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The major ionic and neutral product species in4EH plasmas were studied as a function of the hydrogen
composition in a 2.465-GHz microwave flow tube at 30-W power and 2.2-Torr total pressure. Mass
spectrometry, coupled with tiion attachment techniques, was used for identification of the products. Various
neutral and ionic polymer molecules with carbon numbers of up to 12 were identified, and the relative
concentration profiles of these species were determined as a functionaainkposition in the feed gas. A
possible reaction scheme to account for these observed profiles is suggested. From a comparison of the ionic
species with the neutral species in this plasma, it is apparent that dissociative electron ionization is a likely
process in the ion chemistry of the @H, plasma. In addition, a general interpretation of the results was
attempted for polymeric neutral product formation, particularly with regard to the role of hydrogen atom
abstraction processes and radical processes.

Introduction present investigation continues this work and deals with the ionic
) - ) as well as the neutral species in the plasma.
The CH/H, MW (microwave) plas has been used in The aims of this paper are (a) to report both the ionic and

plasma chemical vapor glepositi_on (CVD) of diamond films over neutral products in Ci#H, MW discharge plasmas, as deter-
the past decade. Despite the importance of understanding thernlned by mass spectrometry; (b) to present distributions of the
properties of this system and the high level of interest, the species as functions of gas composition; (c) to use the product
chemistry involved .W'th the CitH, p'asma is not yet well analysis to comment on the degree to which neutral products
.underfstoodl. Analyslls of the .QHHZ. MW dlscharg.e plasmq 0 contribute to the formation of some ionic products; and (d) to
investigate its chemical reactions is alwfays.a major experlmentalgain a better understanding of the chemistry involved in the
problem, and a useful tool to characterize it would be desirable. CHa/H, plasma system.

In a series of laboratory experiments designed to model the
chemistry of the Uraniqn Aurorathe chemistry of B—He— . Experimental Section
CH, systems in a continuous-flow coronal discharge excited
by a high-frequency voltage electrodeless source was investi- Detailed descriptions of the experimental setup can be found
gated. Continuous flow ensures the processing of enough gaselsewheré;'56we will briefly review the main points here.
at low pressure and/or low GHtontent to permit the detection  The formation and involvement of products (M) in the MW
of products. Much of the matter in the Aurora is ionized, and plasma were directly confirmed through theirtLion attach-
the corresponding ionized chain compounds are also expectednents. Lithium ions are produced by heating a glass bead
to be abundant. Mass spectrometric studies of these ionizedcontaining lithium oxide in an aluminosilicate matrix (Li
chain compounds in CifH; systems are of considerable interest. emitter). The experimental setup was such that, in the process

The understanding of reactions in plasmas is largely impededof termolecular association reactions; lions attached to the
due to the complex nature of plasnfabhe most difficult task ~ chemical species (M) to produce (M Li)* ions. The Li
is to determine the relative importance of ions and neutral adduct ions were transferred to a quadrupole mass spectrometer
species in these reactions. Over the past 40 years, several reporfQMS) through a skimmer, and the spectrum was recorded. Use
of mass spectrometric sampling of electric discharges have of this apparatus, which samples the ionic and neutral species
appeared, but few attempts have been made to obtain cor- that effuse through the discharge tube, facilitates separation of
relations between the ions and neutral species, and the extenpeutral species from ions and makes it possible to study the
of their participation in the reactions is still unclear. pertinent chemical reactions occurring in this process.

We recently reported the detection of various neutral polymer ~ The MW source was constructed from a straight quartz tube
hydrocarbon (HC) radicafs? This was followed by reports on ~ (4-mmi.d., 6-mm o.d., 30-cm length). A mixture of dry Bind
CH4/O, and CH/N, plasmag?® 12 which presented (a) the CHswas formed in a dynamic dilution system and was metered
complete Li adduct mass spectrum for identification of the into the flow tube. The MW plasma was created by connecting
products, (b) evidence that many neutral chemical species ared cavity to a 2.465-GHz MW generator through a matching
generated in the plasma, and (c) the identification of unfamiliar network.
species such as;B3,3 NC(CCHCN, and possibly gN,4. The Mass spectra were obtained with plasma activation in two

modes: mode |, in the presence offLiand mode I, in the
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in mode I; the result (mode+ mode 1) shows the Lfi adducts 5000
of particular neutral products. Mode Il is a method of ionic (A) CH (10%)/H,(90%)
species detection. The mass spectrometric measurements were
performed downstream with respect to the microwave cavity
and the direction of the gas flow.

