMY LIBETY.

CrnenyeT OTMETUTh, YTO BOIIPEKU OXUAAHUAM [7]
npu obnyuenun YHT mazepoMm ¢ MIMHOI BOJHBI
590 HM (3eseHbIit) (HOTOJIOMUHECLHIEHLIUS BILUIOTh 10
A = 1080 HM B SIBHOM BUJ€ He HabJIogaeTCs.

Ha puc. 8 mpuBeneHs crieKTpaabHBIEC 3aBUCUMOCTH
MTOTJIOIIEHMST BEPTUKATBLHO OPMEHTUPOBAHHBIX MaCCH -
BoB YHT. B kauecTBe KpuTepusi BLICOTbI MacCuBa Obl-
110 BbIOpaHO Bpemsa cuHTe3a YHT, Kotopoe, Kak Imo-
Ka3aJi MPOBOAMMbIE HAMU UCCIEAOBAHUS, JTUHEHHO
3aBUCUT OT JUIMTEIIBHOCTH TIPOBEICHMS TIpOIIecca.
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Puc. 7. Cnekrp doromomunecuennmun YHT npu Bo30yKnennu na-
3€pOM C JJIMHO# BOJIHBI 365 HM

Fig. 7. Photoluminescence spectrum of CNTs when excited by a laser with
a wavelength of 365 nm
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Puc. 8. CnekTp noriomennsi BepTHKAJIbHBIX MACCHBOB HU3KOTEMIIE-
patrypubix YHT c pa3HbiM BpeMeHeM cHHTe3a

Fig. 8. Absorption spectrum of vertical arrays of low-temperature CNTs
with different synthesis times

Ha puc. 8 moka3zaH crnekTp IMOIJIOIIEHUST MacCUBa
VHT c pa3Hoii cpenHeil minMHOI MaccuBa. B jaHHOM
clyyae JJIMHa MacCHuBa ompeesisiach BpeMeHeM CHUH-
Te3a. B pe3ynbTaTe MccaeaoBaHU ObLIO OIpeneIeHHO
ONTUMAaJIbHOE BpeMsl CMHTe3a (miuHa MaccuBa YHT),
MIpA KOTOPOI TTOTJIOIIEHWE CBeTa B BUAMMOM IHaria-
30HE JJIMH BOJIH MTPOUCXOAMT HE MOJHOCThIO. DTO He-
obxomuMmo mist oTciaexuBanus BaustHust YHT Ha xa-
PaKTEepPUCTUKY TOJYTIPOBOJHUKOBBIX COTHEYHBIX 2JIe-
MEHTOB.

Hns peanuzauuu uHTerpauuu YHT B cTpyKTypy
KPEMHUEBOW COJHEYHOU Oarapeu Oblia BbIOpaHa
KOHCTPYKLMS, MpeACTaBIeHHas Ha puc. 9, a.

Ha puc. 9, b npuBeaeHo nzobpaxkeHre MOBEPXHOC-
TU COJIHEYHOTO 3jieMeHTa nocie cuHTe3a YHT. Bua-
HO, YTO MacCHUB UMEET CILIOIIHOE 3ar0JTHEHUE, OJHAKO
nnmviHa YHT B maccuBe obecrieurBaeT HeoOXOaMMOeE
CBETOIPOITyCKaHWE I XapaKTepu3alluy rmapamMeTpoB
COJIHEUHOI OaTapeu.

OOpa31bl coHeYHbIX aiieMeHToB ¢ YHT Ha moBep-
XHOCTH VMMEIIH SIPKO BBIPAXKEHHYIO OCOOEHHOCTH TIPH
MaJIbIX JUIMHAX BOJH, 3HAYMTEJIbHO OTJIMYAIOLIYIOCS
ot anemeHTa 0e3 YHT. C yyetoM MCTOYHMKA M3IIY-
YeHUSI C OYeHb MaJIeHbKUM 4uciioM (OTOHOB B YD
00JIacTH MBI JOJDKHBI OXMIATH 3HAUeHUE, OJIM3KOoe K
HYJIIO, JAaXE B YCIOBUSIX HU3KOM MOBEPXHOCTHOM pe-
KOMOUHALIMU. A TIPU YCJIOBUU OTCYTCTBUSI Ha o0Opas-
11aXx KaKoro-janbo nacCUBUPYIOLIETO MOKPBITUS U IH-
KarcyjasiHTa MOBEPXHOCTHAsI PeKOMOMHALIMS AO0JKHA
"checTh" JIIOOYIO TeHepalyio Ha MOBEPXHOCTH (IO 3a-
KoHy byrepa, yem BEblllIe 3HEpPrusli KBaHTa — TeM OJIu-
XK€ K TTOBEepXHOCTH TPOUCXOIUT TTOTJIoNIeHne (poToHa
U TeHepalus 3JeKTPOHHO-AbIpOYHOU Mmapsl). Hopmu-
pOBaHUE CIIEKTPAIBHBIX XapaKTepUCTUK (POTOTOKA K
YUCIy Mafalomux (pOTOHOB MO3BOJMIO OIPENSTUTh
CIEKTPATbHYIO0 3 GEKTUBHOCTD COTHEYHOTO DJIEMEH-




Conductive substrate

MpoBoaAwWan NOONoHKa

Puc. 9. Crpykrypa coHeuHoii 0aTapeu ¢ uHTerpupoBannsiM MaccuBoM YHT (a) n 300pakeHne noBepxXHOCTH coiHeyHoro 3j1eMenta ¢ YHT (b)
Fig. 9. Structure of a solar battery with an integrated array of CNTs (a) and image of the surface of a solar cell with CNTs (b)

Ta ¢ nokpeitueM u3 YHT (puc. 10, cMm. Bropyo cTo-
POHY OOJIOKKM).

Ha puc. 11 (cM. BTOpyI0 CTOPOHY OOJIOXKM) TIPU-
BelEeHbl CIIEKTpajbHbIE XapaKTepPUCTUKU obpasla ¢
VHT ¢ HopMupoBaHMEM II0 YKUCIY Magamliux ¢o-
TOHOB.

B ncxonHoii comHeuHol 0arapee 3¢ (HeKTUBHOCTH B
KOPOTKOBOJITHOBOM ONTHYECKOM JHAIa30HE OrpaHU-
yeHa TMOBEPXHOCTHOIN pekoMOuHauueil. M3 puc. 11
BUAHO, YTO BHEAPEHUE YIIIEPOTHBIX HAHOTPYOOK Ha
MOBEPXHOCTh COJTHEYHOI OaTaper MpUBEIO K 3HAYM-
TeJIbHOMY YBeJIMUYeHUI0 3(PHEKTUBHOCTU PabOThHI TIpe-
o0OpaszoBaTens B yAbTpadroJeTOBOM AUaIa3oHe UIMH
BoJIH. [Ipu 3TOM oOcTaeTrcsl HEMOHSATHBIM TOT (hbakT,
YyTO B "aHOMAaJbHOM" AMAaIa30oHe CIIEKTP He 3aBUCUT
OT JUIMHBI BOJIHBI Majalollero uanaydyeHus. Takxke He
SICHO, IOYeMY UHTEHCUBHOCTb (3(P(PEeKTUBHOCTH) COJI-
HEYHOI 6aTtapeu ¢ 6apbepHbIM CJIIOEM JMOKCHIA TUTA-
Ha U coJIHeYHoU Garapeu ¢ maccuBoM u3 YHT mpak-
TUYECKU OIMHAKOBBHI.

3akmouenne

Haubonee HamexXHbIMA U 9KOHOMUYECKU BBITO/I-
HBIMM Ha CErOJHSIIHUN AEHb SBISIOTCS COJIHEUHBIE
npeoOpa3oBaTed SHEPTUU Ha OCHOBE KpemHMs. He-
JMOCTAaTKOM MOHOKPUCTAIMYECKUX COJTHEYHBIX 3JIe-
MEHTOB SIBJISIETCST UX HU3Kas 3¢ (HEKTUBHOCTD MO Mpe-
00pa30BaHUIO COJIHEYHOTO CHEKTpa, OTpaHUYEHHAas, C
OIHON CTOPOHBI, BBICOKOW ITOBEPXHOCTHOM PEKOM-
OuHalMeil B KOPOTKOBOJHOBOW 00JIACTU M3JIyYEHUS
(ynpTpaduonet), a ¢ APYroil CTOPOHBI, LIUPUHON 3a-
MpelIeHHON 30Hbl B 00J1aCT MH(pPpaKpacHOTO Avarna-
3oHa. [IpuMeHeHMe TeXHOJIOTUU MOJMKPUCTALINYEC-
KOTO KpeMHMs1 yBeanuuBaeT 3¢gp¢deKTuBHOCTE CHD 3a
CUET yBeJIMUYeHUs1 paboyeil MOBEPXHOCTU, OMHAKO MPU-
BOIMT K yBeJIMUEHUIO yucia nedekToB. [ToaukpeMHu-

€Bbl€, IIIMPOKO30HHbIE U MHOTOKAacKaaHbie CD MOBbI-
1atoT 3¢h(PEKTUBHOCTb U ONHOBPEMEHHO YBEJIUUYMBAIOT
CTOMMOCTb M3IENUsI, TIOHUXKAIOT HaleXHOCTb, YXYyI-
1IAI0T DKCIUTyaTallMOHHbIE XapaKTepUCTUKU. B maH-
HoIt paboTe paccMaTprBaiach BO3MOXKXHOCTb CO3aHUsI
COJIHEYHOTO 3JIeMeHTa Ha 0a3e KpeMHMEBOIO Mpeos-
paszoBaTesisi ¢ BbICOKOM CIeKTpaibHON 3(DheKTUBHOC-
ThIO OJylarogapsi IBOMHOMY IIpeoOpa30BaHUIO COJTHEY-
HOTO M3JTYYEeHUS.

B xayecTBe MCTOYHMKA IepeusiydyeHust ObLI Bbl-
OpaH MaccHB BEPTUKAIbHO OPUEHTUPOBAHHBIX YIJie-
ponHbIX HaHOTPYOOK. KoadduiimeHT nornoieHus B
TaKOM MaccuBe MoxeT gocturath 100 % BUOUMOrO
cnekTpa. M3HayalbHO MpeAnoaraioch, YTo MOrjolle-
Hue B YHT OyaeT npoucxoauTs B LIMPOKOM JMara3o-
He IJIMH BOJIH, a TIepeusslydeHUe TOJbKO B OJIMKHEM
nHbpakpacHoM (MK) nuanasoHe, 4To MO CrieKTpajb-
HOIt XapaKTepUCTUKE 00eCIIeUnuT BbICOKYIO 3 heKTUB-
HOCTh (PYHKIIMOHUPOBAHUSI KPEMHUEBBIX COJIHEUHBIX
Oatapeil. OgHako, KaK MoKasajiyd MCCIeIO0BaHusI, Me-
peusnydyenue B MK HabionaeTcsi B OCHOBHOM B OJl-
HocTeHHbIX YHT ¢ MalbIM KOIuM4ecTBOM e(eKTOB.
Tem He MeHee, Kak MoKa3ali 9KCIEPUMEHThI, IpUMe-
HEHUEe HU3KOTeMIlepaTypHbIx MHorocteHHbix YHT c
BBICOKHUM COfIep>KaHUEM CTPYKTYPHBIX Ne(PEKTOB MO-
KeT 3¢ (eKTUBHO paboTaTh B YAbTpadrOIeTOBOM Ara-
Ma3oHe.

B pamkax naHHO# paOOThI ObLIM U3TOTOBJIEHBI TEC-
TOBbIE 00pa3Ibl HA OCHOBE MOJIMKPEMHMEBBIX COJTHEY -
HBIX 2JIEMEHTOB W MCCJIEJOBAaHbl UX XapaKTEPUCTUKM.
B kxauecTBe OapbepHOIO CJIOS, pa3AeIsSIioNIero MacCuB
YHT u noBepxHoctb CB, IpUMEHSIICS TUOKCUM, THU-
TaHa. BiusiHue Hanmuuusi 6apbepHOro CJOsl, a TaKxKe
TEeXHOJOoTUUeCcKuX MpoiieccoB cuHTe3a YHT Ha mapa-
METPBI M XapaKTEePUCTUKU COJTHEYHBIX 3JIEMEHTOB OT-
CJIeXKUBAIW Ha KaxaoM aTarne. B pesyiabraTe ObUIH MO-
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JIy4eHBI TECTOBBIE COJTHEUHBIE 3JIEMEHTHI C TIOKPHITH -
eM u3 maccuBa YHT u sddexktuBHOCcTRIO 50 % B
KOPOTKOBOJIHOBOM ITHAINa30HEe BUAMMOTIO CITEKTpa.

HanpHeiiee pa3BuTHE TAaHHOTO HAIMpaBJIeHUs 1aCT
BO3MOXHOCTb CO3/1aBaTh cMelllaHHble MaccuBbl YHT,
MMO3BOJISIONINE OCYIIECTBIATh 3 (PeKTUBHOE ITpeodpa-
30BaHUE KakK B yJbTpacHOJIETOBOM, TaK U B UH(pa-
KpacHoM auana3oHax. Kpome toro, mokpeitue u3 YHT
Oy/ieT oIHOBPpEeMEHHO obecrneynBaTh 3alUTy Tpeodpa-
30BaTelIsI OT Pa3pyIIaroIIero BO3ACHCTBUS COTHEUHOTO
U3JTy4eHUs.
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Charge carriers transport process of carbone nanotubes (CNT), produced by chemical vapor deposition, is investigated in this
work. It was demonstrated, that hopping conductivity is dominating, but at the same time the analysis of the activation energy in-

dicates that the properties of CNT are mainly metallic.

Spectral characteristics of absorption and photoluminescence of CNT, grown during different durations and at different tem-
peratures, were investigated. It was revealed, that optimal temperature of CNT synthesis for plasmon effect investigation is 750 °C.
Luminescence was excited by short-wavelength laser, reemission was observed in visible yellow light.

Examples of solar cells, coated with CNT and having 50 % efficiency in short-wavelength region of visible light, were obtained
during this work. At the same time, efficiency in long-wavelength region is decreased insignificantly.
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Introduction

It is well known that carbon nanostructured materials can
exhibit various effects depending on the geometric and mor-
phological features. For example, carbon nanotubes (CNTs)
can be both semiconductor and metal. Their electrophysical
properties determine a number of physical features, such as chi-
rality, defects, length and thickness, as well as the number of
walls [1, 2].
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CNT arrays are the material with an optical absorption
coefficient in the visible wavelength range close to unity.
There is every reason to believe that CNTs, like metallic na-
noparticles, are themselves capable of amplifying the incident
radiation signal [3]. This possibility was demonstrated in ex-
periment [4]. In this experiment, CNTs were grown on a sil-
icon substrate by the method of chemical vapor deposition
(CVD).




This paper discusses the results of experimental studies of
the photoluminescence of CNT arrays and their integration
into polysilicon solar cells.

1. The mechanism of carriers transport and the prerequisites
for plasmon resonance

Surface plasmon resonance is usually observed on metal
nanoparticles deposited on the surface of an insulator, where
both the nanoparticle material and the dielectric material play
an important role.

Considering CNTs as a plasmon resonator, it is first nec-
essary to find out the reasons for this effect and learn how to
control its characteristics.

The mechanism of charge carrier transport in CNTs is the
subject of intense discussion [5]. In this regard, it should be
noted that the problem of transport of charge carriers in such
low-dimensional systems as nanotubes is currently even less
studied. In three-dimensional conducting structures, as in
crystalline and amorphous semiconductors, there are three
modes of transport of charge carriers (depending on the degree
of disorder): metallic, critical, and dielectric. In dielectrics,
conductivity is carried out by tunneling charge carriers between
localized states in the band gap. In some cases, the conductivity
is described by the exponential temperature dependence char-
acteristic of variable-length hopping conductivity.

Results of experiments. To carry out experimental studies in
a wide range of temperatures, a number of samples were made
and a specialized measurement system was prepared, allowing
to record most of the effects characteristic of semiconductor
materials.

Specialized samples (fig. 1, @) were placed into a meas-
uring cell (fig. 1, b), which allows electrical measurements to
be carried out under the influence of strong electric and mag-
netic fields in a wide temperature range.

The nonlinearity on the current-voltage characteristic,
obtained as a result of four-contact measurement, indicates
that contact phenomena in this case can be excluded. Con-
sequently, nonlinearity is mainly associated with the proper-
ties of the CNT itself.

Fig. 2 (see the 2-nd side of cover) shows the current-volt-
age characteristics of a single CNT. Nonlinearity is clearly
visible on the characteristics, which can be associated with
heating of CNT by electric current flow, as well as with strong
fields. However, the resistance of the CNT decreases with in-
creasing current and voltage, which is more characteristic of
a semiconductor diode.

As a result of our experiments, it was confirmed that the
current-voltage characteristics (CVC) of single CNTs are
non-linear, while the non-linearity of the CVC increases with
decreasing temperature from 300 to 1.8 K.

Fig. 3, a shows the dependence of the resistance of CNT
on temperature. The nature of the dependence is more indic-
ative of the semiconductor type of conductivity.

Fig. 3, b shows a plot of the conductivity (log scale) versus
the inverse temperature. This graph shows two straight sec-
tions, which corresponds to the exponential dependence of
conductivity for different temperature ranges. It is definitely
that the dependence o(7') for the researched nanotubes is ex-
ponential and at relatively high temperatures follows to the

law Inc(7T) ~ T —0.25 , whereas at low temperatures a transition
to the law Inc(T) ~ T ~0.25 was observed. Such behavior cor-
responds to the 3D transport model and indicates a transition
from the Mott hopping conductivity to the Efros-Shklovsky
variable-length hopping conduction in the presence of a Cou-
lomb gap in the spectrum of the density of states due to elec-
tron-electron interaction [6]. These results mean that the
character of transport in such low-dimensional systems as na-
notubes is similar to that in 3D systems, which suggests a high
degree of disorder and deformability (amorphism) of the sam-
ples studied. The low activation energy also indicates a hop-
ping mechanism of conductivity.

The data obtained in the study of the electrophysical char-
acteristics of CNTs are in good agreement with the results of
the analysis of the morphology of CNT using transmission
electron microscopy.

Images (figs. 4—6) were obtained by high resolution trans-
mission electron microscopy (TEM).

From fig. 4, it can be seen that at low synthesis temper-
atures, "bamboo-like" multi-walled CNTs with a large
amount of amorphous carbon on the surface are obtained.
The CNT channel has many overlaps and shell defects.

Fig. 5 shows the image of CNT obtained at the optimal
synthesis temperature. In this case, the wall thickness is fairly
uniform, however, as can be seen from the figure, the CNT
channel also has overlaps.

Fig. 6 shows a typical form of carbon "nanotubes” ob-
tained at high temperatures. The structure consists of scales,
while the channel is completely absent.

The minimum number of "bamboo" defects was observed at
temperature of 650...750 °C, while at a temperature of 750 °C
the average length of a CNT was 21 um. At a temperature of
700 and 800 °C, the thickness of the CNT layer turned out to
be several times smaller; therefore, the temperature of 750 °C
was selected as optimal for the synthesis process and further
investigation of plasmon effects.

Thus, it was shown that the CNT structure obtained by the
method of deposition from the gas phase has a multiwall con-
figuration with periodic overlapping of the central channel.
This in turn leads to the formation of insulated conducting is-
lands and contributes significantly to conductivity. Such a
structure can be applied to create plasmon resonators.

2. Integration of CNT arrays into the structure
of semiconductor solar cells

To study the optical properties of CNTs, the absorption
and luminescence spectra of vertically oriented arrays were
measured.

When excited by a laser with a wavelength of 365 and
382 nm, luminescence is observed, which is shown in fig. 7,
however, the intensity of the excitation band is many times
higher than the luminescence intensity, this is primarily due
to the high absorption capacity of the CNT, as well as to the
geometry of the measuring setup. It was determined that the
spectral position of the maxima and intensity of the photolu-
minescence bands does not practically change with a change
in the wavelengths of the exciting ultraviolet radiation range.
On the experimental spectral characteristic (fig. 7), the maxi-
ma of the luminescence band intensity are indicated. It is seen
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that the re-radiation occurs in the visible range, close to the
yellow color.

It should be noted that, contrary to expectations [7], when
CNT is irradiated by a laser with a wavelength of 590 nm
(green), photoluminescence up to A = 1080 nm is not ob-
served explicitly.

Fig. 8 shows the spectral dependence of the absorption of
vertically oriented arrays of CNTs. As a criterion for the
height of the array, we chose the time of the synthesis of
CNT, which, as shown by our research, linearly depends on
the duration of the process.

Fig. 8 shows the absorption spectrum of an array of CNTs
with different average lengths of the array. In this case, the
length of the array was determined by the synthesis time. As
a result of the research, there was definitely an optimal syn-
thesis time (the length of the CNT array), in which the ab-
sorption of light in the visible wavelength range does not oc-
cur completely. This is necessary to track the effect of CNT
on the characteristics of semiconductor solar cells.

To implement the integration of CNTs into the structure of
a silicon solar cell, the design presented in fig. 9, a was chosen.

Fig. 9, b shows an image of the surface of a solar cell after
the synthesis of CNTs. It can be seen that the array has a solid
filling. However, the length of the CNT in the array provides
the necessary light transmission for characterizing the solar
cell parameters.

Samples of solar cells with CNT on the surface had a
pronounced feature at small wavelengths, significantly dif-
ferent from the element without CNT. Taking into account
the radiation source with a very small number of photons in
the UV region, we should expect a value close to zero, even
under conditions of low surface recombination. And provid-
ed there is no passivating coating and encapsulant on the
samples, surface recombination should "eat" any generation
on the surface (according to the Bouguer law, the higher the
quantum energy — the closer to the surface the photon is ab-
sorbed and the electron-hole pair is generated). Rationing of
the spectral characteristics of the photocurrent to the
number of incident photons allowed us to determine the
spectral efficiency of a solar cell coated with CNT (fig. 10,
see the 2-nd side of cover).

Fig. 11 (see the 2-nd side of cover) shows the spectral
characteristics of a sample with a CNT with rationing by the
number of incident photons.

In the original solar battery, the efficiency in the short-
wave optical range is limited by surface recombination. From
fig. 11 it is seen that the introduction of carbon nanotubes on
the surface of the solar battery has led to a significant increase
in the efficiency of the converter in the ultraviolet wavelength
range. At the same time, the fact that in the "anomalous"
range the spectrum does not depend on the wavelength of the
incident radiation remains unclear. It is also not clear why the
intensity (efficiency) of a solar cell with a barrier layer of ti-
tanium dioxide and a solar cell with an array of CNTs is al-
most the same.

Conclusion

The most reliable and cost-effective today are silicon-
based solar energy converters. The disadvantage of monoc-
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rystalline solar cells is their low efficiency of solar spectrum
conversion, limited on the one hand with high surface recom-
bination in the short-wave radiation region (ultraviolet), and
on the other hand the bandgap width in the infrared range.
The use of polycrystalline silicon technology increases the ef-
ficiency of solar cells by increasing the working surface, but
leads to an increase in the number of defects. Polysilicon,
wide-gap and multi-stage SCs increase efficiency and at the
same time increase the cost of the product, reduce reliability,
degrade performance. This paper considered the possibility of
creating a solar cell based on a silicon transducer with high
spectral efficiency due to double conversion of solar radiation.

An array of vertically oriented carbon nanotubes was cho-
sen as the source of re-radiation. The absorption coefficient
in such an array can reach 100 % of the visible spectrum. Ini-
tially it was assumed that absorption in CNTs would occur in
a wide range of wavelengths, and reemission only in the near
infrared (IR) range, which by spectral characteristics would
ensure high efficiency of the operation of silicon solar cells.
However, studies have shown that re-radiation in IR is mainly
observed in single-walled CNTs with a small number of de-
fects. Nevertheless, as experiments have shown, the use of
low-temperature multi-walled CNTs with a high content of
structural defects can work effectively in the ultraviolet range.

As part of this work, test samples were made on the basis
of polysilicon solar cells and their characteristics were inves-
tigated. Titanium dioxide was used as a barrier layer separat-
ing the array of CNTs and the surface of the SC. The influ-
ence of the presence of the barrier layer, as well as the tech-
nological processes of the synthesis of CNT on the parameters
and characteristics of solar cells was monitored at each stage.
As a result, test solar cells with a coating of a CNT array and
an efficiency of 50 % in the shortwave range of the visible
spectrum were obtained.

Further development of this direction will give the oppor-
tunity to create mixed arrays of CNT, allowing for efficient
conversion in both the ultraviolet and infrared ranges. In addi-
tion, a coating of carbon nanotubes will simultaneously protect
the converter from the damaging effects of solar radiation.
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OIPEAEAEHUE UBMEHEHUA PABOTbI BbIXOAA YIAEPOAHbLIX HAHOTPYBOK
METOAOM OXE-DAEKTPOHHOWM CMEKTPOCKOMWMU MNOCAE HAHECEHMUS

TOHKOTIO CAOSl OKCHUAA TADHUA

ITlocmynuna ¢ pedaxuuio 25.04.2019

Aemopamu cmamou 6bira ompabomana memoouka, no3604a0uLAs onpedeisims pabomy bix00a INEKMPOHO8 C NOBEPXHOCU
mamepuanog memodom Odice-31eKMPOHHOL cneKmpockonuu. Jlns peaiuzayuu OAHHOU MemoouKu Oblau Npogederbl UCCAe008aHUS
BAUAHUS MOHK020 CA051 OKCUOAQ 2aghHus, HaHecenHo2o Ha maccus YHT memodom amomHo-ca0€6020 0caxcoeHus, Ha pabomy 6vixo0a
anekmpornoe uz YHT. Ilpu smom 6vLau onpedenersvi pabomol 6bix00a 31eKmMpoHO8 yenepooHblX HAHOMPYOOoK 00 ocaxcoenus u nocie
ocadcoenus okcuoa 2agpHuss MOAWUHOU 2 HM U CA0 OKcuda 2agpHuss moaugurou 40 wm.

Karoueevie caosa: Oiice-21eKmpoHHas CheKmMpoCKonus, amomMHO-CA0e80¢e 0cadcoeHue, paboma 6vixo0a, 0Kcuo eapHus, yeie-
DPOOHbIe HAHOMPYOKU, NPOCEEHUBAIOWLAA INCKMPOHHAS MUKPOCKONUS

BBenenune

YHUKaJIbHBIE DBJEKTPUUYECKHE U MeXaHHYecKue
cBoiictBa YHT penatoT ux nmepcrieKTUBHBIM MaTepHa-
JIOM TSI IPUOOPOB M 3JIEMEHTOB BaKyyMHON MHUKPO-
1 HAHORJIEKTPOHUKH, MPUHLUI JeHCTBUSI KOTOPBIX OC-
HOBaH Ha MCIOJb30BaHUU BMUCCUU 3JEKTPOHOB MO
JIEWCTBUEM BJIEKTPUUYECKOTO MOJISI B BaKyyMe.

DPPEeKTUBHOCTh 3MHUCCUM 3JIeKTpoHOB ¢ YHT
00yC/IOBJIeHa MX BBICOKOW HPOBOAMMOCTHIO M 0OJIb-
IIMM OTHOILIEHUEM JIJIMHBI K MOMEPEYHBbIM pa3Mepam,
CMOCOOCTBYIOLIUM YCWJIEHUIO BJIEKTPUUYECKOTO IOJIs
BOJIM3M KOHILIA HAHOTPYOKMU.

OpHako nmpumeHeHue YHT B KkauecTBe KOMIOHEH-
Ta YCTPOMCTB C aBTOJEKTPOHHOW SMUCCUECH SIBIISIET-
Csl HeTpUBUAJIbHOM 3agaveil. OgHO W3 MepCHeKTUB-
HBIX HAaIlpaBJIeHU — 3TO MOHMXKXEHUE padOThl BbIXOAA
3JIEKTPOHOB ¢ KaTomoB Ha ocHoBe YHT. Kirouom k
pelleHUI0 JaHHOM TMpoOJeMbl SIBISIETCSI U3MEHEHME
xapakTepuctuk YHT nyrem monudukaimmy nx noBepx-
HOCTH.

OnHuM 13 HamboJIee TepPCIeKTUBHBIX CITOCOOOB MO-
nudukanuy nosepxHoctd YHT ¢ momolpio HaHOYAC-
TULL U HAHOTIOKPBHITUI SIBJISIETCSI METOJ, aTOMHO-CJI0e-
Boro ocaxnaeHus (ACO) MeTaJIOOpraHMYECKUX CO-
eauHeHuii. OCHOBHbIE mpeumyllectBa Mmetonra ACO —
OTCYTCTBUE HEOOXOMMMOCTH BBICOKOTO BaKyyMa; HM3-
KH1e TeMIIepaTypbl OCAKACHUST; IIMPOKKIA BEIOOD MeTal-
JIOOPraHMYECKUX COEIUHEHUI-TTPEKYPCOPOB; BO3MOX-
HOCTb KOHTPOJISI TapaMeTPOB CUHTE3a U, COOTBETCTBEH -
HO, TOJILLIMHBI U KaYeCTBa MOKPHITHUSI.

B nutepaType BcTpeualoTcs HaHHBIE, YTO OCaXkIe-
HUE oKcuaa radpHMsT Ha yriaepoaHble HAHOTPYOKH TO-
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HUXKaeT padoTy BbIXOAA U TOBBILIAET CTAOMJIBHOCTh
TOKa 3JIEKTpOHHOI amuccuu [1—3].

B xauectBe Matepmana nmokpuiTis mist YHT Obin
BbIOpaH okcun ragpuus (IV) BBUOY cTaOMIBHOIO XU-
MMUYECKOI'O COCTaBa, BHLICOKOW TeMIIepaTyphl IjaBje-
Hust (3056 K), BBICOKOM OUBIEKTPUUYECKOM TPOHMIA-
eMocTu (e = 15...25), HU3KOro CpoJCTBa K 3JEKTPOHY
(EA = 2) u 60mb111011 3aTipeliieHHON 30HEI (6 3B). Yr-
JIEpOIHbIE HAHOTPYOKU, TTOKPBIThIE OKCUAOM TachHUS,
00J1a1al0T MPEBOCXOAHBIMU 3JEKTPUIESCKUMU CBOMCT-
Bamu. [laccuBaumsa nmosepxHocTH HaHOTpyOOK HfO,
MO3BOJISIET elle O0Jbllle CHU3UTD MPUKIIaAbIBAMOE Ha-
TIpsDKeHUE 1T UCCIIEIOBAHMST SMUCCUOHHBIX CBOMCTB,
obecreynBaeT BbICOKMIT KOADGUILIMEHT YCUIEHYS U UC-
KITIOUNTENBHYIO CTaOMIIBHOCTE TOKa [6—8]. IToBbIlIeH-
Hast 9(POEKTUBHOCTh SMUCCUN OOBSICHSIETCSI YMEHBbIIIE-
HUEeM paboThl BEIXOAA W YBeIMYeHHEM KOHIIEHTpa-
LIMU 3JIEKTPOHOB B YIJIEPOIHON HAHOTPYOKE Ha YPOBHE
®epmu, OmKaiieMy K MUHUMYMY 30HBI ITPOBOIM-
mocTu okcuna radpuus [9, 10]. Kpome Toro, noBblIleH-
Hasl CTaOMJIBHOCTh TOKa OOBSICHSIETCSI CIIOCOOHOCTHIO
okcuaa radHUS 3alIUIIATh YIJIEPOTHBIE HAHOTPYOKHU
OT MOHOB M CBOOOIHBIX PaAMKAJIOB, CO3M1aBacMbIX B
MpOLECCe IMUCCUU.

DKcnepuMeHTAJIbHAS YaCTh

Hnst monyyenuss maccuBa YHT Ob11a moarorosie-
Ha cTpyKTypa Si—NbN—NiO,. Maccus YHT nomy-
YUJICS pa3psLKeHHBIM, AUaMeTp TPYOOK BapbUpOBaI-
csg ot 40 mo 60 amM. Ha monyyennsbrit maccuB YHT
ObLI1 HaHeceH aAMasieKTpuyeckuii ciaoit HfO, metonom
ATOMHO-CJIOEBOTO OCaXKIeHUsI.
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IMpouecc ocaxnenna HfO, mpoxoaun npu temmne-
parype cronauka 290 °C u creHok kamepnl 130 °C.
Jns obecneyeHusT HEOOXOAMMOTO HABJIEHMS HacChI-
LIEHHBIX TapoB Temmeparypa mpekypcopa TEMAH
coctasisia 70 °C. Tak kak TEMAH npencrasnsieT co-
0011 MeTaI0OPraHNYeCKOe XXKMIKOE 1 JUMKOE BEelIeC-
TBO, BO U30eXaHMe HaJIUIIaHUS €T0 Ha Ta30Bble TPYO-
KU OCYIIECTBIISIJICS HarpeB TPYOOK MoJgavm MpeKypco-
pa. Temnepatypa emkocTu ¢ Boaoi cocranisina 20 °C,
TpyOKy 1Jis1 Togauyu Boabl momorpeBaiu no 120 °C.
INnenxa HfO, ocaxnasach mpu NOBTOPEHUU peak-
LMOHHBIX CepUil ABYX IpemniecTBeHHUKOB: TEMAN
HI[N(CH,CH3)(CHj3)]4 1 Boabl. JIIUTENBHOCTb UM-
MYJIbCOB MOJAYM METAIJIOOPTAaHUUECKOTO TpeKypcopa
HfIN(CH,CH3)(CHj3)]4 1 nogauu BoAbl COCTABIAIN
1 1 0,020 ¢ cootBeTcTBeHHO. IIpoliecc ocaxaeHus co-
CTOsUT U3 HECKOJIbKUX 3TarnoB. I[lnacTunHy 3arpyxaiu B
MPOLIECCHYIO KaMepy M mporpeBayn B Heit 180 ¢ mis
TepMmocTabuauzanuu. [Tocie TepmocTabunmn3anu Ka-
Mepy OTKAUMBAJIM U MOJABAIM MMITYJbC MpPEKypcopa
TEMAN. Jlanee kaMmepy peakTopa IpOAyBaJll apro-
HOM B TeueHHue 3 ¢ s ynajaeHUs] MPOAYKTOB peaKIuu
1 HeTIpopearupoBasIiero npekypcopa. Ilocie nmpomys-
KU KaMepy oTKauuBaJiM B TeueHue 3 c. Ha cienyouiem
1are B KamMepe ycTaHaBJIMBaJIu HEOOXOAMMOE AaBjie-
HUe JJis ToJauyMl UMITyJbCca BOJIbI, TTOC]e Yero mojaa-
BaJIM UMIYJbC BoAbl. Jlanee ciepoBajia MpoayBKa OT
OCTaTKOB BOJbI, U LIMKJ IOBTOPSUICS HEOOXOAUMOE
YUCJIO pa3 s JOCTKEHUs HEOOXOAUMOM TOJIIIMHBI.
Yucao LUKIOB COCTaBIsLIO 15.

AHaU3 CTPYKTYPhl OCaXKIEHHOM TIJICHKU IMPOBOAM -
JIX Ha TIPOCBEYMBAIOIIEM 3JIEKTPOHHOM MHUKPOCKOIIE.
DJIeMEeHTHBI aHaJIM3 OCYLIECTBISIM MeToaoM Oxe-
9JIeKTpoHHOM crniekTpockonuu (0OBC).

