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Wall Association and Recirculation in Expanding Thermal Arc Plasmas

R. F. G. Meulenbroeks, D. C. Schram, M. C. M. van de Sanden, and J. A. M. van der Mullen
Department of Physics, Eindhoven University of Technology, P.O. Box 513 5600 MB Eindhoven, The Neth

(Received 1 November 1995)

In recent years, extremely rapid recombination as well as other effects in expanding thermal ar
plasmas have been attributed to wall association of radicals (mainly H) and recirculation in the
expansion vessel. Coherent anti-Stokes Raman scattering measurements on H2 and HD when the
arc burns on a mixture of H2 and D2 show new evidence for this view.

PACS numbers: 52.80.Mg, 52.40.Hf, 52.75.Rx, 82.40.Ra
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Models and experiments in the field of plasma che
istry generally focus on the description of radical kine
ics and radical detection. Because of the very comp
plasma kinetics (literally hundreds of reactions may
involved), global understanding is difficult to attain [1
In this Letter we want to specifically address the form
tion of stable molecules, which appears to dominate
plasma we have studied and may play an essential rol
many other types of plasmas as well. The simple view
sulting from this consideration may rapidly lead to a cle
understanding of the plasma chemistry in many cases.

Plasma deposition and etching techniques are becom
ever more important tools for the manufacturing of sm
structures in semiconductor materials, as well as for
coating of materials with thin films (e.g., amorphou
hydrogenated carbon and silicon, diamond, graphite)
Plasma sources are also used for the creation of us
particles, such as H2 ions, H1 ions, or H radicals (e.g.,
[3,4]). Different types of plasma generators are used
microwave, dc) for the creation of deposition precurso
or (etching) radicals, but a common factor is a fair
large (5–100 liters) vacuum vessel, usually made out
stainless steel. The question now is to what extent
composition of the source plasma is representative
the composition in the vacuum treatment vessel. T
residence timeof a particle in the vessel can attai
appreciable values, seconds or more. This implies
principal possibility of many wall reactions, with
pronounced influence on the radical (and stable molec
populations in the treatment region. The important ca
of wall association of H radicals into H2 molecules,
for example, has received considerable attention in
literature (e.g., [5]).

In this study, a dc wall stabilized thermal arc plasm
source is used for the deposition of thin films [6
and as a hydrogen particle source [4]. The therm
subatmospheric plasma is allowed to expand into a lo
pressure vessel (volume around 100 liters), creating
expanding plasma jet (see Fig. 1). Monomers (C2, H2,
CH4, SiH4) can be injected in the jet (i.e., downstream
and deposition takes place on a downstream subst
The arc is usually operated in pure argon or in a mixtu
of argon and hydrogen. In the case of a particle sou
the carrier gas is pure hydrogen. In all these ca
0031-9007y96y76(11)y1840(4)$10.00
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residence times are around 0.3–2 sec, and a recircula
flow is present in the vessel. These characteristics fa
a major role for wall processes, leading to the formati
of stable molecules from radicals (e.g., H2 from H and
H). The plasma is recombining and afterglowlike, wi
low electron temperatures (Te around 0.2 eV) and low
electron densities [ne around1016 m23, when H2 is used
in considerable amounts (e.g., 10 vol % H2 in argon [4])].
TheseTe and ne values rule out a major importance fo
electron kinetics.

The research on the above mentioned wall phenom
is performed with the experiment in Fig. 1 [7]. As th
wall association process creates a population of sta
molecules around the plasma jet itself, i.e., in the “dar
periphery, active (laser) plasma diagnostics have to
employed in order to obtain the required data. As th
study focuses on argon-hydrogen and pure hydrog
plasmas, a high-sensitivity coherent anti-Stokes Ram
scattering (CARS) spectroscopy experiment has b
realized to perform density and temperature measurem
on rovibrationally excited H2 (and HD, when the arc
operates on a H2/D2 mixture). The aim is to prove tha
the measured amounts of stable molecules around (and
the plasma can only be explained by assuming that w
association and recirculation are dominant processes.

