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Properties of an Ar/C,H, plasma afterglow with dust particles are investigated at different assumptions concern-
ing negative ion formation. First, numerical calculations are carried out assuming that C,,H, negative ions, where n
is a natural number, are the dominant anions in the plasma afterglow (the case (i)). Second, the studies are conducted
assuming that C,,H anions are only the negative ions, which are present in the afterglow plasma (the case (ii)). It is
shown that the total density of negative ions n_ in the case (ii) is smaller than n_ in the case (i). Due to smaller n_,
the positive ion densities are smaller and the absolute values of the mean dust charge and its variances are larger in
the case (ii) than the corresponding values calculated using the approach (i). We also calculated the dust charge
distribution functions (DCDFs) for late afterglow times. It is found that the DCDFs obtained in the case (ii) are
shifted to the region of larger negative charges comparing with the dust charge distributions obtained in the case (i).
The differences are mainly due to the loss of C,,H™ anions in collisions with H atoms in the case (ii). In the case
when the loss of negative ions in collisions with H atoms is not taken into account in the models, the both approach-
es give nearly the same time dependences for positive and negative ion densities, electron density, mean dust charge

and its variance.
PACS: 52.27.Lw, 52.25.Vy, 52.65.-y, 52.50.Dg

INTRODUCTION

Hydrocarbon plasmas have been widely attracted at-
tention of researchers because these plasmas are used
for formation of carbon and hydrocarbon nanostructures
[1-3]. Negative ion reactions are usually not incorpo-
rated in the modelling of hydrocarbon discharges used
for formation of carbon nanotubes and other vertically
aligned carbon nanostructures [1, 2]. While analysing
the carbonaceous dust generation in plasma, many au-
thors have focused their attention on negative ions be-
cause reactions of anions with neutral molecules can
lead to the generation of the dust particles [4]. In models
of many authors, it was assumed that the primary C,H™
anions, formed through the electron impact dissociative
attachment on C,H,, can trigger a consecutive chain of
polymerization reactions that generally evolves as fol-
lows: C,H + C,Hy - C4H + H,, CyH + CoH, — CeH
+ H,,..., CjyH + C,H, — CyipH™ + Hy, where n is a
natural number, and it is commonly referred to as the
Winchester mechanism [4]. In [5], some new mecha-
nisms for anion formation were proposed: the genera-
tion of branched (and probably vibrationally excited)
molecules C,,H, and subsequent enhanced dissociative
electron attachment to form C,,H™ anions; the formation
of the vinylidene anion (H,CC") and the consecutive
chain of polymerization reactions to form C,,H, and
CoH4 . In [5], anions with different number of hydro-
gen atoms (ky =1, 2. and 4) were considered. In [6], it
was assumed that only negative ions with ky = 2 can be
generated in Ar/C,H, plasma, while in [7], it was sug-
gested that the growth of anion clusters takes place in
the reactions: e + C,H, — C,H™ + H, C,H + CHy, —
Csz T+ CQH,..., anH27 + Csz — CopeoHy + Ho. The
same mechanism of formation of large anions was as-

sumed in our previous work [8]. In [7], positive and
negative ion distributions were measured in the steady
state of an Ar/C,H, discharge, and a volume averaged
kinetic model for this plasma was developed which was
able to satisfactory reproduce the experimental results.
However, in [9], it was noted that signals attributed
previously to C,,H, anions [7] should be mostly as-
signed to the contribution of C,,, N anions. This is
because the bottle of C,H, contained an unexpected
6.3% of N, as impurity in the experiment, much more
than the commercially specified limit (N, < 0.4%). The
results presented in [9] again raised the question of
whether vinylidene anion (H,CC-) plays a key role in
the initiation of the polymerization chain.

In this paper, we check how properties of an
Ar/C,H, plasma afterglow depend on the pathway of
formation of hydrocarbon anions. The case when the
afterglow plasma contains dust particles (with the dust
charge density smaller when the densities of main ions)
is considered. The time dependences for the electron
and ion densities, dust charge and its variance and the
dust charge distribution function (DCDF), which are
calculated using the reactions described in [8] (in [8],
CanH, anions are assumed to be the dominant negative
ions), are compared with those calculated assuming that
there is formation of only C,,H™ anions in the Ar/C,H,
plasma afterglow. It is also analyzed how interaction of
anions with hydrogen atoms affects the densities of
negative ions and other plasma species.

