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YnpaBneHnue asoTHbIMU AedeKTaMu B YyrnepoaHbIX Chock tor

HﬁHOTPYﬁHaX ANnA aBTOHOMHbIX MEMPUCTUBHbIX CUCTEM
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AHHOTALMA

WccneposaHmA nocnedHUX NeT MOKasbIBaloT, YTO JOMONHUTENbHOE BBEJEHME reTepoaToMOB B CTPYKTYPY YrNepofHbIX Ha-
HoTpy6oK (YHT) no3BonAeT M3MeHATb X 3NEKTPOHHbIE U Pu3nyeckue cBowcTea [1]. Bonbluoi uHTepec npeacTaBnseT npo-
uecc nernposaHua YHT atomamu a3oTa [2]. BHefpeHWe a30THbIX AeeKTOB B PELLETKY M3 YrNepoHbIX aTOMOB M03BOMAET
MoauduumpoBatb cTpykTypy YHT BnioTh A0 MpoABReHWA aHOManbHbIX CBOMCTB, HE CBOWCTBEHHbIX AaHHOMY Matepuany
[3]. Bbino nokasaHo, 4To MHOrocTeHHble nermpoBaHHble a3otoM YHT (N-YHT) MoryT nposBnATb MEMpUCTUBHbIE, @ TaKkKe
Nbe303/1eKTPUYECKMNE CBOMCTBA [4].

Ynpaenatb napametpamu YHT B npouecce cMHTe3a No3BONIAET METOA M1a3MOXMMUYECKOr0 OCaXEeHWA U3 ra3oBom dasbl
(PECVD). JobaBnenue ammmnara (NH,) K yrnepoaconepxatueMy rasy B npouecce PECVD nossonset nermposatb YHT Heno-
CpefCcTBeHHO B mpovecce pocTa. [1pn 3TOM KoHLeHTpauua nerupyloLLei NpUMecy 1 TMN Co3L4aBaeMblX a30THbIX Ae(GeKToB
OKa3bIBalOT 3HauUMTeNIbHOE BMAHME Ha cBoucTBa YHT. MeMpuctuBHble cBorcTBa YHT yrKe gocTaTouHO mMccnenoBaHbl [9],
0[JHaKO [J1A NPUMEHEHUA UX B aBTOHOMHbIX CUCTEMaxX He0bX0AVMbI AOMONHUTENbHbIE UCCNIEA0BaHMA NapaMeTpoB Nbe3o-
anekTpuyeckoro Mogyna N-YHT.

Lenb pabotbl. ViccnenoBaHue BIMAHKUS NOTOKA aMMUaKa Ha KOHLEHTPALMIO, TUM a30THbIX AePEKTOB U BENIUYMHY Nbe303-
NeKTpMYecKoro Moayna npu seipawmeanum YHT metogom PECVD.