Mertoauka onpeneieHusi padoThl BbIX01A
mMeTonoM Q3Ke-3J1eKTPOHHOI CNIEKTPOCKONHI

ABTOpbI padoT [11—13] nmpemtoXuin onpeaensiTh
paboTy BbIXOJA Pa3IMYHBIX MATEpPUaOB MO 3HEPTUU
Hayajla BTOPUYHOU SMUCCUU 3JEKTPOHOB, OIMPEICIIsI-
€MOM 10 TOYKe TMepernda rnuka BTOPUYHON 3MUCCHUU.
DJIEeKTPOHBI, TPEeonoseBIIe MOTeHUIUATbHBIN Oapbep
JUUTS. BBIXOZIa B BAKYYM, UMEIOT 9HEPTUIO OT OJIM3KOM K
HYJIIO 10 SHEPTUX MEPBUUYHOIO MyykKa, a BCIEJACTBUE
KOHTAaKTHOW pa3HOCTU TOTEHLIMAJIIOB TPOUCXOIUT
CMEIIEHUE SHEPreTUYECKOro CIEKTpa Ha 3HAYECHUE
O, — Dy, rie O, — paboTa BBIXOJa aHa/IM3aTopa, a O, —
paboTta BbIxoma ucciaeayemMoro oopasua. [ns Habso-
JIEHUS SIBHOTO Hayajla BTOPUYHOW SMUCCUU 3JIEKTPO-
HOB Ha CTOJUK C O0pasloM IMOJAaeTCsd MOCTOSHHBIN
MOTEeHLMA cMelleHus], paBHblA —5 B. B pesynbraTe
9TOI'0 BECh CIIEKTDP CABUHYT Ha BENUYUHY O, — @, + 5.
Tak xak paboTa BbIxoa aHanu3aTopa @, ABJIAETCS Be-
JIMYMHOU TTOCTOSTHHOM JJIST KOHKPETHOTO aHAIU3aTo-
pa, TO IO CMEILEHMIO CITIEKTPa MOXHO CYAUTb O paboTe
BbIXO/a 00paslia.
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DKCIepUMeHTaIbHbIE U3MEPEeHUsI pabOTHl BbhIXOAA
npoBoAWIM Ha OXe-3JIeKTPOHHOM CIIEKTPOMETpe C
MHWHHUMAaJIbHBIM THAMETPOM 3JICKTPOHHOTO 30HIa 3 HM
npu 25 kB, ocHaleHHOM moaycepruuecKUM aHaIn-
3aTOPOM DBJIEKTPOHOB W HMOHHOM IYyLIKOWH. DHEprus
MEepPBUYHOTO 3JIEKTPOHHOTO ITyuka coctanisiia 10 kaB,
TOK 3JIEKTPOHHOTO ITyyka 4 - 107191079 A, yroJj mna-
JEHUSI 2JIEKTPOHHOTO IMyyKa Ha obpa3sel] cocTaBysia 35°
OT MOBepXHOCTH 00pa3iia. CIeKTphI BTOPUYHBIX DJICK-
TPOHOB M3MEPSUIM B AuanazoHe aHepruit ot 0 1o 25 3B
B pexXHUMe paboThl aHAIM3aTOPa C TOCTOSIHHBIM MOTEH-
uuajaoM (oTHolueHue AE/E MexIy sHeprueil mpoxox-
JIEHUsI B CIIEKTPOMETpe M KMHETHMYEeCKON 3Heprueit
U3MEPSIEMbIX DJIEKTPOHOB SIBJISIETCS IOCTOSIHHBIM U
paBHO 0,6), mrar mo sHeprusiM paseH 0,1 3B, Bpems
aHaju3a Ha BHepreTMyeckuii mar cocrtapiser 10 Mc.
IIpu mnpoBeneHUMM aHaIM3a OETEKTOP BTOPUYHBIX
3JICKTPOHOB M BaKyyMMeTp B KaMepe aHaln3a ObLIH
OTKJTIOUEHBI, ¢ 00beKTUBHO MAarHUTHOM JIMH3BI CHSITA
OCTaTOYHAas HAMarHMYEHHOCTh [UIST UCKITIOUEHUS BIIM-
SIHWSI Ha TTOTOK BTOPUYHBIX 2JIEKTPOHOB. PaboTy BbI-
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Puc. 1. Bropas npou3BoaHasi SHepreTHYECKHX CHEKTPOB IJIATHHBI,
HHIMS, cepedpa, 30J10Ta U HUKeJs

Fig. 1. The second derivative of the energy spectra of platinum, indium,
silver, gold and nickel
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Puc. 2. O630pubiiit ODC-cnekrp B auddepennuanbHoii popMe moBepxHOCTH 00pasia
Fig. 2. Wide AES-spectrum in the differential form of the sample’s surface

Xoda BJIEKTPOHOB OIpPEnessyid U3 3HEPTreTUIeCKOro
MOJIOXKEHMSI, B KOTOPOM BTOpasi MPOM3BOIHAsT SHEP-
reTUYECKOro CreKTpa paBHa HyJIO (TouKa rneperuda
crekTpa). [ToBepXHOCTh BCEX MCCIeIyeMbIX 00pa3lioB
rnepel aHaJIu30M pabOThl BbIXOAA 3JEKTPOHOB Oblia
MojJBepxKeHa HempopokureabHoMy (15...30 c¢) Tpas-
JIeHnI0 noHaMu aproHa ¢ sHeprueii 1000 3B g ynma-
JIEHUSI TIOBEPXHOCTHBIX YIJIEPOMHBIX 3arpsS3HEHUN U
€CTeCTBEHHOTro oKuca. [1isi KaTMOPOBKU 9HEPreTUyeC-
KO IIKaJibl ObUIM BBIOPAHBI CAEAYIOIINE MaTepHUabl:
cepedpo, 30J10TO, MHAMWIA, TIaTUHA, HUKEIb — TaK KakK
5TH MaTeprajIbl MMEIOT Pa3IMIHbIE pabOTHI BEIXOMA.

Ha puc. 1 nokazaHa BTopasi IIpou3BOIHAsI dHEpre-
TUYECKUX CIIEKTPOB cepedpa, 3010Ta, UHAUS, TLIaTU-
HBbl U HUKeJsd. 3HaYeHMsT paboT BHIXOIA M IKCIIEpU-
MEHTaJIbHblEe 3HAUeHUsI Hadajla BTOPUYHOU B3MUCCUU
HUCCIeAyeMbIX MaTepuajoB IpeacTaBieHbl B Ta0. 1.

[To skcnepuMeHTaIbHBIM JaHHBIM OIPEJesIeHO,
yTo paboTa BBIXOAA aHAJIM3aTOpa paBHA IIPHMEPHO
3,9 £ 0,1 2B.

PesyabTaThl 1 00CyXKaeHnst

Ha nosepxHoctu maccuBa YHT oOHapyKeHbI TOIb-
KO aTOMHI yriieponaa, Kuciiopoga u radaus. Ha puc. 2
npeacrabieH 0030pHbiii ODC-crexTp.

OrmpenennTh, SABISETCS JIM CIOM CIIIOIIHBIM WITH
OCTPOBKOBBIM, HE TIPEACTABIISICTCS BO3MOXHBIM BBUIY
MaJIoii TOJILLIMHEI CI0s 1 ci1oxXHOU Mopdonorun YHT.

HM3MmeHeHNs CTPYKTYPHBIX XapaKTepPUCTUK HaHO-
TpyOOK B pesyibrare HanbuleHus cnog HfO, Ha mac-
cuB YHT wuccrenoBaium MeTOAOM ITPOCBEUMBAIOLIEH
BJIEKTpOHHOM MuKpockormuu (I1BM). Mukpodoro-
rpadum OTAETBHBIX TPYOOK IO M TIOCHIe Tpoliecca Ha-
MbLUICHUS TIPpEACTaBIICHBI HA puc. 3.

CormnacHo puc. 3, a, ICXOAHbIe HAHOTPYOKM MHO-
TOCTEHHBIE C CUJIBHO Oe(PeKTHOM CTpyKTypoiul. duma-
MeTp TpyOOK HEOAMHAKOB IO Bceil miuHe. [To Kpasm
TpyOOK XOPOILIO BUIHBI MHOTOYMCIIEHHBIE OOPBIBBI
creHoK. KaHajm TpyOKM MMeeT HENOCTOSIHHOE ceye-
HHUE, CONEePXUT IedeKThl ThIa "0amMOyK". Takke B Ka-
HaJie ¥ CTeHKaX TPYOOK MPUCYTCTBYIOT OCTATKU METaJl -

‘ Jla KaTajm3aropa, KOTOPBIM COOT-
! BETCTBYeT TEMHBI KOHTpAcT Ha
l mukpodotorpacdum (puc. 3, a).

| Iocne nanbuienusa cnoa HIO,
| maccuB YHT Takke wuccinegoBanu
: meTogoM I[IDM. MukpocTpyKTypa
| OTIETBHBIX TPYOOK TIOCJIC HaIIbLIe-
| HUS TIpeACTaBieHa HA puc. 3, b.
! BuagHo, 4TO Ha TOBEPXHOCTU TPYOOK
1 HaOJI0JAeTCS MSITHUCTBIM KOHTPACT.
| OnHako BBUAY MaJoOil TOJLIMHBI
|

HAIIBUICHHOTO CJIOS M CJIOXHOM

HO

YCTaHOBUTH,

mopdonorun ucxogueix YHT Tou-
KaknuM o0pa3oM

HfO, ocaxnaerca Ha HaHOTPYOKU
(CTIJIOIIHEBIM CJTOEM WITH OTHETbHBI-

MU KJlacTepaMu), He yaanochk. Tak Kak B metoae [19M
0oJsiee TeMHBIII KOHTPACT COOTBETCTBYET OoJiee IJIOT-
HBIM O0JIACTSIM, TO MOXHO IPEAIOI0XUTh, YTO TeM-
HbIe TISITHA Ha TMOBEPXHOCTU TPYOOK OTBEYAlOT JIMOO
OTAEIBHEIM KJIacTepam, comepxammm Hf, 1o 60ib-
LIEH TOJIIIMHE HANlbJIEHHOM TVIEHKU B TAaHHBIX 00J1ac-
TaX. B Tom ciydae, ecnm Hanbuienue HfO, mpoucxo-

Tabauua 1
Table 1

Tabdnuunbie 1 IKCHEPUMEHTAJIbHO NMOJYYCHHbIC 3HAYCHUSA paﬁoT
BbIX0JA JJICKTPOHOB

Tabular and experimentally obtained values of the work function

of electrons
DKCIepuMeH- Pasnuia mexmny
TabmuHbIe TaJbHbIE TaOJIMYHBIMU
3HAYEHUS 3HAYEHUs] Haya- 3HAUEHUSMU
DeMEHT paboThI BbI- Jla BTOPUYHOM U 9KCITEPUMEH-
Element xona, 3B OMHCCHH, 5B TalbHBIMH, 3B
Table values Experimental Difference between
of work values of the onset | table values and
output, eV of secondary experimental
emission, eV values, eV
Ag 4,26 1141 5440,1 1,1 £0,1
Au 51“41 6,2 £ 0,1 1,1 £0,1
In 4,12 14 52+0,1 1,1 £0,1
Pt 5,65 1141 6,7+ 0,1 L,1+0,1
Ni 5,15 (141 6,1 + 0,1 1£0,1
Ta6auua 2
Table 2

TaGauuHbie ¥ IKCIEPUMEHTANIBHO NMOJyYeHHbIe 3HAYeHns PadoT
BBIX0/Ia 3JIEKTPOHOB

Tabular and experimentally obtained values of the work function

HAHO- 1 MUKPOCHUCTEMHAS TEXHUKA, Tom 21,

of electrons
DKCIepuMeH- DKcIepu-
Ta6ambie TaJIbHbIE 3HaYe- | MEHTaJlb-
aHAYeHus PABOTHL HIA Havaia HbIE 3Haye-
DNeMeHT BbIXOA, 5B BTOPUYHOM HUsI pabOThI
Element Table w,zlues oMuccr, 3B BBIXO/14, 3B
of the work Experimental Experimental
function, eV values of the onset values
’ of secondary of the work
emission, eV function, eV
CNT 4,6—5,6 (15 18—20] 58 0,1 4,7 +0,1
HfO, 2,5—2,9 16, 17] 3,9—4,3 2,832
CNT/HfO, — 5,4 £0,1 4,3+ 0,1
Ne 8, 2019 467



Puc. 3. Mukpodororpadun nanorpydok: a — 1o Hanecenust HfO,; b — nociie HanbuieHUst

HfO,

Fig. 3. TEM — image of the nanotubes: a — before HfO, deposition; b — after HfO, deposition

JIUT B BUJIE OTAEIBHBIX KJIACTEPOB, TAKOE HEOTHOPOI -
HO€ uX paclpeleleHUe II0 ITOBEPXHOCTU TPYOKU
CBUJETEILCTBYET O TOM, UTO OCAXKIEHNE MTPOUCXOIUT,
BeposTHee Bcero, Ha gedekrax YHT.

[=]
o

Intensity, counts
o

HHTEHCHBHOCTB, CUETHI

OHeprus, 3B
Energy, eV

Puc. 4. Bropas npou3BoHas 3Hepre THYECKMX CMEKTPOB YIJIEPOTHBIX
HAHOTPYOOK [0 OCaXKIEHHS M MOC]e OCAXKIEHHSA OKCHAa radHus
(2 um) u cios okcuaa rapuus TomuHoi 40 HM

Fig. 4. The second derivative of the energy spectra of carbon nanotubes
before deposition and after deposition of hafnium oxide (2 nm) and the
layer of hafnium oxide of 40 nm thick
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Ha puc. 4 moka3aHa BTopasi mpo-
M3BOJHASI BHEPreTUYECKUX CIIEKTPOB
YIJIEPOIHBIX HAHOTPYOOK J0 OCaXIIe-
HUS M TIOCNe OCaXIEHUS OKCcHIa
racpHUS U CJI0sI oOKcHuaa radpHus, Tad-
JINYHBIE U SKCIIEPUMEHTAILHO IOy~
YyeHHbIE 3HaueHUs1 paboT BbIxOAA
BJIEKTPOHOB 3TUX MaTepUasIoB IIpe-
CTaBJIeHbl B Ta0OJI. 2.

PaGora Bbixoma okcuiga radHuUs
M3MEHSIJIaCh CO BpeMEHeM, uTo,
TIPEIITOIOXUTEILHO, CBSI3aHO C TTOMI-
3apsaaKoi oOpaslia, TaK KaK OKCUJ
radHUS SIBISAETCS TUDJICKTPUKOM U
nMeeT OOoNbIIYI0 TOMIUHY (40 HM).
3akmovyeHune

ITokazaHo, YTO METOJ aTOMHO-CJIOEBOr0 Ocaxie-
HHUS CIIOCOOCTBYET MOJIYYEHMIO TOHKOM tuieHku HfO,
Ha noBepxHoctd YHT. B xone uccnenoBaHuii Kayect-
BEHHOT0 cocTaBa MeToaoM Oxe-3JeKTPOHHON CIeKT-
pockonuu Ha wmaccuBe YHT Oblin oOGHapyXeHbI
TOJIBKO aTOMbI yrjaepoja, kuciopona v racdhuus. Ha
MuUKpodoTorpadusix, NOJy4eHHbIX METOIOM IMPOCBE-
YyBalOlEH 2JIEKTPOHHOW MUKPOCKOMUMU, OOHapyxXe-
HO, YTO Ha MOBEPXHOCTU TPYOOK HabJtomaeTcs MsT-
HUCTBIA KOHTPACT, MOSIBJISIIOLIMIICS MOCIe OCaXIESHUS
okcuia raHus U, BeposiITHEe BCEro, OTBEYAIOINii OK-
cuny racdnus. Ilo pesdynbrataM u3MepeHUs] pabOTHI
Boixoga YHT g0 u mocie ocaxaeHus okcuaa raHus
TOJIIIIMHON 2 HM METOIOM aTOMHO-CIIOEBOTO OCaXIe-
HUS onpezaeseHo, yTo padora Beixoga YHT ymeHbIm-
Jachk He MeHee yeMm Ha 0,2 3B.
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The authors of the article were implemented a technique that allows determining the work function of materials by the Auger electron
spectroscopy. Change in work function of CNT with thin film of hafnium oxide, deposited by atomic-layered deposition, was determine.
Work function of CNT with and without thin film of hafnium oxide and film of hafnium oxide were determined as a result.
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Introduction

The unique electrical and mechanical properties of CNTs
make them a promising material for devices and elements of
vacuum micro- and nanoelectronics, the principle them of

action is based on the use of electron emission under the ac-
tion of an electric field in a vacuum.

The efficiency of the emission of electrons from CNTs is
due to their high conductivity and a large ratio of length to
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transverse dimensions, which contribute to the enhancement
of the electric field near the end of the nanotube.

However, the use of CNTs as a component of devices with
field emission is a non-trivial task. One of the promising areas
is the reduction of the electrons work function of cathodes
based on CNTs. The key to solving this problem is to change
the characteristics of CNTs by modifying their surface.

One of the most promising methods for modifying the sur-
face of CNTs with the help of nanoparticles and nanocoatings
is the method of atomic layer deposition (ALD) of organome-
tallic compounds. The main advantages of the ALD method are
the absence of the need for high vacuum, low deposition tem-
peratures, a wide choice of organometallic precursor com-
pounds, the ability to control the synthesis parameters and, ac-
cordingly, the thickness and quality of the coating.

There are some articles which confirm that hafnium oxide
deposition on carbon nanotubes reduces the work function
and increases the stability of the electron emission current
[1-5].

Hafnium oxide was chosen as the coating material for
CNT because of its stable chemical composition, high melting
point (3056 K), high permittivity constant (e = 15...25), low
electron affinity (EA = 2), and a large band gap (6 eV). Car-
bon nanotubes coated with hafnium oxide have excellent
electrical properties. Passivation of the nanotubes surface by
the HfO,, allows further reduction of the applied voltage for
the study of emission properties, provides high gain and ex-
ceptional current stability [6—8]. The increased emission ef-
ficiency is explained by a decrease in the work function and
an increase in the electron concentration in a carbon nano-
tube at the Fermi level, which is closest to the minimum of
the conduction band of hafnium oxide [9—10]. In addition,
the increased current stability is due to the ability of hafnium
oxide to protect carbon nanotubes from ions and free radicals
created during the emission process.

Experimental part

Si—NbN—NiO, structure was prepared to obtain a CNT
array. The CNT array was discharged, the tubes diameter
ranged from 40 to 60 nm. An insulator layer of HfO, was de-
posited on the CNTs array by atomic layer deposition.

The HfO, deposition process took place at a table tem-
perature of 290 °C and a chamber wall of 130 °C. The tem-
perature of the TEMAH precursor was 70 °C to provide the
required saturated vapor pressure. Since TEMAH is an or-
ganometallic liquid and sticky substance, in order to avoid
sticking it to the gas tubes, the precursor supply tubes were
heated. The temperature of the water tank was 20 °C, the
water supply tube was heated to 120 °C. The HfO, film was
deposited by repeating the reaction series of two precursors:
TEMAN Hf[N(CH,CH3)(CHj3)]4 and water. The duration
of the pulses for the supply of an organometallic precursor
Hf[N(CH,CH3)(CH3)]4 and the supply of water was 1 and
0.020 s, respectively. The deposition process consisted of sev-
eral stages. The plate was loaded into the process chamber and
heated there for 180 s for thermal stabilization. After thermal
stabilization, the chamber was pumped out and the TEMAN
precursor impulse was applied. Next, the reactor chamber
was flushed with argon for 3 s to remove the reaction prod-
ucts and the unreacted precursor. After purging, the cham-
ber was pumped out for 3 s. In the next step, the required
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pressure was set in the chamber to supply a pulse of water,
after which a pulse of water was applied. A purge from the
remaining water followed, and the cycle was repeated as
many times as necessary to achieve the required thickness.
The number of cycles was 15.

The structure of the deposited film was analyzed using a
transmission electron microscope. Elemental analysis was
performed by Auger electron spectroscopy (AES).

Method for determining the work function
by Auger electron spectroscopy

The authors of [11—13] proposed to determine the work
function of various materials by the onset energy of secondary
emission of electrons, determined from the inflection point of
the peak of the secondary emission. The electrons that have
overcome the potential barrier to the exit to the vacuum level
have energy from close to zero to the primary beam energy,
and due to the contact potential difference, the energy spec-
trum shifts to the value of ®; — @ ,, where @, is the work func-
tion of the analyzer, and @ is the work function of the studied
sample. A constant potential offset of —5 V is applied to the
sample table to observe the apparent onset of secondary
electron emission. As a result, the entire spectrum is shifted
by ®; — ®, + 5, since the analyzer output function @, is a
constant value for a particular analyzer, then by offset spec-
trum can be estimated the work function of the sample.

Experimental measurements of the work function were
carried out on an Auger electron spectrometer with a mini-
mum electron probe diameter of 3 nm at 25 kV, equipped
with a hemispherical electron analyzer and an ion gun. The
energy of the primary electron beam was 10 keV, the electron
beam current was 4 - 10719...107° A, the angle of incidence of
the electron beam on the sample was 35° from the sample sur-
face. The spectra of the secondary electrons were measured in
the energy range from 0 to 25 eV in the analyzer's operating
mode with a constant potential (the ratio AE/E between the
passage energy in the spectrometer and the kinetic energy of
the measured electrons is constant 0.6), the energy step is
0.1 eV, the analysis time for the energy step is 10 ms. During
the analysis, the secondary electron detector and the vacuum
gauge in the analysis chamber were turned off, the residual
magnetization was removed from the objective magnetic lens
to eliminate the effect on the flow of secondary electrons. The
electron work function was determined from the energy po-
sition, in which the second derivative of the energy spectrum
is zero (the inflection point of the spectrum). Before analyz-
ing the electron work function, the surface of all the studied
samples was subjected to a short (15...30 s) etching with ar-
gon ions with an energy of 1000 eV to remove surface carbon
contaminants and natural oxide. To calibrate the energy
scale, the following materials were chosen: silver, gold, indi-
um, platinum, nickel — since these materials have different
work functions.

Fig. 1 shows the second derivative of the energy spectra of
silver, gold, indium, platinum, and nickel; the values of the
work functions and the experimental values of the onset of the
secondary emission of the materials studied are given in tab 1.

According to experimental data, it was determined that
the work function of the analyzer is approximately equal to
3.9 £ 0.1eV.




Results and discussions

On the surface of the CNT array, only carbon, oxygen,
and hafnium atoms are found. Fig. 2 presents the wide AES
spectrum.

It is not possible to determine whether the layer is solid or
insular because of the small thickness of the layer and the
complex morphology of CNTs.

Changes in the structural characteristics of nanotubes as a
result of the HfO, deposition layer on an array of CNTs were
investigated by transmission electron microscopy (TEM).
TEM-image of individual tubes before and after the deposi-
tion process are shown in fig. 3.

According to fig. 3, a, the original multi-walled nanotubes
with a strongly defective structure. The diameter of the tubes
varies throughout the length. Along the edges of the tubes are
numerous visible breaks in the walls. The channel of the tube
has a non-constant cross section and contains "bamboo"-type
defects. Also in the channel and the walls of the tubes there
are remnants of the metal of the catalyst, which corresponds
to the dark contrast in the TEM-image (fig. 3, a).

After deposition of the HfO  layer, the array of CNTs was
also investigated by the TEM method. The microstructure of
individual tubes after deposition is shown in fig. 3, b. It can
be seen that spotted contrast is observed on the surface of the
tubes. However, due to the small thickness of the deposited
layer and the complex morphology of the original CNT, it was
not possible to establish exactly how HfO, is deposited on the
nanotubes: with a continuous layer or individual clusters.
Since the dark contrast in the TEM method corresponds to
denser regions, it can be assumed that the dark spots on the
surface of the tubes correspond either to individual clusters
containing Hf or to a greater thickness of the deposited film
in these regions. In the event that HfO, deposition occurs in
the form of individual clusters, their non-uniform distribution
over the tube surface indicates that deposition most likely oc-
curs on CNT defects.

Fig. 4 shows the second derivative of the energy spectra of
carbon nanotubes before deposition and after the deposition
of hafnium oxide and the layer of hafnium oxide; the tabular
and experimentally obtained values of the electron work func-
tion of these materials are presented in tab. 2.

The work function of hafnium oxide changed with time,
which is presumably associated with the charging of the sam-
ple, since hafnium oxide is an insulator and has a greater
thickness (40 nm).

Conclusion

It is shown that the method of atomic-layer deposition
contributes to the preparation of a thin HfO film on the sur-
face of CNTs. During studies of the qualitative composition
by the Auger electron spectroscopy method, only carbon, ox-
ygen and hafnium atoms were detected on the CNT array. On
TEM-image obtained by transmission electron microscopy, it
was found that a spotted contrast is observed on the surface
of the tubes, which appears after the deposition of hafnium
oxide and, most likely, corresponds to hafnium oxide. Ac-
cording to the results of measuring the work function of CNTs
before and after deposition of hafnium oxide with a thickness
of 2 nm by atomic layer deposition, it was determined that the
work function of CNTs decreased by at least 0.2 eV.
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MCCAEAOBAHUE BAUSHUA MOP®OAOTUN KATAAUTUYECKOM CUCTEMDI
Co—Mo—MgO HA CHUHTE3 YTAEPOAHBIX HAHOTPYBOK

Ilocmynuna ¢ pedaxuyuio 25.04.2019

Peanuzosana memoduka uccaedosanus mopgoaoeuu kamasumuueckou cucmemst 041 cunmesza YHT eudoa Co—Mo— MgO, ko-
mopas modcem Obimb NPUMEHEHA U 045 Opyeux munoe memannoe u Hocumenet. Ilpedcmaenen memodonoeuueckuii nooxoo onpe-
deseHus. cmenenu NoKpuimusi Hocumens Kamaauzamopom. Onpedeneno éausnue Mopgosoeuu UCXOOHOU KAMAAumu4eckoi cuc-

memul Ha ghopmy obpaszyrouuxcs YHT.

Karoueevie caosa: yenepoonvie Hanompyoku, cuHmes, Kamaiu3amopbsl, KOMNO3UMbL, UCCAe008aHUEe MOPGhoso2UU

BBenenue

OpHuM M3 HamboJjiee IEePCIEKTUBHBLIX CIIOCOOOB
VIYYIIEHUSI MEXaHUYECKUX, DJIEKTPUYECKUX U TEIl-
JIOIIPOBOIHBIX CBOMCTB MaTepUAIOB SIBJISIETCS CO3/a-
HUE KOMIIO3UTOB Ha OCHOBE YIJIEPOIHBIX HAHOTPYOOK
(YHT) [1, 2]. bnarogapst yHMKaJIbHBIM (DU3UKO-XUMMU-
yeckuM cBorictBaM YHT HaxomsT Bce HOBBIE 001acTH
npuMeHeHus. Co3naHue KOMIIO3UTOB C 3aJaHHBIMU Xa-
paKTepUCTUKAMM TpeOyeT He ToJbKo momydeHust YHT
OIpeeJICHHOI JIMHBI U AUaMeTpa, HO U BO3MOXKHOCTH
cuHTe3upoBaTth YHT B n1ocTaToyHO OOJIBILIOM KOJM-
YeCTBE: OT €IMHUIL 10 COTeH rpaMMoB. OQHUM U3 CIIO-
CcO0OOB BBHINTOJHEHUSI NPUBEAESHHBIX BhIllIe TPeOOBaHUM
sapisieTcsa cuaTe3 YHT MeTomoM XMMMYECKOro ocax-
JIeHUs 13 ra3oBoiil ¢a3bl Ha MOPOLIKOOOPa3HOM HOCH-
Tesie. B KauecTBe KaTaJIMTUYECKOM CUCTEMbI HAaOOJIb-
i uHTepec npexacrapiasier Co—Mo—MgO [3—8],
rone MgO He TOJBKO SBIISIETCSI HOCHUTEJIEM KaTajan3a-
TOpa, HO M YYaCTBYeT B XMMUUYECKUX IIPEeBPAILCHUSIX
Ha ctanuyd (opMHUpOBaHUS CUCTEeMbI. B 3aBHCHMOCTH
OoT MOpP(OJIOTUM M COCTaBa KaTATMTUYECKON CUCTEMBI
u3MeHseTcss Mopdonorus cuHtesupoBaHHbIx YHT,
MMO3TOMY YMEHHUE YIPaBIISTh XapaKTepPUCTUKAMU KaTa-
JIMTUYECKOM CUCTEMBI SIBJISIETCSI HEOOXOIUMbBIM YCJIO-
BueM i nonydyeHust YHT ¢ 3agaHHBIMU CBOMCTBaMU.

ITocTanoBka 3amaun

Llenbto gaHHOI pabOTHI SIBASIETCSI MCCIEeNOBaHUE
BIUSIHUS MOPQOJOrMM KATaIUTUYECKON CUCTEMBbI
Co—Mo—MgO Ha cuHTEe3 yIIIepOIHbIX HAHOTPYOOK.
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Onucanue 3KCnepuMeHTa

s dopMupoBaHMs pa3TuyHONR MOPHOJIOTUM CUC-
teMbl Co—Mo—MgO wncnons3oBam MgO mpous-
BoactBa Sigma-Aldrich (tun 1) 1 MgO mapku YJIA o
I'OCT 4526—75 (tum 2). KataauTuyecKylo CHCTEMY
CUHTE3MPOBAIM TIOCPEICTBOM TepeMeIIMBaHUs T10-
polika okcuaa MarHust Mmaccoit 4 r B 70 MJ1 BoJbl IpU
temnepatype 70 °C B Teuenune 60 MuH, 3aTeM 100aB-
nsau 50 Ma BoOHOTO pacTBopa, coiepkaiiero 3,53 r
ImapamMombaara aMMOHUS, M TIepeMEINBaIN TIOJY-
YeHHBIN pacTBOp B TeueHUe 30 MUH MpU TeMIlepatype
70 °C. Ha 3aBeplualoliieM 3Tane K NoJy4eHHO# cMecu
MPUWINBAJIM PAacTBOp, COAEpKaIlWii HUTpaT KoOaibTa
Maccoii 1,46 T, ¥ epeMelIuBaid B TedeHue 15 MuH
npu temiiepatype 70 °C. ZKuakocTb yaaisiay ¢ IoMo-
IIbI0 POTOPHOIO MCHApMTEIsl B TeueHUe 60 MUH Ipu
temniepatype 40 °C u maBiaeHun 20 m6ap. ITonyueH-
HBII CyXOH OCTaTOK M3BJIEKaIW U3 KOJOBI U TILATETb-
HO pacTUpPaJId B araTOBOM CTYIIKE.

Cunre3 YHT npoBonwiu nipu temiiepatype 900 °C
Ha JBYX TUIAX KaTAIMTUYECKOU cucteMbl. s 3Toro
B TeUECHME TIEPBBIX 5 MUH CUHTE3a B PeakTOp MOIaBaIN
ra3oByl0 CMECh aproHa, BOJAOpOIa MU MeTaHa C pacxo-
mamu 250, 250 u 250 CM3/M1/1H coorBeTcTBEHHO. [loO
MPOILIECTBMM 5 MMH OTKJIIOYAJIM IMoJadyy BOAOpOIA,
yBeJIMUMBAJIU pacxon aproHa ao 500 CM3/MI/IH " TIpO-
Bonwiu cuHTe3d YHT B Teuenue 55 muH. Ilocie 3aBep-
IIEHWsT CUHTE3a OTKJTIOYAJIM HarpeB peakTopa W Ipe-
Kpalaiu momady MeTaHa. [IponyKThl peakiiuu U3BJe-
KaJIu U3 peakTopa npu temmeparype Hmke 500 °C.




HN3zyuyenue mopdonorun YHT u Katanutuyeckou
CUCTEMBI TIPOBOAMWJINA C MOMOIIBIO METOJOB pacTpoO-
BOH B2JIeKTpOHHON MuKpockonuu (POM) u pactpo-
BOM IIPOCBEYMBAIOLLIECH 3JIEKTPOHHON MMKPOCKOIIUU
(PTI®M) ¢ sHepronMcnepCUOHHbIM 2JIEMEHTHBIM aHa-
JIN30M.

Pe3yabTaTel u 00cyxknenne

M3obpaxeHusi, MmojiyueHHble ¢ TOMOIbI0 POM,
000uX TOPOLIKOB MpuBeAeHbI Ha puc. 1. Ha puc. 1, a
MpeacTaBieH CHUMOK mnopoiika MgO (tun 1), KoTo-
pblii cocTOUT M3 4yacTull ¢ pazmepamu 150...250 HM.
YacTb yacTHII TTOpolKa oopasyet araomepatsl. [1opo-
ok MgO mapku YA (tun 2) (puc. 1, b) ¢ Touku 3pe-
HUS MOPGhOJIOTUY TIPEACTABIISIET COOOI arToMepaThI ¢
pasmepamu 2...6 MKM, KOTOPbIE COCTOSIT U3 PACIIONIO-
JKEHHBIX MapajieIbHO APYT ApYyry "OJOKOB" TOJILIM-
HO#t ~150 HM U UMeIT HenpaBuibHYIO Ghopmy. Kpo-
M€ TOTO, BCTPEYaloTCsl OTAEIbHbIE YACTHULIBI C pa3Mme-
pamu 100...2000 HM.

HccnenoBanue Mopdosoruv KaTaJlUTUYECKOM
CHCTeMbl CHayajga MPOBOAMIM C TMoOMoIllblo POM.
M3obpaxkeHus1 KaTaIM3aTOPOB, MOJTYYEHHbBIX C UCITO/b-
3oBaHneM MgO (tuma 1 u Tuma 2), npeacTaBieHbI
Ha puc. 2 U puc. 3 cooTBeTcTBeHHO. Ha puc. 2, a u
puc. 3, a npeacraBieHo POM-u3obpaxkeHue Bo BTO-
PUYHBIX 2JEKTPOHAX IJis FOTOBOW KaTaJIUMTUYECKOM
CUCTEMBI, IIOJIyYEHHOM C MCIIoJb3oBaHueM MgO —
TUIl 1 ¥ TUIT 2 COOTBETCTBEHHO.

M3 mpenctaBiieHHBIX M300paXeHWi BUIHO, YTO
B KaTaJUTHYECKON CHCTeMe HMEIOTCS pa3IudHbIe
(pakumu: araomMeparbl MEJIKUX MPOJOJTOBaThIX Yac-
vl (=100 HM) Hapsiny ¢ O6ojiee KpYIMHBIMU YacTULIAMU
(=300...500 HM) OpAMOYTOJBbHOM (POPMBI CO CKPYT-
JICHHBIMU KpasMU, BHE 3aBUCUMOCTH OT THUIIA WC-
nojbp3yemMoro MgO mpu MOJyYeHUM KaTaIMTUYEeCKOM
CHCTEMBI.

Ha puc. 2, b u puc. 3, b npeacraBieHo POM-
n300paxeHue Tex Xe obysacTeit, YTO U Ha puUC. 2, a U
pHuc. 3, a, HO B peXXUMe perucTpalli obpaTHOpacce-
SIHHBIX 3JIEKTpOHOB. Ha m3o00paxkeHusix BUIHO, UYTO
YaCTUIBI Pa3INIHON MOP(OIOTHN WUMEIOT OTIWYHBIN
Ipyr OT Apyra KOHTPACT, KOTOPHI 3aBUCHUT KaK OT
CpelHEero aTOMHOIO Beca, TaK U OT IJIOTHOCTU MaTe-
puana. Ecam mpenmnosoXunTh, 9TO TIOTHOCTE pas3iind-
HBIX YacTUI OAMHAKOBA, TO 00Jiee CBETJIbIE YACTHUIIbI
MpeAcTaBIsSIOT co0oil (pa3y KaTaausaTtopa, cojaepxa-
1IyI0 OoJsiee TSKeIble aTOMBI (KOOANbT, MOJIUOAEH) T10
CpaBHEHMIO C aTOMaMU HOCUTEITS (MarHWiA, KNCJIOPO).

st nmonydyeHus1 Oosiee MOJHONW MHGOPMaLUU O
TOM, UTO MpeACTaBIsIET COOOM KaTaauzaTop, ObLI HOI-
rotosjeH obpazely Co—Mo—MgO (tun 2) mocie oT-
xura B cmecu Ar(H,), mpu kotopom npoucxoaut ¢hop-
MHpPOBaHWEe YaCTHI] KaTaJn3aTtopa st TTOCIeAYIOIEro
pocta YHT. Ilocie BoccTaHOBJIEHUS JAHHOM CUCTEMBI
B BOJIOPOJIE Ha TOBEPXHOCTU MOSIBUJIMChH YACTHUIIbI OK-

Puc. 1. POM-u3o0paxenus nopomka MgO tuna 1 (a) u Tuna 2 (b)
Fig. 1. SEM images of MgO powder type 1 (a) and type 2 (b)

Puc. 2. POM-u3o0paxkenus s Co—Mo—MgO (tun 1) Bo BTO-
PMYHBIX JIEKTPOHAX (@) U B 00paTHOpPACCESAHHBIX JIEKTpoHaxX (b)
Fig. 2. SEM images of Co—Mo—MgO (type 1) obtained in SE mode (a)
and in BSE mode (b)

Puc. 3. POM-un3o0paxkenus s Co—Mo—MgO (tun 2) Bo BTO-
PMYHBIX JIEKTPOHAX (a) U B 00paTHOPACCESAHHBIX IJIEKTpoHaX (b)
Fig. 3. SEM images of Co—Mo—MgO (type 2) obtained in SE mode (a)
and in BSE mode (b)

pyrioii hopMbl 1uaMeTpoM ~30 HM M MEHbIIle, UMe-
ouue 0ojee CBETJbIi OTTEHOK B OOpaTHOpPACCEesH-
HBIX 3JICKTPOHAX, TPEATIONIOKUTEIHLHO COAepIKaIIe
KOOAJIbT U HEMOCPEACTBEHHO SIBJISIIOIIMECS] KaTaau3a-
topom pocta YHT (puc. 4, a—c).