Spectra were analyzed by assigning peaks according to mass-
to-charge ifV2) ratios, determining peak heights as the normal-
ized concentration of eachwz considered, and classifying
species into homologous groups. Products were evaluated as a
function of the gas composition, confirming the formation and P
involvement of free radicals in the GHH, MW plasma. ol L | |

In analysis of the products, the ‘Liadduct mass spectrum i -“| ‘ |1 ” l'|||| 3 '| i
gives qualitative results, that is, the spectral data showed 0 | A |

Signal Intensity (arbitrary)

| ] -
1"' ‘MJ%‘

pronounced trends. Species are modified by the difference value 10 20 30 40 50 60 70 80 90 100110120130140150160170
of the Li™ affinities of the respective chemical species. 30000
Fortunately, hydrocarbon species have somehow equal Li (B) CH,(90%)/H,(10%)

affinities that they are attached at nearly equal rates, so that
little discrimination is expected. However, until the'laffinities
to a wide range of hydrocarbons have been obtained experi-
mentally or theoretically, some caution must be applied.

Results and Discussion

Signal Intensity (arbitrary)

Mass Spectrum.Typical mass spectra over the mass range
m/z 20—150 obtained for 10% Ci90% H and 90% CH/10%
H, plasmas are shown in Figure 1A and B, respectively (MW
power, 30 W; cavity position, 60 mm away from the lémitter; 0 Jrrrrrd
gas mixture flow rate, 10 mL/min). Differences in the spectra 10 20 30 40 50 60 70 80 90 100110120130140150160170
of modes | and Il result from newly formed neutrals in the m/z
plasma tube. The major peaks detected and their possibleFigure 1. Mass spectra showing the neutral and ionic products formed
assignments are summarized in Table 1; differences betweenn 10% CH/90% H (A, upper chart) and 90% CH.0% H, (B, lower
the 10% CH/90% H, and 90% CH/10% H, plasmas are also  chart) MW discharge plasmas. Experimental conditions (30 W, 2.2 Torr)
compared. The ionic species are listed in the left column of Were exactly the same in both plasmas. Peaks greater than 3% of the

; ase peak in the spectrum are shown. Note: the signal intensity scale
Table 1. The peak assignments of these products are not fre of (A) is different from that of (B). Solid-bar peaks were taken in the

of ambiguity; for Inst[ance, the {112 peaks are isobaric with Lit-off condition (mode 1, ionic species detection). The open-bar peaks
Cn+1 peaks of one higher carbon number. in the mass spectra are attributed to ion attachment to neutral, genuine

The mass spectra of many saturated and unsaturated hydroehemical species effusing from the plasma. These were sampled in the
carbons (HCs) of both neutrals and ions in the microwave Li*-on condition (mode I). The main peaks and the possible assignments
plasma indicate that polymerization to higher hydrocarbons (up "d classifications are shown in Tables 1 and 2.

