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Diagnostics of microwave plasmas of ¢H,: Mass spectrometric investigations of ionic
and neutral species
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The determination of the ionic and neutral chemical components of the flowing micrqiaVe discharge
plasma of acetylene was performed by {ibn-attachment mass spectrometry. Plasma composition was inves-
tigated as a function of controllable parameters such as fhig fw rate (pressurg the microwave-induced
power input, and the MW cavity position. The reaction schemes for some products are considered, particularly
with regard to the role of radical and ionic condensation reaction processes. An attempt was made to link both
the ionic and neutral species to a proposed mechanism. A model that explains the observed phenomena and
that is consistent with the dependence on plasma parameters is suggested. The model’s predictions indicate
that, for example, the principal ionic condensation reaction can be summarized by the reaction sequence
C,H,"+C,H,—C, . ,H," +H, (n=2,4,6,8), while reactions involving a hydrogen atom may lead to the for-
mation of neutral GH, (n>m) species, such as,B;, CH,, and GHs. [S1063-651X98)01711-3

PACS numbdps): 52.70—m, 52.80—s

[. INTRODUCTION strictly comparable or analogous to the experimental situa-
tions existing in any of these cited studies, but a gas dis-
For many years there has been considerable interest #harge can be looked on as a composite of many of the
studying GH, chemistry in low-pressure electrical dis- processes existing in each study. The results of these studies
charges at the molecular levidl-3] because of its applica- have proved to be extremely helpful in explaining our ob-
tion in plasma polymerization for depositing thin filri% 5. served results. Therefore, the wealth of data available should
Fundamental investigations began in the mid 19608 and be used in |nterpretat|ng}he present MW discharge work.
today are rapidly developing into a research field that in- Our development of Li-ion-attachment mass spectrom-

cludes a host of optical spectroscopic and mass spectrometfd’Y [19,20 has been shown to be a useful technique for
product analyses. determining both neutral and ionic transient species simulta-

In a study of dc discharge throughyd,, Smithet al. [8] neously[21]. In previous GH, studies[lZ],_neutraI poly-
identified a variety of linear conjugated molecular products:acetylenes of the form H(C=C),—H (n=1-6) were
carbon atom chains Q(n=2-9) and polyacetylene radical prepargd and their mass spectra were measured. A natural

. + : : extension would be to study large polyacetylene cations and
cations H_(,CZC)”__H - In .sug'gestlng that free radicals to compare them with the neutral species in the plasma. A
are the major reactive species in the glow-discharge polyg,qiedge of both neutral and ionic species would enable
merization process, Kobayashi, Bell, and Spéhare indis- ¢ 1 mw plasma to be understood. Information on complex
agreement with Vasile and Smolinskg], who concluded  rgaction processes would result when all the plasma species
that reactions of @4,* and ionic condensations leading to \yere evaluated.
polymeric products may well dominate the chemistry of the  This study was carried out to determine plasma species
discharge. (including radical specigsand a possible scheme for their

Several workers, including some astrophysic[$8,11],  formation, to establish the relative importance of neutral and
have reported the presence of additional chemical groups ifynic process in the MW discharge ofld,. Densities were
C;H, electrical discharges. For instance, FUjiR] reported  evaluated as a function of,8, gas flow rate, MW power
the unexpected formation of many unfamiliar HC neutralinpyt, and distance from the MW cavity. Flow tube studies
products, among which are various free radicals such agere performed under various conditions  with
CiHz (n=2,4), GH5 (n=2,4,6), and GH; (n=3,4). Re- | j*jon-attachment techniques.
searchers still disagree on reaction mechanisms: Both cat-
ionic and free radical mechanisms have been proposed to
predominate. Curiously, no one has yet considered a com-
bined mechanism, despite evidence that both ions and radi- A detailed description of the experimental setup can be
cals are involved. Clarification of this basic problem isfound elsewher§¢19—21. We shall briefly review the main
needed. points here and describe changes made for this study.