M3o0paxkeHus1 yacTUll KaTajaus3aTopa U KapThl pac-
MpeaeIeHns] KOHIEHTPAlM XUMUYECKIX 3JIEMEHTOB
no oOpasly ObLIM MolydeHbl ¢ rmomouibio PIITODM n
BHEPTrOAMCIIEPCUMOHHOTO 3JIEMEHTHOTO aHaju3a (puc. 5,
CM. YETBEepPTYIO CTOpOHY o00joxKu). W3 cpaBHeHUs
Kapt pacnpeaeneHus: KonueHtpauuii Co (puc. 3, e, f)
u Mo (puc. 5, g, h) BUIHO, 4YTO OOpa3ylolIMecs yac-
TULBI padMepoM ~30 HM Ha MOBEPXHOCTHU OoJiee KpyIl-
HBIX YaCTHII KaTam3aTopa IMpenMyIIeCTBEHHO COCTO-
a1 u3 coeguHeHnit Co—Mo unu Mo. Takum ob6pa-
30M, C TTOMOIIBIO COIOCTABICHUS TIPEACTABICHHBIX
METOIUK aHajii3a BO3MOXHO OLIEHUBATh OJHOPOI-
HOCTh TIOKPBHITUSI HOCUTEISI KaTaau3aTOpoM, TeM ca-
MBbIM KOHTPOJIUPYS IUIOTHOCTb Y MOP(OJIOTUIO0 UTOTO-
Boro maccuBa YHT.

Hanee Obu1 mipoBeneH cuHTe3d YHT npu Ttemmepa-
Type 900 °C Ha IByX TMIIaX KaTaJUTUYECKON CUCTEMBbI
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Puc. 4. POM-u3zo0paxenns aaa Co—Mo—MgO (tun 2) nocae orxura B Ar (H,) Bo BTOpHYHBIX 371eKTPOHAX (a, ¢) H B 00paTHOpacCCEeAHHbIX
anekrponax (b)

Fig. 4. SEM images of Co—Mo—MgO (type 2) annealed in Ar (H,) obtained in SE mode (a, c¢) and in BSE mode (b)

10 paHee IpUBeAeHHON MeTomuke. Ha puc. 6, a, b
npeacraBieHo POM-uzobpakenue monydeHHbIX YHT
¢ npuMeHeHueM Karanuzaropa Co—Mo—MgO tuma 1
U TUMa 2 COOTBETCTBeHHO. Mopdosorus moiaydyeH-
HBIX 00pa3l0B OTIMYAETCS: B CIIydae MCIOIb30BaHUS
karaiuzaropa Co—Mo—MgO (tun 2) Gosiee xapak-
TepeH poct YHT u3 minacTuHOK ¢ oOpa3oBaHUEM
IUTOTHOTO IBYCTOPOHHETO MaccuBa (puc. 6, d), a s
kataymmzaropa Co—Mo—MgO tuma 1 misg cuHTe3a
VHT B oOpa3sue npucyTcTBYIOT Kak IipsimMble YHT,
TaK M WCKPUBIIEHHBIE, CIIyTaHHBIE (puc. 6, c). dua-
meTp YHT coctaBnsin ~30 HM 1 MeHblIE B 000UX CITy-
yasix, 4YTO COOTBETCTBYET pa3MepaM YacTHIl KaTaau3a-
TOpa CoxMoy, Kotopble BuAHBI Ha PITOM-u3obpaxke-
HUsX (cM. puc. 5).

3akmouenue

B pesynbraTe mpoBemeHHON paboTH peasn3oBaHa
MeTOANKa MCCIeAOBaHUST MOP(OIOTUN KaTaTUTHIEC-
KO CHCTEMBI IJII CHHTEe3a YIIEPOXHBIX HAaHOTPYOOK
Buaa Co—Mo—MgO, koTopast MOXeT ObITh IPUMEHE-
Ha ¥ T APYTUX TUTIOB METAJUIOB M HOocuTeleit. Takke
TPENCTaBIeH METOMOJIOTMYECKU TTONXOM OTIpesesie-

Puc. 6. PODM-uzoopaxenne cunresupopannbix YHT ¢ ucnoab3osa-
nueM katammsaropa Co—Mo—MgO (tin 1) (a, ¢) u Co—Mo—MgO
(tun 2) (b, d)

Fig. 6. SEM image of the synthesized CNT using the catalyst Co—Mo—
MgO (type 1) (a, ¢) and Co—Mo—MgO (type 2) (b, d)
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HUSI CTEMEHM TOKPBHITUS HOCUTENSl KaTaau3aTOpOM.
OrnpezesieHO BIMSIHUE MOP(OJOTMU UCXOIHOM KaTaau-
TUYECKOW CUCTeMbl Ha (hopMy 0Opas3ymolIUXCs yrje-
POmHBIX HAaHOTPYOOK. CoITacHO IOYyYEeHHBIM JaHHBIM
MOXHO CIIeJIaTh BBIBOJ, UYTO OTJINYME B C(hOPMUPOBAH-
HBIX CTPYKTYpax YIJIEpOAHBIX HAHOTPYOOK MJisl OBYX
TUIIOB HocuTejieir MgO cBsg3aHO C pa3IUuuveM B ero
MOpP(OJIOTUU, KOTOpasi HEMOCPeACTBEHHO BIUSIET Ha
dpaxkumio 1 MOpGhOJIOTUIO UCXOIHOM CUCTEMEI. YCTa-
HOBJICHO, 4TO (pOopMUpOBaHME HAHOYACTUI] KaTau-
3aTopa OKpyrjiaou (popMsl nuamMeTpoM ~30 HM U MEeHb-
1Ie MPOUCXOIUT TOCJe BOCCTAHOBIIEHUS KaTaJIUTH-
YeCcKOM CHMCTEMBI B BOIOpPOACOIEpXKallleil cpeme Ha
MOBEPXHOCTU YACTULL HOCUTEJsl KaTanuzatopa. Yactu-
16l KaTaju3aTopa MPEeuMYILIECTBEHHO COCTOSIT U3 CO-
eIMHEHMS CoxMoy i Mo. luametp YHT cocrasmnsin
~30 HM 1 MeHblIe B 000UX ClTy4yasiX, YTO COMTOCTaBUMO
C pa3MepaMu YacTHIl KaTajau3aTopa CoxMoy.
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Introduction

One of the most promising ways to improve the mechan-
ical, electrical and thermally conductive properties of mate-
rials is to create composites based on carbon nanotubes
(CNT) [1, 2]. Due to the unique physicochemical properties
of CNT, all new applications are found. Creating composites
with specified characteristics requires not only obtaining
CNTs of a certain length and diameter, but also the ability to
synthesize CNTs in a sufficiently large amount: from units to
hundreds of grams. One of the ways to fulfill the above require-
ments is the synthesis of CNTs by chemical vapor deposition on
powdered media. As a catalytic system, Co—Mo—MgO [3—8]
is of the greatest interest, where MgO is not only a catalyst
carrier, but also participates in chemical transformations at
the stage of system formation. Depending on the morphology
and composition of the catalytic system, the morphology of
the synthesized CNTs changes, therefore the ability to control
the characteristics of the catalytic system is a necessary con-
dition for obtaining of CNTs with desired properties.

The aim of this work is to study the influence of the mor-
phology of the catalytic system Co—Mo—MgO on the syn-
thesis of carbon nanotubes.

Experimental procedure

For the formation of different morphology of the Co—
Mo—MgO system, MgO produced by Sigma-Aldrich (type 1)
and MgO of analytical grade by GOST 4526—75 (type 2)

were used. The catalytic system was synthesized by stirring
magnesium oxide powder weighing 4 g in 70 ml of water at
70 °C for 60 min, then 50 ml of an aqueous solution contain-
ing 3.53 g of ammonium paramolybdate was added and the
resulting solution was stirred for 30 minutes at a temperature
of 70 °C. At the final stage, a solution containing cobalt ni-
trate weighing 1.46 g was poured into the mixture and stirred
for 15 min at 70 °C. The liquid was removed using a rotary
evaporator for 60 min at a temperature of 40 °C and a pressure
of 20 mbar. The obtained dry residue was removed from the
flask and carefully triturated in an agate mortar.

The synthesis of CNT was carried out at a temperature of
900 °C on two types of catalytic system. To this end, during
the first 5 minutes of the synthesis, a gas mixture of argon, hy-
drogen and methane was supplied to the reactor at rates of
250, 250 and 250 cm3/min, respectively. After 5 minutes, the
hydrogen supply was turned off, argon consumption was in-
creased to 500 cm3/min, and CNT was synthesized for 55 min.
After the synthesis was completed, the heating of the reactor
was turned off and the methane supply was stopped. The re-
action products were removed from the reactor at a temper-
ature below 500 °C.

The study of the morphology of CNT and the catalytic
system was performed using the methods of scanning electron
microscopy (SEM) and scanning transmission electron mi-

croscopy (STEM) with energy dispersive elemental analysis
(EDX).

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 8, 2019 475



Results and discussion

The images obtained using SEM of both powders are
shown in fig. 1, a is a snapshot of MgO powder (type 1),
which consists of particles with sizes of 150...250 nm. Part of
the powder particles form agglomerates. The powder with
MgO of analytical grade (type 2) (fig. 1, b) in terms of mor-
phology is agglomerates with sizes of 2...6 um, which consist
of "blocks" parallel to each other with a thickness of ~150 nm
and have an irregular shape. In addition, there are individual
particles with sizes of 100...2000 nm.

The study of the morphology of the catalytic system was
first carried out using SEM. Images of catalysts obtained using
MgO (type 1 and type 2) are shown in fig. 2 and fig. 3, re-
spectively. Fig. 2, a and Fig. 3 present the SEM image ob-
tained in the secondary electrons (SE) mode for the final cat-
alytic system obtained using MgO (type 1 and type 2), re-
spectively.

From the presented images it can be seen that there are
various fractions in the catalytic system: agglomerates of
small oblong particles (~100 nm) along with larger particles
(=300...500 nm) of rectangular shape with rounded edges, re-
gardless of the type of MgO used to obtain the catalytic system.

Fig. 2, b and fig. 3, b show the SEM image of the same
areas as in fig. 2, a and 3, a, but in the backscattered electrons
(BSE) mode. The images show that particles of different mor-
phology have a different contrast, which depends on both the
average atomic weight and the density of the material. If we
assume that the density of different particles is the same, then
the brighter particles are a catalyst phase containing heavier
atoms (cobalt, molybdenum) as compared to the support at-
oms (magnesium, oxygen).

To obtain more complete information on what constitutes
a catalyst, a sample of Co—Mo—MgO (type 2) was prepared
after annealing in an Ar(H,) mixture, during which the for-
mation of catalyst particles for the subsequent growth of
CNTs takes place. After the reduction of this system in hy-
drogen, particles with a diameter of ~30 nm and less appeared
on the surface, having a brighter shade in BSE mode, sup-
posedly containing cobalt and directly catalyzing the growth
of CNT (fig. 4, a—c).

Images of catalyst particles and maps of the distribution of
the concentration of chemical elements in the sample were
obtained using STEM and EDX analysis (fig. 5, see the 4-th
side of cover). A comparison of the maps of the distribution
of Co (fig. 5, e, f) and Mo (fig. 5, g, #) shows that the formed
particles ~30 nm in size on the surface of larger catalyst par-
ticles mainly consist of Co—Mo or Mo compounds. Thus, by
comparing the presented analysis methods, it is possible to as-
sess the homogeneity of the coating of the carrier with a cat-
alyst, thereby controlling the density and morphology of the
final CNT array.

Next, CNT was synthesized at 900 °C on two types of the
catalytic system according to the previously described meth-
od. In fig. 6, a, bis an SEM image of the obtained CNTs using
the Co—Mo—MgO type 1 and type 2 catalyst, respectively.
The morphology of the obtained samples is different, namely:
in the case of using the Co—Mo—MgO catalyst (type 2), the
growth of CNT from plates is more characteristic with the
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formation of a dense two-sided array (fig. 6, d), and for the
Co—Mo—MgO catalyst of type 1 for the synthesis of CNTs
the sample contains both straight CNTs and curved, tangled
ones (fig. 6, ¢). The diameter of the CNT was 30 nm and less
in both cases, which corresponds to the size of the Co, Mo

y
catalyst particles, which are visible on STEM images (see fig. 5).

Conclusion

As a result of this work, a method of studying the mor-
phology of the catalytic system for the synthesis of carbon na-
notubes of the form Co—Mo—MgO, which can be applied to
other types of metals and carriers, is implemented. Also pre-
sented is a methodological approach for determining the cov-
erage degree of the carrier with a catalyst. The influence of the
morphology of the initial catalytic system on the shape of the
formed carbon nanotubes is determined. According to the ob-
tained data, we can conclude that the difference in the formed
structures of carbon nanotubes for the two types of MgO car-
riers is due to the difference in its morphology, which directly
affects the fraction and morphology of the original system. It
has been established that the formation of nanoparticles of a
catalyst of a round shape with a diameter of 30 nm and less
occurs after the reduction of the catalytic system in a hydro-
gen-containing medium on the surface of particles of the cat-
alyst carrier. The catalyst particles are predominantly com-
posed of the compound CoxMoy or Mo. The diameter of the
CNT was ~30 nm and less in both cases, which is comparable
with the particle size of the Co,Mo, catalyst.
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Hccnedosannl céoticmea naeHOMH020 KOHUEHMPAMOpa MAeHUMHO20 NOAsL, NOAYHEHHO20 MeMO0OM INeKMPOXUMUYECK020 0CANHC-
OdeHus nepmanios ¢ UCNOAb308AHUEM (HOMOPE3UCMUBHOU MACKU HA MemAaitu3upo8aHHOU NOBEPXHOCMU KPEeMHUeBOU NAACHUHDIL.
Anexmpoocaxncdenue cnaasos NiFe ocyuecmeneno earvganocmamuuecku U3 pacmeopa xao0pudroeo ssekmpoauma c pH = 1,5...2,5
npu 70 °C. Onpedenenue MexaHu3ma oCcancoeHus npogedeHo ¢ yHemom YCmpaHeHUus KOAL0UOHbIX Hacmuy eUudpooKCUdo8 Jceresa
€ NOMOWBIO PUABMPALUY U NOOAGACHUs 0BPA30BAHUS UOHOE MPeXBareHmHo20 ycenesa Fe>* consnoii kucaomoii. Obecneuusaromes
CMabUALHOCMb INEKMPOIUMA, UCKAIOUACMCA AHOMAALHOCMb COOCANCOeHUs U 00cmueaemcs KoHepyIHmHoe ocadxcdenue NiFe ¢ co-
0MBEMCMBYIOUWUMU MOALHBIMU COCIABAMU 0CA0KA U INEKMPOAUMA. YcmaHoeieHa 3a8UcUMOCMb MACHUMHBIX NAPAMEMPO8 No-
AY4AeM020 KOHUeHmpamopa om memnepamypel. Pazpabomana mexnonoeus A0KanbH020 31eKMPOXUMUHECKO20 0CANCOCHUSL U3 XA0-
PUOH020 2AeKmMpoAUmMa U noay4envt naenku nepmannos NigiFe g c maeHumHbIMU CEOUCMEAMU, AHANOUMHBIMU 00BEMHBIM 00pPa3-
yam. Konyenmpamopol mocym 0Obimb UCNOAB306AHbL O YCUACHUS MACHUMHO20 NoAs 04a200aps HU3KOU KO3PUUMUGHOU cune U
8bICOKOU MACHUMHOU NPOHUYAEMOCMU 05 CHUICEHUS HUMNICHEU 2PaHULbI OUANA30HA YYBCMEUMEAbHOCU MACHUMHO20 NoAs. Bbioop
xaopudnoeo anexmpoauma c omuouenuem Cy;/Cr, = 4,26, pazpabomia mexnHono2uu npueomoeienus 31eKmpoiuma u onpeoe-
JNeHUe ONMUMANbHOU MeMNepamypbl IAeKMpPoIUma no3604UAU YCIMAHOBUMb MEXAHUZM AHOMAAbHO20 0CAXNCOeHUs 6caedcmeue He-
NOAHOU UOHUBAUUU AMOMO8 Jcenesa.

Karoueevie caosa: nepmannoil, KoOHyeHmMpamopvl MaeHUMHO0 NOAS, XAOPUOHBLU INEKMPOIUM, INEKMPOXUMUYECKOe 0Cadtcie-

Hue, cnekmpoghomomempuueckuli KOHmMpoLb

BBenenune

KoHuieHTpaTOophl MarHMTHOIO TI0JI MO3BOJISIIOT
CHU3UTDL HVKHIOIO TPAaHULLy AMAINAa30Ha U3MEPSAEMbIX
MarHUTOYYBCTBUTEJIbHBIMU 32JIEMEHTAMU 3HAUYEHUIA
HaIpsS>KEHHOCTU BHELIHETO MAarHUTHOTO TOJISI 32 CUET
HamarHuuyuBaHus. OCHOBHOM 3ajayeil MpU IIPOeK-
TUPOBAaHUU KOHIIEHTPATOPOB MArHUTHOIO IOTOKa
SIBSIETCSI OJOCTMXKEHUE BBICOKMX 3HAaYyeHUI Koapdu-
LIMEHTOB YCWJIEHUS MarHWTHOTO TOJsS TMPU YMEHb-
LLIEHUW TeOMEeTPUUYECKUX pa3MepoB CaMOTO KOHIIEH-
TpaTtopa. MaTepuan KOHLIEHTpaTopa AOJKEH obecre-
YUBaThb HU3KYK KOBPUUTUBHYIO CUJY M BBICOKYIO
MarHuTHy1o npoHuuaemocts [1]. Takum TpeboBaHU-
sIM COOTBETCTBYET MAarHUTOMSITKMIA MaTepuana — Mep-
Majiolr. Pu3MYecKre CBOMCTBA IICHOK IepMasllos
OITPENEIIAIOTCS METOMOM WX TOoydeHUsT. OU3NKO-XU-
MMUYECKHME CBOMCTBA CILJIABOB TPMU 3JEKTPOXUMUYEC-
KOM OCAaXJEHWU OTJIMYAIOTCH OT CILJIABOB, MOJIyYEH-
HbIX TEPMUYECKMM METOAOM (Hampumep, WOHHO-TY-
YeBbIM HAMbUIEHUEM).

1. MccaenoBanue BpeMEeHH CO3PEBAHHUS
CYJIb()ATHO-XJIOPHIHOTO 3JIEKTPOJIHTA

DTO HccaegoBaHME MPOBOIWIM Ha 12 obpasiax,
M3TOTOBJICHHBIX B CTAaHAAPTHOM DPEXMME OCAXKIEHUS
[2]. Ha 8—11-i1 neHb MCHoab30BaHUS JABYX JIUTPOB
3JIEKTPOJIUTA C OTOOPOM MOPLMHU Ha KaXKIbIH Mpoliecc
OCaXJEHUST B JIEKTPOXUMMUYECKOU sueiiKe Ha Tuiac-
TUHaxX ObLIM M3MEPEeHbl MarHUTHbIE CBOMCTBA, Mpe.-
cTaBJiecHHBIe Ha puc. 1 B BUAE 3aBUCHMMOCTH Hamar-
HUYEHHOCTH M KOBPLUUTUBHOM CHUJIBI OT BpEMEHU
BBIIEPKKM DJIEKTposinTa. Ha TmacTuHe ¢ BBIIEPXKKOM
9 mHei MoJydeHbl: MATHUTHBIN TTOTOK HaMarHW4YWBa-
Hus — 81 HBO, kospuuTuBHasA cuja MeHee 1 D. BhI-
COKasi HAMarHMYeHHOCTb CBsI3aHa He C TOJILLIMHOM, a ¢
COCTaBOM TIUIEHKM. 3JTa 3aBUCHMMOCTb ITOKa3blBaeT
HEeCTaOUJIBHOCTD CYIb(aTHO-XJIOPUIHOTO 3JIEKTPOIUTA.

2. 3aBUCHMOCTh COCTABA M MATHHUTHBIX CBOMCTB
IUVICHOK NEPMAJLIOF OT YCJOBHil OCAXKIEHHS
B JJIEKTPOXHMHYECKOi YCTAHOBKE

DJIEKTPOJINT B TaJIbBAHNYECKOI BaHHE ITEPEMEIIN-
BaJIU MarHWTHOM MeIIaJKOM, a TeMIeparypa Moaaep-
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Puc. 1. MarnutHbie cBOiCTBA (HAMATHHYEHHOCTh B, KO3PUMTHBHAS
cuia H_) neHOK KOHIEHTPATOPOB, NIOTy4eHHBIX PH PA3HOM BPeMEHH
1 XpaHeHus Cyib()aTHO-XJIOPHIAHOTO IJIEKTPOJIUTA NeEpesi NPoBeIeH -
€M MpoIecca OCAXKIAEHUS TUICHKH NepMaLIoN

Fig. 1. Magnetic properties (magnetization B, coercive force H,) of the
films of the concentrators received at different times t of storage of the
sulfate-chloride electrolyte before carrying out of the process of deposition
of a permalloy film
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Puc. 3. 3aBucuMocTs CKOpocTH V 3JIEKTPOXMMIYECKOTO OCAKIECHHUS
U coaep:Kanus xene3a Fe mieHoK mepMaios OT IIOTHOCTH ToKa J
B X10puaHOM 3jiekTpoante ¢ Cy;/ Cp. = 4,26 npu Temnepatype 70 °C,
pH=1,9

Fig. 3. Dependence of the speed V of the electrochemical deposition and
content of iron Fe of the permalloy films on the density of current J in
the chloride electrolyte with Cy;/ Cr, = 4.26 at the temperature of 70 °C,
pH=19
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Puc. 4. 3aBucuMoCTH ynesIbHOI HAMATHHYEHHOCTH IUIEHOK B/h u Ko-
apuuTHBHOM cuibl H - oT conepxanus xenesa Fe B ienke nepmasion

Fig. 4. Dependences of the specific magnetization of films of B/h and the
coercive force of Hc on the content of iron Fe in a permalloy film
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KMBajach aBToMaruyecku [3]. AHono M3 HHMKeJeBOM
(obrm M KaTon ¢ HUKEJIEBBIM KOJBIEBBIM 3JIEKTPO-
JIOM, KOHTAKTUPYIOIIUM C METaJUIM3MPOBAHHON HU-
KeJIeM TUTOIIATKOM KpeMHHUEeBOM TIACTUHBI, pacIioja-
raloTcsl BepTHKaJlbHO. IlpM cocTaBieHUMM pacTBopa
XJIOPUIHOTO 3JIEKTPOJINTA OTHOIIIEHNE AaTOMOB HUKE-
JISL M XKeJie3a B HEM BBIOpaHO paBHBIM 4,26, 4TO COOT-
BETCTBYEeT OTHOILICHHUIO TE€X Xe 3JIEMEHTOB B CILIABE
Nig Fe g. Perymuposky pH mposomar nobasieHuem
COJISTHOM KMCJIOTHI B COCTaB 2JieKTpoauTa. OcaxaeHue
W3 XJIOPUITHOTO 3JIEKTPOJIUTA C COJITHOM KUCIOTOM T0-
KaszaJjio, 4To 3jieKTposuT npu pH = 1,7 He comepxuT
1IaMa M TIeHKa He 3arpsA3HsIeTCsT OcalKaMy Xejie3a U
Cephbl, DJAEKTPOJIUT CTAOMIBHBIN U AaeT BHICOKYIO CKO-
pocThb pocTa TIeHOK. CKOpPOCTh OCAXKICHMS U COCTaB
MepMaJIJIOeBOI TUIEHKU 3aBUCSAT OT IJIOTHOCTM TOKa,
MPOTEKAIOIIETO Yepe3 00J1acT! KaToaa, OrpaHUYeHHBIC
¢dOoTOpPE3NCTUBHONM MAaCKOI.

Ha puc. 2 (cM. 4eTBepTYIO CTOPOHY OOJIOXKKH)
npuBeAeHa doTorpadus KOHIIEHTPATOPOB MAaTHUTHO-
ro IoJjs C TOJIUMHON IUIEHKUM HepMaios 15 MKM.
DIJIEKTPOXMMHUYECKOE OCaXACHUE IIICHKU ITPOBOIM-
JIOCh M3 3JIEKTPOJINTA C OTHOILUIEHUEM J03 HUKEIS U
xene3a 4,26, 1006aBKOI CONMTHOM KUCIOTH U TIepeMe-
muBaHueM mpu temneparype 70 °C. dortorpadus 1mo-
Ka3bIBaeT, YTO IJIEHKU MEePMaJJIOsi UMEIOT OJHOPOI-
HYIO CTPYKTYpPY, POBHYIO IIOBEPXHOCTh 0€3 1e()eKTOB
A MEXaHUYECKUX HATIPSIKEHUM, C XOpOlller aare3uei
K TIOMIJTOXKE.

M3MeHeHne CKOpOCTM OCaXKIEeHUsS MPU BBICOKOM
TeMIIepaType 3JIEKTPOJINTa YMEHBIIAeT 3aBUCUMOCTh
coCTaBa IUIEHOK OT IUIOTHOCTU ToKa (puc. 3), 4To
MTO3BOJISIET PETYIMPOBATh COCTAB B TOCTATOYHO Y3KOM
Irara3oHe M3MEHEHMS TOKa JUIS TTOTyJYeHUsI TUIEHOK,
OIM3KMX 1O cOocTaBy K nepmaiior NgiFejqg.

B cooTBeTcTBUMU ¢ M3MEHEHHWEM COCTaBa IUIEHKU
MMPOUCXOANT W3MeHEeHWe MAarHWTHBIX CBOMCTB. Ha
puc. 4 npeacTaBiIeHbl 3aBUCUMOCTH YIEIbHOM HaMar-
HUYEHHOCTU B/h (h — ToNIIMHA TJISHKU MepMalios)
1 KOSPUUTUBHOM cuiibl H - OT conepxanus xenesa Fe
B IJIeHKe NepMasios. Hawnydilive MarHuTHbIE napa-
METPHI TIEHOK TIePMAaJIIOs ITOJTYJIaloTCs TIPU ComepKa-
HuM xenesa 18...20 %.

OtpaboraH [4—6] TeXHOJIOTrMYECKUIA IPOLIECC JI0-
KaJbHOTO OCaXXIEeHUs U3 XJIOPUIHOIO DJIEKTPOJINTA U
NoJly4eHbl MeHKu nepmaiios NigiFe g ¢ mMarnur-
HBIMM CBOWCTBaMM, aHaJIOTMYHBIMU OOBEMHBIM OO0-
pasiiaM, paBHOMEPHEIE IO TOJIIWHE W ¢ MaJIbIMU Ha-
MPSDKeHUSIMUA 6€3 BBICOKOTEMIIEPATyPHOTO OTXKUTA.

3. Meroauka MPUTrOTOBJICHUA
XJIOPUHOTIO JJICKTPOJIHUTA

ITpuroroBieHue XJOPUIHOTO 3JEKTPOJIUTA UCCIIE-
JIOBaHO ¢ MoMolIblo crekrpodoromerpa B-1100 B
10-mmmmmmeTtpoBeiX KioBeTax [7]. Ilpm mocnemoBa-
TeJIBHOM BBelecHUM B Boy HasecoK FeCl, mosyuyeHbl
CIIeKTpabHble KO3(hGUIIMEHTHl HAMPaBIEHHOIO MPO-




IMyCKaHMs PaCTBOPOB C XJIOPUCTBHIM KeJIe30M. 3aBU-
CHMOCTb ONTUYECKOIo MPOMYCKaHMSI Ha IJIMHAX BOJH
315...1050 HM BomHOro pacTtBopa OT KOHIEHTpalLlUHU
FeCl, npencrasieHa Ha puc. 5.

PacTBOp MMeeT KeNTO-KOPpUYHEBBIN 1IBET. 2KeaThIit
LIBET CMOTPUTCS OCHOBHBIM, a KOPUYHEBBIH — OT-
0JlecKOM OT IUIaBalOIIMX B XKUAKOCTU KOJUIOUIHBIX
yacTull. CriekTpajibHble KO3 ULIMEHTHI HAalTpaBJIeH-
HOTO TPOIYCKaHUs TMpU MOCJIeA0BaTEIbHOM 100aB-
JICHMM HaBECOK TMipaTa XJIOpMIa Xejie3a B PacTBOp
XapaKTepU3yIOTCsS NMUKAMU TOTJOIIEHUSI CBeTa IpU
JnuHax BoJH 345 u 945 M. Ilocne no6aBku GopHO
KHCJIOTHI CIIEKTpOrpaMMa HU3MEHsSIeTCSI B 00J1acTsIX
BIAJX OT MUKOB TOTJIoIIeHUs. PacTBop nMmeer ciabdyro
kuciaotHocTh pH = 5,6. ITocne oTcTOSI B TEUEHME CEMU
JHEeU 11BET pacTBOpa U3MEHWICS Ha XKeJITO-3eJeHOBa-
THIM M BBITIaJI KPAaCHOBATO-KOPWYHEBEIM ocamok. Pac-
TBOp WIBTPOBAIM, U COCTAB OCaaKa MPOaHAIU3UPO-
BaH. BEITTagaeT B 0camoK TMAPOKCHUI TPEXBaJCHTHOTO
KeJesa.

ChnexrpajlbHble KO3(M(GULUMEHTHl HAMpPaBICHHOIO
MIPOITYyCKaHUS TIPU TIOCIIeI0BATEIILHOM T00aBICHUN
HaBeCOK I'uapaTa XJIOpuaa HUKEJSI B pacTBOP Xapak-
TEpU3YIOTCA TMMKAMM TIOTJIOIIEHUS CBeTa Ha IJIMHAX
BoJiH 395, 725 u 985 um. PactBop ¢ mo6aBkoii 40 r/n
6opHoii kucnorel H3BO5 nMmeer XxenTo-3e1eHbli 1BeT
1 TeMHEET TIPU YBEJIMUYEHUU KOHIIEHTPALMU XJIOpHIa
HUKEJIS, HO TIPaKTUIEeCKN He M3MEHSET CITEeKTPaIbHYIO
XapakTepucTuKy. Ilocae oTcTos B TeueHWE ceMU THEH
LIBET HE U3MEHSIETCS M 0CaZoK HE BbIMaaeT.

CMelBaHWe OTMHAKOBBEIX OOBEMOB PACTBOPOB C
XKene30M, HUKeJIeM M OOpHOI KMCJIOTOM JaeT XJIOPUI-
HBIl 2JIEKTPOJIUT CO clekTpodoTorpaMmoit, mpea-
cTaBJeHHON Ha puc. 6. CriekTpaybHble KO3DhUILIMEeH-
Thl HaNpaBJIEHHOIO MPOIYCKaHUS TPU CMEIIMBaHUU
pacTBOPOB XJIOpUJIA XKejle3a U HUKEIST XapaKTepU3yIoT-
cs IMMKAaMU MOIVIOLIEHUs CBeTa Ha MIMHAX BOJIH 393,
725 1 985 HM, KOTOpbIE COOTBETCTBYIOT HUKEJIIO, UMe-
fouieMy B 4,26 pasa GOJbIIYI0O KOHIEHTPALMIO, YeM
Kejie30. PacTBopbl cosieli HUKENs W XKejie3a UMEIOT
sHayenunst pH = 5,5 u 3,6 cOOTBETCTBEHHO.

Ho6GaBka caxapuHa 1,6 T/ B 3TOT 3JIEKTPOJIAT W3-
MEHSIET XapaKTepHUCTUKY, YMEHBIIasl MPOITycKaHe Ha
JnmHax BojH 500 1 900 HM B 061aCTSIX XOPOIIIETo Mpo-
MMyCKaHWS CBeTa IS pacTBOpa Xjiopuaa Hukens. Kuc-
JIOTHOCTbH ToBhIIIaeTcs, u pH = 3,17.

JlobaBKa COJNITHOI KUCIOTHI 2 T/ B 3TOT 3JIEKTPO-
JIAT U3MEHSIET XapaKTePUCTUKY, YMEHBIIAsl MOTJIONIe-
HMe cBeTa Ha ajrMHax BosH 540 u 860 HM. Dt obiactu
HaXoIATCS BHE ITMKa TOTJIOIICHUS CBeTa IJIST PaCcTBO-
pOB XJIOpHIa Xejie3a M HUKEIS. DJIEKTPOJIUT CTaHO-
BUTCSl 3aMETHO cBeTjee. KosuiouaHble yacTUIIbl pac-
TBOPSIOTCSI. KHMCIIOTHOCTD XJIOPUAHOTO 3JIEKTPOIUTA
pH = 1,73.

HecTabuibHOCTb ABYXBaJIEHTHOTO XeJje3a 1 nepe-
XOJI B TPEXBAJICHTHOE OTIPeNesisieT BCe CIOKHOCTH T10-
JIy4eHUs 3aJ]aHHOTO COCTaBa IJIEHOK IepMasuiosl, Tak

KaK TPEeXBaJIEHTHOE XKeJIe30 OCAXKIAETCSI C OOJIBIION
CKOPOCTbIO 3a CUET 3apsiia MOHA U YBEJWYMBAET COAEP-
>KaHue Xxeesa B 1eHke. [Tocne dunbTpalium aaeKTpo-
suta B HeM HeT Fe(OH); 1 no6aBka CoIsiHOM KUCIOTBI
noHuxaeT pH 1 nmpocBeTisieT 3AeKTPOIUT.

