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Introduction’

Various chemical vapor deposition (CVD)
processes are currently used to produce carbon
materials with dramatically different properties (e.g.
diamond [1] and carbon nanotubes (CNT) [2]).
Recently, we have shown that a fully controllable
growth of the polycrystalline diamond (PD),
nanocrystalline diamond (ND) and CNT films can
be achieved in the same dc discharge CVD system
[3,4] by changing pressure and composition of
hydrogen-methane mixture along with substrate
temperature, discharge current and voltage. The
nanostructured graphite-like carbon (NG) films
obtained by the CVD method show excellent
electron field emission (FE) properties and can be
used as very efficient cold cathodes [5,6]. The FE
parameters of the NG cold cathodes depend strongly
on structural and surface morphology of the films.
To evaluate a correlation between the CVD process
parameters and carbon films structure and
composition we have employed a variety of
methods including in-situ and ex-situ Raman and
electron microscopy [3-7]. In this paper, we report
on the optical emission and electric current
measurements in the dc discharge plasma. Our
experimental findings allowed us to obtain new
information on the activated gas phase properties
and on the conditions of fully controllable
deposition of carbon films.

Experimental

The standard Si wafers, Ni, W, Mo and some
other metal sheets and films were used as substrates
with sizes up to 50 mm in diameter. The deposition
was carried out using a hydrogen-methane gas
mixture. The experimental CVD setup was
described in detail elsewhere [4]. In brief, a distance
between the cathode and tungsten anode in the
reactor chamber is 50 mm. The substrate for carbon
film deposition locates on the water-cooled anode.
The internal diameter and height of the cylindrical
reactor chamber is 400 mm. The chamber has water-
cooled walls with quartz windows, which allow us
to measure optical emission spectra (OES) of dc
discharge plasma.. The plasma emission can be
collected from different areas of discharge volume
along reactor axis with 5 mm space resolution. OES
are measured at the hydrogen-methane mixture
pressure from 10 to 150 Torr and methane
concentration from 0 to 25%.
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Results and discussion

Figure 1 shows a typical Raman spectra for
polycrystalline diamond film (spectrum 1),
nanocrystalline diamond (spectrum 2),
nanostructured graphite-like material (spectrum 3),
and carbon soot (spectrum 4) grown according to
Table 1. In these spectra, Raman lines at 1140 and
1470 cm™ are specific for diamond particles with
size smaller than 2 nm, while 1330 cm™ corresponds
to “usual” diamond particles, which have larger
diameter. The Raman lines at 1350 cm™ and in the
vicinity of 1580 cm™ (between 1550 to 1620 cm™)
are attributed to different forms of disordered
graphite. It should be noted that similar 1580 cm™
line is typical for multiwall carbon nanotubes [2].
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Figure 1

Figures 2 and 3 show the dc discharge shapes and
the plasma emission spectra taken at various
methane concentrations and total gas pressure of
80 Torr.
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Figures 2(a) and 3(a) correspond to discharge in

the pure hydrogen atmosphere at =650 V and / =

7 A. In such a case the recombination lines of the

atomic (Hg - 486 nm and H, - 656 nm) and




molecular (H, - 550 to 650 nm) hydrogen dominate
the emission spectrum.

Figures 2(b) and 3(b) correspond to the discharge
at 8% methane concentration and V' = 750 V and
I= 6 A. In the spectrum on Fig. 3(b), one can
observe the characteristic emission of CH radicals
(390 and 430 nm) and C, dimers (515 and 560 nm).
By performing spectral measurements in different
areas of the plasma, we find that intensities of
hydrogen-related OES lines are nearly independent
of the position, while intensities of OES lines
associated with CH and C, are significantly higher
near substrate surface than in discharge peripheral
areas. In our experimental conditions, we observe
these lines for methane concentration in the range of
2 to 25%.

