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SYNTHESIS OF CARBON NANOTUBES WITH NI-TI CATALYST

Abstract. Carbon nanotubes have been of interest to the scientists for about 30 years due to their unique
properties. Their use as a material for creating flexible conductive coatings, supercapacitors, batteries and solar cells
is promising because of their excellent mechanical and electrical properties, as well as high electrochemical stability.
In this paper, we consider one of the methods for the synthesis of carbon nanotubes on a Ni-Ti bimetallic catalyst on
a silicon substrate. The effect of the thickness of the catalytic layer and the synthesis temperature on the quality of
the obtained samples was studied. The synthesis was carried out by the CVD method as the most convenient
technique with the possibility of a large yield of the final product. The obtained samples were studied by scanning
electron microscopy and Raman spectroscopy. It was found that with an increase in the synthesis temperature and a
decrease in the thickness of the catalytic layer, the crystallinity of the structure improves the number of defects in the
structure decreases and structural ordering increases. The use of a catalyst and an adhesive metal layer, which was a
barrier between the catalyst and the substrate, shows good results in improving the quality of the synthesis of
nanotubes.

Keywords: carbon nanotubes, synthesis, chemical vapor deposition (CVD), catalyst, magnetron sputtering.

Introduction. A carbon nanotube is a hollow cylindrical structure with a diameter of one to several
tens of nanometers, a length of one to several hundred micrometers or more, formed by carbon atoms and
is a graphene plane rolled into a cylinder. For the first time, CNTs were systematically described by
Sumio lijima (NEC Corporation), who discovered them in 1991 as a by-product of the synthesis of
fullerene C60 [1], and, almost simultaneously with it, the L.A. group Chernozatonsky [2]. Mention of the
existence of unusual forms of carbon similar in morphology was encountered earlier [3, 4], however, these
works did not receive further development.

Carbon nanotubes (CNTs) have many physical and chemical properties many of which are unique.
CNTs have very high thermal conductivity [5,6], strength [7], and the tensile modulus is many times
higher than that of steel. A wide range of electrical conductivity [8, 9] from semiconductor to metal makes
them promising for creating conductors and pn junctions in nanoelectronics, for creating conductive high-
strength composite materials and functional additives to polymers. The use of carbon nanotubes in various
fields of science and technology is a promising task [10]. In addition, carbon materials, such as amorphous
carbon or activated carbon, are widely used, and their replacement with CNTs in some cases gives a
unique effect, limited only by the higher cost of CNTs compared to other carbon materials. Therefore, the
development of effective methods for the synthesis of CNTs is a very urgent task.

CVD is a method with a high level of process control that allows you to control the growth location
and geometric parameters of carbon tubes on any type of substrate [11]. To obtain an array of CNTs on the
substrate surface, a seed layer is needed. A thin metal film acts as a seed layer, which is a catalyst for the
growth of CNTs; mainly nickel, iron, and cobalt act as such metals. A catalyst film can be formed using
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the methods of chemical deposition from a solution containing a catalyst, thermal evaporation, ion beam
sputtering, or magnetron sputtering. The main issue of this work was to study the effect of a buffer layer,
as well as the temperature dependence and thickness ofthe catalytic layer on the growth of CNTs.

