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The results of numerical simulations, optical emission spectros@Ofs, and quadrupole mass
spectrometryfQMS) of inductively coupled Ar/CH/H, plasmas in the plasma enhanced chemical
vapor depositiofPECVD) of self-assembled vertically aligned carbon nanostructi@és) are
presented. A spatially averagéglobal) discharge model is developed to study the densities and
fluxes of the radical neutrals and charged species, the effective electron temperature, methane
conversion factor under various growth conditions. The numerical results show a remarkable
agreement with the OES and QMS data. It is found that the deposited cation fluxes in the PECVD
of CNs generally exceed those of the radical neutrals2@4 American Institute of Physics.

[DOI: 10.1063/1.1642762

I. INTRODUCTION Recently, capacitively coupléd, microwavé* and induc-
tively coupled plasmaglCP9%° of various hydrocarbon-

explored for the fabrication of various nano-electronic de-225€d gas mixtures have successfully been applied for the
vices such as electron field emittérsitrafast transistors, ~OW-temperature CN growth~+300-500°C). However, ca-
and microelectrochemical systefgxcellent electron field Pacitively coupled plasmas have not been widely used for
enhancing properties of the CNs are attributed to their uniquéis purpose due to strong fluctuating self-bias potentials that
structural and size-dependent electronic propeftigerti- somewhat compromise the ability to control the substrate
cally aligned CNs are also mechanically and chemically roPotential. On the other hand, microwave and IC plasmas
bust and are able to emit large currents at low electric fields.have recently been considered more attractive in this regard,
The fabrication of large-area ordered carbon nanostructurdg particular because of the low-pressiite-100 mTor) op-
on conducting substrates is thus essential to achieve a higifation, high electron and ion densities 40102 cm™3),
uniformity of the electron field emission required for the and controllable ion fluxes onto the growth surfaces. Re-
development of vacuum microelectronic devices. markably, the ion bombardment contributes to the fragmeta-

Chemical vapor depositiofCVD) and plasma-enhanced tion of catalyst layers and thus plays a key role in the
chemical vapor depositiofPECVD) have recently become PECVD growth of carbon nanostructures at lower substrate
common carbon nanostructure growth technidiés.The  temparature® Our previous studies revealed that numer-
low-temperature PECVD offers a great deal of vertical align-ous vertically aligned carbon nanostructures with high aspect
ment and ordering of the CNs due to dc electric fields normatatios can be grown on large-ar@# to 300 crd) Ni/Fe/Mn
to the growth surfacé&, which favorably differs it from many  catalyzed silicon substrates in this temperature range using
conventional CVD techniques. low-frequency inductively coupled Ar/GHH, plasmas-®®

The essential parameters of the PECVD growth of the | order to control the deposition process and improve
ordered carbon nanostructures are the feed gases, inpyWe emission and other properties of CNs as well as to ex-
power, the natugri)of catalyst, the substrate temperdiire piore the possibilities for the up scaling to larger growth
and dc biasVs.™™ To date, many experiments have t%eenareas, an insight into the gas-phase plasma processes is cru-
focused on the minimization of the growth temperattifé” iz “Nymerical modeling of the plasma discharges can un-
ambiguously reveal the underlying physics of the deposition
dAuthor to whom correspondence should be addressed; electronic maiPrOCeSs and contribute to the development of the future in-
syxu@nie.edu.sg dustrial process specifications.

Carbon nanostructurd€Ns) have recently been widely
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Despite the extensive theoretical studies of the plasmas
in various hydrocarbon-based feedstock used for the PECVL,
of diamond-like, graphite-like and amorphous carbon films
in the last few decad&$?2 and wide application of the
PECVD methods for the CN growth:*'?the modeling of
the low-temparature plasmas in the carbon nanostructur¢d
growth only recently attaracted the attention it metits2
However, the existing modeling wdtk®?4is limited to high-
pressure £3Torr) CN growth regimes in methane/
acetylene carbon-bearing gases diluted with 5NH},.
Hence, the properties of low-pressure 100 mTorr) plas-
mas in the PECVD of the ordered carbon nanostructureg
warrant immediate attention. :

This article reports the results of the diagnostics and nu
merical modeling of the low-frequency ICPs of Ar/GHH,
gas mixture previously used in the PECVD of self-assembledi
ordered carbon nanotip structur@s® The effects of varia-
tion of the discharge control parameters on the methane cofiG. 1. High-resolution scanning electron micrograph of carbon nanotip
version factor, electron energy, densities of the neutral ang™@ deposited in the IC plasma of Ar/GHH, mixture atPi,=2kWw,

. . Ja=35scem, Jy =12.4 scem, Joy =7.5scem, V=—300V, and T
charged species, and their fluxes onto a nanostructured Suf300°c 2 4
face are studied using a spatially avera¢gldbal) discharge '
model and are found in a remarkable agreement with the
results of the optical emission spectroscd@ES and quad-

tenance and operation due to the outstanding ionization/
rupole mass spectrometf@MS) measurements.

dissociation capacity of Ar in CHH,/Ar gas mixture$82°
Meanwhile, the inductive coupling efficiency can be im-
Il EXPERIMENTAL DETAILS proved as compared with undiluted hydrocarbon/hydrogen
mixtures. To this end, the rf coupling in 8B, /H, discharges

