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Conventional and dynamic actinometry of discharges
of hydrocarbon—oxygen—argon mixtures

Steven F. Durrant and Mario A. Bica de Moraes
Laborataio de Processos de Plasma, Departamento osicdai Aplicada, Instituto de Bica Gleb Wataghin,
Universidade Estadual de Campinas, 13083-970 Campinas, SP, Brazil

(Received 1 March 1995; accepted 26 May 1995

Actinometric optical emission spectroscopy was used in the investigation of discharges of mixtures
of C,H,, O,, and Ar to determine relative concentrations of the species CH, OH, H, CO, and O,
which all increase with increasing proportions of oxygen in the plasma RegdThe mean electron
energyE and the mean electron denspyvere probed using Ar and He as actinometers. Additional
measurements of the ratio of the intensities of thetéiHg lines, 1(H,)/1(Hp), showed thak was

not strongly dependent dR,. In contrastp was found to fall with increasing,, . A dynamic form

of actinometry was also used to determine temporal trends in the relative concentrations of the
above-mentioned species following cutting of either th@OC,H, flows. On the basis of these data

it is concluded that reactions involving oxygen play a major role in the production of the species
CH, H, and CO. Plasma—polymer surface reactions contribute significantly to the production of the
species H, CH, CO, and OH. @995 American Vacuum Society.

I. INTRODUCTION emission spectrometry to elucidate plasma processes. The
introduction of a small amount of an inert gas, or actinom-
Plasma polymerization as a method for the production okter, typically argon or helium, and the measurement of char-
thin films suited to a range of technological applications,acteristic emissions from the actinometer and from species
such as protective coatings, electronic components, angresent in the plasma allow the determination of relative con-
permselective membranes, is well establishédespite  centrations of the latter as a function of a system
this, the processes which occur in the discharge are onlgarametef!??in this work the proportion of oxygen in the
partially understood. In direct current or radio frequedy  feed, R,,. An additional type of actinometry was also em-
glow discharges, energetic electrons interact with the fee@loyed for the investigation of transient concentrations of
gas molecules, forming reactive species such as free radicalspecies of interest in the plasma as a function of time follow-
ions, and excited neutrals. As a consequence of the recombiing the interruption of one of the gas flows. As was shown
nation of these species, a film is formed on the inner walls ofecently for discharges of 8,—He—N, mixtures?® suchdy-
the reactor although powders or oils may also be forfed,namicactinometric studies may also shed light on gas-phase
depending on the exact deposition conditions, such as the gasid surface reaction processes.
feed flow rates, the applied power, and the substrate tempera-
ture.
Diverse monomers, which may be hydrocarbbmspr

may contain oxygef nitrogen®'° or silicon!'~'*have been

polymerized in glow discharges. Studies of the plasma poly- The deposition system has been described in detail
merization of organic—inorganic mixtures, notably hydrocar-e|sewheré® as has the optical equipmefittherefore a sum-
bons mixed with M,** CO"® or 0, ,%!" have been reported mary only follows. The discharge was maintained in a cylin-
by various investigators. This group has investigated disdrical steel chamber fitted with horizontal, water-cooled,
charge and film structures in the plasma polymerization oparallel-plate electrodes connected to #40 MHz) genera-
the mixtures GH,—SF;,*® CgHg—SF;,** and GH,~He-N,°  tor via a matching circuit and throughline watt meter. An rf
In such mixtures, radicals from the inorganic comonomer argyower of 70 W was used in all experiments. Since the ap-
usually present in the plasma and the elements of thelied power, measured as the difference of transmitted and
comonomer are incorporated into the deposited film. Typiteflected powers, was maintained by use of the matching
cally, control of the proportion of the comonomer allows box, typical measurement errors are estimated to be about
some selection of the composition of the final material. Fors5%,
example, the degree of fluorination of films deposited from Gases, of minimum purity 99.5%, were fed to the inlet at
C,H,—SF; mixtures increases with the proportion of SF the top of the chamber from cylinders via precision mass
Re, fed to the chambéf Physical properties of the film flow controllers. The chamber was pumped continuously, via
typically depend on its elemental composition and structurethe outlet at the base of the cylinder, by a two-stage rotary
over which, as we have seen, some control is possible. Thupump.
for example, the refractive index of fluorinated films may be A circular quartz window in the chamber wall allowed
controlled by a suitable choice &.*® light to escape from the discharge and pass to the entrance
In this work, a study of the composition of plasmas of slit of a monochromator spectrometéocal length 1 n.
C,H,—O,—Ar mixtures was made using actinometric optical Detection was by a photomultiplier tube, and the resulting