By using the results of our Raman measurements
(see Fig. 1 and Ref. [3,4]), we show that in our
experimental condition, at total gas pressure near 80
Torr, polycrystalline diamond film is produced at
methane concentration from 0.1 to 2% depending on
the substrate temperature. Methane concentrations
in the range from 2 to 5% correspond to formation
of so-called nanocrystalline diamond films.
Graphite-like carbon materials composed of CNT
and NG can be obtained with 5 to 10% of methane
in gas mixture. When methane concentration
exceeds 15%, only highly disordered soot-like
carbon materials are deposited in our CVD system
[3].

We believe that the presence of C, dimers in
plasma during CVD is crucial for formation of
various nano-carbon materials (ND, NG, CNT). The
carbon dimers may play a dominant role in the
synthesis of nanocrystalline diamond. In particular,
insertion of the C, into acetylene-like C=C bond to
produce a carbene structure is the most energetically
favorable scenario. Empirical calculations have
shown [8] that the addition of C, may result in
evolution of critical nuclei into two-dimensional
graphite-like sheets, which become mechanically
unstable and roll up spontaneously to form CNT in a
non-catalytical process [4]. This model was
confirmed by scanning electron microscopy (SEM)
results. Figure 4 shows the SEM images of the NG
CVD film grown during 15 min (Fig. 4 (a)) and 60
min (Fig. 4 (b)).

Figure 4
One can see increase of NG species size and

significant modification of their shape with
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deposition time. Specifically, the shape changes
thickness of the graphite sheet is composing the
scroll. Such scrolls may be developed into multiwall
carbon nanotubes during the CVD process. The
corresponding CNT growth mechanism has no need
in any catalyst in contrast to other methods [2].

Conclusion

In conclusion, the range of electrical parameters,
which ensure the stable dc discharge in hydrogen-
methane gas mixture, is determined for various total
pressures and methane concentrations. Thin film
carbon materials with different nano-diamonds and
carbon nanotube compositions are deposited from
the dc plasma by variation of the discharge current
density in the range of 0.2 to 0.5 A/cm’. Space-
resolved optical emission spectra of the dc discharge
plasma were measured during CVD process and
showed the presence of CH and C, species near
substrate surface. The C, presence is particularly
important to explain well graphitized nanostructured
carbon material formation on substrate. We also
observe a direct condensation of carbon in plasma
gas phase for methane concentration exceeding
15%.
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TOHKOIIVIEHOYHBIE HAHOYIJIEPOJAHBIE MATEPHUAJIBI:
CHUHTE3 U CBOMCTBA
A.A. 3oaoryxun*, A.H. O0pasuos, A.Il. Boikos, A.O. YcTruHoB

Ousnueckuii pakyapTeT MI'Y nm. M.B. JlomoHOCOBa,
Mocksa 119992, Poccuiickas ®enepanus

Beenenue

B nacrosmee Bpems CVD mpoueccel akKTUBHO
WCTIONIB3YIOTCS Ul CUHTE3a YIJIEPOIAHBIX MaTepH-
QJIOB C Pa3IMYHBIMH (PU3UKO-XUMHUYECKUMH CBOM-
ctBamu (Takux Kak anMma3 [l] u yriepomHbie
HaHOTpYyOKn [2]). Pematomee BausHHE Ha WX
CTPYKTYpHBIE XapaKTePUCTUKH OKa3bIBAIOT IMapa-
METpBHI TIPOIIecca OCaXKICHUS, TAKHME KaK JaBIICHHE
M COCTaB Ta30BOM CMECH, TeMIIepaTypa MOJIOXK-
KH, HamlpsOKeHUEe U TOK pa3pAana.