A low-frequency (~0.46 MHz) ICP source has previ- features a very strong capacitive componenhe use of the
ously been used in the PECVD of CRs'® In this work, the  pure hydrocarbon feedstock has previously been disfavored
same conditions are used for the discharge diagnostics amtlie to the enhanced deposition of amorphous carbon. Thus,
modeling. Below we give the most essential description ofthe role of the H/HN; diluent is in the predominant removal
the setup. Other experimental details can be foundf the amorphous phase from nanostructured carbon-based
elsewheré®2?’ A cylindrical stainless steel reactor chamber films. We note that other inert and hydrogen-bearing gases
of the plasma source has the inner diamef®r=32 cm and  can be used to dilute the,B, reactive feedstock. However,
length 23 cm. The chamber is cooled by a continuous watelrle is more common in the CNs growth in dielectric barrier
flowing between the inner and outer walls of the chamberdischarges at atmospheric pressiifes.
The top plate of the chamber is a fused silica disk, 35 cm in  Variations of neutral densities with the input parameters
diameter and 1.2 cm thick. A top surface of the stainless steglre measured by a Microvision Plus LP101009 quadrupole
substrate holder of 17.5 cm diameter is located 11 cm belownass spectrometer equipped with a Faraday cup detector. A
the bottom surface of the quartz window. A dc voltage in thetypical distribution of the radical and nonradical neutral spe-
range of 0—300 V has been applied to the substrate holder wes in the PECVD of the self-assembled ordered carbon
reproduce the CN growth conditioh%!® A 450 I/s turbo- nanotip arrays is shown in Fig(&. The optical emission
molecular pump backed by a two-stage rotary pump is useftom the ICP discharge has been collected in the radial di-
to evacuate the plasma chamber. The inflow rates of thesction using a collimated optical probe mounted 6 cm below
working gases(Ar, H, and CH,) are regulated by MKS the quartz window in the diagnostic side port of the chamber.
mass-flow controllers. The inflow rates of Ar and Chkave  The emission is transmitted via an optical fiber to a
been varied from 10 to 50 sccm and 3 to 7.5 sccm, respeSpectroPro-750 spectrometgkcton Research Corporatipn
tively. In this work, the hydrogen flow rate was fixed at 12.4 with the spectral resolution of 0.023 nm. The optical emis-
sccm. The total gas pressure in the discharge chamber mesion spectra of the excited neutral and ionized species have
sured by a MKS Baratron capacitance manometer is in theeen investigated in the wavelength range 350—850 nm. Fur-
range of 20—70 mTorr. The rf input power was varied fromther details of the optical emission intens{tyEl) measure-
1.8 to 3.0 kW. A typical scanning electron micrograph of thements can be found elsewhére?’
PECVD-grown ordered vertically aligned carbon nanotip  The optical emission spectra for the experimental condi-
structure is shown in Fig. 1. tions of Fig. 1 are shown in Fig.(B). Argon lines originating

In the previous experiments of our grotfp'®the argon  due to 4—4s transition can be observed in the wavelength
was used as a multi-purpose dilution gas. First, the biasrange 750—840 nm. Emission from the hydrogen Balmer line
controlled argon ion bombardment was enforced at the initiaH,, is seen at 656.2 nm, andzHt86.1 nm line can also be
Ni-based catalyst pretreatment stage. Second, the dilution ddentified. Furthermore, hydrogen molecular line at 420.5 nm
the working gases with argon facilitates the discharge mainis present in the emission spectrum. Intense emissions from
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B. Balance of radical and nonradical neutrals

the active hydrocarbon and carbon species, such as the mo- The set of balance equations for methane
lecular bands corresponding to tiB# > —X?II and A’A

— X211 transitions(at 387.1 and 431.4 nm, respectivelye INcH, o —Os — E KN + E mn
also observed. The line belonging tg Swan band system, gt CHa TCHy & TiTelCH, T BTKm
corresponding to thel*[1,—a3ll,, transition withAv=0 is
located at 516.5 nm.
— 2, kingn 3
Due to the limited space of this article, the experimental |Es 1sTch, &

results showing how the external paramet@fgpower and
gas inlej affect the internal discharge propertigiensities of
neutral species and OEls of the excited neutral speeidls Ny,

be presented together with the computation results to enable —5—= | HZ_OHZ_E_ kinenH2+; Kj NN,
a direct comparison. ' em

and hydrogen source gases

—ZS Kingniy, +0.5K {foiny (4
I1l. GLOBAL DISCHARGE MODEL

. . is complemented by the balance equations of other radical
A. Basic assumptions

and nonradical neutral species

A spatially averagedglobal) model has been developed
to calculate the charged ar_wd neutral par_ticle densities in the _trZE khnenh+2 kjnknm_E kingn, — K! Ny
ICPs of Ar/CH,/H, gas mixtures used in the PECVD of h jkm Is
ordered carbon nanostructures. The two basic sets of equa- _
: : . O, ()
tions of the model include the rf power and species balance _
equations. Below, we specify the basic assumptions. TableWherelcy,, Iy, are the inflow, and¢yy,, Oy,, andO, are
details the neutra(seven nonradical and five raditand the outflows of the Cll, H,, and other radical and nonradi-
charged(electrons and ten cationspecies included in the cal neutral species per unit time, respectively. A rate at
computation. Anions are not accounted for here due to prowhich speciesa=Ar, CH,, and H, enter the reactor
nounced electropositive features of Cahd H, plasmas™®? | [cm %/s]~4.4x 107 J, [sccni/V is proportional to the
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gas inlet flow ratel,, whereV is the chamber volume in TABLE II. Electron reactions with atoms and molecules.
cn. The rate at which the molecules leave the discharge i5