Il. EXPERIMENT
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signal was passed to an electrometer and hence to a chart 12
recorder or personal computer for display. >
The following species were detected and their relative E !
concentrations determined: G431.4 nm, OH (473.0 nm), Z2os
H (486.1 nm, CO(519.8 nm, and O(533.1 nn). One of the =
conditions for the successful use of actinometry is that the 06
threshold energies for the electronic transitions to the excited E 0.4
states responsible for the emissions are the same, or in prac- S
tice roughly equal. For practical measurements, however, the & 02
choice of actinometer is limited to a few gases. Helium may 0 ' ' '
be used but has a threshold energy of 23.73(alv447.1 0 10 20 30 40
nm), which is far greater than the threshold energies of most PERCENT OXYGEN IN FEED

_Of the species of mte_rest. Argon is typically a '?etter OF_’“O”:F.G. 1. Relative intensities of the actinometers Ar and He as a function of
its threshold energy is 14.5 etat 430.0 nmu. Nitrogen is  Rr_ . Total flow rate=8 sccm: Ar flow rate-1.9 sccm; He flow rate0.1
sometimes used as an actinometer, but this gas cannot bem.

considered inert because it is also incorporated into the

growing polymer. For these reasons, Ar was used as an acti-
nometer, the peak height of the emission at 430.0 nm bein X . ; o .
b 9 lﬁserature withR,, is obtained by monitoring two lines of a

used to normalize the peak heights of the selected emissio Sngle specied® In this study, the H and H, lines at 656.2

of the species of interest. Helium was also introduced into nd 486.1 nm. tivelv. were m red function of
the discharge and its emission at 447.1 nm measured. a | » FESPECliVEly, Were measured as a tunction o

R.x- Hydrogen arises in the discharge as a fragmentation
byproduct of GH,. Figure 2 shows the variation of the ratio
Ill. RESULTS AND DISCUSSION I(Hy/1(Hp), wherel indicates the peak height of the emis-
sion profile. Little variation is observed in the ratio as a
function of R.,. As the plasma activity has been shown to

For this series of experiments the Ar and He flow ratesfall with increasingR,,, it follows that higher proportions of
were 1.9 and 0.1 sccm, respectively, while those #d£and  oxygen in the feed lead to relatively low average densities of
O, were varied in inverse proportions in order to maintainfree electrons, which may be related to the electronegativity
the total flow rate constant at 8.0 sccm. of oxygen.

As a useful piece of background information, it is calcu- Figure 3 shows the relative concentrations of CH, OH,
lated that, based on the total flow rate of 8.0 sccm, the resiand H as a function oR,,. In what follows we designate
dence time in the plasma is about 2 s. relative concentrations by square brackets. T@el] falls

Please note that for the graphs of this section smootklightly and then increases rapidly RS, is increased. Since
curves were drawn through the data points. Thus data pointsoth the GH, flow rate and the plasma activity decrease with
not exactly on the line need not constitute poor data. TypicaincreasingR,,, the rise in[CH] at highR,, must be due to
precisions of the peak heights wete8% the standard error increased production of CH via reactions involving oxygen
of the mean(n=3). This would be the typical error in the in the gas phase or to the release of CH from the polymer
points of the graphs showing intensitiésg., those of Fig. already deposited on the electrodes and chamber walls.