Experiment. In this work, a bimetallic catalyst was used to synthesize CNTSs. Its preparation included
2 stages: the deposition of a catalytic layer and the formation of nanoclusters. At the first stage, a thin
layer oftitanium with a thickness of 80 nm is deposited on the pre-cleaned substrate using the magnetron
sputtering method. After that, 0.5 to 10 nm thick nickel layers were deposited using the second magnetron,
which is in the same chamber. The thickness of the forming layer is adjusted according to the indications
of quartz microbalances previously calibrated for the sputtered materials. The second stage is the
formation of nanoclusters, which occurs during the replacement of the substrate from the cold zone of
CVD the reactor to a hot one, pre-heated to the synthesis temperature. Within 5 minutes after the
placement of the substrate into the hot zone, the catalyst film transforms into nanoclusters. The process
takes place in a stream of hydrogen, which reduces the catalyst because thin metal films oxidize very
quickly in the air. This is necessary for high catalytic activity. A longer heating duration leads to an
increase in the particle size ofthe catalyst, which in turn affect the tubes’ diameter. The synthesis of CNTs
by the CVD method of was carried out in a tubular sealed quartz reactor at atmospheric pressure in a
stream of hydrogen equal to 4 normal liters per hour (figure 1). The carbon source in the synthesis process
was ethanol vapor. In the preparation stage for the synthesis, the chamber while heating was preliminary
blown out with nitrogen for 10 minutes to remove oxygen, and only after that the hydrogen was let into
the chamber. In addition, at the stage of the heating, the hydrogen passed through the bubbler previously
blowing all the air out of volume unfilled with ethanol. The bubbler and the reaction zone of the chamber
were cut out with valves, which were opened only at the time of synthesis. The flow of hydrogen passing
through a bubbler carries the ethanol vapour into the reaction zone ofthe chamber, where under the high
temperature the ethanol decomposes into carbon and hydroxyl group. The latter in turn combines with
hydrogen, forming water vapor or interacting with an amorphous carbon formed in the process of the
synthesis, oxidizing it this way and removing from the substrate increasing the catalyst activity time. We
experimentally found out an optimal temperature for our chamber configuration. It ranges from 880°C to
950°C. Upon reaching the synthesis temperature, a stream of hydrogen is directed through a bubbler with
ethanol at room temperature. Upon completion of the synthesis, the hydrogen flow is stopped and the
bubbler is cut out with valve. Samples were taken into the cold zone. Subsequent cooling of the reactor
took place in a stream of nitrogen. After taking the samples out the reactor, one can see that the substrates
are covered with a soot.

Figure 1- The structure of the CVD installation for the synthesis of carbon nanomaterials.
1- nitrogen gas, 2 - hydrogen generator, 3 - gas flow meters, 4 - bubbler with ethanol, 5 - tubular flow reactor,
6 - substrate, 7 - bubbler with water for gas purification, 8 - discharge to the atmosphere

Figure 2 shows silicon substrates coated with a nickel-titanium catalyst before and after the synthesis
of CNTs by CVD. Itis seen that after the synthesis the substrate surface with catalyst layer is covered with
soot, which indicates the possible deposition of carbon nanostructures, including CNTSs.
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Figure 2 - Silicon substrates with a nickel-titanium catalyst
(a) - before and (b) after synthesis of CNTs by CVD

Results and discussions. It is known from the literature [12] that the average size of catalyst
nanoclusters formed after annealing depends on the thickness ofthe initial film, as well as the duration of
heating of the substrate. During our experiments, it was found out that the synthesis temperature plays a
key role in this process, because at different thicknesses of the deposited catalyst layer and at the same
annealing temperature, the diameters ofthe tubes are the same. However, with an increase in the synthesis
temperature, the diameter of CNTs decreases significantly. Using SEM analysis, talking about the
diameter of the tubes is only conditional. However, this analysis shows a significant change in size with
increasing temperature (figure 4-5).

To improve the quality ofthe synthesized CNTs, the so-called titanium buffer layer was used in this
work. As the experimental results show, in the absence of a buffer layer during high-temperature heating,
the silicon substrate material interacts with the catalyst, leading to the formation of nickel silicide islands
[13] (figure 3a). As can be seen from Figure 3b, CNT growth occurs only on these areas. On the rest ofthe
substrate, where no islands are formed, the catalyst loses its activity, possibly due to the diffusion process
into the surface ofthe substrate (figure 3c).