In contrast, the study of shock-tube pyroly$&,7,13, Lithium ions were produced by heating a glass béad
photolysis[14—16, and chemical ionizatiofil7,18 of C,;H,  emitte) that contained lithium oxide in an aluminosilicate
has been extensive. A microwaid\W) gas discharge is not matrix. Emissions produced by the discharge gradually de-

creased. This decrease corresponds to a decrease in the ad-
duct production of about the same magnitude. Emissions
*Electronic address: t-fujii@nies.go.jp gradually increased again in proportion to the time the dis-

Il. EXPERIMENT
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FIG. 1. System setup. Four positions of a microwave cavity were examined: ups#garentral(B andC), and downstreanD). G,
convectron pressure gauge; Pirani pressure gauge.

charge was off. Thus most mass spectrum analyses wesmitter was oriFig. 2(@)] and off[Fig. 2(b)]. As fragmenta-
done in terms of~(X1) for each mass peak, wheF{X1I) tion can be assumed to be negligihl, 20, the additional
represents the normalized fractional concentration of eacheaks in Fig. 2a) are attributed to ion attachment to genuine
mass-to-charge ratiar{/z) considered. All the data points in chemical-neutral species effusing from the plasma; the peaks
the graphs were determined by averaging several repeatéd Fig. 2(b) are due to ionic species formed in the plasma.
measurements. The coefficients of variation in the data forhe ionic products from the plasma were detected mass
these runs were within-18% at the 95% confidence level. spectrometrically. The presence of various neutral discharge
The MW source(Fig. 1) was constructed from a straight products is denoted by an increase in the current of tfie Li
quartz tubeg(4 mm inner diameter, 6 mm outer diameter, 30adduct ions.
cm long. The GH, gas flowed down the tube. The MW Table | identifies a variety of products in the observed
plasma was created by connecting a cavity to a 2.465-MH#ass spectra and shows a marked difference between the
MW generator through a matching network. The cavityMass Spectra gndB. It shows two characteristic features of
could be moved along the flow tube. The products sampleé€ ionic species: lons containing odd numbers of carbon
atD in Fig. 1 had the least opportunity to undergo reactions2toms are absent except fogHG" and the discharge is effi-
between formation and being sampled. cient at producing radical polymeric cations. The four most
Mass spectra were obtained in either the pres¢ager ~ Prevalent ions sampled wereghly”, CgHy", CigHg", and
absencéB) of Li *. The intensity of any mass peakAnwas C,Hg ™. Mass spectra were present for cations of the form
subtracted from the corresponding mass ped&to give the  CanH2" (n=2,3,4,5). Presumably these are cations of di-
Li* adducts of particular neutral products. Mass spectra weracetylene (Hg,H"), which is a ubiquitous component of
measured downstream of the microwave cavity and the predlames of various volatile hydrocarbof@2]. .
ence of free radicals in the plasma was determined. Mass Our results agree with the results of Vasile and Smolin-
was measured and peak heightdfS1) was determined for Sky's rf gas discharge studf] up to am/z of 77. Table |
each mass peak. The mass resolution was set at unit resog@mpares the ionic species obtained from their axial sam-
tion. No attempt has been made to correct for the mass déling of an rf dischargg200 V on the electrodes, 13.3 Pa
pendence of the mass spectrometer. The plasma compositi$fith those obtained from the MW discharge shown in Fig.
was investigated as a function of the following parameters2(b). A significant difference between their results and ours
MW cavity position(A, B, C, andD), C,H, gas flow rate in IS In the distribution of ionic products: We detected larger
the flow tube(1—16 mL/min (the flow tube pressure at the Polymer cations of the form gH," (m=8,10,12,14,16).
upstream was correspondingly varied between 213 and 6666 A comparison makes it clear that the ion chemistry of the

Pa), and MW power input30, 60, and 120 W acetylene discharge resembles the results of chemical ioniza-
tion (high-pressuremass spectrometry quite closély7,18.
Ill. RESULTS AND DISCUSSION This indicates that the MW discharge and the electron impact

in chemical ionization conditions would result in essentially
the same reaction paths.