1). The remaining graphs of this section are derived by a The[OH] rises almost steadily witR,,, while [H] shows
division of two intensities so that their typical errors are a dependency very similar to that gEH]. We interpret the
about=49%. As noted above, the gas flow rates were meaformer trend as due to the steadily increasing supply of oxy-
sured by precision mass flow controllers so that systematigen, allowing reactions with £1,. As both the supply of H
errors in the flow parameters, such as the percent of oxygen

in the feed, are taken to be negligible.

An independent indication of the variation in plasma tem-

A. Conventional actinometry

Figure 1 shows the relative intensity of Ar and He asa 2 .2 T T T
function of R,,. Earlier!® the authors introduced a quantity '02: b o _
called theplasma activity A where %J os b o - Py o |
A=PE, @ T o6 |- * -
provided p is the mean electron density arifl the mean a8
electron energy. Thus, & increases, eithgs or E increases g 04 = _
(or both increase Thus the curves show thdt falls with 202 —
increasingR,, : eitherp or E falls (or both fal) with increas- 5 o | l l
ing Ry, As the threshold energies for the transitions to the z 0 10 20 30 40
excited states responsible for the emissions of Ar and He PERCENT OXYGEN IN FEED

measured here differ widely in energy, the similar depen- _ _ 3 o ‘
dence of the intensity curves &y, is indicative of a similar Fic. 2. Ratio of the intensities of the emissions of thgad H; lines as a

. . . function of R,,. Values were normalized so that the maximum ratio equals
effect of the introduction of oxygen on electrons of diversegne Total flow rate-8 sccm; Ar flow rate=1.9 sccm; He flow rate0.1

energy. scem.
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Figure 4 shows the relative concentrations of CO and O as
a function of R,,. Both increase steadily with increasing F. 5. Rerl]ative intenﬂsity ofa) Ar andh(b) He fIOIIOWfiIng cutting of either
proportons of axygen In the feed. Since the supply of Oxy-{C1e2 e 09en o ocie B e s vl 002 Pt
gen is increased, the rise i@] is to be expected. Reactions flow rate=3.0 sccm; Q flow rate=3.0 sccm; Ar flow rate1.9 sccm; He
between oxygen and carbon-containing species are Vemow rate=0.1 sccm; deposition timel0 min.
likely the mechanism responsible for the appearance of CO
in the discharge. The predominant factor in the production of
CO is the supply of oxygen, which outweighs the effect ofsccm; Ar flow rate 1.9 sccm; He flow rat®.1 sccm. Data
the reduced plasma activity and the reduced supply of carbocquisition was begun after 9 min. After a further minute

in the form of monomer. either the Q or CH, flow was cut. This procedure was
repeated for measurement of the characteristic emission of
B. Dynamic actinometry each species of interest.

As shown in a recent articé actinometry mav b dt In the absence of the plasma the pressure in the chamber
s Sho arecent articie,actinometry may be Used o .o apout 48 mTorr; following ignition of the plasma, pres-

determine the relative concentration of species of interest I ,res of about 50 mTorr were typical. After cutting of either

:Ihe pla_?rr]na TO”Or\]ng the SUtgnlg of tonti of thle tmonomirthe O, or the GH, flow (with the plasma ignitedpressures
ows. The aim here was 1o delineale the evolution of ey 55 and 42 mTorr, respectively, were observed.

relativ_e concentrgtions of key plasma species with time to Considerations similar to those given above for the con-
shed light on Fhe influence ofgas.—phase and plasm_a—polym%mional actinometric measurements apply to the typical
surface. reacyons on the. production of thgse Species. Sprecisions of the peak heights obtained by dynamic actinom-

In this series of experiments the following procedure wa: etry. In these experiments, however, thaariable is time
foIIovygd. Film was deposited for 10 min under the following As éontinuous traces Were, made at \;vavelengths corresbond—
conditions: GH, flow rate=3.0 sccm; Q flow rate=3.0 ing to the characteristic emissions, essentially an infinite
number of peak heights were recorded. Therefore the error in
the time coordinate of a peak height is very small but in any
case smaller than the equivalent time interval occupied by
the data markergdots, diamonds, etc.employed on the
graphs.