1. MODEL

We consider a gas-discharge plasma of radius R =
15 cm and height L = 7 cm sustained in a mixture of
argon and acetylene. As in the case considered in [8], it
is assumed that the discharge consists of electrons with
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density n, and temperature T, eleven positive ions (Ar",
ArH+, C2H+, CzH2+, C4H2+, C6H4+, C3H6+, C10H6+,
CoHs', CuHs', CigHg"), four nonradical neutrals (A,
C,H,, H,, C4H,) and two radicals (C,H and H), argon
atoms in the ground state (Arg) with density na, meta-
stable argon atoms (Ar,,) with density n,, argon atoms
in the resonance 4s states (°P; and 'P,) (Ar,) with densi-
ty n, as well as argon atoms in 4p states (Ar(4p)) with
density ng,. We also assume that the plasma contains
negative ions and consider two possible compositions of
negative ions. In the case (i), it is assumed that there are
the following negative ions: C,H, H,CC, C4H,,
CeH, , CgH, , CioH, and CioHy [7] The reactions with
participation of negative ions taken into account in the
model in the case (i) are the same as in our previous
paper [8] and are shown in Table 1.

Table 1
Collisional processes for the production and loss of
negative ions taken into account in this model
in the case (i)

Reaction, rate constant (cm>/s) Ref.

(R1) | e+ C,H, » C,H + H [7]
9.27-102T,*®*exp(-2.51/T,)

(R2) | CuHn + Arf — CH, + Ar, 1.01:107 | [10]

(R3) | CyHy + CHY" — CyH, + CHy, | [5]
5.0-10°*

(R4) | CuHy + ArH* — CH, + H + A, 10
3.0-10°*

(R5) | C,H + C,H, —» C,H, +C,H, 3510 " | [7]

(R6) | CoyHy + CoHy — ConsHy + Hy, [4]
1.0-10"

(R7) | CH +H — C,H,+e,1.6:10° [11]

Table 2

Collisional processes associated with negative ions and
taken into account in this model in the case (ii)

Reaction, rate constant (cm>/s) Ref.

(R8) |e+CyH, > C,H+H [7]
9.27-10%T,*%exp(-2.51/T,)

(R9) | CuH + CoHy; — ConsoH + Hy, [4]
1.0-10"% n=1-5

(R10) | CHy + Arf — CH, + Ar, 1.01-107 | [10]

(R11) | CoHy + CH¢ — CnHn + CHy | [5]
5.0-10°*

(R12) [ CoHy + ArHT > CnH, + H + Ar, | [10]
3.0-10°°

(R13) | C,H +H— C;H,+e,1.6:10” [11]

(R14) | C4H +H — C4H,+¢, 8310 "7 [11]

(R15) | C,yH +H — CpH, + €, 5.0:10 ", [11]
n=3,456

Since the presence of negative ions with two hydro-
gen atoms in a large amount in Ar/C,H, plasma is ques-
tionable [9], the calculations were also carried out as-
suming that the plasma contains only negative ions with
a single atom of hydrogen [4]: C,H, CH", CsH -,
CgH -, CioH , and Cy,H ™ [the case (ii)]. The collisional
reactions connected with the production and loss of
negative ions in the case (ii) are presented in Table 2.

The reaction rates for the interaction of C,H™, C,H™
and CgH™ with H atoms are taken from [11]. The rates
for interaction of CgH™, C,oH™, and Cy,H™ with hydrogen
atoms are assumed to be the same as for the interaction
of CeH™ with H [11].