The CARS spectrometer is a scanning boxcars exp
ment, using a reference branch in order to cancel
experimental peculiarities, such as a specific dye respo

FIG. 1. A schematic of the experimental arrangement sho
ing the thermal plasma source and the stainless steel vac
vessel. The envisaged recirculation pattern (see main text)
been sketched, as has the wall association of H radicals into2

molecules (in the case of H2-containing plasmas).
© 1996 The American Physical Society



VOLUME 76, NUMBER 11 P H Y S I C A L R E V I E W L E T T E R S 11 MARCH 1996

i

s
t

e
n

m

is
m

n
it
e
e
w
th

e

r

r

e
o

a

the

it
ent
on
on

n

ried

of
er-
. 3.
the
ing
es

om-
s,

be

in

ed

and

rly
o-

ts
e

are
t”

ex-

tarts
he
ured

w)
e

spectrum. The experiment will be described in detail
a forthcoming paper [8]; CARS specifics can be foun
in review articles (e.g., [9]). At this moment it suffice
to note that the setup is very sensitive, capable of sta
selective detection of H2 at very low pressures (a spectrum
can be taken at 0.1 Pa H2 at 300 K). A 3 : 1 mixture of
Exciton DCM and Exciton LDS698 dyes has been us
to cover the H2 and HD spectral regions, in a Rama
shift range of4165 3000 cm21. Absolute total density
calibration to an accuracy of610% is possible. Using
the appropriate correction factors for the Raman cro
sections [10], absolute HD state densities can also
determined. Effects of saturation in the CARS spectru
[11] have been shown to be negligible for our laser powe
[8]. Spatial resolution is obtained by crossing the beam
(boxcars): The detection volume has a length ofø2 cm
and a diameter ofø180 mm.

It is useful to take a look at the general character
tics of the argon-hydrogen plasma by considering so
Thomson scattering results presented in Fig. 2. Thene

values have been measured on the axis of the expa
ing jet and show the behavior of an argon plasma w
small amounts of hydrogen added. A very pronounc
influence is observed, even for very low hydrogen se
fractions. The hydrogen is admixed to the argon flo
before it enters the arc. The plasma conditions are
following: arc currentIarc  45 A, voltageVarc  50 V,
total flow 3.5 standard liters per minute (SLM), and vess
background pressurepback  40 Pa. The hydrogen ad-
mixtures are percent by volume. The anomalously fast
combination has been attributed to the formation of ArH1

molecular ions from Ar1 and H2. This strongly points to
wall association, as H2 molecules are very unlikely to sur-
vive the 1 eV environment of the plasma inside the a
especially at lower seed fractions. In this view, only Ar1,
H1, Ar, H, and e2 leave the arc, forcing the wall to be

FIG. 2. Thomson scattering data for the electron density v
sus axial position for pure argon and different hydrogen-arg
admixtures. The axial positionz increases with increasing
downstream distance from the nozzle. The impact of sm
additions of H2 to the flow is clearly visible.
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considered as the major source for H2 molecules needed
to explain the fast recombination [12].

The measurements that have been performed are
following: (1) CARS measurements on 10 vol % H2 in
argon mixtures. Hydrogen is added to the flow before
enters the arc (arc injection), but in a second experim
it is flushed directly into the vessel, the arc operating
pure argon (vessel injection). (2) CARS measurements
H2 and HD when the arc burns on a 50/50 mixture of H2

and D2. (3) Ditto with the arc burning on H2, while D2 is
flushed into the vessel. (4) Ditto with the arc burning o
D2, with H2 flushed into the vessel.

CARS on Ar-H2 mixtures.—In order to prove the exis-
tence of similar populations of H2 around the plasma for
arc and vessel injection, CARS measurements are car
out under the following conditions:Iarc  45 A, flow 
3.5 SLM, pback  140 Pa, 10 vol % H2 in Ar. The re-
sults for the H2 partial pressures (taken as the product
total density of all measured states, the rotational temp
ature, and the Boltzmann constant) are depicted in Fig
The radial scan is made by moving the plasma inside
vessel, as this can be done without significantly chang
the plasma [7]. The plots clearly show that in both cas
(vessel and arc injection) the partial pressure of H2 in the
periphery of the jet equals 10% ofpback, within the mea-
surement accuracy. As we have to assume an almost c
plete dissociation of H2 in the arc at these seed fraction
this means that the measured H2 in the arc injection case
must have been formed at the vessel walls, as it can
shown that volume association of H radicals to H2 through
three-body processes cannot be of significant influence
our case [13].

CARS on H2-D2 mixtures.—In this case the conditions
are the following:Iarc  37.5 A, Varc  100 V, flow 
3.5 SLM (50% H2 and 50% D2 by volume, both injected
in the arc), andpback  40 Pa. Measurements on H2

and HD concentrations and temperatures are perform
both in the plasma [at axial positionz  70 mm (z de-
notes the distance from the onset of the expansion)
a radial positionr  0] and in the periphery (atz  20,
r  20 mm). In the latter case the laser beams are clea
over the plasma jet. For the axis of the jet, at an axial p
sition of z  70 mm, rotational Boltzmann plots for both
H2 and HD are given in Fig. 4. A summary of the resul
is given in Table I, clearly pointing to a total mixing in th
formation of products as H2 : HD : rest 1 : 2 : 1 in partial
pressures (and densities as well as the temperatures
very similar). We think it safe to assume that the “res
will consist mainly of D2. At this moment, D2 is outside
the measurement range, as it would require different
perimental conditions (dyes, dichroics).