to Cyp) occurred, various types of reactions, such as—on The ionic products included homologous HC species with
molecule and radicalmolecule reactions, can lead to polymer single, double, and triple bonds and some species, suckHas C
formation in this system. The mass spectra of the 90%/CH 54 GHs*, with aromatic rings; even-numbered mass ions were
10% H and 10% CH/90% H plasmas show a significant e qominant. The (fon 2+ homologues were the most common
differ_ence in the distributi_on of neutral products. I__arger polymer species, withn up to 3. All the ionic products were species
species were observed in greater abundance in the 90% CH | 5se corresponding neutrals were observed in the plasma.
10% H plasma spectra. In mode II (the ionic mode), two  _c pond production is clearly indicated from the presence
characteristic features are apparent: a lower number of peaks,; CoHat (n= 2—7), GHa* (N = 2, 4, 5), GHy* (n = 2—7),
are present in the 90% GHO0% H, plasma, and the higher CsHa™ (n = 2—4), and GH,* (n = 2—5). lon—molecule
hydrogen_ co_mpositi(_)n in the GHHz plasma led to the formation g5 ctions certainly play a great role in the chemistry ofEH
of many ionic species. plasmas, and a rationalization of the ionic products in the
Classification. Both neutral and ionic species were classified discharge must include reactions of ions with neutral methane.
(Table 2) into groups made up of species having the same carbon  products as Functions of Gas Component Composition.
number; abundance of each group appears to vary with hydrogenrhe effects of feed gas composition in the discharge tube were

number. investigated at 30-W power and 2.2-Torr pressure to determine
Several neutral HCs were identified in the gH, plasma. the variation of the product distribution with changes in the
Various free radicals, such aghfz (n = 2—4), GHs (n = 2-5), amount of hydrogen. Figure 2 shows the evolution of the

CyH7 (n=4,5), and GHg (n = 4, 5), as well as stable polymer (normalized) peak intensities of various gaseous produgks;fC
molecules were clearly present, and some species were identifiedLi * (m/z 34), GHsLi* (m/z 36), CH1oLi ™ (M/z 65), GLit (m/z

as aromatic. Intense peaksmafz 43, 55, and 67 were assigned  79), GHoLi™ (m/z81), and GH4Li ™ (m/z83)] in CHy/H; plasma

as carbon clusters,sCi ", CiLit, and GLi ", with the even- as a function of gas composition. We chose these peak heights
numbered carbon clusters predominant. It is suggested that hoto represent the major products, classified gd4-1, ChHan-1,

H radicals generated by the dissociation of hydrogen can reactC,Hzn+2, Cy and aromatic compounds. The homologous species
with HC species to produce these compounds through anmay follow similar variation patterns.

abstraction reaction. Figure 3 shows the evolution of84" (M/z 28), GHs' (m/z
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TABLE 1: Assignment of Mass Spectral Peaks and Their Relative Peak Intensities for 10% Ci90% H, and 90% CH4/10%
H, Plasmas with a MW Power of 30 W and a CH/H, Flow Rate of 10 cn¥/mina