We also assume that the gas discharge plasma con-
tains dust particles with radius ag. However, it is as-
sumed that the dust density is small, and the dust parti-
cles do not affect much on plasma characteristics. We
also assume that the energy distributions for ions and
electrons are Maxwellian, and that the positive ions and
dust particles are at gas temperature Ty The electron
temperature T, as a function of the afterglow time t for
the initial stage of the afterglow is found from the power
balance equation (Eq. (6) in [8]). In the plasma after-
glow, it is additionally assumed that T, cannot be small-
er than an afterglow temperature T.; assumed to be
0.3 eV, i.e. after its decay to reach T, T, becomes time-
independent [8]. The gas temperature is assumed to be
0.0345 eV (400 K), as in [6, 7], while the temperature of
negative ions T_ is assumed to be 3T,y [8]. Here, we
present the results of our calculations for the conditions
typical for the afterglow plasma experiments [8, 12]. In
the case considered here, the dominant neutral species
are argon atoms in the ground state and their density
nar = P/(kgTy), where P = 10 Pa is the total gas pressure
and kg is the Boltzmann constant. In our model, the
densities of acetylene molecules and electrons at t = 0
are input parameters. Here, we present the results for the
case Neonz = 510" em™ and ne(0) = 10° cm™ (the so-
called case of large acetylene density and small n; in
(D).

The density of a species X (electrons, H,, C4H,, C,H,
H, argon atoms in excited states, as well as negative and
positive ions, excepting of CigHg") is found from the
balance equation

X X
on® /ot = ¥ RG) - LiRY, )
where R®g; and R®_; are, respectively, the rates for
reactions describing generation and loss processes of the
species X. The density of C,gHs" ions is calculated from
the quasineutrality condition

Zanz =ne + XaNg, (2)
where n,f and n, are, respectively, the densities of ath
positive and negative ions.

Various processes for the loss and generation of the
discharge species, including the collisional processes in
the bulk plasma and the processes on plasma walls, are
considered in this study. The processes and their rate
coefficients are described in detail in our previous paper
[8].

The mean dust charge Z4 as a function of time was
found from the following expression

0Z,
ot
where vig, v_g, and veq are the mean frequencies with

which a particle with charge Zy collects positive ions,
negative ions and electrons, respectively.

=Vig =V_qa — Vea, 3)
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2 _ |8meT- Ps
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where &= (ps/Te, =T, /T, Qs = eZd/ad y Oig = 1/(ng/1iav)
is the average cross-section for ion—neutral collisions, e
is the elementary charge, Ai,, is the average ion mean-
free path and ng (= na,) is the total density of neutral
species. Here, H, is a coefficient which is a function of
the ratio |eZ¢/(AsT+)| [12] and A is the screening length,
which is of the same order as the Debye length [13]. T.
is the positive ion temperature. m,, m;. and m;. are the
masses of electrons, jth positive ions and jth negative
ions, respectively.

For Zy> 0, Veq = a3n,../8meT,/m,(1 + @s/T,),

Via = a3 X;nf [8meT, /m;, exp( — ¢5/T,) and

v_g = ag X0 /8meT_/m;_ (1 + ¢5/T.).

The charge distribution of dust particles can be well
described by the Gaussian distribution [8, 14]:

1 exp[ (=Z§ + Za)z]

(2ro2)2 207
where Zq is described by equation (3), Z'; = ke and k is
an integer. The variance %, as a function of time can be
obtained from the following equation [8, 14]:

o2

at

4

Fe =

~ —ajo? + ay, (5)

where oy = 2(Veq + V_q - Vig) with primes indicating
derivatives with respect to Zy, 0p=vig+ v—_g + Veq.

The dust charge distribution function F, can be also
described by the following master equation [15]:

CF = (Vs 4V B — (v + v + V)P,
+ Vi’fi_le—l ’ (6)
where ., Viq and V4 are the frequencies with which a
particle with charge Z¥; collects electrons, positive ions
and negative ions, respectively. The expressions for /g,
V.4 and V4 are coinciding with the corresponding ex-
pressions for vg, vg and vy if one replaces in these
expressions Zy by Z¥; [8]. The DCDF has the following
normalization 2, F, = 1.
The model equations (1), (3), (5), and (6) were
solved numerically using the DVODE package [16].

2. RESULTS OF NUMERICAL
CALCULATIONS

The model presented in previous section has been
used to study properties of an Ar/C,H, plasma afterglow
and dust charge properties as functions of time for ncyp,
=5x10" ¢cm™ and n (t = 0) = 10° cm™. In Fig. 1, the
electron and total positive and negative ion densities
calculated using different approaches are shown.