Figure 3 - The formed islands of nickel silicide (a) and selective growth of CNTs on it (b,c)

Thus, to prevent the diffusion of nickel into silicon and the formation of nickel silicide, a thin film of
a titanium buffer layer was deposited on the silicon surface. Under the high temperature, a titanium-nickel
alloy is formed, which subsequently exhibits high catalytic activity. An analysis ofthe results showed that
an increase in the synthesis temperature affects the quality ofthe obtained samples. The properties ofthese
samples were studied by scanning electron microscopy (figure 4-5) and Raman spectroscopy (figure 6).
Raman signal of the synthesized products corresponds to a typical spectrum of multi-walled carbon
nanotubes (MWCNTSs) [14]. Analysis of the Raman data shows that with increase in the synthesis
temperature, the quality ofthe obtained samples improves; this is evidenced by an increase in the G peak’s
intensity and a decrease ofthe D peak intensity (characterizing the defective structure).
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a- Ni (5 nm), Ti (80 nm) b - Ni (10 nm), Ti (80 nm)

Figure 4 - CNT samples synthesized at a temperature of 880°C and synthesis time t - 1min

a- Ni (5nm), Ti (10 nm) b - Ni (10 nm), Ti (80 nm)

Figure 5 - Samples of MWCNTSs synthesized at a temperature of 950°C and synthesis time t - 1min

D G 2D
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RamanShift (1/cm)
Figure 6 - Raman spectra of obtained MWCNTSs
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Sample No. Sample No.

a b

Sample No.
c
where No. 1and No. 3 are samples of Ni (10 nm), Ti (80 nm), T =880 and 950 dC, respectively,
No. 2 and No. 4 are samples of Ni (5 nm), Ti (80 nm), T = 880 and 950 cC, respectively

Figure 7 - Data analysis of the Raman spectra of CNTs

A more detailed analysis of the Raman spectra of CNTs is presented in figure 7. It can be seen that
with increasing temperature and decreasing thickness of the catalytic layer, such trends are observed:
narrowing ofthe half-width of the peaks (figure 7a), which indicates an increase in the crystallinity of the
structure; a decrease in the intensity of peak D, which is represented by the ratio I(D)/I(G), indicating a
decrease in the number of defects in the structure (figure 7b); a decrease in the ratio of G to 2D peaks’
intensity, which indicates an increase in structural ordering in the mutual arrangement of atoms (figure 7c)
[15-16]. Thus, it was shown in the work that the use of a titanium buffer layer allows to reach effective
synthesis conditions, while the diameters and quality of synthesized CNTs depend not only on the
thickness ofthe catalytic film but also on the synthesis temperature.

Conclusion. Due to its variability, the CVD method makes it possible to precisely control the growth
of CNTs. By changing the synthesis parameters, one can control the yield and structural parameters of
nanotubes. In this work, the influence of the synthesis temperature and the thickness of the catalytic layer
on the growth of CNTs, as well as the role ofthe buffer layer, were demonstrated. An increase of synthesis
temperature and a decrease in the thickness ofthe catalyst improves the crystallinity of nanotubes. The use
of a catalyst and an adhesive metal layer, which was a barrier between the catalyst and the substrate, gave
positive results in improving the effectiveness of the synthesis of nanotubes. It was previously assumed
that the catalyst particles during preliminary annealing can dissolve in titanium and lose their catalytic
activity; however, the formed Ti-Ni nanoclusters promoted the catalytic growth of CNTs.
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KOM1PTEKT1I HAHOTYTIKLWENEPAI NI-TI KATAJTIMSATOPbIMEH CUHTESAEY