O,= Ypumdo/V, Wherewvyy, is the pumping rate in Cchfis. Reaction Chemical reaction Re.
The third terms on the right-hand side of E43) and (4)  Ar excitation e +Ar—Arf+e” 52
account for the losses in the electron impact reactiong." lonization e FA-Arte 52
whereas the fourth and fifth terms account for the gain anaH,, excitation e”+CH,—CH; +e~ (2 vib) 53
losses from the neutral/ion-neutral reactions, respectivelyeH,, ionization e +CH,—CH;] +2e" 53, 52
The last term in Eq(4) reflects the fact that the atomic CHa, ionization e +CH,—CH; +H+2e” 53
hydrogen is usually converted into the molecular state as g dissociation e +CH,—CHy+H+e™ 56
result of the surface reactions. The first term on the right-CH“’ dissociation e TCH,—CH,+2H+e >
hand side of Eq(5) describes the generation of speciess  H, ionization e +H—H"+e” 57
a result of the electron-impact reactions, while the second! excitation e tH-H"+e 55
and third terms account for the gain and losses of the samg, , excitation e +H,—H:+e (2 rot, 3 vib 52
species in the neutral/ion-neutral reactions, respectively,, ionization e +H,—Hj +2e” 57
Here,K{,,n, is the number of radical neutral specieost  H,, dissociation e +H,—2H+e” 58
on the discharge walls per unit time per unit volume, whereC2H4, excitation e+ CHy— CHE 4 (2 vib) 52. 54
Kiwan= YrvinSsurf4V. Furthermoreyy, and vy, are the model ¢y, | ionization e+ CyHy— CoH; + 26 52, 54
wall sticking coefficient and the average thermal velocity ofc,H,, dissociation e~ +C,Hy— CoHy+ 2H+ e~ 59
radical species, respectively, an®,; is the chamber sur- . excitation Gt G YD) p—
face area. It is further assumed that the sticking coefficientész' ionization e*jczﬁ jC2H++26, 59
for CH, CH,, CHy, C,Hs, and H species are 0.025, 0.085, 2% GG
0.013949 0.01#142 and 0.0083 respectively. The sticking CzHs. ionization e +CyHg— CyHg +2e~ 59
probabilities of all nonradical neutral species have been ag=Hs. ionization e +CoHg—CoHg +H+2e” 59
sumed to be zero. Since the argon densityis almost in- gzﬂe’ stsocfatfon € tCH—CHst Hye gg
variable in the plasma reactions and is also much higher thaif_*’ issoctation e +CHs G, +2hre
the combined ion density, it is reasonable to asdgft C.Hs, ionization e +CyHs—C,Hs +2e~ 59
=Oar= vpumglar/ V. CoHs, io.nizat-ior) e +CHs— CoH, +H+ 2e” 59
C,Hs, dissociation e +CyHs—CyH;+H+e 59
CH,, ionization e +CH,—CH; +2e~ 59
C. Plasma model CH,, dissociation e’+CH22—>CH42-H+e’ 59
Th . . igsd3 CH;, ionization € +CH;—CH; +2e” 59
e balance equation for the cation spegi CH,, dissociation e +CH, -~ CH, + H+ e~ 59
Ng CHj, dissociation e +CHz—CH+2H+e" 59

Vnevi,i=(h AL+ hRAR)niUB,i+VjZl Kexijning,  (6)
q

wherek,, ;; is the charge-exchange rate coefficient for asym- Pevzenevz Viz €L
metric collisions between the ion specieand neutral spe- =1
cies j, Ng is the number of neutrals that take part in thewhere q is the number of cation species generated in the
charge-exchange collisions with the ion species;, ; is the  discharge, and
ionization frequency for the production of the ion spedies
Here, A, =27R?, Ar=27RL, h, andhg are the ratios of
the densities of the cation speciesn the outer surfaces of a
cylindrical plasma column in the axiak€0,L) and radial
(r=R) directions to the bulk averaged density, respec-
tively. In the low to intermediate pressure regif@R,L)
=\=(T;/Te)(R,L)] the above ratios afé h, =0.863
+L/27} Y2 and hg=0.8{4+R/\;} Y2, where \; is the
ion-neutral mean free path. For the EEDF EL), the veloc-
ity of ion species at the plasma-sheath edge entering @y.
is ug ;= \2(e)/mT(£)/VT(&,)T(£3), where (€)=1.5T¢
=¢;[5€%exp(—c,)de, £3=1/2x and T is the effective
electron temperature.

The power balance equatitin

Nexc

Vizi€L,i = Viz,i€iz,i + kE—:l Vexc,keexc,k+ 3Ve|asmeTeﬂ/Mi .

Here, v=(ov)n, is the collision frequencyov) is the rate
coefficient obtained by the averaging of collision cross-
sectiono over the EEDFn,, is the density of neutral®,. is
the number of excitation energy-loss channets, and M;
are the electron mass and masstbfion, respectively. Fur-
thermore,e;,; is the threshold ionization energy for the pro-
duction of the cation Speciés vey.x andeq,ck are the exci-
tation frequency and threshold energy for kth level of a
neutral, €_; is the total collisional energy loss for the cre-
ation of the electron-ior(speciesi) pair. The sum ovek
includes all inelastic electron-neutral collisional processes
Pin=Pey+ Py 7) that do not produce positive ions.

In addition, a number of rotational, vibrational/electronic
completes the basic set of Eq2)—(6), whereP,, is the total  excitation, and dissociation processes have been taken into
rf power deposited to the plasma. The energy lost to theccount hergsee the Appendix and Table).lThe second
electron-neutral collision processes is term in Eq.(7)
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TABLE Ill. Neutral-neutral reactions. TABLE IV. lon-neutral reactions.