neutral species ionic species neutral species ionic species
intensity intensity intensity intensity
10%CH/ 90%CHY/ 10%CH/ 90%CHY/ 10%CH/ 90%CHY/ 10%CH/ 90%CHY/
m/z formula 90%H, 10%H, formula 90%H,  10%H, m/z  formula  90%H, 10%H, formula 90%H,  10%H,
16 CH" 22 76 GH4* 22 11
17 CH* 31 77 GHyeli* 49 33
23 CHLi* 13 14 78 GHe" 38 18
26 GH2* 21 79 GLit 89 97
27 GHs* 22 80 GHs" 23 14
28 GH4* 99 81 GHLi* 38 34
29 GHs" 26 82 GHio" 10
30 GHe" 18 83 GHiLi* 15 14
33 GHLit 17 10 85 GHeLi™ 32 32
34 GHailLi* 60 66 87 GHslLi™ 8
35 GHuLit 12 9 89 GHycLit 25 11
36 GHsLi™ 29 37 91 GLiT 54 26
37 GHelLi* 22 85 92 GHg" 31 13
38 GHo" 13 11 93 GHLi* 59 47
39 GHs* 24 42 94 GHio" 13 10
40 GHa" 47 95 GHyLit 20 16
41 GHs" 35 97 GHeli* 10
42 GHe" 49 99 GHgLi™ 44 26
43 GilLi* 17 19 GH/* 8 101 GHyeli* 21 7
44 GHLi* 10 GHg" 5 103 GLi* 36 11
45 GHgLit 9 105 GHaLit 48 19
46 GHaLi™ 10 107 GH4Li™ 48 32
47 GH4Lit 16 12 109 GHeLi™ 23 13
48 GHsLi™ 23 25 111 GHgLi™ 7
49 GHelit 13 6 113 GHyeLi* 38 12
50 GH.Lit 31 22 115 GLit 24 7
51 GgHslLi™ 48 94 117 GH.Li ™ 41 13
52 CH4" 19 14 119 GH4LI™ 42 16
53 CHs" 20 40 121 G@HeLi™ 37 20
54 GHs" 16 123 GHgLi™ 26 10
55 GCLit 12 10 CH/* 7 125 GHyeLit 5
56 CHLIi* 19 CGHg* 16 127 GolLi* 20 8
57 CHLit 10 CHg"™ 6 129 GoHoLi™ 14
58 GCHsLi* 9 CsHio" 5 131 GeH4Lit 31 10
59 GH4Li* 12 7 133 GoHeLi ™ 30 13
60 CyHsLi* 22 20 135 GoHsLi™ 26 5
61 CHeLit 14 16 137 GoHyoli ™" 13 15
62 CH.Li* 27 29 139 GiLit 9 7
63 CyHgLit 35 27 141 GH.Li™* 12
64 GH4* 61 34 143 GH4Li™ 15 5
65 CyHioli™ 100 100 GHs" 40 41 145 GHeLi™ 28 10
66 GHe" 29 19 147 GHsLi™ 23 12
67 GLit 22 38 GH,* 16 149 GHjolit 25 10
68 GHs" 13 151 GiLi* 15 9
69 GHLit 9 11 GHq* 5 153 GoHoLit 6
70 GHio" 24 155 GoHiLi™ 11
71 GHgLit 12 6 159 GoHgLi™ 6 8
73 GHeli™ 15 10 161 GuHsLi™ 8 9
75 GHgLi™ 16 11

aPressure 2.2 torP.Peak intensity is normalized to thefcLi™ peak. Peaks greater than 5% of reference peak in the spectrum are listed.

29), GH4" (m/z 40), GH4t (m/z 52), GHs' (m/z 65), and the entire range of gas compositions. Among the listed species,
CeHe™ (m/z 78) intensities relative to the percentage of il the normalized peak intensity ofsBsLi* was highest and that
the CHyH, mixture. These compounds also represent major of CoHsLi™ was lowest for all gas compositions studied.
products in the plasma reactions. We tried to derive a relation-  (b) In other words, more CiHproduces more neutral species,
ship between the production of neutral and ionic species, but ajncluding radical species, in the MW discharge. Almost twice
similarity between the two species in either product abundance as many GH; radicals were produced by increasing the CH
or variation could not be clearly observed. composition from 10 to 90%. The increase of the neutral species

From the overview of the variations in abundance of neutral was found to be somehow proportional to the increase of CH
or ionic species as a function of gas composition, we can makein the gas mixture, suggesting an effect of £tdnsumption

several remarks: on the various secondary reactions producing neutral organic
(a) The total intensity of the neutral speci&$tu:s) decreases ~ compounds.
almost linearly with the increasing Gleomponent (Figure 2). (c) In contrast, the total intensity of the ionic speciBdic)

However, the normalized concentrations of all species, including increases almost linearly with increasing Figure 3). How-
the product radicals, hardly change (within a factor of 2) over ever, the normalized concentrations of almost all species change
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TABLE 2: Analysis of Neutral and lonic Species Fomed from a CH/H, MW Discharge Plasma Identification and
Classification by Formula

