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Wall Association and Recirculation in Expanding Thermal Arc Plasmas
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In recent years, extremely rapid recombination as well as other effects in expanding thermal arc
plasmas have been attributed to wall association of radicals (mainly H) and recirculation in the
expansion vessel. Coherent anti-Stokes Raman scattering measurementsaomd HD when the
arc burns on a mixture of Hand D, show new evidence for this view.

PACS numbers: 52.80.Mg, 52.40.Hf, 52.75.Rx, 82.40.Ra

Models and experiments in the field of plasma chem+esidence times are around 0.3—-2 sec, and a recirculation
istry generally focus on the description of radical kinet-flow is present in the vessel. These characteristics favor
ics and radical detection. Because of the very comple®a major role for wall processes, leading to the formation
plasma kinetics (literally hundreds of reactions may beof stable molecules from radicals (e.g., ffom H and
involved), global understanding is difficult to attain [1]. H). The plasma is recombining and afterglowlike, with
In this Letter we want to specifically address the formaJow electron temperaturest’{ around 0.2 eV) and low
tion of stable molecules, which appears to dominate thelectron densitiess around10'® m—3, when H, is used
plasma we have studied and may play an essential role in considerable amounts (e.g., 10 vol % id argon [4])].
many other types of plasmas as well. The simple view reTheseT, and n, values rule out a major importance for
sulting from this consideration may rapidly lead to a clearelectron kinetics.
understanding of the plasma chemistry in many cases. The research on the above mentioned wall phenomena

Plasma deposition and etching techniques are becomirig performed with the experiment in Fig. 1 [7]. As the
ever more important tools for the manufacturing of smallwall association process creates a population of stable
structures in semiconductor materials, as well as for thenolecules around the plasma jet itself, i.e., in the “dark”
coating of materials with thin films (e.g., amorphousperiphery, active (laser) plasma diagnostics have to be
hydrogenated carbon and silicon, diamond, graphite) [2]lemployed in order to obtain the required data. As this
Plasma sources are also used for the creation of usefatudy focuses on argon-hydrogen and pure hydrogen
particles, such as Hions, H' ions, or H radicals (e.g., plasmas, a high-sensitivity coherent anti-Stokes Raman
[3,4]). Different types of plasma generators are used (rfscattering (CARS) spectroscopy experiment has been
microwave, dc) for the creation of deposition precursorgealized to perform density and temperature measurements
or (etching) radicals, but a common factor is a fairlyon rovibrationally excited H (and HD, when the arc
large (5—100 liters) vacuum vessel, usually made out obperates on a kD, mixture). The aim is to prove that
stainless steel. The question now is to what extent théhe measured amounts of stable molecules around (and in)
composition of the source plasma is representative fothe plasma can only be explained by assuming that wall
the composition in the vacuum treatment vessel. Theassociation and recirculation are dominant processes.
residence timeof a particle in the vessel can attain The CARS spectrometer is a scanning boxcars experi-
appreciable values, seconds or more. This implies thenent, using a reference branch in order to cancel out
principal possibility of many wall reactions, with a experimental peculiarities, such as a specific dye response
pronounced influence on the radical (and stable molecule)
populations in the treatment region. The important case
of wall association of H radicals into Hmolecules,
for example, has received considerable attention in the plasma jet
literature (e.qg., [5]).

In this study, a dc wall stabilized thermal arc plasma
source is used for the deposition of thin films [6]
and as a hydrogen particle source [4]. The thermal,
subatmospheric plasma is allowed to expand into a low- cascaded arc
pressure vessel (volume around 100 liters), creating an plasma source He oH
expanding plasma jet (see Fig. 1). Monomers, (8, m—
CH,, SiH,) can be injected in the jet (i.e., downstream)

and deposition takes place on a downstream substratg!C: 1. A schematic of the experimental arrangement show-
Ing the thermal plasma source and the stainless steel vacuum

The arc is usually operated in pure argon or Ina MIXWUI§essel. The envisaged recirculation pattern (see main text) has
of argon and hydrogen. In the case of a particle sourcgeen sketched, as has the wall association of H radicals igto H
the carrier gas is pure hydrogen. In all these casesolecules (in the case of Ftontaining plasmas).

to pumps
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spectrum. The experiment will be described in detail inconsidered as the major source foy Rholecules needed

a forthcoming paper [8]; CARS specifics can be foundto explain the fast recombination [12].

in review articles (e.g., [9]). At this moment it suffices The measurements that have been performed are the
to note that the setup is very sensitive, capable of statdellowing: (1) CARS measurements on 10 vol % lth
selective detection of Hat very low pressures (a spectrum argon mixtures. Hydrogen is added to the flow before it
can be taken at 0.1 Paytat 300 K). A3:1 mixture of enters the arc (arc injection), but in a second experiment
Exciton DCM and Exciton LDS698 dyes has been usedt is flushed directly into the vessel, the arc operating on
to cover the H and HD spectral regions, in a Raman pure argon (vessel injection). (2) CARS measurements on
shift range o0f4165-3000 cm™!. Absolute total density H, and HD when the arc burns on a 50/50 mixture of H
calibration to an accuracy of 10% is possible. Using and D,. (3) Ditto with the arc burning on k while D, is

the appropriate correction factors for the Raman crosflushed into the vessel. (4) Ditto with the arc burning on
sections [10], absolute HD state densities can also bB,, with H, flushed into the vessel.