Figure 2 shows a typical mass spectrum over mhg Various free radicals as well as stable polymer molecules
range 20-150 obtained for theld, plasma when the i were clearly present. The latter are classified as (€

A. Mass spectrum
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FIG. 2. Mass spectra of a 30-W, 840-PgHg MW discharge, at positio@ (flow rate 4 L/min (a) sampled in the Li-on condition and
(b) sampled in the Li-off condition (ionic species detection Additional peaks in(a) due to Li" ion adducts are marked by. The
significantly increased peaks @iz 50 and 103 in(a) consist of ionic species and Liion adducts. These are marked ky

=4,6,8), GH, (n=2,3,4,6,8,10), (H, (n=2,4,6,8,10), of CgHs" was highest and that of,8," was lowest over the
and so on. Radicals such astG (n=2,4,6), GHs (n  entire range.

=2,4,6), GH; (n=3,4), and GHy (n=4) were detected. Among the neutra! specig§ig. 4, the ngrmali;ed con-
Some of them may be species having an aromatic ring, Sudppntratlon o_f most hlgher—mass species, including the free
as GH, and GHs. Previous reports give data on neutral 2dical species £, increases, but {15 and GHs decrease

species where the experimental conditions were the same ggarply with increasing distance. These observations indicate
here[12]. that the reduction of ¢H; and GHs takes place by the for-

mation of other polymerized HC species and are consistent
with the possibility that the radical species are more reactive
than other species.

To evaluate the mechanism ofK, dissociation by the The GH, concentration is at minimum at positi@®) sug-
MW plasma, the concentration of main products should begesting that conversion reaction and formation take place
correlated with plasma parameters such as flow (Bjen  along the stream, but the high concentration QHEis
the discharge tube, discharge power inph, and the MW  nearly the same over the entire range. The total intensity of
cavity position. In this section we consider the normalizedneutral speciegnot shown is almost constant from to D.
concentrations of the main ionifF(S1,,,)] and neutral ~The normalized peak intensity changes with the cavity posi-

[F(2eura)] SPECies in the plasma at different parameterstion in @ very complicated way from sample to sample.
The peak intensity of Li is not included in the summation These behaviors are very different from those of the ionic

(Shion). species.

B. Parameters

1. MW cavity positions along the stream 2. Flow rate dependence

The effect of distance from the MW cavity position was  Since positionC is most favorable for the observation of
investigated. The normalized intensities of ionic and neutratotal neutral radicals with high normalized concentrations,
species are shown in Fig.(®nic) and Fig. 4(neutra). Po-  results are presented for positi@ronly. Figure 5 shows the
sition A is where the GH, enters the flow tube. The products normalized concentrations of ionic and neutral species in the
undergo reactions between the formation and time of samplasma with increasing flow rate in the plasma tube. The
pling. Sampling at position&—D allows evaluation of the general trend in thé-(Z1) values shows that higher-mass
reaction mechanisms in order of their occurrence. species, both ionic and neutral, tend to form at higher pres-

The total intensity of the ionic specieX(j,, increases sures. This suggests a chain-polymerization sequence for the
almost linearly along the flow tube from positiénto B to C polymer species.
to D (Fig. 3. However, the normalized concentrations of Figure Fa) shows that the peak intensity of,l,* de-
almost all species hardly chang@eithin a factor of 2 from A creases with increasing flow rafgressurgin the flow tube,
to D. Among the listed species the normalized peak intensityguggesting that these ions are more reactive than other spe-
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TABLE I. Normalized mass spectfaee footnote Jeof an acetylene plasma with MW power at 30 W and
C,H, flow rate at 4 mL/min(plasma pressure 840 Pdhe percentage of intensities of the peaks are relative
to the highest peak ().