B nanHOii paboTe mpelncTaBiIeHBl pe3ybTaThl
AKCIIEPUMEHTAILHOTO HCCIIEOBAaHUS IPOIECCOB
OCX/IECHUS YTIEPONHBIX HAHOMATepHANOB C
MOMOIIBI0 METOJOB KOMOWHALIMOHHOTO pacces-
Hus cBera (KPC), ontmyeckodl 3>MUCCHOHHOMU
criektpockorm  (O3C), 3IeKTpOHHOU AudpaK-
LMY, MUKpockonuu u Ap. Takoe uccnenoBaHue
MTO3BOJIMJIO BBIIBUTH ONPEAETICHHOE COOTBETCTBHE
Mexay nmapamerpamu CVD mporecca m Xxapakre-
PUCTHKAMH IOJy4aeMBbIX IJICHOYHBIX YTIEpPOJ-
HBIX MaTepuanios [3-7].

IJKCHepUMeHT

Ocaxxnenne yriiepoJHbIX TUIEHOK MPOBOANIIOCH
B PEAaKUMOHHOW Kamepe, (MOIpoOHOE omucaHHe
CM., HanipuMep, B [4]). B nanHoii paboTte skcriepu-
MEHTHI MPOBOJAWIINCH C HCIIOJIB30BAHUEM TIOIJIO-
ek 13 kpemHus nuamerpom 50 mm. Temmeparypa
TTOTO’KEK ToIIepKkruBaiack pasuoit 950 °C.

KBapueBbie OKHA B CTEHKaX PEaKIMOHHOW KA-
Mephl TMO3BOJISUTH TMPOBOJUTH BHU3yallbHOE Ha0-
JIIOZICHUE 3a Ta30paspsAIHOM IUTa3MOM, a TaKxke
PETUCTPALIMIO ONTHYECKUX 3MHUCCHOHHBIX CIEKT-
poB (O3C) mnasmel. U3mepenus OOC mpoBonu-
JIUCh JUISL pa3JIMYHBIX AABJICHUN ra30BOM CMECH B
npenenax oT 10 mo 150 Topp u mpu pasnudHBIX
KOHIIEHTpallMAX MeTaHa B Auamnazone ot 0 1o
25%.

O0cy:xneHue pe3yabTaTOB

Ha puc.1 npusenensl Tunnunsie cnekTpsl KPC
JUIA  TIOJIMKPUCTAJUIMYECKOW ajMa3HOW TUICHKH
(cmexktp 1), HAHOKPHUCTAIUIMYECKOTO  ayMasa
(criexTp 2), HAHOCTPYKTYPHPOBAHHOTO rpaddHuTo-
nogoOHOro Marepuana (CmekTp 3), W caxe-
nmonobHoro Matepuana (criektp 4). B ykazaHHBIX
cnextpax muHuE 1140 u 1470 cM' XapakTepHbl
IUISl alIMa3HBIX HAHOKPUCTAJIOB Pa3MEpPOM MeHee
2 HM, B TO Bpems Kak juHHs 1330 cM' oTBeuaer
“0OBIYHBIM” KpHUCTAJIIAM ajaMa3sa, 0ojiee KpyImHBIX

pa3MepoB. JIMHUKM KOMOWHAIIMOHHOTO pPaCcCEesSHUS
1350 cm™' u B o6mactu 1580 cm’ (ot 1550 mo
1620 cM™) COOTBETCTBYIOT pasIMUHBIM (hopMam
pasynopsigoueHsoro rpadura. Juans 1580 o™
TakKe  XapakTepHa IS MHOTOCTIOWHBIX
YTJIEPOTHBIX HAHOTPYOOK [2].
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Ha puc.2 npusenenst OODC raszopaspsaHoit
IUTa3MBbl, 3apErHCTPUPOBAHHBIE IJI1 KOHLEHTpa-
uuit merana 0% wu 10% (Puc 2(A) u 2(B)
COOTBETCTBEHHO), W U1 ydacTKa Ha mnepudepuu
cBeTsmelicss obmact B ciaydae 25% KOHIIEHT-
partun  (Puc. 2 (C)). Ha puc.3 mnpuBeneHs
¢dororpadun TUIA3MBI paspsina MpH JAaBICHUU
ra3zoBoil cmecu 80 Topp U KOHLEHTpALMU METaHa:
0% (A), 10% (B) 1 25% (C), COOTBETCTBEHHO.
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Cnektp A paspsga B YHCTOM BOJIOPOAC 3ape-
TUCTPUPOBAH MpU HampskeHuH paspsaa 650 B u
TOKe 7 A, B M3JIy4YeHHH IUIa3Mbl MpPeoOsIafaioT
JUHAN PEKOMOHMHAIIMOHHBIX TEePEX0JI0B aToMap-
Horo (Hg - 486 um u H, - 656 HM) u Mouneky-
nsipHOTO Bomopona (Hj - ot 550 mo 650 uMm). Ilpu
N00aBIICHUU B Ta30BYI0 CMECh METaHa MOSBISIETCS
KENTo-3eJicHass  OKpacka o0JacTH  paspsja,
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XapaKTEpHBI  CHEKTp HM3IY4YEHUS KOTOPOro
(cektp (B)) comepkuT peKOMOWHAIOHHBIS
nuann pagukanoB CH (386 u 422 uM) u qumepoB
C, (515 u 560 um). [IpuBenennsiii Ha puc. 2 (B)
CIEKTp MOJIy4YeH npu HampsbkeHuu 750 B u Toke
paspsima 6 A.