One can see in Fig. 1 that for different afterglow

times, the total negative ion density n. obtained using

the approach (ii) is smaller than n. calculated in the case
(i). This is because of the loss of all negative ions C,,H™
(considered by the model) in collisions with hydrogen

atoms for the case (ii), while the loss of C,,H, ions in
collisions with H atoms is not taken into account in the
case (i). Because of smaller n., the total density of posi-
tive ions in the case (ii) is smaller than in the case (i).
The last conclusion also follows from the quasineutrali-
ty condition (Eq. (2)) and the fact that the time depend-
ence for n, is nearly the same in the both cases (i) and
(ii) for t < 0.5 ms (see Fig. 1). Att> 0.5 ms, n, decreas-
es faster with time in the case (i) than in the case (ii).

01 n — 1

0.1 1
time (ms)

Fig. 1. The calculated electron (n.), total positive ion
(n+ =3, n,") and total negative ion (n. =Y, n,)
densities as functions of time in the Ar/C,H, plasma
afterglow in the cases (i) and (ii)

We also analyzed properties of the afterglow plasma
using the approach (ii) and neglecting by the loss of
negative ions in collisions with hydrogen atoms. For
this case, the calculated time dependences for electron
and total ion densities were found to be nearly the same
as in the case (i) (therefore, they are not shown in
Fig. 1).

The time dependences for negative ion densities in
the afterglow are shown in Fig. 2. In the beginning of
the afterglow (at t < 1 ms), the density of C,H, anions
obtained using the approach (i) is slightly larger than the
C,H™ density calculated using the approach (ii) because
we do not account for the loss of C,H, in collisions
with H atoms. Since the loss of all C,,H, anions in
collisions with hydrogen atoms is not accounted in the
case (i), the densities of these anions are larger than the
corresponding densities of C,,H ™ negative ions obtained
using the approach (ii) (see Figs. 2,a and b).

Because of plasma quasineutrality and larger n. in
the case (i), the densities of different positive ions calcu-
lated in the case (ii) are smaller than the corresponding
densities obtained in the case (i) (Fig. 3). This differ-
ence is also mainly due to the losses of C,,H ™ anions in
collisions with hydrogen atoms, which are taken into
account in the case (ii) (see Table 2). The time depend-
ences for the densities of different positive ions calcu-
lated in the case (ii) with neglecting by the loss of nega-
tive ions in collisions with H atoms were found to be
nearly the same as those obtained in the case (i).
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We also calculated the mean dust charge as a func-
tion of time for ag =100 nm at different assumptions
(Fig. 4,a). It has been found that |Z4| decreases slightly
faster with increasing the afterglow time in the case (i)
than in the case (ii). The faster discharging in the case
(i) is mainly due to larger ion densities in the case (i)
(see Figs. 1 and 3).

The variance at t > 1 ms decreases faster with time
in the case (i) comparing with the case (ii) (see Fig. 4,b)
because of smaller |Z4] in the former case (see Fig. 4,a).

In Fig. 4,c, the dust charge distribution functions
(DCDFs) obtained from Eq. (6) for aq = 100 nm in the
late afterglow (at t = 5.05 ms) are shown. The DCDF
calculated in the case (ii) is slightly shifted to the region
of larger [Z*| comparing with the dust charge distribu-
tion obtained in the case (i). It was found that Zg, o, and
Fy obtained in the case (i) are very similar to the corre-
sponding values calculated in the case (ii) with neglect-
ing by interaction of negative ions with hydrogen atoms.
Moreover, the DCDFs obtained from Eqg. (6) can be
well approximated by the Gaussian distributions calcu-
lated using Eq. (4) [8].
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SUMMARY

Thus, it has been shown how the description of neg-
ative ion formation in an Ar/C,H, dusty plasma after-
glow affects the numerical results on the electron and
ion densities, dust charge and dust charge distribution
function. Two typical pathways of formation of anions
in the plasma have been considered. The afterglow
plasma properties calculated in the case, when Cy,H,™
negative ions are the dominant anions in the plasma
afterglow (the case (i)), have been compared with the
properties obtained in the case when C,,H anions are
only the negative ions in the afterglow plasma (the case
(ii)). It has been found that the time dependences for the
densities of electrons, positive ions, mean dust charge
and its variance obtained in the both cases are similar.
The differences between the dependences obtained in
the cases (i) and (ii) are mainly due to the losses of
C,,H™ anions in collisions with hydrogen atoms, which
are taken into account by this model in the case (ii).