Ha mpouecc ocaxkmeHusl TUIGHOK TepMalIos Cy-
IIECTBEHHOE BJIMSIHUE OKAa3bIBAET METOJAMKA IMPUIO-
TOBJICHUSI XJIOPUJIHOTO BJIEKTPOJIUTA, YUYMThIBalOLIast
B3aMMOJIEMCTBME OCHOBHBIX M BCIIOMOTraTeJbHbIX CO-
CTaBJsIIOLIMX XUMUKaTOB. [lomaBieHue obpa3zoBaHUs
noHoB xene3a Fe’' u ouncrka unbTpanueit snexr-
poJMTa OT MPEUMIIMTATOB TPEXBAJEHTHOTO Xeje3a
00ecIeynBalOT KOHTPYIHTHOE OCaXKIeHUE U NaI0T OC-
HOBaHME YTBEPXKAaTb, UTO aHOMAaJbHOE OCaXIeHUE
orpeesiaeTcsl HaJIuyrdeM Yy 3Kejle3a CBOWCTBA M3Me-
HSITh BaJIECHTHOCTD C IBYX JIO TpeX. Y AaJleHUe TMapaToB
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Puc. 5. 3aBucumMocTb onTHYecKOro nponyckanus 7' Ha JJMHAX BOJIH
315...1050 um Boanoro pacteopa ¢ Konuentpanueii FeCl, 44 r/a ¢

nodaskamu 0opHoit Kuciaorsl 5; 105 20; 40 r/a

Fig. 5. Dependence of the optical transmission of T in the wavelengths
0f 315...1050 nm of the water solutions with concentration of FeCl, 44 g/I

with additives of boric acid 5; 10; 20; 40 g/I
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Puc. 6. 3aBucumMocTh onTHYECKOro Nponyckanusa 7 Ha JAJIMHAX BOJH
315...1050 um pacTBopoB ¢ KonuenTpamuamu, r/x: / — FeCl, 4H,0 —

22; 2—NiCl, 6H,0 — 112; 3— FeCl, (22) + NiCl, (112) + H3BO; (40)
Fig. 6. Dependence of the optical transmission of T in the wavelengths
of 315...1050 nm of the solutions with concentrations, g/I: 1 — FeCl,
4H,0 — 22; 2— NiCl,6H,0 — 112; 3— FeCl,(22) + NiCl,(112) +
+ H3BO; (40)
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Puc. 7. 3aBUCHMOCTh CKOPOCTH OCaXKIEHHs IVIEHOK MEPMAJLIOS OT
TOKA MPOLECCa OCAKIEHUS U3 XJIOPHIHOTO JJIEKTPOIATA

Fig. 7. Dependence of the speed of deposition of the permalloy films on
the current of the process of deposition from the chloride electrolyte
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Puc. 8. 3aBucumMocCTb COCTaBa IJICHOK MEPMAILION OT TOKA MpoLecca
ocaxIeHus u3 dJekTposmTa THna I ¢ 100aBKaMu XJIOPUIOB XKeJe3a
W HUKeJIsA

Fig. 8. Dependence of the composition of the permalloy films on the
current of the process of deposition from type I electrolyte with additives
of the chlorides of iron and nickel
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Puc. 9. 3aBucumocTh conepxkanus xeine3a Fe B mieHkax nepMasiios
oT ToKka I B xnopuanom anexrponute ¢ Cy;/ Cp, = 4,26 npu Temne-
patype 60 m 70 °C, pH = 1,9

Fig. 9. Dependence of the content of iron Fe in the permalloy films on
the value of current I in the chloride electrolyte with Cy;/Cp, = 4.26
at the temperature of 60 and 70 °C, pH = 1.9
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xenesa Fe3 uz pacTBopa C IIOMOILLbIO OOPHOI KHUCIO-
Thl U (pUIBTpALIMU MO3BOJISIET PELIUTh MPOOIeMy aHO-
MaJIbHOTO OCaXXAEHUS U 00eCTeUnTh BOCIIPOU3BOAUMOE
MoJy4yeHue TJIEHOK C COCTAaBOM, COOTBETCTBYIOIIMM
3aIaHHOMY COCTaBY 2JIEKTPOJIUTa, — KOHTPYDHTHOE
BIIEKTPOXUMUUECKOE ocaxaeHue [8].

4. DJIeKTPOXUMHIECKOE OCAKIACHHE
IJICHOK MepMAaJLIos

XJIOPUAHBINA 3JEKTPOJUT AaeT CKOPOCTb Ocaxie-
Hus 0,22 MKM/MUH TUIGHKM MEPMalJIosl C COCTaBOM
Nig Fe 9 mocie mobasnenus xjopuaa xejesa Uis
KOMIIEHCAlIMU TTPEeUMYILIECTBEHHOTO OCaXIeHUs HU-
KeJIsl, KaK ITOKa3aHo Ha puc. 7.

CocrtaB IJICHOK ompenessieTcsl, Kak IMoKa3aHo Ha
puc. 8, cCOCTaBOM 2JIEKTPOJUTA U MAJIO 3aBUCUT OT pe-
JKMMa OCaXICHMS MO 3HAUYEHHUIO TOKa. 3a JBa Mecsila
HCITOJIb30BAaHUS 3JIEKTPOJIMTA IIPOBeASHO 24 mpoliecca
OCaXICHUsSI C OOIlEel TOJNIIWHONW IUIEHOK 167 MKM.
DJIeKTPOJUT HE MCTOLIAETCSI M HE U3MEHSIET CBOMX
CBOWCTB. XJTOPUIHBIN JIEKTPOJIUT C OYUCTKON OT TpeX-
BAJICHTHOTO XeJie3a W CO CTaOuau3alueil CoJISTHOM
KHUCJIOTOM O0ecreyrBaeT BOCIIPOU3BOIMMBIN MPOLECC
OCaXIEHMUSI.

3aBHCHMOCTh COCTaBa IUIEHOK Ha pucC. 9 ToirydyeHa
pu ocaxaeHuu ¢ temmeparypoii 70 °C u3 puibTpoBaH-
HOTro XJIopuaHoOro snekTpoiura. IIpoBeaeHue 12 mpo-
LIeCCOB Tpu TeMmmeparypax snaekrpoaura 60 u 70 °C
CUJIBHO U3MEHSIET colepKaHue Xeje3a B IieHke. Omn-
TUYECKOE IPOIyCKaHWe 3a BpeMsl MPOBEACHMS MPO-
1I6CCOB OCaXXIEeHUs U MPU BBIAEPXKKE HE U3MEHSETCS.

ITo maHHBIM puc. 9 BUAHO, YTO TOCJEAOBATEb-
HOCTb POBEAEHUS MPOLIECCOB U TOK HE BJIMSIIU Ha CO-
CTaB, KOTOPBII OMpeAensieTcsl TOJIbKO TeMIlepaTypoi.
B cocrtaBe ocaxkieHHBIX TP TeMIIepaType 3JEKTPOJIH-
ta 60 °C meHOK mepMmaios cogepxurcs 39,4 % xe-
ne3a. B cocTtaBe ocakIeHHBIX TIPU TEMIIEPAType JIeK-
tposnta 70 °C ruteHOK repMaiios coaepxures 19,2 %
xenesa. Ilo pesyrbTaTaM pPeHTTEHOCTIEKTPAIbHOTO
aHaJIM3a MPU OCaXICHUU U3 OTHOTO U TOTO XK€ BJIeK-
TPOJIUTA TIPU Pa3HBIX 3HAUYEHUSIX TOKA MOJYyYEHO pas3-
JIMYMe colepKaHMs XkeJjie3a B 2 pasa.

[Tpu pactBopenun FeCl, pH ymeHbluaercs, 3Ha-
YUT, B pe3yjbTaTe AMCCOLMALUU COJIM B BoJe o0pasy-
1o1cst noHbl ruapokcunaa OH . Ilpu mosHoM Aucco-
uuauum odpasyrorca Fe(OH), n 2HCI 6e3 nsmene-
Husa pH. Ilpu onHokparHoit nonusauuu FeCl, B Buzne
(FeHCI_)+ BTOPOM MOH XJlOpa BO B3aUMOJAECUCTBUU C
sonoit CI' + H,O o6pasyer HCl 1 u36bITOK ruapox-
cuna OH ™. Tlo mpunnuny Jle-1llatenbe yMeHbIICHHE
KOHIIEHTPAIIMX MOHOB JOJIKHO IPUBOIUTH K TaTbHE-
IIeMy pacIiamy MOJIEKYJ BOABI Ha MOHBI. Eciu omuH
13 MOHOB yYacTBYeT B 00pa30BaHUU BJIEKTPOJIUTA, TO
JIpYyroii MOH HaKaIlJIMBaeTCsl B pacTBOpe UM M3MEHSET
pH cpenbi.




DIEeKTPOXUMHNYECKHE DKBUBAJIEHTHI JIJIsI METAJJIOB
C IBOMHOI BaJIEHTHOCTBIO JAIOT 3aKOHOMEPHOE N3Me-
HEHMUE OTHOILIEHUSI CKOPOCTH OCAXKIEHUSI, COOTBETC-
TBYIOILIETO OTHOILLIEHUIO UX BajieHTHOCTU. [Ipoxoxne-
HYE TOKa MpPU BJIEKTPOXMMUUECKOM OCAXKIECHWUU OI-
penensieTcs 3apsIoM UOHOB, ITO3TOMY TPEXBaJICHTHOE
JKeJne30, HUKeJIb U KoOajnbT ocaxmaloTcd B 1,5 pasa
MeJIJieHee TBYXBaJIeHTHBIX.

M3meHeHue comepxXaHUs xKejle3a B IJICHKE B 2 pasa
MOXHO CBF3aTh ¢ U3MEHEHUEM B 2 pa3a 3apsiia MoHa
XKelle3a, U3 KOTOPOIro MPOUCXOOUT OCaXKIACHUE, MpU
0oJiee BBICOKOM TeMITepaType 3JIEKTPOJIUTA — 3TO MOH
Fe2". Vo ¢ equHUYHbBIM 3apsiioM — 3TO (F62+Cl_)+.
B oGnactu 0k0s10 KaToaa IIpOMCXOIUT Iiepeadya OJHO-
ro 3JIEKTPOHA KOMIUIEKCY, OCaXKIEeHUEe XKeJie3a Ha Ka-
Toze U BbiAeaeHue noHa Cl B BJIEKTPOIUT C U3MEHe-
HueM pH siekTponuTa B 3TOM 00IACTH.

5. VloHHbIii 0ajaHC B 2JIEKTPOJIATE

B paborte [9] paccMaTpuBaloTCs MOHHbIE paBHOBE-
cus B snekrponute FeCl, nmo pesynabratam TepMoau-
HaMMYECKUX pacyeToB KOHCTAHT paBHOBECHS C yue-
TOM CJTOKHBIX peaKIInii, a TaKke ypaBHEeHU OamaHca
Mmaccel 1 3apsna. Pactsop FeCl, ¢ koHueHTpauueit
4 MONBb/N TIpU KOMHATHOHM TeMIlepaType COOEpPKUT
OoJIbIlle BCEro OMXHOKPATHO 3apsLKEHHBIX MOHOB
(F62+C1_)+, MEHbIlIE MOHOB Fez+, HEMHOTO HEWT-
pPaJbHBIX MOJIEKYJI U COBCEM MaJi0 MOHOB TMIPOKCHUAA
(F62+OH_)+. JloGaBneHue B pacTBOpP COJISTHOI KMC-
JIOTHl YBEJIMYMBAET COAECPKaHWE OTHOKPATHO 3aps-
KEHHBIX NOHOB (FeZ+Cl_)+, HEHTpaJTbHON MOJIEKYJIbI
FeCl; , HO yMeHbIIAeT KOIMYECTBO ABYXKPATHO 3apsi-
XeHHBIX 1oHOB Fe?™.

ITpu ucnonwzyemoii [ 10] ais ocaxxaeHUs IepMasuIos
koHueHTpaunn FeCl,, paBHoil nopsaaxka 0,1 mMomb/1,
pacTBOp COAECPXKUT OJM3KME 3HAYEHUS] KOHLIEHTpa-
LU OOHOKPATHO 3apsKEHHBIX MOHOB (FeerCl_)Jr u
MEHbIIIe MOHOB Fez+, IIpUYeM Mpu 100aBJIEHUMN COJISI-
HOW KMCJIOTHI pa3HUIA MEXAY STUMU KOHIIEHTPaIIsI -
MU yBennuuBaeTcs. ConepxaHue HeUTpajibHOU MoJie-
KYJIbI FeClg 1 MOHOB TMAPOKCUAA (FeerOH_)Jr 3Ha-
YUTEIbHO MEHBIIIE, YeM NOHOB (Fe2+Cl_)Jr u Fe2t o
9TUM pacyeTaM CYIIEeCTBEHHOTO BIMSHMS THUIPOKCUI
(FeHOH_)Jr Ha ocax/eHWe He JIOJKEH OKa3bIBaTh.

IIpu HarpeBe 3JIEKTPOIUTA TIPOMCXOAUT YCUIICHHE
MOHU3ALMM, U TIOTOMY KOJIMYECTBO OMHOKPATHO 3apsi-
JKEHHBIX NOHOB (Fez”LCI_)+ MOXET CTaTh MEHBIIIE KO-
nndectBa noHoB Fe?™, a HeliTpabHbIX MOJIEKYJ CTa-
HOBUTCSI COBCEM MaJIo. MOXHO 3aKJTIOYUTh, YTO YCTa-
HOBJICHO HOBOE SIBJICHUE TTOJTHON MOHU3AINN XJIOpHIa
JKeJjieza B 3JieKTposinuTe Ipu Temneparype 70 °C.

IIpy TakoM COOTHOIICHWM COCTABJISIONINX 3JIEKT-
poJIuTa KOHILIETILIMST aHOMAaJIbHOCTU OCaXKIEHUS U3Me-
HSETCS U3 MOJABJICHUS OCAXICHUS HUKEIS THIPOK-
CHIIOM XeJie3a Ha KOHIEIMIIUIO YIBOCHUS CKOPOCTHU
OCaXIeHNsI XKene3a u3 ofxHo3apstHbX noHoB (FeCl)™
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Puc. 10. DaekTpoxumMuueckoe ocaxaenne mienok cniasa FeNi, co-
nepxamux 19 % xene3a, U3 3JIEKTPOJIMTOB C KOHUEHTPAIMEH aTO-
moB xene3a Fe: / — 0,0037 monb/n npu temmneparype 21 °C; 2 —
0,034 monb/n ipu Temneparype 65 °C; 3 — 0,11 Moab/1 ipu TeM-
nepatype 70 °C; 4 — 0,22 monb/1 ipu Temriepatype 60 °C

Fig. 10. Electrochemical deposition of films of FeNi alloy containing
19 % of iron from the electrolytes with the concentration of atoms of iron
Fe: 1 — 0.0037 mol/l at the temperature of 21 °C; 2 — 0.034 mol/I at
the temperature of 65 °C; 3 — 0.11 mol/l at the temperature of 70 °C;
4 — 0.22 mol/l at the temperature of 60 °C

MO CPaBHEHUIO C ABYX3apsSIAHBIMU Fe?™. ITpu temme-
parype 70 °C mpoHMCXOOUT M3MEHEHNUE COOTHOIICHUS
KOHILICHTpALA KOHOB 3a CYET OJHON MOHU3ALUU O/~
HO3apsITHBIX MOHOB (FeCl)+. OcaxaeHue U3 2JIEKT-
pOJIUTA C IBYX3apsSIHBIMU Fe?" COOTBETCTBYET HOP-
MaJIbHOMY, OOLLEIPUHSITOMY MOHSATUIO 00 OCAXKIAESHUUN
CIUIaBa HUKEJIb—XKENe30.

6. DaekTpoocaxieHue Npu KOMHATHOH TeMmepaTtype

3apsia MOHOB B BJIEKTPOJIMTE 3aBUCUT HE TOJIBKO OT
TeMIlepaTypbl, HO U OT KOHLIEHTpallMH XeJjie3a. YMEeHb-
IIEHNEe KOHIICHTPAIlUM, KaK XOPOIIIO M3BECTHO, MPH-
BOJUT K YCUJICHMIO 3JIEKTPOJUTUYECKOM auccoliua-
uuu coneut [11].

M3 3aBUCUMMOCTU CcOepXaHUS KeJie3a B TJIeHKax
MepMaliosl OT pa3daByieHUs XJIOPUAHOIO IEKTPOIUTA
CIIEJyET, YTO MJIEHKH NepMalios ¢ coctaBoM Nig Fe g
MOJIYYaloTCsl P DJAEKTPOXMMUYECKOM OCaXKIEeHUU U3
MPOCTOTr0 XJIOPUIHOIO BJIEKTPOJIUTA C OTHOLIEHUEM
Cni/ Cpe = 4,26 1 KOHLIEHTpaLIUK Fe2 — 0,004 Mosb/11.
CiienoBaTebHO, MPU TUX KOHUEHTPALIUSIX XJIOPUIOB
HUKEIS W Xejle3a B 3JIEKTPOIUTE 3apsiibl HOHOB HU-
KeJisl U xKejie3a N12+, Fe'2 umeror Npu pa3psiae Ha Ka-
TOE OJMHAKOBOE 3HAYEHUE 2 U MO3BOJISIIOT MOTy4YaTh
Mpy KOMHATHO# TeMrmepaType IUIEHKU C COCTaBOM,
KOHTIPY3HTHBIM COCTaBY 2JIEKTPOJIUTA.

N3meHenue pH snekTpoauTa COOTBETCTBYET Iepe-
XOIy B DJIEKTPOJIUTE OZHO3aPSIIHBIX MOHOB Kejie3a B
JByX3apsiiHbie MOHBI. B pa30aBieHHBIX TPOCTHIX XJIO-
PUIHBIX BJIEKTPOIMTAX JUIsl ocaxaeHus cruiaBa NiFe ¢
otHoueHueM Cy;;/ Cg, = 4,26 noarsepxaaeTcss MpUH-
LIMTI BIMSTHUS 3apsiia MOHOB XeJie3a Ha COCTaB IUIEHOK
nepMaIos.
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3aBUCUMOCTb TeMIlepaTyphl JIEKTPOJMTA IS I10-
JIy4eHUs IUICHOK MepMajutos, comepxamux 19 % xe-
Jie3a, TIpeAcTaBjeHa IS BbIOpAaHHBIX KOHLEHTpaLuuit
aToMOB XeJyie3a B pactBope Ha puc. 10. IIpu manbix
KOHLEHTpaLMSIX XJIOPUIOB HUKEJIS, XKejle3a U KOMHAT-
HOIl TeMmmepaType CKOPOCTh OCaXKAECHWSI 3HAUUTEbHO
MEHblIIEe, YeM MPU OOJIbIIMX KOHLIEHTPALIMSIX U TeMIIe-
patype 70 °C.

7. Mopaelib pa3ps/ia HOHOB XKeJjie3a U HHKeJA
Ha KaTone

DKcnepuMeHTAIbHBIE Pe3yIbTaThl OJIyYeHUS TLIe-
HOK TIepMaJiIos 3aJaHHOTO cocTaBa [2—6] HaxomaT
HaydHOe OOOCHOBaHUE B BUIE MCKIIOUEHUS OCAXKIE-
HMSI Ha KaToJe U3 XJOPUIHOTO BJIEKTPOJIUTA OIHO-
KpaTHO 3apsDKeHHBIX MOHOB ABYXBAJIEHTHOTO M TPEX-
BAJIEHTHOTO >XeJje3a.

YCIIOBHO ME€XaHU3M pa3psiia MOHOB HUKEJS U XKe-
Jie3a Ha KaroJie TpeACTaBiieH Ha puc. 11 ¢ ykazaHuem
3apsia MOHOB M OCOOEHHOCTE! XJIOPUIHOTO 3JIEKTPO-
JINTA ¢ HATPEBOM, OYMCTKOM MJIN ¢ MaJioil KOHIIEHTpa-
LUENW COMM XJIOpUIA Xee3a.

B nmuteparype He paccMaTpuBaIoOCh 3aaHUE COOT-
HOILIEHUsI KOMITIOHEHTOB B BJIEKTPOJIMUTE, paBHOE 3a-
JMTAHHOMY COCTaBy KOMIIOHEHTOB B IIeHKe. He mpoBo-

Ilnenka NiFe (—) Karon
Film Cathode

OH" _ Omexrpomur Chloride electrolyte:
e' ¢ C HarpeBOM WJIM HU3KOM KOHLIEHTpalen —
Fe?* JIBYX3apsiIHBIA HOH Kelesa
e‘ with a low with heat or concentration of
B OH salts - two charging ion of iron
d C BBICOKOW KOHIIEHTpaLuei coieit 6e3
Fe” HarpeBa — OJ{HO3apsIIHBIH HOH Xkele3a
OH no heat or high concentration of salts
cl own charging ion of two Valence iron
Ccl C [IPHMECHIO OTHO3aPSITHBIX HOHOB TPeX-

BAJICHTHOTO XeJIe3a contains own
charging ion of three Valence iron
IBYX3apSAHBIC HOHBI HHUKENS TIPH
JIEKTPOIUTUYECKON AUCCOLUALINH
two charging nickel ion with full

electrolytic dissociation during the

OH hidrolysis

Puc. 11. Pa3pan uoHOB KeJjie3a U HUKeJS HA KaToJe NMPH IJIEKTPO-
xumMudeckoM ocaxaenud NiFe u3 xJiopuaHoro 3JeKTpoaMTa ¢ Harpe-
BOM, OYMCTKO# uiIbTpanueii WM ¢ MAJIOi KOHIIEHTPaNKeii COJH XJI0-
puaa xeje3a

Fig. 11. Discharge of the ions of iron and nickel on the cathode during
the electrochemical deposition of NiFe from the chloride electrolyte with
heating, cleaning by filtration or with a small concentration of the salt
of the iron chloride
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IWJIach CTaOMIM3alMS BJIEKTPOJIMTA; HUKTO U3 HC-
cjefoBaTesiell He CBSI3aJl aHOMAJIbHOCTh OCaXKIEeHUSI C
3apsiIOM MOHOB 3KeJle3a, M03TOMY ITOJTyYeHHe TIIEHOK
nepMasuios SBJISIOCh HEBOCITPOU3BOAMMBIM TPOLIEC-
coMm. IlocnemoBaTenbHOE M3YyYeHUE OCOOEHHOCTEM
XJIOPUIHOTO 3JIEKTPOJIUTA MPU CHEKTPODOTOMETPU-
yeckoM KoHTpoJie [13] panee He mpoBonuau. ITpose-
JIEHHBbIE MCCIIENOBAHUS TTO3BOJMIIM CO3MATh CJIEAYIO-
1IYI0 MOJIeJIb pa3psiia MOHOB Ha KaToje, ONpenessiio-
LIYIO JIEKTPOXUMUUYECKOE OCaXKICHUE TTepMaJIIos.
IIpu BBHIOpaHHOII TJIOTHOCTA TOKAa BEPOSITHOCTh
pa3psiila MOHOB 3aBUCUT OT UX KOHLIEHTpALIMK, a BKJIa
B TOK — OT ux 3apsna. [1pn n3aMeHeHUH IIOTHOCTH TO-
Ka MPOMCXOIUT U3MEHEHHE BKjala pa3HbIX MOHOB U
M3MEHEHHEe COCTaBa ocanaka. Paspsim mOHOB Ha KaToje
orpeneser Tok karona. ConepxkaHue MOHOB B BJIEK-
TpoJuTe 3a1aeT coctaB ocanka. OaHO3apsIAHbIE NOHBI
Jal0T OOJNBIIMIA OCaloK, YeM IByx3apsiaHbie. M3MeHe-
HUE TOoKa M3MEHSIET COOTHOIIEHWE MOHOB B OCaJKe.
D10 ompenensgeT 3aBUCMMOCTb COCTaBa Ocaaka OT TOKA.

IIpu onMHAaKOBBIX 3apsimax MOHOB HUKENS U XKe-
JIe3a TIPOMCXOAUT KOHTPYIHTHOE OCAXKICHHE TTepMal-
Jos1. CocTaB TUIEHKU HE 3aBUCUT OT TOKa.

PesyiabTaThl MCCleqoBaHMSI HOJOXKEHBI Ha 6-it
MexayHapogHON HayYHO-TeXHUUIECKON KOH(MEPEeHITNN
"TexHOJOrMY MUKPO- U HAHOBJEKTPOHUKU B MUKPO-
HaHOCHCTeMHOI TexHuke" [14].

3akimoueHue

IMonBoast uToru aHaarM3a XMMUYECKHUX OCOOEHHOC-
Tel TUAPOM3A XJIOPUIA XeJe3a, CIeAyeT OTMETUTh,
YTO MCCJIeI0BaTe M B TeueHue 65 net [12] npoBomnin
ayiekTpoocaxaeHue criaBa NiFe m momyganmu mpe-
MMYIIECTBEHHOE OCaXKICHME XeJie3a 0 OTHOIIECHUIO K
HUKEJII0 TIPU BCeX cocTaBax ajekTpoauTta. [TpumeHsi-
eMble JIEKTPOJIUTHI [15—27] xapakTepu3yoTcs 1Mpo-
KHUM JHMana30HOM MOJISPHOIO OTHOILEHUSI HUKENS U
keye3a. [TprurHa aHOMaJIbHOCTHU 3JIEKTPOOCAKIACHUS
MPEUMYLIECTBEHHO 3Xejle3a paHee B MCTOYHMKAX He
CBSI3bIBAJIach ¢ TJIAaBHOW OCOOEHHOCTbIO MOHOB XeJle-
3a — CYIIECTBOBAaHHWEM IePEeMEHHOM BAJICHTHOCTH XXe-
Jie3a, OJHOTO M JBYX 3HaueHMI 3apsiia MOHOB IpU
TUAPOJIN3E COJIEH XKemesa.

Bribop XJIOpUIHOTO 3JEKTPOJIUTA C OTHOLIEHUEM
CnNi/ Cre = 4,26, pa3paboTKa TEXHOJOTMU MPUTOTOB-
JIEHUSI 3JIEKTPOJINTA C (PUIAbTpaLIell U OIpeacIeHne
ONTUMAJbHON TeMIepaTyphbl 2JEKTPOJIMTa MO3BOJU-
JIN YCTAaHOBUTH MEXaHW3M aHOMAJIbHOTO OCaXKIEHUS
BCJIEICTBME HEIOJHON MOHM3allMM aTOMOB XeJe3a
U obecrneyuTh IOJydyeHWEe B IIJIEHKE OTHOLICHMUS
Cni/ Cre = 4,26 Ipu KOMHATHOI TeMIiepaType, 6e3 Me-
XaHWYECKUX HaTPsDKEHWH, TIPU paBHOMEPHOM CTPYK-
Type ¥ BBICOKMX MarHUTHBIX TTapaMeTpax 06e3 BbICOKOM
TeMIIepaTyphbl OTXKUra. YCTaHOBJIEHHOE KOHTPYIHTHOE
ocaxIeHue TpU ydeTe 3apsija MOHOB B 3JIEKTPOJIUTE
MO3BOJISIET IMOJAy4YaThb BOCIPOM3BOIUMOE 3JIEKTPOXU-




MUYECKOE OCaXKIeHHe MepMaJIIosl ¢ MPEeUMYIIECTBEeH -
HBIM OCaXJeHMEM HUKeJsI, KaK 3TO U JOJKHO OBbITh
MPYU HOPMAJIbHOM KOHTPYSHTHOM OCAXKIEHUMU.
HccnenoBanusi mapamMeTpoB  KOHIIEHTPAaTOPOB
MArHUTHOTO MOJISI TPOBOAMINU C MCIIOJb30BaHUEM
obopynoBaHus LleHTpa KOJJIEKTUBHOIO MMOJIb30BaHUS
"MYHKINOHAIBHBIN KOHTPOJIb ¥ AUATHOCTUKA MUKPO-
1 HaHOcUCTeMHO# TexHuku" Ha 6a3e HIIK "TexHono-
rudyeckuii ueHTp". TommuHy MIEHOK KOHIEHTPATO-
POB U3MEpPSUIM C MOMOIIBIO aHAIM3aTOpa MUKPOCUC-
teM MSA-500. HMccnenqoBaHme MarHUTHBIX XapakTe-
PUCTUK — KOBPLIMTUBHON CUJIbI U TIOTOKA MATHUTHOTO
MOJIsI, OMpeaeasseMOro HaMarHM4eHHOCTbIO KOHLIEHT-
paTopoB B COCTaBe IUIACTMH, IPOBOAUIIN C MUCIOJI30-
BaHueM yctaHoBKU MESA-200. MccnenoBaHue cocra-
Ba IICHOYHBIX KOHIIEHTPATOPOB MAarHUTHOTO TTOJIS
MPOBEIEHO C MOMOILBIO SHEPTOIUCIIEPCUOHHOIO PEeH-
TreHOBCKOro MukpoaHaiau3aropa Philips XL 40.
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The authors investigated the properties of the film magnetic field concentrator obtained by the method of the electrochemical dep-
osition of permalloy using a photoresist mask on the metallized surface of a silicon wafer. Deposition of NiFe alloys was carried out
galvanostatically from a chloride electrolyte solution with pH = 1.5—2.5 at 70 °C. Definition of the deposition mechanism was done
taking into account the removal of the ferric colloidal particles of iron by filtering and suppressing formation of the ions of the trivalent
iron Feo* by the hydrochloric acid. The method ensured stability of the electrolyte, eliminated anomalous codeposition and achieved
a congruent deposition of NiFe with the corresponding molar compounds of the sediment and electrolyte. The dependence of the mag-
netic parameters of the obtained concentrator on temperature was established. Technology was developed for local electrochemical dep-
osition from chloride electrolyte and the permalloy films of NigFe ;o were obtained with the magnetic properties similar to 3-d sample.
The concentrators can be used to enhance the magnetic field due to a low coercive force and high magnetic permeability, to reduce
the lower limit of the range of the magnetosensitivity. Selection of the chloride electrolyte with ratio Cy;/Cg, = 4.26, development
of the technology for preparation of the electrolyte and determination of the optimal electrolyte temperature allowed us to establish
a mechanism for an abnormal deposition due to incomplete ionization of the atoms of iron.
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Introduction

Concentrators of the magnetic field allow us to lower the
bottom limit of the range of the values of intensity of the ex-
ternal magnetic field measured by the magnetosensitive ele-
ments due to magnetization. The main objective in designing
of the concentrators of the magnetic flux is achievement of
high values of the coefficients of strengthening of the mag-
netic field at a simultaneous reduction of the geometrical sizes
of the concentrator itself. The material of the concentrator
should ensure a low coercive force and high magnetic perme-
ability [1]. Such requirements are met by the magnetosoft ma-
terial — permalloy. The physical properties of the permalloy
films are defined by the method for their receiving. In case of
the electrochemical deposition the physical and chemical
properties of the alloys differ from the alloys received by the
thermal method (for example, the ion-beam deposition).

1. Research of the time of maturing
of the sulfate-chloride electrolyte

This research was carried out on 12 samples made in the
standard mode of deposition [2]. On the 8—1 Ith days of the use
of two liters of the electrolyte with selection of a portion for
each process of the deposition, in the electrochemical cell on
the plates the magnetic properties were measured presented in
fig.1 in the form of the dependence of the magnetization and
the coercive force on the hold-up time of the electrolyte. On the
plate with the hold-up time of 9 days: the received magnetic
flux of magnetization was 81 nWb, the coercive force was less
than 1 Oe. High magnetization was connected not with its
thickness, but with the composition of the film. This depend-
ence demonstrates instability of the sulfate-chloride electrolyte.

484 HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 8, 2019

2. Dependence of the composition and the magnetic
properties of the permalloy films on the conditions
of deposition in an electrochemical installation

The electrolyte was mixed by a magnetic mixer in a gal-
vanic bathtub, while the temperature was maintained auto-
matically [3]. The anode from a nickel foil and the cathode
with a nickel ring electrode contacting with the platform of a
silicon plate metallized by nickel, were fixed vertically. Dur-
ing preparation of the solution of the chloride electrolyte, the
correlation of the atoms of nickel and iron in it was selected
as equal to 4.26, which corresponded to the correlation of the
same elements in Nig;Fe g alloy. Adjustment of pH was car-
ried out by addition of the hydrochloric acid to the compo-
sition of the electrolyte. The deposition from the chloride
electrolyte with the hydrochloric acid showed that at pH = 1.7
the electrolyte did not contain slime and the film was not
soiled by the precipitations of iron and sulfur, the electrolyte
was stable and ensured a high growth rate of the films. The
speed of deposition and composition of a permalloy film de-
pended on the density of the current proceeding through the
areas of the cathode, limited by a photoresistive mask.

Fig. 2 (see the 4-th side of cover) presents a photo of the
concentrators of the magnetic field with the thickness of the
permalloy film of 15 um. The electrochemical deposition of
the film was carried out from the electrolyte with the corre-
lation of the doses of nickel and iron of 4.26, and the hydro-
chloric acid b was added with hashing at the temperature of
70 °C. The photo shows that the permalloy film has a uniform
composition, a plain surface free of the defects and mechan-
ical stresses, with a good adhesion to the substrate.




Variation of the speed of deposition at a high temperature
of the electrolyte reduces the dependence of the composition
of the films on the current density (fig. 3), which allows us to
control the composition in a rather narrow range of variation
of the current for receiving films close by composition to
Ny Fe g9 permalloy.

In accordance with the change of the composition of a film
there is a change of the magnetic properties. Fig. 4 presents the
dependences of the specific magnetization B/h (h — permal-
loy film thickness) and the coercive force of H on the con-
tent of iron Fe in a permalloy film. The best magnetic pa-
rameters of the permalloy films are obtained at the content of
iron of 18...20 %.

A technological process [4—6] was developed for a local
deposition of the chloride electrolyte, and Nig;Fe ¢ permal-
loy films were obtained with the magnetic properties similar
to the volume samples, with a uniform thickness and small
stresses without a high-temperature annealing.

3. Method for preparation of the chloride electrolyte

Preparation of the chloride electrolyte was investigated by
means of V-1100 spectrophotometer in 10-millimeter ditches
[7]. At a consecutive introduction of FeCl, hinge plates into
water the spectral coefficients of the regular transmission of
the solutions with the chloride iron were received. The de-
pendence of the optical transmission on the wavelengths of
315...1050 nm of the water solution on the concentration of
FeCl, is presented in fig. 5.

The solution has a yellow-brown color. The yellow color
looks like the basic, and the brown color — as a reflection
from the colloidal particles floating in the liquid. The spectral
coefficients of the regular transmission at a consecutive ad-
dition of the hinge plates of the hydrate of the chloride of iron
in the solution were characterized by the peaks of absorption
of light in the wavelengths of 345 and 945 nm. After an ad-
ditive of the boric acid the spectrogram changed in the areas,
far from the absorption peaks. The solution had a weak acid-
ity — pH = 5.6. After a seven-day sediment the color of the
solution changed to the yellow-greenish one and a henna-red
deposit appeared. The solution was filtered, and the compo-
sition of the deposit was analyzed. The deposit was the hy-
droxide of the trivalent iron.

In case of consecutive addition of the hinge plates of the
hydrate of chloride of nickel in the solution, the spectral co-
efficients of the regular transmission were characterized by
the peaks of absorption of light in the wavelengths of 395, 725
and 985 nm. The solution with an additive of 40 g/1 of the bo-
ric acid H3BO;3 had a yellow-green color, and it darkened at
the increase of the concentration of the chloride of nickel, but
it practically did not change the spectral characteristic. After
the seven day sediment the color did not change and the de-
posit did not appear.

Mixing of the identical volumes of the solutions with iron,
nickel and boric acid produced the chloride electrolyte with the
spectrophotogram presented in fig. 6. The spectral coefficients
of the regular transmission during mixing of the solutions of the
chloride of iron and nickel were characterized by the peaks of
absorption of light in the wavelengths of 395, 725 and 985 nm,
which corresponded to the nickel with the concentration
4.26 times bigger than that of iron. The solutions of the salts of
nickel and iron had the values of pH = 5.5 and 3.6, respectively.

An additive of 1.6 g/l of saccharin into this electrolyte
changed the characteristic, reducing the transmission in the
wavelengths of 500 and 900 nm in the areas of good trans-

mission of light for the nickel chloride solution. Acidity in-
creased and pH = 3.17.

An additive of 2 g/1 of the hydrochloric acid to this elec-
trolyte changed its characteristic, reducing the absorption of
light in the wavelengths of 540 and 860 nm. These areas were
out of the peak of absorption of light for the solutions of the
chloride of iron and nickel. The electrolyte became much
lighter. The colloidal particles were dissolved. The acidity of
the chloride electrolyte pH = 1.73.

The instability of the bivalent iron and the transition to the
trivalent one defined all the problems with receiving the set
composition of the permalloy films, because the trivalent iron
due to the ion charge was deposited with a high speed and in-
creased the content of the iron in the film. After filtration of the
electrolyte there was no Fe(OH); in it and an additive of the
hydrochloric acid lowered pH and clarified the electrolyte.

The process of deposition of the permalloy films was sig-
nificantly effected by the method of preparation of the chlo-
ride electrolyte considering interaction of the main and aux-
iliary components-chemicals. Suppression of formation of the
ions of iron Fe*" and cleaning of the electrolyte of the pre-
cipitates of the trivalent iron by filtration ensured a congruent
deposition and gave grounds to assert that the abnormal dep-
osition was defined by the property of iron to change its va-
lence from two to three. Removal of the hydrates of iron Fe3*t
from the solution by means of the boric acid and filtration al-
lowed us to solve the problem of the abnormal deposition and
ensure a reproducible obtaining of films with the composition
corresponding to the set composition of the electrolyte —
congruent electrochemical deposition [8].