determined. Effects of saturation in the CARS spectrum CARS on Ar-H mixtures—In order to prove the exis-
[11] have been shown to be negligible for our laser powersence of similar populations of Haround the plasma for
[8]. Spatial resolution is obtained by crossing the beamsrc and vessel injection, CARS measurements are carried
(boxcars): The detection volume has a length=@f cm  out under the following conditiondy,. = 45 A, flow =

and a diameter o180 um. 3.5 SLM, ppack = 140 Pa, 10 vol% H in Ar. The re-

It is useful to take a look at the general characterissults for the H partial pressures (taken as the product of
tics of the argon-hydrogen plasma by considering soméotal density of all measured states, the rotational temper-
Thomson scattering results presented in Fig. 2. #he ature, and the Boltzmann constant) are depicted in Fig. 3.
values have been measured on the axis of the expandhe radial scan is made by moving the plasma inside the
ing jet and show the behavior of an argon plasma withvessel, as this can be done without significantly changing
small amounts of hydrogen added. A very pronouncedhe plasma [7]. The plots clearly show that in both cases
influence is observed, even for very low hydrogen seedvessel and arc injection) the partial pressure gfitdthe
fractions. The hydrogen is admixed to the argon flowperiphery of the jet equals 10% @f,,.x, within the mea-
before it enters the arc. The plasma conditions are theurement accuracy. As we have to assume an almost com-
following: arc currentl,,. = 45 A, voltageV,. = 50 V, plete dissociation of Klin the arc at these seed fractions,
total flow 3.5 standard liters per minute (SLM), and vessethis means that the measured id the arc injection case
background pressurgp,.x = 40 Pa. The hydrogen ad- must have been formed at the vessel walls, as it can be
mixtures are percent by volume. The anomalously fast reshown that volume association of H radicals tgthirough
combination has been attributed to the formation of ArH three-body processes cannot be of significant influence in
molecular ions from Ar and H,. This strongly points to our case [13].
wall association, as Fimolecules are very unlikely to sur-  CARS on H-D, mixtures—In this case the conditions
vive the 1 eV environment of the plasma inside the arcare the following:l,;,c = 37.5 A, Vg = 100V, flow =
especially at lower seed fractions. In this view, only"Ar 3.5 SLM (50% H, and 50% D by volume, both injected
H*, Ar, H, ande~ leave the arc, forcing the wall to be in the arc), andpp,.x = 40 Pa. Measurements on,H
and HD concentrations and temperatures are performed
both in the plasma [at axial position= 70 mm (z de-
notes the distance from the onset of the expansion) and
a radial positionr = 0] and in the periphery (a¢ = 20,

r = 20 mm). In the latter case the laser beams are clearly
overthe plasma jet. For the axis of the jet, at an axial po-
sition of z = 70 mm, rotational Boltzmann plots for both
H, and HD are given in Fig. 4. A summary of the results
is given in Table I, clearly pointing to a total mixing in the
formation of products asHHD :rest= 1:2:1 in partial
pressures (and densities as well as the temperatures are
very similar). We think it safe to assume that the “rest”
will consist mainly of D,. At this moment, D is outside

the measurement range, as it would require different ex-
perimental conditions (dyes, dichroics).

A discussion of these measurements necessarily starts
] ) with an evaluation of the dissociation degree inside the
FIG. 2. Thomson scattering data for the electron density versascaded arc. This dissociation degree has been measured

sus axial position for pure argon and different hydrogen-argorb inout i Bt dh
admixtures. The axial position increases with increasing Y POWEr Input measurements on purg arcs and has

downstream distance from the nozzle. The impact of smalPeen determined to be around 70% (of the input flow)
additions of H to the flow is clearly visible. for an arc current of 37.5 A [14]. The fact that we
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20 e s T ] is to be expected there. The final mixture in the vessel
18—: (a) - vessel injection, z=20mm . corresponds exactly with the measurement results.
164 T 1 A point of concern are volume reactions of the type
AEE I { ] H+ D,— HD + D, 1)
© E 4
< 107 I I ]
= 8] ] D+ H, — HD + H. 2
61 1 3 ] These reactions have been studied extensively [16] and
41 i3 ] show a significant threshold behavior at low temperatures.
27 ] At temperatures inside the vessel (400—1200 K [8] and
0_30 20 10 0 10 20 Table I_), these reactions can tze neqlected 7in a first
approximation (at rates arount)2'-10"'8 m*s™!) as
r(mm) can the analog reactions winsinstead of radicals [17],
20—r——T——T——T——— in view of the low ion densities. In the arc, however, at
184 (b) - arc injection, z=20mm 1 high densities and temperatures, these reactions can play
16 ] a dominant role [higher ion densities, higher rates for (1)
14+ I I 1 and (2)] leading to total mixing there (bubtto a lower
. 12; I I { ; dissociation degree).
g 107 1 H, and HD CARS on other HD, mixtures—In this
£ 81 I ] last set of measurements, the arc is operated on either full
& 69 I 1 I ] H, or D, (37.5 A, 2 SLM), while the other constituent
41 ] is flushed directly in the vessel (1 SLMy,.x = 40 Pa).
g' ] So here we encounter the situation where only H (D) radi-