A discussion of these measurements necessarily s
with an evaluation of the dissociation degree inside t
cascaded arc. This dissociation degree has been meas
by power input measurements on pure H2 arcs and has
been determined to be around 70% (of the input flo
for an arc current of 37.5 A [14]. The fact that w
1841
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FIG. 3. Radial profiles at a downstream distance of 20 m
for the H2 partial pressure in a 10 vol % H2 in Ar mixture.
Graphs are shown for both vessel (a) and arc (b) injecti
The background pressure is 140 Pa.

observe (also in pure hydrogen [8,15]) alow dissociation
degree inside the vessel (maximum 10%), a vessel (
wall) association process must be considered. Assum
that, in the above case, 70% of the particles leaving
arc are H and D radicals, the walls must be satura
with H and D; subsequent association and desorption
molecules should lead to the observed H2 : HD : D2 ratio
of 1 : 2 : 1. The 30 vol % of molecules leaving the arc a
most probably of the same constitution, as perfect mix

FIG. 4. An example of Boltzmann plots constructed from t
H2 and HD measurements in the plasma (i.e., atz  70 mm
andr  0).
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is to be expected there. The final mixture in the vess
corresponds exactly with the measurement results.

A point of concern are volume reactions of the type

H 1 D2 ! HD 1 D , (1)

D 1 H2 ! HD 1 H . (2)

These reactions have been studied extensively [16] a
show a significant threshold behavior at low temperature
At temperatures inside the vessel (400–1200 K [8] an
Table I), these reactions can be neglected in a fir
approximation (at rates around10221 10218 m3s21) as
can the analog reactions withions instead of radicals [17],
in view of the low ion densities. In the arc, however, a
high densities and temperatures, these reactions can p
a dominant role [higher ion densities, higher rates for (1
and (2)] leading to total mixing there (butnot to a lower
dissociation degree).

H 2 and HD CARS on other H2-D2 mixtures.—In this
last set of measurements, the arc is operated on either
H2 or D2 (37.5 A, 2 SLM), while the other constituent
is flushed directly in the vessel (1 SLM,pback  40 Pa).
So here we encounter the situation where only H (D) rad
cals leave the arc (representing a 70% dissociation d
gree in the arc), whereas D2 (H2) is injected in molecular
form. Table II shows the remarkable results: The HD
density is very low (partial pressure 1.2 Pa) in the cas
of a D2 arc, and the HD signal even drops to the dete
tion limit in the case of a H2 arc. Following the reason-
ing above, this means that there is no full dissociation
the vessel-injected molecules. No total mixing can thu
occur at the vessel walls. Some conversion to HD is o
served, however, and so some dissociation must occur
the volume. This leads to the conclusion that reactions (
and (2) are responsible for dissociation of a small part
the vessel-injected molecules. Note that dissociation pr
cesses through these volume reactions leads to HD p
duction as well. Volume processes can also play a min
role when H2 and D2 are injected in the arc, but evidently
they cannot account for total mixing: This can only b
the case when most of the molecules are dissociated

TABLE I. The CARS results for HD and H2. Experimental
errors are around 7%–10% forTrot andn. The resultant error
for the pressure should be around 14%–20%. The experimen
conditions arepback  40 Pa, Iarc  37.5 A. Flows: H2-D2

arc: 1.75 SLM H2 and 1.75 SLM D2.

H2-D2 arc H2-D2 arc
Periphery Plasma

sz  20 mmd sz  70 mmd
sr  20 mmd sr  0 mmd

HD Trot (K) 398 1240
HD n sm23d 4.1 3 1021 9.5 3 1020

HD nkT (Pa) 22.2 16.3
H2 Trot (K) 383 1058
H2 n sm23d 2.1 3 1021 5.1 3 1020

H2 nkT (Pa) 10.9 7.5
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TABLE II. The results of the HD and H2 CARS measure-
ments. The arc is burning on either H2 or D2, the other
constituent (D2 or H2, respectively) is flushed into the vesse
Conditions arepback  40 Pa, Iarc  37.5 A. Flows: H2 arc:
2 SLM H2 in arc, 1 SLM D2 in vessel; D2 arc: 2 SLM D2 in
arc, 1 SLM H2 in vessel.