[Ipu conepkaHuu MeTaHa B Ta30BOM cCMecH
Boime 15% Ha mepudepun MmiazMeHHOTO cTojba
HaOOJAIOCh MHTEHCHBHOE OPAH)KEBO-XKEIITOE
ceeuenne (Puc 3(C)). DOMHCCHOHHBIN CHEKTD,
MOJTyYEHHBIN JUIS TaKOro nepudepuitHoro ydact-
Ka IUIa3Mbl TPU OTHOCHUTEIHHON KOHIICHTPAIHH
metaHa 25 %, Hanpsbkernu 850 B u Toke paspsiga
5 A mpencrasinen Ha pucyske 2(C).

AHanu3 pe3yJabTaTOB DKCHEPUMEHTOB IO KOM-
OMHAIIMOHHOMY DPAacCesHUIO TI03BOJISIET yTBEPK-
naTth, 4To mpu faBieHuun oxojo 80 Topp wu
koHueHtpanuu Metana 0.1 — 2% (B 3aBUCUMOCTH
OT TeMIepaTyphl MOAJOKKH) TTPOUCXOTUT OCaXK-
JIEHUE TIOJIUKPUCTAINIMYECKOW aaMa3HOM IUICHKH.
Konnenrparuu merana 2-5% mnpuBoaut K Qop-
MHUPOBaHUIO HAHOKPHUCTAUIMYECKOH alMa3HOM
mieakn. O0pazoBanne TpaduTONOTOOHOTO MaTe-
puana, HabIoAaeTCs PU KOHLEHTPALUAX MeTaHa
5-10%. IlpeBbllieHHE KOHIIGHTpAUUMU MeETaHa
15%, mnpuBomuT K 00pa3oOBaHHIO pa3ymops-
JOYEHHOT'O CaXKermo00HO0T0 yIiiepoa.

DKCIEPUMEHTANIbHBIE U JIUTEPATypHbIC NTaHHbBIE
[8] yka3blBalOT Ha TO, 4TO Hamuuue aumepoB C,
ra3opaspsiiHOM IuUIa3Me, BO3MOXKHO, SIBJSETCA
OTIpENeNsIOMmUM (aKTOpOM MpPOLEccOB (HOPMHPO-
BaHUS Pa3UYHBIX HAHOYTJIEPOIHBIX MATEPHAJIOB.
[Ipm ocaxkneHWM Ha TIOBEPXHOCTH TOIJIOKKH
mumepoB C, Hamboree BBITOJHBIM C 3HEPreTH-
YeCKOil TOYKM 3peHHs SABISETCS (OpPMUpOBaHHE
KJIACTEPOB B BHIE JMHEWHBIX IIETIOYEK aTOMOB C
AI[CTUJICHONIOMOOHBIMU ~ CBs3sIMH  (KapOWHOBBIE
CTPYKTYpHl). [Ipu JOCTHXKEHUU HMH HEKOTOPBIX