cals leave the arc (representing a 70% dissociation de
gree in the arc), whereas,[fH,) is injected in molecular
form. Table Il shows the remarkable results: The HD
FIG. 3. Radial profiles at a downstream distance of 20 mmdensity is very low (partial pressure 1.2 Pa) in the case
for the H, partial pressure in a 10 vol % Hin Ar mixture.  of a D, arc, and the HD signal even drops to the detec-
Graphs are shown for both vessel (a) and arc (b) injectiongjon jimit in the case of a Karc. Following the reason-
The background pressure is 140 Pa. . . . . S

ing above, this means that there is no full dissociation of

the vessel-injected molecules. No total mixing can thus
observe (also in pure hydrogen [8,15])aav dissociation  occur at the vessel walls. Some conversion to HD is ob-
degree inside the vessel (maximum 10%), a vessel (i.eserved, however, and so some dissociation must occur in
wall) association process must be considered. Assumingye volume. This leads to the conclusion that reactions (1)
that, in the above case, 70% of the particles leaving thend (2) are responsible for dissociation of a small part of
arc are H and D radicals, the walls must be saturate¢he vessel-injected molecules. Note that dissociation pro-
with H and D; subsequent association and desorption afesses through these volume reactions leads to HD pro-
molecules should lead to the observed:HD: D, ratio  duction as well. Volume processes can also play a minor
of 1:2:1. The 30 vol % of molecules leaving the arc arergle when H and D, are injected in the arc, but evidently
most probably of the same constitution, as perfect mixinghey cannot account for total mixing: This can only be
the case when most of the molecules are dissociated (in

40 -30 20 10 0 10
r (mm)

z =70 mm TABLE I. The CARS results for HD and i Experimental
errors are around 7%—-10% f@t,, andn. The resultant error
for the pressure should be around 14%—-20%. The experimental

Tiot (HD) = 1240 K conditions arepy.cx = 40 Pa, I, = 37.5 A. Flows: H,-D»

s 10194 ] arc: 1.75 SLM H and 1.75 SLM DB.
£
= H,-D, arc H,-D, arc
c Periphery Plasma
Trot (Hp) = 1058 (z =20 mm) (z = 70 mm)
x (r =20 mm) (r = 0mm)
10'® : : . . . HD Troe (K) 398 1240
E (cm™) HD nkT (Pa) 22.2 16.3
H, Tror (K) 383 1058
FIG. 4. An example of Boltzmann plots constructed from the y, n (m™3) 21 % 102! 51 % 102
H, and HD measurements in the plasma (i.e.z & 70 mm H, nkT (Pa) 10.9 75

andr = 0).
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TABLE Il. The results of the HD and HCARS measure- advanced diagnostics can thus lead to a better global un-
ments. The arc is burning on either,tor Do, the other derstanding of plasma chemistry in general and of deposi-
EO”SJ!E.“em (B or Ha, ri(s)psct?/ely) '§7ﬂ5“SAhedF|'"t° thﬁ vessel. {ion and etching plasmas and plasma sources in particular.
onditions arepp,cx = a, I, =37.5A. Flows: H, arc: )
2 SLM H, in arc. 1 SLM D, in vessel: B arc: 2 SLM D, in The authors gratefully acknowledge the assstqnce of
arc, 1 SLM H, in vessel. H. M. M. de Jong, M. J. F. van de Sande, A.B. M. Husken,

M. N. A. Beurskens, C. Box, and especially R.A.H. En-

Plc_e'rzipe;:gry P%ri?)rhcery geln for technical assistance and help during the mea-
G=r=20mm (z=r=20mm surements and the construction of the CARS setup. This
— work is supported by the Netherlands Technology Foun-
:B Tt (5) ~3~:715019 243;51020 dation (STW). The work of one of us (M.C.M. vd S.)
HD :k(Tm(P;) - ~0.15 ST is supported by the Royal Netherlands Academy of Arts
H, T (€) 37'3 3 43' and Sciences (KNAW).
H, n (m3) 4.0 X 10%! 3.1 X 10%!
H,  nkT (Pa) 20.7 14.5
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