lonic species Neutral species

This study Ref[9] This study Refs[6, 7]
m/z Formula (%)? Formula (%)° Formula (%)? Formul&
17 OH 28
18 H0 230
26 GH," 16.6 GH," 100 GH, 18.5 GH,
27 CHs 159 GHs
28 CH, 10.2
29 CHs 20.4
30 CHg,NO(Z) 415
36 (H,0), 102
38 GH, 5.7
39 CHs" 4.0 GH3" 0.8
41 CHs 12.9
43 CH; 2.8
48 G 17.4
50 CH," 24 GH,* 29 CH, 23.1 GH,
51 GH5* 27 GHs* 6.0 GHj 55.2 GH;
52 GH,* 10 GH,* 1.0 GH, 13.5 GHa
53 CHs 10.1
54 CHe, (H,0)3 15.6
55 GH, 5.2
56 CGHg 9.1
57 CiHg 6.6
72 G 5.4
74 CH,* 26 GH,* 38 GH, 21.1 GH,
75 GHs* 75 GH,* 15 GH, 29.4
76 CGH,* 100 GH," 15 GH, 39.8
77 GHs*t 23 GHs* 04 GHs 8.9
78 GHe" 5.0 GHs 25.1
96 G 12.9
98 GH," 18 GH, 25.3 GH,
100 GH,* 45 GHa 234
101 GHs* 13
102 GHs" 13 GeHe 19.7
103 GH;" 6.4
122 CoHy" 7.9 CiHa 15.3
124 GH4" 33 CigHa 12.1
126 GoHg" 38 CioHs 16.0
128 CoHg" 5.8
148 CoH,* 21
150 CHg" 44
152 CHg" 75
172 CHa* 15
174 CHe" 19
175 CH; " 9.0
176 CHg" 11
196 GeHs" 8.4
198 GeHg" 15
200 CeHg" 7.7

@The relative intensities of both the ionic species and of theddducts of the neutral species are given as
percentages of the height of the highest peak in the mass spectrum ofdjghat for GH,*.

®Percentage of ion abundance found in 13.3-Pa acetylene discharge, sampled axt#lly.7€9 and GH™*
(0.8% are not listed in this table.

°C,H (n=2,4,6) species are not listed in this table.
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FIG. 3. Total mass spectrometric intensi®yI{,,) of ionic spe- ) - | LT - -t O
cies at different MW cavity positions. Conditions are as in Fig. 3.

cies and ion distributiof F(Z1,,,)] at four MW cavity positions.
Power input, 30 W; flow rate, 4 mL/min. ) ]
neutral species was highest at 60 W. Increasing the power

cies, whose concentrations increasgHC and GH," pass does not necessarily increase the formation of ions.

through maximum(around 3 mL/min F(Z1;,,) concentra- Figure Ga) shows that the peak intensities ofHG",
tions as the pressure increases, which indicates that these &gH,", CgH,", and GoHg" were reduced with increasing
being formed as well as convertingeacting. CgH,", = MW power, while those of other species were either in-

CgH,", CgH, ™, and GgHg" increase gradually with increas- creased or almost constant. This suggests that dissociation
ing flow rate. In contrast, {1, shows a fairly constant reactions of the higher polymer products are most likely to
fractional intensity of the ionic specié3l . be observed at high discharge powers.

Figure 5b) shows results for the neutral species. At a Figure @b) shows that neutral radical production in-
flow rate of 1 mL/min, any neutral fluxes became so weakcreased at 60 W and disappeared at 120 W, leaving almost
that measurements could not be made. HC radicgtt @nd exclusively the closed-shell neutral species. However, for
C,Hs vary significantly over the range, but,8; does not. most of the closed-shell neutral products, there still exists an
The fractional intensity of the neutral Specie€X | ) of  OPtimal power input for the highest formation rate. At pow-
C,H, decreased by a factor of 40 over the range 2—16 mLErS higher than the optimal, more recombinations of radicals
min, whereas § CgH,, and GH, increase by a factor of May occur in the plasma.
more than 10. This indicates that the conversion gf.C
proceeds more efficiently with increasing flow referes- 4. Relationship between ionic and neutral species