Reaction Rate constakt(cm®s 1) Ref. Reaction k (cm®s 1) Ref.
H+CH,—CHz+H, 2.2<1072°T3 exp(~40451T ;) 60 CH; +CH,—CH{ +CH;, 1.5x10°° 61
H+CH;—CH,+H, 1x 10" *exp(~76001T ) 60 CH; +H,—CH{ +H 3.3x107 ¢ 61
H+CH,—CH+H, 1x 10" exp(900T ) 60 CH3 +CH,—CH, +CH; 1.36x10 10 61
H+ C,Hg— CyHs+ H, 2.4x 10 T35 exp(~37301T,) 60 Art+H,—ArH* +H 1.6x10°° 62
H+ C,Hs—2CH;, 6x10°11 60,61  Arf+H,—Ar+H; 2.7x10710 62
H+ C,Hs— C,H,+H, 5x10°1! 60 Ar*+CH,— CHj +H+Ar 1.05x10°° 63
H+C,H;— CoHa+H, 9% 10 % exp(~ 75001 ) 60 Hy +Hy,—H+HJ 2.5x107° 61
H+C,H,— C,H+H, 1x10"*exp(~14 000 ) 60 CHj +CH,—C,HZ +H, 1.2x107° 61
CH;+ CH;— C,Hg 6x10 60 H; 4+ C,Hg— CoHe +2H, 2.0x10°° 18
CH;+ CH;— C,Hg+H 5x 10" exp(—68007 ) 60 H3 + CH,—CHZ +H, 1.6x10°° 61
CHz+ CHz— C,H,+H, 1.7x 108 exp(~16 000T ) 60 Hi + C,H,— CoHe +H, 1.9x10°° 61
CH;+ CH,— C,H,+H 7x107 11 60 Hi + C,Hp,— CoHy +H, 1.94x10°° 61
CH;+CH—C,H;+H 5x 10711 60 C,H, +CH,—C,H; +CH, 4.1x10°° 61
CH,+ CH,— C,H, 1.7x10 12 60 C,H3 +CH,—C3H; +H, 6.25x10 %0 61
CH,+ CH,— C,H,+ H, 2X 10 0 exp(~4001T,) 60 C,H; +CH,—CzH: +H 1.44x10°° 61
CH+CH,—C,H,+H 1x10° %0 60 C,H; +C,H,— C3He +CH, 3.9x1071° 61
CH+CH,—C,H,+H 6.6x 101! 60 C,H; +C,H,—C,Hg 4.3x1071° 61
CH+CH—C,H, 2x10710 60 CHZ + C,Hg— C,HZ +H,+ CH, 5.0x1071° 18
C,Hs+ CHy— C3Hg 4.2x10 %2 20 C,H; + C,Hg— C3HY + CH, 2.03x10 = 61
CH+ C,Hg— C3Hg 4x10710 19 C,H; + C,Hg— C5H7 + CH, 1.32x10 % 61

C,HZ + C,H,—C4H7 6.7X10 1© 61
C,Hs +C,H,— C3HZ +CH, 3.1x10° 10 61
C,H: +C,H,—CyHg 3.0x10 10 61

g
Pw= 21 enuvg(h AL +hgAg)(€e,t €iy)

stands for the loss of kinetic energy of charged species to thd5 sccm, respectively, which corresponds rgy,=1.37
discharge walls. The mean electron kinetic energy lost pex 10" cm™3, Ny, =2.27x 10%cm 3, and n,=6.4
electron lost to the walls B e,=(e)T(é)T (&) x10%cm 2 under the “plasma-off” conditions, respec-
(F(&2)T'(£4)), where&,=2/x and {s=3/x. The ion kinetic  tively. To study the effect of rf power on the plasma param-
energy lost per ion lost to the wad,, is the sum of the ion  eters P, is varied in the numerics in the range from 50 W to
energy at the sheath edge and the energy gained by the ion @kw, which is broader than was actually used in the PECVD
it traverses the sheathe;=(e)T'(£)%(I(£2)T(£3))+Vs,  of CNs (1.8-3.0 kW. 2015
where V; is the sheath voltage drop. For argon ions and  Figure 3a) shows the calculated densities of nonradical
Maxwellian EEDF,Vs~4.68T¢; for Druyvesteyn distribu-  and radical neutrals in the Ar/GHH, discharge of interest
tion Vg~ 3.43T ¢ .%° Description of the numerical method for here. The variations of the electron and ion densitie®gn
the solution of the global model Eq&3)—(7), the chemical  are shown in Fig. @). It is seen from Fig. @) that both
reactions useq in the computation, qnd the rate coe'fficientﬁcH4 andny, drop dramatically wittP;,. We note that in the
for the reactions are presented in the Appendix a”cbower range of the CN growth, methane and hydrogen den-
Tables 1l-IV. sities in the plasma are much smaller than in the absence of
the discharge. Meanwhile, Ar atoms appear to be the domi-
IV. DENSITIES OF NEUTRAL AND CHARGED nant neutral species in the discharge. The density of hydro-
SPECIES gen atoms is approximately 25 times smaller than the argon
The global model of the previous section is used here t&lensity and slightly decreases with power. As can be seen in
investigate the effect of the discharge operating condition§9- 3@, the density of molecular hydrogen at low input
on the main plasma parameters, including the number densROWers is comparable to that of atomic hydrogen, and also
ties of the neutrals, electrons and ions, as well as the electrgfiminishes withP;,. The latter decrease can be attributed to
temperature. The discharge parameters are computed for dif enhanced dissociation of hydrogen molecules at higher
ferent powersP;, absorbed in the discharge, and the inputinPut powers accompanied by the rise in the electron number
flow rates of argon and methane. The computation results aensity [Fig. 3b)]. Under the CN growth conditions, the
compared with the QMS experimental data and are used tBydrogen conversion fact(degree of dissociatiorean ap-
explain the variations of the OEI of selected C481.4 nm, proach 99%. The enhanced, idissociation is naturally ac-

C, (516.5 nm, hydrogen(656.2 nm and argon(839.8 nm  companied by the rise of the ratio of the densities of H and
emission lines. H, species, which can exceed 10 at elevated powers. Similar

high ny/ny, ratios have previously been reported by Bera,
Farouk, and Vitelld??