H2 arc D2 arc
Periphery Periphery

sz  r  20 mmd sz  r  20 mmd
HD Trot (K) ø375 375
HD n sm23d ø3 3 1019 2.4 3 1020

HD nkT (Pa) ø0.15 1.2
H2 Trot (K) 373 343
H2 n sm23d 4.0 3 1021 3.1 3 1021

H2 nkT (Pa) 20.7 14.5

the arc) when they enter the vessel. The rates given
Ref. [16] confirm the marginal importance of volume r
actions.

The asymmetry between the H2 and D2 arc cases is
very interesting and may be attributed to three effects:
the arc is slightly more efficient when operated on D2

(more D radicals); (b) at lower temperatures, the rate
reaction (1) can be as many as 8 times slower than tha
reaction (2) (Ref. [16]); (c) wall adsorption may be mo
efficient for H than for D radicals.

The above measurements can be used to formula
rough model of the expanding arc plasma with a domin
role for recirculation. We start by looking at the residen
time in the 300 liter vessel, which is around 2 s for t
given flows and pressures (40 Pa, 3.5 SLM). The tran
time of a particle through the beam (at an estima
speed of 3000 m/s) is around 0.3 ms and a compari
of the volumes of the beam and the periphery leads
an estimated recirculation time of 25 ms. From the
values, the number of recirculations per residence ti
follows to be 80, so each paricle can “see” the wall ve
often. This would lead to a complete association at
wall even at values for the association coefficient (t
probability of a H2 molecule leaving after a collision of H
with the H-saturated wall) as low as 0.05. In this pictu
the radicals leaving the arc are completely recycled in
form of stable molecules: The composition of the plasm
is therefore determined mainly by the recirculation and
wall association. This view explains the measureme
under (1) and (2). The measurements with the H2 (D2)
arc point to incomplete dissociation, leading to a margi
HD population. It may be worth noting that only th
very good sensitivity of the CARS experiment makes t
asymmetry detectable.

The essential importance of this view lies in the fa
that the composition of plasmas of this type can be
tirely determined by recycled stable monomers. Furth
more, dissociation ofall basic molecules (in this case, H2

and D2) is necessary to obtain total mixing: Volume pro
cesses are not fast enough, as is indicated by the m
surements under (3) and (4). Careful measurements u
.

in
-

a)

or
for

a
nt
e
e
sit
d
on
to
e
e

y
e
e

,
e
a
e
ts

al

e

t
n-
r-

-
ea-
ing

advanced diagnostics can thus lead to a better global
derstanding of plasma chemistry in general and of depo
tion and etching plasmas and plasma sources in particu
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I. Čadež, and R. Hall, J. Chem. Phys.101, 8152
(1994); P. J. Eenshuistra, H. J. M. Bonnie, J. Los, and H
Hopman, Phys. Rev. Lett.60, 341 (1988).

[6] A. J. M. Buuron, G. J. Meeusen, J. J. Beulens, M. C. M. va
der Sanden, and D. C. Schram, J. Nucl. Mater.200, 430
(1993).

[7] M. C. M. van de Sanden, J. M. de Regt, G. M. Jansse
J. A. M. van der Mullen, D. C. Schram, and B. van de
Sijde, Rev. Sci. Instrum.63, 3369 (1992).

[8] R. F. G. Meulenbroeks, R. A. H. Engeln, J. A. M. van de
Mullen, and D. C. Schram, Phys. Rev. E (to be publishe

[9] S. Druet and J. P. Taran, Prog. Quantum Electron.7, 1
(1981).

[10] J. Ryshlewski, Mol. Phys.41, 833 (1980).
[11] M. Pealat, M. Lefebvre, and J. P. Taran, Phys. Rev. A38,

1948 (1988).
[12] R. F. G. Meulenbroeks, R. A. H. Engeln, M. N. A

Beurskens, R. M. J. Paffen, M. C. M. van de Sande
J. A. M. van der Mullen, and D. C. Schram, Plasm
Sources Sci. Technol.4, 74 (1995), and references
therein.

[13] J. E. Bennett and D. R. Blackmore, Proc. R. Soc. Lond
A 305, 553 (1968); N. Cohen and K. R. Westberg, J. Phy
Chem. Ref. Data12, 531 (1983).

[14] M. J. de Graaf, Z. Qing, H. W. A. Tolido, M. C. M. van de
Sanden, and D. C. Schram, J. High Temp. Chem. Proce
Suppl.3, 11 (1992).

[15] D. K. Otorbaev, M. J. de Graaf, M. C. M. van de Sande
and D. C. Schram, Contrib. Plasma Phys.35, 195 (1995).

[16] M. B. Bowers, B. H. Choi, and K. T. Tang, Chem. Phys
Lett. 136, 145 (1987), and references therein.

[17] William B. Maier, II, J. Chem. Phys.54, 2732 (1971).
1843