4. Electrochemical deposition of the permalloy films

The chloride electrolyte ensures the speed of deposition of
0.22 um/min for the permalloy film with the composition of
Nig; Fe,g after addition of the iron chloride for compensation
of the predominantly deposition of nickel, as is shown in fig. 7.

As it is demonstrated in fig. 8, the composition of the films
is defined, by the composition of the electrolyte and depends
little on the deposition mode by the value of the current. In
two months of the use of the electrolyte 24 processes of dep-
osition with the total thickness of films of 167 um were carried
out. The electrolyte was not exhausted and did not change its
properties. The chloride electrolyte, cleaned of the trivalent
iron and using stabilization due to the hydrochloric acid, en-
sured the reproducible deposition process.

The dependence of the composition of the films in fig. 9
was received during deposition at the temperature of 70 °C
from the filtered chloride electrolyte. Carrying out of 12 proc-
esses at the electrolyte temperatures of 60 and 70 °C changed
radically the content of the iron in the film. The optical trans-
mission during the deposition processes and during the hold-
up time did not change.

As is visible in fig. 9, the sequence of carrying out of the
processes and the current did not influence the composition,
which was determined only by the temperature. The compo-
sition of the permalloy films deposited at the electrolyte tem-
perature of 60 °C contained 39.4 % of iron. The composition
of the permalloy films deposited at the electrolyte temperature
of 70 °C contained 19.2 % of iron. According to an X-ray
spectral analysis, as a result of the deposition from the same
electrolyte at different values of the current, the content of the
received iron differed in 2 times.

During dissolution of FeCl, pH decreases, and that
means, as a result of the dissociation of the salt the hydroxyl
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ions of OH  are formed in the water. At a full dissociation,
Fe(OH), and 2HCI are formed without a change of pH. In
case of a single ionization of FeCl, in the form of (FeerCI_)+
the second ion of chlorine in interaction with CI” + H,O
forms HCI and a surplus of hydroxyl OH . According to Le-
Chatelie's principle, a reduction of the concentration of ions
should lead to a further disintegration of the molecules of wa-
ter into ions. If one of the ions participates in formation of the
electrolyte, then another ion is accumulated in the solution
and changes pH of the environment.

The electrochemical equivalents for metals with a double
valence ensure a natural variation of the correlation of the
speed of the deposition, corresponding to the correlation of
their valence. Passing of the current during the electrochem-
ical deposition is defined by the charge of the ions, therefore,
the trivalent iron, nickel and cobalt are deposited 1.5 times
slower than the bivalent ones.

The change of the content of iron in a film can be con-
nected with the change in two times of the charge of the iron
ion, from which a deposition occurs, at a higher temperature
of the electrolyte this is the ion of Fe2t. The ion with a single
charge is (F62+C]_)+. In the area near the cathode a transfer
occurs of one electron to the complex, deposition of iron on
the cathode and emission of an ion of Cl ™ into the electrolyte
with a change of pH of the electrolyte in this area.

5. Ion balance in the electrolyte

In the work [9] the ion balances in FeCl, electrolyte are
considered by the results of the thermodynamic calculations of
the constants of balance, taking into account complex reactions
and also the equations of balance of the weight and the charge.
FeCl, solution with the concentration of 4 mol/I at the room
temperature contains mostly the singly loaded ions (F e2+Cl_)+,
less amount of Fe2" ions, a few of the neutral molecules and
very few of the ions of the hydroxide (Fe>**OH™)". Addition of
the hydrochloric acid to the solution increases the content of the
singly loaded ions (Fe2+C17)+, the neutral molecule FeClg , but
reduces the quantity of the doubly charged Fe2" ions.

At the concentration used for deposition [10] of the per-
malloy FeCl, equal to about 0.1 mol/I the solution contains
the values close of the singly charged ions (F<>,2+Cl_)+ and less
of ions of Fez+, at that, in case of addition of the hydrochloric
acid the difference between these concentrations increases.
The content of the neutral molecule of FeCl) and ions of the
hydroxide (FezJ“OH_)Jr is considerably less, than that of the
jons (Fe*"CI™)" and Fe?". According to these calculations,
the hydroxide (F(=,2+OH_)+ should not render a significant ef-
fect on the deposition.

Heating of the electrolyte causes strengthening of the ion-
ization and, therefore, the quantity of the singly charged ions
(FeHCl_)+ can become less than the quantity of the ions of
F62+, while the neutral molecules become very few. It is pos-
sible to conclude that a new phenomenon was discovered of
a full ionization of the chloride of iron in the electrolyte at the
temperature of 70 °C.

At such a correlation of the components of the electrolyte
the concept of anomaly of deposition changes from the sup-
pression of the nickel deposition by iron hydroxide to the con-
cept of doubling of the speed of the deposition of iron from
the singly charged ions (FeCl)" in comparison with the dou-
bly charged ions of Fe2*. At the temperature of 70 °C there
is a change in the correlation of the concentrations of the ions
due to a full ionization of the doubly charged ions (FeC1)+.
The deposition from the electrolyte with the doubly charged
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Fe2t corresponds to the normal, accepted concept about dep-
osition of the nickel-iron alloy.

6. Electrodeposition at the room temperature

The charge of the ions in the electrolyte depends not only
on the temperature, but also on the concentration of iron. As
it is well known, a reduction of the concentration leads to
strengthening of the electrolytic dissociation of the salts [11].

From the dependence of the content of iron in the per-
malloy films on the dilution of the chloride electrolyte it follows
that the permalloy films with the composition of Nig;Feg are
obtained during an electrochemical deposition from a simple
chloride electrolyte with correlation of Cy;/Cg, = 4.26 and
concentration of Fe2* — 0.004 mol/l. Therefore, at these con-
centrations of the chlorides of nickel and iron in the electrolyte
the charges of ions of nickel and iron, Ni2* and Fe+2, during
a discharge on the cathode have the identical value of 2, which
allows us to receive films with the composition congruent to the
composition of the electrolyte at the room temperature.

Variation of pH of the electrolyte corresponds to the tran-
sition of the singly charged ions of iron to the doubly charged
ions in the electrolyte. In the diluted simple chloride electro-
lytes for deposition of NiFe alloy with the correlation of
Cni/ Cre = 4.26 the principle of the influence of the charge
of ions of iron on the composition of the permalloy films is
confirmed.

The dependence of the temperature of the electrolyte for
receiving of the permalloy films, containing 19 % of iron, for
selected concentrations of the atoms of iron in the solution,
is presented in fig. 10. In case of small concentrations of the
chlorides of nickel and iron, and at the room temperature the
speed of deposition is considerably less, than in case of high
concentrations and temperature of 70 °C.

7. Model of a discharge of ions of iron and nickel
on the cathode

The experimental results of receiving of the permalloy
films of the set composition [2—6] find their scientific justi-
fication in the form of exception of a deposition on the cath-
ode from the chloride electrolyte of the singly charged ions of
the bivalent and trivalent iron.

Schematically, the mechanism of the discharge of the ions
of nickel and iron on the cathode is presented in fig. 11 with
indication of the charge of the ions and features of the chlo-
ride electrolyte with heating, cleaning or with a small con-
centration of the salt of the chloride of iron.

In literature, setting of the correlation of the components in
the electrolyte equal to the set composition of the components
in a film was not considered. Electrolyte stabilization was not
carried out. None of the researchers connected the anomaly of
the deposition with the charge of the ions of iron. Therefore, re-
ceiving of the permalloy films was not a reproducible process.
A consecutive studying of the features of the chloride electrolyte
under a spectrophotometric control [13] was not carried out
earlier. The conducted research works allowed us to create the
following model of the discharge of the ions on the cathode de-
fining the electrochemical deposition of the permalloy.

At the selected current density the probability of the dis-
charge of the ions depends on their concentration, and the con-
tribution to the current — on their charge. At a change of the
density of the current there is a change of the contribution of
different ions and change of the composition of the deposit. The
discharge of the ions on the cathode defines the cathode cur-
rent. The content of the ions in the electrolyte sets the com-




position of the deposit. The singly charged ions produce a bigger
deposit, than the doubly charged ones. Variation of the current
changes the correlation of the ions in the deposit. This defines
the dependence of the composition of a deposit on the current.

At the identical charges of the ions of nickel and iron there
is a congruent deposition of the permalloy. The composition
of a film does not depend on the current.

The results of the research were presented at the 6th in-
ternational scientific and technical conference "Technologies
of Micro and Nanoelectronics in the Micro Nanosystem
Equipment" [14].

Conclusion

Summing up the results of the analysis of the chemical
features of the hydrolysis of the chloride of iron we should
point out that within 65 years the researchers [12] carried out
electrodeposition of NiFe alloy and received primary depo-
sition of iron in relation to nickel at all the compositions of
the electrolyte. The applied electrolytes [15—27] were char-
acterized by a wide range of the molar correlation of nickel
and iron. The reason for the anomaly of the electrodeposition
was that the primary deposition of iron in the sources earlier
was not connected with the main feature of the ions of iron —
existence of a variable valence of iron, one and two values of
the charge of ions at the hydrolysis of the salts of iron.

Selection of the chloride electrolyte with the correlation of
CNi/ Cre = 4.26, development of the technology for prepara-
tion of the electrolyte with filtration and determination of the
optimal temperature of the electrolyte allowed us to discover
the mechanism of the abnormal deposition owing to an in-
complete ionization of the atoms of iron, and to ensure the
correlation of Cy;/Cg, = 4.26 in the film at the room tem-
perature, without mechanical stresses, at a uniform structure
and high magnetic parameters, without a high temperature of
annealing. The established congruent deposition with account
of the charge of the ions in the electrolyte allows us to receive
a reproducible electrochemical deposition of the permalloy
with a primary deposition of nickel, as it should be at a normal
congruent deposition.

The research of the parameters of the concentrators of the
magnetic field were conducted with the use of the equipment
of the Center of Collective Use "Functional Control and Di-
agnostics of the Micro and Nanosystem Technologies" on the
basis of NPK Technological Center. The thickness of the films
of the concentrators was measured by means of MSA-500 an-
alyzer of microsystems. The research of the magnetic char-
acteristics — the coercive force and flux of the magnetic field
determined by the magnetization of the concentrators as parts
of the plates, was carried out with the use of the MESA-200
installation. The research of the composition of the film con-
centrators of the magnetic field was done by means of Philip-
sXL 40 energy-dispersive x-ray microanalyzer.
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IIposedena cepus sxcnepumeHmos no PopmMuUpo8arHurd MOHKUX NAEHOK OUOKCUOQ MUMAHA NPU pa3Au4HbIX napamempax. Hc-
cnedosana mopgonocus moukux naenok TiO, memodom amomro-cunosoi mukpockonuu (ACM). Ilposedenst uccaedoéanus mop-
oaoeuu u cmexuomempuy cmpyKmyp, npoéedeHa OUeHKa USMEHEeHUs CKOPOCMU pOCma MOHKUX NACHOK NpU 3A0AHHOM 8DPeMeHU
ocaxcoenusi. Boino evisa6neH0 eaUsHUE NAPAMEMPO8 0CANCOCHUS HA MOPPOA0UI) CIPYKMYPbL.
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thexmoobpazosanue

Bsenenune

3a nocnennue 20 et B 00JacTIX GUUKU U XUMUU
TBEPIOTO Teja, CBI3aHHBIX C OKCUAAMU METAJLJIOB, Obl-
JIO cgJJaHO MHOXECTBO OTKPBLITUI, HAIIPUMEP BbICO-
KOTeMIlepaTypHasl CBEPXIIPOBOAMMOCTb, TMTAHTCKOE
MarHeToCOIpoTuBIeHue [1—7], OBYMEpPHBINA 3JI€KT-
POHHBIN Ta3. boJibllioe KOJMYECTBO MyOJMKALUNA 10
JIaHHOI TeMe CBUJAETEJIbCTBYeT 00 MHTEHCUBHBIX pa-
0oTax 1Mo MCCIeAOBAaHUIO METOAOB TOTYYeHUS] TOHKUX
IUIEHOK OKCHIHBIX METAJIJIOB ¥ U3YUEHUIO UX (PU3UKO-
XMMUWYECKUX CBOMCTB. JlaHHbIe UCCAeA0BaHUS CBsI3a-
Hbl HE TOJbKO C pa3BUTUEM (yHIAMEHTAIbHbIX Ha-
YUYHBIX MIel B 00JacTu (DU3MKU TBEPAOIO Tejaa, HO U
C TIpUKJIAAHBIMA aCTIeKTaMU WCTIOJIB30BAHUS OKCHII-
HbIX MaTepUaOB B COBPEMEHHBIX O0JACTSIX TEXHUKMU,
TaKUX KaK MUKPO3JEKTPOHMKA, SHEpPreTukKa, paauo-
JIOKAIIMST U CBS3b.

Oxcun turana (TiO,) npeacrasisger cob60it TEXHO-
JIOTUYECKM BaXXKHBI OKCHUI TIEPEXOJHOT0 MeTajia,
LLIMPOKO UCMOJIb3yeMblii B (hoTOKaTanuse [8], conHeu-
HBIX 35ieMeHTax [9, 10], a Takske sIBJIsIeTCS MaTepruaioMm
JUIST CO3aHMsI 2JIEMEHTOB MaMSITH MPOM3BOJILHOIO J0-
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cryna (magnetic random access memory, MRAM) Ha
MarHMTHBIX TYHHEJIbHBIX Iepexogax [11].

IMonydyeHune coBeplIEHHBIX ILIEHOK OKCUAA TUTaHA
3aTPYAHEHO TE€M, YTO JAaHHBIM MaTepual MMEET He-
CKOJIbKO CTaOUJIbHBIX (ha3 C pas3gMyHON KpUCTaUIU-
YeCKOI CTPYKTYpPOIi, BCAEACTBUE YETO B IIPOLIECCE POC-
ta cTpykTyp TiO,, a TakxKe IpU UX OTXKUTe B KPUC-
TAUITNYECKON PEIIETKE MOTYT BO3HMKATh PA3JINYHBIE
MOBEPXHOCTHBIE U OOBEMHBIE NE(MEKTHI.

Hna xpucrananyeckoii pemerku TiO, OCHOBHBIMU
TUNAMU J1e(hEKTOB SBJSIOTCS BAaKaHCUU KHUCJIOPOJA,
MEXXY3€e/IbHbIE ATOMbI TUTAHA, & TAKXKE IJIOCKOCTU KPUC-
Tajnjaorparuueckoro CcABura, KOHLIEHTpalus KOTO-
PBIX 3aBUCUT OT YCJIOBUIA KUCIOPOAHOM 1e(DEKTHOCTU
[12—14]. B obmactu coctaBoB TiO| 9996 — TiOj 9999
JTOMUHUPYIOIIUM TUIIOM JIe(EKTOB SIBISIIOTCS MEXY-
senbrbie wonbl TivT u Ti*t. Inockoctu KpUCTaJLINA-
4eCKOro caBura oopasyiorcs B quanasone TiO, _  npu
3HayeHusax x = 0...0,0035 [15]. Kpome Toro, cyuiect-
BEHHO BJIMSIOT Ha Je(PEKTHOCTh MOJYYEHHBIX IJIEHOK
TiO, pexuMbl HarpeBa M OXJIAXICHUSA B IIPOLIECCE
CUHTE3a 1 TMOCJIEAYIOUIETO OTXKUra.




3HaYnTeNbHOE BIMSHUE HAa ONTHUYECKUE, IJEKTPU-
YecKHe ¥ XMMHUIeCKIe CBOMCTBA TMOKCHIA TUTAaHA OKa-
3BIBAIOT JMe(PEeKThl KPUCTATMIECKOl pereTku. B vact-
HOCTU, MHTEHCHUBHOE OITMYECKOE TOIJIOIIeHNe Ha-
HOKpucTaioB TiO,, BOCCTAHOBJIEHHBIX B aTMOC(epe
BOAOpOAA JO YEepHOTO IBeTa, B BUIAMMOM 0OJIacTH
CIIEKTpa OOBSICHSIETCS MOSBICHUEM KHCIOPOIHbIX Ba-
KaHCHUII ¥ MPUMECHBIX aTOMOB BOAOPOAA Ha TOBEPX-
HOCTM HAHOYACTHII M MX caMOOpraHM3anueil B ¢as3sl
MIepEeMEHHOTI0 COCTaBa IMPU COXpPaHEHWU KPUCTAJUIU-
yeckoro sapa [16].

B pa6otax [17—20] 6butn MccienoBaHbl MEXaHU3-
MbI IUPDY3UM pa3IMYHBIX TUIIOB Ie(PEKTOB KpUCTAII-
Jmueckoii pewetku TiO,. OHM nokasaau, YTO KUCJIO-
pon mndGYHAMPYET 110 BAKAHCMOHHOMY MEXaHM3MY, a
M30BITOYHBIC MOHBI TUTAHA TEPEeMEIIaloTCs MO MeX-
y3€JIbHOMY MEXaHM3MY, IBUIasIChb BHYTPU OKTadIpH-
YeCKHUX KaHaJIOB BOOJb HampaBaeHus <001>.

Y4uTEIBast TO, YTO XapaKTep CTPYKTYPHBIX JedeK-
TOB B TOTOBOM IIJIEHKE CUJIBLHO 3aBUCUT OT PEXKMMOB
ocaxIleHus JaHHOTO MaTepuasia, ObUIO MTPOBEAECHO UC-
cJIemoBaHMe BIMSHUS MMapaMeTpOB CHHTe3a Ha MOp¢O-
JIOTMIO TOHKMX TUIEHOK OKCHJAa TUTaHa.

DKCHEePUMEHTAJIbHAS YACTh

dopMupoBaHUE TIIICHOK OCYIIECTBIISIOCH TTOCPE-
CTBOM OCaXACHMSI OKCHAA TUTaHA HA TEPMHUUYECKU
OKMCJIEHHbIE TUIACTUHBI MOHOKPUCTAJUTMYECKOTO KPEM-
Hua n-tuna (p, ~ 0,001...0,005 Om - cM) ToMUMHON
460 mxm. TommmHa okcuma — 1,7 mxm. Besa cepust
MTOUTOKEK Ha 3Tare MOArOTOBKY MOIBeprayach TUIPO-
MEXAHUYECKOM OYMCTKE OT 3arpsI3HCHUM HAa YCTAHOB-
ke DNS Screen.

Hns ocaxkaeHWsT TOHKHMX TIICHOK OBLIO MCITOJIh30-
BaHO BBICOKOYACTOTHOE MAarHeTPOHHOE pacIbLICHUE,
Giaromapst YeMy yIajaoch IMOJYIUTh IUTEHKY 3aJaHHOTO
COCTaBa, B TOM YHUCJIe CTeXMOMeTpruiyeckKoro. PaccTos-
HUE MEXIY MUILIEHbIO U MOIJIOXKOM ISl BCEX IKCIe-
PUMEHTOB OBLTO 3a()MKCHMPOBAHO Ha YPOBHE 45 MM.
Haneinenue Tonkoii mienku TiO, ocyluecTBsiocs U3
MHUIIIEHA METaJUIMYEeCKOTO TUTaHa YnucToToi 99,97 % B
CMeCH aproHa ¢ KHMCJIOPOAOM B OIpEeAesIeHHON Ipo-
nopunn. [lepen HemocpeACTBEHHO HANTBUICHUEM TIJie-
HOK Ha MOJUIOKKY MHIIEHb MPeaBapUTeIbHO PaCIIbI-
JISUIM Ha CIELMATbHYIO 3aCJIOHKY, YTOObI YAQIUTh C
Hee CJION OKCHIa, 00pa30BaBIINIICS BO BPeMs IIPEIbI-
IYLIUX MPOLIECCOB.

OcraToyHO€ AaBjJeHUE B BaKyyMHOH KaMmepe co-
crapnsuio 5+ 1076 mm pT. ct. Pabouee naBieHue puk-
CUPOBAJIOCh Ha ypPOBHE 2 * 1074 mm pT. CT. IIPU pac-
MbUJIEHUU B cpeae aproH/kuciopon. [Togaua pabounx
ra3oB B KaMepy OCYILIECTBJIsIach C MOMOLIBIO IBYX
aBTOMATUYECKMNX PETYISITOPOB pacxojia raza, ¢ TOY-
HOCTBIO 33JJaHUSI U TOUHOCTBIO MOAIEPKAHUS Ta30BOM
cMmecu 0,8 %, 4TO MMO3BOJISIO 3a4aBaTh KOHIIEHTpA-
1IMI0 Ta30B B paboueil ra3oBoi CMeCU aproH-KHCJIOPOJ,
¢ ToyHoCcThIO +1,6 %.

PexumMbl HAHECEHHS] TOHKOIIEHOYHBIX CTPYKTYP
Deposition parameters for TiO, thin-film

Mo1HoCTh
MarHeTpoHa, Bt
Magnetron power, W

Ar/0O,, oM’ /MUH
Ar/0,, cm?/min

Howmep o6pasna
Sample number

1 20:5 300
2 20:15 300
3 20:30 300
4 20:5 200
5 20:15 200
6 20:30 200

PexuMpl pacbuteHUS IS 000MX METOIOB HaHE-
CEeHUSI TOHKOIUIEHOYHBIX CTPYKTYp IMpENCTaBICHbI B
Tabaule.

TonuuHa popMUpyeMbIX TOHKOIIJIEHOYHBIX CTPYK-
TYP MOXET PeryIrMpoBaThCs TNOO0 3amJaHNeM 3HaUCHUS
CKOPOCTHU PaCIbLICHUSI U KOHTPOJIMPOBATHLCS 10 KBap-
LIEBOMY JaTUYMKY, TNOO JINTETHHOCTEIO ITpolIecca pac-
nelieHus1. Bes cepusi 3KCIEpUMMEHTOB IPOBOAMIACH
MpY 3aaHHOM BPEMEHU OCaXKACHUSI, KOTOPOE COCTAB-
qs1o 7800 c.

HccnenoBanue Mop¢hoaoruy MoBepXHOCTU MTPOBO-
IWIA C TIOMOIINBIO ATOMHO-CUJIOBOTO MHUKPOCKOTIA.
HMcnonb3oBanu V-o0pa3Hble KaHTUJIEBEPHI HA OCHOBE
SizNy mnmnoii 115 mxM, xectkocteio 0,4 H/M n pa-
JMYCOM KPUBU3HBI 2 HM. TOJIIIMHBI IJIEHOK ObLIN OIl-
pemesieHbl ¢ TTOMOIIIBIO TIPOMIIOMEeTpa, a UX SJIeMeH-
THBIA cocTaB — MeToaoM OxXe-31eKTPOHHOI CITEeKT-
POCKOTIHH.

Pe3yJII>TaTI)I IKCNICPUMEHTA

PesynbTaThl M3MEepeHUsT CKOPOCTH OCAKICHUS T10-
JIY4EHHBIX TUIEHOK B 3aBUCHMOCTH OT 3HaUYEHUS TTOTO-
Ka Kucjopoaa TpeacraBiieHbl Ha puc. 1. CKopocThb
ocaxIeHus1 Oblla paccuMTaHa KakK OTHOIIEHHUE U3Me-
PEHHOI TONIINHEI TUIEHKY (pe3yIbTaThl M3MEepPEeHUS Ha
npoduniomMerpe) K 3aJaHHOMY BPEMEHU OCAXKIEHMSI.
IMo maAHBEIM TpadmKaM BUIHO, YTO KOTHA ITOTOK KHC-
JIopojia JOCTUTAaeT 3HaUeHus 15 sccm, TO MPOUCXOOUT
CTabUJIM3alMsl CKOPOCTU HambLieHus. JJisi 3HaueHMsI
MOTOKA KMCJIOPOAa CBhIIE 15 sccm oHa mMpakKTUYeCKH
He MeHseTcs B nipeaenax 0,03 A/c i MOILIHOCTH Mar-
Herpona 200 Bt u 0,1 A/c 11 MOITHOCTH MarHeTpOHA
300 Bt. Ckopee Bcero, 3To CBSI3aHO C 00pa3oBaHUEM
OKCHUJIHOM TIJIEHKM Ha MOBEPXHOCTU MUlleHU [21].

Hanee MetogoM Oxe-371EKTPOHHOU CIEKTPOCKO-
U1 OBUIM TTOJTyYeHBI MPOMUIN pacIIpenesIeHUs aTo-
MOB M0 IIyOUHe, MpeACTaBlIeHHbIe Ha pUc. 2 (CM. Tpe-
ThIO CTOPOHY OOJIOXKH), JJIsI 00pa3lioB C MOTOKOM
kuciopoza 5 sccm (obpaseir 4) u 30 sccm (obpa3zerr 6)
npu mougHoctu 200 Br.

HccnenoBaHue mpoBoaWIM MPHU CAEAYIOLINX Tapa-
MeTpax: YyCKopsitolliee HanpsikeHre MepBUYHOTO 3J1eK-
TpoHHOro nmyyka — 10 kB; ToK nmepBMYHOro my4yka —
37 HA; yroj HakJoHa o0paslla OTHOCUTEJIbHO HOpMa-
JIM K IEPBUYHOMY dJIEKTpOHHOMY myuyky — 30°; nua-
METp MEPBUYHOTO 3JIEKTPOHHOro nmyyka ~100 MKMm.
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Puc. 1. 3aBucumocTn cKopocTH ocaxaenus TOHKMX mienok TiO, or pacxona kuc-

Jgopoaa nius momuoctu: @ — 200 Br; b — 300 Bt

Fig. 1. Deposition rate for TiO, films as a function of the oxygen flow rate at different

power of magnetron: a — 200 W; b — 300 W

IMapameTpsl  moJychepuvyeckoro aHaauzaTopa
9JIEKTPOHOB: PEXMM pabOThl aHaiau3aTopa M4 ¢ moc-
TOSIHHBIM 3a[Iep>KUBAIOIIMM TMOTEHLIMAJIOM U C OTHO-
CHUTEJIbHBIM SHepreTHIecKuM paspeieHueM 0,3 %.

IMapameTpbl MIOHHOTO TPAaBJIEHUSI: DHEPIUs MOHOB
aprona — 3000 3B (obpa3en 4), 2000 3B (ob6pa3zerr 6),
yroJl OCM HMOHHOTO IMyYykKa K IIOBEpXHOCTH 0OOpasia
~49°. PacnbuieHue Mpu OpoBeAeHUU MPOGUILHOIO
aHaJIM3a BBITIOJTHSUIM TIPY BpallleHN! 00pas3iia B pexXu-
Me "Zalar-rotation”.

ITo mpodwitsiM pactipeesieHrsT aTOMOB BUIHO, YTO
aTOMBbI KMCJIOpOJa U TMTaHa Kak B obpasie Ne 4, Tak
1 B 0o6pasiie Ne 6 pacrpeneieHbl paBHOMEPHO TT0 BCei
[JIyOMHE CJIOS, a COOTHOIIIEHNE TUTaHA K KUCJIOPOLIY,
61u3koe K 1/2, TOBOPUT O TOM, YTO CTEXHOMETPUS
rieHku 6amska K TiO,.

Kpome TOro, OBLIO TIpOBEACHO WCCIeIOBaHUE
MOpGOJIOTUHN TTOBEPXHOCTH METOAOM aTOMHO-CHUJIO-
BOI{ MMKPOCKOIMHU. bbUIN MpoCcKaHUPOBaHBI 001aCTU
5X5 MKM Ha KaxaoM oOpaslie U TpOBeleH CpaBHU-
TeJIbHBII aHAJIU3 TIOBEPXHOCTU. Pe3ynbraThl mpeacTas-
JIeHbI Ha pucC. 3 (CM. TPETbIO CTOPOHY OOJIOXKM).

CdopMmupoBaHHBI TOHKOIUIEHOYHBII MaTepuan
uMmeeT ToauHy ~100 HM, pU 3TOM cpeaHee KBaapa-
TUYHOE 3HaYeHHUE 1IEPOXOBATOCTU cocTaBisieT ~0,3 HM
(cM. puc. 3). DT0 TOBOPUT O TOM, YTO TOHKOILJIEHOY-
Hag cTpykrypa TiO,, mojayyeHHass METOJIOM BBbICOKO-
YaCTOTHOT'O MAarHeTpOHHOIO HaIbLIeHUsI, 00JlajaeT
IJ1aJIKOU MTOBEPXHOCTBIO.

CnenyeT oOpaTUTb BHUMaHMS Ha Ae(hEKThH B
ctpykrypax. 1o maHHBEIM pe3yiabTaTaM BUIHO, YTO C
yBeJIMUEHNEM MOTOKA KMCIIOPOJA pacTeT KOJIUYECTBO
MakpoaedeKToB B TOHKUX TJIeHKax. Kpome Toro, Ha-
GomaeTcsa 3aBUCMMOCTD OT MOIITHOCTA MarHeTPOHa.
A VIMEHHO, TIpU YBEIUYEHUN MOLIHOCTU YBEJIUUMBa-
I0TCS pa3Mephl JeeKTOB U pacTeT UX YMCIIO.

Taxke ObUIM IIPOBEAEHBI U3MEPEHUS METOIOM
npoBoasieit ACM (C-AFM), nipy KOTOpOM ITOABO-
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IATCS Pa3HOCTb TIOTEHIIMAJIOB MEXIY
30HOM U U3MepsieMbIM obpasioM. beuio
00HapyKEeHO, YTO IMIPOBOAUMOCTH AedheK-
TOB M MOBEPXHOCTU MEXIY NedeKTaMu He
ommyawpTcs. M3 yero ciemyer, 4yto jae-
(hbeKT HEe KOHTAaKTHUPYET C MOBEPXHOCTHIO
MOUTOXKH.

3aKkmouenne

B paGote ObLIM CUHTE3UPOBAHbI TOH-
KWe TUIEHKU JAMOKCHUIA TUTaHa Mpu pas-
JIMYHBIX MapaMeTpax.

ITpoBeneHbl UCCAENOBAHUS UX MOP-
doysorum U CTEXMOMETPUU, BBITOJHEHA
OlIeHKa W3MEHEeHUS CKOPOCTH TpU 3a-
JTAHHOM BpeMEeHM ocaxkneHus. Bbuto BbI-
SIBJIEHO BJIMSTHUE TTapaMeTPOB OCAXKICHUS
Ha MOP(OJIOTUIO CTPYKTYPHI.

Ilo maHHBIM pe3ysibTaTaM BUAHO, YTO
C YBEJIMYEHUEM IIOTOKA KHCJIOpOAa YBEJIMYMBAETCS
KOJIMYECTBO MaKkpoaeheKTOB B TOHKUX IJIeHKax. Kpo-
M€ TOro, HaOJIOJAETCsl 3aBUCUMOCTb OT MOIIHOCTU
MarHeTpoHa: Ipy YBeJMYEHUU MOLIHOCTH YBEeJIUUHBa-
I0TCS1 pa3Mephbl 1e(heKTOB U pacTeT UX YMCIIO.
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Introduction

Over the past 20 years, many important and unexpected
discoveries have been made on oxide systems in the field of
solid-state physics and chemistry. The high-temperature su-
perconductivity, giant magnetoresistance [1—7], and two-di-
mensional electron gas are interesting examples of physical
phenomena of oxide systems. A large number of publications
show an intensive research of methods for producing thin
films of oxide materials and the study of their physical and
chemical properties. The intense research is due not only to
developing basic scientific ideas in the field of solid state
physics, but also to applied aspects of the use of oxide mate-
rials in modern fields of technology, such as microelectronics,
energy, radar and communications.

Titanium oxide (TiO,) is a technologically important
transition metal oxide, widely used in photocatalysis [8], solar
elements [9, 10], and it is also a material for the creation of
random access memory elements (MRAM) at magnetic tun-
nel junctions [11].

Obtaining perfect titanium oxide films is complicated by
the fact that this material has several stable phases with dif-
ferent crystal structures, all of which can cause various surface
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and bulk defects of the crystal lattice during the growth of the
TiO, structures, as well as during their annealing.

For the TiO, crystal lattice, the main types of defects are ox-
ygen vacancies, interstitial titanium atoms and also the plane of
crystallographic shift, the concentration of which depends on
the conditions of oxygen deficiency [12—14]. In the field of
compositions TiO; gg9¢ — TiOj 9999, the dominant type of
defects are interstitial ions Ti”" and Ti4+_

Crystal shift planes are formed in the range of TiO, _ , with
values x = 0...0.0035 [15]. In addition, the heating and cool-
ing modes during synthesis and subsequent annealing signif-
icantly affect the defectiveness of the obtained TiO, films.

The lattice defects have a significant effect on the optical,
electrical and chemical properties of titanium dioxide. In par-
ticular, the intense optical absorption of TiO, nanocrystals re-
duced in a hydrogen atmosphere to black in the visible spec-
tral region is due to the appearance of oxygen vacancies and
impurity hydrogen atoms on the surface of the nanoparticles,
and their self-organization into phases of variable composi-
tion while maintaining the crystalline core [16].

In [17—20], the mechanisms of diffusion of various types
of defects in the TiO, crystal lattice were investigated. It was
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shown that oxygen diffuses through the vacancy mechanism,
and the excess titanium ions move through the interstitial
mechanism, moving inside the octahedral channels along the
direction <001>.

Considering that the nature of structural defects in result-
ing film strongly depends on deposition parameters of this
material, a study was conducted of the effect of synthesis pa-
rameters on the morphology of thin films of titanium oxide.

Experimental part

The formation of films was carried out by deposition of ti-
tanium oxide on thermally oxidized n-type monocrystalline
silicon wafers (p,, ~ 0.001...0.005 Q- cm) with a thickness of
460 um. The oxide thickness is 1.7 um. At the preparation
stage, the entire series of substrates was hydromechanically
cleaned on the DNS Screen wafer cleaning machine.

For the deposition of thin films, high-frequency magnetron
sputtering was used, which made it possible to obtain films of
a desired chemical composition, including stoichiometric. The
distance between the target and the substrate for all experiments
was fixed at 45 mm. The deposition of a thin film of TiO, was
carried out from a target of metallic titanium with a purity of
99.97 % in gas mixture of argon with oxygen in a certain pro-
portion. Before deposition of films onto the substrate, the target
was pre-sputtering onto a special shutter in order to remove the
oxide layer formed during the previous processes.

The residual pressure in the vacuum chamber was
4+1077 Torr. The deposition was carried out at working pres-
sure of 2+ 1073 Torr in argon / oxygen atmosphere. The sup-
ply of process gases to the chamber was carried out using two
automatic mass flow controllers, with an accuracy of main-
taining the gas mixture of £0.8 %, which made it possible to
set the concentration of gases in the working gas mixture ar-
gon-oxygen with an accuracy of £ 1.6 %.

The deposition conditions are shown in Table.

The thickness of the formed thin-film structures can be
adjusted either by setting the deposition rate and monitored
by a quartz sensor, or by the duration of the deposition proc-
ess. The whole series of experiments was carried out of given
deposition time, which was 7800 s.

The study of the surface morphology was performed by
atomic force microscope. V3-shaped Si;Ny-based cantilevers
were used with a length of 115 um, a hardness of 0.4 N/m,
and a radius of curvature of 2 nm. The film thicknesses were
determined by a profilometer and their elemental composi-
tion was determined by Auger electron spectroscopy.

Experimental results

The results of measuring the deposition rate of the films
obtained as a function of the oxygen rate are shown in fig. 1.
The deposition rate was calculated as the ratio of the meas-
ured film thickness (measusured by profilometer) to the spec-
ified deposition time. According to the graphs it can be seen
that when the oxygen flow reaches a value of 15 sccm, then the
deposition rate stabilizes. For an oxygen flow ratio of more than
15 scem, it practically does not vary within 0.03 A/s for a
magnetron power of 200 W and 0.1 A/s for a magnetron pow-
er of 300 W. This is most likely due to the formation of an ox-
ide layer on the targets surface [21].