We now consider the effect of the input power on the  Likewise, the densities of methane and £HC,H,,
densities of the major discharge species. The methane, hf,H,, CHs, C,Hg, and GHg species also decrease with rf
drogen and argon input flow rates are fixed at 7.5, 12.4, andower, which can be due to more intense electron-neutral

A. Effect of rf power
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FIG. 3. Computeda) and QMS measure(t) densities of neutraléhormalized om,,), computed ion densitied), and computed and QMS measured CH
conversion factothH4 (d) as functions of the power input for the same gas feedstock as in Fig. 1.

collisions at higher electron densities. On the other hand, Ckersion rates of hydrogen-diluted reactive gas feedstocks is a
and CH densities increase witR;,. The latter can be attrib- common feature of many chemically active plasmas. For ex-
uted to the smaller sizes of CH and Chholecules relative ample, wgy, can be as high as 99% in SjHH, gas

to other hydrocarbon species. A similar tendency has previmixtures*> Apparently large conversion factors are due to
ously been reported elsewhefeTherefore, it is probable he higher abundance of atomic hydrogen at elevated elec-

that the above two molecules do not react with the plasmgqn densities in hydrogen-containing plasmas, which in turn
species as intensively as @HCH,, CHy, CoHs, CoHe,  results in more intense chemical reactions between H and

and GHg species. Hence, higher hydrocarbongH{ (x CH, (or SiH, in silane plasmas

=2) are more likely to break up into smaller radical frag- The optical emission intensities of neutral QH31.4
ments. This could be a reason why the densities #fand nm), C, (516.5 nm, hydrogen(660.2 nm and argon(839.8
C5Hg are quite low. However, the relative importance of thenm) lines have also been studied under variable rf power
above two(as well as GHs) species is higher at lower input ., itions. The OEIs of the above spectral lin@ssusf

pow_c;r}s, as cletm bfetﬁeen'\;lr;lzlga)? ts in Fit 2 power are shown in Fig.(d). One can see that the intensities
€ results of the Q measurements in Fig) Eon- of the lines grow withP;,. The rise can be explained by

firm t.hat the depsmes of 4 CH,, CHs, Gy, and GHq noting that the OEls of excited neutral species are propor-
species drop with rf p%wer. S'm”agly’ _the (;,H:onver3|_0n tional to the densities of the plasma electransand the
faCtoerHfl_nCH4/nCH4’_YVherenCH4 is the CHy densﬂy corresponding neutral species,, and also depend on the
under the plasma-off conditions, appears to be very high afective electron temperatu?@*® As the global model sug-

input powers exceeding 1.8 kW. _ ests, T is almost invariant as the input power increases
A comparison betyveen the experlmental and calculated._3 5 oV in the power range consideye@he OEI is thus
values ofwcy, at variable rf power in Fig. @) shows a  hrqhortional to the produaten,,. In Fig. 4b), the normal-
consistent tendency ofrcy, to rise with power, giving a jzed dependencies of the OEI &, are compared with the
remarkable quantitative agreement between the computatiatalculatech.n,, for neutral argor{839.8 nm, CH (431.4 nm
and the experiment. In the power range for the CN growthand hydrogen656.2 nm emission lines. One can see that
(1.8—3 kW, the conversion factor measured by the QMSthe variation of the product ofi, and n, with rf power is
varies from 86% to 92%, whereas the numerical value ofery similar to that of the OEls. Moreover, since in the
wcp, remains approximately 99%. Similar high degrees ofpower range of 1.8—3.0 kW the density variation of the neu-
the methane dissociatiom-(95%) in CH,/H, inductively tral species with power is quite small, the OEI rise Wi}
coupled plasmas have previously been repoftédigh con-  can be attributed to the higher electron densities. In this cal-
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To study the effect of the input Ar flow rat&,, on the s //'/+ n
.. . . . 7
densities of the abundant discharge species, we incdagse 10EF | O
from 10 to 50 sccm and keep the flow rates of methane and 10 20 0 40 50
hydrogen (cy =6.0 sccm,Jyy =12.4 sccm), as well as the J,, (sccm)
4 2

input power @;,=2 kW) fixed. These input parameters are .
tvpical in the PECVD of carbon nanostructuﬂ@és Fiqure FIG. 5. The compute@a) and QMS measuretb) densities of neutrals and
ypica - g computed densities of charged particles as functions ofJ,, for Jew,

5(a) displays the variation of the densities of radicall —¢ ¢ scem,J, =12.4 scem, andPy,=2 kw.