AHHOTauma. OTbI3 Xbla 60Mbl KeMIpTeKTi HaHOTYTiKLIeNep epeklle KacueTLll, apKacblHAa ranbiMpapabl
KbI3bIKTbIpbIN Kenedi. Onapfbl ukemfai eTKisriw xabblH, cynepkoHaeHcaTop, 6aTtapesnap MeH KyH 6atapesnapbiH
Xacay YLWiH MaTepuan peTiHAe naijanaHy Tamalla MexaHUKasbIK X3He 371eKTPAiK Kacue'w ™ apKbibl 3pi Xorapsbl
3NEKTPOXUMUANBIK TYPaKTbINbITbIMEH epeklleneHedi. Makanafa KpeMHuii cybcTtpaTtbiHgarsl Ni-Ti 6umeTtangpi
KaTanm3aTopblHAa KeMIpTeKTi HaHOTYTiKwenepai cuHTe3dey adicTepiHiH 6ipiH KapacTbipambl3. KaTanuTukanbik
KabaTTblH Ka/blHAbIFbI MEH CMHTE3 TeMnepaTypacbiHbL anbiHraH YArinepgiH canacbiHa acepi e 3epTtengi. CVD
CUHTE3Ai COHIbl eHIMHIH Y/IKeH LUbITbIMAbINbITGI apKbiabl bIKTUMAN €H Konainbl eHAipic agra petiHge XYprisai.
AnbIHraH YArinep ckaHepneyLli aneKTpoHAbl XaHe PamaH CneKTPOCKONUACH! apKbifbl 3epTTeng” CuHTes Temnepa-
TYPAacbIHbIH €CYi X3He KaTanTUKa/blK KabaTTbiH KablHAbIMbIHbIH a3al0bl HETi3iHAE K¥PbIIbIM KPUCTaNAbINbIMbIHbIH
akcapybl, akay CaHblHbIH a3alobl XX3He K¥pbINbIMAbIK PETTLLKTLY Xorapbinaybl 6adikangbl. Katanusatop MeH
TeCeHill apacblHAarbl Kefepri caHanaTblH, KaTaiM3aTop MeH MeTanfblH aAresvsanblk KabaTblH nNaliganaHy,
KeMIPTEeKTi HaHOTYTiKLUeNep CUHTE3IHIH canachblH XakcapTya OH HaTWXe Gepai.

KeMipTeKTi HaHOTYTiKLWe - KybIC LUAVHAPIK K¥PbIAbIM, gnameTpi 6ipHelle HAHOMeTPAeH 6acTanbin oHAaraH
HaHOMeTp/epre AeLUH XeTeTiH, Y3blHAbITbl 6ip MUKpOMeTpAeH XY3aereH MUKpOMeTpre AeidiH Hemece ofaH fa aan
6onaTbiH, KEMipTeK aToMAapblHaH TY3iMreH XaHe LMAMHAPre opanraH rpadeH napakiwackl. Anraw pet KHT xYWeni
TYPge Cymuo Mugxuma (Sumio lijima NEC Corporation) cunattagbl, on onapgbl 1991 xbinsl C60 hynnepeHaep
CUHTE3iHIH XaHama eHiMi peTiHAe alTbl XX3He OHbIMeH 6ip Me3ringe J1.A.YUepHO3aTOHCKMIAAiIH TOObI Aa cunmaTTaraH.
Mopdonorusicel KeMipTeKTiH “Kcac epekile opmanapblHbiH 6ap eKeHAiri Typanbl 6”pblH fa Ke34ecTipinreH,
anarga 6”n X MbicTap ofaH 3pi gamun anvagpl.