B kauectBe 06pa3LoB Mcnonb3oBany noaioxKku kpemuus (100), Ha KoTopbIx 6binv chopMMpoBaHbI NNEHKKU BydepHoro (Mo,
100 HM) nogcnos u Katanutuyeckoro cnod (Ni, 15 HM). YHT Boipawmsanu npu Temnepartype 550 °C B aTMocgepe aueTuneHa
(C,H,, 35 sccm) n NH,. Mook C,H, coxpaHanca noctoaHHbIM, a notok NH, namenanca B cootHowwennn C,H,:NH, ot 1:1 go 1:10.
Ha ocHoBe nonyuyeHHbIX M300paKeHWI, CAeNaHHbIX C MOMOLLbI0 PacTPOBOM 3MEKTPOHHOM MUKPOCKOMWM, YCTAHOBIEHO,
4YTO C yBENMYeHneM cooTHoleHua notokos C,H,:NH, HabniopaeTtca yBenmyeHne Ni0THOCTU HaHOTPY6OK B MaccvBe. 310
NPOMCX0AMT 3a CYET bonee akTMBHOro pocta N-YHT Ha MeNKMX KaTanuTUYeCKMUX LieHTpax HUKeNA BBUAY YCKOPEHHOro Mpo-
Lecca gecopbuum BoAopoaa v ero CBA3bIBAHWA C MOHAMM B N1a3Me aMMUaKa, YTo NPUBOAWT K YBENMYEHUIO CKOPOCTM Po-
CTa HaHOTpY6OK Ha boniee MeNIKMX KaTanUTUYECKUX LieHTpax. TakuM 06pa3oM, NoLLaab KaTanuTUYecKoro LeHTpa ABNAETCA
OZHWUM U3 JIMMUTUPYIOLLMX (aKTOPOB CKOPOCTM POCTa U MO3BONAET YNPaBATb aCMEKTHbIM COOTHOLLEHUEM W MIOTHOCTbIO
YHT B Maccuse. AHanu3 PO3C-cnekTpoB (POIC — peHTreHoBcKaA GOTO3EKTPOHHAA CMEKTPOCKONMA) MoKasan, vTo C yBe-
nnyeHnemM cooTHowenuna notokoB C,H,:NH, ot 1:1 go 1:10 Takke HabniopaeTcA HeMMHENHOE M3MEeHeHWEe KOHLEHTpaLmMm
nervpyiowen npumeck asota B N-YHT ot 8,4 go 12,0 at.%. 370 npuBOAMNO K HENMHEMHOMY U3MEHEHMIO NbE303NIEKTPUYE-
CcKoro Mofyna HaHoTpybok ot 8,7 fo 20,6 NM/B, a TaKMKe K U3MEHEHMIO UX MEMPUCTUBHBIX CBOMCTB. YCTaHOBMNEHO, YTO YBe-
JIMYEHME KOHLEHTPaLMM NerupyloLLero asota BeET K yBennyeHuio nbesoanektpuyeckoro moayna N-YHT, aenAtoweroca
UCTOYHMKOM MEMPUCTMBHOMO 3¢deKTa. MonyyeHHble pesynbTathl MOMYT BbiTh UCMOMb30BaHbI NpK paspaboTke 3Heproad-
(EKTUBHBIX NbE303NEKTPUYECKMX HAHOrEHEPATOPOB Ha OCHOBE MacCMBa BepTUKaNbHO opueHTUpoBaHHbIx N-YHT ana asTo-
HOMHbBIX MEMPUCTUBHBIX CUCTEM.

KnioueBbie cnoBa: yriepogHble HaHOTPYOKM; MEMPUCTUBHbIE CUCTEMBI; a30THble JedeKTbl; PECVD.

Kak uutuposatb:
Wnbun 0., Xomnenko [.H., Xyberkos C.A., Pyabik HH., UnbrHa M.B. YnpasneHve a3oTHbIMK fedeKTamu B yriepoaHbx HaHOTPYOKax AnA aBTOHOMHbIX
MEMPUCTVBHBIX cucTeM // TeHbl v knetku. 2023. T. 18, N2 4. C. 806-809. DOI: https://doi.org/10.17816/gc623421

AO0MOJIHUTE/IbHAA UHOOPMALIUA

Bknap aBTopoB. Bce aBTopbl NOATBEPHKAAIOT COOTBETCTBME CBOEM0 aBTOPCTBA MexAyHapoaHbIM Kputepuam ICMJE (Bce aBTo-
Pbl BHEC/IN CYLLIECTBEHHBIN BKNa B pa3paboTKy KOHLeNUMm, NpoBefeHve MCCneaoBaHnA v NOAroTOBKY CTaTbk, MPOUNv 1 0f06-
punu GuHanbHylo Bepcuio nepes nybnmKkaumen).