nonradical neutral species with the argon inflow rate. One ’

can see that the densities of molecular and atomic hydrogen

decrease with Ar inlet, whereas the densities of hydrocarbo839.8 nm and CH(431.4 nm lines with J,, are displayed
neutrals grow withJ,,. The results of the QMS measure- in Fig. 6(b). It is seen that the intensities of the selected lines
ments shown in Fig.(®) support the computed trends for the grow with the argon density. However, the OEI of the argon
densities of H, CH,, CH;, C,H,, and GH, species. The line grows slower than the product of andn,,. On the
decline of the molecular and atomic hydrogen species can hgontrary, the OEI of CH line grows faster thagngy. The
due to the variation of the electron densffyig. 5c)] and  discrepancies between the variation of the OE! and,
effective temperatureT4=4.27, 3.87, 3.6, and 3.45 eV for with J,, can be due to remarkable changed i as well as

Jar=10,20,35, and 50 sccm, respectivelyith J,,. Hence, numerous complex elementary processes, including stepwise
the methane conversion in collisional processes weakensycitations.

and, as a consequence, densities of, @Ad other carbon-
bearing species increage. L . . C. Effect of methane inlet

We have also examined the variation of the intensities of
the selected spectral lines with argon inlet. Figui@ 6hows Here, the effect of the input methane flux on the dis-
the dependencies of the OEls of CH,,Chydrogen, and charge parameters is studied. Figufe) hows the depen-
argon lines on the Ar input flux. The results of the compari-dence of the densities of the neutral speciesJep,. A
son of the variations of the productn, and the OEls of Ar  higher inflow of CH, is naturally accompanied by the rise of
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the densities of methane and most of the hydrocarbon neu-
trals. An increase of the atomic hydrogen density can be due
to the enhancement of the electron-impact dissociation of
CH, (Table Il). On the other hand, more molecular hydrogen
is released as a result of the intensified heavy particle colli-
sions(Table Ill). The QMS measurements also confirm that
the densities of K, CH,, CH;, C,H,, and GH, species
grow with the input methane flupFig. 7(b)]. The computed
variations of the electron and ion number densities \d/'gh4

are shown in Fig. (€). It is seen that the electron density
slightly decreases, which can be attributed to higher inelastic
energy losses in inelastic electron-neutral collisigng., for

the vibrational, rotational, and electronic excitations of hy-
drogen and hydrocarbon spedi¢sat inevitably accompany

a higher inlet of CH.

The changes in the densities of neuffiaig. 7(a)] and
charged Fig. 7(c)] species withlcy, have been used for the
analysis of the corresponding variations of the OEIls shown
in Fig. 7(d). It is clearly seen that the emission intensities fall
when more methane is inlet in the plasma reactor. Presum-
ably, this drop is mainly due to a decline of the electron
density withJcy,.

V. DEPOSITED NEUTRAL AND ION FLUXES

In this section we study the fluxes of the neutral and
charged species deposited onto the substrate under the CN
growth conditions. To understand the role of each species in
the PECVD and to study the effect of the input plasma pa-
rameters on the deposition process, we compare the numbers
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FIG. 7. The calculateda) and QMS measurethormalized om,,) densities of neutral speciéb); computed densities of charged spedigs and OEls of
the selected neutral linds) vs \IICH4 for Jo, =35 sccm,Jsz 12.4 andP;,=2 kW.
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FIG. 8. Deposited flux density of radical neutrdl and ions(b) as a  conditions as in Fig. 7.
function of P;, for the same conditions as in Fig. 1.

2-3 orders of magnitude smaller than those of argon ions.

of the radical neutrals deposited per unit time per unit surfac&nder the typical CN PECVD conditions(,~2 kW), the
\pLZO_ijyj up; With those of the plasma ions¥; deposited flux of hydrogen atoms is comparable with that of

=h_nug;. Here and below indexejs andi denote radical H* ions. _ _

and ion species, respectively. Here we recall that in our The total flux density of th_e hydrocarbon radical neutrals
model only H, CH, CH, CHs, and GH; radical neutrals are ¥n Strongly d‘ip‘ﬁqu on the input power. Rf,=0.05 kW,
considered to be able to deposit on the film surface. Figurd n™1.63< 1Oi25 cm “ and further grows to 2.55
8(a) illustrates the effect of the input power on the depositedX 10 s *cm™ at 0.5 kW. In the subsequent power range
fluxes of the radical neutrals. At low input power®,(  (0-5-3.0 kW the flux density del(‘:‘hnels W'thz power. For in-
<0.25 kW), atomic hydrogen and methyl are the main radiStance,V,=2.42,1.98, 1.62¢10"s = cm “ atPj,=1, 2,

cal neutrals deposited on the processing surf&g 8a)]. gnd 3 kw, respectlvely: The total flu'x dgnsﬂy of'hydrocarbon
When the rf power increases ®,~0.75 kW, the flux of 10Ns onto the processing surfa@_lq is slightly hlgher_ than
CH increases. Furthermore, CH appears to be the major cortn @nd drops withP;, in the entire power range of interest
tributor to the carbon material deposition at relatively highhere-4 §§)ecn‘_|c;ally, W;=3.66, 3.14, 3.02, 2.85, 275
input powers £0.5 kW). Meanwhile, the flux of atomic >.<101 s “em © at Pjp=0.05, 0.5, 1, 2, and 3 kW, respec-
hydrogen is about ten times higher than those of the carborfively. We have further revealed that under the prevailing
bearing neutrals. This finding supports the assertion of th€&ron nanotip growth conditionsP(,=2-3 kW) W; is

crucial role of the catalyzed surface etching by the atomic™1-5 times higher thaf, . .
hydrogen in the PECVD of CNE The densities of radical neutral/ion fluxes onto the sur-