KemipTekTi HaHoTYTikwenep (KHT) KenTereH (u3MKanblK X3HE XWUMUAMbIK KacueTTepre ue, OnapAbiH
Kenwiniri epekwe 6onbin kenegi. KHT eTe »orapbl Xbly €TKI3riWTIKKE X3He 6epXnKKe ne, an cosblly MOAyi
6onaTka KaparaHga OGipHelle ece >korapbl. XXapTblfail eTKI3rilTeH MeTanra AeWiHri 3n1eKTp eTKI3rilTIKTIH KeH
CMEeKTpPi oNapabl HAHO3NEKTPOHMKaAa eTKI3rilUTep MeH p-n XapTbinai eTKi3ril K¥pyra, eTKi3riluTiri »xorapbl 6epik
KOMNO3UT MaTepuangap MeH nonvmepnepre QyHKUMoHan4bl Kocnanap acayra KHT nepcrnektusanbl eTepi.
KeMmipTekTi HaHOTYTiKWenepai rbiibiM MeH TeXHUKaHbIH 3pTYpAi canacbiHAa KonjaHy nepcrnekTuBasbl Tancbipma
6onbin  ecenTeneg” CoOHbIMEH KaTap, KemipTeri MaTepuangapbl, Mbicafibl, amMopdTbl KeMipTeK Hemece
aKTUBTEHAIPINreH KeMipTeK, KeHiHeH KonjaHbliaabl XkaHe onapfibl KHT-meH anmacTbipy Keil xarfaifa epekiue
ahpekT Oepean anainpa 6acka KemipTekTi MaTepuangapMeH canbicTbipraHga KHT KbimbaT 6o0nraHfbiKTaH
wekTenear CoHgbiktaH KHT CUHTe3iHIH TMiMAI 3410TepLL XXacay eTe e3eKTi 60/bIn caHanagbl..

CVD - Kes-kenreH cybctpaTka KemipTeK TYTiKWenepiHiH ecy OpHbl MeH FeoMeTpusifibiKk MmapameTprepiH
Hakblnayra MyMKLLALL 6epeTiH Xorapbl TEXHONOrMANbIK 6akbinay agici. Cy6ctpat 6eTwe KHT maccuBiH any YLiH
TAKbIM KabaTbl KakeT. XX"ka MeTann kKabblpwarbl TyKbIM KabaTbl peTiHge 3spekeT eteai api KHT ecyiHiH
KaTanusatopbl 60nbIN caHanafbl, Hen3wWeH MeTann pPeTiHAe HWKenb, TeMIp X3He Kob6anbT KonAblHblNagbl.
Katanusatop kabblpwarbiH any YLiH KaTanu3aTopbl 6ap epTHABAEH XUMUANbIK TaHAbIPY, TepMuAnbIK GynaHy,
MNOHLbIK C3Y/NIEHIH LWaLlblLTYbl HEMECe MarHeTPOHHbIH LUaLlblpay 34icTepiH KongaHy apKblibl KOS XeTw3yre 6onagbl.
B/n " mbicTarbl 6acTel macene KHT ecyiHe 6ydep KabaTbiHbIH 60Mybl, COHbIMEH KaTap KaTanu3aTop KabaTTblH
KaNbIHABITbI XX3HE CUHTE3 TeMnepaTypacbiHa TIYeNLW K 3CepiH 3epTTey.

TYWiH cesnep: KemipTekTi HaHoTYTiKwenep (KHT), CuHTe3, XuMnAnbIK 6yAblH TyH6ackl (CVD), kaTanusarop,
MarHeTpOH/AbI LaLlbIpaTy.

10



ISSN 1991-346X Series physico-mathematical. 4. 2020

X.E. Aaravosl, M.T. Fabaynnuu2 A.I'. batpbiwesls
T.C. PamasaHoBl, H.P. l'yceitHoB2, P. boymaH3

1KasHY um. anb-®apabu, Anvatbl, KasaxcTaH;
HauymoHanbHas HaHOTEXHO/IOTMYecKas nabopaTopms OTKPbLITOro TUMa,
KasHY um. anb-dapabu, Anmatsl, KasaxcraH;
HaHOoTexXHONOrnYecKnii MHCTUTYT AnaHa k. Makduapmnga,
Texacckuii yHuBepcuTeT B [annace, PuyapfcoH, Texac, CLUA,;
4ATbIpayCKWNiA roCyaapCTBEHHbIV YHMBEPCMTET uMeHn X. [locmyxamefgoBa, ATbipay, KasaxcTaH