type formula

Neutral Species
CHn, CH,
CoH, CoH» CoHs3 CoH4 C,Hs CoHsg
CsH, Cs CsH CsH» CsHs CsHa CsHs CsHs CsH7 CsHg
CsH, Cy CH C4H> C4H3 CsH4 C4H5 C4He C4H7 C4Hg CH 10
CsHn Cs CsH: CsHa4 CsHs CsHs CsHio
CeHn Cs CeH2 CeHa CeHe CeHs CeHa1o
C7Hn C:7 C7H2 C7H4 C7H6 C7H8 C7H10
CeHn Cs CgH2 CeH, CsHs CgHs CeH1o
CoHn Co CoH: CoH4 CoHs CoHs CoH1o
ClOHn ClO C10H2 C10H4 C10H6 C10H8 ClOH 10
CllHn Cll C11H2 C11H4 CllHG CllHS C:llH 10
ClZHn C12 ClZHZ C12H4 C12H8 ClZH 10

lonic Species

CH," CH4* CHs*
CoHn* CoH2* CoHs* CaHas* C:Hs* C:He*
CsHy* CsHz" CsHs" CsHa* CsHs* CsHe" CsH7* CsHg*
CaHn* CiHs* CsHs* CsHe" CiH* CiHg* CsHo* CsHio"
C5Hn+ C5H4+ C5H5+ C5HG+ C5H7+ C5H8+ C5H9+ C5H10+
CeHn* CeHa* CeHe™ CeHg® CeH1o"
CHL* C/Hg" CiHio"

(within a factor of 20) over the entire compositional range. The numbers is more pronounced in the case of the ionic species,
distribution of ionic species is affected much more than that of in contrast to neutral species, where no significant changes in

the neutral species by varying the percentage,ofd expected, the distribution of products is observed with changes in H
discharge in pure Fgases resulted in the disappearance of any composition.
HC species. (e) The CH/H; plasma produces mostly even-numbered mass

(d) As the H volume in the mixture increases, ionic species jons as terminal domination ions. The MHype of ion is
havmg_a smaller carbon number appear and sharpl_y increase thissing when M is the @n:o molecule, which is formed
a maximum at 90% bl The tendency for the higheroH  apundantly in the plasma. This suggests that protonation is a
component feed gas to produce species with lower carbon
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Figure 2. Li* adduct intensities of neutral products ofHGLi* (m/z Figure 3. Total intensity of ionic species'qgﬂc) and relative intensities

34), GHsLi* (m/z 36), GHicLit (m/z 65), GLit (m/z 79), GH.Li* of ionic species of gHs" (m/z 28), GHs" (m/z 29), GH4* (m/z 40),
(m/z 81), and GH4Li*™ (m/z 83) produced in ChWH, plasmas as a CsHs™ (MV252), GHs' (m/z65), and GHe' (m/z 78) produced in CHl
function of the proportion of Hin the mixture. The total intensities of ~ H, plasmas as a function of the proportion of kh the mixture.
neutral species are also given. Compare with Figure 2.



Mass Spectrometry of C}#H, Microwave Plasma J. Phys. Chem. A, Vol. 105, No. 20, 2004927

less likely process than dissociative electron ionization in the  (b) An increase in the CiHcomponent of the feed gas leads
CH4/H; plasma. to greater formation of many neutral species, whose distribution
(f) Note that the variation in production of most neutral and hardly changes over the entire range of feed gas composition.
ionic species depends rather simply on the percentage.of H  (c) Mass spectra of ionic products show that all these species,
Most of these results, however, cannot yet be explained; to with even-numbered mass ions predominant, were species with
interpret them fully, it will be necessary to include rate constants corresponding neutrals observed in the plasma. However, no
for the formation of neutral molecules and ions. Few attempts remarkable similarities in abundances exist between ionic and
have been made to obtain the data onHamlecule reactions  neutral product species. The distribution of ionic species from
in which H, takes part. The rate constants of reactions of a few a discharge is not representative of the neutral being protonated.
positive ions with H have been shown to be slow, which leads
to difficulty in providing a detailed mechanism of G, Acknowledgment. This work was supported in part by a
discharge plasma reactions. Furthermore, in addition to problemsgrant from the Japanese Science Technology Agency (STA)
with ambiguous identifications, some of the reaction products under the framework of Japanese-French and Japanese-Brazilian
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