The dependence of the deposited ion fluxesRan is face algo depend on the methane ﬁnlet. Thg dependgnce of
shown in Fig. 8b). Under low input powers-£0.05 kw),  the radical neutral and ion flux densities &g, is shown in
CHZ flux is dominant. With an increase of the rf power the Figs. 9a) and 9b), respectively. One can conclude from Fig.
fluxes of Ar" and H" also increase due to the rise of the 9 that the fluxes of all hydrocarbon species grow with the
corresponding ion densities. Furthermore, at relatively highnethane input flow rate. This can be attributed to the rise of
powers 0.4 kW) the fluxes of Af and H' cations be- the corresponding neutral and ion densities. The total fluxes
come dominant. In this case, the"Hlux is approximately Of ions and radical neutrals are almost the same at relatively
ten times smaller than that of Ar Meanwhile, the fluxes of low input flow rates of CH. Specifically, ¥; and ¥, are
CH; and CH are the strongest among the carbon-1.56 and 1.5%10" s 'cm™? at Jg,=4.5 sccm, respec-
containing ions. However, the fluxes of ¢Hnd CH; are in tively. With an increase olCH4 to 7.5 sccm, the total ion flux
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between the absolute values of the ion and neutral fluxes

10°F @ becomes very small.
= 10™ CH
- |
% CH, VI. DISCUSSION AND CONCLUSION
(3]
210 — CH, We now discuss the main results obtained and the limi-
S tations of the model. Generally, the modeling and experimen-
; 10 tal results appear to be in good agreement, especially the
= variation trends of the number densities of the main neutral
s i ////CZH5 species H, CH,, CH;, C,H,, and GH, with the input
e ™ ¢ o0 % o4 % o power and methane/argon inlet flow rates. The global model

10 20 0 40 50 also explains how the input parameters affect the OEls of
JAr (scem) different emission lines in Ar/CkH/H, discharges used for
the PECVD of carbon nanostructures.

F (b) We have shown experimentally and numerically that

10"k Ar methane and hydrogen conversion rates are very high
i~ \4 (~99%). This happens because of the high electron number
% 10°F CH; densities in low-frequency inductively coupled plasmas,
& i T H,’ which enhance the dissociation of molecular hydrogen and
2 ol generation of large amounts of atomic hydrogen. Hydrogen
§ E atoms, in turn, further accelerate the methane dissociation. It
%X 10°k ) was also shown that the ion, neutral and radical densities in
:._ P PrEEEEE the discharge can be efficiently controlled by the input power

10 ;-CzHL//’_CH; (Fig. 3 and methane/argon input flow ratésgs. 5 and 7.

i L L L 1 The electron, Ar and H™ densities, as well as the methane

10 20 J (Sgcom) 50 conversion factor, increase with power. Meanwhile, the den-

Ar sities of most of hydrocarbon neutrals drop wik, due to
FIG. 10. Same as in Fig. 9 as a functidg for the same conditions as in the e,nhancemem of their COHI,SIOnS with the plasmg electrons
Fig. 5. and ions. An increase of the input argon flow rate is accom-

panied by the rise of the densities of electrons;” Aand
hydrocarbon neutrals and catiofiSigs. 5a)—(c)]. On the
contrary, the effective electron temperature and the densities
¥,=2.85x10" s cm 2 becomes approximately 20% of the atomic and molecular hydrogen neutrals and dat-
higher than that of the radical neutral®,=2.34 ions decline withJ, . The electron density growth is pre-
x10% s tem™2. sumably due to the rise of argon density with respect to other
Variation of the argon input flow rate also affects the neutrals, the latter also leading to the weakening of the role
neutral and ion fluxes onto the processing surface. Figuresf rotational and vibrational molecular excitations in the dis-
10(a) and 1@b) demonstrate how the deposited neutral andcharge power balance.
ion flux densities depend aiy,. From Fig. 1@a) it is seen We note that the averaged ion diffusion losses decrease
that the flux densities of CH, CH CH, and GHs radicals  with the argon inlet due to the enhanced production of heavy
grow with J5,, whereas that of the atomic hydrogen slightly Ar* ions and result in somewhat lower values of the effec-
drops. These tendencies apparently follow the dependence tife electron temperature. Another factor contributing to the
the corresponding radical densities &y shown in Fig. %a). decline of T4 with extra argon inlet is a decrease of the role
On the other hand, the ion fluxes depend on the correspondf ion-neutral recombination losses due to stronger, com-
ing ion densities as well as the effective electron temperapared to A", interaction of carbon and hydrogen-containing
ture. The ion flux dependence dy, is thus similar to those cations with other patrticles. The rise nf and drop inT;
for the ion densities. However,)H Ar*, CH, , and CH  result in the depletion of H and #bpecies.
flux densities slightly decrease with an increase of argon in-  Higher inflow of the carbon source gas ElHaturally
put flow rate, even though the;H Ar*, CH,; , and CH  enhances the generation ofH, cations and radical neutrals
densities ris¢Fig. 5(c)]. This presumably happens since the (herex=1-2 andy=1-6, and 8 Thus, various inelastic
electron temperature declines will, . collisional processes intensify, which results in somewhat
Hence, the combined hydrocarbon ion flux on the prolower electron number densities. Furthermore, the electron-
cessing surface also diminishes willy, as a result of the impact reactions involving a larger number ofHf neutrals
drop in the CH and CH ion fluxes. IndeedV;=2.81, (see Table )l yield larger amounts of atomic hydrogen, the
2.49, 2.24 10" s tem 2 at J,, =10, 20, and 35 sccm, re- latter contributing to higher densities of,His a result of
spectively. On the contrary, the total hydrocarbon neutral fluxC,H, +H reactions(Table IlI).
is slightly smaller thanV; and rises withl,,. For example, The results in Fig. @) suggest that the densities of the
V,=1.42,1.72,1.9% 10" s 1 cm 2 at the same argon inlet neutral species £s, C,Hg, and GHg at higher input pow-
flow rates. At higher argon inlet flow rates the differenceers are very low and the output of the simulation is affected
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very little by the inclusion of the above species in the modellimited ourselves by the qualitative analysis of the mass
To this effect, a simplified spatially averagégloba) dis-  spectra of the discharge species and their variations with the
charge model would not need the inclusion of the aboveexternal parameters, which were found in a remarkable
species. However, similar to the computations of Ref. 18, weagreement with the computation results. Another reason for
did retain the above species in the computations due to thiae discrepancy between the QMS measured and computed
fact that higher hydrocarbons are more abundant at lowedensities of the neutral species is that the global model actu-
input powers as well as play an important role in the gasally provides only the averaged number densities of the spe-
phase polymerization of carbon-based nanopartfct&s. cies.