surg. CHz CpHs, and GH, pass through maximum |t is well known that the reaction chain in the plasma is
(around 4 mL/min F(Zlneura) concentrations as the flow jnitiated by the ionization of gH, by a free electron 3—40
rate increases, indicating that these are being formed as wedly in energy in a MW discharge plasmia3]. The primary
as convertingreacting. ions transfer their charge to molecules or radicals. This forms
reactive ions that are responsible for the subsequent chemical
reactions that create the various neutral radicals in the MW
Figure 6 shows the behavior of the total and individualplasma.
peak intensities of the ionic and neutral products as a func- Any reaction scheme used to interpret data must necessar-
tion of MW power (in the range 30—-120 W As expected, ily take into account that almost all the significant neutral
power affects production in a complex way. species coexist with the corresponding ionic species in the
The total peak intensity of the ionic species was hardlyC,H, discharge, with the exception that we detecteti{
changed with increasing MW power, whereas that of theCg, C4 and G, but not the corresponding ions. Because ions

3. MW power dependence
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FIG. 5. Normalized intensity ofa) ionic and(b) neutral species as a function of flow rapressurgin the range 1-16 mL/mifand a
consequent pressure of 213—-2133 BaMW cavity positionC, at 30-W power input.

and their corresponding neutral species do not necessarily C. Reaction schemes
behave similarly, elaboration on the mechanism will not be
easy. lons of the form @,,* (n>m) cannot be easily gen- This section discusses reactions of various types, such as

erated by the ionic condensation of acetylene plasma. Then-molecule and radical-molecule reactions, to allow our
presence of corresponding neutrals is therefore relevant tesults to be satisfactorily modeled. A gas discharge can be
the neutral chemistry that proceeds in the discharge. The ladkoked at as a composite of many of the processes existing in
of neutral and ionic species with odd-numbered carbonshe shock-tube pyrolysis, photolysis, and chemical ionization
means that cleavage of the acetylene molecule to CH radicatdudies cited earlier. Those studies prove to be helpful in

does not take place to any significant extent. explaining our results.
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FIG. 6. Peak intensity of sever@) ionic and(b) neutral species as a function of MW power at a flow rate of 4 mL/min at MW cavity
positionC. The total intensities of ionic and neutral species are also given.
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1. lonic processes eral sequence given in Eq$l0)—(12) and suggested by

The ion-molecule reaction chemistry plays an important<iefer and Von Drasek25] for acetylene pyrolysis:
g]ci)\l/%.n-rg; primary ion production in the,B, MW plasma is CoH+CoHy—s CyHyt H, 10

As no significant amount of " is observed under any CoH+CeHy—CgHo+ H. (12)
plasma conditions, our discussion will concern onbHg" .

It can be safely assumed from the abundance i, Duran, Amorebieta, and Colugd€16] proposed the impor-

: . tance of singlet vinylidene (:CCHl and its role in the gH
+ + 2
CJHp", and GHy™ that condensation reactions proceecjmechanism. The first step involves isomerization of acety-

i i i Tk i
through an excited intermediate€, ™ Depending on the lene to vinylidene followed by insertion of vinylidene into

press+ure, this d+ecomposes to the principal secondary ioqﬁe G—H bond of GH, forming excited vinylacetylene
CeH," and GH, ™ C,H,* [Eq. (13)]. This suggestion is supported indirectly by

CoHy* +CoHy—CyH, * —CyH, ™, CiHs™ +H, CiHy™ +H,. our observation of abundant,&, species,
2) :CCHy+ CoHyCyH,* (13

With the formation of GH," (n=4,6,8,10), the polymeriza-
tion process in the MW plasma will most likely continue by
continuous reaction with £1,. As seen in Fig. &), the flux

of C,H,*" decreases as that ofld," increases and then the

C,H,* may convert by several different path&gs. (14)—
(16)], which provides an explanation for many of the prod-
ucts found in this study, such as, g, and G:

flux of C4;H," decreases as that ofid," increases. CaHs* —CyHy, CHp+H,, Cut2H,, (14)
By the same token, possible steps to the formation of
highly unsaturated @, (n=4,6,8,10,12,14,16) and CaHy* +CoHy—CeHeg* | (15)