Then, using the Auger electron spectroscopy method, we
obtained profiles of the distribution of atoms over depth, pre-
sented in fig. 2 (see the 3-rd side of cover), for samples with
an oxygen flow ratio of 5 sccm (sample 4) and 30 sccm (sam-
ple 6) at a power of 200 W.
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The measurement was performed with the following pa-
rameters: accelerating voltage of the primary electron beam —
10 kV; primary beam current — 37 nA; the angle of the sam-
ple relative to the normal to the primary electron beam is
30 degrees; primary electron beam diameter ~100 pm.

Parameters of the hemispherical electron analyzer: ana-
lyzer M4 operating mode with a constant retarding potential
and with a relative energy resolution of 0.3 %.

The parameters of ion etching: the energy of argon ions —
3000 eV (sample 4), 2000 eV (sample 6), the angle of the ion
beam axis to the sample surface is ~49°. Sputtering of thin
films during the profile analysis was performed by rotate the
sample in the "Zalar-rotation" mode.

The atomic distribution profiles show that the oxygen and
titanium atoms in sample 4 and in sample 6 are evenly dis-
tributed throughout the depth of the layer, and the titanium
to oxygen ratio, close to 1/2, indicates that the film stoichi-
ometry is close to TiO,.

In addition, a study was conducted of the surface mor-
phology by atomic force microscopy. 5 X 5 um areas were
scanned on each sample and a comparative analysis of the
surface was performed. The results are presented in fig. 3 (see
the 3-rd side of cover).

The formed thin-film material with a thickness of ~100 nm,
while the mean square value of the roughness is ~0.3 nm (see
fig. 3). This suggests that the thin-film structure of TiO, ob-
tained by high-frequency magnetron sputtering has a smooth
surface.

Attention should be paid to defects in structures. Accord-
ing to the results, it can be seen that with an increase in the
oxygen flow ratio, the number of macrodefects in thin films
increases. In addition, there is a dependence on the power of
the magnetron. Namely, with increasing power, the size of
defects increases and their number grows.

Measurements were also carried out by the method of
conducting AFM (C-AFM), at which the potential difference
between the probe and the sample to be measured is applied.
It was found that the conductivity of defects and the surface
between the defects do not differ. From which it follows that
the defect is not in contact with the surface of the substrate.

Conclusion

In this work, thin films of titanium dioxide have been pre-
pared at various conditions.

Studies of their morphology and stoichiometry were car-
ried out, the rate of change was estimated for a given depo-
sition time. The dependences of the deposition parameters on
the morphology of the structure were identified.

According to the results, it can be seen that with an in-
crease in the oxygen flow, the number of macrodefects in thin
films increases. In addition, there is a dependence on the
power of the magnetron: with increasing power, the size of the
defects increases and their number grows
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Paccmompen memod onpedenenus konyenmpayuu yeaepodHsix Hanompyooxk (YHT) 6 memannokomnozumax, npedcmaeiaroujull
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Komnozumog ¢ maccamu 0,5...10 me u xonyenmpayusmu YHT ¢ duanazone om 0,01 do 10 macc. %.

Karoueewie caosa: memaniokomnosumol, meos, yeaepodrsie Hanompyoku (YHT), konuyenmpayus, maccogas 0041, 21eKmpo-
xumuueckoe ocadxcdenue (9X0), cycnenzus, cnekmpoghomomempus, onmu4eckas NAOMHOCMb, MUKDPOINEKMPOHUKA

Bsenenune

ITpon3BOACTBO KOMIIO3UTOB HA OCHOBE METAJIJIOB —
OIHO W3 HamNpaBJIeHUI MPUMEHEHMS YIJIEPOIHBIX Ha-
HOTpPYOOK, O0OCHOBAaHHOE MX YHUKAJbHBIMU XUMMU-
YeCKMMU M (PU3UUYECKUMU XapakTepuctukamu [1].
OnHUM U3 TJIaBHBIX (PAKTOPOB, OTBEYAIOIIIMX 32 CBOMCT-
Ba TaKUX MaTepuasioB, HApSAy C COOCTBEHHBIMM Xa-
pPaKTepUCTUKAMKM KOMITOHEHTOB U XapaKTepOM CBSI3U
MEXIy HUMU (OTPEeaessIioTCsS B TOM YUCIIE TEXHOJOI U -
ell M3roTOBJIEHMST), SBJSETCS KOHLIEHTpAlMs HaroJj-

HUTeJsT (HAaHOTPYOOK) B OCHOBHOM Marepuaie. [lo-
3TOMY OIpeesieHre 3TOro napaMmeTpa — HeooxonuMmas
ornepaius 1Sl CTaHAApTU3alUK KayecTBa U XapaKTe-
PUCTUK KaK CaMUX KOMIIO3UTOB, TaK U METOAOB UX
MU3rOTOBJEHMS. 3a4acTyl0, HAIPUMEDP B MOPOILLIKOBOW
METAJTYPTUU, CYIUTh O KOHLIEHTPAIUM MOXHO UCXO-
ISl U3 KOJIMYECTBEHHOTO COOTHOILIEHUSI CMELIMBAEMBIX
KOMIOHEHTOB. OJHAKO A1 COBMECTUMBIX C MUKPO-
3JIEKTPOHUKOU 31€KTPOXUMUYECKUX METOJOB NaHHbIIA
TOAXOA He paboTaeT, TaKk KaK KOHLEHTpalus HamoJ-

HAHO- 1 MUKPOCUCTEMHAS TEXHUKA, Tom 21, Ne 8, 2019 493




HUTENs B (GOPMUPYEMOM Marepuajie He TPsSIMO TIpO-
MOPLIMOHAJIbHA MX KOHLEHTpALUU B 3JIEKTPOJIUTE-CYC-
neH3uu [1] ¥ CJIOXXHO 3aBUCUT OT MHOXeCTBa (paKkTo-
POB, TaKUX KaK METOJ M CKOPOCTb IepeMellrBaHusI
pactBopa, Mopdonornueckue xapakrtepuctuku YHT,
HUX COCTOSIHME B pacTBope u Apyrux [1, 2]. B HekoTo-
pbIX paboTtax [2] BcTpeyaloTcsl TeOpeTUYeCKre Moje-
JIN oTmpenesieHus TpeOyeMoil JOJIM YIbTPaaucIIepCHO-
ro yIJIepoJHOTO MOPOIIKA B IOKPHITUM B 3aBUCUMOCTU
OT YCJIOBUI 3JIEKTPOXUMHUUECKOro ocaxaeHus (5X0),
OIHaKO MPUMEHUMOCTb JaHHBIX MOAXOI0B K CYCIIeH-
3usaM YHT eiie He nccnenoBaHa.

KonuyecTBeHHbIE METOAMKHU OIpeaeeHUsT KOH-
LIEHTpallMd HAaHOTPYOOK B yXe TOTOBOM Marepualie
MpeacTaBieHbl oyeHb cKyaHo. Hampumep, B paboTe
[3] onucan MeTon onpeneneHus: maccoBoit nonu YHT
B KOMITO3UTE MPSIMbIM B3BELIMBAHUEM IOCJIE PACTBO-
peHUs Meau a30THOM KUCJIOTOM, (PMIBTPOBAHUS U BbI-
CYIIMBaHUSI HAHOTPYOOK. ABTOpBI MPUBOISIT MPUMED
KOMITIO3UTOB MAaccoii 8 T ¢ KOHIIEHTPaLMSIMU HAHOTPY -
60k B muanasoHe 0,42...0,55 mac. %, 4TO COOTBETCTBYET
kommuectBy YHT 0,0336...0,044 1. I1pu 5TOM JaHHBINA
METOJI UMEET OrpaHUUYEHUSI 110 pabOTe C MEHBILIMMU 00-
paslamMu, TaKk KaKk ONepupoBaTh C TAKUMU KOJIUYECT-
Bamu YHT craHoButcsa HeynoOHbIM. 1 ompenene-
HUSI KOHIEHTpALIMi1 B 3TOM Cllyyae HaMM Mpeioxe-
Ha JByXCTaaAMiHAs METOAMKA, KOTopas IpencTaBiseT
Cco00li aHAJIOTUYHOE PacTBOPEHHE KOMIO3MTa C TOC-
JIEAYIOLIUM UCCIIe0BAHUEM CBETOMPOITYCKAHUS MOJTY-
YEHHOro pacTBOpa METOAOM abCOPOIIMOHHOM CIEeKT-
podoToMeTpuu, 3Ta METOAMKA MPUMEHSIETCS IpU
aHanmse cycrieHsuii ¢ YHT [4—7]. Camo pacTBopeHMe
MpeacTaBiisieT cod0oif HAbOp CTaHIAPTHBIX XUMUYECKUX
orepaivii, moaToMy 37eCh MOJAPOOHO HEe 00CYKAaeTCs.

ITocTpoenune MeTOAMKH

CrnexrpodoToMeTpUsI OCHOBBLIBAE€TCSI Ha M30Upa-
TeJIbHOM TIOIJIOIIEHUU 3JE€KTPOMArHUTHOTO U3Jyye-
HUs aHaJIM3UPYEMbIM BelIeCTBOM. [lJIsI mOCTpoeHUs
METOJAMKM HeOOXOAMMO ObLIO BbIOPATh ONTHMAaJbHbIE
YCJIOBMST KOJIMYECTBEHHOTO OIpeAeseHUs: Auarna3oH
KOHIICHTPAIIUI UCCIeayeMBIX KOMITOHEHTOB B PACTBO-
pax, aHaJTUTUYECKUE JJIMHBI BOJIH, padouunii 1uana3oH
OINTMYECKON TUIOTHOCTU, CTaHAAPTHBIE PACTBOPHI U
pacTBOPHI CpaBHEHMUSI.

Buibop oOuanazona uccaedyemvix KOHUEHMpayui.
DTOT BHIOOP OCHOBBIBAJICS Ha OXBaTe KOHIICHTpALUiA,
KOTOpPbIE MOJYYarOTCsl TIPU HaBEIEHUU PACTBOPOB pe-
aJIbHBIX 00pa3loB. B mybiukanusx ¢Gurypupyror Io-
JIy4eHHBIC Pa3IMIHBIMM METONAMU METaJUIOKOMITO-
3UTHl C KOHILIEHTPALIMSIMU YIJIEPOJHBIX HAHOTPYOOK,
B ocHoBHOM 0,01...10 mac. % [1]. IIpu aToM uyacTo
OTMeYaeTcsl, UTO HaWJIydllive XapaKTepUCTUKU MaTe-
pHUAJIOB TIOJAYYAIOTCSI TIPU MEHBIINX KOJMYECTBaX
VHT, 4Tto genaeT aHanM3 HUKHEN 4acTH Auaria3oHa
HauOosee BaxxHbIM. [1pu pacTBopeHuu B 1 M1 (00beM
KIOBETbl CHEKTpOo(hOTOMETPA) KOMITO3UTOB MaCCOM
~0,49...6,28 MT 3TUM 3HAYEHUSIM COOTBETCTBYIOT KOH-
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LeHTpauuu ~438...6278 Mr/i 1o MoHaM Meau Cutt n
~0,627...48,645 mr/m o YHT.

B kayecTBe cTaHmapTHBIX PAacTBOPOB IJISI DKCIIE-
PUMEHTOB BbIOpanu pacTBophl cyiabdarta meau (I1I)
(aKBaKOMIUIEKCHI) M CYCHEH3UHU KapOOKCUIMPOBAH-
Heix YHT. ®yukuuonanuzauusa —COOH-rpynmnamu
HeobxonuMma Jjisi obecrieueHus Jydlleil qucneprupy-
€MOCTH M CTOMKOCTU CYCNEH3UI, MpeaoTBpalleHUs
arjioMepaluu U CEAUMEHTALMU HAaHOTPYyOOK. DKcrme-
PUMEHTHI TTOATBEPIWIIN, UTO YKa3aHHBIC MUATIA30HBI
KOHIIEHTPAIIMii He BBIXOIST 3a ONTHMAJIbHbIC TPaHU-
L6l pa0OTHI UCIOIB30BAHHOTO B paboTe CIeKTPodOTO-
MeTpa. JomnoaHUTeNbHO, JUISl TOBBIILIEHUSI YYBCTBU-
TeJTLHOCTH 110 MOHAM MEIH, TIPOBOAMIIN SKCITEpUMEH-
Thl ¢ pacTtBopaMu cyjibgara TerpaammuHmenu (II)
(1151 rapaHTUPOBAHHOTO (DOPMUPOBAHUS TETPAAMMU-
akara Ipu peakiiud ¢ aMMUaKoOM IOCJIeIHUI Opacs
C U30BITKOM) — M3BECTHOI'O KOMILJIEKCHOIO COeAMHE-
HUSI, TIPUMEHSIEMOTO TIpY (POTOMETPUPOBAHUN PACTBO-
poB Meau [8—10]. Takoii moaxon CIBUTAET IMpeaeib-
HYIO TPaHUIy OOHApPYKeHUST MOHOB MEAN B MEHBIITYIO
CTOPOHY, OIHAKO, KaK HEIOCTaTOK, OJHOBPEMEHHO
3aTpyaHsIeT aHaJIU3 HU3KUX KoHLeHTpauuii YHT.

Buibop pacmeopos cpasrenus. J1s HUBETMPOBAHUS
MOIJIOLIEHUSI, O0YCOBJICHHOIO CTEHKaMU KIOBEThI U
IPYTUMU KOMITIOHEHTAaMM, BXONSIIMMHU B PacTBOPHI
BMeECTe C WCCIIeAyeMBIMU BEIISCTBAMM, TPeOOBAIOCH
BBIOPATh PACTBOPBI CPABHEHMSI, ITOTJIOLIEHUE KOTOPBIX
BBIYMTAETCS M3 OOIIETo MOMIOIIeHNsT cMecu. B ciry-
yae cycneHsuit YHT 1 BogHBIX pacTBOpOB CyJib(aTa
menu (II) B kauecTBe pacTBOpa CpaBHEHUS ObLIa BBI-
OpaHa AUCTUJUIMPOBAHHAS BoAa. DTO MO3BOJUIO BbI-
BECTH IIKaJy ONTHYECKUX TUIOTHOCTEH CIEKTPOGOTO-
MeTpa Ha HoJib B Avana3oHe 350...1100 aM. Taxske mpo-
0OBaJIM MCIOIb30BaTh pacTBOp, coaepxkanuii 1100 Mxi1
H,0 u 100 mx1 HNOj3 (~50 %), KoTOpbIii Jy41ue co-
OTBETCTBYET COCTaBy pacTBoputessi Mmenu. Ho Ha 3Ha-
yeHue norjoueHus B auamnaszoHe 350...1100 HM 3TO
CYILIECTBEHHO HE BIMSIO. B cilyyae 3KCIeprMEHTOB C
AMMHOKOMITJIEKCAMH MEIW IJIT CPaBHEHWs BBIOpAIA
pactBop ammuaka (1,8 ma Boasl 1 0,2 M1 aMMuaka),
KOTOpHBIN MoYTH BO BceM amamaszoHe 350...1100 um
JaeT OoJjiblliee MOTJIOILIEHNWE MO CpaBHEHUIO C BOAON
(MakcuManbHasg pasHuna 0,017 eguHMI ONTUYECKOM
TUIOTHOCTH (eA. o. 1.) npu 700 HM).

Buibop anasumuueckux 0aun 604H. ITOT BHIOOP OC-
HOBBIBJICS Ha aHAJIM3€ CIEKTPOB IOIJIOIICHUS OIM-
CaHHBIX BbIlIE pacTBOpoB (puc. 1). IlpuHuManu BO
BHMMaHUE, YTO HEOOXOAMMO BBIOMpATh TaKUE IJIMHBI
BOJIH, TP KOTOPBIX CBETOMOTJIONICHE Hanbojee MH-
TEHCMBHO, TaK KaK paboTa B 00JacTM MakKCUMyMa
obecrieunBaeT JIy4llyl0 YyBCTBUTEJIbHOCTb. BMmecTe ¢
TeM, GoJlee TIPEATOYTUTETLHBEIMU SIBIISIIOTCS TIOJIOTHE
MaKCHMMYMBI, TaK KaK MPU 3TOM MEHbIIIE CKa3bIBaeTCs
MTOTPEITHOCTh YCTAHOBKY IJIMHBI BOJTHEI A. BBITO BEHI-
SICHEHO, YTO TOIJIOIIEHUE CYCIEH3UN MCIOIb3YeMbIX
YHT umeer MakcuMyMbl BOIM3U A ~ 250 HM U najee,
MpHY yBeamdeHn A 10 ~ 400 HM, pe3Ko magaer, mocjie
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Puc. 1. CnekTpbl NOIJIONIEHASA pacTBOPoB Meau u cycnensuii YHT:
I — akBakommyekchl Menu ¢ Cg, = 4766 mr/a; 2 — YHT c

Cynt = 10,45 Mr/n; 3 — amuHOKoMILIeKCH Mean ¢ Ce,, = 1000 mr/n

Fig. 1. Absorption spectra of copper solutions and CNT suspensions:
1 — copper aquacomplexes with Cc, = 4766 mg/l; 2 — CNT with

Cont = 10.45 mg/1; 3 — copper aminocomplexes with C,, = 1000 mg/!

Yero IJIaBHO YMEHBIIASTCS IO TPaHWIIBl JUara3oHa
peructpupoBaHus mpuodopa. I1pu 3ToM cekTp CUIbHO
zamrymiieH rpu A < 400 HMm. PacTBopbl Meau B BUAE aK-
BaKOMIUIEKCOB UMEIOT MaKCUMYMBI BOIM3H A ~ 810 HM,
MPaKTUYECKN HyJIeBOE IIOTJIOLIEHWE B OMamna3oHe
350...550 uM (450 HM — 110 LIEHTPY) U PEe3KUI CKauOK
(BpI1e 2,5 en. o. m.) pu A < 325...350 um. PacTBOpHI
MO B BHJIE TETPaaMMHAKATOB TTOKA3aJI MAKCUMYMBI
pu ~600 HM (c u3MeHeHneM oT 590 HM — TIpU MU-
HMMAJIbHBIX KOHLEHTPALUSIX 1 10 610 HM — mpu Mak-
CUMaJIbHBIX) 1 MUHUMYMBI TIpH ~410 HM.

JlommomHUTENIbHO OBUIM MOCTPOCHBI rpadMKU pas-
HOCTH TIOIVIONIEHUI yKa3aHHBIX PacTBOPOB (puc. 2),
10 KOTOPBIM OIIPEISIMIN 0071aCTU MAKCUMYMOB M MU -
HUMYMOB: IIJII pacTBOPOB HAHOTPYOOK C aKBaKOMII-
JIeKCaMM MeIu OHU moaydyunuch ~810/325 um, mis
pacTBOpOB aMMMakaTtoB mMean — ~605/370 HM cooT-
BETCTBEHHO. MUHUMYM 1ipu ~250 HM He paccMaTpu-
BaJiCs BBUY 3aIlyMJICHHOCTH 3TOI 00JIaCTH CITEKTpa y
cycnen3uii YHT.

Ha ocHoOBe cKa3aHHOTO BEIIIE, C YIETOM HAJTMYMST
Yy PacTBOPOB MeAu 00JacTell CIeKTpa ¢ MpaKTUYECKU
HYJICBBIM TIOIJIOIIEHWEM W TIpU YCIIOBMM HeEXena-
TeJIbHOU OJIM30CTU K KPYTO HUCIAJAIOUIUM KPUBLIM B
KayeCTBe aHAIUTUYECKUX UIMH BOJH BHLIOpaM Tapy
450/810 um — mis cMeceit YHT ¢ pactBopamu akBa-
KOMITIEKCOB Meau u mapy 410/600 HM — qist cMmecei
YHT ¢ aMMHOKOMITJIEKCAMU MEIN.

Bbvi6od ghopmyavt pacuema maccoeoti doau YHT.
Komrosur mpemcraBisger cob0il IByXKOMIIOHEHTHYIO
cuctemy. CorjacHo onpeeiaeHuo MaccoBas gost YHT
B JIOJISIX U B TIPOIIEHTAX paBHSIETCS:

o= = n (%) = 100 %,
m m
rae m; — macca YHT, r; m — obwaa mMacca KoMIio-
3uta, m = m; + my, A€ m, — Macca BTOPOro KOMIIO-

HeHTa (Menu), r. Mcnonb3yemas: B paboTe Maccoo0b-
e€MHasi KOHLIEHTpalusi KOMIIOHEHTOB B PacTBOPE BbI-
paxaercst Kak C = m/V, otkyna m = C * V, 1, 3HauuT,

TG )

TakuMm oOGpa3oM, COOTHOLIEHUE MAacC KOMITOHEH-
TOB B KOMITO3UTE PABHIETCS COOTHOIIEHUIO KOHIICH-
Tpaluii KOMIIOHEHTOB B pacTBOpPe KOMIIO3UTa, IOC-
KOJIBKY PacTBOP — 3TO pa30aBIEHHbII KoMno3UT. Kak
BUIHO, pacyeT MOJy4YWJICS He3aBUCSIIUM OT obbema
pacTBopa, Tak Kak 3TOT NapaMeTp He BXOIUT B dop-
MyJy. DTO ynoOHO IIpHU UCCIeIOBaHUSIX 00pa31oB pa3-
HBIX 00BEMOB.

Ecnu Obl mosockl MOTJIOLIEHUST BELIECTB HE Mepe-
KPBIBUIUCH, OTPEIEIEHUE KOHLIEHTPALMA KaXJI0TO B
pacTBOpe MOTIJIO TPOBOAUTHLCS HE3aBUCUMO B COOT-
BETCTBMM C OCHOBHBIM 3aKOHOM morjoiiueHus (byre-
pa—Jlambepra—bepa), coraacHo KOTOPOMY ITOTJIOIIE-
Hue (A) aHaIM3UPYEeMOTo pacTBOpa CBS3aHO C KOHIIEH-
TpaUuueil U IpyrMMu napaMeTpaMu, TaKUM 00pa3oM:

I
4, = —eT=1g2 = 5,Cl ?)

rae T — nponyckaHue, paBHOe OTHOLUEHUIO 1/1y; I,
I — VUHTEHCHUBHOCTU TepBOHAYaJIbHAas W MOCJE MpPO-
XOXJIEeHUSI KIOBETbl C BEIIECTBOM COOTBETCTBEHHO;
g, — MAacCOOOBEMHBIN KO3(POULUMEHT MOIIOLIEHUS
(3KCTUHKIINMT) CBETa C IJTMHOW BOJIHEI A, JI/MT * cM; C —
Maccoo0beMHAass KOHLIEHTPALMS ONPENEIeMOro KOM-
TTOHEHTA, MT/J; [ — TOJIIIINHA KIOBETHI, CM. Maccoo0b-
e€MHbIe KOG OUIIMEHT MOMIOLIEHUS U KOHLIEHTPALIUIO
B3SIJIM BMECTO MOJISIPHBIX KO3((pUIIMEeHTa ITOIIOoIIe-
HUs (JI/MOJb* CM) U KOHLIEHTpauuu (MOJb/1), moc-

o
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=

OnTHyeckas NIOTHOCTE (€1.0.1.)
Absorbance, (a.u.)

Puc. 2. I'paduku pa3HoCTH CHIEKTPOB NOIJIOMEHHs: /| — aKBaKOMII-
nekchl Meau ¢ Cey, = 4766 mr/n munyc cycnensun YHT ¢ Cyyp =

= 31,35 mr/a; 2 — amuHokoMIuiekcel Meau ¢ Ce, = 1000 mr/a mu-
nyc cycnensun YHT ¢ Cyyr = 31,35 mr/n

Fig. 2. Graphs of the subtraction absorption levels of the specified
solvents: 1 — copper aquacomplexes with C¢,, = 4766 mg/l minus CNT
suspensions with Conp = 31.35 mg/l; 2 — copper aminocomplexes with
Cc, = 1000 mg/l minus CNT suspensions with Coyr = 31.35 mg/l
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KOJIBKY omnpeneieHue MosipHoil maccel YHT sBiser-
Cs1 HeyIOOHBIM.

OpHako M3 CHEKTpoB norjomeHus meau u YHT
BUIHO, YTO rpauKHu IepeKphIBalOTCs B 00J1aCTU MaK-
CUMYMOB TIomJIoleHusT Meau. [1pu aToM B auamnasoHe
350...510 HM B yKa3aHHOM MHTepBajie KOHLIEHTPALIMA
abcopOuMs cBeTa aKBaKOMILJIEKCAaMU MeIu IIpeHeope-
KUMO Mana (Koa3h@ULIMEHT 3KCTUHKLINU, ONpeaesieH-
HBII 110 OOJIBIIMM KOHLEHTPALMSIM PacCMaTPUBaEMOTrO
JMarna3oHa (BBIPAXEHHBIM B I/J1) €5 450 gy — 0,000143),
II03TOMY TOIJIOLICHIE TPAKTUYECKHU OIHOCTBIO 00yC-
nosineHo HaymuyeM YHT. B skcriepumenTe ¢ terpa-
aMMHMaKaTOM YKa3aHHBI KO3(POUIMEHT 3KCTUHKIIUN
0oJblIe (827410 am = 0,0152), HO KOHLIEHTpaLIMK MOHOB
MeIy HUXe Ha IMOpPSI0K, TO3TOMY M B 3TOM Ciydae
MOTJIOIIEHUEM MEIU MOXHO MpeHeOpeyb.

B c¢BsI3u ¢ oTcyTCTBMEM AaibHEHIero pa3aeaeHus
pacTBopa Ha OTAEJbHbIe KOMIIOHEHTBI IJis BbIBOAA
dopmynbl pacdyera KOHIEHTPAIMM WCIIOIb30BAJICS
Meron Pupopara, OCHOBaHHBIN Ha 3aKOHE aIIUTHB-
HOCTH ONTUYECKUX TUIOTHOCTEM. [1pu namepeHrun om-
TUYECKOM TIIOTHOCTH CMECH TIPH JIBYX JUTMHAX BOJH
COCTaBUJIM CUCTEMY YPaBHEHUI, BKIIOYAIOLIMX HEU3-
BECTHbIE KOHILIEHTpAllUM KOMITOHEHTOB cMecu (0003-
Haumau: 1 — YHT, 2 — Cu):

{Axmin = AI,Xmin+A2,Xmin :81,Xmin Cll+82,kminc21;
A max = AI,Xmax+A2,kmaX ZEI,Xmaxcll+g2,kmaxC2l’

T€ Apin Y Amax — MMHUMajbHas U MaKCUMaJlbHas
AHAIMTUYECKUE JJIMHBI BOJIH B COOTBETCTBYIOLIMX Ta-
pax. BBuay kpaliHe HU3KOTO MOTJIOLIEHUST MEIbIO MPU
Amin A JUIMHBI OTITUYECKOTO ITyTH KIOBETHI CIIEKTPOGO-
TomeTpa [ = 1 cM IOIy4miu:

Akmin =
A

&1 2min C1>
Amax 8l,kmaxcl + 82,7LmaxCZ'

Pemienne gaHHOUM cUCTEMBI IMHEHHBIX YpaBHEHUI
METOJIOM MOACTAHOBKM JACT:

A .
— Amin .
) = —hmin
8l,kmin
81,}»max
AXmax_ s ] Akmin
C2 — 1, Amin —
Sz,xmax
— AXmax Sl,kmax A
Amin-
€2 Amax €2 amax * €1, Amin

IMoncraBnsas B opmyny (1), moiryyaem

0 = Akmin " €2, amax —
Akmin82, Amax Akminsl, Amax + AXmaxgl, Amin
— 82, Amax (3)
e e + Akmax8 )
2, Amax 1, xmax A . 1, xmin
Amin
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Puc. 3. I'padux 3aucumoct A(C) aiast YHT npu pasHbIX JJIMHAX BOJH
Fig. 3. Graph of A(C) dependence for CNT at different wavelengths

Pacuem rkoaghgpuyuenmos noesouwenus. Pacyet npo-
BOAMJIM Ha OCHOBE NAHHBIX, MOJYYCHHBIX B pEKUMeE
HETIPEPBIBHOIO CHSTHUSI CIIEKTpa BO BCEM Juana3oHe
padotsl mpubopa (190...1100 Hm). PesyabTaThl uccie-
JIOBAaHWI B peXXMMe HaKOITICHWS CIIeKTpa Ha aHaJI-
TUYECKUX JUIMHAX BOJH KpaTKO mpeacTaBieHbl B [11].
ITpu oGpaboTKe 3KCHEepUMEHTAJbHBIX 3HAYEHUUN HC-
MOJb30BAIM KBAaAPATUUHYIO WU JIMHEWHYIO (B 3aBU-
CHMOCTH OT CHUTYallMHM) aIllIpOKCHMAIIMIO C OXBaTOM
115 HM OT Kax/J0il paccMaTpuBaeMOil JUIMHbBI BOJHBI.
INepBoHAYATLHO MUTSI YKA3aHHBIX IUTMH BOJH CTPOMJIVICH
rpadUKy 3aBUCUMOCTH ONTHUYECKOM TUIOTHOCTU pac-
TBOPOB OT WX KOHIIEHTpAIlWii, KOTOPBIE MPOIAEMOHC-
TPUPOBAJIM BHITIOJIHEeHME 3aKoHa byrepa—Jlambepra—
bepa (mpumep mnst cycriensuit YHT — Ha puc. 3), TeM
CaMBIM OTIPaBIaB MPOBEACHNE JATBHEUIIINX PACIeTOB.
KoadhduimeHTbl 3KCTUHKIUMU OMNpeaessyii METOI0M
HauMMEHBIIMX KBAaApaTOB C IMHEMHOM allIIPOKCUMALIK-
et y = a + bx. KoadduiimeHT b, KOTOPHIii U SIBISETCS
KO3 PULIMEHTOM MOMNIOIIEHNSI, PacCUMTHIBAIUA I10

dopmyne
n n n

i=1 i=1 i=1
g = ,

n 2 n
[Z Cij -n Yy Cl-2

i=1 =1

rae C; — KOHLIEHTpaUusl COOTBETCTBEHHO MOHOB MeIU
u YHT, BolpaxeHHas B r/1; A; — TNONIOLIEHNE aHa-
JINBUPYEMBIX PACTBOPOB Ha COOTBETCTBYIOIIMX JIMHAX
BOJIH; # — YUCJIO 00pa3ioB (12 — mist meau u 12 — mns
VYHT). PesyabTaThl pacyeToB NpeacTaBieHbl B Ta0I. 1.
YkazaHHble KO(DPUIMEHTH pacCUUTaHBI:

"1" — mo pactBopaM cyibdata meau (II) ¢ Ce, =
= 794,33...12 709,27 mr/x;

"2" — mo cycnensuaMm YHT ¢ Cypgr =
= 0,5225...52,25 mr/x;

"3" — mo cycnensuaMm YHT ¢ Cypr

= (,627...48,645 MT/1, CMEIIaHHBIM CO CTaHIAPTHBI-




MU (T.€. C U3BECTHBIMM KOHILIEHTPALUSIMM) pacTBOpa-
mu cyibdara meau (I1) ¢ ucnonp3oBaHueM Tpu pac-
yeTe 3aKOHa aJIUTHUBHOCTA ONTUYECKUX TUIOTHOCTEMH
(otkyna Ayt = Agsuw ~ Acu crann);

'4" — 10 pacTBOpaM cynbdaTa TeTpaammuHMenu (11)
¢ Cc, = 300...1000 mr/m;

"5" — mno cycnensusim YHT ¢ Cypr = 2,61...
31,35 Mr/n, cMEIIaHHBIMU CO CTAHIAPTHBIMU PACTBO-
pamu cynbdara rerpaammuamenn (1) ¢ ucnoar3ona-
HUEM TIpU pacyeTe 3aKOHa aJIUTUBHOCTH ONTUYECKUX
IJIOTHOCTEN.

PeByJI])TaTbI NPUMEHCHHUA METOAUKH

dna ompeneneHnsT TPUMEHUMOCTH OITMCAHHOMU
BBbIIlIE METOAMKM HEMOCPEACTBEHHO K pacTBOpaM —
aHajioraM pacTBOPOB KoMIo3utoB Meab-YHT ObL1o
MPOBEJCHO CMEIIMBAHWE B Pa3JIUYHBIX MPOMOPLIMSIX
pPacTBOPOB, COAEPKAIINX OTHEIbHBIE KOMITOHEHTHI C
M3BECTHBIMU KOHIICHTPALINSIMMU.

OO0t 00beM B Kaxkaoi Buaje coctaBuia 1 M. Jlis
HCCIeIOBaHU ¢ aKBaKOMITIEKCaMM CyJibthaTa Meau 3a
ocHoBy 6panu 0,1 M pacteop CuSOy (6,3546 r/n) u
cycniensuto YHT ¢ Cyyr = 52,25 Mr/i, uro obecrieun-
Jio oxBaT koHLeHTpauuii YHT B peajibHOM KOMIO3UTe

Tabauua 1
Table 1
Koaddunmentsr nornomenusi, paccunrannsie no C, B r/n
The absorption coefficients calculated for C, in g/l

Ne "1" "2" "3" "4" 5"
eg1oYHT — 30,404 23,830 — 26,119
€g lOCNT
8600yHT — 36,393 — — 29,972
esYHT | — 46,724 | 33,48 — 36,897
8450CNT
8410CNT
£g10CU 0,191 — — 0,157 —
8600Cu — — — 0,8 13 —
e450Cu | 0,00014 | — — 0,0353 —
8410Cu — — — 0,0152 —

Tabauua 2
Table 2

PacuerHbie @yy ¥ 8 Il PACTBOPOB € AKBAKOMILIEKCAMH MeIH
The calculated oy and S for solutions with copper aquacomplexes

Neo6p. | 25T | ) | o of | 0| 8 8 | o] sk

Sample | ©true
M x1072 %
1 0,010| 0,003| 0,004| 0,010 | —69,2| —56,7 | —0,0004
2 10,030]0,017] 0,024| 0,030 | —42,6| —19,0| 0,2
3 0,050( 0,031 0,044| 0,049 | —38,01 —12,3 | —1,3
4 0,100| 0,069| 0,099| 0,104 | —30,9| —1.,9 3,6
5 0,300( 0,208| 0,302 0,308 | —30,8 0,6 2,6
6 0,499 0,313| 0,463| 0,470 | —37,2| —7,2| —5,8
7 0,999 0,606 0,942| 0,952 | —39,3| —5,7 | —4,7
8 3,000 1,554| 2,895| 2,941 | —48,2| —3,5| —2,0
9 5,005 2,148| 4,569 | 4,671 | —57,1| —8,7 | —6,7
10 7,035 2,627| 6,308 | 6,498 | —62,7| —10,3 | —7,6
11 9,986 3,004| 8,028| 8,330 | —69,9| —19,6 | —16,6
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|
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Puc. 4. PacTBopsl — MMHTAIMHM PACTBOPOB KOMIIO3UTOB
Fig. 4. Solutions — imitations of dissolved copper-CNT composites

(maccoByito gomo) 0,0099...9,99 mac. % (cMm. Tabn. 2).
®ororpadus BUaI ¢ yKa3aHHBIMH PAacTBOPaMHU IIpe-
crapieHa Ha puc. 4. g ucciaenoBaHUii ¢ Ccybda-
toMm teTpaammuaMenu (II) 3a ocHOBY Opanu pacTBOp
CuSO, (1000 mr/m), KOTOPBIA B pa3HBIX IPOMOPLUAX
cmemmBau ¢ cycnensuein YHT ¢ Cyyt = 52,25 mr/i,
¢ mpeaBapuTeabHBIM moOaBiaeHueM 0,1 M amMMMaka,
yTO 0becneumno oxear KoHueHtpauuii YHT B peanb-
HoM kommo3sure 0,31...9,46 mac. % YHT.