CVHTE3 YITNMEPOAHbBIX HAHOTPYBOK HA KATATN3ATOPE NI-TI

AHHOTauuMa. YrnepofHble HaHOTPYOKM B TeueHwe nocnegHux 30 net, 6narogaps CBOMM YHUKANbHbIM
CBOMCTBaM, NPeACTaBAAOT MHTEpeC A5 YUYeHbIX. VX UCNob30BaHWe B KayeCcTBe MaTepuana Ana co3faHus rmokux
MPOBOAALLUX NOKPLITUIA, CYyNepKOHAEHCATOPOB, 6aTapei 1 COMHEUYHbIX 3IEMEHTOB ABAAETCS MNEPCNeKTUBHLIM BBULY
TOro, UTO OHW 0613aJalT NPEBOCXOAHBIMU MEXaHUYECKUMWU U 3NeKTPUYECKMMU CBOMCTBAMU, a TakKXe BbICOKON
3/M1IEKTPOXMMUYECKOI CTabubHOCTbIO. B 3TOM cTaTbe paccMaTpuBaeTcs OAWH M3 METOAOB CUHTE3a YrnepofHbiX
HaHOTPY6OK Ha Ni-Ti 6umeTanNMUecKoM KaTaim3aTope Ha NMOBEPXHOCTU KPeMHWEBOM MOANOXKU. TakxXe M3Y4eHo
BIMSIHVE TO/LMHBI KaTaIMTUUYECKOro C10s U TeMnepaTypbl CMHTe3a Ha KayecTBO NOAYyYeHHbIX 06pa3uoB. CuHTe3
nposogunca Metogom CVD Kak O4UH M3 Haubosiee pacnpocTpaHEHHbIX MeTOAOB MOSyYeHUss HaHOMaTepuanoB C
60/bLINM KOMMYECTBEHHLIM BbIXOLOM KOHEYHOro npofykra. onyyeHHble 06pasubl OblIM U3YYeHbl METOAaMM
CKaHupytoLLeld 31eKTPOHHOW MUKPOCKOMUM W CNEKTPOCKONUM KOMOUHALMOHHOro paccesHus. O6Hapy»XeHo, 4To ¢
poCTOM TemnepaTypbl CUHTE3a U YMEHbLUEHUEM TOWMHbI KaTaIMTUYECKOrO Cnos Habngaetcs yaydlleHue
KPUCTaNIMYHOCTN CTPYKTYPbl, YMEHbLUEHWe KOAM4yecTBa AeEKTOB W POCT CTPYKTYPHOW YnopsgoyeHHOCTU.
Vcnonb3oBaHWe KaTanm3aTopa W aare3voHHOro cfos MeTaina, KOTopbli ABNsSACA 6apbepoM MeXAy KaTann3aTopom
1 NOANOXKOW, fano NoNoXUTebHbIe Pe3ybTaThbl B YAyULIEHUN KavecTBa CUHTe3a Yr1epoaHbIX HaHOTPYBOK.

YrnepofHas HaHOTpy6Ka - 3TO Nonas UMAUHAPUYECcKas CTPYKTypa ANaMeTpoM OT HECKOMbKUX L0 HECKONbKUX
[ecATKOB HaHOMeTpOB, A/IMHOW OT OAHON A0 HECKONbKUX COTEH MWKPOMETPOB U 60fiee, 06pa3oBaHHas aTomMamu
yrnepoga v npegcrasnsioLas coboil NNoCKoCTb rpageHa, CBEPHYTYI B LUAUHAP. BnepBble YHT cuctematuyecku
onucaHbl Cymno Wumpxmmoi (Sumio lijima, kopnopauus NEC), obHapyxuBwero ux B 1991 r. Kak No604YHbI
NPOAYKT CuHTe3a (ynnepeHa C60, ¥ NpakTUYeCKW OAHOBPEMEHHO C HUM - rpynnoii J1.LA. YepHO3aTOHCKOrO.
YNOMWHAHUA O CYLLECTBOBAHWM CXOXMX MO MOP(OMOrnM HeobblUHbIX (POPM yrnepofa BCTPeYanncb U paHblie,
0JHaKO fanbHeiLwero pasBuTus 3T paboTbl TOr4a He NOAYUUN.