C.Hs" (n=6,8,10,12,14,16) ionic series are

CeHe* —CeHg, CeHst+H,, CoHo+2H,, Co+3H,.
CaHo " +CoHy—CeHy ™ —CeHy™, CeHo +Hy () oHle” —CoHls, GoHatHz, CoHlz+2H,, Cot3H, (16)

CeHy " +CHp—CgHg ™ The increasing fractional concentration of ®ith pressure

[Fig. 5b)] is accompanied by a decrease igHg which is
+ + +
—CgHe ™, CgHa™ +H,, CgHp ™ +2H,. (4) an assumed precursor. This behavior is consistent with the

Reactiong3) and(4) are known to be among the most prob- results of pressure dependence.

able reaction paths available for condensation reactions of Frc_)m our results_, one would expect a_much radical c_hem—
C,H," with C,H, [24]. The absence of gls* or CgHs" Istry in the GH, discharge. A vinyl radical ¢H; was di-

indicates the collisional stabilization ofg8,* or CgH," in rectly observed as a major product. In addition to reaction

the plasma, which in turn would eliminate a source of thesélo)_(m.)' th.e othe_r possible reaction for .ponr_nerlza_non
dissociated ions. Starts with this species. The drop in the fractional intensity of

The formation of the gH3* ion by the following exother- tr;gsrr:]zumesgergeﬂg;ﬁg?gﬂ;ﬁ‘:Zt:,;otm QII-DI ti(:ncli::s tt?]?a
mic reactions is well known from mass spectromé¥|: P & imp

reaction in Eq(17), in which a hydrogen atom is a counter-

CHy"+CHy»CHs"+H, AH=-50 Jmol, (5 Par for GH; formation. It is well known that electrons
present in the plasma should produce hot hydrogen atoms

CHy * +CHy—CHs +H  AH=—527 Imol, (6) [25]

*
The presence of 41, and GH5;™ indicates collisions that CoHp™ TH—-CHs. (17

were more energetic than thermal. These ions may be formeﬁzi C,H, is supplied, then the interaction betweepHg and

n C,H, or other HC molecules is highly probable; the free
+4 +4 _ radical interaction with ¢H, and other HC molecules is

CoHy "+ CaHp =G ™ +CH, - AH=109 Jimol, (7) highly exothermic, indicating the production of the larger
n n _ HC species. Reactions among radical-involved condensa-

CaHs™ +CoHy— Gty +Hp,  A7=385 Jimol. (8) tions leading to polymeric products may well dominate the

_ chemistry of the acetylene discharge.
2. Neutral species processes As shown in Table I, neutral species of the formHg,

The following reaction of decomposition of,8, by ki-  (n>m), but not the corresponding ions, are formed in the
netic electrons in the MW plasma is feasiplet]: acetylene plasma. The presence of the neutral species is
therefore relevant to the neutral chemistry that proceeds in
C,H,—C,H+H. 9 the plasma discharge. A possible reaction to yield these spe-

cies is given by
C,H, which is a major species in the photolytic decomposi-
tion of C,H,, may be the chain-reaction carrier for the gen- CriHn+H—CHmi1- (18
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CH,, neutral species may react with the available hydrogeriion between a hydrogen atom and HC molecules is the
atoms. mechanism for the gH, (n>m) species.
Although the experimental system described here is not
IV. CONCLUDING REMARKS necessarily the same as that in a microwave-plasma-
enhanced chemical-vapor-deposition system, only in this
The mass spectrometer Lieactor setup was successfully study has a diagnosis been made to determine intermediary
used for the simultaneous analysis of neutral and ionic spéree radical and potential reaction schemes. Simultaneous
cies in the GH, system and allowed general criteria for the measurements of ionic and neutral species by mass spectros-
effects of the process parameters to be derived. It can bgopy have been shown to be useful in verifying the plasma
concluded that a pure,8, MW discharge results in a high characteristics.
conversion of GH, to ionic and neutral polymer products.
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