Figures %a) and b) show the relative intensity of Ar and
He, respectively, as a function of time following the cutting
of either the oxygericurve A or acetylengcurve B flow.

As we can see from Fig.(8), when the oxygen flow rate
is cut the argon intensity rises immediately and steadily, in-
dicating an increase in the plasma activity. This is consistent
0 10 20 30 40 with the conventional actinometry data reported in Fig. 1,

PERCENT OXYGEN IN FEED where the plasma activity increases Rg, decreasesFol-

Fic. 4. Relative concentrations of the species CO and O as a function og‘owmg the cutting of the acetylene flow, however, the Ar

R,,. Total flow rate=8 sccm; Ar flow rate=1.9 sccm; He flow rate0.1  Intensity is virtually constant, showing only a small rapid
scem. rise and fall, returning roughly to its original level; thus the

RELATIVE CONCENTRATION

JVST A - Vacuum, Surfaces, and Films
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presence of ¢H, does not greatly influence the plasma ac-metastable states of,vith sufficient energy to produce CH
tivity. directly from GH,. For example, the'A; and 'S
From Fig. 8b) we see that following the cutting of the,0O metastable states of,(have energies of 0.97 and 1.63 eV,
flow the He intensity rises rapidly aftér=60 s, but is little  respectively, energies far less than the=C bond energy
influenced following the cutting of the #, flow. Thus al- (~10 eV).
though not identical, the forms of the two curves are indeed In plasmas containing Ar, £ and GH,, pathways that
similar to those of Fig. &); that is, the effect of the cutting produce CH may include the breaking of theC bond in
of either the @ or C,H, flow is similar for electrons in the C,H,, recombination of H and C, hydrogen extraction from
range of the threshold energies of the actinometers, namelH, species, or reactions involving,@nd H, or hydrogen-
14.5-23.7 eV. containing species. While the presence of both CH and H in
Figures §a)—6(e) show, respectively, the relative concen- the discharges was confirmed by optical emission spectros-
trations of the species CH, OH, H, CO, and O as a functiorcopy, neither CH nor C, was detected. However, emissions
of time following cutting of either the oxygeftcurve A) or  from CH, are either weak in our discharges or suffer overlap
acetylengcurve B flow. from other emission lines. For example, the possible emis-
From Fig. a) (curve A) we see that thECH] aftert=60  sion of CH, at 537.5 nm is close to the Ar emission at 537.3
s falls extremely rapidly following the interruption of the nm. Also, as oxygen is known to suppresspoduction in
flow of O,. (The relative concentration obtained withous O CH, plasmag? this perhaps explains the absence of confir-
in the feed is very much smaller than that obtained in itsmatory spectral evidence of the presence ¢fitCour dis-
presence. This precipitous fall indicates that reactions in- charges.
volving oxygen are important in the rate of formation of CH.  From Fig. &a) (curve B we see that when the flow of
In fact, as we will show later, reactions betweenadd GH,  C,H, is cut, the[CH] falls in about 20 s to about 0.8 of its
take place at a relatively high rate in the gas phase formindpormer level and is roughly stable thereafter. THaH] does
CO. This result strongly suggests that CH is also producechot fall to zero indicates that there are sources of CH other
Let us note, however, that to our knowledge there are nthan gas-phase reactions starting fropHEZ A possible in-

J. Vac. Sci. Technol. A, Vol 13, No. 5, Sep/Qct 1995
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terpretation of this effect is the release of Cépecies from  rises a little, which is probably a result of the slight increase
polymer deposited on the inner walls of the reactor, the enin plasma activity obtained in the absence ofHg [see
ergy required coming from argon metastable species. Argofig. 5b)].