YrnepofgHble HaHOTPY6kM (YHT) 06nagatoT MHOXECTBOM (M3NYECKUX U XMMUYECKMX CBOWCTB, MHOIME W3
KOTOPbIX YHUKa/bHbl. ¥YHT MMeEIT 04YeHb BbICOKYK TemnONpPOBOLHOCTb M MPOYHOCTb, & MOAYNb YNPYrocTu npu
pacTsXXeHUU BO MHOrO pa3 Bbllle, YeM y cTanu. LLUInpokuii anana3oH 31eKTPonpoBOAHOCTM OT MOMYNPOBOAHMKA A0
meTanna fenaer MX nNepcreKTUBHbIMW AN CO34aHUS MNPOBOAHWMKOB W PN-MEpexofoB B HAHO3NEKTPOHUKE, ANS
CO3[aHNA NPOBOAALLMX BbICOKOMPOYHbLIX KOMMO3UTHBIX MaTepuanoB U (PYHKLMOHaNbHbIX 06aBOK K MosMMepam.
MpuMeHeHWe yrnepoaHbIX HAHOTPYOOK B pas3iMyHbIX 061aCTAX HAYKM N TEXHUKW ABNSETCSA NEPCNEKTUBHONM 3afaqyei.
Kpome TOro, yrnepofHble Mmatepuanbl, TakMe Kak amOp(HbIA Yriepoj WM akTUBUMPOBAHHLIA Yronb, LUMPOKO
NPUMEHAIOTCA, U UX 3aMeHa Ha YHT B HeKOTOpbIX clyyasx AaéT YHWKaNnbHbIl 3QgeKT, orpaHNUYeHHbIA TOMbKO
60nee BbICOKOW CTOMMOCTbIO YHT MO CpaBHeHWIO C ApYrvMuW YriepoAHbIMKU MaTepuanamu. Moatomy paspaboTka
3((heKTUBHbLIX MeTOLO0B CMHTe3a YHT oueHb akTyanbHa.

CVD sBnseTcs MeTOLOM C BbICOKMM YPOBHEM KOHTPOMs npouecca, KOTOPbIA M03BOMSET KOHTPOAMPOBaTb
MeCTONONOXeHNEe poCTa U reoMeTpuyecKue napameTpbl YriepofHbiX TPY6OK Ha l060M Tune NoAM0XKKW. UT0ObI
nony4mTb MaccB YHT Ha MOBEPXHOCTWU MOAJMIOXKKMW, HYXXEH 3aTpaBOUYHbIA Col. B kauecTBe 3aTpaBOYHOrO Cnos
BbICTYNaeT TOHKaa MNéHKa MeTanna, KoTopas fBASeTCA KaTanm3atopoM Ans pocta YHT, B ponu Takux MeTansioB
BbICTYNalOT B OCHOBHOM HWKenb, >efneso W KobanbT. HaHeceHMe NAEHKM KaTanm3aTopa BO3MOXHO C
MCNONb30BaHMEM METOA0B XMMUYECKOrO OCaXAEHUS M3 pacTBOpa, COAEPXKALLero Katanm3aTop, TEPMUYECKOro
ncnapeHns, WOHHO-YYEBOr0 PacCMbI/IEHUS WM MarHeTPOHHOMO pacrnblieHus. B KadvecTBe OCHOBHOrO BOMpoca B
[LaHHol paboTe 6bIN0 UCCNeAoBaHWE BAUSHUA Hanuuus OyqepHOro cnosi, a Takxe TemnepaTypHas 3aBUCUMOCTb U
TONLMHA KaTaIMTUYECKOrO CNos Ha pocT YHT.

KntoueBble cnoBa: yrnepofHble HaHOTPYOku (YHT), cuHTE3, XMMWUYECKoe OcaxieHue U3 napoBoi (asbl
(CVD), katanu3aTop, MarHeTpOHHOE pacrbliieHue.
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