Pykonucb nonyyena: 14.05.2023 Pykonucb opobpena: 26.11.2023 Ony6nuroBaHa online: 20.01.2024
&5
ECOSVECTOR Article can be used under the CC BY-NC-ND 4.0 International License

© Eco-Vector, 2023


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.17816/gc623421
https://doi.org/10.17816/gc623421
https://crossmark.crossref.org/dialog/?doi=10.17816/gc623421&domain=PDF&date_stamp=2023-12-15

MATEPNAJTTE KOHOEPEHLIM Tom 18, N\e 4, 2073 [eHBI 1 KNEeTHN
CONFERENCE PROCEEDINGS Vol 18 (4) 2023 Genes & cells

WUctounuk ¢uHaHcupoBaHma. /iccreoBaHme BLIMOMHEHO 33 CHET rpaHTa Poccuiickoro HayqHoro doHaa N° 22-79-10163
(https://rscf.ru/project/22-79-10163/) B I0xHoM deepansbHOM yHBEpCUTETE.

KoHdnMKT uHTepecoB. ABTOpLI JEKNAPUPYIOT OTCYTCTBME ABHBIX 1 NOTEHLMANbHBIX KOHGMKTOB MHTEPECOB, CBA3aHHBIX C Ny6-
NMKaLMEN HacTOALLEN CTaTby.
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Control of nitrogen defects in carbon nanotubes
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ABSTRACT

Recent research indicates that heteroatoms can be introduced to the structure of carbon nanotubes (CNTs) to alter their
electronic and physical properties [1]. One particularly interesting method is the process of nitrogen doping CNTs [2].
Introducing nitrogen defects into the carbon atom lattice can modify the CNT structure to display anomalous properties
that are not typical of this material [3]. Multi-walled N-CNTs have been shown to exhibit memristive and piezoelectric
properties [4].

The plasma enhanced chemical vapor deposition (PECVD) method can be employed to manipulate the parameters of CNTs
during synthesis. Incorporation of ammonia (NH,) into the carbonaceous gas used in the PECVD process directly dopes
CNTs during growth. The concentration of dopants and the type of nitrogen defects have a crucial impact on the properties
of CNTs. The memiristive properties of carbon nanotubes (CNTs) have been extensively studied [5], however, for their use
in self-powered systems, further research on the piezoelectric modulus parameters of nitrogen-doped CNTs is necessary.
This study aims to investigate the influence of ammonia flow on the concentration, type of nitrogen defects, and the value
of the piezoelectric modulus during growth of CNTs using PECVD.

Silicon (100) substrates served as the sample materials and featured a buffer sublayer (Mo, 100 nm) and a catalytic layer
(Ni, 15 nm). CNTs grew in an acetylene (C,H,, 35 sccm) and NH, atmosphere at a temperature of 550 °C. The C,H, flow rate
remained constant, while the NH, flow rate varied in the C,H,:NH, ratios from 1:1 to 1:10.

Based on the SEM images obtained, an increase in the density of nanotubes in the array was observed with higher ratios
of C,H,:NH; flows. This is attributed to the more active growth of N-CNTs on small nickel catalytic centers, owing to
the accelerated process of hydrogen desorption and its bonding with ions in ammonia plasma, resulting in accelerated
growth rate of nanotubes on smaller catalytic centers. Thus, the size of the catalytic center limits the growth rate, enabling
modulation of the aspect ratio and density of CNTs. An XPS spectra analysis reveals a non-linear increase in nitrogen
dopant concentration in N-CNTs from 8.4 to 12% with augmented C,H,:NH, flow ratio from 1:1 to 1:10. This resulted in
a non-linear shift in the piezoelectric modulus of nanotubes from 8.7 to 20.6 pm/V and a corresponding alteration in their
memristive properties. Increasing the concentration of doping nitrogen has been shown to elevate the piezoelectric modulus
of N-CNTs, thus serving as the origin of the memristive effect. These findings can be applied to the creation of energy-
efficient piezoelectric nanogenerators that use an arrangement of vertically aligned N-CNTs for autonomous memristive
systems.
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