KPUTHYECKUX pa3MepoB, TaKUE CIOH MOTYT
CaMOIIPOM3BOJIBHO  CBOPAuYMBAThECS, (popMupyH,
OOBEKTHl ~ aHAJOTMYHBIC  YIJIEPOJAHBIM  HAHO-

TpyOKaM WM CcO3/1aBas 3apoAbINU IS UX
MOCIEYIONIEero pocTa

Takast MoJiellb GOPMUPOBaHHST HAHOTPA(QUTHBIX
MaTEepHaJOB COINIACyeTcsl C AaHHBIMH DKCIIEPH-
MEHTOB IO PAacTPOBON 3JICKTPOHHOH MHUKPOCKO-
muu (POM). Ha puc.4 npusenens ¢ororpadus
TaKUX CTPYKTYp, MOCJIE OCaKICHUS B TEUCHHE
15 munyT (puc.4(a)) u 60 munyT (puc.4(b).

Figure 4
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IIo mamHBIM HccnemoBanuii ¢ momMomso KPC,
ANIEKTPOHHON MHUKPOCKONHH, TUGPAKINHA, H IP.,
Marepual IUJICHKA W JaHHBIX MHKPOCTPYKTYP
MPENCTaBIeT COOOW XOPOIIO YHOPSAOYCHHBIH
rpadut. Tor akr, YTO BHYTpEHHSS 4YacTb
CBEpHYTOT'O JHUCTOBOTO 3jeMeHTa Ha puc. 4(b)
BHUJIHA CKBO3b €0 BHEUIHUW CJIOW, yKa3bIBaeT Ha
HE3HAUUTEIBHYIO TOJIIMHY 3TOro ciuos. Jus
BTOPHYHBIX  JJICKTPOHOB, co3fmaromux POM
M300pakeHUE, MPO3PAYHBIM MOXKET OBITh CJIOW
rpaduTa, COCTOSAIIMIA TOJBKO W3 HECKOJIBKUX
ATOMHBIX CJIOCB.

[Tomo6HOE “cBOpaunBanue”’ rpaduTHBIX
JIUCTOB, BO3MOXKHO, CIOCOOHO TIPUBOJUTH K
00pa30BaHHUI0  MHOTOCJOWHBIX  YIJIEPOHBIX
HaHOTPYOOK B X0ae CVD mporrecca.

3akiaouenne

B pesynbTaTeé NOpOBENEHHOrO MCCIEAOBaHUSA
YCTaHOBJICHa B3aUMOCBSI3b MEXAY INapaMmeTpaMu
aKTUBUPOBAHHOW METaH-BOJOPOJHON CMecHu U
(ha30BBIM COCTABOM U CTPYKTYPHBIMH XapaKTEpH-
CTUKAMHM OC&XJAEMbIX U3 Hee YIIePOIHBIX
MJIeHOK. TOHKOIJIEHOYHBIE YIJIEPOJHbIE MaTepHa-
JIbI C Pa3IMYHbIM COAEP)KAHUEM HAaHOAJIMa3HOU U
HaHOTPa(UTHOW KOMITOHEHT OBLIM TOJIY4YEeHHI B
CVD mpormecce pu TUTIOTHOCTSIX TOKa paspsiga OT
0.2 10 0.5 A/em®. B Xozie OCakICHHS M3yYaluCh
O3C mma3mbl paspsga, ObBUI 3aperHCTPUPOBAH
¢axt Hanmmuus coeguHeHuit yriepoga CH u C, B
ra3oBoii (hase BOJU3U MOBEPXHOCTH IOJIOKKH.
[lpemnoxken MeXaHH3M  OeCKAMAIUMUYECKO20
(hopMupoBaHUs HaHO- (POPM yriepoaa, B KOTOPOM
MpeJnoaraercs KI4eBas pojb COSTUHEHUM
numMepoB yriepoaa C,.
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