Our model also did not include the number balance of ~ Finally, a two-dimensional model has to be developed to
the excited species that would otherwise be able to enhandgclude the effects of the nonuniformity in real PECVD pro-
the species production through a number of stepwise pro=e€sses. Our model can also be improved by involving the
cesses. Indeed, the actual ion density in 1 mTorr argon dighajor chemical reactions on the nanostructured carbon-
charge can be elevated up to 25% due to the contribution GICEOUS surfaces. This and some other points will be a worth-
the excited species.However, this effect is not so strong in While attempt in the near future.
the pressure range considered héré\evertheless, the
power lost to the rotational, vibrational, and electronic exci-ACKNOWLEDGMENTS
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Jen,=7.5 scem,Jy = 12.4 sccm, andl,,=35 sccm. Vary-

ing thg inflow rates Qf argon and methane,.one can controAppeNDIX

the ratioW; /¥, . An increase of the argon input flow rate o o )
results in a pronounced growth &, and diminishing of Rate coefficients for electron-neutral collisions in Egs.
.. At higher argon inlet, one can achieie=W,. The (3)—(7) have been calculated by integrating the relevant col-

total fluxes of the ion and neutral hydrocarbon species natisional cross sections. Table Il presents a list of the prevail-
rally grow with Jop . At low methane inletsW;~W, ing electron-neutral reactions. Two vibrational excitation re-
4" !

) . actions with the thresholds of 0.162 and 0.36%&Vfor the
whereas at highed.y the deposited flux of hydrocarbon . . . .
4 electron collisions with Cll molecules were considered in

cations can be-20% higher than the neutral flux. Therefore, . study. For the inelastic electron,i€, collisions three

the ion fluxes onto the nanostructured surface in the CNjiprational excitations with the threshold energie®.09,
growth process can exceed those of the neutral species agthss and 0.407 e¥52have been accounted for. Two vibra-
thus play a crucial role in the growth of nanonostructuredijong| excitations of GH, with the threshold energies of 0.1
carbon-based films. o . and 0.36 e¥**?are also included in the model. Likewise, for
We note that some quantitative discrepancies betweeglectron H collisions we take into account two rotational
the computed and QMS measured densities of the neutrgcitations with the threshold energies of 0.044 and 0.073 eV
species still remain. It is thus worthwhile to discuss the reaznd three vibrational excitation with the thresholds of 0.516,
sons for the difference, namely, the limitations of the globaly o, and 1.5 eV? Electronic excitations of Ar, Ckl C,H.,,
model and the accuracy of the QMS measurements. A dire@zH‘h H,, and H were accounted for in the power balance
comparison of the experimental and numerical results irgq. (7). The relevant reaction cross sections can be found
Figs. 3a) and 3c) shows that the QMS data on the normal- e|sewheré?>° The number of different vibrational and rota-
ized densities of the major species are consistently highafonal excitation reactiongnoted “vib” and “rot” in Table
than the computed values. This discrepancy can be due 19) is also shown in Table II.
lower, than the spatially averagécbnsidered in the model A list of the neutral—neutral reactions and reaction rate
electron densities and GHH, dissociation rates at the con- coefficients compiled using the available dat&:%*%*are
nection point(5 cm below the quartz windowvof the reactor  given in Table Il (T, in the Table Il is the gas temperature
chamber with the QMS devicE. in K). Full data on the rate coefficients for the ion-neutral
Meanwhile, the QMS measurements reveal very smalteactions can be found elsewhéf&?61-%3The correspond-
densities of CH and CHradical neutral§see Fig. 2a)]. It  ing rate constants are shown in Table IV.
could happen because of their deposition onto the inner sur- The set of Eqs(2)—(7) has been solved by the time
faces of relatively long25 cm and thin(3 cm internal di- evolution method. To start a numerical cycle we have made
ametef vacuum-tight bellows connecting the reactor andan initial guess for the effective electron temperature. It al-
QMS chambers. The precision of the QMS measurementidws one to obtain the average electron enggy= 3/2T o
can certainly be improved by shortening the connection beland the rate coefficients entering E¢3)—(7). We note that
lows. However, this can affect the quality of the depositionEgs.(3)—(7) are the nonlinear and time-dependent equations
process, where radical neutrals play a pivotal role. We thusvith respect to the time-varying number densities of different
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speciesn;(t) andn;(t). As a result of the linearization of ?K. Bera, B. Farouk, and P. Vitello, J. Phys.32, 1479(2001.
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