has a metastable state of 11.5%8\4n energy greater than

those of the carbon bonds linking the terminatich€H,

(bond energy~4.5 eV), =CH, (bond energy-7.5 eV), and IV. CONCLUSIONS

=CH (bond energy-10.0 eV to the rest of the polymeric  |n plasmas of mixtures of £1,, O,, and Ar, increasing
chains?® Energetic electrons of the plasma may also contribproportions of oxygen lead to lower plasma activities. As
ute to the release of GHspecies from the polymer surface. was shown by the measurement of the ratio of the intensities
Electrons are known to produce Franck—Condonof the hydrogen lined,(H,)/I (Hp), the plasma temperature is
transition$” in species bound to surfaces, from bonding tonot a strong function of the proportion of oxygen in the feed,
antibonding states, resulting in desorptf8rif the carbon Rox, and the mean electron density falls with increasRyg.
bond linking the CH termination to the rest of the polymer Despite this, conventional actinometry revealed that the rela-
chain suffers a transition of this kind, the Clpecies may tive concentration§CH], [OH], [H], [COJ, and[O] increase
desorb from the antibonding state. with increasingR,,. Some increase in the concentrations of

Figure @b) shows the temporal development[@fH] fol-  oxygen-containing species is expectedRyg is increased.
lowing cutting of either the @or CH, flow. When the @  However, simultaneous with the increase in the supply of
flow is cut,[OH] falls, then stabilizes at around 25% of its oxygen, the supply of C and H in the form of a monomer
original value. Thus OH must be released from the film surdecreases. This factor, together with the reduced plasma ac-
face. As with the species CH, this may be due to reactionsvity, must tend to reduce the concentrations of the species
with Ar metastable species or energetic plasma electrons ¢ and CH. The concentrations of these species, though, are
both. observed to increase, owing to reactions involving oxygen.

When the flow of GH, is cut, the concentration of OH is Using a dynamic actinometric technique, in which the
increased slightly, which can only be due to the greater reflow of oxygen was interrupted, we have shown that reac-
lease of OH from the polymer surface. This is not surprisingtions involving oxygen or oxygen-containing species are es-
because the polymer surface is bombarded with excited oxysential to the formation of the CH, H, and CO species. The
gen and argon atoms, among other species. In the case efistence of relatively high concentrations of the species H,
impact by oxygen, an OH species may be directly producedCH, CO, and OH without ¢H, in the plasma feed suggests
in the case of impact by argon, energy for bond breaking anthat plasma—polymer surface reactions play a very important
the release of preformed OH species is possible. Again, enole in their release into the discharge. Energetic plasma spe-
ergetic electrons may also release OH species. cies such as electrons and argon metastable species may sup-

From Fig. 6¢c) we see that when the,GBupply is cut, the ply the energy necessary to release the above-mentioned spe-
[H] falls sharply and stabilizes at a greatly reduced conceneies from the film surface.
tration. The curve fofH] is strikingly similar to the corre- In addition to the specific clues concerning reaction
sponding curve fofCH] (following the cutting of the supply mechanisms in g4,—0,—Ar plasmas obtained here, the dy-
of O,). Thus the production of both CH and H dependsnhamic actinometric method promises to be a useful addi-
strongly on the presence of oxygen. tional tool for plasma diagnosis.

The[H] does not alter greatly following the cutting of the  As illustrated by Prohaska and Nickosérfor ethylene—
supply of GH,. Thus it is likely that the production of H via oxygen plasmas, the inclusion of oxygen as a comonomer
plasma—polymer surface reactions is of major importance. leads to its incorporation into the deposited material, which

Figure &d) shows the temporal variation ifCO]. The  modifies film properties such as the dielectric constant. A
[CO] falls almost to zero in about 60 s after cutting the study of the structural and optical properties of films depos-
supply of Q. In the absence of oxygen neither gas-phaséted from GH,—O,—Ar mixtures is also to be reportéd.
reactions via oxygen nor the production of CO via oxygen-
polymer surface reactions is possible. In addition, it appears
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