HccnegoBanue MOTIOIIEHUS MOMyYeHHBIX pacTBO-
POB TIPOBOIMIIN Ha TTOCTPOSHHOM 10 ABYXJTYIEeBOM CXe-
Me cnekTpodoromeTpe Lambda 35 ("Perkin Elmer") B
nuana3oHe IMH BosiH 190...1100 HM. Jlamnibl ipubopa
npeaBapuTebHO pa3orpeBaiy B TeueHue 30 MUH st
BbIXOJa HA CTaOMJIbHBIN pexxuM padboTel. Hemocpenct-
BEHHO Tiepel (DOTOMETPUPOBAHNEM TTOydYeHHEIE pac-
TBOPBI MOOUEPEIHO TEPEeIrBaIM B KIOBETY CIIEKTPO-
¢oTroMeTpa M3 KBaplLEBOIO CTEKJa ¢ pabouynM OO0b-
eMoM 1 M1 u gnuHoit ontudyeckoro nyty 10 mM. Ilpu
CMeHe 00pa3loB KIOBETY IPOMBIBAI ITUCTHIIIAPO-
BaHHOW BOJOM. /IJIsl yMeHblLeHUsT BAUSIHUAS 00pa3LioB
JIpPYT Ha ApyTa (3a CYET HE3HAYUTETLHOTO OCTATOUYHOTO
Hajmunanusg YHT Ha cTeHKU KIOBEThl) MCCIIEI0BaHUS
MPOBOAWIN B HAMpPaBJICHUU OT PAcTBOpPa C MEHBIIECH
koHueHTpauueidr YHT K pacTBopy ¢ 66/bliieit KOHLIeH-
Tpauueit. CeKTpbl CHUMAJIN B HEIIPEPHIBHOM PEXUME
BO BCEM JMara3oHe JIJUH BOJH C MOCJeaylolleit ar-
MpoKCUMalLMeil SKCIIePUMEHTAIbHBIX JAHHBIX.

Pesynbrathl pacuetoB maccoBoit goau YHT nsa
MMUTUPYIOIINX KOMITO3UTBHI PACTBOPOB C AKBaKOMII-
JIeKCaMU MeJy NpeAcTaBieHbl B Ta0u. 2. [Ipu aToM 4,
®] PacCYMTaHbI MO KO3 ueHTam nomomenns "1",
"2"; @, ®5 — 10 K03 PuIMEHTaM TorIoLIEH! s 1",
"3"; 8 — COOTBETCTBYIOILIME OTHOCUTEIbLHbIE OTKJIOHE-
HUA OT 3aJaHHBIX UCTUHHBIX 3HAYECHUN ® ;.

AHaJIn3 3KCHEePUMEHTAJIBHBIX JAHHBIX BBISIBUJ 3a-
HIDKEHUE TIOTJIONIEHMST MCCIeAyeMBIX 00pasiloB II0
CPaBHEHUIO C TEOPETUYECKUMU pacyeTaMu. DTO Mpu-
BEJIO K MCKAXEHUIO COOTHOLIEHUS Agyo/Ay50 (Tab1. 3)
U B pe3yJibTaTe — K 3aHUXKEHUIO KOHIICHTpAllUU Ha-
HOTpyOOK. TeopeTnyeckue 3HaueHU Ag;o/A4s0 ONpe-
JEeJISIUCH TI0 (hopmyJie

€2,810
Aglo _ Oy

—€3 810 T €1,810

7 : @)
450 €1, 450

MoJlyyeHHO Ha ocHoBe BbIpaxkeHus (3). IIpoBepka
pacye€ToM 4YEpPE3 MOTJIIOCHMA OTACIbHBIX KOMIIOHCH-
TOB Aajila TOT K€ pe€3yJibTaT.
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Ha naHHbIf MOMEHT OIHO3HAYHOE OObSICHEHUE YKa-
3aHHOIO 3(p(ekTa He HalIeHO, TOATOMY €ro YMeHb-
IIeHWEe WIM yCTpaHeHUEe IKCIIePUMEHTAIbLHO He pea-
JIN30BaHO. B 3T0i cuTyaliuu Jisi OBBIILIEHUS TOYHOC-
T U obecreyeHus: TPUMEHUMOCTH TpeACTaBIsIeMOi
MeTonMKH B popmyiie (3) oTHoweHue Ag o/ As50 ObLIO
0003HAaYEHO X, U B 3aBUCMMOCTU OT BbIOpAHHBIX KO-
3 OULMEHTOB € ObLIA SMITMPUUYECKU BBIYMCIIEHBI Clle-
JyIolIKe CKOPPEeKTUPOBaHHbIE 3HAUCHUS f{(X):

Six) = 0,0000248x> — 0,0063706x% + 0,7195053x +
+ 0,1365504;

fi1(x) = 0,0000348x> — 0,0089528x% + 1,0111435x —
— 0,0058404,

(I — png ¢ "1", "2"; II — gzt € "1", "3" cooTBercT-
BEHHO), pacyeT Mo KOTOPbIM OJIM3KO COBMAJ C Teope-
TUYECKMM PAacyeTOM COOTHOWIEHUA Agig/Aysy (CM.
cron6er "sker. X" B Tao. 3). Beeaenue B (3) Koppek-
MU f(x) MO3BOJMIO CHU3UTHb OTHOCUTEIbHYIO TMOT-
PEITHOCTDb OTpeAeIeHUsT MacCOBOM TOJIM TI0 BKCIIe-
PUMEHTAJIBHBIM JTaHHBIM 10 ~17 % (MakcuMaabHOE
OTKJIOHEHHUE), TIPUYEM C OTMHAKOBBIMU Pe3yIbTaTaMu
IIPU UCMOJBb30BaHUNU fi(x) win fi(x) (cMm. of u kB
Tabi. 2).

Tabmuua 3
Table 3
DKcnepuMeHTaIbHbIE ¥ TEOPEeTHIECKHEe 3HAYEHH Agyo/Ays50
Experimental and theoretical values of Ag;9/A4s0

CootHouenue Agjo/Ass0
Rate Ag 0/ 4450

No k
TEOp. | BKCM. | Teop. | KCI. | Teop. | 3KCI. | BKCII.

theoret-| experi- | theoret-| experi- | theoreti-| experi- | experi-

ical | mental | ical | mental| cal mental | mentalk

Agso Ag1o

0,030 | 0,009 | 1,215 | 1,218 |41,4763 (133,099 | 41,4764
0,086 | 0,050 | 1,224 | 1,219 | 14,322 | 24,473 | 14,293
0,140 | 0,088 | 1,232 | 1,224 | 8,854 | 13,879 | 8,962
0,267 | 0,188 | 1,252 | 1,228 | 4,704 | 6,522 | 4,565
0,655 | 0,470 | 1,312 | 1,227 | 2,005 | 2,609 | 1,971
0,926 | 0,619 | 1,354 | 1,205 | 1,463 | 1,947 | 1,514
1,346 | 0,916 | 1,419 | 1,209 | 1,055 | 1,319 | 1,075
1,929 | 1,355 | 1,509 | 1,232 | 0,783 | 0,909 | 0,785
2,112 | 1,514 | 1,538 | 1,266 | 0,728 | 0,836 | 0,734
2,202 | 1,526 | 1,552 | 1,224 | 0,705 | 0,802 | 0,709
2,273 | 1,631 | 1,563 | 1,276 | 0,687 | 0,782 | 0,696

TS0 NAUL BN —

Tabnuua 4
Table 4
PacyeTHble oy M & A PACTBOPOB ¢ aMMHAKATAMH MeIH

The calculated o and S for solutions
with tetraamminecopper (1) sulfate

(0]
Ne o6p. oaturiz @1 ®2 O)Ilc mg % % 6116 812(
Sample No
x1072 %
1 0,31 0,26 | 0,34 0,306 | —14,6| 11,8| —0,002
2 0,65 | 0,53 0,70 0,649 | —18,5| 7,5| 0,05
3 1,47 | 1,11 | 1,49| 1,464 | —24,7| 1,0| —0,5
4 4,01 | 2,86 | 4,04 4,137 | —28,7| 0,8| 3,1
5 9,46 | 5,70 | 8,83| 9,044 | —39,7| —6,7| —4,4
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Pesynbrathl pacuetoB maccoBoit gonu YHT nis
MMUTUPYIOIINX KOMITO3UTHI PACTBOPOB C aMMMaKaTa-
MM MM TNpeACTaBleHbl B Tab. 4. Ilpu sToM o, o)
paccynTaHbI TT0 KO3 GUIIMEHTaM TToryIomeHus 2", "4";
©y, ®y — M0 KodbdumeHTam norioiuenus "4", "5";
8 — COOTBETCTBYIOLINE OTHOCHUTEIbHBIC OTKIOHEHMS
OT 3a[aHHBIX UCTUHHBIX 3HAYEHUN © ;.

Kaxk BugHo, pacuet no ko3 duiieHTaM MorJolie-
Hus "2", "4" MO3BOJIWII TTOJYUYUTh Pe3yabTaT C MaKCH-
MaJIbHBIMM OTKJIOHEHUsIMH, KoTopbie Ha 30...50 %
HIKE, YeM JJISI pacTBOPOB C CYIb(aToM MeIu B BHUIE
akBakoMIuiekcoB. Pacuet ¢ koappuumnenramu "4","5"
rnokasaj euie 6ojiee TOUHBIN pe3ysbTar. A TIpUMeHe-
HUE KOPPEKTUPYIOIIUX GYHKLUUN fX), paBHBIX

fin() = —0,0042299x> + 0,0580187x> +
+0,6414319x + 0,1924637;

fiv(®) = —0,0054944x + 0,07536332x% +
+ 0,8331875x + 0,0900018

(I — g e "2", "4" n IV — nna € "4", "5" cooTBeTCT-
BEHHO) MO3BOJIMJIO CHU3UTDL OTKJIOHEHUS A0 ~5 %.

3akiouyeHue

B paborte npencrapieHa IByXCTaauitHasi METOIMKA,
TTO3BOJISIONIAS OMPENeISITh KOHIEHTPALMU YIJIePOI-
HBIX HAaHOTPYOOK B KOMIIO3UTaX Ha OCHOBE MeIU U
VHT. IlepBas cragus mpencTaBiisieT co00il pacTBope-
HUE KOMITO3UTa B CMECH BOJbI M a30THOM KUCIOTHI. Ha
BTOPOIl CTamuu TPOBOAMTCS CIEKTpodoToMeTpuyec-
KO€ MCCJIeoBaHue MOJYyYeHHOTO pacTBOpa, Mmocje ye-
IO 0 MpeABAPUTEIBLHO PACCUMTAHHBIM KO3 hULIMEeH-
TaM IIOTJIOLIEeHUsI BBIYMCIsIeTcss MaccoBas moist YHT.
[TpoaeMOHCTpUPOBaHbl PeE3yJbTaThl MCCIEIOBAHUI
pacTBOPOB, UMUTHUPYIOIIMX PACTBOPHI KOMITO3UTOB C
Maccamu 0,5...6,3 mr, ¢ koHueHTpaysmMu YHT ot 0,01
1o 10 mac. %. OGHapyXeHO BIUSHUE PACTBOPOB MEAU
Ha noryiomeHue cycnen3uii YHT, B pesyabraTe yero
npuMeHeHre Ko3(hGUIIMEHTOB MOIJIOIICHUS, BhIUKMC-
JIEHHBIX 10 CTAaHAAPTHBIM pacTBopaM ¢ Menpio (¢ "3"
u "5"), mokasbiBaeT 00Jiee TOUHBIN pe3yabTaT M0 CpaB-
HEHMIO ¢ KO3 bULMeHTaMu, TTOJyYeHHbIMU Ha OCHO-
B€ YMCTBIX cycrnieH3uil. [IpuMeHeHue KoMIuieKca Menu
B BHUJIe TeTpaaMMMaKaTa TakKxkKe IMO3BOJUJIO MOBBICUTD
TOYHOCTh OINpeAeIeHUs] MO CPaBHEHUIO C aKBaKOMII-
Jekcamu. HeoOXoauMbIM yCIOBUEM IIOJIy4€HUsI KOp-
PEKTHBIX PE3yJbTaTOB SIBJISIETCS COOJIOJEHUE WIIEH-
TUYHOCTU YCJIOBUI SKCIIEPUMEHTOB, B YACTHOCTH pe-
KMMa TIOJIyYeHUS CTIEKTPOB ITOOTJIOIICHMS, YTO TAKKE
otMmeyaeTcs B padore [12]. [IpencraBieHHas MeToguKa
MO3BOJISIET ONpenessaTh mapaMmeTpbl DXO, mpu KOTO-
PBIX TIPOUCXOAUT (POPMUPOBAHUE KOMITO3UTA C HEOO-
xonuMoit koHueHTpauueir YHT, mocie yero 1ocTymnHo
MaclTabMpoBaHMeE Mpoliecca B CTOPOHY YMEHbILIEHUS
Macc JUMUTUPOBAHUEM BpeMeHU ocaximeHus. Iaib-
Helllne MCCcaefoBaHus HalpaBjieHbl Ha Yriy0JjeHue,
00BbSICHEHUE U YCTpaHEHUE BBISIBACHHBIX 3 (HEKTOB.




Cmpameeusi pabomol U HA4AN0 ee GblNOAHEHUS 3a40-
JCEHbl 8 PAMKAX NAAHA HAYYHO-UCCAe008aMENbCKUX pa-
oom UHMD PAH na 2016—2018 ee. Hasedenue pacmeo-
D08 U noayueHue cnekmpogomomemputeckux OaHHbIX Gbl-
noaneno npu ¢purarcoeoli nodoepicke PODHU ¢ pamkax
HayuHoeo npoekma Ne 18-33-01228. Obpabomka 3kcne-
PUMEHMAAbHBIX OaHHbIX ebinoaHena 6 MHM? PAH.
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Introduction

The production of metal-based composites is one of the
areas of use for carbon nanotubes, justified by their unique
chemical and physical characteristics [1]. One of the main
factors responsible for the properties of such materials, along
with the intrinsic characteristics of the components and the
nature of the interfacial bonding between them (determined,
among other things, by the manufacturing technology), is the
concentration of filler (nanotubes) in the matrix material.
Therefore, the definition of this parameter is a necessary op-
eration to standardize the quality and characteristics of both
the composites themselves and the methods of their manu-
facturing. Often, for example in powder metallurgy, the con-
centration can be estimated on the basis of the quantitative ra-
tio of the mixed components. However, for electrochemical
methods compatible with microelectronics, this approach
does not work, since the concentration of the filler in the ma-
terial being formed is not directly proportional to their con-
centration in the electrolyte suspension [1] and depends heav-
ily on many other factors, such as the method and speed of
solution mixing, the morphological characteristics of the
CNT, suspenion properties and others [1, 2]. In some papers
[2], theoretical models for determining the required fraction
of ultradispersed diamonds (UDDs) in the coating depending
on the conditions of electrochemical deposition (ECD) are
encountered, but the applicability of these approaches to
CNT suspensions has not yet been investigated.

Quantitative methods for determining the concentration
of nanotubes in the ready-made material are presented very
poorly. For example, a method for determining the CNT
content in the composite films by direct weighing after dis-
solving copper with nitric acid, filtering and drying nanotubes
was described in [3]. The authors give an example of 8 g
weight composites with nanotube concentrations in the range
of 0.42...0.55 wt. %, which corresponds to the amount of CNT
of 0.0336...0.044 g. At the same time, this method has limi-
tations on working with smaller samples, since it becomes in-
convenient to operate with such amounts of CNT. To deter-
mine the concentrations in this case, we proposed a two-stage
technique. It consists of a similar dissolving of the composite,
followed by a characterisation study of the copper — CNT
aqueous dispersion by UV-Vis-NIR absorption spectroscopy,
which is commonly used in the analysis of suspensions with
CNTs [4—7]. Dissolution techniques itself is a set of standard
chemical operations, therefore it is not discussed in detail here.

Technique overview

Spectrophotometry is based on the selective absorption of
electromagnetic radiation by the analyte. During technique
development, it was necessary to choose optimal conditions
for quantitative determination: the range of concentrations of
the studied components in solutions, suitable analytical wave-
lengths, optimal working range of optical density, sets of
standard samples solutions, and reference solutions.

Selection of the range of concentrations studied. This choice
was based on the coverage of concentrations that are obtained
by pointing solutions of real samples. Publications includes
metal matrix composite fabricated by various methods with
concentrations of carbon nanotubes, mainly 0.01...10 wt. % [1].
It is often noted that the best characteristics of materials are
obtained with smaller contents of CNT, which makes the
analysis of the lower concentrations most important. Dis-
solving of composites weighing ~0.49...6.28 mg in 1 ml
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(spectrophotometer cells volume) corresponds to the con-
centrations of ~438...6278 mg/l for copper ions Cu2+, and
~0.627...48.645 mg/1 for CNT.

Copper (II) sulfate solutions (aquacomplexes) and suspen-
sions of carboxylated CNTs were chosen as standard solutions
for experiments. Functionalization by —COQOH-groups is nec-
essary to ensure better dispersibility and durability of suspen-
sions, prevent agglomeration and sedimentation of nanotubes.
Experiments confirmed that the indicated concentration ranges
did not go beyond the optimal limits of the spectrophotometer
used in the work. Additionally, to increase the sensitivity of
copper ions, experiments were carried out with tetraammine-
copper (II) sulfate solutions (the ammonia was taken in excess
to ensure the formation of tetraammine), a known complex
compound used in copper solutions photometry [8—10]. This
approach shifts the limit of detection of copper ions to the
lower side, however, as a disadvantage, at the same time com-
plicates the analysis of low concentrations of CNT.

Selection of reference solutions. To level the absorption
caused by the walls of the cuvette and other components en-
tering the solutions together with the test substances, it was
required to select reference solutions, the absorption of which
is subtracted from the total absorption of the mixture. In the
case of CNT suspensions and aqueous solutions of copper (1I)
sulfate, distilled water was chosen as the reference solution.
This allowed to bring the scale of optical densities of the spec-
trophotometer to zero in the range of 350...1100 nm. We also
tried to use a solution containing 1100 pl of H,O and 100 ul
of HNOj3; (~50 %), which better corresponds to the compo-
sition of the copper solvent. But this did not significantly af-
fect the absorption value in the range of 350... 1100 nm. In
the case of experiments with copper aminocomplexes, an am-
monia solution (1.8 ml of water and 0.2 ml of ammonia) was
chosen as reference solution, which in almost the entire range
of 350...1100 nm gives greater absorption than water (the max-
imum difference is 0.017 absorbance units (a.u.) at 700 nm).

Selection of analytical wavelengths. This choice was based
on the analysis of the absorption spectra of the solutions de-
scribed above (fig. 1). Took into account that it is necessary to
choose such wavelengths at which the light absorption is most
intense, since the work in the region of the maximum provides
the best sensitivity. At the same time, gentle sloping maximum
are more preferable, since in this case the error in setting the
wavelength 2 is less affected. It was found that the absorption
of the suspensions of the used CNTs has maxima near A ~ 250
nm, and further, with increasing A to ~ 400 nm drops drasti-
cally, after which it gradually decreases to the limit of the spec-
trophotometer wavelength range. At the same time, the spec-
trum is strongly noisy at A < 400 nm. Copper solutions in the
form of aquacomplexes have local maxima near A ~ 8§10 nm,
near-zero absorption in the range of 350...550 nm (450 nm —
in the center), and a sharp jump (or global maxima) above
2.5 a.u.) at A < 325...350 nm. Copper solutions in the form of
tetraamminacates showed maxima at ~600 nm (with a change
from 590 nm at minimum concentrations and to 610 nm at
maximum) and local minimum at ~410 nm.

Additionally, we constructed the graphs of the subtraction
absorption levels of these solutions (fig. 2), from which areas
of maxima and minima were determined: for solutions of
CNTs with copper aquacomplexes, they turned out to be
~810/325 nm, for solutions of CNTs with copper amminates
~605/370 nm, respectively. The minimum at ~250 nm was
not considered due to the noisiness of this spectral region in
CNT suspensions.




Based on the above, taking into account the presence of
spectral regions with near-zero absorption in copper solu-
tions, and under the condition of undesirable proximity to
steeply descending curves, a pair of 450/810 nm was chosen
as analytical wavelengths for solutions of CNTs with copper
aquacomplexes, and a pair of 410/600 nm — for mixtures of
CNT with copper aminocomplexes.

Derivation of the formula for calculating the mass fraction
of CNT. The composite is a two-component system. Accord-
ing to the definition, the mass fraction of CNT is equal to:

w1=%,ﬂml(%)=%'100%,

where m; is the mass of CNT g; m is the total mass of the
composite, m = my + m,, where m; is the mass of the second
component (copper), g. The mass/volume concentration of
components used in the work is expressed as C = m/V, where
m= C-V, so:
__ G
(,01 Cl n C2 .

&)

Thus, the mass fraction of the components in the com-
posite is equal to the ratio of the concentrations of the com-
ponents in the composite solution, since the solution is a di-
luted composite. As can be seen, the calculation turned out
to be independent of the solution volume, since this param-
eter is not included in the formula. This is convenient when
examining samples of different volumes.

If the absorption bands of substances did not overlap, the
determination of each concentration in the solution could be
carried out independently in accordance with the basic absorp-
tion law (Bouguer — Lambert — Beer), according to which the
absorbance of the analyzed solution is related to concentra-
tion and other parameters like:

A, = —lgT'= lgl—lO = ¢, Cl, 2)
where T'is the transmittance ratio equal to the 1/1y; I, 1is the
initial intensity and after passing through the cell with the sub-
stance, respectively; ¢, is the mass/volume absorption coeffi-
cient of light with a wavelength A (I/mg+cm); C — mass/vol-
ume concentration of the component (mg/1); 1 is the cuvette
thickness (path length), cm. Mass/volume absorption coeffi-
cient and concentration are taken instead of molar absorption
coefficient (I/mol - cm) and concentration (mol/1), since the
determination of the molar mass of CNT is inconvenient.

However, it can be seen from the absorption spectra of
copper and CNT that the graphs overlap in the region of the ab-
sorption maxima of copper. At the same time, in the range of
350...510 nm in the indicated concentration range, the light ab-
sorption by copper aquacomplexes is negligible (the mass/vol-
ume absorption coefficient determined from the higher con-
centrations of the considered range (expressed in g/l)
€450 nm — 0.000143), therefore the absorption is almost
completely due to the presence of CNTs. In the experiment
with aminocomplexes, the indicated absorption coefficient is
higher (g9 419 pm = 0.0152), but the concentration of copper
ions is lower by an order of magnitude; therefore, in this case,
the absorption of copper can be neglected.

Due to the absence of further separation of the solution
into individual components, the Vierordt method based on
the law of additivity of optical densities was used to derive a
formula for calculating the concentration. Provided that
measurements of the optical density of the mixture are bieng

at two wavelengths, we get a system of equations including
unknown concentrations of the mixture components (labeled:
1 — CNT, 2 — Cu):

{Akmin = Al,kmin+A2,kmin zgl,xmincll+g2,kminc2l;
Akmax = Al,kmax+A2,hmax :gl,kmaxcll+82,XmaxC2l’

where L, and A, are the minimum and maximum analyt-
ical wavelengths in the corresponding pairs. Due to the near-ze-
ro absorption of copper at A;, and the optical path length of
the spectrophotometer cuvette / = 1 cm, we obtained:

{A}Lmin =
A}\max =

The solution of this system of linear equations by the sub-
stitution method gives:

€1, xmin C,

81, Amax Cl + 82, Amax C2‘

Cl — Akmin .

9
81, Amin

€1, Amax
Akmax - Akmin

— €1, Amin —
G = =
82,kmax
— Akmax al,kmax A
Amin-
€ amax €2 amax " €1, Amin

Substituting in the formula (1), we obtain
A

— Amin * €2, Amax —

(,01 = =
Akminsl Amax Akming 1, Amax + Akmaxg 1, Amin
— €2, Amax (3)
+ Akmax
€2 amax ~ €1, xmax A 81, Amin
Amin

Calculation of absorption coefficients. The calculation was
carried out on the basis of data obtained in the continuous
mode of spectrum acquisition in the spectrophotometer
wavelength range (190...1100 nm). The results of study in the
accumulation mode of spectrum acquisition at fixed wave-
lengths are briefly presented in [11]. During processing of the
experimental data a quadratic or linear approximation (de-
pending on the situation) with a coverage of 15 nm from each
selected wavelength was used. First of all, graphs of the depend-
ence of the optical density of solutions on their concentrations
for the selected wavelengths were plotted. They demonstrated
compliance with the Bouguer — Lambert — Beer law (an ex-
ample for CNT suspensions is shown in Fig. 3), thereby justi-
fying further calculations. The extinction coefficients were
determined by the least squares method with a linear approx-
imation y = a + bx. The coefficient b, which is the absorption
(attenuation) coefficient, was calculated by the formula

n n n
;1 G ;1'4:‘* ”.;l CiA;
= n 2 n

(Z Ci) -nY C}

i=1 i=1

where C; is the concentration of copper ions and CNT, re-
spectively, expressed in g/l; A; is the absorbance of the ana-
lyzed solutions at the selected wavelengths (in a.u.); n is the
number of samples (12 for copper and 12 for CNT). The re-
sults of the calculations are presented in tab. 1.

These coefficients are calculated:

"1" — for copper (II) sulfate solutions with Cg, =
= 794.33...12709.27 mg/I1;
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"2" — for CNT suspensions with Ccyp = 0.5225...
52.25 mg/l;

"3" — for CNT suspensions with Cent = 0.627...
48.645 mg/l1, mixed with standard (i.e., with known concentra-
tions) solution of copper (II) sulfate using the law of additivity
of optical densities (from where AcnT = AGEN — ACuSTAND)S

"4" — for tetraamminecopper (II) sulfate solutions with
Ccy = 300...1000 mg/1;

"5" — for CNT suspensions with Cont = 2.61...31.35 mg/I,
mixed with standard solution of tetraamminecopper (II) sul-
fate using using the law of additivity of optical densities.

Results of application of the technique

To determine the applicability of the presented technique
directly to solutions — analogues of dissolved copper-CNT
composites, the solutions containing individual components
with known concentrations were mixed in different proportions.

Solution volume in each vial was 1 ml. For studies with
copper sulfate aquacomplexes, a 0.1 M CuSO, solution
(6.3546 g/1) and a CNT suspension with Con = 52.25 mg/1
were used as the basis, which provided coverage of CNT con-
centrations in real composites 0,0099...9.99 wt. % (see tab. 2).
A photo of the vials with presented solutions is shown in fig. 4.
For studies with tetraamminecopper (II) sulfate, a solution of
CuSO, (1000 mg/1) was taken as a basis, which in various pro-
portions was mixed with a suspension of CNT with Conp =
= 52.25 mg/l, with a initial addition of 0.1 ml of ammonia,
which provided coverage of CNT concentrations in real com-
posites 0.31...9.46 wt. %.

All absorption measurement experiments were carried out
on a scanning double-beam UV-Vis-NIR spectrometer Lamb-
da 35 (Perkin Elmer) in the wavelength range 190...1100 nm.
The lamps of the device were previously preheated for 30 min
to reach a stable operating mode. Prior to photometry, present-
ed solutions were alternately poured into a quartz glass cuvette
of a spectrometer with a working volume of 1 ml and an optical
path length of 10 mm. The cuvette was washed with distilled
water during the sample change. To reduce the mutual influ-
ence of the samples on each other (due to the insignificant re-
sidual adhesion of CNT to the cuvette walls), experiments were
carried out in the direction from a solution with a lower con-
centration of CNTs to a solution with a higher. The spectra
were recorded in continuous mode over the entire wavelength
range with the subsequent approximation of the experimental
data. The results of calculations of the mass fraction of CNTs
for imitations of composites solutions with copper aquacom-
plexes are presented in tab. 2. At the same time, |, ©; were
calculated with the absorption coefficients "1", "2"; w,, ®;
were calculated with the absorption coefficients "1", "3"; § is the
relative deviations from the given values of o, respectively.

An analysis of the experimental data revealed an under-
estimation of the absorption level of the samples under study
as compared with theoretical calculations. This led to a mis-
statement of the Agy(/A4450 ratio (tab. 3), and as a result, to
underestimation of the CNT concentration. The theoretical
values of Ag;o/Ass50 were found by the formula:

€2.810
4 —€) 810 T €1,810
810 [l

= ; 4

Ayso €1,450
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derived from the equation (3). Checking the calculation
through the absorption of individual components gave the
same result.

At this moment, a correct explanation of this effect has
not been found, so its reduction or elimination has not been
experimentally implemented. In this situation, in order to in-
crease the accuracy and ensure the applicability of the pre-
sented method, the following corrected values f(x) for formula
(3) instead of Ag(/A45 (labeled as "x") were empirically cal-
culated depending on the chosen coefficients &:

£(x) = 0,0000248x> — 0,0063706x> + 0,7195053x +
+0,1365504,

f1(x) = 0,0000348x> — 0,0089528x> + 1,0111435x —
— 0,0058404,

(I — fore"1", "2"; and II — for ¢ "1", "3", respectively), the
calculation for which closely coincided with the theoretical
calculation of the ratio Agjo/A450 (see the column "experi-
mental X" in tab. 3). The insertion of the corrected f(x) into
the formula (3) made it possible to reduce the relative error
in calculations the mass fraction from the experimental data
to =17 % (maximum deviation), and with the same results us-
ing f1(x) or fip(x) (see o and 8% in tab. 2).

The results of CNT mass fraction calculations for solu-
tions — analogues of dissolved copper-CNT composites with
tetraamminecopper (II) sulfate are presented in tab. 4. Where,
o1, m/f are calculated with the absorption coefficients "2", "4";
9, m’z‘ are calculated with the absorption coefficients "4",
"5"; & — is the relative deviations from the given values of
Oe TESPECtively.

As you can see, the calculation with coefficients "2", "4"
allowed us to get a result with maximum deviations, which are
30...50 % lower than for solutions with copper sulfate aqua-
complexes. The calculation with the coefficients "4", "5"
showed an even more accurate result. And the use of the fol-
lowing corrected values f (x)

fir 0 = —0,0042299x + 0,0580187x> + 0,6414319x +
+0,1924637;

fiv(x) = —0,0054944x> + 0,07536332x% + 0,8331875x +
+0,0900018,

(III — for ¢ "2", "4", and IV — for ¢ "4", "5", respectively)
made it possible to reduce the deviations to =5 %.

Conclusion

The paper presents a two-stage technique that allows to
determine the concentration of carbon nanotubes in CNT —
reinforced copper matrix composites. The first stage is the dis-
solution of the composite in a mixture of water and nitric acid.
In the second stage, a spectrophotometric study of the ob-
tained solution is carried out; after that, the mass fraction of
CNTs is calculated from the previously calculated absorption
coefficients. The results of studies of solutions — analogues of
dissolved copper-CNT composites with masses of 0.5...6.3 mg
with CNT concentrations from 0.01 to 10 wt. % are demon-
strated. The effect of copper solutions on the absorption of
CNT suspensions has been found, and as a result of which the
use of absorption coefficients calculated using standard solu-
tions with copper (¢ "3" and "5") shows a more accurate result
compared to coefficients obtained on the basis of pure sus-
pensions. The use of a copper complex in the form of tetraam-




minacate also made it possible to increase the determination
accuracy compared to aquacomplexes. A necessary condition
for obtaining correct results is the observance of the identity
of the experimental conditions, in particular, the mode for
obtaining absorption spectra, which is also noted in [12]. The
presented method allows to determine the ECD parameters,
at which the composite is formed with the required concen-
tration of CNTs, after which the process can be scaled in the
direction of decreasing masses by limiting the deposition time.
Further studies are aimed at deepening, explaining and elim-
inating the identified effects.

The strategy of work and the beginning of its implementation
were laid down in the framework of the research plan of INME
RAS for 2016—2018. The targeting of solutions and the acqui-
sition of spectrophotometric data was carried out with the finan-
cial support of the Russian Foundation for Basic Research in the
framework of the scientific project No. 18-33-01228. Experi-
mental data processing performed at INME RAS.
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! WHcTUTYyT HaHOTEeXHOI0TUl MUKpPOoaieKTpoHUKU PAH, MockBa

2 HauvoHabHbII UCCIIEN0BATENbCKHIA yHuBepcuteT "MBOH", MockBa

MCCAEAOBAHUE BAUAHUSA MATKOM MAA3MbI HA LLEPOXOBATOCTbD

BAPLEPHOIO CAOA TiN

Ilocmynuna 6 pedaxyuro 25.04.2019

IIpedcmaenenvt uccaedosanus npoyecca 8030eicmeus MaeKol naasmul Ha mopgoaocuro bapsveproeo crosa TiN. Bviio nokasano,
Umo npu onpedeseHHbIX COCMase NAA3Mbl U ee Napamempax Habadaemcs cyuwecmeennoe usmeHeHue uepoxoeamocmu 0o 17 pas.
Jlannbiii memoo modxcem Oblmd UCNOAB30BAH 051 KOHMPOAUPYEMO20 npoyecca noauposku bapveproeo caosa TiN, npu uccaedosanuu
npoyeccos Kaacmepooopazoeanus o nociedyoueeo cunmesa yeiepoousix Hanompyoox (YHT).

Karoueevie caosa: yenepoonvie nanompyoxu (YHT), wepoxosamocms, mopghosoeus, 6apbepHblii cA0l

Yraepoausle HaHomaTepuansl (YHM) obGnanaror
YHUKQIbHBIMUA (DU3UIECKMMM CBOMCTBAMH, UTO MHO-
TOKPaTHO TOATBEPXKIAETCSI COBPEMEHHBIMU MCCIIEIO-
BaHusMu. Ilo 3toii npuunHe YHM MoryT BeICTYIIaThb
B KauecTBe 0a30BbIX (DYHKIIMOHATBLHBIX MAaTEPUAIOB B

MUMKPO3JIEKTPOHHBIX YCTPOMCTBAX Pa3aMyHOro (pyHK-
OUOHAJBHOTO HazHaueHWs. OmHuM u3 BumoB YHM
SIBJISIETCS TaKasl aJJIOTPOITHAss MOoAU(UKAIIUS YIIIepo-
na — Ha"otpyoka (YHT) [1, 2]. Ha ceronHsiuHuii AeHb
CYLIECTBYET MHOXECTBO METOJIOB CHTE3a OJTMHOYHbBIX
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Puc. 1. ACM-u3oopaxenne ucxoauoii mienku TiN () u Tunuunoe ITDM-u3odpaxenune
ToscThIX (ToanmHa ~50 uM) maenok TiN (b)
Fig. 1. AFM image of the original TiN film (a) and typical TEM image of thick (~50 nm thick)
TiN films (b)

HaHOTPYOOK 1 MacCHMBOB Ha MX OCHOBE. MeTo1 XUMMU-
yeckoro razodasHoro ocaxneHusi (CVD — chemical
vapor deposition) OTIMYaeTCs OT APYTMX METOIOB BbI-
COKOM TEXHOJOTMYHOCTbIO, BOCIPOU3BOAMMOCTBIO U
BO3MOXXHOCTbIO MHTETpAllMU B IJIaHApHbIE CTPYKTY-
pbl. DKCHEPUMEHTAJIbHO ObLJIO 3aMEUeHO, UYTO BbHICO-
kuii Beixog YHT Ha yposhe 70...90 % obGecnieunBaeTcst
B npouecce CVD npu UCIOIb30BaHUM METAIUYEC-
KMX HaHoYyacTUll (KJIAaCTepOB) IPYIINbl Xeje3a, TaKUX
kak Fe, Ni, Co u ap. 1o aToii npuunHe uccieaoBaHue
MpoieccoB (OpMUPOBAHUST KJIACTEPOB KaTajiu3aTopa
Ha MOBEPXHOCTHU OAaphEePHOIO CJIOST SBJISIETCS BEChbMa
aKTyaJlbHOM 3aJadeid.