The results presented here are relevant to many ap-
plications involving low-temperature plasmas [17-20],
especially gas discharges used for the synthesis of vari-
ous nanostructures.
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PI3HI NIAXOJAU A0 OIMUCY YTBOPEHHSA HETATUBHUX I0OHIB
Y NICJISICBITIHHI APTOH-AIIETHJIEHOBOI IVIA3SMHU

Lb. /lenucenxo, M.O. A3apcukos, B. Binniuenxo, I'. Bypmaxa

Hocnimxeno BiactuBocti Ar/C,H, mia3Mu 3 MOPOLMIMHKAMH, 10 € Y PEXUMI MICIACBITIHHS, 33 Pi3HUX MPHUITY-
IIEHb 1010 YTBOPEHHS HETAaTUBHUX 10HiB. [lo-Tiepie, 4nuciioBi po3paxyHKH BUKOHAHO 3a TPHITYIIEHHS, 110 HeTaTH-
BHi ionu C, H, , me N — 1ie HaTypaabHE YKCIIO, € JOMIHAHTHUMU aHIOHAMH B IICISICBITIHHI i€l TU1a3Mu (BUIAI0K
(1)). IMo-npyre, mociipKeHHST POBEACHO 3a NPUIYIIeHHs, o aHioHn CpyH™ € eIMHMMU HeraTHBHUMH 10HaMH, SIKi
MPUCYTHI y Wil Tu1a3Mi micuacBiTiHAS (Bunaaok (ii)). [Tokazano, mo cymapHa rycTHHA HETATHBHUX 10HIB N_ y BHIIa-
IKy (ii) MeHIma, HiXK N_, M0 po3paxoBaHa y BUMAAKY (i). 3aBISKM MEHIIH N_ KOHIEHTpaIii HO3UTUBHHUX i0HIB MEH-
11i, a aOCOFOTHI 3HAYCHHS CePEeIHBOT0 3apsily MOPOIIMHOK Ta Horo aucrepcii Oinpmri y BUmaaky (ii), HbK BiAmosi-
JIHI 3HAYCHHS, SKI PO3PaxoBaHO 3a JA0MoMororo maxony (i). bymo Takox obuucieHo GyHKINT po3moaiy MOpOIIH-
HOK 3a 3apsiioM (DPII3) 3a mi3Hix vaciB micisicBiTiHHA. Beranosneno, mo ®PII3, ski po3paxoBaHo y Bunazaky (ii),
3MillleH] B 00J1acTh OUIBIIMX HEraTWBHUX 3apsiaiB nopiBHsaHO 3 OPII3, saki Oyno orpumano y Bunanky (i). Lli Bin-
MIHHOCTI 3yMOBJIeHI nepeBaxxHo BTpatamMu C,,H aHiOHIB y 3ITKHEHHSX 3 aTOMaMu BOJHIO y BUNAAKY (ii). Y Bumaa-
Ky, SIKIIIO B MOJICJISIX HE BPAaXOBYIOTHCSI BTpaTH HETaTUBHUX 10HIB Y 3ITKHEHHSX 3 aTOMaMH BOJIHIO, 00W/1Ba MiIX011
JIal0Th Maike OJHAKOBI YacOBi 3aJIE)KHOCTI JJISl TYCTHH ITO3UTUBHHX Ta HETaTUBHUX 1OHIB, €IEKTPOHHOI I'yCTHHH,
CepeHbOTO 3apsIy MOPOITMHOK Ta HOTo TUCTIEPCii.

24 ISSN 1562-6016. Problems of Atomic Science and Technology. 2024. Ne6(154)


https://www.scopus.com/authid/detail.uri?authorId=7005718813
https://www.scopus.com/authid/detail.uri?authorId=7101686861
https://www.scopus.com/authid/detail.uri?authorId=7101686861
https://www.scopus.com/sourceid/29221?origin=resultslist