Kaxk nmpaBuno, cunre3 YHT npoucxoaut Ipu BbI-
cokux Temrreparypax mopsanka 600...700 °C, 4yto He
HUcKIoYaeT 3¢p¢GeKT XUMMYECKOTO B3aUMOACUCTBUS
KaTajaus3aTopa ¢ MOBEPXHOCTbIO MOMJOXKHU, MO ITOM
MPUYKUHE MCIIOJb3YeTCs CIOW XMMUYECKU CTOHKOTO
Marepuana. s vccienoBaHusl 2JeKTPOGU3NYECKUX
coiicTB YHT uyin MaccMBOB Ha MX OCHOBE B KAUeCTBE
OapbepHOro cJIos HeOOXOAMMO MCIIOJb30BaTh MaTe-

26,3 nm
240

pya, KOTOPBIA, C OMHOW CTOPOHHI,
JIOJKEH MMETb BBICOKYIO 2JIEKTPU-
YECKYI0 IPOBOAUMOCTb, a C APYroi
CTOPOHBI, OBITb XMMHUYECKH HeaK-
TUBHBIM B Tipouecce cuHTe3a. Of-
HUM U3 TaKHUX MaTepuajoB SIBJISET-
¢ TiN [3], y KoToporo oTHOCUTEIb-
HO BBICOKasI 3JIEKTPOIPOBOIHOCTD
(~9- 106) CM/M Opu HOPMAaJIbHBIX
YCIIOBMSIX U HU3KAsl XUMHUYeCKast ak-
TUBHOCTb.

ITpu dopMupoBaHUM KJIaCTEPOB
B IIpoIIeCCe OKHUCIUTEIbHO-BOCCTA-
HOBUTEIBHBIX PEaKIIUii HEeIb3sT HC-
KJT104aTh (GakTop BIAUSHUS MOPGO-
JIOTUM TIOBEPXHOCTU ©OapbepHOTO
cliosg  Ha TIpolecc o0pa3oBaHUS
KJIacTepoB KaTanauszaTopa. B cBs3u ¢ yeM TpebyeTcs
pa3paboTKa TEXHOJOrMYECKOro MeTonaa JJisi KOHTPO-
JIUPYeMOTro U3MEeHEHMST MOP(DOJIOTUM MTOBEPXHOCTH.

B nanHo#1 paboTe McciaenoBaHbl TEXHOJOTMYECKIE
PEeXUMBI BIUSHUS "MATKOM" TIJ1a3MBbl HA MOP(OIOTHUIO
noBepxHocTu 6apbepHoro ciost TiN. B pabote [4] aB-
TOPBI MpeIaraloT METOI MOAUMUKALIMU TTOBEPXHOCTH
roJiMaaMasa UHAYKTUBHO CBA3aHHO Ar/O, miasmoi
(ICP), npu 3TOM JOCTUraeTcsi 3HAaUMTEIbHOE YMEHb-
1LIEHUE 11IePOXOBATOCTU MOBEPXHOCTU.

B xauecTBe MOMJOXKM ObLT MCIIOJb30BAaH KpeM-
Huit mapku K b-12 co cioeM TepMHUUECKOro OKCHaA
TOJIIMHON ~1,5 MKM, Ha KOTOpbIi METOAOM peak-
TUBHOT'O MarHETPOHHOT'O PaCIbIEHUs TUTAHOBOM MU -
meHu B atMmocdepe Ar/N, ocaxaajucs HUTPUI TUTAHA
rommHoi 100 uM. Ilnenkm TiN TonmmHOR Gosee
20 HM, ocaxIIeHHbIE NTPU KOMHATHOI TeMrepaType Me-
TOAOM MAarHeTpOHHOIO OCaXJEHMs, UMEIOT CToJIOoYa-
TYIO CTPYKTYpY, IIpecTaBleHHYIo Ha puc. 1, b. Uccie-
IoBaHNE MOP(MOJIOTUM TTOBEPXHOCTH MCXOTHBIX TLIE-
HokK TiN ocylecTBasin METOAaMU aTOMHO-CUJIOBOM

B RF = 70W; ICP=180W| '
@ RF=140W; ICP=360W| '
|

rm
amm

Ra -~ t-0.5

A’

15 20 25 30 35 40 45
Time, min

c)

Puc. 2. ACM-u3o0paxenne: a — ucxonHoro obpasua TiN, b — obpasua, o6padoranHoro 20 muH B masme Ar/N,, ¢ — 3aBUCMMOCTb 1le-

POXOBATOCTU OT BPEMEHU BO3IECUCTBUS TJIa3Mbl

Fig. 2. AFM image: a — original TiN sample, b — sample processed for 20 min in Ar/N, plasma, ¢ — roughness dependence on plasma exposure time
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mukpockonuu. Ha puc. 1, a mokazaHo u3o0paxeHue
ucxomHoi rwieHK TiN, BUAHO, UTO CTPYKTypa IOBEPX-
HOCTU MMEET 3epHa C XapaKTEPHBIM pa3MepoM ~20 HM.
IIpu 3TOM 11IEPOXOBATOCTh COCTaBIsIET Ra ~ 3,5 HM.

st MoguuKauy MOBEPXHOCTU UCXOAHON IIeH-
ku TiN Ha nepBoM 3Talle Ucciea0BaHMI ObljIa BEIOpa-
Ha MHIYKTUBHO CBA3Had miasma SFq/Ar/O, ¢ He0OJIb-
ot BY xomnoneHToit (RF). Ilpu 3ToM cooTHoOIIIE-
Hue MouHocTeii RF/ICP cocraBnstmo 1:2. B sTtoMm
clyyae HaOiromaeTcsl 3HAYMTEJIbHOe U3MEHEHHE Iie-
pPOXOBATOCTU TOBEPXHOCTU TouTu B 17 pa3. OmHako
TaKoOi pexXuM 00pabOTKU IMOBEPXHOCTU IIPUBOIUT K
CYLLIECTBEHHOMY TpaBjieHu10 ucxomHoro TiN co cko-
poctbio 10 HM/MuH. Tak Kak oOlliee BpeMsi 00pabdoT-
KU, NMPU KOTOPOH 111epOXOBAaTOCTh MeHsieTcd B 17 pas,
COCTaBJIsIET ~5 MUH, TO MCXOIHBII MaTepraa TpaBUIU
Ha ryouHy ~50 HM. Takoit 3¢ppeKT BbI3BaH BHICOKOM
xummnueckoil aktuBHocThIO Ti K SF¢ ¢ o6pazoBanueM
¢ropuna turana TiF,. ®opmupoBaHue KiacTepos Ka-
Tajgu3aTopa MPOUCXOIMUT B JIBa dTama: OKUCJIEHMHE B
kuciopozae B tedeHue 5 muH npu T = 280 °C u nocie-
Jylolllee BOCCTAHOBJIEHUE B aMMUaKe B TeUeHUEe 5 MUH
npu 7= 680 °C. laHHBIe YCIOBUS MPUBEAYT K HEKOH-
Tponupyemoii xumuyeckoil peakuuu TiF, ¢ Ni. Ilo
31Ol mpuunHe 1uasMa SF¢/Ar/O, gBigercss HEONTH-
MajibHOU. C y4yeToM MOJIyYEHHBIX Pe3yJbTaTOB OblLia
BbIOpaHa MHIAYKTUBHO CBsA3Had I1a3Ma Ar/N, ¢ onTu-
MM3UPOBAHHBIMM MapaMeTpaMu. A UMEHHO, COOTHO-
uieHre notokos Ar K N, cocrasisuio 3:1, cooTBeTc-
TBEHHO, MPU MapluaibHOM AaBieHun 5 MmTopp u co-
otHouieHuM MoutHocteid RF u ICP uctounukos 1:2.
B kauecTBe mapameTpa, BIMSIOIIETO Ha 1IEPOXOBATOCTh
TTOBEPXHOCTH TIPY CTAOMIM3MPOBAHHBIX TapaMeTpax
IUTa3MbI, OBIIO Bpems BoszaelictBus. Ha puc. 2, a, b

npeacraBieHbl ACM-u300pakeHus KICXOIHOTO U MO-
auduumpoBanHoro TiN mociie BpeMeHU BO3ACHCTBUS
20 MuH. 3aBUCUMOCTb ILIEPOXOBATOCTY OT BpEMEHM BO3-
JeWCTBUS MpeacTaBieHa Ha puc. 2, b Ipu ABYX pas3any-
HbIX 3HaueHUIx MolnHocth RF m ICP mcrounmkos,
MpU 3TOM COOTHOIIIEHUE MOIIHOCTEe! cocTaBisio 1:2.

M3 puc. 2, b BUOHO, YTO LIEPOXOBATOCTb UCXOAHOM
mwieHku OapwepHoro ciost TiN mensiercsa B ~10 pas.
I1pu 5TOM CKOpPOCTH TpaBaeHUS ObLIa MUHUMAaJIbHOM 1
paBHa 0,3 HM/MUH NPU MOILIHOCTSIX UCTOUHUKOB RF 1
ICP 140 u 360 Bt cooTBeTCTBEHHO. DKCIIEPUMEHTAITb-
HO OBbUIO MOJYYEHO, YTO 3aBMCHMOCTD 1IIEPOXOBATOCTH
noBepxHocTu TiN 3aBUCUT CTENEHHBIM OOpPa3oM OT
BpeMeHM 00pabOTKM "MSITKOM" I1a3MOii.

Takum o6pa3zom, BozneicTBUE "MSATKON" Mia3moi
Ha MOBEPXHOCThb OapbepHoro ciiosg TiN mpuBoguT K
KOHTPOJUPYEMOMY M3MEHEHMIO IIEPOXOBATOCTH, UTO
MOXET OBITh MCITOJIb30BAHO MPU UCCIIEIOBAHUU BV -
HUsI MOP(OJIOTUY Ha TIPOolLIecC KIacTepooOpa3oBaHUs.
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Study of Influence Effect of the Soft Plasma on the Roughness

of the TiN Barrier Layer

Received on April 25, 2019
Accepted on May 17, 2019

The paper presents studies of the influence effect of soft plasma on the morphology of the TiN barrier layer. It was shown that
with a certain composition of the plasma and its parameters, significant changes in roughness are observed up to 17 times. This
method can be used for controlled polishing of the TiN barrier layer, in the study of clustering processes, for the subsequent synthesis

of carbon nanotubes (CNTS).
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Carbon nanomaterials (CNM) have unique physical
properties, which are repeatedly confirmed by modern re-
search. For this reason, CNMs can act as basic functional
materials in microelectronic devices of various functional
purposes. One of these types of CNM is the allotropic mod-
ification of carbon — nanotube (CNT) [1, 2]. Today, there
are many methods for the synthesis of single nanotubes and
arrays based on them. The method of chemical gas-phase
deposition (CVD — chemical vapor deposition) differs from
other methods of high adaptability, reproducibility and the
possibility of integration into planar structures. It was exper-
imentally observed that a high yield of CNT at the level of
70...90 % is provided in the CVD process using metal nano-
particles (clusters) of the iron group, such as: Fe, Ni, Co, etc.
For this reason, the study of the formation of catalyst clusters
on the surface of the barrier layer is a very urgent task.

As a rule, the synthesis of CNT occurs at high tempera-
tures of about 600...700 °C, which does not exclude the effect
of chemical interaction of the catalyst with the surface of the
substrate; for this reason, a layer of chemically resistant ma-
terial is used. To study the electrophysical properties of CNTs
or arrays based on them, it is necessary to use a material as
a barrier layer, which, on the one hand, must have high elec-
trical conductivity, and on the other hand, be chemically in-
active during the synthesis process. One of these materials is
TiN [3], which has relatively high electrical conductivity
(~9- 106) Cm/m under normal conditions and low chemical
activity.

During the formation of clusters in the process of redox
reactions, the influence of the morphology of the surface of
the barrier layer on the formation of catalyst clusters cannot
be excluded. In this connection, the development of a tech-
nological method for a controlled change in the surface mor-
phology is required.

In this paper, we investigated the technological regimes of
the influence of "soft" plasma on the surface morphology of
the TiN barrier layer. In [4], the authors propose a method for
modifying of the polyalmase surface with an inductively cou-
pled Ar/O, plasma (ICP), and a significant reduction in sur-
face roughness is achieved.

Silicon grade KDB-12 with a thermal oxide layer ~1.5 um
thick was used as a substrate, on which titanium nitride 100 nm
thick was deposited by reactive magnetron sputtering of a ti-
tanium target in an Ar/N, atmosphere. TiN films with a
thickness of more than 20 nm deposited at room temperature
by magnetron deposition have a columnar structure shown in
fig. 1, b. The study of the morphology of the surface of the
original TiN films was performed by atomic force microscopy.
Fig. 1, a shows an image of the initial TiN film; it can be seen
that the surface structure has grains with a characteristic size
of ~20 nm. In this case, the roughness is Ra ~3.5 nm.

To modify the surface of the original TiN film at the first
stage of research, an inductively coupled SF¢/Ar/O, plasma
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with a small RF component was chosen. The ratio of RF/ICP
power was 1:2. In this case, a significant change in the surface
roughness is observed almost 17 times. However, this mode of
surface treatment leads to a significant etching of the original
TiN at a speed of 10 nm / min. Since the total processing time
at which the roughness changes 17 times is ~5 min, the source
material was etched to a depth of ~50 nm. This effect is
caused by the high chemical activity of Ti to SF¢ with the for-
mation of titanium fluoride TiF,. The formation of catalyst
clusters is formed in two stages: oxidation in oxygen for 5 min
at 7= 280 °C and subsequent reduction in ammonia for 5 min
at T = 680 °C. These conditions will lead to an uncontrolled
chemical reaction of TiF, with Ni. For this reason, SF¢/Ar/O,
plasma is not optimal. In view of the results obtained, an in-
ductively coupled Ar/N, plasma with optimized parameters
was chosen. Namely, the ratio of Ar to N, fluxes was 3:1, re-
spectively, with a partial pressure of 5 mTorr and an RF:ICP
power ratio of 1:2. As a parameter affecting the surface rough-
ness with stabilized plasma parameters, there was an exposure
time. Fig. 2, a, b shows the AFM images of the original and
modified TiN after an exposure time of 20 min. The depend-
ence of roughness on exposure time is presented in fig. 2, b
at two different values the RF and ICP power sources, the
power ratio was 1:2.

From fig. 2, b, it can be seen that the roughness of the initial
film of the TiN barrier layer changes by ~10 times. At the same
time, the etching rate was minimal and equal to 0.3 nm/min at
the power sources of RF and ICP sources of 140 and 360 W,
respectively. It was experimentally obtained that the depend-
ence of the surface roughness of TiN depends in a power-law
manner on the processing time of the "soft" plasma.

Thus, the effect of "soft" plasma on the surface of the TiN
barrier layer leads to a controlled change in roughness, which
can be used to study the effect of morphology on the cluster
formation process.
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X7y

Ha ananuse U3MeHeHus OmHouleHus uHmeHncusernocmeu ouggepenyuanvroix Odxuce-nukoé N KLL — 389 3B, Ti LMM — 390 3B,
Ti LMV — 4223Bu O KLL — 515 3B 6 3a6ucumocmu om umeHeHusi Cmexuomempuu COCmaea nieHKu npu 31eMeHmHoOM aHaiu3e
memoodom Oxce-31eKmpoHHOU CheKMPOCKonuU. JKCnepuUMeHmaibHO NOKA3AHO, Mo MOOeAb MONCHO UCNOAb308AMb NPU AHAAU3E
Ha cCneKmpomMempax ¢ pasAudHbIMU MUNAMU GHAAU3AMOPO8 U 0e3 UCNOAb308AHUS IMANOHHBIX 00PA3Y08.

Karoueevie caosa: Oxce-anexkmponnasn cnekmpockonus, unmencusnocms Odce-nuxa, Ko3ghguyueHmol 316 MeHMHOU 4y6cmeu-

meavHocmu, aKmopHbLi aHAAU3, NPODUALHBLI AHAAU3

Bsenenne

bnaromaps codeTaHMIO YHUKAJbHBIX CBONCTB —
KOPPO3UOHHOM CTOMKOCTHU, TBEPAOCTU, BbICOKOW
TeMmepaTyphl IJIaBJIE€HMS, XOpOlleill IIPOBOIUMOCTH
U T.JO. — HUTPUJ TUTAHA LIUPOKO MCIIOJb3YETCsl B Ma-
HOCTpoeHuu [1], MUKpO3JIEeKTpoHUKe [2], Meau-
nuHe [3] 1 B HAHOTEXHOJIOTUSIX KaK 111 (OpMUPOBa-
HUSI OapbepHBIX CJI0€B, TaK U Ipu (HOPMUPOBAHUU
CJIOeB C KaTajlu3aTOpOM IpU CHUHTE3€ YIJIEPOMHBIX
HaHOTPYOOK [4, 5]. OT aTOMHOTr0 cOCTaBa U €ro OJAHO-
POIHOCTH IO TOJIIMHE 3aBUCSIT (PUBNKO-XUMUYIECKUE
CBOMCTBA MJIEHKW M BO3MOXHOCTb €€ MCIIOJIb30Ba-
Hus. Oxe-3JekTpoHHas criekTpockonus (ODC) B
COYETaHMHU C MOHHBIM PACIBIJICHUEM IIIMPOKO MCHOJIb-
3yeTcsl Il KOJIMUYEeCTBEHHOro MpodUIbHOTO aHajlu3a
TOHKMX CJI0€B ¢ pa3pelreHueM ~0,5...1 HM 110 IryorHe.

Pacuer symeMeHTHOro cocraBa B IIPaKTUYECKOM
O:xe-CIeKTPOCKOMUU OOBIYHO MPOBOISIT B COOTBETCT-
BUUY C MOJIEJIbIO TOMOT€HHOTO pacipeneaeHus JIeMeH -
TOB B 00JIACTH aHA/IM3a METOJIOM OTHOCHUTEJIbHBIX KO-
3 PUIIMEHTOB O0paTHOM 3JEMEHTHOW 4YBCTBUTEJIb-
HOCTH [6].

OBC gpnsgeTcss MOIIHBIM MHCTPYMEHTOM aHaim3a
TOHKMX IUICHOK, HO aHaJIu3 TiNxOy BBI3BIBAJI U BBI3bI-

BaeT olpeesieHHbIE TPYIHOCTU BCENCTBUE HATOXKEHMS
earHcTBeHHOro muka N KL,3L,3 Ha muk Ti L;M53M5s.
[Ipu HanMuuy B MeHKe KUCAOpoaa 3aaadya Kojuyec-
TBEHHOI'O aHAJIU3a YCJIOXHSIETCSI U3BMEHEHUEM (POPMBI
OCHOBHBIX MUMKOB Ti 1 ux K03¢p(GHULIMEHTOB YyBCTBU-
TeJbHOCTU [7]. Ha mpoTsckeHurM MHOTHX JIET HPOBO-
JIUMCh PabOThI MO KOJUYECTBEHHOMY aHAJIM3Y COCTa-
Ba ieHok TiN, TiO, u TiN,O, xak metogom O9C,
B TOM YHCJIe C UCTIOJIb30BaHMEM (DaKTOPHOIO aHaIU-
3a [§—11], Tak ¥ ¢ mMpuUBJIeYEHUEM APYIMX aHAJIUTH-
YECKUX METOJOB UCCIECAOBAHUS U PA3IUYHBIX MOJE-
Jieii pacueroB [12—16].

DKcnepuMeHT

st onpeneneHrst KO3(pPUIIMEeHTOB OTHOCUTEIHHOM
9/IEMEHTHOI 4yBCTBUTENbHOCTH WIsi TwieHKu TiN,O,
ObLT TpoBeneH MpoduabHbI OXe-aHaau3 Ha TeCTO-
BbIX oOpasuax: mieHke TiO,, mosydyeHHO! Ha 1moJu-
poBaHHOM Opycke MeamuuHckoro Ti, u ruienke TiO,
u TiN, mojiydeHHOI Ha KPEeMHUEBOM IIaCTMHE METO-
JIOM MarHEeTPOHHOTO HambuleHUs1. COCTaB MJIEHOK ObLIT
TTOATBEPXACH METOIaMU PEHTTEHOBCKOM (POTOZJIEKT-
poHHoii cnekrpockonuu (P®BC) u peHrreHodazo-
BBIM aHa30M (PDA).
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B 00JIaCTH BO3IEICTBUS MIEPBUYHOIO
3JICKTPOHHOTO ITyYKa. AHAJIN3 MPO-

BOIMJIM TIPM MOHHOM pACIIbIJIEHUU
MOBEPXHOCTU 0Opa3la MyuykKoM MO-
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Fig. 1. Differential Auger spectra of nitrogen in GaN and Ti compounds (a), intensity distribution

of titanium and oxygen at the interface of TiO,/Ti (b)
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>KMBaHWE T10 TSITH TOYKaM B COOT-
BETCTBUU C aJITOpUTMOM Savitzky-
Golay [17]. 3a ”HTEHCUBHOCTb OXe-
CUTHAJIa IPMHUMAJIN aMITUIUTYLY TTH-
Ka B aubdepeHIIMaTbHOM CIIeKTpe.
Ha puc. 1 mpuBeneHB! CIIEKTPHI,
MOJIly4YeHHbIE Ha TECTOBBIX oOpasiax
(a), 1 yyacTok mpoduiist pacnpene-
JIECHWS UHTEHCUBHOCTEN NMUKOB Ti 1
O Ha rpannue pasnena TiO,/Ti (b).
Ha puc. 1, a npuBeaeH y4yacTOK

cnektpa ot 200 mo 550 3B, monyueH-
HBI1 ¢ arUTakcuagbHoro ciost GaN

Ha cardupe, I JeMOHCTpaLUU

nojioxeHust Oxe-Mnuka a3ota OTHO-
cuteabHo nukoB Ti. Kpome Toro,

4aCTo IJId BbIACJIICHUA ITMKa a30Ta U3

nuka Ti LMM npu ¢pakropHoM aHa-
JIN3e MCHONB3YeTCSI MMEHHO 3TOT
nuk. Ha puc. 1, b BUgHO, 4TO COOT-
HoureHue mukoB Ti LMM u Ti LMV

Puc. 2. DkcnepuMeHTAIbHAS 3aBUCHUMOCTb F(X) 151 ycKopsiioniero Hanpsokenusi 5 kB (a) u

10 kB ()

Fig. 2. Experimental dependence F (x) for an accelerating voltage of 5 kV (a) and 10 kV (b)

ITpodunbHbIi aHanM3 MpoBoAMIM Ha OXe-371eKT-
pornHoM cnektpomerpe PHI-670xi dupmbr Physical
Electronics ¢ aBToaMuCcCUOHHBIM TepMoKaToaoM LlloT-
TKW ¥ aHAJIM3aTOPOM "TIMJIWHAPUIECKOE 3epKajio” mpu
MOCTOSIHHOM OTHOCHUTEJIbHOM 3HEPreTMYeCcKOM pas-
pelueHun perucTpanuu crekrpos 0,5 %, npu ycko-
psIollleM HampsDKeHWM TEPBUYHOIO 3JIEKTPOHHOTO
nyuyka 5 u 10 kB, nepsuunoMm Toke 10 HA. s sHEp-
Ml IEpBUYHBIX 2J1eKTpoHOB 3...10 k3B HabmomaeTcsa
MaKCHUMAaJIbHasI BEPOATHOCTb OKe-3MUCCUU TTOUTH IS
BCEro 3HepreTHUYecKoro auamnaszoHa Oxke-3JeKTPOHOB
30...2400 3B. IIpu peructpauuu CeKTPOB IePBUYHBII
My40K pacHOoKycUpoBaiCs AJs1 TOAYYEHUS TIJIOTHOCTU
[IeEpBUYHOIO TOKa He 6osee 60 MKA/CMz. IIpu Takux
YCJIOBUSIX aHaju3a 3a BpeMsl PerUCTpalliu CIEKTPOB
HE MPOMCXOIMJIO U3MEHEHUE CTPYKTYphl obOpasiia, He
ObBLJIO OOHaApyXeHO 3(P(PEKTOB JOKAIBLHOU anddy3nun
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U3MEHSIeTCSl B 3aBUCHMOCTHM OT MH-
TeHcuBHOCTU nuka O KLL.
IIpeanonoxuM, 4TO OTHOILEHUE
uHTeHcuBHocTel nmukoB Ti LMM/Ti
LMV MoOXHO mpeacTaBuUTh Kak
(byHKLIMIO OTHOIIEHUS] WHTEHCUB-
Hoctu nukoB O KLL/Ti LMV:
Ti Ti Ti Ti
ITiOLxMM /ITiOLxMV = F(IO%LL/]TiOLxMV)' (1)
Torna naTeHCcUBHOCTL OXxe-muka N KLL moxHo
OIpeNeNnTh KaK pa3HOCTb:

()

Ha puc. 2 npuBeneHbl 3KCIIEPUMEHTAIBHbBIE 3aBH-
CUMOCTH (CITJIOIIHAS JTUHKS) W anpoOKCUMALUs 3a-
BHCUMOCTH ITOJIMHOMHUAIbHOM QyHKUMEH (IITpUXOBast
JIMHUS).

s 5 kB A(x) = —0,0252x2 + 0,3322x + 0,6845, no-
CTOBEPHOCTh R = 0,9975.

Jlas 10 kB FAx) = 0,004x° — 0,061x* + 0,4095x +
+ 0,675, 1OCTOBEPHOCTH R = 0,998.

Janee mpOCTBIMM BBIYMCIECHUSIMM IIOJIy4aeM WH-
teHcuBHOCTH Oxe-nuka N KLL no ¢opmyne (2).

Inkir = Iv + Ti LMMynsw — i Lmy * FX).




Pe3ynabTaThl B 00CYXKIAEHHS

boul mpoBeaeH aHanu3 CTPYKTyp Ha mpubopax ¢
pa3HBIMH THTIAaMM aHaIM3aTopoB OxXe-3JeKTPOHOB: C
aHaJM3aToOpOM "IWJIMHAPUYECKOE 3epKajo' U TOJy-
chepuueckum aHanuzatopoM. Ha puc. 3, a u b npu-
BEICHBI pPe3yIbTaThl IPOMIIBHOTO aHAIM3a.

PacueTsl B mepBoM ciyyae (@) mMpoBOAUIIN 1O OIU-
CaHHOW METOAMKE, a BO BTOPOM ciiyyae (b) — mo onu-
CaHHOI METOAMKE U C TPUMEHEHHMEM 3JIEMEHTOB (hak-
TOPHOTO aHajM3a, TP KOTOPOM CHEKTPHI C TECTOBBIX
00pas3lloB WCITONB30BAIM KakK 3TajoHHBIE ("(hakTo-
pbl"). AHaIU3 B 000X CIy4asix MIPOBOAUIIN TIPU YCKO-
psIoIIeM HATPSLKEHUW TIEPBUYHOTO  3JIEKTPOHHOTO
nmyuyka 10 kB, Toke 10 HA 1 3HEpreTUYECKOM pas3pe-
IIEHUM perucTpanyu crekrtpoB 0,6 % B TiepBOM CITy-
yae u 0,5 % — BO BTOpoM. Pasinuusi B KOHIIEHTpally -
IX COCTaBJISIIOT He 0osiee 2 %, 4TO MOXKHO OTHECTH K
MOrpelIHOCTSIM 00paboTKM KakK Mpu (haKTOPHOM aHa-
JI3e, TaK U TIPU OIpeAeSIeHNN OTHOCUTEIbHBIX KO2(-
(ULIMEHTOB 3JIEMEHTHON YyBCTBUTEIBLHOCTU IS WIC-
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Puc. 3. Pacnpenenenne s1emenToB B iienke TiN Ha Si, noxyyennoe
B pe3yabTare QXe-aHajln3a HA NPUOOPE C AHAIM3ATOPOM: d — "LIU-
JIMHIpUYECcKoe 3epkano”; b — momycdepudeckum

Fig. 3. The distribution of elements in depth in the film TiN on Si obtained
using different Auger systems: a) — with cylindrical mirror analyzer
(CMA) and b) — hemispherical analyzer (HSA)

MOJIb3yeMbIX B pacuetax Oxe-1nmukoB. KoaddulmeHTs
3JIEMEHTHON YyBCTBUTEIbHOCTHU JJISI MCIIOJIb3YEMbIX B
pacyeTax OxXe-ITMKOB OINPEAE/ISUTM OTHOCUTEIBHO TTH -
ka SiKLL (1616 3B) mo mpo¢nIEBHOMY aHaIU3y TIIe-
HOK Ti, TiN u TiO, Ha Si-IoajIoXKe IO METOLUKE,
oInuvcaHHoOi1 B padorax [18, 19].

AHaTUTUYECKHE BO3MOXHOCTH METOAA PACTPOBOM
O2ke-CNeKTPOCKONUU IIMPOKO UCITIONb3YIOT JJIsT U3yde-
HUS cocTaBa HaHOCTPYKTYp [20]. B pabdote [21] mpen-
JIOK€HHasl METOAMKa pacyeToB Obljla YCMEIIHO MpuMe-
HeHa npu npoduibHoM Oxe-aHaau3e Ha "HOHbIIIKe"
HaHOTPYOOK M3 OKCHIA TUTAaHA.

3akmouenne

Takum obGpa3oM, B paboTe IIpeajioxkeHa IIpocTasi
SMITUPUYECKast MOJIEIb pacueTa aTOMHBIX KOHLIEHTpa-

nuii Ti, N 1 O B TOHKHUX CIOSIX TiNxOy, OCHOBaHHas

Ha aHaJIM3¢ U3MEHEHMS OTHOILIEHMS MHTEHCUBHOCTEH
muddepennuanbHbix Oxe-nukoB N KLL, Ti LMM,
Ti LMV u O KLL B 3aBUCMMOCT! OT U3MEHEHHUS CTe-
XMOMETPUM COCTaBa IUIEHKHU IPU 3JIEMEHTHOM aHa-
mm3e metonoM Oke-37IeKTPOHHOM CIIEKTPOCKOIIUM.
OKCNeprUMEHTAJIbHO TOKa3aHO, YTO MOJAENb MOXKHO
HCIIONB30BaTh P aHAJIM3e Ha CIIEKTPOMETpaX C pa3-
JIMYHBIMU TUIIAMU aHAJIU3aTOPOB U 0Oe3 UCITOJIb30Ba-
HUS 3TaJOHHBIX 00pa3IoB.
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Introduction

Due to a combination of unique properties — corrosion
resistance, hardness, high melting point, good conductivity,
etc. — titanium nitride is widely used in mechanical engi-
neering [1], microelectronics [2], medicine [3] and in nan-
otechnology, both for the formation of barrier layers and for
the formation of layers with a catalyst in the synthesis of car-
bon nanotubes [4, 5]. The physicochemical properties of the
film and the possibility of its use depend on the atomic com-
position and its thickness homogeneity. Auger electron spec-
troscopy (AES) in combination with ion sputtering is widely
used for quantitative profile analysis of thin layers with a res-
olution of ~0.5...1 nm in depth.

The calculation of the elemental composition in practical
Auger spectroscopy is usually carried out in accordance with
the model of homogeneous distribution of elements in the
field of analysis using relative sensitivity factors [6].

AES is a powerful tool for the analysis of thin films, but
the analysis of TiNxOy caused and causes certain difficulties
due to the overlapping of a single peak N KL,3;L,3 with the
peak Ti L;M,3M,s. In the presence of oxygen in the film, the
task of quantitative analysis is complicated by changes in the
shape of the main peaks of Ti and their sensitivity coefficients
[7]. Attempts at the quantitative analysis of the composition
of TiN, TiO, and TiNxOy films both by the AES method, in-
cluding factor analysis [§—11], and by other analytical meth-
ods nd various calculation models [12—16] were carried out
over last years.

Experiment

To determine the relative elemental sensitivity coefficients
for the TiNxOy film, was performed a profile Auger analysis
of the reference samples: TiO, film obtained on a polished
medical Ti, and films of TiO, and TiN obtained on a silicon
wafer by magnetron sputtering. The composition of the ref-
erence films was confirmed by X-ray photoelectron spectros-
copy (XPS) and X-ray diffractometry (XRD). The AES sys-
tem used for TiN xOy films profile analysis was Physical Elec-
tronics PHI-670xi Scanning Auger Nanoprobe. PHI-670xi
Scanning Auger Nanoprobe is based on a Schottky thermal
field emission electron source that is coaxially located in full
cylindrical mirror energy analyzer (CMA) with a constant rel-
ative energy resolution of 0.5 %. Profiling was carried out
with an accelerating voltage of the primary electron beam of
5 and 10 kV and primary current 10 nA. The maximum Auger
emission probability for almost total energy range of Auger
electrons of 30...2400 eV is observed for primary electron en-
ergies of 5...10 keV. The primary beam was defocused during
Auger analysis to obtain a primary current density not more
than 60 puA/cm?. Such analysis conditions were chosen to
minimize the artifacts of the high-energy electron beam in-
teraction with the sample: there were not detected any chang-
es in the structure of the sample or effects of local diffusion
in the primary electron beam area during Auger spectra reg-
istration. Profiling was carried out with ion sputtering of the
sample surface with an Ar" ion beam at an angle of 30° to the
surface and an ion energy of 2 keV. The spectra were recorded
in an integral form with a step of 1 eV, then the procedure of
five point differentiation and five point smoothing in accord-
ance with the Savitzky-Golay algorithm [17] was carried out.

The amplitude of the peak in the differential spectrum was
taken as the intensity of the Auger signal.

Fig. 1 shows the spectra obtained on the reference samples
(@) and the distribution of the Ti and O Auger peaks intesities
at the interface of TiO,/Ti (b). Fig. 1, a shows a range of the
differentiated Auger spectrum from 200 to 550 eV, obtained
on the epitaxial GaN layer on sapphire, to demonstrate the
position of the nitrogen peak relative to the Ti peaks position.
In addition exactly this nitrogen peak is used to subtract ni-
trogen from the Ti LMM peak during factor analysis.

In fig. 1, b, it can be seen that the ratio of the peaks of Ti
LMM and Ti LMYV varies depending on the intensity of the
O KLL peak.

Assuming that the peak intensity ratio Ti LMM / Ti LMV
can be represented as a function of the peak intensity ratio O
KLL / Ti LMV:

TiO, TiO, Tio,  TiO,
Iti tmm/ Iti vy = Flo oL/ i omv)- (1)

then the intensity of the Auger peak N KLL can be defined
as the difference:

Inkie = Iy + i LtMMymsw — I1i Ly * F(X). ()

Fig. 2 shows the experimental dependencies F(x) — the
solid line, and the approximation of the dependence by a pol-
ynomial function — the dashed line.

For 5 kV, F(x) = —0.0252x2 + 0.3322x + 0.6845, the re-
liability of R? = 0.9975.

For 10 kV, F(x) = 0.004x> — 0.061x% + 0.4095x + 0.675,
the reliability of R* = 0.998.

So, as a result, we obtain the Auger-peak intensity N KLL
by simple calculations according to the formula (2).

Results and discussions

Depth profiling of the same structure — TiN film on Si
substrate was carried out using different Auger systems: with
a cylindrical mirror analyzer (CMA) and a hemispherical an-
alyzer (HSA). Fig. 3, a and 3, b show the results of the profile
analysis: a) — CMA, b) — HAS.

Calculations in the first case (a) were carried out accord-
ing to the described method, and in the second case (b) ac-
cording to the described method and using elements of factor
analysis, in which the spectra from the reference samples were
used as "factors". The analysis in both cases was carried out at
an accelerating voltage of the primary electron beam of 10 kV,
primary current of 10 nA and an energy resolution of analys-
ers — 0.6 % in the first case and 0.5 % in the second. Dif-
ferences in concentrations are not more than 2 %, this can be
attributed to processing errors both in the factor analysis and
in the relative elemental sensitivity coefficients determination
for Auger peaks used in the calculations. The elemental sen-
sitivity coefficients for the Auger peaks used in the calcula-
tions were determined relative to the SiKLL peak (1616 V)
by the profile analysis of Ti, TiN and TiO, films on a Si sub-
strate according to the procedure described in [18, 19].

The analytical capabilities of the raster Auger spectrosco-
py method are widely used to study the composition of na-
nostructures [20]. The proposed calculation method was suc-
cessfully applied for the profile Auger analysis on the "bottom"
of titanium oxide nanotubes [21].
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Conclusion

Thus, the paper proposed a simple empirical model for
atomic concentrations calculations in Auger analysis of Ti, N
and O in thin TiNxOy layers, based on an analysis of the
changes in the ratio of intensities of differential N KLL, Ti
LMM, Ti LMV and O KLL peaks depending on the changes
in film composition. It has been experimentally shown that
the proposed model can be used in the analysis on spectrom-
eters with various types of analyzers and without using refer-
ence samples.
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